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ABSTRACT

The effect of the size of Bi,Fe,Oy and BiFeO; nanoparticles on the magnetoelectric
interaction in the Bi,Fe,Oy/BiFeO; composite with a percentage ratio of 67/33
has been studied. The electrostriction and electric polarization on electric and
magnetic field in wide temperature range has been measured. The hysteresis of
the polarization and I-V characteristics has been found. Temperature ranges with
activation and hopping types of conductivity have been found. The mechanism
of electric polarization and the crossover temperature from dipole polarization
to migration polarization at 260 K have been established. Linear and quadratic
contributions to the magnetoelectric effect have been found. Below 120 K the lin-
ear contribution is an order of magnitude greater than the quadratic contribution
and above 240 K the quadratic contribution to the ME effect prevails. Models have
been proposed to explain the enhancement of the magnetoelectric effect as a result
of the migration polarization in mullite and linear magnetoelectric effect in bis-
muth ferrite. The correlation of temperatures of the extremum of the temperature
coefficient of the electrical resistance and the magnetic phase transition in mullite
at 260 K indicates a polaron-type conductivity and a strong electron—phonon
interaction. A change in the sign of the electrostriction coefficient upon heating
and the compression temperature of the composite in an electric field was found.
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Introduction in single crystals, it amounts to 61 uC cm™ at 77 K

Interest in multiferroics is due to the discovery of
gigantic values of the magnetoelectric (ME) effect in
them [1], which can be used in advanced electronic
devices, including memory cells, touch sensors, solar
cells, etc. [2—4]. Multiferroics used as magnetic field
sensors can become an alternative to Hall sensors and
colossal magnetoresistance materials. The advantage
of multiferroic sensors is the absence of Joule heat at
the electric current flow through a sample.

Bismuth ferrite BiFeO; (BFO) is a compound with
the ME interactions, which exhibits simultaneously
the ferroelectric and (anti)ferromagnetic properties at
room and higher temperatures (its Curie temperature
is T-=1083 K and Néel temperature is Ty, =673 K) [1].
Due to this fact, BFO is a candidate for creation of new
generation electronic devices in which the magnetic
properties are controlled by a low-energy electric field
[5-7].

Ferroelectricity in BFO is known to be related to
the stoichiometric activity of the Bi®* ion [8]. The
polarization value in BFO depends on the synthesis
conditions: in particular, at room temperature, the
polarization of its thin films is 50—90 },LC/cm2 [1]. The
polarization of ceramic samples is 8.9 uC cm™[9, 10];
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[11] with an unsaturated hysteresis loop and can attain
P,~100 uC cm™2 along the [111] crystallographic axis
[12, 13]. The electric polarization is maintained in
nanoparticles 45—70 nm in size on an Au/Ti/SiO,/Si
substrate [14] and 25-nm nanoparticles exhibit the but-
terfly-shaped piezoelectric hysteresis [14]. In the BFO
thin films with a grain size of 1-2 um, the residual
polarization increases sharply above T=165 K [15, 16].

Bismuth ferrite is a multifunctional oxide with a
distorted rhombohedral perovskite structure (sp. gr.
R3c) [17]. The adjacent Fe*" ions are coupled by the
Dzyaloshinskii—Moriya interaction, which leads to an
antiferromagnetic spin cycloid [17] with a wavelength
of 62 nm [18] and the ME interactions in bulk sam-
ples at 4 K [16, 19]. Strengthening of the ME effect is
achieved when the nanoparticle size decreases below
the spin cycloid period [17-20].

ME effect is found in composite compounds based
on BiFeO;. For example, the influence of sol-gel syn-
thesis method technology of the BiFeO;-BaFe;,0,q
composite compound on magnetic properties was
studied. It has been established that as the parti-
cle size decreases, the magnetoelectric interaction
and magnetic energy increase [21]. Composite (1-x)
BaFe;,0,4-(x)BiFeO;; (x =0.05, 0.08 and 0.10), obtained
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by standard solid-phase reaction, exhibits multiferroic
properties [22]. A mild anomaly in dielectric constant
and tand near Neel temperature of BiFeO, evidences
ME effect in composites. An increase of the ME coef-
ficient is observed.

Composite system 0.8BiSmxFe; ,O;-0.2PbTiO; with
(x=0:05, 0.10, 0.15, and 0.20) was prepared by using
the conventional solid-state reaction method [23]. The
remnant polarization decreases with the increase of
Sm concentration. An increase in resistivity has been
observed with increase in Sm concentration as the val-
ues of the dielectric constant and loss tangent decrease.
The AC conductivity obtained from the dielectric data
exhibits Arrhenius-type electrical conductivity and the
value of activation energy increases with increase in x.

Mullite Bi,Fe,Oy with an orthorhombic crystal
structure (sp. gr. Pbam) exhibits the weak ferroelec-
tric properties [24, 25]. In the vicinity of the magnetic
ordering temperature, the resistivity increases by two
orders of magnitude and the electric polarization hys-
teresis appears [26]. The shift of the anomaly of the
dielectric losses toward higher temperatures in a mag-
netic field proves the existence of the ME interaction
in mullite [26].

The magnetic and ferroelectric properties of the
polycrystalline Bi,Fe,Oy compound depend strongly
on the grain size and synthesis technique used. The
samples with a grain size of 60 nm have a canted
antiferromagnetic structure with the minor magneti-
zation. As the grain size increases the Néel tempera-
ture shifts toward higher temperatures. A ferroelec-
tric hysteresis loop is observed at room temperature
for the samples with a grain size larger than 200 nm.
The residual polarization increases with the grain
size. Mullite with a grain size of 900 nm has a high
residual polarization (0.21 uC cm™2) [27]. The room-
temperature residual polarization of single-crystalline
nanotubes is 0.02 uC cm™ [28]. The nanosized Bi,Fe,O
compound with a grain size of 5 nm synthesized by
the sonochemical technique exhibits the polarization
hysteresis. As the grain size increases to 50 nm, the
width of the hysteresis loop in an external electric field
up to 7 kV em™! increases, the residual polarization
amounts to P,=0.29 uC cm™, and the coercivity is
E.=12.39kV ecm™ [29].

The ME properties of the Bi,Fe,Oy compound can
be improved by creating composite materials, for
example, CoFe,O,/Bi,Fe,O,. The CoFe,O, compound
exhibits the magnetostrictive properties and induces
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the lattice strain and electric polarization in the com-
posite [30].

The BiFeO; compound is characterized by the
G-type antiferromagnetic ordering, at which a spa-
tially modulated structure (SMS) with a period of
A=620+20 A is formed. The destruction of the SMS
by an external magnetic field or replacement of bis-
muth ions by rare-earth and 3d ions causes ferromag-
netism and the ME interaction [31-34]. The SMS in
the composites becomes energetically unfavorable.
In particular, the nanocomposites based on perovs-
kite-like bismuth orthoferrite BiFeO; and mullite-
like ferrite Bi,Fe,Oy demonstrate the effects related
to the exchange interactions at the interface between
these phases [35, 36]. The BiFeO; (90—94%)—Bi,Fe, Oy
(10—6%) nanocomposites exhibit an anomalous
exchange bias (300-600 Oe) upon cooling in zero mag-
netic field. This behavior is explained by the interac-
tion between ferromagnetic Bi,Fe,O, with a grain size
of 13—19 nm and BiFeO; with a canted antiferromag-
netic structure and a grain size of 57—112 nm [35].

Particular interest to bismuth ferrite is due to the fact
that it demonstrates a strong correlation of structural, elec-
trical, and magnetic properties, high temperatures magnetic
and electrical orders, poor conductivity [37], and gigantic
values of ME and MDE effects [38]. All this allows this
material to be used for practical use over a wide temperature
range and in relatively small fields.

We synthesized the Bi,Fe,Oo/BiFeO; composite con-
sisting of the Bi,Fe,Oy (67%) and BiFeO; (33%) com-
ponents with a Bi,Fe,Oq grain size of 1.5-4.0 um. The
BiFeO; grain size is less than the resolution of a scan-
ning electron microscope (100 nm) [39]. The feature of
this percentage ratio is related to the high magneto-
striction. The composites with such a percentage ratio
of the phases and grain sizes have not been synthe-
sized so far.

The Bi,Fe,O4/BiFeO; (67/33%) composite should
have the multiferroic properties. The electrical resist-
ance of mullite decreases sharply above the magnetic
ordering temperature and charge transfer is accom-
panied by the local lattice strain. An external electric
field induces the electric polarization in mullite, which
leads to the deformation of the sample as a result of
the electronic compressibility. In an external magnetic
field, an electric field is induced in bismuth ferrite nan-
oparticles surrounding mullite grains under the ME
interaction, which should enhance the ME effect and
electrostriction.

@ Springer
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At present, there is no information in the literature
about the magnetoelectric effect in the Bi,Fe,O4/BiFeOy
composite system. The aim of this work is to study
magnetoelectric interaction and electrostriction of
Bi,Fe,Oy/BiFeO; (67/33%) composite.

These studies fill the gap in the mechanism of ME
interactions in composites containing single-domain
ferroelectric particles and semiconductor granules
with migratory polarization.

Material and methods

The Bi,Fe ,Oy/BiFeO; composite was synthesized
by the solid-phase reaction using the technique
described in [39]. The powder diffraction data on the
composite for the Rietveld refinement were collected
at room temperature on a Bruker D8 ADVANCE
powder diffractometer (Cu-Ka radiation) with a
VANTEC linear detector at the Krasnoyarsk Regional
Center for Collective Use of the Krasnoyarsk Scien-
tific Center, Siberian Branch of the Russian Academy
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of Sciences. The 20 angle step was 0.016° and the
counting time was 2 s per step. These structures [40,
41] were taken as a starting model for the Rietveld
refinement, which was performed using the TOPAS
4.2 software [42]. Atomic coordinates were fixed due
to mixing of the compounds and overlap of the main
peaks. Overlapping peaks from different phases can
result in strong correlations between refined param-
eters, leading to a decrease in the overall reliabil-
ity of all refined parameters. The refinement was
stable and yielded the low R factors (Rwp =5,93%,
Rp =4,65%, X2 =1,23). According to the X-ray dif-
fraction data, the Bi,Fe,Oy/BiFeO; composite con-
sists of Bi,Fe,Oq (67%) and BiFeO; (33%), and dif-
ference Rietveld plot (Fig. 1a) shows the absence of
extra peaks which can be associated with additional
impurity phases. Figure 1b and c shows the Bi,Fe,O,
and BiFeO; structures obtained by X-ray diffraction
analysis. The Bi,Fe,Oy compound has an orthorhom-
bic crystal structure (sp. gr. Pbam) (Fig. 1b), which
is consistent with the data reported in [43]. The first
iron ion is coordinated by four oxygen ions with

Figure 1 a XRD pattern
of the Bi,Fe,O4/BiFeO;
composite. The upper curve
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theoretical XRD pattern; and
the lower curve, the differ-
ence between the theoretical
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the formation of FeO, tetrahedra, while the second
iron ion is coordinated by eight oxygen ions with
the formation of FeO, octahedra. These polyhedra
are interconnected through nodes, creating a 3D
net structure. Bismuth ferrite BiFeO; has a rhom-
bohedral structure (sp. gr. R3c). The asymmetric
part of the BiFeOj; unit cell comprises one iron ion,
one bismuth ion, and one oxygen ion (Fig. 1c). Each
iron ion is coordinated by six oxygen ions with the
formation of FeOg octahedra. These octahedra are
interconnected through nodes and create a 3D net. In
addition, bismuth ions are positioned within voids
in the structure.

Changes in the linear sizes of the sample (dL/L) in
an electric field were measured with strain gauges.
The sample with a strain gauge attached was placed
in an external electric field. The sample deformation
coefficient was calculated using the formula

p = (R(E) - R(E = 0))/R(E = 0),

where R(E) and R(E =0) are the strain gauge resist-
ances measured in an external electric field and with-
out it.

The electric polarization was measured on pellet-
shaped samples using a Keithley 6517B electrom-
eter. The ME interaction was established from the
induced electric polarization in magnetic fields of
up to 13 kOe. The dc study of the electrical proper-
ties was carried out by a two-probe method using
a 344 10A Agilent Technologies multimeter in the
temperature range of 80-400 K.
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Figure 2 The polarization of Bi,Fe,O,/BiFeO; composite versus
external electrical field at different temperatures a Curve 1 corre-
sponds to temperature T=80 K, 2-180, 3-240, 4-280, 5-300 K.
The inset shows the temperature dependence of residual polari-
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Results and discussion
Analysis of polarization

The field dependence of the electric polarization of the
Bi,Fe,O4/BiFeO; composite at different temperatures
presented in Fig. 2 is characterized by a hysteresis loop
and residual polarization (inset in Fig. 2a) with two
minima at T=140 and 220 K. The first minimum is
related to the surface structural transition in BiFeO,
without changes in the crystal structure symmetry at
140 K, which is accompanied by a sharp change in
the sample volume and anomalies in the impedance
spectrum in bismuth ferrite nanotubes [44]. For the
Bi,Fe,O4/BiFeO; composite, anomalies in the temper-
ature dependence of the sound damping coefficient
(inset to Fig. 2b), thermal expansion coefficient, and
magnetostriction were found at this temperature [39].
The thermal expansion coefficient maximum at 150 K
in zero magnetic field shifts to a temperature of 163 K
in a magnetic field of H=12 kOe. The temperatures
of the maximum magnetostriction constant and the
ultrasound damping coefficient are corresponds with
a temperature of T =140 K of the structural surface
phase transition in BiFeO;. The BiFeO; lattice constant
increases sharply above 140 K [44], which is in qualita-
tive agreement with our data.

The next Pg(T) minimum at T=220 K is attributed
to the disappearance of magnetic order in mullite
(T =240 K) [45]. At low temperatures, the spontane-
ous polarization of the Bi,Fe,O,/BiFeO; composite is
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zation. b Curve 1 corresponds to temperature T=320 K, 2-340,
3-360, 4-380, 5-390 K. The inset of figure b shows the tem-
perature dependence of sound damping coefficient of Bi,Fe,Oq/
BiFeO; composite.
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dipole-type, which is mainly caused by BiFeO; nano-
particles. The polarization in mullite Bi,Fe,Oy below
the Néel temperature is caused by a lone electron pair
on the bismuth ion, the asymmetric arrangement of
the nearest oxygen ions [46]. With an increase in tem-
perature from T =240 K, the migration polarization
is induced. It occurs due to the diffusion of electrons
over anionic vacancies. Under the action of an external
electric field, electrons are redistributed among vacan-
cies and the localization of electrons causes a local
increase in the volume of the impurity state, which
leads to the broadening of the electric polarization
hysteresis loop.

Thus, above 240 K, the magnetic order in mullite
vanishes and the migration contribution of mullite to
the polarization occurs. It significantly exceeds the
dipole contribution to the polarization from bismuth
ferrite BiFeO3 confirmed by the analysis of the I-V
characteristics.

Analysis of I-V characteristics

The [-V characteristics of the Bi,Fe,Oy/BiFeO; com-
posite are nonlinear over the entire temperature
range under study (Fig. 3) and reveal hysteretic. Up
to T=200 K, the hysteresis is symmetric; above this
temperature, the asymmetry of the hysteresis loops
is observed (inset to Fig. 3b). A current in zero elec-
tric field is the polarization current I = (dP/dt)(dt/dU).
Above 240 K, the I-V characteristic of the Bi,Fe,Oq/
BiFeO; composites exhibits the memristor properties
with the bistable current states and the asymmetry of
the I-V characteristic appears. The hysteresis acquires
the butterfly shape (Fig. 3b). An internal electric field
is induced in the sample by the migration polarization
of mullite.

| J Mater Sci (2024) 59:10763-10775

The hysteresis of the I-V characteristic is caused
by the Coulomb attraction of electrons and holes on
the surface of mullite grains with the dipole moments
of bismuth ferrite. Under the action of an external
field, charges are induced on the surface of mullite
particles, which screen the electric polarization of bis-
muth ferrite nanoparticles. The Coulomb interaction
between the surface charges of mullite and bismuth
ferrite particles determines the coercivity necessary
for reorientation of the electric polarization (Fig. 2).
When measuring the current-voltage characteristic,
the external electric field changes the direction of the
electric polarization vector of bismuth ferrite granules.
As a result, an internal electric field is induced in the
composite. BiFeOj; particles have a coercive field. To
reorient the dipole moment, it is necessary to apply
an external electric field exceeding the coercive field
of bismuth ferrite. Therefore, the hysteresis of the cur-
rent-voltage characteristic and polarization correlate
with each other.

Analysis of electrical resistance

The temperature dependence of the electrical resist-
ance of the Bi,Fe,Oy/BiFeO; composite is shown in
Fig. 4. In the low-temperature region, the resistance
depends weakly on temperature and decreases by five
orders of magnitude upon heating. The resistivity of
the Bi,Fe,Oy/BiFeO; composite at T=300 K is p=2.7
10® Q cm and, for pure BiFeOj,, 0 ~6:10'° Q cm [47]. At
T=340 K, the conductivity in the composite changes
from activation-type with an activation energy of
AE =0.67 eV to hoppings with variable length. Hop-
ping conductivity with hoppings variable length is a
model used to describe the transport of charge carri-
ers in a disordered conductor by hopping over a wide

Figure 3 The I-V char- (a) (b)

acteristics of Bi,Fe O/ 0.8 40 - 1

BiFeO; composite at different | 2

temperatures. a Curve 1 0,4 - 20 3

corresponds to temperature 2 Y § 0 -

T=80K, 2-160, 3-200 K. b £ 0,04 W"‘"’W = -150 0 15(

Curve 1 corresponds to tem- —_— = 20 2 T IV ’ '

perature T =280 K, 2-320, -0,4 - 1 -40 3.0’0 oo

3-360 K. The inset of figure 2 60 | —.0.4 280 K

b shows the I-V characteris- -0,8 T _ _I 3 ] — ,I L

tics at temperature T=280 K. 200 -100 0 100 200 -200 100 O 100 20
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Figure 4 a The temperature (a) (b)
dependence of the electrical 30
resistance of the Bi,Fe,Oy/ _ m —~ 001 m-g ...llll
BiFeO, composite. b The E 25 % B T -.’
temperature coefficient of the o -~ /
electrical resistance (dR/dT) c ; T o
R~ of the BiyFe,0y/BiFeO,. =20 o z 021
c i 2 ]
- v -0,3
15 4 ‘,f _ !
T T T T 0,4 — T T T 1
2 4 6 100 200 300 400 500
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temperature range [48]. Electron jumps occur from one
impurity to another without the participation of a zone
of delocalized states. If electronic states are localized
near the Fermi level, then an electron located below
the Fermi level jumps to a state slightly above it. In
this case, the hopping length is compared with the
damping length of the hydrogen-like localized wave
function of the electron. The temperature dependence
of hopping conductivity is determined by the shape of
the density of electronic impurity states at the Fermi
level. The crossover temperature from one conductiv-
ity mechanism to another depends on the impurity
concentration.

With a further decrease in temperature to 240 K,
electrons are localized in potential wells with the tun-
nel conductivity.

At the temperature of the magnetic phase transition
in mullite (T =240 K), the temperature coefficient of
the electrical resistance (AR/dT)R™! has an extremum
(Fig. 4b), which indicates a polaron-type conductivity
and a strong electron—phonon interaction.

Analysis of magnetoelectric effect

In frustrated spin systems, the transition to an ordered
magnetic state causes crystal structure distortions with
a breach of the inversion center, which leads to the
ME interaction. This mechanism of the onset of the
ME effect was observed in the YMnO;, TbMnO;,, and
HoMnO; compounds [49, 50]. In addition, the ME
effect can be caused by a lone electron pair of bismuth
ions or displacement of oxygen ions in a magnetic
field due to the spin—orbit and exchange striction
interactions.

The Bi,Fe,Oy compound is an antiferromagnet
with a noncollinear magnetic structure and frus-
trated exchange interactions [51]. The ME interaction
in the Bi,Fe,O4/BiFeO; composite was established
from the magnetic field-induced electric polariza-
tion. Figure 5 shows the field dependence of the
induced polarization in magnetic fields at tempera-
ture of 80, 120, 200, 240, 300, 320, and 360 K.

The polarization induced by a magnetic field is
fitted by the two terms:

H2

P=aH+b ,
1+ dH?

1)

where g, b, and d are the fitting parameters. The func-
tion (1) is satisfactory describe the experimental data
(Fig. 5). The linear ME effect is caused by the displace-
ment of Bi®* and Fe* ions along the [111] direction of
the pseudocubic perovskite unit cell of BiFeO; gran-
ules, which is confirmed experimentally and theo-
retically [52]. The quadratic effect is associated with
migration polarization in Bi,Fe,O, granules. Electron
diffusion in mullite occurs under the electric field
induced by BiFeO; particles in a magnetic field.

The electron diffusion in mullite occurs under the
influence of an electric field induced by BiFeO; par-
ticles in a magnetic field. As a result, a potential dif-
ference Ag ~ P/7? arises in Bi,Fe,O,, where P—polari-
zation, r—distance. In a magnetic field, the induced
electric polarization (P) in the direction of the field
decreases. Polarization is proportional to current
density P ~j. Let us represent the change in polariza-
tion in the form AP = P(H)-P(0) ~ (j(H)—j(0)). Current
density in the field is j(H) = "—Er)z and in zero mag-

1+(w
netic field.
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Figure 5 The polarization of Bi,Fe,Oo/BiFeO; versus magnetic
field at different temperatures. a—e Curve 1 corresponds to exper-
imental data, curve 2 corresponds to fitting function according
to (1). f Curves 1 and 2 corresponds to experimental data, curve

2
j(0) = cE;Aj = j(H) —j(0) = Aj = _ (o) where w,

1+(w, 7)2 !
is the cyclotron frequency for a free electron w.=eB/m
(e—electron charge and m—electron mass, B—mag-
netic field induction), T—relaxation time in a magnetic
field, which obeys the Arrhenius law.
T =T1,exp(AE/kT). Hence the change in induced elec-
tric polarization in a magnetic field has the form [53]:

. (we7)”
AP = [ Ajdt ~ —————
1+ (o.7)

Below 120 K the linear contribution is an order of
magnitude greater than the quadratic contribution.
In the temperature range 120 K—240 K, the linear
and quadratic contribution differs slightly in magni-
tude, and above 240 K the quadratic contribution to
the ME effect prevails. It is possible that ferrons exist
in this temperature range, i.e., the spins of conduc-
tion electrons polarize localized spins, and an exter-
nal magnetic field can change the mobility of ferrons
or spin polarons. This is qualitatively confirmed by

@ Springer

3 corresponds to fitting function according to (1). The inset of
figure ¢ shows the temperature dependence of the relative linear
coefficient of ME (a/a(T =80 K)).

the magnetic susceptibility of the Bi,Fe,Oy/BiFeO5
composite with a broad maximum in the range of the
magnetic phase transition of Bi,Fe,Oq from the antifer-
romagnetic to paramagnetic state [39]. At T>320 K,
conductivity and mobility in mullite increase and a
Hall potential difference is induced in mullite grains,
which is proportional to the square of the magnetic
field strength. The electric current in mullite is cre-
ated by the electric field of BiFeOj; particles as a result
of the linear magnetoelectric effect. The linear coeffi-
cient of ME interaction has a negative sign (a <0) and
a=-1,510"% C/(cm? kOe) at T =80 K. The temperature
dependence of the linear coefficient of ME interaction
is presented in the inset to Fig. 5c. A negative linear
magnetoelectric coupling was observed in BiFeO; [54].

This effect can be explained within the core—shell
model. An external magnetic field and the linear ME
effect induce an electric field in bismuth ferrite nano-
particles, which leads to the electric polarization of
mullite at T <240 K (Fig. 6a). As a result, the overall
polarization of the composite increases. At heating
T > 240 K the electric field in bismuth ferrite cause the
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Figure 6 a Dipole polariza- (a)
tion of the Bi,Fe,0y/BiFeO, P T<240K P
composite induced by the - S -
. F = e .
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magnetic field induces an _— =) =) o
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polarization of mullite grains. c = o
¢ The compression of the © ©
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migration polarization of mullite grains (Fig. 6b). A
change in the magnetic field polarity causes a change
in the electric field sign and, consequently, leads to a
change in the mullite polarization sign.

Analysis of electrostriction

Electrostriction is the deformation of semiconductor
materials in an electric field, which is proportional to
the squared electric field strength: AR/R = E* [55],
where § is the electrostriction coefficient depending
on the compressibility, density, and permittivity. Delo-
calization of electrons and their redistribution over a
sample cause deformation of a sample in the applied

electric field direction. The electrostriction effect is
even (quadratic).

Figure 7 shows the electric field dependence of
the linear sizes of the Bi,Fe,Oy/BiFeO; sample. The
dependence of the striction coefficient from the electric
field can be qualitatively described by the linear and
quadratic contribution g =aE +bE?, where a and b are
the fitting parameters. At all temperatures, the quad-
ratic dependence associated with the electrostriction of
mullite predominates. The piezoelectric contribution
is due to bismuth ferrite particles. Therefore, the stric-
tion coefficient does not coincide at the polarity of the
electric field changes (Fig. 7a).

Figure 7b presents the temperature dependence of the
electrostriction coefficient f measured in electric fields of

Figure 7 a The electri- (a) (b) 1.0E-5
cal field dependence of the 1,0E-5 ’ | = —E— E=100 V
electrostriction coefficient 1 = m—f=
. ! . ! . 5,0E-6 - 5,0E-6 E—E=200 V
of Bi,Fe,04/BiFeO; at dif- oy |
Q. ] ]
ferent temperatures. b The 0.0E+0 - 0.0E+0 - o RN
’ ’ u = _— -
temperature dependence of 1 ]
the electrostriction coefficient -5,0E-6 -5,0E-6 - / .
measured in electric fields of 1.0E-5 _ 1
E=400 and 800 V cm™". ’ N St N— -1,0E-6 +—F——F—7F——7——7—
-700 -350 0 350 700 300 320 340 360 380 400
-1
E(Vcm?) T (K)
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E =400 and 800 V cm ™. Upon heating above room tem-
perature, the electrostriction coefficient changes its sign
and the sample compress in an external electric field as a
result of the increase in the mobility of polarons in mul-
lite. Delocalization of electrons leads to the electronic
compressibility and deformation of the sample (Fig. 6¢).
The difference between the f(T) curves in fields of 400
and 800 V/cm is related to the nonlinearity of the I-V
characteristic (Fig. 3).

Conclusions

The composite compound based on bismuth ferrite has
a strong relationship between structural, electrical and
magnetic properties.

Thus, it was shown that the electric polarization
exhibits the hysteresis. At low temperatures, the dipole
electric polarization is realized and, above the temper-
ature of the magnetic phase transition in mullite, the
migration polarization dominates.

The correlation between the ferroelectric polarization
and hysteresis of the I-V characteristic was established.
The bistable current states were found.

The ME effect was founded, which consists of a linear
and quadratic contribution. The linear coefficient of ME
interaction has a negative sign, similar to bismuth ferrite
nanowires. In the temperature range above 240 K, the
quadratic ME effect prevails. Above room temperature,
a contribution from migration polarization is added,
which leads to an increase in the ME interaction. The
ME effect is enhanced due to the induced dipole and
migration polarization of mullite grains under the action
of the electric field of bismuth ferrite nanoparticles as a
result of the linear ME effect.

The compression of the Bi,Fe,O,/BiFeO; sample
under electric field above room temperature was estab-
lished. The electrostriction was explained within the
electron compressibility model.
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