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Abstract—The thermal diffusion, heat capacity, and thermal conductivity of BiFeOs3, Bij 9;Nd, o9FeO;, and
BiFe( 9;Mn (oO; multiferroics have been studied at high temperatures (300—1120 K). The dominant mech-
anisms of phonon transfer in the regions of the antiferromagnetic and ferroelectric phase transitions have
been determined. The temperature dependence of the mean free path of phonons has been found.
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1. INTRODUCTION

In recent years, bismuth orthoferrite BiFeO; hav-
ing extremely high temperatures of the antiferromag-
netic (7 = 643 K) and ferroelectric (7. = 1083 K)
ordering are considered as a promising basis for devel-
oping new-generation multiferroics intended for
designing magnetic field sensors, devices of informa-
tion recording/reading, spintronics, microwave, and
other apparatuses [1]. At room temperature, BiFeO;
has a rhombohedrally distorted perovskite structure
(space group of symmetry R3c), close to a cubic struc-
ture. At temperatures lower than 7T, bismuth ortho-
ferrite has a complex spatially modulated magnetic
structure of the cycloid type that is incommensurate
with its crystalline structure and, as a result, it does not
exhibit a linear magnetoelectric effect and demon-
strates only a significantly weaker quadratic magneto-
electric effect [2, 3]. The spatially modulated spin
structure in BiFeO; can be destructed in strong mag-
netic fields [3], by nanostructuring [2, 3], and also by
partial substitution of transition metal ions for iron
ions [2, 4, 5] or rare-earth metal ions for bismuth ions
[2, 3, 6, 7]; in this case, the latter substitution also
increases the spontaneous polarization and the mag-
netization of the formed solid solutions (SS) [2, 7].

The crystal structure, the magnetic and electrical
properties of BeFeO; and solid solutions on its base
were studied in many work (e.g., reviews [2, 3, 8]);
however, the thermophysial properties of these mate-
rials are scantily known. The heat capacity of bismuth
orthoferrite BiFeO; and its solid solutions with rare-
earth metals Bi, ¢sRej osFeO; (Re = La, Eu, Ho), and
Bi, _ ,Gd,FeO; (0.05 < x < 0.20) were studied in [9—
11]. The thermal expansion of ferrites BiFeO; and
Bi, ¢sLa, osFeO; were studied in [9, 12] and the ther-

mal diffusion and the thermal conductivity of these
multiferroics at elevated temperatures were described
in [13].

In this work, we present the results of studying the
thermal diffusion, the heat capacity, and the thermal
conductivity of bismuth orthoferrite BiFeO; and its
solid solutions Bi; o Nd ooFeO5; and BiFe; o;Mn, 4905
in a wide temperature range (300—1120 K) including
regions of high-temperature phase transitions (antifer-
romagnetic and ferroelectric).

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

Multiferroics BiFeOs;, BijoNdj,FeO;, and
BiFe, o;Mn, ,4O; ceramic samples were synthesized by
solid-phase reaction method from chemical pure
Bi,0;, Nd,0; (NO-L), Fe,0O; (analytical pure 2-4),
and Mn,0; (analytical pure 11-2) in air at a tempera-
ture of 1073 K (8 h) with subsequent sintering in air at
temperatures 1083—1113 K (5—10 h) [14]. The X-ray
powder diffraction studies of grinded ceramic sinters
were performed using a Bruker D8 XRD diffractome-
ter, CuK, radiation, and a Ni filter. The results showed
that the ferrite prepared crystallized, at room tempera-
ture, in the rhombohedral syngony (space group of
symmetry R3c) with the unit cell parameters a =
0.5576(2), 0.5579(3), and 0.5579(3) nm and ¢ =
1.386(1), 1.383(1), and 1.384(1) nm (hexagonal
setting) for BiFeO;,  BijqNdy,FeO;, and
BiFe, o;Mn, 19O, respectively, which agrees well with
available data [2, 5, 7]. The effective density p of the
sintered ceramics was found from the mass and the
geometric sizes of the samples.
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Fig. 1. Temperature dependences of the thermal diffusion 0.8
of ceramics’ (/) BiFeO3, (2) Bij¢Nd y9FeO3, and (3) —~
BiFe( 9;Mn( g9O3. The inserts show the temperature (4 3
dependences of (the left insert) the mean phonon free path g 3
near the antiferromagnetic transition and (the right insert) = 0.6 F
the thermal diffusion near the ferroelectric transition. Bﬁ ’
<
The thermal diffusion (TD) n of the ceramics was ni
studied by the laser flash using a NETZSCH (Ger- 0.
many) LFA-457 MicroFlash in the temperature range g . . . ADR
of 320—1120 K in an Ar atmosphere in pulsed mode. 300' '450' ' 600. ' 750' '900
The 3-mm-thick samples were 12.6 mm in diameter. T K

Before the measurements, the samples were polished,
and heat-conducting graphite conducting coating was
deposited on the sample ends. The results of measure-
ments were treated by the Netzsch Proteus LFA Anal-
ysis software using the Cape—Lemon mathematical
model taking into account the correction of the basis
line. The unit was preliminarily calibrated using the
reference “pyroceram” (NETZSCH) samples (the
detector type was InSb).

Heat capacity C, of the powder samples was mea-
sured using a NETZSCH (Germany) DSC 404 F3
Pegasus differential scanning calorimeter in the tem-
perature range of 300—1000 K at a heating rate of
20 K min~! in an Ar atmosphere. The powders were
preliminarily calcined at the maximum temperature of
the experiment, cooled, and, thereafter, the DSC
curves were recorded. The heat capacity of the ferrites
was calculated using the values of the standard heat
capacity of sapphire (NETZSCH). The DSC curves
were treated using the Netzsch Proteus Thermal Anal-
ysis program package. The heats of the phase transi-
tions proceeding in the materials under study were cal-
culated from the integral areas of peaks in the DSC
curves taking into account the basis line using the
Laplas model and the NETZSCH PeakSeparation 3
program package.

PHYSICS OF THE SOLID STATE

Fig. 2. Temperature dependences of (a) the specific heat
and (b) the thermal conductivity of ferrites (/) BiFeO3, (2)
Bi0.91Nd0.09F‘303s and (3) BiFeO.Qan0409O3'

The thermal conductivity A of the samples was cal-
culated by formula A = npC, using the experimental
values of their thermal diffusion, effective density, and
heat capacity.

3. RESULTS AND DISCUSSION

Figures 1 and 2 depict the temperature depen-
dences of the thermal diffusion, the heat capacity, and
the thermal conductivity of ferrites BiFeOs;,
Bij oNd ooFeO;, and BiFe, ¢, Mn;(,O; in the tem-
perature range of 300—1120 K. The dependences have
noticeable anomalies near the temperatures of the
antiferromagnetic (7 = 588—649 K) and ferroelectric
(T-=1053—1098 K) phase transitions (table).

To analyze temperature dependences n(7) and
MT), we calculated the mean phonon free paths /, in
the materials under study using expressions

n=A3W,\, = 1/3Cyv .
Vol. 58
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Here, v;is the sound velocity, /, is the phonon compo-
nent of the thermal conductivity, and C, is the isocho-
ric heat capacity of the unit volume. We determined 7,
A,, and C, experimentally (A, = A), since, according to
the data from [14] for bismuth orthoferrite and its
derivatives, the electron component of the thermal
conductivity is much lower than the phonon compo-
nent (A, <,); C, = C,p, where C, is the isobaric heat
capacity of unit mass calculated from the DSC data for
the samples); the data on the sound velocity were
taken from [15].

Independent estimations of /, from the measure-
ments of the thermal diffusion and the thermal con-
ductivity gave the same values (/, = 0.12—0.15 nm at
T'> Ty) and the same temperature dependence of /,
(the left insert in Fig. 1). Taking into account the
found values of /,, we can neglect the phonon scatter-
ing by the boundaries of crystallites several microme-
tersin size [16], since /, < d, where d is the mean crys-
tallite size. Thus, the scattering centers (structural dis-
tortions), limiting the phonon heat transfer in bismuth
orthoferrite-based multiferroics, have sizes on the
order of the lattice parameter, and such centers can be
various local distortions of the crystal structure, in
particular, Jahn—Teller distortions of the oxygen octa-
hedrons (FeOg) that are substantially changed during
phase transitions and also under various external
actions [17].

As is seen from Fig. 1, the thermal diffusion of fer-
rites BiFeOs, Bij ¢, Nd, oFeO;, and BiFe; o, Mn, ;O3
slightly decreased in the temperature range Ty < T <
T, which seems to be related to the increase in the
number of the phonon scattering centers with tem-
perature because of the lattice distortions, which,
according to the neutron diffraction data [18], are due
to the rotation of oxygen octahedrons (FeOg4) and

“polar” displacement of ions Bi*" (Nd*") and Fe3*

(Mn?**) from their positions in the perfect perovskite
structure.

The thermal diffusion had a minimum near the fer-
roelectric phase transition (the right insert in Fig. 1),
which is due to the changes in both the sound velocity
and the phonon free path, since n = (1/3)v,,. It is
known that the transitions are accompanied by a min-
imum of the sound propagation velocity and a sound
absorption peak because of the interaction between
the strain (caused by the sound wave) and the sponta-
neous polarization (relaxation absorption) and the
interaction of the sound wave with thermal fluctua-
tions of the polarization (fluctuation absorption) [19].
The ferroelectric phase transition temperatures of
solid solutions Bi, o;Nd, 3oFeO; and BiFe; o;Mn, 49O5
decreased by 35 and 45 K, respectively (table and the
right insert in Fig. 1). The transition of multiferroics
BiFeO;, Bij ¢ Nd ooFeOs3, and BiFe; o;Mn, o903 from
the polar rhombohedral (space group R3c¢) to the non-
polar orthorhombic (space group Pbnm) phase (the

PHYSICS OF THE SOLID STATE  Vol.58 No.6
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Phase transition temperatures and heats of ferrites BiFeOs,

AFM < PM FE < PE
Ferrite Ty, K AH, Te, K
BiFeO; 643 643 396 1098
Big 9 Ndg goFeO5 649 646 327 1063
BiFe( 9 Mn( O3 | 595 588 266 1053

AFM is antiferromagnet, PM is paramagnet, FE is ferroelectric,
and PE is paraelectric.

ferroelectric — paraelectric phase transition) removed
the crystal lattice distortions [18] and led to the lattice
compression [2, 12]; as a result, the number of phonon
scattering centers decreased and the phonon free paths
and the thermal diffusion in the samples increased at
T > T, (the right insert in Fig. 1).

At T < Ty, the thermal diffusion and the thermal
conductivity of the ferrites increased as temperature
decreased (Figs. 1, 2b). This phenomenon is charac-
teristic of dielectric materials and is caused by a sharp
increase in the phonon free path (the left insert in
Fig. 1), since the transition to a magnetically ordered
phase is accompanied by removing the Jahn—Teller
distortions [20] and lattice compression [9]. In the
vicinity of Ty, dependences n(7) of ferrites BiFeO;,
Bij o Ndj ooFeO;, and BiFe, ¢, Mng,0O; had a mini-
mum that is less noticeable in solid solution
BiFe; o;Mn, 4005 (Fig. 1).

As is seen from the data shown in Fig. 2a and in the
table, a partial substitution of neodymium for bismuth
in BiFeOj; increased and a partial substitution of man-
ganese for iron in this ferrite decreased its transition
temperature from the antiferromagnetic to the para-
magnetic state (the antiferromagnetic—paramagnetic
phase transition), which agrees well with the data of
[2,9, 11, 13, 16, 21]. The solid solution also demon-
strated the decrease in the heat of this transition,
which is more noticeable in the solid solution contain-
ing Mn.

4. CONCLUSIONS

Thus, in this work, we studied the thermophysical
properties (the thermal diffusion, the heat capacity,
and the thermal conductivity) of multiferroics
BiFeO;, Bijq¢ NdjoFeOs;, and BiFe,qMng,0O; at
high temperatures (300—1120 K). An analysis of the
results in combination with the available literature
data of the structural and acoustic studies made it pos-
sible to conclude that the dominant phonon scattering
centers in the bismuth orthoferrite-based materials
were local distortions of the crystal structure caused by
rotation of oxygen octahedra (FeO4) and displace-
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ments of ions Bi*" (Nd**) and Fe3" (Mn**) from their
positions in the perfect perovskite structure. We calcu-
lated the heats of the antiferromagnetic — paramag-
netic phase transition for ferrites BiFeOs;,
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