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A B S T R A C T

The structure, microstructure, magnetic properties and magnetocaloric effect in the BiFeO3-based multiferroics
with a partial isovalent substitution of bismuth for europium ions have been experimentally and theoretically
investigated by X-ray diffraction, SEM and magnetic methods. The ceramic EuxBi1−xFeO3 (0≤ x≤ 0.2) samples
have been prepared by a solid-state reaction method under cold pressing at high pressure P=4GPa. With
increase in the concentration of the doping Eu element a structural phase transition from a rhombohedral R3c to
an orthorhombic Pn21a perovskite structure is observed. Microstructure and chemical composition of the
EuxBi1−xFeO3 samples have been studied by SEM data. Temperature dependences of magnetization for the Eu-
doped multiferroics demonstrate two magnetic “weak ferromagnetic-antiferromagnetic” and “anti-
ferromagnetic-paramagnetic” phase transitions in a high temperature range T=640–822 K. The presence of a
weak ferromagnetism in all compositions is confirmed by open loops of magnetic field dependencies. On the
basis of the analysis of magnetic data, magnetic entropy change, heat capacity change, relative cooling power
and full-width at half-maximum of the peak have been calculated. It has been found out that the thermodynamic
characteristics strongly depend on the degree of substitution, temperature, and magnitude of magnetic field.

1. Introduction

In recent years, the interest of researchers has been focused on
studying caloric effects (CE) in solid state materials [1–7]. The de-
monstration of CEs is expressed in changing temperature and/or en-
tropy under external magnetic, electric or elastic fields [8,9]. The ma-
terials with at least two CEs are called multicaloric ones [10].
Multiferroics combining spin-charge ordered structures are possible
materials for realization of CE. The most well-known multiferroics are
BiFeO3-based (BFO) compositions obtained in course of partial iso-
valent substitution of bismuth for rare-earth ions [11]. In this case, the
increase in the resultant magnetic moment and the enhancement of

magnetoelectric interaction are observed. A lot of structural varieties,
depending on the method and conditions of preparation, as well as
concentration-related changes in physical properties were found in the
EuxBi1−xFeO3 (EuBFO) system [12,13]. The choice of Eu3+ as a doping
ion is due to a small ionic radius relative to the radius of the replaced
Bi3+ ion [14]. This leads to the appearance of large structural distor-
tions in BFO, which increases the intensity of magnetic interactions
according to the crystal and chemical approach due to a change in the
lengths of interionic bonds and values of FeeOeFe bond angles
[15,16]. This fact, as well as the high magnetoactivity of Eu3+ ion lead
to the formation of ferromagnetically ordered state in EuBFO even with
a low degree of cation substitution. According to the availability of
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noticeably features in the temperature dependences of the magnetiza-
tion [17] and heat capacity at Neel temperature [18], EuBFO samples
are of interest and can be considered as thermo-magnetic materials.

It should be also noted that at small x < 0.10 degrees of substitu-
tion of Bi3+ for Eu3+ cations, EuBFO samples crystallize in a rhom-
bohedral R3c lattice which is an isostructural one for BFO lattice
[19–21]. At x > 0.10, concentration transitions in Pnma [19], Pn21a
[20], P1 [21] structures are observed in EuBFO. Analysis of these data
shows that samples of the same composition, but synthesized under
different conditions have different structural and physical properties. It
is due to the high sensitivity of structural factors to small changes of the
composition. Therefore, the investigation of the isostructural EuBFO
samples synthesized at the same temperature, time and pressure is of
particular interest.

The aim of this work is an experimental and theoretical investiga-
tions on the evolution of structure, magnetic phase transitions, mag-
netic properties and magnetocaloric (MC) effect in the EuxBi1−xFeO3

(x=0–0.20) samples depending on the degree of substitution, tem-
perature, and magnetic field.

2. Experimental section

The polycrystalline EuBFO samples with a concentration of
x=0.00 (BFO), 0.05 (EuBFO5), 0.10 (EuBFO10), 0.15 (EuBFO10) and
0.20 (EuBFO10) were synthesized using the solid-state reaction route
[22]. The initial Eu2O3, Bi2O3 and Fe2O3 powders (chemical purity
99.99%, Sigma Aldrich Chemicals) were mixed for 0.5 h in a stoichio-
metric ratio in a dried agate mortar and after wards for 2 h with
ethanol. The obtained mixture was preliminary synthesized at a tem-
perature of 850 ± 50 °C in a ceramic vessel in air for 5 h. The heating
rate was 10 °C/min. After grinding and repeated synthesizing under the
same conditions, X-ray diffraction studies of the obtained mixture for
controlling the phase composition were carried out. After that the
samples were finally annealed from preliminary synthesized and
grinded mixture under cold pressing at high pressure P=4GPa for
1min using a high-pressure equipment (see Supplementary material,
Figs. 1S and 2S).

Studies of microstructure and chemical composition were per-
formed from the external (outside) and internal (breaking of the pellets
and placing them vertically to see internal structure) surfaces of the
samples using Hitachi S-3000N and FEI Magellan 400 scanning electron
microscope (SEM) with energy dispersive X-ray spectroscopy module.
The type and parameters of crystal lattice were determined on the basis
of a full-profile analysis of diffraction patterns obtained by DRON-3M
diffractometer in CuKα radiation at room temperature. The analysis and
refinement of X-ray data were performed by JANA2006 software using
Rietveld method [23].

Magnetic-field dependences of a specific magnetization were stu-
died by SQUID magnetometer (Superconducting Quantum Interference
Device, LOT-Quantum Design MPMS-XL) and a vibration magnetometer
(VSM, OXFORD) at temperatures of 5 K, 100 K and 300 K in magnetic
fields up to H=4T. The temperature dependences of the magnetiza-
tion for the samples placed in vacuum quartz ampoules were measured
by Faraday method [24] within the temperature range of
T=300–1000 K in a magnetic field of H=0.86 T.

3. Results and discussion

3.1. Structural properties

The results of a full-profile analysis of X-ray patterns are shown in
Fig. 1(a–e). At x < 0.10, the replacement of bismuth by europium
cations leads to the stabilization of crystal lattice and the obtaining
samples with a predominant content of the R3c phase. The presence of
Bi2Fe4O9 impurity was observed in a pure BFO, which does not exhibit
ferromagnetic/ferrimagnetic and ferroelectric properties at

temperatures higher than 250 K [25,26]. The traces of the initial Bi2O3,
Fe2O3 and Eu2O3 oxides were not detected, which indicates their
complete polymorphic transformation. The obtained values of the lat-
tice parameters (see Table 1) correspond well with the known data
[20].

As can be seen from Table 1, the structural factors are sensitive to
small changes of the composition. The calculated values of the lattice
parameters for the BFO–EuBFO10 samples are systematically reduced,
which is caused by 4f-compression effect [27] due to a change in the
average value of the effective radii of cations at the isovalent replace-
ment of bismuth by europium cations. The diffraction maxima shift to
the region of high angles with increasing x. The reason for the sig-
nificant effect of the composition on morphological changes is the
difference in the radii of the Bi3+ (r=1.17 Å) and Eu3+ (r=1.07 Å)
cations [14], which was also observed in [11,13,20]. The same beha-
vior is demonstrated for the EuBFO15 and EuBFO20 samples which
crystallize in a Pn21a structure.

The EuBFO5 and EuBFO10 samples are single-phased and crystallize
in a non-centrosymmetric rhombohedral crystal lattice with R3c space
group (JCPDS no: 71-2494). In the X-ray patterns for the EuBFO15 and
EuBFO20 samples, a shift of peaks, an appearance of new maximum at
2θ ≈ 25° and a split of maximum at 2θ=32° are observed. The results
of a full-profile analysis of X-ray patterns confirm the fact of crystal-
lization of the EuBFO15 and EuBFO20 samples in the orthorhombic
Pn21a crystal structure and the presence of a concentration phase
transition from R3c to Pn21a. The space group Pn21a, as well as R3c is
non-centrosymmetric, and it may have a polar ion displacement along
the axis (0 1 0) leading to a charge ordered state. For all compositions
with increase in the Eu concentration, a reduction of a unit cell volume
associated with a change in the FeeO bond lengths and the FeeOeFe
bond angles is observed.

According to SEM data obtained outside and inside of the EuBFO
ceramics, there is no clearly defined microstructure for the external
surface (see Fig. 2(a), (c), (e), (g)) in contrast to the images obtained for
the internal surface (see Fig. 2(b), (d), (f), (h)). It may be related to the
preparation method of the EuBFO samples synthesized under high
P=4GPa. With increase in the Eu concentration a decrease in the
grain size is observed, which is possibly due to the difference between
bond dissociation energy of BieO (343 ± 6 kJ/mol) and EueO
(557 ± 12 kJ/mol) [13].

According to EDS data (see Fig. 3) the chemical composition of the
EuBFO agrees approximately with nominal composition 1:1:3. The
measured atomic percentages of Eu, Bi, Fe and O are 0.52%, 17.68%,
16.98% and 64.81% for EuBFO5; 1.91%, 16.75%, 17.21% and 64.13%
for EuBFO10; 2.42%, 14.66%, 14.80% and 68.12% for EuBFO15 as well
as 3.34%, 15.89%, 16.86% and 63.91% for EuBFO20, respectively.

3.2. Magnetic properties and magnetocaloric effect

Appearance of a weak ferromagnetic (wFM) moment in the EuBFO
is caused by, firstly, the suppression of spin cycloid due to partial
substitution of bismuth for europium cations in the BFO and, secondly,
the violation of collinearity (angularity) of antiferromagnetically (AFM)
ordered magnetic moments in Fe3+ (d-subsystem) and Eu3+ (f-sub-
system) sublattices. Therefore, the contribution from the spin sub-
systems to the total energy of crystal is [28]:

∑ ∑ ∑= + −
≠ ≠

J S S D S S H SE μ gΔ ( · ) [ · ] ( · ),
i j

ij i j
i j

ij i j
i

iB L
(1)

where Si, Sj are magnetic moments of Fe3+ and Eu3+ cations, respec-
tively; Jij is an exchange integral; Dij is Dzyaloshinskii-Moriya vector
[29,30]; μB is Bohr magneton; gL is Lande factor; H is an external
magnetic field. The first term in an Eq. (1) is due to asymmetric ex-
change interaction which determines AFM ordering in d- and f-sub-
systems at temperatures below Néel point (TN). AFM ordering spin
magnetic moments of Eu cations is observed at temperatures below
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10 K [31] that is much lower than the ordering temperature of d-sub-
systems in the EuBFO because Eu3+eO2−eEu3+ exchange interaction
is weaker than Fe3+eO2−eFe3+ [32]. The second term in the Eq. (1)
describes Dzyaloshinskii-Moriya interaction, contribution of which to
ΔE equals to a few percent from exchange interaction energy [28]. This
contribution determines the magnitude of slope of AFM ordered

magnetic moments and, as a consequence, the resultant wFM moment
value. The third term in the Eq. (1) describes the interaction between Si
magnetic moments and H external magnetic field.

Within the framework of the phenomenological model proposed by
Hamad [33], the temperature dependence of magnetization (M) in the
vicinity of Néel point can be written as:

Fig. 1. X-ray patterns of the BFO (a), EuBFO5 (b), EuBFO10 (c), EuBFO15 (d) and EuBFO20 (e) samples obtained at room temperature.
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The magnetic contribution to magnetic entropy change (ΔSM) de-
pends on the value of an external magnetic field from 0 to Hmax:
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The maximum value of ΔSM contribution is reached at temperature
T= TN and defined as:

⎜ ⎟= ⎧
⎨⎩

− ⎛
⎝

− ⎞
⎠

+ ⎫
⎬⎭

S A
M M

B HΔ
2

,i f
max max

(4)

and a full-width at half-maximum of the peak (δTFWHM) is determined
from the following expression:
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The magnetic cooling efficiency based on the magnetic entropy
change is assessed from the values of relative cooling power (RCP):

= −RCP S T H δTΔ ( , )· .M FWHMmax (6)

The change in a magnetic part of specific heat capacity (ΔCp,H) is
calculated as:

= − ⎛
⎝

− ⎞
⎠

− −ΔC 2TA M M
2

sech (A(T T)) tanh(A(T T))H .p,H
2 i f 2

N A max

(7)

Above the magnetic ordering TN point, the contribution to the re-
sultant magnetization due to the corresponding spin reorientation
process is eliminated. The behavior of M(T) curve (see Fig. 4) obtained
as the result of simulation in every range of T < TN, TN < TN1 and
TN1 < T can be interpreted as the resultant magnetization which is due
to fluctuations in the directions of spin moments of magnetically active
cations within the corresponding magnetic transition regions. Conse-
quently, the thermodynamic characteristics, assessed from the Eqs.
(2)–(7) and calculated at TN1 and TN2 points, include contributions from
the rearrangement of spin structure for two magnetic phase transitions
which are “weak ferromagnetic-antiferromagnetic” (wFM-AFM) and
“antiferromagnetic-paramagnetic” (AFM-PM) within the temperature
ranges 640–650 K and 818–822 K, respectively. The model parameters
for describing the behavior of a specific magnetization within the wFM-
AFM transition region are listed in Table 2.

The results of the M(T) curve simulated within the AFM-PM tran-
sition confirm the independence of the model parameters from the
concentration of Eu cations. The average value of TN2 transition tem-
perature is 820 ± 2 K. While using the average values of B =
(−3.15 ± 0.13)·10−5 emu/g·K and SN= (−1.20 ± 0.05)·10−4 emu/
g·K, MC characteristics of −ΔSM= (1.03 ± 0.05)·10−4 J/kg·K,
RCP=(3.20 ± 0.09)·10−4 J/kg and ΔCp,H= (4.80 ± 0.09)·10−3 J/

kg·K were calculated. The availability of magnetic phase transition in
similar materials at temperature 890 K was also described in [34]. The
shape of M(H) field dependences [34] does not confirm the presence of
ferromagnetic order (open loops of ferromagnetic hysteresis are absent)
within this temperature range, which also gives grounds to relate this
anomaly M(T) to the AFM-PM transition. The displacement of the
transition point TN2≈ 820 K is due to the different method of pre-
paration. The similar results confirming the presence of a magnetic
transformation in BFO samples with Nd at a temperature of 820 K are
also given in [35].

The temperature dependences of the MC characteristics within the
wFM-AFM transition range are shown in Figs. 5–7.

The curves are typical in shape for all compositions, but have cer-
tain differences depending on the concentration of replacement cations.
With increase in the degree of substitution, there is a redistribution of
the intensities of the maximum values of ΔSM, RCP, ΔCp,H and their shift
in the temperature according to the values of TN1. The concentration
dependences of the change in the full-width at half-maximum of the
peak δTFWHM and the temperature change of ΔTmax at TN1 are presented
in Fig. 8. In order to estimate the value of temperature change (see
Fig. 8) at the MC effect, the formula ΔTmax=−(T/Cp,H)·ΔSM was used.
The value Cp,H is 0.4 J/kg·K for BFO ceramic sample. The maximum
values of the absolute values for ΔSM and ΔCp,H are observed in the
EuBFO15 composition, i.e. near the structural transition at the condi-
tions of coexistence of R3c and Pn21a phases. The minimum values of
the ΔSM and ΔCp,H contributions, which are even lower than in the BFO,
are obtained in the EuBFO5 and EuBFO10 compositions. Relatively low
RCP values are observed in the BFO and EuBFO5 samples with narrow
temperature intervals of the wFM-AFM transition, which are char-
acterized by low δTFWHM values relative to the maximum value for the
EuBFO20. The largest RCP is observed in the EuBFO20 sample.

The results of the calculation indicate that absolute values of ΔSM,
RCP, ΔCp,H are relatively small in the vicinity of the TN1 point. The
values of RCP and ΔCp,H are fractions of a percent, and the values of
ΔSM are units of a percent from the values of the respective contribu-
tions formed at the wFM-AFM transition in a magnetic field H=0.86 T.

For a more in-depth analysis of the obtained MC data, the magnetic
field dependences of the specific magnetizations for the EuBFO samples
were additionally investigated (see Figs. 9 and 10). A residual magne-
tization (Mr) gradually increases with increasing Eu concentration in
the BFO system, which confirms the presence of wFM.

The shape of the hysteresis loops of the specific magnetization for
the EuBFO samples indicates the presence of various types of magne-
toactive interactions, i.e. wFM and AFM in the magnetic sublattice
formed by Fe3+ cations and PM due to the interaction of Eu3+ cations
in the rare-earth sublattice. In order to separate the wFM and AFM/PM
contributions, the hysteresis loops were simulated using equation [36]:

= ⎡
⎣⎢

± ⎛
⎝

⎞
⎠

⎤
⎦⎥

+−M H M
π

H H
H

π χH( ) 2 tan tan S
2

.s 1 C

C (8)

The first term in the Eq. (8) describes the wFM component, and the
second one determines the linear contributions from the AFM and PM
interactions. The parameter S characterizes the rectangularity of the
magnetization loop defined as the ratio of the residual magnetization

Table 1
The lattice parameters (Å), unit cell volume (Å3), and X-ray density (g/cm3) for the EuBFO samples obtained by the Rietveld refinement of X-ray patterns.

Composition Space group Structural parameters and criteria of fit

a (Å) b (Å) c (Å) V (Å3) ρ (g/cm3) GOF Rp (%) Rwp (%)

BFO R3c 5.6200 5.6200 13.6920 374.5 8.3247 1.15 17.09 23.01
EuBFO5 R3c 5.5803 5.5803 13.8220 372.7 8.2886 1.20 13.78 18.65
EuBFO10 R3c 5.5758 5.5758 13.7828 371.1 8.2478 1.20 13.30 17.97
EuBFO15 Pn21a 5.5945 7.9095 5.4463 241.0 8.3882 1.20 14.33 19.05
EuBFO20 Pn21a 5.6072 7.8822 5.4258 239.8 8.3512 1.32 15.61 20.14
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Mr to the saturation magnetization Ms; HC is a coercive force; χ is a
magnetic susceptibility. It should be noted that the saturation of the
magnetization is not achieved on the experimental dependencies up to
4 T. Therefore, the parameters of Ms at the simulation were varied with
a purpose to get the best result. The values of Mr and HC were obtained
from the partial hysteresis loops. The inset of Fig. 10 shows the simu-
lated results for a hysteresis loop to separate the wFM and AFM/PM
contributions for the EuBFO20 sample. The model parameters are

shown in Table 3.
The enhancement of the magnetic properties in course of ion re-

placement is due to a combination of several factors. Firstly, a structural
phase transformation of R3c–Pn21a causes the slope of the FeO6 octa-
hedra and, as a result, leads to a change in the values of the FeeOeFe
angles. The magnitude of the FeeOeFe bond angle determines the
conditions of the magnetic exchange interaction that occurs through the
orbital overlap between Fe3+ and O2− ions. This leads to an increase in

Fig. 2. SEM images obtained outside and inside of the EuBFO ceramics for EuBFO5 (a) and (b), EuBFO10 (c) and (d), EuBFO15 (e) and (f), EuBFO20 (g) and (h),
respectively.
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the slope angle of adjacent AFM ordered planes and the wFM interac-
tions. Secondly, the change in the mutual arrangement of the spin
magnetic moments of the Fe3+ cations is associated with a change in
the conditions of the antisymmetric exchange interaction of the
Dzyaloshinskii-Moriya. In an ideal cubic perovskite, this contribution is
equal to zero due to the equality of the 180° bond angle FeeOeFe [37].
As the magnitude of this angle changes, the magnitude of the magne-
tization increases because of the phase transition from the AFM to the
wFM state. The third factor is the PM contribution of the large magnetic
moment in the saturation state of Eu3+ (7µB) ions to magnetization.

Fig. 3. Typical EDS pattern for the EuBFO ceramics at the example of the EuBFO10.

Fig. 4. Temperature dependences of specific magnetization, M(T), for the
EuBFO samples. The simulated curves obtained from the Eq. (2) are indicated
by a solid line. The insert shows temperature dependences dM/dT for de-
termining TN1.

Table 2
The model parameters for describing temperature dependences of specific
magnetization within the wFM-AFM transition range.

Composition Mi (emu/
g)

Mf (emu/
g)

B∙10−5 (emu/
g∙K)

SN (emu/g∙K) TN1 (K)

BFO 0.099 0.073 −1.2 −0.0024 631
EuBFO5 0.255 0.198 −23.0 −0.0017 631
EuBFO10 0.313 0.226 −50.0 −0.0022 628
EuBFO15 0.360 0.260 −60.4 −0.0053 623
EuBFO20 0.465 0.310 −42.0 −0.0033 625

Fig. 5. Temperature dependences of magnetic entropy change, ΔSM(T), for the
EuBFO samples.

Fig. 6. Temperature dependences of the relative cooling power, RCP(T), for the
EuBFO samples.
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The AFM order in the system can be described as a result of the
coexistence of two spin sublattices with FM interaction in each sub-
lattice and AFM interaction between the sublattices. The model of two
sublattices leads to a long-range collinear antiparallel spin structure
with a zero magnetic moment due to the complete compensation of the
spin moments of these sublattices. Incomplete spin compensation of
these sublattices can occur in the AFM BFO when bismuth cations are
replaced. Substitution of Bi3+ cations leads to suppression of the spatial
spin-modulated structure and the appearance of the wFM response in
the EuBFO compositions, the value of which depends on the con-
centration of Eu3+ cations. As follows from the magnetic data analysis,
the contribution of the wFM ordering increases with increasing content
of Eu3+ cations and achieves the maximum in the EuBFO20 sample.
The evolution of the contributions of the AFM/PM components to the
resultant magnetization is illustrated in Figs. 11 and 12 plotted on the
basis of the calculated data according to the Eq. (8).

At a temperature of 5 K, the AFM/PM contribution increases with
increasing concentration of Eu3+ for the EuBFO15, and then decreases
for the EuBFO20 sample. The decrease in the magnitude of this con-
tribution to the magnetization of EuBFO20 is due to increasing the
fraction of the Pn21a phase. This phase provides the establishment of
the collinear AFM ordering, when the spiral ordering of the spin mag-
netic moments of d-sublattice is destroyed. There is a linear increase in
the value of the AFM/PM contribution at room temperature, which
reaches the highest value in EuBFO20. The concentration dependences
of the magnetic characteristics for the samples are presented in Figs. 13
and 14.

Significant differences in the dependences of μ0·HC(T) obtained at

Fig. 7. Temperature dependences of specific heat capacity change, ΔCp,H(T), for
the EuBFO samples.

Fig. 8. Concentration dependencies of the full-width at half-maximum,
δTFWHM(x), and the maximum temperature change, ΔTmax(x), for the EuBFO
within wFM-AFM transition range.

Fig. 9. Magnetic field dependences of the specific magnetization, M(H), for the
EuBFO samples at temperature of 300 K.

Fig. 10. Magnetic field dependences of the specific magnetization, M(H), for
the EuBFO samples at temperature of 5 K. The inset indicates the simulation
results for a hysteresis loop to separate the wFM and AFM/PM contributions for
the EuBFO20 sample.
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5 K are explained by the effect of the disordered spin moments of
europium cations at temperatures higher than 10 K [31]. An isovalent
substitution of Bi3+ with Eu3+ cations in the BFO leads to the sup-
pression of the spatial spin-modulated structure and the appearance of

the wFM response. The change in the behavior of theMr(x) is associated
with the structural transition, in which the AFM/PM and the wFM or-
dered states coexist. The composition of the cation sublattices affects
significantly the intersublattice Eu(Bi)eOeEu(Bi) and intrasublattice
FeeOeFe exchange interactions. A change in the bond lengths of EueO

Table 3
The model parameters for describing the magnetic field dependences of the specific magnetization.

Composition T=5K T=300 K

Ms (emu/g) µ0∙HC (T) Mr (emu/g) χ, 10−6 (emu/g·K) Ms (emu/g) µ0∙HC (T) Mr (emu/g) χ, 10−6 (emu/g·K)

BFO 0.300 0.127 0.014 0.700 0.350 0.589 0.015 0.700
EuBFO5 0.610 0.209 0.019 2.000 0.650 0.200 0.028 3.370
EuBFO10 0.810 0.711 0.076 2.600 0.820 0.678 0.107 4.200
EuBFO15 0.750 0.831 0.135 3.000 0.640 0.806 0.132 3.200
EuBFO20 0.710 0.836 0.122 2.400 0.940 0.886 0.166 4.830

Fig. 11. Magnetic field dependences of AFM/PM contributions to the specific
magnetization, M(H), for the EuBFO samples at a temperature of 5 K.

Fig. 12. Magnetic field dependence of AFM/PM contributions to the specific
magnetization, M(H), for the EuBFO samples at a temperature of 300 K.

Fig. 13. Concentration dependences of the residual specific magnetization,
Mr(x), for the EuBFO samples.

Fig. 14. Concentration dependences of coercive field, HC(x), for the EuBFO
samples.
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and FeeO and, as a result, the magnitudes of the FeeOeFe angles
causes a change in the conditions of indirect, through the oxygen, AFM
exchange interactions. The distortions of the initial BFO matrix due to
the size factor induce a noticeable increase in the values of the specific
residual magnetization and the coercive force of the individual mag-
netic hysteresis loops.

4. Conclusions

X-ray diffraction, SEM and magnetic methods have been used for
investigating the structure, microstructure, magnetic properties and
magnetocaloric effect in the ceramic EuxBi1−xFeO3 samples with a
concentration of x=0–0.2 prepared by a solid-state reaction method
under cold pressing at high pressure P=4GPa.

It has been shown that with increase in the concentration x of Eu
ions the crystal structure of the EuxBi1−xFeO3 compositions is distorted
and at x=0.15 a structural phase transition from a rhombohedral R3c
to an orthorhombic Pn21a perovskite structure is observed.
Microstructure and chemical composition of the EuxBi1−xFeO3 samples
have been clarified by SEM data.

According to magnetic data, the temperature dependences of mag-
netization for the EuxBi1−xFeO3 multiferroics show two magnetic
“weak ferromagnetic-antiferromagnetic” at TN1=640–650 K and “an-
tiferromagnetic-paramagnetic” at TN2= 818–822 K phase transitions.
The appearance of a weak ferromagnetism is caused by suppression of
the spatial spin-modulated structure in course of an isovalent sub-
stitution of Bi3+ with Eu3+ cations in the EuxBi1−xFeO3. Magnetic
entropy change, heat capacity change, relative cooling power and full-
width at half-maximum of the peak have been determined. It has been
established that the thermodynamic characteristics are relatively small
in the vicinity of the TN1 point and strongly depend on the concentra-
tion, temperature and magnetic field. The EuBFO15 and EuBFO20
compositions have maximum values of magnetocaloric characteristics
because of structural phase transition from R3c to Pn21a.

The results of the investigations of the magnetic properties for the
EuxBi1−xFeO3 samples confirm the presence of the magnetocaloric ef-
fect and indicate the possibility of its practical application at tem-
peratures above room temperature. The obtained data can be used to
study the magnetocaloric effect and the features of phase magnetic
transitions in similar materials.
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