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a b s t r a c t

Perovskite types Ba1�xBi2x/3Ti0.75Zr0.25O3 (with x = 0.0, 0.025, 0.05) ceramics have been prepared through
solid state reaction route. The room temperature XRD study suggests that all the compositions have sin-
gle phase cubic symmetry with space group Pm-3m. Temperature dependent dielectric studies of the
ceramics have been investigated in the frequency range of 50 Hz–1 MHz. The densities of the samples
are determined using Archimedes’ principle and found to be �98% of X-ray density. The dielectric study
revealed diffuse phase transition of second order. A broad dielectric anomaly coupled with the shift of
dielectric maxima toward a higher temperature with increasing frequency indicates the relaxor-type
behavior in the ceramics. The diffusivity increases with increase in Bi contents in the studied composition
range. The transition temperature decreases with increase in Bi contents due to the decrease in grain size.

� 2008 Elsevier B.V. All rights reserved.

1. Introduction

A large number of perovskite materials exhibit a ferroelectric
behavior depending on the composition, these materials can be di-
vided in two classes: classical ferroelectrics or relaxor ferroelec-
trics [1]. Relaxor materials are of great interest both for device
applications and in the fundamental understanding of ferroelectric
systems [2,3]. In complex perovskites (A A0) (B B0)O3, the relaxor
ferroelectric materials exhibit a large range of interesting proper-
ties related to their complex order/disorder nanostructures. Most
relaxor ferroelectrics belong to family of complex lead-based
perovskite oxides, such as Pb(Mg1/3Nb2/3)O3 (PMN), which is often
considered as a model system. These materials have a disadvan-
tage due to toxicity and volatility of polluting substances.
Researchers are directed towards more environmentally friendly
lead-free relaxor materials. In this way, many compositions with
perovskite structure were recently prepared and characterized
[4–18]. Among this ceramics, researchers have shown their inter-
est in the solid solution system Ba(Ti1�xZrx)O3 with different con-
centrations of Ti and Zr [19–22]. It has been reported that the
replacement of Ti+4 by Zr+4 significantly changes the electrical
and structural properties of BT. The three transition temperatures
of BT (rhombohedral to orthorhombic, orthorhombic to tetragonal,
and tetragonal to cubic) move closer with initial increase of Zr con-

tent and merged near room temperature for Zr > 15 atom% [23]. It
has been also reported that compositions Ba(Ti1�xZrx)O3 shows
relaxor properties for x = 0.20–0.42 [24].

The aim of the present work is to trigger the coexistence be-
tween order (ferroelectric) and disorder (relaxor) by adding an-
other degree of freedom on introducing a disorder on the Ba site.
This can be achieved by heterovalent substitutions in the 12-C.N.
crystallographic site (Ba+2 cations) with Bi+3 ion in Ba(Ti0.75

Zr0.25)O3. The choice of this composition is due to the lowest value
of x in relaxor composition and the highest value of Tm in the solid
solution BaZr1-xTixO3. The Ba1�xBi2x/3(Ti0.75Zr0.25)O3 compositions
are then investigated to observe the influence of heterovalent sub-
stitutions (in the A-site) on the relaxor characteristics of
Ba(Ti0.75Zr0.25)O3.

2. Experimental

The samples were prepared through solid state reaction route.
The compositions were prepared from BaCO3 (S.D. Fine Chem.,
Mumbai), Bi2O3 (S.D. Fine Chem., Mumbai), TiO2 (E. Merck India
Ltd.) and ZrO2 (Loba Chem., Mumbai). All the chemicals were hav-
ing more than 99% purity. The raw powder was thoroughly mixed
in agate mortar using IPA. The homogenous mixture was calcined
successively at; 1300 �C for 6hrs and 1350 �C for 4 h with interme-
diate mixing and grinding. The synthesized powder was character-
ized with respect to phase identification and lattice parameter
measurements, using CuKa XRD (PW-1830, Philips, Netherlands).
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The average grain size was measured through Scanning electron
microscope. For electrical property measurements, the disks were
pressed uniaxially at 200 Mpa with 2 wt% PVA solution added as
binder and that were sintered at 1350 �C for 6 h. The bulk densities
of the sintered samples were measured by the Archimedes method
using distilled water as medium and found to be 97–98% of the
theoretical density. Silver electrodes were applied on the opposite
disk faces and were heated at 700 �C for 5 min. Dielectric measure-
ment was carried out over frequency range 50 Hz–1 MHz using
Hioki LCR meter connected to PC. The dielectric data was collected
at an interval of 3 �C while heating at a rate of 0.5 �C per min.

3. Result and discussion

Fig. 1 shows the XRD patterns of Ba1�xBi2x/3Ti0.75Zr0.25O3 ceram-
ics with different Bi(x) content. The pattern shows that the compo-
sitions are of single phase cubic perovskite structure without the
evidence of any additional phase. This indicates Bi forms complete
solid solution with BaTi0.75Zr0.25O3 in the studied composition
range. There is a little shift of the peaks towards higher angles
indicating decrease in lattice parameters due to the incorporation
of smaller Bi in place of Ba. Fig. 2 shows the microstructures of
Ba1�xBi2x/3Ti0.75Zr0.25O3 ceramics with different x content. The
average grain size decreases with increase in Bi(x) content.

Fig. 3 shows the temperature dependence of dielectric constant
and loss tan d for Ba1�xBi2x/3Ti0.75Zr0.25O3 compositions at 1 kHz,
10 kHz, 100 kHz and 1 MHz. The value of e0 increases gradually to
a maximum value (em) with increase in temperature and then de-
creases smoothly indicating a phase transition. The maximum of
dielectric permittivity (em) and the corresponding temperature
maximum (Tm) depend upon the measurement frequency for all
the compositions. The magnitude of dielectric constant decreases
with increase in frequency and the maximum shifts to higher tem-
perature. This indicates that the dielectric polarization is of relax-
ation type in nature. The dielectric constant of the composition
x = 0 is higher than those ceramics with higher x values. The results
also show that the temperature Tm corresponding to the maximum
value of the dielectric permittivity em is decreased with increasing
x content, implying the Bi substitution in BaZr0.25Ti0.75O3 influence
the transition temperature Tm. At 100 kHz the Tm of the sample
with x = 0 is found to be 273 K; 257.89 for x = 0.025 and 238 K
for x = 0.05. The decrease in Tm may be due to the decrease in grain
size. It is experimentally reported [25] that as the grain size de-

creases, the maximum dielectric constant and transition tempera-
ture decrease.

It is known that the dielectric permittivity of a normal ferro-
electric above the Curie temperature follows the Curie–Weiss
law described by

e0 ¼ C=ðT � T0Þ; ðT > TCÞ

where T0 is the Curie–Weiss temperature and C is the Curie–Weiss
constant.
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Fig. 1. XRD pattern of Ba1�xBi2x/3Ti0.75Zr0.25O3 with different Bi(x) content.

Fig. 2. Microstructure of Ba1�xBi2x/3Ti0.75Zr0.25O3 ceramics; (a) x = 0, (b) x = 0.025
and (c) x = 0.05.
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Fig. 4 shows the plot of inverse dielectric constant versus tem-
perature at different frequencies. A clear deviation from Curie–
Weiss law can be seen in all representative frequency. The param-
eters obtained at 100 kHz are listed in Table 1. The parameter DTm,
which describes the degree of the deviation from the Curie–Weiss
law, is defined as

DTm ¼ TCW � Tm

where TCW denotes the temperature from which the permittivity
starts to deviate from the Curie–Weiss law and Tm represents the
temperature of the dielectric maximum. The Curie temperature
determined from the graph by extrapolation of the reciprocal of
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Fig. 3. Temperature dependency real and imaginary part of permittivity of
Ba1�xBi2x/3Ti0.75Zr0.25O3 at various frequencies; (a) x = 0.0, (b) x = 0.025 and (c)
x = 0.05.
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Fig. 4. Temperature dependency of 1/e for Ba1�xBi2x/3Ti0.75Zr0.25O3 at various
frequencies (a) x = 0.0, (b) x = 0.025 and (c) x = 0.05.
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dielectric constant of the paraelectric region and the value obtained
are given in Table 1.

A modified Curie–Weiss law has been proposed by many re-
search groups to describe the diffuseness of a phase transition as

1
e0
� 1

em
ðT � TmÞc=C0

where c and C0 are assumed to be constant. The parameter g gives
information on the character of the phase transition; for c = 1, a nor-
mal Curie–Weiss law is obtained, for c = 2, it reduces to the qua-
dratic dependency which describes a complete diffuse phase
transition. The plot of log (1/e0 � 1/em) vs. log (T � Tm) at 100 kHz
for composition is shown in Fig. 5. Linear relationships are ob-
served. The slopes of the fitting curve are used to determine the
parameter c value. The values of c at 100 kHz are found to be
1.71 for x = 0; 1.86 for x = 0.025 and 2.08 for x = 0.05 indicating tran-
sitions are of diffuse type. The values of the c show that the material
is highly disordered. The increased value of c with Bi content indi-
cates the increase in diffusivity. The broadened dielectric maximum
(in e0 vs. temperature curve) and its deviation from Curie–Weiss law
are the main characteristics of a diffuse phase transition of the
material. The diffuse phase transition and deviation from Curie–
Weiss type may be assumed due to disordering. The broadness in
e0 vs. temperature curve is one of the most important characteristics
of the disordered perovskite structure with diffuse phase transition.
The broadness or diffusiveness occurs mainly due to compositional
fluctuation and structural disordering in the arrangement of cation
in one or more crystallographic sites of the structure. This suggests
a microscopic heterogeneity in the compound with different local
Curie points. The nature of the variation of dielectric constant and
non polar space group suggests that the material may have ferro-
electric phase transition.

In relaxor materials, an empirical Vogel–Fulcher (VF) relation-
ship can be used to account for the dielectric relaxation nature
[26]. The dielectric relaxation appears as a result from thermally
activated polarization reversals between two equivalent variants.
Based on this model, the polarization flipping frequency m0 is re-
lated to the activation energy Ea (the barrier between two equiva-
lent polarization states) as follows

m ¼ m0 exp
�Ea

kBðTm � Tf Þ

� �

where m0 is the attempt frequency, kB is Boltzmann’s constant, and
TVF is the static freezing temperature. Fig. 6 shows the temperature
dependence of the relaxation frequency, plotted as T vs. lnm, and the
best of equation to the experimental data. Our analysis based on the
VF model yielded TF = 128 K, Ea = 0.1538 eV, and m0 = 1.03 � 1011 Hz
for x = 0; TF = 115 K, Ea = 0.0488 eV, and m0 = 6.9 � 109 Hz for
x = 0.025; TF = 108 K, Ea = 0.0438 eV, and m0 = 5.7 � 109 Hz for
x = 0.05, which provides the evidence of the relaxor behavior in
BZT ceramic. The empirical relaxation strength describing the fre-
quency dispersion of Tm which is defined as DTres = DTm(1 MHz) �
DTm(10 kHz),where DTres was derived from the dielectric measure-
ment of the ceramics. The values of DTres are found to be 17.14,
20.26 and 22.93 for the compositions with x = 0.0, 0.025 and 0.05,
respectively.

The relaxor behavior as observed in this ceramics can be in-
duced by many reasons such as microscopic compositions fluctua-
tion, the merging of micropolar regions into macropolar regions, or
a coupling of order parameter and local disorder mode through the
local strain Vugmeister and Glinichuk reported that the randomly
distributed electrical field of strain field in a mixed oxide system
is the main reason leading to the relaxor behavior .In the studied
composition of solid solutions Ba1�xBi2x/3Ti0.75Zr0.25O3, Ba and Bi
ions occupy the A-sites of the ABO3 perovskite structure and Zr
and Ti ions occupy the B-site. As previously mentioned both Ti
and Zr are ferroelectrically active and these cations are off-cen-
tered in the octahedral site gives rise to a local dipolar moment.
In perovskite type compounds the relaxor behavior appears when
at least two cations occupy the same crystallographic site A or B.
The ionic radius of Zr4+ (0.98 Å) is larger than that of Ti4+

(0.72 Å). Therefore, an inhomogeneous distribution results at the
B-site of the structure. A cationic disorder induced by B-site substi-
tution is always regarded as the main derivation of relaxor behav-
ior. However, the occurrence of relaxation in Bi substituted barium

Table 1
Parameters obtained from temperature dependency dielectric study on the compo-
sition Ba1�xBi2x/3Ti0.75Zr0.25O3 at 100 kHz

x = 0 x = 0.025 x = 0.05

Tm (K) 273.099 257.89 238.028
T0 (K) 307.514 286.59 269.98
C (105 K) 1.549 1.72 2.25
DTm 88.321 79.682 72.862
TCW 361.42 337.572 310.893
em 5572.66 4870.44 4829
c 1.71 1.86 2.08
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Fig. 5. log (1/e0 � 1/em) vs. log (T � Tm) Ba1�xBi2x/3Ti0.75Zr0.25O3 at 100 kHz.

Fig. 6. Plot of lnv as function of Tm for Ba1�xBi2x/3Ti0.75Zr0.25O3 with different Bi(x)
content. The symbols are the experimental points and line is corresponding fitting
to the Vogel–Fulcher relationship.
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Zirconium titanate should been attributed to the existence of a
nano-polar region. The replacements of Ba2+ by Bi3+ ions leads to
the formation of dipolar impurities and defects that have a pro-
found influence on the static and dynamic properties of this mate-
rial. In BZT ceramic, the dipolar entities form polar nanodomains
and these domains can interact leading to complex relaxational
behavior. The quantitative characterization and comparison of
the relaxor behavior based on empirical parameters confirm this.
The observed high value of c and relaxation strength are may be
due to the large difference in ionic radius of Ba2+ (2.78 Å) and
Bi3+ (1.17 Å) at the A-site of the perovskite structure.

4. Conclusion

Perovskite Ba1�xBi2x/3Ti0.75Zr0.25O3 ceramic has been prepared
through solid state reaction route. The room temperature XRD
study suggests that the composition has single phase cubic sym-
metry with space group Pm-3m. Dielectric studies of the composi-
tions show typical relaxor like behavior. The experimental Tm data
points are in good agreement with the Vogel–Fulcher relation. The
quantitative characterization of the relaxor behavior based on
empirical parameters (DTm, DTres, and DTCW) confirms the relaxor
behavior of the Composition Ba1�xBi2x/3Ti0.75Zr0.25O3.
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