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The heat capacity and thermal conductivity of multiferroics Received 2 October 2018
Bi;_«Pr,FeOs (0 < x < 0.50) has been studied in the temperature range ~ Accepted 8 February 2019
of 130-800 K. A slight substitution of praseodymium for bismuth is
found to lead to a noticeable shift of the antiferromagnetic phase
transition temperature whilst the heat capacity increases. The tem-
perature dependences of the heat capacity and thermal conductivity
exhibit additional anomalies during phase transitions. The experi-
mental results suggest that the excess heat capacity can be attrib-
uted to the Schottky effect for three-level states. The basic
mechanisms of the heat transfer of phonons are highlighted and the
dependence of the mean free path on temperature is determined.
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1. Introduction

In recent years there has been a surge of researchers’ interest in crystal structure and
physical properties of multiferroics, i.e. materials characterized by coexistence of mag-
netic and ferroelectric orderings. Researchers’ interest in such materials has been
prompted by the potentials of practical applications. Multiferroics can be used to
develop magnetic field sensors, data recorder/reader, spinelectronics and microwave
ovens and other devices. These promising materials include bismuth ferrite BiFeOs,
which undergoes the ferroelectric (at T. ~ 1083 K) and the anti-ferromagnetic (at Ty ~
643 K) phase transitions [1]. Bismuth ferrite has space group R3c at room temperature.
The crystal structure is characterized by the presence of rhombohedrally distorted per-
ovskite cells approximating the cubic shape. At temperatures below the Néel point Ty,
bismuth ferrite exhibits a complex spatially-modulated cycloid-type magnetic structure
that does not allow the existence of ferromagnetic properties [2]. A necessary condition
for the appearance of the magnetoelectric effect is destruction of its spatially-modulated
spin structure that can be obtained by doping the bismuth ferrite with rare-
earth elements.

Results of studies of ceramic BiFeO; samples modified with rare-earth elements dem-
onstrate some difference of opinions concerning the sequence of structural phase



transitions and the temperature ranges of the existence of different phases with substitu-
tions of various rare-earth elements and with their increased concentration.

The temperature dependence of crystal structure of solid solutions Bi;_,Pr,FeOs is
different from the structural changes observed in the BiFeO3; compositions with other
rare-earth ions substitution [3, 4]. It was demonstrated [5, 6] that at increasing tempera-
tures the Bi, ,Pr,FeO; compositions have a tendency to form a two-phase and three-
phase structural states in a certain temperature range, in which the rhombohedral and
the orthorhombic phases should coexist. The results encourage further studies of bis-
muth ferrite based multiferroics doped by rare-earth elements. In particular, the calori-
metric measurements over a wide temperature range make it possible to detect
anomalies of the heat capacity, yielding important information on the nature of the
involved physical phenomena. It is worthwhile to mention, that the heat capacity and
thermal conductivity of the Bi;_,Pr,FeO; system has not yet been a subject of extensive
studies. Earlier in our work [7] the results of studies of the heat capacity of
Bi;_,Pr,FeO; of some compositions with concentrations 0 <x <0.20 were presented.
This study investigates the heat capacity and thermal conductivity of multiferroics
Bi; ,Pr,FeO; with concentrations 0<x<0.50 over a wide temperature range
130-800 K.

2. Experimental

Ceramic samples of Bi;_,Pr,FeOj; solid solutions with x=0, 0.05, 0.10, 0.15, 0.20, 0.30,
0.40 and 0.50 were prepared the popular ceramic technology involving solid-phase syn-
thesis with subsequent sintering in air without additional pressure. The synthesis was
performed using high-purity oxides for two stages with intermediate milling and granu-
lating the powders. The synthesis conditions were as follows: the first stage sintering -
calcination was at temperature T; = 800°C (tr; = 10h), and the second stage sintering
was performed at T, = 800-850°C (1, = 5h). A plasticizer with subsequent granulation
was introduced into the powder to give it the properties required for pressing. The opti-
mal sintering temperature was chosen in the range 900 < T,,, < 950°C. The X-ray
powder diffraction analyses were performed using a DRON-3 diffractometer with FeK,
and CukK, radiations. Thus prepared solid solutions had fairly high relative (89-94%)
densities, which corresponds to the density limits achieved in the common ceramic
technology (90-95%) that indicated sufficiently high quality of the ceramics.

The heat capacity was measured using the NETZSCH DSC 204 F1Phoenix® differen-
tial scanning calorimeter. The samples were in the form of 1 mm thick plate with 4 mm
diameter. The temperature was varied with step 5 K/min. The heat capacity was meas-
ured with accuracy 3%.

Studies of thermal diffusivity and thermal conductivity were carried out by laser flash
on the LFA-457 MicroFlash unit from NETZSCH. Samples used were 12.5mm in diam-
eter and Imm in thickness. Thermal conductivity was derived by the formula
A=n-Cp-p (where 75 is the thermal diffusivity, p is the density of sample, Cp -
heat capacity).
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Figure 1. Temperature dependence of heat capacity of Bi;_,Pr,FeO; with x=0 (7), 0.05 (2), 0.10 (3),
0.15 (4), 0.20 (5), 0.30 (6), 0.40 (7) and 0.50 (8); solid line is shown the result of the approximation of
the phonon heat capacity by the Debye function. The inset: Ty—x phase diagram of the
Bi;_,Pr,FeOs system.

3. Results and discussion

The X-ray phase analysis data show that the impurity-free solid solutions were formed
exclusively at the Pr concentration x> 0.12; at lower x the samples contained low con-
centration of the BisFeO4 and Bi,Fe,Oy compounds. The analysis of the diffraction
reflections revealed several concentration ranges with different phase compositions. In
the range 0 <x < 0.10, the rhombohedral (R3c) phase (inherent to BiFeO;) was found
to exist. Three phases coexisted at 0.10 <x <0.20: one rhombohedral R3¢ and two
orthorhombic P;-type PbZrO; and P,-type GdFeOj; (the former phase was dominant).
In the range of 0.20 < x <0.30, phase R3c disappeared, but two phases P; and P, coex-
isted. A similar situation was observed during experiments with solid solutions
Bi;_,La,FeO; [4] and Bi,_,Pr,FeO; [5, 6, 8].

Figure 1 shows the heat capacity C, of Bi;_Pr,FeO; (x=0, 0.05, 0.10, 0.15, 0.20,
0.30, 0.40 and 0.50) in the temperature range of 130-800 K. It is apparent (Figure 1)
that, the temperature dependences of the heat capacity for all compositions exhibit
anomalies near the antiferromagnetic phase transition temperature Ty, and C, tempera-
ture shifts to higher values as x increases (0 < x <0.20), whilst Ty tends to lower tem-
peratures in compositions with x> 0.2. When BiFeO; is substituted by praseodymium
the heat capacity increases in a wide temperature ranges above T >240 K. The inset in
Figure 1 presents the Ty—x phase diagram of the Bi; ,Pr,FeO; system plotted basing on
results of the heat capacity measurements. The heat capacity vs temperature curves for
x=0.10, x=0.15 and 0.20 exhibit the second anomalies, typical for phase transitions, at
temperatures higher than Ty: T/ 755 K and ~710 K, respectively. According to the X-
ray diffraction studies of Bi; ,Pr,FeO; [5, 6], we can suppose that the heat capacity
anomalies at T~ 710 K (Figure la) for the compositions with x=0.15 and 0.20 could
be attributed to the phase transition between the antipolar and nonpolar orthorhombic
Pnam and Pnma structures, while the anomalous behavior of the heat capacity for
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Figure 2. Temperature dependence of the anomalous component of heat capacity of Bi;_.Pr,FeO; for
x=0 (1), 0.05 (2), 0.10 (3), 0.15 (4), 0.20 (5), 0.30 (6), 0.40 (7) and 0.50 (8); solid line is shown the
result of the approximation by Eq. (1).

x=0.10 at T~ 755 K is related to the structural phase transition between rhombohedral
R3¢ and orthorhombic Pnma structures.

The experimental values of heat capacity over a wide temperature range should be
analyzed by taking into account the anharmonic contribution to the phonon heat cap-
acity. This component of the heat capacity can be calculated using the experimental
data of compressibility K and thermal expansion coefficient o (C, - C, = Vo’ T/Kr,
where V is the molar volume). There are no available data on the compressibility of
BiFeO;, accordingly, the anharmonic contribution to the phonon heat capacity is
obtained basing on thermal expansion coefficient measured on Bi,_,La,FeO; samples in
[9] and the pressure dependence of volume studied for LaAlO; [10] with a similar
structure. Basing on these data, the anharmonic contribution to the phonon heat cap-
acity of BiFeO; at 300 K is found to be about 1 J/mol K, i.e. less than 1% of the total
heat capacity. The small anharmonic contribution is due to a fairly low thermal expan-
sion coefficient of BiFeO;. The further analysis of the temperature dependence of the
phonon heat capacity can be performed whilst the difference between C, and C,, can
be neglected.

In the most cases, the quantitative analysis of the temperature dependence of heat
capacity and separation of the phonon and the anomalous contribution is performed
using a simple model, whereby the phonon heat capacity should be governed by the
Debye function C,° ~ D(®p/T), where Op, is the Debye characteristic temperature. The
calculation procedure yields the heat capacity of BiFeO; with the value ®p ~ 550 K.

The calculation results of phonon heat capacity of Bi; ,Pr,FeO; using the Debye
function are indicated in Figure 1 by the solid line. The BiFeO; compositions modified
with Pr demonstrate the deviations of the experimental points from the calculated pho-
non heat capacity indicating the existence of the excess heat capacity (Figure 2). The
excess component of the heat capacity is found as the difference between the measured
C, and the calculated Cp0 phonon heat capacity AC, = C, - CpO (for each compos-
ition). The temperature dependence of the anomalous heat capacity AC,(T) is presented
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Figure 3. The temperature dependence of thermal conductivity and the mean free path of the pho-
nons Bi;_.Pr,FeO; for x=0 (7), 0.05 (2), 0.10 (3), 0.15 (4), 0.20 (5), 0.40 (6) and 0.50 (7).

in Figure 2. The character of the heat capacity determined by this approach allows for
interpreting it as the Schottky anomaly for three-level states separated from the ground
state by energy barriers E; and E,. They can be atoms of the same type or the atomic
group separated by energy barriers E; and E, and having three structurally equivalent
positions. In the case of doping with rare-earth elements, a three-level system can
emerge due to a distortion of the lattice parameters caused by the polar displacements
of bismuth and iron ions from the initial positions, and a change in the bond angle
between oxygen octahedra FeOgs [11]. In the general case, the expression for the
Schottky heat capacity can be obtained by differentiation of the particle mean energy at
the energy levels Cp:(kTZ)_I((E,-Z) - (E)?) [12].

In the case of the three-level model (at arbitrary material mass), the Schottky heat
capacity is given as

VR|Dy(AEy/KT)? exp (~AEy /KT) + Do AEKT)? exp (~AE, /kT)|
[1 + Dy exp (—AE, /kT) + D, exp (—AE, /kT)]?

ACp = ;o (1)
where D; and D, are the degeneracy orders of the levels, R is the universal gas constant,
and v is the number of modes [12]. By comparing the heat capacity calculated by Eq.
(1) and that found experimentally, the excess heat capacity AC, was obtained for the
following model parameters: D; = 131.66, D, = 891, E; = 0.245¢V and E, =
0.0986 eV. There is a sufficiently good agreement between experimental AC,(T) and cal-
culated temperature dependence of the anomalous heat capacity is (Figure 2). A charac-
teristic A-anomaly on C,(T) curve, caused by the appearance of a magnetic ordering
was observed near the antiferromagnetic phase transition Ty (Figures 1 and 2).

For compositions with x=0.10, 0.15, and 0.20, the second anomalies at temperatures
T=755 K and T~710 K, typical for phase transitions, are observed on the curves of
thermal conductivity vs temperature (Figure 3), as for the heat capacity (Figure 1)
above Ty.

Let us consider the heat transfer mechanism of phonons in the polycrystalline multi-
ferroic Bi; (Pr,FeOs;. The inset in Figure 3 shows the temperature dependence of the



phonon mean free path I, which can be derived from the Debye formula I=34/Cp-v
(where A is the thermal conductivity, Cp is the specific heat, and v is the sound velocity
[13]). It can be well seen in the inset in Figure 3, the value of I varies from 3 to 5 ang-
stroms. It follows that the mean free path of phonons is much smaller than the dimen-
sions of the crystallites (which are usually of the order of several microns [9]), so that
scattering of phonons at crystallite boundaries can be neglected. Thus, it can be
assumed that in Bi; ,PrFeQOs, structural distortions (scattering centers) limiting the
mean free path of phonons, have the order of magnitude of the lattice constant.
According to structural studies on neutron diffraction [11], the distortions in the lattice
parameters and changes in the volume of the unit cell are attributable to, rotation of
oxygen octahedra centers; the angle between the neighboring octahedra of FeOg4 and the
polar shifts of bismuth and iron ions from their initial positions increases.

In the temperature region below Ty, the thermal conductivity of the samples
increases with decreasing temperature, which is associated with a sharp increase in the
mean free path of phonons (see the inset in Figure 3), since the electron-lattice inter-
action is suppressed by an ordered spin system at the transition to the magnetic phase
[14], besides the lattice is compressed [10]. In the temperature region above Ty (Figure
3), the decrease of thermal conductivity of pure BiFeO; with heating may be caused by
an increase in phonon scattering centers due to lattice distortions [11].

The thermal conductivity of the Bi; (Pr,FeO; system decreasing with increasing con-
centration x below Ty (see Figure 3) is associated with additional local distortions of
the crystalline lattice (i.e., phonon scattering centers) which appear due to the substitu-
tion of bismuth ions by praseodymium ions of smaller radius.

The slight substitution of praseodymium for bismuth in polycrystalline bismuth fer-
rite leads to a marked change in the temperature dependences of the heat capacity and
thermal conductivity over a wide range of temperatures, as well as to the temperature
shift of the antiferromagnetic transition Ty.

4. Summary

The results of this study demonstrate that the substitution of praseodymium for bis-
muth results in a marked shifting of the antiferromagnetic phase transition temperature
to higher values. The anomalies observed in the temperature dependences of the heat
capacity for the compositions with x=0.10, 0.15, and 0.20 and their analysis in combin-
ation with the structural data suggest their cause to be the structural phase transitions.
Doping of bismuth ferrite with rare-earth element Pr, brings an additional contribution
to the heat capacity in the temperature range of 240-800 K that can be interpreted as
the Schottky anomaly for three-level states formed as a result of the distortion of the
lattice parameters due to the doping.
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