Physics of the Solid State, 2023, Vol. 65, No. 8

06,11

Investigation of the magnetoelectric effect and thermoelectric power
of the composite of iron-substituted bismuth pyrostannate
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The composite compound Bi,(Sng 7Feo 3)207/BiFesO9 in the ratio 91/9% was synthesized by the solid-phase
reaction method. The current-voltage characteristics were studied in the temperature range 800—400K. The
hysteresis of the current-voltage characteristics was found. The magnetoelectric interaction and thermoelectric
power have been studied. The temperatures of predominance of the even and linear functions of the magnetoelectric
effect are established. The sign change of the thermopower has been found.
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1. Introduction

The new generation of materials in demand in modern de-
vices was the reason for the intensive study of multiferroics
and ferroelectrics. The mutual influence of the magnetic and
electrical subsystems leads to the manifestation of the mag-
netoelectric effect. In multiferroics, induced magnetization
occurs in the applied electric fields and electric polarization
occurs in an external magnetic field. =~ Magnetoelectric
interaction has been established in ceramic materials based
on bismuth ferrite (BiFeO3);_x—(BaTiO3)x, Bij_xNdxFeOs
and BisTi3FeO;s. The highest value of the magnetoelectric
coupling coefficient (amg) was obtained for the connection
BisTisFeO;s (ame ~ 10mVem™'Oe™!). In the case of
solid solutions (BiFeOj3);_x—(BaTiO3)x and Bi;_xNdxFeO;
maximum ayg has order 1 and 2.7mVem !'Oe~! re-
spectively. The magnitude of the magnetoelectric cou-
pling depends on the structure of solid solutions. The
magnetoelectric effect (ME effect) is found in the com-
pound BisTizsFeOs without long-range magnetic order. In
the case of solid solutions (BiFeOs3);_x—(BaTiO3)x and
Bi;_xNdyFeOs the ME effect appears after suppression of
the cycloidal spin structure of BiFeOs. The magnitude of
the magnetoelectric coupling depends on the concentration
of barium titanate and neodymium in the structure of
bismuth ferrite. The maximum values of the magnetoelectric
coupling coefficient were obtained for compositions in the
region of structural transformations [1].

The magnetoelectric effect is used in magnetic field
sensors [2-4], energy collection devices [5-7]|, new gen-
eration memory [8-10], spintronics devices (for example,

spin valves, magnetic tunnel junctions) [11-13], microwave
devices, millimeter-wave devices and miniature antennas 7],
as well as in wireless medical instruments (for example,
for endoscopy and brain imaging) [7]. The implementation
of such innovative devices requires the development of
materials with the highest possible magnetoelectric coupling
coefficient.

The synthesis of new single-phase multiferroics with
a high value of the magnetoelectric coupling coefficient
is a difficult task. So far, the most recognized single-
phase multiferroic compound is bismuth ferrite BiFeOs,
in which ferroelectric and antiferromagnetic ordering
coexist at ambient temperature (Neel antiferromagnetic
temperature Ty = 643K, Curie ferroelectric temperature
Tc = 1100K) [14]. However, due to the cycloidal mod-
ulation of the spin arrangement, a linear magnetoelectric
effect is not observed in bulk polycrystalline bismuth ferrite.
In BiFeO thin films; with the disappearance of the spin
cycloid, a giant magnetoelectric coupling was observed,
ame ~ 3Vem™10e™! [15].

The magnetoelectric effect is especially great in
composite materials. In dispersed composites such
as BaTiO3/COF6204, PbZI’lfxTiXO3 (PZT)/TblfnyxFez
(terphenol-D) and Bag gPbg ,TiO3/CuFe; §Crp,04 value
ame order 100—130mVem~'Oe™! [16].  Multilayer
composites also demonstrate a greater value of amg,
for example, in PZT/Terfenol-D laminates ayg reaches
~4.7mVem~10e~! [17] and 90mVem~!Oe! in lami-
nated composites PZT/Permendur [18]. Magnetoelectric
coupling is also observed in nanostructured multiferroid ce-
ramic materials (for example, YMnOj; [19]), semiconductor
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membranes galvanically filled with magnetostrictive material
(for example, InP membrane, filled with Ni [20]), as well as
in thin nanocomposite films (for example, CoFe,04 [21]).

Composite materials that include various phases the
properties of which change during deformation are of
particular interest. For example, composites containing
magnetic (ferro- or ferrimagnetic material) and ferroelectric.
Magnetostrictive deformation occurs in magnetic materials
under the influence of an external magnetic field, and ferro-
electric materials have a piezoelectric effect. The interaction
of composite components through deformation at their
interface leads to the appearance of the magnetoelectric
effect [22].

BiyFe4O9 belongs to the class of mullite-like compounds
and exhibits properties of multiferroics, paramagnetic at
room temperature. The crystal structure is orthorhom-
bic Pbam [23]. Intensive study of mullite in recent years is
due to its wide application, such as semiconductor gas sen-
sors and as a catalyst in the oxidation of ammonium [24,25].
The physical properties of Bi,Fe4O9 depend on the method
of production and grain size [26]. The volumetric BiyFe4Oq
obtained by solid-phase synthesis detects a ferroelectric
hysteresis loop at 250K and antiferromagnetic ordering
at 260 K [27], which indicates about multiferroid properties.

Electrical polarization at room temperature detects hys-
teresis loops with rounded ends. Rounded ends occur due
to large leakage currents [26]. Samples with a grain size
greater than 200nm at room temperature have unsaturated
hysteresis loops [28]. So, a sample with a grain size of
900 nm has a residual polarization of P, = 0.21 C/cm? and
a coercive force of Ec = 19.5kV/cm in a field of 60kV/cm.
These data indicate ferroelectric properties. In addition, this
sample has the lowest leakage current density 10~® A/cm?
and the highest residual polarization 0.21 C/cm? [26].

Leakage currents are greatly reduced in samples with a
grain size greater than 200nm and are also characterized
by a ferroelectric hysteresis loop at room temperature.
Ceramic and nano-crystalline samples Bi,Fe4Og detect the
magnetodielectric effect [29).

Bismuth pyrostannate Bi,Sn,O; is a dielectric and
at room temperature belongs to a monoclinic structure
(a-phase) with a space group Plcl [30]. The substitution
of tin with iron in Bi;SnyO; does not change the spatial
group, but leads to magnetic ordering. As a result of
the interaction between the magnetic and ferroelectric
subsystems, a magnetoelectric effect occurs [31].  For
Biy(Sng9Fep 1)207, the electric polarization is a linear
function of the electric field. A hysteresis of migration-
type electrical polarization and a magnetoelectric effect
were detected in bismuth pyrostannate with an increase of
the concentration of iron ions for X = 0.2. The nonlinear
behavior of magnetization in magnetic fields up to 50kOe
in the paramagnetic state at temperatures up to 200K
is associated with the magnetoelectric interaction. The
electric polarization induced by the magnetic field is an
even function of the magnetic field, with the exception

of the structural phase transition region, where the linear
magnetoelectric effect [31] prevails.

When developing methods for the synthesis of multifer-
roics (MF) and a possible way to improve ME properties,
it is necessary to solve two problems. First, find ways
to get MF. Secondly, it is necessary to select certain
structural and magnetic parameters of the crystal lattice that
lead to the appearance of the ME effect in bulk samples.
The ME properties of bulk samples can be improved by
applying strong magnetic fields or very high mechanical
stresses [32]. However, a similar result can be obtained by
partial substitution of cations or the creation of a composite
compound, which is analogous to mechanical pressure on
the crystal lattice, which in a certain way changes the
structure of the compound and allows to obtain the values
of the ME effect by an order of magnitude higher than [33].

In this  regard, the  composite = compound
Bi, (Sng 7Fep 3)207/BisFesO is of great interesty, in which
the ME effect is supposed to be detected.

The purpose of this work is to study the mutual
influence of various crystallographic and magnetic structures
Biz(Sn0.7Feo_3)2O7 and BiyFe4O9 on the magnetoelectric
effect and thermal EMF.

2. Samples and experimental methods

Composite compound Biz(Sn0_7Feo_3)207/Bi2Fe409
(BSFO/BFO) was synthesized by the solid-phase reaction
method. This method is widely used for the production
of polycrystalline bulk materials, and also provides a
wide selection of starting materials, such as oxides. The
advantage of solid-phase synthesis is that solid reagents
react chemically at high temperature in the absence of
any solvent, resulting in a stable product. Fine powders of
oxides BiyO3, SnO,, Fe,O3; were used as initial reagents.
The stoichiometric mixture of the initial components
was thoroughly ground in an agate mortar with ethyl
alcohol until a homogeneous state was achieved. The
charge was pressed at room temperature and annealed
at temperatures 800—950°C in several stages. Annealing
is used for controlling structural changes, properties and
phase composition. According to X-ray structural data, the
synthesized composite contains Biy(Sng 7Fey3)207 — 91%
and BipFe4O9 — 9%. The powder X-ray was taken on a
Bruker D8 ADVANCE diffractometer at room temperature.
A linear detector of VANTEC and CuK,-radiation
were used in this experiment. Bismuth pyrostannate
Bi(Sng 7Feo 3)207 corresponds to a monoclinic cell Pc
in the a-phase BiySn,O7 [31], BiyFesO9 — orthorhombic
structure Pbam [34]. The initial structures of these phases
were used to refine the structure by the Rietveld method.
The refinement was implemented using the TOPAS 4.2 [35]
program and gave low R-factors of unreliability (table,
Fig. 1).

Morphological studies, qualitative and semi-quantitative
elementary composition were performed on the Scanning
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Figure 1. X-ray diffraction patterns of Biy(Sng7Feq.3)207/
BiyFesOg.

Figure 2. Micrography of Bix(Sng.7Feq.3),07/BizFesOo.

electron microscope (SEM) Hitachi S5500 on the argon-
polished surface of the sample. The scanning was conducted
in various micro-regions of the sample and gives the identity
of the results. Analysis of the BSFO/BFO composite
micrograph (Fig. 2) showed a dense, uneven distribution of
grains Bi,FesOq surrounded by a matrix Bi,(Sng 7Feq 3),07
and the presence of pores. Grain shape BiFesOg in the
form of dark-colored plates with truncated corners and

Parameters of the crystal structure of the composite compound
Biz (Sn0A7Feo_3)2O7/Bi2Fe409

Spatial BixFe4O9 Bi(Sng.7Feo.3)207
group Pbam Pc
a, A 796795 (2) 150927 (5)
b, A 8.45160 (3) 15.0830 (5)
c, A 6.01100 (2) 213150 (8)
B,° 90 (2) 89.931 (2)
v, A3 404.792661 (3) 48522 (3)
26 range, ° 5-90
Rwp, % 9.06
Rp, % 7.01
RB, % 301
% 161
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uneven edges. A similar plate shape was observed in the
synthesis of Bi;Fe4O9 by the hydrothermal method with an
average grain size of 450 um [36).

Observed elemental composition of phases: Bi, Sn, Fe, O
for Biy(Sng 7Feg 3)207 (Fig. 3,a) and Bi, Fe, O for BiyFesOq
(Fig. 3,b) indicate good quality of the composite sample.
The average grain size is 1u [37].

The magnetoelectric interaction is established from mea-
surements of induced electric polarization in magnetic
fields up to 13kOe. The thermoelectric voltage on the
opposite sides of the sample was recorded by Agllent
Technologies multimeter 34410A in the temperature range
80—500K. Studies of electrical properties at direct current
were performed by a two-probe method at the Agllent
Technologies 34410A installation in the temperature range
of 80—400 K.

3. Results and discussion

3.1. Volt-ampere characteristic (VAC)

The voltage-ampere characteristics of BSFO/BFO detect
hysteresis (Fig. 4), which is shifted along the current axis as
a result of the presence of an uncompensated charge created
by defects in the cationic and anionic subsystems. The width
of the hysteresis loop of the VAC composite compound
practically does not change to 160K (insert Fig. 4,a), from
200K there is an increase, at T = 360 K has the maximum
value. The hysteresis acquires a non-symmetrical shape
with an increase in temperature, after 360 K. A hysteresis
constriction occurs at 390K, the maximum width of the
hysteresis shifts to 100V and practically disappears with
further heating.

The hysteresis of the VAC is due to the ferroelectric
polarization of Fig. 4,b, created by the Bi-O polar bond
with an unshared electron pair on the bismuth ion. The
polarization in the mullite is below the Neel temperature,
due to the formation of an inhomogeneous magnetic
state and an unshielded electron pair on the bismuth ion.
Hysteresis in the temperature range 80—160 K is practically
absent, at 240—450 K the residual polarization increases
exponentially (insert Fig. 4,b). The residual polarization
in the zero field is due to both stannate and mullite.

According to the literature data [26], ceramic BiyFesOq
exhibits ferroelectric properties, at room temperature at
a frequency of 10Hz, a hysteresis loop of electrical
polarization is observed. The shape of the loop depends
on the grain size. Samples with a grain size of 60 nm have
rounded loop ends, which is explained by large leakage
currents. When the grain size is more than 200 nm, the
P-E loop is not saturated at room temperature. Mullite with
a grain size of 900nm is characterized by residual polar-
ization P, = ,uC/cmz and coercive field Ec = 19.5kV/cm
in electric field 60kV/cm [26]. In other sources [27] it is
reported that at room temperature, due to leakage currents,
ferroelectric hysteresis is not detected. The P-E loop is
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Figure 3. The elemental composition of the phases of the composite Bi,(Sng 7Feo 3)207/BizFesO9: a — Biy(Sng 7Feo 3)207, b — BixFesO.
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Figure 4. a — volt-ampere characteristic Biy(Sng7Feq3),07/BixFesOy at different temperatures. The curve I corresponds to

T =280, 2 — 200, 3 — 240, 4 — 280, 5 — 320K. The insert shows the temperature dependence of the hysteresis width of the
VAC Bi>(Sng.7Fe(3),07/BizFesOy. b — field dependence of polarization Bi,(Sng7Feq3)207/BisFesOq at different temperatures. The
curve / corresponds to T =80, 2 — 300, 3 — 360K. The insert shows the temperature dependence of the residual polarization

Biz (Sn0A7F60_3 )207/Bi2Fe409.

observed at low temperatures T = 250K, at a frequency
of 1 Hz, in the region of the magnetic ordering of the mullite.

3.2. Magnetoelectric effect

The magnetoelectric interaction BSFO/BFO is established
from the induced electric polarization in the magnetic field.
Figure 5 shows the field dependence of polarization at
temperatures 100, 240, 280 and 380 K. The parameter of
the magnetoelectric interaction changes sign in the region
of the temperature of the magnetic transition in the mullite.

The polarization induced by the magnetic field is de-
scribed as e
14 dH?’ L
where a, b, d — matching parameters. The magnetoelectric
interaction is due to the spin-orbit interaction with a linear
dependence on the field and with a quadratic dependence
on the field.

P=aH-+b

In the temperature range of 100—240 K, the polarization
is an odd function of the magnetic field associated with the
inhomogeneous magnetic state of the mullite. In work [38] it
was found that BiyFe4Oy is characterized by a non-collinear
antiferromagnetic ordering of spins with a ferromagnetic
order by one of the spin components.

In the temperature range 225—235K there is an anomaly
x(T) in the composite compound BSFO/BFO, which is
caused by a magnetic phase transition in Bi;Fe4Oq from
antiferromagnetic to paramagnetic state. The value of the
residual magnetization during heating decreases fourfold
to T=100K with a further increase of 6times [37].
The field dependence of the BSFO/BFO magnetization in
the temperature range 4—300K detects hysteresis. This
magnetic behavior of the composite is explained in the
model of magnetic polarons in an antiferromagnetic matrix,
taking into account the orbital angular magnetic moments.
A single electron can create a ferromagnetic micro-region

Physics of the Solid State, 2023, Vol. 65, No. 8
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Figure 5. Field dependence of polarization Bix(Sng.7Feq.3),07/
BiyFe4O9 at different temperatures. The dashed lines correspond
to the theoretical calculations according to the formula (1).
a— T =100, b — 240, c — 280, d — 380K.
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Figure 6. Temperature dependence of polarization

Bi>(Sng.7Feq.3)207/Bi2FesOy. The curve I corresponds to polariza-
tion measured in a positive magnetic field, 2 — negative magnetic
field.

and localize in it, forming a ferron. The ferromagnetic
micro-region (ferron radius) is determined by the compe-
tition between the kinetic energy of charge carriers and
the exchange energy of localized spins. Impurity electrons
as a result of the s—d interaction induce a non-collinear
configuration of spins in the micro-region. The exchange
energy decreases with heating as a result of a decrease in
the correlation between the directions of neighboring spins.
When heated, the radius of the ferrons increases and as
a result of the interaction between electrons trapped by
oxygen vacancies, the formation of weak magnetization [39]
is possible.

Physics of the Solid State, 2023, Vol. 65, No. 8

Polarization in the BSFO/BFO composite is an odd
function of the magnetic field in the vicinity of the a — 8
structural transition at 360K and is caused by the accumu-
lation of charged defects at the crystallographic boundaries.
In bismuth pyrostannate Bi,Sn,O; a —  the transition is
realized at T =400K [30]. The transition temperature
shifts towards low temperatures with an increase in the
concentration of iron ions. The transition is observed
in Biz(sno.gFeo.2)207 o — ﬂ” at 350K [40] Bismuth
pyrostannate Biy(Sng sFep 2)207 has a non-centrosymmetric
distorted structure [40], which creates prerequisites for the
occurrence of electric polarization and, as a consequence,
magnetoelectric the [41] effect.

The linear magnetoelectric effect decreases with in-
creasing temperature, so at a temperature of 100K the
magnitude of the linear component is 5.6 - 10712, 4. 10712
at T =240K, 1.8-107!2 at T = 280K and disappears at
T =380K. A linear magnetoelectric effect is possible in
crystals without a center of symmetry in the paramagnetic
phase. For example, in ytterbium molecular complexes,
ytterbium ions in an external magnetic field induce electric
polarization [42]. The linear longitudinal magnetoelectric
effect detected in a single crystal @ — Bi,O3 was attributed
to paramagnetic centers [43]. This effect is caused by
the formation of a quasi-gap in the electronic excitation
spectrum of bismuth oxides. In two-dimensional materials
(2D Dirac), for example MoS,, the linear magnetoelectric
effect is associated with the presence of ,valleys* in the
spectrum of electronic excitations [44]. These results agree
well with the theoretical model of ,valleys* described by
the topological invariant of the Berry curvature [44].

Figure 6 shows the temperature dependence of the mag-
netoelectric effect in the magnetic field +10kOe (curve 7)
and —10kOe. The curves have a non-linear appearance, in
the region of the magnetic transition in the mullite Bi;Fe4Oq
a wide maximum is manifested.

3.3. Thermopower

Figure 7 shows the temperature dependence of the
BSFO/BFO thermal EMF coefficient in the temperature
range 80—520 K when heated. The value «(T) at tempera-
tures 253 and 310K changes sign, which indicates a change
in the type of current carriers.

The maximum in absolute value on the temperature
dependence of the thermal emf coefficient in the region
of 115K is explained by the structural phase transition
in bismuth pyrostannate Bi(Sng;Feg3)207. Substitution
of ions Sn** with ions Fe3* induces distortions of the
crystal structure, and an increase in the concentration of
ions Fe’* leads to phase transitions of the displacement
type. Thus, in Biy(Sn;_xFex),0; with concentrations
X=0.2 at T=140K a transition from monoclinic to
triclinic symmetry [40]. The shift of the phase transition
temperature in the BSFO/BFO composite towards lower
temperatures depends on two factors. This is an increase
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Figure 7. Temperature dependence of thermopower of
Biz(Sn()erog)207/B12FC409.

in the concentration of Fe’* and the coexistence of two
crystal structures with different spatial groups.

A wide anomaly is observed on the curve a(T) at the
temperature T = 366 K. This temperature correlates with
the data of the ME effect and is consistent with the
beginning of the « — f transition in bismuth pyro-stannate.
The maximum in absolute value on the curve «(T) in
the range 480—515K is caused by a structural transition
associated with the disappearance of the inversion center in
bismuth pyrostannate.

The value of the thermo-emf is predominantly negative.
Iron-substituted bismuth pyrostannate Biy(Sng gFeq2)207
does not change the type of conductivity over the entire tem-
perature range and has a positive thermal EMF value [45].
The change in the sign of the thermal EMF coefficient
for iron concentration is probably due to the growth of
oxygen vacancies in the composite, which is confirmed by
an increase in the residual magnetization of mullite in the
bismuth pyro-stannate matrix compared with polycrystalline
mullite [37].

4. Conclusion

The hysteresis of the VAC and the maximum value of
the hysteresis width in the region a—p of the transition in
bismuth pyro-stannate and its further disappearance were
found. The relationship of the hysteresis of the BSFO/BFO
composite with the ferroelectric polarization of the mullite
is determined.

The magnetoelectric effect is detected and the tempe-
rature regions of the predominance of the odd function
of the magnetic field are found. The temperature of
disappearance of the linear magnetoelectric effect in the
B-phase Biz(Sn0.7Feo.3)207 was determined.

A change in the sign of the thermopower associated with
structural transitions has been established.
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