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1. Introduction

Nanoscale world is at the border between the quantum realm at the smaller dimensions

and the classical one at larger. At the quantum side of this divide, systems under

consideration consist of few particles and the properties of the sample often do not average

into well-behaved quantities with deviations from the mean value much smaller than the

mean value itself. So standard assumptions of both the classical physics and the standard

statistics can break down within the nanoscale domain. This occurrence impacts the

methods for probing the transport at the nanoscale.
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Noncontact measurements of transport can offer distinct advantages. Macroscopic contacts

necessary for the standard transport measurements often disturb the system since they are

immensely larger than it. The structure of the contacts needs to impact the system as little

as possible, requiring cooling to very low temperatures. Thermal noise introduced by

contacts is hard to distinguish from the quantum noise that is an interesting property of the

probed system.

Experiment is always performed on an object composed of nonidentical units and averaging

of the properties does not automatically occur within the measurement apparatus. Moreover,

the most interesting properties are often encoded into distribution of the results of

measurements, and not exclusively in their mean values. Quantum side of the breakdown is

somewhat different. The quantum transport theory deals with universality of the transport. In

the quantum limit, as most transparently seen in the Landauer formula for conductivity, the

whole variety of the transport behavior boils down to the number and transmitivities of

transport channels. The variety of quantum behavior in transport appears due to macroscopic

quantum phenomena or lies hidden in the variability of nominally identical nanoscale systems.

To probe the rich variety of transport phenomena at the nanoscale, it is preferable to look at

the properties of conducting quasiparticles than to look at the integral characteristics of a

collection of them. Quasiparticles are most easily accessed through spectroscopic techniques,

like Raman spectroscopy, electron spin resonance (ESR), and infrared reflection (IRR)

spectroscopy. Resonant nature of excitations and response detection in spectroscopy offer us a

way to discriminate between constituents of the nanoscale system and look exclusively at the

processes that are in resonance with the appropriate driving. Therefore the noncontact

spectroscopic measurements give us an opportunity to see the nanoscale world in more detail.

This chapter is partitioned in three sections which are organized as follows. In the first

section, we provide a short introduction to the Raman scattering technique followed with a

review on an indirect finding of the two different variable range hopping (VRH) transport

mechanisms based on the analysis of the temperature dependent electronic Raman

background of nanocrystalline BiFeO3 [1]. The subsequent section tackles a summary on

how both particle size decreased and Nd doping influence the Plasmonephonon

interaction and optical conductivity in CeO2�y nanocrystals investigated by IRR

spectroscopy [2]. Finally, in the third section, the main aspects of conduction ESR have

been briefly introduced in which terms the temperature evolution and character of

transport properties of single-walled carbon nanotubes have been elaborated [3].

2. Raman scattering
2.1 Short introduction to Raman scattering technique

In solid state spectroscopy, the inelastic scattering of photons by lattice vibrations (LVs) is

known as Raman effect. The photon energy can be lost or gained in such processes, which
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is accomplished by the phonon creation or annihilation, and termed in literature as Stokes

or anti-Stokes Raman excitation, respectively. Brillouin Raman scattering (RS), however,

stands for a particular case of RS that concerns the scattering by acoustic phonons of very

low frequencies, unlike common Raman which involves optical phonons. The theory of

Raman spectroscopy can be found elsewhere. Nevertheless, for a rather comprehensive

elaboration the reader is further referred to seminal Mitra’s work [4], some of which

fragments we will rely on in what follows.

Following the first principles of electromagnetism, the incident electromagnetic field of the

photons is coupled with the phonons via dipole moments that are induced by the phonon

field. The electronic 3� 3 polarizability tensor amn is modulated by the variation of the

lattice due to the normal vibration of frequency up and can be expanded in terms of the

time dependent atomic displacement components up ¼ upð0Þeiupt as

amn¼að0Þmn þ
X
p

að1Þmn;pup þ
1

2

X
p

X
q

að2Þmn;pqupuq þ. (2.1)

where

að1Þmn;p¼
�
vamn

vup

�
up¼0

; að2Þmn;pq ¼
�
v2amn

vupvuq

�
up¼0; uq¼0

. (2.2)

If E
!

denotes the electric field of incident electromagnetic radiation with frequency u,

E
!¼ E

!ð0Þeiut; (2.3)

then the induced dipole moment can be written as

M
!¼ ba E

!
; (2.4)

which ultimately yields induced dipole moment along p mode

M
!

p¼ bað0Þ E!0e
iut þ bað1Þ E!0e

iðu�upÞtupð0Þ þ bað2Þ E!0e
iðu�2upÞtu2pð0Þ þ. (2.5)

First term in Eq. (2.5) represents nothing but elastic Raleigh scattering process. The

energy of the electromagnetic radiation remains unchanged in this case. The derivative of

the electronic polarizability in the second term in Eq. (2.5) gives rise to the first-order RS

processes when incident photon

�
Z k
!

1; Zu1

�
is absorbed or created to create or destroy a

phonon
�
Z k
!
; Zu

�
. The final photon, with both different wave vector and frequency�

Z k
!

2; Zu2

�
from the incident one, gets emitted in such a way that the energy and the

momentum are totally conserved. Reduced Planck’s constant is denoted as Z.
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In doped semiconductors and disordered metals, spectral recoil of light in RS

consistently comprises a number of distinctive peaks generated by optically active

phonons, as well as, an extended frequency continuum which is in direct relationship

with electronic response [6]. This continuous spectral background originates from

low-energy electronic excitations, which reflects the charge carrier scattering rate, and

is familiarly known in literature as the Raman electronic background [1,7e11].

Falkovsky [7] was first to provide a theoretical foundation for the spectral profiles of

Raman electronic background in “dirty” metals. The effects of electronic excitations in

Raman are usually observed at low-energy scales and are attributed to scattering by

phonons or impurities involving finite momentum transfers (k 6¼ 0) as a result of the

finite penetration depth of light in materials. Later on, Zawadowski and Cardona [8]

proposed a Feynman diagrammatic approach to estimating the Kubo spectral response

function within the scope of ladder approximation [12] at qz0. Most importantly, these

authors were first to recognize an intimately related link between the nonresonant

electronic excitations seen in Raman with the carrier transport.

As with nonresonant RS electronic response, the related Feynman diagrams (see Fig. 2.1)

are composed of wavy lines denoting photon propagators. Their initial and final

(momentum, energy) are respectively

�
Z k
!

1; Zu1

�
and

�
Z k
!

2; Zu2

�
. An electron-hole

pair of (momentum: k
!¼ k

!
1 � k

!
2, energy: u ¼ u1 � u2), scattered by phonons and/or

impurities, become generated by the incoming photon propagator. Phonon propagator,

given in dashed line (Fig. 2.1), can be excited by the electron/hole inside a pair and is

further captured by its counterpart (hole/electron), as is enforced by the ladder

approximation. At last, upon summing up all the dominating ladder-like diagrams, Raman

differential cross section due to the purely electronic response [9,11], reads as

d2s

dudU
f

1

1� expð � Zu=kBTÞ �
us

1þ ðusÞ2: (2.6)

Figure 2.1
Raman scattering of light (wavy lines) due to phonons (dashed lines). Electron-hole formations
(solid lines) represented via loops in the Feynman diagrams of third order (first order Raman
scattering). Processes involving electron and hole contributions are given in left and right

diagrams, respectively. Vertex , represents electron-photon interaction, while vertex represents
electron-phonon interaction as is given in Ref. [5]. The drawing is adapted from D.M. Djoki�c, B.
Stojadinovi�c, D. Stepanenko, Z. Doh�cevi�c-Mitrovi�c, Probing charge carrier transport regimes in BiFeO3

nanoparticles by Raman spectroscopy, Scr. Mater. 181 (2020) 6e9. https://doi.org/10.1016/j.scriptamat.
2020.02.008.
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At a particular value of the effective scattering rate, 1=s, the proportionality factor in

Eq. (2.6) is a function of different variables depending on the type of the experimental

setup [10]. The temperature-dependent Bose-Einstein factor and expression resembling

Drude function are respectively given as the second and third term in the product of

Eq. (2.6), while 1=s involves two terms in the sum as follows

1=s¼ 1=s0 þ Dq2: (2.7)

1=s0 stands for the charge carrier scattering rate due to phonons/impurities in q/0 limit,

which is concerned with nothing but bulk channels. The second term (Dq2), however,

gives rise to the effects of processes nonconserving momenta, very often pronounced in

nanocrystals [1]. It is safe to neglect the bulk term (1=s0) if there is no experimental

evidence for the electronic Raman background in the case of bulk materials. D is the

diffusion constant which is, based on the Einstein relation, related to electric conductivity

s in the following manner

D¼ s=
�
gðεFÞe2

�
; (2.8)

where e ¼ 1:6� 10�19 C. The average value of the electronic density states close to the

Fermi level [9] is denoted with gðεFÞ.

2.2 Multiferroic BiFeO3 nanoparticles

Crystalline bismuth ferrite stands for a multiferroic material increasingly attracting the

attention among the researchers and is also one of few materials to provide both

ferroelectric (TCz1100 K) and antiferromagnetic (TNz643 K) properties at room

temperature [13] and even higher. It is important to know that BiFeO3 has proven

undemanding to obtain in ambient conditions. BiFeO3 is classed as rhombohedrally

distorted ABO3 perovskite structure (space group R3c) with lattice parameter

arh ¼ 3:965 �A, a rhombohedral angle arh of 89.30e89:48+, and ferroelectric polarization

along [111]pseudocubic direction at room temperature [14]. Primitive unit cell consists of two

unit formulas and contains 10 atoms. This structure can be represented as two distorted

perovskite unit cells, connected along the main pseudocubic diagonal [111] to form a

rhombohedral unit cell, as is given in Fig. 2.2A. Bi3þ ions are situated at A lattice sites

and are surrounded by 12 oxygen atoms. On the other hand side, Fe3þ ions are located at

B lattice sites, and they are surrounded by six oxygen atoms with which it forms a FeO6

octahedron. In this configuration, Bi3þ and Fe3þ ions are shifted along [111] direction, and

two oxygen octahedrons are rotated around [111] direction in the opposite directions by

14� that can be seen from the position of the green octahedrons in Fig. 2.2B. This means

that the Fe-O-Fe angle deviates from 180� to amount nearly 154e156� [16,17]. The unit

cell can also be described in a hexagonal frame of reference, where the hexagonal
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c-axis is aligned parallel to the diagonals of the perovskite cube. In other terms,

[001]hexagonal k [111]pseudocubic. The corresponding hexagonal lattice parameters (Fig. 2.2C

are ahex ¼ 5:579 �A and chex ¼ 13:869 �A [14,18].

Bulk BiFeO3 is a semiconductor with literature values of the bandgap determined by

optical measurements at room temperature in the range from 2.1 to 2:8 eV. Several authors

claim that BiFeO3 has a direct bandgap transition at about 2.1e2:8 eV [19e22]. There are,

however, published studies in which it has been shown that BiFeO3 has an indirect

bandgap transition of about 0.4e1:0 eV; quite smaller as compared to the values obtained

for the direct transition [23]. Density functional theory calculations [24,25] have

corroborated an indirect energy transition of about 2:1 eV, while in the room temperature

absorption spectra recorded on BiFeO3 thin film, the transition at approximately 2:17 eV

has been observed [26].

Finally, according to Catalan and some of the references therein [16], based on two-probe

DC resistivity measurements carried out on high-quality bulk samples of BiFeO3, the log

resistivity value undergoes two slopes in Arrhenius law with increasing temperature.

Actually, it has been found that the activation energy of the charge carriers decreases from

nearly 1.3 down to nearly 0:6 eV as the material is heated above TN with the anomaly

around it. However, one does not expect such type of conducting behavior when the scale

of the crystal moves down to several nanometers. Indeed, in the case of defective

nanoparticles with a core/shell structure [1], the nanoparticle shell may have metallic and/

or semiconducting features, while the nanoparticle core prominently features insulating

properties. This casts a shadow over models that are commonly applied in pristine bulk

materials to fit the resistivity data in systems with disorder and/or decreased dimensions.

[111]

[111]

Bi3+

Fe3+

O2-

c(b(a( )))

ahex

c h
ex

Figure 2.2
Schematic representation of (A) rhombohedral structure framed by orange dashed lines,

(B) hexagonal perovskite structure of BiFeO3 with [111] ferroelectric polarization direction given
in gray arrow, and (C) hexagonal cell (black), rhombohedral (red), and pseudocubic (blue) unit
cell with corresponding unit vectors drawn in arrows. The figure is to a rather large extent reworked
from J.-G. Park, M.D. Le, J. Jeong, S. Lee, Structure and spin dynamics of multiferroic BiFeO3, J. Phys.

Condens. Mat. 26 (2014) 433202. https://doi.org/10.1088/0953-8984/26/43/433202.
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At a scale ranging down to nanometers, BiFeO3 has proven very prospective for a

potential use in satellite communications, electrically accessed magnetic memory,

commercial applications for photovoltaics and alternative sensors [16]. Most essentially,

the electric resistance of BiFeO3 is found to be a key parameter that should comply with

the prime industrial requirements. Accomplishing high-electric conductivity value in this

nanoscopic compound from its powders is one of the major assets and is perceived as a

very promising in development of the novelty. Moreover, it proves quite demanding to

identify the charge carrier transport, as well as, to distill electric conductivity value using

the contact probes themselves invasively [27,28]. On the other hand, RS tool is widely

known as a local and highly informative experimental probe capable of assessing the

origin and dynamics of charge carriers in conducting materials. This makes Raman

technique a reliable, yet noninvasive, means for investigating the transport properties of

materials that are treated with utmost delicacy.

Fairly recent temperature-dependent RS study, carried out on the multiferroic BiFeO3

nanoparticles of high purity and relied on the temperature evolution electronic Raman

background [1], has explored an exciting prospect of extracting the relevant piece of

information about the electric transport in this nanoscopic compound. m-RS measurements

were recorded over the temperature range of 80e723 K, while the related spectra were

gathered at the backscattering arrangement with solid state 532 nm Nd:YAG laser as

excitation at sub-mW laser powers on the sample itself. There were more than 13 optical

phonon modes (symmetry: A1 and E) detected in the experiment, while the spectra were

decomposed with Lorentzian lineshape profiles, as is presented in Fig. 2.3 at four different

temperatures. The entire number, together with frequency positions, of the optically active

phonon modes of BiFeO3 nanoparticles detected with Raman were found exactly the same

with those observed in temperature-dependent RS spectra undertaken for bulk crystalline

BiFeO3 [29]. However, the authors [1] properly commented on the emerged splittings of a

number of few polar LOþTO phonon modes, which naturally appear in the case of

BiFeO3 nanoparticles [30,31]. As with bulk, the prediction based on the factor group

analysis turns out to be in accordance with the experiment implying 13 (4A1 þ 9E)

optically active modes in phonon Raman spectra [32].

In contrast to Raman spectra recorded for on bulk BiFeO3, Raman active optical modes

pertinent to BiFeO3 nanoparticles were evidenced to seat on quite a broad spectroscopic

profile (Fig. 2.3 shaded in light gray). Such a spectroscopic feature has a pronounced

temperature dependence and is familiarly known as Raman electronic background. In

literature, indeed there are spectroscopic backgrounds akin to one studied in Ref. [1] such

as nonresonant Raman continuous profile observed in metal-oxide thin films [33].

However, the related profile is quite shapeless, moreover with strong intensity, and is

ascribed to entirely electronic RS recoil independent of bands due to the phonons. This

Raman electronic background emerges as a result of the surface roughness at atomic scale.

Transport properties of nanoscopic solids 15



In addition, it has been reported that, in extremely small metallic particles [34] and

metallic thin film islands with adsorbents [35], RS due to the particle-hole pair excitations

brings about the emergence of the phononless continuous electronic background. This can

be explained in terms of the momentum conservation violation generated in the presence

of the electronic states at surface. Furthermore, even in the bulk hole-doped manganese

perovskites, the broad electronic Raman response associated with the scattering by

conduction electrons has been determined to cause a drastic change at the phase transition,

as shown by Liu et al. [36]. The evolution of the effects of electron correlations in this

compound could be assessed computably with temperature.

The authors of Ref. [1] have fittingly cast the surface states situated at particle boundaries

in the role of localization centers via which the conduction can run efficiently. In terms of

energy, these states are located near the vicinity of the Fermi level and they are, in

general, unequally distributed to evolve with both spatial and energy gap between them.

Therefore, the charge carrier conduction mechanism in which the hopping energy varies

Figure 2.3
Raman scattering spectra given for four representative temperatures (data points presented in
black). The spectra are composed of a continuous electronic background (shaded in light gray)
and Lorentzian phonon peaks (lines in blue). The overall fitting line is drawn with red line. The figure

is adopted from the published work D.M. Djoki�c, B. Stojadinovi�c, D. Stepanenko, Z. Doh�cevi�c-Mitrovi�c,
Probing charge carrier transport regimes in BiFeO3 nanoparticles by Raman spectroscopy, Scr. Mater. 181

(2020) 6e9. https://doi.org/10.1016/j.scriptamat.2020.02.008.
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with the hopping range can be safely modeled for description of the transport over an

extended temperature range in disordered semiconductors and/or amorphous solids, such

as nanoscaled materials. Commonly, exceptionally high-electric resistivity values are

observed in such systems. As such, these values serve as a definite fingerprint to rule out

any conventional metallic/semiconducting type of conductivity mechanism intrinsic to

(semi)conductors. VRH mechanism, nonetheless [37], stands for a rather viable transport

mechanism in nanoparticles with no other alternative acceptable, as was reported in

Ref. [1] for BiFeO3 nanoparticles. Two different types of VRH charge carrier transport

mechanisms in 3D have been probed in a contactless way using temperature-dependent

Raman spectroscopy, and it has been evidenced that these two are affected by different

degrees of the electron correlation strengths on the opposite sides of the antiferromagnetic

phase transition. Below the transition temperature, the transport undergoes the mechanism

explained by Efros and Shklovskii [38], whereas at high temperatures, the charge carrier

transport adheres to the traditional Mott VRH theory [37].

Here we provide a brief account of the Mott and EfroseShklovskii laws based on a

concise analysis from a seminal paper by Arginskaya and Kozub [39]. The central focus of

this study was on a considerable diversity of theoretical results emerging from calculations

for the exponential prefactors in various VRH expressions, as well as, the crossover from

VRH conductivity of Mott type in which the density of electronic states at Fermi level is

gðεzεFÞ ¼ const toward VRH conductivity running via states separated by a Coulomb

gap when gðεzεFÞfε
2. Aharony et al. [40] have made an attempt to obtain the universal

analytic expression for the temperature dependence of conductivity, sðTÞ, in the crossover

region from Mott to EfroseShklovskii law. In general terms, temperature dependence of

the VRH conductivity sðTÞ can be written down as

sðTÞ¼ snexp

�
�Tn
T

�n

; (2.9)

where n might take on 1=4 or 1=2 in 3D with respect to the law chosen, Mott’s or

EfroseShklovskii’s. Constant factors sn and Tn depend on the preferred of the two

models. However, the common feature of most of the relevant studies in the field of VRH

boils down to simplistic approaches in estimating the exponential prefactor sn. As a

traditional rule, sn is generally assumed to have no temperature dependence.

Factors sn and Tn, which are given in Eq. (2.9), can be computed straightforwardly by

optimizing the correlation linking the energy and spatial separation between the lattice

sites. Once an electric field is applied, hopping in the direction of the field is rather

preferred at different probabilities with respect to both distance and energy separation. As

with the 3D free electron case, in original Mott paper [37], it was in a simplified way

presented that the hopping energy is inversely proportional to the cube of the hopping

distance, while the hopping frequency n for a given temperature T was found to depend on
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two following parameters: r as the spatial distance between the sites in units of

localization length x and W as their typical hopping energy separation. Namely,

n¼ n0exp

�
� 2r

x
� W

kBT

�
; (2.10)

where nhn0 for both r ¼ 0 and W ¼ 0, whereas kB ¼ 1:38� 10�23 J
�
K stands for

Boltzmann constant. The hopping frequency characterizes the relative number of directed

charge carrier hops due to the electric field. Indeed, in noncrystalline systems, the

variables r and W are not randomly independent so that one can be combined into a single

parameter by minimizing the total exponent in (Eq. 2.10). In the actual fact, the hopping

from one site to another with a lower energy/distance occurs at high rate. However,

reaching both low energy/distance sites at the same time remains utterly impossible. The

same reasoning applies for the large energy/distance sites that altogether justifies the

application of variation method and thence the term “variable” in VRH.

Variable hopping processes translate a charge carrier by a range r within a time w 1= n;

but at a preferred W value that maximizes the electric current via hopping. This

proportionality squarely leads to the VRH expression for conductivity which is given in

(Eq. 2.9). Yet, to relate r with W or vice versa, one has to further assume that most of the

mobile carriers come from a narrow energy window near the Fermi level of width w kBT:

In such a way, the carrier density nc of spin S ¼ 1=2 which as the other factor prominently

figures in the expression for the conductivity and can be computed by integration as

nc¼ 2

Z
εFþkBT

εF

gðεÞdε; (2.11)

where gðεÞ measures the total number of states (dN) per both energy (dE) and volume unit

(V), each of which is double degenerated (2Sþ 1 ¼ 2).

One must emphasize that the wise choice of gðεÞ leads to the correct expression for the

exponent Tn, which differs by switching from 3D Mott (n ¼ 1=4) to EfroseShklovskii

regime (n ¼ 1=2). Experimental measurements in disordered systems do reveal that the

electron density of states (DOSs) may strongly vary in the vicinity of Fermi level, and it

seems reasonable to suggest that the theoretical concept of uniform DOSs near the Fermi

level is certainly insufficient to describe conduction mechanisms which account for the

Coulomb gap, as there is a jump in the electron DOSs due to Coulomb interactions

between localized states. In general, one can write down

kBTn¼
(
cp=
�
gðεFÞx3

�
; for n ¼ 1=4

e2=ð4pε0εrxÞ; for n ¼ 1=2
(2.12)
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where kB ¼ 1:38� 10�23 J
�
K and ε0 ¼ 8:85 � 10�12 F

�
m, while x stands for the

localization length of electron wave function of the surface states. cp represents the

percolation constant varying from 5 to 20. εr corresponds to the relative permittivity

constant. Nevertheless, even when the DOSs is not constant, the 3D Mott VRH

conductivity pattern is fully recovered if presented like Eq. (2.9), but is rather referred to

as the 3D EfroseShklovskii VRH [38] when n is, in particular, equal to 1=2. In Ref. [41],

a few temperature dependencies of the hopping conductivity, which come under exponent

1=4 or 1=2, are presented and the reader is further redirected to this reference to properly

infer the validity of use of VRH at high temperatures in disordered materials.

Nanoscaled BiFeO3 puts itself forward as a suitable candidate for exploring the crossover

from 1=2 to 1=4 exponent VRH conductivity as demonstrated in Ref. [1] based on the

Raman spectra. More interesting is the fact that crystalline BiFeO3 nanoparticles do not

only undergo a crossover but even a pronounced phase transition at w640 K below which

Coulomb correlations take place to form the antiferromagnetic ordering. Above the

transition temperature, however, these correlations become overwhelmed by the

temperature fluctuations through the concrete manifestation of the metallic-like

paramagnetic state.

There is a presence of localized surface states occupying the energies near the Fermi

level in the BiFeO3 nanomaterial. These states through a mediation back the VRH

transport even over a broad range of temperature. Temperature variations of lnð1 =sÞ,
which is proportional to lnðsÞ based on the Einstein relation from Eq. (2.8) are

linearized against T�n in Fig. 2.4A with n ¼ 1=2 and Fig. 2.4B with n ¼ 1=4, in the

strongly correlated (T < TN) and paramagnetic phase (T > TN), respectively. Relying on

the calculation for εrz28 from the impedance dielectric spectroscopy of BiFeO3

nanoparticles [42] and following (12) one can find that xz7 nm, while the DOSs

gðεFÞ in the high-temperature phase nearly amounts 2:1� 1018 localized states per

(eV � cm3). The result xz7 nm is physically meaningful since x < C[D, where the

average particle size C[Dz66 nm has been computed from the Gaubian particle size

distribution recorded by Scanning Electron Microscopy at room temperature on BiFeO3

(Fig. 2.4C and D). Finally, r ¼ 1
�
sz4p2s

��
C[D2e2gðεFÞ

�
z350 mUcm, which stands for

an extraordinarily high value that is not commonly encountered in conventional metals.

This value goes beyond the maximum resistivity value (w1 mUcm) limited by the

Mott-Ioffe-Regel criterion [43,44], which categorizes crystalline BiFeO3 nanoparticles

into a family of bad conductors and ultimately suggests that the conduction bands are

vanishing. This eliminates any possibility for the fixed thermally activated transport

generic to intrinsic semiconductors to dominate over 3D VRH.
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In certain disordered semiconductors, Ioffe and Regel [45], as well as Mott [46], have

altogether realized that conduction states pertinent to such systems fail to survive due to

the indefinite reduction in free mean path of carriers that scatters by. The key argument is

that it can never become shorter than the typical interatomic spacing. In this case, the

concept of carrier velocity cannot be properly formulated, and the entire coherent

quasiparticle motion is lost. The notion of a minimum metallic conductivity is actually in

accordance with a minimum mean free path.
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Figure 2.4
The dependence (T�n) versus (lnð1 =sÞ) in both paramagnetic phase (subfigure ðAÞ, n ¼ 1= 2)
and antiferromagnetic phase (subfigure (B), n ¼ 1=4) with the linear fitting curves given in red.
The surface morphology of the nanocrystalline BiFeO3 particles made with TESCAN SM-300

(subfigure (C)) and the corresponding histogram of the distribution of the particle size given in
gray, fitted by the Gaub distribution (red line), where ð64�2Þ nm is mean value and ð28�2Þnm
is standard deviation (subfigure (D)). The frequency of occurrence is labeled as f ð[Þ. The entire
figure is taken from D.M. Djoki�c, B. Stojadinovi�c, D. Stepanenko, Z. Doh�cevi�c-Mitrovi�c, Probing charge
carrier transport regimes in BiFeO3 nanoparticles by Raman spectroscopy, Scr. Mater. 181 (2020) 6e9.

https://doi.org/10.1016/j.scriptamat.2020.02.008.
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Generally, the choice of 3D VRH ought to be provisionally accepted as an assumption. In

the case of BiFeO3 nanoparticles, the existence of the Mott VRH mechanism has already

been deduced from the DC/AC measurements. These results are presented in Ref. [27].

Furthermore, the assumption about the validity of VRH is substantiated by the fact that the

estimated resistivity value ultimately exceeds the Mott-Ioffe-Regel maximum

(350 mUcm[1 mUcm). This implies that the conduction band energy sector tends to

fade away leaving no room for the fixed thermally activated transport to prevail, which

typically requires a markedly high density of conduction band states. Therefore, the

BiFeO3 nanoparticles are safe to be termed as bad conductors that retain metallic behavior,

through qualitative features such as temperature evolution. Quantitatively, however, the

bad conductors very much resemble the electric insulators as was observed in Ref. [1].

Specifically, the BiFeO3 nanoparticle shell exhibits metallic behavior whereas the core

insulator one, which is a case in defective nanoparticles with a core/shell structure.

3. Infrared reflection
3.1 Short introduction to infrared reflection technique

Infrared solid state spectroscopy stands for one of the most powerful and versatile

techniques meant for optically probing a diverse family of materials in a contactless

manner. The IRR response can assume either a purely electronic or a purely LV character.

The two cases have distinctly different approaches to the quantitative treatment of the

interaction processes between the radiation field and matter. The latter has conclusively

proven powerful for analyzing propagating vibrations with which crystal structures can be

revealed in ionic crystals and polar semiconductors. This analytical probe is highly useful

even for systems poor in the degree of crystallinity, which is oftentimes encountered in

nanoscopic matter.

In the long-wave limit (qz0), optically active vibrations of an ionic bipartite lattice

encapsulate the motion of one type of atoms relative to that of the other sublattice, yet

both in spatial phase. The natural concomitants of such motions comprise strong electric

dipoles of the material that can, accordingly, be directly coupled with the external electric

field at a given polarization angle of the incident electromagnetic radiation. The theory of

the IRR response originating form the interaction between the radiation field and the

matter is purely phenomenological and can be found elsewhere [4,47,48], based on

Maxwell’s and the macroscopic equations describing the vibrations in a polar material.

The reflective IRR spectroscopic recoil begins with a singularity in the dielectric function

observed at the transverse optical (TO) frequency of the polar phonon mode. The

singularity occurs as the radiation field of the incident electromagnetic wave couples with

the TO phonon mode. Coulombic force effects in the polar crystal shift the LO mode to

higher energies in contrast to the TO mode. The TO mode has a complex pole of the
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complex dielectric response function eεðuÞ, whereas the LO mode is associated with a

complex zero of eεðuÞ. Consequently, the incident infrared electromagnetic waves at

frequencies over the so-called reststrahlen TO-LO window are dispersed in such a way

that they fail to propagate through the condensed medium, but undergo reflection. In an

ideal polar crystal with undamped oscillators, the frequency selective reflectivity amounts

exactly 100%, but the reality is rather followed with the oscillator damping. Formally, the

reflectivity is given by the Fresnel formula

RðuÞ¼
				enðuÞ � 1enðuÞ þ 1

				2 ¼ ðnðuÞ � 1Þ2 þ k2ðuÞ
ðnðuÞ þ 1Þ2 þ k2ðuÞ; (2.13)

where RðuÞ is the frequency-dependent fraction of light intensity reflected. Complex

frequency dependent index of refraction, enðuÞ, is related to the complex dielectric

response as

enðuÞ¼ nðuÞ � ikðuÞ ¼
ffiffiffiffiffiffiffiffiffiffieεðuÞp

: (2.14)

The frequency dependent real part, nðuÞ, and imaginary part, kðuÞ as the extinction
coefficient, of the complex refractive index enðuÞ satisfy the following relationships

ε1ðuÞ¼ nðuÞ2 � kðuÞ2 and ε2ðuÞ ¼ 2nðuÞkðuÞ; (2.15)

where finally

eεðuÞh ε1ðuÞ þ iε2ðuÞ: (2.16)

For this reason, it is of uppermost importance to model, as well as, parametrize enεðuÞ that
properly describe the system probed by the IRR technique.

IRR signal of poorly conductive ionic crystals with large splitting between TO and LO

frequencies is commonly fitted with a complex dielectric function given by the following

expression

eεðuÞ¼ εN

Y
j

u2
LOj � u2 þ iugLOj

u2
TOj � u2 þ iugTOj

; (2.17)

where uLOj and uTOj are longitudinal and transverse frequencies of the j-th oscillator,

respectively, while gTOj and gLOj are their energy dampings, and εN corresponds to the

high-frequency dielectric constant (u/N). This model presents four tunable parameters

for each TO/LO mode and is employed for description of purely phononic spectra. The

model is familiarly known as the LV model, or habitually, four-parameter factorized

form of the dielectric function. Its major disadvantage consists in the fact that it

considers no contribution from the itinerant electronic excitations, neither single particle

nor collective [49].
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However, a great deal of semiconductors has a sizable portion of itinerant charge

carriers. Accordingly, the full description of the infrared optical reflectivity data of such

materials has to allow for both phonon and electronically collective (plasmon)

excitations. The cohabitation between the phonons and plasmons brings inexorably about

a somewhat pronounced interaction between the plasmons and LO phonons. This effect

becomes the most striking if the plasma frequency uP lies situated close to the LO

phonon energy. In this case, the complex dielectric function [50] can be factorized to

read as follows

eεðuÞ¼ εN

Qmþn
j¼1

�
u2 þ iugLOj � u2

LOj

�
um
Qm

j¼1

�
uþ igPj

�Qn
j¼1

�
u2 þ iugTOj � u2

TOj

�; (2.18)

where uTOj and gTOj are frequencies and damping of the TO modes, respectively. gP
represents the plasma damping rate. The equation directly expresses the coupled plasmon-

LO phonon frequencies uLOj and damping rates gLOj. This model is in literature termed as

the coupled plasmon-phonon (CPP) model.

In conducting oxides [48], on the other hand side, the Drude model can be employed with

no coupling for fitting the infrared reflectivity spectra. The plasmon contribution to the

complex dielectric function is expressed through the Drude term so that eεðuÞ is composed

of two additive terms in the following manner

eεðuÞ¼ εN

 Y
j

u2
LOj � u2 þ iugLOj

u2
TOj � u2 þ iugTOj

� u2
P

uðu� igPÞ

!
: (2.19)

The first product term is concerned with the pure phonon contribution, while the second

term represents the contributions originating from the collective electronic

excitationsdplasmons. The uðTO=LOÞj and gðTO=LOÞj are (TO/LO) frequencies and the

related damping rates of the decoupled phonon modes. The uP and gP are the plasma

frequency and its daping rate. This model brings us a material advantage in decoupling the

phonon from the plasmon contributions, and is called the decoupled plasmon-phonon

(DPP) model. Besides the aforementioned “classical” Drude term, sometimes the so-called

Double-damped Drude term is used, as is given in

eεðuÞ¼ εN

 Y
j

u2
LOj � u2 þ iugLOj

u2
TOj � u2 þ iugTOj

�u2
P þ iðgP � g0Þu
uðu� ig0Þ

!
: (2.20)

The difference between the dynamic damping (gP) at plasma frequency and the static

damping (g0) at zero frequency represents particular distinctiveness of this model.

The second term in the additive form of eεðuÞ turns into the classical Drude term once

Transport properties of nanoscopic solids 23



gP ¼ g0. The use of this model, which is also called DPP, provides more flexibility.

In fact, a rather precise description of the parametrized complex dielectric function is

offered by the model in numerical fittings based on it.

As with nanomaterials, the related IRR spectra can be properly analyzed using the

Bruggeman effective medium approximation [51]. The basic Bruggeman model includes

the influence of porosity as0@eεðuÞ � eεeff ðuÞeεðuÞ þ 2eεeff ðuÞ
1Aef þ

0@ 1� eεeff ðuÞ
1þ 2eεeff ðuÞ

1A�1� ef� ¼ 0: (2.21)

A decrease of the powder volume fraction as compared to the ambient air leads to a

decrease in the reflectivity values, and thence the IRR features may become significantly

broadened if there is a greater air fraction in the powder. For the binary material with a

great degree of inhomogeneity, constituted of the material eεðuÞ and air ðεair ¼ 1Þ with the

volume fractions ef and 1 � ef , respectively, the empirical relation for the complex effective

dielectric function eεeff ðuÞ must obey the above-written equation.

3.2 Doped nanocrystalline CeO2

As one of the most stable oxide of cerium, cerium dioxide CeO2 is considered to be

highly important functional material with outstanding applications in many various

fields. It crystallizes into a fluorite face centered cubic structure with space group Fm3m

(No. 225) to form a simple cubic oxygen suba lattice where the cerium ions occupy

alternate cube centers (see Fig. 2.5A) [52]. In terms of Wyckoff positions, Ce atoms are

located at the centers of the tetrahedrons (4a) (0,0,0) of which corners are populated with

Figure 2.5
The fluorite face centered cubic crystal structure of CeO2 (A) and its normal mode of the

infrared active lattice vibrations of (B). Ce ions are denoted in green, while O ions are denoted
in red.
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oxygen ions (8c) (1/4, 1/4, 1/4). Observing the existence of the center of inversion, the

structure has exactly one IRR (F2u) and one Raman (F2g) active mode [32], both of

which are triple degenerated. As is shown in Fig. 2.5B, the normal mode of the infrared

optically active vibrations consist of motions of both Ce and O atoms, but in the

opposite directions.

Nanocrystalline CeO2 is distinguished by its enhanced electric conductivity, size lattice

relaxation, as well as, many other advantages to bulk CeO2. As to what has been

reviewed in Ref. [53], decreasing particle size of crystalline CeO2 particles down to

nanoceria dioxide crystals results in the formation of oxygen vacancies which can be

further employed as descriptors for determining the valence state of Ce in the

nanoparticles. Actually, the large surface to volume ratio, then the inclination toward the

oxygen consumption, and basically, freeing Ce because of the reversible transition

between Ce3þ and Ce4þ ions altogether lead to enormous catalytic capacity of this

material. Nanoscaled CeO2 is furthermore found applicable to the active area of research

for renewable energy, solid oxide fuel cells, water and air purification, optical glass

polishing and decolorizing, UV ray filters, and many others [53].

Doped nanocrystalline CeO2, however, deserves a special attention as the optimal doping

with Cu or Nd has proven efficient in inducing the semiconductor-to-metallic state crossover

[2,52] in nanoceria dioxide. Moreover, electrons localized at the vacancies may behave like

free charge carriers to contribute drastically to the electrical conductivity [54]. This

originates from the presence of free charge carriers, which are numbered in the nanoceria

lattice, as the number of oxygen vacancies becomes increased by Nd content [55].

Following Ref. [2], the IRR spectroscopy has been applied to nondestructively investigate

the mechanism of the influence of the plasmon due to the enhanced conductivity upon the

phonon spectra with increasing Nd content in nanocrystalline CeO2 This material is a

polar semiconductor so that both phonon and plasmon excitations can be registered in the

IRR spectra, whereby the plasmon-phonon coupling mechanism can be explored, while the

extent to which the system acquires metallicity can be assessed. Radovi�c et al. [2] have

recorded the infrared reflectivity spectra on pure and Nd-doped CeO2�y nanopowders at

ambient temperature in far-infrared region from 100 up to 700 cm�1.

Fig. 2.6 shows the IRR spectra of undoped and Nd-doped CeO2�y nanopowders fitted with

the two models: coupled plasmon-phonon and decoupled plasmon-phonon with double-

damped Drude term. The concentration of the dopant is increased from 0% to 25%. The

IRR spectra markedly differ from those done on bulk CeO2, as the bulk reststrahlen region

is split into two extended TO-LO modes over 200e550 cm�1 range with decreasing

crystallite size. The splitting is more pronounced in samples with rather small crystallite

sizes and is accompanied with the redshift of the two LO modes, as well. Also, one can
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notice that with the raise of the dopant concentration, the low energy Drude tail and the

screening of the phonon modes became more and more prominent, due to the strong

presence of the free charge carriers. In the actual fact, increasing Nd content in the

nanoceria dioxide lattice can generate a huge number of oxygen vacancies [2], while the

plasmon-phonon interaction in the Nd-doped samples gets stronger.

Following the fits based upon both models applied (Fig. 2.6), all the plasmon modes

registered in all nanoceria dioxide samples exhibit a frequency decrease with Nd doping,

as can be seen from Fig. 2.7. The shift in the plasma frequency toward lower energies with

increasing Nd concentration occurs owing to the weighted effective charge carrier mass, as

there is no dopant impact on the free carrier concentration [2]. In fact, the plasma

frequency is inversely proportional to the effective electron mass. This feature, together

with the enhanced plasmon-phonon coupling with Nd doping, affords us a better insight

into the transport properties of crystalline nanoceria based on the infrared-derived optical

conductivity [48].

4. Electron spin resonance
4.1 Short introduction to electron spin resonance technique

ESR exemplifies a very sensitive and informative experimental technique, based on the use

of magnetic field, which continues to find countless applications not only in solid state and

Figure 2.6
Infrared reflectivity spectra of undoped and Nd-doped CeO2�y nanopowders involving the two
theoretical fits based on coupled plasmon-phonon and decoupled plasmon-phonon model. The
credits for the figure are given to M. Radovi�c, Z. Doh�cevi�c-Mitrovi�c, N. Paunovi�c, S. Bo�skovi�c, N. Tomi�c, N.
Tadi�c, I. Bel�ca, Infrared study of plasmon-phonon coupling in pure and Nd-doped CeO2�y nanocrystals, J.
Phys. D Appl. Phys. 48 (2015) 065301e065306. https://doi.org/10.1088/0022-3727/48/6/065301.
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nano, but also in biomedical and environmental sciences. By means of ESR spectroscopy,

one is able to directly probe electron spin response at resonance that certainly makes ESR

as one of the most powerful probe to investigate magnetic properties in various compounds.

More interestingly, ESR stands for both noninvasive and contactless tool with ability to

analyze accurately the nature and dynamics of charge carriers in conductive systems no

matter how their geometry welcomes electrical leads and contacts in an electrical circuit.

Familiarly known as CESR in abbreviated term, conduction electron spin resonance has

captivated much scientific attention for its capacity to measure the electrical conductivity

of systems from bulk over microsized down to nanoscopic conducting materials. In the

actual fact, in the conducting systems, the free electron motion exerting eddy current

leaves an impact upon the recorded signal at resonance through asymmetry as the definite

signature. This was originally recognized by Feher and Kip [56], Dyson [57] who put

forward that asymmetric CESR lineshapes originate as linear combinations due to the two

facts: (1) the attenuation of the AC field through the skin depth and (2) the capability of

itinerant electrons to diffuse backward and forward through the skin depth region in many

instances between consecutive spin flips that is only critical to transmission-based CESR

techniques. In the case of transmissive CESR, magnetization can penetrate far deeply into

metals unlike the AC magnetic field. This gives an extra contribution to enhancing the

asymmetry of the signals at resonance [58,59].

Dating back to the 19500s, Freeman John Dyson is the first in the field to be credited with

fully deriving the asymmetric CESR profiles. For the obvious reasons, such CESR lines

are referred in literature to as Dysonians of which asymmetry extent is oftentimes

quantified using A=B ratio (see the inset in Fig. 2.8), as common signature of metallicity

in CESR experiments.

Figure 2.7
Evolution of the plasma frequency with the increased Nd dopant concentration as inferred from
the two models: coupled plasmon-phonon and decoupled plasmon-phonon. The credits for the

figure are given to M. Radovi�c, Z. Doh�cevi�c-Mitrovi�c, N. Paunovi�c, S. Bo�skovi�c, N. Tomi�c, N. Tadi�c, I. Bel�ca,
Infrared study of plasmon-phonon coupling in pure and Nd-doped CeO2�y nanocrystals, J. Phys. D Appl. Phys.

48 (2015) 065301e065306. https://doi.org/10.1088/0022-3727/48/6/065301.
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As with CESR operating in the reflection mode, Chapman et al. [61] developed an

approach based on Dyson’s theory to grasp both on- and off-resonance signal for the

various crystal shapes, such as flat plates, long cylinders, and spheres. This allows the

prediction of the asymmetric nature of CESR absorption profiles depending on geometry

of the conducting samples with different size. Furthermore, Platzman and Wolf [62]

examined spin waves excitations at resonance in paramagnetic metals that are described

within the frame of Fermi-liquid theory. Their extended theory boils down to Dyson’s in

the limit of short momentum relaxation times. Dyson’s theory was additionally generalized

to involve various shapes of conducting crystals at desirable resonant magnetic field

directions [63e65]. Later on, Kaplan pointed out that there is a substantial discrepancy

between Dyson’s theory and experimental results recorded in CESR based on the

reflection mode [66]. Actually, CESR becomes recoiled rather with electric than magnetic

component of the frequency-dependent electromagnetic field. The component of electric

field is known to get easily coupled with the free electron momentum across the surface

via relativistic spin-orbit interaction. This fact finds its application in the quantum

mechanical density matrix method, which ultimately brings about the rather general form

of CESR signal as [67]:

c00ðuÞcosfþ c0ðuÞsinf: (2.22)

Terms c00 and c0 represent the absorptive and dispersive parts of the CESR signal. The

magnitudes of their contributions are measured with cosf and sinf, respectively, both of

which disappear in the limit of highly conductive samples, where f is the signal phase.

Eq. (2.22) does represent a particular manifestation of Dysonian, which falls into the range

of the so-called “NMR limit” [68,69]. In that case, the electron diffusion rate is

considerably slower as compared to the spin relaxation rate, and there is no need to

consider other limits so as to reasonably infer CESR spectra of usual metallic samples.

Spin dynamics itself as regards this case can lead to nothing but Lorentzian-profiled

absorptions (c00), unlike the situations with reduced dimensionality or motionally narrowed

signals [70,71].

In a recent CESR study [60], the authors have favored Kaplan’s approach, made for

analyzing the CESR lineshape, to impart a valuable piece of information on the

conductivity of samples with different geometries. Key lengths and points of CESR lines,

necessary for simplification of a fitting procedure of CESR lineshape, have been

established in this account to analytically derive, as well as, grasp the geometry

independent asymmetry ratio limit A=B/ð5þ3
ffiffiffi
3

p Þ=4, encountered in literature as

universal 2.55 limit, when the CESR is carried out on extremely conducting samples. A= B

ratio value markedly evolves once nano- or microsized metallic samples start to

agglomerate into larger ones that makes the CESR technique especially helpful in
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monitoring the extent to which the clustering takes place [72,73]. Moreover, in Ref. [60],

the phase dependence of the asymmetry ratio A=B is given as

A=B¼

�
1þ 2cos

2f

3

��
3cos

�
p

6
� f

3

�
þ sinf

�
4cos

�
p

6
� f

3

��
1þ sin

�
p

6
� 2f

3

��2
; (2.23)

which can be further employed to relate A=B with the conductivity. Namely, Chapman

et al. [61] introduced the parameter hhd=d, where d represents the characteristic length

od the sample (thickness or diameter), while d is the skin depth at given resonant

frequency. It is exactly this quantity that is in correlation with the sample conductivity.

The absorptive and dispersive parts of the CESR signal in Ref. [61] are respectively xðhÞ
and yðhÞ so that yðhÞ=xðhÞ exactly corresponds to tanf in Ref. [60]. According to

Ref. [61], xðhÞ and yðhÞ for the three relevant geometries look like

Plate0

8>><>>:
xðhÞ ¼ sinhðhÞ þ sinðhÞ

2hðcoshðhÞ þ cosðhÞÞ þ
1þ coshðhÞcosðhÞ
ðcoshðhÞ þ cosðhÞÞ2;

yðhÞ ¼ sinhðhÞ � sinðhÞ
2hðcoshðhÞ þ cosðhÞÞ þ

sinhðhÞsinðhÞ
ðcoshðhÞ þ cosðhÞÞ2:

(2.24)

Cylinder0

8>>>>>>>>>>><>>>>>>>>>>>:

xðhÞ ¼ 1� 2ðBerðwÞBer 0ðwÞ þ BeiðwÞBei 0ðwÞÞðBerðwÞBei 0ðwÞ � Ber 0ðwÞBeiðwÞÞ�
Ber2ðwÞ þ Bei2ðwÞ�2 ;

yðhÞ ¼
�
Ber2ðwÞ � Bei2ðwÞ��Bei 02ðwÞ � Ber 02ðwÞ�� 4BerðwÞBeiðwÞBer 0ðwÞBei 0ðwÞ�

Ber2ðwÞ þ Bei2ðwÞ�2 ;

where whh=
ffiffiffi
2

p
:

(2.25)

Sphere0

8>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>:

4

9
xðhÞ ¼ 8þ h4

h4
�

8ðsinhðhÞ þ sinðhÞÞ
h3ðcoshðhÞ � cosðhÞÞ þ

8sinhðhÞsinðhÞ
h2ðcoshðhÞ � cosðhÞÞ2 þ

sinhðhÞ � sinðhÞ
hðcoshðhÞ � cosðhÞÞ �

sinh2ðhÞ � sin2ðhÞ
ðcoshðhÞ � cosðhÞÞ2;

4

9
yðhÞ ¼

8ðsinhðhÞ � sinðhÞÞ
h3ðcoshðhÞ � cosðhÞÞ �

4
�
sinh2ðhÞ � sin2ðhÞ�

h2ðcoshðhÞ � cosðhÞÞ2 þ
sinhðhÞ þ sinðhÞ

hðcoshðhÞ � cosðhÞÞ �
2sinhðhÞsinðhÞ

ðcoshðhÞ � cosðhÞÞ2:

(2.26)
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This set of the three dependencies allows us to compute A=B versus logh as is presented in

Fig. 2.8. Oftentimes, A=B can be expended in the form of the linear approximation with

respect to either h or is proportional to the conductivity of the probed spins. The latter

approximation works well in the case of the carbon nanotubes [3] of which CESR-based

charge carrier transport is going to be discussed in detail throughout the upcoming section.

4.2 Carbon nanotubes

As a building brick that takes fascinating variety of forms such as diamond, fossil fuels,

and graphite, together with innumerable compounds derived from it, carbon stands for

one of the most impressive elements in the periodic table. Increased focus of renewed

scientific interest in carbon has stepped into the realm of novel carbon-based materials,

specifically known as the carbon allotropes at nanoscopic level, such as carbon

nanotubes. These were first discovered as multiwalled forms by Iijima in 1991 [74]

initiating the golden era of the physics and chemistry of carbon nanostructures. Carbon

nanotubes are distinguished by their outstanding electronic, mechanical, and transport

properties revealing uncorrelated (semi)conducting nature of the tubes in relation to the

curvature and chirality. They also prove suitable for various applications which spam

from the use as light and electron emitters [75] up to optical biosensors for life sciences

and biomedicine [76].
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Figure 2.8
Asymmetry ratio A=B dependence on logðhÞ regarding the three relevant geometries: infinite

plate (black), long cylinder (dark red), and sphere (dark blue). All the three curves converge to
the asymptotic A=B ratio of ð5þ3

ffiffiffi
3

p Þ=4 at h/N. The inset represents graphically the A= B
ratio in an arbitrarily selected CESR line. The figure is adopted from D.M. Djoki�c, D. Stepanenko, Z.
Doh�cevi�c-Mitrovi�c, Extreme conduction electron spin resonance: A/B/(5þ3O3)/4, the universal limit of
lineshape asymmetry ratio, J. Magn. Magn. Mater. 491 (2019) 165616. https://doi.org/10.1016/j.

jmmm.2019.165616.
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Even with the aid of nanoscaled technologies, making ideal electric contacts to adequately

probe nanotube conductivity remains a perplexing puzzle. Electron backscattering,

imbalanced injection of incident electron modes, and high-ohmic contact resistance are

identified as the chief culprits at minuscule dimensions. However, nanotubes with large

diameters have the added advantage of favoring low-ohmic contact resistance in a

four-probe electric measurement [77]. This made them perfectly suited for the

investigation of quantum interference caused by the AharonoveBohm effect specific by

the pronounced magneto-resistance oscillations as a function of magnetic flux [78].

Despite their short diameters, transport electric properties of multiwalled nanotubes

oftentimes remain consistent with theoretical models used to describe disordered

conductors in 2D. This might be explained by the fact that the electron wavelength is quite

smaller than the nanotube diameter [79]. On the other hand side, one-dimensional essence

of carbon nanotubes becomes already evident through specific heat and thermal lattice

conductivity measurements since the phonon wavelength exceeds typical nanotube

diameters [80], unlike the before-mentioned electron wavelength. Moreover, according to

Ref. [81], it has been demonstrated that the electric transport in single walled carbon

nanotubes exhibit a dependence in agreement with Luttinger liquid models.

Temperature and power-dependent CESR on an ensemble of metallic SWCNTs have been

performed to infer their transport properties based on the insights into the spin dynamics

[3]. The powder-form samples comprised acid-purified laser-oven SWCNTs which were

prepared using the standardized annealing procedure, while the related CESR spectra were

recorded as a function of temperature from 3:4 K to the ambient temperature at the

X-band spectrometer. To yield a rather detailed insight into the transport mechanism, the

authors of Ref. [3] studied the temperature evolution of the asymmetry Dysonian line

shape parameter, ahA=B, which is to the first order approximation proportional to the

conductance of the probed electron spins. These can relax by interaction with itinerant

electrons that are present in metallic SWCNTs. In addition, the spin dephasing rate at

resonance narrows with increasing temperature, which is a signature of the motional

narrowing, a phenomenon that is particular to metallic systems.

Temperature dependence of the natural logarithm of conductivity, lnðsÞ which in this case

boils down to lnðaÞ, is oftentimes plotted versus n-th root of inverse temperature [41].

Exponent n provides information on the charge carrier transport mechanism and when n

approaches 1=4, it leaves a hallmark of 3D Mott VRH transport mechanism [37].

As shown in Fig. 2.9, the Dysonian asymmetry parameter tends to follow a three-

dimensional variable-range hopping behavior at low T. From the scaling relationships in

Eq. (2.12), the localization length of the electronic wave function, x, is roughly estimated

to be w100 nm, whereas the DOSs gðεFÞ amounts w1019 localized states per (eV � cm3)
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around the Fermi energy. The traditional four-point probe transport measurements on the

similarly prepared SWCNT samples [3] have, to some extent, corroborated the present

picture of the CESR observed 3D VRH at low T.

As with nanoscopic systems such as SWCNTs, one can even venture to state that the VRH

conduction mechanism, owing to the localized edge/surface states positioned around Fermi

level, may extend even over a wide range of temperatures [1]. At high temperatures, the

conduction mechanism in bulk systems commonly runs intrinsically via thermal activation

through conduction bands. On the other hand side, there are, as a rule, defect states across

the nanotube surface, effectively making its pristine length quite short and comparable to

nanoscaled dimensions (Fig. 2.10). In this case, the overlaps between the orbitals decrease

to cause the bands to become less dense. This leads to the band splittings to eventually

open up wide gaps at rather high energies. Bands that are high in energy have, therefore,

tendency to fade away so does the conduction band, as contrary to an ideally pristine

SWCNT. It is thus reasonable to adopt that VRH mechanisms may apply up to somewhat

higher temperatures in defected nanotubes. Certainly, the intrinsic thermally activated

transport via conduction band can be ignored comparing to the VRH due to the evanescent

DOSs, as is given in Fig. 2.10.

5. Concluding remarks

In summary, noncontact measurements of transport have been evidenced to offer various

advantages to studying novel nanoscopic materials such as: multiferroic crystalline BiFeO3

nanoparticles, doped nanocrystalline CeO2 used for fuel cell applications, as well as,

Figure 2.9
Natural logarithm of the asymmetry parameter, ahA=B, graphed versus the fourth root of

inverse temperature. The logarithm is found to undergo the 3D VRH mechanism. The data are
taken from W.D. Rice, R.T. Weber, P. Nikolaev, S. Arepalli, V. Berka, A.L. Tsai, J. Kono, Spin relaxation

times of single-wall carbon nanotubes, Phys. Rev. B 88 (2013) 041401e041405. https://doi.org/10.1103/
PhysRevB.88.041401.
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single walled carbon nanotubes exploited for molecular electronics and spintronics.

The transport properties of these novel multifunctional materials have been reviewed in

this chapter in the light of noninvasive spectroscopic techniques which involve: RS, IRR,

and ESR. Through brief introductions made at the beginning of each section, these three

contactless spectroscopic tools have been described in detail.
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Figure 2.10
Plots of the electronic density of states versus energy for an ideally pristine (upper part) and a
defected semiconducting SWCNT (lower part), computed using the tight-binding model. The

electronic states of the defects forming the effective SWCNT edges are given in green circles. They
are distributed around Fermi level at zero energy above which the DOS perishes gradually as the

energy goes higher.
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Contacting carbon nanotubes selectively with low-ohmic contacts for four-probe electric measurements,
Appl. Phys. Lett. 73 (1998) 274e276, https://doi.org/10.1063/1.121778.

[78] A. Bachtold, C. Strunk, J.-P. Salvetat, J.-M. Bonard, L. Forró, T. Nussbaumer, C. Schönenberger, Aharonov-
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a b s t r a c t

Polycrystalline Bi1�xPr(Ce)xFeO3 ceramics (x ¼ 0, 0.03, 0.05 and 0.10) were prepared by auto-combustion
method using urea as a fuel. The influence of Pr(Ce) doping on structural, vibrational, morphological,
dielectric and ferroelectric properties of BiFeO3 polycrystalline ceramics was investigated. From X-ray
diffraction (XRD) and scanning electron microscopy measurements it was observed that Pr(Ce) doping
generated a reduction of the crystallite (grain) size of BiFeO3 and contraction of the rhombohedral cell
due to the increased compressive strain. The changes seen in the XRD and Raman spectra of 10% Pr(Ce)-
doped samples, pointed to a probable appearance of orthorhombic (pseudotetragonal) crystal structure.
The pristine BiFeO3 exhibited rounded shape, non-saturated ferroelectric hysteresis loop. The dielectric
constant and dielectric loss have shown strong dispersion at lower frequencies, typical for conductive
BiFeO3. Dielectric and ferroelectric properties at room temperature were improved with Pr doping.
Concerning the Ce-doped samples, only the 3% Ce-doped sample exhibited a better shaped hysteresis
loop and improved dielectric properties compared to the pristine BiFeO3. With further increase of Ce
content the ferroelectric properties degraded.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Materials which exhibit multiferroic behavior are very rare, and
usually have low magnetic ordering temperature which constrains
their application [1]. Among multiferroic materials, BiFeO3 with a
rhombohedrally distorted perovskite structure of space group R3c,
belongs to a very few known magnetoelectric materials which
exhibits both ferroelectricity and magnetic ordering at and above
room temperature (ferroelectric Curie temperature TC ~ 1100 K and
Neel temperature TN ~ 640 K) [2,3]. These features make BiFeO3
particularly applicable in the fields of microelectronics, digital
recording or magnetoelectric sensors [4,5]. BiFeO3 can be poten-
tially used in ferroelectric random access memory (FeRAM) appli-
cations [6] due to large spontaneous polarization [7e9], but of
particular interest is to investigate the possible existence of
magnetoelectric coupling in BiFeO3 and its potential application in

magnetic random access memories (MRAM) [10]. However, main
disadvantages for the application of BiFeO3 in devices is low re-
sistivity (i.e. high leakage current) which causes large dielectric
loss, poor ferroelectric loop at room temperature and small
remnant polarization due to the presence of oxygen vacancies and
secondary phases.

Doping of BiFeO3 with rare earth ions at A-site [11e15], as well
as doping with alkaline earth divalent ions such as Ca2þ, Ba2þ and
Sr2þ [16] proved to be an effective way to improve its ferroelectric
properties. In fact, A-site doping with ions of smaller radius in-
fluences the FeeOeFe bond angle, giving a more insulating char-
acter to BiFeO3 [17]. The codoping with 4f elements at A-site and 3d
elements at B-site is another effective way to reduce the leakage
current in BiFeO3 and to improve its multiferroic properties
[18e21]. In the majority of previous reports referring the rare earth
ions doping of BiFeO3, only a few studies have been devoted to the
investigation of ferroelectric properties of Pr(Ce)-doped BiFeO3
ceramics [22e26] or thin films [27e29]. It can be expected that Bi
substitutionwith Pr3þ/4þ(Ce3þ/4þ) ions will prevent Bi volatilization
and reduce the oxygen vacancy concentration, enhancing at the
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same time the insulating properties of BiFeO3. Furthermore, Pr(Ce)
doping can induce larger structural distortion and, even a structural
transformation in BiFeO3, which can have strong influence on
ferroelectric properties of these materials [29,30].

In this paper, Pr(Ce)-doped BiFeO3 ceramics were synthesized
by auto-combustion method which represents a very facile, fast
and low-cost method. A systematic study of the effect of Pr(Ce)
doping on the structural, vibrational, ferroelectric, and dielectric
properties of BiFeO3 ceramics has been reported.

2. Experimental details

Pristine and Pr(Ce)-doped BiFeO3 (Bi1�xPr(Ce)xFeO3, x ¼ 0.03,
0.05 and 0.1) polycrystalline samples were synthesized by auto-
combustion method using urea as a fuel. The fuel, besides
providing the energy for the reaction, acts as a complexant and
prevents the precipitation of metal ions in the form of hydroxides
[31]. The Bi1�xPr(Ce)xFeO3 precursor solutions were prepared
using Bi(NO3)3$6H2O (Alfa Aesar, 98.0%), Ce(NO3)3$6H2O (Acros
Organics, 99.5%), Pr(NO3)3$6H2O (SigmaeAldrich, 99.9%),
Fe(NO3)3$9H2O (Alfa Aesar, 98.0e101.0%), HNO3 (65%) and urea
(Riedel-de Haen, 99.0e100.5%) as starting materials. The iron(III),
cerium and praseodymium nitrates were dissolved in a minimal
amount of distilled water, whereas bismuth nitrate was dissolved
in a minimal amount of diluted nitric acid. The solutions were
mixed and stirred for 15 min, after which the solution of urea was
added. The molar ratio of urea to nitrates was 5:1. The obtained
suspension was stirred and heated at 80e90 �C. During the heat-
ing a small amount of the precipitate, formed after urea addition,
was dissolved and the clear solution was obtained. After a partial
water evaporation, a yellow-white precipitate was formed and the
solution was turned into gel. At the same time the self-ignition
started. The reaction was fast and had finished in a few minutes.
Large amount of gasses was released, without a flame. A black
resin, remained after the auto-combustion reaction, was dried at
150e200 �C for one hour. The dried product was then grinded in a
mortar and the obtained reddish powder was annealed at 600 �C
for two hours with a heating rate of 10 �C/min. The powders were
pressed into disks under the pressure of 300 MPa and sintered at
800 �C for 1 h in a closed dish, together with a small amount of
Bi2O3 added in order to compensate the Bi loss during the heat
treatment.

The structure and crystallinity of the Bi1�xPr(Ce)xFeO3 poly-
crystalline ceramics were investigated by X-ray diffraction (XRD)
method, using Phillips PW1710 diffractometer with Cu Ka radia-
tion. The surface morphology was studied by scanning electron
microscopy (SEM, TESCAN SM-300). SEM micrographs were
recorded on gold sputtered non-treated surfaces of ceramic
samples.

Raman spectra were recorded in backscattering configuration
using Tri Vista 557 Raman system equipped with a nitrogen-cooled
CCD detector. The l ¼ 514.5 nm line of Arþ/Krþ mixed laser was
used as an excitation source with an incident laser power less than
60 mW in order to minimize the heating effects. The ferroelectric
hysteresis loops were acquired at 1 kHz using a Radiant Precision
Multiferroic Analyzer. The dielectric properties of the samples were
examined in the frequency range from 80 Hz to 120 kHz using a
Digital Programmable LCR Bridge HM8118 (Hameg). Each sample
was placed in a closed capacitor cell housed in a Faraday cage with
an AC signal of 1.5 V applied across the cell. The disk-shaped
samples had a diameter close to the diameter of cell electrodes
(8 mm). The same capacitor cell and Digital LCR Meter 4285A (HP/
Agilent) were also used for the measurement of the dielectric
properties at frequencies from 80 kHz to 8 MHz. All measurements
were performed at room temperature.

3. Results and discussion

3.1. Structural and morphological properties

Fig. 1a shows XRD patterns of pristine BiFeO3 and Bi1�xPrxFeO3
ceramics. All diffraction peaks of the pristine BiFeO3 sample match
with the rhombohedral structure (R3c) without the presence of a
secondary phase. Polycrystalline Bi1�xPrxFeO3 samples crystallize
in a slightly distorted R3c structure. The slight lattice distortion is
manifested by a gradual shift of XRD peaks to higher 2q values with
Pr doping. The shift of XRD peaks to higher 2q values can be
ascribed to the unit cell contraction i.e. the decrease in lattice pa-
rameters due to the substitution of Bi3þ ions with smaller Pr
dopant. The unit cell parameters of pristine BiFeO3 and

Fig. 1. X-ray diffraction patterns of the a) Bi1�xPrxFeO3 and b) Bi1�xCexFeO3 samples
(0 � x � 0.1). The (*) and (#) designate the appearance of additional phases discussed
in the text.
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Bi1�xPrxFeO3 samples are listed in Table 1. As can be seen from
Table 1, with increasing Pr content, a reduction of both a and c
lattice parameters, i.e. a contraction of the BiFeO3 lattice, was
observed.

The doublet peaks corresponding to the (104) and (110) planes
around 2q ~ 32�, and (116) and (122) planes around 2q ~ 52�, with
doping were shifted to higher 2q values and almost merged into a
single peak for the 10% Pr-doped sample. According to the literature
data [32e34], these changes point to the beginning of partial phase
transition from a rhombohedral (R3c) to an orthorhombic (Pbnm)
structure. The enlarged 2q regions where these peaks appear are
presented in the insets of Fig. 1a. The partial structural transition
can produce a distortion of the FeO6 octahedron due to the changes
in FeeO bond length and OeFeeO bond angles, affecting the
electrical properties of BiFeO3 [33,35]. Moreover, no additional
peaks related to a secondary phase or other impurity phases have
been observed in the sintered samples, implying a good solubility
of Pr dopant in the BiFeO3 lattice.

The XRD patterns of Bi1�xCexFeO3 samples are presented in
Fig. 1b and indexed to the rhombohedral BiFeO3 structure. How-
ever, some weak diffraction peaks (marked with an asterisk) which
correspond to a mullite (Bi2Fe4O9) phase [36] appeared and became
more pronounced with increased content of Ce dopant. As in the
case of Bi1�xPrxFeO3 samples, lattice parameters (a and c) slightly
decreased (see Table 1) implying that Ce substitution leads to the
contraction of the unit cell and distortion of R3c structure. In
addition, with increasing Ce content the peak at 2q ~ 46� (marked
with #) splits into two peaks. This is particularly noticeable for the
10% Ce-doped sample. According to Liu et al. [29], these peaks can
be indexed as (200) and (002) peaks of pseudotetragonal structure.
Such a behavior suggests that in 10% Ce-doped sample partial
structural transformation from a rhombohedral to the pseudote-
tragonal phase started.

The crystallite size and strain in the Bi1�xPr(Ce)xFeO3 poly-
crystalline samples were calculated using the Williamson-Hall
(WeH) plots [37] and are presented in Table 1. The example of
WeH plots for pure and 3% Pr(Ce)-doped BiFeO3 samples are given
in Fig. S1. From Table 1, it can be seen that the average crystallite
size was reduced with doping, whereas the strain values increased
and reached the highest value for the 10% Pr(Ce)-doped samples. It
can be concluded that Pr(Ce) doping induces increased compres-
sive strain responsible for the BiFeO3 lattice contraction. The similar
contraction of the BiFeO3 lattice due to the compressive strain
(stress) has been seen in Sm-doped BiFeO3 thin films [38].
Furthermore, the increased strain in Bi1�xPr(Ce)xFeO3 samples can
produce a distortion of rhomohedral structure, which can induce
gradual structural phase transformation as in a case of Y-doped
BiFeO3 nanopowders [39].

The surface morphology of BiFeO3 and Bi1�xPr(Ce)xFeO3
(x ¼ 0.05, 0.1) samples is shown in Fig. 2. The undoped (Fig. 2a) and
Pr-doped BiFeO3 samples (Fig. 2b and c) exhibit rather dense
microstructure (82 and 78% of the theoretical density for undoped
BiFeO3 and 10% Pr-doped samples) with a clearly visible grains and

grain boundary. The morphology of Ce-doped samples (Fig. 2d and
e) is different from that of pure and Pr-doped samples. These
samples exhibit less pronounced grain boundary microstructure
with increased intergranular porosity and lower sample density
(65% of the theoretical density for 10% Ce-doped sample). SEM
images showed that in Pr(Ce)-doped samples the grain size
decreased. The grain size decrease in Pr(Ce)-doped samples can be
explained by inhibiting effect of increased Pr(Ce) dopant content on
grain growth or can be attributed to the suppressed oxygen vacancy
formation in these samples, as oxygen vacancies favorize the grain
growth during the sintering process [33]. In addition, if there is a
decrease of oxygen vacancy concentration, the reaction rate in the
solid phase is slowed down, grains remain smaller and the

Table 1
The lattice parameters, average crystallite size and strain values for Bi1�xPr(Ce)xFeO3 samples.

Samples Lattice parameter a (Å) Lattice parameter c (Å) Strain (%) Crystalite size (nm)

BiFeO3 5.617 ± 0.004 13.760 ± 0.010 0.10 ± 0.02 28.9 ± 2.2
Bi0.97Pr0.03FeO3 5.587 ± 0.005 13.686 ± 0.012 0.16 ± 0.03 22.2 ± 1.6
Bi0.95Pr0.05FeO3 5.582 ± 0.003 13.672 ± 0.007 0.18 ± 0.04 21.9 ± 1.9
Bi0.90Pr0.10FeO3 5.576 ± 0.004 13.657 ± 0.009 0.36 ± 0.05 19.3 ± 1.9
Bi0.97Ce0.03FeO3 5.597 ± 0.004 13.735 ± 0.013 0.20 ± 0.01 25.2 ± 0.9
Bi0.95Ce0.05FeO3 5.598 ± 0.005 13.736 ± 0.010 0.24 ± 0.01 24.0 ± 1.6
Bi0.90Ce0.10FeO3 5.595 ± 0.003 13.730 ± 0.011 0.32 ± 0.04 22.9 ± 2.6

Fig. 2. SEM images of the surface morphology of a) BiFeO3, b) Bi0.95Pr0.05FeO3, c)
Bi0.90Pr0.10FeO3, d) Bi0.95Ce0.05FeO3, and e) Bi0.90Ce0.10FeO3 samples.
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densification is weaker.

3.2. Raman analysis

The structural evolution of BiFeO3 structure with Pr(Ce) ion
substitution can be reflected through the Raman spectra as well.
For R3c rhombohedral structure, the group theory analysis predicts
13 Raman active modes (4 A1 and 9 doubly degenerate E modes)
[40e45], but the number of clearly seen Raman modes at room
temperature is much less than predicted [43]. The room

temperature Raman spectra of BiFeO3 and Bi1�xPr(Ce)xFeO3 sam-
ples are presented in Fig. 3.

In the Raman spectrum of BiFeO3 sample (Fig. 3a), two A1modes
at 171 and around 218 cm�1 [39] and two E modes at 75 and
265 cm�1 [43] can be clearly seen. The strong andwide Raman peak
at 136 cm�1 is composed of twomodes, E mode at 132 cm�1 and A1
mode at around 140 cm�1, which can be resolved by parallel po-
larization measurements at low temperatures [43]. The other E
phonon modes at around 330, 368, 428, 475, 520 and 599 cm�1 are
barely visible. In the Raman spectra of Bi1�xPrxFeO3 samples, the E
mode at 75 cm�1 and A1 mode at around 218 cm�1 exhibit shift to
higher frequencies. The Raman peak at 136 cm�1 is also shifted to
higher frequencies. After deconvolution of the 136 cm�1 peak using
Lorentzian profiles, the position of the E mode remained un-
changed, whereas the A1 mode was shifted to higher frequencies
(see dashed line in Fig. 3a). The other Emodes (around 475, 520 and
599 cm�1) become more prominent with increasing Pr content. In
the Raman spectra of Bi1�xCexFeO3 samples, more pronounced
changes in the Ramanmodes position and intensity are observed in
the case of 10% Ce-doped sample.

The exact positions of the Raman modes in the 10% Pr(Ce)-
doped samples, for which the possible structural phase trans-
formation was observed, were determined using the Lorentzian fit.
In Fig. 3c are shown the deconvoluted Raman spectra of BiFeO3,
Bi0.90Pr0.10FeO3 and Bi0.90Ce0.10FeO3 samples. The obtained mode
positions are summarized in Table 2.

As can be seen from Table 2, the E and A1 modes (75, 140 cm�1)
which are related to BieO bonds, as well as the E modes (428, 520
and 599 cm�1) which are characteristic for the FeeO bonds [44,46],
are shifted to higher frequencies for both Bi0.90Pr0.10FeO3 and
Bi0.90Ce0.10FeO3 samples. The A1 mode at around 218 cm�1, which is
characteristic for BieO bonds is shifted to higher frequencies in
Bi0.90Pr0.10FeO3 sample. The blueshift of the E and A1 modes, for
which the contribution of BieO bonds dominates, is expected when
the substitution with smaller atomic mass Pr(Ce) ions at Bi-site
happens, because the Raman mode frequency is dependent on
the atomic mass (M) of the substituent according to the relation
u ~ (k/M)1/2 [22,26]. The appearance of the increased compressive
strain in BiFeO3 lattice with increased amount of Pr(Ce) dopant is
also responsible for the blueshift of the frequency of the Raman A1
and E modes, characteristic for both BieO and FeeO bonds.

The Emode at 599 cm�1, which is of low intensity in the pristine
BiFeO3 and almost invisible in Bi0.90Ce0.10FeO3, becomes very
prominent in Bi0.90Pr0.10FeO3 sample. Compared to the pristine
BiFeO3, the relative intensity ratio of A1 modes at about 140 and
171 cm�1 (I140/I171) is increased in 10% Pr(Ce)-doped samples (I140/
I171¼0.69, 1.1, and 2.1 for BiFeO3, 10% Ce and 10% Pr-doped samples,
respectively). The change of the relative intensity of these two A1

Fig. 3. Room-temperature Raman spectra of (a) Bi1�xPrxFeO3 and (b) Bi1�xCexFeO3

samples (0 � x � 0.1), together with (c) deconvoluted Raman spectra of BiFeO3,
Bi0.90Pr0.10FeO3 and Bi0.90Ce0.10FeO3 samples.

Table 2
Positions of the Raman modes for BiFeO3, Bi0.90Pr0.10FeO3, and Bi0.90Ce0.10FeO3

samples.

Raman modes (in cm�1) BiFeO3 Bi0.90Pr0.10FeO3 Bi0.90Ce0.10FeO3

E 75.4 81.2 77.4
E 132.3 132.9 132.7
A1 140.8 144.5 145.0
A1 171.2 172.7 169.6
A1 218.7 231.6 217.5
E 265.2 269.0 265.1
E 330.6 333.3 331.3
E 368.6 376.0 367.1
E 428.4 440.6 429.2
E 475.8 475.0 476.8
E 520.4 532.8 526.9
E 599.2 617.7 611.7
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modes reflects the change in BieO bonds and the stereochemical
activity of Bi lone electron pair with Pr(Ce) doping [23]. Further-
more, any changes in the position or intensity of the 140, 171 and
599 cm�1 modes are related to the changes in the ferroelectric
properties of BiFeO3 as well [22,45]. In the Raman spectrum of
Bi0.90Ce0.10FeO3 appears an additional mode (marked with an
asterisk in Fig. 3c) at around 553 cm�1. This mode can be ascribed to
the mode of Bi2Fe4O9 phase [47]. The appearance of this mode is in
accordance with the XRD pattern of Bi0.90Ce0.10FeO3 in which the
presence of a mullite phase has been seen. The changes observed in
the Raman spectra of doped samples gave a clear evidence about
the lattice distortion induced by Pr(Ce) doping.

3.3. Dielectric properties

The frequency dependence of the dielectric constant (ε0) and
loss tangent (tan d) of Bi1�xPr(Ce)xFeO3 samples are shown in
Fig. 4. It can be observed from Fig. 4a that the dielectric constant of
the pristine BiFeO3 at low frequencies has the highest value
(ε0 ¼ 159) and shows a strong dispersion in the low-frequency
region. Such a behavior is characteristic for the presence of oxy-
gen or bismuth vacancies, which are responsible for the appear-
ance of charge carriers at grain boundaries or interfaces (i.e. the
local space charge), and an increased conductivity in BiFeO3 [48].
The contribution of the local space charge to the dielectric con-
stant usually manifests as a strong dispersion at low frequencies.
The presence of oxygen vacancies also increases the probability of
a hopping conduction mechanism between Fe2þ and Fe3þ ions,
which can be reflected through an increased value of the dielectric
constant [48].

The dielectric constant of Pr(Ce)-doped samples significantly
decreases and exhibits much smaller dispersion at low fre-
quencies (Fig. 4a). The overall decrease of the dielectric constant
can be attributed to a reduced conductivity and a decreased space
charge relaxation at the interface [49], but can also originate from
the contraction of the unit cell volume when Bi ions are
substituted with smaller Pr(Ce) ions. The unit cell contraction can
result in a decreased polarization because of less free volume for
the displacement of Fe3þ ions in FeO6 octahedra. The dielectric
constant of Bi1�xPrxFeO3 samples exhibits relatively small
(x ¼ 0.03, 0.05) or almost no dielectric dispersion (x ¼ 0.1). Such a
behavior can be explained by the fact that the incorporation of
Pr3þ/4þ ions into the BiFeO3 lattice reduces the oxygen vacancy
concentration and conductivity of BiFeO3 [49, 29]. Ce-doped
samples (x ¼ 0.03, 0.05) have lower value of dielectric constant

than Pr-doped ones and show almost no frequency dispersion.
The value of dielectric constant and its dispersion increases for the
Bi0.90Ce0.10FeO3 sample. The increase of dielectric constant can
originate from the increased oxygen vacancy concentration and
the appearance of local space charges at the grain boundaries or
interfaces [48,49]. The change of the dielectric constant with
frequency in BiFeO3 and Bi1�xPr(Ce)xFeO3 samples can be well
explained by the MaxwelleWagner relaxation effect which refers
to the interfacial polarization [48,49].

The loss tangent (tan d) shows a similar variation with fre-
quency as the dielectric constant. At low frequencies, the loss
tangent of the undoped BiFeO3 sample shows a higher value, due
to the increased defect concentration and conductivity and shows
a broad relaxation peak in the intermediate frequency range
(10 kHze1 MHz). The broad relaxation peaks are usually caused by
inhomogenous grain conductivity [49]. The tan d curves show
dispersive characteristics in the low-frequency region for Pr-
doped samples, with much less pronounced relaxation peaks. At
frequencies higher than 10 kHz, the value of tan d is reduced and is
significantly lower than in the pristine BiFeO3, due to reduced
oxygen vacancy concentration and conductivity. The Ce-doped
samples with lower content of Ce (x ¼ 0.03, 0.05) have low value
of tan d over the whole frequency range. The tan d becomes much
higher in the case of Bi0.90Ce0.10FeO3 sample, pointing to increased
conductivity of Bi0.90Ce0.10FeO3 sample.

3.4. Ferroelectric properties

The ferroelectric hysteresis (PeE) loops for Bi1�xPr(Ce)xFeO3
samples are presented in Fig. 5. In the inset of Fig. 5b is given PeE
loop of the pristine BiFeO3.

The BiFeO3 exhibited a rounded shape i.e. a non-saturated
(lossy) PeE loop, and was not able to withstand applied electric
field stronger than 2 kV, which is typical for a conductive BiFeO3
material. The ferroelectric performances of pristine BiFeO3 are
consistent with the dielectric measurements. The ferroelectric
loops of the Pr(Ce)-doped samples (Fig. 5a and b), exhibited less
pronounced leakage effect than for the pristine BiFeO3, but were
still non-saturated. This is an expected behavior, since the incor-
poration of Pr3þ/4þ(Ce3þ/4þ) ions in the BiFeO3 lattice should sup-
press the formation of bismuth and oxygen vacancies. With
increasing Pr content, the maximal polarization (PM) and the
remnant polarization (PR) have increased and reached the values of
0.4 and 0.35 mC/cm2 for Bi0.90Pr0.10FeO3. The PM and PR values are
comparable with the previously reported data on BiFeO3 ceramics

Fig. 4. Room temperature (a) dielectric constant (ε0) and (b) loss tangent (tan d) of Bi1�xPr(Ce)xFeO3 samples (0 � x � 0.1) as a function of frequency.
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doped with similar content of Pr [24,49]. However, the breakdown
electric field for Pr-doped samples is still as low as in the case of the
pristine BiFeO3.

Initial Ce doping increases the ability of BiFeO3 to withstand
higher electric fields [50], in our case up to 100 kV/cm. This
enhancement can be attributed to a decrease of oxygen vacancy
concentration, as the substitution of Bi ions with higher valence
Ce4þ ions would suppress the formation of oxygen vacancies and
consequently reduce the leakage current. The polarization has the
highest value of about 0.56 mC/cm2 in the 3% Ce-doped sample, and
the PR value is about 0.1 mC/cm2. With further increase of Ce con-
tent, the values of PM, PR and coercive field decreased and the
samples exhibited a poor PeE loop. This result suggests that the
ferroelectric properties were degraded with further increase of Ce
content.

Several reasons can be responsible for the lower values of PR in
Pr(Ce)-doped samples. The contraction of BiFeO3 unit cell with
Pr(Ce) doping, i.e. the partial phase transition from rhombohedral
to orthorhombic (pseudotetragonal) phase can reduce the remnant
polarization, as the direction of the spontaneous polarization can
be changed [51,29]. Another reason can be found in lowering of the
crystal anisotropy and a decrease of Curie temperature with rare
earth ion doping [52,53].

Therefore, we can conclude that Pr(Ce) doping causes a

distortion of R3c structure and in 10% Pr(Ce) doped samples, there
is an indication that partial structural phase transformation from
rhombohedral to orthorhombic (pseudotetragonal) phase started.
Pr doping suppresses the formation of oxygen vacancies,
decreasing the conductivity of Pr-doped BiFeO3 samples. In the case
of Ce-doped samples, improved dielectric and ferroelectric prop-
erties exhibited the sample with 3% of Ce. Further increase of Ce
content caused the deterioration of ferroelectric properties and in
the 10% Ce-doped sample both the dielectric and ferroelectric
properties of BiFeO3 ceramics were degraded. The reduction of
ferroelectric polarization for Bi0.95Ce0.05FeO3 sample can originate
from the presence of impurity Bi2Fe4O9 phase which increases the
conductivity of BiFeO3. Further, deterioration of dielectric and
ferroelectric properties for Bi0.90Ce0.10FeO3 can originate from
lower percentage of Ce4þ ions in this sample (see Fig. S2
Supplementary material) and increasing content of Bi2Fe4O9
phase. On the other hand, the increased Ce content can decrease
the stereochemical activity of Bi ions and can lead to the partial
transition from ferroelectric to paraelectric phase, like in La-doped
BiFeO3 [54].

4. Conclusion

In summary, polycrystalline Bi1�xPr(Ce)xFeO3 ceramics (x ¼ 0,
0.03, 0.05 and 0.10) were prepared by auto-combustion method.
SEM and XRD analysis have shown that the crystallite and grain
sizes slightly decreased in Pr(Ce)-doped samples, whereas the
compressive strain increased. XRD and Raman spectra of 10%
Pr(Ce)-doped samples pointed to probable appearance of ortho-
rhombic (pseudotetragonal) phase. The presence of secondary
phase was evident only in Ce-doped samples. The pristine BiFeO3
showed lossy PeE loop, large dispersion of dielectric constant and
tan d at low frequencies, and a broad relaxation peak in tan d in the
intermediate frequency range. The dielectric properties were
improved by the Pr substitution, i.e. the dielectric constant had
lower values than in the pristine BiFeO3 and exhibited smaller or
almost no dispersion in the investigated frequency range, whereas
with increasing Pr content the loss tangent decreased and had low
values at higher frequencies. Pr-doped samples exhibited better
shaped ferroelectric loops with much less pronounced leakage ef-
fect. The remnant and maximal polarization increased with
increased Pr doping. Such an improvement in dielectric and
ferroelectric properties can be attributed to decreased interfacial
polarization and reduced conductivity of BiFeO3 ceramic samples.
Regarding the Ce-doped samples, the best dielectric and ferro-
electric properties were observed in the 3% Ce-doped sample,
whereas with further increase of Ce dopant up to 10% these prop-
erties were degraded. The reduced polarization and increased
dielectric loss may be attributed to the appearance of conducting
Bi2Fe4O9 phase and decreased stereochemical activity of Bi-sites by
Ce doping due to the possible appearance of the pseudotetragonal
phase.
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Supplementary data related to this article can be found at http://
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Fig. 5. Room-temperature PeE hysteresis loops for (a) Bi1�xPrxFeO3 and (b) Bi1�xCexFeO3

samples (0.03 � x � 0.1). In the inset is presented PeE hysteresis loop for the pristine
BiFeO3.
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a b s t r a c t

In order to estimate theoretical stability of the perovskite structure for synthesized Ca1�xGdxMnO3

(x ¼ 0.05, 0.1, 0.15, 0.2) nanopowders, the Goldschmidt tolerance factor Gt and global instability index GII
were calculated. Furthermore, we have performed structure prediction of Ca1�xGdxMnO3 perovskites and
found several possible perovskite-related phases. The influence of gadolinium amount on MneO bond
angles and distances, tilting of MnO6 octahedra around all three axes and deformation due to the
presence of the JahneTeller distortion around Mn3þ cation, as well as the influence of the amount of
Mn3þ cation on Ca1�xGdxMnO3 compound, was examined. Ion Mn valence states were determined by
bond valence calculations (BVC). Infrared active phonon modes in Ca1�xGdxMnO3 were studied by
infrared reflection spectroscopy and magnetic properties were studied by using EPR (electron para-
magnetic resonance) measurements.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Manganese oxides with perovskite structure, A1-xRexBO3 (A:
alkaline earth element, Re: rare earth element, B: Mn, respectively),
have become a matter of great scientific interest, because of their
physical, electronic and magnetic properties, and many intriguing
phenomena, such as colossal magnetoresistance (CMR) involving
potential applications in magnetic memory devices and sensors
[1e3]. This series of solid solutions with perovskite type of struc-
ture is characterized starting from cubic symmetry, usually as a
result of small displacements of the oxygen ions and rare earth
element from their positions in the ideal cubic unit cell. The com-
pounds of chemical composition Ca1�xGdxMnO3 crystallize in the
orthorhombic space group Pnma. Smaller Mn ions occupy octahe-
dral 4b (1/2,0,0), while the larger ions, Ca and Gd, take 4c (x, 1/4, z; x
y 0, z y 0) positions and are surrounded by 12 oxygen atoms
residing in the two crystallographic unequivalent positions: O1 in
4c (x, 1/4, z; xy 0, zy 1/2) and O2 in 8d (x, y, z; xy 1/4, yy 0, zy
1/4) [4].

In Ca1�xGdxMnO3 compound, valence of Ca, Gd and O ions
are þ2, þ3 and �2, respectively, while Mn ion can be in þ3 or þ4
valence state. Replacement of Ca2þ by Gd3þ causes reduction of
Mn4þ to Mn3þ in order to maintain Ca2þ1�xGd

3þ
x Mn4þ1�xMn3þx O2�

3
crystal electroneutrality, which has a significant impact on the
physical, and especially on the magnetic properties of these ma-
terials. An Mn3þ ion has 4 electrons in d orbital (3d4), while an
Mn4þ ion has 3 electrons in d orbital (3d3), and the Mn3þ/Mn4þ

ratio influences magnetic behavior of the system.
Goldschmidt tolerance factor (Gt) has been used as one of the

criteria for the degree of distortion of the perovskite lattice. Gt is
defined as Gt ¼ ðrA þ roÞ=

ffiffiffi
2

p
ðrB þ roÞ [5], where the rA and rB

correspond to the averaged radii of cations placed in position A
(Ca2þ and Gd3þ) and B (Mn ions), respectively, while rO represents
radius of the oxygen ions. Equation rA¼ (1¡x)rA'þ xrd gives radius
of cation A as the sum of the radius of doped cation rA0 and radius of
the dopant rd [6e8]. The relationship between the concentration of
dopant x and Gt is Gt ¼ ðð1� xÞrA0 þ xrd þ roÞ=

ffiffiffi
2

p
ðrB þ roÞ. Any de-

viation from ideal value Gt ¼ 1, reduces the elementary cubic
perovskite cell and leads to formation of a unit cell of lower sym-
metry. Small difference in the radii of cations placed in positions A
leads to a less pronounced rhombohedral distortion, while larger
differences give rise to a significant MnO6 octahedron deformation* Corresponding author.
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which leads to orthorhombic structure. This deformation of the
MnO6 octahedron causes anomaly, also known as the JahneTeller
effect. Namely, removing the degeneracy of the d level of Mn3þ ions
will lead to the displacement of ions in octahedral MnO6, where the
octahedron will elongate/shorten in certain direction [9]. Perov-
skite structure can be stable in the oxideswhere 0.89 < Gt< 1.02 [9].
Cation will occupy the position in which Gt is closer to 1.

In the octahedral crystal field, fivefold degenerate 3d orbitals of
manganese are split into two groups, threefold t2g (of lower energy)
and twofold eg (of higher energy) [9]. In accordance with Hund's
rules and with fulfillment of the Pauli exclusion principle, 3d
electrons in theMn4þ ion have the same spins orientation and filled
three t2g orbitals, while the Mn3þ ion has one electron more, which
fills one of the eg orbitals and has the same spin orientation as
electrons in the t2g orbitals. The JahneTeller effect causes additional
splitting of d energy levels (eg and t2g) of the Mn3þ ions in order to
remove their degeneracy, where the splitting of t2g levels is so small
that the JahneTeller effect in this case is negligible [9e11]. In an
octahedral environment manganese t2g orbitals (dxy, dyz, dzx) are the
oxygen 2p orbitals weakly overlap with, unlike eg orbitals (dx2�y2 ,
d3z2�r2 ), which are directed towards the neighboring oxygen 2p
orbitals and a strong overlapping of these orbitals leads to a high
probability of transfer of electrons betweenmanganese and oxygen
orbitals [9e11]. This transfer largely determines the magnetic
properties of manganites.

Magnetic properties of this mixed valence system are deter-
mined by a double exchange betweenMn3þ andMn4þ ions through
the MneOeMn path. The double exchange is ferromagnetic for
MneOeMn angle above ~160� [12e17]. When the system is doped
with different Gd3þ concentrations, it develops ferromagnetic
interaction concurrently with antiferromagnetic one and compe-
tition of the interactions causes magnetic moments frustration.

In this study we have combined two research methods: struc-
ture prediction of Ca1�xGdxMnO3 (x ¼ 0.05, 0.1, 0.15, 0.2) perov-
skites by using computational SPuDS software, and
characterization of the studied perovskites. We have shown various
possible modifications of Ca1�xGdxMnO3 (x ¼ 0.05, 0.1, 0.15, 0.2)
perovskites, unknown so far. Also, we have investigated the influ-
ence of Gd doping on octahedral tilting, relation between the
crystal structures which have been predicted, and structural and
magnetic behavior we have experimentally observed.

2. Material and methods

2.1. Experimental section

2.1.1. Theoretical methods
Our general approach to the crystal structure prediction and

determination of structure candidates has been given in detail
elsewhere [18e20]. This is usually followed by calculation of ma-
terial's properties [21,22]. Here, we use restricted structure pre-
diction within the perovskite-related structures. An outline of the
main steps of the method and information specific to this study are
provided first.

The Structure Prediction Diagnostic Software (SPuDS) [23] has
been used to produce new structure candidates of Ca1�xGdxMnO3

perovskites. The SPuDS program was developed to predict the
crystal structures of perovskites, including those distorted by tilting
of symmetric octahedra or caused by the JahneTeller distortions
[20,24]. Stability of the perovskite structures is determined by
comparing the calculated bond-valence sums and ideal formal
valences.

The SPuDS program requires minimum amount of input data:
the composition and oxidation state of each ion. Afterwards,
structure optimization has been performed by restricting the

octahedra to remain rigid during calculation, with six equivalent B-
X distances and all X-B-X angles equal to 90�. In this way, a full
crystal structure can be generated from the size of the octahedron
and magnitude of the octahedral tilting distortion. Furthermore,
SPuDS calculates the fractional position of each atom at each tilt
angle step over a wide range of octahedral tilt angles [23].

The size of the octahedron and magnitude of the octahedral
tilting distortion are calculated by using the bond valencemodel, sij,

Sij ¼ e½ðRij�dijÞ=B� (1)

where dij is cation�anion distance, B parameter is empirically
determined as a universal constant with a value of 0.37, and Rij is
empirically determined for each cation�anion pair, based on bond
distances measurements. The overall structure stability is deter-
mined by comparing the calculated bond valence sums with the
ideal formal valences (equal to oxidation state). This quantity is
known as the global instability index (GII). It is calculated according
to relation [23]:

GII ¼
XN
i¼1

d2i
� �" #,

N

( )1=2

(2)

Variables involved in the GII equation are discrepancy factor di,
which is a measure of the lattice strains present in the compound,
derived as a difference between formal and calculated bond va-
lance, and N is the number of atoms in the asymmetric unit. For the
perovskite ABO3, N ¼ 5. Higher values of di and N indicate stressed
connections which can lead to instability in the crystal structure.

Theoretical determination and identification of the predicted
structures was performed by using the KPLOT program [25]. Sym-
metry of the predicted structures was analyzed by the algorithms
SFND („Symmetry FiNDer” [26]) and RGS („Raum Gruppen Sucher“
or space group seeker [27]). Duplicate structures are removed by
using the CMPZ-algorithm [28] and the CCL algorithm has been
used in the investigation of nanosized structures [29]. The inves-
tigated structures were visualized by using KPLOT [25] and VESTA
[30] software.

2.2. Experimental methods

2.2.1. Materials synthesis
The method of preparation, conditions of synthesis, obtained

values for the calcination temperature, and crystal-structural
characteristics of the Ca1�xGdxMnO3 (x ¼ 0.05, 0.1, 0.15, 0.2) sam-
ples are described in [31] and [32]. The unit cell parameters of this
series of samples were identical to the values obtained in [32].

2.2.2. Materials characterization
XRD patterns of the samples were recorded at room tempera-

ture by using X-ray diffractometer Siemens D500 with nickel
filtered CuKa radiation, and the step-scanmode (2q range: 10� - 80�

in a continuous scan mode with a step width of 0.02� and exposure
of 10 s/step).

The infrared reflectivity measurements were performed at room
temperature with a BOMEM DA-8 Fourier-transform IR spectrom-
eter. A Hyper beamsplitter and a deuterated triglycine sulfate
(DTGS) pyroelectric detector were used to cover the wavenumber
region from 80 to 650 cm�1. Infrared reflectivity spectra were
collectedwith 2 cm�1 resolution andwith 500 interferometer scans
added for each spectrum.

EPR experiments were performed on an X-band Magnettech
MS300 spectrometer operating at a nominal frequency of 9.5 GHz.
The microwave power was 3.16 mW (microwave attenuation

M. Rosi�c et al. / Journal of Alloys and Compounds 678 (2016) 219e227220



15 dB), with a modulation amplitude of 0.2 mT. The Magnettech g-
factor ZnS:Mn standard was used as the reference sample.

3. Results and discussion

3.1. Crystallographic analysis of XRD the results and investigation of
octahedral tilting

Octahedral tilting is most common in the perovskites with space
group Pnma. Perovskite structure which crystallizes in this space
group is of great interest for geologists and materials science [33].
Pnma space group belongs to the a-bþa- octahedron tilting system.
Octahedra are rotated by the same value of the angle around axes a
and c, whereas the angle of rotation around axis b varies. Rotations
of two adjacent octahedra along axis b are always in the same di-
rection, and along axes a and c in the opposite direction. There are
two types of deformations in the space group Pnma, denoted as
Pnma-1 and Pnma-2. Both of them have the same symmetry, but
Pnma-1 is much less deformed and only slightly deviates from the
cubic structure. Pnma-2 contains more distorted octahedra due to
the JahneTeller effect caused by Mn3þ ions, which leads to elon-
gation of the MnO6 octahedron [8]. Our obtained results suggest
that investigated samples have the Pnma-1 structure.

In order to analyze the impact of Gd upon magnitude of the
octahedral tilting, we have analyzed values of the MneО distances
and angles. The characteristic distances and angles betweenMn, O1
and O2 atoms are shown in Table 1. Average values of interatomic
distances MneО vary with the amount of Gd in the structure. The
highest value has the Ca0.8Gd0.2MnO3 sample, where the content of
Gd is the highest. In our previous work we have published data on
the unit cell parameters and volumes depending on Gd concen-
tration [32], and in the following Table 1 we have further investi-
gated interatomic distances and bond angles of CaMnO3 doped
with different concentrations of Gd.

Octahedra nets for each of the investigated samples are given in
Fig. 1. As one can see from Fig. 1, structural changes related to the
change of angle values lead only to a slight octahedral tilting. In an
ideal cubic structure the MneO1eMn and MneO2eMn angles are
180�. Because of the octahedral tilting around all three axes in the
space group Pnma the angle values will be different. MneO1eMn
angle represents tilting around axis b and for the obtained samples,
the closest to 180� is the value for Ca0.8Gd0.2MnO3 sample (Table 1).
On the other side, MneO2eMn angle represents octahedral tilting
around axes a and c and the magnitude of octahedral tilting (angle)

is in accordance with the a-bþa- tilt system. In the structure, with
increasing Gd amount, the deviation from 180� and octahedral
tilting magnitude are higher (Table 1). In the cube centers, oxygen
ions tend to move toward that center reducing dA-O, because A ions
are too small to fill that space. At the same time dMn-O also changes,
and the MneOeMn angle becomes smaller than 180� as a result of
the reduced A-site radius [11].

The properties of manganites strongly depend on geometrical
quantity Gt [11], which is related to the displacements and de-
formations in the structure. Difference in the lengths of AeO and
BeO bonds has been used as a measure of Gt change:
Gt ¼ ðA� OÞ=

ffiffiffi
2

p
ðB� OÞ. In the case when bonds BeO are length-

ened and AeO shortened, Gt < 1 [8]. Since Gt for all investigated
samples is less than 1 and close to 0.93 (calculation based on the
bond lengths obtained by Rietveld analysis given in Table 1), we can
conclude that in our system occurred elongations of CaeO and
shortenings of MneO bonds. The structure alleviates these strains
by BO6 octahedron rotation, which leads to a reduction of
symmetry.

We have also analyzed the effects of concentration of gadolin-
ium on octahedral deformations. For Ca1�xGdxMnO3 (x ¼ 0.05, 0.1,
0.15, 0.2) samples, interatomic MneO distances inside octahedra
are shown in Fig. 2. In ac plane lies the shortest octahedral MneO2
bond, which is represented by the first and third bar in Fig. 2. In b-
axis direction lies the intermediate octahedral MneO1 bond, rep-
resented by the third bar. The octahedral deformation occurs as a
result of the MneO distances deviation. The deviation of the MneO
(dn) distances with respect to the average <MneO> (<d>) value
defines the distortion of the octahedra [34]:
.D ¼ ð1=6ÞPn¼1;6½ðdn � 〈d〉Þ=〈d〉2�:

Here, we observe that with an increase of Gd3þ content in the
structure, difference between the longest and shortest distances
increases non-periodically (see Fig. 2). The octahedral deformations
indicate the presence of oxygen vacancies caused by reduction of
Mn4þ to Mn3þ due to Gd doping. We note that 10% of the Gd in-
crease in the system has the highest D value, which has been used
as indication of the Jahn Teller distortion in the structure [34].

The JahneTeller effect can be observed by comparing the results
obtained for individual MneО bond lengths, leading to the
conclusion that there has been a change in the valence state of
Mn4þ i.e. reduction to Mn3þ. Rhombohedral and octahedral
distortion increases with Gd doping. Increase of Mn3þ concentra-
tion with Gd doping increases the average MneО bond length in
the unit cell (for Mn3þeO it is 2.04 Å, and for Mn4þeO, 1.88 Å [35]).

Table 1
Interatomic distances and bond angles for investigated samples of Ca1�xGdxMnO3 (x ¼ 0.05, 0.1, 0.15, 0.2).

Sample Ca0.95Gd0.05MnO3 Ca0.9Gd0.1MnO3 Ca0.85Gd0.15MnO3 Ca0.8Gd0.2MnO3

〈CaeO〉 2.5759 2.5270 2.5798 2.5304

CaeO 2� 2.635 (5) 2.6736 (3) 2.6612 (1) 2.7537 (3)
2� 2.340 (4) 2.3163 (3) 2.36131 (1) 2.3225 (1)

2.970 (8) 2.9163 (6) 2.9626 (4) 2.9303 (4)
2.887 (9) 2.3073 (6) 2.9061 (3) 2.3237 (4)
2.380 (7) 2.4647 (5) 2.3791 (3) 2.4453 (4)

2� 2.557 (5) 2.5403 (3) 2.5252 (2) 2.4609 (1)
2.458 (8) 2.4544 (3)

〈MneO〉 1.91023 1.91321 1.90885 1.92102

MneO 2� 1.8978 (10) 1.84859 (5) 1.90684 (3) 1.88364 (4)
2� 1.9335 (9) 1.97726 (6) 1.91820 (3) 1.96677 (4)
2� 1.8994 (7) 1.91378 (5) 1.90151 (2) 1.91264 (3)

O2eMneO2 91.32 (9) 91.144 (5) 91.1051 (16) 90.6 (10)
O1eMneO1 180.00 (9) 180.000 (6) 179.972 (3) 180.000 (4)
MneO1eMn 159.21 (9) 155.092 (6) 159.294 (3) 162.592 (4)
MneO2eMn 157.16 (11) 156.603 (6) 157.147 (2) 155.6 (5)
Mn(BCV) 3.927 3.931 3.938 3.826
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In addition, for each sample the MneО distance systematically
increases compared to the average MneО distance, clearly indi-
cating that the octahedral expansion is essentially a result of the a-c
basal plane increase as a consequence of Gd3þ entering Са2þ

position. Of essential importance is the ratio of ionic radii and co-
valent nature of the MneО bond. There is clearly visible difference
between the apical (MneО1) and equatorial (MneО2) distances in
MnО6 octahedron for all four samples. Difference in the MneО
bond lengths indicates occurrence of oxygen vacancies. Further-
more, by comparing the apical and equatorial bonds with the re-
sults for undoped CaMnO3 [36,37] we can conclude that there is an
octahedral tilting in the doped samples. With an increase of the
content of Gd in the structure, the deviations are increased pointing
at a significant tilting of octahedrons. Based on the previously
mentioned, in the Ca1�xGdxMnO3 (x ¼ 0.05, 0.1, 0.15, 0.2) samples,
MnО6 octahedrons cannot be described by six nearly equal MneО
distances. The octahedrons of doped samples are distorted and the
expansions are not the same in all three directions. As expected,
changes in the bond lengths with increased content of Gd are very
similar to the changes in the unit cell parameters [32]. These results
clearly show that there is a close connection between the unit cell
parameters and presence of the JahneTeller distortion due to the
presence Mn3þО6 octahedron oriented in ас plane.

3.2. Structure prediction of Ca1�xGdxMnO3 perovskites

After performing the structure prediction calculations for
Ca1�xGdxMnO3 by using SPuDS software, we obtained the equilib-
rium Pnma structure and ten additional perovskite-related modi-
fications, presented in Tables A.1eA.4 (see the Supporting
Information). Each of the calculated Ca1�xGdxMnO3 modifications

Fig. 1. Octahedral net of perovskite phase in a) Ca0.95Gd0.05MnO3; b) Ca0.9Gd0.1MnO3; c) Ca0.85Gd0.15MnO3; d) Ca0.8Gd0.2MnO3 sample.

Fig. 2. Interatomic MneO distances of the investigated samples of Ca1�xGdxMnO3

(x ¼ 0.05, 0.1, 0.15, 0.2) perovskites. The values of D are given above bars.

M. Rosi�c et al. / Journal of Alloys and Compounds 678 (2016) 219e227222



(marked by 1e10) was sorted by its space group and GII values (see
Tables 2e5). Here we would like to point out that instability of the
CaMnO3 system growswith increase of Gd doping (See Fig. 3). Fig. 3
shows the stability of the most favorable perovskite-related struc-
tures with Gd increasing the content of Gd in the CaMnO3 system.

The Pnma phase is the most stable form of Ca1�xGdxMnO3,
which is in agreement with our experimental findings [32].
Furthermore, we have observed that in the case of a low Gd doping
(less than 15%), the R3

�
cmodification (Ca0.95Gd0.05MnO3-(2)) is the

most stable form next to the equilibrium Pnma structure, according
to the GII values. With an increase of Gd in the system (>20%, see
Table 5), we have observed possible orthorhombic
(Ca0.8Gd0.2MnO3-(5), Pnma) e tetragonal (Ca0.8Gd0.2MnO3-(5), P42/
nmc), rather than orthorhombic (Ca0.8Gd0.2MnO3-(5), Pnma) e

trigonal (Ca0.8Gd0.2MnO3-(5), R3
�

c) phase transition. After
analyzing the Ca1�xGdxMnO3 predicted structures in Figs. 1 and 4,
we observed that Gd was homogeneously distributed over the
crystal structure. Also, we noted that in the sample doped with 5%
of Gd, the most unstable form was orthorhombic
Ca0.95Gd0.05MnO3-(10) (I4/mmm) modification, whereas with a
larger amount of doping, the cubic perovskite (Ca0.8Gd0.2MnO3-(8))
became the most unstable form of Ca1�xGdxMnO3 (see Tables 2e5
and Fig. 4). Similar trends were observed in the previous research
with pure CaMnO3 compound by using ab inito methods [20]. This
change of symmetry is due to distortions away from the ideal
perovskite structure that occur at different tilt systems.

Bond valence calculations (BVC) often resulted in a Mn valence
state higher than the nominal value and the reason being strong
MneО bond [38]. For the Ca1�xGdxMnO3 system we have also
noticed higher values for BVC than expected, in view of the pres-
ence of Mn3þ in these perovskites, which could reduce valence
state of Mn. In the next step we have compared our calculated and
experimentally observed Pnma structure in the Ca1�xGdxMnO3
system (see Table 6). Our SPuDS calculations show slight decrease
of unit cell volume, whereas in the experiment we observed quite
the opposite result, a slight increase of cell volume. This discrep-
ancy originates from the appearance of Mn3þ and, as it was pointed
out before, these results clearly show that there is a close connec-
tion between the unit cell parameters and the presence of the
JahneTeller distortion due to the presence Mn3þО6 octahedron.

Furthermore, following these results, we have managed to
calculate the amount of Mn4þ and Mn3þ in the doped perovskite
compound which, to the best of our knowledge, has never been
calculated before, at least not in this way. Due to the fact that cell
volume is connected to the presence of Mn3þ in the system (see
above), at first, we have calculated change of the equilibrium vol-
ume as a result of Gd doping. The results showed that total cell
volume of the investigated perovskite systemhas been increased by
~0.01% in the sample doped with 5% of Gd (see Table 6).

Next, we have calculated different compositions of Mn4þ and
Mn3þ for the same amount of Gd doping (see Table A.5 in the
Supporting Information). We have discovered that the cell volume
started to increase, as we obtained by the experiment (see Table 6).
In addition, we noted that the best fit for the volume cell increase
for 5% of Gd, was obtained for 5% increase of Mn3þ in the system,
which is ~0.01%, the predicted volume increase and is in very good
agreement with our experimental observations. Therefore, we can
conclude that with 5% Gd increase in the Ca1�xGdxMnO3 system, we
could expect 5% Mn3þ increase in the system. Finally, we show the

Table 2
Calculated values of the global instability index (GII) for ten Ca0.95Gd0.05MnO3

modifications using SPuDS software.

Name Space group Tilt system GII (a.u.)

Ca0.95Gd0.05MnO3-(1) Pnma a-bþa- 0.03969
Ca0.95Gd0.05MnO3-(2) R3

�
c a-a-a- 0.08593

Ca0.95Gd0.05MnO3-(3) P4/mbm a0a0c- 0.09058
Ca0.95Gd0.05MnO3-(4) I4/mcm a0a0c- 0.09058
Ca0.95Gd0.05MnO3-(5) P42/nmc aþaþc- 0.10742
Ca0.95Gd0.05MnO3-(6) Im3

� aþaþaþ 0.12980

Ca0.95Gd0.05MnO3-(7) Cmcm aþb0c- 0.14282
Ca0.95Gd0.05MnO3-(8) Pm3

�
m a0a0a0 0.15494

Ca0.95Gd0.05MnO3-(9) Imma a0b-b- 0.16295
Ca0.95Gd0.05MnO3-(10) I4/mmm a0bþbþ 0.16468

Table 3
Calculated values of the global instability index (GII) for ten Ca0.9Gd0.1MnO3 modi-
fications using SPuDS.

Name Space group Tilt system GII (a.u.)

Ca0.9Gd0.1MnO3-(1) Pnma a-bþa- 0.05667
Ca0.9Gd0.1MnO3-(2) R3

�
c a-a-a- 0.09777

Ca0.9Gd0.1MnO3-(3) P4/mbm a0a0c- 0.10236
Ca0.9Gd0.1MnO3-(4) I4/mcm a0a0c- 0.10236
Ca0.9Gd0.1MnO3-(5) P42/nmc aþaþc- 0.10742
Ca0.9Gd0.1MnO3-(6) Im3

� aþaþaþ 0.12980

Ca0.9Gd0.1MnO3-(7) Cmcm aþb0c- 0.14282
Ca0.9Gd0.1MnO3-(9) Imma a0b-b- 0.15765
Ca0.9Gd0.1MnO3-(10) I4/mmm a0bþbþ 0.16468
Ca0.9Gd0.1MnO3-(8) Pm3

�
m a0a0a0 0.17129

Table 4
Calculated values of the global instability index (GII) for ten Ca0.85Gd0.15MnO3

modifications using SPuDS.

Name Space group Tilt system GII (a.u.)

Ca0.85Gd0.15MnO3-(1) Pnma a-bþa- 0.07013
Ca0.85Gd0.15MnO3-(2) R3

�
c a-a-a- 0.10740

Ca0.85Gd0.15MnO3-(5) P42/nmc aþaþc- 0.10742
Ca0.85Gd0.15MnO3-(3) P4/mbm a0a0c- 0.11204
Ca0.85Gd0.15MnO3-(4) I4/mcm a0a0c- 0.11204
Ca0.85Gd0.15MnO3-(6) Im3

� aþaþaþ 0.12980

Ca0.85Gd0.15MnO3-(7) Cmcm aþb0c- 0.14282
Ca0.85Gd0.15MnO3-(9) Imma a0b-b- 0.15304
Ca0.85Gd0.15MnO3-(10) I4/mmm a0bþbþ 0.16468
Ca0.85Gd0.15MnO3-(8) Pm3

�
m a0a0a0 0.18620

Fig. 3. Phase transition from Pnma, R3
�

c to P42/nmc with Gd ion increase in CaMnO3

compound.

M. Rosi�c et al. / Journal of Alloys and Compounds 678 (2016) 219e227 223



calculated structures for Ca1�xGdxMn4þ
1�xMn3þ

x O3 system obtained
by using SPuDS software. In Tables A.1eA.4 (see the Supporting
Information) we the present unit cell parameters for ten additional
perovskite-related modifications.

3.3. Infrared (IR) spectroscopy

IR reflectivity spectra of the Ca1�xGdxMnO3 samples in
80e650 cm�1 spectral range are shown in Fig. 5. Several broad

phonon features at 286/336 cm�1, 416 cm�1 and 556 cm�1, together
with a pronounced Drude-like contribution from free charge car-
riers, which dominates the reflectivity spectra in the range below
200 cm�1, can be seen. The perovskite manganites usually have
three strong phonon bands, known as external, bending and
stretching modes, located at about 150e180, 350, and 550-
600 cm�1 respectively [39e42]. For the ideal cubic perovskite
structure AMnO3 (space group Pm3

�
m), the factor group analysis

predicts three 3-fold degenerated IR active modes of F1u symmetry.
The lowest energy F1u mode (the external mode) originates from
vibrations of A cation against MnO6 octahedra, and it is usually
found in 150e180 cm�1 range. The medium energy F1u mode (the
bending mode) originates from bending of MneО bonds in the

MnO6 octahedra, and is usually found around 350 cm�1. The
highest energy mode (the stretching mode) originates from MneО
bond stretching and it is usually positioned in 550e600 cm�1

range. In the case of manganites of rhombohedral structure (R3
�

c),
which is of the lower symmetry, 8 IR active modes (3Au þ 5Eu) can
be expected, among which three Au and three out of five Eu modes
originate from splitting of the degenerated F1u modes [43]. For the
orthorhombic structure (Pnma) of even lower symmetry, up to 25
IR active modes (9B1uþ 7B2uþ9B3u) can be expected. There are

Table 5
Calculated values of the global instability index (GII) for ten Ca0.8Gd0.2MnO3 modi-
fications using SPuDS.

Name Space group Tilt system GII (a.u.)

Ca0.8Gd0.2MnO3-(1) Pnma a-bþa- 0.08188
Ca0.8Gd0.2MnO3-(5) P42/nmc aþaþc- 0.10742
Ca0.8Gd0.2MnO3-(2) R3

�
c a-a-a- 0.11544

Ca0.8Gd0.2MnO3-(3) P4/mbm a0a0c- 0.12018
Ca0.8Gd0.2MnO3-(4) I4/mcm a0a0c- 0.12018
Ca0.8Gd0.2MnO3-(6) Im3

� aþaþaþ 0.12980

Ca0.8Gd0.2MnO3-(7) Cmcm aþb0c- 0.14282
Ca0.8Gd0.2MnO3-(9) Imma a0b-b- 0.14936
Ca0.8Gd0.2MnO3-(10) I4/mmm a0bþbþ 0.16468
Ca0.8Gd0.2MnO3-(8) Pm3

�
m a0a0a0 0.20001

Fig. 4. Visualization of several calculated perovskite-related structures a) Ca0.8Gd0.2MnO3-(5), P42/nmc; b) Ca0.8Gd0.2MnO3-(2), R3
�

c; c) Ca0.95Gd0.05MnO3-(10), (I4/mmm); d) cubic
perovskite Ca0.8Gd0.2MnO3-(8), (Pm3

�
m).

Table 6
Unit cell parameters and volumes of the experimentally observed and calculated (SPuDS) equilibrium Pnma structure in Ca1�xGdxMnO3 system.

Sample Ca0.95Gd0.05MnO3 Ca0.9Gd0.1MnO3 Ca0.85Gd0.15MnO3 Ca0.8Gd0.2MnO3

Method Experiment SPuDS Experiment SPuDS Experiment SPuDS Experiment SPuDS

Unit cell parameters (Å) a 5.2834 (5) 5.3576 5.304 (1) 5.3569 5.3152 (9) 5.3562 5.3186 (5) 5.3555
b 7.4665 (6) 7.5407 7.475 (1) 7.5385 7.4795 (8) 7.5366 7.4792 (7) 7.5347
c 5.2994 (4) 5.3073 5.293 (1) 5.3051 5.303 (1) 5.3030 5.3003 (7) 5.3011

Volume (Å3) V 209.03 (3) 214.415 209.84 (7) 214.237 210.81 (6) 214.069 210.84 (7) 213.912
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actually two variations of the orthorhombic structure, denoted as
Pnma-1 and Pnma-2. Both of them have the same symmetry, but
Pnma-1 is much less deformed.

Our samples have the Pnma-1 structure. In this case, due to
small deviation from the cubic structure, majority of the IR modes
have small strength and cannot be well resolved. In addition to the
previous work [44] on isostructural LaMnO3, we have assigned two
modes at 286/336 cm�1 as B1u/B3u, one mode at 416 cm�1 as B1u,
and one mode at 556 cm�1 as B2u. With Gd doping, modes at 286
and 556 cm�1 are shifted to higher energies due to the change in
the A-site ion radius with doping, and more importantly due to
replacement of Mn4þ by Mn3þ as a consequence of Ca2þ substitu-
tionwith Gd3þ. For higher doping contents, relative intensity of the
mode at 336 cm�1 with respect to 286 cm�1 mode increases. The
observed increase of 336 cm�1 mode intensity can be a conse-
quence of higher sensitivity of this bendingmode to the decrease in
the MneOeMn angle [45,46]. The increase of 336 cm�1 mode in-
tensity, together with the shift of 286 cm�1 to higher energies, for
higher doping levels appears as a partial merging of these two
modes. The external mode, in manganites often found in
150e180 cm�1 range, is strongly screened in our samples by the
Drude contribution, and is barely seen only in the 5% doped sample
at about 168 cm�1 (B1u). Sopracase et al. [46] have theoretically
found that in the case of orthorhombic CaMnO3, the low-energy
external modes have a small dipole moment, resulting in small
strength of the experimentally observed modes, which, together
with strong Drude screening, can explain the absence of this mode
in most of our samples.

3.4. Electron paramagnetic resonance (EPR) spectroscopy

Replacement of Ca2þ with Gd3þ causes reduction of Mn4þ to
Mn3þ. Mn3þ (3d4 with S ¼ 2) is unlikely to have an observable EPR
signal as it exhibits a large zero-field splitting because of the in-
fluence of the JahneTeller effect on the 5Eg ground state in the
octahedral symmetry.

The observed EPR signal is due to Mn4þ, but it cannot be
attributed to isolatedMn4þ ions. EPR intensity and linewidth can be
explained by a model in which a bottlenecked spin relaxation takes
place from the constituent Mn4þ via the exchange-coupled Mn3þ

JahneTeller ions to the lattice [47].

The measured room-temperature EPR spectra are shown in
Fig. 6a. The six sharp lines in the EPR spectra are from the reference
sample ZnS:Mn. The spectra shapes are of Lorentzian profile and do
not saturate with EPR microwave power (I(P1/2) is linear), which is
indicated by homogenously broadened line, Fig. 6b.

The EPR linewidth seems to be a physical parameter that closely
follows the cell distortion [48]. A weak increase of the line width
(Table 7), with increasing Gd content is found, Fig. 7. The observed
increase is much lower than the increase of linewidth found in
Ca1�xYxMnO3 with increasing Y concentration [48]. It is associated
with octahedral tilting that weakly depends on the concentration of
Gd content (Table 1), compared with larger octahedra tilting in-
crease observed in Ca1�xYxMnO3 [48]. The linewidth is inversely
proportional to the relaxation time, which depends on interaction
between Mn4þeOeMn3þ, which, on the other side, is angle
dependent. The MneOeMn angles are given in Table 1. Variation of
the angles for our samples is relatively small.

While the line widths show a wide variety of behaviors
depending on the temperature and concentration of divalent ions
[49], and even on oxygen content [50], the g-factors are nearly
constant and close to the free electron value. The g-factor of
Ca1�xGdxMnO3, presented in Fig. 7. is close to the free electron
value. The experimental error is estimated to be about 0.01 (due to
high linewidth), which is comparable with the measured variation
of g-factor.

Intensities of the lines in Fig. 6 were normalized for easier EPR
spectra comparison. The actual intensities reading error was of the
order of the expected trend of intensity change for various con-
centrations due to experimental issues [51], which prevented us
from making a conclusion related to intensity.

The magnetization measurements performed on these samples
showed that they are paramagnetic at room temperature and
obeyed Curie-Weiss law at temperature above ~110 K. Themagnetic
moments obtained from Curie-Weiss law are in accordance with
the theoretical values expected for the Mn4þ, Mn3þ and Gd3þ, and
ratio of Mn4þ/Mn3þ is close to Ca2þ/Gd3þ ratio. So, there are no
clusters of ions at room temperature, the EPR measurement tem-
perature [52]. Clustering and ordering were observed at lower
temperatures, T<~110 K. Samples with x ¼ 0.05 or 0.10 show
ferromagnetic transition and samples with x ¼ 0.15 or 0.20 show
antiferromagnetic transition [52].

The EPR signal, measured at liquid nitrogen temperature is not
observed, because intensity of EPR diminishes and linewidth rises
rapidly below ordering temperature TC,N [47,53].

4. Conclusion

We have used theoretical and experimental methods to inves-
tigate the octahedral tilting and related effects of Ca1�xGdxMnO3
(x ¼ 0.05, 0.1, 0.15, 0.2) compound. Both methods have shown that
orthorhombic-perovskite structure (space group Pnma) is the most
stable form and according to Glazer's classification belongs to
a-bþa- tilt system. Our bond valence calculations (BVC) have shown
ten additional perovskite-related modifications of the equilibrium
Ca1�xGdxMnO3 structure, and their stability has been investigated
as function of Gd doping. We have further studied the influence of
gadolinium amount on MneО bond angles and distances, tilting of
MnO6 octahedra around all three axes and deformation due to the
presence of JahneTeller distortion around Mn3þ cation, and
calculated the amount of Mn3þ in the system. Furthermore, our BVC
approach is a simple, fast and efficient way of calculating the
amount of Mn4þ and Mn3þ in the doped perovskite compound,
which, to the best of our knowledge, has not been done before. The
infrared reflection spectra of Ca1�xGdxMnO3 samples confirmed
XRD results that Ca1�xGdxMnO3 nanopowders are of Pnma-1

Fig. 5. Infrared reflectivity spectra of the Ca1�xGdxMnO3 (x ¼ 0.05, 0.1, 0.15, 0.2)
samples. The spectra are offset for clarity.
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structure and that the tilting of octahedra are increased with Gd
doping. Finally, the EPR spectra are in accordance with the
assumption that EPR linewidth is MneOeMn angle dependent. The
studied samples showed that small octahedra tilting in these
samples brought only a small change of the EPR linewidth.
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Fig. 6. (a) EPR spectra of Ca1�xGdxMnO3 (x ¼ 0.05, 0.1, 0.15, 0.2) samples; (b) EPR Intensity vs. square root of the microwave power, for the Ca0.8Gd0.2MnO3 sample.

Table 7
Parameters obtained from the EPR spectra, g-factor, intensity and linewidth (peak-to-peak).

Sample Ca0.95Gd0.05MnO3 Ca0.9Gd0.1MnO3 Ca0.85Gd0.15MnO3 Ca0.8Gd0.2MnO3

g-factor 2.014 2.005 2.0015 1.992
Int/Mass 6.4 5.7 15.2 9.5
DBpp 123.6 149.8 158.6 158.7

Fig. 7. Line widths and g-factors of observed EPR lines for various concentrations of
Ca1�xGdxMnO3 samples.
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a b s t r a c t

The interest in thorough description of Zn1exMnxGeAs2 arises from its suitability for application in the
field of non-linear optics. The room temperature far-infrared reflectivity spectra of single crystals Zn1

exMnxGeAs2, where 0 � x � 0.078, were measured in the spectral range from 80 cm�1 to 500 cm�1. The
spectra were analyzed by fitting procedure using a dielectric function which includes interaction be-
tween a plasmon and two different phonons. The detected phonons are in excellent agreement with the
theoretical predictions. The MnAs cluster phonons are detected, as well.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Ternary semiconductors of the form II-IV-V2 are crystal-
chemicals that are electrical twins of semiconductors of the form
III-V. Ordered replacement of the atom III in a semiconductor by the
atoms II and IV in a ternary semiconductor causes doubling of the
unit cell size in the direction of the c-axis and consequent reduction
of symmetry from the cubic to the tetragonal. For example, a
representative of this group of materials, ZnGeAs2 with the twin
semiconductor GaAs, crystallizes in the chalcopyrite structure.

A diluted magnetic semiconductor whose Curie temperature is
as high as 300 K can be obtained by doping ZnGeAs2 with Mn [1,2].
The non-linear optical coefficients of the resulting alloy, i.e., of
Zn1exMnxGeAs2, are large [3], and its direct energy gap corre-
sponding to T ¼ 300 K at the G point of the Brillouin zone is
Eg ¼ 1.15 eV [4]. Due to these characteristics, the described material
is suitable for application in the non-linear optics; hence the in-
terest for its other attributes.

The plasmons of free carriers and the longitudinal-optical (LO)
phonons interact through their macroscopic electric fields, and the

result is appearance of the coupled LO phonon-plasmon modes
(CPPMs). The vast majority of published studies are devoted to the
n-type semiconductors and the interaction of a single phononwith
effective plasmons. The studies involving the influence of the
plasmon damping on the CPPM followed somewhat later [5]. For
example, for low damping rates in the n-type GaAs, the coupled
modes can be classified in an upper Lþ branch and a lower L�
branch. With the increase in the carrier density, i.e., plasma fre-
quency, the nature of the upper mode changes in energy from the
LO phonon-like to a plasmon-like. The change in the lower fre-
quency mode occurs the other way around, reaching the
transverse-optical (TO) phonon energy for large plasmon energy.
The distinction between the upper and lower mode becomes
meaningless for large plasmon dumping. In this case, one mode is
more phonon-likewith energy uLO for uP¼ 0 anduTO for uP >> uLO,
with nearly pure phonon damping in both cases, whereas the other
mode is an overdamped plasmon mode. Further, it is the plasma
with high mobilities and low effective masses of the carriers that is
often considered, in which case is enabled the detection of low, L�,
and high, Lþ, energy branch of the CPPM [6,7].

Despite the early theoretical prediction of the interaction be-
tween two phonons and a plasmon [8], experimental confirmations
are rare [9e11]. As for the influence of the plasmon damping on the* Corresponding author.
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interaction between a plasmon and two different phonons, i.e. on
the coupled plasmon-two-phonons modes, CP2PM, to the best of
our knowledge it has not been considered so far.

Our intention is to use far-infrared spectroscopy to study the
fundamental properties of the coupled plasmon-two-phonons
modes in the p-type materials, as well as to further investigate
these coupled modes under different plasmon damping conditions.
The Raman spectra measurements performed on the
Zn1exMnxGeAs2 system [12] offer additional justification for the
intended course of research.

2. Experimental technique, methods, and groundwork

The studied samples of Zn1exMnxGeAs2 were grown from a
stoichiometric ratio of high purity powders of ZnAs2, Ge, and Mn,
using the direct fusion method. The chemical composition was
within the interval 0 � x � 0.078. The technology of sample
preparation is explained in detail in Ref. [13].

The preliminary studies of characteristics of Zn1exMnxGeAs2
samples were undertaken and the results were presented in
Refs. [2,14,15]. Using the X-ray diffraction spectra of powdered
samples it was found that samples contain two main phases. These
are solid solutions of Mn in ZnGeAs2 and in Zn2Ge11As4 compound,
with chalcopyrite and zinc-blade cubic crystal structure, respec-
tively. The magnetic properties of the alloy depend on the presence
of Mn in the composition. Low Mn content produces a para-
magnetic material, whereas larger amounts of Mn cause a ferro-
magnetic alignment of the alloy. From the results of the Hall
measurements given in Table 1 it can be observed that the samples
with relatively high density of the p-type free carrier, i.e. samples
with x¼ 0, 0.013, and 0.047, have rather lowmobility, whereas high
mobility is associated with low density of the free carrier in sam-
ples with x ¼ 0.0028, 0.053, and 0.078.

The presence of MnAs clusters in our Zn1�xMnxGeAs2 crystals
was done with the use of a scanning electron microscope (SEM)
coupled with energy dispersive x-ray spectrometer system (EDX).
We used the field emission Hitachi SU-70 Analytical UHR FE-SEM
SEM equipped with Thermo Scientific NSS 312 EDX system equip-
ped with silicon drift detector. The samples surface was prepared
prior to the SEM measurements including was mechanical polish-
ing and chemical cleaning. The purpose of the sample preparation
was to reduce the surface roughness and remove unintentional dirt
and impurities. Our equipment allowed simultaneous use of the
SEM and EDX techniques which in turn enabled to obtain images of
the sample surface and the measurements of the localized
elemental information at selected surface spots. A series of SEM
maps was obtained for the Zn1�xMnxGeAs2 samples with different
chemical composition. In agreement with our previous results [2]
the SEM data showed no clustering for the samples with x < 0.07.
For x ¼ 0.078 the presence of MnAs clusters was observed (see
Fig. 1).

The EDX results indicate the presence of MnAs clusters with
diameter of about 10 mm. The stoichiometry of the ZnGeAs2 equals
1:1:2 and the chemical content of MnAs inclusions is also close to
1:1.

The study of the CP2PM in p-type Zn1exMnxGeAs2 was per-
formed by measuring the far-infrared (FIR) reflection spectra at
room temperature in the spectral range of 80 cm�1e500 cm�1,
using BOMEM DA 8 spectrometer.

3. Results and analysis

The far-infrared reflection spectra of single crystal samples of
Zn1exMnxGeAs2 are shown in Fig. 2. Each experimentally obtained
data point is marked with a circular symbol. Two different spectra
types are clearly visible. Thesampleswith low freecarrierdensity, i.e.,
samples corresponding to x ¼ 0.0028, 0.053, and 0.078, show sig-
nificant phonon structure. For the sample with x ¼ 0.0028 the
following features are distinguishable: the two dominant structures,
clearly separated and located one in section 235 cm�1e245 cm�1 and
theother in270cm�1e290cm�1, twophononsatabout210cm�1 and
260 cm�1, as well as the weakly expressed structures at approxi-
mately 120 cm�1 and 190 cm�1. Note that stabilization of tetragonal
structures occurred in this sample, according to the results of the X-
ray measurements. The described features are visible in the spectra
corresponding to x¼ 0.053 and x¼ 0.078, as well, however, in much
less pronounced form. In these two cases it would be more appro-
priate to state that only the twomost dominant structures are clearly
visible.

When the free carrier density increases, i.e., for the samples
corresponding to the remaining three values of x, the spectra take a
completely different shape. Only the outlines of formerly clear
structures can now be distinguished within a single wide shape,
which should rather be described as a structure of slightly wavy
shape. The most pronounced spectra from this group corresponds
to x ¼ 0.047. The phonon located at about 210 cm�1 and the
structure positioned between 235 cm�1 and 245 cm�1 are broad-
ened, merged, and spread up to 270 cm�1, which is the lower limit
of the most pronounced structure in previously described spectra
and is now practically hidden by the electrons. The most pro-
nounced became the structures located at about 180 cm�1 and
260 cm�1, as well as the phonon positioned at approximately
90 cm�1. The global minimum is shifted to above 320 cm�1.
Compared to the samples with low free carrier density, a noticeable
reflectivity increase is registered in this area, as well.

A theoretical model of the bulk dielectric function has been
discussed by several authors [6,16]. The low-frequency dielectric
properties of single crystals are described by classical oscillators
corresponding to the TO-modes, to which the Drude part is
superimposed to take into account the free carrier contribution:

εSðuÞ ¼ ε∞ þ
Xl

k¼1

ε∞

�
u2
LOk � u2

TOk

�

u2
TOk � u2 � igTOku

� ε∞u2
P

uðuþ iGPÞ
; (1)

where ε∞ is the bound charge contribution and it is assumed to be a
constant, uLOk and uTOk are the longitudinal and transverse optical-
phonon frequencies, uP the plasma frequency, gLOk and gTOk indi-
cate the damping of uncoupled modes of the host crystal, and GP is
the plasmon mode damping coefficient.

Our previous works [17e19] support the opinion that the
structures located in the regions 235 cm�1e245 cm�1 and
270 cm�1e290 cm�1, are a consequence of the combined plasmon-
LO phonon modes, ulj. Therefore, we consider these two structures
as good candidates for verification of CP2PM. The outcomes of the
coupling between a single phonon and a plasmon, CPPM, for the
various values of plasma damping G, are given in Fig. 3. The phonon
is taken to be the E2 phonon in Zn1exMnxGeAs2, which in Eq. (1)
corresponds to l ¼ 1, uTO ¼ 268 cm�1, and uLO ¼ 273 cm�1,
whereasuP defines the plasmon. The positions of the coupledmode
were obtained from the real part of Eq. (1) as the solution of the
equation Re{εS} ¼ 0 for l ¼ 1. The obtained result is in excellent
agreement with the GaAs case described in Ref. [5]. Further, each of
the two structures taken as an example can be explained using the
approach illustrated in Fig. 3, i.e., for the both cases the appropriate

Table 1
Results of Hall measurements for Zn1exMnxGeAs2.

x(Mn) 0 0.0028 0.013 0.047 0.053 0.078
p(1019 cm�3) 8.1 1.9 10.5 10.2 3.3 5.2
m(cm2/Vs) 19.1 67.8 14.9 15.3 44.1 28.7
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values of plasma frequency and damping can be determined to
provide full description of the given structure. However, the
dielectric function formed in such a way to account for the inter-
action of each individual phonon with the plasma, would lead to
difficulties in understanding the nature of the multicomponent
plasma. Several studies are dedicated to this issue [7e11].

With the intention to avoid the discussed difficulties and to
establish better model of reflectivity spectra of Zn1exMnxGeAs2, we
used the dielectric function that includes in its initial form the
interaction between two different LO phonons and a plasmon, i.e.,
the plasmon-two-phonons interaction [8,11], namely:

εðuÞ¼ ε∞

Y3

j¼1

�
u2þ iglju�u2

lj

�

uðuþ iGPÞ
Y2

i¼1

�
u2þ igtiu�u2

ti

��
Ys

k¼1

u2þ igLOku�u2
LOk

u2þ igTOku�u2
TOk

:

(2)

The first term in Eq. (2) represents coupling of a plasmon and
two phonons, whereas the second term accounts for all s uncoupled
modes of the crystal. The parameters ulj and glj in the numerator of
the first part are eigenfrequencies and damping coefficients of the
longitudinal (LO) component of the plasmon-two-phonons waves,

respectively. The parameters utj and gtj in the denominator of the
first part correspond to the corresponding characteristics of the
transverse (TO) vibrations. The second factor represents uncoupled
crystal modes, where uLOk and uTOk are the longitudinal and
transverse frequencies, while gLOk and gTOk are the damping co-
efficients of the k-th crystal mode.

The dielectric function given with Eq. (2) was used to obtain the
theoretical prediction of the experimental spectra shown in Fig. 2.
The agreement between the experimental data shown as circles
and the theoretical spectra given as solid lines is excellent.

The number of uncoupled phonons, s, depends on the manga-
nese concentration, x, and will be discussed latter. In order to better
understand the obtained results, the influence of the plasma
damping on the positions of coupled plasmon-two-phononsmodes
is shown in Fig. 4. As explained earlier, the coupled mode positions
are defined as the solutions of the real part of Eq. (1), i.e., Re{εS}¼ 0;
however, now under the condition l ¼ 2.

The values of frequencies uTO1 and uTO2, obtained as the best fit
to experimental data, are 236 cm�1 and 268 cm�1 for E3 and E2,
respectively. Ten values of the parameter G were considered,
namely G ¼ 0, 40, 60, 80, 100, 120, 140, 160, 180, and 250 cm�1. The
obtained dependence of the coupled modes positions depicted in
Fig. 4 is qualitatively different from the one given in Fig. 3, which is
expected since the number of coupled modes is different. For G¼ 0,

Fig. 1. Exemplary SEM image (top left) and EDX microprobe results including the detailed chemical content measurement (top right) and the maps of the distribution of the alloying
elements obtained for the Zn1�xMnxGeAs2 sample with x ¼ 0.078.
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here as well as in Fig. 3, the lower branch starts as a plasmon and
ends in TO1 phonons, whereas the upper branch begins as a
phonon and ends in plasmon tail. The new branch, absent in Fig. 3,
begins as LO1 phonon and approaches TO2 phonon at high values

of plasma frequency. The values of LO phonon frequencies are ob-
tained from Fig. 4 as a results of best fit. The nature of the branches
does not change with the increase of plasma damping up to rela-
tively large value of G ¼ 250 cm�1; instead, each branch is shifted
within its range. The regions between TO1 and LO1, as well as be-
tween TO2 and LO2 are branch-free, as was the case with the
TOeLO region in Fig. 3 for the LO phonon-plasmon interaction.

Results obtained as the best fit to the experimental data are in
Fig. 4 denoted by different symbols for different values of x. The
obtained values of plasma frequencies follow the change in free
carrier density, N, which was expected since uP

2 is proportional to N.
The most pronounced spectrum from each of the two groups, i.e.,
the one with x ¼ 0.0028 and x ¼ 0.047, correspond to the smallest
value of plasma damping within its group.

There are three groups of uncoupled phonons. The first group
contains the phonons that originated from ZnGeAs2 and were
detected in all spectra. These are the phonons located at around
101 cm�1,117 cm�1,161 cm�1, and 210 cm�1, with the B3

1, E5, E4, and
A1 symmetry, respectively, as well as the group of phonons in the
vicinity of 275 cm�1 whose symmetry is of the E1 and B2

1 type. These
phonons are described in detail in Ref. [20].

The weak phonons around 180 cm�1 for x ¼ 0.053 and 0.078,
and above 320 cm�1 for x¼ 0.013 and 0.047, probably correspond to
another detected phase, i.e., to Zn2Ge11As4, or to the surface modes.

The most interesting is the third group of phonons at about
170 cm�1 which correspond to x ¼ 0.013 and 0.047. Although their
presence was noticeable in these two spectra, we did not observe

Fig. 2. Far-infrared reflection spectra of Zn1exMnxGeAs2 single crystals. The experi-
mentally obtained data points are depicted by circles. The theoretical spectra obtained
with the model defined by Eq. (2) and fitting procedure are given as solid lines. Six
different samples were considered with six values of manganese concentration x ¼ 0,
0.0028, 0.013, 0.047, 0.053, and 0.078.

Fig. 3. Eigenfrequencies of plasmonephonon modes for single crystal Zn1exMnxGeAs2.
The solid lines are spectra calculated from Re{εS} ¼ 0, where εS is given by Eq. (1)
whose parameter l is set to 1. Seven different values of plasma damping were
considered, i.e., G ¼ 0, 50, 100, 150, 200, 250, and 300 cm�1.

Fig. 4. Eigenfrequencies of plasmon-two-phonon modes for single crystal
Zn1exMnxGeAs2. The solid lines are spectra calculated from Re{εS} ¼ 0, where εS is
given by Eq. (1) whose parameter l is set to 2. Ten different values of plasma damping
were considered, i.e., G ¼ 0, 40, 60, 80, 100, 120, 140, 160, 180, and 250 cm�1. Values
obtained with Eq. (2) as the best fit to the experimental data in Fig. 1 are represented
by solid symbols for samples with low free carrier density and open symbols for high
free carrier density.
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these phonons in the spectra of the basic material. The calculated
values of the MnAs clusters are positioned at these frequencies, as
well [19]. Note that the Raman spectra measurements offer much
more distinguished results. On the other hand, given the number of
clusters and high free carrier density, for IR spectra it can be
concluded with certainty only that it would not be possible to
completely reproduce the spectra if these phonons were not taken
into account.

The dependence of ε∞ on the concentration of Mn is given
quantitatively in Fig. 5. It was clear from Fig. 1 that ε∞ decreases
with the increase in Mn concentration. In addition to confirming
this conclusion numerically, Fig. 5 shows that the dependence is
linear within each of the two groups of samples that were estab-
lished with respect to the free carrier density, i.e. for the group of
samples with high as well as with low carrier density. The carrier
density does not influence the shape of the dependence, i.e., the
linearity; however, the group of samples with high carrier density
has larger ε∞ compared to the group with low carrier density.

4. Conclusion

We used far-infrared reflectivity measurements to investigate
the influence of plasma damping on the interaction between a
plasmon and two different phonons in Zn1�xMnxGeAs2. The specific
nature of the behavior of the coupled phonons frequency is
determined. At high plasma damping values entrance of phonons
into the region between TO and LO frequencies is not observed for

the plasmon-two-phonons interaction, unlike was the case with
the plasmon-phonon interaction. Existence of MnAs clusters is
confirmed and relation between free carrier concentration and
optical parameters is determined.
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A B S T R A C T   

Room-temperature far-infrared reflectivity spectra of nanocrystalline, partially inverse MgFe2O4 were investi-
gated. MgFe2O4 samples were prepared by sol-gel method and sintered at three different temperatures (400, 600 
and 800 ◦C). Raman spectroscopy was employed to estimate the degree of inversion in the sintered samples. The 
degree of inversion was found to increase from 0.52 to 0.74 as the sintering temperature increased from 400 ◦C to 
800 ◦C. The reflectivity spectra, besides the four infrared modes characteristic for spinels (ν1, ν2, ν3, ν4), revealed 
the presence of free carriers. Plasmon-longitudinal optical (LO) phonon interaction was analyzed using factorized 
coupled and decoupled plasmon-phonon models, combined with the Bruggeman effective medium approxima-
tion. From these models it was obtained that the ν1 and ν3 phonon modes are more strongly coupled with 
plasmons than the ν2 mode. A potential mechanism of plasmon-phonon interaction in inverse MgFe2O4 spinel has 
been discussed.   

1. Introduction 

Magnesium ferrite (MgFe2O4) belongs to the family of spinel ferrites, 
a very important group of magnetic spinel oxides with a wide range of 
applications. It is a soft magnetic n-type semiconducting material which 
received strong attention due its vast uses such as magnetic applications 
[1,2], catalyst [3,4], metal ion removal [5], water purification [6], 
water and CO2 splitting [7,8] or sensors [9]. It is considered as prom-
ising candidate for biomedical applications such as hyperthermia and 
cancer treatment [10–12], targeted drug delivery [13] or magnetic 
resonance imaging [14]. In recent years MgFe2O4 has been considered as 
an anode material for lithium-ion batteries [15–17]. Many properties of 
MgFe2O4 depend on the microstructure, grain size and porosity, or 
preparative methods. Preparation of MgFe2O4 in nanocrystalline form 
offers a way to change and tune its optical, electronic, magnetic and 
other properties [18–20]. 

Spinel oxides have a general formula AB2O4 and belong to the Fd3m 
(O7

h , No. 227) space group. In normal spinels, A cations occupy only the 
tetrahedral sites, whereas B cations occupy only the octahedral sites 
(Fig. 1). In inverse spinels, A cations and half of B cations occupy the 
octahedral sites while the tetrahedral sites are occupied by the other half 
of the B cations, which can be represented as B[AB]O4. The intermediate 
configurations are partially inverse spinels and the structural formula 
can be written as (A1-δ Bδ)tetra[AδB2-δ]octaO4, where δ represents the 
degree of inversion, which in extreme cases of normal and completely 
inverse spinels has values δ = 0 and δ = 1, respectively. MgFe2O4 is a 
partially inverse spinel for which the degree of inversion δ depends on 
the synthesis method and thermal treatment. The crystallite size also 
presents an important factor for adjusting the degree of inversion and 
fine-tuning of MgFe2O4 properties. 

Far infrared (IR) reflection spectroscopy is a powerful technique 
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which is often used for investigation of crystal structure, phonon and 
dielectric properties, phase composition, plasmon-fonon interaction, 
etc., in various types of materials such as oxides, semiconductors, ce-
ramics and many others (e.g., Refs. [21–26]). IR spectroscopy is also 
commonly used to study normal and inverse spinels. Group theory 
analysis predicts four active IR modes for spinel structures. Experi-
mental spectra of spinels show at least two strong modes, which, after 
works of Waldron [27], Hafner [28], and White and DeAngelis [29], are 
mostly accepted to originate from stretching vibrations of the tetrahe-
dral (octahedral) groups, although it has been argued by Preudhomme 
and Tarte [30–33] that the actual behavior might be more complex than 
this. In many spinels, a third, and sometimes a weak forth mode is 
present at lower frequencies [28,29,32,34–36]. The exact nature of 
these two modes is not completely clarified yet, but is generally 
considered that these modes originate from complex vibrations 
involving both tetrahedral and octahedral groups [27,32,33,35–37]. In 
most reports, the IR spectra of spinels are presented as transmission or 
absorption spectra and the IR modes are simply analyzed by the peaks 
positions (e.g., Refs. [27–30,32,33,35,38–44]). On the other hand, the 
IR reflectivity spectra of spinels are significantly less often represented 
in literature (e.g., Refs. [34,36,39,45–49]). To the best of our knowl-
edge, no infrared reflectivity spectra of MgFe2O4 has been reported. The 
reflectivity spectra can be more quantitatively analyzed by using an 
appropriate model for obtaining the values of phonon TO/LO fre-
quencies and dampings. Furthermore, the advantages of reflectivity 
spectra over the transmittance ones lies in the fact that not only phonon 
modes but also plasmons and mutual interaction between phonons and 
plasmons can be analyzed. The knowledge of plasmon-phonon interac-
tion can be important in characterizing transport and optical properties 
of spinels. Up to date, no infrared reflectivity study of plasmon-LO 
phonon interaction in MgFe2O4 has been carried out. 

In the present study we have focused on the analysis of far-IR 
reflectivity spectra of nanocrystalline MgFe2O4 samples sintered at 
different temperatures and of varying degrees of inversion. The reflec-
tivity spectra of the samples showed a clear presence of free carriers 
contribution. The influence of free carriers on the phonon spectra was 
analyzed employing two different factorized dielectric-function models, 
from which the coupled (decoupled) LO-phonon modes frequencies and 
dampings were obtained. Such analysis of reflectivity spectra paves the 
way for better understanding of the carrier-lattice coupling in inverse 
nanocrystalline MgFe2O4. 

2. Experimental 

Magnesium ferrite (MgFe2O4) nanocrystalline samples were pre-
pared by sol-gel method and by sintering in air at different temperatures: 
400, 600 and 800 ◦C. The corresponding samples will be further denoted 
as MFO400, MFO600 and MFO800. Details of the synthesis procedure, 
structural analysis, as well as various other methods of characterization 
of these samples have already been published elsewhere [51]. The 
schematic diagram of the synthesis procedure is given in the Supple-
mentary Information. 

The IR reflectivity measurements of the MgFe2O4 samples in the form 
of pressed disk-like pellets were carried out at room temperature with a 
BOMEM DA8 Fourier-transform IR spectrometer. A Hyper beamsplitter 
and a deuterated triglycine sulfate (DTGS) pyroelectric detector were 
used to cover the wavenumber region from 90 to 680 cm− 1. Micro- 
Raman spectroscopy was used to estimate the degree of inversion of 
nanocrystalline MgFe2O4. Micro-Raman spectra were acquired in the 
back-scattering configuration using the triple-monochromator Raman 
system Princeton TriVista 557. Nd:YAG laser line of 532 nm was used as 
an excitation and the beam was focused onto the samples using 50x 
objective magnification. Laser power on the sample was 0.08 mW. 
Raman spectra were deconvoluted using Lorentzian function. More 
detailed description of infrared and Raman experimental setups is pre-
sented in the Supplementary Information. 

3. Results and discussion 

MgFe2O4 crystalizes in a cubic spinel structure belonging to the Fd3m 
space group. The full unit cell contains 56 atoms (Z = 8), however the 
smallest Bravais cell, i.e., the primitive cell, has only 14 atoms (Z = 2). 
The factor group analysis for the primitive cell predicts 42 normal 
modes, three of which are acoustic modes with T1u symmetry, and the 
remaining 39 Γ-point optical modes are:  

Γ = A1g(R) + Eg(R) + T1g + 3T2g(R) + 2A2u + 2Eu + 4T1u(IR) + 2T2u.(1) 

Among these modes, four are triply degenerate infrared (IR) modes 
of T1u symmetry, five are Raman (R) modes, and the remaining modes 
are silent. Inverse spinels like NiFe2O4 or CoFe2O4 show more Raman- 
active modes than those predicted by factor-group analysis because of 
inversion of the cations between the tetrahedral and octahedral sites. 
These spinel structures are characterized by an additional mode in the 
frequency region where one A1g mode is expected to appear [52,53]. In 

Fig. 1. (Color online) Schematic illustration of normal AB2O4 spinel structure with the tetrahedral (AO4) and octahedral (BO6) units. The crystal structure visualized 
by VESTA 3 [50]. 
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the Raman spectra of MgFe2O4 nanopowders, the A1g mode splits into 
two modes due to the large difference in mass between Fe3+ and Mg2+

cations [54–56]. The higher frequency A1g mode corresponds to the 
vibrations of oxygen anions around Fe3+ cations on the tetrahedral sites, 
whereas the lower frequency mode corresponds to the vibrations of 
oxygen anions around Mg2+ cations on the tetrahedral sites [54,56]. In 
Fig. 2 are shown deconvoluted room-temperature Raman spectra of 
MFO400, MFO600 and MFO800 samples, using Lorentzian function. 
The Raman spectra are presented in the region characteristic for the A1g 
modes. 

Nakagomi et al. [56] have shown that, using corresponding inte-
grated intensities of the two A1g modes, it is possible to quantitatively 
determine the Mg and Fe content on the tetrahedral sites. Therefore, 
knowing that the integrated intensities of the two A1g modes are pro-
portional to the concentrations of Mg2+ and Fe3+ cations on the tetra-
hedral sites [56], the inversion parameter δ can be calculated from the 
equation 

I
(

Alow
1g

)

I
(

Ahigh
1g

)=
1 − δ

δ
(2) 

The calculated inversion parameters are 0.52, 0.62 and 0.74 for the 
MFO400, MFO600 and MFO800 samples, respectively. These data imply 
that the sample sintered at 400 ◦C is closer to the normal spinel structure 
than the sample sintered at 800 ◦C, which is in complete accordance 
with the results of positron annihilation analysis of these samples [51]. 
The inversion parameters obtained from the Raman spectra are also in 
good agreement with Bloesser et al., who analyzed MgFe2O4 samples 
calcined at 400, 600 and 800 ◦C, and for the sample calcined at 800 ◦C 
obtained the inversion degree of 0.72 [18]. 

The IR reflectivity spectra of MgFe2O4 nanocrystalline samples are 
shown in Fig. 3. In the spectra of all samples were found four T1u modes 
predicted by group theory. Following the seminal work of Waldron [27], 
most authors label the four T1u modes as ν1, ν2, ν3 and ν4, indexing them 
from the highest to the lowest energies. According to Waldron, the 
highest energy mode ν1 was attributed to the vibrations of tetrahedra, 
and the ν2 mode to the vibrations of octahedra, considering the vibra-
tions of these groups as mostly isolated molecular vibrations [27]. Such 
conclusions were later also adopted by Hafner [28], and White and 
DeAngelis [29]. On the other hand, these conclusions were criticized by 

Preudhomme and Tarte [30–33] as oversimplified. They argued that, in 
some cases at least, the observed frequencies cannot be assigned to the 
vibrations of definite coordinated groups (either tetrahedral or octahe-
dral), but instead are related to complex vibrations of the whole spinel 
lattice. Nevertheless, many authors still rely mostly on the original 
Waldron’s interpretation of these modes [35,38,42–44,57,58]. It is 
mostly accepted that the two low frequency modes ν3 and ν4 originate 
from complex vibrations involving both tetrahedral and octahedral 
groups [27,32,33,35–37]. 

The MFO400 sample shows two modes ν1 and ν2, centered at around 
570 and 405 cm− 1 respectively. These two modes are present in all 
spinels. For the MFO600 and MFO800 samples, the third mode ν3 
centered at around 330 cm− 1 is clearly visible. This mode is present in 
the MFO400 sample too and appears as an asymmetry of the ν2 mode. In 
the IR spectra of some spinels a weak forth mode ν4 appears around 200 
cm− 1 [28,29,32–36,40,49]. This mode can be observed as a small hump 
centered at around 210 cm− 1 in the MFO800 sample spectra, and to a 
lesser extent also in the MFO600 and MFO400 spectra. 

In the low frequency region of the IR spectra in Fig. 3, Drude tail 
appeared and became more pronounced for the MFO600 and MFO800 
samples. Its occurrence in the IR spectra is a clear sign of a presence of 
free carriers. The presence of free carriers in nanocrystalline MgFe2O4 
comes from the presence of vacancies, which introduce electrons as the 
majority free carriers, making MgFe2O4 an n-type semiconductor [59]. 
When free carriers are present in the material, they can interact with 
phonons. Since plasmons are longitudinal oscillations, they interact with 
longitudinal-optical (LO) modes, shifting them towards higher fre-
quencies, whereas the transverse-optical (TO) modes remain unaffected. 
In the analysis of the reflectivity spectra of MgFe2O4 nanocrystalline 
samples, two models, both of which include contribution from free 
carriers, have been applied to investigate the dielectric response. In both 
models, the factorized form of dielectric function was used. Compared to 
the classical oscillator model, this factorized form much better describes 
phonons in strongly polar ionic crystals, where largely split TO/LO 
modes can have significantly different dampings [60]. 

The first model, known in literature as the coupled plasmon-phonon 
model (CPP) [61,62], presents a direct way to characterize 
plasmon-phonon coupled modes. In this model, the dielectric function 
has a form: 

ε(ω) = ε∞

∏m+n

j=1
ω2 + iγLOjω − ω2

LOj

ωm
∏m

j=1

(
ω + iγPj

)∏n

j=1
ω2 + iγTOjω − ω2

TOj

, (3)  

where ε∞ is the high frequency dielectric constant, ωTOj(ωLOj) and 
γTOj(γLOj) are the TO(LO) frequencies and dampings of n phonons (n = 4 
in our case), which can be coupled with m plasmons with dampings γPj 

(m = 1 in our case). From this model, the plasma frequency can be ob-
tained indirectly as [61,62]: 

ωP =

∏n+1

j=1
ω2

LOj

∏n

j=1
ω2

TOj

, (4)  

and the frequency of the coupled plasmon-phonon mode is given by [61, 
62]: 

ΩLOj =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ω2
LOj −

1
4

γ2
LOj

√

. (5) 

The second model, named as the decoupled plasmon-phonon (DPP) 
model, is a conventional additive form for dielectric function of pure 
phonon and plasmon contributions. This model enables to determine the 
decoupled phonon and plasma frequencies and dampings using 

Fig. 2. (Color online) Room-temperature Raman spectra (data in black) 
of MgFe2O4 samples sintered at different temperatures, in the region 
(625–775) cm− 1. Experimental curves were deconvoluted with Lorentzian 
function (blue curves) and cumulative fits are represented by the green curves. 
The high-frequency A1g mode is shaded for clarity. 
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dielectric function in the form [60,63]: 

ε
(

ω
)

= ε∞

(
∏n

j=1

ω2
LOj − ω2 − iγLOjω

ω2
TOj − ω2 − iγTOjω

−
ω2

P

ω(ω + iγP)

)

. (6) 

The first term in this model represents the phonons contribution, 
where ωTOj(ωLOj) and γTOj(γLOj) are the TO(LO) frequencies and dampings 
of phonons. The second term is the Drude term which describes the 
plasmon mode, where ωP and γP are the frequency and damping of the 
plasmon mode. In the DPP model, the LO frequencies are actually the 
frequencies of bare phonons decoupled from plasmon, whereas in the 
CPP models the LO frequencies are for the coupled plasmon-LO phonon 
modes. In both models, the TO mode frequencies have the same meaning 
and are unaffected by free carriers. Without the Drude term, Eq. (6) 
reduces to the so-called four-parameter model for the dielectric function 
of phonon spectra [60,63]. 

In order to properly analyze the IR reflectivity spectra of MgFe2O4 
nanocrystalline samples, the effect of porosity on the IR spectra must be 
taken into account. In that sense, the Bruggeman effective medium 
approximation [64,65] is very often used to describe the optical prop-
erties of porous nanomaterials. For a homogenous mixture of a material 
(εM) with volume fraction fM, and air (ε = 1) with fraction (1-fM), the 
effective dielectric function εeff can be obtained from the equation 
(

εM − εeff

εM + 2εeff

)

fM +

(
1 − εeff

1 + 2εeff

)

(1 − fM) = 0, (7)  

in which εM is described by an appropriate model, in our case by 

equation (3) or (6). The calculated reflectivity Rcalc can be obtained 
using the Fresnel formula 

Rcalc =

⃒
⃒
⃒
⃒
⃒

̅̅̅̅̅̅̅εeff
√

− 1
̅̅̅̅̅̅̅εeff

√
+ 1

⃒
⃒
⃒
⃒
⃒

2

. (8) 

In the IR spectra fitting procedure, the parameters were automati-
cally tuned until the difference between the experimental (Rexp) and 
calculated (Rcalc) reflectivity, given by the chi-squared value 

χ2 =
1
N
∑N

i=1

(
Ri,exp − Ri,calc

)2
, (9)  

where N is the number of points in spectra, became minimized within 
the experimental error. 

The obtained best fits for both models are shown in Fig. 3(a) (red full 
and green dashed lines), whereas the best fit parameters are given in 
Table 1 (CPP model) and Table 2 (DPP model). It can be seen that both 
models provide satisfactory fits of the experimental spectra. For com-
parison, the best fit obtained using the four-parameter model for 
dielectric function, which does not include the free carriers contribution, 
is also shown in Fig. 3(b) for the MFO800 sample as an example. It is 
obvious that such a model fails to reproduce experimental spectra at 
lower frequencies. 

Fig. 4 shows the variation of plasma frequency ωP and damping γP for 
MgFe2O4 samples sintered at different temperatures, for the both used 
models. As can be seen, similar behavior of ωP and γP was obtained from 
the both models. The plasma frequency slightly decreases with sintering 

Fig. 3. (Color online) (a) IR reflectivity spectra of MgFe2O4 nanocrystalline samples sintered at different temperatures together with theoretical fits obtained using 
the coupled plasmon-phonon (CPP) and decoupled plasmon-phonon (DPP) models. The degree of inversion δ is given in parenthesis. Vertical arrows mark the ν1 peak 
(explained in the text). (b) The best fit obtained using the four-parameter model for dielectric function, is also given for the MFO800 sample as an example. 
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temperature. On the other hand, the plasma damping decreases signif-
icantly for the MFO600 sample, and then further decreases to a lesser 
extent for the MFO800 sample, resulting in more pronounced Drude tail 
in the IR spectra of the MFO600 and MFO800 samples. The material 
volume fraction fM has increased with increasing sintering temperature 
(see Tables 1 and 2), indicating that the MFO600 and MFO800 samples 
became less porous. This is in accordance with previous research on 
these samples where it was shown that increased sintering temperature 
leads to larger crystallite sizes and more agglomeration [51]. In samples 
with larger and more fussed crystallites, with better agglomeration and 
less pores, the influence of grain boundaries is smaller, having as a 
consequence the higher electron mobility and longer scattering relaxa-
tion time τ. This, in turn, explains the observed significant decrease of 
plasma dampings, since γP = 1/τ. 

From Tables 1 and 2, it can be seen that in the case of ν4 mode, the 
splitting between the TO and LO frequencies is small, meaning that the 
oscillator strength, being proportional to (ω2

LO − ω2
TO), is also small. The 

similar behavior of this mode is found in most other spinels for which 
this mode is either weak or absent. Other modes exhibit large TO-LO 
splitting, as common for ionic crystals. The TO frequencies, obtained 
from both CPP and DPP models, are rather similar for each MgFe2O4 
sample. Such a behavior is expected, as the TO frequencies are not 
affected by the plasmon-phonon interaction. 

In Fig. 5(a) are presented the frequencies of the coupled plasmon-LO 
phonon modes ΩLOj (obtained from the CPP model, Eq. (3) and Eq. (5)), 
and the decoupled LO phonon modes ωLOj (from the DPP model, Eq. (6)). 
It can be seen that for the ν1 and ν3 modes, the coupled LO frequencies 
have higher values than the decoupled ones. The difference between 
these frequencies is approximately the same for all samples. On the other 
hand, the coupled/decoupled LO frequencies are quite similar for the ν2 
mode. In the case of ν4 mode, these frequencies also appear to be similar. 
However, the ν4 mode is too weak and broad, whereas the fitting errors 
are too high, for a definitive conclusion to be drawn. As mentioned 
before, the LO frequencies obtained from the DPP model are actually the 
frequencies of bare phonons decoupled from plasmon, whereas the LO 
frequencies obtained from the CPP model are for the combined plas-
mon–LO phonon modes. The fact that in the case of ν1 and ν3 modes, the 
LO values obtained by the CPP model are higher than those obtained by 
the DPP model, implies that these modes are more strongly coupled with 
free carriers than the ν2 mode. 

The TO frequency behavior for all four IR modes, obtained from the 
CPP and DPP models (Tables 1 and 2), is presented in Fig. 5(b). In 
Fig. 3(a), one can notice that the ν1 peak (marked with vertical arrows), 
is slightly shifted towards higher frequencies as the sintering tempera-
ture and degree of inversion increases, which is also corroborated by the 
slight increase of ωTO1 frequencies obtained from the CPP and DPP 
models. In the case of MgFe2O4, the tetrahedral cation-oxygen bonds are 
of higher force constants and lower bond length than the cation-oxygen 
octahedral bonds, and the corresponding vibrations of the tetrahedra are 
of higher frequency [27]. The bonding force between the cation and 
oxygen also depends on the nature of the cation and its valency [30]. 
Waldron [27] calculated force constants for some ferrites, and showed 
for MgFe2O4 that the force constants of the tetrahedral Fe–O vibrations 
are higher than the tetrahedral Mg–O vibrations [27]. Therefore, the 
observed increase of the frequency of the ν1 mode with the increased 
degree of inversion is consistent with the tetrahedral origin of this mode, 
because more Mg2+ are replaced with Fe3+. On the other hand, the TO 
frequency of the ν2 mode, which mainly originates from the octahedral 
Fe–O vibrations, shows no consistent shift with the increased sintering 

Table 1 
Fitting parameters obtained by using the Coupled Plasmon-Phonon (CPP) 
model, for MgFe2O4 nanocrystalline samples sintered at different temperatures. 
Plasma/phonon frequencies and damping values are given in cm− 1. The esti-
mated errors are also presented.  

Parameters MFO400 MFO600 MFO800 Est. err. 

fM 0.63 0.7 0.82 ±0.02 
ωP 213 200.6 191.1 

±5 
γP 303 188 169 

±5 
ωTO1 (γTO1) 541 (114) 543 (108) 546 (100) 

±3 (±5) 
ωLO1 (γLO1) 684 (48) 679 (45) 677 (50) 

±3 (±5) 
ωTO2 (γTO2) 422 (122) 445 (89) 436 (81) 

±5 (±5) 
ωLO2 (γLO2) 472 (79) 468 (46) 465 (43) 

±5 (±5) 
ωTO3 (γTO3) 321 (192) 317 (123) 338 (131) 

±5 (±5) 
ωLO3 (γLO3) 412 (262) 398 (181) 399 (144) 

±5 (±5) 
ωTO4 (γTO4) 254 (225) 255 (128) 255 (125) 

±12 (±12) 
ωLO4 (γLO4) 266 (166) 256 (98) 258 (99) 

±12 (±12) 
ωLO5 (γLO5) 112 (237) 121 (194) 121 (168) 

±5 (±5)  

Table 2 
Fitting parameters obtained by using the Decoupled Plasmon-Phonon (DPP) 
model, for MgFe2O4 nanocrystalline samples sintered at different temperatures. 
Plasma/phonon frequencies and damping values are given in cm− 1. The esti-
mated errors are also presented.  

Parameters MFO400 MFO600 MFO800 Est. err. 

fM 0.62 0.72 0.82 ±0.02 
ωP 226 214 194 

±5 
γP 369 231 186 

±5 
ωTO1 (γTO1) 537 (118) 538 (110) 542 (102) 

±3 (±5) 
ωLO1 (γLO1) 663 (36) 663 (47) 662 (47) 

±3 (±5) 
ωTO2 (γTO2) 423 (135) 448 (111) 436 (97) 

±5 (±5) 
ωLO2 (γLO2) 470 (67) 468 (45) 463 (41) 

±5 (±5) 
ωTO3 (γTO3) 323 (204) 315 (111) 332 (122) 

±5 (±5) 
ωLO3 (γLO3) 378 (251) 373 (175) 380 (147) 

±5 (±5) 
ωTO4 (γTO4) 250 (146) 253 (122) 257 (120) 

±12 (±12) 
ωLO4 (γLO4) 252 (125) 256 (99) 258 (98) 

±12 (±12)  

Fig. 4. (Color online) Variation of plasma frequency (ωP) and damping (γP) of 
MgFe2O4 nanocrystalline samples sintered at different temperatures, obtained 
by using the CPP and DPP models. 
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temperature and degree of inversion. It slightly increases for the 
MFO600 sample, and then slightly decreases for the MFO800 sample. 
The increase of the TO frequency in the MFO600 sample can be 
explained by an increasing contribution of the Fe–O tetrahedral vibra-
tions to the ν2 mode, because with the increasing degree of inversion 

more Fe3+ cations are situated at the tetrahedral sites. With further in-
crease of the degree of inversion (MFO800), one can presume even more 
complex behavior of the ν2 mode, where, besides the Fe–O tetrahedral 
vibrations, the Mg–O octahedral vibrations can participate too. The 
behavior of the ν3 mode becomes also more complex with increased 

Fig. 5. (Color online) (a) Coupled (ΩLOj) and decoupled (ωLOj) LO phonon frequencies, and (b) the TO phonon frequencies, obtained from the CPP and DPP models, 
for MgFe2O4 nanocrystalline samples sintered at different temperatures. 

Fig. 6. (Color online) Variation of the TO and LO phonon dampings for MgFe2O4 nanocrystalline samples sintered at different temperatures, obtained from (a) CPP 
and (b) DPP models. 
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degree of inversion. It was already pointed out by Preudhomme and 
Tarte [31,32] that with higher degree of inversion, coupling between 
different tetrahedra and octahedra can make infrared vibrations of more 
complex nature. Consequently, it is no longer realistic to ascribe such 
vibrations and its frequencies to the localized vibrations of definite co-
ordinated group (tetrahedral or octahedral), but to the vibrations which 
involve simultaneous participation of different cations (Mg or Fe) and 
coordinated groups. 

The TO and LO phonon dampings obtained from the CPP and DPP 
models, are shown in Fig. 6. It can be seen that the TO/LO dampings 
tend to decrease with the increasing sintering temperature. Such a 
behavior is a consequence of the fact that the increase of sintering 
temperature produced samples with larger and more fussed crystallites 
with less pores and smaller influence of grain boundaries. All this in turn 
can lead to the smaller scattering rates for phonons, which means longer 
phonon lifetimes and decreased phonon dampings. 

From the analysis of the IR spectra based on the CPP and DPP models 
(Fig. 5(a)), it was obtained that the ν1 and ν3 modes are more strongly 
coupled with free carriers than the ν2 mode. We propose that this finding 
may be related to the presence of antisite defects, which are formed in 
inverse spinels. Namely, when in inverse spinels the trivalent cation 
replaces the divalent one in tetrahedra, it introduces excess positive 
charge at this site. Conversely, the octahedral site becomes a site with 
excess negative charge by introduction of the divalent cation instead of 
the trivalent one. In inverse MgFe2O4, positively charged [Fe3+

tetra]
+ and 

negatively charged [Mg2+
octa]

− antisite defect centers can be formed in 
tetrahedra and octahedra (presented in Fig. 7), which behave as electron 
and hole trap centers, respectively [66–68]. 

If a particular mode has a significant contribution of the Fe–O 
tetrahedral vibrations, as it is the case for the ν1 and ν3 modes, it is quite 
reasonable to assume that such an infrared mode would be more 
strongly coupled with free carriers, due to the existence of positively 
charged [Fe3+

tetra]
+ antisite defects. In the case of the ν2 mode, which is 

mostly of the octahedral origin, the presence of negatively charged 
[Mg2+

octa]
− antisite defects is expected to weaken the plasmon-phonon 

interaction. With increased degree of inversion, one might expect a 
stronger plasmon-phonon coupling of the ν1 and ν3 modes as more 
[Fe3+

tetra]
+ antisite defects should be formed. However, our analysis has 

shown that the plasmon-phonon coupling strength did not increase with 
the increased degree of inversion. We suppose that with the increased 
degree of inversion, when ν1 and ν3 vibrations become more complex, a 
subtle interplay between the tetrahedral Fe–O and octahedral Mg–O 
vibrations influences the plasmon-phonon coupling, leading to different 
strength of coupling between particular phonon modes and free carriers. 
As the exact mechanism of plasmon-phonon coupling in nanosized 
MgFe2O4 is not completely clear at the moment, it presents strong 
motivation for our future research. 

4. Conclusions 

In summary, we have investigated room-temperature far-IR reflec-
tivity spectra of partially inverse nanocrystalline MgFe2O4 samples 
prepared by sol-gel method and sintered at different temperatures (400, 
600 and 800 ◦C). The degree of inversion of MgFe2O4 samples was 
estimated from Raman spectra, and was found to increase with the in-
crease of the sintering temperature. The IR spectra exhibited the pres-
ence of free carriers (the so-called Drude tail). The plasmon–LO phonon 
interaction was investigated by using the factorized coupled and 
decoupled plasmon-phonon models, combined with the Bruggeman 
effective medium approximation. From the analysis of the IR spectra, the 
coupled and decoupled phonon frequencies and dampings, as well as 
plasma frequencies and corresponding dampings of the plasmon mode 
were obtained. It was shown that with the increased sintering temper-
ature, the phonon and plasmon dampings significantly decreased due to 
crystallite size increase, smaller porosity, and better connectivity 

between crystallites. Of particular importance is the finding that the ν1 
and ν3 modes are more strongly coupled with free carriers than the ν2 
mode. We proposed that in inverse MgFe2O4 samples, the presence of 
positively charged [Fe3+

tetra]
+ and negatively charged [Mg2+

octa]
− antisite 

defects influences the plasmon-phonon interaction. The stronger 
plasmon-phonon coupling is expected for infrared modes where the 
contribution of Fe–O tetrahedral vibrations becomes substantial. With 
the increased degree of inversion, a subtle interplay between the tetra-
hedral Fe–O and octahedral Mg–O vibrations can lead to different 
strength of coupling between particular phonon modes and free carriers. 
Our findings provide a basis for better understanding of plasmon- 
phonon coupling mechanism in disordered inverse spinels like MgFe2O4. 

CRediT authorship contribution statement 
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heterogenen Substanzen. I. Dielektrizitätskonstanten und Leitfähigkeiten der 
Mischkörper aus isotropen Substanzen, Ann. Phys. 416 (1935) 636–664. 

[65] J.E. Spanier, I.P. Herman, Use of hybrid phenomenological and statistical effective- 
medium theories of dielectric functions to model the infrared reflectance of porous 
SiC films, Phys. Rev. B 61 (2000) 10437–10450. 

[66] T.A. Bazilevskaya, V.T. Gritsyna, D.V. Orlinski, L.V. Udalova, A.V. Voitsenya, The 
effect of composition, processing conditions, and irradiation, on lattice defects in 
spinel ceramics, J. Nucl. Mater. 253 (1998) 133–140. 

[67] N. Pathak, B. Sanyal, S.K. Gupta, R.M. Kadam, MgAl2O4 both as short and long 
persistent phosphor material: role of antisite defect centers in determining the 
decay kinetics, Solid State Sci. 88 (2019) 13–19. 

[68] N. Matsubara, T. Masese, E. Suard, O.K. Forslund, E. Nocerino, R. Palm, 
Z. Guguchia, D. Andreica, A. Hardut, M. Ishikado, K. Papadopoulos, Y. Sassa, 
M. Månsson, Cation distributions and magnetic properties of ferrispinel 
MgFeMnO4, Inorg. Chem. 59 (2020) 17970–17980. 
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A B S T R A C T

We report on temperature dependence of two-phonon Raman spectra in BiFeO3 nanocrystals, above and below
the Néel temperature 𝑇N using a resonant laser excitation line (𝜆 = 532 nm). Two-phonon modes exhibited
anomalous frequency hardening and deviation from the anharmonic decay below 𝑇N. Such behavior strongly
supported the existence of spin-two-phonon interaction, because these modes are known to be very sensitive
to the antiferromagnetic ordering. Within the mean-field theory for the nearest-neighbor interaction, the linear
relationship between spin–spin correlation function and observed two-phonon frequency shift below 𝑇N was
obtained. This approach enabled to quantify the spin–phonon interaction by spin–phonon coupling strength
for both two-phonon modes and justified the application of mean-field approach. Magnetic measurements
revealed the coexistence of antiferromagnetic and weak ferromagnetic phases below 𝑇N, which were found
non competitive, additionally supporting the mean-field approach from which we deduced that the two-phonon
modes in BiFeO3 are correlated with antiferromagnetic ordering below 𝑇N.

1. Introduction

Multiferroic materials attract a lot of attention because of their
multifunctional properties and interesting fundamental physics [1,2].
Among all the single-phase multiferroic materials studied so far, BiFeO3
takes a prominent place because both ferroelectric (Curie temperature,
𝑇C ≈ 1150K) and magnetic (Néel temperature, 𝑇N ≈ 640 K) tran-
sition temperatures are well above room temperature (RT). In bulk
phase BiFeO3 has G-type antiferromagnetic ordering (AFM), with a
long period cycloidal modulation (62 nm) superimposed below 𝑇N.
Above 𝑇N, BiFeO3 becomes paramagnetic (PM) [3]. In nanophased
BiFeO3 spin spiral structure can be suppressed [4] and Dzyaloshinskii–
Moriya (DM) interaction becomes important. DM interaction induces
non-collinear spin states which compete with the exchange interaction
that favors anti-parallel spin alignment providing a coexistence of
ferromagnetic (FM) and antiferromagnetic ordering [2,5]. Furthermore,
the appearance of strong magnetoelectric effect in epitaxial BiFeO3
thin films [6] and nanoparticles [4], positions nanophased BiFeO3
as a leading candidate material for spintronics, magnetic field sensor
devices and ferroelectric non-volatile memories [1,5,7–9]. However,
the coupling between magnetic and ferroelectric degrees of freedom

∗ Corresponding authors.
E-mail addresses: bojans@ipb.ac.rs (B. Stojadinović), zordoh@ipb.ac.rs (Z. Dohčević-Mitrović).

in BiFeO3 nanostructures still remains an open issue. Therefore, it is
of great importance to study the interplay between lattice vibrations
and magnetic excitations, because lattice distortion influences the fer-
roelectric polarization and accordingly affects its coupling to magnetic
order. Furthermore, spin–phonon interaction is fundamental for driving
relaxation in magnetic materials.

Among the optical spectroscopy methods, Raman spectroscopy
proves to be a powerful experimental tool to elucidate spin–phonon
(s-ph) interactions, since Raman mode can be sensitive to the spin cor-
relations. In magnetic nanomaterials, such as BiFeO3, optical phonon
modes can be influenced by the exchange coupling between magnetic
ions at and below the temperatures of magnetic phase transitions.
The spin–phonon interaction usually manifests as atypical tempera-
ture dependence of Raman phonon frequency, linewidth or integrated
intensity. From the deviation of the Raman mode frequency from
the anharmonicity at and below the magnetic phase transition, it is
possible to estimate the spin–phonon coupling strength in the an-
tiferromagnets or ferromagnets. Being rather phenomenological, the
approach developed by Lockwood and Cottam [10] treats the strength
of the spin–phonon coupling through the emergence of the AFM order
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parameter, that is the sublattice magnetization, but not the net one.
Moreover, it turns out that a thorough microscopic treatment due to
Djokic et al. [11] further corroborates this fact whereby the majority
of the AFM ordering contribution to the phonon spectra is observed
through the magnitude of the sublattice magnetization. The influence
of any weak FM ordering (canted or so) in the system upon spin–
phonon strength is thus greatly overwhelmed by the AFM ordering.
Phonon anomalies around and below 𝑇N were observed in the first-
order Raman spectra of BiFeO3 single crystal [12,13], ceramics [14]
and thin films [15,16] and were ascribed to the influence of spin
correlations on the phonon energies. The pioneering works of Cazay-
ous [17] and Ramirez [18] pointed at possible strong spin-two-phonon
interaction in BiFeO3 single crystals and thin films, but all above
mentioned works were restricted to qualitative description of the effects
of spin correlations on the Raman active first and second-order phonons
without any deeper analysis of spin–phonon coupling mechanism.

In the light of these facts, to examine more thoroughly the coupling
between lattice and spin degrees of freedom in nanocrystalline BiFeO3,
we investigated temperature-dependent second-order Raman spectra of
BiFeO3 nanocrystals in a wide temperature range below, at and above
the Néel temperature using a resonant excitation line. The anomalous
phonon hardening and obvious deviation from the anharmonicity of
two-phonon Raman modes below Néel temperature was elaborated
within a mean-field approach in order to correlate the spin–spin cor-
relation function with observed frequency shift and to estimate the
nearest-neighbor spin–phonon coupling constant. Magnetic measure-
ments have shed more light on the nature of spin–phonon coupling
mechanism in BiFeO3 nanocrystals.

2. Experimental details

BiFeO3 nanocrystals were synthesized by a sol–gel method and de-
tailed sample preparation and characterization of the crystal structure
and phase composition was given in Ref. [19]. BiFeO3 nanoparticles
were of spherical shape with average particle size of 64 nm deduced
from SEM measurements [19,20]. Raman spectra of BiFeO3 nanocrys-
tals were collected in a backscattering geometry using TriVista 557
triple spectrometer with the spectral resolution of 2 cm−1. Second-
order Raman spectra of BiFeO3 nanocrystals pressed into pellets were
recorded between 80 and 723 K in the 1000–1500 cm−1 frequency
range using a Linkam THMSG600 microscope heating stage. The res-
onant 532 nm line of a solid-state Nd:YAG laser was used as an
excitation source, with output laser power low enough (less than 2
mW) to avoid the heating effects and/or sample thermal degradation.
The Raman spectra were corrected by thermal occupation factor for
the second-order scattering 𝑆(𝜔) = 𝑆0(𝜔)∕(𝑛 + 1)2, where 𝑆0(𝜔) is
measured intensity and 𝑛 = (𝑒ℏ𝜔∕𝑘B𝑇 −1)−1 is the Bose–Einstein thermal
occupation factor [21]. Magnetic measurements at and below 300 K
were performed on a SQUID-based Quantum Design magnetometers
MPMS-5T and MPMS XL-5.

3. Results and discussions

The room-temperature Raman spectrum of BiFeO3 nanocrystalline
sample in the range 40–1500 cm−1 is shown in Fig. 1.

Factor group analysis for the rhombohedral 𝑅3𝑐 structure of BiFeO3
predicts 13 Raman active modes (4𝐴1 + 9𝐸), but the assignment of the
Raman modes from the literature is somewhat controversial even in
the case of BiFeO3 single crystal Raman spectra measured or calculated
in different polarizations [22–26]. As shown in Fig. 1, among the first
order 𝛤 -point phonons, modes around 79, 146, 175, 219, 261, 282,
332, 367, 435, 480 and 550 cm−1 are clearly seen. According to the po-
larized Raman spectra of BiFeO3 single crystals [23,25], ceramics [27]
and thin films [28] we assigned modes around 146, 175 and 219
cm−1 to 𝐴1 modes and modes around 79, 261, 282, 332, 367, 435,
480 and 550 cm−1 to 𝐸 modes. Beside these modes, weaker Raman

modes at around 575 and 656 cm−1 and a stronger mode at ≈630 cm−1

are also observed. The 575 and 656 cm−1 modes (marked with *
in Fig. 1) can be ascribed to the mullite-type (Bi2Fe4O9) secondary
phase [29], the presence of which has been confirmed from the X-ray
diffraction analysis of BiFeO3 nanocrystalline sample [19]. The Raman
mode at ≈630 cm−1 is not a zone center mode [27,30]. According to
Bielecki et al. [30] this mode can be assigned to the Raman inactive
𝐴2 LO phonon mode which appears in BiFeO3 thin films, ceramics and
nanoparticles [18,30–33]. As can be seen in Fig. 1, the intense second-
order Raman modes were observed above 1000 cm−1 and from now
on we will focus our attention on the temperature behavior of these
Raman modes.

The high-order Raman modes of the ferroelectric materials are
usually very weak, but in the spectrum of BiFeO3 from Fig. 1 an
intense multiphonon band around 1000–1500 cm−1 is observed. This
prominent band is already reported in BiFeO3 thin films and single
crystals [17,18,25], as well as in BiFeO3 nanoparticles [31,32]. The
broad band at 300 K from Fig. 1 was deconvoluted with Lorentzian
type profile into four modes: mode at 1090 cm−1, a strong mode at
1252 cm−1 and two low-intensity phonon modes at 1150 and 1330
cm−1. The second-order modes at 1090 and 1252 cm−1, labeled as S1
and S2 in Fig. 1, are, within the error limits, at the double frequency
of the first-order Raman E mode at around 550 cm−1 and inactive
𝐴2 mode at around 630 cm−1 [22,30]. These modes were ascribed to
two-phonon modes in accordance with literature data [13,17,18,30],
whereas the remaining two modes can be assigned to 2𝐴g modes of
Bi2Fe4O9 secondary phase [29]. Yang et al. [34] have investigated
the behavior of two-phonon modes in BiFeO3 powders using different
excitation lines and reported that the intensity of two-phonon S1 and
S2 modes are significantly enhanced under the 532 nm excitation.
The intensity enhancement of S1 and S2 modes was attributed to the
resonant enhancement when the excitation energy (532 nm ≈2.34 eV)
is close to the absorption edge of BiFeO3. The resonant behavior of
these modes was explained by exchange mechanism between Fe3+ ions.
Weber et al. [35] also reported resonant enhancement of second-order
Raman modes in BiFeO3 single crystals using 532 nm excitation, but
suggested that in-gap electronic states like defect states from oxygen va-
cancies can be involved in the resonance process. Accordingly, we used
532 nm laser line in order to track the temperature evolution of S1 and
S2 Raman modes. Two-phonon S1 and S2 modes are related to the Fe–O
vibrations, i.e. octahedral rotations [17,18,32] which are very sensitive
to the change of magnetic ordering. Moreover, it is well known that any
perturbation of spiral spin structure in antiferromagnetic BiFeO3 and
distortion of FeO6 octahedra due to the change of Fe–O–Fe bond angle
can lead to the appearance of ferromagnetism [2,4,5]. Therefore, we
have analyzed the behavior of S1 and S2 modes at temperatures below
and above the magnetic phase transition.

In Fig. 2a are presented second-order Raman spectra in the 80–723
K temperature range. With increased temperature S1 and S2 modes
gradually shift to lower wavenumbers and approaching the 600 K,
the wavenumber shift is followed by a pronounced decrease of in-
tensity (Fig. 2a). Similar behavior of S2 mode was first observed by
Ramirez [18] and Cazayous [17] and was ascribed to the coupling of S2
mode with the magnetic sublattice. The accurate wavenumber change
of S1 and S2 modes with temperature was obtained by deconvoluting
the spectra from Fig. 2a with Lorentzian line shape function and Raman
spectra at several representative temperatures together with cumulative
fits are presented in Fig. 2b.

In magnetic materials, the change of phonon mode frequency with
temperature can be expressed as [36,37]:

𝜔(𝑇 ) − 𝜔0 ≡ 𝛥𝜔(𝑇 ) = 𝛥𝜔lat (𝑇 ) + 𝛥𝜔anh(𝑇 ) + 𝛥𝜔e−ph(𝑇 ) + 𝛥𝜔s−ph(𝑇 ), (1)

where 𝜔(𝑇 ) is measured frequency at temperature 𝑇 and 𝜔0 is the
harmonic mode frequency at 𝑇 = 0 K. The first term on the right-
hand side of the Eq. (1) is the frequency-independent pure-volume
contribution due to the lattice expansion/contraction. The second term
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Fig. 1. Room-temperature Raman spectrum of nanocrystalline BiFeO3 with Lorentzian fit (red line) of the first- and second-order phonon regions. The modes of mullite-type
secondary phase Bi2Fe4O9 are marked with (*). Inset represents the schematic of a pseudocubic unit cell including one formula unit with principle axis of polarization [111].

Fig. 2. Second-order Raman spectra of nanocrystalline BiFeO3 (a) in the 80–723 K temperature range and (b) at selected temperatures. The solid lines represent Lorentzian fits
of the experimental spectra.

is the anharmonic contribution due to phonon–phonon interactions.
The last two terms account for the effects of renormalization of the
phonon frequency due to electron–phonon and spin–phonon coupling.

In general, the change of phonon frequency due to pure-volume con-
tribution is much smaller than the intrinsic anharmonic contribution,
especially at low temperatures. BiFeO3 in the form of powders or thin
films is structurally stable up to 500 ◦C (773 K) [38] and any phonon
frequency change due to lattice distortion is expected to be minimal,
hence the first term can be neglected. The anharmonic interactions,
significant at elevated temperatures, imply the phonon decay into two
or three phonons, with a higher probability of the former. The phonon
frequency change due to the decay of the phonon into two lower-energy

phonons (three-phonon processes) can be expressed as [39,40]:

𝛥𝜔anh(𝑇 ) = 𝐴

(

1 + 2

𝑒
ℏ𝜔(𝑇 )
2𝑘B𝑇 − 1

)

, (2)

where 𝐴 is the anharmonic constant. In semiconductor materials like
BiFeO3, when the carrier concentration is low the third term can be
ignored. Finally, the last term in Eq. (1) is the spin–phonon contri-
bution, 𝛥𝜔s−ph(𝑇 ), caused by the modulation of the exchange integral
by lattice vibration [36]. In magnetic materials such as BiFeO3, the
phonon frequencies can be very sensitive to the spin correlations and in
a case of Heisenberg model, Baltensberger and Helman [41] derived the
relation for the shift of the phonon frequency due to the spin–phonon
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Fig. 3. (a) Temperature dependence of frequencies of the S1 and S2 two-phonon modes. The theoretically predicted anharmonic trend is presented by blue line together with the
best fit anharmonic parameter (𝐴). (b) Comparison of (𝑀(𝑇 )/𝑀0)2 (left) and 𝛥𝜔s−ph(𝑇 ) (right) temperature dependences.

interaction,

𝛥𝜔s−ph(𝑇 ) = −𝜆⟨𝑆i ⋅ 𝑆i+1⟩, (3)

where 𝜆 stands for the spin–phonon coupling constant and ⟨𝑆i ⋅𝑆i+1⟩ is
the spin–spin correlation function between adjacent spins.

The temperature dependence of S1 and S2 mode frequencies
(squares) is shown in Fig. 3a. As can be seen, at lower temperatures
(T < 300 K) frequencies of S1 and S2 modes exhibit a slower change
and at temperature around 600 K display step like anomaly. This
temperature should coincide with Néel temperature, since there is no
any known structural transition in BiFeO3 at this temperature.

In order to determine the strength of spin–phonon coupling, it is
necessary to separate spin–phonon and anharmonic contributions from
the change of the phonon frequency with temperature. Knowing that
phonon frequencies can be affected by AFM ordering below 𝑇N and
that the anharmonic processes should dominate over the spin–phonon
coupling at high temperatures (𝑇 > 𝑇N) for which the BiFeO3 is in the
PM state, the data for T > 593 K from Fig. 3a were fitted by Eq. (2)
(blue line on Fig. 3a extrapolated to 𝑇 = 0 K) in order to determine
the anharmonic contribution to the phonon frequencies change. It is
obvious that frequency change of both S1 and S2 modes below 𝑇N
show distinct deviation away from the expected anharmonic behavior.
Similar frequency behavior has been observed in the Raman spectra
of other antiferomagnetic [10,36,42–45] and ferromagnetic materi-
als [46,47]. Thus, anomalous frequency hardening of S1 and S2 modes
below 𝑇N points out at the presence of spin-two-phonon coupling in
nanocrystalline BiFeO3. The difference between measured two-phonon
frequencies from Fig. 3a and the calculated and extrapolated anhar-
monic behavior gives us the temperature dependent frequency shift due
to spin–phonon interaction, 𝛥𝜔s−ph(𝑇 ) = 𝜔(𝑇 ) − 𝜔anh(𝑇 ). The 𝛥𝜔s−ph vs
𝑇 dependence (squares) for S1 and S2 two-phonon modes is presented
in Fig. 3b.

Within the mean-field approximation introduced by Weiss [48],
spin–spin correlation function ⟨𝑆i ⋅𝑆i+1⟩ for adjacent spins at the 𝑖th and
(𝑖+1)th sites is proportional to the square of normalized magnetization,
(𝑀(𝑇 )/𝑀0)2, and can be expressed as [49]

⟨𝑆i ⋅ 𝑆i+1⟩

𝑆2
=
(

𝑀(𝑇 )
𝑀0

)2
, (4)

where 𝑀(𝑇 ) is in our case sublattice magnetization at temperature
𝑇 and 𝑀0 is the maximal value of sublattice magnetization. Hav-
ing a look at Eqs. (3) and (4) it is obvious that 𝛥𝜔s−ph(𝑇 ) should
scale with (𝑀(𝑇 )/𝑀0)2 curve. The (𝑀(𝑇 )/𝑀0)2 curve was obtained
using a numerical solution for Weiss equation in a case of Fe3+ ions
having spin 𝑆 = 5∕2 [50] and then compared with experimentally
obtained 𝛥𝜔s−ph(𝑇 ) for both two-phonon modes, as presented in Fig. 3b.
Obviously, for temperatures 𝑇≤𝑇N, 𝛥𝜔s−ph(𝑇 ) scales very good with
(𝑀(𝑇 )/𝑀0)2 curve confirming that the significant deviation of S1 and
S2 phonon frequencies from anharmonic behavior below 𝑇N, i.e. the
anomalous hardening, is actually due to spin–phonon interaction.

According to Eq. (3), from the plot 𝛥𝜔s−ph(𝑇 ) vs ⟨𝑆i ⋅𝑆i+1⟩(𝑇 ) shown
in Fig. 4 , the spin–phonon coupling constant 𝜆 can be determined for
both two-phonon modes S1 and S2.

The red solid lines on Fig. 4 present the linear fit of the data from
which the spin–phonon coupling constants 𝜆S1=(2.54 ± 0.10) cm−1

and 𝜆S2=(2.51 ± 0.10) cm−1 were determined. The linear behavior
of 𝛥𝜔s−ph(𝑇 ) vs ⟨𝑆i ⋅ 𝑆i+1⟩(𝑇 ) for the 𝑇≤𝑇N justifies the application
of Eq. (3), implying that in the AFM phase spin–phonon coupling
dominates over the anharmonicity and terminates in the paramagnetic
phase. Furthermore, the fact that both two-phonon modes exhibit
anomalous frequency hardening below magnetic ordering temperature
and that the values for 𝜆 are very similar, indicates that there is a
universal influence of the AFM magnetic ordering upon the two-phonon
spectra.

Up to now it is well established that in antiferromagnetic BiFeO3
nanoparticles with particle size close to or less than the period of spin
cycloid appear ferromagnetic phase at room temperature [4,51–53].
BiFeO3 nanoparticles can be considered to be composed of AFM core
and FM shell giving rise to changes in the magnetic characteristics [53]
or to the appearance of exchange bias and training effects [[52], and
references within]. Since our BiFeO3 nanoparticles are of the average
size close to the spin cycloid period, we performed magnetic measure-
ments in order to get better insight into the two-phonon Raman modes
coupling with magnetic ordering below 𝑇N.

Fig. 5a presents room-temperature magnetization (𝑀) vs magnetic
field (𝐻) dependence for BiFeO3 nanoparticles. From the M–H loop
it can be seen that the magnetization curve (black circles) displays
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Fig. 4. The plot 𝛥𝜔s−ph(𝑇 ) vs ⟨𝑆i ⋅𝑆i+1⟩(𝑇 ) for both two-phonon modes S1 and S2. The
𝜆 values for both modes were determined from the linear fit (red solid line) of the
data. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

a hysteresis in the low-field region, indicating a presence of weak
ferromagnetism. The FM component is superimposed over a linear
background from antiferromagnetic BiFeO3 phase and paramagnetic
mullite phase. After subtracting the linear background, the ferromag-
netic hysteresis curve (red squares) with the saturation magnetization
value 𝑀S = 0.094 emu∕g was obtained. The inset in Fig. 5a displays
the magnification of the hysteresis loop in the low-field region. The
FM ordering can be considered as genuine one and does not originate
from mullite or iron oxide impurity phases. Namely, mullite (Bi2Fe4O9)
phase is paramagnetic at room temperature and undergoes a transition
to an antiferromagnetic state at 𝑇N ≈ 264 K [54]. Besides, the presence
of iron oxides, leads to significantly enhanced ferromagnetism with
large values of saturation magnetization [55]. The origin of FM order-
ing in otherwise antiferromagnetic BiFeO3 is usually ascribed to the
suppression of the spiral spin structure in particles with diameter less
than the period of spin cycloid (62 nm) and higher distortion of FeO6
octahedra or to the uncompensated spins on the nanoparticle surface.
All of these effects lead to enhanced Dzyaloshinskii–Moriya interac-
tion and appearance of ferromagnetism in nanocrystalline BiFeO3 [2,
4,52,56]. In that case BiFeO3 nanoparticles can be considered to be
constituted of core/shell structure, i.e. antiferromagnetic core and fer-
romagnetic shell. As our nanocrystalline BiFeO3 powders are composed
of nanoparticles with average particle size of 64 nm [19,20] it can be
supposed that the interruption of long-range AFM ordering takes place
primarily on the nanoparticle surface. This assumption is supported by
a report of Huang et al. [4] who have shown that BiFeO3 nanoparticles
of core–shell structure, with size close to the period of spin cycloid, ex-
hibit increased ferromagnetism. It was further argued that FM ordering
originates not only from the surface uncompensated spins, but from
enhanced distortion of FeO6 octahedra around the [111] direction.
Such enhanced structural distortion can cause suppression of spiral
spin structure and strengthening of DM interaction responsible for the
appearance of FM. Accordingly, both effects, the suppression of spin
cycloid and uncompensated surface spins, can lead to the occurrence
of weak ferromagnetism in our sample.

Fig. 5b displays zero field cooled (ZFC) and field cooled (FC) mag-
netization curves, measured at 1000 Oe. The ZFC and FC curves started

to split below 250 K and the divergence became more pronounced
with decreasing temperature. The ZFC curve showed a peak around
the temperature of spin reorientation transition (200 K) [17,57] at
which the Fe3+ magnetic moments are canted out of cycloidal plane.
Besides, ZFC curve does not tend to 𝑀 = 0 with approaching 𝑇 = 0,
as one would expect in a case of the presence of iron oxide impurity
phases [58]. The ZFC/FC magnetization curves of our sample are very
different from the ZFC/FC magnetization behavior of BiFeO3 single
crystal which was ascribed to the spin-glass ordering [59]. Recent
ZFC/FC measurements on BiFeO3 nanoparticles with sizes close to
or less than the period of spin cycloid [4,7,56] have shown similar
pronounced splitting of the ZFC/FC curves when antiferromagnetic
and ferromagnetic orderings co-exist. Unlike the BiFeO3 single crys-
tal with antiferromagnetic ordering, those BiFeO3 nanostructures can
be considered as core–shell structures composed of antiferromagnetic
core and ferromagnetic shell [4,52,56] in which more pronounced
ZFC/FC splitting than in bulk BiFeO3 suggests some irreversible effect
on magnetic properties like breaking of AFM order and appearance
of ferromagnetism [4,7,51,52]. Furthermore, more detailed analysis of
ZFC/FC magnetization measurements on nanocrystalline BiFeO3 [53]
has shown that pronounced ZFC/FC splitting more likely originates
from the changes in the domain structure at low temperatures and even-
tual antiferromagnetic domain pinning effect [4] than from spin-glass
ordering.

In order to justify the use of mean-field theory approximation which
does not include magnetic frustrations nor quantum fluctuations apart
from the temperature ones [49], we refer to the study of Rao et al.
on polycrystalline BiFeO3 [60], where one can infer from that the
Curie–Weiss temperature (𝜃CW) tends to a very large value. Knowing
that in bulk BiFeO3 𝑇N = 640 K [1,2] and in nanostructured BiFeO3
𝑇N slightly decreases with decreasing crystallite size [61], the BiFeO3
is only seemingly frustrated system, since the frustration factor, 𝑓 =
|𝜃CW|∕𝑇N can exceed low frustration values [62]. However, we find
magnetic frustration inconsequential because of the two noncompeting
magnetic interactions: antiferromagnetic and ferromagnetic. These in-
teractions are known to be cooperative in forming the stable Néel phase
like in MnSe2 [11]. Therefore, even at low temperatures, the average
value of the relevant spin component per site is nearly 5∕2, implying
the stability of the AFM phase in BiFeO3. Otherwise, spin–phonon
coupling would be more complex, the 𝛥𝜔s−ph(𝑇 ) would substantially de-
viate from the mean-field approximation model which we applied [44,
47] and a different treatment of the spin–phonon coupling mecha-
nism would be required. The presented magnetic measurements are
in favor of the picture in which nothing else, but the AFM magnetic
ordering, without the presence of magnetic frustrations, influences
the anomalous hardening of two-phonon Raman modes below 𝑇N in
nanocrystalline BiFeO3.

4. Concluding remarks

In conclusion, we have investigated the temperature evolution of
the resonant Raman two-phonon modes in BiFeO3 nanocrystals, which
are known to be very sensitive to magnetic ordering. Temperature stud-
ies have shown anomalous hardening and significant deviation of two-
phonon frequencies from the anharmonicity below Néel temperature.
The anomalous phonon hardening was ascribed to spin-two-phonon
coupling. Within the mean-field approach, the spin–spin correlation
function was correlated to the two-phonon frequency shift and the
spin–phonon coupling strength for two-phonon modes was derived. The
linear relation between spin–spin correlation function and frequency
shift below Néel temperature confirmed no presence of fluctuations
or magnetic frustrations and justified the application of mean-field
approach. Magnetic measurements revealed the presence of weak FM
phase below 𝑇N. The coexistence of AFM and FM ordering were found
not competitive, justifying the conclusion derived from mean-field ap-
proach that two-phonon Raman modes below 𝑇N are strongly coupled
to AFM ordering.
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Fig. 5. (a) Room-temperature magnetization (𝑀) vs magnetic field (𝐻) dependence for BiFeO3 nanoparticles, before (circles) and after subtraction (squares) of the linear background
component. Inset shows zoom in view of M–H curve. (b) ZFC and FC magnetization curves measured at 𝐻 = 1000 Oe.
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Abstract

In the present work experimental study of the ZnO@ZnS core-shell nanostruc-

ture with an active layer obtained by conversion of zinc oxide powders with

H2S is reported. Тhe prepared structures were characterized by scanning elec-

tron microscopy, X-ray diffraction, Raman spectroscopy, and far-infrared spec-

troscopy. Top surface optical phonon (TSO) in ZnO, characteristic for the

cylindrical nano-objects, the surface optical phonon (SOP) mode of ZnS, and

SOP modes in ZnO@ZnS core-shell nanostructure are registered. Local mode

of oxygen in ZnS and gap mode of sulfur in ZnO are also registered. This result

is due to the existence of an active layer in the space between ZnO core and

ZnS shell, which is very important for the application of these materials as

thermoelectrics.

KEYWORD S

active layer, core-shell nanostructures, local mode, surface phonons, thermoelectric

1 | INTRODUCTION

ZnO and ZnS are two well-known and widely used wide-
band gap semiconductors that are still in the focus of sci-
entific research. Different combinations and changeable
structures of ZnO and ZnS intrigue researchers all over
the world due to the large possibility of their application
as optoelectronic devices, sensors, lasers, and other novel
devices. Both materials, ZnO and ZnS, are abundant,
highly stable, non-toxic, environmentally friendly and
intensively studied II-VI materials.[1–3] They can exist in
the form of three crystallographic phases: cubic sphaler-
ite, hexagonal wurtzite, or, in the rarest form, cubic rock
salt. ZnO at the room temperature preferentially crystal-
lizes in the hexagonal phase, while the ZnS structure
depends on the temperature. At the room temperature
ZnS crystallizes in the cubic phase but at temperatures
above 1020�C ZnS is most stable in the hexagonal phase

form. However, there are also other differences between
these two materials besides the difference in existing
phases at room temperature. Although both of these
materials are characterized by the wide direct band gaps,
ZnS shows wider direct band gaps for both of its crystal-
lographic phases. Nevertheless, ZnO is characterized by
higher exciton binding energy. Band gaps for the ZnO
hexagonal phase are reported to be 3.34, 3.37, and 3.4 eV
with the binding energy of 60 mW, for the ZnS cubic
phase band gaps are 3.54 and 3.68 eV, while for the ZnS
hexagonal phase are 3.80 and 3.91 eV with the binding
energy of 40 mW.[4–8]

Excellent features of ZnO and ZnS as individual
components contribute to the favorable properties of
the materials obtained combining these two components
and make them good candidates for a wide range
of applications, such are the thermoelectric compo-
nents.[9,10] The most important parameter in the field of
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thermoelectricity is the so-called figure of merit. It pro-
vides a connection between the material parameters and
the maximum efficiency that will be achieved when this
material is used as a thermoelectric generator. The goal
of designing new materials or structures is to keep the
phonon part of thermal conductivity in the material as
small as possible, without changing the electrical param-
eters (electric conductivity, Seebeck coefficient, and elec-
tronic part of thermal conductivity). One possible way to
achieve this is to use a ZnO/ZnS superlattice.[11] Another
possibility is to use ZnO1-xSx alloys. In the latter case,
impurities act as local scatters that can alter the phonon
transport.[12]

The general conclusion of all of the previously men-
tioned studies is summarized in the work of Bachmann
et al.[13] where it is underlined that incorporation of sul-
fur in ZnO and incorporation of oxygen in ZnS can sub-
stantially reduce the thermal lattice conductivity and
increase the figure of merit. However, a possible break-
through in this field can be achieved with the usage of
ZnO@ZnS core-shell system.

Core-shell nanostructures are a special class of the
biphasic materials whose properties depend not only
on the combination of the core and shell materials but
also on their geometry, design, and core-shell volume
ratio.[14–18] In previous studies of the ZnO@ZnS
core-shell structures, this phenomenon was disregar-
ded.[19–24] So far, the research focus was on the methods
of synthesis and the quality of the spatial homogeneity
of the obtained structures, such are the attempts to
eliminate the existence of impurity throughout the
system.

In addition, the focus has been on the application of
these structures in solar cells,[23] as new materials for
luminescence, and for magnetic applications.[24] Charac-
terization methods were also selected for this purpose.
Spectroscopic methods were used only to confirm X-ray
measurements. Thus, in Sundararajan et al.[19] it was said
that the Fourier-transform infrared spectroscopy (FT-IR)
spectra confirmed starching vibrations of ZnO and ZnS,
respectively. In Flores et al.[20] the same conclusion was
reached using Raman spectroscopy. No attention was
paid to the possibility of the formation of any layer
between the ZnO core and the ZnS shell, which is the
topic of our research.

While scanning electron microscopy, X-ray diffraction
(XRD) and far-infrared spectroscopy give us information
about the global structure, Raman spectroscopy is
focused on the local environment, which is crucial for
this type of research. The present work aims to determine
the existence of the active layer doping phases in the
space between the core and the shell by registering the
surface, local, and gap modes, as well as by analyzing

other structural and optical characteristics of the
ZnO@ZnS core-shell system.

2 | EXPERIMENT

For the synthesis of ZnO/ZnS core-shell nanostructures,
gas-phase sulfidation of ZnO (Merck) at elevated temper-
atures was exploited using flow reactor which is schemat-
ically presented in Figure S1 (Supporting Information).
Hydrogen sulfide was initially obtained from iron
(II) sulfide and hydrochloric acid and without further
processing was introduced in the round-bottom flask con-
taining 3 g of ZnO powder. Iron sulfide was added into a
three neck round bottom flask (B) with mounted
dropping funnel with Polytetrafluoroethylene (PTFE) key
(A) containing 3 M HCl. Flow of HCl was adjusted to
achieve required H2S flow of 6.5 ml/min during 6 h.
Evolved gas was passed into round-bottom flask with
ZnS (C) which was heated at 340–400�C. Vinyl laboratory
tubings were used to introduce gas into flow reactor.

Unreacted H2S was collected and retained in two
stages. First, the vessel containing FeCl3 solution (D) was
used to chemically convert H2S gas into iron sulfides and
small amount of remaining gas was caught in the next
stage using solution of NaOH (E).

Morphology of the obtained powders and their evolu-
tion during calcination were studied by the field emission
scanning electron microscope (FE-SEM) model FE-SEM
JEOL-5200F (Japan).

The composition of investigated samples was investi-
gated utilizing a Rigaku IV XRD diffractometer with Cu
Kα radiation at room temperature. The present phases
were identified by applying the PDXL2 software (version
2.0.3.0),[25] with the reference to the diffraction patterns
present in the International Centre for Diffraction Data
(ICDD).[26]

The far-infrared reflection spectra were measured at
room temperature at the spectral range from 70 to
630 cm−1 with a BOMEM DA 8 spectrometer.

The micro-Raman spectra were taken in the backscat-
tering configuration and analyzed by the TriVista 557
system equipped with a nitrogen-cooled charge-coupled-
device detector. As an excitation source the Verdi G
optically pumped semiconductor laser with the 532 nm
line was used. Excitation energy is in the off-resonance
regime for all the considered materials.

3 | RESULTS

SEM images of the two starting materials (ZnO and
ZnS nanoparticles) and the obtained core-shell structure
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(ZnO@ZnS) are given in Figure 1. In Figure 1a large ZnO
particles are shown, in Figure 1b long narrow ZnS parti-
cles can be observed, while in Figure 1c large particles of
the formed core-shell ZnO@ZnS structure are evident.
This is confirmation that the core-shell structure usually
shows the same morphology as a core. ZnO particles are
cylindrical with the diameter ranging from 200 to 500 nm
and length in the 300 to 500 nm range. ZnS particles are
spiral wire-shaped structures with the diameter in the
20 to 30 nm range and length in the 300 to 500 nm range.
The final structure contains mostly ZnO cylinders that
originate from the starting ZnO material. ZnS is probably
located at the surface of ZnO cylinders as a shell.

The formation of ZnS layer around ZnO particle
surface is well known from sulfidation reaction:
ZnO(s) + H2S(g) = ZnS(s) + H2O(g), where ZnS growth
an outward development during ZnO sulfidation. Such a
process leads to a core-shell structure, which has been
clearly demonstrated in many studies.[27–29]

The X-ray diffractograms of ZnO, ZnS nanoparticles,
and ZnO@ZnS core-shell nanostructure are shown in
Figure 2. The detailed phase composition investigations
revealed the presence of crystalline phases of the hexago-
nal ZnO and cubic ZnS compounds in the starting mate-
rials, while in ZnO@ZnS the cubic ZnS transformed into
hexagonal polymorph. Cubic-to-hexagonal phase transi-
tion of ZnS has been observed at very low temperatures
at 250�C.[30] Since the experiment is conducted in range
of 340–400�C, it is normal that a phase transformation
takes place.

The plane identification (indexing) is done. The
diffraction peaks correspond to the (1 1 1), (2 2 0), and
(3 1 1) planes of the cubic phase of ZnS, matching with
JCPDS 05-0566, and wurtzite (hexagonal phase) was
found in JCPDS 36-1450. The XRD peaks are broadened
because of nanocrystalline nature of the synthesized sam-
ples. On the other side, ZnO phase is hexagonal wurtzite
phase, (JCPDS 01-089-0510). Obtained the core-shell
structure consists of 88% ZnO (in core) and 12% ZnS

(shell). Williamson-Hall plots were used to separate the
effect of the size and strain in the nanocrystals.[31] The
results are shown in Table 1.

By means of the PDXL2 software (version 2.0.3.0),[25]

it was calculated that the mean crystalline size ~a of ZnO
is determined as 57 nm, in the case of ZnS is 2.1 nm,
while obtained the core-shell structure consists of 88%
ZnO (core) with mean crystalline size of about 67 nm

FIGURE 1 SEM images for (a) ZnO, (b) ZnS, and (c) ZnO@ZnS

FIGURE 2 XRD spectra for all investigated samples.

W = wurtzite (hexagonal) ZnS
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and 12% ZnS (shell) with mean crystalline size of about
11 nm.

The lattice strain of phases in core-shell structure is
0.001884 for ZnS and 0.00072 for ZnO. The value for
stress in case of ZnS phase is lower than the stress for
ZnO. It can be considered to be the consequence of an
ordering of atomic arrangement during sulfidation, that
is, the formation of zinc sulfide. The less ordering lead to
an increasing strain due to the significant amount of
strain that is localized at the surface of crystallites as a
result of a high concentration of broken bonds.

The hexagonal phase of ZnO, the cubic, and hexago-
nal phase of ZnS were previously registered by the XRD
analysis. Since the understanding of the bulk material
vibrational properties is crucial for the analysis of the
vibration properties of the core-shell structure, the vibra-
tional properties analysis was initiated with a brief report
of the literature data for the registered phases. The bulk
modes are expected to be shifted and broadened as a con-
sequence of the miniaturization.

The hexagonal structure of ZnO belongs to the space
group C6v

4, with the unit cell that contains four atoms,
where all atoms occupy C3v sites. From the factor group
theory analysis existence of nine optical modes, that are
classified by the following symmetries Γopt = A1 + 2B1 +
E1 + 2E2, is evident.[32] Modes of symmetry A1, E1, and
E2 are Raman active, A1 and E1 are infrared active, while
B1 is inactive (silent) mode. Both A1 and E1 are polar
modes and split into transverse (TO) and longitudinal
(LO) phonons with different wavenumbers due to the
macroscopic crystal field. Anisotropy of the ZnO crystal
causes A1 and E1 modes to have different wavenumbers.

The cubic ZnS structure belongs to F−43m (Td
2)

space group with a trigonal primitive unit cell containing
one formula unit with two atoms. Thus, it has 6 degrees
of freedom, three acoustic, and three optical phonons.
The Brillouin zone center phonons, both acoustic and
optical, are triply degenerate for this cubic structure and

have symmetry species Г15(F2). A macroscopic electric
field in polar crystals, such as ZnS, is associated with LO
vibrations and makes LO mode energy greater than the
TO mode energy. This effect removes the degeneracy of
the optical mode yielding a doubly degenerate TO mode
and a LO mode. Both, the TO and LO modes are Raman
active, while the TO mode is also infrared active.[33,34]

Wurtzite ZnS belongs to the space group P63mc
(C46r) and all atoms occupy C3r sites. The nine possible
optic modes of the four-atom primitive cell have the fol-
lowing symmetries: 1A1 + 2B1 + 1E1 + 2E2. The A1 and
E1 branches are both Raman and IR active, the E2's are
only Raman active, and the B1's are neither IR nor
Raman active.

3.1 | Far-infrared spectroscopy

The experimental data of two starting materials and the
obtained core-shell structure are presented by circles in
Figure 3. To analyze the far-infrared spectra the standard
analysis, which applies the correlation between the
reflection coefficient and dielectric function, was used. A
theoretical model of the bulk dielectric function was dis-
cussed by several authors.[35,36]

The low-frequency dielectric properties of the single
crystals are described by classical oscillators corres-
ponding to the TO-modes, to which the Drude part is
superimposed to take into the account the free carrier
contribution:

εS ωð Þ= ε∞ +
Xl

k=1

ε∞Sk
ω2
TOk−ω2− iγTOkω

−
ε∞ω2

P

ω ω+ iΓPð Þ ð1Þ

where ε∞ is the bound charge contribution and it
is assumed to be a constant, ωTOkωTOk is the trans-
verse optical-phonon wavenumber, ωPωP the plasma

TABLE 1 Unit cell parameters,

crystallite size, and lattice strain of

samples

Sample Lattice parameter (nm) Crystallite size (nm) Strain (%)

starting material

ZnS a = 0.53805(3) 2.1 0.0075

ZnO a = b = 0.32521(4) c = 0.52101 (8) 57 0.145

ZnO@ZnS core-shell

ZnS a = b = 0.3848
c = 0.6317
α = 90
β = 90
γ = 120

11 0.001884

ZnO a = b = 0.32481(4)
c = 0.520044(7)

69 0.00072
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wavenumber, γTOk is damping, ΓP is the plasmon
mode damping coefficient, and Sk is an oscillator
strength.

In general, the optical properties of an inhomoge-
neous material are described by the complex dielectric
function that depends on the 3-D distribution of constitu-
ents. The investigated mixture consists of two dielectric
components. One is treated as a host, and the other as
the inclusion. The characterization of the inhomoge-
neous material by the two dielectric functions is not
useful since the exact geometrical arrangement of the
constituents of the material is needed. However, if the
wavelength of the electromagnetic radiation is much
larger than the size of inclusions, classical theories of
inhomogeneous material presume that the material can
be treated as a homogeneous substance with an effective
dielectric function. In the literature, many mixing models
can be found for the effective permittivity of such a mix-
ture.[37] The optical properties of such materials depend

upon the properties of constituents, as well as their vol-
ume fraction.

The simplest model that describes an inhomogeneous
material by an effective dielectric function can be written
as εeff = (1 − f) ε1 + f ε2. This model is applicable in the
case of bulk materials of dielectric constant ε1 in which
the second phase or the material of the dielectric constant
ε2, which occupies volume fractions f, is randomly dis-
tributed. In the case where nanoparticles are distributed
in the air, or in an optically similar medium, the
Maxwell–Garnett or Bruggeman formula is usually
used.[37]

In general terms, the Maxwell–Garnett Effective
Medium Approximation is expected to be valid at rela-
tively low volume fractions f, since it is assumed that the
domains are spatially separated and electrostatic interac-
tion between the chosen inclusions and all other neigh-
boring inclusions is neglected.

Since samples used in the present study are well
defined with separated nanosized grains (as demonstrated
on SEM images presented in Figure 1), the Maxwell–
Garnet model was used for the present case. Effective
permittivity of mixture, εeff, according to the Maxwell–
Garnet mixing rule is as follows[38]:

εeff = ε1 + 3f ε1
ε2−ε1

ε2 + 2ε1− f ε1−ε2ð Þ ð2Þ

In this case, nanoparticles of permittivity ε2 are located
randomly in the homogeneous environment ε1 (air) and
occupy a volume fraction f.

Solid lines presented in Figure 3 are calculated spec-
tra obtained by a fitting procedure based on the previ-
ously presented model. The parameter adjustment was
carried out automatically, using the least squares fitting
of the theoretical (Rt) and experimental (Re) reflectivity at
q arbitrarily taken points:

δ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
q

Xq
j=1

Rej−Rtj
� �2

vuut ð3Þ

The value of δ was minimized until it complied with
the commonly accepted experimental error (less than
3%). For all the samples the determination errors of
wavenumber and damping coefficients were in the range
3%–6% and 10%–15%, respectively. The agreement of the
theoretical model obtained in this manner with the
experimental results is excellent. In Table 2, the best
fitting parameters are presented. In this case, the
wavenumber indicated by ωTOk in Equation 1 is per-
ceived as the characteristic wavenumber for a given
material.

FIGURE 3 Far-infrared reflection spectra for all investigated

samples. The experimentally obtained data points are depicted by

circles. The theoretical spectra given as the solid lines are obtained

with the model defined by Equations (1) and (2) and the fitting

procedure
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In Figure 3, the some phonon influence is evident at
approximately 310 cm−1. The experimental spectra are in
complete agreement with the theoretical ones (please
notice the solid lines in Figure 3) when the existence of
this phonon is included, while inconsistency between the
experimental and theoretical spectra (see the dashed lines
in Figure 4) is clear when this phonon is omitted.

3.2 | Raman spectroscopy

The Raman spectra of the ZnO, ZnS, and zno@zns
core-shell nanostructure, measured in the spectral
range of 100–600 cm−1 at room temperature, are pres-
ented in Figure 4. Experimental Raman scattering
spectra are analyzed by the deconvolution of the
Lorentzian curve.[39] The thick red line presents a result-
ing spectral curve. Positions of Lorentzians are given in
Table 2.

The Raman spectrum of the ZnO nanoparticle is pres-
ented in Figure 4a. Intense modes at 203, 330, 379, 411,
436, 484, 540, and 578 cm−1 were detected. The obtained

results are in good agreement with the values given in
the literature,[40] as it should be for the commercially
supplied materials.

When ZnS is concerned the circumstances are more
complex. In our previous research[41] the ZnS
nanoparticles obtained by the mechanochemical synthe-
sis dissolved in polymethyl methacrylate (PMMA) were
studied. The experimental spectrum of the ZnS nanopar-
ticle is characterized by several broader structures, broad
multimodal features in 130–200 cm−1 region, along with
the broad structures centered at 263, 346, and 425 cm−1.
Like in the far-infrared spectra analysis, the phonon
influence at 310 cm−1 was observed. Congruence of the
fitted spectrum with the experimental one is better when
it is performed with this phonon.

Figure 4c shows the Raman spectra of the zno@zns
core-shell nanostructure. Beside the phonons which orig-
inate from the initial constituents, there are two new
structures evident at 246 and 472 cm−1. In addition, the
structure at approximately 310 cm−1 is shifted to the
lower wavenumbers, while phonon observed at 346 cm−1

originating from ZnS is shifted at 349 cm−1.

TABLE 2 Calculated fit parameters obtained from the Raman and far-infrared spectra

ZnS ZnO ZnO@ZnS Description

Raman (cm−1) IR (cm−1) Raman (cm−1) IR (cm−1) Raman (cm−1) IR (cm−1)

ωP - 82 - 94 - 91

ω1 132 119 [TO1–LA]Σ or 2TA2

ω2 145 152 [TOu–LA]Σ
ω3 157 [LO–LA]Σ
ω4 174 2TAX

ω5 203 210 203 190 2TA or E2(low)

ω6 206 197 219 LA

ω7 246 Gap-mode S in ZnO

ω8 263 281 269 TO

ω9 310 309 305 301 SOP

ω10 330 338 334 E2(high)–E2(low)

ω11 346 350 349 357 LO and LO+Plasma (IR)

ω12 379 379 380 386 A1(TO)

ω13 411 395 409 410 E1(TO)

ω14 415 420 (LOΓ + TAL) or (TOΓ + LAL)

ω15 436 436 436 438 E2(high)

ω16 472 Local-mode O in ZnS

ω17 484 469 TSO

ω18 540 537 SOP

ω19 578 557 584 557 A1(LO)

The parameters important for discussion are bold.
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4 | DISCUSSION

In the examined samples the ZnO particles are observed
as big cylinders, few hundreds of nm in size. But even for
the nanoparticles of few nanometers, as a consequence of
the rather flat ZnO dispersion in the Brillouin zone, the
effect of the optical phonons confinement is negligible,
and the experimental spectra are almost the same as in
the case of the bulk samples. This can also be applied to
the ωLO phonon of ZnS at about 350 cm−1. Its shift
toward the lower wavenumbers is expected and consis-
tent with the corresponding nano dimension.[34]

Surface modes are difficult to be observed experimen-
tally. But we roughly analyzed investigated nanoparticles
(particle material, geometry, and dielectric permittivity if
surrounding material), and we find that some feature in
experimental spectra can be fairly good identified as sur-
face modes. We used typical values of ZnO and ZnS
dielectric parameters that are in our earlier papers: ZnO
(ε0 = 10.24, εbesk = 4.47); ZnS(ε0 = 8.1; εbesk = 5).

In principle, if nano-objects are present, then the sur-
face of the whole particle is in contact with the matrix.
Surface optical phonons (SOP) are characteristic when
these nano-objects embedded in the matrix are con-
cerned, and their activity becomes significant since they
appear in the experimental spectra. Surface phonons are
the most prominent in the spectra of the objects a few
nanometers in size. The ZnO nanoparticles in the present
study are cylindrical with axial symmetry. To find the
wavenumbers of surface phonons the classic electrostatic
equation for the appropriate geometry must be solved
taking into account the interface conditions, that is, the
object geometry must be treated properly.[42,43] Results of
the study showed that for the cylinder-like nano-objects
two types of surface phonons are characteristic: side sur-
face optical phonons (SSO) and top surface optical pho-
nons (TSO). SSO modes are related to the cylindrical
interface (like in the cylindrical wire), and TSO modes
are related to the planar interface (base of the
cylinder).[42–44] There are two types of TSO mode: anti-
symmetric and symmetric. Besides the geometry of the
objects, surface optical frequencies are sensitive to
the surface environment, that is, dielectric permittivity
of the outer medium. All surface mode wavenumbers are
in region ωTO < ωSOP < ωLO, that is, ωIITO < ωSOP <
ωmixedLO ≈ 572 cm−1. In real samples spectra, surface
optical wavenumbers depend on the surface quality, that
is, surface roughness and arrangement and density of the
nano-objects, resulting in the effective surrounding
medium permittivity.

In the experimental ZnO spectra a wide feature of
very low intensity is centered at �484 cm−1. This mode
can be assigned as the surface optical mode,[42,43] or even
more precise as TSO.[44] In the experimental spectra, a
wide feature of middle low intensity centered at about
540 cm−1 can also be observed. This mode can be
assigned as the surface optical mode.[45]

Surface mode wavenumbers for the ZnS particles are
the solution of the same equation [43] but in the spherical
case. If the non-polar matrix surrounds spherical QD
(case of radial, i.e., central symmetry), there is one sur-
face mode for each quantum number l. The wavenumber
of these modes does not depend on the sphere radius. In
the case of ZnS QD without matrix, that is, in a vacuum
(εmatrix = 1), wavenumbers of l = 1 and l = 2 surface pho-
nons are �330 and �334 cm−1, respectively. When the
matrix is concerned, it must be noted that when the
dielectric permittivity is increasing to the value higher
than 1, then the surface modes wavenumbers are
decreasing. The calculated surface mode wavenumber
(l = 1, εmatrix = 2) is 310 cm−1. Mode in the spectral
region from 300 to 330 cm−1 can be assigned as the ZnS
nanoparticle surface mode.[34]

FIGURE 4 (a–c) Raman spectra for all investigated samples.

The measured spectra are represented by dark line; theoretical

spectra are convolution of Lorentzian curves [Colour figure can be

viewed at wileyonlinelibrary.com]
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In the case of ZnO@ZnS, the surface optical ZnO
mode at 484 cm−1 (TSO) is completely screened by the
impurity mode. Surface optical ZnO mode at 540 cm−1 is
at the same position and with the almost unchanged
intensity as in the ZnO nanoparticles spectra. The surface
optical ZnS mode of low intensity is at position 305 cm−1.
It is not clear if the ZnS shell is complete and uniform
over the entire ZnO cylinder, but this decrease of the sur-
face optical mode wavenumber is a sign that ZnS is effec-
tively in εmatrix < 2.

Surface optical modes are treated rudimentary, and
this is not the main contribution in this paper. It is a pos-
sible explanation for these low-intensity features that
appear in the experimental spectra. Position of these
modes gives fairly good identification.

Raman active modes registered at 246 and 472 cm−1

for ZnO@ZnS core-shell nanostructure (Figure 3) were
not observed in starting components. It can be assumed
that in this case impurity modes are in question. Consid-
ering previous observation, it seems that in this case,
during the formation of the ZnO@ZnS core-shell nano-
structure the phenomenon indicated in Figure 3
occurred. To be precise, in the thin layer between ZnS
and ZnO migration of oxygen and sulfur took place. This
indicates that oxygen originated from ZnO migrated into
the ZnS lattice where it substituted sulfur, while sulfur,
in the same way, migrated into the ZnO lattice. New
vibrational modes, separated from the host lattice modes,
can appear when the supplementary atoms are integrated
into the host lattice. When the amount of the impurity
atoms is minor in comparison to the amount of the host
lattice atoms, the generated mode is “localized.” Namely,
its eigenvector doesn't have a sinusoidal or wavelike
dependence on space, but is strongly peaked at the impu-
rity atom, and wanes rapidly on one or two lattice sites
away.[46]

More precisely, when the lighter element (sulfur in
this case) in the binary mixture ZnS (mS < mZn) is rep-
laced by the even lighter impurity (oxygen, mO < mS), a
local mode is formed above the top of the optical band of
ZnS. On the other hand, when the heavier impurity (sul-
fur) replaces the lighter element (oxygen) within the
binary mixture (ZnO) a gap-mode is formed below the
bottom of the optical band of the binary mixture.

Calculation of the local-mode and gap-mode
wavenumbers [47] involves a comprehension of the
eigenfrequencies and eigenvectors of the host-crystal
vibrational modes, as well as changes in the mass and
force constant caused by the impurity atom. The mass-
defect parameter εj = 1 − M/Mj plays an important role,
where M is the mass of the impurity atom and Mj is the
mass of the host/crystal atom. For the limited number of
the polar diatomic crystals, the three-dimensional

mass-defect calculation was performed. Using the full lat-
tice dynamics, the additional calculations were made for
particular types of impurities in some host crystals.[48–50]

Lucovsky et al.[51] established a simple model for the
calculation of local modes in three-dimensional crystals.
In the present case, when sulfur in ZnS is substituted
with oxygen the obtained position of the local mode is
471 cm−1, which is in excellent agreement with the
experimentally obtained result.

In the opposite case, when the gap mode is formed
as a consequence of the replacement of oxygen with
sulfur in ZnO, the situation is more complex and the
mass-defect parameter is εj = −1. Consequently, for this
parameter value, used models show singularity and that
makes them inappropriate. Because of that, the simplest
way to calculate gap mode position using only isotope
effect was chosen[48]; that is, only mass variation is
taken into account, while the gap mode is obtained by
the separation from the TO phonons of the starting
crystal. Applying this method enabled the obtainment
of the position of the sulfur gap-mode in ZnO at
approximately 268 cm−1. That is in a good agreement
(difference is 9%) with the experimentally obtained
position at 246 cm−1.

Few crystallographic planes of crystal material must
be present in the crystallite to register particular crystal-
lographic structure of crystallite by XRD. This is not
the case in the ZnO-ZnS interface region. We did not
observe any peak in the XRD that originates from ZnO-
ZnS mixing region. This region seems to be very nar-
row. But characteristics of this interface region are
clearly seen from very intensive new Raman modes of
ZnO-ZnS, that is, appearance of local and gap modes.
Raman spectroscopy is known as sensitive to the close
surrounding.

The registered phonon properties are directly related
to the existence of the active layer isolated impurities in
the binary system, that is, sulfur in ZnO and oxygen in
ZnS. Matching of the experimentally and theoretically
obtained values indicates the complete incorporation of
the impurities into the binary system with all the proper-
ties that this phenomenon brings. Obtained results will
be a starting point for the continuation of the research in
this field toward the application of these materials as
thermoelectrics.

5 | CONCLUSION

The ZnO@ZnS core-shell nanostructure with an active
layer is obtained by conversion of zinc oxide powders
with H2S. SEM images and XRD patterns shown the exis-
tence of a cylindrical nanostructure confirming at the
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same time that core-shell structure is usually character-
ized by the same morphology as a core, in this case ZnO.
Using Raman and Far-infrared spectroscopy the phonons
characteristics of the starting components were regis-
tered. TSO in ZnO, characteristic for the cylindrical
nano-objects, the surface optical phonon (SOP) mode of
ZnS as well as SOP modes in ZnO@ZnS core-shell nano-
structure are registered. Local-mode of oxygen in ZnS
and gap-mode of sulfur in ZnO are also registered. These
results are due to the existence of an active layer in the
space between the ZnO core and the ZnS shell. These
findings are very important for the potential application
of these materials as thermoelectrics.
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A B S T R A C T   

The nanopowders of (ZnO)1–x(Al2O3)x, where x ranges from 0 to 0.7, were obtained by two chemical methods: 
the co-precipitation/calcination and hydrothermal synthesis. The first assessment of structural and optical 
properties of the obtained nanopowders was undertaken by the SEM, XRD, Raman and far-infrared spectroscopy, 
which was followed by the photoluminescence spectroscopy at room temperature. The obtained far-infrared 
reflectivity spectra were analyzed using the fitting procedure. The dielectric function of ZnO–Al2O3 nano-
powders was modeled by the Maxwell-Garnet formula under the assumption that the nanopowders are a mixture 
of homogenous spherical inclusions in air. The combined plasmon-LO phonon modes (CPPM) were observed in 
the far-infrared reflection spectra. The photoluminescence spectra contain emissions related to the presence of 
ZnO, ZnAl2O4, and AlOOH phases in the nanomaterial, which is in agreement with the results obtained by other 
experiments.   

1. Introduction 

In the field of material science, there are two materials that have held 
a special position and have attracted significant attention due to a va-
riety of their physical properties and a prospect of numerous applica-
tions. These are the wide bandgap semiconductor – zinc oxide (ZnO) and 
the ceramic material – aluminum oxide (Al2O3). 

Most often, ZnO crystallizes as a hexagonal wurtzite structure with 
the direct band gap of 3.4 eV and the crystal-growth direction along the c 
axis. These properties qualify ZnO as a material suitable for application 
in the optoelectronic devices. In addition, a unique optical, acoustic and 
electric properties of ZnO, such as the high binding energy of 60 meV, 
high radiation, as well as chemical and thermal resistance, can be useful 
in the light-emitting UV and laser diodes, solar cells, gas sensors, bio-
sensors, varistors, and surface acoustic wave devices [1,2]. 

Due to different positions of aluminum ions in the oxygen sublattice, 
aluminum oxide can exist in a variety of metastable structures as well as 
in its stable α-Al2O3 phase, which makes it suitable for many different 
uses and consequently results in the high production of aluminum oxide 
worldwide. For example, it is applied in the chemical industry as an 

adsorbent, abrasive, filler, ceramics, refractory, and catalyst; it is used as 
the protective barrier against corrosion, alternative surgical material for 
implants, as well as in the fabrication of the cutting tools and electronic 
devices [3,4]. 

In addtion to the important features of ZnO and Al2O3 themselves, 
materials that combine the two have been proven to have properties of 
good candidates for a wide range of applications. For example, spinel 
ZnAl2O4 may be applied in photoelectronic devices, optical coatings, 
stress imaging devices, and electroluminesence displays due to its wide 
energy bandgap, high values of fluorescence efficiency, photocatalytic 
activity, mechanical resistance, chemical and thermal stability, as well 
as low surface acidity [5–7]. In a number of studies it has been shown 
that the optical properties of spinel ZnAl2O4 depend strongly on the 
method used to prepare the material and the achieved morphology of 
the material [8–12]; namely, nanodimensional structures introduced 
enhanced optical and fluorescence properties that were not present in 
the bulk material. Further, the optical and fluorescence properties 
depend on the particle size that was achieved, as well. This is expected 
since larger specific surface area of smaller particles and consequent 
more present dangling and unsaturated bonds on the particle surface 
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affect defect levels and material properties [13]. Methods of spinal 
ZnAl2O4 synthesis vary from the hydrothermal [11], solvothermal [14], 
microwave-hydrothermal [15], co-precipitation [10], sol-gel [16], 
combustion synthesis [17], citrate precursor [8], polymeric precursor 
[18], solid-state reaction method [19,20] to self-generated template 
[19]. The main disadvantage of the co-precipitation, solid-state reac-
tion, and other common synthesis methods is the large obtained particle 
size. 

With the aim to obtain small diameter nanoparticles of ZnAl2O4 
surrounded by ZnO we used the calcination and hydrothermal method. 

The luminescence was used as the principal method of investigation, 
whereas the XRD, Raman spectroscopy, and IR spectroscopy in the MID 
range [1–20] where used to characterize the samples. The elipsometric 
spectroscopy was employed as an aid in the analysis [21]. In addition to 
the standard methods of characterization of this group of materials, we 
used the IR spectroscopy in the far-infrared region to detect 
electron-phonon interaction, which further led to the explanation of the 
luminescence spectra. 

The infrared (IR) spectroscopy is a well-known, simple, and reliable 
technique that is widely used in studying inorganic and organic mate-
rials. It is the absorbing type of spectroscopy, namely, different com-
ponents of investigated materials absorb infrared light in a different 
wavelength domain. Consequently, the IR spectroscopy is very sensitive 
in detecting the presence of functional groups as well as of a single 
molecule type within a sample, since they each have a different char-
acteristic spectrum that is often referred to as the fingerprint. The main 
advantages of the IR spectroscopy are the high scan speed, high reso-
lution, high sensitivity, and wide range of application; it does not 
destroy the sample, and it provides a large amount of information. These 
advantages of the IR spectroscopy are followed by its use not only as a 
method for material analysis in science but in the industry as well. For 
example, it is used in the quality control, dynamic measurements, 
forensic analysis, identification and analysis of art pieces in general as 
well as of pigments in paintings, polymer manufacture, semiconductor 
microelectronics, food industry, gas leak detection devices, etc. [22–27]. 
In our study, it was the method of choice because it provides insight into 
the plasmon – phonon interaction. Recorded phonons participate in 
electron transfers and they must be included in the photoluminescence 
spectra analysis. 

The interaction of electrons with crystal lattice vibrations denoted as 
phonons plays a significant role in shaping various properties of mate-
rials, for example, electrical characteristics of semiconductor-based de-
vices, superconductivity, and the existence of the charge-density waves. 
Coupling of the longitudinal optical (LO) phonons with the surrounding 
free charge carrier plasmons result in the formation of the combined LO 
phonon – plasmon modes (CPPM). The published research most often 
investigate the interaction between a single phonon and effective plas-
mons in the n-type semiconductors, as well as the consecutive influence 
of the plasmon damping on the CPPM [28]. 

We intend to combine the Raman, far-infrared and photo-
luminescence spectroscopy to study the fundamental properties of 
combined plasmon – phonon modes in the ZnO–Al2O3 nanoparticles as 
well as the influence of sample preparation method and dopant con-
centration on the characteristics of obtained materials. 

2. Samples preparation and characterization 

The nanocrystalline samples of ZnO doped with Al2O3 were obtained 
by two methods. In the first method, the co-precipitation/calcination 
method, a mixture of aluminum and zinc hydroxides was obtained by 
adding an ammonia solution to a 20% solution of a proper amount of Zn 
(NO3)2*6H2O and Al(NO3)3*4H2O in water. The obtained hydroxides 
were filtered, dried, and calcinated at 300 �C for 1 h. The co- 
precipitation/calcination method is further referred to as the calcina-
tion method. 

In the second method, namely, in the hydrothermal synthesis, a 

similar procedure was applied. Instead of the ammonia solution, now 
the 2 M solution of KOH was used. The obtained hydroxides were then 
put in a reactor with the microwave emission. The microwave assisted 
synthesis was conducted under the pressure of 3.8 MPa that was applied 
for 30 min. The synthesized product was filtered and dried. The hy-
drothermal synthesis is further denoted as the hydrothermal method. 
Each of the described two methods were used to obtain series of nano-
sized (ZnO)1–x(Al2O3)x samples with the nominal concentration of 
Al2O3 ranging from x ¼ 0 to 0.7. 

Powders obtained by chemical methods were pressed under very 
small preassure into tablets with 1 cm in diameter. The tablets were used 
in the vibrational measurements. 

2.1. X-ray spectroscopy 

The powder diffraction technique (XRD), was applied to determine 
the phase composition of the samples, using the X’Pert Philips device 
with the CoKα radiation, in the 2θ mode. The detail phase composition 
study revealed the presence of crystalline phases of the hexagonal ZnO 
and spinel structured ZnAl2O4 in the samples synthesized by both 
methods, namely, by the co-precipitation/calcination as well as by the 
hydrothermal method (Fig. 1). 

The XRD data was combined with the Scherrer’s formula to deter-
mine the mean crystallite size in the studied samples [29]. To determine 
the mean crystallite size of ZnO phase, the diffraction peak corre-
sponding to (102) reflection (at about 2θ ¼ 47�) was taken, and to 
determine the mean crystallite size of the spinel ZnAl2O4 phase - a 
diffraction peak corresponding to the (400) reflection (located at about 
2θ ¼ 44�) was taken, respectively. It was found that the mean crystallite 
size, d, varies between 12 and 81 nm for the ZnO phases and is of the 
order of 5 nm for the ZnAl2O4 phases in the samples obtained by the 
calcination method, whereas for the samples that were obtained by the 
hydrothermal method the mean crystallite sizes were determined to be 
between 22 and 100 nm for the ZnO phases and from 5 to 13 nm for the 
ZnAl2O4 phases. The results of the XRD measurements, i.e., the phase 
compositions, as well as the mean crystallite size, are summarized in 
Table 1. 

The results given in Table 1 indicate that, regardless of the method 
used to prepare the samples, the crystallite size of ZnO does not change 
monotonously with the increase of Al2O3 concentration. An increase of 
the ZnO crystallinity above the Al2O3 concentration of 20 wt% can be 
explained by faster transformation of smaller ZnO particles into spinel 
phase. As smaller particles of ZnO are more prone to react with Al2O3 to 
form a spinel, then the larger ZnO particles remain in the system as non- 
reacted, giving in the result an increased mean particle size of ZnO 
phase. 

The crystallite size of the phase ZnAl2O4 in the samples obtained by 
the calcination method is constant, whereas, for the samples obtained 
hydrothermally, it becomes constant after the initial decrease with the 
increase of Al2O3 concentration. Consequently, the change of crystallite 
size of ZnAl2O4 with the nominal content of Al2O3 is smaller than for the 
ZnO phase. For both methods the obtained data didn’t allow to obtain 
the size of ZnO crystallites above 50% of nominal content of Al2O3 
although their presence has been registered in Fig. 1. 

Similarly, for the samples with low Al2O3 concentration (up to 30% 
of Al2O3 for calcination method, and up to 10% of Al2O3 for hydro-
thermal method) the presence of the ZnAl2O4 phase has been registered; 
however the data didn’t allow to calculate the size of nanocrystallites. 
Note that the crystallite size of the ZnAl2O4 phase in the samples ob-
tained by both methods is constant for dopant concentrations higher 
than 50% (a stoichiometric concentration of Al2O3 in the spinel as about 
55 wt%). For the highest dopant concentration of 70%, the XRD spec-
trum corresponding to the hydrothermally prepared sample reveals 
existence of the AlOOH phase (Fig. 1), as there is an excess of aluminum 
in the system, and not enough ZnO to form the spinel. The size of ZnO 
crystallites in the samples obtained by the hydrothermal method is 
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larger than in the samples obtained by the calcination method. A reverse 
relationship was observed in our previous studies of the nanosized ZnO 
samples doped with other metal oxides [30–32]. The observed depen-
dence is probably caused by the extension of the hydrothermal synthesis 
time to 30 min compared to the 15 min long synthesis that was used in 
our previous studies. Longer synthesis time caused ZnO crystallites to 
undergo significant agglomeration. Note that no other crystal phases 
besides the reported ones were observed in all the examined samples. 

2.2. Scanning electron microscope (SEM) 

The morphology of samples was investigated using the scanning 
electron microscope LEO 1530. The SEM images of the four represen-
tative samples for the calcination as well as hydrothermal method of 
sample preparation are given in Fig. 2. 

The SEM characterization revealed a broad diversity in the 
morphology of samples. The images of samples with 10%, 30%, 50%, 
and 70% of Al2O3 are shown in Fig. 2. For the calcinated samples two 
types of agglomerates were observed: the plate-like agglomerates bigger 
than 100 nm and the smaller, spherical ones. It can be assumed that the 
larger and smaller ones correspond to the ZnO and ZnAl2O4 phase, 
respectively. In the calcinated samples with 50% of Al2O3 the particles 
that belong to the ZnO phase are covered with the smaller ZnAl2O4 
particles, whereas for the Al2O3 concentration of 70%, the small parti-
cles that belong to the ZnAl2O4 phase dominate. 

In the SEM images of the samples obtained by the hydrothermal 
method, the hexagonal agglomerates are observed for the sample with 
30% of Al2O3 in addition to the previously discussed morphologies. In 

the sample with the Al2O3 concentration of 70% the homogeneous ag-
glomerates that can be related to the ZnAl2O4 phase are visible. 

For both methods of synthesis, the smallest agglomeration is 
observed in the samples with a high nominal content of the aluminum 
oxide. Note that these results agree well with those that were obtained 
by the XRD measurements. 

3. Vibrational spectroscopy 

The phases of ZnO and ZnAl2O4 were previously registered by the 
XRD measurements. Since the understanding of vibrational properties of 
the bulk material is crucial for the analysis of the vibration properties of 
nanoparticles, we begin the analysis of vibrational properties with a 
brief report of the literature data of the registered phases. The bulk 
modes are expected to be shifted and broadened as a consequence of the 
miniaturization. 

The zinc oxide crystallizes in the wurtzite type hexagonal structure, 
and the growth of its crystals occurs along the c-axis [33]. Since the unit 
cell of zinc oxide contains four atoms, its spectrum is characterized by 
twelve vibrational modes: the three acoustic modes (one longitudinal 
and two transverse) and nine optical modes. The dispersion of optical 
phonons at the Γ point of the Brillouin zone is represented by the optical 
modes 2E2 þ 2E1 þ 2A1 þ 2B1. The modes E1, E2, and A1 are active in the 
Raman scattering. The modes E1 and A1 are active in the infrared 
spectroscopy, and the modes B1 are the “silent modes”. The optical 
modes E1 and A1 are split at the Γ point into the transverse and longi-
tudinal modes by the macroscopic crystal field. The splitting of the E1 
and A1 modes is caused by the anisotropy of the ZnO crystal. In partic-
ular, the A1 vibrations are parallel to the crystallographic c-axis, 
whereas the E1 vibrations are perpendicular to it. Two sets of parameters 
are required to describe the dielectric function of a phonon, i.e., εxx ¼ εyy 
� ε? and εzz � ε||, along the electric field vector (E), perpendicular (E ?
c), and parallel (E || c) to the crystal c-axis, respectively [34]. 

The Zn-aluminate, ZnAl2O4, crystallizes in the space group Fd3m 
with two formula units in the primitive rhombohedral unit cell [35]. The 
Zn and Al occupy the tetrahedral and the octahedral positions, respec-
tively, in the close cubic oxygen packing. The group-theory analysis 
shows that 39 zone-center optical phonons are classified by the 
following symmetries [36]: the Γ ¼ A1g þ 2A2u þ Eg þ 2Eu þ T1g þ 4T1u 
þ 2T2u þ 3T2g. All the E modes are double degenerate, and all the T 
modes are ternary degenerate. The A1g, Eg, and all the T2g modes are 
Raman active, while all the T1u modes are infrared active. 

Fig. 1. XRD spectra of (ZnO)1–x(Al2O3)x nanoparticles. The spectra are grouped into graphs according to the method used to prepare the samples, namely the 
calcination and hydrothermal method. The spectra given for the eight values of the dopant content, x, are differentiated by the line color. Three different crystallite 
phases were detected, Z, S, and A, which correspond to the ZnO, ZnAl2O4, and AlOOH, respectively. 

Table 1 
Mean crystallite size. The Scherrer’s formula and XRD measurements were used 
to identify crystalline phases and calculate the mean crystallite size, d. The 
obtained results illustrate the dependence of mean crystallite size on the Al2O3 
presence as well as on the method used to prepare the samples (calcination and 
hydrothermal method).  

Al2O3 

wt.% 
d [nm] 
ZnO phase 
calcination 

d [nm] 
ZnO phase 
hydrothermal 

d [nm] 
ZnAl2O4 phase 
calcination 

d [nm] 
ZnAl2O4 phase 
hydrothermal 

5 25 41 – – 
10 26 22 – – 
20 12 50 – 13 
30 31 34 – 7 
40 81 100 5 5 
50 – – 5 5 
60 – – 5 5 
70 – – 5 5  
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3.1. Raman spectroscopy 

The micro-Raman spectra were taken in the backscattering config-
uration and analyzed using Jobin Yvon T64000 spectrometer, equipped 
with nitrogen cooled charge-coupled-device detector. As an excitation 

source we used the Verdi G optically pumped semiconductor laser with 
the 532 nm line. The measurements were performed at 60 mW laser 
power, which is the same power density as was the case for the photo-
luminescence measurements. 

In Fig. 3 four representative spectra for samples prepared by the both 

Fig. 2. SEM images of (ZnO)1–x(Al2O3)x nanoparticles. The images of the samples with the Al2O3 content, x, of 10, 30, 50, and 70% that were prepared by the 
calcination as well as by the hydrothermal method, are given. 
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methods and with nominal dopant concentration of 5% and 70% Al2O3 
are shown. The Raman spectra are often analyzed using the convolution 
of the Lorentzian functions, each of which has line intensity, I, given 
with 

IðωÞ¼ 2A
π

W
4ðω � ωcÞ

2
þW2

; (1)  

where ωc, W, and A are the position of the maximum, the half-width of 
the peak, and peak intensity, respectively. The measured data depicted 
with lines in Fig. 3 are approximated with the calculated thick curve, 
which represents the sum of the components each defined with Eq. (1). 

By using all Raman active peaks that correspond to ZnAl2O4, such as 
169, 417, 566, 682 and 758 cm� 1 [36], and most of the peaks related to 
ZnO, such as 101, 284, 333, 378, 410, 437, 483, 536, 590, 618, 657, 723, 
812, 980, 1105 and 1158 cm� 1 [30], it was possible to reproduce the 
obtained experimental spectra. For the smaller dopant concentration, 
for both types of samples the most dominant peaks in the spectra are the 
two well-known ZnO peaks at 101 (E2

low) and 437 cm� 1 (E2
high). All four 

representative spectra characterize one more peak towering above 
others. The peak at 1053 cm� 1 belongs to the AlOOH phase. ZnO has 
multi phonon peak at 1054 cm� 1; however, due to the shape and FWHM 
(full width at half maximum) of the obtained peak in all four experi-
mental Raman spectra it can assumed that this peak belongs to AlOOH 
phase. The existence of this phase is also confirmed by another peak at 
232 cm� 1 that is present in all the obtained spectra [37]. Consequently, 
it can be concluded that when ZnO is doped with Al2O3 three phases are 
formed, namely, ZnO, ZnAl2O4, and AlOOH. Low visibility of the AlOOH 
phase in the XRD measurements lead to the conclusion that the 

concentration of AlOOH is low but it increases with the increase of the 
dopant (Al2O3) concentration, which once more confirms high sensi-
tivity of the Raman spectroscopy. 

Taking into account the results obtained with XRD as well as Raman 
measurements we get a clear picture of phases present in the investi-
gated ZnO–Al2O3 nano-system. 

3.2. Far-infrared spectroscopy 

The far-infrared measurements were carried out with a BOMEM DA – 
8 FIR spectrometer. A DTGS pyroelectric detector was used to cover the 
wavenumber range from 80 to 680 cm� 1. The far-infrared spectra at 
room temperature of ZnO–Al2O3 nanopowders obtained by the calci-
nation and hydrothermal methods are presented in Fig. 4. The experi-
mental data are presented by circles, whereas the solid lines are used to 
show the calculated spectra. 

Let us consider the interaction between a visible light of wavelength 
λ and semiconducting nanoparticles that are defined by their charac-
teristic size, d, and dielectric function, ε2, and are distributed in a me-
dium with the dielectric constant ε1. If a heterogeneous composite can 
be treated as a homogeneous medium with the effective dielectric 
permittivity, εeff, and the condition that relates the light and the nano-
particles, λ » d, is satisfied than the effective medium theory can be 
applied in a study of the interaction. There are many mixing models of 
the effective dielectric permittivity that correspond to such a mixture 
[38]. Since our samples are well defined and separated nanosized grains 
(Fig. 2), we used the Maxwell-Garnet model. For the spherical in-
clusions, spheres of permittivity ε2 are located randomly in a homoge-
neous environment with permittivity ε1 and occupy a volume fraction f. 

Fig. 3. Raman spectra of (ZnO)1–x(Al2O3)x nanoparticles. The spectra are given for the reprezentative samples prepared by the calcination as well as by the hy-
drothermal method. The measured spectra are represented by dark line, theoretical spectra is depicted by a thick line, and the components that comprise the 
approximated curve are given as thin lines Eq. (1). The parameter defining different curves is the percentage of Al2O3. 
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According to the Maxwell-Garnet mixing rule, the prediction of the 
effective permittivity of such a mixture is [39,40]. 

εeff ¼ ε1 þ 3f ε1
ε2 � ε1

ε2 þ 2ε1 � f ðε2 � ε1Þ
; (2) 

The ZnO–Al2O3 nanoparticles are situated in the air, therefore ε1 ¼ 1. 
Defining ε2, the dielectric function of ZnO–Al2O3 nanoparticles is not so 
straight forward. The low-frequency dielectric properties of single 
crystals are described with the classical oscillators corresponding to the 
TO-modes, to which the Drude part is superimposed in order to take into 
account the free carrier contribution [41]. Consequently, the dielectric 
function of a single crystal takes the form 

εsðωÞ¼ ε∞þ
Xl

k¼1

ε∞
�
ω2

LOk � ω2
TOk

�

ω2
TOk � ω2 � iγTOkω �

ε∞ω2
P

ωðωþ iΓPÞ
; (3)  

where ε∞ is the high frequency dielectric constant, ωLOk and ωTOk are the 
longitudinal and transverse optical phonon frequencies, ωP is the plasma 
frequency, γTOk is the damping of host crystal modes, and ΓP is the 
plasmon mode damping coefficient. 

For the ZnO–Al2O3 nanoparticles, the pure LO modes of the lattice 
are strongly influenced by the plasmon mode, ωP, which causes the 
appearance of a combined plasmon – LO phonon mode (CPPM) [41,42]. 
Consequently, if the LO mode is to be determined, the influence of free 
carriers must be eliminated. Hence, in the analysis of far-infrared 
reflection spectra of our samples, we used the dielectric function that 
includes the interaction between the LO phonon and a plasmon, i.e., the 
plasmon – phonon interaction [41,43]. 

ε2ðωÞ¼ ε∞

Y2

j¼1

�
ω2 þ iγljω � ω2

lj

�

ωðωþ iΓPÞ
�
ω2 þ igω � ω2

t

�
Ys

k¼1

ω2 þ iγkLO � ω2
kLO

ω2 þ iγkTO � ω2
kTO
: (4) 

The ωlj and γlj (j ¼ 1, 2) parameters of the first numerator are the 
eigenfrequencies and damping coefficients of the longitudinal plasmon – 
phonon (LP þ LO) waves, that arise from the interaction of the initial 
modes (ωLO corresponding to ZnO or ωLO corresponding to Al2O3 
(actually ZnAl2O4), and ωP). The parameters of the first denominator 
correspond to the transverse (TO) vibrations. The second term repre-
sents the uncoupled modes of a crystal, where s is the number of 
uncoupled modes, ωLO and ωTO are the longitudinal and transverse 
frequencies, and γLO and γTO are the damping coefficients of the k-th 
crystal mode. 

Therefore, the TO mode frequencies were obtained directly from the 
fit, whereas the LO modes were determined by the maximum of the 
dielectric loss function. As a result, the combined plasmon – LO phonon 
modes (ωl1, ωl2) were observed. In the experimental spectra, only the 
coupled-mode positions are observable. Therefore, detection of the LO- 
modes is closely related to the decoupling procedure [41]. The described 
procedure, i.e., the dielectric function from Eq. (2) and ε2 from Eq. (4) is 
used to obtain the curves depicted with solid lines in Fig. 4. 

The parameter adjusment was carried out automatically, using the 
least-square fitting of the theoretical (Rt) and experimental (Re) reflec-
tivity at q arbitrarily taken points: 

δ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
q
Xq

j¼1

�
Rej � Rtj

�2

v
u
u
t (5) 

The value of δ was minimized until it complied with the commonly 

Fig. 4. Far-infrared reflection spectra of (ZnO)1–x(Al2O3)x nanoparticles prepared by calcination and hydrothermal methods. The experimentally obtained data 
points are depicted by circles. The theoretical spectra given as the solid lines are obtained with the model defined by Eqs. (2) and (4) and the fitting procedure. The 
curve parameter is the dopant content, x, in percentages. 
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accepted experimental error (less than 3%). For all the samples the 
determination errors of frequencies and damping coefficients were in 
the range 3–6 and 10–15%, respectively. The exact values of all deter-
mined phonon parameters are given in Tables S1 and S2 of the Sup-
plementary material. 

The dependence of the plasma frequency, ωP, high-frequency 
dielectric constant, ε∞, and filling factor, f, on the dopant content is 
given in Fig. 5. The plasma frequency is given as ωP ¼ ωl1ωl2/ωt, (ωP

2 ~ 
N, where N is the free carriers concentration) [41]. Note that the dopant 
content of 20% acts as the limiting value that separates two sets of 

spectra shown in Fig. 4. It is the same dopant content value of 20% that 
corresponds to the minimal value of ωP, and, consequently, the lowest 
concentration of free carriers, N, in the samples prepared by the calci-
nation method, as shown in Fig. 5. This causes the plasmon – phonon 
interaction to be the weakest and, therefore, the detection of the primal 
phonons to be the most accurate for this particular composite. In the 
samples prepared by the hydrothermal method, ωP monotonically in-
creases with the increase of dopant concentration. In the samples with 
dopant concentration below the 20%, an interaction between the plasma 
and the ZnO phonon (ωΤΟ ¼ 370 cm� 1) occurs, whereas for the com-
posites on the other side of the limiting value of 20% the interaction of 
plasma and ZnAl2O4 phonon (ωΤΟ ¼ 543 cm� 1 T1u(2) symmetry) is 
registered. This argumentation is supported by the dependence of ε∞ on 
the sample composition. Note that it is the effective value of ε∞ that is 
being considered here. For the samples obtained by the calcination 
method ε∞ has the value of 2.6 for the pure ZnO, it decreases to the value 
of 1.3 for the samples with 20% of Al2O3, and then increases to reach the 
value of 8.3 for the Al2O3 content of 70% (Fig. 5). 

For the samples prepared by the hydrothermal method the ε∞ 
dependence is different, namely, it increases monotonically with the 
dopant concentration increase. For all our samples the error in deter-
mining ε∞ was 3%. The reflectivity measurements in the mid-infrared 
region that were used in this process are given in the Supplementary 
materials as Fig. S1Fig. S1. The filing factor, f, has a similar behavior, 
which is shown in Fig. 5 as well. 

Characteristic spectra for the plasmon – LO phonon interaction are 
presented in Fig. 6. The frequencies of coupled modes (ωl1 and ωl2) and 
the transverse mode frequencies marked by circles were obtained as the 
best fits. The lines labeled as ωþ and ω– are the solutions of the real part 
of Eq. (3), namely of Re{εS} ¼ 0. The values of the LO and TO fre-
quencies that correspond to the ZnO and ZnAl2O4 are emphasized with 
the horizontal solid and dashed lines, respectively, for better visualiza-
tion. As stated earlier, for the composites with 0% and 10% of Al2O3, a 
plasmon interacts with the ZnO phonon, whereas for the composites 
with the Al2O3 content larger than 20%, the interaction of a plasmon 
with the T1u(2) ZnAl2O4 phonon occurs. From the results given in Fig. 6 
it is evident that the plasmon – phonon interaction exists in the entire 
range of the studied composites. Note that the experimental and the 
theoretical spectra match perfectly well. 

To obtain a good match between the experimental and the theoret-
ical spectra are given in Fig. 4, several phonons that were not predicted 
by the selection rules, had to be taken into account in the analysis of 
certain composites. The TO-LO splitting registered in some phonons is a 
result of the plasmon-phonon interaction, as can be seen in Tables S1 
and S2. The phonon at approximately 110 cm� 1, that is most commonly 
attributed to a defect mode [44] was included in the spectral interpre-
tation of all studied samples. As was the case in the Raman spectra, the 
phonons at 320, 378, 426, 483, 536, 600, and 670 cm� 1 correspond to 
ZnO, whereas those around 200, 410, and 510 cm� 1 are due to ZnAl2O4. 
Their appearance is caused by the attenuation of selection rules due to 
miniaturization. This effect might be the main reason for the difference 
between the phonons resulting from the fitting procedure illustrated in 
Fig. 4 and those discussed in Ref. [45]. On the other hand, a similar 
effect can be caused by the surface-optical phonons [30]; however, they 
are a consequence of nanoparticles formation, as well. Besides, in the 
spectra of the some samples the existence of weak modes at approxi-
mately 240 and 440 cm� 1 that can be associated with the AlOOH phase, 
is evident. This is consistent with the results obtained by the XRD and 
Raman measurements that detected the AlOOH phase. 

4. Photoluminescence spectroscopy 

Optical properties of the samples were investigated with the photo-
luminescence (PL) spectroscopy. The spectro-fluometer SOLAR CM 
2203 with the excitation wavelength of 300 nm (4.13 eV) was used and 
the obtained PL spectra are shown in Fig. 7. The measured spectra are 

Fig. 5. Dependence of plasma frequency, ωP, high frequency dielectric con-
stant, ε∞, and filling factor, f, on dopant content, x. 
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represented by circles, and theoretical spectra is depicted by a thick line, 
and the components that comprise the approximated curve are given as 
thin lines (eq. (1)). The values of the positions, ωc, and intensities, A, of 
the Lorentzian peaks that provide the best match between the experi-
mental and theoretical spectra are given in Fig. 8. 

The spectra in Fig. 7 that correspond to the samples obtained by the 
hydrothermal method can be divided: the spectra of samples with Al2O3 
concentration below and above 40%. If the dopant concentration is 

lower and equal 40% the PL spectra contain two emission bands, namely 
the band at 3.20 eV and the broad structure centered at approximately 
1.9 eV. For the composites with the dopant concentration higher than 
40%, the emission band at 3.20 eV becomes wider and a new band ap-
pears at approximately 3.59 eV (purple). 

The PL spectra of the samples prepared by the calcination method are 
qualitatively different from those corresponding to the hydrothermal 
method. If the samples were prepared by the calcination method, 

Fig. 6. Eigenfrequencies of plasmon-phonon modes of (ZnO)1–x(Al2O3)x nanoparticles. The solid and dashed lines are the spectra calculated from Re{εs} ¼ 0, where 
εs is given by Eq. (3), whereas the open and solid circles represent ωl1 and ωl2. The black solid lines and open circles denote the coupling with the ZnO phonon, 
whereas the red, dashed lines and solid circles correspond to the coupling with the ZnAl2O4 phonon. 

Fig. 7. Photoluminescence spectra of (ZnO)1–x(Al2O3)x nanoparticles. The spectra are given for the samples prepared by the calcination as well as by the hydro-
thermal method. The measured spectra are represented by circles, theoretical spctra is depicted by a thick line, and the components that comprise the approximated 
curve are given as thin lines. The parameter defining different curves is the percentage of Al2O3. 
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interweaving of all the bands occurs for almost all values of the dopant 
concentration in the composite. In this case, very weak emission was 
recorded around 3.56 eV for the samples with more than 40% of Al2O3 
(orange). 

For the hydrothermal method, the intensity of the peaks at 3.20, 
2.58, 1.96, 1.81, and 1.66 eV decreases with the increase of the Al2O3 
concentration in ZnO from 0 to 40% (Fig. 8). This indicates that these 
bands originate from ZnO; in Fig. 7 these Lorentzians are represented 
with the thin red lines. On the other hand, the bands at 2.34, 1.76, and 
1.57 eV appear for the dopant content of 40% and more, and their in-
tensity increases with the increase of dopant content; these ZnAl2O4 
bands are represented in Fig. 7 with the thin green lines. Besade that, the 
peak located around 3.59 eV must be considered in the spectra corre-
sponding to the samples with Al2O3 concentration larger than 40%. 
Taking into account the results obtained by the XRD, Raman, and IR 
measurements, it can be concluded that the emission in question is 
related to AlOOH, which is detected in our samples. Namely, the results 
presented in Ref. [46] indicate possible exsisance of a very broad 
emission in the range between 3 eV and 4 eV in AlOOH. In our case, this 
emission is supported by the presence of a metal Zn, which is used in 
disigning biosensors with this base [47]. Such wide emission masks the 
emission at 3.2 eV related to ZnO as can be seen in Fig. 7. 

The structure of PL spectra that corresponds to the samples obtained 
by the calcination method is more complex. The peak positions are very 
close to those registered for the samples synthesized by the hydrother-
mal method. However, the bands that originate from the ZnO phase 
were registered independently only for the samples with the Al2O3 
content of 10% or less. In all spectra with dopant content larger than 
10% the bands corresponding to the ZnAl2O4 phase are present. The PL 
spectrum of the sample, with 20% of Al2O3 has several exciting features. 
The intensity of peaks at 2.34, 1.96, and 1.66 eV significantly deviates 
from the monotonous change, namely these peaks are much stronger for 

this particular value than for any other value of the dopant presence. 
Consequently, in addition to the enhanced intensity of these bands, the 
spectrum itself is more intense. Note that this peculiarity was discovered 
in various ways in the analysis of the infrared spectra as well. The UV 
band centered at about 3.20 eV originates from the near-band-edge 
exciton and bound exciton emission of ZnO crystallite. For the samples 
with more than 40% of Al2O3 a very weak, relatively narrow emission is 
noticed at 3.56 eV. Its intensity very slowly increases with the increase 
of Al2O3 presence in the sample. However, for samples obtained by the 
hydrothermal method, intensity of emission in that region is 20 times 
larger than was the case for the samples obtained by the calcination 
method. The emission is possitioned above the Eg of ZnO. In this case, 
the quantum confinement influence cannot be as strong as to move near- 
band-edge emission in ZnO to 3.6 eV, since nanoparticles smaller than 1 
nm would be required. On the other hand, the value of Eg corresponding 
to ZnAl2O4 is arround 3.8 eV. In ZnAl2O4 narrow phonon supported 
emissions related to transfers from this level were reported [48]. Prob-
ably, one of the phonons of T2g(3), T1u(4), or T2u(2) symmetry in 
ZnAl2O4 that were detected in our Raman and IR measurements, par-
ticipates in this emission, since their energies are appropriate. A detailed 
analysis is given in Ref. [48]. On the other hand, this emission can be 
related to the doping level formation in the range between the energy 
gaps of ZnO and ZnAl2O4 as suggested in Ref. [49]. 

On the other hand, for both methods, the bands at 2.58, 1.96, 1.81, 
and 1.66 eV are correlated with the radiative recombination of a photo- 
generated hole with an electron occupying the oxygen vacancy in ZnO 
[50–53], surface states [52,54], and interstitial oxygen defects, impu-
rities as well as defects related to excess oxygen [55,56]. The bands at 
2.34, 1.76, and 1.57 eV, which are related to the ZnAl2O4 phase, origi-
nate from the intra band gap defects, for example, oxygen vacancies, as 
suggested by Ragupathi et al. [57], Wang et al. [58] and Sun et al. [59]. 

Fig. 8. Dependence of position and intensity of photoluminescence peaks on dopant concentration. For the nanoparticle compositions of (ZnO)1–x(Al2O3)x prepared 
by the calcination as well as by the hydrothermal method, the dependence of the position, ωc, and intensity, A, of the photoluminescence peaks on the dopant, Al2O3, 
presence, x, is given. 
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5. Conclusions 

The phase composition of nanocrystalline samples of ZnO–Al2O3 
prepared by the co-precipitation/calcination method and by the hy-
drothermal synthesis was determined by the X-ray diffraction. The 
morphology was studied using SEM measurements. In all the studied 
samples, prepared by use of two different wet chemical methods, the 
crystalline phases of ZnO, ZnAl2O4 and AlOOH were identified. In our 
previous papers, we showed that physical properties (e.g., structural, 
magnetic) strongly depend on the synthesis method and conditions [60, 
61]. 

The crystallite size of ZnO does not have a monotonous dependence 
on the nominal Al2O3 content. The crystallite size of the ZnAl2O4 phase 
is constant in the samples obtained by the calcination method, and it 
decreases with the increase of the Al2O3 content in the samples that were 
obtained by the hydrothermal method. The analysis of photo-
luminescence and far-infrared spectra of the samples prepared by the 
hydrothermal method indicated that the observed features as well as the 
electronic structure of the nanocomposites monotonically depend on 
nominal content of Al2O3. On the other hand, for the samples obtained 
by the calcination method with nominal Al2O3 content between 20 and 
40% PL measurements revealed very complex spectra. In the analysis of 
the obtained far-infrared spectra, we treated our nanoparticles as ho-
mogenous spherical inclusions in air and modeled them by the Maxwell- 
Garnet formula. Besides the modes that are characteristic for the ZnO 
and ZnAl2O4 phases, the far-infrared spectroscopy detected the com-
bined plasmon – LO phonon modes (CPPM). Taking the sample prepa-
ration method and dopant concentration as parameters, the relationship 
between the free carrier concentration and optical parameters was 
observed. The photoluminescence spectra contain emissions related to 
the presence of ZnO, ZnAl2O4, and AlOOH in the nanomaterials, which is 
in agreement with the results of other experiments. 
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A B S T R A C T

X-ray absorption (XANES, EXAFS, XMCD) and photoelectron (XPS) spectroscopic techniques were
employed to study local structural, electronic and magnetic properties of Zn0.95Co0.05O nanopowders.
The substitutional Co2+ ions are incorporated in ZnO lattice at regular Zn sites and the sample is
characterized by high structural order. There was no sign of ferromagnetic ordering of Co magnetic
moments and the sample is in paramagnetic state at all temperatures down to 5 K. The possible
connection of the structural defects with the absence of ferromagnetism is discussed on the basis of
theoretical calculations of the O K-edge absorption spectra.

ã 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Diluted magnetic semiconductors (DMS) continue to attract
scientific attention both from theoretical and experimental point
of view due to their unique properties that will eventually enable
to simultaneously manipulate both spin and charge of the
electrons. Typical DMS materials of the type II–VI and III–V (e.g.,
transition metal (TM)-doped InAs, GaAs, ZnTe and CdTe) even if
magnetically ordered, have the Curie temperatures (TC) below
room temperature, which makes them less attractive for practical
applications. ZnO is a promising host DMS material envisaged to
exhibit room temperature ferromagnetism (RTFM) when doped
with most of the TM elements [1]. However, there exists a great
deal of controversy regarding the origins and nature of the
observed magnetic response, even for the most extensively studied
Co-doped ZnO. Although many experimental reports ascertain its
intrinsic ferromagnetism (FM) [2–8], some found that Co 3d-
electrons are not directly at the origin of the FM response [9]. To
account for the observed RTFM in Zn1�xCoxO with a paramagnetic
Co sublattice, the research attention focused on resolving the role
played by structural defects in inducing and mediating magnetism,
which would soon become another highly controversial issue,

especially upon discovery that the host ZnO material itself can be
magnetic even without transition-metal doping [10–14]. Many
authors believe that stabilization of the FM interaction relies on the
presence of oxygen vacancies (Ov) [15,16]. Others claim that an
oxygen vacancy by itself would not cause ferromagnetism [17] and
that actually zinc interstitials (Zni) play a crucial role in mediating
FM interaction [18]. According to [3] intrinsic defects suppress
magnetism, while according to [19,20] appreciable FM response
requires Co interstitials (Coi) which would directly interact with
substitutional Co atoms. The latter is in disagreement with
presumable connection between the uniformity of Co ions
distribution and inherent FM of Zn1�xCoxO [3,21]. The existence
of Co-enriched zones in the ZnO matrix is expected to favour
antiferromagnetic (AFM) interaction between Co ions due to their
small separation distance [19,22–25]. To mediate the FM coupling
between unpaired Co electrons, co-doping with impurities such as
H [26,27], Ga [28], Cu [29,30], Gd [31] and Li [32] is proposed.
Recently an increasing number of experimental reports provide
evidence for intrinsic paramagnetism (PM) of Co-doped ZnO
[19,33–39]. These findings are supported by theoretical calcu-
lations which predict the PM ground state of Co-doped ZnO at RT as
a result of weak Co–Co coupling [40,41].

Inconsistencies in the experimental findings on Co-doped ZnO
magnetic properties and their correlation with the local and
electronic structure urge for even more comprehensive inves-
tigations. This paper presents detailed analysis of the structural,
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electronic and magnetic properties of the Zn0.95Co0.05O nano-
powders. X-ray absorption near edge structure (XANES), x-ray
absorption fine structure (EXAFS), x-ray photoelectron spectros-
copy (XPS) and x-ray magnetic circular dichroism (XMCD) were
employed to study the local electronic and magnetic structure of
Co and O. Compositional, structural and magnetic properties were
studied by inductively-coupled plasma optical emission spectrom-
etry (ICP-OES), x-ray diffraction (XRD), x-ray fluorescence (XRF)
and vibrating sample magnetometry (VSM). To examine the
presence of intrinsic defects (vacancies and interstitials) in the
investigated sample and their possible connection to magnetism,
theoretical calculations of the O K-edge absorption spectra were
performed.

2. Experiment and theoretical calculation

Glycine–nitrate method was applied to synthesize ZnO solid
solutions doped with nominal concentration of 5 at.% Co. Zn–
nitrate hexahydrate, Co–nitrate hexahydrate and aminoacteic acid-
glycine (Alfa Aesar GmbH, Germany) were dissolved with small
amount of distilled water according to desired composition of the
final solid solution powder. Stainless steel beaker was used as a
reactor. The solution was heated in a muffle furnace until the burn-
up process terminated (about 450 �C). The obtained ash powder
was afterward calcined at 600 �C for 4 h. X-ray diffraction (XRD)
measurements were performed on Siemens D5000 diffractometer
with Ni filtered Cu-Ka1,2 radiation in Bragg–Brentano geometry, in
the range of angles 10� < 2u < 90� using a step width 0.02� and
acquisition time 2 s/step. Angular correction by high quality Si
standard is done prior to the measurements. Composition of the
sample is checked using inductively-coupled plasma optical
emission spectrometry. Sample was digested using microwave
assisted technique with Milestone Ethos-1 instrument according
to Digestion application note DG-ME-32. Specific amount of the
sample (0.25 g) was transferred in a teflon vessel and mixed with

HNO3 (7 ml) and HF (1 ml). Closed sample vessel is then treated
with microwaves for 30 min at the temperature 220 �C. Solution
with digested sample was transferred in volumetric flask and
analyzed on ICP-OES PerkinElmer 5000 apparatus.

Energy dispersive X-ray fluorescence (EDXRF) spectroscopy was
performed using EDXRF Camberra spectrometer with Rh excitation
source (800 mA, 40 kV, exposure time 180 s).

Magnetic properties were measured with a vibrating sample
magnetometer VSM 2000 in the temperature range between 5 K
and room temperature (RT). Zero-field cooled/field cooled (ZFC/FC)
measurements were performed in the following manner. First at
zero field (B = 0) the sample was cooled down from RT to 5 K, then
the field (B = 5, 15 and 50 mT) was applied and the measurements
were performed while warming up from 5 K to RT in the field. FC
measurements were performed immediately after ZFC measure-
ment while cooling down the sample from RT to 5 K under the
applied field (B = 5, 15, 50 mT).

EXAFS/XANES measurements on Co K-edge were performed in
the fluorescence mode at 8 K and RT on the HASYLAB C1 Beamline
at Deutsches Elektronen-Synchrotron DESY (Hamburg, Germany).
Data processing and analysis were performed using IFEFFIT [42] as
implemented in ATHENA and ARTEMIS software packages [43].
XANES/XMCD measurements on Co L2,3- and O K-edge were
performed in the total-electron yield (TEY) mode at 4 K and RT on
the Circular Polarization Beamline at Elettra Synchrotron Radiation
Facility (Trieste, Italy). To measure circularly polarized absorption
spectra, external magnetic field B = 0.3 T was applied perpendicular
to the sample surface and photon helicity r+ (right-handed) and r�

(left-handed) was reversed at each photon energy. The degree of
circular polarization was 80% and the energy resolution 0.6 eV.

XPS measurements were performed on a VSW XPS system and
the Class 100 energy analyzer being a part of an experimental setup
assembled for surface investigation [44]. The powdered sample
was pressed onto an indium foil in order to provide mechanical
support and electrical contact. The spectra were taken on as-

Fig. 1. (a) XRD spectrum and (b) EDXRF spectrum of Zn0.95Co0.05O; (c) Experimental Co 2p3/2 XPS spectrum (open circles) and the fit. The fine multiplet structure of the main
Co 2p3/2 XPS line (at �780 eV) and its satellite (at �788 eV) can be resolved into four components represented with broken lines (see text for more details). Background (bkg)
and envelope (env) functions are represented with full lines.
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received sample using non-monochromatic Mg–Ka line
(1256.3 eV). The energy axis was calibrated using the Ag-3d5/2
XPS line position (368.22 eV) of sputter-cleaned Ag (110)
monocrystal and the Au-4f7/2 XPS line position (83.96 eV) of
sputter-cleaned polycrystalline Au sample. The effect of charging
had negligible influence on the energy spectra.

Theoretical modelling of the O K-edge XANES spectra were
performed using real space full multiple scattering FEFF 9.03 code
[45] on a cluster containing 259 atoms. Self consistent field
approach (SCF) with Hedin–Lundqvist exchange-correlation is
used to calculate scattering potentials. To reduce effects of
potential discontinuities at the muffin–tin spheres automatic
overlapping (AFOLP) is included. The effects of screening of the
x-ray field and the photoelectron-core hole interaction were
neglected. Program ATOMS [46] is used to generate input files
containing different point defects (vacancies/interstitials) around
the central O. To account for the finite core–hole life-time and the
experimental resolution theoretical XANES spectra were convo-
luted with 0.1 eV Lorentzian and 0.4 eV Gaussian broadening,
respectively.

3. Results and discussion

The XRD pattern of Zn0.95Co0.05O shown in Fig. 1a reveals that
the investigated sample has pure wurtzite-type structure (space
group P63mc). The peaks are indexed with their diffraction planes.
The obtained lattice parameters a = b = 3.248 Å and c = 5.203 Å are
very close to that of pure ZnO (a = 3.249 Å, c = 5.206 Å [47]). There
was no indication of the presence of impurities and/or secondary
impurity phases, within detection limit of XRD and EDXRF
measurements (see Fig. 1b). The mass fraction of constitutive
elements obtained by ICP-OES compositional analysis (74.97 wt.%
Zn, 2.95 wt.% Co and 22.08 wt.% O), within experimental

uncertainty (�10%), corresponds to the nominal composition of
the sample (76.63 wt.% Zn, 3.64 wt.% Co and 19.74 wt.% O).

Experimental Co 2p3/2 XPS spectrum and its fit are presented in
Fig. 1c. The broad (non-symmetrical) peak shape of the Co 2p3/2

XPS spectrum results from the multiplet splitting (i.e., a number of
final states created via coupling between the unpaired Co
d-electrons in the core with the unpaired outer shell electrons)
[48]. The main Co 2p3/2 XPS line is positioned at �780 eV, which
corresponds to Co2+ oxidation state. Intensive satellite peak at
�788 eV which accompanies the main XPS line, is characteristic for
transition metal monoxides [49]. To account for the fine multiplet
structure of the Co 2p3/2 XPS spectrum, the CoO model [48] is
applied, using the same constraints for the number of components
(peaks 1–4, see Fig. 2b) and the fitting parameters (intensities and
widths of the peaks). The CoO model fairly well describes the
experimental spectrum, which implies that Co ions in investigated
sample are surrounded by oxygen atoms. The discrepancy between
experiment and fit in the region of the satellite peak (785–792 eV)
probably originates from the relatively intensive Auger OKLL line
[50] superimposed to the main Co 2p3/2 XPS line. The fit using the
constraints for Co3O4 and Co(OH)2 yields significantly larger
discrepancy from the experiment.

Data collection of the integral magnetic properties is presented
in Fig. 2. After subtraction of the linear PM background,
magnetization curve M(B) taken at RT (Fig. 2a) reveals a weak
FM response. The order of magnitude of the saturation magneti-
zation (Msat = 0.0015 emu/g) is comparable to defect induced
magnetization (DIM) in pure ZnO [10]. The M(B) curves taken in
the temperature range 5–15 K (Fig. 2b) all have closed hysteresis
loops with negligible coercivity and low saturation magnetization
(Msat� 4 emu/g). Magnetization curves measured in zero field
cooled (ZFC) and field cooled (FC) regimes (Fig. 3c) show no
bifurcation characteristic for superparamagnetic (SPM) ordering.

Fig. 2. (a) M(B) curves taken at RT and (b) in the temperature range 5–15 K; (c) ZFC/FC curves measured in the field B = 5,15 and 50 mT; (d) M(T) curve taken at B = 0.5 T. Inverse
magnetization (1/M) as a function of temperature is shown in inset.
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The behavior of the magnetization M(T) shown in Fig. 2d is typical
for a paramagnet and obeys the Curie–Weiss law. Linear
temperature dependence of the inverse magnetization (1/M)
(see inset of Fig. 2d) confirms dominating paramagnetic contribu-
tion to the magnetic order. At low temperatures, the FM signal is
completely overwhelmed by much stronger paramagnetic signal.

Fig. 3a shows experimental Co K-edge XANES spectra taken at
8 K and RT compared to theoretical spectra of metallic Co (dash–
dot line) and CoO (full line). Markedly different shapes between the
experimental and the model XANES spectra imply that neither Co
clusters nor secondary CoO phase can be detected in the
investigated sample. Characteristic features of the two experi-
mental spectra (A–E) appear almost exactly alike. The only
exception is slightly lower intensity of the main peak C (white
line) at 8 K.

The Co K-edge XANES spectrum is determined by dipole
transitions from 1 s to empty p-like states above the Fermi level
and it is dominated by multiple-scattering (MS) events. PM
Zn1�xCoxO systems all share similar spectral shapes [33–37]. The
pre-edge peak A results mainly from the 1s transitions to mixed Co
3d-O 2p and Co 4p-Co 3d states, feature B originates from the
transitions to mixed sp-states, while the white line C and features
D and E are predominantly due to 1 s ! 4p transition [51]. The pre-
edge in the XANES spectra of the investigated sample is indicative
of Co2+ in local tetrahedral CoO4 geometry [35]. Characteristic
knee-like shape of the feature B was in [15] related to the presence
of Co–Ov complexes aligned along c-axis and identified as a
possible origin of the RTFM. Decrease in the white line (C) intensity
at 8 K implies that there are less available empty Co p-states at low

temperatures, which could be due the self diffusion of intrinsic
defects [52], whose presence in the vicinity of Co could lead to
larger charge transfer to Co. Feature D originates from MS
contributions of the photoelectron backscattered from the nearest
anion neighbors [51]. The feature D disappears when an O atom is
missing from the second shell around the Co [51], which implies
that the presence of the Ov in the second shell in the investigated
sample most probably can be excluded.

Fig. 3b shows the RT Co L2,3-edge XANES spectra taken with
right (r+) and left (r–) circularly polarized light and their difference
Dr = r+� r– (XMCD). The Co L2,3 XANES spectrum results from
2p ! 3d dipole transition and the L3 and L2 absorption lines are
separated by approximately 15 eV due to spin-orbit splitting of the
2p core-hole. Negligible XMCD effect suggests that Co 3d-sublatice
does not carry any significant magnetic moment, and that majority
of Co ions are in paramagnetic state [2].

The Co K-edge EXAFS spectrum taken at RT is presented in
Fig. 3c and its Fourier transform (FT) in Fig. 3d. The spectrum taken
at 8 K is similar in appearance and therefore it was not shown. The
EXAFS spectra are dominated by single-scattering events and the
first FT peak (see Fig. 3d) arises from the photoelectrons
backscattered from the first coordination oxygen shell. The mean
distance between Co and O atoms (2.03(1) Å) derived from the
EXAFS data analysis agrees well with the results reported for the
samples with similar Co-doping level (1.977(5) [5]; 1.99(1) [22];
2.00(1) Å [34]). However, the disorder parameter s2 = 0.0013(7) Å2

at 8 K and 0.0014(7) Å2 at RT, is much smaller than previously
reported (s2 = 0.003(1) Å2 [5]; s2 = 0.0034(2) Å2 [34]). These
results imply that substitutional Co atoms are incorporated in ZnO

Fig. 3. (a) Experimental Co K-edge XANES spectra taken at 8 K (open circles) and RT (full circles) compared to theoretical spectra of metallic Co (dash–dot line) and CoO (full
line); (b) Co L2,3-edge XANES spectra taken at RT with right (r+) and left (r–) circularly polarized light and their difference Dr = r+� r– (XMCD); (c) Co K-edge EXAFS function
taken at RT and (d) its Fourier transform (full circles) with theoretical fit (full line).
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lattice at regular Zn atoms sites. Relatively small disorder induced
by the Co-doping (which has been observed also by XRD) implies
that Co2+ ions are in a high spin state with the tetrahedral covalent
radius RC

IV(Co2+) = 0.60 Å comparable to RC
IV(Zn2+) = 0.60 Å [8]. The

second peak in the FT spectrum (see Fig. 3d) is due to the
photoelectrons backscattered from the second shell made of
cations (Zn and Co). Metallic Co would result in a peak between the
two ZnO peaks [35], which confirms that there has been no
detectable Co-clustering in the investigated sample. However,
from the Co K-edge EXAFS spectrum it is not possible to determine
the exact composition of the second coordination shell [22], since
Co and Zn have close atomic numbers and similar scattering
amplitudes. Thus we cannot ascertain whether the distribution of
Co ions is uniform.

Fig. 4a shows the O K-edge XANES spectra taken at 8 K with
right (r+) and left (r–) circularly polarized light and their difference
Dr = r+– r– (XMCD). Negligible XMCD signal indicates that in the
investigated sample the O 2p-states are not magnetically polar-
ized. Characteristic features (a–d) appearing in the experimental O
K-edge XANES spectrum (see Fig. 4a) are very similar to those
reported for FM Zn1�xCoxO thin films [7], where the appearance of
FM is related to formation of Co–O–Co chains. To examine possible
connection of the structural defects with the absence of magne-
tism in the investigated sample, we performed theoretical
calculations of the O K-edge absorption spectra of pure and Co-
doped ZnO (Fig. 4b). Each particular defect (vacancy-Ov, Znv and
interstitial-Coi, Zni) is introduced in ZnO:Co constructed by
replacing one of the first coordination Zn atoms by Co. In
comparison to pure ZnO (see Fig. 4b) the O K-edge XANES
spectrum of ZnO:Co exhibits richer structure and the whole
spectrum is broader due to more dispersive O 2p-states [3,22].
Defects alter the O 1s binding energy and position of the

conduction band bottom, which is manifested in shift of the
XANES onset relative to the ZnO:Co. The pre-edge feature a
(�532 eV), absent in ZnO spectrum due to completely filled d-shell,
has previously been ascribed to O 1s transitions to Co 3d-O 2p
hybridized states [22], feature b (�537 eV) to O 1s ! O 2p
transitions (with some contribution of mixed O 2p-Zn 4s states)
[22,53], feature c (�539 eV) to O 1s ! O 2p-Zn 4p and feature d
(�543 eV) to O 1s ! O 2p-Co 4p transition [22].

All spectral features (a–d) are reproduced in the ZnO:Co
model spectra, but their intensities and energy position vary. It
should be stressed that the pre-edge feature a appears only
when the substitutional Co atom is in c-axis direction, which
could be related to previously observed tendency of Co ions to
cluster via O atoms along c-axis [22]. The feature a gains
intensity from Coi due to increased transition probability to Co
3d-O 2p hybridized states [3], but also in the presence of Ov and
Znv. This implies that the pre-edge region of the XANES spectra
also includes MS contribution from higher coordination shells.
However, the presence of Coi and Ov results in highly
overestimated pre-edge intensity, which indicates that the
tendency for Co–Co clustering and Co–Ov complexes formation
in the investigated sample most likely can be excluded. The
feature b is very much alike the pure ZnO spectrum and rises
notably only in the presence of Znv, as a result of more available
empty O 2p-states (lesser degree of O 2p-Zn 4s hybridization).
The feature c is underestimated in all model spectra. The rise of
c-intensity with Co doping [22], suggests that this region of the
XANES spectrum involves MS contribution from Co-states from
as high as third coordination shell around O. Model with Zni is
much narrower with the features c and d merged together, and
preserves the spectral shape also in the presence of Znv (model
Znvi). Despite noticeable impact of each single point defect on
the spectral shape (especially in the pre-edge region), none of
them can be unambitiously associated with the absence of
appreciable FM in the investigated sample. Even if the Co atoms
are aligned along the c-axis as our results indicate, their
clustering via O atoms would still be unlikely to stabilize the FM
state due to AFM Co–O–Co coupling [20,54]. Weak FM response
observed at room temperature could have originated from Zn
vacancies, which are thought to be at the origin of FM in pure
ZnO [12–14], but their amount obviously is not enough to induce
substantial magnetic polarization of the O 2p-states, given the
high structural perfection of the investigated sample. The later is
in line with theoretical predictions of intrinsic PM in Zn1�xCoxO
with low density of defects [40,41].

4. Conclusion

In conclusion, detailed investigations of Zn0.95Co0.05O were
carried out in order to better understand the magnetic
properties and their correlation with the local and electronic
structure. Obtained results reveal that the substitutional Co
atoms are incorporated in ZnO lattice at regular Zn atomic sites
and that the sample is characterized by high structural order.
The Co2+ ions show no notable tendency for Co–Co clustering
and Co–Ov complexes formation. Possible clustering of Co atoms
via O atoms along the c-axis has not lead to stabilization of
ferromagnetic order. There was no sign of magnetic polarization
of O 2p-and Co 3d-states and the sample is paramagnetic at
temperatures down to 5 K.
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A B S T R A C T

WO3/TiO2 and TiO2 coatings were prepared on titania substrates using facile and cost-effective plasma
electrolytic oxidation process. The coatings were characterized by X-ray diffraction, scanning electron
microscopy, Raman, UV–vis diffuse reflectance spectroscopy, and X-ray photoelectron spectroscopy.
With increasing duration of PEO process, the monoclinic WO3 phase became dominant and new
monoclinicWO2.96 phase appeared. The optical absorption edge in theWO3/TiO2 samples, enriched with
WO3/WO2.96 phase, was shifted to the visible region. The photocatalytic efficiency of WO3/TiO2 and pure
TiO2 samples was evaluated by performing the photodegradation experiments in an aqueous solution of
Rhodamine 6G andMordant Blue 9 under the visible andUV light. TheWO3/TiO2 catalysts aremuchmore
efficient than pure TiO2 under visible light and slightly better under UV light. The improvement of
photocatalytic activity in the visible region is attributed to better light absorption, higher adsorption
affinity and increased charge separation efficiency.

ã 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Among semiconductor materials, titanium dioxide (TiO2) in
anatase phase has been shown as excellent and widely used
photocatalyst for the degradation of different organic contami-
nants, because of its physical and chemical stability, high oxidative
power, high catalytic activity, long-term photostability, low cost
and ease of production. Many organic compounds can be
decomposed in an aqueous solution in the presence of TiO2,
illuminated by photons with energies greater than or equal to the
band gap energy of titaniumdioxide (3.2 eV for anatase TiO2) [1–6].
The major drawback for TiO2 commercial use lies in its wide band
gap, and relatively high recombination rate of photoinduced
electron-hole pairs. The modification of TiO2 by doping with
metals and non-metals [7–12] or by Ti3+ self-doping [13,14] have
been extensively performed in order to improve its photocatalytic
activity under the visible irradiation.

Another very promising approach is the combination of TiO2

with metal oxides like V2O5, ZnS, InVO4, WO3 [15–19] or graphene
[20]. Among the metal oxides, WO3 has smaller band gap (2.8 eV)
than TiO2 and better absorbs visible light. Moreover, WO3 has a
suitable conduction band potential and acts as a trapping site for
photoexcited electrons from TiO2. The photogenerated holes from
the valence band of WO3 move towards and accumulate in the
valence band of TiO2. In such a way the efficiency of charge
separation is increased, enhancing at the same time the photo-
catalytic acivity of TiO2 [21]. Additionally, the formation of WO3

monolayer on TiO2 increases the acidity of the WO3/TiO2 surface
enabling the adsorption of greater amount of hydroxyl groups and
organic reactants on the surface [21,22]. In recent years, WO3/TiO2

composites were synthesized using different methods such as
sol-gel, ultrasonic spray pyrolysis, ball milling, hydrothermal,
sol-precipitation, and impregnation to improve photocatalytic
activity of TiO2 under the visible light [23–28]. Thin films of TiO2/
WO3 have also been prepared by dip and spin coating [29,30] or by
one-step oxidation method [31]. In most of these reports it was
demonstrated thatWO3/TiO2 compositeswere found to havemuch* Corresponding author
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higher photocatalytic activity under the visible light thanpure TiO2

[24,26,28,31]. Therefore, the combination of these two materials
can lead to increased charge carrier lifetime and improved
photocatalytic activity under the visible irradiation. Among
different synthesis routs, plasma electrolytic oxidation (PEO)
process is very facile, cost-effective and environmentally benign
process for producing of well-adhered and crystalline oxide films,
but the studies on structural and photocatlytic properties of
WO3/TiO2 films (coatings), produced by PEO process, are limited
[32–34].

In this study WO3/TiO2 coatings were synthetized on titanium
substrate by using PEO process. Structural and optical properties of
the coatings were fully characterized by XRD, SEM, Raman, XPS,
and diffuse reflectance spectroscopy. The aim of this work was to
tailor the band gap energy of WO3/TiO2 coatings towards the
visible spectral region, varying the time of PEO process and to
explore the photocatalytic properties of the coatings. The photo-
catalytic efficiency of WO3/TiO2 coatings was tested under the
visible and UV light irradiation using Rhodamine 6G and Mordant
Blue 9 as model pollutants. We demonstrated that this approach
provides an efficient route for the formation of cost-effective and
improved visible-light-driven photocatalysts.

2. Experimental

2.1. Preparation of WO3/TiO2 coatings

WO3/TiO2 coatings were prepared on titanium substrate using
plasma electrolytic oxidation (PEO) process. PEO process is an
anodizing process of lightweight metals (aluminum, magnesium,
zirconium, titanium, etc.) or metal alloys above the dielectric
breakdown voltage, when thick, highly crystalline oxide coating
with high corrosion and wear resistance, and other desirable
properties are produced. During the PEO process, numerous small
sized and short-lived discharges are generated continuously over
the coating’s surface, accompanied by gas evolution. Due to
increased local temperature, plasma-chemical reactions are
induced at the discharge sites modifying the structure, composi-
tion, and morphology of such oxide coatings. The oxide coatings
formed by PEO process usually contain crystalline and amorphous
phases with constituent species originating both from metal and
electrolyte. WO3/TiO2 coatings were formed on the rectangular
titanium samples (99.5% purity, Alfa Aesar) of dimensions 25mm
�10mm�0.25mm, whichwere used as working electrodes in the
experiment. The working electrodes were sealed with insulation
resin leaving only an area of 1.5 cm2 as an active surface. Before
starting the PEO process, titanium samples were degreased in
acetone, ethanol, and distilled water, using ultrasonic cleaner and
dried in a warm air stream. The anodic oxidation process was
conducted in an aqueous solution of 10�3M 12-tungstosilicic acid
(H4SiW12O40), at constant current density (150mA/cm2). During
PEO process, the electrolyte circulated through the chamber–
reservoir system. The temperature of the electrolytewas kept fixed
at (20�1) �C. Detailed description of PEO process is given in the ref.
[33].

After plasma electrolytic oxidation, the samples were rinsed in
distilled water to prevent additional deposition of electrolyte
components during drying. The WO3/TiO2 samples were obtained
by varying the time of PEO process from 90 s up to 300 s. The pure
TiO2 sample was obtained after 300 s of PEO process.

2.2. Characterization of WO3/TiO2 coatings

The crystal structure of WO3/TiO2 samples was analyzed by
X-ray diffraction (XRD), using a Rigaku Ultima IV diffractometer in
Bragg-Brentano geometry, with Ni-filtered CuKa radiation

(l =1.54178Å). Diffraction data were acquired over the scattering
angle 2u from 15� to 75� with a step of 0.02� and acquisition rate of
2�/min. The XRD spectra refinement was performed with the
software package Powder Cell. The TCH pseudo-Voigt profile
function gave the best fit to the experimental data.

Scanning electron microscope (SEM) JEOL 840A equipped with
an EDS detector was used to characterize the morphology and
chemical composition of formed oxide coatings.

Micro-Raman scattering measurements were performed at
room temperature in a backscattering geometry, using a Jobin-
Yvon T64000 triple spectrometer system and Nd:YAG laser line of
532nm as an excitation source. The incident laser power was kept
less than 10mW in order to prevent the heating effects.

UV-vis diffuse reflectance spectra were acquired using the
Specord M40 Carl Zeiss spectrometer.

X-ray photoelectron spectroscopy (XPS) was used for the
surface composition analysis of WO3/TiO2 coatings. XPS was
carried out on a VG ESCALAB II electron spectrometer with a base
pressure in the analysis chamber of 10�8 Pa. The X-ray source was
monochromatized AlKa radiation (1486.6 eV) and the instrumen-
tal resolution was 1 eV. The spectra were calibrated using the C 1 s
line (284.8 eV) of the adventitious carbon and corrected by
subtracting a Shirley-type background.

2.3. Photocatalytic experiments

The photocatalytic activity of WO3/TiO2 samples was evaluated
by monitoring the decomposition of Rhodamine 6G (R6G) and
Mordant Blue 9 (MB9) under the irradiation of two different light
sources: fluorescent and UV lamps. The photocatalytic measure-
ments on R6G solution (initial concentration in water: 10mg/L)
have been performed using a 36W visible fluorescent lamp
(Hyundai eagle), whose emission spectrum, compared to sunlight
spectrum, is given in Ref. [9]. The cuvette (3mL) was placed at
about 5 cm from the lamp. The evolution of the rhodamine
concentration was followed by measuring the variation of the
intensity of main absorption peak at �525nm. UV–vis absorption
measurements as a function of the light exposure time were
performed by using USB2000 spectrometer by Ocean Optics. The
solutionwas placed in the dark for 60min to reach the adsorption/
desorption equilibrium before visible light exposure.

The photocatalytic activity ofWO3/TiO2 samples under UV light
irradiation was evaluated using aqueous solution of MB9 as a
model pollutant. Batch type experiments were performed in an
open thermostated cell (at 25 �C). The cell was equipped with a
water circulating jacket to maintain the solution at room
temperature. A mercury lamp (125W) was used as a light source
and was placed 13 cm above the surface of the dye solution. The
initial concentration ofMB9 in an aqueous suspensionwas 50mg/L
and the working volumewas 25mL. Before the lampwas switched
on, the cell was kept in dark for 60min in order to achieve the
adsorption-desorption equilibrium. At regular time intervals the
aliquots were taken and the concentration of the dye was
determined by UV–vis spectrophotometer (Super Scan) at lmax=
516nm. The photocatalytic experiments were conducted at the
natural pH of the dyes (pH=7 in a case of R6G solution and at
pH=6 in a case of MB9 solution). All photocatalytic measurements
were repeated at least twice to check their reproducibility.

In order to detect the formation of free hydroxyl radicals (OH�)
on the UV illuminated WO3/TiO2 surface, photoluminescence (PL)
measurements were performed using terephthalic acid, which is
known to react with OH� radicals and produces highly fluorescent
2-hydroxyterephthalic acid. The experiment was conducted at
ambient temperature. The WO3/TiO2 photocatalyst (TW300) was
placed in open termostated cell filled with 20mL of the 5�10�4

mol L�1 terephthalic acid in a diluted NaOH aqueous solution with
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a concentration of 2�10�3mol L�1. UV lamp (125W)was used as a
light source. Sampling was performed after 15, 30, 60 and 90min.
PL spectra of reaction solution, using excitation wavelength of
315nm, were measured on a Spex Fluorolog spectrofluorometer
system at wavelength of 425nm for which the 2-hydroxytereph-
thalic acid exhibits intense PL peak.

3. Results and discussion

3.1. Crystal structure and morphology

XRD patterns of theWO3/TiO2 samples obtained for 90 (TW90),
120 (TW120), and 300 s (TW300) of PEO process are presented in
Fig. 1. The diffraction peaks which appear in TW90 sample at
2u =23.3�, 33.4�, 54.2� belong to (002), (022) and (042) planes of
monoclinic WO3 phase, which crystallizes in P21/c (No. 14) space
group. Besides these XRD peaks, the XRD pattern also shows peak
at 25.3� which belongs to TiO2 anatase crystal phase (space group
I41/amd (No. 141)) and intense peaks of elemental Ti (space group
P63/mmc (No. 194)). This indicates that Ti substrate is not
completely oxidized to form TiO2 during the PEO process. With
increasing duration of PEO process, for the TW120 and TW300
samples, the XRD peaks of WO3 phase became more intense. The
spectra refinement, using Powder Cell program, showed that
besides WO3 phase a monoclinic WO2.96 phase appeared (space
group P2/c (No. 13)). Furthermore, the intensities of XRD peaks
which belong to TiO2 phase and elemental Ti decreased implying
that the WO3/TiO2 coatings were enriched with WO3/WO2.96

phase. According to the JCPDS database for WO3, WO2.96, TiO2, and
elemental Ti (JCPDS: 43-1035 (WO3), 30-1387 (WO2.96), 16-0934
(TiO2) and 44-1294 (elemental Ti)) very good agreement is
obtained between experimental and calculated diffraction pat-
terns of the WO3/TiO2 samples. In Fig. 1 are marked main XRD
peaks of WO3 andWO2.96 phases for clarity. The lattice parameters
and the estimated volume fractions (%) of different phases for the
WO3/TiO2 samples are given in Table 1.

In Fig. 2 are presented SEM images of WO3/TiO2 samples. In the
TW90 sample produced with shorter PEO time, certain number of
microdischarge channels together with molten regions was
present because of the rapid cooling of the electrolyte. With
increasing time of PEO process, when the thickness of the oxide
coatingwas increased, the number ofmicrodischarge channels and

micropores decreased followed by increased roughness of the
coating’s surface.

[5_TD$DIFF]The quantitative elemental analysis confirmed the presence of
Ti, O andWand the [6_TD$DIFF]elemental composition of the samples is shown
in Table 2. EDS analysis confirmed the increasing trend of W
content with increasing of PEO time.

3.2. Raman and diffuse reflectance spectra

The Raman spectra of WO3/TiO2 samples produced for different
duration of PEO process are shown in Fig. 3a. Several modes
originating from two crystalline oxide phases can be identified
(marked on Fig. 3a as T and W).

[7_TD$DIFF]The Raman modes positions were determined using Lorentzian
fit procedure and the deconvoluted spectra of TW90, TW120 and
TW300 samples are presented in Fig. 3b. [8_TD$DIFF]Besides the modes at
about 144 cm�1 (Eg(1)),197 cm�1 (Eg(2)), 393 cm�1 (B1g(1)), 516 cm�1

(A1g, B1g(2)) and 638 cm�1 (Eg(3)) which belong to anatase phase of
TiO2 [35], several modes characteristic for monoclinic WO3 phase
are present [22,36,37]. The broad band at �703 cm�1 and strong
band at �793 cm�1 are assigned to the stretching (O–W–O) modes
of the bridging oxygen of the WO6 octahedra. The bands observed
at �272 cm-1 and at �316 cm-1 are assigned to the bending
(O��W��O) vibrations of bridging oxygen in monoclinic m-WO3

[22,37]. The band positioned at�989 cm�1 is assigned to the dioxo
(W¼O)2 symmetric vibration of the isolated surfaceWO4 structure,
whereas its weak shoulder at �942 cm�1 represents asymmetric
vibration of the same atomic group [22,37]. The low frequency
mode at 58 cm�1 belongs to the to lattice modes of monoclinic
WO3 phase [38].

Further, from the Lorentzian fit procedure it was obtained that
the ratio between the intensity of the peak positioned at 639 cm�1

and the sum of the intensities of the 703 cm�1 and 793 cm�1 peaks
decreased with the increase of PEO time. This fact supports the
XRD results thatWO3 content increaseswith prolonged duration of
PEO process.

In Fig. 4 are presented the Raman spectra of TW90, TW120 and
TW300 samples in the C��H and O��H region. The Raman band at
around 2885 cm�1 originates from the overlapped CH3 and CH2

stretching vibrations [39]. Broad Raman peak in the 3000–
3600 cm�1 frequency range can be assigned to the O��H stretching
vibration of water molecules adsorbed on the surface of the WO3/
TiO2 coatings [3,5].

[9_TD$DIFF]The absorption spectra of TW90, TW120 and TW300 samples
are given in Fig. 5a. With increasing content of WO3 phase the
absorption edge shifts to higher wavelengths. In the spectra of
TW120 a structure around 380–400nm can be observed, which is

[(Fig._1)TD$FIG]

Fig.1. XRD patterns of TW90, TW120 and TW300 samples formed in various stages
of PEO process, together with the XRD spectrum of Ti-substrate. In the inset is given
XRD spectrum of anatase TiO2 obtained on Ti-substrate after 300 s of PEO process.

Table 1
Phase fraction (vol%) and cell parameters (Å) of WO3/TiO2 samples.

Phase TW90 TW120 TW300

WO3 a =7.4060 a =7.3026 a =7.4060
b =7.6400 b =7.5398 b =7.5177
c =7.6455 c =7.6933 c =7.5920
29.6% 29.1% 54.5%

WO2.96 / a =11.9006 a =11.8000
b =3.8258 b =3.8098
c =59.6312 c =59.7400
36.70% 20.90%

TiO2 a =3.7778, a =3.7841, a =3.7790
c =9.4440, c =9.5105, c =9.4124
66.0% 32.2% 23.8%

Ti a =2.9481 a =2.9594 a =3.0510
c =4.7325 c =4.7254 c =4.7820
4.3% 2.0% 0.9%
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very pronounced in the TW300 sample. The appearance of this
absorption structure can be attributed to the electronic population
of WO3 conduction band [40]. From the absorption spectra from
Fig. 4a, applying the same procedure as Ghobadi in his work [41],
the band gap energies for pure TiO2 and WO3/TiO2 samples were
estimated. In Fig. 5b are presented the Tauc plots for indirect
transition, as TiO2 and WO3 are indirect band gap semiconductors
[26]. The band gap (Eg) energies are 3.19 eV for pure TiO2, and 2.84,
2.77 and 2.6 eV for TW90, TW120 and TW300 samples, respec-
tively. It is obvious that with increasingWO3 content the band gap
decreases compared to pure TiO2 and shifts to the visible spectral
range. Patrocinio et al. [40] have shown that in TiO2/WO3 films, the
WO3 conduction band introduces new low lying electronic levels
with respect to the conduction band of TiO2, causing the lowering
of the band gap energy of composite samples compared to pure
TiO2. This finding is in accordance with the band gap behavior of
our WO3/TiO2 samples from Fig. 5b.

3.3. XPS analysis

The XPS studywas further used to confirm the chemical binding
states of W 4f. The W 4f XPS spectra of the TW90 and TW300
samples and the results of their decomposition into peaks are
shown in Fig. 6. TheW4f spectrum of TW90 sample (Fig. 6a) can be
deconvoluted into one doublet with binding energies of 35.8 (W
4f7/2) and 38.1 eV (W 4f5/2), respectively. The energy position of
this doublet corresponds to the W6+ oxidation state [42].

[10_TD$DIFF]In the TW300 sample (Fig. 6c) the contribution of W5+ states
from nonstoichiometric oxide phase can be seen. The W 4f

spectrum can be deconvoluted with two doublets. The first two
characteristic peaks at 36 (W 4f7/2) and 38.3 eV (W 4f5/2)
correspond to W6+ state as in the case of TW90. The binding
energies of these peaks are somewhat higher than that for TW90
sample. The up-shift in binding energy can be ascribed to the
presence of defects and OH-groups on the surface [43], existence of

[(Fig._2)TD$FIG]

Fig. 2. SEM micrographs of WO3/TiO2 samples formed in various stages of PEO process: (a) TW90, (b) TW120 and (c) TW300 sample.

Table 2
EDS analysis of the WO3/TiO2 composites.

Sample EDS data

Ti (at%) W (at%) O (at%) W/Ti

TW90 6.98 14.17 78.85 2.03
TW120 6.22 16.12 77.66 2.59
TW300 4.09 17.16 78.75 4.1

[(Fig._3)TD$FIG]

Fig. 3. Room-temperature Raman spectra of WO3/TiO2 samples (a). The TiO2 and
WO3 Raman modes are marked as T and W. Deconvoluted Raman spectra of TW90,
TW120 and TW300 samples (b).
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which is confirmed by Raman analysis (Fig. 4). The binding
energies of the second doublet at 34.5 (W4f7/2) and 36.5 eV (W4f5/
2) correspond to W5+ state [42]. These results are in accordance
with XRD analysis.

The O 1 [3_TD$DIFF]s spectra of TW90 and TW300 samples (Fig. 6b, d) are
decomposed into three peaks. The major peak at binding energy of
531.2 eV can be assigned to the oxygen atoms in WO3 and to the
OH-groups present on the surface [32,44]. The second peak
observed at 530.6 eV has been attributed to oxygen bound to Ti
[26], whereas the binding energy of the third peak at 533.1 eV
corresponds to the oxygen in water molecules bound in the
coating’s structure or adsorbed on its surface [45]. The relative
intensity of the XPS peaks at 531.2 eV and 533.1 eVwas increased in
the TW300 sample. The intensity increase of these peaks can be
related to the presence of sub-stoichiometric WO3-x phase
(WO2.96). Similar behavior was reported in the paper of Shpak
et al. [44] inwhich these peaks were more intense inWO3-x oxides
than in stoichiometric WO3. This finding is also supported by the
Raman spectrum of TW300 sample (Fig. 4), for which the intensity
of the Raman mode, corresponding to the water molecules
adsorbed on the surface, is higher than in TW90 sample.

3.4. Photocatalytic performances of WO3/TiO2 coatings

Fig. 7a shows the kinetics of degradation of R6G for pure TiO2

and WO3/TiO2 samples under the visible light. No detectable

degradation of R6G was registered without the presence of WO3/
TiO2 samples (black circles on Fig. 7a). As can be seen from Fig. 7a,
both TiO2 and WO3/TiO2 coatings adsorbed the dye in the
equilibrium period of 60min before the exposure to visible light.
It is known from the literature that the zero point charge (pHzpc) of
TiO2 lies between 6 and 6.8 [46–48], whereas the isoelectric point
ofWO3 is even lower and lies in the range 1.5–2.5 [49]. At higher pH
values than these WO3 and TiO2 surfaces should be negatively
charged. Therefore, the adsorption of the R6G as cationic dye at
pH=7, points out that the surfaces of WO3/TiO2 and TiO2 coatings
are negative and attract the positively charged R6G. The dye
adsorption ability can be crucial for the high catalytic activity of the
catalyst, because it can enhance the electron/hole transfer
efficiency and contact with photogenerated active species.

When TiO2 and WO3/TiO2 samples were subjected to visible
radiation, composite coatings have shown much better photo-
efficiency and demonstrated to be far superior than pure TiO2. The
highest activity was observed for the TW90 and TW120 samples
for which the photodegradation of R6 [4_TD$DIFF]G reached almost 80% after
60min. With further increase of WO3 content, the photocatalytic
efficiency slightly decreased, but is still much higher than for pure
TiO2.

[11_TD$DIFF]Further, the photocatalytic activity of WO3/TiO2 coatings for
degradation of MB9 was tested under the UV light. In Fig. 7b is
presented the photodegradation of MB9 in the presence of WO3/
TiO2 samples. In the dark, WO3/TiO2 coatings showed no
adsorption of MB9. The absence of adsorption can be explained
by highly anionic character of MB9 and electrostatic repulsion
between the dye and negatively charged surface of WO3/TiO2

coatings.
The photocatalytic activity of WO3/TiO2 samples was improved

with increased content of WO3 phase, and the TW300 sample
exhibited better activity than pure TiO2. As can be seen from
Fig. 7b, after 240min more than 80% of dye was degraded in the
presence of WO3/TiO2 coatings.

Photocatalytic degradation of both dyes can be well described
by first-order kinetic equation, ln(C/Co) = kt, where Co is the initial
dye concentration and C is the dye concentration at time t. The first
order kinetic constant k is obtained from the slope of the ln(C/Co)
versus t for both dyes. In Table 3 are given the first order rate
constants for R6 [4_TD$DIFF]G and MB9 (kR6G, kMB9), together with the
corresponding linear correlation coefficient (R2). In a case of R6 [4_TD$DIFF]
Gdegradation under the visible light, the highest k value (kR6G)was
obtained for the TW90 sample. In a case of MB9 degradation under
UV light, value of kMB9 increased with increasing amount of WO3.

[12_TD$DIFF]The degradation rate constant k of WO3/TiO2 coatings under
visible light is almost five times higher than that of TiO2, whereas
its value under UV light are comparable with TiO2, suggesting that

[(Fig._5)TD$FIG]

Fig. 5. Absorbance spectra (a) and Tauc plots for indirect band gap for WO3/TiO2 samples (b). In the inset [2_TD$DIFF]is given Tauc plot for indirect band gap for pure TiO2.

[(Fig._4)TD$FIG]

Fig. 4. Raman spectra of WO3/TiO2 samples in the C–H and O–H spectral region.

Z. Doh9cevi�c-Mitrovi�c et al. /Materials Research Bulletin 83 (2016) 217–224 221



composite coatings are very efficient photocatalysts under visible
light.

3.5. Hydroxyl radical analysis

The formation of free hydroxyl radicals (OH�) was tested on the
surface of TW300 photocatalyst under UV irradiation and detected
by PL method. Applying similar procedure as described in the
paper of Su et al. [50], TW300 sample was placed in terephthalic
acid solution and illuminated byUV light. PL spectra of the reaction
solution were measured at room temperature after 15, 30, 60 and
90min, and these spectra are presented in Fig. 8. The terephthalic
acid reacts with OH� producing 2-hydroxyterephthalic acid, which
exhibits PL peak at 425nm [51]. The intensity of this peak is
proportional to the amount of OH� produced in water [50,51]. As
can be seen from Fig. 8, gradual increase of PL intensity at 425nm
with prolonged illumination time points at increasing amount of
OH� radicals produced at the surface of TW300 sample.

[13_TD$DIFF]3.6. Mechanism of the reaction

The photocatalytic degradation of R6G orMB9 is initiated by the
photoexcitation of the WO3/TiO2 coatings when the electron-hole
pairs are formed on the catalyst’s surface. According to the

[(Fig._6)TD$FIG]

Fig. 6. XPS spectra of W 4f and O 1 [3_TD$DIFF]s regions for TW90 and TW300 samples.

[(Fig._7)TD$FIG]

Fig. 7. Photocatalytic degradation of R6 [4_TD$DIFF]G under visible light (a) and MB9 under UV
light (b) in the presence of WO3/TiO2 and TiO2 coatings.

Table 3
The pseudo-first rate constants for R6 [4_TD$DIFF]G and MB9 together with R2.

Sample kR6G�10�2 (min�1) R2 kMB9�10�2 (min�1) R2

TW90 1.52 0.975 0.44 0.990
TW120 1.24 0.957 0.47 0.982
TW300 1.20 0.963 0.65 0.966
TiO2 0.28 0.888 0.41 0.963
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generally accepted photoexcitationmechanism, electrons from the
conduction band of TiO2 can easily diffuse into the conduction
band of WO3 [40,52]. Since W(VI) can be easily reduced to W(V),
WO3 acts as an acceptor of conduction band electrons from TiO2,
whereas the photogenerated holes migrate in the opposite
direction, i.e. from the lower-lying valence WO3 band to the
valence band of TiO2. In such away the charge separation efficiency
can be increased.

[14_TD$DIFF]In Fig. 9 is given an illustration of photo-induced electron-hole
separation and reacting radicals formation. The presence of holes
in the dye solution permits a direct oxidation of the dye, due to
high oxidative potential of the holes (h+):

h+ + dye!dye�+!oxidation of the dye (1)

Further, hydroxyl radicals (OH�) are usually formed by the
reaction between the holes andOH� orwatermolecules present on
the surface of the catalyst. The OH� radicals attack the dye in
aqueous solution leading to its degradation:

OH� +dye!photodegradation of the dye (2)

The photo-induced electrons can also react with dissolved
oxygen to form superoxide ions (O2

��) which in contact with H2O
molecules form OH� ions and finally OH� radicals.

It is known from the literature that WO3 is almost 15 times
more acidic thanTiO2 [21,22,31], so it is expected that the surface of
PEO produced WO3/TiO2 coatings is more acidic than that of TiO2,
and has a higher affinity for chemical species having unpaired
electrons. Because of higher acidity, the surface of WO3/TiO2

coatings can absorb more H2O and OH� generating more OH�

radicals. The XPS and Raman spectra of WO3/TiO2 composite
coatings gave an evidence that adsorbed H2O and hydroxyls are
present on the surface of WO3/TiO2 coatings, existence of which is
important for the formation of OH� radicals. PL measurements,
performed on TW300 sample, (Fig. 8) clearly demonstrated that
with increasing illumination time the increasing amount of OH�

radicals is formed on the surface of photocatalysts, which
manifests throughhigher photocatalytic activity of TW300 sample.

The absorption measurements have shown that the band gap
energy of TiO2 is higher than that of WO3/TiO2 coatings. Namely,
with prolonged time of PEO process, the WO3 content increases
followed by an appearance of WO2.96 phase. As the conduction
band of nonstoichiometric WO3-x oxides is lower with respect to
WO3 and TiO2 (Fig. 9) [53], the presence of WO2.96 phase will
further reduce the band gap of WO3/TiO2 samples towards the
visible spectral range, as already noticed from the Tauc plots from
Fig. 5. As a result, the electron-hole recombination will be more
difficult and more reactive radicals can be produced at the WO3/
TiO2 surface. Therefore, WO3/TiO2 coatings should be more
efficient as catalysts under the visible light. The photocatalytic
degradation of R6G and kinetics of the reaction confirmed that
WO3/TiO2 coatings are efficient photocatalysts in the visible region.
Slight decrease of photocatalytic activity of TW300 sample in a
case of R6G photodegaradation (Fig. 7a) can be explained by the
occurrence of photochromism [27,40]. Namely, the electron
accumulation at the WO3 conduction band can be more
pronounced with increased WO3 content. The accumulated
electrons can react with OH� radicals forming OH� ions or can
reduce the number of superoxide radicals [27,40] degrading at
some extent the photocatalytic activity of WO3/TiO2 coatings. The
presence of pronounced absorption feature around 380–400nm in
the absorbance spectrum of TW300 sample confirms this
assumption. Another reason can be found in the formation of
small polarons, appearance of which is characteristic for WO3 and
WO3-x phases. The photoexcited electron-hole pairs can be rapidly
quenched by recombination of photoexcited holes with electrons
from localized polaron states, whereas photoexcited electrons

[(Fig._9)TD$FIG]

Fig. 9. Schematic diagram of electron-hole pairs separation and proposed mechanism of photodegradation over WO3/TiO2 photocatalysts.

[(Fig._8)TD$FIG]

Fig. 8. PL spectral changes observed during UV illumination of TW300 sample in
the solution of terephthalic acid after 15, 30, 60 and 90min. The PL spectra of pure
terephthalic acid is also presented.
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populate polaron states [54], reducing[15_TD$DIFF] on the other side the
photocatalytic efficiency of the catalyst.

4. Conclusion

WO3/TiO2 composite and pure TiO2 coatings have been
prepared on titania substrates using facile and cost-effective
PEO process. The structural, morphological, optical properties and
chemical composition of these samples were investigated by
different methods such as XRD, SEM, Raman, UV–vis diffuse
reflectance spectroscopy and XPS. XRD and Raman analysis
revealed that the coatings are mainly composed of monoclinic
WO3 and anatase TiO2.With increasing duration of PEO process the
crystallinity of the samples was improved, the WO3 phase become
dominant and a certain amount of monoclinic WO2.96 phase
appeared. XPS analysis confirmed the XRD results and revealed the
presence of OH-groups and adsorbed H2O on the surface of WO3/
TiO2 coatings. The increasing amount ofWO3/WO2.96 phase caused
a decrease of optical band gap, i.e. shift from near UV to visible
spectral region. The photocatalytic activity of WO3/TiO2 samples
has been measured by monitoring photodecolouration of two
model pollutants in aqueous solution, R6G under visible and MB9
under UV light irradiation. The WO3/TiO2 samples have shown
enhanced photocatalytic activity compared to pure TiO2 under the
visible light irradiation. Slight decrease of photocatalytic activity
under the visible light in the sample enriched with WO3/WO2.9

phase can be ascribed to the occurrence of photochromism and/or
small polaron formation. Under the UV light, the WO3/TiO2

photocatalysts have shown slightly better photocatalytic activity
than pure TiO2. PL mesurements demonstrated the correlation
between photoactivity and the formation rate of OH� radicals
under UV light irradiation, i.e. higher amount of OH� radicals
formed, the better photoactivity of WO3/TiO2 photocatalysts was
achieved. The kinetics of the reaction in the case of both azo dyes
followed the pseudo-first order. The degradation rate constant k of
WO3/TiO2 coatings under the visible light is almost five times
higher than that of TiO2. Much better photocatalytic activity of the
WO3/TiO2 samples compared to pure TiO2 in the visible range can
be attributed to better light absorption, higher adsorption affinity
and increased charge separation efficiency with increasing content
of WO3/WO2.96 phase.
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Abstract

Y-doped HfO2 nanopowders, produced by metathesis synthesis, exhibit ferromagnetism at room temperature. The X-ray diffraction and Raman
measurements have shown that HfO2 nanopowders undergo phase transformation from monoclinic to tetragonal and cubic phase with increasing
of Y content. The X-ray photoelectron spectroscopy and Raman analysis gave evidence that Y-doped HfO2 nanopowders are oxygen deficient.
The ferromagnetic properties of Y-doped HfO2 nanocrystals are dependent on crystal structure changes. The structural transformation from
monoclinic to tetragonal phase with Y doping is followed by increased ferromagnetic ordering because of the increased concentration of oxygen
vacancies (VO) in different charge states. Higher Y content favors the formation of cubic phase and the ferromagnetism significantly weakens. In
cubic hafnia phase, yttrium can form (VO–YHf) defect complexes in different charge states. The appearance of these complexes can be responsible
for the degradation of ferromagnetic ordering.
& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Hafnia (HfO2) is very promising and technologically impor-
tant material because of potential applications in spintronic dev-
ices, high-temperature fuel cells and has attracted much attention
as high-k dielectric gate material to replace the SiO2 in metal-
oxide-semiconductor devices. HfO2 has three polymorphs, i.e.
monoclinic (M), tetragonal (T) and cubic (C) phase. Under amb-
ient conditions the monoclinic phase of hafnia is stable phase
and undergoes transition to tetragonal or cubic phase at high
temperature [1]. These last two phases are far more important in
technological applications than the low-temperature monoclinic
phase. Stabilization of the tetragonal and cubic hafnia phases at
room temperature can be achieved by doping with divalent or

trivalent cation dopants such as Mg2þ or Y3þ which brings
additional oxygen vacancies in the lattice and stabilize one of
two high-temperature phases of hafnia [2,3].
HfO2 is an insulating oxide and is expected to be nonmagnetic

because Hf4þand O2� are not magnetic ions with full or empty
f and d shells of Hf4þ ion. The discovery of unexpected room-
temperature ferromagnetism (RTFM) in undoped monoclinic
HfO2 thin films [4] has opened a path to a new class of ferr-
omagnetic materials which can play important role in new
generation of spintronic devices. The magnetic ordering was up
to now presumably investigated in monoclinic hafnia thin films
and possible mechanism for the observed magnetism is still
controversial. Different types of defects like oxygen (VO) or
hafnia vacancies (VHf) were claimed responsible for the FM in
hafnia. The FM ordering in M-phase of HfO2, proposed by Coey
and coworkers [5], can arise from unpaired electrons in bonding
molecular orbitals formed by hybridization of hafnium orbitals
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surrounding a neutral three-coordinated oxygen vacancy. Direct
exchange between defect-related molecular orbitals will be ferro-
magnetic and may be strong if defects are situated in the interface
layer [5]. Recent calculations of Glinchuk et al. [6], based on the
direct variational method, showed that neutral oxygen vacancies
in the vicinity of the film–substrate interface can become mag-
netic and mediate long range FM order in HfO2 thin films.
Furthermore, theoretical calculations of Muñoz Ramo et al. [7],
based on DFT periodic and embedded cluster methods, showed
that in monoclinic HfO2 four-coordinated oxygen vacancies can
exist in five different charge states (V2þ , Vþ , V0, V� , and
V2�). These defects form localized levels in the hafnia band gap.
Some of these states have different electron occupancies and bear
different magnetic moments [7]. Contrary to these findings, the
first principle calculations [8,9] showed that hafnium vacancies,
as cation vacancies, can be responsible for the ferromagnetism in
monoclinic HfO2. The removal of neutral Hf atoms introduces
holes in the valence band formed of oxygen 2p levels. This leads
to the splitting of the valence band and formation of high-spin
defect states, causing the FM order for short VHf–VHf distances.
On the other hand, the first-principles calculations of Zheng at al.
[10], performed on undoped monoclinic HfO2, showed that there
are no stable defects that can carry a magnetic moment and con-
firmed that it is unlikely that hafnia vacancies are formed since
their formation energy is high. From the above cited reports, it
can be summarized that the appearance of ferromagnetism in
hafnium oxide and its origin, still remains a matter of debate and
deserves further investigation.

In the present work, we report room temperature ferromagnet-
ism in Y-doped HfO2 nanopowders. The ferromagnetic ordering
is dependent on the crystal structure changes induced by Y. To
the best of our knowledge, magnetic properties of hafnia nanop-
owders doped with yttrium have not been studied yet. HfO2-
based oxides, as high-k metal-oxide dielectrics, are already under
consideration to replace silicon dioxide as gate dielectric for next
generation of complementary metal-oxide semiconductors. The
combination of ferromagnetic response at room temperature and
above with dielectric properties of HfO2-based oxides should
enable the integration of metal-oxide semiconductors with spintr-
onics technology. Therefore, Y-doped HfO2 can be a promising
candidate for the applications in spintronics.

2. Experiment

A highly pure, nanosized yttrium doped HfO2 powders
(Hf1�xYxO2�δ, 0.05rxr0.2) are obtained by metathesis
synthesis described in detail elsewhere [11]. Starting chemicals
were hafnium chloride (HfCl4), yttrium nitrate hexahydrate (Y
(NO3)3 � 6H2O) and sodium hydroxide (NaOH) from Alfa
Aesar GmbH, Germany. The purity of starting chemicals
was 99.9% without any magnetic ion impurity presence (such
as Fe, Co etc.). The samples were always handled with Teflon
tweezers to avoid any metal contamination. The compositions
of the starting reacting mixtures were calculated according to
the nominal composition of the final reaction product. Yttrium
doped hafnia solid solutions were prepared varying weight
fraction of yttrium (Y) in the range 5–20 mol%. All samples

were annealed at 600 1C for 5 min in order to obtain better
crystallinity. The obtained Hf1�xYxO2�δ nanopowders were
characterized using different methods.
The X-ray diffraction (XRD) spectra of the samples have been

measured on a Simens X-ray Diffractometer (Kristaloflex 500)
with Ni filtered CuKα radiation. The room temperature measure-
ments were performed in the 2θ range from 201 to 801 in a
continuous scan mode with a step width of 0.021 and at a 2θ
scanning rate of 1°/min.
Non-contact atomic force microscopy (NC-AFM) measurements

were carried out using Omicron B002645 SPM probe VT AFM
25. NC-AFM images were obtained in the constant frequency shift
mode (�20 Hz) and with constant vibrating amplitude (0.2 V).
Micro-Raman scattering measurements were performed at

room temperature using a Jobin-Yvon T64000 triple spectrometer
system and Arþ /Krþ mixed laser line of 488 nm as an excitation
source. The incident laser power was kept low (less than 10 mW)
in order to prevent heating effects.
X-ray photoelectron spectroscopy (XPS) was used for the oxida-

tion state and atomic ratio analysis. XPS was carried out on a PHI
Quantera equipment with a base pressure in the analysis chamber
of 10�9 Torr. The X-ray source was monochromatized AlKα
radiation (1486.6 eV). The spectra were calibrated using the C 1s
line (284.8 eV) of the adsorbed hydrocarbon on the sample surface.
The magnetic properties of the Hf1�xYxO2�δ samples were

performed on a vibrating sample magnetometer in a high field
measuring system (HFMS, Cryogenic Ltd).

3. Results and discussion

X-ray diffraction spectra of pure and Y-doped HfO2 samples
are presented in Fig. 1a. The XRD spectra of pure HfO2 and
Hf1�xYxO2�δ samples up to 10% of Y, show the monoclinic and
tetragonal phase coexistence. With further increasing Y content, in
15% and 20% Y-doped samples the cubic phase appears. The
main reflections of the monoclinic, tetragonal and cubic phases are
marked with M, T and C in Fig. 1a. All diffraction peaks for the
M, T and C phases in pure and Y-doped HfO2 samples are indexed
with the P21/c, P42/nmc and Fm3m space group, respectively. The
lattice parameters of the monoclinic, tetragonal and cubic phases
are given in Table 1.
The volume fractions of different hafnia polymorphs in undoped

and Y-doped HfO2 samples were estimated from the integrated
intensities of the M (�111), M (111) and T (111) diffraction peaks
following the procedure proposed by Toraya et al. [12]. The
estimated volume fractions for HfO2 and Y-doped samples (given
in %) are presented in Table 1.
As can be seen from Fig. 1a and Table 1, the monoclinic phase

prevails over the tetragonal phase in pure HfO2 sample. The XRD
peaks are broadened which is characteristic of small (about 5 nm),
oxygen deficient nanocrystals [11]. The XRD patterns of the
Y-doped HfO2 samples (labeled as HfY5-HfY20 according to the
mol% of yttrium in doped samples) indicate the formation of solid
solutions in the entire dopant compositional range without a pres-
ence of yttrium oxide or hydroxide phases. The yttrium substitution
of Hf (YHf) introduces oxygen vacancies in hafnia lattice and
induces crystal structure changes of the HfO2 nanopowders. The
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structural transformation from monoclinic to tetragonal and cubic
phase is a consequence of combined effect of doping with a lower
valence state dopant and oxygen deficiency [2,3,11]. In the HfY5
sample the intensity of monoclinic reflections decreases implying
that the content of monoclinic phase decreases on account of the
tetragonal phase. This trend is even more pronounced for the
HfY10 sample. In a case of the HfY15 sample, the XRD peaks
which belong to M-phase are not visible anymore. The position of
main diffraction peaks at 30.351, 35.201, 50.631 and 60.171
indicate that the cubic phase is formed [13] as dominant phase
in this sample (see Table 1).

The tetragonal-cubic phase transformation is difficult to follow
by an XRD method because of very low sensitivity of this method
to the structural changes induced by oxygen displacement and

nonstoichiometry. However, disappearance of M-phase, position of
diffraction peaks and their significant broadening in a case of the
HfY15 sample indicate the tetragonal-cubic phase transformation,
as suggested by Fujimori and coauthors [14]. For the HfY20 sam-
ple, the content of T and M phases increases on the account of the
cubic phase. This fact was somehow surprising because the cubic
phase in HfO2 is stabilized around 18 mol% of yttrium [15] or
even less [16].
The morphology of the Y-doped nanopowders was analyzed

by an AFM method. The AFM images of HfY10 and HfY15
samples, given in Fig. 1b and c, showed that the Hf1�xYxO2�δ

nanopowders are composed of very small and agglomerated
particles.
Raman scattering is much more sensitive method than the

XRD to the structural changes induced by oxygen displace-
ment and is powerful tool to investigate the tetragonal-cubic
phase transformation in Y-doped HfO2. The Raman spectra of
Hf1�xYxO2�δ samples are shown in Fig. 2.
All Raman modes in HfY5 sample can be assigned to the

monoclinic phase [17] except the mode at 500 cm�1 (marked as
M/T1 in Fig. 2), which is also characteristic for the tetragonal
phase [14]. The Raman modes are broadened because of the
increased oxygen vacancy concentration when hafnia is doped
with trivalent ions like Y [15]. With further increase of the Y
content in the HfY10 sample, the Raman modes become broader
implying that oxygen vacancy concentration further increases.
New modes (marked as T2 and T3 in Fig. 2) appear and can be
ascribed to the tetragonal phase [18]. The Raman mode denoted
with asterisk (n) at �190 cm�1 can originate from a small
amount of γ-phase of HfO2. The γ-phase can be identified only by
Raman scattering [15]. In the HfY15 sample, the intensity of the
Raman peaks which belong to the monoclinic and tetragonal
phase decreases and the Raman modes became smeared out.
Intensity drop of the mode at �500 cm�1 reflects the tetragonal-
cubic phase transition [14]. The F2g mode of C-phase is not seen,
because it is usually of very low intensity [17]. In the Raman
spectrum of the HfY20 sample, the modes of T-phase became

Fig. 1. (a) XRD patterns of Y-doped HfO2 nanopowders at room temperature.
The pure HfO2 sample is given as a reference. The symbols stand for:
M-monoclinic, T-tetragonal and C-cubic phase. The corresponding AFM images
of (b) HfY10 and (c) HfY15 samples are presented.

Table 1
Composition and cell parameters of HfY samples obtained from XRD
measurements.

Sample Monoclinic P21/c Tetragonal P42/nmc Cubic Fm3m

(%) a b c (%) a c (%) a
HfY0 58 5.1453 5.1788 5.2919 42 3.5994 5.1191 – –

HfY5 21 5.1418 5.1613 5.2928 79 3.6103 5.0980 – –

HfY10 14 5.1265 5.1416 5.2830 86 3.6009 5.1835 – –

HfY15 3 5.1169 5.1686 5.2967 46 3.6086 5.1800 51 5.1003
HfY20 16 5.1250 5.1797 5.2945 58 3.5737 5.1462 26 5.1166

Fig. 2. Raman spectra of Hf1�xYxO2�δ (0.05rxr0.2) samples. The bands
of monoclinic and tetragonal phases are designated by M, T1, T2, T3 and T4.
Additional modes which can originate from γ-HfO2 and cubic Y2O3 phases are
denoted by asterisk (n).
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more intensive than the modes of M-phase implying that the T-
phase is dominant phase in this sample. This is in accordance with
the XRD results. Additional modes at 360 cm�1 and 460 cm�1

can be ascribed to the cubic-Y2O3 phase probably formed at the
nanoparticle surface [19].

The chemical state and composition of the Hf1�xYxO2�δ

nanopowders were studied by XPS analyses. The XPS spectra
of Hf 4f, O 1s and Y 3d region for Y-doped samples are given
in Fig. 3a–c.

The deconvolution of the Hf 4f, O 1s and Y 3d spectra is
performed for Y-doped samples using mixed Gaussian and
Lorentzian functions. In Fig. 4a–c are presented deconvoluted
XPS spectra of Hf 4f, Y 3d and O 1s region in a case of HfY5
sample for brevity.

The same procedure is applied for the rest of the samples and
the binding energies (BE) of the most prominent XPS transitions

(Hf 4f, Y 3d, O 1s and C 1s) for Hf1�xYxO2�δ nanopowders are
summarized in Table 2. No other contamination except carbon was
detected in all investigated samples. XPS analysis of H 4f and O 1s
gave evidence that the Hf1�xYxO2�δ samples are nonstoichio-
metric. From the O/Hf ratio, given in Table 2, it can be seen that
the oxygen-deficiency increases with increasing Y content, with the
exception of the HfY20 sample. This fact can be explained by the
formation of the cubic-Y2O3 phase, already seen in the Raman
spectrum of this sample.
The cations relative concentration for Hf1�xYxO2�δ samples,

presented in Table 3, confirmed very good agreement between the
surface and the nominal (bulk) stoichiometry. The errors regarding
the quantitative data are found in the range of 710%, whereas the
accuracy for BEs assignments is 70.2 eV.

Fig. 3. The XPS spectra of (a) Hf 4f, (b) O 1s and (c) Y 3d region for Y-doped
HfO2 nanopowders.

Fig. 4. Deconvoluted XPS spectra of (a) Hf 4f, (b) O 1s and (c) Y 3d region
for HfY5 sample.
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The Hf 4f spectrum from Fig. 4a is composed of two spin-
orbit doublet peaks (Hf 4f5/2 and Hf 4f7/2) which originate from
the Hf bound to the oxygen. The Hf 4f7/2 peak is situated at
16.6 eV with a difference of 1.7 eV in binding energy between
doublets. This peak is shifted to higher binding energies
compared to the HfO2 standard powdered sample (16.2 eV)
[20] in all Y-doped samples (see Table 2). The higher binding
energies of Hf 4f7/2 peak in Y-doped samples suggest that these
nanopowders are deficient in oxygen and are non-stoichiometric
[21,22]. The primary peak at 530.1 eV in the O 1s spectrum of
Y-doped samples (see Fig. 4b and Table 2) is also shifted
towards higher BE. This peak is ascribed to the oxygen bonded
into the lattice and exhibits the shift probably because of the
oxygen deficiency in the samples. Another subpeak in the O 1s
spectrum at 531.8 eV (see Table 2) is assigned to adsorbed OH
groups in the outermost surface layer [23,24]. The deconvoluted
XPS spectrum of the Y 3d doublet (3d5/2 and 3d3/2) is presented
in Fig. 4c for the HfY5 sample. The average positions of the Y
3d5/2 peaks in Hf1�xYxO2�δ samples are given in Table 2 and
are located around 157 eV. These peaks are slightly shifted to
higher energy compared to the position of 3d5/2 peak in Y2O3

standard sample (156.5 eV) [20]. The shift to higher BE is
expected if we have the formation of the Hf–Y–O bonds [16].
The fitting of the Y 3d spectra of doped samples requires
additional doublet (binding energies are given in Table 2). The
second doublet can be attributed to Y–OH–C bonds confined to
the surface as a result of the OH and hydrocarbon adsorption
from the atmosphere.

In summary, XPS and Raman analysis of the Hf1�xYxO2�δ

samples confirmed that yttrium doping increases the concentration
of oxygen vacancies, whereas XRD and Raman results showed that
the incorporation of yttrium induces structural phase transformation.
These findings are in agreement with Manory et al. [13] who
reported that tetragonal and cubic phase of HfO2 are stable at room
temperature in nonstoichiometric HfO2. In Fig. 5 we gave an
illustration of the phase transformation in HfO2 with Y doping. In
Fig. 5a is presented the monoclinic phase of nonstoichiometric

undoped HfO2 with three- and four-coordinated oxygen vacancies.
Yttrium as a dopant ion in 3þ valence state brings additional
vacancies in the hafnia lattice in order to keep the charge neutrality
(Fig. 5b). With further addition of Y, the concentration of the
oxygen vacancies should be increased and the monoclinic phase of
HfO2 transforms first into the tetragonal and then into the cubic
phase as presented in Fig. 5c and d.
The room temperature magnetization versus magnetic field

(M–H) data for pure HfO2 and Y-doped samples is shown in
Fig. 6a. It can be seen that all samples show a ferromagnetic signal
at room temperature superimposed onto a diamagnetic back-
ground. The observed ferromagnetism is characteristic for the
nanostructured nature of the investigated samples [25] and is
intrinsic as there are no magnetic impurities present in the samples
(see experimental part). The susceptibility of the diamagnetic
component, i.e. the slope of the high-field parts of the curve,
remains constant with yttrium doping because of the closed Y3þ

shells. After subtracting the diamagnetic component, the corrected
magnetization curves are shown in Fig. 6b. The magnetization
curves are almost anhysteretic, as it is often the case for
ferromagnetic oxides [26]. The saturation magnetization value
(MS) for the undoped sample is about 2.2� 10�3 emu g�1. The
obtained value is comparable with the other reports on ferromag-
netism in undoped oxide nanocrystals [25–29], but higher than the
reported value on HfO2 powders [5]. The value of MS increases
for the HfY5 sample and reaches its maximum of 2.9� 10�3

emu g�1 for the HfY10 sample. The saturation magnetization
significantly drops off in the HfY15 and HfY20 samples to the
values of 1.2� 10�3 emu g�1 and 0.7� 10�3 emu g�1 respec-
tively. The change of the MS for pure HfO2 and Hf1�xYxO2�δ

samples is presented in Fig. 6c.
The experimental reports [30–33] confirmed the existence of

RTFM in pure and doped hafnia films and clearly proved that the
RTFM originates from the presence of oxygen vacancies. The lack
of oxygen vacancies or filling up vacancies can degrade or even
completely destroy the FM ordering. Scarce literature data conc-
erning the appearance of the FM in other hafnia nanostructures like
nanopowders or nanorods [33–35] have also pointed out that the
oxygen vacancies play a major role in the magnetic exchange
mechanism. The appearance of RTFM in pure HfO2 can be
interpreted in the framework of the impurity band exchange model
proposed by Venkatesan et al. [4]. According to this model, the
intrinsic oxygen vacancies act as a donor of electrons, leading to
the n-type doping of the hafnia. The electrons trapped in oxygen
vacancies in HfO2 form extended hydrogen-like orbitals because of
the relatively high dielectric constant of hafnia. When the defect

Table 2
XPS binding energies (eV) of the individual peaks and composition of the HfY samples.

Sample C 1s O 1s Hf 4f Y 3d Y–OH–C Stoichiometry

O2� OH 7/2 5/2 5/2 3/2 O/Hf

HfY5 284.8 530.1 531.8 16.6 18.3 156.9 159.0 157.4 159.6 1.9
HfY10 284.8 530.2 531.9 16.7 18.4 157.0 159.1 157.5 159.8 1.8
HfY15 284.8 530.1 531.9 16.6 18.3 157.0 158.9 157.5 159.8 1.83
HfY20 284.8 530.1 531.8 16.7 18.4 157.0 159.1 157.4 159.7 1.95

Table 3
Composition of HfY samples.

Sample Y3d at% Hf4f at%

HfY5 4.9 95.1
HfY10 9.3 90.7
HfY15 14.6 85.4
HfY20 19.1 80.9
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concentration increases, the overlapping of the defect-related
orbitals can form an impurity (defect) band. The mixing of the
defect band with empty 5d states of hafnia enables the transfer of
some of the electrons to the 5d band. The 5d electrons will in turn
polarize the defect band establishing the ferromagnetic coupling
[4]. The oxygen vacancies in monoclinic hafnia can be in different
charge states having different number of trapped electrons and
bearing different magnetic moment [7,36]. Some of these defects
like negatively (V�

O ) or positively (Vþ
O ) charged vacancies form

levels near the conduction band, as shown in the paper of Xiong
et al. [36]. They calculated the energy levels of the oxygen vacancy
defects in different charge states for HfO2 and showed that the
energy levels of the V�

O and Vþ
O defects lie very near to the

conduction band (approximately at 0.8 and 1.1 eV below the
conduction band edge). Consequently, it is reasonable to assume
that the defect band, formed from V�

O and Vþ
O states, will lie near

the conduction band. The fraction of the electrons from defect band
can be transferred to the 5d states causing the spin splitting of the
defect band. The formation of the spin-split defect band provides
necessary condition for the appearance of ferromagnetism [4]. In
Fig. 7a is given the schematic representation of the defect levels
induced by oxygen vacancies in different charge states according to
the calculations performed in Ref. [34]. The mixing of the defect
band with the 5d states of hafnia and its spin-splitting is presented
in Fig. 7b.
Having in mind theoretical calculations [7,36] and experimen-

tal observations [30–33] and knowing from the Raman and XPS
results that Hf1�xYxO2�δ nanopowders are oxygen deficient, we
concluded that the oxygen vacancies can be attributed to be the
main source of ferromagnetism in undoped and Y-doped HfO2

nanopowders. In the HfY5 sample, with Y doping the concentra-
tion of oxygen vacancies should increase (see Fig. 5b) in order to

Fig. 5. Structural phase transformation with Y doping (a) pure HfO2 monoclinic phase, (b) monoclinic phase of HfO2 doped with Y, (c) tetragonal phase and (d)
cubic phase of HfO2 with increased Y content.
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keep electroneutrality. At the same time the content of tetragonal
phase begins to prevail over the monoclinic one. The FM signal
is stronger than that in undoped HfO2. With increasing Y content
up to 10%, the saturation magnetization and the strength of FM
ordering further increase, when the content of the tetragonal phase
in HfY10 sample becomes dominant (Fig. 5c). In the HfY15
sample the cubic phase appears and the strength of FM interaction
weakens, reaching the lowest value of MS (0.7� 10�3 emu g�1)
for HfY20. This value of MS is almost three times lower than for
HfY10 sample. From the change of the polymorphs composition
with increasing Y content presented in Fig. 6d, it can be seen that
the change of MS and T-phase content have similar trend. In a
case of HfY20 sample, MS continues to decrease despite the fact
that the amount of T-phase is slightly increased.

The theoretical calculations performed by Chen et al. [37] can
offer the explanation for the degradation of FM ordering in
HfY15 and HfY20 samples. Namely, Chen et al. [37] calculated
the formation energies of the oxygen vacancies in different charge
states for Y-doped cubic HfO2. It is found that with higher

Y content, oxygen vacancies form complex defects with yttrium
(VO–YHf) in different charge states ((VO–YHf)

þ , (VO–YHf)
þ þ

and (VO–YHf)
0 complexes). Among these complexes, the single

positively charged complexes (VO–YHf)
þ are the most stable ones.

Y as dopant changes the charge state of oxygen vacancies and
lowers the highest occupied levels induced by Vþ

O and Vþ þ
O

vacancies into the valence band. Therefore, the highest occupied
levels of (VO–YHf)

þ and (VO–YHf)
þ þ complex defects will lie in

the vicinity of the valence band. With further increasing of Y
content the highest occupied levels of (VO–YHf)

0 complexes would
also fall into the valence band [37]. Considering the results from
Ref. [37], it is reasonable to assume that in HfY15 and HfY20
samples, because of the increased Y content and the presence of
cubic phase, certain number of (VO–YHf) defect complexes can be
formed. The appearance of (VO–YHf) defect complexes will
degrade the ferromagnetic interaction because the defect band
formed from (VO–YHf) complex defects states will lie near to the
valence band. The mechanism of electron transfer from defect band
to 5d empty states which leads to its polarization and establishing
of ferromagnetic interaction is not applicable anymore. The form-
ation of cubic-Y2O3 phase at nanoparticle surface, seen in the
Raman spectrum of HfY20 sample can explain further degradation
of ferromagnetism in this sample.

4. Conclusions

In summary, nonstoichiometric Hf1�xYxO2�δ nanosized pow-
ders (0rxr0.2) are obtained by metathesis synthesis. The
transformation of crystal structure from monoclinic to tetragonal
and cubic phase (M-T-C) with increased Y doping was
confirmed by XRD and Raman measurements. The XPS and
Raman studies testified that the Hf1�xYxO2�δ nanopowders are
nonstoichiometric. All samples exhibit room temperature ferro-
magnetism which increases with increased tetragonal phase con-
tent and degrades with the appearance of cubic phase. The FM
ordering in Hf1�xYxO2�δ samples can be explained in the
framework of impurity band exchange model where oxygen
vacancies in different charge state, as n-type dopants, play major
role in establishing ferromagnetism. Further increasing of Y cont-
ent stabilizes the cubic phase in 15% and 20% Y doped samples
and the ferromagnetic interaction weakens. In a cubic phase
certain number of oxygen vacancy-yttrium complexes (VO–YHf)
can be formed. Those complexes form defect states inside the

Fig. 6. Magnetic properties of Hf1�xYxO2�δ samples. (a) Raw magnetization
curves versus magnetic field, M(H), (b) M(H) after subtraction of the linear
diamagnetic component, (c) Saturation magnetization (MS) change and (d)
relative polymorph composition change with yttrium content.

Fig. 7. Schematic representation of the (a) defect levels which originate from
point defects and (b) a spin-split defect band.
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bandgap of hafnia. The highest occupied defect states will lie in
the vicinity of the valence band. The electron transfer from deep
lying defect states to the 5d empty states of hafnia, which enables
the establishing of ferromagnetic interaction is not realistic any-
more. The presence of cubic-Y2O3 phase additionally degrades
ferromagnetic ordering in the 20% Y doped sample.
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Abstract We present the far-infrared reflectivity

spectra of 5 nm-sized pure and copper-doped

Ce1-xCuxO2-y (x = 0; 0.01 and 0.10) nanocrystals

measured at room temperature in the 50–650 cm-1

spectral range. Reflectivity spectra were analyzed

using the factorized form of the dielectric function,

which includes the phonon and the free carriers

contribution. Four oscillators with TO energies of

approximately 135, 280, 370, and 490 cm-1 were

included in the fitting procedure. These oscillators

represent local maxima of the CeO2 phonon density of

states, which is also calculated using the density

functional theory. The lowest energy oscillator repre-

sents TA(L)/TA(X) phonon states, which become

infrared-active Eu modes at the L and X points of the

Brillouin zone (BZ). The second oscillator originates

from TO(C) phonon states. The oscillator at

*400 cm-1 originates from Raman mode phonon

states, which at the L point of BZ also becomes

infrared-active Eu mode. The last oscillator describes

phonons with dominantly LO(C) infrared mode char-

acter. The appearance of phonon density of states

related oscillators, instead of single F2uinfrared-active

mode in the far-infrared reflectivity spectra, is a

consequence of the nanosized dimension of the CeO2

particles. The best fit spectra are obtained using the

generalized Bruggeman model for inhomogeneous

media, which takes into account the nanocrystal

volume fraction and the pore shape.

Keywords Nano ceria � Far-infrared spectroscopy �
Phonon density of states � Bruggeman model �
Nanoparticle characterization

Introduction

There are plenty of nanoscopic, microscopic, and

other techniques that are used to study nanosized

materials and structures (Popović et al. 2011). Among

them, the most frequently used spectroscopic tech-

niques are vibrational (phonon) spectroscopy tech-

niques, such as Raman (R) and infrared (IR). The use

of these techniques for nanostructure characterization

is discussed in Popović et al. (2011), Grujić-Brojčin

et al. (2005), and Cantarero (2013).
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Ultrafine ceria powders represent an important

material for solid oxide fuel cells or catalytic appli-

cations, which are attributed to CeO2 remarkable

oxygen-storage capability, i.e., the ability to undergo

rapid redox cycles by releasing and storing oxygen

(Popović et al. 2012).

In a nanocrystal, the phonons are confined in space,

and all the phonons over the entire Brillouin zone (BZ)

will contribute to the first-order vibrational spectra.

The weight of the off-center phonons increases as the

crystal size decreases, and the phonon dispersion

causes a mode shape change and the frequency shift.

The influence of all these effects on the CeO2 Raman

mode intensity, line shape, and energy were discussed

in Popović et al. (2011) and Cantarero (2013).

Infrared spectroscopy is widely used in the

400–4,000 cm-1 spectral range to characterize unw-

ished residuals during the synthesis of CeO2 nano-

powders (Orel 1999). To the best of our knowledge

there are no study regarding infrared-active lattice

vibrations in ceria nanocrystals. In this paper, we have

measured room-temperature far-infrared reflectivity

spectra of the pure and copper-doped Ce1-xCuxO2-y

(x = 0, 0.01 and 0.10) nanocrystals in the 50–650

cm-1 spectral range. In order to assign the obtained

features we performed lattice dynamics calculation of

CeO2. Reflectivity spectra were analyzed using the

factorized form of the dielectric function, which

includes several oscillators and the free carriers

contribution to the dielectric function. The oscillators

represent the phonon density of states (PDOS)-related

IR active modes. The best fit spectra are obtained

using the generalized Bruggeman model for inhomo-

geneous media, which takes into account the volume

fraction of nanopowder and the pore shape.

Experiment and numerical method

Ceria samples were prepared in one step by the

polymeric precursor method (Araújo et al. 2013). The

sizes of nanocrystals obtained by Raman scattering

technique are about 5 nm. Specific surface area of the

samples (BET-method) were estimated from the N2-

adsorption/desorption isotherms, at liquid nitrogen

temperature, using a Micromeritics ASAP 2000 ana-

lyzer. The infrared reflectivity measurements were

carried out at room temperature with a BOMEM DA-8

Fourier-transform IR spectrometer. A deuterated tri-

glycine sulfate (DTGS) pyroelectric detector was used

to cover the wave number region from 50 to

650 cm-1. Spectra were collected with 2 cm-1 reso-

lution, with 1,000 interferometer scans added for each

spectrum.

In order to interpret the experimental data, we have

performed density functional theory calculations

implemented within the QUANTUM ESPRESSO

package (Giannozzi et al. 2009). We have used the

ultrasoft pseudopotentials with PBE exchange–corre-

lation functional with 4f1, 5s2, 5p6, 5d1, 6s2 valence

electrons of cerium and 2s2, 2p4 valence electrons of

oxygen. The energy cutoffs for the wave functions and

the electron densities were 60 and 900 Ry, determined

to ensure stable convergence. We have sampled the

BZ with a 32 9 32 9 32 Monkhorst–Pack k-space

mesh.

The phonon frequencies are calculated within

density functional perturbation theory (Baroni et al.

2001), over the BZ sampled with 8 9 8 9 8 Monk-

horst–Pack q-point mesh. We have calculated the

PDOS using that mesh, and the phonon dispersion

curves are obtained from interpolation along the

chosen path.

Results and discussion

Cerium dioxide crystallizes in the fluorite-type cubic

crystal structure (Fig. 1), space group Fm�3m (no. 225),

in which Ce is located in (4a) (0,0,0), surrounded by

eight oxygen atoms located at (8c) (1/4, 1/4, 1/4)

Wyckoff positions. This structure has one infrared

(F2u) and one Raman (F2g) active mode, each of them

being triple degenerated. The normal modes of these

vibrations are sketched in Fig. 1. The F2u mode

represents vibrations of both the Ce and O atoms in

opposite directions, whereas F2g mode originates from

the stretching vibrations of only oxygen atoms around

Ce. In the CeO2 single crystals and polycrystalline

samples, the infrared and Raman active modes appear

at 283/596 cm-1 (xTO/xLO) (Marabelli and Wachter

1987; Santha et al. 2004) and 465 cm-1 (R) (Kou-

rouklis et al. 1988; Weber et al. 1993; Nakajima et al.

1994), respectively. In our less than 5 nm CeO2-y

nanocrystals (Popović et al. 2012) the Raman mode is

centered at about 456 cm-1.
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Because our nano CeO2 samples are inhomogeneous

(they consist of CeO2 nanoparticles and air pores) we

have applied the effective medium approximation

(EMA) method to calculate infrared reflectivity of

inhomogeneous media, taking into account the macro-

scopic volume fractions and local microstructural geom-

etry (Grujić-Brojčin et al. 2005; Gonzalez et al. 1997;

Spanier and Herman 2000; Bruggeman 1935). Two

widely used effective medium theories are the Maxwell–

Garnett theory (Maxwell–Garnett 1904) and the Brugg-

eman theory (Bruggeman 1935). In both theories the

effective dielectric constant does not depend explicitly on

the size of the grains or inclusions occurring inside the

medium. Maxwell–Garnett approximation treats the

effective medium as consisting of a matrix in which are

embedded inclusions of a specific shape, where the

fraction of the inclusions is very small (\0.15), so that the

inclusions are spatially separated and can be treated as a

perturbation (Spanier and Herman 2000; Saarinen et al.

2003; Gehr et al. 1997). The other widely used approx-

imation is the Bruggeman’s, which has no such limita-

tions, and can be used for entire range of fraction values

from 0 to 1. That was the reason why we used Bruggeman

approach for analysis of infrared reflectivity spectra of

inhomogeneous CeO2 nanocrystals.

As nanophase CeO2 is a porous material with a

relatively large specific surface (see Table 1), the

porosity of the nanopowder is included in modeling its

dielectric function. The best agreement between

calculated and experimental results is obtained by

the generalized Bruggeman EMA (B-EMA), which

introduces the effect of pore shape using the adjustable

depolarization factor L for ellipsoidal voids (L = 1/3

for spherical cavities and 1/3 \ L \ 1 for prolate

spheroidal cavities).

Similar to the B-EMA, in the generalized Brugg-

eman model (Grujić-Brojčin et al. 2005, 2006; Spanier

and Herman 2000), porous nanopowder with effective

dielectric function eeff is assumed to be an inhomoge-

neous media composed of nanopowder (enano) and air

(eair = 1) with volume fractions fnano and fair, respec-

tively. The basic Bruggeman model is modified to

include the influence of porosity:

enano � eeff

eeff þ L enano � eeffð Þ

� �
fnano

þ eair � eeff

eeff þ L eair � eeffð Þ

� �
fair ¼ 0 ð1Þ

Generally, a decrease of nanopowder volume fraction

results in a decrease of reflectivity and broadening of

the IR features, due to the greater air fraction in the

powder. Also, the decrease of depolarization factor L,

from prolate spheroidal voids (L = 1) to spherical

pores (L = 1/3), leads to the increase in the reflectiv-

ity, with characteristic IR features becoming more

pronounced (Grujić-Brojčin et al. 2005).

Since the analysis of the far IR reflectivity spectrum

of ceria nanopowders has revealed a presence of a

plasmon mode, it was necessary to include both

contributions of the phonon and the plasmon (free

carrier contribution) to the dielectric function. There-

fore, the factorized form of dielectric function has

been decomposed into a sum of two independent terms

(Gonzalez et al. 1997; Grujić-Brojčin et al. 2006;

Gervais 1983):

Fig. 1 The normal modes of the infrared (F2u) and Raman (F2g) active lattice vibrations of CeO2 (Color online)
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eðxÞ ¼ e1
Yn

j¼1

x2
LO;j � x2 þ ixcLO;j

x2
TO;j � x2 þ ixcTO;j

�
x2

p

xðx� icpÞ

" #

ð2Þ

where xLO,j and xTO,j are longitudinal and transverse

frequencies of the jth oscillator, cLO,j and cTO,j are their

corresponding dampings, xp (cp) is the plasma

frequency (damping), and e? is the high-frequency

dielectric constant.

Figure 2a shows the PDOS of CeO2. This PDOS is

in complete agreement with previously published ones

(Marabelli and Wachter 1987; Nakajima et al. 1994;

Gürel and Eryiğit 2006; Buckeridge et al. 2013).

The CeO2 IR reflectivity spectra of polycrystalline

sample (Santha et al. 2004) and 10-nm particle size

undoped CeO2 nanocrystal are given in Fig. 2b, c,

respectively. These spectra are fitted using dielectric

function model, Eq. (2), with parameters given in

Table 1. In the case of the polycrystalline sample three

oscillators are used to obtain a rather good agreement

with experimental data. The lowest energy oscillator

with TO energy of 135 cm-1 represents phonon states

from the X and L point of BZ. Other two oscillators

represent F2u mode. Appearance of two instead of one

IR active mode in this spectral range is related to the

anharmonicity (Santha et al. 2004). In the case of the

nanosized sample (Fig. 2c) five oscillators are

included in the fitting procedure, as well as, plasma

term (see Table 1). Origin of these oscillators will be

discussed later.

The influence of nanopowder volume fraction and

the pore shape on the IR reflectivity spectra is analyzed

in Fig. 3a–c, which show the IR reflectivity spectra

Table 1 The characteristic TO and LO phonon frequencies

(x) and damping factors (c) (all given in cm-1) of Ce1-

xCuxO2-y nano- and poly-crystals, used in the fitting procedure

together with the corresponding plasmon parameters for pure,

1, and 10 % Cu-doped CeO2 samples

Parameters 0 % Cu 1 % Cu 10 % Cu 10 nm nano Polycrystal

xTO (cTO) 135 (190) 137 (220) 137 (300) 130 (132) 135 (130)

xLO (cLO) 155 (95) 147 (180) 147 (180) 160 (188) 161 (187)

xTO (cTO) 282 (37) 280 (28) 280 (25) 273 (57) 272 (25)

xLO (cLO) 375 (180) 380 (165) 385 (180) 280 (108) 416 (137)

xTO (cTO) 370 (100) 360 (95) 370 (140) 448 (159) –

xLO (cLO) 407 (100) 407 (150) 407 (120) 468 (105) –

xTO (cTO) 490 (180) 480 (140) 485 (180) 493 (113) 428 (157)

xLO (cLO) 580 (10) 580 (60) 585 (40) 585 (385) 587 (47)

xTO (cTO) – – – 333 (67) –

xLO (cLO) – – – 350 (88) –

xp (cp) 390 (400) 385 (580) 320 (550) 100 (50) –

fnano 0.80 0.83 0.86

Pore shape L 0.74 0.70 0.70

Specific surface area SBET (m2/g) 40 40 44

Average pore diameter (nm) 10.8 12.4 9.1

The fitting parameters from Bruggeman model (powder volume fraction fnano and the pore shape L) together with the specific surface

area and pore diameter values are listed for each nanopowder sample
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Fig. 2 a The phonon density of states of CeO2. b The IR

reflectivity spectra of polycrystalline CeO2 sample (Santha et al.

2004); c nanocrystalline undoped CeO2 sample (particle size

*10 nm). Solid lines represent the calculated reflectivity

spectra obtained by the fitting procedure based on Eq. (2), with

the parameters given in Table 1 (Color online)
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calculated with the generalized B-EMA, with the

variation of powder volume fraction fnano and fixed

value of depolarization factor (pore shape factor)

L = 0.33, 0.75, and 0.90, respectively. The spectra are

calculated with the set of parameters corresponding to

the pure CeO2 sample, listed in the Table 1 (0 % Cu),

whereas fnano is varied from 0.5 (50 % of CeO2 powder

in porous sample) to 1 (nonporous powder). The pore

shape factor L = 0.33 defines ideally spherical pores

and for given TO/LO parameters, the best volume

fraction fit corresponds to values of fnano between 50

and 60 % of powder content in the sample (Fig. 3a).

The pore shape factor L = 0.75 defines pores with

elongated structure, as indicated in Fig. 3b. For given

TO/LO parameters (Table 1) the best volume fraction

fit corresponds to values of fnano around 80 % of

powder content in the sample. In Fig. 3c the variation

of powder volume fraction fnano with depolarization

factor L = 0.90 is shown. The pore shape factor

L = 0.90 corresponds to extremely elongated pores.

For given TO/LO parameters (Table 1) the best

volume fraction fit corresponds to values of fnano

between 80 and 90 % of powder content in the sample.

The pore shape variation is analyzed in Fig. 3d–f. In

Fig. 3d the calculated spectrum for powder volume

fraction fnano = 1, i.e., nonporous powder is shown

together with experimental IR reflectivity of the pure

CeO2 sample. The spectrum is calculated with the set

of parameters corresponding to the pure CeO2 sample,

listed in Table 1 (0 % Cu), whereas the pore shape

factor (L) variation has no influence in this calculation.

Figure 3e, f show the IR reflectivity spectra calculated

with the generalized Bruggeman EMA with powder

volume fraction of 80 % and 50 %. The pore shape

factor varied from L = 0.3–0.9. It may be noticed that

in both cases, the intensity of the reflectivity is getting

lower with the increase in pore shape factor. For given

TO/LO parameters (Table 1) the best pore shape fit is

obtained for values of L from 0.7 to 0.8 (Fig. 3e),

corresponding to the area of elongated pores. These
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Fig. 3 The IR reflectivity spectra calculated with the general-

ized B-EMA. a The volume fraction of nanopowder is in the

range from 0.5 to 1.0 and the pore shape factor L = 0.33

(spherical shape of pores); b pore shape factor L = 0.75

(elongated pore structure); c pore shape factor L = 0.90

(extremely elongated pore structure); d the IR reflectivity

spectra calculated with the generalized B-EMA with the volume

fraction of the nanopowder fnano = 1 (nonporous powder);

e fixed volume fraction of nanopowder (fnano = 0.8) with pore

shape factor varying from 0.3 to 0.9; f fixed volume fraction of

nanopowder (fnano = 0.5) with pore shape factor varying from

0.3 to 0.9. Experimental IR reflectivity spectrum (red curve) of

pure CeO2 sample (0 % Cu) is given for comparison (Color

online)
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results correspond to those shown in Fig. 3b. Finally, in

Fig. 3f the best pore shape fit is obtained for values of

L around 0.3, corresponding to ideally spherical pores.

By analyzing the results shown in Fig. 3, we came

to the following conclusions:

(i) Bruggeman EMA model can be used to fit the

experimental reflectivity spectra of inhomo-

geneous nanomaterials, in our case CeO2

nanocrystals.

(ii) The B-EMA model parameters that best

describe the experimental CeO2 reflectivity

spectra are close to fnano = 0.8 and L = 0.75.

(see Fig. 3b). Refinement of these parameters

for samples under investigation gives values

shown in Table 1.

(iii) The very good agreement between the calcu-

lated and the experimental spectra illustrated

in Fig. 4 suggests that the use of more specific

model, which may include the pore shape

distribution, instead of the B-EMA general

and simple model, is not necessary.

In Fig. 4 experimental IR reflectivity spectra of

5 nm-sized pure, 1, and 10 % Cu-doped CeO2 samples

are shown, together with the corresponding spectra

calculated with the generalized B-EMA. Fitting

parameters for these spectra are listed in Table 1. As

can be seen from Table 1, four oscillators with TO

energies of approximately 135, 280, 370, and

490 cm-1 were included in the fitting procedure,

Eq. (2), for 5 nm-sized CeO2 samples. These

oscillators represent local maxima of the PDOS. The

lowest energy oscillator represents TA(L)/TA(X) pho-

non states, which become IR-active Eu modes (Bucke-

ridge et al. 2013) at the L and X points of BZ. The

second oscillator originates from TO(C) phonon states.

The oscillator at *400 cm-1 originates from Raman

mode phonon states which at the L point of BZ also

becomes IR-active Eu mode (Buckeridge et al. 2013).

The last oscillator describes phonons with dominantly

LO(C) IR mode character. The appearance of PDOS-

related oscillators, instead of single F2u IR-active mode

in the far-infrared reflectivity spectra, is a consequence

of the nanosized dimension of the particles, as

mentioned earlier. Besides that, the oscillator energies

appear at lower energies than the maxima of PDOS.

This is also related to the particle size. In fact, in

nanoceria the unit cell dimensions abruptly increase by

particle size reduction (Tsunekawa et al. 2000; Wu

et al. 2004). Consequently, the PDOS softens with the

particle size lowering due to an increase in the internal

strain, as it was discussed in Buckeridge et al. (2013).

A small variation in the frequencies of TO (LO)

modes of the pure and doped samples is noticed,

whereas the damping parameters are clearly affected

by the variation between pure and doped samples.

Plasmon modes are registered in all samples, with

significant plasma frequency decrease and damping

parameter increase with Cu doping. The values of

parameters used in the generalized Bruggeman EMA

are varied with doping: similar porosity has been

estimated in all studied samples. Namely, the volume

fraction parameter is estimated from fnano = 0.80 in

pure CeO2 (which means 80 % of CeO2 fraction in a

porous sample) to 0.86 in 10 % Cu-doped CeO2

sample. The depolarization factor L, defining pore

shape is estimated as 0.74 in pure CeO2 sample and

slightly lower (0.70) in doped samples, therefore

describing pores filled with the air as very elongated.

Comparing these with textural measurement results,

we find that in the 10 % Cu-doped sample, the

reduction of L and an increase in volume fraction is

correlated with a decrease of pore diameter and an

increase in specific surface area (see Table 1).

Conclusion

We have measured the unpolarized far-infrared reflec-

tivity spectra of the CeO2 nanocrystals at room
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Fig. 4 Experimental IR reflectivity spectra of pure, 1, and 10 %

Cu-doped CeO2 samples, with the corresponding spectra

obtained by the fitting procedure based on Eq. (2) and the

generalized B-EMA, Eq. (1). Parameters are given in Table 1
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temperature. Reflectivity spectra were analyzed using

the factorized form of the dielectric function, which

includes the phonon and plasmon contribution to the

dielectric function. The best fit spectra are obtained

using the generalized Bruggeman model for inhomo-

geneous media, which takes into account the volume

fraction of CeO2 nanocrystal and the air pore shape.
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1. Introduction

Cerium dioxide (CeO2, ceria) is a wide band gap semicon-
ductor with ionic and partially covalent bonding nature  
[1, 2], which has received considerable interest due to the 
variety of applications in advanced technologies. CeO2-
based solid solutions have been acknowledged to be the most 
promising electrolytes for intermediate temperature solid 
oxide fuel cells, exhibiting excellent ionic conductivity at 
intermediate temperatures (500 − 800° C) [3, 4], much better 
than traditional ionic conductors like yttria-stabilized zir-
conia [3]. With a reduction of particle size, ceria becomes a 
mixed ionic–electronic conductor [5], because the presence 
of defects and unsaturated surface bonds leads to the increase 

of the free carrier contribution to the overall conductivity. The 
electrical conductivity of nanocrystalline ceria based mate-
rials can be attributed to the small polaron hopping mecha-
nism [6, 7]. It was shown [8, 9] that the electrical conductivity, 
measured at different temperatures and oxygen partial pres-
sures, is increased with the decreasing size of nanoparticles 
and is almost 104 times greater than in microcrystalline 
materials [8, 9]. This property can be utilized for gas sensor  
applications [10].

The influence of free carrier collective excitations (plas-
mons) on the optical phonon spectra of nanocrystalline ceria, 
i.e. plasmon−phonon coupling, has not been studied. The 
infrared (IR) spectroscopy is a nondestructive and widely 
applied spectroscopic technique for the investigation of the 

Journal of Physics D: Applied Physics

Infrared study of plasmon–phonon coupling 
in pure and Nd-doped CeO2−y nanocrystals

M Radović1, Z Dohčević-Mitrović1, N Paunović1, S Bošković2, N Tomić1 
N Tadić3 and I Belča3

1 Center for Solid State Physics and New Materials, Institute of Physics, University of Belgrade, 11080 
Belgrade, Serbia
2 Institute for Nuclear sciences ‘Vinča’, Materials Science Laboratory, University of Belgrade, Belgrade, 
Serbia
3 Faculty of Physics, University of Belgrade, 11000 Belgrade, Serbia

E-mail: marrad@ipb.ac.rs

Received 9 October 2014, revised 12 December 2014
Accepted for publication 23 December 2014
Published 22 January 2015

Abstract
Plasmon-longitudinal-optical (LO) phonon interaction in pure and Nd-doped CeO2 − y 
nanocrystals was investigated by measuring far–infrared reflectivity spectra in the 100–
700 cm−1 spectral range at room temperature. Analysis of the obtained results revealed that 
the presence of free charge carriers becomes significant with the particle size decrease to 
nanometer range and increase of lattice defects. The free charge carriers were found to be 
responsible for a plasmon mode which coupled strongly with two LO phonon modes of ceria. 
The presence of more pronounced low-frequency Drude tail and the screening of the phonon 
modes in Nd-doped CeO2−y nanocrystals implied that the Plasmon-LO phonon interaction 
increased with doping. Factorized and additive dielectric function models were applied to 
deduce about the coupled and decoupled LO phonon frequencies and the structure of the 
decoupled plasmon mode in pure and Nd-doped CeO2−y nanocrystals. These models were 
combined with Bruggeman effective medium approximation in order to properly describe 
the influence of porosity on the infrared reflectivity spectra. With increasing dopant content, 
the decoupled plasmon mode exhibited redshift and damping decrease implying that doping 
induced semiconductor−to−metalic state transition took place.

Keywords: Nd-doped ceria nanocrystals, infrared spectroscopy, plasmon–phonon interaction

(Some figures may appear in colour only in the online journal)

M Radović et al

Printed in the UK

065301

JPD

© 2015 IOP Publishing Ltd

2015

48

J. Phys. D: Appl. Phys.

JPD

0022-3727

10.1088/0022-3727/48/6/065301

Papers

6

Journal of Physics D: Applied Physics

JB

0022-3727/15/065301+8$33.00

doi:10.1088/0022-3727/48/6/065301J. Phys. D: Appl. Phys. 48 (2015) 065301 (8pp)

mailto:marrad@ipb.ac.rs
http://crossmark.crossref.org/dialog/?doi=10.1088/0022-3727/48/6/065301&domain=pdf&date_stamp=2015-01-22
publisher-id
doi
http://dx.doi.org/10.1088/0022-3727/48/6/065301


M Radovic et al

2

mechanism of plasmon–phonon coupling in different mate-
rials. From the IR reflection spectra of polar semiconductors, 
both phonon and plasmon excitations can be registered, ena-
bling the direct investigation of the plasmon − phonon interac-
tion mechanism.

In the present paper, the plasmon − phonon interaction in 
pure and Nd-doped CeO2 − y nanocrystals has been investigated 
by analyzing the IR reflection spectra of these samples. The 
application of factorized and additive forms of the dielectric 
function, together with Bruggeman effective medium approx-
imation, allowed the determination of coupled (decoupled) 
phonon frequencies, damping parameters and the structure 
of decoupled plasmon mode with doping. Better insight into 
the plasmon − phonon coupling mechanism in nanocrystalline 
ceria can be very important because the plasmon − phonon 
interaction can influence the ceria electrical conductivity 
properties.

2. Experimental

Undoped CeO2−y nanopowders were prepared using the self-
propagating room temperature synthesis and the detailed 
preparation procedure is described elsewhere [11, 12]. The as-
prepared samples were calcinated at 600 and 800° C for 2 h, 
in order to induce the growth of crystalite size. The Nd-doped 
samples were doped with 10, 15, 20 and 25 wt% Nd. X-ray 
diffraction (XRD) technique was used for the characterization 
of structural properties and the degree of crystallinity of the 
synthesized nanopowders. Diffraction patterns were recorded 
over the 2θ range from 20 to 80° on a Siemens D-5000 diffrac-
tometer, using Cu Kα radiation The external standard correc-
tion was performed using LaB6 (NIST) powder. Atomic force 
microscope (AFM) images were taken using the Omicron 
B002645 SPM PROBE VT AFM 25 in noncontact mode. The 
IR reflectivity spectra were measured at room temperature in 
the far-IR region (100–700 cm−1) on a Bomem DA8 spectrom-
eter using the DTGS detector.

3. Models

In this section, a brief overview of the theoretical models used 
to analyze the measured IR spectra will be presented.

The IR reflectivity spectra of the ionic crystals where large 
splitting between transverse-optical (TO) and longitudinal-
optical (LO) modes is observed [13, 14], are usually fitted 
with a dielectric function given by the expression [15]:

 ∏ε ε
ω ω ωγ
ω ω ωγ

=
− +
− +∞

i

i
,M

j

j j

j j

LO
2 2

LO

TO
2 2

TO
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where ε  ∞ is the high frequency dielectric constant and ωTO(LO)j  
and γTO(LO)j are the TO and LO phonon frequencies and 
damping rates of the corresponding IR mode. This model intro-
duces four adjustable parameters for each TO-LO mode and is 
used for description of pure phonon properties. In further text 
it will be named the Lattice Vibrations model (LV). The main 
disadvantage of this model results from the fact that it does not 

take into account the contribution from the electronic excita-
tions i.e. the plasmons and plasmon–phonon coupling.

Most semiconductors have a significant portion of free car-
riers and a complete description of the far-IR optical proper-
ties of semiconductor materials has to take both phonon and 
plasmon contributions into account. The coexistence of pho-
nons and plasmons usually leads to a strong coupling between 
plasmons and LO phonons. This effect is most pronounced 
when the plasma frequency (ωP) is in the vicinity of the LO 
phonon frequency. In that case the plasmon–phonon interac-
tion can be described with the factorized form of the dielectric 
function given by [16, 17]:
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where ωTOj and γTOj are frequencies and damping rates of the 
TO modes and γP is the plasma damping. This expression 
gives directly the coupled plasmon-LO phonon frequencies 
ωLOj and damping rates γLOj and in further text will be named 
as the Coupled Plasmon − Phonon (CPP) model.

The extension of the Drude model which has been used to 
fit the IR reflectivity spectra of conducting oxides is known in 
the literature as the Double-damping extended Drude model 
[18]. The additive form of the dielectric function in which the 
plasmon contribution is expressed by Double-damped Drude 
term, is composed of two terms:
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The first term represents the phonon contribution and the 
second term is the plasmon contribution. The ωTO(LO)j and 
γTO(LO)j are TO(LO) frequencies and dampings of decoupled 
phonon modes, whereas the ωP, γP and γ0 are the plasma 
frequency and dampings at ω = ωP and ω = 0. This model 
allows the decoupling of phonon and plasmon contributions 
and enables to make a difference between the damping (γP) at 
the plasma frequency and the static damping at zero frequency 
(γ0). The second term in equation  (3) becomes the classical 
Drude formula for γP = γ0. The application of this model offers 
more flexibility in numerical fitting and more precise descrip-
tion of the dielectric function response [18]. In further text 
this model will be named the Decoupled Plasmon − Phonon 
(DPP) model.

In order to properly analyze the IR spectra of porous nano-
materials, one of the most commonly used models is the 
Bruggeman effective medium approximation [19, 20]. For 
the inhomogeneous, binary material, composed of material 
(ε )M  and air (ε = 1)air  with the volume fractions fM and 1 − fM 
respectively, the empirical relation for the effective dielectric 
function (εeff) can be written as [20]:
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Therefore, the effective dielectric function (εeff) from equa-
tion (4) of a pure and Nd-doped CeO2 − y porous nanocrystal-
line sample can be expressed in terms of the dielectic function 
of material (εM) given by equations (1), (2) or (3) and volume 
fractions of material and air.

The theoretical reflectivity is obtained by using the Fresnel 
formula:

 
ε
ε

=
−
+

R
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1
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2

(5)

The least-squares fitting procedure between the theoretical 
(Rcalc) and experimental (Rexp) reflectivity was carried out 
until the chi-squared value:

 ∑χ = −( )
N

R R
1

i

N

i i
2

,exp ,calc
2

(6)

was minimized, where N is the number of measured points.

4. Results and discussion

A detailed analysis of the XRD spectra of undoped and 
Nd-doped samples has been already given in [11, 12]. The 
Nd-doped samples crystallized into a fluorite type structure 
of CeO2 with Nd3+ ions entering substitutionally into a ceria 
lattice. The presence of amorphous or any other phase was not 
detected, even for the highest Nd concentration [11, 12]. The 
synthesized samples were composed of very small particles 
in the nanometric range (3–4 nm) [11, 12]. Additionally, the 
undoped CeO2 − y sample was calcinated at 600 and 800° C 
for 2 h in air, in order to compare the structural and vibra-
tional properties of thermally treated and non-treated sam-
ples. The XRD spectra of thermally treated samples are given 
in figure  1(a). Characteristic Miller indices are denoted for 
main diffraction peaks. The average crystallite size and strain 
values were calculated using the Williamson–Hall method 
[21, 22] and the obtained values for each sample are pre-
sented in figure 1(a). In the inset of figure 1(a) is presented 
the Williamson–Hall plot of an as-prepared CeO2 – y sample. 
The calcinated samples exhibited sharper diffraction lines as 
a consequence of increased crystallite size and much better 
degree of crystallinity. The XRD pattern of the sample calci-
nated at 800° C is similar to the XRD spectrum of polycrystal-
line CeO2. In figures 1(b) and (c) are presented AFM images 
of a ceria sample calcinated at 800° C and of an as-prepared 
CeO2 − y sample. The size of nanocrystals was in good agree-
ment with the average crystallite size obtained from the XRD 
data.

Bearing in mind that ceria phonon properties are very 
much dependent on the crystallite size, we first investigated 
the influence of the particle size on the infrared reflectivity 
spectra of as-prepared and calcinated samples of CeO2  −  y. 
In figure 2 are presented the IR reflectivity spectra of a bulk 
CeO2 sample (reconstructed according to the literature data 
[2]) and calcinated ceria samples with different crystallite 
sizes, determined from XRD spectra from figure  1. Factor-
group analysis for a fluorite type CeO2 structure, predicts only 

one triple-degenerate IR active phonon mode of the F2u sym-
metry, with TO and LO mode frequencies at 218 and 597 cm−1, 
respectively [2]. In the IR spectrum of the bulk sample, wide 
reststrahlen band, characteristic for the ionic bond nature, is 
observed.

With decreasing crystallite size, the reststrahlen band splits 
into two broad TO-LO modes in the 200 − 550 cm−1 region. 
The splitting and redshift of both LO modes become more dis-
tinct in the sample with the smallest crystallite size (4.2 nm).  
A similar behavior was previously observed for pure and 
doped ceria powders [23] and for other nanostructured mate-
rials such as porous SiC films [20] and Mn2O3 nanocrystals 
[24]. It is reasonable to expect that the vibrational properties of 
nanomaterials are changed due to the increased concentration 
of structural defects (such as oxygen vacancies in ceria) and 
large number of dangling bonds at the nanoparticles surface, 
which leads to crystal symmetry breakdown. The lifting of the 
F2u mode degeneracy in CeO2 − y nanocrystals can be ascribed 
to the long-range Coulomb field which splits the degeneracy 
of the polar modes in nanocrystals [24]. Another possible 
explanation for the observed splitting of the restrahlen band 
was ascribed to the multiphonon (anharmonic) effects [23].

From figure 2, for the CeO2 − y sample with the smallest 
crystallite size, it can be seen that the phonon modes are signif-
icantly damped and that the plasmonic background becomes 
prominent. The presence of lattice defects in the form of 
oxygen vacancies and consequently free charge carriers, is 
responsible for the appearance of the plasmonic background. 
The formation of an oxygen vacancy in the ceria lattice is fol-
lowed by the localization of two electrons into empty Ce 4f0 
orbitals [25], causing the change in the valence state of neigh-
boring Ce ions from 4+ to 3+. With decreasing particle size, 
the concentration of oxygen vacancies increases. The elec-
trons tend to be localized not only on the Ce sites, but also on 
the vacancy sites, giving rise to the formation of the F-center 
defect states [26, 27]. The electrons localized on vacancy sites 
behave like free charge carriers, which can significantly con-
tribute to the increasing of ceria electrical conductivity as the 
crystallite size decreases [10]. Our previous Raman spectros-
copy analysis of nonstoichiometric nanosized ceria [28] have 
demonstrated that anomalous broadening of the Raman F2g 
mode can be ascribed to the electron-molecular vibrational 
coupling effect due to the increased concentration of charge 
carriers at the Fermi surface. It was shown that the delocali-
zation of electrons onto oxygen vacancies causes semicon-
ductor–to–metallic state transition in highly oxygen deficient 
nanosized ceria. Therefore, the electronic contribution to the 
dielectric function has to be properly taken into account in the 
analysis of the IR reflectivity spectra of the nanocrystalline 
CeO2 − y samples.

The IR reflectivity spectrum of CeO2 − y nanocrystals, with 
the smallest crystallite size (4.2 nm in figure 2), was analyzed 
using two models for plasmon  −  phonon interaction. The 
first one was the CPP model, (equation (2)), which enables 
to directly obtain coupled plasmon − phonon frequencies and 
dampings. The second one was the DPP model which was 
used to obtain the LO mode parameters of the decoupled pho-
nons and plasmons, (equation (3)). These two models were 
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combined with Bruggeman effective medium approximation 
(equation (4)) in order to properly include the influence of 
material porosity fM on the resulting IR spectra. The dielectric 
function model which takes into account only the pure lattice 
vibrations (LV model given by equation (1)) was also applied. 
A comparison between the theoretical models and the experi-
mental spectrum for a CeO2 − y sample is shown in figure 3. 
In all applied models, the reflectivity spectrum of the CeO2 − y 
sample was fitted with two oscillators (due to the observed 
splitting of the restsrahlen band).

From figure 3, it can be seen that LV model did not give 
a good fit of the experimental data in the frequency region 
bellow 200 cm−1, because of the contribution of free charge 
carriers. On the contrary, both the CPP and DPP models gave 
satisfactory fits of the reflectivity data.

The plasmon-LO phonon coupling in the nanocrystalline 
CeO2 − y sample was analyzed by the CPP model, assuming 
that the plasmon mode is coupled with two LO phonon modes 
of the nanocrystalline CeO2 − y sample. In that case, the equa-
tion (2) becomes [17]: 

ε ε
ω ω ωγ ω ω ωγ ω ω ωγ

ω ω γ ω ω ωγ ω ω ωγ
=

− + − + − +

+ − + − +
∞

( ) ( ) ( )
( ) ( )( )
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2
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2
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2
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(7)
From this model, the reflection spectrum minima occur for 
the eigenfrequencies ωLOj (j = 1–3) [16], where the coupling 
between plasmon and two LO phonons manifests as the appear-
ance of an additional longitudinal plasmon − phonon mode. 

Figure 1. (a) XRD patterns of as-prepared and thermally treated CeO2−y, together with the crystallite size (D) and strain (ε) values.  
The inset presents the Williamson–Hall plot of as-prepared CeO2−y. AFM images of (b) CeO2−y sample calcinated at 800° C and (c)  
as-prepared CeO2−y sample.

Figure 2. IR reflectivity spectra of CeO2 − y nanocrystals with 
different crystallite sizes and theoretical curve for bulk sample 
according to the data taken from [2]. Figure 3. IR reflectivity spectrum of a CeO2 − y nanocrystalline 

sample (crystallite size 4.2 nm), together with theoretical fits using 
the LV, DPP and CPP models. The arrows mark the reflectivity 
minima.
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In our case, this new mode, ωLO3, corresponds to the reflec-
tion minimum at ~200 cm−1 in the reflectivity spectrum of the 
CeO2 − y sample. From the CPP model, the plasma frequency 
can be determined using the following equation [16, 17]:

 ω ω ω ω
ω ω

= ,P
LO1 LO2 LO3

TO1 LO2
(8)

and the frequencies of the coupled plasmon − phonon mode 
can be obtained by putting ε = 0M  in the equation (7) [16, 17]:

 Ω ω γ= + 1

4
.j j jLO LO

2
LO
2 (9)

The fitting parameters obtained from the CPP model, which 
yielded the best fit to the reflectivity spectrum for the CeO2 − y 
sample, are presented in table  1. The best fit parameters 
obtained from DPP model are presented in table 2. The values 
of plasma frequency (ωP) and coupled plasmon–phonon 
modes (ΩLO1, ΩLO2) obtained from equations (8) and (9) are 
given in table 3. The value of the high frequency dielectric 
constant ε∞ = 4, for nanocrystalline CeO2 − y, was used in both 
applied theoretical models. The reduced chi-squared values 
are given in the last column of tables 1 and 2.

From the fit parameters for the CeO2 − y sample, it can be 
concluded that the eigenfrequencies of the coupled (ωLO1 and 
ωLO2) plasmon-LO phonon modes are shifted to higher ener-
gies with respect to the decoupled LO phonon frequencies 
(ωLO1 and ωLO2). The frequency shift and increased damping 
of the coupled longitudinal modes can be assigned to the strong 
plasmon–phonon interaction. The TO frequencies of the cor-
responding modes are not affected by plasmon  −  phonon 
interaction, as expected.

Further, we investigated how Nd doping influences the 
plasmon–phonon interaction in CeO2 − y nanocrystals. In the 
IR refelectivity spectra of Nd-doped samples, presented in 
figure 4, the low frequency Drude tail and the screening of 
the phonon modes became pronounced. Therefore, the IR 
spectra of doped samples were fitted by using the CPP and 

DPP dielectric function models as previously in the case of the 
undoped CeO2 − y sample. In figure 4 are shown the IR reflec-
tivity spectra of undoped and Nd-doped CeO2 − y nanocrystals 
together with theoretical fits obtained by the applied models.

The best fit parameters for Nd-doped samples, obtained 
from the CPP and DPP models, are given in tables 1 and 2. 
The materials volume fraction fM decreased with Nd doping 
up to 20% of Nd, after which approaches the value for pure 
CeO2  −  y. The estimated fM is in good correlation with spe-
cific surface area (SBET) measurements performed earlier on 
Nd-doped samples. It was found that doping with Nd cations 
had increased the porosity of ceria nanocrystals except for 
the sample doped with 25% of Nd for which the porosity 
decreased [12]. It is worth mentioning that the increased 
porosity can be also a reason for lower reflectivity of pure and 

Table 1. Fitting parameters obtained by using the Coupled Plasmon–Phonon (CPP) model. The estimated errors are given in parenthesis.

Sample fM γP ωTO1 γTO1 ωLO1 γLO1 ωTO2 γTO2 ωLO2 γLO2 ωLO3 γLO3 χ2

(±0.03) (±10) (±5) (±10) (±5) (±15) (±5) (±10) (±5) (±15) (±5) (±15)

CeO2 − y 0.8 210 248 120 370 155 492 105 545 75 210 290 0.0012
10%Nd 0.72 208 248 107 360 180 480 250 549 150 210 290 0.0013
15%Nd 0.61 118 240 176 336 110 477 210 552 190 185 205 0.001
20%Nd 0.56 90 244 95 343 165 480 130 546 110 193 108 0.0023
25%Nd 0.81 130 245 175 332 159 485 180 546 150 173 120 0.0041

Table 2. Fitting parameters obtained by using the Decoupled Plasmon–Phonon (DPP) model. The estimated errors are given in parenthesis.

Sample fM ωP γP γ0 ωTO1 γTO1 ωLO1 γLO1 ωTO2 γTO2 ωLO2 γLO2 χ2

(±0.03) (±5) (±15) (±15) (±5) (±10) (±5) (±15) (±5) (±10) (±5) (±15)

CeO2 − y 0.8 450 360 330 245 100 300 45 479 100 505 75 0.0017
10%Nd 0.72 440 360 330 243 98 319 25 477 195 500 145 0.0015
15%Nd 0.61 315 289 151 243 190 273 78 475 190 515 110 0.001
20%Nd 0.56 310 180 83 246 97 299 110 475 110 515 107 0.0021
25%Nd 0.81 238 140 103 249 148 290 145 480 130 509 115 0.0042

Figure 4. IR reflectivity spectra of pure and Nd-doped samples, 
together with theoretical fits obtained by CPP and DPP models.

J. Phys. D: Appl. Phys. 48 (2015) 065301
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doped nanocrystalline ceria samples compared to the reflec-
tivity of the bulk counterpart.

From the reflectivity spectra of Nd-doped samples it can be 
seen that with an increase of the dopant concentration (more 
than 10% of Nd) the low frequency Drude tail becomes more 
prominent and a pronounced screening of the phonon modes 
takes place. Such a behavior implies that with Nd doping the 
concentration of the free charge carriers increases. The pres-
ence of free charge carriers can be explained by the fact that 
with increasing Nd content in the ceria lattice, the number of 
oxygen vacancies increases. According to the paper of Han 
et al [26] in nonstoichiometric ceria, with increasing vacancy 
concentration the amount of electrons which are localized 
near the vacancy sites increases too, giving rise to the forma-
tion of F-center defects in different charge states ([27] and 
the references within). These electrons are loosely bound and 
behave more like free charge carriers. Additionally, in the 
paper of Chen and Wang [29] it was shown that in Nd-doped 
ZnO nanowires the formation of vacancies near the Nd cat-
ions, can induce an increase of concentration of free (delo-
calized) electrons. In a recent paper of Choudhury et al [30], 
using Hall effect measurements, it was demonstrated that in 
Nd-doped ceria nanopowders, with increasing Nd content up 
to 4%, the number of free carriers increased. The increased 
free carrier concentration caused the widening of the band 
gap due to Burstein–Moss shift. The above mentioned the-
oretical and experimatal works support our finding that the 
plasmon  −  phonon interaction in Nd-doped ceria samples 
become stronger.

By analyzing the fitting parameters of the doped samples 
from tables 1 and 2, we can see that TO frequencies are not 
much affected by doping, whereas the eigenfrequencies of the 
plasmon-LO phonon coupled modes (ωLO1 and ωLO2 from 
table  1) are notably shifted with respect to decoupled LO 
modes (ωLO1 and ωLO2 from table 2). It can be also noticed 
that the damping parameter γLO1 is significantly increased for 
doped samples.

In figure 5(a) are presented the frequencies of the coupled 
plasmon–phonon modes (ΩLO1, ΩLO2) and the decoupled LO 
phonon modes (ωLO1 and ωLO2 from table  2) as a function 
of Nd content. From figure  5(a) it is obvious that frequen-
cies of the coupled modes are shifted to higher energies. Since 
the plasma frequency ωP in doped samples is much closer 
to the frequency of the ΩLO1 mode than to the frequency of 
the ΩLO2 mode (see table 3), it is expected that the plasmon–
phonon coupling would be stronger for the ΩLO1 mode. The 

observed decrease of the ΩLO1 frequency with increasing Nd 
content confirms that this mode is more strongly coupled with 
plasmon.

In figure  5(b) is presented the variation of the plasma 
frequency ωP with doping concentration in the case of both 
applied models. As can be seen from figure  5(b), we have 
obtained similar behavior of the plasma frequency from both 
models. The plasma frequency shifts towards lower energies 
as Nd concentration increases. Similar behavior of plasma fre-
quency was found for crystalline and amorphous GaAs [31] 
when a metal-like phase appeared in these materials.

From the table 2 one can deduce that the plasmon mode is 
overdamped (γP/ ωP > 1 / 2) for the undoped CeO2 − y sample 
and samples doped up to 15% of Nd. This is a feature of con-
ducting oxides, in particular cuprates [18]. For higher doping 
content (20 and 25% of Nd), the γP/ ωP ratio decreases (γP/ ωP 
~ 0.5). The decreasing trend of the γP/ ωP ratio is characteristic 
for the metallic state [18].

The plasmon dielectric function, according to the Double-
damping extended Drude model, can be written in the form 
[18, 32]:

 ϵ ϵ
ω γ γ ω

ω ω γ
= −

+ −
−∞

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟( )

1
i( )

i

p p
pl

2
0

0
(10)

The decoupled plasmon mode structure can be extracted from 
the imaginary part of the inverse plasmon dielectric function, 
Im(1/εpl) [32]. The decoupled plasmon mode structure with 
Nd doping is presented in figure 6, where the positions of the 
plasma frequencies (table 2) are marked with (*).

As can be seen from figure 6, with increased Nd doping the 
plasmon mode shifts towards lower energies, as well as the 
plasma frequency. The shift of the plasma frequency to lower 
energies is found in perovskite-type oxides like BaPb1 − xBixO3 
[33] and Ba1  −  xKxO3 [34], when these materials undergo 
semiconductor–to–metal transition. Bearing in mind that the 
plasma frequency ωP is proportional to ne /m*, where ne is  
the free carrier concentration and m* is the electron effective 
mass, we can deduce that doping not only influences the free 
carrier concentration, but also changes the electron effec-
tive mass. In fact, our results for plasma frequency (plasmon 
mode) behavior suggest that the effective mass of free elec-
trons increases with doping. Our conclusion is supported by 
the results performed on Ba1 − xKxO3 and InN films [34, 35] 
in which it was found a pronounced increase in the electron 
effective mass with increasing concentration of free carriers 
followed by a semiconductor–metal transition [34].

In order to verify how the plasmon–phonon interaction 
changes in thermally treated Nd-doped samples, the 15% 
and 25% Nd samples were calcinated in the same manner 
as it was done for the undoped ceria sample from figure 2. 
The IR refelectivity spectra of thermally treated 15% (25%) 
Nd-doped samples together with the corresponding untreated 
samples are presented in figure  7. As can be seen, the IR 
spectra of the calcinated samples are very similar to the bulk 
counterpart (figure 2), as the plasmonic background van-
ished and TO (LO) frequencies approached the bulk values. 
The disappearance of the Drude tail is expected, bearing in 

Table 3. Calculated values of the plasma frequency and coupled 
plasmon–phonon modes. The estimated errors are given in 
parenthesis.

Sample ωP ΩLO1 ΩLO2

(±5) (±5) (±5)

CeO2 − y 347 378 546
10%Nd 349 371 554
15%Nd 300 340 560
20%Nd 308 353 549
25%Nd 264 341 551

J. Phys. D: Appl. Phys. 48 (2015) 065301
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mind that with temperature treatment in air, the nanosize 
effects become less pronounced with increasing crystallite 
size and that the concentration of the F-center defects and 
free carriers decreases.

Therefore, we can conclude that with increasing Nd con-
tent the plasmon–phonon interaction becomes stronger and 
at higher doping content (≥15% Nd) our samples undergo 
doping induced semiconductor–to–metallic state transition. 
With temperature treatment in air, it was demonstrated that 
the plasmonic background disappeared and the IR reflectivity 
spectra became similar to the bulk counterpart. The influence 
of doping on the n/m* ratio and the estimation of the electron 
effective mass in pure and doped ceria nanocrystals will be the 
subject of our further work.

5. Conclusions

The influence of particle size decrease and Nd doping on 
the plasmon–phonon interaction in CeO2−y nanocrystals 

was investigated. Analysis of the infrared reflection spectra 
of CeO2  −  y nanocrystalline sample revealed that with 
decreasing of particle size the contribution of free charge 
carriers becomes significant, resulting in the appearance of 
the plasmon mode. The plasmon mode coupled strongly with 
two LO modes of ceria. The appearance of more pronounced 
low frequency Drude tail and screening of the phonon modes 
suggested that doping further increased the plasmon–phonon 
coupling. The plasmon–phonon interaction in undoped and 
doped CeO2  −  y samples was investigated by using factor-
ized and additive models combined with Bruggeman effec-
tive medium approximation. The factorized model based on 
plasmon-two LO phonon interaction has proven to fit the 
experimental data successfully. From this model, the coupled 
plasmon-LO phonon frequencies and dampings were derived. 
The application of the additive form for the dielectric func-
tion enabled to obtain decoupled LO phonon frequencies and 
to deduce about the decoupled plasmon mode structure. The 
red-shift of the plasmon mode, plasma damping decrease and 

Figure 5. (a) Variation of the coupled and decoupled LO mode frequencies and (b) plasma frequency variation with Nd dopant 
concentration, obtained by using the CPP and DPP models.

Figure 6. Decoupled plasmon mode structure in undoped and Nd 
doped samples. The positions of the plasma frequencies are marked 
with (*).

Figure 7. IR reflectivity spectra of untreated and thermally treated 
15% (25%) Nd-doped samples.

J. Phys. D: Appl. Phys. 48 (2015) 065301
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pronounced screening of the phonon modes with increasing 
Nd content in ceria nanocrystalline samples pointed out that 
doping induced semiconductor–to–metallic state transition 
took place.
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ABSTRACT: Ultrafine CeO2−δ nanopowder, prepared by a simple and cost-effective self-
propagating room temperature synthesis method (SPRT), showed high adsorption
capability for removal of different azo dyes. Batch type of adsorption experiments with fixed
initial pH value were conducted for the removal of Reactive Orange 16 (RO16), Methyl
Orange (MO), and Mordant Blue 9 (MB9). The equilibrium adsorption data were
evaluated using Freundlich and Langmuir isotherm models. The Langmuir model slightly
better describes isotherm data for RO16 and MO, whereas the Freundlich model was found
to best fit the isotherm data for MB9 over the whole concentration range. The maximum
adsorption capacities, determined from isotherm data for MO, MB9, and RO16 were 113,
101, and 91 mg g−1 respectively. The adsorption process follows the pseudo-second-order
kinetic model indicating the coexistence of chemisorption and physisorption. The
mechanism of azo dye adsorption is also discussed.

■ INTRODUCTION

Synthetic dyes are widely used in a number of industries such as
textile and leather industries, paper printing, cosmetics, and
pharmaceuticals. It is estimated to be more than 10 000
commercially available dyes with over 7 × 105 tons of dyestuff
produced annually.1,2 Azo dyes represent about 60−70% of the
dyes used in the textile industry. Some of them show aquatic
toxicity or allergenic effects, and under reductive conditions
they produce aromatic amines that are carcinogenic.2,3 Azo dyes
represent a class of synthetic, colored, organic compounds,
which are characterized by the presence of one or more azo
bonds. These dyes belong to the most toxic ones compared to
other forms of dyes.1 Large quantities of these dyes (10−15%
of the total world production) are released into the wastewater
(typical concentration 10−200 mg L−1), the presence of which
poses a major threat to the aquatic organisms as well as animals
and humans because of their nonbiodegradability, toxicity, and
potential carcinogenic nature.4−6

Dye removal from textile effluents is a major environmental
problem because of the difficulty to treat such streams by
conventional physicochemical and biological treatment meth-
ods. The methods such as filtration, coagulation, flocculation,
ion exchange, and photocatalytic degradation are unsatisfactory
for wastewater treatment because they are expensive and may
produce more toxic byproducts. Among the various available
water treatment techniques, adsorption is the most reliable and
efficient technique for dye removal, despite the fact that usually

the adsorbent needs to be regenerated, which increases the cost
of the process and can be a time-consuming procedure. The
liquid phase adsorption has been shown to be an efficient way
for removing the suspended solids, organic matter, and oil from
aqueous solutions. Adsorption appears to offer the best
perspective over all the other treatments because it can handle
fairly large flow rates, producing a high quality effluent and does
not result in the formation of harmful substances, such as ozone
and free radicals which are present during the photodegradation
process using UV.
Activated carbon is the most widely used adsorbent for this

purpose, because it has a high surface area and high capacity for
adsorption of organic matter, but its use is limited because of its
high production cost and significant problems with the
regeneration of the spent activated carbon.7,8 A great variety
of low-cost biomass materials9−13 have been used to produce
activated carbon for the treatment of wastewaters. In recent
years, low cost agricultural wastes have been investigated as
potential biosorbents,14 but most of these cheap substitutes
have to be subjected to the process of carbonization which
increases process costs. Therefore, there is still a high demand
for cheaper adsorbent materials with high adsorption capacity.
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Nowadays, nanoscience and nanotechnology play important
role in environmental protection. There is a strong need to
develop simple and economical methods for producing
nanomaterials with higher adsorption rates which can efficiently
remove various contaminants. Nanomaterials with high surface
area are the most promising candidates as adsorbents in organic
dye removal.5,15−19

Among various metal oxide semiconductors, CeO2 is widely
used in many application areas such as catalysis, fuel cells,
sensors, and UV shielding, owing to its outstanding physical
and chemical properties. The application of ceria as effective
sorbent is not so often studied. There are few reports in which
it is demonstrated that ceria is effective sorbent for the removal
of high toxic pollutants such as17 As(V) and Cr(VI) and azo
dyes such as Congo Red18 or Acid Orange4 from water. The
adsorption experiments, performed to remove Reactive Orange
16 and Methyl Orange from wastewaters, mainly used as
adsorbent waste biomass,20 various types of sludge, and
biosorbents.1,13,14,20−26 Although most of these sorbents were
relatively cheap and effective in dye removal, they showed
modest and rarely high sorption capacities. On the other side,
to the best of our knowledge there is almost no study which
concerns the adsorption of Mordant Blue 9.
Herein we present the adsorption capability of ceria

nanoparticles for removal of different azo dyes such as Reactive
Orange 16, Methyl Orange, and Mordant Blue 9. Ceria
nanopowder, obtained by a simple and cost-effective method,
has shown very high efficiency toward azo dye removal and has
been proven to be a promising alternative for wastewater
treatment.

■ EXPERIMENTAL SECTION
1. Materials Preparation. The ultrafine CeO2−δ nanopowder was

fabricated via a simple and economical self-propagating room
temperature synthesis method (SPRT).27,28 Starting reactants were
cerium nitrate hexahydrate (Ce(NO3)3·6H2O) (Acros Organics
99.5%) and sodium hydroxide (Carlo Erba). Hand-mixing of nitrate
with NaOH was performed in alumina mortar for ∼10 min until the
mixture turned light brown. After being exposed to air for 4 h, the
mixture was suspended in water. Rinsing of NaNO3 was performed in
a centrifuge at 3500 rpm for 10 min. This procedure was performed
four times with distilled water and twice with ethanol. The precipitate
was dried at 60 °C overnight. The reaction based on the self-
propagating room temperature method can be written as follows:

δ· + + −

→ + +δ−

2[(Ce(NO ) 6H O] 6NaOH (1/2 )O

2CeO 6NaNO 15H O
3 3 2 2

2 3 2 (1)

2. Characterization Methods. X-ray powder diffraction (XRD)
data of the sample were collected on a Siemens D-5000 diffractometer
with Cu Kα radiation over the 2θ range from 20° to 80°. Atomic force
microscope (AFM) images were taken using the Omicron B002645
SPM PROBE VT AFM 25 instrument in noncontact mode at room
temperature. The powder specific surface area of the sample was
calculated following the multipoint BET procedure on the
Quantachrome ChemBet-3000 setup. The pore size distribution was
derived from nitrogen adsorption-desorption isotherm obtained at 77
K. The infrared (IR) transmission spectra of CeO2−δ pellets before and
after dye adsorption were measured on a Thermo Nicolet 6700
Fourier transform infrared spectrophotometer at room temperature.
Micro-Raman spectra were collected in the backscattering config-
uration using the TriVista 557 Raman system. The 488 nm line of an
Ar+/Kr+ mixed gas laser was used as an excitation source. In order to
avoid sample heating, the incident laser power on the samples was kept
below 20 mW. Surface charge (zeta potential) of ceria nanoparticles at
different pH was measured using Zetasizer Nano ZS90 (Malvern

Instruments) apparatus. Suspensions were prepared using deionized
water as dispersing medium and were ultrasonicated for 15 min prior
to the measurements using an ultrasonic bath. The pH values of
suspensions were adjusted by adding HCl and NaOH solutions to the
starting suspension of CeO2−δ nanopowder.

3. Adsorption Experiments. The adsorption experiments were
carried out as batch tests in a magnetically stirred thermostated glass
vessel with three different concentrations (50, 100, and 200 mg L−1) of
Reactive Orange 16 (RO16), Methyl Orange (MO), and Mordant
Blue 9 (MB9). All measurements were performed at initial pH values
of 6.2, 6, and 4.6 for MO, MB9, and RO16 dye solutions, respectively.
The suspensions were stirred for 2 min at room temperature in the
dark. The adsorption capacity (for the 200 mg L−1 concentration of
dyes) of coconut-based powdered activated carbon (PAC), of large
specific surface area (1200 m2/g), was determined for comparison.
The working volume (25 mL) and the quantity of ceria nanopowders
and PAC (50 mg) were kept fixed in all adsorption experiments. At
fixed contact time, the samples were taken, centrifuged, and analyzed
on a Shimadzu 1700 UV-vis spectrophotometer within the spectral
range where maximum absorption for each dye occurs. In Table S1
(see the Supporting Information) are given the chemical structure and
the wavelength of maximal absorption (λmax) for each dye.

■ RESULTS AND DISCUSSION
The powder XRD pattern of CeO2−δ nanopowder is presented
in Figure 1a. Diffraction peaks corresponding to cubic fluorite
structure are clearly observed. All XRD peaks are broadened,
indicating that the crystallite size is within the nanometer range.
The average size of CeO2−δ nanocrystals, estimated by the
Wiliamson-Hall method,29 is about 6 nm. The noncontact
AFM image of CeO2−δ sample (Inset of Figure 1b) shows small
and agglomerated nonporous CeO2−δ particles. The pores
between agglomerated CeO2−δ nanoparticles are also visible on
the AFM image. Particle size distribution obtained from the
AFM image of CeO2−δ sample is presented in Figure 1b, and it
was modeled by asymmetric double sigmoidal function. The
average particle size is 11.4 nm.
To determine the surface area and pore size distribution,

nitrogen adsorption−desorption isotherms at 77 K were
recorded, and these are given in the inset of Figure 1c.
According to the IUPAC classification,30 the nitrogen
adsorption−desorption isotherm is attributed to the Langmuir
IV type. The pore size distribution was determined from the
desorption branch of the isotherms using the BJH (Barrett−
Joyner−Halenda) method and is shown in Figure 1c. It can be
observed that the sample has bimodal pore size distribution in
the mesoporous area with the first mode peak around 2 nm and
the second one in the range 3−4 nm. The value of the BET
specific surface area (SBET) is 74 m2 g−1.
Further, we examined the performances of CeO2−δ nano-

powder as a potential adsorbent for removal of RO16, MO, and
MB9. The adsorption measurements were carried out with
three different concentrations of the dye solutions (50, 100, and
200 mg L−1), and absorption spectra of the dye solutions were
collected after certain time intervals. The UV−vis spectrum of
RO16 is given in Figure 2a (blue line) for the concentration of
50 mg L−1. The absorption spectrum of RO16 in the presence
of CeO2−δ nanoparticles after 2 min is also presented in Figure
2a (red line). As can be seen, the RO16 characteristic bands
decreased promptly, indicating that RO16 was removed from
the solution. The corresponding photo image (right panel of
Figure 2a) shows that the solution is almost colorless. The
absorption spectra of the MO and MB9 before (blue line) and
after 2 min (red line) in the presence of CeO2−δ nanoparticles
are given in Figure 2b,c. Absorption spectra of these two dye
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solutions after 2 min showed that the dyes were present in a
very low concentration. From the photo images (right panel of
Figure 2b,c), it can be noticed that the solutions were almost
colorless after 2 min. The experiment was repeated with an
increased concentration for all three dyes (100 mg L−1), and
the obtained results were similar.
The concentration of RO16 in the solution was further

increased to 200 mg L−1. The absorption spectra of RO16 dye
solution in the presence of CeO2−δ nanoparticles, presented in
Figure S1a (Supporting Information), demonstrate that CeO2−δ
quickly removes the RO16 from the solution. After 40 min, the
equilibrium state was reached. The adsorption measurements
were also performed on the solutions of MO and MB9 (200 mg
L−1) in the presence of CeO2−δ nanopowder, in order to
compare the efficiency of adsorption process onto ceria
nanopowder for all three dyes. The adsorption capacity of
CeO2−δ nanopowder was determined from the mass balance
relationship:1,13,15,22

=
−

q
C C V

m
( )

e
0 e

(2)

where qe represents the amount of dye adsorbed per unit mass
of adsorbent (mg g−1), C0 and Ce are the initial and equilibrium
liquid phase concentrations (mg L−1), respectively, V is the
volume of the solution (L), and m is the mass (g) of CeO2−δ
used.
The adsorption rate and the amount of adsorbed dye with

contact time for the solutions of RO16, MO, and MB9 (200 mg
L−1) are illustrated in Figure 3a,b. As can be noticed from
Figure 3, for all three curves, it is characteristic that the
adsorption process is rapid in the initial stage, whereas in the
later stage it becomes much slower. The adsorption rate for
RO16 was higher at the beginning, but after 60 min much
better elimination of MO from the solution was observed,
whereas the adsorption rate of MB9 was still lower. The
equilibrium was achieved after 40 (60) min for RO16 (MO),
whereas for MB9 it was achieved after 180 min. The adsorption
capacities of CeO2−δ nanopowder in the case of MO, MB9, and
RO16 were 100, 94, and 91 mg g−1, respectively.
Further, the adsorption capacities of CeO2−δ nanopowder

and activated carbon were compared. The adsorption capacity
of commercial activated carbon (50 mg) is presented in Figure
4 for MO (a) , RO16 (b), and MB9 (c) solutions (200 mg
L−1). In the case of MO dye solution, it can be noticed that at
the beginning of the adsorption process the activated carbon
was slightly faster than CeO2−δ nanopowder and reached the
equilibrium state after 20 min. After 60 min, both curves
overlapped. In the case of RO16 dye solution, activated carbon
was much slower compared to CeO2−δ. After 40 min, CeO2−δ
nanopowder reached equilibrium and eliminated almost 90% of
RO16 from the solution, whereas activated carbon needed 2 h
to reach the final adsorption capacity of 85 mg g−1 which was
still lower than that of ceria nanopowder (91 mg g−1). The
adsorption capability of CeO2−δ for MB9 is lower than that for
activated carbon, although after 2 h the final adsorption
capacities were comparable.

Figure 1. XRD spectrum (a), particle size distribution obtained from
AFM (b), and pore size distribution curve obtained from the
desorption branch of the isotherm (c) for CeO2−δ nanopowder.
Insets present the AFM image and the nitrogen adsorption−
desorption isotherm of CeO2−δ nanopowder.

Figure 2. Absorption spectra with corresponding photo images of (a)
RO16, (b) MO, and (c) MB9 dye solutions (50 mg L−1) before and 2
min after introducing CeO2−δ nanoparticles (2 g L−1). Mass of
adsorbent = 50 mg; solution volume = 25 mL.
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In Figure 5a−c are shown the IR transmission spectra of pure
dyes and CeO2−δ nanopowders after dye adsorption. For
comparison, the IR spectrum of pure CeO2−δ nanopowder is
also given in Figure 5a−c.
The IR spectra of pure dyes have some common character-

istic bands.4,6,31−36 The bands at 1040/1120 cm−1 in MO,
1054/1139 cm−1 in RO16, and 1044/1136 cm−1 in MB9
originate from the symmetric stretching vibrations of the SO3

−

group (νs(SO3
−)). The band at 1204 cm−1 in MO, 1236 cm−1

in RO16, and 1190 cm−1 in MB9 represents the asymmetric
stretching vibrations of the SO3

− group (νas(SO3
−)). The band

at 1368 cm−1 in MO and 1372 cm−1 in RO16 belongs to the
C−N stretching vibrations. The bands at 1422, 1410, and 1409
cm−1 in MO, RO16, and MB9, respectively, are assigned to the
NN stretching vibrations. The bands at 1520/1608 cm−1 in
MO and 1586 cm−1 in RO16 are from the aromatic ring
stretching vibrations. The band at 1672 cm−1 in the spectra of
RO16 originates from the stretching vibrations of the carbonyl
CO group.
In the IR spectrum of MO dye adsorbed on CeO2−δ (shown

in Figure 5a), the IR bands of the MO dye are of much lower
intensity. The pronounced changes of the IR bands character-
istic for sulfonate stretching vibration mode are observed. The
νas(SO3

−) band at 1204 cm−1 is much weaker after MO
adsorption on CeO2−δ and shifted to ∼1193 cm−1 (marked
with arrow in Figure 5a). The νs(SO3

−) band at 1040 cm−1 in
MO is slightly shifted to 1034 cm−1 (marked with arrow in
Figure 5a) in the CeO2−MO spectrum, the intensity of which
is much lower after adsorption. All these changes can indicate
that the sulfonate group is strongly involved in the adsorption
of MO onto CeO2−δ.

34 In the IR spectrum of RO16 adsorbed
onto CeO2−δ (Figure 5b), a significant intensity decrease of the
IR bands at 1054/1139 and 1500 cm−1, characteristic for SO3

−

group and N−H bending vibrations,4,6 is observed too. Many
other bands which belong to pure RO16 dye are much weaker
or barely visible in the CeO2−δ−RO16 spectrum, as for instance
the band at 1410 cm−1 for NN stretching vibrations. The
carbonyl CO peak at 1672 cm−1 in the IR spectrum of
RO16, is almost absent from the CeO2−δ−RO16 spectrum. The
νs(SO3

−) band is shifted from 1139 to 1136 cm−1 in the
CeO2−δ−RO16 spectrum. In the IR spectrum of CeO2−δ−MB9
(Figure 5c), a major decrease of the MB9 band intensity is
observed and the slight shift of the asymmetric νs(SO3

−) band
is barely visible (marked with arrow in Figure 5c). All this
indicates that RO16 and MB9 are also strongly adsorbed onto
the CeO2−δ surface. In Figure 5d is presented the IR
transmission spectrum of pure CeO2−δ in the extended spectral
range. As can be seen, strong bands near 3400 and 1620 cm−1

are attributed to the adsorbed H2O and hydroxyls.37,38 The
absorption band at 1384 cm−1 originates from CO2 molecule
vibrations.
Raman spectra, obtained on CeO2−δ nanopowder before and

after dye adsorption, are presented in Figure 6 and are
consistent with the IR measurements. In the Raman spectra of
nanocrystalline CeO2−δ treated with dyes, besides the F2g mode
of pure CeO2−δ positioned at ∼456.5 cm−1 and the mode at

Figure 3. Adsorption rate (a) and amount of adsorbed dyes (b) for the
solutions of MO, RO16, and MB9 (200 mg L−1) in the presence of
CeO2−δ nanopowder. Mass of adsorbent = 50 mg; solution volume =
25 mL.

Figure 4. Comparison of adsorption capacities between CeO2−δ
nanopowder and activated carbon in the case of (a) MO, (b) RO16,
and (c) MB9 dye solutions (200 mg L−1). Mass of adsorbent = 50 mg;
solution volume = 25 mL.
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∼600 cm−1 which belongs to intrinsic oxygen vacancies,39

additional modes are observed. These new modes correspond
to the vibrations of different atomic groups of dye molecules,
such as −NN−, −CO, −SO, −O−H, and aromatic ring
vibrations. The most prominent mode frequencies deduced
from the spectra of ceria treated with MO, RO16, and MB9 are
summarized in the Table S2 (see the Supporting Information).
As the majority of the atomic group vibrations characteristic for
the dye molecules in question are observed in the Raman
spectra of dyed ceria nanopowder, it can be concluded that in
all three cases the adsorption of dye molecules took place.
The IR and Raman spectra unambiguously showed that MO,

RO16, and MB9 are adsorbed on CeO2−δ surface. In addition,
from the IR spectra of three azo dyes adsorbed on CeO2−δ
nanopowders, we concluded that νas and νs bands of sulfonate
groups are affected considerably. The intensity ratio of these
bands (νas(SO3

−)/νs(SO3
−) = 0.4) for adsorbed MO onto ceria

is different from the same ratio in the spectrum of isolated MO
(νas(SO3

−)/νs(SO3
−) = 0.9). The changes of the νas and νs

band intensities of sulfonate groups are also registered in the IR
spectra of adsorbed RO16 and MB9 onto ceria. It is further
worth mentioning that the frequency difference Δνas‑s
(νas(SO3

−) − νs(SO3
−)) in the MO, RO16, and MB9 spectra

is higher than that in the corresponding spectra of adsorbed
dyes on ceria (see Figure 5). This is characteristic of the

Figure 5. IR transmission spectra of (a) MO, (b) RO16, and (c) MB9 adsorbed on CeO2−δ together with the transmission spectra of pure dyes and
CeO2−δ nanopowder. (d) IR transmission spectrum of CeO2−δ nanopowder in the extended range.

Figure 6. Room temperature Raman spectra of CeO2−δ nanopowder
before and after adsorption of MO, RO16, and MB9 dyes.
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bidentate type coordination according to the Deacon and
Phillips40 empirical rule and the work of Bauer et al.,41 formed
when OH groups situated on the surface metal cations are
substituted with oxygen atoms from azo dyes. Ji et al.4 noticed
similar changes to ours in the IR spectra of acid orange
adsorbed onto CeO2 surface and proposed that a bidentate type
bridge is formed between sulfonate group and Ce4+ cations.
According to the observed changes in the IR spectra of MO,
RO16, and MB9 adsorbed on CeO2−δ nanopowder, it is
reasonable to assume that all three dyes form a bidentate type
bridge on the ceria surface, where two oxygen atoms of the
SO3

− group are bound to one or two Ce4+ cations in a process
that involves the substitution of surface coordinated OH groups
on Ce4+ cations with oxygen atoms from azo dyes.
Another very important factor for dye removal concerns the

capability of CeO2−δ nanopowders to easily form oxygen
vacancies on the surface which accompany functional groups.
The surface functional groups can interact with dye molecules
via hydrogen bonds and/or electrostatic forces promoting the
adsorption of dye molecules. The first principle density
functional theory calculations performed by Yang et al.42 have
shown that, in oxygen deficient ceria, the adsorbed water
molecules prefer to decompose near the oxygen vacancy site,
forming surface hydroxyls, where H atoms are bonded with
surface oxygen atoms. Therefore, they concluded that in
reduced ceria both adsorbed H2O and surface hydroxyls coexist.
Their calculations are in good agreement with experimental
work of Kundakovic et al.43 performed on oxidized and reduced
CeO2 thin films, who detected surface hydroxyls only in
reduced ceria films.
Having in mind that our ceria is oxygen deficient, it is

reasonable to assume that hydroxyl groups, already observed in
the IR spectra, are present on the surface of CeO2−δ
nanopowder. The experimental determination of the pH
value at zero point charge (pHZPC) revealed that CeO2−δ has
pHZPC = 6.3 (Figure S2 in the Supporting Information). As pH
values of the dye solutions are lower than pHZPC of CeO2−δ
(see section 3 in Experimental Section), CeO2−δ as adsorbent
acts as a positive surface. The electrostatic attraction between
ceria nanoparticles and negatively charged dye ions is an
operable mechanism. In that case, the ceria surface hydroxyls
are protonated:

− + → −+ +Ce OH H Ce OH2 (3)

In aqueous solution, the sulfonate groups (R−SO3Na)
dissociate and are converted to anionic dye ions. The
adsorption process further proceeds due to the electrostatic
attraction between these two oppositely charged ions:

− + − ⇄ − ··· −+ − + −Ce OH R SO Ce OH O S R2 3 2 3 (4)

Illustration of the adsorption mechanisms between dye
molecules and CeO2−δ adsorbent is shown in Figure 7.
As we stated earlier, the adsorption rate at the beginning of

the process (presented in Figure 3a) is higher for RO16 than
for MO and MB9. The difference in removal efficiency between
three dyes can be explained by the fact that the pH value of the
RO16 solution is close to the pH value where ceria net positive
charge surface has maximum, whereas the pH values of MO
and MB9 dye solutions are close to the pHZPC value of CeO2−δ.
Therefore, the electrostatic interaction between RO16 dye
molecules and CeO2−δ at the beginning will be stronger than
that for MB9 and MO. It is important to emphasize that

sulfonic groups, which dissociate in aqueous solution and
convert to R−SO3

− anions, are negatively charged even at
higher acidic solutions, because their pKa values are lower than
zero.44 Finally, the interaction between OH groups on the
surface of CeO2−δ and NH groups of the RO16 is also a
possible mechanism for RO16 dye adsorption19 and can explain
the higher adsorption rate in the case of RO16 at the beginning
of the process.
The study of the adsorption equilibrium isotherm is helpful

in determining the maximum adsorption capacity of adsorbent
for given adsorbate. These isotherms relate the dye uptake per
unit mass of adsorbent, qe, to the equilibrium liquid phase
concentration Ce. In Figure 8 are presented the adsorption
isotherms for RO16 (a), MO (b), and MB9 (c) dye solutions,
measured at room temperature. Adsorption isotherms were
analyzed according to Langmuir and Freundlich models in
order to determine the best-fit model. Langmuir’s model
predicts the monolayer coverage of the adsorbate, assuming
that all adsorption sites are identical and energetically
equivalent, whereas the Freundlich’s model assumes the
adsorption on heterogeneous surface composed of nonidentical
adsorption sites with different energy of adsorption. The
isotherm equations and isotherm parameters for both models
are listed in Supporting Information Table S3.
The adsorption isotherms of RO16 and MO from Figure

8a,b can be fitted by both the Langmuir and Freundlich
equations. Both models give reasonable good fit in the case of
MO and RO16, although the values of correlation coefficients
(Supporting Information Table S3) are slightly higher for the
Langmuir isotherm. The sorption data of MB9 are much better
represented by the Freundlich model (Figure 8c and
Supporting Information Table S3) which expresses adsorption
in a multilayer manner on an energetically heterogeneous
surface.
The parameter 1/n from the Freundlich equation character-

izes the heterogeneity of the site energies and the adsorption
intensity, that is, the degree of nonlinearity of adsorption
isotherm. In their work, Tseng and Wu45 have defined a
favorable level for the adsorption isotherm curves and gave a
classification for the values of parameter 1/n. Despite the fact
that the Langmuir model seems more suitable to describe the
sorption of MO and RO16 onto ceria, according to Tseng’s
classification, the parameter 1/n (listed in Supporting
Information Table S3) lies in the range of strongly favorable
(for RO16 and MO) and favorable (for MB9) adsorption.

Figure 7. Schematic representation of RO16, MO, and MB9
adsorption on CeO2−δ surface. (a) Electrostatic interaction between
protonated ceria surface and sulfonate group in the dye molecule; (b,
c) bidentate type structures between sulfonate group and Ce4+ cations.
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Therefore, keeping in mind that oxygen-deficient surface of
nanosized ceria is more heterogeneous than homogeneous, it is
reasonable to conclude that adsorption of MB9, MO, and
RO16 on CeO2−δ nanopowders reflects the presence of more
than one kind of adsorbent−adsorbate surface interaction. The
maximal adsorption capacity values of CeO2−δ nanopowder
from isotherm data were found to be 113, 101, and 91 mg g−1

in the case of MO, MB9, and RO16 respectively.
To get further insight into the mechanism of adsorption,

pseudo-first- and pseudo-second-order models were used to
simulate the adsorption data for various contact times from
Figure 3b. The pseudo-first-order model didn’t give a good fit
of the experimental data and will be omitted in further
discussion. Kinetic data were further analyzed with the pseudo-
second-order kinetic model shown in Figure 9. The linear form
of the pseudo-second-order model is expressed as follows:

= +t
q k q

t
q

1

t 2 e
2

e (4)

where qe and qt refer to the amount of adsorbed dye at
equilibrium and at time t, respectively, and k2 is the equilibrium

rate constant of the pseudo-second-order kinetic model. The
linear plots of t/qt vs t (Figure 9) show that the experimental
data agree well with the pseudo-second-order kinetic model for
all three dyes. The values of qe and k2 were calculated from the
slope and intercept of eq 4, and their values are given in Table
1, together with experimental qe values and correlation

coefficients. Calculated qe values, tabulated in Table 1, are in
quite good agreement with experimental ones and the
correlation coefficients have large values (R2 > 0.99). It can
be concluded that the adsorption of MO, RO16, and MB9 on
CeO2−δ nanopowder follows the pseudo-second-order kinetic
model which relies on the assumption that chemisorption and
effective electrostatic interactions play a major role in the
adsorption process.46,47 Comparing the adsorption capacities of
CeO2−δ nanopowder with other adsorbents mentioned in the
Introduction, we can conclude that CeO2−δ nanopowder,
produced by cost-effective SPRT method, shows efficient
adsorption properties and is a promising candidate for
environmentally friendly adsorbents in water treatment.

■ CONCLUSIONS
The CeO2−δ nanopowder, synthesized by a facile and cost-
effective SPRT method, appeared to be a very effective sorbent

Figure 8. Adsorption isotherms of (a) RO16, (b) MO, and (c) MB9
dye solutions on CeO2−δ at room temperature. Initial dye
concentration = 50−230 mg L−1; mass of adsorbent = 50 mg;
solution volume = 25 mL.

Figure 9. Pseudo-second-order kinetics of MO, RO16, and MB9 onto
CeO2−δ nanopowder. Initial dye concentration = 200 mg L−1; mass of
adsorbent = 50 mg; solution volume = 25 mL.

Table 1. Pseudo-Second-Order Kinetic Model Parameters
Together with Experimental qe Values for Adsorption of
Each Dye

qe,cal (mg g−1) qe,exp (mg g−1) k2 (g mg−1 min−1) R2

MO 106.3 100 1.44 × 10−3 0.9994
RO16 100 91 9.09 × 10−3 0.9999
MB9 96.3 93.6 1.13 × 10−3 0.9977
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for the MO, RO16, and MB9 azo dyes. The adsorption process
was monitored at fixed initial pH value and varying dye
concentration and contact time. Infrared and Raman spectros-
copy measurements confirmed that the adsorption of azo dyes
on the CeO2−δ surface took place. The experimental adsorption
data for the MO and RO16 were slightly better fitted with the
Langmuir isotherm, whereas the Freundlich isotherm was a
better fit for MB9 over the whole concentration range.
According to the values of the Freundlich constant (1/n), the
adsorption of MB9, MO, and RO16 lies in a favorable and
strongly favorable zone. The highest adsorption capacity of
CeO2−δ was obtained for MO (113 mg g−1) and then for MB9
(101 mg g−1) and RO16 (91 mg g−1). The formation of a
bidentate type bridge between sulfonate group and Ce4+ cations
and the protonation of ceria surface hydroxyls can be
responsible for effective adsorption process. Adsorption of
MO, RO16, and MB9 dyes follows the pseudo-second-order
equation with good correlation. These results imply that,
besides strong electrostatic sorption, chemisorption mechanism
may play an important role for the dye adsorption. Based on
our results, ceria nanopowder prepared by the SPRT method
represents an effective dye adsorbent and can be a promising
substitute in wastewater treatment.

■ ASSOCIATED CONTENT
*S Supporting Information
Figures showing absorption spectra of RO16 (200 mg L−1) and
photo image of RO16 solutions in the presence of CeO2−δ
nanopowders, and zeta potential of CeO2−δ nanoparticles.
Tables showing dye structures and their wavelengths of
maximal absorption, values of the Raman shifts extracted
from the experimental Raman spectra of CeO2−δ nanopowder
after adsorption of MO, RO16, and MB9, and isotherm
equations and parameters for azo dyes at room temperature.
This material is available free of charge via the Internet at
http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: zordoh@ipb.ac.rs.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank Bojan R. Stojadinovic ́ for the AFM image and Bojan
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Abstract
The rich chemistries and unique morphologies of titanium carbide MXenes, made them 
strong candidates for many applications like sensors and electronic device materials. Dur-
ing the synthesis procedure, chemical etching, oxidation occurs and residual materials, like 
titanium-dioxide nanocrystals and nanosheets are often present in resulting material. As 
titanium-carbide MXenes are suggested to be used as additive in organic polymer matri-
ces for production of nanocomposites, it is essential to consider the presence of the oxides 
and other residuals together with MXene flakes in synthesis results, and consequently in 
produced nanocomposite. In this study we present structural and optical characterization 
of such polymer nanocomposite titanium carbide/PMMA (Polymethyl methacrylate) con-
sisting of Ti

3
C
2
 , TiC

2
 MXenes and TiC, and TiO

2
 residues of synthesis in PMMA matrix, 

as a multicomponent nanocomposite. Using XRD, infra-red and Raman spectroscopy, fol-
lowed by comparative study on the vibrational properties using density functional theory 
calculations, we characterize this nanocomposite. Further, the SEM measurements are per-
formed, demonstrating the produced titanium-carbide-based flakes in nanocomposite are 
well defined and separated to nanosized grains, allowing us to use Maxwell–Garnet model 
to analyse infrared spectrum. This enables us to determine the presence of the optical mod-
ification of polymer matrices corresponding to a volume fraction of 0.25.

Keywords Titanium-carbide nanoparticles · PMMA composite · Multicomponent 
nanocompostite
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1 Introduction

Nanocomposites are the combination of two or more different materials where a minimum 
of one of the components has dimension less than 100 nm Twardowski (2007). The pol-
ymer nanocomposites are made of organic polymer matrix (in this research, polymethyl 
methacrylate—PMMA) and inorganic components (titanium carbide nanoparticles). The 
properties of the obtained nanocomposites depend on the individual properties of each 
component, morphology and the interface characteristics. In an attempt to improve the 
properties of conventional polymer materials and extend the fields of their applications, 
functionalization has emerged as important method in improvement of their not satisfac-
tory electronic, thermal and mechanical properties Tamborra et al. (2004); Hussain et al. 
(2006). In addition to typical advantages of polymers (such are light-weight, low cost, and 
good processability), the improvement of electrical properties (e.g., electrical conductiv-
ity) with the addition of a small amount of conductive fillers into polymer matrices have 
promoted polymer nanocomposites into versatile multifunctional materials. Many applica-
tions like household electronics, memory and microwave devices are potentially available 
with addition of metal oxide nanoparticles to polymer. This enables the modification of the 
polymer’s physical properties as well as the implementation of new features in the poly-
mer matrix creating new type of materials known as the polymer nanocomposites. PMMA 
as a thermoplastic polymer, has many extraordinary properties, like great transparency 
and ultraviolet resistance, high abrasion resistance, hardness and stiffness and making it 
widely used in many applications ranging from everyday items to high tech devices. Fur-
ther, PMMA is nondegradable and biocompatible which makes it an excellent candidate in 
medical applications like tissue engineering with typical applications such as fracture fixa-
tion, intraocular lenses and dentures Peppas and Langer (1994).

Multicomponent nanocomposites based of layered and 2D materials have drawn signifi-
cant attention in past decade with promises of various applications. Reduction of dimen-
sionality of the system to the truly atomic-scale 2D is related to the occurrence of all new 
amazing properties in low-dimensional material, since the reduction of available phase 
space and decreased screening lead to enhancement of quantum effects and increased cor-
relations. Low-dimensional materials have been studied intensively both for their funda-
mental properties and insight in basic principles of matter but as well for their colossal 
potential for applications. A discovery of true two-dimensional material graphene Novo-
selov et al. (2004) and its remarkable properties like and experimental observation of Klein 
tunnelling, quantum Hall effect and superconductivity Novoselov et al. (2004); Katsnelson 
et al. (2006); Zhang et al. (2005); Durajski et al. (2019); Pešić et al. (2014); Margine et al. 
(2016); Durajski et al. (2020) paved the way for investigation of a new family of materials 
in low-dimensional physics. The new field of two-dimensional materials research has arose 
and investigated not only graphene but many more crystal structures where, just like in gra-
phene, cells are connected in at least one direction by the van der Waals’ forces Novoselov 
et al. (2016).

Transition metal carbides are important group of materials for applications since they 
possess some desired characteristics such as thermal stability, wear and corrosion resist-
ance, electronic, magnetic as well as catalytic properties. Titanium-carbide powders are 
generally used for manufacturing cutting tools, used in treatment of metals and as abrasive-
resistant materials. In 2011 Naguib et al. (2011), the group of early transition metal car-
bides and/or carbo-nitrides labeled as MXenes. MXenes are produced by the etching out 
of the A layers from MAX phases Naguib et al. (2011, 2012, 2013). Name MAX phase 
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comes from its chemical composition: M n+1AXn , where M is an early transition metal, A 
is mainly a group IIIA or IVA (i.e., groups 13 or 14) element, X is carbon and/or nitrogen, 
and n = 1, 2, or 3.

During the synthesis of titanium-carbide MXenes by chemical etching, oxidation can 
occur which results in presence of TiO

2
 consisted of nanosheets and numerous TiO

2
 

nanocrystals Naguib et al. (2014). There are several studies Zhu et al. (2016); Gao et al. 
(2015) whose researched is focused in possible applications of TiO

2
-MXene structures. 

It is demonstrated the joint effects of Ti
3
C
2
 and TiO

2
 endowed TiO

2
-Ti

3
C
2
 nanocompos-

ites with excellent properties and improved functionalities Zhu et al. (2016). In this work 
we investigate the structural and optical properties of polymer nanocomposites prepared 
by the incorporation of titanium-carbide nanoparticles consisting of Ti

3
C
2
 , TiC

2
 TiC and 

TiO
2
 into the matrices of polymer PMMA. The sample of nanocomposite material was 

prepared, the PMMA matrix with titanium-carbide particles, PMMA/TiC. As for similar 
materials Shan et al. (2021, 2020, 2021); Tan et al. (2021); Jafari et al. (2020); Tan et al. 
(2021) proper understanding of composition of materials used in composite is crucial and 
XRD analysis for the titanium-carbide flakes. The structural and morphology studies of 
the nanocomposites were carried out by SEM and Raman spectroscopy. Infrared spectros-
copy is a very powerful technique in analysis of various nanoparticle and nanocomposite 
materials prepared in various techiques Dastan (2015); Dastan and Chaure (2014); Dastan 
et al. (2014); Dastan and Chaure (2017). To further understand properties of our inhomog-
enious nanocomposite we used infrared spectroscopy with Maxwell–Garnet model. To fur-
ther support optical characterization, calculations based on density functional theory were 
performed.

2  Samples preparation and structural characterization

2.1  Titan‑carbide/PMMA composite synthesis

In this work, titanium-carbide/PMMA nanocomposite sample was made from mixture of 
MXene based titanium-carbide nanoflakes in PMMA matrix. Production of layered titan-
carbide flakes is based on MXene synthesis by selective etching of Al atomic layers from 
Ti

3
AlC

2
 MAX phase, we used the so-called ’mild’ method with lithium fluoride (LiF) 

and hydrochloric acid (HCl) Tu et al. (2018). This method was described in Naguib et al. 
(2011). Procedure of composite preparation is described in Fig. 1.

Commercially available PMMA Acryrex CM205 (Chi Mei Corp. Korea, (Mw ≈ 90400 
g/mol, n = 1.49, � = 633 nm) pellets were used as a matrix for sample preparation. Ti

3
AlC

2
 

MAX phase was processed and kindly donated from Layered Solids Group, Drexel Uni-
versity. Titanium-carbide flakes were obtained by sonification in the water and drying the 
supernatant in a Petri dish in the oven for 30 minutes on 90◦C.

Composite was prepared with 10 wt% PMMA solution in acetone (Carlo Erbe Reagents, 
Spain) and added dried titanium-carbide flakes. After stirring the solution was poured in 
Petri dish Cao et al. (2017) and dried in oven 24h on 40 ◦ C. Content of titanium-carbide 
flakes in the sample was 1.7 wt%.

The morphology of the produced composite has been investigated by FESEM using 
high resolution electron microscope MIRA3 TESCAN. Samples display separated nano-
sized grains. Fig. 2a presents FESEM image of MXene flakes delaminated in water show-
ing morphology of obtained flakes, b FESEM image of the PMMA/titanium-carbide 
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nanocomposite. Characteristic layered structure of MXenes is visible on FESEM image 
and confirming success of delamination and exfoliation procedures. Obtained flakes dem-
onstrate multilayered structure with few �m in diameter. In Fig. 2b typical accordion like 
structure can be indicated in nanosize grain-like structures, clustered in PMMA matrix.

2.2  XRD

X–ray diffraction powder (XRD) technique was used to determine structural characteristics 
of titanium-carbide based flakes to be used in composites. Philips PW 1050 diffractom-
eter equipped with a PW 1730 generator was used. The same conditions were used for all 
samples, 40 kV× 20 mA, using Ni filtered Co K � radiation of 0.1778897 nm at room tem-
perature. Measurements were carried out in the 2 � range of 20–80◦ with a scanning step 

Fig. 1  Schematic describing the 
synthesis process of MXenes 
from MAX phases and prepara-
tion of composite

Fig. 2  FESEM photos of a Flakes delaminated in water; b PMMA composite prepared with titanium-car-
bide flakes
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of 0.05◦ and 10 s scanning time per step. In Fig. 3 is presented XRD pattern for titanium-
carbide flakes, starting material for composite. The different phases of titanium carbide can 
be noticed from diffractogram—Ti

3
C
2
 , TiC and TiC

2
 together with TiO

2
 . TiO

2
 is widely 

present as anatase and rutile. All peaks obtained correspond to the structures of Ti
3
C
2
 , 

TiC, TiC
2
 , anatase and rutile and it is confirmed that they belong to space groups P6

3
/mmc 

(194), Fm3m (225) Fm2m (42), I4
1
/amd (141), P4

2
/mnm (136), respectively. The unit cells 

of MXene structures Ti
3
C
2
 , TiC and TiC

2
 are presented in Fig. 4. These structures were 

further used in DFT analysis of optical spectroscopy results in Sect. 3.3.

3  Results and discussion

3.1  Raman spectroscopy

The micro-Raman spectra were taken in the backscattering configuration and analyzed 
by the TriVista 557 system equipped with a nitrogen cooled charge-coupled-device 

Fig. 3  XRD pattern for titanium-
carbide flakes, starting material 
for PMMA/TiC composite

Fig. 4  Schematic representation 
of Titanum-carbide structures 
present at composite a Ti

3
C

2
 , b 

TiC and c TiC
2

b

ac

ba

c

a b

c

(b)(a)

(c)
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detector. As an excitation source, we used the 532 nm line of Ti:Sapphire laser. Excita-
tion energy is in the off-resonance regime for all the considered materials. The Raman 
spectra of the PMMA, PMMA/TiC, and titanium-carbide flakes, measured in the spec-
tral range of 100-1100 cm−1 at room temperature, are presented in Fig. 5.

The Raman spectrum of PMMA is presented in Fig. 5a. Intense modes at 235, 300, 
362, 400, 484, 560, 603, 660, 733, 815, 839, 864, 911, 967, 985, 1063 and 1091 cm−1 
were detected. The obtained results are in a good agreement with the values given in the 
literature Willis et al. (1969); Thomas et al. (2008); Ćurčić et al. (2020).

Fig. 5  Raman spectra with photo of the sample of a PMMA, b Titanium-carbide flakes, c PMMA/TiC com-
posite. Only titanium-carbide related peaks are marked in this spectrum. Unassigned peaks correspond to 
PMMA from a spectrum
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In Fig.  5b spectrum of titanium-carbide flakes after etching procedure is presented. 
Several characteristic peaks can be distinguished on 153 cm−1 , 204 cm−1 , 396 cm−1 , 514 
cm−1 and 627 cm−1 . Peaks at 153 cm−1 and 627 cm−1 correspond to doubly degenerated 
E 
2g modes of Ti

3
C
2
 . The frequency associated with E 

2g modes is calculated to be at 161 
cm−1 for the bare Ti

3
C
2
 . Since their main contribution is from in-plane vibrations of Ti and 

C atoms, it can be influenced by the vibrations of the terminal atoms (as a residue of syn-
thesis procedure) weaken the in-plane motion of the Ti and C atoms, hence there is shift to 
lower frequency. The terminal groups play significant roles for the vibrational modes: the 
terminal atoms weakening the motions in which the surface Ti atoms are involved while 
strengthening the out-of-plane vibration of the C atoms; the corresponding vibrational fre-
quencies dramatically change with the various terminal atoms Zhao et al. (2016). This is 
consistent with XRD results suggesting significant amount of TiO

2
 as a residue of synthe-

sis procedure as described in introduction. This can be also visible in Raman spectrum of 
titanium-carbide flakes on 204 cm−1 and 514 cm−1 . The doubly degenerated modes at 621 
cm−1 correspond to the in-plane vibration of the C atoms Hu et al. (2015). In Fig. 5c spec-
trum of PMMA/TiC is presented, only titanium-carbide related peaks at 204 and 786 cm−1 
are marked in this spectrum. Unassigned peaks correspond to PMMA peaks marked on a) 
panel.

As XRD analysis demonstrated, obtained flakes contain both MXene flakes and tita-
nium-dioxide as the residue of synthesis procedure. To further understand and assign this 
spectra we performed theoretical analysis of all materials identified in XRD pattern using 
density functional theory calculations. Calculations provided us a guide for identification 
of peaks and all results are summarized in Table 1.

3.2  Far‑infrared spectroscopy

Far-infrared reflection spectra were measured at room temperature in the spectral range 
from 40 to 600 cm−1 , carried out with a BOMEM DA 8 spectrometer. The experimental 
data are represented at Fig. 6a and by circles at Fig. 6b–d. As expected, the reflection spec-
tra of nanocomposites are by intensity placed between the starting composites. In order 
to analyse far-infrared spectra we have used the classical oscillator model with free car-
rier contribution, as a base for Maxwell–Garnet effective medium approximation Abstreiter 
(1984); Carter and Bate (1971). The low-frequency dielectric properties of single crystals 
are described by classical oscillators corresponding to the TO modes, to which the Drude 
part is superimposed to take into account the free carrier contribution:

where �
∞

 is the bound charge contribution and it is assumed to be a constant, �2

TOk
 is the 

transverse optical-phonon frequency, �2

P
 the plasma frequency, �TOk is damping, ΓP is the 

plasmon mode damping coefficient, and Sk is the oscillator strength.
In general, the optical properties of an inhomogeneous material are described by the 

complex dielectric function that depends on 3D distribution of constituents. The investi-
gated mixture consists of two materials with two different dielectric components. One is 
treated as a host, and the other as the inclusions. The characterization of the inhomogene-
ous material by the two dielectric functions is not useful, since one need to know the exact 
geometrical arrangement of the constituents of the material. However, if the wavelength of 

(1)�s(�) = �
∞
+

l
∑

k=1

�
∞
Sk

�
2

TOk
− �2 − i�TOk�

−
�
∞
�
2

P

�(� + iΓP)
,
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the electromagnetic radiation is much larger than the size of inclusions, classical theories 
of inhomogeneous material presume that the material can be treated as a homogeneous 
substance with an effective dielectric function. In the literature, many mixing models can 

Fig. 6  Infrared analysis: a Infrared spectra of Titanium-carbide flakes (green) and composites PMMA/
TiC (blue) and pure PMMA (black), b, c, and d circles represent experimental data and solid lines are fit 
obtained by Maxwell–Garnet model as described in Sect. 3.2

Table 1  Raman and infrared 
spectrum analysis and modes 
assignation for synthesized 
titanium-carbide flakes and 
PMMA/TiC composite

Infrared modes fit is obtained by Maxwell–Garnet model. Modes 
assignation is performed using values obtained in DFT calculations

Titanium-car-
bide flakes

PMMA/TiC Description

Raman IR Raman IR

�1 62.4 66 Eu , Ti3C2

�2 85.8 81 B1 , TiO2 rutile
�3 119 127 A2u , Ti3C2 and B 1 TiC2

�4 153 Eg , Ti3C2

�5 204 200 204 195 E, TiO2 anatase
�6 396 A2 , TiC2 ; E, TiO2 anatase
�7 514 A1 , TiO2 anatase
�8 620 615 Eu , Ti3C2

�9 627 Eg , Ti3C2

�10 786 Ag , TiO2 rutile
�P 80 150
f 1 0.25
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be found for the effective permittivity of such mixture. Some are present in ref Sihvola 
(1999). Optical properties of such materials depend upon the properties of constituents, as 
well as their volume fraction. Since our samples are well defined and separated nanosized 
grains (as demonstrated on FESEM images, Fig. 2), we used Maxwell–Garnet model for 
present case. For the spherical inclusions case, the prediction of the effective permittivity 
of mixture, �eff  , according to the Maxwell–Garnet mixing rule is Garnett (1904):

Here, spheres of permittivity �
2
 (Titanium-carbide) are located randomly in homogeneous 

environment �
1
 (PMMA) and occupy a volume fraction f.

Solid lines in Fig. 6 are calculated spectra obtained by a fitting procedure based on the 
previously presented model. The agreement of the theoretical model obtained in this man-
ner with the experimental results is excellent.

To demonstrate the model, together with the  infrared spectrum of PMMA, Fig.  6b is 
given the theoretical spectrum of PMMA/TiC nanocomposites for f = 0.1. The properties 
of TiC structures are clearly visible. A larger share of TiC structures leads to the spectrum 
in Fig 6c, which was obtained for f = 0.25. In Fig. 6d, for f=1 of course there is no effect 
from PMMA.

3.3  Discussion

In Table 1 are summarized results from spectroscopic measurements of obtained nanocom-
posites. As stated above, for infrared measurements the agreement of the theoretical model 
with obtained spectra is excellent and best fit parameters are presented in this table.

To further support our results we performed DFT based calculations and calculated 
vibrational frequencies in Γ point for all materials present after titanium-carbide flakes 
exfoliation, which we determined are present using XRD, Fig.  3. Obtained values are 
compared to experimental Raman and infrared spectrum and modes have been assigned. 
Results are summarized in Table 1. We presented only modes that can be assigned to peaks 
from the spectra. In infrared spectra we can notice good agrement with theoretical calcula-
tions, specially for low-energy E u and A 

2u mode of Ti
3
C
2
 which is present the composite 

spectrum (Fig. 6b, c) as in starting titanium-carbide material (Fig. 6d). As shown in XRD 
we notice peaks originating from TiO

2
 and TiC

2
 in mid-energy region. High-energy mode 

E u on 620 cm−1 is present in spectrum of PMMA/TiC. In Table 2 are summarized calcu-
lated optical modes for Ti

3
C
2
 with symmetry 194 group used in analysis.

DFT calculations were performed using the Quantum Espresso software package Gian-
nozzi (2009), based on the plane waves and pseudopotentials. The PBE (Perdew, Burke and 
Ernzehof) Perdew et  al. (1996) exchange-correlation functional was employed and PAW 
(Projector augmented waves) pseudopotentials were used. Energy cutoff for wavefunctions 
and charge density were set to 52 Ry and 575 Ry to ensure the convergence. The Brillouin 
zone was sampled using the Monkhorst-Pack scheme, with 8 ×8× 8 k-points mesh for TiC

2
 , 

8 ×8× 4 for Ti
3
C
2
 , 12×12× 12 for TiC, and 8 ×8× 8 for TiO

2
 (Rutile and Anatase structures). 

Phonon frequencies are calculated within the DPFT (Density Functional Perturbation The-
ory) implemented in Quantum Espresso Baroni et al. (2001). In order to obtain the lattice 
parameters more accurately, van der Waals forces were treated using the Grimme-D2 cor-
rection Grimme (2006)

(2)�eff = �
1
+ 3f �

1

�
2
− �

1

�
2
+ 2�

1
− f (�

2
− �

1
)
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Optical spectroscopy results supported with the DFT numerical calculation confirm that 
produced composites PMMA/TiC show optical modification comparing to pure PMMA. 
Our X-ray diffraction investigation of synthesized nanomaterials identified presence of Ti

3

C
2
 and TiC

2
 MXenes and residual TiO

2
 and TiC from the synthesis procedure, which can 

be also supported from the optical spectroscopy results.

4  Conclusion

In this paper, we present results of optical and structural investigation of composite based 
on titanium-carbide nanoflakes (Ti

3
C
2
 , TiC

2
 TiC and TiO

2
)in PMMA matrix. X-ray dif-

fraction (XRD) investigation of synthesized nanomaterials identified presence of Ti
3
C
2
 and 

TiC
2
 MXenes and residual TiO

2
 and TiC from the synthesis procedure. The optical proper-

ties were studied by Raman and infrared spectroscopy at room temperature. The analysis of 
the Raman spectra was made by the fitting procedure. For analysis of infrared spectra we 
used Maxwell–Garnet model. In order to identify and assign vibrational modes, vibrational 
frequencies of all identified materials were calculated using density functional theory, 
and compared with experimental results. We confirmed optical modification in composite 
structure compared to pure PMMA. Further analysis that goes beyond the scope of this 
publication studies mechanical properties of composite materials, confirming improve-
ments compared to pure PMMA. The obtained composite showed enhanced hardness, elas-
tic modulus and tensile strength compared with pure PMMA Pesic et al. (2019).

Table 2  Vibrational modes for 
Ti

3
C

2
 with symmetry group 194, 

calculated from the measured 
data

Ti3C2 (P63/mmc)

cm−1 Symmetry Raman or 
IR active

65.0 Eu I
135.2 A2u I
160.6 Eg R
161.4 Eg R
229.9 A1g R
269.3 A1g R
271.1 Eu I
271.7 Eu I
371.4 A2u I
382.4 A2u I
549.1 A2u I
554.4 A2u I
611.2 Eg R
620.4 Eg R
624.1 Eu I
626.4 Eu I
653.2 A1g R
658.3 A1g R
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Surface optical phonon and multi – phonon transitions in YVO4: 
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A B S T R A C T   

In this paper two methods of preparation of yttrium orthovanadate nanopowders were presented: Solid State 
Reaction (top – down approach) and Solution Combustion Synthesis (bottom – up approach). For starting 
structural characterization, X – Ray Powder Diffraction (XPRD) and Field Emission Scanning Electron Microscopy 
(FESEM) were used. We report the change in reflection spectra in europium doped YVO4 nanopowders with 
comparison to its bulk analog. In UV–Vis reflection spectra we consider the change in values of band gap in these 
structures, after resizing it from bulk to nanomaterial. In Far – Infrared (FIR) reflection spectra, we registered the 
existence of Surface Optical Phonon (SOP) and different multi – phonon processes which alter the reflection 
spectra of bulk YVO4. The influence of Eu ions is reflected through multi – phonon processes that occur and are 
connected with energy transfer from YVO4 lattice to Eu ions. All IR spectra were modeled using classical 
oscillator model with Drude part added which takes into account the free carrier contribution. Since our samples 
are distinctively inhomogeneous materials, we use Effective Medium theory in Maxwell Garnett approximation 
to model its effective dieletric function.   

1. Introduction 

Semiconducting nanomaterials, especially nanophosphors have 
attracted great attention of researchers, due to their wide spectrum of 
applications in industry, technology as well as in fundamental science. 
When made in nanorange, phosphor materials exibit enhanced optical 
properties as against their bulk counterparts, due to quantum size effects 
and increased surface – to – volume ratio. Yttrium orthovanadate is a 
widely used red phosphor with many applications in just recent years – 
in solar cells [1], cancer treatment [2], biotechnology [3], optical im-
aging [4] etc. 

For nanopowders, a valuable tool in the investigation of the struc-
tural and optical changes in a material made due to resizing the bulk 
crystal on nanoscale is the optical spectroscopy – in this case specifically 
far – infrared and UV – VIS spectroscopy. When excited by UV light, 
photoluminescence quantum yield of the europium emission in yttrium 
orthovanadate crystal, goes up to 70% [5]. In YVO4:Eu3+ structure UV 
radiation excites the vanadate group, which has the ability of efficient 
excitation transfer to the europium ions (Fig. 1). 

When irradiated with UV radiation, three major steps occur in the 

excitation and emission process in YVO4:Eu3+ structure. First step is the 
absorption of UV light by (VO4)3- groups. Then, thermal activated en-
ergy, which comes from the UV excitation source, migrates through the 
vanadate sub – lattice, inducing the transfer of excited energy to euro-
pium ions. In the end, strong red (5D0 – 7F2) and orange (5D0 – 7F1) 
emission due to de – excitation process of excited europium ions occur 
[6]. 

One of the important properties of semiconductors is their band gap. 
Studying the band gap of semiconductors is important for interpreting 
their structural and optical properties and it is of a great importance 
examining its expansion in order to understand their properties. Appli-
cation of semiconductors is in large level determined by their band gap 
width. Bulk semiconductors are usually very limited in their application 
due to their small and indirect band gap. Bulk crystal is set up of a large 
number of atoms and molecules, with a number of adjacent energy 
levels, which form bulk electronic bands. With the reduction of particle 
size to a nano level, where every particle is made up out of a small 
number of atoms or molecules, the number of overlapping orbitals de-
creases, and the eventually width of the band gap of a nanomaterial gets 
narrower when compared to bulk crystal (this means that there will be 
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an increase of energy between valence and conduction band). This is the 
reason why nanomaterials have wider band gap compared to their bulk 
counterparts. The larger the band gap (i.e. forbidden region), the greater 
the restriction of the electron movement will be. This is well known as 
the quantum size effect. As a consequence of size reduction, there is a shift 
of absorption spectrum of nanomaterials towards the lower wave-
lengths, known as a blue shift. 

In bulk crystals, bulk longitudinal (ωLO) and transversal (ωTO) optical 
phonon frequency occur. In crystals with relatively small dimensions, a 
new frequency appears – Surface Optical Phonon (SOP) frequency 
(ωSOP) which is located between the ωLO and ωTO frequency. That means 
that due to effects of dimension, in addition to the modes of infinity 
lattice, surface modes will be manifested. And in the case of crystals with 
extremely low dimensions, only the surface mode perseveres. 

Different types of interactions with electromagnetic radiation takes 
an important place in semiconductors. On one side, we have investi-
gated electron – phonon interaction in ceramic nanopowders [7]; sur-
face optical phonon – plasmon in thin films [8]. Besides that, we have 
studied damping influence on interaction appearance [9], plasmon – 
impurity local phonons [10], as well as plasmon – different phonons 
interactions [11]. 

A special attention should be given to the choice of method for 
nanopowder preparation, because nanostructured samples with good 
crystallization and homogenous particle size exhibit extraordinary 
properties different from their bulk analogs. At the same time, a very 
important thing for their application in industry and technology is 
finding a fast, cheap and reproducible technique for obtaining fine 
nanophosphors. 

In this paper two types of methods were presented. One, the top – 
down approach, Solid State Reaction Method (SSR), (which implies 
extensive milling), which is a classical ceramic method and the other, 
bottom – up approach, Solution Combustion Synthesis (SCS). Top down 
approaches have advantages like large scale production and deposition 
over a large substrate; also, with these techniques, chemical purifica-
tions are not required. Disadvantages of top – down methods are varied 
particles shapes or geometry, different impurities (stresses, defects and 
imperfections); also, one must be very careful not to have broad size 
distribution of particles. Bottom – up approaches, on the other hand, 

offer ultra – fine nanoparticles, with controlled deposition and narrow 
size distribution. Unlike the previous techniques, bottom – up ap-
proaches do not offer large scale production so easily, and require 
chemical purification. Therefore, we have chosen one technique from 
both approaches so they can be compared. In this paper we offer two 
simple, fast, cheap and yet reproducible techniques for yttrium ortho-
vanadate nanopowder preparation. 

1.1. Bulk crystal of YVO4 

Yttrium orthovanadate crystal has a zircon – type of structure, and 
crystalizes in 141. Space group, I41/amd shown in Fig. 2. In this struc-
tural type, Y ions occupy 4a crystallographic (Wyckoff) site with co-
ordinates [[0,3/4,1/8]]. 

V ions occupy 4b crystallographic site, and coordinates 
[[0, 1/4,3/8]]; while O ions occupy 16h crystallographic site, with co-
ordinates [[0,y, z]]. 

This structure belongs to 4/mmm Laue class, where fourfold axis is a 
unique symmetry operation and has an expressed anisotropy of physical 
properties. V ions are in tetrahedral surrounding of O ions, while the 
surrounding of Y ions is made of oxygen coordination sphere with eight 
O ions which form a highly distorted cube. 

From a group – theory analysis [12] it is known for this type of 
symmetry with two chemical formulas in the primitive cell (I41/amd – 
D19

4h) to have following modes in the center of the Brillouin zone at the Г 
point: Г(k = 0) = 2A1g + 5Eg + 4B1g + 1B2g + 4A2u + 5Eu + 1A2g +

1A1u + 1B1u + 2B2u. Eu and A2u modes show dipole moments oriented 
perpendicular and along the c directions, respectively; and four out of 
five Eu modes are infrared active. 

Infrared reflection spectrum of bulk YVO4 can be found in the liter-
ature [13]. In the measured reflectivity spectra, two sharp features at the 
lowest frequency can be found, and they correspond to the unscreened 
infrared – active optical phonon modes. This spectrum is characterized 
with four peaks of which three are easily seen, while the fourth is a 
shoulder of the second reflectivity band, and it is more evident at lower 
temperatures. Since bulk YVO4 has no metallic contribution (i.e. free 
carrier contribution), the Lyddane – Sachs Teller (LST) relation (Lorenz 
oscillator model) can be an optimal model to analyze reflection spectra 
and to model an appropriate dieletric function of a material. 

In this paper we report the change in reflection spectra of europium 

Fig. 1. Energy levels and energy transfer model of Eu3+ ion and (VO4)3- tet-
rahedron in YVO4. 

Fig. 2. Crystal structure of YVO4.  
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doped YVO4 nanpowders with comparison to its bulk analog. In UV – VIS 
reflection spectra we consider the change in values of a band gap of 
europium doped YVO4 when it is resized from bulk to nanomaterial. In 
IR reflection spectra we carry out phonon investigation in order to 
explain the change in optical properties of investigated nanopowders. 
We show the existence of surface optical phonon (SOP) and different 
phonon processes which alter the reflection spectra of bulk YVO4. Full 
characterization of materials is made with X – Ray Powder Diffraction 
(XRPD) and Field Emission Scanning Electron Microscopy (FESEM). 

2. Sample preparation and characterization methods 

Nanopowders prepared by SCS were obtained using stoichiometric 
quantities of starting chemicals Y(NO3)3⋅6H2O,NH4VO3,NH4NO3 and 
Y(NO3)3⋅6H2O , purchased from ABCR with the purity of 99.99%. Urea 
was purchased from Sigma – Aldrich. Eu3+ concentration was 1%. 4.8 g 
of NH4NO3 and 3.003 g of urea, (NH2)2CO which were used as an 
organic fuels were added to a dry mixture of 0.357 g Eu(NO3)3⋅ 6H2O, 
4,676 g of NH4VO3 and 15.32 g of Y(NO3)3⋅6H2O. Then, mixture was 
combusted with the flame burner at ~500◦C. Then, the solid solution 
starts to act like cloud – shape mixture which then was annealed in air 
atmosphere at 1200◦C for 2 h. The annealing of material offers full 
crystallinity. This sample was labeled as YVS. 

Solid state reaction procedure was performed using stoichiometric 
quantities of starting chemicals, then powdered and baked on 900◦C for 
5 h. Starting chemicals, Y2O5,Y2O3 and Eu2O3 with purity of 99.99% 
were purchased from ABCR. Concentration of Eu ions was 1%. This 
sample was labeled as YVC. Both samples, YVS and YVC, were made in a 
series of 5 samples, and every measurement is an average of these 5 
samples. 

These two simple, but yet reproducible and efficient methods pro-
vide two morphologically different samples. In this way methods can be 
compared and analyzed. 

Structural characteristics of yttrium orthovanadate nanopowders 
were obtained using Philips PW 1050 diffractometer equipped with a 
PW 1703 generator, 40 kV × 20 mA, using Ni filtered Co Kα radiation of 
0.1778897 nm, at room temperature. 15–85◦ range was used during 2 h, 
with a scanning step of 0.05◦ and 10s scanning time per step. 

Morphologies of prepared samples were examined by Field Emission 
Scanning Electron Microscopy using FEI Scios 2 with an acceleration 
voltage between cathode and anode 15 kV. 

All UV–Vis reflectance spectra were recorded in the wavelength 
range of 200–1200 nm on the Shimadzu UV – 2600 spectrophotometer 
equipped with an integrated sphere. The reflectance spectra were 
measured relative to a reference sample of BaSO4. 

The infrared reflectivity measurements were performed at room 
temperature. BOMEM DA – 8 Fourier – transform infrared spectrometer 
was used. A Hyper beamsplitter and DTGS (deuterated triglycine sulfate) 
pyroelectric detector were used to cover the wave number region 
80–650 cm− 1. Spectra were collected with 2 cm− 1 resolution with 500 
interferometer scans added for each spectrum. 

2.1. X – ray powder diffraction 

Results for YVC and YVS are shown in Fig. 3. The diffractograms 
confirm that both samples are monophased and that they crystallized in 
zircon – type of structure. All reflections are in good agreement with 
JCPDS card 17–0341. Also, all samples show no other reflections other 
than ones who originate from YVO4 structure. Since Eu3+ concentration 
in these samples is 2%, one cannot be identified by XRD. Crystallite sizes 
are 53 nm and 58 nm for YVC and YVS, respectively. Crystallite sizes 
were determined using Debye Scherrer formula. This formula gives 
value of average crystallite size, and from our calculations the deviation 
is around 5 nm. To reduce this error, series of every sample were made 
(5 from each) to reduce the influence of chemical modification and other 

processing conditions). Even though Debye Scherrer is a rough method 
for determining crystallite size and one could use other methods for 
determining this value, like Williamson – Hall analysis which could in 
some way reduce this problem, this would suggest to rely on some other 
assumptions which could add up to an error. Crystallite size for sample 
YVC is smaller than one obtained in YVC. This was expected because of 
method of preparation. YVC was prepared using Solid State Reaction 
Method, which includes rather aggressive milling, and therefore results 
in smaller crystallite size than sample YVC, which was obtained with 
Solution Combustion Synthesis. 

2.2. Field emission scanning electron microscopy 

FESEM photographs are shown in Figs. 4 and 5, for YVS and YVC 
respectively; with 10 000 × and 35 000× magnification. Particle sizes 
are 2 m and 3 μm, for YVC and YVS, respectively. These values are much 
larger than the ones obtained with XRD. Reason for this is crystallite 
agglomeration. Regardless of agglomeration, trend in crystallite size 
between two methods of preparation remains the same as in crystallite 
sizes determined by XRD. One more thing must be noticed, and that is 
difference in crystallinity between samples. As can be seen from Figs. 4 
and 5, sample YVC is more crystalline than YVS, which has more of a 
cloud – shape structure. This was marked with yellow rectangles in 
Figs. 4 and 5. On a larger scale, both samples consist of clearly defined 
and separated grains which can be seen on right hand side of Figs. 4 and 
5. 

3. Results and discussion 

3.1. UV – VIS spectroscopy 

In this section we investigated optical UV–Vis reflection spectra of 
europium – doped yttrium orthovanadate nanopowders. Special atten-
tion was given to obtaining band gap values. Band gap values were 
obtained using Tauc plot [14]. It is important to have information about 
band gap values, because band structure is responsible for the wide 
range of electrical characteristics. Tauc, Davis and Mott [15] have 
proposed an expression: 

αhν=A
(
hν − Eg

)1/n (1) 

Fig. 3. XRD patterns of europium doped yttrium – orthovanadate nanopowder 
prepared by Solid State Reaction Method (YVC) and Solution Combustion 
Synthesis (YVS). 
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where α is the absorption coefficient (which is a property of a material; it 
defines the amount of light absorbed by it); h is the Planck’s constant 
and hν is the photon energy. A represents transition probability constant 
(which depends on the effective mass of the charge carriers in the ma-
terial) and Eg is the band gap. Number n defines the nature of transition. 
If transition is direct, n equals 1/2 and 3/2, for the allowed and 
forbidden transitions, respectively. In the case of indirect transitions, n is 
2 for allowed and 3 for forbidden transitions. In our case n is 3/2. 

Then, the obtained diffuse reflectance spectra are converted to 
Kubelka – Munk function [16]: 

α=
(1 − R)2

2R
(2)  

where R is a reflectance value. Using Eqs. (1) and (2), we obtain (αhν)1/n 

vs. hν plot. By extrapolating the linear portion of mentioned dependence 
to the energy axes at the (αhν)1/n

= 0 value, the band gap value is 
obtrained – the intercept of the plot with x – axe gives the value of band 
gap. The results obtained with UV – VIS spectroscopy, UV – VIS reflec-
tance and diffuse reflectance Kubelka – Munk spectra for YVS and YVC 
are presented in Figs. 6 and 7 respectively. 

From Table 1 values of calculated band gap for europium doped 
yttrium orthovanadate nanopowders prepared by two methods, as well 
as literature data for bulk YVO4 were presented. With regard to section 2 
where it was explained how band gap values increases with decreasing 
grain size, we got matching results. Namely, we got two values of band 
gap for samples made with two methods, YVC and YVS: 3, 55 eV and 
3,17 eV, respectively. Since crystallite size of YVC (53 nm) is smaller 
than in YVS (58 nm), it is expected that the band gap value will be 
greater for YVC, due to quantum size effect described earlier. Both Eg 
values for nanophosphors are greater that the Eg value for bulk crystal 
YVO4, which is expected. With this we conclude that Solid State Reac-
tion Method provides samples with higher band gap values that samples 
prepared by Solution Combustion Synthesis. 

When under the UV–Vis radiation, three major steps occur in YVO4: 

Eu3+: 1. absorbance of radiation by (VO4)3- groups; 2. transfer of the 
excited energy to Eu3+ ions which migrated through vanadate sub-
lattice; and 3. red emission induced by de – excitation process of excited 
Eu3+ ions. This was represented in Fig. 1. 

Peak at around 272 nm originates from absorption of (VO4)3- groups 
[17]. According to the literature, this peak is an attribution to charge 
transfer from oxygen ligands to the central vanadium atom in (VO4)3- 

group. In that way, UV–Vis spectra from Figs. 6a and 7a prove there is an 
energy transfer between (VO4)3- and Eu3+ ions. Peak at 343 nm origi-
nates from (VO4)3- in the lattice [18]. Peak at 272 in YVS is clearly seen. 
On the other hand, in YVC sample, splitting of 272 mode is obvious. The 
mode split because reflectance values cannot go below zero values; and 
increase in intensity of reflectance compared to YVS is caused by multi – 
phonon processes which seem to be more dominant in YVC rather than 
in YVS. 

In one of our previous papers [19] it is shown how Eu ions exchange 
with of Y ions, and without any significant disturbance of symmetry take 
place in YVO4 structure. Clearly, Eu ions have more influence in YVC 
sample, which has more crystallinity and smaller crystallite size, and are 
more efficiently distributed throughout the YVC sample. More evidence 
on multi – phonon processes which are present in YVC will be shown 
more clearly using Infrared Spectroscopy. 

Results like this also confirm that these materials are suitable for 
many optical devices. Following our previous research [20] these 
phosphors represent an excellent hosts for optical excitation and emis-
sion of europium. Also, since the samples were made using two different 
techniques on different temperatures (500 and 900 ◦C), a certain evi-
dence of thermal stability on emission quantum yield and lifetime was 
shown which is in good agreement with the literature [21]. 

3.2. Infrared spectroscopy 

Subject of this paper are distinctively inhomogeneous materials. 
They are built out of embedded components in a matrix, and every one 
of them has its own macroscopic properties. A macroscopic property can 

Fig. 4. FESEM photographs of europium doped yttrium – orthovanadate nanopowder prepared by Solid State Reaction Method (YVS).  

Fig. 5. (a) FESEM photographs of europium doped yttrium – orthovanadate nanopowder prepared by Solid State Reaction Method (YVC).  
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be attributed to every component of this material, as well as to a matrix. 
For example, this can be a dielectric permittivity. A medium where 
dielectric permittivity of every component and its surrounding (matrix) 
can be substituted with one value of dielectric permittivity, an effective 
dielectric permittivity, is called an effective medium, and theory which 
describes this is known as Effective Medium Theory. In other words, 
within this model, a heterogeneous system can be seen, from a bigger 
scale, as a homogeneous system, with its own properties which are often 
called effective properties, with one important fact: on a scale compa-
rable with the dimensions of the system constituents, the system cannot 
be regarded as a homogeneous medium. Theory of effective medium has 
several approximations [22], of which two are most common: Maxwell 
Garnet and Brugemann approximation. The first one implies that 
constitutive parts of one medium are very well separated out of matrix 
they’ve been embedded in, and that there is no electrostatic interactions 
between them. On the other hand, Brugemann approximation describes 
systems where constitutive parts cannot be separated out of their 
surroundings. 

When visible light, λ, interacts with a material described above, 
where its nanoparticles have characteristic size d, and dielectric function 
ε2, which are randomly distributed in a matrix with a dielectric constant 
ε1, in the limit λ≫d, the heterogeneous composite can be treated as a 
homogenous, and this system can be described with Effective Medium 
Theory. Since the samples we investigate are well defined, spherical and 
separated nano grains (as seen in Figs. 4 and 5), we use Maxwell Garnet 

model for the present case. Following postulates of this approximation, 
for the effective permittivity of so called homogeneous medium we get 
[23]: 

εeff = ε1 + 3f1
ε1(ε2 − ε1)

ε2 + 2ε1
(3)  

where ε2 is a dielectric permittivity of nanoparticles located randomly in 
a homogeneous environment with dielectric permittivity ε1, which is, in 
our case, air; and occupy a volume fraction f (so called filling factor). 

For modeling dielectric permittivity of above described nano-
particles, we have used a classical oscillator model with Drude part 
added (second addition in Eq. (3)) which takes into account the free 
carrier contribution [24].: 

ε2(ω)= ε∞

(
∏n

k=1

ω2
LO − ω2 + iγLOω

ω2
TO − ω2 + iγTOω −

ω2
P

ω(ω − iτ− 1)

)

(4)  

where ε∞ is a bound charge contribution (assumed to be constant), 
transverse and longitudinal frequencies are noted with ωTO and ωLO, γTO 
and γLO are their damping coefficients, ωP is plasma frequency and free 

Fig. 6. (a) UV – VIS reflectance spectra of europium doped yttrium – ortho-
vanadate nanopowder prepared by Solid State Reaction (YVC). (b) Kubelka – 
Munk plot for europium – doped yttrium – orthovanadate nanopowder pre-
pared by Solid State Reaction (YVS). 

Fig. 7. (a) UV – VIS reflectance spectra of europium doped yttrium – ortho-
vanadate nanopowder prepared by Solution Combustion Synthesis (YVC). (b) 
Kubelka – Munk plot for europium – doped yttrium – orthovanadate nano-
powder prepared by Solution Combustion Synthesis. 

Table 1 
Band gap values for YVC, YVS and literature data for bulk YVO4 bulk crystal.  

YVC YVS YVO4 bulk (literature) [22] 

3.56 eV 3.16 eV 2.85 eV  
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carrier relaxation time is marked by τ. 
Calculated spectra were obtained by a fitting procedure using a 

previously described model which is represented with solid lines in 
Figs. 8 and 9. Using the least – square fitting procedure of the experi-
mental (Rexp) and theoretical (Rth) reflectivity, at q arbitrarily taken 
points, the parameter adjustment was carried out, automatically. 

δ=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
q
∑q

j=1

(
Rexp − Rth

)2

√
√
√
√ (5) 

Minimalization of δ was carried out until it met the conditions of 
commonly accepted experimental error of less than 3%. 

Theoretical model in Figs. 8c and 9, show excellent match with the 
experimental results, for YVS and YVC samples, respectively. In Table 2, 
best fitting parameters are presented. In Eq. (4), transversal optical 

frequency, ωTO, was precieved as the characteristic frequency for a given 
material. As regards to spectra from Fig. 8a and 8b, they show the 
procedure, step by step, in order to get the best fit presented in Fig. 8c. 
Model used in Fig. 8a did not take into account the existence of SOP. 
Actually, this model suits the bulk structure of YVO4 the best, when 
there’s no SOP [25]. After we took this into account, we notice that, 
when bulk YVO4 was resized to nanoscale, wide mode on the highest 
frequencies in bulk spectrum of YVO4 [13] split into two modes. Since 
this was modeled with dielectric function which takes into account the 
existence of SOP, we conclude that the reason for splitting this wide 

Fig. 8. Infrared reflection spectra of YVO4 nanopowders prepared by Solution 
Combustion Synthesis (sample YVS). Experimental spectra are presented by 
open circles, while solid red lines are calculated spectra obtained by a fitting 
procedure based on the model given by Eqs. (3) and (4). Spectrum (a) shows 
fitting procedure without taking into account SOP phonons, (b) spectrum 
without taking into account multiphonon processes and (c) IR reflection spec-
trum of YVS when SOP phonons and multiphonon process were considered. 

Fig. 9. Infrared reflection spectra of YVO4 nanopowders prepared by Solid 
State Reaction (sample YVC). Experimental spectra are presented by open cir-
cles, while solid red lines are calculated spectra obtained by a fitting procedure 
based on the model given by Eqs. (3) and (4). 

Table 2 
Best fitted parameters of IR reflection spectra for YV, YVC and YVC; bulk liter-
ature data and their assignments.   

YVC 
[cm− 1] 

YVS 
[cm− 1] 

Bulk YVO4 
(Literature data) 
[cm− 1] [13] 

Assignment 

ε∞ 1.8 2.25 4.0  
F 0.79 0.93 1  
ΓP 85 200   
ωP 100 89  Plasmon frequency 

which plays role of ω- 

ωTO3 212 198 195 Eu mode, IR active 
ωLO3 214 219 220  
ωTO4 234 259 263 Eu mod, IR active 
ωLO4 292 300 309  
ωTO5 321 311 309 Eu mod, IR active 
ωLO5 323 337 311  
ωTO6 397 –  Multiphonon processes 
ωLO6 393 –  
ωTO7 400 470  
ωLO7 645 650  
ωTO8 450.5 452  
ωLO8 452 454  
ωTO9 730.2 –  
ωLO9 731 –  
ωTO10 759 794 780 SOP formation. Eu 

mod, IR active 
ωLOSOP 863 890  SOP phonon 
ωLO10 887 935 930  
ωTO11 1020 –  Multiphonon processes 
ωLO11 1021 –  
ωTO12 1093.5 –  
ωLO12 1096 –  
ωTO13 1116 –  
ωLO13 1117.5 –   
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mode is occurrence of SOP mode in these structures. After including SOP 
modes into reflection spectra of nanostructures, we still have slight 
differences between experimental and theoretical results (Fig. 8b) at 
frequency between two sharp modes at lowest, and one wide mode at 
highest frequencies. 

Reasons for this slight difference presented in Fig. 8b are different 
multi – phonon processes, with frequencies obtained in Table 2. After we 
took this into account, we got excellent match of theoretical and 
experimental results, shown in Fig. 8c. 

From this we conclude that influence in reflection IR spectra in 
majority comes from SOP mode and not from multi – phonons. Still, 
when we compare two spectra from 8c and 9, we do see differences, 
which originate from different contributors to reflection IR spectra. In 
sample made with Solution Combustion Synthesis (YVS), the contribu-
tion of SOP is greater than in samples made with Solid State Reaction 
(YVC). Yet, in sample YVC, influence of multi – phonon contributors is 
greater than in YVS which is also shown in UV–Vis measurements. We 
see that from Table 2, for the wavenumbers greater than 1020 cm− 1, 
where we modeled multi – phonon modes for YVC and not for YVS, 
because of the greater influence of SOP in this sample which completely 
covered possible multi – phonon processes in YVS. From all of this, we 
can say that, when we compare to nanopowders prepared with two 
different methods, one can say that for YVS, influence of SOP mode 
dominates, and for sample YVC, multi – phonon modes dominate over 
SOP modes. 

Now, let us discuss the results obtained in Table 2. In Eq. (3) we have 
defined the parameter called filling factor. It is a parameter which de-
scribes the volume fraction occupied by the nanoparticle (or nano-
particle aggregates) in the surrounding medium. In Table 2, filling 
factors of prepared nanopowders, YVC and YVS, together with value for 
bulk crystal YVO4 are presented. Intensity and shape change of SOP 
modes presented in Figs. 8 and 9 (described with Eq. (4)) are notably 
affected by variation of filling factor, f. 

In our case, position of SOP modes maxima directly follows the 
change in filling factor. Position of SOP modes frequencies are obtained 
from Eq. (6) [26], and the results are presented in Fig. 10. 

ωSOP =max
(

Im

(

−
1

εeff

))

(6) 

In bulk crystal YVO4 [13], at room temperature, four modes in 
infrared reflection spectra have been detected at 195, 263, 311 and 780 
cm− 1. These modes are separated into internal (motions of the tetra-
hedral VO4) and external (translations and rotations of the VO4 tetra-
hedron). All of these modes, as expected, are shifted after resizing bulk 

to nanomaterial to 212, 234, 323 and 759 cm− 1 for YVC, and to 198, 
259, 337 and 794 cm− 1 for YVS, respectively. Appearance of new pho-
nons is due to break – down of the selection rules, as a consequence of 
resizing of the bulk crystal to nanostructure. Some modes occur due to 
appearance of surface optical phonon mode and some due to multi – 
phonon processes (one is, as we said, more dominant in YVS and other in 
YVC) in addition to modes which occur owing to Eu ion and its inter-
action with YVO4 lattice. All of the modes are represented and assigned 
in Table 2. 

Based on these results, it is clear that filling factor of prepared 
nanopowders depends on method of preparation, but yet it has a linear 
dependence of occurred surface optical phonon frequency. Also, SOP 
mode has the role of the LO phonon which we have also showed in our 
earlier works in different nanostructures [8]. 

Vibrational spectroscopy of nanostructures for discovering surface 
optical phonons represents an extremely active and exciting field with 
many possibilities for scientific and technological development. This 
arising new phenomena offer not only new perspective for material 
characterization, but also a fundamental understanding of processes at 
nanoscale. Better understanding of phonon properties of phosphors 
shown in this paper leads to wide application of these nanostructured 
materials for nanophosphor coatings [27], biomedical application [28], 
luminescence efficiency [29] etc. Also, discovery of surface phonons in 
these materials offer great use in heteronanostructures [30] to enhance 
the photoluminescence properties. 

On the other side, multiphonon processes have been investigated for 
the first time in this nanostructured orthovanadate. Understanding 
multiphonon processes and charge transfers within a phosphor structure 
leads to its better application in self – assembled quantum dots [31] and 
different luminescent materials [32]. 

4. Conclusion 

In this paper we showed two methods of preparation of yttrium 
orthovanadate nanopowders, Solution Combustion Synthesis and Solid 
State Reaction Method. Samples prepared by Solution Combustion 
Synthesis offer slightly bigger crystallite size, and therefore smaller 
width of band gap compared to samples prepared by Solid State Reac-
tion Method, which provides samples with band gap up to 3.56 eV which 
was obtained using UV–Vis spectroscopy. Splitting of 272 nm mode from 
UV–Vis spectra for sample made by Solid State Reaction Method gives an 
indication of more dominant multi – phonon modes in this sample rather 
than in one made by Solid Combustion Synthesis. This was caused by 
doping and transfer of excited energy which migrates through vanadate 
sublattice to Eu ions; and after causes red emission induced by de – 
excitation process of excited Eu ions. For modeling Infrared Reflection 
spectra of both samples, Effective Medium Theory in Maxwell Garnett 
approximation was used and classical oscillator model, with Drude part 
added which takes into account concentration of free carriers. We 
showed that in both samples characteristic frequency of Surface Optical 
Phonon occurs as a consequence of resizing bulk crystal to nano scale. 
Also, that SOP has greater influence in sample prepared by Solution 
Combustion Synthesis, while in sample prepared by Solid State Reaction 
Method multi – phonon modes are more dominant and cover SOP 
modes. This was a confirmation of previous UV–Vis results. Since change 
in intensity and shape of SOP modes depends on variation of filling 
factor, we have considered the values of filling factor and its dependence 
on SOP mode position and came to a conclusion that SOP frequency has 
a linear dependence on filling factor, where SOP mode plays a role of LO 
phonon. All results obtained, show not only occurrence of nanoscale 
phenomena – surface optical phonon and multiphonon processes in 
YVO4:Eu3+ nanostructures, but its potential use in wide fields of science 
and technology. 

Fig. 10. Surface Optical Phonon mode position vs. filling factor.  
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A B S T R A C T

Semiconductors of II-IV-V2 type with chalcopyrite structure have been studied for several decades. Due to ad-
vances in materials synthesis technologies, and doping with various elements, the possibilities of their appli-
cation have expanded. In this paper, polycrystalline ZnSnSb2 + Mn was examined with the aim to explain the
connection of its high free carrier concentration with the material structure and influence on optical properties.
Two samples of Zn1-xMnxSnSb2 with different compositions (x = 0.027 and x = 0.076) and significant differ-
ence in carrier concentrations were analyzed. Their structural properties were examined by x-ray diffraction,
optical microscopy, and AFM. The existence of several different phases - ZnSnSb2, ZnSb, SnSb, and small
amounts of Sn and MnSb, as well as very complex microstructures, were registered. It was found that the high
free carrier concentrations are caused by a large number of defects, especially zinc vacancies. Optical properties
were analyzed using IR spectroscopy at room temperature. Based on the analysis of IR reflection spectra, the
presence of plasmon - phonons interaction was registered. It was determined that three ZnSnSb2 phonons of B2

symmetry interact with plasma, which then leads to the change of their positions. A detailed analysis of this
interaction provides insight into the behavior of some other material parameters. Also, vibration modes of ZnSb
and SnSb phases were registered on the spectra. Knowledge of phonon behavior and their interaction with
plasma is important for possible applications, especially as a thermoelectric material.

1. Introduction

Semiconductors have been widely used thanks to the ability to
adapt to different requirements. The II-IV-V2 chalcopyrite semi-
conductors have been intensively studied in recent decades [1]. The
fields of their application are considerably expanded by doping with
various impurities. A significant breakthrough was achieved by the
addition of magnetic impurities, whereby ferromagnetism at room
temperature was achieved [2,3]. The synthesis technology of this class
of compounds has been developed, but it is still adapting to new re-
quirements [4]. Zn-Sn-Sb based alloys have required thermoelectric
properties and find application as low-toxic thermoelectric materials
[5,6,7]. The engineering of structural, transport, electrical, optical,
magnetic properties as well as other material parameters, goes along
with the increasing application of this class of semiconductors.

ZnSnSb2 is II-IV-V2 type material with the tetragonal chalcopyrite
structure, narrow gap of 0.7 eV at room temperature, high

concentration of free carriers (1021–1022 cm−3) and inhomogeneous
structure [8,9]. In this paper we analyzed ferromagnetic semiconductor
ZnSnSb2 + Mn, which has interesting magnetic properties, such as
paramagnet-ferromagnet transition with the Curie temperature about
522 K and the cluster-glass behavior with the transition temperature
about 465 K, caused by the formation of MnSb clusters in the material
[10]. The Zn1-xMnxSnSb2 samples were obtained using direct fusion
method, and characterization of their structural, magnetic, optical and
phonon properties were done [9]. We chose two samples with different
chemical contents, x = 0.027 and x = 0.076, which we labeled as
samples A and B respectively, with the aim to examine their properties
in more detail. Main reason was a ten times difference in their free-
carrier concentrations (pA = 13 × 1021 cm−3 and
pB = 1.2 × 1021 cm−3). We wanted to determine what the cause of this
difference in concentration is, and whether there is a reaction between
the free carriers and the crystal lattice. The question of plasmon-phonon
interaction is particularly interesting in the study of thermoelectric

https://doi.org/10.1016/j.infrared.2020.103345
Received 3 February 2020; Received in revised form 23 April 2020; Accepted 25 April 2020

⁎ Corresponding author.
E-mail address: romcevic@ipb.ac.rs (M. Romcevic).

Infrared Physics and Technology 108 (2020) 103345

Available online 28 April 2020
1350-4495/ © 2020 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/13504495
https://www.elsevier.com/locate/infrared
https://doi.org/10.1016/j.infrared.2020.103345
https://doi.org/10.1016/j.infrared.2020.103345
mailto:romcevic@ipb.ac.rs
https://doi.org/10.1016/j.infrared.2020.103345
http://crossmark.crossref.org/dialog/?doi=10.1016/j.infrared.2020.103345&domain=pdf


materials, as well as their electrical and thermal conductivity, and their
interdependence.

ZnSnSb2 is not a homogeneous material, and the consequence is that
even two samples from the same crystal can have significantly different
properties. This is not surprising given the complicated ZnSnSb2 mi-
crostructure. Our goal was to analyze the relationship between micro-
structures, their phonons and free carriers, their conditionality and
interactions. For this purpose we used x-ray diffraction, optical micro-
scopy, AFM and IR spectroscopy measurements. Obtained results were
analyzed by applying the model for plasmon-phonon interaction.

2. Samples and characterization

ZnSnSb2 semiconductor has a chalcopyrite structure, spatial group
I42d, with lattice parameters a ≈ 6.275 Å and c ≈ 12.55 Å and ratio c/
a close to 2. ZnSnSb2 melts by a peritectic reaction at T= 362 °C with a
possible phase transformation of the cubic modification into a tetra-
gonal one at T = 348 °C [11,12]. The ZnSnSb2 + Mn ferromagnetic
semiconductors were synthesized using the method that makes it pos-
sible to obtain single crystals at temperatures below the temperature of
the peritectic reaction.

The analyzed samples of Zn1-xMnxSnSb2 were synthesized by the
direct fusion method. High purity components were used for the

 
Fig. 1. (a) X-ray diffraction pattern for ZnSnSb2 + Mn samples which contain different amounts of Mn. The registered crystal phases are marked; (b) The two spectra
are overlapped to compare their relative intensities.
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synthesis: zinc single crystals (99.999%), shots of tin (99.999%), anti-
mony single crystals (99.999%), and manganese powder (99.999%).
They were mixed in stoichiometric ratios.

The reaction mixture was put into a quartz glass tube and heated up
to 631 °C. After that, ampoules were quenched to 355 °C and then
annealed at 355 °C. This is described in more detail in the papers
[12,13]. The synthesized crystals were cut into slices of about 1.5 mm
thickness.

The chemical composition of the samples (x) was determined using
the energy dispersive x-ray fluorescence method (EDXRF) [10]. Ob-
tained results showed that average Mn content (x) in the samples is
between 0.027 and 0.138. All the studied crystals had the correct
stoichiometry of Zn1-xMnxSnSb2 alloy equal to 1-x : x : 1 : 2, within our
measurement accuracy of about 10% of the x value.

Based on the magnetotransport measurements [10] it was found
that electrical and magnetotransport parameters, such as resistivity,
carrier concentration, and carrier mobility, do not depend linearly on
composition, i.e. on the Mn content. Therefore, as mentioned above,
two samples with a considerable difference in free-carrier concentra-
tions were selected. The sample with x = 0.027 and
p = 13 × 1021 cm−3 was labeled as sample A and the one with x
= 0.076 and p = 1.2 × 1021 cm−3 as sample B. In this way we wanted
to determine the connection between the free carriers and the structural
and optical properties of the alloy.

The structural properties of these samples were investigated by the
XRD powder technique. Measurements were done using a Philips PW
1050 diffractometer equipped with a PW 1730 generator,
40 kV × 20 mA, using Ni filtered Co Ka radiation of 0.1778897 nm at
room temperature. The x-ray diffraction patterns were collected during
2 h in the range of 10−100° with a scanning step of 0.05° and 10 s
scanning time per step. Phase analysis showed that besides the main
phase of chalcopyrite ZnSnSb2, the orthorhombic ZnSb, rhombohedral
SnSb, and hexagonal MnSb phases are present in the samples. This is
consistent with the literature [8,10].

An optical microscope was used to get an insight into the distribu-
tion of different phases of the material along the surface. Images were
captured using Olympus BH series modular microscope with UIS ob-
jective lenses with 50x and 400x enhancement.

The surfaces of ZnSnSb2 + Mn samples were examined in detail
using Atomic Force Microscope (AFM), NTEGRA prima from NTMDT.
The topography and phase images were acquired simultaneously by
operating the AFM in semi-contact mode. NSG01 probes with a typical
resonant frequency of 150 kHz and 10 nm tip apex curvature radius
were used.

The far-infrared (FIR) reflectivity measurements were done with a
BOMEM DA-8 Fourier-transform infrared spectrometer in the spectral
range from 40 to 450 cm−1 at room temperature. A Hyper beamsplitter
and deuterated triglycine sulfate (DTGS) pyroelectric detector were
used.

3. Results and discussion

It is known that during the preparation of ZnSnSb2 the poly-
crystalline material is formed, consisting of the main phase and ZnSb,
SnSb and β-Sn inclusions [11].

The structure of the two selected samples was investigated by X-ray
diffraction measurements. Obtained results with marked phases are
presented in Fig. 1. In Fig. 1(b) the overlap of the results is shown, with
the aim to compare their relative intensities. The list of XRD peaks
positions and their corresponding Miller indices and phases is given in
Table 1 in Supplementary Materials.

Besides the chalcopyrite ZnSnSb2 phase the orthorhombic ZnSb,
rhombohedral SnSb, Sn have also been registered, as well as weak lines
from hexagonal MnSb inclusions. The idea was to detect differences in
the structures of these two samples. It is obvious that diffraction lines
corresponding to the ZnSnSb2 phase (squares) are stronger for sample A

as well as lines of SnSb phase (open circles). Also, it is clear that lines
corresponding to ZnSb (black circles) are mostly stronger for sample B.
Existence of the Sn phase is evident, but lines corresponding MnSb
phase are barely visible.

In order to examine the spatial distribution of the existing different
crystal phases, the samples were recorded by an optical microscope
with two different magnifications (50 × and 400 × ). Obtained mi-
crographs are presented in Fig. 2.

Existing phases are clearly visible and they form multiphase struc-
tures. It should be noted that this is a very non-homogeneous material
and that images from different parts of the samples differed, so the
characteristic ones are selected and shown in Fig. 2.

In our previous work [9] is determined that gray fields are ZnSnSb2
crystal, white ones correspond SnSb phase and that dark parts consist of
ZnSb. Micrometric crystals of MnSb in the shape of dark circles were
registered also.

Although microstructures of similar shapes have been formed in
both samples, it is apparent that the surfaces significantly differ. Based
on previous work [8,9,14], it can be concluded that these spherical and
needle like microcrystals are ZnSb, MnSb, Sn, and Sb phases formed
during crystallization of the material. As can be seen from Fig. 2. the
sample B contains a lot of micron-sizes phases relatively evenly dis-
tributed over the surface (volume).

In order to more accurately examine the surface of the samples, we
used atomic force microscopy (AFM) measurements. The characteristic
results are presented in Fig. 3.

The surfaces of both samples have a granular structure. The sample
A has evenly distributed grains over the entire surface with a few larger
clusters and an average grain height of around ~100 nm (see Fig. 3(a)
and the profile in Fig. 3(c)). The phase contrast in Fig. 3(b) originates
exclusively from the abrupt changes in the height, indicating that the
material properties of the sample A surface are homogeneous. The
grains on the surface of the sample B are exclusively arranged into
clusters which are not evenly distributed over the surface. The majority
of the clusters reach several tens of nm in height, with a few exceptions
having a height of ~100 nm (see Fig. 3(d) and the profile in Fig. 3(f)).
The phase contrast of the sample B surface shows that the larger clusters
have a distinct phase shift, seen as dark and white regions in Fig. 3(e),
so that clusters have different material properties than the remainder of
the surface.

This material is known to be difficult to synthesize and beside
ZnSnSb2 the ZnSb and SnSb phases are formed [11,15]. The series of
Zn1-xMnxSnSb2 samples were synthesized under the same conditions
with the only difference being the starting amounts of manganese and
zinc [10]. Obviously, the small variation in the starting mixture causes
rather different structures and properties of the materials.

It was found that a large concentration of lattice defects, especially
in the cation sublattice, in ZnSnSb2, as well as in other II-IV-V2 semi-
conductors [16,17], causes a high hole concentration. In particular, Zn
vacancies are those defects that lead to a very high concentration of
holes [18,19,20]. Typical hole concentration in ZnSnSb2 is 1020 cm−3

[15–20], in two-component p-type ZnSb it is 1019 cm−3 [18,19], while
SnSb is a n-type material with metallic character and electron con-
centration of about 1022 cm−3 at 1.8 K [21]. Evidently, the electronic
structure is very complex in this material.

It is difficult to say exactly what is the cause of different hole con-
centrations in the Zn1-xMnxSnSb2 samples, but it could be assumed that
Zn vacancies are the main reason. Sample A has a higher content of

Table 1
Expected values of ZnSnSb2 phonons of B2 and E symmetries, from literature
[26].

Phonon B2
1 B2

2 B2
3 E1 E2 E3 E4 E5 E6

Estimated value [cm−1] 189 199 70 189 185 195 111 88 54
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SnSb, which is related to a higher deficiency of Zn atoms, and therefore
higher hole concentration. So, the different concentrations of free car-
riers in the samples are a consequence of various defects and micro-
structures which are formed.

In order to examine the interaction of free carriers and a lattice, the
far-infrared reflectivity spectra in the range 40–450 cm−1 at room
temperature have been recorded. Obtained spectra are shown in Fig. 4.

It is obvious that the most distinct difference between the spectra
relates to wave numbers above 220 cm−1, where the high carrier
concentration has a main influence. Also, in the range from 120 to
180 cm−1 the spectrum for sample B (black line) contains some phonon
lines which are absent or attenuated in the spectrum for sample A (red
line).

A detailed analysis of the obtained results was necessary. For the
analysis of the spectra the fitting procedure which includes plasmon -
phonon interaction was applied.

4. Plasmon - phonon interaction

In materials with high free carrier concentration a plasmon-phonon
interaction should be taken into account, as it significantly affects the
properties of the material. Its influence on the dielectric properties of
the material is important for the analysis of the reflection spectra.

A theoretical model of the dielectric function in bulk materials [22]
has been applied. The dielectric function ε(ω) describes dielectric
properties of single crystal and includes classical oscillators corre-
sponding to the TO-modes, and Drude part which takes into account the
free carrier contribution:
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In this equation ε∞ is the high-frequency dielectric constant, ωTOk

and ωLOk are the transverse and longitudinal optical-phonon fre-
quencies, l is the number of phonons,ωP is the plasma frequency, γTOk

and ΓP are the phonon and plasmon damping. The use of such a di-
electric function is valid in multiphase materials, since it is based on a
phenomenological approach where the effective values of the material
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As our ZnSnSb2 + Mn samples have high concentration of free-

carriers (p), and therefore high values of ωP (ωP
2 ~ p), it is expected that

plasma interacts with phonons. As a result the phonon frequencies are
changed, i.e. their positions are shifted from the expected values. The
phonon lines observed at the reflection spectra are these shifted modes
i.e. coupled plasmon-phonon modes. So, the situation is much clearer if
the dielectric function which takes a plasmon–phonon interaction in
advance is used [23,24]. It also allows the possibilities that more than
one phonon interact with plasma as well as existence of uncoupled
phonons. That dielectric function is:
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The first fraction in Eq. (2) describes coupling of a plasmon and n LO
phonons, where parameters ωlj and γlj are eigenfrequencies and
damping coefficients of the longitudinal component of the coupled
phonons. ωti and γti are frequencies and damping of transverse com-
ponent of these phonons. Γp is the plasma damping. The second factor
in Eq. (2) represents s uncoupled phonons of the crystal, wherein ωLOk

(ωTOk) and γLOk (γTOk) are LO (TO) frequencies and damping coeffi-
cients of the k-th uncoupled phonon of the crystal.

The analysis of the obtained reflection spectra was performed by a
fitting procedure, by adjusting the parameters of Eq. (2) in order to
obtain a match between the experimental and theoretical curves. The
values of ωlj and ωti are directly obtained in this way while the ωP and
ωLO values are calculated [25]. It can be seen that the positions of the
ωl2 and ωl4 are significantly different for samples A and B. The behavior
of phonons and interactions with plasma were analyzed based on the
data thus obtained.

    

Sample A 

 

ample B 

 

 

 

S

Fig. 2. Micrographs of the ZnSnSb2 + Mn samples surfaces with magnifications of 50 × and 400×.

M. Romcevic, et al. Infrared Physics and Technology 108 (2020) 103345

4



The phonons of ZnSnSb2 which are IR active are known from lit-
erature [26], and they are of B2 and E symmetries. Their estimated
values are given in Table 1.

Plasmon - phonon interaction commonly refers to the coupling of
the plasma and one phonon [27]. In that case two coupled modes ap-
pear ωl1 and ωl2, often labeled as ω+ and ω-. In the case of ZnSnSb2,
based on data obtained by fitting procedure, it was established that the
plasma interacts with three phonons of B2 symmetry [28,29,30]. As a
result of that their positions are shifted and instead three B2 modes
there are four coupled modes ωl1, ωl2, ωl3 and ωl4. Obtained values are
shown as black points in Fig. 6. Their positions are different for the two
samples because of the different influences of the plasma (ωP

2 ~ p).
Because of the high plasma frequency of sample A, the ωl4 has high
value of 675 cm−1 which is outside of the measured range.

For ease of analysis, it is common to draw a dependency diagram of
obtained parameters (ωlj, ωt, ωTO, ωLO) on plasma frequency ωp, as

shown in Fig. 6. The full lines are solutions of Re{ε(ω)} = 0 from Eq.
(1). It should be noted that line ωl3 between B2

1 and B2
2 phonons is

barely visible because they are very close. The lines are calculated for
five different values of plasma damping Γp (Fig. 6) (Γp = 1/τ, where τ is
a lifetime of plasmon). This was done to determine Γp interdependence
with plasmon - phonon interaction.

The obtained values of plasma damping and plasma frequency of
samples A and B are: ΓpA = 500 cm−1, ΓpB = 375 cm−1,
ωpA = 837 cm−1 and ωpB = 405 cm−1. It should be noted that these
parameters represent the effective values that describe the sample as a

Sample A 

     
Sample B 

    
Fig. 3. (a) AFM topography and (b) corresponding phase-contrast image of
sample A; (c) Height profile taken along the straight solid line in (a) from point
P1 to point P2; Figures (d), (e), and (f) refer to sample B in the same way.

Fig. 4. Far-infrared reflectivity spectra of ZnSnSb2 + Mn.

  
Fig. 5. Analyzed reflection spectra; experimental data are represented by cir-
cles while black lines are theoretical curves; registered optical phonons are
indicated on the spectra.
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whole. It could be expected (based on pA and pB values and ωP
2 ~ p)

that ωpA and ωpB differ about three times, which was not established.
Plasma frequency is defined as ωp

2 = (npe2)/(ε0ε∞mh*), i.e. it includes
other parameters of the material. Thus, by determining the plasma
frequency and plasma damping the other properties of the material can
be analyzed.

Besides phonons of B2 symmetry which interact with plasma, other
ZnSnSb2 phonons are not registered on the IR reflectivity spectra.
However, characteristic phonons of the other phases can be identified,
as can be seen in Fig. 5. It was necessary that these phonons are not
covered by the plasmon - phonon interaction. ZnSb modes are noticed
at about 125 and 165 cm−1, which is in agreement with results from
the literature [31]. Two modes that correspond to SnSb phase are at
about 94 and 145 cm−1, which matches the previously obtained data
[9,32]. The appearance of these modes is expected due to the sig-
nificant presence of ZnSb and SnSb phases in the samples. MnSb pho-
nons are not registered, i.e. it was not possible to discern them due to
the small amount of that phase.

Based on the performed analyses, it can be seen that different mi-
crostructures formed in the investigated samples lead to high con-
centrations of free carriers, but which are ten times different from each
other. Those high values cause plasmon - B2 phonons interaction. That
can be used to analyze optical and electrical properties of the materials,
as well as other parameters, such as dielectric constants, effective mass
of charge carriers and phonon lifetimes. In this way, the multiphase
material with different microstructures was analyzed as a whole.

Investigation of thermoelectric properties of ZnSnSb2 is a current
issue [5,15,33]. The analysis of plasmon - phonon interaction per-
formed in this paper can significantly assist in the study and under-
standing of thermoelectric processes in this as in other semiconducting
polycrystalline materials [34].

5. Conclusion

Two samples of ZnSnSb2 + Mn with different amounts of manga-
nese were analyzed in this paper. The small difference in the initial
composition of the material led to a difference of ten times in the free
carrier concentrations. Their structural properties were examined by x-
ray diffraction, optical microscopy, and AFM. Several different phases
were registered - ZnSnSb2, ZnSb, SnSb, and small amounts of Sn and
MnSb. These phases form different microstructures, which is related to
the large irregularities of the lattice. It was found that the high free
carrier concentrations are caused by a large number of defects, espe-
cially zinc vacancies.

The optical characteristics of these multiphase materials were

examined, whereby the samples were considered as a whole. Based on
the analysis of IR reflection spectra the presence of a plasmon - phonons
interaction was confirmed. It was determined that three ZnSnSb2 pho-
nons of B2 symmetry interact with plasma, which led to the change of
their positions. It is clear that strong plasmon - phonon interaction
modifies optoelectronic properties of the ZnSnSb2 + Mn samples, and
that phonon positions depend on a free carrier concentration. A de-
tailed analysis of this interaction also provides insight into the behavior
of other material parameters, such as dielectric constants, effective
mass of charge carriers and phonon lifetimes. Also, vibration modes of
ZnSb and SnSb phases were registered on the spectra. Knowledge of
phonon behavior in a material, as well as interaction with plasma, is
very important for studying its thermoelectric properties.
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A B S T R A C T

The aim of this study was to investigate the quinoa fruit and seed microstructure, as well as to determine the
qualitative composition of quinoa whole seed spatial localisation of food reserves in cultivars Puno and Titicaca
using two complementary spectroscopic techniques (Fourier Transform infrared and Raman). The analyses of the
seeds also included measurements of the crude proteins and starch contents. The experiment was carried out
during the 2016 growing season in rain-fed conditions in the north of Serbia. The analysis of the scores of the
principal components based on the Raman spectra revealed two groups in both seed parts (cotyledons and
perisperm). The analysis of the loadings highlighted the spectrum region that contributed to the differentiation,
e.g. the band at 472 cm−1 was related to the amylopectin content in the perisperm region. As for the cotyledons,
the spectral range from 1100 to 1650 cm−1 was responsible for genotype differences and it included both the
most important bands derived from Amide I, II and quinoa protein with globoid crystals composed of phytin. IR
analysis, similar to the analyses of the crude proteins and starch contents in the seeds, failed to reveal any
differences in biochemical composition between two analyzed genotypes.

1. Introduction

Quinoa (Chenopodium quinoa Willd.) is a pseudo-cereal crop be-
longing to the Amaranthaceae family and originated from South
America. It is an annual plant, and currently is in focus due to its high
tolerance to various stress factors including frost, drought, salinity
(Jacobsen and Muica, 2002), as well as its exceptional nutritional value
of seeds and certain vegetative parts of the plants (Gordillo-Bastidas
et al., 2016). The storage reserves of proteins, mineral nutrients, and
lipids in the seeds are mainly located in the reduced endosperm and the
cotyledons (Valencia-Chamorro, 2003), while carbohydrate reserves
are found in the perisperm, nominated as seed storage tissues (Prego
et al., 1998). The nutritional value is also based on the substantial fiber
and protein contents which are higher in comparison to these contents
found in corn and rice. On the other hands, these contents are similar
those recorded in wheat (Gordillo-Bastidas et al., 2016). The major
protein fractions are albumins and globulins. They account for 77% of
protein in total, whose biological value is comparable to casein. On the

other hand, the specific content of amino acids comes from lysine,
histidine and a high level of sulfur containing amino acids (cysteine and
methionine) (Gordillo-Bastidas et al., 2016).

Most of the information on the structural features of quinoa fruit
and seed to date has been found in studies conducted by Varriano
Marston and DeFrancisco (1984), Prego et al. (1998), Sukhorukov and
Zhang (2013). Raman microspectroscopy is currently used as a highly
powerful and useful tool for the rapid evaluation of seed composition.
The advantages of Raman are as follows: this technique is non-de-
structive, very fast and sensitive; the samples can be analyzed directly
without any staining and complicated sample preparation, and at the
same time the chemical and structural information can be gained in the
native state. Previous studies demonstrated the successful application of
Raman spectroscopy in starch analysis in different grains (Kizil et al.,
2002; Almeida et al., 2010), as well as proteins in soybean seed (Lee
et al., 2013) and phytin in wheat grain (Kolozsvari et al., 2015).
However, Raman technique has not yet been used for analyses of
quinoa seeds.
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Another technique, infrared spectroscopy is a useful tool which
provides efficient information of sample composition. It reveals struc-
tural components of biological samples based on the specific molecular
vibrations and exposes the unique spectral fingerprint of the analyzed
object. It is used for analysis of food and other agricultural crops.
According to the literature, the quinoa seed was previously analyzed by
NIR - near infrared spectroscopy (Encina-Zelada et al., 2017). Similarly,
quinoa flour was analyzed by FT-IR and this methodology is recognized
as a relevant analytical tool for the determination of flour composition
(Rossell, 2013; Garcia-Salcedo et al., 2018). Rossell (2013) showed that
a portable FTIR system can be used for detection of quinoa flour au-
thenticity. Out of 45 of different flour samples, quinoa flour was se-
parated by carbohydrate stretching (CeC and CeO bonds) and de-
formation (CeOeC) spectral signals in the 950-1000 cm−1 region. In
addition, the amide region at 1560-1665 cm−1 was detected as a reli-
able region for flour differentiation (Rossell, 2013).

The nutritional and health promoting values of the seeds together
with stress resistance properties of the quinoa plant make it attractive
for numerous countries, especially for those facing the effects of climate
change on their food production and food security. United Nations Food
and Agriculture Organization (FAO) selected quinoa as one of the crop
destined to offer food security in the 21st century and declared 2013 as
the International Year of Quinoa (www.fao.org/quinoa-2013/en/).
However, although the southern Europe is already faced with climate
changes reducing effects on agricultural production, cultivation of
quinoa is still limited, except for Italy and Greece (Pulvento et al., 2015;
Noulas et al., 2015). In Serbia, as a country with the southeastern
European agro-climatic conditions, quinoa has not yet been grown.
Preliminary research of Stikic et al. (2012) confirmed good seed nu-
trient quality, with high protein content and content of mineral and
most essential amino acids (especially lysine) when quinoa Danish
cultivar Puno (Jacobsen and Muica, 2002) was grown in Serbian rain-
fed field conditions.

The aim of the present study was to assess the macro and micro-
structure of quinoa fruit and to apply Raman and FTIR spectroscopy for
determination of seed quantitative composition of two quinoa cultivars
Puno and Titicaca. Since the trial was done in Serbian agro-climatolo-
gical conditions, it is expected that the results would help to introduce
the cultivation of quinoa, as an alternative crop, in Serbia.

2. Material and methods

2.1. Source of plant material and measurements

The experiment was carried out during the 2016 growing season in
rain-fed conditions using two introduced genotypes of quinoa adapted
to the European climate, Puno and Titicaca, selected at the University of
Life Sciences in Copenhagen, Denmark (Jacobsen and Muica, 2002).
The quinoa was grown on a small Serbian farm near Subotica and in the
area between the north latitudes of 46° and east longitudes of 19.68°
(about 10 km south from the Serbian and Hungarian border). The soil
type was chernozem, medium rich in nitrogen (0.24%) and hummus
(3.19%), highly rich in phosphorus (34.68mg P2O5/100 g soil) and rich
in potassium (29.42mg K2O/100 g soil), slightly alkaline (pH 7.66).
The seeds were sowed in the first part of April, when the soil tem-
perature reached 12 °C. The experiment was laid out in a split-split plot
system, with four replications. The size of the main plot was 12m2. The
distance between the rows was 50 cm and between the plants in the row
−5 cm (approximately 400 000 seeds per hectare). The seeds were
sown at a depth of 2 cm. No fertilizer was applied during the vegetative
season. The crops were harvested in the first half of August when
quinoa fruits/seeds were ripeness, the moisture content was 12%.
During vegetation, there was a 40-day period with the maximum air
temperature of over 30 °C, which suited this thermophile plant. The
temperature data was obtained from the automatic meteorological
station located in the center of Subotica, at a 4-km distance from the

experimental field. The measurements were collected using “Nexus”
instruments and “Weather Display” software (http://www.sumeteo.
info). The amount of precipitation was measured on site, at the ex-
perimental field. Over the five months of vegetation, there were 22 days
with precipitation. The overall amount of precipitation before harvest
was 317mm. At physiological maturity, the harvest of Puno and Titi-
caca seeds was made by hand. The seeds were ground by using a la-
boratory mill (model Cemotek Sample Mill Foss, Sweden) and then the
contents of proteins and starch were analyzed. The content of crude
proteins was determined according to Kjeldahl method (Stikic et al.,
2012), while for starch measurement the Ewers polarimetric method
was used (ISO and 10520: 1997). Two complementary spectroscopic
techniques (Fourier Transform infrared and Raman) were carried out
for the analyses of Puno and Titicaca seeds and fruits microstructure
and composition.

2.2. Light microscopy

Dry fruit materials of Ch. quinoa genotypes were studied using light
microscopy. The bright field light microscope in reflected light
(Stereomicroscope Nikon SMZ18, Tokyo, Japan) was used at a magni-
fication up to 20x. Images were acquired using a Nikon DIGITAL SIGHT
DS-Fi1c digital camera. In addition, longitudinal sections of the Ch.
quinoa seeds were observed by brightfield light microscopy in trans-
mitted light (Leica DM2000, Germany), and documented with a Leica
DC320 digital camera, and a Leica IM1000 software was used for
sample capture.

2.2.1. Specimen preparation for light microscopy
For microstructure studies, fruit samples were fixed in 50% ethanol.

Dehydration of fixed tissue samples was performed in a LEICA TP1020-
Automatic Tissue Processor through a gradual series of ethanol (80%,
96% and absolute ethyl alcohol) and the xylene and melted paraffin
embedding medium (Histowax, 56–58 °C). Tissues were embedded
using an EG1120 Paraffin Dispenser with an integrated hot plate. After
cooling and hardening of the paraffin blocks on the Leica EG1130 cold
plate, transverse sections (thickness 5–10 μm) were cut on a LEICA SM
2000 R microtome. Paraffin was removed from the sections using a
deparaffinisation procedure of passing through a series of ethyl alcohol
solutions (absolute, 95%, 70%, 50% and 30%) and the tissue was
stained in safranin (overnight) and alcian blue (for a duration of 2s).
After staining, the tissue was dehydrated rapidly through absolute al-
cohol and xylol. Deparaffinisation, staining and dehydratation of mi-
croslides were conducted using a LEICA ST4040 Linear stainer. Finally,
slides were mounted in Canada balsam for microscopic examination.

2.3. Raman instrumentation

Raman spectroscopy was performed using a XploRA Raman spec-
trometer from Horiba Jobin Yvon on the longitudinal fruit section
samples. The Raman scattering was excited by a frequency-doubled Nd/
YAG laser at a wavelength of 785 nm (maximum output power
20–25mW) equipped with a 600 lines/mm grating. Spectra were ac-
cumulated from 5 scans, during 10s and filter 100%. In order to take
into account any sample inhomogeneity, at least ten Raman spectra
were recorded for each sample and for two parts of seed (cotyledon and
perisperm) using single point Raman measurements at 50x objective
lens. The spectra were recorded in the range between 200 and
1600 cm−1 in the perisperm region and from 250 to 1750 in the co-
tyledon region. All recorded measurements were with 4 cm−1 spectral
resolution. The Raman spectra acquisitions were managed by the
LabSpec software (Horiba Jobin Yvon).

2.4. FT-IR instrumentation

The IR transmission measurements were performed at room
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temperature with the Nicolet Nexus 470 Fourier-transform IR spectro-
meter. The KBr beamsplitter and the DTGS detector were used to cover
the wavenumber range between 600 and 4000 cm−1. The transmission
spectra were recorded with the resolution of 2 cm−1 and with 256 in-
terferometer scans added for each spectrum. The samples were pre-
pared for the IR spectra measurements by grinding the seeds in liquid
nitrogen and mixing it with the KBr powder. The mixture was further
pressed into tablets under the conditions outlined above.

The characteristic bands of the specific functional groups were de-
scribed from the literature records. Raman and FT-IR spectra were
analyzed by the OriginPro 8.6 software (OriginLab, Northampton, MA,
USA).

2.5. Chemometric analysis of the Raman spectroscopic data

For all PCA analyses, the data were preprocessed, i.e. the Raman
spectra were smoothed using Savitzky-Golay filters with 4 points and a
second-order polynomial function. All Raman scattering intensities
were normalized by the highest intensity band. After preprocessing,
PCA was performed in the region 200-1700 cm−1 for two parts of seed
(cotyledons and perisperm) and two quinoa genotypes (Puno and
Titicaca). The spectra preprocessing was realized using the
Spectragryph software (Menges, 2018) while PCA analysis was per-
formed using the PAST software (Hammer et al., 2001). In general,
principal components are composed of scores and loadings. When using
PCA analysis, it is possible to make data visualization and to simulta-
neously reduce data size, allowing segregation between classes. In other
words, the scores and loadings reveal the differences between the
samples.

3. Results and discussion

3.1. The quinoa fruit

The quinoa fruit, at the anatomical level, comprises pericarp cov-
ering seed. The fruit of quinoa in an achene covered by perigonium. The
outer layer of the fruit, consisting of one seed, is the pericarp. The
perisperm is the storage organ of quinoa seeds (Jacobsen and Stølen,
1993). The quinoa fruit achene (1–2.6 mm in diameter) is round, flat-
tened, and oval-shaped, with its basic colors ranging from yellow to
pink (Fig. 1A–D), which most likely depends on the phase of maturity
(Valcárcel-Yamani and Lannes, 2012).

As seen in the fruit's longitudinal section (Fig. 2 A, B), the pericarp is

formed from two layers, easily detached from the seed coat. The outer
pericarp cells are large and papillose, while a secondary discontinuous
layer is composed of a tangentially stretched cell (Prego et al., 1998).
The remaining structures below the pericarp represent the seed com-
partments.

3.2. The quinoa seed

The seed coat is smooth and thin, consisting of two cell layers
(Fig. 2A and B): the testa and the integumentary tapetum, both pre-
sented by dry cells without cell content (Sukhorukov and Zhang, 2013).
In the quinoa seed (Fig. 2 A, B), the embryo or germ is campylotropous,
surrounding the starch-rich perisperm like a ring, and together with the
seed coat, they represent the bran fraction, which is relatively rich in fat
and protein (Valcárcel-Yamani and Caetano da Silva Lannes, 2012). The
embryo consists of a hypocotyl-radicle axis (Fig. 2A and B) and two
cotyledons (Fig. 2B), though lacking a leaf primordia. In the axis, both
the root apical meristem with the root cap and the shoot apical mer-
istem are differentiated. The shoot apical meristem forms a conical
structure between the two cotyledons. Protoderm, ground meristem
and procambium are visible in the axis and cotyledons. The endosperm
of the mature seed consists only of two cell layers around the radicule,
enveloping the hypocotyl-radicle axis of the embryo (Fig. 2A). The
perisperm consists of large and thin-walled cells, mostly uniform in
shape (Fig. 2A and B), completely full of starch grains, morphologically
similar to the grass starchy endosperm (López-Fernández and
Maldonado, 2013).

3.3. Raman signature of main storage seed reserves

Fig. 3 shows the characterization of the quinoa seed by Raman
microspectroscopy. The Raman spectra of quinoa seeds show pre-
dominant bands of polysaccharides and proteins arising from vibrations
of the CeH, C]O, CeN, NeH. The major Raman scattered bands of
polysaccharides in the perisperm were recorded in the range from 200

Fig. 1. Stereomicroscope micrographs of achene apical and basal pole of two
quinoa genotypes Puno (A, C) and Titicaca (B, D) after harvesting.
Magnification was up to 20x.

Fig. 2. Light microscopy of a median longitudinal section of the Chenopodium
quinoa fruit, for Puno (A) and Titicaca (B) genotypes. Pericarp (PE), seed coat
(SC), two cotyledons (C), Hypocotyl Radicle Axis (HRA), Endosperm (EN),
perisperm (P), radicle or root cup (R), Testa (TE), Tapetum (TA), Protoderem
(PD), Ground meristem (GM), Procambium (PC). Sections were stained with
safranin and alcian blue and observed at 5 times magnification.

Fig. 3. Raman spectra of the quinoa seed recorded at perisperm (A) and coty-
ledon position (B). The most intensive peak at 472 cm−1 refers to starch (A),
1431 cm−1 and 1651 cm−1 refers to amino acid tryptophan and Amide I group
(B), respectively.
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to 1600 cm−1 (Fig. 3A), and are in line with previously published re-
sults from histochemical analysis of Ch. quinoa seeds (Prego et al.,
1998) where there was not any indication of protein fraction occur-
rence in the perisperm. The region between 800 and 1500 cm−1

(Fig. 3A) provided a complex of exact band assignments to poly-
saccharides, because the vibrations of glucose molecules dominate in
that spectral region, and consequently starch exhibits characteristic
spectral vibrations (Kizil et al., 2002). The region between 1200 and
1500 cm−1 mainly shows the bands from basic structural compounds,
including several bands originated from carbohydrates. For instance,
the band at 1450 cm−1 (Fig. 3A) corresponds to CH2 bending modes.
The region between 1200 and 1340 cm−1 presents the contributions of
several vibrational modes (Fig. 3A), such as medium intensity bands at
1332 and 1251 cm−1 (assignment to CeO, CeOeH stretching and
CeCeH, CeOeH deformations) (Almeida et al., 2010). In the spectral
region between 800 and 1200 cm−1, the positions of the CeO, CeC and
CeH stretching are assigned to 1114, 1076, 1042, 855 cm−1 and
CeOeC deformation modes of R-1,4 glycosidic linkages in starches at
931 cm−1 (Kizil et al., 2002). That region is also known as the “fin-
gerprint” for carbohydrates, containing the majority of the Raman
bands used for unique identification of the sample (Kizil et al., 2002).
Vibrations in the 400–800 cm−1 spectral region are in general due to
CeCeO and CeCeC deformations, which are related to the glycosidic
ring skeletal deformations. The most specific and highly intense Raman
band at 472 cm−1 has been used as a marker to identify the presence of
starch in different samples, as well as to characterize the pyranose ring
in glucose of amylose and amylopectin, with low intensity bands at 432,
759, and 1375 cm−1, as constituents of starch. In this study, low in-
tensity bands at 570 and 606 cm−1 represent starches (Fig. 3A), and can
be also attributed to the skeletal modes of the pyranose ring (Almeida
et al., 2010). The starch composition of the quinoa perisperm was
previously described by Varriano Marston and DeFrancisco (1984).
Since the perisperm cells are full of angular-shaped starch grains, Prego
et al. (1998) have indicated that quinoa seed starch mainly contains
amylopectin.

It was found that the second type of Raman spectra of the Ch. quinoa
seed corresponded to the protein content located at the embryonic re-
gion (Fig. 3B). This is also in agreement with results of the histo-
chemical analysis of this seed region (Prego et al., 1998). The protein
components are primarily represented by a spectrum of globulin as the
main quinoa protein, with three characteristic signal regions of Amide I,
II, and III. The typical Raman spectrum of quinoa seed protein shows
C]O stretching vibration and NeH wagging in the peptide bonds
coming from Amide I group at 1651 cm−1. The Amide II and III broad
bands are centered near 1559 and 1295 cm−1 (Fig. 3B), and they are
due to NeH bend and CeN stretching vibration, respectively. The line
at 924 cm−1 can be assigned to amino acid proline as well as low in-
tensity bands at 633 cm−1, with doublets at 824 and 843 cm−1

(Schulmerich et al., 2013). According to Stikic et al. (2012), the seed of
the Puno cultivar has higher contents of proline and alanine. The band
at 1253 cm−1 could indicate the presence of tyrosine while the band at
1519 cm−1 is consistent with the peak for glutaminic acid as a amino
acids present in quinoa globulin (Zhu et al., 2011; Lee et al., 2013). In
addition, the broad peak near 1431 cm−1 could be due to amino acid
tryptophan, namely, the band is assignable to indole aromatic ring
stretching (Zhu et al., 2011). A sharp and low intensity band at
998 cm−1 position is assigned to aromatic ring vibration (Fig. 3B),
which arises from CeC symmetric ring breathing of phenylalanine
amino acid residues (Lee et al., 2013). Also, some studies (Kolozsvari
et al., 2015) described the presence of phytin globoids by the band at
about 1000 cm−1. Konishi et al. (2004) have already described phytin
as a major component of protein bodies inside the quinoa embryonic
cells.

The Raman spectrum in the 500-540 cm−1 spectral region could
indicate the presence of quinoa globulin and the Raman band at
510 cm−1 correspond to the most preferred conformations of the bonds

(gauche-gauche-gauche/trans) in many naturally occurring proteins
with disulphide (SeS) bridges (Schulz and Baranska, 2007). A similar
observation was reported in the study of rice globulins with Raman
spectroscopy, where the results revealed the high amount of sulfur
containing amino acids such as cysteine or methionine, as constituents
of globulins (Ellepola et al., 2006).

3.4. PCA of the Raman spectra recorded from quinoa cotyledon and
perisperm

Multivariate analysis, based on PCA, was applied in order to dif-
ferentiate between the quinoa genotypes. Fig. 4 presents the scores and
loadings plots of the PCA for characteristic spectral region. The PCA
analysis was performed using 9 samples of cotyledon and 8 samples of
perisperm for each genotype.

The score plot of PC1 versus PC3 (Fig. 4a) shows a reasonably good
separation between the samples.

The loading plot of the PC3 (Fig. 4b) displays the peaks that sepa-
rate the Puno quinoa cotyledon from the Titicaca quinoa cotyledons.

As can be seen, the bands such as those in the spectral range 1200-
1700 cm−1 are primarily assigned to the protein structure (e.g. Amide I
and Amide II) and some specific amino acids (e.g. glutaminic acid)
according to Zhu et al. (2011). These results indicate that differences
between our genotypes are based on protein structural properties. The
differences between investigated genotypes may be explained by their
chemical composition. However, Aluwi et al. (2017) have compared
Puno and Titicaca cultivars and found similar percentages of proteins
(14.7 and 14.4%, respectively). Our results also did not show sig-
nificantly different values in protein content between the seeds of Puno
(14.1%) and Titicaca (14.0%). Fig. 5a highlights the relatively good
separation of perisperm samples from two genotypes into two different
groups, where the first and third principal components described
∼78.5% of data variance.

The peaks, which are mainly responsible for this differentiation, can
be observed in Fig. 5b. In the spectral range from 460 to about
600 cm−1, the most important peaks for genotypes separation at

Fig. 4. a) Score plot of the first principal component (PC1) versus the third
principal component (PC3) of the Puno quinoa cotyledons (blue cycle) and
Titicaca quinoa cotyledons (black cycles); b) Loading plot corresponding to
PC3.

Fig. 5. A ccore plot of the first principal component (PC1) versus the third
principal component (PC3) of the Puno quinoa perisperm (blue cycle) and
Titicaca quinoa perisperm (black cycles); b) A loading plot corresponding to
PC3.
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perisperm region can be detected. The peaks are mainly responsible for
the differentiation of perisperm of the Titicaca cultivar compared to the
perisperm of the Puno cultivar. That spectral region involves the de-
formation modes of the CeCeO and CeCeC deformations, as a marker
for identifying the presence of starch. According to Aluwi et al. (2017),
a higher percentage of quinoa seed starches was detected in Puno
(62.6%) than in Titicaca (56.4%). In general, as for the Titicaca cul-
tivar, the total carbohydrate represents the main seed component at
approximately 54–57%, according to the study of Pulvento et al.
(2012). The main carbohydrate component of quinoa is a starch and in
our research the seeds of Titicaca and Puno contained similar starch
content (54.1 and 55.6%, respectively). The identified peaks in our
study peaks may be assigned to the pyranose ring of amylose, or pre-
dominantly amylopectin as specific for quinoa (Prego et al., 1998). As
previously discussed by Almeida et al. (2010), the bands in the region
430-490 cm−1 are related to the evaluation of the amylose and amy-
lopectin concentration present in the starchy samples.

3.5. FT-IR of quinoa seed

There was no distinction in the IR spectra between the two analyzed
genotypes and main peaks, as presented in Fig. 6.

The band at 3365 cm−1 is assigned to the OeH stretching vibra-
tions. Peaks at 3008 and 2921 cm−1 are due to CeH bonds, while the
peak at 2851 cm−1 is assigned to the CH2 and CH3 groups from alde-
hydes/ketones (Garcia-Salcedo et al., 2018). The band at 1741 cm−1 is
a result of C]O carbonyl stretching, while the 1648 cm−1 band may be
assigned to the amide region of the proteins (Rossell, 2013). The ob-
served alcohol and carbonyl stretching could be assigned to the che-
mical structure of quinoa saponins (Soliz-Guerrero et al., 2002). Those
two peaks and the peak registered at 1542 cm−1 are particularly im-
portant since they represent protein amino acids and can reveal mod-
ifications in the secondary structure of proteins (Garcia-Salcedo et al.,
2018). The band at 1080 cm−1 can be attributed to the pyranose
structure of CH, while the 1021 cm−1 band can be assigned to the CeH
bending from aromatic structures, which is also recorded in certain
previous studies (Abugoch et al., 2011). Different substitutions in aro-
matic rings can be detected in the fingerprint region, characterized by
aromatic CeH out-of-plane bend (857, 831, 771, 706 and 687 cm−1).

4. Conclusions

This study confirmed the successful application of Raman spectro-
scopy in the detection of proteins and polysaccharides of quinoa seed
storage reserves, and in a straightforward and fast manner. The

assessment of the scores of the principal components based on the
Raman spectra revealed two groups in both seed parts (cotyledons and
perisperm). The analysis of the loadings highlighted the band at
472 cm−1, presumably related to the amylopectin content in perisperm,
as compound which contributes to the differences between the geno-
types. Regarding the spectra recorded at the cotyledons part, the
highest loadings derived from Amide I, II and quinoa protein with
globoid crystals were responsible for the genotype separation. These
results indicate that Raman spectroscopy is very useful method for lo-
calisation, quantification and structural identification of stored reserves
inside the seeds of different genotypes of quinoa. IR analysis, similar to
the measurements of the crude proteins and starch contents in the
seeds, showed no differences in biochemical composition of seeds of
two analyzed genotypes.
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A B S T R A C T

The far-infrared spectroscopy was used to analyze optical properties of PbTe single crystals doped with different
amounts of Si. A dielectric function that takes into account the plasmon-phonon interaction was employed in the
measured data manipulation. Two frequencies of plasmon-phonon coupled modes were obtained with the best-
fit method, whereas the values for LO mode and plasma frequency (ωP) were calculated. The best-fit to the
experimentally obtained spectra agrees very well with the theoretical prediction.

1. Introduction

Specific physical and chemical properties of PbTe draws attention of
numerous scientific studies. In particular, small band gap and high
carrier mobilities qualify it for application in infrared optoelectronic
devices [1] and thermoelectric materials [2]. The PbTe is also a good
candidate for topological insulators materials. For instance, there are
theoretical predictions that Te antisite defects in nonstoichiometric Te-
rich PbTe could induce a band inversion, turning it into a topological
crystalline insulator [3].

Thermoelectric materials found use in searches for alternative and
complementary energy sources due to their ability to convert heat to
electricity and vice versa [4–7]. Advantages of thermoelectric systems
for direct heat-to-electricity conversion are environmental friendliness,
absence of pollutants, small size, reliability, and large operating tem-
perature range. Performance efficiency of a thermoelectric material, ZT,
is expressed as ZT = (S2σ/κ)T, where S, T, ρ, and κ are the Seebeck
coefficient, temperature, electrical resistivity, and thermal con-
ductivity, respectively. The rocksalt-structured PbTe and related ma-
terials of n-as well as of p-type are shown to be good thermoelectric
materials that operate in the mid-temperature range. As a matter of
fact, PbTe-based materials have the highest recorded ZT among the
bulk TE materials [8]. However, the materials based on PbTe have low
mechanical strength, which can be improved by using Si as a dopant
[9].

In order to absorb electromagnetic radiation, free carriers have to
interact with a lattice. Transitions of an individual carrier as well as
formation of collective plasma oscillators (plasmons) can contribute to

the absorption. Consequently, the free-carrier absorption contains in-
dividual-carrier excitations (individual-carrier scattering), as well as
collective carrier excitations (plasmon generation). Coupling of ele-
mentary excitations in solids has been investigated in a number of
studies [10–13]. Studies of photon-plasmon processes usually start with
a dielectric function for free carriers in a perfect crystal. Our approach
[14,15] is to create a dielectric function that explains registered pro-
cesses, and to compare it to the parameters obtained with the classical
approach [13,16,17]. Comparison of the two yields to the physical
explanation of the processes that take place in the doped semi-
conductors.

Raman spectroscopy is the commonly used technique to analyze
optical properties of different materials. But, acquiring information
about the coupled plasmon-phonon modes from the Raman spectra of
PbTe samples is closely related to the ability to eliminate the influence
of the oxide layer that is being formed at the sample surface. For film-
samples, an additional problem can be removal of the substrate influ-
ence [18]. Further, analysis of the obtained results must be performed
with elaborate mechanisms related to the microscopic approach in
calculation of the Raman scattering cross-section [11] because the po-
sition of plasmon-phonon modes does not always coincide with the
spectral maximum. Use of the IR spectroscopy in the analysis of the
coupled plasmon-phonon modes takes into account all of these issues.
In addition, in IR spectroscopy the position of global minimum remains
directly related to the frequency of the coupled plasmon-phonon
modes.

In this paper far-infrared spectroscopy (FIR) is used to study optical
properties of PbTe single crystals doped with Si. Three values of Si
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concentration in the samples were considered, namely 1, 3, 5.6 at.%.
Analysis of the reflection spectra in a wide spectral range was used to
detect plasmon-phonon coupling in the studied system.

2. Experiment

Single crystal ingots of PbTe(Si) were grown by the modified
Bridgman method. The samples were synthesized using high purity
components. The impurity content in the starting mixture was from 3 to
8 at.%. The Si concentration in the crystals used here was 1, 3, and
5.6 at.%. Distribution of silicon along ingots was determined by the XRF
(X-ray fluorescence) analysis. Prior to analysis, the ingots were cut into
discs of the same thicknesses. The XRF measurements were carried out
on both sides of each disc and the spectra are given as the average of the
two. Distribution of silicon along these ingots is in accordance with the
model given in Ref. [19] according to which impurities always moves
back to the end of the ingot.

The infrared reflectivity measurements were carried out at room
temperature with a BOMEM DA-8 Fourier-transform IR spectrometer. A
deuterated triglycine sulfate (DTGS) pyroelectric detector was used to
cover the wave number region from 50 to 450 cm−1.

3. Results and discussion

The low-frequency dielectric properties of single crystals are de-
scribed by classical oscillators corresponding to the TO-modes and the
Drude part which takes into account the free carrier contribution
[10,17]:
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where ε∞, ωLOk, ωTOk, ωP, γTOk, and γP are the bound charge con-
tribution taken to be constant, longitudinal and transverse optical-
phonon frequencies, plasma frequency, and phonon and plasma
damping. Therefore, the TO mode frequency is obtained directly from
the fit, whereas the LO modes are determined from the maximum of the
dielectric loss function.

In the PbTe doped with Si the pure LO-mode of the lattice is strongly
influenced by the plasmon mode of the free carriers, which causes ap-
pearance of a combined plasmon-LO phonon mode [12]. Consequently,
only coupled mode positions are observable in the experimental spectra
and the LO-modes are detectable only if the influence of the free carrier
is eliminated [13]. Therefore, in the analysis of far-infrared reflectivity
spectra of PbTe doped with Si we used the dielectric function that in-
cludes the interaction between LO phonon and a plasmon, i.e. the
plasmon-phonon interaction in its initial form [13, 15]. Namely, the
expression for dielectric function is
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The parameters ωlj and γlj in the first numerator represent the ei-
genfrequencies and damping coefficients of the coupled plasmon-
longitudinal phonon waves. The parameters in the first denominator
correspond to the similar characteristics of the transverse (TO) vibra-
tions. The second term in Eq. (2) represents l uncoupled modes of the
crystal. Consequently, ωLOp and ωTOp are the longitudinal and trans-
verse frequencies, whereas γLOp and γTOp are the corresponding
damping parameters. Therefore, the determination of LO-mode and
plasma frequency is connected with the decoupled procedure.

The far-infrared reflection spectrum at room temperature of the
PbTe single crystal doped with 1 at.% Si is presented in Fig. 1. The
experimental data are depicted with circles, whereas the solid line re-
presents the calculated reflectivity spectrum, which is obtained by the
fitting procedure that is based on the model for plasmon-phonon cou-
pling given by Eq. (2). In the fitting procedure, the modes characteristic

for this type of material are included, namely the pair of PbTe TO/LO
modes and the mode at about 73 cm−1, which is the PbTe Brillouin
zone edge mode. These modes are considered because the phonon
density of PbTe has a maximum at their frequencies [20].

Slight discrepancy between the theoretical spectrum and the ex-
perimental results in the frequency range at about 100 cm−1 (marked
by dashed lines) indicates the existence of the mode that corresponds to
the Si impurity. Fig. 2 shows the same spectrum as Fig. 1; however, in
addition to the modes considered previously, the fitting procedure
contains the Si impurity mode at about 90 cm−1. Note that lead tell-
uride grows with rather high concentration of native defects (vacancies,
etc). In the PbTe lattice Si is a substitute for Pb and as such is a sub-
stitution impurity ion. Consequently, every ion in PbTe is no longer in
the center of inversion symmetry and PbTe vibration modes could be
Raman as well as far-infrared active. The impurity mode can arise
simply because of the difference between masses and force constants of
the impurity ion and the ion of the host material [21]. Their appearance
can be caused by more complex mechanism of electron-phonon inter-
action [22]. When the semiconductor is doped with a substitution im-
purity [10] (in our case Si), and if the substitution takes place with the
atoms of the heavier mass (Pb), lighter impurity leads to two modes: a

Fig. 1. Far-infrared reflection spectra of PbTe single crystal doped with 1 at.%
Si. The spectrum obtained experimentally at room temperature is presented
with circles. The solid lines depict the calculated spectrum obtained by the
fitting procedure that is based on the model given by Eq. (2) where p=1.

Fig. 2. Far-infrared reflection spectra of PbTe single crystal doped with 1 at.%
Si. The experimental spectrum obtained at room temperature is presented with
circles. The solid lines are calculated spectrum with additional Si impurity
mode, obtained by the fitting procedure that is based on the model given by Eq.
(2) where p=2.
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local mode situated above the optical band and a gap mode situated
above the acoustic band and below the optical band of the host lattice.
The position of Si impurity mode in PbTe was estimated in the manner
described in detail in Ref. [23], namely with the expression

=ω Si ω PbTe M
M

( ) ( )I TO
Pb

Si (3)

where MPb and MSi are the masses of the atoms Pb and Si, respectively.
We did not manage to determine the set of parameters that provide

good spectrum overlapping in the whole range of frequencies.
Registered discrepancy between the experimental and the calculated
reflectivity spectra is obvious, and the new structure is observable
above 220 cm−1 In order to remove this discrepancy, Eqs. (1) and (2)
were extended to include the term [24]:
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where ω0, G, and ωloc are the characteristic frequency, damping, and
"strength" of the additional oscillator. According to Ref. [24], (ωloc)2 is
proportional to the Nloc carrier concentration at the localized level.

In Fig. 3 we compare the experimental results to the theoretical
spectrum at room temperature of PbTe single crystals doped with 1, 3
and 5.6 at.% Si, which take into account additional term described with
Eq. (4) in Eq. (2).

We obtained the value of ω0= 235±8 cm−1 as the result of the
best fit procedure. In the SiTe electron transition from the excited state
E to the ground state X exists in the range above 220 cm−1 [25]. It
seems that during the process of doping PbTe with Si, localization of
electrons occurs in the vicinity of Si impurity atom as a consequence of
the appearance of TeeSiTe clusters with cubic symmetry. As one can

see from Fig. 4, the "strength" of the oscillator connected with electron
transition increases with the increase of Si concentration.

In Fig. 5 characteristic spectra for plasmon-phonon interaction are
presented. Obtained results describe the relationship between the re-
sults obtained with Eq. (2) and those resulting from the traditional
approach described with Eq. (1). The solid lines represent coupled
frequencies, and as it was given in Ref. [13], the positions of the cou-
pled modes were defined as the solutions of Eq. (1) (Re{ε}=0). Dashed

Fig. 3. Far-infrared reflection spectra of PbTe single crystals doped with 1, 3
and 5.6 at.% Si. The experimental spectra obtained at room temperature are
depicted with circles. The solid lines are calculated spectra obtained by the
fitting procedure that is based on the model given by Eqs. (2) and (4).

Fig. 4. The "strength" of the oscillator described by Eq. (4) vs silicon con-
centration.

Fig. 5. The eigenfrequencies of the plasmon-LO phonon modes (full lines - Eq.
(1)); ● - eigenfrequency spectra ωlj obtained by procedure based on Eq. (2); □ -
calculated values for ωLO and * - experimentally determined values for ωTO.
Inset: plasma frequencies (ωP) vs. Si concentration.
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lines, obtained experimentally as the best fit, correspond to the well-
known values for PbTe LO and TO phonon positions [19]. As a result of
the best fit, using Eq. (2) with additional term given by Eq. (4), we
obtained the frequencies of coupled modes (ωl1 and ωl2), and then we
calculated the values for ωLOPbTe and ωP, as is described in Ref. [15].
The value for the ωLOPbTe obtained in this manner is in good agreement
with the literature. The characteristic parameters obtained as the best
fit are shown in Fig. 5. The plasma frequencies (ωP) dependence on Si
concentration is presented in the inset of Fig. 5.

As we already said, localization of electrons occurs in the vicinity of
the impurity, i.e. Si atom. Localization of electrons leads to the decrease
of electrical conductivity. Since the thermal and electrical con-
ductivities are proportional (Wiedemann-Franz Law), the decrease of
electrical conductivity causes the decrease of thermal conductivity.
Also, electrons localized around this impurity cause the localization of
phonons. Since phonons are responsible for heat transmission, their
localization also leads to the decrease of phonon thermal conductivity.
As it is well known, a good thermoelectric material must have low
thermal conductivity in order to retain the heat and to reduce the heat
transfer losses. This lead us to conclude that localization of electrons in
the vicinity of Si atom impurity makes PbTe doped with Si a good
thermoelectric material.

These results are very significant since they represent the basis for
investigation these effects in nanocrystals [26].

4. Conclusion

The far-infrared spectroscopy was employed to investigate phonon
properties of PbTe single crystal doped by 1, 3, and 5.6 at.% Si. The
spectra were analyzed using the dielectric function that takes into ac-
count the existence of plasmon-phonon interaction in advance. As a
result of the best fit procedure the two frequencies corresponding to the
coupled modes (ωl1 and ωl2) were obtained, whereas the frequency
values for LO mode (ωLO) and plasma frequency (ωP) were calculated.
In addition to the modes that are characteristic for this type of material,
we registered the Si impurity mode as well as the localization of elec-
trons in the vicinity of Si impurity atom.
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A B S T R A C T

Structural and optical properties of CdTe thin films were investigated applying atomic force microscopy (AFM),
XRD powder technique, Raman spectroscopy and far–infrared spectroscopy. CdTe thin films were prepared by
using thermal evaporation technique. In the analysis of the far – infrared reflection spectra, numerical model for
calculating the reflectivity coefficient for system which includes films and substrate has been applied. Effective
permittivity of film mixture (CdTe and air) was modeled by Maxwell – Garnet approximation. We reveal the
existence of surface optical phonon (SOP) mode and coupled plasmon-SOP modes (CPSOPM).

1. Introduction

II – VI semiconductor compounds, especially thin films, have be-
come very popular because of their applications in numerous electronic
and optoelectronic devices. Due to low production cost, thin films
nowadays enjoy great attention in basic research and solid state tech-
nology.

The interest in various properties of photonic CdTe is well justified,
as this material plays an important role in expanding variety of appli-
cations as in: integrated optics, optoelectronics, or solar energy con-
version [1].

Two main properties of CdTe thin film are its high optical absorp-
tion coefficient (a thin film of CdTe with thickness of approximately
2 μm will absorb nearly 100% of the incident solar radiation) and its
near ideal band gap for photovoltaic conversion efficiency of 1.45eV
[2]. Also, its ease of film fabrication and low cost make it a re-
presentative material among II – VI semiconductors.

For fabrication of the CdTe films, various techniques have been
applied: RF magnetron sputtering [3], molecular beam epitaxy (MBE)
[4], pulsed laser deposition (PLD) [5], successive ionic layer adsorption
and reaction method (SILAR) [6], metal organic chemical vapor de-
position [7], screen printing [8], thermal evaporation method [9] etc.
Thermal evaporation method shows some advantages such as: mini-
malization of impurities proportional to the growing layer, reduced

chances of oxidation and direction of propagation (occurs from the
source to the substrate) [9,10]. This makes thermal evaporation tech-
nique the most suitable method, thanks to very high deposition rate,
low material consumption and low cost of fabrication [11].

In the case of crystal with relatively small dimension, in the fre-
quency range between bulk longitudinal optical phonon frequency
(ωLO) and transversal optical phonon frequency (ωTO), a new mode
known as a surface phonon mode appears [12,13]. It is known for the
case of real crystal, that when its dimension is relatively small, surface
modes and effects of dimension will be manifested in addition to the
normal modes of infinite lattice. But, when crystal is reduced to ex-
tremely small dimensions, only the surface mode will persevere
[12–14].

On the other side, electron – phonon interaction takes an important
place in semiconducting materials [15]. In our earlier work we have
registered plasmon (collective electron excitation) and LO phonons
interaction in different systems [16–19]. Besides that, we have studied
the impact of damping on interaction appearance [20], interaction
between plasmon and different phonons [21,22], as well as interaction
between plasmon and impurity local phonons [23–25].

In this work we report experimental studies of CdTe thin films
prepared by thermal evaporation technique. Existence of nanodimen-
sional structures in these thin films enabled us to observe effects asso-
ciated with interactions between surface optical phonon (SOP) and
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plasmon for the first time.
Samples characterization was performed using atomic force micro-

scopy (AFM). Structural properties were analyzed using XRD powder
technique, and optical properties were characterized using Raman and
far–infrared spectroscopy.

2. Sample preparation and characterization methods

CdTe single crystal was grown by the Bridgman technique. Different
thickness of CdTe thin films were deposited by thermal evaporation
from a resistance heating quartz glass crucible onto glass substrates
using high vacuum coating unit type Edward 306 A. Films were grown
at a pressure of 106 Pa. The mechanical rotation of the substrate holder
during deposition produced homogeneous film. The distance between
the source heater and substrates holder is 21 cm, in order to avoid any
heat flow from the source to the substrates.

The morphology of the four CdTe thin films of different thicknesses
was investigated by Atomic force microscopy (AFM). Atomic force
microscopy measurements were performed using NT-MDT system
NTEGRA Prima. Imaging was done in tapping mode using NSG01
probes. All AFM measurements were done at ambient conditions. For
the sake of statistical analysis of sample surface, we calculated histo-
grams and bearing ratios for each topographic image. The histogram
represents a height distribution density of all points in a two-dimen-
sional topographic image, or in other words, it is a number of points
with height given on x-axis. On the other hand, the bearing ratio curve
gives a percent of points in a corresponding two-dimensional topo-
graphic image with a height less than the number given on x-axis.

The structural characteristics were obtained by the XRD powder
technique. All samples were examined under the same conditions, using
a Philips PW 1050 diffractometer equipped with a PW 1730 generator,
40 kV×20mA, using Ni filtered Co Kα radiation of 0.1778897 nm at
room temperature. Measurements were carried out in the 2 h range of
10–100° with a scanning step of 0.05° and 10 s scanning time per step.
Crystallite size was determined by using XFIT computing program
which is based on Fundamental Parameter convolution approach [26].

Raman measurements were performed using commercial NTegra
Spectra system from NT-MDT. A linearly polarized semiconductor laser
operating at a wavelength of 532 nm was used. All the spectra were
obtained by setting the laser power to 2mW within the ∼0.5×0.5 μm
sized focus with exposure time of 600 s.

The far-infrared (FIR) reflectivity measurements were performed at
room temperature with a BOMEM DA-8 Fourier-transform infrared
spectrometer. A Hyper beamsplitter and deuterated triglycine sulfate
(DTGS) pyroelectric detector were used to cover the wave number re-
gion from 80 to 650 cm−1.

3. Results and discussion

3.1. Atomic force microscopy

Three dimensional topographic images of all four samples are
shown in the left side of Fig. 1. As can be seen, sample surfaces are
rather flat, but still they are characterized with bright protrusions and
dark holes (which represent air) resulting in a small surface roughness
of several nanometers.

In order to characterize fraction of both observed topographic fea-
tures, the statistical analysis have been performed by calculating his-
tograms and bearing ratios from two dimensional topographic images.
The results for all four samples are given in the right side of Fig. 1. They
show that the peaks in the histograms are positioned in the middle of
bearing ratio curves. Therefore, from these curves we can conclude that
the fraction of holes and protrusions are rather similar, around 50%.

In order to estimate thicknesses of studied films, their step edges
were measured by AFM. 3D AFM topographic images of the step edges
are depicted in Fig. 2(a1-d1). The films are brighter and the substrates

are dark in the images, while the step edges are clearly resolved. Based
on the AFM images, height distributions were calculated and presented
in Fig. 2 (a2-d2). In all histograms, there are two characteristic peaks: a
lower one corresponds to the substrate, while a higher one corresponds
to the film. Therefore, the film height can be then approximately cal-
culated as a difference between these two peaks. Estimated film
thicknesses are given in Fig. 2 (a2-d2). The best resolved height peaks
were found on CdTe 1 in Fig. 2 (a2) due to a smooth sample surface as
can be seen in Fig. 2 (a1).

3.2. XRD

Structures of four synthesized CdTe thin films with different thick-
nesses were identified by XRD pattern as shown in Fig. 3. The dif-
fractograms confirm that all samples are monophased, and that they
crystallized in sphalerite type structure in 216. space group, F m43 . All
of the observed diffraction peaks are indexed according to this space
group. Therefore, in our thin film samples there is no other structures
other than CdTe. In this structural type, Cd ions occupy 4a Wyckoff
positions, [[0, 0, 0]] with local symmetry m43 , while Te ions occupy 4c
Wyckoff positions [[1/4, 1/4, 1/4]] with the same local symmetry. Cd
ions are in tetrahedral surrounding of Te ions (and vice versa). The
tetrahedrons are regular and share common vertices. Crystallite size (R)
is determined and presented in Fig. 2 and Table 1.

3.3. Raman spectroscopy

The cubic face-centered structure of balk crystal CdTe is char-
acterized by the 216. space group F m43 and contains four formula
units, while the primitive cell is one fourth as many. Optical modes
consist of one three fold –degenerated mode F2 which is active in IR and
Raman spectra. The dipole mode F2 is split into the transverse (TO) and
longitudinal (LO) modes in the vibrational spectra. It is very well
known that reduction of the particle dimensions to nanoscale results in
a breakdown of phonon selection rules and allows phonons with ≠l 0
to contribute to Raman scattering [27–31]. Consequently, some new
forbidden vibration modes (low frequency region, acoustic modes, and
high frequency region, surface optical modes) occur due to imperfec-
tions, impurity, valence band mixing and/or nonspherical geometry of
the nanostructures [14].

TO (142 cm−1) and LO (170.5 cm−1) modes for the CdTe bulk
crystal are both active in the Raman spectra. Also, the modes in band
near 120 cm−1 correspond to phonons of Te on the CdTe surface and
can be seen in the Raman spectra [32].

Raman spectra of CdTe thin films of different thickness at room
temperature are presented in Fig. 4.

For analyzing obtained spectra Lorentz profiles were used. Solid
lines are their sums. In the top right corner Raman spectra of bulk CdTe
crystal for ambient conditions is presented [32]. The observed Raman
spectra for all samples among characteristic CdTe TO mode at
142 cm−1 and phonon of Te of the CdTe surface (127 cm−1), show the
LO phonon like frequency shift from 170.5 cm−1 to 164 cm−1. That can
be attributed to the surface optical phonon (SOP) mode effect [33–38].
It is clear that SOP phonon is wider compared to LO phonon of bulk
crystal, as well as when it's compared to phonon of nanodimensional
film. This effect is associated with interaction between SOP and
plasmon, which will be mentioned later on.

In order to analyze the surface optical phonon we have to take into
account that a part of crystallites are surrounded by air. We will analyze
the dependence of the SOP mode position on filling factor (f) of the
mixed material.

Surface phonon modes can be detected in systems where particle
size is much smaller when compared to wavelength of exciting light
source [39]. These modes can be obtained for in the case of polar
crystals [40], so we consider expression for dielectric function which
describes optical properties of polar semi – insulating semiconductor in
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IR region [24]:
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ωTO and ωLO represent transverse and longitudinal optical bulk pho-
nons, respectively; ε∞ is the dielectric constant at high frequencies, ωP
is plasma frequency and γ and Γ are the damping constants. Surface
phonons can be considered similarly to phonons in infinite crystals, but
with adapted wave functions to the geometry of the small particle.

Here, we will apply effective medium theory: Because the size of
semiconducting nanoparticles, L, (with dielectric function ε2, and are
distributed in a medium with dielectric constant ε1) is considerably

smaller than the interacting wavelength of visible light, λ (λ≫ L), we
treat the heterogeneous composite as a homogeneous medium.

Even though there are numerous models for the effective dielectric
permittivity for these kinds of mixtures [41], we decided to use Max-
well – Garnet model, because all our samples are thin films with well
defined and separated nanosized grains. According to the Maxwell –
Garnet mixing rule [42,43], effective permittivity of mixture, including
spherical geometry of particles is given with:

= + −
+ − −

ε ε fε ε ε
ε ε f ε ε

3
2 ( )eff 1 1

2 1

2 1 1 2 (2)

In this case, nanoparticles are spheres with permittivity ε2 and are
randomly distributed in homogeneous environment, with permittivity

Fig. 1. Three-dimensional topographic image (left) and corresponding histogram and bearing ratio (right) for (a) CdTe 1, (b) CdTe 2, (c) CdTe 3, and (d) CdTe 4. Scan
size is 2 μm.
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ε1 and occupy a volume fraction f.
Position surface optical phonon (SOP) mode frequencies are ob-

tained from Ref. [44]:
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The result is shown in Fig. 5. The practical liner dependence of the
position of the SOP mode on the filing factor f has been obtained. For
the frequency of the SOP mode determined in Fig. 4 we have f=0.53.
This result is in accordance with the one obtained from the AFM
measurements.

3.4. Far-infrared spectroscopy

Thicknesses of our films, as we will see, are in a range from
∼0.39 μm to ∼0.72 μm, so reflectivity spectra contain information
about CdTe films together with information about substrate.
Representative scheme of our layered structure can be presented in
Fig. 6 [45]. Medium 1 is air, medium 2 is thin bulk CdTe crystal layer
and medium 3 is substrate glass, with dielectric functions ε1 (ε1=1), ε2
and ε3, respectively. We can now write [46]:

= = +
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Fig. 2. (a1-d1) 3D AFM topographic images of step edges of studied films, and (a2-d2) corresponding height histograms. Average films thicknesses are denoted in the
histograms.
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= − + = − +r n n n n ε ε ε ε( )/( ) ( )( )ij i j i j i j i j describe Fresnel coef-
ficients, Ai and Ar represent amplitudes of incident and reflection
beams, n is complex index of refraction, ε is the dielectric constant and
α=2πωd(ε2)1/2 is the complex phase change related to the absorption
in the crystal layer with the thickness d.

Reflectance, R, is given with:

=R RA
2 (5)

In this case we decided to use dielectric function which takes into

consideration the existence of plasmon – phonon interaction in ad-
vance.

The dielectric function of the CdTe crystal layer is:
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The ωlj and γlj (j= 1, 2), parameters of the first numerator are the
eigenfrequencies and damping coefficients of the longitudinal plasmon-
phonon (LP + LO) waves, that arise as a result of the interaction of the
initial phonon (ωLO,CdTe= 170.5 cm−1) and plasmons (ωP) modes. The
parameters of the denominator correspond to the similar characteristics
of the transverse vibrations (ωt, γt) and plasmon damping ΓP. As a result
of the best fit, we obtain coupled mode frequencies (ωl1 and ωl2).

The dielectric function of the glass substrate is:
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where ωTO and ωLO are the transversal and longitudinal optical vibra-
tions, and γTO and γLO are damping parameters, respectively.

In our case, layer 2 consists of a CdTe crystals and air (see Fig. 6).
The size of the crystallites (R) is given in Fig. 2 and Table 1. These
crystallites are described by a dielectric function given in Eq. (1) or Eq.
(6) and located randomly in homogeneous environment ε1 (air) and
occupy a volume fraction f, so we can use effective medium theory and
Maxwell - Garnet mixing rule, given with Eq. (2).

The far – infrared reflectivity spectrum of the glass substrate is
shown in Fig. 7(e). The calculated spectrum, presented by solid line,
was obtained using the dielectric function given by equation (7). As a
result of the best fit we obtained three modes, whose characteristic
frequency are ωTO1=60 cm−1, ωLO1= 140 cm−1, ωTO2=441 cm−1,
ωLO1= 443 cm−1 and ωTO3=471 cm−1, ωLO3=522 cm−1. Frequency
values of these modes have remained the same during the fitting pro-
cedure for all CdTe thin film samples.

The parameters obtained by the best fit between the experimental
results and the models for CdTe film described earlier are also given in
Table 1. The far-infrared spectra of CdTe thin films, in the spectral
range of 80–600 cm−1, at room temperature, are presented in Fig. 7.
Experimental data are presented by circles, while the solid lines are
calculated spectra obtained by a fitting procedure based on the pre-
viously presented model. Experimental and theoretical spectra show an
excellent match.

The thicknesses of our films obtained by Far – infrared spectroscopy
are 20% greater, which is within the limits of error for both techniques.
When using Far – infrared spectroscopy for calculating thickness of
layered structured, we bring errors in absolute measurements, because
we calculate effective thickness. The important thing is, the trend is the
same, the films does not differ in the relative thickness, i.e. thickness
ratios between films are the same.

We note that the thickness (d) of the film changes in the range of
∼0.39–∼0.7 μm. While the thickness of the film is in the 0.40 μm re-
gion, the crystallite size is about 32 nm, and for a film thickness of
about 0.72 μm, we have two sizes of crystallites different for a factor of
2. In addition, from Table 1, we have for thicker films CdTe 1 and CdTe
3, that the position of the coupled plasmon-phonon mode ωl1 is below
the values of ωLO,CdTe= 170.5 cm−1. On the other hand, these values
are above ωLO,CdTe for thin films CdTe 2 and CdTe 4. In both cases
plasmon damping (Гp) is relatively low. The obtained eigenfrequencies
of the plasmon – phonon coupled modes for CdTe thin films are pre-
sented in Fig. 8. As a result of the best fit from Fig. 7, we obtained the
frequencies of coupled modes (ωl1 and ωl2) marked by open circles and
transverse mode frequencies which are denoted by - x. Value of ωP are
calculated by Refs. [16–18]:

=ω ω
ω

ω
P

l l

t

1 2

(8)

Fig. 3. XRD analysis of CdTe thin films of different thickness. Obtained crys-
tallite sizes (R) are presented too.

Table 1
Parameters obtained from XRD measurements and FIR reflection spectroscopy.
Thin films thickness - d, Crystallite size – R.

Name d [μm] R [nm] ωl1 (ω+)
[cm−1]

ωl2 (ω−)
[cm−1]

ωP [cm−1] ωt [cm−1] f

CdTe 4 0.39 31.0 187 103 137.5 140.0 0.53
CdTe 2 0.43 33.0 174 78 96.6 140.5 0.53
CdTe 3 0.71 42.0 170 65 79.5 139 0.53
CdTe 1 0.72 20.3 165 30 35.2 140.5 0.53

Fig. 4. Raman spectra of CdTe thin films of different thickness. Experimental
spectra are shown by open dots. Solid lines are sums of three Lorentz profiles as
it shown for spectrum of CdTe 1. In the top right corner LO region of bulk CdTe
is presented, taken from the literature [32].
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The calculated lines at Fig. 7 are solution of a real part of uncoupled
dielectric function (Eq. (1)). However, for plasma-phonon modes posi-
tions are obtained:
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ω ω ω ω ω ω
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P LO P LO P TO
2 2 2 2 2

(9)

The full lines in Fig. 7 were obtained for the case
ωLO,CdTe= 170.5 cm−1. It is clear that all values of ωl1 and ωl2 are out of
this theoretical model. Best fit, dashed lines in Fig. 7, was obtained for
ωSOP=164 cm−1 which in Eq. (9) plays a role ωLO. Shift of about
7 cm−1 is registered in relation to ωLO,CdTe, just like in the case of
Raman spectra. As we said earlier, the LO phonon shift of CdTe crystal
is attributed to the surface optical phonon (SOP) mode effect.

Based on these results, it is clear that in the case of CdTe thin films,
prepared by using thermal evaporation technique, the filing factor is
constant and does not depend on film thickness, crystallite size and

Fig. 5. Surface optical phonon (SOP) mode position vs. filing factor.

Fig. 6. Schematic presentation of a three layer structure [46].

Fig. 7. Far – infrared reflection spectra of: CdTe thin films with thickness of (a)
0.39 μm, (b) 0.71 μm, (c) 0.43 μm, (d) 0.72 μm, and glass substrate (e).
Experimental spectra are presented by circles while solid lines are calculated
spectra obtained by a fitting procedure based on the model given by Eqs. (2)
and (4)–(7).
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concentration of free carriers. On the other hand, the reflection spectra
depend on the thickness of the film and the concentration of free car-
riers in the film, which is expected. In general, thin films have a higher
concentration of free carriers (∼ωp) (see Table 1). The linear depen-
dence of the position of the SOP mode on the filing factor causes the
existence of a modified plasmon – phonon interaction, where the SOP
has the role of the LO phonon.

Of course, there are many models that can describe the registered
frequency shift of the LO phonon in CdTe e.g. a continuum model of the
optical phonon confinement [47,48] would also give a shift of 7 cm−1,
but for spherical nanoparticles of about 5 nm, which is far from our
case.

4. Conclusion

In this paper, we present results of investigation of CdTe thin films
prepared with thermal evaporation technique, with different thick-
nesses. Sample's surfaces are rather flat, but still they are characterized
with bright protrusions and dark holes (air) resulting in a small surface
roughness of several nanometers. We showed that, when using thermal
evaporation technique we get high quality thin films, especially for
thicker films with greater crystallite size. We conclude that the filling
factor of our thin films is constant and does not depend on film thick-
ness, crystallite size or concentration of free carriers, but yet has linear
dependence on SOP position. This kind of morphology, with filling
factor of ∼50% causes existence of surface optical phonon and its in-
teraction with plasmon, because of the free surface around nano-
particles. A numerical model for calculating the reflectivity coefficient
for complex system, which includes films and substrate, has been ap-
plied, and CdTe thin film were treated as a mixture of homogenous
spherical inclusion in air modeled by Maxwell – Garnet formula.
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Regular article

Far-infrared study of the mechanochemically synthesized Cu2FeSnS4
(stannite) nanocrystals

J. Trajic a,⇑, M. Romcevic a, N. Paunovic a, M. Curcic a, P. Balaz b, N. Romcevic a
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h i g h l i g h t s

� Stannite Cu2FeSnS4 nanocrystals were
synthesized mechanochemically.

� Optical properties and compositional
purity of Cu2FeSnS4 nanocrystals
were characterized.

� Optical properties were investigated
by Far-infrared spectroscopy.

� The influence of the milling time on
synthesis of the stannite Cu2FeSnS4
was observed.
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a b s t r a c t

The analysis of the optical properties of mechanochemically synthesized stannite Cu2FeSnS4 nanocrystals
has been performed using far-infrared spectroscopy. The Cu2FeSnS4 stannite nanocrystals were synthe-
sized mechanochemically from elemental precursors Cu, Fe, Sn, and S. Milling time was 45, 60, 90 and
120 min. Reflectivity spectra were analyzed using the classical form of the dielectric function, which
includes the phonon and the free carrier contribution. The influence of milling time on synthesis of stan-
nite Cu2FeSnS4 is observed. Among the modes that are characteristic for the stannite Cu2FeSnS4, we reg-
istered the modes of binary phases of FeS and SnS. The total disappearance of the binary phases of FeS and
SnS and forming pure Cu2FeSnS4 is observed when the milling time is 120 min. Effective permittivity of
Cu2FeSnS4 and binary phases of FeS and SnS were modeled by Maxwell – Garnet approximation.

� 2018 Elsevier B.V. All rights reserved.

1. Introduction

Stannite (Cu2FeSnS4) is one of the best-known sulphide miner-
als, not only because of its economic importance as a tin ore, but
also because of its structural and physical characteristics [1] such
as adequate direct band gap (1.0–1.5 eV), low toxicity and a rela-
tively high abundance of the elements in the Earth’s crust [2]. Its
constituents are abundantly available [3].

To deal with the increasingly severe energy crisis, research on
high-efficient and low-cost solar cells is of pressing need and of

great significance. Various types of semiconductors such as CdTe,
Cu(In,Ga)Se2 and TiO2, have been extensively studied for thin film
solar cells. Nevertheless, due to the toxicity of Cd and the limited
availability of In and Ga, naturally abundant and non-toxic
photo-voltaic materials are of considerable interest [4]. Quaternary
semiconductor Cu2FeSnS4 is one of promising photovoltaic materi-
als as an alternative absorber layer for the development of low-cost
and environment-friendly thin film solar cells due to its analogous
crystal structures to Cu(In,Ga)Se2, suitable band gap and high
absorption coefficient [5].

Several low-cost, highly efficient, environmental friendly and
easy-to operate methods have been developed for preparation of
Cu2FeSnS4, such as pulse laser and electro deposition [6], hot
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injection [7], electrospinning [8], dip coating [9], microwave
assisted approach [4,10,11] and oxide-nanoparticles-based process
[12]. However, these techniques are complex as well as time-
consuming, and require high temperature, while in some cases it
is necessary to use the toxic organic solvents. Mechanochemical
treatment is a powerful technique for synthesis of a wide range
of materials where the high energy milling is being applied to
induce and speed up chemical reactions [13,14]. This approach is
simple, solvent-free, and reproducible, and also the synthesis
might be easily scaled up. However, the control of stoichiometry
and crystal structure during synthesis of the quaternary nanocrys-
tals remains a challenge.

In this paper, the optical and structural properties of Cu2FeSnS4
nanoparticles which are mechanochemically synthesized have
been investigated using far-infrared spectroscopy. The reflectivity
spectra of the tetragonal Cu2FeSnS4 obtained after different milling
time have been analyzed using the Maxwell–Garnett approxima-
tion. We have determined the influence of the milling time on
the purity of the Cu2FeSnS4 nanocrystals.

2. Samples preparation and characterisation

The elemental precursors (Cu, Fe, Sn and S) were used to obtain
stannite (CFTS) by a solid state one-pot mechanochemical synthe-
sis. The starting materials were elemental Cu (99%), Fe (99%), Sn
(99.9%), and S (99%). These materials were weighed and mixed in
atomic ratios of 2:1:1:4, according to the stoichiometry Cu2FeSnS4.
The particularities of synthesis and initial characterization of Cu2-
FeSnS4 nanoparticles were presented previously in Refs. [15,16],
and will be briefly discussed here.

The mechanochemical synthesis of Cu2FeSnS4 nanoparticles
was performed in a Pulverisette 6 planetary mill (Fritsch,
Germany). The milling conditions were as follows: milling pot
volume-250 ml, material of milling pot – tungsten carbide (WC)
with 50 WC balls of 10 mm diameter in it, total weight of reactants
– 5 g, ball-to-powder mass ratio – 70, milling speed – 500 min�1.
Milling time was 45, 60, 90 and 120 min using an argon protective
atmosphere in the mill. Using the described synthesis process, the
unique nanostructures and properties are developed. Cu2FeSnS4
polymorphs with tetragonally body-centred structure with crystal-
lite sizes of 18–19 nm were obtained.

X-ray diffraction (XRD) is the most commonly used technique
to characterize the crystal structure and compositional purity of
stannite Cu2FeSnS4 nanoparticles. All samples were examined
under the same conditions, using a D8 Advance Bruker X-ray
diffractometer in the Bragg-Brentano geometry, using the Cu Ka
radiation of 0.15418 nm and a scintillation detector at room tem-
perature. The commercial Bruker tools have been used for data
processing.

The XRD patterns of the elemental mixture (Cu, Fe, Sn and S
powders) obtained after various milling times are shown in the
Fig. 1. Diffraction patterns show the reflection of the tetragonal
body-centred stannite Cu2FeSnS4 according to card JCPDS 44-
1476 in the tetragonal space group I-42m. The XRD spectra shows
three most intensive peaks at 2h = 28.5�, 47.5� and 56.0� that can
be assigned to the (1 1 2), (2 0 4), and (3 1 2) planes of the tetrag-
onal crystals. Besides mentioned peaks, the peak of the Fe is
observed at the Cu2FeSnS4 nanocrystal samples obtained after 45
and 60 min milling time. This peak disappears with increasing
milling time.

In the attempt to characterize compositional purity of stannite,
and observe the influence of the milling time on the
mechanochemical synthesis of Cu2FeSnS4 nanocrystals we used
far-infrared (FIR) spectroscopy. The infrared reflectivity measure-
ments were carried out at room temperature with a BOMEM DA-

8 Fourier-transform IR spectrometer. A deuterated triglycine sul-
fate (DTGS) pyroelectric detector was used to cover the wave num-
ber region from 80 to 450 cm�1.

3. Results and discussion

The Cu2FeSnS4 is a tetrahedrally coordinated semiconductor in
which each sulphur anion is bonded to four cations and each cation
is bonded to four sulphur anions [17]. The factor group analysis of
the allowed zone-centre vibrations for the I-42m tetragonal crys-
tallographic structures of Cu2FeSnS4, indicates that ten infrared
(IR) and fourteen Raman active phonon modes of irreducible repre-
sentations are expected for this compound [18]:

C ¼ 2A1 þ A2 þ 2B1 þ 4B2 þ 6E ð1Þ
The B2 and E modes are IR active and they represent LO-TO

splitting due to their polar character. The modes A1, B1, B2 and E
are Raman active.

Reflectivity spectra were analyzed using the classical form of
the dielectric function, which includes several oscillators and the
free carrier contribution to the dielectric function [19]. Whereas
the analysis of the far IR reflectivity spectrum of Cu2FeSnS4
nanopowders revealed a presence of a plasmon mode, it was nec-
essary to include both contributions of the phonon and the plas-
mon (free carrier contribution) to the dielectric function:

es xð Þ ¼ e1
Xl

j¼1

x2
LOk �x2 þ icLOkx

x2
TOk �x2 þ icTOkx

� xP2

x xþ iCPð Þ

 !
ð2Þ

where e1 is the high-frequency dielectric constant, xLOk, and
xTOk are longitudinal and transverse frequencies of the k-th oscil-
lator, cLOk and cTOk are their corresponding dampings, xp and Cp

are the plasma frequency and damping. The first term in Eq. (2)
is the lattice contribution whereas the second term is the Drude
expression for the free carrier contribution to the dielectric con-
stant. The far-infrared reflection spectrum of Cu2FeSnS4 nanocrys-
tal obtained after 45 min milling time is presented in Fig. 2. The
experimental data are presented by circles, while the solid line rep-
resents the calculated reflectivity spectra obtained by the fitting
procedure based on Eq. (2). In the fitting procedure we included
modes at about 93, 120, 144, 250, 315 and 350 cm�1 that are in
accordance with the reported values for tetragonal Cu2FeSnS4
[18,20] as well as, plasma term. We did not succeed to determinate
the set of parameters that provide good spectrum overlapping in
the whole range of frequencies. Discrepancy between experimental
and calculated reflectivity spectra in some regions is obvious,
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Fig. 1. XRD spectra of Cu2FeSnS4 nanocrystals obtained after various milling times.
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which indicates that in this system among the nanocrystals of Cu2-
FeSnS4 exists another mixtures of starting elements and their
phases.

Because our sample consists of Cu2FeSnS4 nanoparticles and
binary and/or ternary phases of starting elements we have applied
the effective medium approximation method to calculate infrared
reflectivity spectra. The widely used effective medium theory is
the Maxwell–Garnett approximation which treats the effective
medium as consisting of a matrix in which are embedded inclu-
sions and where the fraction of the inclusions is very small, so that
the inclusions are spatially separated and can be treated as a per-
turbation [21,22]. For the spherical inclusions case, the prediction
of the effective permittivity of mixture eeff according to the
Maxwell-Garnet mixing rule reads [23,24]:

eff ¼ e1 þ 3fe1
e2 � e1

e2 þ 2e1 � f e1 � e2ð Þ ð3Þ

Here, spheres of permittivity e2 are located randomly in homo-
geneous environment e1 and occupy a volume fraction f. In the case
of mechanochemicaly sintesized Cu2FeSnS4, multicomponent
phases of starting elements with dielectrical function e2 are ran-
domly located in pure Cu2FeSnS4 with dielectrical function e1,
where e1 and e2 are defined by Eq. (2).

In Fig. 3 is presented the far-infrared reflection spectrum of Cu2-
FeSnS4 nanocrystal obtained after 45 min milling time where the
solid line is obtained by applying Maxwell–Garnett approximation.
In the fitting procedure, besides modes which originated from
tetragonal Cu2FeSnS4 we included mode at about 215 cm�1 which
is corresponding to infrared frequency of SnS binary component
[25]. Occurrence of SnS binary phase is in accordance with the
observation of Bernardini et al, where, by thermal synthesis, also,
the minor traces of herzenbergite SnS have been detected, besides
stannite [1,26].

Taking into account this mode, corresponding to infrared fre-
quency of SnS binary component, we obtained better overlapping,
but it is obvious that besides binary phase of SnS the other multi-
component phases are formed. Satisfactory overlapping of experi-
mental and theoretical spectra is achieved when in the fitting
procedure the modes at about 225 and 297 cm�1 (Fig. 4a) are
added. These two modes are originated from impurity FeS binary
phases [17,27]. Slight difference in frequencies between available
literature data as well as data we gathered probably arises from
the differences in the cation-anion bond distances. Also, disordered

distribution of Cu and Fe atoms leads to the presence of a high con-
tent of CuFe and FeCu anti-site defects that would degrade the crys-
talline quality of these regions. The existence of a highly disordered
distribution of cations in these domains would lead to a shift of the
peak towards lower frequencies [28].

The far-infrared reflection spectra of Cu2FeSnS4 nanocrystals
obtained after various milling times, in the spectral range from
80 to 450 cm�1, are presented in Fig. 4. The experimental data
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Fig. 2. Far-infrared reflection spectra of stannite Cu2FeSnS4 obtained after 45 min
milling time. Experimental spectra are presented by circles. The solid lines
are calculated spectra obtained by a fitting procedure based on the model given
by Eq. (2).
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Fig. 3. Far-infrared reflection spectra of stannite Cu2FeSnS4 obtained after 45 min
milling time. Experimental spectra are presented by circles. The solid lines
are calculated spectra obtained by a fitting procedure based on the model given
by Eq. (3).
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Fig. 4. Far-infrared reflection spectra of stannite Cu2FeSnS4 obtained after different
milling times. Experimental spectra are presented by circles. The solid lines
are calculated spectra obtained by a fitting procedure based on the model given
by Eq. (3).
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are presented by circles, while the solid line represent the calcu-
lated reflectivity spectra obtained by the fitting procedure based
on Eq. (3).

The spectrum of Cu2FeSnS4 nanocrystals obtained after 60 min
milling time is presented in Fig. 4b. In the case of this nanocrystal
the same modes are registered as in the sample obtained after 45
min milling time. Namely, modes originated from tetragonal Cu2-
FeSnS4, together with modes originated from binary phases FeS
and SnS are registered at infrared spectra samples obtained after
45 and 60 min milling time. In infrared spectrum of sample
obtained after 90 min milling time (Fig. 4c), the mode that corre-
sponds to SnS was not observed, whereas in the case of the
nanocrystal obtained after 120 min milling time (Fig. 4d), only
the modes originated from pure tetragonal Cu2FeSnS4 are regis-
tered. This spectrum, obtained after 120 milling time, is calculated
with the set of parameters corresponding to the pure Cu2FeSnS4
sample.

The total disappearance of the mode originated from SnS binary
phase is observed after 60 min milling time, and FeS modes disap-
pear when the milling time is 120 min (longer than 90 min).
Absence of those modes excluded the presence of FeS and SnS bin-
ary phases, which indicates that after 90 min milling time pure
stannite Cu2FeSnS4 is synthesized.

Volume fraction of tetragonal Cu2FeSnS4 obtained as estimation
of the best fit parameter are presented in Table 1. As milling time
increases, the filling factor increase also, which indicates that
during miling the contribution of impurity binary phases FeS and
SnS decrease, while contribution of pure, tetragonal Cu2FeSnS4
increases. Namely, Cu2FeSnS4 is synthesized from elemental pre-
cursors Cu, Fe, Sn and S by applying the high-energy milling. Dur-
ing synthesis besides tetragonal Cu2FeSnS4 nanocrystal the binary
phases of starting elements FeS and SnS occur. In our case where
the multicomponent phases of starting elements are randomly
located in Cu2FeSnS4, the filling factor f gives us information about
the contribution (volume fraction) of pure Cu2FeSnS4.

4. Conclusion

We have measured the far-infrared reflectivity spectra of the
mechanochemically synthesized Cu2FeSnS4 nanocrystals obtained
after different milling time. Reflectivity spectra were analyzed
using the classical form of the dielectric function, which includes
the phonon and plasmon contribution to the dielectric function.
The best fit spectra are obtained using the Maxwell–Garnett
approximation. Besides modes which are characteristic for tetrag-
onal Cu2FeSnS4 nanocrystals we registered the existence of modes
that originates from binary phases of FeS and SnS. The total disap-
pearance of the mode originated from SnS binary phase is observed
after 60 min milling time, and FeS modes disappear when the
milling time is longer than 90 min. Absence of those modes
excluded the presence of FeS and SnS binary phases, which indi-

cates that after 90 min milling time pure stannite Cu2FeSnS4 is syn-
thesized. As a best fit parameter we determined volume fraction of
tetragonal Cu2FeSnS4 as a function of milling time. Analyzing the
reflectivity spectra we determine not only which impurity compo-
nents occur during the synthesis of Cu2FeSnS4, and we find out the
change in contribution of these impurity components as the miling
time is varied.
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a b s t r a c t

The Solution Combustion Synthesis (SCS) method was used to prepare nanopowders of europium doped
cubic Gd2Zr2O7 nanopowders. The surface of the samples have been investigated using atomic force
spectroscopy (AFM) and far-infrared spectroscopy (FIR). Far-infrared reflectivity spectra of Eu3þ doped
Gd2Zr2O7 nanopowders were measured at room temperature in spectral region between 80 and
650 cm�1. The MaxwelleGarnet formula was used to model dielectric function of Eu3þ doped Gd2Zr2O7

nanopowders as mixtures of homogenous spherical inclusions in air.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction

A2B2O7 type of pyrochlores are important class of materials
because of their diverse scientific and technological applications
like in nuclear waste storage [1], electro/photo catalysis [2,3],
luminescence [3], CO2 hemisorption [4], photoluminescence hosts
[5], topological Mott insulator [6] etc.

Pyrochlore oxides which occur in various crystalline phases,
manifest numerous interesting and important physicochemical
properties which make them eligible for potential hosts for the
chemical substitution [7].

Rare earth based zirconates (Re2Zr2O7) pyrochlores have wide
scientific and technological applications as: potential thermal bar-
rier coatings (TBC), high temperature heating devices or lumines-
cence hosts [8].

Among all rare earth based pyrochlores, Gd2Zr2O7 stands out as
a material with a distinctively low thermal conductivity and high
phase stability [9]. Besides that, Gd2Zr2O7 could be an excellent
candidate for potential photoactive materials [10].

As shown through our previous work [4,11], there are two
different crystal structures for Gd2Zr2O7, pyrochlore and the fluorite

type.
Rare earth ions are widely used as activators for various phos-

phors and other organic and inorganic luminescent materials,
because they offer high color purity, high luminescence lifetime
and also a narrow emission profile, thanks to its optically active 4f
electrons which are strongly shielded from the rest of ions by the
other 5s and 5p shells [12].

Among all lanthanides, Eu3þ ion is in advantage as a dopant ion
for structural probing, as well as for synthesis of red light emitting
phosphor [8]. The reason this ion is a useful spectroscopic probe is
because of its main source of luminescence - single level, 5D0 state,
which prevents the convolution of overlapping emission peaks
from different levels [13]. Also, doping any aliovalent ion in these
oxides is not only used for structural probing, but it could also
generate significant changes in photophysical behavior of those
materials in such way that doping creates various kinds of defects
like ion/oxygen vacancies, which can alter the band gap of mate-
rials, i.e. photophysical characteristics of one material. Particularly
for Gd2Zr2O7, it is proven that efficient doping results in tuning of
thermal [14], electrical [15], optical [4] and other properties.

In this paper, we present the results obtained by using far e

infrared spectroscopy (FIR) to study optical properties of the Eu3þ

doped Gd2Zr2O7 nanopowders which were prepared by the Solu-
tion Combustion Synthesis (SCS) method. The dielectric function of
Eu3þ doped Gd2Zr2O7 nanopowder is modeled as a mixture of
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homogenous spherical inclusions in air, by the Maxwell-Garnet
formula.

2. Sample and characterization

Europium doped cubic Gd2Zr2O7 nanopowders were prepared
by Solution Combustion Synthesis (SCS) method. Starting chem-
icals Gd(NO3)$6H2O, Zr(NO3)2$H2O, Eu(NO3)$6H2O with the purity
of 99,99% were purchased from ABCR, Gd2O2 (99,9%) from the
NOAH Technologies and urea (NH2)2CO from Sigma-Aldrich.

Due to its simplicity and low cost of the synthesis procedures
and possibility of tailoring the size andmorphology of particles, the
flame combustion process is the most frequently used. After the
synthesis, the nanopowder was annealed, in order to achieve the
full crystallinity, in air atmosphere at 1200 �C for 2 h. The Eu3þ

concentration in Gd2Zr2O7 was 2 mol%. The morphology analysis of
the synthesized materials indicates the irregular crystallite size
distribution and existence of agglomerated grains which are in the
submicron size.

In our previous work [4,11] we performed X e ray powder
diffraction (XRD) and photoluminescence measurements of the
same material. XRD analysis confirmed that sample was crystal-
lized in fluorite (F) type structure (space group Fm3m). The pho-
toluminescence spectra showed a number of electronic transitions,
among themwere those at 705 nm and 713 nm (5D0 e

7F4), 654 nm
(5D0 e

7F3), 630 and 611 nm (5D0e
7F2), 593 nm (5D0e

7F1), 584 nm
(5D0/5D1 e 7F1) and 578 nm (5D0/5D1 e 7F0).

The Raman spectra of Eu3þ doped Gd2Zr2O7 nanopowders were
measured. We registered three phonons at 177 cm�1, 268 cm�1 and
592 cm�1, as well as their overtones at 354 cm�1, 445 cm�1,

708 cm�1, 1062 cm�1, 1184 cm�1, ~1530 cm�1 and ~1720 cm�1. The
phonon at 592 cm�1 was already known to be characteristic for
Gd2Zr2O7 fluorite e type structure, and we found that other two
phonon positions to be characteristic with the observed electron e

phonon observed interaction and that the registered multiphonon
processes were a consequence of miniaturization that further in-
duces changes in electronic structure of Eu3þ doped Gd2Zr2O7
nanopowders. All the above mentioned results will be useful in the
far e infrared spectroscopy analysis of Eu3þ doped Gd2Zr2O7
nanopowders.

3. Results and analysis

3.1. AFM

Atomic force microscopy (AFM)measurements were done using
NTEGRA Prima system from NT-MDT at room temperature and
ambient conditions. Imaging was done in tapping mode using
NSG01 probes. Phase lag of AFM cantilever was recorded simulta-
neously during tapping mode imaging.

Two dimensional and three dimensional topography of the
sample surface are shown in Fig.1(a) and (b), respectively (scan size
is 5 � 5 mm2). As can be seen, the surface is rather flat with char-
acteristic holes represented with dark color. Cross section of one
characteristic hole (along dashed line in Fig. 1(a)) is given in the
inset of Fig. 1(a). Hole width and depth are around 1 mm and
200 nm, respectively. Apart from this holes, the sample surface
consists of small grains. They are better visualized in Fig. 1(c) and
(d) showing the topography and phase contrast image of a zoomed
part (scan size is 1 � 1 mm2). Grains are clearly visible, especially

Fig. 1. (a) Two-dimensional and (b) three-dimensional topography of the sample surface. The inset in part (a) shows the cross-section along the corresponding dashed line. (c)
Three-dimensional topography and (b) corresponding phase contrast image of a zoomed region from part (a).
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grain boundaries in the phase contrast image since the phase is
very sensitive to abrupt changes in the topography. Dispersion of
grain size is rather wide, but still we can conclude that the char-
acteristic grain size is in the order of 100 nm.

3.2. Far-infrared spectroscopy

The infrared reflectivitymeasurements were performed at room
temperature with a BOMEM DA-8 Fourier-transform infrared
spectrometer. A Hyper beamsplitter and deuterated triglycine sul-
fate (DTGS) pyroelectric detector were used to cover the wave
number region from 80 to 650 cm�1. Spectra were collected with
2 cm�1 resolution and with 500 interferometer scans added for
each spectrum.

When visible light, l, interacts with semiconducting nano-
particles (characteristic size d, dielectric function ε2) which are
distributed in amediumwith the dielectric constant ε1 in the limit l
[ d, the heterogeneous composite can be treated as a homoge-
neous medium and effective medium theory is applied. There are
manymixingmodels for the effective dielectric permittivity of such
mixture [16]. Since our samples are well defined and separated
nanosized grains, we used Maxwell-Garnet model for present case.
For the spherical inclusions case, the prediction of the effective
permittivity of mixture, εeff, according to the Maxwell-Garnet
mixing rule is [17]:

εeff ¼ ε1 þ 3f ε1
ε2 � ε1

ε2 þ 2ε1 � f ðε1 � ε2Þ
(1)

Here, spheres of permittivity ε2 are located randomly in ho-
mogeneous environment ε1 and occupy a volume fraction f. The
observed nanoparticles are situated in air, therefore the ε1 is 1. For
dielectrical function of observing nanoparticles (ε2) we used the
standard model [18]:

ε2ðuÞ ¼ ε∞

 Yn
k¼1

u2
LOk � u2 þ igLOku

u2
TOk � u2 þ igTOku

� u2
P

u
�
u� it�1

�
!

(2)

where ε∞ is the bound charge contribution and it is assumed to be a
constant, uTOk and uLOk are transverse and longitudinal fre-
quencies, gTOk, and gLOk are their dampings, uP is the plasma

frequency and t is the free carrier relaxation time. The first term in
(2) is the lattice contribution, whereas the second term is the Drude
expression for the free carrier contribution to the dielectric con-
stant. In this case, we will consider uTOk as a characteristic fre-
quency of material (nk), and we will link uLOk with oscillator
strength (Sk~uLOk

2 - uTOk
2 ) which does not have big influence on

discussion.
The far-infrared spectra of Eu3þ doped Gd2Zr2O7 nanopowders,

in the spectral range of 80e650 cm�1, at room temperature, are
presented in Fig. 2. The experimental data are presented by circles,
while the solid lines are calculated spectra obtained by a fitting
procedure based on the previously presented model. In Table 1 the
best fit parameters are presented. Values for Eu3þ doped Gd2Zr2O7
single crystal are taken from literature [11,19e22].

McCauley [23], and Vandenborre [24] came to the result that of
the total number of 26 normal modes

(G ¼ A1g þ Eg þ 2F1g þ 4F2g þ 3A2u þ 3Eu þ 8F1u þ 4F2u) only those
of F1u vibrations are active in the IR absorption. One of the eight F1u
modes is associated with three degrees of translation of the unit
cell and refers to the acoustic branch of the crystal vibrations and
thus analysis predict 7 IR e active optic modes [22]. Our results
confirm all of the seven active vibrations and their assignations are
shown in Table 1 and also indicate that anharmonicity factors are
not significant. The analysis [23,24] also predicts that six vibrations
of the types A1g, Eg and 4F2g are Raman e active modes. As per the
selection rules, the remaining modes (F1g, A2u, Eu and F2u) are in-
active both in the IR and Raman spectra. According to the group-
theoretical analysis, all the atoms of the crystal lattice are
involved in the seven IR active F1u vibrations (and six Raman e

active modes) of the pyrochlore [22e24].
Following other authors' and our previous work [11,25] we

started our analysis from the bulk material, considering that un-
derstanding bulk properties will lead to better understanding of
properties of small particles, and therefore, as a result we expect
the bulk modes to be shifted and broadened.

All modes are shifted compared to literature data. We believe
that this is not because of the doping with Eu3þ and that in rela-
tively small concentrations/amounts, doping did not induce
changes in phonon spectra of Gd2Zr2O7 [26]. We confirm our pre-
vious work [11] where we used Raman spectroscopy to obtain
modes at 177 cm�1 and 268 cm�1 which noticeably differed from
results obtained by many other authors who claimed that these
modes occur at ~140 cm�1 (O-A-O vibrations) and ~220 cm�1 (O-B-
O vibrations), respectively. Using FIR spectroscopy we obtained
significant modes at 175 cm�1 and 255 cm�1 which describe O-A-O
and O-B-O vibrations, respectively. The reason for this shift, as we
believe, is electron e phonon interaction which led to the break-
down of the selection rules and appearance of the new phonons in
fluorite structure Gd2Zr2O7:Eu spectrum [11].

Interesting thing is, FIR spectrum shows two modes character-
istic for pyrochlore type of structure, at 365 cm�1 and 490 cm�1,
although they are weak [19]. These two modes correspond to the
vibrations of GdO8 and ZrO6 polyhedra, respectively. This confirm
some earlier thoughts of P phase and F phase co-existing in the
sample [19]. As it was said earlier [4,11], Gd2Zr2O7 has two iso-
metric structures, disordered fluorite (F) and ordered pyrochlore
(P). In general, disordered fluorite structure type for this compound
is confirmed [4]. But, it is also known that Ln2Zr2O7 (Ln ¼ elements
of lanthanide series) have a pyrochlore-type structure stable at low
temperature [19]. The Raman activity allowed for the pyrochlore
structure results from oxygen vibrations, and only four bands are
observed in the Raman spectra of Ln2Zr2O7 pyrochlore-type com-
pounds (Table 1 [21]). In the ordered structure there is no evidence
of the significant band at 125 cm�1, like our FIR spectrum shows.

Fig. 2. Far e infrared reflection spectra of Eu3þ doped Gd2Zr2O7 nanopowder. The
experimental data are represented by circles. The solid lines are the calculated spectra
obtained with the parameter values given in Table 1 and the fitting procedure based on
the model given by Eqs. (1) and (2).
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The thing is, for Ln2Zr2O7 compounds, an order e disorder transi-
tion pyrochlore 4 defective fluorite may occur when the temper-
ature is raised [21]. This confirms that in Gd2Zr2O7:Eu nanopowder
P- and F- phase coexist. At first, this is not in agreement with XRD
results for Gd2Zr2O7:Eu nanopowder [4], but using FIR spectroscopy
in reflectivity mode, we concern mainly the surface of material and
coexistence of two phases is characteristic for the surface, but not
for the general structure which is generally investigated using XRD.

Modes at 330 cm�1 and 610 cm�1 are clearly visible in both F
phase and P phase spectra [20] and they correspond to Zr-Oþ O-Zr-
O vibrational mode.

The rest of well known IR active vibrations, O-Gd-O and O0-Gd-
O0 (O0 represents the 8(a) site oxide ion [27,28]) bending vibrations,
are not yet assigned for Gd - zirconates. We assume that these vi-
brations correspond to 50 cm�1, 126 cm�1 modes, respectively. The
mode at 50 cm�1 clearly could not be obtained with our spec-
trometer which works in 80e650 cm�1 region, but that mode is
well-suited to the fitting procedure based on the model given by
Eqs. (1) and (2). Value of 50 cm�1 for Gd-zirconate is expected,
regarding [[22], pg. 78, Table VII] which shows O0-Gd-O0 assign-
ments for lanthanide series from La to Sm, but not for the Gd. We
find answer in the isotope effect. The change in spectrum is
conditioned with the mass of nuclei, and if the mass of some
element is greater, spectral lines will move to lower values of wave
number. Therefore, considering the increase in mass from La to Gd,
we assume that previously unknownwave number value of O0-Gd-
O0 vibration for Gd-zirconates corresponds to our result of 50 cm�1

(value of wave numbers from La to Gd are decreasing). We also use
isotopic shift to explain the 126 cm�1 for which we assume cor-
responds to O-Gd-O vibration band and it also may suggest the
possibility of a lowered local symmetry for some crystallographic
sites [24] (that is in agreement with our assumptions with order4
disorder transition).

4. Conclusion

In this paper far-infrared reflectivity measurements were used
to obtain phonon properties of Eu3þ doped Gd2Zr2O7 nanopowders.
We registered phonons of both isomeric structures characteristic
for Gd2Zr2O7 nanopowder and concluded coexistence of these two
phases on the surface of the material, whereas fluorite structure is
typical for the general structure. Low frequency modes were
registered and regarding isotope effect they have been assigned.
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Table 1
Best fit parameters of far e infrared spectra of Eu3þ doped Gd2Zr2O7.

Exp. results:
Gd2Zr2O7: Eu3þ

nanopowder

Literature:
Gd2Zr2O7: Eu3þ

single crystal

Assignment

50 e n7: O0-Gd-O0 bending vibrations
126 e n6: Gd-ZrO6 streching vibrations
175 177 [11] n5: O-Gd-O bending vibrations
255 268 [11] n4: O-Zr-O bending vibrations
330 310 [20], 315 [21] n3: Zr-O þ O-Zr-O vibrational

mode (O-Zr-O bending)
365 370 [19], 400 [21] n2: vibrations of GdO8 polyhedra
490 500 [19], 538 [21] n1: Zr-O stretching vibration,

vibrations of ZrO6 polyhedra
610 599 [20], 592 [21] Eg: Zr-O0 stretching vibration
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Abstract

Thin films of CuSe2 nanoparticles embedded in selenium matrix were prepared by vacuum evaporation method
on a glass substrate at room temperature. The optical properties of the films were investigated by photolu-
minescence spectroscopy (T = 20–300 K) and UV-VIS spectroscopy (T = 300 K). Surface morphology was
investigated by scanning electron microscopy. The band gap for direct transition in CuSe2 was found to be
in the range of 2.72–2.75 eV and that for indirect transition is in the range of 1.71–1.75 eV determined by
UV-VIS spectroscopy. On the other hand, selenium exhibits direct band gap in the range of 2.33–2.36 eV. All
estimated band gaps slightly decrease with the increase of the film thickness. Photoluminescence spectra of the
thin films clearly show emission bands at about 1.63 and 2.32 eV at room temperature, with no shift observed
with decreasing temperature. A model was proposed for explaining such anomaly.

Keywords: chalcogenides, thin films, optical properties, spectroscopy, SEM

I. Introduction

Selenides of copper (Cu-Se) exist in many phases and
structural forms: i) stoichiometric forms, such as CuSe
(klockmannite), Cu2Sex, CuSe2 (marcasite), α-Cu2Se
(bellidoite), Cu3Se2 (umangite), Cu5Se4 (athabaskite),
Cu7Se4 etc., as well as ii) non-stoichiometric forms,
such as Cu2-xSe (berzelianite). All those phases can
be classified into several crystallographic forms (mon-
oclinic, cubic, tetragonal, hexagonal, etc.). Copper se-
lenide is a semiconductor with p-type conductivity, and
has numerous applications in various devices, such as
solar cells [1–3], photo detectors [4], optical filters [5],
microwave shielding [6], thermoelectric converters [7],
etc. Photovoltaic cells and Shottky diodes are also based
on these metal chalcogenide compounds [8,9]. CuSe2
is a superconductor at low temperatures with a transi-
tion temperature TC ∼ 2.4 K [10], and has a weak ferro-

∗Corresponding author: tel: +381 11 3713 036,
fax: +381 11 3713 052, e-mail: martina@ipb.ac.rs

magnetic response below 31 K [11,12]. CuSe2 is widely
used as a precursor material for CuInSe2 (CIS) and
Cu(In,Ga)Se2 (CIGS) preparation, suitable for highly
efficient photovoltaic elements [13]. Also, CuSe2 is used
as a typical anion conductor and significant Cu-Se al-
loys targets for the preparation of CIGS/CIS thin film
solar cells in RF magnetic sputtering [14].

Possible application of Cu-Se strongly depends on its
optical properties. Despite the numerous publications
of the optical properties of Cu-Se thin films, the esti-
mated value of band gap of Cu-Se is not well defined.
Cu-Se has both direct and indirect transitions, so the
presence of both band gaps, direct and indirect, can be
observed. Literature data are quite controversial: direct
allowed transitions are reported to have corresponding
band gap in the range of 2 to 3 eV, and indirect band gap
between 1.1 and 1.5 eV [15–18]. The indirect band gap
being near the optimum value for solar cell applications
makes this material capable of potentially offer a high
efficiency of conversion. However, Cu-Se nanoparticles
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have been reported to possess a direct band gap of 4 eV
and indirect one of 1.87 eV [19]. The reasons of such
variation in band gaps could lie in the sharp cut off of
the wavelength with the spectral transmittance instead
of the slow increase, the presence of large number of
dislocations, wide range of stoichiometric deviation and
quantum confinement effect.

In our previous report [20], we prepared Cu-Se thin
films of three different thicknesses by vacuum evap-
oration technique using Mo boat onto glass substrate
at room temperature, and investigated their structural
properties. XRD and far-infrared spectroscopy revealed
the presence of CuSe2 nanocrystals in predominant Se
films.

The objective of this research was to determine op-
tical properties of Cu-Se thin films, using UV-VIS and
low-temperature photoluminescence spectroscopy, and
to investigate how the film thickness could influence the
band gap value and photoluminescence properties. SEM
analysis was also performed in order to get information
about the morphology of the obtained Cu-Se thin films.

II. Experimental

Thin films were obtained by evaporating commer-
cially high purity CuSe powder (99.99%) supplied from
Aldrich Company. The powder was deposited onto
highly pre-cleaned glass substrates with use of Mo boat.
The procedure was done in a high-vacuum environment
with typical background pressures of 3 mPa. The de-
position rate, 10 nm/s, was monitored by quartz crystal
thickness monitor - FTM4, Edwards and the final films
thicknesses was found to be 56 nm, 79 nm and 172 nm
for the films labelled as F-55, F-80 and F-170, respec-
tively [20].

SEM imaging was done using scanning electron mi-
croscope equipped with a high brightness Schottky field
emission gun (FEGSEM, TESCAN) operating at 4 kV.
The samples were coated with gold/palladium to make
them conductive.

The UV-VIS diffusion reflectance and transmittance
spectra were recorded in the wavelength range of 300–
1000 nm on a Shimadzu UV-2600 spectrophotometer
equipped with an integrated sphere. The diffuse re-
flectance and transmittance spectra were measured rela-
tive to a reference sample of BaSO4.

Photoluminescence measurements on various tem-
peratures (T = 20–300 K) were obtained by Jobin-Yvon
U1000 spectrometer, equipped with RCA-C31034A
photomultiplier with housing cooled by Peltier element,
amplifiers and counters. The 488 nm laser line of argon
laser was used as excitation source.

III. Results and discussion

3.1. SEM analyses

Scanning electron microscopy (SEM) images were
obtained for the Cu-Se thin films deposited on glass
substrate in order to study the surface morphology and

Figure 1. Top view and tilted SEM micrographs of films:
a) F-55, b) F-80 and c) F-170

agglomeration of the samples.
Top view and tilted micrographs of the thin films are

presented in Fig. 1. From the top view micrographs it
can be observed that the surface of the samples is rela-
tively uneven and rather rough, with presence of cracks
and voids. Formation of the Cu-Se thin films most prob-
ably proceed unevenly, in the form of islands which later
grew into agglomerates. Agglomerated clusters of few
hundreds nanometers in diameter are distributed non-
uniformly along the surface and form the structure con-
sisting of CuSe2 nanocrystals in predominant Se matri-
ces. In order to determine the film thicknesses, the sam-
ples were tilted at 30°. The thicknesses estimated by
SEM are: ∼56 nm, ∼78 nm and ∼171 nm for the films
F-55, F-80 and F-170, respectively. The thickness val-
ues estimated by SEM analysis match the ones obtained
during the preparation of thin films.

3.2. UV-VIS spectroscopy

In Fig. 2 diffuse reflectance R and transmittance T
spectra of the thin films samples in the wavelength range
300–1000 nm (4.13–1.24 eV) on room temperature (T
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(a) (b)

Figure 2. Diffuse reflectance, R (a), and transmittance, T (b) spectra

= 300 K) are presented. As it can be seen, the trans-
mittance increases with decrease in the film thickness,
which is not the case for reflectance. This is typical for
films with high electrical conductivity and implies a re-
flection coefficient nearing 1 for films with metallic con-
ductivity.

In this study we used the Tauc plot for the determi-
nation of the optical band gap from diffuse reflectance
measurements. The determination of band gap in semi-
conductors is significant for obtaining the basic solid
state physics. The relation expression proposed by Tauc,
Davis and Mott [21–23] is the following:

α · h · ν = A
(

h · ν − Eg

)1/n
(1)

where h is the Planck’s constant, A is the transition prob-
ability constant depending on the effective mass of the
charge carriers in the material, Eg is the band gap, h · ν

is the photon energy and α is the absorption coefficient
which is defined as the relative rate of decrease in light
intensity along its propagation path, i.e. a property of a
material that defines the amount of light absorbed by it.
The value of n denotes the nature of the transition. In
case of direct transitions n equals 1/2 and 3/2 for allowed
and forbidden transitions, respectively. As for indirect
transitions, n equals 2 and 3 for allowed and forbidden
transitions, respectively. Since CuSe exhibits both direct
and indirect allowed transitions, n = 1/2 and n = 2.

Then, the acquired diffuse reflectance spectra are con-
verted to Kubelka-Munk function [24]:

α =
(1 − R)2

2R
(2)

So using this function, a plot of (α · h · ν)1/n against
h · ν is obtained. The energy band gap is determined by
extrapolating the linear portion of (α · h · ν)1/n vs. h · ν

to the energy axis at (α · h · ν)1/n = 0. The intercept
of these plots on the energy axis gives the energy band
gap. Such plots are given in Fig. 3. Direct transitions
(left part of Fig. 3) reveal band gap for both selenium
and CuSe2, while indirect transitions (right part of Fig.
3) reveal band gap for CuSe2 only.

The experimentally determined values of energy gaps
for CuSe2 show slight decrease with film thickness and
their values range from 2.75 to 2.72 eV for direct transi-
tions, and from 1.75 to 1.71 eV in case of indirect transi-
tions. The estimated band gaps for selenium follow the
same trend with film thickness and range between 2.33
and 2.36 eV. The estimated band gap positions for each
sample are given in Table 1. The difference in the film
thicknesses causes the small difference in band gaps
in the second decimal place and they follow the well-
established trend, the smaller the thickness, the wider
the band gap is. Also, their values are quite wider than
the ones that can be found in literature [7,16,25–33].

Table 1. Estimated band gap energies of thin films
determined with UV-VIS spectroscopy

F-55 F-80 F-170
CuSe2 direct transition [eV] 2.75 2.74 2.72

CuSe2 indirect transition [eV] 1.75 1.72 1.71
Se direct transition [eV] 2.36 2.34 2.33

Broad range of energy band gap values for Cu-Se can
be found in literature. For direct transitions those values
are usually between 2 and 3 eV. Bari et al. [25] obtained
the value of 2.51 eV for the sample with thickness of
150 nm, and with the increase of film thickness they re-
ported the decrease of band gap width. Grozdanov [26],
Garcia et al. [16] and Sakr et al. [27] obtained the value
of 2.33, 2.13–2.38 and 2.74 eV, respectively. The latter
is very similar to the results obtained in this paper. Ra-
jesh et al. [28] got a diversity of band gaps ranging from
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Figure 3. Dependence of (α · h · ν)2 on photon energy (h · ν) – left side, and dependence of (α · h · ν)1/2 on photon energy (h · ν) –
right side

1.95 (the thickest film) to 3.70 eV (the thinnest film).
However, for indirect transitions they received less at-
tention. Garcia et al. [16] obtained values in the range
1.22–1.34 eV, whereas the value obtained by Bhuse et

al. [7] is about 1.4 eV. Our values (∼1.7 eV) are bigger
than the reported in literature. According to our opinion,
the larger indirect band gap values are due to quantum
confinement effect [29,30] whereby the electrons are lo-
calized in individual crystallites, and due to specific bor-
der conditions between CuSe2 nanoparticles and sele-
nium matrix.

For the pure selenium, the direct band gap was re-
ported to be about 2 eV for the bulk [31,32] and 2.20–
2.06 for the thin films of thickness 130–290 nm [33].
Our films are thinner than the ones mentioned in the lit-
erature and it is not surprising that we obtained wider
band gap values, about 2.3 eV. The film F-170 has the
thickness between 130 and 290 nm, but the higher value
in band gap is the result of specific border conditions
between selenium matrix and CuSe2 nanoparticles. We
presume that CuSe2 nanoparticles directly influence the

band gap of predominant selenium, and vice versa.
The Urbach energy is also analysed. Urbach rule

states that the optical absorption coefficient α just below
the band edge in insulators and semiconductors varies
exponentially with the incident photon energy [34]:

α = α0 exp

(

h · ν

EU

)

(3)

where α0 is a constant and characteristic parameter of
the material, h ·ν is incident photon energy, and the term
EU which is the width of the exponential tail is called
Urbach energy. The Urbach energy represents the width
of defect states in the band gap. Figure 4 shows logα as
a function of incident photon energy for the film F-170,
as a representative one. By extrapolating the linear part
of the plot and with use of Equation 3, the Urbach en-
ergy can be determined as the inverse of the slope and α0

from the intercept of extrapolated plot. From the slope
and inception of extrapolated plot it was determined that
EU is 0.32 eV and α0 is 3.02 cm-1.

130
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Figure 4. Logarithmic dependence of the absorption
coefficient on the photon energy for F-170 film

3.3. Photoluminescence spectroscopy

Photoluminescence (PL) spectra can be used for
investigating the possible outcomes of photo-induced
electrons and holes in a semiconductor, since photo-
luminescence emission results from the recombination
of free charge carriers. There are two types of photo-
luminescence phenomenon according to its attributes
and formation mechanism: the band-to-band photolu-
minescence and the excitonic photoluminescence [35–
37]. The band-to-band PL spectrum regards the sepa-
ration situation of photo-generated charge carriers. The
excitonic PL spectrum, however, cannot directly reflect
the separation situation of photo-induced carriers. If dis-
crete energy levels are present in the band gap, these
may dominate the optical spectrum. PL measurements
then yield information about the energetic positions of
the electronic states in the gap. Such localized states can
originate from various types of imperfections like va-
cancies, interstitial atoms, atoms at surfaces and grain
boundaries. However, it is often difficult to determine
the exact position and origin of these states.

Photoluminescence spectra of thin films on various
temperatures are presented in Fig. 5. The spectra are
rather complex, thus for their analysis the deconvolu-
tion method had to be employed. Two typical resolved
spectra are presented in Fig. 6 (on 20 K and room tem-
perature), and the deconvolution of the others is done
in the same manner. Each spectrum is characterized
with 5 bands. Band-to-band photoluminescence dom-
inates the room temperature spectra. The band in red
area at ∼1.6 eV is clearly seen. According to the UV-
VIS results (see previous chapter), we can attribute this
mode to band-to-band transition for indirect transition
in CuSe2. In green area, a broad band is observed at
∼2.3 eV which originates from direct transitions in se-
lenium (also see prev. chapter). Due to Stokes shift,
the obtained positions are a bit lower than the ones
obtained by UV-VIS spectroscopy. Between these two
bands there are three defect modes at 2.1 eV, 1.9 eV and

Figure 5. Photoluminescence spectra of thin films at various
temperatures: a) F-55, b) F-80 and c) F-170

1.8 eV, which are of small intensity on room tempera-
ture. Lowering the temperature, the band at ∼1.8 eV in-
creases its intensity, and becomes the dominant one at
20 K. According to literature data [32] this band is at-
tributed to selenium defect mode – negative U-centre.
This mode is expected to appear at 0.5 eV from the band
edges. Another two defect modes, at 2.1 and 1.9 eV, are
attributed to the defect modes of CuSe2, according to
the work of Urmila et al. [38]. In their work they ob-
tained bands at 2.1, 1.9 and 1.5 eV in PL spectrum of
Cu7Se4 thin film. They concluded that there is nonra-
diative transition from conduction band to defect levels
with energies 2.1, 1.9 and 1.5 eV and from these lev-
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Figure 6. Typical resolved photoluminescence spectra of thin
films F-170: a) on 20 K and b) room temperature

Figure 7. Temperature dependence of PL emission bands
intensities, normalized on the most intensive ones (black

squares – film F-55, red circles – film F-80,
blue triangles – film F-170)

els radiative transitions occurred to valence band. The
values 2.1 and 1.9 eV match the band positions we ob-
tained in this work, thus we can assign these bands to
defect modes in CuSe2. Due to predominant phase of
selenium, these bands are hidden by the bands origi-
nated from selenium and cannot be observed without
the deconvolution method. Chong [39] in his work also
obtained a PL band at ∼2.16 eV without assigning it to
any transition. In all spectra, the uprise of peak intensity
with lowering temperature is observed, Fig. 7. The in-
tensities have their maximum values at the lowest tem-
perature (20 K) and show decrease with rising tempera-
ture. The most radical decrease is observed for the band

at ∼1.8 eV, which intensity drops to ∼40% at 200 K, and
only to ∼6% at room temperature.

Temperature dependence of PL emission band posi-
tions is shown in Fig. 8. Let us discuss the band position
of indirect transitions of CuSe2. At the room tempera-
ture, there are differences on the second decimal place
for films of different thicknesses, the same as observed
when analysing UV-VIS spectra. The same trend is ob-
served on 20 K. If the shift of this band with tempera-
ture is analysed for each film, it can be noticed the tem-
perature invariance, i.e. small non-monotonous differ-
ences in positions on the second decimal place. This is
in contradiction with the expected red shift, characteris-
tic for the semiconductors. The temperature invariance
is observed for other bands as well. There is a question
that needs to be answered: why the PL measurements
show no shift with increasing temperature, instead of
the conventional red shift characteristic for the semicon-
ductors? A model proposed by Shen et al. [40] explains
those discrepancies. It involves surface electron accu-
mulation as a result of severe band bending in nanorods.
However, the same trend was observed in thin film sam-
ples (including ours), whose curvature-less surface does
not support a spatial charge separation such as in 1D
nanostructures. Wei et al. [41] gave more exact expla-
nation of this phenomenon in their work. They began
the analysis by making difference between EPL and Eg:

EPL(n, T ) = Eg(n, T ) + EFn(n, T ) − EFp(n, T ) (4)

where EFn and EFp are the electron and hole quasi-
Fermi levels measured from the bottom of conduction
band and the top of valence band, respectively. So the
temperature dependence of the band gap shift is the
competition between the lattice dilation dEg/dT on the
one hand, and the sum (dEFn/dT − dEFp/dT ) on the
other hand. The former results in the conventional red
shift of the band gap with increasing temperature and
the latter gets the blue shift. The resulting shift depends

Figure 8. Temperature dependence of photoluminescence
emission bands positions
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on the magnitude of these two contributions. Usually
when the electron density n is high, the thermal response
in the material is governed by electronic rather than pho-
tonic interactions, the sum (dEFn/dT − dEFp/dT ) be-
comes dominant thus the blue shift of EPL is observed.
However, if these two contributions are of the same
magnitude, it will result in no shift with changing tem-
perature, as in case of our samples.

PL emission bands positions as a function of film
thicknesses are presented in Fig. 9. It is common knowl-
edge that as the confining dimension decreases, typi-
cally in nanoscale, the energy spectrum turns to discrete
so the band gap of a semiconductor becomes size de-
pendent. For one-dimensional confinement (film thick-
ness), the quantization energies increase when the size
along the confinement direction decreases [42,43]. In an
amorphous or structurally disordered film, the imperfec-
tion in the film causes the bands of localized states to
get broaden and a band gap reduction may occur due
to the Urbach edge [44]. If we observe the shift of the
band at ∼1.6 eV, which corresponds to indirect transi-
tions in CuSe2, we can see the blue shift with decreas-
ing size, as being expected. On the other hand, the band
at ∼2.3 eV which corresponds to direct transitions in Se,
we can see no size dependence with the band position.
The reason of this behaviour lies in specific composition
of our films, i.e. CuSe2 nano-objects embedded in sele-
nium matrix. The particles of CuSe2 are small enough
to react on the size reduction, but the selenium matrix
the amorphous effect becomes dominant.

As it can be seen from the above, the temperature
changes do not affect the band gap. The size changes,
i.e. the reduction of film thickness affects the band gap
only on a second decimal place. Thus, we can state that
the low cost technique of vacuum evaporation gives
us the opportunity to produce quality, stable thin films

Figure 9. PL emission bands positions dependence of film
thicknesses

suitable for further applications in heterojunction solar
cells and photo detectors.

IV. Conclusions

Cu-Se thin films of three different thicknesses, ob-
tained by vacuum evaporation technique on glass sub-
strate, underwent through photoluminescence investiga-
tion along with UV-VIS measurements and SEM analy-
sis. Reflectance measurements revealed values for both
direct and indirect band gap: ∼2.7 and 1.7 eV, respec-
tively for CuSe2 and ∼2.3 eV for Se. The existence of
indirect band gap in CuSe2 at this value, little wider than
in literature, is confirmed by photoluminescence mea-
surements. A band at ∼1.8 eV, registered by PL mea-
surements at low temperatures, is attributed to defect
level of selenium – negative U-center. In this paper we
proved that simple and low-cost technique as vacuum
evaporation is capable of producing high-quality thin
films.
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Abstract

Thin films of CuSe2 nanoparticles embedded in selenium matrix were prepared by vacuum evaporation method
on a glass substrate at room temperature. The optical properties of the films were investigated by photolu-
minescence spectroscopy (T = 20–300 K) and UV-VIS spectroscopy (T = 300 K). Surface morphology was
investigated by scanning electron microscopy. The band gap for direct transition in CuSe2 was found to be
in the range of 2.72–2.75 eV and that for indirect transition is in the range of 1.71–1.75 eV determined by
UV-VIS spectroscopy. On the other hand, selenium exhibits direct band gap in the range of 2.33–2.36 eV. All
estimated band gaps slightly decrease with the increase of the film thickness. Photoluminescence spectra of the
thin films clearly show emission bands at about 1.63 and 2.32 eV at room temperature, with no shift observed
with decreasing temperature. A model was proposed for explaining such anomaly.

Keywords: chalcogenides, thin films, optical properties, spectroscopy, SEM

I. Introduction

Selenides of copper (Cu-Se) exist in many phases and
structural forms: i) stoichiometric forms, such as CuSe
(klockmannite), Cu2Sex, CuSe2 (marcasite), α-Cu2Se
(bellidoite), Cu3Se2 (umangite), Cu5Se4 (athabaskite),
Cu7Se4 etc., as well as ii) non-stoichiometric forms,
such as Cu2-xSe (berzelianite). All those phases can
be classified into several crystallographic forms (mon-
oclinic, cubic, tetragonal, hexagonal, etc.). Copper se-
lenide is a semiconductor with p-type conductivity, and
has numerous applications in various devices, such as
solar cells [1–3], photo detectors [4], optical filters [5],
microwave shielding [6], thermoelectric converters [7],
etc. Photovoltaic cells and Shottky diodes are also based
on these metal chalcogenide compounds [8,9]. CuSe2
is a superconductor at low temperatures with a transi-
tion temperature TC ∼ 2.4 K [10], and has a weak ferro-

∗Corresponding author: tel: +381 11 3713 036,
fax: +381 11 3713 052, e-mail: martina@ipb.ac.rs

magnetic response below 31 K [11,12]. CuSe2 is widely
used as a precursor material for CuInSe2 (CIS) and
Cu(In,Ga)Se2 (CIGS) preparation, suitable for highly
efficient photovoltaic elements [13]. Also, CuSe2 is used
as a typical anion conductor and significant Cu-Se al-
loys targets for the preparation of CIGS/CIS thin film
solar cells in RF magnetic sputtering [14].

Possible application of Cu-Se strongly depends on its
optical properties. Despite the numerous publications
of the optical properties of Cu-Se thin films, the esti-
mated value of band gap of Cu-Se is not well defined.
Cu-Se has both direct and indirect transitions, so the
presence of both band gaps, direct and indirect, can be
observed. Literature data are quite controversial: direct
allowed transitions are reported to have corresponding
band gap in the range of 2 to 3 eV, and indirect band gap
between 1.1 and 1.5 eV [15–18]. The indirect band gap
being near the optimum value for solar cell applications
makes this material capable of potentially offer a high
efficiency of conversion. However, Cu-Se nanoparticles

127

https://doi.org/10.2298/PAC1702127G
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have been reported to possess a direct band gap of 4 eV
and indirect one of 1.87 eV [19]. The reasons of such
variation in band gaps could lie in the sharp cut off of
the wavelength with the spectral transmittance instead
of the slow increase, the presence of large number of
dislocations, wide range of stoichiometric deviation and
quantum confinement effect.

In our previous report [20], we prepared Cu-Se thin
films of three different thicknesses by vacuum evap-
oration technique using Mo boat onto glass substrate
at room temperature, and investigated their structural
properties. XRD and far-infrared spectroscopy revealed
the presence of CuSe2 nanocrystals in predominant Se
films.

The objective of this research was to determine op-
tical properties of Cu-Se thin films, using UV-VIS and
low-temperature photoluminescence spectroscopy, and
to investigate how the film thickness could influence the
band gap value and photoluminescence properties. SEM
analysis was also performed in order to get information
about the morphology of the obtained Cu-Se thin films.

II. Experimental

Thin films were obtained by evaporating commer-
cially high purity CuSe powder (99.99%) supplied from
Aldrich Company. The powder was deposited onto
highly pre-cleaned glass substrates with use of Mo boat.
The procedure was done in a high-vacuum environment
with typical background pressures of 3 mPa. The de-
position rate, 10 nm/s, was monitored by quartz crystal
thickness monitor - FTM4, Edwards and the final films
thicknesses was found to be 56 nm, 79 nm and 172 nm
for the films labelled as F-55, F-80 and F-170, respec-
tively [20].

SEM imaging was done using scanning electron mi-
croscope equipped with a high brightness Schottky field
emission gun (FEGSEM, TESCAN) operating at 4 kV.
The samples were coated with gold/palladium to make
them conductive.

The UV-VIS diffusion reflectance and transmittance
spectra were recorded in the wavelength range of 300–
1000 nm on a Shimadzu UV-2600 spectrophotometer
equipped with an integrated sphere. The diffuse re-
flectance and transmittance spectra were measured rela-
tive to a reference sample of BaSO4.

Photoluminescence measurements on various tem-
peratures (T = 20–300 K) were obtained by Jobin-Yvon
U1000 spectrometer, equipped with RCA-C31034A
photomultiplier with housing cooled by Peltier element,
amplifiers and counters. The 488 nm laser line of argon
laser was used as excitation source.

III. Results and discussion

3.1. SEM analyses

Scanning electron microscopy (SEM) images were
obtained for the Cu-Se thin films deposited on glass
substrate in order to study the surface morphology and

Figure 1. Top view and tilted SEM micrographs of films:
a) F-55, b) F-80 and c) F-170

agglomeration of the samples.
Top view and tilted micrographs of the thin films are

presented in Fig. 1. From the top view micrographs it
can be observed that the surface of the samples is rela-
tively uneven and rather rough, with presence of cracks
and voids. Formation of the Cu-Se thin films most prob-
ably proceed unevenly, in the form of islands which later
grew into agglomerates. Agglomerated clusters of few
hundreds nanometers in diameter are distributed non-
uniformly along the surface and form the structure con-
sisting of CuSe2 nanocrystals in predominant Se matri-
ces. In order to determine the film thicknesses, the sam-
ples were tilted at 30°. The thicknesses estimated by
SEM are: ∼56 nm, ∼78 nm and ∼171 nm for the films
F-55, F-80 and F-170, respectively. The thickness val-
ues estimated by SEM analysis match the ones obtained
during the preparation of thin films.

3.2. UV-VIS spectroscopy

In Fig. 2 diffuse reflectance R and transmittance T
spectra of the thin films samples in the wavelength range
300–1000 nm (4.13–1.24 eV) on room temperature (T
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(a) (b)

Figure 2. Diffuse reflectance, R (a), and transmittance, T (b) spectra

= 300 K) are presented. As it can be seen, the trans-
mittance increases with decrease in the film thickness,
which is not the case for reflectance. This is typical for
films with high electrical conductivity and implies a re-
flection coefficient nearing 1 for films with metallic con-
ductivity.

In this study we used the Tauc plot for the determi-
nation of the optical band gap from diffuse reflectance
measurements. The determination of band gap in semi-
conductors is significant for obtaining the basic solid
state physics. The relation expression proposed by Tauc,
Davis and Mott [21–23] is the following:

α · h · ν = A
(

h · ν − Eg

)1/n
(1)

where h is the Planck’s constant, A is the transition prob-
ability constant depending on the effective mass of the
charge carriers in the material, Eg is the band gap, h · ν

is the photon energy and α is the absorption coefficient
which is defined as the relative rate of decrease in light
intensity along its propagation path, i.e. a property of a
material that defines the amount of light absorbed by it.
The value of n denotes the nature of the transition. In
case of direct transitions n equals 1/2 and 3/2 for allowed
and forbidden transitions, respectively. As for indirect
transitions, n equals 2 and 3 for allowed and forbidden
transitions, respectively. Since CuSe exhibits both direct
and indirect allowed transitions, n = 1/2 and n = 2.

Then, the acquired diffuse reflectance spectra are con-
verted to Kubelka-Munk function [24]:

α =
(1 − R)2

2R
(2)

So using this function, a plot of (α · h · ν)1/n against
h · ν is obtained. The energy band gap is determined by
extrapolating the linear portion of (α · h · ν)1/n vs. h · ν

to the energy axis at (α · h · ν)1/n = 0. The intercept
of these plots on the energy axis gives the energy band
gap. Such plots are given in Fig. 3. Direct transitions
(left part of Fig. 3) reveal band gap for both selenium
and CuSe2, while indirect transitions (right part of Fig.
3) reveal band gap for CuSe2 only.

The experimentally determined values of energy gaps
for CuSe2 show slight decrease with film thickness and
their values range from 2.75 to 2.72 eV for direct transi-
tions, and from 1.75 to 1.71 eV in case of indirect transi-
tions. The estimated band gaps for selenium follow the
same trend with film thickness and range between 2.33
and 2.36 eV. The estimated band gap positions for each
sample are given in Table 1. The difference in the film
thicknesses causes the small difference in band gaps
in the second decimal place and they follow the well-
established trend, the smaller the thickness, the wider
the band gap is. Also, their values are quite wider than
the ones that can be found in literature [7,16,25–33].

Table 1. Estimated band gap energies of thin films
determined with UV-VIS spectroscopy

F-55 F-80 F-170
CuSe2 direct transition [eV] 2.75 2.74 2.72

CuSe2 indirect transition [eV] 1.75 1.72 1.71
Se direct transition [eV] 2.36 2.34 2.33

Broad range of energy band gap values for Cu-Se can
be found in literature. For direct transitions those values
are usually between 2 and 3 eV. Bari et al. [25] obtained
the value of 2.51 eV for the sample with thickness of
150 nm, and with the increase of film thickness they re-
ported the decrease of band gap width. Grozdanov [26],
Garcia et al. [16] and Sakr et al. [27] obtained the value
of 2.33, 2.13–2.38 and 2.74 eV, respectively. The latter
is very similar to the results obtained in this paper. Ra-
jesh et al. [28] got a diversity of band gaps ranging from
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Figure 3. Dependence of (α · h · ν)2 on photon energy (h · ν) – left side, and dependence of (α · h · ν)1/2 on photon energy (h · ν) –
right side

1.95 (the thickest film) to 3.70 eV (the thinnest film).
However, for indirect transitions they received less at-
tention. Garcia et al. [16] obtained values in the range
1.22–1.34 eV, whereas the value obtained by Bhuse et

al. [7] is about 1.4 eV. Our values (∼1.7 eV) are bigger
than the reported in literature. According to our opinion,
the larger indirect band gap values are due to quantum
confinement effect [29,30] whereby the electrons are lo-
calized in individual crystallites, and due to specific bor-
der conditions between CuSe2 nanoparticles and sele-
nium matrix.

For the pure selenium, the direct band gap was re-
ported to be about 2 eV for the bulk [31,32] and 2.20–
2.06 for the thin films of thickness 130–290 nm [33].
Our films are thinner than the ones mentioned in the lit-
erature and it is not surprising that we obtained wider
band gap values, about 2.3 eV. The film F-170 has the
thickness between 130 and 290 nm, but the higher value
in band gap is the result of specific border conditions
between selenium matrix and CuSe2 nanoparticles. We
presume that CuSe2 nanoparticles directly influence the

band gap of predominant selenium, and vice versa.
The Urbach energy is also analysed. Urbach rule

states that the optical absorption coefficient α just below
the band edge in insulators and semiconductors varies
exponentially with the incident photon energy [34]:

α = α0 exp

(

h · ν

EU

)

(3)

where α0 is a constant and characteristic parameter of
the material, h ·ν is incident photon energy, and the term
EU which is the width of the exponential tail is called
Urbach energy. The Urbach energy represents the width
of defect states in the band gap. Figure 4 shows logα as
a function of incident photon energy for the film F-170,
as a representative one. By extrapolating the linear part
of the plot and with use of Equation 3, the Urbach en-
ergy can be determined as the inverse of the slope and α0

from the intercept of extrapolated plot. From the slope
and inception of extrapolated plot it was determined that
EU is 0.32 eV and α0 is 3.02 cm-1.
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Figure 4. Logarithmic dependence of the absorption
coefficient on the photon energy for F-170 film

3.3. Photoluminescence spectroscopy

Photoluminescence (PL) spectra can be used for
investigating the possible outcomes of photo-induced
electrons and holes in a semiconductor, since photo-
luminescence emission results from the recombination
of free charge carriers. There are two types of photo-
luminescence phenomenon according to its attributes
and formation mechanism: the band-to-band photolu-
minescence and the excitonic photoluminescence [35–
37]. The band-to-band PL spectrum regards the sepa-
ration situation of photo-generated charge carriers. The
excitonic PL spectrum, however, cannot directly reflect
the separation situation of photo-induced carriers. If dis-
crete energy levels are present in the band gap, these
may dominate the optical spectrum. PL measurements
then yield information about the energetic positions of
the electronic states in the gap. Such localized states can
originate from various types of imperfections like va-
cancies, interstitial atoms, atoms at surfaces and grain
boundaries. However, it is often difficult to determine
the exact position and origin of these states.

Photoluminescence spectra of thin films on various
temperatures are presented in Fig. 5. The spectra are
rather complex, thus for their analysis the deconvolu-
tion method had to be employed. Two typical resolved
spectra are presented in Fig. 6 (on 20 K and room tem-
perature), and the deconvolution of the others is done
in the same manner. Each spectrum is characterized
with 5 bands. Band-to-band photoluminescence dom-
inates the room temperature spectra. The band in red
area at ∼1.6 eV is clearly seen. According to the UV-
VIS results (see previous chapter), we can attribute this
mode to band-to-band transition for indirect transition
in CuSe2. In green area, a broad band is observed at
∼2.3 eV which originates from direct transitions in se-
lenium (also see prev. chapter). Due to Stokes shift,
the obtained positions are a bit lower than the ones
obtained by UV-VIS spectroscopy. Between these two
bands there are three defect modes at 2.1 eV, 1.9 eV and

Figure 5. Photoluminescence spectra of thin films at various
temperatures: a) F-55, b) F-80 and c) F-170

1.8 eV, which are of small intensity on room tempera-
ture. Lowering the temperature, the band at ∼1.8 eV in-
creases its intensity, and becomes the dominant one at
20 K. According to literature data [32] this band is at-
tributed to selenium defect mode – negative U-centre.
This mode is expected to appear at 0.5 eV from the band
edges. Another two defect modes, at 2.1 and 1.9 eV, are
attributed to the defect modes of CuSe2, according to
the work of Urmila et al. [38]. In their work they ob-
tained bands at 2.1, 1.9 and 1.5 eV in PL spectrum of
Cu7Se4 thin film. They concluded that there is nonra-
diative transition from conduction band to defect levels
with energies 2.1, 1.9 and 1.5 eV and from these lev-
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Figure 6. Typical resolved photoluminescence spectra of thin
films F-170: a) on 20 K and b) room temperature

Figure 7. Temperature dependence of PL emission bands
intensities, normalized on the most intensive ones (black

squares – film F-55, red circles – film F-80,
blue triangles – film F-170)

els radiative transitions occurred to valence band. The
values 2.1 and 1.9 eV match the band positions we ob-
tained in this work, thus we can assign these bands to
defect modes in CuSe2. Due to predominant phase of
selenium, these bands are hidden by the bands origi-
nated from selenium and cannot be observed without
the deconvolution method. Chong [39] in his work also
obtained a PL band at ∼2.16 eV without assigning it to
any transition. In all spectra, the uprise of peak intensity
with lowering temperature is observed, Fig. 7. The in-
tensities have their maximum values at the lowest tem-
perature (20 K) and show decrease with rising tempera-
ture. The most radical decrease is observed for the band

at ∼1.8 eV, which intensity drops to ∼40% at 200 K, and
only to ∼6% at room temperature.

Temperature dependence of PL emission band posi-
tions is shown in Fig. 8. Let us discuss the band position
of indirect transitions of CuSe2. At the room tempera-
ture, there are differences on the second decimal place
for films of different thicknesses, the same as observed
when analysing UV-VIS spectra. The same trend is ob-
served on 20 K. If the shift of this band with tempera-
ture is analysed for each film, it can be noticed the tem-
perature invariance, i.e. small non-monotonous differ-
ences in positions on the second decimal place. This is
in contradiction with the expected red shift, characteris-
tic for the semiconductors. The temperature invariance
is observed for other bands as well. There is a question
that needs to be answered: why the PL measurements
show no shift with increasing temperature, instead of
the conventional red shift characteristic for the semicon-
ductors? A model proposed by Shen et al. [40] explains
those discrepancies. It involves surface electron accu-
mulation as a result of severe band bending in nanorods.
However, the same trend was observed in thin film sam-
ples (including ours), whose curvature-less surface does
not support a spatial charge separation such as in 1D
nanostructures. Wei et al. [41] gave more exact expla-
nation of this phenomenon in their work. They began
the analysis by making difference between EPL and Eg:

EPL(n, T ) = Eg(n, T ) + EFn(n, T ) − EFp(n, T ) (4)

where EFn and EFp are the electron and hole quasi-
Fermi levels measured from the bottom of conduction
band and the top of valence band, respectively. So the
temperature dependence of the band gap shift is the
competition between the lattice dilation dEg/dT on the
one hand, and the sum (dEFn/dT − dEFp/dT ) on the
other hand. The former results in the conventional red
shift of the band gap with increasing temperature and
the latter gets the blue shift. The resulting shift depends

Figure 8. Temperature dependence of photoluminescence
emission bands positions
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on the magnitude of these two contributions. Usually
when the electron density n is high, the thermal response
in the material is governed by electronic rather than pho-
tonic interactions, the sum (dEFn/dT − dEFp/dT ) be-
comes dominant thus the blue shift of EPL is observed.
However, if these two contributions are of the same
magnitude, it will result in no shift with changing tem-
perature, as in case of our samples.

PL emission bands positions as a function of film
thicknesses are presented in Fig. 9. It is common knowl-
edge that as the confining dimension decreases, typi-
cally in nanoscale, the energy spectrum turns to discrete
so the band gap of a semiconductor becomes size de-
pendent. For one-dimensional confinement (film thick-
ness), the quantization energies increase when the size
along the confinement direction decreases [42,43]. In an
amorphous or structurally disordered film, the imperfec-
tion in the film causes the bands of localized states to
get broaden and a band gap reduction may occur due
to the Urbach edge [44]. If we observe the shift of the
band at ∼1.6 eV, which corresponds to indirect transi-
tions in CuSe2, we can see the blue shift with decreas-
ing size, as being expected. On the other hand, the band
at ∼2.3 eV which corresponds to direct transitions in Se,
we can see no size dependence with the band position.
The reason of this behaviour lies in specific composition
of our films, i.e. CuSe2 nano-objects embedded in sele-
nium matrix. The particles of CuSe2 are small enough
to react on the size reduction, but the selenium matrix
the amorphous effect becomes dominant.

As it can be seen from the above, the temperature
changes do not affect the band gap. The size changes,
i.e. the reduction of film thickness affects the band gap
only on a second decimal place. Thus, we can state that
the low cost technique of vacuum evaporation gives
us the opportunity to produce quality, stable thin films

Figure 9. PL emission bands positions dependence of film
thicknesses

suitable for further applications in heterojunction solar
cells and photo detectors.

IV. Conclusions

Cu-Se thin films of three different thicknesses, ob-
tained by vacuum evaporation technique on glass sub-
strate, underwent through photoluminescence investiga-
tion along with UV-VIS measurements and SEM analy-
sis. Reflectance measurements revealed values for both
direct and indirect band gap: ∼2.7 and 1.7 eV, respec-
tively for CuSe2 and ∼2.3 eV for Se. The existence of
indirect band gap in CuSe2 at this value, little wider than
in literature, is confirmed by photoluminescence mea-
surements. A band at ∼1.8 eV, registered by PL mea-
surements at low temperatures, is attributed to defect
level of selenium – negative U-center. In this paper we
proved that simple and low-cost technique as vacuum
evaporation is capable of producing high-quality thin
films.

Acknowledgements: This work is supported by Ser-
bian Ministry of Education, Science and Technological
Development under Project III45003.
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h i g h l i g h t s

� YAG:Dy nanopowder was produced
by Solution Combustion Synthesis
(SCS) method.

� Powders are composed by well-
defined and separated nanoparticles.

� Some particles are agglomerated but
there are also separated particles.

� The dielectric function was modeled
by the Maxwell–Garnet formula.

� Optical phonon confinement is
registered.
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a b s t r a c t

The solution combustion synthesis was used to prepare nanopowders of yttrium aluminum garnet (YAG)
and YAG doped with dysprosium ions, Dy3+, (YAG:Dy). The morphology, specific surface area, texture, and
optical properties of the prepared materials were studied by the means of scanning electron microscopy
(SEM), nitrogen adsorption method, and far-infrared spectroscopy at room temperature in the spectral
region between 80 and 600 cm�1. It was established that all the examined samples were microporous.
The Maxwell–Garnet formula was used to model dielectric function of YAG and YAG:Dy nanopowders
as mixtures of homogenous spherical inclusions in air.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

Importance of yttrium aluminum garnet, Y3Al5O12, commonly
abbreviated as YAG, arises from its high chemical stability as well
as excellent optical and high-temperature mechanical properties
[1]. It is a ceramic material with a cubic garnet crystallographic

structure whose thermal expansion is isotropic, whereas its optical
properties are homogeneous, without birefringence effects [2,3].
Over the last five decades the structural properties of YAG were
the subject of numerous studies, which proved its technological
relevance and led to its use in a broad range of applications. For
example, YAG has found its role as a host material in solid-state
lasers of different kinds, luminescence materials, and scintillators
[4–6].

Two prospective applications particularly draw attention
toward trivalent dysprosium-activated optical materials. Namely,
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Infrared Physics & Technology 77 (2016) 226–229

Contents lists available at ScienceDirect

Infrared Physics & Technology

journal homepage: www.elsevier .com/locate / infrared

http://crossmark.crossref.org/dialog/?doi=10.1016/j.infrared.2016.06.003&domain=pdf
http://dx.doi.org/10.1016/j.infrared.2016.06.003
mailto:jelena@ipb.ac.rs
http://dx.doi.org/10.1016/j.infrared.2016.06.003
http://www.sciencedirect.com/science/journal/13504495
http://www.elsevier.com/locate/infrared


if the phonon energy of host matrix is low, these materials could be
an alternative to praseodymium-doped optical amplifiers used in
the second telecommunication window [7]. The second promising
area of application, the solid-state lasers operating in the visible
part of the spectrum [8], is based on the blue and yellow emissions
originating from 4F9/2 level of Dy3+. These emissions are muchmore
probable than the non-radiative relaxation to the next lower
energy level, 6F3/2, that corresponds to large energy gap of approx-
imately 7500 cm�1. Consequently, relatively high phonon energy
of yttrium aluminum garnet presents YAG crystal as a prospective
host material for dysprosium ions [9].

We used solution combustion synthesis (SCS) method to pre-
pare nanopowder samples of YAG and YAG doped with 2 mol%
Dy. Optical properties of the samples were analyzed by far-
infrared spectroscopy (FIR), whereas nitrogen adsorption method
was employed to examine specific surface area and texture. The
dielectric function of the nanopowders was modeled using the
Maxwell–Garnet formula.

2. Samples preparation and characterization

The SCS method used to prepare the YAG and YAG:Dy
nanopowder samples was performed in several steps. Yttrium
oxide (Y2O3) and aluminum oxide (Al2O3) of 99.99 % purity was
purchased from the NOAH Technologies. The oxides were dissolved
in HNO3 followed by the addition of carbohydrazide to the solution
of aluminum nitrate and yttrium nitrate:

3YðNO3Þ3 þ 5AlðNO3Þ3 þ 15CH6N4O

! YAGþ 42N2 þ 15CO2 þ 45H2O:

Good reactivity of the raw materials provided absence of the
intermediate phases, e.g., YAM (Y4Al2O9) or YAP (YAlO3), in the
obtained YAG powder. The YAG:Dy samples were produced by
doping YAG host with Dy3+ ions using the concentration of 2 mol
%. Further, YAG:Dy nanopowder was annealed in the air atmo-
sphere at 1300 �C with the aim to obtain full crystallinity [10].

The morphology of the prepared YAG and YAG:Dy nanopowders
was examined using a high resolution scanning electron micro-
scope (SEM) equipped with the high brightness Schottky Field
Emission gun (FEGSEM, TESCAN) operating at 4 kV. In order to
provide conductivity of the samples needed for SEM analysis, the
samples were coated with gold/palladium. The SEM images of
our YAG and YAG:Dy samples are given in Fig. 1. The powders
are composed of well-defined and separated nanoparticles,

clusters, and agglomerated particles. The size of individual spheri-
cal particles is in the range of about 30–50 nm. The spherical shape
of particles is of great importance because it provides lower light
scattering and brighter luminescence performance [11].

3. Results and discussion

3.1. Adsorption isotherms – BET experiments

The analyzer Surfer (Thermo Fisher Scientific, USA) was used to
examine YAG and YAG:Dy nanopowders.

The dependences of the adsorbed amount of N2 on the relative
pressure, P/P0, at the temperature of �196 �C, i.e., the nitrogen
adsorption isotherms, for the YAG and YAG:Dy samples are given
in Fig. 2. The adsorptions at low relative pressures, given in the
graph inserts, indicate that there are micropores on the particle
surfaces. According to the IUPAC classification pores are classified
as macropores (pore width above 50 nm), mesopores (pore width
2–50 nm) and micropores (pore width below 2 nm) [12]. At the
same time, non-limiting adsorption at high P/P0, was found to cor-
respond to non-rigid aggregates of particles giving rise to slit-
shaped pores [13]. Note that these conclusions are in agreement
with the SEM images given in Fig. 1, which show that our samples
contain agglomerated as well as separated particles. The separated
particles are found to be spherical with the diameter of approxi-
mately 40 nm. The specific surface areas calculated by the BET
equation, SBET, are found to be 5 m2 g�1 and 12 m2 g�1 for the
YAG and YAG:Dy samples, respectively. Since the radius of Dy3+

ion of 0.1167 nm is larger than the radius of Y3+ ion, which is
0.1159 nm, it comes as no surprise that the presence of Dy led to
increase of the overall specific surface of particles. Also, dopants
introduce defects into the structure of the material which results
in different charge on the particle surface when doped and
undoped are compared. This charge on the particle surface leads
to differences in packaging particles and their greater or lesser
agglomeration, which on the other hand have significant role on
the porosity and specific surface area. Incorporated dopants have
a tendency to concentrate at the surface of nanomaterials. All these
have significant role on the increasing of the specific surface area.

3.2. Far-infrared spectroscopy

The far-infrared measurements were carried out with the
BOMEMDA – 8 FIR spectrometer. The wave number range between
80 and 600 cm�1 was covered with the DTGS pyroelectric detector.

Fig. 1. SEM micrographs. The micrographs of YAG and YAG:Dy nanopowders are given in part (a) and (b), respectively.
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If the visible light wavelength, k, is much larger than the char-
acteristic size of semiconducting nanoparticles, d, i.e., if k� d,
the heterogeneous composite of nanoparticles with the dielectric
function e2 distributed in a medium with the dielectric constant
e1 can be treated as a homogeneous medium and effective medium
theory is applicable. The effective dielectric permittivity of such a
mixture can be modeled by a number of mixing models [14]. We
chose the Maxwell–Garnet model since our samples are well
defined and separated nanosized spherical grains. Consequently,
the predicted effective permittivity of the mixture becomes [15]:

eeff ¼ e1 þ 3f e1
e2 � e1

e2 þ 2e1 � f ðe1 � e2Þ ; ð1Þ

where spheres of permittivity e2 were taken to occupy a volume
fraction f as well as to be randomly located in a homogeneous envi-
ronment characterized with e1. In the considered nanopowders,
nanoparticles are situated in air, therefore e1 = 1. To determine
the dielectric function of the nanoparticles, i.e., e2, we used the plas-
mon–phonon interaction model [16]:

e2ðxÞ ¼ e1
Yn
k¼1

x2
LOk �x2 þ icLOkx

x2
TOk �x2 þ icTOkx

� x2
P

xðx� is�1Þ

 !
ð2Þ

where e1 is the bound charge contribution and it is assumed to be a
constant, xTOk and xLOk are the transverse and longitudinal fre-
quencies, cTOk, and cLOk are their dampings, xP is the plasma fre-
quency and s is the free carrier relaxation time. The first term in
Eq. (2) is the lattice contribution, whereas the second term corre-
sponds to the Drude expression for the free carrier contribution to
the dielectric constant.

The measured and calculated far-infrared spectra of YAG and
YAG:Dy nanopowders, in the spectral range between 80 and
600 cm�1, at room temperature are shown in Fig. 3. The experi-
mental data are depicted by circles, whereas the solid lines are
used to draw the calculated spectra obtained by the fitting proce-
dure based and the model defined by Eqs. (1) and (2). The best fit
parameters corresponding to YAG and YAG:Dy nanopowders are
given in Table 1. The values corresponding to the YAG single crystal
are taken from [17].

YAG crystallizes in the cubic structure, it has the symmetry of
Oh

10–Ia3d space group, and eight molecules of Y3Al5O12 per
primitive unit cell. Out of the ninety-eight theoretically predicted
Brillouin zone center modes that correspond to the Oh structure
in the YAG group, 3A1g + 5A2g + 8Eg + 14T1g + 14T2g + 5A1u + 5A2u +
10Eu + 18T1u + 16T2u, only the eighteen T1u modes are IR-active
[19]. Further, out of these eighteen theoretically predicted IR-
active modes, fourteen are visible in the experimental and modeled
far-infrared reflectivity spectra of the YAG and YAG:Dy nanopow-
ders, and in the data corresponding to the YAG single crystal
retrieved from literature, see Fig. 3 and Table 1. The bands at
around 430, 453, 477, 510 and 566 cm�1 represent the characteris-
tic metal–oxygen vibrations, which are in our example Y–O and
Al–O. Our data are in agreement with the previous reports regard-
ing single crystals [18,19] as well as with the results on nanocrys-
tals of YAG [20,21]. The peaks located in the vicinity of 477, 510
and 566 cm�1 are the asymmetric stretching vibrations, whereas
the peak at approximately 453 cm�1 is the symmetric vibration
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Fig. 2. Nitrogen adsorption isotherms. The amount of adsorbed N2 given as a function of the relative pressure is shown in graphs (a) and (b) for YAG and YAG:Dy
nanopowders, respectively. Solid symbols correspond to adsorption, whereas open symbols represent desorption. The shapes of the curves around zero are enlarged in the
inserts.
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Fig. 3. Far-infrared reflection spectra of YAG nanopowder (a) and YAG:Dy
nanopowder (b) at room temperature. The experimental data are represented by
circles. The solid lines are the calculated spectra obtained with the parameter
values given in Table 1 and the fitting procedure based on the model given by Eqs.
(1) and (2).

228 J. Trajić et al. / Infrared Physics & Technology 77 (2016) 226–229



of Al–O bond in the octahedral arrangement of garnet structure.
The four lowest energy peaks correspond to the translation and
vibration of cations in different coordination – tetrahedral, octahe-
dral and dodecahedral [22]. The peaks around 165, 220, 375 and
396 cm�1 have been attributed to the translator motion of Y3+ ions
within the distorted cube that has eight oxygen ions at its vertices,
as well as to the heavy mixing of the translational, rotational, and
m3 mode of the (AlO4) unit.

Differences in the structure of YAG single crystal and YAG
nanopowder cause changes in the phonon frequencies. Namely,
decrease in the crystallite size causes optical phonon confinement.
The influence of doping of YAG by Dy3+ on the spectral properties
and lattice vibrations is not significant. Compared to the spectra of
YAG single crystal and YAG nanopowder, there are no new phonon
modes corresponding to the YAG:Dy nanopowder; however, fur-
ther decrease of phonon frequencies is registered. Since Dy3+ ions
are by 0.69%, larger than Y3+ ions, substitution of Y3+ with Dy3+

leads to further distortion of the cubic cell, and consequently to
the shift of characteristics frequencies toward lower frequencies,
as can be seen in Fig. 3 and Table 1.

The values of filling factors were determined from the analysis
of reflection spectra. The main volume fraction, f, obtained as the
best fit parameter estimation, is listed in Table 1. These results
are consistent with the results obtained by the BET experiment
described in Section 3.1. Namely, high values of the filling factor
are associated with the existence of micropores.

4. Conclusions

Due to their prospective application in optical amplifiers for the
second telecommunication window and solid-state lasers that
operate in the visible part of the spectrum, properties of the
YAG:Dy nanopowder were investigated and compared to those
corresponding to the YAG nanopowder and YAG single crystal.
The nanopowders were synthetized by the solution combustion
synthesis technique and the samples were analyzed by the scan-
ning electron microscopy, nitrogen adsorption method as well as
by the far-infrared spectroscopy. The measured far-infrared spec-
tra were in complete agreement with the modeled spectra
obtained with the Maxwell–Garnet formula, plasmon–phonon
interaction model, and fitting procedure. It was determined that
the Dy doped as well as non-doped YAG nanopowders are microp-
orous. Spherical, well-defined and separated nanoparticles as well
as agglomerated particles were detected. The far-infrared mea-
surements revealed that the YAG nanopowder has lower phonon

frequencies than the YAG single crystal as well as that doping of
YAG by Dy3+ does not have significant influence on the spectral
properties and lattice vibrations. However, the doping caused fur-
ther decrease of phonon frequencies, with respect to the frequen-
cies that correspond to the YAG single crystal and YAG
nanopowder.
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The influence of the locally induced laser heating on MnO nanoparticles were investigated by atomic force microscopy 
(AFM) and far-infrared spectroscopy (FIR) at room temperature, in the spectral region between 80 and 6 00 cm

-1
. The FIR 

spectra were analyzed by using Maxwell-Garnet formula, where MnO nanoparticles are modeled as a mixture of 
homogeneous spherical inclusions in air. Laser induced heating leads to the conversion of the part MnO nanoparticles into 
the MnO2, Mn3O4 and MnOOH, along with possible formation of elemental Mn on the sample surface.  
 
(Received September 3, 2018; accepted June 18, 2019) 

   
Keywords: Phonons, Light absorption and reflection, Laser heating, Nanoparticle 
 
 

 

1. Introduction 
 

MnO is transitional metal oxide which crystallizes 

in the simple rock salt structure. It is well known that 

this structure has a certain number of defects, usually in 

the cationic sublattice, what leads to the formation of 

structure which can be described as an ordered Mn 

vacancy cubic structure with the formula Mn1-O, where 

0 ≤  ≤ 0.15  [1-3].  

Due to this non-stoichiometry, MnO has unique 

electrical, magnetic, optical and mechanical properties , 

characteristic for the rock salt structure [1, 2]. Recently, 

Hiramoto and co-workers proposed a new synthetic 

route which enables the control of the non-

stoichiometric defects in the structure [4]. Bulk MnO 

acts as a p-type semiconductor and has anti-

ferromagnetic properties [5]. But, the presence of 

impurities can significantly change the magnetic 

properties of the MnO [6 - 9].  

The size of the particles has considerable influence 

on the properties of MnO. For instance, literature data 

shows that nanometric MnO has ferromagnetic 

characteristics [5]. New characteristics on nanometric 

scale can be explained with significant changes into the 

surface to volume ratio.  The decreasing of the particle 

size increases the amount of edge atoms and, 

consequently, the number of unsaturated chemical bonds 

which, further, changes the physical and chemical 

properties of the material. Manganese can exists in the 

several oxidation states among which Mn(II) is the 

lowest. By different oxidation treatment, manganese can 

be transverse in to the different, higher, oxidation states.  

Recently, we have investigated the influence of the 

lacer induced heating of ZnO(Co) [10], Bi12GeO20 [11] 

and MnO [12] nanoparticles, with different laser powers. 

It has been shown that laser induced heating leads to 

creation of new phases, depending on laser power. 

In order to further investigate the influence of the 

locally induced laser heating on MnO nanoparticles, non-

irradiated, as well as irradiated MnO sample, were 

investigated by using far-infrared spectroscopy (FIR) and 

atomic force microscopy (AFM).  

 

 

2. Sample characterization 
 

Commercially available polycrystalline MnO powder of 

the analytical grade (Sigma-Aldrich Co) was pressed into a 

pellet. Verdi G optically pumped semiconductor laser with 

wavelenght of 532 nm was used as excitation source. In this 

paper we analyzed one sample, at first before laser treatment 

and afterwards after treatment with a laser with a power of 

24 mW. 

AFM measurements of non-irradiated and irradiated 

sample with the highest energy were done using NT-MDT 

system NTEGRA Prima at ambient conditions. AFM images 

were recorded in tapping mode, using NSG01 probes from 

NT-MDT.  

The far-infrared measurements  on non-irradiated and 

irradiated sample with laser power (24mV) were carried out 

with a BOMEM DA-8 FIR spectrometer. A DTGS 

pyroelectric detector was used to cover the wave number 

range from 80 to 600 cm
-1

.  

 

 

3. Results and analysis 
 

3.1. AFM measurements 

 

AFM topographies of non-irradiated (a) and irradiated 

(b) MnO samples are presented on Fig. 1. Fig. 1 shows a 

clear difference between the surfaces of the sample before 

and after irradiation. Prior to irradiation, a granulated 

structure, with well recognized grain boundaries, is visible. 
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Grains size is about few tens of nanometers. In our 

previous investigations X-ray analysis showed that mean 

crystallite size is about 44 nm [12] which is in good 

agreement with results obtained with AFM. 

 After irradiation, the topography of the surface was 

significantly changed. The grain boundaries are not 

visible and surface is smooth. Due to the laser induced 

heating and increasing of the energy, MnO particles on 

the surface of the samples interact with the elements and 

compounds from the vicinity (mostly oxygen and water) 

and create compounds in which manganese is in the 

higher oxidation state. Process is spontaneous and these 

different species are inhomogeneously arranged on the 

surface of the sample and, consequently, clear 

boundaries between grains are lost.  

 

 

 

 
Fig. 1. AFM 3D topography of (a) non-irradiated and  

(b) irradiated sample of MnO nanoparticles 

 

 

After irradiation, the topography of the surface was 

significantly changed. The grain boundaries are not 

visible and surface is smooth. Due to the laser induced 

heating and increasing of the energy, MnO particles on 

the surface of the samples interact with the elements and 

compounds from the vicinity (mostly oxygen and water) 

and create compounds in which manganese is in the 

higher oxidation state. Process is spontaneous and these 

different species are inhomogeneously arranged on the 

surface of the sample and, consequently, clear boundaries 

between grains are lost.  

 

 

3.2. Far-infrared spectroscopy 

 

When visible light, of wavelength  interacts with 

semiconducting nanoparticles (characteristic size d, 

dielectric function ε2) which are distributed in a medium 

with the dielectric constant ε1 in the limit  >> d, the 

heterogeneous composite can be treated as a homogeneous 

medium and effective medium theory is applied. There are 

many mixing models for the effective dielectric permittivity 

of such a mixture [13]. Since our samples are well defined 

and separated nanosized grains , we used Maxwell-Garnet 

model for present case. For the spherical inclusions case, the 

prediction of the effective permittivity of mixture εeff 

according to the Maxwell-Garnet mixing rule is [14]: 
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Here, spheres of permittivity ε2 are located randomly in 

homogeneous environment ε1 and occupy a volume fraction 

f. The observed nanoparticles are situated in air, therefore 

the ε1 is 1. For dielectric function of observing nanoparticles 

(ε2) we are using the standard model [15]: 
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where ε∞ is dielectric constant at high frequencies, TOk and 

LOk are transverse and longitudinal frequencies, TOk is the 

phonon damping, P  is the plasma frequency and  is the 

free carrier relaxation time. The first term in (2) is the lattice 

contribution whereas the second term is the Drude 

expression for the free carrier contribution to the dielectric 

constant. In this case, TOk is considered as characteristic 

frequency of the material and LOk is connected with the 

oscillator strength (Sk~LOk
2 

- TOk
2
).  

The far-infrared spectra of non-irradiated and irradiated 

MnO nanopowders, in the spectral range of 80 to 600 cm
-1

, 

at room temperature are presented in Fig. 2. The 

experimental data are presented by circles, while the solid 

lines are calculated spectra obtained by a fitting procedure 

based on the previously presented model. Obviously, a very 

good correlation between experimental data and calculated 

spectra is achieved. Parameters, such as: filling factors, f, 

plasma frequencies, P , effective permittivity of mixtures, 

εeff, and transversal and longitudinal frequencies TO/LO, 

for the non-irradiated and irradiated sample, estimated from 

the reflection spectra, are presented in Table 1. Induced laser 

heating leads to the increasing of the filling factor. Result is 

expected and in agreement with result obtained by AFM. 

Namely, phase transformation and loss of the grain 

boundaries leads to the decreasing of the space between 

particles. In accordance with that, the dielectric constant at 

high frequencies and plasma frequency decrease. Also, we 

should keep in mind that surface affected by the laser beam 

(a) 

(b) 
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is significantly smaller (radius 1 mm) in comparison 

with the overall surface of the pallet (radius 6 mm) 

which means that, in the case of the irradiation of the 

whole sample the differences would be more significant. 
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Fig. 2. Far – infrared reflection spectra of (a) non-

irradiated and (b) irradiated MnO nanoparticles. The 

experimental data are represented by circles. The solid 

lines  are  the   calculated  spectra  obtained  by  fitting  
    procedure based on the model given by Eqs. (1,2) 

 

 

Five vibration modes were determined for both non-

irradiated and irradiated sample and their values are 

presented in Table 1. To our knowledge, there are no 

literature data for the FIR characterization of the MnO 

and we compared these results with data collected by 

Raman spectroscopy. By summarizing different 

literature data [12, 16-24], three characteristics peaks for 

MnO are obtained in the range 520-545, 559-595 and 

645-660 cm
-1

. First two peaks we registered by using 

FIR spectroscopy, also. In both cases, non-irradiated and 

irradiated sample, additional two peaks, in the range of 

310-410 cm
-1

 are recorded. According to literature data, 

these peaks can be attributed to the -MnO2 (TO/LO 

pair at 324/330cm
-1

) [18, 22, 23] and -MnO2 

(395/405cm
-1

) [20, 21]. Additionally, according to Kim 

at al. [24] peak at 324 cm
-1

 can be attributed to Mn3O4. 

Additional vibration peaks that appear in FIR 

spectra of irradiated samples can be identified in the 

following way: peaks at 131, 140, 171 and 199.5 cm
-1

 

could be attributed to aMnOOH [20, 21] and peak at 

171.5 cm
-1

 could be attributed to MnO2 [20, 21]. 

Some authors peak at 171 cm
-1

 attributed to Mn5O8 phase 

(binary Mn2
2+

Mn3
4+

O8 oxide with layer structure) [25]. 

These peaks are also registered at Raman spectra of the 

irradiated samples.  

 

 
Table 1. Calculated fit parameters obtained from the                 

far - infrared  spectra  of   non - irradiated  and  irradiated  

                             MnO nanoparticles  

 

 

Before 

irradiation 

[cm
-1

] 

After 

 irradiation 

[cm
-1

] 

f 0.81 0.89 

P 301 291 

 2.8 2.5 

LO 120/123 116.8/117 

LO 140/148 140/140 

LO 324/330 320/330 

LO 395/405 398/407 

LO 520/526 515/558 

LO 575/590 579/584 

LO - 96.8/97.4 

LO - 131/131.3 

LO - 140/141 

LO - 171.5/172 

LO - 199.5/200 

 

 

Mode at about 100 cm
-1

 (TO/LO pair is 116.8/117 cm
-1

 

in our case) was registered before for this group of materials  

[26] as a “defect mode“. Mod at 96.8/97.4 cm
-1

, in the some 

region, can be describe us „defect mode“, also. However, 

since it occurs only in an irradiated sample, we can assume 

that we have a case of disorder-enabled phonon (DAP) mode 

[27]. This is the case registered in a large number of A
2
B

6
 

semiconductors [28]. 

Finally, it was shown that FIR spectroscopy is a useful 

technique for the characterization of laser power induced 

phase changes in MnO nanoparticles.  

 

 

4. Conclusion 
 

MnO nanoparticles modified by laser heating are 

investigated by using far-infrared spectroscopy. Effective 

permitivity of MnO nanoparticles (mixture of homogeneous 

spherical inclusions in air) are modeling by Maxwell-Garnet 

formula. In consequence of laser irradiation, volume fraction 

of nanoparticles increase while dielectric constant and 

plasma frequencies decrease, due to the formation of the 

different species on the surface of the MnO sample.  

Additional vibration modes  characteristic for the 

irradiated samples, were confirmed by using FIR method. 
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Lithium iron phosphate (LiFePO4) are synthesized in complete and incomplete combustion and calcined at 700°C. The 
obtained samples were characterized by XRD, IR spectroscopy and magnetic measurement. Morphology of samples was 
controlled by SEM. The aim of this work is to show that it is possible to achieve a desired crystal phase by pulse 
combustion in a relatively cheap and fast way. The extremely rapid synthesis of almost pure phase material i s possible due 
to the reduction in size of interacting particles and to an enormous number of collisions between them as a result of the 
strong turbulent flow associated with explosive combustion. 
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1. Introduction 
 
Many researchers worked in developing the 

rechargeable lithium battery. Synthesis of new cathode 

materials for high capacity rechargeable lithium ion 

batteries is experiencing a great expansion in past few 

decades [1]. Chemistry, performance, cost and safety 

characteristics vary across battery types. LiFePO4 

crystallizes in the orthorhombic system (No. 62) with 

Pnma space group. It consists of a distorted hexagonal-

close-packed (hcp) oxygen network forming 16 octahedral 

and 32 tetrahedral sites. There are two distinct and differ 

in size octahedral sites in this material: M1 is occupied by 

Li
+
, and M2 is occupied by Fe

2+
. The M1 sites form linear 

chains of edge sharing octahedra along the b-axis within 

Li
+
 can be transferred to the anode in the first charge 

process, compensating for the oxidation of iron (Fe
2+

 to 

Fe
3+

) [2]. The structure may contain one lithium ion per 

formula unit, which results in the theoretical capacity of 

170 mAhg
-1

. However, these one-dimensional paths are 

particularly vulnerable to blockage by defects and 

impurities. The M2 sites form zigzag lines of corner 

sharing octahedra and there is no continuous network of 

FeO6 edge-shared octahedra that might contribute to 

electronic conductivity [3, 4]. Cations, Li (M1) and Fe 

(M2), are placed in half the octahedral sites and P ions in 

one-eighth of the tetrahedral sites [5]. The peculiar 

distribution of Li
+
 and Fe

2+
 within the octahedral sites 

generates layers that have a direct impact on both 

electronic and ionic conductivities. Corner-shared FeO6 

octahedra are linked together in the bc-plane [6]. The FeO6 

octahedra are distorted lowering their local cubic-

octahedral Oh to the Cs symmetry. The tetrahedral PO4 

polyanions bridge neighbouring layers of FeO6 octahedra 

by sharing a common edge with one FeO6 octahedron and 

two edges with LiO6 octahedra. The PO4 bridges provide 

three-dimensionality to the lattice and structure stability. 

Low intrinsic electrical conductivity and low Li-ion 

diffusion can be override by reducing the size of LFP 

nano-crystallites (and the diffusion path length for 

electrons and Li
+
 ions), and by making composites with 

conductive graphitic materials, what resulting in better 

electronic contact between the particles. 

It is generally known that there are a number of 

methods for obtaining Li-ion cathode materials. In the case 

of LiFePO4 these methods can be divided into two groups - 

solid state syntheses and solution syntheses [7]. Solid state 

techniques are carried out at high temperatures without the 

addition of any solvent. On the other hand, solution based 

methods are based on reactions that take place in the 

presence of appropriate solvent systems.  

There are some excellent reviews on the properties of 

LiFePO4 that deal with its structural, morphological, 

electrochemical, and other physical properties targeting its 

cathode application. In a review paper [2] provides a 

detailed overview of the synthetic methods with the 

possible advantages and disadvantages of obtaining 

LiFePO4 powders. A major difficulty related to the 

synthesis of orthophosphate LiFePO4 comes from the 

existence, of two oxidation degrees of iron in nature, 

namely Fe
2+

 and Fe
3+

, which makes the preparation of this 

material difficult.  

Solid state synthesis, mechano-chemical activation, 

carbothermal reduction and microwave heating are based 

on solid state chemistry and are the most common solid-

state methods for preparing LiFePO4 powders [2, 8, 9]. 
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Solid state methods are of importance in terms of 

obtaining ordered crystal structure in a simple way at 

elevated temperatures. 

Although solid state methods are simple to use, they 

are typically time and energy consuming techniques and 

often lead to large particle size, low purity and deliver 

relatively poor electrochemical performance. Therefore, 

solution-based methods are of increasing importance as 

they often result in smaller and more uniform particle 

sizes, higher purity, more homogeneous carbon coating 

and higher electrochemical capacity. Hydrothermal 

synthesis [10], sol-gel synthesis [11], spray pyrolysis [12], 

co-precipitation [13] and micro emulsion drying [14] are 

common solution-based methods used for the preparation 

of LiFePO4 powders.  

An interesting technique is also the solution 

combustion synthesis, utilizing a reaction between metal 

nitrates an organic fuel, intricately mixed in a solution, 

after the solvent is evaporated [6, 15]. The method is easy 

to scale, very energy efficient, can combust stoichiometric 

fuel and air mixtures and is  suitable for the production of 

powders in nanometric range because of acoustically 

driven droplet size reduction [16]. Furthermore, this 

method is very fast as the heat transfer is  enhanced in the 

acoustic field of pulse combustion and solution 

combustion synthesis proceeds in a fraction of a second 

once the components reach the decomposition temperature 

[15]. There is also no waste water since it evaporates and 

the only by products are flue gases common for burning 

carbonaceous fuels . 

The main goal of our work was to produce LiFePO4 

by a pulse combustion reactor method. The obtained 

olivine LiFePO4 was characterized using XRD, IR 

spectroscopy and magnetic measurement. The morphology 

was studied using scanning electron microscopy.  

 

 

2. Experimental procedure 
 
The investigated samples are produced in reactor with 

a Helmholtz-type pulse combustor. The reactor, its 

capabilities and operating conditions, as well as the control 

of the synthesis processes, are described comprehensively 

in Ref.-s [7, 17].  

The precursor is sprayed with a two fluid nozzle, the 

spraying gas being 99.9 % nitrogen with a pressure of 1.5 

bar and a flow of 45 NL min
-1

, measured using a thermal 

mass flow-meter. The precursor composition is 41,3 g of 

LiNO3, 230,5 g of Fe(NO3)3.9H2O, 69,0 g of NH4H2PO4, 

137,1 g of urea, 78,2 g of sucrose and 46,4 g of NH4NO3, 

dissolved in 700 g of deionized water. The reactor is 

operating under different conditions with the main 

difference being the frequency and amplitude of pressure 

oscillations. The sample was synthesized in reductive 

reactor conditions with low pressure amplitude (10 mbar). 

Obtained material was annealed in the inert atmosphere. 

Annealing is taking place in an electrical oven under a 

constant argon flow and in presence of carbon at 700 °C 

for 6 h. High temperature and inert environment allow a 

reduction of Fe
3+

 from α-Fe2O3 and formation of 

additional LiFePO4 according to: 4 Li3Fe2(PO4)3 + 2 Fe2O3 

+ 3C → 12 LiFePO4 + 3CO2.  

Four types of samples were investigated:  1) samples 

of the as prepared material synthesized in complete 

combustion and resonance mode of reactor (CC); 2) 

annealed samples of the material synthesized in complete 

combustion (A-CC); 3) samples of the as prepared 

material synthesized in incomplete combustion and 

resonance mode of reactor (ICC) and 4) annealed samples 

of the material synthesized in incomplete combustion (A-

ICC).  

Characterization of the sample was carried out by 

several methods: 

 

• X-ray diffraction analysis was performed on X-ray 

diffractometer (Rigaku Corporation, Japan) at room 

temperature. CuKα radiation ( = 0.15418 nm) with a step 

size of 0.02 in the range of 2 = 15-60° was used for all 

samples. The peaks were identified using the Powder 

Diffraction File (PDF) database created by International 

Centre for Diffraction Data (ICDD). 

 

• The infrared (IR) measurements were carried out with a 

BOMMEM DA-8 FIR spectrometer. A DTGS pyroelectric 

detector was used to cover the wave number range from 50 

cm
-1 

to 700 cm
-1

. 

 

• Magnetic susceptibility measurements were carried out at 

Cryogenic vibrating sample magnetometer (VSM) with an 

ultra-sensitive superconducting quantum interference 

device (SQUID) in the temperature range 4-160 K. AC 

magnetic susceptibility were performed using a mutual 

inductance method with an alternate excitation field of 5 

Oe and frequencies in the range 7-10000 Hz. 

 

• Scanning electron microscopy - SEM (Zeiss Supra 35 

VR) was used to make images of the particles.  

 

 

3. Results and discussion 
 

X-ray diffraction analysis was used to identify the 

crystalline phases of the investigated samples. Fig. 1 

shows the XRD patterns of two as prepared samples (CC 

and ICC) and two annealed samples (A-CC and A-ICC). 

Spectra of samples CC and ICC are with subtracted 

baselines. Original diffraction patterns are shown in 

inserts.  
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Fig. 1. a) XRD spectra of samples obtained by complete combustion: as prepared CC and annealed A-CC;  

b) XRD spectra of samples obtained by incomplete combustion: as prepared ICC and annealed A-ICC 

 
 

All diffraction patterns were analysed by Rietveld 

refinement software. Except dominant LiFePO4 phase, as 

prepared samples contain phases with Fe
3+

: α-

Li3Fe2(PO4)3 and α-Fe2O3. Phase content is given in Fig. 1. 

A sample CC, of the material obtained in complete 

combustion has over 92% of LiFePO4 phase and sample 

ICC obtained in incomplete combustion has 70.5%. After 

annealing at 700 °C for 6 h in reductive atmosphere both 

materials exhibit pure olivine LiFePO4 phase.  

Annealing of as prepared material leads to certain 

enlargement of LiFePO4 crystallographic cell volume. In 

A-CC sample enlargement is 0.01% related to CC sample 

(crystal cell constant a increases 0.07%; b increases 

0.03%; c decreases 0.01%) and internal strain decreases 

for 28%. In A-ICC sample enlargement is even 0.3% 

related to ICC sample (crystal cell constant a increases 

0.1%; b increases 0.2%; c slightly decreases 0.02%) but 

internal strain increases for 5%. The results of Rietveld 
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refinement are given in Table 1 for the fraction of pure 

LFP-phase in the investigated samples.  

 

 
Table 1. Fraction of pure LFP-phase in the investigated 

samples and the microstructural characteristics: crystal 
cell constants, crystallite size and strain obtained  from  

                               the Rietveld analysis 

 

Sample Crystal cells constants [Å] Size  

[nm] 

Strain 

10
-4

 a b c 

A-CC 10.3211 6.0039 4.6908 57.0 13.7 

A-ICC 10.3228 6.0084 4.6897 71.3 13.2 

CC 10.3140 6.0022 4.6912 30.3 19.08 

ICC 10.3129 5.9956 4.6907 46.7 12.56 

 

 

Similar behaviour is noticed for many nanocrystalline 

samples. Smaller nanoparticles with greater surfaces and 

more incomplete bonds have a great deal of Li1-x(Fe
3+

, 

Fe
2+

)(PO4) phase. LiFePO4 and FePO4 present both the 

Pnma olivine structure. Chemical extraction of Li
+
 from 

LiFe
2+

PO4 results in oxidation of Fe
2+

 into Fe
3+

. Decrease 

of ionic radii of Fe cation in crystallographic site M2 (4c) 

leads to changes in lattice parameters in Fe
3+

PO4. 

According to Rousse at al. [18] in FePO4, related to 

LiFePO4, contractions of lattice along the a and b axis are 

-5.6% and -4.3%, respectively, and the c lattice parameter 

being increased by +1.5%. Gibot at al. [19] by in situ 

XRD analysis have registered a continuous shift of the 

diffraction peaks (and unit cell volume) during the 

charge/discharge of their LiFePO4 cathode. This is 

equivalent to a continuous change of x in Li1-x(Fe
3+

, 

Fe
2+

)(PO4) material. In full discharged state, according to 

XRD, cathode material exhibits the smallest cell volume 

of 273 Å
3
, close to those of the fully delithiated FePO4 

phase.  

Our annealed samples have crystal cell volumes a 

little lower than LFP cell standard PDF card No. 81-1173 

(a = 1.0330 nm, b = 0.6010 nm, and c = 0.4692 nm), or in 

Ref. [20] (a = 10.3131 Å, b = 6.0025 Å and c = 4.6948 Å). 

In light of Results in Table 1 all our samples contain a 

certain amount of delithiated LiFePO4 and the amount of 

this phase is larger in as prepared samples.  

The infrared reflectivity of all samples is rather low, 

only about 0.2. The highest values of 0.3 achieve peaks of 

annealed samples owing to better crystallinity. Spectra of 

annealed samples are very similar. General appearance of 

un-annealed samples spectra is  different. Experimental 

spectra are properly fitted with 18 phonon modes. It is 

obvious that the concentration of electrons is small enough 

that there was no need for fitting of plasma frequency in 

the investigated range of spectra.  

Kramers-Krönig (KK) analysis of reflectivity spectra 

gives ε2(ω) and energy loss function, σ(ω) = Im(-1/ε(ω)). 

Local maximums of ε2(ω) correspond to the values of TO, 

and local maximums of σ(ω) to LO. Values of LOTO 

obtained by fitting procedure are in accordance with 

values calculated by KK analysis (except the beginnings of 

spectra that were not fitted precisely owing to high level of 

noise). In Fig. 2 are given ε2(ω) functions obtained from 

KK analysis for all investigated samples. Dotted “vertical” 

lines show modes with frequencies shifted in relation to 

the corresponding modes in the annealed samples. Full 

vertical lines show modes that stayed unchanged. In near 

normal incidence measurements TO modes correspond to 

minimums of transmittance. Only TO modes are IR active.  
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Fig. 2. Kramers-Krönig analysis of reflectivity spectra 

 

 

Strength of TO modes, i.e. LO modes, can be deduced 

through fitting of reflectance spectra. Therefore, we can 

compare our ε2(ω) functions with theoretical predictions of 

Shi [21] and available transmission/absorption 

measurements [22-27]. It should be bare in mind that 

intensity of peaks in ε2(ω) doesn’t correspond to real 

strength of modes obtained by fitting procedure.  
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The origin of a few coarse features at low wave 

numbers is not clear. We suppose that it can be a 

combination of acoustic modes activated by disorder. 

Further 15 phonons with remarkably reduced damping are 

attributed to optical modes of the crystal structure. Infrared 

reflectivity spectra of annealed samples A-CC and A-ICC 

evidently exhibit modes of LiFePO4. Phonons with 

frequencies at 189, 224.9, 245 and 282.8 cm
-1

 are 

connected with vibrations of LiO6 octahedrons. Peak at 

about 225 cm
-1

 is distinguishing for LiO6 and related to 

asymmetric stretching vibration of Li - O bonds. Phonons 

at 324.5 and 378 cm
-1

 are connected with FeO6 

octahedrons and all together belong to external modes. 

From 400 to 647 cm
-1 

is the range of internal PO4
3+

 anion 

bending modes. A weak mode at 437 cm
-1 

is probably a 

B2u(6) mode [26]. Modes of PO4 at 460-495 in A-CC 

sample, and 465-495 in A-ICC sample, represent “ν2” 

modes, i.e. symmetric O-P-O bending modes. ν2 modes in 

LFP are a mixture of Li translations and PO4 bending 

motions of the same symmetry. Burba and Frech [22] 

suggest that these bands in LiFePO4 are predominantly Li-

ion “cage modes“, ie. Li-translation. At 572-627 cm
-1

 in 

A-CC and 575-635 cm
-1

 in A-ICC are ν4 modes, i.e. anti-

symmetric O-P-O bending modes.  

By comparing literature data it can be seen that 

obtained values for certain mode vary a litle. Possible 

resons are different methods of producing samples, or 

different size of crystallites. For example, Burba and Frech 

were registered the doublet ν2 at 470-506 cm
-1

, in Ref.[22] 

at 465-503 cm
-1

, or in Ref. [26] at 469-499 cm
-1

. The 

positions of the other modes vary in similar way.  

Since external modes of annealed samples do not 

differ from each other, the difference in values of internal 

modes could not be asscribed to the producing of samples. 

A blue shift of A-ICC internal modes could be explained 

by superposition of LFP modes and modes of slightly 

delithiated phase Li1-x(Fe
3+

, Fe
2+

)PO4, or a small amount of 

FePO4 – phase with olivine structure “invisible” for XRD.  

 Samples CC and ICC have broader modes with 

partially changed energies due to superposition of 

LiFePO4 modes and modes of other phases Fe2O3 and 

Li3Fe2(PO4)3, registered by XRD analysis. Except modes 

from the group of FeO6 vibrations (and two weak modes at 

the beginning of spectra), other modes are shifted toward 

higher frequencies. That can be explained by contraction 

of bonds in LiO6 octahedral, as well as in PO4 tetrahedral. 

Cell volume shrinking was observed by XRD analysis of 

as prepared samples. IR spectra suggest that for volume 

shrinking two reasons exists: presence of smaller Fe
3+

 

cations in crystal cell and a lack of Li related to pure LFP 

phase.  Contraction in LiO6 suggest that phase without Li 

(like hematite), or delithiated phase is present together 

with LFP phase. In the range of 200-400 cm
-1

 a certain 

increasement of peaks intensity is noticeable especially in 

the case of ICC sample. This range corresponds to the 

strongest modes of Li3Fe2(PO4)3 phase [24]. Such 

behaviour confirms that ICC sample contains much more 

fraction of Li3Fe2(PO4)3 phase than CC sample. 

AC-magnetic susceptibility measurements were 

shown that the sample of annealed A-CC material has a 

typical triphylite antiferromagnetic behaviour with a Neel 

temperature at 53.4 K [25, 27]. The sample A-ICC except 

the predominant triphylite transition has a visible AFM 

transition of delithiated FePO4 phase at TN = 130 K [25]. 

The results for poly-phase as prepared CC and ICC 

samples with small crystallites are shown in Fig. 3. Nell 

temperature of 29 K corresponds to Li3Fe2(PO4)3 phase 

[27] and about 51 K is a poorly visible antiferromagnetic 

transition of LiFePO4. It means that as prepared samples 

are mostly superparamagnetic. 

A peak at about 7.6 K in CC-sample (and 8.7 K in 

ICC) shifts toward higher temperatures with increasing 

measurement frequency. Such frequency dependence is 

specific for a spin glass. Therefore, a peak temperature is a 

spin-glass freezing temperature Tf [28]. The dependence of 

Tf with frequency is illustrated in the inset of Fig. 3.  
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Fig. 3. AC susceptibility measurements at alternating fields with intensity 5 Oe and frequencies of 7, 80, 625 and 9970 Hz 
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SEM images of samples obtained by complete 

combustion (as prepared CC and annealed A-CC) and 

incomplete combustion (as prepared ICC and annealed A-

ICC) are presented in Fig. 4. The difference in particle size 

is evident from images. The agglomerates are of 

approximately the same size (from 4 to 10m), shaped like 

porous balls. In the annealed sample A-ICC are visible 

much larger structures than in A-CC sample. An average 

diameter of hollow spheres is about 10 m. In the SEM 

image of the as prepared ICC sample (at the bottom, right) 

except globular form, a disk- like aggregates are seen. It 

can be seen a number of small shinny nanocrystals with 

average size about 30 nm. This supports the claim that 

particle size might affect the cell parameters, as indicating 

from Ritveld refinement of XRD data. 

 

 

    

    
 

Fig. 4. SEM images of samples obtained by complete combustion (as prepared CC and annealed A-CC) and incomplete  

combustion (as prepared ICC and annealed A-ICC) 

 

 

4. Conclusions 
 

In this paper were investigated carbon coated LiFePO4 

cathode materials obtained by pulse combustion at the 

same temperature 700 °C, but in one case - under the 

conditions that leaded to complete combustion, and in the 

other case - under the conditions of incomplete 

combustion. After XRD analysis it seemed that in both 

cases after annealing we have obtained a good cathode 

material (samples A-CC and A-ICC). Therefore, further 

analysis IR and magnetic measurement, were implied that 

these, at first sight, perfect samples differed from each 

other. Analysis showed a significant excess of Fe
3+

 ions in 

the A-ICC sample and the magnetic measurements 

definitively identified a small quantity of delithiated 

FePO4 phase in these sample. 

In conclusion, performed measurements and analyses 

proved that (among investigated samples) the sample 

obtained under the applied conditions of complete 

combustion and annealed after that (in the presence of 

carbon under a constant argon flow at 700 °C for 6 hours), 



234                                       Z. Lazarević, G. Križan, J. Križan, M. Mitrić, N. Paunović, A. Milutinović, N. Romčević 

 

 

A-CC, has a good structure and morphology that promises 

good electrochemical properties. 
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