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The properties of (1–x)Ba(Fe1/2Ta1/2)O3-xBiFeO3 [(1–x)BFT-xBFO] (x = 0.0,
0.1, 0.3, 0.5) ceramics have been investigated. (1–x)BFT-xBFO powders were
synthesized by a modified two-step calcination technique, and ceramics were
fabricated by a conventional technique. X-ray diffraction (XRD) analysis re-
vealed that the modified ceramics exhibited a mixture of BFT cubic phase and
BFO rhombohedral phase. The peaks shift increased with increasing BFO
content to a maximum value for the composition with x = 0.5. The overall shift
of the XRD patterns indicated distortion of the unit cell, which may be due to
ions from BFO entering the BFT lattice. BFO additive promoted grain growth,
while the maximum density of the studied ceramics was observed for the
x = 0.1 composition. The modified ceramics presented enhanced thermal and
frequency stability of the dielectric constant. BFO additive also reduced the
loss tangent for the system. Improvement of the magnetic behavior was ob-
served after adding BFO. Furthermore, all the ceramics, including pure BFT
(a nonmagnetic phase at room temperature), presented a magnetocapacitance
effect, which can be related to magnetoresistance along with Maxwell–Wagner
polarization effects.
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INTRODUCTION

High-dielectric-constant ceramics have been
extensively studied due to their many potential
electronic applications, e.g., in sensors and multi-
layer capacitors.1–6 Ba(Fe1/2Ta1/2)O3 (BFT) is an
interesting high-dielectric material since it shows a
colossal dielectric constant. Many authors have
reported that BFT presents cubic perovskite struc-
ture at room temperature (RT) in space group
Pm3m (211)2 and lattice parameter of 4.056 Å.1,3

It has been reported that the dielectric constant of

BFT ceramics varies from 103 to 105 over a wide
temperature range (�150�C to 350�C).2 The dielec-
tric constant of BFT exhibits strong frequency
dispersion, similar to other Fe-containing complex
perovskite ceramics with composition A(Fe1/2B1/2)O3

(A = Sr, Ca, Ba; B = Nb, Ta, Sb).1,4,5 Furthermore,
BFT presents no ferroelectric properties.2 Many
modified BFT ceramics have been reported to show
interesting properties compared with those of pure
BFT, e.g., BFT-Ba(Zn1/3Ta2/3)O3

6 and Ba1�xBix(Fe1/2

Ta1/2)O3
7 ceramics, which presented higher dielec-

tric constants with lower loss tangents, and
Ba[(Fe0.9Al0.1)1/2Ta1/2]O3 ceramics, which exhibited
an extended giant dielectric constant with improved
loss tangent. Furthermore, small amounts of
Ba(Fe1/2Ta1/2)O3 produced a large shift of the peak
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in the dielectric constant–temperature curve for the
BaTiO3-Ba(Fe1/2Ta1/2)O3 system.8

For many years, multiferroic materials have been
extensively investigated due to their many potential
applications, e.g., in data storage, sensors, and
memory devices.9 However, multiferroic materials
which exhibit both high ferromagnetic and ferro-
electric properties are very rare, as ferromagnetism
needs transition metals with unpaired 3d electrons
and unfilled 3d orbitals, whereas ferroelectricity
needs transition metals with filled 3d orbitals.10 An
interesting multiferroic material is bismuth ferrite
BiFeO3 (BFO), as it presents multiferroic properties
at RT. BFO possesses rhombohedral symmetry
(space group R3c)11,12 with lattice parameters of
a = b = c = 0.3963 Å and a = b = c = 89.5� at RT.13

Many authors have reported that BFO has a high
Néel temperature (antiferromagnetic to paramag-
netic transition temperature, TN � 370�C) and high
Curie temperature (ferroelectric to paraelectric
transition temperature, TC � 830�C).14,15 However,
BFO presents a low ferroelectric response, as it has
high leakage current, which is reported to be due to
formation of defects, such as oxygen vacancies,
originating from reduction of Fe3+ to Fe2+.16 Fur-
thermore, formation of secondary phases such as
Bi2Fe4O9 and Bi25FeO39 can also cause high leakage
currents.16–18 Many techniques have been proposed
to improve the properties of BFO, such as doping
BFO with various elements (e.g., Ba, Nb, Co)19,20 or
forming solid solution between BFO and other
materials, e.g., BiFeO3-Ba0.85Ca0.15Ti0.90Zr0.10O3,21

BiFeO3-PbTiO3,22 BiFeO3-Ba(Zr0.6Ti0.4)O3,23 Na0.5

Bi0.5TiO3-BiFeO3,24 BiFeO3-BaTiO3,25 and BiFeO3-
Pb(Zr0.52Ti0.48)O3.26

Since BFT presents a high dielectric constant over
a wide temperature range and BFO is a multiferroic
material at RT, it is interesting to form a new
ceramic system between BFT and BFO with the aim
of understanding its properties. However, the calci-
nation temperature for BFT is high (1250�C) com-
pared with BFO (850�C). Use of a conventional
single-step calcination technique may result in
problems when forming the (1–x)BFT-xBFO system,
e.g., bismuth loss during processing (at higher
calcination temperature) or incomplete reaction (at
lower calcination temperature). Furthermore, many
authors have reported that it is difficult to obtain a
single phase of BFO by the conventional mixed-
oxide technique.27,28 Therefore, it is also difficult to
prepare the (1–x)BFT-xBFO system by the conven-
tional two-step calcination technique (synthesis of
BFT and BFO separately, followed by mixing them
together). This is because impurity phases may still
be present in the samples. To ameliorate these
problems, a modified two-step calcination technique
was employed in this work, then (1–x)BFT-xBFO
ceramics were fabricated by a conventional tech-
nique at a suitable sintering temperature. Many
properties, such as the phase evolution, microstruc-
ture, and dielectric and magnetic properties, of all

the ceramics were measured and investigated, and
are discussed in detail herein.

EXPERIMENTAL PROCEDURES

(1–x)BFT-xBFO powders were prepared by a
modified two-step calcination technique. For the
first step, BFT powder was prepared by a solid-state
reaction technique using BaCO3, Fe2O3, and Ta2O5

as raw oxide materials. BaCO3, Fe2O3, and Ta2O5

powders were mixed by ball-milling for 24 h in
ethanol. The obtained powder was dried, then
calcined at 1250�C for 6 h. For the second step,
BFT powder was mixed with Bi2O3 and Fe2O3,
according to the stoichiometry of the chemical
formula (1–x)BFT-xBFO with x = 0.0, 0.1, 0.3, and
0.5. The mixed powders were milled again for 24 h,
and calcined at 800�C for 2 h. A few drops of 4 wt.%
polyvinyl alcohol (PVA) binder were then added to
the calcined powders before being uniaxially
pressed into 10-mm-diameter discs. To avoid the
melting problem, ceramics for each condition were
sintered at various temperatures below the melting
temperature. In this work, ceramics with composi-
tion x = 0.0, 0.1, 0.3, and 0.5 were sintered for 2 h at
optimum temperatures of 1450�C, 1200�C, 1100�C,
and 1000�C, respectively. Ceramic samples were
then selected for investigation of properties.

Phase formation of ceramics was characterized by
x-ray diffraction (XRD) analysis. The density of the
sintered ceramics was measured using the Archi-
medes method with distilled water as medium. The
microstructure of the samples was investigated by
scanning electron microscopy (SEM). For electrical
measurements, two parallel surfaces of the sintered
ceramic were polished, then silver paste was applied
onto the polished surfaces of each sample. To form
good electrodes, the resulting samples were then
fired at 600�C for 15 min. Dielectric measurements
as a function of temperature were carried out using
an impedance analyzer (Agilent 4192A) at various
frequencies. The ferroelectric properties at RT were
examined using a ferroelectric tester (Radiant
Technologies Inc.). The magnetic properties were
obtained using vibrating-sample magnetometry
(VSM, model 7404; Lake Shore Cryotronics, Inc.,
Westerville, OH) in magnetic field of �10 kOe £
H £ 10 kOe.

RESULTS AND DISCUSSION

Figure 1 presents the x-ray diffraction (XRD)
patterns of the studied ceramics. For the unmodified
ceramic (x = 0.0), pure perovskite phase was
observed with no evidence of any impurity phase.
The unmodified ceramic (BFT) presented cubic
symmetry at RT, and XRD analysis was carried
out based on International Centre for Diffraction
Data (ICDD) file no. 01-089-2966. This XRD result
also corresponds to the results of many previous
authors for BFT ceramic.1,29 For the modified
ceramics (x ‡ 0.1), BFO according to ICDD file no.
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01-086-1518 (indicated by ‘‘r’’ in the XRD patterns
of Fig. 1) was observed. This indicates that the
modified ceramics exhibited a mixture of BFT cubic
phase and BFO rhombohedral phase. It should be
noted that other impurity phases such as
Bi25FeO39,13,30 Bi46Fe2O72,13,31 and Bi2O3,13,32

which are often observed in BFO, could not be
detected in this work. Furthermore, the positions of
all peaks were shifted slightly towards higher 2h
angle in comparison with the unmodified ceramic.
This peak shift increased with increasing BFO
content to a maximum value for the composition
with x = 0.5. This overall shift of the XRD patterns
indicates distortion of the unit cell, which may be
due to ions from BFO entering the BFT lattice.

Figure 2a–c shows the surface morphology of
(1–x)BFT-xBFO ceramics as revealed by SEM. The
porosity level in the samples was consistent with
the measured density; i.e., the x = 0.1 ceramic
exhibited a quite dense form, while the other
ceramics presented higher porosity. Microstructural
investigation also indicated that BFO addition
resulted in an increase in grain size. According to
the average grain size values, as determined from
the linear intercept method, the grain size value
increased from �1.3 lm for the unmodified ceramic
to �8.1 lm for the x = 0.5 ceramic (Fig. 2d). This
data is in good agreement with literature reports;21

i.e., an increased amount of BFO produced an
increase in grain size value. However, our result is
not consistent with the work done by Chao et al.,33

who prepared the (1–x)[(K0.458Na0.542)0.96Li0.04]
(Nb0.85Ta0.15)O3-xBFO system using a conventional
mixed-oxide method, where the grain size of the
ceramics decreased with increasing BFO concentra-
tion. Furthermore, in their work, a higher amount
of BFO also produced many large pores and inho-
mogeneous microstructure, which was related to the
abnormal grain growth behavior. In the present
work, however, the coarser grains for the ceramics

containing higher amounts of BFO can be linked to
formation of a liquid phase which can assist grain
growth.

Figure 2d shows the measured density as a
function of BFO concentration. This data clearly
shows that BFO addition influenced the ceramic
density. The unmodified ceramic had a density of
7.32 g/cm3. The density value increased to a max-
imum of 7.55 g/cm3 for the x = 0.1 composition, then
decreased to a minimum value of 7.29 g/cm3 for the
composition with x = 0.5. In this work, liquid-phase
sintering may occur in the modified ceramics, as
suggested by Chao et al.,33 as BFO has a low
melting point (�930�C). A suitable amount of liquid
phase may assist the sintering process and result in
the higher density for the x = 0.1 ceramic. The lower
densities for the ceramics containing higher BFO
concentrations (x> 0.1) may be because these
ceramics were sintered at lower sintering temper-
atures. Also, a large amount of liquid phase (BFO)
may produce an initial rapid densification but lower
final density, as a result of void formation due to
evaporation of BFO. This can result in high porosity
of the pellets, which is not eliminated after the
sintering process.

The dielectric constant (er) as a function of
temperature for the samples with different BFO
concentrations is shown in Fig. 3. Unmodified BFT
ceramic presented high dielectric constant, espe-
cially in the lower frequency region. The er values
tended to increase with increasing temperature,
reaching a peak at high temperature (e.g., er �
129,500 at 270�C and 1 kHz). The dielectric con-
stant dramatically decreased with increasing fre-
quency, indicating that the dielectric constant of
BFT ceramics exhibits very strong frequency dis-
persion. This behavior is similar to that reported in
previous work for BFT ceramics.2 In many cases, for
high-dielectric ceramics, the very high dielectric
constant can be linked to formation of oxygen
vacancies.34–36 Furthermore, formation of Fe2+/
Fe3+ has been proposed for ceramics containing Fe
ions where the dielectric behavior of such ceramics
has been linked to an electron hopping mecha-
nism,34,37 and formation of Fe2+/Fe3+ can be pro-
moted at high temperature.35 Therefore, the very
high dielectric constant for the BFT ceramics may
be due to these effects.34–38 With increasing BFO
content, lower and broader dielectric constant
curves were observed. Ceramics containing higher
amounts of BFO presented improved dielectric
constant–frequency stability compared with BFT
ceramic, especially for the x = 0.3 and 0.5 samples.
However, the dielectric constant for the x = 0.5
sample was still high (er � 3660 to 22,600 for 30�C
to 350�C). It should be noted that samples with
higher BFO content were sintered at lower sinter-
ing temperatures. Therefore, the lower dielectric
constants with broader curves observed for the
modified BFT ceramics may be because these
ceramics were sintered at lower temperatures

Fig. 1. XRD patterns of (1–x)BFT-xBFO ceramics for 2h = 20� to
80�.
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compared with the unmodified ceramic, resulting in
a lower density. Lower sintering temperature could
result in lower concentration of oxygen vacancies
and Fe2+/Fe3+ in the modified ceramics. These
vacancies may contribute to the dielectric behavior
observed for the modified ceramics. In addition, the
heterogeneous composition of the samples with
added BFO is considered to be another reason for
these behaviors, as the modified ceramics contained
a mixture of phases.

Plots of the loss tangent (tan d) as a function of
temperature at various frequencies for the x = 0.0 to
0.5 ceramics are shown in Fig. 4. The unmodified
BFT ceramic exhibited high tan d values with
strong frequency dispersion. However, the tan d
values tended to decrease with increasing BFO
content. The tan d values decreased slightly for the
x = 0.1 ceramic, then obviously for the x = 0.3 to 0.5
ceramics. Plots of tan d as a function of temperature
for the x = 0.0 to 0.5 ceramics at 1 kHz are dis-
played in the inset of Fig. 4. The tan d value for the
unmodified ceramic reduced from 3.12 to 1.07 for
temperatures from 30�C to 200�C. These values are
close to those reported in previous works.2,29 After
adding BFO, however, the tan d values clearly
decreased throughout the measurement tempera-
ture range. For example, the tan d (at RT and
1 kHz) sharply decreased from 3.12 for the x = 0.0
ceramic to 0.26 for the x = 0.1 ceramic, then slightly
decreased to 0.24 for the x = 0.5 ceramic. These
results indicate that BFO helped to improve the
tan d behavior of the studied ceramics. Since the
modified ceramics exhibited a mixture of phases, the

tan d behavior may be linked to the loss tangent of
both the BFO and BFT phases. Therefore, a reason
for the improvement of the tan d value for the
modified ceramics is that the BFO phase has a lower
tan d value (�0.15 to 0.4 at RT)12 compared with the
BFT phase (tan d � 0.5 to 1 at RT).2

Figure 5 shows the polarization versus electric
field (P–E) hysteresis loops at RT for ceramics
containing different BFO concentrations. The hys-
teresis loop for the BFT ceramic presented a very
large, rugby-ball-like loop, suggesting that this
composition has high conductivity. This result also
confirms that BFT ceramic exhibits nonferroelec-
tric behavior at RT. Combining this result with the
dielectric results (dielectric constant and loss
tangent) suggests that BFT ceramic should be a
material which exhibits relaxor-like dielectric
behavior,5,6 and the presence of frequency depen-
dence of the dielectric constant in the present work
is probably because the ceramics had heteroge-
neous electrical conduction, e.g., bulk grain and
grain boundary had different electrical conduc-
tion.39 Therefore, the dielectric behavior in this
work should be explained by the Maxwell–Wagner
mechanism, which can be related to a difference in
the Fermi levels between different conduction
regions.6,40 After adding BFO, however, there
was a transformation from the large rugby-ball-
like loop to slim hysteresis loops (with increasing
BFO content). Furthermore, the x = 0.5 ceramic
presented a very slim, ferroelectric-like loop. This
characteristic agrees with those reported in many
previous works for BFO ceramics.12,41 To check the

Fig. 2. (a–c) Selected SEM micrographs of studied ceramics with x = 0, 0.1, and 0.5. (d) Average grain size and density as functions of BFO
content.
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domain switching under applied electric fields,
current–electric field (I–E) loops were also
obtained (Fig. 5). The I–E characteristic loops for
all ceramics seemed not to exhibit domain switch-
ing.42 For the x = 0.5 ceramic, it was also difficult
to confirm evidence of domain switching, since the
ceramic broke down at low electric field (the
maximum electric field for the x = 0.5 ceramic
was 1.0 kV/cm).

Plots of magnetization (M) versus magnetic field
(H) for the (1–x)BFT-xBFO ceramics, measured at
RT, are shown in Fig. 6. It was found that the
unmodified ceramic presented nonmagnetic behav-
ior [inset (a) of Fig. 6]. However, improved magnetic
properties were observed for the modified BFT
ceramics, especially for the x = 0.5 ceramic. The
remanent magnetization (Mr) and magnetic field
(Hc) values were found to increase with increasing

Fig. 3. Dielectric constant as function of temperature at various frequencies for x = 0.0 to 0.5 ceramic samples.

Fig. 4. Loss tangent as function of temperature at various frequencies for x = 0.0 to 0.5 ceramic samples. Inset shows loss tangent versus
temperature for x = 0.0 to 0.5 ceramics at 1 kHz.
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BFO fraction. The Mr value increased from �0 emu/
g for the unmodified ceramic to �0.26 emu/g for the
x = 0.5 ceramic. The improved magnetic behavior of
the modified ceramics may be due to the greater
amount of magnetic ions with increasing BFO
content.43 In this work, the magnetic moment of
the ceramics in terms of Bohr magnetons was
calculated via the expression lB ¼ ðM � r0SÞ=5585,
where lB is the Bohr magneton, M is the molecular
weight for the particular composition, r0S represents
the magnetization per gram mol of the sample, and
5585 is the magnetic fraction constant. The value of
lB increased with increasing BFO concentration; i.e.
magnetic ordering increased with increasing BFO
content [inset (b) of Fig. 6]. This trend also agrees
with many previous works on multiferroic
composites.44

In the present work, the effect of an applied
magnetic field on the er value was also studied at
RT. The frequency dependence of er under an
applied magnetic field for the studied samples is
shown in Fig. 7. A change in the er value under the
applied magnetic field was observed. The magneto-
capacitance (MC) at 100 Hz was calculated via the

following equation: MC ¼ ½eðHÞ�eð0Þ�
eð0Þ � 100%; where

e(H) is the dielectric constant under an applied
magnetic field and e(0) is the dielectric constant
without an applied magnetic field. The MC value
versus the concentration x is displayed in Fig. 7d.
The negative MC value increased with increasing
BFO amount, suggesting that BFO additive affected
the MC of all the ceramics. It should be noted that
the applied magnetic field also influenced the er

value of the unmodified ceramic (a nonmagnetic
phase at RT). Z* (Z¢–Z¢¢) plots for the studied
ceramics are shown in the insets of Fig. 7. Two arcs
were observed in the Z* plots for all the ceramics.
This result indicates that all the ceramics exhibited
heterogeneous conduction. For the unmodified cera-
mic, the Z* plot presented an arc at high frequency,
overlapping with another arc in the low frequency
region without intercept. The arcs in the high and
low frequency regions can be linked with the bulk
grain and grain boundary responses, respectively.29

Fig. 5. P–E and I–E loops for (1–x)BFT-xBFO ceramics with (a) x = 0.0, (b) x = 0.1, (c) x = 0.3, and (d) x = 0.5.

Fig. 6. Magnetization (M) versus applied magnetic field (H) for
(1–x)BFT-xBFO ceramics. Insets: (a) M–H magnetic hysteresis loop
of unmodified ceramic, and (b) magnetic moment (lB) as function of
BFO content.
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In this work, the capacitances of the bulk grain and
grain boundary responses for all the ceramics were
1.1 pF/cm to 3.8 pF/cm (at �40�C) and 0.2 nF/cm to
2.8 nF/cm (at 300�C), respectively. However, the
diameter of each arc changed when adding BFO.
This suggests that there is a change in the resis-
tance corresponding to each Z* arc for the modified
ceramics. After applying a magnetic field, the
diameter of each arc also changed. Therefore, the
resistances corresponding to each arc changed
under an applied magnetic field, indicating that
each conduction region presented a magnetoresis-
tance (MR) effect.45 Normally, the dielectric con-
stant behavior of many materials can be related to
the Maxwell–Wagner (MW) mechanism.40 Further-
more, the change in resistance for each conduction
region often results in a change of the er value.34

Therefore, a reason that explains the change in
dielectric constant under an applied magnetic field
is the MR effect along with the MW effect.46,47

CONCLUSIONS

(1–x)Ba(Fe1/2Ta1/2)O3-xBiFeO3 [(1–x)BFT-xBFO]
(x = 0.0, 0.1, 0.3, 0.5) powders were synthesized by a
modified two-step calcination technique, and ceram-
ics were fabricated by the conventional technique.
The modified ceramics contained a mixture of BFT
cubic phase and BFO rhombohedral phase. The
modified ceramics also presented coarser grains
compared with the unmodified ceramic. High thermal
and frequency stability of er were observed for the
modified ceramics, while the dielectric constants of
these ceramics remained high. BFO addition

improved the tan d value of the ceramics, as well as
their magnetic properties. All ceramics presented the
magnetocapacitance (MC) effect, which can be related
to the magnetoresistance (MR) effect combined with
the Maxwell–Wagner (MW) mechanism effect.
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