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Abstract: The interpretation of how superconductivity disappears in cuprates at large hole doping has been
controversial. To address this issue, we present an experimental study of single-crystal and thin film samples of
La2-xSrxCuO4 (LSCO) with x 0.25. In particular, measurements of bulk susceptibility on LSCO crystals with x
= 0.25 indicate an onset of diamagnetism at Tc1 = 38.5 K, with a sharp transition to a phase with full bulk
shielding at Tc2 = 18 K, independent of field direction. Strikingly, the in-plane resistivity only goes to zero at
Tc2. Inelastic neutron scattering on x = 0.25 crystals confirms the presence of low-energy incommensurate
magnetic excita-tions with reduced strength compared to lower doping levels. The ratio of the spin gap to Tc2 is
anomalously large. Our results are consistent with a theoretical prediction for strongly overdoped cuprates by
Spivak, Oreto, and Kivelson, in which superconductivity initially develops within disconnected self-organized
grains characterized by a reduced hole concentration, with bulk superconductivity occurring only after
superconductivity is induced by proximity effect in the surrounding medium of higher hole concentration.
Beyond the superconducting-to-metal transition, local differential conductance measurements on an LSCO thin
film suggest that regions with pairing correlations survive, but are too dilute to support superconducting order.
Future experiments will be needed to test the degree to which these results apply to overdoped cuprates in
general.
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Abstract: Superconductivity in binary ruthenium pnictides occurs proximal to and upon suppression of a
nonmagnetic ground state, preceded by a pseudogap phase associated with Fermi surface instability, and its
critical temperature, Tc, is maximized around the pseudogap quantum critical point. By analogy with
isoelectronic iron-based counterparts, antiferromagnetic fluctuations became "usual suspects" as putative
mediators of superconducting pairing. Here we report on a high-temperature local symmetry breaking in RuP,
the nonsuperconducting parent of the maximum-Tc branch of these novel superconductors, revealed by
combined nanostructure-sensitive powder and single-crystal x-ray total scattering analyses. Large local
distortions of Ru chains associated with orbital-charge trimerization, further assembled into hexamers, exist
above the two-stage electronic transition in RuP. In the pseudogap regime the precursors order with distortions
retaining their strength, whereas they acquire spin-singlet characteristics which dramatically enhances the
distortion as the nonmagnetic ground state establishes. The precursors enable the nonmagnetic ground state and
presumed complex oligomerization, and the relevance of pseudogap fluctuations for superconductivity emerges
as a distinct prospect. As a transition metal system in which partial d-manifold filling combined with high
crystal symmetry promotes electronic instabilities, this represents a further example of local electronic
precursors underpinning the macroscopic collective behavior of quantum materials.
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Abstract: Two-dimensional iron chalcogenide intercalates display a remarkable correlation of the interlayer
spacing with enhancement of the superconducting critical temperature (T-c). In this work, synchrotron X-ray
absorption (XAS; at the Fe and Se K-edges) and emission (XES; at the Fe K beta) spectroscopies allow one to
discuss how the important rise of T-c (similar to 44 K) in the molecule-intercalated Li-x(C5H5N)(y)Fe2-zSe2
relates to the electronic and local structural changes felt by the inorganic host upon doping (x). XES shows that
widely separated layers of edge-sharing FeSe4 tetrahedra carry low-spin moieties, with a local Fe magnetic
moment slightly reduced compared to the parent beta-Fe2-zSe2. Pre-edge XAS expresses the progressively
reduced mixing of metal 3d-4p states upon lithiation. Doping-mediated local lattice modifications, probed by
conventional T-c optimization measures (cf. the anion height and FeSe4 tetrahedra regularity), become less
relevant when layers are spaced far away. On the basis of extended X-ray absorption fine structure, such
distortions are compensated by a softer Fe network that relates to Fe-site vacancies, alleviating electron-lattice



correlations and superconductivity. Density functional theory (DFT) guided modification of the isolated Fe2-
zSe2 (z, vacant sites) planes, resembling the host layers, identify that Fe-site deficiency occurs at low energy
cost, giving rise to stretched Fe sheets, in accordance with experiments. The robust high-T-c in Li-x(C5H5N)
(y)Fe2-zSe2, arises from the interplay of electron-donating spacers and the iron selenide layer's tolerance to
defect chemistry, a tool to favorably tune its Fermi surface properties.
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Abstract: Typically, conventional structure transitions occur from a low symmetry state to a higher symmetry
state upon warming. In this work, an unexpected local symmetry breaking in the tetragonal diamondoid
compound AgGaTe2 is reported, which, upon warming, evolves continuously from an undistorted ground state
to a locally distorted state while retaining average crystallographic symmetry. This is a rare phenomenon
previously referred to as emphanisis. This distorted state, caused by the weak sd(3) orbital hybridization of
tetrahedral Ag atoms, causes their displacement off the tetrahedron center and promotes a global distortion of
the crystal structure resulting in strong acoustic-optical phonon scattering and an ultralow lattice thermal
conductivity of 0.26 W m(-1) K-1 at 850 K in AgGaTe2. The findings explain the underlying reason for the
unexpectedly low thermal conductivities of silver-based compounds compared to copper-based analogs and
provide a guideline to suppressing heat transport in diamondoid and other materials.
Accession Number: WOS:000792325900001
PubMed ID: 35412675
Language: English
Document Type: Article
Author Keywords: chalcopyrites; emphanisis; thermal conductivity; thermoelectrics
KeyWords Plus: HIGH-THERMOELECTRIC PERFORMANCE; LOW-COST; CHALCOPYRITE;
TEMPERATURE; EXPANSION; TERNARY; EFFICIENCY; FIGURE; MERIT; POWER
Addresses: [Xie, Hongyao; Kanatzidis, Mercouri G.] Northwestern Univ, Dept Chem, Evanston, IL 60208
USA.
[Bozin, Emil S.; Billinge, Simon J. L.] Brookhaven Natl Lab, Condensed Matter Phys & Mat Sci Div, Upton,
NY 11973 USA.
[Li, Zhi; Male, James P.; Snyder, G. Jeffrey; Wolverton, Christopher] Northwestern Univ, Dept Mat Sci &
Engn, Evanston, IL 60208 USA.
[Abeykoon, Milinda] Brookhaven Natl Lab, Photon Sci Div, Upton, NY 11973 USA.



[Banerjee, Soham] Deutsch Elektronen Synchrotron DESY, Notkestr 85, D-22607 Hamburg, Germany.
[Billinge, Simon J. L.] Columbia Univ, Dept Appl Phys & Appl Math, New York, NY 10027 USA.
Corresponding Address: Kanatzidis, MG (corresponding author), Northwestern Univ, Dept Chem, Evanston,
IL 60208 USA.
E-mail Addresses: m-kanatzidis@northwestern.edu
Affiliations: Northwestern University; United States Department of Energy (DOE); Brookhaven National
Laboratory; Northwestern University; United States Department of Energy (DOE); Brookhaven National
Laboratory; Helmholtz Association; Deutsches Elektronen-Synchrotron (DESY); Columbia University
Author Identifiers:

Author Web of Science ResearcherID ORCID Number
Snyder, G. Jeffrey E-4453-2011 0000-0003-1414-8682 
Publisher: WILEY-V C H VERLAG GMBH
Publisher Address: POSTFACH 101161, 69451 WEINHEIM, GERMANY
Web of Science Index: Science Citation Index Expanded (SCI-EXPANDED)
Web of Science Categories: Chemistry, Multidisciplinary; Chemistry, Physical; Nanoscience &
Nanotechnology; Materials Science, Multidisciplinary; Physics, Applied; Physics, Condensed Matter
Research Areas: Chemistry; Science & Technology - Other Topics; Materials Science; Physics
IDS Number: 2E6HJ
ISSN: 0935-9648
eISSN: 1521-4095
29-char Source Abbrev.: ADV MATER
ISO Source Abbrev.: Adv. Mater.
Source Item Page Count: 10
Funding:

Funding Agency Grant Number
U.S. Department of Energy, Office of Science, and Office of Basic Energy Sciences DE-SC0014520 
U.S. Department of Energy, Office of Science, Office of Basic Energy Sciences (DOE-
BES) DE-SC0012704 

DOE Office of Science DE-SC0012704 

This work was primarily supported by a grant from the U.S. Department of Energy, Office of Science, and
Office of Basic Energy Sciences under Award number DE-SC0014520. Work at Brookhaven National
Laboratory was supported by U.S. Department of Energy, Office of Science, Office of Basic Energy Sciences
(DOE-BES) under Contract no. DE-SC0012704. The X-ray PDF measurements were conducted in part on
beamline 28-ID-1 of the National Synchrotron Light Source II, a U.S. Department of Energy (DOE) Office of
Science User Facility operated for the DOE Office of Science by Brookhaven National Laboratory under
Contract no. DE-SC0012704. The authors also acknowledge DESY (Hamburg, Germany), a member of the
Helmholtz Association HGF, for the provision of experimental facilities. Parts of this research were carried out
PETRA III, beamline P21.1.
Output Date: 2023-01-27

Record 6 of 125
Title: In Situ Visualization of Local Distortions in the High-T(c)Molecule-Intercalated Li-x(C5H5N)(y)Fe(2-
z)Se(2)Superconductor
Author(s): Berdiell, IC (Berdiell, Izar Capel); Pesko, E (Pesko, Edyta); Lator, E (Lator, Elijah); Deltsidis, A
(Deltsidis, Alexandros); Krzton-Maziopa, A (Krzton-Maziopa, Anna); Abeykoon, AMM (Abeykoon, A. M.
Milinda); Bozin, ES (Bozin, Emil S.); Lappas, A (Lappas, Alexandros)



Source: INORGANIC CHEMISTRY  Volume: 61  Issue: 10  Pages: 4350-4360  DOI:
10.1021/acs.inorgchem.1c03610  Published: MAR 14 2022  
Times Cited in Web of Science Core Collection: 2
Total Times Cited: 2
Usage Count (Last 180 days): 5
Usage Count (Since 2013): 13
Cited Reference Count: 50
Abstract: A time-resolved synchrotron X-ray total scattering studysheds light on the evolution of the different
structural length scalesinvolved during the intercalation of the layered iron-selenide host byorganic molecular
donors, aiming at the formation of the expanded-lattice Lix(C5H5N)yFe2-zSe2hybrid superconductor. The
intercalatesare found to crystallize in the tetragonal ThCr2Si2-type structure at theaverage level, however, with
an enhanced interlayer iron-selenidespacing (d= 16.2 A) that accommodates the heterocyclic molecularspacers.
Quantitative atomic pair distribution function (PDF) analysis atvariable times suggests distorted
FeSe4tetrahedral local environmentsthat appear swollen with respect to those in the parent beta-
FeSe.Simultaneously acquired in situ synchrotron X-ray powder diffractiondata disclose that secondary phases
(alpha-Fe and Li2Se) grow significantlywhen a higher lithium concentration is used in the solvothermal
reactionor when the solution is aged. These observations are in line with the strongly reducing character of the
intercalation medium'ssolvated electrons that mediate the defect chemistry of the expanded-lattice
superconductor. In the latter, intralayer correlated localdistortions indicate electron-donating aspects that reflect
in somewhat enlarged Fe-Se bonds. They also reveal a degree of relief ofchemical pressure associated with a
large distance between Fe and Se sheets ("taller"anion height) and a stretched Fe-Fe squareplanar topology. The
elongation of the latter, derived from the in situ PDF study, speaks for a plausible increase in the Fe-sitevacancy
concentration. The evolution of the local structural parameters suggests an optimum reaction window where
kineticallystabilized phases resemble the distortions of the edge-sharing Fe-Se tetrahedra, required for a high-
Tcin expanded-lattice iron-chalcogenides.
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results point to a possibility of Hunds rule and crystal field competition-induced orbital degeneracy lifting
similar to that observed in LaCoO3 perovskite. A relatively simple unit cell offers possibilities for further
computationally guided modification of unconventional energy gap and atomic-defect-related conduction.
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and atomic-scale defects (vacant sites), Monte Carlo simulations suggest that the designed NCs, with desirable,
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Abstract: Data reduction and correction steps and processed data reproducibility in the emerging single-crystal
total-scattering-based technique of three-dimensional differential atomic pair distribution function (3D-Delta
PDF) analysis are explored. All steps from sample measurement to data processing are outlined using a crystal
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Abstract: The local structure of NaTiSi2O6 is examined across its Ti-dimerization orbital-assisted Peierls
transition at 210 K. An atomic pair distribution function approach evidences local symmetry breaking
preexisting far above the transition. The analysis unravels that, on warming, the dimers evolve into a short
range orbital degeneracy lifted (ODL) state of dual orbital character, persisting up to at least 490 K. The ODL
state is correlated over the length scale spanning similar to 6 sites of the Ti zigzag chains. Results imply that the
ODL phenomenology extends to strongly correlated electron systems.
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Abstract: The unconventional normal-state properties of the cuprates are often discussed in terms of emergent
electronic order that onsets below a putative critical doping of x(c)approximate to 0.19. Charge density wave
(CDW) correlations represent one such order; however, experimental evidence for such order generally spans a
limited range of doping that falls short of the critical value x(c), leading to questions regarding its essential
relevance. Here, we use X-ray diffraction to demonstrate that CDW correlations in La2-xSrxCuO4 persist up to
a doping of at least x=0.21. The correlations show strong changes through the superconducting transition, but
no obvious discontinuity through x(c)approximate to 0.19, despite changes in Fermi surface topology and
electronic transport at this doping. These results demonstrate the interaction between CDWs and
superconductivity even in overdoped cuprates and prompt a reconsideration of the role of CDW correlations in
the high-temperature cuprate phase diagram.
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Abstract: Lithium uptake and release in lithium titanate (LTO) anode materials during a discharge and charge
cycle is one of the fundamental processes of a lithium-ion battery (LIB), still not fully understood at the
microscopic level. During the discharge cycle, LTO undergoes a phase transformation between Li4Ti5O12 and
Li7Ti5O12 states within a cubic crystal lattice. To reveal the details of the microscopic mechanism, it is
necessary to track the sequence of phase transformations at different discharge/charge states under operating
conditions. Here, we use in situ Bragg coherent diffraction imaging (BCDI) and in situ X-ray diffraction (XRD)
experiments to examine the lithium insertion-induced materials phase transformation within a single LTO
particle and a bulk battery analogue, respectively. BCDI analysis from (111) Bragg peak shows the two-phase
transformation manifesting as a distinct image phase modulation within a single LTO nanoparticle occurring in
the middle of the discharge region then subsiding toward the end of the discharge cycle. We observe the biggest
phase variation at the two-phase stage, indicating the formation of phase domains of 200 nm in size during the
discharge process. We also observe a lattice contraction of >0.2% in a single LTO nanoparticle at the (400)
Bragg peak measurement, larger than that in the corresponding bulk material. Our observation of this phase
transformation at a single-particle level has implications for the understanding of the microscopic/mesoscale
picture of the phase transformation in anode and cathode LIBs materials.
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Abstract: The MgTi2O4 spinel exhibits a metal-insulator transition on cooling below T-s approximate to 250
K, accompanied by Ti t(2g)(l) orbital ordering and spin-singlet dimerization with associated average symmetry
reduction to tetragonal. By combining x-ray and neutron pair distribution function analyses to track the
evolution of the local atomic structure across the transition we find that local tetragonality already exists in the
metallic globally cubic phase at high temperature. Local distortions are observed up to at least 500 K, the
highest temperature assessed in this study. Significantly, the high-temperature local state is not continuously
connected to the orbitally ordered band insulator ground state and so the transition cannot be characterized as a
trivial order-disorder type. The shortest Ti-Ti spin-singlet dimer bond lengths expand abruptly on warming
across the transition, but remain shorter than those seen in the cubic average structure. These seemingly
contradictory observations can be understood within the model of a local fluctuating two-orbital t(2g) orbital
degeneracy lifted (ODL) precursor state derived from electron filling, Ti substructure topology, and point
symmetry considerations. The ODL state in MgTi2O4 has a correlation length of about 1 nm at high
temperature. We discuss that this extended character of the local distortions is consistent with the two-orbital
nature of this state imposed by the charge filling and the bond charge repulsion. The MgTi2O4 spinel
exemplifies multiorbital ODL state and presents the possibility of a widespread presence of such precursor
states in scarcely studied high-temperature regimes of transition-metal-based quantum materials.
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Abstract: We report the temperature and pressure (p(max) congruent to 1:5 GPa) evolution of the crystal
structure of the Weyl semimetal T-d MoTe2 by combination of neutron diffraction and the X-ray total scattering
experiments. We find that the fundamental non-centrosymmetric structure T-d is fully suppressed and
transforms into a centrosymmertic 1T' structure at a critical pressure of p(cr) similar to 1.2-1.4 GPa. This is
strong evidence for a pressure induced quantum phase transition (QPT) between topological to a trivial
electronic state. Although the topological QPT has strong effect on magnetoresistance, it is interesting that the
superconducting (SC) critical temperature T-c, the superfluid density, and the SC gap all change smoothly and
continuously across pcr and no sudden effects are seen concomitantly with the suppression of the T-d structure.
This implies that the T-c, and thus the SC pairing strength, is unaffected by the topological QPT. However, the
QPT requires the change in the SC gap symmetry from non-trivial s(+-) to a trivial s(++) state, which we
discuss in this work. Our systematic characterizations of the structure and SC properties associated with the
topological QPT provide deep insight into the pressure induced phase diagram in this topological quantum
material.
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Abstract: We carried out a comprehensive study of magnetic critical behavior in single crystals of ternary
chalcogenide FeCr2Te4 that undergoes a ferrimagnetic transition below T-c similar to 123 K. Detailed critical
behavior analysis and scaled magnetic entropy change indicate a second-order ferrimagnetic transition. Critical
exponents beta = 0.30(1) with T-c = 122.4(5) K, gamma = 1.22(1) with T-c = 122.8(1)K, and delta = 4.24(2) at
T-c similar to 123 K suggest that the spins approach the three-dimensional Ising (beta = 0.325, gamma = 1.24,
and delta = 4.82) model coupled with attractive longrange interactions between spins that decay as J(r)
approximate to r(-4.)(88). Our results suggest that the ferrimagnetism in FeCr2Te4 is due to itinerant
ferromagnetism among the antiferromagnetically coupled Cr-Fe-Cr trimers.
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Abstract: The local atomic and magnetic structures of the compounds AMnO(2) (A = Na, Cu), which realize a
geometrically frustrated, spatially anisotropic triangular lattice of Mn spins, have been investigated by atomic
and magnetic pair distribution function analysis of neutron total scattering data. Relief of frustration in
CuMnO2 is accompanied by a conventional cooperative symmetry-lowering lattice distortion driven by Neel
order. In NaMnO2, however, the distortion has a short-range nature. A cooperative interaction between the
locally broken symmetry and short-range magnetic correlations lifts the magnetic degeneracy on a nanometer
length scale, enabling long-range magnetic order in the Na derivative. The degree of frustration, mediated by
residual disorder, contributes to the rather differing pathways to a single, stable magnetic ground state in these
two related compounds. This study demonstrates how nanoscale structural distortions that cause local-scale
perturbations can lift the ground-state degeneracy and trigger macroscopic magnetic order.
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Abstract: Melting is a fundamental process of matter that is still not fully understood at the microscopic level.
Here, we use time-resolved x-ray diffraction to examine the ultrafast melting of polycrystalline gold thin films
using an optical laser pump followed by a delayed hard x-ray probe pulse. We observe the formation of an
intermediate new diffraction peak, which we attribute to material trapped between the solid and melted states,
that forms 50 ps after laser excitation and persists beyond 500 ps. The peak width grows rapidly for 50 ps and
then narrows distinctly at longer time scales. We attribute this to a melting band originating from the grain
boundaries and propagating into the grains. Our observation of this intermediate state has implications for the
use of ultrafast lasers for ablation during pulsed laser deposition.
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Abstract: We discuss quasi-one-dimensional magnetic Mott insulators from the pyroxene family where spin
and orbital degrees of freedom remain tightly bound. We analyze their excitation spectrum and outline the
conditions under which the orbital degrees of freedom become liberated so that the corresponding excitations
become dispersive and the spectral weight shifts to energies much smaller than the exchange integral.
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Abstract: In contrast to bulk materials, nanoscale crystal growth is critically influenced by size- and shape-
dependent properties. However, it is challenging to decipher how stoichiometry, in the realm of mixed-valence
elements, can act to control physical properties, especially when complex bonding is implicated by short- and
long-range ordering of structural defects. Here, solution-grown iron-oxide nanocrystals (NCs) of the pilot
wustite system are found to convert into iron-deficient rock-salt and feiro-spinel subdomains but attain a
surprising tetragonally distorted local structure. Cationic vacancies within chemically uniform NCs are
portrayed as the parameter to tweak the underlying properties. These lattice imperfections are shown to produce
local exchange-anisotropy fields that reinforce the nanoparticles' magnetization and overcome the influence of
(mite-size effects. The concept of atomic-scale defect control in subcritical-size NCs aspires to become a
pathway to tailor-made properties with improved performance for hyperthermia heating over defect-free NCs.
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Abstract: While most solids expand when heated, some materials show the opposite behavior: negative
thermal expansion (NTE). In polymers and biomolecules, NTE originates from the entropic elasticity of an
ideal, freely jointed chain. The origin of NTE in solids has been widely believed to be different. Our neutron
scattering study of a simple cubic NTE material, ScF3, overturns this consensus. We observe that the
correlation in the positions of the neighboring fluorine atoms rapidly fades on warming, indicating an
uncorrelated thermal motion constrained by the rigid Sc-F bonds. This leads us to a quantitative theory of NTE
in terms of entropic elasticity of a floppy network crystal, which is in remarkable agreement with experimental
results. We thus reveal the formidable universality of the NTE phenomenon in soft and hard matter.
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Abstract: A detailed account of the local atomic structure and disorder at 5 K across the phase diagram of the
high-temperature superconductor KxFe2-ySe2-zSz (0 <= z <= 2) is obtained from neutron total scattering and
associated atomic pair distribution function (PDF) approaches. Various model-independent and model-
dependent aspects of the analysis reveal a high level of structural complexity on the nanometer length scale.
Evidence is found for considerable disorder in the c-axis stacking of the FeSe1-xSx slabs without observable
signs of turbostratic character of the disorder. In contrast to the related FeCh (Ch = S, Se)-type superconductors,
substantial Fe-vacancies are present in KxFe2-ySe2-zSz, deemed detrimental for superconductivity when
ordered. Our study suggests that the distribution of vacancies significantly modifies the iron-chalcogen bond-
length distribution, in agreement with observed evolution of the PDF signal. A crossoverlike transition is
observed at a composition of z approximate to 1, from a correlated disorder state at the selenium end to a more
vacancy-ordered (VO) state closer to the sulfur end of the phase diagram. The S-content-dependent measures of
the local structure are found to exhibit distinct behavior on either side of this crossover, correlating well with
the evolution of the superconducting state to that of a magnetic semiconductor toward the z approximate to 2
end. The behavior reinforces the idea of the intimate relationship of correlated Fe-vacancy order in the local
structure and the emergent electronic properties.
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Abstract: Fundamental electronic principles underlying all transition metal compounds are the symmetry and
filling of the d-electron orbitals and the influence of this filling on structural configurations and responses. Here
we use a sensitive local structural technique, x-ray atomic pair distribution function analysis, to reveal the
presence of fluctuating local-structural distortions at high temperature in one such compound, Culr(2)S(4). We
show that this hitherto overlooked fluctuating symmetry-lowering is electronic in origin and will modify the
energy-level spectrum and electronic and magnetic properties. The explanation is a local, fluctuating, orbital-
degeneracy-lifted state. The natural extension of our result would be that this phenomenon is likely to be
widespread amongst diverse classes of partially filled nominally degenerate d-electron systems, with potentially
broad implications for our understanding of their properties.
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Abstract: We report pair distribution function measurements of the iron-based superconductor FeSe above and
below the structural transition temperature. Structural analysis reveals a local orthorhombic distortion with a
correlation length of about 4 nm at temperatures where an average tetragonal symmetry is observed. The



analysis further demonstrates that the local distortion is larger than the global distortion at temperatures where
the average observed symmetry is orthorhombic. Our results suggest that the low-temperature macroscopic
nematic state in FeSe forms from an imperfect ordering of orbital-degeneracy-lifted nematic fluctuations which
persist up to at least 300 K.
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Abstract: The improper ferroelectricity in YMnO3 and other related multiferroic hexagonal manganites is
known to cause topologically protected ferroelectric domains that give rise to rich and diverse physical
phenomena. The local structure and structural coherence across the ferroelectric transition, however, were
previously not well understood. Here, we reveal the evolution of the local structure with temperature in YMnO3
using neutron total scattering techniques, and we interpret them with the help of first-principles calculations and
with a first-principles-based effective Hamiltonian. The results show that, at room temperature, the local and
average structures are consistent with the established ferroelectric P6(3)cm symmetry. On heating, both local
and average structural analyses show striking anomalies from about 800 K up to the Curie temperature and
signatures of a locally more preserved structure than on average, consistent with increasing fluctuations of the
order-parameter angle. These fluctuations result in an unusual local symmetry lowering into a continuum of
structures on heating. This local symmetry breaking persists into the high-symmetry nonpolar phase,
constituting an unconventional type of order-disorder transition, and we pinpoint it as the reason for the
anomalous behavior near the phase transition. The hidden disorder revealed in YMnO3 by total scattering is
expected to find analogies in other materials with structural frustration or characteristic energy barriers of
different magnitudes.
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Abstract: Formation of electronic nematicity is a common thread of unconventional superconductors. We use
ultrafast electron diffraction to probe the lattice interactions with electronic degrees of freedom in
superconducting FeSe and find a significant lattice response to local nematicity. We observe that a perturbation
by a laser pulse leads to a surprising enhancement of the high-symmetry crystalline order as a result of
suppression of low-symmetry local lattice distortions, which are signatures of nematic fluctuations. The
distortions are present at temperatures both below and above the nematic phase transition, as corroborated by
our x-ray pair distribution function analysis and transmission electron microscopy measurements.
Nonequilibrium lattice behavior of FeSe reveals two distinct time scales of nematic response to photoexcitation,
130(20) and 40(10) ps, corresponding to diffusive and percolative dynamics of nematic fluctuations
respectively.
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Abstract: The detailed evolution of the local atomic structure across the (x, T) phase diagram of transition
metal dichalcogenide superconductor Ir1-xRhxTe2 (0 <= x <= 0.3, 10 K <= T <= 300 K) is obtained from high-
quality x-ray diffraction data using the atomic pair distribution function (PDF) method. The observed hysteretic
thermal structural phase transition from a trigonal (P (3) over bar m1) to a triclinic (P (1) over bar) dimer phase



for low Rh content emphasizes the intimate connection between the lattice and electronic properties. For
superconducting samples away from the dimer/superconductor phase boundary, structural transition is absent
and the local structure remains trigonal down to 10 K. In the narrow range of compositions close to the
boundary, PDF analysis reveals structural phase separation, suggestive of weak first-order character of the Rh-
doping induced dimer-superconductor quantum phase transition. Samples from this narrow range show weak
anomalies in electronic transport and magnetization, hallmarks of the dimer phase, as well as superconductivity
albeit with incomplete diamagnetic screening. The results suggest that the dimer and superconducting orders
exist in the mutually exclusive spatial regions.
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Abstract: The temperature dependence of the local structure of PbSe has been investigated using pair
distribution function (PDF) analysis of x-ray and neutron powder diffraction data and density functional theory
(DFT) calculations. Observation of non-Gaussian PDF peaks at high temperature indicates the presence of
significant anharmonicity, which can be modeled as Pb off-centering along [100] directions that grows on
warming similar to the behavior seen in PbTe and PbS and sometimes called emphanisis. Interestingly, the
emphanitic response is smaller in PbSe than in both PbS and PbTe indicating a nonmonotonic response with
chalcogen atomic number in the Pb Q (Q = S, Se, Te) series. The DFT calculations indicate a correlation
between band gap and the amplitude of [100] dipolar distortion, suggesting that emphanisis may be behind the
anomalous composition and temperature dependencies of the band gaps in this series.
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Abstract: We report thermoelectric properties of Ir1-x Rh-x Te-2 (0 <= x <= 0.3) alloy series where
superconductivity at low temperatures emerges as the high-temperature structural transition (T-s) is suppressed.
The isovalent ionic substitution of Rh into Ir has different effects on physical properties when compared to the
anionic substitution of Se into Te, in which the structural transition is more stable with Se substitution. Rh
substitution results in a slight reduction of lattice parameters and in an increase of number of carriers per unit
cell. Weak-coupled BCS superconductivity in Ir0.8Rh0.2Te2 that emerges at low temperature (T-c(zero) = 2.45
K) is most likely driven by electron-phonon coupling rather than dimer fluctuations mediated pairing.
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Abstract: Comparative exploration of the nanometer-scale atomic structure of K(x)Fe(2-y)Ch(2) (Ch = S, Se)
was performed using neutron total scattering-based atomic pair distribution function (PDF) analysis of 5 K
powder diffraction data in relation to physical properties. Whereas KxFe2-ySe2 is a superconductor with a
transition temperature of about 32 K, the isostructural sulphide analogue is not, which instead displays a spin
glass semiconducting behavior at low temperatures. The PDF analysis explores phase separated and disordered
structural models as candidate descriptors of the low temperature data. For both materials, the nanoscale
structure is well described by the iron (Fe)-vacancy-disordered K(2)Fe(5-y)Ch(5) (I4/m) model containing
excess Fe. An equally good description of the data is achieved by using a phase separated model comprised of
I4/m vacancy-ordered and I4/mmm components. The I4/mmm component appears as a minority phase in the
structure of both KxFe2-ySe2 and KxFe2-yS2, and with similar contribution, implying that the phase ratio is
not a decisive factor influencing the lack of superconductivity in the latter. Comparison of structural parameters
of the Fe-vacancy-disordered model indicates that the replacement of selenium (Se) by sulphur (S) results in an
appreciable reduction in the Fe-Ch interatomic distances and anion heights, while simultaneously increasing the
irregularity of FeCh(4) tetrahedra, suggesting the more significant influence of these factors. Structural features
are also compared to the non-intercalated FeSe and FeS parent phases, providing further information for the
discussion about the influence of the lattice degrees of freedom on the observed properties in layered iron
chalcogenides.
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Abstract: We present a combined single-crystal x-ray diffuse scattering and ab initio molecular dynamics study
of lead telluride, PbTe. Well-known for its thermoelectric and narrow-gap semiconducting properties, PbTe
recently achieved further notoriety following the report of an unusual off-centering of the lead atoms,
accompanied by a local symmetry breaking, on heating. This observation, which was named emphanisis,
ignited considerable controversy regarding the details of the underlying local structure and the appropriate



interpretation of the total scattering experiments. In this study, we identify an unusual correlated local dipole
formation extending over several unit cells with an associated local reduction of the cubic symmetry in both our
x-ray diffuse scattering measurements and our molecular dynamics simulations. Importantly, when averaged
spatially or temporally, the most probable positions for the ions are at the centers of their coordination
polyhedra. Our results therefore clarify the nature of the local symmetry breaking, and reveal the source of the
earlier controversy regarding the existence or absence of off-centering. Finally, we provide an interpretation of
the behavior in terms of coupled soft optical and acoustic modes which is linked also to the high thermoelectric
performance of PbTe.
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Abstract: The compound IrTe2 is known to exhibit a transition to a modulated state featuring Ir-Ir dimers, with
large associated atomic displacements. Partial substitution of Pt or Rh for Ir destabilizes the modulated structure
and induces superconductivity. It has been proposed that quantum critical dimer fluctuations might be
associated with the superconductivity. Here we test for such local dimer correlations and demonstrate their
absence. X-ray parr distribution function approach reveals that the local structure of Ir-0.95 Pt0.05Te2 and
Ir0.8Rh0.2Te2 dichalcogenide superconductors with compositions just past the dimer/superconductor boundary
is explained well by a dimer-free model down to 10 K, ruling out the possibility of there being nanoscale dimer
fluctuations in this regime. This is inconsistent with the proposed quantum-critical-point-like interplay of the
dimer state and superconductivity, and precludes scenarios for dimer fluctuations mediated superconducting
pairing.
Accession Number: WOS:000433010000003
Language: English
Document Type: Article
KeyWords Plus: ORDER; NANOSCALE; PDF
Addresses: [Yu, Runze; Lei, H. C.; Petrovic, C.; Guguchia, Z.; Bozin, E. S.] Brookhaven Natl Lab, Condensed
Matter Phys & Mat Sci Dept, Upton, NY 11973 USA.
[Banerjee, S.] Columbia Univ, Dept Appl Phys & Appl Math, New York, NY 10027 USA.
[Sinclair, Ryan; Zhou, H. D.] Univ Tennessee, Dept Phys & Astron, Knoxville, TN 37996 USA.
[Abeykoon, M.] Brookhaven Natl Lab, Photon Sci Div, Upton, NY 11973 USA.
[Guguchia, Z.] Columbia Univ, Dept Phys, 538 W 120th St, New York, NY 10027 USA.
[Yu, Runze] Chinese Acad Sci, Inst Phys, Beijing 100190, Peoples R China.
[Lei, H. C.] Renmin Univ, Dept Phys, Beijing 100872, Peoples R China.
Corresponding Address: Bozin, ES (corresponding author), Brookhaven Natl Lab, Condensed Matter Phys &
Mat Sci Dept, Upton, NY 11973 USA.



E-mail Addresses: bozin@bnl.gov
Affiliations: United States Department of Energy (DOE); Brookhaven National Laboratory; Columbia
University; University of Tennessee System; University of Tennessee Knoxville; United States Department of
Energy (DOE); Brookhaven National Laboratory; Columbia University; Chinese Academy of Sciences;
Institute of Physics, CAS; Renmin University of China
Author Identifiers:

Author Web of Science ResearcherID ORCID Number
Bozin, Emil AAB-4551-2020  
Zhou, Haidong O-4373-2016 0000-0002-1595-1912 
Guguchia, Zurab  0000-0002-0764-7574 
Publisher: AMER PHYSICAL SOC
Publisher Address: ONE PHYSICS ELLIPSE, COLLEGE PK, MD 20740-3844 USA
Web of Science Index: Science Citation Index Expanded (SCI-EXPANDED)
Web of Science Categories: Materials Science, Multidisciplinary; Physics, Applied; Physics, Condensed
Matter
Research Areas: Materials Science; Physics
IDS Number: GG9GW
ISSN: 2469-9950
eISSN: 2469-9969
29-char Source Abbrev.: PHYS REV B
ISO Source Abbrev.: Phys. Rev. B
Source Item Page Count: 8
Funding:

Funding Agency Grant Number
US DOE, Office of Science, Office of Basic Energy Sciences (DOE-BES) DE-SC00112704 
 NSF-DMR-1350002 

Work at Brookhaven National Laboratory was supported by US DOE, Office of Science, Office of Basic
Energy Sciences (DOE-BES) under Contract No. DE-SC00112704. R.S. and H.D.Z. acknowledge support from
Grant No. NSF-DMR-1350002. We are grateful to J. Tranquada, S. Billinge, I. Robinson, I. Zaliznyak, A.
Lappas, and A. Tsvelik for fruitful discussions and critical comments.
Open Access: hybrid, Green Submitted
Output Date: 2023-01-27

Record 36 of 125
Title: Pressure tuning of structure, superconductivity, and novel magnetic order in the Ce-underdoped electron-
doped cuprate T' = Pr1.3-xLa0.7CexCuO4 (x=0.1)
Author(s): Guguchia, Z (Guguchia, Z.); Adachi, T (Adachi, T.); Shermadini, Z (Shermadini, Z.); Ohgi, T
(Ohgi, T.); Chang, J (Chang, J.); Bozin, ES (Bozin, E. S.); von Rohr, F (von Rohr, F.); dos Santos, AM (dos
Santos, A. M.); Molaison, JJ (Molaison, J. J.); Boehler, R (Boehler, R.); Koike, Y (Koike, Y.); Wieteska, AR
(Wieteska, A. R.); Frandsen, BA (Frandsen, B. A.); Morenzoni, E (Morenzoni, E.); Amato, A (Amato, A.);
Billinge, SJL (Billinge, S. J. L.); Uemura, YJ (Uemura, Y. J.); Khasanov, R (Khasanov, R.)
Source: PHYSICAL REVIEW B  Volume: 96  Issue: 9  Article Number: 094515  DOI:
10.1103/PhysRevB.96.094515  Published: SEP 14 2017  
Times Cited in Web of Science Core Collection: 5
Total Times Cited: 5
Usage Count (Last 180 days): 0



Usage Count (Since 2013): 26
Cited Reference Count: 66
Abstract: High-pressure neutron powder diffraction, muon-spin rotation, and magnetization studies of the
structural, magnetic, and the superconducting properties of the Ce-underdoped superconducting (SC) electron-
doped cuprate system with the Nd2CuO4 (the so-called T') structure T'-Pr1.3-xLa0.7CexCuO4 with x = 0.1 are
reported. Astrong reduction of the in-plane and out-of-plane lattice constants is observed under pressure.
However, no indication of any pressure-induced phase transition from T' to the K2NiF4 (the so-called T)
structure is observed up to the maximum applied pressure of p = 11 GPa. Large and nonlinear increase of the
short-range magnetic order temperature T-so in T'-Pr1.3-xLa0.7CexCuO4 (x = 0.1) was observed under
pressure. Simultaneous pressure causes a nonlinear decrease of the SC transition temperature T-c. All these
experiments establish the short-range magnetic order as an intrinsic and competing phase in SC T'-Pr1.3-
xLa0.7CexCuO4 (x = 0.1). The observed pressure effects may be interpreted in terms of the improved nesting
conditions through the reduction of the in-plane and out-of-plane lattice constants upon hydrostatic pressure.
Accession Number: WOS:000410860900003
Language: English
Document Type: Article
KeyWords Plus: STATIC ANTIFERROMAGNETIC CORRELATIONS; HIGH-TEMPERATURE
SUPERCONDUCTOR; DENSITY-WAVE ORDER; GROUND-STATE; NEUTRON-SCATTERING;
CRYSTAL-STRUCTURE; PHASE-DIAGRAM; TRANSPORT; FIELD; DEPENDENCE
Addresses: [Guguchia, Z.; Wieteska, A. R.; Uemura, Y. J.] Columbia Univ, Dept Phys, 538 W 120th St, New
York, NY 10027 USA.
[Guguchia, Z.; Shermadini, Z.; Morenzoni, E.; Amato, A.; Khasanov, R.] Paul Scherrer Inst, Lab Muon Spin
Spect, CH-5232 Villigen, Switzerland.
[Guguchia, Z.; Bozin, E. S.; Billinge, S. J. L.] Brookhaven Natl Lab, Condensed Matter Phys & Mat Sci Dept,
Upton, NY 11973 USA.
[Adachi, T.] Sophia Univ, Dept Engn & Appl Sci, Chiyoda Ku, 7-1 Kioi Cho, Tokyo 1028554, Japan.
[Ohgi, T.; Koike, Y.] Tohoku Univ, Dept Appl Phys, Aoba Ku, 6-6-05 Aoba, Sendai, Miyagi 9808579, Japan.
[Chang, J.; von Rohr, F.] Univ Zurich, Inst Phys, Winterthurerstr 190, CH-8057 Zurich, Switzerland.
[dos Santos, A. M.; Molaison, J. J.; Boehler, R.] Oak Ridge Natl Lab, Neutron Sci Directorate, Oak Ridge, TN
37831 USA.
[Boehler, R.] Carnegie Inst Sci, Washington, DC 20005 USA.
[Frandsen, B. A.] Lawrence Berkeley Natl Lab, Div Mat Sci, Berkeley, CA 94720 USA.
[Billinge, S. J. L.] Columbia Univ, Dept Appl Phys & Appl Math, New York, NY 10027 USA.
Corresponding Address: Guguchia, Z (corresponding author), Columbia Univ, Dept Phys, 538 W 120th St,
New York, NY 10027 USA.
Guguchia, Z (corresponding author), Paul Scherrer Inst, Lab Muon Spin Spect, CH-5232 Villigen, Switzerland.
Guguchia, Z (corresponding author), Brookhaven Natl Lab, Condensed Matter Phys & Mat Sci Dept, Upton,
NY 11973 USA.
E-mail Addresses: zg2268@columbia.edu
Affiliations: Columbia University; Swiss Federal Institutes of Technology Domain; Paul Scherrer Institute;
United States Department of Energy (DOE); Brookhaven National Laboratory; Sophia University; Tohoku
University; University of Zurich; United States Department of Energy (DOE); Oak Ridge National Laboratory;
Carnegie Institution for Science; United States Department of Energy (DOE); Lawrence Berkeley National
Laboratory; Columbia University
Author Identifiers:

Author Web of Science ResearcherID ORCID Number
Santos, Antonio M dos A-5602-2016 0000-0001-6900-0816 
Bozin, Emil AAB-4551-2020  
Morenzoni, Elvezio R-3541-2019 0000-0002-9663-4213 
Chang, Johan F-1506-2014 0000-0002-4655-1516 
Amato, Alex H-7674-2013 0000-0001-9963-7498 



Frandsen, Benjamin AAJ-1680-2020 0000-0002-4047-9453 
Boehler, Reinhard L-3971-2016 0000-0003-0222-6997 
Guguchia, Zurab  0000-0002-0764-7574 
Khasanov, Rustem  0000-0002-4768-5524 
Publisher: AMER PHYSICAL SOC
Publisher Address: ONE PHYSICS ELLIPSE, COLLEGE PK, MD 20740-3844 USA
Web of Science Index: Science Citation Index Expanded (SCI-EXPANDED)
Web of Science Categories: Materials Science, Multidisciplinary; Physics, Applied; Physics, Condensed
Matter
Research Areas: Materials Science; Physics
IDS Number: FH0WI
ISSN: 2469-9950
eISSN: 2469-9969
29-char Source Abbrev.: PHYS REV B
ISO Source Abbrev.: Phys. Rev. B
Source Item Page Count: 11
Funding:

Funding Agency Grant Number
Swiss National Science Foundation P2ZHP2-161980 
US NSF DMR-1436095 
NSF DMR-1610633 
REIMEI project of Japan Atomic Energy Agency  
U.S. Department of Energy, Office of Science, Office of Basic Energy Sciences (DOE-
BES) 

DE-
SC00112704 

Swiss National Science Foundation  
JSPS KAKENHI 23540399 
MEXT KAKENHI 23108004 
Division Of Materials Research 1436095 

The mu SR experiments were carried out at the Swiss Muon Source (S mu S) Paul Scherrer Insitute, Villigen,
Switzerland. A portion of this research used resources at the Spallation Neutron Source, a DOE Office of
Science User Facility operated by the Oak Ridge National Laboratory. Z.G. gratefully acknowledges the
financial support by the Swiss National Science Foundation (Early Postdoc Mobility SNFfellowship P2ZHP2-
161980). Work at the Department of Physics of Columbia University is supported by US NSF DMR-1436095
(DMREF) and NSF DMR-1610633 as well as the REIMEI project of Japan Atomic Energy Agency. Work at
Brookhaven National Laboratory was supported by the U.S. Department of Energy, Office of Science, Office of
Basic Energy Sciences (DOE-BES) under Contract No. DE-SC00112704. Z.G. thanks H. Keller, A.
Shengelaya, H. Luetkens, A.N. Pasupathy, and R.M. Fernandes for useful discussions. J.C. gratefully
acknowledges financial support by the Swiss National Science Foundation. T.A. and Y.K. acknowledge support
from JSPS KAKENHI Grant No. 23540399 and by MEXT KAKENHI Grant No. 23108004.
Open Access: Green Published, hybrid, Green Submitted
Output Date: 2023-01-27

Record 37 of 125
Title: Complementary approaches for the evaluation of biocompatibility of Y-90-labeled superparamagnetic
citric acid (Fe,Er)(3)O-4 coated nanoparticles



Author(s): Antic, B (Antic, Bratislav); Boskovic, M (Boskovic, Marko); Nikodinovic-Runic, J (Nikodinovic-
Runic, Jasmina); Ming, Y (Ming, Yue); Zhang, HG (Zhang, Hongguo); Bozin, ES (Bozin, Emil S.); Jankovic, D
(Jankovic, Drina); Spasojevic, V (Spasojevic, Vojislav); Vranjes-Djuric, S (Vranjes-Djuric, Sanja)
Source: MATERIALS SCIENCE AND ENGINEERING C-MATERIALS FOR BIOLOGICAL
APPLICATIONS  Volume: 75  Pages: 157-164  DOI: 10.1016/j.msec.2017.02.023  Published: JUN 1 2017  
Times Cited in Web of Science Core Collection: 4
Total Times Cited: 4
Usage Count (Last 180 days): 0
Usage Count (Since 2013): 34
Cited Reference Count: 27
Abstract: Magnetic nanoparticles (MNPs) are of immense interest for diagnostic and therapeutic applications
in medicine. Design and development of new iron oxide-based MNPs for such applications is of rather limited
breadth without reliable and sensitive methods to determine their levels in body tissues. Commonly used
methods, such as ICP, are quite problematic, due to the inability to decipher the origin of the detected iron, i.e.
whether it originates from the MNPs or endogenous from tissues and bodily fluids. One of the approaches to
overcome this problem and to increase reliability of tracing MNPs is to partially substitute iron ions in the
MNPs with Er. Here, we report on the development of citric add coated (Fe,Er)(3)O-4 nanopartides and
characterization of their physico-chemical and biological properties by utilization of various complementary
approaches. The synthesized MNPs had a narrow (6-7 nm) size distribution, as consistently seen in atomic pair
distribution function, transmission electron microscopy, and DC magnetization measurements. The particles
were found to be superparamagnetic, with a pronounced maximum in measured zero-field cooled magnetization
at around 90 K. Reduction in saturation magnetization due to incorporation of 1.7% Er3+ into the Fe3O4 matrix
was clearly observed. From the biological standpoint, citric acid coated (Fe,Er)(3)O-4 NPs were found to
induce low toxicity both in human cell fibroblasts and in zebrafish (Danio rerio) embryos. Biodistribution
pattern of the MNPs after intravenous administration in healthy Wistar rats was followed by the radiotracer
method, revealing that Y-90-labeled MNPs were predominantly found in liver (7533% ID), followed by lungs
(16.70% ID) and spleen (2.83% ID). Quantitative agreement with these observations was obtained by ICP-MS
elemental analysis using Er as the detected tracer. Based on the favorable physical, chemical and biological
characteristics, citric add coated (Fe,Er)(3)O-4 MNPs could be further considered for the potential application
as a diagnostic and/or therapeutic agent. This work also demonstrates that combined application of these
techniques is a promising tool for studies of pharmacokinetics of the new MNPs in complex biological systems.
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Abstract: We report on the emergence of robust superconducting order in single crystal alloys of TaSe2- xSx (0
<= x <= 2). The critical temperature of the alloy is surprisingly higher than that of the two end compounds
TaSe2 and TaS2. The evolution of superconducting critical temperature T-c(x) correlates with the full width at
half maximum of the Bragg peaks and with the linear term of the high-temperature resistivity. The conductivity
of the crystals near the middle of the alloy series is higher or similar than that of either one of the end members
2H-TaSe2 and/or 2H-TaS2. It is known that in these materials superconductivity is in close competition with
charge density wave order. We interpret our experimental findings in a picture where disorder tilts this balance
in favor of superconductivity by destroying the charge density wave order.
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Abstract: We report on the evidence for the multiband electronic transport in alpha-YbAlB4 and alpha-
Yb0.81(2)Sr0.19(3)AlB4. Multiband transport reveals itself below 10 K in both compounds via Hall effect
measurements, whereas anisotropic magnetic ground state sets in below 3 K in alpha-Yb0.81(2)Sr0.19(3)AlB4.
Our results show that Sr2+ substitution enhances conductivity, but does not change the quasiparticle mass of
bands induced by heavy fermion hybridization.
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Abstract: We report quantum transport and Dirac fermions in YbMnBi2 single crystals. YbMnBi2 is a layered
material with anisotropic conductivity and magnetic order below 290 K. Magnetotransport properties, nonzero
Berry phase, and small cyclotron mass indicate the presence of Dirac fermions. Angular-dependent
magnetoresistance indicates a possible quasi-two-dimensional Fermi surface, whereas the deviation from the
nontrivial Berry phase expected for Dirac states suggests the contribution of parabolic bands at the Fermi level
or spin-orbit coupling.
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Abstract: We report interlayer electronic transport in CaMnBi2 single crystals. Quantum oscillations and
angular magnetoresistance suggest coherent electronic conduction and valley polarized conduction of Dirac
states. The small cyclotron mass, high mobility of carriers, and nontrivial Berry's phase are consistent with the
presence of Dirac fermions on the side wall of the warped cylindrical Fermi surface. Similarly to SrMnBi2,
which features an anisotropic Dirac cone, our results suggest that magnetic-field-induced changes in interlayer
conduction are also present in layered bismuth-based materials with a zero-energy line in momentum space
created by the staggered alkaline earth atoms.
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Abstract: Evolution of the average and local crystal structure of Ca-doped LaMnO3 has been studied across
the metal to insulator (MI) and the orthorhombic to rhombohedral (OR) structural phase transitions over a
broad temperature range for two Ca concentrations (x = 0.18,0.22). Combined Rietveld and high real space
resolution atomic pair distribution function (PDF) analysis of neutron total scattering data was carried out with
aims of exploring the possibility of nanoscale phase separation (PS) in relation to MI transition, and charting
the evolution of local Jahn-Teller (JT) distortion of MnO6 octahedra across the OR transition at T-S similar to
720 K. The study utilized explicit two-phase PDF structural modeling, revealing that away from T-MI there is
no evidence for nanoscale phase coexistence. The local JT distortions disappear abruptly upon crossing into the
metallic regime both with doping and temperature, with only a small temperature-independent signature of
quenched disorder being observable at low temperature as compared to CaMnO3. The results hence do not
support the percolative scenario for the MI transition in La1-xCaxMnO3 based on PS, and question its ubiquity
in the manganites. In contrast to LaMnO3 that exhibits long-range orbital correlations and sizable octahedral
distortions at low temperature, the doped samples with compositions straddling the MI boundary exhibit
correlations (in the insulating regime) limited to only similar to 1 nm with observably smaller distortions. In the
x = 0.22 sample local JT distortions are found to persist across the OR transition and deep into the R phase (up
to similar to 1050 K), where they are crystallographically prohibited. Their magnitude and subnanometer spatial
extent remain unchanged.
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Abstract: It has recently been demonstrated that dynamical magnetic correlations measured by neutron
scattering in iron chalcogenides can be described with models of short-range correlations characterized by
particular choices of four-spin plaquettes, where the appropriate choice changes as the parent material is doped
towards superconductivity. Here we apply such models to describe measured maps of magnetic scattering as a
function of two-dimensional wave vectors obtained for optimally superconducting crystals of FeTe1-xSex. We
show that the characteristic antiferromagnetic wave vector evolves from that of the bicollinear structure found
in underdoped chalcogenides (at high temperature) to that associated with the stripe structure of
antiferromagnetic iron arsenides (at low temperature); these can both be described with the same local
plaquette, but with different interplaquette correlations. While the magnitude of the low-energy magnetic
spectral weight is substantial at all temperatures, it actually weakens somewhat at low temperature, where the
charge carriers become more itinerant. The observed change in spin correlations is correlated with the dramatic
drop in the electronic scattering rate and the growth of the bulk nematic response upon cooling. Finally, we also
present powder neutron diffraction results for lattice parameters in FeTe1-xSex indicating that the tetrahedral
bond angle tends to increase towards the ideal value upon cooling, in agreement with the increased screening of
the crystal field by more itinerant electrons and the correspondingly smaller splitting of the Fe 3d orbitals.
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Abstract: The importance of charge reservoir layers for supplying holes to the CuO2 planes of cuprate
superconductors has long been recognized. Less attention has been paid to the screening of the charge transfer
by the intervening ionic layers. We address this issue in the case of YBa2Cu3O6+x, where CuO chains supply
the holes for the planes. We present a simple dielectric-screening model that gives a linear correlation between
the relative displacements of ions along the c axis, determined by neutron powder diffraction, and the hole
density of the planes. Applying this model to the temperature-dependent shifts of ions along the c axis, we infer
a charge transfer of 5-10% of the hole density from the planes to the chains on warming from the
superconducting transition to room temperature. Given the significant coupling of c-axis displacements to the
average charge density, we point out the relevance of local displacements for screening charge modulations and
note recent evidence for dynamic screening of in-plane quasiparticles. This line of argument leads us to a
simple model for atomic displacements and charge modulation that is consistent with images from scanning-
tunneling microscopy for underdoped Bi2Sr2CaCu2O8+delta.
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Abstract: We present Co substitution effects in KxFe2-y-z CozSe2 (0.06 <= z <= 1.73) single-crystal alloys.
By 3.5% of Co doping superconductivity is suppressed, whereas phase separation of semiconducting K2Fe4Se5
and superconducting/metallic KxFe2Se2 is still present. We show that the arrangement and distribution of the
superconducting phase (stripe phase) are connected with the arrangement of K, Fe, and Co atoms.
Semiconducting spin glass is found in proximity to the superconducting state, persisting for large Co
concentrations. At high Co concentrations a ferromagnetic metallic state emerges above the spin glass. This is
coincident with changes of the unit cell and arrangement and connectivity of the stripe conducting phase.
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Abstract: We report electron doping effects by Ni in KxFe2-delta-yNiySe2 (0.06 <= y <= 1.44) single-crystal
alloys. A rich ground-state phase diagram is observed. A small amount of Ni (similar to 4%) suppressed
superconductivity below 1.8 K, inducing insulating spin-glass magnetic ground state for higher Ni content.
With further Ni substitution, metallic resistivity is restored. For high Ni concentration in the lattice the unit cell
symmetry is high symmetry I4/mmm with no phase separation whereas both I4/m + I4/mmm space groups
were detected in the phase separated crystals when concentration of Ni < Fe. The absence of superconductivity
coincides with the absence of crystalline Fe vacancy order.
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Abstract: A long-standing puzzle regarding the disparity of local and long-range CuO6 octahedral tilt
correlations in the underdoped regime of La2-xBaxCuO4 is addressed by utilizing complementary neutron
powder diffraction and inelastic neutron scattering (INS) approaches. This system is of interest because of the
strong depression of the bulk superconducting transition at x = 1/8 in association with charge and spin stripe
order. The latter unidirectional order is tied to Cu-O bond-length anisotropy present in the so-called low-
temperature tetragonal (LTT) phase. On warming, the lattice exhibits two sequential structural transitions,
involving changes in the CuO6 tilt pattern, first to the low-temperature orthorhombic (LTO) and then the high-
temperature tetragonal (HTT) phase. Despite the changes in static order, inspection of the instantaneous local
atomic structure suggests that the LTT-type tilts persist through the transitions. Analysis of the INS spectra for
the x = 1/8 composition reveals the dynamic nature of the LTT-like tilt fluctuations within the LTO and HTT
phases. Within the low-temperature phase, the Cu-O bond-length splitting inferred from lattice symmetry and
fitted atomic position parameters reaches a maximum of 0.3% at x = 1/8, suggesting that electron-phonon
coupling may contribute to optimizing the structure to stabilize stripe order. This splitting is much too small to
be resolved in the pair distribution function, and in fact we do not resolve any enhancement of the instantaneous
bond-length distribution in association with stripe order. This study exemplifies the importance of a systematic
approach using complementary techniques when investigating systems exhibiting a large degree of complexity
and subtle structural responses.
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Abstract: Understanding the role played by broken-symmetry states such as charge, spin and orbital orders in
the mechanism of emergent properties, such as high-temperature superconductivity, is a major current topic in
materials research. That the order may be within one unit cell, such as nematic, was only recently considered
theoretically, but its observation in the iron-pnictide and doped cuprate superconductors places it at the
forefront of current research. Here, we show that the recently discovered BaTi2Sb2O superconductor and its
parent compound BaTi2As2O form a symmetry-breaking nematic ground state that can be naturally explained
as an intra-unit-cell nematic charge order with d-wave symmetry, pointing to the ubiquity of the phenomenon.
These findings, together with the key structural features in these materials being intermediate between the
cuprate and iron-pnictide hightemperature superconducting materials, render the titanium oxypnictides an
important new material system to understand the nature of nematic order and its relationship to
superconductivity.
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Abstract: Polarized Raman scattering measurements on IrTe2 single crystals carried out over the 15-640 K
temperature range, and across the structural phase transition, reveal different insights regarding the crystal
symmetry. In the high temperature regime three Raman active modes are observed at all of the studied
temperatures above the structural phase transition, rather than two as predicted by the factor group analysis for



the assumed P (3) over bar m1 symmetry. This indicates that the actual symmetry of the high temperature phase
is lower than previously thought. The observation of an additional E-g mode at high temperature can be
explained by doubling of the original trigonal unit cell along the c axis and within the P (3) over bar c1
symmetry. In the low temperature regime (below 245 K) the other Raman modes appear as a consequence of
the symmetry lowering phase transition and the corresponding increase of the primitive cell. All of the modes
observed below the phase transition temperature can be assigned within the monoclinic crystal symmetry. The
temperature dependence of the Raman active phonons in both phases is mainly driven by anharmonicity effects.
The results call for reconsideration of the crystallographic phases of IrTe2.
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Abstract: Through systematic examination of symmetrically nonequivalent configurations, first-principles
calculations have identified a new ground state of Cu2Se, which is constructed by repeating sextuple layers of
Se-Cu-Cu-Cu-Cu- Se. The layered nature is in accord with electron and x-ray diffraction studies at and below
room temperature and also is consistent with transport properties. Magnetoresistance measurements at liquid
helium temperatures exhibit cusp-shaped field dependence at low fields and evolve into quasilinear field
dependence at intermediate and high fields. These results reveal the existence of weak antilocalization effect,
which has been analyzed using a modified Hikami, Larkin, and Nagaoka model, including a quantum
interference term and a classical quadratic contribution. Fitting parameters suggest a quantum coherence length
L of 175 nm at 1.8 K. With increasing temperature, the classical parabolic behavior becomes more dominant,
and L decreases as a power law of T-0.83.
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Abstract: Increasingly, nanoscale phase coexistence and hidden broken symmetry states are being found in the
vicinity of metal-insulator transitions (MIT), for example, in high temperature superconductors, heavy fermion
and colossal magnetoresistive materials, but their importance and possible role in the MIT and related emergent
behaviors is not understood. Despite their ubiquity, they are hard to study because they produce weak diffuse
signals in most measurements. Here we propose Cu(Ir1-xCrx)(2)S-4 as a model system, where robust local
structural signals lead to key new insights. We demonstrate a hitherto unobserved coexistence of an Ir4+
charge-localized dimer phase and Cr-ferromagnetism. The resulting phase diagram that takes into account the
short range dimer order is highly reminiscent of a generic MIT phase diagram similar to the cuprates. We
suggest that the presence of quenched strain from dopant ions acts as an arbiter deciding between the competing
ground states.
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Abstract: We have synthesized K0.95(1)Ni1.86(2)Se2 single crystals. The single crystals contain K and Ni
deficiencies not observed in KNi2Se2 polycrystals. Unlike KNi2Se2 polycrystals, the superconductivity is
absent in single crystals. The detailed physical property study indicates that the K0.95Ni1.86Se2 single crystals
exhibit heavy-fermion-like characteristics. The transition to a heavy fermion state below T similar to 30 K
results in an enhancement of the electron-like carrier density whereas the magnetic susceptibility shows little
anisotropy and suggests the presence of both itinerant and localized Ni orbitals.
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Abstract: The local structure of SnTe has been studied using atomic pair distribution function analysis of x-ray
and neutron data. Evidence is found for a locally distorted high-temperature state, which emerges on warming
from an undistorted rocksalt structure. The structural distortion appears rapidly over a relatively narrow
temperature range from 300 to 400 K. A similar effect has been reported in PbTe and PbS and dubbed



emphanisis; here we report on emphanisis in a compound that does not contain Pb. The analysis suggests that
this effect is unrelated to the low-temperature ferroelectric state in SnTe.
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Abstract: The local structure of the spinel LiRh2O4 has been studied using atomic-pair distribution function
analysis of powder x-ray diffraction data. This measurement is sensitive to the presence of short Rh-Rh bonds
that form due to dimerization of Rh4+ ions on the pyrochlore sublattice, independent of the existence of long-
range order. We show that structural dimers exist in the low-temperature phase, as previously supposed, with a
bond shortening of Delta r similar to 0.15 angstrom. The dimers persist up to 350 K, well above the insulator-
metal transition, with Delta r decreasing in magnitude on warming. Such behavior is inconsistent with the
Fermi-surface nesting-driven Peierls transition model. Instead, we argue that LiRh2O4 should properly be
described as a strongly correlated system.
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Abstract: We have synthesized a new layered BiS2-based compound, SrFBiS2. This compound has a similar
structure to LaOBiS2. It is built up by stacking up SrF layers and NaCl-type BiS2 layers alternatively along the
c axis. Electric transport measurement indicates that SrFBiS2 is a semiconductor. Thermal transport
measurement shows that SrFBiS2 has a small thermal conductivity and large Seebeck coefficient. First
principle calculations are in agreement with experimental results and show that SrFBiS2 is very similar to
LaOBiS2, which becomes a superconductor with F doping. Therefore, SrFBiS2 may be a parent compound of
new superconductors.
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Abstract: The temperature evolution of structural effects associated with charge order (CO) and spin order in
La1.67Sr0.33NiO4 has been investigated using neutron powder diffraction. We report an anomalous shrinking
of the c / a lattice parameter ratio that correlates with T-CO. The sign of this change can be explained by the
change in interlayer Coulomb energy between the static-stripe-ordered state and the fluctuating-stripe-ordered
state or the charge-disordered state. In addition, we identify a contribution to the mean-square displacements of
Ni and in-plane O atoms whose width correlates quite well with the size of the pseudogap extracted from the
reported optical conductivity, with a non-Debye-like component that persists below and well above T-CO. We
infer that dynamic charge-stripe correlations survive to T similar to 2T(CO).
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Abstract: Evolution of the structural and magnetic properties of ZnFe1.95Yb0.05O4 nanoparticles, prepared
via a high-energy ball milling route and exposed to further thermal annealing/heating, was assessed in detail
and correlation of these properties explored. inversion, heating of the sample to similar to 500 degrees C is
found to rapidly alter the cation distribution from mixed to normal, in agreement with the known cation
preferences. Under the same conditions the crystallite size only slowly grows. By further thermal treatment
appreciably. An interrelationship among the lattice parameter, octahedral site occupancy, and crystallite size has
been established. The observations are (a) both the site occupancy of Fe3+ at octahedral 16d spinel sites (N-
16d(Fe3+)) and the cubic lattice parameter rapidly increase with an initial increase of the crystallite size, (b) the
lattice parameter increases with increasing occupancy, N-16d(Fe3+), and (c) there appears to be a critical
nanoparticle diameter (approximately 15 nm) above which both the site occupancy and lattice parameter values
are saturated. The magnetic behavior of the annealed samples appears to be correlated to the evolution of both
the cation distribution and crystallite size, as follows. As-prepared samples and those annealed at lower
temperatures show superparamagnetic behavior at room temperature, presumably as a consequence of the Fe3+
distribution and strong Fe3+(8a)-O-Fe3+(16d) superexchange interactions. Samples with a nanopartide
diameter greater than 12 nm and with almost normal distributions exhibit the paramagnetic state. The coercive
field is found to decrease with an increase of the crystallite size. Partial Yb3+/Fe3+ substitution is found to
increase the inversion parameter and saturation magnetization. Detailed knowledge of the thermal evolution of
structural/microstructural parameters allows control over the cation distribution and crystallite size and hence
the magnetic properties of nanoferrites.
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Abstract: The evolution of the magnetic state, crystal structure and microstructure parameters of
nanocrystalline zinc-ferrite, tuned by thermal annealing of similar to 4 nm nanoparticles, was systematically
studied by complementary characterization methods. Structural analysis of neutron and synchrotron x-ray
radiation data revealed a mixed cation distribution in the nanoparticle samples, with the degree of inversion
systematically decreasing from 0.25 in an as-prepared nanocrystalline sample to a non-inverted spinel structure
with a normal cation distribution in the bulk counterpart. The results of DC magnetization and Mossbauer
spectroscopy experiments indicated a superparamagnetic relaxation in similar to 4 nm nanoparticles, albeit with
different freezing temperatures T-f of 27.5 K and 46 K, respectively. The quadrupole splitting parameter
decreases with the annealing temperature due to cation redistribution between the tetrahedral and octahedral
sites of the spinel structure and the associated defects. DC magnetization measurements indicated the existence
of significant interparticle interactions among nanoparticles ('superspins'). Additional confirmation for the
presence of interparticle interactions was found from the fit of the Tf(H) dependence to the AT line, from which
a value of the anisotropy constant of K-eff = 5.6 x 10(5) erg cm(-3) was deduced. Further evidence for strong
interparticle interactions was found from AC susceptibility measurements, where the frequency dependence of
the freezing temperature T-f(f) was satisfactory described by both Vogel-Fulcher and dynamic scaling theory,
both applicable for interacting systems. The parameters obtained from these fits suggest collective freezing of
magnetic moments at T-f.
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Abstract: The electronic structure of the honeycomb lattice iridates Na2IrO3 and Li2IrO3 has been
investigated using resonant inelastic x-ray scattering (RIXS). Crystal-field-split d-d excitations are resolved in



the high-resolution RIXS spectra. In particular, the splitting due to noncubic crystal fields, derived from the
splitting of j(eff) = 3/2 states, is much smaller than the typical spin-orbit energy scale in iridates, validating the
applicability of jeff physics in A(2)IrO(3). We also find excitonic enhancement of the particle-hole excitation
gap around 0.4 eV, indicating that the nearest-neighbor Coulomb interaction could be large. These findings
suggest that both Na2IrO3 and Li2IrO3 can be described as spin-orbit Mott insulators, similar to the square
lattice iridate Sr2IrO4. DOI: 10.1103/PhysRevLett.110.076402
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Abstract: This study examines structural variations found in the atomic ordering of different transition metal
nanoparticles synthesized via a common, kinetically controlled protocol: reduction of an aqueous solution of
metal precursor salt(s) with NaBH4 at 273 K in the presence of a capping polymer ligand. These noble metal
nanoparticles were characterized at the atomic scale using spherical aberration-corrected scanning transmission
electron microscopy (C-s-STEM). It was found for monometallic samples that the third row, face-centered-
cubic (fcc), transition metal [(3M)-Ir, Pt, and Au] particles exhibited more coherently ordered geometries than
their second row, fcc, transition metal [(2M)-Rh, Pd, and Ag] analogues. The former exhibit growth habits
favoring crystalline phases with specific facet structures while the latter samples are dominated by more
disordered atomic arrangements that include complex systems of facets and twinning. Atomic pair distribution
function (PDF) measurements further confirmed these observations, establishing that the 3M clusters exhibit
longer ranged ordering than their 2M counterparts. The assembly of intracolumn bimetallic nanoparticles (Au-
Ag, Pt-Pd, and Ir-Rh) using the same experimental conditions showed a strong tendency for the 3M atoms to
template long-ranged, crystalline growth of 2M metal atoms extending up to over 8 nm beyond the 3M core.
Accession Number: WOS:000315618700075
PubMed ID: 23273019
Language: English
Document Type: Article
Author Keywords: nanoparticle; atomic structure; noble metals; bimetallic; core-shell; pair distribution
function; aberration corrected electron microscopy
KeyWords Plus: SURFACE-TENSION; SHAPE CONTROL; PALLADIUM NANOPARTICLES; GOLD
NANOPARTICLES; CATALYTIC-ACTIVITY; SIZE; NANOCRYSTALS; DISORDER;
NANOSTRUCTURES; HYDROGENATION
Addresses: [Sanchez, Sergio I.; Small, Matthew W.; Wen, Jian-Guo; Nuzzo, Ralph G.] Univ Illinois, Dept
Chem, Urbana, IL 61801 USA.
[Sanchez, Sergio I.; Small, Matthew W.; Wen, Jian-Guo; Nuzzo, Ralph G.] Univ Illinois, Frederick Seitz Mat
Res Lab, Urbana, IL 61801 USA.
[Zuo, Jian-Min; Nuzzo, Ralph G.] Univ Illinois, Dept Mat Sci & Engn, Urbana, IL 61801 USA.
[Bozin, Emil S.] Brookhaven Natl Lab, Condensed Matter Phys & Mat Sci Dept, Upton, NY 11973 USA.
Corresponding Address: Nuzzo, RG (corresponding author), Univ Illinois, Dept Chem, Urbana, IL 61801
USA.
E-mail Addresses: r-nuzzo@illinois.edu
Affiliations: University of Illinois System; University of Illinois Urbana-Champaign; University of Illinois
System; University of Illinois Urbana-Champaign; University of Illinois System; University of Illinois Urbana-
Champaign; United States Department of Energy (DOE); Brookhaven National Laboratory
Author Identifiers:

Author Web of Science ResearcherID ORCID Number
Bozin, Emil AAB-4551-2020  
Zuo, Jian-Min  0000-0002-5151-3370 
Publisher: AMER CHEMICAL SOC
Publisher Address: 1155 16TH ST, NW, WASHINGTON, DC 20036 USA



Web of Science Index: Science Citation Index Expanded (SCI-EXPANDED)
Web of Science Categories: Chemistry, Multidisciplinary; Chemistry, Physical; Nanoscience &
Nanotechnology; Materials Science, Multidisciplinary
Research Areas: Chemistry; Science & Technology - Other Topics; Materials Science
IDS Number: 099KA
ISSN: 1936-0851
eISSN: 1936-086X
29-char Source Abbrev.: ACS NANO
ISO Source Abbrev.: ACS Nano
Source Item Page Count: 16
Funding:

Funding Agency Grant Number

United States Department of Energy 
DE-FG02-03ER15476 
DE-FG02-07ER46453 
DE-FG02-07ER46471 

United States Department of Energy, Office of Science, Office of Basic Energy
Sciences 

DE-AC02-
06CH11357 

 DE-AC02-
98CH10886 

This work was sponsored in part by the United States Department of Energy Grant No. DE-FG02-03ER15476.
Experiments were conducted in part at the Frederick Seitz Materials Research Laboratory Central Facilities,
University of Illinois at Urbana-Champaign, which is partially supported by the United States Department of
Energy under Grand Nos. DE-FG02-07ER46453 and DE-FG02-07ER46471. Work at Brookhaven National
Laboratory, which is operated for the U.S. Department of Energy by Brookhaven Science Associates, is
supported by Grant No. DE-AC02-98CH10886. Research was also carried out at the Advanced Photon Source
(APS) at Argonne National Laboratory. Use of APS was supported by the United States Department of Energy,
Office of Science, Office of Basic Energy Sciences, under Grant No. DE-AC02-06CH11357
Open Access: Green Submitted
Output Date: 2023-01-27

Record 67 of 125
Title: Confirmation of disordered structure of ultrasmall CdSe nanoparticles from X-ray atomic pair
distribution function analysis
Author(s): Yang, XH (Yang, Xiaohao); Masadeh, AS (Masadeh, Ahmad S.); McBride, JR (McBride, James
R.); Bozin, ES (Bozin, Emil S.); Rosenthal, SJ (Rosenthal, Sandra J.); Billinge, SJL (Billinge, Simon J. L.)
Source: PHYSICAL CHEMISTRY CHEMICAL PHYSICS  Volume: 15  Issue: 22  Pages: 8480-8486  DOI:
10.1039/c3cp00111c  Published: 2013  
Times Cited in Web of Science Core Collection: 55
Total Times Cited: 55
Usage Count (Last 180 days): 1
Usage Count (Since 2013): 57
Cited Reference Count: 36
Abstract: The atomic pair distribution function (PDF) analysis of X-ray powder diffraction data has been used
to study the structure of small and ultra-small CdSe nanoparticles. A method is described that uses a wurtzite
and zinc-blende mixed phase model to account for stacking faults in CdSe particles. The mixed-phase model
successfully describes the structure of nanoparticles larger than 2 nm yielding a stacking fault density of about
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showing that the structure is significantly modified from that of larger particles and the bulk. The observation of
a significant change in the average structure at ultra-small size is likely to explain the unusual properties of the
ultrasmall particles such as their white light emitting ability.
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Abstract: Iron chalcogenide superconductors have become one of the most investigated superconducting
materials in recent years due to high upper critical fields, competing interactions and complex electronic and
magnetic phase diagrams. The structural complexity, defects and atomic site occupancies significantly affect the
normal and superconducting states in these compounds. In this work we review the vortex behavior, critical
current density and high magnetic field pair-breaking mechanism in iron chalcogenide superconductors. We
also point to relevant structural features and normal-state properties.
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Abstract: A hypothesis that the local rotations of ReO6 octahedra persist in the crystallographically untilted
ambient phase of ReO3 is examined by the high-resolution neutron time-of-flight total scattering based atomic
pair distribution function analysis. Three candidate models were tested, Pm (3) over barm, P4/mbm, and Im (3)



over bar, for the local structure of ReO3 at ambient pressure and 12 K, and both quantitative and qualitative
assessments of the data were performed. No evidence for large local octahedral rotations was found, suggesting
that the local and the average structures are the same (Pm (3) over barm) as normally assumed.
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Abstract: We report the evolution of structural and magnetic properties in La2O3(Fe1-xMnx)(2)Se-2. Heat
capacity and bulk magnetization indicate an increased ferromagnetic component of the long-range magnetic
order and possible increased degree of frustration. Atomic disorder on Fe(Mn) sites suppresses the temperature
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Abstract: We show that synthesis-induced metal-insulator transition (MIT) for electronic transport along the
orthorombic c axis of FeSb2 single crystals has greatly enhanced electrical conductivity while keeping the
thermopower at a relatively high level. By this means, the thermoelectric power factor is enhanced to a new
record high S-2 sigma similar to 8000 mu W K-2 cm(-1) at 28 K. We find that the large thermopower in FeSb2
can be rationalized within the correlated electron model with two bands having large quasiparaticle disparity,
whereas MIT is induced by subtle structural differences. The results in this work testify that correlated electrons
can produce extreme power factor values.
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Abstract: Local symmetry breaking in complex materials is emerging as an important contributor to materials
properties but is inherently difficult to study. Here we follow up an earlier structural observation of such a local
symmetry broken phase in the technologically important compound PbTe with a study of the lattice dynamics
using inelastic neutron scattering (INS). We show that the lattice dynamics are responsive to the local symmetry
broken phase, giving key insights in the behavior of PbTe, but also revealing INS as a powerful tool for
studying local structure. The new result is the observation of the unexpected appearance upon warming of a
new zone center phonon branch in PbTe. In a harmonic solid the number of phonon branches is strictly
determined by the contents and symmetry of the unit cell. The appearance of the new mode indicates a
crossover to a dynamic lower symmetry structure with increasing temperature. No structural transition is seen
crystallographically, but the appearance of the new mode in inelastic neutron scattering coincides with the
observation of local Pb off-centering dipoles observed in the local structure. The observation resembles relaxor
ferroelectricity, but since there are no inhomogeneous dopants in pure PbTe this anomalous behavior is an
intrinsic response of the system. We call such an appearance of dipoles out of a nondipolar ground-state
"emphanisis" meaning the appearance out of nothing. It cannot be explained within the framework of
conventional phase transition theories such as soft-mode theory and challenges our basic understanding of the
physics of materials.
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Abstract: Polarized Raman scattering spectra of KxFe2-ySe2 were analyzed in terms of peculiarities of both
I4/m and I4/mmm space group symmetries. The presence of the Raman active modes from both space group
symmetries (16 Raman-active modes of the I4/m phase and two Raman-active modes of the I4/mmm phase)
confirmed the existence of two crystallographic domains with different space group symmetry in a KxFe2-ySe2
sample. High-resolution synchrotron powder x-ray diffraction structural refinement of the same sample
confirmed the two-phase description, and determined the atomic positions and occupancies for both domains.
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Abstract: Quantitatively reliable atomic pair distribution functions (PDFs) have been obtained from
nanomaterials in a straightforward way from a standard laboratory transmission electron microscope (TEM).
The approach looks very promising for making electron derived PDFs (ePDFs) a routine step in the
characterization of nanomaterials because of the ubiquity of such TEMs in chemistry and materials laboratories.
No special attachments such as energy filters were required on the microscope. The methodology for obtaining
the ePDFs is described as well as some opportunities and limitations of the method.
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Abstract: We report structurally tuned superconductivity in a KxFe2-Se-y(2)-S-z(z) (0 <= z <= 2) phase
diagram. Superconducting T-c is suppressed as S is incorporated into the lattice, eventually vanishing at 80% of
S. The magnetic and conductivity properties can be related to stoichiometry on a poorly occupied Fe1 site and
the local environment of a nearly fully occupied Fe2 site. The decreasing T-c coincides with the increasing Fe1
occupancy and the overall increase in Fe stoichiometry from z = 0 to z = 2. Our results indicate that the
irregularity of the Fe2-Se/S tetrahedron is an important controlling parameter that can be used to tune the
ground state in the new superconductor family.
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Abstract: We have synthesized single crystals of K1.00(3)Fe0.85(2)Ag1.15(2)Te2.0(1). The material
crystallizes in the ThCr2Si2 structure with I4/mmm symmetry and without K and Fe/Ag deficiencies, unlike in
KxFe2-ySe2 and KxFe2-yS2. Transport, magnetic, and heat-capacity measurements indicate that
KFe0.85Ag1.15Te2 is a semiconductor with long-range antiferromagnetic transition at T-N = 35 K.
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Abstract: Understanding iron-based superconductors requires high-quality impurity-free single crystals. So far
they have been elusive for beta-FeSe and extraction of intrinsic materials properties has been compromised by
several magnetic-impurity phases. Here, we report synchrotron-clean beta-FeSe superconducting single crystals
grown via LiCl/CsCl flux method. Phase purity yields evidence for a defect-induced weak ferromagnetism that



coexists with superconductivity below T-c. In contrast to Fe1+y Te-based superconductors, our results reveal
that the interstitial Fe(2) site is not occupied and that all contribution to density of states at the Fermi level must
come from in-plane Fe(1).
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Abstract: We report the discovery of KxFe2-yS2 single crystals, isostructural to KxFe2-ySe2 superconductors.
The sulfide compound is a small gap semiconductor and shows spin-glass behavior below 32 K. Our results
indicate that stoichiometry, defects, and the local environment of FeCh (Ch = S, Se) tetrahedra have important
effects on the physical properties of isostructural and isoelectronic K(x)Fe(2-y)Ch(2) compounds.
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Abstract: Here we report results of systematic investigation of heterogeneity and disorder in Ti1-xFeyO2-d
nanorod rutile-based flowerlike aggregates. It was found that Ti1-xFeyO2-d aggregates are composed of two
crystalline phases: rutile as a dominant and anatase as a minor phase. Flowerlike aggregates were found to grow
from an isometric core ca. 5-10 nm in diameter that was built from anatase and rutile nanorods ca. 5 x 100 nm
that were grown on the anatase surface having base plane (001) intergrowth with an anatase plane. The
direction of rutile nanorods growth, i.e., direction of the nanorod elongation, was [001]. Highly nonisometric
rutile crystals produce anisotropic X-ray powder diffraction line broadening and doubling of vibrational bands
in Raman spectra. Both these techniques confirmed nonisometric character of rutile crystals and gave a
quantitative measure of crystal shape anisotropy in excellent agreement with high-resolution transmission
electron microscopy measurements. In addition, from the atomic pair distribution function and Raman spectral
analyses the level of vacancy concentration was determined in rutile and anatase phases of investigated
samples.
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Abstract: The evolution of the short-range structural signature of the Ir4+ dimer state in CuIr2S4 thiospinel has
been studied across the metal-insulator phase transitions as the metallic state is induced by temperature, Cr
doping, and x-ray fluence. An atomic pair distribution function (PDF) approach reveals that there are no local
dimers that survive into the metallic phase when this is invoked by temperature and doping. The PDF shows
Ir4+ dimers when they exist, regardless of whether or not they are long-range ordered. At 100 K, exposure to a
98 keV x-ray beam melts the long-range dimer order within a few seconds, though the local dimers remain
intact. This shows that the metallic state accessed on warming and doping is qualitatively different from the
state obtained under x-ray irradiation.
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Abstract: The Cp*Yb-2(L) class of compounds, where Cp*=pentamethylcyclopentadienyl = C5Me5 and L is
either a 1,4-diazabutadiene or bipy = 2,2'-bipyridine related ligand, have provided excellent analogies to the
Kondo state on the nanoscale. Cp*Yb-2(4,4'-Me-2-bipy) furthers this analogy by demonstrating a valence
transition as the sample is cooled below 200 K. Here, pair-distribution function (PDF) analysis of x-ray powder
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Abstract: We report the observation of local structural dipoles that emerge from an undistorted ground state on
warming, in contrast to conventional structural phase transitions in which distortions emerge on cooling. Using
experimental and theoretical probes of the local structure, we demonstrate this behavior in binary lead
chalcogenides, which were believed to adopt the ideal, undistorted rock-salt structure at all temperatures. The
behavior is consistent with a simple thermodynamic model in which the emerging dipoles are stabilized in the
disordered state at high temperature due to the extra configurational entropy despite the fact that the undistorted
structure has lower internal energy. Our findings shed light on the anomalous electronic and thermoelectric
properties of the lead chalcogenides. Similar searches may show that the phenomenon is more widespread.
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Abstract: X-ray and neutron diffraction have been two key techniques for structural characterization of
materials since their inception. If single crystals of the materials of interest cannot be synthesized, one has to
resort to powder diffraction. This results in the loss of three-dimensional orientation information of the crystal,
and one has to contend with the one-dimensional information that is inherent to powder diffraction, making it
harder to analyze the data. The structural study of contemporary materials and their remarkable properties is a
challenging problem, particularly when properties of interest result from interplay of multiple degrees of
freedom. Very often these are associated with structural defects or relate to different length scales in a material.
The signature of the defect-related phenomenon is visible as diffuse scattering in the diffraction pattern, and the
signals associated with diffuse scattering are orders of magnitude smaller than Bragg scattering. Given these
limitations, it is crucial to have high-resolution and high-intensity data along with the ability to carry out
theoretical interpretation that goes beyond periodic lattice formalism of crystallography. Great advances have
been achieved due to the advent of synchrotron and neutron sources, along with the availability of high-speed
computational algorithms allowing materials scientists to work with a very small amount of sample (both single
crystal and powder) and analyze vast amounts of data to unravel detailed structural descriptions that were not
previously possible. This article presents some of these great advances in using scattering probes for materials
characterization.
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Abstract: We report a combined experimental and theoretical study of CaCu3Ti4O12. Based on our
experimental observations of nanoscale regions of Ca-Cu antisite defects in part of the structure, we carried out



density-functional theory (DFT) calculations that suggest a possible electronic mechanism to explain the
gigantic dielectric response in this material. The defects are evident in atomically resolved transmission
electron microscopy measurements, with supporting evidence from a quantitative analysis of the electron
diffraction and DFT which suggests that such defects are reasonable on energetic grounds. To establish the
extent of the defects, bulk average measurements of the local structure were carried out: extended x-ray
absorption fine structure (EXAFS), atomic pair-distribution function analysis of neutron powder-diffraction
data, and single-crystal x-ray crystallography. The EXAFS data are consistent with the presence of the
nanoclustered defects with an estimate of less than 10% of the sample being disordered while the neutron
powder-diffraction experiments place an upper of similar to 5% on the proportion of the sample in the defective
state. Because of the difficulty of quantifying nanoscale defects at such low levels, further work will be
required to establish that this mechanism is operative in CaCu3Ti4O12 but it presents a nontraditional plausible
avenue for understanding colossal dielectric behavior.
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Abstract: The use of high-energy X-ray total scattering coupled with pair distribution function analysis
produces unique structural fingerprints from amorphous and nanostructured phases of the pharmaceuticals
carbamazepine and indomethacin. The advantages of such facility-based experiments over laboratory-based
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Abstract: The new wide angular-range chopper spectrometer ARCS at the Spallation Neutron Source at Oak
Ridge National Laboratory has been successfully used in white-beam mode, with no Fermi chopper, to obtain
neutron powder diffraction based atomic pair distribution functions (PDFs). Obtained PDF patterns of Si, Ni,
and Al2O3 were refined using the PDFfit method and the results compared to data collected at the NPDF
diffractometer at Los Alamos National Laboratory. High quality resulting fits are presented, demonstrating that
reliable powder diffraction data can be obtained from ARCS when operated in this configuration.
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Abstract: Pure, crystalline, similar to 10 nm lithium ferrite phase (Li0.5Fe2.5O4), was Successfully
synthesized at very low temperature using a modified combustion method. The crystal structure and
microstructure evolution of this system upon annealing were monitored by a careful investigation of X-ray
diffractograms collected on a synchrotron source. Comparative analysis of the results obtained from the full
profile Rietveld method (in reciprocal space) and the pair distribution function method (in direct space) was
carried Out. Nanocrystalline samples exhibit similar crystal structure, on average, with a partial ordering of Li+
and Fe3+ ions between octahedral 4b and 12d sites on the spinel crystal lattice (space group P4(3)32). After
annealing at 973 K, cation distribution changes to a completely ordered, resembling that which is seen in the
bulk lithium ferrite. The PDF analysis reveals abnormally high values of oxygen atomic displacement
parameters in tetrahedral 8c sites (OI) indicating a significant disordering of the OI network and suggests
migration of lithium ions from 4b sites to the outer layers of nanoparticles. Analysis of room temperature
Mossbauer spectra has shown that the hyperfine field for Fe3+ ions in tetrahedral 8c sites is the most sensitive
on increasing the particle size and improving the crystallinity. From the differential thermal analysis, it was
found that a lower driving force is required to induce an order-disorder phase transition in nanocrysalline
samples, compared to the bulk-like sample, presumably due to the higher crystal disordering in these samples.
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Abstract: We report synthesis of high-quality Fe1+y(Te1-xSx)(z) single crystals and a comprehensive study of
structural, magnetic, and transport properties. We demonstrate the very small upper critical field anisotropy of
Fe1+y(Te1-xSx)(z), gamma(H)=H-c2(c)/H-c2(perpendicular to c). The value of gamma(H) reaches 1.05 at
T=0.65T(C) for Fe1.12Te0.83S0.11 while still maintaining large values of upper critical field. There is high
sensitivity to material stoichiometry which includes vacancies on the Te(S) site. Our results reveal competition
and coexistence of magnetic order and percolative superconductivity for x >= 0.03 while zero resistivity is
achieved for x >= 0.1.
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Abstract: Neutron powder-diffraction-based atomic pair distribution functions (PDFs) are reported from the
new wide-angular-range chopper spectrometer ARCS at the Spallation Neutron Source at Oak Ridge National
Laboratory. The spectrometer was run in white-beam mode with no Fermi chopper. The PDF patterns of Ni and
Al2O3 were refined using the PDFfit method and the results compared with data collected at the NPDF
diffractometer at Los Alamos National Laboratory. The resulting fits are of high quality, demonstrating that
quantitatively reliable powder diffraction data can be obtained from ARCS when operated in this configuration.
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Abstract: The average and local structures of the (PbTe)(1-x)(PbS)(x) system of thermoelectric materials has
been studied using the Rietveld and atomic pair distribution function methods. Samples with 0.25 <= x are
macroscopically phase separated. Phase separation was suppressed in a quenched x = 0.5 sample which,
nonetheless, exhibited a partial spinodal decomposition. The promising thermoelectric material with x = 0.16
showed intermediate behavior. Combining TEM and bulk scattering data suggests that the sample is a mixture
of PbTe-rich material and a partially spinodally decomposed phase similar to the quenched 50% sample. This
confirms that, in the bulk, this sample is inhomogeneous on a nanometer length scale, which may account for
its enhanced thermoelectric figure of merit.
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Abstract: The observation of canonical spin-glass behavior in the pyrochlore oxide Y2Mo2O7 has been a
subject of considerable interest as the original structural studies were interpreted in terms of a well-ordered
crystallographic model. It is widely held that the stabilization of the spin-glass state requires some level of
positional disorder along with frustration. Recent reports from local probe measurements, extended x-ray-
absorption fine structure (EXAFS) and Y-89 NMR, have been interpreted in terms of disorder involving the
Mo-Mo distances (EXAFS) and multiple Y sites (NMR). This work reports results from temperature-dependent
(15-300 K) neutron diffraction (ND) and neutron pair distribution function studies which can provide from the
same data set information on both the average and local structures. The principal findings are that: (1) there is
no crystallographic phase transition over the temperature region studied within the resolution of the ND data;
(2) the diffraction data are well fitted using a fully ordered model but with large and anisotropic displacement
parameters for three of the four atomic sites; (3) the pairwise real-space correlation function G(r) shows clear
evidence that the principal source of disorder is associated with the Y-O1 atom pairs rather than the Mo-Mo
pairs, in disagreement with the interpretation of the EXAFS results; (4) fits to the G(r) improve significantly
when anisotropic displacements for all sites are included; (5) inclusion of a split-site position parameter for O1
improves, slightly, both the G(r) fits and the Rietveld fits to the ND data; and (6) for all models the fits become
worse as the temperature decreases and as the fitting range decreases. These results are qualitatively consistent
with the Y-89 NMR observations and perhaps recent muon-spin-relaxation studies. The issue of static versus
dynamic disorder is not resolved, definitively. An estimate of the distribution of exchange constants due to the
disorder is made using spin-dimer analysis and compared with the Saunders-Chalker model for the generation
of spin-glass behavior from "weak" disorder on geometrically frustrated lattices.
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Abstract: Copper (I) and silver (I) oxides crystallize with the same structure, and both show a wide range of
negative thermal expansion (NTE): Cu2O contracts with temperature up to about 200 K and then expands,
while Ag2O has a NTE up to its decomposition temperature at about 450 K. Here we report a careful
temperature-dependent pair distribution function (PDF) analysis that showed that copper oxide, at about 200 K,
exhibits geometric distortions of the tetrahedral units, probably related to a change in the solid angle of the
polyhedra. Silver oxide, on the other hand, showed the same distortions even at the lowest temperature
measured (10 K): structural refinements of the PDF confirmed the presence of local distortions (below 10
angstrom) at all temperatures. (C) 2008 Elsevier Ltd. All rights reserved.
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and Mg0.5Al0.5B2 using real-space atomic pair distribution function (PDF) measured by high resolution
neutron powder diffraction in a wide temperature range of T=10-600 K. The mean square relative
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correlations in MgB2 assume even slightly lower values and remain nearly constant in a wide temperature
range of 0-600 K. This anomalous behavior and its physical interpretation provoke new questions on our
understanding to the local lattice dynamics in this material.
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Abstract: Many strongly correlated materials display quadrupolar (Jahn-Teller) distortion of the local
octahedral structural units. It is common for these distortions to be observed by probes of local structure but
absent in the crystallographic average structure. The ordering of these quadrupoles is important in determining
the properties of manganites and cuprates, and the nature of the disorder in these structures has been an



unsolved problem. We combine high resolution scattering data and novel geometrical modeling techniques to
obtain a detailed picture of the local atomic structure, and also to extract the quadrupolar order parameter
associated with the distorted octahedra. We show that in LaMnO3, quadrupoles undergo a strong first-order
phase transition at 730 K, but with nonzero order parameter remaining in the high-temperature phase.
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Abstract: The size-dependent structure of CdSe nanoparticles, with diameters ranging from 2 to 4 nm, has been
studied using the atomic pair distribution function (PDF) method. The core structure of the measured CdSe
nanoparticles can be described in terms of the wurtzite atomic structure with extensive stacking faults. The
density of faults in the nanoparticles is similar to 50%. The diameter of the core region was extracted directly
from the PDF data and is in good agreement with the diameter obtained from standard characterization
methods, suggesting that there is little surface amorphous region. A compressive strain was measured in the Cd-
Se bond length that increases with decreasing particle size being 0.5% with respect to bulk CdSe for the 2 nm
diameter particles. This study demonstrates the size-dependent quantitative structural information that can be
obtained even from very small nanoparticles using the PDF approach.
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Abstract: PDFfit2 is a program as well as a library for real-space refinement of crystal structures. It is capable
of fitting a theoretical three-dimensional (3D) structure to atomic pair distribution function data and is ideal for
nanoscale investigations. The fit system accounts for lattice constants, atomic positions and anisotropic atomic
displacement parameters, correlated atomic motion, and experimental factors that may affect the data. The
atomic positions and thermal coefficients can be constrained to follow the symmetry requirements of an
arbitrary space group. The PDFfit2 engine is written in C++ and is accessible via Python, allowing it to inter-
operate with other Python programs. PDFgui is a graphical interface built on the PDFfit2 engine. PDFgui
organizes fits and simplifies many data analysis tasks, such as configuring and plotting multiple fits. PDFfit2
and PDFgui are freely available via the Internet.
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Abstract: A study of the local atomic structure of the promising thermoelectric material beta-Zn4Sb3, using
atomic pair distribution function (PDF) analysis of x-ray- and neutron-diffraction data, suggests that the
material is nanostructured. The local structure of the beta phase closely resembles that of the low-temperature
alpha phase. The alpha structure contains ordered zinc interstitial atoms which are not long range ordered in the
beta phase. A rough estimate of the domain size from a visual inspection of the PDF is less than or similar to 10
nm. It is probable that the nanoscale domains found in this study play an important role in the exceptionally low
thermal conductivity of beta-Zn4Sb3.
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Abstract: The detailed evolution of the magnitude of the local Jahn-Teller (JT) distortion in La1-xCaxMnO3 is
obtained across the phase diagram for 0 <= x <= 0.5 from high-quality neutron diffraction data using the atomic
pair distribution function method. A local JT distortion is observed in the insulating phase for all Ca
concentrations studied. However, in contrast with earlier local structure studies, its magnitude is not constant,
but decreases continuously with increasing Ca content. This observation is at odds with a simple small-polaron
picture for the insulating state.
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Abstract: Total scattering based atomic pair distribution function (PDF) analysis, with the advent of high data
throughput neutron powder diffractometers, helps understanding the nature of the Jahn-Teller (IT) phase
transition in La1-xCaxMnO3 colossal magnetoresistive (CMR) manganites. The JT distortion of the MnO6
octahedra, is long-range ordered in the orthorhombic (O) phase, but disappears in the pseudo-cubic (O') phase
crystallographically. An anomalous unit cell volume contraction occurs at the transition. The PDF study
indicates that the distortion persists locally deep in the O' phase, contrary to the crystallographic view.
Simultaneously, local structural features observed in PDF at 10.3 angstrom, sensitive to the oxygen sublattice
changes, evolve dramatically across the transition. The same effect is observed irrespective of the way the O-O'



phase boundary is crossed: it is seen both in the temperature series data for x=0, and in the doping series data at
310 K and at 550 K.
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Abstract: The local and intermediate structure of La1-xCaxMnO3 has been studied in the orthorhombic (O)
and pseudo-cubic (O') phases, both as a function of temperature (x = 0.00), and as a function of Ca content (at
310K). Neutron powder diffraction-based high real space resolution atomic pair distribution function (PDF)
analysis shows that the Jahn Teller distortion of the MnO6 octahedra persists locally deep in the O' phase in
both cases studied, contrary to the average crystallographic view. The O to O' structural phase transformation
does have a local structural signature evidenced as a dramatic change in a PDF peak at 10.3 angstrom sensitive
to the rotations of the MnO6 octahedra, providing further evidence that the nature of the transformation is
orbital order to disorder regardless of whether the phase boundary is crossed as a function of T or x. (c) 2006
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Abstract: A new approach is presented for modeling perovskite frameworks with disordered Jahn-Teller (JT)
distortions and has been applied to study the elastic response of the LaMnO3 structure to defects in the JT
ordering. Surprisingly, antiphase domain boundary defects in the pattern of ordered JT octahedra, along the
[110] and [1 (1) over bar0] bonding directions, are found to produce 1D stripe patterns rotated 45 degrees along
a(*) directions, similar to stripe structures observed in these systems. Geometric simulation is shown to be an
efficient and powerful approach for finding relaxed atomic structures in the presence of disorder in networks of
corner-shared JT-distorted octahedra such as the perovskites. Geometric modeling rapidly relaxes large
supercells (thousands of octahedra) while preserving the local coordination chemistry, and shows great promise
for studying these complex systems.
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Abstract: We have applied a local structural technique, atomic pair distribution function ( PDF) analysis of
powder diffraction data to gamma-Al2O3, to obtain a quantitative structure. Refinements of the PDF support
previous findings that nonspinel model representations are more suitable to describe the average structure of
gamma-Al2O3, as opposed to the spinel model. Surprisingly, also we find a previously unknown fine-scale
nanostructure with a domain size similar to 1 nm. Modeling suggests that within these nanodomains the oxygen
sublattice is modified from the average structure and retains aspects of the boehmite precursor that reflects a
stacking fault in the gamma-Al2O3 matrix. This results in a novel and unexpected view of the gamma-Al2O3
structure because earlier controversies about it centered on the arrangement of Al ions among different cation
sites, whereas the oxygen sublattice arrangement was rarely questioned. This average oxygen sublattice
structure is recovered in our models on longer length scales by introducing aperiodic arrays of stacking faults.
The use of gamma-Al2O3 in catalysis depends sensitively on its nanoporosity and defect structure. Here we
present a new view which may allow for additional understanding and optimization of its functional properties.
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Abstract: We have studied temperature evolution of the local as well as the average crystal structure of MgB2
using real-space atomic pair distribution function (PDF) measured by high resolution neutron powder
diffraction in a wide temperature range of T=10-600 K. We find small positive correlation factors for the B-B
and B-Mg pairs, determined by mean-square displacements (MSD) and the mean-square relative displacements
(MSRD). We analyze the PDF using both Einstein and force constant models finding a good agreement
between the experimental data and the two models. This indicates that B and Mg atomic correlations are not
sensitive to the details of phonon dispersion.
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Abstract: The structure of the recently discovered systematically reproducible Mo6SyI7 nanowires has been
determined from the atomic pair distribution function (PDF) analysis of powder X-ray diffraction data. This
total scattering approach was required because the nanowires are not perfectly crystalline and, therefore, the
structure cannot be obtained crystallographic ally. Several nanotube and nanowire models were fit to the PDF
data. The resulting best-fit model structure consists of nanowires Of Mo-6 octahedra that are bridged by sulfur
and terminated on the outside by iodine. This demonstrates the power of total scattering methods in accurately
resolving structural issues in nanostructured materials where traditional crystallographic methods fail.
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Abstract: By considering both the average structural parameters obtained from Rietveld refinement of neutron
powder diffraction data, and the local structural parameters obtained from the atomic pair distribution function,
we have tested the recent hypothesis of Perry [Phys. Rev. B 65, 144501 (2002)] that doping in a La2-xSrxCuO4
system occurs as localized defects of predominantly Cud(3z)(2)-r(2)-Op(z) character associated with the Sr
dopants accompanied by a local destruction of the Jahn-Teller distortion. While the structural parameters
behave qualitatively according to the prediction of this model, a quantitative analysis indicates that doped holes
predominantly appear in the planar Cud(x)(2)-y(2)-Op(x,y) band as is normally assumed. However, a small
amount of the doped charge does enter the Cud(3z)(2)-r(2)-Op(z) orbitals and this should be taken into account
when theoretical phase diagrams are compared to experiment. We present a calibration curve,
p=x[1.00(1)-0.45(7)x], for the planar charge doping, p, vs strontium content, x, for the La2-xSrxCuO4 system.
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Abstract: The local structure of the AgPbmSbTem+2 series of thermoelectric materials has been studied using
the atomic pair distribution function (PDF) method. Three candidate-models were attempted for the structure of
this class of materials using either a one- or a two-phase modeling procedure. Combining modeling the PDF
with HRTEM data we show that AgPbmSbTem+2 contains nanoscale inclusions with composition close to
AgPb3SbTe5 randomly embedded in a PbTe matrix.
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Abstract: X-ray and neutron powder diffraction data as a function of temperature are analysed for the colossal
dielectric constant material CaCu3Ti4O12. The local structure is studied using atomic pair distribution function
analysis. No evidence is found for enlarged oxygen or Ti displacement parameters suggesting that short range
octahedral tilt disorder and off-centre Ti displacements are minimal. However, an unusual temperature
dependence for the atomic displacement parameters of calcium and copper is observed. Temperature dependent
modelling of the structure, using bond valence concepts, suggests that the calcium atoms become underbonded
below approximately 260 K, which provides a rationale for the unusually high Ca displacement parameters
at,low temperature.
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Abstract: An atomic pair distribution function (PDF) neutron powder diffraction round-robin experiment was
performed on six diffractometers at three spallation sources. Instrument-specific effects on the real-space PDF
were investigated, such as finite measurement range, the instrument resolution and the asymmetric shape of
diffraction peaks. Two illustrative samples, a perfectly long-range-ordered element, Pb, and a locally strained
alloy ZnSe0.5Te0.5, were measured at low temperatures. Various aspects of the PDF were explored, either
qualitatively by direct comparison or quantitatively via structural modelling. Future implementation of
modelling codes incorporating some of these instrumental effects are also discussed.
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Abstract: Results are presented of a local structural study of the nearest neighbor Cu-O distance distribution in
underdoped but superconducting La1.875Sr0.125CuO4, La1.85Ba0.15CuO4 and La1.85Sr0.15CuO4. Atomic
pair distribution function analysis of neutron powder diffraction data has been carried out to obtain local
structural information over a wide temperature range. We observe an anomalous increase in the Cu-O bond
length distribution at low temperature that may be associated with the presence of an inhomogeneous charge
distribution. The increase at low temperature has an onset temperature which correlates with observations of
charge and spin freezing seen by other probes.
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Abstract: The introduction of neutron spallation-source instruments, such as the General Materials
Diffractometer (GEM) at ISIS, allows measurement of pair distribution function (PDF) data at significantly
higher rates than previously possible. As a result of the increased rate, a single experiment can produce over a
hundred individual runs. Manual processing of all these data using traditional methods becomes inconvenient
and inefficient. This article presents quality criteria that help produce automated direct Fourier transformed
PDFs of quality similar to hand-processed data, and compares optimization methods.
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Abstract: The local atomic structure of two oxygen isotope substituted samples Of
Pr0.525La0.175Ca0.3MnO3 with O-16 and O-18 has been studied as a function of temperature using the pair-
distribution function (PDF) obtained from pulsed neutron diffraction. The sample containing O-16 undergoes
an insulator-metal (IM) transition below 100 K while the sample substituted with O-18 remains insulating at all
temperatures. We find from the PDF that the shape of the MnO6 octahedra changes from being elongated, due
to a Jahn-Teller distortion, to a more regular shape below the IM transition in the O-16 sample, whereas the O-
18 sample remains distorted at all temperatures.
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Abstract: A long-standing issue regarding the local and long-range structure Of V2O5.nH(2)O xerogel has
been successfully addressed. The full three-dimensional structure of the lamellar turbostratic V2O5.nH(2)O
xerogel was determined by the atomic pair distribution function technique. We show that on the atomic scale
the slabs of the xerogel can be described well as almost perfect pairs (i.e., bilayers) of single V2O5 layers made
of square pyramidal VO5 units. These slabs are separated by water molecules and stack along the z-axis of a
monoclinic unit cell (space group C2/m) with parameters a = 11.722(3) Angstrom, b = 3.570(3) Angstrom, c =
11.520(3) Angstrom, and beta = 88.65degrees. The stacking sequence shows signatures of turbostratic disorder
and a structural coherence limited to 50 Angstrom.
Accession Number: WOS:000177576000042
PubMed ID: 12188680
Language: English
Document Type: Article



KeyWords Plus: HYDRATED VANADIUM-OXIDES; LOCAL-STRUCTURE; CONDUCTIVE POLYMER;
LAYERED STRUCTURES; NANOCOMPOSITES; PROGRAM; REFINEMENT; BRONZES
Addresses: Michigan State Univ, Dept Chem, E Lansing, MI 48824 USA.
Michigan State Univ, Dept Phys & Astron, E Lansing, MI 48824 USA.
Michigan State Univ, Ctr Fundamental Mat Res, E Lansing, MI 48824 USA.
Brookhaven Natl Lab, Dept Phys, Upton, NY 11973 USA.
Corresponding Address: Kanatzidis, MG (corresponding author), Michigan State Univ, Dept Chem, E
Lansing, MI 48824 USA.
E-mail Addresses: kanatzid@cem.msu.edu
Affiliations: Michigan State University; Michigan State University; Michigan State University; United States
Department of Energy (DOE); Brookhaven National Laboratory
Author Identifiers:

Author Web of Science ResearcherID ORCID Number
Trikalitis, Pantelis N E-5696-2011  
Bozin, Emil AAB-4551-2020  
Vogt, Thomas A-1562-2011 0000-0002-4731-2787 
Bozin, Emil E-4679-2011  
Trikalitis, Pantelis  0000-0002-6286-2955 
Publisher: AMER CHEMICAL SOC
Publisher Address: 1155 16TH ST, NW, WASHINGTON, DC 20036 USA
Web of Science Index: Science Citation Index Expanded (SCI-EXPANDED)
Web of Science Categories: Chemistry, Multidisciplinary
Research Areas: Chemistry
IDS Number: 586GJ
ISSN: 0002-7863
eISSN: 1520-5126
29-char Source Abbrev.: J AM CHEM SOC
ISO Source Abbrev.: J. Am. Chem. Soc.
Source Item Page Count: 6
Output Date: 2023-01-27

Record 119 of 125
Title: Local structure as a probe of stripes and its relation to T*
Author(s): Billinge, SJL (Billinge, SJL); Gutmann, M (Gutmann, M); Bozin, ES (Bozin, ES)
Source: PHYSICA C  Volume: 341  Pages: 1795-1796  DOI: 10.1016/S0921-4534(00)01077-7  Part:
3  Published: NOV 2000  
Times Cited in Web of Science Core Collection: 0
Total Times Cited: 0
Usage Count (Last 180 days): 0
Usage Count (Since 2013): 1
Cited Reference Count: 13
Abstract: We describe atomic pair distribution function (PDF) analysis measurements of the local structure
from a range of HTS materials. These are analyzed to search for the presence of, and characterize the nature of,
fluctuating stripe phases in the bulk of superconducting HTS samples. We find evidence for the presence of
local stripe phases in La2-xSrxCuO4 and YBa2Cu3O6+delta. At least in the 214 system of cuprates, we have
evidence of a correlation between local charge inhomogeneities and T*, the pseudo-gap closing temperature.
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Abstract: Local structural evidence is found supporting the presence of charge inhomogeneities in the CuO2
planes of underdoped La2-xSrxCuO4, using high-resolution PDF analysis of neutron powder diffraction data.
Broadening of the in-plane Cu-O bond distribution as a function of doping up to optimal doping is observed.
Thereafter the peak abruptly sharpens. The result suggests a crossover from a charge inhomogeneous state
below optimal doping to a homogeneous charge state above optimal doping.
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Abstract: We present local structural evidence for the existence of charge inhomogeneities at low temperature
in underdoped and optimally doped La2-xSrxCuO4. The inhomogeneities disappear for x greater than or equal
to 0.2. The evidence for the charge inhomogeneities comes from an anomalous increase in the inplane Cu-O
bond length distribution in the underdoped samples as well as evidence for CuO6 octahedral tilt
inhomogeneities in the intermediate range structure. Preliminary analysis of the temperature dependence of this
phenomenon indicates that the inhomogeneities set in at temperatures in the range 60 K < T<infinity> < 130 K,
which depends on doping.
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Abstract: High-resolution atomic pair distribution functions have been obtained using neutron powder
diffraction data from La(2-x)Sr(x)CuO(4) over the range of doping 0 less than or equal to x less than or equal to
0.30 at 10 K. Despite the average structure getting less orthorhombic, we see a broadening of thr in-plane Cu-O
bond distribution as a function of doping up to optimal doping. Thereafter the peak abruptly sharpens. The peak
broadening can be well explained by a local microscopic coexistence of doped and undoped material. This
suggests a crossover from a charge inhomogeneous state at and below optimal doping to a homogeneous charge
stale above optimal doping.
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Title: Charge-stripe ordering from local octahedral tilts: Underdoped and superconducting La2-xSrxCuO4 (0
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Abstract: The local structure of La2-xSrxCuO4, for 0 less than or equal to x less than or equal to 0.30, has
been investigated using the atomic pair distribution function (PDF) analysis of neutron powder-diffraction data.
The local octahedral tilts are studied to look for evidence of [110] symmetry [i.e., low-temperature tetragonal
(LTT) symmetry] tilts locally, even though the average tilts have [010] symmetry [i.e., low-temperature
orthorhombic (LTO) symmetry] in these compounds. We argue that this observation would suggest the presence
of local charge-stripe order. We show that the tilts are locally LTO in the undoped phase, in agreement with the
average crystal structure. At nonzero doping the PDF data are consistent with the presence of local tilt disorder
in the form of a mixture of LTO and LTT local tilt directions and a distribution of local tilt magnitudes. We
present topological tilt models which qualitatively explain the origin of tilt disorder in the presence of charge
stripes and show that the PDF data are well explained by such a mixture of locally small and large amplitude
tilts.
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Abstract
PDFfit2 is a program as well as a library for real-space refinement of crystal
structures. It is capable of fitting a theoretical three-dimensional (3D) structure
to atomic pair distribution function data and is ideal for nanoscale investigations.
The fit system accounts for lattice constants, atomic positions and anisotropic
atomic displacement parameters, correlated atomic motion, and experimental
factors that may affect the data. The atomic positions and thermal coefficients
can be constrained to follow the symmetry requirements of an arbitrary space
group. The PDFfit2 engine is written in C++ and is accessible via Python,
allowing it to inter-operate with other Python programs. PDFgui is a graphical
interface built on the PDFfit2 engine. PDFgui organizes fits and simplifies many
data analysis tasks, such as configuring and plotting multiple fits. PDFfit2 and
PDFgui are freely available via the Internet.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Increasingly materials scientists and chemists are interested in complex materials which have
structure on the nanometre length-scale. Examples are discrete nanoparticles [1], crystals
with embedded nanoscale structures [2–4], and nanoporous materials with molecules or
nanoparticles intercalated inside the pores [5, 6]. It is difficult to study structure on the
nanoscale quantitatively using diffraction methods, because the diffraction gives no sharp
Bragg peaks but only broad diffuse features in the scattering. Total scattering, in which both
Bragg and diffuse components of the scattering are analysed together, is growing in popularity
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for the study of this kind of problem [2, 7]. One approach to analysing the data is to use
reverse Monte Carlo [8], the subject of this journal supplement. An alternative approach is to
Fourier transform the data to real space to obtain the atomic pair distribution function (PDF)
and analyse the data directly in real space [9].

A popular approach for this is to use the profile fitting refinement program PDFfit [10, 11].
This approach assumes that the structure can be described by a relatively small number
of atoms in a unit cell, which may be the crystallographic unit cell or it may be a
supercell to accommodate symmetry lowering local distortions. The refined parameters are
in direct analogy with those determined crystallographically: lattice parameters and unit
cell angles, atomic fractional coordinates and anisotropic atomic displacement parameters
(ADPs); however, they correspond to the relevant values in the local structure. This allows
direct comparison between the local structure in a distorted crystal and the average structure
determined from the Bragg peaks alone. In the absence of local disorder, the values determined
crystallographically and those determined from total scattering studies will be the same. This
is not the case in the interesting materials, where the local structure disagrees with the average
structure [2, 7, 12]. Here we report a significant redesign and modification of the successful
software program PDFfit [13], including a new user-friendly graphical user interface (GUI)
with labour-saving data and structure plotting capabilities.

1.1. PDF technique

The pair distribution function method was originally developed to study the structure of
materials with no long-range order, such as liquids and glasses [14]. The technique is now
increasingly applied for investigations of disorder in crystalline materials and for studies of
nanomaterials [2]. It is complementary to traditional crystallographic analysis, which assumes
a perfect periodic material and considers only intensities from Bragg reflections. The PDF
method does not require periodic order in the sample—instead it uses the whole measured
spectrum, including Bragg and diffuse components, to extract the total scattering structure
function, S(Q), which contains coherent scattering intensities from the material [9].

The experimental atomic pair distribution function, G(r), is obtained by Fourier
transformation of S(Q),

G(r) = 2

π

∫ ∞

0
Q[S(Q) − 1] sin(Qr) dQ, (1)

where Q is the magnitude of the scattering vector. For elastic scattering, Q = 4π sin(θ)/λ,
with 2θ being the scattering angle and λ the wavelength of the measured radiation. The G(r)

function is related to the atomic structure through the relation,

G(r) = 4πr [ρ(r) − ρ0] , (2)

where ρ0 is the atomic number density of the material and ρ(r) is the atomic pair density which
gives the mean weighted density of neighbour atoms at radial distance r from an atom at the
origin. Thus,

ρ(r) = 1

4πr 2 N

∑
i

∑
j �=i

bi b j

〈b〉2
δ(r − ri j), (3)

where the indices i and j go over all N atoms in the sample, bi is the scattering factor of atom
i , 〈b〉 is the average scattering factor, and ri j is the distance between atoms i and j . Full details
on the determination of an experimental PDF can be found elsewhere [9].

For a known structure model, the experimental PDF can be calculated using

Gcalc(r) = 1

Nr

∑
i

∑
j �=i

[
bi b j

〈b〉2
δ(r − ri j )

]
− 4πrρ0. (4)
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There are many methods of extracting structural information from measured PDFs. These
range from the simple analysis of peak positions, widths and intensities to extract bonding
information directly [9, 15, 16], reverse Monte Carlo analysis of large structure models [17, 18],
and emerging ab initio structure solution methods [19], to the common down-hill least-square
refinement as implemented in the PDFfit program [10, 11], and PDFfit2 described here.

2. PDFfit2

PDFfit2 is a major upgrade to PDFfit [10], and inherits many of its features. PDFfit is
capable of fitting a theoretical three-dimensional structure to an experimentally determined
PDF. It can simultaneously fit multiple structures, accounting for different structural phases
in a material. PDFfit has a constraint system that allows the expression of structure variables
as simple functions of fitted parameters. PDFfit structure variables include lattice constants,
data and phase scale factors, atomic site occupation, anisotropic ADPs, and atomic vibrational
correlations. PDFfit has a built-in FORTRAN-style command language that understands simple
for loops and some built-in arithmetic functions.

The original PDFfit was written in FORTRAN-77, which imposes some limitations on the
program. For example, it uses fixed-size arrays for internal storage. This precludes the analysis
of structures with large cells without modifying the code. Though the constraint system is
powerful, it requires that a constraint equation be accompanied by its first derivative. This
places the burden of determining the derivatives on the user, which can introduce errors that lead
to instability in the convergence. Furthermore, the code is monolithic, not easily extensible, and
hard to integrate with external programs.

The primary focus of PDFfit2 development was to remedy the limitations of PDFfit while
extending its functionality. The old PDFfit engine has been completely rewritten in C++, and
many bugs have been fixed. The new engine uses dynamic memory allocation so that the size
of the structure or extent of the fit-range of the PDF is limited only by the physical memory
available. The constraint system has also been upgraded. The program automatically computes
the analytical derivatives of the constraints that are required by the minimization routine. This
simplifies user input and reduces the possibility of errors. In addition, new fitting parameters
for handling dynamic atomic correlations and experimental resolution have been introduced as
well.

Instead of rewriting the PDFfit command interpreter, which is used to define the fitting
problem and to control and run the refinement, its functions are carried out using the Python
language4. Python is a powerful, cross-platform, open-source interpreted programming
language (i.e. it does not need to be compiled to run, similar to scripting) that emphasizes
object-oriented and modular design. PDFfit2 scripts written in Python syntax take the place of
PDFfit macros, and the Python interpreter can handle everything that the old interpreter could
and more. Using Python as an interpreter allows PDFfit2 to be combined with and enhanced
by other Python libraries. We make use of this capability with PDFgui as described below.

3. PDFgui

The PDFfit2 engine can be used either directly from the Python command line or as part
of larger and more complex software applications. The first application built on PDFfit2 is
PDFgui, a graphical environment for PDF fitting.

4 Python Software Foundation.
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3.1. Design principles

PDFgui has been designed to provide users with an easy-to-use yet powerful interface for
fitting structure models to PDF data. It makes use of an object-oriented, component-based
architecture, which makes it highly extensible and maintainable. This allows for powerful
usability features such as real-time plotting and remote execution of the fitting program whilst
visualizing the results locally. PDFgui has been designed with multi-tasking in mind. It is
multi-threaded, so that the work being done by the PDFfit2 engine does not interfere with the
tasks of the user interface.

PDFgui is written in the Python programming language. Python features a relaxed and
friendly syntax, supports ‘write once, run anywhere’ portability, and has extensive libraries and
modules for virtually every task. Software codes written in a variety of programming languages
can be bound into Python, which allows them to be used together. Python is becoming a popular
choice in the scientific computation community.

PDFgui’s interface is built using wxPython [20], the Python package for wxWidgets, which
is a mature cross-platform GUI library. Graphical applications written in wxPython provide a
look and feel native to the platform on which they are run. PDFgui is designed to run on
Windows, Mac OS, Linux, and all major Unix systems.

3.2. Capabilities

PDFgui contains all of the functionality of PDFfit2 along with additional enhancements for
usability. Mundane tasks are handled by the program and difficult tasks are made simple.
PDFgui can manage multiple fits at once. Each fit can have multiple experimental data sets
and structure models. Fits in a sequence can call upon other fits for their starting parameters,
and configured fits can be queued to run while the user is away. All the initial, final, and
intermediate data are stored in a platform-independent project file that can be loaded on
any computer. All management tasks, such as fit creation, configuration, modification, and
visualization, can be done through the graphical interface.

PDFgui supports space group operations. Users can define an asymmetric unit and let
PDFgui expand it to a full cell with all symmetry-related positions. PDFgui can also generate
symmetry constraints for atom positions and anisotropic ADPs. Users just need to specify the
space group, and the program will identify equivalent sites and generate constraint equations
for their coordinates and temperature factors to keep the structure consistent with the symmetry
requirements. This can be done either for all atoms in the structure or for an arbitrary subset—
for example, when it is known that only a certain species shows a local distortion. The code for
space group definitions was provided by the Python Macromolecular Library (mmLib) [21].
PDFgui also supports supercell expansion of a normal unit cell.

PDFgui uses the matplotlib [22] Python package for two-dimensional (2D) plotting of
data and results. Matplotlib has a friendly interface, so the user can quickly and easily view the
results of a fitting. PDFgui lets users plot data from a series of fits and plot it against selected
metadata (temperature, doping, etc), plot the results of several fits in the same window, plot the
PDF in real time as the fitting is running, plot the parameters or variables in real time as the
refinement evolves, and save plots in common image formats or export the data to a text file.
PDFgui uses AtomEye [23] for 3D visualization. The modular nature of PDFgui allows for
other alternatives in the future, such as PyMOL [24].

PDFgui supports built-in macros for advanced fits. For example, for a set of experimental
data from one system at different temperatures or doping levels, PDFgui can expand a template
fit to a series of related fits. Another PDFgui macro makes it easy to set up boxcar fits, where
the same model is fitted over different r -ranges of the PDF data.

4
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Figure 1. The PDFgui plot window, plots of the LaMnO3 PDF fit at 300 K and the data at all
temperatures, and the refined structure at 300 K.

3.3. Example

The capabilities of PDFgui are demonstrated here on an example fitting of a temperature series
of neutron PDF data from LaMnO3. The specifics of using PDFgui and PDFfit2 are detailed in
the respective user manuals, available with the code.

LaMnO3 has a perovskite structure consisting of corner-shared MnO6 octahedral
units [25, 26]. At room temperature this material takes on orthorhombic symmetry (space group
Pbnm) where the Jahn–Teller (JT) distorted MnO6 octahedra contain four short and two long
Mn–O bonds and the JT long-bonds are ordered in space in a checker-board fashion [13]. As
temperature is increased through 750 K, a structural phase transition occurs to a pseudo-cubic
phase, without a change in space group [27]. Using neutron powder diffraction data collected at
the NPDF diffractometer [28] at the Lujan Center at Los Alamos National Laboratory, PDFgui
was used to create a temperature series fit to investigate the orthorhombic to pseudo-cubic
phase transition. More detail about this analysis can be found in [29] and [30]. The average
crystallographic structure for LaMnO3 was used as a starting point for the fits. In practice, this
can be done by typing in the asymmetric unit, or loading it from a CIF-format file and letting
the program expand it.

Each fit in the series was part of the same project and configured identically. The La
and Mn atoms were constrained to have isotropic thermal factors, as were the axial and polar
oxygen atoms. Using the PDFfit2 constraint mechanism allows one to include explicitly known

5
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Figure 2. The full PDFgui plot window showing the fractional x-coordinate of an axial oxygen
versus temperature.

correlations between the physical parameters of the fit and leads to less uncertainty in the
resulting refinement. To speed up the convergence of the fits, the starting values used for
a given temperature were taken from the converged values of the previous temperature in the
series. Chaining fits together in such a way places the fitting parameters in the basin of attraction
for the minimum in the parameter space. Figure 1 shows the fit organization and plot interface
of PDFgui, a stacked plot of all of the project data, a plot of the 300 K fit results, and the refined
structure from the 300 K fit.

One of the goals of this series of fits was to track the orientation of the MnO6 octahedra.
A major strength of PDFgui is the ability to plot any structure variable or a parameter used in a
fit. This allows users to easily and creatively investigate the complex correlations among the fit
parameters, without having to manually mine data out of output files. An example of this can be
seen in figure 2. The figure shows a screen shot of a PDFgui plot window displaying the refined
fractional x-coordinate of one of the planar oxygens. The expected structural phase transition
is clearly indicated by a spike in the value of this parameter at the transition temperature.

4. Availability

PDFfit2 and PDFgui are open source and distributed under a BSD license. They run on
Windows, Linux, and all major Unix systems. The source code is freely available. For more
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information, please contact professor Simon Billinge (billinge@pa.msu.edu) or consult the web
page [31]. News of updates and releases will be posted at this website and on the total-scattering
e-mail list. Instructions for joining the e-mail list can be found on the web page.
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Abstract We have studied temperature evolution of the lo-
cal as well as the average crystal structure of MgB2 and
Mg0.5Al0.5B2 using real-space atomic pair distribution func-
tion (PDF) measured by high resolution neutron powder dif-
fraction in a wide temperature range of T = 10–600 K. The
mean square relative displacements (MSRD) of atomic B–B,
B–Mg (B–Al) pairs are compared with mean-square dis-
placements (MSD) to calculate atomic correlations. In spite
of the enhanced atomic disorder in Mg0.5Al0.5B2, where
the boron–boron, and boron–magnesium pair motions are
found to be small, we find that the same atomic correla-
tions in MgB2 assume even slightly lower values and remain
nearly constant in a wide temperature range of 0–600 K.
This anomalous behavior and its physical interpretation pro-
voke new questions on our understanding to the local lattice
dynamics in this material.
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1 Introduction

MgB2 is the simplest system to investigate the quantum
mechanism of the formation of a superconducting conden-
sate with a critical temperature of Tc ∼ 40 K [1], a factor
two higher than in all other known intermetallic supercon-
ductors. There is now a general consensus about MgB2 be-
ing a high Tc multiband superconductor where the electron-
phonon interaction constructs a weak pairing in the π chan-
nel and a strong pairing in the σ -channel [2–13]. This strong
electron-phonon coupling, driven by the interaction between
electronic carriers in the 2D σ band with boron px;y char-
acter and the zone center E2g phonon mode [12–17], is re-
flected in a Kohn anomaly in the phonon dispersion related
to the size of the small 2D tubular Fermi surfaces [18]. The
proximity of the Fermi level to the Van Hove singularity
(VHs) and to the band edge discloses a new scenario where
the large amplitude of the expected boron zero point lattice
fluctuations [7, 12, 15, 19–21] induces large fluctuations of
the same order of the separation between the VHs, the gap
edge and the Fermi level itself. Although the amplitude of
the lattice fluctuations seems thus to be highly relevant for
the superconductivity in MgB2, there is a lack of experimen-
tal information on this key point. Furthermore, although the
average structure (P6/mmm) of the MgB2 system has been
exhaustively investigated, there is not yet any study on the
local structure, since the usual X-ray local probes, as EX-
AFS, is limited by poor scattering amplitude due to light
atoms.

In view of this, we have investigated the local as well
as the average structure of MgB2 and Mg0.5Al0.5B2 using
high resolution neutron diffraction to obtain the pair distri-
bution function (PDF). We focused here on the atomic pairs
correlations founded by comparing the mean-square dis-
placements (MSD) and the mean-square relative displace-
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ments (MSRD) of the boron–boron (ρB–B), and boron–
magnesium (aluminium) (ρB–Mg/Al) pair motions. Compar-
ing the atomic correlations in MgB2 and Mg0.5Al0.5B2, we
have been able to investigate the effects on the local struc-
ture of the two main microscopic mechanisms for the Tc

decrease produced by the Al substitution [4]: (i) the filling
of the electronic states in the 2D σ band of px;y -orbitals
within the boron layers and the resulting decrease in the
density of states at the Fermi level, and (ii) the increased
disorder of the inter-band scattering induced by lattice dis-
order on the atomic scale. We find that in both MgB2 and
Mg0.5Al0.5B2, the atomic correlations for B–B (ρB–B) and
B–Mg/Al (ρB–Mg/Al) bonds show small (∼0.2) positive and
anomalous nearly temperature independent behavior.

2 Experimental

Polycrystalline samples of MgB2 and Mg0.5Al0.5B2 were
synthesized at high temperature by direct reaction of the el-
ements in a tantalum crucible under argon atmosphere using
pure 11B isotopes. Time-of-flight neutron powder diffrac-
tion data were collected on the NPDF diffractometer at the
Manuel Lujan, Jr., Neutron Scattering Center (LANSCE) at
Los Alamos National Laboratory. The NPDF diffractome-
ter, with its high neutron flux and backscattering detector
modules provides a high resolution [22], permitting access
to a wide range of momentum transfer with sufficient count-
ing statistics making it ideal for PDF studies. The powdered
samples were sealed inside extruded cylindrical vanadium
containers. These were mounted on the stage of a cryo-
furnace with and without heat-shield for T < 300 K and
T > 300 K, respectively. The scattering data from the empty
cryo-furnace, with and without heat-shield, an empty con-
tainer mounted on the cryo-furnace, and the empty instru-
ment were also collected, allowing us to assess and subtract
instrumental backgrounds. The scattering from a vanadium
rod was also measured to allow the data to be normalized
for the incident spectrum and detector efficiencies. We col-
lected each diffraction spectrum up to the high momentum
transfer of Q = 40 Å−1 in 3 hours. The high resolution dif-
fraction spectrum so obtained presents both the Bragg peaks
and the diffuse scattering. While the Bragg peaks reflect the
long-range order of the crystalline samples, the oscillating
diffuse scattering contains local structural information in-
cluding the correlated dynamics [23, 24]. The PDF is ob-
tained from a Fourier transform of the powder diffraction
spectrum (Bragg peaks + diffuse scattering) [25]. It consists
of a series of peaks, the positions of which give the distances
of atom pairs in the real space, while the ideal width of these
peaks is due both to relative thermal atomic motion and to
static disorder.

This permits the study of the effects of lattice fluctua-
tions on PDF peak widths and yields information on both

mean-square displacements and the mean-square relative
displacements of atom pairs and their correlations. Standard
data corrections [25] were carried out using the program
PDFGETN [26]. After being corrected, the data were nor-
malized by the total scattering cross section of the sample
to yield the total scattering structure function S(Q). After-
wards, the total scattering structure function S(Q) is con-
verted to the PDF, G(r), by means of a sine Fourier trans-
form according to the relation:

G(r) = 4πr(ρ(r) − ρ0)

= 2

π

∫ ∞

0
Q[S(Q) − 1] sin(Qr)dQ. (1)

We modeled the PDF using a structural model that takes ad-
vantage of the definition of the radial distribution function
RDF R(r), namely:

R(r) =
∑

i

∑
i �=j

bibj

〈b2〉 δ(r − rij ), (2)

where bi is the scattering length of the ith atom, 〈b〉 is
the scattering length averaged over the sample composition,
rij = |ri − rj | is the distance between the ith and the j th
atoms, and the sums are taken over all the atoms in the sam-
ple. Before being compared to the data, the calculated G(r)

is convoluted with a termination function, sin(Qmaxr)/r to
account for the effects of the finite data collection range.
Fundamental lattice information, such as the average crystal
structure, the lattice constants, a scale factor, and the refined
atomic (thermal) displacement parameters, can now be ex-
tracted from the PDF by using the PDF refinement program
PDFFIT [27] that is based on a least-squares approach to fit
the PDF profile. The mean square displacement of atom i

along the major axes x, y and z, σ 2(ix), σ 2(iy), σ 2(iz), are
defined as

σ 2(iα) = 〈[ui · r̂α]2〉, (3)

where ui is the lattice displacement of atom i from its av-
erage position 28 and r̂α is the unit vector pointing along
the direction α = x, y, z. Due to the geometry of these com-
pounds, the two boron atoms for the unit cell are equivalent
and σ 2(ix) = σ 2(iy) for all the atoms, so that only four para-
meters were needed, namely, σ 2(Bxy), σ 2(Bz), σ 2(Mgxy),
and σ 2(Mgz). We found the same mean square displace-
ments for Mg and Al atom in Mg0.5Al0.5B2.

3 Results

In Fig. 1, we have shown the reduced scattering structure
function Q[S(Q) − 1] for the MgB2 and Mg0.5Al0.5B2 at
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Fig. 1 The reduced structure
function Q[S(Q) − 1] for MgB2
(left panel) and Mg0.5Al0.5B2
(right panel) measured at 300 K

Fig. 2 (Upper panels) The
PDF, G(r), obtained from (1)
for MgB2 (left panel) and
Mg0.5Al0.5B2 (right panel)
measured at 300 K (dots), with
the structure refinement curves
obtained by a least-squares
approach (solid lines). (Lower
panels) The difference curves
(solid lines) of the experimental
PDFs with the modeled fits and
the standard deviations on the
data �[G(r)] (dashed lines) are
shown. We can observe that
most of the fluctuations in the
difference curves are within
�[G(r)]

T = 300 K, while the corresponding reduced PDFs, G(r),
obtained using (1), are shown in the upper panels of Fig. 2.

The features of the NPDF diffractometer allowed us to
obtain high quality PDFs as can be noted by inspecting
the modeled fit (solid line) of the G(r) in the upper panels
(Fig. 2). This can be seen also in the lower panels of Fig. 2
where most of the fluctuations in the difference curves (solid
lines) are within the standard deviation of the data �[G(r)]
(dashed lines above and below the difference curves). The
PDFs have been fit over the range 1–18 Å using a hexago-
nal crystal structure (space group P6/mmm), obtaining very
good fits at all temperatures. The Bragg peaks are clearly
persistent up to 25 Å−1, reflecting both the long-range or-
der of the crystalline samples and the small amount of po-
sitional (vibrational or static) disorder of the atoms around
their average positions. The lattice parameters at T = 300 K
for MgB2 (Tc ∼ 39 K) and Mg0.5Al0.5B2 were found to be
a = 3.08505(4) Å, c = 3.5218(1) Å and a = 3.05457(5) Å,
c = 3.37863(10) Å, respectively. The mean square displace-
ments σ 2(Bxy), σ 2(Bz), σ 2(Mgxy /Alxy), and σ 2(Mgz/Alz)

for MgB2 (open circles) and Mg0.5Al0.5B2 (open squares)
are shown in Fig. 3.

In order to extract information about the phonon spec-
trum, we fit each MSD with a simple Einstein model

σ 2(iα) = �

miωiα

[
1

2
+ n[ω(iα)]

]
+ σ 2

0 (iα), (4)

where σ 2
0 (iα) takes into account the static disorder, Mi is

atomic mass of the atom i and ω(iα) provided an estimate
of the vibrational frequency of the atom i along the direc-
tion α. The quantity n[x] is the Bose thermal factor n[x] =
[exp(x/KBT ) − 1]−1. The good fits indicate that a simple
Einstein model seems to describe quite well the lattice vibra-
tions in these compounds. Moreover, the Einstein fits were
obtained by simply using nominal atomic masses MMg =
24.3 a.m.u. for σ 2(Mg), MB = 10.81 a.m.u. for σ 2(B) and
MAl = 26.98 a.m.u. for σ 2(Al). This means that we are im-
plicitly assuming the magnesium and boron vibrations being
decoupled. A more quantitative check of this assumption,
obtained calculating the phonon dispersion of MgB2 within
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Fig. 3 Anisotropic in plane σ 2(Bxy), σ 2(Mgxy /Alxy) and along the

c-axis σ 2(Bz), σ
2(Mgz/Alz) mean-square displacements for the B and

Mg(Al) atoms, as a function of the temperature in MgB2 (circles in left
column panels) and Mg0.5Al0.5B2 (squares in right column panel). The
open circles and squares represent the PDFFIT refined values, while
the dotted lines represent the modelled data in the Einstein model. The
error bars in the mean-square displacements are smaller than the size
of the used symbols

a force constant shell model, can be found in [29]. The val-
ues of the fitting parameters, ω(iα) and σ 2

0 (iα), are reported
in Table 1, and the σ 2 vs. T fitting curves are represented by
dotted lines in the Fig. 3. The different values of ω(iα) rep-
resent the different energy range of the phonon spectra asso-
ciated with the boron and magnesium (aluminium) in-plane
and out-of-plane lattice vibrations, and they are in good
agreement with the corresponding spectra reported in [30].
Upon inspection of the σ0 values, one will note the larger
static disorder term σ0 for the B and Mg(Al) atoms motion

Table 1 Effective phonon frequencies ω(iα) and static disorder con-
tributions σ 2

0 (iα) for the in-plane and out-of-plane B and Mg/Al dis-
placements as obtained by the Einstein model fit (4) of σ 2(iα)

MgB2 Mg0.5Al0.5B2

ω(Bxy) (K) 703 ± 10 876 ± 46

ω(Bzz) (K) 572 ± 15 560 ± 23

ω(Mg/Alxy) (K) 398 ± 6 400 ± 13

ω(Mg/Alzz) (K) 350 ±9 415 ±31

σ 2
0 (Bxy) (Å2) (5.11 ± 5.11) × 10−5 0.0011 ± 0.0002

σ 2
0 (Bzz) (Å2) (9.10 ± 9.10) × 10−5 0.0074 ± 0.0004

σ 2
0 (Mg/Alxy) (Å2) (7.35 ± 7.35) × 10−5 0.0002 ± 0.0002

σ 2
0 (Mg/Alzz) (Å2) 0.0013 ± 0.0003 0.0024 ± 0.0004

in Mg0.5Al0.5B2 than in MgB2 where we find contribution
of the disorder only for the magnesium out-of-plane lattice
vibration (σ 2(Mgz) ∼ 0.0013 Å2) while it is found to be
negligible for the other modes.

The PDF technique is sensitive to the correlations in the
atomic dynamics that contain some additional details about
the underlying interatomic potentials [23, 24, 28, 31, 32].
Here, we explore the motional correlations in the two com-
pounds using the PDF data. The Gaussian width σij of the
PDF peaks is directly related to the mean-square relative dis-
placement (MSRD) of atomic pairs projected onto the vector
joining the atom pairs 28, that is

σ 2
ij = 〈[(ui − uj ) · r̂ij ]2〉, (5)

where ui and uj are the lattice displacements of atoms i

and j from their average positions, r̂ij is the unit vector
connecting atoms i and j , and the angular brackets indi-
cate an ensemble average [28]. As a general consideration,
we would like to stress once more that while σ 2

0 (iα) probes
the absolute magnitude of the single atom mean-square dis-
placement, σ 2

ij provides information about the correlation
between the lattice displacements of atom pairs. Let us con-
sider for instance the case of σ 2

B–B which involves only
boron in-plane lattice fluctuations. We can identify three
limiting behaviors for this quantity: (i) perfectly in-phase
lattice motion; (ii) perfectly opposite-phase motion; and
(iii) completely independent motion. In the first case, it is
easy to see that σ 2

B–B = 0, while σ 2
B–B = 2σ 2(Bxy) when the

nearest neighbor boron lattice displacements are uncorre-
lated, and σ 2

B–B = 4σ 2(Bxy) when they have opposite phase.
To formalize this, we rearrange (5) as

σ 2
ij = 〈[ui · r̂ij ]2〉 + 〈[uj · r̂ij ]2〉 − 2〈(ui · r̂ij )(uj · r̂ij )〉. (6)

Here, the first two terms are related to mean-square thermal
displacement of atoms i and j projected along r̂ij , while the
third term is a displacement correlation function, which car-
ries information about the motional correlations. It is now



J Supercond Nov Magn (2007) 20: 505–510 509

Fig. 4 Mean-square relative
lattice displacements σ 2

B–B (a),
σ 2

B–Mg (b), as extracted from the
width of the PDF peaks and the
corresponding correlation
function ρB–B (c), ρB–Mg (d)
(open circles) for MgB2. The
filled diamonds represent lattice
displacements σ 2

B–B, σ 2
B–Mg for

completely uncorrelated lattice
motion, i.e., ρij = 0

Fig. 5 The same quantities of
Fig. 4, namely, mean-square
relative lattice displacements
σ 2

B–B (a), σ 2
B–Mg/Al

(b), with the

corresponding correlation
function ρB–B (c), ρB–Mg/Al (d)
(open circles) and lattice
displacements σ 2

B–B, σ 2
B–Mg/Al

for completely uncorrelated
lattice motion, i.e., ρij = 0 are
here illustrated for the
Mg0.5Al0.5B2

useful to quantify the degree of correlation by introduc-
ing the dimensionless correlation parameter ρij defined as
[23, 24, 31, 33]:

σ 2
ij = σ 2(ij ) + σ 2(ji) − 2σ(ij )σ (ji)ρij , (7)

where σ 2(ij ) = 〈[ui · r̂ij ]2〉. Positive values of ρ describe
a situation where the atoms move in phase, so that the re-

sulting value of σ 2
ij is smaller than for the uncorrelated case.

On the other hand, a predominance of opposite phase atomic
vibrations should result in ρ < 0 and in a PDF peak width
σ 2

ij larger than the uncorrelated case. It is important to note
that the correlation function ρij in (7) expresses the degree
of correlation between the total atomic displacements. Us-
ing (7), the correlation parameter can be calculated from the
total width of the PDF peak as:
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ρij = (σ 2(ij ) + σ 2(ji)) − σ 2
ij

2σ(ij )σ (ji)
. (8)

In our analysis, we focus on the width of the nearest neigh-
bor boron-boron PDF peak, σ 2

B–B, and on the nearest neigh-
bor magnesium (aluminium)-boron peak, σ 2

B–Mg/Al
. These

are well resolved single-component peaks in the PDF whose
width directly yields correlated dynamical information [24].
The Gaussian widths σ 2

B–B, σ 2
B–Mg/Al

, as measured by the

PDF data are shown in the upper panels of Figs. 4 and 5
(open circles) for MgB2 and Mg0.5Al0.5B2. The correlation
factor ρij as extracted from the PDF data σ 2

B–B, σ 2
B–Mg/Al

,

and from the single atom mean-square lattice displacements
σ 2(iα) is shown in the lower panels of Figs. 4 (MgB2)
and 5 (Mg0.5Al0.5B2). We find a positive correlation fac-
tor for both ρB–B ∼ 0, 1, and ρB–B ∼ 0, 1, indicating a
slight predominance of the in-phase B–B and B–Mg/Al lat-
tice displacements in this experimental probe. Positive val-
ues of ρij are commonly reported in a variety of materials.
The intuitive explanation is that the in-phase phonon modes
(acoustic, low optical branch modes) are generally less stiff
than the opposite-phase optical ones. Our reported values
of ρB–B; ρB–Mg/Al ∼ 0.1 are, however, much smaller than
the correlation factors commonly found in other covalently
bonded materials [23, 24, 31, 33].

4 Conclusion

In this work, we have investigated local lattice properties of
the MgB2 and Mg0.5Al0.5B2 compounds paying special at-
tention on the lattice dynamics and the correlations in the
B–B and B–Mg/Al first neighbor atomic pair motion. We
have used the real space PDF obtained from high resolu-
tion neutron diffraction to study the effects of the lattice vi-
brations on the PDF peak widths. The PDF peaks in well
ordered crystals, such as the present case, yield important
information about the underlying atomic potentials through
the correlated local lattice dynamics. The analysis of the
PDF peak linewidths permits to evaluate the correlation for
both the nearest neighbor B–B and B–Mg/Al atomic pairs.
We find a small positive correlation factor ρB–B ∼ 0.1 and
ρB–B ∼ 0.1, nearly temperature independent, indicating a
weakly prevalent in-phase relative atomic motion.
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Nanoscale �-structural domains in the phonon-glass thermoelectric material �-Zn4Sb3
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A study of the local atomic structure of the promising thermoelectric material �-Zn4Sb3, using atomic pair
distribution function �PDF� analysis of x-ray- and neutron-diffraction data, suggests that the material is nano-
structured. The local structure of the � phase closely resembles that of the low-temperature � phase. The �
structure contains ordered zinc interstitial atoms which are not long range ordered in the � phase. A rough
estimate of the domain size from a visual inspection of the PDF is �10 nm. It is probable that the nanoscale
domains found in this study play an important role in the exceptionally low thermal conductivity of �-Zn4Sb3.
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Thermoelectric materials allow for direct conversion of
heat into electrical energy and vice versa. They hold great
technological promise for solid-state refrigeration and power
generation1 if the dimensionless figure of merit, ZT, can be
pushed above 2. The materials’ challenge is to minimize
thermal conductivity without reducing the electrical conduc-
tivity, i.e., to produce strong scattering of phonons, but not
electrons. The simple and nominally stoichiometric
�-Zn4Sb3 �Ref. 2� is an excellent example of such a
phonon-glass3 thermoelectric material and presents a model
system for studying this phenomenon, but the mechanism for
the low thermal conductivity is not established.2,4–6 Here, we
show that interstitial Zn atoms2,5 not only provide point de-
fects but also force a local structural rearrangement on the
nanometer scale in �-Zn4Sb3. These nanodomains should ef-
fectively scatter the long wavelength phonons that are impor-
tant for heat transport.7–10 This strongly supports the view
that nanoscale structural modulations are an important ubiq-
uitous component in emerging high ZT materials.7–12

The ZT=S2�T /�, where S, �, and � are the Seebeck co-
efficient, electrical conductivity, and thermal conductivity,
respectively, of �-Zn4Sb3 exceeds unity above 540 K.2 It

crystallizes in space group R3̄c �Fig. 1�. Several different
structural defects have been proposed to exist in the lattice
such as Zn and Sb mixed sites13 and an occupational defi-
ciency on Zn sites.4 The recent proposal of interstitial Zn
atom defects in the crystal structure of �-Zn4Sb3 �Refs. 2 and
5� would increase phonon scattering and therefore ZT. How-
ever, such point defects are expected to scatter short-
wavelength phonon more effectively than mid- to long-
wavelength phonons,7,10 the major agents of heat conduction
in alloys.7 The point defects alone are unlikely to explain the
exceptionally low thermal conductivity. We used the atomic
pair distribution function �PDF� analysis14,15 of x-ray and
neutron scattering data to study the local structure in
�-Zn4Sb3. The PDF method, a local structural probe that
yields the probability of finding an atom at a distance r away
from another atom, has been successfully applied to solve
the structures of disordered crystals.15 The high-symmetry
rhombohedral structure and nominally stoichiometric com-
position of �-Zn4Sb3 hides an interesting underlying com-
plexity that is revealed by these local structural measure-
ments. By comparing the experimental PDF of Zn4Sb3 with

PDFs calculated from several structural models, we show
that, locally, the material retains its low-symmetry low-
temperature form16,17 and the higher-symmetry average
structure is due to averaging of these nanometer scale local
domains. Temperature-dependent measurements through the
�-� transition support this picture. We have estimated the
domain size at less than 10 nm from a comparison of low-
and high-temperature PDFs determined over a wide range of
r. Interestingly, the length scale of this intrinsically self-
organized nanodomains observed in the high ZT � form of
the material is comparable to the length scale of nanoscale
superstructures11,12 or defects7–10 introduced in newly engi-
neered high ZT materials to efficiently scatter mid-to long-
wavelength phonons. This is a report on nanoscale domains
in �-Zn4Sb3, and the compelling similarity in the order of
domains size to nanoscale structural modulations in other
high ZT materials strongly suggests their important role in
very low thermal conductivity of �-Zn4Sb3.7

Two Zn4Sb3 samples �I and II� were prepared at different
times by direct reaction of the elements. Neutron-powder
diffraction measurements were carried out on sample I at 15
and 300 K using the NPDF diffractometer at the Lujan Cen-
ter at Los Alamos National Laboratory. X-ray powder-
diffraction data for sample II were collected at room tem-
perature and over a range of temperatures to 150 K at the
6-IDD station at the Advanced Photon Source at Argonne
National Laboratory. The x-ray energies were 87.006 keV

FIG. 1. �Color online� The crystal structure of Zn4Sb3. �a� Pro-
jection down the c axis of the crystal structure of �-Zn4Sb3 in space

group R3̄c. There are three distinct atomic positions, 36Zn�1�,
18Sb�1�, and 12Sb�2�. Possible Zn interstitial sites in the interstitial
model are indicated with light small circles. �b� The interstitial at-
oms have full occupancy and become ordered in the � phase �light
circles�. To help with comparison, only a part of a triclinic supercell
is shown.
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��=0.142 48 Å� for the 300 K data and 129.77 keV
��=0.095 541 Å� for the low-temperature measurements.
Data were collected using the rapid acquisition PDF
technique.18 Both neutron and x-ray data were processed to
obtain the PDFs �Refs. 14 and 18� using programs PDFGETN
�Ref. 19� and PDFGETX2,20 respectively.

Three structural models based on the R3̄c framework and
the �-phase superstructure were used for this study �Fig. 1�:
the mixed occupancy,13 vacancy,4 and interstitial2 models.
The �-phase superstruc�ture, here named the �-structural
model, accounts for superlattice peaks arising from ordered
Zn interstitial defects below T�260 K.16,17 All the sites in
the low-temperature �-structural model are fully occupied.

The structural modeling was carried out using the pro-
gram PDFFIT2.21 Each model was taken as an initial structure,
then lattice parameters, atomic coordinates, and isotropic dis-
placement parameters �Uiso� were refined using a least-
squares approach until the difference between the experi-
mental and calculated PDFs was minimized. The atomic
coordinates were constrained to retain the symmetry of the

R3̄c space group for the mixed occupancy, vacancy, and in-
terstitial models. For the �-structural model, the space group

C1̄ was used and the atomic coordinates were fixed to the
values from the literature.16 For all the models, only two
parameters were assigned for Uiso: one for Zn atoms and the
other for Sb atoms regardless of different crystallographic
sites. The refinement range was 1.5�r�20.0 Å.

The PDF obtained from 15 K neutron data is shown in
Fig. 2�a�. The excellent signal-to-noise ratio of the data is
evident from the negligibly small ripples on the base line of
the PDF below 2 Å compared to the PDF peaks. The first
sharp peak at 2.7 Å derives from the nearest-neighbor pairs
of Zn–Zn, Zn–Sb, and Sb–Sb in the rhombohedral unit cell
�Fig. 1�a��. The calculated PDF from the refined �-structural
model is plotted over the data with the difference shown in
the curve below it. The refined values of the structural pa-
rameters are summarized in Table I. The model is in excel-
lent agreement with the data without refinement of atomic
coordinates, directly indicating that the local structure agrees
well with the average structure in the � phase.

Now, we focus on the PDF of �-Zn4Sb3. The results of
structural modeling on the neutron PDF at 300 K using the
mixed occupancy, vacancy, and interstitial models are sum-
marized in Table I. Reasonably good fits are obtained from
each of the models with agreement factor, Rw,21 of around
0.15 for mixed occupancy and vacancy models and lower for
the interstitial model which has two to three times more re-
finable parameters. These fits are obtained at the expense of
enlarged atomic displacement factors on the Zn sites, though
the interstitial model does better in this regard. Enlarged
atomic displacement factors may signify the presence of
loosely coordinated “rattler ions”22 or alternatively nonther-
mal disorder that is not incorporated explicitly in the models.

The Rw
b values in Table I show how the results changed

when Uiso was fixed to a smaller value of 0.01 Å2, a value
between the refined 15 and 300 K values and appropriate for
a temperature in the vicinity of the structural phase transi-
tion, for both Zn and Sb atoms. Now, the insufficiency of
each model emerges due to the sharpening of PDF peaks by

the small Uiso value. The case of the interstitial model is
shown in Fig. 2�b�. The results imply that the local structure
of �-Zn4Sb3 is somehow more distorted than the three mod-
els suggest.

We also tried the �-structural model for the local structure
of the 300 K data. It provides as good a fit as the other
models did with just Uiso being refined. With fewer param-
eters, the resultant Rw value is comparable to the other mod-
els �Table I�. The most interesting result was obtained when
Uiso was fixed to 0.01 Å2 during the refinement �Fig. 2�c��.
Even though Uiso was fixed, a good fit was still obtained; the
fluctuation in the difference curve is not significant and, most
of all, the Rw value does not change much �Table I�, implying

FIG. 2. �Color online� PDF refinement results and the change in
PDF over �-� transition. �a� The experimental neutron PDF ob-
tained at 15 K �blue circles� together with the calculated PDF from
the refined � model �red line�. �b� 300 K neutron data with the
calculated PDF from the refined �-phase interstitial model. �c� The
same data as �b� but this time the calculated PDF of the �-structural
model. The PDFs in �b� and �c� were calculated with a fixed Uiso of
0.01 Å2. In each case, the difference between the calculated and
measured PDFs is plotted below the data. The good agreement in
�c� indicates that the �-structural model explains the local structure
of �-Zn4Sb3 with a smaller value of Uiso whereas the interstitial
model does not �b�. ��d� and �e�� Comparison of the change in PDF
expected as the sample goes from the � to � phase. The PDF in the
� phase is shown in light red line and the � phase in dark blue line.
The difference is plotted below. �d� Experimental x-ray PDFs in �
�270 K, dark blue line� and � �220 K, light red line� phases. �e� The
calculated PDFs based on the average structures. Uiso used for the
calculation is 0.01 Å2 for both interstitial and �-structural models.
The observed changes in the local structure are much smaller than
expected from the crystal structure models.
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that in the � phase the �-like structure is preserved locally.
This result suggests that the enlarged Uiso on Zn sites in the
� model is due to the averaging of different local environ-
ments in the cubic model and interstitials are not rattler ions.

As a further check of this hypothesis, we measured the
temperature dependence of the local structure through the
�-� phase transition at 260 K. Indeed, there is no significant
change in the x-ray PDF on crossing the transition �Fig.
2�d��, compared to the expected change based on the � and �
models �Fig. 2�e��, indicating that locally the structure is not
changing even though there is a change in the average sym-
metry at this transition.

It is interesting to investigate what aspect of the � model
makes it better for the low-r region of the PDF of �-Zn4Sb3
than the interstitial model even though they have similar
numbers of Zn interstitial atoms. The improvement in fit is
unlikely to be explained by the ordering arrangement of in-
terstitial atoms in the � model since the defects themselves

are only 10% in the fully occupied R3̄c framework2,16 and
the consequent effect is small in the PDF. The reason seems
to lie in the local coordination of the interstitial atoms in the
respective models. The interstitial model provides possible

Zn interstitial sites in a highly symmetric R3̄c structural
frame �Fig. 1�a�� but not their influence of relaxing the posi-
tions of neighboring atoms. Accordingly, large Uiso values
are necessary for the interstitial model to get sufficiently
broad PDF peaks. However, the lower-symmetry atomic ar-
rangement in the � model �Fig. 1�b�� correctly captures the
perturbed environment of the interstitial atoms. Since the lo-
cal structure does not change at the �-�-phase transition, the
Zn interstitial defects persist but lose their long-range order
forming the �-like domains in the � phase.

When point defects are discovered in a material, particu-
larly charged point defects that require other charge balanc-
ing defects, one should expect local structural distortions or
rearrangements that will lead either to long-range order and a
superstructure or to short-range-ordered nanometer size do-

mains that are not detected with traditional diffraction tech-
niques. In the Zn4Sb3 case, the Zn interstitials order at low
temperature, resulting in a new crystallographic phase and a
superstructure in the diffraction pattern.16,17 This tendency to
order locally will reduce Coulombic and elastic strain ener-
gies. At high temperature, the defects prefer to disorder to
increase the entropy, but the strong tendency toward local
ordering persists, resulting in nanoscale domains, or short-
range order with a finite coherence length, such as was found
here.

In the � phase, the local �-like domains must be oriented

FIG. 3. �Color online� Comparison of 15 and 300 K PDFs in
different r regions. �a� Comparison of low- �15 K, dark blue line�
and high-temperature �300 K, light red line� neutron PDFs of
Zn4Sb3 plotted over a wide range of r to 300 Å. �b�–�d� are the
same data but plotted on expanded r scales. Note that at low r, the
300 K PDF has broader and lower peaks, but at high r the situation
is reversed. PDF peaks broaden with temperature due to increased
thermal motion as evident at low r �b�. The PDF peaks are sharper
and higher at room temperature in the high-r region �d� because the
300 K data are from the high-symmetry � phase. A rough estimate
of the size of the local � domains can be obtained from where the
behavior switches over �c�.

TABLE I. Refined structural parameters from various models. Lattice parameters and isotropic displacement parameters �Uiso� were
refined for all models. The atomic coordinates �not reported here� were refined only for mixed occupancy, vacancy, and interstitial models

being constrained to keep the R3̄c symmetry. The refinement range was 1.5�r�20.0 Å.

Mixed occupancy Vacancy Interstitial � structural

Neutron
�300 K�

X ray
�300 K�

Neutron
�300 K�

X ray
�300 K�

Neutron
�300 K�

X ray
�300 K�

Neutron
�300 K�

X ray
�300 K�

Neutron
�15 K�

a �Å� 12.2508�5� 12.231�2� 12.2444�5� 12.244�1� 12.2433�5� 12.234�2� 32.730�7� 32.576 �3� 32.553�5�
b �Å� 12.249�3� 12.220�6� 12.236�2�
c �Å� 12.432�1� 12.468�3� 12.430�1� 12.472�1� 12.427�1� 12.464�1� 10.896�3� 10.945�1� 10.872�2�
� 98.97�1� 99.25�1� 98.99�1�
Zn Uiso �Å2� 0.0333�2� 0.0459�1� 0.0315�2� 0.0731�3� 0.0269�2� 0.0292�3� 0.0176�1� 0.0285�2� 0.0052�1�
Sb Uiso �Å2� 0.01191�9� 0.0151�1� 0.0147�1� 0.0110�3� 0.0140�1� 0.0166�1� 0.0098�1� 0.0126�1� 0.00281�7�
na 9 9 9 9 18 18 6 6 6

Rw 0.153501 0.14236 0.150178 0.162943 0.110834 0.123122 0.116389 0.138129 0.083549 1

Rw
b 0.268002 0.242116 0.258401 0.291704 0.230391 0.227926 0.133564 0.159292

aNumber of parameters used.
bResults with Uiso for both Zn and Sb atoms fixed to 0.01 Å2.
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in such a way that crystallographically the interstitial atoms
appear in a randomly distributed way over three possible
interstitial sites in the average R3̄c structure. However, the
similarity of the local structure suggests that locally the in-
terstitial atoms avoid each other in the � phase, resulting in
short-range defect ordering that resembles the � phase. The
rhombohedral � structure is incomplete as a local structure
as it has atomic distances that are unphysically short. This
work confirms that the actual local structure contains reason-
able atomic distances �such as those in the � phase with no
indication of a Zn–Zn bond5� and that nanoscale domains
must exist. We would like to estimate the domain size, or
coherence length, of this local order. At low r, the PDF is
probing below this domain length scale and finds an �-like
local structure; however, the PDF at high r �consistent with
the average x-ray-diffraction measurements2� averages over a
longer length scale and results in the different average struc-
ture of �-Zn4Sb3. A striking feature found in a comparison of
the 300 and 15 K neutron PDFs is an inversion of the rela-
tive PDF peak heights in the region between 60 and 120 Å
�Fig. 3�. Below 60 Å, the PDF peaks in the 15 K data are
taller than those in the 300 K data �Fig. 3�b��, as expected
due to the reduced thermal motion. However, above 120 Å,
the opposite is observed �Fig. 3�d��. If there is no phase
change, the PDF peaks will broaden with increasing tem-
perature at all distances r, but this is not observed. The
anomalous T dependence is explained due to the fact that at
higher r the PDF reflects the higher symmetry of the � struc-

ture and higher symmetry results in sharper PDF peaks. The
fact that the low-r peaks broaden with increasing tempera-
ture and do not sharpen at the phase transition is a strong
evidence that the local symmetry is lower than the average
symmetry. We can roughly estimate the diameter of the
lower-symmetry domains from the crossover in peak-
broadening behavior. The crossover happens in the region of
60–120 Å �Fig. 3�c��. We therefore estimate the �-domain
size to be of the order of, but probably somewhat less than,
10 nm, where the effects on the PDF of the higher average
symmetry start to dominate. A more thorough study is nec-
essary to estimate the exact domain size.

We have investigated the local structure of Zn4Sb3 using
the PDF technique. The result shows that the structure of
�-Zn4Sb3 at 300 K is composed of nanoscaled �-like do-
mains. Like other recently developed high ZT thermoelectric
materials, the exceptionally low thermal conductivity of
�-Zn4Sb3 may be attributed to these nanoscale structural
domains.
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The size-dependent structure of CdSe nanoparticles, with diameters ranging from 2 to 4 nm, has been
studied using the atomic pair distribution function �PDF� method. The core structure of the measured CdSe
nanoparticles can be described in terms of the wurtzite atomic structure with extensive stacking faults. The
density of faults in the nanoparticles is �50%. The diameter of the core region was extracted directly from the
PDF data and is in good agreement with the diameter obtained from standard characterization methods,
suggesting that there is little surface amorphous region. A compressive strain was measured in the Cd–Se bond
length that increases with decreasing particle size being 0.5% with respect to bulk CdSe for the 2 nm diameter
particles. This study demonstrates the size-dependent quantitative structural information that can be obtained
even from very small nanoparticles using the PDF approach.
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I. INTRODUCTION

Semiconductor nanoparticles are of increasing interest for
both applied and fundamental research. Wurtzite-structured
cadmium selenide is an important II-VI semiconducting
compound for optoelectronics.1 CdSe quantum dots are the
most extensively studied quantum nanostructure because of
their size-tunable properties, and they have been used as a
model system for investigating a wide range of nanoscale
electronic, optical, optoelectronic, and chemical processes.2

CdSe also provided the first example of self-assembled semi-
conductor nanocrystal superlattices.3 With a direct band gap
of 1.8 eV, CdSe quantum dots have been used for laser
diodes,4 nanosensing,5 and biomedical imaging.6 In funda-
mental research, particles with a diameter in the 1–5 nm
range are of particular importance since they cover the tran-
sition regime between the bulk and molecular domains
where quantum size effects play an important role. Signifi-
cant deviation from bulk properties are expected for particles
with diameter below 5 nm and were observed in many
cases6,7 as well as in this study.

Accurate determination of atomic scale structure, homo-
geneous and inhomogeneous strain, structural defects, and
geometrical particle parameters such as diameter and shape
is important for understanding the fundamental mechanisms
and processes in nanostructured materials. However, difficul-
ties are experienced when standard methods are applied to
small nanoparticles. In this domain, the presumption of a
periodic solid, which is the basis of a crystallographic analy-
sis, breaks down. Quantitative determinations of the nano-
particle structure require methods that go beyond crystallog-
raphy. This was noted early on in a seminal study by
Bawendi et al.8 where they used the Debye equation, which
is not based on a crystallographic assumption, to simulate
semiquantitatively the scattering from some CdSe nanopar-
ticles. However, despite the importance of knowing the
nanoparticle structure quantitatively with high accuracy, this

work has not been followed up with application of modern
local structural methods9,10 until recently.11–16 In this study,
we return to the archetypal CdSe nanoparticles to investigate
the extent of information about the size-dependent structure
of nanoparticles from the atomic pair distribution function
�PDF� method. This is a local structural technique that yields
quantitative structural information on the nanoscale from
x-ray and neutron powder diffraction data.10 Recent develop-
ments in both data collection17,18 and modeling19,20 make this
a potentially powerful tool in the study of nanoparticles. Ad-
ditional extensions to the modeling are necessary for nano-
particles, and some of these have been successfully
demonstrated.11,12,21

In this paper, we present a detailed analysis of the struc-
tural information available from PDF data on �2–4 nm�
CdSe nanoparticles. The PDF method is demonstrated here
as a key tool that can yield precise structural information
about the nanoparticles such as the atomic structure size of
the core, the degree of crystallinity, local bonding, the degree
of the internal disorder, and the atomic structure of the core
region, as a function of the nanoparticle diameter. Three
CdSe nanoparticle samples with different diameters that ex-
hibit different optical spectra have been studied. The purpose
of this paper is not only to explain the PDF data of CdSe
nanoparticles through a modeling process but also to system-
atically investigate the sensitivity of the PDF data to subtle
structural modifications in nanoparticles relative to the bulk
material.

The measurement of the nanoparticle size can lead to sig-
nificantly different results when performed by different
methods, and there is no consensus as to which is the most
reliable.22,23 It is also not clear that a single diameter is suf-
ficient to fully specify even a spherical particle since the
presence of distinct crystalline core and disordered surface
regions has been postulated.8

Powder diffraction is a well established method for struc-
tural and analytical studies of crystalline materials, but the
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applicability to such small particles of standard powder dif-
fraction based on crystallographic methods is questionable
and likely to be semiquantitative at best. Palosz et al.24 have
shown that the conventional tools developed for the elabora-
tion of powder diffraction data are not directly applicable to
nanocrystals.24 There have been some reports8,23,25 in the
past few years extracting nanoparticle diameter from x-ray
diffraction �XRD� using the Scherrer formula, which is a
phenomenological approach that considers the finite size
broadening of Bragg peaks.26 This approach will decrease in
accuracy with decreasing particle size, and for particle sizes
in the range of a few nanometers, the notion of a Bragg peak
becomes moot.24 At this point, the Debye formula27 becomes
the more appropriate way to calculate the scattering.8 The
inconsistencies between the nanoparticle diameter deter-
mined from the standard characterization methods and the
diameter obtained by applying the Scherrer formula have
been observed by several authors.8,23,28

Previous studies of CdSe nanoparticle structure have
demonstrated the sensitivity of the XRD pattern to the pres-
ence of planar disorder and thermal effects due to nanosize
effects.8,29 The diffraction patterns of CdSe nanoparticles
smaller than 2.0 nm have been observed to appear markedly
different from those of the larger diameters �see Ref. 29, Fig.
11�, the large attenuation and broadening in the Bragg reflec-
tions in these small nanoparticles, making the distinction be-
tween wurtzite and zinc blende hard using conventional
XRD methods. Murray et al.29 reported that the combination
of x-ray studies and transmission electron micrograph �TEM�
imaging yields a description of the average CdSe nanopar-
ticle structure. Strict classification of the CdSe nanoparticles
structure as purely wurtzite or zinc blende is potentially
misleading.29 Bawendi et al.8 reported that CdSe nanopar-
ticles are best fitted by a mixture of crystalline structures
intermediate between zinc blende and wurtzite. Here, we ap-
ply the PDF method to CdSe nanoparticles and refine quan-
titative structural parameters to a series of CdSe nanopar-
ticles of different sizes.

Strain in nanosystems has been observed before in differ-
ent studies, as well as in this study. Using combined PDF and
extended x-ray-absorbtion fine structure �EXAFS� methods,
Gilbert et al.11 observed a compressive strain compared to
the bulk in ZnS nanocrystals. Using an electric-field-induced
resonance method, Chen et al.30 detected the enhancement of
Young’s modulus of ZnO nanowires along the axial direction
when the diameters are decreased. Very recently, Ouyang et
al.31 developed an analytical model for the size-induced
strain and stiffness of a nanocrystal from the perspective of
thermodynamics and a continuum medium approach. It was
found theoretically that the elastic modulus increases with
the inverse of crystal size and the vibration frequency is
higher than that of the bulk.31 Experimentally, the CdQ �Q
=S,Se,Te� first-neighbor distances have been studied using
both XRD and EXAFS methods.32 The distances were found
smaller than those in the bulk compounds by less than 1.0%.
Herron et al.33 studied CdS nanocrystals and showed a bond
contraction of �0.5% compared to the bulk. Carter et al.34

studied a series of CdSe nanoparticles using the EXAFS
method. In the first shell around both the Se and Cd atoms,
they found essentially no change in the first-neighbor dis-

tance. Chaure et al.35 studied the strain in nanocrystalline
CdSe thin films, using Raman scattering, and observed a
peak shift with a decrease in particle size, which was attrib-
uted to the increase in stress with decreasing particle size.35

Local structural deviations or disorder mainly affect the
diffuse scattering background. The XRD experiments probe
for the presence of periodic structure, which are reflected in
the Bragg peaks. In order to have information about both
long-range order and local-structure disorder, a technique
that takes both the Bragg and the diffuse scattering need to
be used, such as the PDF technique. Here, we apply the PDF
method to study the structure, size, and strain in CdSe nano-
particles as a function of nanoparticle diameter. The core
structure of the CdSe nanoparticles can be described by a
mixture of crystalline structures intermediate between zinc
blende and wurtzite, which is wurtzite containing a stacking
fault density �SFD� of up to �50%, with no clear evidence
of a disordered surface region, certainly down to 3 nm diam-
eter. The structural parameters are reported quantitatively.
We measure a size-dependent strain on the Cd-Se bond
which reaches 0.5% at the smallest particle size. The size of
the well-ordered core extracted directly from the data agrees
with the size determined from other methods.

II. EXPERIMENTAL DETAILS

A. Sample preparation

CdSe nanoparticles were synthesized from cadmium ac-
etate, selenium, trioctyl phosphine, and trioctyl phosphine
oxide. 64 g of trioctylphosphine oxide �TOPO� containing
cadmium acetate was heated to 360 °C under flowing argon.
Cold stock solution �38.4 ml� of �Se: trioctylphosphine
=2:100 by mass� was quickly injected into the rapidly
stirred, hot TOPO solution. The temperature was lowered to
300 °C by the injection. At various time intervals, 5–10 ml
aliquots of the reaction mixture were removed and precipi-
tated in 10 ml of methanol. The color of the sample changed
from bright yellow to orange to red to brown with a time
interval variation from 20 to 1200 s. Three nanoparticle
sizes, CdSe I �small�, CdSe II �medium�, and CdSe III
�large�, were used for this study, as well as a bulk CdSe
sample for reference.

The samples were further purified by dissolving and cen-
trifuging in methanol to remove excess TOPO. This process
also resulted in a narrower particle size distribution. The
TEM images �Fig. 1� show uniformly sized nanoparticles
with no signs of aggregation. The ultraviolet visible �UV-vis�
absorption and photoluminescence �PL� spectra of the ali-
quots were recorded by redissolving the nanocrystals in tolu-
ene. The spectra are shown in Fig. 2.

The band-gap values obtained for the measured samples
can be correlated with the diameter of the nanoparticles
based on the table provided in the supplementary informa-
tion of Peng et al.36 using the data on exciton peaks mea-
sured with UV-vis light absorption and photoluminescence
peaks. The particle sizes were measured by TEM as well.
The measured values of particle diameter using these various
methods are summarized in Table I.
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B. Atomic Pair distribution function method

The atomic PDF analysis of x-ray and neutron powder
diffraction data is a powerful method for studying the struc-
ture of nanostructured materials.9,10,37–40 Recently, it has
been explicitly applied to study the structure of discrete
nanoparticles.11,12,40–42 The PDF method can yield precise
structural and size information, provided that special care is
applied to the measurement and to the method used for ana-
lyzing the data. The atomic PDF G�r� is defined as

G�r� = 4�r���r� − �0� , �1�

where ��r� is the atomic pair density, �0 is the average
atomic number density, and r is the radial distance.43 The

PDF yields the probability of finding pairs of atoms sepa-
rated by a distance r. It is obtained by a sine Fourier trans-
formation of the reciprocal space total scattering structure
function S�Q�, according to

G�r� =
2

�
�

0

�

Q�S�Q� − 1�sin QrdQ , �2�

where S�Q� is obtained from a diffraction experiment. This
approach is widely used for studying liquids and amorphous
and crystalline materials but has recently also been success-
fully applied to nanocrystalline materials.10

C. High-energy x-ray diffraction experiments

X-ray powder diffraction experiments to obtain the PDF
were performed at the 6IDD beamline at the Advanced Pho-
ton Source at Argonne National Laboratory. Diffraction data
were collected using the recently developed rapid acquisition
pair distribution function �RAPDF� technique17 that benefits
from two-dimensional �2D� data collection. Unlike TEM,

TABLE I. CdSe nanoparticle diameter as determined using vari-
ous methods.

CdSe III CdSe II CdSe I

Nucleation time �s� 1200 630 15

Diameter �nm�
TEM 3.5�2� 2.7�2� 2.0�2�
UV-vis 3.5�4� 2.9�3� �1.90

PL 3.6�4� 2.9�3� �2.1

PDF 3.7�1� 3.1�1� 2.2�2�

FIG. 1. TEM image of CdSe nanocrystal prepared using the
method described in the text. CdSe obtained by 1200 s �top� and
15 s �bottom� nucleation. The line bar is 10 nm in size in both
images.

FIG. 2. �Color online� �a� Room temperature UV-vis absorption
and �b� photoluminescence spectra from the sample of CdSe nano-
crystals: ��� CdSe I, ��� CdSe II, and ��� CdSe III.
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XRD probes a large number of crystallites that are randomly
oriented. The powder samples were packed in a flat plate
with thickness of 1.0 mm sealed between Kapton tapes. Data
were collected at room temperature with an x-ray energy of
87.005 keV ��=0.142 48 Å�. An image plate camera
�Mar345� with a diameter of 345 mm was mounted orthogo-
nally to the beam path with a sample to detector distance of
208.857 mm, as calibrated by using a silicon standard
sample.17 The image plate was exposed for 10 s and this was
repeated five times for a total data collection time of 50 s.
The RAPDF approach avoids detector saturation while al-
lowing sufficient statistics to be obtained. This approach also
avoids sample degradation in the beam that was observed for
the TOPO coated nanoparticles during longer exposures, on
the scale of hours, that were required using conventional
point-detector approaches. To reduce the background scatter-
ing, lead shielding was placed before the sample with a small
opening for the incident beam.

Examples of the raw 2D data are shown in Fig. 3. These
data were integrated and converted to intensity versus 2�
using the software FIT2D,44 where 2� is the angle between the
incident and scattered x-ray beams. The integrated data were
normalized by the average monitor counts. The data were
corrected and normalized9 using the program PDFGETX2 �Ref.

45� to obtain the total scattering structure function S�Q� and
the PDF G�r�, which are shown in Figs. 4�a� and 4�b�, re-
spectively. The scattering signal from the surfactant �TOPO�
was measured independently and subtracted as a background
in the data reduction.

In the Fourier transform step to get from S�Q� to the PDF
G�r�, the data are truncated at a finite maximum value of the
momentum transfer, Q=Qmax. Different values of Qmax may
be chosen. Here, a Qmax=25.0 Å−1 was found to be optimal.
Qmax is optimized such as to avoid large termination effects
and to reasonably minimize the introduced noise level as the
signal to noise ratio decreases with the Q value.

Structural information was extracted from the PDFs using
a full-profile real-space local-structure refinement method46

analogous to Rietveld refinement.47 We used an updated
version48 of the program PDFFIT �Ref. 19� to fit the experi-
mental PDFs. Starting from a given structure model and
given a set of parameters to be refined, PDFFIT searches for
the best structure that is consistent with the experimental
PDF data. The residual function �Rw� is used to quantify the

FIG. 3. �Color online� Two-dimensional XRD raw data col-
lected using the image plate detector from �a� CdSe bulk and �b�
nanoparticle CdSe III samples.

FIG. 4. �Color online� �a� The experimental reduced structure
function F�Q� of CdSe nanoparticle with different diameters and �b�
the corresponding PDF G�r� obtained by Fourier transformation of
the data in �a� with Qmax=25.0 Å−1, from top to bottom: bulk, CdSe
III, CdSe II, and CdSe I.
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agreement of the calculated PDF from model to experimental
data,

Rw =��
i=1

N

��ri��Gobs�ri� − Gcalc�ri��2

�
i=1

N

��ri�Gobs
2 �ri�

. �3�

Here, the weight ��ri� is set to unity which is justified be-
cause in G�r�, the statistical uncertainty on each point is
approximately equal.49,50

The structural parameters of the model were unit cell pa-
rameters, anisotropic atomic displacement parameters
�ADPs�, and the fractional coordinate z of the Se and/or Cd
atom. Nonstructural parameters that were refined were a cor-
rection for the finite instrumental resolution �	Q�, low-r cor-
related motion peak sharpening factor �
�,51,52 and scale fac-
tor. When estimating the particle size, a new version of the
fitting program with particle size effects included as a refin-
able parameter53 was used. The sample resolution broaden-
ing was determined from a refinement to the crystalline CdSe
and the silicon standard sample and fixed, and the particle
diameter refined, as described below. Good agreement be-
tween these results was obtained.

III. RESULTS AND DISCUSSION

The reduced structure functions for the bulk and nano-
crystalline samples are shown plotted over a wide range of Q
in Fig 4�a�. All of the patterns show significant intensity up
to the highest values of Q, highlighting the value of mea-
sured data over such a wide Q range. All of the diffraction
patterns have peaks in similar positions reflecting the simi-
larity of the basic structures, but as the nanoparticles get
smaller, the diffraction features become broadened out due to
finite size effects.26

The PDFs are shown in Fig. 4�b�. What is apparent is that,
in real space, the PDF features at low r are comparably sharp
in all the samples. The finite size effects do not broaden
features in real space. The finite particle size is evident in a
falloff in the intensity of structural features with increasing r.
Later, we will use this to extract the average particle size in
the material. The structure apparent in the G�r� function
comes from the atomic order within the nanoparticle. The
value of r where these ripples disappear indicates the particle
core region diameter, or at least the diameter of any coherent
structural core of the nanoparticle. By direct observation
�Fig. 9�, we can put a lower limit on the particle diameters to
be 3.6, 2.8, and 1.6 nm for CdSe III, II and I, respectively,
where the ripples can be seen to die out by visual inspection.
These numbers will be quantified more accurately later.

A. Nanoparticle structure

Features in the PDF at low r reflect the internal structure
of the nanoparticles. The nanoparticle PDFs have almost the
same features as in the bulk in the region below 8.0 Å, re-
flecting the fact that they share a similar atomic structure on

average. In the finite nano-size regime, local structural de-
viations from the average bulk structure are expected.

A large number of semiconductor alloys, especially some
sulfides and selenides, do not crystallize in the cubic zinc-
blende structure but in the hexagonal wurtzite structure.54

Both wurtzite and zinc-blende structures are based on the
stacking of identical two-dimensional planar units translated
with respect to each other, in which each atom is tetrahe-
drally coordinated with four nearest neighbors. The layer
stacking is described as ABABAB. . . along the �001� axis for
wurtzite and as ABCABC. . . along the �111� axis for zinc
blende. As can be seen in Fig. 5, each cadmium and selenium
are tetrahedrally coordinated in both structures. However, the
next nearest and more distant coordination sequences are dif-
ferent in the two structures.

The largest changes in structure are expected in the small-
est nanoparticles. In these small nanoparticles, the proportion
of atoms on the surface is large, making the notion of a
well-ordered crystalline core moot. The fractions of atoms
involved in the surface atoms were estimated as 0.6, 0.45,
and 0.35 for 2, 3, and 4 nm nanoparticle diameters, respec-
tively. This was estimated by taking different spherical cuts
from the bulk structure, then counting the atom with coordi-
nation number 4 as the core atom and the one with less than
4 as the surface atom. For the smallest particles, the small
number of atoms in the core makes it difficult to define a
core crystal structure, making the distinction between wurtz-
ite and zinc blende difficult using the conventional XRD
methods as the nanoparticle size decreases.29 The principle
difference between these structures is the topology of the
CdSe4 connections, which may also be becoming defective
in the small nanoparticles.

Two structure models, wurtzite �space group P63mc� and

zinc blende �space group F4̄3m�, were fit to the PDF data.
The results of the full-profile fitting to the PDF data are
shown in Fig. 6. In this figure, we compare fits to the �a�
wurtzite and �b� zinc-blende structure models using isotropic
atomic displacement factors �Uiso� in both models. The
wurtzite structure gives superior fits for the bulk structure.
However, for all the nanoparticle sizes, the fits of wurtzite
and zinc blende are comparable as evident from the differ-
ence curves in Fig. 6 and the Rw values reported in Table II.
This indicates that classification of the CdSe nanoparticle
structure as purely wurtzite or zinc blende is misleading29

and it is better described as being intermediate between the
two structures, as has been reported earlier.8

FIG. 5. �Color online� Fragments from the �a� wurtzite structure,
space group �P63mc� and �b� zinc-blende structure, space group

�F4̄3m�.
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Introducing anisotropic ADPs �U11=U22�U33� into the
wurtzite model resulted in better fits to the data. The refined
parameters are reproduced in Table III and the fits are shown
in Fig. 7�a�. The values for the nanoparticles are rather close
to the values in the bulk wurtzite structure. The model with
anisotropic ADPs resulted in lower Rw. There is a general
increase in the ADPs with decreasing particle size. This re-

flects the inhomogeneous strain accommodation in the nano-
particles, as we will discuss below. However, the values of
the ADPs along the z direction for Se atoms �U33� are four
times larger in the nanoparticles compared with the bulk
where they are already unphysically large. The fact that this
parameter is large on the Se site and small on the Cd site is
not significant since we can change the origin of the unit cell
to place a Cd ion at the �1/3 ,2 /3 ,z� position and the en-
larged U33 shifts to the Cd site in this case.

The unphysically large U33 value on the Se site is likely to
be due to the presence of faults in the basal plane stacking.
For example, similar unphysical enlargements of perpendicu-
lar thermal factors in PDF measurements are explained by
the presence of turbostratic disorder in layered carbons,55

which is a similar effect to faults in the ABABAB wurtzite
stacking. Also, the presence of stacking faults in the nano-
particles has been noted previously.8 It is noteworthy that
this parameter is enlarged in EXAFS analyses of bulk wurtz-
ite structures, probably for the same reason.32,56,57 We sus-
pect that the enlargement in this parameter �U33� is related to
the stacking fault density present in the bulk and that is in-
creasing in the nanoparticles.

To test this idea, we simulated PDF data using the wurtz-
ite structure containing different stacking fault densities. The
stacking faults were simulated for different densities �0.167,
0.25, 0.333, and 0.5� by creating wurtzite superlattices with
different stacking sequences along the C axis. The program
DISCUS �Ref. 58� was used to create the stacking fault models
and PDFGUI �Ref. 48� was used to generate the corresponding
PDFs. The PDFs were simulated with all the ADPs fixed at
Uii=0.0133 Å2, the value observed in the experimental bulk
data collected at room temperature �see Table III�.

To see if this results in enlarged U33 values, we refined the
simulated data containing stacking faults using the wurtzite
model without any stacking faults. Indeed, the refined Se site
U33 increased monotonically with increasing stacking fault
density. The results are plotted in Fig. 8.

Figure 8 can be considered as a calibration curve of stack-
ing fault density in the wurtzite structure, based on the en-
largement in the ADPs along the z direction U33. From this,
we can estimate a stacking fault density of �35% for our
bulk CdSe sample and �50% for each of the nanoparticles.

It is then possible to carry out a refinement using a struc-
tural model that contains an appropriate stacking fault den-
sity. The PDF data of bulk CdSe were therefore fitted with a
wurtzite model with a 33% density, and the nanoparticle PDF
fitted with a model with 50% of stacking faults. The refine-
ments give excellent fits, as is evident in Fig. 7�b�. The re-
sults are presented in Table III. The enlarged U33 parameter
on the Se site is no longer present and it is now possible to
refine physically reasonable values for that parameter. As
well as resulting in physically reasonable ADPs, the quality
of the fits to the data is excellent, though the Rw value is
slightly larger in the nanoparticles.

Attempts to characterize the structure changes using di-
rect measurements such as TEM technique for such small
CdSe nanoparticles59 were unsuccessful due to the poor con-
trast. However, in the present study, we were successful in
exploring the local atomic structure for CdSe nanoparticles,
in real space, at different length scales. The PDF fits clearly

TABLE II. The refined residual �Rw� values obtained from PDF
analysis assuming the wurtzite and zinc blende structure models

with space groups P63mc and F4̄3m, respectively. In both models,
isotropic atomic displacement factors �Uiso� are used.

CdSe bulk CdSe III CdSe II CdSe I

Wurtzite �Rw� 0.16 0.31 0.28 0.31

Zinc blende �Rw� 0.52 0.32 0.30 0.35

FIG. 6. �Color online� The experimental PDF G�r� with Qmax

=19.0 Å−1 �blue solid dots� and the calculated PDF from the refined
structural model �red solid line�, with the difference curve offset
below �black solid line�. PDF data are fitted using �a� the wurtzite
structure model with space group P63mc and �b� the zinc-blende

model with space group F4̄3m. In both models, isotropic atomic
displacement factors �Uiso� are used.
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indicate that the structure can be described in terms of locally
distorted wurtzite structure containing �50% stacking fault
density �i.e., intermediate between wurtzite and zinc blende�
even for the 2 nm diameter particles, Fig. 7.

Interestingly, there is little evidence in our data for a sig-
nificant surface modified region. This surface region is some-
times thought of as being an amorphouslike region. Amor-
phous structures appear in the PDF with sharp first-neighbor
peaks but rapidly diminish and broaden higher neighbor
peaks. Thus, in the presence of a surface amorphous region,
we might expect to see extra intensity at the first-peak posi-
tion when the wurtzite model is scaled to fit the higher-r
features coming just from the crystalline core. As evident in
Fig. 7, this is not observed. Furthermore, as we will describe
below, the diameter of the crystalline core that we refine
from the PDF agrees well with other estimates of nanopar-
ticle size, suggesting that there is no surface amorphous re-
gion in these nanoparticles. The good agreement in the in-
tensity of the first PDF peak also presents a puzzle in the
opposite direction since we might expect surface atoms to be
undercoordinated, which would result in a decrease in the
intensity of this peak. It is possible that the competing effects
of surface amorphous behavior and surface under coordina-
tion perfectly balance each other out, and this cannot be
ruled out, though it seems unlikely that it would work per-
fectly at all nanoparticle diameters. This is also not supported
by the nanoparticle size determinations described below.

B. Nanoparticle size

We describe here how we extracted more accurate nano-
particle diameters. This determination is important since the
physical properties are size dependent. It is also important to
use complementary techniques to determine particle size as
different techniques are more dependent on different aspects
of the nanoparticle structure, for example, whether or not the
technique is sensitive to any amorphous surface layer on the
nanoparticle. More challenges are expected in accurate size
determination as the nanoparticle diameter decreases, due to
poor contrast near the surface of the nanoparticle.

In the literature, CdSe nanoparticles with a diameter of
2.0 nm have been considered to be an especially stable size
with an associated band edge absorption centered at
414 nm,60 that size was observed earlier29,61 with an esti-
mated diameter of �2.0 nm. There are some reported diffi-
culties in determining the diameter of such small CdSe nano-
particles. Attempts to characterize the structure changes by
TEM and x-ray diffraction techniques59 were unsuccessful
due to the small diameter of the particles relative to the cap-
ping material.

If we assume the nanoparticle to have a spherical shape �a
reasonable approximation based on the TEM in Fig. 1� cut
from the bulk, then the measured PDF will look like the PDF
of the bulk material that has been attenuated by an envelope
function given by the PDF of a homogeneous sphere as
follows:62

G�r,d�s = G�r�f�r,d� , �4�

where G�r� is given in Eq. �1� and f�r ,d� is a sphere enve-
lope function given by

f�r,d� = 	1 −
3r

2d
+

1

2

 r

d
�3���d − r� , �5�

where d is the diameter of the homogeneous sphere and ��x�
is the Heaviside step function, which is equal to 0 for nega-
tive x and 1 for positive.

The approach is as follows. First, we refine the bulk CdSe
data using PDFFIT. This gives us a measure of the PDF inten-
sity falloff due to the finite resolution of the measurement.9

Then, the measured value of the finite resolution was kept as
an unrefined parameter after that, while all the other struc-
tural and nonstructural parameters were refined. To measure
the PDF intensity falloff due to the finite particle size, the
refined PDF is attenuated, during the refinement, by the en-
velope function �Eq. �5��, which has one refined parameter,
the particle diameter. The fitted results are shown in Fig. 9
and the resulting values of particle diameter from the PDF
refinement are recorded in Table I. The insets show the cal-
culated and measured PDFs on an expanded scale. The ac-

TABLE III. The refined parameter values obtained from PDF analysis assuming the wurtzite structure,
space group P63mc, with different stacking fault densities �SFDs�.

Stacking fault density �%�

CdSe bulk CdSe III CdSe II CdSe I

0.0 33.0 0.0 50.0 0.0 50.0 0.0 50.0

a �Å� 4.3014�4� 4.3012�4� 4.2997�9� 4.2987�9� 4.3028�9� 4.3015�9� 4.2930�9� 4.2930�8�
c �Å� 7.0146�9� 7.0123�9� 7.0145�4� 7.0123�4� 6.9987�9� 6.9975�9� 6.9405�9� 6.9405�7�
Se Z-frac. 0.3774�3� 0.3771�3� 0.3761�9� 0.3759�9� 0.3751�6� 0.3747�6� 0.3685�9� 0.3694�9�
Cd U11=U22 �Å2� 0.0108�2� 0.0102�2� 0.0146�7� 0.0149�7� 0.0149�6� 0.0112�5� 0.0237�9� 0.0213�8�

U33 �Å2� 0.0113�3� 0.0112�3� 0.0262�9� 0.0241�9� 0.0274�9� 0.0271�9� 0.0261�9� 0.0281�9�
Se U11=U22 �Å2� 0.0109�9� 0.0102�9� 0.0077�7� 0.0138�7� 0.0083�7� 0.0121�7� 0.0110�9� 0.0191�9�

U33 �Å2� 0.0462�9� 0.0115�9� 0.1501�9� 0.02301�9� 0.1628�9� 0.0265�9� 0.1765�9� 0.0311�9�
NPa diameter �nm� � � 3.7�1� 3.7�1� 3.1�1� 3.1�1� 2.4�2� 2.2�2�
Rw 0.12 0.09 0.20 0.14 0.18 0.15 0.27 0.21

aNP refers to nanoparticle.
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curacy of determining the nanoparticle size can be evaluated
directly from this figure. Features in the measured PDFs that
correspond to the wurtzite structure are clearly seen disap-
pearing smoothly attenuated by the spherical PDF envelope
function. The procedure is least successful in the smallest
nanoparticles, where the spherical particle approximation on
the model results in features that extend beyond those in the
data. In this case, the spherical approximation may not be
working so well.

The particle diameters determined from the PDF are con-
sistent with those obtained from TEM, UV-vis, and photolu-
minescence measurements. In particular, an accurate deter-
mination of the average diameter of the smallest particles is
possible in the region where UV-vis and photoluminescence
measurements lose their sensitivity.23 In this analysis, we
have not considered particle size distributions, which are
small in these materials. The good agreement between the
data and the fits justify this, though some of the differences

at high r may result from this and could contribute an error
to the particle size. Several additional fits to the data were
performed to test the sphericity of the nanoparticles. At-
tempts were made to fit the PDF with oblate and prolate
spheroid nanoparticle form factors. These fits resulted in el-
lipticities very close to 1, and large uncertainties in the re-
fined ellipticity and particle diameters, which suggests that
the fits are over parametrized. Another series of fits at-
tempted to profile the PDF with a log-normal distribution of
spherical nanoparticles. Allowing the mean nanoparticle di-
ameter and log-normal width to vary resulted in nonconver-
gent fits, which implies that the particle sizes are not log-
normal distributed. Therefore, there appears to be little
evidence for significant ellipticity, nor a significant particle
size distribution, as fits assuming undistributed spherical par-
ticles give the best results.

The simple fitting of a wurtzite structure with �50% SFD
to the data will result in an estimate of the coherent structural
core of the nanoparticle that has a structure which can be
described by a mixture of crystalline structures intermediate
between zinc blende and wurtzite. Comparing the nanopar-
ticle core diameter extracted from PDF analysis with the di-
ameter determined from the standard characterization meth-
ods yields information about the existence of a surface
amorphous region. The agreement between the core diameter
extracted from PDF and that determined from the standard
methods �Table I� indicates that within our measurement un-
certainties, there is no significant heavily disordered surface
region in these nanoparticles, even at the smallest diameter
of 2 nm �Fig. 9�. In contrast with ZnS nanoparticles,11 the
heavily disordered surface region is about 40% of the nano-
particle diameter for a diameter of 3.4 nm, the surface region
thickness being around 1.4 nm.11

C. Internal strain

The local bonding of the tetrahedral Cd-Se building unit
was investigated vs nanoparticle diameter. The nearest neigh-
bor peaks at r=2.6353�3� Å come from covalently bonded

FIG. 7. �Color online� The experimental PDF G�r� with Qmax

=19.0 Å−1 �blue solid dots� and the calculated PDF from the refined
structural model �red solid line�, with the difference curve offset
below �black solid line�. PDF data are fitted using the wurtzite
structure model �a� with no stacking fault and �b� with 33% stack-
ing fault density for bulk and 50% for all nanoparticle sizes. In both
cases, anisotropic atomic displacement factors �Uaniso� are used.

FIG. 8. �Color online� The enlargement in the ADPs along the z
direction for Se site U33, as a function of the stacking fault density.
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Cd-Se pairs. The positions and the width of these peaks have
been determined by fitting a Gaussian �Fig. 10�a�� and the
results presented in Table IV. The results indicate that there

is a significant compressive strain on this near-neighbor bond
length, and it is possible to measure it with the PDF with
high accuracy. The bond length of Cd-Se pairs shorten as the
nanoparticle diameter decreases, suggesting the presence of
an internal stress in the nanoparticles. The Cd-Se bond
lengths extracted from the PDF structural refinement are also
in good agreement with those obtained from the first-peak
Gaussian fit, as shown in Fig. 10�c�. Thus, we have a model
independent and a model dependent estimate of the strain
that are in quantitative agreement. The widths of the first
PDF peaks have also been extracted vs nanoparticle diameter
from the Gaussian fits �Table IV�. They remain comparably
sharp as the nanoparticles get smaller, as shown in Fig.
10�b�. Apparently, there is no size-dependent inhomogeneous
strain measurable on the first peak. However, peaks at higher
r do indicate significant broadening �Fig. 4�b��, suggesting
that there is some relaxation taking place through bond bend-
ing. This is reflected in enlarged thermal factors that are re-
fined in the nanoparticle samples. This is similar to what is
observed in semiconductor alloys where most of the struc-
tural relaxation takes place in relatively lower energy bond-
bending distortions.63,64

TABLE IV. The first PDF peak position �FPP� and width �FPW�
for different CdSe nanoparticle sizes and the bulk.

CdSe bulk CdSe III CdSe II CdSe I

PDF FPP �Å� 2.6353�3� 2.6281�3� 2.6262�3� 2.6233�3�
PDF FPW �Å� 0.1985�09� 0.1990�19� 0.2021�25� 0.2032�25�

FIG. 9. �Color online� The experimental PDF G�r� shown as
solid dots. Sphere envelope function �Eq. �5�� is used to transform
the calculated PDF of bulk CdSe, using wurtzite structure contain-
ing 50% stacking fault density, to give a best fit replication of the
PDF of CdSe nanoparticles �red solid line�. The inset shows an
expanded scale for the high-r region of experimental G�r� on the
top of simulated PDF data for different diameters of CdSe nanopar-
ticles �solid line�: �a� CdSe III, �b� CdSe II, �c� CdSe I. Dashed lines
are guides for the eyes.

FIG. 10. �Color online� �a� The first PDF peak, ��� bulk, ���
CdSe III, ��� CdSe II, and ��� CdSe I fitted with one Gaussian
�—�. Dashed line represents the position of first PDF peak in the
bulk data. �b���� The first PDF peak width vs nanoparticle size
obtained from one Gaussian fit. Dashed line represents the width of
first PDF peak in the bulk data. �c� Strain in Cd-Se bond ��r /r� �%�
vs nanoparticle size. ��� Bond values obtained from the local-
structure fitting and ��� obtained from one Gaussian fit to the first
PDF peak. Dotted curves are guides for the eyes.
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IV. CONCLUSION

The PDF is used to address the size and structural char-
acterization of a series of CdSe nanoparticles prepared by the
method mentioned in the text. The core structure of the mea-
sured CdSe nanoparticles was found to possess a well-
defined atomic arrangement that can be described in terms of
locally disordered wurtzite structure that contains �50%
stacking fault density, and quantitative structural parameters
are presented.

The diameter of the CdSe nanoparticles was extracted
from the PDF data and is in good agreement with the diam-
eter obtained from standard characterization methods, indi-
cating that within our measurement uncertainties, there is no
significant heavily disordered surface region in these nano-
particles, even at the smallest diameter of 2 nm. In contrast
with ZnS nanoparticles,11 the heavily disordered surface re-
gion is about 40% of the nanoparticle diameter for a diam-
eter of 3.4 nm, the surface region thickness being around
1.4 nm.11

Compared with the bulk PDF, the nanoparticle PDF peaks
are broader in the high-r region due to strain and structural
defects in the nanoparticles. The nearest neighbor peaks at

r=2.6353�3� Å which come from covalently bonded Cd-Se
pairs shorten as the nanoparticle diameter decreases, result-
ing in a size-dependent strain on the Cd-Se bond that reaches
0.5% at the smallest particle size.
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Understanding the Insulating Phase in Colossal Magnetoresistance Manganites: Shortening
of the Jahn-Teller Long-Bond across the Phase Diagram of La1�xCaxMnO3
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The detailed evolution of the magnitude of the local Jahn-Teller (JT) distortion in La1�xCaxMnO3 is
obtained across the phase diagram for 0 � x � 0:5 from high-quality neutron diffraction data using the
atomic pair distribution function method. A local JT distortion is observed in the insulating phase for all
Ca concentrations studied. However, in contrast with earlier local structure studies, its magnitude is not
constant, but decreases continuously with increasing Ca content. This observation is at odds with a simple
small-polaron picture for the insulating state.

DOI: 10.1103/PhysRevLett.98.137203 PACS numbers: 75.47.Gk, 61.12.�q, 71.38.�k, 75.47.Lx

Doped transition metal oxides are of fundamental inter-
est for their electronic properties that exhibit various types
of colossal responses such as high-temperature supercon-
ductivity, colossal magnetoresistance (CMR), and ferro-
electricity [1], which are still not fully understood. A recent
concept that may be relevant for many of these systems is
the observation of nanoscale inhomogeneities that are
thought to be intrinsic. These can take the form of nano-
scale checkerboard [2,3] or stripe patterns [4], or less
ordered structures [5–8] that are related to electronic phase
separation. Phase separation is also found theoretically in
computational models, which have been used to explain
the large changes in conductivity with temperature and
doping [9]. However, the ubiquity and fundamental impor-
tance of electronic inhomogeneities to the colossal effects
is not completely established [10]. For example, local-
probe experiments where no electronic inhomogeneities
are observed have been made on samples that show a
colossal response [11,12] and some observed inhomoge-
neities have been related to disorder in the chemical dopant
ions [13].

One approach for establishing a correlation between
inhomogeneities and electronic properties is to study the
complete phase diagram of interesting systems. We set out
to examine the local structure of the La1�xCaxMnO3

(LCMO) manganite family. This is an archetypal system
for such studies because of the strong electron-phonon
coupling, through the JT effect, resulting in a large struc-
tural response to electronic phase separation. We probe this
using the atomic pair distribution function (PDF) measured
from neutron powder diffraction data. The signature of the
metallic phase in local structural probes is the absence of a
JT-long-bond [14,15]. When the charges are localized in a
polaronic insulating phase, the JT-long-bond is seen [14–
18]. A two phase fit of an undistorted and distorted phase to
the low-r region of the PDF can thus yield a quantitative

measure of the phase fraction of each phase as a function of
T and x in the system La1�xCaxMnO3 [19]. Unexpectedly,
we found that the length of the Jahn-Teller long-bond in the
insulating phase decreases continuously with increasing
doping in this system, contrary to the canonical under-
standing [17,18,20,21]. Here we report for the first time
extensive, high real-space resolution PDF data as a func-
tion of temperature and doping from 0 � x � 0:5 on well
characterized samples in the La1�xCaxMnO3 system using
new high-resolution, high-throughput, time-of-flight neu-
tron diffractometers. We rule out the existence of fully JT
distorted long-bonds at 2.16 Å in the CMR compositions
that would be expected in a simple single-site small-
polaron scenario for the phase above Tc. The smooth
continuous decrease in the length of the JT-long-bond is
most easily explained in a delocalized or large polaron
picture.

A series of 13 powdered LCMO samples with compo-
sitions spanning 0 � x � 0:5 range were prepared using
standard solid state synthesis methods and annealed to
ensure oxygen stoichiometry [22] and characterized by
resistivity and magnetization measurements. Two addi-
tional finely pulverized single crystal samples (x �
0:075, 0.1), grown by the floating zone method utilizing
image furnace, were also used to increase coverage of the
phase space under the study. Neutron powder diffraction
measurements were carried out at the GEM diffractometer
at the ISIS facility at the Rutherford Appleton Laboratory
in the UK and at the NPDF diffractometer at Los Alamos
Neutron Scattering Center. The samples, of approximately
6 grams each, were loaded into extruded vanadium con-
tainers and sealed under He atmosphere. The data were
collected for all the samples at a consistent set of 7 tem-
peratures between 10 K and 550 K using a closed cycle He
refrigerator. The data were processed to obtain PDFs [23]
using the program PDFGETN [24] by a sine Fourier trans-
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form of the total scattering structure function F�Q� up to a
value of Qmax of 35 �A�1. This highQmax, coupled with the
good statistics from GEM and NPDF, result in high-quality
PDFs with minimal spurious low-r ripples and negligible
termination ripples, as evident in Fig. 1. The PDF analysis
reported here involves both direct data evaluation and
structural modeling using the program PDFFIT [25].
Results of complementary average crystal structure mod-
eling, carried out using the program GSAS [26], are also
presented. All refinements were carried out using the O or
O0 structural models in the Pbnm space group with iso-
tropic displacement parameters [27]. Our analysis does not
address the ordering of localized charges such as observed
in the charge ordered state at x � 0:5 [28].

The results of the average crystal structure evaluation is
summarized in Figs. 2(a) and 3. In the orthorhombic O
phase [29], the local JT distortion amplitude (the length of
the JT-long-bond) is the same as the average long range
ordered value. The distortion is constant with temperature
for fixed Ca content, but decreases linearly with increasing
Ca content. Upon crossing into the pseudocubic O0 phase,
the average JT distortion disappears abruptly [Fig. 2(a) and
3]. However, this effect is accompanied by the anomalous
increase of the isotropic thermal parameters on oxygen
sites, Fig. 2(d). This is consistent with the understanding
that the pseudocubic O0 phase in the insulating state con-
sists of orbitally disordered, JT distorted, octahedra
[30,31], and that this picture can be extended to finite
doping. In the ferromagnetic metallic (FM) phase, the
Rietveld refined JT-long-bond disappears, but there is no
significant enlargement of the refined oxygen thermal pa-
rameter showing that the local JT-long-bond is also absent
[14]. Structural refinements to the PDF data over a wide
range of r (rmax � 20 �A) mimic the Rietveld results rather
closely [Fig. 2(b) and 2(e)]. This shows that the average
structure result is already obtained for a PDF refinement
over a 20 Å range, suggesting that the size of local orbital
ordering correlations is limited to this range.

The size and shape of the local MnO6 octahedra can be
obtained by fitting the PDF over a narrow r range of 6 Å.
The length of the local long Mn-O bond has been obtained

for all compositions and temperatures studied, and is
shown as a contour plot in Fig. 2(c). The color scale has
been set such that a fully shortened long-bond of 1.96 Å
shows up as black. The presence of color therefore indi-
cates a finite local JT distortion. There is a striking resem-
blance between the contour plot of the local JT-long-bond
in Fig. 2(c) and the electronic phase diagram of this man-
ganite that is superimposed. The position of the phase
transition lines were verified from magnetization and re-
sistivity measurements of the samples used in this study.

First, we note that the local JT distortion is present in the
entire insulating part of the phase diagram, but that it is
effectively removed for the metallic compositions at lowest
temperatures. Second, it is seen that the magnitude of the
local JT distortion has a relatively strong doping depen-
dence at lower Ca concentrations, with the bond length
versus concentration curve flattening at higher Ca doping
levels.

Selected constant temperature cuts are shown in
Fig. 3(a)–3(c), for 550 K, 250 K, and 10 K, respectively.
The square symbols show the behavior of the average
structure. The JT-long-bond decreases with doping in the
orbitally ordered O phase, but then abruptly shortens at the
structural phase transition, indicated by the dotted line in
the figure. In contrast, the local JT bond is insensitive to the

 

FIG. 1 (color online). � are the G�r� of x � 0:22 sample at
10 K; solid red line is the calculated G�r� from the crystal
structure model. The difference curve is shown offset below.

 

FIG. 2 (color online). Contour plot of the JT distortion (long
Mn-O distance) in (x, T) parameter space as obtained from
(a) Rietveld analysis and PDF analyses over (b) 20 Å and
(c) 6 Å ranges, respectively. Contour plot of the isotropic
displacement parameter of oxygen, Uiso�O2� in Pbnm setting,
as obtained from (d) Rietveld analysis, and PDF analyses over
(e) 20 Å and (f) 6 Å ranges. In all the panels the solid curves
indicate TJT and Tc phase lines, while dotted vertical lines
indicate IM phase boundaries, as determined from the sample
characterization measurements.
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structural transition, but disappears abruptly when the
sample goes through the insulator-metal (IM) transition.
This is consistent with the widely held current view
[14,15]. What is less expected is the observation that the
length of the local JT-long-bond shortens with increasing
doping in the insulating state. In a single-site small-polaron
picture the insulating state consists of distinct Mn3� and
Mn4� sites. The 4� sites are presumed to have regular,
undistorted, MnO6 octahedra and the 3� sites to be JT
distorted with 2.16 Å long bonds, as in the undoped
LaMnO3 end member, and this was supported by experi-
mental evidence [15,17,18]. We investigate these refine-
ment results in greater detail below.

Figure 4 shows some representative PDF data bracketing
the IM transition. We show the nearest-neighbor doublet of
the PDF from La1�xCaxMnO3 with x � 0:18 and x �
0:22. The former sample remains in the insulating state
at all temperatures; the latter is a ferromagnetic metal
below �180 K, and paramagnetic insulator at higher tem-
perature. Thus, a comparison of the curves in Fig. 4(b)
shows the effect of changing composition without crossing
the IM transition. The changes are very small. In Fig. 4(a)
the metal insulator (MI) is crossed at constant temperature.
The changes to the nearest-neighbor doublet on crossing
the MI transition are evident with a sharp, single-valued
peak giving way to a peak with a well-defined shoulder on
the high-r side. This is the appearance of the JT-long-bond
in the insulating phase. Notable, however, is the absence of
intensity at the position of the undoped JT-long-bond at
r � 2:16 �A, indicated by a vertical dashed line in the
figure. This clearly shows the absence of any fully distorted
JT octahedra in the structure. The difference curve in
Fig. 4(a) also shows the appearance of intensity on the
low-r side of the shortest bond in the insulating phase.
Figure 4(c) and 4(d) shows the model fits to the metallic
and insulating PDFs, giving a sense of the quality of fits to
the local PDF that were obtained in our determination of
the phase diagram in Figs. 2 and 3.

The main result of the current study is the clear demon-
stration of an absence of any Mn-O long-bonds of the fully
JT distorted 2.16 Å length in the doped samples, as would
be expected in a simple-minded small-polaron picture. Our
result disagrees with the canonical understanding from
earlier experimental studies [15,17,18], though is consis-
tent with the observations of a number of less well-known
studies [32,33]. The observation could be explained in a
homogeneous picture where the electron density is uni-
formly distributed over all Mn sites in the insulating state.
In this case, the electron density in the orbitals, and there-
fore the driving force for the JT distortion, decreases con-
tinuously with increasing hole doping. It is harder to
explain in a small-polaron picture where localized Mn4�

sites exist in a fully distorted Mn3� background. In this
scenario, one source of long-bond shortening could be
elastic strain in the lattice because of the disordered polar-

ons. This is unlikely to explain our observation. The energy
scale for octahedral rotations is much smaller than for
stretching the covalent bonds [34] and most elastic strain
accommodation is expected to occur in the octahedral
rotations. This is indeed the case when orbital disorder
sets in at constant doping as a function of temperature
[30]. Also, we note that there is a negative deviation
from Vegard’s law [35], indicated by the dashed line in
Fig. 3, in the average length of the long-bond. Elastic

 

FIG. 3 (color online). Length of the longest Mn-O distance in
the MnO6 octahedron vs doping at (a) 10 K, (b) 250 K, and
(c) 550 K. � denote Rietveld result; � and � show results of
PDF refinements over 20 Å and 6 Å ranges, respectively. Sloping
dashed lines denote Vegard’s law [35] behavior for Mn-O long-
bond interpolating between the values for LaMnO3 and
CaMnO3. Dashed vertical lines mark the IM transition, while
the dotted vertical lines denote the orthorhombic to pseudocubic
phase transition. The insets reproduce Fig. 2(c) showing the
temperature of the data shown in the panel. Symbols indicate
measured compositions.
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relaxation in covalently bonded alloys analogous to the
manganites results in a characteristic Z plot [36,37] of
bond-length versus composition that is clearly not seen
here. A principle strain relaxation mode through octahedral
rotations is also indicated by enlarged Uiso values in the
insulating region of the phase diagram, as evident in
Fig. 2(d). We also note that oxygen K edge spectroscopy
indicates an increasing importance of oxygen ligand hole
states with doping [38,39], indicating a clear change in the
local electronic structure induced by doping.

It is not possible from our current data to tell unambig-
uously whether or not the sample is phase separated into
metallic and insulating regions. Phase separation would
imply a transfer of intensity from the position of the long-
bond to that of the short-bond. What we show here is that
the length of the long-bond decreases with doping. The
long-bond starts to overlap with the short-bond at higher
doping making an extraction of the integrated area of the
peak uncertain. However, we note that modeling the local
structure with a homogeneous model in Pbnm setting as
we have done, with 4 short and 2 long-bonds at all doping
levels in the insulating region, results in rather good fits as
evident in Figs. 1 and 4(d). Enlarged oxygen Uiso values in
0:12 � x � 0:17 range are evident in Fig. 2(d)–2(f) where
phase separation has been observed [40].
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FIG. 4 (color online). Experimental PDFs, G�r�, of x � 0:18
(solid line) and x � 0:22 (dashed line) samples at (a) 10 K and
(b) 190 K, with difference curves underneath. Both data sets are
in the insulating phase in (b) but straddle the IM boundary in (a).
A JT long-bond appears in the insulating phase but is shorter
than that in the undoped end member, indicated by the vertical
dashed lines. (c) and (d) show representative rmax � 6 �A PDF
fits (solid lines) to the 10 K data (�) shown in (a). Difference
curves are offset below.
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Quadrupolar Ordering in LaMnO3 Revealed from Scattering Data and Geometric Modeling
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Many strongly correlated materials display quadrupolar (Jahn-Teller) distortion of the local octahedral
structural units. It is common for these distortions to be observed by probes of local structure but absent in
the crystallographic average structure. The ordering of these quadrupoles is important in determining the
properties of manganites and cuprates, and the nature of the disorder in these structures has been an
unsolved problem. We combine high resolution scattering data and novel geometrical modeling tech-
niques to obtain a detailed picture of the local atomic structure, and also to extract the quadrupolar order
parameter associated with the distorted octahedra. We show that in LaMnO3, quadrupoles undergo a
strong first-order phase transition at 730 K, but with nonzero order parameter remaining in the high-
temperature phase.

DOI: 10.1103/PhysRevLett.99.155503 PACS numbers: 61.43.Bn, 61.50.Ah, 71.70.Ej, 75.40.Mg

Extracting detailed structural information from solids
that have both long-range order (Bragg peaks) and local
disorder (diffuse scattering) is one of the most challenging
problems in characterizing complex materials [1]. Here we
show how it is possible to combine high resolution neutron
scattering data out to large scattering wave vectors, with
modeling that preserves the local stereochemistry. The
latter requires the introduction of various penalty functions
for distortions from perfect crystallinity and is done by a
new technique involving geometrical simulation that we
have developed. This new combined experiment and mod-
eling approach is illustrated here with LaMnO3 where the
MnO6 octahedra can distort uniaxially and arrange them-
selves in a quadrupolar ordering pattern.

In manganite perovskites and layered cuprates [2–5],
strong Jahn-Teller (JT) coupling [5–12] gives rise to a
variety of interesting magnetic, electronic, and structural
phenomena such as charge and orbital ordering, ferromag-
netism, phase separation, and of course colossal magneto-
resistance (CMR) [2–4,13,14] and superconductivity
[15,16]. In the undoped end member LaMnO3, crystallo-
graphic methods indicate that above about 730 K, the
JT distortion ceases to exist [17–19]. The transition is
characterized as first order based on the observation of a
coexistence of the low and high temperature phases over a
range of temperatures and an anomalous volume collapse
is observed [19]. However, studies sensitive to local struc-
ture [20–22] indicate that locally the octahedra remain JT
distorted above the transition and only disappear on aver-
age. Although LaMnO3 has been investigated using ex-
perimental techniques including neutron diffraction [17],
transport and SQUID [22], XANES, and EXAFS [21], all
of which have led to important insights, none of these has
led to a comprehensive structural model or a full descrip-
tion of the nature of the JT phase transition. Here, we have

been successful in combining pair distribution function
(PDF) data [20] with new geometrical modeling tech-
niques [23,24] to describe both the short- and long-range
order at all temperatures, and most importantly to extract
the quadrupolar order parameter. Surprisingly, weak long-
range quadrupolar ordering persists above the first-order
phase transition at around 730 K up to the highest tem-
peratures studied (1150 K).

Qiu et al. [20] studied LaMnO3 using data collected at
the NPDF diffractometer at Los Alamos National
Laboratory. Structural parameters were initially refined
using PDFFIT [25]. Models were refined for the data
over different length scales r. Fits confined to the low-r
region yielded the local (JT-distorted) structure, whereas
fits over wider ranges of r gradually crossed over to the
average crystallographic structures, suggesting that the
nature of the high-temperature state is that of orientation-
ally disordered, JT-distorted, octahedra with a short-range
local ordering persisting at all temperatures.

To obtain more complete structural models of LaMnO3

that fully reconcile the local and the average structures we
represent the structure with a large supercell. For each
temperature point our starting model was a 16� 16� 12
supercell of the PDF-refined crystal structure, with cell
edges of about 90 Å, containing 61 440 atoms (12 288 oc-
tahedra). We then refined the atomic positions within this
supercell so as to fit its PDF to the experimental PDF, using
a simulated-annealing algorithm. In each round of the
algorithm, a randomly selected atom is moved, the G�r�
of the new structure is calculated and compared to the
experimental G�r�, and changes that improve the fit are
accepted, while those that worsen the fit are accepted or
rejected based on a Metropolis criterion. We perform simu-
lated annealing by gradually lowering the pseudotempera-
ture in the Metropolis criterion.
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In practice, fitting based only on G�r� can give unphys-
ical results [26] and some form of constraint must be used
to ensure that local chemical bonding and steric exclusion
are properly maintained. It is usual to apply harmonic
constraints [26] to bond lengths and angles, so that the
cost function includes not only the mismatch between
experimental and simulated G�r�, but also the cost of
stretching constraints. However, this approach can be
used only if equilibrium values for bond lengths are
known; since the pattern of JT distortions in the high-
temperature structures is not known, we cannot define ideal
Mn-O bond lengths in advance.

We have made use of a new form of geometric constraint
based on the technique of geometric modeling
[23,24,27,28], where the constraints in a bonded group of
atoms (here, an MnO6 unit) are represented using a rigid
‘‘template‘‘ which has the ideal geometry of the group. The
template may be a regular octahedron or a JT-distorted
octahedron with long Mn-O bond of 2.16 Å and a short
bond of 1.94 Å [23]. The template shape is chosen based on
the aspect ratio of the Mn-O bonds, allowing a JT distor-
tion to develop to fit the data. The application of these
templates is shown in Fig. 1. Every time an atom is moved,
the template is fitted over the atoms of the group. The
distortion of the group from the template geometry is
measured by the mismatch of O atoms from template
vertices. If the mismatch exceeds a defined tolerance, the
move is immediately rejected for violation of bonding
geometry. We allowed a tolerance of 0.3 Å, to allow for
normal thermal variation in the bond lengths. Conformers

are also rejected if two atoms are unacceptably close to
each other, e.g., a severe steric clash between an interstitial
La and an O atom. If the system passes these geometric
tests, the simulated-annealing algorithm then determines
whether to accept or reject the move based on its fit to the
data.

In Fig. 2(a) we show the PDF G�r� at 300 K and fit to
data. It is notable that we fit both the long-range data and
the short-range data (showing splitting of the first Mn-O
peak due to the JT distortion) equally well. The fits are
comparably good at all temperatures. The width of a peak
indicates a distribution of interatomic distances in the
model. In Fig. 2(b), we show portions of the fitted struc-
tures at 300 and 1050 K. The JT distortion of an octahedron
is a quadrupolar (rather than dipolar) distortion, described
by a quadrupole moment q. We analyzed our structures by
obtaining the quadrupole moment of each octahedron. The
five components of q are defined in terms of the compo-
nents x, y, z of the six Mn-O bond vectors in each octahe-
dron, as follows:

FIG. 1 (color online). Schematic representation of the struc-
ture of LaMnO3 in the xy plane showing the checkerboard
arrangement of JT-distorted octahedra in the xy plane with
long and short bonds; the direction of JT distortion is empha-
sized by green (light gray) arrows. A regular octahedron is
shown on the right and has all short bonds. Mn ions are in the
middle of octahedra, and O ions are at the vertices of octahedra.
La atoms are omitted for clarity. Ideal geometric templates for
JT-distorted octahedra (gray lines) are superimposed over each
octahedron.

FIG. 2 (color online). (a) Representative fit of G�r� [red (or
dark gray) line] to the data [blue (or gray) circles] for LaMnO3 at
300 K. The difference is offset below in green (or light gray).
(b) Slices of the fitted models for 300 and 1050 K showing
arrangement of MnO6 octahedra. La ions (light gray or cyan) are
interstitial atoms in the channels. At 300 K, there is a checker-
board arrangement of octahedra and La ions are relatively
ordered in the channels. At 1050 K—the average structure
appears cubiclike, the octahedra are very buckled and La ions
are disordered in the channels. The different sizes of the images
are due to a small degree of negative thermal expansion [19].
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The correlation between two quadrupole moments q and q0

at different sites is given by

 C �
3

16�b2 � a2�2
�q1q01 � q2q02 � q3q03 � q4q04 � q5q05�;

(2)

where a and b are the average length of short and long
bonds in JT octahedra. In our normalization we used values
of a � 1:94 �A and b � 2:16 �A as obtained previously by
diffraction methods [12,17,20]. We also define a normal-
ized magnitude for the quadrupole moment on a single site
as

 P2 �
3

16�b2 � a2�2

 X5

j�1

q2
j

!
; (3)

so that a JT-distorted octahedron with bond lengths a and b
will have a magnitude P ’ 1.

For octahedra with these bond lengths, the correlation
factor C has values of �1 for alignment (long bonds
parallel) and �1=2 for antialignment (long bonds perpen-
dicular), and so is asymmetric by definition. Two other
factors in the LaMnO3 system also make this correlation
function asymmetric. In the low-temperature ordered form,
the long axes of all octahedra lie in the xy plane and so the
q5 component tends to be negative for all octahedra. Also,

the octahedra are tilted so that the long axes of adjacent
octahedra are not exactly perpendicular. Both factors pro-
duce a positive bias on C. We therefore define a symme-
trized correlation C0 by subtracting from each individual
quadrupole moment q [Eq. (1)], the average quadrupole
moment hqi for all octahedra in the model. C0 lies approxi-
mately in the range

 � 1<C0 <�1; (4)

where �1 signifies alignment and �1 antialignment.
Since in low-temperature, ordered LaMnO3, the octahe-

dra are ordered in the xy plane, we specifically consider the
correlation in this plane, which we will call C0xy. For each
octahedron, we obtain its correlation C0xy with its nearest-
neighbor octahedra (those with which it shares a vertex) in
the xy plane, with its second-nearest neighbors, and so on.
We examine the distribution of these correlations for all
octahedra in each model, from first neighbors out to tenth.
In the fully ordered structure we expect the distribution of
C0xy for odd neighbors to peak around �1, and for even
neighbors to peak around �1.

In Fig. 3 we show the distributions of C0xy at several
temperatures. At 300 K, the distributions for all odd neigh-
bors are peaked around C0xy ’ �1, and those for even
neighbors are peaked around C0xy ’ �1. At 700 K (just
below the transition) the peaks have moved closer together
and are broader. At 750 K (just above the transition) and
1050 K, the distributions for odd and even neighbors are
almost superimposed on each other with mean correlations
close to zero. At first sight it appears that all ordering is lost
at high temperatures, despite the persistence of the
JT distortion in each octahedron individually.

We examine the transition in more detail by extracting
the mean value of C0xy for each set of neighbors (first,
second, third, and so on). At 300 K, the correlation is
equally strong for all neighbors; odd neighbors (from 1st
to 9th) are strongly anticorrelated, with hC0xyi close to �1,
and even neighbors (from 2nd to 10th) are strongly corre-
lated. At higher temperatures, however, a different pattern
emerges. First, hC0xyi for first neighbors is more negative
than hC0xyi for odd neighbors at longer range, indicating a
stronger anticorrelation of first neighbors. As first neigh-
bors share one oxygen atom in common in an MnA-O-MnB
bridge, if the MnA-O distance is shorter it is intrinsically
more likely that the O-MnB distance is longer. This also is
in agreement with the observation of Qiu et al. [20] that
small domains of order similar to the low-temperature
ordered structure persist above the phase transition. More
surprisingly, long-range ordering is not completely lost
even at very high temperatures; an alternation in hC0xyi
between odd and even neighbors is visible even at the
highest temperatures, although the magnitude is quite
small (at 1050 K, �0:011< hC0xyi< 0:019, i.e., less than
1=50 of that seen at low temperature).

FIG. 3 (color online). Distribution of xy-plane correlation C0xy
at 300, 700, 750, and 1050 K. Below the JT transition the
distributions for odd and even neighbors are quite distinct, while
above the transition the distributions are almost superimposed.
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From the behavior of the mean correlation, we obtain an
order parameter Q describing long-range quadrupolar or-
dering. If the ordering on a site is proportional to the order
parameter, then the correlation between sites is propor-

tional toQ2. Thus we estimateQ as
��������������
jhC0xyij

q
for neighbors,

in the xy plane, at long range (i.e., not including first
neighbors). In Fig. 4(a) we show this order parameter for
all temperatures. We observe strong long-range order at
lower temperatures and weak but nonzero long-range or-
dering at high temperatures, with a sharp (first-order)
transition between the two at around 730 K. This is very
similar to the form of quadrupolar ordering transition for
S � 3

2 Ising systems studied by Sivardière and Blume [29].
The distribution of magnitudes P [Eq. (3)] of individual
quadrupole moments of octahedra [Fig. 4(b)] shows that
the full amplitude JT distortions persist up to the highest
temperatures studied, consistent with earlier observations
[20,21], and the drop in Q at high temperatures is due to a
change in ordering, not to a loss of JT distortion on
individual sites. It might appear disconcerting that the
order parameter does not go to zero at the phase transition,
but this is known to occur in quadrupolar systems. The
existence of a field that couples to the order parameter (for
example, an external magnetic field in a ferromagnet) will
guarantee that the order parameter never goes to zero, and
therefore destroys the critical point when the transition is
second order. For quadrupolar ordering in, say, a spin S �
1 system, the field that couples to the order parameter Q is
a crystal field term like DS2

z , where Sz is the z component

of the spin. A first-order phase transition can then occur
where Q jumps at the transition and then has a tail at high
temperatures [29]. In this case the field that couples to Q is
generated internally by strain in the sample. Here we
extract the order parameter directly from the PDF mea-
surement bypassing the need to write down a Hamiltonian
for the system.

Our results suggest the correlation of quadrupole dis-
tortions is the correct microscopic order parameter to
describe the Jahn-Teller phase transition in LaMnO3. The
integrated experiment and modeling approach developed
in this work, which involves incorporating local stereo-
chemical constraints on the scattering data using geomet-
rical simulation, should prove to be of wide validity in
manganites, cuprates, and other materials with coupled
local Jahn-Teller distortions.
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Abstract. Total scattering based atomic pair distribution function (PDF) analysis, with the 
advent of high data throughput neutron powder diffractometers, helps understanding the 
nature of the Jahn-Teller (JT) phase transition in La1-xCaxMnO3 colossal magnetoresistive 
(CMR) manganites.  The JT distortion of the MnO6 octahedra, is long-range ordered in the 
orthorhombic (O) phase, but disappears in the pseudo-cubic (O’) phase crystallographically. 
An anomalous unit cell volume contraction occurs at the transition. The PDF study indicates 
that the distortion persists locally deep in the O’ phase, contrary to the crystallographic view. 
Simultaneously, local structural features observed in PDF at 10.3 Å, sensitive to the oxygen 
sublattice changes, evolve dramatically across the transition. The same effect is observed 
irrespective of the way the O-O’ phase boundary is crossed: it is seen both in the temperature 
series data for x=0, and in the doping series data at 310 K and at 550 K.  

Introduction 
The hole-doped La1-xCaxMnO3 (LCMO) series have been the subject of significant interest 
for decades due to the complex interplay between the spin, charge, orbital and lattice degrees 
of freedom [1-6].  The parent LaMnO3 (LMO) has an A-type antiferromagnetic ground state, 
with long-range ordered JT distorted MnO6 octahedra, exhibiting four shorter (~1.94 Å) and 
two longer (~2.17 Å) Mn-O bonds, and has orthorhombic (O) symmetry (s.g. Pbnm) [7, 8]. 
When heated above TJT~750 K, the structure becomes pseudo-cubic (O’), but the system 
retains the same space group [9]. At this JT-transition a loss of long-range orbital order is 
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observed, and the JT-distortions disappear crystallographically. The temperature of the O-O’ 
transition abruptly lowers with Ca doping, and it becomes as low as 35 K at x=0.2 [9]. Al-
though the insulating pseudo-cubic phase is of great importance, as it hosts the ferromagnet-
ism and CMR effect, its exact nature is still not fully understood [10-13]. The JT-transition is 
argued to be order-disorder in character [12, 14], but the exact mechanism is still debated 
[15-17].  The local JT distortion in the undoped endmember, as recently shown, remains with 
full magnitude all the way up to the highest temperature and the rhombohedral phase [15]. 
The same study suggested that the ground-state-like orbital order remains within clusters ~16 
Å in diameter above the TJT. The nature of the O-O’ transition appears to have the same 
origin when the phase line is crossed both vs temperature at fixed doping, and vs doping at 
fixed temperature [18]. Here we extend these results to the case when the phase line is 
crossed as a function of doping at 550 K temperature, deep in the insulating phase. The re-
sults agree with these obtained for 310 K. Using the same set of data crystallographic results 
are further obtained for the evolution of the unit cell volume with doping at 550 K. Anoma-
lous volume contraction is observed upon crossing into the pseudo-cubic O’ phase along the 
doping axis, in agreement with earlier T-dependent studies at fixed doping [14, 16].   

Experimental 
The local structural information is obtained by the real-space atomic pair distribution func-
tion (PDF) analysis of the neutron diffraction data collected at NPDF diffractometer at 
LANSCE, and at GEM diffractometer at ISIS. The temperature dependence of the x=0 sam-
ple was carried out at 14 temperatures from 300 K up to 1150 K at NPDF. At the same in-
strument data were collected for 13 samples spanning 0 ≤ x ≤ 0.5 doping range at 550 K.  
The data at 310 K for the same doping range were collected at GEM. Sample preparation and 
the measurement details including data processing methodology are specified elsewhere [15, 
19, 20]. The experimental PDF, G(r), is obtained through a sine Fourier transform of the total 
scattering structure function, S(Q), where Q is the momentum transfer, via  

 
0

2( ) ( )sin( )G r F Q Qr dQ
π

∞

= � , (1) 

using the program PDFGETN [21]. The radial distribution function (RDF), R(r), is related to 
G(r) through a series of simple arithmetic operations [20]. Both functions are peaked at dis-
tances separating pairs of atoms. We show here PDFs that were obtained using high resolu-
tion total scattering data up to a very high value of momentum transfer, QMAX=35Å-1. The 
full profile refinements of experimental PDFs is obtained using the modelling program 
PDFFIT [22], while the Rietveld refinements on the diffraction patterns of the same data is 
carried out using the program GSAS [23, 24] to obtain the crystallographic values.  

Results 
The data presented here are a subset of an extensive set of data collected at high throughput 
neutron diffraction instruments to accurately evaluate local structural properties across the 
phase diagram of LCMO [19]. The advent of modern synchrotron based high flux sources 
allows for new, previously undetected structural details to emerge. Figure 1 shows detailed 
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phase diagram of LCMO as mapped out by the O2 isotropic crystallographic displacement 
parameter. The ridge centred at around x=0.175 at low T tracks the O-O’ phase boundary.  

 

 
 

Figure 1. Phase diagram of LCMO CMR manganites mapped out by the isotropic displacement pa-
rameter of O2, as obtained from crystallographic modelling using Pbnm space group settings. The 
ridge centred at around x=0.175 in the 3D plot corresponds to the Jahn-Teller transition.  

Typical PDF, G(r), of the x=0 sample is shown in figure 2. The nearest neighbour doublet at 
~2 Å corresponds to the 4 shorter and 2 longer Mn-O bonds. The peaks are negative due to  
 

 
Figure 2. Typical atomic PDF, G(r), of the LCMO system. Symbols represent the data, solid line is the 
crystallographic model, and the difference curve is offset below. The circled peaks at 2.0 Å and 2.75 Å 
in PDF correspond to the MnO6 octahedra locally, to the Mn-O and O-O distances respectively. 
 
the negative neutron scattering length of Mn. Set of positive PDF peaks centred at ~2.75 Å 
contains O-O bond length contributions. These PDF features, circled in figure 2, capture the 
local behaviour of the MnO6 octahedra, and allow systematic tracking of the JT-distortion 
evolution with temperature and/or doping. New high data throughput neutron powder dif-
fractometers, such as NPDF and GEM, make it feasible to systematically evaluate the local 
structural behaviour in this manner. In figure 3 (a) and (b) we summarize the results of the 
evolution of the JT distortion with temperature in x=0 sample, and with doping at 310 K 
respectively, using the R(r) representation of the PDF. The vertical dashed lines indicate the 
length of the Mn-O bonds in the ground state of LMO. The dashed profiles denote the O-O’ 
phase transition boundaries in the two cases. There is no appreciable change of the local JT 
distortion upon crossing into the O’ phase, evident in the figures. Moreover, the peaks near  
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Figure 3. Radial distribution function (RDF), R(r), depicting the evolution of the JT distortion with (a) 
temperature in the x=0 sample, and with (b) doping at 310K. The vertical dashed lines indicate the 
positions of the short and long Mn-O bonds in the undoped endmember at 10K. Dashed profiles denote 
the Jahn-Teller phase boundary. (c) and (d) show the same RDFs with emphasis on the features at 
slightly higher r-values. Notable is a dramatic change in the 10.3 Å peak across the phase boundary 
marked with dashed lines.  
   
2.75 Å do not change discontinuously either. The changes that can be noticed are those that 
are due to the thermal broadening, figure 3 (a), and due to the scattering length change, as Ca 
doping changes, figure 3 (b).  However in both cases the RDF profiles evolve continuously. 
Rather dramatic change in the local structure is observed around 10.3 Å, figure 3 (c) and (d). 
There is an abrupt change in this peak intensity on crossing the JT phase line. It has been 
demonstrated that this effect is related to the rearrangements within the oxygen sublattice 
[18]. Quantification of these observations, by fitting the PDF profiles over relatively narrow 
r-range, further showed that the local JT distortion remains unchanged across the Jahn-Teller 
transition, while the features sensitive to oxygen rotations that correspond to further-
neighbour correlations change dramatically and vanish in the pseudo-cubic phase [18].  
 

 
 

Figure 4. The RDFs of the series of LCMO samples obtained for 550K. All the structural 
features previously observed as a function of temperature at fixed doping (x=0), and as a 
function of doping at fixed temperature (T=310K) are reproduced deep in the insulating 
phase. 
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Note that there is a systematic gradual shift of the intensity of the 2.17 Å long bond peak 
towards lower r-values. This, however, continues smoothly across the JT-transition [19].  
 

 
 
Figure 5. Evolution of the unit cell volume, as obtained from the Rietveld refinement, (a) with tempera-
ture at fixed doping (x=0), and (b) with doping at fixed temperature (T=550K). Anomalous unit cell 
volume reduction is observed at the phase transition (indicated by the arrows) in both cases. Inset to 
(a) shows the x=0 data in more detail. Dashed lines are guide for the eyes 
 
Figure 4 shows doping evolution at 550 K of the structural features from figure 3. Apart from 
the apparent shift of the phase boundary towards lower x, compared to 310 K, the result is in 
accord with the earlier findings. In figure 5 (a) the temperature dependence of the crystallo-
graphic unit cell volume is shown across the TJT~750 K for x=0 sample, and on the same 
scale in figure 5 (b) the doping dependence of the volume at 550 K across the xJT~0.1.  The 
anomalous volume collapse, presumably due to the repacking of the structure at the transi-
tion [14, 16], is observed in both cases. �V is estimated to be around 1.1 Å3 (0.41% change 
across the transition) in the x=0 sample in agreement with earlier results, and about 3.2 Å3 
(1.34% change) when the phase boundary is crossed along the doping axis at 550 K.  .   

Concluding remarks 
The neutron powder diffraction based atomic PDF analysis is a powerful tool in accurately 
tracking the structural evolution of complex materials. The local JT distortion as a function 
of doping at 550 K persists in the O’ phase, while dramatic changes associated with the rear-
rangement in the oxygen sublattice at TJT are observed. The volume collapse upon crossing 
into the O’ phase along the doping axis at 550 K is observed from the same set of data using 
Rietveld refinement results. This effect is comparable, but slightly larger than that observed 
in T-dependence for the x=0 sample.  
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a b s t r a c t

The local and average structure of the Ca endmember of the La1�xCaxMnO3 series has been investigated.

Neutron powder diffraction-based high real-space resolution atomic pair distribution function (PDF)

analysis, yielding the local atomic structure, and the corresponding Rietveld analysis yielding the

average crystal structure show that the two structural scales are in accord in this material, and that the

MnO6 octahedral units are regular for all temperatures studied. Quantitative values of structural

parameters are reported for a wide temperature range, important for both experimental and theoretical

considerations of hole and electron doped branches of the rich phase diagram of La1�xCaxMnO3.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Colossal responses, such as high-temperature superconductiv-
ity, colossal magnetoresistance (CMR) and ferroelectricity, have
brought doped transition metal oxides into focus during the past
two decades [1]. This is not only due to their importance for
potential applications, but also as these materials represent an
extremely fertile ground for verification of various fundamental
physical concepts.

The manganite-based perovskite La1�xCaxMnO3 family in
particular has been the subject of enhanced interest as it exhibits
a complex interplay of orbital, electronic, and magnetic degrees of
freedom [2]. This system is of great value to the oxide community
as it is dopable over the full range of Ca concentrations between 0
and 1. The appearance of the insulator-to-metal phase transition
and the CMR effect for Ca-doping between 0.2 and 0.5 are
certainly among the most prominent features, whose mechanisms
are still not fully understood. The importance of the atomic
structure to understand the CMR properties of manganites,
especially that on a nanometer lengthscale, has been established
[3,4]. However, the lack of complete understanding of the exact
role that local structure plays extends to the present time [5,6].
Knowledge of accurate values of the structural parameters of the
La and Ca endmembers over a broad temperature range is
ll rights reserved.

+1517 353 4500.
essential both for numerical studies [7] and for experimental
considerations such as those aimed to quantify the phase fractions
as part of an effort to verify (or otherwise) the phase separation
scenario [8]. While the rich structure of the La endmember has
been studied in detail over an extremely wide temperature range
[2,9–11], the structure of the Ca endmember has been quantified
less extensively and for fewer temperatures [12].

In this paper we report the results of a neutron total scattering
experiment on CaMnO3 over a wide temperature range, bridging
the gap and complementing the detailed structural work carried
out over the same temperature range for a dense series of Ca
concentrations in the hole-doped branch of the phase diagram [6].
This provides important (and so far missing) experimental
information allowing for the quantification of microscopic phase
separation in La1�xCaxMnO3, among other things.
2. Experimental

Powder CaMnO3 sample was synthesized using standard solid
state reaction from high purity CaCO3 and MnO2 starting
materials. The mixed powder was ground and fired in air at 900,
1000, and 1050 1C, successively, with intermediate grindings.
Finally, the powder was pressed into a pellet and fired at 1070 1C.
The as-made pellet was annealed at 500 1C, under 2650 psi O2

pressure, with 0.1 C/min cooling rate to room temperature. The
final high pressure treatment was necessary to suppress the
occurrence of the Marokite impurity phase and to optimize

www.sciencedirect.com/science/journal/pcs
www.elsevier.com/locate/jpcs
dx.doi.org/10.1016/j.jpcs.2008.03.029
mailto:bozin@pa.msu.edu
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the oxygen stoichiometry. The crystallographic behavior was
confirmed by means of X-ray diffraction characterization.

Time-of-flight (TOF) neutron diffraction measurements were
carried out on the NPDF diffractometer at LANSCE at Los Alamos
National Laboratory. The local structural information is accessed
by means of the real-space atomic pair distribution function (PDF)
analysis of the neutron diffraction data collected at seven
temperatures from 10 K up to 550 K. Approximately 5 g of finely
pulverized sample was sealed in an extruded cylindrical vana-
dium tube with He exchange gas. The sample was cooled using a
closed-cycle He refrigerator. The data were corrected for experi-
mental effects and normalized [13] to obtain the total scattering
function SðQ Þ [14], where Q ¼ jQ j ¼ jk� k0j represents the
momentum transfer magnitude for the scattering. The PDF
function, GðrÞ, is then obtained by a Fourier transformation
according to

GðrÞ ¼
2

p

Z 1
0

Q ½SðQ Þ � 1� sinðQrÞdQ . (1)

A typical total scattering structure function, FðQ Þ, and the
corresponding PDF, GðrÞ, are shown in Fig. 1. The function GðrÞ

gives the probability of finding an atom at a distance r from
another atom. This function is obtained directly from the Fourier
transform of the neutron diffraction data and is used to
investigate features of the local structure of a material. The radial
distribution function (RDF), RðrÞ, relates to GðrÞ through a series of
simple arithmetic operations [13]. Both GðrÞ and RðrÞ functions are
peaked at distances separating pairs of atoms. The PDFs presented
here used high resolution total scattering data up to a very high
value of momentum transfer (QMAX ¼ 35 A�1) and were reduced
from the raw data using the PDFgetN program package [15].
Fig. 1. Reduced total scattering structure function, FðQ Þ ¼ Q ðSðQ Þ � 1Þ, of CaMnO3

at 10 K (a) and corresponding atomic pair distribution function, GðrÞ, (b) obtained

through a Fourier transform. Upper limit of integration in the transform, Q max, was

set to 35 A�1.
3. Modeling

Structural modeling was carried out in reciprocal and in direct
space. The Rietveld refinements were done using the GSAS
program [16] controlled by EXPGUI [17]. Structural refinements
in direct space were performed using the PDFfit2 modeling engine
controlled by PDFgui [18]. The PDF modeling was carried out over
a 19.5 Å r-range using the constraints of the orthorhombic Pnma
space group, with 16 parameters refined. These are three lattice
parameters and seven fractional coordinates as permitted by
symmetry, four isotropic atomic displacement parameters (ADPs),
correlated motion parameter d2 associated with the quadratic
term [13], and a scale factor. The Rietveld refinements were done
with the same set of parameters, except for the one pertaining to
the correlated motion, and in addition six background parameters
using GSAS background function 4 (expansion of the exponential),
and two peak profile parameters. Very good fits were obtained for
all the data sets. Example refinements are shown in Fig. 2:
Rietveld fits for 425 and 130 K data are presented in Fig. 2(a) and
(b), respectively, while the PDF fits of the data at the same two
temperatures are shown in panels (c) and (d), respectively.

We have recently [19] investigated the structure of LaMnO3 by
fitting large structural models to PDF data, using simulated-
annealing combined with geometric constraints [20], which
allows for the presence or absence of Jahn–Teller (JT) distortions
in the MnO6 octahedra to be studied. Here we apply the same
approach to CaMnO3. For each temperature point our starting
model was a 16� 16� 12 supercell of the PDF-refined crystal
structure, with cell edges of about 90 Å, containing 61440 atoms
(12 288 octahedra). This starting structure was refined following
Fig. 2. Typical orthorhombic model refinements of the total scattering data.

(a) 425 K and (b) 130 K Rietveld refinements. (c) 425 K and (d) 130 K PDFfit

refinements. In all cases, symbols are the data, solid line is the refined profile, and

the offset gray line is the difference curve. The gray line in the Rietveld plots

underneath the data is the calculated background function.
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the procedure described in Ref. [19]. Such large models can give
unphysical results [21] and constraints must be used to ensure
that local chemical bonding and steric exclusion are properly
maintained. Our geometrically constrained refinement approach
constrains the bonding geometry of the MnO6 octahedra using a
system of geometric templates [20,22,23] which allow each
octahedron to adopt either regular or JT distorted geometry, as
described in more detail in Ref. [19]. From the fully converged
models we obtained the distribution of quadrupole distortions of
the octahedra to look for evidence in the data for the existence of
JT distortions. The five components of a quadrupole q are defined
in terms of the components x; y; z of the six MnO bond vectors in
each octahedron, as follows:

q1 ¼ 2
X6

i¼1

xiyi; q2 ¼ 2
X6

i¼1

yizi,

q3 ¼ 2
X6

i¼1

zixi; q4 ¼
X6

i¼1

ðx2
i � y2

i Þ,

q5 ¼
1ffiffiffi
3
p

X6

i¼1

ð2z2
i � x2

i � y2
i Þ. (2)

4. Results and discussion

The results of the refinements for all temperatures are reported
in Table 1. Excellent agreement is observed between the PDF and
Rietveld refined parameters, confirming that there are no
significant local structural distortions in this material, as ex-
pected. The refined fractional coordinates are largely within the
estimated uncertainties, which gives confidence in their accuracy
given that they are being refined using different techniques. The
ADPs are consistently lower in the PDF refinements. We might
expect that the PDF data give more accurate ADPs because the
data-range that is probed is wider and the refined ADPs are not
correlated with a fitted background function. The fact that they
are so small in the PDF refinements is a good indicator that there
is little in the way of local structural disorder in this material. The
refined lattice parameters are close between the PDF and Rietveld
refinements, but are consistently overestimated by �0:004 A in
the PDF results. This is a known problem with PDF data derived
from TOF neutron data that has asymmetric diffraction peak
Table 1
PDF and Rietveld refinement results for CaMnO3

T (K) Rietveld

10 130 300 425 550

a (Å) 5.2757(1) 5.2782(1) 5.2816(1) 5.2850(1) 5.2884

b (Å) 7.4398(1) 7.4435(1) 7.4567(1) 7.4666(2) 7.4761

c (Å) 5.2555(1) 5.2577(1) 5.2671(1) 5.2748(1) 5.2820

Ca x 0.0348(2) 0.0348(2) 0.0327(2) 0.0310(3) 0.0293

Ca z 0.9936(4) 0.9939(4) 0.9946(4) 0.9943(7) 0.9945

O1 x 0.4896(2) 0.4894(2) 0.4901(2) 0.4906(4) 0.4910

O1 z 0.0674(3) 0.0671(2) 0.0661(3) 0.0658(4) 0.0653

O2 x 0.2867(2) 0.2875(1) 0.2872(2) 0.2869(2) 0.2863

O2 y 0.0347(1) 0.0342(1) 0.0337(1) 0.0328(2) 0.0321

O2 z 0.7122(2) 0.7115(1) 0.7120(2) 0.7125(2) 0.7133

Ca Uiso (Å2) 0.0042(2) 0.0047(1) 0.0078(2) 0.0098(3) 0.0118

Mn Uiso (Å2) 0.0028(2) 0.0029(1) 0.0043(1) 0.0052(2) 0.0059

O1 Uiso (Å2) 0.0044(2) 0.0048(1) 0.0070(2) 0.0083(2) 0.0102

O2 Uiso (Å2) 0.0047(1) 0.0050(1) 0.0073(1) 0.0091(2) 0.0108

Rw 0.038 0.034 0.042 0.072 0.085

All refinements were carried out using a structural model with orthorhombic symmetry

positions. Ca was at ðx;0:25; xÞ and Mn at (0.5,0.0,0.0) site.
profiles [24] and this aberration has not been corrected in the
current fits, so the Rietveld refined lattice parameters should be
considered as the accurate values.

A parameter of interest in the manganites is the MnO bond-
length, which is highly sensitive to the electronic state of the
manganese [3,6]. In Table 2 we reproduce the values of this bond-
length determined from the Rietveld refinements. The peaks
corresponding to the nearest neighbor MnO correlations appear
negative due to negative neutron scattering length of manganese.
The presence of the JT distortion is clearly apparent in the LaMnO3

data with a broad peak from the four shorter bonds centered
around 1.92 Å and a completely resolved peak at 2.16 Å coming
from the two long bonds. In the case of CaMnO3 the peak has
clearly collapsed to a single Gaussian and shifted to shorter-r. This
shows that the octahedra have become regular in the Mn4þ case,
with an average bond length that is shorter than the short-bonds
of the Mn3þ in LaMnO3. This is expected as Mn4þ in a cubic crystal
field is not a JT ion [1]. This is reflected in the refined bond-lengths
shown in Table 2.

The length of the longer MnO bonds is seen to decrease
continuously with Ca doping [6]. In a charge-segregated model
this behavior is expected to occur in the average bond-length, but
not the bond-length determined locally, for example, from the
PDF. The current result gives us a well-defined endmember value
against which to compare the doping dependent behavior in
La1�xCaxMnO3. The model was orthorhombic, allowing for three
independent bond-lengths. However, all three values refined to
approximately the same length of roughly 1.90 Å. This is slightly
shorter than the average of the ‘‘short’’ MnO bonds in the MnO6

octahedra of LaMnO3 where the Mn is in the 3þ state.
These bonds are 1.92 and 1.97 Å, respectively, at 20 K [10]
giving an average value of 1.945 Å. This compares with the
average MnO bond-length of 1.90 Å at 10 K in CaMnO3 found here.
The unstrained MnO6 octahedra for Mn4þ charge-state are
therefore smaller. If, in the doped systems, holes localize to make
locally 4þ sites in a background of 3þ ions, this will result in a
local strain.

It is interesting to compare the nature of the PDF in the region
of the first few coordination shells to see the effect on the PDF of
changing the shape of the MnO6 octahedron as we go from Mn3þ

to Mn4þ. Fig. 3 shows a comparison of the low-r region of the
RDFs, RðrÞ, for LaMnO3 (gray profile) and CaMnO3 (black profile) at
10 K temperature.
PDF

10 130 300 425 550

(1) 5.2790(2) 5.2808(2) 5.2834(3) 5.2856(10) 5.2917(6)

(2) 7.4438(3) 7.4482(3) 7.4624(5) 7.4781(13) 7.4803(8)

(1) 5.2583(2) 5.2609(2) 5.2716(3) 5.2756(8) 5.2870(4)

(3) 0.0342(1) 0.0344(1) 0.0331(1) 0.0310(3) 0.0294(2)

(6) 0.9935(1) 0.9931(1) 0.9944(2) 0.9918(6) 0.9922(3)

(4) 0.4883(1) 0.4877(1) 0.4879(1) 0.4871(3) 0.4865(2)

(4) 0.0673(1) 0.0671(1) 0.0649(2) 0.0669(4) 0.0644(2)

(2) 0.2870(1) 0.2873(1) 0.2876(1) 0.2862(3) 0.2867(2)

(1) 0.0345(1) 0.0346(1) 0.0342(1) 0.0323(2) 0.0313(1)

(2) 0.7116(1) 0.7109(1) 0.7109(1) 0.7120(3) 0.7120(2)

(3) 0.0030(1) 0.0036(1) 0.0058(1) 0.0081(2) 0.0095(2)

(2) 0.0017(1) 0.0022(1) 0.0034(1) 0.0035(2) 0.0049(1)

(2) 0.0036(1) 0.0039(1) 0.0057(1) 0.0063(2) 0.0073(1)

(2) 0.0037(1) 0.0043(1) 0.0065(1) 0.0085(1) 0.0100(1)

0.094 0.073 0.077 0.126 0.084

(space group Pnma), with O1 occupying 4c ðx;0:25; zÞ, and O2 occupying 8d ðx; y; zÞ
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Table 2
MnO distances and Mn– O2– Mn angles for 10 KpTp550 K temperature range

obtained from the Rietveld refinements

T (K) rðMnOÞshort (Å) rðMnOÞmedium (Å) rðMnOÞlong (Å) y(Mn– O2– Mn) (deg)

10 1.89421(28) 1.8971(9) 1.9026(9) 156.98(5)

70 1.89454(27) 1.8976(8) 1.9027(8) 156.94(5)

130 1.89485(24) 1.8985(8) 1.9036(8) 156.89(4)

190 1.89563(23) 1.9000(7) 1.9034(8) 156.89(4)

250 1.89661(25) 1.8995(8) 1.9045(8) 157.05(5)

300 1.89715(25) 1.9003(8) 1.9045(8) 157.18(5)

425 1.89920(40) 1.9013(14) 1.9050(14) 157.55(7)

550 1.90120(40) 1.9025(14) 1.9047(14) 158.00(7)

Fig. 3. Comparison of the radial distribution function, RðrÞ, for CaMnO3 (solid black

line) and LaMnO3 (dotted gray line) at 10 K temperature. The figure shows the RDF

peaks that describe the MnO6 octahedron. The set of negative peaks at around 2

and 2.17 Å belong to the MnO bonds constituting the octahedron. The peaks are

negative due to the negative neutron scattering length of Mn. Vertical dashed lines

below r ¼ 2:25 A denote the positions of the MnO distances refined from LaMnO3.

The two vertical dashed lines above r ¼ 2:25 A mark the position of the nearest LaO

and CaO distances in the structures of the La and Ca endmembers, respectively.

Fig. 4. Distribution of magnitudes of quadrupole distortions for the octahedra in

large models of LaMnO3 at 300 K (open, dashed, triangles) and 1050 K (open,

dashed, squares), and for CaMnO3 at 130 K (closed, solid, rhombus) and 425 K

(closed, solid, circles). The magnitudes are normalized and dimensionless such

that an octahedron with two long bonds of 2.16 Å and four short bonds of

1.94 Å would have a distortion of 1. In LaMnO3 both distributions peak at around

1.3, indicating a strong JT distortion, and the width increases with temperature. In

CaMnO3, the distortions are much smaller and the peak positions increase slightly

with temperature. This is consistent with the distortions in the CaMnO3 models

being due to thermal variations in atomic positions, with no systematic JT

distortion. The dashed line indicates the position of average quadrupole

distributions for LaMnO3 at 1.3, which does not move with temperature.
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Significant changes are also seen in the 2.75 and 2.85 Å
oxygen–oxygen correlations that appear as a single peak in the
CaMnO3 data but are split into a multiplet in the JT distorted
LaMnO3 case. It is also worth noticing that the LaO peak at
�2:48 A shifts considerably, becoming a CaO peak centered at
�2:36 A for the Ca endmember. This is expected based on the
relative size of La and Ca [25]. The intensity of the LaO RDF peak is
twice that of the CaO peak due to the fact that the scattering
length of La is nearly twice that of Ca, and the RDF peak intensity
is scaled with the scattering lengths of the contributing atomic
pairs.

The octahedra in the average crystal structure are regular and
have no significant quadrupole distortions. In the case of LaMnO3,
there is a discrepancy at high temperatures between the average
and local structures [11]. In our large models refined using
geometrically constrained refinement [19] we observed large
quadrupoles on all octahedra due to the persistence of the JT
distortion. The distribution of quadrupole distortions in LaMnO3

displayed a peak at a large value appropriate to the fully JT-
distorted octahedron seen in the low-temperature crystal struc-
ture. The width of the distribution increased with temperature,
but the position of the peak did not move. However, in CaMnO3

we find the distribution of quadrupole distortion peaks at a much
lower value, as shown in Fig. 4. Both the peak position and the
width of the distribution increase with temperature. Thermal
variations in atomic positions produce small quadrupolar distor-
tions of octahedra. From the width of the thermal variation in
MnO bond lengths, we can estimate the average magnitude of
these small distortions. The FWHM of the distributions of MnO
bond lengths are approximately 0.11 Å at 130 K and 0.16 Å at
425 K. From Eq. (2) this gives an average quadrupole of �0:3 at
130 K and 0.5 at 425 K, consistent with our refined results (Fig. 4).
The geometrically constrained refinement [19] therefore supports
structural results that show, for example, at 130 K a small static
distortion of �0:009 A coupled with thermal motion amplitude of
�0:08 A.
5. Summary

In summary, structural parameters for CaMnO3, in the Pnma
space group, over the 10 KpTp550 K temperature range are
presented, as obtained from neutron time-of-flight total scattering
experiments. Results of Rietveld and PDF analyses are in accord,
showing that the MnO6 octahedral units are regular across the
temperature range studied. The evolution of the MnO bond
lengths is discussed as the sample goes from pure Mn3þ in
LaMnO3 to Mn4þ in CaMnO3.
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Copper (I) and silver (I) oxides crystallize with the same structure, and both show a wide range of

negative thermal expansion (NTE): Cu2O contracts with temperature up to about 200 K and then

expands, while Ag2O has a NTE up to its decomposition temperature at about 450 K. Here we report a

careful temperature-dependent pair distribution function (PDF) analysis that showed that copper oxide,

at about 200 K, exhibits geometric distortions of the tetrahedral units, probably related to a change in

the solid angle of the polyhedra. Silver oxide, on the other hand, showed the same distortions even at

the lowest temperature measured (10 K): structural refinements of the PDF confirmed the presence of

local distortions (below 10 Å) at all temperatures.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The simple cuprite structure is shared by cuprite (Cu2O) and
silver (I) oxide (Ag2O) and it can be described by two interpene-
trated chains of corner sharing M4O tetrahedra, where M
represents the metal atom. Both compounds show a wide range
of negative thermal expansion (NTE): cuprite contracts with
temperature up to about 200 K and then expands (but extremely
slowly), while Ag2O has an NTE up to its decomposition
temperature at about 450 K. These materials have been investi-
gated extensively by coupling the anisotropic displacement
parameters (ADPs) measured by diffraction to an accurate EXAFS
analysis of higher-order cumulants in the whole accessible
temperature range (for the latest results see Refs. [1,2]). The
tetrahedral units in the structure proved to be much stiffer against
stretching than against bond-bending distortions that bring the
metal atoms towards each other. The bridging metal atoms show a
strong anisotropy in thermal vibrations, larger in the direction
perpendicular to the bond than parallel to it. Many of the NTE
materials have a similar anisotropy in the measured ADPs,
indicating the presence of low-frequency rigid unit modes (RUMs)
that can cause rotations of the polyhedral units but that keeps
them rigid. In many framework structures, such as ZrW2O8 (NTE
ll rights reserved.

+39 2 50315597.

piaggi).
from 0.3 to 1050 K) [3], RUMs are thought to be the origin of NTE,
though the full situation may be more complex [4,5]. In other
framework structures, the correlation between RUMs and trans-
verse atomic motion cannot be clearly recognized, even though
transverse vibrations of bridging atoms surely play a relevant role
in NTE. The cuprite structure is one of the latter: the bridging
atoms show a strong anisotropy in thermal motion, but the
structure shows a complex local behavior of the metal atoms, with
a positive thermal expansion of M–O bonds, coupled with a NTE of
only 6 of the 12 s nearest neighbors (M–M) [2]. Up to now, no
simple model was found to explain NTE in these materials. There
are many factors that can influence their thermal behavior.
Although most of them are certainly of vibrational origin, an
influence of geometric distortions on NTE cannot be excluded. The
presence of static disorder in Ag2O [1] was already demonstrated
by the large intercept at 0 K of ADPs determined from diffraction.
On the other hand, Cu2O showed no static disorder whatsoever (the
intercept at 0 K was comparable with zero point motion [6]). All
these results suggest the necessity of studying geometric distor-
tions in the cuprite structure. Here we report preliminary results
from a temperature-dependent pair distribution function (PDF)
analysis. The PDF analysis based on total scattering approach was
chosen due to the possibility of studying structural distortions at
short range as well as at long range, even though they are not
detectable with crystallographic techniques. Moreover, PDF results
can be compared directly with EXAFS results, allowing the use of
these techniques in a complementary and critical way.

www.sciencedirect.com/science/journal/pcs
www.elsevier.com/locate/jpcs
dx.doi.org/10.1016/j.jpcs.2008.03.030
mailto:monica.dapiaggi@unimi.it
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This paper aims to present the preliminary data obtained from
PDF analysis and to insert them in the scientific background of
NTE materials.
Fig. 1. Sketch of the cuprite structure: the two different interpenetrating networks

can be clearly distinguished by color, being one with red oxygen atoms and cyan

metal atoms, and the other with purple oxygen atoms and blue metal atoms.
2. Experiments and data reduction

Total scattering neutron diffraction experiments were per-
formed at the beamline GEM at ISIS (Rutherford Appleton
Laboratory, Chilton, UK) [7], with a cryofurnace, from 10 to
375 K every 25 K for Ag2O and up to 300 K every 50 K for Cu2O.
Commercially available Cu2O sample was purchased from Aldrich,
CAS no. 1317-39-1 (purity 97%), while the Ag2O sample was
obtained from Riedel-de-Haën, CAS no. 20667-12-3 (purity
99.5%). The Ag2O sample did not show any sign of the phase
transition observed in other Ag2O samples [8,9]. A high-purity
vanadium rod, extruded vanadium container, and the sample
environment were also collected in order to correct and normalize
the data [10]. At each temperature, data were collected for about
5 h. The nominal maximum Q attainable at GEM is about 100 Å�1

[7]. However, the data were used up to Qmax ¼ 40 Å�1 for Cu2O,
and only up to Q ¼ 20 Å�1 for Ag2O; the reason for the latter is
that data statistics did not allow the use of the high Q range data.
Although a longer acquisition time might have solved the
problem, the experimental decision was to collect as many
temperatures as possible in order to have a detailed temperature
dependence. Data reduction was performed with the software
PDFGetN [11]. Data analyses and simulations were carried out
with the softwares PDFfit2 and PDFgui [12]. However, when the
two compounds are compared directly, a Qmax of 20 Å�1 was used
for both of them in order to obtain a fair assessment of their
differences or similarities.
Fig. 2. Partial PDFs for Cu–Cu, Cu–O and O–O bonds in the cuprite structure. The

upper part of the figure shows the partial PDFs from just one of the two-cuprite

networks. The lower part of the figures shows the partial PDFs for the whole

structure.

Table 1
Summary of the relationship between interatomic distances and PDF peaks: in the

line with ‘‘same’’ one can find interactions between atoms belonging to the same

network, in the line with ‘‘other’’ one can find interactions between atoms

belonging to different networks

Distance 1.8 Å 3 Å 3.5 Å 4.2 Å 4.6 Å

M– M Same+other Other

M– O Same Other Same

O– O Same
3. Cuprite structure and its PDF peaks

The cuprite structure is fairly simple, although shared only by
two materials: Cu2O and Ag2O. It belongs to space group Pn3̄m,
with the metal (M) atoms occupying the positions (4b) and the
oxygen atoms occupying the positions (2a). The cuprite structure
is made by two interpenetrating lattices, one face-centered cubic
(FCC) sublattice of metal atoms and one body-centered cubic
(BCC) sublattice of oxygen atoms. Each M atom is linearly
coordinated to two O atoms, while each O atom is tetrahedrally
coordinated to four M atoms. Alternatively, the cuprite structure
can be considered as a framework of two interpenetrating
networks of corner shared M4O tetrahedra with the cristobalite-
type topology. Fig. 1 shows the two networks differentiated by
color, being one with red oxygen atoms and cyan metal atoms, and
the other with purple oxygen atoms and blue metal atoms.

In order to better understand the features in the G(r), it is
necessary to briefly explain the relationship between each PDF
peak and the actual atomic distances.

For this reason, the partial PDFs have been calculated [12],
based on the Cu2O structure, for the distances Cu–Cu, Cu–O, and
O–O. The same partials have been also calculated using only one
network of the two in the structure, to be able to differentiate
distances from atoms belonging to the same network from those
belonging to different networks. The partial PDFs were weighted
by appropriate weighting factors related to scattering properties
of the atomic species involved [10]. The results of this can be seen
in Fig. 2, with the top part showing the partial for one network
only and the bottom part showing the partials for the whole
structure. Each diagram also contains the total G(r), simulated
under exactly the same conditions, for a quicker comparison.
According to the figure, the first peak in the PDF represents the 4
M–O distances within the tetrahedron; the second peak corre-
sponds to 12 M–M distances, of which 6 are within the same
network and the other 6 to interactions between atoms belonging
to different networks. The third peak is a combination of 6 M–O
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distances belonging to interactions on different networks and of
O–O distances in the same network. A summary of this is shown
in Table 1.
Fig. 4. Comparison of the first three PDF peaks for Cu2O and Ag2O at selected

temperatures between 10 and 300 K. For both the oxides, the G(r) were obtained

with Qmax ¼ 20 Å�1, for a reasonable comparison.

Fig. 5. Effects of thermal factors on the simulated PDF of the Cu2O structure, with

(i) U(Cu) ¼ U(O) ¼ 0.005 Å2, (ii) U(Cu) ¼ U(O) ¼ 0.007 Å2, (iii) U(Cu) ¼ U(O) ¼

0.009 Å2 and (iv) U(Cu) ¼ U(O) ¼ 0.011 Å2. The simulations are made with

Qmax ¼ 20 Å�1. These results can be compared with the experimental PDFs shown

in Fig. 4.
4. Results of the PDF analysis and comparison with EXAFS
data

The position of the first peak in PDF, G(r), constituted by the 4
M–O distances within the tetrahedron, can be used for a direct
comparison with EXAFS data [2], which gives the temperature
dependence of this M–O bond length. The peak position in the
G(r) was evaluated by fitting a Gaussian profile to the data, while
the EXAFS data were taken from Ref. [2]. As can be seen in Fig. 3,
the temperature dependence of this distance is the same from
both the techniques and its absolute value is very similar for both
the techniques, as expected. It is interesting to note that the Ag–O
bond expands more than Cu–O bond. In order to be able to
directly compare the results for the two materials, the PDFs were
calculated using the same Qmax for both (20 Å�1).

Fig. 4 shows the low-r region of the G(r) of copper (top) and
silver (bottom) oxides at selected temperatures. As can be seen from
the figure, the first peak is very sharp for both the samples and its
shape does not change with temperature, meaning that the 4
distances are still all equal with raising temperature, i.e. there is no
measurable distortion of these bond lengths in the tetrahedron. The
positions of the other peaks are not so straightforward to under-
stand and to compare with EXAFS results, due to their composite
nature. For example, the second peak (at about 3 Å for Cu2O and
3.3 Å for Ag2O) comes from contributions from interactions of atoms
in the same network and in different networks, while the third one
(at about 3.5 Å for Cu2O and 4 Å for Ag2O) is a combination of M–O
and O–O interactions. These different contributions may have
different behavior with temperature (as already demonstrated by
EXAFS for the second shell [2]), and therefore, care should be
employed in comparing results regarding these PDF peaks.

We now look at the behavior of the PDF of the two oxides with
temperature in more detail.

4.1. Cu2O

Fig. 4 (upper part) shows selected G(r) of Cu2O at different
temperatures. Besides what was already said about the first peak,
Fig. 3. Comparison between the thermal expansion of the M–O bond (first shell)

as measured by EXAFS and PDF. The EXAFS data are taken from Ref. [2]. The lines

are best fit lines for PDF data only, to make the graph more readable. Filled

symbols are from the PDF, open symbols are from EXAFS. Silver oxide results are

plotted as triangles and cuprite as circles.
let us now look at the second peak (6+6 Cu–Cu distances): the
peak intensity and the peak shape change rapidly with tempera-
ture, producing a broader and less intense peak at higher
temperatures. In general, the reasons for peak broadening and
reduced peak intensity can be found in a purely dynamic disorder
(thermal effect), or in geometric distortions (static disorder) that
lead to a spread of distances, hence in a broader peak in G(r). A
combination of the two effects is also possible. However, the
variations in the PDF are far larger than expected for a pure
thermal effect (Uiso for the PDF measured at 300 K was 0.015 Å2

for copper and 0.018 Å2 for oxygen, and still the fit was rather
poor (Rw ¼ 0.181)). In Fig. 5 the G(r)s of the Cu2O structure
was calculated with different sets of thermal parameters, similar
to those obtained from Rietveld analysis of the same data. The
thermal parameters used were: Uiso(Cu) ¼ Uiso(O) ¼ 0.005 Å2, (ii)
Uiso(Cu) ¼ Uiso(O) ¼ 0.007 Å2, (iii) Uiso(Cu) ¼ Uiso(O) ¼ 0.009 Å2,
(iv) Uiso(Cu) ¼ Uiso(O) ¼ 0.011 Å2. The simulations were made
with Qmax ¼ 20 Å�1. Two main observation can be made from
the comparison between the experimental and the simulated
data: (1) the decrease in intensity of the third peak is much larger
in the experimental PDF than in the simulated PDF; (2) in the
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third peak, a shoulder starts to appear on the high-r side at about
200 K, and further develops at 300 K. This shoulder is not an
artefact from the Fourier transform procedure: various checks
were made by FT the data with different Qmax, and the shoulder
never disappeared. The third peak is dominated by 6 Cu–O
distance between atoms belonging to different networks as shown
in Fig. 2. These effects on the PDF can be due to a distortion in the
tetrahedral units, with the solid angle of the tetrahedron
changing, and thus producing two different Cu–Cu distances. This
may affect the structure, at least locally, causing the development
of the shoulder in the high-r region of the third peak (two
different Cu–O distances).

4.2. Ag2O

Fig. 4 (lower part) shows selected G(r)s of Ag2O at different
temperatures. Even at the lowest temperature (10 K), the second
peak in the G(r) is almost of the same height as the first one, and
the broadening (and decrease in intensity) of the second and third
peak is much faster with temperature than for copper oxide.
Shoulders appear on both side of the second peak, while the
shoulder on the high-r side of the third peak is already present at
10 K and grows very fast with temperature, becoming soon more
Fig. 6. PDF fits of the cuprite structure. The top part shows the fit of Ag2O at

T ¼ 10 K, and the bottom part shows the fit of Cu2O at T ¼ 300 K. The red curve

represents the best fit: for Ag2O isotropic thermal factor for Ag and O equal to

0.012 Å2 were used, while for Cu2O isotropic thermal factors were refined. The blue

dots represent the data points for Qmax ¼ 20 Å�1. The green curve underneath the

graph represents the difference between the experimental and the calculated G(r).
intense than the original distance at about 4 Å (or moving to
higher r with temperature). The origin of these effects on the PDF
peaks may be related, also in this case, to a distortion in the
tetrahedral units spreading locally in the structure. A structural
refinement of the G(r) with PDFgui [12] starting from the
undistorted crystal structure of Ag2O taken from literature [13],
showed that, even at the lowest temperature measured, there
were some discrepancies between the ‘‘crystallographic’’ struc-
ture and the PDF data (Fig. 6). As can be seen in the figure, the
low-r region (below 8–10 Å) shows a larger difference curve,
revealing the presence of distortions in the local region unex-
plained by the crystallographic model used. As it can be seen in
the figure, the fit in the higher r region proves to be much more
satisfactory, showing that the distortions tend to affect the
structure locally, within a few coordination shells. In the case of
copper oxide, on the other hand, the PDF can be fitted with very
good results by using the ‘‘crystallographic’’ structure, at least up
to the temperature at which the first distortion starts to appear.
The effect, however, is much smaller than in the case of silver
oxide, as it can be clearly evinced from the bottom part of Fig. 6.
5. Discussion: dynamic disorder vs static disorder

The results of the comparison between EXAFS and diffraction
allow a better understanding of the dynamics of the cuprite
structure, showing that neither the Cu–O bond nor the Ag–O bond
are strong enough to form structural units behaving rigidly with
temperature [1]. This was also confirmed by inelastic neutron
scattering and lattice dynamics calculations [14]. The tetrahedral
units tend to deform with temperature, and a certain degree of
static disorder is present in the silver oxide structure. Moreover,
Mittal and coworkers [14] showed that Cu–O and Cu–Cu bonds
are stiffer than Ag–O and Ag–Ag, as already evidenced by the
larger displacement correlation function found for copper oxide
first and second coordination shells [1,2]. The atom dynamics is
almost fully understood: what needs developing and further
study is the possible effect of static disorder on the vib-
rational properties of these materials, and hence on its thermal
expansion behavior.

The analysis of the temperature-dependent PDF for copper and
silver oxides illustrates the presence of geometric distortions in
the structure of both oxides that develop with temperature,
although starting at different temperatures in the two cases. For
copper oxide, the distortion appears for the first time at around
200 K, corresponding to the inversion in the thermal expansion
behavior. The presence of this distortion is not in contradiction
with the fact that Cu2O ADPs showed a 0 K intercept compatible
with zero point motion, as the deformation begins at high
temperature, and no sign of static disorder is present in the
low-temperature region [6]. In Ag2O, on the other hand, probably
the same tetrahedral distortion appears at very low temperature
(it is present even at 10 K), confirming the strong contribution of
static disorder to the APDs at low temperature in silver oxide.
These distortions become more distinct and a further spread in
distances can be seen in the PDF at higher temperatures, clear
signs of a larger degree of deformation in the structure. The
specific nature of these distortions can only be supposed at
present, as further analysis is necessary in order to better chara-
cterize which atoms are involved and how the structure evolves
with temperature. Past studies can provide a good starting point,
especially EXAFS data on the different thermal behavior of M–M
distances contributing to the second shell. This can play a key role
in understanding if the distortion comes from a bending of the
M–M bond, i.e. a change in the solid angle of the tetrahedral units
or from a shortening of the distance between the two networks.
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What is clear from PDF analysis is that the four M–O bonds within
the tetrahedron, all remain equal with temperature for both the
oxides. Moreover, a comparison between the shape of the first
peak compared to the others shows that in the experimental PDF
(Fig. 4) the first peak is much sharper than the others, while it is
not in the simulated ones (Fig. 5), where motion correlations are
neglected [15,16]. This confirms the results of the EXAFS-
diffraction approach [1,2], as well as those from lattice dynamics
calculations [14]. From these preliminary results, it is still not
clear which is the relationship of the structural distortions with
the thermal behavior of the two oxides, but there seems to be a
correlation between the appearance of the first signs of distortion
in Cu2O and the inversion temperature (at 200 K Cu2O starts to
expand), so copper oxide thermal behavior is not coming only
from normal atom dynamics, as supposed until now. The
structural distortions in silver oxide are much more evident even
at very low temperature and suggest that the local structure has
lower symmetry than the average structure. This can certainly
play a role in the thermal expansion of the structure, when
coupled with the strong transverse vibrations of bridging atoms
typical of this structure, but also can play a role in the appearance
of the phase transition at low temperature, observed in other
Ag2O samples. A more detailed study of the PDF evolution with
temperature is necessary to better understand the nature of the
distortions and their relationship with the thermal behavior of the
materials.
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Neutron powder-diffraction-based atomic pair distribution functions (PDFs) are

reported from the new wide-angular-range chopper spectrometer ARCS at the

Spallation Neutron Source at Oak Ridge National Laboratory. The spectro-

meter was run in white-beam mode with no Fermi chopper. The PDF patterns of

Ni and Al2O3 were refined using the PDFfit method and the results compared

with data collected at the NPDF diffractometer at Los Alamos National

Laboratory. The resulting fits are of high quality, demonstrating that

quantitatively reliable powder diffraction data can be obtained from ARCS

when operated in this configuration.

1. Introduction

Neutron powder diffraction measurements can be carried out

routinely using time-of-flight (TOF) instruments at spallation sources

such as the NPDF at the Los Alamos Neutron Science Center

(LANSCE). Here we show that quantitatively reliable PDFs can also

be obtained from the ARCS chopper spectrometer at the Spallation

Neutron Source at Oak Ridge National Laboratory when operated

without a Fermi chopper. The Fermi chopper mechanism at ARCS is

mounted on a motorized translation table, allowing one to switch

easily between two installed Fermi chopper slit packages and an open

‘white-beam’ position. This feature, together with the demonstration

that quantitatively reliable structural information can be obtained

from ARCS, means that it becomes straightforward to analyze

structure and dynamics from the same sample without dismounting it

from the instrument.

2. Experimental

No routines currently exist for a complete time-focusing of diffraction

data from ARCS, and so the data were histogrammed to produce the

one-dimensional powder diffraction pattern using a generic TOF to d

space conversion. This results in data with degraded resolution and

with poorly defined peak shapes. Although the data could not be

refined using the Rietveld method, we successfully acquired and

refined atomic pair distribution functions (PDFs) to obtain quanti-

tative structural information.

Data were collected on two different commercially available

standard samples: Ni and Al2O3. For comparison, data from Ni were

obtained from the NPDF diffractometer at LANSCE. The samples

were loose powders of between 3 and 8.3 g in weight sealed in

extruded vanadium tubes. A vanadium rod measurement was also

performed to obtain incident spectrum information. A typical

reduced total scattering structure function, FðQÞ = Q[S(Q) � 1],

where S(Q) is the total scattering structure function and Q is the

momentum transfer, from ARCS is shown in Fig. 1(a), with the

corresponding FðQÞ function from NPDF shown in Fig. 1(b) for

comparison. The resulting PDFs are shown in Figs. 1(c) and 1(d ), with

model fits obtained using PDFgui (Farrow et al., 2007) superimposed.

The details of the PDF method are provided elsewhere (Egami &

Billinge, 2003).

Simple visual comparison of the ARCS and the NPDF PDFs

demonstrates that the ARCS data are of high quality. Furthermore,

all ARCS data sets could be successfully refined, including the more

complicated Al2O3 structure. The quantitative results of the refine-

ments are presented in Table 1.

Figure 1
Total scattering function F(Q) of Ni from data collected at (a) ARCS and (b)
NPDF. Data were collected at room temperature for 30 min at both instruments.
Corresponding experimental PDFs (open symbols), PDFgui fits of the structural
models (solid lines) and associated difference curves (offset for clarity) for (c)
ARCS and (d ) NPDF.

http://crossmark.crossref.org/dialog/?doi=10.1107/S0021889809023504&domain=pdf&date_stamp=2009-07-16


As is evident from Table 1, quantitative structural parameters can

be refined from the ARCS PDF with high accuracy. Interestingly, the

peak width in the ARCS PDF also appears to be larger than that for

the NPDF data for the same upper limit of integration in the PDF

Fourier transform Qmax. This effect is known to appear when data

have a Q-dependent peak broadening (Toby & Egami, 1992) but

appears to be particularly marked in the ARCS data. If it is not

accounted for in the model, this broadening results in an overestimate

for atomic displacement parameters from ARCS, as is evident in

Table 1. Notably, the fit gives a very good value for the agreement

factor rW, which is a standard qualitative goodness of fit measure

(Egami & Billinge, 2003).
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Table 1
Parameters from the PDF refinements of ARCS Ni and Al2O3 data at 300 K,
compared with NPDF and literature values (Lewis et al., 1982), respectively.

Ni (space group Fm3m) with Ni at (0, 0, 0). Al2O3 (space group R3c) with Al at (0, 0, z)
and O at (x, 0, 1

4 ). The parameter �2 accounts for the correlated atomic motion effect that
sharpens the near-neighbor PDF peak.

Parameter Ni (ARCS) Ni (NPDF) Al2O3 (ARCS) Al2O3 (literature)

a (Å) 3.5372 (2) 3.5270 (2) 4.7801 (14) 4.7602 (4)
c (Å) – – 13.0502 (16) 12.9933 (17)
zAl – – 0.3521 (1) 0.35216 (1)
xO – – 0.3071 (1) 0.30624 (4)
UNi

iso (Å2Þ 0.0072 (2) 0.0053 (2) – –
UAl

iso (Å2Þ – – 0.0055 (2) 0.00347 (3)
UO

iso (Å2Þ – – 0.0061 (3) 0.00419 (3)
�2 (Å2) 2.74 (4) 2.77 (2) 1.79 (11) –
Scale 0.57 (2) 1.03 (3) 1.37 (2) –
Qd (Å�1) 0.046 (11) 0.017 (4) 0.046 –
rW 0.108 0.067 0.109 –
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Institute “Vinča”, Laboratory of Theoretical and Condensed Matter Physics, P.O. Box 522, 11001 Belgrade,
Serbia, Department of Physics and Astronomy, Michigan State UniVersity, East Lansing, Michigan 48824,
Department of Physics, UniVersity of Jordan, Amman 11942, Jordan, Faculty of Mining and Geology,
Laboratory for Crystallography, UniVersity of Belgrade, Ðušina 7, 11000 Belgrade, Serbia, Faculty of Physical
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Pure, crystalline, ∼10 nm lithium ferrite phase (Li0.5Fe2.5O4), was successfully synthesized at very low
temperature using a modified combustion method. The crystal structure and microstructure evolution of this
system upon annealing were monitored by a careful investigation of X-ray diffractograms collected on a
synchrotron source. Comparative analysis of the results obtained from the full profile Rietveld method (in
reciprocal space) and the pair distribution function method (in direct space) was carried out. Nanocrystalline
samples exhibit similar crystal structure, on average, with a partial ordering of Li+ and Fe3+ ions between
octahedral 4b and 12d sites on the spinel crystal lattice (space group P4332). After annealing at 973 K, cation
distribution changes to a completely ordered, resembling that which is seen in the bulk lithium ferrite. The
PDF analysis reveals abnormally high values of oxygen atomic displacement parameters in tetrahedral 8c
sites (O1) indicating a significant disordering of the O1 network and suggests migration of lithium ions from
4b sites to the outer layers of nanoparticles. Analysis of room temperature Mössbauer spectra has shown that
the hyperfine field for Fe3+ ions in tetrahedral 8c sites is the most sensitive on increasing the particle size and
improving the crystallinity. From the differential thermal analysis, it was found that a lower driving force is
required to induce an order-disorder phase transition in nanocrysalline samples, compared to the bulk-like
sample, presumably due to the higher crystal disordering in these samples.

1. Introduction

Lithium ferrite Li0.5Fe2.5O4 spinel has been of great techno-
logical interest in many electromagnetic devices for a long time.
High electrical resistivity, low eddy current losses, low magnetic
losses, and very good thermal and chemical stability make
lithium ferrite a material of great importance for microwave
applications.1 This soft ferrite material with high Curie tem-
perature, square loop properties, and high saturation magnetiza-
tion has also been used in ferrite-core memory systems. Thermal
stability and safety of lithium ferrite make this material suitable
for application in Li-ion batteries as a cathode material,2 and
recently as a potential gas sensor element.3 Furthermore, due
to the low fabrication cost, lithium ferrite has been increasingly
used as a replacement for the more expensive yttrium iron garnet
(YIG) in mass-scale microwave devices.

Bulk lithium ferrite is an inverse spinel that typically
crystallizes in two polymorphic forms. The ordered R-phase
(space group P4332) is characterized by the presence of 1:3
ordering of Li+ and Fe3+ ions on the octahedral sublattice in
spinel structure, with corresponding cation distribution
(Fe3+)8c[(Li+0.5)4b(Fe3+

1.5)12d]. The disordered �-phase (space
group Fd3m) possesses a random distribution of Li+ and Fe3+

ions over the octahedral sites with cations distribution
(Fe3+)8a[Li+0.5Fe3+

1.5]16d. The order-disorder phase transition
in bulk Li0.5Fe2.5O4 occurs in the temperature range 1008-1028
K.4

In nanomaterials, the cation distribution can differ signifi-
cantly from that in a bulk counterpart.5 The large surface-to-
volume ratio in nanoparticles has significant influence on their
physical and chemical behavior. The atoms at the surface of
the particles display an incomplete coordination shell which can
result in ionic displacements, changes in the lattice parameters,
and even provoke a nanoparticles’ core/shell structure.6,7

In the study reported here, the pure nanocrystalline lithium
ferrite phase has been successfully synthesized at very low
temperature using the citrate gel precursor method. The study
has been focused on the following issues: (i) the synthesis route,
(ii) the evolution of the crystal structure and microstructure with
changing annealing conditions, observed by X-ray powder
diffraction and differential thermal analysis (DTA) methods, (iii)
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the comparative analysis of crystal structure and microstructural
parameters obtained using Rietveld profile method and the
atomic pair distribution function (PDF) approach, and (iv)
changes of the Mössbauer parameters with increasing annealing
temperature (i.e., crystallite size).

2. Experimental Section

2.1. Synthesis Procedure. A series of nanocrystalline lithium
ferrite samples, Li0.5Fe2.5O4, was synthesized by a modified
combustion method using citric acid as a fuel for combustion
reaction. Lithium nitrate and iron(III) nitrate nonahydrate were
used as starting materials. Aqueous solutions of metal nitrates
were mixed with 5 mol % of lithium ions in excess comparing
the required stoichiometric molar ratio. The lithium cations were
added in excess in order to avoid the formation of hematite
that was found to appear as a second phase when the cation
molar ratio followed stoichiometric ratio. In the next step, the
citric acid was added to the precursor solution with the metal
to citric molar ratio of 1: 1. The solution was mixed and than
slowly dried in an oven at 353 K for 12 h in order to undergo
dehydration. After cooling down to room temperature the dried
gel was sintered at 453 K for 12 h in order to induce gel
decomposition. As-prepared sample (S1) was further annealed
in air for 4 h at 573 K (S2), 673 K (S3), and 973 K (S4).

2.2. Experimental Methods. In order to check the stoichi-
ometry of the samples, chemical quantitative analysis was
performed using inductively coupled plasma optical emission
spectroscopy (ICP-OES), Spectroflame ICP, 2.5KW, 27 MHz.
The ICP-OES analysis was performed by measuring the intensity
of radiation of the specific wavelengths emitted by each element.
The samples were dispersed in liquid and introduced into the
plasma in the form of aerosol, where they were vaporized,
atomized, and excited.

Thermal analysis (DTA/TGA) was used to check the end of
the decomposition process and to study changes of the
order-disorder structural phase transition temperature with
annealing. Measurements were done in air, in the temperature
range from 300 to 1123 K, with a heating/cooling rate of 20
K/min, using TA SDT 2960 instrument.

Structural and microstructural analysis of nanocrystalline
lithium ferrites (S1, S2 and S3) have been carried out using
synchrotron based high-energy X-ray powder diffraction data
(HEXRPD), whereas the X-ray powder diffraction data (XRPD)
of bulk-like sample (S4) was collected on a Bruker D8
diffractometer in the angular range 13-113° (2θ) with a step
of 0.017° and a counting time of 10 s per step. The particle
size and shape of the sample S1 were determined by transmis-
sion electron microscopy (TEM) with a FEI TECNAI G2 30F
microscope operated at 300 kV. To this purpose the powder
particles have been dispersed on a holey carbon support film.

The HEXRPD experiments were performed at the 6-ID-D
beamline at the Advanced Photon Source at Argonne National
Laboratory, Argonne, Illinois. Diffraction data were collected
using the recently developed rapid acquisition pair distribution
function (RAPDF) technique8a that benefits from two-dimen-
sional (2D) data collection. The powder samples were packed
in Kapton capillaries with diameter of 1.0 mm, sealed at both
ends. The data were collected at room temperature with an X-ray
energy of 86.8406 keV (λ ) 0.142773 Å) selected using Si
(331) monochromator. Incident beam size was 0.6 × 0.6 mm.
An image plate (IP) camera (Mar345) with a diameter of 345
mm was mounted orthogonally to the beam path with a sample
to detector distance of 230.274 mm, as calibrated by using ceria
standard sample.8a Each sample was exposed for 120 s and this

was repeated 5 times for a total data collection time of 600 s.
The RAPDF approach avoids detector saturation while allowing
sufficient statistics to be obtained. To reduce the background
scattering, lead shielding was placed before the sample with a
small opening for the incident beam. Examples of the raw 2D
data, for S1 sample are shown in top left panel of Figure 1.
These data were integrated and converted to intensity versus
2θ using the software FIT2D,8b where 2θ is the angle between
the incident and scattered X-ray beams. Example for S1 is shown
in top right panel of Figure 1. The integrated data were
normalized by the average monitor counts. The data were
corrected and normalized8c using the program PDFgetX28d to
obtain the total scattering structure function, F(Q) and its Sine
Fourier transform, i.e. the atomic PDF, G(r), which are shown
respectively in bottom left and bottom right panels of Figure 1
for sample S1. In the Fourier transform of F(Q) to get the PDF,
G(r), the data are truncated at a finite maximum value of the
momentum transfer, Q ) Qmax. Qmax is optimized such as to
avoid large termination effects and to reasonably minimize the
introduced noise level as the signal-to-noise ratio decreases with
the increased Q value. Here, a Qmax ) 27.0 Å-1 was found to
be optimal.

Structural and microstructural analysis have been done from
as collected XRPD data using the Rietveld profile refinement
method9a,b incorporated into the program Fullprof9c,d and the
PDF approach, using the program PDFgui.8e The obtained results
were compared.

Mössbauer spectra were recorded at room temperature using
MS4 Mössbauer spectrometer, operating in constant acceleration
mode. The source was 57Co in Rh matrix. The velocity
calibration was done using natural iron foil.

3. Results and Discussion

3.1. Synthesis. The chemical composition of samples S1 and
S4 has been checked by ICP-OES analysis. In the as-prepared

Figure 1. Experimental data obtained at 6-ID-D at APS for S1 sample
at 300 K: 2D diffraction pattern (upper left), corresponding integrated
1D diffraction pattern (upper right), total scattering structure function,
F(Q), (lower left), and the atomic PDF (lower right). The inset shows
a close-up to the low-r region in the PDF. The PDF intensity at high-r
diminishes both as a result of the finite size of the nanoparticles, and
due to the limited resolution of the 2D measurement.
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sample (S1), a deviation from the stoichiometry has been found,
whereas in the sample S4 the molar ratio of Li/Fe ions with
(1.68 ( 0.04) wt % of Li+ and (65 ( 2) wt % of Fe3+ ions,
corresponds to the required stoichiometric ratio for pure lithium
ferrite phase. DTA analysis of sample S1 revealed that a mass
lost of about 17% occurs in sample S1 with annealing up to
1123 K. This suggests the presence of some non decomposed
organic part in the sample after thermal treatment of precursor
gel at 453 K. Notable mass change is absent in samples S2 and
S3.

The HEXRPD patterns of samples S1, S2, and S3 are shown
in Figure 2. Their characteristic feature is the presence of low
intensity superstructure reflections (210) and (211), which
confirms that the samples crystallize in (at least partially) ordered
spinel structure, S.G. P4332. The presence of any other
crystalline phase was not observed from the XRPD patterns. It
is relatively common to find some impurity phase, usually
hematite (R-Fe2O3), during the synthesis route via citrate
precursor gel decomposition10 or via oxalate precursor route.11

We have found that the formation of R-Fe2O3 (∼4 wt %) can
be avoided by the use of an overstoichiometric solution where
5 wt % of lithium ions were added in excess during formation
of precursor gel.

Detailed analysis of Li0.5Fe2.5O4 preparation by the citrate gel
precursor method has been recently reported.12 It was pointed
out that the decomposition/oxidation rate of anhydrous precursor
can be crucial in order to avoid formation of impurities and
that it can be controlled by setting up the pH value of the
precursor. Higher pH value allows for a higher oxidation rate,
which is necessary to obtain pure lithium ferrite phase, but at
the same time it significantly increases the particles size. By

keeping pH value near 1 and by adding some lithium in excess
we have managed to obtain pure lithium ferrite phase.

3.2. Crystal Structure and Microstructure of Nanocrys-
talline Li0.5Fe2.5O4. 3.2.1. TEM Analysis. High-resolution TEM
(HRTEM) analysis provided more detailed structural informa-
tion. From the HRTEM micrographs of sample S1, shown in
Figure 3, we can see that the ferrite particles have globular
morphology with the particle sizes laying in the range 10-20
nm. These values are something higher than the one determined
by HEXRPD (∼5 nm for samples S1 and S2, ∼9 nm for sample
S3; see lately in the text). Since the HEXRPD is sensitive to
the size of the optically coherent volume, this discrepancy can
indicate the presence of some residual defects in the S1 sample,
which is fully recovered in samples heat treated at the highest
temperature. Despite the possible presence of defects, HRTEM
images also show that the particles seem to be single-crystalline
in the nature. For soft ferrites, like lithium ferrite, it has been
found that the critical particle size below which they are single-
domain is about 30-40 nm.13

Figure 2. HEXRPD patterns of lithium ferrite: as-prepared (S1), annealed at 573 K (S2), and 673 K (S3), and XRPD pattern of sample annealed
at 973 K (S4). Superstructure reflexions (210) and (211) are denoted by asterisk. Experimental data (Yobs), refined XRPD spectrum (Ycalc) (S.G.
P4332), their differences (Yobs - Ycalc), and the Bragg reflections’ positions are shown in figure. Note that the data for S4 sample were collected in
an experimental setup having much higher resolution than that used for S1, S2, and S3 samples and that the diffractograms are not directly comparable.

Figure 3. HRTEM micrographs of sample S1.
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3.2.2. RietWeld Ws PDF Method. The comparative crystal
structure and microstructure analysis of Li0.5Fe2.5O4 samples
annealed at different temperatures have been performed by two
methods: by full profile Rietveld refinement using program
Fullprof (13c), and by the PDF method.8c,14 The two comple-
mentary approaches were chosen, as it is well-known that crystal
structure analysis of nanoparticle materials is subject to numer-
ous difficulties when using conventional powder diffraction
methods alone. These methods can become insufficient or even
break down as the diffuse scattering becomes significant at the
nanoscale, while the Bragg scattering, the one that crystal-
lography relies upon, gets diminished. As an alternative, the
total scattering based atomic PDF method is one of the
promising experimental approaches in nanoscale structure
determination, particularly when used in combination with other
techniques that provide highly complementary information.14b

The full profile Rietveld method allows the average structure
determination from the Bragg peaks position and intensity, and
the microstructure determination (size-strain analysis) from the
peak profile analysis.9a,b XRPD peak profiles are modeled by
the Thomson-Cox-Hasting modified pseudo-Voigt (TCH-pV)
function and the instrumental resolution function is used to
estimate the microstructural parameters (the average crystallite
size and microstrain). The Fullprof program package allows for
an estimate the average crystallite size and microstrain by
averaging the values obtained for apparent size and maximum
strain calculated for each crystal direction [hkl] given by
expressions:9c Apparent size ) 1/�size (Å) and Max-strain )
(�straindhkl/2) (×10-4). In the case of isotropic size and strain
models, both �size and �strain were obtained from TCH-pV
functions parameters according to procedure described in ref
9c.

In the diffraction patterns of nanocrystalline materials diffuse
scattering is more dominant than in those of crystalline materials,
hence using PDF analysis of neutron and X-ray total scattering
data comes as a natural choice for studying the structure of
nanostructured materials.8a,c,14a Recently, the structure of discrete
nanoparticleshasbeensuccessfullystudiedusingthisapproach.15–19

If special care is applied to the measurement and to the approach
used for analyzing the data, the PDF method can yield precise
structure and size information. The atomic PDF, G(r), is defined
as G(r) ) 4πr[F(r) - F0], where F(r) is the atomic pair density,
F0 is the average atomic number density, and r is the radial
distance.8c The PDF yields the probability of finding pairs of
atoms separated by a distance r. It is obtained by a Sine Fourier
transformation of the reciprocal space total scattering structure
function, F(Q) ) Q[S(Q) - 1], according to G(r) ) (2/π)∫0

∞F(Q)

sin(Qr) dQ, where S(Q) is obtained from a diffraction experi-
ment. This approach is widely used for studying liquids,
amorphous, and crystalline materials, and has recently also been
successfully applied to characterize nanocrystalline materials.14c

3.2.3. RietWeld Approach. The HEXRPD patterns of nanoc-
rystalline lithium ferrite annealed at 453, 573, and 673 K (S1,
S2, and S3, respectively) are shown in Figure 2. As already
mentioned, all samples were found to crystallize in a cubic spinel
structure, and the presence of superstructure reflections indicates
cation ordering within the octahedral sublattice (S.G. P4332).
Compared to diffraction pattern of standard powder (CeO2),
broadening of diffraction peaks due to the small crystallite size
and the effects of strain is observed. The Rietveld refinement
has been performed within the space group P4332 using the
Fullprof program. The isotropic size and strain model9c is
applied, and the results of refinements are presented in Table
1.

The starting model for crystal structure refinement of samples
S1, S2, and S3 was based on a bulk-like cation distribution
model in which the tetrahedral, 8c sites are occupied only by
Fe3+ ions and the rest of Fe3+ ions and all Li+ ions are
distributed between two distinct octahedral sites, 4b and 12d,
in the space group P4332. The best refinements were obtained
when a partial mixing of Li+ and Fe3+ ions between two
octahedral sites, 4b and 12d, was allowed. Since Li scatters
X-rays poorly compared to the heavier elements present in the
structure, Li occupation is followed indirectly, by keeping Li
occupation numbers constrained with those of Fe ions in order
to preserve the proper Li/Fe ratio.

The refined patterns showed very good agreement with
experimental data (Figure 2), except for a small difference
between experimental and calculated intensity of (440) reflec-
tion. There can be several possible reasons for this deviation,
all of them being specific to this material: the presence of short-
range disordering along the [110] direction (direction of cation
ordering in an ordered spinel structure), anisotropic microstrain
due to dislocations, phase boundaries or stacking faults (the latter
leads to asymmetric peaks),20 and also surface relaxation effects,
when the broad and even asymmetric tails can arise from the
departure from crystalline order of the surface layers.6b

Following the model described above, we have found an
insignificant change in the cation distribution with annealing
up to 673 K. The occupancy of 4b site by lithium in all
nanocrystalline samples was found to vary around 60% of
overall Li content, and so the cation distribution can be
represented by the formula (Fe3+)8c[(Li+0.3Fe3+

0.2)4b(Li+0.2Fe3+
1.3)12d].

The samples S1, S2, and S3 may be therefore regarded as a partially

TABLE 1: Lattice Constant, the Fractional Coordinates of Oxygen O2 at the General 24e and Oxygen O1 at the Special 8c
Positions, As Well As Lithium/Iron at the 12d and Iron at the 8c Sites, and the Average Crystallite (Particle) Size and the
Max-Strain for Nanocrystalline Li0.5Fe2.5O4 Annealed at 453 K (S1), 573 K (S2), and 673 K (S3), Obtained Using Rietveld (FP)
and the Atomic PDF Approaches

sample method a (Å) O2x (24e) O2y (24e) O2z (24e) O1x (8c) Li2/Fe2y (12d) Fe3x (8c)

average
crystallite
size (Å)

S1 FP 8.3466(3) 0.1099(10) 0.1294(9) 0.3787(11) 0.3851(11) 0.3627(3) 0.9915(3) 54
PDF 8.3499(38) 0.1180(11) 0.1207(10) 0.3809(15) 0.3731(14) 0.3669(5) 0.9973(5) 57(1)

FP: �2 ) 1.15, RBragg ) 2.74, Rp ) 1.95; PDF: Reduced �2 ) 0.035; Rw ) 0.134; Max-strain (10-4) ) 34.0(0.5)a

S2 FP 8.3205(3) 0.1101(10) 0.1300(8) 0.3781(12) 0.3842(11) 0.3638(3) 0.9930(3) 54
PDF 8.3243(6) 0.1194(10) 0.1208(9) 0.3804(13) 0.3813(12) 0.3681(5) 0.9983(5) 59(1)

FP: �2 ) 2.22, RBragg ) 2.63, Rp ) 2.34; PDF: Reduced �2 ) 0.045; Rw ) 0.118; Max-strain (10-4) ) 29.2(0.4)a

S3 FP 8.3337(2) 0.1120(11) 0.1321(8) 0.3774(10) 0.3837(12) 0.3660(3) 0.9942(3) 87
PDF 8.3385(14) 0.1143(9) 0.1239(7) 0.3804(12) 0.3718(12) 0.3692(5) 0.9992(5) 94(1)

FP: �2 ) 1.93, RBragg ) 3.02, Rp ) 2.28; PDF: Reduced �2 ) 0.046; Rw ) 0.101; Max-strain (10-4) ) 28.8(0.4)a

a Numbers in parentheses have meaning of degree of anisotropy (not standard deviation).
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ordered. These results reflect the importance of particular synthesis
route for nanoparticle lithium ferrite. For instance, it was found that
the citrate gel method used with ammonia solution added into the
precursor, produces a random distribution of Li+ ions over the
octahedral and tetrahedral sites, S.G. Fd3m.21 After annealing at 973
K, a totally ordered lithium ferrite (Fe3+)8c[(Li+0.5)4b(Fe3+

1.5)12d] has
been obtained (sample S4).

The important structure and microstructure parameters ob-
tained from Rietveld method are summarized in Table 1. When
analyzed in terms of annealing temperature, these results show
some differences in behavior of structural (unit cell and atomic
parameters) and microstructural (size and strain) parameters.
While microstructure parameters seem to change in adequate
manner (increase of particle size with temperature and decrease
of average microstrain), the values of structure parameters, in
particular the cell constants show a nonuniform change with
annealing temperature.

Compared to the bulk form of fully ordered lithium ferrite
(S4), the cell constants of S1 and S2 were found to be over-
and underestimated, respectively. Similar values of these
parameters were also obtained by PDF method (for comparison,
they are also given in Table 1). Apart from the possible
limitations of the applied structural model itself (bulk-like
description of the crystal structure), the explanation for dis-
crepancy between unit cell values of S1 and S2 can also be
found in specific behavior of the microstructure parameters for
these two samples. Their values reveal that annealing at 573 K
does not induce significant change in particle size but predomi-
nantly results in the reduction of microstrain, which is known
to increase the lattice constant in nanosized samples compared
to their bulk counterpart.7 Thus the higher defect concentration
and/or the mixing effects of both micro- and macrostrain are
likely to contribute to the increased value for S1 cell constant.
However, as annealing at 573 K leads to decreased value of
unit cell constant in S2, this value is found to be somewhat
smaller than the one related to bulk lithium ferrite, which
suggests that this effect is not possible to explain only in terms
of average defect relaxation estimated from the Rietveld
analysis. The PDF analysis, on the other hand, reveals existence
of oxygen disordering in the samples, and provides additional
insight into the short-range structure that is generally out of
the scope of the Rietveld method. We describe these results
below.

3.2.4. PDF Approach. Here, we apply the PDF method to
study the structure and size in lithium ferrite nanoparticles,
where the size is controlled by adjusting the temperature in the
annealing step of the synthesis, as described. Figure 4 features
experimental PDFs, shown as open circles, for the three samples
used. From Figure 4 is apparent that, in direct space, the PDF
features at low r are comparably sharp in all the samples. Unlike
in the reciprocal space, the direct space features are not
broadened due to the finite size effects. The finite particle size
produces a falloff in the intensity of structural features with
increasing interatomic spacing r, similar to one that can be seen
in the lower right panel of Figure 1. The structure apparent in
the G(r) function, as that seen in Figure 4, comes from the
atomic order within the nanoparticle. In case of high reciprocal
resolution measurements on nanoparticle samples, the value of
r where the PDF signal disappears indicates the particle core
region diameter, or at least the diameter of any coherent
structural core of the nanoparticle. Features in the PDF at low
r reflect the internal structure of the nanoparticles. Inspection
of the experimental PDF data in Figure 4 reveals that nanopar-
ticles have almost the same features, reflecting the fact that they

share a similar atomic structure on average. In the finite nanosize
regime, local structural changes are expected: the largest changes
in structure are expected in the smallest nanoparticles. In such
nanoparticles, the contribution of surface atoms is large, making
it difficult to define well-ordered crystalline core. It should be
noted here that the effect of limited reciprocal space resolution
of the measurement also yields a similar falloff of the PDF
intensity, producing a Gaussian envelope to the experimental
PDF. In studying crystalline materials, distinct are sample (grain
size effect) and resolution limited measurements, depending on
which of the effects is predominant.8c Since the resolution effects
necessarily come to play when IP detectors are used, and are
relevant in case of intermediate size nanoparticles, such as these
studied here, measurements on silicon crystalline standard were
carried out to account for this, as explained below.

Using the PDF approach, it is possible to obtain size-
dependent quantitative structural information, and through a
structure modeling process refine reliable structural parameters,
even in cases of very small nanoparticles.19 Structural informa-
tion was extracted from the PDFs using a full-profile real-space
least-squares refinement approach, analogous to the Rietveld
refinement. We used the program PDFgui8e to fit the experi-
mental PDFs. Starting from a given structure model and given
a set of parameters to be refined, PDFgui searches for the best
structure that is consistent with the experimental PDF data. The
residual function, Rw, is used to quantify the agreement of the
calculated PDF from model to experimental data, and is
minimized in the refinement process. The structural parameters
of the model (cubic, P4332) were: lattice parameter, fractional
coordinates observing P4332 symmetry constraints, isotropic
atomic displacement parameters (ADPs), and the site occupancy
of Li atom. The modeling program takes into account both the
particle size and the finite resolution effects, through corre-
sponding fitting parameters.8c,14c The resolution damping factor,
Qdamp, which defines PDF Gaussian dampening envelope
(0.5e-(Qdamp · r)2

) due to limited Q-resolution,8c,e was determined
from a refinement to the silicon standard data and fixed, and
the nanoparticle diameter was refined. PDF data obtained for
Si standard (325 mesh) are shown in Figure 5a with dampening
envelope superimposed, highlighting the effect of the resolution

Figure 4. PDFgui refinements of the P4332 model to the experimental
PDF data for (a) S1 sample, (b) S2 sample, and (c) S3 sample, over a
wide r-range. Data are shown as open symbols, model profiles as solid
lines, and corresponding difference curves are shown offset below for
clarity. Dashed horizontal lines denote estimated experimental uncer-
tainty at 2σ level. All profiles shown in panels (b) and (c) are placed
on the same scale as in (a) for easier comparison. Vertical tick marks
denote selected features discussed in the text.
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of IP measurement on data. For comparison, PDF data for S1
sample are shown in Figure 5b, demonstrating sensitivity to
additional dampening observable in these data originating from
the finite size of the nanoparticles. This is particularly obvious
in the 30-50 Å region, where PDF peaks of Si are much
stronger than PDF peaks of S1 sample. Good agreement, with
low values of Rw, between the model and the data was achieved
for all three samples. The fits are shown in Figure 4 as model
PDFs (solid lines) superimposed on data, with the difference
curves offset for clarity. Vertical tick marks label selected
features in the PDF, allowing for visual comparison of these
PDF peaks. Notably, higher-r features are more dampened and
additionally broadened for samples S1 and S2, compared to that
for sample S3, landing confidence that different nanoparticle
sizes can be distinguished and assessed from the modeling
process despite resolution effects. The obtained structural
parameters are reported in Table 1.

Determining accurately the occupancy of Li represents a
challenge for the reasons already stated in the previous section.
PDF refinements were carried over two ranges, narrow (up to
∼10 Å) and broad (spanning available PDF data up to ∼50 Å).
Notably, in all PDF refinements, the occupancy of Li on
octahedral 4b site refined to lower values compared to 0.50
observed in the bulk counterpart. This was persistently observed
for all three samples, indicating that an appreciable amount of
Li ions occupy the octahedral 12d sites. Broad range fits were
initially unstable, due to correlation between Li occupancy and
ADP parameters of lithium and oxygen ions. Therefore, in the
final refinements over a broad range, the Li occupancy was set
to 0.2(1), as obtained from more stable fits for S3, and fixed
for all three samples, which gave satisfactory fits. Interestingly,
when the refinements were carried over a narrow range, the
observed Li occupancy on the 4b site indicated even smaller
values (below 0.1), suggesting a possibility that some of the Li
ions escape to the outer layers of the nanoparticles. An idea
about the sensitivity of PDF to this effect can be gained from
Figure 6a, where two model PDFs for Li occupancy observed
in the bulk, and that reported in this study are compared.
Quantifying this, however, is beyond the sensitivity of our
measurement.

We also found a significant difference in the fractional
coordinates of oxygen ions in 8c site (O1) and 24e site (O2)
depending on whether PDF or Fullprof methods were used. In
conjecture with this is another observation that we made: an
anomalous increase of the O1 isotropic ADP parameters to
unphysical values, for all three samples, whereas the ADPs of
other sites were having considerably smaller values, albeit still

enhanced. This is suggesting significant disorder in the O1
network, that appears to be the largest for the smallest
nanoparticle (S1), with ADP of O1 being 0.148(5) Å2, compared
to 0.128(5) Å2 and 0.140(5) Å2 for S2 and S3 samples,
respectively. For comparison, observed ADP values for O2 site
are 1 order of magnitude smaller, being 0.012(1), 0.010(1), and
0.011(1) Å2 for S1, S2, and S3, respectively. Illustration of the
effect of disorder in the O1 sublattice is provided in Figure 6b
by comparing model PDFs corresponding to anomalously
increased and more physical values of O1 ADPs.

From the PDF fits over the narrow r-range (Figure 7),
apparent discrepancies between the model and the data in the
PDF peak position of certain peaks can be observed. The figure
features fits to the data of the (a) S1, (b) S2, and (c) S3 samples.
For easier comparison, all of the profiles in the later two panels
were rescaled such to be on the same scale as these shown in
panel (a). Vertical dashed lines denote the position of the second
PDF peak of the data, emphasizing that there is an offset
between the data and the model peak, also evident in the
difference curve. Such mismatch also occurs for some other
PDF peaks, as evident from the difference curves. This is
consistent with there being a shell region where the interatomic

Figure 5. Effect of reciprocal space resolution on PDF. (a) Silicon
standard PDF (solid line profile) and PDF Gaussian dampening envelope
(thick solid line) scaled to track the data. (b) PDF of sample S1 (solid
line profile) with the same envelope as shown in (a). Data shown in
(a) and (b) are on the same scale. See text for details.

Figure 6. Effect of disorder on PDF. (a) Model PDF (solid line profile)
for S1 sample with the occupancy of Li on octahedral 4b site set to
0.50 as observed in the bulk counterpart, and model PDF (dashed line
profile) with the occupancy of Li set to 0.1. (b) Model PDF (solid line
profile) for S1 sample with ADP of O1 set to observed unphysically
large values, and model PDF (dashed line profile) with ADP of O1 set
to physically reasonable values comparable to that obtained for O2. In
both panels difference curves are offset for clarity. See text for details.

Figure 7. PDFgui refinements of the P4332 model to the experimental
PDF data for the (a) S1, (b) S2, and (c) S3 samples, over a narrow
r-range. Dashed vertical lines denote position of the second PDF peak
in the data, to emphasize the data-model mismatch, as also evident in
the difference curve. All profiles shown in panels (b) and (c) are placed
on the same scale as in (a) for easier comparison. See text for details.
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distances are different than those in the core. There is no
evidence in PDF that the shell is amorphous, which would
manifest itself as a set of glass-like PDF features in the
difference curve, with sharp near-neighbor distances, and a
disordered hump at higher values of r. The data are more
consistent with the shell being crystalline, with somewhat
disordered structure, but similar to that of the core. The
resolution (falloff) effects hamper the ability to estimate the
spatial extent of the core and shell regions from the PDF
analysis.

3.2.5. Analysis of Cation-Anion Distances. As two methods
(Rietveld and PDF) give an appreciable mismatch in fractional
coordinates of oxygen ions in 8c (O1) and 24e sites (O2) (Table
1), we compared the cation-anion distances (given in Table
2), which correspond to the refined crystal structure parameters
obtained by Rietveld (FP) and PDF methods, with the values
calculated from the effective ionic radii and refined cation
distribution.22 The average cation-anion distances for 8c and
12d sites obtained by Fullprof and PDF are in agreement within
three estimated standard deviations (ESD), whereas notable
deviation is found for 4b site. Further, the average cation(8c)-
anion distance (obtained by Fullprof and PDF) match pretty
well value 1.87 Å calculated from Shannon effective ionic radii
in the case that 8c site is occupied only by Fe3+ ions. The
average cation(12d)-anion distances are also in agreement with
value calculated taking into account the cation distribution
((Li+0.2Fe3+

1.3)12d) and ionic radii. This supports obtained
refinement results when so-called bulk-like model was applied
in nanocrystalline lithium ferrites. Some discrepancies are found
only for 4b site where the cation(4b)-anion distances appears
somewhat shorter (especially those obtained by PDF), from the
predicted value calculated concerning the cation distribution
((Li+0.3Fe3+

0.2)4b). Regarding the value of Li+ and Fe3+ (high
spin) ionic radii in octahedral coordination, this discrepancy
could be an indication of some migration of Li ions from 4b
sites to outer surface layers.

3.3. Mössbauer Spectroscopy of Li0.5Fe2.5O4. Fe57 Möss-
bauer spectra for all samples were recorded at room temperature
(Figure 8). The Mössbauer spectrum of sample S4 could be
fitted with two overlapping sextets, assigned to Fe3+ ions at
tetrahedral (A) and octahedral (B) sites. The Mössbauer
parameters (isomer shift δ = 0.22 and 0.37 mm s-1, and
hyperfine fields Bhyp ) 50.3 and 51.0 T for A and B sites,
respectively) are in agreement with previous results of HA )
50.0 T, δA = 0.20 and HB ) 50.6 T, δB = 0.37 mm s-1 for A
and B sites, respectively.23 Dormann et al.24a have suggested
that zero-field Mössbauer spectra of lithium ferrite taken at T
) 78 K can be used to determine the relative Fe ion occupation

at A and B sites. The ratio of spectral areas corresponding to
Fe3+ at A and B sites was obtained from Mössbauer data taken
at T ) 10 K (see the inset of Figure 8), and the obtained value
was in agreement with the ordered (Fe3+

8c)tet[(Li+0.5)4b-
(Fe3+

1.5)12d]oct cation distribution inferred from Rietveld refine-
ment sample S4.

The room temperature Mössbauer spectra recorded for
samples with smaller particle size (namely, S1, S2, and S3)
could be fitted using two sextets and one broad doublet, the
latter originating from the superparamagnetic relaxation of the
smallest nanoparticles. This coexistence of sextets/doublets is
typical for samples of ultrafine particles with size distributions,
due to the exponential dependence of the relaxation time τ with
particle volume.

For particles having relaxation times τ larger than the Larmor
precession time τL ≈ 10-8 s of the resonant 57Fe nucleus, the
later can sense the magnetic hyperfine interactions resulting in
a magnetically split sextet. On the other hand, particles having
τ < τL will fluctuate many times during the time scale of the
57Fe excited state, averaging all interactions to zero and leaving
the quadrupolar interactions alone. Near the condition τ ≈ τL

(i.e., the blocking temperature TB for Mössbauer time window)
the typical Mössbauer spectrum usually consists of a paramag-
netic doublet superimposed on a magnetic hyperfine sextet, the
latter exhibiting broad absorption lines and reduced hyperfine
splitting. Since there are no theoretical models for the resulting
Mössbauer spectra for τ ≈ τL (neither lineshapes nor hyperfine
field behavior), the interpretation of any hyperfine parameter
from spectra near TB must be done with caution.

In our samples, the intensity of the central doublet originating
from superparamagnetic relaxation of smaller particles decreases
with increasing the annealing temperature and the magnetically
split sextet becomes the major fraction of the 57Fe signal, as
expected from the growth of the average particle size. Concur-
rently, the spectral lines narrow for samples with higher
annealing temperatures, due to the increase of average particle
sizes and/or improved crystallinity of the particles. Table 3
summarizes the fitted Mössbauer parameters for lithium ferrite.
It is worth mentioning that no indication of Fe2+ spectral
component was detected in our samples.

The Mössbauer parameters obtained for bulk-like sample S4,
namely 50.3 and 51.0 T (A and B sites, respectively) are in

TABLE 2: Cation-Anion Distances Which Correspond to
the Refined Crystal Structure Parameters by the Rietveld
(FP) and PDF Methodsa

sample method
〈d8c-O2-〉

(Å)
d4b-O2-

(Å)
〈d12d-O2-〉

(Å)

S1 FP 1.892(10) 2.151(12) 2.014(12)
PDF 1.863(11) 2.053(10) 2.060(10)

S2 FP 1.886(10) 2.126(10) 2.011(10)
PDF 1.880(8) 2.047(9) 2.035(9)

S3 FP 1.870(10) 2.145(9) 2.022(10)
PDF 1.856(8) 2.078(9) 2.052(9)

(Fe3+)8c[(Li+0.3Fe3+
0.2)4b

(Li+0.2Fe3+
1.3)12d]O4

calc. 1.87 2.178 2.059

a Label “calc.” denotes values of cation-anion distances related
to the given cation distribution and Shannon-Prewitt effective ionic
radii.

Figure 8. Mössbauer spectra of all samples (S1-S4) collected at room
temperature.
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agreement with previous reports on this system.23 It is interesting
to note that the evolution of hyperfine fields of A and B sites
for Fe3+ ions with annealing temperatures are quite different
(Figure 9). Indeed, the hyperfine field of the tetrahedral site
shows a marked decrease for samples annealed at lower
temperatures, reflecting larger sensitivity to changes in the local
environment and/or to relaxation effects of the single-domain
particles.

For NPs with different cation distributions at the cores and
surface layers, fitting of the Mössbauer spectra by using multiple
sextets (up to five) is impractical.23 The complexity of the spectra
in nanocrystalline Li0.5Fe2.5O4 samples is due not only to
relaxation effects near the SPM transition, but also due to the
complex cation distribution. Previous studies have proposed
detailed models for fitting substituted bulk lithium ferrite (e.g.,
Cr-doped Li0.5Fe2.5O4) using multiple sets of subspectra, based
on a model of supertransferred hyperfine field contributions at
each Fe site.24 In any case, the observed broadening of the sextet
lines are the previous stage before SPM relaxation takes place,
and therefore it seems more plausible to relate both the observed
hyperfine field decrease and line broadening to Néel relaxation
effects in single-domain nanoparticles.

3.4. Order-Disorder Phase Transition in Li0.5Fe2.5O4.
DTA analysis was used to investigate structural phase transitions
(S.G. P4332 T Fd3m), in all prepared samples, and the
corresponding DTA curves are shown in Figure 10. DTA graph
shows that each sample exhibits discernible endothermic peak
which appears at Tf′ ) 1033 K in nanocrystalline samples (S1,
S2, and S3) and at Tf′ ) 1041 K in bulk-like lithium ferrite
(S4). This endothermic transition observed in heating regime,
corresponds to the exothermic transition in cooling regime which

appears at Tf″ ) 980 K in sample S1, and Tf″ ) 973 K in
samples S2, S3, and S4. Both observed types of transition peaks
are due to reversible order-disorder phase transition in lithium
ferrite and are shifted relative to each other (so-called thermal
hysteresis) in heating/cooling regime: ∆T ) Tf′ - Tf″ ≈ 53 K
for sample S1, ≈60 K for S2 and S3, and ≈68 K for S4, and
these observations are consistent with the reported data.25 Hence,
lower driving force is necessary to induce order-disorder phase
transition in nanocrystalline samples compared to their bulk
counterpart, and consequently the temperature of phase transition
in bulk sample is 8 K above the transition temperature in
nanocrystalline samples.

DTA curves also exhibit a flexure at approximately 904 K,
which can be related to a magnetic phase transition (ferrimag-
netic T paramagnetic). This transition occurs at the same
temperature in all samples and is close to that one obtained
from DSC measurements (920 K).26 Literature value of the Nèel
temperature of lithium ferrite is usually in the range of TN )
913-953 K.27

4. Conclusions

In this paper we have analyzed certain aspects of synthesis
of lithium ferrite obtained from citrate precursor gel decomposi-
tion at very low temperature, discussing the evolution of the
crystal structure/microstructure parameters and Mössbauer
parameters with annealing. The addition of 5 wt % of lithium
in excess in citrate precursor enables the preparation of
nanocrystalline lithium ferrite phase at 453 K, free from impurity
ferric oxides. It has been found that annealing of the samples
up to 673 K resulted in a similar atomic structure on average
with almost unchanged cation distributions. Based on the
analysis of the cation-anion distances, and within the precision
given by XRPD technique, we suggest the possible migration
of lithium ions from 4b sites to outer layers of particles. PDF
analysis reveals an anomalous increase of the oxygen O1
isotropic ADP parameters to unphysical values, suggesting
significant disordering in the O1 network. Mössbauer spectra
of samples annealed at lower temperatures show decreased
hyperfine field values, as expected from thermal fluctuations in
small particles. With increasing annealing temperatures, the
particles increase their average size and hyperfine fields increase
to the bulk values. Taking into account that the nearest neighbor
coordination of the iron in tetrahedral (A) sites is much more
influenced by the oxygen O1 anions than the octahedral (B)
sites in spinel structure, we can conclude that thermal annealing

TABLE 3: Hyperfine Parameters Obtained from Fits to the
57Fe Mössbauer Spectra Collected at Room Temperature for
Samples S1-S4a

sample component δ (mm s-1) QS (mm s-1) Bhyp (T)

S1 doublet 0.33 0.74
sextet A 0.27 31
sextet B 0.33 46.9

S2 doublet 0.33 0.69
sextet A 0.27 40.1
sextet B 0.30 47.6

S3 doublet 0.33 0.59
sextet A 0.29 46.8
sextet B 0.33 48.6

S4 sextet A 0.22 -0.03 50.3
sextet B 0.37 0.01 51.0

a The parameters are isomer shift (δ), quadrupole splitting (QS),
and hyperfine field (Bhyp).

Figure 9. Hyperfine fields (Bhyp), for Fe3+ ions at tetrahedral (A) and
octahedral (B) sites in spinel lattice.

Figure 10. DTA curves of samples S1, S2, S3, and S4 measured in
heating and cooling regimes (shown in the range of temperature
773-1110 K).

20566 J. Phys. Chem. C, Vol. 113, No. 48, 2009 Jović et al.



of lithium ferrite powder mainly activated relaxations of the
oxygen sublattices and does not change significantly the cation
distribution up to 673 K. After annealing at 973 K, XRPD and
Mössbauer experiments reveal that the sample S4 has a totally
ordered cation distribution and bulk-like properties. The DTA
analysis indicates that lower driving force is necessary to induce
order-disorder phase transition in nanocrysalline samples
compared to the bulk-like sample due to higher crystal
disordering.
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The observation of canonical spin-glass behavior in the pyrochlore oxide Y2Mo2O7 has been a subject of
considerable interest as the original structural studies were interpreted in terms of a well-ordered crystallo-
graphic model. It is widely held that the stabilization of the spin-glass state requires some level of positional
disorder along with frustration. Recent reports from local probe measurements, extended x-ray-absorption fine
structure �EXAFS� and 89Y NMR, have been interpreted in terms of disorder involving the Mo-Mo distances
�EXAFS� and multiple Y sites �NMR�. This work reports results from temperature-dependent �15–300 K�
neutron diffraction �ND� and neutron pair distribution function studies which can provide from the same data
set information on both the average and local structures. The principal findings are that: �1� there is no
crystallographic phase transition over the temperature region studied within the resolution of the ND data; �2�
the diffraction data are well fitted using a fully ordered model but with large and anisotropic displacement
parameters for three of the four atomic sites; �3� the pairwise real-space correlation function G�r� shows clear
evidence that the principal source of disorder is associated with the Y-O1 atom pairs rather than the Mo-Mo
pairs, in disagreement with the interpretation of the EXAFS results; �4� fits to the G�r� improve significantly
when anisotropic displacements for all sites are included; �5� inclusion of a split-site position parameter for O1
improves, slightly, both the G�r� fits and the Rietveld fits to the ND data; and �6� for all models the fits become
worse as the temperature decreases and as the fitting range decreases. These results are qualitatively consistent
with the 89Y NMR observations and perhaps recent muon-spin-relaxation studies. The issue of static versus
dynamic disorder is not resolved, definitively. An estimate of the distribution of exchange constants due to the
disorder is made using spin-dimer analysis and compared with the Saunders-Chalker model for the generation
of spin-glass behavior from “weak” disorder on geometrically frustrated lattices.

DOI: 10.1103/PhysRevB.79.014427 PACS number�s�: 75.50.Lk, 61.05.fm

I. INTRODUCTION

Geometrically frustrated materials with nearest-neighbor
antiferromagnetic �AF� constraints can exhibit a variety of
ground states including long-range but complex-order, spin-
liquid and spin-glass �SG� behaviors. If the constraints are
ferromagnetic and accompanied by strong axial anisotropy,
the spin-ice state may be stabilized. Materials with the pyro-
chlore structure, mostly oxides, have been central to investi-
gations of such phenomena and the voluminous literature has
been reviewed recently.1 Among the known pyrochlore ox-
ides for which there is no obvious compositional disorder,
there are only a few examples of the SG ground state. The
best studied of these is Y2Mo2O7, which was first tentatively
characterized as a spin glass with Tf =22 K on the basis of
low-temperature dc susceptibility results in 1986,2 although
high-temperature data had been reported as early as 1975.3,4

Subsequent work has established that Y2Mo2O7 does indeed
behave as a nearly ideal spin glass from nonlinear suscepti-
bility, heat-capacity, ac susceptibility, elastic and inelastic
neutron-scattering, muon-spin-relaxation, and neutron spin-
echo data, for example.5–11 There appears to be little doubt
that Y2Mo2O7 is a spin glass; indeed the critical exponents

extracted from the analysis of the nonlinear dc susceptibility
agree well with those found in classical disordered spin-glass
systems.5 It is a widely held tenet that in order for the SG
state to be stable, both frustration and positional disorder
must be present, simultaneously. This is certainly the case in
the classical spin glasses such as dilute solid solutions of iron
in gold, FexAu1−x, with x�0.05, where the randomness of
the Fe sites and the Ruderman-Kittel-Kasuya-Yosida
�RKKY� exchange mechanism combine to produce the spin-
glass state. Another class of spin glasses can be obtained by
dilution of the magnetic sites of an antiferromagnetic or a
ferromagnetic insulator with a diamagnetic substituent.
Among many examples are the antiferromagnets FexZn1−xF2
and FexMg1−xTiO3, where a SG state obtains for x values
near the percolation threshold.12,13 In other cases, EuxSr1−xS,
for example, a SG state emerges for x values �x�0.5� well
above the percolation limit �x�0.2�.14 Here, competing
nearest-neighbor ferromagnetic and next-nearest-neighbor
antiferromagnetic interactions are key factors. In all of the
above examples, significant levels of positional disorder in-
duce magnetic frustration in the relevant systems. For the
pyrochlore oxides in which dilution effects are clearly not
present, another mechanism must be operable.
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Before proceeding further, it is highly relevant to consider
the existing structural evidence from neutron diffraction
�ND� which measures, of course, the average structure. The
formal description of the pyrochlore structure for materials,
mostly oxides with composition A2B2O7, is within space
group Fd3m as shown in Table I. There are four occupied
positions, the choice with A in 16d, B in 16c, O1 in 48f , and
O2 in 8b is now considered standard, although in earlier
literature other origins have been used.15

In the original neutron powder diffraction study, the fully
ordered model was refined for Y2Mo2O7 with Y in 16d, Mo
in 16c, and O2 in 8b, and the lone positional parameter for
O1 in 48f was found to be x=0.3382�1� with the cubic lattice
constant a0=10.230�1� Å.16 Some disorder models involv-
ing O2 were explored but these gave no improvement on the
ideal model. Anisotropic displacement parameters were re-
fined for the Y site and these gave an ellipsoid flattened
normal to the local axis which is a �111�-type direction
within the unit cell. All interatomic distances were reason-
able for the fully ordered model, being in excellent agree-
ment with the sum of the effective ionic radii.

Of course all real materials will contain various types of
defects, generally at low levels. Concentrations can be diffi-
cult to measure but recent computational results for pyro-
chlore oxides suggest values on the order of 1%.17 For
Y2Mo2O7 the calculated antisite �Y/Mo exchange� defect
level is 1.1% and the oxygen vacancy level is 0.4%. Are such
defect concentrations sufficient to induce spin-glass behav-
ior? This seems somewhat unlikely on the basis that only a
few nominally stoichiometric pyrochlores are actually spin
glasses and the defect levels are calculated to be similar for
all oxide materials of this structure type. One known case for
which spin-glass behavior results from very low levels of
substitutional disorder is that of Cd-doped ZnCr2O4.18 Here,
Cd substitution for Zn at the 3% level is sufficient to destroy
the Néel order in ZnCr2O4. For this material, the Cr3+ sub-
lattice has pyrochlore topology and in the pure phase under-
goes a tetragonal distortion which presumably lifts the
ground-state degeneracy and selects an AF long-range-order
�LRO� ground state with TN=14 K. It is argued that the
large size mismatch between Cd2+ and Zn2+, 0.78 Å versus
0.60 Å, respectively,19 induces random strains which, in the
presence of strong magnetoelastic coupling, can result in the
spin-glass ground state. Interestingly, substitution of diamag-
netic Ga3+ on the Cr3+ sites is much less effective, with the
SG state appearing only at concentrations approaching 20%
Ga. Ga3+ and Cr3+ have nearly identical radii for sixfold
coordination, 0.62 Å.

Saunders and Chalker20 attempted to explain the occur-
rence of the SG ground state in geometrically frustrated mag-

nets with “weak” disorder levels. In this approach, weak dis-
order is defined as ��J, where J is the average exchange
constant and � is its fluctuation. The model considered is the
classical Heisenberg antiferromagnet with near-neighbor ex-
change on a pyrochlore lattice. The central results are that
the spin-glass correlation function is finite at large distances
for a range of � and that the spin-freezing temperature Tf
�� but is independent of J. Quantitative application of these
ideas to actual systems is not straightforward as the relation-
ship of ��J� to a specific disorder or defect mechanism will
be complex and perhaps not easily established.

Nonetheless, it is still important to identify the nature of
the disorder in materials such as Y2Mo2O7 in a first effort to
understand its unique behavior. Recently, there have been
two studies, both involving local probes, which provide
some evidence for disorder in this material. Extended x-ray-
absorption fine structure �EXAFS� data for both Mo and Y
edges have been interpreted in terms of a large static vari-
ance in the Mo-Mo distances, �2=0.026�5� Å2, which is
�10 times larger than the variances found for Mo-O1, Mo-Y,
and Y-Y distances, for example.21 This implies a fluctuation
in the Mo-Mo bond distance of 0.16�2� Å, which is �4% of
the equilibrium Mo-Mo distance. It has been widely sug-
gested that this disorder level may explain the spin-glass
ground state but no quantitative link has been established. In
another study 89Y NMR data show a large number of reso-
nances when Y2Mo2O7 is cooled below 200 K.22 This can be
interpreted as evidence for a local multiplicity of Y sites, in
contrast to the average structure value of one. As the Weiss
temperature for this material is −200 K, the suggestion was
made that the disorder was somehow “frustration driven” but
no evidence has yet been presented for a true phase transition
as seen for the case of ZnCr2O4 described above. Subsequent
muon spin relaxation ��SR� studies in applied fields have
attempted to measure the distribution of local magnetic fields
seen by the muon in Y2Mo2O7 which was equated with the
distribution in exchange constants.23 It was concluded that
this distribution increases rapidly below 40 K. Another study,
not on Y2Mo2O7 but instead on isostructural Yb2Mo2O7, is
worth mentioning. 170Yb Mössbauer-effect data must be in-
terpreted in terms of a distribution of electric field gradients
at the Yb site, suggesting some type of disorder on the A
site.24 Interestingly, a similar disorder but of lesser magni-
tude is noted for ferromagnetic Gd2Mo2O7.

There is in these studies the usual dichotomy between the
information obtained from diffraction probes which deter-
mine the average structure and the local probes where the
structural information is restricted to very short length scales,
often that between nearest neighbors. It is, thus, challenging
to reconcile the two types of data to provide a consistent
interpretation. Ideally, one would like to use a method which
could, from the same data set, provide information on both
the local and average structure. The neutron pair distribution
function �NPDF� method meets this criterion.25 In this ap-
proach diffraction data, S�Q�, are collected to very large mo-
mentum transfers, Q�30–40 Å−1. Fourier transformation
of suitably normalized data can then yield the real-space
pairwise distribution function, G�r�, from which local struc-
ture information can be extracted. Of course the same S�Q�
data can be analyzed using conventional Rietveld crystallo-

TABLE I. Description of the A2B2O7 pyrochlore structure in
Fd3m.

Atom Wyckoff site Point symmetry Minimal coordinates

A 16d −3m 1/2 1/2 1/2

B 16c −3m 0 0 0

O1 48f mm x 1/8 1/8

O2 8b −43m 3/8 3/8 3/8
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graphic tools to yield the average structure. Recent advances
in instrumentation, especially at spallation neutron sources,
and corresponding developments in data analysis codes have
now made this technique more widely accessible.26,27 In the
following, ND and NPDF data are used to characterize both
the average and local structure of Y2Mo2O7 over a wide
temperature range, 15–300 K, which includes those for
which the EXAFS and NMR studies were done and extend-
ing well into the spin-glass regime.

II. EXPERIMENTAL

A. Sample preparation and characterization

Y2Mo2O7 was prepared from starting materials, MoO2
�99.9%� and Y2O3 �99.99%�. Y2O3 was fired at 1000 °C for
8 h. before weighing. The mixture was ground and mixed
well in a mortar and pestle, then pelletized and fired at
1300 °C for 48 h in a buffer gas mixture CO /CO2=1 as
described in a previous report.28 The material was deter-
mined to be single phase from x-ray powder diffraction using

a Guinier-Hägg camera. Magnetic-susceptibility data were
collected using a Quantum Design superconducting quantum
interference device �SQUID� magnetometer.

B. Neutron scattering and data handling

Neutron-scattering data were collected on the instrument
NPDF at the M. Lujan Jr. Center for Neutron Scattering at
the Los Alamos Neutron Science Center. This instrument has
been described elsewhere.26 The sample of �5 g was con-
tained in a vanadium can which was placed in a Displex
closed-cycle refrigerator. Background corrections were deter-
mined by measuring the empty sample chamber, empty Dis-
plex, and empty vanadium sample can. Detector efficiency
was normalized by measuring a vanadium rod. Data were
collected to a limit of Q=45 Å−1 at several temperatures
between 300 and 15 K. Data for neutron diffraction analysis
were obtained by truncating the data at Q=9 Å−1, while for
PDF analysis, the truncation limit was taken as Q=35 Å−1

based on inspection of the noise level in the data. Standard
data corrections were carried out using PDFgetN.25 Corrected
data were normalized by the total scattering cross section of
the sample to yield the total scattering structure factor S�Q�,
where Q is the scattering or momentum transfer vector, Q
=4� sin � /�. The G�r� was obtained by a sine Fourier trans-
form according to

G�r� = 4�r���r� − �0� = 2/��
0

	

Q�S�Q� − 1�sin�Qr�dQ ,

where ��r� is the atomic pair density and �0 is the average
atomic number density. The ND data were refined using the
GSAS package and the refinements of G�r� were done with
PDFFIT and PDFGUI, the latter permitting the refinement of
anisotropic atomic displacement factors �ADFs�.27

FIG. 1. Low-temperature dc magnetic susceptibility for the
Y2Mo2O7 sample used in these studies.
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FIG. 2. �Color online� �Left� A Rietveld fit for the neutron diffraction data for Y2Mo2O7 at 300 K on the fully ordered model using ADFs
for all atoms. Rwp=4.01%. The black circles are the data, the solid line is the model, and the lower curve is the difference plot. Bragg-peak
positions are shown by the vertical tic marks. �Right� The region including the 442 reflection position showing the absence of this reflection.
The very weak but allowed 531 reflection is also marked.
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III. RESULTS AND DISCUSSION

A. Magnetic characterization

Magnetic-susceptibility data taken at 0.05 T are shown in
Fig. 1. Note the divergence between the data collected in
zero-field-cooled and field-cooled modes at 22 K which can
be taken as the spin-glass freezing temperature TF. These
data are consistent with several other determinations shown
in the literature and indicate that this sample is equivalent in
terms of magnetic properties to typical samples of Y2Mo2O7.

B. Neutron diffraction: The average structure

The only structural study previously published16 was
based on data taken at a low-flux reactor-based source with
modest resolution, so it is of considerable interest to analyze
data of superior resolution and extended Q range as afforded
here. Initially, the data sets at each temperature were refined
using both isotropic and anisotropic ADFs on the fully or-
dered model. A typical result is shown in Fig. 2, left panel,
from which it is clear that the fit is excellent. Figure 2, right
panel, demonstrates the absence of the 442 reflection, the
significance of which is discussed later in this section. The
refinement results are listed in Tables II–IV for anisotropic
ADFs and the temperature dependence of the anisotropic

ADFs is shown in Fig. 3, left panel, while the ellipsoids are
indicated in Fig. 3, right panel.

First the anisotropic refinement results at 300 K can be
compared directly with those for other pyrochlores, for ex-
ample, Y2Sn2O7, obtained also from neutron powder data as
shown in Table V.29 These results were obtained at a reactor
source to Qmax=8.1 Å−1 comparable to those of the present
work for which Qmax=9.1 Å−1. The effective radii for Sn4+

�0.69 Å� and Mo4+ �0.65 Å� are comparable.19

Note that, except for the O2 site, the diagonal displace-
ment factors for B=Mo are significantly larger, by factor of 2
or 3, than those for the B=Sn pyrochlore. The shapes of the
ellipsoids at the B site are different as well, with negative
off-diagonal values for B=Sn which are positive for B=Mo.
Thus, the Sn ellipsoid is a disklike slightly flattened sphere,
while for B=Mo, it is an elongated cigar shape �Fig. 3, right
panel�. Considering relative magnitudes among ADFs for
Y2Mo2O7, U11�O1� is the largest of all by nearly a factor of
2. Examination of the temperature dependence of the dis-
placements �Fig. 3, left panel� indicates normal behavior for
most, but U11 for O1 remains very large and U11 for Mo
shows nearly no temperature dependence. Thus, in spite of
the excellent apparent fit of the fully ordered model to the
data, it is clear that all of the atomic displacement factors are
large and show considerable anisotropy except of course for
O2, for which the site symmetry constrains the ellipsoid to
be spherical. Before leaving this discussion, it is worth not-
ing that the 442 reflection, which has been linked with static
atomic displacements in pyrochlores, is not observed in the
neutron data �Fig. 2, right panel�. For example, pyrochlores
with so-called lone pair active ions on the A site, e.g.,
Bi2Ti2O7 or Sn2Ta2O7, for which a clear static distortion has
been demonstrated, always show a 442 reflection.30,31 In
these cases the lone pair ion is disordered over the 96g sites
and O2 is partially distributed over 32e. The origin of this
correlation is that additional systematic absences arise in
Fd3m with isotropic atoms in Wyckoff sites a–d and f
which forbid 442 but for atoms in any other site these addi-
tional extinctions do not hold. Apparently, anisotropic atoms
in these special sites also allow 442 in principle but in the
case of Y2Mo2O7, it is absent in spite of large-amplitude
anisotropic behavior at all of these sites except of course 8b.
Finally, the absence of 442 argues against disorder of O2 in
32e.

TABLE II. Rietveld refinement results with anisotropic ADFs
for Y2Mo2O7 at various temperatures.

T
�K�

a0

�Å� x�O1� Rwp

300 10.23025�2� 0.337689�29� 0.0407

225 10.22129�2� 0.33788�4� 0.0468

200 10.21859�2� 0.337811�33� 0.0419

150 10.21352�2� 0.337852�30� 0.0444

100 10.21014�2� 0.338031�33� 0.0498

50 10.20828�2� 0.338047�31� 0.0480

25 10.20759�2� 0.338071�32� 0.0492

20 10.20759�2� 0.338080�32� 0.0487

15 10.20753�2� 0.338088�32� 0.0482

TABLE III. Anisotropic ADFs Uij 
102 Å2 for Y2Mo2O7 at various temperatures.

T
�K� U11�Y� U12�Y� U11�Mo� U12�Mo� U11�O1� U22�O1� U23�O1� U11�O2�

300 0.856�9� −0.224�9� 1.14�1� 0.61�1� 1.85�2� 0.96�1� 0.16�1� 0.56�2�
225 0.648�9� −0.19�1� 0.99�1� 0.69�2� 1.64�2� 0.70�1� 0.16�2� 0.35�2�
200 0.722�8� −0.18�1� 1.15�1� 0.75�2� 1.72�2� 0.82�1� 0.11�1� 0.46�2�
150 0.732�7� −0.162�9� 1.27�1� 0.80�1� 1.73�2� 0.868�9� 0.06�1� 0.50�2�
100 0.511�8� −0.16�1� 1.11�1� 0.81�2� 1.45�2� 0.677�9� 0.03�1� 0.34�2�
50 0.497�7� −0.130�9� 1.14�1� 0.84�2� 1.48�2� 0.680�9� 0.03�1� 0.35�2�
25 0.491�7� −0.14�1� 1.14�1� 0.83�2� 1.47�2� 0.691�9� 0.03�1� 0.35�2�
20 0.471�7� −0.140�9� 1.12�1� 0.82�2� 1.44�2� 0.667�9� 0.03�1� 0.35�2�
15 0.471�7� −0.136�9� 1.11�1� 0.83�2� 1.45�2� 0.66�1� 0.03�1� 0.32�2�
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The average structure data can also be used to examine
the possibility of a crystallographic phase transition, frustra-
tion driven or otherwise, within the temperature range inves-
tigated. For example, the data of Fig. 3 show some scatter
but no discontinuity in the ADFs as the temperature is low-
ered, nor is there any other discontinuity such as in the cell
constant or the x�O1�. Figure 4 shows a comparison of data
from the 148° backscattering detector bank for 300 and 20
K. Within the resolution of these data, �d /d�1.5
10−3,
there is no evidence for new reflections or peak splitting or
broadening which would signal a crystallographic phase
transition to a lower symmetry as the temperature decreases
to below the observed TF.

C. Pair distribution function analysis: The local structure

The G�r� shows sharp features out to quite long distances,
indicating a high degree of crystallinity for the sample. In
these studies a rmax=20 Å has been chosen for fitting and is
displayed in Fig. 6. The weak ripples below about 2 Å are
unphysical, coming from errors in the data analysis.32 They
are small, indicating the good quality of the data, and are
insignificant in the physical region of the PDF above 1.8 Å.
There is merit in examining the region of small r which
includes the nearest-neighbor pairwise distances for this ma-
terial. Figure 5 displays the G�r� out to 3.8 Å, showing six

resolved peaks, each of which can be assigned unambigu-
ously as indicated by comparison of the peak maxima with
the interatomic distances refined from the Rietveld analysis
�Table IV�.

Note that the peaks for Y-O1 and O1-O1 which corre-
spond to a difference of 0.16 Å are sufficiently well resolved
to be readily identified. At this stage it is of interest to com-
pare the interpretation of the EXAFS data in terms of a static
splitting of the Mo site with magnitude of �0.16 Å directly
to the G�r�. Unfortunately, due to the cubic symmetry, two
atom pairs contribute to the peak at 3.62 Å, Y-Y and Mo-
Mo, each involving six neighbors. The total intensity of a
peak in the G�r� is given by Itot=�abNabbabb, where Nab is
the number of contributing atom pairs and ba and bb are the
scattering lengths of the atoms in the pair. The relative con-
tribution of a given pair to the total peak intensity is thus
Nabbabb / Itot. On this basis the Mo-Mo pairs account for 41%
of the peak intensity at 3.62 Å, a significant fraction. Note
that there is no evidence for two observable peaks in the G�r�
at this distance. The EXAFS analysis found no unusual be-
havior of the Y-Y correlation, so in spite of the coincidence
of the two atom pairs in the G�r�, one could expect to see Mo
site splitting manifested in the form of discernable shoulders
or at least a strong deviation from a Gaussian peak shape,
which is also not evident. From another point of view, one
can compare the relative widths of the Mo-O1 and Mo-Mo
peaks between the G�r� and the EXAFS fits. In the latter
experiment the ratio of the variances, �2, for Mo-Mo/Mo-O1
is given as �11, which implies that the ratio of the peak
widths should be �3.3. Inspection of Fig. 5 shows that this is
not observed; in fact the actual ratio is 1.5 at 300 K, which
reduces to 1.1 at 15 K. Thus, the observed G�r� does not
appear to support a disorder model involving a split static
Mo position of the magnitude needed to explain the EXAFS
data. In addition one can compare the relative peak heights in
the G�r� data which should scale according to the equation
given earlier, assuming a common peak width. Note that the
Y-O1 �x6� peak is actually less intense than the Mo-O1 peak
�x6� and even less intense than the Y-O2 peak �x2�, whereas
one would expect the relative peak height ratios to be 3/2.7/1
for the three atom pairs in the order listed. This indicates
that, even without any fitting of the G�r� data, attention is
focused on the Y-O1 pairs as the principal origin of short-
range disorder in this material. While the EXAFS data do

TABLE IV. Selected interatomic distances �Å� for Y2Mo2O7

from Rietveld refinements.

T
�K� Y-O1 Y-O2 Mo-O1 Y-Y/Mo-Mo

300 2.4552�2� 2.21491�1� 2.0187�1� 3.61694�1�
225 2.4517�3� 2.21297�1� 2.0178�2� 3.61377�1�
200 2.4515�2� 2.21239�1� 2.0170�2� 3.62182�1�
150 2.4500�2� 2.21129�1� 2.0162�1� 3.61102�1�
100 2.4480�2� 2.21056�1� 2.0163�2� 3.60983�1�
50 2.4474�2� 2.21016�1� 2.0160�2� 3.60917�1�
25 2.4471�2� 2.21001�1� 2.0160�2� 3.60893�1�
20 2.4470�2� 2.21001�1� 2.0160�2� 3.60893�1�
15 2.4469�2� 2.20999�1� 2.0161�2� 3.60891�1�

TABLE V. Comparison of anisotropic displacement factors
�10−2 Å2� for Y2B2O7 pyrochlores at 300 K; B=Sn,Mo.

Parameter �Site� B=Sn B=Mo

U11=U22=U33 �Y� 0.54�2� 0.856�9�
U12=U13=U23 �Y� −0.09�2� −0.224�9�
U11=U22=U33 �Sn,Mo� 0.27�2� 1.14�1�
U12=U13=U23 �Sn,Mo� −0.03�2� 0.61�1�
U11 �O1� 0.64�3� 1.85�2�
U22=U33 �O1� 0.56�2� 0.96�1�
U23 �O1� 0.23�2� 0.16�1�
U11=U22=U33 �O2� 0.49�4� 0.56�2�

FIG. 3. �Color online� �Right� Temperature dependence of the
anisotropic displacement factors for Y2Mo2O7. The lines are guides
for the eyes. �Left� The ADF ellipsoids at 300 K. Y is black, Mo is
dark gray, O1 is large and white, and O2 is small and white.
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show anomalous behavior associated with the Mo-Mo pairs,
this may be traced to the very large degree on anisotropy
associated with the Mo ADF, but there is no clear evidence
from the G�r� for a static splitting. Of course much more
definitive conclusions can be extracted from a detailed mod-
eling of the NPDF data.

The G�r� data were fitted using three models. The first
involved the fully ordered model and isotropic ADFs, Uiso,
for all atoms, and the results for 300 and 15 K are shown in
Fig. 6. Clearly, the result at 300 K is poor with an agreement
index Rw=12%. Insight into the problems with this model is
afforded by viewing the short-r regime, shown at the top
right in Fig. 6. Here, as anticipated already, it is clear that the
major area of poor fit involves the Y-O1 and O1-O1 sites.
Clearly, the Y-O1 peak is strongly overestimated in the fit.
While a difference peak occurs at Mo-Mo/Y-Y/Mo-Y, it is of
the opposite sense, i.e., the data peak is actually sharper than
the fitted peak, again a counterindication with respect to the
EXAFS-derived model. Essentially the same situation is
found at low temperature. Figure 6 bottom shows compa-
rable data at 15 K, below Tf. Note that Rw is larger at 15 K,
almost 16%. The data of Fig. 6 are not inconsistent with the
large-amplitude anisotropic displacement parameters for the
O1, Y, and Mo sites determined from the Rietveld analysis of
the average structure.

Thus, the G�r� data were fitted using anisotropic ADFs,
Uaniso, for all atoms. The results at 300 and 15 K are shown
in Fig. 7. Note first that Rw drops to 8% at 300 K and 10% at
15 K, both significant improvements to the fits. As seen in
the short-r data, fits around the Y-O1 and Mo-Mo/Y-Y dis-
tances are much better. The total number of fitting param-
eters is now increased to 13 from 9 in the isotropic ADF
model.

At this stage a static disorder model in which the O1 site
was split was implemented. From the dimensions of the O1
ellipsoid, extreme x values of 0.329 and 0.346 were chosen
as starting parameters and the O1 sites were divided into two
groups of 24. This refinement in which all atoms were re-
fined anisotropically showed a slight improvement in the fit
at 300 K but results in the same Rw value as for the aniso-
tropic ADF model at 15 K shown in Fig. 8. The number of
refined parameters is now 16. The fitted values for x�O1� are
0.3305�12� and 0.3465�13�.

Such a model can be checked using the diffraction data.
To that end a refinement was attempted using a split O1 site
in 48f . The starting x value was that from the fully ordered
model. The results show that two independent x parameters
can be refined with values of 0.3289�1� and 0.3466�1�, very
similar to those found from the PDF fit to the G�r� data
described above. However, it was not possible to refine si-
multaneously both the x values and the ADFs for each site.
ADFs were refined separately, holding the x values constant,
giving U11 and U22 values for the thermal ellipsoid of the O1
site which are now comparable, 0.0094�1� and
0.0089�1� Å2, respectively. A major implication of the split-
site model is that there are now two Y-O1 distances, 2.5165
and 2.3847 Å, with a mean value of 2.4556 Å and a stan-
dard deviation �=0.0609, and two Mo-O1 distances, 1.9805
and 2.0606 Å, with a mean value of 2.023 Å and �
=0.0376. Such � values would not result in resolvable fea-
tures in the G�r� as the observed full widths at half maximum
�FWHMs� of the Mo-O peak and the Mo-Mo peak are 0.14
and 0.19 Å, respectively, at 300 K.

As has been noted previously, the Rw values for the fits to
G�r� increase for the same model as the temperature de-
creases. The global result for all models including the aver-
age structure is shown in Fig. 9. The common feature is that
all agreement indices do increase with decreasing tempera-
ture but the behavior is different for each model. The average
structure model shows the smallest effect with an increase
from 4.07% at 300 K to 4.82% at 15 K, an overall change of
18%. The PDFFIT for the isotropic ADF model increases from
12.01% to 15.97%, a 33% change over the same range but

FIG. 4. �Color online� Comparison of neutron diffraction data at short d spacings for Y2Mo2O7 at 300 K �left� and 20 K �right� showing
the absence of a structural phase transition.

FIG. 5. The short-r region of G�r� for Y2Mo2O7 at 300 K. Peak
assignments are indicated.
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Rw increases gradually to �100 K and is then constant. For
the other two models, there is a more discontinuous jump in
Rw below 100 K for the all aniso models and below 50 K for
the O1 split-site model. The overall changes are different,
22% for the former and 44% for the latter. Clearly, all mod-
els are less accurate at low temperature. These observations
may be consistent with the recent �SR studies, mentioned
above, which find a significant increase in the distribution of
local fields below 40 K.23

Fits to the G�r� were also carried out in which the range
of r over which the fitting was done was varied. The mini-
mum r value, rmin, was fixed at 1 Å and rmax was increased
systematically to 20 Å. The results for the split-O1-site
model are shown in Fig. 10 for both 300 and 15 K. Note that

Rw decreases sharply in both cases as rmax is increased for
both temperatures. At 300 K Rw reaches an approximately
constant value beyond rmax�10–12 Å, while at 15 K Rw
appears to be constant above rmax�8–10 Å. Both results
suggest that the disorder in this material extends to at least
8 Å, which is beyond the nearest-neighbor distance range.

D. Spin-dimer analysis

It is clearly of great interest to compare the implications
of the disorder models investigated here with the criteria of
Saunders and Chalker20 for the emergence of the spin-glass
ground state due to weak disorder in a pyrochlore lattice. A
computational estimation of relative strengths of spin inter-

FIG. 6. �Color online� Fits to
the G�r� at 300 and 15 K: the fully
ordered model with isotropic
ADF. Top: 300 K; bottom: 15 K.
Left: 0–20 Å; right: 1–5 Å.

FIG. 7. �Color online� Fits to
the G�r� at 300 and 15 K for the
fully ordered model with aniso-
tropic ADF for all atoms. Top: 300
K; bottom: 15 K. Left: 0–20 Å;
right: 1–5 Å.
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actions among different magnetic ions and through different
pathways was obtained using extended Hückel spin-dimer
analysis.33 The strengths of spin interaction manifested in the
exchange constant J are related to the hopping energies
among different magnetic sites, �e, as well as the electron
correlation energy U resulting from accommodation of two
electrons within the same orbital. These quantities are related
through the formula

J = − 2
��e�2

U
. �1�

When comparing J values of different interaction pathways
involving the same magnetic ion, the correlation energy, U,
is constant and therefore the difference in the ��e�2 value
determines the significance of a particular spin interaction
relative to the other possible pathways. In these computa-
tions three different interaction pathways between two
nearest-neighbor Mo sites were considered based on the x
positional value for O1 for the average structure and the two
extreme values for the split-site model. The values of the
intersite hopping energies �e were acquired by employing
the CAESAR package34 assuming that all three t2g Mo 4d or-
bitals contributed equally to the superexchange interaction.
The variation in the Mo-O1-Mo angle and ��e�2 as a func-
tion of x is shown in Table VI.

It is clear from Table VI that ��e�2 and, thus J, are strong
functions of x�O1� and that disorder at this level will lead to
a large distribution of exchange constant values, �J, with
�J /J0.1. Thus, in the Saunders-Chalker context it seems
clear that a spin-glass ground state for Y2Mo2O7 can be un-
derstood.

IV. SUMMARY AND CONCLUSIONS

The main conclusions from this work pertinent to the av-
erage structure of Y2Mo2O7 are that: �1� neutron diffraction

data of relatively high resolution can be fitted very well by a
fully ordered model with anisotropic ADFs, but �2� the ADFs
are indeed highly anisotropic in comparison to isostructural
Y2Sn2O7, and �3� there is no evidence for a true crystallo-
graphic phase transition over the range of 300–15 K within
the resolution of the data.

Conclusions relevant to the local structure are that: �1�
there is significant disorder associated with the Y-O1 pairs
which would be qualitatively consistent with 89Y NMR re-
sults reported previously, �2� there is no evidence for a dis-
order model involving the Mo-Mo pairs proposed previously
from EXAFS data, �3� either a dynamic disorder model �an-
isotropic ADFs� or a static split-O1-site model results in dra-
matic improvements in fits of the G�r�, �4� fits of the local

FIG. 9. The evolution of agreement indices Rw and Rwp for
various models as a function of temperature. Rwp �GSAS� refers to
the average structure fit of the diffraction data. PDFFIT2�split O1�,
PDFFIT2�all aniso�, and PDFFIT�all iso� correspond to the three mod-
els tried for the local structure. Below 50 K the Rw values for the
�split O1� and �all aniso� models are numerically the same.

FIG. 8. �Color online� Fits to
the G�r� at 300 and 15 K: the
split-O1-site model with aniso-
tropic ADF. Top: 300 K; bottom:
15 K. Left: 0–20 Å; right:
1–5 Å.
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structure always become worse as the temperature is de-
creased for any model, and �5� the range of the disorder
extends to 8–12 Å, well beyond nearest neighbors.

The present results are also consistent with the observed
spin-glass ground state. In either the static or dynamic disor-
der model, there is a significant variation in the parameters
which determine the nearest-neighbor superexchange inter-
action in Y2Mo2O7 as shown by application of the simple
spin-dimer model. While not quantitatively accurate, this
model is generally reliable in assessing relative changes. The
conclusion here is that the criterion of Saunders and
Chalker20 would appear to be satisfied quantitatively for
Y2Mo2O7.

To conclude, at least three further questions should be
addressed. First, is there genuine static disorder in Y2Mo2O7
or large-amplitude dynamic disorder? Both models provide
an improved fit to the G�r�, with the split-site model being
slightly better at high temperatures, albeit with the advantage
of three additional free parameters. However, both models
appear to give equivalent fits at low temperature. Thus, the
NPDF analysis does not provide a clear basis for choice.
This situation has elements similar to the well-studied case
of the �-cristobalite form of SiO2 which has been conve-
niently summarized.35 �-cristobalite is a high-temperature
quenchable form of silica and, coincidentally, crystallizes in
Fd3m. In the fully ordered model, Si is in 8a and O is in 16c.
However, this requires an unusually short Si-O bond length
and a linear Si-O-Si bond angle, which is considered some-
what unlikely. The displacements for the O site are large and
anisotropic as well. Early alternative models involved disor-
dering O over the 96 h sites with partial occupancy.36 Re-
finements of this model led to a six-domain hypothesis with
lower tetragonal symmetry and equal distribution of the do-
mains to recover the Fd3m symmetry. This interpretation has
been questioned and molecular-dynamics simulations along
with inelastic-neutron-scattering, Raman, and infrared data
appear to rule out a static disorder model and support a dy-
namic disorder alternative.35 Nonetheless, ND data for
Y2Mo2O7, specifically the very weak variation in the ADFs
for O1 and Mo with temperature, suggest strongly the pres-
ence of a static component to the disorder. At the very least

the data are consistent with a very flat and probably anhar-
monic potential for the Y-O1 atom pairs. At this stage it is
not yet possible to refine anharmonic ADFs within the exist-
ing PDFFIT codes. Thus, as the true situation for Y2Mo2O7

remains elusive, new data from inelastic-neutron-scattering,
Raman, and infrared spectroscopies would be very helpful in
resolving this question.

Second, is there any evidence that geometric magnetic
frustration plays a causal role in the structural disorder found
in this material? At first glance the answer would appear to
be no. Data at 300 K indicate that disorder exists in both the
average and local structures even at this relatively high tem-
perature. However, fits to the local structure, regardless of
model, become significantly worse as the temperature is de-
creased. For the most realistic local structure models, seem-
ingly discontinuous changes in Rw occur below the range of
100–50 K. Thus, it is impossible to rule out some rather
subtle role for magnetic frustration but a detailed model for
this is certainly not obvious.

Third and finally, the structures, both average and local, of
very few pyrochlore oxides have been studied at the depth
presented here. Is local disorder of the type found for
Y2Mo2O7 commonplace among pyrochlore oxides or is the
rare-earth molybdate series unique? That most magnetic py-
rochlore materials do not exhibit spin-glass behavior would
seem to argue for the latter, but in fact the knowledge base
here is very shallow and more work would appear to be
warranted.
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TABLE VI. The variation in Mo-O1-Mo angle and ��e�2 with

 for O1 in Y2Mo2O7.

x�O1�
Mo-O1-Mo

�deg�
��e�2

�meV�2

0.3289 131.9 23579

0.3384 126.9 14212

0.3466 122.7 10546

FIG. 10. Comparison of the agreement index Rw as a function of
increasing rmax with rmin=1 Å for 30 and 15 K.
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The average and local structures of the �PbTe�1−x�PbS�x system of thermoelectric materials has been studied
using the Rietveld and atomic pair distribution function methods. Samples with 0.25�x are macroscopically
phase separated. Phase separation was suppressed in a quenched x=0.5 sample which, nonetheless, exhibited
a partial spinodal decomposition. The promising thermoelectric material with x=0.16 showed intermediate
behavior. Combining TEM and bulk scattering data suggests that the sample is a mixture of PbTe-rich material
and a partially spinodally decomposed phase similar to the quenched 50% sample. This confirms that, in the
bulk, this sample is inhomogeneous on a nanometer length scale, which may account for its enhanced ther-
moelectric figure of merit.
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I. INTRODUCTION

Thermoelectric materials are the subject of intense re-
search because of their potential for efficient power genera-
tion and cooling. The efficiency of the thermoelectric mate-
rial is measured by the figure of merit, ZT, defined by several
interdependent physical parameters.1 It is difficult to get a
high-ZT material due to the competing requirements for op-
timizing the interdependent parameters. Many efforts have
focused on reducing the thermal conductivity �, without sac-
rificing electrical conductivity, �. � is the sum of the lattice
thermal conductivity �lat and the electronic thermal conduc-
tivity �ele. Theoretical and experimental studies suggest that
materials that show nanophase separation appear to be prom-
ising in achieving high performance.2–7

The material with composition PbTe0.84S0.16 shows a very
low room-temperature lattice thermal conductivity of 0.4
W/m K and a ZT value significantly higher than that of PbTe
�Fig. 1� and PbS.8 The thermal conductivity is only 28% of
that observed in the PbTe system, which is remarkable given
that the two are isostructural and PbTe0.84S0.16 has only
16 at. % of S substituted on the Te site. Understanding the
origin of this remarkable reduction in � for a small doping
change should give important insights into the thermoelectric
problem.

Early studies on the �PbTe�1−x�PbS�x system showed that
phase separation occurs at low temperature over almost the
whole composition range.9,10 A miscibility gap exists over a
wide range of composition and extends almost up to the
melting point of the alloy. There are no apparent intermediate
compounds and the phase separation occurs into phases
which are almost pure PbTe and PbS over the whole alloy
range. Theoretical work10 supports such a picture and the
calculated phase diagram using a thermodynamic model

agreed with the previous experimental data. Earlier work11–13

suggested a smaller range for the miscibility gap in the phase
diagram and this discrepancy was attributed to the subtle
difference in chemical processing9 and quenching rate. It is
apparent from the high-resolution transmission electron mi-
croscopy �HRTEM� images that phase separation occurs on
several different length scales in PbTe0.84S0.16 and that natu-
rally forming striped nanostructures due to spinodal decom-
position are evident in portions of the sample. Here we in-
vestigate this question further using bulk diffraction probes
of the average and local atomic structure. We address two
questions. First, can we confirm that the nanoscale phase
separation is a bulk property and can we characterize the
average chemical composition and structure of the spinodal
domain? We have also extended the study to other composi-

FIG. 1. �Color online� Comparison of temperature dependencies
of measured thermoelectric figure of merit, ZT, for PbTe �solid blue
squares� and PbTe0.84S0.16 �solid red circles�.
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tions in the phase diagram to see how these effects evolve
with changing composition.

The atomic pair distribution function �PDF� analysis of
x-ray diffraction data is a useful method for studying
nanophase-separated samples.14,15 In the PDF approach, both
Bragg and diffuse scattering are analyzed and it yields
the bulk average local atomic structure. Recently it was
successfully used to study the thermoelectric material
AgxPbmSbTem+2, where silver- and antimony-rich nanoscale
clusters were found to be coherently embedded in the PbTe
matrix as a bulk property.16

We have used both PDF and Rietveld methods to study
the �PbTe�1−x�PbS�x system. We find phase separation occur-
ring over the whole composition range. Refinements from
both Rietveld and PDF methods show that the x=0.25, 0.5,
and 0.75 samples are macroscopically separated into phases
that are almost pure PbS and PbTe. This does not happen in
the important 16% PbS doped sample. However, taking all
the evidence together we suggest that the 16% sample is a
nanoscale mixture of a PbTe-rich phase with a partially spin-
odally decomposed phase of nominally 50% composition.
Such a phase was stabilized and observed in a quenched x
=0.5 sample in this study. This offers the opportunity in the
future for engineering nanostructures and microstructures
with favorable thermoelectric properties by controlling the
thermal history in these materials.

II. EXPERIMENTAL METHODS

Powder samples in the �PbTe�1−x�PbS�x series were made
with different compositions x=0, 0.16, 0.25, 0.50, 0.75, and
1. The samples were produced by mixing appropriate ratios
of high-purity elemental starting materials with a small mo-
lar percentage of PbI2, an n-type dopant. The initial loads
were sealed in fused silica tubes under vacuum and fired at
1273 K for 6 h followed by rapid cooling to 773 K and held
there over a period of 72 h. One x=0.5 sample was also
quenched rapidly to room temperature. More details of
sample synthesis can be found elsewhere.8 The thermoelec-
tric figure of merit of the 16% sample was measured as a
function of temperature. Thermopower and electrical-
conductivity properties were measured simultaneously under
helium atmosphere using a ZEM-3 Seebeck coefficient/
electrical resistivity measurement system �ULVAC-RIKO,
Japan�. The thermal conductivity was determined using the
flash diffusivity method on a LFA 457/2/G Microflash
NETZSCH and ZT was obtained by combining these values.
As evident in Fig. 1, the 16% sample has a significantly
enhanced ZT compared to that of PbTe being �50% higher
despite the small level of doping.

Finely powdered samples were packed in flat plates with a
thickness of 1.0 mm sealed between kapton tape windows.
X-ray powder-diffraction data were collected using the rapid
acquisition pair distribution function method,17 which ben-
efits from very-high-energy x rays and a two-dimensional
�2D� detector. The experiments were conducted using syn-
chrotron x rays with an energy of 86.727 keV ��
=0.14296 Å� at the 6-ID-D beam line at the Advanced Pho-
ton Source �APS� at Argonne National Laboratory. The data

were collected using a circular image plate camera �Mar345�
345 mm in diameter. The camera was mounted orthogonally
to the beam path with a sample-to-detector distance of
210.41 mm.

In order to avoid saturation of the detector, each room-
temperature measurement was carried out in multiple expo-
sures. Each exposure lasted 5 s and each sample was exposed
five times to improve the counting statistics. Two represen-
tative 2D diffraction images for unquenched and quenched
PbTe0.5S0.5 samples are shown in Figs. 2�a� and 2�b�, respec-
tively. The excellent powder statistics giving uniform rings
are evident. All the samples yielded similar quality images.
The 2D data sets from each sample were combined and in-
tegrated using the program FIT2D �Ref. 18� before further
processing.

Data from an empty container were also collected to sub-
tract the container scattering. The corrected total scattering
structure function, S�Q�, was obtained using standard
corrections15,17 with the program PDFGETX2.19 Finally, the
PDF was obtained by Fourier transformation of S�Q� accord-
ing to G�r�= 2

��0
QmaxQ�S�Q�−1�sin�Qr�dQ, where Q is the

magnitude of the scattering vector. A Qmax=26.0 Å−1 was
used. Fig. 3, shows F�Q�=Q�S�Q�−1� and G�r� for all the
samples. The good statistics and overall quality of the data
are apparent in Fig. 3�a�. The low spurious ripples at low r in
the G�r� functions are also testament to the quality of the
data.20 Note that G�r� has been plotted all the way to r=0 in
these plots, which is a stringent test of this.

III. MODELING

Both PDF �using the PDFGUI program21,22� and Rietveld23

�using the TOPAS academic program24� refinements were car-
ried out on the system. The models used in the fits are de-
scribed below.

One of the main purposes of this study is to determine the
phase composition of the phase-separated sample as a func-
tion of composition. When phase separation is long ranged,
Rietveld refinement can be used to estimate the relative
abundance of the phase components.25–30

Phase segregation can also be determined from the

FIG. 2. Raw x-ray powder-diffraction data from the 2D detector
for the x=0.50 �PbTe�1−x�PbS�x sample. Data from the �a� un-
quenched and �b� quenched samples are shown for comparison. The
one-dimensional integrated powder-diffraction patterns obtained
from these data are shown in Fig. 3�a� and on an expanded scale in
Fig. 5. The white circle in the center of each 2D diffractogram
represents a shadow from the beam stop.
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PDF.16,31 In PDFGUI, each phase in a multiphase fit has its
own scale factor in the refinement. The scale factor reflects
both the relative phase fraction of the phases and the average
scattering power of each phase, which depends on the chemi-
cal compositions of each phase. The conversion from scale
factor to atomic fraction is done using the equations derived
in Ref. 16.

For each sample, we explored different models. The struc-
ture is of the rock-salt-type space group Fm-3m. First we
start from a homogeneous �solid-solution� model where the
anions are assumed to be randomly distributed on the sites of
the anionic sublattice. In this model, S atoms substitute the
Te site randomly without breaking the symmetry. The only
structural parameters refined are the lattice constants and the
atomic displacement factors.

The next model we tried was a simple two-phase model in
which a phase separation into a PbTe-rich and PbS-rich
phase was assumed. The phase diagram for this system
shows a miscibility gap at low temperature over a wide com-
position range.9,10 The two phases that coexist have compo-
sitions rather close to the pure end members and there is
limited solid solubility. Based on this, and in an effort to
keep the modeling as simple as possible, we modeled the
phase separation as a mixture of pure PbTe and PbS, how-
ever, allowing the lattice constants to vary as would be ex-
pected if the phases were not the pure end members. The
parameters that were allowed to vary in these fits were lattice
constants, atomic displacement factors, and phase-specific
scale factors which reflect the relative abundance of each
phase. More complicated phase-separated models were also
tried where the composition of the phases was varied as de-
scribed below.

IV. RESULTS

First we carried out PDF and Rietveld refinements on the
undoped end members of the series, PbS and PbTe. The level

of agreement of Rietveld and PDFGUI refinements can be seen
in Fig. 4 and Table I. These fits give a baseline for the quality
of the fits for materials without disorder. The fits are accept-
able and the refined parameters are in good agreement with
literature values for PbTe, though outside the estimated er-
rors. The PDF and Rietveld refinements are also only in
semiquantitative agreement with each other. The parameter
estimates were made on the same data sets but using differ-
ent methods and systematic errors are not accounted for in
the error estimates. Even in these nominally pure materials,
the refined atomic displacement factors are rather large,32

which is in agreement with previous work,33 though this be-
havior is not really understood.

Now we consider the chemically mixed systems. The ex-
istence of phase separation can be qualitatively verified in
our samples by looking at the diffraction patterns in Fig. 5.
The top curve is PbS and the bottom curve is PbTe and the
vertical dashed lines are at the positions of the main Bragg
peaks of these phases. For compositions x=0.25, 0.50, and
0.75, a coexistence of PbS and PbTe diffraction patterns is

TABLE I. Refinement results from PbS and PbTe compared
with literature values.

Literaturea Rietveld PDF

Rw 0.040 0.085

aPbTe �Å� 6.4541�9� 6.4776�3� 6.465�3�
UPb �Å2� 0.0204�3� 0.033�5� 0.032�4�
UTe �Å2� 0.0141�2� 0.009�9� 0.014�4�

Rw 0.044 0.082

aPbS �Å� 5.9315�7� 5.9460�3� 5.940�3�
UPb �Å2� 0.0163�3� 0.023�3� 0.0185�5�
US �Å2� 0.0156�5� 0.018�4� 0.030�5�
aReference 32.

FIG. 3. �Color online� Experimental �a� F�Q� and �b� G�r� for
all unquenched samples. In the Fourier transform, Qmax was set to
26.0 Å−1. The data are offset for clarity. The compositions of the
�PbTe�1−x�PbS�x samples are indicated in panel �a�. From top to
bottom: x=1.00 �green�, x=0.75 �yellow�, x=0.50 �magenta�, x
=0.25 �blue�, x=0.16 �cyan�, and x=0.00 �black�.

FIG. 4. �Color online� Representative refinements of the PbTe
data using �a� Rietveld and �b� PDF approaches. Symbols represent
data and solid lines are the model fits. The difference curves are
offset for clarity.
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clearly evident as the diffraction patterns are qualitatively
recognizable as a linear superposition of the end-member
patterns. Diffraction peaks appear at precisely the positions
of the end-member Bragg peaks. The same is true for the
annealed x=0.5 sample �dark magenta�. On the other hand,
the quenched x=0.5 sample has a diffraction pattern that
resembles the PbTe pattern but shifted significantly to higher
scattering angles. This is what would be expected for a solid-
solution, rather than phase separated, sample suggesting that
quenching the sample suppresses phase separation.

The situation is slightly less clear for the x=0.16 sample
which resembles closely the pure PbTe diffraction pattern.
The effects of phase separation would be difficult to see in
this case because of the small PbS component. However,
careful inspection of the curve indicates that the main peaks
are shifted to higher scattering angles, in analogy with the
quenched x=0.5 sample. Thus, this sample appears to be a
solid solution on the macroscale probed in a diffraction pat-
tern.

We would like to consider evidence in the local structure
for phase separation. The PDFs of the samples with diffrac-
tion patterns presented in Fig. 5 are shown in Fig. 6 arranged
in the same way and with the same colors as in Fig. 5. The
samples that are macroscopically phase separated �x=0.25,
0.5 �annealed�, and 0.75� also show phase separation in the
local structure as expected, the curves having the qualitative
appearance of a mixture of the end-member PDFs.

The behavior of peaks in the PDF in solid solutions has
been discussed previously.34,35 The nearest-neighbor peaks
retain the character of the end members, albeit with a small
strain relaxation. However, peaks at higher r, from the sec-
ond neighbor onwards, appear broadened because of inho-
mogeneous strain in the sample but are peaked at the average

position expected from the average structure for the solid
solution.

To investigate the phase-separation phenomenon more
quantitatively, we carried out two-phase refinements for the
macroscopically phase-separated samples on both the dif-
fraction data and the PDF. Fig. 7 shows representative fits
from the x=0.50 sample. The refined parameters are repro-
duced in Table II. In the table the n and n0 refer to the refined
fraction of the sample in the PbTe phase and the expected

FIG. 5. �Color online� Powder diffraction patterns from labora-
tory x-ray source of all the �PbTe�1−x�PbS�x samples studied. From
top to bottom: x=1.00 �green�, x=0.75 �yellow�, x=0.50 �light and
dark magenta�, x=0.25 �blue�, x=0.16 �cyan�, and x=0.00 �black�.
The data corresponding to the quenched x=0.50 sample �light ma-
genta� is superimposed on top of those of the unquenched sample
�dark magenta� without being offset. The other data are offset for
clarity. Vertical dashed lines indicate positions of several character-
istic Bragg peaks in the end-member data to allow for easier
comparison.

FIG. 6. �Color online� Experimental PDFs for various
�PbTe�1−x�PbS�x samples on expanded scale. The PDFs, from top to
bottom, correspond to x=1.00 �green�, x=0.75 �yellow�, x=0.50
�magenta�, quenched x=0.50 �bright magenta�, x=0.25 �blue�, x
=0.16 �cyan�, and x=0.00 �black�. The data corresponding to the
quenched x=0.50 sample �light magenta� is superimposed on top of
those of the unquenched sample �dark magenta� without being off-
set. The other data are offset for clarity. Vertical dashed lines indi-
cate positions of a few selected characteristic PDF features of the
end members for easier comparison.

FIG. 7. �Color online� Representative refinements of the x
=0.50 sample data using �a� Rietveld and �b� PDF approach. Sym-
bols represent data and solid lines are the model fits. The difference
curves are offset for clarity.
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fraction based on the stoichiometry and assuming phase
separation into pure PbTe and PbS, respectively. The two-
phase fits of pure PbS and PbTe are good �“Rietveld” and
“PDF” columns in the table�, as indicated by the low residu-
als. The refined atomic displacement parameters �ADPs� are
also in good agreement with the end-member refinements,
though the refinements of this parameter are somewhat un-
stable on the PbS phase when it is the minority phase as it
does not contribute strongly to the scattering in that case.
The result, that relatively large ADPs are needed on the Pb
site in PbTe and on the S site in PbS, is reproduced in the
two-phase fits of the phase-separated samples.

The lattice parameters of the PbTe in the phase-separated
samples are consistently shorter than those for the pure ma-
terial and are consistently longer than those for the PbS
phase component. This effect is real and reflects the fact that
the phases in the phase-separated samples are actually solid
solutions with finite amounts of S in the PbTe and Te in the
PbS phase, respectively. We can make a rough estimation of
the composition of the phase-separated phases by consider-
ing their refined lattice parameters and assuming that Veg-
ard’s law36,37 is obeyed in the vicinity of the end-member
compositions. In this case, the formula for the lattice param-
eter in the solid solution of composition PbTe�1−y�Sy is ay
=y�aPbTe�+ �1−y�aPbS. Thus, we can estimate the composi-
tions of the solid solutions in the phase-separated phases
from the Rietveld refined lattice parameters. We find that in
the x=0.25 phases, y=0.94 for the PbS-rich phase and y
=0.05 for the PbTe-rich phase. This verifies that the compo-
sition of the phases in the two-phase mixture is indeed very
near PbTe and PbS. The values determined from the x=0.5
and 0.75 samples give nearly the same result with the esti-
mated composition of the PbTe-rich phase as y=0.895 and
that of PbS y=0.03. These numbers are consistent with esti-
mates from TEM evidence of a solid-solubility limit of 3%.8

The powder-diffraction data are relatively insensitive to
small changes in chemical composition of the particular
phases31 which explains the good fit to the data with the
end-member PbS and PbTe compositions, albeit with modi-
fied lattice constants. However, for completeness, we have
carried out two-phase refinements to the phase-separated

data using the nominal compositions for the two phases that
were determined above. The fits were comparable in quality
to those where the compositions of the two phases were lim-
ited to pure PbTe and PbS, but the refined parameters were
not significantly different.

The agreement of the refined with the nominal composi-
tion, n /n0, is best in the x=0.50 sample in both the PDF and
Rietveld data. It is less good, though acceptable for the 0.25
and 0.75. Due to the relative insensitivity to chemical com-
position, we expect rather large error bars on these quantities
and do not ascribe significance to the differences. The agree-
ment between the Rietveld and PDF results shows that the
phase separation is macroscopic since we get the same result
in both the local and average structures.

We now consider the samples that appear from the quali-
tative analysis of the data to be solid solutions, x=0.5
�quenched� and x=0.16. In Fig. 8 we consider the x=0.5
sample. In this figure, model PDFs of the undoped end mem-
bers are reproduced as curves �a� and �b� for reference and
the positions of their main peaks are marked. The quenched
data are shown as gray symbols in the curves �c� and the
annealed data in the curves �d�. The magenta lines are simu-
lated PDFs. In �c� the simulated PDF is from a homogeneous
solid-solution virtual-crystal model with the right nominal
composition and lattice parameter. It agrees well with the
data. In �d� the simulated PDF is a linear combination of the
PbTe and PbS PDFs. In each case, the ADPs of the simula-
tions have been adjusted to give the best agreement with the
data. The simulations fit rather well indicating that this pic-
ture of phase separation �annealed� vs solid solution
�quenched� is a good explanation for the bulk behavior for
the x=0.5 sample. Quantitative refinement results for the
quenched 50% sample are reproduced in Table III The fits
are good with low Rw’s and reasonable refined parameters.
The refined lattice parameter is between the end-member val-
ues as expected and the ADP on the Pb site is further en-
larged from the end-member values as expected due to dis-
order in the alloy.

In the quenched x=0.5 sample, the solid solution is not
thermodynamically stable but can be metastably trapped by
the rapid quench. The quench is mostly successful at sup-

TABLE II. Refinement results for two-phase fitting to �PbTe�1−x�PbS�x. Rietveld and PDF refer to Ri-
etveld and PDF fits, respectively, where the composition of the two phases was fixed to PbTe and PbS. n and
n0 refer to the refined and expected �based on stoichiometry� phase fractions for the PbS-rich phase

x=0.25 x=0.5 x=0.75

Rietveld PDF Rietveld PDF Rietveld PDF

Rw 0.034 0.118 0.047 0.151 0.034 0.100

n /n0 0.19/0.25 0.20/0.25 0.50/0.50 0.49/0.50 0.71/0.75 0.85/0.75

C 6.4669�3� 6.446�3� 6.4418�3� 6.414�3� 6.4301�3� 6.415�3�
UPb �Å2� 0.037�6� 0.040�4� 0.041�6� 0.040�5� 0.040�7� 0.040�5�
UTe �Å2� 0.015�6� 0.016�4� 0.0052�6� 0.019�4� 0.033�7� 0.02�4�
aPbS �Å� 5.9768�3� 5.97�1� 5.9841�3� 5.953�4� 5.9738�3� 5.956�3�
UPb �Å2� 0.044�8� 0.027�5� 0.034�7� 0.025�4� 0.024�6� 0.023�3�
US �Å2� 0.073�8� 0.03�5� −0.0027�7� 0.031�4� 0.0065�6� 0.029�3�
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pressing phase separation as discussed above. However, it is
not completely successful, as TEM images of the quenched
x=0.5 sample indicate that the sample has compositional
modulations, as shown in Fig. 9�b�. The striped nature of
these modulations suggests that there is an arrested spinodal
decomposition taking place in the 50% doped sample that
would result in sinusoidal compositional modulations about
the nominal 50% composition. The amplitude of the modu-
lations is not known, but the good agreement of the homo-
geneous solid-solution model to the PDF and Rietveld data
suggest that the variation in composition around the nominal
50% is not too large. Thus we understand the quenched 50%
sample to be close to an ideal metastable solid solution, but
with an arrested spinodal decomposition that gives rise to
nanoscale compositional modulations.

Of greater interest from both a technological and scientific
viewpoint is the behavior of the x=0.16 sample that shows
especially good thermoelectricity, as is evident in Fig. 1. As
discussed above, the diffraction data in Fig. 5 suggests that
the sample is macroscopically a solid solution even though it
lies outside the range of solid solubility suggested by the
phase diagrams9,10 and inferred from the composition of the

PbTe-rich phase of the phase-separated compositions in our
own refinements �25%, 50%, and 75% sample�.

We tried fitting two-phase and homogeneous models to
both the diffraction and PDF data. The results are shown in
Table IV with representative fits shown in Fig. 10. As ex-
pected from the qualitative analysis of the data discussed
above, the single-phase solid-solution model �model A� pro-
vides acceptable fits to the data. The refined lattice param-
eters are shorter than pure PbTe. According to the Vegard’s
law analysis, the refined lattice parameter gives a nominal
composition for this sample of 0.14 �Rietveld�/0.12�PDF�, in
reasonable agreement with the actual composition. Enlarged
ADPs are found on the Pb sublattice with smaller ADPs on
the Te lattice, as was the case for the PbTe end member. As
expected for a solid solution, the ADPs are enlarged with
respect to PbTe.

We also tried the simple model of phase separation into
pure PbTe and PbS end members. The results appear in Table
IV as model B. The Rietveld fit is significantly worse as
measured by Rw. In the case of the PDF fit, the Rw is com-
parable but the refinement reduced the phase fraction of the
second phase and adjusted the lattice parameter of the ma-
jority phase, moving the refinement back toward the solid-
solution result. This refinement also returned unphysical
negative atomic displacement factors on the minority phase.
The solid-solution model is clearly preferred over full phase

TABLE III. Refinement results from both PDF and Rietveld for
the quenched 50% sample from a homogeneous solid-solution
model.

Rietveld PDF

Rw 0.047 0.163

a �Å� 6.2571�4� 6.217�3�
UPb �Å2� 0.055�5� 0.062�3�
UTe,S �Å2� 0.017�5� 0.054�3�

FIG. 8. �Color online� PDFs of converged models for �a� x
=0.00 and �b� x=1.00 �PbTe�1−x�PbS�x samples. Comparison of the
data for �c� quenched and �d� unquenched x=0.50 samples �open
symbols� with the solid solution �c� and mixture �d� models �solid
lines�, respectively. See text for details. Vertical dashed lines indi-
cate positions of selected PDF features characteristic for the end-
member compositions, for easier comparison.

FIG. 9. HRTEM images of �a� x=0.16 and �b� quenched x
=0.50 �PbTe�1−x�PbS�x samples.
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separation from the bulk diffraction measurements.
The TEM images from the 16% sample �Ref. 8 and Fig.

9�a�� suggest that it is two phased, with one phase being
homogeneous and the other resembling the quenched x=0.5
sample with arrested spinodal decomposition appearing as
stripey fringes. A model that simulated this situation was
successfully compared to the PDF data, as shown from
model C in Table IV. This model assumed that the nominally
16% sample is phase separated into regions that are pure
PbTe and regions that resemble the quenched 50% sample,
i.e., they are nominally x=0.5 solid solutions but also exhib-
iting spinodal decomposition as suggested by the TEM im-
ages. Thus, model C is a phase separation into pure PbTe and
a solid solution of composition PbTe0.5S0.5. This model gives
the lowest Rw’s for fits to the 16% compound in both the
Rietveld and PDF refinements. The phase fractions were free
to vary but refined to values that are close to those expected.
The lattice constants refined to reasonable values. The
majority-phase lattice constant was close to that of the PbTe-

rich phase in the two-phase refinements in Table II. In the
case of the minority phase, the lattice constant lay between
pure PbTe and PbS consistent with a nominal 50% composi-
tion. The ADPs are slightly large in the PbTe-rich phase but
physically reasonable. In the minority phase, the ADPs are
unphysical in the Rietveld refinement suggesting that this
parameter is not well determined in the refinement. However,
in the PDF refinement they are more reasonable but very
large. This is perfectly consistent with the fact that this mi-
nority phase itself actually has a compositional variation due
to the spinodal effects. This is one of many possible such
models but it shows that the data are at least consistent with
a phase separation into Te-rich and Te-poor regions and some
level of spinodal decomposition in the sulfur-rich regions.
The data are not consistent with a full phase separation into
almost pure PbTe and PbS expected from the phase diagram
as shown by the samples with higher S content.

V. SUMMARY

This work confirmed the phase-separation tendency of the
PbTe/PbS system. It also showed that phase separation can
be effectively, but not completely, suppressed by quenching
at 50% composition, where a partial spinodal decomposition
appears to be taking place, at least in a portion of the sample.

However, the main result is an improvement in our under-
standing of the state of the thermoelectrically promising 16%
sample. Measurements of the bulk average structure, and the
bulk local structure, indicate that it is not phase separated
into PbTe-rich and PbS-poor end members like the other
similarly processed samples in the series. Taken together
with the TEM data in Ref. 8 and additional data shown here,
the best explanation is that this sample prefers a phase sepa-
ration into a PbTe-rich phase and a PbTe-poor phase. Such a
nanoscale phase separation is thought to be important in pro-
ducing the enhanced ZT that is observed in this material
evident in Fig. 1. Interestingly, in this case the effect ap-
peared not after a quench but after an anneal suggesting that

TABLE IV. Rietveld and PDF refinement results from three different models for the PbTe0.84S0.16 sample:
model A is solid-solution model, model B is a simple two-phase mixture of PbTe and PbS and model C is a
mixture of pure PbTe phase plus a solid solution of composition PbTe0.5-PbS0.5. n and n0 refer to the refined
and expected �based on stoichiometry� phase fractions for the PbS-rich phase.

Model A Model B Model C

Rietveld PDF Rietveld PDF Rietveld PDF

Rw 0.046 0.121 0.052 0.121 0.031 0.114

n /n0 0.14/0.16 0.037/0.16 0.31/0.32 0.24/0.32

PbTe a �Å� 6.4264�5� 6.403�3� 6.4233�4� 6.403�24� 6.4203�4� 6.416�3�
UPb �Å2� 0.047�5� 0.047�3� 0.035�6� 0.035�3� 0.028�6� 0.036�4�
UTe �Å2� 0.0061�6� 0.019�3� 0.023�6� 0.029�4� 0.016�6� 0.025�5�

Second Phase a �Å� 5.900�1� 5.942�4� 6.1673�3� 6.255�3�
UPb �Å2� 0.018�8� 0.021�6� 0.253�8� 0.064�6�

US,Te �Å2� 0.013�8� −0.0024�6� 0.253�8� 0.070�6�

FIG. 10. �Color online� Representative refinements of the x
=0.16 sample data using �a� Rietveld and �b� PDF approach. Sym-
bols represent data and solid lines are the model fits. The difference
curves are offset for clarity.
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it is the thermodynamically preferred state, though this needs
to be investigated further. It is possible that the thermody-
namically stable state is fully phase separated as in the higher
doped samples. In that case the phase separation may be
suppressed even at low quench rates because of a low ther-
modynamic driving force that is not great enough to over-
come kinetic constraints. Also of interest is to explore further
the nature of the PbTe-rich component, which, as preliminary
TEM investigations8 indicate, also contains nanostructured
regions with nanoscale nuclei of a second phase present.

The other important observation from this work is that
quenching is very important in determining the phase sepa-
ration and resulting nanoscale microstructure. This suggests
that in this system, it may be possible to engineer � and,
therefore, ZT in the bulk material by appropriate heat treat-
ments. This is a promising route for future research.
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We report synthesis of high-quality Fe1+y�Te1−xSx�z single crystals and a comprehensive study of structural,
magnetic, and transport properties. We demonstrate the very small upper critical field anisotropy of
Fe1+y�Te1−xSx�z, �H=Hc2

�c /Hc2
�c. The value of �H reaches 1.05 at T=0.65TC for Fe1.12Te0.83S0.11 while still

maintaining large values of upper critical field. There is high sensitivity to material stoichiometry which
includes vacancies on the Te�S� site. Our results reveal competition and coexistence of magnetic order and
percolative superconductivity for x�0.03 while zero resistivity is achieved for x�0.1.
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I. INTRODUCTION

The discovery of superconductivity in quaternary iron-
based layered superconductor LaFeAsO1−xFx with TC
=26 K stimulated an intense search for superconductors
with higher TC in this materials class.1 Shortly after, the criti-
cal temperatures were raised up to 55 K in materials of the
ZrCuSiAs structure type,2 and superconductivity had been
discovered in Ba1−xKxFe2As and LiFeAs.3,4 Superconductiv-
ity in the PbO-type FeSe opened another materials space in
the search for iron-based superconductors.5 This was fol-
lowed by the discovery of superconductivity in polycrystal-
line FeTe1−xSex and FeTe1−xSx.

6,7 Binary iron chalcogenide
superconductors share the most prominent characteristics of
iron arsenide compounds: a square-planar lattice of Fe with
tetrahedral coordination similar to LaFeAsO or LiFeAs, and
Fermi-surface topology.8 They crystallize in a simple crystal
structure which is amenable to modeling by band-structure
calculations.5,7–12

Iron pnictide superconductors exhibit Cooper pairing in
proximity to a magnetic ground state, similar to all exotic
superconductors: cuprate oxides, heavy fermion intermetal-
lics and organics. The magnetism in these materials is
strongly influenced by subtle crystal structure changes.1,13,14

FeSe hosts high Tc’s of up to 37 K under pressure and an
isotropic superconducting �SC� state. Its crystal structure
changes from high-temperature tetragonal P4 /nmm to low-
temperature orthorhombic Cmmm at 70 K.15,16 In Fe1.08Te
transition to monoclinic space group P21 /m with commen-
surate antiferromagnetic �AF� order occurs between 65 and
75 K, whereas Fe1.14Te exhibits weaker first-order transition
to orthorhombic space group Pmmm and incommensurate
AF order from 55 to 63 K.9

It was noted, however, that it would be desirable to have
isotropic superconductors with high Tc and ability to carry
high critical currents for power applications.17 In this work
we report the synthesis of Fe1+y�Te1−xSx�z superconducting
single crystals for x= �0−0.15�, y= �0−0.14�, and z= �0.94
−1�. We demonstrate small values of �H=Hc2

�c /Hc2
�c while

still maintaining large values of the upper critical field and
critical currents. We examine the evolution of superconduc-
tivity and magnetism with S doping and provide experimen-

tal evidence for structural parameters at the magnetic/
superconducting boundary.

II. EXPERIMENTAL METHOD

Single crystals of Fe1+y�Te1−xSx�z were grown from Te-S
self-flux using a high-temperature flux method.18,19 Elemen-
tal Fe, Te, and S were sealed in quartz tubes under partial
argon atmosphere. The sealed ampoule was heated to a soak-
ing temperature of 430–450 °C for 24 h, followed by a
rapid heating to the growth temperature at 850–900 °C, and
then slowly cooled to 800–840 °C. The excess flux was re-
moved from crystals by decanting. Platelike crystals up to
11�10�2 mm3 can be grown. Elemental analysis and mi-
crostructure was performed using energy-dispersive x-ray
spectroscopy in an JEOL JSM-6500 scanning electron micro-
scope. The average stoichiometry was determined by exami-
nation of multiple points on the crystals. Total scattering data
from finely pulverized crystals were obtained at 80 K at 11-
ID-B beamline of the Advanced Photon Source synchrotron
using 58.26 keV x-rays ��=0.2128 Å� selected by a Si 311
monochromator. Two-dimensional �2D� patterns for samples
in 1mm diameter Kapton tubes were collected using a
MAR345 2D detector, placed perpendicular to the primary
beam path, 188.592 mm away from the sample. An Oxford
Cryosystem cryostream was used for temperature regulation.
Details on experimental procedures, data processing, the
atomic pair-distribution function �PDF� method, and struc-
tural modeling can be found elsewhere.20–22 Flux-free rect-
angular shaped crystals with the largest surface orthogonal to
ĉ axis of tetragonal structure were selected for four-probe
resistivity measurements with current flowing parallel to the
â axis of tetragonal structure. Thin Pt wires were attached to
electrical contacts made with Epotek H20E silver epoxy.
Sample dimensions were measured with an optical micro-
scope Nikon SMZ-800 with 10 �m resolution. Magnetiza-
tion and resistivity measurements were carried out in a
Quantum Design MPMS-5 �magnetic property measurement
system� and a PPMS-9 �physical property measurement sys-
tem� for temperatures from 1.8 to 350 K.

III. RESULTS

Typical synchrotron data �symbols�, with fully converged
P4 /nmm structural model superimposed �solid lines�, and
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corresponding difference curves �offset for clarity� are pre-
sented in Fig. 1, featuring Fe1.12Te0.83S0.11. Panel �a� features
a Rietveld refinement with a corresponding PDF refinement
shown in �b�. The PDF is peaked at positions corresponding
to the observed interatomic distances. Excellent fits with low
agreement factors are obtained for all studied Fe1+y�Te1−xSx�z
samples. Initial PDF fits assumed ideal stoichiometry, and
revealed slightly enhanced atomic displacement parameters,
suggesting either Te�S� deficiency, or excess Fe content, or
both. To explore this, in final P4 /nmm models where S
shared site with Te, Fe/Te/S ratios were kept fixed at values
obtained from scanning electron microscopy �SEM�, while
stoichiometry was refined. Additionally, Fe was allowed to
occupy two sites, Fe�1� �0,0,0� and Fe�2��0.5,0 ,z�. Total Fe
content in the refinements was constrained to respect the
SEM ratio while the relative occupancy of the two Fe sites
was allowed to vary. Results are reported in Table I. Un-
doped FeTe crystallizes with excess Fe variably occupying
interstitial Fe�2� site and full occupancies of Fe�1� and Te
sites. With contraction of the unit cell due to sulfur doping
we observe both excess Fe and vacancies on Te�S� site. With
reduction in the unit cell due to an increase in sulfur stoichi-
ometry �x� excess Fe�y� decreases so that for highest x
=0.15 we observe the smallest deviation from ideal stoichi-
ometry. Both Fe�1� and Fe�2� sites are still occupied for high
x values �Table I�.

Figures 2�a� and 2�b� shows the anisotropic temperature
dependence of magnetic susceptibility for Fe1+y�Te1−xSx�z for
a magnetic field of 1000 Oe applied in the ab plane and
along c axis. The peak at 70 K for Fe1.14�2�Te corresponds to
an AF transition presumably coupled with structural and first
order.23 The transition spans about 20 K for both field orien-
tations. The magnetic susceptibility is isotropic above 70 K
and ��c /��c increases from 1 to 1.1 below the transition. The
transition temperature is suppressed with sulfur doping down

FIG. 1. �Color online� �a� Fe1+y�Te1−xSx�z synchrotron Rietveld
and �b� PDF refinement results taken at T=80 K. Inset shows two
Te-Fe-Te bond angles illustrated on the FeTe4 tetrahedron.

TABLE I. Structural parameters from PDF refinement at T=80 K, magnetic and superconducting properties of Fe1+y�Te1−xSx�z. Tran-
sition temperatures T1 and T2 are from ���T /�T� data. Temperatures of TC onset and zero resistance are from resistivity data.

Fe1+y�Te1−xSx�z

V
�Å3� c /a Occ�Fe1� Occ�Fe2� �

	
�K�

�
��B�

T2

�K�
T1

�K�
TC

onset

�K�
TC

�K�

Fe1.14�2�Te1.01�1� 91.150�4� 1.642�1� 1.04�2� 0.10�2� 117.46�1� −191�4� 3.92�2� 59�1� 70�1�
Fe1.09�2�Te1.00�1� 91.017�4� 1.640�1� 1.02�2� 0.07�2� 3.73�1� 59�1� 66�1�
Fe1.12�3�Te0.97�1�S0.03�2� 90.558�4� 1.637�1� 1.00�3� 0.12�3� 117.57�1� −175�1� 3.83�1� 41�1� 44�1� 6.5�1�
Fe1.13�3�Te0.85�1�S0.10�2� 90.032�5� 1.632�1� 1.00�4� 0.13�4� 117.33�1� −186�4� 3.56�2� 21�1� 23�1� 8.5�1� 2.0�1�
Fe1.12�3�Te0.83�1�S0.11�2� 90.095�4� 1.632�1� 1.06�4� 0.07�4� 117.30�1� −162�3� 3.38�2� 20�1� 8.6�1� 3.5�1�
Fe1.06�3�Te0.88�1�S0.14�2� 90.097�4� 1.632�1� 0.95�4� 0.11�4� 117.32�1� −156�6� 3.36�3� 23.5�1� 8.7�1� 7.0�1�
Fe0.98�4�Te0.90�1�S0.15�2� 89.900�5� 1.632�1� 0.82�4� 0.16�4� 117.21�1� −167�7� 3.34�6� 19�1� 8.8�5�

FIG. 2. �Color online� �a� Magnetic susceptibility as a function
of temperature for H�c and �b� H �c. Insets show the Meissner
volume fraction of x=0.14 and x=0.15. �c� In-plane resistivity in
zero field for Fe1+y�Te1−xSx�z. Arrows show positions of peaks in
�
 /�T that correspond to anomalies in magnetization associated
with SDW transitions ��a� and �b��.
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to 20 K by x=0.15. A diamagnetic signal is observed for x
�0.14 �Figs. 2�a� and 2�b� insets�, in apparent coexistence
with a magnetic state. The volume fraction 4��v reaches
−0.06�−0.09 at 0 K by linear extrapolation. Magnetic sus-
ceptibility is Curie-Weiss type above 200 K. The effective
moments estimated are between the low-spin �2.94�B , S
=1� and high-spin �4.9�B , S=2� values of an Fe2+�3d6� in a
tetragonal crystal field �Table I�. The high-temperature effec-
tive moments decrease with the S doping and with the reduc-
tion in excess Fe. Negative Curie-Weiss temperatures attest
to the antiferromagnetic coupling between moments �Table
I�.

The in-plane electrical resistivity in zero field is shown in
Fig. 2�c�. Residual resistivity values at low temperatures for
pure Fe1+yTe and crystals with the highest sulfur concentra-
tion x are comparable to single crystals grown by Bridgeman
method,24 but smaller by a factor of 3–4 than in polycrystal-
line materials7 due to the absence of grain boundaries and
secondary phases. The grain boundaries are not transparent
as in MgB2 where intrinsic low values of 
0 in high-quality
polycrystals are often lower than in crystals.25 Therefore
grain boundaries cannot be neglected when measuring resis-
tivity on polycrystals of iron chalcogenide superconductors.
The resistivity of Fe1+yTe above the magnetic transition is
poorly metallic, in agreement with measurements on poly-
crystals and an optical conductivity study which did not find
a semiconducting gap.7,26 This is an important distinction
from the metallic resistivity above Tc in iron-based supercon-
ductors of ThCr2Si2, ZrCuSiAs structure, or even FeSe.5,27–30

The magnitude of the resistivity, 
, becomes larger with
small doping for x=0.03 but decreases with the increase in S
concentration. Two distinct contributions to 
 are observed in
the low-temperature phase at the temperature of the magne-
tization anomaly: semiconducting and metallic or semimetal-
lic �arrows Fig. 2�c��. For x=0.03 a small decrease in tem-
perature slope in 
 is observed whereas the resistivity of x
=0.1 sample shows an increase, indicating that a part of the
Fermi surface is destroyed. This can be understood within
the framework of density-functional theory �DFT� calcula-
tions that predict a metal with “nesting” cylindrical Fermi
surfaces which are separated by a wave vector corresponding
to spin-density wave �SDW� low-temperature ground state.8

With further increase in x, the resistivity anomaly at the mag-
netic transition is smaller and broader when compared to x
=0. Though all samples for x�0.03 show a clear onset of
superconductivity; zero resistivity is observed for x�0.10
�Fig. 2�c��.

The temperature dependence of resistivity with a mag-
netic field applied perpendicular and parallel to c axis for the
superconducting sample x=0.14 is shown in Fig. 3�a�. The
residual resistivity of the normal state 
0=0.58 m� cm of
our crystals is smaller than in polycrystalline FeTe1−xSx.

7 It
is comparable to residual resistivity observed in
NdFeAsO0.7F0.3 ��0.2 m� cm� �Ref. 31� or
�Ba0.55K0.45�Fe2As2��0.4 m� cm� �Ref. 28� single crystals.
Transition width of our crystals �Tc=Tonset−Tzero 


=1.8 K� is smaller than that in Ref. 7 �Tc=2 K�. The
small shift of the transition temperature with magnetic field
indicates a large zero-temperature upper critical field. The
upper critical field Hc2 is estimated as the field corresponding

to the 90% of resistivity drop. An estimate for Hc2�T=0� is
given by weak-coupling formula for conventional supercon-
ductors in the Werthamer-Helfand-Hohenberg model �Table
II�: Hc2o�0��−0.7Hc2� �Tc�Tc.

32 The superconducting coher-
ence length ��0 K���2=�0 /2�Hc2� is around 3 nm. The an-
isotropy �H=Hc2

�c /Hc2
�c decreases with a temperature decrease

approaching a value close to unity. By Tc /Tc�0��0.65 �Fig.
3�b� inset�, �H=1.05, for x=0.11. These values indicate that
Fe1+y�Te1−xSx�z is a high-field isotropic superconductor with
�H smaller than that in Ref. 32 ��H�1.5 at 0.5TC�H=0�� or
in Ref. 33 ��H�1.3 at 0.5TC�H=0��.

To determine the anisotropy of the critical current, we
analyze the magnetic measurements using an extended Bean
model.34,35 Considering a rectangular prism-shaped crystal of
dimension c�a�b, when a magnetic field is applied along
the crystalline c axis, the in-plane critical current density jc

ab

is given by

jc
ab =

20

a

Mc

�1 − a/3b�

in which Mc is the width of the magnetic hysteresis loop
for increasing and decreasing field. When the magnetic field

FIG. 3. �Color online� �a� In-plane resistivity for x=0.14 of two
field orientations, H�c �solid symbols� and H �c �open symbols�.
The applied magnetic field increases gradually from 0 Oe �the right-
most curve�, 10 kOe, 30 kOe, 60 kO to 90 kOe �the leftmost curve�.
�b� The upper critical fields for x=0.11 and 0.14, H�c �solid sym-
bols� and H �c �open symbols�. Dotted lines are guides to the eye.
Inset shows the anisotropy in the upper critical field �H=Hc2

�c /Hc2
�c.
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is applied along the b axis and parallel to the ab plane, both
of the in-plane jc

ab and the crossplane jc
c are involved in the

Bean model. For a crystal in our measurements with a
=1.245 mm, b=1.285 mm, and c=0.732 mm,

jc
c =

c

3a

jc
ab

�1 – 20Mb/cjc
ab�

.

Because of the large volume fraction of the normal and mag-
netic state, a magnetic background is superposed on the hys-
teresis loop. Moreover, as shown in Fig. 4�b� inset, the hys-
teretic magnetization loop for the sample x=0.14 sustains
above the superconducting transition temperature at 7.5 K
and vanishes above the antiferromagnetic transition at 25 K.
It implies a magnetic structure of FeTe1−xSx where a ferro-

magnetic component coexists with an antiferromagnetic mo-
ment. Density-functional calculation on FeTe by Subedi et
al.8 does indicate that besides the SDW, FeTe is close to a
ferromagnetic instability, similar to LaFeAsO. In order to
estimate the M only due to flux pinning, we take the hys-
teresis loop immediately above superconducting transition at
8 K as the ferromagnetic background and subtract it from
other loops below 7.5 K. The identical hysteresis loops at 8
and 9 K in the normal state justifies our rationale to use them
as a temperature-independent background. Figure 4�a� shows
hysteresis loops for H �c and H�c at 1.8 K after background
removal. The magnetically deduced in-plane and interplane
critical current density are displayed in Fig. 4�b�. The ratio of
jc
ab / jc

c is roughly about 4. The critical current densities for
both directions are 105–106 A /cm2, comparable to MgB2,
Ba�Fe1−xCox�2As2 in the same temperature range.36

Figure 5�a� gives the temperature-dependent specific heat
Cp and M /H for Fe1.14�2�Te and Fe1.09�2�Te below 90 K. Both
crystals show two lambda anomalies at magnetic/structural
transition around T1=70 K and T2=59 K for Fe1.14�2�Te and
around T1=66 K and T2=59 K for Fe1.09�2�Te. Above and
below the transition region there is no difference in Cp�T�. A
magnetic field of 90 kOe shifts both transition in both
samples for T=1 K. The entropy S=2.2 J /mol associ-
ated with the transition is independent of the iron stoichiom-
etry y �Fig. 5�b��. This is smaller than estimated change in
entropy in Fe1.07Te of S�3.2 J /mole�K�.23 The discrep-
ancy is probably due to conventional PPMS heat-capacity
setup which introduces sizeable error in the vicinity of the
first-order phase transition.37 Nevertheless, we can still com-
pare the change in S for Fe1+yTe crystals with different y
caused by AF contribution which dominates S in the tran-
sition region.23 Assuming that total entropy is lost on the
spin-state transition S=R ln��2SH+1� / �2SL+1�� and using
�ef f =�4S�S+1�, high-temperature effective moment is
�ef f

H �Fe1.14�2�Te�=3.92�B, �ef f
H �Fe1.09�2�Te�=3.73�B, we ob-

tain the moment value below magnetic transitions in the or-
dered state �ef f

H �Fe1.14�2�Te�=1.3�B and �ef f
H �Fe1.09�2�Te�

=1.2�B. Larger relative entropy change for higher y is re-
lated to the occupancy of iron in the interstitial sites which is
expected to be strongly magnetic.11 Interestingly, these num-
bers are very close to values for a spin moment of 1.3�B
associated with SDW transition calculated by DFT
calculations.8

The low-temperature Cp data for Fe1.14Te can be fitted to
the C�T�=�T+�T3 power law below 15 K with �
=32 mJ /mole K2 and �=0.49 mJ /mole K4 from which a
�D=228 K can be obtained �Fig. 5�c��. Specific heat shows a
broad feature around Tc �Fig. 5�c� inset� for superconducting
samples similar to other iron pnictides.28 Due to high upper

TABLE II. Upper critical field at zero temperature and corresponding coherence length for two super-
conducting samples.

Hc2�
�c�Tc�

Hc2
�c�0�
�T� Hc2�

�c�Tc�
Hc2

�c �0�
�T�

��c�0�
�nm�

��c�0�
�nm�

Fe1.12�3�Te0.83�1�S0.11�2� −4.9 19 −4.6 18 4.3 4.3

Fe1.06�3�Te0.88�1�S0.14�2� −10.7 56 −8.4 44 2.4 2.7

FIG. 4. �Color online� �a� Magnetization hysteresis loops of x
=0.14 for 1.8 K after ferromagnetic background subtraction for H �c
�open symbols� and H�c �solid symbols�. �b� In-plane �to left axis�
and interplane �to right axis� critical currents for x=0.14. Inset
shows the magnetization at 8, 9, and 40 K. Only the positive field
magnetization is shown on log-log scale and the virgin curves of the
loops at 8 and 9 K are omitted for clarity.
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critical fields and apparent coexistence of superconductivity
and long-range magnetic order in our crystals, a reliable es-
timate of the normal-state contribution to electronic specific
heat � is rather difficult. Additional uncertainty in testing
traditional isotropic weak-coupling BCS value of Cp /�Tc

in Fe1+y�Te1−xSx�z is introduced by the percolative nature of
superconductivity with up to 7% superconducting volume
fraction �Fig. 2�. Therefore we restrict ourselves to an esti-
mate of the Cp /T discontinuity associated with supercon-
ducting transition for material with the highest sulfur con-
centration and consequently the most pronounced jump in
specific heat.38 For x=0.15 it is about 12 mJ /mole K2 at
Tc=8.8 K, comparable to what is observed in
Ba�Fe1−xCox�2As2 and Ba�Fe1−xNix�2As2 single crystals.38

Closer inspection of the ���T /�T� �Ref. 39� and �
 /�T
data �Fig. 6� for Fe1.14�2�Te and Fe1.09�2�Te unveils two tran-
sitions at temperatures T1 and T2 that correspond to specific-
heat anomalies in Fig. 5�a� �Table I�. With sulfur substitution
both transitions are clearly observed only up to x�0.1 �Fig.
6�. For higher sulfur concentration only one broad anomaly
can be observed �Fig. 6 insets�. Two successive transitions
were reproduced on independently grown crystals within the
same batch and in different batches. The exact temperatures
of transitions T1 and T2 did vary from batch to batch.

IV. DISCUSSION

The AF SDW in pure Fe1+yTe is accompanied by a lattice
distortion for all investigated values of y as in the undoped
Fe-As superconductors.27,40–43 DFT calculations have found
that excess Fe donates charge as Fe+ to FeTe layers with
strong tendency of moment formation on the excess Fe site.11

By comparing our C�T� data with the specific heat data taken
on Fe1.06Te crystals44 it can be seen that the clarity of the two
step anomaly increases with the increase in y in Fe1+yTe. It is
absent for Fe1.05Te and Fe1.06Te,40,44 visible for Fe1.09Te and
rather pronounced for Fe1.14Te with similar entropy under
both transitions �Figs. 5�a� and 5�b��. Magnetic measure-
ments ���T /�T� closely match thermodynamic data �Figs. 5
and 6�. Whereas temperature of lower temperature transition
T2 �59 K� does not change with change in y, Fe1+yTe with
higher content of excess Fe y has transition T1 at higher tem-
perature �70 and 66 K, Table I�. The Fermi level in Fe1+yTe
lies exactly at the sharp peak of the excess Fe density of
states N�EF�; therefore higher T1 may be magnetically driven
based on the Stoner criterion N�EF�I�1.11 Increased 
 val-
ues for Fe1.14Te when compared to Fe1.09Te are also consis-
tent with this �Fig. 2�. Higher level of excess Fe y corre-
sponds to larger size mismatch between cylindrical electron
and hole Fermi surfaces. Therefore T2 and T1 transitions may
correspond to successive SDW Fermi-surface nesting of in-
dividual electron-hole cylindrical pieces.8,11 Recent work
shows that the magnetic order in parent compounds of iron-
based superconductors is established below temperature of
structural transition with up to 20 K difference in tempera-
ture of transition, as seen in CeFe1−xCoxAsF.42,45 It is un-
likely that two transitions seen in our crystals correspond to
individual magnetic and structural transitions since they have
the same sensitivity to magnetic field.

Our findings are summarized in the electronic and struc-
tural phase diagrams shown in Fig. 7. The lattice contraction
with isoelectronic sulfur substitution corresponds to a posi-

FIG. 5. �Color online� �a� Magnetization and heat capacity Cp at
SDW transition of Fe1.14�2�Te and Fe1.09�2�Te. �b� Entropy balance
around the transition. �c� Low-temperature heat capacity with dis-
continuity in Cp /T at TC for x=0.15 sample shown in the inset.
Clear jumps associated with superconducting transitions are seen
for x�0.11.

FIG. 6. �Color online� Fe1.14�2�Te and Fe1.09�2�Te as well as
sulfur-doped samples for x�0.1 show two clear magnetization
anomalies around SDW transition, as seen in derivatives d��T� /dT
and d
 /dT �inset�. For higher sulfur content anomalies are broader
�insets� and cannot be distinguished.
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tive chemical pressure. The magnetic transition is suppressed
from the �58–70 K region to about 20 K. Signatures of
percolative superconductivity were observed for all x�0.3.
Zero resistivity in fully percolating path was observed for x
�0.1. The superconducting transition width decreases with
the increase in x and Tc. Clearly, there is a competition be-
tween magnetic SDW order and the superconducting state
since with increase in sulfur content x, dT1,2 /dx and dTc /dx
have opposite signs.

Having delineated the evolution of magnetic and super-
conducting properties, it is natural to ask what is the corre-
lation with the structural parameters. The unit-cell param-
eters a and c of P4 /nmm crystal structure decrease smoothly
at T=80 K as sulfur is substituted in the place of tellurium
�Table I�. The c /a ratio decreases to nearly constant value for
x�0.1 up to x=0.15. After x=0.15 we have observed forma-
tion of FeS in the hexagonal NiAs type of structure in the
same range of synthesis parameters. Close inspection of the
tetrahedral angle � at T=80 K �Fig. 7�b�� reveals an extre-
mum near the superconducting percolation threshold. The
angle � increases up to x=0.03 and then decreases with fur-
ther sulfur increase. The tetrahedral angle � therefore seems
to be intimately connected with electronic transport proper-
ties which will be discussed next.

Both x=0 crystals are metallic in the low-temperature
phase �Fig. 2�c��. On the other hand, two successive transi-
tions have also been reported in FeTe0.92 under high pressure
in the intermediate regime between P= �1−1.8� GPa,46 as
well as two distinct types of transport below the magnetic
and structural transition: metallic for FeTe0.9 and semicon-
ducting for FeTe0.82.

10 We note that semiconducting contri-
bution to 
 below the magnetization anomaly for x=0.10 and
x=0.11 �Fig. 2� coincides with Te�S� vacancies from syn-
chrotron x-ray refinement �Fig. 1, Table I�. Crystals with no
Te�S� vacancies within error bars have metallic or semime-

tallic contributions to 
. This is in agreement with photo-
emission studies that showed no visible energy gaps at the
electron and hole Fermi surface for y�0.05 in Fe1+yTe.47

Increase in resistivity at the SDW AF transition signals small
gap opening at the Fermi surface. The band structure of FeTe
features intersecting elliptical cylindrical electron portions at
the Brillouin-zone corners compensated by hole sections
with higher effective mass at the zone center.8 Our findings
show that the details of the nesting condition depend rather
sensitively on the tetrahedral angle � and vacancies on the
ligand site. This points to importance of hybridization be-
tween Te p and Fe d bands in addition to excess stoichiom-
etry y on Fe site.12 Our results strongly suggest that nano-
scale inhomogeneity seems to be the key factor governing
magnetic and electronic transport properties in
Fe1+y�Te1−xSx�z.

Finally we comment on the percolative nature of super-
conductivity found in our crystals. Superconducting volume
fraction increases with sulfur stoichiometry x. The 4��v
reaches up to −0.07 at T=1.8 K ��0.26Tc� for the highest x
crystals where zero resistivity was observed to approach the
Tc onset �Fig. 7�. This is in good agreement with the poly-
crystalline data in Ref. 7. This signals granular superconduct-
ing state coexisting with SDW order, taking only a fraction
of sample volume and stabilizing to fully percolating super-
conducting path by x=0.14. Similar coexistence was ob-
served in other iron-based superconductors, CaFe1−xCoxAsF,
SmFeAsO1−xFx, SrFe2As2, and BaFe2As2.41,45,48 For ex-
ample, in the underdoped region of Ba1−xKxFe2As2 the su-
perconducting volume fraction has been reported to be
�23�3�% of −1 /4� at �0.06Tc increasing up to 50% for
nearly optimally doped material.28,49,50 Since SDW magnetic
order and superconductivity compete for the same Fermi sur-
face, percolative nature of superconductivity may be associ-
ated with intrinsic mesoscopic real-space phase separation as
in cuprate oxides or CaFe1−xCoxAsF.45,51,52 Consequently su-
perconductivity may be mediated by magnetic fluctuations,
consistent with small values of electron-phonon coupling
constant found in doped Fe1+xTe and FeSe.8

V. CONCLUSION

In conclusion, we have performed combined and compre-
hensive study of structural, magnetic and superconducting
properties of Fe1+y�Te1−xSx�z single crystals. Magnetic tran-
sition decreases from �58–70 K to about 20 K for x
=0.15. We have shown that the increase in excess Fe y in
Fe1+yTe results in two anomalies in thermodynamic, magne-
tization, and transport properties. Electronic transport is
rather sensitive to possible vacancies on Te�S� site.
Fe1+y�Te1−xSx�z are isotropic high-field superconductors with
one of the smallest values of �H=Hc2

�c /Hc2
�c observed so far in

iron-based superconducting materials. Moreover, anisotropy
in the superconducting state decreases with increased sulfur
content. Filamentary superconductivity is observed for all x
in apparent coexistence with magnetism. Microscopic mea-
surements such as muon-spin rotation ��SR� are needed to

FIG. 7. �Color online� �a� Electronic phase diagram of
Fe1+y�Te1−xSx�z, showing paramagnetic �PM�, antiferromagnetic
and SC ground states. Blue triangles pointing up and down corre-
spond to T2 and T1 transitions, respectively. For x=0 both can easily
be identified. Red circles denote onset of superconducting transition
in 
 and zero resistance. Transition for x=0.15 was estimated from
heat-capacity measurement. �b� Structural parameters at T=80 K.
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confirm real-space phase separation and/or coexistence of su-
perconductivity and magnetism. By utilizing high-pressure
synthesis techniques even higher TC’s, upper critical fields
and smaller �H may be simultaneously obtained. Since
FeTe1−xSx superconductors consist of relatively inexpensive
and nontoxic elements, materials based on FeTeS with full
volume fraction may be useful for future high-field power
applications. In addition, higher S doping level would enable
the answer to the question if maximal TC occurs at the point
where magnetism disappears as in cuprate oxides and other
complex iron arsenide superconductors.
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The use of high-energy X-ray total scattering coupled with pair

distribution function analysis produces unique structural fingerprints

from amorphous and nanostructured phases of the pharmaceuticals

carbamazepine and indomethacin. The advantages of such facility-

based experiments over laboratory-based ones are discussed and the

technique is illustrated with the characterisation of a melt-quenched

sample of carbamazepine as a nanocrystalline (4.5 nm domain

diameter) version of form III.
The majority of active pharmaceutical ingredients (APIs) are mar-

keted as crystalline forms for reasons of stability. However, the

formation, stability and performance of amorphous solids are also of

significant interest within pharmaceutical research and development.

Whilst the amorphous state can confer desirable properties to an

API, such as increased aqueous solubility,1 the inadvertent produc-

tion of non-crystalline material during processing can also lead to

uncontrolled variability in physical and chemical attributes. The

potential for commercial exploitation of amorphous APIs is often

complicated by their tendency to revert to a more thermodynamically

favourable, and less soluble, crystalline state. Although the identifi-

cation, characterisation and quantification of amorphous pharma-

ceuticals has received considerable attention, little is known about

local ordering in amorphous APIs due to the lack of reliable exper-

imental probes. The powerful tools of crystallography begin to lose

their power for structures on the nanoscale; conventional X-ray

powder diffraction (XRPD) patterns become broad and featureless in

these cases (Fig. 1) and are not useful for differentiating between

different local molecular packing arrangements.2 Accordingly,

XRPD is generally used simply to identify such samples as non-

crystalline (i.e. ‘X-ray amorphous’).

It has recently been suggested that Fourier transforming conven-

tional laboratory XRPD data‡ to obtain the atomic distribution

function (PDF)3,4 allows more structural information to be extrac-

ted.5 The PDF, G(r), yields the probability of finding an atom at

a distance r from any reference atom and so provides information on
aDepartment of Applied Physics and Applied Mathematics, Columbia
University, New York, NY, 10027, USA. E-mail: sb2896@columbia.edu;
Fax: +1 212-854-8257; Tel: +1 212-854-2918
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local structure in real space. However, this approach is intrinsically

limited by the relatively low momentum transfer magnitude Q

(4psinq/l) values typically accessible in the laboratory environment,

resulting in a PDF of limited real-space resolution. For an accurate

PDF across a wide range of r, data should be collected with low

instrumental background and good counting statistics to high Q.

These requirements can be met by combining high-energy

(synchrotron) X-rays with imaging plate detectors.

In this work, a high-energy XRPD method known as total scat-

tering,3 coupled with Fourier transformation and PDF analysis, is

applied to individual X-ray amorphous samplesx of the anti-epileptic

drug carbamazepine (CBZ; Fig. 1) and the non-steroidal anti-

inflammatory drug indomethacin (IND). This approach is referred to

as the total scattering pair distribution function (TSPDF) method to

differentiate it from the approach of obtaining the PDF from

conventional laboratory XRPD data.5 The TSPDF method has been

widely applied to inorganic materials to study amorphous structures6

and more recently crystalline and nanocrystalline systems,3,7 but its

application to molecular systems has to date been very limited.

Total scattering data were collected{ from melt-quenched samples

of CBZ and IND as well as polycrystalline samples of CBZ I and III8

and a9 and g10 IND. The short wavelength used (0.137 �A), combined

with an appropriate data collection strategy enables data to be

recorded over a sufficiently high Q-range to provide the necessary

resolution in real-space for quantitative structural analysis to be
Fig. 1 Molecular structures and laboratory Cu Ka1 XRPD patterns for

X-ray amorphous melt-quenched samples of CBZ (top) and IND

(bottom).

This journal is ª The Royal Society of Chemistry 2010
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Fig. 3 Comparison of TSPDF from the melt-quenched amorphous

sample (green) and CBZ III (blue), modified as if it were a 4.5 nm

nanoparticle (see text for details). PolySNAP correlation coefficient

0.8601.
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attempted. In these data, a useable Qmax ¼ 20 �A�1 was achieved,

equating to a real-space resolution of 0.31 �A. Further processing was

carried out on all data sets to obtain the total scattering reduced

structure function, F(Q), and the TSPDF, G(r), using the program

PDFgetX2.11 A summary of data processing steps is provided as

ESI.† The total scattering data, presented as F(Q), and the resultant

TSPDFs for the amorphous and polycrystalline samples of CBZ are

shown in Fig. 2.

F(Q) for the melt-quenched sample (Fig. 2(b)), measured over

a wide enough range of momentum transfer and properly normalized

(see ESI),† is rich in information content compared to a conventional

laboratory-based XRPD measurement (e.g. Fig. 1). Close inspection

shows no clear Bragg diffraction, confirming a lack of long-range

order in the sample. F(Q) clearly distinguishes the polycrystalline

samples CBZ III and I (Fig. 2(a) and (c), respectively) with the melt-

quenched sample showing a closer resemblance to that of CBZ III

than CBZ I.

Transforming F(Q) to G(r) (i.e. the TSPDF; see ESI)† allows

interpretation and comparison to be carried out in real space. There is

a striking resemblance between the TSPDF of CBZ III and the melt-

quenched sample. Full-profile comparisons of the TSPDFs in the

range dominated by inter-molecular interactions, 3–20 �A, for the

three samples using PolySNAP12 yielded a correlation co-efficient of

0.8389 for the melt-quenched and CBZ III TSPDFs (perfect match¼
1.0; see ESI).† The next closest similarity was observed for melt-

quenched CBZ and form I, but yielding a correlation coefficient of

only 0.5164.

Given such close agreement between the melt-quenched and form

III TSPDFs, the structural similarity between these samples was

explored in more detail. The TSPDF of CBZ-III was modified by

attenuating the TSPDF peaks in the high-r region to simulate the

effects of reducing the range of structural coherence (or long range

ordering) on the data, assuming spherical particles. If the internal

atomic arrangement of a nanocrystalline domain resembles that of

a bulk crystalline analog, its TSPDF resembles that of the bulk except

that the amplitude of the TSPDF peaks is attenuated with increasing

r due to the loss of far-neighbour correlations outside the particle.

This can be modelled by multiplying the crystalline PDF with the

auto-correlation of the shape function of the particle as done here (see

ESI).†
Fig. 2 Total scattering diffraction patterns and TSPDFs of CBZ. Panels

(a) and (d) correspond to CBZ III, (b) and (e) to the melt-quenched

sample and (c) and (f) to CBZ I; (a), (b), (c) show the total scattering data

in the form of F(Q) (see ESI)† whilst (d), (e), (f) are in the form of the

TSPDF, G(r).

This journal is ª The Royal Society of Chemistry 2010
The overlay shown in Fig. 3 was obtained using a nanocrystalline

domain diameter of 4.5 nm. The excellent agreement between the

attenuated TSPDF from CBZ III and the melt-quenched CBZ

TSPDF is definitive proof that the local packing in the melt-quenched

sample is that of form III with a range of structural coherence of

4.5 nm. It is interesting to ask whether the sample is made up of

discrete 4.5 nm nanocrystallites of form III or whether it is truly

a homogeneous amorphous structure with short-range molecular

CBZ III-like packing. The data suggest the former since the sharpness

of features in the TSPDFs is preserved with increasing r whilst their

amplitude is simply reduced, which is not the behaviour seen in truly

amorphous samples. We thus conclude that the structure of the melt-

quenched CBZ used in the measurement is actually nanocrystalline

CBZ III with an average particle diameter of 4.5 nm. Although the

TSPDF of the melt-quenched sample is well explained by CBZ III

attenuated by the PDF characteristic function for a sphere, we cannot

rule out that there is a dispersion of nanoparticle sizes centered

around the value of 4.5 nm. For example, narrow dispersions with

�10% polydispersity are well explained using the characteristic

function for a single sphere.

A similar analysis has also been carried out on a melt-quenched

sample of IND, and the results are shown in Fig. 4. Again, F(Q)

shows the melt-quenched IND sample to be X-ray amorphous (no

evident Bragg diffraction) and rich in structural information. The

highest correlation coefficient from full-profile comparisons of the

TSPDFs of melt-quenched, a and g IND in PolySNAP was 0.6770,

returned for the melt-quenched and a-IND phases. This is signifi-

cantly lower than the highest value obtained for the CBZ TSPDF

comparisons. All other coefficients were less than 0.5 (ESI).† Thus,

the TSPDFs indicate that the local structure of the melt-quenched

IND sample at 100 K is largely distinct from the a and g crystalline

forms. This contrasts with the suggestion based on crystallization and

spectroscopic evidence that below Tg (315 K13) amorphous IND has

a local structure, with dimeric hydrogen bonding, similar to the g

form.14 Linear combinations of the a and g crystalline phases also do

not give good agreement with the TSPDF from the melt-quenched

sample. Further comparisons with the d form of IND were not

possible at the time of writing as neither a crystal structure nor

experimental TSPDF were available.15 However, this result clearly

shows that the TSPDF can readily characterise distinct local molec-

ular packing arrangements in the amorphous IND sample. We note
CrystEngComm, 2010, 12, 1366–1368 | 1367
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Fig. 4 Total scattering diffraction patterns and TSPDFs of IND

samples. (a) and (d), contain patterns from IND a, (b) and (e) from the

melt-quenched sample and (c) and (f), IND g. The column (a), (b), (c)

shows the synchrotron total scattering data in the form of F(Q) and the

second column, (d), (e), (f), contains the total scattering data in the form

of the TSPDF, G(r).
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that, as with the CBZ, oscillations in the PDF are apparent over the

whole r-range shown and clearly extend beyond 20 �A, which shows

that the melt-quenched IND sample we studied is also nanocrystal-

line rather than truly amorphous.

The key to obtaining useful TSPDF curves is not the use of

synchrotron radiation per se but collecting data to high Q with good

statistics. This is possible from laboratory based diffractometers that

have Ag (l¼ 0.556 �A) or Mo (l¼ 0.7107 �A) sources, where the fact

that l is a factor of �2–3 times smaller than that of a Cu source

means that higher Q values can be accessed for any given diffraction

angle. The current data were Fourier transformed with a Qmax of

20 �A�1, which is certainly accessible with a Ag lab diffractometer,

although a suitably configured Mo instrument would offer significant

practical advantages such as higher incident flux, increased X-ray

scattering and higher detector efficiency. That said, synchrotron

measurements are advantageous because the requisite statistics can be

obtained over the whole Q-range in a short time (in this case 30 min)

compared to many hours on a laboratory-based source. Future

developments in high intensity, short wavelength laboratory X-ray

sources will certainly help close this particular gap.

These results have a number of important implications. They show

that TSPDF data can be used to unambiguously differentiate

between different forms of amorphous or nanocrystalline molecular

solids. As such, TSPDF is an approach that can take the ‘finger-

printing’ role for amorphous pharmaceuticals that XRPD takes for

polycrystalline pharmaceuticals. This opens the door to future studies

exploring the effects of processing or storage on amorphous materials

and of phase stability in molecular dispersions, for example. There

can also be sufficient information in the TSPDF to enable the fitting

of well-defined structural models for the molecular conformation and
1368 | CrystEngComm, 2010, 12, 1366–1368
packing arrangements in amorphous and nanocrystalline samples.

Clearly this would have particular application in the case of the melt-

quenched IND TSPDF presented here, however the development of

such models is beyond the scope of the current work. This capability

offers the potential to revolutionise the study of amorphous samples,

by illuminating the basic science underpinning the structure of non-

crystalline molecular materials to add to the wealth of thermody-

namic and spectroscopic literature available. Also, by tracking the

evolution of structure of melt-quenched glasses for example, this tool

may help identify new crystalline polymorphs via an amorphous or

nanocrystalline route.
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x Data were collected from amorphous samples of CBZ and IND
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preparation see ESI.†
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Abstract. The new wide angular-range chopper spectrometer ARCS at the Spallation
Neutron Source at Oak Ridge National Laboratory has been successfully used in white-
beam mode, with no Fermi chopper, to obtain neutron powder diffraction based atomic pair
distribution functions (PDFs). Obtained PDF patterns of Si, Ni, and Al2O3 were refined using
the PDFfit method and the results compared to data collected at the NPDF diffractometer at
Los Alamos National Laboratory. High quality resulting fits are presented, demonstrating that
reliable powder diffraction data can be obtained from ARCS when operated in this configuration.

1. Introduction
Time-of-flight (TOF) instruments at spallation sources, such as the NPDF [1] at the Los
Alamos Neutron Science Center (LANSCE) or the general materials diffractometer (GEM) [2]
at ISIS, are routinely utilized to carry out neutron powder diffraction measurements. It is less
common to exploit chopper spectrometers to obtain powder diffraction data suitable for structure
refinements, since their primary role is inelastic neutron scattering measurements to obtain
information about a system’s dynamics. However, if operated without the monochromating
Fermi chopper in the primary beam, a chopper spectrometer resembles the configuration of a
TOF powder diffractometer. If there is no appropriate detector coverage at large scattering
angles, the Q-resolution and Q-range, where Q is the magnitude of the scattering vector, may
be insufficient for PDF analysis. However, the ARCS spectrometer at SNS has high detector
coverage over a wide angular range, scattering angles between 2 and 135 degrees, resulting in an
acceptable Q-resolution for the higher-angle detectors. The ARCS spectrometer is situated on a
relatively short flight-path (13.6 m primary, and 3.0-3.4 m secondary) at the Spallation Neutron
Source (SNS) at Oak Ridge National Laboratory (ORNL) in Tennessee, currently the brightest
spallation neutron source in the world. The Fermi chopper mechanism at ARCS is mounted
on a motorized translation table, allowing one to easily switch between two installed Fermi
chopper slit packages and an open ‘white-beam’ position. This feature means that it becomes
straightforward to analyze structure and dynamics from the same sample without dismounting
it from the instrument. Here we present in greater detail the preliminary experiments, which
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demonstrate this capability on ARCS, that were reported in an earlier brief communication [3].
Quantitative structural information could be obtained from ARCS by obtaining reliable atomic
pair distribution functions (PDFs) from the data [4] and refining models to them using the
PDFgui software [5]. Here we describe in greater detail the procedure and the results.

Complete time-focussing of diffraction data from ARCS is not achievable at present due to lack
of appropriate software routines. The data presented here were histogrammed to produce the 1D
powder diffraction pattern using a generic TOF to d-space conversion protocol, without applying
standard second order corrections. As a consequence, the data have a degraded resolution, and
with poorly defined peak shapes. Attempts were made to refine the data by the Rietveld method
using Fullprof [6, 7] and GSAS [8, 9] with poor results. Because the data were not fully time-
focussed and inherently low resolution, the time was not spent to explore this issue any further
and we concentrated on obtaining structure refinements from atomic pair distribution functions
(PDFs) obtained from the data [4, 10] since the PDF is not very sensitive to details of the
profile function. Successful refinements were performed as described below, demonstrating that
this approach can be used even in the absence of software codes that do the full time-focussing,
which is a significant challenge from a diffractometer of the complexity of ARCS. The data from
Si and Ni samples are benchmarked against data from similar samples collected at the NPDF
diffractometer at LANSCE with comparable statistics. NPDF is currently the highest resolution
neutron powder diffractometer situated at a spallation source in the US [1] and is also a highly
successful PDF instrument [11, 12, 13, 14, 15]. Finally, data for a corundum Al2O3 sample
were collected and the PDF successfully refined, demonstrating the capability for carrying out
research-quality diffraction experiments on nontrivial systems at the ARCS instrument.

2. Experimental
In this study we collected neutron TOF data at ARCS at SNS on three different commercially
available standard samples: Ni, Si, and Al2O3. In addition, data from neutron TOF
powder diffraction measurements on Ni and Si, carried out using the high-resolution NPDF
diffractometer at LANSCE, are presented. All data were collected at room temperature.

For the ARCS experiment, loose powder samples (3.0 grams of Si, 8.3 grams of Ni, and
3.8 grams of Al2O3) were sealed in extruded vanadium tubes (1.11 cm in diameter, approximately
5.08 cm in height, and with wall thickness of 0.015 cm). Data for all the samples, as well as for the
empty vanadium container (background), were collected for about 30 minutes each. A vanadium
rod measurement was also performed to obtain incident spectrum information. The experiments
were carried out using a neutron beam produced by 1.25 coulombs of charge impinging on a liquid
mercury target surrounded by a decoupled water moderator [16]. In the case of standard NPDF
measurements, to obtain the total scattering structure function, S(Q), raw data are corrected
for experimental effects, such as sample absorption and multiple scattering, and normalized
by the incident spectrum [4], using the program PDFgetN [17]. The data from ARCS were
converted from scattering events as a function of TOF and detector position to histogramed
intensity as a function of d-spacing with bin sizes 0.0005 Å for 0.0625 ≤ d ≤ 0.25 Å, 0.001 Å
for 0.25 ≤ d ≤ 1.5 Å, and 0.005 Å for 1.5 ≤ d ≤ 12.0 Å using Distributed Data Analysis for
Neutron Scattering Experiments (DANSE) software. Variable bin sizes were chosen because of
the variation in resolution as a function of d-spacing. To get S(Q), these data were minimally
processed, using custom made programs to correct for the background parasitic scattering and
to normalize by the incident spectrum only, without any other standard correction. This works
because many of the corrections are the same for the sample and the vanadium standard and
cancel during the normalization. We note that even with this coarse data treatment, it is
possible to obtain useful structural information of reasonably high quality. A typical total
scattering function of data collected at ARCS is shown in Figure 1(a), with the corresponding
F (Q) function from NPDF shown in Figure 1(b). The structure function from ARCS is accurate
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Figure 1. Total scattering function F(Q)=Q[S(Q)-1] of Ni from data collected at (a) ARCS
and (b) NPDF, and Al2O3 obtained from ARCS data (c). All data were collected at room
temperature for 30 minutes.

and measured with good statistics though clearly of much lower resolution than that from NPDF.
The total scattering function of Al2O3 data collected at ARCS is shown in Figure 1 (c).

The PDF, G(r), is obtained from the structure function, F (Q), by a Fourier transformation
according to G(r) = 2

π

∫∞
Qmin

Q[S(Q)− 1] sinQr dQ, where Q is the magnitude of the scattering
vector and Qmin is a value of Q beyond the limit of the small angle scattering but below the limit
of the lowest wide-angle scattering and S(Q) is the properly corrected and normalized powder
diffraction intensity [18]. The PDF gives the probability of finding an atom at a distance r
away from another atom. The PDFs presented in this study were produced using various upper
limits of integration in the Fourier transform, Qmax, as follows: Ni data Qmax = 25.0 Å−1, Si
data Qmax = 20.5 Å−1, and Al2O3 data Qmax = 35.0 Å−1. The upper Q-limits in these cases
are dictated by factors such as signal to noise ratio, as well as by the imperfections at higher
momentum transfers resulting from incomplete data processing procedures that were used.

Assessment of the structure information was carried out via refinements of the experimental
PDFs, using the program PDFgui [5]. The details of the PDF method are provided
elsewhere [4, 10].

3. Results and Discussion
Here we show the quality of PDFs that can be obtained from ARCS and compare them to
PDFs from NPDF. Representative experimental PDFs of Si and Ni are shown in Figure 2
(open symbols), obtained using the same value of Qmax for both instruments. Simple visual
comparison of the ARCS and the NPDF PDFs demonstrates that the ARCS data is of high
quality. Furthermore, all ARCS datasets could be successfully refined. In Figure 2 fully
converged structure models (solid lines) are plotted on top of the data. Standard structural
models were used for Si (Fd3m), and Ni (Fm3m). The corresponding difference curves are
shown offset for clarity.
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Figure 2. Experimental PDFs (open symbols), PDFgui fits of the structural models (solid
lines) and corresponding difference curves (offset for clarity): (a) Si data collected at ARCS, (b)
Si data collected at NPDF, (c) Ni data collected at ARCS, and (d) Ni data collected at NPDF.
See text for details.

Refinements of Si, Figure 2(a) and (b), give lattice parameters of 5.4515(2) Å and 5.4361(2) Å,
and USi

iso of 0.0086(6) Å2 and 0.0060(7) Å2 for ARCS and NPDF data respectively, with
corresponding goodness of fit, rW , of 0.120 and 0.086. The quantitative results for the other
samples are reported elsewhere [3]. In PDF refinements the Qdamp parameter [5], which
attenuates the PDF with increasing r, is the parameter that is most affected by the instrumental
resolution. This parameter, as refined for the Ni standard, is markedly larger for ARCS
(0.046(11) Å−1) than it is for NPDF data (0.017(4) Å−1) [3]. This is illustrated in Figure 3
where two datasets for Si, one from ARCS and the other from NPDF are plotted on top of each
other over a wide range of r. The PDF from the ARCS data clearly damps out more quickly
with increasing-r due to the lower resolution of these ARCS data. To emphasize this, a dashed
line is shown that depicts the Gaussian envelope function that is multiplied with the model-PDF
to simulate this effect in the calculated PDFs. However, a significant signal persists up to 60 Å,
which is beyond the range over which most PDF refinements are carried out. This suggests that
powder diffraction data from ARCS are quite appropriate for PDF analysis.

Interestingly, the PDF peak width in the ARCS data also appears to be larger than that for
the NPDF data for the same Qmax used. This effect is known to appear when data have a Q-
dependent peak broadening [19, 20] but appears to be particularly marked in these ARCS data.
If it is not accounted for in the model, this results in an overestimate for atomic displacement
parameters. It is also apparent that there exists a small but systematic offset of about +0.01 Å
in the lattice parameters obtained from the refinement of ARCS data of both Si and Ni [3],
compared to those obtained for NPDF data. This is presumably an artifact that comes about
due to the inadequate TOF conversion used in our procedure. In a real experiment this is readily
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Figure 3. Comparison of experimental PDF data for Si 640c standard obtained at ARCS (red
solid line) and NPDF (gray solid line) at room temperature, processed using the same value of
Qmax. Thick dashed green line depicts the effect of diminishing PDF profile of ARCS data due
to limited reciprocal space resolution.

Figure 4. PDFgui fit of the Al2O3 structural model to ARCS data collected at room
temperature. The data are shown as open symbols and the calculated curve as a solid line.
Offset below is the difference curve.

corrected for using a calibration measurement such as carried out here.
In Figure 4 we show an example of a structural refinement to data from corundum Al2O3,

which has more structural parameters than the simple Ni and Si structures. The results [3] are
in reasonable quantitative agreement with the literature values [21].

4. Summary
We have refined the first powder diffraction data from the ARCS chopper spectrometer
instrument at the Spallation Neutron Source, operating in white-beam mode. The PDF data
have been obtained and also refined using PDFgui. The refinements were compared to similar
refinements from an established neutron powder diffractometer, NPDF at LANSCE. They
yielded high quality fits and quantitatively reliable structural data, although some systematic
offsets have been identified. Thus, we verify that high quality powder diffraction data, suitable
also for nano-scale structure determination using the PDF, can be obtained from ARCS when
used in white-beam mode without the Fermi chopper operating. This may be useful, for example,
when it is desired to measure both structure and dynamics of a sample in situ without removing
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it from the instrument. The ARCS Fermi chopper is able to be remotely removed from the beam
to switch between white-beam diffraction and monochromatic dynamics measurements quickly.
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Advances in
Structural Studies 
of Materials Using
Scattering Probes

Ashfia Huq, Richard Welberry, and Emil Bozin

size clusters such as nanoparticles, nan-
otubes, and nanorods. We are interested in
defects and nanoscale substructures in
bulk crystals. The greatest amount of infor-
mation about the nanostructure can be
obtained from a direct study of the single-
crystal diffuse scattering. In this article, we
will highlight some recent advances in
materials characterization using advanced
x-ray and neutron scattering sources and
focus on powder diffraction, total scatter-
ing, and single-crystal diffuse scattering.

Rietveld Analysis and Structure
Solution from X-Ray and Neutron
Powder Diffraction

Many materials in technological appli-
cations are polycrystalline and are most
appropriately studied in powder form.
Rietveld1 described a structure refinement
method that, instead of using integrated
intensities from individual peaks, applied
a least squares method for full powder
 pattern matching. This revolutionized
the field of structural characterization of
materials using powder diffraction, as it
allowed the user to handle the overlap
problem inherent in a powder diffraction
experiment and still extract useful quanti-
tative structural information from materi-
als of interest. Traditionally, powder
diffraction techniques were used predomi-
nantly for phase identification and quanti-
tative phase analysis. Rietveld refinement
led to a much wider application of the
technique to determine structures of com-
plex oxides, zeolites, and small organic
molecules. Recent advances in x-ray and
neutron sources and optics deliver higher
resolution and flux to a sample. Combined
with rapid improvements in computing,
this makes it possible to carry out real-time
diffraction measurements, which allows
us to access processes in seconds, combine
stroboscopic techniques to study kinetics
of structural changes on a microscopic
level on time scales of microseconds, study
materials under extreme conditions of
temperature and pressure, and routinely
determine crystal and magnetic structures
of ever more complex systems. The follow-
ing sections will highlight some of these
advances in the field of x-ray and neutron
powder diffraction.

Correlated Electron Materials
Powder diffraction has been an essen-

tial structural characterization tool for the
study of strongly correlated electron mate-
rials, as often synthesis of single crystals of
new materials is not possible. A primary
example of this is the contribution made
by Jorgensen et al., who published author-
itative and highly cited papers2–4 on high
Tc superconductors in the past 30 years.

Introduction
Understanding and predicting properties

of emerging complex functional materials
requires detailed knowledge of their
atomic-scale structure. Structure solution
has traditionally been carried out using
 single-crystal analysis; only in the absence
of single crystals were polycrystalline (pow-
der) samples studied. However, with the
emergence of powerful techniques to get
quantitative structural information from
powders, such as the Rietveld method
(described in the next section), this trend is
changing. Structural studies and refinement
from powders are often the methods of
choice and have had many successes in
materials science. The powder method is
especially powerful when employed for
detailed parametric studies across rich

phase diagrams of materials, for in situ
studies of chemical processes, or when
observing materials in operation, often in
special environments that would be diffi-
cult to implement for single-crystal experi-
ments. Traditional crystallography has
serious limitations for the structural study
of nanoscale materials, primarily due to the
presence of only a few Bragg reflections
that crystallography relies on and the dif-
fraction pattern being dominated by diffuse
scattering features. In this case, a recent
development, the total scattering approach,
can be used. This utilizes both Bragg and
diffuse scattering signals and yields infor-
mation on different length scales, making
it a versatile technique to study complex
systems, such as heterogeneous bulk mate-
rials, nanoporous media, and nanometer-

Abstract
X-ray and neutron diffraction have been two key techniques for structural

characterization of materials since their inception. If single crystals of the materials of
interest cannot be synthesized, one has to resort to powder diffraction. This results in
the loss of three-dimensional orientation information of the crystal, and one has to
contend with the one-dimensional information that is inherent to powder diffraction,
making it harder to analyze the data. The structural study of contemporary materials
and their remarkable properties is a challenging problem, particularly when properties
of interest result from interplay of multiple degrees of freedom. Very often these are
associated with structural defects or relate to different length scales in a material. The
signature of the defect-related phenomenon is visible as diffuse scattering in the
diffraction pattern, and the signals associated with diffuse scattering are orders of
magnitude smaller than Bragg scattering. Given these limitations, it is crucial to have
high-resolution and high-intensity data along with the ability to carry out theoretical
interpretation that goes beyond periodic lattice formalism of crystallography. Great
advances have been achieved due to the advent of synchrotron and neutron sources,
along with the availability of high-speed computational algorithms allowing materials
scientists to work with a very small amount of sample (both single crystal and powder)
and analyze vast amounts of data to unravel detailed structural descriptions that were
not previously possible. This article presents some of these great advances in using
scattering probes for materials characterization.
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Their seminal work on the structure of
YBCO using neutron powder diffraction
showed that the structure did not contain
CuO6 octahedra, as was expected. They
were also the first to find phase separation
in La2CuO4+δ, which led to the hypothesis
of the much-debated electronic phase seg-
regation in high Tc superconductors. One
of the more recent exciting developments
in this field was the discovery of super-
conductivity in iron pnictides and iron
chalcogenides.5 Based on our knowledge
of BCS- (Bardeen, Cooper, and Schrieffer
theory) and high Tc superconductors, it
was thought that iron with its typical fer-
romagnetic properties is not compatible
with superconductivity. While the first
crystal structure analysis of the parent
compound LaOFeP was carried out in
1995,6 two publications7,8 from Hosono’s
group at the Tokyo Institute of Technology
pointed out that these compounds doped
with F are superconductors with Tc = 26 K.
The superconducting transition tempera-
ture for this family of compounds
 doubled within two months with other
rare earth metal substitutions. Three
other families with parental prototype 122
(BaFe2As2), 111 (LiFeAs), and 11 (FeSe)
joined the original 1111 (LaFeAsO) com-
pounds within six months. Neutron pow-
der diffraction-probed structural and
magnetic phase transitions of both the
parent compound LaOFeAs and fluorine
doped9 La1−xFxFeAs were performed.
These studies revealed that LaOFeAs
undergoes an abrupt structural distortion
below 155 K, changing the symmetry
from tetragonal to monoclinic at low tem-
peratures. At 137 K, it develops long-
range spin density wave (SDW)-type
antiferromagnetic order, with a small
moment but simple magnetic structure.
Doping the system with fluorine sup-
presses both the magnetic order and the
structural  distortion in favor of supercon-
ductivity. Neutron diffraction continues to
play a significant role in understanding
the structure and transport properties of
this family of materials.

Neutron powder diffraction is the tool
of choice to solve the magnetic structure
of materials and has made invaluable
 contributions to spintronic materials.10

Representational analysis based on group-
theory techniques aids greatly in the
determination of magnetic structures. The
incorporation of this tool into existing
refinement programs11 simplifies its use
for the general users carrying out rigorous
analysis of experimental data.12 In addi-
tion, global optimization techniques, such
as simulated annealing, allow the solution
of complex magnetic structures with
 several inequivalent sites in the unit cell

and with low magnetic symmetry. For
example, Chapon et al.13,14 first proposed
the microscopic magnetoelectric cou -
pling mechanism for YMn2O5 based on the
in-plane magnetic structure determination
(Figure 1). Recent advances in magnetic
structure determination from neutron dif-
fraction also can be found in Reference 15.

In Situ Time-Resolved Powder
Diffraction

Materials are often employed under
nonambient conditions. Powder diffraction
is uniquely useful in studying such materi-
als in realistic environments, making the
in situ approach an ever-growing field in
materials characterization. Early experi-
ments to obtain kinetic insight into indus-
trially relevant problems, such as the
hydration of cement, were carried out at
neutron sources.16 Large penetration depth
and sensitivity to lighter elements, espe-
cially mobile species such as hydrogen and
oxygen, in the presence of heavier elements
make neutron diffraction an ideal tool to
probe energy storage materials, catalysts,
gas absorption phenomena, and other

chemical processes such as materials
 synthesis. However, the advent of synchro-
tron sources that are capable of producing
x-rays with very high photon energies now
allows penetration of x-rays through thick
walls of stainless steel vessels, making it
possible to mimic realistic reaction condi-
tions to follow and obtain faster dynamic
information, thus allowing diffraction
studies of engineering materials.

For example, materials can be studied
even as they undergo solid-state synthesis.
In a recent publication,17 Readman et al.
showed conclusively for the first time
that cubic γ-ZrMo2O8, a negative thermal
expansion material, can be synthesized
directly from its constituent oxides. Prior to
this work, it was assumed that the cubic
phase of ZrMo2O8 is thermodynamically
metastable at all temperatures. However,
when using beamline ID11 at the European
Synchrotron Radiation Facility (ESRF), the
authors were able to show the route to syn-
thesis of this material by full quantitative
Rietveld analysis of the intermediate reac-
tion products formed on time scales down
to 0.1 seconds. In addition to this fast data

Figure 1. (a) Thermodiffractograms obtained with 1 K temperature steps from the
multiferroic compounds YMn2O5 and TbMn2O5 obtained using the GEM neutron diffraction
instrument. The diffraction intensities are color coded, with the brightest color
corresponding to the highest intensity. Reprinted with permission from Reference 13.
©2008, IOP Publishing. (b) Powder diffractogram obtained on YMn2O5 in the ferroelectric
commensurate magnetic phase. Rietveld refinement of the magnetic scattering shown as a
red line, deduced from models obtained by a simulated annealing procedure. Reprinted
with permission from Reference 14. ©2006, American Physical Society. (c) The in-plane
magnetic arrangement of the Mn3+ and Mn4+ spins. Reprinted with permission from
Reference 10. ©2009, Elsevier.
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These structures were determined using
powder diffraction, and, based on the
observation of disordering of Li, Mg, and
cation vacancies, reaction pathways for
hydrogen storage were elucidated.

Similar in situ studies also have helped
reveal high-temperature thermal and chem-
ical properties of fuel cell and membrane
materials, such as Ba0.5Sr0.5Co0.8Fe0.2O3–δ,
under realistic operation conditions of these
cells.25,26 In situ time-resolved measure-
ments also have been successfully used to
carry out parametric studies of materials
under varying temperature,27–29 pres-
sure,30–32 and magnetic field33–35 to elucidate
their physical and chemical properties
under varying environments.

Stroboscopic Measurements
The discussion so far has been centered

on in situ time-resolved measurements of
processes, which are not necessarily
reversible. In these cases, sufficient count-
ing statistics are needed, and the time slice
required for each diffractogram is deter-
mined by the amount of sample, its scat-
tering power, complexity of structure, and
x-ray/neutron flux available. Hence, the
speed of the observed phenomenon must
be comparable to the counting time.
However, if the process of interest is
reversible, which means that it can be
reproducibly cycled, then it is possible to
collect data with much better time resolu-
tion (i.e., the shortest possible time slice
of the phenomenon to be observed by

using stroboscopy). The technique holds
tremendous promise to study kinetic
behaviors of systems such as spinodal
decomposition in ionic crystals, stress-
induced phase transition into the incom-
mensurate phase of quartz,36 or dynamic
piezoelectric response in ferroelectric
materials.37

Ab Initio Structure Determination
from Powder Diffraction

Single crystal x-ray diffraction is the most
widely used and powerful technique for
solving crystal structures; however, many
materials of interest are available only as
microcrystalline powders. Compared to
about 40,000 structures/year solved from
single crystal data, only 200/year are solved
from powder data.38 The information con-
tained in a powder diffraction pattern is
intrinsically more limited, since the three-
dimensional intensity information of single-
crystal diffraction data is compressed to one
dimension. However, there is a significant
interest in both basic science and commer-
cial enterprise to be able to solve the struc-
ture of these materials, and great strides
have been made in that field over the last
decade. Classical methods, such as the
Patterson method, and direct methods have
more recently been joined by a maximum
entropy approach, global optimization
techniques such as simulated annealing,
genetic algorithm, and the charge flip -
ping approach. Several books have been
published recently discussing the various

collection, a combination of techniques,
such as thermo-gravimetric analysis, resid-
ual gas analysis, and powder diffraction,
now allow a very attractive multi-probe
approach to study the processes involved
in solid-state synthesis.

In situ studies are also important in bat-
tery systems. When a battery is charged or
discharged, the redox reactions change the
molecular or crystalline structure of the
electrode materials, often affecting their
stability and reducing their lifetime.
Recently, Nishimura et al. combined high-
temperature powder neutron diffraction
data and a maximum entropy method to
reveal the first experimental evidence of a
curved one-dimensional chain for lithium
motion in the important battery cathode
material LiFePO4.18 Figure 2 shows that
the lithium distribution is along the [010]
crystallographic direction.

X-ray and neutron powder diffraction
contribute to our understanding of other
energy materials also, such as hydrogen
storage systems,19–24 where they shed light
on the mechanisms of hydrogen absorp-
tion and desorption. A combined synchro-
tron and neutron diffraction study of a 2:1
mixture of lithium amide and magnesium
hydride, a potential hydrogen storage
material, revealed the formation of an
unknown phase Li2Mg(NH)2 during dehy-
drogenation (Figure 3).21 Various structural
phase transitions of this material also were
observed at elevated temperature (closer
to the expected performance conditions).

–0.2

0.2 fm Å–3

(010) direction

(001)

(010)

(100)
(010) direction

a b c

Figure 2. Nuclear distribution of lithium calculated by the maximum entropy method (MEM) using neutron powder diffraction data measured for
Li0.6FePO4. The classical static atom models with harmonic vibration were no longer appropriate to describe the dynamic disorder of lithium in
Li0.6FePO4 at 620 K; the MEM nuclear density distribution provided much information on the time and spatial average of the complicated
dynamic disorder arising from lithium diffusion. (a) Three-dimensional Li nuclear density data, plotted as blue contours at which the coherent
nuclear scattering density is −0.15 fm Å−3. Brown octahedra represent FeO6, and the purple tetrahedra represent PO4 units. (b) Two-
dimensional contour map sliced on the (001) plane at z = 0.5. Lithium delocalizes along the curved one-dimensional chain along the [010]
direction, whereas Fe, P, and O remain near their original positions. (c) Two-dimensional contour map sliced on the (010) plane at y = 0; all
atoms remain near their original positions. Reprinted with permission from Reference 18. ©2008, Nature Publishing Group.
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methodologies to solve complex structures
from powder diffraction, and dedicated
structure determination from powder dif-
fraction software is now available for the
general user.39–41 More recently, Oszlányi
and Sütö presented a rather simple struc-
ture solution algorithm termed charge flip-
ping.42 This method then was adopted for
powder data by Baerlocher et al.43 and other
structure solution programs. This algorithm
has been successfully used to determine
various complex framework structures,
such as zeolite catalyst SSZ-74.44

Powder diffraction is extending its contri-
butions even further from standard struc-
tural chemistry into molecular biology and
medicine. The World Health Organization
estimates that each year, 300–500 million
cases of malaria occur, and more than one
million die of the disease, especially in
developing countries. Nevertheless, neither
the mechanism by which the malaria para-
site detoxifies and sequesters heme nor
how current anti-malaria drugs work are
well understood. The heme group released
from the digestion of the hemoglobin of
infected red blood cells forms insoluble
aggregate materials known as β-hematin
or malarial pigment. It was thought that
these aggregates are polymers, and the
action of chloroquine or other related drugs
is to inhibit a proposed polymerization
enzyme. However, Pagola et al.45 deter-
mined the structure of β-hematin by using
simulated annealing techniques from syn-
chrotron x-ray data. It was established that
these molecules do not form polymers but

dimers, which aggregate into chains through
hydrogen bonding in the crystal. This
observation is forcing researchers to rethink
the mechanism by which current drugs
work and possibly may help in the design
of new ones.

Remarkably, powder diffraction is also
having an effect in the complex world of
protein crystallography. The first protein
crystal structure determination from high-
resolution x-ray powder diffraction data
took place in 2000 by Von Dreele et al.46

A molecular replacement method adapted
for Rietveld refinement was used to refine
this 1630-atom protein—a variant of T3R3
human insulin-zinc complex—by combin-
ing 7981 stereochemical restraints with a
4800 step synchrotron x-ray powder pat-
tern. Since then, there have been many
developments in experimental methods,
software, and refinement strategies.47

Total Scattering Approach and
Atomic Pair Distribution Function
Analysis

Atomic order of interest in emerging
complex functional materials is often lim-
ited to the nanometer length scale, where
crystallography, the basis of Rietveld
refinement, fails.48 In these cases, the total
scattering approach can be used. This
approach treats Bragg and diffuse scatter-
ing on an equal basis. In recent years, the
analysis of the total scattering data has
become an invaluable tool to study
nanocrystalline, nanoporous, and disor-
dered crystalline materials. As a Fourier

sine transform of the reduced total scatter-
ing structure function, F(Q), where Q is
the momentum transfer, the atomic pair
distribution function (PDF), G(r), where r
is the interatomic distance, utilizes both
Bragg and diffuse scattering and, hence,
yields the direct-space information of
atomic arrangements on various length
scales.49 With advances on the experimen-
tal and modeling software frontiers and
their synergy, the applicability scope of
the PDF method is extensive.

Nanocrystals
With reduction to nanometer size, mate-

rials exhibit novel or enhanced size-tunable
properties compared to their bulk counter-
parts, with a broad range of promising
applications such as nanosensors, biomed-
ical imaging, optoelectronic devices, energy
materials, and catalysts. In this domain, the
presumption of a periodic solid, which is
the basis of a crystallographic analysis,
breaks down. Since the PDF probes atomic
correlations independent of translational
symmetry, it is well suited for nanoscale
materials characterization. It allows access
to a wealth of information: accurate deter-
mination of atomic-scale structure, homo-
geneous and inhomogeneous strain,
structural defects, geometrical particle
parameters such as diameter and shape,
and core-shell structure assessment, impor-
tant for understanding the fundamental
mechanisms and processes in novel nano -
structured materials. Appreciable effort has
been made recently to accurately account
for the finite size effects50,51 and enable mod-
eling of the PDF for nanocrystalline materi-
als.52–54 The rich level of detail that can be
obtained from the PDF is summarized in a
recent study of quantitative size-dependent
structure and strain determination of CdSe
nanoparticles with diameters ranging from
2 to 4 nm.55 CdSe quantum dots are exten-
sively studied nanostructures that have
size-tunable properties and form a model
system for investigating a wide range of
nanoscale electronic, optical, optoelectronic,
and chemical processes. Figure 4a shows a
transmission electron microscopy (TEM)
image of 2 nm CdSe nanoparticles, with the
corresponding x-ray diffraction pattern
exhibiting few broad features in the raw
data, clearly insufficient for carrying out
 conventional Rietveld refinement. However,
the reduced total scattering structure func-
tion, F(Q) = Q(S(Q) – 1), which is the
momentum transfer Q-weighted version of
the diffraction pattern, where S(Q) is total
scattering structure function, amplifies the
features at high values of Q that are nonob-
servable and provides means for utilizing
this information for structural assessment.
In Figure 4b and 4c, F(Q) and G(r) are
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shown for bulk CdSe (top) and small CdSe
nanoparticles of various sizes. The data in
this form for these materials can be assessed
and compared on an equal footing through
a process of structural modeling using ver-
satile and user-friendly modeling software
such as PDFgui.53 Using this, it was shown
that the core structure of the measured
CdSe nanoparticles can be described in
terms of the wurtzite structure with exten-
sive stacking faults (Figure 4d). The pres-
ence of stacking faults causes an anomalous
increase of the atomic displacement param-
eters (ADPs) in the original wurtzite model.
By assessing the enhancement of ADPs
caused by various stacking fault densities
using simulations, it was possible to come
up with a calibration curve (Figure 4e) that
enabled the density of faults in the nanopar-
ticles to be estimated at ~50% level. The
diameter of the nanoparticle core was

extracted directly from modeling the PDF
data and is in good agreement with the
diameter obtained from standard character-
ization methods (TEM, ultraviolet-visible
absorption spectroscopy, and photolumi-
nescence), suggesting that there is little
 surface amorphous region. The PDF also
provides a means to assess inhomogeneous
and homogeneous strain information from
the width and position of the Cd-Se near-
neighbor PDF peak (Figure 4f), respectively.
The widths of the first PDF peaks remain
comparably sharp as the nanoparticles
get smaller (Figure 4g), indicating that there
is little size-dependent inhomogeneous
strain. However, the bond length of Cd-Se
pairs shortens as the nanoparticle diameter
decreases (Figure 4h), indicating the pres-
ence of a homogeneous compressive strain
that is nanoparticle size dependent,
being 0.5% with respect to bulk CdSe for the

2-nm-diameter particles. This study
demon strates the size-dependent quantita-
tive structural information that can be
obtained from very small nanoparticles
using the PDF approach.

Rapid Acquisition PDF
Measurements

Recent years have brought a particularly
important breakthrough for application of
the PDF approach, with utilization of an
image-plate detector coupled with high-
energy synchrotron x-ray radiation. This
resulted in reducing the data collection time
by at least four orders of magnitude in so-
called rapid acquisition PDF setup, with
access to a high Q range, excellent counting
statistics, and highly reproducible data.56

This not only enabled high data throughput
experiments but also opened up new
avenues for x-ray PDF studies of nano-sized

Advances in Structural Studies of Materials Using Scattering Probes

524 MRS BULLETIN • VOLUME 35 • JULY 2010 • www.mrs.org/bulletin

0

–24

–20

–16

–12

–8

–4

0

4

4 8 12 16
r (Å) r (Å)

G
 (

Å
–2

)

G
 (

Å
–2

)

F
 (

Å
–1

)

G
 (

Å
–2

)
20 24 28

0

8

4

0

–4

–8

–12

–16

–200

2.1

1.8

1.5

1.2

0.9

0.6

0.3

10 nm 0
4 8 12 16 20 24

3 6 9 12

Q (Å–1)

I (
a.

u.
)

r (Å)
15 18 21 24 0

3

0

–3

–6

–9

–12

–15

–18

4 8 12 16 20 24 28 32

72

63

54

45

36

27

S
e 

U
33

  (
10

–3
 Å

2 )

18

–0.1 0 0.1 0.2 0.3
Stacking Fault Density

0.4 0.5 0.6

6

3

0

–3

2.4
2

B
on

d 
S

tr
ai

n 
(D

r/
r)

 (
%

)
P

D
F

 P
ea

k 
W

id
th

 (
Å

)

2.4

–0.3

–0.4

–0.5

2.8

NP Diameter (nm)

3.2 3.6

2

0.18

0.2

0.22

2.4 2.8

NP Diameter (nm)

3.2 3.6

2.8

a b c

d e f g

h

Q (Å
–1

)

Figure 4. (a) Transmission electron microscopy image of 2-nm-diameter CdSe nanoparticles. Inset shows corresponding diffraction pattern
featuring only a few broad intensity (I) peaks at low values of momentum transfer Q. (b) Reduced total scattering structure function F(Q) for,
from top to bottom, bulk, 4-nm, 3-nm, and 2-nm diameter CdSe, with (c) respective atomic pair distribution functions (PDFs) G(r). (d) PDF data
fitted with the wurtzite structure model incorporating appropriate stacking fault density. Corresponding difference curves are shown in black,
offset below the data (blue) and model (red) curves. (e) The enlargement in the atomic displacement parameters along the z direction for Se
site U33 as a function of the stacking fault density. (f) The first PDF peak with Gaussian fit for the sequence of samples as in (b). Dashed line
represents the position of first PDF peak in the bulk data. (g) Inhomogeneous strain assessment from the first peak widths as a function of
nanoparticle (NP) diameter. (h) Homogeneous strain in Cd–Se bond (Δr/r) (%) as a function of NP diameter.55
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and bulk materials not possible before, such
as in situ57 and under extreme conditions.58

While determination of the crystal structure
using single-crystal or powder diffraction
measurements at nonambient conditions
is done routinely, PDF studies at high-
 pressure of material classes addressed here
have been rather modest, since the pressure
cells impose a number of compromises
on the experiments, and since the diffuse
scattering is inherently low intensity.
Further advancements came with applica-
tion of an amorphous silicon (a-Si)-based
area detector with efficient readout capabil-
ities, allowing for high-sensitivity and fast
time-resolved PDF measurements.59 The
most compelling applications of the a-Si
detectors lie in time-resolved measure-
ments and parametric studies, rather than
in static measurements under ambient con-
ditions, enabling one to observe materials at
work, such as determining the kinetics of
chemical processes. This capability affects a
broad class of problems in fields such as
solid-state chemistry and catalysis. An
impressive demonstration of this capability
is given in a study of PtO2 reduction.51 Data
were collected during the in situ reduction
of PtIVO2 to metallic Pt0 at 473 K under
hydrogen gas flow (4% in helium), using
the maximum ultrafast readout mode of an
a-Si detector (30 Hz). Data suitable for PDF
analysis were obtained for each frame.

The 200 PDFs (Figure 5a) cover the
reduction process from initiation to com-
pletion. While the intensity of the peaks
in the PDF corresponding to Pt–O and 
Pt . . .Pt distances in PtIVO2 (starting mate-
rial) decrease from the initial values until
indistinguishable from background over
a six second period (Figure 5b), the peak
corresponding to the nearest-neighbor
Pt–Pt distance in the metallic Pt0 product
appears and grows in intensity.
Refinement of a face-centered cubic
model to the experimental PDFs
 corresponding to the Pt0 product yielded
fits with  excellent agreement. The a-Si
detector improves the relative ease, relia-
bility, speed, and efficiency with which
high-quality x-ray PDF data may be
obtained, with resolutions matching
those routinely achieved at spallation
neutron sources.

Nanoporous Materials
High data throughput instruments

enable measurements with excellent
counting statistics, allowing weak scatter-
ing or dilute features to be investigated.
This is particularly advantageous for
 differential PDF methods, through which
relatively weak contributions to the total
PDF (a few wt%), such as arising from
adsorbed guest species, are studied. The

problem of determining the structure of
loaded nanoporous materials is often
 handled through either multiphase refine-
ments or assessment of differential
PDF.49,59,60 A typical experiment consists of
two measurements, one on an empty and
another on a loaded nanoporous material,
where a difference is taken and studied.
An example of using PDF to study porous
coordination framework materials, capa-
ble of reversible H2 sorption that is of
 current interest for potential mobile
energy-storage applications, is given in the
recent study of H2-loaded Prussian blue
analogue.61 This study made direct obser-
vation of adsorbed H2-framework interac-
tions in the nanoporous MnII

3[CoIII(CN)6]2,
where the relative importance of accessible
coordination sites and van der Waals inter-
actions were addressed through differen-
tial x-ray and neutron pair distribution
function analysis at 77 K. Figure 6a and 6b
show the data for empty and loaded
frameworks using x-ray and a neutron
probe, respectively. Experimental differen-
tial PDFs are shown offset for clarity.
Differential PDFs calculated for a model
with a short-range binding interaction
with MnII fail to reproduce the features in
the experimental data (bottom of Figure 6c
and 6d). This is particularly evident in the
x-ray differential, which contains a large
contribution from the H-metal correla-
tions. On the other hand, calculated differ-
entials based on a model consistent with
van der Waals interactions, in which the
guest H2/D2 is located at the center of the
pore, (1/4,1/4,1/4), largely reproduce the
observed peak positions and intensities of
the x-ray and neutron differential PDFs.
The capability of addressing this type of
situation is of great importance for materi-
als scientists.

Characterizing Short-Range
Fluctuations in Bulk Materials

Finally, in bulk materials, the PDF
allows assessment and comparison of
structural information on different length
scales from the same measurement. This is
of particular importance for understand-
ing properties of materials with a
nanoscale structure that differs from crys-
tallographic average. High data through-
put neutron and x-ray total scattering
measurements, coupled with new PDF
modeling software capable of handling a
large volume of data,53 give an opportu-
nity to study the structure of materials on
variable length scales with an unprece-
dented level of detail. These studies
include the evolution of local fluctuations
across phase diagrams, allowing for
important observations to be made sys-
tematically, consistently, and in “one go.”
An example of one such case is given in a
recent study of nanometer length-scale
fluctuations in La1−xCaxMnO3 (Figure 7).
This material exhibits an extremely rich
phase diagram over a wide range of Ca
concentration and temperature and is a
host to the colossal magnetoresistance
effect and metal-to-insulator phase transi-
tion at which material transforms from the
ferromagnetic metallic (FM) to the para-
magnetic insulating (PI) state on heating.62

Atomic PDF profiles, such as these shown
in Figure 7a, reveal important local struc-
tural fluctuations. Although the average
structure appears “regular” (Figure 7b),
local fluctuations are present in the material
that mark themselves in the Rietveld refine-
ment through an unphysical increase of the
ADPs (Figure 7c). The PDF approach pro-
vides insight into the nature of these fluctu-
ations (Figure 7d), characterized by local
distortions of MnO6 octahedra that decrease
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PI, paramagnetic insulating phase; FM, ferromagnetic metallic phase.

with increased Ca content in the insulating
phase, rectifying an earlier understanding
of the material and setting the limits for the-
oretical considerations. The synergy of high
data throughput instruments and high-
 performance computing capabilities brings
studies of local fluctuations in complex bulk
materials to a new level.

Single-Crystal Diffuse Scattering
Although the pair distribution function

provides rich information on nanoscale
structures in bulk crystals, the information
content is fundamentally limited by the
extensive orientational averaging that takes
place in the powder. If single crystals are
available, the diffuse scattering can be ana-
lyzed directly, with both orientational and
distance information unambiguously acces-
sible, offering perhaps the most definitive
means of elucidating the nanoscale structure.

Historically, the development of methods
to interpret and analyze diffuse scattering
has lagged well behind the development of
conventional average structure determina-
tion. The reasons for this are that diffuse
scattering intensities are much weaker than
Bragg peaks, making the experimental
observation vastly more demanding and
time consuming. However, the advent of
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intense synchrotron sources and various
kinds of area detectors means that this
aspect of the problem is largely solved, and
it is now possible to obtain high-quality
three-dimensional diffuse scattering data
relatively routinely.63,64 The second reason is
that the sheer diversity of different types of
disorder that occur in nature has made it
difficult to formulate a solution strategy
that will work for all problems.

Although interpretation and analysis of
diffuse scattering from single crystals
remains a challenging problem, many
advances have been made. In particular,
the use of Monte Carlo (MC) computer
simulations of a model structure has
become a powerful and well-accepted tech-
nique for this purpose.65–68 The method
consists of comparing diffraction patterns
calculated from a computer model of the
disordered structure with measured x-ray
or neutron diffuse intensities. The advan-
tage of the method is that it can be applied
generally to all systems, regardless of their
complexity or the magnitude of the atomic
displacements that might be present. The
only limitation is the extent to which the
MC energy can be made to provide a real-
istic representation of the real system
energy. At one extreme, a very simplified
model may be useful in providing a quali-
tative demonstration of particular effects,69

while at the other extreme, a quantitative
and detailed description of a disordered
structure can be obtained.70

Some Theoretical Considerations
Intensity as a Function of Pair
Correlations. Although Monte Carlo
(MC) models may be used without any
knowledge of basic diffraction theory, in
building or formulating such models, it is
important to recognize some basic proper-
ties of diffraction patterns that arise directly
from the theory. First, and most impor-
tantly, remember that the diffracted inten-
sity is the Fourier transform of the “pair
correlation” function. For example, for a
simple binary alloy, a general expression
for the scattered intensity may be written,

(1)

This clearly shows that the summation is
over all pairs of atoms m and m′ in the crys-
tal. These atoms have scattering factors fm
and fm′, respectively. The reciprocal space
vector is k; rm and rm′ are real space vectors
defining the average sites of the atoms; and
um and um′ are individual atomic displace-
ments away from these average sites. In
Equation 1, there is clearly no contribution
from higher-body terms, such as triplets or
quadruplets of atomic sites.

In some systems in which the basic MC
potential is legitimately comprised of “pair
interactions,” the correlation function, and
hence the intensity, will clearly reflect these
basic interactions. However, if multi-body
interactions are important, they can still be
used in the MC energy, but the scattered
intensity will not bear any simple relation-
ship to them. The intensity will, rather,
reflect the pair correlations that have been
induced by the application of the multi-
body interaction. A striking example of
this is shown in Figure 8.

Diffuse Components. A second important
aspect of diffraction theory to consider
when building or formulating MC models
is to recognize that the scattered intensity
can be expressed in terms of different com-
ponents of intensity, which naturally arise
when Equation 1 is expanded in terms of
powers of the atomic displacements, um.

Itotal = I0 + I1 + I2 … + higher order terms  (2)

I0 is the so-called short-range order term
and is not dependent on the displace-
ments, um. This term arises when there is

occupational disorder of the atomic sites
of the average structure. I1 is the size-effect
term that takes into account that inter-
atomic vectors, rN = rm – rm′, that are nom-
inally of equal length in the average
lattice, have different lengths depending
on whether the vector joins sites occupied
by A–A, A–B, B–A, or B–B. N in rN is a
number identifying the vector between
two different atom positions. This compo-
nent includes all terms that are linear in
the displacements um. I2 is the Huang scat-
tering and first-order TDS (thermal dif-
fuse scattering) component and includes
all terms that are quadratic in the displace-
ments um. Huang scattering is the name
given to the intensity around Bragg peaks
that arises as a result of the strain fields
induced by point defects in a lattice. The
different components may be distin-
guished in a diffraction pattern, as they
have different dependencies on the scat-
tering vector q = 4πsin(θ)/λ, where λ is the
wavelength, and 2θ is the diffraction
angle. Close to the origin, only I0 is non-
zero, while at progressively higher values
of q, other terms become increasingly
important. Figure 9 shows an example

I(k) fm fm'
m'm

exp[ik.

= ∑∑

(rm + um − rm' − um')].

a b c

a b c

Figure 8. Diffuse scattering in K3MoO3F3. (a) Observed electron diffraction pattern viewed
down [

–
331]. (b) Polyhedral representation of the structure. The displacements of the Mo ions

within the six octahedra surrounding any K octahedron are subject to a six-body constraint.
(c) Corresponding diffraction pattern calculated from Monte Carlo model using the multibody
interactions only. Reprinted with permission from Reference 71. ©2003, Elsevier.

Figure 9. Diffuse x-ray scattering in wüstite, Fe1−xO. (a) Observed x-ray pattern. (b) Pattern
computed from a Monte Carlo model. (c) Small sample of the model showing the inhomogeneous
distribution of defects. Reprinted with permission from Reference 72. ©1997, Springer.



where the effect of I0 is clearly visible near
the origin, while at higher q, the effect of
I1, in particular, comes to dominate.

An important aspect of this separation
into different components is that the even
components, I0, I2, I4, consist of sums of
terms involving cosines and so are func-
tions that are always symmetric about the
Bragg peak positions. Conversely, the odd
components, I1, I3, I5, consist of sums of
terms involving sines and hence are func-
tions that are antisymmetric about the
Bragg peak positions. Of particular impor-
tance is the size-effect term I1, the presence
of which produces a marked and very
characteristic asymmetry in the scattering
patterns. Although this asymmetry was
first noticed in powder diffraction profiles,
the effects in three-dimensional diffuse
scattering are distinctive and more inform-
ative. The degree of asymmetry allows the
magnitude of the size effect to be deter-
mined along with the length and orienta-
tion of the vector along which it is acting.

Examples
The three examples given in this section

have been chosen to illustrate the diverse
range of diffuse scattering effects that are
observed in materials. The examples also
show that MC simulation of a model
structure is a general method that can be
used to interpret and analyze the
observed data to give detailed informa-
tion of the nanoscale structure.

Potassium Molybdenum Oxy-Fluoride,
K3MoO3F3. This is a prime example where
the complex diffuse scattering patterns can

be modeled using multisite interactions
alone. The MC model is simple and consists
of two multisite chemical constraints.
Around each Mo, there are six anion sites
forming an octahedron. It is assumed that
in each octahedron, there are 3O and 3F
ions and, moreover, these occur in threes on
opposite triangular faces. The Mo ions then
are displaced away from the middle of the
octahedron toward the 3O ions that would
otherwise be very under bonded. Any sin-
gle (MoO3F3)3– ion thus has a resulting
dipole moment that is oriented in one of
eight different directions (Figure 8b). The
second simple constraint specifies that the
net dipole of the six (MoO3F3)3– ions
 surrounding any potassium ion should be
zero. This is all that is needed to reproduce
the observed scattering. For further details,
see References 66 and 71. It should be noted
that a model could be constructed using pair
interactions, but this would require many
interactions and give little physical or
chemical insight.

Non-Stoichiometric Oxide Wüstite,
Fe1−xO. The example of wüstite shown in
Figure 9 is instructive. Around the origin
of the diffraction pattern, as in Figure 9a,
there is a motif of scattering comprising a
weak diffuse square, with stronger elon-
gated peaks at the centers of each side of
the square and weaker peaks at the cor-
ners. These peaks are incommensurate
with the basic FeO rock salt lattice, and
their distance from the origin corresponds
to the reciprocal of the spacing between
defects. The same motif occurs around all
other Bragg peaks, but now it is modified

by the size-effect terms that arise because
of local relaxation of the basic FeO lattice
around the defects. Each motif is now
highly asymmetric, with the intensity of
the low-angle side of the Bragg peaks
much stronger than on the high-angle
side. Figure 9b shows a corresponding
pattern calculated from a MC model. This
qualitatively reproduces all of the differ-
ent effects observed in the x-ray data.
Figure 9c shows a small representative
portion of the distribution of defects from
which Figure 9b was calculated. For fur-
ther details on this system, see References
66 and 72.

Pentachloronitrobenzene, C6Cl5NO2
(PCNB). PCNB is an example that shows
diffuse scattering and requires for its
understanding all three types of compo-
nent: I0, I1, and I2. The basic disorder in this
system derives from the fact that each
molecular site in the crystal contains the
molecule in one of six possible orienta-
tions. In the average structure, the six sub-
stituent sites around a benzene ring
comprise 5/6 Cl and 1/6 NO2 (i.e., the
nitro group may occur in one of six posi-
tions). On average, the molecular planes
lie perpendicular to the c-axis. When
viewed down the c-axis (Figure 10a), the
diffraction pattern shows broad regions of
diffuse scattering that reflect the form of
the short-range order term I0. In this sec-
tion, the scattering around any given
Bragg peak is symmetric, showing that
the size effect is negligible. On the other
hand, the view from a direction normal to
the c-axis (Figure 10b) shows a series of
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a b c

Figure 10. Diffuse x-ray scattering in pentachloronitrobenzene (PCNB). (a) hk0 section; asterisks indicate reciprocal lattice vectors. (b) 0kl
section. In (a) and (b), the lower half is observed x-ray data, and the top half is calculated from a Monte Carlo model. (c) Scatter plot of the
atom positions in the Monte Carlo model for all unit cells in which the sites A and B are occupied by nitrogen. Note that dNN, the nitrogen-
nitrogen distance, is greater than the length of the average vector, resulting in a tilting of the molecular planes. Reprinted with permission from
Reference 73. ©2007, Wiley.
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strong diffuse peaks that are very asym-
metric. This originates from a strong size
effect that occurs whenever two molecules
in neighboring layers have substituent
sites in close proximity that both contain a
nitro group. Figure 10c shows a scatter
plot of the atom positions in the MC
model for all unit cells in which the sites A
and B are occupied by nitrogen. Note that
dNN, the nitrogen-nitrogen distance, is
greater than the length of the average vec-
tor, resulting in a tilting of the molecular
planes. A second distinctive feature of
Figure 10b is the set of vertical rods of scat-
tering that run along the columns of Bragg
peaks. These derive from the I2 compo-
nent and are due to concerted lateral
movements of the planes of molecules
normal to the c-axis. For further details on
this system, see Reference 73.

Summary
In this article, the advances that have

been made in a range of scattering-based
techniques have been described. Together
these provide a powerful set of tools for
materials characterization. Selected exam-
ples have been shown to illustrate the
trends in development, the demands set
by the complexity of the materials proper-
ties, and the impact on contemporary
materials science.

Three main areas have been covered.
The first of these is the use of Rietveld
refinement in powder diffraction, includ-
ing ab initio structure determination and
the ability to perform time-resolved stud-
ies. Second is the use of total scattering
via pair distributions function analysis,
which has extended the range of materials
that may be studied from conventional
powder samples to nanoparticles, single
crystals, and even amorphous materials.
Last is the analysis of diffuse scattering
from single crystals, which arguably offers
the most definitive means of elucidating
nanoscale structure with both orienta-
tional and distance information unam-
biguously accessible.

It is anticipated that the synergy of
these highly complementary methods and
analysis tools will play an increasingly
important role in the future of materials
science research. With the development of
even brighter sources, better detectors,
faster and more efficient computational
resources, and analysis software tools, it
will be possible to unravel finer detail
from a wider range of materials.
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Nanoscale disorder and local electronic properties of CaCu3Ti4O12: An integrated study
of electron, neutron, and x-ray diffraction, x-ray absorption fine structure,

and first-principles calculations
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We report a combined experimental and theoretical study of CaCu3Ti4O12. Based on our experimental
observations of nanoscale regions of Ca-Cu antisite defects in part of the structure, we carried out density-
functional theory �DFT� calculations that suggest a possible electronic mechanism to explain the gigantic
dielectric response in this material. The defects are evident in atomically resolved transmission electron mi-
croscopy measurements, with supporting evidence from a quantitative analysis of the electron diffraction and
DFT which suggests that such defects are reasonable on energetic grounds. To establish the extent of the
defects, bulk average measurements of the local structure were carried out: extended x-ray absorption fine
structure �EXAFS�, atomic pair-distribution function analysis of neutron powder-diffraction data, and single-
crystal x-ray crystallography. The EXAFS data are consistent with the presence of the nanoclustered defects
with an estimate of less than 10% of the sample being disordered while the neutron powder-diffraction
experiments place an upper of �5% on the proportion of the sample in the defective state. Because of the
difficulty of quantifying nanoscale defects at such low levels, further work will be required to establish that this
mechanism is operative in CaCu3Ti4O12 but it presents a nontraditional plausible avenue for understanding
colossal dielectric behavior.

DOI: 10.1103/PhysRevB.81.144203 PACS number�s�: 77.84.�s, 77.22.�d, 71.20.�b

I. INTRODUCTION

Extensive studies of perovskite CaCu3Ti4O12 �CCTO�
have been carried out in recent years due to its unusually
high dielectric constant ��0�105� in kilohertz radio-
frequency region1–3 across a wide range of temperatures ��0
remains almost constant between 100 and 600 K�. Although
high static dielectric constant was observed in many ferro-
electric or relaxor materials, such as SrTiO3 �Ref. 4� and
other related perovskite compounds,5 such high dielectric
constant is normally associated with a ferroelectric phase
transition and is strongly temperature dependent. The tem-
perature dependence of these dielectric properties signifi-
cantly limits the application of the materials for wireless
communication and microelectronic devices, therefore, there
is significant technological interest in the development of
new materials such as CCTO that exhibit a temperature-
independent giant dielectric constant over a wide tempera-
ture range.

The intriguing dielectric properties of CCTO are not well
understood. Density-functional theory- �DFT-� based calcu-
lations suggest that the dielectric constant of the ideal crystal
should be about 40,6 which is at least four orders of magni-
tude smaller than that observed experimentally.1–3 As a con-
sequence, the intrinsic nature of the dielectric behavior of
CCTO has been challenged and many extrinsic models have
been proposed, based on percolating or nonpercolating con-
ducting layers and internal barrier layer capacitance �IBLC�.7
Such models might be plausible for polycrystalline materials
which consist of a large number of grain boundaries that can
act as either conducting or insulating layers for current to
percolate. For single crystals, there exist no grain boundaries,

thus the IBLC mechanism has to be based on other planar
defects, such as twin boundaries. From a crystallographic
point of view, it is probable to have twins in CCTO, never-
theless, the long-expected twin domains have never been ob-
served in any form of CCTO.8 Furthermore, in single crystal,
sintered ceramic and thin films of CCTO, the type and den-
sity of the defects are very different,8 yet all show similar
dielectric behavior, the origin of which has become a long-
standing mystery.9

In this work, we report our study to shed light on the
mechanism of the unusual dielectric properties of CCTO, by
using advanced characterization tools which include trans-
mission electron microscopy �TEM� �quantitative electron
diffraction �QED� and high-resolution transmission electron
microscopy �HRTEM� imaging�, synchrotron x-ray diffrac-
tion �XRD�, x-ray absorption near-edge structure �XANES�,
extended x-ray absorption fine structure �EXAFS�, neutron
powder diffraction and atomic pair-distribution function
�PDF� analysis, and first-principles calculations based on
DFT. From electron diffraction and HRTEM and EXAFS, we
find significant indication for off-stoichiometric nanoscale
regions containing Cu-Ca antisite defects existing within the
stoichiometric ordered matrix of the single crystal. DFT cal-
culations show that the ordered and disordered phases pos-
sess different local electronic properties, which we suggest
gives rise to the huge dielectric response in the system.
Single-crystal x-ray diffraction and powder neutron diffrac-
tion with PDF analysis provide place an upper bound on the
quantity of the sample in this state of �5%. More work is
required to establish that this mechanism is operative in
CCTO, the electronic mechanism based on the presence of
nanoscale regions of chemical disorder presents a different
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approach to study the colossal dielectric-response property.
The rest of the paper is organized as follows. Description

of methodology �i.e., experimental and theoretical methods�
is given in Sec. II with the results presented in Sec. III.
Discussions on the possible origin of the unusual dielectric
response in CCTO based on our analyses are presented in
Sec. IV with a brief summary being presented in Sec. V.

II. METHODS

Large single crystals of CCTO were made by S.
Wakimoto of University of Toronto. The crystals were grown
by the travelling-solvent floating-zone method in an image
furnace. Details of the crystal growth have been published
previously.3 The same crystals were studied previously by
neutron scattering and optical conductivity.3 The size of the
crystal rods for neutron scattering was about 1 cm with a
diameter of about 3 mm and the size of the crystals for the
optical inferred measurement about a 3 mm disks with 1 mm
in thickness. The crystals used for the present study of TEM,
XRD, and EXAFS, were cut from the large crystal batch.

A. Quantitative electron diffraction and imaging

The electron microscopy study including high-resolution
imaging and quantitative diffraction was carried out using a
300 kV field-emission microscope with a postcolumn energy
filter and a 200 kV aberration-corrected microscope with an
in-column filter at Brookhaven National Laboratory �BNL�.
All images were recorded on a 14-bit charge-coupled device
camera while diffraction data were on 20-bit imaging plates
to improve the dynamic range of diffraction-intensity acqui-
sition. TEM samples were prepared using a standard proce-
dure, consisting of mechanical slicing, polishing, dimpling,
and thinning. The final stage of the thinning involves 5 kV
Ar-ion milling �Fischione Instrument� at 10° glancing angle
and liquid nitrogen temperature. Extreme care was taken to
avoid any damage during the sample preparation process.

Electron imaging covered a wide magnification range
from 1000� –2 000 000�. Low magnification was mainly
used to search for areas of interest, including defects and
domain interfaces. Two-beam diffraction conditions were
used for image contrast analysis. High magnifications
�200 000� and above� were used to retrieve local structural
information, such as local symmetry and atomic disorder,
based on many-beam phase-contrast theory. Qualitative and
quantitative image analyses were assisted with high-
resolution image simulation using BNL computer codes
based on multislice algorithms.

To understand the bonding characteristics and valence-
electron distribution in CCTO, a unique quantitative
electron-diffraction approach, the paralleling recording of
dark-field images �PARODI� method,10–14 was used to accu-
rately measure the structure factors of low-order reflections.
The measurement is model independent. In the PARODI set-
ting, we focus the incident electron beam above the sample,
rather than on the sample as in conventional converged beam
electron diffraction �cCBED�,15,16 thus illuminating an area
of tens to hundreds of nanometers in diameter and generating

a disk pattern of Bragg reflections. The intensity oscillation
in each reflection, also called Pendellösung fringes or
shadow images, reflects the change in incident-beam direc-
tion as well as thickness variation in the illuminated area.

The low-order structure factors were determined through
a refinement procedure by comparing experiment with calcu-
lation based on Bloch-wave dynamic diffraction theory. The
initial calculations usually start from electron structure fac-
tors �ESFs� of the procrystals �i.e., a hypothetical crystal
with atoms having the electron distribution of free atoms;
also so-called independent atom model �IAM��. Then itera-
tive calculations were carried out by adjusting values of
structure factors until the difference between calculated and
experimental patterns reaches minimum. To ensure that this
minimum is not a saddle local minimum, we tested it by
selecting several different starting points and recalculating
structure factors iteratively until we reach the same lowest
minimum. The structure factors obtained in this way are re-
garded as measured structure factors.

Although PARODI is more technically demanding than
cCBED, there are several advantages10–14 of using PARODI
method for crystals with a large unit cell �as the case of
CCTO�: �1� many reflections can be recorded simulta-
neously, ensuring the same condition of the exposure and the
crystallographic direction of the incident beam for all reflec-
tions; �2� the defocused beam minimizes possible radiation
damage in comparison with cCBED; and �3� due to the
strong dynamical coupling of the different diffracted beams,
the data points in each reflection obtained from different
thicknesses of the illuminated area are independent data sets,
thus the ratio of the number of observations vs the number of
variables is dramatically increased and the reliability of re-
finement process is enhanced subsequently. In the present
study of CCTO, the electron-diffraction measurements were
carried out at 90 K using a Gatan liquid N2 holder as well as
at room temperature �RT�.

B. Synchrotron x-ray diffraction

The singly-crystal XRD was performed at beam line X7B
at the National Synchrotron Light Source �NSLS�, BNL. The
wavelength ��=0.9222 Å� was determined by the powder
pattern of LaB6, and other instrument parameters were deter-
mined using the program FIT2D.17 A high-quality whisker
�see below� with an estimated size of 0.05�0.02
�0.05 mm was cut from a large single-crystal piece of
CCTO, then mounted on the end of a glass fiber with 5 min
epoxy. The data were collected with a MAR345 image-plate
detector. A set of different hemispheres of data were col-
lected with different scan rates and scan ranges to obtain the
largest possible range of intensities. The minimum d spacing
was 0.92 Å �maximum q of 6.82�. The intensities were ex-
tracted and merged from the image-plate data with the pro-
gram suite HKL.18 An additional oblique incidence correction
was applied.18 The traditional refinement was carried out
with the SHELXTL program.19

Similar to the electron diffraction, the XRD experiments
were also carried out at both room temperature and 90 K,
using an Oxford Cryo-cooler system. The lattice parameters,
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temperature factors, and atomic coordinates, and A-site dis-
order were refined. To obtain the best structure factors for the
structure, we selected a crystal which had sharp spots and
which had almost no diffraction that could not be attributed
to a single crystal. However, several samples were rejected
which had diffraction spots from multiple crystals and even
powderlike rings. The process of “selecting” a good crystal
for single-crystal diffraction study may preclude selecting a
crystal which exhibits the defects observed from much
smaller samples such as those with TEM or powder diffrac-
tion.

Electrons and x rays are complementary probes. Since x
rays see total electron density in crystals, it is difficult for x
rays to distinguish valence and core electrons if the number
of core electrons is large. Stevens and Coppens proposed a
simple suitability criterion20 for charge-density analyses us-
ing x ray, S=V /�n2�5�0.1 Å3 e−2, where V is the vol-
ume of the unit cell and n is the number of core electrons.
For CCTO, V=402 Å3, �n2=5280e2, S=0.08 Å3 e−2,
which is much smaller than the typical values suitable for
charge-density study using x rays. Thus, x rays may be ex-
tremely useful to retrieve the basic structure of CCTO, it
may not the best method for studying its bonding character-
istics and charge-density distributions. In addition, the pro-
posed disorder of the Ca and Cu cations �see below� and the
limited range of data we acquired would normally restrict the
interpretation of the valence-electron distribution.

On the other hand, incident electrons interact with elec-
trostatic potential, thus at small scattering angle they are
more sensitive to valance-electron distribution than x rays
due to the near cancellation of the scattering from the posi-
tive nucleus and negative electron charges.21 Nevertheless,
due to high energy of the incident electrons we use, usually
only very limited low-index reflections �sin � /��0.6 A−1�
can be recorded with sufficient quality. We thus took the
advantage of the complementarity of electrons and x rays by
combining the measured structure factor of low-order reflec-
tions from electron diffraction and high-order reflections
from x-ray diffraction as a full data set. Multipole refinement
model of Hansen and Coppens22 were then used to refine the
measured structure factors for charge-density analysis via
computer codes of VALRAY �Ref. 23�,

�atomic�r� = Pcore�core�r� + Pval	
3�val�	r�

+ �
l=1

l max


3Rl�
r��
m=1

l

Plm�Ylm���,�� , �1�

where �core�r� and �val�r� are the spherical atomic core
charge density and spherical valence charge density �mono-
pole�, respectively. Pcore and �val�r� are the electron popula-
tion of core and valence parts. The last term is the multipole
contribution. The Roothaan-Hartree-Fock atomic wave
functions24 were used to describe the core and valence
charge densities of isolated atoms.

C. X-ray absorption spectroscopy: XANES and EXAFS

X-ray spectroscopy measurements �both the XANES and
the EXAFS�, were carried out to probe the local structure

and electronic properties of the CCTO powder grounded
from the same single crystal that was used in other measure-
ments described here. The details of the techniques using
these x-ray spectroscopy methods to study local structure of
materials can be found in Refs. 25–32. XANES experiments
�beamline X11A at NSLS� were mainly focused on the Ti K
edge to examine its possible off-center displacement while
the EXAFS data were collected for all three cations �K edge
of Cu, Ti at beamline X11A and Ca at beamline X15B,
NSLS� to measure the cation short-range order. The EXAFS
spectra were analyzed concurrently for all three edges by
using UWXAFS package33 that implements multiple data set
refinement with a nonlinear least square fit of FEFF6
theory34 to the data. All coordination numbers between the
Ti, Cu, and Ca central atoms and their nearest neighbors,
their bond lengths and the mean-squared disorder in the bond
lengths were varied in the fit.

One of the unique advantages of EXAFS study is its sen-
sitivity to the local coordination numbers of nearest neigh-
bors and, therefore, short-range order of alloys, which can be
analyzed with equal facility for ordered and disordered struc-
tures. Several constraints described below were applied to
unlike pairs �Cu-Ca, Ti-Ca, and Ti-Cu� to minimize uncer-
tainties in the best-fit values of the structural parameters and
increase confidence in the results.35 In CCTO, the coordina-
tion numbers of Ti-Cu and Ti-Ca bonds, NTi-Cu and NTi-Ca, do
not depend on the degree or randomness of the distribution
of Cu and Ca in the I3m lattice because the total numbers of
these bonds in the sample must be in the ratio defined by a
3:1 stoichiometry, even if there are macroscopic composi-
tional fluctuations. Thus, NTi-Cu and NTi-Ca were fixed in the
fits to 6 and 2, respectively. Furthermore, Ti is a common
atom in the titanate perovskite ATiO3 lattice, and each A
atom �i.e., Cu or Ca� must have eight Ti neighbors. Thus, the
coordination numbers NCu-Ti and NCa-Ti were fixed to 8.
There are two Cu-Ca bonds and four Cu-Cu bonds per Cu

atom, i.e., NCu-Ca : NCu-Cu=1:2 in the Im3̄ structure. How-
ever, if the Ca and Cu atoms occupied their sites randomly,
with the probabilities 
Ca=0.25 and 
Cu=0.75 �i.e.,
NCu-Ca:NCu-Cu=1:3�, then the average numbers of Cu-Ca and
Cu-Cu bonds would be NCu-Ca=1.5 and NCu-Cu=4.5 �since
the second-nearest-neighbor coordination number of Cu
must remain 6 in both cases�. Thus, NCu-Ca=2 corresponds to
the ideal ordered CaCu3Ti4O12 system, and NCu-Ca=1.5 to the
random alloy �Ca0.25Cu0.75TiO3�. Analogously, for Ca, in the
ideal system the coordination numbers should be NCa-Cu=6
and NCa-Ca=0. In the random alloy, they should be 4.5 and
1.5, respectively. EXAFS measurement is sensitive to the
variation in coordination numbers within such limits, and,
using careful analysis employing multiple-edge, multiple
data-set refinement, one can resolve between different pos-
sible models of short-range order in alloys.27,30,35–37 Fits
were also made using a model with no antisite defects for
comparison.

As a result of all constraints applied to the structural vari-
ables in our EXAFS analysis, and performing concurrent re-
finement of the Cu K-, Ca K-, and Ti K-edge data, we had
the total of 43 relevant independent data points and as few as
18 adjustable parameters in the fits.
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D. Neutron powder diffraction and atomic pair-distribution
function measurements

To search for further evidence of cation sublattice disor-
der as a bulk effect, we considered neutron powder-
diffraction data, applying a PDF analysis to the data. CCTO
has been the subject of a number of structural studies.2,38–45

We therefore refined various models incorporating antisite
defects similar to those observed in TEM and EXAFS
measurements46 against the existing data that were reported
in Ref. 9. These are time-of-flight neutron powder-diffraction
data collected at the Special Environment Powder Diffracto-
meter �SEPD� at the Intense Pulsed Neutron Source �IPNS�
at Argonne National Laboratory. The data were subsequently
analyzed by Fourier transformation and atomic PDF analy-
sis. Details of the data collection and analysis can be found
in Ref. 9.

The strength of the PDF technique is that it takes into
account both Bragg and diffuse scattering, and yields struc-
tural information on both long-range order and local struc-
tural disorder in materials. The PDF function G�r� gives the
number of atoms in a spherical shell of unit thickness at a
distance r from a reference atom. It peaks at characteristic
distances separating pairs of atoms and thus reflects the
atomic structure.47 Structural information is obtained from
the PDF data through a modeling procedure similar to the
traditional reciprocal-space-based Rietveld method.48 How-
ever, it is carried out in real space and yields the local struc-
ture rather than the average crystal structure.47 From the re-
finements, different structural information can be extracted,
such as lattice parameters, average atomic positions and am-
plitudes of their thermal motion, atomic displacements, site
occupancies, and magnitudes of local octahedral tilts. The
PDF analysis reported here involves structural modeling us-
ing the program PDFGUI.49 In cases where the average and
local structure are the same �i.e., well-ordered crystals�, the
structural parameters obtained from Rietveld and PDF analy-
sis are the same.50 However, when the local structure devi-
ates from the average structure the parameters from the PDF
will reflect the local structure and the Rietveld parameters
the periodically averaged values.

We focused on neutron-diffraction data because there is
more contrast between the Ca�bCa=4.70 fm� and Cu�bCu
=7.718 fm� scattering lengths than with x rays �fCa=20 and
fCu=29, respectively�. Replacing Cu on Ca sites and vice
versa has the effect of changing the integrated intensity of
peaks in the PDF associated with those positions, though the
effects can be small.51 The antisite defects will also result in
displacive disorder of oxygen ions surrounding these sites so
enlarged oxygen atomic displacement parameters �ADPs�,
�and to a lesser extent enlarged cation ADPs� would be con-
sistent with the presence of such disorder.

E. First-principles calculations

The first-principles calculations were based on DFT.52 We
used both full potential and pseudopotential methods to cal-
culate the structural, electronic, and magnetic properties of
stoichiometric and off-stoichiometric �Ca-rich or Cu-rich�
CCTO. For the pseudopotential calculations, we used the

SIESTA code53 that is a fully self-consistent DFT method
based on a linear combination of an atomic orbitals basis set
with linear scaling. For full-potential calculations, we em-
ployed an augmented plane-wave plus local-orbital �APW
+lo� method �implemented in WIEN2K package� �Ref. 54� in
DFT framework. The configurations of spin ordering in the
large unit cell �40-atom� for the stoichiometric and off-
stoichiometric Ca-rich or Cu-rich CCTO were optimized by
pseudopotential method, and then the related electronic and
magnetic properties were obtained by full-potential calcula-
tions. Several types of exchange-correlation potential, such
as local spin-density approximation �LSDA� �Ref. 55� and
generalized gradient approximation �GGA–Perdew-Burke-
Ernzerhof �PBE� �Ref. 56��, were employed. We also used
the LDA+U self-interaction corrected57 method to take into
account the strongly correlated effects in CCTO.

III. RESULTS

A. Basic crystal structure

The space group of the ideal CCTO structure is Im3̄ �No.
204 in the International Crystallography Table� in a primitive

unit cell �20 atoms per cell�, or Pm3̄ �No. 200� in a more
conventional unit cell used in the literature �a double primi-
tive unit cell, 40 atoms per cell� to include the antiferromag-
netic �AFM� ordering at Cu sites, as shown in Fig. 1. The
cubic crystal cell has a lattice constant a=7.39 Å at 300 K
with Wyckoff positions Ca�0,0,0�, Cu�0,0.5,0.5�,
Ti�0.25,0.25,0.25�, and O�0.3032, 0.1792, 0�.9 For the
doubled unit cell, coppers with spin up �Cu1� and spin down
�Cu2� are located at �0.5, 0, 0.5� and �0,0,0.5� sites, respec-

tively, with a Pm3̄ symmetry.
Our synchrotron x-ray diffraction data revealed a measur-

able difference in intensity between the 103 and 013 type of
reflections �also 105 and 015, and the h0l and 0hl family in
general�, suggestive of an untwinned crystal structure since a

Im3̄ crystal with twinning these reflections should be equiva-
lent. This is consistent with our previous TEM studies.8 Al-
though early neutron and x-ray diffraction experiments sug-
gested CCTO was twinned, an exhaustive search for twin
domains or variants using various electron microscopy imag-
ing and diffraction methods in single crystals, bulk ceramics,
and thin films was unsuccessful.8 It was argued that the fail-
ure of finding twinning using TEM is due to a scale issue
since neutrons and x rays have a much larger beam size and

(a) (b)

Cu (A’’ site)

O

Ca (A’ site)

Cu (A’’ site)

O

Cu (A’’ site)

O

Ca (A’ site)

FIG. 1. �Color online� Structural model of CCTO. �a� Ideal per-
ovskite structure and �b� with TiO6 octahedra tilted.
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if the twin domains in CCTO are larger than the electron-
beam diameter one can easily miss them. It is important to
note that modern electron microscopes offer a wide range of
beam sizes, typically from 0.1 nm to 0.1 mm. This flexibility
allows us to detect domains and defects of different length
scales, thus revealing the symmetry of the crystal on differ-
ent length scales, which may be lower than that observed by
crystallographic x-ray or neutron experiment, which often
probe with larger coherence volumes. Electron microscopists
routinely use low magnifications, say 10 000�, to look for
macroscopic structural features such as grains and twins
based on diffraction or mass/thickness contrast in an electron
microscope. If twin domains are 0.01 mm in size, then at
10 000� across the viewing chamber �20 cm�20 cm� of a
microscope one would see two twin domains on the screen
even without moving the sample �In fact, many microscopes
can be operated down to 100x�. Under various magnifica-
tions, using both imaging and diffraction modes in TEM, we
have not observed twins in CCTO. �If the twin domains are
smaller than 0.05 mm in size, we would not miss them.� We
thus conclude that there exist no twins in CCTO, at least for
all the samples we have examined. If the size of the twins is
on the order of the crystal size, the low density of twins
would have little effect on the properties of the materials.
The absence of twins with appropriate sizes brings into ques-
tion the applicability of the IBLC model for explaining the
dielectric behavior of single-crystal CCTO.

Table I summarizes the refinement results of XRD using
the SHELXTL program. In general, the fitting for space group

Im 3̄ was quite good, especially for the strong reflections. A
comparison between observed and calculated intensity of the
Bragg reflections �structure factors squared� are shown in
Fig. 2 for 300 and 90 K. Slight changes in lattice parameters
are observed but no phase transitions are present in this tem-
perature range. The temperature dependence of the structural
parameters is quite small. For example, the coordinates of
the oxygen atoms change in x and y directions are
0.1�0.16% and −0.2�0.3%, respectively, for a temperature
range of 210 K. The change in the 141.5° bonding angle of
Ti-O-Ti due to the tilt of TiO6 octahedra �from the original
180° for the ideal cubic perovskite� with temperature is also
very small, only 0.05° �namely, 0.04%� for T=210 K. The
structure factor obtained at 90 and 300 K was used for mul-
tipole refinement analysis and will be discussed in the fol-
lowing sections.

B. Low-order structure factors

1. Experimental measurements

Table II lists the nuclear charge, the atomic Debye-Waller
factor, and the critical scattering vectors �sc�Å−1�� for the
element of O, Ca, Ti, and Cu that form CCTO. The critical
scattering vector defines the scattering angle for a particular
element below which the electron probe is more sensitive
than x ray to measure the variation in the charge
distribution.21 In our electron-diffraction experimental setup,
the scattering angle �sin � /�� of the six low-index reflections
measurable with high accuracy �110, 200, 211, 220, 400,
422� all are smaller than sc of Ca, Ti, and Cu �see Table III�.
Only the scattering vector of �422� reflection is larger than sc
of oxygen. This suggests it is crucial to use electron diffrac-
tion, rather than x ray, to accurately measure the structure
factor of these six low-index reflections to understand the
bonding characteristics and the valance-electron distribution
in CCTO.

TABLE I. Summary of the refinement results by SHELXTL pro-
gram. Temp=temperature, refl=reflections, R1=R factor 1, wR2
=weighted R factor 2, GooF=goodness of fitting, Scale�=scale to
bring Fcalc �calculated structure factors� on the scale of the Fobs

�observed structure factors�.

Temp
�K� No. refl R1 wR2 GooF Scale�

Extinction
parameter

300 58 0.023 0.075 1.32 0.490�8� 0.011�2�
90 53 0.019 0.082 1.48 0.489�9� 0.005�1�

TABLE II. Atomic Debye-Waller Factor in CCTO at 90 K and
300 K, and estimated critical scattering vectors �sc�Å−1�� from stan-
dard or parameterized tables of x-ray scattering factors for atoms
�or ions�.

Element Nuclear charge sc

Debye-Waller factor

90 K 300 K

O 8 0.3 0.30 0.40

Ca 20 0.35 0.38 0.45

Ti 22 0.35 0.25 0.37

Cu 29 0.45 0.22 0.44

FIG. 2. Comparison of structure factor squared between calcu-
lation �Fc

2� and observation �F0
2� in structural refinements using

SHELXTL program. Solid square is for 90 K and open circle is for
300 K.
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As described in Sec. II A, the quantitative electron-
diffraction �PARODI� approach was used for the measure-
ments. An example of the experimental PARODI patterns of
the h00 systematic row with 000, �200, and �400 reflec-
tions of CCTO is shown in Fig. 3�a�. Please note the inten-
sity oscillation in each disk is due to the dynamic scattering
of incident electrons. Figure 3�b� is the comparison with the
best-fit calculations. To simplify the analysis, we searched
for a wedge area with a linear increase in thickness, t. In Fig.
3�a�, the top-right edge of the reflection disks is the vacuum
area �t=0� and the thickness of the illuminated area increases
from top right to bottom left with tmax=170 nm. To keep the
number of variables to a minimum, we only vary structure
factors, crystal thickness �tmax�, and crystal orientation in the
fitting process. The line scans �as marked in �a�� of the ex-

perimental and calculated intensity profile from the same
area, red lines and open circles, respectively, are plotted in
Fig. 3�c�, showing excellent agreement between experiment
and calculation. The resulting six low-order ESFs from the
fitting procedure are listed in Table III for two different tem-
peratures, 90 and 300 K.

2. Comparison of various theoretical approaches

Low-order structure factors are numerical parameters of a
material property and very sensitive to chemical-bonding
characteristics. Thus, they are very suitable for comparing
and testing theoretical calculations from different models. In
Table III, we also list the calculated ESFs using DFT
�LDA+U� and IAM �independent atom model� corrected
with temperature effects for 90 and 300 K.9 The differences
between calculated ESFs using DFT and IAM as well as
measured ESFs are plotted in Fig. 4. The difference between
ED measurements and DFT is in blue and IAM is in red in
90 K �Fig. 4�a�� and 300 K �Fig. 4�c��. The sequence of the
data points in the figure with the increase in scattering angle
is �110�, �200�, �211�, �220�, �400�, and �422� reflections.
Figures 4�b� and 4�d� plot the relative changes in the ESFs in
percentage, normalized by the ED measurements. Although
the differences are somewhat reflection dependent due to the
symmetry of the charge distribution, the trend is quite clear.
The deviations from the experiment based on both IAM and
DFT models are approaching zero at high scattering angles
��400� and �422� reflections� whilst being significant at small
scattering angles. This is due to the fact that low-order ESFs
are very sensitive to charge redistribution and bonding prop-
erties, due to the near cancellation of the scattering from the
positively charged nucleus and the negatively charged
electrons.14,21

The ESFs calculated by DFT are in better agreement with
ED measurements than those calculated by IAM, as evi-
denced from Fig. 4 and the R factors �see Eqs. �2� and �3�
below� in Table III. This is expected because in IAM calcu-
lations, the valence-charge rearrangements are totally ig-

TABLE III. Electron-structure factors of the six innermost reflections in CCTO at 90 and 300 K, where experimental observations were
compared with DFT calculations �LDA+U, U=4 eV� and a hypothetical crystal assembled by neutral atoms, namely, independent atom
model �IAM� or procrystal. Please note the large deviation of the �110� structure factor between DFT calculation and experiment at 300 K,
and the same calculated value at 90 and 300 K due to the insensitivity of the low-order reflection to atomic position and Debye-Waller
factors. R1 and R2 are defined by Eqs. �2� and �3�, respectively.

Index
�hkl�

sin��� /�
�Å�

T=90 K T=300 K

ED measurements LDA+U �U=4 eV� IAM ED measurements LDA+U �U=4 eV� IAM

110 0.09568 1.06�0.12 1.17 3.38 0.63�0.37 1.17 3.35

200 0.13531 −10.29�0.42 −9.47 −11.50 −9.80�0.19 −9.22 −11.53

211 0.16572 −3.21�0.40 −2.76 −2.56 −2.93�0.25 −2.67 −2.47

220 0.19135 48.92�0.91 49.12 45.88 49.07�2.18 48.90 45.66

400 0.27061 50.13�1.32 50.58 50.05 47.44�1.40 50.11 49.59

422 0.33143 37.56�0.75 37.13 36.77 36.93�1.05 36.57 36.22

R1�%� 1.63 5.35 3.12 7.62

R2�%� 5.80 43.23 17.91 79.75

FIG. 3. �Color online� �a� Parallel recording of dark-field images
�PARODI� of CCTO at h00 systematical row. �b� Calculation based
on Bloch-wave method. �c� Line scan of the intensity profile from
the experiment pattern in �a�. The open circles are experiment while
the red curves are calculation after refining the structure factors of
200 and 400.
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nored while in DFT calculations, the valence-electron redis-
tributions due to chemical bonding and charge transfer
between ions are taken into account. The accuracy of ESF
calculations by DFT depends on the approximations used for
the exchange and correlation potentials, as well as the con-
vergence control in calculations. The full-potential DFT cal-
culations can give very accurate charge density in many
complex systems including transition-metal oxides if
strongly correlated effects are properly considered.

We further examine the effects on structure factors due to
different magnetic configurations, i.e., paramagnetic �PM�,
ferromagnetic �FM�, and AFM as well as exchange-
correlation functionals �e.g., LDA or GGA�. The results are
listed in Table IV. In order to compare quantitatively these
effects on ESFs, two different R factors were used. They
were defined as

R1 = ��
i=1

n

�F�cal�
i − F�ED�

i �/�
i=1

n

�F�ED�
i �	100�%� , �2�

R2 =
1

n
��

i=1

n

�F�cal�
i − F�ED�

i �/�F�ED�
i �	100�%� , �3�

where F�ED�
i and F�cal�

i are ith measured and calculated �i.e.,
LDA+U or IAM� EFSs, respectively; and n is the number of
ESFs. R1, commonly used as goodness of fit,58 is the sum-
mation of the differences between calculation and measure-
ment divided by the total sum of measured ESFs. R1 thus is
more sensitive to the absolute values �and summation� of
ESF differences, dominating for large values of ESFs, but
not sensitive to relative changes in individual ESFs. It is

(a) (b)

(c) (d)

FIG. 4. �Color online� The difference of electron-structure factors of the six low-index reflections in CCTO obtained from different
approaches for two different temperatures, �a�–�b�: 90 K and �c�–�d�: 300 K. �a� and �c�: difference of structure factors between quantitative
electron-diffraction �ED� measurements and density-functional theory �DFT� calculations �blue� and between ED and independent-atom-
model �IAM� calculations �red�. �b� and �d�: relative changes in structure factor in percentage �%� normalized by the ED measurement. The
sequence of data points in the figures from small to large scattering angle is �110�, �200�, �211�, �220�, �400�, and �422� reflections.
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good for a large data set with large error bars such as those
from x-ray measurements but is not sufficient to describe the
characteristics in small data sets such as those obtained by
ED even with much better accuracy. Therefore, in order to
take into account the relative changes in every ESF, we also
adopted R2, as defined in Eq. �3�, which is similar to the R
factor we used previously.21 The advantage of R2 is that it
treats the difference in percentage for each ESF equally, thus
it is more sensitive to the relative changes in individual
ESFs.

The differences in ESFs due to the different exchange-
correlation functionals are within 0.1% for R1, which are
often smaller than the error bar in the experiment measure-
ment. This suggests that LDA or GGA calculation result in
very similar structure factors and charge densities in CCTO.
Different magnetic configurations only give about 0.05% dif-
ferences in R1. The R1 for LDA+U with an antiferromag-
netic configuration has 1.63% deviation from ED measure-
ments, adjusted for 90 K lattice constants and Debye-Waller
factors �Table V�. This is much smaller than the 5.35% from
IAM. The R factors �R1 and R2� are slightly reduced with the
increase in U in LDA+U until U reaches beyond 6 eV. This
is consistent with the fact that CCTO is a strongly correlated

system. For a comparison between experimental and calcu-
lated ESFs using the R2 definition, the R factors are larger
than R1 because of the larger relative changes in SF of the
�110�, �211�, and �200� reflections.

Overall, we found that, by comparing the R factors, im-
provement of exchange-correlation functionals �e.g., from
LDA to GGA�, the addition of strongly correlated effects
�e.g., including U in LDA� or consideration of magnetic con-
figurations �e.g., FM and AFM�, does not improve the agree-
ment between ED experiments and DFT calculations much.
The discrepancy between the two with the best choice of U
�U=4 eV� is still about R1=1.6% �R2=5.8%� at 90 K and
R1=3% �R2=18%� at 300 K �Table III�. This can be attrib-
uted the fact that the improvement of DFT calculations only
gives about 0.2% reduction in R factors with the �110� struc-
ture factors being identical. This is because the low-order
ESFs are not sensitive to the atomic positions, or the varia-
tion in temperature,21 the more accurate determination of
Debye-Waller factors will not further reduce the R factors.
Nevertheless, at 300 K, the �110� ESF shows remarkable
deviation from the calculation, in comparison with that at 90
K. Unexpectedly, when we induce 10% of Ca/Cu antisite
disorder into the structure �see Sec. III D�, the R factors of
the six low-order ESFs are reduced considerably, R2 reduced
by 45% and R1 reduced by 5%, as shown in Fig. 5. The
improvement of the R factors at 300 K is more significant.46

Due to the small value of the �110� ESF and large measure-
ment error, the accurate assessment of the R factors improve-
ment at 300 K is difficult to make but the trend is very clear.
A few hundred percent of reduction in the R factors can be
reached for room temperature if only the �110� reflection is
considered.

C. Charge-density maps

Charge-density maps were obtained from multipole re-
finement of electron and x-ray structure factors. The latter
are the Fourier component of the charge density. In our
study, we combined structure factors of low-order reflections
measured by electron diffraction with those of high-order
reflections measured by x ray. Total 58 independent reflec-

TABLE IV. Electron-structure factor of CCTO �40 atoms� cal-
culated by DFT with 90 K lattice parameters and using 90 K
Debye-Waller factor. �The experimental atomic positions are
Ca�0,0,0�, Cu�0,0.5,0.5�, Ti�0.25,0.25,0.25�, O�0.3028,0.1789,0�
and the experimental lattice constant is 7.382 Å at 90 K.� PM:
paramagnetic, FM: ferromagnetic, and AFM: antiferromagnetic.

�hkl� GGA�PM� LDA�PM� LDA�FM� LDA�AFM�

110 1.24 1.23 1.20 1.20

200 −9.12 −9.17 −9.16 −9.16

211 −2.74 −2.78 −2.79 −2.79

220 49.11 49.05 49.12 49.11

400 50.47 50.60 50.61 50.61

422 37.08 37.14 37.14 37.14

R1�%� 1.87 1.81 1.85 1.84

R2�%� 7.56 7.11 6.63 6.62

TABLE V. Effects of U in LDA+U on electron-structure factors
�90 K lattice parameters� using 90 K Debye-Waller factor.

hkl U=0 eV U=4 eV U=6 eV U=8 eV

110 1.20 1.17 1.14 1.08

200 −9.16 −9.47 −9.46 −9.06

211 −2.79 −2.76 −2.75 −2.75

220 49.11 49.12 49.13 49.15

400 50.61 50.58 50.57 50.55

422 37.14 37.13 37.12 37.12

R1�%� 1.84 1.63 1.63 1.85

R2�%� 6.62 5.80 5.40 5.11

FIG. 5. �Color online� R factor as a function of Ca/Cu disorder
in CCTO at 90 K. DFT calculations using LDA+U with U=4 eV.
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tions for 300 K and 53 for 90 K, corresponding to about 700
reflections if multiplicity is considered, were used to map the
three-dimensional �3D� charge-density distributions in
CCTO. Since total charge density is dominated by the core
electrons which are not of great interest, we plot either
valence-electron distribution if the core electron distribution
is used as a reference or deformation map if the charge den-
sity of a procrystal �a hypothetical crystal formed by neutral
atoms� is used as a reference. Figures 6�a� and 6�b� are the
90 K experimental deformation charge-density maps of
CCTO in the �001� plane, the Cu/Ca-O basal plane �z=0�
and the Ti-Ti plane �z=0.25�, respectively, obtained after
multipole refinements. For comparison, we also include
those from DFT calculations within the local spin-density
approximation �LDA+U� for ideal stoichiometric CCTO.
The experimental map �Fig. 6�a�� clearly shows the bonding
valence states, the electron density in the CuO squares and
surrounding the Ca2+ ions in the basal plane �z=0�. The mag-
netically active and orbital-ordered �OO� Cu d states exhibit
well-defined t2g symmetry �pointing toward the �110� direc-
tions�, and form antibonds with neighboring O p states, in
agreement with the calculation. Detailed comparison be-
tween experiment and calculation is not possible �details of
the density map in calculation come from the infinitely large

number of high-order reflections�, due to the truncation error
�limited number of reflections used� in experiment. We thus
focus our attention on the main features, especially those
extended to a large distance, in the distribution maps. As we
can clearly observe in Fig. 6�a� that both experimental and
calculated maps show open-shell d-electron orbitals for the
Cu site with a fourfold symmetry. In contrast, at the Ca site,
the calculation shows a close-shell orbital with a spherical
symmetry while the experimental map shows some fourfold
symmetry �orbital anisotropy with a weak eg symmetry�.
This observation suggests possible 3d orbitals occupying on
the Ca site, a result of local Ca and Cu switching or antisite
disorder, as we reported previously. Although in our quanti-
tative ED experiments, the probe size used was quite small
��5 nm�, the areas of the crystal used for the measurement
were rather thick ��100 nm�. Should both ordered and dis-
ordered regions exist, we expect that the experimental map
reflects an overlap of both. This is the significant outcome of
our charge-density study. On the other hand, we did not ob-
serve any noticeable anomaly of the density map in the Ti-Ti
plane �z=0.5�. The agreement between experiment and cal-
culation for the Ti sites �Fig. 6�b�� appears much better than
Ca and Cu sites, suggesting less disorder for Ti.

(a) (b)

(c) (d)

Ti tilted O

Ca Cu O

FIG. 6. �Color online� Deformation charge-density maps of CCTO derived from experimental measurements ��a� and �c�� and DFT
calculations �LDA+U� ��b� and �d�� in the �001� planes for the Cu-Ca-O plane �z=0� in ��a� and �b�� and Ti-Ti plane �z=0.25� in ��b� and
�d��. The experimental results were obtained by combining structure factors of 58 reflections measured by electron diffraction �the six
innermost reflections� and x-ray diffraction via multipole refinement. The square and rectangles in �b� represent the CuO4 square in-plane and
out-of-plane �with plane normal along the �100� and �010� direction. Enlarged contour plots from the marked area are shown on the right.
Since in �d�, the TiO6 octahedra are tilted, the O atoms are not in the z=0.25 plane. Detailed comparison of the density map between
experiment and calculation is not possible due to the limited number of reflections used in experiment �see text�. The major feature in
difference is the Ca site in �a� and �b�: the calculation shows a close-shell orbital with a spherical symmetry while the experimental map
shows some orbital anisotropy, suggesting possible Cu occupancy on the Ca site.
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D. Local structure

1. Ti displacement

We examined the possible cation displacement in CCTO
using synchrotron x-ray absorption spectroscopy by compar-
ing CCTO with BaTiO3 and EuTiO3. It is well known that
the off-center displacement of Ti ion in TiO6 octahedron
gives rise to ferroelectricity in BaTiO3.31 Ti is the most com-
mon “shifter” in titanate perovskites �e.g., BaTiO3, PbTiO3,
SrTiO3, and EuTiO3�. To study the possible Ti off-center
displacement, we studied both XANES and EXAFS data in
CCTO. Our XANES results demonstrate no enhancement
�typical for systems with Ti off-center displacements� of the
signal in the 1s 3d transition region ��4968 eV� below the
Ti K-edge rise. The very presence of such a signal allowed in
the past to evaluate the magnitude of such displacements in
similar compounds.26,30,31

Figure 7�a� show the comparison of the Ti K edge in
CCTO with two reference samples: BaTiO3 �with 0.23 Å Ti
atom static off-center displacement� and EuTiO3 �with Ti
atom being on the inversion symmetry center�.31 The CCTO
signal is similar to EuTiO3 in the 1s 3d transition region, as
marked by an arrow. The nonzero signals in CCTO and
EuTiO3 are due to dynamic off-center displacements, which
are much smaller than the static displacements in BaTiO3.
The BaTiO3 and EuTiO3 data are taken from Ref. 31. Our
results suggest that Ti atoms are not displaced off-center of
their oxygen coordination environments, which thus form
relatively rigid structural units which can only rotate but not
change their 3D shape. This is in agreement with a neutron
PDF study which showed no evidence for Ti off-centering
displacements in the local structure.9 This is further sup-
ported by analysis of the Debye-Waller effects in the EX-

AFS. Figure 7�b� is the Fourier-transform magnitudes of the
Ti K-edge EXAFS of the three samples. The magnitude of
the first peak �corresponding to the first nearest-neighbor
Ti-O contributions� is smaller in BaTiO3 compared to
EuTiO3 and CCTO. In all cases, Ti is octahedrally coordi-
nated by oxygens but in EuTiO3, the disorder in Ti-O dis-
tances is purely thermal while in BaTiO3, it is both thermal
and configurational �due to the split of six oxygen atoms in
two groups of three atoms each�; thus, the Debye-Waller
factor term causes the signal in BaTiO3 to be lower than in
EuTiO3. The similarity between the signal in EuTiO3 and
CCTO suggests that the Ti environment is also more sym-
metric in CCTO than in the room-temperature phase of
BaTiO3. We thus conclude that there is no significant off-
center Ti displacement in our CCTO single crystals.

The possibility of displacements of Cu and Ca atoms was
also investigated using their K-edge XANES data. No evi-
dent off-center displacement of either Cu or Ca was ob-
served. For the possible swap of Ca and Cu due to the local
disorder, the Cu-O environment can be strongly disordered
and one might expect that on the Ca site, due to its small
size, Cu would not be located at the center of the Ca site.
However, we did not gather any evidence of a preferred di-
rection of Cu displacement: such evidence will be obtained
by our EXAFS analysis.

2. Antisite (Ca/Cu) disorder

To further explore local disorder suggested by the charge-
density study �Sec. III C�, we conducted an EXAFS study.
EXAFS reveals information about the short-range-order en-
vironment around selected atoms, including the number of
their nearest neighbors, their types, average bond lengths,
and their mean-squared relative displacements. Figure 8

FIG. 7. �Color online� �a� XANES of Ti K edge in CCTO and two reference samples: BaTiO3 �with 0.23 Å Ti atom static off-center
displacement� and EuTiO3 �with Ti atom being on the inversion symmetry center�. The CCTO signal is similar to EuTiO3 in the 1s 3d
transition region, shown by the arrow. The nonzero signals in CCTO and EuTiO3 are due to dynamic off-center displacements, which are
much smaller than the static displacements in BaTiO3. The BaTiO3 and EuTiO3 data are taken from Ref. 31. �b� Fourier-transform
magnitudes of the Ti K-edge EXAFS. The magnitude in the first peak �corresponding to the first nearest-neighbor Ti-O contributions� is
smaller in BaTiO3 compared to EuTiO3 and CCTO. In all cases, Ti is octahedrally coordinated by oxygens but in EuTiO3, the disorder in
Ti-O distances is purely thermal while in BaTiO3, it is thermal and configurational �due to the split of six oxygens in two groups of three
oxygens each�; thus, the Debye-Waller factor term causes the signal in BaTiO3 to be lower than in EuTiO3. The similarity between the signal
in EuTiO3 and CCTO means that the Ti environment is also more symmetric in CCTO than in the room-temperature phase of BaTiO3.
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shows the EXAFS data of Ti, Cu, and Ca K-edge superim-
posed on their theoretical fits. As explained above, the best-
fit values of NCu-Ca and NCa-Cu can either communicate partial
order �when 1.5�NCu-Ca�2 and 4.5�NCa-Cu�6� coupled
with the preservation of the long-range order or reveal mac-
roscopic compositional fluctuations �when NCu-Ca and NCa-Cu
are outside of the above ranges� without long-range order.59

The coordination numbers, based on the best-fit results and
obtained by concurrent EXAFS modeling of Ti, Ca, and Cu
data, as well as the bond lengths are summarized in Table VI.
We found that the Cu-Ca and Ca-Cu coordination numbers,
NCu-Ca=2.8�1.0 and NCa-Cu=2.4�1.6, respectively, ob-
tained by EXAFS significantly deviate from those �2.0 and
6.0, respectively� expected in the idealized, homogeneous
CCTO with the Im3 structure. Such deviation cannot be ex-
plained by randomizing Cu and Ca at their sites within the
same unit cell �in the random alloy NCa-Ca=1.5 and NCa-Cu
=4.5�. Thus, our conclusion from this observation is that the
randomization occurred at the length scale of a few unit cells
�some—Cu rich and some—Ca rich�, rendering a possibility
of forming nanoscale regions with antisite chemical disorder.
We would like to emphasize that the signature of the nano-
scale disorder is not the Cu-Ca and Ca-Cu coordination num-
bers alone but also the differences in the Ti-Cu and Ti-Ca
distances, as well as the Cu-Cu, Cu-Ca, and Ca-Ca distances

not observed by XRD measurements, which were obtained
independently from the coordination numbers. Indeed, in a
homogeneous alloy, the Cu-Ca and Ti-Ca distances should be
longer than Cu-Cu and Ti-Cu, respectively, due to the larger
size of Ca ion relative to Cu. In this system, we obtain the
opposite effect �Table VI�. All the information available from
EXAFS, therefore, points to a structural disorder that is in-

consistent with the ideal Im3̄ structure. We found no evi-
dence of enhanced �compared to thermal disorder� values of
Cu-O, Ti-O, or Ca-O bond-length disorder, thus ruling out
measurable oxygen-atom disorder and, in turn, its possible
role in conductivity.

As a control, a model of stoichiometric CCTO without
defects was also fit simultaneously to all of the available
edge data. Although the reduced chi squared for the fit of this
model to the multiple data sets was comparable with that for
the previous model where antisite defects were allowed, the
latter model resulted in a worse fit quality for Cu K edge, the
one most sensitive to the Cu/Ca substitution. Indeed, the
Ca K-edge data were the worst quality with the lowest kmax
�and thus the worst spatial resolution of all the data�, and the
Ti K-edge data are not sensitive to Ca/Ca substitution since
Ti is the common atom in this system.

Here we explore in greater detail the model that contains
the Ca/Cu antisite defects. In this model, the deviations in

TABLE VI. Structural results obtained from multiple-edge EXAFS data analysis compared with DFT data
�pseudopotential LSDA calculations�.

Bond Nexp Nth�x=0� Nth�x=1� NDFT

RDFT

�Å�
REXAFS

�Å�
RXRD

�Å�
�2

�Å2�

Ti-O 6 6 6 6 1.953 1.96�2� 1.964 0.0072�28�
Cu-O 4 4 4 4 1.968 1.971�4� 1.971 0.0041�3�
Cu-O 4 4 4 4 2.786 2.80�5� 2.789 0.015�10�
Cu-O 4 4 4 4 3.25�1� 3.269 0.013�30�
Ca-O 12 12 12 12 2.552 2.56�3� 2.606 0.024�6�
Ti-Cu 6 6 6 5 3.194 3.22�2� 3.206 0.0079�10�
Ti-Ca 2 2 2 3 3.205 3.17�4� 3.206 0.0043�35�
Cu-Cu 2.8�1� 4.5 4 4 or 2 3.704 3.77�2� 3.703 0.0040�20�
Cu-Ca 3.2�1� 1.5 2 4 or 6 3.679 3.70�2� 3.703 0.0038�29�
Ca-Cu 2.4�1.6� 4.5 6 4 or 6 3.679 3.70�2� 3.703 0.0038�29�
Ca-Ca 1.5 0 2 3.739
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FIG. 8. �Color online� The Ti K, Cu K, and Ca K edges of the EXAFS data and their theoretical fits.
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coordination numbers from those expected in homogeneous
CCTO indicate the presence of a Ca-rich phase
CaxCu1−xTiO3, where x�0.25, as well as Cu-rich phase
where x�0.25, suggesting the presence of local composi-
tional and structural disorder with Ca on the Cu sites. Both
types of phases must be present in the sample, along with the
stoichiometric phase �x=0.25�, since our measurements
show that the overall sample composition is stoichiometric
�x=0.25�. Since both Cu and Ca edge analyses points to the
presence of Ca-rich regions, we suggest that the Cu-rich re-
gions are more disordered, or have reduced dimensionality,
than the Ca-rich ones, which might reflect the smaller size of
the Cu ion relative to Ca. This conclusion is consistent with
our TEM observations. Figure 9�a� shows a high-resolution
image from an unusually large Ca-rich region in the CCTO
single crystal taken along the �111� projection. The boxed
area is the simulation using the model on the right. A corre-
sponding electron-diffraction pattern from the area is shown
in Fig. 9�b�, with a clear broken threefold symmetry, similar
to the observations reported previously. The open circles rep-
resent the missing �0–11� and �−101� reflections, being con-

sistent with the image. For comparison, in Fig. 9�c� we in-
clude the �111�� diffraction pattern from the stoichiometric
ordered CCTO with threefold symmetry. The corresponding
high-resolution image is shown in Fig. 9�d�. The model and
the simulation of the structure are also included.

Although we observed a Ca-rich region using electron
diffraction and imaging, we have not convincingly detected
the Cu-rich regions. There were two reasons: �1� as EXAFS
suggested that the Cu-rich must be low dimensional, i.e., a
small Cu-rich disordered region embedded in the ordered
matrix is difficult to see in a projected image, especially
considering the small difference in scattering amplitude be-
tween Ca and Cu; and �2� from a diffraction point of view,
the substitution of Ca with Cu does not significantly alter the
crystal symmetry and change the extinction of the reflections
and is thus difficult to detect in diffraction. Our TEM spec-
troscopy measurements �energy dispersive x-ray �EDX� and
electron-energy-loss spectroscopy �EELS�� of Cu-rich re-
gions were inconclusive. This can be attributed to their low
dimension, thus low-concentration difference from the ma-
trix through the sample thickness.

TABLE VII. Summary of the PDF refinement results obtained by PDFGUI program for 300 K neutron data.

Crystallographic Im3̄ model refinement yields a=7.4011�3� Å, x�O�=0.3027�2�, y�O�=0.1789�2�,
UISO�Ca�=0.0050�6� Å2, UISO�Cu�=0.0050�2� Å2, UISO�Ti�=0.0044�2� Å2, and UISO�O�=0.0047�1� Å2.
Three models including chemical disorder with respect to crystallographic stoichiometric model are com-
pared. Refined parameters in these models are replacement �or off-stoichiometry� parameter, d, Uiso�Ca�, and
Uiso�Cu�. Structural parameters are kept fixed to crystallographic values. Denotations are listed as follows:
Crystallographic=crystallographic with nominal stoichiometry, Antisite=chemical disorder on Cu and Ca
sites with nominal stoichiometry, E-Cu=excess Cu on Ca site �nonstoichiometric�, E-Ca=excess Ca on Cu
site �nonstoichiometric�. See text for details.

Parameter\model Crystallographic Antisite E-Cu E-Ca

UISO�Ca� �Å2� 0.0050�6� 0.0056�7� 0.0044�7� 0.0053�6�
UISO�Cu� �Å2� 0.0050�2� 0.0048�2� 0.0050�3� 0.0048�2�
d 0.07�3� −0.11�6� 0.09�3�
Rw 0.1351 0.1347 0.1348 0.1343

FIG. 9. �Color online� �a� High-resolution image of an unusually large Ca-rich region in CCTO taken along the �111� projection. The
boxed area is the simulation using the model on the right. �b� Electron-diffraction pattern from the Ca-rich area showing broken a threefold
symmetry. Open circles represent the missing 0–11 and −101 reflections. �c� Electron-diffraction pattern from a stoichiometric region of
CCTO showing a threefold symmetry. �d� High-resolution image of perfect CCTO observed along the same orientation as �a� The boxed area
is the simulation using the model on the right �for simplicity, only Ca and Cu are drawn�.
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In short, although we did not observe Ti-related disorder,
we do find that a model with a disordered phase with Cu/Ca
substitution, suggested by the TEM and electron-diffraction
results, is consistent with the EXAFS data. Similar nanoscale
phases were previously established with EXAFS in analo-
gous systems.29,60

E. Analysis of neutron PDF data

The neutron powder-diffraction PDF results from the RT
refinements based on the method we discussed in Sec. II D
are tabulated in Table VII. To model the data we used the

crystallographic �Im3̄� model. This was refined to the PDF
data to obtain structural parameters, in agreement with the
previous study.9 Then several models incorporating antisite
disorder were attempted to allow the exchange of Ca and Cu
ions. The antisite model preserved the nominal stoichiometry
by only allowing switches of Cu and Ca ions. We also tried
models where Cu was allowed to reside on Ca sites, CuCa,
and vice versa, without changing the composition of the un-
affected site that results in a change in overall stoichiometry
of the sample. In each case, a defect parameter, d, was de-
fined. For the antisite model d=O�CuCa�, where O�Xy� is the
occupancy of X atoms on Y-atom sites, with the further con-
straints O�CuCu�=1−d, O�CaCu�=0.33d, and O�CaCa�=1
−0.33d. This retains the overall stoichiometry because there
are three copper sites for every Ca site. We also tried two
models for uncompensated antisite defects. The E-Cu model
has d=O�CuCa� with the further constraint O�CaCa�=1−d to
ensure full occupancy of the Ca site by either Ca or Cu, and
the occupancies of the copper sites set to 1. For completeness
we also define an E-Ca model with d=O�CaCu�, O�CaCa�
=1−d and the Cu site fully occupied with copper. Refine-
ments were first carried out with d=0, which is the ideal
crystallographic model. This process reproduced the results
presented in Ref. 9, with all refined parameters being within
two standard deviations of the values reported in Ref. 9� as
expected. The parameter d was then allowed to refine in
addition to the free variables from the crystallographic mod-
els. Refinements were carried out over a range of r to 20 Å
on data with the following temperatures: 50, 100, 150, and
200 K, and room temperature. For temperatures at 300 K
and below, we expect negligible diffusion of cations and so
the cation distribution in the samples must be the same at all
temperatures. However, the complementary data sets provide

independent measurements and should give consistent results
for d.

A typical CCTO PDF model with antisite disorder fit with
the experimental data at 300 K is shown in Fig. 10. The
refined values of the defect parameter, d, for all temperatures
and models are summarized in Table VIII. For the 300 K
data, the agreement factors are slightly improved for all the
antisite models with small positive disorder parameters, d,
refined for the antisite and E-Ca models �Ca defects on Cu
sites�. However, the refinements to the lower-temperature
data sets all converge to d values that are not significantly
different from zero, suggesting that the neutron-diffraction
data of the powder sample do not support the presence of
significant antisite defects within the precision of the mea-
surement. Based on the estimated errors in the refinement,
the uncertainty on the refined d parameter is �3%, which
may be considered as a lower-bound because it does not take
into account systematic errors and parameter correlations in
the refinement which both contribute to the uncertainty. The
neutron data therefore do not contradict the TEM and EX-
AFS observations but they do place an upper bound on the
extent of the effect. It is difficult to put a precise numerical
value on this bound but based on the estimated uncertainties
on the data we suggest it is certainly less than 10% and
probably about �5%. We note that in the case of the antisite
defects, the PDF d parameter and EXAFS x parameter are
defined the same way. The PDF data are not good enough to
differentiate between stoichiometric and nonstoichiometric
models for the antisite disorder and for the same reason, no
models with short-range ordering of the defects were tried.

F. Formation energy of nonstoichiometric phases

The antisite disorder of Ca and Cu in CCTO seems unfa-
vorable from chemical intuition based on their ionic radii
�i.e., 0.57 Å for a 4-coordinate Cu2+ vs 1.34 Å for a 12-
coordinate Ca2+� and bond length �1.967 Å for Cu-O bond
length vs 2.602 Å for Ca-O�. To understand the energetics of
various phases in CCTO, we calculated the total energy of
three different phases, stoichiometric, Ca-rich, and Cu-rich
phases, and compared their formation energies to examine
their stabilities using LDA-based pseudopotential calcula-
tions. The formation energy for different phases can be de-
fined as

Eform�CaxCu8−xTi8O24� = Etot�CaxCu8−xTi8O24� − xEtot�CaO�

− �8 − x�Etot�CuO� − 8Etot�TiO2� .

Here, CaxCu8−xTi8O24 represents the general form of system

TABLE VIII. Refined values of the defect parameter, d �see text
for details� for the different models and different measurement tem-
peratures refined.

T �K� Antisite E-Ca E-Cu

300 0.07�3� 0.09�3� −0.11�6�
200 0.01�3� 0.04�3� −0.11�6�
150 −0.01�3� 0.02�3� −0.10�6�
100 −0.01�3� 0.01�3� −0.09�6�

50 −0.04�3� −0.02�3� −0.06�6�FIG. 10. �Color online� Typical CCTO PDF model fit: experi-
mental PDF at 300 K �open circles�, antisite model �solid line�, and
corresponding difference curve �offset for clarity�.
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for various compositions �x=1, 2, and 3�, Eform and Etot is the
formation energy and the total energy, respectively. We use
CaO, CuO, and rutile TiO2 as starting oxides that are com-
monly used in synthesis. We have

Eform�Ca2Cu6Ti8O24� = Etot�Ca2Cu6Ti8O24� − 2Etot�CaO�

− 6Etot�CuO� − 8Etot�TiO2�

= − 2.20 �eV/40 atom cell� ,

Eform�Ca3Cu5Ti8O24� = Etot�Ca3Cu5Ti8O24� − 3Etot�CaO�

− 5Etot�CuO� − 8Etot�TiO2�

= − 2.39 �eV/40 atom cell� ,

Eform�Ca1Cu7Ti8O24� = Etot�Ca1Cu7Ti8O24� − Etot�CaO�

− 7Etot�CuO� − 8Etot�TiO2�

= + 0.40 �eV/40 atom cell� .

The results suggest that the formation of stoichiometric
and Ca-rich CCTO are energetically favorable while that of
the formation of Cu-rich CCTO is unfavorable. This means
that the Ca-rich phase can grow bigger in size than the Cu-
rich phase. In our calculations, the entire structure was re-

laxed without imposing any displacement constraints. The
result is in full agreement with our EXAFS and TEM data
that due to the small size of the Cu-rich phase we mainly
observe only Ca-rich phase from the overall stoichiometric
crystal �see Sec. III D 2�.

G. Electronic properties of CaxCu8−xTi8O24 (0�x�8)

The total density of states of off-stoichiometric CCTO,
i.e., CaxCu8−xTi8O24 �0�x�8�, as a function of x were stud-
ied using pseudopotential LSDA �localized spin-density ap-
proximation� with optimized crystal geometry. The results
are plotted in Fig. 11. �Note that the finite bandwidth of the
Cu orbitals near the Fermi level results artificially from the
periodicity of the disordered Cu in the calculation.� The
AFM bulk stoichiometric Ca2Cu6Ti8O24 �i.e., x=2� phase
clearly shows a �0.5 eV band gap and is in good agreement
with previous pseudopotential LSDA calculations.6 From Ca-
rich to Cu-rich phases, Fig. 11 clearly shows an increasing
amount of Cu d orbitals residing near the Fermi level. For
the Ca-rich phases �namely, with composition of x�2�, there
is an energy gap at the Fermi level and the gap remains till
x=2, i.e., stoichiometric CCTO. On the other hand, as soon
as Cu starts to occupy the Ca sites to form various Cu-rich
phases �lower two panels�, the associated d orbitals start to
pile up at the Fermi level. The same trend is reproduced upon
inclusion of a strong local interaction in Cu atoms via
LSDA+U �Ref. 57� calculations within the full-potential lin-
ear APW methods.54 In the LSDA+U calculations for stoi-
chiometric antiferromagnetic CCTO, the Cu 3d states are
more localized and the band gap is broadened to about 2 eV,
which is in good agreement with experimental observations
��1.5 eV�.61 For the Cu-rich CCTO �e.g., for x=1, namely,
Ca1Cu7Ti8O24�, the LSDA+U calculations also show Cu
states at the Fermi level from the Cu located in the Ca sites.

IV. DISCUSSION

A. Ca/Cu disorder

Our EXAFS and TEM results clearly suggest that there is
a local Ca/Cu disorder in the CCTO single crystals that we
studied. The obvious question we have was why neutron and
x-ray diffraction experiments did not unambiguously identify
but only give some evidence of such an antisite disorder.

In the Im3̄ CCTO structure, the substitution of Cu at Ca
sites and Ca at Cu sites result in changes only in the intensity
of the ooe class of reflections �o and e refers to odd and even
numbers, respectively� but does not result in any change to
the eee reflections. Consequently, the normal least-squares
refinement parameters for the entire data set are not very
sensitive to the substitution when only limited numbers of
reflections are collected. The change in agreement factors
�goodness of fit� with and without 5% substitution is quite
small. Even at 10% of substitution �20% of disordered re-
gions�, the agreement factor changes only from 1.32 to 2.24.
To show the effects of the substitution on major reflections in
the x-ray data, in Fig. 12 we plot calculated intensity vs 2�
scattering angles of powder diffraction for CCTO using MA-

TERIALS STUDIO software with a wavelength �=0.154 nm.

FIG. 11. �Color online� Density of states of CaxCu8−xTi8O24 as a
function of composition calculated using pseudopotential localized
spin-density approximation LSDA� with optimized geometry �top
to bottom: x=8, 3, 2, 1, and 0�. Stoichiometric Ca2Cu6Ti8O24 cor-
responds to x=2. Note, for x�2 �top three phases�, the system
exhibits a insulating behavior with an energy gap near the Fermi
level. For x�2, the system becomes metallic.
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The solid lines are for ideal stoichiometric CCTO, the
crosses are for CCTO with a 10% swap of Ca with Cu, i.e.,
20% of disordered regions. The difference, calculated by
subtracting the intensity of the disordered from that of per-
fect CCTO, is shown in blue. The largest discrepancies are at
the 110 and 211 reflections �our accurate measurements of
the structure factor of the two reflections using PARODI also
suggest they deviate from the DFT calculation of the perfect
CCTO�. It is evident that a small percentage of disorder in
CCTO has a subtle change in the overall x-ray diffraction
data. This is to be expected because of the small difference
between Ca and Cu x-ray scattering factors.

In the refinement using perfect CCTO, the R1 and wR2
are 0.023 and 0.075, respectively. By simply introducing 5%

exchange between Ca and Cu �corresponding to 10% disor-
der� without refinement the R1 increases to 0.028 while wR2
to 0.091. After further refinement, the R1 actually decreases
to 0.018 while wR2 to 0.046. We note although the change in
the R factors is not significant, it indeed indicates the pos-
sible existence of the disordered phase. We plan to perform
an additional x-ray experiment with much high-order reflec-
tions �including diffuse scattering analysis, see Fig. 12�b�� to
accurately determine the amount of the disordered phases.

It is interesting to note that at room temperature, our mea-
surements using EXAFS, TEM, and PDF all point to the
existence of small percent of Ca/Cu antisite disorder in
CCTO, in particular, with detectable Ca-rich regions and un-
detectable Cu-rich regions. This is consistent with our DFT
calculations based on the energy ground of the two phases.
At lower temperatures, the Ca/Cu disorder seems much less
measurable �90 K for TEM and 50–200 K for PDF measure-
ments� and PDF analysis was inconclusive on the existence
of the Ca/Cu disorder �see Sec. III E�. The observed variation
in Ca/Cu disorder at different temperatures may be an impor-
tant factor that can be associated with low-temperature-
dependent dielectric properties of CCTO, which shows a re-
duction in dielectric constant for certain frequencies at 100 K
and below.

At current stage, it is not clear what the origin of the
variation in Ca/Cu disorder at different temperatures is.
Temperature-dependent EXAFS, QED, and high-resolution
EELS measurements to explore temperature-dependent elec-
tronic structure and the dielectric function at much lower
temperatures than 100 K as well as theoretical dynamical
calculations such as molecular-dynamics simulations may
help to address this question. Further studies can also include
a joint EXAFS/PDF analysis on new data obtained from dif-
fraction and spectroscopy measurements on identical
samples, as suggested in Ref. 62. In the following, we dis-
cuss the possible mechanism of Ca/Cu disorder induced en-
hancement of dielectric response.

B. Temperature effects on ionicity and charge transfer

Structure factors measured by quantitative electron dif-
fraction at different temperatures were used to understand the
temperature effects in the CCTO. To cancel the Debye-
Waller factor term, all the structure factors were converted to
0 K for comparison. We noticed that the structure factor of
the �200� reflection increases �2%, from 18.96 at RT to
19.38 at 90 K. By comparing the hypothetical pure ionic and
neutral-atom �procrystal� models, our calculations show that
among the six measurable low-order structure factors in
CCTO, only the �200� reflection is very sensitive to tempera-
ture. The �200� reflection is a measure of the degree of octa-
hedral tilting in the double perovskite structure. The strong T
dependence of this peak indicates a destruction of the long-
range order of the octahedral tilts, via thermal fluctuations,
and thus the weakening of the associated orbital ordering
among the t2g electrons. Such an observation is also seen in
the PDF analyses.9 As discussed below in more detail, such
disruption of orbital ordering recovers the near degeneracy of
the Cu electrons �in this case moving the t2g states close to

(a)

(b)

FIG. 12. �Color online� �a� Calculated intensity vs scattering
angles of powder x-ray diffraction �XRD� pattern for CCTO using
MATERIALS STUDIO software with wavelength l=0.154 nm. The
solid lines are for perfect CCTO, the open circles are for CCTO
with 10% swap of Ca with Cu, i.e., 20% of disordered regions. The
difference, calculated by subtracting the intensity of disordered
from that of perfect CCTO, is shown in blue. Note, visible differ-
ence only shown at the 110 and 211 reflections. Our accurate mea-
surements of the structure factor of the two reflections suggest they
deviate from the DFT calculation of the perfect CCTO. �b� X-ray
diffraction pattern of CCTO single crystal recorded at room tem-
perature, showing diffuse scattering surrounding some of the Bragg
peaks.
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the chemical potential from both above and below� which in
turn would give a large electronic enhancement of the dielec-
tric response and could provide a natural explanation of the
experimentally observed increase in dielectric constant at
higher temperature.

C. Electronic origin of giant dielectric response in CCTO

Our combined experimental and theoretical study leads to
an interesting observation of large enhancement of dielectric
response in CCTO via electronic contributions that are cur-
rently unnoticed in the literature. The above EXAFS and
diffraction analyses provide strong evidence of nanoscale
phase separations in CCTO with a mixture of stoichiometric
�ordered� and nonstoichiometric �disordered� regions. The
formation of these regions is further confirmed theoretically
by their low formation energies obtained in our DFT calcu-
lations. In addition, the DFT results indicate a significant
difference in the electronic structure in Cu-rich systems, fa-

voring accumulation of Cu d states at the Fermi level �Fig.
11�.

This interesting result of numerical calculations can be
understood from the following robust local symmetry con-
sideration. As illustrated in Fig. 13�a�, under the local cubic
point-group symmetry �as in the A� site�, the five d orbitals
of Cu splits into two sets, double-degenerate eg and triple-
degenerate t2g. Therefore, the single hole in Cu2+ �d9 con-
figuration� resides in a complex of degenerate orbitals, pin-
ning the chemical potential right in the middle of the
degenerate orbitals, as shown in the local density of states of
the A�-site Cu obtained in our DFT calculation. In contrast,
the threefold degenerate t2g orbitals further split into two
distinct sets, ag and eg� for Cu located in the A� sites, as
shown in Fig. 13�b�. This allows the system to lower its
energy by having the hole in the highest nondegenerate ag
level, providing an opportunity for the formation of a Mott
insulator based on our DFT calculation.

The apparent reason for the lower point-group symmetry
of A� site is the asymmetric positioning of the surrounding
oxygen atoms associated with the TiO6 octahedral tilting/
distortion. However, recent first-principles theoretical studies
of similar octahedral tilting/distortion in LaMnO3,63 Ca
doped LaMnO3,64 and orbital ordering in Fe pnictides65 re-
vealed that even without the external lattice effects, the
strong interactions among the 3d electrons make such a or-
bital degenerate system highly vulnerable against “orbital or-
dering,” a spontaneous symmetry breaking with asymmetric
orbital polarization and arrangement. Therefore, it is most
likely that the octahedral tilting/distortion owes its micro-
scopic origin, at least in part, to the underlying orbital order-
ing of the electrons.

The above robust symmetry consideration dictates that the
A�-Cu should have partially filled degenerate orbital at the
chemical potential if the symmetry were not broken by the
orbital ordering �accompanied by the octahedral tilting/
distortion�. In that case, CCTO would have been a metal with
divergent dielectric constant in the first place. It is precisely
the splitting of the orbital degeneracy due to the orbital or-
dering that allows the insulating behavior of the system via
the formation of a Mott insulator. Therefore, the electronic
response of the system is expected to be unconventional and
extreme caution must be exercised to avoid treating the sys-
tem as a regular band insulator, such as the titanates, for
example.

This microscopic insight suggests an interesting “extrin-
sic” feature that might explain the unusually large dielectric
response. Since the insulating nature of the system is derived
from the orbital ordering, any local disruption of the orbital
ordering and the octahedral tilting/distortion, say via the in-
troduction of A�-Cu or A�-Ca, would significantly reduce the
local energy splitting, , of the ag and eg� orbitals, as illus-
trated in Fig. 13�c�. In addition, as discussed above, in the
orbital-ordered structure, A� site has higher local point-group
symmetry and can introduce degenerate orbitals right at the
chemical potential �→0�. Taking into account the first-
moment sum rule, the dynamical spectral weight of the in-
terorbital excitations across the gap is proportional to 1 /
while the Kramers-Kronig transform dictates the low-
frequency dielectric function to be proportional to the dy-

(a)
eg

t2g

D
O
S

-4 -3 -2 -1 0 1 2

EFEnergy (eV)

(a)
eg

t2g

D
O
S

-4 -3 -2 -1 0 1 2

EFEnergy (eV)

eg
t2g

D
O
S

-4 -3 -2 -1 0 1 2

EF

eg
t2g

D
O
S

-4 -3 -2 -1 0 1 2-4 -3 -2 -1 0 1 2

EFEnergy (eV)

ageg’eg

D
O
S

-4 -3 -2 -1 0 1 2

EFEnergy (eV)

(b)
ageg’eg

D
O
S

-4 -3 -2 -1 0 1 2

EFEnergy (eV)

ageg’eg

D
O
S

-4 -3 -2 -1 0 1 2-4 -3 -2 -1 0 1 2

EFEnergy (eV)

(b)

(c)

E

t2g

eg

ag

eg’

eg

stronger orbital order�
larger local energy splitting ∆∆

∆∆

cubicatomic OO

FIG. 13. �Color online� Local symmetry consideration of Cu
orbitals showing the influence of antisite Ca/Cu order on the elec-
tronic structure in CCTO �A�A3�Ti4O12�. �a� Cubic symmetry �i.e.,
Cu at the A� site, or Ca3Cu5Ti8O24� and �b� lower symmetry �i.e.,
Cu at the A� site as the ideal or ordered CaCu3Ti4O12�. The former
hosts one hole in the triply degenerate t2g complex and pins the
chemical potential while the latter hosts one hole in the nondegen-
erate ag orbital and allows the formation of a Mott insulator. The
corresponding density of states obtained from DFT �LDA+U� cal-
culations are also included, showing in perfect agreement with the

local symmetry consideration �40-atom unit cell �space group Pm3̄�
in an AFM ground state for �b� and replacing Ca atom at the face
center with Cu after relaxation for �a��. �c� Evolution of local-
orbital structure via lowering of the symmetry, from spherical
�atomic� to cubic and to the orbital-ordered �OO� case. Clearly, the
local energy splitting, , of ag and eg� increases with strengthened
orbital ordering.
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namical spectral weight multiplied by inverse of the excita-
tion frequency. Together, one expects qualitatively a
significant enhancement of the dielectric constant propor-
tional to 1 /2, as shown in Fig. 14�a�.

Following the above rigorous analysis, we suggest the
following inhomogeneous picture of enhanced electronic di-
electric response. Near A�-Cu, the local dielectric response
should be greatly enhanced from coupling to the degenerate
orbitals of A�-Cu �→0� and the variation in significantly
reduced  resulting from disruption of orbital ordering of the
surrounding A�-Cu. The local dielectric response consists of
a profile of singularly large value centered at each A�-Cu,
with a smooth decay at larger distance �Fig. 14�b��. Formu-
lated in a continuous model, it is apparent the bulk dielectric
function �tot

−1= 1
V
�−1�x�d3x is ultimately controlled by the re-

gions with small local response. As illustrated in Fig. 14�c�,
given a random distribution of A�-Cu and A�-Ca and a large
enough radius of the enhancement, the bulk dielectric re-
sponse can be boosted easily by several order of magnitudes.
That is, the above proximity effect can lead to a large dielec-
tric response, given only a very small portions of the bulk
that are far from all the A�-Cu sites, as indicated by our
EXAFS data, to possess small enough local dielectric re-
sponse that contribute to the integral.

This picture also naturally resolves a puzzling dilemma
existing in some of the conventional extrinsic pictures7 in-

volving metallic domains with insulating boundaries in
which a very small volume fraction ��10−3� of insulator is
needed while the insulating boundaries have to fully cover
the metallic domains in order to keep the system insulating.
If such picture were to be realized, an insulating “blocking
layer” to make the sample insulating would be unavoidable,
which however was not observed in any of our measure-
ments. This difficulty does not enter in our picture since the
region near A�-Cu are still well insulating ��0� in terms of
transport �determined by states at the chemical potential� but
with large dielectric response �controlled by all low-energy
states with �1.�

Our interpretation also provides a natural scenario for the
well-known puzzle why the dielectric response of
CdCa3Ti4O12 is found two orders of magnitude lower than
CCTO.61 Cd and Ca are isoelectronic in these systems, with
a very similar chemical size, and thus pure-phase Cd-CTO
and CCTO have almost identical electronic structure, as con-
firmed by a previous theoretical study.41 It is thus a great
surprise that their dielectric response is so different. Now,
since disorder in materials is controlled by complicated non-
equilibrium process of crystal growth, the disorder in these
two similar materials can be very different. Our picture sug-
gests that either the degree of disordered A�-Cu is less in
CdCTO or the disordered A�-Cu atoms form larger cluster
�thus leaving larger volume fraction with small dielectric re-
sponse�. Future experimental verification of this issue will
provide an unambiguous confirmation of our picture.

We note that the above novel picture of extrinsic effect is
based on the proximity effect of metallic behavior in terms of
dielectric response, not transport, of a disordered orbital-
ordered Mott insulator, and is substantially different from the
physics in a conventional band insulator such as conven-
tional ferroelectric compounds. The validity of this strongly
correlated picture can be experimentally verified by, for ex-
ample, direct observation of these low-energy excitations via
large-q inelastic x-ray scattering, which is capable of probing
transition in atomic length scale or local dielectric profile
with high-resolution low-energy electron-energy-loss spec-
troscopy measurement. Similar idea can be applied to the
search for high dielectric materials by introducing disorders
in other families of strongly correlated degenerate Mott in-
sulators, such as the manganites or the vanadium oxides.

V. CONCLUSIONS

In summary, using experimental techniques that are sen-
sitive to local disorder, we found that there exist small
amount of off-stoichiometric nanoscale regions in CCTO
single crystals. The measurement and detection are not trivial
largely due to the low concentration and small size of the
defect regions. Nonetheless, theoretical calculations based on
density-functional theory suggest a large metal-like local
electronic dielectric response near the disordered Cu atoms,
as a consequence of the recovery of degeneracy of the open
t2g shell and the disruption of the long-range orbital order.
Bulk measurements of local structure indicate that the defec-
tive regions constitute �10% of the sample. Because of the
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FIG. 14. �Color online� Illustration of enhancement of electronic
dielectric response via proximity effects around A�-Cu. �a� 1 /2

enhancement of the local dielectric constant for Cu atoms with dis-
rupted orbital ordering. �b� The proximity effects of the dielectric
constant around A�-Cu. At short distance �r→0� from the A�-Cu
sites, the dielectric constant diverges quickly as the gap shrinks. �c�
The proximity effects in a system with randomly distributed chemi-
cal disorder �disordered bubbles�. If the occurrence of A�-Cu
spreads throughout the sample without much clustering, as sug-
gested by our EXAFS analysis, there can be very little region left
unaffected by the proximity effects, giving rise to a significant en-
hancement of the total dielectric constant.
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difficulty of quantifying nanoscale defects at such low levels,
further work will be required to establish that this mecha-
nism is operative in CaCu3Ti4O12. However, our results dem-
onstrate that local atomic substitution or disorder can induce
a dramatic change in the local dielectric behavior in strongly
correlated systems with orbital freedom, and point to an in-
novative way in searching for fascinating properties in cor-
related materials, including perovskite transition-metal ox-
ides.
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Entropically Stabilized Local Dipole
Formation in Lead Chalcogenides
Emil S. Božin,1 Christos D. Malliakas,2 Petros Souvatzis,3 Thomas Proffen,4 Nicola A. Spaldin,5

Mercouri G. Kanatzidis,2,6 Simon J. L. Billinge1,7*

We report the observation of local structural dipoles that emerge from an undistorted ground state
on warming, in contrast to conventional structural phase transitions in which distortions emerge
on cooling. Using experimental and theoretical probes of the local structure, we demonstrate this
behavior in binary lead chalcogenides, which were believed to adopt the ideal, undistorted rock-salt
structure at all temperatures. The behavior is consistent with a simple thermodynamic model in
which the emerging dipoles are stabilized in the disordered state at high temperature due to the extra
configurational entropy despite the fact that the undistorted structure has lower internal energy.
Our findings shed light on the anomalous electronic and thermoelectric properties of the lead
chalcogenides. Similar searches may show that the phenomenon is more widespread.

Ferroelectric materials are characterized
by a spontaneous alignment of static local
dipole moments leading to a net electric

polarization that can be switched by an applied
electric field (1). Above their critical Curie tem-
perature, Tc, they undergo a phase transition to
a higher symmetry, nonpolar state, which by anal-
ogy with ferromagnets is called paraelectric. Al-
though the question of whether the paraelectric
phase consists of fluctuating local dipole mo-
ments or entirely centrosymmetric arrangements
of atoms remains open (and likely depends on
material, temperature, and length scale), the tran-
sition from paraelectric to ferroelectric on cool-
ing always involves a lowering in symmetry that
is well described within the traditional Landau
picture of phase transitions, for example, in
BaTiO3 (2). In PbTe and PbS, we have observed
the existence at high temperature of such a para-
electric phase of disordered, fluctuating dipoles,
but the ground state rather than being the ferro-
electric state is a dielectric with no local dipoles.
There is no macroscopic symmetry change asso-
ciated with the spontaneous local dipole forma-
tion, so the behavior is invisible to conventional
crystallographic techniques. We detect the local
atomic off-centering at high temperature using
recently developed local structural probes.

Lead chalcogenides such as PbTe and the
mineral galena (PbS) have been known and ex-
ploited since ancient times (3). They are partic-
ularly important today, with PbTe currently
the leading thermoelectric material in applica-
tions just above room temperature (4). Despite

their long history, their nanoscale structure has
only recently been studied in detail (5–7), mo-
tivated by the realization that intrinsic nanoscale
structural modulations are helpful in produc-
ing low thermal conductivity and, therefore,
high thermoelectric figures of merit (4, 8). Such
studies of the nanostructure have been enabled
by powerful synchrotron-based local structure
probes, such as atomic pair distribution function
(PDF) analysis (9, 10). The PDF is obtained by
Fourier transforming appropriately collected
and corrected x-ray or neutron powder diffrac-
tion data (9) and has peaks at positions corre-
sponding to interatomic distances in the solid.
We show in Fig. 1B the PDF of the simple rock-
salt structure (Fig. 1A) that the lead chalco-
genides were previously believed to adopt at all
temperatures. Because both Bragg and diffuse
scattering signals are used, the PDF yields local
structural information rather than just the aver-
age crystallographic structure.

Our main results, obtained from temperature-
dependent neutron diffraction studies, are sum-
marized in Fig. 1, C to I. Because PbTe and PbS
behave qualitatively similarly, we present only
the PbTe results in the figure; data for PbS are
contained in figs. S1 and S2 in the supporting
online material (11). The dramatic effect of tem-
perature on the structure of PbTe is evident in
the powder diffraction pattern, shown in the form
of the corrected and normalized diffraction in-
tensity function F(Q) (11) in Fig. 1C. This figure
also serves to illustrate the high quality and good
statistics of the neutron powder diffraction data
collected over a wide range of momentum trans-
fer, Q (Q = 4psinq/l, where q is the Bragg angle
and l the wavelength of the x-rays or neutrons).
The dramatic loss of intensity in the Bragg peaks
at highQ in the 500 K data (red) compared with
the 15 K data (blue) is clear. The attenuation is
due in part to the usual Debye-Waller effects (12)
from increased thermal motion; however, the
extent of the changes is extraordinarily large. In
Fig. 1, D and E, we show the PDFs at 15 K and
500 K, respectively; the effect of temperature on
the PDFs is anomalous, with notable broadening

evident at 500Kcomparedwith 15K. (The scale in
Fig. 1E is one-fifth that in Fig. 1D.)

To study the temperature-induced local struc-
tural effects in more detail, we next analyze the
temperature dependence of the low-r region,
where r is the interatomic pair separation dis-
tance, of the PDF (Fig. 1F), where measured PDFs
are shown every 50 K from 15 K to 500 K. The
PDF peak broadening is reflected in the drop in
the maxima of the peaks. Particularly striking is
the drop in the nearest-neighbor peak, which oc-
curs as rapidly as those in the higher-neighbor
peaks. This strong broadening of the nearest-
neighbor PDF peak does not occur in conventional
materials. This is because of the highly correlated
dynamics of nearest-neighbor atoms (13), which
results in the relative motion of directly bonded
atom pairs having a much smaller temperature
dependence than the higher-neighbor pairs.

In Fig. 1, G and H, we show the Pb-Te nearest-
neighbor peak on an expanded scale. At 15 K
(Fig. 1G), the peak appears as a sharp, single-
Gaussian function with small ripples coming
from the finite Q range of the Fourier transform,
so-called termination ripples (9). The red line is
a calculated PDF peak with a pure Gaussian
line-shape, convoluted with a sinc function to
simulate the effects of the finite Fourier trans-
form (9). This is characteristic of a single aver-
age bond length with harmonic motion taking
place around that position, indicating that the
ground state of PbTe at 15K is ideal rock-salt in
both the local and average structures, as expected.
However, at 500 K (Fig. 1H), the peak is consid-
erably broadened and qualitatively non-Gaussian,
with extra intensity apparent on the high-r side
of the peak. This unambiguously indicates the
appearance of nonharmonic effects with increas-
ing temperature.

We have quantified the asymmetry of this
peak, and in Fig. 1I we plot the temperature de-
pendence of a PDF peak asymmetry param-
eter, ∆RASYMM (11). It has a value of zero for
a perfectly symmetric peak such as a Gaussian,
and its numerical value increases as the peak be-
comes more asymmetric. As evident in Fig. 1I,
the asymmetric nature of the first PDF peak
increases continuously from 15 K to ~250 K,
where it saturates.

The non-Gaussian asymmetry can be inter-
preted either in terms of strong anharmonicity in
a single-welled potential probed by the atomic
motions or by the appearance of multiple, incom-
pletely resolved, short and long bond lengths
under the nearest-neighbor PDF peak, charac-
teristic of quasistatic structural dipoles in ma-
terials studied using the PDF (14, 15). Figure 1F
points to the latter interpretation because it is
evident that higher-neighbor peaks are also losing
their Gaussian character at high temperature.
Despite being globally rock-salt, characteristic
of lone-pair–inactive Pb2+ compounds (6), the
local structure behaves like that in ferroelectrically
distorted lone-pair–active Pb2+ compounds such as
PbTiO3 (14). The off-centered ions are disordered
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among symmetry-equivalent displaced sites sim-
ilar to the Ti in the high-temperature phases of
BaTiO3 (14). Although the PDF does not yield
information directly on the dynamics, it is likely
that the local dipole moments are fluctuating
between the symmetry equivalent displaced sites.

Further confirmation of this unexpected result
has been obtained by modeling the PDF using a
least-squares fitting procedure (11). In Fig. 2A, the
reduced c2 (goodness of fit) values of a number
of competing models are shown as a function of
temperature. Undistorted models give the best
agreement at low temperature, but above 100 K

distorted models give better agreement, with a
model including displacements along 〈100〉 crys-
tallographic directions being clearly preferred.

In Fig. 2, B and C, we show the T dependence
of Pb isotropic atomic displacement parame-
ters (ADPs) and the lattice parameter, respec-
tively, refined from the simplest undistorted
model. In this model, any off-centering must be
accommodated in the refined ADP. The tem-
perature dependence of both lattice parameters
and the ADPs are linear, as expected, in the high-
temperature region. In contrast, both properties
show a downward deviation from this linear

behavior below room temperature, precisely in
the region where the PDF peak asymmetry is
changing. This cannot be explained in any har-
monic or quasiharmonic model for the lattice
dynamics, such as the Debye model (16), shown
as solid lines in the figure. The combined temper-
ature dependences of the PDF peak asymmetry
and the ADPs suggest that local ferroelectric-
like Pb2+ off-center displacements, absent at T =
0 K, gradually emerge over the temperature range
up to 250 K. At higher temperatures, the dis-
placed ions show more conventional dynamics,
resulting in a linear ADP and lattice expansion.
The amplitude of the Pb2+ ion off-centering dis-
tortion, refined in the favored 〈100〉-displacements
model, is shown in Fig. 2E. The refined distor-
tion saturates at a maximum value of 0.24 Å.
This is comparable in magnitude to ferroelectric
displacements in, for example, BaTiO3 (2). The
vicinity of a ferroelectric instability is also im-
plicated in first-principles electronic structure
calculations (7), including our recently devel-
oped self-consistent ab initio lattice dynamical
(SCAILD) method (17), as evident in fig. S3 (11).

Although the behavior observed in the PDF
is highly unusual—we know of no other obser-
vation of local dipoles emerging from an un-
distorted ground state on heating—we rationalize
it using a simple thermodynamic argument. In
Fig. 3A, we plot the familiar schematic of the
thermodynamic free energy, F, versus temper-
ature for a series of phases.

The curves slope downward with increasing
temperature, T, due to the increased contribution
of the entropy term in the free energy at higher
temperature: F = U − TS, where U is the internal
energy. Phases with higher entropies, S, slope
down more steeply and may cross below phases,
with lower internal energy becoming the stable
phase at high temperature. This is the classic
explanation of the solid-liquid phase transition.
In Fig. 3A, we represent the free energy of an
ordered ferroelectric phase as a light blue line
and that of the disordered paraelectric phase in
olive green. In the absence of competing phases,
the ferroelectric phase transition occurs at TF, where
these lines cross as indicated in the figure. Above
TF, the stable state is the paraelectric phase.

Another metastable state may exist that is
undistorted but has a higher internal energy
than the distorted phase. This is represented as
a dashed gray line in Fig. 3B. Its configurational
entropy should be the same as the ordered ferro-
electric phase (light blue curve), so in the sche-
matic we give these a similar slope, although
factors such as vibrational entropy differences
will change this somewhat in practice. Because
it is higher in energy and has a similar slope,
the free energy of this phase never crosses the
ferroelectric phase, and it is never the stable
state. However, consider the special situation in
which this competing undistorted state is very
close but slightly lower in energy than the fer-
roelectric state at T = 0. This situation is de-
picted as the red line in the figure. In this case,

A

C

F G

H

I

E

B D

Fig. 1. (A) The rock-salt structure of PbTe with various interatomic distances color coded and (B) the
respective PDF peaks marked with arrows using the same color code to illustrate how the PDF is built up
from atom-pair distances in the structure. (C) Experimental total scattering structure function F(Q) at T =
15 K (blue) and T = 500 K (red), with the corresponding PDFs (open symbols) shown in (D) and (E). The
PDF of the rock-salt structure model is superimposed as a solid red line, with the difference curve (green)
offset for clarity. (F) A stack of experimental PDFs from 15 K (blue) to 500 K (red) in ~50 K increments.
The 150 K data set is highlighted in green, and the 300 K data are in purple. The inset focuses on the
behavior of the nearest-neighbor PDF peak. (G) Fit of the rock-salt crystallographic model to the near-
neighbor PDF peak data at 15 K and (H) at 500 K. (I) Asymmetry of the near-neighbor PDF peak.
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the ground state is undistorted, but on warming
the stable state becomes the paraelectric phase,
and local fluctuating dipoles emerge out of an
undistorted ground state. This crossover is in-
dicated by TE in the figure. These thermodynamic
arguments do not explain the phenomenon, but
they give an intuitive rationalization for this be-

havior and suggest that it may be more wide-
spread than in the PbQ compounds studied here.

The thermodynamic arguments do not ad-
dress the microscopic mechanisms that could
give rise to this situation, nor do they address the
precise nature of the transition from the undis-
torted to the paraelectric phase, that is, whether

it is an abrupt transition or a diffuse crossover.
The short-range nature of the dipole fluctuations
suggests the latter, although characterizing this
will require further study. Although there is no
change in crystal symmetry, so it is not possible
to identify a macroscopic order parameter, there
is evidence for the transition in a macroscopic
structural parameter: An anomaly is evident in
the temperature dependence of the lattice param-
eter (Fig. 2B), which shows a similar negative
deviation from linear behavior at 250 K.

The structural effects we report should be
considered in future explanations of the peculiar
properties of these materials; for example, the
very low lattice thermal conductivity (18) at ele-
vated temperatures. The ferroelectric-like moment
fluctuations would also explain the well-known
strong temperature dependence of carrier scatter-
ing, which is unique in PbQ and not found in
other semiconductors such as Si, Ge, and Bi2Te3.
This dependence causes the rapid degradation
of carrier mobility with rising temperature with
a T −2.5 dependence (19). Generally, the power
exponent for the mobility in semiconductors is
~T −1.5, and it is due to the increase in vibrational
amplitude of the lattice. The high power expo-
nent in PbQ implies additional scattering mech-
anisms for the carriers that would come from
the local off-centering fluctuations of the Pb2+

ions. Similarly, our electronic structure calcu-
lations (11) find an enhanced band gap for the
locally distorted structure, indicating that the
observed anomalous increase in the band gap,
Eg, with increasing temperature observed in
PbTe (20), may be explained by the appearance
of the local distortions.

The emergence of structural dipoles from
normal, undistorted states in materials may be
more ubiquitous than currently recognized. There
are some similarities of the present situation to
the search for a hidden broken symmetry in the
pseudogap phase of high-temperature supercon-
ductors, where a short-range nematic orbital or-
dering may be relevant but is only apparent in
probes of local structure (21). The PDF is a
powerful experimental tool for probing these
effects. Finally, wemay now begin to contemplate
new ways to control these fluctuations through
appropriate chemical modifications that could
lead to large increases in the thermoelectric per-
formance of PbTe-basedmaterials.We suggest in
particular that new thermoelectrics should be
sought among materials that, like PbTe, are close
to a ferroelectric instability. It is remarkable that
binary compounds with such simple structures,
which have been known about and exploited for
thousands of years, can still harbor surprises
when studied using modern experimental and
theoretical tools.
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Large Variations in Southern
Hemisphere Biomass Burning
During the Last 650 Years
Z. Wang,1 J. Chappellaz,2 K. Park,1 J. E. Mak1*

We present a 650-year Antarctic ice core record of concentration and isotopic ratios (d13C and
d18O) of atmospheric carbon monoxide. Concentrations decreased by ~25% (14 parts per billion
by volume) from the mid-1300s to the 1600s then recovered completely by the late 1800s. d13C
and d18O decreased by about 2 and 4 per mil (‰), respectively, from the mid-1300s to the 1600s
then increased by about 2.5 and 4‰ by the late 1800s. These observations and isotope mass
balance model results imply that large variations in the degree of biomass burning in the Southern
Hemisphere occurred during the last 650 years, with a decrease by about 50% in the 1600s, an
increase of about 100% by the late 1800s, and another decrease by about 70% from the late
1800s to present day.

Carbon monoxide (CO) plays a key role in
the chemistry of the troposphere, largely
determining the oxidation potential of the

atmosphere through its interaction with hydroxyl
radical (OH). CO also interacts with atmospheric
methane, a gas whose preindustrial variability is
the topic of continuing debate (1, 2). Little is
known about the variability of CO before the
industrial age (3) or about the anthropogenic im-
pact on its budget, although both affect atmospheric
CH4 and O3 budgets and related climate-chemistry
interactions.

The main sources of atmospheric CO include
atmospheric oxidation ofmethane and nonmethane
hydrocarbons (NMHCs), biomass burning, and fos-
sil fuel combustion (4). These sources account
for about 90% of today’s global CO budget (4).
Stable isotopic ratios (d13C and d18O) in atmo-
spheric CO help to resolve the relative contribu-

tions of these sources and thus to better estimate
the global CObudget (5). To date, no isotopic ratios
from CO in ice have been reported, and few CO
mixing ratio measurements have been reported
(1, 3, 6). Through use of a recently developed ana-
lytical technique (7), we present measurements of
CO concentration ([CO]), d13C, and d18O from a
South Pole ice core [89°57'S 17°36'W; 2800 m
above sea level (asl)] and from the D47 ice core
(67°23'S154°03'E; 1550masl) inAntarctica (Fig. 1).

The combined changes in [CO], d13C, and d18O
during the past 650 years should reflect variations
in both total CO flux and a shift in relative source
strengths over time. [CO] shows a decreasing trend
from 53 T 5 parts per billion by volume (ppbv) in
the mid-1300s to a minimum of 38 T 5 ppbv in the
1600s. CO mixing ratio then increases to a rel-
atively constant value of 55 T 5 ppbv in the late
1800s. Good agreement was observed between
our [CO] data and previous measurements on
Antarctic ice samples (3, 6). Trends in both d13C
and d18O look similar to the [CO] record up to the
late 1800s. d13C [Vienna Pee Dee belemnite
(VPDB)] and d18O [Vienna standard mean ocean
water (VSMOW)], respectively, decreased from
–28.0 T 0.3‰ and 0.6 T 0.7‰ in the mid-1300s
to –30.2 T 0.3‰ and –3.4 T 0.7‰ in the 1600s,

then increased to –27.4 T 0.3‰ and 0.8 T 0.7‰
by the late 1800s.Minimum values of [CO], d13C,
and d18O roughly coincide with the Little Ice Age
(LIA; circa 1500–1800), as defined in the North-
ern Hemisphere.

Observations from Berkner Island (79°32.90'S
45°40.7'W; 890 m asl) firn and present day sam-
ples are also shown in Fig. 1. The slight decrease
of [CO] from the late 1800s to present day is thus
accompanied by large shifts in both d13C and d18O,
which is a result of variations in relative source
strengths during the past century. In particular,
methane-derived CO, which is dependent upon
methane concentration and depleted in both d13C
and d18O, increased dramatically—by 13 ppbv—
during this time (Fig. 2). Because there was
little difference in overall [CO] between the late
1800s and present day, contributions from other
CO sources must have decreased by a similar
amount. Data from Berkner Island firn air show
an increase in [CO] and a decrease in d13C since
1970 (8), reflecting the increase in atmospheric
methane (9).

The contribution from fossil fuel combustion
is negligible before the 1900s according to his-
toric CO2 emissions data (10). In addition, simu-
lations from the Model for Ozone and Related
chemical Tracers (MOZART-4) (11) show the
fossil fuel combustion contribution to today’s CO
budget in Antarctica is only 2 to 3 ppbv. Thus, the
main sources of CO able to explain our signals are
biomass burning and NMHC oxidation.

We can use isotopic compositions to help dis-
tinguish combustion-derived CO (such as bio-
mass burning) from noncombustion-derived CO
(such as hydrocarbon oxidation). C18O is a useful
tracer for this because of large differences in the
oxygen isotopic composition between combus-
tion and noncombustion sources of CO (12). The
d18O signature from combustion sources is sig-
nificantly enriched as compared with the d18O
signature from hydrocarbon oxidation processes
(12, 13). The d18O value for biomass burning–
derived CO is generally between 15 and 22‰, de-
pending on specific combustion conditions (13–15).

We used an isotope mass balance model to es-
timate the ratio of combustion to noncombustion

1Institute for Terrestrial and Planetary Atmospheres/School of
Marine and Atmospheric Sciences, Stony Brook University,
Stony Brook, NY 11794–5000, USA. 2Laboratoire de Glaciologie
et Géophysique de l’Environnement (LGGE), CNRS, University of
Grenoble, BP 96, 38402 St. Martin d’Hères Cedex, France.

*To whom correspondence should be addressed. E-mail:
john.mak@stonybrook.edu

www.sciencemag.org SCIENCE VOL 330 17 DECEMBER 2010 1663

REPORTS



Journal of Physics: Conference Series

OPEN ACCESS

Pair-distribution function analysis of the structural
valence transition in Cp*2Yb(4,4'-Me2-bipy)

To cite this article: C H Booth et al 2011 J. Phys.: Conf. Ser. 273 012149

 

View the article online for updates and enhancements.

You may also like
Spin-crossover behavior of
bis[dihydrobis(4-methylpyrazol-1-yl-
borate)]-(2,2-bipyridine)iron and analogous
complexes in the bulk and in thin films:
Elucidating the influence of –-interactions
on the type of spin transition
Sascha Ossinger, Christian Näther and
Felix Tuczek

-

Tunable spin-state bistability in a spin
crossover molecular complex
Xuanyuan Jiang, Guanhua Hao, Xiao
Wang et al.

-

Photoluminescence and scintillation
properties of Yb2+-doped SrCl2xBrx (x = 0,
1.6, 2.0) crystals
Kohei Mizoi, Miki Arai, Yutaka Fujimoto et
al.

-

This content was downloaded from IP address 130.199.251.4 on 23/01/2023 at 20:28

https://doi.org/10.1088/1742-6596/273/1/012149
/article/10.1088/1361-648X/ab5776
/article/10.1088/1361-648X/ab5776
/article/10.1088/1361-648X/ab5776
/article/10.1088/1361-648X/ab5776
/article/10.1088/1361-648X/ab5776
/article/10.1088/1361-648X/ab5776
/article/10.1088/1361-648X/ab5776
/article/10.1088/1361-648X/ab5776
/article/10.1088/1361-648X/ab5776
/article/10.1088/1361-648X/ab1a7d
/article/10.1088/1361-648X/ab1a7d
/article/10.35848/1882-0786/abc081
/article/10.35848/1882-0786/abc081
/article/10.35848/1882-0786/abc081
/article/10.35848/1882-0786/abc081
/article/10.35848/1882-0786/abc081
/article/10.35848/1882-0786/abc081
/article/10.35848/1882-0786/abc081
/article/10.35848/1882-0786/abc081
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjssAiOHQUxbuq2gwV_2jxY65wejyITmAdkcCZhc4UKns1QjWQufPO4CxiEW-RlfyPTs2SlwXAAEloaQQFNdea4_TkMG2p5TM-q-Ok0SReVYyhOSQz9ktexzeXktAkE0mJCfnrMIwWTR_mj0R4RUIbI-_hDe-v6yPsO9lz-dwHS2b7ox0vH8l7wQ8a7-TzlslZdCzVXDLIZED2XVhTQMZ3Cncp4FS0uGEHIYiJgvbU4GwSww1HwZFVin95BVcoons-libnt3JH9LJxuYN39hrVRn37EWhEgBJf3iAECVnGkpvDQ&sai=AMfl-YTajoAhAkplf6GF40_aY81ZFpQw8sblaqtEPNPTDrZOt3mG6LqhXqm_RKyHFTMqKwdhdjKvMAXK2CRsBGuwZQ&sig=Cg0ArKJSzDPMC69hkJnc&fbs_aeid=[gw_fbsaeid]&adurl=https://www.electrochem.org/toyota-fellowship%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3D2023ECSTYIF
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Abstract. The Cp∗

2Yb(L) class of compounds, where Cp∗=pentamethylcyclopentadienyl =
C5Me5 and L is either a 1,4-diazabutadiene or bipy = 2,2′-bipyridine related ligand, have
provided excellent analogies to the Kondo state on the nanoscale. Cp∗

2Yb(4,4′-Me2-bipy)
furthers this analogy by demonstrating a valence transition as the sample is cooled below 200
K. Here, pair-distribution function (PDF) analysis of x-ray powder diffraction data demonstrate
that the Cp∗

2Yb(4,4′-Me2-bipy) molecule is virtually unchanged through the valence transition.
However, the molecule’s stacking arrangement is altered through the valence transition.

In 1989, Neumann and Fulde [1] conjectured that a molecular analogue to the Kondo effect
occurs in certain Ce- and Yb-based organometallic molecules. The theory of such effects (see
Ref. [2] and references therein) indicates the traditional role of many-body interactions in
Kondo systems is reduced to, essentially, including specific configuration interactions (CIs)
to the single-electron theory using, for instance, the Complete Active Space Self-Consistent
Field (CASSCF) approach. According to such methods, intermediate valence (IV) occurs in
the ground state when open and closed shell singlet configurations mix, thereby lowering the
combined open-shell singlet state below the triplet state [2]. For example, CASSCF calculations
in Cp∗2Yb(bipy) indicate that the open-shell f13

↑ π∗1
↓ configuration interacts with, primarily, the

closed-shell f14

↑,↓π
∗0 configuration to form an open-shell singlet below the triplet configuration

[2], where Cp∗ = pentamethylcyclopentadienyl = C5Me5, Me = methyl = CH3, and bipy =
2,2′-bipyridine = (C5H4N)2. This result is in contrast to lower-order calculations from Density
Functional Theory (DFT) that indicate a triplet f13

↑ π∗1
↑ in the ground state in Cp∗2Yb(bipy) [2].

The IV ground state in the CASSCF calculation has an f -hole occupancy of about nf = 0.8,
consistent with Yb LIII-edge x-ray absorption near-edge structure (XANES) experiments [2, 3].
In analogy to the Kondo effect, the singlet interactions are made possible both by symmetry and
the more extended nature of the f -orbital in Yb and the π∗ orbital in the aromatic bipy ligand,
which plays the role of a quantum-confined metallic band in an intermetallic nanoparticle [4, 5].
The Kondo analogy has also worked very well for guiding many other aspects of the research
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[2, 6]. These studies therefore have broad implications for fields such as solid-state physics,
materials science, and organometallic chemistry, and may have future implications for nanoscale
devices, which have spurred recent interest in understanding the Kondo effect on the nanoscale.

The Me-substituted Cp∗2Yb(bipy) complexes demonstrate one of the more dramatic
differences between bulk and nanoscale Kondo behavior in that the first excited state need not
be a triplet. However, the Cp∗2Yb(4,4

′-Me2-bipy) molecule (Fig. 1) also undergoes a first-order
+10% valence transition when cooling below 200 K [3, 7]. Here, we address the low temperature
structure of the molecule using the pair-distribution function (PDF) technique to determine
whether the molecule is isomorphic through the transition, in analogy to the isomorphic valence
transition in YbInCu4 [8] and the α-γ transition in elemental cerium [9, 10].

Synthesis details for the Cp∗2Yb(4,4
′-Me2-bipy) complex are reported in Ref. [7]. In

preparation for the x-ray scattering experiments, the air-sensitive single crystals were powdered
in an inert atmosphere glove box. The finely powdered sample was packed into a 5 mm diameter
hole in a 1 mm thick aluminum plate, and then sealed between aluminized mylar windows. The
sample was then shipped to the Advanced Photon Source (APS) at Argonne National Laboratory
in a nitrogen-filled jar. The sample was removed from the jar and then placed into a displex just
prior to measurement at the 6ID-D beamline of MuCAT. Measurements were made at many
temperatures between 50 K and 300 K. X-ray powder-diffraction data were collected using the
rapid acquisition pair distribution function method [11]. The experiments were conducted using
synchrotron x-rays with a wavelength of 0.12634 Å using a circular image plate camera (Mar345)
345 mm in diameter. The camera was mounted orthogonally to the beam path with a sample-to-
detector distance of 240.464 mm. Other details of data collection and analysis are as described
previously [12]. The corrected total scattering structure function, S(Q), was obtained using
standard corrections [13] with the program PDFGETX2 [14]. Finally, the PDF was obtained

by Fourier transformation of S(Q) according to G(r) = 2

π

∫Qmax
0

Q[S(Q)− 1] sin(Qr)dQ, where

Q is the magnitude of the scattering vector. A Qmax = 15.0 Å−1 was used. Fig. 2 shows G(r)
for several selected temperatures. Fits are performed using the PDFGUI analysis package [15].

From room temperature to just above the transition, the changes in the PDF data from
temperature to temperature are small, consistent with thermally-induced variations. At the
transition, a clearly resolved change occurs, as illustrated in Fig. 2, where in the 10 K above
the transition the data overlap well (Fig. 2a), yet in the next 10 K (Fig. 2b), the changes in
the local structure are easily discernible, especially starting at about 9 Å. However, below 9 Å,
the local structure is nearly unaffected. Note that the intermolecular Yb-Yb distance is about
9 Å in these crystals, while the longest intramolecular distances are about 11 Å and the shortest
intermolecular distances ar about 4 Å. We can therefore conclude simply from these data and
with no fitting that the main structural change occurs in the molecular stacking.

Two questions remain unanswered: (1) can we resolve an actual change in the molecule’s
morphology, and (2) what is the change in the packing arrangement? To answer these questions,

Figure 1. The Cp∗2Yb(4,4′-Me2-bipy)
molecule and the position numbering scheme
for bipyridine. The Cp∗2Yb(4,4′-Me2-bipy)
molecule crystallizes into the P21/c space
group above 200 K.
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Figure 3. (a) Data and fit to the single
crystal structure. (b) Fit from (a) with
and without the 4,4′-Me2 removed.

a detailed fit should be performed. Unfortunately, attempts to fit structural models to the low
temperature data, even including a wide variety of constraints, did not produce satisfactory
results. It is possible to fit the high-temperature-phase data to the nominal crystal structure [7]
by only allowing a single mean-squared displacement parameter u2 for each atomic species, the
three lattice parameters, a scale factor, and a damping factor to vary. Such a fit is shown in
Fig. 3a. Clearly, the high-temperature-phase data represent the structure from the much more
accurate single-crystal diffraction results well.

Fortunately, we can demonstrate the sensitivity of the data (if not the fit) to possible changes
in the molecule’s morphology through the transition using these fit results. A relatively small
change in the morphology, at least as far as the x-ray scattering is concerned, would be to
eliminate a C atom from the molecule. In Fig. 3b, the effect of removing the Me carbons at
the 4,4′ sites on the bipy is illustrated by taking the fit result shown in Fig. 3a and simply
deleting these Me groups. The G(r) is nearly unaffected, except at the Yb-Me distance of
about 7 Å. This example, of course, illustrates the change from two carbon atoms; in any case,
there is no change observed on this scale below 9 Å in the data spanning the phase transition
(Fig. 2b). Consequently, we conclude that the molecule’s morphology is unaffected by the
valence transition. Changes in the bond lengths due to the change in valence can be observed in
these data, but are more accurately presented in fits to extended x-ray absorption fine-structure
(EXAFS) data described elsewhere [3].

Although the molecule has the same morphology in the high and low temperature phases, it
is possible, if not likely, that the change in packing produces a different crystal symmetry than
P21/c. A likely alternative is a Pbca structure, such as occurs for Cp∗2Yb(bipy), Cp∗2Yb(5,5′-
Me2-bipy), and others [3]. As mentioned above, fits using the Pbca structure are inconclusive.
Attempts to fit these data using Rietveld refinement also failed to produce a unique answer,
since the data can be fit using either space group if enough parameters are allowed to vary.

The molecule itself is therefore isomorphic through the valence transition, but based on the
changes in packing, the most likely conclusion regarding the crystal structure is that it is not
isomorphic through the transition. It remains unclear whether the valence transition is driven
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by the Kondo effect or not. As the low-temperature structure may well be in the Pbca space
group, the change in structure could be driven by steric effects. The observed valence transition
would then be an indication that intermolecular, Van der Waals interactions are important
in these molecules, although we note that CASSCF calculations on isolated molecules obtain
an nf that is generally well within 10% of the measured values. The changing intermolecular
interaction could, in any case, have an effect on the overall π∗ charge density, and so the change
in valence could be a manifestation of a charge-density induced change to the f -orbital coupling.
This scenario would be very similar to one suggested for YbInCu4, except that in that case the
change in density is thought to be due to a sharp band edge near the Fermi level [16].

Another possibility is that intermolecular effects are insignificant, and the valence transition
is somehow analogous to that which occurs in the α-γ transition in cerium [9, 10]. Of course, even
here, there remains a controversy regarding the basic physics underlying the volume collapes
in elemental cerium. The two general possibilities at present are the so-called Kondo Volume
Collapse model (KVM) [17], and the Mott transition model [18]. With regard to the role
of the Kondo effect, the KVM achieves a volume change by exploiting nonlinearities in the
pressure/volume relationship in the Kondo impurity model [17]. Although the possibility of a
Mott transition exists in cerium, it is unlikely that there is some local equivalent possiblity
in Cp∗2Yb(4,4

′-Me2-bipy) given the observed IV in both the high temperature and the low
temperature phases. Therefore, CI-induced IV behavior appears to play an important role
in generating the valence transition in Cp∗2Yb(4,4′-Me2-bipy), either through structural-induced
changes in charge density or through a KVM-like mechanism.
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1. INTRODUCTION

Because of its wide range of potential technological applica-
tions, such as for pigments, cosmetic products, photovoltaic cells,
and catalysis, titanium dioxide, TiO2, has been the focus of
intense research.1,2 As a well-known photocatalyst, its photo-
catalytic characteristics are greatly influenced due to the advent of
nanotechnology. With a size reduction to nanoscale, not only the
surface area of titanium dioxide particle increases dramatically,
which is important for the activity, but also the system exhibits
additional effects in optical properties and size quantization.
Reduction in size commonly involves modification of the struc-
ture and introduces nonstoichiometric conditions. Defect con-
centration highly depends on the distance from the center of the
crystal, with the regions closer to the surface retaining more
vacancies. Furthermore, the atoms at the surface tend to react
with the atmosphere (protonation, sulfur and nitrogen adsorp-
tion, etc.). Another marked effect of the reduced size comes from
the increased surface to volume ratio, and the number of atoms
near the surface becomes dominant compared to the number of
atoms in the bulk.3,4 Consequently, it is of great importance to be
able to characterize in as much detail as possible the exact nature

of the nanomaterial, to understand the origin of its properties,
and ultimately to gain control over tunability of these properties.
Therefore, nano-TiO2 is applicable in a number of branches of
traditional industry,5 such as materials for environmental treat-
ment, antimicrobial materials, and self-cleaning materials, and
could find applications as UV-block sunscreen and UV-block
paint. Most of the unique optical properties of TiO2 are derived
from its remarkably high value of refractive index,5 which
expresses the ability of a material to bend and scatter the light.
From a crystallographic point of view, bulk TiO2 crystallizes in
three main forms: anatase (space group I41/amd), rutile (space
group P42/mnm), and brookite (space group Pbca). Two other
existing structural forms, known as columbite and baddeleyite,
are stabilized only under high pressure.6 Quite generally, struc-
ture and microstructure (shape, size, surface morphology, and
anisotropy) determine the physical and chemical properties of a
material. On the other hand, structure and microstructure
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ABSTRACT:Here we report results of systematic investigation
of heterogeneity and disorder in Ti1-xFeyO2-d nanorod rutile-
based flowerlike aggregates. It was found that Ti1-xFeyO2-d

aggregates are composed of two crystalline phases: rutile as a
dominant and anatase as a minor phase. Flowerlike aggregates
were found to grow from an isometric core ca. 5-10 nm in
diameter that was built from anatase and rutile nanorods ca. 5�
100 nm that were grown on the anatase surface having base
plane (001) intergrowth with an anatase plane. The direction of
rutile nanorods growth, i.e., direction of the nanorod elonga-
tion, was [001]. Highly nonisometric rutile crystals produce
anisotropic X-ray powder diffraction line broadening and doubling of vibrational bands in Raman spectra. Both these techniques
confirmed nonisometric character of rutile crystals and gave a quantitative measure of crystal shape anisotropy in excellent
agreement with high-resolution transmission electron microscopy measurements. In addition, from the atomic pair distribution
function and Raman spectral analyses the level of vacancy concentration was determined in rutile and anatase phases of investigated
samples.
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depend on the preparation conditions. For example, it was found
that the electrical conductivity of nanocrystalline TiO2 films
exhibits a pronounced dependence on crystallite size.7-9

Wu et al. sinthesized and used titania films to assist photode-
gradation of Rhodamine B in water.10-12 They have shown that
the efficiency depends on both preparation method and thermal
treatment of synthesized titania. The efficiency of TiO2 nano-
powders in the photocatalysis was also related to synthesis
procedure.13 One of the aim of this study was synthesis of Fe-
doped TiO2 nanopowders.

While microstructure parameters strongly affect properties of
nanosized materials, nonstoichiometry can also have a profound
influence on some physical properties, such as electronic transport
properties.14,15 In TiO2, nonstoichiometry may be due to oxygen
vacancies and excess titanium on interstitial sites or Ti vacancies.

Ion doping (or partial ion substitution) of TiO2 can influence a
deviation from stoichiometry by forming oxygen vacancies and
appearance of cation deficit/suficit with a change in cation valence.
For example, in TiO2 doped by 3d ions an increase in the
photocatalytic activity has been observed.16 By incorporation of
Fe3þ in host TiO2 the light absorption of pure TiO2 is significantly
shifted from UV toward the visible spectral region.8,17

Crystalline structure, size, and shape of the particles strongly
influence the possible application of TiO2. Although for photo-
catalytic applications anatase displays higher efficiency than rutile, a
combination of anatase and rutile seems to be the best.18 However,
because of its wide band gap (3.0-3.2 eV)18 which requires UV
radiation for excitation, commercial photocatalytical application of
TiO2 is still moderate. Further, fast recombination of photogener-
ated e--hþ pairs lowers the quantum yield below 10%. The
photocatalytic efficiency of titanium dioxide could be enhanced by
doping with various elements,2,16,17,19-22 e.g., Cr3þ, Ni2þ, or Fe3þ

ions. Incorporating these ions in titania crystal structure could shift
the absorption threshold above 450 nm, resulting in absorption in
the visible part of the spectrum.16 Moreover, the shape of titanium
dioxide nanocrystals greatly influences e--hþ recombination rate.
For example, in nanorods charge carriers are free tomove along the
length of the elongated nanocrystal, which is not the case for
nanospheres. Therefore, charge carriers delocalization is higher
and, consequently, the probability of their recombination is lower.9

This study is focused on synthesis and characterization of
elongated TiO2 nanocrystals, nanorods with rutile crystalline
structure doped with Fe3þ ions. The aim of the research pre-
sented here on pure and Fe-doped TiO2 nanorods is determina-
tion of materials composition, structure, and microstructure
(particle size, morphology, microstrain, and defects concentration),
as they provide important insights for better understanding of
their properties, essential for applications. To achieve this, we
carried out HRTEM, Raman spectroscopy, X-ray diffraction
(Rietveld and atomic pair distribution function (PDF)methods),
and SQUID magnetic measurements.

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. All chemicals used were of p.a.
purity and were used without further purification. Triply distilled
water was used for aqueous solutions. TiO2 nanopowders doped
with iron ions were prepared by a modified synthetic procedure
of Abazovi�c et al.23 An appropriate amount of FeCl3 (Aldrich), in
order to get samples with 0.25, 0.50, and 1.00 of iron ions in
TiO2, was dissolved in 200 mL of triply distilled water. Then,
5 mL of TiCl4 (Fluka) prechilled to-20 �Cwas added dropwise

into solution containing FeCl3 under stirring. After 2 h of stirring
at room temperature, the obtained dispersions were heated and
kept at 60-70 �C for 24 h with continuous stirring. The resulting
precipitates were dialyzed against water until test reaction for Cl-

ions was negative. After centrifugation of dispersions, transparent
solutions were decanted and precipitates were dried in vacuum at
room temperature. Pure TiO2 powder was synthesized in the
same manner, without FeCl3 in the reaction solution. Concen-
tration of Fe3þ ions was determined by inductively coupled
plasma optical emission spectroscopy (Spectroflame ICP, 2.5 kW,
27 MHz). ICP-OES measurements were performed by measur-
ing the intensity of radiation at the specific wavelengths emitted
by each element. Obtained concentrations were 0.22, 0.47, and
1.05 at. % of Fe3þ in TiO2 matrix.
2.2. Characterization Techniques. High-resolution trans-

mission electron microscopy (HRTEM) measurements of the
samples were carried out using a TOPCON 002B electron
microscope operating at 200 kV. The samples were prepared
by ultrasonication in ethanol and deposition on a conventional
carbon-covered copper HRTEM grid. After drying, the samples
were examined by HRTEM.
Synchrotron X-ray experiments were performed at room

temperature at the 6-ID-D beamline at the Advanced Photon
Source at Argonne National Laboratory, Argonne, IL. Diffraction
data were collected using the rapid acquisition pair distribution
function (RAPDF) technique24 that benefits from two-dimen-
sional (2D) data collection. The powder samples were packed in
Kapton capillaries with diameter of 1.0 mm, sealed at both ends.
The data were collected at room temperature with an X-ray
energy of 98.65 keV (λ = 0.126 Å) selected using Si (331)
monochromator. Incident beam size was 0.5 � 0.5 mm. An
image plate detector (General Electrics)25 with active area of
410 mm� 410 mmwas mounted orthogonally to the beam path
with a sample-to-detector distance of 268.62mm, as calibrated by
using ceria standard sample.24 Each sample was exposed for 10 s,
and this was repeated six times for a total data collection time of
60 s to obtain good counting statistics. The RAPDF approach is
described in detail elsewhere.24 The data were corrected and
normalized26 using the program PDFgetX227 to obtain the total
scattering structure function, F(Q), and its sine Fourier trans-
form, the atomic PDF, G(r).
The dcmagnetization was measured in the temperature region

of 1.8-300 K, and in an applied field of 500 Oe using an MPMS
XL-5 SQUID magnetometer. Hysteresis loops were measured in
zero-field-cooled regime over (-50 kOe, 50 kOe) at tempera-
tures of 10 K.
A high-sensitivity multichannel notch-filtered INFINITY spec-

trograph (Jobin-Yvon-Horiba SAS, Longjumeau, France)
equipped with a Peltier cooled CCD matrix detector was used to
record Raman spectra between ∼150 and 2000 cm-1, using 532
and 632 nm exciting lines (YAG and He-Ne lasers). Backscatter-
ing illumination and collection of the scattered light were made
through an Olympus confocal microscope (long focus Olympus
�10 and �50 objective, total magnification �100 and �500).
Special attentionwas paid to the power of illumination used (0.1-2
mW). The examination was carried out on small particle aggre-
gates, in a procedure preferentially used for dark material.

3. RESULTS AND DISCUSSION

3.1. Morphology and Microstrucutre by HRTEM. Electron
transmission microscopy was used in order to characterize size
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and morphology of nanocrystallites. Rodlike shapes of nanocrys-
tallites were observed (Figure 1a), typical for rutile phase of
TiO2. High-resolution electron microscopy is a very good
method for revealing crystal defects such as stacking faults. Our
observations on different areas (Figure 1a and Figure 2 are
examples) revealed neither dislocations nor stacking faults inside
the crystal structure of nanorods. The average length of nanorods
was ∼80 ( 20 nm, with average diameter of ∼7 ( 2 nm for
samples containing 0.22 at. % of Fe. Similar results were obtained
for the other Fe concentrations studied, indicating that in the
investigated region Fe content did not significantly modify the
crystalline morphology and nanorod dimensions. Nanorods of
rutile samples display a flowerlike structure (Figure 1b,c). The
selected area electron diffraction (SAED) pattern (Figure 1d)
indicated that nano-objects are crystalline. Here, it is worth
mentioning results of Wu et al. on synthesis of titania thin films
with a dual structure, that is, flowerlike rutile aggregates sitting on

top of an anatase layer, that were fabricated simply by oxidizing
metallic Ti plates.10

The interplanar distance of∼3 Å corresponds to (001) planes
of rutile structure, which indicates that the preferred particle
growth direction is [001], in agreement with results of Rietveld
analysis (for details see results in section 3.2). Theoretical
calculation by Oliver et al. showed that the (001) surface has
the highest surface energy; the [001] is favored growth
direction.28 The same conclusion for rutile nanocrystals was
drawn from experimental results of Zhang et al.29 No crystalline
or amorphous phase containing Fe (pure Fe or its oxide) was
detected from the HRTEM examinations.
The HRTEM image in Figure 2a and its Fourier transform

(similar to a local microdiffraction) in the inset show that these
needles are grown parallel to the c-axis of the rutile structure.
Observation of a transverse section of these needles (Figure 2b)
reveals facets corresponding to (110) planes.

Figure 1. HRTEM images (a-c) and SAED pattern (d) of TiO2 doped with 0.22 at. % of Fe.

Figure 2. HRTEM images (Fourier transform in the inset) of longitudinal (a) and transversal (b) sections of a nanorod for TiO2 doped with 0.22
at. % of Fe.
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3.2. Structure and Microstructure Analysis in Reciprocal
Space: Rietveld and Size-Strain Analysis. The analysis of
obtained XRPD patterns (Figure 3) shows that all samples
predominantly crystallized in rutile form with a small amount
of anatase phase that could be noticed only in pure TiO2 and
TiO2 doped with 1.05 at. % of Fe. The patterns were analyzed by
FullProf program 30 started initially with standard Rietveld
refinement procedure. However, an attempt to fully implement
Rietveld refinement in order to refine all crystal structure
parameters was unsuccessful in this case; this was attributed to
the difficulties in integrated intensity calculations for highly
anisotropic particles. To avoid these problems, further analysis
was done by using FullProf in profile matching mode with the
chosen “needlelike” crystallite size line broadening model.30 The
refinement based on this model has shown very good agreement
with experiment (Figure 4). The profile of diffraction peaks was
described by Thompson-Cox-Hastings approximation of
Voigt function comprising the size and strain calculations based
on integral breadths.31,32 The instrumental full width at half-
maximum (fwhm) was derived from XRPD pattern of standard
CeO2 powder sample for microstructure analysis.33

The results obtained for cell parameters and microstructure
(crystallite size and average microstrain) are summarized in
Table 1. It was not possible to calculate average particle size
due to the fact that fwhms of certain reflections were similar to
the instrumental fwhm, so in these directions (close to [001]) it
was not possible to extract the actual particle size (these values
are indicated in Table 1 as “resolution limited”). Thus, instead of
the average size values, dimensions along three directions are
stated in Table 1: [110] direction, for which the smallest size
value was found in all samples, indicates the direction corre-
sponding to the cylinder diameter (assuming cylindrical particle
shape as observed by TEM); the second one is size along
direction [001], the value of which was too large to be correctly
evaluated by XRD, indicating the preferential particle growth
along [001] direction; the third direction listed in Table 1 is
[103], for which the size value was found to be the largest among
all nonorthogonal directions to [110]. This value can be used as
an indicator of crystallite length along [001] since the real value
along [001] cannot be precisely determined.
Table 1 shows that the isotropic microstrain increases uni-

formly with the iron content increase. However, crystallite size
changes nonuniformly with the Fe content increase. It was shown
that smallest crystallites were formed in samples doped with 0.22
and 0.47 at. % of iron. As expected, the largest crystallite size was
found in pure TiO2. However, further increase of iron content
above 0.47 at. % did not induce further decrease of size; on the

Figure 3. Part of synchrotron X-ray diffraction patterns of pure TiO2

and Fe-doped TiO2 samples (A denotes anatase contribution).

Figure 4. Rietveld fit for TiO2 doped with 0.22 at. % of Fe (Rwp∼ 3%).
The difference (bottom) curve between experimental and calculated
values is offset for clarity. Ticks mark reflections for rutile.

Table 1. Unit Cell Parameters, Average Strain, andCrystallite
Size for Pure and Fe-Doped TiO2 Nanocrystals

unit cell/strain/size pure 0.22 at. % Fe 0.47 at. % Fe 1.05 at. % Fe

a [Å] 4.6055 (3) 4.6149 (3) 4.6139 (3) 4.6078 (3)

c [Å] 2.9543 (3) 2.9536 (3) 2.9545 (2) 2.9569 (2)

average strain 10-4 20.26 (2) 25.36 (3) 28.1 (2) 30.842 (2)

size [Å]

along [110] 102 51 53 68

along [001] 23000a 16000a 22000a 12000a

along [103] 488 245 246 326
aResolution limited. These micrometer-scale values are out of XRD
measurement scope and should not be regarded as reliable.

Figure 5. Rietveld fit for TiO2 doped with 1.05 at. % of Fe (Rwp∼ 3%).
The difference (bottom) curve between experimental and calculated
values is offset for clarity. Reflection positions are represented by vertical
ticks (first row denotes rutile phase and second row anatase phase).
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contrary, 1.05 at. % Fe doped sample showed the largest particle
size among all three doped samples.
The amount of anatase phase was also found not to be in

regular correspondence with the iron content. The diffraction
patterns of samples doped with 0.22 and 0.47 at. % of iron did not
show the presence of anatase detectable by X-ray diffraction, and
these were refined as single phase patterns (Figure 4). On the
other hand, pure TiO2 and 1.05 at. % Fe doped samples gave
diffraction patterns with notable presence of anatase phase. They
were refined as two-phase patterns (for illustration, refined
pattern of 1.05 at. % doped sample is shown in Figure 5), and
the amount of anatase ratio is estimated to 4.6% and 6% for pure
and 1.05 at. % Fe-doped sample, respectively.
The crystal structures of rutile and anatase are in agreement

with literature.6 Because of very small amount of Fe, it was not
possible to refine reliably Fe content and its distribution in doped
samples. Irregular unit cell parameter change with Fe concentra-
tion increase could indicate large crystallite macrostrain or
random substitution of Ti by Fe. Large crystallite size anisotropy
is in accord with HRTEM results. Rather small strain anisotropy
indicates absence of dislocations and stacking faults, again in

accord with HRTEM results. However, the presence of point
defects in Fe-doped TiO2 could be expected.
3.3. Structure Parameters from PDF Analysis in Direct

Space. Total X-ray scattering data of all the samples were
considered in direct space via the PDF approach, using the program
PDFgui.34 Total scattering structure F(Q) is Q-weighted structure
function that enhances the signal at higher momentum transfer,Q,
compared to low Q (see Figure 6a). When Fourier transformed,
these data can be fit using the least-squares approach (Figure 6b).
This allowed overcoming the difficulties of determining structural
parameters using the Rietveld method. Data for all the samples are
consistentwith rutile structure, and refined parameters are reported
in Table 2. The starting values for lattice parameters were those
obtained from Rietveld refinement, and these were allowed to
further vary in the PDF modeling procedure. Small but obser-
vable discrepancies between the lattice parameters observed by
Rietveld and PDF methods can be attributed to the fact that the
former method depends on Bragg intensities alone, while the
later utilizes both Bragg and diffuse scattering components and
essentially yields different structural information. Oxygen occu-
pancy is also refined, indicating that the pure and 1.05 at.% Fe
samples are slightly oxygen deficient (ca. 10% for pure and 5% for
1.05 at. % Fe-doped TiO2; see Table 2), while 0.22 at. % Fe and
0.47 at. % Fe samples are nearly stoichiometric. In addition, since
some presence of anatase was observed in pure sample and
sample with 1.05 at. % Fe, as mentioned earlier, after completing
the refinement of the rutile model refinement, anatase was added
as a second phase using initial value for parameters from the
literature,35,36 and phase fraction was estimated, which is con-
sistent with the results of Rietveld refinement, and contributed to
a small but observable improvement of Rw values. The same
wide-range modeling was attempted for the other two Fe-doped
samples, but this gave unstable fits with larger value of Rw than
the single-phase rutile model.

Figure 6. (a) Representative experimental total scattering function,
F(Q), and (b) corresponding atomic PDF, G(r) (open symbols), with
rutile structure model (solid line). Difference curve is offset for clarity.
The data are shown for pure TiO2 nanocrystal at room temperature,
with Qmax = 24 Å-1 used in Fourier transform.

Table 2. Structure Parameters from PDF Refinements of
Rutile P42/mnm Model over 1.2-20 Å Rangea

parameter pure

0.22 at.

% Fe

0.47 at.

% Fe

1.05 at.

% Fe

a [Å] 4.6058 (4) 4.6076 (4) 4.6063 (4) 4.6037 (4)

c [Å] 2.9559 (5) 2.9549 (4) 2.9558 (4) 2.9568 (4)

x(O) 0.3068 (2) 0.3067 (2) 0.3069 (2) 0.3056 (2)

Uiso(Ti) [Å
2] 0.00746 (5) 0.00627 (5) 0.00604 (5) 0.00588 (5)

Uiso(O) [Å
2] 0.01319 (4) 0.01304 (4) 0.01339 (4) 0.01649 (4)

occupancy (O) 0.90 (1) 0.98 (1) 0.98 (1) 0.95 (1)

Rw [%] 14.0 14.8 14.6 14.5

with anatase Rw [%] 13.0 13.2

anatase fraction [%] 5 (3) 6 (3)
aTi is at 2a (0,0,0) position while O is at 4f (x, x, 0). Anatase I41/amd
phase was used as a secondary phase to fit data for pure and 1.05 at.
% Fe-doped samples.

Figure 7. Simulated PDF profiles based on room temperature rutile
(top) and anatase (bottom) models. Specific pair contributions are
labeled for reference close to peaks that they contribute to. After the
second well-pronounced PDF peak, higher-r peaks for the two structures
are completely out of registry. Notably, the second pronounced PDF
peaks in both profiles are very close in position, with offset indicated by
arrows and dashed lines. The largest discrepancy between the rutile
model and the data, observable from the difference curve in Figure 6b, is
precisely in this range.
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Typical fit of rutile model is shown in Figure 6b. The model
works rather well, with only a noticeable mismatch in the low-r
region, around 3 Å. This type of discrepancy is often observed in
cases of nanocrystals when there are appreciable surface recon-
struction effects. However, another possible source of the
discrepancy could be the presence of highly amorphous anatase
phase. If we consider the second PDF peak, the discrepancy in
the fit, Figure 6b, is such that the data PDF has extra intensity at
the high-r side of the peak, with respect to the model PDF.
Interestingly, the same type of mismatch is observed in the
second PDF peak of model profiles calculated for rutile and
anatase, based on literature values for the two crystallographic
phases of TiO2 (Figure 7). To further test whether this is con-
sistent with the data, we have carried out a two phase refinement
over a narrow r-range from 1.2 to 4.0 Å where this discrepancy is
observed. While parameters for rutile phase were fixed to values
obtained from single-phase fits (Table 2), anatase parameters
were varied. The results are summarized in section 3.6.
3.4. Fe Ion Distribution. From the magnetic point of view

Fe-doped or substituted TiO2 belongs to diluted magnetic
semiconductors (DMS). Among different DMS, the 3d ions
ZnO and TiO2 in hosts are of importance as potential materials
for spintronics.37 However, to be applicable in this sense, they
need to show the ferromagnetic behavior at room temperature. A
number of recent publications deal with magnetic ion-doped
TiO2 and ZnO.

38 There are some published experimental results
regarding room temperature magnetism for these materials,
followed by many propositions on causes of high-temperature
ferromagnetism in a magnetic ion-doped TiO2 and ZnO.39

However, our magnetization measurements versus temperature
and field have shown characteristics of typical paramagnetic
behavior for all Fe-doped samples (Figure 8). The presence of
Fe ion clusters was not detected, which is not completely
surprising having in mind very low Fe concentration in the
samples studied.
3.5. Raman Spectroscopy. From Figure 9 it is evident that all

samples studied were composed only from rutile and anatase
(although the latter in small fraction).40-44 Evidently, anatase/
rutile ratio is highest in pure TiO2 and TiO2 with 1.05 at. % of Fe,
in agreement with the results of Rietveld and PDF refinements.
Although the anatase content is similar for pure and 1.05% Fe
batch (∼5-6% in volume, Table 2), strong differences are

observed in their Raman spectra: The spectrum of the latter
compound is dominated by the anatase signature, but the main
peak is broadened (fwhm = 33 cm-1 instead of 11 cm-1) and
shifted from 146 to 159 cm-1. A possible explanation of this
observation is that the broad and diffuse background-like X-ray
scattering observed below 3� 2θ in Figure 3 for pure TiO2

corresponds to amorphous anatase and that the true anatase
content is in fact much higher than reported in Table 1. By
comparison with pure TiO2 where standard crystalline anatase
signature is observed, we can conclude that anatase content in
0.22 and 0.47% Fe:TiO2 is less than 1% in volume. Careful
examination of the Raman signature of these two compounds
shows unusual features: Rayleigh wings extend at least up to
∼400 and 800 cm-1. Such Raman feature is observed for
disordered compounds such as substituted zirconia, especially
those obtained from sol-gel route,45 Al2TiO5 nanopowders
prepared by high-energy ball milling,46 and in glassy silicates
(the so-called “boson peak”).4 The common feature of these
materials is the presence of defects (oxygen vacancies and
substituted atoms, stacking faults and Fe2þ/Fe3þ distribution,
compensating cations and depolymerization, etc.) which breaks
the periodicity and the propagation of the phonons and hence
make active at the zone center modes of the whole Brillouin zone.
In our case the small needle section, the Ti/Fe substitution, and
presence of oxygen vacancies can hinder the propagation of the
phonons and induce a vibrational distribution of state signature.
The size effect is expected to be the dominant effect.
By comparing fwhm of the Raman bands, it is evident that

fwhm increase as Fe content increases. This is likely due to the
phonon breaking by Fe ions and vacancies that are formed during
the replacement of Ti4þ by Fe. Additionally, increase of the
background intensity with increasing Fe content is evident. This
could be ascribed again to the phonon breaking by Fe ions and
vacancies that are formed during replacement of Ti4þ by Fe3þ or
Fe2þ. In order to make appropriate fits of Raman spectra, not
only the bands of vibrations belonging to anatase and rutile were
fit by pure Lorentzian profiles but also fit of a “boson-like” peak
was added in order to take into account vibrations that represent
a disordered part of the material (Figure 10).47 Evidently, boson-
like peak intensity increases with the increase of the Fe content,
indicating that disordered part of the structure increases as the Fe
concentration increases. However, the rutile/anatase ratio did
not change systematically with change of the Fe content. This

Figure 8. Magnetization versus temperature for TiO2:Fe samples mea-
sure after zero field cooling. Inset: magnetization versus magnetic field.

Figure 9. Raman spectra of pure and iron-doped TiO2 nanocrystals
(A = anatase; R = rutile).
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suggests that the range of Fe concentrations between 0.2 and
0.5 at. % could be optimal for preparation of pure rutile specimen
(or maximizes the rutile contribution to the structure).
By comparing our results with recent results of Zukerman

et al.48 and Swamy et al.49 in regard to crystallite size measured
from Raman spectroscopy, it could be found that our result for
pure anatase is in agreement with their predictions giving ca. 5-
10 nm crystallite size on average. This is also in line with the
results obtained from PDF analysis (for details see sections 3.3
and 3.6).
The investigated rutile nanorods are elongated in one direc-

tion, and the average crystallite size and form are presumably too
complex to be defined by Raman spectroscopy. Notably, Mazza
et al.44 demonstrated that the phonon confinement model is not
adequate for explaining the features of the lattice dynamics of
rutile nanocrystals of any form. However, a simple and effective
procedure can be applied for this purpose if calibration diagrams
produced by Swamy42 (see Figures 4 and 5 in ref 42) are utilized
properly. Considering a highly anisotropic object, we could
expect that Raman spectrum for such an object is composed of
two convoluted bands originating from two different directions
each. These bands should be close to each other, different in
fwhm, and with equal intensity. Results of fits presented in
Figure 10 for pure TiO2 are in good agreement with this predic-
tion for twomost intense rutile bands centered at ca. 445 and 605
cm-1. For both vibration bands two peaks with equal intensity
within experimental error were obtained (Table 3). Therefore,
the results of our fit indicate that investigated rutile crystals
are highly anisotropic, with two dominant dimensions of ca.
5 and 100 nm.
For iron-doped samples the calibration curves could not be

used since both position and fwhm of the used Raman mode
depend on the iron content as well as on the vacancy concen-
tration.44 This issue is more pronounced for highly anisotropic
crystals, such as these that we investigated. Notably, Wang et al.1

recorded Raman spectra on amixed anatase/rutile nanopowders,
both pure and doped with iron. In 1% Fe-doped and 2% Fe-
doped specimens they found a shift in position of the main
anatase band with respect to pure compounds from 146.2 to
149.7 cm-1 and to 155.6 cm-1, respectively. This is an indi-
cation that anatase in our specimen, considering the position of
main vibrational band at 159 cm-1, contains between 2 and 3% of
iron. We speculate that in the synthesis process Fe from the
reaction volume prefers to be taken by anatase, rather than rutile.

3.6. Formation, Location, Structure, and Morphology of
Anatase. Structural and Raman spectroscopy results showed
that samples crystallized predominantly in rutile form. It was
shown that at the nanoscale anatase phase is thermodynamically
more stable than rutile, while in bulk form rutile is the more
stable phase.50,51 Consequently, the applied synthesis method
enables one to obtain rutile—thermodynamically stable TiO2—
even in nanoprticle form. It should also be noted that TiO2

doped with Fe favors rutile formation. As it is evident that even
pure TiO2 crystallized predominantly in rutile form, this indi-
cates that doping is not the dominant factor in the crystallization
process.
Through HRTEM assessment of the structure no anatase was

observed. Both Rietveld and intermediate range PDF analyses
showed that anatase could only be observed if its quantity is
greater than ca. 5% (Table 3). Further, results of PDF refine-
ments over a narrow r-range are consistent with presence of small
fraction of nearly amorphous anatase in all investigated samples.
The total scattering-based PDF approach, which includes both
Bragg and diffuse scattering components into consideration, has
the advantage over Rietveld approach, in that it can probe both
intermediate and short-range order in a material, i.e., well-crys-
talline and “amorphous-like”material. The results of short-range
PDF analysis point to a conclusion that small amount of anatase
observed in the nanocrystal system is poorly crystalline. Higher
content of anatase in predominantly rutile structure is system-
atically obtained when PDF refinement was performed over a
narrow range from 1.2 to 4.0 Å than over a range from 1.2 to
20.0 Å. Although we cannot exclude a possibility of the presence
of anatase at the surface,52 a more plausible explanation could be
that anatase is located in the flower center. This position of
poorly crystalline anatase is consistent with its low quantity and
also explains why it could not be observed by HRTEM. On the

Figure 10. Raman spectra of pure TiO2 nanocrystals and TiO2 nanocrystals doped with 0.22 at. % of Fe (A = anatase contribution, R = rutile
contribution, B = “boson-like” contribution).

Table 3. Results of Fit Presented in Figure 10 (Errors in
Parentheses)

center of gravity [cm-1] fwhm [cm-1]

0% Fe 0.22% Fe 0% Fe 0.22% Fe

448.1 (6) 448 (2) 18 (1) 24 (4)

432 (4) 425 (8) 27 (3) 37 (7)

610.5 (2) 611.7 (6) >20.3 (9) 26 (3)

603 (2) 570 (9) 53 (6) 65 (13)
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other hand, it is well-known that TiO2—especially anatase
structure in the form of nanorods or nanotubes—may contain
few % of protons.52 If we consider that proton stabilizes anatase,
this would suggest that the amorphous anatase is actually located
at the surface of the rutile needles, since protonation is easier at
the surface than in the core of the rod. However, HRTEM
measurements did not reveal presence of anatase on rutile
nanorod surface, and the samples were properly dried in vacuum
at room temperature to a constant weight before all the experi-
ments were carried out. The fraction of anatase obtained from
PDF refinements over the range between 1.2 and 20.0 Å is in
agreement with the Rietveld refinement results, as expected,
since intermediate range order dominates the PDF in this case.
With all these considerations in mind, we speculate that the most
plausible scenario is the one in which small particles of anatase
with low degree of crystallinity form initially, followed by further
crystallization of rutile nanorods, finally resulting in formation of
well-crystalline flowerlike aggregates. Iron concentration appears
not to play role neither for the crystal morphology nor the rutile/
anatase stability.

4. CONCLUSION

Industrial applicability of TiO2 and Fe-doped TiO2 nano-
crystals critically depends on detailed knowledge of their size,
strain, size distribution, particle morphology, cation distribution,
and presence of defects. This motivated the study of Fe-doped
TiO2 nanocrystals to determine details of their structure and
morphology. Rietveld and atomic PDFmethods were applied on
X-ray powder diffraction data. The analysis of the obtained
XRPD patterns and Raman spectra revealed that synthesized
samples with 0, 0.22, 0.47, and 1.05 at. % of iron ions in TiO2

predominantly crystallized in rutile form, with a small contribu-
tion of anatase phase. High-resolution transmission electron
microscopy and Raman spectroscopy revealed specific structure
of flowerlike aggregates composed from rodlike shapes of rutile
nanocrystallites, while SQUID magnetic measurements showed
that Fe clusters were not formed. All techniques used are com-
plementary, and when used in combination, they reveal useful
information and provide a more complete picture about hetero-
geneity and disorder in Ti1-xFeyO2-d nanocrystal rutile-based
flowerlike aggregates. The core of the nanocrystals (probably
isometric) is made of anatase (presumably iron-rich), while the
needlelike nanorods with rutile structure grow on the initially
formed anatase, thus forming the rest of the flowerlike aggregate.
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Iron-based materials have been the focus of exploratory
search for new superconductors since the discovery of
LaFeAsO1−xFx with a transition temperature Tc up to 26 K.1

Several superconducting families were discovered soon after
RFePnO (R = rare earth; Pn = P or As, FePn-1111 type),2–4

including α-PbO-type FeCh (Ch = S,Se,Te; FeCh-11 type)
materials that do not have any crystallographic layers in
between puckered FeCh slabs.4 FeCh-11-type materials share
a square-planar lattice of Fe with a tetrahedral coordination
and Fermi surface topology similar to other iron-based
superconductors.5 Under external pressure,6,7 Tc can be in-
creased from 8 to 37 K and dTc/dP can reach 9.1 K/GPa,
the highest in all iron-based superconductors.7 The empirical
rule proposed by Mizuguchi et al. proposes that the critical
temperature is closely correlated with the anion height between
Fe and Ch layers. There is an optimal distance around
0.138 nm with a maximum transition temperature Tc � 55 K.8

Intercalation can change the local environment of the
FeSe tetrahedron and introduce extra carriers. The interca-
lation could also decrease the dimensionality of the con-
ducting bands. This is favorable for superconductivity since
the presence of low-energy electronic collective modes in
layered conductors helps to screen Coulomb interaction.9

This is seen in iron-based superconductors: Tc increases
from FeCh-11 type to FePn-1111 type. Very recently the
superconducting Tc was enhanced in iron selenide material
to about 30 K not by external pressure but by inserting
K, Rb, Cs, and Tl between the FeSe layers (AFeSe-122
type), thus changing the crystal structure around the FeCh
tetrahedra.10–13 Similar to pressure effects, the intercalation
using elements with +1 valence decreases the Se height
toward the optimum value.12 The expanded FeSe interlayer
distances could also contribute to reducing the dimensionality
of the conducting bands and magnetic interactions. On the
other hand, the insulating-superconducting transition can be
induced in (Tl1−xKx)Fe2−ySe2 by tuning the Fe stoichiometry
and implying that the superconductivity is in the proximity of
an antiferromagnetic Mott-insulating state.13 Thus, exploring
new oxychalcogenide and chalcogenide compounds contain-
ing similar FeCh layers would be instructive.

In this Rapid Communication, we report the discovery of
KxFe2−yS2 single crystals isostructural to 122 iron selenide
superconductors. The structure analysis indicates that the
anion height might not be essential for superconductivity.
The resistivity and magnetic measurements suggest a spin-
glass (SG) semiconductor ground state similar to that of the

TlFe2−xSe2 with high Fe deficiency, even though the anion
heights are close to values found in iron-based superconductors
with Tc above 20 K.13,14

Single crystals of KxFe2−yS2 were grown via the self-
flux method15 with nominal composition K:Fe:S = 0.8:2:2.
Prereacted FeS and K pieces were added into the alumina
crucible with a partial pressure of argon gas. The quartz tubes
were heated to 1030◦C, kept at this temperature for 3 h, then
cooled to 730◦C. Platelike crystals up to 10 × 10 × 3 mm3

can be grown. Powder x-ray diffraction (XRD) data were
collected at 300 K using 0.3184-Å wavelength radiation
(38.94 keV) at the X7B beamline of the National Synchrotron
Light Source. The average stoichiometry was determined by
energy-dispersive x-ray spectroscopy (EDX). Electrical trans-
port, heat capacity, and magnetization measurements were
carried out in Quantum Design PPMS-9 and MPMS-XL5.

Figure 1(a) shows powder XRD data at room tempera-
ture and structural refinements on KxFe2−yS2 using General
Structure Analysis System (GSAS).16,17 A model possessing
tetragonal ThCr2Si2 structure and space group I4/mmm
failed to explain the observed diffraction pattern due to the
clear appearance of (110) and other superlattice reflections
indicating symmetry lowering to I4/m. Data were successfully
explained to within I4/m symmetry, incorporating the Fe
vacancy order site, with lattice parameters a = 8.3984(5) Å
and c = 13.5988(11) Å, which are appreciably smaller than
those observed in the selenium counterpart.10 The c axis is
particularly reduced due to the smaller ionic size of S2− when
compared to Se2−. The ordered Fe vacancy is the same as in
KxFe2−ySe2.18 This may imply a similar origin of magnetic
behavior for both compounds. Atomic positions with refined
parameters are listed in Table I. Refinements yield that K1, K2,
and Fe1 positions are partially occupied, while Fe2 positions
are almost fully occupied. It should be noted that, when K1 and
Fe1 positions are fully unoccupied while K2 and Fe2 are fully
occupied, the corresponding chemical formula is K0.8Fe1.6S2

and the Fe vacancy is completely ordered. The average atomic
ratios from EDX are consistent with K0.88(6)Fe1.63(4)S2.00(1),
indicating that there are both potassium and iron deficiencies
from ideal 122 stoichiometry, in good agreement with XRD
fitting results. It should be noted that 18.5% of the iron
precipitates on the surface of the ingot on cooling. The iron
precipitates are easy to remove and have no influence on the
physical properties of KxFe2−yS2.

The in-plane resistivity ρab(T ) of the KxFe2−yS2 single
crystal rapidly increases with decreasing the temperature
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FIG. 1. (Color online) (a) Powder XRD patterns of KxFe2−yS2

and fit using I4/m model. Inset: low-scattering-angle part, emphasiz-
ing the presence of superlattice reflections characteristic of I4/m
symmetry. Enlarged isotropic thermal parameters, particularly in
the potassium layer, are indicative of local disorder present in the
structure. (b) Crystal structure of KxFe2−yS2 in I4/m unit cell with
vacant Fe1 sites (small red circle) and K1 sites (light blue) (left).
Sketch of the FeS slab (c-axis view) with ordered Fe vacancies (right).
Small yellow and large gray squares illustrate I4/mmm and I4/m unit
cells, respectively.

from ρab(300 K) ∼ 100 m� cm and there is no obvious
magnetoresistance (Fig. 2). The ρab(T ) is thermally activated:
ρ = ρ0 exp(Ea/kBT ), where ρ0 is a prefactor and kB is
the Boltzmann constant [inset (b) of Fig. 2]. Using the
ρab(T ) data from 70 to 300 K, we estimate ρ0 ∼ 11.7(2)
m� cm and the activation energy Ea = 51.8(2) meV. The
semiconducting behavior might be at least partially ascribed
to the deficiency of Fe in the Fe-Se plane that would introduce
a random scattering potential, just like in highly Fe deficient
KxFe2−ySe2 and TlFe2−xSe2.13,14,19

The magnetic susceptibility with H‖ab is larger than
with H‖c [Fig. 3(a)], similar to the observed anisotropy in
TlFe2−xSe2.14 The most interesting characteristics are the
absence of Curie-Weiss behavior and the obvious bifurcation
between the zero-field-cooling (ZFC) and field-cooling (FC)
curves below 32 K. This might suggest the presence of low-
dimensional short-range magnetic correlations and/or a long-
range magnetic order above 300 K, and an antiferromagnetic
phase transition at low temperatures. The M(T ) irreversible
behavior below 32 K implies some ferromagnetic contribution

TABLE I. Structural parameters for KxFe2−yS2 at room
temperature.a

Chemical formula K0.88Fe1.63S2

Space group I4/m

a (Å) 8.3984(5)
c (Å) 13.5988(11)
V (Å3) 959.17(11)

Interatomic distance (Å) Bond angle (deg)

dFe1-S2 [4] 2.4170(12) S2-Fe1-S2 [2] 110.1(5)
dFe1-Fe2 [4] 2.5914(16) S2-Fe1-S2 [4] 109.2(3)
dFe2-S1 [1] 2.3647(11) S1-Fe2-S2 [1] 103.9(5)
dFe2-S2 [1] 2.3369(11) S1-Fe2-S2 [1] 109.8(3)
dFe2-S2 [1] 2.3005(11) S1-Fe2-S2 [1] 111.0(3)
dFe2-S2 [1] 2.2660(11) S2-Fe2-S2 [1] 105.3(3)
dFe2-Fe2 [2] 2.6495(16) S2-Fe2-S2 [1] 117.7(2)
dFe2-Fe2 [1] 2.8135(17) S2-Fe2-S2 [1] 108.7(5)

Anion heights (Å)

S1 to Fe1 1.388(5) S2 to Fe1 1.384(5)
S1 to Fe2 1.334(5) S2 to Fe2 1.439(5)

Atom x y z Occ Uiso (Å2)

K1 0 0 0.5 0.84(12) 0.059(15)
K2 0.80(2) 0.418(6) 0.5000 0.89(3) 0.059(15)
Fe1 0 0.5 0.25 0.08(4) 0.0136(3)
Fe2 0.2954(5) 0.4111(5) 0.2460(16) 1.00(1) 0.0136(3)
S1 0 0 0.1479(5) 1.00(0) 0.0111(6)
S2 0.1113(4) 0.292(1) 0.3518(3) 1.00(0) 0.0111(6)

aValues in brackets give the number of equivalent distances or angles
of each type.

to magnetic susceptibility or a glassy transition where spins
would be frozen randomly below the freezing temperature
Tf . Similar magnetization was reported in TlFe2−xSe2 and

FIG. 2. (Color online) Temperature dependence of the in-plane
resistivity ρab(T ) with H = 0 [solid (red) circles] and 90 kOe [open
(blue) squares]. Inset (a): single-crystal XRD pattern of KxFe2−yS2

obtained using Rigaku Miniflex. The crystal surface is normal to the
c axis with the plate-shaped surface parallel to the ab plane. Inset (b):
fitting result using thermally activated model for ρab(T ) in zero field.
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FIG. 3. (Color online) (a) ZFC and FC dc magnetic susceptibility
with H‖c and H‖ab below 300 K. Inset: isothermal M(H ) for H‖c
at T = 1.8, 50, and 250 K. (b) Temperature dependence of χ ′(T )
measured at several fixed frequencies. Inset: frequency dependence
of Tf . The solid line is the linear fit to the Tf data. (c) MTRM vs t

at 10 K with various dc fields and tw = 100 s. The solid lines are
fits using a stretched exponential function. Inset (a): MTRM vs t at 10
and 60 K with H = 1 kOe and tw = 100 s. Inset (b): magnetic field
dependence of 1 − n and τ .

KFeCuS2. 14,20 The inset in Fig. 3(a) shows the magnetization
loops for H‖c. At 250 K, the M-H loop is almost linear
and there is no hysteresis. However, an S-shaped M-H
loop can be observed at 1.8 K, which is typical behavior
of a SG system.14 The S-shaped M-H loop is present at
T = 50 K, which indicates that short-range ferromagnetic
interaction may exist above Tf . As shown in Fig. 3(b),
the peak in the real part of ac susceptibility χ ′(T ) exhibits

strong frequency dependence in an ac magnetic field. When
the frequency increases, the peak positions shift to higher
temperatures whereas the magnitudes decrease, indicating
typical SG behavior.21 By fitting the frequency dependence of
the peak shift using K = �Tf /(Tf � log f ), we obtained K =
0.0134(5) [inset of Fig. 3(b)]. This is in agreement with values
(0.0045 � K � 0.08) found in the canonical SG system, but
much smaller than in a typical superparamagnet.21 Figure 3(c)
shows the magnetic field dependence of the thermoremanent
magnetization (TRM). The sample was cooled from T = 60 K
(above Tf ) in a magnetic field to T = 10 K (below Tf )
and then kept at 10 K for tw = 100 s. Then the magnetic
field was removed and the magnetization decay MTRM(t)
was measured. It can be seen that, below Tf (T = 10 K),
MTRM(t) decays slowly so its value is nonzero even after
several hours. This is another signature of the SG behavior,
i.e., the existence of extremely slow spin relaxation below
Tf .21 In contrast, above Tf , MTRM(t) quickly relaxes and does
not show slow decay [inset (a) of Fig. 3(c)]. The magnetization
decay can be explained well using a stretched exponential
function commonly used to explain TRM behavior in SG
systems, MTRM(t) = M0 exp[−(t/τ )1−n], where M0, τ , and
1 − n are the glassy component, the relaxation characteristic
time, and the critical exponent, respectively. It can be seen
[inset (b) of Fig. 3(c)] that τ decreases significantly with field
but 1 − n increases slightly. On the other hand, the value of
1 − n is close to 1/3, consistent with theoretical predictions
and the experiments on traditional SG systems.22,23 The SG
behavior could originate from Fe clusters induced by vacancies
and disorder, and the exchange interactions between spins
within a cluster would depend on the distribution of iron
ions (Table I).20 Indeed, in TlFe2−xSe2, the ground state is
a reentrant spin glass if the content of Fe is less than 1.7.14

However, for x values larger than 1.7, TlFe2−xSe2 becomes a
superconductor below 20 K.13 Therefore, superconductivity in
KxFe2−yS2 might be induced for a smaller deficiency of Fe.

FIG. 4. (Color online) Temperature dependence of specific heat.
Inset (a): low-temperature specific-heat data in the plot of Cp/T

vs T 2. The solid (blue) line is the fitting curve using the formula
Cp/T = γSG + βT 2. Inset (b): enlarged area near the magnetic
transition region of Cp/T − T .
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The specific heat of KxFe2−yS2 (Fig. 4) approaches the
Dulong-Petit value of 3NR at high temperature, where N is
the atomic number in the chemical formula (N = 5) and
R is the gas constant. At low temperature, the specific
heat can be fitted using Cp = γSGT + βT 3 [inset (a) of
Fig. 4]. The variable γSG is commonly found in magnetic
insulating SG systems, implying a constant density of states
of the low-temperature magnetic excitations.24–26 The second
term is due to phonon contribution. The obtained γSG is
1.58(6) mJ mol−1 K−2. The Debye temperatures 
D can
be calculated from β through 
D = (12π4NR/5β)1/3 to be

D = 284.3(7) K. It should be noted that, as opposed to the
usual λ anomaly, there is a very weak broad hump of Cp/T

near T = 32.6 K [inset (b) of Fig. 4]. This is expected for bulk
low-dimensional or glassy magnetic systems.24,27,28

The discovery of KxFe2−yS2 implies that it is possible
to tune conductivity and magnetism by changing chalcogen
elements (S and Se) in isostructural KxFe2−yCh2 materials.
According to Table I, anion heights S1 to Fe1 and S1 to Fe2 in
K0.88(6)Fe1.63(4)S2.00(1) are close to the alleged optimal value of
1.38 Å, comparable to distances in FePn-1111-type materials
and lower than in KxFe2−ySe2.8,12 Hence, if the anion height
is the crucial parameter, the sulfide compound should be a

superconductor with higher Tc than that of KxFe2−ySe2. How-
ever, it is a semiconductor, not a superconductor. We also note
that in KxFe2−yS2 there are two Fe sites and two corresponding
anion heights. Our results indicate that the anion height values
may be not essential parameters that govern superconductivity
in AFeSe-122 compounds. In contrast, it suggests that disorder
and site occupancies are significantly important.

In summary, we report the discovery of KxFe2−yS2

single crystals isostructural to Tc = 33 K superconductor
KxFe2−ySe2 and exhibiting a similar width of formation and
vacancies at both potassium and iron sites. Sulfide material
is semiconducting and glassy magnetic, suggesting that the
physical properties are governed by stoichiometry, defects,
and local environment of Fe-S tetrahedra.
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Understanding iron-based superconductors requires high-quality impurity-free single crystals. So far they
have been elusive for β-FeSe and extraction of intrinsic materials properties has been compromised by several
magnetic-impurity phases. Here, we report synchrotron-clean β-FeSe superconducting single crystals grown via
LiCl/CsCl flux method. Phase purity yields evidence for a defect-induced weak ferromagnetism that coexists with
superconductivity below Tc. In contrast to Fe1+yTe-based superconductors, our results reveal that the interstitial
Fe(2) site is not occupied and that all contribution to density of states at the Fermi level must come from
in-plane Fe(1).

DOI: 10.1103/PhysRevB.83.224502 PACS number(s): 74.70.Xa, 74.62.Bf, 74.25.Ha, 74.62.Dh

I. INTRODUCTION

The physics of complex superconductors, such as the
cuprates and iron-based superconductors, cannot be under-
stood unless pure, high-quality materials are available that
allow the intrinsic properties to be separated from extrinsic
and impurity effects. In FeAs and Fe(Se)Te, just as in high-Tc

cuprate and heavy-fermion materials, competing or coexisting
magnetic order is closely associated with superconductivity.1

This suggests proximity to a magnetic critical point and
an unconventional origin of superconductivity where spin
fluctuations may contribute to pairing.2–4 The observation of
weakly localized rather than itinerant magnetism sensitive to
structural changes raises the fundamental question of how
strongly correlated are the charges in Fe superconductors
and what is the origin of the magnetic order.5–7 Of particular
interest is superconducting β-FeSe, a compensated semimetal
without a crystallographic charge reservoir that superconducts
at about 8 K without any carrier doping.8 It has a giant pressure
coefficient of Tc of 9.1 K/GPa, enhancing Tc up to a maximum
of 37 K, the third highest known critical temperature for any
binary compound.9

A major obstacle in understanding intrinsic magnetism in
β-FeSe has been the purity of the material itself. Magnetic
impurities such as α-FeSe, Fe7Se8, Fe3O4, and elemental
Fe are ubiquitous in all as-grown crystals and sometimes
polycrystals.10–13 They contribute to the large ferromagnetic
(FM) background, seen in the M-H loops below supercon-
ducting Tc. Modification of the original Fe-Se phase diagram
near 1 : 1 stoichiometry suggested that β-FeSe is not stable
at room temperature since it converts to hexagonal α-FeSe
below 300 ◦C.12,14 Consequently, the absence of an exposed
liquidus surface in the binary alloy phase diagram and the
metastable nature of the superconducting FeSe are considered
to be prohibitive and insurmountable factors for single-crystal
preparation using standard synthesis methods.

Here, we describe a synthetic approach that yields stoi-
chiometric and phase-pure materials and we report intrinsic
structural and magnetic properties of superconducting β-FeSe.

These include evidence for defect-induced weak ferromag-
netism (WFM) and the absence of interstitial Fe(2) whose
occupancy governs the magnetic and structural phase diagram
in isostructural Fe1+yTe.7

II. EXPERIMENT

Powders of LiCl and CsCl, elemental Fe and Se were added
together with the flux into an alumina crucible and sealed
under partial Ar atmosphere. The ampoule was heated to a
homogenization temperature of 715 ◦C, where it was kept for
1 h and then removed into a preheated furnace at 457 ◦C. After
slow cooling to 300 ◦C, it was quenched in water.

Medium resolution, room temperature (300 K) x-ray
diffraction measurements were carried out at X7B beamline at
National Synchrotron Light Source (NSLS) at the Brookhaven
National Laboratory, using a 0.5 mm2 monochromatic beam
of 38.92 keV (λ = 0.3184 Å). Pulverized sample was filled
into a 1 mm diameter cylindrical Kapton capillary and the data
collection was carried out in a forward-scattering geometry
using a Perkin Elmer 2D detector mounted orthogonal to the
beam path 378.3 mm away from the sample.

Single crystals of β-FeSe were also mounted on glass
fibers for examination using an Oxford-Diffraction Xcal-
ibur 2 charge-coupled device four-circle diffractometer with
graphite-monochromated MoKα radiation. Elemental and
microstructure analysis were performed on several β-FeSe
crystals as well as on the particular crystals chosen for
resistivity and magnetization using energy-dispersive x-ray
spectroscopy in a JEOL JSM-6500 scanning-electron micro-
scope (SEM).

Sample dimensions were measured with an optical mi-
croscope Nikon SMZ-800 with 10 μm resolution and M/H

values were corrected for straw background at each (T ,H ) of
the measurement, real sample volume, and demagnetization
factor. Thin Pt wires were attached to electrical contacts
made of Epotek H20E silver epoxy for a standard four-probe
measurement with current flowing in the (101) plane of the
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tetragonal structure. Magnetization and resistivity measure-
ments were carried out in a Quantum Design MPMS-5 and
PPMS-9, respectively.

III. RESULTS

Figure 1 shows Fe-Se and LiCl-CsCl phase diagrams.14,15

The superconducting PbO-type β-FeSe is a low-temperature
crystallographic phase that decomposes into Fe and hexag-
onal NiAs phase (α-FeSe) at 457 ◦C [Fig. 1(a)]. It coexists
with hexagonal α-Fe7Se8 below 300 ◦C for certain Fe-Se
stoichiometry.14 Previous attempts (for example, Refs. 10,11,
and 16) to prepare single crystals of β-FeSe-involved nucle-
ation and growth using KCl/NaCl flux or vapor transport
reactions. We choose a LiCl-CsCl flux method of synthesis
due to the presence of a low-temperature eutectic at 326 ◦C,
well below the decomposition temperature of β-FeSe.15 The
crystal growth possibly includes nucleation of Fe7Se8 above
700 ◦C and structural phase transition at low temperatures.
As opposed to crystals grown in KCl,16 the low-temperature
eutectic [Fig. 1(b)] allows for complete transition to tetragonal
β-FeSe from 457–300 ◦C in a large fraction of crystals grown
in a batch. Platelike FeSe crystals with the (101) plane exposed
and elongated in one direction up to 1.5 × 0.5 × 0.05 mm3

FIG. 1. (Color online) Fe-Se (a) and CsCl-LiCl phase diagrams
(b). The presence of the low-temperature eutectics (b) enables long
annealing in the liquid below 457 ◦C and complete transition from
α-FeSe to β-FeSe in the large fraction of the crystals in a batch.

FIG. 2. (Color online) Powder x-ray diffraction spectra on a
β-FeSe single crystal shows no impurity phases and (h0l) crystal
orientation at 300 K. The data were shown by (+), the fit is given by
the top solid line and the difference curve (bottom solid line) is offset
for clarity. Allowed crystallographic reflections are given as vertical
tick marks for β-FeSe (top line) and Fe7Se8 (bottom line). Bragg
peak (201) for 2θ = 51.1 clearly distinguishes β-FeSe from Fe7Se8,
in addition to magnetic properties. Inset shows typical β-FeSe single
crystals.

can be separated by dissolving the flux in deionized water and
rinsing in ethanol.

Crystals of β-FeSe were separated from α-Fe7Se8 by a
combination of a permanent-magnet and a powder x-ray
diffraction (XRD) spectra from a Rigaku Miniflex with CuKα

radiation (λ = 1.5418 Å). We observed only (h0l) peaks (see
Fig. 2) of the tetragonal phase in selected crystals for further
analysis (see Fig. 2 inset). Crystals contaminated with Fe7Se8

and/or oxides showed additional peaks in the spectra.
Figures 3 and 4 show electron-density maps and elemental

analysis of as-grown β-FeSe single crystals. The relative
stoichiometry of multiple points on the as-grown crystals
was measured and a composition of Fe0.99(4)Se was obtained.
Electron-density maps of these crystals confirmed a uniform
distribution of Fe and Se

Crystals are moderately air sensitive. After one week of air
exposure, a selenium oxide layer is visible on the crystal sur-
face. After about a month of air exposure Fe3O4 is detectable in
laboratory x-ray diffraction (XRD) and by the observation of
a Verwey transition in M(T ).17 The first attempts to carry out
synchrotron XRD experiments on samples that were exposed

FIG. 3. (Color online) Microprobe electron density maps of as-
grown β-FeSe single crystals.
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FIG. 4. (Color online) Elemental analysis of as-grown β-FeSe
single crystals.

to air for several months revealed the presence of multiple
additional phases including appreciable amounts of several
selenium-oxide and iron-oxide phases. It has been found that
while pure stoichiometric FeSe crystals can be grown, these
tend to degrade through oxidation over the course of time. This
suggests that the surface of FeSe crystals may be Se-terminated
and that selenium oxide forms first, with further degradation
involving iron-oxide phases or Fe2[SeO3]2O as well. Results
reported here are based on samples whose exposure to air was
minimized, and only traces of selenium oxide were found in
crystals that were pulverized for the powder XRD experiments.

Synchrotron powder XRD data of FeSe sample were
successfully refined using a two-phase structural model (see
Fig. 5). The best fit contained 96.1 mol% (90.7 wt%) of
FeSe of P 4/nmm space group, with a = 3.7622(2) Å and
c = 5.5018(5) Å, with Se at [1/4, 1/4, 0.2624(1)] and Fe at
(3/4, 1/4, 0). Compared to the high-Tc stoichiometric poly-
crystalline β-FeSe,12,18 the unit-cell parameters are reduced
by 0.3% (a axis) or 0.4% (c axis), whereas c/a is smaller
or identical. The anisotropic atomic-displacement-parameters

FIG. 5. (Color online) Structural refinement of FeSe synchrotron
powder x-ray diffraction data over a narrow range of scattering
angle, 2θ , taken at 300 K. Background-subtracted data are shown
as (+), fit is given as a top solid line, and the difference curve (bottom
solid line) is offset for clarity. Allowed crystallographic reflections
are given as vertical tick marks: β-FeSe phase (bottom) and Se3O8

impurity phase (top) due to sample oxidation. Inset shows β-FeSe
structure.

(ADP) ratio U33/U11 is the ratio of thermal vibrations along
crystallographic c and a axes in tetragonal structure. The
U33/U11 was 1.12 for Se and 1.41 for Fe. To illustrate this,
anisotropic ADP’s are shown as exaggerated thermal ellipsoids
in Fig. 5 inset. In Van der Waals bonded crystals, such as
FeSe, U33/U11 ADP ratio is expected to be larger than 1
and the observed ratios are within the expected range. A
somewhat larger ADP ratio of Fe, 1.41, suggests that it is
underbonded and can move along the c axis. The FeSe4 units
are found to deviate from perfect tetrahedra, with an Fe-Se
distance of 2.379(5) Å, and tetrahedral angles of 104.5(5)
and 112.0(5) degrees. The anisotropic ADP ratio (tetrahedral
angles) is smaller (equal) than the values obtained for β-FeSe
polycrystals on powders containing several magnetic-impurity
phases.12,19,20 However, the anisotropic ADP ratio observed
here is similar to values found in pure Fe1.08Te.21 As expected,
the observed tetrahedral-bond angles deviate from the ideal
tetrahedral angle found in iron-based superconductors with
optimal Tc.22 The second phase, constituting 3.9 mol%
(9.3 wt%), was found to be Se3O8 with Pmc21 space
group with the refined lattice parameters a = 4.977(1) Å,
b = 4.388(2) Å, and c = 15.377(2) Å. No other phases were
observed. Within the main phase, we investigated in detail the
issue of stoichiometry and occupancy of the interstitial site,
Fe(2) at (3/4, 3/4, z) (see Fig. 5 inset). The stoichiometry was
found to be Fe1.00(2)Se1.00(3).

Difference Fourier analysis (DFA) is a standard method to
find missing electron densities in refined atomic structures.
In this technique, the difference between the observed and
the calculated (model-based) Fourier maps is used to locate
missing atoms in atomic structures. In this study, DFA did not
reveal any appreciable electron density at the interstitial Fe(2)
positions. Attempts to explicitly refine Fe(2)-site occupancy
yielded 0.00(1), in agreement with the DFA and strongly
suggesting that no iron resides on this site. However, DFA
indicated a possibility for additional electron density in the
vicinity of Se. This, along with the observation of relatively
large anisotropic ADPs (U33) of Se and Fe, may point to the
presence of static and/or dynamic disorder associated with
these sites. A small number of Se vacancies may lead to
relaxation of the surrounding Fe atoms, resulting in static
and/or dynamic disorder.

The resistivity ρ(T) of LiCl/CsCl-flux-grown crystals
smoothly changes to linear at low temperature where the
onset of Tc and zero resistivity were observed at temperatures
of about 1 K, or more, higher than in polycrystals (see
Fig. 6).8 The residual-resistivity ratio (RRR) of 14 indicates
good crystal quality whereas the single-crystal-diffraction
pattern shows no impurities present. Reciprocal space planes
(hk0) and (h0l) were reconstructed from several series of
CCD frames (see inset in Fig. 6). A mosaic structure is
observed perpendicular to the c axis, consistent with the
arrangement of FeSe layers in the structure. The observed x-ray
reflections are all consistent with the β-FeSe structure. M/H

exhibits weak temperature dependence for both H ⊥ (101)
and H‖(101) [see Fig. 7(a)]. Below 135 K, the M/H signal
drops and then remains constant below the structural transition
temperature ∼100 K.8 This is more pronounced for H ⊥
(101). Low-temperature M/H taken in H = 10 Oe confirms
superconductivity [Fig. 7(b)] below 9.0(2) K. Extrapolation
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FIG. 6. (Color online) Temperature dependence of the resistivity
for current in (101) plane with Tc onset and zero resistance of 12.0(1)
and 9.2 (2) K, respectively. Inset shows precession pattern of the
(101) plane of the same single crystal. All spots can be indexed within
β-FeSe space group with no impurities present. The large mosaic is
visible but the impurity-free unit-cell parameters are in agreement
with the published (see text).

of 4πχ data to T = 0 gives about 60% of diamagnetic
screening. Complete ρ transition and partial superconducting
volume fraction have been observed in SmFeAsO1−xFx and
CaFe1−xCoxAsF,4,23 where temperature-dependent magnetic
moment coexists and inversely scales with the superconducting
volume fraction.

In β-Fe1.01Se polycrystals contaminated with magnetic
impurity phases, a static moment was found above 1 GPa,24

was ascribed to traces of Fe impurity at ambient pressure due
to its weak nature,25,26 or was not detected.9,27 In our crystals,
the s shape of M(H ) for H ‖ (101) [see Fig. 8(a)] is typical of
a type-II superconductor with a superimposed isotropic weak
ferromagnetic (WFM) moment both above and below Tc.11 In

FIG. 7. (Color online) Anisotropy in high-temperature M/H for
H = 10 kOe and superconducting volume fraction for H ⊥ (101)
measured in 10 Oe field.

FIG. 8. (Color online) Magnetization isotherms below and above
Tc for magnetic field parallel [H ‖ (101)] (a) and perpendicular
to (101) plane [H ⊥ (101)] (b). Right-hand side scale shows
magnetic moment assuming molar mass of β-FeSe (c) Comparison
of background-subtracted diffraction data with simulated impurity
phases at 300 K. Selected 2θ region is shown where simulated
impurity peaks are clearly visible.

contrast, the M(H ) curves are symmetric for H ⊥ (101) at
T = 1.8 K [see Fig. 8(b)] within the experimental resolution
(0.05 emu/cm3) with no evidence for WFM below Tc.

IV. DISCUSSION

Is the observed WFM intrinsic or extrinsic? Figure 8(c)
shows background-subtracted data compared to a simulated
pattern for 1 mol% of commonly found magnetic phases.
Based on the scattering power and distribution of peaks in
our synchrotron powder XRD we can exclude contamination
by α-FeSe and Fe7Se8 [see Fig. 8(c) and Appendix A], leaving
only elemental Fe, or some unknown ferromagnetic phase with
lattice periodicity commensurate with β-FeSe,28 as a possible
source of magnetic contamination. By focusing on information
sensitive to the total number of Fe ions in a given volume
we make several observations that support the intrinsic WFM
scenario in as-grown crystals. Mössbauer quadrupole splittings
and isomer shifts for binary Fe-Se materials differ by up to a
factor of four whereas the signal component originating in
the β-FeSe phase dominates the Mössbauer spectrum below
room temperature in 50 kOe even for the sample containing
more than 6 mol% of α-FeSe, Fe3O4, and elemental Fe
impurities.12,29,30 Moreover, the coercive field of bulk Fe or
Fe nanoparticles [μ0Hc � (0.4–2.5) kOe] is several orders of
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magnitude lower than in Figs. 8(a) and 8(b) (15 kOe).31,32

Furthermore, we observe the signature of the structural phase
transition in the normal state [Fig. 7(a)], implying that a
considerable fraction of the M(T ) signal must come from the
β-FeSe. Finally, WFM due to an unknown Fe-based high-Tc

ferromagnetic phase28 is unlikely to have μ0Hc in the kOe
range and is expected to provide an isotropic constant (or
increasing) background (bias) to M(H ) loops both above and
below Tc, as in Ref. 11. This is in contrast to anisotropic M(H )
below Tc [see Figs. 8(a) and 8(b)]. Note that M(H ) in Fig. 8(b)
is symmetric with respect to the M = 0 line. This suggests
that most of WFM signal in β-FeSe crystals is unrelated to
extrinsic impurities. The WFM signal is well reproduced in
several crystals grown in one batch and in crystals grown from
multiple batches, whereas the magnitude of WFM increases in
time (see Appendix B).

The proposed spin-density-wave (SDW) mechanism of
magnetic order may not apply to iron chalcogenides and
perhaps it could be more complex even for iron pnictides.33,34

Density-functional calculations indicate that a magnetic
state with 0.15 μB/mol is induced in Fe1−xSe for x =
0.0625.35 The saturation moment |Ms | observed [see Figs. 8(a)
and 8(b)] is about 1/150 smaller and would correspond to
an Fe deficiency of less than 0.4 atomic%, a value below
the resolution limit of our diffraction measurement. However,
in this calculation,35 the partial density of states (PDOS) of
Fe(2) dominates the total density of states (DOS) and, more
importantly, the stoichiometry variation. Negligible occupancy
of Fe(2) within experimental error in our crystals implies that
Fe nonstoichiometry is not the dominant mechanism of WFM.
On the other hand, it is possible that some fraction of the
WFM arises due to a Se-vacancy-induced magnetic cluster.36

The Se-Se distances are Van der Waals distances and may
produce Se-Se time-dependent bonding. We cannot distinguish
between static and dynamic displacements but since the
refinement results are giving 1 : 1 stoichiometry, vacancies
could be equally distributed on both sites. In particular, theory
predicts that the main effect of Se displacement would be to
shift Fe(1) toward the vacant site, shifting the Fermi level EF

into a sharp peak in the DOS that would promote a more
stable magnetic state than in a material without Se defects.36

The net moment at 1.25 mol% Se deficiency is expected to be
in the 10−2 μB/mol range. This is arising from both Fe(1) and
Fe(2) contributions. Since the theoretical contribution of Fe(2)
PDOS at the Fermi level is about 50% of the total DOS,36

the calculated moment is somewhat higher but generally in
line with the observed |Ms | ∼ (1.0 ± 0.5) × 10−3 μB/mol
above Tc in our crystals with negligible Fe(2) occupancy.
This is different from most FeAs superconductors where
small-moment magnetic order from a SDW mechanism is
found below the structural transition. This is also different
from Fe1+yTe where subtle crystal chemical effects, with both
Fe(1) and Fe(2) occupied, induce WFM and structural and
magnetic differences below the magnetostructural transition at
75–55 K.7 Since lattice distortions were also recently found37

to induce both superconducting and magnetic phases in
SrFe2As2, this suggests that nanoscale defects and short-range
structural features are important in a wider class of iron-
based superconductors. Indeed, there is emerging evidence
that both conducting and magnetic properties in the recently

discovered KxFe2−ySe2 superconductors are governed by Fe
vacancies.38,39 In β-FeSe, defect-induced magnetism coexists
with superconductivity that sets in far below Tc. Though
rather unlikely, our analysis allows for some contribution
of different impurity phase to WFM. The unknown high-
temperature FM phase would be present in quantities too
small to detect by diffraction and/or would have the lattice
periodicity commensurate with β-FeSe and its moment would
anisotropically diminish between 30 and 1.8 K.

In summary, single-phase superconducting single crys-
tals of β-FeSe have been synthesized. Unlike isostructural
Fe1+yTe, the Fe(2) site is not occupied at all in these
samples. The ADP anisotropy is consistent with dynamic
disorder/defects associated with Fe and Se sites and/or Se
vacancies. We present evidence for intrinsic defect-induced
WFM, which anisotropically diminishes with an increase in
the superconducting volume fraction.
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APPENDIX A: MAGNETIC IMPURITIES
FROM DIFFRACTION

Magnetization measurements were performed on a sample
volume V = 4.532 × 10−5 cm3 (a = 0.223 476 cm, b =
0.055 5613 cm, and c = 0.003 650 25 cm), corresponding to
(1.45 ± 0.23) × 10−5 emu MPMS signal. Assuming that the
magnetization (M) of β-FeSe is negligible when compared
to impurity magnetization, we discuss possible magnetic-
impurity levels.

First we assume that the sample contains 1 mol% of
elemental α-Fe since any higher Fe content would have
been detected [see Fig. 8(c)]. In order to obtain volume
ratio, we need to multiply mole (i.e., formula unit) ratios
of Fe and β-FeSe by (M/D), where M is the molar mass
and D is the density in g/cm3. Using M(Fe) = 55.8 g/mol,
D(Fe) = 7.83 g/cm3, M( β-FeSe) = 134.8 g/mol, and D(β-
FeSe) = 5.72 g/mol, we get 0.3 volume%:

1 mol(Fe) × 7.12 cm3

mol

100 mol(β-FeSe) × 23.56 cm3

mol

= 0.003 (A1)

That would correspond to a 1.37 × 10−7cm3 volume of Fe
in our sample. What would be its magnetic contribution?
By dividing D/M we get 0.14 mol/cm3 of Fe. In 1.37 ×
10−7 cm3 iron volume, we have 1.92 × 10−8 mol Fe. The iron
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saturation moment is 2.2 μB/mol, therefore that volume would
have M = 4.22 × 10−8 μB . Using a conversion factor of
5585 emu/μB we obtain M = 2.36 × 10−4 emu. This is more
than 100% of raw M (emu) signal in MPMS. Hence, it is
possible that the Fe-impurity content in our crystal (mol%
and consequently volume%) is below the detection capacity of
synchrotron powder x-ray diffraction data since only a fraction
of 1 mol% Fe would generate such a signal. This is about
0.05 atomic% of Fe.

Similarly, 1 mol% impurity of α-FeSe is approximately
identical to 1% volume since α-FeSe has the identical molar
mass M and 95% of β-FeSe density. Therefore 1 mol%
α-FeSe impurity would correspond to 4.5 × 10−7 cm3 volume
[using Eq. (1)]. Applying the same argument as above, 4.5 ×
10−7 cm3 volume α-FeSe contains 1.9 × 10−8 mol α-FeSe.
The α-FeSe saturation moment is Ms ∼ 0.2 μB/mol.40 There-
fore, such volume would contribute M = 3.81 × 10−9 μB .
Using a conversion factor of 5585 emu/μB we obtain M =
2.13 × 10−5 emu. Our raw MPMS signal is 70% of that value.
However, 0.7 mol% of α-FeSe would have been detected if
present [70% of its peak height, see Fig. 8(c) in the main text].

Finally, 1 mol% of Fe7Se8 impurity [using M(Fe7Se8) =
1022.59 g/mol, D(Fe7Se8) = 6.43 g/cm3, and Eq. (1)] would
correspond to 6.75% of measured sample volume, which
is 3.059 × 10−6 cm3. Since the expected Fe7Se8 saturation
moment is Ms ∼ 80 (emu/cm3)41 we would expect that such
volume would contribute with 2.44 × 10−4 μB . Our raw
MPMS emu signal is 6% of that value, but still above
the threshold of scattering-power detection in synchrotron
experiments. If we multiply the observed intensity of 2.92 Å−1

Fe7Se8 peak [see Fig. 8(c) in the main text] by 0.06, it is still
above the background.

APPENDIX B: REPRODUCIBILITY, IMPURITIES, AND
MAGNETIC SIGNAL OVER TIME

Figure 9 shows Rietveld refinement over the full 2θ range
with only selenium oxide present due to oxidation.

FIG. 9. (Color online) Structural refinement of FeSe synchrotron
powder x-ray diffraction data over the full 2θ range taken at 300 K.
Data (background subtracted) are shown as (+), fit is given as a top
solid line, and the difference curve (bottom solid line) is offset for
clarity. Bottom vertical tick marks represent reflections in the main
β-FeSe phase (P4/nmm ), while top tick marks denote reflections in
Se3O8 (Pmc21).

FIG. 10. (Color online) An example of superconducting Tc of
independently grown crystal taken in 10 Oe field.

Powder x-ray diffraction taken on single crystals found no
extrinsic peaks in ten out of ten crystals that were separated
by a magnet. Only clean β-FeSe single crystals are used in
further analysis. Samples that were contaminated by Fe7Se8

(from synthesis or oxidation) showed dominant FM hysteresis
loop below Tc with only traces of type-II superconductor
in M versus H . Resistivity and magnetization data were
well reproduced in several independently grown crystals from
multiple batches. Both bulk Tc, as measured by 4πχ and
resistive Tc (as defined in the text) varied by 	Tc = ±1
K. This variation is probably due to sample degradation
induced by variable air exposure. However, the onset of
resistive Tc was always above the bulk. Figure 10 shows
an example of superconducting Tc and volume fraction for
different, independently grown, samples. Figures 11(a) and
11(b) show hysteresis curves below Tc for an independently
grown crystal from the same batch (sample 2) as the crystal
used in the main text (sample 1). Unlike sample 1 (that was
measured within a day from the moment of its synthesis),

FIG. 11. (Color online) (a) Sample 2 M/H above and below Tc

for H ‖ (101) near M = 0. (b) Sample 2 M/H above and below Tc

for H ⊥ (101) near M = 0.
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sample 2 was exposed to air for several days. In addition, it
was slightly heated when sealing in quartz tube and kept in
the low vacuum (several Torr) for about 3 months. Dominant
type-II superconducting M-versus-H hysteresis is evident
whereas small WFM is superimposed on the main signal.
As expected, the magnitude of WFM signal is about two
times larger in sample 2 than in crystal that was exposed
to air for a shorter time [see Fig. 8(a) and 8(b), main text].
Based on our synchrotron powder x-ray results taken on
samples that were exposed to air for several months, the
larger WFM magnitude should also originate from Fe-based
compounds (impurities) that form over a course of time (see
main text). The thickness of sample 2 was identical and the
ab plane was considerably smaller than in sample 1, hence the

crystal was more isotropic (a = 0.1535 cm, b = 0.036 cm,
and c = 0.0036 cm). Larger irreversibility fields are expected
when a geometric edge barrier for vortex penetration dwarfs
pinning at the inhomogeneities of the material. If intrinsic, a
larger WFM signal in sample 2 is expected to originate from
more defects that would cause larger irreversibility field if
the bulk pinning on inhomogeneities is dominant. However,
for thin superconducting strips a geometric (specimen-shape-
dependent) barrier is dominant and larger irreversibility fields
are expected for more anisotropic samples.42 Both sample 1
and sample 2 are rather thin (c/a = 0.016 and c/b = 0.06
for sample 1 and c/a = 0.023 and c/b = 0.1 for sample 2,
respectively), whereas sample 1 is more anisotropic and is
expected to have a larger irreversibility field.
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We have synthesized single crystals of K1.00(3)Fe0.85(2)Ag1.15(2)Te2.0(1). The material crystallizes in the ThCr2Si2

structure with I4/mmm symmetry and without K and Fe/Ag deficiencies, unlike in KxFe2−ySe2 and KxFe2−yS2.
Transport, magnetic, and heat-capacity measurements indicate that KFe0.85Ag1.15Te2 is a semiconductor with
long-range antiferromagnetic transition at TN = 35 K.

DOI: 10.1103/PhysRevB.84.060506 PACS number(s): 74.70.Xa, 74.10.+v, 75.50.Ee, 81.05.Zx

The discovery of superconductivity in LaFeAsO1−xFx
1 has

stimulated substantial interest in iron-based high-temperature
superconductors (Fe-HTSs). Until now, several Fe-HTSs were
discovered. They can be divided into two classes. The first class
is iron pnictide materials.1−3 They contain two-dimensional
FePn (Pn = pnictogens) tetrahedron layers and atomic sheets
(e.g., Ba, K) or complex blocks [e.g., La-O(F)] along the c
axis. Another class is binary iron chalcogenides FeCh (Ch =
chalcogens, FeCh-11 type).4−6 In contrast to the diversity of
iron pnictide superconductors, FeCh-11–type materials do not
have any atomic or complex layers between puckered FeCh
sheets.

Very recently, the discovery of AxFe2−ySe2 (A = K,
Rb, Cs, and Tl, FeCh-122 type) with Tc ≈ 30 K raised
Tc in Fe-HTS by introducing alkali metal atomic layers
between FeCh sheets.7−10 Further studies indicate that in the
new superconductors the Tc gets enhanced when compared
to FeCh-11 materials, but there is also a set of distinc-
tive physical properties. FeCh-122 materials are close to
the metal-semiconducting crossover and antiferromagnetic
(AFM) order.7−10 This is in contrast to other superconductors
which are in close proximity to the spin-density wave state.11

The Fermi surface in FeCh-122–type Fe-HTSs contains only
electronlike sheets without the nesting features found in most
other Fe-HTS.12

On the other hand, superconductivity in FeCh-11 materials
is quite robust with respect to anion change, as seen on
the example of FeSe1−x , FeTe1−xSex , and FeTe1−xSx .4−6

However, in FeCh-122 compounds, superconductivity is
only observed in AxFe2−ySe2 or KxFe2−ySe2−zSz,13 while
pure KxFe2−yS2 is a semiconductor with spin-glass tran-
sition at low temperature.14 Moreover, the theoretical cal-
culation indicates that the hypothetical KFe2Te2, if syn-
thesized, would have higher Tc than KxFe2−ySe2.15 There-
fore, synthesis and examination of physical properties of
FeCh-122 materials containing FeTe layers could be very
instructive.

In this Rapid Communication we report discovery of
K1.00(3)Fe0.85(2)Ag1.15(2)Te2.0(1) single crystals. The resistivity
and magnetic measurements indicate that this compound has
the semiconducting long-range AFM order at low temperature,
with no superconductivity down to 1.9 K.

Single crystals of K(Fe,Ag)2Te2 were grown by the self-
flux method reported elsewhere in detail,14,16 with nominal
composition K:Fe:Ag:Te = 1:1:1:2. Single crystals with

typical size 5×5×2 mm3 can be grown. Powder x-ray
diffraction (XRD) data were collected at 300 K using 0.3184-Å
wavelength radiation (38.94 keV) at the X7B beamline of
the National Synchrotron Light Source. The average stoi-
chiometry was determined by examination of multiple points
using an energy-dispersive x-ray spectroscopy (EDX) in a
JEOL JSM-6500 scanning electron microscope. Electrical
transport measurements were performed using a four-probe
configuration on rectangular-shaped polished single crystals
with current flowing in the ab plane of tetragonal structure.
Thin Pt wires were attached to electrical contacts made of silver
paste. Electrical transport, heat capacity, and magnetization
measurements were carried out in Quantum Design PPMS-9
and MPMS-XL5.

Figure 1(a) shows powder XRD results and structural
refinements of K(Fe,Ag)2Te2 using a general structure analysis
system (GSAS).17,18 It can be seen that all reflections can be
indexed in the I4/mmm space group. The refined structure
parameters are listed in Table I. The determined lattice
parameters are a = 4.3707(9) Å and c = 14.9540(8) Å,
which are reasonably smaller than those of CsFexAg2−xTe2

[a = 4.5058(4) Å and c = 15.4587(8) Å],19 but much larger
than those of KxFe2−ySe2 and KxFe2−yS2,7,14 due to the
smaller ionic size of K+ than Cs+ and larger size of Ag+
and Te2− than Fe2+ and Se2−(S2−). On the other hand, a
larger a-axis lattice parameter indicates that the Fe plane is
stretched in K(Fe,Ag)2Te2 when compared to FeTe.20 The
crystal structure of K(Fe,Ag)2Te2 is shown in Fig. 1(b), where
antifluorite-type Fe/Ag-Te layers and K cation layers are
stacked alternatively along the c axis. The XRD pattern of
a single crystal [Fig. 1(c)] reveals that the crystal surface is
normal to the c axis with the plate-shaped surface parallel
to the ab plane. Figure 1(d) presents the EDX spectrum of
a single crystal, which confirms the presence of the K, Fe,
Ag, and Te. The average atomic ratios determined from EDX
are K:Fe:Ag:Te = 1.00(3):0.85(2):1.15(2):2.0(1). The value
of Fe/(Ag + Fe) determined from XRD fitting (0.38) is close
to that obtained from EDX (0.43), which suggests that Te
compound prefers to contain more Ag. This might explain
why pure KFe2Te2 cannot form, since large Ag+ ions have to
be introduced in order to match the rather large Te2− anions
and keep the stability of the structure. On the other hand, it
should be noted that there are no K or Fe/Ag deficiencies
in K(Fe,Ag)2Te2. This is rather different from KxFe2−ySe2

and KxFe2−yS2.7,14 Moreover, synchrotron powder X-ray
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FIG. 1. (Color online) (a) Powder XRD patterns of
KFe0.85Ag1.15Te2. (b) Crystal structure of KFe0.85Ag1.15Te2.
The big blue, small red, and medium orange balls represent K,
Fe/Ag, and Te ions. (c) Single-crystal XRD of KFe0.85Ag1.15Te2. (d)
The EDX spectrum of a single crystal.

refinement and EDX were consistent with either stoichiometric
Te or not more than 5% vacancies (i.e., Te1.9).

Figure 2 shows the temperature dependence of the in-plane
resistivity ρab(T) of the KFe0.85Ag1.15Te2 single crystal for
H = 0 and 90 kOe. The resistivity increases with decreasing
temperature, with a “shoulder” appearing at around 100 K. The
room-temperature value ρab is about 2.7 � cm, which is much
larger than in superconducting KxFe2−ySe2 and semiconduct-

TABLE I. Structural parameters for K(Fe,Ag)2Te2 at room
temperature. Values in brackets give the number of equivalent
distances or angles of each type. The occupancies of K and Te
are fixed during fitting.

Chemical formula K1.00(3)Fe0.85(2)Ag1.15(2)Te2.0(1)

space group I4/mmm
a (Å) 4.3707(9)
c (Å) 14.9540(8)

V (Å3) 285.7(1)
Interatomic distances

(Å)
Bond angles (◦)

dFe/Ag-Fe/Ag

[4]
3.0906(4) Te-Fe/Ag-Te [2] 104.44(3)

dFe/Ag-Te/Ag

[4]
2.7651(5) Te-Fe/Ag-Te [4] 112.05(4)

Anion
heights (Å)

1.694(7)

Atom x y z Occ. Uiso (Å2)
K 0 0 0 1.00 0.056(5)
Fe 0.5 0 0.25 0.76(8) 0.035(7)
Ag 0.5 0 0.25 1.24(8) 0.035(7)
Te 0.5 0.5 0.1367(5) 1.00 0.034(4)
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FIG. 2. (Color online) Temperature dependence of the in-plane
resistivity ρab(T ) of the KFe0.85Ag1.15Te2 single crystal with H =
0 (closed red circle) and 90 kOe (open blue square, H‖c). Inset
(a) shows the fitted result using thermal activation model for ρab(T )
at zero field where the red line is the fitting curve. Inset (b) exhibits
the temperature dependence of MR(T) for KFe0.85Ag1.15Te2.

ing KxFe2−yS2.14,16 The semiconducting behavior might be
related to the random distribution of Fe and Ag ions in the
Fe/Ag plane which induces a random scattering potential,
similar to the effect of Fe deficiency in the FeSe or FeS
plane.14,21 By fitting the ρab(T) at high temperature using the
thermal activation model ρ = ρ0 exp(Ea/kBT ), where ρ0 is a
prefactor and kB is Boltzmann’s constant [inset (a) of Fig. 2],
we obtained ρ0 = 71(6) m� cm and the activation energy
Ea = 96(2) meV in the temperature range above 200 K,
which is larger than that of KxFe2−yS2.14 KFe0.85Ag1.15Te2

exhibits large magnetoresistance [MR = [ρ(H ) − ρ(0)]/ρ(0)]
below about 100 K where the shoulder appears. As shown
in inset (b) of Fig. 2, the negative MR is about 30% at 1.9
K for H = 90 kOe. This behavior is distinctively different
from KxFe2−yS2, which does not show any MR in measured
temperature range.14

Figure 3(a) presents the temperature dependence of mag-
netic susceptibility χ (T ) of the KFe0.85Ag1.15Te2 single crystal
for H = 1 kOe along the ab plane and the c axis below
300 K with zero-field-cooling (ZFC) and field-cooling (FC).
The χab(T ) is slightly larger than χc(T ), and above 50 K,
both can be fitted very well using Curie-Weiss law χ (T ) =
χ0 + C/(T − θ ), where χ0 includes core diamagnetism, van
Vleck and Pauli paramagnetism, C is the Curie constant, and
θ is the Curie-Weiss temperature [solid lines in Fig. 3(a)]. The
fitted parameters are χ0 = 5.46(7)×10−6 emu g−1 Oe −1, C =
2.58(3)×10−3 emu g−1 Oe−1 K, and θ = −82(1) K for H‖ab,
and χ0 = 3.5(1)×10−6 emu g−1 Oe−1, C = 2.92(5)×10−3 emu
g−1 Oe−1 K, and θ = −100(2) K for H‖c. The above values of
C correspond to an effective moment of μeff = 3.60(2) μB/Fe
and 3.83(3) μB/Fe for H‖ab and H‖c, respectively. The values
of μeff are smaller than for free Fe2+ ions (4.7 μB/Fe) and
Fe1+xTe (4.9 μB/Fe),22 but slightly larger than in KxFe2−ySe2

(3.31 μB/Fe).23
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FIG. 3. (Color online) (a) Temperature dependence of DC mag-
netic susceptibility χ (T) with the applied field H = 1 kOe along the
ab plane and c axis below 300 K under ZFC and FC mode. The inset
shows the d(χT )/dT result for both field directions. (b) Isothermal
magnetization hysteresis loops M(H) for H‖ab and H‖c at various
temperatures.

We observe sharp drops below 35 K in both ZFC and FC
curves, associated with the onset of long-range AFM order.
The TN = 35 K is determined from the peak of d(χT )/dT

[inset of Fig. 3(a)].24 It should be noted that antiferromag-
netism below 35 K and Curie-Weiss paramagnetism at higher
temperature are obviously different from KxFe2−ySe2 and
KxFe2−yS2.13 Figure 3(b) shows the magnetization loops for
both field directions at various temperatures. It can be seen
that all M-H loops exhibit almost linear field dependence and
the M(H) curve exhibits a very small hysteresis at 1.8 K with
a small coercive field (∼260 Oe).

Figure 4 shows the temperature dependence of heat capacity
Cp for KFe0.85Ag1.15Te2 single crystals measured between T =
1.95 and 300 K in a zero magnetic field. At high temperature
heat capacity approaches the Dulong-Petit value of 3NR, where
N is the atomic number in the chemical formula (N = 5) and R
is the gas constant (R = 8.314 J mol−1 K−1). On the other hand,
the low-temperature Cp(T ) curve can be fitted solely by a cubic
term βT 3. By neglecting antiferromagnon contribution,25 from

FIG. 4. (Color online) Temperature dependence of heat capacity
for KFe0.85Ag1.15Te2 single crystal. The orange solid line represents
the classical value according to Dulong-Petit law at high temperature.
The inset shows the enlarged area near the magnetic transition region
of Cp − T . The red solid curve represents the lattice contribution,
fitted by a polynomial. The right label denotes the magnetic entropy
associated with the AFM transition.

the fitted value of β = 3.11(2) mJ mol−1 K−4, the Debye
temperature is estimated to be �D = 146.2(3) K using the
formula �D = (12π4NR/5β)1/3. This is much smaller than
�D of KxFe2−ySe2 and KxFe2−yS2 at least partially because
of the larger atomic mass of Ag and Te in KFe0.85Ag1.15

Te2.14,26

A λ-type anomaly at TN = 35.6 K (shown in the inset of
Fig. 4) confirms the bulk nature of the AFM order observed in
the magnetization measurement shown in Fig. 3. The transition
temperature is consistent with the values determined from
d(χT )/dT (35 K). Assuming that the total heat capacity
consists of phonon (Cph) and magnetic (Cmag) components,
Cmag can be estimated by the subtraction of Cph. Consequently,
the magnetic entropy (Smag) can be calculated using the integral
Smag(T ) = ∫T

0 Cmag/T dT . Because of the failure of the Debye
model at T > �D , we estimated the lattice specific heat
by fitting a polynomial to the Cp(T ) curve at temperatures
well away from TN . The obtained Smag is about 2.4 J (mol
Fe)−1 K−1 up to 60 K, which is only 18% of theoretical
value (Rln5 = 13.4 J (mol Fe)−1 K−1 for high-spin-state Fe2+

ions). Note that only about 1 J (mol Fe)−1 K−1 is released
below TN . This discrepancy may originate from an incorrect
estimation of the lattice contribution to Cph(T ), which can lead
to reduced Smag(T ) or a probable short-range order that may
exist above the bulk three-dimensional AFM order occurring
at TN . This could also be supported by a much smaller TN =
35 K compared to the Curie-Weiss temperature θ = −100(2) K
for H‖c.

There are two origins which could induce the negative
MR effect in semiconductors: the reduction in spin disorder
scattering due to the alignment of moments under a field,
and the reduction of the gap arising from the splitting of
the up- and down-spin subbands. The existence of AFM
interaction could be related to this negative MR effect. The
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temperature where MR effect becomes obvious is consistent
with the Curie-Weiss temperature θ , which implies this MR
effect could be related to the AFM interaction and due to
the reduction in spin disorder scattering with field. When
compared to KxFe2−ySe2, substitution of Ag has an important
influence on the magnetic and transport properties. It could
reduce the exchange interaction between Fe atoms and thus
suppress the TN of KFe0.85Ag1.15Te2 significantly. On the
other hand, because of the near absence of vacancies in
KFeCuS2 and similar valence between Cu and Ag,27 it is
more meaningful to compare the physical properties between
KFeCuS2 and KFe0.85Ag1.15Te2. The former has the larger
Ea and room-temperature resistivity than the latter. This
could be due to the smaller ionic sizes of Cu and S when
compared to Ag and Te, which might lead to the smaller
orbital overlap increasing Ea and resistivity. Both compounds
exhibit Curie-Weiss law above 50 K and the fitted Curie-
Weiss temperatures are also similar (176 K for KFeCuS2).
Moreover, KFeCuS2 shows magnetic transition at 40 K, which
is very close to the TN of KFe0.85Ag1.15Te2. However, the
transition of KFeCuS2 is spin glasslike, in contrast to the

long-range AFM order of KFe0.85Ag1.15Te2. This implies
that the distribution of Ag in KFe0.85Ag1.15Te2 may be
different from Cu in KFeCuS2, which results in a different
magnetic ground-state configuration with similar interaction
strength.

In summary, we successfully synthesized the
K1.00(3)Fe0.85(2)Ag1.15(2)Te2.0(1) single crystals with ThCr2Si2
structure, identical to K0.8Fe2−ySe2 at 600 K. Crystal structure
and composition analysis indicate that there are no K,
Fe/Ag, and Te vacancies within 3, 2, or 5 at. %, respectively.
Transport, magnetic, and thermal measurements indicate that
the KFe0.85Ag1.15Te2 is a semiconductor with long-range
AFM order below 35 K.
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The evolution of the short-range structural signature of the Ir4þ dimer state in CuIr2S4 thiospinel has

been studied across the metal-insulator phase transitions as the metallic state is induced by temperature,

Cr doping, and x-ray fluence. An atomic pair distribution function (PDF) approach reveals that there are

no local dimers that survive into the metallic phase when this is invoked by temperature and doping. The

PDF shows Ir4þ dimers when they exist, regardless of whether or not they are long-range ordered. At

100 K, exposure to a 98 keV x-ray beam melts the long-range dimer order within a few seconds, though

the local dimers remain intact. This shows that the metallic state accessed on warming and doping is

qualitatively different from the state obtained under x-ray irradiation.

DOI: 10.1103/PhysRevLett.106.045501 PACS numbers: 61.50.Ks, 61.05.cf, 71.30.+h

Local fluctuations in electronic and magnetic states are
important in systems exhibiting colossal responses such as
high temperature superconductors (HTS) [1,2] and colos-
sal magnetoresistive (CMR) materials [3–5]. However, the
ubiquity of these fluctuations and the exact role that they
play in the rich observed physical phenomena are not
understood. Part of the reason is that such fluctuations
are extremely difficult to study because they are not
long-range ordered [6,7]. In cases where there is strong
electron-phonon coupling a signature of the local elec-
tronic states is evident in the local atomic structure and
the electronic or magnetic states may be studied using a
local structural probe [8,9] such as the atomic pair distri-
bution function (PDF) analysis of powder diffraction data
[10,11]. Here we use the PDF to study directly the exis-
tence or absence of Ir4þ dimer states in CuIr2S4, which
yields essential information to understand the unusual and
poorly understood metal-insulator transitions in this
system.

CuIr2S4 has generated significant interest recently be-
cause of its unusual magnetic, electronic and structural
behavior [12–17]. It exhibits a metal-insulator (MI) tran-
sition, accompanied by a dramatic loss in magnetic sus-
ceptibility, charge ordering, and an accompanying
structural phase transition, making it an important system
for studying the interplay of electronic, magnetic, orbital
and structural degrees of freedom. On cooling, crystallog-
raphy indicates that the structural change in the insulating
phase accompanies the formation of Ir4þ dimers (pairs of
iridium ions move closer together by 0.5 Å [16]), which are
presumably magnetic singlets explaining the loss of mag-
netic susceptibility. As well as the metallic phase appearing
on warming, the material also becomes more metallic

when doped with Cr [18] and irradiated with optical [19]
and x-ray [20,21] illumination.
The metallic state above the insulating ordered-dimer

state in the phase diagram is unusual. It has a nonconven-
tional conduction mechanism [22] and a recent observation
of weak Fermi edges and broad peak features in ultraviolet
photoemission spectra suggest that fluctuating dimers may
survive in the high temperature metallic phase [23]. A PDF
study can address this directly since the PDF is sensitive to
the existence of the dimers whether or not they are ordered
[23]. The local dimers are clearly evident in the PDF
because of the large (0.5 Å) change in the Ir-Ir bond length
in the dimer which separates this peak from any other
nearby peak in the PDF. Here we show definitively that
the dimers disappear abruptly from the local structure at
the metal-insulator transition on warming [16]. They also
disappear as the MI transition is crossed on doping Cr.
However, they survive locally through an x-ray irradiation
induced insulator-metal transition at low temperature
[20,24]. These results provide essential input to guide
theories of these interesting metal-insulator transitions
[25,26].
CuIr2S4 and CuðIr0:95Cr0:05Þ2S4 were prepared by solid

state reaction in sealed, evacuated quartz ampoules.
Stoichiometric quantities of the metals and elemental sul-
fur were thoroughly mixed, pelletized, and sealed under
vacuum. The ampoules were slowly heated to 650–750 �C
and held at this temperature for several weeks with inter-
mediate grinding and pressing. The products were found to
be single phase based on x-ray powder diffraction.
Total scattering experiments to obtain CuIr2S4 PDFs

were performed at the 6-ID-D beam line at the Advanced
Photon Source at Argonne National Laboratory, with
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98.136 keV x rays using the rapid acquisition (RAPDF)
mode [27]. The setup utilized a General Electric amor-
phous silicon-based area detector and Oxford Cryosystems
cryostream for temperature variation with a sample to
detector distance of 268.620 mm. Samples were packed
in a kapton capillary 1 mm in diameter. The data were
collected at various temperatures between 100 K and
300 K. The exposure time was varied as specified further
in the text. The raw 2D data were integrated and converted
to intensity versus 2� using the software Fit2D [28], where
2� is the diffraction angle. The integrated data were cor-
rected for experimental artifacts, normalized, and Sine
Fourier transformed (FT) to the PDF, GðrÞ, based on
standard methods [11] using the program PDFGETX2 [29].
The upper limit of momentum transfer used in the FT of

Qmax ¼ 23:0 �A�1 was optimized such as to avoid large
termination effects on the one hand and statistical noise on
the other.

PDFs from CuIr2S4 are shown in Fig. 1. The peak in
the PDF coming from the Ir4þ-Ir4þ dimers (indicated by
the arrow) is clearly apparent in the right-hand panels
where the PDFs are shown on an expanded scale. The
size of the distortion coupled with the fortuitous absence
of other atomic distances at the same place allows us to
study the dimer state in a model independent way using the
PDF. Additionally, the changes in the next near-neighbor
peak centered at 3.5 Å clearly indicate that there is also an
accompanying redistribution of PDF intensity from this
peak to the dimer peak, lending confidence that the PDF
is sensitive to the presence of local dimers. This is espe-
cially clear in the difference curve shown offset below. The
3.0 Å PDF peak is not evident in the metallic state on
warming [red curve in Fig. 1(a)] indicating that there are no
local dimers in the metallic phase accessed by increasing
temperature.

We now investigate the local structural changes on
traversing the MI transitions. Figure 1(a) shows the effect
of the temperature induced MI transition: experimental
PDFs of CuIr2S4 in the metallic state at 230 K (red) and
in the insulating state at 220 K (blue), 10 K apart, are
dramatically different in the entire range, as evident from
their difference curve (green) indicating that the structural
change occurs at all length scales. Normal thermal effects
have a much smaller effect on the PDF as is evident from
Fig. 1(b), where the differences in the PDF due to a 10 K
temperature change in the same structural phase (metallic
state in this case), are within the estimated uncertainties of
the measurement There is clearly a significant structural
modification in the local structure, as well as the average
structure [16], at the MI transition. This may not seem
surprising but this is not always the case, for example, in
systems where distortions persist but become disordered at
high temperature [30].

In Fig. 2 we show the detailed temperature dependence
of the 3.0 Å dimer peak as the sample goes through the MI

transition. The main panel shows the change in the peak
maximum, defined as �GðTÞ ¼ GðTÞ �Gð230Þ, versus
temperature for both cooling (solid blue symbols) and
warming (solid red symbols) cycles. To demonstrate the
reproducibility of the data, the evolution of the dimer peak
in the PDF itself is shown for cooling and warming cycles
in lower left and upper right insets, respectively. Clean
hysteretic behavior is observed, with a square loop that is
about 10 K wide, in accord with hysteretic behavior ob-
served in magnetic [31,32] and transport measurements
[14,18,20,33,34]. Not only is long-range dimer order de-
stroyed at the MI transition, but local dimers also
disappear.

FIG. 1 (color online). Changes in PDF across the MI transition
in CuIr2S4 when induced by temperature and Cr doping: experi-
mental PDFs of (a) metallic 230 K (red) and insulating 220 K
(blue), (b) metallic 230 K (red) and metallic 240 K (blue),
(c) insulating undoped (blue) and metallic 5% Cr doped (red)
at 200 K temperature. Difference curves are shown offset below
(green). The corresponding side panels emphasize the short-
range scale: the appearance of excess PDF intensity correspond-
ing to the short Ir4þ-Ir4þ dimer distance around 3.0 Å in the
insulating phase is indicated by arrows. The existence of this
peak indicates the presence of local dimers. For reference, a
sketch of Ir-chains in M and I phases is given on top. See text for
details.
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The metallic state can also be reached from insulating
CuIr2S4 by substituting a small percentage of Ir with Cr
[18]. Inspection of Fig. 1(c), which shows the differences
in two PDFs corresponding to insulating CuIr2S4 (blue
solid line) and metallic (red solid line) at 200 K, indicates
that the local dimers also disappear in the local structure in
the metallic state accessed by 5% Cr-substitution at fixed
temperature.

Here we extend the study to the destruction of the
insulating ordered-dimer state by x-ray irradiation
[19–21]. Photo-induced phase transitions, with an associ-
ated change in properties, are an important area of research
because of the possibility of controlling properties opti-
cally [35,36] The structural response to x-ray irradiation of
our CuIr2S4 sample is summarized in Fig. 3 as the exposure
time is varied at T ¼ 100 K. Panels (a),(b),(c), and (d)
each show a quarter of a full 2D diffraction pattern for
exposures of 0.5, 1.0, 30.0, and 0.5 s, where the exposures
were taken one after each other in the order (a)–(d) but with
a 2 min gap between each where the sample was not being
irradiated (shutter closed). The 1D diffraction patterns
shown in panels (e) and (f) are obtained by integrating
around the circular Debye-Scherrer rings on the 2D detec-
tor, evident in Figs. 3(a)–3(d). An extra peak can be seen in
the diffraction pattern, indicated by the arrow in panel (b)
and evident in the integrated data, inset in panel (f). This
comes from long-range ordered dimers in the structure, but
due to the limited reciprocal space resolution of the
RAPDF measurement [27] it is formed from several su-
perlattice peaks (SLP), including the strong (3=2, 3=2, 3=2)
peak. This is observed in all but image (c) that corresponds
to the longest exposure time, reflecting the fact that the
long-range dimer order is melted in this case. Notable also

is an immediate recovery of the long-range order at 100 K
in the successive 0.5 s exposure upon cessation of the
exposure. Finally, in Fig. 3(g) we show the normalized
integrated intensity of this multiplet SLP as a function of
the x-ray exposure time. This establishes the behavior of
the long-range dimer of our sample and has a behavior
similar to other studies [20], but at a decay rate that is about
2 orders of magnitude faster than the one observed earlier.
This may be a result of the different temperature of mea-
surement (100 vs 10 K) or the different energy or flux of
the irradiating x rays (100 vs 8 keV) [20].
The conductivity of the irradiated state increases over

that of the insulating ground-state, though to a lesser
degree than at the temperature or Cr induced MI transition
[18]. We would like to see if the PDF yields information
about the existence of local dimers in this more metallic

FIG. 2 (color online). Evolution of the short-range dimer
structure across the MI transition in CuIr2S4 induced on cooling
(blue) and warming (red) cycles. The insets show the evolution
of the 3.0 Å dimer PDF peak on cooling (bottom left) and
warming (up right). The main panel shows the excess height
of this peak with respect to the 230 K data (see text for details).

FIG. 3. Raw 2D diffraction data at 100 K of CuIr2S4 for
successive (a) 0.5, (b) 1.0, (c) 30.0, and (d) 0.5 s exposures to
x rays, with 2 min separations between the exposures. Notable is
an extra diffraction ring indicated by the arrow in panel (b)
present for all exposure times shown, except for 30 s. This
corresponds to an unresolved multiplet of SLPs, including
(3=2, 3=2, 3=2), coming from long-range charge and dimer
order. Panels (e) and (f) show the 1D powder diffraction pattern
obtained by integrating around the rings from panels (a),(d) and
(b),(c), respectively. The inset in panel (f) emphasizes the
disappearance of the SLP multiplet. (g) Dependence of the
normalized SLP intensity vs x-ray exposure time.
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state induced by irradiation and so we compared the local
structures after short and long x-ray exposures.

Figure 4 shows a comparison of the PDFs obtained in the
first 250 ms of x-ray exposure, and after 30 sec of irradia-
tion. As discussed above, the superstructure observed in
the x-ray diffraction pattern coming from the dimer order is
observed in the data from 250 ms but is completely de-
stroyed in the data obtained after 30 s of irradiation.
However, although the average structure behaves the
same way at this MI transition, the behavior of the local
structure is completely different between the irradiation
induced and temperature or doping induced transitions. A
comparison of Figs. 1 and 4 dramatically illustrates that the
local structure is preserved on irradiation, where it is
significantly changed at the temperature-doping transition.
There is no loss in intensity of the dimer peak in the PDF
after long irradiation suggesting that all charges remain
localized resulting in distinct Ir3þ and Ir4þ sites, but fur-
ther, that the localized holes remain bound in dimers. The
increased conductivity in the irradiated sample [20,21]
must be due to an increased hopping rate of localized
charges bound in the dimer pairs that are no longer pinned
to the lattice in an ordered arrangement and the irradiation
must facilitate this pair hopping.

These PDFmeasurements allow us to measure directly if
the Ir4þ-Ir4þ dimers exist regardless of whether or not they
are long-range ordered. We show unambiguously that local
dimers disappear in the metallic phases accessed on warm-
ing and on Cr doping, but they persist in the metallic state
induced by irradiation with x rays.
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We report structurally tuned superconductivity in a KxFe2�ySe2�zSz (0 � z � 2) phase diagram.

Superconducting Tc is suppressed as S is incorporated into the lattice, eventually vanishing at 80% of

S. The magnetic and conductivity properties can be related to stoichiometry on a poorly occupied Fe1 site

and the local environment of a nearly fully occupied Fe2 site. The decreasing Tc coincides with the

increasing Fe1 occupancy and the overall increase in Fe stoichiometry from z ¼ 0 to z ¼ 2. Our results

indicate that the irregularity of the Fe2-Se=S tetrahedron is an important controlling parameter that can be

used to tune the ground state in the new superconductor family.
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The discovery of superconductivity in KxFe2�ySe2
(AFeCh-122) with Tc � 31 K has triggered a renewed
interest in the field of iron-based superconductors [1].
The crystal structure contains alkali metals and FeSe layers
alternatively stacked along the c axis. When compared to
other iron-based superconductors, AFeCh-122 show some
distinctive features. Band structure calculations [2] and
angle resolved photoemission spectroscopy) measure-
ments [3] indicate that the hole pockets are absent in the
AFeCh-122 system. This is different from other iron-based
superconductors where both electron and hole Fermi sur-
faces (FSs) are present [4], suggesting that unconventional
pairing via FS nesting [5,6] might not be suitable for these
materials. Experiments observed short and possibly long
range magnetic order and its coexistence with supercon-
ductivity [7–9]. This is quite different from previous iron-
based superconductors where superconductivity emerges
when the spin density wave state is suppressed [10].
Finally, the role of the ordered Fe vacancy and its relations
to the magnetic order, metallic state, and superconductivity
remain unresolved.

Isovalent substitution is an effective way to study the
relationship between structural parameters and physical
properties. It is similar to pressure effects, because it
should not change the carrier density. Unlike in the cup-
rates, superconductivity has been induced or enhanced by
isovalent doping in iron-based superconductors, such as
BaFe2ðAs1�xPxÞ2 and FeTe1�xSex [11,12]. Recently, it was
discovered that KxFe2�yS2, isostructural to KxFe2�ySe2,

exhibits a spin glass (SG) semiconductor ground state
without superconducting transition [13]. Here, we report
the evolution of physical properties and structural parame-
ters of KxFe2�ySe2�zSz (0 � z � 2) single crystals. The

results indicate that suppression of superconducting Tc

coincides with the increasing occupancy of Fe on both
Fe1 and Fe2 sites with S substitution, in contrast to
ðTl;KÞxFe2�ySe2 [14]. It is found that the regularity of

the Fe2-Ch (Ch ¼ Se; S) tetrahedron is an important con-
trolling parameter for electronic and magnetic properties
and has a major influence on electron pairing, i.e., on Tc.
Single crystals of KxFe2�ySe2�zSz were grown as de-

scribed previously [13,15]. Powder X-ray diffraction
(XRD) data were collected at 300 K using 0.3184 Åwave-
length radiation (38.94 keV) at the X7B beam line of the
National Synchrotron Light Source. Refinements of the
XRD data were performed using General Structure
Analysis System [16,17]. The average stoichiometry was
determined by energy-dispersive x-ray spectroscopy in a
JEOL JSM-6500 scanning electron microscope. Electrical
transport and magnetization measurements were carried
out in Quantum Design PPMS-9 and MPMS-XL5.
XRD patterns of all KxFe2�ySe2�zSz show (110) and

other superlattice reflections associated with I4=m
symmetry that incorporates an Fe ordered vacancy site
[Fig. 1(a)]. The structure is shown in the inset of
Fig. 1(b). The peak position of (110) shifts to a higher
angle with increasing S content, which indicates that the
lattice contracts gradually with S doping [Fig. 1(b) and
Table I], due to the smaller ionic size of S2� than Se2�. The
trend of lattice contraction approximately follows Vegard’s
law. The sum of Se and S stoichiometry in grown crystals is
near 2.0, whereas both potassium and iron deviate from full
occupancy (Table I) [13,15]. This is commonly found in all
AFeCh-122 compounds [1,13,18]. It should be noted that
the Fe content increases gradually with S doping, while the
K content does not change monotonically. In addition,
doping S into the Se site does not lead to random Fe
occupation of Fe1 and Fe2 sites. The refinements show
that the Fe1 site is poorly occupied, whereas the Fe2 site is
almost fully occupied.
The superconductivity of KxFe2�ySe2�zSz single

crystals with z < 1:58 is confirmed by the magnetization
measurement [Fig. 2(a)]. Zero-field–cooling (ZFC) super-
conducting transitions shift to low temperature with higher
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S content. Field-cooling (FC) susceptibilities are very small
[Fig. 2(a)], implying possible strong vortex pinning. The
most interesting feature in the temperature dependence of
magnetization is the absence of the Curie-Weiss law for
all samples above 50 K as shown in Figs. 2(b) and 2(c) for
H k ab and H k c, respectively. Magnetic susceptibilities
are weakly temperature dependent with no significant

anomalies above 50 K. This might suggest the presence of
low dimensional short-rangemagnetic correlations and/or a
long range antiferromagnetic order above 300 K. This has
been observed in KxFe2�ySe2 crystals with different K and

Fe site occupancies [7,9]. Therefore, the magnetic interac-
tions above 50K are similar in thewhole alloy series. On the
other hand, nonsuperconducting samples show bifurcation
between the ZFC and FC curves for both field orientations.
The irreversible behavior suggests SG transition at low
temperatures near z ¼ 2 [13]. The spin glass freezing tem-
peratures Tf for nonsuperconducting samples are deter-

mined from the maximum position of �abðTÞ in ZFC
curves and listed in Table I. The S-shape M(H) curves
[Fig. 2(d)] at 1.8 K for z ¼ 1:58 and z ¼ 2 are similar
[13,19]. Hence, the SG state most likely persists in the
1:58 � z � 2 range.
Besides KxFe2�yS2, all other crystals show metallic

behavior below a resistivity maximum �max above the
superconducting transition [Fig. 3(a)]. It should be noted
that the temperature of �max is not monotonic with the
doping level of S (z), implying that the crossover may be
influenced by the amount of both K and Fe deficiencies
(Table I). On the other hand, the crystal with z ¼ 2 is
semiconducting even if the Fe deficiency is smaller than
in other samples. In contrast to �max, with the increase in S,
the Tc is monotonically suppressed to a lower temperature
and can not be observed above 2 K for z � 1:58 (Table I).
We present the magnetic and superconducting phase dia-
gram of KxFe2�ySe2�zSz in Fig. 3(b). The semiconductor-

metal crossover can be traced for 0 � z � 1:58 at high
temperature. In this region, KxFe2�ySe2�zSz is a super-

conducting metal at low temperature. For z ¼ 1:58, �ðTÞ is
metallic with no superconducting Tc down to 2 K. For
1:58 � z � 2, we observe a drop in �� T curves that
could be related to a SG transition. For z ¼ 2, the
KxFe2�ySe2�zSz becomes a small gap semiconductor

with no metallic crossover and with a SG transition
below 32 K.
The gradual changes of Tc are difficult to explain by the

slight variation of Fe and K contents, because the Tc

variation found with S doping is rather different from
Tc variations due to K and Fe differences [14,18,20]. It
was shown that the superconductivity appears with higher

TABLE I. Structural, magnetic, and transport properties of KxFe2�ySe2�zSz. Tf is determined from a maximum position of �abðTÞ in
a zero-field-cooling curve. T�max

, Tc;onset, and Tc;0 are obtained from resistivity data. Error bars for Tc, Tf, and T�max
reflect the standard

deviation from the average temperatures measured on several crystals grown in one batch.

KxFe2�ySe2�zSz a (Å) c (Å) Tc;onset (K) Tc;0 (K) Tf (K) T�max
(K)

K0:64ð4ÞFe1:44ð4ÞSe2:00ð0Þ 3.911(2) 14.075(3) 33(1) 31(1) 132(6)

K0:73ð3ÞFe1:44ð3ÞSe1:68ð6ÞS0:32ð5Þ 3.847(2) 14.046(4) 33(1) 31(1) 129(4)

K0:70ð7ÞFe1:55ð7ÞSe1:01ð2ÞS0:99ð2Þ 3.805(2) 13.903(6) 24(2) 21(1) 203(20)

K0:76ð5ÞFe1:61ð5ÞSe0:96ð4ÞS1:04ð5Þ 3.797(2) 13.859(3) 18(1) 16(2) 138(5)

K0:80ð8ÞFe1:64ð8ÞSe0:42ð5ÞS1:58ð0:05Þ 3.781(2) 13.707(2) 17(1) 79(14)

K0:80ð1ÞFe1:72ð1ÞS2:00ð1Þ 3.753(2) 13.569(3) 32(1)
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FIG. 1 (color online). (a) Powder XRD patterns of
KxFe2�ySe2�zSz at 300 K and fit using a I4=m space group.

Inset: (110) peak position with different S content. (b) Unit cell
parameters as a function of the S substitution. Inset: Crystal
structure of KxFe2�ySe2�zSz in a I4=m unit cell with vacant Fe1

sites marked light red (light grey) and Fe2 sites marked dark
purple (dark grey).
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Fe content when K content ðxÞ< 0:85 [18,20]. As opposed
to this trend, the KxFe2�ySe2�zSz crystals with larger z

values have higher Fe content but lower Tc.
Why is KxFe2�ySe2 a superconductor whereas

KxFe2�yS2 is a semiconductor even though S is an isova-

lent substitution, similar to FeTe1�xSex [12]? This indi-
cates that Tc is not only governed by K=Fe stoichiometry
or vacancies. Below we show that superconductivity is
in fact tuned by subtle structural effects induced by stoi-
chiometry variation. The local environment of Fe pro-
foundly changes with S, inducing the evolution of the band
structure and changes of physical properties. In the
KxFe2�ySe2�zSz crystal structure, Fe atoms have a block-

like distribution where every four Fe2 atoms form a square
around a Se atom, making a cluster distinct from the Fe1
site with low occupancy [21,22]. Therefore there are
Fe1-Fe2 distances as well as intra- and intercluster
Fe2-Fe2 distances. The three types of distances are shown
in Fig. 4(a). All cluster distances are unchanged with S
doping whereas the Fe1-Fe2 distances decrease signifi-
cantly [Fig. 4(a)]. Similar magnetization behavior above
50 K and rather different superconducting Tc’s as S content
varies from 0 to 2 coincides with the nearly unchanged
Fe2-Fe2 bond lengths. This shows that superconductivity is
insensitive to the size of Fe2-Fe2 clusters whereas the
unchanged high temperature magnetism could be related
to the unchanged Fe2-Fe2 bond lengths. On the other hand,
the SG behavior arising at the low temperature for non-
superconducting samples can be explained by the nonzero
random occupancy of the Fe1 (vacancy) site for higher S
content [Fig. 4(b)], randomly changing the intercluster
exchange interactions [23].

According to the empirical rule proposed by Mizuguchi
et al., the critical temperature is closely correlated with the
anion height between Fe and Pn (Ch) layers and there is an

optimal distance (� 1:38 �A) with a maximum transition
temperature Tc � 55 K [24]. This is invalid in
KxFe2�ySe2�zSz materials, where there are two Fe and

two Ch sites and four Fe-Ch heights. This is because there
is no monotonic decrease as Tc is tuned to 0 [Fig. 4(c)],
whereas both Se and S end members have rather similar
anion heights.
The bond angle � between Pn(Ch)-Fe-Pn(Ch) is another

important factor since Tc in iron pnictides is optimized
when the Fe-Pn (Ch) tetrahedron is regular (� ¼ 109:47�)
[25]. In KxFe2�ySe2�zSz, the Ch2-Fe1-Ch2 angle changes

towards the optimal value with increasing S [Fig. 4(d)],
but the local environment of Fe2 exhibits an inverse trend.
Among the six angles in the Fe2-Ch1(2) tetrahedron,
three (Ch1-Fe2-Ch2) are nearly unchanged with S doping
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FIG. 3 (color online). (a) Temperature dependence of the in-
plane resistivity �abðTÞ of the KxFe2�ySe2�zSz single crystals in

a zero field. Inset: Temperature dependence of �abðTÞ below
40 K for 0 � z � 1:2. (b) Magnetic and superconducting phase
diagram of KxFe2�ySe2�zSz. Green, blue, and orange colors

show semiconducting, magnetic, and superconducting regions,
respectively. Red symbols denote spin glass transitions.
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FIG. 2 (color online). (a) dc magnetic susceptibility of super-
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[Fig. 4(e)]. The other three (Ch1-Fe2-Ch1) change
significantly (maximum 6�) and deviate from the optimal
value from the Se rich to the S rich side [Fig. 4(f)]. Hence,
the increasing distortion of the Fe2-Ch tetrahedron
with S doping is closely correlated to the suppression of
Tc. This distortion may lead to carrier localization and/or a
decrease in the density of states at the FS. Therefore, the
regularity of the Fe2-Ch1(2) tetrahedron is the key struc-
tural factor in the formation of the metallic states in
KxFe2�ySe2�zSz, and consequently, the Tc. The dispersion

of tetrahedral angles from 109.47� increases with the S
content increase.

We have demonstrated the structure tuning of super-
conductivity in KxFe2�ySe2�zSz single crystals. For low

S doping, the superconducting Tc is nearly the same as in
the pure material. With the increase of S above z ¼ 1,
the Tc is gradually suppressed, finally vanishing at 80%
of the S substitution. Conductivity and magnetic properties
coincide with stoichiometry changes on the Fe1 site and
with particular changes of the local environment of the
Fe2 site. Nearly unchanged Fe2-Fe2 bond lengths result
in the similar magnetic behavior. The suppression of

superconductivity with S doping could be traced to the
increasing irregularity of the Fe2-Ch tetrahedron and to an
increasing occupancy of the Fe1 site. These ultimately
destroy superconductivity and bring about a glassy mag-
netic order and semiconducting ground state.
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Vacancy-induced nanoscale phase separation in KxFe2− ySe2 single crystals evidenced
by Raman scattering and powder x-ray diffraction
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Polarized Raman scattering spectra of KxFe2−ySe2 were analyzed in terms of peculiarities of both I4/m and
I4/mmm space group symmetries. The presence of the Raman active modes from both space group symmetries
(16 Raman-active modes of the I4/m phase and two Raman-active modes of the I4/mmm phase) confirmed
the existence of two crystallographic domains with different space group symmetry in a KxFe2−ySe2 sample.
High-resolution synchrotron powder x-ray diffraction structural refinement of the same sample confirmed the
two-phase description, and determined the atomic positions and occupancies for both domains.

DOI: 10.1103/PhysRevB.86.054503 PACS number(s): 78.30.−j, 74.25.−q, 61.05.cp, 61.72.jd

The recent discovery of block checkerboard antiferromag-
netic order of superconducting materials AxFe2−ySe2 (A = K,
Rb, Cs, and Tl) has invoked considerable debate in the
scientific community.1–6 It was shown that the appearance
of antiferromagnetism is a consequence of the Fe vacancy
ordering.7,8 These unique properties among the supercon-
ductors opened a question whether Fe vacancies stabilize
or destroy the superconductivity. Very recently, scanning
tunneling microscopy (STM) measurements,9 conducted on
KxFe2−ySe2 thin films grown by molecular beam epitaxy,
revealed that the KxFe2−ySe2 sample contains two distinct
phases: an insulating phase with well defined

√
5 × √

5
order of Fe vacancies, and a superconducting KFe2Se2 phase
containing no Fe vacancies. It was found that the presence of a
single Fe vacancy locally destroys superconductivity.9 Recent
Angle-resolved photoemission spectroscopy (ARPES) and
optical measurements combined with TEM analysis10,11 also
show the presence of the nanoscale phase separation between
superconducting and antiferomagnetic phases in bulk crystals.

Raman scattering (RS) measurements of KxFe2−ySe2 were
analyzed, to the best of our knowledge, only in Ref. 12.
Zhang et al.12 performed partial assignment: 11 out of
18 Raman-active modes predicted by factor-group analysis
(FGA) within the I4/m symmetry group. They found that only
one mode around 180 cm−1 exhibits a change in frequency
around Tc. However, the origin of this mode remained
unclear.

In this paper, RS is used to determine the influence of
vacancy ordering on phonon spectra of KxFe2−ySe2 single
crystals. The polarized Raman spectra were analyzed in terms
of peculiarities of both the I4/m and I4/mmm space group
symmetries. Sixteen out of eighteen Raman-active phonons
of the I4/m and two Raman-active phonons of the I4/mmm

phase, predicted by FGA for our measurement configuration,
have been observed and assigned. This confirms the exis-
tence of two crystallographic domains in our sample. High-
resolution powder x-ray diffraction (PXRD) measurements on
the same sample also indicate that the sample has coexisting
I4/m and I4/mmm regions.

Single crystals of KxFe2−ySe2 were grown and treated
by the post-annealing and quenching technique described
elsewhere in detail.13,14 Before starting the RS measurements,
the samples were cleaved in order to obtain a flat and shiny
(001)-plane surface. The RS measurements were performed
using a TriVista 557 Raman system in backscattering micro-
Raman configuration. The 514.5 nm line of an Ar+/Kr+ mixed
gas laser was used as an excitation source. The corresponding
excitation power density was less than 0.2 kW/cm2. All
measurements were performed in the vacuum by using a
KONTI CryoVac continuous helium flow cryostat with a
0.5 mm thick window.

PXRD measurements at room temperature and 400 ◦C
were carried out at the X16C beamline of the National
Synchrotron Light Source at Brookhaven National Laboratory.
The measurements were made on the same sample, several
months after preparation and the Raman experiments. The
sample was sealed in a 1 mm diameter glass capillary with Si as
an internal standard and dilutant, and diffraction data collected
at a wavelength of 0.5612 Å from a channel-cut Si(111)
monochromator and Ge(111) analyzer. PXRD results15 were
Rietveld refined with TOPAS Academic software;16 see Fig. 1.

The sample’s composition was previously measured
by x-ray spectroscopy in an electron microscope to be
K0.64(4)Fe1.44(4)Se2.17 A PXRD pattern at 400 ◦C refined to
a single phase of composition K0.72(4)Fe1.60(4)Se2. While the
results of these two measurements differ by more than the
stated uncertainty, we do not believe they are in disagreement
due to possible systematic errors in both measurement tech-
niques. The room-temperature data were analyzed as a mixture
of two phases: an I4/mmm phase structurally identical to
the high-temperature structure, and the Fe vacancy-ordered√

5 × √
5 I4/m phase. This two-phase description is in

agreement with the recent STM study.9 A fit to a single-phase
model in I4/m with partial vacancy ordering is significantly
worse than the two-phase model (χ2 = 2.88 vs 2.28), and can
therefore be excluded. The refined composition of the sample
is K0.68(2)Fe1.57(3)Se2, in satisfactory agreement with both the
high-temperature PXRD and the x-ray spectroscopy results.
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FIG. 1. (Color online) PXRD diffraction data with Rietveld fit,
showing separate contributions from I4/m and I4/mmm phases.
Peaks from the Si internal standard, in both the main plot and the
scaled difference curve, are truncated. This fit has weighted R factor
RWP = 5.90% and χ 2 = 2.28.

Unit cells for both phases are built up of interspersed FeSe
slabs and nets of K, stacked along the z axis; see Fig. 2. Refined
atomic positions and occupancies of both phases are listed in
Table I. Note that the refined occupancy of the iron sites in the
superconducting I4/mmm phase is unity, within its standard
uncertainty. On the other hand, neither Fe site in the

√
5 × √

5
I4/m phase is fully occupied.

One feature of note from the PXRD refinement (Fig. 1)
is that the diffraction peaks of the I4/mmm phase are
substantially broader than those of the I4/m phase. It is
difficult to quantify the effect, because I4/mmm peaks
overlap the strongest I4/m peaks and both phases exhibit
significant anisotropic microstrain broadening; an estimate
from the Scherrer equation leads to an I4/mmm domain size
on the order of 100 nm.

According to symmetry considerations one can expect
four Raman-active phonons for the I4/mmm phase and 27

(c)

y’ x’

z’

y x

z

xx’y

y’

x0

y0

(a) (b)

FIG. 2. (Color online) Crystal structure of KxFe2−ySe2 in
(a) I4/mmm and (b) I4/m unit cells (black lines). (c) FeSe slab
in the (001) plane. The solid line illustrates the I4/m unit cell and
the shaded square illustrates the I4/mmm unit cell.

TABLE I. Structural parameters for the KxFe2−ySe2 two-phase
powder sample at room temperature. Standard uncertainties given in
parentheses are derived from counting statistics, and are generally
smaller than plausible estimates of accuracy.

Phase I

Space group I4/mmm

Lattice a = 3.898(1) Å, c = 14.091(4) Å
Mole fraction 19(1)%
Atom Site x y z Occ

K 2a 0 0 0 0.82(4)
Fe 4d 0 0.5 0.25 0.99(3)
Se 4e 0 0 0.354(1) 1

Phase II
Space group I4/m

Lattice a = 8.703(3) Å, c = 14.160(1) Å
Mole fraction 81(1)%
Atom Site x y z Occ

K1 2b 0 0 0.5 1.00(6)
K2 8h 0.583(4) 0.242(2) 0.5 0.56(2)
Fe1 16i 0.296(1) 0.596(1) 0.247(1) 0.84(1)
Fe2 4d 0 0.5 0.25 0.33(2)
Se1 4e 0 0 0.139(1) 1
Se2 16i −0.089(1) 0.302(1) 0.353(1) 1

Raman-active phonons for the I4/m phase (Table II). When
Raman scattering is measured at the (001) plane of the
KxFe2−ySe2 sample, two Raman-active phonons (A1g + B1g)
of the I4/mmm phase and 18 Raman-active phonons (9Ag +
9Bg) of the I4/m phase can be observed. Here, one must have
in mind that the x′ and y′ axes of the I4/m phase are rotated by
an angle α (−α for the twin domain),18 to the corresponding
axes (x and y) of the I4/mmm phase; see Fig. 2.

In general, the intensity of a given Raman-active phonon
can be expressed as I ∼ |esR̂ei |2, where ei and es are
incident and scattered light polarization vectors.19 R̂ is Raman
scattering tensor, a 3 × 3 complex matrix which describes the
properties of the phonon with the respect to Raman scattering,
expressed in the crystal principal axes basis. In order to obtain
proper selection rules for I4/mmm and I4/m domains for the
arbitrary crystal orientation (see Fig. 2), we have to transform
the corresponding Raman tensors in terms of laboratory co-
ordinate system x0y0z0, R̂x0y0z0 = �R̂xyz�̃. When measuring
the Raman intensity of a phonon with polarization vectors
es and ei along the main axes of the Raman tensor, only
the absolute value of one tensor component contributes to
the Raman intensity. However, in other scattering geometries,
where es and ei are not parallel to the main axes of R̂,
the relative phase difference between Raman tensor elements
influences the strength of the scattering process. For our
scattering configuration in which x0 ‖ es and � = � (es,ei ),
the Raman intensities for the Raman tensors represented in
Table II are given by

IAg
(θ ) ∼ |a′|2 cos2 θ, IA1g

(θ ) ∼ |a|2 cos2 θ,

IBg
(θ ) ∼ (c′ cos[θ + 2(β ± α)] + d ′ sin[θ + 2(β ± α)])2,

IB1g
(θ ) ∼ |c|2 cos2(θ + 2β). (1)

Figure 3(a) displays I (θ ) according to Eqs. (1) for one arbitrary
choice of parameters with α = 27◦ and β = 50◦. As can be
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VACANCY-INDUCED NANOSCALE PHASE SEPARATION IN . . . PHYSICAL REVIEW B 86, 054503 (2012)

TABLE II. The type of atoms together with their site symmetries, each site’s contributions to the � point phonons, as well as Raman tensors,
phonon activities and selection rules for both I4/mmm and I4/m phases.

I4/mmm (D17
4h and ZB = 1) I4/m (C5

4h and ZB = 5)

Atoms (site symmetry) Irreducible representations Atoms (site symmetry) Irreducible representations

K (D4h) A2u + Eu K1 (C4h) Au + Eu

Fe (D2d ) A2u + B1g + Eg + Eu K2 (Cs) 2Ag + Au + 2Bg + Bu + Eg + 2Eu

Se (C4v) A1g + A2u + Eg + Eu Fe1 (C1) 3Ag + 3Au + 3Bg + 3Bu + 3Eg + 3Eu

Fe2 (S4) Au + Bg + Eg + Eu

Se1 (C4) Ag + Au + Eg + Eu

Se2 (C1) 3Ag + 3Au + 3Bg + 3Bu + 3Eg + 3Eu

Raman tensors

R̂
xyz

A1g
=

(
|a|eiϕa 0 0

0 |a|eiϕa 0
0 0 |b|eiϕb

)
R̂

xyz

B1g
=

(
|c|eiϕc 0 0

0 −|c|eiϕc 0
0 0 0

)
R̂

x′y′z
Ag

=
( |a′|eiϕ′

a 0 0
0 |a′|eiϕ′

a 0

0 0 |b′|eiϕ′
b

)
R̂

x′y′z
Bg

=
(

|c′|eiϕ′
c |d ′|eiϕ′

d 0

|d ′|eiϕ′
d −|c′ |eiϕ′

c 0
0 0 0

)

Activity and selection rules
�Raman = A1g(αxx+yy,αzz) + B1g(αxx−yy) + 2Eg(αxz,αyz) �Raman = 9Ag(αx′x′+y′y′ ,αzz) + 9Bg(αx′x′−y′y′ ,αx′y′ ) + 9Eg(αx′z,αy′z)

�infrared = 2A2u(E ‖ z) + 2Eu(E ‖ x,E ‖ y) �infrared = 9Au(E ‖ z) + 7Bu(silent) + 10Eu(E ‖ x′,E ‖ y′)
�acoustic = Au + Eu �acoustic = Au + Eu

seen, modes of the Bg symmetry can be observed for every
value of �, whereas the ones of the Ag and A1g symmetry
vanish for crossed polarization configuration, independently
of the crystal orientation. The B1g reaches maximum intensity
for � = −2β and vanishes for � = 90◦ − 2β.

Figure 3(b) shows RS spectra of KxFe2−ySe2 single crystals
measured at 85 and 270 K in parallel and crossed polarization
configurations. First we will discuss the Raman modes of the
high-symmetry phase I4/mmm. RS study of (Sr,K)Fe2As2,20

isostructural to our high symmetry phase, revealed that the
A1g and B1g symmetry modes appear at 185 and 210 cm−1 (at
20 K). According to this assignment the peaks at about 180
and 207 cm−1 (at 85 K, see Fig. 3) can be identified as the
A1g and B1g symmetry vibrations of the As and Fe atoms of
the high-symmetry phase, respectively. Appearance of the B1g

mode at similar energies in both (Sr,K)Fe2As2 (210 cm−1) and
KxFe2−ySe2 (207cm−1) is expected since the lattice parameter
a for both crystal structures [(Sr,K)Fe2As2 and the I4/mmm

phase of KxFe2−ySe2] are nearly the same and, as shown,20

the substitution of K for Sr does not significantly change
the frequencies of Raman modes involving As and Fe atom
vibrations. Replacement of the lighter As atom with the heavier
Se atom at the C4v site results only in a shift of the A1g

mode in KxFe2−ySe2 toward the lower energies (180 cm−1),
in comparison to the same mode in (Sr,K)Fe2As2 (185 cm−1).
The remarkable decrease of the B1g mode relative intensity
with lowering temperature can be Fe vacancy order/disorder
related.

Raman modes of the lower-symmetry phase (I4/m),
Fig. 3(b), at 163 and 203 cm−1 that are observed in parallel
but not in crossed polarization configuration, are assigned
as Ag symmetry modes. Three modes at about 194, 188,
and 214 cm−1, which appear for the crossed polarization
configuration, are assigned as Bg modes.

Figure 4 shows Raman scattering spectra of KxFe2−ySe2

single crystals measured at 85 K in four different polarization
configurations. A multiple peak structure has been observed
for parallel polarization configuration in the low-energy region
between 80 and 150 cm−1. By comparison of this spectral

region with other polarization configurations (Fig. 4) we found
that this structure consists of six Raman active modes, three of
which (at about 107, 123, and 134 cm−1) are of Ag symmetry
(blue lines in the inset of Fig. 4) and the remaining (at about

FIG. 3. (Color online) (a) Raman intensity angular dependencies
of Ag , Bg , A1g , and B1g modes for arbitrary parameters in the
single-domain case. (b) Raman scattering spectra of KxFe2−ySe2

single crystals measured in parallel and crossed polarization
configurations. The sample was orientated so that es ‖ 1/

√
2[1,1,0]

of the I4/mmm phase.
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FIG. 4. (Color online) Raman scattering spectra of KxFe2−ySe2

single crystals measured at 85 K in parallel (θ = 0◦), θ = 30◦,
θ = 60◦, and cross (θ = 90◦) polarization configuration. Inset:
Analysis of the θ = 60◦ spectra low-energy region using Lorentz
lineshapes.

94, 100, and 140 cm−1) are of Bg symmetry (green lines in the
inset of Fig. 4). The lowest-energy modes appear at 63 cm−1

(Bg) and 67 cm−1 (Ag). Analysis of the high-energy spectral
region of the Raman spectra of KxFe2−ySe2 single crystals
(above 230 cm−1) showed three peaks, which we assigned as
Ag symmetry modes (at about 240 and 264 cm−1) and a Bg

symmetry one (274 cm−1).
Figure 5(a) shows Raman scattering spectra of KxFe2−ySe2

single crystals in the 160–225 cm−1 spectral range measured
at 85 K as a function of �. The relative intensities change
of the analyzed modes as a function of � are presented in
Fig. 5(b). The solid lines represent calculated spectra by
using Eqs. (1) with one consistent set of parameters with the
angle β = 47(5)◦, which confirms the supposed orientation
of the sample (see the caption of Fig. 3). When analyzing
the Bg mode relative intensity angular dependence, one must
have in mind that I4/m domains with the orientation α and
−α appear with the same probability in the sample and both
contribution must be taken into account. Analysis of the
A1g and B1g modes’ relative intensity angular dependences
[Fig. 5(b)] also confirmed our previous assignment about
the two-phase nature of the KxFe2−ySe2 sample. Analysis of
the 194 and 214 cm−1 modes’ relative intensities (denoted
as B6

g and B7
g ) confirmed the Bg nature of these modes.

Additionally, we found that the angle between principal axes
of the I4/mmm and I4/m phase domains in the (001) plane
is about α = 29(6)◦, which is in agreement with the expected
value of ∼26.6◦ for the

√
5 × √

5 modulation.
In conclusion, Raman scattering was used to determine

the influence of vacancy ordering on phonon spectra of
KxFe2−ySe2 single crystals. Polarized Raman spectra were
analyzed in terms of peculiarities of both I4/m and I4/mmm

symmetries. We have observed (at 85 K) 8Ag (67, 107, 123,

FIG. 5. (Color online) (a) Raman scattering spectra of
KxFe2−ySe2 single crystals measured at 85 K as a function of �.
(b) Relative intensities of the Raman active modes as a function of �.

134, 163, 203, 240, and 264 cm−1) and 8Bg(63, 94, 100,
140, 188, 194, 214, and 274 cm−1) modes originating from
the vibrations of the I4/m phase and A1g (180 cm−1) and
B1g (207 cm−1) modes originating from the vibrations of
the I4/mmm phase. This confirmed the two-phase nature of
KxFe2−ySe2 sample. The structural refinement of the PXRD
data of KxFe2−ySe2 crystals confirmed the two-phase nature
of the sample, as well as the fact that the Fe sites in the
high-symmetry superconducting I4/mmm phase are fully
occupied, whereas there is a substantial density of Fe vacancies
in the

√
5 × √

5 I4/m phase.
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Lattice dynamics reveals a local symmetry breaking in the emergent dipole phase of PbTe
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Local symmetry breaking in complex materials is emerging as an important contributor to materials properties
but is inherently difficult to study. Here we follow up an earlier structural observation of such a local symmetry
broken phase in the technologically important compound PbTe with a study of the lattice dynamics using inelastic
neutron scattering (INS). We show that the lattice dynamics are responsive to the local symmetry broken phase,
giving key insights in the behavior of PbTe, but also revealing INS as a powerful tool for studying local structure.
The new result is the observation of the unexpected appearance upon warming of a new zone center phonon branch
in PbTe. In a harmonic solid the number of phonon branches is strictly determined by the contents and symmetry
of the unit cell. The appearance of the new mode indicates a crossover to a dynamic lower symmetry structure
with increasing temperature. No structural transition is seen crystallographically, but the appearance of the new
mode in inelastic neutron scattering coincides with the observation of local Pb off-centering dipoles observed
in the local structure. The observation resembles relaxor ferroelectricity, but since there are no inhomogeneous
dopants in pure PbTe this anomalous behavior is an intrinsic response of the system. We call such an appearance
of dipoles out of a nondipolar ground-state “emphanisis” meaning the appearance out of nothing. It cannot be
explained within the framework of conventional phase transition theories such as soft-mode theory and challenges
our basic understanding of the physics of materials.

DOI: 10.1103/PhysRevB.86.085313 PACS number(s): 72.20.Pa, 63.20.dd, 73.22.Gk, 78.70.Nx

I. INTRODUCTION

The unexpected appearance, on warming, of local Pb
off-centering dipoles was recently reported in PbTe.1 No
structural transition is seen in the average rock-salt crystal
structure but is apparent in the local structure on warming
above 100 K: the local symmetry is lowered, losing its cen-
trosymmetry, upon warming. We refer to this as “emphanisis”
meaning the appearance of something from nothing since it is
fundamentally different from a normal ferroelectric transition
where dipoles exist at low temperature but become disordered
and fluctuating at high temperature. Here the dipoles appear
upon warming from a ground state with no dipoles. In the
original study1 the dipoles were deemed to be fluctuating,
but this could not be determined from the experiment itself.
A recent inelastic neutron scattering (INS) study2 noted the
anharmonicity of certain phonons down to low temperature
in PbTe. Here we present a detailed temperature-dependent
INS study of the phonons in the temperature range where the
local dipoles appear.1 Below room temperature our results
are in good agreement with earlier work on PbTe,3,4 and
we also see the significantly anharmonic signal of the zone
center transverse optical (TO) mode reported by Delaire et al.2

However, the main result of this work is the characterization
of the anharmonic features at ∼6 meV as a new mode with
a highly anomalous temperature dependence, growing rapidly
in spectral weight with increasing temperature above 100 K,
at the expense of the normal TO mode that is the incipient
ferroelectric mode.4 The new mode and the original TO mode
coexist over the entire temperature range measured to 600 K,
resulting in an additional phonon branch in the Brillouin zone

indicative of a broken symmetry, though none is seen in
the average structure. The new mode is broad with a short
lifetime, but dispersive. It also hardens with increasing
temperature. Since it appears over the same temperature range
where local dipoles appear in the structure1 we associate
its appearance with the appearance of these objects that
break the local, though not the average, centrosymmetric
symmetry. Such behavior, observed in a pure binary alloy
system, has not been described before and challenges our
current understanding of the physics of materials.

II. RESULTS

We first consider the lattice dynamics at room temperature
and below, and compare our measurements to earlier results
in the literature2–4 to establish the quality of our sample and
data. Figures 1(a)–1(c) show representative room temperature
INS constant �Q scans, at three points in the Brillouin zone,
collected on the HB3 triple axis spectrometer at Oak Ridge
National Laboratory (ORNL). Details of the data collection
are described in the Materials and Methods section below.

As illustrated in the inset to Fig. 1, the points in reciprocal
space are (a) (033), which is a zone boundary K point5 in
a position such that the instrument is sensitive to transverse
polarized modes,6 (b) (2.5 2.5 2.5), which is a zone boundary
L point sensitive to longitudinal modes, and (c) (133), which is
a Brillouin zone center (� point) where both longitudinal and
transverse modes can be measured. Certain phonon branches
are expected based on the earlier work of Cochran et al.,3 the
energy transfers of which are indicated by red dashed lines

085313-11098-0121/2012/86(8)/085313(7) ©2012 American Physical Society

http://dx.doi.org/10.1103/PhysRevB.86.085313


KIRSTEN M. Ø. JENSEN et al. PHYSICAL REVIEW B 86, 085313 (2012)

FIG. 1. (Color online) INS spectra of a PbTe single crystal at 288 K at different �Q points in reciprocal space: (a) (0 3 3) zone edge,
(b) (2.5 2.5 2.5) zone edge, and (c) (1 3 3) zone center. The red dashed lines indicate the phonon energies measured by Cochran et al. (Ref. 3)
for comparison. The inset in (c) is a schematic of the plane of reciprocal space that the triple axis spectrometer was set to work in. The grey dots
are the reciprocal lattice points, and the lines are Brillouin zone boundaries. The red, pink, and blue dots are the �Q points for the data shown
in (a) (K point), (b) (L point), and (c) (� point), respectively. (d)–(f) show false color plots of the intensity (color axis) vs energy transfer,
�E = h̄ω, and temperature of the same modes shown in the panels above. (g)–(i) show representative fits of Lorentzian peaks (in red) to the
TO mode at the [133] zone center spectra: (g) 2 K, (h) 134 K, and (i) 231 K. The vertical dashed lines are the extracted mode energies ω.
(j) ω2 vs T for all the temperatures fit in the temperature range below 300 K with a straight line fit to the data shown in red.

in Fig. 1. There is good semiquantitative agreement with the
earlier results. Figures 1(d)–1(f) shows a false-color plot of
the scattered intensity as a function of temperature and energy
transfer, �E = h̄ω, for the same three �Q points. The K-point
modes in Fig. 1(d) do not change energy at all vs temperature,
neither do they broaden significantly. This is expected in a
harmonic system, but even in a quasiharmonic approximation
where lattice expansion is taken into account it is common to
see softening with increasing temperature.7 The longitudinal
acoustic/longitudinal optical (LA/LO) doublet at the L point
shown in Fig. 1(e) does appear to broaden with increasing
temperature though the peak contains two components that
are both softening with increasing temperature. Fits to the line
shapes suggest that there is little broadening of the individual
lines. Qualitatively, the softening of these modes may be
explained by a quasiharmonic analysis.

We now consider the zone-center TO mode in Figs. 1(c)
and 1(f). This mode is the soft mode that indicates an
incipient ferroelectric phase transition in PbTe.4 The mode
softens with decreasing temperature (the opposite of the

L-point modes and opposite to early density functional theory
(DFT) calculations8) but never reaches zero frequency. A
softening to zero frequency would indicate the soft-mode
transition temperature9 and a structural phase transition. It is
immediately apparent that the mode is anomalously broad as
pointed out recently.2 The zone edge modes in Figs. 1(a) and
1(b) have a FWHM of around 1.5 meV which is close to the
calculated energy resolution of the instrument, as described in
Materials and Methods below. However, the high-energy tail
on the zone center TO mode is of the order of ∼5 meV. The
temperature dependence of this scattering feature is shown in
a false-color plot in Fig. 1(f). This feature in the scattering is
seen to broaden dramatically with increasing temperature and
is highly asymmetric and non-Gaussian.2

To study the temperature dependence of this mode in greater
detail we have fit curves to the spectra at each temperature.
We focus initially on the low-temperature region, T < 300 K.
We would like to see if our data reproduce the earlier results
of Alperin et al.4 Reasonable fits could be made to the
scattering features by fitting a Lorentzian peak on a linear
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FIG. 2. (Color online) Plots of the INS spectrum at �Q = (133).
From the bottom (pale blue) the temperatures shown are 28, 99, 203,
299, 410, 486, and 601 K (topmost curve). Datasets are offset with
respect to each other by 75 intensity units for clarity. The two arrows
are guides to the eye, indicating the positions of the TO and the new
mode at the highest temperature. Both modes soften upon cooling.

sloping background, and from this we extracted the mode
frequency. Three of these fits are shown in Figs. 1(g)–1(i).
The temperature dependence is shown in Fig. 1(j). For a
mean-field, second order phase transition, the soft mode theory
predicts that the frequency of the soft mode approaches zero
as (T − Tc)0.5,9 so a plot of ω2 versus T will be linear and
intercept the abscissa at transition temperature Tc. It is clear
that the zone center mode softens upon cooling according to
mean-field soft mode theory but still has a positive frequency
at T = 0: PbTe is an incipient ferroelectric but, in the absence
of alloying with Ge,10 does not undergo a ferroelectric phase
transition upon cooling. There is excellent agreement with the
earlier work.4 Extrapolating the line to the abscissa we obtain a
putative phase transition temperature of −151 K. This is a little
more negative in temperature than Alperin et al.4 (−135 K)
but in good general agreement, and it establishes the purity of
our crystal.

Having established that data from our sample are in good
agreement with earlier work, we move to the main result of the
current study. In Fig. 2 we show the temperature dependence
of the zone center TO mode feature over a wide temperature
range extending to high temperature.

Over a narrow temperature range beginning above ∼100 K
a new peak grows up rapidly but smoothly from the high energy
tail of the TO mode, gaining spectral weight at the expense of
the TO mode, but coexisting with it. Above room temperature
the new peak becomes very strong, dominating the original
TO feature. It indicates the presence of a new mode in the
system that appears upon increasing temperature, which is
highly anomalous.

The neutron scattering dynamic structure factor S( �Q,ω) is
the normalized inelastic scattering intensity and is related to

the imaginary part of the dynamic susceptibility according to6

S( �Q,ω) = χ ′′( �Q,ω)
(
1 − e

− h̄ω
kB T

) .

For a particular phonon mode in the sth branch at position
�Q = �G − �q in reciprocal space, where �G is a reciprocal lattice

vector and �q is a vector that lies within a single Brillouin zone,
χ ′′( �Q,ω) is proportional to |F ( �Q)|2/ω�qs , where F ( �Q) is the
phonon dynamic structure factor. It is proportional to the Bragg
scattering structure factor for zone center acoustic modes, but
in general depends on the polarization of the vibrational mode
and the atomic displacement vectors of the eigenfunction.

To obtain a quantity proportional to χ ′′( �Q,ω), we multiply
the measured intensity by the Bose-Einstein factor C =
(1 − e

− h̄ω
kB T ). This removes the temperature dependent effects

of phonon occupancy and allows us to track the changes in
the phonon energy spectrum directly. The thus normalized
data sets from �Q = [331] were then fit with two damped
harmonic oscillator functions to extract the different phonon
dynamic susceptibilities. An additional Gaussian function was
introduced to fit the intensity from the tail of the Bragg peak.
Details of the fitting are in the Materials and Methods section.
Representative examples of the fits to the data at various
temperatures are shown in Figs. 3(a)–3(f).

The growth of the susceptibility of the new mode, at the
expense of the TO mode, with increasing temperature is clearly
apparent, as evident in Fig. 3(g). As well as growing, the
new mode sharpens and hardens with increasing temperature.
Rapid growth of the new mode spectral weight begins at
around 100 K. The behavior is reminiscent of the power law
growth of an order parameter in a Ginsburg-Landau theory
of a conventional second order phase transition9 except in
that case the order parameter grows upon cooling through the
phase transition, not on warming as here. The temperature
dependence of the mode susceptibility is reminiscent of the
growth in the amplitude of the off-center Pb displacements
observed in the atomic pair distribution function (PDF),1 as
shown in the inset. We have investigated the dispersion of
the new mode in the [h11] direction away from the zone
center using the ARCS chopper spectrometer at ORNL. As
is evident from Fig. 4, the mode clearly disperses to higher
energy transfer moving away from the zone center, similar to
the TO mode, and hardens with increasing temperature. Small
features in the h = 5.2 spectra at an energy transfer around
5 meV are acoustic phonons, which cannot be resolved at lower
momentum transfers, and should not be confused with the new
mode which is dispersing towards higher momentum transfer.

The observation of additional modes implies a symmetry
breaking in the system. The most trivial possibility is the
appearance of a localized mode due to the presence of
point defects in the material. Such modes are extremely
weak and nondispersive but can become apparent, even for
modest defect densities, when they interact with dispersing
crystal modes.11 This explanation can be ruled out by the
temperature dependence. 100 K is too low a temperature for
any significant thermally activated defect formation, and it is
difficult to explain the power-law behavior of the susceptibility
in this scenario. Also, the new mode is dispersive arguing
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FIG. 3. (Color online) (a)–(f) Dynamic susceptibility obtained from the measured INS spectra (symbols) at representative temperatures
with fits to the data shown as a pink line. There are two damped harmonic oscillator components, one for the TO mode (red) and one for the
new mode (green). A Gaussian function was added to fit the intensity from the tail of the Bragg peak (orange). The horizontal blue line is a
constant background component. (a) 2 K, (b) 98 K, (c) 203 K, (d) 299 K, (e) 482 K, and (f) 601 K. (g) shows the temperature dependence of
the integrated weight in the new mode from the fits (black symbols). The inset shows the Pb off-centering displacement measured from the
PDF measurement on PbTe reported in Ref. 1.

against this explanation. Similar arguments argue against
another possibility which is the formation of thermally induced
intrinsic local modes.12 These are localized phonon modes that
form due to nonlinear effects in a strongly driven system of
oscillators13 and have been postulated to form due to thermal
excitation in soft ionic systems.12 An anharmonic coupling
between the LA and TO modes has also been postulated to
explain the breadth of the TO mode in PbTe,2 but this does
not explain the characteristic temperature dependence, and
the clear observation of two distinct coexisting components
in the vicinity of the TO mode. Also the LA mode is
at zero frequency and far from the TO mode at the zone
center where our data were measured. The most striking
correspondence of the new mode is with the temperature
dependent appearance of Pb off-centering structural dipoles

in the local structure reported from PDF measurements.1 This
observation was rationalized on thermodynamic grounds as
the entropically stabilized appearance of a paraelectric phase
above an undistorted nonferroelectric ground state. In this
picture, the emergent dipoles break the local symmetry by
removing the center of symmetry on the Pb site, even though
there is no change in the long-range symmetry. This will result
in short and long Pb-Te bonds, changing mode frequencies
associated with the TO vibrations which are the intra-unit
cell anti-phase vibrations of Pb and Te, just as observed here.
If each off-center Pb atom is fluctuating independently, this
would result in a flat nondispersing mode. The observation
of dispersion implies that off-centered Pb ion displacements
are correlated over some range of space, resulting in polar
nanodomains similar to those observed in relaxor ferroelectrics

FIG. 4. (Color online) Neutron scattering intensity vs energy transfer from single crystal PbTe measured on the ARCS spectrometer.
Curves in each panel are cuts along [h11] for 5 (zone center)< h < 5.2 showing the dispersion of the modes. (a) 100 K, (b) 200 K, (c) 300 K,
(d) 400 K, (e) 500 K, and (f) 600 K. At high temperature the intensity is almost exclusively coming from the new mode which is seen clearly
dispersing to higher energy with increasing h.
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FIG. 5. (Color online) Elastic diffuse scattering around the [h00],[0kk] plane of reciprocal space measured using the Triple axis spectrometer:
(a) 16 K, (b) 482 K, (c) difference between the scans in (b) and (a): I (482) − I (16). (d) and (e). As (a) and (b) but the intensities have been
corrected to account for the change in phonon occupation of the acoustic modes that are within the energy resolution of the measurement.
(f) The difference between the scans in (e) and (d).

below the Burns temperature.14 The new mode seen here
is highly reminiscent of modes appearing in INS measure-
ments of relaxor ferroelectrics that were attributed to polar
nanodomains.15 However, the crucial distinction here is that
PbTe is a pure material. In relaxors the polar nanodomains
are stabilized by nanoscale chemical disorder whereas here
they must be intrinsic. A physical explanation may lie in the
partially localized optical phonon modes recently postulated
by DFT and molecular modeling16 that result from partial
covalency of the Pb and Te that competes with the electrostatic
Madelung potential which prefers the high symmetry rock-salt
structure. More work on the temperature dependence and the
dispersion of these modes is needed to establish the true origin
of this behavior.

We would like to establish if there is a static component to
the short-range ordered nanoscale distortions by searching for
diffuse scattering around the zone center in the elastic channel
(ω = 0). Indeed, we find there is a small increase in scattering
at the base of the (111) Bragg peak at high temperature,
which could be elastic diffuse scattering, as evident by
comparing Figs. 5(a) and 5(b). The Bragg peak is evident as the
strong scattering signal in dark red centered at (1.0,1.0,1.0).
Another strong feature at (1.25,1.3,1.3) is a spurious feature
of unknown origin. Powder diffraction lines are also evident
coming from the aluminum cryostat windows, and for the
line going through the Bragg peak, possibly some crystal
mosaicity. The spurious features disappear (or rather appear
with negative differential intensities) in the difference plot in
Fig. 5(c) which shows the difference between the intensities
at high (b) and low (a) temperature. We see some diffuse
scattering intensity appearing at high temperature in this elastic

measurement, suggesting that the high temperature broken
symmetry phase has a static component. This extra diffuse
scattering component shows up as positive intensity around
the (111) point in Fig. 5(c), whereas the Bragg features have
a negative difference (dark blue) due to Debye-Waller effects.
However, the most likely origin of the observed increase
in elastic diffuse intensity is the finite energy resolution of
our measurement resulting in a temperature dependent signal
coming from the increase in population of the acoustic phonons
that lie within the energy resolution window. Figs. 5(d) and 5(e)
show scans that have been approximately corrected for phonon
effects by dividing the region around the Bragg peak by the
Bose factor appropriate for the phonon modes in the resolution
window. This correction accounts for all of the observed
diffuse scattering at high temperature in Fig. 5(c) [see Fig. 5(f)]
suggesting that there is no elastic diffuse scattering signal from
the dipoles and therefore they have no static component but
are completely dynamic in nature, again consistent with the
DFT prediction.16

The chemically simple binary PbTe compound continues
to turn up surprises that challenge our understanding of
condensed matter systems. We know of no other example
of the appearance in a pure material of a new phonon mode
with increasing temperature, and the characteristic temperature
dependence of its dynamic susceptibility argues strongly that
this is an intrinsic response of the system. The inelastic
scattering is sensitive to the local symmetry which is broken at
high temperature where the new mode is seen to coexist over
a wide range of temperature with the original TO mode of the
undistorted structure. A picture emerges of nanoscale regions
where the local dipoles appear at high temperature and are

085313-5



KIRSTEN M. Ø. JENSEN et al. PHYSICAL REVIEW B 86, 085313 (2012)

correlated and fluctuating. This lowering of local symmetry
with rising temperature, betrayed by the emerging modes seen
here and in the PDF,1 may explain the long known anomalous
temperature dependence of the semiconducting energy gap
in PbTe.16,17 Unlike in conventional semiconductors where
the energy gap is known to increase with falling temperature
due to the reduction of the intensity of thermal vibrations,
that of PbTe increases with increasing temperature up to as
high as 600 K. It is this anomalous dependence that permits
PbTe to exhibit delayed cross gap carrier excitations thereby
sustaining a very high thermoelectric power factor at high
temperatures. Coupled with the increased anharmonicity and
phonon scattering from the same origin resulting in a very
low thermal conductivity, this may help to explain the one two
punch that propels PbTe to the top of its thermoelectric class.18

III. MATERIALS AND METHODS

A. Sample preparation

Stoichiometric amounts of Pb (rotometals, at 99.9% purity)
and Te (plasmaterials, at 99.999% purity) were flame sealed
in an evacuated (<10−4 mTorr) fused silica tube. The mixture
was heated to 1050 ◦C at a rate of 100 ◦C/h for 4 h and
cooled down to room temperature at a rate of 20 ◦C/h. For the
single crystal growth, ∼20 g of PbTe were remelted using the
Bridgman method. A 13 mm fused silica tube was loaded with
PbTe and lowered at a rate of ∼2.6 mm/h through a single
zone vertical furnace that was set at 1050 ◦C. A cylindrical
shaped crystal of 13 mm in diameter and ∼60 mm in height
was used for the inelastic neutron scattering experiment. The
quality of the single crystal was evaluated using neutron Laue
diffraction at SNS.

B. Triple axis inelastic neutron scattering experiments

The inelastic neutron experiments were performed at the
HB3 triple axis instrument at the high flux isotope reactor
(HFIR) located at Oak Ridge National Laboratory. All the
experiments were performed with a fixed final energy Ef =
14.7 meV using pyrolytic graphite (PG) as a monochromator
and analyzer and a PG filter after the sample to eliminate higher
order contamination of the scattered beam. The neutron beam
collimation was 48-20-40-90 before the monochromator, sam-
ple, analyzer, and detector, respectively. This yielded an energy
resolution of 1.06 meV full width half maximum (FWHM)
for zero energy transfer, increasing to 1.62 meV FWHM at
ω = 12.0 meV energy transfer. The sample was mounted to the
cold-tip of a closed cycle He-4 based refrigerator (CCR). Data
scans were made as a function of energy transfer at constant �Q
points in reciprocal space at 35 different temperatures between
2.5 and 600 K.

C. Triple axis inelastic neutron scattering data curve fitting

Here we describe the method used to extract the dynamic
structure factors of the modes at the (133) zone center from the
TAS data. First the data are normalized to obtain the dynamic
susceptibility χ ′′( �Q,ω) as described in the main paper. Based
on earlier work we expect two zone-center modes to be present
at finite energy transfer (the acoustic modes are hidden under
the elastic line at ω = 0): the TO mode at around 4 meV
and the LO mode around 14 meV. As the LO mode does

not overlap with either the TO or the new mode, we do
not take this into account in the fit, which only includes the
region from 1–12 meV. The TO mode is then fitted with a
function representing a damped harmonic oscillator,6 with
an additional constant background in the fit. Furthermore, a
Gaussian function is added to take care of the tail of the
Bragg peak which is present even after the normalization
with the Bose factor. We then add an additional damped
harmonic oscillator to account for the new mode. The spectra
were then fit as a function of temperature sequentially with
the starting model for each fit using the parameters obtained
from the previous temperature point. Certain constraints were
introduced in order to aid convergence, namely, the widths
of TO and new mode curve and the background level were
allowed to change by only ±20%, between subsequent runs.

D. Triple axis elastic diffuse scattering measurements

Elastic scans were also taken on a grid of points in the
Brillouin zone at 16 and 482 K to search for diffuse scattering
from static disorder. The range 0.8 < h < 1.5 was scanned in
the [h00] direction and 0.8 < k < 1.5 in the [0kk] direction
to capture the region around the (111) reciprocal lattice point.
This is a zone center and the PbTe Bragg peak is evident in
Fig. 5(a) at the (111) point. There is an additional Bragg feature
at around (1.25 1.3 1.3). We are not sure of the origin of this
feature and think it is a spurious peak. It does not show any
interesting temperature dependence and we neglect it in the
analysis. In addition there are a number of powder Bragg lines
evident. One goes through the (111) point and suggests some
sample mosaicity. The other powder lines probably come from
the aluminum sample environment.

In Figs. 5(d) and 5(e) we have applied a simple correction to
account for the increased occupancy of acoustic phonons that
lie within the energy resolution of the measurement. Based
on the dispersion curves measured by Cochran et al., we
estimate the range of �Q that is affected by phonons within
the energy resolution (of around 1 meV). We assume that the
average phonon energy in that region is ∼0.5 meV and so
correct the intensities in this range of �Q by the Bose factor
appropriate for a mode of that energy and the temperature in
question. This is a highly simplified correction and is intended
to estimate the scale of intensity coming from the increase
mode population at high temperature rather than being a highly
accurate correction. We see that this simple correction accounts
for essentially 100% of the diffuse scattering seen at higher
temperature in the elastic channel.

E. Chopper spectrometer inelastic neutron
scattering experiments

Inelastic neutron scattering measurements were also per-
formed using the ARCS direct geometry time-of-flight chop-
per spectrometer at the spallation neutron source (SNS) at the
Oak Ridge National Laboratory. Single crystal measurements
were performed with an incident energy of Ei = 30 meV with
the sample mounted approximately in the (hk0) scattering
plane of the instrument. The sample was mounted to the cold
tip of a closed cycle He-4 based refrigerator (CCR). Data were
acquired by rotating the sample about the vertical axis by 40 de-
grees and collecting data in 1.875 degree increments. Empty
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sample can measurements were performed for all data acquired
at ARCS and subtracted from the data shown in the manuscript.

The resulting large five-dimensional data sets show the
scattering intensity throughout much of ( �Q,ω) space. The data
are projected into a 4D space, and 3D slices and 2D cuts
are made to extract features of interest using the DCS-mslice
program within the DAVE19 software package.
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Local structure of ReO3 at ambient pressure from neutron total-scattering study
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A hypothesis that the local rotations of ReO6 octahedra persist in the crystallographically untilted ambient
phase of ReO3 is examined by the high-resolution neutron time-of-flight total scattering based atomic pair
distribution function analysis. Three candidate models were tested, Pm3m, P 4/mbm, and Im3, for the local
structure of ReO3 at ambient pressure and 12 K, and both quantitative and qualitative assessments of the data
were performed. No evidence for large local octahedral rotations was found, suggesting that the local and the
average structures are the same (Pm3m) as normally assumed.
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I. INTRODUCTION

Among d-electron metallic conductors ReO3 has a simple
perovskitelike structure and its conductivity is comparable to
that of a noble metal such as Ag.1,2 Although the electron-
phonon coupling constant is not very small, ReO3 surprisingly
does not show superconductivity down to 20 mK.3 ReO3

seems to belong to the normal class of conventional band
Fermi liquids with electron-phonon interaction dominating the
resistivity.3

ReO3 crystallizes in the cubic space group Pm3m with the
undistorted perovskitelike DO9-type structure (ABO3, Fig. 1)
comprised of a network of corner-shared ReO6 octahedra
and with an empty A site, and is in fact the simplest
material containing BO6 octahedra. ReO3 is very special
among the multitude of systems possessing the perovskite-
based structure, in that its untilted cubic Pm3m structure is
extremely stable at ambient pressure and at all temperatures
from liquid-helium temperature4 up to its melting point at
673 K.5,6 Electronic band-structure calculations investigated
this extraordinary structural stability6 and suggested that
metallic bonding plays an important role.7 The open crystal
structure makes ReO3 suitable for doping or compression
under high pressure. ReO3 attracted considerable attention
recently due to observation of weak negative thermal expan-
sion (NTE) below room temperature.8 NTE is rarely found
in metals, and in ReO3 is rather sensitive to impurity-induced
disorder.9

A structural phase transition was discovered in ReO3 upon
application of pressure when the pressure-induced anomaly in
the Fermi surface was observed in measurements of de Haas–
van Alphen frequencies,10 and was characterized in detail by
means of x-ray and neutron diffraction.11–13 At room temper-
ature ReO3 undergoes a pressure-induced second-order phase
transition at pc = 5.2 kbar, to an intermediate tetragonal phase
(P 4/mbm) over a narrow pressure range, and further to a cubic
(Im3) phase that persists up to relatively high pressures while
the ReO6 octahedra remain almost undistorted,14 but consider-
ably tilted.15 The driving force for the transition is argued to be
the softening of the M3 phonon mode involving a rigid rotation
of ReO6 octahedra. It is a continuous transition with the rota-
tion angle as an order parameter.13 The pressure-temperature
phase diagram has been recently established,16 indicating that

the value of pc decreases with decreasing temperature, leveling
at around 2.4 kbar at base temperature. More recently, a
study of the pressure-induced phase transition showed that
in nanocrystalline ReO3, the sequence of phases is different
and with generally lower pc values than for bulk samples.17

This canonical view has been challenged by the
reexamination18 of the structural phase transition in ReO3

using the x-ray absorption fine structure (XAFS) method
sensitive to the nearest-neighbor information. This investi-
gation suggests that even at ambient pressure the Re-O-Re
bond angle deviates from 180◦ by about 8◦. In this newly
proposed view, ReO3 only appears cubic in the analysis of
the Bragg intensities, while the local structure is suggested
to be heavily distorted. In this picture the phase transition
at pc is then a tilt order-disorder transition.18 Similar con-
clusions were drawn from the study of XAFS spectra of
antiferrodistortive perovskites Na0.82K0.18TaO3 and NaTaO3.19

The results reported by Houser and Ingalls18 are in contrast
to XAFS results reported earlier that suggested agreement
between the local and the average structures,5,20,21 possibly
due to the different approaches to XAFS data analysis taken
in the different studies.18,22

We have carried out a neutron total scattering study of ReO3

at ambient pressure and low temperature. Based on the same
data we performed both conventional Rietveld analysis, based
on Bragg intensities, yielding the average crystallographic
structure, and the atomic pair distribution function (PDF)
analysis, which is a direct space method that includes both
Bragg and diffuse scattering information, yielding structural
information on local, intermediate, and long-range scales.23–25

This approach allows structure to be assessed on various length
scales from the same data. Our analysis rules out the existence
of large local tilt amplitudes in ReO3.

II. EXPERIMENT

In this study we used 3 g of commercially available
(Sigma-Aldrich) ReO3 sample in the form of a loose powder.
Neutron time-of-flight powder diffraction measurements were
carried out using the high-resolution NPDF diffractometer at
the Manuel Lujan Neutron Scattering Center at Los Alamos
National Laboratory. The sample was sealed in a vanadium
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FIG. 1. (Color online) Structural motif of ReO3 (space group
Pm3m): Re is shown as large spheres, while small spheres
represent O.

tube with He exchange gas, and cooled down to 12 K using
a closed cycle He refrigerator. Raw data were corrected for
experimental effects such as sample absorption and multiple
scattering using the program PDFGETN,26 to obtain the total
scattering structure function, S(Q). This contains both Bragg
and diffuse scattering and therefore information about atomic
correlations on different length scales. The PDF, G(r), is
obtained by a Fourier transformation according to G(r) =
2
π

∫ ∞
0 Q[S(Q) − 1] sin Qr dQ, where Q is the magnitude of

the scattering vector. The PDF gives the probability of finding
an atom at a distance r away from another atom. The reduced
total scattering structure function, F (Q) = Q[S(Q) − 1], of
ReO3 at 12 K is shown in Fig. 2(a) and the resulting PDF,
G(r), in Fig. 2(b). PDFs refined in this study were produced
using an upper limit of integration in Fourier transform Qmax

of 32 Å−1.
The average crystal structure was verified by taking the

standard Rietveld refinement approach in reciprocal space
using the EXPGUI27 platform operating the program GSAS.28

The fit of the Pm3m model is shown as an inset to Fig. 2(a).
The local structure was studied by refinements of structural
models to the experimental PDF using the program PDFGUI.29

The details of the PDF method are provided elsewhere.23

The Rietveld refinements were carried out on the ambient
structure model, Pm3m space group: Re at 1a (0,0,0) and O
at 3d (0.5,0,0). The PDF local structural refinements were
carried out over the range 1.5–10.0 Å for three different
candidate structures: conventional Pm3m, and two models
that allow rigid rotations of ReO6 octahedra: P 4/mbm [Re at
2b (0,0,0.5), O at 2a (0,0,0) and at 4h (x,x + 0.5,0.5)], and
Im3 [Re at 8c (0.25,0.25,0.25), O at 24g (0,y,z)].

III. RESULTS AND DISCUSSION

The results of the Rietveld refinements are shown in the
inset to Fig. 2(a) and Table I. They reproduce literature results
well.9,11–13

We now consider the local structure measured by the
PDF. The fits are shown in Figs. 3(a)–3(c), and the results
are summarized in Table I. The PDF does not presume

FIG. 2. Neutron experimental data of ReO3 at 12 K and at ambient
pressure: (a) reduced total scattering structure function, F (Q), and
(b) corresponding atomic PDF, G(r). Inset shows Rietveld refinement
using Pm3m model (solid line) of the normalized intensity (symbols)
with the difference curve offset for clarity.

any periodicity and it is therefore possible to refine lower
symmetry structures than the crystallographic model where it
is warranted. This may be the case when the crystal structure
is an average over local domains of lower symmetry, as, for
example, in the ferroelectric BaTiO3.30

TABLE I. Summary of structural refinements of ReO3 data.
Atomic displacement parameters, U , are in units of Å2. Derived
interatomic distances d and octahedral rotation angles ϕ are given at
the bottom. Numbers in parentheses are estimated standard deviations
(ESD) obtained from fitting.

Rietveld Pm3m P 4/mbm Im3

a (Å) 3.7499(2) 3.7508(2) 5.3101(2) 7.5012(3)
c (Å) 3.7430(3)
U (Re) 0.0016(3) 0.0011(1) 0.0010(1) 0.0010(1)
x (O) 0.2400(6)
y (O) 0.2520(7)
z (O) 0.2417(6)
U (O) 0.0057(5) 0.0053(3) 0.0031(3) 0.0031(3)
U par (O) 0.0027(5) 0.0026(3)
U perp (O) 0.0073(3) 0.0061(2)
Rwp (%) 2.97 7.89 7.87 8.21
d1Re-O (Å) 1.8749(1) 1.8754(1) 1.8714(1) 1.8764(2)
d2Re-O (Å) 1.8789(2)
d1O-O (Å) 2.6516(1) 2.6522(2) 2.6520(3) 2.6197(3)
d2O-O (Å) 2.6572(4) 2.6855(3)
ϕ (deg) 0 0 2.3(2) 2.1(2)
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FIG. 3. Refinement of various models (solid black lines) to the
12 K neutron PDF data (open symbols): (a) Pm3m model, (b)
P 4/mbm model, and (c) Im3 model. The difference curves are offset
for clarity.

As apparent from the figure, all three models provide good
fits. The fact that the crystal structure model provides a good fit
with a good agreement factor suggests that there is no evidence
for a lower symmetry local structure. However, as evident in
the table, the good fit benefits from the model being allowed
to refine anisotropic atomic displacement parameters (ADP)
which are significantly enlarged in directions perpendicular to
the Re-O bond. It is therefore interesting to consider models
that allow for rotations of the octahedral units such as the
symmetry lowered phases observed at high pressure. The
Im3 model converges with finite tilts but yields larger Rwp

values than the crystallographic model despite having one
extra refined parameter. It does not find the minimum with
zero tilts and the refined parameters y(O) and U (O) are
84% correlated, suggesting that this model is not correct.
On the other hand, the tetragonal P 4/mbm model with
isotropic ADPs imposed gives a comparable agreement to the
one obtained using the crystallographic Pm3m model with
anisotropic ADPs. However, in this model a and c lattice
parameters are 95% correlated, again suggesting that the cubic
model with anisotropic ADPs is sufficient. The fits to PDF data
are shown in Figs. 3(a)–3(c) for Pm3m, P 4/mbm, and Im3
models, respectively, and the results are presented in Table I.

The PDF measures the instantaneous structure and it is not
possible to distinguish explicitly between local tilts that are
static and those that are dynamic. If the tilts are dynamic as
we presume here, the tilt angle extracted from the fits of the
lower symmetry models yields an average tilt amplitude due
to correlated motions of the atoms locally, i.e., rigid rotations
of the octahedra, and is a useful quantitative measure of this
amplitude. The octahedral rotation angles ϕ (Ref. 13) obtained
from the PDF refinements are 2.3(2)◦ and 2.1(2)◦ for the
P 4/mbm and Im3 structures, respectively. These are much
smaller than ∼4.9◦ (equivalent to ∼8◦ tilts) reported from
XAFS,18 and smaller than values obtained in the pressure

stabilized tilted crystal structures.13 An estimate of the tilt
angle implied by the ADPs obtained from both the Pm3m

model fit by Rietveld and PDF yields ∼2.1(2)◦ and ∼1.8(2)◦,
respectively. PDFs calculated with the EXAFS tilt angles gave
qualitatively worse fits to the data. The values refined are
sufficiently small to suggest that the local tilting is coming
from dynamic fluctuations of a low-energy rigid unit tilting
mode, as proposed as a mechanism for the observed negative
thermal expansion.8,31

We have further calculated the PDFs based on data
published in the literature for the three models of interest,13

for comparison keeping the isotropic atomic displacement
parameters and the scale factor the same as those from the PDF
Pm3m refinement reported here. The structural parameters
were taken for cases of ambient Pm3m, 5.2 kbar P 4/mbm

and Im3, as well as for 7.3 kbar Im3 that corresponds to the
stable high-pressure phase case. These calculated PDFs, and
the experimental PDF profile, are shown in Fig. 4, and reveal
what kind of changes are to be expected in the PDF in the case
of ReO6 octahedral rotations being present locally. At room
temperature, at 5.2 kbar average octahedral rotations of 3.0◦
were observed, while at 7.3 kbar the rotation angle value rises
to 6.6◦.13 It is quite apparent from the calculated PDFs shown
in the figure that even for a small rotation angle there are
appreciable changes in the local structure, and these are rather
similar for the two models that allow tilting. While the first two
PDF peaks do not change at all, reflecting the rigidity of the

FIG. 4. Visual comparison of ReO3 PDFs: (a) neutron PDF data,
and various calculated PDFs of competing models: (b) ambient
pressure Pm3m, (c) 5.2 kbar P 4/mbm (average rotation angle 3◦),
(d) 5.2 kbar Im3 (average rotation angle 3◦), and (e) 7.3 kbar Im3
(average rotation angle 6.6◦). In panels (c)–(e) gray-line PDF profile
is that of Pm3m shown in panel (b), and is given for comparison. See
text for details.
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ReO6 octahedra,21 changes start to appear at higher distances
as the ReO6 network gets distorted. For a larger tilt magnitude,
the changes in the local structure become much more dramatic
[Fig. 4(e)]. By visual inspection and comparison of the features
seen in the calculated PDFs, we can immediately rule out the
larger tilt angle case, as there is no resemblance to the observed
PDF.

IV. CONCLUSION

In summary, we used the PDF method to test a hypothesis
from an earlier EXAFS study18 that the local rotations of ReO6

octahedra persist in the ambient pressure, crystallographically
untilted phase of ReO3. The high-resolution neutron time-of-
flight total scattering based atomic pair distribution function
analysis was carried out on a dataset collected at 12 K under
ambient pressure conditions. Three candidate models were
tested, Pm3m, P 4/mbm, and Im3, and quantitative and quali-
tative assessment of the data were performed. No evidence was
found for local octahedral rotations of a magnitude comparable

to those seen in the distorted high-pressure phase and beyond
what might be expected from thermal and quantum zero point
motion, suggesting that the local and the average structure
are the same (Pm3m) as normally assumed. The PDF results
shown here emphasize again the importance of using multiple
complementary techniques in addressing delicate structural
issues at the nanoscale.32
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We show that synthesis-induced metal-insulator transition (MIT) for electronic transport along the orthorombic
c axis of FeSb2 single crystals has greatly enhanced electrical conductivity while keeping the thermopower at
a relatively high level. By this means, the thermoelectric power factor is enhanced to a new record high S2σ ∼
8000 μW K−2 cm−1 at 28 K. We find that the large thermopower in FeSb2 can be rationalized within the correlated
electron model with two bands having large quasiparaticle disparity, whereas MIT is induced by subtle structural
differences. The results in this work testify that correlated electrons can produce extreme power factor values.
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I. INTRODUCTION

The efficiency of thermoelectric (TE) material at temper-
ature T is evaluated by the figure of meritZT = (S2/ρκ)T ,
where S is the thermopower, ρ is the electrical resistivity,
and κ is the thermal conductivity. There are two distinct
approaches to increasing the ZT : either by κ reduction or
by power factor (S2/ρ) enhancement. Techniques such as
alloying, “phonon glass electron crystal” (PGEC) approach,
and nanostructure engineering have been used to reduce the
phonon mean free path, reduce lattice κ , and produce high Z,
at or above the room temperature.1–5 Reduction of the phonon
mean free path has limitations since it cannot be reduced below
the interatomic spacing and therefore other mechanisms for
high ZT are sought after.6 Tuning the carrier density by doping
is often inadequate since lower ρ comes with higher carrier
concentration that favors lower S.7

The most favorable TE electronic structure is the one
that has a resonance in the density of states centered about
2–3kBT away from the Fermi energy (εF ).8 Kondo insulators
(KI) represent a close approximation of such an ideal case.
In a strongly correlated electron system, and, in particular,
in a KI, localized f or d states hybridize with conduction
electron states leading to the formation of a small hybridization
gap. The density of states just below and just above the
hybridization gap becomes very large. The thermopower is
very sensitive to variations in density of states in the vicinity
of the εF , hence very large absolute values of |S| > 100 μV/K
can be expected and are reported in KI.9 The materials include
not only rare-earth-based compounds but also FeSi.10–15

FeSb2 crystallizes in Pnnm orthorhombic structure and has
been characterized as an example of a strongly correlated
noncubic Kondo insulator-like material with 3d ions.16–18

Similar to FeSi, heavy fermion states were discovered in
FeSb2 by doping-induced metallization.19,20 Colossal values
of thermopower up to ∼45 mV/K at 10 K and a record high
thermoelectric power factor (TPF) of ∼2300 μW/K2 cm were
observed.21 This is two orders of magnitude larger than in
best Bi2Te3-based materials and one order of magnitude larger
than any reported value in correlated electron systems. Crystals
in Refs. 19 and 21 exhibit semiconductor behavior and small
resistivity anisotropy with relatively high resistivity for current
directed along all three principal crystalline axes. In contrast,
single crystals used in Kondo insulator studies showed high

anisotropy of the resistivity: electric transport along the a and
b axes is semiconducting, while the c axis is metallic at high
temperatures and exhibits metal-insulator transition (MIT) at
40 K.16,17,22

Here we investigated the TPF in two FeSb2 crystals, with
(crystal 1) and without (crystal 2) MIT. We show that large
S enhancement can be attributed to electronic correlations
in multiple charge and heat carrying bands. We also provide
evidence for structural origin of MIT in correlated electron
bands that reduces ρ by several orders of magnitude around
30 K in crystal 1 and results in a new record high TPF.

II. EXPERIMENT

Single crystals of FeSb2 with MIT have been prepared as
in Refs. 16 and 17 by decanting at 650 ◦C. Single crystals
of FeSb2 without MIT have been prepared by the method
described in Refs. 19 and 21, i.e., by decanting at 690 ◦C,
after a cool down from high temperatures to 640 ◦C. Crystals
were oriented using a Laue camera and cut into 0.6 × 0.5 ×
4.5 (a × b × c) mm3 samples for two probe thermopower
measurements with two ends soldered on disk-shape leads
using indium. Resistivity ρ(T ) was determined by a standard
four-point ac method. Heat and current transport along the
orthorombic c axis were measured using the Quantum Design
PPMS platform. A magnetic field was applied along the
crystallographic a axis. Sample dimensions were measured
with an optical microscope Nikon SMZ-800 with 10 μm
resolution. Consequently the relative errors on the electrical
resistivity and thermal conductivity are 4% and for the Hall
coefficient, 2%. Since the Seebeck coefficient does not depend
on the sample geometry the main source of error is the
sample uniformity and the accuracy of crystal orientation
which introduces the measurement error of up to 5%.

The atomic pair distribution (PDF) method, based on the to-
tal scattering approach, yields structural information on differ-
ent length scales.23 X-ray scattering experiments for PDF anal-
ysis were carried out at the 11-ID-C beamline of the Advanced
Photon Source using high energy beam (E = 114.82 keV,
λ = 0.108 Å, 0.5 mm × 0.5 mm size). Both PDF, G(r), and
its algebraic relative, radial distribution function (RDF), R(r),
were considered in this study. Experimental PDF, G(r) is
obtained from the measured reduced total scattering structure
factor, F (Q) = Q[S(Q) − 1], via sine Fourier transform
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G(r) = G(r) = (2/π )
∫ ∞

0 [F (Q)sin(Qr)dQ]. In practice, the
upper limit of integration is some finite value Qmax. RDF,
R(r) is obtained from G(r) through R(r) = rG(r) + 4πr2ρ0,
where ρ0 is the average number density. Experimental setup
for total scattering x-ray experiments utilized a Cryo Industries
of America cryostat and Perkin-Elmer image plate detector.
Finely ground samples in cylindrical polyimide capillaries
were placed in a low-temperature sample changer, and the
data for the two samples were successively collected for 4 min
at each temperature in probed range between 5 and 300 K.
PDFs were obtained up to Qmax = 26 Å−1 momentum
transfer using standard protocols, and intermediate length
scale structure modeled over (1.7–45.0) Å−1 range with Pnnm
structural model using the program PDFGUI.24 Preliminary
reference neutron total scattering based PDF’s were obtained
using a time-of-flight HIPD instrument at Los Alamos Neutron
Scatttering Center.

III. RESULTS AND DISCUSSIONS

The ρc for crystal 1 is metallic down to the onset of MIT
(TMIT), as opposed to crystal 2 [Fig. 1(a)].16,17,21,22 Above
80 K and up to 300 K, ρc(T ) of crystal 2 is insensitive to
magnetic field and is semiconducting. Interestingly, the loga-
rithmic derivative, d[ln ρc(T )]/dT reveals an underdeveloped
anomaly at TMIT in crystal 2 which points to the intrinsic
nature of this temperature scale [Figs. 1(b) and 1(c)].
Arrhenius analysis assuming thermally activated behavior
leads to a number of distinct energy scales valid for limited
subranges of this temperature interval (Table I), allowing only
approximate estimation of the gap values. The absolute value
|d {ln [ρ(T )]} /dT | in the metallic and insulating states is very
similar, which is reminiscent of the universality observed near
the MIT in low-dimensional electron gas systems.25 Below

FIG. 1. (Color online) (a) Comparison of c-axis resistivity for
two crystals. In 9 T ρ(T ) in crystal 1 above 80 K is consistent with
semiconducting thermally activated transport with an activation gap
of 120 K. (b),(c) Temperature regime(s) where ρ(T ) is dominated
by thermally activated transport. The arrow in (b) marks the MIT
in crystal 1, where d[ln(ρ)]/dT changes sign. Broken lines in both
panels are linear fits to activation-type behavior.

TABLE I. Approximate (see text) energy gap from electronic
transport, the ratio of quasiparticle weights and scattering times in the
valence and conduction bands Z� = ([(Z2

vτ
5/2
v )/�v]/[(Z2

c τ
5/2
c )/�c])

and εF ∼ ln(μc/μv) for a crystal with MIT (top) and a crystal with no
MIT (bottom row).The huge difference of fitting parameters between
crystals 1 and 2 may be rationalized by the fact that the mobility
difference of two bands for crystals with MIT is 108–109, while the
one for crystals without MIT is ∼10, whereas both show similar large
Seebeck coefficients.

(2–5) K (10–30) K (80–100) K Z� εF

0.14(1) meV 6.2(1) meV Metallic 6.2 × 10−8 3.4 meV
0.08(1) meV 4.1(1) meV 14.7(1) meV 38 0.8 meV

5 K electrical transport is dominated by extrinsic impurity
states and is governed by a very small activation gap, similar
for both crystals. Distinct energy scales and indirect gaps are
in agreement with optical spectroscopy studies and ab initio
calculations.18,21,26,27 The large activation gap observed above
80 K in crystal 2 is not observed in the metallic phase of crystal
1, but its size argues against contribution of impurity states.

The Hall resistivity ρxy(B) (current flowing along the c

axis) for both crystals [Figs. 2(a) and 2(b)] is nonlinear,
confirming the presence of two carrier bands. In the absence
of skew scattering we proceed to the analysis of the data in the
two-band picture. In a two-carrier system28 the Hall coefficient
is RH = ρxy/H = ρ0(α2 + β2H

2)/(1 + β3H
2), where α2 =

f1μ1 + f2μ2, β2 = (f1μ2 + f2μ1)μ1μ2, and β3 = (f1μ2 +
f2μ1)2, where ρ0 = ρ(B = 0), fi = |niμi |/�|niμi | is the f

factor, and ni and μi are individual carrier band concentrations

FIG. 2. (Color online) The ρxy (a) and Hall constant (b) for crystal
2. Hall mobility (c) where the hole (electron) carriers are denoted by
+ (−) and carrier concentrations of high and low mobility carriers
(d) as a function of temperature for both crystals.
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and mobilities. The agreement with the model is excellent and
we obtain carrier band concentrations and mobilities for crystal
2 while also showing data for crystal 1 for comparison.29 In the
model “carrier” denotes a set of carriers with identical mobility
associated with only one energy and/or one degenerate energy
level and is different from the conventional electron or hole
carriers that correspond to a continuous energy band. The
low mobility carriers in crystal 2 are hole type [μ(2)L ∼
10 cm2/V s] and they are an order of magnitude less mobile
when compared to hole carriers in crystal 1 at 300 K. Note that
hole carriers in crystal 1 at room temperature constitute high
mobility band [μ(1)H ∼ 102 cm2/V s]. Yet, just like μ(1)H ,
the μ(2)L band exhibits sign change below 50 K, having
identical temperature dependence when compared to μ(1)H
with up to three orders of magnitude lower nominal values.
The μ(2)H carriers are electron type in crystal 2. They show
little change in magnitude and do not change sign. The most
striking difference between crystals 1 and 2 is the ratio of
nominal mobility values. The large mobility difference is
absent in crystal 2. Moreover, there is about or less than one
order of magnitude between μ(2)H and μ(2)L in the high
thermopower region from 10 to 40 K. The low and high carrier
concentrations in both crystals have nearly identical values,
suggesting a compensated nature of electronic transport at all
temperatures. The carrier concentrations n2(H ) and n2(L) are
rather close at 300 K but they are both about an order of
magnitude lower and have the same temperature dependence
as carrier concentrations n1(H ) and n1(L) in crystal 1. Carrier
concentrations in crystals 1 and 2 are nearly identical in
the temperature region of high thermopower, whereas in the
impurity regime below 10 K crystal 2 (no MIT) shows much
higher carrier concentrations. Values of carrier mobilities for
crystal 2 (∼10−3 cm2/V s) are in general agreement with
mobility values at low temperatures obtained using a two-band
model (4–25 K) on crystals with no MIT.30

Using carrier concentrations and Hall mobilities from a
large number of measured ρxy(B) isotherms we obtain S(T )
for both crystals in the framework of a two-band noninteracting
semiconductor31–33 model where thermopower S = (Seσe +
Shσh)/(σe + σh) and

Se,h = (kB/e)

[
[(5/2) + s] F(3/2)+s(ξe,h)

[(3/2) + s] F(1/2)+s(ξe,h)

]
− ξe,h, (1)

where Fj (ξ ) = ∫ ∞
0

xj dx
1+exp(x−ξ ) . The scattering exponent s rep-

resents the energy dependence of the relaxation time τ = τ0ε
s ,

ξ = εF /(kBT ) are the reduced Fermi energies for electrons and
holes ξe and ξh (as measured from the bottom of the conduction
band for electrons and from the top of the valence band
for holes), and εF = h2/(2m∗)(N/V )(2/3)(3/8π )(2/3). Hence,
for semimetals εFe = −(εFh + ε0) and ξe = −ξh − ε0/(kBT ),
where ε0 is the overlap energy, and for semiconductors εFe =
−εFh + εg and ξe = −ξh − ε0/(kBT ), where εg is the energy
gap for semiconductors. In this model we used value s = −1/2
assuming that acoustic phonon scattering is dominant at
all temperatures and m∗ = me. The two-band noninteracting
semiconductor model adequately describes crystal 2 above
50 K and below 5 K, whereas it fails to explain |S(T )| for
crystal 1 in its metallic state (Fig. 3). While the similar shape
of calculated and measured thermopower for both crystals

FIG. 3. (Color online) (a) |S(T )| for FeSb2 crystals 1 (red) and
2 (blue squares). Red and blue balls show fits to the two-band
noninteracting semiconductor model. Fits to the correlated electron
model for crystal 1 are shown by red, purple, and brown (crystal
1) and dark blue, light blue, and violet (crystal 2) solid lines that
correspond to increasing values of fixed energy gap � (see text). The
ratio of individual band mobilities in a two-carrier model is shown
by the red/orange (crystal 1) and dark/light blue squares (crystal 2).

between 10 and 40 K in the noninteracting model argues in
favor of the two-band approach, such calculation does not
explain the amplification of |S(T )| observed in the (10–30) K
range. The prime suspect for discrepancy is strong correlations,
which can have a significant impact on carriers in 3d bands.

In a correlated electronic system with two bands separated
by a gap, S depends not only on the gap size but also on the
anisotropy or asymmetry in the transport function:34

S = 1

|e|T
(

εF − �

2
δλ

)
− 5kB

2|e|δλ, (2)

where εF is the chemical potential, � is the gap, and
δλ = (λc − λv)/(λc + λv) is the asymmetry parameter. The
asymmetry parameter carries the information on band specific
correlation strengths since λc,v = Z2

c,vm
∗(5/2)
c,v e−βμ/�c,vm

2
0,

where Zc,v are quasiparticle weights, �c,v are scattering ampli-
tudes, and m∗

c,v is the effective mass of carriers in conduction
and valence bands. In addition, in real materials the |S(T )|max

rapidly diminishes with the increase in impurity concentration
due to the increase of scattering amplitude, as recently
observed in FeSb2.34–36 Bandwidth narrowings m∗

c,v influence
S(T ) not only through the asymmetry parameter δλ but also via
chemical potential since εF = (3kBT /4)ln(m∗

v/m∗
c ).34 Finally,

the presence of impurities can have considerable effect on
both |S(T )|max and S(T ). The S(T ) magnitude at a given
temperature depends on the ability of impurity carriers to
put the Fermi level in the optimal position for thermopower
enhancement.34

Both crystals have similar S(T ) and nearly identical magne-
tothermopower MT = [S(9T ) − S(0)]/S(0)] in the region of
high S (Fig. 3). In contrast to differences in ρ(T ), thermopower
S(T ) for heat flow along the c axis is rather similar above
120 K and below 8 K. Thermopower changes sign from
positive to negative above 100 K in both crystals, indicating
the presence of two carrier types. Since m∗

c,v = eτc,v/μc,v ,
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where τc,v is the scattering time and μc,v is the mobility in
conduction and valence bands, we use mobility values for
individual bands obtained from the fits of the RH in the
two-band model. The value of Z2τ 5/2/� then becomes a fit
parameter for each carrier band, in addition to the chemical
potential εF . Fits to the above equation for a fixed value of the
gap which corresponds to the correlated electron temperature
region (10–30) K are shown in Fig. 3(a) as red (crystal 1) and
blue (crystal 2) solid lines. The best fits are obtained for the
gap values of ∼(15–20) meV (Table I), suggesting that
the large enhancement of S is due to the strong electronic
correlations associated with a smaller indirect gap.18,26 Note
that this is within the extremal limits in the asymmetric case
when the chemical potential is near the edge of the valence
band (|S(T )e| � �/T + 5/2kB).34 For large � or for similar
λc and λv (symmetric multiband effects) S → 0. This is
observed: S sign change is at T = (120 ± 4) K, for both
crystals 1 and 2. This implies that correlation effect on S(T )
vane at high temperatures.

The phonon drag is unlikely to have a significant contribu-
tion to S since isostructural RuSb2 and FeAs2 have larger κ and
much smaller values of |S(T )|max, due to different temperature
dependence of S and Nernst coefficient.18,37–39 The |S(T )|
rises below 40 K, reaching values of 1 mV/K (crystal 1) and
1.9 mV/K (crystal 2) in the (10–20) K range (Fig. 4). The S2σ

of crystal 1 (7800 μW K−2 cm−1) is maximized at Tmax =
28 K, which is higher than in crystal 2 (Tmax = 20 K) and close
to TMIT. The maximum value we find is three times larger than
the TPF previously observed21 in FeSb2 and occurs at 16 K
higher temperature.

The central finding of the above analysis is that large
thermopower in both FeSb2 crystals can be rationalized within
the correlated electron model with two bands having the large
disparity of quasiparticle properties. This is best illustrated by
the ratio of carrier mobilities in the conduction and valence
bands. While the mobility of the valence band carriers in
crystal 1 greatly exceeds that of the conduction carriers, they
are practically immobilized in crystal 2 where conduction
carriers have higher mobility. A key observation here is that
despite great disparity in absolute values, mobilities of the

FIG. 4. (Color online) The low resistivity around MIT leads to a
record high TPF. Crystal 1 has two orders of magnitude higher TPF
between 8 and 100 K.

valence-band carriers in two crystals show strikingly similar
temperature dependence with a pronounced anomaly at MIT.
Most importantly, in both cases there is a change in the nature
of valence charge carriers, which are holes at temperatures
above MIT and electrons at lower temperatures. As we discuss
later, this observation reveals the likely nature of the MIT and
of its absence in crystal 2.

Now we turn to the quasi-one-dimensional (quasi-1D)
metallic conductivity16 and the MIT in crystal 1 which is the
key for colossal TPF. For a large concentration of impurities
the chemical potential can go into the valence/conduction
band, producing metallic ρ(T ).34 While an order of magnitude
disparity in the number of charge carriers observed in crystals 1
and 2 above ∼100 K would be consistent with such a scenario,
it cannot be reconciled with the closely compensated nature
of the carrier content. Below 10 K, where conductivity is
governed by impurities, there are more carriers in crystal 2
than in crystal 1. Finally, impurity bands cannot account for the
quasi-1D metallic conductance. Band structure suggests that
the likely origin of the quasi-1D transport is the nonbonding
dxy band, where the overlaps of Fe dxy orbitals are along
the chains of edge-sharing octahedra parallel to the c axis,
with little or no overlaps between orbitals in different chains
[Fig. 5(a)].27,40,41 Hall data shows that quasi-1D metallic
conductance in sample 1 at temperatures above 40 K is
provided by a small number of mobile holes, which implies
a nearly filled valence band. Such a nonbonding band must
be narrow and strongly correlated, and should be described

(a)
(c)

(b)

FIG. 5. (Color online) Structural unit of FeSb2 (a) shows 2 ×
2 × 2 Pnnm unit cell as seen from the top of the c axis (left), and
from the top of the a axis (right). Shaded rectangles denote short
Fe-Sb distances within the FeSb6 octahedra. Intrachain and interchain
Fe-Sb-Fe angles are denoted as β1 and β2, respectively. Next-nearest-
neighbor interchain Fe-Fe distance is indicated by the double arrow.
(b) Temperature dependence of β1 and β2 for crystal 1 (red) and crystal
2 (blue). (c) ADP factors for Fe (anisotropic) and Sb (isotropic) for
crystal 1 (red) and crystal 2 (blue). Vertical dashed lines in (b) and (c)
at 40 and 100 K indicate temperatures of insulator-metal transition
and change of the nature of the charge carriers, respectively.

115121-4



ELECTRONIC THERMOELECTRIC POWER FACTOR AND . . . PHYSICAL REVIEW B 86, 115121 (2012)

FIG. 6. (Color online) Experimental neutron RDF data (inset) at
20 K reveals no detectable difference, suggesting that the disorder
observed in x-ray experiment probably originates from the charge
sector.

by the 1D Hubbard model.42 The low-dimensional transport
in such band is sensitive to disorder and MIT is expected at
half filling. Can it be the origin of the MIT observed in crystal
1 that dxy band is depleted with the decreasing temperature,
attaining half-filling at TMIT? Could it then be that a small
additional disorder in crystal 2 induces localization of the
quasi-1D charge carriers?

In order to answer this question, we performed the PDF
analysis of the x-ray data taken on powder samples of crystals
1 and 2 (Figs. 5 and 6). The PDF provides insight into
the crystal structure on short and intermediate length scales
and allows quantifying subtle structural features such as
bond properties and local disorder. Intrachain and interchain
Fe-Sb-Fe angles, β1(T ) and β2(T ), respectively, shown in
Fig. 5(b), are very similar, with a small difference developing
in β1 above 100 K. This may indicate charge redistribution
involving dxy bands since the presence of Fe dxy charge will
result in a somewhat larger β1 angle.41 Atomic displacement
factors (ADP) [Fig. 5(c)] of Fe atoms are rather anisotropic:
mean-square atomic displacements along the a and b axes,
U11 and U22, are nearly equal for both crystals, while those
along the c axis, U33, are noticeably enhanced in crystal 2 at
all temperatures, being 0.0084 Å

2
(crystal 2) and 0.0054 Å

2

(crystal 1) at 10 K. Enhanced ADPs are typical indication of
disorder. In this case disorder is markedly 1D, precisely along
the c axis and significantly higher in crystal 2.

It is clear from the difference curves (Fig. 6) in the x-ray
RDF (Refs. 23 and 24) that the average local environments
on the length scale of about one Pnnm unit cell (reflected in
the first several RDF peaks up to 4.5 Å) are indistinguishable.
On larger length scales structural features start to differ. The
RDF peak at about 4.65 Å, denoted by a vertical arrow in
Fig. 6, is markedly broader and less intense for crystal 2 at
all temperatures studied. This peak corresponds to the next-
nearest-neighbor Fe-Fe distance [FeSb6 interchain distance,
double arrow in Fig. 5(a)], with no other contributions. Such a
discrepancy could have several origins arising in a difference in

Fe-Fe bond-length distribution, amount of Fe in the structures
of the two crystals, charge state of Fe between the two crystals,
or a combination of these effects.

Low-dimensional ρ is very sensitive to disorder which,
in the simplest picture, suppresses metallic state by inducing
strong localization. More generally, the disorder can impact
the dxy overlap and the band structure, the orbital character of
the electronic states responsible for conduction, the occupancy
of Fe dxy orbitals, and even the orbital-dependent Hubbard
U interaction strength in a dxy quasi-1D band of itinerant
states that forms with sufficient dxy overlap. As opposed
to this “self-generated” impurity level arising from Fe d

orbitals in crystals with MIT, extrinsic impurity levels cannot
produce metallic resistivity near or close to room temperature
as in crystals with MIT and are significant only at low
temperatures.29,30

Crystals with MIT were cooled slowly from 1000 ◦C to
650 ◦C and were decanted at that temperature from the liquid
Sb flux. On the other hand, crystals with no MIT were cooled
to 640 ◦C, closer to Sb solidification temperature and were
subsequently decanted at 690 ◦C. There are two main factors
that could contribute to increased crystallographic disorder in
crystals with no MIT. FeSb2 melts and decomposes at 738 ◦C
to FeSb and Sb. Hence, crystallization occurs over a rather
narrow temperature window. Crystals decanted at 690 ◦C are
much closer to the melting point when compared to crystals
decanted at 650 ◦C. This could contribute to increased disorder
in Fe-Sb chemical bonds. In addition, crystals cooled to 640 ◦C
are closer to solidification line and are likely to experience
more stress from the flux. This is consistent with observed
structural differences, suggesting that MIT in FeSb2 crystals is
governed by subtle structural differences tunable by synthesis
procedure. Greatly increased conductivity near MIT, combined
with significant electronic TEP, leads to a new record high
thermoelectric power factor.

IV. CONCLUSION

In summary, we report the highest known TPF induced
by the synthesis-controlled MIT in the correlated electron
semiconductor FeSb2. The large thermopower enhancement
can be understood within the electronic model, whereas MIT
likely originates in quasi-1D and strongly correlated narrow
bands of itinerant states very sensitive to disorder. This
is further supported by the recent observation of quasi-1D
magnetism in isostructural CrSb2.43
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We report the evolution of structural and magnetic properties in La2O3(Fe1−xMnx)2Se2. Heat capacity and bulk
magnetization indicate an increased ferromagnetic component of the long-range magnetic order and possible
increased degree of frustration. Atomic disorder on Fe(Mn) sites suppresses the temperature of the long-range
order whereas intermediate alloys show a rich magnetic phase diagram.
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I. INTRODUCTION

Parent materials of cuprates and iron-based superconduc-
tors are layered transition metal (TM) compounds with an anti-
ferromagnetic (AFM) ground state due to a dissimilar magnetic
mechanism and with rather different electronic conductivity.1

The local environment of TM is intimately connected with
this since puckering of iron pnictide crystallographic layers
promotes higher conductivity in parent materials of iron
superconductors, as opposed to cuprates.2,3 Recently, a fam-
ily of layered TM oxychalcogenides Ln2O3TM2Ch2 (Ln =
rare earth, TM = Mn, Fe, Co, and Ch = S, Se) and its
analogs A2F2TM2OCh 2 (A = Sr, Ba)(2322) has received
more attention.4–16 They have anti-CuO2-type [TM2OCh2]2−
layers and the local environment of TM bears much more
resemblance to manganites or cuprates than to iron-based
superconductors. This typically results in a semiconducting or
Mott-insulating ground state with AFM transition.5,8 Within
the [TM2OCh2]2− layers transition metal atoms are located
at the distorted octahedral environment due to the different
distances of TM-Ch and TM-O, whereas the TM-Ch(O) octa-
hedrons are face sharing. This distortion lifts the degeneracy
of eg and t2g levels in a nondistorted octahedral crystal field.
The [TM2OCh2]2− layers in the crystal structure harbor three
principal competing interactions: the nearest neighbor (NN) J3

interaction of the closest TM atoms in the crystallographic ab

plane, next nearest neighbor (NNN) superexchange interaction
J2 of nearly 90◦ TM-Ch-TM, and (NNN) J1 superexchange
interaction of 180◦ TM-O-TM.4,6,8,14 Theoretical calculation
and neutron diffraction results indicate that the AFM transition
stems from the competition of three interactions in an unusual
frustrated AFM checkerboard spin-lattice system.6–10,14,16

Frustrated magnetic order on checkerboard lattices hosts rich
magnetic ground states and could be relevant to physics of
colossal magnetoresistance manganites and iron-based and
cuprates superconducting materials.17–21 Therefore it is of
interest to address the nature of magnetic order and frustration
in 2322 materials since it shares some characteristics of all the
above mentioned compounds.

Among 2322 materials, La2O3Mn2Se2 (Mn-2322) exhibits
a faint specific heat anomaly at AFM transition and two-
dimensional (2D) short-range magnetic correlations that lock
magnetic entropy far above the temperature of the bulk
long-range AFM transition.14,15 A weak ferromagnetic (FM)
component superimposed on the paramagnetic background in

M(H) loops at 2 K proposed to arise due to spin reorientation
and/or spin canting below the AFM transition,14 might also
come from magnetic impurities such as Mn3O4.16 Mn-2322
has a G-type AFM structure with the ordered moment along
the c-axis direction and where NN Mn ions have opposite spins
with dominant AFM J3 < 0 and fully frustrated |J1| < J2 with
J1 < 0 and J2 > 0.14,16 On the other hand, La2O3Fe2Se2 (Fe-
2322) adopts magnetic structure similar to FeTe where half of
the J3, J2, and J1 are frustrated9,16,22 and different from the the-
oretical predictions.8 This is different from other compounds
with the same structure, in which J1 is the dominant term.10

In this work we tuned the magnetism on Fe/Mn
checkerboard lattice by varying TM content and examined
the magnetic ground states of the La2O3(Fe1−xMnx)2Se2

series. We find that Mn substitution leads to the increase of
activation energies for the electrical transport energy gap Ea

and has a strong effect on the magnetic phase diagram and the
spin entropy release above the temperature of the long-range
magnetic order.

II. EXPERIMENT

La2O3(Fe,Mn)2Se2 [(Fe,Mn)-2322] polycrystals were syn-
thesized by solid-state reaction from high purity materials
(�99%). Dried La2O3 powder, Mn lump, and Fe and Se
powders were mixed and ground in an agate mortar. The
mixture was pressed into pellets and sealed in a quartz tube
backfilled with pure argon gas. The ampule was heated to
1273 K and reacted for 24 h followed by furnace cooling. This
was repeated several times to ensure homogeneity. The color
of the final product is yellowish green for Mn-2223 and black
for Fe-2322.

Powder x-ray diffraction (XRD) patterns of the ground
samples were taken with Cu Kα = 0.1458 nm using a Rigaku
Miniflex x-ray machine. The structural parameters were
obtained by Rietveld refinement using RIETICA software.23

Single crystal x-ray data were collected in a Bruker Kappa
Apex II single crystal x-ray diffractometer at room temperature
with Mo Kα = 0.071073 nm on a 20-μm single crystal
isolated from the polycrystalline powder. Single crystal unit
cell refinement was performed with the Bruker APEX 2 software
package. Time-of-flight neutron diffraction measurements
were carried out at 300 K on the high intensity powder
diffractometer (HIPD) of the Lujan Neutron Scattering Center
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FIG. 1. (Color online) (a) Crystal structure
of (Fe,Mn)-2322. (b) TM-O planes shown for
TM = Fe. Se atoms (green) are puckered above
and below the plane, with Se-Fe-Se angle
97.04◦ along both a and b crystallographic axes.
(c) and (d) XRD and neutron powder diffraction
results at room temperature for the Mn-2322
polycrystal, respectively. (e) Lattice parame-
ters for (Fe,Mn)-2322 determined from neutron
diffraction (stars) and XRD (circles).

at the Los Alamos National Laboratory. Pulverized samples
were loaded in extruded vanadium containers in helium
atmosphere and sealed. Data were collected for 1 h for each
sample. Rietveld refinements of the data were carried out using
GSAS software24,25 within the I4/mmm space group.

Mössbauer spectra were taken in transmission mode with
the 57Co(Rh) source at 294 K and the parameters were obtained
using WINNORMOS software.26 Calibration of the spectrum was
performed by laser and isomer shifts were given with respect
to α-Fe.

Thermal, transport, and magnetic measurements were
carried out in a Quantum Design PPMS-9 and MPMS-5. The
samples were cut into rectangular parallelepipeds and thin Pt
wires were attached for four probe resistivity measurements.
Sample dimensions were measured with an optical microscope
Nikon SMZ-800 with 10-μm resolution.

III. RESULTS AND DISCUSSIONS

Crystal structure of (Fe,Mn)-2322 and principle magnetic
interactions J1-J3 are shown in Figs. 1(a) and 1(b). Both XRD
and neutron reflections can be indexed using a tetragonal unit
cell [Figs. 1(c) and 1(d)], indicating a continuous solid solution
between Mn-2322 and Fe-2322. The unit cell of Mn-2322

single crystal determined from the single crystal x-ray experi-
ment was I4/mmm with a = 0.417(3) nm and c = 1.89(2) nm,
in agreement with the powder data. Powder x-ray and neutron
lattice parameters are shown in Fig. 1(e) and details of the crys-
tal structure extracted from the neutron data, listed in Tables I–
III, are consistent with the reported values.8,14 For Mn-2322,
using obtained Mn-Se and Mn-O bond lengths (shown in
Table I), we calculate the valence of Mn ions using the bond

TABLE I. Structural parameters for La2O3Fe2Se2 at 300 K.

Chemical Formula La2O3Fe2Se2

Interatomic Distances (nm) Bond Angles (◦)
dFe-O 0.20413(1) O-Fe-O 180
dFe-Se 0.27129(8) Se-Fe-Se 97.61(4)/82.39(4)
dFe-Fe 0.28869(1) Se-Fe-O 90

Atom x y z Occ Uiso (10−2 nm2)

La 0.5 0.5 0.1843(1) 1 0.0026(2)
O1 0.5 0 0.25 1 0.0059(3)
O2 0.5 0.5 0 1 0.0124(5)
Fe 0.5 0 0 1 0.0059(2)
Se 0 0 0.0962(1) 1 0.0032(2)
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TABLE II. Structural parameters for La2O3(Fe0.5Mn0.5)2Se2 at
300 K.

Chemical Formula La2O3(Fe0.5Mn0.5)2Se2

Interatomic Distances (nm) Bond Angles (◦)
dFe/Mn-O 0.20528(1) O-Fe-O 180
dFe/Mn-Se 0.27641(12) Se-Fe-Se 95.92(6)/84.08(6)
dFe/Mn-Fe/Mn 0.29031(1) Se-Fe/Mn-O 90

Atom x y z Occ Uiso (10−2 nm2)

La 0.5 0.5 0.1851(1) 1 0.0057(3)
O1 0.5 0 0.25 1 0.0051(5)
O2 0.5 0.5 0 1 0.0100(7)
Fe 0.5 0 0 1 0.0058(8)
Se 0 0 0.0987(1) 1 0.0044(4)

valence sum (BVS) formalism in which each bond with a
distance dij contributes a valence vij = exp[(Rij − dij )/0.37]
with Rij as an empirical parameter and the total of valences of
atom i, Vi equals Vi = ∑

j vij .27,28 The calculated valence of
Mn ions is +2.03, consistent with the apparent oxidation state
(+2) for Mn atoms. With an increase in Mn content, the lattice
parameters increase gradually for both a and c axes, hence
the unit cell of Mn-2322 is larger than Fe-2322, which itself
is larger than the unit cell of La2O2Co2OSe2 (Co-2322).4,7

This trend can be explained by the larger ionic size of
Mn2+ when compared to Fe2+ and Co2+ ions, giving some
insight in the spin state of Mn2+ ions. The lattice parameters
should be proportional to the ionic size, rTM2+ , of transition
metals TM2+ (TM = Mn, Fe, and Co). Therefore from the
observation aMn = 0.41334 nm > aFe = 0.40788 nm > aCo =
0.40697 nm and cMn = 1.88221 nm > cFe = 1.86480 nm >

cCo = 1.84190 nm we conclude that rMn2+ > rFe2+ > rCo2+ .
Mössbauer spectra and theoretical calculations for Fe-2322
and Co-2322 suggest that Fe2+ and Co2+ are in the high
spin state.6,10 This is in agreement with rFe2+(0.0780 nm) >

rCo2+(0.0745 nm) for the high spin (HS) state (coordination
number = 6). Therefore, the Mn2+ ions should be in the
HS state since rMn2+ (LS) = 0.067 nm (LS = low spin) and
rMn2+(HS) = 0.083 nm for Mn2+ with sixfold coordination.

Mössbauer isomer shifts δ are sensitive on the electron
density on a nucleus. Electric quadrupole splitting � arises
due to interaction between electric field gradient and nuclear

TABLE III. Structural parameters for La2O3Mn2Se2 at 300 K.

Chemical Formula La2O3Mn2Se2

Interatomic Distances (nm) Bond Angles (◦)
dMn-O 0.2667(1) O-Mn-O 180
dMn-Se 0.28030(1) Se-Mn-Se 95.01(1)/84.99(1)
dMn-Mn 0.29227(1) Se-Fe-O 90

Atom x y z Occ Uiso (10−2nm2)

La 0.5 0.5 0.1866(2) 1 0.0042(5)
O1 0.5 0 0.25 1 0.0057(7)
O2 0.5 0.5 0 1 0.0015(8)
Mn 0.5 0 0 1 0.0086(8)
Se 0 0 0.1006(1) 1 0.0020(5)

FIG. 2. (Color online) Mössbauer spectra of
La2O3(Fe1−xMnx)2Se2 for x = 0 (a), x = 0.2 (b), and x = 0.5
(c), respectively. Vertical arrows denote relative positions of peaks
with respect to the background. The data were shown by open circles
and the fit is given by the red solid line. The doublets of the main
(blue) and impurity (green) phases are offset for clarity. Inset shows
the distributions of the electrical quadrupole splitting at the 57Fe
spectrum of La2O3(Fe0.8 Mn0.2)2Se2.

quadrupole moment. The δ and � provide information of the
oxidation, spin state, chemical bonding, and site symmetry.
Mössbauer spectra of Fe-2322 [Fig. 2(a)] shows a single
doublet, consistent with a single inequivalent 4c position of
Fe in I4/mmm space group of the unit cell. Isomer shifts δ =
0.895(1) mm/s and quadrupole splitting [� = 1.952(1) mm/s]
(Table IV) are well in agreement with the high spin S = 2
of Fe2+ in the D2h symmetry site of FeO2Se2 octahedra.11

However, the v = 0.3 mm/s discrepancy between the exper-
imental and theoretical fits and the mild asymmetry of peak
intensities suggest that another interaction is superimposed
on the main doublet. The Fe2+ experiences either an addi-
tional doublet or sextet due to an impurity phase or a high

TABLE IV. Mösbauer isomer shifts δ and electric field quadrupole
splittings � for La2O3(Fe1−xMnx)2Se2 at 294 K.

Chemical formula δ(mm/s) �(mm/s) �(mm/s)

La2O3Fe2Se2 0.895(1) 1.952(1) 0.287(2)
La2O3(Fe0.8Mn0.2)2Se2 0.90(4) 1.756 0.309
La2O3(Fe0.5Mn0.5)2Se2 0.812(6) 1.60(1) 0.309(7)
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temperature magnetism in the sample with magnetic dipole
interaction of μ0H � eVzzQ magnitude. However, no known
impurity phase, including LaFeO3 was able to explain the
experimental spectra. In contrast, Mössbauer spectra in both
La2O3(Fe0.5Mn0.5)2Se2 and La2O3(Fe0.8Mn0.2)2Se2 detected
Fe-Se phase impurity with δ = 0.45(7) mm/s, �= 0.8(1)
mm/s. When Mn substitutes Fe in a 1:4 ratio [Fig. 2(b)] there
are eight Fe2+ ions in the first two coordination spheres which
contribute to 10 different combinations after the substitution if
all combinations are of equal probability. The most important
contribution to hyperfine interactions is from the first coordi-
nation sphere. With 1:4 Mn to Fe ratio there are three different
combinations: with 0, 1, or 2 Mn on four Fe sites. The ratio
of these combinations is 17:20:3, respectively. Distribution of
electric quadrupole splittings centered at 1.756 mm/s, with
0.309 mm/s standard deviation and pronounced tail near the
smaller values confirms uniform distribution of Mn. The main
doublet and minority phase (or interaction) are also present
when one-half of Fe2+ is replaced by Mn2+ in La2O3(Fe0.5

Mn0.5)2Se2 [Fig. 2(c)]. The atomic positions where half of
Fe ions were substituted by Mn are symmetric within the
first coordination sphere around Fe2+ that contains FeO2Se2

and four closest Fe ions in the Fe-O planes [Fig. 1(a)]. This
is confirmed by the rather small widening of the doublet
lines [� = 0.309 (7) mm/s]. Decreased values of isomer shift
δ suggest a change in the charge density on the Fe2+ and
substantial decrease of the octahedra (Table IV).4

In order to complement the Mössbauer measurements, we
performed density functional theory (DFT) calculations using
the WIEN2K all-electron full-potential APW + lo code.29 For
La, Fe, Mn, Se, and O atoms the muffin-tin sphere radii
were set to 2.38, 1.86, 1.86, 2.5, and 1.62 a.u. The basis
set functions were expanded up to RmtKmax = 7. We used
the LDA-Fock-0.25 hybrid functional,10,30 which provides a
viable alternative to the LDA + U approach in describing the
electron correlations in this system. Starting from the Fe-2322
and Mn-2322 pure structures, we constructed 2×2×1 super-
cells of La2O3(Fe0.25Mn0.75)2Se2, La2O3(Fe0.5Mn0.5)2Se2, and
La2O3(Fe0.75Mn0.25)2Se2 to approximate the mixed Fe-Mn
systems. Figure 3 shows the total density of states (DOS)
as calculated for the FM state of the investigated compounds.

The LDA-Fock-0.25 hybrid functional calculations cor-
rectly predict the Mott-insulating behavior of (Fe, Mn)-2322.
The band gaps are similar but decrease somewhat from pure
Fe-2322 (about 0.4 eV) to pure Mn-2322 (about 0.25 eV). The
overall shape of the DOS across this group is very similar, one
significant distinction being the band-gap shift of the minority
DOS towards lower energies with increased Mn content. In our
checkerboard AFM LDA-Fock-0.25 calculations (carried out
only for the end compounds, not shown here), the band gaps
of Fe-2322 and Mn-2322 are found to be 1.85 and 0.99 eV,
respectively. Our calculations indicate that the AFM state is
more stable than the FM state by 0.75 eV in Fe-2322 and
0.43 eV in Mn-2322. The supercell approach also enabled us
to calculate the electric field gradient (EFG) and isomer shift
(IS) at Fe situated in several different local coordinations.
In Fig. 4 we compare the results of our calculations with
the values extracted from Mössbauer spectroscopy. While our
calculations were able to reproduce the values of the measured
EFGs, the ISs are found to be smaller than the experimental

FIG. 3. Total DOS per formula unit for the FM state of (Fe, Mn)-
2322. The Fermi level is set to zero energy. There is a band-gap shift
of the minority DOS towards lower energies as Mn substitutes Fe in
the lattice.

values by up to 20%. The discrepancy is because experimental
Mössbauer includes second-order Doppler shift and chemical
isomer shift due to electronic density whereas the theoretical
parts involves only the latter. The calculated EFG of 11.6 ×
1021 V/m2 in pure Fe-2322 agrees very well with the EFG
obtained in similar DFT calculations.31

Neglecting grain boundaries, Mn-2322 resistivity at room
temperature is about 2×104 � cm. This is two orders of magni-
tude smaller than Co-2322.7 The resistivities of (Fe,Mn)-2322
exhibit activated behavior, ρ = ρ0 exp(Ea/kBT ), where ρ0 is
the prefactor, Ea is the activation energy, kB is the Boltzmann’s
constant, and T is temperature [Figs. 5(a) and 5(b)]. By fitting
the ρ(T ) data from 210 to 320 K we obtain the activation
energy Ea = 0.2425(2) eV for Mn-2322. This is substantially
smaller than the activation energy of Co-23227 and consistent
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FIG. 4. Calculated (solid triangles) and measured (open squares)
EFGs and ISs plotted as a function of the number of (in-plane)
neighboring Fe atoms. Our 2×2×1 supercells did not allow for
geometries with one and three Fe atoms. The experimental EFGs and
ISs are plotted against the average number of neighboring Fe atoms
in La2O3(Fe0.5Mn0.5)2 Se2, La2O3(Fe0.8Mn0.2)2Se2, and Fe-2322.

with the recently reported value.16 The Ea decreases rapidly
by x = 0.5 (0.1814(3) eV), then gradually as the Mn/Fe
ratio is tuned to Fe-2322 [0.1796(3) eV]. The value of Ea

for Fe-2322 is close to that reported in the literature.8 The
residual resistivity values (ρ0) exhibit the same trend. These
results indicate that the band gap of (Fe,Mn)-2322 decreases
with the contraction of lattice parameters. Narrowing of the
band gap is also consistent with sample color changes from
yellowish green in Mn-2322 to black in Fe-2322. Gap values
obtained for Mn-2322 are in agreement with LDA calculations
(Fig. 3), however, for Fe-2322 and for intermediate alloys
there is a disagreement. This suggests increased importance of
strong electronic correlations for increased Fe site occupancy
of Fe/Mn site in (Fe, Mn)-2322 alloys.

Temperature dependence of dc magnetic susceptibility
χ (T ) = M/H taken in 50 kOe magnetic field for (Fe,Mn)-
2322 with zero field cooling (ZFC) is shown in Fig. 6(a). For
Fe-2322, there is AFM transition at TN = 90 K, consistent with
previous results.8 With Mn doping, this AFM transition shifts
to lower temperature quickly and disappears in Mn-2322. On
the other hand, there is other FM-like transition emerging and
shifting to higher temperature when Mn enters the lattice.
Finally, for Mn-2322, the χ (T ) curves of Mn-2322 [inset
of Fig. 6(a)] exhibit three features: one broader maximum,
TMax and two anomalies, TM1 and TM2. TMax (∼275 K) with
no Curie-Weiss behavior up to 350 K implies that there is
a stronger two-dimensional short-range spin correlation in
Mn-2322 than in Fe-2322 at high temperature, reflecting the
frustrated nature of the magnetic structure in Mn-2322.14,16

From the sharp minimum of the d(χT )/dT curves [Fig. 6(b)]
we extract TM1 ∼ 164 K, in agreement with previous
results.14–16 The TM1 anomaly is field independent and
therefore should have considerable ferromagnetic component
due to canting and/or magnetocrystalline anisotropy possibly
induced by frustration.14 The second anomaly {minimum in
d(χT )/dT at TM2 = 122 K [inset of Fig. 6(a)]} is also field
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FIG. 5. (Color online) (a) Temperature dependence of the resis-
tivity for (Fe,Mn)-2322 polycrystals. (b) Activation energies using
ρ = ρ0 exp(Ea/kBT ) and the relation between ρ0, Ea , and xnominal.

independent, however, it is strongly suppressed in high fields.
This is in agreement with its proposed spin reorientation
origin.14 The ZFC and field cooling (FC) χ (T ) curves split
at TM1,2 but gradually overlap with magnetic field increase
[Fig. 6(c)]. This implies the presence of either magnetic
frustration or magnetocystalline anisotropy. On the other
hand, χ (T ) of Mn-2322 show a hump around TN = 42 K at
1 kOe with the ZFC mode (blue curve), similar to previous
results.14,16 It could be due to superparamagnetic Mn3O4

nanoparticle contamination below our diffraction resolution
limit.16 Overall, the substantial shift of the cusp with x

and the evolution of an FM-like increase of magnetization
above the cusp temperature point to development of intrinsic
magnetic interactions from Fe-2322 to Mn-2322. With Mn
doping, the part of magnetic entropy that contributes to
the long-range order rapidly shifts to lower temperature
whereas the frustration-induced FM (or canting, anisotropic
exchange interactions) component of magnetization increases
and high temperature two-dimensional short-range magnetic
order becomes stronger as the magnetic system is tuned toward
the lattice with full Mn occupation.

The specific heat of (Fe,Mn)-2322 (Fig. 7) approaches the
value of 3NR at 300 K, where N is the atomic number in
the chemical formula (N = 9) and R is the gas constant (R =
8.314 J mol−1 K−1), consistent with the Dulong-Petit law.
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netic susceptibility χ (T ) for (Fe,Mn)-2322 taken in 50 kOe. Inset
shows enlarged χ (T ) for Mn-2322. (b) d(χT )/dT of Mn-2322 at
various magnetic fields for ZFC magnetization. (c) ZFC and FC
curves of Mn-2322 near magnetic transitions.

On the other hand, Fe-2322 specific heat shows a λ -type
anomaly at T = 89 K for Fe-2322 in agreement with the result
in the literature.11 This anomaly is due to a long-range three-
dimensional antiferromagnetic (AFM) ordering of the Fe2+.
After subtraction of the phonon contribution (Cph) fitted using
a polynomial for the total specific heat, we obtain the magnetic
contribution (Cmag) and calculate the magnetic entropy using

Smag(T ) = ∫ T

0 Cmag/T dt . The derived Smag is 3.23 J/mol-K at

FIG. 7. (Color online) Temperature dependence of specific heat
for (Fe,Mn)-2322 polycrystals. Inset shows the specific heat of Fe-
2322 data between 50 K and 130 K. The solid curve represents the
phonon contribution fitted by a polynomial. The right axis and its
associated solid curve denote the magnetic entropy related to the
AFM transition of Fe-2322.

120 K, which is much smaller than the expected value [∼24%
Rln(2S + 1) = Rln 5] for Fe2+ ions with the high spin state
(inset of Fig. 7). Note that only about half of that value is
released below TN . It suggests that a substantial fraction of
magnetic entropy is locked at high temperatures due to possible
2D short-range magnetic order before long-range correlations
develop at TN .14 In contrast, there is no λ-type anomaly for
Mn-2322 at the temperature of magnetic transitions (TM1 =
164 K and TM2 = 122 K), which is consistent with the previous
result and can be ascribed to the overwhelming release of
magnetic entropy due to the existence of 2D short-range order
above magnetic transitions.14 The 20% Mn doping in Fe-2322
has already resulted in complete release of magnetic entropy
above TN . If the entropy is released via the high temperature
frustration mechanism, this suggests that frustration effects are
considerably enhanced with Mn doping. This could explain the
absence of Curie-Weiss law in M(T ) above TN [Fig. 6(a)].

IV. CONCLUSION

La2O3(Fe1−xMnx)2Se2 compounds are magnetic with the
high spin state for Fe2+/Mn2+. Intermediate alloys exhibit
long-range magnetic order and release magnetic entropy at
high temperature due to possible magnetic frustration. Further
neutron scattering experiments are necessary to provide micro-
scopic information on how principle competing interactions
evolve in this alloy series. FM component of magnetically
ordered ground state and possibly the degree of magnetic
frustration both raise rapidly as Mn enters the lattice. In
(Fe,Mn)-2322 compounds long-range magnetic order com-
petes with disorder induced by geometric spin frustration.
Atomic disorder on Fe/Mn sites tips this balance and promotes
frustration. Since the balance of all three principle interactions
J1-J3 can be tuned by the Fe/Mn ratio, this system might
be mapped to the 2D pyrochlore where charge order and
the metal-to-insulator transition have been predicted at half
filling.32,33
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Abstract
Iron chalcogenide superconductors have become one of the most investigated superconducting
materials in recent years due to high upper critical fields, competing interactions and complex
electronic and magnetic phase diagrams. The structural complexity, defects and atomic site
occupancies significantly affect the normal and superconducting states in these compounds. In
this work we review the vortex behavior, critical current density and high magnetic field
pair-breaking mechanism in iron chalcogenide superconductors. We also point to relevant
structural features and normal-state properties.

Keywords: iron chalcogenide superconductors, upper critical fields, vortex physics, critical
current density

1. Introduction

The discovery of superconductivity in La(O,F)FeAs with
superconducting transition temperature Tc = 26 K [1]
stimulated intensive research on related materials. This
resulted in the discovery of several families of iron-based
superconductors with the highest Tc = 56 K [1–23], including
REOFePn (RE = rareearth; Pn = P or As, FePn-1111
type) [1–7], AFe2As2 (A = alkaline or alkaline-earth metal,
FeAs-122 type) [8–10], AFeAs (FeAs-111 type) [11, 12],
(Sr4M2O6)(Fe2Pn2) (M = Sc, Ti or V, FePn-42622 type) [13,
14], FeCh (Ch = S, Se, Te, FeCh-11 type) [15–17] and
Ax Fe2−ySe2 (AFeCh-122 type) [18–23].

The crystal structure of FeCh and AFeCh-122 systems
features a square-planar lattice of Fe with tetrahedral
coordination, which is the common ingredient found in
all iron-based superconductors, but they also have some
distinctive characteristics. For example, FeCh-11 type
materials have a rather simple crystal structure without the

3 Present address: Center for Nanophysics, and Advanced Materials,
and Department of Physics, University of Maryland, College Park, MD
20742-4111, USA.

charge reservoir layer. FeSe exhibits a significant pressure
effect [24]: under external pressure, the Tc can be increased
from 8 to 37 K and the dTc/dP can reach 9.1 K GPa−1, the
highest increase in all iron-based superconductors. Fe(Te,Se)
and Fe(Te,S) contain strongly magnetic excess Fe in Fe(2)
site that provides local moments and tunes details of magnetic
structure depending upon the amount of excess Fe [25, 26].
On the other hand, in AFeCh-122 materials the hole Fermi
surfaces (FSs) are absent [27, 28], which is different from
other iron-based superconductors where both electron and
hole FSs are present [29], suggesting pairing symmetry other
than s± [30]. There are also vacancies in the Fe plane that
order at T = 578 K resulting in long-range antiferromagnetic
(AFM) order at TN = 559 K [31]. Finally, one of the
most distinctive features in AFeCh-122 is the proximity of
semiconducting state [23], which is magnetic but is spatially
separated and coexists with superconducting regions on the
10–100 nm length scale [32–38]. This is different from iron
pnictides where superconductivity emerges when the spin
density wave (SDW) state is suppressed [39].

On the other hand, because of large upper critical
fields µ0 Hc2 and small lower critical fields, iron-based
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superconductors exhibit rich vortex phenomena in the mixed
state and exotic temperature dependences of µ0 Hc2(T ).
There are also some promising technical application
perspectives due to high Tc and large µ0 Hc2. The distinctive
features of iron chalcogenides will lead to the pronounced
differences of the superconducting properties in magnetic
fields when compared to pnictides, such as the different
contributions of multiband and spin paramagnetic effects
which will determine the temperature dependence of
the µ0 Hc2(T ), the different strengths of vortex thermal
fluctuations in mixed state and the different behaviors of
critical current density Jc in magnetic fields.

In this paper, we review the superconducting properties
of iron chalcogenide superconductors in high magnetic fields,
while comparing these properties with those of iron pnictide
superconductors. In section 2, we address vortex physics,
especially thermally activated flux flow. Section 3 describes
the Jc, and in section 4, we describe the important features
of µ0 Hc2 and compare µ0 Hc2 in iron pnictide and iron
chalcogenide superconductors. Finally, in section 5, we
summarize the main results we discussed and outline general
perspectives of this field.

2. Vortex physics in iron chalcogenide
superconductors

Iron-based superconductors are extreme type-II
superconductors with κ ∼ 100 and a large range of magnetic
field penetration in the mixed state of µ0 H–T phase diagram.
Hence, rich vortex physics is expected in all iron-based
superconductors. In the mixed state the thermal fluctuation
effects on the vortex behavior can be quantified by the
Ginzburg number G i

G i =
1

2

(
kBTc

µ0 H 2
c (0)ξ

2
ab(0)ξc(0)

)2

, (1)

where kB is Boltzmann constant, µ0 is vacuum permeability,
µ0 Hc(0)= φ0/2

√
2πλab(0)ξab(0) is the thermodynamic

critical field (φ0 is magnetic flux quantum), λab(0) is the
London penetration depth in the ab plane, and ξab(0)
and ξc(0) are the coherence lengths in the ab plane and
c-axis, at T = 0 K, respectively. Here we assume ξa(0)=

ξb(0)= ξab(0), which is consistent with the tetragonal lattice
symmetry of iron-based superconductors. The G i is basically
the squared ratio of the thermal energy to the condensation
energy in the volume occupied by the Cooper pair [40]; it can
be rewritten as [40]

G i ∝ γ
4/3
m m4T 4

c n−8/3, (2)

where γm is the mass anisotropy in a uniaxial crystal,
γm = mc/mab = (ξab/ξc)

2
= (Hc2,ab/Hc2,c)

2, and m is the
effective mass and n is carrier density. The G i can
be increased strongly if (i) Tc increases, (ii) effective
mass increases, (iii) mass anisotropy increases or (iv)
carrier density decreases. In the layered cuprate oxide
superconductors vortex behavior can be affected dramatically
by thermal fluctuation (G i∼10−3

−1) because of high Tc

and large γm when compared to conventional Bardeen–
Cooper–Schrieffer (BCS) superconductors where vortex
thermal fluctuation is negligible (G i ∼10−10

−10 −6) [40].
In iron-based superconductors, thermal fluctuation effects
(G i ∼10−4

−10−2) also influence vortex properties [40].
Some iron-based superconductors exhibit significant vortex
fluctuations similar to those in the cuprates with smallest
anisotropy, such as YBa2Cu3O7−x (YBCO), despite smaller
Tc and γm . Relatively large thermal fluctuation effects
may be related to the low n and large m [41–43]. In
FeCh-11 superconductors, Tc is smaller at ambient pressure
as compared to FeAs-122 materials but the G i (∼10−3) is
larger than the latter one (G i ∼10−4) [40], which could be
ascribed to the significant mass enhancement [41]. Therefore,
thermally activated vortex dynamics is expected even at low
temperatures.

2.1. Thermally activated flux flow

Thermal fluctuations in FeCh-11 superconductors can result
in the thermally activated flux flow (TAFF) behavior where
the vortex bundles hop between neighboring pinning centers.
According to the TAFF theory, the resistivity in TAFF region
can be expressed as [44–46]

ρ = (2ν0L B/J ) exp(−Jc0 BV L/T ) sinh(J BV L/T ), (3)

where ν0 is an attempt frequency for a flux bundle hopping,
L is the hopping distance, B is the magnetic induction, J is
the applied current density, Jc0 is the critical current density
in the absence of flux creep, V is the bundle volume and T is
the temperature. If J is small enough and J BV L/T � 1, we
obtain

ρ = (2ρcU/T ) exp(−U/T )= ρ0 f exp(−U/T ), (4)

where U = Jc0 BV L is the thermal activation energy and
ρc = ν0L B/Jc0, which is usually considered to be temperature
independent. For cuprate superconductors, the prefactor
2ρcU/T is usually assumed as a constant ρ0 f [45], therefore,
ln ρ(T, µ0 H)= ln ρ0 f − U (T, µ0 H)/T . On the other hand,
according to the condensation model [46], U (T, µ0 H)=

(µ0 Hc(t))2ξ n(t), where µ0 Hc is the thermodynamic critical
field, ξ is the coherence length, t = T/Tc, and n depends on
the dimensionality of the vortex system with the range from 0
to 3. Since µ0 Hc ∝ 1 − t , and ξ ∝ (1 − t)−1/2 near Tc [47],
it is obtained that U (T, µ0 H)= U0(µ0 H)(1 − t)q , where
q = 2 − n/2. It is generally assumed that U (T, µ0 H)=

U0(µ0 H)(1 − t), i.e. n = 2, and the ln ρ− 1/T becomes
Arrhenius relation

ln ρ(T, µ0 H)= ln ρ0(µ0 H)− U0(µ0 H)/T, (5)

where ln ρ0(µ0 H)= ln ρ0 f + U0(µ0 H)/Tc is a temperature-
independent term and U0(µ0 H) is the apparent
activation energy. Furthermore, it can be concluded that
−∂ ln ρ(T, µ0 H)/∂T −1

= U0(µ0 H). Hence, the ln ρ versus
1/T should be linear in the TAFF region. The slope is
U0(µ0 H) and its y-intercept represents ln ρ0(µ0 H).
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Figure 1. Arrhenius plots for resistivity in various fields for (a) FeSe single crystal with H⊥(101) and (b) Fe1.03Te0.55Se0.45 single crystals
with H‖c. The corresponding solid lines are fitting results from the Arrhenius relation. Inset of (a): ln ρ0(µ0 H) versus U0(µ0 H) derived
from the Arrhenius relation for both field directions. The solid lines are linear fitting results. (c) and (d) Field dependence of U0(µ0 H) for
FeSe and Fe1.03Te0.55Se0.45, respectively. The solid lines are power-law functions U0(µ0 H)∼ (µ0 H)−α . (a) Reprinted with permission from
[48]. Copyright 2012 by the American Physical Society. (b) Reprinted with permission from [49]. Copyright 2010 by the Elsevier.

As shown in figures 1(a) and (b), the experimental
data can be fitted using the Arrhenius relation very
well for both FeSe and Fe1.03Te0.55Se0.45 (Se-45) single
crystals [48, 49]. The good linear behavior indicates that
the temperature dependence of U (T, µ0 H) is approximately
linear, i.e. U (T, µ0 H)= U0(µ0 H)(1 − t) [45, 46]. The
log ρ(T, µ0 H) lines for compounds extrapolate to the same
temperature Tcross, which should be equal to Tc [50]. For FeSe
single crystal, the extrapolated temperatures are about 11.1 K
for both H‖(101) and H⊥(101). This behavior has also
been observed in NdFeAsO0.7F0.3 single crystals for H‖c,
however, it is not the case for H‖ab [51]. For FeSe single
crystal, the obtained U0 are similar for H‖(101) and H⊥(101)
(inset of figure 1(a)) and much smaller than in Fe(Te,Se)
[49, 52]. Moreover, ln ρ0(µ0 H)− U0(µ0 H) is linear for both
field directions (inset of figure 1(a)). Fits using ln ρ0(µ0 H)=

ln ρ0 f + U0(µ0 H)/Tc yielded values of ρ0 f and Tc as 37(1)
m� cm and 11.2(1) K for H‖(101) and 39(2)m� cm and
11.2(1) K for H⊥(101). The Tc values are consistent with the
values of Tcross within the error bars. As shown in figures 1(c)
and (d), the field dependence of U0(H) exhibits a power-law
behavior for both FeSe and Se-45, i.e. U0(µ0 H)∼ (µ0 H)−α .
There are two types of power-law behavior at low and high
fields. For FeSe, α ∼0.25 for µ0 H < 3 T and α ∼ 0.7 for
µ0 H > 3 T. Se-45 exhibits similar behavior to FeSe (α ∼ 0.25
for µ0 H < 2 T and α ∼ 0.55 for µ0 H > 2 T). The weak
power-law dependence of U0(µ0 H) at low fields implies that
single-vortex pinning dominates in this region [44], followed

by a quicker decrease of U0(µ0 H) at high fields where the
vortex spacing becomes significantly smaller than penetration
depth in higher fields and a crossover to a collective-pinning
regime occurs. In this region, the U0(µ0 H) becomes strongly
dependent on the field [53]. A similar crossover has been
observed in Nd(O,F)FeAs single crystals [51]. Because α =

0.5 and 1 correspond to a planar-defect pinning and a
point-defect pinning, respectively [54], for FeSe, the fitted α
values vary between 0.5 and 1, suggesting that the pinning
centers may be mixed with point and planar defects. On the
other hand, for Se-45, the fitted α values are close to 0.5,
implying that the vortices are mainly pinned by the collective
point defects in the high-field region.

Large fitting errors occur for Fe1.14Te0.91S0.09 (S-09)
single crystal when using the Arrhenius relation in the
TAFF region (solid lines), especially for H‖ab (figures 2(a)
and (b)). Deviation from the Arrhenius relation indicates
that the assumptions of constant ρ0 f and linear temperature
dependence of U (T, µ0 H) could be invalid in S-09. If
U (T, µ0 H)= U0(µ0 H)(1 − t) and ρ0 f = const, this will
result in −∂ ln ρ(T, µ0 H)/∂T −1

= U0(µ0 H), and U0(µ0 H)
should be a set of horizontal lines as shown in figures 2(c)
and (d). The limited lengths of horizontal lines correspond to
the temperature interval used for estimating U0(µ0 H) in the
Arrhenius relation. It can be seen that −∂ ln ρ(T, µ0 H)/∂T −1

increases sharply with decreasing temperature, which was
also observed in Bi-2212 thin films [55]. The center of
each U0(µ0 H) horizontal line approximately intersects the
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Figure 2. (a) and (b) Temperature dependence of longitudinal resistivities log ρ(T, µ0 H) of Fe1.14Te0.91S0.09 in various magnetic fields for
H‖ab and H‖c, respectively. The corresponding solid and black dashed lines are fitting results from the Arrhenius relation (equations (5)
and (6)). (c) and (d) Experimental −∂ ln ρ/∂T −1 data in the TAFF region for H‖ab and H‖c, respectively. The red solid horizontal lines
correspond to U0(µ0 H) obtained from the Arrhenius relation and the blue dashed lines are plotted using equation (7). The parameters are
determined via fitting equation (6) to the corresponding experimental resistivity data shown in panels (a) and (b). Reprinted with permission
from [50]. Copyright 2010 by the American Physical Society.

−∂ ln ρ(T, µ0 H)/∂T −1 curve, and therefore each U0(µ0 H)
is only the average value of its −∂ ln ρ(T, µ0 H)/∂T −1

in the fitting temperature region. Hence, the U (T, µ0 H)
determined using the Arrhenius relation does not reflect the
true evolution of thermal activation energy with temperature
in S-09, particularly for H‖ab.

If ρ0 f = 2ρcU (T, µ0 H)/T is temperature dependent due
to the term U (T, µ0 H)= U0(µ0 H)(1 − t)q and q can be
different from 1, then it can be shown from equation (4) [56]
that

ln ρ = ln(2ρcU0(µ0 H))+ q ln(1 − t)

− ln T − U0(µ0 H)(1 − t)q/T (6)

and thus

− ∂ ln ρ/∂T −1
= [U0(µ0 H)(1 − t)q − T ][1 + qt/(1 − t)],

(7)
where q , ρc and U0(µ0 H) are temperature-independent free
parameters, and Tc derived from the Arrhenius relation is
used for fitting. Figures 2(a) and (b) reveal that all fitting
curves (dashed lines) agree well with experimental data and
the results are better than the Arrhenius relation, especially
for H‖ab. Figures 2(c) and (d) clearly show the advantage
of equation (7) over the Arrhenius relation. It can effectively
capture the upturn trend of −∂ ln ρ/∂T −1 with decreasing

temperature. As shown in figure 3(a), the U0(µ0 H) values
obtained using equation (6) are comparable to that in FeSe
but smaller than in Fe(Te,Se) [48, 49, 52]. Similar to FeSe and
Fe(Te,Se), there are also two ranges in the field dependence
of U0(H) curves with different α for both field directions
in S-09. For H‖ab, α = 0.12(2) for µ0 H < 5 T and α =

1.7(3) for µ0 H > 5 T; For H‖c, α = 0.21(3) for µ0 H < 5
T and α = 1.3(2) for µ0 H > 5 T. In the low-field region,
the small α suggests that single-vortex pinning dominates,
similar to FeSe and Fe(Te,Se). At high fields α is larger
than 1, implying that the material enters a collective pinning
regime and the pinning centers are point defects [54]. On
the other hand, the values of q change from about 1 for
H‖c to 2 for H‖ab, independent on the field intensity for
both directions (figure 3(b)). The value of q = 2 has also
been observed in many cuprates superconductors [55–57].
The nonlinear temperature dependence of U0(T, µ0 H)
and non-constant prefactor ρ0 f are also common to other
iron-based superconductors [58, 59].

It should be noted that the low volume fraction of
superconductivity in Fe(Te,S) should not significantly affect
the analysis of TAFF. Because of the inhomogeneity of
crystals, the conductivity can be expressed as σ = σsc +
σnormal, where σsc is the conductivity of superconducting
fraction and σnormal is the conductivity of the normal fraction
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Figure 3. Magnetic field dependences of (a) U0 and (b) q obtained
from fitting the resistivity in the TAFF region using equation (6) for
Fe1.14Te0.91S0.09. The open and filled squares represent U0(µ0 H) for
H‖c and H‖ab, respectively, while the open and filled circles show
corresponding q, respectively. The solid lines in (a) are power-law
functions U0(µ0 H)∼ (µ0 H)−α . Reprinted with permission
from [50]. Copyright 2010 by the American Physical Society.

of the crystal. When T < Tc,zero, σ = σsc = ∞, i.e. ρ = 0 and
the normal-state part of sample is short-circuited. On the other
hand, the resistivity in the TAFF regime is about one to three
orders of magnitude less than in the normal state [45, 46]. It
means that although the conductivity σsc in this range is finite,
it is still much larger than σnormal, and we can approximate
σ ≈ σsc.

In K0.64Fe1.44Se2 and Tl0.58Rb0.42Fe1.72Se2 single
crystals, as shown in figure 4, the good linear behavior
of ln ρ(T, µ0 H) versus 1/T in a wide temperature range
for both field directions indicates that the temperature
dependence of U (T, µ0 H) is approximately linear [60],
i.e. q = 1, and the ρ0 f is constant, similar to FeSe and
Fe(Te,Se) [48, 49]. For K0.64 Fe1.44Se2, fitting by the function
ln ρ0(µ0 H)= ln ρ0 f + U0(µ0 H)/Tc yields ρ0 f = 5.3(1) and
12.4(1)� cm and Tc = 31.8(3) and 32.3(2) K for H‖ab
and H‖c, respectively (inset of figure 4(a)). On the other
hand, the log ρ(T, µ0 H) lines for different fields extrapolate
to one temperature Tcross ∼ 32 K for both field directions,
consistent with the values of Tc within the error bars. The
U0(µ0 H) values obtained for both superconductors are much
larger than in FeCh-11 materials; they are comparable to
that in polycrystalline NdFeAsO0.7F0.3 [51], but are still

much smaller than in polycrystalline SmFeAsO0.9F0.1 [58].
The power-law fitting yields α = 0.78(2) and 0.84(2) for
H‖ab and H‖c in K0.64Fe1.44Se2 and α = 0.27(2) for
H‖ab and 0.22(2) for H‖c in Tl0.58Rb0.42Fe1.72Se2 (insets of
figures 4(b)–(d)). For both materials, the field dependencies of
U0(µ0 H) are similar for both field directions, indicating that
the pinning forces weakly depend on orientation [60]. But the
values of α are rather different. For K0.64Fe1.44Se2, the values
of α are similar to those in FeSe, suggesting that both point
and planar defects act as the pinning centers. On the other
hand, the much smaller values of α in Tl0.58Rb0.42Fe1.72Se2

imply that the single-vortex pinning mechanism is dominant
in fields up to 15 T.

3. Critical current density

Since the discovery of iron-based superconductors, the
combination of rather high Tc and high µ0 Hc2 has induced
great interests for application. For practical applications
of superconductors, however, high Jc is another key
parameter that needs to be investigated. YBCO has superior
current-carrying properties but the stringent weak-link effect
of grain boundaries (GBs) restricts the range of applications
and increases the cost of fabrication [61]. In iron-based
superconductors (figures 5(a) and (b)) [62], the high µ0 Hc2

gives some promise for applications at high fields, where
low-temperature Nb3Sn superconductor is at disadvantage
because of low µ0 Hc2 [40].

Iron chalcogenide superconductors crystallize in a
relatively simple crystal structure, but often with defects and
relatively large range of stoichiometry. In addition, there is
a sensitivity to atmosphere in AFeCh-122. However, lower
anisotropy γ of µ0 Hc2 when compared to iron pnictide
superconductors is advantageous for applications such as
superconducting wires for high-field magnets.

3.1. Jc and flux pinning in FeCh-11 and AFeCh-122 single
crystals

Figure 6 shows the Jc of FeSe, FeTe0.61Se0.39 and FeTe0.9S0.1

single crystals at various fields and temperatures [48, 63, 64].
At T ∼ 5 K, the Jc of FeSe is about 2.4 × 103 A cm−2 for
H⊥(101) at zero field. This is lower than Jc in FeTe0.61Se0.39

and FeTe0.9S0.1, which is about 2 × 105 and 3 × 105 A cm−2

for H‖c, respectively. FeTe0.61Se0.39 shows relative high Jc

and it remains above 7 × 104 A cm−2 atµ0 H = 5 T. Moreover,
the Tc of optimally doped Fe(Te,Se) (Se ∼ 0.4 − 0.5) is about
14 K, which is higher than in Fe(Te,S) and FeSe. It implies
that the optimally doped Fe(Te,Se) might be suitable for
applications. On the other hand, the anisotropy γJc of Jc

(γJc = J H‖(101)
c /J H⊥(101)

c or J H‖ab
c /J H‖c

c ) is about 4–5 for FeSe
and FeTe0.9S0.1 [48, 64].

When compared to FeCh-11 superconductors, the
much higher Tc and µ0 Hc2 of AFeSe-122 superconductors
immediately raise a question whether the Jc values of these
materials are more promising for practical applications. As
shown in figure 7(a), however, the early studies indicate that
Jc of Kx Fe2−ySe2 is rather low (∼(0.7–2.6) ×103 A cm−2 at
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Figure 4. Arrhenius plot for resistivity at various fields of K0.64Fe1.44Se2 for (a) H‖ab and (b) H‖c and Tl0.58Rb0.42Fe1.72Se2 for (c) H‖ab
and (d) H‖c. The corresponding solid lines are fitting results from the Arrhenius relation. Inset of (a): ln ρ0(µ0 H) versus U0(µ0 H) derived
from the Arrhenius relation for K0.64 Fe1.44Se2. The solid lines are linear fitting results. Inset of (b): field dependence of U0(µ0 H) of
K0.64Fe1.44 Se2. Insets of (c) and (d): field dependences of U0(µ0 H) in Tl0.58Rb0.42Fe1.72Se2 for H‖ab and H‖c, respectively. The solid lines
in the insets of (b–d) are power-law functions U0(µ0 H)∼ (µ0 H)−α . Panels (c) and (d) reprinted with permission from [60]. Copyright
2012 by the American Physical Society.

5 K) [65, 66], even lower than that of FeSe [48]. Therefore, it
is important to explore pathways for the enhancement of Jc in
AFeCh-122 compounds.

It was soon found that sulfur doping can remarkably
enhance the Jc of Kx Fe2−ySe2−zSz [67]. As shown in
figure 7(a), the J ab

c (µ0 H) (H‖c) exhibits a small increase in
the high-field region for z = 0.32 when compared to the z = 0
sample. On the other hand, the enhancement is about one
order of magnitude for z = 0.99 (J ab

c (0)= 7.4 × 103 A cm−2

at 1.8 K) in the entire magnetic-field range. For higher S
content, the J ab

c (0) is still much larger than in z = 0 sample,
but the J ab

c (µ0 H) at high fields is smaller. It should be
noted that the Tc decreases significantly when z > 0.32. When
compared to z = 0 (Tc, onset = 33.0 K), the z = 0.99 crystal has
Tc,onset = 24.6 K, whereas z = 1.04 corresponds to Tc,onset =

18.2 K [68]. Therefore, the sample with z = 0.99 exhibits the
best performance among sulfur-doped samples investigated.
Moreover, the ratio of J c

c (µ0 H)/J ab
c (µ0 H) is approximately

1 and is smaller than in FeCh-11 superconductors. Although
the Jc of z = 0 sample is much larger than in Kx Fe2−ySe2 and
also larger than in FeSe, it is still smaller than in FeTe0.61Se0.39

and FeTe0.9S0.1.
Metallic and superconducting state was induced by

post-annealing and quenching treatment in as-grown
and insulating Kx Fe2−ySe2 crystals, which is a notable
improvement in superconducting properties [69]. Therefore,
some effects of this process on the Jc are also expected
[70]. Post-annealing and quenching process can further

increase J ab
c (0) to 7.4 × 103 A cm−2 at 1.8 K which is about

50 times larger than that of the as-grown sample (figure 4(a)).
This cannot be simply ascribed to the improvement of
the superconducting volume fraction, because the volume
fraction of the quenched crystal is only about four times larger
than that of the as-grown crystal. It could also be related to
the enhanced flux pinning force due to the post-annealing
and quenching treatment. The Jc in the quenched crystal is
also slightly higher than that in Kx Fe2−ySe2 crystals grown
using the one-step technique [71] and are the highest known
Jc values among AFeCh-122 type materials until now. The
quenched sample also exhibits a good performance at high
fields. The J ab

c (µ0 H = 4.8 T) for the quenched sample
is still larger than 104 A cm−2 at 1.8 K, whereas for the
as-grown sample, it has already decreased about one order of
magnitude.

As shown in figure 7(b), detailed studies on the
temperature and field dependences of the vortex pinning
force Fp = µ0 H Jc show that it follows the Dew-Huges [72]
scaling law: fp ∝ h p(1 − h)q , where fp = Fp/Fmax

p is the
normalized vortex pinning force, Fmax

p corresponds to the
maximum pinning force and h = H/Hirr is the reduced
field. The results indicate that there is a dominant pinning
mechanism. The obtained p and q is 0.86(1) and 1.83(2),
respectively and the value of hmax

fit = p/(p + q)≈ 0.32 is
consistent with the peak positions (hmax

exp ≈ 0.33) of the
experimental curves at different temperatures. Those values
are close to the expected values for core normal point-like
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Figure 5. (a) Jc–Tc–µ0 Hc2 contour lines of Nb3Sn, YBa2Cu3O7−x ,
MgB2 and iron-based superconductors. (b) Tc–H phase diagrams
for various superconductors. The solid and dashed lines show the
µ0 Hc2 and the irreversibility fields H ∗ for H‖c, respectively. (a)
Reprinted with permission from [62]. (b) Reprinted with permission
from [40]. Copyright 2011 by the IOP Publishing.

pinning (p = 1, q = 2 and hmax
fit = 0.33) [69]. These point-like

pinning centers might come from the random distribution
of iron vacancies after quenching, similar to FeAs-122 type
materials [73, 74]. On the other hand, the Fmax

p can be
fitted using Fmax

p ∝ (µ0 Hirr)
α with α = 1.67(1) (inset of

figure 4(b)), close to the theoretical value (α = 2) for the
core normal point-like pinning [72]. Moreover, as shown in
figure 7(c), the temperature dependence of µ0 Hirr can be
fitted with equation µ0 Hirr(T )= µ0 Hirr(0)(1 − t)β , and we
obtained β = 1.21(1), close to the characteristic value of 3D
giant flux creep (β = 1.5) [53]. For type-II superconductors,
vortices interact with pinning centers either via the spatial
variations in the Tc (‘δTc pinning’) or by scattering of
charge carriers with reduced mean free path l near defects
(‘δl pinning’) [44]. These two pinning types result in the
different temperature dependences of Jc(t) in the single
vortex pinning regime i.e. low-field and zero-field regions.
For δTc pinning, J δTc

c,H=0(t)= Jc,H=0(0)(1 − t2)7/6(1 + t2)5/6

Figure 6. Jc(T, µ0 H) at various temperatures and fields for (a)
FeTe0.9S0.1, (b) FeTe0.61Se0.39 and (c) FeSe. (a) Reprinted with
permission from [64]. (b) Reprinted with permission from [63].
Copyright 2009 by the American Physical Society.

while for δl pinning, J δlc,H=0(t)= Jc,H=0(0)(1 − t2)5/2(1 +
t2)−1/2 [77]. As shown in figure 3(c), the Jc,H=0(t) is
between the two curves corresponding to δTc and δl pinnings,
respectively, but much closer and similar in shape to
the δTc-pinning curve. Using Jc,H=0(t)= x J δTc

c,H=0(t)+ (1 −

x)J δlc,H=0(t), the experimental data can be fitted very well
with x = 0.74(2), suggesting that both δTc and δl pinnings
play roles in the quenched Kx Fe2−ySe2 single crystals,
but the former mechanism is dominant. The dominant
effect of δTc pinning also implies that the main pinning
centers lead to the distribution of Tc in their vicinity or
might even be non-superconducting, like Y2O3 and Y–Cu–O
precipitates in YBa2 Cu3O7−x thin films [78]. Although the
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Figure 7. (a) Field dependences of J ab
c (µ0 H) of sulfur-doped Kx Fe2−ySe2−zSz and quenched Kx Fe2−ySe2 single crystals at 1.8 K. (b)

Reduced field dependence of fp(h) at various temperatures for quenched Kx Fe2−ySe2 single crystal. Solid line is fitting curve using
fp = Ah p(1 − h)q . Inset: Fmax

p as a function of Hirr. The fitting result using Fmax
p = A(µ0 Hirr)

α is shown as solid lines. (c) Reduced
temperature dependence of µ0 Hirr( t) with the fitting result using the (1 − t)β law (solid line) for quenched Kx Fe2−ySe2 single crystal. (d)
Reduced temperature dependence of the Jc(t) at zero field for quenched Kx Fe2−ySe2 single crystal. The solid line shows the fitting result
using Jc(0)(1 − t2)γ . The measured and estimated µ0 Hirr are shown as filled and open circles in inset of (b) and (c). Reprinted with
permission from [70]. Copyright 2011 by the American Physical Society.

J ab
c of quenched Kx Fe2−ySe2 single crystals is enhanced

significantly when compared to the as-grown samples,
it is still smaller than in FeTe0.61Se0.39 and other iron
pnictide superconductors [73, 74]. There might be
more room to improve the current-carrying capacity for
AFeCh-122 superconductors in the future using methods
such as A site ionic disorder and nanometer-scale second
phases.

It should be noted that if the phase separation scale is
microns or even larger, the insulating region could have some
effect on the calculation of the absolute values of Jc. This
is because the volume of insulating phase has been used to
calculate the Jc from M − H curve, i.e., the real Jc values
might be even larger than the calculated ones. However, the
phase separation should have minor effects on the field and
temperature dependences of Jc, i.e. the pinning mechanism
should not be affected by this type of phase separation.
If the phase separation is in the nanometer range, as it
has been observed in Kx Fe2−ySe2 by transmission electron
microscopy [75], the effects on Jc are similar to what has
been discussed above regarding the pinning mechanism. The
insulating second phase can be considered as the pinning
center, similar to nanometer-scale BaZrO3 inclusions in
YBCO coatings on metals [76].

3.2. GBs properties of iron-based superconductors

For practical applications, especially for fabrication of
superconducting wires and tapes, superconductors are usually
made in the polycrystalline bulk or thin-film form. Therefore,
besides enhancement of Jc by various artificial pinning centers
in the grains, i.e. enhancement of intragrain properties, the
GBs properties are also of great interest for the applications
of iron-based superconductors.

There are two studies so far on the Ba(Fe,Co)2As2

epitaxial thin films deposited on bicrystal substrates
(figure 8) [79, 80]. Both show that the Jc across bicrystal
grain boundary (BGB) has an exponential dependence on
GB misorientation angle θ , indicating a weak-link effect for
high-angle BGBs. However, the critical GB misorientation
angles θc are different: about 6◦ and about 10◦ [79, 80].
According to the study of Katase et al, the slopes of the
exponential decay are much smaller than those for YBCO
BGBs, and the critical angle is approximately 9–10◦, which
is substantially larger than that of YBCO (∼3–5◦, inset of
figure 8(a)) [80, 81]. Larger critical angle suggests smaller
constraints for the in-plane orientation for substrate or buffer
layers to obtain high-Jc iron-based superconducting films on
flexible metal substrates. This observation will certainly be
advantageous for tape applications. Similar study is lacking in
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Figure 8. (a) Dependence of the intergrain Jc,gb(12 K, 0.5 T, θ ) on
the misorientation angle θ for Ba(Fe,Co)2As2 BGB junction. Inset
shows the Jc, gb(θ) for YBCO. (b) Jc, gb(θ) for Ba(Fe,Co)2As2 BGB
junctions grown on [001]-tilt bicrystal substrates of MgO (open
symbols) and (La,Sr)(Al,Ta)O3 (filled symbols) at 4 K (red
symbols) and 12 K (blue symbols). The red and blue solid lines are
fitted to the empirical equation of Jc,gb = Jc0 exp(−θGB/θc). The
average data of the YBCO BGB junctions taken at 4 and 77 K are
indicated by the green and orange dashed lines, respectively. The
inset shows the ratio of the intragrain Jc, g and Jc, gb to θG B at 4 K on
MgO (open circle) and (La,Sr)(Al,Ta)O3 (filled triangle) bicrystals,
respectively. The dashed green line shows the result of the YBCO
BGB junctions. (a) Reprinted with permission from [79]. Copyright
2009 by the American Institute of Physics. (b) Reprinted with
permission from [80]. Copyright 2011 by the Macmillan Publishers
Ltd: Nature Commun.

iron selenide superconductors, and therefore related studies on
FeCh-11 or AFeCh-122 films will be of interest to understand
the GB properties.

3.3. Iron chalcogenide superconducting wires and tapes

After the discovery of iron-based superconductors, the trials
for fabrication of iron-based superconducting wires were
immediately carried out [82–84]. There are two methods
to prepare iron-based superconducting wires and tapes,
power-in-tube (PIT) and coated conductor techniques.

PIT technique has been used widely in Bi-based
cuprate oxide wires (first-generation high-temperature
superconductor (HTS) wires) and MgB2 [85, 86]. Ozaki
et al [87] fabricated Fe(Se,Te) wires by an ex situ PIT method
with the transport Jc(0) of about 64 A cm−2 at 4.2 K. Recently,
chemical-transformation PIT method was used to fabricate
FeSe wires with a transport Jc(0) of 588 A cm2 at 4.2 K for a
three-core wire (figure 9(a)) [88]. Although the Jc is enhanced
considerably, it is much smaller than that of iron arsenic
superconducting wires prepared using PIT method. For
example in (Ba,K)Fe2As2 the Jc(0) reaches 1 × 104 A cm−2

at 4.2 K [89]. But it should be noted that the Jc for both
iron chalcogenide and iron arsenic superconducting wires
fabricated using PIT method are much smaller than those
of single crystals [48, 63, 74], implying that the texturing
of grains in wires is important due to the GB weak-link
effect.

Coated conductor technique has been successfully
developed for the YBCO coated conductors (second-
generation HTS wires) to overcome the weak-link effect [61].
The FeSe0.5Te0.5 thin films deposited on Hastelloy substrates,
on which an MgO buffer layer has been formed by ion
beam assisted deposition (IBAD), exhibit a nearly isotropic
Jc(0) exceeding 2 × 105 A cm−2 at 4.2 K and still higher
than 1×104 A cm−2 at a magnetic field as high as 25 T
(figure 9(b)) [90]. This gives the superior property in high
fields (>20 T) when compared to Nb3Sn or Ni–Ti wires.
The fitting of field dependency of the Fp using Dew-Huges
scaling law yields q ∼ 2 and p ∼ 1 (figure 9(c)), similar to
Kx Fe2−y(Se,S)2 and quenched Kx Fe2−ySe2 [67, 70]. This
suggests that the point-defect core pinning is dominant due
to the inhomogeneous distribution of Se and Te [90]. In the
core-pinning regime, Fp is a product of the individual Fp, ind

and the pinning center density n. This implies that the Jc of
FeSe0.5Te0.5 thin films can still be enhanced by simply adding
more defects to act as pinning centers [90]. Moreover, the
weak-link effect of FeSe0.5Te0.5 may not be as severe as that of
YBCO. Although the IBAD substrates have many low-angle
GBs in the textured MgO template, the Jc(0) of FeSe0.5Te0.5

thin films on IBAD-MgO with in-plane misorientation angle
1φ = 4.5◦ is just a little lower than that of thin films deposited
on LaAlO3 single-crystal substrate [90]. These results should
be confirmed with further studies of the thin films grown on
controlled bicrystal substrates. On the other hand, depositing
FeSe0.5Te0.5 thin films directly on textured metal tapes may
be possible because FeSe0.5Te0.5 thin films are prepared in
vacuum unlike YBCO-coated conductors. This considerably
simplifies the synthesis procedure and reduces production
costs [62]. A similar study on the Ba(Fe,Co)2As2 thin films
deposited on IBAD-MgO-buffered Hastelloy substrates shows
that the Jc(0) is (1.2–3.6)×106 A cm−2 at 2 K with 1φ ∼3◦,
regardless of the larger 1φ (5.5–7.3◦) of the MgO buffer
layers [91]. It is much larger than that of Ba(Fe,Co)2As2

wire prepared by PIT method and comparable to that on
MgO single crystals and remains at 1 × 106 A cm−2 at T 6
10 K [89, 91]. This observation is consistent with the fact that
the 1φ of Ba(Fe,Co)2As2 is much smaller than the θc = 9◦

[91]. These results demonstrate that the coated conductors
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Figure 9. (a) Field dependence of Jc(B) for single-core and
three-core FeSe wires. (b) Jc(B) and (c) Fp(B) of FeSe0.5Te0.5 thin
films at 4.2 K compared with the results of other superconducting
wires or tapes. Solid lines in (c) are the fitting results using the
Dew-Huges’s scaling law. (a) Reprinted with permission from [88].
Copyright 2011 by the IOP Publishing. (b) Reprinted with
permission from [90]. Copyright 2011 by the American Institute of
Physics.

technique is a promising method to fabricate iron-based
superconducting tapes for high field applications.

4. Upper critical fields

The upper critical field µ0 Hc2 is one of the most important
superconducting parameters which provides valuable

Figure 10. (a) Schematics of depairing mechanism of a singlet
Copper pair via the external magnetic field. (b) Schematic field
dependences of the Gibbs free energies of the normal state and
superconducting state in a type-II superconductor. The free-energy
curve of the normal state without Zeeman energy is the upper
horizontal line, crossing the free-energy curve of a type-II
superconductor at B∗

c2. The free-energy curve of the normal state
including Zeeman energy is the red line, crossing the free-energy
curve of a type-II superconductor at B p

c2 and the zero-field
free-energy curve of the superconducting state (lower horizontal
line) at the Pauli limiting field Bp. Reprinted with permission
from [92]. Copyright 2009 by the IOP Publishing.

information on fundamental superconducting properties,
such as coherence length, anisotropy, details of underlying
electronic structures and dimensionality of superconductivity
as well as insights into the pair-breaking mechanism.
Iron-based superconductors usually have very high µ0 Hc2

and exhibit rich variety of temperature dependence of
µ0 Hc2(T ).

4.1. Pair breaking mechanisms and multiband effects on
µ0 Hc2

The s wave Cooper pair is formed by two electrons that
attract together with opposite spins and momenta. External
magnetic fields contributes to depairing via two primary
mechanisms (figure 10(a)) [92]. One is the orbital pair
breaking mechanism. The Lorentz force acts on paired
electrons with opposite momenta and the superconductivity
is destroyed when the kinetic energy exceeds the conden-
sation energy of the Cooper pairs. Another mechanism
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is the Pauli paramagnetic pair breaking. When the Pauli
spin susceptibility energy (Zeeman energy) exceeds the
condensation energy as shown in figure 10(b), the singlet pair
with opposite spins is broken into unbound triplet along the
field direction (Zeeman effect, also called spin-paramagnetic
effect).

Through the Maki parameters α (see below) and
λso [93], the effects of Pauli spin paramagnetism
and spin-orbital scattering have been included in the
Werthamer–Helfand–Hohenberg (WHH) theory for a
single-band s wave weak-coupled type-II superconductor in
the dirty limit [94]. The µ0 Hc2(T ) is given by

ln
1

t
=

(
1

2
+

iλso

4γ

)
ψ

(
1

2
+

h + λso/2 + iγ

2t

)
+

(
1

2
−

iλso

4γ

)
ψ

(
1

2
+

h + λso/2 − iγ

2t

)
−ψ

(
1

2

)
,

(8)

where ψ(x) is digamma function, γ ≡ [(αh)2 − (λso/2)2]1/2

and

h =
4µ0 Hc2(T )

π2Tc(−dµ0 Hc2(T )/dT )T =Tc

(9)

If the orbital effect is dominant (α = 0) and the
spin-orbital scattering is negligible (λso = 0), the equation can
be simplified as

ln
1

t
= ψ

(
1

2
+

h

2t

)
−ψ

(
1

2

)
, (10)

which describes the temperature dependence of orbital limited
upper critical field µ0 H∗

c2(T ). At zero temperature it becomes

µ0 H∗

c2(0)= −0.693Tc(dµ0 Hc2(T )/dT )T =Tc . (11)

On the other hand, if we only consider the
spin-paramagnetic effect alone, the zero-temperature Pauli
limiting field µ0 Hp(0) (Chandrasekhar–Clogston limit field
for a weakly coupled superconductor) is [95, 96]

µ0 Hp(0)[T ] =1/
√

2µB = 1.86Tc, (12)

where 1 is the s wave superconducting gap. Including
strong-coupling corrections in the BCS theory due to
electron–phonon and electron–electron interactions gives
[92, 97]

µ0 Hp(0)[T ] = 1.86(1 + λep)
εη1ηib(1 − I ). (13)

Here η1 describes the strong coupling intraband
correction for the gap, I is the Stoner factor I = N (EF)J ,
N (EF) is the electronic density of states (DOS) per spin at
the Fermi energy EF, J is an effective exchange integral, ηib

is introduced to describe phenomenologically the effect of the
gap anisotropy, λep is electron–phonon coupling constant and
ε = 0.5 or 1 [92, 97, 98].

When compared to the orbital pair breaking effect,
the relative contribution of the Pauli paramagnetic pair
breaking effect is quantified by the Maki parameter

α =
√

2H∗

c2(0)/Hp(0). When α > 1, the spin-paramagnetic
effect becomes essential [93] and the actual upper critical field
µ0 Hc2(0) is given by

µ0 Hc2(0)= µ0 H∗

c2(0)/
√

1 +α2. (14)

In the single-band clean limit, the Maki parameter α is
given by [40]

α =
π21m

4EFm0
, H‖c, (15)

α =
π21mvab

4EFm0vc
, H‖ab, (16)

where vab and vc are the Fermi velocities in the ab plane and
along the c-axis, respectively, m is the electron effective mass
and m0 is free electron mass. For conventional single-band
BCS superconductors, because of m ∼ m0, vab ∼ vc, and low
Tc, the α is usually small, i.e. the orbital pair breaking
mechanism is dominant. On the other hand, for some exotic
superconductors, such as heavy fermion superconductors
with m � m0 or organic superconductors with large ratio
of vab/vc, the condition of α > 1 can be easily satisfied
and the spin-paramagnetic effect is dominant. When α is
large enough and superconductors are in the clean limit,
the Fulde–Ferrell–Larkin–Ovchinnikov (FFLO) state may
appear, resulting in a non-zero momentum of the Cooper
pairs and the spatial oscillations of the superconducting order
parameter [99, 100].

On the other hand, for the superconductors with several
disconnected Fermi surfaces, the multiband effects on the
µ0 Hc2 should be considered. The most famous example is
MgB2 where the µ0 Hc2 can be described successfully using
the two-band BCS model in the dirty limit [101, 102].

In the dirty limit, taking into account both orbital
and spin-paramagnetic effect with interband and intraband
scattering contributions, the µ0 Hc2(T ) is given by

(λ0 + λi )(ln t + U+)+ (λ0 − λi )(ln t + U−)

+ 2w(ln t + U+)(ln t + U−)= 0, (17)

where t = T/Tc0, and

λ0 = (λ2
−

± 4λ12λ21)
1/2, (18)

λi = [(ω− + γ−)λ− − 2λ12γ21−2λ21γ12]/�0, (19)

λ± = λ11 ± λ22, (20)

ω± = (D1 ± D2)πµ0 Hc2/80, (21)

γ± = γ12 ± γ21, (22)

�0 = [(ω− + γ−)
2 + 4γ12γ21]1/2, (23)

w = λ11λ22 − λ12λ21, (24)

11



Sci. Technol. Adv. Mater. 13 (2012) 054305 Topical Review

Figure 11. Temperature dependence of µ0 Hc2(T ) for (a) polycrystalline LaFeAsO0.89F0.11, (b) Sr(Fe,Co)As2 thin film, (c) KFe2As2 single
crystal and (d) LiFeAs single crystal. (a) Reprinted with permission from [104]. Copyright 2011 by the Macmillan Publishers Ltd: Nature.
(b) Reprinted with permission from [106]. Copyright 2009 by the American Physical Society. (c) Reprinted with permission from [108].
Copyright 2009 by the Physical Society of Japan. (d) Reprinted with permission from [109]. Copyright 2011 by the American Physical
Society.

U± = Re

[
ψ

(
1

2
+
�± + iµB Hc2

2πT

)
−ψ

(
1

2

)]
, (25)

2�± = ω+ + γ+ ±�0. (26)

D1 and D2 are intraband diffusivities of the bands 1
and 2; λ11 and λ22 are the intraband couplings in the bands
1 and 2, and λ12 and λ21 describe the interband couplings
between bands 1 and 2; γ12 and γ21 are interband scatting
rates between band 1 and 2. If neglecting interband scattering
(γ12 = γ21 = 0), we obtain

(λ0 + λ−)(ln t + U [(k + i)h])+ (λ0 − λ−)[ln t + U [(ηk + i)h])

+2w(ln t + U [(k + i)h])(ln t + U [(ηk + i)h])= 0,
(27)

where U [x] = Re
[
ψ

(
1
2 + x

)
−ψ

(
1
2

)]
, h = µ0 Hc2 D0/

(280T ), D0 = µB80/π = h̄2/2m is quantum diffusivity,
k = D1/D0, η = D2/D1. When the spin-paramagnetic effect
is negligible (D0 � D1,2), Hc2 can be simplified to

(λ0 + λ−)(ln t + U [kh])+ (λ0 − λ−)(ln t + U [ηkh])
+2w(ln t + U [kh])(ln t + U [ηkh])= 0.

(28)
Moreover, for η = 1, equation (28) can be further reduced

to equation (10) [93, 94].

4.2. Features of µ0 Hc2(T ) in iron arsenic superconductors

All parameters of equations (15) and (16) that might lead
to a large α exist in iron-based superconductors [40],
therefore the spin-paramagnetic effect needs to be considered.
Furthermore, there are several disconnected electron and hole
sheets at the FS that originate from the hybridized d-orbitals
of iron [29]. This suggests that the multiband effect on
the µ0 Hc2(T ) should also be taken into account. For iron
arsenic superconductors, due to the different contributions
of multiband and spin-paramagnetic effects, there are
various temperature dependences of µ0 Hc2(T ) for different
systems (see the review paper about this topic [103] and
references therein). Figure 11 shows several typical µ0 Hc2(T )
dependences in iron arsenic superconductors. FePn-1111
system (LnFeAs(O,F), figure 11(a)) shows a pronounced
upturn curvature in µ0 Hc2,c(T ) at low temperatures. In
contrast, µ0 Hc2,ab(T ) exhibits a downturn curvature with
decreasing temperature [51, 104]. Both can be explained
within a two-band theory with a high diffusivity ratio of
electron band to hole band, but the spin-paramagnetic effect
also needs to be considered, especially for H‖ab [51, 104,
105]. For the FeAs-122 system (A(Fe,Co)2As2, figure 11(b)),
the upturn curvature of µ0 Hc2,c(T ) present in FeAs-1111
system does not appear, but it still shows a positive curvature
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Figure 12. Temperature dependence of µ0 Hc2(T ) for (a) Fe1.02Te0.61Se0.39, (b) Fe1.05Te0.89 Se0.11, (c) Fe1.14Te0.91S0.09 and (d) FeSe single
crystals. Insets: the anisotropy γ of µ0 Hc2(T ). (a) and (b) Reprinted with permission from [110]. (c) Reprinted with permission from [117].
Copyright 2010 by the American Physical Society. (d) Reprinted with permission from [119]. Copyright 2012 by the American Physical
Society.

at temperatures far below Tc without saturation. On the
other hand µ0 Hc2,ab(T ) tends to saturate with decreasing
temperature [106, 107]. This can also be interpreted using a
two-band theory with a larger diffusivity ratio of two bands
when compared to FePn-1111 system [106, 107]. Similar
to FePn-1111 system, the spin-paramagnetic effect may also
have some effect on the µ0 Hc2,ab(T ) [107]. For KFe2As2

and LiFeAs (figures 11(c) and (d)), both µ0 Hc2,ab(T ) and
µ0 Hc2,c(T ) show saturation trends at low temperatures with
different negative curvatures. The former can be ascribed
to the spin-paramagnetic effect and the latter is mainly
determined by the orbital-limited field in the one-band
scenario [108, 109].

4.3. Features of µ0 Hc2(T ) in iron chalcogenide
superconductors

Both multiband and spin-paramagnetic effects contribute to
µ0 Hc2(T ) in iron chalcogenide superconductors. However,
the multiband effect is much weaker when compared to iron
arsenides, and the spin-paramagnetic effect is usually the
dominant factor.

In Fe(Te,Se) (as shown on examples of Fe1.02Te0.61Se0.39

(Se-39) and Fe1.05Te0.89Se0.11 (Se-11) in figures 12(a)
and (b)) both µ0 Hc2(T ) for H‖ab and H‖c can be
explained well using the WHH model with spin-paramagnetic
effect when neglecting spin-orbital scattering. It indicates
that the spin-paramagnetic effect is the dominant

pair-breaking mechanism for both H‖ab and H‖c [110,
111, 114]. For the Fe(Te,Se) in the clean limit (grown by
Bridgman–Stockbarger technique) the µ0 Hc2(T ) is Pauli
limited. This may suggest the emergence of the FFLO state at
low temperatures [114]. The dominance of spin-paramagnetic
effect in Fe(Te,Se) may be due to the disorder induced by
Te(Se) substitution/vacancies and excess Fe in Fe(2) site [92,
115]. For Se-39, more Se doping introduces more disorder
than in Se-11. This effect could contribute to the larger αH‖ab

of Se-39 when compared to Se-11. However, it cannot explain
the inverse trend of αH‖c. Therefore, another effect must
compete with disorder. It may be the effect of excess Fe in
Fe(2) position, which is the unique feature of 11-system,
different from other Fe pnictide superconductors. The Fe(2)
has larger local magnetic moment than Fe(1) in Fe-(Te,Se)
layers. The Fe(2) moment is present even if the SDW
antiferromagnetic ordering of the Fe plane is suppressed by
doping or pressure, contributing to N (EF) [25]. According
to equation (13), µ0 Hp(0) can be decreased if the Stoner
factor increases via enhancement of J or N (EF). Excess Fe
in Fe(2) site with local magnetic moment could interact with
itinerant electron in Fe layer, resulting in exchange-enhanced
Pauli paramagnetism or Ruderman–Kittel–Kasuya–Yosida
(RKKY) interaction, thus enhancing J . Hence, higher
content of excess Fe in Se-11, could lead to larger αH‖c

than in Se-39. Another possibility may be that the N (EF) is
decreased with increasing the content of Se [116]. This trend
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Figure 13. Temperature dependence of µ0 Hc2(T ) near Tc0 for (a) K0.64Fe1.44Se2, (b) Rb0.8Fe1.68Se2, (c) Cs0.81Fe1.61Se2 and (d)
Tl0.58Rb0.42Fe1.72Se2 single crystals. (b) Reprinted with permission from [123] and (c) Reprinted with permission from [124]. Copyright
2011 by the American Physical Society. (d) Reprinted with permission from [123]. Copyright 2011 by the European Physical Society.

will also enhance the Pauli-limited field, i.e. suppress the
spin-paramagnetic effect.

As shown in figure 12(c), spin-paramagnetic effect is also
dominant in µ0 Hc2(T ) of S-09 with larger α and obvious
spin-orbital scattering [117], when compared to Se-39 and
Se-11. The spin-paramagnetic effect should have the same
origin as in Se-39 and Se-11 due to disorder. Moreover, since
the N (EF) of FeS is larger than that of FeSe, [116], it is
likely that the N (EF) of S-09 is larger than that of Fe(Te,Se)
with the same doping content. This will lead to the smaller
µ0 Hp(0), i.e. larger α. On the other hand, non-zero λso can
also be explained via increasing Kondo-like scattering from
excess Fe in Fe(2) site, consistent with the definition of λso,
which is proportional to the spin-flip scattering rate [93, 94].
It is also consistent with the Kondo behavior of S-09 in the
normal state, related to the excess Fe in Fe(2) that act as
the Kondo-like impurities [117]. The presence of Kondo-type
interactions in binary iron chalcogenides, first inferred from
the normal-state scattering and µ0 Hc2(T ) behavior, has later
been confirmed by the neutron scattering measurements [118].

Furthermore, the evaluated mean free path of S-09, l =

1.35 nm using the Drude model l = h̄(3π2)1/3/(e2ρ0n2/3),
suggests that S-09 is a dirty-limit superconductor since
l/ξ(0)= 0.396 [117]. Therefore, the FFLO state at high fields
is unlikely in S-09 because the short mean free path will
remove any momentum anisotropy [99, 100].

The µ0 Hc2,H‖(101)(T ) of FeSe single crystal at low
temperatures is larger than the value evaluated from the

WHH theory with α = 0 and λso = 0 (figure 12(d)) [119],
which is distinctively different from Fe(Te,Se) and Fe(Te,S)
where the WHH curve is far above the experimental data.
The enhancement of the µ0 Hc2(T ) at low temperatures
and high fields implies that the multiband effect is not
negligible. By using the coupling constants, determined from
muon spin resonance (µS R) experiment with very small
interband coupling [120], the µ0 Hc2,H‖(101)(T ) data from both
rf and resistivity measurements can be very well explained
using a two-band model with η = 0.40. It is similar to
the value of FeAs-122 but much larger than that of other
two-band iron-based superconductors, such as FeAs-1111
[51, 104]. Large η leads to the absence of the upturn
of µ0 Hc2(T ) at low temperatures, which is observed in
FeAs-1111 superconductors [51, 104], but not in FeAs-122
compounds [106]. We have also performed simulations
for different values of coupling constants: (i) dominant
intraband coupling, w > 0 and (ii) dominant interband
coupling, w < 0. The different sets of fitting parameters
results in almost identical result, fitting the experimental
data well (figure 12(d)). The derived η is in the range of
0.32–0.44, suggesting that the fitting results are insensitive
to the choice of coupling constants. Thus, either interband
and intraband coupling strength are comparable or their
difference is below the resolution of our experiment. On
the other hand, assuming µ0 Hc2(T = 0.35 K)≈ µ0 Hc2(0),
the µ0 Hc2(0) are 17.4(2) and 19.7(4) T for H‖(101) and
H⊥(101), respectively. Given the electron–phonon coupling
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parameter λe−ph = 0.5 (typical value for weak-coupling BCS
superconductors) [121], the Pauli limiting field µ0 Hp(0)=

1.86Tc(1 + λe−ph)
1/2 is 19.8 T [97]. This is nearly the same

as the µ0 Hc2,H⊥(101)(T = 0.35 K) and larger than value for
H‖(101). It suggests that the spin-paramagnetic effect might
also have some influence on the µ0 Hc2(T ), but should not
be the dominant effect. The situation is rather different in
Fe(Te,Se) and Fe(Te,S) where the spin-paramagnetic effect
governs µ0 Hc2(T ) [110, 117]. The existence of two bands is
also confirmed from the Hall measurement [119].

The anisotropy of µ0 Hc2(T ), γ (T ) (=
Hc2,ab(T )/Hc2,c(T )) (insets of figures 12(a)–(c)) decreases
with decreasing temperature, reaching ∼1 for all Fe(Te,Se)
and Fe(Te,S) compounds. Similar results have been reported
in the literature [66, 122]. These results show that Fe(Te,Se)
and Fe(Te,S) are high-field isotropic superconductors.
When T is close to Tc, the γ of Se-11 is smaller than
that of Se-39 but larger than in Fe(Te,S). Although
the behavior of γ (T ) is similar in Fe(Te,Se)/Fe(Te,S)
and FeAs-based superconductors, the value is smaller
in the former compounds [103]. For FeSe, the γ (T )
(= Hc2,H⊥(101)(T )/Hc2,H‖(101)(T )) is nearly constant and
close to 1, but it is difficult to compare this with other
FeCh-11 superconductors due to the differences of the
orientation.

In AFeCh-122 superconductors, the slopes of µ0 Hc2(T )
near Tc0, dµ0 Hc2(T )/dT |T =Tc(∼ 6–10 T K−1) are similar to
those in FeCh-11 materials for H‖ab but are much smaller
(∼1–3 T K−1) than in the latter for H‖c (figure 13) [60,
110, 117, 123–125]. The larger Tc compared to FeCh-11
superconductors leads to the significantly larger Hc2(0)
evaluated from equation (11) for H‖ab. The µ0 Hc2(0) values
are usually ∼125–275 T and ∼30–60 T for H‖ab and H‖c,
respectively [60, 123, 125].

Recent studies on the µ0 Hc2(T ) of K0.8Fe1.76Se2 and
Tl0.58Rb0.42Fe1.72Se2 single crystals up to 60 T show that
µ0 Hc2(T ) for H‖c presents an almost linear temperature
dependence and slight upturn at low temperatures, whereas
the curve of µ0 Hc2(T ) for H‖ab has a convex curvature with
a much larger value and gradually tends to saturate at low
temperatures (figure 14) [60, 126]. The µ0 Hc2(T ) for H‖c
is slightly larger than the value predicted with equation (11)
at low temperatures, but is smaller than the theoretical one for
H‖ab. For H‖ab, fitting with equation (8) yields α = 5.6 and
λso = 0.3, indicating that the spin-paramagnetic effect may
play an important role in suppressing superconductivity for
H‖ab [60]. On the other hand, the enhancement of µ0 Hc2(T )
for H‖c at low temperatures may be related to the multiband
effect [60]. These behaviors are very similar to those of
FeAs-1111 and FeAs-122, but not FeCh-11 compounds.
In K0.8Fe1.76Se2, the γ (T ) increases with temperature and
finally decreases gradually with decreasing temperature. But
in Tl0.58Rb0.42Fe1.72Se2, the γ (T ) decreases with temperature
in the entire measurement range with larger values when
compared to K0.8Fe1.76Se2. Similar to other iron-based
superconductors, the decrease of γ (T ) with temperature may
be related to the multiband effect or to the gradual setting
in of pair breaking by the spin-paramagnetic effect, which

Figure 14. Temperature dependence of µ0 Hc2(T ) up to 60 T for (a)
K0.8Fe1.76Se2 and (b) Tl0.58Rb0.42Fe1.72Se2 single crystals. (a)
Reprinted with permission from [126]. Copyright 2011 by the
American Physical Society. (b) Reprinted with permission
from [60]. Copyright 2012 by the American Physical Society.

requires µ0 Hc2,ab = µ0 Hc2,c in the low-temperature and
high-field limit [103]. On the other hand, the γ (T ) values in
K0.8Fe1.76Se2 and Tl0.58Rb0.42Fe1.72Se2 are much larger than
those in FeCh-11 materials. This difference could be related
to the decrease of dimensionality when compared to FeCh-11
superconductors.

For both FeCh-11 and AFeCh-122 superconductors,
doping on Fe site is usually detrimental for
superconductivity [127, 128]. On the contrary, in FeAs-based
superconductors doping on Fe site is beneficial as it induces
superconductivity in compounds such as Ba(Fe,Co)2As2 [8].
In FeCh-11 materials, doping on Ch site enhances
superconductivity [16, 17], whereas it has an opposite
trend in AFeCh-122 where S and Te doping decreases Tc [68,
129]. However, the suppression of superconductivity is far
less strong when compared to doping on Fe site.

As shown in figure 15(a), the lattice parameters decrease
with S doping due to the smaller ionic size of S2− than Se2−.
The trend of lattice contraction approximately follows the
Vegard’s law. In addition, doping S into Se site does not
lead to random Fe occupation of Fe1 and Fe2 sites. The
refinements within single-phase I4/m crystallographic space
group show that the Fe1 site has a low occupancy, whereas
the Fe2 site is almost fully occupied. Besides Kx Fe2−yS2, all
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Figure 15. (a) Unit cell parameters as a function of S substitution. Inset: crystal structure of Kx Fe2−ySe2−zSz in I4/m unit cell with vacant
Fe1 sites marked light red and Fe2 sites marked dark purple. (b) Temperature dependence of the in-plane resistivity ρab(T ) of the
Kx Fe2−ySe2−zSz in zero field. Inset: temperature dependence of ρab(T ) below 40 K for 06 z 6 1.2. (c) Temperature dependence of χ(T ) at
µ0 H = 0.1 T for H‖c for zero-field cooling (ZFC) and FC, respectively. (d) Magnetic and superconducting phase diagram of
Kx Fe2−ySe2−zSz . Green, blue and orange colors show semiconducting, magnetic and superconducting regions, respectively. Red symbols
denote spin glass transitions. Reprinted with permission from [68]. Copyright 2011 by the American Physical Society.

other crystals show metallic behavior with resistivities below
ρmax at temperatures above Tc (figure 15(b)). It should be
noted that the temperature of ρmax varies non-monotonically
with the doping level of S(z), implying that the temperature
of crossover may be influenced by both K and Fe deficiencies.
Shoemaker et al [130] found that the temperature dependence
of resistivity in the normal state can be described well
by a two-phase model containing metallic and insulating
phases. This result suggests that the metal-semiconductor
crossover can be also partially related to the two-phase
coexistence in Kx Fe2−ySe2, i.e. the phase separation in the
samples, which has been observed by various measurement
technique [32–38]. On the other hand, the crystal with z = 2
is semiconducting even if the Fe deficiency is smaller than in
the other samples. Whether there is also phase separation in
Kx Fe2−yS2 needs to be investigated in the future.

The changes in the ground state phase diagram of
Kx Fe2−ySe2−zSz are due to the sulfur doping and should
not be influenced by the microscopic phase separation.
If Kx Fe2−ySe2 shows superconducting behavior, the Tc

is always above 30 K and is never below 30 K [75]. It
means that the Tc is not sensitive to the compositional
fluctuation of K or Fe once superconductivity appears. So,
the gradual decrease of Tc in Kx Fe2−ySe2−zSz is difficult
to ascribe to compositional fluctuations due to the phase
separation. In contrast to ρmax, the Tc is monotonically
suppressed to lower temperature with the increase in S
and cannot be observed above 2 K for z > 1.58. The

superconductivity of Kx Fe2−ySe2−zSz single crystals with
z < 1.58 is confirmed by the magnetization measurement
(figure 15(c)). The Curie–Weiss temperature dependence is
absent for all samples above 50 K as shown in figure 15(c).
Magnetic susceptibilities are weakly temperature dependent
with no significant anomalies above 50 K. This suggests
the presence of low-dimensional short-range magnetic
correlations and/or a long-range AFM order above 300 K.
Interestingly, non-superconducting samples show bifurcation
between the ZFC and FC curves for both field directions,
suggesting spin glass (SG) transition at low temperatures in
the 1.586 z 6 2 range. The magnetic and superconducting
phase diagram of Kx Fe2−ySe2−zSz is shown in figure 15(d).
Semiconductor-metal crossover can be traced for 0 6 z 6
1.58 at high temperatures. In this z region, Kx Fe2−ySe2−zSz

is a superconducting metal at low temperatures. For z =

1.58, ρ(T ) is metallic with no superconducting Tc down to
2 K. For 1.586 z 6 2, we observe a drop in χ − T curves
that could be related to a SG transition. For z = 2, the
Kx Fe2−ySe2−zSz becomes a small-gap semiconductor with no
metallic crossover and with a SG transition below 32 K.

The gradual changes of Tc are difficult to explain only
by the slight variation of Fe and K contents, because usually
the superconductivity appears with higher Fe content when
K content (x) < 0.85 [131, 75]. As opposed to this trend, the
Kx Fe2−ySe2−zSz crystals with larger z values have higher Fe
contents but lower Tc, indicating that Tc is not only governed
by K/Fe stoichiometry or vacancies. The local environment
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Figure 16. (a) Bond lengths between Fe sites. Inset shows top view of Fe layer. (b) Occupancy of Fe1 and Fe2 sites. (c) Anion height. Inset
shows side view of Fe–Ch sheet. (d) Ch2–Fe1–Ch2, (e) Ch1–Fe2–Ch2 and (f) Ch2–Fe2–Ch2 bond angles of Kx Fe2−ySe2−zSz as a function
of S substitution, x . Insets of (d–f) show Fe–Ch tetrahedron for Fe1–Ch1 and Fe2–Ch1(2). The dotted pink line in (c) shows the optimal
bond lengths for Tc. The dotted green lines in (d–f) indicate the optimal angle for Tc. Reprinted with permission from [68]. Copyright 2011
by the American Physical Society.

of Fe profoundly changes with S doping, inducing the
changes in band structure and physical properties. In the
Kx Fe2−ySe2−zSz crystal structure refined in I4/m space group,
Fe atoms have block-like distribution where four Fe2 sites
form a square around Se atom, making a cluster distinct from
Fe1 site with low occupancy (inset of figure 15(a)) [31].
Therefore there are Fe1–Fe2 distances as well as intra- and
inter-cluster Fe2–Fe2 distances. All cluster distances are
unchanged with S doping whereas the Fe1–Fe2 distances
decrease significantly (figure 16(a)). A similar magnetization
behavior above 50 K and rather different superconducting Tc

values as S content varies from 0 to 2 coincide with the
nearly unchanged Fe2–Fe2 bond lengths. This result shows
that superconductivity is insensitive to the size of Fe2–Fe2
clusters whereas the unchanged high-temperature magnetism
could be related to the unchanged Fe2–Fe2 bond lengths. On
the other hand, the SG behavior arising at low temperatures
for non-superconducting samples can be explained by the
non-zero random occupancy of Fe1 (vacancy) site for a higher

S content (figure 16(b)), randomly changing the inter-cluster
exchange interactions [132].

The correlation of Tc with the anion height between
Fe and Pn (Ch) layers was empirically observed. There is
an optimal distance (∼1.38 Å) with a maximum Tc ∼ of
55 K [133]. This seems to be invalid in Kx Fe2−ySe2−zSz

materials, where there are two Fe and two Ch sites and four
Fe–Ch heights. There is no monotonic decrease as Tc is tuned
to 0, whereas both Se and S end members have rather similar
anion heights (figure 16(c)). The bond angle α between
Pn(Ch)–Fe–Pn(Ch) is more instructive since Tc in iron
pnictides is optimized when Fe–Pn (Ch) tetrahedron is regular
(α = 109.47◦) [134]. In Kx Fe2−ySe2−zSz , the Ch2–Fe1–Ch2
angle changes toward the optimal value with increasing
S content (figure 16(d)), but the local environment of Fe2 site
exhibits inverse trend. Among six angles in the Fe2–Ch1(2)
tetrahedron, three (Ch1–Fe2–Ch2) are nearly unchanged with
S doping (figure 16(e)). The other three (Ch1–Fe2–Ch1)
change significantly (maximum 6◦) and deviate from optimal
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Figure 17. (a) Temperature dependence of the Seebeck coefficient
divided by T , S/T , for Kx Fe2−ySe2−zSz with z = 0.32, 0.99 and
1.58 under 0 T (open symbols) and 9 T (solid symbols), respectively.
The dashed lines are the linear fitting results. (b) The relationship
between the zero-temperature extrapolated value of S/T (open
circle) and Tc (open square) to S concentration z. The inset shows
the relationship between the Sommerfeld coefficient γn and z.
Reprinted with permission from [136]. Copyright 2011 by the
American Physical Society.

value from Se-rich to S-rich side (figure 16(f)). Hence, the
increasing distortion of Fe2–Ch tetrahedron with S doping is
closely correlated to the suppression of Tc. This distortion
may lead to carrier localization, decreasing the density of
states at the Fermi energy, which is confirmed by the
measurement of thermal properties as discussed below.
Therefore, the regularity of Fe2–Ch1(2) tetrahedron is an
important structural factor governing the formation of the
metallic states in Kx Fe2−ySe2−zSz , and consequently the Tc.

Thermal properties indicate that the density of states at
the Fermi energy decreases with S doping, resulting in the
suppression of correlation strength [135, 136]. As shown
in figure 17(a), the suppression of Tc with the increase of
sulfur concentration is confirmed by the shift of transition
temperature where the Seebeck coefficient S becomes 0
because Cooper pairs carry no entropy in the superconducting
state. The diffusive Seebeck response of a Fermi liquid
dominates and is expected to be linear versus temperature in
the zero-temperature limit, with a magnitude proportional to
the strength of electron correlations in the simple Boltzmann
picture [137]. This is similar to the temperature linearity of
electronic specific heat, Ce/T = γ . In a one-band system both

can be described by

S/T = ±
π2

2

kB

e

1

TF
= ±

π2

3

k2
B

e

N (EF)

n
, (29)

γn =
π2

2
kB

n

TF
=
π2

3
k2

B N (EF), (30)

where e is the electron charge and TF is the Fermi temperature,
which is related to EF and N (EF) (= 3n/2EF = 3n/kBTF)
[137]. For superconducting crystals, the Seebeck coefficient
in the normal state is independent of magnetic field and
exhibits a linear relationship with temperature which can be
fitted using equation (29) very well in the low-temperature
range (figure 17(a)). With S doping, S/T is suppressed from
−0.48µV K−2 to a very small value of ∼0.03µV K−2 for
crystals without superconducting transition. Similar to S/T ,
the electronic Sommerfeld coefficient in the normal state γn is
also gradually suppressed with the increase in sulfur content
(inset of figure 17(b)). According to equations (29) and (30),
S/T and γn are related to n and N (EF). Since sulfur has an
identical electronic configuration to selenium, there should
be no simple change in the carrier concentration with sulfur
doping because the elemental analysis is consistent with full
occupancy of Se (S) sites [68]. The absolute value of the
dimensionless ratio of the Seebeck coefficient to specific heat,
q = NAveS/T γn , where NAv is the Avogadro number, gives
the carrier density n. The values of q do not exhibit significant
change [136]. Therefore, the suppressions of S/T and γn

reflects a suppression of N (EF).
The ratio of Tc to TF characterizes the correlation strength

in superconductors. In unconventional superconductors, such
as CeCoIn5 and YBa2Cu3O6.67, this ratio is about 0.1,
but it is only ∼0.02 in BCS superconductors, such as
LuNi2B2C [135]. In Fe1+yTe1−x Sex , Tc/TF it is also near 0.1,
pointing to the importance of electronic correlations [138].
The ratio Tc/TF ∼ 0.04 for K0.64Fe1.44Se2 implies a weakly
correlated superconductor [135] when compared to Fe1+y

Te1−x Sex . A theoretical study pointed out that the ordered
Fe vacancies could induce band narrowing and consequently
decrease the correlation strength needed for the Mott
transition [139]. With increasing sulfur content, the value of
Tc/TF decreases further [136]. This implies a suppression of
electron correlation strength as the system is tuned toward
semiconducting states. The effective mass m, derived from
kBTF = h̄2k2

F/2m, is also suppressed with the increase in
S content, consistent with the decrease of correlation strength
with S doping [136].

S doping affects not only Tc and properties in
the normal state, but also µ0 Hc2(T ). As shown in
figure 18(a), with S doping, for K0.70Fe1.55Se1.01S0.99 (S-99),
dµ0 Hc2(T )/dT |T =Tc is 2.74(7) and 0.649(7)T K−1 for H‖ab
and H‖c, respectively, and for K0.76Fe1.61Se0.96S1.04 (S-104),
dµ0 Hc2(T )/dT |T =Tc is 3.15(4) and 0.499(4)T K for H‖ab
and H‖c, respectively [140]. Both are much smaller than in
K0.64Fe1.44Se2 (S-0). Therefore, theµ0 Hc2(T ) values obtained
with equation (10) are significantly smaller than those in
S-0 for both field directions. Using λe−ph = 0.5, the Pauli
limiting field µ0 Hp(0)= 1.86Tc(1 + λe−ph)

1/2 is 53.5 and
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Figure 18. (a) Temperature dependence of µ0 Hc2(T ) for K0.64Fe1.44Se2 (S-0), K0.70Fe1.55Se1.01S0.99 (S-99) and K0.76Fe1.61Se0.96S1.04 (S-104)
single crystals. Scaling behavior of the ρab(T, µ0 H) versus µ0 Hs = µ0 H(cos2 θ + γ 2sin2 θ)1/2 for (b) S-0, (c) S-99 and (d) S-104 at
different magnetic fields and temperatures. The insets in (b–d) show the temperature dependence of γ (T ) determined using GL theory for
S-0, S-99 and S-104, respectively. Reprinted with permission from [140]. Copyright 2011 by the European Physical Society.

41.0 T for S-99 and S-104, respectively. Both values are
larger than extrapolated µ0 Hc2,c(0) using equation (11) for
S-99 and S-104. It should be noted that for the µ0 Hc2,c(T )
of S-99 and S-104, there is no upturn at low temperatures
when compared to undoped AFeSe-122 materials [60, 126].
Moreover, the fits using simplified WHH theory are rather
satisfactory for temperatures far below Tc for H‖c for both
S doped samples. All this implies that for S-99 and S-104
the spin-paramagnetic and multiband effects are negligible
when the magnetic field is applied along the c-axis. This is
different from undoped AFeSe-122 materials [60, 126]. The
changes of the µ0 Hc2,c(T ) with S doping could be due to
the changes of band structure. Experiments in higher field
and lower temperature are needed to shed more light on the
behaviors of µ0 Hc2,ab(T ).

To characterize the evolution of the anisotropy γ (T )
with S doping near Tc, the angular-dependent resistivity
ρab(θ, µ0 H, T ) is measured at various magnetic fields and
temperatures, where θ is the angle between the direction of
external filed and the c-axis of the samples. According to the
anisotropic Ginzburg–Landau (GL) model, the effective upper
critical field µ0 H GL

c2 (θ ) can be represented as [141]

µ0 H GL
c2 (θ)= µ0 Hc2,ab/(sin2 θ + γ 2 cos2 θ)1/2, (31)

where γ = Hc2,ab/Hc2,c = (mc/mab)
1/2

= ξab/ξc. Since the
resistivity in the mixed state depends on the effective field
H/H GL

c2 (θ), the resistivity can be scaled with H/H GL
c2 (θ) and

data should collapse onto one curve in different magnetic
fields at a certain temperature when a proper γ (T ) value is
chosen [141]. Figures 18(b)–(d) show the relation between
resistivity and scaling field µ0 Hs = µ0 H(sin2θ +02cos2θ)1/2

for S-0, S-99 and S-104, respectively. Good scaling is
obtained by adjusting γ (T ). The temperature dependence
and value of γ (T ) for S-0 (the inset of figure 18(b)) are
similar to reported results [126]. For S-99 and S-104, the
γ (T ) exhibits the same trend as that for S-0, i.e. increasing
with temperature. However, the value increases gradually with
increasing S content (figures 18(c) and (d)). It changes from
∼3 for S-0 to ∼6 for S-104. The larger anisotropy with
increasing S content may suggest that the two-dimensional
Fermi surface is becoming less warped with S doping [123].

4.4. Spin-paramagnetic effect in iron-based superconductors

According to equation (14), the Maki parameter α can be
calculated as α = [(H∗

c2(0)/Hc2(0))2 − 1]1/2. It can be also
obtained from the fitting using equation (8) or (27). We
summarize the α of iron-based superconductors reported in
the literature for H‖ab and H‖c (figure 19). There are three
general trends for α: (i) αH‖ab are larger than αH‖c for all of
superconductors, indicating that the spin-paramagnetic effect
is weaker for H‖c than H‖ab. (ii) FeCh-11 shows the largest
α for both field directions with α > 1, reflecting that the
spin-paramagnetic effect is the dominant pair-breaking effect
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Figure 19. Maki parameters α obtained from α = [(H ∗

c2(0)/
Hc2(0))2 − 1]1/2 or fitting using equation (8) or (13) in various
iron-based superconductors for (a) H‖ab and (b) H‖c:
Tl0.58Rb0.42Fe1.72Se2 [60], SmFeAsO0.8F0.2 [105], SmFeAsO0.85

[105], KFe2As2 [108], Fe1.02 Se0.61Te0.39 [110], Fe1.05Se0.89

Te0.11 [110], FeTe0.6Se0.4 [112], LaO0.9 F0.1FeAs1−x [115],
Fe1.14Te0.91S0.09 [117], Fe1.11Te0.6Se0.4 [122], Ba0.68K0.32Fe2As2

[144], SrFe1.85Co0.15As2 [145], LiFeAs [109, 146–148], EuFe2

As2 [149], FeSe0.5Te0.5 thin film [150], (Ba,K)Fe2As2 [150],
Ba0.6K0.4Fe2As2 [151] and Ca10(Pt4As8)((Fe0.97Pt0.03)2As2)5 [152].

for both field directions. (iii) For FeAs-based superconductors
where the spin-paramagnetic effect is considered, the αH‖ab

are usually larger than 1 but the αH‖c are usually smaller
than 1, implying that the spin paramagnetic effect is dominant
for H‖ab. The larger αH‖ab when compared to αH‖c can be
understood from equations (15) and (16). When assuming
other parameters are the same for H‖ab and H‖c, if vab

is larger than vc it will lead to the larger αH‖ab than αH‖c.
Theoretical calculations confirms this assumption [42, 142].
On the other hand, assuming that the relaxation time of
the conduction electrons τ is isotropic and independent of
Fermi velocities, the anisotropy of resistivity in the normal
state γρ(0) is proportional to <v2

ab >FS / < v
2
c >FS, where <

· · ·>FS denotes the average on the FS [143]. The experimental
results of γρ(0) also confirmed that vab is larger than vc [143].
Briefly, because of vi = ∂εk/∂ki , the cylinder-like Fermi
surface in iron-based superconductors will usually result
in vab � vc, therefore αH‖ab larger than αH‖c. Moreover,
in the case of a cylinder-like Fermi surface, the open
electronic orbits along the c-axis at low temperatures will also
make the orbitally limiting upper critical field unlikely [60].

Figure 20. The mass enhancement m∗/mband of the iron 3d orbitals
in the paramagnetic state, calculated with the density functional
theory and cellular dynamical mean field theory (DFT+CDMFT),
and the low-energy effective mass enhancement obtained from
optical spectroscopy experiments and (angle-resolved)
photoemission spectroscopy experiments. Reprinted with
permission from [41]. Copyright 2011 by the Macmillan Publishers
Ltd: Nature Mat.

On the other hand, the evolution of spin-paramagnetic
effect in iron-based superconductors (FeCh-11, AFeCh-122
> FeAs-111 > FeAs-122 > FeAs-1111) can be partially
related to the evolution of the enhancement of effective
mass in these materials according to equations (15) and
(16) (figure 20) [41]. Moreover, the low carrier density n in
iron-based superconductors [42, 43], resulting in the smaller
EF according to the free electron model, will also lead to the
larger α.

We now comment on the recently discovered phase
separation in Kx Fe2−ySe2 crystals [32–38]. Since the
wide-gap semiconducting phase is locked at high
temperatures, (super)conductivity originates from the
volume fraction of the sample that is conducting below the
high-temperature structural transition. This should not have a
major effect on µ0 Hc2(T ) phase diagrams, fits and estimate
of mechanism of pair breaking in high fields. The values of
Jc could be affected to some extent because the Bean model
was applied to inhomogeneous samples. Yet, due to the rather
small scale of phase separation and Josephson coupling that
bridges insulating nanoislands [35], values of Jc represent a
lower estimate of Jc and should be close to the intrinsic values
for the superconducting phase. A similar argument can be
applied for diffusion thermopower S and conclusions based
on the correlation strength in the normal state since S does
not depend on the sample geometry. In contrast, resistivity
values represent the upper limit of ρ for the superconducting
phase, similar to polycrystalline samples with grain boundary
contributions.

5. Conclusions

In summary, iron chalcogenide superconductors now have
Tc and µ0 Hc2 values that are comparable to those of
iron pnictide superconductors. Whereas the Jc are still
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low in Kx Fe2−ySe2 when compared to ternary arsenide
superconductors, the µ0 Hc2 values are in similar range.
Because of the strong correlations present in the normal
state and/or in the parent materials, spin-paramagnetic
effects on µ0 Hc2(T ) are significant in binary FeCh-11
superconductors, probably masking multiband evolution of
µ0 Hc2(T ). Enhanced spin-paramagnetic effects most likely
originate from a Kondo-like interaction with the more
localized Fe orbitals. This is in contrast to ternary AFeCh-122
materials where electronic correlations in the normal state are
weaker and where much of the µ0 Hc2(T ) and vortex behavior
is still unexplored due to extremely large upper critical fields
and complex structural features.
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Abstract. Quantitatively reliable atomic pair distribution
functions (PDFs) have been obtained from nanomaterials
in a straightforward way from a standard laboratory trans-
mission electron microscope (TEM). The approach looks
very promising for making electron derived PDFs (ePDFs)
a routine step in the characterization of nanomaterials be-
cause of the ubiquity of such TEMs in chemistry and ma-
terials laboratories. No special attachments such as energy
filters were required on the microscope. The methodology
for obtaining the ePDFs is described as well as some op-
portunities and limitations of the method.

1. Introduction

One of the great challenges of nanoscience is to obtain the
quantitative structures of nanoparticles [4, 18]. The atomic
pair distribution function (PDF) method has recently
emerged as a powerful tool for doing this [13, 19, 3, 28,
27, 21, 24, 22, 29], but obtaining the required high quality
diffraction data to a High momentum transfer with good
statistics generally requires synchrotron X-ray or spallation
neutron data from a national user facility. Here we show
that data of sufficient quality for quantitative analysis of
nanoparticle structure using the PDF can be obtained from
transmission electron microscopes (TEM) available at
many research institutions. Quantitative structural models
were applied to PDFs of several nanoparticle systems
showing that electron PDFs can be modeled with the
powerful emerging modeling tools for studying PDFs in
general [15, 25, 32, 5]. This approach complements med-
ium and high resolution imaging methods for studying na-
noparticles in the TEM. The ease of data collection and
ubiquity of TEMs will make this an important tool in the
characterization of nanostructured materials.

A challenge when using electrons as a probe is that
they scatter strongly [11, 9] and not according to the weak
scattering kinematical scattering equations on which the
PDF analysis is based [12, 34]. This would appear to rule
out electrons as a source of diffraction data for PDFs ex-
cept in the cases of very dilute, such as gas-phase [31],
samples. However, kinematical, or nearly kinematical,
scattering is obtained from electrons when sample vol-
umes are sufficiently small that multiple scattering events
are not of high probability before the electrons exit the
sample (typically a few nm of thickness), or when the
scattering from the samples is highly incoherent, for exam-
ple the scattering from amorphous materials and away
from zone axes in a crystal [35]. In these latter cases, there
is still significant multiple scattering, but it should be is
sufficiently incoherent that it can be treated as a back-
ground and subtracted and the resulting coherent signal
can be treated kinematically. This has been discussed in
detail in a number of publications [7, 2, 1, 20]. This is
used in the rapidly growing field of electron crystallogra-
phy [35], and has been demonstrated in previous work of
electron diffraction (ED) from glasses and amorphous ma-
terials [23, 8, 7, 17, 26], though little has been done in the
way of quantitative modeling in those studies. In these
respects, the study of small nanoparticles is particularly
favorable. The samples are inherently thin, limited to the
diameter of the nanoparticles when they are dispersed as a
sub-mono-layer on a holey carbon support, and the struc-
ture is typically less coherent than from crystals because
of the finite size effects that significantly broaden Bragg
peaks and the often lower symmetries of nanoparticle
structures due to surface and bulk relaxations. In fact for-
tuitously, the scattering is most kinematical precisely for
the small nanoparticles (<10 nm) that are most benefi-
cially studied using PDF methods [13, 19, 3, 28, 27, 21,
24, 22, 29].

Here we show how to obtain PDFs from a normal
transmission electron microscope (TEM) found in many
research labs. We find that the resulting electron PDFs
(ePDFs) can be modeled to extract quantitative structural
information about the local structure using PDF refine-
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ment programs such as PDFgui [15]. This opens the door
to broader application of PDF methods for nanostructure
characterization since TEM is already a routine part of the
nanoparticle characterization process [33, 36]. With this
development, as well as obtaining low and high resolution
TEM images of nanoparticles, quantitative structural infor-
mation, similar to that normally obtained from a Rietveld
refinement [30, 37] in bulk materials, is also available
from nanoparticles with little additional effort. This ap-
proach also complements high resolution TEM by getting
an average signal from a large number of nanoparticles
rather than giving information from a small part of the
sample that may not be representative. The fact that the
real-space images and the diffraction data suitable for
structural analysis can be obtained at the same time and
from the same region of material is also a large advantage,
resulting in more complete information for the characteri-
zation of the sample. In some cases, the small quantity of
material required for ePDF, compared to X-ray and neu-
tron PDF measurements (xPDFs and nPDFs, respectively),
may also be a major advantage, as well as the ability to
study thin films.

Theoretical background

The Fourier transform of X-ray or neutron powder diffrac-
tion data yields the PDF, GðrÞ according to [14]

GðrÞ ¼ ð2=pÞ
ÐQmax

Qmin

Q½SðQÞ � 1� sin ðQrÞ dQ ; ð1Þ

where the structure function, SðQÞ, is the properly normal-
ized powder diffraction intensity and Q, for elastic scat-
tering, is the magnitude of the scattering vector,
Q ¼ 4p sin ðqÞ=l. [34, 13] The PDF is also related to the
atomic structure through

GðrÞ ¼ 1

Nr

P
ij

fið0Þ fjð0Þ
hf ð0Þi2

�ðr � rijÞ � 4prro ; ð2Þ

where the sum goes over all pairs of atoms i and j sepa-
rated by rij in the model. The form factor of atom i is
fiðQÞ and hf ðQÞi is the average over all atoms in the sam-
ple. In Eq. (2), the scattering factors are evaluated at
Q ¼ 0, which in the case of X-rays is the atomic number
of the atom. The double sums are taken over all atoms in
the sample. For a multicomponent system, SðQÞ can be
written in terms of the concentrations, ci, of the atoms
[34, 13]

SðQÞ ¼ 1þ IðQÞ �
P

cijfiðQÞj2

j
P

cifiðQÞj2
: ð3Þ

In the case of electrons as a probe, the equations are the
same, providing the scattering can be treated kinematically
[9]; however, the form factor must be appropriate for elec-
trons, feðQÞ, which is the Fourier transform of the electro-
nic potential distribution of an atom. Note that in the elec-
tron diffraction literature, it is common to use
s ¼ 2 sin ð�Þ=l ¼ Q=2p instead of Q for the independent
variable in the scattering. The electron form factor, feðQÞ,
is different to, but closely related to, the X-ray form factor

of the same atom, fxðQÞ, which is the Fourier transform of
the electron density. A useful relationship between feðQÞ
and fxðQÞ is [9]

feðQÞ ¼
mee2

2�h2

Z � fxðQÞ
Q2

� �
; ð4Þ

where me and e are the mass and charge of the electron,
respectively, �h is Plank’s constant, and Z the atomic num-
ber. This equation does not give a definite value for feðQÞ
at Q ¼ 0, but fe(0) can be calculated by extrapolation or
by using

feð0Þ ¼ 4p2 me2

3�h2 ðZhr
2
e iÞ ; ð5Þ

where hr2
e i is the mean square radius of the electronic

shell of the atom [9]. Figure 1 shows a comparison be-
tween X-ray and electron form factors, fxðQÞ and feðQÞ of
Au. This form for the electron form factor is approximate
and these approximations may introduce additional uncer-
tainties in resulting atomic displacement parameters
(ADPs) obtained from modeling resulting PDFs. However,
we believe that these errors will be smaller than those in-
troduced due to unaccounted for multiple scattering ef-
fects, as discussed later, and can probably be neglected,
though this is not definitely established.

In the case of single crystal ED, a rule of thumb is that
when the crystal thickness is greater than �300–400 Å,
data reduction must be done based on the dynamical dif-
fraction theory which assumes the presence of coherent
multiple scattering components of electrons [9]. Depend-
ing on the energy of the electrons, this thickness limit
may even fall below these numbers in the presence of heavy
elements [9], and in the case of electron powder dif-
fraction, the average thickness of crystallites in the speci-
men should also be less than a few hundred Ångströms to
avoid dynamical scattering effects [10]. Coherent multiple
scattering changes the relative intensities of Bragg peaks
from the kinematical structure factor values, redistributes
intensity to the weaker peaks at higher values of Q [8]
and can allow symmetry disallowed peaks to appear in the
pattern. If G is the elastic mean free path of the electron, it
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Fig. 1. A comparison between normalized (to f (0)) X-ray and elec-
tron form factors, fxðQÞ and feðQÞ of Au.



has been shown that a PDF determined from a polycrystal-
line Pt sample does not affect the positions of the PDF
peaks for D/G � 5, where D is the particle size, but it
does affect the determination of coordination numbers [2].
Here we show that model fits may be good, even in the
presence of significant multiple scattering, while refined
thermal factors are underestimated, though it is desirable
to optimize experimental conditions such as to minimize
multiple scattering.

Incoherent multiple scattering can be observed in ED
patterns in the form of increased background [9] which
does not affect the relative intensities of the Bragg peaks.
This is why, in the case of a less coherent structure, dyna-
mical scattering effects are less important.

In this study, all the specimens used were nanosized
samples: thin films, discrete nanoparticles, or agglomerates
of nanoparticles. In this case, the hope was that multiple
scattering would not introduce undue aberrations into the
kinematical diffraction pattern and a reliable PDF will re-
sult. We found this to be largely true with an exception
we discuss below.

2. Experimental

Nanocrystalline thin film, or dispersed nanoparticulate
samples, were distributed on a holey carbon grid and ED
data taken with a short camera length, to give the widest
Q-range, and a relatively large beam-size (2–5 mm dia-
meter) on the sample, to obtain the best possible powder
average. To improve the powder average different regions
of the sample were illuminated by translating the sample
under the beam. In other respects, the TEM was used in a
standard configuration using a CCD detector with no en-
ergy filtering and operated at 200 keV (wavelength,
l ¼ 0:025079 Å).

All selected area ED experiments were carried out at
room temperature on a Hitachi H8100 200 KeV trans-
mission electron microscope equipped with a Gatan Ori-
us SC600 CCD Camera (24 � 24 mm active area).
Typical exposure time per frame was around 0.3 s. For-
mvar coated 300 mesh copper grids (Electron Micro-
scopy Sciences) stabilized with an evaporated carbon
film were used to support the metallic films and nanopar-
ticles. Deposition of gold on the carbon coated side of
the TEM grid was performed with a Denton Vacuum
DeskIII sputterer gave a uniform film. The thickness of
the film was measured in real time during the sputtering
process with the aid of a thickness monitor (Maxtek, Inc
TM-350). Part of the grid was masked during the deposi-
tion and this masked area was used to extract the diffrac-
tion intensity of the support. No differences were found
in the diffraction intensity data of the background (car-
bon and polymer films) between different grids. Deposi-
tion on the side of the grid that was coated with the
polymer gave Au nanoparticles with a wide range of
sizes up to 100 nm. NaCl nanoparticles were deposited
on a TEM grid by a radio-frequency thermal evaporation
method.

For comparison, X-ray measurements on Au nanoparti-
cles were carried out in the rapid acquisition mode

(RAPDF) [6] using a Perkin Elmer amorphous silicon 2D
detector at beamline X7B at National Synchrotron Light
Source (NSLS) at Brookhaven National Laboratory
(BNL). Nanoparticles in ethanol solution were loaded in a
1 mm diameter kapton tube sealed at both ends, and
mounted perpendicular to the X-ray beam. The data were
collected at room temperature using the X-ray energy of
�38 keV (l ¼ 0:3196 Å). The data were collected in a
multiple 4 s exposures for a total collection time of 5 min.

To calibrate the conversion from detector coordinates to
scattering angle, it is necessary to measure the ED pattern
from a standard of known lattice parameters. The software
for reducing the data to 1D, Fit2D [16] uses this to opti-
mize the effective sample-detector distance, find the center
of the Scherrer rings on the detector, and correct for aber-
rations such as any deviation from orthogonality of the
detector and the scattered beam. Typical standards used by
the program are Al2O3, CeO2, LaB6, NaCl and Si. How-
ever, for the ED experiment it is necessary to have a
nano-sample standard to obtain a good powder average.
For this, gold nanoparticles of diameter �100 nm were
used and a literature value of 4.0782 Å for the lattice para-
meter. The effective sample-detector distance depends on
the settings of the magnetic lenses used in the microscope.
We assumed that the energy of the electrons, 200 keV, is
well known (resulting in l ¼ 0:025079 Å), though for the
most accurate results the electron wavelength should be
calibrated using standard methods. Once these calibration
quantities are known, they are fixed and the same values
are used to convert the sample data. From this perspective,
it is essential that the sample is measured under identical
conditions as the standard, including camera length and
focus. We found that even scanning around a sample to find
a different viewing area resulted in a small variation in the
position on the detector of the center of the resulting dif-
fraction pattern. It was thus necessary to run a separate
calibration run on each diffraction pattern to determine the
center of the rings, while keeping the camera-length from
the Au calibration.

3. Data analysis

The 2D ED images were read and integrated into 1D pow-
der diffraction patterns, after subtracting a properly scaled
background measurement of the empty holy carbon grid
and masking the missing beam stop region. The data have
to be further processed to obtain the PDF. Other correc-
tions were applied to the raw data to account for experi-
mental effects and properly normalized and divided by
hFeðQÞi2 [13], resulting in the total scattering structure
function, SðQÞ. The kernel of the Fourier transform is the
reduced structure function, FðQÞ ¼ Q½SðQÞ � 1�. We used
a home-written program, PDFgetE, to carry out these
steps. The PDF is then straightforwardly obtained as the
Fourier transform of FðQÞ according to Eq. (1), which is
also carried out in PDFgetE. Once the PDFs are obtained,
they can be modeled using existing PDF modeling pro-
grams. Here we used PDFgui [15].
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4. Results

A low resolution TEM image of the 2.7 nm thick Au film
is shown in Fig. 2a. The film is uniform and featureless in
the image, but a region at the edge of the film was se-
lected for imaging so that the edge of the film gives a
visual cue to its presence. An ED pattern from a position
away from the edge of the film is shown in Fig. 2b. We
can see a series of concentric circles due to the Scherrer
powder diffraction rings in transmission geometry. The re-
sulting 1D ED pattern, obtained by integrating around the
rings in the 2D pattern is shown in Fig. 2c. Broad diffuse
features are observed that are consistent with the nanocrys-
tallinity of the sample. Weak features are clearly evident
up to Q ¼ 12 Å�1 (Fig. 2c inset), but less apparent be-
yond that point.

The FðQÞ from the same data after correction is shown
in Fig. 3a and the resulting ePDFs in Fig. 3c, with the
calculated PDF from a model of the gold fcc structure
plotted on top in red. For comparison, in Fig. 3b and d we
show the X-ray derived FðQÞ and xPDF, respectively. Un-
fortunately this is not a direct comparison between identi-
cal samples. We were not able to collect X-ray data from
the same film as the ePDF as it was too thin to get a
sufficient signal in the X-ray measurement.

The structure functions of the electron and X-ray data
(Fig. 3a and b, respectively) are clearly highly similar.
Features in the eFðQÞ are broader than the X-ray case but
the features are all recognizable and have the correct rela-
tive intensities. Likewise, the e- and xPDFs (Fig. 3c and
d, respectively) are highly similar, with the features in the
ePDF of the nanoscale film being broader. The quality of
the fits is comparable for both the ePDF and xPDF
curves, with the ePDF giving a slightly lower (better)
agreement factor. The refined parameters are presented in
Table 1. The breadth of the ePDF peaks are accommo-
dated in the model by giving gold very large ADPs, twice
as large as those in the X-ray measured gold nanoparticles
that are already large. This indicates the presence of sig-
nificant atomic scale disorder in the film and is not com-

ing from the ePDF measurement itself. This is discussed
in greater detail below.

These results clearly demonstrate that quantitatively re-
liable ePDFs can be obtained from nanocrystalline materi-
als in a standard laboratory TEM. The counting statistics
from the electron data compare favorably to those from
the X-ray measurements (Fig. 3a and b), despite the much
shorter measurement time, suggesting that ePDF determi-
nation could become a useful general characterization tool
during nanoparticle synthesis. Two effects are clearly evi-
dent in the Q-space data: low Q-space resolution and the
rapid diminishing of the amplitude of scattered features
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a�

b�

c�

Fig. 2. (a) A TEM image of the 2.7 nm thick Au film used for ED.
(b) A false-color 2D ED pattern collected on this sample using
200 keV electrons. Lighter colors indicate higher intensity. The dark
bar across the middle of the image is the shadow of the beam-stop.
(c) 1D Au electron powder diffraction pattern obtained by integrating
around the rings in 2b. The inset shows the high Q region of the ED
pattern on an expanded y-scale. The dotted lines are guides to the
eye.

Table 1. Refined parameters for 2.7 nm thick nanoparticulate Au film,
�100 nm diameter nanoparticles (NP) from ePDFs and from a gold
nanoparticle sample from xPDFs. The structure model is the fcc bulk
gold structure, space-group Fm�33m. It was not possible to measure the
nanoparticle size from the ePDFs as we were not able to calibrate the
intrinsic Q-space resolution of the ED measurement allowing us to
separate the instrumental resolution and particle size effects in the
ePDFs.

ePDF (film) ePDF (NP) xPDF

Qmax (Å�1) 15.25 15.25 15.25

Fit range (Å) 1–20 1–20 1–20

Cell parameter (Å) 4.075(3) 4.076(2) 4.058(1)

Uiso (Å2) 0.033(4) 0.006 (3) 0.014(1)

Diameter (Å) �27a �1000b 24.51(9)

Q-damp (Å�1) 0.095(5) 0.095(5) 0.047(2)

Rw (%) 17 24 20

a: film thickness measured during deposition
b: NP diameter estimated directly from the TEM image



with increased Q. The latter is likely to reflect real differ-
ences in the samples, with the range of structural coher-
ence being lower in the gold film than the gold nanoparti-
cles used in the X-ray experiment. The lower Q-space
resolution could be either a sample or a measurement ef-
fect but this cannot be disentangled without having a well
characterized, kinematically scattering, nanoparticle stan-
dard for ED, which doesn’t currently exist. The sputtered
gold film has an fcc gold structure, like the bulk, but with
significantly more disorder and a nanometer range for the
structural coherence.

The ED data were taken with a standard CCD camera
and no filtering of inelastically scattered electrons. This is
the most straightforward protocol for data collection as it
is the standard setup in most laboratory TEMs. It is ex-
pected to result in lower quality PDFs than those meas-

ured with energy filtered electrons because of the higher
backgrounds due to inelastically scattered electrons [8].
ED data collected with an image plate detector are also
expected to be higher quality due to the low intrinsic de-
tector noise and better dynamic range of that detector tech-
nology. Thus, the resulting PDF shown in Fig. 3c repre-
sents the baseline of what is possible without specialized
instrumentation. The resulting FðQÞ shows excellent sig-
nal to noise up to the maximum accessible Q-range of
17 Å�1, as evident in Fig. 3a.

To explore the size limits for Au NPs to scatter kine-
matically, we collected data from larger, 100 nm Au nano-
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a�

b�

c�

d�

Fig. 3. (a) Reduced structure function, FðQÞ, of Au obtained from
the integrated ED pattern in Fig. 2(c), (b) An FðQÞ of Au nanoparti-
cles calculated from an XRD pattern collected at X7B at the NSLS.
(c) Au bulk structure model fit to the resulting ePDF from 3(a). (d)
Au bulk structure model fit to the resulting xPDF from 3(b). Ob-
served and calculated PDFs are presented with blue circles and a
solid red line, respectively. The difference between observed and cal-
culated is offset below (green solid lines). In both cases
Qmax ¼ 15:25 Å.

a�

b�

c�

Fig. 4. (a) A TEM image of �100 nm Au nanoparticles used for ED.
Black dots are the nanoparticles on the grid and the large white areas
are the holes in the grid. (b) A background subtracted ED image,
collected from the same region of the sample using 200 keV elec-
trons. (c) The 1D ED pattern obtained by integrating around the rings
in 4(b). The inset shows a magnified region of the integrated ED
pattern as indicated by the dotted lines.



particles, and the results are also given in Table 1 and
Figs 4 and 5. Comparing the integrated 1D diffraction pat-
terns of the large NPs and the thin Au film, Figs. 4c and
2c, respectively, we see similar features, but in the case of
the NPs, the amplitudes of the scattered intensities extend
to much higher Q values, as if there is a much smaller
Debye-Waller factor for the data. This can be clearly ob-
served by comparing the eFðQÞ of the large nanoparticles
in Fig. 5a with those from X-ray diffraction data, xFðQÞ
in Fig. 5b. The enhancement in the high-Q features is
large and is almost certainly due to significant coherent
multiple scattering in this sample. The resulting ePDF
from the NPs has peaks that are correspondingly sharp
compared to the gold thin film the xPDFs of gold NPs.
Regardless of the presence of significant multiple scatter-
ing, a model was refined against the ePDF of the 100 nm
Au nanoparticles to see the extent that the refined structur-
al model parameters are affected. The structure refinement

gave fits that were slightly worse but comparable in qual-
ity to the xPDF fits (see Table 1), Rw ¼ 0:24. The refined
values were similar also, except for much smaller atomic
displacement parameters (ADPs), due to the artificially
sharpened PDF peaks. It is somewhat remarkable that, in
this case, the dynamical scattering produces features in the
FðQÞ with approximately the correct relative amplitude,
but extending to much higher-Q. Not only are the PDF
peaks in the right position [2], but have the right relative
amplitudes. Gold may be a special case because the struc-
ture factors are all either ones or zero’s.

This clearly shows that for a strong scatterer such as
Au, 100 nm nanoparticles already give significant dynami-
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a�

b�

c�

d�

Fig. 5. (a) The reduced structure function, FðQÞ, of Au calculated
from the integrated ED pattern in Fig. 4(c), (b) An FðQÞ generated
from an integrated Au NP XRD pattern from a 2D data set collected
at X7B at the NSLS. (c) Au bulk structure model fit to the resulting
ePDF from 5(a). (d) Au bulk structure model fit to the resulting
xPDF from 5(b). Observed and calculated PDFs are presented with
blue circles and a solid red lines, respectively. The difference between
observed and calculated is offset below (green solid lines).

a�

b�

c�

Fig. 6. (a) A TEM image of the NaCl film used for ED. (b) A false-
color 2D ED image collected from this sample using 200 keV elec-
trons. Lighter colors indicate higher intensity. The black bar across
the middle of the image is the shadow of the beam-stop. (c) The 1D
ED pattern obtained by integrating around the rings in 6(b). The inset
shows the high Q region of the ED pattern on an expanded y-scale.
The dotted lines are guides to the eye.



cal effects. The resulting PDFs give useful semi-quantita-
tive and qualitative information but the refined thermal
parameters are not reliable. Indeed, the effect of the multi-
ple scattering to increase the real-space resolution by
boosting the intensities of the high-Q peaks makes the
PDF peaks sharper with the result that bond-lengths can
be extracted with greater precision from the ePDF datain
this case. When accurate PDF peak positions rather than
quantitative peak intensities are desired, this could be a
significant advantage of the ePDF method, for example,
when looking for small peak splittings, or resolving peak
overlaps, to aid in structure solution.

A less trivial structure factor is obtained from binary
compounds such as the NaCl studied here. The TEM im-
age of the sample in Fig. 6a shows that it consists of na-
noscale crystallites, some of which have a cubic habit and
othersthat have no particular morphology. The correspond-

ing ED pattern in Fig. 6b shows clear and fairly uniform
rings, with some spottiness from an imperfect powder
average, which may contribute to the observed discrepan-
cies in the rock-salt model fit to the ePDF. Figure 6c
shows the integrated ED pattern. The FðQÞ and the result-
ing ePDF obtained from this data set is shown in Figs. 7a
and c, respectively. For comparison, an xFðQÞ and an
xPDF obtained from a bulk crystalline NaCl sample are
also shown in Fig. 7b and d.

The rock-salt structure model fits to the PDFs are
shown in Fig. 7c and d and the results are presented in
Table 2. The e- and xPDFs are qualitatively highly similar,
with all features in the xPDF easily recognizable in the
ePDF. Notably, the relative intensities of adjacent peaks
are similar between the e- and xPDFs. Peaks in the ePDF
die out in amplitude with increasing r more quickly, due
to the broader features in the ED pattern. The overall qual-
ity of the fit to the ePDF is worse than the xPDF of bulk
NaCl. Refined lattice constants agree well within the ex-
perimental uncertainty. The ePDF refined thermal para-
meters are much smaller than those obtained from the
X-ray data. This is unlikely to be a real effect as both the
X-ray and electron data were measured at room tempera-
ture, and it is rather implausible that the nanoparticulate
samples have less static structural disorder than bulk
NaCl. We therefore assume that this is the effect of multi-
ple scattering in the data, similar to that observed for large
Au NPs. Clearly, ADPs refined from ePDFs present a low-
er bound on actual sample ADPs. They are accurate in the
case where multiple scattering is negligible, but underesti-
mate the thermal motions and static disorder in the pre-
sence of multiple scattering.

5. Discussion and conclusions

The Au and NaCl examples establish that quantitatively,
or semi-quantitatively, reliable PDFs can be obtained from
nanomaterials using electron diffraction data obtained on a
standard laboratory TEM, without the use of filtering. Be-
cause of the ease and speed of collecting such data and
the ubiquity of such instruments in chemistry and materi-
als laboratories, if the barriers to data processing could be
overcome making the whole process straightforward, this
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a�

b�

c�

d�

Fig. 7. (a) The reduced structure function, FðQÞ, of NaCl obtained
from the integrated ED pattern in Fig. 6(c). (b) An FðQÞ of NaCl
calculated from an X-ray data set. (c) NaCl bulk structure model fit
to the resulting ePDF from 7(a). (d) NaCl bulk structure model fit to
the resulting xPDF from 7(b). Observed and calculated PDFs are pre-
sented with blue circles and solid red lines, respectively. The differ-
ence between observed and calculated is offset below (green solid
lines). In both cases Qmax ¼ 13:6 Å.

Table 2. Refined parameters for nanoparticulate NaCl from ePDFs
and for a bulk powder of NaCl from the xPDF. The structure model
is the fcc rock-salt structure, space-group Fm�33m. It was not possible
to measure the nanoparticle size from the ePDFs as we were not able
to calibrate the intrinsic Q-space resolution of the ED measurement
allowing us to separate the instrumental resolution and particle size
effects in the ePDFs.

ePDF xPDF

Qmax (Å�1) 13.6 13.6

Fit range (Å) 0.2–30 0.2–30

Cell parameter (Å) 5.62(2) 5.63(1)

Uiso – Na (Å2) 0.007(5) 0.027(1)

Uiso – Cl (Å2) 0.004(4) 0.016(1)

Q-damp (Å�1) 0.095(5) 0.06(1)

Rw % 33 6



could become a broadly applicable standard and useful
characterization method for nanoparticles and thin films.

This work also explores the experimental parameters
for obtaining good data for reliable ePDFs from nanoma-
terials. Principally, samples should be thin enough or, for
the case of nanoparticles, have a sufficiently small dia-
meter. What this diameter is depends on the average atom-
ic number of the sample. For Au, 100 nm diameter NPs
gave significant coherent multiple scattering, 2.7 nm thick
films did not. For all materials we expect that 10 nm and
smaller particles will scatter kinematically; and these are
precisely in the size-range of nanoparticles that benefit the
most from a PDF analysis [22]. Obtaining a good powder
average is also a very important part of powder diffraction
regardless of the probing technique, XRD, ND or ED.
This can be easily achieved by using a large sample vo-
lume in ND and spinning the sample in XRD. However,
in ED, both of these methods become difficult due to the
limitations of the configuration and careful sample pre-
paration in this regard is very helpful. Again, for the parti-
cular application in nanoparticle structure characterization,
the small size of the particles means that better powder
averages can be obtained even from small sample vol-
umes. However, the quality of the powder average should
be checked by visual inspection of the ED images from
the CCD, which is readily done as is evident in the fig-
ures in this paper. The powder average can be improved
by increasing the beam-spot size on the sample and also
by taking multiple images from different regions of the
sample and averaging them. It is also important that sam-
ples be free of texture for PDF analysis in the current
implementation. This may be particularly relevant in the
case of polycrystalline thin films that are prone to texture,
though less so for nanoscale and amorphous films and
mono (or few) layer coverages of nanoparticles on a sur-
face. The raw data on the 2D detector should be carefully
assessed for the effects of texture. Texture in the plane of
the film can be searched for by looking for systematic
intensity variations around the diffraction rings on the de-
tector. Perpendicular texture could be assessed by taking
diffraction patterns of the film with it tilted at different
angles with respect to the beam and comparing the resulting
ring intensities. For a highly textured film a 2D rather than a
3D PDF transform may be more appropriate. In the future
we plan to develop and make available software for check-
ing for texture and where possible correcting for it. The
maximum attainable Qmax is determined by the operational
energy, camera length, dimensions of the detector and the
diameter of the microscope, but in general should be maxi-
mized. Our electron microscope configuration equipped
with a CCD camera limited Qmax to �ð17�18Þ Å. The ad-
vantage of using a higher Qmax is the better real space reso-
lution that results in the ePDF. However, standard micro-
scope configurations naturally give sufficiently high Qmax

values for most applications. Thus there seems to be no im-
pediment to the use of ED from standard laboratory electron
microscopes for quantitative nanoparticle structural charac-
terization using the PDF.
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P
rogress in recent years has seen
important advances made in nano-
science toward the development of

useful new forms of nanotechnology.1�8

One recurring theme found in research is

controlling structures with nanometer
precision.9�12 The difficulty with synthesiz-

ing ever-smaller structures is that the out-
come of a reaction is dictated by a complex

interplay of thermodynamics and kinetics.
Kinetically favored productsmay ormay not
be the same as those preferred thermody-

namically. Under different conditions the
most stable structure of a material may in

fact also be size-dependent and change
from a single-crystalline habit to one that

exhibits twinning or is amorphous.13,14

Because of this, and the broader utility of

crafting structures at the atomic scale, it is
imperative to understand both kinetic and
thermodynamic contributions to materials
synthesis.
It is now well understood that catalytic

properties of nanoscale metal clusters de-
pend markedly on the structure of their
exposed surfaces.15�18 Vertex and edge
atom sites are known to bind more strongly
to molecules and reactive intermediates,
doing so in ways that broadly impact reac-
tion rates.19�21 A notable study by Bratlie
et al.15 demonstrated that different nano-
crystal morphologies can wholly dictate
the outcome of a prototypical catalytic re-
action. Cubic Pt crystals defined by {100}
planes, for example, are selective for the
hydrogenation of benzene to cyclohexane,
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ABSTRACT This study examines structural variations found in

the atomic ordering of different transition metal nanoparticles

synthesized via a common, kinetically controlled protocol: reduction

of an aqueous solution of metal precursor salt(s) with NaBH4 at 273

K in the presence of a capping polymer ligand. These noble metal

nanoparticles were characterized at the atomic scale using spherical aberration-corrected scanning transmission electron microscopy (Cs-STEM). It was

found for monometallic samples that the third row, face-centered-cubic (fcc), transition metal [(3M);Ir, Pt, and Au] particles exhibited more coherently

ordered geometries than their second row, fcc, transition metal [(2M);Rh, Pd, and Ag] analogues. The former exhibit growth habits favoring crystalline

phases with specific facet structures while the latter samples are dominated by more disordered atomic arrangements that include complex systems of

facets and twinning. Atomic pair distribution function (PDF) measurements further confirmed these observations, establishing that the 3M clusters exhibit

longer ranged ordering than their 2M counterparts. The assembly of intracolumn bimetallic nanoparticles (Au�Ag, Pt�Pd, and Ir�Rh) using the same

experimental conditions showed a strong tendency for the 3M atoms to template long-ranged, crystalline growth of 2M metal atoms extending up to over

8 nm beyond the 3M core.

KEYWORDS: nanoparticle . atomic structure . noble metals . bimetallic . core�shell . pair distribution function .
aberration corrected electron microscopy
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while cuboctahedral structures (defined by {100} and
{111} planes) yield a mixture of cyclohexene and
cyclohexane under similar conditions.15 Such data
motivate this work to better understand the factors
that control nanocrystal growth.
Research has shown that different avenues exist

by which materials growth chemistry can generate
desired nanostructures.22 The stabilities of structures
produced using chemically controlled procedures can
vary in complex ways depending on size and the
presence of other species.18,22�27 Theoretical calcula-
tions, predict that fcc, single-crystalline nanoparticles
will assume a truncated octahedron confined by the
{111} and {100} families of planes as their equilibrium
thermodynamic shape.24 The formation of such
a shape, however, embeds costly energetic motifs
due to the presence of undercoordinated atoms.28

Conversely, particles not composed of a single crystal
domain (and therefore containing multiple twins)
adopt an icosahedral or decahedral crystal morphol-
ogy, where the faceting is exclusively defined by
low energy {111} terminating facets.28 Ultimately, it
is these planes that assist in the formation of a low
energy structure, albeit at the cost of increased inter-
nal strain.13,23,28 In these scenarios the mediating
effects of surface energy dictate the nanoparticle's
stable geometry. Theoretical calculations predict that
a crystal bound by high index crystal planes will
ultimately minimize the surface energy by reconstruct-
ing and assuming more favorable, lower index facet-
ing, namely, the {111}, {100}, and {110} families of
planes.22,23

The energetic driving force for the reconstruction
to lower index planes arises from the instability
associated with undercoordinated atoms.29,30 With
nanoparticles this behavior is complicated by the
curvature adopted to minimize the exposed surface
area. Creating a rounded structure from a collection of
facets inevitably applies increased strain to atoms
residing at the edges and vertices of adjoining crystal
planes.19,31�33 Because these atoms have fewer neigh-
bors than those situated on a flat surface, the coordina-
tion environment ismore extreme.19,31 As a result, they
have more unsatisfied bonds and are less stable.31�33

In discriminating the different surface truncation en-
ergies, it is easy to see why a high atomic density (111)
surface is intrinsically more stable than a lower atomic
density (100) surface.34

Despite the significant role thermodynamics plays
in directing the attributes of nanostructures, kinetics
cannot be neglected as a complex and often compet-
ing contributor. It is frequently found that adjusting
experimental parameters (i.e., capping agent, reducing
agent, temperature, etc.) can yield productswith specific
morphological features,2,3,22,35,36 crystal sizes,3,22,37�39

and catalytic activity.25�27,40�43 In such cases the geo-
metry of a nanocrystal is not solely determined by the

minimization of its surface energy (thermodynamic
minimum). Instead one must consider the possible
formation ofmetastable structures possessing a conver-
sion potential well too deep to overcome.13,24 In such
cases, the reactions result in the formation of thermo-
dynamically unfavorable features.23 Therefore a balance
exists in that the metastable structure formed may
reside far away from the global energetic minimum.
We report the results of an investigation of the

synthesis of polyvinylpyrrolidone (PVP) capped nano-
particles grown in solution from six noble metal pre-
cursors (Rh, Pd, Ag, Ir, Pt, Au) using NaBH4 as a reducing
agent. Because of the high reduction potential of
NaBH4, this growth is very rapid, proceeding from a
burst of nucleation events and is known to produce a
large number of very small nanoparticles (∼1 nm).44

Generally speaking, the synthetic approach illustrates
growth occurring under conditions of kinetic control.
Our results show clear structural differences between
the 2 and 3M nanostructures investigated that cannot
be explained merely by thermodynamic arguments
and indicates that there is a distinct, electronic struc-
tural sensitivity. Using Cs-STEM we characterize the
atomistic details that differentiate the 2 and 3M nano-
particle structures formed and define size-dependent
patterns related to their stability. Conclusions sup-
ported by the Cs-STEM data agree fully with measure-
ments made using high-energy X-ray diffraction (XRD).
The latter XRD data confirm that a dilation of the lattice
constant occurs for the 2M nanoparticles whereas the
3M series presents more bulk-like values. We further
compare the PDF measurements to assess the levels
of coherence/crystallinity present in these materials.
Most revealing are features observed for the intracol-
umn bimetallic (Au�Ag, Pt�Pd, and Ir�Rh) structures,
where the 3Mmetal atoms of a growth-nucleating core
impart their bonding structure onto 2M atoms in
core�shell habits to very large cluster diameters;
essentially directing the overall growth of the 2M
atoms;whereas without their presence disordered
crystal morphologies dominate.

RESULTS AND DISCUSSION

Structural and Crystallographic Analysis of Single-Element
Nanocrystals. Figure 1 shows representative Cs-STEM
micrographs of metals in the 3M series of nanocrystals
(Au, Pt, and Ir). The Au samples (Figure 1a�c), for the
synthetic protocols used here, presented with a rela-
tively wide distribution of particle sizes (2.2 ( 1.7 nm;
Supporting Information (S.I.) Figure 1) with some ap-
pearing single crystalline and others being symmetri-
cally twinned (S.I. Figure 2). Although only single
crystals are depicted in Figure 1, it was generally
observed that both the single and polycrystalline
particles revealed an atomic structure in which Au
atoms could be identified up to the terminating edges.
Fast Fourier transforms (FFTs) of the micrographs
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(i.e., the power spectra) are given as insets in the lower
right of Figure 1a�c. The spatial frequencies associated
with the periodic placement of atoms in the crystal
make it possible to identify the zone axis of the cluster
and index their bounding facet structure. This analysis
was easier to carry out for larger crystals within the size
distribution since they were more frequently found to
be crystalline. In addition to identifying an approxi-
mate zone axis, the FFT also made it possible to
determine an apparent lattice constant for the Au
particles (4.05 ( 0.12 Å, in close agreement with the
literature value of 4.08 Å for bulk Au).45 The values
obtained using the FFT tend to lack high precision
because nanocrystals are rarely perfectly oriented
along a zone axis and for this reason many of these
projection-limited values must be averaged. Table 1
shows that with adequate sampling the lattice con-
stants so deduced can still be accurate;in the present

work the values so obtained for all metals investigated
were found to compare very favorably with bulk
reference values. As expected, low-index planes define
a common feature of the crystals' facet structures.16

Figure 1d�f shows representative images of Pt
nanocrystals taken from a sample with a size distribu-
tion of 1.5( 0.6 nm (S.I. Figure 1). The atomic ordering
evident within the images allowed lattice parameters
and facet structures for these nanocrystals to be
assigned. An estimated lattice parameter of 3.90 (
0.09 Å closely matches the literature value of 3.92 Å for
bulk Pt (Table 1).45 Unlike Au, which exhibited frequent
twinning, the Pt samples were predominantly single-
crystalline.

The Ir specimens (Figure 1g�i) resemble the Pt
samples with the exception of being highly susceptible
to aggregation (not sintering). Although the mean
particle size (1.6 ( 0.8 nm, S.I. Figure 1) was on the

Figure 1. Representative Cs-STEM micrographs of the 3M nanocrystals, Au (a�c), Pt (d�f), Ir (g�i). Facets and crystal
orientation corresponding to the inset FFT are annotated directly on the micrographs.
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order of Pt and Au, Ir particles were seldomly found in
isolation. As with the other 3M metals, the Ir nano-
crystals bounding edges were often assignable using
the spectral data from the FFT of the image. Surpris-
ingly, unlike the other 3M structures, Ir crystals experi-
enced an increase in twinning defects at larger sizes
(S.I. Figure 3). As shown in Table 1, our analysis indicates
an average lattice parameter of 3.84( 0.09 nm for the Ir
clusters, in agreement with that of bulk fcc Ir (3.84 Å).45

Figure 2 shows a collection of Cs-STEMmicrographs
for the 2M (Ag, Pd, and Rh) nanoparticles. Dimensional
analysis of the Ag nanoparticles revealed a mean
particle diameter of 3.4 ( 2.8 nm (S.I. Figure 1), thus
allowing a broad distribution of cluster sizes to be
structurally characterized. With few exceptions, the Ag
particles observed appeared highly disordered, lacking
both well-defined boundaries and long-ranged atomic
periodicity (Figure 2a�c). In contrast to the 3M speci-
mens, Cs-STEM imaging of the Ag samples revealed no
apparent correlation between size and the emergence
of a more ordered habit over the particle sizes present.
The absence of spatial frequencies in the power spec-
tra (inset in the Ag nanocrystal micrographs) supports
this finding, where the presence of a bright ring is
generally found in place of distinct spatial frequencies.
As in diffraction, a sharp ring structure would indicate a
polycrystalline material (here all contributing crystals
are within a single image) and an increasing diffuse
component in the ring(s) indicates a move toward an
amorphous structure. Given the disorder present in
this sample, only a limited number of clusters provided
the structural information given in Table 1.

Imaging of the Pd specimens (Figure 2d�f; 1.6 (
0.8 nm, S.I. Figure 1) also revealed the presence of a
generalized trend toward structures that looked more
disordered. Unlike the case for Ag, Pd nanoclusters
strongly evidenced size-dependent behavior. Increas-
ing cluster sizes led to a propensity for adoption of an
ordered habit. The ordering seen, however, was not
generally found to be associated with single crystals
until reaching relatively large sizes (as illustrated by
representative examples shown in Figure 2d�f). Most
strikingly, we found no examples in which Pd particles

smaller than ∼3 nm exhibited crystallographic data
amenable to the assignment of a single lattice,
although this does not rule out their existence. None-
theless, the trends observed via electron microscopy
and the absence of crystalline Pd particles below 3 nm
in a multitude of images surveyed indicate that they
must be rare. Interestingly, the observation of signifi-
cant twinning within these structures agrees with
results from our previous work46 even though the
synthesis methods differ.

Structural properties similar to Pd were observed
for the Rh nanocrystals (1.5 ( 0.5 nm, S.I. Figure 1).
Smaller Rh crystals (<2.6 nm) were not found to adopt
geometries with an organized packing structure. They
appeared as collapsed clusters of atoms showing no
evidence of the spatial frequencies expected for an fcc
crystal (Figure 2g,h). Particles exceeding this apparent
threshold limit began to display evidence of crystal-
linity, as revealed in the FFT data. Multigrained nano-
particles were often found in which multiple crystal
domains could be observed. It is clear that, for both the
2 and 3M clusters, there exist size-dependent variances
in metal atom bonding that affect the final level of
disorder.

Lattice constants calculated for the 2M samples, as
determined by microscopy, are listed in Table 1 for the
Ag, Pd and Rh nanoclusters. A comparison with litera-
ture values (Table 1) reveals a trend toward dilation of
the lattice constants for these three samples with
respect to their values in bulk. The fact that tensile
(noncompressive) strains are present is very surprising,
and contrasts with the common notion of surface
atom relaxation in the atomic structures of metal
nanoparticles.29,30 In this regard the 2 and 3M series
of metals are very different. For the case of Au, Pt, and
Ir, the atomically resolved micrographs show bonding
comparable to the bulk. Both the Pt and Au nano-
crystals, as might be expected, seem to show slight
relaxations of their lattice parameters based on the
microscopy.

Unfortunately, electron microscopy only provides a
localized description of the features observed for the
overall specimen. To verify that the trends observed

TABLE 1. Comparison of LatticeParametersDeterminedbyCs-STEMandHigh-Energy XRDTabulatedwith LiteratureValues

lattice constants

element microscopy �experimental value (Å) X-ray diffraction � experimental value (Å) literature value (Å)

Ag 4.16 ( 0.05a 4.12 ( 0.06 4.09
Au 4.05 ( 0.12 4.05 ( 0.02 4.08
Pt 3.90 ( 0.09 3.92 ( 0.05 3.92
Pd 4.00 ( 0.15 3.95 ( 0.04 3.89
Ir 3.84 ( 0.09 3.84 ( 0.13 3.84
Rh 3.90 ( 0.19 3.89 ( 0.16b 3.80

a The apparent disorder exhibited by the majority of Ag particles limited the amount of sampling for analysis by microscopy. b The Rh XRD data only presented two discernible
Bragg peaks with which to calculate the lattice constant (the (200) and the (333)) peaks.
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are not caused by selective sampling, a bulk analytical
technique was used to provide independent analysis
and support the structural interpretations reached
above. Data from high-energy XRD measurements
were collected to provide a comprehensive structural
assessment of the samples. Lattice parameters were
determined from the Bragg peak reflections in the
diffraction profiles and are presented in Table 1. A
comparison of the lattice constants from the XRD
measurements with those obtained from Cs-STEM
shows close agreement. Significantly, the trend in
which small 2M clusters exhibit a dilation of their lattice
parameters compared to those bulk materials was
reaffirmed. On the basis of the XRD data, the Ag, Pd,
and Rh nanoparticles all have average lattice constants
showing slight tensile strains in agreement with the
values deduced via microscopy. Similar findings have
been reported in other studies of Ag,47 Pd,48�51 and

Rh51 nanoparticles. These studies attributed the ob-
served strains to changes in structure that result
variously because of the surrounding medium,47 the
presence of low-coordination number surface atoms,51

and the disorder of surface atoms.48 The Cs-STEM data
support a comprehensive structural feature embracing
such attributes, but with a more complex underpin-
ning. More specifically, the inability to terminate
the 2M nanocrystal surfaces with well-defined facets
may induce a tensile strain in the core atoms as they
attempt to accommodate the disorder present at the
surface.48

At this point it is important to definewhat structural
features are encompassed by the term “disorder” in the
context of this study. Although it was mentioned that
some of the particles undergo twinning (e.g., Au, Ir, Rh,
etc.) this does not preclude the possibility of forming
definable planes (S.I. Figure 2 and 3). In the same

Figure 2. Representative Cs-STEM micrographs of the 2M nanocrystals, Ag (a�c), Pd (d�f), Rh (g�i). Facets and crystal
orientation are annotated only in instances where the nanocrystal and inset FFT indicated a faceting structure.
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respect, a particle may exhibit crystallinity at the core
even if the periodic nature of the atom packing does
not extend to its surface. By “disordered” nanoparticles
we refer to an organization of the atoms such that an
extended, periodic packing structure is not present in
the cluster. These are, in effect, amorphous states that
embed large strains. The power spectra of such dis-
ordered clusters will not exhibit the spatial frequencies
expected for an ordered habit and yield an amorphous
pattern due to the disorder present. Nevertheless,
interpretation of such “disorder” should be undertaken
cautiously since even crystalline clusters along non-
zone axes may exhibit projections that satisfy the
above criterion.

To better understand if themicroscopy results were
truly indicating disorder we examined a large number
of clusters for each sample. If no preferred orientation
exists, all the samples should present equivalent rates
of crystalline/disordered structures. Figure 3 presents
the frequency of exposed surfaces (e.g., the (111),
(200), etc.) occurring for each sample as well as the

abundance of disordered particles (lacking any obser-
vable lattice structure) quantified and binned with
respect to size (e.g., 0�1, 1�2, 2�3 nm, etc.). One notes
that the occurrence of definable planes is strongly
related to particle size for the 3M specimens. Below
particle sizes of∼1 nm therewere no clusters for which
such assignments could be made. In the 1�2 nm
regime, however, the onset of crystallinity is noted by
the emergence of well-defined truncating planes. With
increasing size of the 3M nanocrystals, the presence of
the {111}, {100}, {110}, and {311} family of planes
becomes more numerous and ultimately dominates
the observed crystal geometries. The behaviors for the
2M structures are more complex and show an ex-
tended range in which disordered morphologies pre-
vail. The Ag nanoclusters showed no size-dependent
crystallinity as noted by the abundant distribution of
disordered particles throughout the binned data. The
Pd and Rh clusters exhibited a more conventional
behavior with disordered structures becoming less
common for larger particles. The onset of ordering in

Figure 3. Binned histograms defining the size-dependent nature of crystallinity for the 3M (Au, Pt, Ir) and 2M (Ag, Pd, Rh)
metals. The red bars represent “disordered” clusters such that atomically resolved images showed no extended structure
across the particle. The hatched bars tally the frequency of crystal planes defined by FFT. Note: The frequencies of the binned
data do not reflect the size distributions of the samples.
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the 2M samples appears to occur most prominently in
the size range between 2 and 4 nm. Even so, disor-
dered particle habits persist to very large sizes (e.g., Rh
(4�5 nm), Pd (6�7 nm), and Ag (7�8 nm)), values
much larger than is seen for their 3M counterparts (e.g.,
Ir (3�4 nm), Pt (2�3 nm), and Au (2�3 nm)).

Atomic PDF Analysis of Single-Element Nanocrystals. To
ensure that the nature of the observed structural
features in the 2 and 3M series can be interpreted in
terms of crystallinity, we employed a total X-ray scat-
tering based PDF technique.52�54 Since the PDF in-
cludes both Bragg peaks and the diffuse components
of the diffraction pattern, its Fourier transform reflects
both the local and average atomic structure. It is
particularly sensitive to the atomic short-ranged order-
ing since the scattered intensities are weighted by the
magnitude of their wave vectors. This makes the PDF
method suitable for characterizing materials in cases
where deviations from the average structure are pre-
sent, such as aperiodic distortions in bulk crystal
structures, nanoporous materials, and, most impor-
tantly here, finite-size, nanomaterial systems.52,53

Figures 4�6 show the atomic PDF results for the six
monometallic samples examined in our study. Com-
paring the PDFs of the 2 and 3M nanoparticles it is
immediately evident that there exists a difference
in the long-range order of the atom pair distances.
Figure 4 directly compares the measured PDFs for the
specific case of Au and Ag. The Au PDF displays multi-
ple peaks at specific atom-pair distances extending
beyond 20 Å, a value consistent with the mean particle
size of the Au clusters (2.2 nm). Conversely, the PDF for
Ag (dashed black line) lacks any features with signifi-
cant intensity denoting recurrent atom pair distances
being present in the sample. This observation is some-
what surprising considering the average particle size of
the Ag specimen (3.4 nm) would lead one to expect
more bulk-like structural features in clusters of this
size (i.e., long-ranged order, well-defined, intense pair-
distance peaks, etc.). The lack of well-defined atom-
pair contributions for the Ag samples precluded PDF
modeling. The Au PDF data, however, allowed full
modeling, as shown by the red curve overlying the
experimental data (solid black line) in Figure 4. The
structural model used in this fit was that of bulk Au,
conforming to Fm3m space group constraints. Assum-
ing a spherical particle, a spherical shape-function
envelope was used to account for the effects of the

Figure 4. Atomic PDFs comparing Au (solid black line) and
Ag (dotted line), with the Ag profile vertically displaced
by þ0.5 Å�2 for clarity. The red curve is the fit modeling
the experimental PDF data to a spherically shaped fcc
Au crystal. The difference profile (green curve) between
the experimental data and fit is vertically displaced by
�0.25 Å�2.

Figure 5. Atomic PDFs comparing Pt (solid black line) and
Pd (dotted line), with the Pd profile vertically displaced by
þ0.5 Å�2 for clarity. The red curve is the fit modeling the
experimental PDF data to a spherically shaped fcc Pt crystal.
The difference profile (green curve) between the experi-
mental data and fit is vertically displaced by �0.25 Å�2.

Figure 6. (a) Atomic PDFs comparing Ir (solid black line) and Rh (dotted line), with the Ir profile vertically displaced by
þ0.5 Å�2 for clarity. (b) Un-normalized raw XRD data showing the presence of Bragg reflections in the Ir data and
correspondingly absent in the Rh data.
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nanoparticle's finite dimensions on the PDF profile. The
model structure indicated an fcc Au particle measuring
2.8 ( 0.1 nm in diameter, a value consistent with the
microscopy data for this sample (2.3 ( 1.7 nm, S.I.
Figure 1). The lattice parameter deduced from the fit
was 4.06( 0.01 Å, also in excellent agreement with the
microscopy and XRD findings (Table 1).

The data in Figure 5 compare the PDFs collected for
the Pt and Pd samples. The Pt crystals produced multi-
ple peaks at specific atom-pair distances extending to
∼14 Å. The resolvable peak intensities for the Pt data
(solid black line) allowedmodeling of the PDF (solid red
line). Similar to the case of the Au nanocrystals, a best
fit was obtained for the Pt nanocrystals by refining a
structure based on that of bulk Pt. A spherically shaped
particle morphology was again assumed, and a sphe-
rical shape-function envelope used while considering
the constraints imposed by the Fm3m space group
symmetry. The particle diameter of 1.8 ( 0.1 nm
calculated from the model closely matches the results
obtained by microscopy (1.5 ( 0.6 nm). The lattice
parameter obtained was 3.93 ( 0.01 Å, again in close
agreement with the data in Table 1. The PDF of the Pd
nanocrystals extends to 1.6 nm and shows lower
intensity peaks (dashed black line) and less coherence
with increasing r. As with the Ag data, the weaker Pd
signal precludes analysis beyond assignments provid-
ing qualitative agreement with the trends observed by
microscopy. It is also worth mentioning that past
studies assessing the atomic structure of Pd nano-
particles using atomic PDFs also show that significant
levels of disorder are present in clusters of this size.55

The Ir and Rh data produced more complex PDF
patterns than were observed for any of the other
samples (Figure 6a). Although not obvious in the PDFs,
the raw XRD data (Figure 6b) unambiguously shows

that the Ir nanocrystals yield more intense Bragg reflec-
tions than is seen for the Rh clusters. Even so, the data in
each case precluded analysis by fitting the PDF func-
tion. On the basis of the microscopy data alone, we
conclude that Ir nanoclusters are the least crystalline of
the 3M metals (notably because of the significance of
twinning), yet have a more coherent atomic bonding
structure than its similarly sized 2M analogue.

Kinetic Analysis of the Nanocrystal Synthesis. We next
considered the importance of metastable states that
result from themethods of synthesis used. To do so we
synthesized samples using twodifferentmethods, with
one proceeding at elevated temperatures. The only
similarities between the methods used were the me-
tals investigated and the use of PVP as the capping
agent. Our first procedure is based on the protocol of
Tsunoyama et al.56 and uses rapid reduction to pro-
duce nanomaterials with reasonably well controlled
dimensions at 273 K (see Experimental Methods, Pre-
paration of Nanocrystals). The second method used a
softer reduction, where an ethylene glycol solution
containing a metal salt and PVP was heated to over
415 K (S.I. Experimental Details). This should result in
more thermodynamically controlled structures since
the reduction proceeds more slowly and the higher
temperatures allow the clusters to sample a larger
structural phase space.57 Despite these differences,
no significant impacts on the structural trends were
observed for the samples investigated (monometallic
samples only, S.I. Figures 4 and 5). The results con-
firmed the structural behavior of Pt and Pddescribed in
a previous study using Cs-STEM and XRD.46

Chemical and Crystallographic Analysis of Binary Nanocryst-
als. We conducted a simultaneous reduction of neigh-
boring metal atoms (Au�Ag, Pt�Pd, and Ir�Rh) to
form intracolumn, bimetallic particles. Figure 7a shows

Figure 7. Cs-STEM micrographs of the bimetallic (a) Au�Ag and (b) Pt�Pd nanocrystals showing the organized atomic
structure of the 2Mmetals (Ag and Pd) in the presence of their 3M counterparts (Au and Pt). Lower magnification images are
inset in the lower right and a schematic illustration is inset on the top right. The dashed lines in the insets illustrate the extent
to which the 2M metal atoms grow from the high-Z scattering 3M cluster.
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that the combination of Au and Ag forms a phase-
segregated structure. Energy dispersive X-ray spectros-
copy (EDX) measurements indicated the presence
of both Au and Ag in the individual nanoparticles
(S.I. Figure 6a). In addition, the Z-contrast (achieved
as a function of Rutherford scattering58) allows discri-
mination of the Au and Ag enriched regions. The high
intensity regions of the micrograph are due to a
predominance of Au (ZAu = 79) atoms while the less
intense regions are due principally to Ag (ZAg = 47)
atoms. Similar qualitative analytical schemes have
been observed and applied in other systems.46,59,60

The bimetallic Pt�Pd nanocrystals (Figure 7b) show
similar intensity patterns in the micrograph, where the
high scattering element (Pt) was concentrated at the
core and surrounded by lower scattering Pd atoms.
EDX measurements further confirmed the presence of
both species (S.I. Figure 6b).

Although these phase-segregated structures were
frequently observed in the Au�Ag system, alloyed
clusters were also found to be present (S.I. Figure 7).
Interestingly, FFT analysis of the sample indicated two
sets of lattice values despite the apparent coherency in
the packing of the atoms. Evaluation of data from the
high contrast region containing the Au core yielded a
lattice parameter of 4.07 ( 0.05 Å, consistent with the
quantities obtained for the monometallic Au nano-
crystals (Table 1). The power spectra acquired in the
low contrast regions yielded an average value of 4.14(
0.01 Å, closely matching the expanded lattice value
determined bymicroscopy for monometallic Ag. Using
the same FFT analysis on the homogeneously mixed
Au�Ag alloys (S.I. Figure 7) amean lattice parameter of
4.05 ( 0.03 Å was found. This latter measurement
further supports the assertion that the Ag atoms adopt
the bonding habits of Au atoms when the metals are
combined.

The bimetallic Pt�Pd crystals formed a series of
phase-segregated structures analogous to those ob-
served for the Au�Ag specimens (Figure 7b and S.I.
Figure 8). The Pd atoms are arranged periodically

radiating away from the nucleating Pt center to dis-
tances that can exceed 8 nm (inset of Figure 7b). The
lattice constants, as determined from the micrograph,
were ∼3.92 ( 0.04 Å and an abnormally high 4.09 (
0.05 Å, corresponding to the high-Z and low-Z regions
of the micrograph, respectively. The lattice value for
the high-Z region was in line with expectations for Pt
(Table 1). For the surrounding Pd atoms, however, the
calculated lattice parameter far exceeded literature
values for bulk Pd as well as the experimental values
obtained here for the monometallic Pd nanoclusters
(Table 1).

Contrary to the phase-segregated structures ob-
served for Pt�Pd and Au�Ag, the Ir�Rh specimens
exhibited only homogeneouslymixed nanocrystals (S.I.
Figure 9). EDX measurements confirmed the presence
of both Ir and Rh within individual nanoparticles indis-
criminate of cluster size. Examination of multiple
images demonstrated that the qualitative features of
monometallic Ir nanocrystals are prominent despite
the presence of Rh atoms. Most notably, the tendency
of the bimetallic nanocrystals to form a defined crystal
structure at sizes below 2 nm is observed (S.I. Figure 9),
with twinning emerging as the particle sizes increased.
FFT analysis of the Ir�Rh crystals revealed a lattice
parameter of 3.84 ( 0.12 Å. Despite the high uncer-
tainty associated with the approximation, it does agree
favorably with the lattice constant of themonometallic
Ir nanocrystals (Table 1). Although the Ir�Rh system
does not generate the same phase-segregated nanos-
tructures as the Pt�Pd or Ag�Au systems, the data do
re-emphasize that the presence of 3M atoms strongly
affects the bonding structure exhibited by the binary
composition nanocrystal.

Atomic PDF Analysis of Binary Nanocrystals. Detailed PDF
modeling was carried out to shed further light on
the nature of atomic bonding present in select binary
compositions. Figure 8a shows the comparison in PDF
profiles between the monometallic Au and the Au�Ag
data (vertically shifted byþ3 Å�2). The arrows indicate
the emergence of resolvable peaks in the bimetallic

Figure 8. (a) Comparison of the atomic PDFs for the bimetallic Au�Ag (vertically displaced byþ3 Å�2) and themonometallic
Au samples. Arrows in the bimetallic PDF highlight the emergence of new atom-pair contributions to the Au�Ag profile.
(b) The experimental PDF data for the Au�Ag nanocrystals (in black) is modeled (in red) with a difference profile also shown
(in green, vertically displaced by �1.5 Å�2).
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sample. This indicates the attendant contributions
from separate atom-pair distances not found in the
elementally pure Au system, which in this case can be
ascribed to the presence of Au�Ag atom pairs.

Atomic PDF modeling is essential to elucidate the
role of Ag in the Au�Ag PDF profile. Although the
structure in Figure 7a suggests a phase-segregated
nanoparticle habit, alloy structures were also observed,
necessitating consideration of both motifs during the
PDF analysis. Of the two structures, PDF modeling
indicated a slight preference for the formation of a
biphasic system. From a more qualitative standpoint,
the data indicate that the amorphous-like packing
observed for themonometallic Ag is no longer present.
Instead, the analysis revealed a well-ordered material
analyzable using a two-phase refinement, where the
model considers the crystal structure and relative scale
while assuming a 1:1 ratio of eachmetal. The resultant fit
with a two-phase model system is shown in Figure 8b
accompanied by the difference profile.

The modeling results afforded measurements of
the lattice parameters for both metallic species. For
the Au phase a lattice constant of 4.04 ( 0.02 Å was
found, whereas the Ag phase is characterized by a
lattice spacing of 4.09 ( 0.02 Å. These values agree
favorably with those of bulk Ag and Au (Table 1, 4.09
and 4.08 Å, respectively). The experimental results for
the Au phase in this case suggest a compressive strain
is present. The fit results indicated a mean particle
diameter for the clusters of 5.3 ( 0.2 nm. This value is
surprising since microscopy suggests an average di-
ameter of 12.6( 4.8 nm if the low-Z element is included.
Interestingly, if only the diameter of the high-Z com-
ponent is considered, the mean particle diameter
shrinks to 5.6 ( 1.4 nm and more closely matches
the value deduced in the PDF modeling.

Comparison between the monometallic Pt and the
bimetallic Pt�Pd specimens revealed multiple pair
distances unassignable to bulk, fcc Pt, indicated by
the arrows in Figure 9a. As with the Au�Ag system,
these aberrant peaks are assigned to bimetallic, Pt�Pd,

bonding. As in the earlier case, using a two-phase
system for the PDF modeling (Figure 9b) produced
a quality fit. Lattice constants calculated from the fit
were 3.93( 0.02 Å and 3.95( 0.02 Å for the Pt and Pd
components, respectively. Table 1 shows that the Pt fit
value closely matches the bulk Pt lattice parameter.
Conversely, the Pd data show a 1.5% dilation of the
lattice parameter compared to the literature value of
3.89 Å. This tensile strain was also found in the Pd
microscopy and XRD derived lattice constants (Table 1)
though of varying magnitude. Like Ag in the Au�Ag
samples, Pd now adopts an extended, ordered habit
instead of an amorphous one. PDF fit results indicated
a mean particle diameter of 2.1 ( 0.2 nm. Inclusion of
the low-Z component when measuring the average
size with microscopy gives a size of 20.7 ( 8.2 nm for
the Pt�Pd nanostructures which is nearly an order of
magnitude larger. This value does however closely
approximate that of the high-Z Pt cluster core (3.5 (
1.4 nm, Figure 7b).

The discrepancies in the bimetallic cluster sizes
predicted for both Au�Ag and Pt�Pd when using
Cs-STEM and PDF modeling are unexpected. There
are two likely reasons why discrepancies of this sort
might arise. First, if part of the structure lacks order it
will present a broadened (and for this reason difficult to
distinguish) signal in the PDF analysis, even for large
nanocrystals. Given that the 2M metal shells appear
in the Cs-STEM data to have structures that are very
similar to the 3M cores, this prospective complication
can be safely discounted. The second reason that the
2M metal shell might not contribute to the cluster size
determined by the PDF analysis is if bonding present in
the shell contributes a much smaller fraction of bonds
at a given distance relative to those present in the
3M core. To investigate this possibility we carried out
additional quantitative analyses of the binary crystal
Cs-STEM micrographs.

Structural Analysis of Binary Nanocrystals. The atomic
strains evidenced in the structure of the 2M metal
components for the bimetallic samples of Au�Ag and

Figure 9. (a) Comparisonof the atomic PDFs for the bimetallic Pt�Pd (vertically displacedbyþ3Å�2) and themonometallic Pt
samples. Arrows in the bimetallic PDF highlight the emergence of atom-pair contributions unaccounted for in the
monometallic Pt profile. (b) The experimental PDF data for the Au�Ag nanocrystals (in black) is modeled (in red) with a
difference profile also shown (in green, vertically displace by �1.5 Å�2).

A
RTIC

LE



SANCHEZ ET AL . VOL. 7 ’ NO. 2 ’ 1542–1557 ’ 2013

www.acsnano.org

1552

Pt�Pd warrant further discussion. The atomic PDF
analysis of the Au�Ag system indicated a particle size
of 5.35 ( 0.2 nm. As mentioned above, this value
was only appropriate if the particle dimensions were
defined by the Au component of the nanostructure.
To determine why structures synthesized using a 1:1
ratio of Au to Ag;and presenting such an extended
structure;had such unusual behavior, an atom quan-
tification study was conducted on these samples.

The intensity (I) observed in Cs-STEMmicrographs is
produced from an atomic volume (V) by a number of
atoms (N) projected onto an image. This intensity
scales with atomic number (∼Z1.6) such that,61

NX � VX � Z1:6
X ¼ I

K

where X represents a particular atomic species and K is
a constant of proportionality. If we consider the high-
contrast region to isotropically fill three-dimensionswe
can correlate the diameter to an approximate number
of atoms. This was done by calculating the depen-
dence of the number of atoms with respect to the
diameter (S.I. Figure 10) of the monometallic Au nano-
crystals (Figure 1a�c) as outlined in a previous work.46

In doing so, we are able to correlate an atom count to
an expected particle diameter. With NAu, the volume of
a Au atom (VAu where VX = 4/3πr3 and r = 0.135 nm for
the radius of a Au (or Pt) atom), and the measured I in
place, NAg can be determined by equating

IAu
NAu � VAu � Z1:6

Au

¼ IAg
NAg � VAg � Z1:6

Ag

where the volume of a Ag atom (VAg; where
r= 0.160 nm (0.140 nm) for the Ag (Pd) atom) and atomic
number (Z; where ZAu = 79, ZPt = 78, ZAg = 47, and ZPd =
46) can be obtained using literature values. The value
for IAg can be determined by integrating the intensity
from a region containing the low-Z component as
seen in S.I. Figure 11a. Once calculated, NAg provides
a scaled numerical value representing the same total
volume encompassed by the integrated area. With
proper background subtraction this provides a com-
parative method of determining whether or not the
exhibited intensities are demonstrative of a similar
number of atoms. The comparison can then be ex-
panded so that aspects of structure can be inferred.

For the Au�Ag sample it was consistently found
that the volume of intensity for the high intensity
regions (presumably Au) encompassed a greater num-
ber of atoms than the low intensity regions (presumably
Ag). This may seem intuitive as the stronger scattering
Au atomswould have a greater likelihood of generating
a signal into the dark-field detector. However, this
highlights the significance of scaling the results by
the atomic number (Z1.6) to account for the difference
in scattering power of the two elements.61 We have
thus accounted for differences in the scattering

strength as the source in variation between NAu and
NAg and present our estimates in Table 2 (NPt andNPd in
Table 3). The considerable drop in atom count (going
from NAu to NAg) means that there are less Ag atoms
inhabiting the samevolumeas theAu core.On thebasis
of the data in Table 2 we infer that the Ag atoms must
adopt a low aspect ratio structure, projecting from a
facet of the pre-existing Au nanocrystal (top right inset,
Figure 7a). Incidentally, Figure 7a shows the presence of
a twin boundary on the Au nanocrystal from which the
Ag atom growth propagates. Although amore globular
morphology might be expected for a solution-based
synthesis, it should be noted that both Au and Ag have
been shown to form nanoplates under certain growth
conditions.22 In contrast, analysis of the Pt�Pd nano-
structures (S.I. Figure 11b) shows growth that appears
to be more globular; with the Pd sites nucleating more
heterogeneously on the Pt core cluster.

Analysis of Contributions to Nanoparticle Shape. When
considering the degree of crystallinity exhibited by
nanoparticles, various factors are frequently implicated
for the final structure observed. Some common rea-
sons given for an observed morphology are the reduc-
tion rate, the stacking fault energy of the metal,
the surface energy of the metal, and/or the presence
of adsorbates. In the first case, the reduction will
yield more amorphous/twinned particles or single

TABLE 2. Comparison of the Calculated Number of Ag

Atoms to Those Determined for Au for Measured

Nanoparticle. The Measured Particle Size Was Determined

from the High-Z Component of the Binary Structures

atom quantification for the binary Au�Ag system

measured particle size (nm) no. of Au atoms, NAu calcd no. of Ag atoms, NAg

2.68 1250 394
3.75 2200 1450
3.84 2700 888
4.7 5400 1511
5.2 8300 5245
5.45 8700 2336

TABLE 3. Comparison of the Calculated Number of Pd

Atoms to Those Determined for Pt for Measured

Nanoparticle. The Measured Particle Size Was Determined

from the High-Z Component of the Binary Structures

atom quantification for the binary Pt�Pd system

measured particle size (nm) no. of Pt atoms, NPt calcd no. of Pd atoms, NPd

2.2 680 2696
2.65 700 915
4.3 3000 2015
5.3 4600 3168
5.94 5000 3033
6.55 7000 4102
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crystalline particles depending on the degree of
kinetic control.22,23 The relative importance of kinetic
formation versus thermodynamic stability should be
reflected in how quickly the different metals are
reduced.23 Reduction potentials for the various metal
ion reactants are given in Table 4.45 A ranking of the
reduction potentials that result in a metallic state gives
the relative order: Au > Ag > Ir > Pt > Pd > Rh. From this
it can be seen that the 3M metal atoms tend to have a
higher reduction potential and are therefore expected
to nucleate more quickly than the 2M metal atoms.
Consequently, it would be expected that they would
also be the structures most impacted by kinetics and
form an array of structures. As the data above show,
this is not the case.

A second possible cause for the observed trends is
the stacking fault energies of the metals. Pt has a high
stacking fault energy (322 mJ/m2) and is 280 mJ/m2

higher than that of Au (42 mJ/m2);62 meaning that a
higher energetic cost would be required to induce a
dislocation/deformation process in a Pt crystal. This
can explain why Au is seen to produce symmetrically
twinned structures in particles as large as ∼6 nm
(S.I. Figure 2). Somewhat oddly, the stacking fault energy
of Ir (480 mJ/m2)62 is significantly higher than that of
Pt, making it more energetically costly to introduce
structural imperfections into the Ir lattice despite our
observation that twinning becomes more common at
larger sizes. Similarly, the qualitative features seen for
the Ag clusters can be explained by the relatively low
stacking fault energy of Ag (20mJ/m2, lowest among all
the metals examined here) when compared to Rh (750
mJ/m2) and Pd (180 mJ/m2).62 Not only does the stack-
ing fault energy of Rh exceed that of Pd, but it also does
so for all of the other metals investigated (S.I. Figure 13).
Yet Figure 2 shows that the 580mJdifference in stacking
fault energy (between Rh and Pd) does not lead to
markedly dissimilar nanostructures. While stacking fault
energies might underpin some of our observations,
there clearly remain other factors that can contribute
to the degree of disorder present within a nanocluster.

That leads us to consider the role that surface
energies may play in dictating the final structure. Both
experimental34,63 and theoretical34 evidence confirm
that the intracolumn surface energies (where surface
energy is defined as the energy required to create a
surface)22 of the 2M metals are lower than those of
their intracolumn 3M counterparts (S.I. Figure 14). For
example, the experimentally determined surface en-
ergy for the (111) surface of Au is 1.506 J/m2, a value
greater than that of the 1.246 J/m2 found for (111) Ag.63

Related differences in physical properties have also
been documented in comparisons made between
Pt and Pd (2.489 and 2.003 J/m2, respectively)63 and
between Ir and Rh (3.048 and 2.659 J/m2, respectively).63

Theoretical studies have further extended these trends
to the (100) and (110) surfaces where it has been
convincingly established that the 3M specimens con-
sistently have higher surface energies than their 2M
counterparts.34 It is interesting to note that the metal
with the highest surface energies (Ir, e.g., 3.048 J/m2 for
the (111) plane) readily overcomes the energetic bar-
rier to the formation of facets, whereas the metal with
the lowest surface energies (Ag, e.g., 1.246 J/m2 for
the (111) plane) does not. Although the properties of
nanomaterials will undoubtedly differ from those in a
bulk state, we think it reasonable to presume that the
surface energy trends will maintain their relative order
even in the nanoregime. This is an important point as,
to some degree, it mitigates the argument that the
difference in lattice structure between the 2 and 3M
nanoparticles is entirely driven by surface energetics. If
this is the case, surface energetics alone cannot entirely
explain the variances in crystallinity observed.

Lastly, in view of the noted effects of heteroepitaxy,
the role of adsorbed species on the structures ob-
served herein must also be taken into consideration.18

For instance, it has been shown that the chemisorption
of O2 can result in the expansion of the lattice param-
eter for Ag.64 The introduction of an adsorbed spe-
cies would likely reduce the surface energy required
to distort/expand the relative atom pair distances.64

Adsorbed species could be used to explain the disorder
exhibited by some of the nanocrystals except that, in
the presence of a secondary metal, such disorder was
absent in several cases. As can be strongly inferred
from the data in Figure 7a and b, adsorbed species
cannot be responsible for the morphology of the
particles formed.

What then is the origin of themesoscopic structural
dichotomy between the 2 and 3M particles? We be-
lieve that the differences seen in the metal-atom
bonding reflect impacts on electronic structure due
to relativistic effects. Briefly recounted, the inner elec-
trons of heavy elements experience a large nuclear
charge such that they must reach levels approaching
the speed of light to sustain a balance with the
embedded, electrostatic potential. The acceleration

TABLE 4. Reduction Potentials for Ions from the Metal

Salts Used in This Studya

reaction reduction potential (eV)

BH4
� þ 8OH� T H2BO3

� þ 5H2O þ 8e 1.24
AuCl4

� þ 3e T Au þ 4Cl� 1.002
Agþ þ e T Ag 0.7996
IrCl6

2‑ þ e T IrCl6
3‑ 0.8665

IrCl6
3‑ þ 3e T Ir þ 4Cl� 0.77

PtCl6
2‑ þ 2e T PtCl4

2‑ þ 2Cl� 0.68
PtCl4

2‑ þ 2e T Pt þ 2Cl� 0.755
PdCl4

2‑ þ 2e T Pd þ 4Cl� 0.591
RhCl6

3‑ þ 3e T Rh þ 6Cl�b 0.431

a All data were obtained from: Lide, D. R. CRC Handbook of Chemistry and Physics,
87th ed.; CRC Press: Boca Raton, FL, 2006. b RhCl3 has multiple hydrated forms when
in aqueous solution. The form given is one of the most common.
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results in an increase in the electron's relativistic mass
and contraction of the 1s orbital.65 These effects
propagate such that they lead to a contraction of the
6s orbital, an expansion of the 5d orbitals and, conse-
quently, impacting the use of the 5d electrons for the
purposes of bonding.65 This difference in bonding
nature does not necessarily reflect a difference in bond
strength; rather, it serves to rationalize the tendency
for the 3M metal atoms to undergo directional bond-
ing. This would then establish a correlation with the
barrier heights associatedwithmetal atomplacements
occurring at locally high symmetry (i.e., directional)
or more disordered sites. The correlations suggested
here have in fact been used by others to account
for the ground-state energetics of both nano- and
surface-structural features. Regarding the former
cases, experimental4,66 observations and theoretical
calculations67 invoking relativistic effects explain why
atomic chains of the 3M metals can be formed while
ones comprising metals of the 2M series cannot.
Relativistic effects have also been used to explain the
complex dynamics evidenced in surface reconstruc-
tions. Most notable in this regard are the now well
established motifs seen in the reconstruction of the
(110) and (111) facets of 3M metal crystals;structural
behaviors not evidenced in crystals of the 2M
metals.65,68

When taken together, the current results suggest
that the presence of a 3M metal atom can be used to
impart its patterns of bonding to other metal atoms.
This strongly implicates that the critical barriers for
growth in ordered habits are strongly tied to the
electronic structure, and, hence, the surface and twin-
ning energies of the 3M atoms present. Referring back
to Figure 2a�c as an exemplary case, we note the
disordered structural behaviors seen in monometallic
Ag nanoclusters (where both atomic PDF measure-
ments and microscopy results both confirmed the lack
of a defined crystal structure for these clusters). Intro-
ducing Au into the reaction induced (locally) ordered
Ag�Ag bonding that propagates more than 5 nm
beyond the critical nucleus (inset of Figure 7a). A
similar pattern of order being imparted onto a growing
2M metal cluster by a 3M metal is also seen in the
Pt�Pd bimetallic sample (Figure 7b). Although the
bimetallic samples possess sizes larger than the range
of monometallic samples investigated, the epitaxial
growth exhibited here has also been observed for both
bulk-like Pt�Pd structures in work by Habas et al.1 and

in 2�4 nm Pt�Pd nanoparticles by Sanchez, et al.46

Indeed, the latter work also revealed instances of
nonuniform growth dependent upon the nucleation
center. In light of the present work, we can posit that
the structures seen in those works were driven by the
higher surface and stacking fault energies of Pt even in
the case where the shell layer was Pt. At the small sizes
that we have examined, this templating appears to be
true irrespective of whether the system is formed via

thermodynamic or kinetic control.

CONCLUSIONS

This study presents information regarding the dy-
namics of metal atom bond formation in nanoscale
materials growth. We note trends that distinguish the
nanostructures formed by second and third row, fcc,
transition metal series. Complex physicochemical ef-
fects underpin the formation of the distinct bonding
motifs seen. The present data strongly suggest that
the 3M metals function far more effectively in impart-
ing ordered bonding characteristics than their 2M
counterparts through relativistic effects that manifest
themselves as surface and stacking fault energies.
Specifically, the intrinsic electronic nature of Au, Pt,
and Ir atoms promotes a more uniform bonding net-
work that is sustained by additional growth species
even if their natural state is more disordered. What
remains unclear, at present, is the size of the critical
nucleus that might be involved in this regard: the
number of metal atoms that need be present in a
cluster and how the complex solution phase environ-
ment comprising the growth media might serve to
perturb/stabilize these structures. It remains an inter-
esting and particular challenge to develop experi-
mental means to explore the structural dynamics of
metal atom clusters of this size at atomic resolution
in the complex (and evolving) chemical environments
as are found in the nucleation processes mediating
growth.
Finally we note that the results reported here have

important implications beyond crystal growth. Most
notably, the complex nature of the bond strains seen in
metal clusters of varied form (and significant devia-
tions from bulk bonding habits) might lead to corre-
lated impacts on the energetics of reactions carried out
using materials of this form as catalysts. Such features
remain very poorly understood within the current
literature and form, we believe, an important forward
going opportunity for future progress in research.

EXPERIMENTAL METHODS

Preparation of Nanocrystals. HAuCl4 (FW = 339.79 g/mol), RhCl3
(FW = 209.26 g/mol), and H2PtCl6 3 6H2O (FW = 517.92 g/mol)

were purchased from Strem Chemicals. The H2IrCl6 3 6H2O

(FW = 406.93 g/mol), AgNO3 (FW = 169.8 g/mol), Na2PdCl4

(FW = 294.19 g/mol) precursors, polyvinylpyrrolidone (PVP;
FW = 40000 g/mol) and reagent grade NaBH4 (FW = 37.83 g/mol)
were purchased from Sigma-Aldrich.

The protocol used to produce the nanocrystals was adapted
from the work of Tsunoyama et al.56 To summarize, a typical
reaction began by chilling a 0.3mM solution of PVP in deionized
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water (∼50 mL) to 0 �C using an ice bath. To this solution was
added 0.05 mmol of the desired metal precursor. The subse-
quent solution was purged with N2 (g) for 30 min under
vigorous magnetic stirring. A separate 5 mL solution of 0.1M
NaBH4 (aq) was prepared and rapidly added to the existing PVP/
H2O/metal precursor solution. The system was then allowed to
react for 1 hwhile beingmaintained at 0 �CwithN2 (g) bubbling.
Following synthesis, the solvent was evaporated, the samples
dried, and then resuspended in ethanol and stored at ambient
conditions.

In the case of the bimetallic samples the synthetic approach
was unchanged with the exception that the two separate
metals were simultaneously introduced into the reaction vessel.
In place of the 0.05 mmol addition of one metal precursor, two
0.025 mmol equivalents of each of the different metal precur-
sors were added to the chilled 0.3 mM PVP/H2O solution.

Electron Microscopy. Cs-STEM samples were prepared by the
dropwise addition of the prepared nanoparticle suspensions
onto ultrathin holey carbon films supported on Cu-framed grids
(Ted Pella, Inc.). Cs-STEM imageswere collected on a JEOLmodel
2200FS electron microscope operated at 200 keV capable of
sub-angstrom resolution.69 To prevent localized buildup of
carbonaceous species (also known as “contamination”) the
beam was defocused by lowering the sample height as far as
possible and the sample was irradiated at lowmagnification for
∼30 min before acquiring images for each sample. The inner-
cutoff angle of the annular dark-field detector at a 60 cm camera
length was 100mrad, to ensure that no diffracted beams would
interfere with the measured images. A 20 or 30 μm aperture
was generally used during image acquisition to minimize the
damage due to excessive radiation exposure. These aperture
sizes limited the beam current to 13 and 30 pA, respectively.
Additionally, the fast Fourier transform (FFT) of low magnifica-
tion (∼1.0 � 106 times magnification, S.I. Figure 12a) images
were compared to the FFT of high magnification (15.0 � 106

times magnification, S.I. Figure 12b) images prior to image
capture as a precautionary step to prevent the possibility of
confusing beam-induced restructuring with the as-prepared
structure of the nanocrystals. The microscope was also supplied
with an Oxford INCA ATW detector (40 mm2) for chemically
sensitive energy dispersive X-ray spectroscopy measurements.

High-resolution STEM image evaluation, FFT, or power
spectrum analysis, approximation of lattice parameters, and
size distribution histograms were done using DigitalMicrograph
(Gatan Inc.) software. Zone axis assignments were determined
by measuring the ratio of the different spatial frequencies
attendant within a FFT of a micrograph and comparing them
to the diffraction patterns of an fcc crystal. After establishing
crystal orientation the spatial frequencies were subsequently
used to index and annotate the crystal planes on the corre-
sponding micrograph. Mean lattice parameters were calculated
by using the average distances measured from the central peak
to a particular spatial frequency and evaluated with respect
to the indexed crystal planes. Particles sizes were determined
by measuring the diameter cross-section of many individual
nanoparticles.

5.2.3. High-Energy X-ray Data Collection. For the monometallic
samples, X-ray total scattering measurements were carried out
at beamline 11-IDC at the Advanced Photon Source (APS),
Argonne National Laboratory (ANL), with high energy X-rays
(E0 = 114.82 keV, λ = 0.108 Å) using the rapid acquisition
mode.70 The setup utilized a 2-D image plate detector (Perkin-
Elmer) positioned perpendicular to the beam path 297.14 mm
away from the mounted samples. Ethanol suspensions of the
nanocrystals were sealed in cylindrical kapton capillary tubes
(Cole-Palmer) 1 mm in diameter. The data were collected at
300 K. The exposure time was set for 250 s for each sample.

The bimetallic samples were collected at beamline X-7B at
the National Synchrotron Light Source (NSLS), Brookhaven
National Laboratory (BNL), with high-energy X-ray (E0 = 38.94
keV, λ = 0.3184 Å), utilizing a 2-D image plate detector (Perkin-
Elmer). The detector was placed orthogonal to the beampath at
distance 116.18 mm away from the mounted samples. These
ethanol-suspended samples were loaded in kapton cylindrical
tubes measuring 1 mm in diameter. Owing to the lower flux of

the X-ray radiation at beamline X-7B, exposure time was set for
900 s to improve the statistics of the collected data.

In both sets of experiments blank tubes (kapton) and tubes
containing ethanol were simultaneously submitted for mea-
surement for purposes of background removal.

X-ray Diffraction Analysis. For XRD analysis, the normalized,
integrated data were examined without being sine Fourier
transformed. Peak positions were identified using the radiation
energy (λ = 0.108 Å), Bragg's law,

λ ¼ 2d sinθ

and the inverse relationship in an fcc solid between the lattice
constant, a, and interplanar distances, d

d ¼ a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ k2 þ l2
p

where h, k, and l are the Miller indices of the corresponding
Bragg planes. The h, k, and l values were determined by assign-
ment of the spatial frequencies in the acquired power spectra.

Atomic Pair Distribution Function Analysis. The raw 2D data were
integrated and converted to intensity versus 2θ using the soft-
ware Fit2D,71 with 2θ as the angle of diffraction. The integrated
data were corrected for experimental artifacts, normalized,
and sine Fourier transformed to the PDF,G(r), based on standard
methods54 using the program PDFgetX2.72 Modeling was
performed using the PDFgui program.73 The upper limit in the
Fourier transform, QMAX = 20.0 Å�1, was optimized to avoid
large termination effects and to reasonably minimize the
introduction of noise. This was critical since the signal-to-noise
ratio decreases with increasing Q.
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ABSTRACT: We have synthesized a new layered BiS2-based compound, SrFBiS2. This
compound has a similar structure to LaOBiS2. It is built up by stacking up SrF layers and
NaCl-type BiS2 layers alternatively along the c axis. Electric transport measurement indicates
that SrFBiS2 is a semiconductor. Thermal transport measurement shows that SrFBiS2 has a
small thermal conductivity and large Seebeck coefficient. First principle calculations are in
agreement with experimental results and show that SrFBiS2 is very similar to LaOBiS2, which
becomes a superconductor with F doping. Therefore, SrFBiS2 may be a parent compound of
new superconductors.

■ INTRODUCTION

Low-dimensional superconductors with layered structure have
been extensively studied and still attract much interest due to
their exotic superconducting properties and mechanism when
compared to conventional BCS superconductors. The examples
include high Tc cuprates,

1 Sr2RuO4,
2 NaxCoO2·H2O,

3 and iron-
based superconductors.4 The discovery of LnOFePn (Ln = rare
earth elements, Pn = P, As) in particular revitalizes the study of
layered compounds with mixed anions, paving a way to
materials with novel physical properties. For example,
Ln2O2TM2OCh2 (TM = transition metals, Ch = S, Se) show
strong electron−electron interactions and Mott insulating state
on the two-dimensional (2D) frustrated antiferromagnetic
(AFM) checkerboard spin−lattice.5−9 Very recently, bulk
superconductivity was found in BiS2-type layered compounds
with mixed anions: Bi4O4S3 and Ln(O,F)BiS2.

10−12 Exper-
imental and theoretical studies indicate that these materials
exhibit multiband behaviors with dominant electron carriers
originating from the Bi 6px and 6px bands in the normal
state.13−16 On the other hand, compounds with mixed anions
exhibit remarkable flexibility of structure. Different two-
dimensional (2D) building blocks, such as [LnO]+, [AEF]+

(AE = Ca, Sr, Ba), [Ti2OPn2]
2−, [FePn]−, and [TM2OCh2]

2−,
can sometimes be integrated to form new materials.4,17−21

Individual building blocks often keep their structural and
electronic properties after being combined together.19

In this work, we report the discovery of a new BiS2-based
layered compound, SrFBiS2. It contains a NaCl-type BiS2 layer
and shows semiconducting behavior with relatively large
thermopower. Theoretical calculations indicate that this
compound is very similar to LnOBiS2.

■ EXPERIMENT SECTION
Synthesis. SrFBiS2 polycrystals were synthesized by a two-step

solid-state reaction. First, Bi2S3 was prereacted by reacting Bi needles
(purity 99.99%, Alfa Aesar) with sulfur flakes (purity 99.99%, Aldrich)
in an evacuated quartz tube at 600°C for 10 h. Then Bi2S3 was mixed
with stoichiometric SrF2 (purity 99%, Alfa Aesar) and SrS (purity
99.9%, Alfa Aesar) and intimately ground together using an agate
pestle and mortar. The ground powder was pressed into 10 mm
diameter pellets. We used a maximum pressure of 5 tons. The pressed
pellet was loaded in an alumina crucible and then sealed in quartz
tubes with Ar under the pressure of 0.15 atm. The quartz tubes were
heated to 600°C in 10 h and kept at 600°C for another 10 h.

Structure and Composition Analysis. Phase identity and purity
were confirmed by powder X-ray diffraction carried out by a Rigaku
Miniflex X-ray machine with Cu Kα radiation (λ = 1.5418 Å).
Structural refinement of powder SrFBiS2 sample was carried out by
using Rietica software.22 Synchrotron X-ray experiment was conducted
at 300 K on a X17A beamline of the National Synchrotron Light
Source (NSLS) at Brookhaven National Laboratory (BNL). The setup
utilized a X-ray beam 0.5 mm × 0.5 mm in size and λ = 0.1839 Å (E =
67.4959 keV), conditioned by two-axis focusing with a one-bounce
sagittally bent Laue crystal monochromator and Perkin-Elmer image
plate detector mounted perpendicular to the primary beam path. A
finely pulverized sample packed in a cylindrical polyimide capillary 1
mm in diameter was placed 204 mm away from the detector. Multiple
scans were performed to a total exposure time of 120 s. The 2D
diffraction data were integrated and converted to intensity versus 2θ
using the software FIT2D.23 The intensity data were corrected and
normalized and converted to atomic pair distribution function (PDF),
G(r), using the program PDFgetX2.24 The average stoichiometry of a
SrFBiS2 polycrystal was determined by examination of multiple points
using an energy-dispersive X-ray spectroscopy (EDX) in a JEOL JSM-
6500 scanning electron microscope.
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Electrical and Thermal Transport Measurements. The sample
pellets were cut into rectangular bars, and the surface is polished by
sandpaper. Thin Pt wires were attached using silver epoxy for four
probe resistivity measurements. Electrical and thermal transport
measurements were carried out in quantum design physical property
measurement system (PPMS-9).
Band Structure Calculations. First principle electronic structure

calculations were performed using experimental crystallographic
parameters within the full-potential linearized augmented plane wave
(LAPW) method25 implemented in the WIEN2k package.26 The
general gradient approximation (GGA) of Perdew et al.,27 was used for
exchange-correlation potential. The LAPW sphere radius were set to
2.5 Bohr for all atoms, and the converged basis corresponding to
Rminkmax = 7 with additional local orbital were used, where Rmin is the
minimum LAPW sphere radius and kmax is the plane wave cutoff.

■ RESULTS AND DISCUSSION

Structure and Compostion. Figure 1(a) shows the
powder XRD pattern of SrFBiS2 measured by Rigaku Miniflex.
Almost all of reflections can be indexed using the P4/nmm
space group. The unidentified peaks belong to the second
phase of Bi2S3. Using two-phase Le Bail fitting, the refined
lattice parameters of SrFBiS2 are a = 4.084(2) Å and c =
13.798(2) Å. When compared to LaOBiS2, the a-axial lattice
parameter is larger, and the c-axial one is slightly smaller.11 The
PDF structural analysis was carried out using the program
PDFgui.28 The SrFBiS2 data are explained well within the
model having P4/nmm symmetry with a = 4.079(2) Å and c =
13.814(5) Å (Rwp = 0.138, χ2 = 0.024). It is consistent with the
fitting results obtained from Miniflex. The final fit is shown in
Figure 1(b), and the results are summarized in Table 1. In
addition to the principal phase, the sample is found to have
∼16(1) wt % of Bi2S3 impurity with Pnma symmetry, which is
also observed in Figure 1(a). The structure of SrFBiS2 is similar
to LaOBiS2, which is built up by stacking the rock salt-type BiS2
layer and fluorite-type SrF layer alternatively along the c axis as
shown Figure 1(c). The EDX spectrum of polycrystal confirms
the presence of Sr, F, Bi, and S. The average atomic ratios
d e t e r m i n e d f r o m E D X a r e S r : F : B i : S =
1.00(4):1.00(9):1.03(5):1.88(4) when setting the content of
Sr as 1. It confirms the formula of obtained compound is
SrFBiS2.
Electrical Properties. As shown in Figure 2, the resistivity

ρ(T) of SrFBiS2 polycrystalline shows a semiconducting
behavior in the measured temperature region (1.9−300 K). It
should be noted that Bi2S3 polycrystal shows metallic behavior
because of sulfur deficiency.29 The impurity may have some
minor influence on the absolute value of resistivity, but the
semiconducting behavior should be intrinsic. Neglecting the
grain boundary contribution, the room-temperature resistivity
ρ(300 K) is about 0.5 Ω cm. Using the thermal activation
model ρab(T) = ρ0 exp(Ea/kBT) (ρ0 is a prefactor, Ea thermal
activated energy, and kB the Boltzmann’s constant) to fit the
ρ(T) at high temperature (75−300 K) (inset of Figure 2), we
obtain Ea = 31.8(3) meV. The semiconductor behavior is
consistent with theoretical calculation result shown below. On
the other hand, theoretical calculations have indicated that
undoped LaOBiS2 is also a semiconductor, which is partially
consistent with the experimental result.13,30 The transport
measurement indicates that LaOBiS2 shows semiconducting
behavior at T < 200 K but exhibit an upturn of resistivity at
higher temperature. The origin of the upturn is unclear.
Therefore, the replacement of LaO by SrF should not change
the band structure and thus physical properties too much,

especially at low temperature, similar to the relation between
SrFFeAs and LaOFeAs.18,31 The slight differences between
LaOBiS2 and SrFBiS2, such as larger a-axial and smaller c-axial
lattice parameters, could result in changing of physical
properties at higher temperature. Note that the semiconducting
ρ(T) in LaOBiS2 and SrFBiS2 are different from those in parent
compounds of iron pnictide superconductors. The latter show
metallic behaviors at high temperature and a semiconducting-
like upturn in the resistivity curve related to the spin density
wave (SDW) transition. There is no significant magneto-
resistance in SrFBiS2 up to 90 kOe magnetic field.

Thermal Transport Properties. The temperature depend-
ences of the thermal conductivity κ(T) and thermoelectric
power (TEP) S(T) for SrFBiS2 in zero field between 2 and 350
K are shown in Figure 3. The electronic thermal conductivity

Figure 1. (a) Powder XRD pattern of SrFBiS2 and the fitted result
using two-phase Le Bail fitting. Crosses are experimental data. Red line
is fitted spectra. Green line is the difference between experimental data
and fitted spectra. Vertical lines are calculated Bragg positions for
SrFBiS2 (upper) and Bi2S3 (lower), respectively. (b) Synchrotron PDF
refinement of data taken at room temperature. (c) Crystal structure of
SrFBiS2. The biggest white, big purple, medium orange, and small
green balls represent Sr, Bi, S, and F ions, respectively.
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κe(T) estimated from the Wiedemann−Franz law using a value
for the Lorenz number of 2.44 × 10−8 W Ω/K2 was less than 5
× 10−6 of κ(T). Therefore, lattice thermal conductivity
dominates κL(T), which exhibits a peak at around 60 K (Figure
1(a)). The peak in κ(T) commonly arises because different
phonon scattering processes usually dominate in different
temperature ranges. Umklapp scattering dominates at high
temperatures, while boundary and point-defect scattering
dominate at low and intermediate temperatures, respectively.32

On the other hand, the κ(T) of SrFBiS2 shows similar behavior
to Bi4O4S3 but with different peak position and absolute
value.16 For TEP S(T) of SrFBiS2, there is a reversal in sign at
about 11 K, i.e, hole-like carrier changes into electron-like
carrier, which is dominant at room temperature. According to
two band model, S = |Sh|σh − |Se|σe/(σe + σh).

16 If we assume
that Sh and Se are temperature independent, it suggests that
electron and hole conductivities change dramatically with
temperature: at low temperature, σh > σe whereas σe > σh above
11 K. Hole-like carriers may originate from defect induced p-
type doping. With increasing temperature, electron-like carriers
due to intrinsic band excitation increase significantly, finally
leading to σe > σh and a sign change in S(T). Similar behavior
was observed in LaOZnP and p-type Si.33,34 Even though the
S(T) in SrFBiS2 is significant and not much smaller than in
classics thermoelectric materials,35 its low electrical conductivity
makes its figure of merit ZT (ZT = σS2T/κ) extremely small.

Electronic Structure. First principle calculations (Figure 4)
confirm that SrFBiS2 is a semiconductor with a direct band gap
of 0.8 eV located at X point. This is similar to LaOBiS2 where
the energy gap was found to be 0.82 eV.36 The calculation
confirms the results of transport measurement. Similar to
LaOBiS2,

13,36 both S 3p and Bi 6p states are located around the
Fermi level (−2.0 to 2.0 eV) in SrFBiS3p. Thus there is a
strong hybridization between S 3p and Bi 6p states. The
absence of dispersion along Γ−Z line suggests quasi two-
dimensional character of the band structure in SrFBiS2 (Figure
4(b)). In LaOBiS2, F doping results in metallic states and
superconductivity at low temperature. The main influence of F
substitution is a carrier doping that shifts the Fermi level and
has only a minor effect on the lowest conduction band. Because
of the similarity between SrFBiS2 and LaOBiS2, new super-
conductors could be obtained by chemical substitution.

Table 1. Crystallographic Data for SrFBiS2 Obtained from
Synchrotron Powder XRD

chemical formula SrFBiS2
formula mass (g/mol) 379.73

crystal system tetragonal
space group P4/nmm (No. 129)

a (Å) 4.079(2)
c (Å) 13.814(5)
V (Å3) 229.8(3)

Z 2
density (g/cm3) 5.51

atom site x y z Ueq (Å
2)a

Sr 2c 1/4 1/4 0.1025(2) 0.0069(4)
F 2a 3/4 1/4 0 0.033(2)
Bi 2c 1/4 1/4 0.6286(5) 0.0183(3)
S1 2c 1/4 1/4 0.379(3) 0.060(2)
S2 2c 1/4 1/4 0.811(2) 0.019(1)

aUeq is defined as one-third of the orthogonalized Uij tensor.

Figure 2. Temperature dependence of the resistivity ρ(T) of the
SrFBiS2 at H = 0 (closed blue squares)and 90 kOe (open red circles).
Inset shows the fitted result using thermal activation model for ρ(T) at
zero field, where the red line is the fitting curve.

Figure 3. Temperature dependence of (a) thermal conductivity and (b) thermoelectric power for SrFBiS2 under zero magnetic field within a
temperature range from 2 to 340 K.
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■ CONCLUSION
In summary, we report a discovery of a new layered
fluorosulfide, SrFBiS2. It contains a NaCl-type BiS2 layer
similar to Bi4O4S3 and Ln(O,F)BiS2 superconductors. SrFBiS2
polycrystals show semiconducting behavior between 2 and 300
K. We observe rather small thermal conductivity and large TEP
with sign reversal at low temperature. Theoretical calculation
confirms the semiconducting behavior and indicates a similar
DOS and band structure to undoped LaOBiS2. Because of the
similarity between SrFBiS2 and the parent compound of BiS2-
based superconductors, it is of interest to investigate the doping
effects on physical properties of SrFBiS2. It could pave a way to
new members in this emerging family of BiS2-based super-
conductors.
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Abstract
The evolution of the magnetic state, crystal structure and microstructure parameters of nanocrystalline
zinc–ferrite, tuned by thermal annealing of ∼4 nm nanoparticles, was systematically studied by
complementary characterization methods. Structural analysis of neutron and synchrotron x-ray radiation
data revealed a mixed cation distribution in the nanoparticle samples, with the degree of inversion
systematically decreasing from 0.25 in an as-prepared nanocrystalline sample to a non-inverted spinel
structure with a normal cation distribution in the bulk counterpart. The results of DC magnetization and
Mössbauer spectroscopy experiments indicated a superparamagnetic relaxation in ∼4 nm nanoparticles,
albeit with different freezing temperatures Tf of 27.5 K and 46 K, respectively. The quadrupole splitting
parameter decreases with the annealing temperature due to cation redistribution between the tetrahedral
and octahedral sites of the spinel structure and the associated defects. DC magnetization measurements
indicated the existence of significant interparticle interactions among nanoparticles (‘superspins’).
Additional confirmation for the presence of interparticle interactions was found from the fit of the Tf(H)
dependence to the AT line, from which a value of the anisotropy constant of Keff = 5.6× 105 erg cm−3

was deduced. Further evidence for strong interparticle interactions was found from AC susceptibility
measurements, where the frequency dependence of the freezing temperature Tf(f ) was satisfactory
described by both Vogel–Fulcher and dynamic scaling theory, both applicable for interacting systems.
The parameters obtained from these fits suggest collective freezing of magnetic moments at Tf.

(Some figures may appear in colour only in the online journal)

1. Introduction

Nanocrystalline ferrites with the AB2X4 spinel structure
are the most frequently investigated systems due to the
broad range of their technological applications. These span

diverse areas such as catalysis [1] and medical applications
(treatment by magnetic hyperthermia, use as a drug delivery
system in cancer therapy, and as contrast agents in MRI
diagnostics) [2], and are also used in high-density magnetic
recording media [3], as ferrofluids [4], and as sensors [4],
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among other applications. Furthermore, with the development
of experimental and theoretical tools they have become of
great interest as model systems in fundamental research.
Nanocrystalline ferrites are characterized by unique properties
such as superparamagnetism, core/shell structure, and very
often exhibit appreciable enhancement of their physical
properties (e.g. magnetization, permeability, resistivity, etc)
compared to their bulk counterparts [4–6].

The magnetic properties of magnetic nanocrystalline
materials are often considered as a superposition of
the intrinsic properties of nanoparticles (e.g. structure,
magnetic moments, different types of anisotropies, etc) and
interparticle interactions among them like dipole–dipole
and exchange ones. In ferromagnetic zinc–ferrite each
single-domain nanoparticle possesses a large magnetic
moment (‘superspin’). Depending on the interaction strength
among the superspins, magnetic systems can be subdivided
into two general types with different behaviors. When
interparticle interactions are negligible, a superparamagnetic
(SP) state occurs [5–7], where the superspins belonging to
each nanoparticle oscillate between their easy magnetization
directions, and block along these directions below the so
called blocking temperature TB. In the case of sufficiently
strong interactions among superspins, they do not relax
independently, but in a collective way. It has to be noted
that the interactions usually have a high degree of frustration.
This frustration is a consequence of particle size distribution,
different particle shapes and interparticle distances. All these
factors lead to the formation of the so called superspin-glass
(SSG) state below a certain freezing temperature Tf [8]. It
is common that TB < Tf, since the contribution of magnetic
particle interaction is superimposed on the blocking process.

There are several experimental signatures of SP or SSG
behavior and we shall mention three of them, used in
this paper. The first one is M(T) measurement under the
field-cooled (FC) regime, where for an SP system below
TB, the magnetization constantly increases with temperature
decrease, unlike for the SSG state, where below Tf, the
magnetization shows flatness or decreases [9]. Also, it is
well known that the blocking or freezing temperatures shift
to lower temperatures with increase of the magnetic field
strength. This temperature decrease can be described, in the
mean field picture, by so called AT lines which represent the
boundaries between paramagnetic and spin-glass phases. In
the T–H phase diagram this can be written as [9]

Tmax = Tf[1− (H/Ha)
α
], (1)

where Ha is the anisotropy field, Tmax and Tf are the freezing
temperatures in the magnetic fields H and H = 0, respectively.
The parameter α depends on the interaction strength and
distinguishes the SP and SSG cases. For noninteracting
particles α = 2 [10], while for interacting systems this
parameter is close to 2/3 [11].

AC susceptibility measurements, χ ′(T) and χ ′′(T), for
different frequencies f (different time window) represent a
valuable method for investigation of the spin relaxations.
There are several models describing the dependence of the
relaxation time τ on different parameters like the anisotropy

barrier Ea = KeffV (Keff is the effective anisotropy constant,
V is the particle volume) and the interparticle interaction,
which is presented as the characteristic temperature T0.
For noninteracting particles T0 = 0 and in that case the
superparamagnetic relaxation τ is given by the Néel–Brown
expression τ = τ0 exp(KV/kBT), where τ0 is typically in the
range of 10−11–10−9 s, kB is the Boltzmann constant, and T
is the temperature [12]. Other models which take into account
the influence of the interparticle interactions on the magnetic
relaxation are considered in section 3.3.3.

Zinc–ferrite, ZnFe2O4, crystallizes in the spinel type
structure, represented by the general formula AB2X4, space
group (S.G.) Fd3̄m. Cations occupy tetrahedral 8a (A)
and octahedral 16d (B) sites, while oxygen is in the 32e
crystallographic position. Nanocrystalline ZnFe2O4 has a
mixed, metastable, cation distribution with some percentage
of Zn2+ residing at 16d sites instead of 8a sites, and a
corresponding concentration of Fe3+ then occupies 8a sites.
This is often described as inverted spinel with formula
(Zn1−αFeα)A[ZnαFe2−α]B, where the inversion parameter α
depends on the sample preparation method and the thermal
treatment [13]. Consequently, ZnFe2O4 with a metastable
cation distribution is suitable for studying the effects of
thermal annealing on the inversion parameter.

It is well known that three kinds of interactions, A–A,
B–B, and A–B superexchange interactions, exist in spinel
ferrites, in which the A–B interaction is much stronger
than the others. In bulk ZnFe2O4 having normal spinel
structure, the absence of magnetic ions at A sites (populated
by nonmagnetic Zn) results in weak antiferromagnetic
exchange interactions within Fe atoms at B sites, making
bulk ZnFe2O4 antiferromagnetic below 10 K. Due to the
partial inversion of Zn2+ and Fe3+ cation distributions
in nanocrystalline zinc–ferrite, a superexchange interaction
between the iron ions at A and B sublattice sites occurs,
leading to ferrimagnetic long range ordering at much
higher temperatures. This greatly enhances the saturation
magnetization.

Here we report results of a systematic study using
multiple complementary techniques on a series of ZnFe2O4

nanoparticle samples obtained using thermal annealing
protocols. Inter- and intra-particle interactions in the
ZnFe2O4 nanoparticle system are studied by analysis of
DC magnetization and AC susceptibility data. Details of
the structure and microstructure for nanocrystalline ZnFe2O4

depending on variable thermal annealing protocols are
assessed using synchrotron x-ray and neutron diffraction
data. Two independent methods were combined: the Rietveld
method in reciprocal space and the atomic pair distribution
function (PDF) method in direct space. The effects of thermal
annealing on the magnetic properties and magnetic states at
low temperatures are investigated by combining Mössbauer
spectroscopy, DC magnetization and AC susceptibility
measurements. Using these methods we have established
a relationship between the structure/microstructure and
magnetism.
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2. Experimental details

Nanocrystalline ZnFe2O4 was prepared by a low temperature
chemical co-precipitation method using aqueous solutions
of nitrate precursors. Details of the synthesis procedure
are given in [14, 15]. Chemical quantitative analysis was
performed by inductively coupled plasma optical emission
spectroscopy, ICP-OES (Spectroflame ICP, 2.5 kW, 27 MHz).
The ratio of Zn:Fe found was close to 1:2, indicating the
cation stoichiometry of the samples. An as-prepared sample,
denoted by S1, was annealed at 400 ◦C (S2) and 500 ◦C
(S3) in order to monitor the effects of thermal annealing
on the structural, microstructural and magnetic properties.
Bulk ZnFe2O4 (S4) was prepared by a ceramic procedure.
The starting compounds, Fe2O3 and ZnO, were mixed in
stoichiometric ratios, pressed and heated at 1200 ◦C for 24 h.

Structural and microstructural analyses were carried
out on three nanocrystalline zinc–ferrite samples (S1, S2
and S3), and on one bulk reference sample (S4) using
synchrotron based high-energy x-ray powder diffraction data.
The measurements were performed at 300 K at the 6-ID-D
beam-line of the Advanced Photon Source at Argonne
National Laboratory, utilizing the image plate (IP) detector
MAR345. Samples were packed in cylindrical polyimide
capillaries 1.0 mm in diameter sealed at both ends. A
monochromatic incident x-ray beam of 0.5 mm × 0.5 mm in
size was used, conditioned using a Si(311) monochromator to
have an energy of 86.84 keV (λ = 0.1428 Å). The IP detector
was mounted orthogonally to the beam path with a sample
to detector distance of 230.274 mm, as calibrated by using
a ceria standard sample [16]. Multiple scans were performed
on each sample to a total exposure time of 600 s. This
approach avoids detector saturation while allowing sufficient
statistics to be obtained. To reduce the background scattering,
lead shielding was placed before the sample with a small
opening for the incident beam. The 2D diffraction data were
integrated and converted to intensity versus 2θ using the
software FIT2D [17], where 2θ is the angle between the
incident and scattered x-ray beams. The integrated data were
normalized by the average monitor counts. These intensity
data were subsequently used in the Rietveld analysis. For
the PDF analysis the data were further processed. The
intensity data were corrected and normalized [18] using the
program PDFgetX2 [19] to obtain the total scattering structure
function, F(Q), and its sine Fourier transform, i.e. the atomic
PDF, G(r). In the Fourier transform of F(Q) to obtain G(r),
the data were truncated at a finite maximum value of the
momentum transfer, Q = Qmax. Qmax was optimized so as to
avoid large termination effects and to reasonably minimize the
introduced noise level as the signal to noise ratio decreased
with the increased Q value. Here, Qmax = 25.0 Å

−1
was found

to be optimal.
Time-of-flight (TOF) neutron diffraction data were

collected on nanocomposed and bulk samples at 295 K on
the SEPD diffractometer at the Intense Pulsed Neutron Source
at Argonne National Laboratory and at 15 K on the NPDF
diffractometer at Los Alamos Neutron Scattering Center
at Los Alamos National Laboratory. Nanocrystalline and

finely pulverized bulk samples were loaded into an extruded
vanadium container under He-atmosphere, and sealed using
indium wire. A closed cycle displex cooling system was used
to control the temperature. The data were collected for 6 h to
obtain good statistics.

57Fe Mössbauer spectroscopy was used as a local
magnetic microstructure probe in the temperature interval
of 10–298 K. The Mössbauer spectra for nanosized and
bulk ZnFe2O4 samples were collected in the transmission
configuration, in constant acceleration mode with the
radioactive source of 57Co embedded in a rhodium matrix.
The room temperature spectrum of α-iron foil was used for
spectrometer calibration.

Magnetic measurements were performed on an MPMS
XL-5 SQUID magnetometer and a PPMS magnetometer.
Magnetization versus temperature, M(T), was measured in
the 1.8–350 K temperature range, under zero-field-cooled
(ZFC) and field-cooled (FC) regimes, in different applied
fields. Hysteresis loops were measured at 5 K in FC and ZFC
regimes.

3. Results and discussion

3.1. The structure/microstructure of Zn–ferrites from Rietveld
and PDF approaches

The crystal structure and microstructure properties of samples
S1–S4 were investigated by x-ray diffraction. The analysis
of the experimental data was carried out by both Rietveld
and PDF approaches. While the Rietveld analysis obtains the
crystal structure solely from the Bragg reflections, the PDF
method utilizes both Bragg and diffuse scattering signals to
extract structural information.

Rietveld refinement was carried out by using Fullprof
software [20], in which a TCH Pseudo-Voigt function was
chosen to describe the profile of the diffraction maxima in
order to resolve the microstructure parameters (crystallite size
and microstrain). As expected, better refinement reliability
factors were obtained for the bulk sample structure than for
those derived from refinement of the as-prepared sample
structure (figures 1(a), (b)).

In addition, the crystal structure for the S1 and S4
samples was studied using TOF neutron powder diffraction
data. In figure 2, fully converged Rietveld refinements of
S1 sample data at 295 K are shown. Rietveld refinement
of TOF data of nonmagnetic structures was carried out on
nanocomposed and bulk samples at 295 K as a multipattern
refinement in Fullprof software. The function used to model
the peak shapes represents convolution of a pseudo-Voigt
function with a pair of back-to-back exponentials. As in the
case of refinement of the synchrotron data, the refinement
residuals are higher in the case of the bulk sample (χ2

∼ 4.0)
compared to the nanosized sample (χ2

∼ 1.8). The obtained
structure parameters are given in table 1. They are in good
agreement with the results of the refinement of the data from
the synchrotron experiment for samples S1 and S4. The bulk
sample is found to be almost normal (non-inverted) spinel,
while the S1 nanocomposed sample shows approximately
25% of inversion.
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Figure 1. The refined diffraction patterns of (a) the bulk and (b) the as-prepared sample. The bottom line indicates the difference between
the data and the calculated pattern.

Table 1. The structure parameters obtained from Rietveld and PDF analyses.

S1 S2 S3 S4

Latice (Å) Rietveld 8.440 18(101) 8.449 13(48) 8.432 22(45) 8.4298(6)
PDF 8.441 2(2) 8.443 2(4) 8.426 1(2) 8.4328(3)
TOF 8.442(4) — — 8.4287(2)

x(O) Rietveld 0.254 67(34) 0.256 72(20) 0.258 87(22) 0.2600(2)
PDF 0.258 0(3) 0.258 6(2) 0.259 0(2) 0.2604(2)
TOF 0.257 6(6) — — 0.2603(1)

Zn occupation number Rietveld 0.740(13) 0.722(8) 0.840(8) 1
TOF 0.748(20) — — 0.982(3)

The atomic PDF represents a total scattering based
function in direct space that provides a distribution of
interatomic distances r in a material. The PDF is a well
suited method for structural assessment in bulk materials with
nanometer scale inhomogeneities, and crystallographically
challenged materials, such as nanoparticles [21]. Figure 3
illustrates 15 K TOF data from the NPDF for bulk sample
S4 (gray) and as-prepared nanocrystalline sample S1 (red).
In figure 3(a) a comparison of the reduced total scattering
functions, F(Q), is shown. Notably, there is an appreciable
broad diffuse scattering component in the data for sample S1.
As can be seen in the inset that shows F(Q) on an expanded
scale, the Bragg peaks in the data for the nanocrystalline
sample are much broader than the corresponding peaks
for the bulk counterpart, as expected. Comparison of the
corresponding PDFs, G(r), is given in figure 3(b). While the
PDF of the bulk sample exhibits excellent crystallinity and
long range order, the structural coherence abruptly degrades
for the as-prepared sample as r increases, reflected in an
abrupt decay of the PDF intensity as a length scale comparable
to the nanoparticle size is approached, as sketched by the
dashed red line that serves as a guide to the eye. The PDF
analysis was carried out using the program PDFgui [22]. A
model corresponding to an average cubic structure within the
Fd3̄m space group was used and had seven parameters: the
lattice parameter, the x-fractional coordinate of the oxygen,
isotropic thermal parameters for Zn, Fe and O, the spherical
particle diameter, and an overall scale factor. The refinements
for all samples were carried out on 300 K x-ray data over
the 1.5–65.0 Å range, with reasonably low agreement factors,
rWP, between the data and the model, ranging from 0.11 to

0.12. The final fits are shown in figure 4 for as-prepared
sample S1 (a), sample S2 (b), sample S3 (c), and bulk
sample S4 (d). By visual comparison of the data one can
immediately notice a gradual but rapid loss of PDF intensity
for the S1–S3 samples, compared to the bulk S4, reflecting the
loss of structural coherence in the nanocrystalline samples.
Additional decay of the PDF intensity originating from the
limited Q-space resolution of the x-ray measurement setup is
also present, and can most notably be seen in the data of the
bulk sample, as well as in the data obtained for a crystalline
Ni reference, shown in figure 4(e).

The values of the structural parameters obtained from
the PDF analysis, lattice parameters and oxygen coordinates,
shown in table 1, are in reasonably good agreement with those
determined from the Rietveld refinement of the x-ray and
neutron data.

Inspection of the difference curves for the PDF
refinements shown in figures 4(a)–(d) and 5(a), and the low
values of the agreement factors, indicate that the cubic Fd3̄m
model explains the structure of all the samples reasonably
well. However, a closer examination of the difference curves
in these figures reveals the existence of discrepancies in the
low-r region of the PDFs for the nanocrystalline samples.
Further, comparison of the atomic displacement parameters
(ADPs) obtained from broad range refinements of the
nanocrystalline data relative to those obtained for the bulk
(inset to figure 5(a)) indicates enlarged values of the ADPs
for all three atomic species for the as-prepared sample. This
enlargement systematically decreases as the NP size increases
towards bulk. Evaluation of the cubic fit to the data of the S1
sample in the low-r range, figure 5(b), provides a clue as to
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Figure 2. The final Rietveld plots of the nanocomposed sample at
295 K: (a) region 1, (b) region 2, and (c) region 3. The dots denote
the observed step intensities; the line represents the corresponding
calculated values. The difference curve between the observed and
calculated values is given at the bottom. The vertical lines represent
peak positions for the nuclear structure.

why the ADPs are enlarged. While the cubic model explains
the data well over a broad range, it misses the positions
of the PDF peaks centered at around ∼3.0 and ∼3.5 Å.
The two peaks correspond to the near-neighbor Fe–Fe and
Zn–Zn distances in the Fd3̄m structure, respectively. As is
apparent from figure 5(b), the data indicate that the Fe–Fe
distance is longer than the average model predicts, while the
Zn–Zn distance is shorter than that predicted by the average
model. By considering published ionic radii of the species
involved [23], the observed effect can be understood by simple
coordination chemistry arguments. As mentioned earlier, in
a normal spinel structure the Fe occupy 16d sites on the
pyrochlore sublattice of corner-shared Fe-tetrahedra, and are
octahedrally coordinated by O, while the Zn occupy 8a sites
that are tetrahedrally coordinated by oxygen. The ionic radii
of Zn2+ are 0.6 Å for tetrahedral coordination and 0.74 Å
for octahedral coordination, and those of Fe3+ are 0.49 Å for
tetrahedral coordination in the HS configuration and 0.645 Å
for octahedral coordination in the HS configuration (0.55 Å
in the LS configuration). When inversion occurs, with a
fraction of Zn atoms occupying Fe sites and vice versa,
local structural distortions can be expected. An octahedral site
subject to inversion would host a larger Zn2+ ion substituting

Figure 3. (a) The reduced neutron total scattering structure
function, F(Q), at 15 K for the bulk S4 sample (gray) and the
as-prepared S1 nanocrystalline sample (red). The inset shows a
small region on an expanded scale. (b) The corresponding atomic
PDF for samples S4 (gray) and S1 (red). The dashed red line
illustrates damping of the PDF for the nanoparticle sample due to its
finite size. See the text for details.

for a smaller Fe3+, accounting for the observed enlarged
near-neighbor distance between two 16d sites. Conversely,
a tetrahedral site subject to inversion would host a smaller
Fe3+ ion substituting for a larger Zn2+ ion, resulting in
a decrease of the near-neighbor distance between two 8a
sites, in qualitative agreement with observed behavior. Hence,
the observed effect in as-prepared nanocrystalline sample
S1 can be understood to be a consequence of inversion,
in good agreement with earlier results of EXAFS [24] and
XANES [25]. This renders PDF a useful tool for observing
inversion through associated structural defects, which is of
particular importance in cases where inversion cannot be
easily detected directly and reliably due to, for example,
modest scattering contrast. One unique advantage of the
PDF approach compared to EXAFS is that PDF probes the
structure on various length scales, in contrast to EXAFS
that provides information normally limited to the first few
coordination shells. PDF can therefore be utilized to estimate
the spatial extent of the inversion-induced distortions. From
the difference curve in figure 5(a) it is clear that in the case
of ZnFe2O4 the distortions are rather localized and do not
propagate in a correlated fashion beyond the nearest-neighbor
distances involved. This is in accord with the notion that the
inversion is a random process. Spatially averaged distortions
are then well described by the average structure cubic model
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Figure 4. Refinements of the Fd3̄m model to the experimental
x-ray PDF data collected at 300 K for (a) as-prepared Zn–ferrite
nanoparticles (S1) as well as those annealed at 400 ◦C (S2) (b) and
500 ◦C (S3) (c). For comparison, the structure of bulk Zn–ferrite (d)
was also refined over a wide r-range. Data are shown as open
symbols, model profiles as solid lines, and corresponding difference
curves are shown offset below for clarity. Nickel standard data and
the corresponding structure model fit are also shown (e) to illustrate
the damping effect of Q-space resolution on the PDF. See the text
for details.

with enlarged ADP parameters. The evolution of inversion
and associated distortions with change of the nanoparticle size
is summarized in figure 5(c) which features the experimental
radial distribution function, R(r). On going from as-prepared
sample S1 towards bulk sample S4, the distortion decreases
and the features in the local structure relax towards the
non-inverted spinel structure. The evolution with particle size
of the relative local displacements (compared to bulk) is
estimated from model independent Gaussian fits to the R(r)
data and is illustrated in the inset to figure 5(c).

The occupation number of Zn ions at the A site was
determined by Rietveld refinement, showing the change of
Zn ion occupation ratio over A and B sites. The results show
that the bulk sample resembles a normal spinel structure,
while about 25% of inversion is found in S1 and S2.
This is in qualitative agreement with the evolution of the
observed local structural distortions in the PDF. However, the
values of the inversion parameter from Rietveld refinement,
particularly for the S2 sample, may be less reliable due to poor
scattering contrast. This emphasizes the importance of using
multiple complementary methods when studying challenging
nanocrystalline systems.

Microstructure analysis of the S1, S2 and S3 samples
was performed on x-ray diffraction data by the Rietveld

Figure 5. (a) A fit of the cubic Fd3̄m model (solid line) to the
as-prepared S1 nanocrystalline sample PDF data (open symbols).
The difference is offset for clarity. The inset shows the 300 K
evolution of the relative ADPs for Zn (solid circles), Fe (open
circles) and O (solid squares) with nanoparticle size compared to
their values obtained for the bulk sample (S4). (b) Close-up of the fit
shown in (a). The vertical lines indicate the positions of peaks
obtained from the fully converged cubic model. (c) A comparison of
the 300 K x-ray short range radial pair distribution functions (RDF),
R(r), for all samples: S1 (light red), S2 (dark red), S3 (purple) and
S4 (blue). The arrows indicate inversion-induced local distortion.
The inset shows the evolution of the local distortion with
nanoparticle size. See the text for details.

method and by using Ni powder standard to determine the
instrumental line broadening. The results for particle size and
microstrain are shown in table 2. Both parameters were refined
using an isotropic (spherical) particle shape model and an
isotropic microstrain (random defect distribution), providing
satisfactory agreement with the experimental data. The
Rietveld-obtained values for particle size are also compared to
those obtained from the PDF, and good agreement was found
for all samples. Since the size characterization by the PDF is
in principle sensitive to both the core and the shell regions,
while the Rietveld results merely denote the dimensions of
the crystalline core, the agreement implies that any coherent
shell region in the studied samples is probably very thin.
Whilst this does not exclude the possibility of the existence
of a disordered amorphous-like shell, no discrepancies in the
low-r region of the modeled PDF were seen, beyond those
ascribed to inversion that would indicate the presence of an
amorphous-like surface region.
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Figure 6. TEM image of S1.

Table 2. Particle size and microstrain for nanoparticle samples
obtained from Rietveld refinement and the PDF.

S1 S2 S3

Particle size (Å) Rietveld 34 77 129
PDF 39(1) 75(1) 128(2)

Microstrain (×10−4) 55 29 —

3.2. Particle shape, particle morphology and crystallite size

The particle size and morphology of the as-prepared sample
were characterized by transmission electron microscopy. A
typical image of the S1 sample is shown in figure 6.
TEM analysis reveals that the particles are isotropic, with a
relatively uniform size distribution. Inspection indicates that
the mean particle size is in the 4–6 nm range, suggesting that
on average one grain is composed of one crystallite. This
implies that the produced nanomaterial is well crystallized
and free of defects. A more detailed TEM analysis enabled
us to clarify the morphology of the synthesized particles. The
particles are nearly spherical in shape.

3.3. The magnetization of Zn–ferrites

3.3.1. Magnetization versus temperature. The temperature
dependences of ZFC and FC magnetization (1.8–300 K)
for the investigated nanoparticles (S1–S3) were measured in
different fields, from H = 10 Oe up to 5 kOe. As an example,
the result of measurements for S3 in a field of 100 Oe is
shown in figure 7 (main panel). It can be seen that the ZFC
and FC magnetization curves separate below the irreversibility
temperature Tirr, indicating the presence of a certain degree
of magnetic anisotropy which is still significant in a field
of 2 kOe, but is overcome in a field of 5 kOe (not shown).
The ZFC branch exhibits a pronounced maximum which is
characteristic for both the SP and SG states. However, the
FC branch below Tmax decreases, deviating from SP behavior,

Figure 7. Temperature dependence on magnetization for sample S1
measured after ZFC and FC in an applied field of 100 Oe. Inset:
ZFC magnetization versus temperature for samples S1–S3.

Figure 8. Tmax versus H2/3 for sample S1. The line is a fit to the
Almeida–Thouless (AT) line.

where the FC magnetization constantly increases. The
decrease of FC magnetization at low temperatures is caused
by interparticle interactions among nanoparticle superspins.
In a case of strong interactions Tmax would represent the
freezing temperature which is a superposition of the blocking
process of nanoparticle moments and interactions among
them. The blocking temperature is lower then Tmax, and
depending on the strength of the interparticle interactions,
can be several times less then the freezing temperature for
H = 0 [26].

In order to further investigate the nature of the magnetic
state below Tmax, temperature dependence Tmax(H) was
measured from 10 Oe to 5 kOe for sample S1. A significant
shift of Tmax to lower temperature with increase of the
applied field H can bee seen in figure 8, where Tmax versus
H2/3 is depicted. The full line in the T–H phase diagram
is the fit to the Almeida–Thouless (AT) line, given by
equation (1) [27]. This line represents the boundary between
the superparamagnetic and SSG states. Good agreement with
experimental values is achieved in the range from 10 to
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Figure 9. The hysteresis loop for the S3 sample at 10 K. Lower inset: enlargement of the low-field region. Upper inset: overlapping
hysteresis loops measured at 2 K after FC and ZFC (see text).

1000 Oe, but above this range a certain deviation is observed.
This implies that collective behavior exists for low applied
fields, while for higher fields this collective state is suppressed
or even erased [28]. From this fit the freezing temperature
Tf = (27.5±0.1)K and anisotropy field Ha = (4200±100)Oe
are obtained. By using the relation Ha = 2Keff/ρMS [26],
the effective anisotropy constant Keff = 5.6 × 105 erg cm−3.
In this relation Ms is the saturation magnetization obtained
from M(H) measurements (Ms = 50 emu g−1, see the next
paragraph) and ρ is the density of the sample. The density
ρ = 5.93 g cm−3 was calculated as m/V , where V is the
volume of the crystal cell (calculated from the obtained cell
parameters, see table 1), with eight formula units in it (Z = 8).
The obtained effective anisotropy constant Keff is one order of
magnitude higher then in the isostructural bulk ferrites [29].
From the obtained value of Keff and by using the expression
KeffV = 25kB〈TB〉, the mean blocking temperature 〈TB〉 can
be estimated. If we take the mean value for the particle size
obtained for the S1 sample by the Rietveld and PDF methods
(〈d〉 = 3.6 nm, see table 2), 〈TB〉 = (4±1)K is obtained. This
value is about six times lower than the freezing temperature
Tf = 27.5 K, showing a high contribution of interparticle
interaction to the freezing temperature.

The validity of the AT behavior has been found in
many different nanostructure systems in which interparticle
exchange interactions are present, such as in layered
LiNi0.4Mn0.4Co0.2O2 [30], nanocrystalline Ni–ferrite with a
core/shell morphology of nanoparticles [31], single crystalline
ZnMn2As2 [32], and epitaxial BiFeO3 (BFO) thin films grown
on (111) SrTiO3 substrates [33].

3.3.2. Magnetization versus field. The M(H) measurements
were performed at several temperatures in the range of

2–300 K, in both the zero-field-cooled and field-cooled
regimes. The hysteresis loop for the S3 sample at 10 K is
shown in figure 9, with the low-field region enlarged (lower
inset to figure 9) to show the hysteresis symmetry. One of the
remarkable features of the magnetization curve is its increase
with applied field and the absence of saturation even in a
field of 5 T (the maximum field strength achievable on an
XL-5 SQUID magnetometer) or 9 T (measurements on a
PPMS). The observed behavior should be mainly addressed
to the canting of spins in the ferrimagnetically ordered
particle core due to strong A–B superexchange interactions.
Nevertheless, the non-saturation could be also an indication
of the presence of spin disorder at the particle surface. In
the upper inset in figure 9 the hysteresis loops are shown at
2 K in both the FC and ZFC regimes. The same results were
observed in two other samples (S1 and S2). The observed
non-saturation and symmetry of the magnetization loops
in the FC regime is indicative of the nanoparticles having
core/shell structure, with a smaller effect of the magnetic
moments in the shell [34]. The result of PDF/Fullprof analyses
referring to the shell and the above results suggest that the
shell is not significant in size and is probably not crystalline.

To further explore the existence of interparticle inter-
actions, we consider the reduced remanence, MR/MS. The
theoretically predicted MR/MS value of 0.5 for noninteracting
single-domain particles with their easy axis randomly oriented
has been confirmed experimentally in some noninteracting
nanoparticle systems, such as CoFe2O4 [7]. A value of
0.15 at 5 K was reported for Fe3O4 with interparticle
interactions [35]. Further lowering of this value may also
be induced by internal strain [36]. The results of our
size/strain analysis point to the existence of non-negligible
strain (table 1). The values of MR/MS obtained for sample
S3 at different temperatures were 0.21 (2 K), 0.11 (6 K) and

8



J. Phys.: Condens. Matter 25 (2013) 086001 B Antic et al

Figure 10. The variation of coercivity with temperature for samples
S1–S3.

0.05 (10 K). These reduced values are most probably induced
by both internal strain and interparticle interactions.

The change of HC (ZFC) with temperature for S1–S3
is presented in figure 10. The coercivity develops below
the freezing temperature and its value decreases non-linearly
with increasing temperature. The presented results show
the values of HC and their dependence on particle size.
We note that although the values of HC for S2 and
S3 are very similar, there is a difference in the size of
these particles (table 2). In noninteracting single-domain
nanoparticles with uniaxial anisotropy, the HC(T) dependence
should obey the relation HC = HC0[1 − (T/TB)

1/2
] [37],

where HC0 denotes the coercivity at T = 0 K and TB is
the blocking temperature. The observed deviation in linearity

of the HC(T1/2) curves (figure 10) is attributed to the
existence of interparticle interactions. Further investigation
of the interparticle interactions was carried out by M(H)
measurements at different temperatures in SPM regions.
Figure 11 shows the reduced magnetization (M/MS) versus
H/T for three selected temperatures, 100, 200 and 300 K,
for the S1 sample (main panel). The values of the saturation
magnetization MS were obtained by extrapolating M versus
1/H at 1/H = 0. Non-overlapping curves have been found
in superspin-glass systems [8], and indicate the existence
of interparticle interactions. For two other samples, S2 and
S3, the M(H) curves at 300 K are presented in the inset of
figure 11. They show S-shapes with zero values of coercivity
and remanence, which is typical for SPM systems.

Concerning the value of the saturation magnetization,
it was found to be around 50 emu g−1 for S3 at 10 K
(figure 9) and about 20 emu g−1 at room temperature (the inset
of figure 11). The value depends on the cation distribution,
surface and core particle spin canting, inter- and intra- particle
interactions, different kinds of anisotropies, and parasite
phases. Brief inspection of the literature points to a broad
range of reported values of the magnetization of Zn–ferrite
nanoparticles, from 11 to 88 emu g−1 as was reported in [38].
A partial migration of Fe atoms from A to B sites yields
ferrimagnetic clusters due to the strong A–B superexchange
interactions. This partial inversion has been invoked as the
source of the much larger magnetization in ZnFe2O4 fine
particles [41] or the room temperature ferrimagnetic behavior
observed in ZnFe2O4 thin films [39, 40].

We have used DC magnetization measurements in
order to examine the existence of core/shell structure of
Zn–ferrite nanoparticles, to correlate the obtained results
with PDF/Rietveld results (section 3.1), and to extract

Figure 11. Normalized magnetization versus H/T for S1 at 100, 200 and 300 K. Inset: magnetization versus field for S2 and S3 at 300 K.
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information on the interparticle interactions. The shell was
found to be thin in all samples studied. The results of DC
magnetization measurements suggest a picture of interacting
ferrite nanoparticles.

3.3.3. The AC susceptibility of Zn–ferrite nanoparticles. In
order to get a better insight into the nature of the magnetic
state at low temperatures, the magnetic dynamics was
investigated by AC susceptibility measurements as described
in section 2. Figure 12(a) shows the in-phase part χ ′ and
the out-of-phase part χ ′′ of the dynamic susceptibility χac =

χ ′ − iχ ′′ for sample S3 measured at different frequencies, f
in an oscillating field of 5 Oe. As can be seen, at the peak
values of the χ ′(T, f ) curves, Tf increases and shifts to lower
temperatures with decreasing frequency. χ ′′(T, f ) also shows
a maximum whose amplitude and position depend on the
frequency of the AC field. The obtained dependences of the χ ′

and χ ′′ maxima are characteristic for superspin-glass (SSG) as
well as for SPM systems [41, 42].

Information about the magnetic state was first extracted
from the relative shift of the maximum peak temperature
Tf per decade of frequency, i.e. 9 = (1Tf/Tf)/1(log f ),
for the in-phase part χ ′. For spin-glasses 9 has a value
in the range ∼10−3–10−2 [41, 42]. In the case of a
superparamagnet (noninteracting magnetic particles) the 9
parameter is 10−1 [41]. The obtained value of 9 = 0.027
suggests that the investigated system is a superspin-glass,
rather than a superparamagnet.

To analyze the obtained frequency shift of the
temperature Tf(f ) we used two approaches usually used for
ensembles of interacting nanoparticles: (i) the Vogel–Fulcher
law and (ii) dynamic scaling theory. The empirical
Vogel–Fulcher law, given by the following expression, is
widely used in cluster-glass systems [42]:

f = f0 exp(−Ea/(Tf − T0)), (2)

where the parameter T0 is a measure of the interparticle
interaction strength, and Ea denotes an energy barrier
parameter. Ea = KeffV , where Keff and V denote the
anisotropy and particle volume, respectively. The frequency
parameter f0 is connected with the relaxation time τ of the
magnetization vector in the region T → T+f by the relation
τ = 1/f0. To precisely determine the Tf as a maximum value
in χ ′(T, f ) we fitted the experimental values near maxima
by a polynomial function. The observed Tf for different
frequencies in the range of 1–1000 Hz was fitted using
equation (2), see figure 12(b). The obtained best-fit values
of the parameters were Ea = 255 K,T0 = 26.4 K and f0 =
1.3 × 1012 Hz. The relaxation time τ was found to cover a
wide range of values, from 10−6 s [43] to 10−13 s [44] in
spin-glasses and from 10−9 to 10−11 s in SPM systems [35].
The observed τ = 7.6 × 10−13 s indicates a spin-glass-like
behavior.

In the second approach, the in-phase component χ ′ of
the AC susceptibility was analyzed according to conventional
power-law dynamics. In the T → T+f temperature region,
the relaxation time τ of the magnetic moments shows a
critical slowing-down described by the relation τ = τ0ε

−zν ,

Figure 12. (a) The real, χ ′, and imaginary, χ ′, (inset) components
of the AC susceptibility as a function of temperature and frequency
for the Zn–ferrite annealed at 500 ◦C (S3); (b) a plot of ln f versus
1/(Tf − T0); and (c) a log–log plot of the reduced temperature
ε = (T − Tf)/Tf versus the driven frequency for sample S3.

where ε = (T − Tf)/Tf denotes a reduced temperature, τ0 is
the microscopic relaxation time, z is the dynamical scaling
exponent, and ν is the correlation-length scaling exponent [41,
45]. Thus, the frequency-dependent maxima should follow the
expression

f = f0ε
zν . (3)
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A log–log plot of f (ε) gives an excellent linear dependence, as
shown in figure 12(c). The best-fit values of the parameters are
f0 = 1.99× 1011 Hz, zν = 13.3 and Tf = 31 K. For canonical
spin-glasses such as CuMn and AuMn, typical f0 values are
within the 1011–1012 Hz range [41]. The obtained value of
the critical exponent zν is larger in comparison with those
found in diluted magnetic semiconductors [46, 47] and other
spin-glasses, where the zν parameters are in the range of
4–10 [41]. However, some works on magnetic nanoparticles
with strong interactions, high local disorder and/or broad
particle size distributions have reported power-law dynamics
near Tf, with exponents zν within the 10 ≤ zν < 24 range [48,
49].

It is well known that, for systems of noninteracting,
single-domain magnetic particles, the frequency dependence
of the blocking temperature TB(f ) can be well described by
the Néel–Arrhenius law [50]. Our experimental data were
also fitted to the Arrhenius law, but unphysical values were
obtained.

3.4. Mössbauer spectroscopy study of Zn–ferrites

Mössbauer spectra for zinc–ferrite sample S1, recorded in
the temperature interval (10, 298) K, are shown in figure 13.
The relative area of doublet components decreases with
reducing temperature in favor of sextet components, showing
behavior characteristic of superparamagnetic relaxation in
nanoparticle systems. A transition to a magnetically ordered
state occurs over a wide temperature range. The estimated
freezing temperature is Tf = 46 K, suggesting that for
the nanoparticle sample the ordering temperature is much
higher than the Néel temperature reported for bulk samples
(TN = 9 K) [51, 52]. In bulk ZnFe2O4 normal spinel, all
Fe3+ ions are octahedrally coordinated with O (sites B)
and weak BB superexchange interactions among them are
responsible for AF magnetic ordering at the Néel temperature.
Due to the partial inversion of the Zn2+ and Fe3+ cation
distributions in nanocrystalline zinc–ferrite, superexchange
interaction between iron ions in tetrahedral and octahedral
sites occurs, leading to ferrimagnetic long range ordering at
much higher temperatures. The degree of cation inversion can
be estimated from the low temperature Mössbauer spectrum,
with the assumption that the recoilless fractions for Fe3+ in
tetrahedrally and octahedrally coordinated sites (A and B) are
almost the same [53]. Within this assumption, the areas of the
A and B site components can be considered as proportional to
the iron occupancy in the A and B sites. An inversion degree
of 0.27 was estimated from the fit of the Mössbauer spectrum
recorded at 10 K.

The fit of the 10 K spectrum is based on the superposition
of three sextets with different values of the hyperfine field. The
lower isomer shift parameter (IS) of one component suggests
that it corresponds to the Fe3+ in tetrahedral surroundings
(A sites). On the other hand, the invariance of the isomer
shift values for the other two components indicates that both
of them describe iron nuclei in octahedral site B. The usage
of two components represents an approximation made in
order to describe different local environments of Fe3+ ions

Figure 13. Fitted 57Fe Mössbauer spectra of nanoparticle ZnFe2O4
sample S1 from 10 K to room temperature.

in B sites. Due to the lack of resolution, determination of
the exact number of such components represents a difficult
task. Different values of their hyperfine fields Bhf originate
from a variety of different environments that Fe nuclei can
be found in within this spinel structure. Due to the strong
overlap of A and B site components, it is very difficult to make
a clear distinction between various subspectra corresponding
to different magnetic Fe surroundings. The use of in-field
Mössbauer spectroscopy would undoubtedly confirm the
existence (or otherwise) of distinct positions of Fe3+ in such
an inverted spinel structure.

With increasing temperature the three sextet components
collapse into the slightly asymmetric doublets obtained in
the room temperature Mössbauer spectrum. Collapsing of the
components occurs in a wide temperature interval due to
the distribution of particle size in the nanoparticle ZnFe2O4
S1 sample. Superparamagnetic relaxation spectra recorded at
intermediate temperatures show a complex hyperfine structure
with a quadrupole doublet superimposed on a magnetically
split pattern. The values of the IS obtained from the fit of
Mössbauer spectra clearly confirm the absence of the Fe2+

valence state (see table 3). A comparison of room temperature
Mössbauer spectra for bulk and nanocrystalline zinc–ferrite
samples, as well as for nanoparticle samples annealed at 400
and 500 ◦C is shown in figure 14.

The room temperature Mössbauer spectrum recorded for
the bulk sample was fitted as a superposition of two symmetric
doublets. The invariant values of the IS, corresponding to
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Table 3. Mössbauer parameters extracted from the fit of Mössbauer spectra at different temperatures.

Temperature/sample description Component IS (mm s−1) QS (mm s−1) Bhf (T) Area (%)

10 K S1 S1 0.45 0.02 50.49 35.8
S2 0.45 0.07 47.96 37.1
S3 0.42 0.01 43.28 27.1

298 K S1 D1 0.36 0.49 67.6
D2 0.39 0.75 32.4

298 K S2 D1 0.36 0.45 71.6
D2 0.37 0.79 28.4

298 K S3 D1 0.35 0.40 76.4
D2 0.35 0.70 23.6

298 K S4 D1 0.35 0.33 44.5
D2 0.35 0.40 55.6

Figure 14. Room temperature Mössbauer spectra for ZnFe2O4: (a)
S1, (b) nanoparticle S2, (c) S3 and (d) bulk counterpart.

Fe3+ ions octahedrally surrounded by oxygen, confirm that
the components describe crystallographically the same iron
site (B), table 3 [53]. In the case of the nanoparticle sample,
an increase of the quadrupole splitting (QS) parameter is
evident in comparison to the values obtained for the bulk
sample. The disorder in the local field leading to such an
increase of the QS in the nanocrystalline sample has several
different origins. Firstly, due to the cation redistribution on
A and B sites observed by Rietveld and PDF analyses, it is
reasonable to expect that the local bond symmetry is changed.
Also, a higher degree of defects in nanoparticle samples and
a considerable fraction of Fe ions located at the surface of the
grains exhibiting spin canting due to the surface anisotropy

could be alternative and/or additional reasons for the observed
increase of the QS [54–56].

The annealing treatment of the nanoparticle ZnFe2O4
sample at 400 and 500 ◦C causes structural changes towards
higher crystallinity. The increase of the crystallite size by
heating lowers the surface contribution and partially reduces
the amount of defects, hence reducing the disorder in the
local field. The QS parameter exhibits a decreasing trend
with increasing nanoparticle size, although an annealing
temperature of 500 ◦C was still insufficient to achieve higher
crystallinity compared to that of the bulk sample [57].

4. Conclusions

Multiple complementary techniques were employed in order
to study the magnetism, structure and microstructure of
a series of Zn–ferrite nanoparticles obtained by thermal
treatment (the particle sizes were 4, 7.5 and 13 nm). The
crystal structure was refined by both Rietveld and PDF
methods using neutron and x-ray data. Small discrepancies
between the Rietveld and PDF results were found for the
values of the lattice parameters, in which case those derived
from the PDF can be considered as more reliable due to the
fact that the PDF is based on a total scattering approach
including both Bragg and diffuse scattering components,
while Rietveld relies on Bragg intensities alone. PDF
modeling and the Rietveld method gave comparable values
for the crystallite size, suggesting that the nanoparticles
(if we consider them as core/shell structured) probably
have rather thin shell regions; this was confirmed by FC
M(H) measurements. The results of DC magnetization and
AC susceptibility measurements imply that the investigated
Zn–ferrite nanoparticle system can be well described within
the SSG picture. Experimental results such as the observation
of the Almeida–Thouless line for low-field magnetization
data (Tmax versus H2/3), the difference in M/MS versus
H/T curves above Tmax (temperature of the maximum
in ZFC magnetization), the non-linearity in HC versus
T1/2 and the remanence/saturation ratio value MR/MS
suggest that the behavior is typical of that of interacting
nanoparticle systems. The effective anisotropy constant for
the nanoparticle samples, Keff = 5.6 × 105 erg cm−3, was
found to be an order of magnitude higher than the Keff for
isostructural bulk ferrites. The thermal treatment affected
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the magnetic parameters, such as the freezing temperature,
coercivity, saturation magnetization and quadrupole splitting
observed in Mössbauer spectroscopy measurements.
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ABSTRACT: Evolution of the structural and magnetic properties
of ZnFe1.95Yb0.05O4 nanoparticles, prepared via a high-energy ball
milling route and exposed to further thermal annealing/heating,
was assessed in detail and correlation of these properties explored.
While as-prepared spinel nanoparticles possess a high degree of
inversion, heating of the sample to ∼500 °C is found to rapidly
alter the cation distribution from mixed to normal, in agreement
with the known cation preferences. Under the same conditions
the crystallite size only slowly grows. By further thermal treatment
at higher temperatures, the crystallite size is changed more
appreciably. An interrelationship among the lattice parameter,
octahedral site occupancy, and crystallite size has been
established. The observations are (a) both the site occupancy
of Fe3+ at octahedral 16d spinel sites (N16d(Fe

3+)) and the cubic
lattice parameter rapidly increase with an initial increase of the
crystallite size, (b) the lattice parameter increases with increasing
occupancy, N16d(Fe

3+), and (c) there appears to be a critical
nanoparticle diameter (approximately 15 nm) above which both
the site occupancy and lattice parameter values are saturated. The
magnetic behavior of the annealed samples appears to be
correlated to the evolution of both the cation distribution and
crystallite size, as follows. As-prepared samples and those
annealed at lower temperatures show superparamagnetic behavior at room temperature, presumably as a consequence of the Fe3+

distribution and strong Fe3+(8a)−O−Fe3+(16d) superexchange interactions. Samples with a nanoparticle diameter greater than 12 nm
and with almost normal distributions exhibit the paramagnetic state. The coercive field is found to decrease with an increase of the
crystallite size. Partial Yb3+/Fe3+ substitution is found to increase the inversion parameter and saturation magnetization. Detailed
knowledge of the thermal evolution of structural/microstructural parameters allows control over the cation distribution and crystallite
size and hence the magnetic properties of nanoferrites.

1. INTRODUCTION

For many years ferrites have been one of the most studied
materials, particularly in the form of nanopowders and thin films.
They crystallize in a simple spinel structure and often serve as
model systems. Their broad industrial applications require
development of controlled methods for their synthesis, which
would supply the targeted characteristics of the material. Another

possibility to optimize the physical properties of a ferrite is a
partial substitution of cations by 3d and 4f elements. The rare
earth (4f) ions are larger than the hosts; hence, they often create
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structural distortions and have significant influence on the
crystallite strain. Binary ferrites (MFe2O4; M = Zn, Mn, Fe, Ni,
Cr) are often doped/substituted to improve their magnetic
properties. It is noteworthy that a series of Fe2.85RE0.15O4 (RE =
Gd, Dy, Ho, Tm, and Yb) samples have recently been prepared
by high-energy ball milling (HEBM) protocols, and a correlation
between the magnetic and structure properties has been
reported.1 One of the goals of this study is to investigate the
effect of partial substitution of Fe ions with Yb in the zinc ferrite
nanoparticle system on the magnetic properties of the parent
compound.
Ferrites crystallize in a spinel-type cubic structure, which is

traditionally divided into two different ideal structure types,
normal and inverse. In normal spinels, M ions of ferrites MFe2O4
are solely located on tetrahedral (8a) sites and Fe ions solely on
octahedral (16d) sites within the Fd3 ̅m space group. Inverse
spinels have half of the Fe ions residing on tetrahedral sites, while
the rest of the Fe ions and all the M ions occupy the octahedral
sites. At the nanoscale, the cation distribution is often found to be
mixed (between these two ideal structure types), and this is then
quantified by the inversion parameter, which corresponds to the
fraction of M ions residing on the octahedral sites. Bulk ZnFe2O4
is known to have an almost normal spinel structure with Zn2+

ions located on tetrahedral sites and Fe3+ ions located on the
octahedral sites. On the other hand, the nanosized counterpart
has a mixed cation distribution (Zn1−αFeα)8a[ZnαFe2−α]16d,
where the inversion parameter α is found to vary, depending
on the sample preparation method and the thermal treatment.2

The aims of this work were (i) the synthesis of Yb-substituted
zinc ferrite by the HEBM method, (ii) an investigation of the
thermal evolution of structural and microstructural parameters by
both in situ and ex situ X-ray diffraction techniques, (iii) the
determination of the magnetic properties of as-prepared and
annealed samples, and (iv) an investigation of the relationship
between the structure/microstructure and the magnetic properties.

2. EXPERIMENTAL SECTION
2.1. Mechanochemical Synthesis. The starting com-

pounds for mechanochemical synthesis of the title compound
were ZnO, Fe2O3, and Yb2O3. They were mixed in appropriate
molar ratios according to the stoichiometry ZnFe1.95Yb0.05O4.
The mixture was milled in air using a planetary ball Fritch
“pulverizette 4” mill equipped with tungsten carbide bowls and
balls. The milling parameters were a ball-to-powder mass ratio of
20:1, a rotation speed of the main disk of 400 rpm, and a rotation
speed of the planets of 1300 rpm. Balls 10 mm in diameter and a
250mL bowl were used. The time ofmilling was approximately 10 h.
As-prepared ZnFe1.95Yb0.05O4 (Zn0) from the same batch was

then annealed at different temperatures (300, 400, 500, 600, 700,
and 800 °C) for 6 h each. The annealed samples are labeled as
Zn300, Zn400, Zn500, Zn600, Zn700, and Zn800, where the
numbers denote the corresponding annealing temperature.
2.2. Experimental Methods: X-ray Diffraction (XRD),

Transmission Electron Microscopy (TEM), and Electrical
and Magnetization Measurements. X-ray powder diffrac-
tion (XRPD) data were collected on a PANalytical X’pert PRO
diffractometer equipped with an Anton Paar HTK-1200N using
Cu Kα1 radiation. Data were collected in the 2θ range from
16.995° to 89.976° in steps of 0.053° for in the situ regime and
from 15.019° to 119.941° in steps of 0.067° for the ex situ regime.
In situ measurements were made at room temperature and in the
temperature interval of 100−600 °C in steps of 100 °C.
Separately, after annealing at temperatures of 300, 400, 500, 600,

700, and 800 °C, the diffraction patterns on such obtained
samples were collected at room temperature (ex situ regime).
The synchrotron X-ray experiment was conducted on ex situ

samples at 300 K on the 11-IDC beamline of the Advanced
Photon Source (APS) at Argonne National Laboratory (ANL).
The setup utilized an X-ray beam 0.5 mm× 0.5 mm in size with a
wavelength of 0.108 Å (E = 114.82 keV) and a Perkin-Elmer
amorphous silicon image plate detector mounted perpendicular
to the primary beam path. Finely pulverized samples packed in a
cylindrical polyimide capillary 1 mm in diameter were placed
357.84 mm away from the detector. Multiple scans were
performed on each sample to a total exposure time of 250 s to
improve the counting statistics. The 2D diffraction data were
integrated and converted to intensity versus 2θ data using the
software FIT2D.3 The intensity data were corrected and normalized4

and converted to an atomic pair distribution function (PDF), G(r),
using the program PDFgetX2.5 Data up toQmax = 26 Å

−1 were used
in the Fourier transform, an optimal value found for this set of
measurements balancing the trade-off between the signal-to-noise
ratio and the counting statistics, to produce good-quality PDFs.4

Transmission electron micrographs were collected with a Jeol
JEM 2100 transmission electronmicroscope operating at 200 kV.
The samples were prepared by dispersing the powders in acetone
and dropping the suspension on a lacey carbon film supported on
a 300-mesh copper grid.
Magnetic measurements were performed on a PPMS magneto-

meter. Magnetization vs field, M(H), data were measured in the
10−300 K temperature range under the zero-field-cooled (ZFC)
regime up to a field of 9 T.

3. RESULTS AND DISCUSSION
3.1. Crystal Structure Determination of ZnFe1.95Yb0.05O4

by Rietveld Refinement and PDF Modeling. The prepared
sample was checked using the collected XRD data. All the
reflections in the diffraction pattern were indexed in the expected
Fd3 ̅m space group and the spinel structure type. However,
some low-intensity reflections were noticed originating from
hematite and tungsten carbide. Contamination of tungsten
carbide derived from the bowls and balls that were used in the
synthesis process.
X-ray diffraction data collected at room temperature for as-

prepared ZnFe1.95Yb0.05O4 and annealed samples were used to
refine the structure parameters to study their thermal evolution
(ex situ studies). The evolution of the structure parameters with
heating of the as-prepared Zn0 sample was also investigated
using the in situ diffraction technique in the temperature range of
25−600 °C.
Due to the presence of hematite and tungsten carbide besides

the main spinel phase, we have used a three-phase Rietveld
refinement in the Fullprof computer program6 to refine the
crystal structure parameters. The refinement ascertained the
weight fraction for both hematite and tungsten carbide (WC)
phases together to be less than 1.5 wt % (ex situ). Figure 1 shows
the graphical result of the Rietveld refinement procedure for Zn0
with a comparison between observed and calculated intensities.
Tungsten carbide reflections were not visible in the diffraction
pattern of samples annealed at 500 °C and higher temperatures
(ex situ studies) or at temperatures above 500 °C (in situ
studies). It is well-known that tungsten carbide powder burns in
air. Oxidation of WC powder starts at 500 °C, and WC can be
burned completely at 529 °C.7 Structural parameters of the main
ferrite phase that were refined were the lattice parameter,
isotropic temperature factors, and occupation numbers.
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The cation distribution was determined by refinement of site
occupancies in the Rietveld approach. The starting model for
Rietveld refinement was a random cation distribution of Zn2+ and
Fe3+ ions at octahedral and tetrahedral sites. All Yb3+ ions were
placed in octahedral sites and fixed there, due to the known Yb3+

preference for the octahedral site as well as due to the relatively small
atomic fraction of Yb in ZnFe1.95Yb0.05O4. Site occupancies of Zn
and Fe were constrained to keep the stoichiometric ratio. Refined
cation site occupancy values for the as-prepared sample denoted a
mixed distribution, (Zn0.32Fe0.68)8a[Zn0.68Fe1.27Yb0.05]16d. The found
inversion parameter of 0.68 denotes a very high level of inversion. It
is important to note that in ZnFe2O4 prepared following the same
protocols the inversion parameter was found to be 0.43.8 In
mechanochemical synthesis of ferrites, cations can be distributed
against their known site preferences (in a large percentage),
influencing the physical properties significantly; see, e.g., ref 9. The
influence of partial substitution of Fe3+ by Yb3+ on the cation
distribution probably is one of the main reasons for high inversion.
To overcome the shortcomings of the Rietveld method for
determination of the cation distribution, computed cation−anion
bond lengths (based on the values of the Shannon ionic radii) were
then compared with those obtained from the refined structure
geometry parameters. Final distributions were established when
satisfactory agreement between the bond lengths calculated using
the two approaches was achieved.
The thermal evolution of the cation distribution is shown in

Figure 2 using the values of the occupation number for Fe in
octahedral 16d positions. Both ex situ and in situ values show the
same tendency to change. Specifically, the distribution appears to
exhibit significant changes from mixed toward normal with
annealing/heating at lower temperatures (up to 500 °C). With
further increasing the annealing temperature to 800 °C, the
distribution is slowly changed to normal.
In addition to the crystallographic approach, another approach

to analyze the effects of thermal annealing on the structural
parameters was used. The experimental PDFs of as-prepared and
annealed samples are shown in Figure 3a. As can be seen, the
intensity is attenuated at high values of r due to the finite particle
size. As the particle size grows, the PDF peaks become more
intense at high r and the features propagate further. The PDF
structural analysis was carried out using the program PDFgui.5

The data for all samples are explained reasonably well within the
cubic spinel model having Fd3̅m symmetry. The model utilizing
eight independent parameters (lattice parameter, oxygen frac-
tional coordinate, iron occupancy in the 16d position, three
isotropic atomic displacement parameters, nanoparticle diameter
assuming a spherical particle shape, and an overall scale factor)
was refined over the 1.2−50 Å range. The occupancy of the 16d
site was set to values obtained from the combined approach
described above and kept fixed. Representative final fits over a
selected range are shown in Figure 3 b−d for the as-prepared
sample and samples annealed at 400 and 800 °C, respectively.
The fit to the data of the as-prepared sample was substantially
worse than the others. A two-phase fit was necessary to account

Figure 1. Representative final Rietveld refinement for the Zn0 sample,
showing the comparison between observed (○) and calculated (solid
line) step intensities, as well as their difference. The vertical bars indicate
the positions of the crystallographic reflections for the individual phases
used. From top to bottom, the first row of tick marks corresponds to the
ferrite phase, the second to tungstene carbide, and the third to hematite.

Figure 2. Occupation parameter of Fe3+ ions at octahedral sites versus
the annealing temperature. The main panel corresponds to room
temperature values obtained for the ex situ regime, while the inset shows
this evolution in the in situ regime. Dashed lines are guides for the eyes.

Figure 3. (a) Comparison of experimental PDFs at 300 K obtained from
the ex situ experiment on the as-prepared and annealed samples. The
annealing temperatures are noted next to the PDF profiles to which they
correspond. (b) Fit of the two-phase model (cubic Fd3 ̅m phase and the
WC impurity phase discussed in the text) to the data of the as-prepared
sample. Open symbols are the data, the red solid curve is the model, and
the green line is the difference that is offset for clarity. Features marked
by arrows and a times sign are discussed in the text. (c) and (d) show
single-phase Fd3̅mmodel fits to the data of the samples annealed at 400
and 800 °C, respectively.
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for the presence of the tungsten carbide residue. A feature from
this phase can be seen in Figure 3 b marked by a times sign.
Closer examination of the difference curve reveals the existence
of discrepancies in the low-r region of the PDF for the as-
prepared nanocrystalline sample that the Fd3 ̅m model does not
capture correctly. Furthermore, comparison of atomic displace-
ment parameters (ADPs) obtained from broad-range refinement
of the as-prepared sample data relative to those obtained for the
annealed samples indicates enlarged values of ADPs for all three
atomic species in the as-prepared specimen. This is also observed
as markedly broader PDF peaks in Figure 3 b compared to the
corresponding peaks seen in the data shown in Figure 3 c,d.
While the cubic model in principle explains the data over a broad
range, it misses the positions of the PDF peaks centered at
around ∼3.0 and ∼3.5 Å, marked by arrows in Figure 3 b. The
two peaks correspond to the near-neighbor Fe−Fe (16d−16d)
and Zn−Zn (8a−8a) distances in the Fd3̅m structure,
respectively. This is a known local structural effect caused by
an appreciable degree of inversion, as seen in zinc ferrites by the
extended X-ray absorption fine structure (EXAFS),10 X-ray
absorption near-edge structure (XANES),11and PDF,12 and was
discussed in detail elsewhere.12 This effect is not observed in the
data of the annealed samples. Also, the WC impurity is not
observed in the data of these samples.
In Figure 4, the change of the lattice parameter with thermal

annealing/heating is shown. The lattice parameter of the as-
prepared sample shows an approximately linear dependence on
the temperature (main panel). The parameters of linear tendency
a = a0 + kt were a0 = 8.435(2) Å and k = 6.6(5) × 10−5 Å/°C.
Lattice parameter changes for the in situ regime are related to (i)
simple thermal expansion, (ii) the changes in the cation
distribution, (iii) the crystallite size effects (grain−surface
relaxation effect), and (iv) the valence of the polyvalent ions.
The inset of Figure 4 shows the room temperature lattice
parameters determined by the Rietveld and PDF approaches of
the annealed samples (ex situ regime). The unit cell changes in
this case are related to effects ii−iv. The change of lattice
parameter due to changes in the cation distribution is based on

migration of cations between tetrahedral and octahedral sites.
The lattice parameter of the spinel lattice depends on the
complex interplay between the size of the ions and their
distribution. Ionic radii for tetrahedral (IV) and octahedral (VI)
coordination are Fe3+(IV) = 0.49 Å, Fe3+(VI) = 0.645 Å,
Zn2+(IV) = 0.60 Å, Zn2+(VI) = 0.745 Å, Yb3+(VI) = 0.858 Å, and
O2−(IV) = 1.38 Å.13 The unit cell parameters of most
nanocrystalline materials can also be significantly different from
the coarse-grain or single-crystal counterparts due to the grain−
surface relaxation effect.14 The possible reduction of iron from
the +3 to the +2 state could also influence the lattice parameter
due to the difference in their ionic radius. The difference in the
values of the lattice parameter of the annealed sample at a certain
temperature and the as-prepared sample heated at the same
temperature is a result of thermal expansion and partial
differences in the distribution of cations in the 8a and 16d
sites. The relative difference between the occupancies of iron at
octahedral sites for the two regimes (in situ and ex situ) is equal
to or smaller than 5%, except at a temperature of 300 °C, for
which the difference is about 10%. Using the obtained values of
the lattice parameter for the in situ regime, we can calculate the
linear thermal expansion coefficient. The obtained value is α =
6.4(6) × 10−6 °C−1. Literature data for the linear thermal
expansion coefficient of bulk and nanocrystalline ZnFe2O4 are
6.959 × 10−6 °C−1 15 and 7.1 × 10−6 °C−1,9 respectively. The
coefficient of volume thermal expansion,β=3α=1.9(1)× 10−5 °C−1,
is in reasonably good agreement with the value (2.056 × 10−5 °C−1)
calculated using Ottonelo’s empirical formula with the oxygen
fractional coordinate set to u = 0.385.16

3.2. Microstructure Analysis and Correlations between
Structure−Microstructure Parameters. Crystallite size
values were obtained by standard line profile analysis of the
XRPD data using the Fullprof program. X-ray line broadening
was analyzed by refining regular TCH-pV function parameters
(isotropic effects).17 The annealing temperature dependent
crystallite size is shown in Figure 5, with the corresponding
temperature dependence for the in situ regime shown in the
inset. While the crystallite sizes of the samples annealed at

Figure 4. Linear fit to the lattice parameter for as-prepared ZnFe1.95Yb0.05O4 as a function of temperature (in situ) and annealing temperature in the inset
(ex situ, Rietveld results are presented by squares, PDF results by tilted squares).
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temperatures up to 500 °C are found to be rather similar, slowly
increasing between ∼7 and 9 nm, for the samples annealed at
higher temperatures the crystallite size increases much more
rapidly. Such a tendency in the evolution of the crystallite size
with the annealing conditions assessed from room temperature
data was obtained by both the Rietveld and PDF approaches. The
in situ assessment by heating the as-prepared sample is in
agreement with this, revealing that the crystallite size is almost
constant (7.5−8.7 nm) up to 500 °C and then shows an
increasing tendency at higher temperature.
To better understand the physical properties of the studied

nanoparticles, it is of importance to compare side by side the
details of the temperature evolution of various structural−
microstructural parameters, including the crystallite size, cation
distribution, and lattice parameters, and explore their correla-
tions. At lower heating/annealing temperatures the crystallite
size increases rather slowly. In contrast, in the same temperature
regime, the migration of cations happens quite quickly. Variation
of the lattice parameter with temperature appears to be linear.
Thus, for samples annealed at lower temperatures, the dominant
effect on the physical properties is likely due to the cation
redistribution. On the other hand, at higher processing
temperatures the cation distribution becomes close to normal
and does not change appreciably anymore, so the samples
annealed at temperatures at and above 600 °C can be used to
examine the effects of the particle size on the observed physical
properties. Figure 6 summarizes the relationship between the
crystallite size and the corresponding cation distribution and
lattice parameter, as derived from structural refinements of data
in the ex situ regime. This analysis reveals that the crystallite size
has a rather dramatic effect on both the cation distribution and
lattice parameters for sizes below ∼10 nm, Figure 6 a,b. On the
other hand, values of the occupancies and lattice parameters
appear to be saturated to approximately their bulk-counterpart
values for crystallites larger than ∼15 nm. It is tempting to
speculate that ∼15 nm is a threshold diameter beyond which the
size effect on the cation distribution and lattice parameters
becomes less important. With increasing particle size, migration
of the cations happens very quickly. Figure 6c shows a trend of
increasing lattice parameters with increasing population of the

octahedral sites by iron ions, reflecting the difference in the
respective zinc and iron ionic radii involved in cation
rearrangement between the octahedral and tetrahedral sites in
the spinel.

Figure 5. Dependence of the crystallite size for ZnFe1.95Yb0.05O4 on the
annealing temperature (●, Rietveld results; ○, PDF results). Inset:
evolution of the crystallite size of the as-prepared sample with
temperature (in situ studies). The line is a guide for the eyes.

Figure 6. Relationship between (a) the occupation parameter of Fe3+

ions at octahedral sites and the crystallite size, (b) the lattice parameter
and the crystallite size, and (c) the lattice parameter and the occupation
parameter of Fe3+ ions at octahedral sites. Refined structural parameters
of the annealed samples are used. The lines are guides for the eyes.
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The morphology and particle size for the samples studied (ex
situ, Zn0−Zn800) were assessed by TEM. These results are
illustrated by selected TEM images of Zn0, Zn500, and Zn800
samples, shown in Figure 7. The particles appear to be nearly

spherical in shape, with an average particle size of approximately
20 nm for samples Zn0−Zn300 and approximately 30 nm for
samples Zn500−Zn800. Comparison of the Zn0−Zn800 results
from TEM imaging, which reveals the overall particle shape and
morphology (including conglomeration), and XRPD, which is
sensitive to coherent structural cores of underlying nano-
crystallites, suggests that as-prepared and annealed nanoparticles
are composed of a few crystallites.

3.3. Hysteresis Loops in ZnFe1.95Yb0.05O4. Magnetic
hysteresis loops, M(H), for the as-prepared sample (Zn0) as
well as for a subset of the annealed samples (Zn300, Zn500,
Zn700, Zn800) were recorded at 300 K, Figure 8. Observed

differences inM(H) highlight the dependence of the magnetism
of the studied system on the particle size and cation distribution.
The S-shaped hysteresis loops with zero coercivity and
remanence for the Zn0 and Zn300 samples point to their
superparamagnetic behavior. For these samples magnetization is
not saturated up to the maximum field of 9 T, which indicates
enhanced magnetic anisotropy. The value of saturation magnet-
ization, MS, at room temperature was found to be 35 emu/g for
Zn0, bigger than for mechanochemically synthesized zinc ferrite
reported earlier, where MS was found to be 30 emu/g.18

Incorporation of a ytterbium ion in zinc ferrite influences the
magnetocrystalline anisotropy and the value of the observed
magnetization. Chinnasamy et al. have proposed that large
magnetocrystalline anisotropy influences canting of the core
spins and hence the magnetization value.19 On the other hand,
the M(H) curves for the other three samples studied (Zn500,
Zn700, and Zn800 corresponding to higher annealing temper-
atures) are typical for paramagnetic materials. We further
elaborate on the M(H) results to explore possible correlations
between the magnetism and the structure−/microstructure.
It is well-known that bulk zinc ferrite shows antiferomagnetic

behavior because of its normal spinel structure, with magnetic
Fe3+ ions residing exclusively at 16d sites. However, in small-sized
particles, cation redistribution occurs between 8a and 16d, sites
leading to a mixed distribution, (Zn1−xFex)8a[ZnxFe2−x]16d. In that
casemagnetic behavior is determined by (Fe3+)8a−O−(Fe3+)16d-type
interactions. In the case of as-prepared ZnFe1.95Yb0.05O4, a rather
large fraction of Fe3+ occupies 8a sites (as observed in Figure 2),
causing ferrimagnetic order within single-domain nanoparticles.With
annealing the sample at lower temperatures, this distribution is rapidly
changed toward normal, while the particle size remains almost
unchanged (Figure 5). Simultaneously, as observed, the magnetic
behavior changes from superparamagnetic (Zn0, Zn300) to
paramagnetic (Zn500, Zn700, Zn800). Correlation between the
particle size and magnetism has been intensively investigated in a
number of studies.12 These results suggested that there is a critical

Figure 7. Representative TEM images of selected samples: (a) as-
prepared, (b) annealed at 500 °C, and (c) annealed at 800 °C.

Figure 8. Magnetization versus applied magnetic field at 300 K for
ZnFe1.95Yb0.05O4 nanoparticles after annealing at different temperatures
(see the text).
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particle diameter at which they become single domain and display
superparamagnetic behavior. As the particle size decreases, the surface
effects become significant and impact the observed magnetic
properties appreciably.20 In sufficiently small particles, such as
those studied in this work, a large fraction of spins are expected to be
on the particle surface, and these spins have an influence on the net
magneticmoment.Theobservedmagnetic behavior is a consequence
of both particle size and cation distribution effects. As shown inFigure
6, when the particle diameter reaches values on the order of∼15 nm,
the cation distribution and lattice parameter become saturated.
Interestingly, as the particle size is changed, the crossover in the
observed magnetic properties where superparamagnetic behavior is
seen appears to coincide with the characteristic diameter considered
in structural−microstructural analysis. This indirectly points to the
existence of correlation between the structural and magnetic
properties.
To further understand the influence of the cation distribution

and crystallite/particle size on the magnetism, we explored the
temperature dependence of the coercivity, HC, of these samples
in the 10−300 K temperature range, as shown in Figure 9. For

samples Zn0 and Zn300 coercivity has no zero value in this
temperature range. Coercivity becomes zero at 25 K < T < 50 K
for Zn500, at 15 K < T < 25 K for Zn700, and at 10 K < T < 15 K
for Zn800, as can be seen in Figure 9. If the results are compared
for two samples with approximately the same size, Zn300 and
Zn500, the conclusion can be derived that the cation distribution
dominates the particle size effects in its impact on the observed
magnetic properties. To establish the particle size effect on the
observed HC value, a comparison can be made at fixed low
temperature for all the samples studied. For this purpose we
selected 15 K as a reference: at this temperature the HC value
sharply decreases with an increase of the crystallite size from Zn0
to Zn500 and becomes zero for Zn700. This is shown in the inset
of Figure 9, where HC is plotted versus the particle size at 15 K.
For single-domain particles it is well-known that HC initially
increases with an increase of the crystallite size, but above specific
characteristic dimensions, when the particles become multi-
domain, HC decreases.

21 However, the opposite behavior of HC
vs particle size has also been observed, as in, for example, nickel
ferrite.22 The enhancement of HC in smaller nickel ferrite

particles was attributed to the effect of spin canting that
dominates the effect of the cation distribution.22 The relationship
between the crystallite size and coercivity in single-domain ferrite
particles studied in this work is due to surface effects, possible
structural disordering, and the cation distribution. Additionally,
interparticle interactions also have a large effect on the
magnetism. Their presence in the studied ensembles of ferrite
nanoparticles is an inevitable reality.

4. CONCLUSION
ZnFe1.95Yb0.05O4 nanoparticles were prepared using an inex-
pensive and simple mechanochemical procedure at room
temperature. Successful substitution of Yb3+ for Fe3+ in a small
percentage has been achieved. Although Yb3+ substitution into
the spinel structure was done in a relatively small amount, the
observed effects on the structural and magnetic properties are
rather substantial, compared to those of the pure zinc ferrite
system. Combined in situ and ex situ X-ray diffraction
techniques, as well as two modeling approaches, Rietveld and
PDF, were applied to determine the crystal structure and
microstructure and to investigate their evolution with thermal
treatment. For annealing/heating temperatures below 500 °C,
the cation distribution rapidly changes, while the crystallite size
increases rather slowly. The opposite trend is seen for the
processing temperatures in the range between 500 and 800 °C.
Knowledge of this structure−microstructure evolution allows
tailoring the cation distribution and the crystallite size by
application of appropriate thermal treatment of the as-prepared
ferrite sample. Concerning the correlation of the structure−
microstructure parameters and the magnetic properties, it was
found that the cation distribution has a dominating influence on
the magnetization and coercive field values over the particle size
effects. Furthermore, this nanoparticle system appears to have an
associated characteristic diameter of about 15 nm influencing the
displayed magnetic properties. Particles with a larger diameter
have saturated values of the cation distribution and lattice parameter.
The results of this study also emphasize the importance of taking a
systematic approach and combining multiple experimental
techniques aimed at better understanding of complex nanocrystal-
line systems.
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The local structure of the spinel LiRh2O4 has been studied using atomic-pair distribution function analysis of
powder x-ray diffraction data. This measurement is sensitive to the presence of short Rh-Rh bonds that form due
to dimerization of Rh4+ ions on the pyrochlore sublattice, independent of the existence of long-range order. We
show that structural dimers exist in the low-temperature phase, as previously supposed, with a bond shortening
of �r ∼ 0.15 Å. The dimers persist up to 350 K, well above the insulator-metal transition, with �r decreasing
in magnitude on warming. Such behavior is inconsistent with the Fermi-surface nesting-driven Peierls transition
model. Instead, we argue that LiRh2O4 should properly be described as a strongly correlated system.
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I. INTRODUCTION

The interplay of charge, spin, orbital, and lattice degrees of
freedom driven by electron correlation is a unifying principle
across a wide range of transition-metal systems.1–3 Such a
picture provides the framework for the understanding needed
when one-electron physics is inadequate. In this paper, we
argue, based on structural principles, that the spinel LiRh2O4,
whose coupled spin, charge, and lattice behaviors have been
understood in terms of single-particle physics [band Jahn-
Teller transition and charge density wave (CDW) formation],4

is better described as a strongly correlated system.
LiRh2O4, discovered in 2008,4 belongs to a class of spinels

described by the common formula AB2X4. Like LiRh2O4,
these systems often exhibit interesting phenomena such as
spin frustration, charge, spin, and orbital ordering, and metal-
insulator transitions (MITs).5–14 For example, spinels with
Ti or Ir on the B site undergo a symmetry lowering phase
transition from a high-temperature metallic phase into a low-
temperature insulating B-B dimerized state. This transition
has been explained using a band Jahn-Teller model,4 with
dimerization the result of a Peierls transition associated with
CDW formation.15 The pyrochlore sublattice of corner shared
B4 tetrahedra, composed of intersecting chains of B ions,
as shown in Fig. 1(a), contains electronically active valence
electrons in the t2g orbitals of the d shell. In the metallic
high-temperature cubic (HTC) phase, these orbitals are triply
degenerate,16 while in the low-temperature insulating phase, a
band Jahn-Teller transition breaks this degeneracy.

In LiRh2O4, the MIT occurs in two stages4 and it has been
suggested that the two-step nature of the transition could shed
light on the mechanism of the transition. At Tc1 = 225 K, there
is a structural phase transition to an intermediate-temperature
tetragonal (ITT) phase that breaks the degeneracy of the t2g

levels and changes the electron filling of the orbitals oriented
along different crystallographic directions. At Tc2 = 170 K, a
second transition occurs into a low-temperature orthorhombic
(LTO) phase. This state is insulating with, presumably, a CDW
along the chains. In related materials, the CDW is seen in
average8 and local17 structural measurements as a very short
metallic B-B bond, although it has not been experimentally
established in LiRh2O4 before this work.

The nominal charge of Rh in LiRh2O4 is 3.5 + , implying
that, on average, there are 5.5 electrons in the t2g manifold
since the eg levels are at higher energy and unpopulated. If the
charge were distributed evenly, there would be 0.5 holes per
Rh atom shared among the t2g levels [Fig. 1(b)(i)]. Charge
can disproportionate between the available orbitals in two
distinct ways. First, it can separate between the three t2g

orbitals, dxy , dyz, and dxz, on a single atomic site [subband
disproportionation; Fig. 1(b)(ii)]. Second, the charge may
distribute itself unevenly between atoms along the chain
directions, forming a CDW, regardless of the partitioning of
charge between orbitals on an individual atom [Fig. 1(b)(iii)].
In this paper, we will use CDW, dimerization, and short bond
interchangeably to describe this since they highlight different
aspects of the same phenomenon. In the extreme case, this
would result in 3 + and 4 + Rh ions along the chain.4 The
LTO structure in LiRh2O4 has not been solved, but in a
similar system, CuIr2S4, the pattern of charge is nominally
−(3+) − (3+) − (4+) − (4+)− (Ref. 18) with the 4 + ions
dimerizing.

The main result of this work is the observation of short Rh-
Rh distances over a wide temperature range, which includes
all three structural phases. This means that in LiRh2O4, the
dimers are confirmed to exist at low temperature, but also
well above the LTO insulating state. Thus, the ITT-to-LTO
transition may be thought of as a crystallization of dimers from
a liquid formed at higher temperatures in the metallic phase.
We argue that, taken together, all of the experimental data
are at odds with the existing understanding15 where the phase
transitions in AB2X4 systems are explained by the Peierls
mechanism driven by Fermi-surface effects.

II. METHODS

LiRh2O4 was synthesized using a solid-state reaction under
high-pressure oxygen. High-purity Rh2O3 was mixed with a
10 weight-percent excess of Li2O2. The mixed powders were
fired at 900 ◦C for 20 hours under an oxygen pressure of
0.6 MPa. The resulting powder was found to be single phase
by laboratory x-ray diffraction. DC susceptibility data were
measured on cooling in a 1 T field using a Quantum Design
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FIG. 1. (Color online) (a) Structural motif of Rh-pyrochlore
sublattice. Red atoms denote single Rh4 tetrahedron. Red, blue,
and green colored bonds differentiate independent chain directions.
(b) Two-dimensional sketch of different charge distributions in
dxy (red) and dyz (blue) orbitals of the t2g manifold with charge
filling represented by color intensity: (i) homogeneous, (ii) subband
disproportionated (band Jahn-Teller effect), and (iii) CDW. Arrows
denote disproportionation of charge.

Physical Property Measurement System (PPMS). Resistivity
was measured using a standard four-terminal technique.

X-ray total scattering data were collected at the X17A beam
line (beam energy 67.42 keV) of the National Synchrotron
Light Source (NSLS) at Brookhaven National Laboratory
(BNL) in the 80–500 K temperature range using stan-
dard protocols.17,19,20 Experimental pair distribution functions
(PDFs) of LiRh2O4 were obtained by Fourier transforming the
reduced total scattering structure function, F (Q), over a broad
range of momentum transfer, Q (Qmax = 28 Å−1).

Lattice parameters were obtained using a Le Bail fit to the
diffraction data using the General Structure Analysis System
(GSAS),21 utilizing Fd3m (HTC), I41/amd (ITT), and Fmmm

(LTO) models from the literature.4 Structural refinement of
PDF data was carried out using PDFgui.22

III. RESULTS

A. Sample characterization

Our sample exhibits resistivity, magnetic susceptibility,
and average structural changes (shown in Fig. 2) consistent
with earlier reports.4 The structural phase transitions are
clearly observed, with corresponding changes in resistivity
and magnetization.

FIG. 2. (Color online) (a) Temperature dependence of LiRh2O4

resistivity (red) and magnetic susceptibility (blue). (b) Lattice
parameters determined from Le Bail fit of the x-ray data. Vertical
dashed lines denote structural phase transitions at 170 K (blue) and
225 K (red).

FIG. 3. (Color online) Comparison of experimental PDFs at
240 K (red) and 160 K (blue) for (a) LiRh2O4 and (b) CuIr2S4.
Difference curves (green) are offset for clarity. Dotted lines indicate
r position of short (dimerized) and long (undimerized) peaks. �r ,
defined as half the distance between the long and short bonds, is used
as a measure of the distortion associated with dimerization.

B. PDF analysis

Despite the lack of a low-temperature crystallographic
model, evidence of a dimerized state can be immediately
seen by comparing high- and low-temperature experimental
LiRh2O4 PDFs in the low-r regime. Figure 3(a) shows the
low-r region of the LiRh2O4 PDF in the LTO and HTC
phases along with a difference curve. Since the atomic number
of Rh is significantly larger than those of Li and O, the
PDF intensity in this region is dominated by Rh-O (2.0 Å
peak) and Rh-Rh (3.0 Å peak) atomic-pair correlations. In
the average HTC model, there is only one nearest-neighbor
Rh-Rh distance, corresponding to the sharp PDF peak at
3.0 Å, whereas in the LTO phase, the orthorhombic distortion
splits the near-neighbor Rh-Rh distance into three average
distances. From the lattice parameters obtained from our Le
Bail fit of the x-ray data [Fig. 2(b)], it is straightforward to
calculate these three distances as 2.95 Å, 3.0 Å, and 3.02 Å.
However, an additional contribution to the PDF clearly appears
at ∼2.7 Å in the LTO phase. A similar observation has been
made in CuIr2S4 [Fig. 3(b)] where the presence of dimers
in the low-temperature phase is well established.8,17 The
formation of dimers along one-dimensional (1D) chains is
characterized by the redistribution of PDF intensity into short
(dimerized) and long (nondimerized) bonds. This occurs with
a concomitant loss of intensity at the position of the average
bond along the 1D dimerizing chain, indicating a transfer of
intensity from the principal peak to the long- and short-bond
peaks. This redistribution of intensity emerges in Fig. 3 as a
signature M shape in the difference curve.

In CuIr2S4, dimerization occurs along the shorter of two
inequivalent Ir chains, which contains the active electronic
orbitals that are available for dimerization.8 Similarly, in
LiRh2O4, dimerization is expected to occur along the shortest
of the three Rh chains.4 Thus, as seen in Fig. 3, the character-
istic M shape in the LiRh2O4 difference curve is centered at
the position of the shortest average Rh-Rh bond (at the leading
edge of the large peak at 3.0 Å). The associated structural
distortion, �r , is ∼0.15 Å in LiRh2O4 and ∼0.45 Å in CuIr2S4.
This unambiguously establishes the presence of dimers in
the LTO phase of LiRh2O4, experimentally confirming prior
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FIG. 4. (Color online) (a) Plot of temperature evolution of
LiRh2O4 RDF in the 1.5–3.5 Å range. Inset displays differential
RDF near the dimer peak obtained by subtracting a reference RDF at
500 K with black lines at 170 K (solid line), and 225 K (dashed
line) denoting differential RDFs at phase-transition temperatures.
(b),(c) Results of differential RDF analysis: (b) distortion, �r ,
(c) integrated intensity of short-bond peak normalized to its low-T
value, representing the dimer fraction. Black arrow indicates observed
break in slope at 350 K. Horizonal dotted line, drawn at zero, is
a guide to the eye. Vertical dashed lines indicate phase-transition
temperatures.

speculation based on anomalies in transport and susceptibility
and by analogy with CuIr2S4.23,24

We now turn our attention to the temperature evolution
of the Rh dimers, which is observable in the raw data.
Figure 4(a) shows the temperature evolution of the radial
distribution function (RDF), R(r), a related form of G(r);20

R(r)dr represents the number of bonds with lengths between
r and r + dr . While the region surrounding the peak at 2 Å is
largely unchanged, a significant redistribution of PDF intensity
occurs in the 2.5–3.25 Å range with increasing temperature. It
is clear from a careful examination of the inset to Fig. 4(a) that
this redistribution does not occur abruptly at Tc2. Rather, the
short bond lengthens slightly on warming from 160 to 170 K.
Then, as the sample is heated through the ITT phase and into
the HTC phase, intensity is gradually transferred from the
2.7 Å region to the leading edge of the large peak at 3 Å. This
implies that the dimer does not disappear at the LTO-to-ITT
phase transition. Rather, it survives into the ITT and HTC
phases with gradually diminishing intensity.

The temperature evolution of the dimers is further
quantified by tracking the peak position and integrated
intensity of the relevant R(r) features. The size of the
distortion associated with the dimer formation, �r (see
Fig. 3), is determined by subtracting a reference RDF at
500 K from all measured RDFs and analyzing the resulting
difference curves. As evident from Fig. 4(b), �r is nearly

constant as the sample is heated through the LTO phase.
Then, it changes rapidly in the 160–170 K range, decreasing
from ∼0.146 to 0.14 Å as the LTO/ITT phase transition is
approached. As temperature is further increased through the
ITT phase, �r changes smoothly, gradually decreasing until
it stabilizes at 0.133 Å at the ITT/HTC phase boundary.

An estimate of the number of dimers present in the sample is
obtained by following the integrated intensity of the short-bond
peak in the RDF difference curve. As shown in Fig. 4(c), the
dimer fraction is relatively stable through the LTO phase. A
rapid drop is observed between 160 and 170 K. Notably, the
dimer fraction does not drop to zero at Tc2, but decreases
gradually through the ITT phase. It survives even into the
HTC phase, disappearing at ∼350 K.

Further confirmation of our results is obtained by model-
dependent analysis of the LiRh2O4 PDFs. Figure 5(a) shows
a best fit of the ITT model to the LiRh2O4 PDF at 200 K in
the 1.5 Å to 20 Å range. The fit is poor throughout the entire
refinement range, but significantly poorer in the shaded region
below 5 Å, as evident from the difference curve. However,
this should not come as a surprise if dimers exist in the ITT
phase; the I41/amd model does not allow for the presence of a
nearest-neighbor Rh-Rh bond that is significantly shorter than
the average bond. The average tetragonal distortion obtained

FIG. 5. (Color online) (a) Best fit (red line) to LiRh2O4 PDF (blue
circles) at 200 K in the 1.5–20 Å range using I41/amd model. Differ-
ence curve (green) is offset for clarity. Shaded area denotes poorly fit
region. (b) Refinement residual, Rw , for the entire temperature range.
Black dotted line is a linear fit to the high-temperature tail. Inset shows
expanded view in the 200–500 K range, with observed break in slope
at 350 K indicated by arrow. (c) Temperature dependence of the
isotropic atomic displacement parameter (ADP), Uiso, of Rh obtained
from the fits. Black dashed line represents a fit of the Debye model
to the high-temperature tail. (d) Differential ADP, �Uiso, obtained
from data shown in (c) by subtracting the Debye model values from
the refined ADPs at all temperatures. Vertical dashed lines in (b)–(d)
denote phase transitions.
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by Le Bail fitting results in a small splitting (less than 0.02 Å)
of the nearest-neighbor Rh-Rh distance, but cannot account
for the significantly shorter Rh-Rh bond that is associated
with dimer formation, which corresponds to a distortion that
is nearly an order of magnitude larger.

Fits of the I41/amd structural model to experimental PDFs
were carried out throughout the temperature range studied.
Since the dimers cannot be accounted for by this model, their
presence will result in an increase in the refinement residual,
Rw. Assuming that the short-bond distortion is the major con-
tributor to the poor fit, Rw, which is a sensitive measure of the
goodness of fit, can be used to track this distortion. Figure 5(b)
shows Rw(T ) over the entire temperature range. As expected
from the inadequacy of the I41/amd model to describe the
low-temperature state, its value is high in the LTO phase. After
an abrupt drop upon crossing into the ITT phase, Rw remains
unusually large and decreasing with T throughout the ITT
phase, consistent with the observations that the local structure
is not explained by the average crystallographic model. While
reaching reasonably small values in the HTC phase, Rw(T )
exhibits a sudden change in slope at ∼350 K [Fig. 5(b)],
reminiscent of the dimer fraction shown in Fig. 4(c). Notably,
both Rw(T ) and the dimer fraction [Fig. 4(c)] resemble ρ(T )
[Fig. 2(a)], suggesting that the transport behavior is marked by
the evolution of the dimers.

Another sensitive measure of the presence of dimers is
the isotropic atomic displacement parameter associated with
the Rh crystallographic site. This is shown in Fig. 5(c). The
canonical temperature dependence of ADPs in materials on
cooling is their gradual decrease with decreasing temperature,
reflecting the decrease in thermal motion. However, this trend
is not observed in the Rh-ADP obtained from our structural
refinement; instead, the Rh-ADP is seen to increase with
decreasing temperature in the ITT and LTO phases, indicating
that the I41/amd model is inadequate to describe these
phases. Additionally, although the refined Rh-ADP decreases
on cooling through the HTC phase, it deviates from canonical
Debye behavior [see Eq. (1)] between 300 and 350 K.

The temperature dependence of ADPs is often described by
a Debye-type model as

U 2(T ) = 3h2

4π2mkB�D

(
�(�D/T )

�D/T
+ 1

4

)
+ U 2

0 , (1)

where

�(x) = 1

x

∫ x

0

x ′dx ′

ex ′ − 1
. (2)

Any deviation from this behavior is typically ascribed either to
overall inadequacy of the structural model or to the presence
of nanoscale features that deviate from the average structure.
Thus, the presence of dimers that are not long-range ordered
and, hence, unaccounted for by the average structural model
would result in anomalous behavior of the associated ADP.
The dashed black line in Fig. 5(c) represents a fit of the Debye
model to the high-temperature tail of the Rh Uiso(T ) curve.
As can be seen in the figure, the fit is reasonable at high
temperature. However, the data deviate from the canonical
behavior described by the model, while the sample is still in
the HTC phase. In Fig. 5(d), we show the difference between
the ADP data and the high-temperature Debye fit. Again, the

FIG. 6. (Color online) (a) Gaussian fit (red) to 80 K LiRh2O4 PDF
(blue circles) in the 1.5–3.5 Å range. Difference curve (green) is offset
for clarity. Inset shows fit components. (b) Temperature evolution of
the difference curve shown in (a). Arrows in (a) and (b) indicate the
short-bond peak which is unaccounted for in the two-Gaussian model.
Crystallographic phases are color coded (LTO blue, ITT green, HTC
red), while the black profiles mark the phase transitions.

characteristic curve shows up, reminiscent of ρ(T ), Rw(T ),
and the dimer fraction temperature dependence.

To confirm the temperature evolution of the short Rh-dimer
bond, a structural model-independent assessment of the experi-
mental PDFs was performed; the low-r portion of the LiRh2O4

PDFs were fit with Gaussians convolved with Sinc functions
to account for termination effects.20 The Gaussians were used
to fit the range from 1.5 Å to 3.5 Å to account for the peaks
at 2.0 Å and 3.0 Å [inset to Fig. 6(a)]. The short-bond peak
associated with dimerization was intentionally left out of this
model, and any unaccounted PDF intensity (such as from the
Rh-dimer peak) shows up in the difference curve. In this way,
the evolution of the dimer peak may be followed directly by
plotting the difference curve obtained by subtracting the best
fit of the two-Gaussian model from the data. A representative
fit to the 80 K PDF profile is shown in Fig. 6(a), with the
unaccounted dimer peak in the difference curve marked with
an arrow. The temperature evolution of this difference curve is
shown in Fig. 6(b). As the sample is warmed through the LTO
phase, it is clear that the short-bond peak is roughly constant in
both position and intensity until 160 K, at which point it rapidly
moves towards higher r in advance of the phase transition at
170 K. The peak then persists through the ITT phase and well
into the HTC phase with gradually diminishing intensity.

C. Specific-heat analysis

Figure 7(a) compares the specific heat, C, of LiRh2O4

(obtained from Ref. 4) with that of CuIr2S4 (obtained from
Ref. 25). Both are expressed as functions of the renormalized
temperature, T/�D , where �D was obtained by fitting the
data over the whole temperature range from 0 to 300 K with
the Debye specific-heat expression

C = 9NR

(
T

�D

)3 ∫ �D/T

0

x4ex

(ex − 1)2
dx. (3)
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FIG. 7. (Color online) (a) Renormalized-temperature dependence
of the specific heat for LiRh2O4 (red circles) and CuIr2S4 (black
squares), compared with the Debye model (green line). (b) �C, the
contribution to the specific heat coming from the phase transitions
for LiRh2O4 (red line) and CuIr2S4 (black line). (c) �C/T . (d) The
corresponding entropy, �S(T ) = ∫ T

0 �C/T dT .

The fitted Debye temperatures are �D = 420 K for CuIr2S4

and 672 K for LiRh2O4. The larger value of �D for LiRh2O4

can be ascribed to the smaller atomic masses of Li, Rh, and O
as compared to Cu, Ir, and S, respectively.

It is clear that, after scaling, the C curves of LiRh2O4 and
CuIr2S4 differ only at the peaks around the transition tem-
peratures. This indicates that the phonon contributions to the
specific heat of these materials are rather similar. Additionally,
their values at 300 K are close to 3NR = 174.6 J mol−1 K−1

where N = 7 (the number of atoms in the chemical formula)
and R = 8.314 J mol−1 K−1 (the universal gas constant),
which indicates that phonon contributions dominate C in this
temperature regime. Indeed, it is clear that both curves closely
follow the Debye model away from the transition temperatures.

Since C only deviates substantially from the Debye curve
near the transition temperatures, it is straightforward to extract
the electronic contributions. This was done by subtracting
a linear background from the peaks near the transition
temperatures, as shown in Fig. 7(b). Figures 7(c) and 7(d)
compare �C/T and the electronic contribution to the entropy,
�S(T ) = ∫ T

0 �C/T dT , respectively. Integrating C/T for
these peaks shows a significantly larger entropy increase for
LiRh2O4 than for CuIr2S4. Since the phonon contributions
have already been accounted for, this difference can only arise
from contributions to the entropy from the electronic system,
including the charge, spin, and orbital degrees of freedom.

It is useful to express the entropy change in the familiar
units of Rln2, which would be appropriate for a system
of localized objects with spin 1

2 ;31 this is also the value
of the entropy change of the Verwey transition in Fe3O4.26

The entropy associated with the transition in CuIr2S4 is 0.03
Rln2, confirming its weakly correlated nature. However, the
corresponding entropy change in LiRh2O4 is about Rln2 for
the low-T transition and an additional Rln2 for the high-T
transition. This large electronic entropy indicates the existence
of many degenerate states above the transition, a hallmark

FIG. 8. (Color online) (a) LiRh2O4charge distribution model
based on band Jahn-Teller scenario: (i) homogeneous charge dis-
tribution, (ii) subband charge disproportionation, and (iii) CDW.
(b) Alternative model based on experimental observations made in
this work, with CDW existing in all three phases. As in Fig. 1(b),
color intensity corresponds to the average amount of charge, while
arrows denote charge disproportionation.

of strong electron correlation. Although the origin of this
large entropy is unclear at this moment (and calls for further
theoretical and experimental investigation), it is reasonable to
conclude that LiRh2O4 and CuIr2S4 belong to two different
regimes in terms of electron correlation.

IV. CONCLUSION

These results indicate a complicated and unexpected evo-
lution of the local dimers with temperature. The observation
of the dimer signal in the PDF gives direct evidence for the
presence of the CDW along the chains in all the phases,
distinct from the subband disproportionation that leads to
an overall lowering of the cubic symmetry. This is illus-
trated in Fig. 8(a) and contrasted with the previous view
in Fig. 8(b). This behavior is different from that observed
in CuIr2S4 where the dimers disappear in both the average
and local structure at the MIT.17 This difference may be
explained by electron correlation effects in LiRh2O4, which
are not present in CuIr2S4. This view is also supported by
a comparison of the specific heat and entropy of CuIr2S4

and LiRh2O4. The electronic contribution to the entropy is
found to be 2.2 Rln2 in LiRh2O4, which is significantly
larger than 0.03 Rln2 in CuIr2S4, but comparable to Rln2
in Fe3O4.26

Additionally, an explanation for the different behavior of the
magnetic susceptibility, χ , in LiRh2O4 as compared to CuIr2S4

may reside in our PDF data. In the HTC phase of LiRh2O4,
the sample contains few dimers and a balance of itinerant
spins; thus it is weakly metallic and χ is roughly constant with
decreasing T . At the HTC-to-ITT phase transition, the spins
localize, but many are initially unpaired, resulting in a slight
upturn in χ . Then, on cooling through the ITT phase, dimers
gradually freeze-out. However, significant undimerized Rh4+
ions remain [as evidenced by the dimer fraction plotted in
Fig. 4(c)], which contribute to the paramagnetic response and
overcome the decrease in χ due to dimer formation from the
other Rh4+ ions, thus leading to the observed increase in χ .
This coexistence of dimerized and undimerized Rh4+ ions in
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LiRh2O4 is consistent with the presence of significant electron
correlations, leading to frustration in this system.

Our results point to an interesting aspect of the pyrochlore
sublattice, namely, the corner shared B4 tetrahedra consist-
ing of intersecting quasi-1D chains of B ions [Fig. 1(a)].
This sublattice plays host to a competition between one-
dimensional (1D) and three-dimensional (3D) physics. In a
more metallic spinel, such as CuIr2S4, the system can lower
its dimensionality through orbital ordering along the chains of
B ions, resulting in a 1D chain that is unstable to the formation
of a CDW. On the other hand, in a less metallic spinel, such
as Fe3O4, the physics is driven by the geometric frustration
of ordering different partial charges (±δ) on the vertices of
the 3D network of tetrahedra.27–30 LiRh2O4 lies between these
extremes, where the effects of intersite Coulomb interaction

and kinetic energy are comparable, resulting in a competition
that leads to the unusual behavior observed in this material.

ACKNOWLEDGMENTS

Sample preparation and characterization work at Argonne
National Laboratory was supported by the U.S. Department
of Energy, Office of Science, Office of Basic Energy Sciences
(DOE-BES) under Contract No. DE-AC02-06CH11357. PDF
x-ray experiments, data analysis, and modeling were carried
out at Brookhaven National Laboratory, supported by DOE-
BES under Contract No. DE-AC02-98CH10886. Use of the
National Synchrotron Light Source, Brookhaven National
Laboratory, was supported by the DOE-BES under Contract
No. DE-AC02-98CH10886.

*kknox@bnl.gov
1A. J. Millis, Nature (London) 392, 147 (1998).
2E. Dagotto, Science 309, 257 (2005).
3A. Georges, L. de’Medici, and J. Mravlje, Annu. Rev. Condens.
Matter Phys. 4, 137 (2013).

4Y. Okamoto, S. Niitaka, M. Uchida, T. Waki, M. Takigawa,
Y. Nakatsu, A. Sekiyama, S. Suga, R. Arita, and H. Takagi, Phys.
Rev. Lett. 101, 086404 (2008).

5J. Matsuno, T. Mizokawa, A. Fujimori, D. A. Zatsepin, V. R.
Galakhov, E. Z. Kurmaev, Y. Kato, and S. Nagata, Phys. Rev. B
55, R15979 (1997).

6J. Rodriguez-Carvajal, G. Rousse, C. Masquelier, and M. Hervieu,
Phys. Rev. Lett. 81, 4660 (1998).

7H. Ishibashi, T. Y. Koo, Y. S. Hor, A. Borissov, P. G. Radaelli,
Y. Horibe, S. W. Cheong, and V. Kiryukhin, Phys. Rev. B 66,
144424 (2002).

8P. G. Radaelli, Y. Horibe, M. J. Gutmann, H. Ishibashi, C. H. Chen,
R. M. Ibberson, Y. Koyama, Y. S. Hor, V. Kiryukhin, and S. W.
Cheong, Nature (London) 416, 155 (2002).

9M. Schmidt, W. Ratcliff II, P. G. Radaelli, K. Refson, N. M.
Harrison, and S. W. Cheong, Phys. Rev. Lett. 92, 056402 (2004).

10S. Di Matteo, G. Jackeli, C. Lacroix, and N. B. Perkins, Phys. Rev.
Lett. 93, 077208 (2004).

11K. Takubo, S. Hirata, J.-Y. Son, J. W. Quilty, T. Mizokawa,
N. Matsumoto, and S. Nagata, Phys. Rev. Lett. 95, 246401 (2005).

12V. Kiryukhin, Y. Horibe, Y. S. Hor, H. J. Noh, S. W. Cheong, and
C. H. Chen, Phys. Rev. Lett. 97, 225503 (2006).

13H. D. Zhou, B. S. Conner, L. Balicas, and C. R. Wiebe, Phys. Rev.
Lett. 99, 136403 (2007).

14D. Errandonea, R. S. Kumar, F. J. Manjon, V. V. Ursaki, and I. M.
Tiginyanu, J. Appl. Phys. 104, 063524 (2008).

15D. I. Khomskii and T. Mizokawa, Phys. Rev. Lett. 94, 156402
(2005).

16P. G. Radaelli, New J. Phys. 7, 53 (2005).
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The electronic structure of the honeycomb lattice iridates Na2IrO3 and Li2IrO3 has been investigated

using resonant inelastic x-ray scattering (RIXS). Crystal-field-split d-d excitations are resolved in the

high-resolution RIXS spectra. In particular, the splitting due to noncubic crystal fields, derived from the

splitting of jeff ¼ 3=2 states, is much smaller than the typical spin-orbit energy scale in iridates, validating

the applicability of jeff physics in A2IrO3. We also find excitonic enhancement of the particle-hole

excitation gap around 0.4 eV, indicating that the nearest-neighbor Coulomb interaction could be large.

These findings suggest that both Na2IrO3 and Li2IrO3 can be described as spin-orbit Mott insulators,

similar to the square lattice iridate Sr2IrO4.

DOI: 10.1103/PhysRevLett.110.076402 PACS numbers: 71.70.Ej, 75.10.Jm, 75.25.Dk, 78.70.Ck

The intense interest in iridium oxides, or iridates, arises
from a number of competing interactions of similar
magnitude [1–9]. While the on-site Coulomb interaction
is the dominant energy scale in 3d transition metal oxides,
the spin-orbit coupling (SOC) is largely ignored. On the
other hand, for 5d elements such as Ir, the SOC becomes
significant and in fact plays a dominant role. A good
example is Sr2IrO4, whose electronic states are well
described by jeff ¼ 1=2 states arising from the spin-orbit-
split t2g levels [2,3,8].

One of the most intensely scrutinized families of iridates
is the honeycomb lattice family A2IrO3 (A ¼ Na, Li)
[5,7,10–14]. Originally thought of as Mott [4] or topo-
logical insulators [5], these materials are now believed to
be Mott insulators [10,11]. A recent calculation, though,
suggests that uniaxial strain might still drive the system to
topological insulating behavior [15]. Furthermore, these
materials could be described with the Kitaev-Heisenberg
model [7,11,12], in which bond-dependent Kitaev interac-
tions are realized and support various types of topological
phases. The applicability of such intriguing theoretical
possibilities to a real system crucially depends on the jeff
physics arising from strong SOC. However, the experimen-
tal situation seems to be far from clear. In particular,
structural refinements find a sizable trigonal distortion of
the IrO6 octahedra [16,17], which will produce crystal-
field splittings within the t2g manifold. If the splitting is

comparable to the SOC, the jeff ¼ 1=2 states will mix with
jeff ¼ 3=2 states [18] and the relevant microscopic model
becomes quite different from the ideal jeff physics [14,19],

preventing the Kitaev-Heisenberg model from being
realized [7,11,13]. Recent theoretical studies have even
suggested that the ground state has a large contribution
from the jeff ¼ 3=2 state [20].
Therefore, it is of great importance to elucidate the

underlying electronic structure of Na2IrO3 experimentally.
In particular, the spectroscopic investigation of excitations
between spin-orbit-split jeff states can provide us with
direct information regarding the size of the crystal-field
splitting with respect to the typical SOC energy scale in
iridates (0.4–0.5 eV) [21,22]. In the case of Sr2IrO4, such
excitations from jeff ¼ 3=2 to jeff ¼ 1=2 were observed
around 0.6–0.8 eV in the resonant inelastic x-ray scattering
(RIXS) data [8], which are accounted for in the quantum
chemical calculation by Katukuri et al. [23]. The splitting
within these ‘‘spin-orbit’’ excitations arises due to nonzero
tetragonal crystal fields and is much smaller (�0:1 eV)
than the SOC, justifying the jeff description of Sr2IrO4.
In this Letter, we present a comprehensive picture of

the low energy electronic structure of Na2IrO3 and
Li2IrO3, based on Ir L3-edge RIXS experiments. Our
high-resolution RIXS measurements allow us to resolve
the crystal-field splitting of the jeff ¼ 3=2 states due to
the trigonal distortion, which is determined to be about
110 meV in both compounds. This energy scale agrees
very well with quantum chemical calculations and is
much smaller than the typical value for SOC, validating
the jeff picture in these compounds. We have also studied
the momentum dependence of the insulating gap; the
observed flat dispersion of the insulating gap is consistent

PRL 110, 076402 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

15 FEBRUARY 2013

0031-9007=13=110(7)=076402(5) 076402-1 � 2013 American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.110.076402


with what is expected from a significant Coulomb inter-
action in both compounds. Taken together, we argue that,
just as Sr2IrO4, the honeycomb A2IrO3 iridates can be
described as spin-orbit Mott insulators [2,15,19,24].

The RIXS experiment was carried out at the Advanced
Photon Source using the 30ID MERIX and the 9ID RIXS
spectrometer. A spherical (1 m radius) diced Si(844)
analyzer and a Si(844) secondary monochromator were
used to obtain the overall energy resolution (FWHM) of
�35 meV [25]. To minimize the elastic background, most
of the measurements were carried out in a horizontal
scattering geometry nearQ ¼ ð0 0 6:7Þ, for which the scat-
tering angle 2�was close to 90�. We use theC2=m notation
for the lattice [16,17]. A single crystal of Na2IrO3 and
a polycrystalline sample of Li2IrO3 were grown by the
solid-state synthesis method, previously described in detail
[10,11]. The Na2IrO3 crystal was platelike with a flat shiny
surface; the surface normal was in the (001) direction.

The RIXS process at the L3 edge of Ir (or any other d
electron system) is a second order process consisting of
two dipole transitions (2p ! 5d followed by 5d ! 2p).
Therefore, it is especially valuable for detecting excitations
between the d levels and has been extensively utilized in
the study of 3d transition metal compounds [26–32]. Recent
instrumental advances have made it possible to measure
collective magnetic excitations [8,33]. In A2IrO3, Ir

4þ ions
are in the 5d5 configuration in a slightly distorted octahedral
environment of oxygen ions, with the edge-sharing IrO6

octahedra forming a honeycomb net. Due to the octahedral
crystal field, there exists a fairly large splitting (10Dq)
between the t2g and eg states. Since the 5d orbitals are

spatially more extended than the 3d orbitals, the 10Dq value
is expected to be much larger. Indeed, in our RIXS inves-
tigations of various iridium compounds, well-separated t2g
and eg states have been observed, with the 10Dq value

typically about 3 eV [34].
In Fig. 1, a representative high-resolution RIXS spec-

trum of Na2IrO3 is plotted on a wide energy scale. This
scan was obtained at room temperature and plotted as a
function of energy loss (@!¼Ei�Ef). The incident en-

ergy, Ei ¼ 11:217 keV, was chosen to maximize the reso-
nant enhancement of the spectral features of interest below
1 eV. A broad and strong feature is observed at 2–4 eV, and
other sharper features are observed below 1 eV, corre-
sponding to d-d transitions from occupied t2g states into

the empty eg and t2g levels, respectively. Also plotted in the

figure are the room temperature data of polycrystalline
Li2IrO3. A lack of significant momentum dependence of
these d-d excitations (shown later in Fig. 2) allows one to
directly compare the peak positions between the single
crystal and powder samples. The spectra were fit to five
peaks (labeled A-E), as shown by the dashed black lines.
The low energy excitations can be fit to three peaks, two
Gaussians (B and C) of the same width and one Lorentzian
peak (A) on top of a broad background (Gaussian). Two

Lorentzian functions with sloping background were used
to fit the higher energy excitations (D and E). The resulting
peak positions are listed in Table I.
To clarify the nature of the excitations revealed by RIXS,

we have carried out multiconfiguration self-consistent-
field and multireference configuration-interaction (MRCI)
calculations [35] on clusters consisting of one central IrO6

octahedron, all adjacent Na or Li ions, and the three
nearest-neighbor IrO6 octahedra (see Ref. [23] and the
Supplemental Material [36] for details). Local d-d transi-
tions are computed only for the central IrO6 octahedron,
while the nearest-neighbor octahedra are explicitly
included in the cluster for providing an accurate description
of the nearby charge distribution. Two different lattice
configurations are considered: i.e., the C2=c structure
[10,37] and also the C2=m arrangement proposed more
recently [16,17,38].
The results of the spin-orbit MRCI (MRCIþ SOC)

calculations using the C2=m configuration [16] are listed
for Na2IrO3 in the third column of Table I. The MRCIþ
SOC data fit the experiment reasonably well, with peaks B
and C corresponding to jeff ¼ 3=2 to jeff ¼ 1=2 electronic
transitions. Above 2.5 eV, the MRCIþ SOC results indi-
cate multiple t2g to eg excitations displaying a two-peak

structure reminiscent of the D and E features in the RIXS
spectra. Although direct comparison is difficult due to the
broad spectral widths of D and E arising from multiple
excitations, MRCIþ SOC seems to overestimate some-
what the relative energies of those latter features. Intere-
stingly, for the alternative C2=c structure of Na2IrO3 [10],
the splitting between the two doublets originating from the
jeff ¼ 3=2 quartet is much larger and the position of the
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FIG. 1 (color online). Top: Wide energy range RIXS spectrum
for a single-crystal sample of Na2IrO3 at Q ¼ ð0 0 6:7Þ obtained
with Ei ¼ 11:217 keV. Note the different scale used for the left
and right panels. Bottom: RIXS spectrum for the Li2IrO3 powder
sample at jQj � 8 �A�1, obtained with the same Ei. All spectra
were measured at room temperature. The dashed black curves
are the result of a fit (see the text), and the thin solid red lines
represent the background.
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C peak is overestimated by 0.25 eV in the MRCIþ SOC
treatment. Since the deviations from the experimental data
are in this case larger, the MRCIþ SOC results for C2=c
symmetry are not listed in Table I. The t2g splittings in

calculations with no SOC are in fact as large as 0.6 eV for
the C2=c structure of Na2IrO3, which gives rise to a highly
uneven admixture of t2g components in the spin-orbit

calculations. In contrast, for the C2=m configuration, the
t2g splittings are about 0.1 eV and the three different t2g
hole configurations contribute with similar weight to the
spin-orbit ground-state wave function (see Table II).

For Li2IrO3, the calculations correctly reproduce the
shift to higher energies of the t2g to eg transitions relative

to those in Na2IrO3. The discrepancy between the experi-
mental values and the MRCIþ SOC results (e.g., peak C)
could be caused by the uncertainty in the structural model
used for this calculation (C2=m from Ref. [38]). Since
local structural disorder is not easily captured in the regular
diffraction data, local structure probes such as pair-
distribution-function (PDF) measurements can sometimes
be useful for clarifying the structural details. We have
carried out x-ray PDF studies on Li2IrO3 and Na2IrO3

powder samples. Details of these measurements and the
comparison of the two structures are reported in the
Supplemental Material [36]. Except for the overall lattice
contraction, the Li2IrO3 PDF seems to be well described by
the C2=m symmetry, eliminating the local structural dis-
order as a possible explanation. The most likely cause of
the structural uncertainty is the oxygen position, since
x-ray structural probes are not particularly sensitive to light
elements like oxygen [37,38]. We note that the latest
refinements using both powder neutron and single-crystal
x-ray data on Na2IrO3 do show important differences
compared to earlier x-ray powder diffraction data and

that the MRCIþ SOC results are very different for the
two structures. Better structural refinements using neutron
diffraction would reduce the oxygen position uncertainty
in Li2IrO3 and could improve the agreement between our
MRCIþ SOC calculation and the experiment.
One of our main findings is that the splitting of the

strong RIXS peak located at 0.7–0.8 eV is due to the
trigonal distortion which is well corroborated with our
MRCIþ SOC calculations. The fact that this splitting
(110 meV) is much smaller than a SOC of 0.4–0.5 eV
[21,22] strongly supports that these excitations are transi-
tions from crystal-field-split jeff ¼ 3=2 levels to the
jeff ¼ 1=2 state (labeled as a spin-orbit exciton in
Ref. [8]). Given that the optical gap in this material is
about 350 meV [24] and that there is no such excitation
in the MRCIþ SOC calculations, which only look at on-
site d-d excitations, it is reasonable to associate feature A
at low energy as arising from the excitation of a particle
and hole pair across the charge gap. Additional periodic
density functional theory (DFT) calculations using
generalized-gradient approximations (GGA) show that a
moderate size U and SOC can indeed open a (Mott) gap of
300–400 meV, in accordance with the experimental obser-
vation (see the Supplemental Material [36]).
The nature of the charge excitation gap can be further

revealed by its momentum dependence. In Fig. 2, we plot
the momentum dependence of the low energy peaks (A-C)
inNa2IrO3. In the honeycomb plane, the magnetic ordering
doubles the unit cell [39], and correspondingly the first
Brillouin zone (BZ) becomes smaller. Two different BZ
schemes are illustrated in the inset of Fig. 2(a) to aid the
comparison. We will use the rectangular BZ notation. Note
that the two high symmetry directions of interest, the
q ¼ ðh 0Þ and q ¼ ð0 kÞ in rectangular notation, corre-
spond to the �-K and �-M directions in the honeycomb
plane, respectively. One can see that the overall momentum
dependence of the excitation spectrum is very small,
except for peak A. To investigate the behavior of peak A
in detail, the low energy portion of the spectra was fit to a
Lorentzian peak. Since the peak seems to disappear at q ¼
ð1 0Þ, we have used the spectrum at this q as an empirical
background. The fitting results for peak positions, widths,
and intensities are shown in Figs. 2(b) and 2(c). The width
and peak position remain almost unchanged (� 10 meV
dispersion), but the intensity is strongly peaked around the
BZ center. This can be clearly seen in the pseudocolor plot
of the spectra shown in Fig. 2(d), in which a strong peak
around q ¼ ð0 0Þ and 0.42 eV is contrasted with the
q-independent features Bþ C. In addition, one can see
that the spectral weight changes abruptly around 0.4 eV,
confirming that this is the particle-hole continuum bound-
ary. Based on our RIXS results, the electronic excitations
in A2IrO3 can be summarized, as is shown in Fig. 2(e).
It is clear from this observation that the insulating gap is

direct (minimum gap at �). The relatively flat dispersion

TABLE I. RIXS and MRCIþ SOC excitation energies (C2=m
structure) for 213 iridates (eV).

Na213 Na213 Li213 Li213

RIXS MRCI RIXS MRCI

Peak A 0.42(1) � � � 0.45(2) � � �
Peak B 0.72(2) 0.82 0.72(2) 0.80

Peak C 0.83(2) 0.89 0.83(2) 0.97

Peak D 2.4(1) 2.8–3.4 2.6(1) 3.1–3.7

Peak E 3.3(1) 3.8–4.1 3.5(1) 4.1–5.0

TABLE II. Percentage contributions of the different Ir 5d5

configurations to the lowest on-site d-d excited states in
Na2IrO3, as obtained from MRCIþ SOC calculations.

Energy (eV) 0 0.82 0.89

d2xyd
2
yzd

1
zx 38.7 24.3 32.2

d2xyd
1
yzd

2
zx 34.7 60.3 24.7

d1xyd
2
yzd

2
zx 26.6 15.4 43.1
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observed in our data is also consistent with the DFT
calculation, which suggests that the bandwidth is about
50% (40%) for the GGAþ SOC (GGAþ SOCþU)
result compared to the GGA-only case, leading to an
almost dispersionless charge gap. Both the sharpness in
energy and the momentum dependence of peak A are quite
reminiscent of the excitonic behavior of the BZ center
particle-hole excitation across the charge-transfer gap in
the insulating cuprate La2CuO4 [40]. This suggests that an
extra nearest-neighbor Coulomb interaction V (in addition
to the on-site interaction U) might be important for mod-
eling this material [41,42]. Sizable V could promote the
tendency toward exciton binding and also further narrow
the bandwidths. The smaller intensity of the charge gap
feature in Li2IrO3 compared toNa2IrO3 could be due to the

fact that the Li2IrO3 data are powder averaged. However,
one cannot rule out the possibility of weaker V in Li2IrO3

as compared to Na2IrO3.
Another interesting aspect of our data is that the dis-

persion of the gap appears to follow the underlying
honeycomb lattice rather than the crystallographic or
magnetic unit cell. This is clearly observed by the spec-
trum obtained at q ¼ ð2 0Þ. While ð2 0Þ is the next BZ
center along the �-K direction (in honeycomb notation),
ð1 0Þ is on the zone boundary; peak A disappears at
ð1 0Þ but recovers its intensity at the q ¼ ð2 0Þ position.
Additional momentum dependence data, reported in the
Supplemental Material [36], show the lack of momentum
dependence along the L direction (perpendicular to the
honeycomb plane). Therefore, the electronic structure of
Na2IrO3 seems to be quite well described as that of a 2D
honeycomb lattice.
It is worth comparing the observed low energy RIXS

spectrum with that of Sr2IrO4. In Sr2IrO4, a low energy
magnon was observed below 200 meV, while highly dis-
persive excitations were observed between 0.4 and 0.8 eV.
This latter band of excitations is composed of particle-hole
excitation across the Mott gap and spin-orbit excitations
from the jeff ¼ 3=2 to the jeff ¼ 1=2 states. Because of the
smaller single-particle bandwidth in A2IrO3 (see the DFT
calculations in Ref. [15]), the ‘‘jeff excitation’’ in Na2IrO3

is almost dispersionless, unlike the highly dispersive coun-
terpart in Sr2IrO4. Perhaps an even more significant differ-
ence is the well-separated energy scale of the jeff excitation
and the particle-hole continuum in Na2IrO3. These two
energy scales are very similar in Sr2IrO4, but the large
separation in Na2IrO3 allows one to investigate these two
types of excitation separately.
To summarize, we have carried out resonant inelastic

x-ray scattering investigations of electronic excitations in
Na2IrO3 and Li2IrO3. We observe three well-defined fea-
tures below 1 eV and a broad two-peak feature at 2–5 eV.
By comparing our observation with quantum chemical and
density functional theory calculations, we associate these
features with d-d transitions. Specifically, the high energy
excitations are from t2g to eg excitations, while the low

energy excitations around 0.7–0.8 eV are excitations from
jeff ¼ 3=2 to jeff ¼ 1=2 states. The splitting of the latter
feature arising from the trigonal crystal field is about
110 meV, much smaller than the spin-orbit-coupling en-
ergy scale of Ir compounds, which validates the applica-
bility of jeff physics in A2IrO3. In addition, we observe a
lower energy excitation around 0.4 eV, which shows very
little momentum dependence and is associated with the
particle-hole excitation across the Mott gap; the ‘‘exci-
tonic’’ behavior of this peak suggests the nearest-neighbor
Coulomb interaction V is sizable. We conclude that the
electronic structures of both Na2IrO3 and Li2IrO3 are
similar and that these systems can be described as spin-
orbit Mott insulators.

(a) (b)

(c)

(e)

(d)

FIG. 2 (color online). (a) Momentum dependence of the low
energy RIXS spectra of Na2IrO3 obtained at T ¼ 9 K. The inset
shows a schematic diagram of the (h k 0) reciprocal space plane.
The BZs corresponding to the monoclinic unit cell are blue
rectangles. For comparison, we also plot the BZ of the honey-
comb net in black. The circles are the points where RIXS spectra
are taken. The low energy peaks denoted with red triangles are fit
to a Lorentzian, and the momentum dependence of (b) the peak
position and width and (c) the peak intensity are shown. (d) The
same data are plotted in a false color scale. (e) Schematics of
electronic excitations in A2IrO3 determined from our RIXS
measurements.
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The temperature evolution of structural effects associated with charge order (CO) and spin order in

La1:67Sr0:33NiO4 has been investigated using neutron powder diffraction. We report an anomalous

shrinking of the c=a lattice parameter ratio that correlates with TCO. The sign of this change can be

explained by the change in interlayer Coulomb energy between the static-stripe-ordered state and the

fluctuating-stripe-ordered state or the charge-disordered state. In addition, we identify a contribution to the

mean-square displacements of Ni and in-plane O atoms whose width correlates quite well with the size of

the pseudogap extracted from the reported optical conductivity, with a non-Debye-like component that

persists below and well above TCO. We infer that dynamic charge-stripe correlations survive to T � 2TCO.

DOI: 10.1103/PhysRevLett.111.096404 PACS numbers: 71.27.+a, 61.05.F�, 71.45.Lr, 74.72.Kf

The phenomenology of charge and spin stripes has been
of considerable interest in a broad range of strongly corre-
lated electron systems [1–6], and in particular with regard
to the problem of high-temperature superconductivity
in cuprates [7–9]. Although static charge-stripe-order
(CO) and spin-order (SO) have been detected by diffraction
techniques only in select cuprate materials [10–12], stripe-
like modulations of electronic states have been detected
at the surface of cleavable cuprates by scanning tunneling
spectroscopy [13–15], and a new type of charge correlation
has recently been identified in YBa2Cu3O6þx [16–20].
When static charge-stripe order occurs in La2�xBaxCuO4

[21], it competes with Josephson coupling between the
superconducting layers [22–25]. Dynamic stripes may have
a broader relevance to superconductivity in the cuprates
[26]; however, there is not yet any direct, incontrovertible
evidence for dynamic charge stripes in cuprates.

La2�xSrxNiO4 has served as a model system for study-
ing stripe order [27]. Charge-stripe order can occur at
relatively high temperatures, reaching a maximum of
TCO ¼ 240 K at x ¼ 1=3 [28,29]. While the stripe order
is more classical than in the cuprates, with quantum fluc-
tuations being unimportant, there is the possibility that
dynamical stripes might exist above TCO. Inelastic neutron
scattering studies have already shown that spin-stripe cor-
relations survive above both TSO and TCO [30]. An x-ray
scattering study was able to follow critical scattering
associated with charge-stripe correlations to temperatures
slightly above TCO, but ran out of signal by TCO þ 20 K
[31]. In contrast, measurements of optical conductivity
have demonstrated the absence of a dominant Drude
peak, the signature of a conventional metallic state, to
temperatures as high as 2TCO [32]. The fact that the optical
conductivity remains peaked at finite frequency suggests
that the charge carriers are quasilocalized, which might

be the result of fluctuating charge stripes persisting at high
temperature.
In this Letter, we use neutron scattering from a

polycrystalline sample to investigate the structural
response associated with charge-stripe correlations in
La1:67Sr0:33NiO4 (LSNO). This might appear to be a sur-
prising approach, as even in the stripe-ordered state the
superlattice peaks associated with stripe order are too weak
to detect by powder diffraction. Nevertheless, we observe
distinct signatures in the temperature-dependent scattering
associated with the loss of static charge stripe order at TCO

and the gradual attenuation of fluctuating stripes at much
higher temperatures.
The La1:67Sr0:33NiO4 sample studied here was initially

prepared as a single crystal by the traveling-solvent
floating-zone method; a portion of the crystal was then
ground to powder form. Neutron diffraction measurements
on a piece of the starting crystal have confirmed that
TCO ¼ 240 K, consistent with previous work [28,29,31].
Time-of-flight neutron powder diffraction measurements
were carried out at the NPDF beam line [33] of the Los
Alamos Neutron Scattering Center at Los Alamos National
Laboratory. Data were converted to the pair distribution
function (PDF) using PDFgetN [34] and the PDF was
modeled using PDFgui [35]. Rietveld refinements were
performed using GSAS+EXPGUI [36,37]. The tetragonal
space group I4=mmm was used in the refinements [38].
More details of the experiments and data reduction may be
found in the Supplemental Material [39].
Representative Rietveld and PDF fits to the 80 K data are

shown in Fig. 1. The model fit to the data is the undistorted
tetragonal structure, which does not allow for the average
atomic displacements associated with charge ordering. The
fits are good, which indicates that any structural modifica-
tion due to the charge ordering is small, consistent with
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earlier studies [38]. No charge or spin superlattice peaks
are evident in the data; even in the best case of a nickelate
with 3D long-range order, the superlattice intensities are no
more than 10�4 relative to strong fundamental reflections
[40], which is beyond the dynamic range for powder
diffraction. While we do not detect the average atomic
displacements associated with charge ordering, the transi-
tion is revealed by a modification of the tetragonality of
the unit cell. The unit cell volume varies smoothly with
temperature, as shown in Fig. 2 by the blue circles, in
agreement with earlier studies [41]; however, the c=a ratio
exhibits a strong anomaly at TCO. This anomaly results
from a contraction in the c and an elongation in the a
directions in a way that preserves the total unit cell volume.
To the best of our knowledge, this is the first time an
anomaly in the LSNO unit cell constants at TCO has been
reported. It correlates well with anomalies in the sound
velocity [28] and thermal conductivity [42].

We can define an order parameter based on this structural
response by quantifying how the c=a ratio deviates from
a smooth extrapolation of the high-temperature behavior.
We use the T dependence of the unit cell volume for this
purpose, which we rescale to lie on top of the c=a curve
in the high-temperature region. Taking the difference and
normalizing the signal to a jump of unity, the resulting order
parameter is shown in the inset of Fig. 2. Plottedwith it is the
normalized single crystal CO peak intensity [31], which is
proportional to the square of the conventional order parame-
ter for the charge-ordering transition. Both show the same T
dependence, indicating that the anomaly in c=a originates
from the development of long-range charge order.

The observed charge stripes in the low-T phase of LSNO
for x ¼ 1=3 lie in the NiO2 plane and are diagonal with

respect to the nearest neighbor nickel ions. This pattern of
charge order is consistent with the Wigner-crystal model
from electrostatic considerations. It is interesting to exam-
ine whether the same considerations could account for the
c=a anomaly. To understand how charge ordering may
couple to the lattice parameters, we consider three
extremes: (1) ordered stripes, with a staggered stacking
as observed experimentally, (2) ordered stripes, without
any stacking order along the c axis, and (3) uniform charge
in layers. Evaluating the interlayer Coulomb energy for
these three configurations, we find that minimization of the
Coulomb energy is consistent with an anomalous reduction
of the c=a ratio at TCO. (Details are presented in the
Supplemental Material [39].)
We now turn our attention to the local structure. Atomic

displacements associated with charge stripes, whether
static or dynamic, should contribute to measures of disor-
der relative to the tetragonal model. From the Rietveld
refinement of the diffraction pattern, we obtain atomic
displacement parameters (ADPs), where the ADP for a
particular atomic site in the unit cell can be written as
Uii ¼ hu2i i, where ui is the instantaneous displacement of
such an atom along direction i and the average is over time
and configuration. In the PDF, disorder will impact the
widths of contributions for individual interatomic distribu-
tions (although these may overlap and interfere). For
well-behaved materials, the temperature dependence of
the ADPs is well explained [43] by the simple Debye
model [44]. Deviations from this behavior may indi-
cate the appearance of underlying structural distortions
[45,46]. The temperature-dependent anisotropic ADPs

FIG. 2 (color online). The temperature evolution of c=a ratio
(bottom curve with red solid circles) in comparison with the
volume expansion (top curve with blue solid circles). Dotted
lines indicate TSO ¼ 190 K and TCO ¼ 240 K. In the inset, the
red solid circles represent a normalized long-range-order (LRO)
parameter calculated from c=a, and the black open circles
represents the T evolution of the normalized integrated intensity
of the single crystal CO peak from Du et al. [31].

FIG. 1 (color online). PDF (top) and Rietveld (bottom) fits to
80 K data. In both panels, structure models are shown as red
solid lines, while the data are shown as circles. Difference curves
are offset for clarity.
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from various atoms in the LSNO structure obtained from
Rietveld refinements are shown in Fig. 3. The thermal
evolution of various other ADPs are shown in Fig. 3(a)
while the ADPs that lie along in-plane nickel-oxygen
bonds are shown in Fig. 3(b). In each case the dashed lines
(not vertical) represent Debye-model fits to the low-
temperature region of the data (with an explanation of
the Debye model given in the Supplemental Material
[39]). The directions of the different ADPs are indicated
in the inset of Fig. 3(a).

For the examples in Fig. 3(a), the measured ADPs lie on,
or close to, the Debye curves at all temperatures, suggest-
ing that the behavior is dominated by conventional disorder
due to harmonic motion. The ADPs for oxygen atoms in
directions perpendicular to the Ni-O bonds, Oa U11 and Op

U33, are significantly larger in amplitude than the other
ADPs in Fig. 3(a), yielding lower Debye temperatures in
the fits, suggesting lower-energy rotational motions of the
NiO6 octahedra, as expected in structures based on the
perovskite motif, and as noted before.

In contrast, the ADPs for the in-plane O and Ni atoms in
directions parallel to the in-plane Ni-O bonds, shown in
Fig. 3(b), exhibit large deviations from conventional
behavior. These ADPs are the ones we anticipate should
have substantial contributions associated with stripe order
below TCO [40]. Each ADP should involve a sum of two
contributions, one from the stripe-related displacements
and another from the usual vibrational motion. Indeed,
we see that the ADPs asymptotically approach a Debye
curve at high temperature. We infer that the excess magni-
tude of each ADP above the shifted Debye curve (dotted
lines) is associated with stripe correlations. Intriguingly,
there is no dramatic change at TCO where static stripe order
disappears. Instead, the low-temperature behavior can be
characterized by a distinct Debye curve, with downward
deviations beginning near the TSO. The stripe-related
disorder above TCO is presumably dynamic, given the
effective disappearance of elastic diffuse scattering in
single-crystal neutron-scattering experiments.

We can define a measure of local stripe correlations as

�ðTÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

UA
iiðTÞ

q

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

UA
Dii
ðTÞ

q

; (1)

where A indicates the atomic species and UDii
represents

the Debye approximation to the high-temperature behav-
ior. The ‘‘order’’ parameters from in-plane Ni U11 and
O U22, normalized to unity, are shown in the inset of
Fig. 3(b). There is essentially identical temperature depen-
dence for the Ni and O sites.

To make a connection with the electronic properties, one
can compare the temperature dependence of the local order
parameters with the optical conductivity data from
Katsufuji et al. [32]. The energy gap for finite conductivity
closes at TCO, but this provides no measure of the correla-
tions that survive above TCO. To better capture the effective
pseudogap, we have evaluated the energy at which the

FIG. 3 (color online). Anisotropic ADPs that are not along
in-plane Ni-O bonds are shown in (a), while the ADPs that
lie along these bonds are shown in (b). The structure is
shown in the inset of (a) to illustrate the atoms and the
directions of the different anisotropic ADPs that are plotted
in the main panels, with Ni in blue, apical oxygen (Oa)
in orange, and in-plane oxygen (Op) in red. Vertical dotted

lines indicate the spin- and charge-ordering temperatures,
TSO and TCO. Dashed lines represent calculated Debye
behavior. The dotted lines in (b) represent calculated
Debye behavior with different offsets that are appropriate
to fit the high-T ADPs. The inset contains the same ADP
data converted to a short-range-order (SRO) parameter,
which is the normalized difference from the high-T Debye
fit as described in the text, where the symbols used are the
same as in the main panel. Plotted on top is a similar
SRO parameter for the energy of the pseudogap as deter-
mined from optical conductivity measurements as described
in the text.
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optical conductivity falls to half of its peak value at each
temperature. With normalization at low temperature, this
quantity is plotted in the inset of Fig. 3(b) using open
symbols. A remarkable resemblance is observed between
the local order parameters from the ADPs and the tem-
perature evolution of the energy gap, which directly links
the pseudogap behavior in LSNO and the presence of stripe
correlations in the local structure.

The local structural response can also be extracted from
PDF analysis. To keep the analysis simple, we focus on just
the correlations for atoms separated by the a lattice pa-
rameter (3.83 Å), corresponding to the near-neighbor O-O
distance that also includes Ni-Ni neighbors. The area of
this peak stays essentially constant with temperature, but
the width varies. The inverse square PDF peak height is
proportional to the square width, or ADP, of that correla-
tion and so is a sensitive and model-independent way of
interrogating the data for this parameter. The temperature
evolution of the inverse square PDF peak height is shown
in Fig. 4 as blue solid circles. For comparison, the in-plane
oxygen ADP along the Ni-O bond, U22, is indicated by red
triangles. The inverse square PDF peak height shows the
same T dependence. A clear break in slope can be observed
in the T evolution of the inverse square PDF peak height at
TSO, indicating its sensitivity to stripe order, and the behav-
ior closely follows the Rietveld ADP for the in-plane
oxygen along the bond. Thus, the PDF, which is a model-
independent complementary measure of the evolution of
CO, confirms the Rietveld result.

In summary, we have presented a temperature-
dependent neutron powder diffraction study of LSNO,
which is known to show robust charge-stripe order below
240 K. We have shown that the tetragonality shows an

anomalous change at TCO. In contrast, a local order para-
meter determined from mean-square displacements of Ni
and in-plane O sites, or equivalently from squared PDF
peak widths, shows a temperature dependence that
correlates quite well with the pseudogap in the optical
conductivity [32]. From this behavior, we have inferred
that charge-stripe correlations survive to temperatures far
above TCO, and only gradually become attenuated. These
results provide support for the idea that short-range-
ordered, and presumably fluctuating, stripes could underlie
electronic features, such as pseudogap and nematic and
smectic phases seen in the related cuprates [26,47].
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Confirmation of disordered structure of ultrasmall
CdSe nanoparticles from X-ray atomic pair distribution
function analysis

Xiaohao Yang,a Ahmad S. Masadeh,b James R. McBride,c Emil S. Božin,d

Sandra J. Rosenthalc and Simon J. L. Billinge*ad

The atomic pair distribution function (PDF) analysis of X-ray powder diffraction data has been used to

study the structure of small and ultra-small CdSe nanoparticles. A method is described that uses a

wurtzite and zinc-blende mixed phase model to account for stacking faults in CdSe particles. The mixed-

phase model successfully describes the structure of nanoparticles larger than 2 nm yielding a stacking

fault density of about 30%. However, for ultrasmall nanoparticles smaller than 2 nm, the models cannot

fit the experimental PDF showing that the structure is significantly modified from that of larger particles

and the bulk. The observation of a significant change in the average structure at ultra-small size is likely

to explain the unusual properties of the ultrasmall particles such as their white light emitting ability.

1 Introduction

Semiconductor CdSe nanoparticles have been extensively studied.1

Their size can be well controlled providing a good platform
for studying the nanoparticle size dependence of their various
properties.2 Significant deviations from the bulk properties have
been reported for nanoparticles smaller than 5 nm.3,4 Among
them, the optical properties provide a size-tunability with potential
applications in solar cells and lighting applications.3,5 Recently, it
has become possible to synthesize ultra-small CdSe nanoparticles
which were found to exhibit an extremely broad emission
spectrum rather than the blue shifted monochromatic light
emission of still small but larger nanoparticles.6–10

Accurate determination of atomic structure is important for
understanding the fundamental properties of nanoparticles.
However, due to the absence of Bragg peaks when scattering
from very small particles, traditional crystallography breaks
down:11 the so-called ‘‘nanostructure problem’’.12 As an alternative,
the atomic pair distribution function (PDF) method is a powerful
tool for studies of nanoscale structure,13,14 as it uses total scattering
data and does not require long-range periodicity. Recently, progress
in both data collection15 and modeling tools13,16,17 has allowed the

PDF method to be successfully applied to the study of nanoparticle
structure.18–22

An early understanding of the structure of CdSe nano-
particles suggested using X-ray diffraction and transmission
electron micrography (TEM) indicated that their structure is an
intermediate status between wurtzite and zinc-blende.23–25 This
was confirmed in more recent studies where the PDFs of
different sizes of II–VI semiconductor nanoparticles were fit
with models of the wurtzite structure with significant stacking
faults.19,25,26

For ultrasmall nanoparticles below 2 nm, conventional TEM
methods fail due to the poor contrast of nanoparticles to the
carbon supporting film.8 However, images may be obtained
from aberration-corrected atomic number contrast scanning
transmission electron microscopy (Z-STEM). Z-STEM studies on
ultra-small CdSe nanoparticles suggested the presence of a
highly distorted crystal structure where it was difficult to assign
a wurtzite or zinc-blende structure.8,27 A study combining
density functional theory and quantum mechanical molecular
dynamics suggested a dynamic disordered structure for ultra-
small nanoparticles that changes with time under electron
radiation.28 The strong interaction of the high energy electrons
with the particles may be expected to produce a significant
perturbation to the system. It is therefore not clear from this
measurement what the structural ground-state of the particles is,
though it is clear that it is not highly stable. Is the ground-state
disordered as observed under the electron beam, or is it ordered
but disorders under the electron beam?
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In this paper, we have revisited the same ultra-small nano-
particles that were studied by Pennycook et al.;28 however,
using X-ray PDF analysis. The X-rays are much less strongly
interacting than the electrons and should not perturb the
nanoparticle structure yielding a view of the structural
ground-state, at least at the ensemble average level. We find
that even in the X-ray measurements reported here the structure of
the ultra-small particles is significantly modified from the faulted
wurtzite seen at larger sizes, being more disordered than the
structure in the D > 2 nm particles. This suggests that the actual
stable, or metastable, state of these ultrasmall nanoparticles is
significantly disordered. Although in principle it is possible to solve
the structure of nanoparticles from PDF data,18 it has so far not
been possible in this case because of their high level of disorder
which limits the information content in the PDF.

Despite the fact that the structure model of the ultrasmall
particles is unknown, we could extract information about the
homogeneous and inhomogeneous strain in these nanoparticles
from the position and width, respectively, of the first peak in the
PDF, quantitative information that is not available from the TEM
study. We find considerably enhanced compressive homogeneous
strain and increased inhomogeneous strain in the bond-length
distribution, the latter reflecting the observed disorder of these
samples.

In larger nanoparticles that have a faulted wurtzite structure
we introduce a new method for estimating the stacking fault
density rapidly in the nanoparticles using a wurtzite–zinc-blende
mixed-phase model fit only over the local structure. This replaces
the approximate method introduced in Masadeh et al.19 and is a
rapid, high-throughput alternative to the more time-consuming,
though more accurate, approach using big-box models containing
large ensembles with many atoms.20,25,26 For the samples studied
we found the density to be about 30%.

2 Experimental details
2.1 Sample preparation

CdSe nanocrystal samples were synthesized and purified as
reported by Bowers et al.7 and were characterized using UV-visible
spectroscopy. Dry nanocrystals powders were packed into Kapton
tubing for X-ray powder diffraction experiments. Four nanoparticle
sizes, CdSe417 (ultra-small), CdSe470 (small), CdSe552 (medium)
and CdSe586 (large), were used for this study, as well as a bulk
CdSe sample as a reference. The numbers in the sample name
here are referring to their associated center-band-edge absorption
wavelength.

The absorption data in Fig. 1 was used to characterize the
size of the nanocrystals following the equation provided by
Yu et al.29 The presence of multiple peaks in the absorption
spectra for each nanocrystal is an indication of their low
polydispersity and high symmetry.

2.2 High-energy X-ray diffraction experiments

X-ray powder diffraction experiments were performed at the
6IDD beamline at the Advanced Photon Source (APS) at
Argonne National Laboratory. Diffraction data were collected

using the rapid acquisition pair distribution function (RAPDF)
technique.15 Data were collected at room temperature with an
X-ray energy of 98.111 keV (l = 0.12637 Å). A 2D image plate
camera (Mar345) was used with a sample to detector distance of
229.967 mm, as calibrated by using a silicon standard sample.15

The scattering signal from the surfactant (TOPO) was measured
independently and subtracted as a background in the data
reduction.

2D diffraction data were integrated and converted to intensity
versus 2y using the FIT2D30 program. These data were further
processed to obtain the PDF as described below.

2.3 The atomic PDF method

The atomic PDF, G(r), gives the probability of finding a pair of
atoms at a distance of r,

G(r) = 4pr [r(r) � r0], (1)

where r(r) is the atomic pair-density, r0 is the average atomic
number density and r is the radial distance.31 Experimentally, the
PDF is obtained from a sine Fourier transformation according to32

G rð Þ ¼ 2

p

Z 1
Qmin

Q½SðQÞ � 1� sinQr dQ; (2)

where Q is the magnitude of the scattering vector and S(Q) is
the total scattering structure function which is the properly
corrected and normalized powder diffraction intensity obtained
in a diffraction experiment. Here the data were truncated at
Qmax = 19.0 Å�1 which was found to be optimal to avoid large
termination effects as well as minimizing the statistical noise
level, due to the decreasing signal to noise ratio with increasing
Q value. The data were processed using the program PDFGetX3.33

Representative examples of the reduced total scattering
function F(Q) and PDFs from our samples are shown in
Fig. 2(a) and (b), respectively. We can see that for the larger

Fig. 1 UV-Vis emission spectra of the CdSe nanoparticles used in this study. The
ultra-small nanoparticles that had an absorption maximum at 402 nm were red-
shifted to 417 nm after washing, as indicated by the blue dashed curve.
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nanoparticles the features in the PDF of bulk wurtzite are
clearly evident in the PDFs, albeit diminishing in amplitude
with increasing-r due to the finite size of the nanoparticles. The
CdSe417 PDF has some similarities, but careful inspection
shows that the broad peaks in the PDF at higher-r are not
aligned well with those from the larger nanoparticles suggesting
a modified structure for these ultra-small nanoparticles.

Quantitative structural information can be extracted
from the PDF by comparing the experimental PDF and PDF
calculated from models.13 We used the program SrFit34 to fit a
structural model to the experimental PDF. SrFit is a structure
refinement program that searches for the structure that is most
consistent with the experimental PDF by varying parameters in
the model using a user selectable regression method, here
least-squares minimization. The agreement of the calculated
PDF to the experimental one is characterized by the residual
function,

Rw ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1 GobsðriÞ � Gcalcðri;~pÞ½ �2PN

i¼1 Gobs
2ðriÞ

;

s
(3)

where Gobs is the PDF extracted from the diffraction data, Gcalc

is the PDF calculated from the model and -p is the list of
variables (i.e., parameters that my vary) in the model.

3 Results and discussion

The PDF represents the atomic order within the nanoparticle.
For nanoparticles, as r increases, features in the PDF die due to
finite particle size effects. The value of r where obvious structure
disappears from the PDF places a lower bound on the diameter
of the nanoparticles. By visual inspection of the experimental
PDF, we can directly set this lower limit as 3.4, 2.8, 2.4, and
1.3 nm for CdSe586, CdSe552, CdSe470, and CdSe417, respectively.
This parameter will be refined more precisely later, taking into
account the finite resolution of the measurement, by fitting
models to the experimental data.

3.1 Mixed-phase model for structure of CdSe

Semiconductor alloys such as sulfides and selenides may
crystallize in either the hexagonal wurtzite structure or in the
cubic zinc-blende structure.35 The wurtzite and zinc-blende
structures have identical corner-shared tetrahedral building
blocks but have a different stacking sequence. The layer stacking
of wurtzite is ABABAB. . . along its [001] direction and the
stacking of zinc-blende is ABCABC. . . along the same structural
direction, which is [111] in the cubic unit cell, as seen in Fig. 3.
The two structures give identical PDFs for the first few neighbors,
but differences emerge for higher neighbor pairs. Two structure
models, wurtzite (space group P63mc) and zinc-blende (space
group F%43m), were fit to our PDF data. In the refinement, we
constrain both models to have isotropic atomic displacement
factors (ADPs). The Rw value and refined results are shown in
Table 1 and Fig. 4. Clearly, the wurtzite model gives a better fit

Fig. 2 (a) The experimental reduced structure function F(Q) of CdSe nanoparticles
with different diameters and (b) the corresponding PDFs, G(r), obtained by Fourier
transformation of the data in (a) with Qmax = 19.0 Å�1. The curves are arranged from
smallest to largest moving from top to bottom: CdSe417, CdSe470, Cdse552,
CdSe586, and CdSeBulk. See text for an explanation of the nomenclature.

Fig. 3 Fragments from the (a) wurtzite structure, space group (P63mc) with
(ABAB. . .) layer sequence and (b) zinc-blende structure, space group (F %43m) with
(ABCABC. . .) sequence.

Table 1 The agreement factor, Rw, obtained from PDF refinements with the
wurtzite, zinc-blende, and mixed phase models. Isotropic ADPs were used for all
fits

Zinc-blende Wurtzite Mix phases

CdSebulk 0.66 0.16 0.12
CdSe586 0.35 0.19 0.16
CdSe552 0.38 0.28 0.22
CdSe470 0.39 0.32 0.28
CdSe417 0.59 0.49 0.41
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for the bulk data. However, in the nanoparticles the fit quality
of these two models is comparable. Although both models give
reasonable fit, neither of them can fully reproduce the features
in experimental PDF, which indicates that the structure
of CdSe quantum dots is not purely wurtzite or zinc-blende,
but an intermediate structure between these two, as has been
reported.19,23

In the earlier work of Masadeh et al.,19 a model based on
wurtzite but containing stacking faults gave a better fit to the
data and solved the problem of the unphysically large U33 ADP
of Se found in their models refined with anisotropic ADPs. The
model is based on a wurtzite superlattice with stacking faults
along the c-axis and has a fixed stacking fault density. Here we
introduce a way of extracting the stacking fault density in a
straightforward way directly from modeling the local structure
in the PDF.

An interesting possibility of fitting PDFs is that the fitting
may be constrained to take place over different ranges of r. We
notice that the difference between the wurtzite and zinc-blende
structures is only evident on reaching the third layer in the
stacking direction. Both stacking sequences begin AB, with
wurtzite appending an A whereas zinc-blende appends a C
layer. If we take wurtzite as the reference structure, and we
define P(C) as the probability of the third layer being a C with
respect to the previous two layers defined as AB, we see that
wurtzite is the case where P(C) = 0 and zinc-blende is P(C) = 1. In
the presence of stacking faults, we will have, in general, 0 o
P(C) o 1. The stacking fault density (with respect to wurtzite)
will be given by P(C).

We can simulate this in the modeling by fitting the PDF over
a range that only includes 3 layers and fitting a two-phase
model of wurtzite and zinc-blende where we allow the proportion
of the wurtzite phase, f, to vary between zero and one (and the
proportion of the other phase to be (1�f)). This proportion gives
P(C) directly. For this to work the model must be suitably
constrained so that no other structural parameters can account
for the stacking faults, for example, the wurtzite and zinc-
blende models must be constrained to have isotropic ADPs since
stacking fault effects can be accounted for by enlarged U33

parameters in the wurtzite model.19 To reduce the degrees of
freedom it is also possible to add additional constraints, such as
enforcing the ADPs of atoms in each of the two phases to be the
same as each other, and the volume of the primitive cell of the
two phase to be the same as each other.

The fitting results of the mixed phase model are shown in
Table 2 and plotted in Fig. 5. Here we used a two step
refinement strategy to obtain the stacking fault density. First
a refinement with fitting range up to 40 Å was performed to
obtain the diameter of nanoparticles. Then we fixed the size of
the nanoparticles and performed a fit over the r range up to
10 Å which is the approximate range of three stacking layers, to
obtain the stacking fault density. The two step refinement is
used due to the fact that a large fitting range is required for
obtaining reliable size information but is undesirable for
refining the stacking fault density. We see from the figure,
and the Rw values in the table, that the fits for all but the
smallest nanoparticles are quite good and from comparison in
Table 1, the mixed-phase model gives a better fit than any
single phase model. This is illustrated in Fig. 6 which shows a

Fig. 4 The experimental PDF, G(r), with Qmax = 19.0 Å�1 (blue line) and the
calculated PDF from the refined structural model (red line), with the difference
curve offset below (green line). PDF data are fitted using zinc-blende model
(a) and wurtzite model (b). From top to the bottom: CdSe417, CdSe470, Cdse552,
CdSe586, CdSeBulk.

Table 2 The refined values obtained from fitting with the mixed-phase model. The ADPs of the two models were constrained to be same as each other and the lattice
parameter of the zinc-blende phase was calculated according to the volume of the primitive cell which was constrained to be equal to that of the wurtzite phase

CdSebulk CdSe586 CdSe552 CdSe470 CdSe417

Wurtzite a (Å) 4.2986(3) 4.288(1) 4.290(1) 4.288(2) 3.73(3)
Wurtzite c (Å) 7.0134(6) 6.999(2) 6.977(3) 6.865(6) 7.53(9)
Zinc-blende a (Å) 6.0773(5) 6.063(1) 6.059(2) 6.024(3) 5.66(5)
Cd Uiso 0.0232(3) 0.0299(4) 0.032(1) 0.058(3) 0.23(6)
Se Uiso 0.0223(5) 0.0373(9) 0.030(2) 0.052(4) 0.19(7)
Se Z-frac. 0.3752(2) 0.3728(4) 0.3750(6) 0.3799(9) 0.306(2)
NP diameter (nm) N 35.8(3) 29.9(3) 24.0(5) 13.2(3)
Stacking fault density (%) 8.3(2) 27.2(3) 30.7(3) 29.2(9) 68(2)
Rw (wur) 0.12 0.16 0.22 0.28 0.41
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comparison of the three fitting results of CdSe586. The resulting
Rw values are higher than can be obtained from crystalline samples
with well defined structures,13 but are comparable to small-box fits
to nanoparticles.19 The mixed-phase model clearly gives the best fit
suggesting that our mixed-phase model is successful in modeling

the stacking faults. Indeed, it does a much better job of
explaining the high-r region of the PDF than either end-member
model even though a mixed-phase model does not strictly
describe random stacking faults in this region.

One advantage of the mixed-phase model method for is we
can refine the stacking fault density directly and rapidly rather
than having to specify a fixed stacking fault density based on
wurtzite superlattice.19 The refined stacking fault density with
respect to the wurtzite structure is about 8% for bulk CdSe and
about 30% for the three larger nanoparticles, as indicated in
Table 2. As was found in earlier studies,19,36 there are significantly
higher stacking fault densities in small CdSe nanoparticles than in
the bulk and the structures can be thought of as being intermediate
between wurtzite and zinc-blende.

We should point out that the mixed-phase model has its
limitations. Strictly speaking it can only simulate the stacking
faults accurately up to three layers of tetrahedra (about 10 Å in
the wurtzite c-axis direction) because beginning from the fourth
layers, we may encounter multiple different stacking sequences
such as AXXC (e.g., ABAC) which is inconsistent with either
wurtzite stacking ABAB or zinc-blende stacking ABCAB. How-
ever the PDF measures the average structure of large numbers
of nanoparticles. Although there are small differences that exist
in the high-r, there is little information in the PDF that suggests
a preference for a particular stacking superstructure, but rather
a random statistical distribution.

Once we have a good fit such as from the mixed-phase
model, we can obtain the size of the nanoparticles following the
same procedure described in ref. 19. The refined diameters are
3.6, 3.2, 2.5 nm respectively for the for CdSe586, CdSe552,
CdSe470. We see a decreasing particles size as the absorption
peak shifts towards the blue. We will discuss the results for the
smallest nanoparticles, CdSe417, below.

3.2 Ultrasmall nanoparticles

The PDF of CdSe417 suggests a different structure from the
larger diameter samples. In Fig. 2(b), while it still has a sharp
first peak, the second and third peaks are heavily distorted and
merge into one broad peak. The significant modification of the
PDF for CdSe417 is evidence of a structural modification for the
smallest nanoparticles.

The modified structure is not simply a broadened and
strained version of the structure of the larger nanoparticles.
When fitted to the mixed-phase model, we see significantly
poorer fitting quality for the CdSe417 as indicated by the larger
Rw and by direct observation of the fit in Fig. 5 (top curve): the
wurtzite–zinc-blende mixture model is placing intensity in the
wrong positions in the PDF. In order to get even this good of an
agreement many of the fitting parameters had to refine to
unphysical values, such as the lattice parameter change of
about 0.5 Å�1 compared to CdSe470, ADPs increasing to
unphysical values. The poor fitting of mixed-phase model to
CdSe417 but good fitting to larger particles indicates that
the structure of ultrasmall nanoparticles are different from
larger nanoparticles. This was also seen in an earlier Z-STEM

Fig. 5 The experimental PDF, G(r), with Qmax = 19.0 Å�1 (blue line) and the
calculated PDF from the refined structural model (red line), with the difference
curve offset below (green line). The PDF data are fitted using the mixed-phase
model. From top to bottom: CdSe417, CdSe470, Cdse552, CdSe586, CdSeBulk.

Fig. 6 Comparison of fits from different models to the PDF of the largest
nanoparticle. The experimental PDF from of CdSe586 (blue line) and calculated
PDF (red line), with zinc-blende model (top), wurtzite model (middle), and mixed-
phase model (bottom).
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measurement,28 and is now confirmed in a less perturbing
X-ray measurement.

3.2.1 Information beyond the structure model. The mixed-
phase model cannot give good structural information for the
smallest nanoparticles. However, we still can extract some
structure-model independent information from the PDF. Since
all nanoparticles have a sharp first peak, which comes from the
nearest neighboring atomic pairs, we can extract information
about internal strains from the position and shape of the
first peak. The homogeneous strain in nanoparticles causes a
uniform compression or extension for all bonds, i.e. the first
peak of the PDF shifts to lower- or higher-r.19 On the other
hand, inhomogeneous strain causes non-uniform bond length
changes, which result in an additional peak broadening of
the first PDF peak other than broadening caused by thermal
vibration.

Here fit the first PDF peak of all the nanoparticles with a
Gaussian profile to obtain the peak position and peak width.
The results are shown in Fig. 7 and Table 3. As the nanoparticle
size decreases, we see the first peak gradually shift to lower-r,
i.e. there is an increasing compressive homogeneous strain
inside the nanoparticles. This homogeneous strain increases
rapidly for the smallest nanoparticles indicating that they
have a significant compressive strain. Similar behavior is seen
with increases in the peak broadening with decreasing size
indicating that the inhomogeneous strain, or width of the
bond-length distribution in the nanoparticles, also increases.

The rapid increase in inhomogeneous strain for the smallest
nanoparticles is consistent with the increased structural disorder
they exhibit, though since we are probing here only the first PDF
peak, it indicates that the disorder is also affecting the direct
Cd–Se bond lengths and is not just a disordered arrangement of
higher-r motifs with fully relaxed near-neighbor bonds.

4 Conclusion

The PDF method was used to characterize the structure of a
series of CdSe nanoparticles. Except for the smallest nano-
particles, the model of faulted wurtzite successfully describes
the atomic structure. We describe a rapid approximate
approach for extracting the stacking fault density by fitting
wurtzite–zinc-blende two-phase models to the low-r region of
the PDF. The resulting stacking fault density of the nano-
particles extracted from the model was around B30% for larger
nanoparticles. The PDF of the smallest nanoparticle (B1.3 nm)
has a different structure altogether and cannot be fit with a
disordered wurtzite model. The compressive homogeneous and
inhomogeneous strain was extracted as a function of particle
size. Both parameters increased significantly in the ultra-small
nanoparticles, with a large homogeneous strain of 2.0% at the
smallest particle size.
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Abstract
We have synthesized K0.95(1)Ni1.86(2)Se2 single crystals. The single crystals contain K and Ni
deficiencies not observed in KNi2Se2 polycrystals. Unlike KNi2Se2 polycrystals, the
superconductivity is absent in single crystals. The detailed physical property study indicates
that the K0.95Ni1.86Se2 single crystals exhibit heavy-fermion-like characteristics. The
transition to a heavy fermion state below T ∼ 30 K results in an enhancement of the
electron-like carrier density whereas the magnetic susceptibility shows little anisotropy and
suggests the presence of both itinerant and localized Ni orbitals.

(Some figures may appear in colour only in the online journal)

1. Introduction

Even before the discovery of the superconducting Tc =

26 K in LaFeAsO1−xFx [1], some nickel pnictide materials
(such as LaONiP) [2] had already been found to become
superconducting (SC) at low temperatures. Examples of
nickel pnictide superconductors also include LaONiAs,
LaO1−xNiBi, BaNi2P2 and SrNi2P2 [3–6]. However, all
nickel pnictide SCs have much lower Tc (<5 K) when
compared to iron pnictide SCs, of which the Tc values are
mostly well above 5 K [7]. The possible reason leading
to this difference could be due to different superconducting
mechanisms or to different values of material parameters
relevant for superconductivity which are not optimized for
the nickel pnictides even if the pairing mechanism were to
be identical [7].

On the other hand, iron chalcogenide SCs have also been
discovered, including FeCh (Ch = S, Se, Te) [8–10], and
AxFe2−ySe2 (A = K, Rb, Cs, Tl/K and Tl/Rb) [11–16]. In
contrast to iron chalcogenide SCs, however, corresponding

5 Present address: Frontier Research Center, Tokyo Institute of Technology,
4259 Nagatsuta, Midori, Yokohama 226-8503, Japan.

nickel chalcogenide SCs were still missing until recently.
NiSe has a NiAs-type structure with space group P63/mmc
and this structure is isostructural to hexagonal FeSe (high-
temperature phase). NiSe is a non-superconducting metal
with ferromagnetic fluctuations [17]. Similarly, TlNi2Se2 is
a Pauli paramagnet without a superconducting transition
down to 2 K [18]. However, very recently, it was reported
that KNi2Se2 polycrystals are superconducting with Tc =

0.80(1) K [19]. Moreover, KNi2Se2 single crystals feature a
heavy-fermion-like state with an increased carrier mobility
and enhanced effective electronic band mass below about
40 K. This state should emerge from the proposed local charge
density wave (CDW) state, which persists up to 300 K [19].

A study of single crystals is necessary in order to
elucidate the anisotropy in intrinsic physical properties of
KNi2Se2 and eliminate the influence of grain boundaries
and ferromagnetic Ni impurities. Hence, in this work we
report the physical properties of K0.95(1)Ni1.86(2)Se2.00(1)
single crystals. Unexpectedly, we found no evidence for
a superconducting transition down to 0.3 K in resistivity
measurements. Magnetic, Hall, thermodynamic and thermal
measurements suggest that the heavy-fermion-like properties
of KxNi2−ySe2 arise from dominant electron-like carriers. The

10953-8984/14/015701+07$33.00 c© 2014 IOP Publishing Ltd Printed in the UK
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Table 1. Structural parameters for K0.948Ni1.86Se2 at room temperature.

Chemical formula K0.95(1)Ni1.86(2)Se2.00(1)
Space group I4/mmm
a (Å) 3.8707(5)
c (Å) 13.591(4)
V (Å

3
) 203.62(7)

Atom x y z Uiso (Å
2
)

K 0 0 0 0.062(5)
Ni 0 0.5 0.25 0.0206(18)
Se 0 0 0.352 38(28) 0.0177(13)

onset of the heavy-fermion-like state below 30 K coincides
with the increased electron-like carrier concentration below
T ∼ 30 K.

2. Experiment

Single crystals of KNi2Se2 were grown by a self-flux method
similar to KxFe2−ySe2 [20] with a nominal composition
K:Ni:Se = 1:2:2. Briefly, pre-reacted NiSe and K pieces were
added into an alumina crucible with a partial pressure of
argon gas. The quartz tubes were heated to 1030 ◦C, kept
at this temperature for 3 h, then cooled to 730 ◦C at a rate
of 6 ◦C h−1. Platelike dark pink colored single crystals with
typical size 5 × 5 × 2 mm3 can be grown. A high-energy
synchrotron x-ray experiment at 300 K was conducted on
X7B beamline of the National Synchrotron Light Source
(NSLS) at Brookhaven National Laboratory (BNL). The setup
utilized an x-ray beam 0.5 mm × 0.5 mm in size with
a wavelength of 0.3196 Å (E = 38.7936 keV) configured
with a focusing double-crystal bent Laue monochromator
and a PerkinElmer amorphous silicon image plate detector
mounted perpendicular to the primary beam path. A finely
pulverized sample packed in a cylindrical polyimide capillary
1 mm in diameter was placed 377.81 mm away from the
detector. Multiple scans were performed to a total exposure
time of 240 s. The 2D diffraction data were integrated
and converted to intensity versus 2θ using the software
FIT2D [21]. Structural refinements were carried out using
the GSAS modeling program [22] operated by the EXPGUI
platform [23]. The elemental analysis was performed using
energy-dispersive x-ray spectroscopy (EDX) in a JEOL JSM-
6500 scanning electron microscope. Electrical and thermal
transport, heat capacity, and magnetization measurements
were carried out in Quantum Design PPMS-9 and MPMS-
XL5. The in-plane resistivity ρab(T) was measured using
a four-probe configuration on cleaved rectangularly shaped
single crystals with the current flowing in the ab-plane of
tetragonal structure. Thin Pt wires were attached to electrical
contacts made of silver paste. Thermal transport properties
were measured in a Quantum Design PPMS-9 from 2 to 350 K
using the one-heater two-thermometer method. The relative
error was 1κ

κ
∼ 5% and 1S

S ∼ 5%, based on a Ni standard
measured under identical conditions.

3. Results and discussion

Refinement of the synchrotron x-ray diffraction data of
KNi2Se2 reveals that the sample is constituted of 97% by
weight of KNi2Se2 (space group I4/mmm) and 3% by weight
of SeO2 impurity (space group P42/mbc). The SeO2 impurity
phase arises due to sample preparation. Most likely, the
oxidation process of KNi2Se2 is similar to β-FeSe [24]. The
fit is shown in figure 1(a) and the refinement results are
summarized in table 1. The determined lattice parameters
are a = 3.8707(5) Å and c = 13.591(4) Å. The value for
the a axis is somewhat smaller whereas the c axis lattice
parameter is larger when compared to polycrystalline samples
with full occupancies of K and Ni (a = 3.9098(8) Å and
c = 13.4142(5) Å [25]). This is in agreement with a previous
study which indicated that the deviation from full occupancy
can increase the c lattice parameter with only a minor effect
on the a lattice parameter [25]. On the other hand, both the a
and c lattice parameters are smaller than those in KxFe2−ySe2
(a = 3.9109 Å and c = 14.075 Å) [20]. It could be due to
the smaller ionic radius of Ni2+ (0.55 Å) than Fe2+ (0.63 Å)
with four-fold coordination [26]. The antiferromagnetic state
in KxFe2−ySe2 can increase the lattice parameters further
when compared to the non-magnetic state according to the
theoretical calculation [27]. The crystal structure of KNi2Se2
is shown in figure 1(b), where antifluorite-type Ni–Se layers
and K cation layers are piled up alternately along the c axis.
XRD pattern of a single crystal (figure 1(c)) reveals that the
crystal surface is normal to the c axis with the plate-shaped
surface parallel to the ab-plane. Figure 1(d) shows the EDX
spectrum of a single crystal of KNi2Se2, confirming the
presence of the K, Ni, and Se. The EDX results for several
single crystals with multiple measuring points indicate that the
crystals are rather homogeneous and the determined average
atomic ratios are K:Ni:Se = 0.95(1):1.86(2):2.00(1) when
fixing the Se stoichiometry to be 2. Although the number
of deficiencies is smaller when compared to KxFe2−ySe2
crystals [20], it is noticeably higher when compared to
KNi2Se2 polycrystals which feature full occupancies of K,
Ni and Se atomic sites [25]. The vacancies of K and Fe
should be randomly distributed, otherwise the symmetry of
the structure (space group: I4/mmm) should be lower. This is
the case for KxFe2−ySe2, where the space group changes from
I4/mmm to I4/m [20]. On the other hand, the deficiencies
should have minor effect on the heavy fermion behavior, as
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Figure 1. (a) Refinement of synchrotron x-ray diffraction data of K0.95Ni1.86Se2: data (solid symbols), structural model (red solid line),
difference curve (green solid line, offset for clarity). Vertical tickmarks denote reflections in the main phase (black, top row) and the
secondary SeO2 phase (blue, bottom row). (b) Crystal structure of KNi2Se2. The large purple, medium cyan and small red balls represent K,
Ni and Se ions. (c) Single crystal XRD of K0.948Ni1.86Se2. The inset shows a photo of a typical single crystal of KNi2Se2. (d) The EDX
spectrum of a single crystal.

shown below, because this behavior is still observed in the
polycrystal sample without significant deficiencies. However,
the deficiencies might have a significant influence on the
superconductivity which appears in the polycrystal sample.

The temperature dependence of the in-plane resistiv-
ity ρab(T) of the K0.95Ni1.86Se2 single crystal exhibits
metallic behavior with the residual resistivity ratio (RRR)
ρab(295 K)/ρab(0.3 K) = 5. The room-temperature value
ρab(295 K) (256 µ� cm) is slightly smaller than the value in
polycrystals (350 µ� cm). However, the RRR value is much
smaller than that in polycrystals (RRR∼ 175). Larger residual
resistivity ρ0 in crystals could come from the increased
impurity scattering due to the deficiencies. The most striking
feature is the absence of a superconducting transition down
to 0.3 K in K0.948Ni1.86Se2 single crystals when compared to
KNi2Se2 polycrystals with Tc = 0.80(1) K [19]. The absence
of superconductivity in single crystals could be related to the
deficiencies of K and Ni, implying that the superconductivity

in KNi2Se2 is very sensitive to the atomic ratio. There
is no metal–insulating transition (MIT) in KNi2Se2 and
the absolute values of resistivity are much smaller when
compared to KxFe2−ySe2 [20], indicating that Ni orbitals in
the former material are more itinerant when compared to Fe
orbitals in the latter material. Surprisingly, as shown in the
inset of figure 2(b), the ρab(T) ∼ T2 dependence is observed
up to 20 K at temperatures where other types of scattering
(e.g. electron–phonon) are usually active or dominant. From
the fit using ρab(T) = ρ0 + ATn, we obtain the residual
resistivity ρ0 = 50.282(2) µ� cm, the coefficient of the
quadratic resistivity term A = 0.0079(5) µ� cm K−2, and
n = 1.96(2).

Figure 3 presents the temperature dependence of
magnetic susceptibility χ(T) of the K0.95Ni1.86Se2 single
crystal for H = 1 kOe along the ab plane and c axis below
300 K. It can be seen that the χc(T) is larger than the
χab(T) at high temperature. The susceptibility can be fitted

3
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Figure 2. Temperature dependence of the in-plane resistivity ρab(T)
of the K0.95Ni1.86Se2 single crystal from 0.3 to 295 K. The inset (a)
shows the enlarged part of ρab(T) below 2 K. The inset (b) shows
the fitted result from 0.3 to 20 K using ρab(T) = ρ0 + ATn, where
the red line is the fitting curve.

Figure 3. (a) Temperature dependence of magnetic susceptibility
χ(T) with the applied field H = 1 kOe along the ab plane and the c
axis below 300 K. The inset shows the isothermal magnetization
hysteresis loops M(H) for H ‖ ab and H ‖ c at 300 and 1.8 K.

using the Curie–Weiss law χ(T) = χ0 + C/(T − θ) when
a temperature-independent contribution χ0 is accounted for.
Here, χ0 includes core diamagnetism, Landau diamagnetism,
and Pauli paramagnetism, C is the Curie constant and θ

is the Curie–Weiss temperature (solid lines in figure 3).
The fitted values for χ0 are 1.87(5) × 10−3 and 4.69(4) ×
10−3 emu mol f.u.−1 Oe−1 for H ‖ ab and H ‖ c, which
are much larger than the value in the literature [25].
Because the core diamagnetism is typically on the order of
10−6–10−5 emu mol−1 Oe−1 [28], and χLandau ≈ −1/3χPauli,
such large χ0 values strongly imply there is an enhanced
Pauli paramagnetism, i.e. the significant pileup of the density
of states at the Fermi level due to χPauli ≈ µ

2
BN(EF). On

the other hand, the obtained local moment is about 0.463(3)
and 0.615(7) µB/Ni for H ‖ ab and H ‖ c. This is unlikely

Figure 4. (a) Field dependence of ρxy(H) at various temperatures.
(b) Temperature dependence of the Hall coefficient RH of
K0.95Ni1.86Se2 single crystal. Inset: temperature dependence of the
carrier density n = 1/|eRH| calculated from RH based on the
single-band model.

to be due to impurities such as Ni2+ with S = 1 because
the corresponding molar fraction would be 16.4(1) and
29.7(3) mol% for H ‖ ab and H ‖ c, respectively. Such a large
amount of impurities should have been detected in the XRD
pattern, hence the origin of low-temperature susceptibility
rise should be intrinsic. The contribution of impurity is
revealed (figure 3 (inset)) in the magnetization loops for both
field directions at 300 and 1.8 K. There is a ferromagnetic
component superposed on the paramagnetic background
with a very small magnetic moment (∼10−2 µB/Ni). After
subtracting the paramagnetic part from the curve for H ‖ ab at
1.8 K, the saturated moment would correspond to ∼0.2 mol%
Ni2+ or∼1 mol% Ni impurities. The above analysis indicates
that Ni orbitals in NiSe4 tetrahedra are at the boundary
of itinerancy and Mott localization with a possible orbital
dependent correlation strength, similarly to iron orbitals in
iron based superconductors [29].

As shown in figure 4(a), the transverse resistivity
ρxy(H) shows an approximately linear relation against the
magnetic field and is negative at all measuring temperatures,
indicating that the electron-type carrier is dominant. From
the linear fitting of ρxy(H) − H relation, we obtain the Hall
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coefficients RH = ρxy(H)/H at different temperatures, which
is shown in figure 4(b). It can be seen that RH is weakly
temperature dependent when T > 30 K and then decreases
with temperature. In a single-band scenario, this change
suggests that the carrier density increases at about T = 30 K,
since RH = 1/ne (Inset of figure 4(b)). This temperature is
close to the observed crossover from the proposed local CDW
state to the heavy fermion state in stoichiometric KNi2Se2
polycrystals [19]. On the other hand, the change can also be
ascribed to the multiband effect, which has been observed
in classic two-band materials such as MgB2 as well as in
iron based material Nd(O, F)FeAs [30, 31]. A multiband
electronic structure at the Fermi level is also supported by
the density function calculations [32]. However, the observed
temperature dependence is much weaker than that in Nd(O,
F)FeAs single crystal, which exhibits significant multiband
behavior. It implies the multiband behavior should be weaker
in KNi2Se2 when compared to iron based superconductors.
From the obtained RH, the corresponding carrier density at
300 K is ∼4 × 10−3 carrier per Ni, increasing up to ∼8 ×
10−3 carrier per Ni. The carrier density is very low, even
one order lower than in iron based superconductors, such as
LaFeAsO0.89F0.11 (∼1021 cm−3) [33]. Moreover, from the
measured resistivity at 5 K (ρab(5 K) = 4.74 × 10−5 � cm)
and the derived carrier density at same temperature (n(5 K) =
1.46× 1020 cm−3), the carrier mobility at 5 K can be roughly
estimated using σ = neµ and is about 905 cm2 V−1 S−1.
It is close to the result derived from magnetoresistance
measurements of polycrystals (1070 cm2 V−1 S−1), implying
that KNi2Se2 has a high carrier mobility. On the other hand,
as discussed below, the electron specific heat is large at low
temperature, indicating the increased effective mass. Because
µ is proportional to the mean scattering time and inversely
proportional to the effective mass, the mean scattering time
could be rather large at low temperatures [19].

Figure 5 shows the temperature dependence of thermo-
electric power (TEP) S(T) for K0.95Ni1.86Se2 single crystals
measured between T = 2 and 350 K. At high temperature,
the S(T) is negative, consistent with dominant negative
charge carriers. It is interesting that the value of the S(T)
decreases with decreasing temperature and then becomes
positive at about T1 = 64 K. The sign change implies
multiband transport. Even though the Hall coefficient RH is
unchanged in that temperature range, the sign of S(T) might
change since they have a different dependence on carrier
density ne (nh), mobility µe (µh), and Se (Sh) in the two-band

model (RH =
1
e

nhµ
2
h−neµ

2
e

(nhµh+neµe)2
, S = Seneµe+Shnhµh

neµe+nhµh
) [34]. With

further decreasing temperature, S(T) shows a peak at around
Tm = 27 K and then decreases with temperature. Finally it
becomes negative again and the temperature corresponding to
the second sign reverse is about T2 = 12 K. The temperature
of Tm is very close to the temperature where the change of
slope in RH appears. As we discuss below, the second sign
change of S(T) could be related to the heavy fermion state,
where the Fermi surface becomes large with increasing carrier
density in electron-type bands.

Figure 6(a) shows the relation between Cp/T and T2

for K0.95Ni1.86Se2 single crystal at low temperature. It

Figure 5. Temperature dependence of thermoelectric power S(T)
for K0.95Ni1.86Se2 single crystal from 2 to 350 K.

can be seen that there is an upturn in the specific heat
as T < 3 K. This upturn could not be related to the
superconducting transition or to a nuclear Schottky anomaly
since it appears at much higher temperatures. This might
be an intrinsic effect related to magnetic fluctuations due
to the deficiencies of K and Ni. Similar behavior has been
observed in Ca(Fe0.1Co0.9)2P2 and Ca(Fe1−xNix)2P2 (x =
0.5 and 0.6) [35]. In order to obtain the electronic specific
heat and Debye temperature, we fit the Cp/T − T2 curve
between 5 and 10 K by using the formula Cp/T = γ +
β3T2

+ β5T4. We obtain γ = 48(2) mJ mol−1 K−2, β3 =

1.06(8) mJ mol−1 K−4, and β5 = 5.4(6) µJ mol−1 K−6.
The Debye temperature is estimated to be 2D = 209(5) K
using the formula 2D = (12π4NR/5β)1/3, where N is the
atomic number in the chemical formula (N = 5) and R
is the gas constant (R = 8.314 J mol−1 K−1). The Debye
temperature 2D and electronic specific heat γ are close to
the results obtained on the KNi2Se2 polycrystals [19]. The
large γ implies the mass enhancement at low temperatures
and heavy-fermion-like behavior [19]. Moreover, the 2D is
also similar to that of KxFe2−ySe2 (∼212 K) [36], which could
be ascribed to the similar structure and atomic weight.

As shown in figure 6(b), at high temperature the
heat capacity approaches the Dulong–Petit value of 3NR
(124.71 J mol−1 K−1), implying that the electronic specific
heat at high temperature is not enhanced when compared to
that at low temperature. In order to evaluate the temperature
evolution of the electronic specific heat, the Cp(T) curve is
fitted using double-Debye model in different ranges from T
(5 K < T < 52 K) to 300 K, similar to the discussion for the
KNi2Se2 polycrystalline sample [19]. For the double-Debye
model, the total specific heat can be expressed by [19]:

Cp(T) = γT + 9R(N − s)

(
T

2D1

)3 ∫ 2D1/T

0

x4 ex

(ex − 1)2
dx

+ 9Rs

(
T

2D2

)3 ∫ 2D2/T

0

x4 ex

(ex − 1)2
dx (1)
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Figure 6. (a) The relation between Cp/T and T2 for K0.948Ni1.86Se2 single crystal at low temperature. The solid curve represents the fitting
result using the formula Cp/T = γ + β3T2

+ β5T4. (b) The temperature dependence of Cp(T) for the entire measured temperature range.
The green solid line represents the classical value according to the Dulong–Petit law at high temperature and the blue line shows the fitting
result by using the double-Debye model between 5 and 300 K. (c) The fitted Debye temperatures 2Di and (d) γ using the double-Debye
model at various temperature ranges between T and 300 K.

where 2Di is the Debye temperature for each sublattice and
s the number of oscillators in one sublattice. We set s = 2,
the same as that for the polycrystalline sample. The Cp(T)
curve can be fitted well by using this model (figure 6(b)) and
the obtained 2Di and γ are shown in figures 6(c) and (d),
respectively. It can be seen that2D1 increases with decreasing
T and 2D2 has the inverse trend, consistent with the result for
the polycrystalline sample. On the other hand, the γ values are
much smaller than that obtained from the low-temperature fit.
Moreover, the γ is about 2.5 mJ mol−1 K−2 when T > 35 K
and increases monotonically up to about 6.3 mJ mol−1 K−2

for T = 5 K. The crossover temperature is close to 35 K.
The above results imply that the effect of electronic mass
enhancement is very weak at high temperature, while
it gains strength when cooling below about 30–40 K.
Temperature-dependent mass enhancement is consistent with
the results for polycrystals [19].

The phonon drag contribution to S(T) gives an ∼T3

dependence for T � 2D,∼1/T for T ≥ 2D (where 2D
is the Debye temperature) and a peak structure for 2D/5
[37, 38]. The estimated Debye temperature of our crystals
is about 210 K. Since S(T) (figure 5) is nearly constant for
T � 2D, is linear for T ≥ 2D, and shows no peak structure
at 2D/5 = 42 K, it is unlikely that the sign change in
thermoelectric power is related to the phonon drag effect.

From the obtained A and γ , the Kadowaki–Woods (KW)
ratio A/γ 2

= 3.43(6) × 10−6 µ� cm mol2 K2 mJ−2. This

is somewhat smaller than the value for KNi2Se2 polycrystals
(1.2 × 10−5 µ� cm mol2 K2 mJ−2) [19], and from the
universal value observed in strongly correlated heavy fermion
systems (1 × 10−5 µ� cm mol2 K2 mJ−2) [39]. However, it
is still larger than that in many intermediate valence Yb-based
and several Ce-based compounds with large γ (A/γ 2

∼ 0.4×
10−6 µ� cm mol2 K2 mJ−2) [39]. On the other hand, from the
fitted temperature-independent susceptibility χ0 (1.87(5) ×
10−3 and 4.69(4)×10−3 emu mol f.u.−1 Oe−1 for H ‖ ab and
H ‖ c) and the relation of χLandau ≈−1/3χPauli when ignoring
the core and orbital diamagnetism, χPauli ≈ 2.81 × 10−3 and
7.04 × 10−3 emu mol f.u.−1 Oe−1 for H ‖ ab and H ‖ c.

The estimate of the Wilson’s ratio (RW =
π2k2

B
3µ2

B

χPauli
γ

) gives

large values RW = 4.26 and 10.68 for H ‖ ab and H ‖ c.
This value is also larger than that derived from polycrystalline
(RW = 1.7) [19]. Such large values have been usually found
in the heavy Fermi liquids (RW = 1–6) [40]. However, large
RW values also occur in systems with a magnetic instability or
a strong exchange enhanced paramagnetic state [41].

4. Conclusion

In summary, we synthesized K0.95Ni1.86Se2 single crystals
using the self-flux method. Different from polycrystals, there
are small K and Ni deficiencies, similar to the iron based
counterpart KxFe2−ySe2. Resistivity measurements indicate
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that the K0.95Ni1.86Se2 single crystal does not exhibit a
superconducting transition down to 0.3 K, in contrast to
polycrystals. Therefore, the superconducting state is rather
sensitive to K and Ni stoichiometry, similar to KFe2Se2. Our
results suggest a transition to a heavy fermion state at low
temperature.
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Understanding the role played by broken-symmetry states such as charge, spin and orbital

orders in the mechanism of emergent properties, such as high-temperature super-

conductivity, is a major current topic in materials research. That the order may be within one

unit cell, such as nematic, was only recently considered theoretically, but its observation in

the iron-pnictide and doped cuprate superconductors places it at the forefront of current

research. Here, we show that the recently discovered BaTi2Sb2O superconductor and its

parent compound BaTi2As2O form a symmetry-breaking nematic ground state that can be

naturally explained as an intra-unit-cell nematic charge order with d-wave symmetry, pointing

to the ubiquity of the phenomenon. These findings, together with the key structural features

in these materials being intermediate between the cuprate and iron-pnictide high-

temperature superconducting materials, render the titanium oxypnictides an important

new material system to understand the nature of nematic order and its relationship to

superconductivity.
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R
ather than being an anomalous side effect in one or two
cuprate systems, broken-symmetry states are now thought
to be widespread in strongly correlated electron systems

and other complex materials. Extensive study of the manga-
nites1,2, cuprates3,4, iron pnictides5 and a variety of other systems
has made it increasingly evident that local and global symmetry
breaking in the charge, orbital, lattice and spin degrees of freedom
are associated with the appearance of emergent phenomena,
such as colossal magnetoresistance and high-temperature
superconductivity (HTSC), but the exact relationship is not
understood. Historically, the study of such broken-symmetry
states has been very challenging. Taking the cuprates as an
example, 8 years elapsed from the initial discovery of
superconductivity to the first observation of symmetry-broken
charge order (stripes) in one system6, another 7 years passed
before hints were found in others7,8 and only within the last 3
years has charge order begun to emerge as a possibly ubiquitous
feature of the cuprates9,10.

Several possibilities arise when considering the symmetries that
can be broken by these states. Most charge-/spin-density waves
(C/SDWs) break the translational symmetry of the lattice, folding
the Brillouin zone and resulting in superlattice diffraction peaks.
On the other hand, orbital ordering, where charge transfers
between orbitals centred at the same site, can break the metric
rotational symmetry without lowering the translational symme-
try. Examples are charge-nematic11 and loop-current12,13 orders
in the doped cuprates. In this context, nematic order is defined as
one that breaks the rotational point group symmetry while
preserving the lattice translational symmetry. The fact that
nematic symmetry-broken states have recently been discovered
experimentally in both the cuprate11 and iron-based14

superconductors raises the importance and relevance of this
observation to HTSC. It is, therefore, critically important to
understand the role and ubiquity of symmetry breaking,
including intra-unit-cell nematicity, to the superconducting
phenomenon.

Standard theoretical treatments of HTSC, such as the effective
single-band t–J model, have typically ignored the possibility of
intra-unit-cell orders15. When multiple atoms per unit cell are
explicitly included in the theory, qualitatively different ground-
state solutions may be found16, underscoring the subtlety and
importance of accounting correctly for this phenomenon. Hence,
finding related but distinct systems that exhibit this phenomenon
is expected to shed new light on this critical question.

Very recently, superconductivity was discovered17–19 in
titanium-oxypnictide compounds, such as ATi2Pn2O (A¼Na2,
Ba, (SrF)2, (SmO)2; Pn¼As, Sb, Bi), which are close structural
and chemical cousins to the cuprates and iron-pnictides20–24. In
particular, in isovalent BaTi2(Sb1–xBix)2O and aliovalent Ba1–
xNaxTi2Sb2O (ref. 25), muon spin rotation and heat capacity
measurements point to fully-gapped s-wave superconductivity26–28.
Interestingly, a number of compounds in this family also show
strong anomalies in resistivity and/or magnetic susceptibility that
are thought to be signatures of symmetry-breaking charge- or spin-
ordered ground states21,24,25,29,30, suggesting that these materials
are excellent candidates for studying the interplay between broken-
symmetry states and superconductivity. In light of these strong
transport anomalies, it is then quite surprising that subsequent
experiments have failed to uncover any direct evidence for a
conventional spin- or charge-density wave ground state26,27,31,
leaving open the question of whether these materials do possess
symmetry-broken ground states.

Here, we show that superconducting BaTi2Sb2O, and
its non-superconducting parent compound BaTi2As2O, do
indeed undergo a tetragonal-orthorhombic phase transition,
corresponding to a C4–C2 symmetry lowering, that occurs at

the temperature of the transport anomaly. On the other hand,
high-sensitivity electron diffraction measurements failed to detect
any superlattice peaks in the bulk at low temperature, indicating
that this transition does not break translational symmetry. The
low-temperature phase, therefore, constitutes a nematic state. In
light of the pronounced upturn in resistivity accompanying this
nematic transition, together with the absence of any ordered
SDW26, we attribute the nematicity to an intra-unit-cell charge
order with d-wave symmetry by charge transfer between
neighbouring Ti sites—similar to that between neighbouring
oxygen sites in cuprate superconductors—and find that it
naturally explains the temperature dependence of the lattice
constants. These results establish this family of materials as
another playground for studying symmetry-breaking electronic
phases and their relationship to superconductivity.

Results
Structural and electronic properties of BaTi2Pn2O. The basic
structural unit of BaTi2Pn2O is a planar square net of titanium
and oxygen, in analogy with the cuprates (Fig. 1a,b), with the
crucial difference that the positions of the metal and oxygen ions
are switched between the structures (the complete titanate
structure is shown as an inset in Fig. 2b). In Fig. 1, the square net
is shown by solid lines along the nearest neighbour bonds, with
dashed lines showing the net joining second neighbour ions. This
second-nearest-neighbour square net connects oxygen ions in the
cuprates, but metal ions in the titanate compounds and also in the
iron-based superconductors (Fig. 1c). Thus, in terms of chemistry
and structure, the titanate compounds bridge between the ferrous
and cuprate superconductors. The Ti 3d orbitals are occupied by
one electron per Ti atom, which is found to reside in a nominally
1/4-filled band formed via hybridization of the dxy and
dy2 � z2=dx2 � z2 orbitals for the Ti(1)/Ti(2) ions (defined in
Fig. 1b). The local geometry of the Ti(1) site is shown in Fig. 1d
and the arrangement of the d-energy levels is shown in Fig. 1e.

Furthermore, the phase diagram (Fig. 2b) is highly reminiscent
of the cuprates and iron-based superconductors, with super-
conductivity appearing on doping and transport behaviour that is
strongly suggestive of a competing electronic transition such as
the formation of a CDW or SDW21,24. The transport is metallic at
high temperature21, with a positive resistivity slope versus
temperature (Fig. 2a). However, on cooling, a pronounced
upturn in the resistivity is found for all x in the solid solution
BaTi2As1� xSbxO. The feature occurs at a temperature Ta that
decreases monotonically from 200K for x¼ 0 to 50K for
x¼ 1, with superconductivity appearing below B1K for the
antimony endmember and increasing to 5K for BaTi2Bi2O (refs
19,24). Anomalies in the magnetic susceptibility and specific heat
are also observed21 at Ta.

Density functional theory (DFT) calculations for BaTi2Sb2O
predicted an instability towards a bicollinear SDW formation32,33

or a commensurate CDW ground state driven by an unstable
phonon mode that doubles the unit cell by distorting the Ti
squares and preserves the tetragonal symmetry34. The possibility
of SDW formation in BaTi2(As,Sb)2O, either commensurate or
incommensurate, was subsequently ruled out by muon spin
relaxation and 121/123Sb nuclear resonance measurements, which
show conclusively that no magnetic order develops at any
temperature probed26,27,31. On the other hand, a conventional
CDW should be evident through an associated structural
distortion. However, initial electron and neutron diffraction
studies on the Sb endmember26 found no broken symmetry or
any signature of superlattice formation at low temperatures,
nor was a CDW gap formation observed in angle-resolved
photoemission measurements of the nested Fermi surfaces
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(although a slight depression of the density of states at other
momenta was found to correlate in temperature with the
resistivity anomaly35). The possibility of an incommensurate
CDW was also ruled out by 121/123Sb nuclear resonance
measurements31.

Neutron powder diffraction measurements. In the absence of
evidence for a long-range ordered CDW, we undertook a neutron
diffraction and total scattering measurement on BaTi2Sb2O with a
dense set of temperature points to search for evidence for a
possible short-range ordered CDW36,37. We also extended the
investigation to the previously unstudied BaTi2As2O endmember.
Unexpectedly, we found a long-range structural phase transition
at Ta. Room temperature measurements of BaTi2As2O confirm
the tetragonal P4/mmm space-group symmetry previously
reported from X-ray diffraction21. However, on cooling through
Ta, we observe a distinct splitting of the (200)/(020) and

(201)/(021) Bragg peaks, representing the first observation of a
symmetry lowering at the same temperature as the resistivity
anomaly in BaTi2As2O. This is shown in Fig. 3, which compares
the high- and low-temperature Bragg peaks in panel (a) and
displays their temperature evolution in panel (b). The (200) peak
at 2.02Å begins to broaden below 200K, coinciding with Ta, and
appears to split at the lowest temperatures. Similarly, the (201)
peak at 1.94Å displays apparent splitting as the temperature is
lowered. These observations demonstrate that BaTi2As2O
undergoes a long-range ordered structural phase change at Ta,
lowering its symmetry from tetragonal to orthorhombic.

To investigate the structural transition in greater detail, we
performed Le Bail38 refinements at all temperatures. We used the
parent P4/mmm model for TZ200K. The simplest possible
symmetry-breaking distortion mode of the parent P4/mmm
structure consistent with the observed peak splitting is a mode
that breaks the degeneracy of the a- and b-axes without otherwise
shifting atoms within the unit cell, resulting in a space-group
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symmetry of Pmmm, which was used for To200K. We also
explored other candidate orthorhombic structures with lower
symmetry, but since these structures do not improve the fit
quality within the resolution limitations of the current data,
Pmmm is the most appropriate choice. We display the results of
these refinements in Fig. 4. As seen in panel (b), the tetragonal
a axis clearly splits below TB200K, with a maximum
orthorhombic splitting of B0.01Å. The orthorhombicity
parameter Z¼ 2� (a–b)/(aþ b) is shown in the inset of panel
(a), indicating a maximum orthorhombicity ofB0.22%. Panel (a)
also displays the temperature dependence of the c axis parameter,
which exhibits an upturn below the structural transition deviating
from the linear thermal contraction trend seen for T4200K. This
same type of c axis response also accompanies long-range ordered
stripe formation in the nickelates36. Additional details regarding
Rietveld refinement of BaTi2As2O can be found in Supplementary
Note 1. The superconducting BaTi2Sb2O shows qualitatively the
same behaviour, albeit with an amplitude decreased by a factor of
B5, with an orthorhombic splitting (0.05%) and a small but
observable c axis upturn appearing on cooling through Ta¼ 50K.
The undistorted P4/mmm model can be used with moderate
success at all temperatures, but the Pmmm model yields a better
fit below 50K (see Supplementary Note 2). Pair distribution
function analysis is consistent with these observations for both
compounds and can be found in Supplementary Note 3.

These results offer compelling evidence that the observed
structural response is intimately related to the transport anomaly
and may be driven by a broken symmetry of the electronic
system forming at that temperature. The small distortion
amplitude in BaTi2Sb2O explains why this long-range structural
phase change escaped notice in previous neutron diffraction
measurements26.

Electron diffraction measurements. Since CDW formation is
implicated, we made a special effort to search for the appearance
of weak superlattice peaks associated with a finite CDW wave-
vector in electron diffraction (ED) patterns below Ta. The original
study on the antimony endmember failed to observe superlattice
peaks26. Here, we concentrated on the arsenic endmember where
the structural distortion is five times larger, and the ED patterns
were heavily overexposed to search for any weak response at
intensities close to background. Despite these efforts, the ED
patterns taken along the [001] and [011] directions revealed no
superlattice peaks in the bulk at low temperature, as shown in
Fig. 5. However, in a very small fraction of the sample in the
immediate vicinity of grain boundaries, weak superlattice peaks
with Q¼ (1/2, 0, 0) are observed at low temperature. This non-
bulk behaviour is explored further in Supplementary Note 4.

Discussion
A picture emerges of a C4–C2 symmetry breaking occurring with
an accompanying strong upturn in resistivity, but with no
corresponding CDW superlattice peaks appearing. The resistivity
upturn is larger than would be expected as a passive response of
the electronic system to the structural transition, borne out by a
standard DFT calculation with the observed orthorhombicity
parameter Z¼ 0.22%, which showed that merely 0.0003 electrons
are transferred from Ti(1) to Ti(2). Therefore, in common with
earlier discussion18,21, we propose that the structural transition is
a response to an instability of the electronic system. The earlier
muon spin relaxation results26,27, together with the ED
measurements, allow us to rule out the existing proposals of
SDW formation32,33 or a phonon-driven CDW34. Instead, an
intra-unit-cell charge-nematic electronic symmetry breaking is
implicated, similar to that proposed for doped cuprates39.

In the current case, a charge redistribution between the on-site
orbital states at the Fermi level, dx2 � z2=dy2 � z2 to dxy, does not
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break the rotational symmetry, so can be ruled out. Instead, a
simple but novel intra-unit-cell charge order (IUC-CO) naturally
explains the observed phenomenology. A transfer of charge from
Ti(1) to Ti(2) (see Fig. 1b) lowers the rotational symmetry of the
Ti2O plaquette locally from C4 to C2, with the effect on the overall
lattice symmetry depending on the ordering pattern of the
distinct Ti ions in neighbouring unit cells. Repeating the
symmetry-lowered plaquette uniformly along the a and b
directions results in no change of the unit cell, but breaks the
metric symmetry from C4 in P4/mmm to C2 in Pmmm, as
observed experimentally. This arrangement of charges can
accordingly be described as a nematic IUC-CO. Our data are
therefore consistent with the formation of this type of charge
order on cooling through Ta. Such a model is also consistent
with the breaking of C4 symmetry at the Pn site that has been
observed from 121/123Sb nuclear resonance measurements31.

This nematic IUC-CO is energetically favoured on Coulombic
grounds if the on-site Hubbard energy U is sufficiently small,
which is a reasonable assumption as the system is a metal rather
than a Mott insulator. The small Hubbard U arises from
significant screening due to the solvation effect of the high
polarizabilities of the As3� and Sb3� anions, which are an order
of magnitude larger than that of O2� . Moreover, the As and Sb
ions reside on a lower symmetry site in the Pmmm structure,
which enhances the effects of their polarizabilities. This physics
was proposed in an earlier study of the iron-pnictide super-
conductors40. Returning to the present system, the transfer of a
charge of d from Ti(1) to Ti(2) will result in a lowering of the
electrostatic energy, V(1–d)(1þ d)¼V(1–d2), where V is the
screened Coulombic interaction between Ti sites and is positive.
The result is charge order with a d-wave symmetry41 with the sign
of the modulated charge density varying as � þ � þ around
the plaquette. From plaquette to plaquette, the orientation of the
axis of the distortion can be parallel or perpendicular, forming a
ferro- or anti-ferro- type ordering, which would preserve or break
translational symmetry, respectively. The former is consistent
with the experimental observations in this material. We suggest
that the rather rigid face-shared octahedral topology in each layer
favours the uniform ferro- over the anti-ferro- ordering. It is
noteworthy that this V is the counterpart of the Coulumbic
repulsion Vpp between neighbouring oxygen atoms in the CuO2

plane, which was shown to drive IUC nematic order in
nonstoichiometric doped cuprates42. Hence, the present results
obtained on these stoichiometric materials (thus having less
ambiguity such as disorder effects) yield insight into the origin of
IUC nematic order in the cuprates.

This nematic IUC-CO naturally explains the observed changes
in the a- and c-lattice parameters. The transfer of charge from
the Ti(1) dy2 � z2 orbital to Ti(2) dx2 � z2 results in increased
electrostatic repulsion between the charge-rich dx2 � z2 orbitals
extending along the a axis, breaking the tetragonal degeneracy of
the a and b axes and leading to the observed orthorhombic
distortion. Furthermore, a uniform stacking of the IUC-CO in
each layer can also explain the response of the c-lattice parameter,
which expands upon entering the charge-ordered state (Fig. 4a).
This lattice expansion may be attributed in part to increased
electrostatic repulsion between inter-layer Ti ions from the
transferred charge. The net energy contribution is V0[(1þ d)2

þ (1–d)2]¼V0(2þ 2d2), where V0 is the inter-layer screened
Coulombic interaction. This acts in addition to other elastic
energy contributions.

The structural effects observed on cooling are much smaller in
BaTi2Sb2O than BaTi2As2O, suggesting that the IUC-CO is
relatively suppressed both in amplitude and temperature. This
may be a result of the larger unit cell in the Sb compound, due to
its larger Sb3� ionic diameter (2.25 versus 1.98Å for As3� ;
ref. 18), resulting in a smaller V.

To identify the microscopic driving force of this nematic
instability, we present a symmetry-based zero-order analysis in
which only the leading energy scales are retained. Ti atoms reside
at the centre of a distorted octahedron with oxygen at the apices
and pnictide atoms around the equatorial plane, as shown in
Fig. 1d for Ti(1). The Ti 3d-energy levels are illustrated in Fig. 1e,
similar to the case of nearly isostructural (LaO)2CoSe2O (ref. 43).
The nominal electron occupation is one electron per Ti atom,
which would have been assigned to the locally lowest-lying dy2 � z2

and dx2 � z2 orbitals on the Ti(1) and Ti(2) ions, respectively.
However, the s-bonding between the Ti(1) and Ti(2) dxy orbitals
forms a relatively wide band that overlaps the locally lowest level.
Therefore, the minimum model for the titanium oxypnictides
involves the two orbitals: dy2 � z2 and dxy on Ti(1) and dx2 � z2 and
dxy on Ti(2). Since the dxy orbital has the same impact on both the
a and b direction, the C4–C2 symmetry lowering around the
central oxygen atom is mainly determined by the charge
imbalance between the quasi-one-dimensional dy2 � z2 band on
Ti(1) and dx2 � z2 on Ti(2) as a result of the Stoner instability42.
No doubt this mechanism will be complicated by hybridization
and other issues, but this symmetry-based analysis provides the
appropriate realistic starting point. Since the proposed nematic
intra-unit-cell charge order elegantly explains all the observed
structural effects, it is anticipated to be the electronic ground state
of BaTi2Pn2O.
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Figure 5 | Electron diffraction patterns of BaTi2As2O. (a) Diffraction pattern with the incident beam along the [001] and (b) along the [011] directions.

No superlattice peaks are observed at low temperature even after heavy overexposure.
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Methods
Neutron powder diffraction. Powder specimens of BaTi2As2O and BaTi2Sb2O
were prepared via conventional solid state reaction methods. Details of the
synthesis are provided in a previous study26. Time-of-flight neutron total scattering
experiments were performed at the Neutron Powder Diffractometer at Los Alamos
Neutron Science Center (LANSCE) at Los Alamos National Laboratory. Data were
collected using a closed-cycle He refrigerator at temperatures ranging from
10–300K in steps of 10K near the structural transition and 25K away from the
transition over a wide range of momentum transfer Q. Le Bail38 fits to the intensity
profiles were performed with GSAS44 on the EXPGUI platform45. Pair distribution
function (PDF) profiles were obtained by Fourier transforming the measured total
scattering intensity up to a maximum momentum transfer of Qmax¼ 24Å� 1 using
established protocols46,47 as implemented in the programme PDFgetN48. The Le
Bail fits were used to extract lattice parameters and space-group symmetry, the
PDF fits to extract atomic displacement parameters. Symmetry mode analysis using
the programme ISODISTORT49 was conducted to identify candidate distorted
structures.

Electron diffraction and DFT calculations. Electron diffraction patterns were
recorded using a JEOL ARM 200CF transmission electron microscope (TEM),
operated at 200 keV, at Brookhaven National Laboratory. The TEM samples were
prepared by crushing powder specimens into thin flakes transparent to the electron
beam, which were supported by a lacey carbon copper grid. DFT calculations were
performed within the generalized gradient approximation implemented in the
Wien2k software package50.
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Local off-centering symmetry breaking in the high-temperature regime of SnTe
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The local structure of SnTe has been studied using atomic pair distribution function analysis of x-ray and
neutron data. Evidence is found for a locally distorted high-temperature state, which emerges on warming from
an undistorted rocksalt structure. The structural distortion appears rapidly over a relatively narrow temperature
range from 300 to 400 K. A similar effect has been reported in PbTe and PbS and dubbed emphanisis; here we
report on emphanisis in a compound that does not contain Pb. The analysis suggests that this effect is unrelated
to the low-temperature ferroelectric state in SnTe.

DOI: 10.1103/PhysRevB.89.014102 PACS number(s): 61.50.Ks, 61.05.cf, 61.05.fg, 77.84.−s

I. INTRODUCTION

In the canonical view of structural transformations, a
low-symmetry ground state evolves into a higher symmetry
state on warming.1–7 However, it is not uncommon to observe
broken-symmetry states in the high-temperature phase which
are spatially disordered and/or fluctuating.8–12 These states
often arise as a legacy of the low-symmetry ground state as
such systems pass through an order-disorder phase transition,
e.g., in LaMnO3,13,14 BaTiO3,15–18 and GeTe.19,20 However,
the emergence of a locally broken symmetry state from a
high-symmetry state is rare and unusual. Recently, an example
of such an exception was found in the high performance
thermoelectric PbTe and its relative PbS—an unexpected ap-
pearance of local fluctuating Pb displacements on warming.21

Here, we show that SnTe exhibits this phenomenon as well,
revealing insights into its origin.

The rocksalt structure of these materials (PbTe, PbS, and
SnTe) is undistorted near room temperature but becomes
locally distorted on warming, though without a corresponding
change in the average crystal structure. This phenomenon is
unique among high-symmetry systems and has been called
emphanisis,21 meaning the appearance of a low-symmetry
state from a high-symmetry state on warming by virtue of
a well defined displacement of atoms from their centrosym-
metric positions. Emphanisis may explain some anomalies
seen in these systems,22 such as the unusual temperature
dependence of the band gap23 and the very low lattice thermal
conductivity.24 However, since its discovery, a controversy
has developed regarding the existence, origin, and ubiquity of
emphanisis. Atomic pair distribution function (PDF) analysis,
which simultaneously probes both average and local atomic
structure, revealed a local off-centering of Pb in PbTe and PbS
as large as 0.25 Å.21 This picture was supported by maximum
entropy analysis of single-crystal diffraction data25 as well as
ab initio molecular dynamics calculations.26,27 On the other
hand, a recent extended x-ray-absorption fine-structure study28

found no evidence of Pb off-centering within the resolution of
the measurements. Based on first-principles calculations29 and
inelastic neutron scattering (INS) measurements30 it has been
suggested that lattice anharmonicity is behind the effect in
PbTe. However, INS studies have also revealed the appearance

of a new phonon mode on warming, suggestive of dynamic
symmetry breaking.31

Since PbTe is an incipient ferroelectric,32,33 it was specu-
lated that the emphanitic regime resembles the paraelectric-
dipole-like state often found above a ferroelectric ground
state.21 Hartree-Fock and density functional calculations have
supported this notion, revealing the existence of a second
minimum in the energy landscape of PbS, with a ferroelectric
α-GeTe-type structure.34 However, a complete understanding
of the true nature of the emphanitic distortion remains elusive.

Here, we present a detailed temperature-dependent x-ray
and neutron PDF structural study on SnTe. Not only is SnTe
isostructural to PbTe at room temperature, but it also displays
a low-temperature ferroelectric phase.35,36 We show that SnTe
exhibits a crossover to an emphanitic phase above 300 K,
displaying clear signatures of off-centering displacements in
the high-temperature regime. This crossover occurs over a rela-
tively narrow temperature range of approximately 100 K, with
no appreciable further evolution of the underlying distortions
above 400 K. This temperature dependence strongly supports
the notion that emphanisis is truly a novel transformation from
a higher to a lower local symmetry rather than thermal motion
of atoms in a single-welled anharmonic potential. The results
further suggest that the emphanitic behavior is not related to the
ferroelectric state, but is a completely distinct phenomenon.

II. METHODS

Stoichiometric amounts of Sn and Te (∼10 g) were
combined in a 13-mm fused silica tube, which was then
evacuated to 10−4 mbar and flame sealed before being placed
in a computer-controlled furnace. The reactants were heated
to 1273 ◦C over 24 h, held at 1273 ◦C for 2 h, rocked for
∼5 s to ensure a homogeneous melt, and then cooled to room
temperature in 24 h. The resulting polycrystalline samples
were ground into powders for x-ray and neutron total scattering
experiments, performed at the X17A beam line of the National
Synchrotron Light Source (NSLS) at Brookhaven National
Laboratory (BNL) and at the Neutron Powder Diffractometer
(NPDF)37 at Los Alamos Neutron Science Center (LANSCE)
at Los Alamos National Laboratory, respectively. Data were
collected in the 15–500 K temperature range in 3 and 50 K
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steps for x-ray and neutron data, respectively. High-resolution
PDFs were obtained via Fourier transform of the measured
total scattering structure functions up to Qmax = 26 Å using
standard protocols.38,39 Data reduction to obtain the PDFs
was carried out using the programs PDFgetX3 (Ref. 40) and
PDFgetN (Ref. 41) for x-ray and neutron data, respectively.
The radial distribution function (RDF), R(r), was also calcu-
lated by standard methods.38 The RDF has the useful property
that bonds between atoms moving in harmonic potentials are
represented by Gaussian peaks with zero offset.

III. RESULTS AND DISCUSSION

The low-temperature ferroelectric phase of SnTe is rhom-
bohedral (R3m), transforming to cubic (Fm3̄m) at ∼100 K
on warming (the exact value of the transition temperature is
dependent on carrier concentration42). GeTe is the only other
known ferroelectric binary chalcogenide, with a [111]-type
atomic off-centering as large as 0.3 Å.43 The symmetry of
the ferroelectric phase in SnTe is identical, but with atomic
displacements an order of magnitude smaller.42

FIG. 1. (Color online) Best fits (red lines) at 150 K using Fm3̄m

model to (a) background subtracted raw neutron data and (b) x-ray
PDF data. Data are shown as open blue circles. Difference curves
(green) are offset for clarity. Allowed reflections are shown in panel
(a) in black. Inset to (a): measures of temperature dependence
of rhombohedral distortion obtained from R3m fits. Top: [111]
sublattice displacement d from x-ray PDF data. Bottom: Angle
�α, measuring deviation from a cubic unit cell, from raw neutron
data.

FIG. 2. (Color online) RDF, R(r), in the 2.7–6.7-Å range for
SnTe obtained from (a) x-ray measurements at 10 K (blue), 150 K
(green), and 500 K (red) and (b) neutron measurements at 10 K (blue),
150 K (green), and 450 K (red). (c) Waterfall plot of R(r) obtained
from x-ray measurements. Data are offset for clarity. Inset to (a):
Fm3̄m model with contributions to R(r) color coded. Sn (Te) atoms
shown as gray (brown) spheres.

Despite the small distortion, the ferroelectric transition can
be clearly seen in our data in both the local and average
structures with a Tc of ∼80 K, as shown in the inset to Fig. 1(a).
Above Tc both the local and average structures become cubic
as shown by the fits in Fig. 1. The fits are exceptionally
good, which vouches for the high quality of our data and
lends confidence to the claim that the cubic model accurately
describes the average and local structure at this temperature.

We now consider the evolution of the local structure with
temperature in SnTe. Figure 2(a) shows the first four peaks
of the x-ray RDF at selected temperatures. 10 and 150 K
are representative of the rhombohedtral and cubic phases,
respectively. At 150 K the RDF peaks are at the characteristic
positions for a rocksalt structure with the first peak coming
from Sn-Te nearest-neighbor pairs, the second from next-
nearest-neighbor pairs (Sn-Sn and Te-Te), etc. [see inset to
Fig. 2(a)]. At this temperature the peaks are Gaussian functions
convolved with a sinc function coming from the finite-range
Fourier transform.38 The Gaussian line shape is characteristic
of quasiharmonic thermal motion around a single average bond
length.38 Note that the first peak appears slightly asymmetric
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FIG. 3. (Color online) (a) Uiso(T ) for Sn (blue) and Te (green)
extracted by fitting an Fm3̄m model to SnTe x-ray PDFs over the
entire temperature range studied. Dashed black lines represent best fits
to the 100–300-K range and 400–500-K range using the Debye model.
(b) Normalized difference between measured data and Debye model,
�Uiso = U obs

iso − U calc
iso . Vertical dashed lines indicate rhombohedral

and emphanitic transformation temperatures. Inset to (a): temperature
dependence of SnTe lattice parameter.

with additional weight on the high-r side of the peak. However,
the higher-r peaks are more symmetric—this is typical of
anharmonic motion of atoms in a single welled potential.

The RDF at 10 K is similar; the first four peaks appear
symmetric and Gaussian. The peaks are narrower and taller,
with larger termination ripples, which is expected from the
reduced thermal motion. That the rhombohedtral distortion
does not dramatically alter the peak shapes at this temperature
is not surprising given the size of the atomic displacements;
the local distortion is quite small (the relative sublattice shift
is ∼0.02 Å) and cannot be casually noticed at this length scale
without careful fitting.

The RDF at 500 K, however, differs dramatically from
those at 15 and 150 K. It is clear that the first peak is not only
asymmetric, but is composed of two or more incompletely
resolved peaks. In fact, each of the first four peaks appears to
be multicomponent. As noted above, a non-Gaussian nearest-
neighbor peak shape may be ascribed to anharmonicity in
a single-welled potential. However, the appearance of the
first four RDF peaks at 500 K indicates the existence of
multiple, incompletely resolved long and short bond peaks,
consistent with the presence of local atomic displacements
away from the average rocksalt arrangement. The multivalued

peaks are similar to what was observed in PbTe,21 though
the effects appear much more pronounced in the current case.
RDFs obtained from neutron data [Fig. 2(b)] confirm these
observations—the low-r peaks at 15 and 150 K are highly
symmetric, while the 450-K RDF clearly shows peak splitting
in each of the first four peaks.

In order to determine the temperature at which these
distortions to the local structure emerge we show the evolution
of the first four x-ray RDF peaks in a waterfall plot from
100 to 500 K [Fig. 2(c)]. Visual inspection of the data shows
that the peaks broaden but remain mostly symmetric up to
∼300 K. Above 300 K peak splitting becomes apparent—
most noticeably, the third peak grows both high-r and low-r
shoulders and the fourth peak splits into two peaks. By 400 K
these effects appear to saturate and the distortion does not grow
appreciably from 400 to 500 K.

To quantify the temperature dependence of this local distor-
tion the x-ray PDFs were fit with a cubic model (Fm3̄m) from
2.5 to 30 Å over the entire temperature range studied. Although
excellent fits were obtained for all temperatures, anomalies
were observed in the isotropic atomic displacement parameters
(ADPs), Uiso, which are intended to capture thermal motion,
but can also record static atomic displacements that are not
allowed by the model. Figure 3(a) shows the temperature
dependence of Uiso for Sn and Te obtained from the fits. Both
curves follow linear trends in the 100–300-K range. However,
below 100 K and above 300 K there is an upward deviation.

The canonical behavior of ADPs is often described by
a Debye model44 with two free parameters: the Debye
temperature �D and an effective offset that is sensitive to
static or nonthermal disorder in the material. Best fits to the
experimental Uiso curves were made for the 100–300-K range;
these are represented as dashed black lines in Fig. 3(a). The
resulting Debye temperatures were 178(1) and 139(2) K for
Sn and Te, respectively, in agreement with earlier reports.45,46

The deviation below 100 K can be readily explained by
the phase transition to a long-range-ordered rhombohedral
structure. When an incorrect structural model is used to fit PDF
data the fit will respond by setting the ADPs to anomalously
large values. However, the remarkable result of this experiment
is the observation of a similar upward deviation in Uiso

occurring on warming near room temperature, although there
is no long-range structural phase transition at 300 K or above.
At temperatures above 400 K the Uiso curves match the slopes
of those below 300 K, but with offsets larger by 0.002(1) Å2

and 0.003(1) Å2 for Sn and Te, respectively, corresponding
to root-mean-square local atomic displacements of ∼0.05 Å.
Models explicitly allowing for local distortions produced still
larger atomic off-centering of 0.1–0.2 Å in the saturation
region (400–500 K). The temperature response and distortion
size are similar to what was observed in the emphanitic phase
of PbTe and PbS.21

The crossover behavior may be isolated from the underlying
thermal effects by subtracting the lower offset Debye curve
from the experimental data as shown in Fig. 3(b). Doing so
clearly defines two transformations: a phase transition at 80 K
where both the local and average structures simultaneously
change, and a crossover above 300 K that we ascribe to
emphanisis, where the sample becomes locally distorted while
the global symmetry remains cubic. These transformations
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FIG. 4. (Color online) G(r) for (a) GeTe at 100 K and (b) SnTe at
400 K. Red arrows indicate splitting of nearest-neighbor peak due to
rhombohedral distortion in GeTe and emphanitic distortion in SnTe.
Blue arrows indicate lattice repeat distance which is split in SnTe,
but not in GeTe. Inset to (a): R3m distortion to cubic structure (not
to scale). Arrows indicate sublattice motion along [111] direction
(dashed black line).

are separated by 200 K, suggesting that the emphanitic and
ferroelectric phases are not closely related. Additionally, the
emphanitic phase shows local atomic off-centering that is an
order of magnitude larger than that observed in the ferroelectric
phase. Thus, the emphanitic phase does not appear to be a
re-entrant phenomenon.

Further evidence that the emphanitic distortion is unrelated
to ferroelectricity comes from a comparison of the symmetries
of the two regimes. In the absence of a specific model for
the emphanitic phase, it is useful to directly compare raw
PDF data. As previously mentioned, the symmetry of the
ferroelectric phase is the same as that found in α-GeTe—
the unit cell undergoes a rhombohedral distortion and the
sublattices separate along the [111] direction. As shown in
Fig. 4(a) for GeTe this distortion splits the nearest-neighbor
PDF peak by ∼0.3 Å, but leaves the lattice repeat distance at
r = 6 Å unchanged, a general feature of the R3m ferroelectric
distortion in binary chalcogenides. As shown in Fig. 4(b) a
similar splitting is observed in the nearest-neighbor peak in
the emphanitic phase of SnTe. However, in this case the lattice

repeat distance also appears split by nearly 0.2 Å. This provides
model independent evidence that the emphanitic distortion
in SnTe does not share the same [111] symmetry as the
low-temperature ferroelectric phase, in agreement with earlier
PDF and diffraction results from PbTe.21,25 Several models
allowing for atomic off-centering were applied to the SnTe
PDFs to determine the correct symmetry of the emphanitic
phase. Although none of the distorted structures exactly
reproduced all the low-r features of the emphanitic PDFs the
best approximation was a [100] PbO-like distortion;47 this
structure was identified as the most likely symmetry of the
emphanitic state in PbTe.21,25

IV. CONCLUSION

The nature of the emphanitic behavior in SnTe allows us
to answer key questions about the effect. First, it is not, as
previously supposed,21 related to fluctuations of the incipient
ferroelectric state of the material. Second, as indicated by the
abrupt temperature response, it is unlikely to originate from
simple anharmonic effects.30 Pb and Sn both possess an elec-
tron lone pair (LP) which can be in an active (LPA: resulting
in a low-symmetry structure) or inactive (LPI: resulting in a
high-symmetry structure) state depending on the compound
in question.48–51 A possible explanation for emphanisis is a
crossover from an LPI state at low temperature to an LPA
state at high temperature, brought on by the dramatic lattice
expansion in these materials. Our results suggest that there
may be a broad class of compounds that display emphanitic
behavior, prompting further studies to identify these materials.
Additionally, theoretical calculations and modeling of the
physical properties of the IV–VI materials already identified
should take the emphanitic behavior into account.
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Through systematic examination of symmetrically nonequivalent configurations, first-principles calculations
have identified a new ground state of Cu2Se, which is constructed by repeating sextuple layers of Se-Cu-Cu-Cu-
Cu-Se. The layered nature is in accord with electron and x-ray diffraction studies at and below room temperature
and also is consistent with transport properties. Magnetoresistance measurements at liquid helium temperatures
exhibit cusp-shaped field dependence at low fields and evolve into quasilinear field dependence at intermediate
and high fields. These results reveal the existence of weak antilocalization effect, which has been analyzed using
a modified Hikami, Larkin, and Nagaoka model, including a quantum interference term and a classical quadratic
contribution. Fitting parameters suggest a quantum coherence length L of 175 nm at 1.8 K. With increasing
temperature, the classical parabolic behavior becomes more dominant, and L decreases as a power law of T −0.83.

DOI: 10.1103/PhysRevB.89.195209 PACS number(s): 71.55.Ht, 72.15.Rn, 72.80.Jc

Transition metal chalcogenides (TMCs) allow fruitful
research in contemporary condensed matter physics, leading to
intriguing discoveries and promising applications [1]. For ex-
ample, the silver chalcogenides (e.g., Ag2Te) are renowned for
their extraordinary large magnetoresistance (MR) [2] and have
been recently identified as a new class of binary topological
insulators (TI) with a highly anisotropic Dirac cone [3]. Ad-
ditionally, transition metal dichalcogenides (TMDCs) MX2,
where M is a transition metal element and X is a chalcogen
atom (S, Se, or Te), are well known for their two-dimensional
(2D) structures formed by X-M-X layers with strong in-
plane bonding and weak out-of-plane interactions. The unique
intrinsic 2D nature of TMDCs has stimulated the search for
novel states of matter, for instance, by offering a coexistence of
superconductivity and the Mott commensurate charge density
wave (CCDW) phase in 1T-TaS2 [4]. Furthermore, the elec-
tronic band structures of TMDCs are believed to host exotic
spin-orbit phenomena such as the systematic crossover from
weak antilocalization (WAL) to weak localization (WL) [5,6].

As an important member of the TMC family, the superi-
onic Cu2Se has also received heightened attention in recent
developments of thermoelectrics [7] and optoelectronics [8]
due to the unique transport properties associated with its
structural phase transition occurring at ∼400 K. The exact
temperature of this well-known reversible second-order phase
transition from the ordered room temperature (RT) monoclinic
α phase to the disordered high temperature (HT) cubic β

phase depends on the Cu deficiency in the metal sublattice
[9] and is found to be tunable upon iodine doping on the
selenium sites [10]. It is generally accepted that the disordered

*Corresponding author: cuher@umich.edu

HT β phase of Cu2Se [space group Fm3̄m(O5
h,#225)] is

constructed by statistically distributing Cu atoms over the 8c

tetrahedral sites in a face-centered cubic (fcc) matrix formed
by Se atoms. However, the structural determination of the
ordered phase(s) still remains controversial [11]. Furthermore,
despite some rare reports on samples with quite high Cu
deficiency (e.g., Cu2−xSe, 0.20 � x � 0.25) [12], a detailed
study of the transport properties of stoichiometric Cu2Se at
low temperatures is still desirable. In this paper, we report
first-principles determination of the ground state along with
several unexpected experimental findings regarding the low-
temperature transport properties of Cu2Se, which may indicate
an intrinsic 2D quantum behavior.

The ground state of Cu2Se was obtained via structural
relaxation of the cubic HT β phase. In order to determine
the most stable structure, Cu atoms were randomly distributed
onto the 32f trigonal sites in the fcc Se matrix, which form
tetrahedrons around the 8c tetrahedral sites. Note that for
stoichiometric Cu2Se, only one-quarter of the 32f sites are
occupied by Cu atoms. Symmetrically distinct configurations
with up to eight Cu atoms have been studied based on the
Cu occupancy on the sublattice [13]. Subsequent density
functional theory (DFT) calculations of the formation energy
have allowed us to identify stable configurations of Cu2Se. The
DFT-based energies were obtained using the Vienna Ab initio
Simulation Package (VASP) [14] within the Perdew-Burke-
Ernzerhof (PBE) parameterization of the generalized gradient
approximation (GGA) for exchange and correlation [15] and
using the projector-augmented wave (PAW) method [16,17].
The electronic band structure and density of states (De) were
calculated using more advanced Heyd-Scuseria-Ernzerhof
(HSE06) hybrid functional [18,19]. VASP and PHONON [20]
codes were then used for the ab initio phonon calculations.
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TABLE I. Calculated properties of Cu2Se. The literature results are also listed. �E0 (eV/u.f.), Eg (eV), up,g,A (m/s), cij (GPa), and cp

(J/mol-K, at 300 K) are the formation energy per unit formula with respect to the proposed structure, electronic band gap, averaged acoustic
phonon group velocity, elastic constants, and specific heat capacity.

�E0 Eg up,g,A cp c11 c22 c33 c44

Cu2Se 0 1.03 2635 72.1 11.14 102.49 88.62 36.75
Literature 0.003a 0.046b 1.20c 2918d 81.6e – – – –

c55 c66 c12 c13 c23 c15 c25 c35 c46

Cu2Se 14.65 12.82 6.81 6.90 42.37 −5.10 14.51 22.42 11.30
Literature – – – – – – – – –

aP 21/c structure, from Ref. [23].
bC2/c structure, from Ref. [10].
cFrom Ref. [21].
dFrom Ref. [7].
eFrom Ref. [22].

The total energy and Hellmann-Feynman (HF) forces were
found starting from the fully relaxed configuration, such that
initial ionic forces were less than 10−5 eV/Å. The ionic
displacements of 0.03 Å of selected atoms were sampled along
the x, y, and z directions. All phonon and thermodynamic
properties were predicted using a fit of interatomic force
constant tensors to the calculated HF forces. Diagonalization
of the dynamical matrix yields the phonon dispersion from
which the density of states (Dp) was obtained. Physical
properties of Cu2Se are summarized in Table I, with the
literature results also listed [21,22].

The proposed ground state of Cu2Se crystallizes in space
group P 21/c(C5

2h,#14), with optimized lattice parameters
a = 7.453 Å, b = 4.322 Å, c = 6.880 Å, α = 90.00°,
β = 70.62°, γ = 90.00°, and atomic occupation Cu1 (0.06111,
0.58259, 0.15164), Cu2 (0.80599, 0.92292, 0.05310), and
Se (0.28070, 0.93855, 0.25485). As shown in Fig. 1(a), the
ground state of Cu2Se has quasi-2D characteristics typified
by the Se-Cu-Cu-Cu-Cu-Se type of sextuple layers (thickness
t = 3.95 Å), which are interconnected via weak Se-Se bonds
(gap δ = 3.08 Å). Compared with recent literature results using
rather different approaches, the monoclinic structure of Cu2Se
obtained here has lower formation energy per unit formula
(Table I) [10,23]. The proposed structure is also dynamically
stable due to the absence of the soft modes in the phonon
spectrum, as is evident in Fig. 1(d). As shown in Fig. 1(e), the
monoclinic Cu2Se is confirmed to be semiconducting, and the
electronic band gap Eg (using HSE) is found to be 1.03 eV,
which agrees very well with the experimental value of 1.20 eV
[21] and is the best first-principles result in comparison to the
existing literature values [24].

Polycrystalline Cu2Se samples were prepared following
the recipes described elsewhere [10]. Powdered samples
were used for the temperature-dependent x-ray diffraction
(XRD) experiments at the X17A beamline of the National
Synchrotron Light Source at the Brookhaven National
Laboratory. The setup utilized cylindrical geometry with an
x-ray beam of 67.42 keV (λ = 0.1839 Å), a Perkin-Elmer
image plate detector placed perpendicular to the primary
beam path d = 204.134 mm away from the Kapton capillary
containing the pulverized sample, and an Oxford Cryosystem
700 for temperature control. A JEOL 2010F transmission
electron microscope (TEM) operating at 200 kV was used to

collect selected area electron diffraction (SAED) patterns for
the analysis of the detailed microstructure. Simulated SAED
patterns were obtained using the CrystalKit software package.

FIG. 1. (Color online) (a) Projected (along the monoclinic b axis)
ab initio ground state structure of Cu2Se formed by repeating
sextuple layers of Se-Cu-Cu-Cu-Cu-Se. (b) Simulated SAED pattern
along the zone axis [011] of the monoclinic phase and the [101]fcc

with the diffractions from the fcc structure labeled as squares. (c)
The experimental SAED pattern along the [011] zone axis of the
monoclinic phase. (d) The calculated phonon band structure and
density of states (Dp) indicate the proposed structure is dynamically
stable. (e) The electronic band structure and density of states (De)
calculated using HSE hybrid functional suggests that Cu2Se is a
semiconductor with band gap Eg = 1.03 eV.
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FIG. 2. (Color online) Reduced total scattering XRD structure
function, F (Q) = Q[S(Q) − 1], where S(Q) is the total scattering
structure function and Q is the momentum transfer, in the 100–300 K
range (main panel). Temperature evolution of the normalized intensity
around (400) reflection in cubic notation, marked with an arrow in
the upper left inset (Q ∼ 4.3 Å−1). This region is sensitive to subtle
structural changes and evidences the α′ to α superstructure transition
at around 175 K, as denoted by a vertical dashed line (upper right
inset). Red symbols denote the evolution with temperature of the
intensity peaked at Q ∼ 4.362 Å−1, while the blue symbols show the
evolution of the intensity peaked at Q ∼ 4.436 Å−1.

The chemical composition analyses were conducted using
energy dispersive spectrometry (EDS). The low-temperature
transport property measurements were carried out in the
temperature range of 1.8–300 K on samples with dimensions
6×2×1 mm3 in a Quantum Design Magnetic Property
Measurement System (MPMS) (magnetic field up to 5.5 T)
using a Linear Research ac bridge with 16 Hz excitation.

The EDS analysis on the TEM specimen indicates it
contains 66.3 at.% Cu and 33.7 at.% Se, which verifies the
Cu2Se chemical composition. The simulated SAED pattern
along the monoclinic [011] zone axis is presented in Fig. 1(b),
where the monoclinic [011] axis of the proposed ground
state is equivalent to an fcc [101] axis. Spots labeled by the
square symbols are indexed according to the fcc diffraction
pattern, which corresponds to the SAED pattern of the HT
cubic β phase [10]. Figure 1(c) displays the experimental
SAED pattern along the monoclinic [011] axis. The agree-
ment between the experimental and theoretical patterns has
verified the predicted layered structure of the ground state.
Additional superstructural diffraction spots/stripes have been
also observed along other zone axes. This may result from
the different packing order of the sextuple layers and/or Cu-
vacancy ordering at finite temperature when thermal energy
starts to affect the structure [25].

To further understand the structure, low-temperature XRD
measurements have been performed. In line with earlier reports
[12,25–28], a reversible α to α′ superstructure transition is
also evident in the sample studied here via an intensity

FIG. 3. (Color online) Low-temperature transport profile of sto-
ichiometric Cu2Se as a function of temperature. (a) Electrical
resistivity ρ and Hall coefficient RH show anomalies at 100–150 K,
where ρ measurements overlap upon either warm-up or cooldown in
the temperature. (b) Hall density p and Hall mobility μH .

rearrangement of the multiplet of superlattice peaks located
in the Q region close to the (400) reflection in cubic notation
(Fig. 2). This is found from the assessment of the systematic
temperature-dependent XRD data, collected in the 100–300 K
range upon warming. The transfer of intensity occurs at around
175 K (upper right inset in Fig. 2).

We were interested to find out what the impact is of such
structural changes on the transport properties. As shown in
Fig. 3, the above mentioned α to α′ type of transition has a
strong imprint on the temperature dependence of the electrical
resistivity (20% effect) and the Hall effect. The electrical
resistivity of Cu2Se exhibits a highly anomalous behavior in
the 100–150 K temperature range, which is also accompanied
by a large peak in the Hall effect. We speculate that such fea-
tures might represent a possible charge density wave (CDW)
transition [29] as a result of the distortion/redistribution of the
sextuple layers upon temperature change. However, further
theoretical and experimental efforts are needed to clarify the
issue. We note that in spite of looking for accompanying
anomalies in the Seebeck effect, thermal conductivity, and the
specific heat, we found none. The anomalous behavior seems
to be limited to galvanomagnetic transport only.

At even lower temperatures (1.8–30 K), the MR of Cu2Se
is extraordinary, as shown in Fig. 4(a). The semiclassical
transport theory predicts a quadratic field-dependent MR in
the low-field range, which saturates in high fields. In distinct
contrast to the traditional theory, the MR of Cu2Se at low
temperatures exhibits a WAL-like cusp, which is suppressed
when the temperature increases. In addition, at high fields, the
MR increases with the increasing field in a linear fashion with
no sign of saturation up to B = 5 T.

We account for the field dependence of differential mag-
netoconductance (MC) over the entire range of fields and
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FIG. 4. (Color online) (a) Magnetoresistance profile (as a
function of magnetic field intensity) of Cu2Se at various temperatures
(1.8–30 K) indicating evolution of weak antilocalization behavior
as the temperature is lowered to 1.8 K. Theoretical fitting to
differential magnetoconductance using a modified HLN model at
selected temperatures (b) 1.8 K and (c) 9 K. The inset of (c) depicts
the fitting parameters showing a power law behavior (∼T −0.83) of the
quantum interference length.

temperatures with a modified Hikami, Larkin, and Nagaoka
(HLN) quantum interference model [30,31]:

MC ≡ G(B) − G(0)

G(0)

= −α

[
ψ

(
�

4eL2B
+ 1

2

)
−ln

(
�

4eL2B

)]
+ βB2,

(1)

where ψ is the digamma function. The original formalism of
the simple HLN model was developed to characterize the trans-
port properties of a 2D system where the conductance quantum
(2e2/h) naturally comes into play. In order to compensate for
the bulk effects of this quasi-2D layered structure of Cu2Se,
we have normalized the conductance using the zero field value
and introduced a dimensionless fitting parameter α. Here L is
the phase coherence length, and β is the quadratic coefficient
arising from additional scattering terms. The HLN model has
been successfully used in explaining the magnetotransport
phenomena in various 2D material systems like Bi2Se3 [32,33],
Bi2Se2Te [34], and Bi2Te2Se thin films [31]. It is worth em-
phasizing that such a modified model simultaneously accounts
for the quantum phase interference cusp at low fields as well as
the linearlike MR at high fields. It is shown that the additional
quadratic term compensates the logarithmic dependence of the
quantum interference at high fields, leading to an intermediate
linear field dependence of MR. The overall fitting result,
along with the corresponding quantum interference term and
quadratic term, is shown in Figs. 4(b) and 4(c) for T = 1.8 K
and 9 K, respectively. In the present sample, the phase
coherence length L is 175 nm at 1.8 K and decreases following
a power law of T −0.83 temperature dependence. The successful
application of the HLN model in Cu2Se is advocating for
the 2D quantum nature of the new phase and likely provides
another candidate of bulk materials with monolayer behavior,
apart from the newly discovered ReS2 [35].

In summary, the ground state of Cu2Se, typified by Se-
Cu-Cu-Cu-Cu-Se sextuple layers, has been identified using
ab initio calculations. Upon cooldown to liquid nitrogen
temperatures, the transport property measurements along with
the structural analyses have confirmed the existence of yet
another phase transition of possible CDW character. The
unusual manifestation of the WAL-type of MR profile at liquid
helium temperatures indicates the quantum nature of such a
phase of Cu2Se, which may promote further interest in this
member of the TMCs.
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Probing IrTe2 crystal symmetry by polarized Raman scattering
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Polarized Raman scattering measurements on IrTe2 single crystals carried out over the 15–640 K temperature
range, and across the structural phase transition, reveal different insights regarding the crystal symmetry. In
the high temperature regime three Raman active modes are observed at all of the studied temperatures above
the structural phase transition, rather than two as predicted by the factor group analysis for the assumed P 3̄m1
symmetry. This indicates that the actual symmetry of the high temperature phase is lower than previously thought.
The observation of an additional Eg mode at high temperature can be explained by doubling of the original trigonal
unit cell along the c axis and within the P 3̄c1 symmetry. In the low temperature regime (below 245 K) the other
Raman modes appear as a consequence of the symmetry lowering phase transition and the corresponding increase
of the primitive cell. All of the modes observed below the phase transition temperature can be assigned within
the monoclinic crystal symmetry. The temperature dependence of the Raman active phonons in both phases is
mainly driven by anharmonicity effects. The results call for reconsideration of the crystallographic phases of
IrTe2.

DOI: 10.1103/PhysRevB.89.224301 PACS number(s): 78.30.−j, 74.25.Kc, 61.05.cp, 64.60.−i

I. INTRODUCTION

Although known for some time [1,2], the interest in IrTe2

has been renewed recently with the discovery of superconduc-
tivity [3–6]. By doping this layered compound with Pt, Pd,
and Cu, the phase transition which occurs at low temperatures
[7] is suppressed and superconductivity emerges [3–6,8].
At room temperature IrTe2 has a trigonal symmetry with
edge-sharing IrTe6 octahedra forming layers stacked along the
c axis [7], as shown in Fig. 1. As temperature is decreased,
the system undergoes a symmetry lowering phase transition in
the temperature range between 220 and 280 K, with the exact
transition temperature TPT presumably depending on the sam-
ple form (powder versus single crystal) and the thermal cycle
details (cooling or warming) [3–7,9]. The phase transition is
accompanied by a hump in electrical resistivity and a drop in
magnetic susceptibility [10], anomalies reminiscent of those
associated with the onset of a charge-density-wave (CDW)
state observed in other T X2 systems [11]. However, the exact
nature of the low temperature phase remains controversial,
since no signatures of the CDW gap in IrTe2 have been
seen in angle resolved photoemission and optical spectroscopy
studies [5,9,10]. Recent band structure calculations combined
with x-ray absorption spectroscopy measurements suggest
that the dramatic change in the interlayer and intralayer
hybridizations could play an important role in the structural
phase transition of IrTe2 [6]. More recently, it has also
been suggested that the depolymerization of the polymeric
Te-Te bonds might be responsible for the structural phase
transition [9].

Although prior crystallographic analyses showed that the
IrTe2 crystal structure changes from trigonal to monoclinic
with decreasing temperature, the low temperature structure is
still a subject of debate [7]. It was argued that the initially
assigned monoclinic C2/m symmetry cannot fully describe
the structure below the phase transition [11–13]. Consequently,
the proposed crystal symmetry was further lowered down to

triclinic P 1̄ [11] and even P 1 [13]. Moreover, it was also
suggested that the trigonal and monoclinic structures coexist
intrinsically below the phase transition [12]. The nature of the
phase transition as well as the symmetry of the low temperature
phase therefore still remain open questions.

Important information concerning the symmetry of the
crystal system can be obtained by utilizing the properties of
Raman spectroscopy and by performing the measurements
in different polarization configurations whereby one can
probe different scattering channels. Raman spectroscopy also
emerges as a valuable tool for detecting the intrinsic phase
separation [14].

Here we present results of a systematic Raman scattering
study on IrTe2 single crystals. The spectra were collected
in different scattering geometries at various temperatures.
The room temperature Raman spectra were analyzed within
the trigonal crystal symmetry. Three instead of two peaks,
which are predicted by the factor group analysis (FGA) for
the P 3̄m1 space group, are observed in the Raman spectra,
suggesting a different crystal symmetry of IrTe2 in the high
temperature phase from that previously assumed. The same
phonon structure persists at T � TPT , indicating that it
is a true characteristic of the high temperature phase. At
temperatures below TPT = 245 K, the clear fingerprint of
the first order structural phase transition is observed in the
Raman spectra. The observed modes are interpreted within
the monoclinic crystal symmetry. No signatures of the trigonal
unit cell presence have been detected in the low temperature
Raman scattering spectra. All temperature induced effects
in both phases are mostly anharmonic. These observations
provide important insights and constraints for possible crystal
symmetries of this system in different temperature regimes.

II. EXPERIMENT

Single crystals of IrTe2 were prepared by the self-flux
method. Ir and Te were mixed in an 18:82 stoichiometric
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FIG. 1. (Color online) Crystal structure of IrTe2 in the trigonal
phase. Solid lines represent a single P 3̄m1 unit cell, with yellow
(red) spheres indicating the positions of Ir (Te).

ratio, heated in alumina crucibles under an Ar atmosphere
up to 1160 ◦C, kept at that temperature for 24 h, and then
cooled to 400 ◦C over 130 h. Excess Te flux was removed
at 400 ◦C by centrifugation. Platelike mm-size crystals were
obtained. Magnetization and resistivity data were measured by
warming the sample from 5 K. They are in good agreement
with published values [3].

Raman scattering measurements were performed using a JY
T64000 Raman system with 1800/1800/1800 grooves/mm
gratings and a TriVista 557 Raman system with the
900/900/1800 grooves/mm gratings combination, both in
a backscattering micro-Raman configuration. The 514.5 nm
line of a mixed Ar+/Kr+ gas laser was used as an excitation
source. High temperature measurements were preformed in
an Ar environment by using a Linkam THGS600 heating
stage. Low temperature measurements were performed using
a KONTI CryoVac continuous flow cryostat with a 0.5 mm
thick window in the warming regime. Complementary atomic
pair distribution function (PDF) measurements at 300 K
were performed on a finely pulverized sample at the X17A
beamline of the National Synchrotron Light Source (NSLS) at
Brookhaven National Laboratory, utilizing a 67.42 keV x-ray
beam within a commonly used rapid-acquisition setup [15]
featuring a sample to detector distance of 204.25 mm, and
with access to a wide momentum transfer range up to 28 Å−1.
Standard corrections, PDF-data processing, and structure
modeling protocols were utilized, as described in detail
elsewhere [16].

III. RESULTS AND DISCUSSION

IrTe2 crystallizes in a trigonal type of structure (P 3̄m1
space group) with one molecular unit per unit cell (Fig. 1)
[7,18]. The crystal structure consists of IrTe2 layers which are
made up of edge-sharing IrTe6 octahedra. Short Te-Te bonds
between adjacent IrTe2 result in three-dimensional polymeric
networks, thereby reducing the c/a ratio in comparison with
the standard hexagonal closed packing of the CdI2 structure
[1,9,19]. This is related to the Ir+3 state and the fractional
oxidation state of Te anions (Te−1.5) [2,9].

A. High temperature phase

Figure 2 shows the room temperature polarized Raman
scattering spectra of IrTe2 single crystals measured from
the (001) plane of the sample. Although the FGA for the
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FIG. 2. (Color online) Room temperature Raman scattering
spectra of IrTe2 measured using a JY T64000 Raman system in
different polarization configurations. Gray lines represent the spectra
of TeO2 with scaled intensity. Red markers represent phonon energies
at � point calculated by Cao et al. [11]. Inset on the left: Magnetization
and resistivity data measured by warming the sample from the base
temperature. Inset on the right: Relative intensities of the Raman
active modes measured in a parallel polarization configuration for
different orientations of the sample with respect to the laboratory
axis.

P 3̄m1 space group predicts only two Raman active modes
(A1g + Eg) to be observed in the scattering experiment, three
peaks are clearly distinguished in the data. A contribution
to the Raman spectra originating from scattering on possible
TeO2 impurities can be safely excluded (see Fig. 2). According
to the selection rules for the trigonal system, summarized in
Table I, the A1g mode can only be observed in a parallel but
not in a crossed polarization configuration, whereas the Eg

mode can be observed in both parallel and crossed polarization
configurations. Consequently, the peak at about 164 cm−1,
which is indeed observed in a parallel but not in a cross
polarization configuration, is attributed to the A1g symmetry
mode. The energy of this mode is in very good agreement
with the calculated value [11] (red mark in Fig. 2). Whereas
the numerical calculations [11] further predict a single Eg

mode at about 130 cm−1 to be observed in the Raman
scattering experiment, two peaks at about 121 and 126 cm−1

are unambiguously observed in the data in this energy range
(see Fig. 2). These modes are observed in both parallel and
cross polarization configurations, which suggests their Eg

symmetry. The appearance of two modes in the energy range
where only one mode is expected indicates that the original
crystal symmetry assignment for the high temperature phase
may be inadequate, and that the actual symmetry is in fact
lower. We consider the issue of the symmetry of the high
temperature phase in more detail next.

224301-2



PROBING IrTe2 CRYSTAL SYMMETRY BY . . . PHYSICAL REVIEW B 89, 224301 (2014)

TABLE I. Considerations of Raman tensors for three different crystal systems and the Raman mode distribution in the � point and various
space groups of interest for IrTe2.

Crystal system Raman tensors [17] Raman modes

Trigonal (Oz‖C3 Oy‖C2) R̂A1g
=

⎛
⎝

a 0 0
0 a 0
0 0 b

⎞
⎠ R̂Eg

=
⎛
⎝

−c 0 0
0 c 0
0 0 0

⎞
⎠,

⎛
⎝

0 c 0
c 0 0
0 0 0

⎞
⎠ �P 3̄m1 = A1g + Eg

�P 3̄c1 = A1g + A2g(silent) + 2Eg

Monoclinic (Oy‖C2) R̂Ag
=

⎛
⎝

b 0 d

0 c 0
d 0 a

⎞
⎠ R̂Bg

=
⎛
⎝

0 f 0
f 0 e

0 e 0

⎞
⎠ �C2/m = 2Ag + Bg

Triclinic R̂A=R̂Ag
=

⎛
⎝

a d e

d b f

e f c

⎞
⎠ �P 1̄ = 21Ag

�P 1 = 222A

The first possibility is that the IrTe2 symmetry is lowered at
room temperature to some t subgroup of the P 3̄m1 [20]. This
would imply splitting of a double degenerate Eg mode into
an Ag-Bg doublet [21]. Hereby the obtained modes would
display different angular Raman intensity dependencies as
the sample orientation is varied in a parallel polarization
configuration (see Fig. 2). On the contrary (as can be seen
in the inset of Fig. 2), both modes at 121 and 126 cm−1 exhibit
the same angular intensity dependence, thereby excluding the
possibility of the Eg mode splitting, i.e., symmetry lowering
to some t subgroup of the P 3̄m1. Furthermore, it confirms the
Eg nature of the 121 and 126 cm−1 modes since, for a trigonal
system (see Table I), both A1g and Eg mode intensities are
independent on the sample orientation when measured in a
parallel polarization configuration.

The second possibility which could explain the observed
appearance of the two Eg modes instead of a single Eg mode
is the symmetry change to some k subgroup of P 3̄m1 [20]. The
simplest option is P 3̄c1 (Z = 2) with Ir atoms located on the
2b site and Te atoms at the 4d site. The P 3̄c1 unit cell is built
by doubling of the P 3̄m1 unit cell along the c axis (see Fig. 1).
The FGA for the P 3̄c1 predicts three Raman active modes
to be observed in the Raman scattering experiment (A1g +
2Eg), which is in complete agreement with our findings. To
further verify the plausibility of this assumption, we performed
a structural analysis of room temperature x-ray PDF data of
IrTe2 using the P 3̄c1 model. The fit results are shown in Fig. 3
and summarized in Table II.

Importantly, the observed phonon structure and, conse-
quently, the crystal P 3̄c1 symmetry persist at temperatures

FIG. 3. (Color online) Room temperature x-ray PDF of IrTe2:
Experimental data (blue open symbols), P 3̄c1 model (red solid line),
and difference curve (green solid line) which is offset for clarity.
Structural parameters are summarized in Table II.

T � TPT deep in the high temperature regime, as is evident
from Fig. 4, indicating that these are the characteristics of
the high temperature phase. As the temperature is increased,
all of the modes are shifted toward lower energies and
become progressively broader (see the inset of Fig. 4). All
of the changes of the spectra induced by a temperature
increase are in accordance with the well known anharmonicity
model [22–24].

B. Low temperature phase

By lowering the temperature, IrTe2 undergoes the phase
transition in the range between 220 and 280 K [7,11,13]. The
origins of the phase transition as well as the crystal sym-
metries of IrTe2 at low temperatures are still under vigorous
debate [7,11–13].

Polarized Raman scattering spectra of IrTe2 measured at
low temperatures (between 15 and 300 K) in parallel and cross
polarization configurations are presented in Fig. 5. Significant
changes in the spectra in both polarization configurations are
observed around 245 K. A lower transition temperature is
a consequence of the local heating effects of the sample by
the laser beam. Unlike in the case of a canonical CDW phase
transition where additional modes gradually appear [25], the
observed sudden change in the phonon spectra suggests the
first order character of the phase transition. The existence of at
least 11 peaks in the low temperature phase indicates lowering
of the symmetry and/or an increase of the unit cell size.

Figure 6 shows polarized Raman scattering spectra of
IrTe2 measured at 15 K in parallel and cross polarization
configurations. A significant difference in the spectra mea-
sured in the parallel and crossed polarization configurations

TABLE II. Structural parameters for the P 3̄c1 phase obtained
from PDF analysis at 300 K. The lattice parameters are a = b =
3.929(4) Å, c = 10.805(2) Å. Uij (Å2 × 103) are nonzero components
of the displacement tensor.

Atom x y z U11 = U22 U33

Ir 0 0 0 6(2) 6(3)
Te 1/3 2/3 0.126(1) 7(2) 9(4)

χ 2 = 0.002
Rwp = 0.106
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indicates the existence of the two separate scattering channels
in the low temperature phase. Symmetry arguments suggest
that in the case of the triclinic crystal structure only one
channel can be observed. Due to the proposed orientation of
the triclinic lattice [11,13] in relation to the trigonal lattice,
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temperature regime using a JY T64000 Raman system in parallel
and cross polarization configurations. The spectra were measured by
warming the sample from 15 K. Dotted vertical lines represent a guide
to the eyes.
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the contribution to the scattering intensity (in our scattering
geometry) would come from nearly all the components of
the Raman tensor (see Table I) and the cancellation of some
Raman modes in different polarization configurations is highly
unlikely. Furthermore, for both P 1 and P 1̄ space groups,
a substantially larger number of Raman modes is expected
to be observed in the measured spectra. All this suggests
that the IrTe2 crystal symmetry in the low temperature phase
should be higher than triclinic (P 1 or P 1̄). The next crystal
system with two different scattering channels is monoclinic
(see Table I). The obtained spectra may be interpreted within
the monoclinic crystal symmetry provided that the optical axis
of the low temperature phase is orthogonal to the direction of
incident light in the Raman scattering experiment, i.e., if it
lies in the (001) plane of the trigonal phase. This is consistent
with the picture proposed by Matsumoto et al. [7]. At this
point one should have in mind that symmetry breaking may
occur along three equivalent directions, as indicated by the
green arrows in the left inset of Fig. 6. For generality we
assume the contributions from all three possible orientations.
Consequently, one may expect the appearance of the Bg

modes in both parallel and cross polarization configurations.
Although the Ag modes may be also observed in both parallel
and cross polarization configurations (with the assumption
of twinning), in the crossed polarization configuration the
intensity of the Ag modes depends on the |b − c|2 and the
cancellation can be easily achieved.

Following the previous arguments, the peaks at about 67,
69, 79, 165, and 174 cm−1 which can be observed in parallel
but not in cross polarization configurations may be assigned as
the Ag symmetry modes. We believe that the weak structure at
about 83 cm−1 may also be the Ag symmetry mode, however,
very low intensity prevents unambiguous assignation. Six
peaks at about 118, 126, 131, 136, 148, and 150 cm−1 that
can be observed in both parallel and crossed polarization
configurations are assigned as the Bg symmetry modes.
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the parentheses.

Although the properties of the observed Raman modes
can, in principle, be interpreted within the monoclinic crystal
system, the proposed [7] unit cell of the C2/m symmetry
group with Z = 2 cannot account for the number of observed
Raman modes. According to FGA for C2/m (Z = 2), only
three modes are expected to be observed in the Raman
scattering experiment (see Table I). Consequently, a larger
unit cell within the monoclinic crystal system is needed to
reproduce the observed Raman spectra. Following the previous
arguments and the discussion regarding the symmetry of the
high temperature phase, we may conclude that the space group
symmetry of IrTe2 at low temperatures should be searched
for within the monoclinic C2/c space group or some of its
t subgroups (see Fig. 7) [20].

The temperature evolution of the Raman spectra (see Fig. 5)
across the phase transition can be seen as the splitting of the
two Eg modes into Ag (A1

g-A4
g) and Bg (B1

g -B4
g ) quartets due

to symmetry lowering and (at least) a two times increase of
the primitive cell size (see the right inset in Fig. 6). The A5

g

and A6
g most likely originate from the A1g mode whereas the

B5
g and B6

g originate from the A2g mode of the trigonal phase.
The absence of the E1

g and E2
g modes (within our experimental

resolution), characteristic for the trigonal phase, in the low
temperature Raman spectra of IrTe2 suggests the absence of
the trigonal lattice at low temperatures [12].

The temperature dependence of the energy and linewidth for
the highest intensity Raman modes is shown in Fig. 8. A clear
fingerprint of the first order phase transition is observed in both
the energy and the linewidth of the observed modes. The solid
lines represent the calculated spectra for the low temperature
phase by using the three-phonon anharmonicity model [22].
Good agreement with the experimental data confirms that an-
harmonicity plays a major role in the temperature dependence
of the temperature phase phonon self-energy below TPT .

IV. CONCLUSION

A Raman scattering study of IrTe2 single crystals has
been presented. At room temperature, three instead of two
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Raman active modes predicted by the factor group analysis
for the P 3̄m1 symmetry group are observed. The Raman
data showed that the P 3̄c1 rather than the P 3̄m1 crystal
symmetry is needed to describe the phonon structure of IrTe2

at room temperature. The sudden change in the Raman spectra
below TPT = 245 K revealed the first order structural phase
transition. The properties of the phonon spectra below TPT

are well interpreted within the monoclinic crystal symmetry.
The splitting of the Eg modes at the TPT comes from the
symmetry lowering and the increase in the size of the unit
cell. We believe that the space group symmetry of IrTe2 at low
temperatures should be searched for within the monoclinic
C2/c space group or some of its t subgroups. Further structural
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investigations of both trigonal and monoclinic phases of IrTe2

are needed. Apart from the symmetry change at TPT , the
temperature dependence of the energy and linewidth of the
Raman active modes of IrTe2 is mostly anharmonic.
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Cu(Ir1 2 xCrx)2S4: a model system for
studying nanoscale phase coexistence at
the metal-insulator transition
E. S. Božin1, K. R. Knox1, P. Juhás1, Y. S. Hor2*, J. F. Mitchell2 & S. J. L. Billinge1,3

1Condensed Matter Physics and Materials Science Department, Brookhaven National Laboratory, Upton, NY 11973, 2Materials
Science Division, Argonne National Laboratory, Argonne, Illinois 60439, 3Department of Applied Physics and Applied
Mathematics, Columbia University, New York, NY 10027.

Increasingly, nanoscale phase coexistence and hidden broken symmetry states are being found in the vicinity
of metal-insulator transitions (MIT), for example, in high temperature superconductors, heavy fermion and
colossal magnetoresistive materials, but their importance and possible role in the MIT and related emergent
behaviors is not understood. Despite their ubiquity, they are hard to study because they produce weak
diffuse signals in most measurements. Here we propose Cu(Ir1 2 xCrx)2S4 as a model system, where robust
local structural signals lead to key new insights. We demonstrate a hitherto unobserved coexistence of an
Ir41 charge-localized dimer phase and Cr-ferromagnetism. The resulting phase diagram that takes into
account the short range dimer order is highly reminiscent of a generic MIT phase diagram similar to the
cuprates. We suggest that the presence of quenched strain from dopant ions acts as an arbiter deciding
between the competing ground states.

M
etal-insulator transitions (MITs)1,2 remain one of the most fascinating phenomena in condensed matter
physics3,4, especially in cases where emergent behavior appears close to the transition5 resulting in
colossal effects, such as high-temperature superconductivity6,7 and colossal magnetoresistance8. For a

remarkably broad range of materials, a similar phase diagram emerges with loss of a long-range ordered state
crossing over to a homogeneous metallic state, but with a broad region where complex behavior, heterogenous
states, difficult to detect broken local symmetries and nanoscale fluctuations become important9–11. It is often
precisely in this intermediate region where the interesting emergent behaviors occur. One of the major challenges
is to study this complex region experimentally since the important physics seems to be closely related to details of
the nature and interactions5 of the competing nano-scale heterogeneous phases, which cannot be easily studied
using bulk average experimental probes. New insights can be obtained from experimental probes that are spatially
resolved with nanoscale resolution12–20 and from probes that are sensitive to the local structure such as the atomic
pair distribution function (PDF) analysis21–25 and extended x-ray absorption fine structure spectroscopy26–30. The
important cuprates are especially challenging in this regard because of the small response of the lattice to the
heterogenous electronic states.

Among the wide variety of materials displaying MITs is a class of transition metal spinels with partially filled t2g

orbitals31. Exotic types of orbital and charge ordering, spin dimerization, and associated superstructures emerge in
the low temperature insulating phases, such as octamers in CuIr2S4

32, helices in MgTi2O4
33, and heptamers in

AlV2O4
34. Appearance of these complex motifs is accompanied by a decrease in the magnetic susceptibility. This

behavior is understood first in CuIr2S4 as the formation of Ir41-Ir41 structural dimers which results in the spins on
the dimerized iridum ions forming a singlet (S 5 0) state. The interesting isomeric patterns that form in the
different spinels depend on details of the chemistry and structure of the specific system and come about from
different orderings of the dimers on the pyrochlore sublattice of corner shared tetrahedra of transition metal ions
(Fig. 1(a))32, but through a careful analysis of the local structure and properties in CuIr2S4 we show that the
important physics driving the MIT is the charge localization and dimer formation itself rather than the dimer
ordering and isomerization.

The structural dimerization is shown schematically in Fig. 1. In CuIr2S4 the iridium ions are 3.51 on average
and sit on the corners of a 3D array of corner-shared tetrahedra, forming 3 degenerate sublattices, as shown in
Fig. 1(a). On cooling, a tetragonal distortion breaks the degeneracy of the three sublattices (Fig. 1(b)). One
sublattice is then half filled and this band may lower its energy by forming a particularly short ‘‘dimer’’ bond
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(Fig. 1(c)). This is known in the undoped end-member because the
dimers order over long-range giving rise to an easily measured struc-
tural phase transition, which correlates in temperature with changes
in the conductivity and magnetic susceptibility. The state of ordered
dimers that disappear on warming is analogous to the antiferromag-
netic (AF) state of the undoped end-member in the cuprate high
temperature superconductors in that a long range ordered (LRO)
broken symmetry insulating state is seen at low temperature. It is
thus interesting to see what happens in this system on doping. This
has been studied35 in the case of Cr doping and a crossover to a
metallic state, a MIT, where the metallic state has ferromagnetic LRO.

Although the MIT that takes place on warming in pure CuIr2S4 is
quite well understood31,32,36–40, the MIT on doping Cr35,41,42 is not. The
phase diagram as it is understood currently is shown in Fig. 235. The
long range dimer order is quickly suppressed with Cr doping and a
metallic state emerges with ferromagnetic order appearing at higher
doping, presumably involving the Cr spins. On the other hand, here
we show that the local structure shows greater complexity with a
crossover region in which a competition is taking place between
different ground-states leading to a nano-scale phase separation with
a diamagnetic disordered-dimer phase coexisting with a ferromag-
netically long-range ordered phase. This is qualitatively similar to
behavior in metal-insulator transitions in systems such as cuprate
superconductors17,43–49 and nickelates50–56 where hidden broken sym-
metry phases and nanoscale phase separation are seen in the vicinity
of the MIT, though much easier to study here because of the robust
signal of the dimers in the local structure. The results represent the
first observation of nanoscale phase coexistence in irridates. We
believe that generic lessons learned in the CuIr2S4 system can guide
our understanding of MITs in these other systems since CuIr2S4

exhibits a similar generic phase diagram, sketched in the inset to
Fig. 2. The generic picture is that of a competition between two
competing states, a paramagnetic metallic state and a diamagnetic
insulating charge-localized dimer state. The localized state is desta-
bilized with respect to the delocalized metallic state on increased
doping, but shows reentrant behavior that we explain due to dopant
induced quenched disorder favoring the charge-localized dimer
state. The material finally crosses over to a ferromagnetic metallic
state at the Cr rich end of the phase diagram, but the metallic and
insulating states coexist on the nanoscale over a wide range of doping
and temperature, which can be well quantified in this system since
the signal from the charge-localized dimer state has a distinctive local
structural signature.

Approach
The local structure of the material was measured as a function of
doping and temperature over a wide range using the atomic pair
distribution function analsyis (PDF) of X-ray diffraction data57.
High resolution PDFs, G(r), where r is the interatomic distance, were
obtained by a Fourier transformation of powder diffraction data
collected with short wavelength, high energy X-rays, according to

G rð Þ~ 2
p

ðQmax

Qmin

Q S Qð Þ{1½ � sin Qr dQ58. The integrated data were

corrected for experimental artifacts and normalized, to obtain the
total scattering structure function, S(Q). This contains both Bragg
and diffuse scattering and therefore information about atomic cor-
relations on different length scales23,24,59,60. The data were analyzed by
considering the evolution of features in the data-PDFs, in particular
peaks in the PDF that are sensitive to the presence or otherwise of
the structural dimers, and by fitting structural models to the data.
This local structural information was then correlated with property
measurements.

Results
Evolution of dimers with doping. In the low temperature insulating
phase of CuIr2S4 pairs of Ir41 dimerize by moving closer together by a
large 0.5 Å32 distance, resulting in the appearance of a distinct peak in
the PDF at 3.0 Å40. This is shown in Fig. 3(a). The low temperature
PDF clearly displays an additional peak at around 3.0 Å and this
feature disappears in the high temperature data. A signature M-
shape in the difference curve can also be observed, originating
from the redistribution of PDF intensity from the position of the
undistorted bonds before dimerization into short (dimerized) and
long (non-dimerized) bonds, in accord with the dimerization
invoked bond-length redistribution sketched in Fig. 1(c).

This rather strong structural response allows the presence or
absence of Ir41 dimers to be easily probed by a direct observation

Figure 1 | Structural effect of dimerization in spinels. (a) Regular

pyrochlore sublattice in the high temperature cubic phase of transition

metal spinels. All near neighbor transition metal distances (grey) are of

equal average length (t2g are degenerate). The metal-metal bonds are

shown, indicating degenerate interpenetrating 1D chains of ions.

(b) Structural distortion (for example tetragonal along c-axis) lifts the

degeneracy (making the (110)-type directions (green) special).

(c) Dimerization along the (110)-type chains occurring in the low

temperature insulating phases results in a redistribution of bond-lengths:

each dimer converts two average distances to a pair of short (red) and long

(blue) distances. Details of the three dimensional ordering of the dimers

then depend on the specifics of the transitional metal spinel family.

Figure 2 | Cu(Ir1 2 xCrx)2S4 average phase diagram. This is the canonical

phase diagram largely reproduced from Endoh et al.35. Regions with long

range dimer order present (absent) are shaded in red (grey). A first order

MIT is observed only close to the CuIr2S4 end, with Cr-doping quickly

suppressing the LRO. Insets at lower left show low temperature diffraction

patterns for x 5 0 (triclinic P�1) and x 5 0.15 (cubic Fd�3m) that clearly

indicate the change in crystallographic symmetry going from the

diamagnetic insulating (red) to the paramagnetic metallic, PM, (grey)

phases. White symbols denote the onset of anomalies observed in

resistivity and susceptibility for the intermediate x-range, originally

attributed to Cr high spin (HS) to low spin (LS) transition35. For x $ 0.2

the asymptotic ferromagnetic (FM) Weiss temperature increases linearly

with increasing Cr-content (black circles). Inset at top right: a generic

phase diagram discussed in the introduction.

www.nature.com/scientificreports
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of this dimer peak40, and the M-shaped feature in difference curve.
Dimers reveal themselves through this additional peak in the PDF
irrespective of the length-scale of their ordering, allowing us to see
the presence of localized charges even when they are only local in
nature. For CuIr2S4 this is demonstrated in the upper left panel of
Fig. 440. Although the low temperature long-range dimer order is
swiftly suppressed by Cr-substitution resulting in an average cubic
structure (Fig. 2), the PDF analysis reveals that on the nanoscale
dimers exist at low temperature within the entire composition range
studied, since the dimer peak, indicated by an arrow in Fig. 4, and the
characteristic M-shaped difference curve, can be seen, albeit dimin-
ishing in amplitude with increasing doping, in all the low-T data-sets.
Furthermore, careful quantitative analysis of the dimer signal in the
difference curves of properly normalized PDFs enables an estimate of
the dimer fraction to be carried out relative to the undoped end-
member, as shown in Fig. 3(b). The details of this estimation pro-
cedure are provided in the Supplementary Material. While the
concentration of dimers decreases with doping, the distortion ampli-
tude appears to be doping independent within the accuracy of our
measurement. The PDF analysis presented here is based on total
scattering data that do not discriminate between the elastic and inel-
astic scattering channels, and hence PDF does not distinguish
whether the dimers are static or dynamic, though their obstervation
in the local, but not average, structure establishes that they are not
long-range ordered.

Correlation length of dimer order. Here, we explore the correlation
length of local dimer order across the phase diagram. Since the PDF
provides structural information on different lengthscales, this may be
done by carrying out a variable r-range fit to the PDF of carefully
chosen models23. Here, we utilize the fact that the cubic spinel model,
which describes the global structure well, fails for the dimer case. The
observation of local dimers implies that the global cubic symmetry
comes from an average over incoherent domains of locally ordered
dimers where there is a lower symmetry within the domain. We
expect the cubic model to work well on lengthscales much larger
than the local domain size, but to fail for short lengthscales
dominated by the intra-domain signal. In Fig. 5(a) and (b) fits of
the cubic model to the low temperature data of 0% Cr (exhibiting
long range ordered dimers) and 40% Cr (no long range ordered
dimers, dimer signal relatively weak) samples are shown,
respectively. The model fails for CuIr2S4 on all lengthscales, as

expected. On the other hand, for the 40% Cr sample with Fd�3m
global symmetry the cubic model fails only on lengthscales shorter
than , 1 nm, as evident from the difference curve extending out of
the 2s uncertainty parapet in Fig. 5(b). The correlation length
determined in this way for all the samples is plotted in the inset to
Fig. 5(b), where the error bars indicate a range of uncertainty
associated with determining this crossover marked as the grey
band in Fig. 5(b), with further discussion of how this was obtained
provided in the Supplementary Material. No significant temperature
variation of this bound could be established within the accuracy of
our measurement. Although our analysis does not explicitly address
the nature of the dimer order, it is interesting to contemplate what
such short range dimer order may include. While the observed
correlation length bound extends only to near neighbor dimers
along the (110)-chains, it encompasses both near neighbor and
next near neighbor dimers spanning the octamers, suggesting a
three dimensional character of the dimer correlations.

Evolution of dimers with temperature. Next we address the
temperature dependence of the dimer existence. This may be
accomplished by plotting relevant structural parameters, such as
lattice parameter, atomic displacement parameters (ADPs, Uiso),
and cubic model fit residual, Rwp, obtained from average structure
fits to the PDF data. While the average crystallographic model does
not see the broken symmetry state directly, anomalous behavior of
these parameters is to be expected as the nanoscale state sets in, and
can be a sensitive indirect confirmation of their presence56.

For example, Rwp will increase when the local structure is not well
explained by the cubic model. The temperature evolution of the cubic
lattice parameter and Ir Uiso from the 40% Cr sample on cooling are
shown in Fig. 5(c) and (d), respectively. On cooling down from 300 K
(grey region) both parameters evolve smoothly displaying canonical
behavior, as evident from the linear fit to the lattice parameter, and
the Debye model fit to the ADP of Ir (see Supplementary Material).
However, dramatic deviations from these trends are observed at

Figure 3 | Dimer signal in the PDF and estimate of the fraction of
dimerized Ir41. (a) Comparison of experimental PDFs at 300 K (red) and

10 K (blue) over a narrow r-range for CuIr2S4, with the difference curve

(green) offset for clarity. Shaded features in the difference curve (color

coded by green for dimer and red for loss peaks) are used in the dimer

fraction evaluation. (b) Evolution of the dimer fraction with Cr-doping:

the color code corresponds to that used for marking the features in the

difference curve in (a), that were considered in the numeric integration

analysis described in the Supplementary Material. Solid black symbols

represent an arithmetic average of green and red values, while the dashed

line is a guide to the eye. Figure 4 | Observation of doping dependence of the PDF dimer signature
at low temperature. Comparison of experimental PDFs at 300 K (red) and

10 K (blue) over a narrow r-range for Cu(Ir1 2 xCrx)2S4 (0 # x # 0.6), with

difference curve (green) offset for clarity. Each panel corresponds to a

single composition x, as indicated. Arrows denote the position of the dimer

PDF peak. The dimer signature clearly persists to x 5 0.6, though the signal

is getting weaker.

www.nature.com/scientificreports
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,180 K, with the lattice parameter decreasing rapidly and Uiso of Ir
exhibiting an upturn. These deviations mark the onset temperature
of the local dimer formation on cooling.

Using this same approach it is then possible to determine the
evolution of the dimer formation across the whole phase diagram.
In Fig. 6 we plot the evolution of different system parameters vs.
doping and temperature. For example, the existence of a global cubic
structure may be found by excluding the low-r region of the PDF
from fits of the cubic model. This is shown in Fig. 6(b) and is in good
agreement with previous crystallographic results displayed in
Fig. 6(a)35. However, if we include the low-r region of the PDF in
the fit a very different picture emerges (Fig. 6(c)): the nanoscale phase
diagram of Cu(Ir1 2 xCrx)2S4 that maps out the (x,T) evolution of
local dimers. A similar picture emerges from other measures of the
local dimers such as the differential lattice parameter, Da, and dif-
ferential Ir isotropic atomic displacement parameter, DUiso (Fig. 6(d)
and (e)). These quantities are obtained by subtracting the observed
behavior of the parameters from the expected behavior in the absence
of local dimer formation, as determined by an extrapolation to low
temperature of the high-temperature behavior using standard
assumptions such as as Debye behavior for the ADPs. All these
measures reveal a previously undetected dome of local dimers
appearing, roughly peaked at , 200 K at around x 5 0.3. These
strategies for searching for the presence of local broken symmetry
states carry over, in principle, to other material systems of interest
such as the cuprates and nickelates.

Discussion
The new information provided by this study leads to a completely
different interpretation to the standard one35 of the phase line close to
180 K in the intermediate doping regime, marked by white symbols

in Figs. 2 and 6(a), and by dashed white lines in Figs. 6(b)–(f). This
was originally interpreted from analysis of magnetic susceptibility
data as coming from a low spin (LS, s 5 1/2) to high spin (HS, s 5 3/
2) crossover of the doped Cr ions35. It is clear from this work that the
anomalous loss in magnetic susceptibility in doped samples on cool-
ing is actually due to the formation of local dimers that are not
apparent in the average structure.

It is interesting to ask whether it is the global or local structure
which is more important for determining the transport properties of
the material. To explore this, we plot the resistivity vs x and T in
Fig. 6(f). The resemblance of this to the local phase diagram suggests
that the local structure is very important for determining (and under-
standing) the transport properties. On warming the dimer state is
replaced by the charge delocalized paramagnetic metallic state.
However, on doping at low temperature, as we show here, it is
replaced by a disordered or short-range ordered dimer phase.

One of the most interesting parts of the phase diagram occurs
around x 5 0.07 and T , 175 K (marked by an arrow in Fig. 6
(c)–(f)) where local dimers disappear on doping, but are re-entrant
at higher doping. The doping quickly destabilizes the ordered dimer
phase yielding the paramagnetic metallic phase, and indeed the
dimers are destroyed even in the local structure, but on further dop-
ing the localized, but now disordered, dimers are again preferred.
There are elastic strain costs associated with localizing charges as
dimers when they are not ordered over long range. It may be possible
to explain the reentrant behavior if local lattice strain fields around
doped Cr ions may be utilized by dimers to form without paying an
additional strain energy cost. It is not known if the doped Cr is in the
31 or 41 state because copper can also alter its valence to maintain
charge neutrality. However, either way the doped Cr is smaller
(0.615 Å and 0.55 Å for Cr31 or as Cr41, respectively) than the Ir
that it replaces (0.68 Å and 0.625 Å for Ir31 or as Ir41, respectively).
This is in line with the observation in Cu(Ir1 2 xCrx)2S4 that the

Figure 5 | Deviations from cubic Fd�3m structure. (a) CuIr2S4 data at 10 K

(open blue symbols), the best fit cubic model (solid red line), and the

difference curve (green solid line) offset for clarity. Dashed lines are

experimental uncertainties on the 2s level. (b) Same as (a) but for 40% Cr

sample. The grey area marks the r-region where the crossover from local to

average behavior occurs. The temperature dependencies of the lattice

parameter and Ir isotropic atomic displacement parameter (Uiso) for the

40% Cr sample are shown in (c) and (d), respectively. Light red solid lines

represent fits to the high temperature region of (c) (fit with a linear

function) and (d) (fit with the Debye model). Deviations of the data from

these trends are clearly observed at low temperature. (d) The Debye model

with static offset (represented by the double arrow) set to zero (dark solid

red line). The black dashed line represents the Debye model fit to Ir Uiso for

CuIr2S4 data. An appreciably larger static offset for the 40% Cr doped

sample reflects the higher level of quenched disorder as compared to

CuIr2S4. The inset to (b) shows the doping dependence of the lower

r-boundary where deviations from the cubic model become apparent at

low temperature.

Figure 6 | Reassessment of the (x, T) phase diagram of Cu(Ir1 2 xCrx)2S4.
(a) Average Cu(Ir1 2 xCrx)2S4 phase diagram shown in Fig. 235. (b) (x, T)

dependence of the cubic model fit residual, Rwp, for the Fd�3m cubic model

fit over the high-r 15–40 Å PDF range, reproducing the behavior in (a).

(c) Same as (b) but for the PDF refinements including the low-r region,

revealing the local dimers in the Rwp parameter. (d) (x, T) dependence of

the differential Fd�3m lattice parameter. (e) (x, T) dependence of the

differential Ir Uiso. See text for definitions. (f) (x, T) dependence of Log r,

after reference 35. In (b)–(e): Weiss temperature of our samples is shown as

white solid symbols. Dashed lines reproduce phase lines discussed in Fig. 2.

Vertical arrow denotes a feature discussed in the text.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 4081 | DOI: 10.1038/srep04081 4



average lattice parameter decreases on doping with Cr35. The doped
Cr ions therefore result in a compressive strain of the lattice in their
vicinity. The dimer formation also results in a decrease in the unit cell
volume32,41, and also pressure stabilizes the charge-localized dimer
state61,62. It is thus plausible that dimers will form preferrentially in
the compressive strain field of the quenched defects.

As the phase diagram is traversed at 175 K, at a doping high
enough to destroy dimer long range order, but still low, there are
many dimers to be accommodated but few Cr ions and the paramag-
netic metallic phase becomes energetically preferred. However, with
increased Cr doping the increase in the number of Cr sites and the
decrease in the number of dimers to be accommodated presumably
are better matched, and the charge-localized dimer state may be
again stabilized locally, though without the dimers ordering over
long range. This would explain the reentrant and dome-like behavior
of the local dimer state that we observe and is also consistent with the
doping dependence of the static disorder as measured from the offset
parameter in the Debye model fits to the Ir Uiso(T) shown in the left
panel of Fig. 7 (see Supplementary Material for details). The electrical
properties are sensitive to the local dimer state and the conductivity
of the sample results in a similar dome-like behavior to the local-
dimer state (Fig. 6(f)), reinforcing the importance of characterizing
the local nature of the material to understand the properties. This
strain-biasing effect can be expected to be broadly applicable to a
wide range of systems exhibiting doping induced MITs and generic-

ally shows how the competition between ground-states, in the pres-
ence of quenched disorder, can lead to a nanoscale coexistence of
both of the competing phases (Fig. 7). It just requires that the com-
peting phases have slightly different average bond lengths and the
dopant ions introduce local strains into the lattice63.

A ferromagnetic metallic state appears in the region of high Cr
doping35, introducing a third competing state into the picture. Our
PDF measurements cannot distinguish the paramagnetic metallic
phase seen at low doping and the ferromagnetic metallic state seen
at higher doping, but the ferromagnetic signal is also detected in our
magnetization measurements for as low as x 5 0.25, implying that
there is a wide region of coexistence of the charge-localized dimer
and ferromagnetic states at low temperature, which can only be
explained as a nanoscale coexistence of insulating charge-localized
dimer and metallic ferromagnetic phases.

In summary, this study provides a revised Cu(Ir1 2 xCrx)2S4 phase
diagram, Fig. 8, and shows how enormous insight into the physics
of doped systems with MITs can be obtained from a systematic
study of local structure over wide ranges of temperature and doping.
Cu(Ir1 2 xCrx)2S4 can serve as a model system for this because of the
robustness of the structural signal associated with the charge-loca-
lized dimer state. The general notion that broken symmetry states
can persist, undetected, in probes of average structure over wide
ranges of doping and temperature and may explain anomalies in
bulk properties such as transport and magnetization, is likely to be
carried over to other doped systems at the metal-insulator boundary.

Methods
Sample synthesis and characterization. Polycrystalline samples of Cu(Ir1 2 xCrx)2S4

with 0 # x # 0.6 were prepared by a standard solid state route in sealed, evacuated
quartz ampoules. Stoichiometric quantities of the metals and elemental sulfur were
thoroughly mixed, pelletized, and sealed under vacuum. The ampoules were slowly
heated to 650–750uC and held at this temperature for several weeks with intermediate
grinding and pressing. The products were found to be single phase based on
laboratory x-ray powder diffraction. DC susceptibility data were measured on cooling
in a 1 T field using a Quantum Design PPMS. Resistivity was measured using a
standard four-terminal technique.

Total scattering experiments. PDF data for 10 K # T # 300 K were obtained using
standard protocols57 from synchrotron x-ray total scattering experiments carried out
at the 11-IDC beamline of the Advanced Photon Source at Argonne National
Laboratory. The setup utilized a 114.82 keV x-ray beam (l 5 0.108 Å) and a Perkin
Elmer amorphous silicon detector, and a closed cycle helium refrigerator. The raw 2D
data were integrated and converted to intensity versus Q using the software Fit2D64,
where Q is the magnitude of the scattering vector. Data reduction and Sine Fourier
transform of measured total scattering structure functions up to a high momentum
transfer of Qmax 5 27 Å21 was carried out using the PDFgetX365 program. PDF
structure refinements were carried out using the PDFgui program suite66.
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