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A B S T R A C T

Structure, magnetic properties and magnetocaloric effect in synthesized Bi-based multiferroics with a partial
isovalent substitution of bismuth (III) cations for rare-earth elements (R= La, Nd, Sm, Eu, Gd, Dy, Er) have been
studied. The samples have been prepared by the solid-state reaction method under cold pressing at high pressure
(4 GPa). Proposed, for the first time, has been a modified phenomenological model for describing temperature
dependences of magnetization and investigating a magnetocaloric effect within “weak ferromagnetic-anti-
ferromagnetic” and “antiferromagnetic-paramagnetic” magnetic phase transition regions. Systematic changes of
thermodynamic characteristics have been found out to depend on the degree of replacement and the type of a
substituted cation.

1. Introduction

In recent years, great interest has been displayed to creating and
investigating multifunctional materials which show giant caloric effects
(CE) of various nature due to their practical application in energy-ef-
ficient and environmentally friendly cooling systems using solid-state
substances as a basic element. Appearance of magnetocaloric (MC),
electrocaloric, barocaloric and elastocaloric effects [1–10] is condi-
tioned by changes of temperature and entropy under corresponding
changes of external magnetic, electric, pressure or elastic influences.
One of the topical and rapidly developing directions in modern physics
is an approach based on the practical use of coexisting CEs. Simulta-
neous observation of at least two of CEs is called “multicaloric effect”
and the materials themselves are conventionally called “multicalorics”
[11].

As is known, multiferroics are materials which demonstrate si-
multaneous coexistence of two or more ferro-orders known (magnetic,
electric, elastic). This gives grounds for considering multiferroics as
potential candidates for exhibiting multicaloric effects in them. Recent
theoretical and experimental works have been shown the feasibility of

this idea and confirmed assumptions about the possibility of observing
several CEs in multiferroics [12–18]. As shown in [19], the influence of
magnetoelectric interaction on CEs in multiferroics was observed.
However, nowadays there are very few experimental results devoted to
studies of CE in multiferroics, and values of CE observed are too small
for possible practical application.

The most studied effect in multiferroics is a MC one. Among the
works on MC effects in multiferroics, the most notable are the in-
vestigations of orthorhombic frustrated RMnO3 and RMn2O5 (R=Gd,
Tb, Dy) systems [20,21], double La2MnNiO6 perovskites [22], and
MnCr2O4 spinels [23]. However, these materials have a very complex
crystal structure, which makes it difficult to synthesize them and in-
terpret the experimental data obtained. Their preparation is econom-
ically unprofitable, and the observed peaks of MC effect are localized at
low temperatures, which makes the usage of such materials impossible
for solid-state cooling systems at higher than room temperature.

The more suitable materials for realization of CE are RxBi1-xFeO3

(RBFO) multiferroics obtained as the result of the replacement of bis-
muth cations in BiFeO3 (BFO) with isovalent rare-earth R=La ‒ Lu
ions. These compositions are crystallized in perovskite-like structures,

https://doi.org/10.1016/j.solidstatesciences.2019.06.009
Received 5 February 2019; Received in revised form 12 June 2019; Accepted 20 June 2019

∗ Corresponding author. A. S. Pushkin Brest State University, 224016, Brest, Belarus.
∗∗ Corresponding author. State Key Laboratory of Superhard Materials, International Centre of Future Science of Jilin University, 130021, Changchun, China
E-mail addresses: igmak2010@yandex.by (I.I. Makoed), nikita.ledenev.ssp@gmail.com (N.A. Liedienov).

Solid State Sciences 95 (2019) 105920

Available online 25 June 2019
1293-2558/ © 2019 Elsevier Masson SAS. All rights reserved.

T

http://www.sciencedirect.com/science/journal/12932558
https://www.elsevier.com/locate/ssscie
https://doi.org/10.1016/j.solidstatesciences.2019.06.009
https://doi.org/10.1016/j.solidstatesciences.2019.06.009
mailto:igmak2010@yandex.by
mailto:nikita.ledenev.ssp@gmail.com
https://doi.org/10.1016/j.solidstatesciences.2019.06.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solidstatesciences.2019.06.009&domain=pdf


relatively easy for preparing, as well as have low electrical con-
ductivity, and high temperatures of magnetic and ferroelectric or-
dering. However, carrying out direct measurements of CE in RBFO is
associated with certain difficulties, such as high transition tempera-
tures, small absolute values of CEs and a limited sensitivity of equip-
ment in a high temperature range. Another problem is connected with
obtaining stable compositions. The difficulty is in detecting the influ-
ence of phases with iron-containing impurities, the concentration and
structure of which can change, if measurements are taken at high
temperatures, which, in its turn, can bring to either enhancement or
irreversible degradation of their magnetic and dielectric properties.

The available information on assessing CE in compositions synthe-
sized on the basis of bismuth ferrite is rather scarce. According to the
data presented in [18,24–26], the maximum change of magnetic en-
tropy occurring in BFO reaches ΔSmax=−8.4 J/mol ∙K (H=8T) at
T=18 K [25] and the electrocaloric effect observed in solid
0.85(0.94Bi0.5Na0.5TiO3-0.06BaTiO3)-0.15BiFeO3 solution is
ΔTmax=−0.25 K (E=60 kV/cm) at Т=400 K [26]. As shown in [25],
large magnetic entropy changes of ΔSmax=−1.7 J/mol ∙K (H=8T) in
BFO are observed at a low temperature of T=223 K that is much
smaller than ΔSmax=−9 J/mol ∙K (H=5T) obtained at 300 K for
classical Gd material [27].

The goal of this work is to carry out an experimental investigation of
magnetic properties and a MC effect in cation-substituted RBFO mul-
tiferroics using a modified semi-empirical model which describes the
behavior of magnetization temperature dependence within magnetic
phase transition region. The topicality of developing such a modified

model is caused by a potential possibility of determining the bound-
aries, where MC effect is localized, and assessing absolute values of MC
characteristics within a magnetic phase transition region, when this
cannot be accomplished experimentally. This approach is a basis for
simulating an experiment that allows to describe the detailed behavior
of magnetization temperature dependence, and can be effectively used
for studying magnetic phase transitions and CEs in multiferroics.

2. Experimental section

The isostructural RxBi1-xFeO3 (R= La, Nd, Sm, Eu, Gd, Dy, Er)
samples with a concentration of x=0.00 (BFO), 0.05 (RBFO5), 0.10
(RBFO10) were synthesized from stoichiometric mixtures of Bi2O3,
Fe2O3, La2O3, Nd2O3, Sm2O3, Eu2O3, Gd2O3, Dy2O3, Er2O3 powders
(purity 99.99%, Sigma Aldrich Chemicals) by solid-state reaction route
under cold pressing at high pressure (4 GPa) [28]. Chemical purity,
homogeneity and stoichiometric ratio of the samples were confirmed by
Hitachi S-3000 N electron microscope. Type and parameters of crystal
structure were measured by DRON-3M diffractometer using CuKα ra-
diation at room temperature. X-ray patterns were analyzed using Full-
Prof program. Lattice parameters were calculated with an accuracy±
0.0001 Å. Temperature dependences of magnetization for the samples
placed in vacuum quartz ampoules were measured by Faraday method
[29] within temperature range of 300–800 K in an external magnetic
field of 0.86 T.

Fig. 1. X-ray patterns of BFO (a), DyBFO5 (b), and DyBFO10 (c) samples.
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3. Results and discussion

3.1. Structural properties

At small degrees of substitution (x < 0.10) of Bi3+ for rare-earth
elements, RBFO samples crystallize in R3c rhombohedral lattice which
is isostructural one with BFO [30–43]. When x > 0.10, structural Pnma
(R= La [44], Gd [33], Dy [34], Sm [35]), Pbam (Sm [35], Nd [36]),
Pbnm (La [37], Sm [37,38]), Pbn21 (Gd [39], Er [40], Eu [41]), P1 (Nd
[34,42]) and C222 (La [43]) transitions were observed in RBFO. Ana-
lysis of the structural data shows that the same compositions exhibit a
wide variety of structural properties. It depends on the method and
conditions of synthesis, and indicates high sensitivity of structural
factors to small changes in composition and types of R-cations sub-
stituted. Thus, it is very important to investigate isostructural samples
synthesized at the same conditions of temperature and pressure.

The BFO, RBFO5 and RBFO10 samples crystallized in R3c structure
were chosen for further investigation. The X-ray patterns of BFO,
DyBFO5 and DyBFO10 compositions are shown in Fig. 1(a–c). The re-
sults of a full-profile analysis of patterns (see Table 1) were obtained by
Rietveld method with using JANA2006 program [45].

On the basis of the analysis of X-ray patterns it can be concluded
that the replacement of bismuth cations by rare-earth ones in the
samples obtained leads to the stabilization of crystal structure with a
predominant content of R3c phase. In series of BFO, EuBFO5 and
DyBFO10 samples, the small amount of Bi2Fe4O9 impurity phase is
detected, which does not exhibit ferromagnetic or ferrimagnetic and
ferroelectric properties at temperatures higher than 250 K [46,47]. The
traces of initial Bi2O3, Fe2O3 and R2O3 oxides are not revealed, which
indicates a complete polymorphic transformation.

Doping levels x=0.05 and 0.10 were confirmed by two in-
dependent X-ray diffraction (XRD) and scanning electron microscope
(SEM) methods (see Supplementary Material). An absence of a second
phase and complete polymorphic transformation with a formation of a
perovskite RxBi1-xFeO3 structure (XRD), as well as chemical and phase
homogeneity of the studied samples (SEM) allow us to conclude that the
doping levels x=0.05 and 0.10 correspond to the stoichiometric ratio
and are saved for all compositions.

The calculated values of lattice parameters are systematically re-
duced because of decreasing average values of R3+ radii for La3+ –
Er3+ series, which is caused by 4f-compression effect [48]. The re-
sultant decrease in a cell volume that is associated with changes in bond
lengths and valence angles of Fe-O-Fe should lead to a change in
magnetic interactions and MC effect.

3.2. Magnetic properties and magnetocaloric effect

Appearance of the weak ferromagnetic (wFM) moment in RBFO is
caused firstly by the suppression of spin cycloid due to partial sub-
stitution of bismuth ions for R-cations in BFO [31] and, secondly, by the
violation of collinearity (angularity) of antiferromagnetically (AFM)
ordered magnetic moments in Fe3+ (d-subsystem) and R3+ (f-sub-
system) sublattices. Therefore, the contribution of spin subsystems to
total energy of crystal is [49]:

∑ ∑ ∑= + −
≠ ≠

E μ gJ S S D S S H SΔ ( · ) [ · ] ( · ),
i j

ij i j
i j

ij i j
i

iB L
(1)

where Si, Sj are magnetic moments of Fe3+ and R3+ cations, respec-
tively; Jij is an exchange integral; Dij is Dzyaloshinskii-Moriya vector
[50,51]; μB is Bohr magneton; gL is Lande factor; H is an external
magnetic field. The first term in equation (1) is due to asymmetric
exchange interaction which determines AFM ordering in d- and f-sub-
systems at temperatures below Néel point (TN). AFM ordering of spin
magnetic moments of R-cations is observed at temperatures below 10 K
[52] that is much lower than the ordering temperature of d-subsystems
in RBFO because R3+ - O2− - R3+ exchange interaction is weaker than
Fe3+ - O2- - Fe3+ [53]. The second term in equation (1) describes
Dzyaloshinskii-Moriya interaction, contribution of which to ΔE is a
several percent of exchange interaction energy [49]. This contribution
determines the slope magnitude of AFM ordered magnetic moments
and, as a consequence, the resultant wFM moment value. The third
term in equation (1) describes the interaction between Si magnetic
moments and H external magnetic field.

Within the framework of the phenomenological model proposed by
Hamad [54], the temperature dependence of magnetization (M) in the
vicinity of Néel point can be written as:
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where Mi and Mf are initial and final points of temperature range of
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The magnetic contribution to magnetic entropy change (ΔSM) varies
to depend on the value of an external magnetic field which changes
from 0 to Hmax:
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The maximum value of ΔSM contribution is reached at temperature
T= TN and defined as:
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and a full-width at half-maximum of the peak (δTFWHM) is de-
termined from the following expression:
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The evaluation of 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 max FWHM (6)

The change in a magnetic part of specific heat capacity (ΔCp,H) is
calculated as follows:
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Table 1
Lattice parameters of RxBi1-xFeO3 samples obtained by Rietveld refinement of
X-ray patterns.

Composition Structural parameters and criteria of fit

a (Å) c (Å) V (Å3) GOF Rp (%) Rwp (%)

BiFeO3 5.6200 13.6920 374.5 1.15 17.09 23.01
La0.05Bi0.95FeO3 5.6074 13.7398 374.1 1.01 11.69 16.04
La0.10Bi0.90FeO3 5.6080 13.7154 373.6 1.16 8.21 12.11
Nd0.05Bi0.95FeO3 5.5698 13.7933 370.6 1.17 18.03 24.18
Nd0.10Bi0.90FeO3 5.5698 13.7933 370.6 1.16 17.29 24.96
Sm0.05Bi0.95FeO3 5.5900 13.7909 373.2 1.34 12.20 17.07
Sm0.10Bi0.90FeO3 5.5850 13.7656 371.9 1.28 11.98 17.09
Eu0.05Bi0.95FeO3 5.5803 13.8220 372.7 1.20 13.78 18.65
Eu0.10Bi0.90FeO3 5.5758 13.7828 371.1 1.20 13.30 17.97
Gd0.05Bi0.95FeO3 5.5742 13.8413 372.5 1.15 10.92 16.15
Gd0.10Bi0.90FeO3 5.5642 13.8053 370.2 1.07 13.09 19.64
Dy0.05Bi0.95FeO3 5.5647 13.8670 371.9 1.10 14.30 19.59
Dy0.10Bi0.90FeO3 5.5567 13.8239 369.7 1.01 9.66 13.29
Er0.05Bi0.95FeO3 5.5600 13.8792 371.6 1.10 12.96 17.11
Er0.10Bi0.90FeO3 5.5423 13.8469 368.4 1.32 16.00 20.79
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The results of plotting the temperature dependences of magnetiza-
tion for RBFO within the framework of the model [54] indicate the
possibility of its modernization in order to more accurately account
physical effects which occur in similar materials within magnetic phase
transition region. The approach proposed by Hamad [54] allows to
describe the temperature dependences of magnetization, shape of
which is close to the symmetric with respect to the point of M(TN), and
assumes the use of В parameter determined as sensitivity which is a
slope tangent of curve below the transition temperature. The possible
disadvantages and advantages of this model were analyzed in [55,56],
where it was effectively used to describe the magnetic properties in
Pr0.5-xGdxSr0.5MnO3 and Pr0.5Sr0.5MnO3 perovskites.

In order to optimize the phenomenological model, the task can be
divided into two parts, for that it is necessary to calculate the tem-
perature dependences of magnetization in temperature T< TN and
T> TN regions and then “connect” the simulation results at the tran-
sition point. This makes it possible to calculate M(T) dependence quite
well over a wide temperature range.

The reason for the possible modifying this model and physical in-
terpreting the results obtained is the fact that above the magnetic or-
dering point, the contribution to the resultant magnetization due to the
corresponding spin reorientation process is eliminated. The behavior of
М(Т) curve obtained as the result of simulating in each range of
Т < TN, TN < TN1 and TN1 < T can be interpreted as the resultant
magnetization due to fluctuations in the directions of spin moments of
magnetically active cations within the corresponding magnetic transi-
tion regions. Consequently, the thermodynamic characteristics assessed
from equations (2) – (7) and calculated at TN1 and TN2 points include
contributions from the rearrangement of spin structure for two mag-
netic phase transitions which are “weak ferromagnetic-anti-
ferromagnetic” (wFM-AFM) and “antiferromagnetic-paramagnetic”
(AFM-PM) within the temperature T=640–650 K and T=818–822 K
ranges, respectively. This approach does not contradict the model [54].
This is a particular case for describing the magnetic transition at TN
point. Fig. 2 shows the results of simulating M(T) dependence for
DyBFO3 sample calculated within the framework of our approach and
the proposed model [54]. The parameters of our model for describing
the behavior of specific magnetization for RBFO (x=0.0; 0.05; 0.10)
within wFM-AFM transition region are listed in Table 2.

The results of M(T) curve simulated within AFM-PM transition
confirm the independence of the model parameters from the type and
concentration of R-cations. The average value of TN1 transition tem-
perature is 820 ± 2 K. 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 obtained as the result of statistical process of the corresponding
parameters, MC characteristics were calculated: 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. The availability of magnetic
phase transition in such materials at T≈ 890 K was also described [57].
The shape of M(H) field dependences for similar samples [57] does not
confirm the availability of ferromagnetic order (open loops of ferro-
magnetic hysteresis are absent) within this temperature region, which
also gives grounds to relate this anomaly M(T) to AFM-PM transition.
The displacement of the transition point with respect to the values
obtained in our work is due to the difference in the preparing method.

The temperature dependences of MC characteristics for BFO,
DyBFO5 and DyBFO10 within wFM-AFM transition region are shown in
Figs. 3–5.

All compositions have the same shape of curves, but they are
slightly different to depend on the type of R-cations. With increase in
the degree of substitution, the redistribution of maximum values of
ΔSM, RCP, ΔCp,H and their temperature shift according to TN are ob-
served. The dynamics of these characteristics and δTFWHM depend on
the radius of cation replaced (Figs. 6–9). The dependencies obtained for
different concentration of R-cations are similar. For R=Nd and Gd,
maximum values of ΔSM, RCP, ΔCp,H are observed clearly. The
minimum values of ΔSM and ΔCp,H contributions are presented for
compositions with R= La. Low values occur for the samples with

Fig. 2. Temperature dependence of specific magnetization, M(T), and its the-
oretical simulation for DyBFO5.

Table 2
Parameters of the model for describing temperature dependences of specific
magnetization within wFM-AFM transition region.

Composition Mi (emu/
g)

Mf (emu/
g)

B∙10−5 (emu/
g∙K)

SN (emu/g∙K) TN (K)

BiFeO3 0.099 0.073 −1.2 −0.0024 631
La0.05Bi0.95FeO3 0.125 0.077 −2.2 −0.0020 640
La0.10Bi0.90FeO3 0.205 0.167 −3.2 −0.0016 646
Nd0.05Bi0.95FeO3 0.116 0.086 −2.3 −0.0018 610
Nd0.10Bi0.90FeO3 0.143 0.090 −1.2 −0.0030 625
Sm0.05Bi0.95FeO3 0.079 0.035 −12.0 −0.0016 605
Sm0.10Bi0.90FeO3 0.147 0.064 −32.0 −0.0028 598
Eu0.05Bi0.95FeO3 0.255 0.198 −23.0 −0.0017 631
Eu0.10Bi0.90FeO3 0.313 0.226 −50.0 −0.0022 628
Gd0.05Bi0.95FeO3 0.180 0.08 −41.0 −0.0028 600
Gd0.10Bi0.90FeO3 0.235 0.084 −69.0 −0.0035 598
Dy0.05Bi0.95FeO3 0.147 0.085 −9.3 −0.0023 604
Dy0.10Bi0.90FeO3 0.209 0.117 −45.0 −0.0029 596
Er0.05Bi0.95FeO3 0.105 0.077 −5.8 −0.0022 599
Er0.10Bi0.90FeO3 0.157 0.096 −5.0 −0.0025 596

Fig. 3. Temperature dependences of magnetic entropy change, ΔSM, for BFO,
DyBFO5 and DyBFO10.
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R= Sm, Eu, Er. Relatively low values of RCP are observed for BFO and
ErBFO5 samples with narrow temperature ranges of wFM-AFM transi-
tion characterized by low δTFWHM values in comparison with the peak
values of this parameter for compositions with R= La and Gd.

The behavior of the calculated crystal-chemical characteristics
(Fig. 10) correlates with the experimental data obtained (Figs. 6–9).
The function of global instability indexes (GII(R3+)) calculated in the
approximation of the valence bond sum method [58,59] has a range of
minimum values for RBFO10 with R=Nd3+, Sm3+, Eu3+, Gd3+. The
samples substituted with 10mol.% of Sm3+ cations are the most stable
(Fig. 10).

The change in cation sublattices of the compositions strongly in-
fluences R(Bi)-O-R(Bi) and Fe-O-Fe exchange interactions. The changes
in Fe-O bond lengths and, as a consequence, in Fe-O-Fe angles and
tilting angles (Fig. 10) lead to changing the conditions of indirect AFM
exchange interactions through oxygen. Distortions of the initial BFO
matrix due to the size factor cause the changes in MC characteristics.
Replacement of Bi3+ by R3+-cations modifies the lattice parameters of
crystal structure (Table 1). With increase in the degree of substitution,
Fe-O distances are increased for the compositions with R= La, Nd and
decreased for the compositions with R=Sm, Eu, Gd, which

correspondently reduces (enhances) the exchange interaction between
Fe-R cations. It leads to corresponding changes in the magnetization.
The change in Fe-O-Fe angles causes corresponding changes in both the
magnetic and MC characteristics, the small values of which are ob-
served in the most stable compositions.

The proposed approach allows to take into account the effective
contributions to thermodynamic magnitudes irrespective of the nature
of spin reorientation mechanism. This approach can be generalized to
any finite number of magnetic transitions observed in real crystals over
a wide temperature range. The procedure for analyzing M(T) curves is
easily implemented in practice, which allows to define the absolute
value of transition point with an accuracy greater than an experimental
error of temperature determination. The method can be used for the
investigation of magnetic phase transitions as well as for simulating the
temperature dependences of caloric characteristics for different values
of an external magnetic field.

As the calculation results showed, all investigated RBFO composi-
tions have relatively low values of the thermodynamic ΔSM, RCP, ΔCp,H

Fig. 4. Temperature dependences of the relative cooling power, RCP, for BFO,
DyBFO5 and DyBFO10.

Fig. 5. Temperature dependences of specific heat capacity change, ΔCp, H, for
BFO, DyBFO5 and DyBFO10.

Fig. 6. Dynamics of magnetic entropy change, ΔSM, as a function of con-
centration and type of R-cation for RBFO within wFM-AFM transition region.

Fig. 7. Dynamics of specific heat capacity change, ΔCp, H, as a function of
concentration and type of R-cation for RBFO within wFM-AFM transition re-
gion.

I.I. Makoed, et al. Solid State Sciences 95 (2019) 105920

5



parameters within wFM-AFM phase transition and in the external
magnetic field of 0.86 T. The ceramic materials obtained can be used in
a high temperature range for controlling and stabilizing the tempera-
ture determined with a high accuracy while taking magnetic mea-
surements, for studying magnetic phase transitions or at annealing
samples, when obtaining them.

4. Conclusions

Investigated experimentally have been magnetic properties, ther-
modynamic characteristics and the magnetocaloric effect in iso-
structural RxBi1-xFeO3 (R= La, Nd, Sm, Eu, Gd, Dy, Er) samples with
the concentration of x=0.00, 0.05, 0.10. A semi-empirical model for
describing temperature dependences of specific magnetization M(T) in
a wide temperature range of 300–800 K has been modified. The pro-
posed model allows to predict the behavior of M(T) function for all
compositions with several magnetic phase transitions irrespective of
their nature and type. The research results of the magnetic properties of

RBFO samples confirm the availability of the magnetocaloric effect.
They are indicative of the possibility of their practical application at
temperatures greater than room temperature. The data obtained can be
used for investigating the magnetocaloric effect and the features of
magnetic phase transitions in perovskite-like materials.
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