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Abstract A site deficient Bi doped BaTiO3 ceramic with
general formula Ba1-xBi2x/3TiO3 (x00.00, 0.01, 0.025) is
prepared by solid state reaction route. The phase formation
and structural property of all compositions are studied by X-
Ray Diffraction pattern. The pattern reports single phase
tetragonal crystal system with space group of P4mm. The
XRD study also reveals that bismuth (Bi) replaces “A” site
(Ba) of the BaTiO3 pervoskite. The surface morphology of
the sintered pellets is studied by scanning electron micros-
copy which shows a decrease in grain size with an increase
in Bi concentration. The temperature and frequency depen-
dent dielectric behaviors of the compositions are studied to
show the effect of Bi ion on the “A” (Ba) site of BaTiO3

perovskite. The dielectric constant decreases and transition
temperature increases with increase in Bi concentration.
Substitution of Bi ion induces diffuse ferroelectric behavior
and the degree of diffuseness increases with increase in
doping concentration. The ferroelectric behavior is also
confirmed by the P-E loop study.

Keywords X-Ray diffraction . Relaxor ferroelectrics .
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1 Introduction

Relaxor ferroelectric materials with complex perovskite
structure have been studied extensively due to its wide
use in the fabrication of multilayer ceramic capacitors,
electrostrictive actuators, and electromechanical trans-
ducers. Most relaxor ferroelectrics belong to the family
of complex lead-based perovskite oxides, such as such as
PMN–PT, PNN–PZT, PLZT, etc. which is often consid-
ered as a model system and has been widely studied due
to its excellent ferroelectric, dielectric and piezoelectric
properties [1–3]. In particular, lead based solid solutions
have dominated for decades the technological field re-
sponsible for the development of piezoelectric materials
[4]. However these compositions have the obvious disad-
vantage of volatility and toxicity of lead. Therefore much
effort has been made towards investigating environment-
friendly ‘lead-free’ relaxor materials [5]. Thus, the scien-
tific community has searched new materials with interest-
ing chemical and physical properties in order to replace
the Pb-based compounds for environmental friendly appli-
cations [6]. There are many lead-free materials with pe-
rovskite structure such as BaTiO3 (BT), (Bi1/2Na1/2)TiO3

(BNT), (Bi1/2K1/2)TiO3 (BKT) and KNbO3 (KN) have
been investigated [7, 8] in terms of their dielectric relax-
ation, ferroelectric phase transition and electrical proper-
ties. Out of those, the BaTiO3-based ceramics have been
widely investigated. The reason for the interest is primar-
ily two fold; firstly, BaTiO3-based materials offer a wide
range of commercial applications and secondly, BaTiO3 is
often perceived as a ‘model’ (non-lead based) ferroelectric
perovskite-type oxide (ABO3) that exhibits several poly-
morphic phase transitions and is therefore used to corre-
late important dielectric/ferroelectric properties such as
variations in polymorphic phase transition temperatures,
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permittivity and dielectric loss with chemical doping and
ceramic microstructure.

The study of the electrical properties of BaTiO3 had been
and still is a very important research topic because of its
technical importance and the difficulty of explaining the
behavior thoroughly. The electrical resistance and ferroelec-
tric transition temperature can be controlled effectively by
doping in either barium or titanium site with proper donor
impurity ions [9–11]. Barium titanate and its related com-
pounds have been widely used in the manufacture of ceram-
ic multilayer capacitors and PTC resistors. Since its
discovery, BaTiO3 has been used as a high permittivity
capacitor material because of its high dielectric constant
[12]. Variation in chemical composition or thermal treatment
in these ceramics led to quite drastic changes in physical
properties while retaining substantially piezoelectric prop-
erties [13].So to trigger the coexistence between order
(ferroelectric) and disorder (relaxor), we decided to add
another degree of freedom by introducing a disorder on
the A site (Ba2+) in BaTiO3 ceramic. This can be achieved
with the heterovalent substitution of Ba2+ cation with
Bi3+. The choice of Bi3+ (substituted for Ba2+) cation is
due to its 6sp2 lone pair (like Pb2+) and such an electronic
environment is favorable for the relaxor effect without the
disadvantage of lead pollution [14]. Bismuth is also used
as a donor dopant for BaTiO3-based PTC (positive tem-
perature coefficient) Thermistors [15] and was also found
to be able to enhance the magnitude of the positive
coefficients of resistance [16]. In this paper we have
studied the effect of vacancy to on the structural, micro-
structural, dielectric and ferroelectric property of hetero-
valent ion (Bi) substitution on the “A” site of BaTiO3

pervoskite.

2 Experimental techniques

The stoichiometric ratio of starting chemicals BaCO3

(99.9 %), TiO2 (99.9 %) and Bi2O3 (99.9 %) (E. Merck
India Ltd.) were weighed for the composition Ba1-xBi2x/3TiO3

(x00.0–0.025). The weighed powders were ball milled by a
laboratory ball milling machine for 8 h using high purity
Zirconia balls and acetone as a medium. After drying, cal-
cination was done in a high purity alumina crucible at
1,200 °C for 4 h in a conventional programmable furnace.
The calcined powders were grinded by agate mortar and
then pressed into disc form at a pressure 250 MPa using a
hydraulic press with 5 wt.% PVA solution added as binder.
The discs were sintered at 1,300 °C for 4 h with 5 °C min−1

heating rate. The phase purity of the calcined powders was
confirmed by the X-Ray Diffractometer. X-ray Diffractom-
eter analysis of the samples was carried out using a Philips
diffractometer model PW-1830 with Cu-Kα (λ01.5418 Å)

radiation in a wide range of 2θ (20°<2θ <70°) at a scanning
rate of 1/2omin−1. Density and microstructure information
was obtained by the Archimedes principle and Scanning
Electron Microscope (JEOLT-330) respectively. For electri-
cal measurements, silver electrodes were applied on the
opposite disk faces and were heated at 700 °C for 5 min.
The frequency (1KHz-1 MHz) and temperature (30–200 °C)
dependent dielectric measurement were carried out using a
Hioki LCR meter (model 3532–50) connected to PC. The
ferroelectric hysteresis loop measurement was performed in
a P-E loop tracer (Radiant Technologies) based on modified
Sawyer-Tower circuit.

3 Result and discussions

3.1 X-ray diffraction

Fig. 1 shows the XRD pattern of the Bi doped BaTiO3 and
all the peaks in the patterns are well matched with JCPDS
05-0626. The XRD peak shows purely tetragonal single
phase crystal related to the tetragonal system with space
group of P4mm. No evidence of the precursor phase BaCO3,
TiO2 or Bi2O3 is detected by XRD pattern. A careful anal-
ysis of the XRD pattern confirms that peaks are shifted
towards a higher 2θ angle It is also observed that Bi
replaced the A-site of a perovskite lattice. The same result
has also been reported by Zhou et al. [17]. Figure 2 shows
the lattice parameter, tetragonality and unit cell volume of
Ba1-xBi2x/3TiO3 ceramics. These data are estimated through
the CHEKCELL program using the regression diagnostics
combined with nonlinear least squares. It is observed that
the lattice parameter and the tetragonality increase with
increase in Bi content. In an ideal cubic perovskite ABO3

structure, the coordination of the A-site is 12. The ionic
radius of 12-coordinated Bi3+ is 0.145 nm [18], which is
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Fig. 1 XRD patterns of Ba1-xBi2x/3TiO3 (0≤x≤0.025) ceramic calcined
powders at 1,200 °C for 4 h
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nearly comparable to the value of 0.16 nm for Ba2+. There-
fore, the substitution of Bi3+ for Ba2+ will take place,
according to the Kroger-Vink notation, as follows:

Bi2O3 ! 2Bi �

Ba þ V
0 0
Ba þ 3Ox

O ð1Þ

where Bi and Ba stands for a bismuth atom on barium site

with one positive charge, V
00
Ba for a barium vacancy with two

negative charges and Ox
O for a neutral oxygen atom on an

oxygen site. Thus, the addition of Bi2O3 in the BaTiO3-
based ceramics leads to the formation of barium vacancy by
a charge compensation mechanism.

3.2 Microstructure and elemental analysis

Figure 3 shows the scanning electron microscope (SEM)
images of Bi modified BaTiO3 samples sintered at 1,300 °C
for 4 h which shows well-developed growth grains with
significant reduction in grain size. The grain size is
∼10 μm, 2 μm and 1 μm for x00.0, 0.01 and 0.025 respec-
tively. The possible reason for decreasing the grain size is
that more crystal nucleus was formed with increase in Bi
content. It is well known that BaTiO3 doped with small
amount of donor impurities yields cation vacancy compen-
sation and results in the material being fine-grained [19, 20].
The densities of all the samples are measured by Archi-
medes method using distilled water as a medium and
found to be 97 %, 92 % and 89 % of the theoretical
density for x00.0, 0.01, 0.025 respectively. Figure 3
shows the elemental analysis of Bi substituted BaTiO3

ceramic which shows that all compositions maintained
their stoichiometry after sintering. Non-volatility of
Bismuth in the high temperature sintered pellets may be

due to the complete incorporation of Bi inside the distorted
BaTiO3 pervoskite.

3.3 Dielectric study

The temperature dependence of dielectric constant (ε′) and
dissipation factor (tan δ) for the Ba1-xBi2x/3TiO3 samples at
1 kHz, 10 kHz, 100 kHz and 1 MHz is shown in Fig. 4(a–c).
The temperature dependence of the dielectric permittivity at
different frequencies shows that for undoped BaTiO3 sam-
ple there exists a sharp dielectric peak where as a frequency
dispersion around the dielectric peak and diffuse phase
transition behavior is observed for Bi doped samples. The
degree of diffuseness increases with increase in Bi concen-
tration in Ba1-xBi2x/3TiO3 ceramic. There is also frequency
dispersion at around Curie temperature in the dielectric loss
curve which indicates that the dielectric loss is more sensi-
tive to a small distortion which indicates appearance of polar
micro-regions in the samples [21, 22]. The dielectric con-
stant as a function of temperature at constant frequency of
100 kHz is tabulated in Table 1.

It is well known that the classical ferroelectrics follow the
Curie–Weiss law above Curie temperature and is expressed
by the following relationship,

1

"
¼ T � Toð Þ

C
at T > Tcð Þ ð2Þ

Where To is the Curie temperature and C is the Curie–
Weiss constant. The occurrence of deviation has been attrib-
uted to short-range correlation between the nano-polar
domains [23]. Table 1 shows the fitting parameter at
100 kHz for all the samples. It is seen that the dielectric
constant of Ba1-xBi2x/3TiO3 ceramics follows the Curie–Weiss
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law at temperature much higher than the Tm. An empir-
ical parameter ΔTm, defined as ΔTm0Tdev−Tm, is often
used as a measure of the degree of deviation from the
Curie–Weiss law. Here, Tdev is the temperature at which
dielectric permittivity starts to deviate from Curie-Weiss
law.

Uchino and Nomura [24] modified the Curie–Weiss law
for the diffuseness phase transition and given as;

1

"
� 1

"m
¼ T � Tmð Þg

C1
at T > Tmð Þ ð3Þ

where γ and C1 are modified constants, with 1<γ<2. The
value of the parameter γ gives information about the
character of the phase transition. Its limiting values are γ01
and γ02. The value of γ is 1 for the case of a normal

ferroelectric and γ02 (quadratic) is valid for an ideal ferro-
electric relaxor [25–27]. A plot of ln (1/ε−1/εm) as a func-
tion of ln (T–Tm) is shown in Fig. 5 for Ba1-xBi2x/3TiO3

samples. By fitting with Eq. (3), the exponent γ, determin-
ing the degree of the diffuseness of the phase transition, is
obtained from the slope of the ln (1/ε−1/εm) vs ln (T–Tm)
plot which is shown in Table 1.

The diffuseness of the phase transition can be described
by an empirical parameter ΔTdif, defined as

ΔTdiff ¼ T0:9"m 100Hzð Þ � T"m 100Hzð Þ ð4Þ
i.e. the difference between T0.9εm (100 Hz) (the temperature
corresponding to 90 % of the maximum of the dielectric
constant (εm) at higher temperature side) and Tεm (100 Hz)
(Tεm at 100 Hz)). The value of ΔTdiff shows the more

Fig. 3 Scanning electron microscopy images (SEM) and Elemental analysis (EDX) of sintered pellet of Ba1-xBi2x/3TiO3 (0≤x≤0.025) ceramics at
1,300 °C for 4 h
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diffusive nature of doped BaTiO3 ceramics as compared to
undoped one. The frequency dispersion near dielectric
maxima in ferroelectrics has been attributed to the distribu-
tion of relaxation times. A large number of theoretical

models have been proposed to understand the diffusiveness
of the dispersion. [28]. The normalized dielectric constant as
a function of normalized temperature for Ba1−xBi2x/3TiO3 is
shown in Fig. 6. These figures facilitate the observation
of the extent of diffuseness of compositions exhibiting
different values of Tmax. The area under the curve rep-
resents the extent of diffuseness. Increment in the area
under the normalized curve confirms the extent of diffu-
siveness by increasing Bi3+ content and also agreed well
with the Uchino and Nomura’s modified Curie–Weiss
law (Eq. 3).

All compositions exhibit a broad permittivity maximum
with temperature. The broadness increases with increasing
substitution rate. Peak broadening may be quantified by the
parameter δ, which is related with permittivity and temper-
ature as follows [29]

1

"0
� 1

"0
m

¼ T � Tmð Þ2
2"md

2 ð5Þ

δ parameters of different compositions are calculated
by fitting permittivity-temperature data as shown in
Fig. 7 and the fitting values are presented in Table 1.
The broadening increases significantly with Bi3+ substi-
tution. It is well accepted that the broadness in the
ferroelectric material originates from the compositional
fluctuation and disorder in crystallographic sites when
one or more cations occupy the same site in the structure
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Table 1 Parameters obtained
from temperature dependency
dielectric study on the
composition Ba1-xBi2x/3TiO3

(0≤x≤0.025) ceramic at
100 kHz

Composition εm Tm (°C) To (°C) C x 105 γ δ ΔTm (°C) ΔTdif (°C)

x00.0 4,512 131 94 1.869 1.055 139 5 5

x00.01 1,274 146 110 0.661 1.385 108 34 33

x00.025 1,430 151 107 0.865 1.502 106 38 39
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Fig. 5 ln (1/ε′–1/εm) vs. ln (T–Tm) of Ba1-xBi2x/3TiO3 (0≤x≤0.025) at
100 kHz
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[30]. The value of δ, which is related to the broadening
of the ε(T) curve, can be used to determine the degree of
compositional fluctuations in the material. This diffuse-
ness parameter δg depends upon not only the chemical
composition of the material but also on the frequency of
the electric field [31, 32].

The diffuse phase transition behavior as observed in this
ceramic can be induced by many reasons, such as micro-
scopic composition fluctuation, the merging of micropolar
regions into macropolar regions, or a coupling of order
parameter and local disorder mode through the local strain.
Vugmeister and Glinchuk reported that the randomly dis-
tributed electrical strain field in a mixed oxide system is the
main reason leading to the diffuse behavior [33].As no
macroscopic phase separation exists in the studied ceramic,
we cannot exclude chemical heterogeneity in nanoscale. The
distortion arising in the oxygen octahedra, a redistribution of
the charge, and local formation of charge center result may
be the sources of random field. This kind of random field is
much weaker than that stemming from heterovalent cation
substitution as in conventional ferroelectrics. Hence, at high
temperature, the strength of random field-fluctuating dipole

moments of the individual unit cell can give rise to polar
nanoregions. Here the polar correlations are strongly dimin-
ished and polar domains are less likely to nucleate. The
bismuth substitution not only decreases the grain size, but also
the size and distribution of the polar-regions. This can lead to
the broadening of relaxation time and significant improve-
ment of the diffuse properties of Bi-doped BaTiO3 ceramics.

In perovskite type compounds, the relaxor behavior
appears when at least two cations occupy the same crystal-
lographic site A or B. In our composition, the Bi3+ atom
occupies the A site and makes vacancy because of its higher
valency than the actual A site atom (Ba2+). Due to this, the
higher valency creates disorder in the complete site of the
BaTiO3 ceramic and creates the frequency and temperature
dependence dielectric constant and its called as relaxor
behavior. In relaxor materials, an empirical Vogel–Fulcher
(VF) relationship can be used to account for the dielectric
relaxation nature [34]. The dielectric relaxation appears as a
result from thermally activated polarization reversals be-
tween two equivalent variants. Based on this model, the
polarization flipping frequency νo is related to the activation
energy Ea (the barrier between two equivalent polarization
states) as follows:

v ¼ vo exp
�Ea

kB Tm � Tf
� �

" #

ð6Þ

where νo is the attempt frequency of dipole reorientation, Ea

is the activation energy (i.e., the energy barrier between two
equivalent polarization states), kB is Boltzmann’s constant,
and Tf is the static freezing temperature (i.e., the temperature
at which dynamic reorientation of the dipolar cluster polar-
ization can no longer be thermally activated). Figure 8
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shows the temperature dependence of the relaxation fre-
quency, plotted as 1/Tm vs ln ν, and the best fit of equation
to the experimental data. The fitting parameters of the VF
model are tabulated in Table 2, which provides the evi-
dence of the relaxor behavior in Bi3+ substituted BaTiO3

ceramic.
The relaxor ferroelectric phase transition in (BaTiO3)

ceramics can also be explained by the substitution of Ba2+

by Bi3+ ions into the A-site. For every two Bi3+ substituting

ions (Bi �
Ba) only one A-site vacancy (V

0 0
Ba) is created, which

produces compositional fluctuation on a microscopic scale.
In the same way, the presence of Bi3+ ions in the A-site and
their interaction with A-site vacancies give rise to a lattice
distortion. This lattice distortion and the compositional fluc-

tuation originating from Bi �
Ba and V

0 0
Ba inclusions in the

BaTiO3 structure may explain the diffusion of ferroelectric
phase transition and relaxor ferroelectric behaviour ob-
served for these compounds [35, 36]. The Bi3+ ion substi-
tutions for Ba2+ in BT ceramics could also be located at off-

centred positions and A-site vacancies (V
0 0
Ba ) might also

appear to compensate the charge imbalance arising from
substitution of the A-site by Bi3+ ions. A random electric

field formed by off-centred Bi3+ ions and Bi3+-(V
0 0
Ba) dipoles

would then suppress the ferroelectricity of BaTiO3 solid
solutions, resulting in the diffuse behaviour of the Bi-

doped BaTiO3 system. Again, Bi �
Ba and V

0 0
Ba increase with

the increase of Bi3+, and for this reason the compositional

inhomogeneity is enhanced. As a consequence, increase of
Bi content enlarges the degree of diffuseness as observed
experimentally.

3.4 Ferroelectric polarization versus electric field study

Figure 9 shows the ferroelectric hysteresis loop of Bi doped
BaTiO3 ceramics obtained under a maximum applied elec-
tric field of 15 kV cm−1 of undoped BaTiO3 and 30 kV cm−1

of the doped samples. The breakdown of the undoped
BaTiO3 ceramic (at 19 kV cm−1) is very faster than the
doped one. The P-E loop for all the compositions are
recorded at room temperature and at a frequency of
100 Hz. The values of remnant polarization (Pr) and coer-
cive field (Ec) are listed in Table 3. It can be seen that
coercive field (Ec) and remnant polarization (Pr) decrease
with increase in bismuth content. The decrease in coercive
field indicates that the material gets soft . For doped sam-
ples; the decrease in Pr may be due to the increase in
concentration of oxygen vacancies in the system as a result,
the domain pinning effect gets increased. The decrease in Pr
is also due to presence of pores in addition to the decrease in
grain size.

4 Conclusions

Ba1-xBi2x/3TiO3 ceramic compositions are prepared by the
conventional solid-state reaction route. The XRD shows a
single phase tetragonal system with space group of
P4mm. The temperature and frequency dependency di-
electric study shows that Bi2O3 incorporation induced the
diffuse phase transition and relaxor ferroelectric behav-
iour in the BaTiO3 system. The diffuseness of the phase
transition behaviour is enhanced with an increase in Bi
content. The transition temperature of Ba1-xBi2x/3TiO3

ceramic shifted remarkably to a higher temperature with
Bi3+ content. The dielectric relaxations show a sufficiently
good fit with the Vogel–Fulcher relationship. The ferroelec-
tric behavior is studied by hysteresis loop. The remnant
polarization shows a slight decrease with the substitution
level.

Table 2 Parameters obtained from the fitting of Eq. (6) on the
composition Ba1-xBi2x/3TiO3 (0≤x≤0.025) ceramic

Composition Tf (°C) νo (Hz) Ea (eV)

x00.01 144.25 1.852×108 0.01

x00.025 146.52 5.73×1010 0.038
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Fig. 9 Polarisation vs. Electric field loop of Ba1-xBi2x/3TiO3 (0≤x≤
0.025) ceramic at room temperature

Table 3 Parameters obtained from P-E loop of Ba1-xBi2x/3TiO3

(0≤x≤0.025) ceramic

Composition Pmax (μC/cm
2) Pr (μC/cm

2) Ec (kV/cm)

x00* 12.823 3.019 2.452

x00.01** 5.45 2.069 7.821

x00.025** 5.421 1.536 4.785

*max field015 kV/cm, **max field030 kV/cm
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