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Owing to a wide range of applications, ferroelectric ceramics have remained the center of at-
tention of researchers over a large period. With this perception, the present article reports
the effects of the substitution of Ba2+ in lead titanate (PT) on its structural and electrical
properties. X-ray diffractometry was employed for the phase confirmation and to reveal the
crystallographic data. It authenticates the single-phase formation with a systematic decrease
in the anisotropy. Typical X-ray diffraction data are refined, by using the Rietveld method. The
substitution of Ba2+ in PT ceramics has caused a reduction in the ferroelectric Curie temper-
ature and significant changes in dielectric properties.
K e yw o r d s: lead titanates, frequency variations, dielectric constant, Curie temperature.

1. Introduction
Ferroelectrics are the crystalline substances possess-
ing a permanent spontaneous electric polarization
(electric dipole moment per unit volume) that can
be reversed by an electric field and are the electrical
analog of ferromagnets. A pronounced temperature-
dependent Curie temperature, high dielectric con-
stant, low leakage current, low dielectric dispersion,
and large P-E hysteresis loop are a few characteris-
tic properties of ferroelectrics to be mentioned. The
unique frequency-dependent properties of lead-based
ferroelectrics are attributed to the development of
nano polar-regions in the vicinity of their transi-
tion temperature. These properties make them po-
tential candidates for the application in the field of
capacitors, switches, transducers, ferroelectric mem-
ories, waveguides, optical memory displays, tunable
capacitors, phase shifters, delay lines, ferroelectric-
photovoltaic (FE-PV) devices, etc. The recent trends
in ferroelectric researches are the electrocaloric effect
and ferroelectric liquid crystals [1–12].

Perovskite structured oxides have attracted an im-
mense interest due to their prospective applications
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in electronic components. Perovskite structured fer-
roelectrics is a class of versatile ferroelectrics, which
has a general formula of ABX3; where the cations
at the two sites “A” and “B” have different radii
(𝑟𝐴 > 𝑟𝐵) and “X” is an anion which bonds the two
cations. The ratio of cationic species plays a vital role,
and the deviations cause distortions in the structural
stability. In case of oxides, “X3” is replaced by “O3,”
and a variety of combinations at “A” and “B” sites are
possible with diverse structural properties [13–14].

The present work reports the results of studies on
the substitution of Ba2+ cations for Pb, i.e. at “A” site
of the perovskite structure in the parent compound,
which is lead titanate. The following system of a solid
solution is formed: Pb1−𝑥Ba𝑥TiO3, where 𝑥 = 0.0 to
𝑥 = 1.0

The solid state reaction technique was employed for
the synthesis. The synthesized samples were charac-
terized by X-ray diffractometry for structural proper-
ties. The studies of the dielectric constant as a func-
tion of the temperature and the frequency were also
carried out.

2. Experimental

As mentioned earlier, the samples were synthesized
by the ceramic or solid state reaction method, which
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Fig. 1. X-ray diffractograms for all the samples for the system
Pb1−𝑥Ba𝑥TiO3

Fig. 2. Results of the Rietveld refinement for the parent com-
pound. The line at the bottom presents the difference between
the observed and calculated intensities

Table 1. Lattice anisotropy
and particle size for the system Pb1−𝑥Ba𝑥TiO3

Composition 𝑥 = 0.0 𝑥 = 0.25 𝑥 = 0.50 𝑥 = 0.75 𝑥 = 1.0

c/a 1.056 1.052 1.048 1.051 1.01
Particle size
(𝜇m) 132 147 178 201 186

involves the pre and final sintering of samples at ele-
vated temperatures.

High purity (purity > 99.9% ) precursors viz. lead
oxide (PbO), barium carbonate (BaCO3) and tita-

nium dioxide (TiO2) were mixed in the stoichiometric
ratio and then finely ground in an agate mortar-pestle
for about 2 h, each. In order to overcome the volatil-
ity of lead oxide, 5% excess PbO was added to the
mixture. The crushed samples were then pre-sintered
at 900 ∘C for 6 h. This step is intended to crumble
the oxides, manage the material shrinkage, and fa-
cilitate the homogeneity of the samples. Pre-sintered
powders were again finely ground and subjected to
the final sintering at 1000 ∘C to 1200 ∘C for 8 h. The
final sintering assists in a structural reorganization
and the diffusion of ions to form the desired product;
the mechanism is governed by the Wagner reaction
[15] mechanism.

The powder obtained after the final sintering was
again ground and then pressed into cylindrical pellets
10 mm in diameter and about 2–3 mm in thickness
with a pressure of 6 tons/inch2. Polyvinyl alcohol was
used as a binder in the process.

X-ray diffractograms of powder samples were ob-
tained, by using a PW 1830 Philips computerized X-
ray diffractometer with 2𝜃 in the range from 20∘ to
70∘. Studies of a variation in the dielectric constant
with the temperature and the frequency were carried
out, by using an HP 4284-A LCR Q meter in the
frequency range 20 Hz to 1 MHz.

3. Results and Discussion
3.1. Structural

Figure 1 presents the X-ray diffractograms for all the
samples, i.e., for 𝑥 = 0.0 to 𝑥 = 1.0 with a step of
0.25. This has confirmed the single-phase formation
of the samples.

All the observed peaks could be indexed to P4mm
space group with tetragonal symmetry, show a good
correspondence with JCPDS card # 60452, and are
in good agreement with earlier reports. It can be ob-
served from the diffractogram that there is a gradual
shift in the peaks, which reduces the anisotropy of the
structure. The parent compound X-ray diffractogram
was refined by the Rietveld method, by using the pro-
gram FullProf [16]. The refined plot is presented in
Fig. 2. The plot confirms the single-phase formation,
as no secondary phase has been revealed. The refine-
ment was carried out using the Fullprof software. The
𝑅wp, 𝑅exp, and 2 parameters were found as 25.7, 16.4,
and 1.58.

Table 1 gives the lattice anisotropy and particle size
(calculated, by using the Scherrer formula), which
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shows that the particle size increases with the dopant
concentration. A reduction in the lattice anisotropy
may be attributed to the incorporation of Ba+2 ions
at Pb+2 sites and is consistent with the earlier re-
port [17].

3.2. Dielectric measurement

3.2.1. Temperature dependence

The samples were studied for their dielectric prop-
erties. The variations of the dielectric constant with
the temperature for all the samples are represented in
Fig. 3. The variation of the dielectric constant with
the temperature shows a typical behavior for all the
samples. It increases initially with the temperature,
attains a maximum at a certain temperature, and
then falls down.

All these measurements are taken at a constant fre-
quency of 1 kHz. The temperature, at which the di-
electric constant attains the peak, is known as the
Curie or transition temperature for a particular sam-
ple. This transition indicates that the samples have
undergone the ferroelectric to paraelectric phase tran-
sition at the transition temperature [18]. When the
interfacial polarization dominates the dipolar polar-
ization, the typical rise in the dielectric constant
with the temperature up to the transition is observed
[19]. This indicates the supremacy of the interfacial
polarization in the present samples.

The addition of Ba2+ affects the ferroelectric in-
teractions and consequently the electric polarization
of the samples. As the temperature is changed, the
internal structure of the material undergoes certain
changes, by causing a change in the dielectric con-
stant. Thus, as the Ba2+ content increases, the transi-
tion temperature is found to decrease linearly. Table 2
presents the transition temperatures for all the sam-
ples, determined from dielectric studies.

The temperature interval in the vicinity of the
Curie point is associated with the Curie tempera-
ture of a fraction or microregions of the entire vol-
ume. The microregions are distributed below and
above the Curie temperature. The Curie point re-
gion can be sharp in some ferroelectrics, whereas it
can be broad maxima in relaxor ferroelectrics. The
Curie region width is sensitive to the compositional
fluctuations. In the present case, the region around
the dielectric maxima is found to be broadened, by
suggesting a diffused phase transition, which can be

Fig. 3. Variation of the dielectric constant with the tempera-
ture at 1 kHz for all the samples

Fig. 4. Variation of the dielectric constant with the frequency
for all the samples. (Numbers in bracket indicate the temper-
ature in Celsius degrees

Table 2. Curie temperatures
of the samples from dielectric
measurements for the system Pb1−𝑥Ba𝑥TiO3

Composition 𝑥 = 0.0 𝑥 = 0.25 𝑥 = 0.50 𝑥 = 0.75 𝑥 = 1.0

𝑇c (∘C) 485 405 330 220 125

ascribed to the co-existence of the ferroelectric and
paraelectric regions (co-existence of microregions) in
the vicinity of the transition temperature [20]. The
inter ionic distances are temperature-dependent. An
increase in the thermal energy compels the ions to
separate. This results in a reduction of the dipolar
polarization. The variation of the dielectric constant
shows a typical behavior: a rise up to the transition
temperature and a fall after this temperature. A de-
crease in the dielectric constant can be attributed to
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a swift defeat of the polarization in the material due
to thermal effects. The dielectric constant follows the
Curie–Weiss law 𝜀′𝐶/(𝑇 −𝑇0) near the Curie temper-
ature, in which 𝐶 is the Curie–Weiss constant, and
𝑇0 is the Curie–Weiss temperature [21].

3.2.2. Frequency dependence

Variations of the dielectric constant with the fre-
quency for all the samples are represented in Fig. 4. It
shows a typical behavior for all the samples, i.e., a de-
creasing trend with increase in the frequency. The in-
terfacial polarization is frequency-dependent and de-
creases with a rise in the frequency. The creation of
crystal defects results in an increase in the interfacial
polarization [22, 23].

The plots show that the dielectric constant has
a negative exponential relation to the applied fre-
quency. This can easily be explained on the basis of
the behavior of electrical dipoles. If the dipoles could
cope up with the applied field, i.e., if they could flip
with the same frequency, there won’t be any dielec-
tric loss. However, in the real-time case, the dipoles
have certain inertia and cannot switch their orien-
tation with the applied signal, which results in the
observed decay [24]. However, at substantially higher
frequencies, the variation is almost constant, by in-
dicating that the synthesized samples can be poten-
tial candidates for high-frequency applications, and
an appropriate material can be synthesized to suit
the specific requirements.

4. Conclusions

Structural studies on the Pb1−𝑥Ba𝑥TiO3 system
shows the strong effect of the substitution of Ba2+ on
the properties of lead titanate. XRD patterns show
the single-phase formation with a tetragonal struc-
ture for all the samples. The lattice anisotropy (c/a
ratio) is found to decrease with increasing the Ba2+
content. The variation of the dielectric constant with
the temperature shows a hump at the ferroelectric-to-
paraelectric phase transition temperature, indicating
a diffused phase transition (DPT). Thus, the substi-
tution of Ba2+ in PT is found to lower the Curie
temperature and the anisotropy significantly. The di-
electric constant is found to decrease exponentially
with the frequency and to attain an almost constant
level at higher frequencies, by indicating a potential
candidature of the material for high-frequency appli-
cations. The dielectric constant is thus found to be

significantly modified with the Ba2+ addition. These
changes in the structural and dielectric properties by
the substitution of Ba2+ may be useful for the ap-
plications in the field of transducers, high-frequency
applications, informatics, piezoelectric actuators etc.
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СТРУКТУРНI I ДIЕЛЕКТРИЧНI
ВЛАСТИВОСТI КЕРАМIКИ З ТИТАНАТУ
СВИНЦЮ IЗ ЗАМIЩЕННЯМ Ba2+

Р е з ю м е

Завдяки широкiй областi застосування, керамiки-ферро-
електрики залишаються в центрi уваги дослiдникiв. В данiй
роботi вивчається ефект замiщення барiєм Ba2+ в титанатi
свинцю на його структуру i електричнi властивостi. Рентге-
нiвська дифрактометрiя з використанням методу Ритвель-
да застосована для визначення фазового складу i криста-
лографiчних параметрiв. Показано утворення однiєї фази
i систематичне зменшення анiзотропiї. Замiщення барiєм
Ba2+ в титанатi свинцю зменшує температуру Кюрi ферро-
електрика i iстотно змiнює його дiелектричнi властивостi.
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