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Enhancement of ferromagnetism and ferroelectricity by oxygen vacancies 
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A B S T R A C T   

A new bismuth pyrostannate-based composite Bi2(Sn0.7Fe0.3)2O7-x/Bi2Fe4O9 (BSFO/BFO) has been obtained by 
the solid-state synthesis. Temperature dependences of the magnetic hysteresis and remanent magnetization and 
the nonlinear field dependence of the magnetization for the Bi2Fe4O9 antiferromagnet have been established. A 
temperature of the formation of canted sublattices in the antiferromagnet with the occurrence of a spontaneous 
moment in mullite has been determined. The mechanism of the electric polarization hysteresis and the tem
perature dependence of the remanent polarization have been established. It has been shown, that, below the Néel 
temperature, the dipole polarization is induced by a lone electron pair of bismuth ions. At T > TN, the migration 
polarization is caused by the charge carrier density at the chemical potential. A significant increase in the 
remanent magnetization of mullite in the bismuth pyrostannate matrix with oxygen vacancies over a value 
typical of polycrystalline mullite has been established. Remanent magnetization is explained in terms of ferron 
model.   

1. Introduction 

Mullite Bi2Fe4O9 is a multifunctional material, which is used in 
chemical industry and promising for microelectronics. The mullite-type 
materials Bi2M4O9 (M = Al3+, Ga3+, Fe3+) are highly sensitive to 
acetone and ethanol vapors and find application in semiconductor gas 
sensors [1] and photocatalytic oxidation [2,3], owing to their narrow 
bandgap, and in fuel cell electrolytes due to their high ionic conductivity 
[4]. The Bi2Fe4O9 compound is exploited as a high-performance catalyst 
[5] and in sensing and digital memory [6]. Bismuth ferrite Bi2Fe4O9 is 
used as a catalyst for oxidation of ammonia to NO in the commercial 
production of nitric acid [2]. 

The multiferroic materials, which exhibit the ferroelectric (FE) and 
ferromagnetic (FM) properties simultaneously, including composites 
with magnetoelectric coupling are widely used in spintronics [7]. In 
particular, the Bi3.15Nd0.85Ti3O12 ferroelectric film includes the CoFe2O4 
ferromagnetic regions and exhibits the magnetoelectric interaction [8]. 
The PbZr0.53Ti0.47O3)(1− x)–(PbFe0.5Ta0.5O3)x composite has the ferro
electric and magnetic properties with a linear magnetoelectric effect at 
room temperature [9]. The magnetoelectric parameters of the composite 

multiferroics are superior to those of single-phase systems by two–three 
orders of magnitude [10,11]. 

Bismuth pyrostannate Bi2Sn2O7 is an insulator. Its magnetic and 
electrical properties can be controlled via the cationic substitution of 3d 
elements. The heterovalent substitution of Cr3+ ions for Sn4+ ones in 
Bi2Sn2O7 evokes the dipole glass state, electron polarization, and its 
hysteresis [12,13]. The paramagnetic Curie temperature of the 
Bi2(Sn0.95Cr0.05)2O7 compound in the range of 0 < T < 40 K is θ ≈ 2 K. 
The inverse susceptibility of Bi2(Sn0.9Cr0.1)2O7 has an inflection point in 
the region of the α → β transition at T = 370 K [14]. As the chromium ion 
concentration increases, the paramagnetic Curie temperature rises to θ 
= 180 K [15]. 

Substitution of iron ions in bismuth pyrostannate Bi2(Sn1-xFex)2O7 
(x = 0.1, 0.2) changes the sign of the exchange coupling. According to 
the Mössbauer and electron spin resonance studies, iron ions occupy two 
nonequivalent octahedral sites in the pyrochlore crystal structure and 
are in the high-spin state. The temperature dependences of the magnetic 
susceptibility of the Bi2(Sn1-xFex)2O7 (x = 0.1, 0.2) compound measured 
in a magnetic field of 600 Oe are typical of paramagnets. The para
magnetic Curie temperature sharply increases from θ = -10 K at × = 0.1 
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to θ1 = -39.2 K at × = 0.2 with an increase in the iron concentration. At 
× = 0.2, a decrease in the magnetic moment and antiferromagnetic 
exchange in the region of the structural phase transition from a triclinic 
to monoclinic structure at T = 140 K was found. The nonlinear behavior 
of the magnetization in magnetic fields of up to 50 kOe in the para
magnetic state at temperatures of up to 200 K is attributed to the 
magnetoelectric interaction. The magnetic field-induced electric polar
ization is an even function of the magnetic field, except for the region 
140–160 K of the structural phase transition, where the linear magne
toelectric effect prevails [16,17]. 

Mullite Bi2Fe4O9 is described by a centrosymmetric sp. gr. Pbam. The 
Bi2Fe4O9 crystal lattice consists of FeO6 octahedra coupled with Fe2O7 
double tetrahedra. The Fe3+ ions occupy two different sites: octahedral 
and tetrahedral [18,20]. At T = 264 ± 3 K, the bulk Bi2Fe4O9 compound 
passes to the antiferromagnetic state. The magnetic moment on Fe3+

ions is μB = 4.95 μB [20] or, according to other data, μB = 3.9–4.0 μB 
[21]. The magnetic properties of polycrystalline bismuth ferrite 
Bi2Fe4O9 depend on a synthesis method used and a crystallite size. At 
room temperature, the sample with a grain size of 200–450 nm syn
thesized using ethylene diamine tetra acetic acid behaves like a weak 
ferromagnet [22]. The Bi2Fe4O9 sample with micron grains obtained by 
melting exhibits the magnetization hysteresis and undergoes a magnetic 
phase transition at 250 K [23,24]. Polycrystalline ceramics Bi2Fe4O9 
with grains smaller than 200 nm is characterized by magnetic hysteresis 
at the room-temperature, which vanishes upon heating [25]. The 
Bi2Fe4O9 samples obtained by the solid-state synthesis have a Néel 
temperature of TN = 258 K [26] and TN = 238 K in the single-crystal 
state [19]. A critical grain size of 50 nm corresponding to the occur
rence of magnetization hysteresis at the room-temperature was found in 
the Bi2Fe4O9 compound synthesized by glycine combustion [27]. The 
change in the slope of the temperature dependence of the permittivity 
and the maximum dissipation factor near the Néel temperature were 
explained by the magnetoelectric interaction [28]. 

Despite the great amount of the available data on the magnetic 
properties of the Bi2Fe4O9 compound, the temperature dependence of 
the M(H) hysteresis for this composite remains unexplored. The hys
teresis exists above the Néel temperature in the polycrystals with a 
subcritical grain size and is explained by the uncompensated sublattices 
magnetic moments. In the paramagnetic state, only a short-range order 
exists, which cannot cause the hysteresis and residual magnetic moment. 

In antiferromagnetic semiconductors, the creation of magnetization 
due to impurity electrons is possible. Oxygen vacancies near iron ions in 
octahedra lead to a change in the energy of the spin crossover from a 
low-spin state to a high-spin state, the appearance of metastable mag
netic states with spin 0 and 4 μB/cell for Fe [29] The type of oxygen 
vacancies from V+

O to V2+
O in Ti1-δMn(II)δO2 changes the sign of the ex

change interaction from negative to positive (ferromagnetic) according 
to calculations in the Hybrid functional model [30]. In SrNiO3− δ pe
rovskites with an oxygen deficiency δ up to 0.375 using density func
tional theory, the magnetic moment on vacancies d8 L2 and d7 L was 
calculated, which leads to a decrease in the net magnetization [31]. A 
similar effect was found in the double perovskite Sr2FeMoO6 [32]. 

Oxygen-vacancy induced magnetic phase transitions in multiferroic 
as a results of restore missing magnetic super-exchange interactions in 
large axial ratio phases, leading to full antiferromagnetic spin ordering, 
and induce the stabilization of ferrimagnetic states with considerable 
net magnetizations [33]. 

Non-stoichiometric substitution changes the degree of doping of the 
semiconductor; it is possible to control not only its electrical but also 
magnetic properties, for example, at high concentration of doping, the 
initial antiferromagnetic ordering can be replaced by a ferromagnetic 
one. An individual electron can create a ferromagnetic microregion and 
self-localize in it, forming a ferron. The losses of energy for the flip of 
localized spins are compensated by the gain in electron energy, since the 
microregion is a potential well for an electron in an antiferromagnetic 

crystal. Ferron can move through the crystal and dissociates with 
increasing temperature. The dissociation temperature can exceed the 
Néel temperature [34]. The radius of the ferrons increases at the heating 
and the formation of the net magnetization is possible as a result of the 
interaction between electrons captured by oxygen vacancies [35]. 

The electric polarization hysteresis is observed also in the poly
crystalline samples and depends on a synthesis technique and a type of 
3d substituents used. It is assumed that ferroelectricity is caused by a 
lone electron pair of bismuth ions and, at room temperature, has a dipole 
nature. Then, the polarization should decrease upon heating and vanish 
at the critical temperature. 

Pyrochlore compounds have nominal composition A2B2O7, and their 
structure consists of two interpenetrating B2O6 octahedral and A2O′

tetrahedral networks. The predisposition to oxygen nonstoichiometry in 
pyrochlores can be rationalized by considering the structure to exist as 
two interpenetrating B2O6 and A2O’ networks. The stoichiometry of 
pyrochlore compounds is often expressed as A2B2O6O′, denoting the 
existence of two distinguishable oxygen sites. Within the pyrochlore 
structure, there is only a weak interaction between the two networks, 
and the A2O′ tetrahedral substructure has a minor contribution to the 
Madelung energy, which enables the synthesis of nonstoichiometric 
pyrochlore compounds. The diffraction data for Pb2Ir2O6.5 have been 
used to refine the structure in the cubic space group F43m, in which 
there is oxygen vacancy ordering and where each Pb atom is displaced 
0.04 Å toward its associated vacancy. For Bi2Ir2O7-y the structure was 
fitted within space group Fd3m, in which the oxygen vacancies are 
randomly distributed over the O’ sites. In both structures the Ir atoms 
are in a nearly regular octahedral coordination whereas the Bi and Pb 
cations have a distorted eightfold coordination, compressed scalehe
dron, geometry [36]. 

We suppose that, at room temperature, the electric polarization is 
related to the oxygen vacancies, which induce the electron migration 
polarization. Oxygen defects cause the formation of a divalent state of 
iron ions. Via creating oxygen vacancies artificially, one can improve the 
ferromagnetic and ferroelectric characteristics. To do that, the 
Bi2(Sn0.7Fe0.3)2O7-x/Bi2Fe4O9 (BSFO/BFO) composite was synthesized, 
in which bismuth pyrostannate contains ~ 4% of oxygen vacancies. The 
aim of the study was to improve the ferromagnetic and ferroelectric 
properties of mullite Bi2Fe4O9. 

2. Materials and methods 

The BSFO/BFO composite was synthesized by the solid-state reaction 
method according to the scheme: 

2(1–0.3)SnO2 + 0.3Fe2O3 + Bi2O3 → Bi2(Sn0.7Fe0.3)2O7-x - Bi2Fe4O9. 
The initial reagents were fine powders of oxides Bi2O3, SnO2, and 

Fe2O3. The stoichiometric mixture of the initial components was thor
oughly ground in an agate mortar with ethyl alcohol until a homoge
neous state. The charge was pressed at room temperature and annealed 
at 800–950 ◦C in several stages. 

The morphology, energy-dispersive X-ray spectroscopy (EDS) and 
selected area electron. 

diffraction (SAED) investigations of the samples were carried out on 
a Hitachi S5500 scanning electron microscope (SEM). Scanning per
formed in different microregions of the samples yielded identical results. 
To obtain an electron diffraction pattern, the surface of the sample was 
etched with argon. 

The magnetic properties of the samples were examined on an MPMS- 
XL Magnetic Property Measurement System in the temperature range of 
4–275 K in two modes. In the zero-field cooling (ZFC) mode, the sample 
was cooled to the liquid helium temperature in zero magnetic field; after 
that, a magnetic field of H = 600 Oe was applied and the magnetic 
moment of the sample was measured upon heating of the latter. In the 
field cooling (FC) mode, the sample was cooled in a magnetic field of 50 
000 Oe and then the magnetic moment was measured in a magnetic field 
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of 600 Oe. The capacitance and dissipation factor were measured on an 
AM-3028 component analyzer in the frequency range of 1–300 kHz at 
temperatures of 80–500 K. The field dependence of the electric polari
zation P(E) was determined using the relation P = ʃjdt by measuring the 
current in a quasi-periodic field with a frequency of ω = 0.01 Hz. Three 
measurement cycles were performed on the samples with copper con
tacts formed. 

3. Results and discussion 

3.1. Characterization 

According to the X-ray diffraction data, the synthesized composite 
consists of Bi2(Sn0.7Fe0.3)2O7-x (91%) and Bi2Fe4O9 (9%). The X-ray 
powder diffraction pattern was taken on a Bruker D8 ADVANCE 
diffractometer at room temperature. In the experiment, a VANTEC 
linear detector (Cu-Kα radiation) was used. Bismuth pyrostannate 
Bi2(Sn0.7Fe0.3)2O7-x corresponds to the monoclinic Pc cell of the 
Bi2Sn2O7 α- phase [37] and to the orthorhombic structure Pbam of 
Bi2Fe4O9 [38] In the Rietveld refinement of the structure, the initial 
structures of these phases were used. The refinement was made in the 
TOPAS 4.2 program [39] and yielded low unreliability factors R (see 
Table 1 and Fig. 1). 

The Bi2Sn2O7 crystal structure contains 32 Bi3+ ions, 32 Sn4+ ions, 
and 112 O2– ions in the independent part of the cell (Fig. 2a). All Bi3+

ions have eight O2− ions in the nearest environment and form distorted 
cubes, while Sn4+ ions are surrounded by six O2− ions and form vertex- 
sharing octahedra. 

The Bi2Fe4O9 crystal lattice consists of FeO6 octahedra oriented 
parallel to the c axis and coupled with Fe2O7 double tetrahedra (Fig. 2b) 
[19] Bi3+ ions are surrounded by eight oxygen ions with the mutually 
orthogonal short BiO3 bonds and longer BiO5 bonds [38]. 

SEM images in Fig. 3a show the morphologies of the BSFO/BFO 
samples etched with argon. The analysis of the BSFO/BFO SEM images 
allowed us to establish the size distribution of Bi2Fe4O9 grains in the 
Bi2(Sn0.7Fe0.3)2O7-x matrix. In Fig. 3a, Bi2Fe4O9 grains in the form of 
dark truncated plates with irregular edges are highlighted. A similar 
shape of the plates was observed for the Bi2Fe4O9 synthesized by the 
hydrothermal method [40]. The selected area electron diffraction 
(SAED) pattern exhibits the highly crystalline nature of the particles and 
the indexing of the lines corresponds to the orthorhombic Bi2Fe4O9 
structure (Fig. 3b). 

The grain size distribution is shown in Fig. 4. The average grain size 
was found to be 0.65–1.0 μm. 

The EDS study confirmed the BSFO/BFO chemical composition 
(Fig. 5). The observed elemental compositions of the Bi, Sn, Fe, and O for 
Bi2(Sn0.7Fe0.3)2O7-x phases (Fig. 5a) and the Bi, Fe, and O for Bi2Fe4O9 
phases (Fig. 5b) are indicative on the high quality of the samples and the 
oxygen content lower than for stereochemical composition. The increase 
of the iron ions intensity for mullite, in comparison with stannate, is 
confirmed by the calculated values weight percentages (5 wt% in 

stannate, and 28 wt% in mullite). 

3.2. Magnetic properties 

The temperature dependence of the magnetic susceptibility of the 
BSFO/BFO composite measured in the ZFC mode and in a magnetic field 
of H = 600 Oe have anomalies in the temperature ranges of 30–40 K and 
225–235 K (Fig. 6). The temperature dependence of the inverse mag
netic susceptibility is nonlinear and does not obey the Curie-Weiss law 
over the entire temperature range. In the ZFC curve, the 1/χ nonlinearity 
weakens. At a temperature of 5 K, the polycrystalline Bi2Fe4O9 com
pound is a weak ferromagnet with canting of the magnetic moments of 
iron ions in the antiferromagnetic lattice [23]. The χ (T) anomaly at 
225–235 K is caused by the magnetic phase transition of the Bi2Fe4O9 
compound from the antiferromagnetic to paramagnetic state. 

Upon cooling in a strong magnetic field (H = 50 kOe), the weak 
ferromagnetic moments Mr of crystallites orient along the field. The 
paramagnetic contribution to the susceptibility is made by structural 
defects (χ1 = C1/T) and bismuth stannate (χ2 = C2/(T - θ)). The resulting 
susceptibility of the BSFO/BFO composite is described by a fitting 
function with three parameters: the Curie temperature ϑ and the Curie- 
Weiss constants C1 and C2: 

χ = (1 − x)χ2 + χ1 +
xMr

H
=

(1 − x)C2

T − θ
+

C1

T
+

xMr

H
(1) 

where × is the mullite concentration and C1,2 are the Curie-Weiss 
constants, C1 = 3.06⋅10-4 and C2 = 5.54⋅10-3 cm3/K⋅mol. We deter
mine the remanence magnetization from the M(H) curves. Fitting 
function (1) satisfactorily describes the experiment. The ZFC magnetic 
susceptibility of the sample is lower by ~ 40% due to the absence of 
remanent magnetization. The experimental data are described by only 
the paramagnetic contribution: 

χ = (1 − x)χ2 + χ1 =
(1 − x)C2

T − θ
+

C1

T
(2) 

where a paramagnetic Curie temperature of θ = -50 K. The para
magnetic Curie temperature of the Bi2(Sn1-xFex)2O7 sample mono
tonically grows with an increase in the concentration from θ = -10 K for 
× = 0.1 to θ = -39 K for × = 0.2 K. 

Fig. 7 shows the field dependence of the magnetization, which is 
hysteretic at all temperatures. The hysteresis is symmetric about axes. 
The M(H) dependence for the BSFO/BFO composite is convex and 
qualitatively differs from the field dependence of the magnetization of 
an antiferromagnet. Upon heating to T = 100 K, the remanent 

Table 1 
Structural parameters of the BSFO/BFO composite.   

Bi2(Sn0.7Fe0.3)2O7-x Bi2Fe4O9 

Sp. gr. Pc Pbam 
a, Å 15.0927 (5) 7.96795 (2) 
b, Å 15.0830 (5) 8.45160 (3) 
c, Å 21.3150 (8) 6.01100 (2) 
β, ◦ 89.931 (2) 90 (2) 
V, Å3 4852.2 (3) 404.792661 (3) 
2θ range,◦ 5–90 
Rwp, % 9.06 
Rp, % 7.01 
RB, % 3.01 
χ2 1.61  

Fig. 1. Difference XRD pattern of the BSFO/BFO. The upper curve shows the 
experimental XRD pattern; the middle curve, the theoretical XRD pattern; and 
the lower curve, the difference between the theoretical and experimental XRD 
patterns. The phases of the BSFO/BFO marked by color: Bi2(Sn0.7Fe0.3)2O7 is 
green and Bi2Fe4O9 is blue. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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magnetization decreases by a factor of 4 and then increases by a factor of 
6. At a temperature of T = 5 K, the remanent magnetization is Мr =

0.017 emu/g; at T = 273 K, Мr = 0.024 emu/g; and its minimum value is 
Мr = 0.0038 emu/g [41]. Upon heating, the coercivity increases from 
200 Oe at T = 100 K to 2000 Oe at T = 273 K. 

The formation of the magnetic hysteresis is described within several 
available models. In the polycrystalline Bi2Fe4O9 compound with a grain 
size of smaller than 5 nm, the ferromagnetic moment is explained by an 
increase in the uncompensated moment upon cell deformation or with 
an increase in the number of oxygen vacancies, which break the ex
change couplings. In a field of H = 2 T, the maximum magnetization and 
coercivity increase from 0.144 μB/f.u. to 0.202 μB/f.u. with a decrease in 
the nanoparticle size from 50 to 5 nm. The number of uncompensated 
spins on the grain surface will increase with decreasing particle size 
[42]. The formation of the hysteresis depends not only on the particle 
size, but also on a synthesis technique used. At room temperature, the 
hysteresis loops are observed in ceramics with a grain size of 60–2000 
nm obtained by the Pechini method [25]. In the polycrystals with a grain 
size of 50–750 nm synthesized by glycine combustion, a critical grain 
size of 750 nm was found, at which the sample becomes paramagnetic 
[27]. The nanoplate-shaped Bi2Fe4O9 samples synthesized by the hy
drothermal method at T = 270◦ C exhibit the hysteresis only in the low- 
temperature region (at T = 5 K) [32]. In bismuth pyrostannate 
Bi2(Sn1-xFex)2O7 (x = 0.1, 0.2), the M(H) hysteresis was not observed 
[16]. The M(H) hysteresis observed for the BSFO/BFO compound over 
the entire temperature range is induced by Bi2Fe4O9. 

The magnetic hysteresis of Bi2Fe4O9 was studied at room tempera
ture and at T = 5 K. The absence of the temperature dependence of the 
remanent magnetization caused the incorrect explanation by the un
compensated magnetization of the sublattices in microsclusters with the 
broken exchange couplings. In this case, the sublattice magnetization 

Fig. 2. The crystal structure. a) The crystal structure of the Bi2(Sn0.7Fe0.3)2O7-x. The BiO8 fragment is shown separately. Bond lengths are indicated, d1-4 take values 
in the range 2.2–2.5 Å, and bond lengths d5-8, respectively, 2.5–3.2 Å. b) The crystal structure of the Bi2Fe4O9. 

Fig. 3. SEM image of BSFO/BFO (a). Highlighted dark areas correspond to Bi2Fe4O9. SAED of Bi2Fe4O9 (b).  

Fig. 4. The grain size distribution function of Bi2Fe4O9.  
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decreases upon heating according to a power law. Our investigations 
shown the sharp Mr(T) grows upon approaching the temperature of the 
magnetic phase transition. In addition, the hysteresis is observed above 

the Néel temperature in the paramagnetic region, where the magneti
zations of sublattices are absent. 

The above facts can be explained in the model of magnetic polarons 
in an antiferromagnetic matrix. The ferromagnetic microregion (the 
ferron radius) is determined by the competition between the kinetic 
energy of charge carriers and the exchange energy of localized spins 
[35]: 

Rpol = a
(

πt
4Jff S2

)1/5

(3) 

where a is the lattice period, Jff is the exchange integral, and t is the 
hopping integral. Impurity electrons as a result of s-d interaction induce 
a non-collinear configuration of spins in the microregion. The exchange 
energy decreases at the heating as a result of a decrease in the correla
tion between the directions of neighboring spins. We represent the ex
change energy Jff S2 = J < S0S1 > in terms of the short-range order 
correlator < S0S1>, which has a kink at the magnetic phase transition 
temperature [43]. In the Oguchi model, the short-range order parameter 
[43] is. 

< S0S1 >=

(
(2chHex + 1) − 3exp

(
− 2J

kT

) )

(
2chHex + 1 + exp

(
− 2J

kT

) ) , (4) 

where Hex is the exchange field. The ferron magnetization is pro
portional to the volume M R3

pol =
A

<S0S1>3/5 and qualitatively describes the 
temperature behavior of the residual magnetization in Fig. 7 above 100 

Fig. 5. EDS of (a) Bi2(Sn0.7Fe0.3)2O7-x and (b) Bi2Fe4O9.  

Fig. 6. The temperature dependence of magnetic susceptibility of BSFO/BFO. 
Dashed lines corresponds to theoretical calculations of expressions (1) and (2). 
Inset corresponds to the temperature dependence of the inverse susceptibility of 
BSFO/BFO. 

Fig. 7. The field dependence of magnetization of BSFO/BFO at different temperature: (a) Curve 1 corresponds to 5 K, 2–15 K, 3–30 K, 4–60 K, 5–100 K, 6–200 K, 
7–273 K. (b) The field dependence of hysteresis magnetization. Curve 1 corresponds to 100 K, 2–150 K, 3–200 K, 4–273 K. Solid lines 2, 3, 4 show the theoretical 
calculations according to expression (5) at temperatures 150, 200, 273 K. Inset (b): the temperature dependence of remanence of magnetization. Experimental data 
are represented by symbols (squares).The theoretical calculations M = A

<S0S1>3/5 according to expression (4) by solid line and Mr = Mr0(1 - T/Tc)0.5 (dashed line). 
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K with fitting parameter A = 4.5 10-3. The M(H) dependences can also be 
explained in the model of magnetic polarons. 

In the low-temperature region, according to the neutron diffraction 
data, a noncollinear arrangement of spins is carried out in the Bi2Fe4O9 
single crystal [44]. The noncollinear structure is formed on the 
pentagonal lattice in the ab plane with three competing exchange cou
plings. Oxygen atoms in each pentagon form a smaller pentagon directed 
opposite to the main pentagon. The positioning of oxygen atoms plays a 
decisive role in the difference between the values of exchange couplings 
and determines the degree of frustration [44]. Let us assume that, below 
Tc = 60 K, a noncollinear arrangement of the sublattices with a weak 
ferromagnetic moment of Mr0 = 0.018 emu/g is formed in mullite. In the 
molecular field approximation, the magnetization is described by the 
power function Mr = Mr0(1 - T/Tc)0.5. This model satisfactorily describes 
the experimental data. 

3.3. Polarization 

The presence of anion vacancies and electron diffusion will induce 
the migration-type electric polarization. Fig. 8 shows field dependences 
of the electric polarization in the temperature range of 80–450 K. We can 
distinguish two intervals: 80–200 K, where the width of the hysteresis 
decreases, and 240–450 K, where the remanence polarization grows 
exponentially. It can be assumed that the polarization in mullite below 
the Néel temperature is caused by a lone electron pair on the bismuth ion 
and the asymmetric arrangement of the nearest oxygen ions as a result of 
the electron density redistribution on Bi-O-Fe. The dipole-induced 
spontaneous polarization decreases according to the power law Pr =

Pr0(1 - T/TN)1/2 and is consistent with the experimental data: Pr0 = 6.2 
nC/cm2 (insert Fig. 8b). The remanence polarization Pr0 in zero field is 
related to stannate and mullite. In particular, in the Bi2(Sn1-xFex)2O7 
compound, the polarization increases from Pr = 1 nC/cm2 to 1.5 nC/cm2 

at × = 0.2 and from Pr = 3 nC/cm2 to 9 nC/cm2 in BSFO/BFO upon 
heating from 200 to 280 K. The growth of the iron concentration will 
lead to an increase of the bismuth pyrostannate polarization: Pr (x =
0.3)/Pr (x = 0.2) ~ 1.5–2. The threefold increase of the composite po
larization is caused by mullite. Under the action of an external electric 
field, carriers diffuse toward dislocations, boundaries of the crystalline 
phases, and crystallite surface. Here, the space charge is accumulated, 
which leads to an increase of the electric polarization hysteresis loop 
width. This polarization mechanism is defined as migration. 

The hysteresis and induced polarization were calculated using the 
following model. On the crystallite surface, the electric charge Q = eN is 
induced, where e is the elementary charge and N is the number of 
electrons transferred from the bulk. The sample polarization P = Q/S 
can be written as: 

P =
∫

jdt =
∫
(σ0E)dt =

∫
(enμE)dt =

∫
(enμE0sinωt)dt = enμ

̅̅̅̅̅̅̅̅̅̅
E2

0 − E2
√

ω , 
(5). 

where μ is the carrier mobility inside a crystallite and n is the free 
carrier density. The hysteresis width ΔP = 2enμE0/ω is determined by 
the carrier density and mobility, as well as by the external field ampli
tude E0. We take into account the contribution of localized charges to the 
polarization as P = ε0χE. The resulting polarization is: 

P =
enμ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

E2
0 − E2

√

ω + ε0χE (6) 

Expression (6) satisfactorily describes the experimental data with the 
conductivity σ = enμ = (1–6)10-13 Ω-1 cm-1 and χ ≈ 15. The temperature 
dependence of the remanence polarization at T > 200 K is determined by 
the charge carrier density n = Aexp(-ΔE/kT) at the chemical potential, 
which increases upon heating as a result of the absorption of optical 
phonons Nph = 1/(1 + exp(ωm/kT)). Electrons localized near anion 
vacancies absorb the optical phonon of the B1g mode related to the vi
brations of oxygen vacancies in the yz plane. In Bi2Fe4O9 and 
Bi2(Sn0.8Fe0.2)2O7, the mode frequencies are ωm = 834 cm-1 [19] and ωst 
= 842 cm-1, [45] respectively, which is consistent with an activation 
energy of ΔE1 = 0.105(8) eV = 840(60) cm-1 determined in the range of 
240–320 K. At T > 360 K, bismuth pyrostannate transforms from the α to 
β phase and the activation energy ΔE2 = 0.22(4) eV = 1760(30) cm-1 is 
determined by the 2A2g(12) mode with a frequency of ωm = 1638 cm-1 

[19] in mullite and ωst = 1714 cm-1 in bismuth pyrostannate. At high 
temperatures, the polarization is mainly determined by bismuth stan
nate. In the vicinity of the Néel temperature, there are two contribu
tions: dipole and migration. The sum of the two polarization types yields 
a minimum at TN and satisfactorily describes the Pr(T) curve (Fig. 8b). 

In the polycrystalline Bi2Fe4O9 compound, the effect of the grain size 
on the electrical and ferroelectric properties was observed [25]. A 
remanence polarization of Pr = 50 nC/cm2 was found in the Bi2Fe4O9 
composite with a grain size of 900 nm in fields of 0–15 kV/cm. 
Depending on a synthesis technique used, the critical grain size was 
found at which the electric polarization hysteresis vanishes. The ferro
electric behavior at room temperature was observed also in single- 
crystal Bi2Fe4O9 nanotubes with a remanence polarization of 0.02 μC/ 
cm2 [46]. The ferroelectric hysteresis is attributed to the stoichiometric 
activity of Bi 6 s electrons. 

3.4. Impedance and permittivity 

The information about the magnetic or ferroelectric transition can be 
obtained using impedance spectroscopy. Fig. 9a presents the tempera
ture dependence of the BSFO/BFO impedance at 10 and 100 kHz. The 
impedance has a jump at T = 237 K, which is independent of frequency. 
This temperature coincides with the Néel temperature TN = 237 K. The 
permittivity has no anomalies around TN (Fig. 10). The impedance 
consists of the active and reactive parts and, since the capacitance re
mains almost invariable, the jumps are related to the ac resistance. In 

Fig. 8. (a) The field dependence of electric polari
zation of BSFO/BFO in magnetic field H = 12 kOe. 
Curve 1 corresponds to 200 K, 2–240 K, 3–280 K, 
4–320 K, 5–360 K. The solid line corresponds to the 
theoretical calculations of expression (6). Inset cor
responds to the field dependence of electric polari
zation of BSFO/BFO in magnetic field H = 12 kOe 
and T = 450 K. The solid line corresponds to the 
theoretical calculations of expression (6). (b) The 
temperature dependence of remanence of electric 
polarization of BSFO/BFO (squares). Curve 1 cor
responds to expressions Pr = Pr0(1 - T/TN)1/2, Pr0 =

6.2 nC/cm2, TN = 234 K. Curve 2 corresponds to the 
exponential law Pr = Bexp(-ΔE/kT), ΔE = 0.105 eV. 
Curve 3 corresponds to the sum of two contributions 
from curves 1 and 2. Inset: remanence electric po
larization of BSFO/BFO versus reverse temperature.   
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magnetic semiconductors, a sharp change of the resistance 1/R dR/dT in 
the region of the magnetic phase transition is caused by the spin polaron- 
type conductivity, which is confirmed by the polaron (ferron) mecha
nism of the hysteresis formation in mullite. 

The broad permittivity maxima in the temperature range of 295–305 
K are related to the destruction of the charge order induced by divalent 
iron ions. The temperature of the maximum of permeability depends 
from the frequency ωm. In the Debye model, the relaxation time is 
associated with the relation: ωmτ = 1. Using the frequency dependence 
of the temperatures of maxima εmax(T), we found the activation energy 
ΔE = 2.0(1) eV and the relaxation time τ = τ0exp(ΔE/kT) (Fig. 10b). The 
activation energy corresponds to the electronic transition 6A1g - 4T1g in 
the crystal field of the Bi2Fe4O9 octahedron [19]. For divalent iron ions, 
the transition will be inverted: 4T1g - 6A1g. Upon heating above 300 K, 
the splitting T1g of Fe2+ ions vanish. The Fe2+ ions found in the Bi2Fe4O9 
thin films [47] strengthen the weak ferromagnetic properties as 
compared with those of the bulk sample. 

The jump in the Z(T) impedance at T = 140 K is caused by a phase 
transition occurring in bismuth pyrostannate with a decrease in the 
crystal symmetry [36]. A sharp decrease in the impedance with 
increasing temperature (T > 330 K) is consistent with an increase in the 
permittivity at the corresponding frequencies and results from the α → β 
transition. These temperatures agree with the temperatures established 
previously for the Bi2(Sn0.8Fe0.2)2O7 compound [16]. 

4. Conclusions 

The effect of the sample prehistory on the magnetic susceptibility of 
the BSFO/BFO composite and its growth upon cooling in a magnetic 

field was established. The previously unknown temperature de
pendences of the magnetic hysteresis and remanent magnetization and 
the absence of magnetization saturation in mullite were determined. The 
nonlinear field dependence of the magnetization in an antiferromagnet 
and the magnetic hysteresis is related to formation of ferrons. The 
impedance jump at the Néel temperature in mullite caused by the spin 
polaron-type conductivity was discovered. The temperature of forma
tion of the noncollinear arrangement of the sublattice magnetic mo
ments at low temperatures as a result of frustration of the exchange 
couplings was found. 

The temperature dependence of the electric polarization and hys
teresis of polarization in the BSFO/BFO composite was established, 
including the contribution of mullite to the electric polarization. The 
dipole-type electric polarization below the Néel temperature and the 
migration polarization at T > TN were found. It was shown that the 
remanent polarization is described by the the current carrier density on 
the chemical potential as a results of the absorption of the B1g phonon 
mode related to the vibration of oxygen ions in the yz plane and with the 
2A2g mode (12) in the bismuth stannate β phase. 

Thus, the remanent magnetization of mullite in the oxygen-deficient 
matrix is higher than the magnetization of polycrystalline Bi2Fe4O9 by 
an order of magnitude. 
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