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Thermodynamic Properties and Phase Transitions of Multiferroics

(1 — X ) BiFeO3_X PbFeo,sNbo,so;;
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Studies of the heat capacity and dielectric properties of (1 — x)BiFeO3_xPbFe sNbg 503 ceramic multiferroics
in the temperature range of 300—800 K were carried out. Based on studies of the temperature and concentration
dependences of the heat capacity and dielectric constant, the phase transition temperatures of the (1 — X)BiFeOs
system were determined. (1 — X)PbFeg sNbg sO3 with various X concentrations. It is shown that with an increase
in the PbFey sNbg 503 component, the temperatures of the ferroelectric and antiferromagnetic transitions in BiFeOs
shift to low temperatures. Taking into account structural studies, a ,.temperature-concentration phase diagram has

been constructed.
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1. Introduction

Multiferroics that implement ferroelectric and magnetic
ordering simultaneously in a wide temperature range are
currently of great interest on both practical and theoretical
grounds. The reason for this is their potential engineering
application thanks to association between the ferroelectric
and magnetic domains.  Bismuth ferrite BiFeOs; and
plumbum ferroniobate Pb(FepsNbg s)Os are the two best
studied multiferroics in which ferroelectric and antifer-
romagnetic orders can coexist. Plumbum ferroniobate
PbFe( sNby 503 (PFN) is a well-known representative of
multiferroics with a perovskite-like structure and general
chemical formula A(B{ sB{ 5)O3 (was first synthesized and
studied in 1958 by a team under the supervision of
G.A. Smolensky). In PFN, a smeared phase transition from
paraelectric (PE) to ferroelectric (FE) phase takes place at
the Curie temperature Tc = 370K [1,2]. Despite the fact
that FE and antiferromagnetic (AFM) orderings in PFN
coexist only below the Neel point Ty = 120—150K [1,2],
a low magnetoelectric and magnetodielectric effects may
occur in it also at temperature above room tempera-
ture [3,4]. Bismuth ferrite BiFeO3; (BFO) is a multiferroic,
where high-temperature FE- (ferropolarization achieves
100 uC/cm?) and AFM- (G-type antiferromagnetism with
incommensurate cycloidal magnetic ordering in [1-10]
direction) phase transitions, respectively, at Tc = 1103 K
and Ty = 643K [1,5]. However, high leakage currents
due to the presence of oxygen vacancies and impurity
phases in BFO impose restrictions on the use of BFO for
the manufacture of multifunctional devices. These issues
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may be solved, for example, through the development
of multicomponent materials based on bismuth ferrite
with improved magnetoelectric properties. In particular,
the authors of [6] observed the stabilization of magnetic
and electric properties in a binary solid solution (SS) of
(1 — X)BiFeO3—XPbFeo_5Nb0_503 system with X = 0.2, and
the increase in magnetoelectric effect in SS with x = 0.3
and X = 0.4 [7]. Phase transition diagram for this SS
system was first made in 1965 [8] and updated for room
temperature in [9]. Concentration ranges were identified
for existence of single-phase and morphotropic regions and
coexistence regions of different phase states. However,
all known research findings show that (1 — X)BFO—XPFN
solid solution system has not been well studied up to date
and the data is often contradictory which is caused by
the difficulty in achievement of high quality experimental
samples. Phase transition process in such heterogeneous
multicomponent systems is complex and is not clear enough
until now. All these factors give incentives to further
detailed investigations of their structural features and various
physical properties. In particular, calorimetric testing in a
wide temperature range make it possible to record abnormal
heat capacity of any origin and to acquire important
information regarding the nature of physical phenomena in
the materials of interest. To the best of our knowledge, no
any investigations of heat capacity of (1 — X)BFO—XPFN
solid solutions have been carried out.

The findings of the heat capacity and dielectric property
investigations in a set of (1 — Xx)BFO—XPFN ceramic com-
pounds in a wide temperature range are discussed herein.
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2. Research targets and experiment

Stoichiometric (1 — X)BiFeO3—XPbFeO.5Nb0_503 SS,
where X =0.0, 04, 0.5, 0.6, 1.0, are the target of the
research. Material synthesis regulations are given in [9),
compatibility of the SS elemental composition with the
specified stoichiometry was determined by the X-ray
fluorescence analysis method [10].  High-temperature
X-ray testing was carried out by X-ray powder diffraction
using ADP diffractometer (Bragg—Brentano focusing) with
CoK-emission. Temperature control accuracy was 1K,
temperature increase rate was random and isothermal time
was 10min. X-ray testing has shown that impurity-free
0.5BFO—0.5PFN ceramics were formed [I11]. At room
temperature, SSs with concentrations 0.40 < x < 0.85 have
a structure similar to a cubic structure, no diffraction peak
splitting takes place, all peaks are expanded a little [9,12].
This may be indicative of very small local deviations from
the cubic symmetry, but they are not identified because of
the cooperative effect of X-ray radiation.

Heat capacity was measured by NETZSCH DSC 204 F1
Phoenix differential scanning calorimeter. The heat capacity
test sample was a plate with a diameter of 4mm and
thickness of 1 mm. The rate of temperature change was
5K/min. Heat capacity measurement accuracy did not
exceed 3%.

For permittivity measurement, LCR-78110G meter was
used. The samples were made in a form of flat capacitors
with silver paste electrodes.

3. Research results
Fig. 1 shows temperature dependences of heat capacity

at constant pressure Cp of (1 —x)BFO—XPFN system,
where x =0, 04, 05, 06, 1.0. As shown in the
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Figure 1. Temperature dependence of heat capacity C, of

(1 — x)BFO—xPFN multiferroics:
0.5 (3), 0.6 (4), 1.0 (3).

Xx=0 (curve 1), 04 (2),
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Figure 2. Temperature dependence of permittivity of
(1 — x)BFO—xPFN (at 10kHz): x = 0 (curve 1), 04 (2), 0.5 (3),
0.6 (4), 1.0 (5).

Figure, abnormal heat capacity Cp are observed for phase
transitions in (1 — Xx)BFO—XPFN binary system at tem-
peratures (defined by the maximum on curve Cp(T))
T, = 502K and T, = 640K for compound with x = 0.4,
Ty = 460K and T, = 609K with X = 0.5, T} = 410K with
X =0.6. The specified phase transitions are smeared.
Fig. 2 shows temperature dependences of permittivity € of
(1 — x)BFO—XPFN system, where x = 0, 0.4, 0.5, 0.6, 1.0.

In Fig. 2, temperatures abnormalties at T; ~ 500K and
T, =~ 640K are observed for compound with X = 0.4,
Ty =~ 450K and T, =~ 600K with x = 0.5, T; ~ 400K with
X =0.6. All observed phase transitions are smeared by
temperature and, therefore, phase transition temperatures
defined by £(T) may differ a little from the data obtained
from heat capacity measurements. For BFO multiferroics,
AFM phase transition and PFN FE transition temperatures
defined from curves Cp(T) and &(T) almost coincide and
are equal to, respectively, Ty = 645K and Tc = 370K.

Curves Cp(T) and &(T) are distinguished by the presence
two maxima at T; and T, whose temperature relationship
depends on X to a great extent. In [12] using Mdssbauer
spectroscopy, magnetic phase transition temperatures Ty
were measured in the same (1 —X)BFO—xPFN system
compounds with X = 0.4, 0.5, 0.6, which coincide herein
with temperatures T; of abnormal heat capacity and
permittivity behavior as shown in Fig. 1 and 2. X-ray
diffraction and electric tests in [11-13] show that tem-
peratures T, are FE phase transition temperatures. Thus,
the above results and structural study data demonstrate
that the test sample is simultaneously a ferroelectric and
antiferromagnetic at T < T;. Fig. 3 shows a ,temperature—
concentration“phase diagram, Tn(X) and Tc(X), which
has been plotted on the basis of analysis of Cp(T)
and £(T).
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Figure 3. ,Temperature—concentration“phase diagram.

According to [12], for 0.8 >x > 0.40 compounds,
pseudo-cubic phase and relaxing behavior are implemented
for (1 — x)BFO—XPFN ceramics. In our case, expansion
of peaks on the curves of temperature dependence of
heat capacity and permittivity are indicative of the relaxing
behavior (see Fig. 1 and 2).

Fig. 1 and 2 show that with the growth of PFN
concentration, T; and T, shift to the low temperature range
and become closer to each other, and the height of maxima
is decreased with the increase in X and temperature, and
they almost coincide with each other for x = 0.6 compound.
It should be noted that the structural changes due to x lead
to high permittivity and heat capacity in a wide temperature
range. High values for relaxing ceramics occur as a result
of Maxwell-Wagner polarization [14], and the increased
heat capacity is attributed to the appearance of a nanopolar
structure in ferroelectrics with smeared phase transitions as
shown in [15].

4. Conclusion

Thus, based on the study of temperature and concentra-
tion dependences of heat capacity and permittivity, ferro-
electric and antiferromagnetic phase transition temperatures
have been defined for (1 — Xx)BiFeOs;—xPbFe sNbg 503
system with different concentrations X, and taking
into account the structural study, the ,temperature—
concentration“phase diagram has been plotted. The
findings shown herein are suitable for the use in the
development of functional multoferroic materials based on
(1 — x)BiFeO3 —xPbFeq sNbg 503 solid solutions.
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