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a b s t r a c t

A Bi2Fe4O9/BiFeO3 composite with a percentage ratio of 67/33 has been synthesized, its morphological 
analysis has been carried out. The average crystallite sizes for each phase have been determined. The 
magnetization hysteresis has been established and the temperature of its disappearance has been found. 
Using the infrared absorption spectra, temperatures of the magnetic phase transitions in each phase have 
been determined from the magnetic susceptibility, magnetostriction constant, ultrasound damping coef
ficient, and phonon mode softening. The change of magnetostriction constant sign observed in the vicinity 
of the spin reorientation transition and antiferromagnetic transition in mullite has been attributed to the 
change of the sign of the magnetoelastic constants. The interaction between the phases in the composite 
and the correlation of its structural and magnetic properties have been established.

© 2023 Elsevier B.V. All rights reserved. 

1. Introduction

The combination of the ferroelectric and ferromagnetic or anti
ferromagnetic properties in materials is widely used in multi
functional memory and spintronic devices [1,2]. Bismuth ferrite 
BiFeO3 belongs to multiferroics and is characterized by a strong 
coupling between the magnetic and ferroelectric subsystems [3] and 
high temperatures of the magnetic (ТΝ ∼ 643 K) and ferroelectric (ТC 

∼ 1083 K) ordering [4]. At 140 K, the BiFeO3 films undergo a surface 
structural transition without changing the crystal structure sym
metry [5], which is accompanied by a dramatic change in the sample 
volume, an anomaly in the temperature dependence of the pyro
electric current, a conductivity maximum, and a singularity in the 
impedance spectrum. The BiFeO3 crystal structure allows the coex
istence of the antiferromagnetic and ferroelectric phases; however, 
this compound does not exhibit magnetoelectric effect due to the 
spatial modulation of its spin structure [6,7]. BiFeO3 is rhombohedral 
(sp. gr. R3c). Oxygen octahedra in the bismuth ferrite crystal struc
ture are rotated around the [111] axis without changing the space 
group, which is the reason of magnetic ordering [8]. Therefore, a 
necessary condition for observing the magnetoelectric effect is the 
suppression of the space modulated structure, which occurs in 

strong magnetic fields [7], when the system undergoes an in
commensurate phase–commensurate phase transition between the 
spin-modulated and uniform antiferromagnetic states.

Mullite Bi2Fe4O9 also belongs to the family of multiferroics [9,10]. 
In contrast to the BiFeO3 compound, it is paramagnetic at room 
temperature and has an orthorhombic crystal structure (sp. gr. 
Pbam) [11]. Four Fe3+ ions hold two different positions in the 
Bi2Fe4O9 structure: Fe3+(1) occupies the octahedral FeO6 site and 
Fe3+(2) occupies the tetrahedral Fe2O7 site [12]. At Т = 264  ±  3 K, the 
bulk Bi2Fe4O9 compound passes to the antiferromagnetic state. The 
magnetic moment of Fe3+ ions is μВ = 4.95 μВ [13] or, as was reported 
in [14], μВ = 3.9–4.0 μВ. The magnetic properties of the polycrystal
line Bi2Fe4O9 compound depend from the synthesis technique used 
and crystallite size. The sample with a crystallite size of 200–450 nm 
synthesized using ethylenediaminetetraacetic acid [15] exhibits the 
weak magnetization at room temperature. The Bi2Fe4O9 polycrystal 
with a micron grain size obtained by melting undergoes an anti
ferromagnetic phase transition at 250 K [16,17]. The polycrystalline 
Bi2Fe4O9 ceramics with grains smaller than 200 nm is characterized 
by the room-temperature magnetic hysteresis, which vanishes upon 
heating [18]. The single-crystal Bi2Fe4O9 samples have a N é el 
temperature of ТN = 238 K [12]. A critical grain size of 50 nm cor
responding to the occurrence of the magnetization at room tem
perature was found in the Bi2Fe4O9 compound synthesized by 
glycine combustion method [19].
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The Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9 composite with a low (9%) mullite 
content exhibits weak ferromagnetism [20]. The remanent magne
tization of Bi2Fe4O9 in the oxygen-deficient Bi2(Sn0.7Fe0.3)2O7 matrix 
is higher than that of the pure Bi2Fe4O9 polycrystal by an order of 
magnitude. The magnetic hysteresis in the Bi2(Sn0.7Fe0.3)2O7/ 
Bi2Fe4O9 composite and the absence of saturation of the magneti
zation are attributed to mullite. To explain the magnetic properties 
of this material, a model of the formation of ferrons with electron 
hoppings between sublattices from ferrous iron impurity ions with 
the absorption of optical magnons was proposed. 

The space modulated BiFeO3 structure can be suppressed dif
ferently, e.g., by applying a strong magnetic field, substituting rare- 
earth ions for Bi, and production of thin films [21–23]. Another way 
to suppress the modulation is to create multiphase compounds. 
Recently, a new direction has appeared in condensed matter physics, 
which studies multiphase systems consisting of compounds with 
different crystallographic structures and types of magnetic ordering. 
For example, the Bi2Fe4O9–BiFeO3 composite was synthesized using 
a sonochemical route and contained 90–94% of antiferromagnetic 
BiFeO3 and 10–6% of mullite Bi2Fe4O9. Average particle sizes of 
13–57 nm for BiFeO3 and 112–119 nm for Bi2Fe4O9 for each per
centage, respectively, were reported [24,25]. The coexistence of 
several magnetic states at helium temperatures, including a ferro
magnetically ordered core, an antiferromagnetic shell, a super spin 
glass at the interface, and an asymmetric hysteresis loop, has been 
established. 

The aim of this work was to define the effect of the synthesis 
technique, concentration of the Bi2Fe4O9/BiFeO3 phases, and particle 
size on the structural and magnetic properties of the material. 

2. Material and methods 

The investigated compound was synthesized by the solid-state 
reaction according to the scheme. 

2.5Bi2O3 + 2.5Fe2O3 → 2Bi2Fe4O9−x/BiFeO3−y. 
The initial materials for the synthesis were oxides Bi2O3 and 

Fe2O3 of special purity grade (99.9%). The initial oxide mixture was 
thoroughly ground to a homogeneous state and tableted. The tablets 
were placed in a furnace and held at a temperature from 973 to 
1173 K; the holding time varied from 8 to 24 h. The tablets were 
annealed in several stages with intermediate grinding. 

The powder diffraction data on the Bi2Fe4O9/BiFeO3 composite 
for the Rietveld analysis were collected at room temperature using a 
Bruker D8 ADVANCE powder diffractometer (the analytical equip
ment of the Krasnoyarsk Regional Center for Collective Use, 
Krasnoyarsk Scientific Center, Siberian Branch of the Russian 
Academy of Sciences) equipped with a VANTEC linear detector (CuKα 
radiation). The 2θ step size was 0.016° and the counting time was 2 s 
per step. These structures were taken as a starting model for the 
Rietveld refinement performed using the TOPAS 4.2 software [26]. 

The morphology and qualitative and semi-quantitative elemental 
composition studies, as well as energy-dispersive elemental analysis 
of the synthesized composite were carried out on Hitachi SU3500 
and TM 4000 scanning electron microscopes. Scanning electron 
microscope Hitachi SU3500 has a magnification of 3–300000, re
solution up to 3 nm, depth of field 0.5 mm. Accelerating voltage 
5–30 kV. The scanning electron microscope TM 4000 has a magni
fication of 10–100000, a depth of field of 0.5 mm, and a maximum 
displacement step of 65 nm. Accelerating voltage 15 kV. The EDS 
microanalysis system for the Hitachi TM 4000 electron microscope 
has an energy resolution of 137 eV (Mn Ka). Elemental mapping in 
the wave and energy dispersion modes adequately reflects the dis
tribution of elements in the sample. The crystal structures of the 
composite components were determined in the backscattered elec
tron mode. The tilt angle was 70°. The scanning of different sample 
microregions yielded identical results. 

The infra-red (IR) spectroscopy study of the Bi2Fe4O9/BiFeO3 

composite was carried out on an FSM 2202 IR Fourier spectrometer 
with a spectral resolution of 0.5 cm–1 at temperatures of 80–500 K 
and frequencies of 400–7000 cm–1 on the sample in the form of 
tablets with a diameter of 13 mm in a KBr matrix. 

The thermal expansion coefficient β was determined from the 
change in linear sizes (dL/L) of the sample, which were found by 
measuring the electrical resistance of strain gauges located on the 
sample: β = dR/dT∙1/R, where R is the electrical resistance of a load 
cell. Resistance was measured by Agilent 34420 A NanoVolt/Micro- 
Ohm Meter 7½ digits resolution. 

The ultrasound damping coefficient in Bi2Fe4O9/BiFeO3 was de
termined on tablets with a thickness of 0.4 cm with two piezo
electric sensors glued to the tablet planes; one of them was a 
generator and the other, a receiver of ultrasonic waves. The ultra
sound pulse duration time was τ = 10−7 s at a pulse repetition rate of 
5 MHz. The formula for the calculation was 

=
( )
d

ln
,

U
U

1

2

where U1 and U2 are the voltage amplitudes detected by the oscil
lation generator and receiver and d is the tablet thickness. 

The magnetostriction was determined from the change in the 
linear sizes (dL/L) of the sample in a magnetic field by measuring the 
electrical resistance using Agilent 34420 A NanoVolt/Micro-Ohm 
Meter 7½ digits resolution. The sample with an attached strain 
gauge was placed between the electromagnet poles. The magne
tostriction constant of the sample was calculated as 

= R R
R

,H 0

0

where RH and R0 are the load cell resistances measured in nonzero 
and zero magnetic fields, respectively. 

The magnetic properties of the composite were examined on a 
PPMS-9 Physical Property Measurement System at temperatures of 
up to 300 K in magnetic fields of –6 Т <  Н <  6 Т in two modes. In the 
zero-field cooling (ZFC) mode, the sample was cooled down to the 
liquid helium temperature without field; after that, the magnetic 
field H = 1000 Oe was switched on and the magnetic moment was 
measured upon heating the sample. In the field cooling (FC) mode, 
the sample was cooled in a magnetic field of 1000 Oe and then its 
magnetic moment was measured in a magnetic field of 1000 Ое. 

3. Results and discussion 

3.1. X-ray diffraction and morphology 

According to the X-ray diffraction data, the Bi2Fe4O9/BiFeO3 

composite consists of Bi2Fe4O9 (67%) and BiFeO3 (33%) (Fig. 1). 
Atomic coordinates were fixed. The refinement was stable and 
yielded low R factors (see Table 1). 

Fig. 2a shows a microphotograph of the Bi2Fe4O9/BiFeO3 com
posite surface. It can be seen that Bi2Fe4O9 crystallites are tightly 
distributed and surrounded by smaller BiFeO3 particles. The micro
photograph shows the presence of pores in the sample. Fig. 2b shows 
the phase map obtained on the surface polished with argon. 

Fig. 3 presents the Bi2Fe4O9 grain distribution. The average size of 
Bi2Fe4O9 crystallites is 1.5–4.0 µm. The BiFeO3 grain size is smaller 
than the instrument resolution (100 nm). 

The electron backscatter diffraction study (Fig. 4) established two 
orthorhombic crystalline phases Bi2Fe4O9 and BiFeO3 (sp. gr. Pbam 
and R3c), which is consistent with the X-ray diffraction data. 

Fig. 5 shows the total energy spectrum of the Bi2Fe4O9/BiFeO3 

composite. Its elemental composition corresponds to the chemical 
formulae of the components and agrees with the X-ray diffraction 
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data. The calculated atomic and mass fractions (per cent) in the 
phase components Bi2Fe4O9 and BiFeO3 in the composite are in good 
agreement with the experiment (Table 2). 

3.2. IR spectroscopy study 

The IR spectrum of the Bi2Fe4O9/BiFeO3 composite represents a 
set of lines corresponding to its components. The group-theoretical 
analysis revealed 14 IR active modes B2u [27] (see Table 3) and 42 
Raman active modes (12Ag +12B1g+ 9B2g + 9B3g) [12] for Bi2Fe4O9. 
According to the group theory, there are 18 optical phonon modes in 
BiFeO3: 4A1 + 5A2 + 9E are active. Phonon modes A1 and E are active 
both in Raman and IR spectroscopy (Table 4) and A2 is only active in 
the Raman mode [28]. 

Fig. 6 presents the IR spectrum of the Bi2Fe4O9/BiFeO3 composite 
at temperatures from 80 to 480 K. 

The absorption band in the frequency range of w = 530–628 cm–1 

is described by two Lorentz curves. The mode at a frequency of w 
= 535 cm–1 slightly softens with temperature and vanishes at 
T = 280 K in the temperature region of the maximum magnetic sus
ceptibility and maximum thermal expansion coefficient (inset in  
Fig. 7b). Vibrations at a frequency of 602 cm–1 are attributed to 

bending vibrations of the O–Fe–O and Fe–O–Fe bonds in the FeO4 

tetrahedral pairs of the Fe2O7 dimer of the Bi2Fe4O9 ceramics [29]. 
The mode w = 602 cm–1 is softened by 3 cm–1 at 200 K (Fig. 7a), 
where the magnetostriction constant attains its maximum. 

The next mode in the IR spectrum of the Bi2Fe4O9/BiFeO3 com
posite at a frequency of w = 637 cm–1 at room temperature corre
sponds to stretching vibrations of the Fe−O bonds in FeO4 tetrahedra 
of Bi2Fe4O9 [29] and stretching vibrations of Fe3+ in FeO6 octahedra 
of BiFeO3 [30]. The mode w = 637 cm–1 is softened in frequency by 2% 
at 240 K and the derivative dw/dT of this mode has the maximum 
absolute value (inset in Fig. 6). The dw/dT maxima of these modes 
are observed also in the range of 320–360 K. 

The symmetrical mode w = 815 cm–1 is softened by 5 cm–1 

(Fig. 7c) in the region of the Bi2Fe4O9 magnetic phase transition and 
is consistent with vibration frequencies of w = 812 cm–1 for BiFeO3 

and w = 815 cm–1 for Bi2Fe4O9. In the BiFeO3 ceramics, the mode 
softening at a frequency of w = 812 cm–1 is caused by the reor
ientation of ions [31]. In Bi2Fe4O9, the mode w = 815 cm–1 corre
sponds to stretching vibration of the Fe–O bonds in FeO4 

tetrahedra [29]. 
According to the lattice dynamical calculation (LDC), the ab

sorption peak at a frequency of 535 cm–1 corresponds to Raman 
mode B1g at a frequency of 545 cm–1 and is caused by a combined 
mode consisting of a magnetic vibration mode and a vibrational 
mode of FeO4 tetrahedra [12]. Vanishing of the magnetic vibration 
mode in the region of the magnetic phase transition leads to an 
increase in the intensity of the FeO4 vibrational mode by 5%. The 
mullite structure contains tetrahedra of two types, which belong to 
the B2u vibrational symmetry and are related to the Fe–O stretching 

Fig. 1. Difference XRD pattern of the Bi2Fe4O9/BiFeO3 composite. 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. 

Table 1 
Structural parameters of the Bi2Fe4O9/BiFeO3 composite.        

Phase Weight, % Space 
Group 

Cell Parameters (Å), 
Cell Volume (Å3) 

RB Rwp, 
Rp, χ2  

Bi2Fe4O9 67.0 (3) Pbam a = 7.9793(4), 
b = 8.4468(4), 
c = 6.0072(3), 
V = 404.89(3)  

1.35 5.93, 
4.65, 
1.23 

BiFeO3 33.0 (3) R3c a = 5.5821(3), 
c = 13.8737(9), 
V = 374.39(5)  

1.81 

Fig. 2. SEM image of the Bi2Fe4O9/BiFeO3 composite: a) surface microphotography, b) phase map.  

Fig. 3. The grain size distribution functions of the Bi2Fe4O9/BiFeO3 composite.  
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modes at frequencies of 635 and 815 cm–1. The exchange coupling 
between iron ions is carried out through oxygen and the dis
appearance of the exchange energy in the region of the magnetic 
phase transition leads to a decrease in the effective modulus of 
elasticity and, consequently, in the oscillation frequency of these 
modes. The mode w = 815 cm–1 is softened at 440 K. 

3.3. Thermal expansion coefficient 

Fig. 8 shows the temperature dependence of the thermal ex
pansion coefficient of the Bi2Fe4O9/BiFeO3 composite heated in zero 
field and cooled and heated in a magnetic field of H = 12 kOe. The 
β(Т) change under the magnetic field is explained by the 

Fig. 4. The diffraction of the Bi2Fe4O9/BiFeO3 composite: a) Bi2Fe4O9, b) BiFeO3.  

Fig. 5. EDS of the Bi2Fe4O9/BiFeO3 composite. (a) EDS of Bi2Fe4O9 phase. (b) EDS of BiFeO3 phase.  

Table 2 
Atomic and mass ratio of elements of the Bi2Fe4O9 and BiFeO3.           

element Bi2Fe4O9 BiFeO3 

Theoretical calculations Experimental data Theoretical calculations Experimental data 

Atomic % Mass % Atomic % Mass 
% 

Atomic % Mass % Atomic 
% 

Mass %  

oxygen 60  18.32  50.76  14.11  60  15.33  50.10  13.21 
iron 26,7  28.5  34.90  33.86  20  17.9  24.34  19.95 
bismuth 13,3  53.18  14.33  52.03  20  66.77  25.56  66.84    

Table 3 
Calculated and experimental data of active Raman and IR modes in Bi2Fe4O9.        

Raman mode Raman LDC Bi2Fe4O9,  
см−1[12] 

Mode IR IR LDC Bi2Fe4O9, см−1[27]. IR modes of Bi2Fe4O9/BiFeO3 at  
T = 280 K, cm−1 in this article 

Atomic motions[32]  

B1g  545 B2u   535 Fe –M– Fe bend (FeO4) 
B1g  606 B2u   602 Fe–O–Fe bend (FeO4) 
B1g  628 B2u  639  638 Fe–O stretch (FeO4) 
B1g  813 B2u  789  814 Fe –O stretch (FeO4)    
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magnetostriction and domens structure that disappears in magnetic 
field. The β(Т) maximum at 150 K in zero magnetic field shifts to a 
temperature of 163 K in a magnetic field of H = 12 kOe. In the tem
perature range of 240–270 K, the expansion of the sample caused by 
bismuth ferrite is partially compensated by the compression of 
mullite crystallites. Ferromagnetic drops are formed in the vicinity of 
the magnetic phase transition in Bi2Fe4O9, which lead to lattice 
compression. According to the literature data, the Bi2Fe4O9 N é el 
temperature lies in the region from 240 K [12,34] to 265 K [13,35]. 
This temperature interval is consistent with the disappearance of the 
phonon mode w = 535 cm–1. The β(Т) jump around 150 K correlates 
with the impedance jump in the BiFeO3 films [5]. Below 150 K, a 
magnetization hysteresis is arises, where the remanent magnetiza
tion also sharply drops by an order of magnitude (Fig. 10). 

A broad β(Т) maximum at room temperature correlates with the 
maximum magnetization of the film BiFeO3 in the temperature 
range 280–350 K (insert of Fig. 11). 

3.4. Magnetic properties 

The Bi2Fe4O9/BiFeO3 composite exhibits the properties of an 
antiferromagnet. The ZFC and FC temperature dependences of its 
magnetic susceptibility are shown in Fig. 9. The magnetic suscept
ibility increases smoothly upon heating above 40 K and, at T = 250 K, 
has a kink-like singularity, which is observed in a mullite single 
crystal. Above a transition temperature of T = 250 K, the magnetic 
susceptibility has a broad maximum. 

Table 4 
IR active modes in BiFeO3 using notations [33].        

Mode Сalculated[33],см−1 Modes observed in[30] 
at T = 303 K, cm−1 

Modes observed in[31] 
at T = 300 K, cm−1 

Modes of Bi2Fe4O9/BiFeO3 at  
T = 280 K, cm−1 in this article 

Atomic motions 
[30]  

Е(ТО5)  274  307   Fe3+ internal vibration in FeO6 octahedra 
А1(ТО3)  318  331   Fe3+ internal vibration in FeO6 octahedra 
Е(ТО6)  335  351   Fe3+ internal vibration in FeO6 octahedra 
Е(ТО7)  378  391   vibration Fe3+ cations in FeO6 octahedra 
Е(ТО8)  409  437   Fe-O bend 
Е(ТО9)  509  551 545(A1 (TO))  526 Fe-O stretch    

638   638 local lattice distortion of FeO6 octahedra    
814  combining 

Fig. 6. Infrared spectra of the Bi2Fe4O9/BiFeO3 composite at several temperatures. The 
inset shows the derivative dw/dT mode of the mode w= 637 см-1. 

Fig. 7. The temperature dependence of phonon frequencies of Bi2Fe4O9/BiFeO3 composite. The inset shows the temperature dependence of the relative intensity of the mode with 
frequency w= 535 см−1. 

Fig. 8. The temperature dependence of thermal expansion coefficient of Bi2Fe4O9/ 
BiFeO3 composite, curve 1 corresponds to heating the sample in the magnetic field 
H= 0 kOe, 2- H= 12 kOe. 
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The field dependence of the magnetization has a hysteresis 
(Fig. 10a), where the magnetization does not saturate. The tem
perature dependence of the coercivity Hc (inset in Fig. 10b) has the 
maximum at T = 50 K and vanishes at 150 K. The remanent magne
tization decreases upon heating; at T = 4.2 K the remanent magne
tization is 0.0015 emu/g and, at T = 150 K, it sharply decreases by a 
factor of 3.5 (Fig. 10b). 

The BiFeO3 bulk compound has a space modulated anti
ferromagnetic structure with a cycloid period of λс ≈ 62 nm [36] and, 
below 160 K, exhibits the spin-glass behavior. The field dependence 
of the magnetization has hysteretic at temperatures of 5 and 300 K, 
where the magnetization saturates [30,37]. The magnetization of 
BiFeO3 is low and increases linearly with an increase in the magnetic 
field, which is typical of antiferromagnets [38–40]. In the case of 
Bi2Fe4O9, the magnetic hysteresis depends strongly from the crys
tallite size and vanishes above its critical value of 1 µm. The average 
size of mullite nanocrystallites in our sample is 2–4 µm; therefore, 
mullite does not contribute to the magnetic hysteresis of the 
Bi2Fe4O9/BiFeO3 composite. Hence, the magnetic hysteresis is related 
to bismuth ferrite BiFeO3 nanoparticles. 

In polycrystalline bismuth ferrite BiFeO3, the uncompensated 
magnetic moment is formed if the crystallite size is comparable to 
the cycloid period (62 nm). Study on an electron microscope with a 
resolution of 100 nm did not allow us to determine the BiFeO3 

crystallite size in the investigated composite; therefore, we assume 
that the crystallite size is about the cycloid wavelength. 

In thin films of BiFeO3 with a thickness of 565 nm, the hysteresis 
M(H) with residual magnetization Mr = 0.9 emu/g= 0.04 μB/f.u. and 
coercive field 50 Oe was found [41]. The canted angle of the sub
lattices is ϑ=Mr/M= 0.004 and is in the range of angles 0.001–0.01 
formed by antisymmetric exchange ϑ=D/(2 J + 3 K), where D is the 
Dzyaloshinsky-Moriya parameter, K is the anisotropy constant, J- 
exchange [42]. The remanent magnetization is two orders of mag
nitude smaller and Мr = 0.006 emu/g in nanocrystals with a crys
tallite size of 25–30 nm [43,44]. The formation of hysteresis with a 
weak residual magnetic moment is attributed to the non
compensation of surface spins. The difference of the spins number in 
the sublattices on the crystallite surface is the source of the mag
netic moment in the antiferromagnet. A crystallite in the kind of a 
cube with a side of 60 nm has a magnetization per formula unit M ∼ 
0.8 10−4 μB/f.u = 0.0015 emu/g, if there is an uncompensated spin on 
each face of the cube with µ = 5 µB. The crystallites in the composite 
have a G-type AFM structure, which changes at 140 K as a result of a 
structural transition. The magnetization of the polycrystalline BiFeO3 

film decreases jumpily by 15% in a magnetic field of 0.86 T at 
T = 132 K (Inset Fig. 11). The frequency of the E-type phonon mode in 
BiFeO3 nanotubes sharply increases from 83 cm–1 to 97 cm–1 above 
140 K [5]. Similar behavior was found in ceramics and single crystals. 
The phonon mode is associated with the vibration of the Bi-O bond. 
In bulk samples, the frequency decreases to 75 cm−1 and the 

Fig. 9. The temperature dependence of magnetic susceptibility of Bi2Fe4O9/BiFeO3 

composite. 

Fig. 10. a) The field dependence of magnetization of the Bi2Fe4O9/BiFeO3 composite. In the inset the field dependence of magnetization in the magnetic field from − 200–200 Oe at 
temperatures 50, 100, 200 and 250 K. b) The temperature dependence of the remanent magnetization of the Bi2Fe4O9/BiFeO3 composite. The inset shows the temperature 
dependence of the coercive field. 

Fig. 11. The temperature dependence of the magnetostriction coefficient of Bi2Fe4O9/ 
BiFeO3 composite in the magnetic fields H= 6 and 12 kOe. The square symbols cor
respond to the magnetic field of 6 kOe, the round ones to 12 kOe. The inset shows the 
temperature dependence of magnetization of the BiFeO3 film in the magnetic field 
H= 8600 Oe. 
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temperatures of the maxima ω(T) are shifted to the region of low 
temperatures. The magnon modes show small sharp peaks around 
130 K and 225 K, 130 K and 200 K. The intensities of these modes also 
have anomalies at the same temperatures [45,46]. These anomalies 
are explained by the reorientation of the spin and the change in the 
elastic characteristics. As a result, the indirect exchange interaction 
between Fe3+ ions in BiFeO3 changes, since its value depends from 
the Fe-O-Fe bond angle and the Fe-O bond length. Spin-reorientation 
transition associated with a change of magnetic anisotropy upon 
heating. The change of frequency is attributed to the displacement of 
the oxygen ion, which will lead to a change in the antisymmetric 
exchange. So, the parameter D ∼ [r1, r2] ∼ λ∙Ui, where r1, r2 are the 
bond vectors of the oxygen ion with the nearest iron ions Fe1-O and 
Fe2-O, Ui is the relative displacement of the oxygen ion, λ is the spin- 
orbit interaction constant. In the region of the structural transition, 
there is degeneracy in the oxygen displacement, for example ±  U, 
and, accordingly, in the sign of the antisymmetric exchange. In 
BiFeO3 nanocrystals above 140 K, an incommensurable magnetic 
structure (probably spiral) with threefold degeneracy in direction is 
formed, which can be lifted by a magnetic field. This effect will 
manifest itself in magnetostriction. 

3.5. Magnetostriction 

The change of the magnetic structure upon heating in a magnetic 
field as a result of the magnetoelastic interaction can be detected by 
measuring the deformation of the samples. There are no data about 
magnetostriction of Bi2Fe4O9 and BiFeO3 compounds. Fig. 11 shows 
the temperature dependence of the magnetostriction constant of the 
Bi2Fe4O9/BiFeO3 composite measured in magnetic fields of H = 6 and 
12 kOe. It can be seen that the magnetostriction constant depends on 
the magnetic field. The temperatures of the maximum magnetos
triction constant and the ultrasound damping coefficient (Fig. 12) are 
corresponds with a temperature of T = 140 K of the structural surface 
phase transition in BiFeO3. The BiFeO3 lattice constant increases 
sharply above 140 K [5], which is in qualitative agreement with our 
β(Т) data. In the region of the transition, the magnetostriction con
stant grows linearly with an increase in the magnetic field. The 
temperature shift of the maximum of the thermal expansion coef
ficient β(Т) towards higher temperatures in a magnetic field and an 
increase of the intensity of ultrasound damping indicate to the re
lationship between magnetic and structural characteristics. 

At 200 K, the magnetostriction constant changes its sign, which is 
associated with a change in the magnetoelastic constants. The 
temperature of a spin reorientation transition in BiFeO3 correlates 
with the temperature of softening of Raman mode E3 at a frequency 
of 268 cm–1 at T = 200 K [28]. The phonon mode frequencies are 
determined by the modulus of elasticity; therefore, the shift of 
Raman scattering lines is indicative of the change in the magne
toelastic constant. The IR spectroscopy study of the spinephonon 
interaction in the BiFeO3 compound revealed two new phonon 
modes, E and A1, at T = 213 K, which are attributed to Fe3+ vibrations 
in the FeO6 octahedron [30]. As the temperature decreases, the in
tensity of these modes grows due to the lattice compression. The 
appearance of additional modes is caused by the reorientation of 
Fe3+ spins [30] as a results of the spinephonon interaction, which is 
confirmed also by the g-factor anomaly at T = 201 K found during the 
electron spin resonance (ESR) measurements [5]. 

In the range of the magnetic phase transition in mullite, the 
magnetostriction constant changes its sign; the thermal expansion 
coefficient is minimum at 255 K and shifts in a magnetic field to 
266 K. Mullite, similar to bismuth ferrite, is characterized by the 
magnetoelastic interaction. At room temperature and above it, the 
positive magnetostriction constant is related to bismuth ferrite. 

There are two main mechanisms of magnetostriction: single-ion 
with an orbital magnetic moment of the magnetic ion [47]. In a 
magnetic field, the rotation of the orbital momentum changes the 
electrostatic field of the surrounding ions; as a result, the crystal 
lattice undergoes anisotropic deformations. Exchange magnetos
triction (λ) arise at the exchange interaction between magnetic ions 
changes and is associated with spin correlators. Exchange magne
tostriction [48]: 

B B S S h C C( ) (0) ( ) /( )100 111 11 14 (1) 

where B is the exchange magnetoelastic constant, C11, C14 are the 

elastic modules for a cubic crystal, S S h(0) ( ) is the spin-spin 
correlation function between nearest neighbors. A slight uniaxial 
pressure (70 bar) in a single crystal of bismuth ferrite doped with 2% 
Nd rotates the easy plane of magnetic anisotropy by 60° [49] and 
creates deformations of 10−5–10−4, which are 2–3 orders of magni
tude smaller than the deformations during the structural transition  
[50,51]. The plane of a magnetic cycloid can rotate due to tem
perature-induced deformation created by surface energy in nano
crystallites. The change of sign of the magnetostriction constants 
occurs when the magnitude of the magnetoelastic constants changes 

in the vicinity of 200 K. The correlator S S h(0) ( ) between the spins 
of iron ions in BiFeO3 is negative. The magnetostriction constant is 
positive when the relation >B B[111] [100] is satisfied. 

Thus, at 140 K the magnetic structure of BiFeO3 changes from the 
Neel AFM to the incommensurate one. Magnetic domains with triple 
degeneracy among the direction of the incommensurability vector in 
the transition region are created. This degeneracy is removed by a 
magnetic field, which leads to lattice compression. Ferromagnetic 
drops (ferrons) are formed in mullite in the region of magnetic phase 
transition temperature [20]. The appearance of the ferromagnetic 
component of the exchange causes compression of the drop. In a 
magnetic field, the volume of the ferron grows, and the sample is 
compressed. As a result of the competition between the two factors 
in mullite and bismuth ferrite, the magnetostriction constant be
comes negative in the range 250–260 K. 

3.6. Acoustic properties 

The temperature dependences of ultrasound damping coefficient 
α in zero magnetic field and in a field of H = 12 kOe are presented in  
Fig. 12. It can be seen that the α(Т) curve has several anomalies, the 
temperatures of which depend on the magnetic field. The low- 

Fig. 12. The temperature dependence of the sound damping coefficient of the 
Bi2Fe4O9/BiFeO3 composite. The curve 1 corresponds to the sound damping coefficient 
in the magnetic field 12 kOe, while curve 2 corresponds to the same without any field. 
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temperature α anomaly is caused by the structural and magnetic 
transition in BiFeO3 at T = 140 K. The increase of ultrasound damping 
in magnetic field is caused by the magnetoelastic interaction. A 
strong influence of the magnetic field on the ultrasound damping 
was found in the region of the orientational magnetic transition at 
200 K, where the ultrasound damping intensity increases by a factor 
of 1.5, as a result of softening of polar Raman mode E3 at a frequency 
of 268 cm–1. An increase of ultrasonic damping in a magnetic field is 
due to the magnetoelectric interaction. An increase in the ultrasound 
damping coefficient above 270 K and a broad maximum of the 
thermal expansion coefficient in the room temperature region are 
caused by softening of the Fe–O stretch satellite mode of the tetra
hedron in mullite at a frequency of 635 cm–1. 

4. Conclusions 

It was shown that the synthesized Bi2Fe4O9/BiFeO3 composite 
differs from previously known in the percentage of phases in the 
sample, synthesis technique used, and particle size. An increase of 
the mullite concentration and the average particle size leads to a 
change of the magnetic properties of the composite. Study of the 
morphological properties of the Bi2Fe4O9/BiFeO3 composite de
monstrated that Bi2Fe4O9 crystallites have an average size of 
1.5–4.0 µm and are surrounded by BiFeO3 crystallites smaller than 
100 nm in size. 

Using IR spectroscopy, vibrational modes of tetrahedra and oc
tahedra and their softening temperatures were established. The re
lationship between the phonon modes and magnetic order of the 
composite was determined. A kink in the temperature dependence 
of the magnetic susceptibility of the composite at the temperature of 
the magnetic phase transition in mullite was found, which is not 
observed in single-phase mullite. The magnetic hysteresis induced 
by bismuth ferrite nanoparticles and the critical temperature of 
disappearance of the coercivity and remanent magnetization, which 
is a property of the composite, was established. A change in the sign 
of the magnetostriction constant and, consequently, of the magne
toelastic constants was found with a change in temperature near the 
temperature of the spin-reorientation transition in BiFeO3 crystal
lites and at the N é el temperature in mullite. An increase of the 
magnetostriction constant and ultrasound damping on a magnetic 
field near the temperature of the surface phase transition and at the 
temperature of the spin reorientation transition in BiFeO3 in the 
composite was observed. The contributions of each phase to the 
structural and magnetic transitions in the Bi2Fe4O9/BiFeO3 compo
site were determined. 
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