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ARTICLE INFO ABSTRACT

Keywords: The sol-gel method was used to prepare perovskite type (Pb;.1 s5x Lax[Jo.5x)TiO3 (PLT) ceramics with x = 0.21,
Materials science 0.22, 0.23, 0.24, 0.25 in order to investigate their structural, optical, and dielectric properties. The crystallite
Nanote:chnology compounds were obtained by calcinating the mixture of PbCOs3, TiO2, and LayO3 at 1000 °C for different time
E:::;:ll:itrics periods. After 4 h annealing, PLT23 sample, approximately a very little secondary phases have been observed in
PLT the XRD spectrum of the PLT sample with 23% La content (PLT23). The presence of La dopants might have
Sol-gel affected the tetragonality of the Lead titanate crystal structure. The PLT samples tolerance factor decreases from
Optical 0.991 as in x = 0.21 to 0.986 for x = 0.25. Hence, these structures tend, generally, to be in the perovskite phase as
Dielectric t ~ 1. In the doped ceramics, characteristic phase transitions were shifted to lower temperatures. The dielectric

permittivity value showed the tendency of a slight increase with lanthanum addition and achieved its maximum
em (3649) at x = 0.23, then it decreases for higher concentrations of La. The samples' estimated average crystallite
size ranged from 40 nm to 50 nm, the maximum crystallite size about (49.6 nm) at x = 0.23 La. The calculated
bandgaps were 3.1, 3.26, 3.28, 3.08, and 3.12 for the PLT with 0.21, 0.22, 0.23,0.24 and 0.25% La, respectively.
The Curie constant C was obtained as the slope of the curve of the inverse values of ¢, vs. temperature. The highest
C value (5.2 x 10° K) was measured for the 23% La sample. The sample with 23% La content appears to be

notably distinguished in its structural, optical, and dielectric characteristics compared with other samples.

1. Introduction

Due to the importance of the ferroelectric ceramics as electronic
materials, they are applied in many industries such as capacitors,
transducers, sensors, and ultrasonic motors [1]. Perovskite systems
(ABO3), a potential applicant as the ferroelectric materials, have
attracted great research interests. The common structure of the perov-
skite materials is labeled as ABX3, where the positions A and B are
considered as cations with dissimilar sizes and both are bonded by X is
an anion. The B atoms are usually smaller than the B atoms [2]. In
general, semimetal or metal founded in the periodic table may replace A
and B positions. In general, the anion can be any other one at this
location as oxygen [3]. Perfectly, the perovskite structure is a cubic in
its form. The corners of the cubic cells are occupied by A atoms, where
the center is placed by B atoms, but the atoms of oxygen can be found in
the centers of the faces. Atom in position A represents a larger radii or
alkali earth metals lanthanide in perovskite cubic unit cell [4].
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Generally, oxygen anions coordinate A cations that are 12-fold which
occupy the corners of the cube with a corner position of (0, 0, 0), the
cubic lattice's face center is occupied by oxygen atoms at the position of
(%,'%, 0); however, the body center is occupied by the B cations which
lie inside the center of oxygen octahedral at the position ('%, %, '4) [5].
Lead titanate (PbTiO3 or PT) ceramics were studied extensively as one
of the important perovskite ferroelectric materials. The improvement in
the piezoelectric and pyroelectric properties is achieved by replacing Pb
in the A site of the ABOs structure [6, 7, 8]. The prominent PbTiO3 with
the perovskite crystal structure possesses a relatively high Curie point of
490 °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 [9]. 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 have already been reported by some
authors [10,11, 12,13, 14, 15, 16]. Among these methods, the low-cost
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and simple sol-gel technique can precisely control the composition,
making it more advantageous.

Lanthanum (La) — modified lead titanate or lead lanthanum titanate
(PLT) is an important ferroelectric material that is characterized with its
excellent dielectric, ferroelectric, pyroelectric, and electro-optic proper-
ties. The resulting PLT's permittivity increases with Tc when doping
PbTiOs nanopowders with La, while its tetragonality decreases with
increasing La content [17]. The coercive field, that is required to polarize
the ceramic drops, and a pyroelectric coefficient larger than that of PT,
was observed [18]. Relaxor ferroelectrics based on lead with complex
perovskite structure are commonly used in piezoelectric actuators, ul-
trasonic transducers, and multilayer capacitors because of their excep-
tional piezoelectric and dielectric properties [19, 20, 21, 22]. In
lanthanum that contains lead titanate [23], La®* ions occupy Pb3* sites
and produce vacancies ( []) in the cation lattice of (Pby.15x Lax ‘(] 0.5x)
TiO3 ceramics. The transition temperature T, decreases linearly with an
increasing La>* content. Some ferroelectric properties of ceramics with
previous chemical formulas have been investigated previously and
related experimental and theoretical studies [24] noted that the dielec-
tric peak epax behavior is alike to the single vacancies at the same La
content. It has been found that the maximum value of ey,x at x = 0.2
compatible with the maximum number of single vacancies signifying that
both the dielectric peak en.x and the number of single vacancies is
relative to La content till the value reaches 20 %. Wu et al. [25] studied
the perovskite structure with the general formula ABO3 and found that
the A site of vacancies decreases the local stress in the domains under-
going domain switching and the domain width is proportional to the
crystallite size [26]. Many studies [ e.g., [27, 28, 29, 30, 31, 32, 33]]
found that the increase in crystallite size was associated with the
increasing dielectric peak emax.

Recently, lead titanate (PT) based ceramics has increasingly become
one of the most ferroelectric materials that have been investigated and
used in the scientific and industrial communities for its high Curie tem-
perature (Tc) and low dielectric constant, which made it a valuable
research object [34]. This research aimed at studying the microstruc-
tural, 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 mol La, denoted
as PLT21, PLT22, PLT23, PLT24, and PLT25, respectively).

2. Materials and methods

The (Pby.1.5x Lax[Jo.5x)TiO3, where (x = 0.21, 0.22, 0.23, 0.24, and
0.25 mole La) nanoparticles were prepared by the sol-gel method. The
raw materials used were commercially available lead carbonate (PbCO3),
titanium dioxide (TiO,), and lanthanum oxide (LapOs), 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; were added to the prepared KOH solution. The mixture was
magnetically stirred for 1 h and then filtered. The solids retained on the
filter was added to LayO3 with distilled water under stirring the mixture
for 2h, finally, 0.1 moles of TiO, were added to 100 ml distilled water.
The resultant mixture was magnetically stirred for 2 h to obtain a ho-
mogeneous solution (colloidal solution). Then, the mixture powders were
calcined at the calcination temperature-which are chosen as appropriate
calcination from previous work [14]- of 1000 °C, for 2 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); Scherrer
equation is used to determine the average crystallite size. A powder of
PLT consisted of 7 mm diameter and 1 mm thickness is compressed in a
pellet. were prepared in order to be used in the investigation on the
electrical properties. electrodes made of silver thin film were printed
onto the two ceramic disk opposite faces. In order to remove the organic
contamination, the printed disks were kept on an alumina plate, and
heated for 2 h at 500 °C first. For measuring the pellets' capacitance, the
heated disk was placed between two probes of copper connected to a
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computerized capacitance meter (RLC meter -model SRS) [32] (see
Figure 1).

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 TiO,. 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 TiO, impurities disappeared in all PLT samples with La
concentrations ranging from 21% to 25%. The sample with 23% La sin-
tered at 1000 °C for 4 h showed the highest purity. The sharp intensity
peak at 20 = 31.85° shows the formation of perovskite PLT phase; while
approximately no peaks for the unwanted TiOy or PbO phases were
observed in the XRD patterns except some little peaks that have a low
intensity, which indicated that the sol-gel process used in this study was
an appropriate technique for the preparation of PLT nanoparticles. The
broad XRD peaks suggest the presence of nanocrystalline particles. Based
on these XRD patterns, the Scherrer's equation was used to calculate the
crystallite sizes (1):

t = 0.9Mpcosd (€8}

where ) is the wavelength, f is the full width at half maximum (FWHM),
and 0 is the diffraction angle. The calculated crystallite size was 45.5 nm,
44.6 nm, 49.6 nm, 40.3 nm, and 40.6 nm for the PLT with 0.21, 0.22,
0.23,0.24 and 0.25% La, respectively.

3.2. SEM analysis

Figure 4 shows the morphology and size distribution PLT powders of
21, 22, 23,24 and 25 % La, respectively. In general, the particles are
spherical in their morphology. The observed individual particles in the
SEM were expected to be found as polycrystalline and hence their size
was larger than the crystallite size obtained from X-ray peak broadening.
SEM micrographs showed also a fine-grained microstructure with a
uniform grain size distribution and a high percentage of porosity
(Figure 4a, 4b and 4e). It was observed that lanthanum permits grain
growth for samples 23% and 24 % La (Figure 4c, 4d), this is probably due
to the preferable distribution of La in the boundary region. La segregation
at grain boundaries and therefore inhibition of grain growth is also
possible. According to the obtained microstructure, it was expected that
the microstructure formed in PLT ceramics could enable better dielectric
properties of the material. As grain size of the PLT was observed to be
maximum for the sample with 23% La dopant, which would indicate its
conformity with the XRD results, and thus it was expected to achieve the
dielectric properties among other La dopant concentrations.

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 the cause of the
agglomeration of particles during their preparation. The primary particle
sizes of the powder were determined by TEM analysis.

3.4. Optical properties
The prepared nanoparticles' optical properties were studied by a UV-

Visible Spectrophotometer (UV-3001I, TECHCOMP). Figure 5 presents
the UV-Vis transmission spectra of the electrochemically synthesized
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Figure 1. The block diagram of the sol-gel preparation method.
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Figure 2. X-ray diffraction patterns of PLT ceramics annealed for 2 h at 1000 °C: x = (a) 0.21, (b) 0.22, (¢) 0.23, (d) 0.24, and (e) 0.25.

nanoparticles in the 400-750 nm wavelength range at room temperature.
The value of the optical gap Egpt is calculated based on the Tauc plot [16]:

hvo = (hv — Eg”’)2 2)

where h is the Plank constant, v is the frequency, and Egl’t o is the

optical bandgap. The PLT bandgap Eg can be estimated by plotting
(ohv)? versus hv and extrapolating the linear portion of the plot to

(ahv)? = 0 (as shown in Figure 6). The calculated bandgaps were 3.1,
3.26, 3.28, 3.08, and 3.12 for the PLT with 0.21, 0.22, 0.23,0.24 and
0.25% La, respectively.

Average particle sizes and the energy gap, calculated by the Scherrer's
equation and the Tauc plot, respectively, are presented in Figure 7 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.
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Figure 4. SEM images of [(Pb;y Lay [Jo.5x)]1TiO3 ceramics sintered at 1000 °C: x = (a) 0.21, (b) 0.22, (¢) 0.23, (d) 0.24, and (e) 0.25.

3.5. Dielectric properties of PLT nanoparticles

Dielectric studies of the PLT nanoparticles were conducted to analyze
their reactions to an applied ac voltage (1 V) as a function of temperature
and frequency. Figure 8 indicates the dielectric constant (e;) of the PLT
ceramics as a function of temperatures at the frequency of 10 kHz. &,
increased gradually with the rise in temperature and reached the
maximum value & at a particular temperature known as the Curie
Temperature Ty,. €, values of PLT are listed in Table 1, showing that PLT
with 23% La had the highest &, (3649). The Curie Temperature T, and
temperature corresponding to the maximum dielectric constant Tm for
La-doped samples shifted towards low temperature.

It is recognized that all the ferroelectric materials dielectric permit-
tivity over the Curie temperature follows the Curie-Weiss law:

l/e, = (T—T.)/C whereT > T. 3

where T, 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 Ty, Tew is the Burns Temperature. A deviation from Curi-
e-Weiss law starting at T, can be seen. The parameter that describes the
deviation degree is defined as

(€3]

The Curie constant C was obtained as the slope of the curve of the
inverse values of &, vs. temperature (Figure 9). With an increasing La-
dopant amount, the value of C increased. The highest C value (5.2 x
10° K) was measured for the 23% La sample (Table 1). The C value is
related to the grain size and porosity of the samples [35]. The

ATy = Tew =T
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Figure 5. TEM images of [(Pb;.x Lay [Jo.sx)]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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Figure 6. Energy gaps of PLT powders annealed at 1000 °C for 4 h x = (a) 0.21, (b) 0.22, (c) 0.23, (d) 0.24, and (e) 0.25.

transition temperature T. decreases linearly with the increasing La
content.

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

1/e — 1/g, = (T — Tu)v/C, 1<y <2, (5)

where y and C; are constants. The parameter y is used to obtain data 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
[36].

Plots of In(1/¢—1/¢y) as a function of In(T—Ty,) for the tested PLT
samples with deferent La concentrations are presented in Figure 10.
Linear relationships were 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, y =
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.
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and 0.25.

Table 1 shows that Ty, T. and T, decreases with increasing La-
doping concentration, while ATy, which illustrates the deviation degree
from the Curie-Weiss law is fluctuated, it achieved its minimum value for
23% la and 25 %.

Understanding the tolerance factor assists in achieving the main de-
velopments of new compounds within the perovskite family. In order to
classify the formation of perovskite-type compounds, Goldschmid
expressed in the following tolerance factor t [37] was used:

Ta+To

\/E("B +1o)

©)
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Where ra, 1g,ro are the effective ionic radii of A sites and B and the ox-
ygen ion sites respectively. The average ionic radii of A-site are calcu-
lated using the following relation [38]:
ra=[(1=15x)Pb*" | + [x(La™*)] + [0.5x(V))] @)
Where, rpp2 = 1.49 A, ra = 1.36 A indicates Shannon's radii values.
The mismatch between the A-site and B-site cations' bonding re-
quirements in the ABO3 perovskite is measured quantitatively by the
Tolerance factor which reflects the distortion structure that contains the
octahedral rotation and tilt. As the substituent radii La®" ion at A-site is
lesser than Pb, the tilt and the centrosymmetric distortion reduce. As
indicated in Table 2, the tolerance factor calculated values of the PLT
samples decrease from 0.991 (as in x = 0.21) to 0.986 (as in x = 0.25).
Hence, the general the structures tend to be in the perovskite structure as
the calculated tolerance factor t ~ 1.

Figure 11 a show The PLT atomic distribution of unit cell. As illus-
trated in figure the Ti** ions at the origin as TiOg octahedral. This
octahedral distortion is assumed as a result of the covalent O-Ti-O bond
displacement in the structure. Replacement of trivalent ions (La®") in the
sites generally occupied by divalent ions (Pb®") has led to negative
charge restitution in the PLT lattice and creation A-site- deficient
structures. The distortion presence in the PLT crystallizing in the cubic
perovskite structure was linked to structural defects as a result of the
different doping mechanism [39].

Figure 11 b shows a centrosymmetric illustration of PLT ceramics.
The VESTA software is used to model the Atomic structure PLT unit
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21%
22%
7 23%
24%
. 25%
N
S
= 5
=
4
3

270 280 290 300 310 320 330 340 350 360 370 380
Temperature (K)

Figure 9. The relationship between the inverse dielectric permittivity (10000/
¢,) versus the temperature at 10 kHz. (The solid colored lines indicate the fitting
curves based on the Curie-Weiss law for (Pb;y Lay [Josx) TiO3 single-phase
calcined at 1000 °C, where x = 0.21, 0.22, 0.23, 0.24, and 0.25.). Where
Te1,Tm1, Tew1 is Curie-Weiss temperature, the temperature of permittivity
maximum, and the Burns Temperature for -as for example- 21% La respectively.

Table 1. Values of the maximum dielectric permittivity (e,), the temperature corresponding to the maximum dielectric constant (Ty,), Curie-Weiss temperature (T,), the
temperature above which the dielectric constant (¢) follows the Curie-Weiss law (Tcy), (ATy, = Tew — ATy) and the critical parameter (y), Curie-Weiss constant (C) ,

Energy Gap and Crystallite size for PLT ceramic at different La% concentrations.

Sample €m T T Tew ATp Y C.10° Energy Gap Crystallite size
X) XK) X) X) K (eV) (nm)

21% La 3486 330 345 355 25 1.74 0.66 31 45.5

22% La 2737 329 340 355 26 2.60 0.99 3.26 44.6

23% La 3649 318 310 320 1.37 5.2 3.28 49.6

24% La 3115 291 275 295 1.83 3.3 3.08 40.3

25% La 2394 296 270 298 1.04 1.4 3.12 40.6
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Table 2. The Tolerance factor (t) of La-doped lead titanate ceramics.

0.25
0.986

0.23
0.988

0.24
0.987

0.21
0.991

0.22
0.99

Substitution (x)

Tolerance factor (t)

cell perovskites [39]. Figure 11 (b) shows how the octahedral are
connected at their corners to form a 3D simple cubic system, enclosing
a large space busy by Pb or La atom. The structure can also be
described by the Ti -O chains run in parallel lines with all three Car-
tesian coordinates.

It can be expected that La>" ions if possible, occupy the Pb2" site in
the lead titanate ceramics due near ionic radii. Thus, increasing La>* ions
concentration maybe causes the increase the functions as a donor leading

b2+

(a)

OGQ

i

to some single vacancies of A site in the lattice, which eases the move-
ment of domain wall so as to improve the dielectric properties signifi-
cantly [40] to reach the maximum at lanthanum concentration equal to
23%, then for more La3" concentrations (24% and 25 %) it can be ex-
pected that it leads to some double vacancies of A site in the lattice which
will complicate movement of domain wall so as to minimize the dielec-
tric properties.

As La>" substitutes a Pb ion in the lead titanate lattice and doping
generally induced the creation of defects such as vacancies V, and probably
Vrjand Vg inlow concentrations. It was predictable that La®" asasmallerion
would stabilize the cubic structure as predicted by Goldschmidt's tolerance
factor (calculated in Table 2.). The existence of La on a Pb site creates the
tetragonal structure weaker and possible generation of Ti vacancies (Vr;)
destroys Ti-O-Ti linkages. This occurrence leads to a lowering of T¢ [41].
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Figure 11. Atomic structure PLT unit cell perovskites. On the left, the positions of the ions in a tetragonal structure. On the right, the Pb/La atoms corner-sharing TiOg

octahedra and oxygen vacancy migration path.
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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 sin-
tering 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 (~3.28 eV), Curie-Weiss con-
stant (~5.2 x 105 K), and the maximum dielectric constant (~3649). The
calculated values for the parameters (ATm, y, Tc) approve its relaxor
behavior. The Curie Temperature Tc and temperature corresponding to the
maximum dielectric constant Tm decreases with increasing the La con-
centration. Goldschmidt's tolerance factor is calculated for the PLT sam-
ples, it decreases from 0.991 as in x = 21 to 0.986 for x = 0.25.
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