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Abstract The magnetic and magnetodielectric properties of bismuth pyrostannate Bi2(Sn1−x

Fex )2O7 (x = 0.1 and 0.2) have been examined. Using the Mössbauer spectroscopy
and electron paramagnetic resonance, the high-spin state and crystallographic positions
of iron ions have been established. The coexistence of triclinic symmetry domains in the
Bi2(Sn1−xFex )2O7(x = 0.1) compound with the monoclinic symmetry below 140 K has
been found. For the Bi2(Sn1−xFex )2O7 composition with x = 0.2, the nonlinear field
dependence of magnetization in the paramagnetic region up to room temperatures has
been observed. The electric polarization hysteresis and the magnetoelectric effect in the
Bi2(Sn1−xFex )2O7 compound have been disclosed. The magnetic field-dependent anoma-
lous behavior of magnetization has been explained by the magnetoelectric effect.

1 Introduction

The compounds with a pyrochlore structure undergo the structural, magnetic, and ferroelec-
tric phase transitions, which are usually accompanied by abrupt changes in the dielectric,
mechanical, optical, and other properties [1]. Bismuth pyrostannate Bi2Sn2O7 belongs to the
family of pyrochlores, in which spin ice is implemented, similar to the Ho2Ti2O7, Dy2Ti2O7,
and other compounds [2,3]. In these materials, magnetic ions are located at the vertices of
a three-dimensional grid of regular tetrahedra. Due to the strong anisotropy, the magnetic
moments can be directed either toward the center of each tetrahedron or in the reversed
direction. The magnetic moments have three nearest neighbors with frustrated exchange
couplings.

Bismuth pyrostannate is a dielectric. Substitution of iron for tin causes the magnetic
ordering in the Bi2Sn2O7 compound and, due to the interaction between the magnetic and
ferroelectric subsystems, one can expect the manifestation of the magnetoelectric effect. Iron
ions in the Bi2(Sn1−xFex )2O7 compound can induce crystal structure distortions and a shift
of the temperature of the phase transition. In particular, the heterovalent substitution of tin
ions for 3d elements changes the temperature of the α → β transition in Bi2Sn2O7 [4–7]. The
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isovalent substitution of Bi3+ for Y3+ stabilizes the β phase at room temperature and normal
pressure [8]. In iron oxides, the trivalent state of iron ions is most stable. Possibly, the isovalent
substitution of Fe3+ for Bi3+ is energetically more favorable than the nonstoichiometric
substitution for Sn4+ with the formation of vacancies in the anion subsystem.

Ferroelectrics with the magnetic field-induced polarization are second-type multiferroics
[9], which are characterized a strong magnetoelectric coupling caused by the antisym-
metric exchange and a cycloid magnetic structure. The magnetic field-induced ferroelec-
tric properties were observed in several spin-frustrated systems, including Ni3V2O8 [10],
Ba0.5Sr1.5Zn2Fe12O22.6 [11], and MnWO4 [12]. In all these materials, the ferroelectric
behavior in the noncollinear magnetic phase was established, which can be explained in
the framework of the spin current model.

In [13–16], the magnetic structure of delafossite CuFeO2(sp. gr. R3m) with a two-
dimensional triangular lattice was studied by neutron diffraction. The spontaneous polar-
ization in a magnetic field of 7 T at the transition from the four-sublattice (CM-4) to non-
collinear (NC) structure was observed [14]. Substitution of Fe for Ga induces the transition
from the CM-4 to NC structure in zero magnetic field [15]. The noncollinear ordering of
spins occurs under the long-range exchange interaction up to the 3rd coordination sphere
(J1/kB = −2.7 K, J2/kB = 3.0 K, J3/kB = 1.8 K, J0/kB = 0.93 K, and J00/kB = 1.9 K) at
a negative single-ion anisotropy constant of D/kB = −0.33 K due to the strong spin–lattice
interaction [15,16]. The electric polarization attains a value of 200μC/m2 at 4 K [16] and
is explained using the spin current model [17]. In the Bi2(Sn1−xFex )2O7 compound, the
angle of the Fe-O-Fe exchange interaction is noticeably larger than that in delafossite (96◦)
[15]; therefore, one can expect an increase in the antiferromagnetic exchange by an order
of magnitude and, correspondingly, the growth of the temperature of the transition to the
magnetically ordered state.

Iron-substituted bismuth pyrostannate Bi2(Sn1−xFex )2O7 (x = 0.2) undergoes a low-
temperature shift-type transition at 140 K, which is related to the change in the Bi-O-Me
bond length. This transition is accompanied by the lattice strain and manifests itself as a
maximum in the temperature dependence of the thermal expansion coefficient [18]. Several
low-temperature structural transitions were observed in the pyrochlore compounds, e.g., in
Cd2Nb2O7 [19]. In the temperature range from 10 to 300 K, this compound undergoes a
sequence of five phase transitions; it is an improper ferroelectric below TS = 205 K, a
proper ferroelectric below TC = 196 K, an incommensurate phase below Tinc = 85 K, a
commensurate phase below Tcom = 46 K, and a glass below Tq = 18 K. The changes in the
domain structure and refractive index and the crystal symmetry lowering in the temperature
range of 180–192 K are not observed. At temperatures below TC, the ferroelectric domains
coexist with domains of a preceding phase, which gradually decrease and become optically
indistinguishable at 150 K. The temperatures of the ferroelectric transition correspond to the
temperatures of the structural transition. In particular, the cubic structure Fd3m passes to
the tetragonal one at TS = 205 K and, as the temperature decreases to Tinc = 85 K, becomes
monoclinic. At low temperatures, the displacement of Nb ions leads to the occurrence of short
and long Nb-O bonds. In the intermediate phase, there are long and short bonds alternating
along the [001] and [111] directions. The Nb1-O bond along the [100] direction is distorted
during the transition to the monoclinic structure.

The octahedron distortion related to the change in the bond length, for example, the octa-
hedron elongation, may lead to the change in the Fe3+ spin state. For the 3d5 configuration
t3
2ge

2
g , according to the Tanabe–Sugano diagram [20], the high-spin ground state in the octa-

hedral ligand field corresponds to the ground term 6A1g and the low-spin state with the
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configuration t5
2g corresponds to the term 2T2g . The change in the spin state is related to the

transfer of two electrons form the eg orbitals to the t2g orbital.
In view of the aforesaid, the aim of this study is to establish the spin state, iron ion positions

in the crystal structure, magnetic characteristics, electric polarization, and magnetoelectric
interaction in bismuth pyrostannate Bi2(Sn1−xFex )2O7 (x = 0.1 and 0.2).

2 Experimental

The Bi2(Sn1−xFex )2O7 (x = 0.1 and 0.2) samples were obtained by the solid-state synthesis.
They correspond to a Pc monoclinic cell in the α phase of Bi2Sn2O7 [18].

The state and positions of iron ions were determined from the Mössbauer spectra measured
at room temperature on an MS-1104Em spectrometer with a Co57(Rh) source on powder
absorbers with a thickness of 5–10 mg/cm2. The low iron concentration and high content of
heavy bismuth atoms did not allow us to record high-quality spectra.

The electron spin resonance (ESR) study was carried out on a Bruker Elexsys E-580 spec-
trometer operating in the X band at temperatures of 110–300 K. The modulation frequency
and amplitude were 100 kHz and 1 Oe, respectively. The temperature was stabilized by an
Oxford ITC 503C temperature controller in an Oxford ESR 900 flow cryostat. In this cryostat,
a resonator is kept at room temperature with a constant Q factor of ∼ 9300 over the entire
investigated temperature range.

The magnetic properties were studied on a MPMS-XL Magnetic Property Measurement
System in magnetic fields of up to H = 50, 000 Oe in the temperature range of 4–300 K.

The polarization was determined using the current measurements on a Keithley 6517 B
electrometer in electric fields at a frequency of ν = 0.01 Hz on tableted samples with a
diameter of 8 mm and height of 3 mm. Two measurement cycles were performed on the
samples with two upper and one lower copper contacts. The magnetoelectric interaction was
established from the induced electric polarization in magnetic fields of up to 13 kOe.

3 Results and discussion

3.1 Mössbauer study

Mössbauer spectra with a shape of asymmetric doublets are presented in Fig. 1a. Recording
high-quality spectra was complicated by the low iron content and the presence of bismuth
cations in the samples. Nevertheless, it makes sense to evaluate the valence state and arrange-
ment of iron cations, which affect the magnetic properties of the investigated crystals.

The number of maxima in the P(QS) distribution points out the number of possible
nonequivalent states or positions of iron. The P(QS) distributions for the Bi2(Sn1−xFex )2O7 (x =
0.2) samples are shown in Fig. 1b. The P(QS) distribution in the sample with x = 0.2 has
two maxima at different values of the isomer shift (IS) and the quadrupole splitting (QS),
which correspond to two nonequivalent positions of iron ions.

At the next stage of the spectra decoding, using the data obtained from the P(QS) dis-
tributions, a model spectrum was built, which has two doublets at x = 0.2 and is fitted to
the experimental spectrum. In this case, the hyperfine parameters were refined. The fitting
results are given in Table 1.

The chemical shifts and quadrupole splittings of the iron positions in the investigated
pyrostannates correspond to Fe3+ in the high-spin state in the octahedral oxygen coordination.
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a b

Fig. 1 a Mössbauer spectra of Bi2(Sn1−xFex )2O7 (x = 0.2). b Probability of the quadrupole splitting
distribution

Table 1 Mössbauer parameters of the Bi2(Sn1−xFex )2O7 (x = 0.2) compound. IS is the isomer chemical
shift relative to α-Fe [21], QS is the quadrupole splitting, W is the absorption line width, and A is the area
under the partial doublet (position occupancy)

x IS, mm/s ± 0.02 QS, mm/s ± 0.04 W, mm/s ± 0.04 A, % ± 0.05 Position of Fe

0.2 0.36 0.41 0.27 0.32 Fe1-Fe3+(6)

0.41 0.64 0.43 0.68 Fe2-Fe3+(6)

In the first approximation, the isomer chemical shift is consistent with the charge electron
density at the core of a Mössbauer atom. The shorter the interatomic spacing, the higher
the electron density at the nucleus and the smaller the chemical shift. At the same time,
the quadrupole splitting is directly proportional to the electric field gradient induced by the
nearest local environment. For the Fe3+ cation, the charges of surrounding ions make a
decisive contribution to the electric field gradient (EFG). Based on these correlations, we can
estimate the probability of crystallographic position of iron cations.

According to the X-ray diffraction data [22], there are four crystallographically nonequiv-
alent octahedra positions of tin in bismuth pyrostannate, which differ in the local symmetry.
Table 2 gives the average interionic spacings Sn-O (〈r〉) for the Bi2Sn2O7 octahedra and
the main components of the EFG induced by anions of the coordination octahedron. The
relatively short interionic spacings and low calculated gradients for crystallographic posi-
tions Sn1 and Sn2 can be attributed to the small chemical shifts and quadrupole splittings of
the Fe1 Mössbauer positions (Table 1). The relatively long interionic spacing and the high
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Table 2 Sn-O interionic
spacings and main component of
the EFG induced by the oxygen
octahedron in Bi2Sn2O7 [22]

Sn position 〈r〉 , Å EFG, e/Å3

Sn1 2.052 0.032

Sn2 2.040 0.058

Sn3 2.075 0.110

Sn4 2.065 0.043

Fig. 2 Typical magnetic resonance spectrum for Bi2(Sn1−xFex)2O7 (x = 0.2). Lines 1, 2, and 3 are the
Lorentzian fitting lines, and line 4 corresponds to the experimental spectrum. The dotted line shows the sum
of the fitting curves

EFG of position Sn3 can correspond to the Fe2 Mössbauer position. The absence of explicit
correlations for the Sn4 crystallographic position leaves the question about the population of
this position with iron unanswered.

In fact, this conclusion should be considered rough, since the iron impurity cations can
noticeably change the local lattice symmetry of the basic compound.

3.2 Electron spin resonance

The positions and spin state of iron ions and local deformations of the octahedron in the
bismuth pyrostannate crystal lattice were studied electron spin resonance (ESR).

Figure 2 shows the spin resonance spectrum of the Bi2(Sn1−xFex )2O7(x = 0.2) compound
at a temperature of 268 K. The experimental spectrum is described by three Lorentzian lines;
the resulting curve (dashed line) corresponds to the experimental results. The weaker integral
intensity of line 1 as compared with lines 2 and 3 is indicative of the low concentration of
iron ions in the strongly distorted octahedral positions in both samples [23–25].

Line 1 (Fig. 2) in the spin resonance spectrum corresponds to the strongly distorted Fe3+
octahedral positions (the ratio between the parameters D = 3/2Dz and E = 1/2(Dx − Dy)

is about D/E ∼ 3 [23–25]).
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a b

Fig. 3 Temperature dependences of (a) the width of line 2 in the ESR spectrum and (b) the integral intensity
of Bi2 (Sn1−xFex)2O7. Line 1 corresponds to x = 0.1 and line 2, to x = 0.2. Insets: temperature dependences
of the width of line 3 in the ESR spectrum at x = 0.1 and 0.2

The width�H (Fig. 3a) and intensity (Fig. 3b) of lines 2 and 3 for the Bi2(Sn1−xFex )2O7(x =
0.1 and 0.2) samples grow with a decrease in temperature. The difference between the widths
of lines 2 and 3 is related to the degree of distortion of the octahedra. An increase in the width
of these lines upon cooling is caused by an increase in the relaxation time with increase in
density of crystallographic domain walls. An increase in the integral intensity of these lines
upon cooling is indicative of the change in the population of the levels in a magnetic field
and typical of the paramagnetic state of Fe3+ ions.

The temperature dependences of the ESR line width and intensity have anomalies in the
region of the low-temperature phase transition (T = 130 K) and in the range of 210–250 K.
With increase in concentration, these anomalies become more intense and correspond to
the anomalies in the temperature dependence of the thermal expansion coefficient, as was
shown in [18], where the shift-type structural transition in the Bi2(Sn1−xFex )2O7 (x = 0.2)

compound was observed. In the temperature range of 200–250 K, such a transition occurs
under deformation of the SnO6 octahedra. It is observed as the rotation and change of the
octahedra slope angle, as well as the change in the metal–oxygen bond lengths. The symmetry
remains unchanged. After that, at T = 140 K, all domains pass to the lower syngony and the
sample becomes single phase.

The g factor was determined as a ratio between the measuring frequency ν (ν = 9.47
and 9.44 GHz for x = 0.1 and 0.2, respectively) and the resonance field Hres correspond-
ing to the maximum absorption using the relation hν = gβHres, where h is the Planck’s
constant and β is the Bohr magneton. The temperature dependence of the g factor for the
Bi2(Sn1−xFex )2O7 (x = 0.1 and 0.2) compounds (lines 2 and 3) is presented in Fig. 4.

As the temperature decreases, the g factor increases and changes most in the region of the
monoclinic → triclinic structural phase transition in Bi2(Sn1−xFex )2O7with two concentra-
tions x at 140 K. The concentration phase transition has the prerequisites of a second-order
transition. Lines 2 and 3 (Fig. 2) with a g factor of g ∼ 2 in fields of about 3300 Oe correspond
to the trivalent iron ions Fe3+ located in the octahedral sites in the s state. In the absence of
spin-orbit coupling, the g factor of the orbital singlet is equal to the g factor of a free electron.
Due to the spin-orbit coupling, the excited orbital states are admixed to the ground state and
the orbital moment is unfrozen.

According to the Mössbauer and ESR data, iron ions are in the high-spin Fe3+ state and
occupy octahedral sites. In the bismuth pyrostannate crystal lattice, the octahedral environ-
ment of Fe3+ ions is distorted, which leads to the splitting of the eg and t2g states. Upon
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Fig. 4 Temperature dependence of the g factor of Bi2(Sn1−xFex)2O7 with x = (1) 0.1 and (2) 0.2 for line
2 of the ESR spectrum. Inset: temperature dependence of line 3 of the ESR spectrum

heterovalent substitution of Fe3+ ions for Sn4+ ones, the further distortion of local positions
occurs through the formation of oxygen vacancies.

3.3 Magnetic properties

The temperature dependences of the magnetic susceptibility of the Bi2(Sn1−xFex )2O7 (x =
0.1 and 0.2) compound measured in a magnetic field of 600 Oe are typical of paramagnets.

Figure 5 shows the reciprocal magnetic susceptibility of Bi2(Sn1−xFex )2O7 (x = 0.1
and 0.2) as a function of temperature. For the composition with x = 0.1, the temperature
dependence of 1/χ is described by the Curie–Weiss law 1/χ = (T − �)/C with negative
� = −10 K over the entire temperature range. The effective magnetic moment of the Fe3+
ion on the crystal lattice site was calculated using the formula

μeff =
√

8C

n
, (1)

where C is calculated from the temperature dependence of the inverse susceptibility and n
is the number of iron ions in Bi2(Sn1−xFex )2O7 (x = 0.1 and 0.2).

The effective magnetic moment of iron ions in the Bi2(Sn1−xFex )2O7 (x = 0.1) com-
pound determined using Eq. (1) is μeff = 5.76μB. The theoretical value of the magnetic
moment of Fe3+ ions in the high-spin state with S = 5/2 and g = 2, according to the equation

μS = g
√
S(S + 1)μB , (2)

is μS = 5.92μB. Based on the experimental data, we calculate the g factor using Eq. (2) and
find it to be g = 1.95.

The temperature dependence of the inverse susceptibility of the Bi2(Sn1−xFex )2O7 (x =
0.2) compound has an inflection point near the structural transition at 130–140 K, which is
related to weakening of the antiferromagnetic interaction during the transition to the mono-
clinic crystal structure.

In the temperature range of 20–130 K, the paramagnetic Curie temperature is �1 =
−39.2 K and, in the range of 130–230 K, it is �2 = −9.2 K. At the phase transition from
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Fig. 5 Temperature dependence of the inverse magnetic susceptibility of Bi2(Sn1−xFex )2O7 with x = (1)
0.1 and (2) 0.2 in a magnetic field of 600 Oe

a b

Fig. 6 Field dependence of magnetization of Bi2(Sn1−xFex )2O7 with x = (a) 0.1 and (b) 0.2 at different
temperature: Curve 1 corresponds to 30 K; curve 2, to 60 K; curve 3, to 100 K; curve 4, to 150 K; and curve
5, to 200 K. Inset in a: 5 K; curve 1 for x = 0.1 and curve 2 for x = 0.2. Inset in b: Bi2(Sn1−xFex )2O7
(x = 0.2)

the triclinic to monoclinic structure, the effective magnetic moment decreases from μeff1 =
6.3μB to μeff2 = 5.77μB, which corresponds to the change in the g factor from g1 =
2.13 to g2 = 1.95. The change in the g factor with temperature is consistent with the
ESR data. The obtained effective magnetic moment corresponds to the high-spin state of
Fe3+ ions. In bismuth pyrostannate Bi2(Sn1−xFex )2O7 (x = 0.2) with the triclinic symmetry,
the antiferromagnetic interactions are four times stronger than the exchange in the monoclinic
lattice and the sign of the relative g-factor variation with respect to the electron spin g factor
(�g = g1,2 − 2) changes.

The field dependences of the magnetization for the Bi2(Sn1−xFex )2O7 compound with
x = 0.1 and 0.2 are nonlinear (Fig. 6).

The magnetic measurements confirm the trivalent state of iron ions. The nonlinear behav-
ior of the magnetization in magnetic fields of up to 50 kOe in the paramagnetic state at
temperatures of up to 200 K is caused by the magnetoelectric effect (see below).
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Fig. 7 Electric field dependence of polarization of Bi2(Sn1−xFex )2O7 (x = 0.2) at different temperatures
in a magnetic field of 12 kOe Curve 1 corresponds to 120 K; curve 2, to 160 K; curve 3, to 200 K, and curve 4,
to 280 K. Inset: 160 K; the dash-and-dot line corresponds to H = and the solid line, to H = 12 kOe

3.4 Polarization

The electric polarization P(E, H) induced by electric and magnetic fields was determined
using the relation P = ∫

jdt by measuring the current in an external quasi-periodic field
with a frequency of ν = 0.01 Hz. The measurements were performed at the two electric
field polarities in magnetic fields of H = 12 kOe and H = 0. The room-temperature electrical
resistance is 7.3 1011 Ohm. Leakage currents are insignificant.

The Bi2(Sn1−xFex )2O7 (x = 0.1) compound exhibits the paraelectric properties; the polar-
ization is linear up to T=300 K and obeys the law P = ε0χE , where ε0 is the dielectric con-
stant, χ is the susceptibility, and E is the electric field. In the Bi2(Sn1−xFex )2O7 (x = 0.2)

compound, the symmetric P(E) hysteresis loops were found. Figure 7 shows field depen-
dences of the polarization obtained at different temperatures in a magnetic field of 12 kOe for
the Bi2(Sn1−xFex )2O7 (x = 0.2) compound. The inset in Fig. 7 shows the field dependence
of polarization in magnetic fields of H = 0 and 12 kOe at T = 160 K.

Bismuth pyrostannate has a domain crystal structure [26] and, upon heterovalent substitu-
tion of bismuth for iron, vacancies are formed in the cationic and anionic sublattices, which
leads to the formation of the donor and acceptor impurity states. Delocalized electrons from
the impurity states diffuse and are accumulated in traps on intercrystalline domain walls.
Under the action of an external electric field, carriers diffuse to the domain surface and are
localized in traps. As a result, the intercrystalline boundaries are charged, which broadens
the hysteresis loop. There exist several models that explain the hysteresis loop broadening.
The most common of these models for bulk systems (crystals) are domain pinning on space
charges accumulated on domain walls, pinning on the formed defect clusters, and formation
of dipole defects, which affect the polarization [27–29]. The formation of charged walls and
partial screening lead to the nonuniform potential distribution over the sample volume. The
crystal structure rearrangement leads to the change in the defect density [30] and induces a
space charge in the sample.
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a b

Fig. 8 Polarization of Bi2(Sn1−xFex )2O7 (x = 0.2) vs. magnetic field at temperatures of a T = (1) 120 and
(2) 160 K. Theoretical calculations cared out by formula (4) with d = 0.151/kOe2, T = 120 K (3) with A
= −2.0 · 1010, B = 3.3 · 1010, T = 160 K (4) with A = −2.2 · 1010, B = 1.3 · 1010. b T = 200 K (1), 280 K
(2). Theoretical calculations cared out by formula (4) T = 200 K (3) with A = −1.2 · 1010, B = 4.3 · 1010,
T = 280 K (4) with A = −2 · 1011, B = 5 · 1010. Inset: temperatures dependence of magnetic field-induced
electric polarization

Upon heterovalent substitution, the most probable mechanism of the electron polarization
is the occurrence of anion vacancies. Oxygen vacancies represent equivalent positive charges,
near which, for compensation, impurity electrons are localized according to the electron
neutrality principle.

3.5 Magnetoelectric effect

We establish the magnetoelectric interaction from the induced electric polarization in a mag-
netic field. Figure 8 shows the P(H) dependence for the Bi2(Sn1−xFex )2O7 (x = 0.2) com-
pound in the temperature range of 80–300 K. A monotonic magnetic-field dependence of the
polarization was found at all temperatures. The magnetoelectric interaction is caused by the
spin-orbit coupling with a linear field dependence and the electron–lattice interaction with a
quadratic field dependence; therefore, we present the induced polarization in the form Pi(H)
= αijHj + γijH2

j .
In the temperature range of 80–300 K, the components of the magnetoelectric interaction

tensor change their sign upon heating. At low temperatures (down to 120 K), the induced
polarization is an even function of the magnetic field. In the region of the structural transition
(140–160 K), the polarization changes its sign at the magnetic field inversion (Fig. 8a), which
points out the existence of the linear magnetoelectric effect. Further heating of the sample to
room temperature leads to the predominance of the quadratic magnetoelectric effect (Fig. 8b).
The magnetic-field-induced electric polarization decreases upon heating (inset in Fig. 8a).
The initial Bi2Sn2O7 compound does not have an inversion center [31], which predetermines
the magnetoelectric effect [32].

A linear magnetoelectric response exists in the materials with the magnetic and ferroelec-
tric ordering, e.g., in multiferroics, where the parity and time-reversal symmetries are broken.
In paramagnets, a linear response should be absent for the symmetry reasons. However, in
a number of paramagnetic compounds, this effect is observed. A molecular magnetoelectric
consisting of two chiral isomers of ytterbium ions at room temperature is simultaneously a fer-
roelectric and a paramagnet [33]. This material exhibits magnetostriction, which determines
the correlation between the magnetic and electrical properties: the reaction of ytterbium ions
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to an external magnetic field induces the strain, which, in turn, changes the configuration of
electric dipoles and, consequently, polarization [33]. The linear longitudinal magnetoelectric
effect found in the α − Bi2O3 single crystal was attributed to the paramagnetic centers [34].
Perhaps, this effect is caused by valleys in the electron excitation spectrum of bismuth oxides.
A new form of the linear magnetoelectric effect based on the degree of freedom of the valleys
in a two-dimensional (2D) Dirac material was reported in [35]. These results agree well with
the theoretical model of the valley magnetoelectricity driven by the Berry curvature effects
[35].

The magnetoelectric effect is caused by electrons, which carry a charge and a magnetic
moment (spin and orbital). Their interaction (exchange, spin-orbit, and Coulomb) correlates
the motion of charges in space and the mutual arrangement of magnetic moments. The mag-
netoelectric effect can be caused by the orbital motion of electrons, since the orbital motion is
related to the vector potential. The orbital magnetoelectric polarizability was studied in non-
magnetic topological insulators [36]. These insulators have the Bloch wave functions with
extraordinary topological properties, which lead to the magnetoelectric response described
by the term E · B [36]. The orbital contribution of electrons to the frozen–lattice polarization
induced by a magnetic field in band insulators was solved in [37,38]. The components of the
magnetoelectric tensor change their sign depending on the phase of an electron [38].

The electric polarization induced by lattice straining in a magnetic field (magnetostriction)
is fitted by the function

P = aH + b
H2

1 + dH2 , (3)

where a, b, and d are the fitting parameters. Function (3) satisfactorily describes the experi-
mental P(H) data. The linear component dominates in the region of the structural phase transi-
tion to the triclinic syngony [18] at 140–160 K (Fig. 8a). The magnetoelectric effect is caused
mainly by domain walls, impurity states, and structural inhomogeneities (heterostructures).
The linear term in Eq. (3) is not associated with the fundamental symmetry requirements
(the space parity and time-reversal symmetries). In the transition region, domain walls are
formed between different phases with the strong spin-orbit coupling at the interface and the
dominant orbital contribution to the magnetoelectric effect. In the bulk of the sample, the
number of domain walls decreases with increase in temperature and, therefore, the quadratic
magnetoelectric effect prevails.

The magnetization of the Bi2(Sn1−xFex )2O7 (x = 0.2) solid solution can be presented
as a function of the magnetic field in the paramagnetic region with three fitting parameters

M = χH + αP = AH + B
H2

1 + dH2 . (4)

The nonlinear M(H) dependence (Fig. 6) is satisfactorily described by Eq. (4).

4 Conclusions

According to the Mössbauer and ESR spectra, iron ions in the pyrochlore crystal structure
occupy two nonequivalent octahedral positions and are in the high-spin state. The antifer-
romagnetic exchange exists between the spins of iron ions, and the paramagnetic Curie
temperature sharply increases with increase in concentration of iron ions. In the compound
with x = 0.2, a decrease in the magnetic moment and weakening of the antiferromagnetic
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exchange in the region of the structural phase transition from the triclinic to monoclinic
structure were found.

In bismuth pyrostannate with x = 0.2, the nonlinear behavior of the magnetization in
magnetic fields of up to 50 kOe in the paramagnetic state at temperatures up to 200 K was
found and attributed to the magnetoelectric interaction. The magnetic-field-induced electric
polarization is an even function of the field, except for the region of the structural phase
transition, where the linear magnetoelectric effect dominates.

In the Bi2(Sn1−xFex )2O7 (x = 0.1) compound, the electric polarization is a linear function
of the electric field. With an increase in the iron ion concentration (at x = 0.2), the electric
polarization hysteresis was detected in bismuth pyrostannate.
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