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Abstract

Infrared absorption spectra of the bismuth pyrostannate Bi,(Sng9sCrg05),O7; were investigated in the frequency range 350 — 1100 cm ! at
temperatures of 110 —525 K. Four frequency regions with split absorption lines are distinguished. Softening of frequencies at the structural
transitions was observed. The maxima of permittivity measured in the frequency range 1—200 kHz at temperatures 100—400 K were
determined. It was found that the magnetic susceptibility changes its sign in the low-temperature region. The correlation between anomalies in the
magnetic susceptibility, permittivity, and absorption line intensity was established. Softening of frequencies is explained by the variation in the

coefficient of thermal expansion of the lattice. The temperature behavior of permittivity is described using the Debye model.

© 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In recent years, ternary metal oxides with the pyrochlore
structure and general chemical formula A,B,X5, where A is the
cation (Ca, K, Ce, or Bi), B is the metal cation (Nb, Ta, Ti, or
Sn), and X is the anion (02_, OH", or F), have been
intensively investigated [1]. These compounds exhibit diverse
physicochemical properties. In particular, A,Ti,O; behaves
like spin ice when A is Dy or Ho [2—4], like spin liquid when
A is Tb [5,6], and is characterized by antiferromagnetic
ordering at low temperatures when A is Er or Gd [7-9]. The
Gd,Ti,O; and Y,Ti,O; compounds demonstrate high ionic
conductivity upon partial substitution of Zr* ™ for Ti**, while
Gd,Re,05 is a superconductor [10].

The variety of physical characteristics of the pyrochlore
compounds makes it possible to use them as electrolytes for
fuel cells and gas sensors [11,12]. The bismuth pyrostannate
Bi,Sn,05 attracts attention of researchers as a catalyst, which
can be used, e.g., in oxidation of hydrocarbonates [13] and
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isobutene [14—-16], as well as an active element for gas sensors
[17-19].

The Bi,Sn,O; crystal structure undergoes a number of
polymorphic transitions: below 90 °C, the a-phase and inter-
mediate cubic structure without symmetry center (f-asa) are
observed [20]. The authors of [20, 21] observed the a—f3
transition at 135 °C and the second harmonic generation with
domains on polycrystalline samples. Based on these results, it
was assumed that the a-phase and ao— f transition are ferro-
electric. Neutron diffraction study of the bismuth pyrostannate
showed that at 626 °C the p— vy transition occurs, which is
related to the displacement of Bi® " ions. According to the X-
ray and neutron diffraction data, the a-phase is stable below
137 °C and belongs to the space group Pc(C%)). The crystal
structure of the a-phase is complex and contains 176 atoms. At
the temperature of the first phase transition, the unit cell is
distorted [22]. The P-phase structure determined by neutron
and synchrotron X-ray diffraction is cubic with sp. gr.
F43¢(T3) [23]. Further synchrotron investigations [24] showed
that the pB-phase belongs to the trigonal structure with sp. gr.
P31(C§). The cubic and tetragonal phases are similar and can
be attributed to the cubic pyrochlore structure.
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As is known, synthesis conditions affect the crystal structure
of synthesized compounds. Using the solid-state synthesis, two
Bi,Sn,07 polymorphic modifications, orthorhombic and cubic,
coexisting at room temperature, were obtained [25]. The
Bi,(Sn,Cr;_,),0O; compounds were synthesized by substitution
of 3d metals for cations [26,27].

Scanning calorimetry investigations of the Bi,(Sn,Cry_,),07
solid solutions [28] showed two new structural transitions at
temperatures of 473 and 646 K, which are atypical for the
bismuth stannate Bi,Sn,0O,, where the aa— p structural transi-
tion occurs at 7=370 K and the transition from the orthor-
hombic to cubic phase, at T=548 K. The presence of two
more endothermic peaks is apparently related to local strains of
the orthorhombic and cubic structures, which are accompanied
by the occurrence of maxima in the temperature dependence of
resistivity due to rearrangement of the electronic structure.

The mechanisms of the observed structural transitions can
be elucidated by infrared (IR) spectroscopy. The types of
bonds and cations, whose displacements lead to the lattice
strain, can be determined by monitoring the variation in the
frequency of oscillations of certain modes. The aim of this
study was to investigate the effect of substitution of chromium
ions in the Biy(Sng95Crg 05)207 on its dynamic properties in
the IR spectral range and to establish the correlation between
the structural variations and dielectric properties of the
compound.

2. Experimental

The Biy(Sng9sCrp05).07 samples were synthesized using
the solid-state reaction technique described in detail in [25].
According to the X-ray data, the synthesized compound exists
simultaneously in the cubic and orthorhombic polymorphic
modifications. As in the Bi,Sn,O; compound [25,29], the
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fraction of cubic phase is larger than that of orthorhombic one.
The parameters of the cubic phase (sp. gr. Fd3m) are
a=10.69_A and V=222.42(9) _A3 and the parameters of
the orthorhombic phase (sp. gr. Pmmm) are a=3.782_A,
b=T7908_A, c= 12.32_A, and V=368.71(4) A3.

The IR spectrometry technique sensitive to local structural
distortions caused by defects provides information on the
phase transitions that occur in Biy(Sng.95Crg.05)207.

The IR spectroscopy investigations of 13-mm Biy(Sng os-
Crp.05)207 tablets in the KBr matrix were carried out on a
VERTEX 80 v Fourier transform spectrometer with a spectral
resolution of 1cm™ at temperatures of 110—525K in the
frequency range 350-1100 cm .

Permittivity investigations were conducted on an AM-3028
component analyzer in the temperature range 100—400 K at
frequencies of up to 300 kHz.

3. Results and discussion

IR frequencies of the crystal lattice oscillations in Biy(Sng gs-
Cro05)20; are characteristic for the compounds with the
pyrochlore structure and general chemical formula A,;B,X;.
The absorption bands in IR spectra at frequencies of 100-
1000 cm™ " correspond to oscillation of ions in the crystal
lattice. These compounds have seven active stretching and
bending IR modes [30,31], which are related to the oscillations
of oxygen atoms occupying two crystallographic positions in the
A,B>060 crystal structure. The unit cell of the crystal structure
of bismuth pyrostannate Bi,Sn,05 is presented in Fig. 1.

Fig. 2 shows the absorption spectra of Bi(Sng 95Crg.05)207
in the frequency range 350—1100 cm™ ' at several tempera-
tures. As the temperature is increased, the absorption line
broadens. The similar temperature behavior of the IR spectra
was observed for Bi3/2Mng3/207 and Bi3/ZZn049206.92 [31]
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Fig. 1. Unit cell of the cubic pyrochlore structure Bi,Sn,O; with two interpenetrating networks of Bi,O’ chains and SnOg octahedra. Symbols: A-Bi ions, B-Sn
ions. Separately is shown the coordination environment around Bi atom in a-Bi;Sn,O5.
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Fig. 2. Infrared spectra of the Biy(Sng 95Cro 05)207 at several temperatures.
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Fig. 3. Infrared spectra of the Biy(Sng 95Crp 05)207 at room temperature.

The absorption line broadening can be associated with the
structural or orientational disorder or anharmonicity of the
oscillations. The orientational disorder was observed in
titanium-bearing pyrochlore compounds and in bismuth oxide
and its derivatives [32]. Random orientation of single A—O-
Bi*" and A-O'-Bi’* electron pairs leads to the oscillation
frequency spread and broadens the absorption spectrum [32].

Fig. 3 shows the room temperature IR spectrum of
Bi,(Sng 95Crg 05)207, which involves four pronounced line
groups in the frequency ranges 370—440, 480 —560, 580-
680, and 820—920 cm~'. All the lines in the spectrum are
complex and consist of several lines, specifically, two lines in
the ranges 370-440, 480-560, and 580-680 cm~ ! and three
lines in the range 820 —920 cm ™ '. This is consistent with the
coexistence of two polymorphic modifications in Biy(Sng gs-
Cry,05)207, since the ion oscillation frequency is determined by
the crystal lattice symmetry.

Two lines with frequencies of 378 and 416 cm™  in the
frequency range 370-440 cm ™' IR spectrum correspond to the
oscillations of different ions in the lattice. According to the data
reported in [31,33-35], the mode at a frequency of 382 cm”'is
the stretching Bi—O mode of the ideal pyrochlore structure. In our
spectrum, this line is pronounced at low temperatures and blurred
at higher ones, which can be caused by the sensitivity threshold
of the measuring device. The line at 416 cm ™~ ' corresponds to the
oxygen oscillations in the SnOg octahedron.

The frequency range 490-540 cm™' contains two broa-
dened lines with frequencies of 506 and 526 cm™ at room

1

temperature (Fig. 3). The mode at 506 cm™ ' corresponds to
the stretching oscillations of the Bi—O’ bond in the Bi,Sn,05
cubic phase [1] and the second line frequency (526 cm™') in
our spectrum corresponds to the oscillations of the Bi—-O’ bond
in the orthorhombic phase.

In the frequency range 610-640cm™', the room-
temperature IR spectrum of Biy(Sng95Crg5),0O; consists of
two lines with frequencies of 618 and 632 cm ! (Fig. 3). Here,
the IR absorption is attributed to the stretching oscillations of
the Sn—O bond in the oxygen octahedron SnOg of the
pyrochlore structure [31, 36-38] in both the cubic and
orthorhombic phases.

In the high-frequency range (850 —920 cm ™ '), the absorption
intensity is low. The absorption spectrum contains a shoulder at
863cm~! and a broadened line consisting of two lines at
frequencies of 878 and 894 cm™'. The similar mode was
observed in several compounds with the pyrochlore structure,
including Biz»Zng9oNb; 5069, and Biz,MgNbs,,0; [31,39,40].
The IR spectra of these compounds contain very weak absorption
lines at frequencies of 800 — 1100 cm™ l, which were determined
as an additional complex structural mode related to the difference
between ionic radii of metals. In the Biy(Sng9s5Crg0s5)207 solid
solution, substitution of chromium for tin leads to the local
structure distortion in the vicinity of bismuth ions and the
oscillations of the Bi—~O'—Cr bonds correspond to these frequen-
cies. As was mentioned in [41,42], the unshared Bi**electron
pairs in some pyrochlores are shortened due to the overlap of
Bi 6s electron pairs and d-orbitals of a B cation.

The Sn**, Cr’*, and Bi’ " ionic radii are 0.067, 0.064, and
0.120 nm, respectively. Chromium ions occupy mainly the
octahedral positions [43,44]. Therefore, we may assume that
chromium replaces tin ions in SnOg and thus distorts the
nearest environment. To ensure charge neutrality in the
Bi>(Sn 05Cro.05)207, substitution of Cr’* for Sn** possibly
follows the scheme 3Sn** —4Cr’ . The similar scheme is
implemented in the Bi,O3—ZnO — SnO,—Nb,O5 system [38], in
which Sn* ", Zn?> ", and Nb>* ions occupy B positions and the
charge neutrality is ensured according the scheme 3Sn** —
Zn*T +2Nb° T,

The observed splitting of modes in the IR spectra of the
Bi,(Sng 95Crg.05)207 (Fig. 3) is caused by the coexistence of
phases with different lengths Lc_a of the cation—anion bonds,
which is confirmed within the mathematical pendulum model
with the oscillation frequency w>= Lc_a /M, where M is the
ion mass. The phases with different crystal symmetries have
different electrostatic field gradients and force constants, K.
The oscillation frequencies w”= K/u, where y is the effective
mass, will also be different.

The temperature dependence of phonon mode frequencies
for Bi(Sng9s5Crgs),07 is shown in Fig. 4. Almost all the
oscillation frequencies monotonically decrease with increasing
temperature, except for the frequency of oscillations of the
Sn—O bond at 630 cm ™' (Fig. 4c). In the general case, the
temperature dependence of frequency is written as

‘Q(T) = w0+ Awjy + Awgph + Awel, (])a

where o is the frequency of harmonic oscillations, Ay, is the
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Fig. 4. The temperature dependence of the phonon frequencies of infrared spectra of the Bi>(Sng 95Crg 05),07. The solid and broken lines in (b) and (c) are fitting

function of &(T)=w~+ Awy, = wolexp(B(TIT,)").

frequency shift caused by the variation in the ion binding
energy at the thermal expansion of the lattice and in the crystal
structure under the action of strains or phase transitions, A@,,p,
is the frequency shift related to the anharmonicity of ion
oscillations at the constant volume, and Aw,, is the frequency
shift at the electronic structure rearrangement as results of the
electron-phonon interaction.

The anharmonic contribution to the temperature dependence
of the oscillation frequency can be presented as inelastic
collisions of two or three phonons with the same energy.

Aw;an(T) =A(142/(e" = 1))+ B(143 /(e —1)+3 /(e — 1)),
()

where x=E/2kT, y=E/3KkT, E is the phonon energy, and k is
the Boltzmann constant. This contribution causes also the
absorption line broadening: since coefficients A and B are
positive, the frequency should increase upon sample heating.

We write the lattice contribution to the frequency in the
form

. T , ,
Awah(T) = wio{exp {— /0 y;o(T )dT ] —1 }

where y; = — 0 In w;/d In Vis the Gruneisen parameter of mode
i and a(T) = 10V /VaTis the coefficient of thermal expansion. If
y and a are positive, the exponent is smaller than unity (< 1)
and this contribution is negative. Such a behavior is typical of
positively expanding lattices. The Gruneisen parameter
Vo= —0InVw,/0lnV =(B/w,)(0w,/dP) depends on the
type of ion oscillation mode. The coefficients of thermal
expansion will be different for different phases and, as a rule,

(©)

anomaly increase at the structural transition. Let us present the
temperature dependence a(7) in the form of the power function
in the region of structural transition: a(T)=ay(1+B(T/T.)"),
where T, is the transition temperature. The fitting function @
(T)=wo+ Awy = wolexp(B(T/T,.)") satisfactorily describes the
experimental data with B=0.042, 7.=430K, n=2, and
wo=430cm™"; B=0.052, T.=646K, n=2, and wy,=536
em™; B=0.048, T.=548K, n=4, and wo=508cm ';
B=0.014, T.=370K, n=2, and wy=620cm™'; B=0.024,
T.=548 K, n=2, and wy=636 cm~ !, The fitting parameter
B=yayAT is consistent with the available estimates for oxides
y=0.5—2[45], ap=(2—5) - 10° K~ !, and AT=400 K and the
theoretical estimations yield the interval B=0.01 —0.04.

Slight softening of frequencies of 878 and 894 cm™' upon
heating is observed at a temperature of 330 K (Fig. 4d). At the
same temperature, the absorption intensity sharply drops (Fig.
5d). This is possibly due to the electron contribution to the
absorption spectrum. Impurity states of electrons (holes) form a
bound state (polaron) with phonons. At a certain value of the
electron—phonon interaction parameter, a quasi-gap is formed in
the density of polaron impurity states. If the chemical potential
lies within the lower polaron band, which is occupied incomple-
tely, then electron transitions from the occupied state to the free
ones occur with participation of phonons (e.g., at T=150— 160
K). As a result, the absorption intensity sharply changes (Fig. Sa
and c). As the temperature is increased, the chemical potential hits
the forbidden polaron subband and the intensity of thermal
transitions at T=330 K is decreased.

One more transition associated with the absorption intensity
was observed near 260 K. The IR absorption attains its maximum
value at a frequency of 508 cm ™' (Fig. 5b) corresponding to the
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oscillations of the single Bi-O’ bond. Possibly, the symmetry
center is formed in one of the phases; i.e., the phase transition
centrosymmetrical-noncentrosymmetrical structure occurs. This
assumption is confirmed by the permittivity maximum at 260 K
(Fig. 6).

Fig. 6 shows the temperature dependence of the real and
imaginary parts of permittivity. We can distinguish three
intervals in the dependence &(7). Upon heating to 200 K, the
real part of permittivity of the Bi,(Sng 95Crg 05),07 increases;
the temperature dependence of Re(e) has an inflection point

above 200 K, which depends on frequency. The curve d(Re
(e))/dT obtained at a frequency of 100 kHz contains a peak
near T=230 K (insert to Fig. 6a). Above 300 K, the depen-
dence &(7) is determined by frequency; at @ > 50 kHz, the
permittivity sharply increases at 50 kHz and attains its max-
imum at the temperature of the transition o — . The permit-
tivity growth is caused by conduction electrons. In the
Bi,Sn,0; compound [25], the conductivity has a small peak
at T=250 K, which is related to electron hoppings between the
impurity states. Above 250 K, the growth of Re(e) becomes
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slower below 50 kHz due to diffusion of defects over the
lattice. The defect relaxation time is r:/12/2D, where A is the
average path length of an oxygen ion over the defects and D is
the coefficient ion diffusivity. The temperature dependence of
the diffusivity has the activation character: D=Dexp(—AE/
kT), where AE is the energy barrier. During diffusion, local
lattice strains occur, which induce acoustic phonon excitations;
therefore, A~ 1/N ~1/T, where N is the number of phonons.
The fitting function in the Debye model has the form

Re(e) = Re(e)(T = 0)+A/(1+(w7)?)
=Re(e)(T = 0)+A/(1+(Bw exp(AE/KT) /T*?),  (4)

and satisfactorily describes the experimental data above
250 K with fitting parameters A and B and AE=0.1eV
(Fig. 6a).

The temperature dependence Re(e) for the frequencies
@ > 50 kHz can be presented in the form of two maxima with
the Gaussian function (Fig. 6a). The temperature of the
transition in the high-temperature region is frequency-
independent and at low temperatures logarithmically shifts
toward lower temperatures with increasing frequency from
T*=268 K at @=50 kHz to T%*=260 K at @ =200 kHz. This
can be attributed to electron tunneling between the polar Bi—O’
bonds in the unit cell.

The maximum of the imaginary part of permittivity shifts to
the high-temperature region from 7% =207 K at =50 kHz to
T#*=230 K at ®=200 kHz. This is explained using the Debye
model for susceptibility

Im y = yo(07)/ (1 +(@1)?), 5)

where =1, exp(AE/KT)/T?, yo is the static dielectric suscept-
ibility, and 7, is the frequency factor. The fitting function

Im(e) = Im(e)(T = 0)+A(wr)/ (1 +(wr)?)
=1Im(e)(T = 0)+Aw exp (AE/kT)/T?/

(1 + (Bw exp (AE/kT)/T2)2>

describes well the experimental data and the shift of the
maximum with an increase the frequency using the fitting
parameters A and B and AE=0.1 eV (Fig. 5b). Comparison of
the model calculations with the experiment indicates a
decrease in the ion free path length with increasing frequency
of the external electric field.

The intensity maxima in the IR absorption spectrum in the
frequency ranges 370—440 and 480-560 cm™' (Fig. 5) near
150 K are consistent with the magnetic measurement data for
Biy(Sng 05Crp.05)207. At the same temperature, the magnetic
susceptibility of Bi,(Sng¢5Crg05)207 changes its sign (Fig. 7).
The field dependence of magnetization indicated the trivalent
state of chromium ions [28] with the spin §=23/2. The magnetic
susceptibility contains the paramagnetic term y, of chromium
ion spins and diamagnetic term y,, of bismuth and tin ions

xth=C/(T—0)+y,. (6)
This function describes well the experimental susceptibility

data with the parameters C=1.9, §=2 K, and y,,= —0.015 emu/
g. In the temperature range 110— 160 K, the experimental data
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Fig. 7. The temperature dependence of the inverse magnetic susceptibility of
the Bi>(Sng 05Cro.05)207. The solid line is function y" =C/AT-0)+ p-

on y**(T) exceed the values of ;(th(T) calculated using formula
(6). The occurrence of the additional paramagnetic contribution
is caused by impurity electrons at the chemical potential level.

4. Conclusions

It was established that the IR spectra of the bismuth
pyrostannate (Biy(Sng 95Crg 05)207) contain four frequency ranges
with two absorption lines in each of them and three absorption
lines in the high-frequency range, which correspond to the two-
phase state. Softening of frequencies was observed and the type
of oscillation mode related to the bismuth and tin valence bonds
at the structural transitions was determined. It was found that the
magnetic susceptibility changes its sign at low temperatures and
the temperature dependence of permittivity has the maximum
near 260 K, which agrees well with the temperatures of
maximum IR absorption line intensity. The temperature shifts
of the oscillation frequencies were described through the variation
in the binding energy of ions at the phase transitions with the use
of the coefficient of thermal expansion. The experimental results
were explained within the model of polaron impurity states and
diffusion of oxygen ions over lattice defects in the Debye model.
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