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Ceramic samples of [BiFeOs],(BiMgo5Tio.503)1-y]os5[PbTiO3]o4s designated as (BF-BMT-PT) were pre-
pared by high temperature solid-state reaction method. X-ray diffraction analysis of the powder samples
suggests the formation of a single-phase material with transformation from rhombohedral to tetragonal
crystal structure with increase in BF content. Polarization vs electric field (P-E) hysteresis studies show
maximum remanent polarization (P; ~ 1.4 wC/cm?) for composition y = 0.08. Dielectric studies of the com-
pounds as a function of temperature at frequency 100 kHz show that the compounds undergo a diffuse
phase transition with a transition temperature increasing with increasing y. The diffusivity parameter
of the phase transition for these compounds yielded values between 1.6 and 1.8 indicating significant
variation of degree of disordering in the system.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Perovskite solid solutions have been an active area of research
due to their importance in ferroelectric, ferromagnetic and
piezoelectric applications along with their fascinating physical
properties, [1-6]. In particular, Bi-based ferroelectrics are under
intense investigation, because they exhibit both large polarization
[7-9] and multiferroic behavior [10,11]. The coexistence of mag-
netic and electric subsystems endows materials with the “product”
property, thus allowing an additional degree of freedom in the
properties of actuators, sensors, and storage devices [12-17]. How-
ever, the choice of single-phase materials exhibiting coexistence
of strong ferro-ferrimagnetism (FM) and ferroelectricity (FE) is
limited [18]. Therefore, multiferroic composites comprised of a
mixture of two or three different types of materials with separate
or combined ferromagnetic and ferroelectric properties have been
proposed. These composites could be in the form of multilayers or
nanocomposites.

BiFeOj3 (BF), with a rhombohedrally distorted perovskite struc-
ture space group R3c, is the only known perovskite oxide that
exhibits both antiferromagnetism weak magnetism from canted
spins or parasitic ferromagnetism and ferroelectricity at room
temperature. This material has recently attracted significant atten-
tion from the viewpoint of both fundamental research and
the potential for practical applications involving mutual con-
trol of magnetization and polarization. Nevertheless, it has a
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serious electrical leakage problem, most likely as a result of
defects and nonstoichiometry. Recently for high temperature
applications, new piezoelectric ceramics of the general formula
(1 =x)BiMeO3-xPbTiO; (Me3*=Sc, In, Y, Yb, Fe, Ga, etc.) with
paraelectric-ferroelectric phase transition temperature higher
than lead zirconate titanate (PZT) and its contemporary com-
positions have been reported [5,19-21]. Alternative lower cost
systems, for example BiFeO3-PbTiO; and BiGaO3-PbTiO3; have
been investigated by other researchers in order to identify partic-
ular compositions that merit further development for use in high
temperature piezoelectric devices [22-25]. Some of these reports
have been concerned with the use of bismuth based complex
perovskites, including Bi(Mgg 5Tig 5)O3 (BMT) and Bi(Mgg.5Zrg5)03
(BMZ) [6,8,9,26-29]. BMT-PT system in particular has shown
significant promise with respect to a relatively high Curie tempera-
ture (T ~450°C) and high remanent polarisation (P; ~0.38 Cm~2)
[26]. Early studies on perovskite-structured Bi(Me)O3;-PbTiOs3 solid
solutions were mostly concerned with compounds containing tran-
sition metal Me ions such as Fe3* and Mn3* [30,31]. These materials
show high temperature ferroelectric-paraelectric phase transitions
but the piezoelectric and dielectric properties were limited or
unknown due to their high electrical conductivity. In this research
report, an attempt has been made to study the ternary system
BiFeO3-BiMgTiO3-PbTiO3 (BF-BMT-PT) aiming at the develop-
ment of high dielectric constant multiferroic (magnetoelectric)
materials with reduction in electrical leakage current.

2. Experimental procedures
Polycrystalline samples of [(BiFeO3 )y(BngojTig_SOg),,y]o 55[PbTiOg]ové,S, where

(y=0.025, 0.05, 0.07, and 0.08), were synthesized from high purity oxides of Bi, 03,
Fe,03, TiO,, MgO, and PbO (99.9% M/S Aldrich Chemicals) using high temperature
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Fig. 1. X-ray powder diffraction patterns of the BF-BMT-PT ceramics for different
compositions.

solid-state reaction technique in an ambient atmosphere. The constituent com-
pounds in suitable stoichiometry were thoroughly mixed in a ball milling unit for
24 h. The calcined fine powder was cold pressed into cylindrical pellets of 10 mm
in diameter and 1-2mm in thickness using a hydraulic press at a pressure of
6 x 107 kgm~2. These pellets were sintered at 1050°C for 4h in air. The forma-
tion and quality of compounds were verified by X-ray diffraction (XRD) technique.
The XRD pattern of the compounds was recorded at room temperature using X-ray
powder diffractometer (Rigaku Minifiex Japan) with Cu Ka radiation (A=1.5418 A)
in a wide range of Bragg angles 260 (20° <20 <60°) at a scanning rate of 2 min-!.
The dielectric constant (&) and loss tangent (tan§) of the compounds were mea-
sured using a 4192A LF Impedance Analyser (HP) as a function of frequency at room
temperature (RT) and temperature (RT to 500 °C) at different frequencies with a lab-
oratory made experimental setup. Ferroelectric hysteresis was measured by using
Radiant Technologies, Precision High Voltage Interface Trek MODEL 609B at room
temperature. The magnetic data was recorded with the help of vibrating sample
magnetometer (VSM) (Cryogenic).

3. Results and discussion

The narrow and symmetric X-ray diffraction peaks of the
BF-BMT-PT compounds indicate homogeneity and good crystal-
lization of the samples. Room temperature XRD patterns of the
BF-BMT-PT perovskite type ceramics are plotted in Fig. 1. All the
reflection peaks were indexed using observed inter-planar spacing
d, and lattice parameters of BF-BMT-PT were determined using a
least-squares refinement method. A good agreement between cal-
culated and observed d values of all diffraction lines (reflections) of
BF-BMT-PT system with different y content suggests that there is a
change in the basic crystal structure from rhombohedral to tetrag-
onal. Crystal tetragonality (c/a) (Table 1) is found to increase with
increase in BF content resulting in hard and denser ceramics.

Fig. 2 shows variation of ¢ with frequency at room tempera-
ture for all compositions. It was found that with the increase of
frequency ¢ decreases following the logarithmic law. This type of
relaxation could be related to the domain wall propagation in a
random media similar to that in magnetic systems. The same type

Table 1
Structural data for different compositions of BF-BMT-PT.

Fig. 2. Variation of dielectric constant of BF-BMT-PT as a function of frequency at
room temperature.

of frequency dependence is found in many ferroelectric ceram-
ics [32,33]. Room temperature variation of dielectric loss with
frequency shows an appreciable change in low frequency but
at higher frequency it does not show an appreciable change. In
BF-BMT-PT ceramics, the dielectric permittivity decreases with
increasing BF content. The larger values of ¢ at room tempera-
ture and lower frequency dispersion in BF-BMT-PT may also be
ascribed due to the interfacial and dipolar contribution of polar-
ization [34]. The fall in dielectric permittivity arises from the
fact that polarization does not occur instantaneously with the
application of the electric field because of inertia. The delay in
response towards the impressed alternating electric field leads
to loss and decline in dielectric constant [35]. At low frequen-
cies, all the polarizations contribute and as the frequency is
increased, those with large relaxation times cease to respond
and hence results in the decrease of the dielectric permittiv-
ity.

Fig. 3(a) and (b) shows the variation of ¢ and tan § of BF-BMT-PT
with temperature at 10 kHz frequency. Here, the dielectric permi-
tivity increases gradually with an increase in temperature up to
transition temperature (T¢) and then decreases. The region around
the dielectric peak is apparently broadened. The broadening or dif-
fuseness of peak occurs mainly due to compositional fluctuation
and/or substitution disordering in the arrangement of cations in
one or more crystallographic sites of the BF-BMT-PT structure.
The value of peak dielectric permitivity (emax) increases initially
with the increase of concentration (Table 2). It reveals a maximum
at about 510 °C. Above this temperature the dielectric permittivity
and loss decreases till 570 °C and then begins to increase. Such type
of behavior was also observed in BMT-PT system [36] by Sharma
et al., which was attributed to the space charge polarization at high
temperatures. With the increase in BF content, the increase in Curie
temperature and dielectric parameters at 100 kHz are shown in
Fig. 3(c).

Samples Structure a(A) c(A) cla Measured density
((gm)/cm?)

y=0.025 Rhombohedral 5.0260 - 8.31

y=0.05 Rhombohedral 5.0434 - 8.35

y=0.07 Tetragonal 3.5652 4.0542 1.13 8.55

y=0.08 Tetragonal 3.5523 4.6106 1.29 8.68
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Fig. 3. (a) Variation of dielectric constant, (b) variation of dielectric loss of BE-BMT-PT as a function of temperature at 100 kHz respectively and (c) Tmax, Emax, €rt, tan &y and

tan dmax Vs doping concentration (mol%) at 100 kHz respectively.

Table 2

Some physical parameters for different compositions of BF-BMT-PT.
Physical y=0.025 y=0.05 y=0.07 y=0.08
parameters
Ert 330 199 231 323
tan &y 0.018 0.024 0.029 0.043
T 500 511 515 528
Emax 6185 8114 10,541 12,229
tan Smax 0.21 0.29 0.36 0.38
y 1.60 1.70 1.75 1.8

We have also made attempts to measure the induced polar-
ization electric field (P-E) hysteresis loop at room temperature
(Fig. 4). No saturation in polarization-electric field (P-E) curve
could be obtained for the ceramic samples, up to a maximum of
8 kV/mm applied electric field. This is due to the increase in the
BF content which hardens the material. Because of the hardening
effect of the BF content, the domain switching becomes more and
more difficult. This type of effect was also observed in BF doped
Bi(Mgg 5Zrg5)03-PbTiO3 ceramic system [30]. The observed coer-
cive filed for y=0.08 is E. ~ 70 kV/cm and the maximum remanent
polarization is Py ~ 1.4 p.C/cm?.

In BF-BMT-PT, Fe magnetic moments are coupled ferromag-
netically within the pseudocubic (11 1) plane and antiferromag-
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Fig. 4. P-E hystersis loops for BF-BMT-PT ceramics at room temperature.

netically between the adjacent planes. There is a canting of
antiferromagnetic sublattices resulting in a macroscopic magne-
tization. Superimposed on antiferromagnetic ordering, there is a
spiral spin structure which leads to cancellation of macroscopic
magnetization. Magnetization is induced in the sample when-
ever this spiral structure is suppressed [37]. All the samples show
unsaturated magnetization loops (Fig. 5) which confirm the basic
antiferromagnetic nature of the compounds. The magnetization

Fig. 5. Magnetization vs magnetic field curves for BF-BMT-PT samples at room
temperature.

increases with the increase in content of BF. The magnetization
is higher, when the concentration of BF is increased from 0.025 to
0.08. This could be due to the structural distortion in the perovskite
i.e., the canted spin arrangement of unpaired electrons on Fe3* ions
is caused by incorporating Pb2* ions to A sites and/or Ti#* ions to B
sites of the perovskite structure of BiFeOs. This structural distortion
could lead to the suppression of the spin spiral and hence enhance
the magnetization in the system.

The quantitative assessment of the diffusivity (y) of the broad-
ened peaks in the paraelectric phase was evaluated using the

Fig. 6. Variation of In (1/¢ — 1/&max) VS In (T — Tnax ) in the paraelectric region at 100 kHz.
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expression In (1/& — 1/emax) vs (T —T¢)¥ [38]. The plot (Fig. 6) of In
(1/e —1/emax) Vs In (T — Tmax) for all compositions was extracted
from the plot by fitting a straight-line equation. The value of y
was found to be between 1 (normal Curie Weiss behavior) and
2 (completely disordered), which further confirmed the diffuse
phase transition in the materials. The double logarithmic relation-
ship between (1/¢ — 1/emax) and (T — Tmax ), unequivocally displays
linear behavior in the temperature range between Tpax and Tew.
The values of y fall into 1.6 <y < 1.8. For the comparative purpose,
the plots of diffusivity against concentration at 100 kHz for various
compositions are shown in Fig. 6 as an inset figure.

4. Conclusions

BF-BMT-PT solid solution ceramics in single phase were pre-
pared using high temperature solid-state reaction method. The
crystal structure transforms from rhombohedral to tetragonal with
increase in BF content. BiFeO3 doping in BMT-PT exhibits many
interesting features, such as shift in transition temperature, diffuse
phase transition and enhanced magnetic properties. The magneti-
zation increases with the increase in BF content in the solid solution.
Polarization-electric field hysteresis curves show decrease in the
remanent polarization with BF content and hardens the material.
Because of the hardening effect of the BF content, the domain
switching becomes more and more difficult.
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