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Abstract A detailed study of electrical behavior of
95BiFe03;-5BaTiO; (95BFO-5BT) ceramics through
comprehensive analysis of temperature and frequency
dependent dielectric behavior, ac impedance and magne-
todielectric (MD) properties is reported here. Addition of
insulating BaTiO; into BiFeO; have exhibited enhanced
dielectric and ferromagnetic responses. The remnant
polarization (P,) was found to be 6 pC/cmz, while the
dielectric constant was found to be very high (¢, > 10%, for
T > 140 °C). Along with strong conductivity contribution
to &, spectroscopic plots of ¢ revealed the Maxwell-
Wagner type relaxation in the sample, which ultimately
could have led to an apparent high ¢ in 95SBFO-5BT
ceramics. Origin of such a high ¢ in BFO-BT was further
investigated using impedance spectroscopy. MD studies
revealed the magneto-electric coupling in the ceramics.
The MD studies along with anomaly in dielectric data near
antiferromagnetic ordering temperature (Ty = 170 °C) of
BFO suggests the magnetic bearing on the electrical
properties of 95SBFO-5BT ceramics.
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1 Introduction

Materials exhibiting two or more coupled functional prop-
erties have gained much attention during the last two decades
due to their potential applications in advanced technologies.
Multiferroic materials simultaneously exhibit multiple fer-
roic properties, such as ferroelectricity, ferroelasticity, and
ferromagnetism (or antiferromagnetism). These multiferroic
materials have been used in the magnetic data storage devi-
ces, sensors, transducers, etc. [1-6]. Amongst the materials
exhibiting multiferroic properties, BiFeO; (BFO) has
emerged as one of the most extensively investigated multi-
ferroic material, which have shown multiferroic behaviour at
room temperature. BFO is ferroelectric with a Curie tem-
perature (Tc) of about 830 °C and antiferromagnetic with a
Neel temperature (Ty) at around 370 °C [7, 8].

BiFeOs, a semiconducting material, forms a solid solu-
tion with BaTiO3 (BT), which is insulating in nature, the
small addition of BT into BFO have resulted in enhancing
the overall electrical properties. This have also resulted in
stabilizing the perovskite structure, as both the materials
have perovskite (ABO3) structure [9-16]. In this paper, BT
has been chosen to form solid solution with BFO, owing to
its excellent ferroelectric properties (for single crystal,
Te = 120 °C, Pg = 26 uC/cm2 and ¢ = 2000, and for
polycrystalline, Tc = 130 °C, Pg = 14.6 uC/cm?, and
¢, = 1400-2100) [17, 18]. Considering these useful elec-
trical properties exhibited separately by BFO and BT,
BFO-BT in solid solution/composite form has been widely
studied for improvement in the dielectric, multiferroic,
piezoelectric properties of pure BFO [9-16].

Along with the interesting electrical properties, the
structural properties of BFO-BT solid solution are also
fascinating. With earlier investigations on BFO-BT
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ceramics verifying that, for BFO content above 70 mol%
the structure is rhombohedral while below 4 mol%, it is
tetragonal and in between these composition range, the
structure is cubic [9, 19]. These structural changes have
resulted in exhibiting anomalies in the dielectric and
magnetic susceptibility behavior [9]. These anomalies have
led to infer that there is a close relationship between
structural change and the dielectric/magnetic properties of
(1 — x)BFO—(x)BT [20-22].

In this paper, we discuss the results on structural, elec-
trical, magnetic, magnetodielectric (MD), magnetoelectric
(ME) properties of 95BiFeO;-5BaTiO; (95BFO-5BT)
ceramics. Emphasis is given to the impedance spectroscopy
(IS) analysis of this compound, to find the effect of grain
and grain boundary contribution on the electrical properties
and to find the origin of high dielectric constant in this
ceramics using dielectric spectroscopic plots and IS.

2 Experimental

For Synthesis of 95SBFO-5BT ceramics, first, nano-crys-
talline, single phase BFO powder was prepared by PVA sol-
gel method, reported elsewhere [23]. A ceramics of 95BFO—
5BT was prepared by mixing BaTiO; (Sigma-Aldrich, purity
>99.9 %) with BFO in a proportionate amount using agate
mortar and pestle. This mixed powder was then ball milled for
24 h to get homogeneous fine mixture. Subsequently, the
powder was compressed into green pellets using uniaxial
hydraulic press and sintered at 870 °C/4 h. These sintered
pellets were characterized for their structural properties using
a powder X-ray diffraction (PANalytical X’pert Pro). Surface
morphology was investigated using scanning electron
microscope (SEM) (Jeol JSM-7600F). Dielectric and impe-
dance measurements were carried out by using Novocontrol
broadband dielectric spectrometer (Alpha A analyzer Novo-
control GmbH, with BDS 1200 sample holder), in the fre-
quency range of 1 Hz to 1 MHz and temperature range of
0-350 °C. Magnetodielectric measurements were carried
using a sample holder placed in between the DC magnets. The
ferroelectric properties were investigated using hysteresis
loop tracer (TF 2000E, aix ACCT GmbH) at 10 Hz. Magnetic
characterization was performed on 50 mg of 95BFO-5BT
powder using quartz sample holder in vibrating sample
magnetometer (Quantum Design, USA).

3 Results and discussion

3.1 Phase detection and microstructure analysis
of 95SBFO-5BT ceramics

Figure 1 shows the powder XRD pattern of 95 BFO-5BT
ceramics sintered at 870 °C. The XRD pattern shows that

the addition of BT to BFO has altered the crystal structure
of the BFO into a distorted rhombohedral system, which is
also shown in figure. The crystal structure of the BFO
ceramics and the 95BFO-5BT exhibited pure perovskite
structure without any frequently observed secondary pha-
ses viz. Bi,Fe,O9 and Bi,sFe 039, while synthesizing BFO
and 95BFO-5BT ceramics. The diffraction pattern of this
ceramics matches very well with a single phase BFO,
which belongs to R3c space group (a = b = 5.5876 A,
c = 13.8670 A). Further, it can be confirmed from the
XRD figure that BaTiO5; with 5 wt% mixing with BiFeO3
has resulted in forming a solid solution, as no signature of
BaTiO; is visible from XRD pattern.

The SEM photomicrograph of pure BFO and 95BFO-
5BT ceramics sintered at 870 °C is shown in Fig. 2. The
95BFO-5BT sample revealed a dense microstructure with
rectangular grain morphology and uniform grain size dis-
tribution. The average grain size of the 95BFO-5BT
sample was found to be around 0.5 um. Further, it was
observed that the addition of BT into BFO has resulted in
improving the density as compared to BFO, with sintered
BFO showing more porosity than the 95BFO-5BT
ceramics. It is thus inferred that BaTiO; addition has
resulted in the formation of more uniform grains in the
ceramic matrix, most likely due to the A- and B-site
replacements with Ba®" and Ti*" and in the ABO; per-
ovskite structure.

3.2 Dielectric behavior of 95SBFO-5BT ceramics

In this section, we report the dielectric properties of
95BFO-5BT ceramics in a broad frequency (1 Hz—1 MHz)
and temperature (0-350 °C) ranges. Further, the conduc-
tivity contribution as well as the effect of Maxwell-Wag-
ner relaxation in dielectric spectra is explored here.
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Fig. 1 Powder X-ray diffraction pattern of pure BFO and 95BFO-
5SBT ceramics, revealing phase purity with no secondary phases
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Fig. 2 Scanning electron photomicrograph of pure BFO and 95BFO-5BT ceramic sintered at 870 °C

3.2.1 Temperature dependence of . for 95BFO-5BT
ceramics

For the 95BFO-5BT ceramics, the temperature (0-350 °C)
dependence of relative permittivity (¢/) and dielectric loss
(tan d) at a few selected test frequencies is shown in Fig. 3.
A very high dielectric constant (¢, > 102210, especially
for f < 100 kHz) and low loss (tan & < 1) are observed
over the entire measured temperature ranges for the sam-
ple. Further, this dielectric behavior have shown a char-
acteristic step-like decrease in 8;, which becomes almost
temperature independent for f < 10 kHz and T < 150 °C.
Furthermore, with an increase in temperature a broad
relaxation peak (in tan ) is observed accompanying ¢, at
around 150-225 °C. This relaxation in &, is interestingly
close to the magnetic transition temperature of BFO,
indicating the magnetic-electric coupling of 95BFO-5BT.
These loss peaks can be seen shifting towards higher
temperatures with the increase in frequency indicating the
relaxation process is thermally activated. In addition to this
relaxation phenomenon, there is always a likelihood of
simultaneous presence of Fe*™ and Fe®" valence state in
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Fig. 3 Real part of dielectric constant (¢,) and dielectric loss (tan J)
as a function of temperature for 9SBFO-5BT ceramics
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BiFeOj;. The hopping of electrons back and forth between
these two valence states could lead to dipolar polarization
and may also enhance the dielectric permittivity. As a
consequence, both kinds of the mechanism viz. proximity
to Ty and presence of two valence states, as mentioned
above could cooperatively lead to the occurrence of
dielectric relaxation peaks.

3.2.2 Frequency dependence of the dielectric constant
of 95BFO-5BT ceramics

As discussed in previous section, the temperature depen-
dent dielectric behavior revealed very high values of
dielectric constant (¢ > 100). The origin of such a high &
with added BT can be explained by the spectroscopic plots
of ¢, wherein a clear Maxwell-Wagner type of relaxation
is seen (see Fig. 4a). Figure 4a shows the dielectric (e])
dispersion of 95BFO-5BT ceramics with frequency. High
values of & > 10> for T > Ry, were revealed by the
95BFO-5BT. Effect of space charge polarization, con-
tributing to & > 10’ can be seen at lower frequencies
(<100 Hz). However, this space charge polarization effect
does not sustain at higher frequencies (>100 Hz) and a
gradual decrease in &/, due to inability of dipoles created at
interfaces to align themselves to the applied frequencies, is
observed with the frequency. Hence, a continuous decrease
in the ¢ with frequency is seen here. Further, a step-like
decrease in & is observed which can be seen shifting
towards the higher frequency side. This sudden fall in &/ is
again followed by the frequency stable, plateau-like region
in ¢&. Corresponding to this step-like fall in &, there is a
peak in the ¢ versus f plot (see Fig. 4b). This feature is the
typical of the Maxwell-Wagner type relaxation process in
the sample. These peaks can also be seen shifting towards
higher frequencies with the increase in temperature as
observed in ¢&,.

Further, from Fig. 4b ¢ can be seen varying with slope
of ~ —1 prior to the inflection point of the relaxation peak.
This variation of Ae]'/Af with slope of —1 signifies that the
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Fig. 4 Variation of a real part ¢, b imaginary part ¢ and ¢ dissipation
factor tan J, of the dielectric constant

dc conductivity ought to be a prime contributor to the
dielectric losses in the sample. This conductivity contri-
bution to the dielectric losses in the sample can be repre-
sented by [24]

&l = a4c/weo (1)

where, G4 is the dc conductivity contributed through the
leakage current in the sample and ¢, is the permittivity of
free space.

Figure 4c shows the variation of dissipation factor (tan
d) with frequency, a similar kind of Maxwell-Wagner
relaxation process is also seen from the spectroscopic plot
of tan J, wherein strong relaxation peaks can be seen
shifting towards higher frequency side with an increase in
temperature. Moreover, it can also be infer that the high
dielectric loss (tan &) observed in 95BFO-5BT ceramics is
most likely due to the hopping of charge carrier between
Fe** and Fe*" valence state. This dominant factor clearly
controls the observed dielectric characteristics of the
sample, rather than the highly insulating behaviour of the
BT constituent [25].

The display of strong increase in the real part of per-
mittivity to such high values (~ 10%) and tan § above unity
with increasing temperature (particularly at lower

frequencies) indicates important contributions from con-
ductivity relaxation combined with Maxwell-Wagner
phenomena to the total dielectric response.

3.3 AC conductivity behavior of 95SBFO-5BT
ceramics

Figure 5 shows the variation of AC conductivity (o)
plotted as a function of frequency at few selected temper-
atures (0-350 °C). It is observed that the spectrum exhibits
two different regions. At low to intermediate frequencies, a
plateau in the spectrum, which usually corresponds to the
dc conduction (og4.) in the sample, is seen. Further, this
flattened region becomes wider and is seen shifting toward
higher frequencies with increasing temperature which
suggest the formation of conducting path throughout the
materials. With the increase in frequency, a dispersion in
the AC conductivity is observed with the increase in con-
ductivity. This is known to be a typical conduction
mechanism observed in ceramic assisted by the polaronic
hopping between the available states. Jonscher’s power law
can describe such frequency dispersion in AC conductivity
due to polaronic hopping [26], given by;

Oac = 0o + A", (2)

where, A is a material specific constant, G, is the extrap-
olated dc conductivity and n is the temperature dependent
exponent. Jonscher’s power law can be seen best fit with
the experimental data (see Fig. 5), the value of n and dc
conductivity were calculated from the fitted data using
Jonscher’s power law (the solid lines in the graph indicates
the fitted data). The value of n was found to vary between 0O
and 1, such values are usually attributed to the conduction
due to the translational (i.e. long range) hopping of charge
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Fig. 5 Variation of ac conductivity (c,.) with frequency at few
discrete temperature, the solid lines shows the Jonscher’s power law
fitted to the experimental data
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carriers. Further, with the increase in temperature the
conductivity of these samples were found to be increased,
probably due to the increase in mobility of oxygen
vacancy, and the flattened region shifts upwards and
dominates over a larger range of frequencies [27, 28].

In BFO-BT ceramics, in all probability, it is likely that
the overall AC conductivity of BFO-BT could arise due to
the hopping of oxygen vacancies between the multivalent
oxidation states of Fe>™ and F*" ions and the presence of
bismuth vacancies (Vgi) and oxygen vacancies (Vo*™) due
to the volatilization of Bi,O5; [29]. The reaction in the
Kroger—Vink notation can be written as

1
2Fe*™ 4 30*" — 2Fe’t + 502+ \% (3)

2Bi*" +30* — Biy05 +2Vj; +3V2* (4)

It is also found that the overall conductivity of the
95BFO-5BT samples has been decreased at least by an
order when compared to the BFO samples at various
temperatures, suggesting the samples becomes more insu-
lating with the addition of BT.

The dc conductivity (cg4.) calculated from fitting the
Jonscher’s power law to the experimental data was then
used to calculate the activation energy of the conduction of
95BFO-5BT ceramics by using Arrhenius plot. Figure 6
shows an Arrhenius plot (In c4. vs. 1000/T) for the esti-
mation of the activation energy. The activation energy was
calculated using the Arrhenius equation

G4c = 00 exp(—E,/KgT) (5)

where, G, is the pre-exponential factor, Ky is the Boltz-
mann’s constant and E, is the electrical activation energy
of the conduction. The activation energy (E,) calculated
from the Arrhenius plot revealed two values of activation
energies corresponding to two different regions with
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Fig. 6 Arrhenius plot for estimation for activation energy of
conduction for 95SBFO-5BT ceramics
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E, = 0.721 eV (for T > 170 °C) and E, = 0.379 eV (for
T < 170 °C).

3.4 Complex impedance studies of 9SBFO-5BT
ceramics

Polycrystalline materials consists of grains and grain
boundaries whose capacitive effects have a profound
impact on the ferroelectric properties. Impedance analysis
is a valuable tool to separate capacitive and resistive con-
tributions arising from grains, grain-boundaries and elec-
trode-specimen interface. The individual contribution from
each of these entities can be represented by equivalent
parallel RC circuits connected in series. Each RC element
of the equivalent circuit give rise to a semicircle with its
center lying on the real axis, if there is a single value of
relaxation time, T given by T = 1/®, where o is the angular
frequency corresponding to maxima in —Z" versus Z’ plot
[9]. However, in physical ceramics, there can be two or
more relaxations arising due to contribution of grains, grain
boundaries etc.

Figure 7 shows the complex impedance plots for
95BFO-5BT at a few discrete sample temperatures
(100-330 °C). The plots show two semicircles, whose
centers lay somewhat below the real Z axis, indicating the
non-ideal Debye, thereby suggesting the presence of two or
more relaxation times. The experimental data was fitted
successfully employing equivalent model of the two par-
allel RC circuits connected in series (the schematic is
shown inside the figure). The first semicircle at high fre-
quencies could be due to the contribution of grains to the
electrical resistivity and the other at lower frequencies
could be due to the contribution of grain boundaries.
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Fig. 7 Cole—Cole plot for 95 BFO-5BT ceramics, showing non-ideal
Debye like behaviour. The data is fitted using two parallel RC circuits
connected in series, the schematic is shown inside the figure
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Fig. 8 Estimation of activation energy of grain and grain boundary conduction deduced from the Arrhenius plot for the 95 BFO-5BT ceramics
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Fig. 9 Ferroelectric hysteresis (P-E) loop for 95BFO-5BT ceramics

Similarly, the first RC element represents the contribution
of the grain while the second RC circuit represents the
contribution from the grain boundaries to the overall
impedance.

The values of R, Ry, C, and Cy, were estimated from
fitting the experimental data to an equivalent series com-
bination of two parallel RC circuits. As shown in Fig. 7,
the data is fitted quite accurately using this equivalent
circuit model. The values of C, were found between 10719
and 107" F, while the C,p values were found to vary
between 10~% and 10~° F. The value of R, was found to
be (>10* Q) which is only 1-2 orders higher than the grain
resistance, R, (5103 Q). Usually the network of insulating
grain boundaries and semiconducting grains could give rise
to the internal barrier layer capacitance (IBLC) effect, as
observed in many high dielectric and high loss oxide
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£ 0,012 \0
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Magnetic Field (G)
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Fig. 10 Magnetodielectric (MD) coefficient of 95SBFO-5BT ceram-
ics, measured at room temperature

electro-ceramics [24, 29, 30]. However, in this sample the
difference in grain and grain boundary resistance is not that
much. It is inferred that the sample is electrical
homogeneous.

Thus, IBLC effect, as observed in other high dielectric
constant oxide material is not contributory in this 95BFO-
5BT ceramics. And, Maxwell-Wagner response, as
observed from the dielectric spectra as well as hopping of
charge carriers between two different valence states of Fe
can only be held responsible for apparent high dielectric
constant in 95BFO-5BT ceramics.

Further, these impedance plots were used to calculate
the activation energies of grain and grain boundary con-
duction by knowing the values of R, and Ry}, at various
temperatures, and taking these values in the Arrhenius plot.
The activation energies of the grain and grain boundary
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Fig. 11 Magnetic hysteresis loop at room temperature for 9SBFO—
5BT ceramics

were calculated using the Arrhenius equation (Eq. 5). The
values of activation energy for grains (Ez) was found to be
1 eV for T > 170 °C while, for T < 170 °C, the E; was
found to be 0.44 eV. Similarly the activation energy for
grain boundary (Eg,) conduction was found to be 1.149 eV
for T > 170 °C while, for T < 170 °C, it was found to be
0.479 eV (Fig. 8).

3.5 Ferroelectric response of 95SBFO-5BT ceramics

Electric hysteresis loop of 95BFO-5BT measured at
100 Hz and room temperature is shown in Fig. 9. The
sample shows ferroelectric (P-E) hysteresis loops at an
applied field of 10-20 kV/cm. Addition of BT altered the P
versus E hysteresis loop of 95BFO-5BT. The sample
exhibited maximum polarization of about 11 uC/cm?. The
remnant polarization (P,) and coercive field (E.) was noted
approximately to be 6 uC/cm” and 6.28 kV/cm, respec-
tively. The incorporation of BT into BFO could probably
result in substituting Ti** for Fe*™ in BFO thus compen-
sating the electron deficiency, thereby reducing the leakage
current and improving the overall electrical properties.

3.6 Magneto-dielectric properties of 9SBFO-5BT
ceramics

To study the magneto-electric (ME) coupling in the present
BFO-BT ceramics, magnetic field dependence of dielectric
constant (g]), also called as magneto-dielectric (MD)
coefficient is measured at 1 kHz applied frequency to the
sample using the following equation [31],

MD % — gr(H)/ — 8r(0)

TR 100 (6)

@ Springer

where, ¢/(H) and ¢(0) are dielectric constants at applied
field and zero field. The field dependence of MD effect was
calculated and is shown in Fig. 10. The field dependence of
MD effect is milder in BFO-BT ceramics as compared to
the pristine BFO, probably due to the fact that BT not being
multiferroic in nature. It can be clearly seen from the fig-
ure that the MD coefficient has increased from 0.006 at O
Gauss to 0.018 at 5 kG with the magnetic field.

3.7 Magnetic properties of 9SBFO-5BT ceramics

The magnetic hysteresis loops for 9SBFO-5BT sample at
room temperature is shown in Fig. 11. The substituting Ba
and Ti ions broke the incommensurate cycloid spin struc-
ture of the BFO, leading to a canted structure due to the
Dzyaloshinskii—-Moriya interaction [32] resulting in weak
ferromagnetism, which is considerable in the 95BFO-5BT
sample. For small BT concentrations in the BFO-BT sys-
tem, the charge balance implies the formation of few
oxygen vacancies and, consequently, few Fe>* or Ti*" ions
in the perovskite unit cell. Recent discussion on magnetism
in pure BaTiO; proposed that the partially filled Ti orbital
and the partially polarized O 2p electrons for the Ti and O
vacancies are responsible for magnetism [33]. The satura-
tion magnetization value for 95SBFO-5BT was found to be
0.1 emu/g at the applied magnetic field of 50 kOe.

4 Conclusions

In the present work, highly insulating 95BFO-5BT
ceramics were synthesized by Sol-Gel (BiFeO;) followed
by mixing (with BaTiO3;) method. XRD confirms the dis-
torted thombohedral phase of sample sintered at 870 °C/
24 h in air. Extremely high values (¢ > 10%, especially for
f < 100 kHz) and low loss (tan 6 < 1) were observed for
the entire measured temperature ranges for the sample.
Electrical homogeneity of microstructure of 95 BFO-5BT
ceramics was revealed using IS, which ruled out the
applicability of the IBLC effect, as observed for other high
dielectric constant, high loss oxide materials. Instead, in all
probability the origin of high dielectric constant could be
attributed to the Maxwell-Wagner response and hopping of
charge carriers between +2 and +3 valence states of Fe.
AC conductivity of the 95SBFO-5BT samples is found to be
decreased, suggesting the sample becomes more insulating
with the addition of ferroelectric BT. The MD dependence
of the 95BFO-5BT showed a milder effect of magnetic
field on electric polarization when compared to the repor-
ted values on pristine BFO. However, the addition of BT
into BFO have resulted in reducing the dielectric losses and
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conductivity of the sample, which is technologically
important.
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