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Abstract: Perovskite type (Pb1-1.5x Lax10.5x)TiO3 (PLT) ceramics with x=0.21, 0.22, 0.23, 0.24, 0.25
were prepared by the sol-gel method. Their structural, optical, and dielectric properties were
investigated. The crystallite compounds were obtained by calcinating the mixture of PbCO3, TiO2,
and La203 at 1000°C for different time periods. After 4 h annealing, PLT23 sample, no secondary
phases have been observed in the XRD spectrum of the PLT sample with 23% La content (PLT23).
This sample appears to be notably distinguished in its structural, optical, and dielectric
characteristics compared with other samples.
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1. Introduction

Ferroelectric ceramics are important electronic materials that are widely applied in various
industries, such as capacitors, transducers, sensors, and ultrasonic motors [1]. Perovskite systems
(ABO3), a potential applicant as the ferroelectric materials, has attracted great research interests. The
B site substitution of perovskite systems (ABO3) has been studied comprehensively [2,3]. Among all
perovskite ferroelectric materials, lead titanate (PbTiO3 or PT) ceramics have been extensively
investigated. The improvement in the piezoelectric and pyroelectric properties is achieved by
replacing Pb in the A site of the ABO3 structure [4-6]. The prominent PbTiO3 with the perovskite
crystal structure possesses a relatively high Curie point of 4900 °C. The high c/a ratio in PbTiO3 at
low temperature confers tetragonal phase. So it disintegrates into powder when cooled to the Curie
point [7]. Some authors have already reported various methods of PbTiO3 nanopowder preparation,
such as the conventional mixed-oxide method, Pechini-type processes, mechanochemical synthesis,
hydrothermal process, sputtering, spray drying, and sol-gel processing [8-14]. Among these methods,
the low-cost and simple sol-gel technique can precisely control the composition, making it more
advantageous.

Lanthanum (La) — modified lead titanate (i.e., lead lanthanum titanate, PLT) is one of the
important ferroelectric materials, which has excellent dielectric, ferroelectric, pyroelectric, and
electro-optic properties. By doping PbTiO3 nanopowders with La, the permittivity of the resulting
PLT increases with Tc while its tetragonality decrease with increasing La content [15]. The coercive
field required to polarize the ceramic drops, and a pyroelectric coefficient larger than that of PT is
observed [16]. Due to their excellent dielectric and piezoelectric properties [17-20], lead-based
relaxor ferroelectrics with complex perovskite structure are widely used in multilayer capacitors,
piezoelectric actuators, and ultrasonic transducers. In lanthanum containing lead titanate [21], La3+
ions occupy Pb2+ sites and generate vacancies ( [1) in the cation lattice of (Pb1-1.5x Lax, [10.5x)TiO3
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ceramics. With increasing La3+ content, the transition temperature Tc decreases linearly.
Experimental and theoretical studies on some ferroelectric properties of ceramics with previous
chemical formula have been published [22], reporting that its behavior of dielectric peak emax is
similar to that of single vacancies at the same La content. The highest value of emax at x = 0.2
corresponds the maximum number of single vacancies, i.e., both the dielectric peak emax and the
number of single vacancies are proportional to La content until the value reaches 20 %. Wu et al. [23]
reported some data of the perovskite structure with the general formula ABO3 where the A site of
vacancies reduces the local stress in the domains undergoing domain switching. The domain width
is proportional to the grain size [24]. It has been observed in many studies [25-31] that the increase in
grain size is associated with the increasing dielectric peak emax.

The present work aims to study the microstructural, optical, and dielectric properties of PbTiO3
with various La-doping concentrations (i.e., x=0.21, 0.22, 0.23, 0.24, and, 0.25 mole La, denoted as
PLT21, PLT22, PLT23, PLT24, and PLT25, respectively).

2. Materials and Methods

The (Pb1-1.5x LaxJ0.5x)TiO3, where (x = 0.21, 0.22, 0.23, 0.24, and 0.25 mole La) nano-particles
were prepared by the sol-gel method. The raw materials used were commercially available lead
carbonate (PbCO3), titanium dioxide (TiO2), and lanthanum oxide (La203), which were purchased
from Alfa Aesar, a Johnson Matthey Co. Potassium hydroxide (KOH, 0.2 moles) was dissolved in 100
ml distilled water and 0.1 moles of PbCO3 was added to the prepared KOH solution. The mixture
was magnetically stirred for 1 hour and then filtered. The solids retained on the filter was added to
100 ml distilled water and 0.1 moles of TiO2. The resultant mixture was magnetically stirred for 2 h.
Then, the mixture powders were calcined at the calcination temperature of 1000 °C, for2 and 4 h at a
heating/cooling rate of 5 °C /min. X-ray diffraction (XRD) was employed to identify the phase formed.
The particle morphology and size were directly imaged by transmission electron microscopy (TEM);
the average particle size was determined using the Scherrer method. A pellet of 7 mm diameter and
1 mm thickness was prepared for the electrical properties study. Thin silver electrodes were screen
printed onto the opposite face of the ceramic disk. For organic removal, the printed disks were kept
on an alumina plate and first heated at 500°C for 2 h. To measure its capacitance, the heated disk was
then positioned between two copper electrodes that were connected to an automatic capacitance
meter (RLC - meter model SRS) [32].
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Figure 1. The block diagram of the sol-gel preparation method [14].
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3. Results and Discussion

3.1 X-ray diffraction:

The XRD patterns were obtained for the powders calcined at 1000 °C using XRD (EMMA)
diffractometer in the range of Bragg's angle (20) from 20° to 80°. According to the results shown in
Figures 2 and 3, it is clear that, in the case of the sample calcined at 1000°C for 2 h, crystallization
started to form perovskite PLT phase along with small impurities of PbO and TiO2. However, the
impurity phases gradually decreased when annealed at 1000 °C for a longer period of time. As a
result, after 4 h of calcination, the TiO2 impurities disappeared in all PLT samples with La
concentrations ranging from 21% to 25%. The sample with 23% La sintered at 1000 °C for 4 h showed
the highest purity. The sharp intensity peak at 20 = 31.85° indicates the formation of perovskite PLT
phase; while no peaks for the unwanted TiO2 or PbO phases are observed in the XRD patterns,
indicating that the sol-gel process used in the present study is a suitable technique for the preparation
of PLT nanoparticles. The broad XRD peaks suggest the presence of nanocrystalline particles. Based
on these XRD patterns, the crystallite sizes were calculated using the Scherrer's formula:

t=0.9A/BcosO

where A is the wavelength, {3 is the full width at half maximum (FWHM), and 0 is the diffraction
angle.
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Figure 2. X-ray diffraction patterns of PLT ceramics annealed for 2 h at 1000°C.
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Figure 3 X-ray diffraction patterns of PLT ceramics annealed for 4 h at 1000°C.

3.2 SEM Analysis

Figure 4 shows the morphology and size distribution PLT powders of 21, 22, 23,24 and 25 % La,
respectively. The particles are more or less spherical in their morphology. The individual particles
observed in the SEM are expected to be polycrystalline and hence their size is larger than the
crystallite size obtained from X-ray peak broadening. The particle size of the PLT was found to be

maximum for the sample with 23% La dopant, which will be conformity with the XRD results.
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Figure 4. SEM images of [(Pb1-x Lax 00.5x)]TiO3 ceramics sintered at 1000 °C: x = (a) 0.21, (b) 0.22,
(c) 0.23, (d) 0.24, and (e) 0.25.

3.3 TEM Analysis

Figure 5 presents the typical TEM images of the PLT powders with different La contents calcined
at 1000°C. According to TEM images, the PLT powders were heterogeneous, which may be due to
the agglomeration of particles during their preparation. The primary particle size of the powder was
determined by TEM analysis.

Figure 5. TEM images of [(Pb1-x Lax 00.5x)]TiO3 ceramics sintered at 1000 °C: x = (a) 0.21, (b) 0.22, (c)
0.23, (d) 0.24, and (e) 0.25.
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3.4 Optical properties

The optical properties of the prepared nanoparticles were studied by a UV-Visible
Spectrophotometer (UV-300II, TECHCOMP). Figure 5 presents the UV-Vis transmission spectra of
the electrochemically synthesized nanoparticles in the 400-750 nm wavelength range at room
temperature. The value of the optical gap Eg is calculated based on the Tauc plot [14]:

hva = (hv - Egopt)2

where h is the Plank constant, v is the frequency, and « is the optical bandgap. The PLT bandgap Eg
can be estimated by plotting (athv)1/2 versus hv and extrapolating the linear portion of the plot to
(othv)1/2 = 0 (as shown in Figure 7). The calculated bandgaps were 2.23, 3.24, 4.51, 2.61, and 2.28 for
the PLT with 0.21, 0.22, 0.23,0.24 and 0.25% La, respectively.
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Figure 6. Transmittance spectra in the range of visible light of PLT powders with different La
concentrations calcined at 1000° C for 2h.
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Figure 7. Energy gaps of PLT powders annealed at 1000°C for 4 h.
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Figure 8. Crystallite sizes and energy gap of PLT powders with different La concentrations after
annealing.

Average particle sizes and the energy gap, calculated by the Scherrer's equation and the Tauc
plot, respectively, are presented in Figure 8 as a function of the La concentration. The sample with
23% La possessed the largest grain size (49.6 nm) and the highest energy gap (4.5 eV) among all tested
samples.

3.5 Dielectric properties of PLT Nanoparticles.

Dielectric studies of the PLT nanoparticles were carried out to analyses their response to an
applied ac voltage (1 Volt) as a function of temperature and frequency. Figure 9 shows the dielectric
constant (er) of the PLT ceramics as a function of temperatures at the frequency of 10 kHz. er
increased gradually with the rise in temperature and reached the maximum value em at a particular
temperature known as the Curie Temperature Tm. em values of PLT are listed in table 1, showing
that PLT with 23% La had the highest em (3649). The Curie Temperature Tc and temperature
corresponding the maximum dielectric constant Tm for La-doped samples shifted towards low
temperature.
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Figure 9. Temperature dependence of the dielectric constant of (Pb1-x Lax 00.5x)TiO3 single phase
calcined at 1000°C, where x =0.21, 0.22, 0.23, 0.24, and 0.25.

It is known that dielectric permittivity of ferroelectric materials above the Curie temperature
follows the Curie-Weiss law:

1/er = (T-Tc)/C where T>TCoooiviiiiiiiiiiiiiieeen, 1)

where Tc is Curie-Weiss temperature and C is the Curie-Weiss constant. It is observed that in part
of the paraelectric phase at a temperature higher than Tm, Tcw is the Burns Temperature. A deviation
from Curie-Weiss law starting at Tcw can be seen. The parameter used to describe the degree of the
deviation is defined as

ATM =TCW-TmM oo e, (2)

The Curie constant C was obtained as the slope of the curve of the inverse values of er vs.
temperature (Figure 10). With an increasing La-dopant amount, the value of C increased. The highest
C value (5.2 x 105 K) was measured for the 23% La sample (Table 1). The C value is related to the grain
size and porosity of the samples. The transition temperature Tc decreases linearly with the increasing
La content.

Table 1 The dielectric properties of La-doped lead titanate ceramics at 10 kHz.

Tm Te Tew ATm Energy | Grain

Sample €m K) ) ) ) Y C10°K | Gap size

(eV) | (nm)
21% La | 3486 330 345 355 25 1.74 0.66 2.23 45.5
22% La | 2737 329 340 355 26 2.60 0.99 3.24 44.6
23% La | 3649 318 310 320 2 1.37 5.2 451 49.6
24% La | 3115 291 275 295 4 1.83 3.3 2.61 23.6

25% La 2394 296 270 298 2 1.04 1.4 2.28 40.6
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Figure 10. The inverse dielectric permittivity (10000/er) as a function of temperature at 10 kHz. (The
solid lines are the fitting curves based on the Curie-Weiss law for (Pb1-x Lax 00.5x) TiO3 single phase
calcined at 1000°C, where x=0.21, 0.22, 0.23, 0.24, and 0.25.)

The dielectric characteristics of the relaxor ferroelectric, different from the typical Curie-Weiss
behavior, can be defined by a modified Curie-Weiss equation:

1/e-1/em =(T-Tm)y/Cl,1<y<2, ciooiiiiiiiiininnn 3)

where v and C1 are assumed to be constants. The parameter y provides information on the character
of the phase transition: when y = 1 a normal Curie-Weiss law is obtained and y = 2 describes a
complete diffuse phase transition [33].
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Figure 11. Ln (1/e-1/em) as a function of In (T-Tm) for different grain sizes. [Symbols: experimental
data, solid line: fits to Eq. (1)].

Plots of In(1/e-1/em) as a function of In(T-Tm) for the tested PLT samples with deferent La
concentrations are presented in Figure 11. Linear relationships are observed for all five samples. By
fitting the data to Eq. (1), the critical exponent y representing the degree of diffuse transition was
obtained as the slope of the fitting curve. At 10 kHz, v =1.74, 2.61, 1.37, 1.83, and 1.04 for PLT ceramics
with La concentration of 21%, 22%, 23%, 24%, and 25 %, respectively.

4. Conclusion

PLT nanoparticles with different La concentrations (i.e., 21%, 22%, 23%, 24%, and 25%) have
been successfully prepared by the sol-gel method with different annealing times (i.e., 2 and 4 h) at
the same sintering temperature of 1000 °C. In general, no secondary phases have been observed for
the PLT with 23% La (PLT23) in its XRD spectrum. Structural, optical, and dielectric properties of the
synthesized PLT have been studied. Sample PLT23 is distinguished from other PLT samples due to
its relatively higher grain size (~49.6 nm), energy gap (~4.5 eV), Curie-Weiss constant (~5.2 x 105 K),
and the maximum dielectric constant (~3649).
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