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The electrical characteristics including the electrical resistance, impedance, I-V characteristics, capacitance,
dissipation factor, and thermoelectric power of the BiySny (Fe,O7 (x = 0.1, 0.2) stannates have been investigated
in the temperature range of 100-600 K at frequencies of 102-10° Hz. The paramagnetic contribution of electrons
to the dynamic magnetic susceptibility has been established. The conductivity mechanism of the compounds has
been found from the I-V characteristics and the change in the carrier sign has been determined from the ther-

moelectric power . The hysteresis of the I-V curves, charge transfer currents and polarization current have been
observed in the BiySn;.gFe(.207 compound. A nonlinear field dependence of the polarization in the orthorhombic
phase has been found. The correlation between the obtained characteristics and the phase structure transitions
has been established. Two relaxation channels and activation energy have been found using the Debye model.
The hysteretic I-V characteristics have been explained using a model of the electronic structure and the dipole

and migration polarization.

1. Introduction

Bismuth pyrostannate Bi;SnyO; belongs to the family of compounds
with a pyrochlore structure [1] and exhibits the ferroelectric [2] and
dielectric [3] properties, superconductivity [4,5], oxygen—ion conduc-
tivity [6], colossal magnetoresistance [7], absorption of the radioactive
radiation [8], and photocatalysis [9].

Three structural modifications related to the pyrochlore structure are
found in polymorphic BizSny07. Above 900 K, the compound has a cubic
structure with minor shifts of Bi>" ions from an ideal pyrochlore struc-
ture and belongs to the y phase [1]. In the temperature range of
390-900 K, the p phase with an orthorhombic structure is realized [10].
At room temperature, the BiSnpO7 compound has the non-
centrosymmetric monoclinic structure (the a phase) with sp. gr. Plcl
[11]. The BisSny07 structure is well described by two interpenetrating
oxide sublattices. The SnyOg sublattice consists of vertex-sharing SnOg
octahedra, which form hexagonal rings. In the Bi,O’ sublattice, the Bi®*+
cation is tetrahedrally coordinated by O’ anions with the O'—A-0’
linear bonds.

It was found that the transitions to the « and p phases are related to
the rotation of Bi3O’ tetrahedra, which shift Bi ions to the a phase vertex

and to the edge in the f§ phase of the oxygen octahedron SnOg [10]. The
correlated Bi®* shifts induce phase transitions to complex ordered
structures and change the macroscopic properties.

The binary oxides with a pyrochlore structure undergo a series of
low-temperature magnetic and electric phase transitions. In particular,
the transitions to the spin-glass state were observed in YosMo0207; to the
spin-liquid state, in TbyTisO7; to the disordered spin-ice state, in
Ho,Ti»07 and Dy, Ti»O; to the ordered spin-ice state, in TboSnyO7; and
to the superconducting state, in CdaRe2O7 [12]. Studies of these physical
properties of materials, which are observed at extremely low tempera-
tures, are among the current trends in condensed matter physics.

Oxide compounds containing iron ions are being intensively studied
because of their interesting properties. Such, in spinel ferrite
LipsMngsFexO4_s and Nij sFej 504 feature observed the frequency
activated conductivity transition from semiconductor to metallic state
above 800 K. The conductivity in semiconductor regime has been un-
derstood by hopping mechanism of localized charge carriers among the
cations in B sites of cubic spinel structure. The charge delocalization
process activated a semiconductor-to-metal transition in the ac con-
ductivity curves, obeyed by the Jonscher power law and Drude equa-
tion. A metallic state is also confirmed by the frequency dependence of
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the dielectric constant curves [27-29]. Electrical conductivity of
Cog.75Fe 2504 ferrite exhibited a thermal hysteresis loop at high tem-
peratures [30]. The samples a-Fe; 64Gag 3603 and Ga-doped CryO3 sys-
tem showed a transformation of the I-V curves from linear to non-linear
character with the increase of bias voltage, positive magnetoresistance
and magnetic field induced negative differential resistance. The mag-
nitudes of critical voltage at which I-V curve showed peak and corre-
sponding peak current are affected by magnetic field cycling. The shift of
the peak voltage with magnetic field showed a step-wise jump between
two discrete voltage levels with least gap (AVP) 0.345(+ 0.001) V [31,
32]. Temperature variation of the dielectric parameters has shown
transformation of the conductivity states (semiconductor < metal like <
semiconductor) in the samples of a-Fe; Gag 30s3. Dielectric loss curves
indicated coexistence of conduction process and dielectric relaxation
process in the samples [33].

Cationic doping changes the pyrochlore structure and the basic
physical properties of the compounds, since the structural and physical
properties are interrelated. These compounds can be in demand as
materials for electrochemical devices and a new generation of electronic
devices due to the relatively low synthesis temperatures of doped bis-
muth titanates and their high thermal stability [13]. The distribution of
dopant atoms over two equivalent crystallographic positions increases
the variability of properties of the compounds and affects the defectness
of the cationic and anionic sublattices, the transport properties of ions
(in particular, mobile oxygen O').

Doping of BiyTi;O7 bismuth titanate [13] with iron atoms in con-
centrations of up to 1% narrows a gap in the electron excitation spec-
trum from 2.83 eV in BisTi»O7 to 2.43 eV in BisTioO7, which is attributed
to the distribution of iron ions over A and B sites. In the BisTis xMxO7 (M
=V, Cr, Mn, Fe, Ni) [14] compounds with x = 0.5 substituted by d ele-
ments in the titanium sites, an impurity level occurs in the band gap.
When titanium is replaced by iron, this level is localized closer to the top
of the valence band; when it is replaced by chromium, the level is closer
to the bottom of the conduction band. Iron-containing bismuth titanates
Biy ¢FexTizO7.5 (x < 0.4) exhibit mainly the electron conductivity.

In Bij.¢Feg 3Tia07.5, a transition from the p-to n-type conductivity
upon variation in the oxygen content was detected [15]. At a high partial
oxygen pressure, iron-containing bismuth titanate exhibits the hole
conductivity; at the low oxygen concentration, the electron conductivity
is realized; and, near the minimum conductivity, the ionic contribution
is probably added.

The heterovalent replacement of Bi®* and Sn** ions in the BiySny07
compound changes the temperature of the a—p transition [1, 16-19]
and reduces the crystal symmetry. Substitution of Sn** ions by Fe>* ones
induce crystal lattice distortions and, as the substitute concentration
increases, lead to the shift-type structural transitions. In particular, in
the Biy(Sn; <Fey)207 compound with a concentration of x = 0.2 at T =
140 K, a transition from the monoclinic to triclinic symmetry was
detected [20].

The absence of the inversion center in bismuth pyrostannate is a
prerequisite for the ferroelectric order at low temperatures. This was
confirmed by ab initio theoretical calculations in Ref. [1]. In the
Biy(Sng.gFep.2)207 compound, the magnetoelectric (ME) interaction at
temperatures of up to 300 K was detected [21]. An external electric field
leads to the crystal lattice distortion and induces the electric polariza-
tion. The magnetic field-induced electric polarization is an even function
of the magnetic field, except for the range of 140-160 K of the structural
phase transition, where the linear ME effect dominates. Upon heating,
the magnetic field-induced electric polarization decreases.

In this work, we discuss several problems, including determination of
the temperature range of the migration electron polarization, estab-
lishing the inductive contribution of electrons to the reactance caused by
the space charge in a sample, investigations of the conductivity and
carrier types, finding the electric polarization above room temperature,
the correlation between the structural phase transitions, and the corre-
lation of the dielectric and transport properties in the Biz(Snj_Fe,)207
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(x =0, 0.1, 0.2) compound.
2. Experimental

The BiySny (Fe,O7 (x = 0.1 and 0.2) compounds were synthesized by
the solid-state reaction. The synthesized samples correspond to the
monoclinic Pc cell in the Bi;SnyO; a phase [21].

The electrical properties were studied using the four-probe methods
on a Keithley 6517B electrometer in the temperature range of 100-600
K. The impedance, capacitance, and dissipation factor were measured
with an AM-3028 component analyzer in the frequency range of 1-300
kHz at temperatures of 100-600 K. The thermoelectric voltages on the
opposite faces of the sample were detected with an Agilent Technologies
34410A multimeter in the temperature range of 80-500 K.The ther-
moelectric power was determined on parallelepiped samples by two-
contact method. Copper contacts were applied to the ends of the sam-
ple. A temperature gradient AT 5K was created along the
parallelepiped.

3. Results and discussion
3.1. Permittivity

Fig. 1 shows the temperature dependence of the Biy(Snj.xFex)207 (x
= 0.1, 0.2) permittivity. The real part of the permittivity for the sample
with x = 0.1 (Fig. 1a) has a maximum at temperatures of about 270-280
K and sharply increases above 500 K. The first the maximum is associ-
ated with the localization of electrons at T = 280 K. An increase in € (T)
at 640 K is due to the structural transition with loss of center of inver-
sion. The permittivity change ¢(T = 280 K) — (T = 100 K))/&(T = 100 K)
at 280 K increases with decreasing frequency and attains 3% at 1 kHz.

The temperature dependences of the imaginary part of the permit-
tivity Im(T) for the sample with x = 0.1 (Fig. 1c) also have anomalies in
the form of broad maxima of the dielectric loss in this temperature
range. We describe the dielectric susceptibility in the Debye model

B
1+ (07,)

RG(E):&'U + (1)

1+ (07,)

_ Aor Bwr,
1+ (0r)* 1+ (07,)°

Im(e) @

where 71 5 = To1,2eXp (—AE; 2/KT) is the relaxation time and AE is the
activation energy. Fitting to the experimental data yields two energies of
AE; = 1700 K and AE; = 6400 K.

The temperature dependence of the real part of the permittivity
(Fig. 1b) has a maximum at T = 140 K, which confirms the occurrence of
a structural transition to the triclinic symmetry [20]. The structural
phase transition a—p in the compound with x = 0.2 shifts toward lower
temperatures down to T = 350 K. The imaginary part of the permittivity
Im(T) for the Biz(Snj.xFex)207 with x = 0.2 (Fig. 1d) hasmaximum in this
temperature range and the loss intensity decreases with increasing fre-
quency. These experimental results are consistent with the softening of
the IR modes and anomalies in the temperature dependences of the
thermal expansion coefficients and sound damping [20]. In the § phase,
the transition with the loss of the inversion center at 640 K occurs, which
manifests itself in an anomalous increase in the permittivity and is
described using the Debye model. At a frequency of 300 kHz, the
imaginary part of the permittivity weakly depends from temperature for
x = 0.2. This is related with the migration polarization of electrons
realized in the frequency band of 10-10° Hz.

3.2. Impedance

The capacitive and inductive contributions of carriers in the samples
can be estimated by impedance spectroscopy. The temperature
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Fig. 1. Temperature dependence of

permittivity of Bix(Sn;.<Fe,)»0; at
different frequencies: (a) real part of
permittivity of x=0.1, curve 1 corre-
sponds to 1 kHz, 2 - 5 kHz, 3 - 10 kHz, 4
- 50 kHz, 5 - 100 kHz, 6 - 300 kHz. (b)
real part of permittivity of x=0.2, curve
1 corresponds to 1 kHz, 2 - 5 kHz, 3 - 10
kHz, 4 - 50 kHz, 5 - 100 kHz, 6 - 300
kHz. The dashed lines corresponds to
functions calculated using the Debye
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dependences of the normalized real part of impedance for the Biy(Sn;.
xFex)207 (x = 0.1 and 0.2) compound are presented in Fig. 2. The tem-
peratures corresponding to the jump in the imaginary part of the
impedance Im(Z)/Im (Z (T = 80 K)) by 6-8% at 220 K for the sample
with x = 0.1 and the change in the g factor coincide (Fig. 2a). At T =215
K, the g factor increases by 1% (inset in Fig. 2a) and the electron spin
resonance (ESR) linewidth sharply grows with decreasing temperature
[21].

The difference of the temperature behavior of the reactance Xj, ¢ from
the capacitive resistance X, (Fig. 2a) points out the inductive contri-
bution, which bring information about the dynamic susceptibility y(®).
In particular, the inductance L is proportional to the magnetic suscep-
tibility (): L ~ p =1 + y and AXy, = x,(T) — xo(T = 80 K). Atx = 0.1, the
capacitive resistance is almost temperature-independent at high fre-
quencies. When X}, and X¢ are connected in series, there is the reactance
change AX;, ¢ = Xy, (T) = Xc(T) = X1, (T =80 K) = Xc(T =80 K) = X (T) —
XL, (T = 80 K) = y(T) — xo(T = 80 K) caused by an increase in the dy-
namic magnetic susceptibility due to the appearance of electrons on the
Fermi surface and the paramagnetic contribution. The Pauli
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susceptibility is temperature-independent, which is in qualitative
agreement with the experimental data. The reactance jump at 360 K is
caused by an increase in the electron density on the Fermi surface by 1%.

The imaginary part of the impedance of the Biy(Snj 4Fey)207 (x =
0.2) sample has a minimum Z"/Z" (T = 80 K) in the vicinity of Ty =
310 K and its value decreases with increasing frequency by two orders of
magnitude. The temperature Tp,;, weakly depends on frequency. In the
temperature range of 260-310 K, the impedance decreases due to the
inductance, because the capacitance is almost temperature-independent
in this range. The localization of electrons in this temperature range
leads to a decrease in the electron density on the Fermi surface and in the
contribution to the paramagnetic susceptibility X, c) = %o(T) — xo(T =
80 K) ~ —0.03. This is confirmed by the presence of a broad maximum in
the temperature dependence of the active resistance (Fig. 3b) at
260-340 K. Heating to 400 K leads again to the carrier of charges
localization, an increase in the capacitance, independence of the resis-
tance of the temperature, and a decrease in the paramagnetic contri-
bution of electrons to the magnetic susceptibility. Such an unusual
temperature behavior of the impedance is related to the presence of

0,9 -

0,8

0,7

T T T
300 400 500
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0 100 200

Fig. 2. Temperature dependence of the reduced impedance and reduced capacitance Bi»(Sn; xFey)20-. (a) x = 0.1, curve 1 corresponds to 1 kHz, 2-5 kHz, 3-10 kHz,
4-50 kHz, 5-100 kHz, 6-300 kHz. The inset shows the temperature dependence of the g factor for x = 0.1. (b) x = 0.2, curve 1 corresponds to 1 kHz, 2-5 kHz, 3-10

kHz, 4-50 kHz, 5-100 kHz, 6-300 kHz.
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Fig. 3. Temperature dependence of ac resistance of Biz(Sn;.xFeyx)207. (a) x = 0.1, curve 1 corresponds to 1 kHz, 2-5 kHz, 3-10 kHz, 4-50 kHz, 5-100 kHz, 6-300
kHz. (b) x = 0.2, curve 1 corresponds to 1 kHz, 2-5 kHz, 3-10 kHz, 4-50 kHz, 5-100 kHz, 6-300 kHz. The dashed lines correspond to theoretical calculations (3).

polymorphic transitions and the coexistence of crystalline domains of
different phases where carriers of charges are localized.

Upon substitution of tin ions by iron, the transition a—f is extended
in temperature. Some domains containing iron ions start passing to the
phase at T = 350 K [20]. Above 460 K, a decrease in the impedance of
the Biz(Snj xFey)207 (x = 0.1, 0.2) samples is related to an increase in the
capacitance by the expense of the relaxation conductivity.

The temperature dependences of the ac resistance for the Biy(Sn;.
xFex)207 (x = 0.1, 0.2) compound at several frequencies from 1 to 300
kHz are presented in Fig. 3. The active resistance for the sample with x =
0.1 has small jumps at a temperature of T = 220 K and, for the sample
with x = 0.2, there is a broad maximum in the range of 260-360 K
(Fig. 3b). The temperatures of the R(T) and permittivity maxima coin-
cide and are caused by the stage-by-stage transition of the compound
into the B phase. In the same temperature range, the IR modes at fre-
quencies of 510-540 cm ™}, which are related to the vibrations of the
Bi—O’ bond, are softened [20].

At high temperatures, the ac resistance of the compositions with two
concentrations sharply increases. The active resistance characterizes the
absorption of electromagnetic radiation and can be described using the
Debye model as

Awt

Re(Z) = 3

T 1+ (07)

where the relaxation time obeys the Arrhenius law © = tgexp (—AE/KT)
with AE = 6400 K. The maximum adsorption is obtained in the prox-
imity of the phase transition with the loss of the inversion center, which
is indicated by the differential scanning calorimetry data (DSC) for the
Bis(Snj xCry)207 (x = 0-0.1) samples. The DSC study shows the diffuse
exo- and endo-effects around 600 and 646 K [22]. The Debye model
satisfactorily describes the temperature dependence of the resistance

above 400 K. The maxima in the theoretical curves at T > 600 K
correspond to the phase transition with the loss of the inversion center.
The temperature Ty« increases with frequency [20].

3.3. I-V characteristics and conductivity

The dc electric properties of the Biy(Snj xFey)207 compound were
examined by the two-probe method using an Agilent Technologies 344
10A multimeter at temperatures of 100-700 K. Both compositions
exhibit the semiconductor-type conductivity with a decrease of the
electrical resistance by four orders of magnitude upon heating. The R(T)
dependence for the Biy(Snj.4Fex)207 (x = 0.1) sample has anomalies
(Fig. 4a) at temperatures of 124-140, 229, 300, 448, and 517 K. The first
anomaly is induced by the change of the crystal lattice structure and the
transition from the triclinic to monoclinic structure. The maximum at T
= 229 K is consistent with the anomalies of the thermal expansion co-
efficient B(T) and the softening of frequency in the IR spectra [20].

The next anomalies at T = 300 and 448 K can be explained by the
domain crystal structure observed in the Bi»Sn,O7 compound at room
temperature [1]. Using the linear dependence of the resistance loga-
rithm on the reciprocal temperature 1gp = 1gpo + (AE/kgT), we calcu-
lated the activation energy and its growth from AE = 0.3 eV at 300-450
Kto AE = 1.2 eV at 500-700 K in the composition with x = 0.1.

The electrical resistance of the Bis(Snj.xFex)207 (x = 0.2) sample
(Fig. 5b) sharply decreases upon heating above 220 K with an activation
energy of AE = 0.23 eV in the temperature range of 220-320 K. In the
temperature range of 310-390 K, several anomalies are observed, which
are consistent with the nucleation of § phase domains containing iron
ions.

We establish the Biy(Snj.xFex)207 conductivity mechanism from the
-V characteristics measured in external electric fields ranged from
—800 to 800 V/cm at temperatures of 300-600 K. The conductive

1011 1013
1 b
12
109] 10
7" 1011 o
1074 £
€ £, 1]
£ E O 10 4
o sJE S E
. 10°4 £ o
14 !q F7x10° 10° 4
10"
b | 8
10" 4
1 6x10° [ L]
T,K -
10' T . . 10— . : | ;
0 200 400 600 . 400 .
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T,K

Fig. 4. Temperature dependence of dc resistance of Bi»(Sn; <Fe,)»07. (a) x = 0.1, (b) x = 0.2.
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current increases with the iron concentration. At x = 0.1, the depen-
dence of the current flowing through the sample on the applied voltage
has a symmetric shape. Fig. 5 shows the -V characteristic for the
Bis(Snj xFey)207 (x = 0.1) sample. At low temperatures, the scattering of
carriers is induced by charged intrinsic defects and the conductivity is
described by the quadratic Mott law with a variable jump length [16,
23-24]
U2

J=gTuOopt VA

3 4

where j is the current density, 7, is the Maxwell relaxation time, o is the
electrical conductivity in the bulk of the material without injection of
carriers, p is the carrier mobility, U is the applied voltage, and L is the
sample thickness.

Upon heating above 400 K in the orthorhombic p phase, the con-
ductivity type changes from Mott to ohmic. The change of the conduc-
tion mechanism at x = 0.1 is consistent with the change of the charge
carrier activation energy.

The I-V characteristics of the Bis(Sn;_xFey)207 (x = 0.2, 0.1) samples
are qualitatively different. This difference is caused by the formation of
the electric polarization and ME interaction in the Biy(Sng.gFeg.2)207
compound [21]. The I-V characteristics for the composition with x = 0.2
has a hysteresis shifted along the voltage and current axes (Fig. 6a and
b). The electric bias field (inset in Fig. 6a) induced by the nonuniform
distribution of defects over the anionic subsystem of the sample and
decreases by a factor of 4-5 at T = 550 K. In the CaMnO3; and
Ca;.yReyMnO3 manganites [25-26] with the nonstoichiometric substi-
tution, oxygen vacancies at these temperatures are ordered.

The I-V hysteresis originates from the ferroelectric polarization
induced by the polar Bi-O bond with an unshared electron pair on a
bismuth ion. The total current passing through the sample consists of the
charge transport current I, and the polarization current I;: I = Ie, + I,
The transport current obeys the Ohm’s law I, = U/R at T > 500 K (the
dashed line in Fig. 6b) and nonlinearly depends from voltage at T < 500
K (the dotted line in aFig. 6). The polarization current is I, = dP/dt.
Thus, we have I = U/R + I, and the polarization current I, = I — I,
passes through the maximum in the voltage range of (—Upin—Umax)
(cFig. 6, d). We determine the voltage dependence of the electric po-
larization using the relation j = dP/dt = (dP/dU) (dU/dt), where P = f

jau/ (’%’) , accurate to a constant factor.

The -V characteristics were measured for 100 s at the linear time

10™ ———ry —
100

-

u,v

Fig. 5. I-V characteristics of Biy(Sn;_yFey)>07, x = 0.1 in zero magnetic field.
The curve 1 corresponds to the I - V characteristic measured at 450 K, 2-500 K,
3-550 K, 4-600 K.
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dependence of the voltage: U = —Up,;, + at. The current increases line-
arly also: Ioh, = —Imax + at, where I, is the maximum current and t is the
time during which the voltage increases from —Up,jn to Upax. The po-
larization current obeys the harmonic law I, = Ipmax cos (ot + @)
(Fig. 6¢), where @ = 1/T, T is the time of the measurements of the I-V
characteristic, and ¢ is the phase. The electric polarization hysteresis
(Fig. 7) and the phase shift between the external field and the polari-
zation current are not observed up to T = 550 K. At temperatures of T =
550 and 600 K, there are the hysteresis in the P(U) dependence ( Fig. 7b)
and the phase shift between the current polarization and external field
(Fig. 6d). In the sample, the displacement of the boundary of the electric
polarization region lags in phase behind the external electric field.

Above room temperature, the electric polarization increases as a
result of the occurrence of an additional contribution of migration po-
larization of electron (Fig. 7). Due to the interaction of dipole and
migration polarizations, the change in the polarization current lags in
phase behind the external electric field.

3.4. Thermoelectric power

We determine the position of the impurity subband relative to the
valence band and the type of current carrier from the thermopower S(T)
measured in the temperature range of 80-500 K. Fig. 8 shows the tem-
perature dependence of the thermopower coefficient for the Biy(Sn;.
xFex)207 (x = 0.1, 0.2) samples. The S(T) dependence for the composi-
tion with x = 0.1 changes its sign twice at temperatures of 115 and 415
K, which points out the change of the conductivity type. In the
Biy(Sng.gFep 2)207 compound, the thermopower coefficient is positive
and the S(T) curve has two maxima at T = 135 and 345 K. Both maxima
are located near structural phase transitions: the first maximum corre-
sponds to the transition from the monoclinic to a triclinic structure; the
second to the a — f transition. The temperature of maximum (T = 354 K)
in the S(T) curve for the composition with x = 0.1 coincides with the
temperatures of the impedance jump and softening of the stretching
mode in the MeOg octahedron [21], as well as with the maximum of the
electrical resistance derivative (dR/dT)/R (inset in ).

Substitution of Sn** ions for Fe>" ones leads to the formation of
acceptor levels near the valence band. The distortion of the oxygen
octahedra causes a shift of the valence band and a change in the spectral
density of states. Nonstoichiometric substitution leads to the formation
of a hole in the anion subsystem and the strong electron—phonon
interaction. As the crystal symmetry increases, the gap in the electron
excitation spectrum and the impurity subband width increase in the f
phase due to dissociation of a lattice polaron. The formation of $-phase
domains causes the band bending and the transition of electrons from
the valence band of the o phase to the impurity subband of the § phase
(Fig. 9). The potential difference ¢y — @p is induced between domains.
The energy flow jg is transferred by charged particles: jg ~ jn. The
charged particle flow jy = D dN/dx is determined by the diffusivity D ~
v A = v2 -1, where v is the velocity and 7 is the relaxation time. In the
relaxation time approximation, the thermopower is S ~ D ~ v -t. The
relaxation time in the proximity of the phase transition is determined by
the power dependence t ~1/(T — T))*, where T, is the transition tem-
perature and z and v are the critical indices. In the Bi»(Sn; xFey)207 solid
solutions, the phases coexist and therefore the phase transition is diffuse
and extended in temperature by AT. The experimental data are well
described by the function:

A

(abs(T —T.) + AT) ®)

where AT = 50 Katx = 0.1 and 20 and 40 K at x = 0.2. Upon heating, the
volume fraction of the p phase increases; above 415 K, the volume is Vg
> V,, the impurity subband of the f phase is filled with electrons, and its
potential exceeds that of the o phase. As a result, the thermoelectric
current changes its sign. This model explains the change in the
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Fig. 6. I-V characteristics of Bi2(Sn1-xFex)207, x =

0,81 8]
0,6 61
0,4 4

< 7] < ,]

c c

-~ 0,2 - 04
0,04 -24
-0,2 -4+

0.2. (a) Curve 1 corresponds to T = 350 K, 2-450 K,
The inset shows the temperature dependence of the
electric bias field. (b) Curve 1 corresponds to T = 500
K, 2-550 K. Current with charge transfer (dashed
line). (c) Polarization current, curve 1 corresponds to
T = 350 K with a decrease in voltage from 200 V to
—200V, 2- T = 450 K with a decrease in voltage from
200 V to —200 V, 3- T = 450 K with an increase in

-200  -100 _2'00 _1'00

po voltage from - 200 V to 200 V, the solid line corre-

0 L sponds to the fitting function I, = I cos (ot + ¢)
u,Vv with ¢ = 0. (d) Polarization current: curve 1 corre-
sponds to T = 500 K with decreasing voltage from
200 V to —200 V, 2- T = 500 K with increasing
voltage from —200 V to 200 V, 3-T = 550 K with
increasing voltage from - 200 V to 200 V, 4 - T = 550
g < K with voltage reduction from 200 V to —200 V.
oy E Fitting function I, = Lo cos (ot) (solid line).
o S
— Q.
T T T . 0 i . .
-200 -100 0 100 200 200 -100 0 100 200
u,v U,V
Fig. 7. Dependence of the electric polarization from
0,10+ a 244 b the applied electric field Bi5(Sn; yFey)207. (@) x = 0.1,
i 2,0 curve 1 corresponds to T = 350 K with decreasing
' voltage from 200 V to —200 V, 2- T = 450 K with
NE 0,064 E 164 decreasing voltage from 200 V to —200 V, 3- T = 450
© —— 2 5] K with increasing voltage from —200 V to 200 V. (c)
% 0,044 / g x = 0.2, curve 1 corresponds to T = 500 K with
o o 084 decreasing voltage from 200 V to —200 V, 2- T = 500
0,024 04 K with increasing voltage from 200 V to —200 V, 3 -
T = 550 K with increasing voltage from —200 V to
0,00 0,0 200 V, 4- T = 550 K with decreasing voltage from
200 -100 0 100 200 200 100 0 100 200 200 V' to —200 V.
u v u,v
thermopower sign below the temperature of the structural transition
from the monoclinic to triclinic crystal structure.
4. Conclusions
It was shown that, in bismuth pyrostannate Biy(Snj.<Fey)207 (x =
0.1), the change in the g factor at 220 K is related to the inductive
contribution of electrons to the impedance and with an increase in Pauli
contribution to the paramagnetic susceptibility. The permittivity
anomaly at 280 K is caused by the localization of carriers of current.
Above this temperature, the conductivity has an activation character. In
the vicinity of 360 K, the extended transition a—p with the coexisting
phases was found, which is accompanied by the thermopower maximum
100 200 1300 4v0. 1500 and an increase in the dynamic paramagnetic susceptibility. In the f
-0,06 I . T,K | | phas.e, the conductivity type changes from Mott to ohmic and the type
100 200 300 400 500 carrier of cu.rrent changes from hole to elec:tron. . .
In the Biy(Sng.gFep2)207 compound with the ME interaction, the
T,K inductive contribution to the impedance was found near the change of

Fig. 8. Temperature dependence of the thermopower coefficient of Biy(Sn;.
«Fex)207. Curve 1 corresponds to x = 0.1, 2- x = 0.2. Solid lines represent the
theoretical calculations (4). The inset shows (dR/dT)/R for x = 0.1.
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the conductivity type from tunnel to activation and in the orthorhombic
B phase. The phase transitions from the triclinic to monoclinic structure,
the transition a—p, and the transition from the noncentrosymmetric to
centrosymmetric structure are accompanied by the maxima in the
temperature dependences of the permittivity and thermopower. The I-V
hysteresis, charge transport current, and polarization current were
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Fig. 9. Model diagram of energy levels. VB is the valence band, CB is the impurity band, A - is the a phase, B — is the p phase, S is the thermopower coefficient, Er is

the Fermi level, Eg is the band-gap.

found. The critical temperature of the sharp drop of the bias field was
found, below which the polarization current coincides in phase with the
external field. A nonlinear dependence of the electric polarization as a
function of the field with the absence of hysteresis in the p phase was
established and attributed to the interaction between the dipole and
migration polarizations. A model of the electronic structure was
proposed.
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