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Abstract:

Combined experimental and theoretical approach to investigate the structural and electronic properties to Sr-doping
lead titanate (PT:Sr) was carry out. It is well-known at room temperature PT crystallizes in tetragonal distorted
perovskite structure with space group symmetry P4mm. At higher temperature (T > 490 °C), this compound presents
a tetragonal-cubic phase transition and, due to its high tetragonality (c/a), the PT ceramics can develop cracks
during the cooling process. The Sr-doping reduce this lattice anisotropy, and the doped ceramics become denser
than the pure ones.The ceramic materials lead titanate (PT), lead strontium titanate (PST) and strontium titanate
(ST) were synthetized by Polymeric Precursor Method. The crystal structure systems are taken from Rietveld
refinement. These materials were characterized by theoretical X-ray diffraction data, total state densities (DOS),
Gap values and charge maps. The gap values obtained were 3.60 eV, 3.20 eV and 3.70 eV for PT, PST and ST,
respectively. The c/a ratio was investigated with different strontium concentration in the PT structure, showing that
the tetragonality decreased from tetragonal to pseudo-cubic. Therefore, decreases tetragonality (c/a) and improves
the physicochemical properties of the material. The presence of the atom in the PT matrix promotes an electronic
stability in the strucutre of the PST inducing an improvement in the proportions of the material. In addition,
ferroelectric properties can be adjusted by altering the Pb/Sr molar ratio. This behavior was associated to a lattice
contraction effect caused by the diferent ionic radii between Pb and Sr. In this context, the present study
characterizes the effects of Sr-doping upon structural and electronic properties of lead titanate matrix (PT). A
periodic quantum-mechanical method based on DFT theory at B3LYP level has been used. These theoretical
results are in agreement with the experimental.

Keywords: Band; crystalline; DFT; gap; PST

1. Introduction infrared sensors and non-volatile, random-access
ferroelectric memory (FRAM) [1-9]. Anisotropy

Perovskite compounds with chemistry formula  occurs in the tetragonal phase and sintering
ABOs, where A =Ba, Sr, Caor Pb,and B=Ti,Zr induces a transition from the cubic-tetragonal
or Mo. These materials may be cubic, tetragonal phase, resulting in structural stress and a porous,
or orthorhombic and can be used in ultrasonic  fragile material with weak polarization [2, 3, 5, 6,
transducers for medical and sonar applications, 10]. PT has a tetragonal crystalline structure
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(space group P4mm) at room temperature.
However, upon reaching the Curie temperature
(Tc=490 °C), c/a decreases by approximately 6%,
resulting in a phase transition to a cubic system
(space group Pm3m) in which a transition from the
ferroelectric phase to the paraelectric phase is
evidenced. Lead titanate (PT) is characterized by
a phase transition as temperatures change within
a given interval and the presence of ions within its
matrix [2, 6, 11-14]. The partial substitution of rare
earth elements (RE) and other ions, produces
ceramics that are free from cracks and that have
denser structures with reduced Tc and
tetragonality (c/a) [11, 15, 16].

Gurgel et al. used quantum mechanical
calculations to demonstrate the influence of Sm
on the PT matrix, showing the presence of the
Jahn Teller effect, caused by the structural
readjustment of atoms. A quantum mechanical
study showed that the presence of Er atoms in the
PT structure favors a transition from tetragonal to
cubic that reduces the tetragonality (c/a)
generated by a small disturbance in the energy
levels of the atomic orbitals within the structure [1,
17]. Substituting Pb?* with Ca?*, Sr2* or Ba?*
significantly reduces the Curie temperature (Tc)
and decreases the tetragonality at ambient
temperatures that is caused by differences in
the ionic radii of the substituents. Materials of

type

Pb1xCaxTiOs (PCT), Pb1xSrxTiOs (PST) and
Pb1xBaxTiOs (PBT), obtained by incorporating
Ca?*, Sr>* and Ba?* ions into the PT matrix,
improve ferroelectric properties and produce high-
quality, chemically-homogeneous PST

(@)
Figure 1. Representation of the (1x1x2) supercell models (a) PT, (b) PST and (c) ST.

compounds [6, 12, 15, 18-23].

According to Leal et al. [19], the process of
obtaining PST with the presence of Sr in the PT
matrix results in a stoichiometric compound that,
in addition to allowing control over properties also
minimizes problems related to the sintering of the
PT base materials. In addition, ferroelectric
properties can be adjusted by altering the Pb/Sr
ratio. PST has differentiated physicochemical
properties. The presence of Sr in the PT matrix
induces localized structural micro-development in
the paraelectric phase and increases strontium
concentration in the PT matrix, which in turn
decreases tetragonal distortion in the octahedron
(TiOe) caused by network contraction that results
from the difference between the ionic radius of Pb
and Sr [18-21]. In the current study, we performed
theoretical calculations (VESTA [24], CRYSTAL
[25, 26] and XCrysden [27] programs) to analyze
the structural and electronic properties of PT, PST
and ST and investigate the influence of Sr on the
PT matrix. Our results were interpreted in terms of
theoretical XRD, DOS, gap, band structure,
charge mapping and electronic density. Periodic
models (1x1x2) were simulated using the Rietveld
refinement results reported by Leal et al. [19]

2. Results and Discussion

The Rietveld Refinement results for PT, PST
and ST, according to Leal et al. [19], supported
the construction of the three (1x1x2) models,
respectively. Figure 1(a-c) shows representations
of the periodic superposition (1x1x2) models for
PT, PST and ST, respectively.

(b) (c)
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Each model has two titanium atoms that act as
network formers and are located at the center of
each cluster [Tis-Os] - [Ti10-Os] and sixfold oxygen
Tis and Tito coordination O+, O2, O3, Os, Os, O7
and O1, Oz, O3, O4, Os, Os, respectively. The lead,
strontium-strontium and strontium atoms are
located at the vertices of the PT, PST and ST
compounds, respectively.

Figure 2(a-c) illustrates the theoretical
diffractograms of PT, PST and ST obtained using

the VESTA program [24]. X-ray diffraction
analysis was performed to correlate the
theoretical computational results with the

experimental results reported by Leal et al. [19].
Figure 2a and c illustrate the theoretical
diffractograms of PT and ST, respectively, and
show the characteristic peaks of the crystalline
structures of these materials. These agree with
the peak indices from the JCPDS-ICDD cards N
°06-0452 and 035-0734 for PT and ST,
respectively. PT has a perovskite structure of the
tetragonal type, space group P4/mmm
(crystallographic report 06-0452), while ST has a
cubic structure with a Pm-3m space group
(crystallographic report 035-0734).
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Figure 2. Theoretical X-ray diffraction of (a) PT,

(b) PST and (c) ST using VESTA program.

Figure 2 (a-c) depicts the theoretical XRD of
PT, PST and ST, respectively. Figure 2 (a-b)
shows that the crystal structure of PT is distorted
tetragonal while ST is cubic. The theoretical
diffractograms of the PST structure (Figure 2b)
shows a narrowing of the peaks (001) and (100)
that correspond to the next 26 values of 21 and 23
degrees, suggesting that the addition of Sr in PT
causes intermediate phase distortion from
tetragonal to pseudo-cubic.

The theoretical XRD of PT in Figure 2a
illustrates the tetragonal phase (P4/mmm)
indexed with crystallographic report 06-0452. The
crystallinity of the material is confirmed by the
presence of peaks (001), (100), (101), (110),
(111), (002), (200), (102), (201), (210), (210),
(112), (211) reported by various authors [28-33].
Figure 2b shows the theoretical XRD of PST with
peaks (001), (110), (111), (002), (112), (121) that
agree with the literature [19, 34-36]. The
theoretical XRD of PST demonstrates that the
material is in the pseudo-cubic phase, where
increasing levels of Sr atoms induce structural
deformation, characterized by conversion from
peaks of the tetragonal (PT) to those of the cubic
structure (ST). Figure 2c shows that the
theoretical XRD of ST represents the cubic phase
(Pm3m) indexed with crystallographic report 035-
0734. The crystallinity of the material is confirmed
by the presence of peaks (100), (110), (111),
(210), (211), (220), (300) and (310) that have
been reported by various authors [19, 37-41].

Table 1. Crystalline structure, gap values and
tetragonaility of PT, PST and ST.

Compound Structure Gap Tetragonality

(eV) (c/a)

PT Tetragonal 3.60 1.06

PST Pseudo- 3.20 1.01
cubic

ST Cubic 3.70 1.00

The c/a values in Table 1 show that the PT,
PST and ST compounds have tetragonal, pseudo-
cubic and cubic crystalline  structures,
respectively. These differences in structure are
due to the influence of the Sr atom in the PT matrix
[2]. The presence of strontium induces structural
deformation in the PT matrix, resulting in PST.
Therefore, the c/a values in Table 1 tend towards

Orbital: Electron. J. Chem. 11 (2): 91-96, 2019
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the cubic structure. This phase transition is
caused by a change in the lattice parameters (c
and a) of the perovskite structure. The addition of
Srin the PT matrix gradually increases the a-axis
and decreases the c-axis resulting in a lower unit-
cell volume [19-24]. The PT gap value in Table 1
agrees with those reported in the literature [1].
Table 1 also shows that the PT and ST gap values
are greater than that of PST, suggesting that Sr in
the PT matrix induced structural and electronic
changes that improved physicochemical
properties [1, 11-15, 17]

The density of states in Figure 3(a-c) was used
to analyze hybridization between the atomic
orbitals of the O and Ti of PT, PST and ST.

Legend
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orbitals \J'}&“ e
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Figure 3. Total DOS representing hybridization
between the oxygen and titanium atoms of (a)
PT, (b) PST and (c) ST.

Figure 3(a-c) shows the total density of states
(DOS) with the electronic contributions of the
atomic orbitals from the Ti and O atoms in PT,
PST and ST with a gap value of 3.60 eV, 3.20 eV,
3.70 eV, respectively. In these figures, the

(b)
Figure 4. Representation of the charge mapping in the (1 1 0) plane for (a) PT, (b) PST and (c) ST.

superposition of the total density of states (DOS)
of the Ti and O atoms illustrates the regions where
hybridization occurs between the Ti and O atoms.
Therefore, the CB (conduction band) and VB
(valence band) regions show the bonding orbitals,
the non-bonding orbitals and the anti-bonding
orbitals. Hybridization regions are where
intercession occurs between the electronic
contributions of the atomic orbitals of the Ti and O
atoms. The regions of the VB and the CB in which
the hybridizations take place are designated as
binding orbitals. This suggests that Ti-O is linked
by chemical bonds of a covalent character. The
total projections of the density of states of the
oxygen atoms show that the total electronic
contributions from the atomic orbitals (px, py, pz)
are predominantly located in the VB region. The
electronic contributions from the atomic orbitals
(dxy, dxz, dyz, d¥242, d22) of the Ti atoms occur in the
CB region. The VB region of PT (Figure 3a)
illustrates that electronic contributions occur
between 3.60 eV to 8.20 eV and from 0 to -4.72
ev. Figure 3b shows that the electronic
contributions of PST are between 3.20 eV and
9.17 eV for CB and between 0 and -5.03 eV for
VB. For ST, the CB region is located between
3.70 eV and 10.49 eV while the VB is between 0
and -4.02 eV (Figure 3c).

Figure 4(a-c) illustrates the charge mapping in
the (1 1 0) plane for PT, PST and ST, respectively.
The plotted diagonal plane corresponds to the
Pb1, Tig, Tito, O3 and O4 atoms and was used to
analyze the charge maps for these models. The
models are represented by contour lines in the
plotted plane.

Orbital: Electron. J. Chem. 11 (2): 91-96, 2019
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Figure 4(a-c) shows that Pb1-O3-Tig-O4-Ti1o-
O3-Pb1 atoms are present in the diagonal plane
for PT, PST and ST, respectively. The load map
for PT in Figure 4a illustrates that the contour lines
are homogeneous and that the structure is
distorted-tetragonal, given that the Tiand O atoms
in the z axis are below and above the xy plane,
respectively. The homogeneous contour lines of
the PST structure are illustrated in Figure 4b and
show a small structural deformation between the
atoms in the PST structure that induces a pseudo-
cubic structure. The ST charge map in Figure 4c
shows that a change occurred in the contour lines
of the atoms in this structure. The absence of Pb
caused the structure to shift from pseudo-cubic to
cubic. This fact, and the homogeneous and
symmetrical behavior of the contour lines are
characteristic of the cubic structure [1,2]

3. Material and Methods

The ceramic materials lead titanate doped with
strontium were obtained using the Polymer
Precursor Method (MPP) from Leal et al. [19] who
reported Rietveld refinement data for PT, ST and
PST. The Rietveld refinement data were then
used for calculations and to construct theoretical
models (1x1x2) for these materials. The VESTA
[24] and CRYSTAL [26] and XCrySDen [27]
packages were used for computational
simulations.

All computational simulations were used with
the Density Functional Theory (DFT) proposed by
Lee, Yang and Parr [42] combined with the
gradient-corrected correlation functional (B3LYP),
in conjunction with Becke’s three parameter
hybrid nonlocal exchange functional [43] using the
CRYSTAL software [26]. The CRYSTAL package
is a periodic ab initio quantum-mechanical
calculation which was used to study the BSTs
structural and electronic properties. The basic set
described: Durand-31G* for Pb [44], 6-411(d31)G
for Ti [45,46], 6-31d1 for O [47] and 976-41(d51)G
for Sr [48]. The functional B3LYP was chosen due
to its potential for reproduce with accuracy the
electronic properties of semiconductor materials
[49], and the lattice parameters in our case gave
the best agreement if compared with experimental
results [50].

4. Conclusions

Theoretical and experimental approach show
that PT, PST and ST structures are distorted
tetragonal, pseudo-cubic and cubic, respectively.
Our theoretical XRDs agree with the XRD results
reported in the literature. The theoretical total
DOS of the Ti and O atoms, charge mapping
results and c/a show that structural readjustment
occurs among atoms and leads to electronic
stability in PT, PST and ST. While this structural
change is small, it does produce changes in gap
values. Our study also revealed that pure PT (c/a
= 1.06) is porous and fragile due to structural
tensions that cause micro and macro-cracks.
However, the presence of Sr atoms in the PT
matrix causes structural readjustment of the
atoms and forms PST. This in turn decreases
tetragonality  (c/a) and improves  the
physicochemical properties of the material.
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