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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.
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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.
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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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FIG. 4. (Color online) Raman scattering spectra of IrTe2 single
crystals measured at various temperatures, as indicated, in the high
temperature regime using a TriVista 557 Raman system. Inset:
Energy temperature dependence of the A1g , E1

g , and E2
g Raman

active modes. The solid green lines represent calculated spectra by
using the standard three-phonon anharmonicity model [22], where
[ω0 = 123.4(2) cm−1, C = 0.26(2) cm−1], [ω0 = 129.0(2) cm−1,
C = 0.27(2) cm−1], and [ω0 = 160.4(2) cm−1, C = 0.48(3) cm−1]
are the best fit parameters for the E1

g , E2
g , and A1g Raman active

modes, respectively.

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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FIG. 5. (Color online) Polarized Raman scattering spectra of
IrTe2 measured at various temperatures, as indicated, in the low
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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IrTe2 measured at 15 K using a JY T64000 Raman system in parallel
and cross polarization configurations. Inset on the left: Image of
the IrTe2 sample. Inset on the right: Correlation diagram connecting
Raman active phonons for trigonal and monoclinic types of structures.

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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FIG. 7. Schematics of maximal nonisomorphic subgroup rela-
tions of the space group P 3̄m1 [7] (upper panel) and P 3̄c1 (lower
panel) for the t subgroup. The number of the space group is given in
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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D. Tanasković, C. Petrovic, and Z. V. Popović, Phys. Rev. B
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Center for Solid State Physics and New Materials, Institute of Physics Belgrade, University of Belgrade,

Pregrevica 118, 11080 Belgrade, Serbia

M. M. Radonjić
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We present the Raman scattering spectra of the BaFe2X3 (X = S, Se) compounds in a temperature range
between 20 and 400 K. Although the crystal structures of these two compounds are both orthorhombic and
very similar, they are not isostructural. The unit cell of BaFe2S3(BaFe2Se3) is base-centered Cmcm (primitive
Pnma), giving 18 (36) modes to be observed in the Raman scattering experiment. We have detected almost all
Raman active modes, predicted by factor group analysis, which can be observed from the cleavage planes of these
compounds. Assignment of the observed Raman modes of BaFe2S(Se)3 is supported by the lattice dynamics
calculations. The antiferromagnetic long-range spin ordering in BaFe2Se3 below TN = 255 K leaves a fingerprint
both in the A1g and B3g phonon mode linewidth and energy.
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I. INTRODUCTION

Iron-based compounds are one of the top research fields
in condensed matter physics [1]. These materials are not only
superconducting [2] but also form low-dimensional magnetic
structures—spin chains, spin ladders, or spin dimers [3],
similar to the cases of cuprates [4] or vanadates [5].
Properties of iron-based selenide superconductors and other
low-dimensional magnetic phases of iron-chalcogenides are
reviewed in Ref. [6].

BaFe2S3 and BaFe2Se3 belong to the family of the iron-
based S = 2 two-leg spin-ladder compounds. The crystal
structure of these materials can be described as alternate
stacking of Fe-S(Se) layers and Ba cations along the crys-
tallographic a axis (b axis). In the Fe-S(Se) plane, only one-
dimensional (1D) double chains of edge-shared [FeS(Se)]4

tetrahedra propagate along the a axis (b axis), as shown in
Fig. 1. Although the crystal structures of the BaFe2S3 and
BaFe2Se3 are isomorphic, they are not isostructural. BaFe2S3

crystalizes in a base-centered orthorhombic structure with
Cmcm space group [7]. The unit cell of BaFe2Se3 is also
orthorhombic but primitive of the Pmna space group. The
main crystal structure difference of these compounds is an
alternation of the Fe-Fe distances in BaFe2Se3 along the chain
direction which does not exist in BaFe2S3, where all distances
between Fe atoms along the chain direction are the same;

*Present address: Department of Physics, Renmin University of
China, 59 Zhongguancun Street, Haidian District, Beijing 100872,
China.

see Figs. 1(b) and 1(c). This difference probably leads to the
diverse magnetic properties of these two compounds at low
temperatures.

BaFe2S3 is a quasi-one-dimensional semiconductor. The
magnetic susceptibility of BaFe2S3, measured at 100 Oe,
showed the divergence of the field-cooled susceptibility and
zero-field-cooled susceptibility with the cusp at 25 K (freezing
temperature) [8], indicating the presence of short-range mag-
netic correlations and spin-glass-like behavior below 25 K.
On the basis of these observations Gönen et al. [8] proposed
that each [Fe2S3]2− chain possess strong intrachain antifer-
romagnetic coupling of Fe ions that is mediated through the
sulfide ions. The combination of antiferromagnetic coupling,
additional crystal field splitting due to neighboring Fe atoms,
and direct Fe-Fe interactions presumably give rise to S = 0
ground states in this compound [8].

BaFe2Se3 is an insulator down to the lowest measured
temperature with a long-range antiferromagnetic (AFM) order
with TN around 255 K and short-range AFM order at higher
temperatures [9–12]. It was shown that a dominant order
involves 2 × 2 blocks of ferromagnetically aligned four iron
spins, whereas these blocks order antiferromagnetically in the
same manner as the block AFM

√
5 × √

5 state of the iron
vacancy ordered A2Fe4Se5 [13–15].

To the best of our knowledge there are no data about
the phonon properties of these compounds. In this paper
we have measured polarized Raman scattering spectra of
BaFe2X3(X = S, Se) in the temperature range between 20
and 400 K. We have observed the Raman active optical
phonons, which are assigned using polarized measurements
and the lattice dynamical calculations. At temperatures below

1098-0121/2015/91(6)/064303(7) 064303-1 ©2015 American Physical Society
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FIG. 1. (Color online) Schematic representation of the BaFe2X3(X = S, Se) crystal structure. (a) Projection of the BaFe2Se3 crystal
structure in the (ac) plane. (b) The double chain of Fe-Se tetrahedra connected via common edges along the b axis. (c) The Fe-S double chain
in the (010) projection. w, u, v represents Fe-Fe distances of ladder rungs (w = 0.2697 nm; w∗ = 0.2698 nm) and legs (u = 0.2688 nm,
v = 0.2720 nm; v∗ = 0.2643 nm). Note that in the case of BaFe2S3 the Fe atoms form an “ideal” ladder (all Fe-Fe distances along the ladder
legs are equivalent, which is not the case in BaFe2Se3).

TN = 255 K in BaFe2Se3 the Raman modes shows an abrupt
change of energy and linewidth due to the antiferromagnetic
spin ordering.

II. EXPERIMENT AND NUMERICAL METHOD

Single crystals of BaFe2X3(X = S, Se) were grown using
self-flux method with nominal composition Ba:Fe:X = 1:2:3.
Details were described in Ref. [16]. Raman scattering measure-
ments were performed on (110)(sulfide) [(100) (selenide)]-
oriented samples in the backscattering micro-Raman configu-
ration. Low-temperature measurements were performed using
KONTI CryoVac continuous flow cryostat coupled with JY
T64000 and TriVista 557 Raman systems. The 514.5-nm line
of an Ar+/Kr+ mixed gas laser was used as excitation source.
The Raman scattering measurements at higher temperatures
were done using a LINKAM THMS600 heating stage.

We calculated phonon energies of the nonmagnetic
BaFe2S(Se)3 single crystals at the center of the Brillouin
zone. Calculations were performed within the theory of linear
response using the density functional perturbation theory
(DFPT) [17] as implemented in the QUANTUM ESPRESSO

package [18]. In the first step, we obtained the electronic
structure by applying the pseudopotentials based on the
projected augmented waves method with the Perdew-Burke-
Ernzerhof exchange-correlation functional and nonlinear core
correction. Used energy cutoffs for the wave functions and
electron densities were 80 (64) Ry and 960 (782) Ry for
BaFe2S(Se)3, respectively. We have carried out the calculation
with experimental values of the BaFe2S(Se)3 unit cell param-
eters a = 0.878 35 nm, b = 1.1219 nm, c = 0.5286 nm [7]
(a = 1.188 34 nm, b = 0.541 41 nm, c = 0.914 09 nm [11]),
and the relaxed fractional coordinates; see Table I. Relaxation
was applied to place atoms in their equilibrium positions in
respect to used pseudopotentials (all forces acting on every
atom were smaller than 10−4 Ry/a.u.). The difference between
experimental and relaxed coordinates is less than 3% for almost

all atom coordinates, except for the x direction of the Ba atoms
in BaFe2Se3, which is 6%. Reduction of the x coordinate of
Ba atoms by relaxation leads to an increase of the distance
between the Ba layers. The Brillouin zone was sampled with
8 × 8 × 8 Monkhorst-Pack k-space mesh. Calculated � point
phonon energies of the BaFe2S3 and BaFe2Se3 are listed in
Tables II and Table IV, respectively.

The DFPT calculation of the phonon-mode energies is
performed assuming the paramagnetic solution and the com-
parison of energies is performed with the experimental results
at room temperature. The paramagnetic density functional
theory (DFT) solution is metallic, whereas BaFe2Se3 is AFM
insulator at low temperatures. Therefore, we have performed
also the spin-polarized DFT calculations, assuming AFM
ordering of 2 × 2 ferromagnetic iron blocks [10–12]. We
find the AFM solution and opening of the gap at the Fermi
level in agreement with earlier DFT calculations by Saparov
et al. [10]. Accordingly, we attempted to calculate the phonon

TABLE I. Experimental and relaxed (in square brackets) frac-
tional coordinates of BaFe2S3 (Ref. [7]) and BaFe2Se3 (Ref. [11])
crystal structures.

Atom Site x y z

BaFe2S3

Ba (4c) 0.50 [0.50] 0.1859 [0.1817] 0.25 [0.25]
Fe (8e) 0.3464 [0.3553] 0.50 [0.50] 0.00 [0.00]
S1 (4c) 0.50 [0.50] 0.6147 [0.6051] 0.25 [0.25]
S2 (8g) 0.2074 [0.2108] 0.3768 [0.3945] 0.25 [0.25]

BaFe2Se3

Ba (4c) 0.186 [0.175] 0.25 [0.25] 0.518 [0.513]
Fe (8d) 0.493 [0.490] 0.002 [−0.001] 0.353 [0.358]
Se1 (4c) 0.355 [0.366] 0.25 [0.25] 0.233 [0.230]
Se2 (4c) 0.630 [0.613] 0.25 [0.25] 0.491 [0.485]
Se3 (4c) 0.402 [0.415] 0.25 [0.25] 0.818 [0.809]
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TABLE II. Calculated and experimentally observed values of Raman active phonon mode energies (in cm−1) of BaFe2S3 single crystal.

Calculation Experiment Calculation Experiment

Symmetry relax. (unrelax.) 300 K 100 K Activity Symmetry relax. (unrelax.) 300 K 100 K Activity

A1
g 42.3 (51.2) 39 (xx,yy,zz) B1

1g 16.7 (63) (xy)

A2
g 154.2 (156) 157 (xx,yy,zz) B2

1g 55.1 (81.8) 44 48 (xy)

A3
g 201.9 (167.4) 152 165 (xx,yy,zz) B3

1g 138.8 (153.1) 127 133 (xy)

A4
g 366.9 (294.8) 295 301 (xx,yy,zz) B4

1g 243.5 (221.9) 203 214 (xy)

A5
g 385.8 (307.1) 365 372 (xx,yy,zz) B5

1g 337.8 (241.6) 332(?) (xy)

B6
1g 400.2 (330) 374 381 (xy)

B1
2g 107.8 (113.7) 107 109 (xz) B1

3g 55.1 (66.8) (yz)

B2
2g 224.1 (180.8) 181 193 (xz) B2

3g 201.1 (171.1) 181 193 (yz)

B3
2g 347.8 (283.6) (xz) B3

3g 311.2 (308.7) 297 307 (yz)

B4
3g 369.3 (351.7) (yz)

energies in the spin-polarized case. However, having now
48 atoms in the unit cell, this calculation turned out to
be computationally too demanding. Furthermore, we do not
believe that such a calculations would gives us in this case
important new insights since the number of phonon modes
becomes 2 × 72 − 1 = 143 (one mode is degenerate), and it is
not likely that small splitting of the modes could be compared
with the experiments. Also, the phonon frequencies are not
particularly sensitive on the precise form of the density of
states near the Fermi level (or gap opening) if the overall
spectral function remains similar. Therefore, we believe that
the usage of the nonmagnetic DFT is a reasonable method for
identification of vibrational modes and comparison with the
experimental data.

III. RESULTS AND DISCUSSION

A. BaFe2S3

The BaFe2S3 crystal symmetry is orthorhombic, space
group Cmcm and Z = 4 [7]. The site symmetries of atoms
in Cmcm space group are C

y

2v (Ba, S1), Cx
2 (Fe), and C

xy
s (S2).

Factor group analysis yields(
C

y

2v

)
: � = Ag + B1g + B3g + B1u + B2u + B3u,(

Cx
2

)
: � = Ag + 2B1g + 2B2g + B3g

+Au + 2B1u + 2B2u + B3u.(
Cxy

s

)
: � = 2Ag + 2B1g + B2g + B3g + Au

+B1u + 2B2u + 2B3u.

Summarizing these representations and subtracting the acous-
tic (B1u + B2u + B3u) and silent (2Au) modes, we obtained the
following irreducible representations of BaFe2S3 vibrational
modes:

�
optical
BaFe2S3

= 5Ag(xx,yy,zz) + 6B1g(xy) + 3B2g(xz)

+ 4B3g(yz) + 4B1u(E || z) + 5B2u(E || y)

+ 4B3u(E || x).

Thus 18 Raman and 13 infrared active modes are expected to be
observed in the BaFe2S3 infrared and Raman spectra. Because

our BaFe2S3 single-crystal samples have (110) orientation,
we were able to observe all symmetry modes in the Raman
scattering experiment.

The polarized Raman spectra of BaFe2S3, measured from
the (110) plane at 100 K, are given in Fig. 2. Five Ag symmetry
modes at about 39, 157, 165, 301, and 373 cm−1 (100 K) are
clearly observed for the x ′(zz)x̄ ′ polarization configuration
(x ′ = [110], y ′ = [11̄0], z = [001]). For parallel polarization
along the y ′ axis, the Ag and B1g symmetry modes may be
observed. By comparison (y ′y ′) with (zz) polarized spectrum
we assigned the modes at 48, 133, 214, 332, and 381 cm−1

as the B1g ones. The intensity of the 332 cm−1 mode is at a
level of noise. Because of that, assignment of this mode as B5

1g

should be taken as tentative.
For the x ′(y ′z)x̄ ′ polarization configuration both the B2g

and the B3g symmetry modes can be observed. Because we
cannot distinguish the B2g and B3g by selection rules from
the (110) plane, the assignment of these modes was done with
help of the lattice dynamics calculation; see Table II. Features
between 40 and 100 cm−1 come after subtracting of nitrogen

FIG. 2. (Color online) The polarized Raman scattering spectra
of BaFe2S3 single crystal measured at 100 K. Insets are the normal
modes of the A1

g , A2
g , A3

g , and B2
1g vibrations. x ′ = [110], y ′ = [11̄0],

and z = [001].

064303-3
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FIG. 3. (Color online) Experimental values (symbols) and calcu-
lated temperature dependence (solid lines) of the BaFe2S3 Raman
mode energies and broadenings. Insets represent the normal modes
of the A4

g , A5
g , B4

1g , and B2
3g vibrations.

vibration modes. Bump at about 160 cm−1 is a leakage of A2
g

and A3
g modes from parallel polarization.

The normal modes of some of Ag , B1g , and B3g vibrations,
obtained by the lattice dynamics calculations, are given as
insets in Figs. 2 and 3. According to these representations
the lowest energy A1

g mode (39 cm−1) originates from the
Ba atom vibrations along the y axis, and the A2

g mode
(157 cm−1) represents dominantly S atom vibrations, which
tend to elongate [Fe2S3]2− chains along the y axis. The
A3

g mode originates from both the sulfur and the iron atom
vibrations, which tend to stretch ladders along the x axis. The
A4

g mode (Fig. 3) is sulfur atoms breathing vibrations, and the
A5

g symmetry mode represents the S and Fe atom vibrations
with the opposite tendency. The Fe atoms vibrate in opposite
directions along the x axis, elongating the ladder, together with
S atom vibrations, which tend to compress ladder structure.

Temperature dependence of the A4
g , A5

g , B4
1g , and B2

3g mode
energy and linewidth are given in Fig. 3.

In general, temperature dependance of Raman mode energy
can be described with [19]

ω(T ) = ω0 + �(T ), (1)

where ω0 is temperature-independent contribution to the
energy of the phonon mode, whereas �(T ) can be decomposed
in

�(T ) = �V + �A. (2)

The first term in Eq. (2) represents change of phonon energy
due to the thermal expansion of the crystal lattice, and is given
by [20]

�V = −ω0γ
�V (T )

V0
, (3)

where γ is the Grüneisen parameter of a given mode.
The second term in Eq. (2) is a contribution to the Raman

mode energy from phonon-phonon scattering. By taking into
account only three-phonon processes,

�A = −C

(
1 + 4λph-ph

e�ω0/2kBT − 1

)
. (4)

TABLE III. The best fit parameters of BaFe2S3 and BaFe2Se3.

Mode symmetry ω0(cm−1) γ �0(cm−1) λ

BaFe2S3

A4
g 303.7(2) 3.7(2) 2.9(2) 2.8(5)

A5
g 374.6(2) 2.6(2) 3.3(2) 1.9(3)

B4
1g 216.5(2) 4.8(2) 2.0(3) 0.9(3)

B2
3g 195.3(1) 5.2(2) 2.0(3) 1.0(1)

BaFe2Se3

A8
g 200.0(1) 1.6(2) 2.3(1) 0.4(1)

A9
g 272.6(2) 1.4(1) 2.3(1) 0.6(1)

A10
g 288.1(3) 1.8(2) 5.2(1) 0.3(1)

A11
g 297.1(4) 1.4(2) 5.6(2) 0.4(1)

C and λph-ph are the anharmonic constant and phonon-phonon
interaction constant, respectively.

Temperature dependence of Raman mode linewidth is
caused only by phonon anharmonicity:

�(T ) = �0

(
1 + 2λph-ph

e�ω0/2kBT − 1

)
, (5)

where �0 is the anharmonic constant.
Parameter C is connected with ω0 and �0 via relation [19]

C = �2
0

2ω0
. (6)

ω0 and �0 can be determined by extrapolation of the cor-
responding experimental data to 0 K. With these parameters
known, we can fit the phonon mode linewidth, using Eq. (5), to
obtain λph-ph. Then, by determining parameter C via Eq. (6),
Raman mode energy can be properly fitted, with γ as the
only unknown parameter. Using data from Ref. [12] for
the temperature change of the lattice constants of BaFe2Se3

one can perform the corresponding analysis of the Raman
mode energies’ temperature dependance.

The best-fit parameters are collected in Table III. Because
the �0 is very small in comparison to ω0, for all modes of both
compounds (Table III), according to Eq. (6) the C anharmonic
parameter becomes very small. Thus, contribution to the
Raman mode energy from the phonon-phonon interaction
can be neglected. In fact, a change of Raman mode energy
with temperature is properly described only with the thermal
expansion term �V , Eq. (3).

The most intriguing finding in Fig. 3 is a dramatic change
of slope of the A4

g mode linewidth (energy) temperature
dependence at about 275 K. Because a hump in the inverse
molar magnetic susceptibility [8] and a change of slope of
the electrical resistivity [21] temperature dependence are
observed in BaFe2S3 at about the same temperature we
concluded that the deviation from anharmonic behavior for A4

g

mode could be related to spin and charge. In fact, many of iron-
based spin-ladder materials have the 3D-antiferromagnetic
phase transition at about 260 K. We believe that in the case
of BaFe2S3 the antiferromagnetic ordering of spins within the
ladder legs changes from short-range to the long-range state,
without 3D antiferromagnetic spin ordering (the Néel state)
of the whole crystal. This transition is followed with change
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FIG. 4. (Color online) The x(yy)x̄, x(zz)x̄, and x(yz)x̄ polarized
Raman scattering spectra of BaFe2Se3 single crystals measured at
room temperature and at 20 K. Vertical bars are calculated values of
the Ag and the B3g symmetry Raman active vibrations.

of the electronic structure, which could explain the abrupt
increase of the resistivity at this temperature [21]. A lack of
the BaFe2S3 low-temperature crystallographic and transport
properties measurements did not allow a more detailed study of
a possible origin of the phonon energy and linewidth deviation
from the anharmonic picture at about 275 K.

B. BaFe2Se3

The BaFe2Se3 unit cell consists of four formula units
comprising of 24 atoms. The site symmetries of atoms in

Pnma space group are Cxz
s (Ba, Se1, Se2, Se3) and C1 (Fe).

Factor group analysis yields(
Cxz

s

)
: � = 2Ag + 1B1g + 2B2g + 1B3g

+Au + 2B1u + 1B2u + 2B3u,

(C1): � = 3Ag + 3B1g + 3B2g + 3B3g

+ 3B1u + 3B2u + 3B3u.

Summarizing these representations and subtracting the acous-
tic (B1u + B2u + B3u) and silent (4Au) modes, we obtained the
following irreducible representations of BaFe2Se3 vibrational
modes:

�
optical
BaFe2Se3

= 11Ag + 7B1g + 11B2g + 7B3g

+ 11B1u + 7B2u + 11B3u

Thus 36 Raman and 29 infrared active modes are expected
to be observed in the BaFe2Se3 vibrational spectra. Because
the BaFe2Se3 single crystals have the (100) orientation (the
crystallographic a axis is perpendicular to the plane of the
single crystal), we were able to access only the Ag and the B3g

symmetry modes in the Raman scattering experiment.
The polarized Raman spectra of BaFe2Se3, measured from

(100) plane at room temperature and 20 K, for the parallel
and crossed polarization configurations, are given in Fig. 4.
The spectra measured for parallel polarization configurations
consist of the Ag symmetry modes. Six modes at about 108,
143.5, 200, 272, 288.7, and 296.5 cm−1 (20 K) are clearly
observed for the x(yy)x̄ polarization configuration and three
additional modes are observed at about 63.4, 89, and 115 cm−1

for the x(zz)x̄ polarization configuration. For the x(yz)x̄
polarization configuration, three Raman active B3g symmetry

TABLE IV. Calculated and experimentally observed values of Raman active phonon mode energies (in cm−1) of BaFe2Se3 single crystal.

Experiment Experiment

Symmetry Calc. 300 K 20 K Activity Symmetry Calc. 300 K 20 K Activity

A1
g 26.5 (xx,yy,zz) B1

2g 25.8 (xz)

A2
g 37.5 (xx,yy,zz) B2

2g 48.0 (xz)

A3
g 48.3 59 63.4 (xx,yy,zz) B3

2g 68.7 (xz)

A4
g 88.6 88 89 (xx,yy,zz) B4

2g 88.8 (xz)

A5
g 103.0 104.3 108 (xx,yy,zz) B5

2g 100.4 (xz)

A6
g 132.4 111 115 (xx,yy,zz) B6

2g 138.2 (xz)

A7
g 142.0 137 143 (xx,yy,zz) B7

2g 144.5 (xz)

A8
g 220.4 195.6 200 (xx,yy,zz) B8

2g 212.9 (xz)

A9
g 258.8 267 272 (xx,yy,zz) B9

2g 261.7 (xz)

A10
g 305.2 280 288.7 (xx,yy,zz) B10

2g 303.9 (xz)

A11
g 320.2 290 296.5 (xx,yy,zz) B11

2g 321.5 (xz)

B1
1g 56.4 (xy) B1

3g 56.4 (yz)

B2
1g 72.8 (xy) B2

3g 76.7 (yz)

B3
1g 126.2 (xy) B3

3g 126.4 (yz)

B4
1g 191.4 (xy) B4

3g 190.2 177 183.8 (yz)

B5
1g 210.5 (xy) B5

3g 214.9 198 (yz)

B6
1g 267.1 (xy) B6

3g 268.8 222.8 228 (yz)

B7
1g 285.2 (xy) B7

3g 285.7 (yz)
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FIG. 5. (Color online) The polarized Raman spectra of BaFe2Se3

single crystals measured at various temperatures. (a) x(yy)x̄ polar-
ization configuration; (b) x(yz)x̄ polarization configuration.

modes at 183.8, 198, and 228 cm−1 (20 K) are observed.
Vertical bars in Fig. 4 denote the calculated energies of the Ag

and B3g symmetry modes, which are in rather good agreement
with experimentally observed ones. The results of the lattice
dynamics calculations, together with the experimental data,
are summarized in Table IV.

According to the lattice dynamics calculations the lowest
energy A1

g mode is dominated by Ba atom vibrations along the
〈101〉 directions and the A2

g mode represents vibrations of Fe
and Se atoms which tend to rotate [Fe2Se3]2− chains around
of the b axis. The A3

g mode involves all atom vibrations, which
tend to stretch crystal structure along the 〈101〉 directions,
whereas the A4

g mode originates from Se atom vibrations along
the c axis and the Fe atom vibrations along the 〈101〉 directions.
The A5

g mode represents vibration of Fe and Se atoms, which
leads to [Fe2Se3]2− -chain compression along the c axis. The
A6

g mode originates from Se and Fe atom vibrations which
stretch [Fe2Se3]2− chains along the c axis. Finally, the A7

g

mode originates from Fe atom vibrations toward each other
along the chain direction together with vibrations of the Se
atoms along the c axis. The normal coordinates of the A8

g ,
A9

g , A10
g , and A11

g modes are given as insets in Fig. 6. As can
be seen from Fig. 6 the A8

g mode originates dominantly from
Se atom stretching vibrations, whereas the A9

g , A10
g , and A11

g

modes represent vibrations of both the Se and Fe atoms. In fact,
the A9

g mode represents mostly Se atom vibrations along the c

axis, and the A10
g mode consists of Fe and Se vibrations along

the c axis, which tend to elongate ladder structure along the b

axis. Finally, the A11
g mode represents the Fe atom vibrations

toward each other along the chain axis, together with Se atom
vibrations perpendicular to the chain direction.

By lowering the temperature, the lattice parameters of
BaFe2Se3 decrease continuously without the crystal symmetry
change around the magnetic ordering temperature [11,12]
TN = 255 K. Consequently we should expect the Raman
mode hardening, without any abrupt change. Contrary to

FIG. 6. (Color online) Experimental values (symbols) and calcu-
lated temperature dependence (solid lines) of BaFe2Se3 Raman mode
energies. The best-fit parameters, for the temperature range below
TN , are given in Table III. Insets represent normal modes of the A8

g ,
A9

g , A10
g , and A11

g vibrations.

expectations, the Ag and B3g modes (see Figs. 5, 6, and 7)
sharply increase their energies below the phase transition
temperature TN , as shown in details in Fig. 6. Because a
significant local lattice distortion (Fe atom displacement along

FIG. 7. (Color online) Linewidth vs temperature dependence of
(a) A8

g and A10
g modes and (b) A9

g and A11
g modes of BaFe2Se3.

Solid lines are calculated using Eq. (5). The best-fit parameters for a
temperature range below TN are given in Table III.
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the b axis is as large as approximately 0.001 nm) [11,12]
exists, driven by the magnetic order, we concluded that spin-
phonon (magnetoelastic) coupling is responsible for Raman
mode energy and linewith change in the antiferromagnetic
phase. In fact, the existence of local displacements in the
Fe atoms at TN have a significant impact on the electronic
structure due to rearrangement of electrons near the Fermi
level [11] and consequently the change in the phonon energy
and broadening. Raman mode linewidth change at about TN

is clearly observed as deviation from the usual anharmonicity
temperature dependence (solid lines in Fig. 7) for all modes
presented in Fig. 6.

IV. CONCLUSION

We have measured the polarized Raman scattering spectra
of the BaFe2S3 and BaFe2Se3 single crystals in a temperature
range between 20 and 400 K. Almost all Raman-active
modes predicted by factor-group analysis to be observed
from the cleavage planes of BaFe2S3 (110) and BaFe2Se3

(100) single crystals are experimentally detected and assigned.

Energies of these modes are in rather good agreement with the
lattice dynamics calculations. The BaFe2Se3 Raman modes
linewidth and energy change substantially at temperatures
below TN = 255 K, where this compound becomes antifer-
romagneticaly long-range ordered.
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1.  Introduction

Since the discovery of superconductivity in the FeSe layered 
compound KxFe2−ySe2 [1], considerable attention has been 
focused on iron selenide materials due to their relatively high 
superconducting transition temperatures (TC) [2–5]. Recent inves-
tigations of single-layer FeSe films grown on SrTiO3 revealed 
superconductivity with TC above 100 K, which is the highest 
critical temperature among all iron-based materials discovered 

so far [6]. Alkali metal-doped iron chalcogenides have some 
interesting features that distinguish them from other iron-based 
superconductors [7, 8]. Angle-resolved photoemission measure-
ments showed that there are no hole pockets at the Fermi level in 
KxFe2−ySe2, which opens the possibility for a different type of 
pairing mechanism than in the iron pnictides [9]. This is consis-
tent with observed negative values of the Hall constant RH in the 
temperature range 0–150 K [10], which implies that conduction 
is predominantly governed by electron-like carriers.

The most striking feature of KxFe2−ySe2 single crystals is 
the presence of two distinct phases: insulating and metallic/
superconducting [8, 11, 12]. The insulating phase has anti-
ferromagnetically, ×5 5, ordered Fe vacancies with 
large iron magnetic moments, whereas the superconducting 
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phase is free of vacancies [11]. Resistivity measurements on 
a sample with nominal composition K0.8Fe2Se2 revealed that 
superconductivity occurs below ∼T 30C  K [1]. However, it 
was later established that superconductivity appears only in 
Fe-deficient samples. A broad hump in the in-plane resis-
tivity ( )ρ Tab , whose position varies between 105 K and 240 K  
(depending on the sample preparation), presumably occurs due 
to the type of connection between the two phases [10, 13]. Below 
the hump, KxFe2−ySe2 is metallic due to an intrinsic property of 
the metallic/superconducting state, since insulating regions do 
not contribute to the spectral weight close to the Fermi energy, 
as observed by angle-resolved photoemission spectroscopy [14, 
15]. It was also shown that M-doping on the Fe site (M  =  Cr, 
Co, Ni, Zn) strongly suppresses superconductivity [16, 17]. 
However, the correlation between antiferromagnetically ordered 
iron vacancies and superconductivity remains unclear.

Raman scattering studies of KxFe2−ySe2 single crystals 
have been performed by several groups [18–20]. Zhang et al 
[18] considered phonon properties of this compound in terms 
of the I4/m space group. They observed and assigned 11 out of 
18 Raman active modes. Their analysis revealed that a phonon 
of unknown origin, at about 180 cm−1 (which was assigned as 
the Ag symmetry mode) exhibits abrupt hardening of  ∼1 cm−1 
at the superconducting critical temperature TC. Lazarević et al 
[19] analyzed lattice dynamics of KxFe2−ySe2 in terms of I4/m 
and I4/mmm phases. They observed and assigned two (of two 
possible) modes from the high-symmetry phase and 16 out of 
18 phonon modes from the low-symmetry phase. They also 
observed a Raman mode at about 180 cm−1 and assigned it 
as of A1g symmetry originating from the superconducting 
I4/mmm phase. In [20], the authors argued that new Raman 
modes, at about 165, 201 and 211 cm−1, appear on cooling 
the sample below 250 K. Based on this, it is concluded that a 
KxFe2−ySe2 single crystal exhibits a structural phase transition 
from I4/m to I4 space group. They assumed a Fano-like shape 
for some phonons and analyzed the temperature dependence 
of the Raman mode energy and linewidth in terms of lattice 
anharmonicity. To the best of our knowledge, the Raman spec-
trum of KxFe2−ySe2 single crystals doped with Co is unknown.

In order to determine the impact of superconductivity 
on the phonon properties of alkali-doped iron selenides, we 
have performed a Raman scattering study of superconducting 
KxFe2−ySe2 and non-superconducting K0.8Fe1.8Co0.2Se2 single 
crystals. Raman spectra were measured in the temperature 
range from 10 to 300 K. All phonons expected to appear in 
the investigated energy range, according to [19], are observed 
in both single crystals. A detailed analysis of the tempera-
ture dependence of energy and linewidth for seven observed 
Raman active modes is performed.

2.  Experiment

KxFe2−ySe2 and K0.8Fe1.8Co0.2Se2 single crystals were grown and 
characterized as described in detail elsewhere [21]. Raman scat-
tering measurements were performed on (0 0 1)-oriented samples, 
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 Raman scattering 
measurements were carried out at low laser power, in order to 
minimize local heating of the sample. All measurements were 
performed in vacuum, using a KONTI CryoVac continuous flow 
cryostat with 0.5 mm thick window. The samples were cleaved 
just before their placement in the cryostat in order to obtain a flat 
shiny surface. For the data extraction from the Raman spectra, a 
Voigt profile has been used, where a Gaussian width of 2 cm−1 
represents the spectral resolution of the instrument.

The FeSe layer is the basic building block for all iron sele-
nide superconductors. An FeSe single crystal (see figure 1(a)) 
crystallizes in the tetragonal crystal lattice (P4/nmm space 
group), with two formula units per unit cell [22]. The site sym-
metries of individual atoms in this space group are D2d (Fe) 
and C4v (Se). Factor group analysis gives the normal mode 
distribution in the Brillouin zone center:

( )  
( )  

Γ = + + +
Γ = + + +

D : A B E E ,

C : A A E E .
d u g g u

v g u g u

2 2 1

4 1 2

In total, A ( )α α+ ,g xx yy zz1 , B ( )α −g xx yy1  and 2E ( )α α,g xz yz  phonons 
are Raman active. A1g (B1g) modes represent vibrations of Se 
(Fe) ions along the z-axis, whereas Eg modes originate from 
vibrations of Fe and Se ions within the ab plane [23].

A KxFe2−ySe2 single crystal consists of K ions interca-
lated between the FeSe slabs, which dominantly determines 
its physical properties [1]. At high temperature it crystallizes 
in the I4/mmm space group. On cooling below 532 K partial 
symmetry breaking occurs, as a consequence of Fe vacancy 
ordering [8]. Recent studies revealed that, at low temperatures, 
KxFe2−ySe2 single crystals consist of two phases separated at 
the nanometer scale: a superconducting phase (I4/mmm) and 
an insulating phase (I4/m) [11, 12, 19]. By comparing the 
crystallographic data for FeSe [22] and KxFe2−ySe2 [1], it can 
be seen that the intralayer Fe–Fe distances and Fe–Se bond 
lengths increase in KxFe2−ySe2 by only a few per cent.

Figure 1.  Unit cell for (a) FeSe, (b) and (c) KxFe2−ySe2 single 
crystals. In the lower right part I4/m and I4/mmm unit cells are 
shown together (x, y denote the crystallographic axes of the  
I4/mmm phase, whereas ′ ′x , y  are crystallographic axes of the  
I4/m phase domain).

(a) (b) (c)

Fe

Se K
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Site symmetries of atoms in the I4/mmm group (see 
figure 1(b)) are D4h (K), C4v (Se) and D2d (Fe). By applying 
symmetry analysis, it follows that

( )  
( )  
( )  

Γ = +
Γ = + + +
Γ = + + +

D : A E ,
D : A B E E ,

C : A A E E ,

h u u

d u g g u

v g u g u

4 2

2 2 1

4 1 2

giving the same distribution of Raman active modes in the 
Brillouin zone center as in the case of FeSe. When measuring 
in the ( )0 0 1  plane of the sample, only A1g and B1g modes are 
observable in the Raman scattering experiment [24]. In [19], 
these modes have been observed at about 180 and 207 cm−1 
(at 85 K), respectively. Gnezdilov et al [23] recently showed 
that A1g and B1g phonons in a FeSe single crystal, originating 
from the same vibrations as in the case of KxFe2−ySe2, appear 
in the Raman scattering spectra at similar frequencies (∼182 
and  ∼205 cm−1, respectively, at 80 K). Together with ab initio 
phonon calculations for the I4/mmm space group with mag-
netic ordering included [25], this confirms the assignation 
given in [19].

The I4/m crystal structure is shown in figure  1(c). The 
lower part of figure  1(c) illustrates I4/m and I4/mmm unit 
cells projected on the (0 0 1) plane of the sample. It should be 
noted that the crystallographic axes of the I4/m phase ( ′ ′x y, ) 
are rotated by an angle α≈ °26.6  with respect to the axes (x, y) 
of the I4/mmm phase, due to ×5 5 vacancy order. Site 
symmetries of atoms in I4/m space group are C4h and CS (K), 
S4 and C1 (Fe), C4 and C1 (Se). Factor group analysis yields

( )  
( )  
( )  
( )  
( )  

Γ = +
Γ = + + + + +
Γ = + + +
Γ = + + +
Γ = + + + + +

C : A E ,
C : 2A A 2B B E 2E ,

S : A B E E ,

C : A A E E ,

C : 3A 3A 3B 3B 3E 3E .

h u u

g u g u g u

u g g u

g u g u

g u g u g u

4

S

4

4

1

One can expect 27 Raman active phonons originating from 
the I4/m phase: 9A ( )α α+′ ′ ′ ′ ′ ′,g x x y y z z , 9B ( )α α−′ ′ ′ ′ ′ ′,g x x y y x y  and 
9E ( )α α′ ′,g x z y z  modes. Due to the ( )0 0 1  orientation of our 
samples, only Ag and Bg modes can be observed in the Raman 
spectra [26]. According to the analysis of Raman mode inten-
sities, Ag phonons vanish in the crossed polarization configu-
ration, whereas Bg modes are observable in both crossed and 
parallel polarization configurations [19].

3.  Results and discussion

Figure 2(a) shows polarized Raman scattering spectra of 
KxFe2−ySe2 single crystals, in the spectral range between 
150 and 325 cm−1, measured from the (0 0 1) plane of the 
sample at various temperatures. The observed Raman modes 
are assigned according to [19] (see figure 2(a)) and in agree-
ment with previously discussed selection rules for the high-
symmetry (I4/mmm) and low-symmetry (I4/m) phases of 
this phase-separated sample [11]. The Raman active mode 
appearing in crossed polarization configuration at about 
206 cm−1 (marked by an arrow in figure 3) could be assigned 

as the B1g symmetry mode [19]. However, a high-intensity Ag
6 

phonon is present in the parallel polarization configuration 
at almost the same frequency (see figure 3). Due to the pos-

sible leakage of the Ag
6 mode, unambiguous assignment of the 

marked Raman mode cannot be made here.
Polarized Raman scattering spectra of K0.8Fe1.8Co0.2Se2 

single crystals, measured from the (0 0 1) plane of the sample 
at various temperatures, are presented in figure 2(b). Energies 
of Raman active phonons are close to the energies of the cor-
responding modes in KxFe2−ySe2. Based on this, it can be 
concluded that doping of a KxFe2−ySe2 single crystal with a 
small amount of Co does not have a significant impact on the 
phonon spectrum in the normal state.

Ignatov et al [20] argued that the Raman active mode at 
about 203 cm−1 in KxFe2−ySe2 (at 3 K) disappears above 250 K,  
together with two other modes at about 163 and 210 cm−1. 
They concluded that these modes belong to the I4 space 
group. As can be seen in figure 2, this phonon (206 cm−1) is 
clearly visible in our Raman spectra of both compounds up to 
room temperature, and it is assigned in [19] as the B1g mode, 
originating from the I4/mmm phase. Due to the absence of 
new Raman modes below 250 K, there are no indications of a 
structural phase transition in our samples.

Figure 2.  Temperature-dependent Raman spectra of (a) KxFe2−ySe2 
and (b) K0.8Fe1.8Co0.2Se2 single crystals in parallel (left panel) 
and crossed (right panel) polarization configuration ( [ ]=x 1 0 0 , 

[ ]=y 0 1 0 ). Phonon modes originating from the high-symmetry  
I4/mmm phase are marked by arrows.

J. Phys.: Condens. Matter 27 (2015) 485701



M Opačić et al

4

The behavior of the phonon modes with temperature can 
be properly described in terms of the phonon self-energy [27]:

( ) ( ) ( )Σ = ∆ + ΓT T i T ,i i i� (1)

where ( )∆ Ti  represents the change in the Raman mode energy 
and ( )Γ Ti  is the mode linewidth, which is inversely propor-
tional to the phonon lifetime τ.

Therefore, the temperature dependence of the Raman mode 
energy can be described using

( ) ( )ω ω= +∆T T ,i i i0,� (2)

where ω i0,  is the temperature-independent contribution to the 
energy of the phonon mode i and ( )∆ Ti  can be decomposed 
as [27, 28]

( )∆ = ∆ +∆T .i i
V

i
A� (3)

The first term in (3) represents the change in phonon energy 
due to the thermal expansion of the crystal lattice, and is given 
by [27]

( )
⎛
⎝
⎜

⎞
⎠
⎟∫ω∆ = −γ α− ′ ′e 1 ,i

V
i

T T
0,

3 di

T

0� (4)

where γi is the Grüneisen parameter of a given mode and ( )α T  
is the thermal expansion coefficient of the material under 
investigation.

The second term in (3) describes the contribution of pho-
non–phonon scattering (lattice anharmonicity) to the Raman 
mode energy. If we describe anharmonic effects by three-
phonon processes, it follows [28] that

⎛
⎝
⎜

⎞
⎠
⎟

λ
∆ = − +

−ω
−

�
C 1

4

e 1
.i

A
i

i

k T

ph ph,

/20 B
� (5)

C and λ −ph ph are the anharmonic constant and phonon–phonon 
interaction constant, respectively.

The temperature dependence of the Raman mode linewidth 
is caused only by phonon anharmonicity [28]:

( )
⎛
⎝
⎜

⎞
⎠
⎟

λ
Γ = Γ +

−ω
−

�
T 1

2

e 1
,i i

i

k T0,
ph ph,

/20 B
� (6)

where Γ0 is the anharmonic constant.
The parameter C is connected with ω0 and Γ0 via the rela-

tion [28]

ω
=
Γ

C
2

.i
i

i

0,
2

0,
� (7)

ω0 and Γ0 can be determined by the extrapolation of the cor-
responding experimental data to 0 K. With these parameters 
known, we can fit the phonon mode linewidth, using (6), to 
obtain λ −ph ph. Then, by determining parameter C via (7), the 
Raman mode energy can be properly fitted, with γ as the only 
free parameter.

To the best of our knowledge, the thermal expansion coef-
ficient ( )α T  of KxFe2−ySe2 is unknown. Because of that, we 
used experimental data for FeSe, given in figure 2 of [29].

The temperature dependences of the energy and linewidth 

of the Ag
6 and Ag

7 modes of KxFe2−ySe2 and K0.8Fe1.8Co0.2Se2 

Figure 3.  Raman scattering spectra of KxFe2−ySe2 single crystals 
measured at 10 K in parallel ( ¯( )z xx z) and crossed ( ¯( )z xy z) 
polarization configurations, in the frequency range from 170 to 

230 cm−1. The presence of the Ag
6 mode at about 206 cm−1 prevents 

unambiguous assignation of the low-intensity Raman mode 
appearing at almost the same frequency in the crossed polarization 
configuration.

Figure 4.  Energy and linewidth of (a)–(d) Ag
6 and (e)–(h) Ag

7 Raman 
modes of KxFe2−ySe2 (left panels) and K0.8Fe1.8Co0.2Se2 (right 
panels) single crystals as functions of temperature. Solid lines 
represent theoretical dependences, according to (2) and (6), with 

∆A neglected. The dependence of the Ag
6 and Ag

7 mode energies on 
temperature with only anharmonic contributions included is shown 
by dash–dot lines.
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single crystals are presented in figure  4. Using (2), (4), (6) 
and (7), and following the previously described procedure, we 
have obtained best fit parameters, which are shown in table 1. 
It can be seen that the parameter C has very small values for 
both modes, thus the contribution to the Raman mode energy 
from the phonon–phonon interaction (as can be seen in fig-
ures 4(a), (b), (e) and (f)) can be neglected. For this reason, the 
change in the Raman mode energy with temperature is prop-
erly described only by the thermal expansion term ∆V (solid 
lines in figures 4(a), (b), (e) and (f)).

Figure 5 shows the energy and linewidth of the Bg
6, Bg

7 and 
Bg

8 phonon modes of KxFe2−ySe2 and K0.8Fe1.8Co0.2Se2 single 
crystals as functions of temperature. Analysis of the tempera-
ture dependence of energy and linewidth for these modes was 
carried out as in the case of the Ag phonons. Best fit parame-
ters are listed in table 1. Small values of the parameter C allow 
us to omit the contribution from the lattice anharmonicity to 
the phonon mode energy. Good agreement of the theoretical 
curves with experimental data justifies our assumption. The 
Grüneisen parameter is close to the conventional value γ∼ 2 
for Bg modes, as well as for the other analyzed Raman active 
phonons.

The dependence of the A1g and B1g(Ag
6) mode energy 

of KxFe2−ySe2 and K0.8Fe1.8Co0.2Se2 single crystals on 
temperature is given in figure  6. Rather small values of 
intrinsic linewidth for both modes (Γ ∼ 20  cm−1) give neg-
ligible values of parameter C. Therefore, the temperature 

dependence of A1g and B1g(Ag
6) phonon energy is analyzed 

using (2) with only the ∆V term included. The B1g(Ag
6) mode 

energy of both single crystals exhibits a good agreement 
between experimental data and expected behavior (repre-
sented by solid lines in figure 6) over the whole tempera-
ture range. However, the temperature dependence of the A1g 
mode energy is well described by the proposed model only 
in the case of the Co-doped (non-superconducting) sample. 
An abrupt change in the A1g mode energy around TC in the 

superconducting sample (see inset of figure  6) has been 
observed. This results in a clear deviation from the expected 
behavior described with (2) and is governed by some other 
interaction.

It is well established that, upon entering the supercon-
ducting state, some of the phonons are renormalized due to the 
change in electronic structure with the opening of the super-
conducting gap, and therefore electron–phonon coupling. 
Depending on the values of the corresponding phonon ener-
gies and the magnitude of the superconducting gap, this may 
result in hardening or softening of the phonons [30]. Recently, 
the superconductivity-induced self-energy effect has also been 
reported in some iron arsenides [31–33]. We believe that the A1g 
mode hardening around TC, observed for the superconducting 
sample and absent for the non-superconducting one (see inset 
of figure 6), is caused by superconductivity-induced phonon 
renormalizaton. Moreover, the hardening around TC has been 
observed only for the mode corresponding to the vibrations of 
the superconducting high-symmetry (I4/mmm) phase in the 
superconducting KxFe2−ySe2 sample, and it is in agreement 
with the expected behavior ( ω∆ <2 c A g1 , ∆ ∼2 130c  cm−1)  
[9, 11, 30].

From the observed renormalization of the A1g mode energy 
at TC, the strength of electron–phonon coupling in a KxFe2−ySe2 
single crystal can be estimated at the Γ-point. By using the for-

mula λ κ= − Re u

u

sin( ) [33, 34], where κ = − ≈ω
ω

1 0.55
SC

N % is 

the superconductivity-induced renormalization constant (ωSC 
and ωN are phonon energies in the superconducting and normal 

states, respectively), and ( )π= + ω−
∆

u 2i cosh 1
2

N

, we obtained 

λ ≈Γ 0.002A g1
, indicating weak electron–phonon interaction.

As can be seen from figures 4–6, the connection between 
electronic transport channels in KxFe2−ySe2, which manifests 
as a broad hump in the in-plane resistivity ( )ρ Tab  [1, 10, 13], 
does not have a significant impact on the temperature depend-
ences of the energy and linewidth for all investigated Raman 
active modes.

Table 1.  Best fit parameters for the temperature dependence of energy and linewidth for the observed Raman modes (ω0—temperature-
independent phonon energy, γ—Grüneisen parameter, Γ C,0 —anharmonic constants, λ −ph ph—phonon–phonon interaction constant).

A1g Ag
6 Ag

7 Bg
6 B1g(Ag

6) Bg
7 Bg

8

KxFe2−ySe2

ω0 (cm−1) 182.2(2) 205.43(6) 242.06(9) 195.15(5) 205.34(9) 215.62(7) 275.79(6)

γ 1.6(1) 1.74(5) 1.52(6) 1.57(4) 1.63(8) 2.10(5) 1.42(4)

Γ0 (cm−1) 2.8(1) 7.2(2) 1.9(1) 3.2(1) 6.31(6)

λ −ph ph 0.29(3) 0.13(2) 0.42(5) 0.36(3) 0.25(2)

C (cm−1) 0.018(2) 0.106(4) 0.009(1) 0.023(2) 0.072(2)
K0.8Fe1.8Co0.2Se2

ω0 (cm−1) 183.14(6) 205.63(5) 242.16(7) 195.55(5) 206.06(7) 216.08(7) 276.56(6)

γ 2.57(6) 2.05(4) 1.61(5) 1.94(3) 2.07(6) 1.81(5) 1.78(3)

Γ0 (cm−1) 2.31(7) 6.3(2) 1.40(9) 3.1(1) 6.6(1)

λ −ph ph 0.28(3) 0.15(3) 0.61(7) 0.44(4) 0.17(2)

C (cm−1) 0.0130(9) 0.083(4) 0.0052(7) 0.023(2) 0.080(3)

Note: The temperature dependence of the linewidth has not been analyzed for the A1g and B1g modes due to large relative errors.
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4.  Conclusion

In this article a Raman scattering study of superconducting 
KxFe2−ySe2 and non-superconducting K0.8Fe1.8Co0.2Se2 single 
crystals has been presented. Two Raman active modes from 
the superconducting (I4/mmm) phase and seven phonon 
modes from the insulating (I4/m) phase are observed in the 
investigated frequency range. The same number of observed 
modes in these two compounds, together with their similar 
energies, suggests that phase separation is also present in a 
K0.8Fe1.8Co0.2Se2 single crystal. The temperature-induced 
change of Raman mode linewidth is in good agreement with 
the lattice anharmonicity model. The behavior of the Raman 
mode energy as a function of temperature for all the analyzed 
modes is well described by the contribution from the lattice 
thermal expansion alone. The sudden change in the A1g mode 
energy near TC in KxFe2−ySe2 is due to the rearrangement of the 
electronic states to which this mode couples as the supercon-
ducting gap opens. A rather small electron–phonon coupling 
constant at the Γ-point is obtained from the superconductivity-
induced A1g phonon energy renormalization.
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We present Co substitution effects in KxFe2−y−zCozSe2 (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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I. INTRODUCTION

Since the discovery of high-temperature Fe-based super-
conductivity [1], many types of Fe-based superconductors
have been reported, including KxFe2−ySe2 [2,3]. Various
novel phenomena were observed by chemical substitution
on the Fe site. For example, Co and Ni doping in FeAs
tetrahedra of LaFeAsO and BaFe2As2-based pnictides gives
rise to superconductivity [4–7], whereas Co doping in FeSe
suppresses superconductivity [8,9]. In particular, AxFe2−ySe2

(A= K, Cs, Rb, Tl) materials are strongly sensitive to chemical
substitutions [10–12].

Among several different types of Fe-based superconduc-
tors, AxFe2−ySe2 (A = K, Cs, Rb, Tl) materials generate
significant attention due to unique characteristics such as
the absence of the pocket in the Brillouin zone center and
phase separation with the Fe-vacancy order where the crystal
separates into (super)conducting stripes (block) and magnetic
semiconducting matrix regions on the 0.01–100-μm scale
[13–18]. The mechanism of the conducting and nonconducting
states in proximity to KxFe2−ySe2 is of great importance for
understanding superconductivity [19,20]. Consequently, the
details of phase separation, phase stoichiometry, compositions,
and their magnetic and electric ground states are currently
being debated and are of high interest.

In this study we have investigated KxFe2−y−zCozSe2

(0.06 � z � 1.73) single-crystal alloys, where y is a Fe/Co
vacancy. A rich phase diagram is discovered, where a phase-
separated superconducting state of KxFe2−ySe2 turns into a
spin glass and then into a KCo1.73Se2 ferromagnetic metal with
no phase separation. We show that the microstructure arrange-
ment and connectivity are rather important for ground-state
changes, in addition to changes induced by Co substitution
for Fe.

*Present address: Advanced Light Source, E. O. Lawrence Berkeley
National Laboratory, Berkeley, California 94720, USA.

†Present address: CNAM, Department of Physics, University of
Maryland, College Park, Maryland 20742, USA.

II. EXPERIMENT

Single crystals of KxFe2−y−zCozSe2 (0.06 � z � 1.73)
were synthesized as described previously [21]. Platelike
crystals with size up to 10 × 10 × 3 mm3 were obtained. A
high-energy medium-resolution synchrotron x-ray experiment
at 300 K was conducted on the X7B beamline of the National
Synchrotron Light Source at Brookhaven National Laboratory.
The setup utilized an x-ray beam 0.5 × 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
Perkin-Elmer amorphous silicon image plate detector mounted
perpendicular to the primary beam path. Finely pulverized
samples were packed in cylindrical polyimide capillaries
1 mm in diameter and placed 377.81 mm away from the
detector. Multiple scans were performed to a total exposure
time of 240 s. The two-dimensional (2D) diffraction data
were integrated and converted to intensity versus 2θ using the
software FIT2D [22]. Structural refinements were carried out
using the GSAS modeling program [23] operated by the EXPGUI

platform [24]. The backscattered images and energy dispersive
x-ray spectroscopy (EDX) mappings were performed in a
JEOL-6500 scanning electron microscope (SEM). Electrical
transport, thermal transport, heat capacity, and magnetization
measurements were carried out in Quantum Design PPMS-
9 and MPMS-XL5. Raman scattering measurements were
performed on freshly cleaved (001)-oriented samples using
TriVista 557 and Jobin Yvon T64000 Raman systems in
backscattering micro-Raman configuration. The 514.5-nm
laser line of a mixed Ar+/Kr+ gas laser was used as an
excitation source. All measurements were carried out at room
temperature in the vacuum.

III. RESULTS AND DISCUSSION

The obtained high-energy synchrotron x-ray-diffraction
data of the KxFe2−y−zCozSe2 series [Fig. 1(a)] can be
fitted very well with I4/m and I4/mmm space groups for
z � 0.92(4), while they are fitted by the I4/mmm space
group only for z > 0.92(4). This implies coexistence of

1098-0121/2015/92(17)/174522(7) 174522-1 ©2015 American Physical Society
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FIG. 1. (Color online) (a) High-energy synchrotron x-ray diffrac-
tion data of the KxFe2−y−zCozSe2 series, normalized by the intensity
of (002) reflection for comparison. Data are offset for clarity and
labeled by respective Co content as measured by EDX. Vertical
dashed lines are provided as a visual reference. Vertical arrow
indicates (110) reflection, which is a hallmark of the I4/m phase.
Coexistence of the I4/m and I4/mmm phases can be visually
tracked up to z = 0.92(4) cobalt content in the samples studied. (b)
Modeling of powder diffraction data for a sample with z = 0.92(4).
Crosses represent data, red solid line is the model, and green solid
line is the difference, which is offset for clarity. Vertical ticks mark
the reflections in the I4/mmm (top row) and I4/m (bottom row)
phases. (c) and (d) Evolution with EDX-established Co content of
refined lattice parameters for I4/mmm (solid blue circles) and I4/m

(open red circles). All parameters are expressed in the I4/m metrics
(see text). The shaded region is where the signatures of the phase
coexistence could be reliably established from the diffraction data.

I4/m and I4/mmm phases when z � 0.92(4). The typical
fit for a phase-separated sample with z = 0.92(4) is shown
in Fig. 1(b). Notably, for 0.27 � z � 0.92 intensities of
reflections characteristic of the I4/m phase become appre-
ciably weaker and rather broad, indicative of disorder and
loss of structural coherence of this structural component, as
well as its presumably diminishing contribution. However,
quantitative phase analysis was not feasible due to the limited
resolution of the measurement and due to the diffuse nature
of the signal with broad and overlapping reflections. The
evolution of extracted lattice parameters with Co content
is shown in Figs. 1(c) and 1(d). Lattice parameters for the
a axis of the I4/mmm space group are converted into
comparable numbers for the I4/m space group using the
formula I4/m = √

5 I4/mmm. Nonmonotonic evolution of
the lattice parameters highlights the complex crystal structure
and bonding in KxFe2−y−zCozSe2.

The surface morphologies (Fig. 2) show that the Co-doped
crystals separate into two regions, a stripe- (domain-) like
brighter area that is 1–2 μm thick and a darker matrix area,
similar to pure KxFe2−ySe2 [17], implying that the phase
separation is preserved with Co doping. Distributions of the
elements of KxFe2−y−zCozSe2 in the samples investigated by
EDX mapping are shown in Figs. 2(a)–2(c). The bright colored
area is the area covered by each element. Se is uniformly
distributed for all three samples, while K, Fe, and Co display

FIG. 2. (Color online) Backscattered electron images of SEM
measurement and EDX mappings of KxFe2−y−zCozSe2 when (a)
z = 0.61(6), (b) z = 0.92(4), and (c) z = 1.50(3).

a pattern similar to the backscattered electron image. This
suggests that only K, Fe, and Co elements are responsible for
phase separation. It is clear that the K and Fe concentrations
are lower in the stripes (domains) than in the matrix, while
Co concentration is higher in the stripes than in the matrix.
Hence, Co atoms prefer to enter into the stripe (domain) phase,
which is consistent with the report that Co substitution strongly
suppresses superconductivity [12]. The stripe- (domain-) like
brighter area maintain its shape across the terraces created by
the cleaving, as shown by the marked ellipses in Fig. 2. This
may suggest that the stripe- (domain-) like brighter areas form
a three-dimensional spider-web-like network [17].

The average stoichiometry was measured by EDX for
several single crystals in the same batch with multiple
measuring points. The results indicate that the crystals are
homogeneous within the scale of around 1 × 1 × 0.5 mm3.
The determined stoichiometries when fixing Se stoichiometry
to 2 are shown in Table I. Defects and vacancies of Fe and Co

TABLE I. Summary of measured compositions of
KxFe2−y−zCozSe2 samples.

Nominal composition Measured composition

K:Fe:Co:Se K Fe Co Se

1:1.8:0.2:2 0.79(5) 1.37(3) 0.06(0) 2
1:1.4:0.6:2 0.76(1) 1.12(1) 0.27(0) 2
1:1:1:2 0.77(2) 0.92(4) 0.61(6) 2
1:0.6:1.4:2 0.81(2) 0.60(3) 0.92(4) 2
1:0.2:1.8:2 0.78(2) 0.19(1) 1.50(3) 2
1:0:2:2 0.60(6) 0 1.73(4) 2
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FIG. 3. (Color online) (a) Temperature dependence of the in-
plane resistivity ρ(T ) of KxFe2−y−zCozSe2 series at zero (solid
symbols) and 9 T field (open symbols). The black solid lines are
the fitted result using the thermal activation model. (b) The relation
between C/T and T 2 for KxFe2−y−zCozSe2 series at low temperature.
The solid lines represent fits by the equation C/T = γ + β3T

2 +
β5T

4. (c) Temperature dependence of thermoelectric power S(T ) for
KxFe2−y−zCozSe2 series. The inset shows the thermoelectric power
at T = 180 K for different Co concentrations.

are observed for all investigated crystals, which is common in
AxFe2−ySe2 (A = K, Cs, Rb, Tl) compounds [3,25,26]. As the
ratio of Co increases, the sum of Fe and the Co ratio slightly
increases, while the K ratio remains almost constant, similar
to Ni-doped KxFe2−ySe2 series [27].

As shown in Fig. 3(a), 3.5% of Co doping in KxFe2−ySe2

completely suppresses the superconductivity and results in a
semiconducting ρ(T ), consistent with previous research [12].
As Co composition increases, there is a crossover from a semi-
conductor to metallic state. Besides KxCo1.73(4)Se2, all other
crystals are metallic below a resistivity maximum ρmax and
semiconducting above ρmax, similar to KxFe2−ySe2−zSz [21].
The high-temperature part (above 200 K) of ρ(T ) can be
fitted by the thermal activation model ρ = ρ0 exp(Ea/kBT ),
where ρ0 is a prefactor, Ea is an activation energy, and kB

is Boltzmann’s constant [Fig. 3(a)]. The obtained ρ0 and Ea

are listed in Table II and are mostly smaller than values for
KxFe2−yS2 and KFe0.85Ag1.15Te2 [25,28].

The heat capacity of the KxFe2−y−zCozSe2 series also
exhibits the crossover from semiconductor to metal as Co
increases, consistent with resistivity [Fig. 3(b)]. C/T −T 2

relations between 5 and 10 K can be fitted by the formula
C/T = γ + β3T

2 + β5T
4. The Debye temperatures are ob-

tained from �D = (12π4NR/5β)1/3, where N is the atomic
number in the chemical formula and R is the gas constant. The
obtained γ values and Debye temperatures �D for different

TABLE II. Summary of ρ0 values and activation energy Ea in
KxFe2−y−zCozSe2.

z ρ0 (m� cm) Ea (meV)

0.06(0) 24.3(4) 67.7(4)
0.27(0) 4.20(9) 47.1(5)
0.61(6) 3.07(1) 26.6(1)
0.92(4) 2.15(3) 21.4(3)
1.50(3) 0.597(7) 12.4(2)

Co ratios are listed in Table III. The Debye temperature for
the KxFe2−y−zCozSe2 series are similar, suggesting that there
are no considerable changes in atomic weight, structure, and
bonding. A small γ value for z = 0.27(0) implies a low density
of states at the Fermi level, similar to typical semiconductors,
while large γ values for z � 0.92(4) suggest accumulation of
the density of states, as expected in metals.

Thermoelectric power S(T ) of the KxFe2−y−zCozSe2 series
shows negative values for all different Co concentrations,
which reveals that dominant carriers are electrons [Fig. 3(c)].
The magnitude of S(z) decreases as the Co ratio increases to
around 50% [z = 0.92(4)] and saturates [inset in Fig. 3(c)].
There are no obvious peaks in the thermoelectric power for
the KxFe2−y−zCozSe2 series between 2 and 350 K, suggesting
that there are no dramatic Fermi surface changes.

The temperature-dependent dc magnetic susceptibilities
of the KxFe2−y−zCozSe2 series show irreversible behaviors
between zero-field cooling (ZFC) and field cooling (FC) at
low temperature [Fig. 4(a)]. This is a typical behavior of a spin
glass in magnetic field caused by the frozen magnetic spins
in random directions below the characteristic temperature Tf .
Insets in Figs. 4(a) and 4(b) also suggest a spin glass due
to the linear field dependence of the magnetic susceptibility
with no hysteresis above Tf (measured at 300 K) and an
S-shaped loop of the M−H curve below Tf (measured at 1.8
K). Hence, 3.5% Co doping (z = 0.06) not only suppresses
superconductivity but also may result in a spin glass. Fer-
romagnetic behavior appears when z � 1.50(3) [29]. High-
temperature regions (T � 150 K) of the KxFe2−y−zCozSe2

series follow the Curie-Weiss law χ (T ) = χ0 + C/(T − θ ),
where χ0 includes core diamagnetism and van Vleck and
Pauli paramagnetism, C is the Curie constant, and θ is the
Curie-Weiss temperature [Figs. 4(a) and 4(b)]. The obtained
parameters are summarized in Table IV. Negative θ values
are observed even for crystals that order ferromagnetically,
suggesting prevalent antiferromagnetic interactions probably
come from the localized moment of the block (stripe) domain
due to the phase separation.

TABLE III. Summary of γ values and Debye temperatures of
KxFe2−y−zCozSe2.

z γ (mJ mol−1 K−2) �D (K)

0.27(0) 11(1) 220(4)
0.61(6) 38(1) 227(3)
0.92(4) 54(1) 215(3)
1.73(4) 63(1) 213(2)
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FIG. 4. (Color online) Temperature dependence of dc magnetic
susceptibilities of KxFe2−y−zCozSe2 series for (a) H⊥c and (b) H‖c
at H = 1 kOe in ZFC and FC below 350 K. Insets in (a) and (b)
are M−H curves of KxFe2−y−zCozSe2 with z = 0.61(6) for H⊥c

and H‖c, respectively, at 1.8 K (black solid inverse triangle) and
300 K (red open inverse triangle). (c) Temperature dependence of
ac susceptibility χ ′(T ) measured at five different frequencies for
z = 0.27(0) of KxFe2−y−zCozSe2. The inset shows the frequency
dependence of Tf with the linear fitting (solid line). (d) TRM vs time
for z = 0.27(0) of KxFe2−y−zCozSe2 at 10 K and tw = 100 s with
different dc fields with fittings using stretched exponential function
(solid lines). (e) MT RM vs t at 10 and 150 K with H = 1 kOe and
tw = 100 s. (f) H -field dependence τ (s) (black solid square) and
1 − n (red solid circle).

Confirmation of the spin glass comes from the frequency
dependence of the real part of ac susceptibility and thermore-
manent magnetization. The frequency-dependent susceptibil-
ity χ ′(T ) is shown in Fig. 4(c). As frequency increases, the
characteristic temperature Tf peak position increases, whereas
its magnitude decreases [30]. The frequency dependence of
the peak shift is fitted by K = �Tf /(Tf �logf ) (Fig. 4),
and the obtained K value is 0.036(1), in agreement with
the canonical spin-glass values (0.0045 � K � 0.08) [30].
Thermoremanent magnetization (TRM) is shown in Fig. 4(d).

TABLE IV. Summary of χ0, effective moment μeff , and θ values
from Curie-Weiss fitting of KxFe2−y−zCozSe2.

χ0 μeff θ

z (emu mol−1Oe−1) (μB /Fe) (K)

0.27(0) H ⊥ c 2.4(2) × 10−3 2.33(8) −91(5)
H ‖ c 2.7(1) × 10−3 1.88(6) −118(3)

0.61(0) H ⊥ c 1.6(1) × 10−3 2.76(3) −98(1)
H ‖ c 3.7(4) × 10−3 2.79(9) −81(9)

0.92(4) H ⊥ c 3.6(4) × 10−3 2.7(2) −120(9)
H ‖ c 2.8(1) × 10−3 2.38(2) −146(1)

1.50(3) H ⊥ c 9.9(1) × 10−3 1.42(4) −218(2)
H ‖ c 8.2(2) × 10−3 0.65(9) −257(6)

1.73(4) H ⊥ c 7.9(9) × 10−4 3.2(4) −86(9)
H ‖ c 2.9(8) × 10−3 1.8(6) −138(9)

The sample was cooled down from 200 K (above Tf ) to 10 K
(below Tf ) in four different magnetic fields, then kept at 10 K
for tw = 100 s. After that, the magnetic field was removed, and
MT RM (t) was measured. As observed in Fig. 4(d), MT RM (t)
decays very slowly for all three different magnetic fields
towards its nonzero equilibrium value [30]. On the other hand,
MT RM (t) measured at 150 K (above Tf ) relaxes quickly in
a short time [less than ∼100 s; Fig. 4(e)]. Slow relaxation
behavior is fitted well by the stretched exponential function,
MT RM (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. As shown in Fig. 4(f), the
obtained τ increases as the H field increases, while 1 − n

stays close to 1/3, consistent with theoretical and experimental
results for a spin-glass system [31,32].

Figure 5(a) shows polarized Raman scattering spectra of a
K0.6Co1.73Se2 single crystal measured from the (001) plane
for the two sample orientations at 100 K using the Jobin
Yvon T64000 Raman system. According to selection rules
for the I4/mmm space group, peaks at about 174 and 184
cm−1 (at 100 K) are assigned as B1g and A1g Raman modes,
respectively [33,34].

Unpolarized Raman scattering spectra of KxFe2−y−zCozSe2

single crystals are presented in Fig. 5(b). For z = 1.73(4)
samples, only two peaks, which were assigned as A1g

(∼180 cm−1) and B1g (∼169 cm−1) modes, can be observed
in the Raman spectrum. These modes are also observed for
z = 1.50(3) and z = 0.92(4) samples. In fact, the A1g mode
can be observed in Raman spectra for all concentrations of
cobalt, suggesting that superconducting/metallic KxFe2Se2

phase is present in all investigated samples. The energy of this
mode does not change significantly by varying concentrations
of Co or for different transition-metal ions [33,34]. For the
intermediate concentration [0.61(6) � z � 1.50(3)] a broad
structure around 250 cm−1 has been observed, which probably
originates from the crystalline disorder in the semiconducting
K2Fe4Se5 phase. In general, high disorder may cause relax-
ation of the selection rules, resulting in the appearance of
broad asymmetric structures. With further decreasing the Co
concentration [z � 0.27(0)], a large number of Raman modes
can be clearly observed in the spectra in addition to the A1g

mode of the superconducting/metallic KxFe2Se2 phase. These
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FIG. 5. (Color online) (a) Raman scattering spectra of
K0.6Co1.73Se2 single crystals in various scattering configurations
(x = [100],y = [010],x′ = 1/

√
2[110],y′ = 1/

√
2[11̄0]). (b)

Raman scattering spectra of KxFe2−y−zCozSe2, [0 � z � 1.73(4)]
single crystals measured at room temperature from the (001) plane
of the samples.

modes originate from the lattice vibrations within the ordered
low-symmetry semiconducting K2Fe4Se5 phase [33,35].

The magnetic and transport phase diagram of
KxFe2−y−zCozSe2 series is presented in Fig. 6. When
z ∼ 0 there is superconductivity below Tc ∼ 30 K and
metallic resistivity below and semiconducting above about
125 K [3]. By 3.5% Co doping, not only is superconductivity
completely suppressed, but so is conductivity with emerging
spin-glass magnetic order below Tf ∼ 70 K in 1 kOe. A
semiconducting/bad-metal spin glass is found in proximity to
the superconducting state, similar to copper oxides. As Co

FIG. 6. (Color online) Magnetic and transport phase diagram.
Open squares and open circles are spin-glass characteristic temper-
ature Tf for the H ⊥ c and H ‖ c directions, respectively. Open
triangles are the ferromagnetic transition temperature, and open
diamonds are the thermoelectric power ST at 180 K. Open hexagons
are resistivity maximums ρmax, which show the semiconductor
(brighter yellow region) to metal (darker orange region) crossover.
The lines at the top denote the regions of the ordered I4/m and
I4/mmm space groups.

concentration increases, the spin-glass state is maintained,
while the semiconductor to metal crossover is present at
low temperatures up to z ∼ 0.6. After that, the spin glass
and metallicity decrease up to z ∼ 0.9. With a further
increase in Co concentration, metallic conductivity spreads
to higher temperatures, while the spin glass is suppressed
to the lower-temperature region (below ∼20 K), and the
ferromagnetic ground state emerges above the spin glass.
KxCozSe2 with z = 1.73(4) is a metal, consistent with
previous reports [29]. We also note that ground-state changes
(Fig. 6) are concurrent with lattice parameter variations.
Lattice parameters a and c for I4/m show a general drop as
z is increased, in contrast to lattice parameters of I4/mmm.
When the ferromagnetism emerges, lattice parameter c in
I4/mmm rapidly increases and is saturated, similar to the
temperature dependence of the Curie temperature.

It should be noted that both metallic conductivity and the
total area of brighter stripe (block) regions increase with
z. This could imply that the brighter stripe (block) area is
metallic, whereas the matrix is semiconducting, both with
and without Co doping [36,37]. The z = 0.06(0) crystal
shows semiconducting behavior through the entire temperature
region we measured (1.8 K � T � 300 K), even though the
metallic brighter stripe (block) areas are present (Fig. 2).
This is most likely because the connectivity of the three-
dimensional metallic stripe (block) area is insufficient to create
metallic percolation in the crystal.

The composite nature of our crystals and nano- to mesoscale
mix of (super)conducting and semiconducting magnetic re-
gions may also create states at interfaces [38,39]. This
somewhat complicates the physical interpretation of bulk
measurements. However, since in KxFe2−δSe2 nanoscale phase
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separation exists below Ts = 560 K [18], most of the conduc-
tivity changes below Ts should come from the metallic regions.
This is supported by recent angle-resolved photoemission re-
sults where an orbital-selective Mott transition in KxFe2−δSe2

was observed above the crossover temperature [40]. Therefore,
the absolute values of resistivity and magnetization reflect the
contribution of both the semiconducting K2Fe4Se5 and super-
conducting/metallic KxFe2Se2 parts of the crystal. Obtained
thermoelectric power and heat capacity are contributed by the
metallic phase and the semiconducting phase, weighted by
their conductivity. The estimated conductivity ratio between
two phases is around ∼103 at 180 K, which implies the
contribution of the metallic region is 1000 times larger
than that of the semiconducting region. Co substitution in
the superconducting/metallic KxFe2Se2 unit cell is likely to
have a stronger effect on states associated with itinerant
dxz/dyz orbitals, for example, via the localization effect in
an orbital-selective Mott localization scenario [41,42]. Further
Co substitution and disorder might enhance conductivity by
raising the chemical potential and enlarging electron pockets,
in agreement with our phase diagram [43–45].

IV. CONCLUSION

We have demonstrated how the structure, phase separation,
transport, and magnetic property evolve with Co doping

concentration in KxFe2−y−zCozSe2 single crystals. A rich
ground-state phase diagram was discovered. By 3.5% Co
doping superconductivity is suppressed, while phase sepa-
ration is still present, which asserts the significance of the
arrangement and connectivity of phases for superconductivity.
A semiconducting spin glass was discovered in close proximity
to the superconducting state in the phase diagram, similar to
copper oxides. A ferromagnetic metal state emerged above
∼50% Co concentration, in agreement with the structural
changes. The metallicity becomes dominant as the area of
stripe (block) phases increases; however, the connectivity of
stripe phases may also be important for metallic conductivity.
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1.  Introduction

In the last few years considerable attention was focused on the 
iron-based superconductors in an effort to gain deeper insight 
into their physical properties and to determine the origin of 
high-Tc superconductivity [1–4]. Discovery of superconduc-
tivity in alkali-doped iron chalcogenides, together with its 

uniqueness among the iron based superconductors, challenged 
the physical picture of the superconducting mechanism in iron 
pnictides [5]. The absence of hole pockets even suggested the 
possibility for the different type of pairing mechanism [6]. 
Another striking feature in KxFe2−ySe2 was the presence of 
the intrinsic nano to mesoscale phase separation between an 
insulating phase and a metallic/superconducting phase [7–10]. 
The insulating phase hosts antiferromagnetically, ×5 5 
ordered iron vacancies, whereas the superconducting stripe-
like phase is free of vacancies [7]. The theoretical study of 
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Abstract
Polarized Raman scattering spectra of the KxCo2−ySe2 single crystals reveal the presence of 
two phonon modes, assigned as of the A1g and B1g symmetry. The absence of additional modes 
excludes the possibility of vacancy ordering, unlike in KxFe2−ySe2. The ferromagnetic (FM) 
phase transition at ≈T 74c  K leaves a clear fingerprint on the temperature dependence of the 
Raman mode energy and linewidth. For >T Tc the temperature dependence looks conventional, 
driven by the thermal expansion and anharmonicity. The Raman modes are rather broad due to 
the electron–phonon coupling increased by the disorder and spin fluctuation effects. In the FM 
phase the phonon frequency of both modes increases, while an opposite trend is seen in their 
linewidth: the A1g mode narrows in the FM phase, whereas the B1g mode broadens. We argue 
that the large asymmetry and anomalous frequency shift of the B1g mode is due to the coupling 
of spin fluctuations and vibration. Our density functional theory (DFT) calculations for the 
phonon frequencies agree rather well with the Raman measurements, with some discrepancy 
being expected since the DFT calculations neglect the spin fluctuations.
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Huang et  al [11] revealed that proximity effects of the two 
phases result in the Fermi surface deformation due to inter-
layer hopping and, consequently, suppression of supercon-
ductivity. On the other hand, a large antiferromagnetic order 
protects the superconductivity against interlayer hopping, thus 
explaining relatively high Tc in KxFe2−ySe2 [11]. However, the 
correlation between the two phases and its impact on super-
conductivity are still not fully understood.

Although the absolute values of resistivity are much 
smaller for the Ni-member of the KxM2−ySe2 (M  =  transition 
metal) series than for the iron member, this material does not 
exhibit superconductivity down to 0.3 K [12]. As opposed to 
KxFe2−ySe2, vacancy ordering has not been observed in the 
KxNi2−ySe2 single crystal [13]. These materials, together with 
the Co- and Ni-doped KxFe2−ySe2 single crystals, have very 
rich structural, magnetic and transport phase diagrams. This 
opens a possibility for fine tuning of their physical proper-
ties by varying the sample composition [14, 15]. First results 
obtained on KxCo2−ySe2 single crystal revealed the ferromagn
etic ordering below ∼Tc 74 K, as well as the absence of the 
superconducting phase [16].

Raman spectroscopy is a valuable tool not only for meas-
uring vibrational spectra, but it also helps in the analysis of 
structural, electronic and magnetic properties, and phase 
transitions. There are several recent studies of the influence of 
the antiferromagnetic order, [17, 18] ferromagnetism, [19, 20] 
and magnetic fluctuations [21] on the Raman spectra.

In this paper the Raman scattering study of the KxCo2−ySe2 
single crystal (x  =  0.3, y  =  0.1), together with the lattice 
dynamics calculations of KCo2Se2, is presented. The polar-
ized Raman scattering measurements were performed in the 
temperature range from 20 K up to 300 K. The observation 
of only two Raman active modes when measuring from the 
(0 0 1)-oriented samples suggests that the KxCo2−ySe2 single 
crystal has no ordered vacancies. The temperature depend
ence of the energy and linewidth of the observed Raman 
modes reveals a clear fingerprint of the phase transition. A 
large linewidth of the B1g mode and its Fano line shape indi-
cate the importance of spin fluctuations.

The rest of the manuscript is organized as follows. Section 2 
contains a brief description of the experimental and numerical 
methods, section  3 are the results, and section  4 contains a 
discussion of the phonon frequencies and linewidths and their 
temperature dependencies. Section 5 summarizes the results.

2.  Experiment and numerical method

Single crystals of KxCo2−ySe2 were grown by the self-flux 
method, as described in [12]. The elemental analysis was per-
formed using energy-dispersive x-ray spectroscopy (EDX) 
in a JEOL JSM-6500 scanning electron microscope. Raman 
scattering measurements were performed on freshly cleaved 
(0 0 1)-oriented samples with size up to × ×3 3 1 mm3, using 
a TriVista 557 Raman system equipped with a nitrogen-
cooled CCD detector, in a backscattering micro-Raman con-
figuration. The 514.5 nm line of an Ar+/Kr+ ion gas laser was 
used as an excitation source. A microscope objective with 
×50  magnification was used for focusing the laser beam. All 

measurements were carried out at low laser power, in order to 
minimize local heating of the sample. Low temperature mea-
surements were performed using KONTI CryoVac continuous 
flow cryostat with 0.5 mm thick window. Spectra were cor-
rected for the Bose factor.

The electronic structure of the ferromagnetic (FM) and 
paramagnetic (PM) phases is calculated within the density 
functional theory (DFT), and the phonon frequencies at the 
Γ-point are obtained within the density functional perturba-
tion theory (DFPT) [22]. All calculations are performed using 
the QUANTUM ESPRESSO package [23]. We have used 
projector augmented-wave (PAW) pseudo-potentials with 
Perdew–Burke–Ernzerhof (PBE) exchange-correlation func-
tional with nonlinear core correction and Gaussian smearing of 
0.005 Ry. The electron wave-function and the density energy 
cutoffs are 40 Ry and 500 Ry, respectively. The Brillouin zone 
is sampled with a × ×16 16 8 Monkhorst–Pack k-space mesh. 
The phonon frequencies were calculated with relaxed unit cell 
parameters and, for comparison, with the unit cell size taken 
from the experiments and the relaxed positions of only Se 
atoms. The forces acting on individual atoms in the relaxed 
configuration were smaller than 10−4 Ry/a.u. and the pressure 
smaller than 0.5 kbar.

3.  Results

KCo2Se2 crystallizes in the tetragonal crystal structure of 
ThCr2Si2-type, I4/mmm space group, which is shown in 
figure 1. The experimental values of the unit cell parameters 
are a  =  3.864(2) Å and c  =  13.698(2)  Å [24]. The potas-

sium atoms are at a2 : 0, 0, 0( ), Co atoms at d4 : 0, ,1

2

1

4
( ), and  

Se atoms at e z4 : 0, 0,( ) Wyckoff positions, with the exper
imental value z  =  0.347.

The KCo2Se2 single crystal consists of alternatively 
stacked K ions and CoSe layers, isostructural to the KFe2Se2 
[25]. Factor group analysis for the I4/mmm space group yields 
a normal mode distribution at the Brillouin-zone center, which 
is shown in table  1. According to the selection rules, when 
measuring from the (0 0 1)-plane of the sample, only two 

B1g A1gK

Co

Se

x

y
z

Figure 1.  Unit cell of KCo2Se2 single crystal, together with the 
displacement patterns of the A1g and B1g Raman modes.
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modes (A1g and B1g) are expected to be observed in the Raman 
scattering experiment. Displacement patterns of the exper
imentally observable Raman modes are illustrated in figure 1. 
The A1g (B1g) mode represents the vibrations of the Se (Co) 
ions along the c-axis, whereas the Eg modes (which are not 
observable for our scattering configuration) involve the vibra-
tion of both Co and Se ions within the (0 0 1)-plane.

Figure 2 shows polarized Raman scattering spectra of the 
KxCo2−ySe2 single crystal, measured from the (0 0 1)-plane 
of the sample at room temperature, in different sample ori-
entations. Only two modes, at about 187 and 198 cm−1, are 
observed, which is in agreement with the selection rules for 
(0 0 1)-oriented samples. In some iron-chalcogenide com-
pounds, the appearance of additional Raman active modes 
due to the iron vacancy ordering and, consequently, symmetry 
lowering, has been observed [8, 26]. The absence of additional 
phonon modes in figure 2 suggests that in KxCo2−ySe2 single 
crystals vacancy ordering does not occur in our samples.

Selection rules imply that the A1g mode may be observed for 
any sample orientation, provided that the polarization vector 
of the incident light ei is parallel to the scattered light polariza-
tion vector es, whereas it vanishes if these vectors are perpend
icular. On the other hand, the intensity of the B1g mode strongly 
depends on the sample orientation ( ( )θ β∼ | | +I c cos 2B

2 2
g1 , 

where ( )θ = ∠ e e,i s  and ( )β = ∠ e x,i ) [8]. This implies that, 
in parallel polarization configuration (θ = �0 ), the intensity 
of the B1g mode is maximal when the sample is oriented so 
that ∥e xi , gradually decreases with increasing β and finally 
vanishes for β = �45 . In crossed polarization configuration 
(θ = �90 ), B1g mode intensity decreases from its maximal 
value for β = �45  to zero, which reaches when β = �0 . From 
figure 2 it can be seen that the intensity of the Raman mode 
at about 187 cm−1 coincides with theoretically predicted 
behavior for the B1g mode; thereby, this phonon mode is 
assigned accordingly. The phonon mode at  ∼198 cm−1, which 
is present in Raman spectra only for the parallel polarization 
configuration (θ = �0 ) and whose intensity is independent on 

the sample orientation, can be assigned as the A1g mode. The 
intensity ratio of the two Raman modes can be obtained from 
the spectrum measured in (θ β= =� �0 , 0 ) scattering geom-
etry as / ≈I I 1.38B Ag g1 1 . Having in mind that the A1g mode inten-
sity is given by [8] θ∼ | |I a cosA

2 2
g1 , the ratio of the appropriate 

Raman tensor components can be estimated as /| | | | ≈c a 1.17.

Table 1.  Atomic types with their Wyckoff positions and the contribution of the each site to the Γ-point phonons, the Raman tensors and the 
selection rules for the KxCo2−ySe2 single crystal (I4/mmm space group).

Atoms Wyckoff positions Irreducible representations

K 2a +A Eu u2

Co 4d + + +A B E Eu g g u2 1

Se 4e + + +A A E Eg u g u1 2
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Figure 2.  Upper panel: integrated intensity of the observed Raman 
modes as a function of the crystal orientation with respect to the 
laboratory axes x0 and y0. In order to estimate the intensity of the 
modes, phonon at 198 cm−1 was fitted with Lorentzian, whereas 
an asymmetric Raman mode appearing at 187 cm−1 was fitted 
with Fano line shape. Lower panel: Raman scattering spectra of 
KxCo2−ySe2 single crystal measured at room temperature, in various 
sample orientations ( ( ) ( )= =x y1 0 0 , 0 1 0 ).
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The experimentally determined frequencies are com-
pared with those obtained with DFT numerical calculations. 
The experimental lattice constants [24] are shown in table 2, 
together with their values from the DFT calculation which 
relaxes or keeps fixed the unit cell size. The DFPT phonon 
frequencies obtained using the fully relaxed atomic positions 
in both FM and PM phases are given in table 3, with the corre
sponding values obtained with the fixed unit cell size and 
relaxed only fractional coordinate zSe given in the parenthesis. 
The equilibrium atomic positions in the FM solution are given 
by  =a 3.893 Å,  =c 13.269 Å, and =z 0.350Se . The corre
sponding phonon frequencies are 199.5 −cm 1 for A1g mode 
and 171.2 −cm 1 for B1g mode. When we enforce the PM solu-
tion, we obtain  =a 3.766 Å,  =c 13.851 Å, and =z 0.368Se , 
and 212.6 −cm 1, 176.6 −cm 1 for the frequencies of the A1g and 
B1g mode, respectively. These values agree rather well with the 
experimental data, and agree with recently published numer
ical results [27]7. They can be used to confirm the experimental 
assignment of the modes, but cannot resolve subtle changes of 
the phonon frequencies near the FM–PM transition. This level 
of discrepancy is expected for metallic materials with magn
etic ordering since the DFT calculations neglect spin fluctua-
tions, as discussed in some detail in the next section (see also 
[21]). A rather large difference between the calculated fre-
quencies in the two phases is due to the relatively large change 
in the unit cell size. This difference between the unit cell sizes 
in the FM and PM phases is overestimated in the calculation 
which neglects spin fluctuations. For comparison, we also cal-
culated the frequencies keeping the experimental values of the 
unit cell size, and relaxing just the coordinate zSe of the Se 
atoms, which is often done in the case of iron based supercon-
ductors and related compounds [21]. This gives =z 0.3486Se  
in the FM solution and =z 0.3496Se  in the PM solution, while 
the change in the phonon frequencies between the two solu-
tions is much smaller, see table 3 and a discussion in section 4.

Polarized Raman scattering spectra of KxCo2−ySe2 single  
crystals, measured at various temperatures from the (0 0 1)- 
plane of the sample, are presented in figure 3. The orientation 
of the sample is chosen so that each of the observable modes 
appears in a different polarization configuration. A pro-
nounced feature in the spectra is an asymmetric Fano profile 
of the B1g mode, persisting down to low temperatures, as well 
as its large linewidth compared to isostructural KxFe2−ySe2  
[8, 28]. This feature should by mainly due to the spin 

fluctuations influencing the B1g vibrational mode which 
modulates the distances between the magnetic Co atoms. A 
detailed discussion of the frequency and linewidth temper
ature dependence is given in the next section.

4.  Discussion

There are several factors that affect the phonon frequen-
cies (energies) and linewidths, and their changes across the 
FM–PM transition. In general, the temperature dependence 
of the phonon frequency of the mode i, ( )ω Ti , is influenced 
by thermal expansion and magnetostriction, anharmonicity 
effects, electron–phonon and magnetic exchange interaction 
(spin-phonon coupling) [29, 30]

ω ω ω ω ω
ω ω

− = ∆ = ∆ + ∆
+ ∆ + ∆− −

T T T
.

i i i i i

i i

0 latt anh

el ph sp ph

( ) ( ) ( ) ( ) ( )
( ) ( )� (1)

The first term is the frequency shift due to the change of the 
unit cell size caused by the thermal effects and magnetostric-
tion. ( )ω∆ i anh is the anharmonic frequency shift. ( )ω∆ −i el ph 
appears due to the change in the electron–phonon interac-
tion primarily influenced by changes in the electronic spec-
trum near the Fermi level, and ( )ω∆ −i sp ph is the spin-phonon 
contribution caused by the modulation of exchange interac-
tion by lattice vibrations.

In our case of KxCo2−ySe2, for temperatures above Tc, ( )ω Ti  
decreases and ( )Γ Ti  (full width at half-maximum, FWHM) 
increases with increasing temperature for A1g and B1g modes, 
similar as in the Raman spectra of many other materials. 
However, they show anomalous behavior near Tc, see figure 4. 
In the following, we analyze ( )ω Ti  and ( )Γ Ti  more closely.

4.1.  Phonon frequencies

The frequencies of the A1g and B1g modes change by less than 
2 percent in the temperature range between 20 K and 250 K. 
The red solid lines in figures 4(a)–(c) represent the fits of the 
phonon energy temperature dependence (see below), following 
the frequencies of the two modes in the high-temperature PM 
phase. The red dotted line is the extrapolation to T  =  0. For 
>T Tc, the temperature dependence of the frequency looks 

conventional for both modes: the frequency decreases with 
increasing temperature. This behavior is expected both due 
to the thermal expansion and the anharmonicity. These two 
effects can be standardly analyzed as follows.

The temperature dependent frequency of the vibrational 
mode i is given by

( ) ( )ω ω= +∆T T ,i i i0,� (2)

where ω i0,  denotes the temperature independent term and 
( )∆ Ti  can be decomposed as [19, 31, 32]

( )∆ = ∆ +∆T .i i
V

i
A� (3)

∆i
V describes a change of the Raman mode energy as a conse-

quence of the lattice thermal expansion and can be expressed 
with [31]

Table 2.  Optimized lattice constants and internal coordinate zSe in 
the FM and PM solution.

a ( )Å c ( )Å zSe

FMrel 3.893 13.269 0.350
PMrel 3.766 13.851 0.368
FMfixed 3.864 13.698 0.3486
PMfixed 3.864 13.698 0.3496
Exper. 3.864 13.698 0.347

Note: The next two rows give the relaxed zSe when the unit cell size is taken 
from the experiment, and the last row contains the atomic positions from the 
experiment [24].

7 There is typo in table 3 of [27] in the frequency of the B1g mode.
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∫ω∆ = −γ α− ′ ′⎛
⎝
⎜

⎞
⎠
⎟e 1 ,i

V
i

T T
0,

3 di

T

0
( )

� (4)

where γi is the Grüneisen parameter of the Raman mode i 
and ( )α T  is the thermal expansion coefficient of a considered 
single crystal. ∆i

A represents the anharmonic contribution to 
the Raman mode energy. If we assume, for simplicity, that 
anharmonic effects are described by three-phonon processes, 
this term is given by [31, 33]

/

⎛
⎝
⎜

⎞
⎠
⎟

λ
∆ = − +

−ω
−

�
C 1

2

e 1
,i

A
i

p p i

k T

,

2i0, B
� (5)

where C is the anharmonic constant and λ −p p i,  is a fitting 
parameter which describes the phonon–phonon coupling, 
including the nonsymmetric phonon decay processes.

The relative importance of the thermal expansion and 
anharmonicity to frequency changes is, to the best of our 
knowledge, not yet firmly established for pnictides and 

chalcogenides. In several cases [13, 17] the anharmonic 
formula, equation  (5), is used for the ( )ω T  fit. We follow 
here the arguments from [19, 28, 34] that ( )ω T  is dominated 
by the thermal expansion. To the best of our knowledge, the 
thermal expansion coefficient ( )α T  of the KxCo2−ySe2 single 
crystal is unknown. For estimating the lattice thermal expan-
sion contribution to the phonon energy change, the coefficient 

( )α T  for FeSe, given in [35], is used. The best fit shown in our 
figure 4 is obtained with ω = 201.3A0, g1  cm−1, γ = 1.23A g1

 and 
 ω = 194.2B0, g1 cm−1, γ = 1.7B g1

.
There exists a shift in phonon frequencies as the temper

ature is lowered below Tc. This shift does not show clear dis-
continuity (as well as the corresponding shift in the linewidths) 
and no additional modes are registered in the Raman spectra, 
which suggest that the FM–PM transition is continuous, 
without structural changes. There are several causes of the 
sudden frequency change as the sample gets magnetized. It 
can change due to the magnetostriction, modulation of the 
magnetic exchange by lattice vibrations (spin-phonon cou-
pling), and due to the changes in the electron–phonon inter-
action due to spin polarization and changes in the electronic 
spectrum.

The effect of spin-phonon interactions, caused by the 
modulation of magnetic exchange interaction by lattice vibra-
tions, may be quantitatively examined within the framework 
developed in [29] for insulating magnets, and recently applied 
also to several itinerant ferromagnets [36–39]. In this model, 
the shift of the Raman mode energy due to the spin-phonon 
interaction is proportional to the spin–spin correlation func-
tion ⟨ ⟩|S Si j  between nearest magnetic ions. This term should 
have the same temperature dependence as ( ( )/ )M T M0

2, where 
M(T) is the magnetization per magnetic ion at a temperature T 
and M0 is the saturation magnetization,

( ) ( ) ( ) ( )⎛
⎝
⎜

⎞
⎠
⎟ω ω ω∆ = − ∝±T T T

M T

M
,exp fit

0

2

� (6)

where ( )ω Tfit  is the extrapolation from the high-temperature 
data. This model does not predict the sign of the phonon energy 
shift—softening or hardening. From the inset in figure 4(c) it 
can be seen that the B1g mode energy renormalization scales 
well with the ( ( )/ )M T M0

2 curve. However, the effect of the 

Table 3.  The experimental phonon energies measured at 20 K in the FM phase and the extrapolated value to 0 K from the PM phase (see 
the text).

Symmetry Activity
Experiment 
FM (cm−1)

Experiment 
PM (cm−1)

Calculation 
FM (cm−1)

Calculation 
PM (cm−1) Main atomic displacements

A1g Raman 201.9 201.3 199.5 (193.2) 212.6 (193.1) Se(z)
B1g Raman 195.3 194.2 171.2 (172.7) 176.6 (168.1) Co(z)

Eg
1 Raman 93.1 (100.7) 92.7 (99.0) Co(xy), Se(xy)

Eg
2 Raman 237.9 (237.6) 257.2 (235.6) Co(xy), Se(xy)

A u2
1 IR 115.1 (99.0) 113.7 (102.9) K(z), Se(-z)

A u2
2 IR 246.7 (241.4) 250.9 (241.4) Co(z), K(-z)

Eu
1 IR 97.9 (95.0) 100.1 (95.0) K(xy)

Eu
2 IR 239.0 (229.7) 231.0 (229.9) Co(xy), Se(-xy)

Note: The phonon frequencies at the Γ point are calculated with fully relaxed atomic positions. The frequencies obtained with only relaxed internal 
coordinate are given in parenthesis.
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Figure 3.  Temperature dependent Raman spectra of KxCo2−ySe2 
single crystal in parallel (left panel) and crossed (right panel) 
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2
). The 

solid lines represent fits of the experimental spectra with the 
Lorentzian (A1g mode) and the Fano profile (B1g mode).
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magnetostriction (change of the unit cell size due to the mag-
netization) cannot be excluded based just on this plot, espe-
cially since the A1g mode corresponding to the vibrations of 
nonmagnetic Se ions also shows a similar shift in frequency.

The DFT calculations can give us some guidance for 
understanding of the changes of the phonon frequencies and 
linewidths, but one has to be aware of its limitations. The DFT 
calculations (see table 2) give a rather large magnetostriction, 
i.e. rather large change in the size of the unit cell between the 
FM and PM phases (a changes by 3.2% and c by 4.3%). This 
leads to very large changes in the phonon frequencies, see 
table 3. The calculated frequencies are lower in the FM phase, 
as opposed to the experimental data. This already points to 
the limitations of the DFT calculations, which is expected 
near the phase transition. A similar conclusion is also pre-
sent in [21]. The DFT ignores spin fluctuations which often 
leads to quantitative discrepancy in various physical quanti-
ties [40] and, in some cases, even predicts wrong phases. In 
the case of KxCo2−ySe2, the DFT calculations correctly pre-
dict the FM ground state, but the calculated magnetic moment 

 µ=m 0.947 B is much larger than the experimental value 
 µ≈m 0.72 B [16]. This already shows the importance of cor-

relations and quantum fluctuations which are neglected within 
the DFT. Strong correlation effects can be captured using 
screened hybrid functional [41] or within the dynamical mean 
field theory combined with DFT (LDA+DMFT) [42], which 
is beyond our present work.

Since the magnetostriction effects are overestimated in the 
DFT calculations with relaxed unit cell size, we repeated the 
DFT (DFPT) calculations keeping the experimental value for 
the unit cell size and relaxing only the fractional coordinate 
(positions of the Se atoms). This is often done in the litera-
ture on iron based superconductors and related compounds 
[21]. Our calculated frequencies are given in the parenthesis 

in table 3. We see that the frequency changes between the two 
phases are small, in better agreement with the experiment.

4.2.  Phonon linewidths

The phonon linewidths of the A1g and B1g modes are very large, 
Γ ∼ 10i A, g1  −cm 1 and Γ ∼ 20i B, g1  −cm 1, which implies the impor-
tance of disorder (impurities, nonstoichiometry, lattice imper-
fections) in measured samples. In general, the broadening of the 
phonon lines can be a consequence of the electron–phonon inter-
action, disorder, spin fluctuations and anharmonicity effects. 
The temperature dependence of the linewidth in the PM phase 
is, however, very weak, which indicates that the anharmonicity 
effects are small. The DFT calculation of the linewidth is usually 

based on the Allen’s formula, [43] ( )π λ ωΓ = N Ei i iq q q, F , ,
2 . Here, 

( )N EF  is the density of states (DOS) at the Fermi level, λ iq,  is 

the electron–phonon coupling constant, and ω iq,
2  is the phonon 

frequency of the mode i and wavevector q. A straightforward 
implementation of Allen’s formula in the →q 0 limit corre
sponding to the Γ point is, however, unjustified, as explained 
for example in [44, 45]. In addition, structural disorder and 
impurities break the conservation of the momentum, which 
means that phonons with finite wave vectors also contribute to 
the Raman scattering spectra. The standard DFT calculation 
for the Brillouin zone averaged electron–phonon coupling con-
stant λ gives too small value to explain the large width of the 
Raman lines in pnictides and chalcogenides, [33] and several 
other metallic systems like MgB2 [44] and fullerides [46]. A 
correct estimate of the phonon linewidth can be obtained only 
by explicitly taking into account the disorder and electron scat-
tering which enhances the electron–phonon interaction, [44, 
46] which is beyond the standard DFT approach and scope of 
the present work.
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The Raman mode linewidth is not directly affected by the 
lattice thermal expansion. Assuming that the three-phonon 
processes represent the leading temperature dependent term 
in the paramagnetic phase, full width at half-maximum, ( )Γ Ti , 
is given by

( ) /

⎛
⎝
⎜

⎞
⎠
⎟

λ
Γ = Γ +

−
+ω

−
�

T A1
2

e 1
.i i

p p i

k T i0,
,

2i0, B
� (7)

The first term represents the anharmonicity induced effects, 
where Γ i0,  is the anharmonic constant. The second term Ai 
includes the contributions from other scattering channels, 
i.e. structural disorder and/or coupling of phonons with other 
elementary excitations, like particle-hole and spin excitations. 
These effects, typically, depend very weakly on temperature, 
but can become important near the phase transition. The best fit 
parameters are λ =− 0.2p p i,  for both modes,  =A 6.6A g1 cm−1  
and  =A 17.3B g1 cm−1. The value  Γ = 2i0, cm−1 is adopted 
from [28] for related compound KxFe2−ySe2, where the 
anharmonic effects dominate the temperature dependence. 
We see that λ −p p i,  assumes values much smaller than 1. Small 
and sometimes irregular changes in ( )Γ Ti  are also observed 
in other materials whose Raman spectra are considered to 
be dominated by spin fluctuations [21, 33]. Therefore, we 
believe that a simple separation of ( )Γ Ti  to the anharmonic 
and temperature independent term, which works well in 
many systems, is not appropriate for itinerant magnetic sys-
tems like KxCo2−ySe2. We conclude that the spin fluctuations 
and electron–phonon coupling are likely to affect the line-
width even above Tc.

The electron–phonon interaction strength is proportional to 
the density of states at the Fermi level ( )N EF . Our DFT calcul
ations for the DOS agree with those in [47]. The calculated 
DOS in the FM phase, ( ) =N E 3.69F  eV−1, is smaller than, 

( ) =N E 5.96F  eV−1, in the PM phase. (Though, in reality, it is 
possible that the DOS significantly differs from the one given 
by the DFT calculations due to the spin fluctuations and dis
order effects.) Therefore, one expects that the phonon line is 
narrower in the FM phase than in the PM phase. This is indeed 
the case for the A1g mode, but the opposite is observed for the 
B1g mode.

It is also interesting to note that the B1g mode is much 
more asymmetric than the A1g mode and almost twice 
broader. These two observations are in striking similarity 
with the Raman spectra in the quasi-one-dimensional super-
conductor K2Cr3As3 [21]. In this material the vibrational 
mode that modulates the distance between the magnetic 
Cr atoms also features large asymmetry and linewidth. In 
our case, the distances between the magnetic Co ions are 
modulated by the vibrations of the B1g mode, see figure 1. 
This leads us to the conclusion that the anomalous features 
of the B1g mode are the consequence of spin fluctuations 
coupled to the electronic structure via lattice vibrations (in 
addition to the magnetostriction and spin polarization, which 
change the electronic spectrum near the Fermi level and, 
therefore, affect the electron–phonon interaction for both 
modes). It should be noted that similar anomalous properties 
of B1g phonon were experimentally observed in the cuprate 
high-temperature superconductor YBa2Cu3O7 [48, 49], and 

explained as a consequence of the out-of-phase nature of 
this mode which couples to oxygen-oxygen in-plane charge 
fluctuations [50–52]. In the case of iron-based superconduc-
tors and related compounds, the chalcogen atoms and Fe (or 
Co) are not in the same plane and phonons of A1g symmetry 
can also directly couple with the electrons. A satisfactory 
agreement of theory and Raman experiments remains to be 
established [53].

The asymmetric B1g phonon line can be described by the 
Fano profile [21, 36, 54, 55]

( ) ( )
ω =

+
+
ε
ε

I I
q

1
,0

2

2� (8)

where ( )/ω ω= − Γε 2 0 , ω0 is the bare phonon frequency, 
Γ is the linewidth. I0 is a constant and q is the Fano asym-
metry parameter. It serves as a measure of a strength of the 
electron–phonon coupling: an increase in /| |q1  indicates an 
increase in the electron–phonon interaction, more precisely, 
an increase in the electron-mediated photon–phonon coupling 
function [51, 53]. From the inset of figure 4(d) it can be seen 
that /| |q1  increases as the temperature is lowered and reaches 
the highest values around Tc, when the spin fluctuations are 
the strongest. Spin fluctuations increase the electron–phonon 
scattering, similarly does the disorder. Technically, the elec-
tronic Green function acquires an imaginary component of the 
self energy due to the spin fluctuations, and this implies the 
increase in the damping term in the phonon self-energy, as 
explained in, e.g. [44]. This leads us to conclude that the spin 
fluctuations strongly enhance the electron–phonon interaction 
for the B1g vibrational mode affecting its frequency and line-
width near Tc.

5.  Conclusion

In summary, the Raman scattering study of the KxCo2−ySe2 
(x  =  0.3,y  =  0.1) single crystals and lattice dynamics calcul
ations of the KCo2Se2, have been presented. Two out of four 
Raman active phonons are experimentally observed and 
assigned. The lack of any additional modes indicates the 
absence of vacancy ordering. The Raman spectra show sudden 
changes in the phonon energy and linewidth near the FM–PM 
phase transition. Above Tc the energy and linewidth temper
ature dependence of the A1g and B1g modes look conventional, 
as expected from the thermal expansion and anharmonicity 
effects. The linewidth, though, has very weak temperature 
dependence even above Tc which may be the consequence 
of the proximity of the phase transition and spin fluctuations. 
The B1g vibrational mode has particularly large linewidth and 
features a Fano profile, which is likely the consequence of 
the magnetic exchange coupled to the vibrations of the Co 
atoms. Interestingly, the A1g mode linewidth decreases below 
Tc, whereas the linewidth of the B1g mode increases. The 
DFT calculations generally agree with the measured phonon 
frequencies. However, fine frequency differences in the two 
phases cannot be correctly predicted since the DFT calcul
ations do not account for the spin fluctuation effects.
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Small influence of magnetic ordering on lattice dynamics in TaFe1.25Te3
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C. Petrovic,3 and Z. V. Popović1,5
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Raman scattering spectra of zigzag spin chain TaFe1.25Te3 single crystal are presented in a temperature range
from 80 to 300 K. Nine Raman active modes of Ag and Bg symmetry are clearly observed and assigned by probing
different scattering channels, which is confirmed by lattice dynamics calculations. Temperature dependence of
the Raman modes linewidth is mainly governed by the lattice anharmonicity. The only deviation from the
conventional behavior is observed for Ag symmetry modes in a vicinity of the magnetic phase transition at
TN ≈ 200 K. This implies that the electron-phonon interaction weakly changes with temperature and magnetic
ordering, whereas small changes in the spectra near the critical temperature can be ascribed to spin fluctuations.

DOI: 10.1103/PhysRevB.96.174303

I. INTRODUCTION

The discovery of superconductivity in La(O1−xFx)FeAs
in 2008 [1] initiated an intensive search for new iron-based
superconducting materials, in order to obtain better under-
standing of their physical properties and the mechanism of
high-Tc superconductivity [2–4]. Novel iron-based materials,
however, are not only superconducting, but can also exhibit
various types of magnetic ordering. In some cases the magnetic
phase transition is continuous [5–8], whereas in others it
is accompanied by structural changes [9–15], or even by
a nanoscale coexistence of antiferromagnetic (AFM) and
superconducting domains [16–18].

TaFe1+yTe3 was synthesized and characterized about 25
years ago [19,20]. It is a layered system consisting of FeTe
chains, along the b axis, separated by a Ta/Te network
in between; see Fig. 1. These layers are parallel to the
natural cleavage plane. There are also additional Fe ions,
Fe2, randomly occupying interstitial sites [21–23]. TaFe1+yTe3

features anisotropic charge transport with metallic resistivity
within the plane and insulating in the direction normal to
the FeTe layers [23]. The first study of magnetic structure
implies that TaFe1+yTe3 is composed of double zigzag spin
chains with antiferromagnetic ordering of Fe1 spins [22]. The
newest neutron diffraction measurements suggest that spin
ordering within zigzag chains is ferromagnetic, whereas these
zigzag chains couple antiferromagnetically [23], as shown in
Fig. 1(b). However, the exact interaction mechanism is not
clearly resolved.

There is a similarity between TaFe1+yTe3 and the exten-
sively studied Fe1+yTe compound since they are correlated
bad metals which order antiferromagnetically below TN ≈
200 K and 70 K, respectively [10,23], both having rather
large magnetic moments on Fe ions, ≈2 μB/Fe. TaFe1+yTe3,
however, forms ferromagnetic (FM) zigzag spin chains which
couple antiferromagnetically between the layers, whereas the
Fe spins in Fe1+yTe form a bicollinear AFM structure. The
magnetic phase transition in Fe1+yTe is accompanied by the

structural change from a tetragonal to a monoclinic, as opposed
to TaFe1+yTe3 where a continuous transition to the AFM phase
is observed in thermodynamic and transport measurements
[22]. Just like in Fe1+yTe, interest in spin chain and ladder
materials [24] stems not only from their block-AFM states
similar to parent compounds of iron-based superconductors
[25], but also from superconductivity. It is worth noting that
spin 1/2 copper oxide ladder structures host a spin gap
and superconductivity upon doping [26–28]. In contrast to
superconductivity in copper oxide ladder materials that was
rather rare and with critical temperatures rather small when
compared to highest achieved in copper square lattices [29,30],
iron-ladder materials feature Tc’s similar to the highest found
in Fe-based superconductors [31].

Raman spectra provide additional information on magnetic
ordering and electron-phonon coupling. There exist several
Raman studies of the phonon spectra of iron based materials
near the superconducting or magnetic phase transition [32,33].
While no anomalies were observed in 1111 compounds
[34,35], the Raman spectra show anomalous behavior near
the spin density wave (SDW) transition in some of the 122 and
11 compounds [15,36–38], which was ascribed to the phonon
renormalization due to the opening of the SDW or supercon-
ducting gap, or to the structural transition. Large anomalies
were observed also in ferromagnetic KxCo2−ySe2 [5], which
was ascribed to the effect of electron-phonon coupling and
spin fluctuations. Fe1+yTe phonon spectra feature unusually
large anomalies near the magnetic phase transition, as seen
in sudden changes in the phonon frequencies and linewidths,
due to the phonon modulation of magnetic interactions and
structural phase transition [11–13]. Therefore, it is of interest
to examine lattice dynamics in the normal state of iron-spin
chain and ladder materials and compare it to materials like
Fe1+yTe. To the best of our knowledge, there are no published
data on lattice dynamics of TaFe1+yTe3.

In this paper we present polarized Raman scattering spectra
of TaFe1.25Te3 single crystal measured in a temperature range
from 80 to 300 K. Nine out of 15 Raman active modes are
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FIG. 1. (a) Structure of the TaFe1.25Te3 single crystal together
with the natural cleavage plane [1̄01]. x = 1/

√
2(1̄01̄) and y = (010)

correspond to our laboratory system. (b) A view of the TaFe1.25Te3

structure along the b axis. Two neighboring chains of Fe1 spins point
in a parallel direction, forming a ferromagnetic zigzag chain, whereas
spins of neighboring zigzag chains order antiferromagnetically. One
should note that Fe2 is present with occupancy of 0.25.

observed and assigned using the selection rules for different
polarization configurations and lattice dynamics calculations.
In a sharp contrast to the related FeTe compound, TaFe1.25Te3

Raman spectra do not show significant changes near TN ≈
200 K, which clearly indicates that the phase transition is
continuous. Temperature dependence of the frequency and
linewidth is conventional, driven by the anharmonicity effects,
except very near TN where some of phonon lines slightly
broaden which should be the consequence of spin fluctuations
near the critical temperature. These results indicate very small
changes in the electron-phonon coupling and in the Fermi
surface in the measured temperature range.

II. EXPERIMENT AND NUMERICAL METHOD

Single crystals were grown using the self-flux method, as
described elsewhere [19]. Raman scattering measurements
were performed on freshly cleaved (1̄01)-oriented samples,
using Jobin Yvon T64000 Raman system, equipped with a
nitrogen-cooled CCD detector, in the backscattering micro-
Raman configuration. The 532 nm line of a solid state laser
was used as an excitation source. A microscope objective with

50× magnification was used for focusing the laser beam. All
measurements were performed at low laser power, to reduce
local heating of the sample. For low temperature measurements
KONTI CryoVac continuous flow cryostat with 0.5 mm thick
window was used. All spectra were corrected for the Bose
factor. For extracting the data from the Raman spectra, phonon
modes were fitted with a Lorentzian profile.

The electronic structure is calculated for stoichiometric
TaFeTe3 in the paramagnetic phase within the density func-
tional theory (DFT), and the phonon frequencies at the �-point
are obtained within the density functional perturbation theory
(DFPT) [39], using the QUANTUM ESPRESSO package
[40]. We have used projector augmented wave (PAW) pseu-
dopotentials with Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional with nonlinear core correction and
Gaussian smearing of 0.01 Ry. The electron wave function and
the density energy cutoffs were 64 Ry and 782 Ry, respectively.
The Brillouin zone is sampled with 8 × 8 × 8 Monkhorst-Pack
k-space mesh. The phonon frequencies were calculated with
the unit cell size taken from the experiments and the relaxed
positions of atoms within the unit cell. The forces acting on
individual atoms in the relaxed configuration were smaller than
10−4 Ry/a.u.

III. RESULTS AND DISCUSSION

TaFe1+yTe3 crystallizes in the monoclinic crystal structure,
which is shown in Fig. 1. The space group is P 21/m (unique
axis b), with two formula units per unit cell [19,20]. The
experimental values of the unit cell parameters are a =
7.436 Å, b = 3.638 Å, c = 10.008 Å, and β = 109.17◦. All
atoms (including the excess Fe), are at 2e Wyckoff positions,
with fractional coordinates given in Table I.

The factor group analysis (FGA) for P 21/m space group
yields the following normal mode distribution at the � point:

�Raman = 10Ag + 5Bg,

�IR = 4Au + 8Bu,

�acoustic = Au + 2Bu.

The Raman spectra were measured from the (1̄01) plane
of the sample, which is the natural cleavage plane [23,42].
From the Raman tensors given in Table II, the Ag phonon
modes are expected to be observable in the (xx) and (yy)
scattering configurations. The Bg modes can be observed only
in (xy) polarization configuration.

TABLE I. Experimental fractional coordinates of TaFe1.25Te3

taken from Ref. [19]. In the parentheses are the calculated values
for TaFeTe3.

Atom type x y z

Ta 0.8340 (0.8331) 0.25 0.3007 (0.2987)
Fe1 0.6147 (0.6223) −0.25 0.0890 (0.0988)
Fe2 0.7686 0.25 −0.0047
Te1 0.4392 (0.4326) 0.25 0.1860 (0.1637)
Te2 0.9835 (0.9842) −0.25 0.1589 (0.1584)
Te3 0.2179 (0.2192) 0.25 0.4970 (0.5028)
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TABLE II. Upper panel: atomic species (all of them are at 2e Wyckoff positions) and the contribution of each atom to the �-point phonons,
the corresponding Raman tensors for the TaFeTe3 single crystal (P 21/m space group) [41]. Lower panel: the calculated (for the stoichiometric
TaFeTe3) and experimental phonon energies at 100 K (for the TaFe1.25Te3 single crystal).

Atoms Irreducible representations

Ta, Fe1, Te1, Te2, Te3 2Ag + Au + Bg + 2Bu

Raman tensors

R̂Ag
=

⎛
⎝a 0 d

0 b 0
d 0 c

⎞
⎠ R̂Bg

=
⎛
⎝0 e 0

e 0 f

0 f 0

⎞
⎠

Raman active Infrared active

Symmetry Calc. (cm−1) Expt. (cm−1) Symmetry Calc. (cm−1) Expt. (cm−1)

A1
g 36.2 A1

u 42.8

B1
g 43.8 B1

u 54.9

B2
g 57.9 61.6 B2

u 94.4

A2
g 63.8 62.3 A2

u 101.4

A3
g 75.3 68.5 B3

u 111.3

A4
g 104.4 90 A3

u 131.1

B3
g 105.1 B4

u 143.2

A5
g 124.6 B5

u 160.4

B4
g 127.2 130.4 B6

u 188.6

A6
g 149.8 155 B7

u 227.9

A7
g 164.9 165 A4

u 231.1

A8
g 191 B8

u 289.4

B5
g 217.1 222.3

A9
g 241.9 223.9

A10
g 276.22

Raman scattering spectra of TaFe1.25Te3 single crystals,
measured at 100 K in three different polarization configura-
tions, are presented in Fig. 2. By using the selection rules,
we assign the Raman peaks appearing in the (xx) and (yy)
polarization configuration as the Ag ones. This conclusion
is supported by the lattice dynamics calculations, given in
Table II. By comparing the calculated values of Ag mode
energies with those of the peaks appearing in the (xx) and
(yy) spectra, we can unambiguously assign four Raman modes
(A4

g, A6
g, A7

g , and A9
g). The broad structure around 65 cm−1

probably originates from the A2
g and A3

g modes, although
the contribution of the A1

g mode (with calculated energy of
42.7 cm−1) cannot be excluded. The peaks at 57.9 cm−1 and
130 cm−1 that are clearly visible in (xy) but absent in (yy)
configuration are assigned as B2

g and B4
g modes, respectively.

The low intensity peak at ≈220 cm−1, that becomes clearly
observable at low temperatures, is tentatively assigned as B5

g

mode, although the contribution from the leakage of A9
g mode

cannot be excluded. The origin of the two very broad structures
at about 70 cm−1 and 160 cm−1, which are pronounced in
the (xy) configuration, is not completely clear. Aside from
providing additional charge, Fe2 atoms may contribute to
momentum transfer scattering, in line with the pronounced
quasielastic continuum, present in all the scattering con-
figurations. Consequently, contribution from single-phonon
scattering away from � point becomes observable, which is
theoretically predicted [43,44] and experimentally observed

[45,46]. Although we cannot exclude the possibility of two-
and, in particular, double-phonon contributions, we believe it
is less likely due to the nature of the processes and since they
usually have more pronounced contribution to A channel (for
arbitrary irreducible symmetry μ of C2h holds μ ⊗ μ � A).

The normal modes of the selected Ag and Bg vibrations,
as obtained by the lattice dynamics calculations, are shown in
Fig. 3. The low energy B2

g mode represents vibrations of Te
and Ta atoms which tend to elongate the (Ta,Fe)Te tetrahedra
in the xy plane. B4

g phonon originates mainly from Ta and Te
atom vibrations in directions opposite to each other, whereas
A4

g mode represents dominantly vibrations of another Te atom
in the xy plane. A7

g and A9
g modes originate from the vibrations

of Fe and Te atoms which tend to rotate the tetrahedra around
the x axis.

The DFT calculations are in very good agreement with
the measured Raman spectra, specially having in mind the
strength of electronic correlations in iron based compounds
and the presence of additional Fe2 atoms in the measured
sample. We restricted to the nonmagnetic DFT calculations.
This is because small changes in the phonon energies due to
the magnetic ordering cannot be reliably captured since the
DFT does not treat strong correlation and spin-fluctuations
effects. Our DFT calculations for the electronic band structure
agree with the results from Ref. [42]. The calculated electronic
dispersions are in rather good agreement with the ARPES
measurements [42], which indicates that the main effect of the
interstitial Fe2 ion is to provide additional charge and shift
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FIG. 2. Polarized Raman scattering spectra of TaFe1.25Te3 single
crystal measured at 100 K in various polarizations. The notation in
parentheses indicates the polarization directions of the incident and
scattered light according to Fig. 1(a). Inset: surface of the probed
TaFe1.25Te3 single crystal.

the Fermi level. This conclusion is supported with a small
difference between the relaxed and experimental fractional
coordinates; see Table I.

x
y

zTa

Te

Fe 4Bg
2Bg

4Ag
7Ag

9Ag

FIG. 3. Unit cell of TaFeTe3 single crystal with the displacement
patterns of several Ag and Bg Raman modes. Arrow lengths are
proportional to the square root of the interatomic forces.
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FIG. 4. Temperature dependent Raman scattering spectra of
TaFe1.25Te3 single crystal in the (yy) (left panel) and (xy) (right
panel) polarization.

In order to analyze the changes of the Raman spectra
near the AFM transition at TN ≈ 200 K, we have performed
measurements in a temperature range from 80 K up to
300 K. Raman spectra of TaFe1.25Te3 single crystal, measured
at different temperatures in the (yy) and (xy) scattering
configurations, are given in Fig. 4. In the following, we perform
the temperature analysis of the energy and the linewidth for
five most clearly observed modes.

The temperature dependence of the Raman mode energy is
usually described with [47,48]

ωi(T ) = ω0,i + �V
i (γi,αi(T )) + �A

i (Ci), (1)

where ω0,i is a temperature independent contribution to the
Raman mode energy. The second term represents a change of
the phonon energy induced by the lattice thermal expansion
and depends on the Grüneisen parameter γi and the thermal
expansion coefficient αi(T ). The term �A

i describes the anhar-
monicity induced change of the Raman mode energy which is
a function of the anharmonic constant Ci . Both �V

i and �A
i

have qualitatively the same temperature dependence. Since
there are no reported experimental data on the temperature
dependence of the lattice parameters for TaFe1+yTe3, we didn’t
attempt to fit the data, and the black dotted lines in Figs. 5
and 6 are guides to the eye. The ωi(T ) curves follow the
“standard” [5,15,37,49,50] continuous decrease in energy with
temperature, with very small anomalies near TN except for the
A4

g mode.
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FIG. 5. Temperature dependence of the energy and linewidth for
the B2

g and B4
g Raman modes of the TaFe1.25Te3 single crystal. The

red lines are fitted according to Eq. (2), whereas black lines are guides
to the eye.

The temperature dependences of the linewidth of selected
Bg and Ag modes are given in the right panels of Figs. 5
and 6, respectively. While the B2

g and B4
g phonon modes do

not show significant deviation from the usual behavior due
to the anharmonicity effects, with gradual broadening with
increasing temperature, the A4

g, A7
g , and A9

g modes exhibit
moderate additional broadening above 200 K. The red lines
present a fit to the standard formula for the temperature
dependent linewidth due to the anharmonicity [11,47,51]:

�i(T ) = �0,i

(
1 + 2

eh̄ω0,i /2kBT − 1

)
+ Ai, (2)

where �0,i is the anharmonic constant and Ai is the constant
term due to the disorder and electron-phonon interaction
[52]. The deviation from these anharmonicity curves is most
pronounced around TN (see the insets of Fig. 6).

We can observe that all Raman modes have moderate
linewidth and exhibit small anomalies near TN . This shows
that the phase transition is continuous, in agreement with
the thermodynamic and transport measurements [22]. Small
anomalies in the phonon spectra, which are restricted only to
the vicinity of the phase transition, imply that the electron-
phonon interaction of Raman active modes does not change
with temperature. This is in agreement with the recent
ARPES measurements which show negligible change of the
Fermi surface across the AFM transition [42], indicating that
the magnetic transition is not driven by the Fermi surface
instability. The anomalies in the linewidth of some phonon
modes near TN are likely the signature of the increased
scattering by spin fluctuations near the phase transition [51,53].
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FIG. 6. Energy and linewidth of the A4
g, A7

g , and A9
g Raman

modes of the TaFe1.25Te3 single crystal as a function of temperature.
The red lines are plotted according to Eq. (2), and the black dotted
lines are guides to the eye. The insets represent deviations of the
Raman mode linewidth from the anharmonic form.

The density of states (DOS) at the Fermi level is not large.
This can be concluded from the ARPES experiments [42]
which have shown three bands crossing the Fermi level but with
strong dispersion, while several relatively flat bands are found
only well below the Fermi level. The DFT calculations also
give moderate values for the DOS, N (EF ) ≈ 1 eV−1/f.u., after
the Fermi level is shifted due to the additional charge provided
by the Fe2 atoms. This value for the DOS also suggests that the
electron-phonon coupling is not strong in TaFe1.25Te3, since it
is proportional to N (EF ).

TaFe1.25Te3 has a similar moment size as Fe1+yTe, ≈
2μB /Fe. However, the differences in the magnetic ordering and
crystal structure cause different phonon properties of these two
compounds. Namely, the phonon lines in the Raman spectra of
Fe1+yTe have very large linewidth and pronounced anomalies
both in the frequency and in the linewidth near the first order
phase transition [11,13]. Small anomalies in the Raman spectra
of TaFe1.25Te3 as compared to Fe1+yTe can be ascribed to the
continuous, second order nature of the AFM transition and
smaller electron-phonon coupling due to lower DOS at the
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Fermi level. Also, the monoclinic angle β in the TaFe1.25Te3

unit cell significantly differs from 90◦ and therefore the form
of the vibrational modes is different.

IV. CONCLUSION

In summary, we have performed the Raman scattering
study of the zigzag spin chain TaFe1.25Te3 single crystal,
together with the lattice dynamics calculations of TaFeTe3.
By analyzing the Raman spectra in different polarization
configurations and using numerical calculations we have
assigned nine Raman active modes predicted by the FGA.
Very good agreement between the experimental frequencies
and those calculated for the stoichiometric compound shows
that the excess iron atoms weakly influence the phonon
energies but provide momentum conservation for the phonon
scattering away from � point. The temperature dependence
of the frequency and the linewidth of the Bg Raman modes
looks conventional, governed by the anharmonicity effects.
While in a broad temperature range the behavior of the Ag

modes is also conventional, there are clear anomalies near

the AFM transition. The anomalies in the frequency and the
linewidth are in the form of small kinks near TN . This implies
that the electron-phonon interaction and the DOS at the Fermi
level are approximately constant in the measured temperature
range. The increase in the linewidth near TN is likely due to
the coupling of spin fluctuations and vibration near the second
order phase transition.
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Abstract: The discovery of superconductivity in FeSe led to a new subclass of 
high-temperature superconductors – iron chalcogenides. Materials from this 
group exhibit variety of specific features, from superconductivity with rela-
tively high critical temperatures to low-dimensional magnetic properties. This 
review presents the most important results regarding the iron chalcogenides, 
with special emphasis on their vibrational properties investigated by means of 
Raman spectroscopy. Temperature- and/or doping-dependent Raman scattering 
spectra of iron chalcogenides provide a valuable insight into the complex rela-
tionships between the vibrational, electronic and magnetic properties of these 
materials. The results presented in this review demonstrated that Raman spec-
troscopy provides new insights which may significantly improve our under-
standing of the fundamental properties of iron chalcogenides. 
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1. INTRODUCTION 
Superconductivity (SC) is one of the greatest and the most striking phen-

omena discovered so far in the materials science. The history of SC began in 
1911, when Kamerlingh-Onnes observed it in mercury below 4 K.1 Since then, 
researchers made a great effort in searching for materials with as high as possible 
superconducting critical temperature Tc. 

The breakthrough in the development of SC materials happened with the 
discovery of SC in oxide compounds. In 1975, Ba(Pb,Bi)O3 was reported with 
Tc ≈ 13 K,2 which motivated further intensive studies. These investigations 
resulted in the discovery of SC in La2–xBaxCuO2 system (Tc = 35 K) – the first 
high-temperature superconductor,3 as well as in YBa2Cu3O7–x compound (Tc = 92 
K).4 Numerous SC materials from this class were found in quick succession, 
from which HgBa2Ca2Cu3O8 (Tc = 134 K) should be mentioned.5 All cuprate 
superconductors have distorted, oxygen-deficient, multi-layered perovskite struc-
ture. The most important property is an alternating multi-layer of CuO2 planes, 
with intercalated layers containing Y, Ba, La, Sr,..., which act to stabilize the 
structure and to dope the carriers onto the CuO2.6–8 This structure causes a large 
anisotropy in normal conducting and superconducting properties.6,8 Parent 
(undoped) compounds are Mott insulators, with long range antiferromagnetic 
(AFM) order at low temperatures.7,8 Similarities between the AFM state of the 
undoped materials and doping-induced SC state indicate that the electron–elec-
tron interaction is more significant than electron-phonon interaction, making the 
SC unconventional.9,10 It was argued that cuprates have d-wave pairing symmetry 
and one Fermi surface sheet.11 

The first iron-based superconductor was discovered in 2006 (LaFePO, Tc = 
= 5 K).12 However, until 2008, when Kamihara et al.13 found SC in LaFeAsO1–xFx 
with Tc = 26 K (43 K under high pressure), it was widely believed that only 
cuprates belong to the class of unconventional high-Tc superconductors. This 
discovery led to a new class of the so-called iron pnictide SC which includes 
several types of materials, denoted according to their crystal structure: 1111- 
-compounds (LaFePO, LaFeAsO, SmFeAsO1–x with Tc = 56 K14), 122-family 
(Ba0.6K0.4Fe2As2 with Tc = 38 K15), 111-compounds (MFeAs, Tc = 18 K16), etc. 
Crystal structure of these superconductors is given in Fig. 1. All these materials 
crystallize into the [FeAs]-layered structure, with spacer or charge reservoir 
blocks between the FeAs-layers.17,18 The parent compounds are poor metals and 
it is widely believed that proximity to the magnetically ordered states induces 
SC, making them unconventional, like in the cuprates.17,18 However, in iron pnic-
tides SC and AFM order can coexist, contrary to the cuprates, where SC state 
emerges only after the AFM order is destroyed by doping.18,19 Symmetry of the 
pairing wave function can be of the s±-type,20,21 although this is still under inten-
sive debate. 
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Fig. 1. Crystal structure of the representative iron-based superconductors. 

FeSe is the first discovered material from one of the newest subclasses of 
iron-based superconductors – iron chalcogenides.22 Its physical properties are 
extremely sensitive to doping on the chalcogen site, as well as to the Fe concen-
tration, and Tc can be enhanced by applying pressure.23,24 Intercalation of alkali 
metal between the FeSe layers led to the formation of AxFe2–ySe2 (A = alkali 
metal) crystals with the defect 122 structure.25 These materials exhibit very int-
eresting properties, including the presence of AFM phase with ordered vacancies 
and vacancy-free SC/semiconducting phase, unconventional superconductivity 
with Tc > 30 K and large iron magnetic moments.25–28 Absence of hole pockets at 
the Fermi surface suggests that the pairing mechanism may differ from the one in 
the pnictides. By cutting the layers of FeSe4 tetrahedra, e.g., removing every third 
Fe atom from these layers, one obtains a basic building block of the so-called 
spin-ladder compounds BaFe2Se3 (BaFe2S3).29 These compounds have low-dim-
ensional magnetic properties, which opened a new field in searching for new 
iron-based materials.30–33 

In this article an overview of iron-chalcogenides is presented, but instead of 
a comprehensive review of their features, we focus our attention on the vibra-
tional properties studied by Raman spectroscopy, as a suitable technique for inv-
estigating lattice and magnetic excitations of crystalline solids. It can also pro-
vide valuable information about coupling of phonons with electrons and charge-
density waves and might even serve as a useful tool for probing the crystal sym-
metry.34–36 

2. 11-TYPE MATERIALS 

2.1. Crystal structure 
Materials with the general formula FeCh (Ch = Se or Te), belonging to this 

group, have the simplest structure among all iron chalcogenides. They are built of 
edge-sharing FeCh4 tetrahedra stacked along the crystallographic c-axis, see Fig. 
1. At room temperature, they adopt the tetragonal crystal structure of the PbO 
type, space group P4/nmm.22,37,38 
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The crystal structure of FeSe at low temperatures is orthorombic, space 
group Cmma,24,37,39 although it was initially proposed that FeSe0.88 below Ts ≈ 
≈ 100 K changes symmetry into triclinic, space group P- 1 .22 Structural transition 
temperature Ts for FeSe differs between various papers, depending strongly on 
the strain and sample stoichiometry.37,40,41 Based on the temperature evolution of 
synchrotron X-ray diffraction profiles of FeSe0.92,37 it is concluded that Ts is 
about 70 K, whereas elsewhere40 is showed that the phase transition in SC 
Fe1.01Se occurs at 90 K. 

With Te-doping of FeSe crystals, the tetragonal-to-orthorombic structural 
transition moves toward lower temperatures and finally disappears for 
FeTe0.507Se0.493.42 For low Te-content a miscible region with the local phase sep-
aration between two phases emerges.23,43 These two phases have the same space 
group (P4/nmm) but different lattice parameters. With further increasing Te-con-
centration, the monoclinic structure appears at low temperatures (space group 
P21/m), instead of orthorombic.38 Martinelli et al.38 reported tetragonal-to-mono-
clinic phase transition in Fe1+yTe1–xSex crystals for x ≤ 0.1, with increasing Ts as x 
decreases. For the end member Fe1+yTe, the structural transition occurs around 70 K. 

2.2. Physical properties 
FeSe exhibits metallic behavior of electrical resistivity (ρ) from room tempe-

rature down to Tc ≈ 8 K, where a sharp drop to zero resistance occurs.22,23,43 Some 
authors22 noticed a weak anomaly at about 100 K, which coincide with the ano-
maly in magnetic susceptibility χ(T), and attributed them to the structural trans-
ition. They observed almost temperature independent magnetic susceptibility for 
T > Tc, which led them to conclude that FeSe does not order magnetically.22 
However, recent inelastic neutron scattering experiments revealed stripe and Neel 
spin fluctuations over a wide energy range.44 Susceptibility measurements also 
showed SC transition at about 8 K.22,43 Temperature dependence of resistivity 
under various pressures is analyzed,24 and the SC transition was noticed below 
13.4 K for low pressures. With the increasing pressure, Tc rapidly increases and 
reaches maximal value of 37 K at about 6.6 GPa. With further pressurization, Tc 
decreases and at 13.9 GPa Tc ≈ 6 K.24 It was recently shown that an electronic 
nematic state develops below Ts,45,46 suggesting that structural transition in FeSe 
may be driven by the orbital, magnetic and/or charge instability.  

FeTe does not exhibit the SC transition.38,43 Its resistivity weakly increases 
with decreasing temperature and exhibits an upturn at about 77 K, with rapid 
drop. Below the structural phase transition temperature Ts = 70 K FeTe has 
metallic behaviour.38,43 Structural transition is followed by the AFM spin order-
ing, with TN ≈ Ts.42 For FeTe0.82 single crystals, magnetic susceptibility curve χ(T) 
exhibits two anomalies, at 65 and 125 K. Anomalous peak in ρ(T) also appears at 
65 K.23 It was later shown that this behaviour is connected with the structural and 
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AFM phase transition.47 Hall constant, RH, is negative in the temperature range 
10 K ≤ T ≤160 K, indicating that charge carriers are dominantly electrons.23 

Comprehensive study of physical properties of Fe(Se1–xTex)0.82, 0 ≤ x ≤ 1, 
alloys is performed.23 Maximal Tc of about 14 K is achieved for the sample with 
x = 0.6, and SC disappears in the end member (x = 1). Anomaly in the suscept-
ibility at 125 K, similar to that in FeTe0.82, persists for all samples with x > 0.4. It 
was shown that,47 for the (FeSe0.4Te0.6)0.82 sample, short range magnetic correl-
ations appear below 75 K and rapidly enhance below 40 K, which coincide with 
anomalous temperature dependence of RH in this temperature range, indicating 
the strong interplay between spin and charge degrees of freedom.23 Samples with 
0 ≤ x ≤ 0.15 have metallic resistivity from room temperature down to Tc, whereas 
samples with 0.3 ≤ x ≤ 1 have a weak upturn before approaching the SC trans-
ition temperature.23 This is consistent with the results for FeTe1–xSex, 0< x ≤ 0.2, 
alloys,38 where all samples show an upturn in ρ(T) below 100 K, which weakens 
and shifts to lower temperature as x increases, and metallic behavior at lower 
temperatures. For x ≥ 0.05, material become SC, and Tc increases with increasing 
Se content.38 Similar resistivity curves were also obtained for FeSe1-xTex samples 
with low Se content, where it was found that Tc increases with x for x ≤ 0.75, and 
Tc,max = 15.3 K for x = 0.25.43 

2.3. Raman scattering studies 
According to the factor group analysis (FGA) for the P4/nmm space group, 

four Raman active modes (A1g+B1g+2Eg) could be observed in the room-tempera-
ture Raman spectra of FeCh (Ch = Se or Te) materials. A1g mode represents 
vibrations of the Ch-ions, whereas B1g one represents Fe-ion vibrations along the 
z-axis. Twofold degenerate Eg modes originate from Fe- and Ch-ion vibrations 
within the ab-plane.39,48 

Vibrational properties of 11-iron chalcogenides were extensively studied by 
means of Raman spectroscopy.48–52 Almost all authors observed and assigned, at 
room temperature, two Raman active modes, of A1g and B1g symmetry, allowed 
by the selection rules when measuring from the (001)-plane of the sample. The 
A1g mode was not observed in Fe1.03Se0.3Te0.7 sample,49 although in FeTe0.92 
sample it is present; it was suggested that it may be due to the vacancies intro-
duced into the system with Se doping, or slightly different excess of Fe-ions. 
Energies of the A1g and B1g modes for different samples are compared in Table I. 
As can be seen, they are rather close. However, temperature dependence of 
Raman mode energy, ω(T), and linewidth, Γ(T), differs substantially between 
various papers. The spectrum of FeSe single crystal,39 is shown in Fig. 2. 

Magnetic transition that exists in FeTe leaves a clear fingerprint on the 
behavior of B1g mode energy and linewidth.48,50,52 Namely, the B1g mode exhibits 
significant softening and narrowing below TN ≈ 70 K (where it changes the sym-
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metry to Ag
52) for all samples except Fe1.09Te. Besides that, both the B1g mode 

energy and linewidth decrease with decreasing temperature48,50,52 (Fig. 3) and it 
was shown52 that they scales well with the normalized magnetic susceptibility, 
confirming that spin-phonon coupling substantially influence the behaviour of 
the B1g(Fe) mode.  

TABLE I. Experimentally obtained energies of the A1g and B1g Raman modes at room tempe-
rature (except for FeSe,51 for which data are shown at T = 5 K) for some FeCh single crystals 
Wave number Fe1.05Te48 Fe1.07Te52 FeTe0.92

49 FeTe0.6Se0.4
51 FeSe39 

ν (A1g) / cm-1 155.2 156 159.1 161 179.8 
ν (B1g) / cm-1 201.4 198 196.3 202 193.9 

 
Fig. 2. Polarized Raman scattering spectra of FeSe, room temperature. The inset shows the 
displacement patterns of the observed modes.39 (Reprinted with permission from Ref. 39, 

copyright (2013) by the American Physical Society). 

Absence of the B1g phonon softening below TN for Fe1.09Te single crystal50 
was ascribed to the significant Fe excess, which contributes to the filling up the 
gap in the spin-wave excitation spectrum with the low-energy spin fluctuations. 
Unlike the B1g one, behaviour of the A1g symmetry mode differs substantially. 
The only common feature is the large intrinsic linewidth, which is attributed48 to 
the spin-orbital frustration, whereas elsewhere52 is suggested that electron–pho-
non interaction may also play an important role. 

The A1g mode for Fe1.051Te48 hardens and broadens with decreasing tempe-
rature, showing a weak anomaly in ω(T) at Ts, followed by more rapid increase of 
Γ(T) below Ts. Authors believe that the A1g mode energy renormalization is 
caused by the phonon modulation of the magnetic interactions and by the anti-
phase motion of Te-ions surrounding Fe-ions, which modulates exchange inter-
action. Rapid increase of the A1g mode linewidth is attributed to the spin-orbital 
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frustration. Energy and linewidth of the A1g mode for Fe1.02Te and Fe1.09Te50 
remains almost constant at the temperatures up to 300 K. The A1g mode energy 
and linewidth were analyzed52 using phonon anharmonicity model and good 
agreement is obtained between experimental data and calculated spectra, indi-
cating that they follow anharmonic temperature dependence. 

 
Fig. 3. Comparison of energy and linewidth temperature dependence for A1g and B1g Raman 

active modes of Fe1+yTe crystals. Filled circles represent data from Ref. 48, open triangles data 
from Ref. 50, y = 0.09, filled triangles data from Ref. 50, y = 0.02, and filled squares data 
from Ref. 52. Solid and dashed lines are calculated spectra using phonon anharmonicity 

model. (Reprinted from Ref. 52, copyright (2017) with permission from Elsevier). 

Effect of Se doping on FeTe Raman spectra has also been investigated.49,50,52 
Um et al.50 analyzed Raman spectra of Se-doped FeTe single crystals and showed 
that in the sample with the highest Se content (Fe0.95Te0.56Se0.44) change of the A1g 
and B1g mode energy and linewidth with temperature is in agreement with the 
anharmonic picture: the phonon energy increases and the linewidth decreases 
with the decreasing temperature. By decreasing Se content, the energy and the 
linewidth of these modes gradually moves away from the conventional behaviour 
and for the Fe1.00Te0.78Se0.22 crystal the B1g phonon even broadens with decreasing 
temperature (Fig. 4). Absence of phonon renormalization at Tc for these SC 
samples is expected because their energies are much larger than the energy of the 
SC gap.50 
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Fig. 4. Temperature dependence of the A1g and B1g mode frequency (ω) and f linewidth 

(FWHM) of the Fe1.02Te, Fe1.00Te0.78Se0.22, Fe0.99Te0.69Se0.31, Fe0.98Te0.66Se0.34 and 
Fe0.95Te0.56Se0.44 samples.50 (Reprinted with permission from Ref. 50, copyright (2012) by the 

American Physical Society). 

More detailed analysis of the B1g mode linewidth temperature dependence 
for Se-doped samples revealed that with decreasing Se content its intrinsic line-
width increases, which is attributed to the influence of the spin-phonon coupling, 
since lower Se (higher Te) content means stronger magnetic interactions. Raman 
spectra of Se-doped Fe1+yTe crystals were analyzed52 with respect to the undoped 
case. It was observed that the A1g and B1g modes have opposite behaviour of 
energy and linewidth with Se doping: A1g mode hardens and narrows whereas the 
B1g one softens and broadens with increasing Se content. A1g mode hardening is 
explained by the mass effect, whereas decreased linewidth is attributed to the 
lower electron–phonon interaction and/or to the excess Fe-ions. On the other 
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hand, B1g mode broadening in Fe1.02Te0.6Se0.4 compared with Fe1.07Te authors 
ascribed to the induced structural disorder, whereas phonon softening could be 
explained with the change in excess iron in these two single crystals. Qualitat-
ively similar behaviour is presented50 for the A1g mode, whereas for the B1g one 
the situation is almost opposite.  

Temperature-dependent phonon Raman spectra of FeSe were analyzed in 
detail.39 Room-temperature spectra consist of A1g and B1g modes, as expected 
from the selection rules. Due to the structural transition into the ortorhombic 
phase (e.g., lowering of the rotational symmetry from C4 to C2), A1g mode 
changes symmetry becoming Ag one, but without energy change, and three new 
modes appearing at higher energies can be of B2g/B3g symmetry, according to the 
Cmma space group. They emerge due to the splitting of Eg mode from the tetra-
gonal phase. Both A1g and B1g mode energies vary smoothly with temperature, 
and large B1g mode hardening with decreasing temperature is argued to be a con-
sequence of the dynamical crossover from Fe spin state S = 2 to S = 0 with the 
lowering of temperature.39 They suggested that smooth temperature dependence 
of the phonon linewidth at Ts indicates that orbital fluctuations do not have sig-
nificant impact on the behavior of Raman modes. Highly polarized quasi-elastic 
response emerging in Raman spectra of the tetragonal phase, with maximal inten-
sity at Ts, is considered as a fingerprint of electronic nematic fluctuations.39,53 Eg 
mode splitting to B2g+B3g phonons in FeSe, as a consequence of C4-symmetry 
breaking, is found to be only about 2.6 cm–1, which is small in comparison to 
Ba(Fe1–xCox)2As2, probably due to the lack of the magnetic order (Fig. 5).54 This 

 
Fig. 5. Raman spectra of BaFe2As2 and FeSe single crystals. The inset shows temperature 

dependence of the FeSe Raman spectrum near 130 cm-1, vertically offset for clarity.54 (Rep-
rinted with permission from Ref. 54, copyright (2016) by the American Physical Society). 
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splitting sets in below 65 K, where the spin-lattice relaxation rate is found to inc-
rease, which led to the conclusion that spin correlations have stronger influence 
to the lattice than the orbital interactions.46 

3. 122-TYPE MATERIALS 

3.1. Crystal structure 
The SC in this class was firstly discovered in a sample with the nominal 

composition K0.8Fe2Se2, with the proposed tetragonal crystal structure of the 
ThCr2Si2-type, space group I4/mmm.25 It consists of FeSe layers and K atoms 
stacked alternatively along the z-axis (Fig. 6a). Intercalation of the K atoms 
between the FeSe slabs significantly increases the lattice parameter c (decreasing 

 
Fig. 6. Crystal structure of KxFe2-ySe2 within: a) I4/mmm and b) I4/m unit cells; c) FeSe 
layer in the (001)-plane of the sample. The solid line represents I4/m, whereas shaded 
square illustrates I4/mmm unit cell. Angle between principal axes of the two phases is 

around 26.6°. Parallel: Raman spectra of KxFe2-ySe2 measured at 85 K in various 
polarization configuration (Θ = ∡(ei,es)).28 
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dimensionality of the system), as well as the interlayer Fe–Fe spacing. (Fe2Se2)δ–
layers serve as conducting layers, whereas K+ are charge carriers. Fe–Se–Fe bond 
angle is very close to the angle of the ideal tetrahedra (109.47°).25 

However, the appearance of additional peaks in the neutron powder diffract-
ion (NPD) spectra indicated that symmetry lowering to I4/m phase occurs, due to 
the Fe vacancies ordered into the √5×√5 superlattice in the FeSe plane (Fig. 
6b).26 Zavalij et al.55 and Wang et al.56 also suggested √5×√5 order of the iron 
vacancies. Fe vacancy order disappears at very high temperature (500 K ≤ Ts ≤ 
≤ 578 K), depending on the sample composition,26,57 and I4/mmm symmetry is 
achieved. 

The application of the transmission electron microscopy, Chen et al.58 
showed that KxFe2-ySe2 single crystals exhibit a mesoscopic phase separation 
between an insulating phase with √5×√5 vacancy order and SC/semiconducting 
phase free of vacancies (i.e., with composition KFe2Se2, space group I4/mmm). 
This is also seen by Li et al.27 on KxFe2–ySe2 thin films. PXRD measurements 
confirmed28 the phase separation: experimental data were well described with the 
mixture of I4/m and I4/mmm space groups. Presence of both phases was also con-
firmed by Raman scattering measurements.28,59–61 On the other hand, Bao et al.62 
reported phase separation between three phases (I4/m, I4/mmm and Pmna) in 
KxFe2–ySe2 samples for 1.4 ≤ 2–y ≤ 1.6 and x > 0.85 (the samples have general 
formula K2Fe3Se4) between Ts and T* ≈ 350 K, whereas below T* only I4/m phase 
with ordered Fe vacancies persists. For Fe content 1.6 ≤ 2–y ≤ 1.7 the sample 
composition is described with K2Fe4Se5 and below Ts their space group is I4/m.62 

Doping of KxFe2–ySe2 crystals on either chalcogen or transition metal site 
significantly affects their properties. It was recently shown60 that the phase separ-
ation persists in Co-doped KxFe2–ySe2 single crystals. However, when Co content 
is significant (z ≥ 0.92 in KxFe2–y–zCozSe2), vacancy order was not observed and 
these samples belong to the I4/mmm space group.60,63,64 Doping of KxFe2–ySe2 
with small Ni content also preserves the phase separation.59 Similarly to the Co- 
-doped case, in KxFe2–y–zNizSe2 samples with z ≥ 0.73 low symmetry I4/m phase 
disappears.59 Pure KxNi2–ySe2 crystallizes in the tetragonal crystal structure with 
I4/mmm space group, without any indications of vacancy ordering,65–67 as well as 
his Co-counterpart. KxFe2–ySe2 samples doped with S on chalcogen site exhibit 
iron vacancy order for all doping levels.68,69 

3.2. Physical properties 
Detailed investigations revealed that the physical properties of KxFe2–ySe2 

strongly depend on the sample composition, i.e., K- and Fe-stoichiometry. Bao et 
al.62 systematically studied few samples having general formula KxFe2–ySe2 and 
obtained different properties for various sample compositions. Two samples with 
higher Fe and lower K content exhibit SC with Tc ≈ 30 K and large resistivity just 
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above Tc. These samples show poor diamagnetic response below Tc. With the 
gradually increasing K content, a bump in ρ(T) appears, which is attributed to the 
metal–insulator crossover, similarly to the results presented elsewhere:25 above 
the peak, samples show semiconducting behaviour, whereas below the bump 
down to Tc, ρ(T) has typical metallic character. Peak position is strongly depend-
ent on the sample composition.25,62 With the further increasing of K and the dec-
reasing of Fe content, the gradual opening of transport activation gap was obs-
erved in the resistivity.62 

Early studies of the magnetic properties of alkali metal iron selenides rev-
ealed that AFM order appears at TN ≈ 560 K, slightly below the Fe vacancy 
ordering temperature Ts.26,62 The four magnetic moments from the nearest neigh-
bouring Fe atoms order ferromagnetically (FM), whereas these FM blocks form 
the block-checkerboard AFM order, with very high magnetic moment (3.31 
μB/Fe at 11 K).26 SC transition strongly affects the magnetic order parameter, 
suggesting significant interaction between SC and AFM order.26 

Recent studies indicated that SC in KxFe2–ySe2 was highly influenced by the 
connectivity between SC phases and the proximity effects.70,71 Three KxFe2-ySe2 
samples with different microstructure exhibited different Tc,71 although they all 
have approximately the same fractional ratio of the SC area and similar resistive 
and magnetic properties. Huang et al.71 showed that proximity effects, that is, the 
interlayer hopping and interlayer spin coupling, reduce Tc from the theoretically 
predicted 65 K to the experimentally observed 32 K. On the other hand, large 
AFM order results in a large SC order, thus explaining relatively high Tc.71 

The chemical doping is an appropriate way to tune and control physical pro-
perties of materials, since it introduces changes in the structure and carrier den-
sity. Doping on the Fe site with other transition metals is detrimental for SC.72 
Namely, Cr-, Co- and Zn-doping rapidly suppresses SC in the K0.8Fe2–ySe2, by 
inducing a large effective magnetic moment, thus destroying SC via a magnetic 
pair-breaking effect.72 Recently reported study of Ni-doped KxFe2–ySe2 single 
crystals59 shows that small Ni content destroys SC, leading to the insulating 
behaviour, whereas with further Ni-doping metallic character of crystals gradu-
ally increases. It was also shown that these materials exhibit spin glass behaviour 
below critical temperature Tf of 10–50 K, depending on the Ni concentration.59 
KxNi2–ySe2 have a local charge-density-wave state persisting up to 300 K.65 Some 
authors66 reported the metallic resistivity of KxNi2–ySe2 single crystal up to the 
room temperature, without SC transition or bump in the ρ(T), unlike the 
KxFe2–ySe2. SC is suppressed probably due to the K and Ni deficiency, indicating 
the strong sensitivity to the sample composition. Magnetic measurements rev-
ealed that this material is Pauli paramagnet, with local magnetic moments much 
lower than in KxFe2–ySe2.66 Co-doped KxFe2–ySe2 single crystals behave similarly 
to its Ni-counterparts.60 Preliminary analysis of KxCo2–ySe2 single crystals indi-
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cate the FM phase transition at 74 K and absence of SC.73 When S completely 
replaces Se in KxFe2–ySe2, single crystal becomes a small-gap semiconductor, 
which is ascribed to the random scattering potential introduced by the Fe defic-
iency, and exhibits a spin glass behaviour below 32 K.68,69 

3.3. Raman scattering studies 
FGA for the I4/m space group predicts 9Ag, 9Bg and 9Eg modes to be observed 

in the Raman scattering experiments,28,61 whereas for the I4/mmm space group 
only four phonon modes (A1g+B1g+2Eg) are expected to be observed.28,61,64,67 In 
most of the Raman scattering studies of KxFe2–ySe2 single crystals, the phonon 
spectra with large number of modes are obtained, confirming the fact that Fe vac-
ancy order reduces locally the symmetry to I4/m.28,61,74–76 These spectra are very 
similar to each other; characteristic KxFe2–ySe2 Raman spectrum is shown in Fig. 
6. However, the symmetry analysis of the phonon spectra was performed assuming 
the different space groups in various papers. Temperature analysis of Raman 
spectra, as well as the line shape of some modes, also differs, as will be discussed.  

First Raman study of KxFe2–ySe2 was done by Zhang et al.74 They assumed 
the I4/m space group for the single phase and thus assigned phonons which 
appeared in the parallel polarization configuration only as Ag symmetry modes, 
whereas those modes appearing in both polarization configurations were assigned 
as Bg ones. In that way 6 Ag and 5 Bg modes were assigned, with energies coin-
ciding well with the lattice dynamics calculations. The most intriguing fact is a 
frequency jump at Tc for the Raman mode appearing at about 180 cm–1 in parallel 
polarization configuration, of unknown origin, since its energy did not match 
with any of the calculated Ag mode energies. Authors interpreted this behaviour 
as an evidence of specific connection between phonons and SC. This hardening 
was also observed,75 where Raman spectra of three SC (K0.8Fe1.6Se2, 
Tl0.5K0.3Fe1.6Se2 and Tl0.5Rb0.3Fe1.6Se2) and one non-SC sample (KFe1.5Se2) were 
analyzed in terms of I4/m space group (Fig. 7). It is suggested that this mode is 
local, originating from the nanoscopic region of filled Fe vacancies. By com-
paring the Raman spectra of K0.8Fe1.6Se2 and KFe1.5Se2 single crystals, frequency 
shift of the Raman modes originating from Fe- and Se-ion vibrations was obs-
erved, due to the differences in the FeSe plane induced by the change of Fe con-
tent. Doping on the K site did not influence phonon spectra above 60 cm–1, but 
induces additional modes in the low energy range, attributed to the change of 
local symmetry in the K layer.75 I4/m space group is assumed also for 
KxFe2–ySe2.76 16 Raman modes at room temperature was observed, some of them 
with Fano line shape, attributed to the coupling of the vibrations with AFM spin 
fluctuations. Authors agreed that three new phonon modes appear below 250 K, 
due to the structural transition, i.e. symmetry lowering from the I4/m to the I4 
phase.76 
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Fig. 7. Raman spectra of the three superconducting crystals measured at room temperature. 

Additional modes, appearing below 60 cm-1 in the Tl- and Rb-substituted samples, are denoted 
by blue arrows. Dotted lines are guides indicating the peak positions.75 (Reprinted with 

permission from Ref. 75, copyright (2012) by the American Physical Society). 

Unlike to the presentations by some authors,74–76 Raman spectra of KxFe2–ySe2 
were analyzed28,61 in terms of both I4/m and I4/mmm space groups. Raman modes 
from the I4/mmm space group were assigned.28 It was determined that the A1g 
mode appears at about 180 cm–1, whereas energy of the B1g mode is 207 cm–1. It 
is interesting to note that this A1g phonon is probably the same Raman mode as 
that of the unknown origin,74,75 with frequency jump at Tc. Large number of 
modes from the low symmetry I4/m phase were assigned28 by means of detailed 
symmetry analysis and measurements in various polarization configurations. Ag 
and Bg mode energies coincide with other data,74 which can be seen from Table 
II. Detailed temperature-dependent Raman scattering study of SC KxFe2–ySe2 and 
non-SC KxFe1.8Co0.2Se2 is given.61 Similar spectra of the two crystals indicate that 
phase separation is preserved with small amount of Co doped at the Fe-site. Ana-
lysis of the temperature-dependent Raman spectra revealed the phonon energies 
temperature dependence is dominantly driven by the lattice thermal expansion, 
whereas the impact of phonon anharmonicity is negligible. The renormalization 
of the A1g phonon energy below Tc was observed only for the SC sample (Fig. 8), 
which led to the conclusion that it is induced by the SC gap opening, in line with 
the theoretically expected behaviour.77 

Room temperature Raman spectra of Ni- and Co-doped KxFe2–ySe2 crystals 
give valuable insight into the structural changes of KxFe2–ySe2 with doping. Rec-
ent Raman studies59,60 revealed that increasing Co and Ni content have similar inf- 
luence on phonon spectra of these materials. When Ni (Co) content is low, large 
number of modes are present in Raman spectra (Fig. 9), in accordance with the 
symmetry lowering due to the Fe-vacancy ordering, i.e., presence of I4/m phase, 
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TABLE II. Comparison of experimentally observed wavenumbers (in cm-1) at room tempe-
rature for the selected Ag and Bg symmetry modes of KxFe2-ySe2 single crystals28,74 
Ref. 4

gA  6
gA  8

gA  7
gB  8

gB  
28 134 203 264 214 274 
74 134.6 202.9 264.6 214.3 274.9 

 
Fig. 8. Temperature dependence of A1g and B1g mode energy in KxFe2-ySe2 and 

K0.8Fe1.8Co0.2Se2 single crystals. Inset: An enlarged view of A1g temperature dependence in a 
low temperature region near Tc.61 

as in pure KxFe2–ySe2.28 Broad asymmetric structures, appearing in Raman spectra 
of both series of samples for the intermediate Ni (Co) concentrations, were attri-
buted to the large structural disorder. At high Ni (Co) concentrations, as well as 
for pure KxNi2–ySe2

67 and KxCo2–ySe2,64 only two modes can be observed in 
Raman spectra, confirming the lack of any vacancy order. Appearance of the A1g 
mode in the whole series gives a clear evidence that I4/mmm phase persists for all 
Ni (Co) concentrations.59,60 Detailed Raman scattering studies of KxNi2–ySe2

67 and 
KxCo2–ySe2 single crystals64 support the findings given elsewhere.59,60 As opposed 
to the A1g phonon that appears at similar energies in these two compounds,64,67 
the B1g phonon energy (representing vibrations of the transition metal ions) differs 
substantially (Table III). Besides that, by measuring from the (010)-plane of 
KxNi2–ySe2, one Eg mode is clearly observed (Fig. 10) whereas the other, low 
intensity Eg mode, was confirmed by numerical calculations. Large intrinsic line- 
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Fig. 9. Raman spectra of KxFe2-x-yNiySe2 
single crystal series measured from the 
(001)-plane at 100 K.59 

width of the B1g phonon, together with the mode asymmetry, is believed to ori-
ginate from the structural disorder, although the impact of the electron–phonon 
interaction cannot be excluded.67 Similar features of the B1g phonon are also obs-
erved in KxCo2–ySe2, where it was argued that they are mainly caused by the spin 
fluctuations coupled to the electronic structure via lattice vibrations.64 Tempe-
rature dependence of A1g and B1g mode energy in KxCo2–ySe2 in the paramagnetic 
phase is governed by the lattice thermal expansion and phonon anharmonicity, 
whose relative importance is not yet firmly established. Change of phonon line-
widths is well described with the lattice anharmonicity model. Both phonon 
modes have energy jump below the FM transition temperature Tc, but the A1g 
mode exhibits sharpening with further cooling, whereas the B1g mode broadens 
(Fig. 11). Sudden frequency change of the observed Raman mode energies as the 
sample gets magnetized can occur due to the magnetostriction effects, spin-
phonon coupling and/or changes in the electron–phonon interaction caused by the 
spin polarization and changes in the electronic spectrum.64 

As opposed to Kx(Co, Ni)2–ySe2, phonon spectra of K0.88Fe1.63S2 consists of large 
number of modes, originating from the I4/m phase. This confirms symmetry 
lowering due to the Fe-vacancy order, but without phase separation, unlike the 
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KxFe2–ySe2.78 6 Ag and 8 Bg modes were assigned by measuring the spectra from 
the (001)-plane of the sample. 

TABLE III. Experimentally obtained energies of the A1g and B1g Raman modes (in cm-1) at 
room temperature for KxM2-ySe2 single crystals (M = Fe, Co or Ni) 

Wave number KxFe2-ySe2
28 KxCo2-ySe2

64 KxNi2-ySe2
67 

ω(A1g) 180 197 178 
ω(B1g) 207 187 134 

 

Fig. 10. Room temperature Raman spec-
tra of K0.95Ni1.86Se2 single crystals mea-
sured in various scattering configurat-
ions (x = [100], y = [010], x’ = 
= 1/ 2 [110], y’ = 1 2 /[1 1 0], z = 
= b[001]).67 

4. IRON-BASED SPIN-LADDER MATERIALS 

4.1. Crystal structure 
The most studied materials among the iron-containing spin-ladder com-

pounds with the general formula AFe2X3 (A = K, Rb, Cs, Ba and X = Ch) are 
barium–iron-chalcogenides, BaFe2(S,Se)3. The ladder structure of these compounds 
can be considered as obtained by cutting the layers of edge-sharing FeSe4 tetra-
hedra of the two-dimensional 11-iron chalcogenides, i.e., removing every third 
Fe atom from the FeSe layers. BaFe2(S,Se)3 crystals consists of one-dimensional  
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Fig. 11. Temperature dependence of the energy and linewidth (FWHM) for the A1g and B1g 

Raman modes of KxCo2-ySe2 single crystal. Solid lines are the theoretical fits which take into 
account lattice thermal expansion and phonon–phonon scattering for energy and linewidth 

temperature dependence, respectively. The dotted lines are the extrapolation to 0 K. Shaded 
area denotes temperature range of the ferromagnetic phase. Inset of B1g energy: temperature 

dependence of the B1g mode frequency, compared with (M(T)/M(0))2 curve. Inset of B1g 
FWHM: measure of the electron–phonon coupling (1/q) of the B1g mode as a function of 

temperature.64 

[Fe2(S,Se)3]2– double chains, propagating along the long ladder direction (,,lag’’) 
and Ba2+ as separators (Fig. 12). In BaFe2S3 the double chains extend along the a-
axis, whereas in BaFe2Se3 the ladder lag is along the b-axis.33,79 There are two 
important structural differences between these two materials. Namely, two differ-
ent Fe–Fe distances along the ladder lag exist in BaFe2Se3, whereas in BaFe2S3 
all Fe–Fe distances are the same. Moreover, [Fe2Se3]2– double chains are tilted 
off the bc-plane, with opposite tilting directions of the two neighbouring layers, 
whereas in BaFe2S3 there is no tilting. Due to the slight structural differences, 
BaFe2Se3 and BaFe2S3crystals, although both orthorombic, are not isostructural. 
BaFe2S3 has Cmcm space group, whereas space group of BaFe2Se3 is Pnma, both 
with four formula units per unit cell.79 

BaFe2Se2O is the first layered iron-oxychalcogenide with alkali earth metal. 
It consists of Fe–Se(O) layers and Ba2+, stacked alternatively along the c-axis, 
similar with BaFe2Se3 and BaFe2S3. Fe–Se(O) double chains are bridged by the 
oxygen atoms along the a-axis and propagate along the b-axis. However, the int-
ralayer structure differs from those in previously described spin-ladder materials. 
Different Fe–Se and Fe–O distances cause Fe atoms to be located in highly dis-
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torted (asymmetric) tetrahedra, whose angle significantly deviates from the ideal 
value. Crystal structure is orthorombic (Pmmn space group), with two formula 
units per unit cell.80 

 
Fig. 12. Crystal structure of BaFe2Se3 and BaFe2S3.. a) Projection of the BaFe2Se3 crystal in 

the (010)-plane; b) double chain of [Fe2Se3]2- tetrahedra propagating along the b-axis;  
c) [Fe2S3]2- double chain in the (010) plane. w and w*denote Fe–Fe distances along short lad-
der directions (“rungs”), whereas u, v and v*represent Fe–Fe distances along the ladder legs.81 

4.2. Physical properties 
BaFe2S3 has semiconducting ρ(T), with very low resistivity.82,83 The change 

of slope in resistivity occurs at about 275 K,82 where inverse molar magnetic 
susceptibility has a broad hump.83 This material also exhibits negative magneto-
resistive effect of about 10 % at low temperatures. The divergence between ZFC 
(zero field-cooled) and and FC (field-cooled) magnetic susceptibility below 25 K 
points out to the spin-glass behaviour, which is confirmed by other measure-
ments.83 Strong intrachain AFM coupling of the ions, together with the additional 
crystal field splitting due to the neighbouring Fe atoms and direct Fe–Fe interact-
ions cause ground state with S = 0.83 Takahashi et al.30 recently measured the 
resistivity of BaFe2S3 single crystals under various pressures and found the gra-
dual suppression of insulating behaviour with increasing pressure, with metal– 
–insulator transition at about 11 GPa. With further increasing pressure, this mat-
erial exhibits SC below Tc = 14 K. The increased metallicity of the sample at 
higher pressures is caused by the anisotropic compression of the crystal.30 NPD 
measurements indicate the stripe-type magnetic order, with magnetic moment 1.2 
μB (at 4 K) per Fe site. These moments form FM units along the rung direction, 
whereas these units order antiferromagnetically along the lag direction.30 

BaFe2Se3 single crystal also has semiconducting ρ(T) properties, similar to 
BaFe2S3, but without magnetoresistive effect.33 Large diversity of susceptibilities 
for different field directions indicatesmagnetic anisotropy.29,33 The transition in 
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magnetic susceptibility at 255 K for all field directions is attributed to the cross-
over from short-range to long-range AFM order.33 This transition was not obs-
erved,29 since a divergence of ZFC and FC magnetic susceptibilities is attributed 
to the spin-glass behavior with Tf ≈ 50 K.  

Resistivity measurements on BaFe2Se2O single crystals revealed the insul-
ating behaviour. At Ta = 240 K, there is anomaly in resistivity, allowing their fit-
ting below Ta with the relation ρ = ρ0exp{(Ea/kBT)α}, α < 1, which means that 
thermal activation is less effective at low temperatures and the other mechanism 
is responsible for electron trapping.80 Authors proposed the existence of long 
range AFM order below 240 K, which is confirmed by the strong peak in differ-
ential magnetic susceptibility ∂χ/∂T at Ta. Anisotropy in the magnetic suscept-
ibility indicates that the easy axis of magnetization is in the ab-plane. Besides 
that, a sudden decrease of susceptibility below 115 K, with much less anisotropy, 
was attributed to the spin-singlet dimers, believed to be formed at low tempera-
tures.80 All iron ions in BaFe2Se2O are in Fe2+ state and high spin state, and this 
compound can be considered as S = 2 spin-ladder system, with the dominant 
AFM superexchange interaction along the ladder rungs.32 

4.3. Raman scattering studies 
Raman spectra of BaFe2Se2O were analysed.31 In the optical part of the 

spectra 6 (of 6) Ag modes and 2 out of 2 B1g modes were observed and assigned 
(Fig. 13) whereas the remaining modes (of B2g and B3g symmetry) could not be 
observed by measuring from the (001)-plane of the sample. Three new modes 
appearing below TN = 240 K are attributed to the crystal structure and/or crystal 
symmetry change. Analysis of the Raman mode energy and linewidth depend-

 
Fig. 13. Left: the (aa) and (bb) polarized Raman spectra of BaFe2Se2O single crystals mea-

sured at room temperature and at 15 K. Vertical bars denote calculated values of the Ag 
Raman active modes. New modes appearing below 240 K are denoted by asterisks. Right: 

the (ab) polarized Raman spectra of BaFe2Se2O single crystals measured at various 
temperatures. Vertical bars denote calculated values of the B1g symmetry modes. 

Insets show normal modes of the two B1g symmetry vibrations.31 
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ence on temperature showed significant hardening and narrowing of Ag modes 
below TN. B1g modes asymmetry above TN (persisting in the region of short-range 
magnetic order) is believed to originate from the spin fluctuations.31 

Besides the optical phonon modes, two broad and asymmetric structures 
appear in the Raman spectra of BaFe2Se2O single crystals at higher energies, in 
c(bb)c̄ polarization only (which coincides with the spin orientations). Therefore, 
they are assigned as two-magnon continuum modes.31 These structures are shown 
in Fig. 14. From the ratio TN/Tmax = 0.53 (where Tmax denotes temperature where 
magnetic susceptibility has a maximum), it was concluded that BaFe2Se2O is a 
quasi-2D magnetic system. From the onset of the magnetic continuum, which 
should correspond to 2∆S (where ∆S is a spin gap energy), it was estimated ∆S ≈ 
≈ 27 meV. Magnon modes disappear above 623 K, e.g., 2.6 TN

31 in agreement 
with the other results indicating that the short-range magnetic order in oxychalco-
genides persists at least up to 2 TN.84 

 
Fig. 14. Raman scattering spectra of BaFe2Se2O single crystals measured at various tem-
peratures between 15 and 300 K in c(bb)c̄ polarization configuration. Only 400–670 cm-1 

spectral range is shown. Inset: energy (circles) and linewidth (squares) of the 2∆S (spin gap) 
mode as a function of temperature.31 

Phonon properties of BaFe2S3 and BaFe2Se3 were analysed.81 By measuring 
from the (110)-plane of the BaFe2S3 sample, in parallel polarization configur-
ations 5 (of 5) Ag symmetry modes and 5 out of 6 B1g, the symmetry modes were 
clearly observed. In crossed polarization configuration B2g and B3g modes could 
appear in the Raman spectra; therefore, the assignation was done with the help of 
lattice dynamics calculations. Three such modes were observed in phonon spectra.  

On the other hand, lower symmetry of BaFe2Se3 single crystals compared to 
BaFe2S3, caused more Raman active modes to be observed in the phonon spectra. 
Indeed, by measuring from the (100)-plane of the sample, 9 (of 11) Ag symmetry 
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modes were observed in parallel polarization configuration, whereas in the crossed 
one three additional modes were assigned as of B3g symmetry.81 

The temperature analysis of phonon energy and linewidth was performed in 
terms of lattice thermal expansion and phonon anharmonicity for both BaFe2S3 
and BaFe2Se3 single crystals. It turned out that the contribution of the phonon– 
–phonon scattering to the Raman mode energy temperature dependence is negli-
gible. The sudden change of slope of energy and linewidth temperature depend-
ence of the Ag

4 mode at about 275 K (where the hump in inverse molar magnetic 
susceptibility and change of slope in resistivity also occur) in BaFe2S3 is attri-
buted to the AFM spin ordering within the ladder lag from the short-range to the 
long-range state, without spin ordering of the whole crystal, followed by the change 
in the electronic structure. The energies of the all analyzed modes in BaFe2Se3 
sharply increase below TN, which was ascribed to the spin–phonon coupling. This 
mechanism is also responsible for the deviation from the usual anharmonic beha-
viour of the phonon linewidth.81 

5. SUMMARY AND CONCLUSIONS 

The results discussed in this review clearly demonstrate that Raman spectro-
scopy is a very powerful technique for investigating the vibrational properties of 
iron chalcogenides. Moreover, almost all structural and magnetic transitions 
leave a clear fingerprint on the vibrational spectra of 11, 122 and spin-ladder 
iron-based superconductors, reviewed in this article, through the appearance of 
new phonon modes or a sudden change in the phonon energy and/or linewidth. 

Raman spectra of Fe(Te, Se) single crystals measured from the ab-plane 
consist of two modes, assigned as A1g and B1g ones. Magnetic transition in FeTe 
causes softening and narrowing of the B1g (Fe) mode. With Se doping of FeTe 
crystals the A1g mode hardens and narrows, whereas the B1g ones softens and bro-
adens, compared to the pure FeTe. Large B1g mode hardening observed for FeSe is 
explained as a consequence of the dynamical crossover between different Fe spin 
states. Electronic nematic fluctuations leave a fingerprint through highly polarized 
quasielastic response in the Raman spectra of FeSe in the tetragonal phase. 

Vibrational spectra of KxFe2–ySe2 single crystals have large number of pho-
non peaks. Some authors assigned them according only to the I4/m space group, 
whereas the others assume the existence of I4/mmm and I4/m phases, which is 
confirmed by the other techniques. Renormalization of the A1g mode energy at Tc 
in SC KxFe2–ySe2 and the absence of renormalization in non-SC isostructural 
KxFe1.8Co0.2Se2 indicates that it is induced by the opening of SC gap, confirming 
that this mode indeed represents the I4/mmm phase vibration. Raman studies also 
revealed that doping of KxFe2–ySe2 single crystals with different amount of Co 
and Ni significantly affects their crystal structure. When Ni (Co) content is low, 
large number of modes points out to the presence of both I4/mmm and I4/m 
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phases. At high dopant concentrations, as well as for pure Kx(Co, Ni)2-ySe2, only 
two modes, of A1g and B1g symmetry, appear in phonon spectra, confirming the 
lack of ordered vacancies. Spin-dependent electron-phonon coupling and mag-
netostriction effects leave a clear fingerprint on the vibrational spectra of 
KxCo2–ySe2, through a strong deviations of the phonon energy and the linewidth 
temperature dependence from the anharmonic behaviour. 

The magnetic ordering manifests itself through the impact on energy, line-
width and lineshape of the observed phonon modes of spin-ladder iron-based 
systems BaFe2S3, BaFe2Se3 and BaFe2Se2O. Besides that, the analysis of the two- 
-magnon continuum modes of BaFe2Se2O allows the estimation of the spin gap 
energy and classification of this material as a quasi-2D magnetic system. 

Future work could be concentrated on the high pressure Raman scattering 
studies, as well as on the investigations of possible new materials from this class 
that will be produced by the doping of the existing ones. The results presented in 
this paper show that Raman spectroscopy is an invaluable tool which can expand 
our knowledge of the fundamental properties of iron chalcogenides. 
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И З В О Д  
ДИНАМИКА РЕШЕТКЕ ГВОЖЂЕ-ХАЛКОГЕНИДА – ИСПИТИВАЊА МЕТОДОМ 

РАМАНОВЕ СПЕКТРОСКОПИЈЕ 

МАРКО Р. ОПАЧИЋ1,2 и НЕНАД Ж. ЛАЗАРЕВИЋ2 

1Електротехнички факултет Универзитета у Београду, Булевар краља Александра 73, Београд 
и2Центар за физику чврстог стања и нове материјале, Институт за физику, Прегревица 118, Београд 

Откриће суперпроводног кристала FeSe значило је појаву нове подкласе високотем-
пературских суперпроводника – гвожђе-халкогенида. Материјали из ове групе имају 
разна специфична својства, од суперпроводљивости са релативно високим критичним 
температурама до нискодимензионалних магнетних особина. Овај прегледни рад прика-
зује најважније резултате везане за гвожђе-халкогениде, са посебним нагласком на 
њихове вибрационе особине, испитиване методом Раманове спектроскопије. Раманови 
спектри гвожђе-халкогенида у зависности од температуре и допирања пружају значајан 
увид у комплексне везе између вибрационих, електронских и магнетних особина ових 
материјала. Резултати приказани у овом прегледном раду показују да Раманова спек-
троскопија пружа нове информације које могу значајно побољшати разумевање фунда-
менталних својстава гвожђе-халкогенида. 

(Примљено 21. марта, ревидирано 2.јуна, прихваћено 5. јуна 2017) 
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