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Softening of lattice modes in the region of structural phase transitions

in a composite Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9
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The composite compound Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9 with a ratio of 91%/9% was obtained by solid-phase

synthesis. The mutual influence of two different crystal structures on structural transitions was studied using

X-ray diffraction, IR spectroscopy and sound attenuation coefficient. IR absorption spectra were studied in the

temperature range 80−500K and the frequency range 350−7000 cm−1 . The types of vibrations of phonon

modes are determined. The influence of the Bi2(Sn0.7Fe0.3)2O7 matrix on the phonon vibration modes of mullite

Bi2Fe4O9 was established in the form of a frequency shift w = 634 cm−1, splitting of the mode w = 574 cm−1, and

disappearance of the mode at the frequency w = 812 cm−1 . In the regions of phase transitions Bi2(Sn0.7Fe0.3)2O7

and Bi2Fe4O9, a softening of the IR spectra modes was found. The features of the temperature dependence of the

sound attenuation
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Introduction

Recently, a direction has emerged in condensed mat-

ter physics concerning the study of multiphase systems

consisting of compounds with different types of crystal

structures and magnetic order [1,2]. Most single-phase

materials have a limited scope of applicability. The

functionality of materials can be expanded using composites.

A combination of several phases, such as a combination

of piezomagnetic and piezoelectric or magnetostrictive and

piezoelectric phases, can yield a desired property [3]. Such
compounds exhibit a number of interesting properties.

When the composite contains Bi2Fe4O9 and spinel magnetic

materials such as MgFe2O4 [4], Bi2Fe4O9/NiFe2O4 [5],
Bi2Fe4O9/CoFe2O4 [6], they can significantly improve mag-

netic properties. Magnetoelectric properties are improved

by adding CoFe2O4 to Bi2Fe4O9. Due to the fact that

CoFe2O4 has high magnetostrictive properties, the voltage

will be created by an external field. The created voltage is

transferred to the Bi2Fe4O9 phase, therefore, piezoelectric

properties of Bi2Fe4O 9 and electrical polarization arise.

The increase in magnetization and polarization is associated

with the mutual influence of the two structures of the

CoFe2O4/Bi2Fe4O9 composite [6]. In the combination of

Bi2Fe4O9 with barium ferrite as a hard magnetic material,

Bi2Fe4O9/BaFe12O19 , the saturation magnetization and the

residual magnetization increase due to the increased content

of BaFe12O19. The coercive force increases significantly,

even more than that of pure BaFe12O19 [7]. The magnetiza-

tion of the xZnFe2O4/(1− x)BiFeO3 composite increases

greatly with the addition of zinc ferrite concentration.

Compounds with x = 0.3 and 0.4 show saturated magnetic

hysteresis loops with very low coercive force. The anomaly

around TN indicates the magnetoelectric nature of the

composite [8]. Nanocomposites containing BiFeO3 bismuth

orthoferrite and Bi2Fe4O9 mullite-like ferrite demonstrate

an increase in magnetic characteristics compared to pure

nanocomposites. This is due to exchange interactions at

the interfaces of two phases, ferromagnetic Bi2Fe4O9 and

antiferromagnetic BiFeO3 [1,2,9]. Systems consisting of

oxides such as BiMnO3, BiFeO3 , and Bi2Fe4O9, exhibit

a strong connection between ferroelectric and antiferromag-

netic properties [10].
Ferroelectricity occurs in materials with no inversion

center. The non-centrosymmetric crystal structure includes

bismuth pyrostannate Bi2Sn2O7. At room temperature

it belongs to the monoclinic structure (α phase) with

space group P1c1 [11–13]. The replacement of Sn4+ ions

with Fe3+ ions does not change the space group of the

lattice cell symmetry. According to Mëssbauer and EPR

studies, iron ions in the crystal structure of pyrochlore

Bi2(Sn1−xFex )2O7, x = 0.1, 0.2, occupy two nonequivalent

octahedral positions and are in a high-spin state [14,15].
Temperature dependences of magnetic susceptibility of

Bi2(Sn1−xFex )2O7, x = 0.1, 0.2, measured in a magnetic

field of 600Oe, look like paramagnetic ones. The paramag-

netic Curie temperature increases sharply with increasing

concentration of iron ions from 2 = −10K for x = 0.1
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to 21 = −39.2K for x = 0.2. For the concentration of

x = 0.2, a decrease is established in the magnetic moment

and antiferromagnetic exchange in the region of the struc-

tural phase transition from triclinic to monoclinic structure

with a change in the anisotropy of exchange at T = 140K.

In bismuth pyrostannate with x = 0.2 , nonlinear behavior

of magnetization in magnetic fields up to 50 kOe was

discovered in the paramagnetic state at temperatures up

to 200K, which is associated with the magnetoelectric

interaction. The electric polarization induced by a magnetic

field is an even function of the magnetic field, except for

the region of the structural phase transition, where linear

magnetoelectric effect prevails [14,15].
The variety of functional physical properties in pyrochlore

compounds (such as ferroelectric [16] and dielectric [17]
properties, superconductivity [18,19], oxygen-ion conduc-

tivity [20], colossal magnetoresistance [21], absorption of

radioactive radiation [22], photocatalysis [23], piezoelectric-
ity [24]) generates a wide interest to these compounds. The

connection between the magnetic and electric subsystems in

ferroelectromagnets (multiferroics), manifested in the form

of magnetoelectric effects, makes it possible to affect the

magnetic properties by an electric field. On the other hand,

electrical properties of the compounds can be changed

by magnetic field. Such compounds have found their

application in modern devices for recording and reading

information [25,26].
Bismuth ferrite Bi2Fe4O9 is an important functional

material, which is used as a gas sensor [27] and be-

longs to the class mullite-like multiferroics [28,29]. It

behaves as a paramagnetic at room temperature with an

orthorhombic crystal structure Pbam [30]. In the structure

of Bi2Fe4O9 there are two different positions of the four

iron ions Fe3+: Fe3+(1) occupies the octahedral position

of FeO6, and Fe3+(2) occupies the tetrahedral position of

Fe2 O7 [31]. At T = 264 ± 3K, bulk Bi2Fe4O9 transits

to the antiferromagnetic state. The magnetic moment

on the Fe3+ ion is µ = 4.95 µB [32], according to other

data µ = 3.9 − 4.0µB [33]. The magnetic properties of

polycrystalline Bi2Fe4O9 depend on the method of pro-

duction and the size of the crystallites. A sample with

a crystallite size of 200−450 nm [34], synthesized using

ethylenediaminetetraacetic acid technology, exhibits weak

magnetization at room temperature.

A polycrystal Bi2Fe4O9 with micronscale grains, pro-

duced by melting, exhibits an antiferromagnetic phase tran-

sition at 250K [35,36]. Polycrystalline ceramics Bi2Fe4O9

with a grain size less than 200 nm exhibits magnetic

hysteresis at room temperature, which disappears when

heated [37]. The critical grain size of 50 nm, at which the

magnetization hysteresis appears at room temperature, was

found in the Bi2Fe4O9 compound produced by the glycine

combustion method [38].
Obtaining multiferroic properties in iron-substituted bis-

muth pyrostanates with long-range magnetic order is a

relevant task that can be successfully solved by creating

composite compounds. The Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9

composite with a small content (9%) of mullite exhibits

weak ferromagnetism [39]. Residual magnetization of

Bi2Fe4O9 in the Bi2(Sn0.7Fe0.3)2O7 matrix with oxygen

deficiency is an order of magnitude higher than the

magnetization of pure Bi2Fe4O9 polycrystal. The magnetic

hysteresis in Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9 and the lack of

magnetization saturation are associated with mullite. To

explain the magnetic properties, a model of ferron formation

with electron hopping between sublattices from impurity

divalent iron ions with absorption of optical magnons

is proposed. The magnetic properties of polycrystalline

mullite depend on the grain size, which determines the

preconditions for the effect on lattice vibration modes.

In multiferroics, the interaction between the magnetic

and ferroelectric systems occurs through the crystal lattice.

Therefore, studying the crystal structure is important to

establish the mechanisms of this interaction.

The purpose of this study is to establish the types

of symmetry of the vibrations that are softened in

the region of structural and magnetic transitions in the

Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9 composite and dependent on

the size of mullite particles.

Experiment

The Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9 composite was synthe-

sized by the method of solid-phase synthesis with repeated

thorough and lengthy intermediate grinding to a homoge-

neous state in ethyl alcohol. The oxides used as initial

materials were
”
high purity“ Bi2O3, SnO2, Fe2O3 . The

initial mixture of oxides pressed into tablets was placed in a

furnace and held at temperatures from 700 to 950◦C in the

air atmosphere; the holding time ranged from 8 to 24 h.

The powder X-ray diffraction pattern of the synthesized

compound was taken using a D8 ADVANCE diffractometer

by Bruker at room temperature. The experiment used a

VANTEC linear detector and Cu-Kα-radiation. In the X-

ray diffraction pattern, in addition to the main monoclinic

phase Pc , corresponding to the α-phase of Bi2Sn2O7 [40],
peaks of Bi2Fe4O9 were detected (weight fraction of

∼9%). Therefore, for the Rietveld refinement, the initial

structures of these particular phases were used. However,

the coordinates of all 176 atoms of the main phase of

Bi2(Sn0.7Fe0.3)2O7 were fixed, because their refinement is

extremely unstable. The refinement was implemented using

the TOPAS 4.2 software [41] and yielded low R-factors of

unreliability (Fig. 1).

The crystal structure of Bi2Sn2O7 contains 32 ions of

Bi3+, 32 ions of Sn4+ , and 112 ions of O2− in the

independent part of the cell (Fig. 2, b). All Bi3+ ions have

eight O2− ions in their immediate environment and form

distorted cubes, and Sn4+ are surrounded by six O2− ions

and form octahedra, which are connected by vertices.

The crystal lattice of Bi2Fe4O9 consists of FeO6 octahedra

arranged parallel to the c axis, connected with double

tetrahedra of Fe2O7 (Fig. 2, a) [39]. The Bi3+ ions are

Optics and Spectroscopy, 2023, Vol. 131, No. 8
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Figure 1. Difference X-ray pattern of

Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9. The inset shows a micrograph

of Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9 and grains of Bi2Fe4O9 are

highlighted in the form of dark truncated plates with uneven

edges.

surrounded by eight oxygen ions with mutually orthogonal

short bonds of BiO3 and longer bonds of BiO5 [42].

The analysis of microphoto of the

Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9 composite has shown an

uneven distribution of Bi2Fe4O9 grains (inset in Fig. 1)
surrounded by Bi2(Sn0.7Fe0.3)2O7 matrix [39]. The

Bi2Fe4O9 grains are shaped as dark-colored plates with

truncated corners and uneven edges. The average grain

size of mullite in the bismuth pyrostannate matrix is 1µm

(Fig. 2, c).

It should be noted that optical and acoustic studies are

sensitive to local distortions of the structure, therefore the

selected methods will provide information on structural

phase transitions in Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9.

The Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9 was studied by IR

absorption spectroscopy using a FSM 2202 IR Fourier

spectrometer with a spectral resolution of 1 cm−1 in the

temperature range of 80− 500K and a frequency range of

350−7000 cm−1 with a polycrystalline sample in the form

of tablets with a diameter of 13mm in a KBr matrix.

Acoustic properties were measured directly on the tablets

using two piezoelectric sensors glued to the tablet planes

with silver paste. One of which was a generator, the other

was a receiver of ultrasonic waves. Rectangular pulses with

a duration of 100 nc and a frequency of 1MHz were applied

to the piezoelectric sensor; the sample thickness was 0.4 cm.

The sound wave attenuation coefficient was calculated by

the following formula:

α =
1

d
ln

(U1

U2

)

,

where U1 and U2 are voltage amplitudes on the generator

and receiver of the piezoelectric sensors, d is thickness of

the tablet.

The IR absorption spectroscopy

According to X-ray studies, Bi2(Sn0.7Fe0.3)2O7 has a

pyrochlore structure. The ideal structure of pyrochlore is

described by four sets of equivalent points with positional

symmetry D3d for cations A and B, C3v for the O anion

and Td for O ′ . The group-theoretical analysis gives the

following distribution of 25 optical modes over irreducible

representations:

Ŵopt = A1g(R) + Eg(R) + 4F2g(R)

+ 7F1u(IR) + (4F2u + 2F1g + 3A2u + 3Eu).

Only 6 of these modes are active in Raman spectra (RS):
A1g , Eg , and 4F2g and 7 modes are active in IR spectra:

7F1u [43,44]. In the IR absorption spectra, both stretching

vibrations of oxygen and stretching vibrations of cations

A and B appear, and in the Raman spectrum of ideal

pyrochlore only vibrational modes of oxygen atoms are

observed. Herein, A1g , Eg , and 3F2g modes are usually

attributed to vibrations of the O-sublattice, and F2g are

attributed to vibrations of the O′-sublattice [44]. Thus, in the

IR absorption spectra of Bi3/2ZnTa3/2O7, Bi3/2MgNb3/2O7,

Bi3/2MgTa3/2O7, Bi3/2ZnNb1.52O6.92 bands were found

whose frequencies were close to those observed in our study

of [45]. The group-theoretical analysis of Bi2Fe4O9 includes

14 IR active modes B2u (Table 3 in [46]) and 42 Raman

active modes (12Ag + 12B1g + 9B2g + 9B3g) [31].
The structural disorder observed in the crystal lattices of

bismuth-containing pyrochlores results in a decrease in the

positional symmetry of Bi and O atoms, as well as to a vio-

lation of the selection rules. Therefore, additional bands may

appear in the spectrum of bismuth pyrostannate [44–47].
IR absorption spectra of Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9 in

the frequency range of 350−1100 cm−1 are shown in Fig. 3

for a number of temperatures. With increasing temperature,

an increase in the width of the IR absorption line is

observed. A similar behavior of the spectral dependence

was observed for Bi2(Sn0.95Cr0.05)2O7 [48]. The broadening

of absorption lines may be due to the structural positional

and orientational disorder and anharmonicity of vibrations.

Orientation disorder was discovered in bismuth-containing

titanates with a pyrochlore structure, in bismuth oxide and

its derivatives [49]. Random orientation of A−O−Bi3+

and A-O′
−Bi3+ electron pairs causes dispersion of vibration

frequencies and, accordingly, results in a broadening of the

IR absorption spectrum.

The IR spectrum of Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9 can be

conventionally divided into 4 sections in the frequency

ranges of 460−510, 510−580, 590−680, 800−1010 cm−1

(table). In the frequency range of 460−510 cm−1 four

modes can be distinguished: 472, 483, 492, and 502 cm−1.

The first mode at the frequency of w = 472 cm−1 belongs

to stretching vibrations of the Fe-O FeO6 bond of mul-

lite [50] and the stretching vibrations of the Bi-O ′ bond

in Bi2(Sn0.7Fe0.3)2O7 at a frequency of 473 cm−1 [43]. The
next three modes of 483, 492 and 502 cm−1, correspond

64∗ Optics and Spectroscopy, 2023, Vol. 131, No. 8
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Figure 3. IR absorption spectrum of the

Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9 composite. The inset shows the

mode in the frequency region of w = 470− 510 cm−1 .

to the stretching vibrations of the Bi-O′ bond in the

Bi2(Sn0.7Fe0.3)2O7 (Fig. 1, inset on the left). Lines

with close frequencies were detected in cubic pyrochlores

Bi3/2ZnTa3/2O7, Bi3/2MgNb3/2O7, Bi3/2MgTa3/2O7, and

Bi3/2Zn0.92Nb1.5O6.92 [45]. Lines with frequencies of

w = 483, 492 cm−1 belong to stretching vibrations of

the Bi-O′ [51]. In the crystal structure of Bi2Sn2O7

the Sn4+ ions occupy nonequivalent crystallographic posi-

tions [14,52].
Not all tin ions are replaced by iron. As a result, two

types of oxygen octahedra are formed: SnO6 and FeO6. The

atomic mass of tin is twice the atomic mass of iron, which

results in a distortion of the octahedra containing Fe3+. As

a consequence, lengths of the Bi-O′ bonds change. This

leads to the emergence of spectral lines not previously

observed in bismuth pyrostannate. The line at a frequency

of 502 cm−1 is close to the stretching vibration of the Bi-O′

bond in Bi2(Sn0.95Cr0.05)2O7 and Bi2Sn2O7 [48,53]. In the

region of structural phase transitions in Bi2(Sn0.7Fe0.3)2O7

at temperatures of T = 160 and 400K the frequencies

are softened by 8% (Fig. 4, a). The softening of this

line in Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9 may be caused by

distortion of the oxygen octahedron in the crystal lattice

of bismuth pyrostannate as a result of doping with iron

ions.

Optics and Spectroscopy, 2023, Vol. 131, No. 8
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Frequencies in the IR absorption spectrum of Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9 at room temperature

Frequencies of TR modes of Frequencies of TR modes of Bi2Fe4O9, A2B2O7, cm
−1

Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9, cm−1 [50]

cm−1

472 471 Fe-O stretching 473 Bi-O′ stretching

vibrations (FeO6) vibrations [43]

483 483 Bi-O′ stretching

vibrations [51]

492 492 Bi-O′ stretching

vibrations [51]

502 500 Bi-O′ stretching

vibrations [43]

519 513 Bi-O stretching

vibrations [54]

527 532 O′-vacancy stretching [54]

565 570 Fe-O-Fe

bending vibrations

(FeO4)

574 570 Fe-O-Fe

bending vibrations

(FeO4)

622 625 Sn-O stretching

vibrations [43,58]

634 648 Fe-O stretching

vibrations (FeO4)

812 Fe-O stretching

vibrations (FeO4)

900 825
”
overtone or combination

modes“[51]

The frequency region of 510−580 cm−1 contains two

modes of stretching vibrations (Fig. 4, b), which are de-

scribed by two Lorentz functions with maxima at 519 and

527 cm−1. The line at the frequency of w = 519 cm−1 is

close in frequency to the line at w = 513 cm−1 [54] and

refers to the stretching vibrations of Bi-O. The frequency

of the second line is close to the frequency of the line at

w = 532 cm−1 and corresponds to O′-stretching vibrations

of the oxygen bond in pyrochlores, known as O′-vacancy

stretching (A1g) [53].

A feature of complex bismuth pyrochlores is that, due

to the presence of a lone electron pair, the Bi3+ ion is

displaced from the highly symmetric position 16d occupied

by cation A in the ideal lattice of pyrochlore, perpendicular

to the triple axis to one of six low-symmetry positions

96g(96h) -[55]. In this case, a displacement of O′ takes

place and a distortion of the structure, which is referred

to as
”
displacive disorder“ in the literature [56]. The

displacement of bismuth atoms leads to rotation of faces

of the Bi4O
′ tetrahedra, stretching of A-O′ bonds along

the
〈

110
〉

direction, and displacement of the O′ ion from

the high-symmetry position 8b along the
〈

111
〉

direction

to one of the four low-symmetry positions 32e [57]. At

a temperature of 260K, O′-vacancy stretching ordering

apparently occurs at a frequency w = 527 cm−1, which

leads to a change in the electron density on the Bi-O′ bond.

In the frequency range of w = 560 − 590 cm−1 of the IR

absorption spectrum of Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9 there

is a mode consisting of two spectral lines at 565cm and

574 ,cm−1, which are described by the Lorentz function

(Fig. 4, b). This mode has not previously been observed

in bismuth pyrostannate. In Bi2Fe4O9 at a frequency of

570 cm−1 stretching-bending vibrations of the Fe-O-Fe bond

of FeO4 tetrahedra are observed [50]. The splitting of

the mode into two spectral lines is associated with the

interaction of two crystal lattices in the composite: Pc for

Bi2(Sn0.7Fe0.3)2O7 and Pbam for Bi2Fe4O9.

The most intense absorption band in the IR spectrum

of Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9 in the frequency range of

590−680 cm−1 with a maximum at 621 cm−1 corresponds

to the Sn-O stretching vibrations of the oxygen SnO6-

octahedron [43,58]. Similar mode behavior in this fre-

quency region was observed in Bi2(Sn0.95Cr0.05)2O7 [48].
In the same frequency range there are stretching vibrations

Optics and Spectroscopy, 2023, Vol. 131, No. 8
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of the Fe-O-group of FeO4 [50,58]. With increasing

temperature, a decrease in the vibration frequency is

observed. The intensity of this mode, w = 590 − 680 cm−1

(Fig. 5, curve 1), has clearly manifested anomalies in

the vicinity of structural transitions in bismuth pyrostan-

nate.

The experimental results of the frequency-temperature

dependence of this mode are satisfactorily described by the

fitting function

ω(T ) = ω0 + 1ωlat =
ω0

exp
(

B
(

T
Tc

)n) ,

where ω0 being frequency of harmonic vibrations, 1ωlat be-

ing frequency shift as a result of the change in the binding

energy of ions both during thermal expansion of the lattice

and when the structure of the crystal changes under the ef-

fect of deformations or phase transitions. Fitting parameters

are: B = 0.024, Tc = 548K, n = 2, ω0 = 626 cm−1. The

value of fitting parameter B = γα01T is consistent with es-

timates of existing parameters for oxides: γ = 0.5− 2 [59],
α0 = (2− 5) · 10− 5K−1, 1T = 400K. Theoretical esti-

mates give for B a range of values of 0.01−0.04. The abrupt

change in the intensity of the absorption line at Tc is perhaps

due to the appearance of an inversion center in the β-phase

of pyrochlore.

At T = 200K, a decrease in the mode frequency by

2% is observed, which corresponds to a displacement of

the atoms of oxygen octahedra in the direction of one of

the crystallographic axes. Similar structural distortions are

observed in AXB3 perovskites [60]. Rotations of octahedra
occur in different ways. One possible distortion is the

rotation of octahedra around the spatial diagonal (ϕϕϕ),

Optics and Spectroscopy, 2023, Vol. 131, No. 8
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which leads to a trigonal structure [61]. Superpositions

of polar and nonpolar distortions can induce the manifes-

tation of ferroelectric properties along one axis and anti-

ferroelectric properties along the other axis. Thus, the

analysis of structure of the monoclinic ferroelectric phase

in WO3 and ReO3 made it possible to detect distortion

in oxide systems in the form of a superposition of polar

distortion with rotational or antipolar distortion [62] .

Rotations of octahedra in WO3 are combined with the

intrinsic anti-ferroelectric displacements of tungsten in the

octahedral environment. The resulting structures remain

anti-ferroelectric with low spontaneous polarization.

The crystal structure, in addition to the displacement of

X ions corresponding to the rotations of soft modes [M]
and [R], can allow the displacement of some X ions, as

well as A ions. The displacement of ions from equilibrium

positions is determined by the minimum potential energy of

the entire structure [60]. In this case, the space group may

not change.

The complex mode in the frequency range of

800−1000 cm−1 has a wide maximum at w = 900 cm−1.

In the literature on pyrochlores, this mode is referred to

as
”
overtone or combination modes“. It does not appear

in other pyrochlores with an ideal structure [53], arises

due to electron-phonon interaction and was observed in

Bi2(Sn1−xFex)2O7, x = 0, 0.1, 0.2 [63]. In pyrochlore

compounds, the mode at a frequency of 850 cm−1 [45]
corresponds to a change in length of the Bi-O′ bond in the

Bi2O
′ sublattice. The difference between long (2.351 Å)

and short (1.961 Å) bonds is 20%. The displacement of the

O′ anion and the A cation within the domain results in a

shortening of one A-O′ bond and a lengthening of the other

bond. The line in the frequency range 800−1010 cm−1,

which is observed in the IR spectrum of Bi2(Sn0.7Fe0.3)2O7,

is the sum of two modes, w = 527 and 417 cm−1, and refers

to the stretching vibrations of Bi-O′-bonds.

The intensity of this mode decreases by two times at

270K (Fig. 5, curve 2). In the region of the structural

α → β-transition of Bi2(Sn0.7Fe0.3)2O7 the mode almost

disappears. Such changes can be explained by the

nonlinearity of elastic properties. In pure mullite, the

vibration at a frequency of 812 cm−1 is associated with

stretching vibrations of oxygen with symmetry Ag and B1g

with a weak intensity, which is an order of magnitude

lower than the intensity of other vibration modes [31,50].
In the Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9 composite this line is

not observed due to the low concentration of the Bi2Fe4O9

compound.

The substitution of tin by iron in bismuth pyrostannate

does not change the space group. With an increase in the

concentration of Fe3+ ions in Bi2(Sn1−xFex )2O7 changes

in the IR absorption spectra are observed in the form

of broadening, changes in the intensity and frequencies

of spectral lines. The decrease in line intensity is most

pronounced at frequencies of w = 490 − 540 cm−1. This

frequency region is characterized by vibrations of the Bi-

O′ bond (F1g) and O′-vacancy stretching (A1g) A four-

times decrease in the intensity of the w = 490 − 540 cm−1
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Figure 6. Temperature dependence of the sound attenuation

coefficient for Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9. The inset shows the

derivative of the sound attenuation coefficient as a function of

temperature.

mode in the IR absorption spectrum of Bi2(Sn1−xFex)2O7

c x = 0.3 compared to x = 0, 0.1, 0.2 is indicative of a

decrease in the polarity of the Bi - O′ bond and the lone

pair effect of the Bi3+ ion.

Sound

The temperatures of structural transitions can be deter-

mined from the ultrasonic attenuation coefficient. Tem-

perature dependence of the sound attenuation coefficient

for the Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9 composite compound

(Fig. 6) has a number of anomalies that correlate with

the data for Bi2(Sn1−xFex)2O7, x = 0.1 and 0.2. The first

large peak at T = 130K is associated with anomalies in

the temperature-frequency dependence of the IR spectra.

In particular, the vibration mode of SnO6-octahedron with

w = 625 cm−1 softens in frequency at T = 120K This

anomaly in the temperature dependence of the sound

attenuation coefficient is caused by a structural phase

transition from a triclinic to a monoclinic crystal structure,

which was found in Bi2(Sn1−xFex)2O7, x = 0.2 [63].

Anomalies at T = 190 and 216K correspond to changes

in the temperature-frequency dependence and intensity of

the w = 625 cm−1 mode of SnO6-octahedron vibration at

200K in Bi2(Sn0.7Fe0.3)2O7. According to Mëssbauer

spectroscopy data [14], the Sn4+ ions occupy two crystallo-

graphic positions in the structure of Bi2Sn2O7. Apparently,

the rotation of oxygen octahedra occurs in two stages:

first, octahedra of one type undergo rotational distortions,

and at T = 216K octahedra of another type are distorted.

The distortion of octahedra is sometimes considered as

secondary effects of decompensation of antipolar displace-

ments during rotational distortions [60]. It can be assumed

that the rotational distortion of oxygen octahedra induces

a magnetoelectric effect in Bi2(Sn1−xFex )2O7, x = 0.2 [63].
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At T = 200K, a nonlinear behavior of magnetization in the

paramagnetic state is observed, which is due to the linear

magnetoelectric effect

The anomalies at T = 340 and 390K correspond to

the α → β-transition in bismuth pyrostannate. The base

compound Bi2Sn2O7 has a domain structure and the α → β-

transition occurs in the region of T = 400K [11], and in

Bi2(Sn0.8Fe0.2)2O7 it starts at T = 350K [63]. Some of

the domains containing iron ions begin to rearrange at

T = 340K, and at T = 390K the entire sample transits

into a single-phase state, the β-phase. At T = 350K,

the energy absorption is caused by scattering at domain

boundaries, and at T = 390K, the scattering is due to a

structural transition. With an increase in the concentration

of iron ions, additional maxima appear on the temperature

dependence of the sound attenuation coefficient associated

with rotational distortions of octahedra [63]. Also, the

temperatures of phase transitions from triclinic phase to

monoclinic phase and the α → β transition shift towards

low temperatures. The increase in the sound attenuation

coefficient above 420K is perhaps associated with a phase

transition to the centrosymmetric structure of bismuth

pyrostannate at 548K. In the region of the magnetic phase

transition in mullite at a temperature of 240K̇, the rate

of ultrasound attenuation with temperature changes sharply

(inset in Fig. 6).

Conclusions

In the Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9 composite vibration

modes corresponding to bending and stretching vibrations

of mullite have been established. Frequency shift of

these modes is associated with the effect of the bismuth

pyrostannate matrix.

In the region of structural transitions, a decrease in

the frequency of phonon modes was detected, associated

with stretching vibrations of the Fe-O bond and with

rotational distortion of the SnO6 octahedra, which provide

the prerequisites for the existence of ferroelectric properties.

A decrease in the mode frequency was established at

frequencies of w = 519 and 527 cm−1, related to O′-

vacancy stretching (A1g), below room temperature.

In the region of the α → β — transition, the disappear-

ance of the composite mode was detected, associated with

a decrease in nonlinear effects of the lattice.

A sharp decrease in the rate of ultrasound attenuation in

the region of the magnetic phase transition in mullite was

found.
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