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Electric, Magnetic, and Magnetoelectric Properties
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The physical properties of BaY g25Tig 962503, SrFe 2019, and 0.90BaY go5.
Tig.962503-0.10 SrFe ;5019 composite have been studied. The proposed com-
posite was synthesized by solid-state reaction method from yttrium barium
titanate processed by solid-state reaction and strontium hexaferrite obtained
by a sol-gel process. Microstructural analysis revealed monophasic grains for
yttrium barium titanate phase, while loosely packed biphasic structure was
observed for the composite. Powder x-ray analysis showed that the individual
phases retained their crystal structure in the composite, without formation of
any new additional phase. Measurement of magnetic hysteresis loops at room
temperature indicated that the magnetic parameters of the composite were
diluted by the presence of the ferroelectric phase. The ferroelectric hysteresis
of yttrium barium titanate confirmed the ferroelectric transition at 119°C.
Meanwhile, the symmetrical ferroelectric loops observed at different fields
established the ferroelectric nature of the composite. Improved dielectric
properties and low dielectric losses were observed due to yttrium doping in the
composite. The diffuseness of the ferroelectric transitions for the composite
was confirmed by the Curie—Weiss law. Activation energy calculations re-
vealed the charge-hopping conduction mechanism in the composite. Magne-
todielectric studies confirmed that the overall magnetocapacitance in the
composite exhibited combined effects of magnetoresistance and magnetoelec-

tric coupling.
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INTRODUCTION

The discovery of multifunctional materials has led
to fascinating research activities in the present-day
technological world.’® Among the various multi-
functional materials, multiferroic materials (MFMs)
combine two or more ferroic orders (ferroelectricity,
ferromagnetism, and ferroelastic) in the same
phase. Ferroic materials have various internal
switchable parameters which can be controlled
using an external field. In ferroelectrics, the polar-
ization can be switched using an electric field, while

(Received June 21, 2017; accepted December 12, 2017;
published online December 20, 2017)

in ferromagnetic materials, the magnetization can
be switched using a magnetic field.® The increasing
interest in MFMs arises from the possibility to
switch multiple ferroic degrees of freedom, which
enables exciting innovations based on use of ferro-
electric and ferromagnetic materials in novel data-
storage devices, where opposite orientations of
polarization or magnetization represent “1” and
“0” data bits.*®

Coexistence of ferroelectricity and magnetism in
single-phase MFMs is rare and usually found at low
temperatures.® Among the disadvantages of single-
phase MFMs are high leakage current, high dielec-
tric loss, and very low magnetoelectric coupling. In
addition, the crystal structure must fulfill symmetry
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conditions and the structural building blocks should
allow movement of ferroelectric ions.” To combine
ferroelectricity and magnetism, multiferroic com-
posites (MFCs) serve as potential candidates. The
peculiar property of such MFCs is the coexistence of
various ferroic orders above room temperature.51°
The favorable dielectric, ferroelectric, and magnetic
properties observed in MFCs above room tempera-
ture have motivated further research by the scien-
tific community. The most widely studied
composites are made using lead zirconate titanate
(PZT), BaTiOg, and polyvinylidene fluoride (PVDF)
as ferroelectric phase and NiFey;O4, CoFesOy,
MDF6204, ZnFe2O4, BaFelgolg, and SrFe12019 as
ferrite phase.’’™™ In our recent work, we reported
coexistence of ferroelectric and ferromagnetic prop-
erties in BaTiOs;—BaFe;5019 composite at room
temperature.15

Barium titanate (BT) is the most common ferro-
electric oxide with perovskite ABOj3 structure and
has peculiar electric properties. The interesting
properties of BT, such as high dielectric constant,
low dielectric loss, and fine tunability, make it a
high-performance electronic material for applica-
tion in electronic devices.'® To enhance its dielectric
and ferroelectric properties and reduce the dielec-
tric loss, rare-earth ions can be doped in the crystal
lattice of barium titanate.!”'® Regarding the mag-
netic phase, strontium hexaferrite (SrFe;5019) is an
important hard-magnetic material with ferrimag-
netic structure in the M-type family. Its unique
magnetic properties make it suitable for use in data
storage and electronic devices.'® All of these inno-
vative applications based on SrFe;,0.9 are favor-
able at nanoscale range, where magnetic properties
are strongly dependent on its nanostructure size,
shape, orientation, and domain configurations.?*?!

In the present work, we prepared yttrium-doped
barium titanate (YBT) ferroelectric phase by solid-
state reaction method. The aim of incorporating
yttrium into the barium titanate lattice is to
enhance its dielectric properties and reduce the
transition temperature. SrFe;309 (SHF) prepared
by sol-gel autocombustion method was chosen as
the second ferroic phase. The sol-gel method was
adopted to obtain SHF grains of nanometer size, so
that they could fit well in the voids of YBT phase.
Detailed study of the ferroic properties of the
composite fabricated from these ferroic materials
is not prominent in literature. Thus, the dependence
of the dielectric properties of the YBT-SHF com-
posite over wide ranges of temperature and fre-
quency was investigated in detail in this work. The
variation of the alternating-current (AC) conductiv-
ity of the composite as a function of temperature at
selected frequencies was also studied. In addition,
the ferroelectric and ferrimagnetic properties of the
composites were analyzed by recording respective
hysteresis loops. Magnetodielectric (MD) studies
were carried out at room temperature to confirm
the magnetoelectric coupling in the composite.
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EXPERIMENTAL PROCEDURES
Sample Preparation

Yttrium-doped barium titanate ceramic with
nominal composition BaYo_ogsTi0.962503 was synthe—
sized by solid-state reaction method. Stoichiometric
amounts of high-purity BaCO3 (99%), TiOs (99%),
and Y503 (99.9%) were mixed in an agate mortar for
12 h. Acetone was used to homogenize the mixture,
and the resulting mixture was calcined at 1100°C
for 4 h with heating rate of 5°C/min and finally
allowed to cool naturally. The calcined mixture was
then ground to fine powder and sintered at 1300°C
for about 24 h to produce fine BaY( g25Tig 962503
(YBT). Strontium hexaferrite (SHF) was prepared
by sol-gel autocombustion method from analytical-
grade chemicals including ferric nitrate nonahy-
drate, strontium nitrate anhydrous, and anhydrous
citric acid. Metal nitrates and citric acid were
dissolved in deionized water separately. The result-
ing solutions were mixed together at room temper-
ature, with constant stirring, to form homogeneous
solution. To maintain the pH of the solution at 7,
ammonia solution was added dropwise to the mix-
ture. The resulting solution was heated at 90°C to
ensure gel formation, and the resulting gel was
heated until combustion occurred, leaving ash
behind. The obtained ferrite ash was ground using
a motor and pestle for about 1h. Finally, the
powder was sintered at 950°C for 3 h for proper
phase formation. Sintering was carried out in an
electric furnace with alumina insulation boards as
chamber walls. The thermal regime of the furnace
was fully controlled using a Eurotherm program-
mer-cum-controller. For preparation of YBT-SHF
composite, 90% YBT and 10% SHF phases by weight
were mixed in an agate mortar for 3 h. The pre-
pared ferroics, as well as YBT-SHF composite, were
pressed into pellets with diameter of 13 mm under
pressure of 155 kg/cm? using an automatic KBr
press. Poly vinyl alcohol (PVA) was used as a binder
for the formation of pellets. To enhance the density
and avoid cracking, the resulting mixture in pellet
form was sintered at 1150°C for 4 h, covering the
pellets with powder of the same material in alumina
crucible trays. The whole synthesis process is
presented as a flowchart in Fig. 1.

Characterization

Complete information regarding the formation of
the composite at room temperature was obtained by
powder x-ray diffraction (XRD) analysis using a
laboratory diffractometer with Cu K, (A = 1.5406 A)
radiation. Data were recorded in the range of
20° £ 0 < 80° at scan rate of 0.020° per step and
count time of 31.2 s per step. Scanning electron
microscopy (SEM, Hitachi S-3000H) was used to
study the morphology of the YBT, SHF, and YBT-
SHF composite. As-sintered pellets were painted
with silver for electrical measurements. To ensure
good adherence of the electrodes to the ceramic, the
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Fig. 1. Flowchart for synthesis of YBT phase, SHF phase, and YBT—
SHF composite.
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silver-painted pellets were heat-cured at 500°C for
1 h. The dielectric constant as a function of temper-
ature (from 20°C to 450°C) at different frequencies
(from 100 Hz to 1 MHz) and the frequency depen-
dence of the dielectric constant and loss tangent at
room temperature were determined using an impe-
dance analyzer (model 6440B precision component
analyzer, Wayne Kerr Electronics). The higher
temperature required for dielectric studies was
achieved using a microprocessor-based furnace
fitted with a temperature controller and specially
designed two-terminal sample holder. Electric hys-
teresis loops were traced using a modified Sawyer—
Tower circuit (automatic P-E loop tracer, Marine
India).

Magnetic measurements were carried out using a
vibrating-sample magnetometer (EZ9 VSM, Micro-
Sense, USA). Room-temperature magnetocapaci-
tance was measured on silver-coated pellets (area
132 mm?, thickness 1 mm) using a horizontal uni-
form magnetlc field. Capacitance was measured at
various frequencies (1 kHz to 3 MHz) with the
sample plane parallel to the magnetic field.

RESULTS
Microstructure Observations

The microstructure of sintered disks of YBT, SHF,
and YBT-SHF composite is shown in Fig. 2a, b, and
c. Microstructural analysis of YBT revealed dense
monophasic ceramic, consistent with the XRD
results (“X-ray Diffraction Studies” section). The
average grain size of YBT sintered at 1300°C ranged
from 4 ym to 5 um, while the particle size of SHF
was about 56 nm (Fig. 2d). The surfaces of the YBT
grains with size of ~ 4.5 ym were connected
together, confirming its high density (4.72 g/cm3)
compared with the YBT-SHF composite (4.6 g/cm?).
This hlgh density is attributed to the lower mobility
of Y?* ions because of their larger ionic radius and

atomic weight compared with Ti*" ions.?? Loosely
packed biphasic structure was clearly observed for
the composite, with SHF grains coalesced together
with closely packed YBT grains because of the high
temperature (1150°C).

Energy-dispersive x-ray spectroscopy (EDS) anal-
ysis was also carried out for the YBT—-SHF compos-
ite to confirm the presence of various elements.
Figure 3 clearly shows that all expected elements,
including yttrium, were present in the composite.

X-ray Diffraction Studies

XRD patterns of sintered powder of YBT, SHF, and
YBT-SHF composite are shown in Fig. 4, indicating
that YBT crystallized in tetragonal perovskite struc-
ture. Perovskite phase of YBT with tetragonal crys-
tal structure in space group P4mm (no. 99) matches
with the standard value for BaTiO3 in Joint Com-
mittee on Powder Diffraction Standards (JCPDS)
card no. 50626, confirming entry of Y* ions into the
unit cell wh1le maintaining the perovskite struc-
ture.?® The lattice constants a and ¢ determined from
XRD data for YBT were 3.994 A and 4.033 A respec-
tively. A slight increase in a accompanied by a
decrease in ¢ was observed compared with the
theoretical values for pure BaTiO3.2* This change
in the lattice constants of YBT can be attributed to
the fact that the ionic radius of Ti** ion 1s smaller
than that of Y* ion, so replacement of T1 by Y3*
ions results in expansion of the unit cell.?

Based on the results for the composite, it is
evident that YBT retained its tetragonal perovskite
structure. The powder x-ray patterns revealed
coexistence of the two ferroic phases with a high
degree of sintering without any additional impurity
phases. In the composite, the intensity of YBT peaks
from planes such as (001), (101), (111), (200), (102),
(211), (103), and (313) decreased on addition of SHF
phase, as depicted in Fig. 4.

The phase fractions of YBT and SHF in the
composite were calculated by using the intensity of
the most intense peak of the XRD pattern of the two
phases using the following equations:

I
Phase percentage of SHF = ﬁ,
Isur + Iypr
I
Phase percentage of YBT = i,
Iypr + Isur

where Iypr and Isgr are the intensity of the highest
peak for YBT and SHF, respectively. The resulting
phase fraction values (%) for the individual phases
were consistent with those used during synthesis.

Evaluation of Densities

The bulk density (pg) and corresponding porosity
(y) for YBT and SHF (Table I) were evaluated using
the following relations®®:
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Fig. 2. SEM images at magnification of x4000: (a) YBT phase, (b) SHF phase, and (c) YBT-SHF composite, and (d) particle size of SHF phase.
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Fig. 3. EDS spectrum of YBT-SHF composite.
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where M and V are the mass and volume of YBT and
SHF, respectively. The x-ray density (px) for YBT
and SHF was evaluated using the relation
pX:VMi7 (5)
cellNp
where M’ is the molecular weight, Z is the number

of molecules per unit cell, V. is the volume of the
unit cell, and N, 1is Avogadro’s number
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Fig. 4. X-ray diffraction patterns of YBT phase, SHF phase, and
YBT-SHF composite.

(6.023 x 10%3). The cell volume of SHF was calcu-
lated using the formula Vo = 0.8666a%.%2” The
bulk density of YBT disks sintered at 1350°C was
lower than the corresponding x-ray density but
greater than that of previously prepared pure
barium titanate.'” The bulk density of SHF
(4.36 g/em?) was close to (85% of) the x-ray density
(5.098 g/cm?®) of SHF. The difference between the
bulk and x-ray densities is due to the porosity of the
material. The porosity in the samples can be
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Table I. Density, porosity, and magnetic parameters of YBT phase, SHF phase, and YBT-SHF composite

Sample pg (glem?®) px (glem®) y (%) Iygr (%) Isur (%) M (emu/g) M, (emu/g) H, (Oe) M,/M, ng
YBT 4.72 5.16 8.53 - - - - - -
SHF 4.36 5.09 14.35 - 59.30 32.31 6145 055 11.27
YBT-SHF 4.60 5.83 21.1 89.16 10.84 5.70 2.31 1622 0.40 1.07
attributed to the polymeric binder PVA, which 20 _
burns out during sintering, leadin§ to formation of 18 4200 YBT(100 Hz) ——
open pores in the microstructure.? i .
The x-ray density of the composite was calculated 16 ., 2800 5
from the molecular weight and x-ray density of the 144 2100 N
individual ferroic phases using the following S| = (100 Hz)
g o 124 140 . 1 KH
relation®: =) A
= 104 700 : + (5KHz)
myBT + MsHF & 20 80 1_Ig?° 1)60 200, . (10 KHz)
X = pysr Psars  (6) 8- g N S/ L + (100 KHz)
MYBTPYBT T MSHFPSHF . < (1MHz)
64 -
where mypt and mggr are the molecular weight and i / ..-r'\-.......... S
pyer and pgpr are the x-ray density of YBT and : "~ MMM s
SHF, respectively. . D¢ o
p y 0 ‘“4««««44%&:::::&
Dielectric Formalism 0 100 200 T oc3)00 400 500

The real part of the dielectric constant (¢") and the
AC conductivity (cac) were calculated from the
experimental dielectric data using the following
empirical relations:

¢ = Cd/As, (7)

OAC = 8/8060 tan 5, (8)

where C is the capacitance, d is the thickness of the
sample, A is the area of the sintered pellet, and
tan o is the dielectric loss.

Variation of Dielectric Constant and Dielectric Loss
with Temperature for YBT and YBT-SHF
Composite

The variation of the dielectric constant (¢') with
temperature (from 20°C to 530°C) at different
frequencies (from 100 Hz to 1 MHz) was studied
for the composite and is depicted in Fig. 5. With
increasing frequency, the peak in the permittivity
shifted to higher temperature, suggesting a relaxor
nature of the ferroelectric phase transition in YBT
after composite formation. The relaxor nature of the
ferroelectric phase transition is associated with
local ionic size/charge disorder in perovskite solid
solutions.?® However, pure YBT behaves like a
normal ferroelectric with T, ~ 119°C and does not
exhibit relaxor feature, as shown in the inset of
Fig. 5. A slight decrease of 4°C was observed for
YBT compared with the value for pure BT (123°C)
reported in earlier work.'”® The occupation of Y>*
ions at B site results in lattice expansion (as
supported by the XRD results) and may suppress

Fig. 5. Temperature dependence of dielectric constant of YBT-SHF
composite; inset shows variation of dielectric constant with temper-
ature for YBT phase.

oriented displacement of Ti** in the oxygen octahe-
drons, which is responsible for the spontaneous
polarization. Therefore, the Curie temperature
decreases with incorporation of Y®* jons at Ti
site.3132 All the transitions of the composite were
diffuse. Similar diffuse-type transitions were also
reported in literature for other ferroelectric-mag-
netic composites.>® The increase in the transition
temperature is due to internal stress resulting from
the large-sized grains (especially greater than
1 ym)>* and by diffusion of Fe?* into the ferroelec-
tric phase.?® In the YBT-SHF composite, induced
internal stresses are relieved due to the large size of
the YBT grains (~ 4.81 yum). In addition, the high
sintering temperature of 1150°C leads to diffusion of
Fe?* ions from the SHF phase into the ferroelectric
YBT phase, causing T. to shift towards higher
temperature.

The temperature dependence of the loss tangent
(tan 6) in the frequency range from 100 Hz to 1 MHz
is shown in Fig. 6, while that of YBT at 100 Hz is
shown in the inset. The dielectric loss was minimum
at lower temperatures and increased with increase
in temperature, similar to the behavior of the
dielectric constant. Dielectric loss peaks were
observed, shifting progressively towards higher
temperature as the frequency was increased from
100 Hz to 1 MHz, which indicates a thermally
activated relaxation mechanism. Similar dielectric
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Fig. 6. Temperature dependence of tan ¢ of YBT-SHF composite;

inset shows variation of tan ¢ with temperature for YBT phase.

loss behavior has been observed for various multi-
ferroic composites, being exglained on the basis of
the Debye equation for loss.”5~3®

Curie-Weiss Behavior of YBT-SHF Composite

The diffuseness of the peak in the case of the
YBT-SHF composite in the selected frequency
range from 100 Hz to 1 MHz was confirmed using
the modified Curie—Weiss law:

1 1
of ol
e Smax

=A(T-T.), 9)

where ¢ . is the dielectric constant at 7. and y is a
critical exponent, lying in the range 1 < y<2.y=1
represents ideal Curie—Weiss behavior, while a
value between 1 and 2 indicates a diffuse transi-
tion.?® The values of y obtained from the slope of
In(1/¢ —1/e,,,.) versus In(T' — T) for the YBT and
YBT-SHF composite are depicted in Fig. 7. The
obtained values of y (Table II) confirm the diffuse

transition for the composite.

Variation of Dielectric Constant and Dielectric Loss
with Frequency for YBT and YBT-SHF Composite

The plot of ¢’ versus frequency for YBT and YBT-
SHF is shown in Fig. 8. In comparison with the
composite, the dielectric constant of YBT was small
and hence is shown in the inset of Fig. 8. It was
observed that ¢ decreased with increase in fre-
quency, showin§ dispersion in the lower frequency
region (up to 10° Hz) and then approaching towards
each other at frequency greater than 10° Hz. This
effect is attributed to Maxwell-Wagner-type inter-
facial polarization.*® The value of the dielectric
constant ¢ at lower frequency (20 Hz) for YBT and
YBT-SHF was found to be 880 and 4127, respec-
tively. This high dielectric constant value is the
result of heterogeneous conduction, attributed to
porosity in the material.*! At frequencies greater
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than 10° Hz, the ¢ values for YBT and YBT-SHF
ran parallel and remained almost constant. The
values of ¢" observed at frequency of 3 MHz for YBT
and YBT-SHF were 552 and 113, respectively. The
abrupt decrease of ¢ at higher frequencies is
attributed to the fact that electron exchange
between Fe?* « Fe?* does not follow the alternating
electric field.

The variation of tan § with frequency exhibited
low-frequency dispersion (Fig. 9). The values of tan
0 obtained at lower frequency (20 Hz) for YBT and
YBT-SHF were 0.15 and 0.45, respectively. The
dielectric loss at lower frequencies was negligible
compared with our earlier results for BT-BHF
[Barium titanate (BT)-Barium hexaferrite (BHF)]
composite.'® The reduction in the loss at lower
frequencies may be due to the reduced space-charge
polarization effect.*?> At higher frequency (3 MHz),
the values of tan J for YBT and YBT-SHF were 0.01
and 0.09, respectively. At higher frequencies, no
charge diffusion occurs in the direction of the
rapidly oscillating alternating electric field. This
reduces charge accumulation and hence the value of
tan 6. In addition, a loss peak was observed at
frequency of 3.5 kHz for the YBT-SHF composite.
This loss peak is attributed to the fact that the
hopsping frequency of electrons/holes among ions
(Fe**—Fe?*) becomes equal to the frequency of the
applied field.**

AC Conductivity of YBT-SHF Composite

The temperature dependence of the AC electrical
conductivity (6ac) of YBT-SHF at selected frequen-
cies is shown in Fig. 10. At low temperatures, oac is
proportional to temperature and is not activated in
nature, as in semiconductors. Above T., an abrupt
rise occurs in oac, showing strong temperature
dependence, with a hump observed near 140°C,
supporting a ferroelectric transition.*> As per the
theoretical predictions, the change in slope occurs
due to the transition of the sample from the ferro- to
para-state when crossing the ferroelectric Curie
temperature.44

The temperature dependence of oac in ferrites,
acting as one ferroic part of the composite, is due to
both hopping of electrons and thermal excitation of
electrons from the Fermi level to maximum density
state, which can be expressed as*®

E()/kBT El/kBT

OAC = 00€XP + o1exp EoksT | ...

+ 09€xp
(10)

where E, is the activation energy for intrinsic
conduction and E;, E,, etc. are the activation
energies needed for hopping conduction. a4, o1,
and o, are constants, and kg is Boltzmann’s con-
stant. The plot of In(oac) versus 1000/T (Fig. 10)
indicates two different slopes, characterizing elec-
trical conduction via two different processes. The
activation energy (£,) values in the different
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Fig. 7. Curie—Weiss behavior of (a) YBT-SHF composite at different frequencies and (b) YBT phase at 100 Hz.

Table II. Dielectric constant, Curie temperature, and activation energy for YBT-SHF composite at different

frequencies
Activation energy (eV)
Sample Frequency (Hz) y &oom &l ax T, (°C)  520°C to 140°C  140°C to 20°C
YBT 100 0.58 850 3.85 x 10° 119 - -
YBT-SHF 100 1.21 2.86 x 10>  8.33 x 10° 138 1.04 0.01
- 10° 1.37 202 x 10>  5.24 x 10° 140 0.79 0.01
- 5 x 10° 1.53  1.71 x 10>  4.04 x 10° 141 0.62 0.01
- 10* 154 148 x 10®°  3.63 x 10® 143 0.35 0.02
- 10° 1.58  1.25 x 10> 2.77 x 10® 144 - -
- 10° 195 095 x 10> 2.21 x 10° 145 - -
4.5 0.5
o (YBT-sHF)| 0-90 — &
404 % o . (YBT %
044 <
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Fig. 8. Frequency dependence of dielectric constant of YBT-SHF
composite; inset shows enlarged curve for YBT phase.

4
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Fig. 9. Frequency dependence of dielectric loss of YBT phase and
YBT-SHF composite.

temperature ranges from 520°C to 140°C and 140°C
to 20°C were calculated. The values of E; calculated
in the high temperature range (520°C to 140°C)
were larger compared with E, obtained in the lower
temperature range (140°C to 20°C). This decrease in

activation energy with decreasing temperature can
be attributed to small-polaron conduction.*>*6
Furthermore, it is evident that the conductivity
increased with increasing frequency. The frequency
dependence of oac is due to electron hopping
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Fig. 10. Correlation between electrical conductivity (In ) and reciprocal of absolute temperature (1000/T) for YBT-SHF composite at (a) 100 Hz,

(b) 1 kHz, (c) 5 kHz, and (d) 10 kHz.

between Fe?* and Fe3* jons in the ferrite phase of
the composite. The observed increase in oac with
increasing frequency in the composite can be
attributed to an increased hopping rate. A
notable observation is that E, > 0.5 eV for all
frequencies, in support of the charge-hopping con-
duction mechanism in SHF, acting as one of the
ferroic phases of the YBT-SHF composite.*”

Ferroelectric Studies of YBT and YBT-SHF
Composite

The symmetrical P-E hysteresis loops of the
YBT-SHF composite (Fig. 11) confirmed its ferro-
electric nature. The maximum polarization value of
the composite was lower than that of YBT due to the
presence of the conducting ferrite (SHF) in the
composite. In addition, temperature-dependent hys-
teresis measurements were carried out for YBT to
confirm the ferroelectric transition in YBT at tem-
perature of 120°C (Fig. 12). The P-E loops for the
YBT-SHF composite were traced by applying an
electric field from 19.5 kV/iem to 24.42 kV/cm,
revealing that all the loops were symmetrical about
the origin. This symmetry of the loops can be
attributed to the fact that the internal field devel-
oped by bound electrons is negligible compared with
the externally applied field, which has not been
reported previously for such composites.'* The
higher value of the coercive field in the YBT-SHF
composite as compared with YBT is due to the

8
= (E=19.5 kV/icm)
6+ o (E=20kVicm) A
4 (E=23.40 kV/cm)
4 - (E=24.40 kV/cm)
o 92
g 2
g
& 21
-4
64
-8 T T T J .
30 -20 -10 0 10 20 30

E(kV/cm)

Fig. 11. Symmetrical P-E loops of YBT-SHF composite at different
fields.

clamping effect of SHF, which restricts domain
switching.*® On increasing the applied field, this
clamping effect strengthens, increasing the coercive
field as presented in Table III.

Magnetic Studies

The magnetic field dependence of the magnetiza-
tion (M—-H hysteresis loop) of SHF and the YBT-
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SHF composite at room temperature is shown in
Fig. 13. Typical magnetic hysteresis with saturation
magnetization near field of 10 kOe was observed in
both cases, confirming an ordered domain structure.
The magnetic behavior of the composite is due to the
ferrite phase.*” The reason for the ferrimagnetic
behavior of the composite is attributed to superex-
change interactions (Fe?* — 0%~ « Fe?*), enhanced
by oxygen vacancies. Oxygen vacancies are created
in the ferroelectric phase of the composite by
substitution of Y3* jon at Ti*" site,?? a mechanism
that can be expressed in Kroger—Vink notation
agP051

Y;03 + 2BaO — Yr; + 2Bag, + 500 + V;;

Table I presents the values obtained for the
various magnetic parameters. The magnetic
moment per formula unit in Table I was calculated
using the following formula®’:
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M x M
5585 '

where M and Mg are the molecular weight and
saturation = magnetization of a  particular
composition.

The values of M, and M, obtained for the com-
posite were lower than those of the SHF phase. This
is attributed to the presence of the nonmagnetic
ferroelectric YBT phase, which may dilute various
magnetic properties in the composite.’! Further-
more, the magnetic dilution with the change of Fe®*
(high-spin state) to Fe?* (low-spin state) at 2a site of
SrFe 504 on substitution of Y>* ions at Sr?* site and
the effect of spin canting may be responsible for
weakening the superexchange fields.?” The Fe3* «
02~ & Fe®* exchange interaction is disrupted by
Fe?* ion canted syins, which could be produced by
substitution of Y°* ion into the SHF phase during
high-temperature sintering.’>°® In addition, the

np = (11)

84| <« YBTRT
6 = YBT(60 °C)
7 e YBT(80°C)
4| 4 YBT(100°C)
N 2. v YBT(120 °C)
L 0-
O
= 2-
o
-4
-6-
-8

20-15-10 5 0 5 10 15 20
E(kV/cm)

Fig. 12. Typical P-E loops of YBT phase at different temperatures.
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Fig. 13. M—H hysteresis loop of YBT-SHF composite; inset shows
M-H hysteresis of SHF phase.

Table III. Variation of ferroelectric parameters of YBT phase with temperature and of YBT-SHF composite

with applied field

Sample T (°C) P ax (uClecm?) E. (kV/cm) P, (uC/cm?) Applied field (kV/cm)
YBT RT 7.52 5.07 3.49 -
YBT 50 7.41 2.31 2.53 -
YBT 75 7.28 1.93 2.18 -
YBT 105 5.5 1.05 0.90 -
YBT 120 3.9 0.42 0.12 -
YBT-SHF RT 6.48 10.23 3.23 24
YBT-SHF RT 6.11 9.39 2.99 22
YBT-SHF RT 2.62 7.88 2.62 20
YBT-SHF RT 2.50 7.72 2.50 19

RT, room temperature.
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Fig. 14. Variation of magnetocapacitance with magnetic field for
YBT-SHF composite at different frequencies.
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Fig. 15. Variation of magnetoresistance with magnetic field for YBT—
SHF composite at different frequencies.

coercive field of the composite was found to be lower
than that of SHF phase, confirming easy magnetic
domain wall motion and rotation of dipoles in SHF,
compared with the composite.®® In addition, the
maximum coercivity for SHF phase occurred within
its single-domain range, as supported by the
squareness ratio (M,/M,) of 0.55 in Table I. How-
ever, decreased coercivity arises in the composite as
grains are subdivided into multiple domains (M,/
M, = 0.40).

Magnetocapacitance Studies

The phenomenon of magnetocapacitance (MC) in
composites, which is an indirect way to investigate
the magnetoelectric effect, arises due to mechanical
coupling between two ferroic phases. Application of a
magnetic field changes not only the magnetic order
but also the electric permittivity.® When a magne-
toelectric composite is subjected to a magnetic field, it

becomes strained. The generated strain induces
stress, which is transferred to the ferroelectric phase
of the composite, resulting in an electric field across
ferroelectric domain walls.”®

The MC effect in the YBT-SHF composite was
checked by measuring the change in capacitance as
a function of external magnetic field in the fre-
quency range from 1 kHz to 500 kHz. The MC was
calculated using the following formula:

¢H)—¢eH=0)
MC = ¢H =0)
where ¢(H) and ¢(H = 0) are the dielectric constant
in the presence and absence of magnetic field,
respectively. In the present study, the MC showed
weak dependence on the magnetic field at higher
frequency, but a significant response was observed
at lower frequency (Fig. 14). The MC of the YBT-
SHF composite was found to be 0.77%, 0.35%, and
0.11% at 1 kHz, 10 kHz, and 500 kHz, respectively.
These low values are due to the lower content of
SHF in the composite. The MD response at fre-
quencies below 10 kHz is due to a favorable mag-
netoresistance (MR) effect combined with the
Maxwell-Wagner effect.”® The MR of the composite,
viz. the fractional change in resistivity on applica-
tion of a magnetic field, can be evaluated using the
following relation:

x 100, (12)

(H) — p(H =0)
p(H =0)

The change in the MR and tan ¢ with the applied
magnetic field from 0 kOe to 20 kOe is depicted in
Figs. 15 and 16, respectively. It is clear that the
slight increase in MR (0.03%) at lower frequency
(1 kHz) is responsible for the MD effect in the
composite. The favorable MD response supported by
this enhancement in the resistance is attributed to
good interfacial connection between the two ferroic
phases.’” The dielectric loss of the composite under

MR =2 % 100. (13)
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the influence of a magnetic field was almost con-
stant for all frequencies.

CONCLUSIONS

Morphological studies revealed monophasic struc-
ture for YBT and SHF, while biphasic structure was
observed for the YBT-SHF composite. XRD analysis
confirmed that the individual phases retained their
crystal structure in the composite. Density calcula-
tions revealed porosity in the material, consistent
with the morphology. Enhancement in the dielectric
constant due to yttrium doping and a diffuse
transition were observed for the composite. The
ferroelectric loops of YBT confirmed its ferroelectric
transition at high temperature, while the typical
hysteresis of the YBT-SHF composite at different
fields confirmed its ferroelectric nature. Activation
energies calculated in two different temperature
regions confirmed the charge-hopping mechanism
in the composite. The magnetic hysteresis loops of
the composite confirmed that the magnetic param-
eters were diluted due to the presence of the
nonmagnetic YBT phase. Magnetodielectric studies
confirmed the contribution of magnetoresistance to
the magnetodielectric phenomenon.
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