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ABSTRACT

The elastic, thermodynamic, and optoelectronic properties of cubic ABOs [A = Ba, Ca,
Sr; B = Ce, Ti, Zr] perovskites have been studied theoretically. It was found that BaTiOs
has the lowest bandgap among these nine compounds. A theoretical study has also been
performed to investigate the effect of the co-doping of Sr and Ni on the optoelectronic
properties of BaTiOs. An influence of co-doping was observed in optical properties of
doped-BaTiOz. Based on the theoretical results, various Baix(SrosNios)xTiO03
compositions were synthesized using the conventional solid-state technique. Samples
prepared from each composition were sintered at different temperatures. Samples with
the optimum sintering temperature of 1250°C have been characterized by XRD, complex
impedance spectroscopy, FESEM, EDS, and VSM analysis. Different fitting approaches
like Scherer and W-H methods, non-linear modified Debye equation, Jonscher’s power
law, and Law of Approach to Saturation have been followed to investigate experimental
and calculated properties. Rietveld analysis shows a phase change for different values of
X. The samples having composition with x = 0.15 is less porous and has better dielectric
properties, while x = 0.25 has a larger grain size with better magnetic properties. Different
experimental and their calculated properties show good consistencies. Co-doping of Sr
and Ni in BaTiOs shows promising electrical properties with weak magnetism, which fall
in the category of iron-free multiferroics. These synthesized materials can be a promising
candidate to design a wide range of novel multifunctional devices, including capacitor
technology, electromagnetics sensor, spintronics etc.
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CHAPTER 1
INTRODUCTION

1.1 Background

The CaTiOz is a mineral found in the Ural Mountains of Russia and was discovered in
1839 by Gustav Rose and was named “perovskite,” in honor of the Russian mineralogist,
Count Lev Alekseyevich von Perovski [1]. In the later years, a broad family of crystals
is found to have the same structures of CaTiOs [2-3]. Numerous types of research have
been done on the compound forming the perovskite structure [4-7]. The perovskite-type
oxides have the general formula ABO3, where “A” and “B” are cations and “O” is an
anion. Usually, “A” is a metal cation and belongs to the alkaline and/or beryllium group.
“A” is larger than cation “B” which has a cation with a coordination number of 6 (such as
Ti, Mg, Ta, Nb). Cation “A” is barely any of the transition metals. The last part of these
types of perovskites is an oxide anion O°". The oxide-type perovskites have always been
a great consideration in the device industry and solar cell fabrication because of their
decent dielectric, ferroelectric, piezoelectric, electro-optical, and thermal conductivity
due to electron transport phenomena, insulator-to-metallic transitions, half-metallic
behavior, the exhibition of fluorescence with laser action, etc [8-10]. Both experimental
and theoretical studies are still a matter of interest for material scientists to fabricate
multifunctional perovskites. They are also used as base materials for countless important
ceramic components and devices in the electronics and spintronics industries [11-13].
BaTiOs, CaTiOz, and SrTiOz are common perovskite-type materials used for the above
purposes [14-20]. PbTiOg, different lead zirconate titanate, and lead lanthanum zirconate
titanate show good ferroelectric and piezoelectric behavior, however, the lead is
toxic [21-24]. As a result, lead-free perovskite structures have still been investigated to

find non-toxic electronic materials.

Theoretical investigation of different cubic ABOz [A = Ba, Ca, Sr; B = Ce, Ti, Zr]
perovskites have been done in this research and it is found that BaTiOs3 has the lowest
bandgap. However, BaTiOs is an important ferroelectric material with a perovskite
structure that shows good dielectric, ferroelectric, piezoelectric, and electro-optical
properties and hence it is widely used in electronic industries [25-30]. However, BaTiOs
shows a low Curie temperature, Tc, of 120°C. This can lead to thermal stability issues as

well as redundant aging. [31-32]. Other materials were utilized as dopants to build a solid



solution with BaTiO3z to solve this challenge and this doping has a considerable
technological significance for device applications [33—35]. Considerable work has been
done for modifying the device parameter of these systems with a wide variety of
substitutions at the A-and/or B-site of the BaTiOs system. Doping and co-doping on A-
site have been done on BaTiOz-based ceramics to increase dielectric characteristics and

achieve desired grain size for electronic device applications [36—42].

. A: Ba
. B: Ti
i

@)

Fig. 1.1 A typical unit cell of perovskite-type BaTiOs.
1.2 The Motivation for the Present Investigation

The types of dopants, ionic radii, and valence states affect the crystal structure, defect
structure, and electrical characteristics of BaTiOs [43-48]. In doped BaTiOg, three forms
of cation site occupation are possible- the Ba-site, the Ti-site, or both. Dopants are divided
into two types based on their charges- isovalent and aliovalent. In this process, isovalent
doping with the same charge can replace the host ion. This relates to A** dopant
amalgamation on Ba-site and A** dopant incorporation on Ti-site in the BaTiOs. On the
other hand, the substitution of a different charge ion for the host ion is known as aliovalent
doping. A donor dopant is one in which the valence state of the doping content is higher
than that of the host ion. Accepter dopants have a valence state that is lower than that of
the host ion. The A®** and A* ions on the A-site of the BaTiOs, for example, are known as
donors and acceptors, respectively. Excessive amounts of A>* dopants prefer the Ba-site
[49-50], a small amount of A** impurities occupy the Ti-site [51], and A** or AS* dopants
can take the place of the Ba or Ti-site depending on their size [52-57]. Researchers have
also attempted co-doping in the perovskite lattice (A-site and B-site) to produce a range



of functional features [58-60]. These modifications have a significant impact on BaTiO3
attributes like Curie temperature (T¢), permittivity (er), density, lattice parameters, grain

size, and electrical conductivity [61-64].

loachim et al. have found that with the addition of Sr, the temperature-dependent
permittivity increases but dielectric loss and ferroelectric T decreases in BaixSrxTiOs
(0.25< x <0.90) [65]. Shahid et al. have observed an improvement in crystallinity in
films with the addition of Sr with BaTiOz. Their observations of dielectric constant versus
frequency demonstrated an increase in dielectric constant with increasing Sr dopant
concentration [66]. Cheng et al. also discovered that Sr doping of BaTiOs ceramics

dramatically lowers the ferroelectric T¢ [67].

The bound magnetic polaron (BMP) hypothesis, according to Coey et al. [68], could
explain ferromagnetism in an insulating system lightly doped with transition metals. The
production of a BMP is the outcome of the exchange-interaction of a bound carrier (donor
or acceptor such as vacancies) with the magnetic ions under its orbit. Ferromagnetic
interaction occurs when two polarons overlap. NiTiOz is a significant perovskite of the
ABOs group. According to some previous studies, different band gaps of NiTiOsz are
found, for example, 2.16 eV [69], 2.5eV [70], 3.0 eV [71], and 3.4 eV [72]. This perovskite
has huge applicability as high-temperature superconductors, metal-air barriers, gas
sensors, and photocatalysis [73-77]. Tursun et al. [78] found NiTiOz antiferromagnetic
in nature and addition of Cu and Zn can generate ferromagnetism in NiTiO3z. Langhammer
et al. [79] have found the enhancement of ferromagnetic properties in Co, Fe, and Ni-

doped BaTiOs as all of them are metallic particles.

Pal et al. [80] have investigated the co-substitution with Bi** and Li* on the A-site of
BaTiOs and observed that the adopted dopants balance the charge fluctuation caused by
doping. The inclusion of (BiosLios)?* into BaTiOs ceramics was discovered to be a viable
option for improving ferroelectric properties and lowering the ferroelectric Curie
temperature. This material also shows a giant photovoltaic response. Rawat et al. [81]
have found that the amalgamation of (BiosLios)?" into BaTiOs improves both ferroelectric
and dielectric characteristics and also rises the T monotonously. This ceramic shows a

low dielectric loss.



Theoretical studies have been done on nine commonly used ABOs [A = Ba, Ca, Sr, and
B = Ce, Ti, Zr] perovskites to compare their different electronic, optical, elastic, and
thermodynamic properties and then compared. Among them, BaTiOz showed a lower
bandgap with good optoelectronic properties. These will be discussed further in section
4.1.1. Considering the above results due to various substitutions, a methodical
investigation will be done to observe the effect of Sr, Ni co-substitution on the structural,
ferroelectric, dielectric, and magnetic properties of various
Baix(SrosNios)xTiOs. The amalgamation of (SrosNios)?* into the BTO ceramics is
expected to enhance the dielectric and ferroelectric properties. The incorporation of Ni?*
may also induce magnetic properties. Therefore, the proposed ceramic may exhibit

multiferroic properties and will open a new dimension in material research.

1.3 Objectives of the Present Work
The following are the primary goals of this research-
e Synthesis of various Baix(SrosNios)xTiOz (0 < x < 0.6) compositions using
solid-state reaction method.
¢ Investigation of surface morphology and compositional analysis.
e Study of different dielectric properties, impedance, and ac conductivity as a
function of frequency.
e Determination of initial permeability (u;) as a function of the frequency of
different compositions has been measured with Wayne Kerr Precision
impedance analyzer.

e Measurement of M-H hysteresis loop.
1.4 Outline of the Thesis

The layout of the thesis is as follows:
e The first chapter of this thesis discusses the significance of ABOz perovskites as
well as the reasons for and goals of the current study.
e The second chapter provides a short overview of relevant perovskites and
theoretical background.
e The third chapter describes the procedures that were employed for sample

preparation, computation, and measurement during this research study.



e The fourth chapter of the study is devoted to the findings of numerous
investigations and how those findings are explained in the context of current
theories.

e The final chapter includes a summary of key findings, conclusions, and the range
of potential follow-up research.



2.1 Review of Earlier

Shirane et al. [82], Zeng et al. [83], and Ram et al. [84] have investigated the
orthorhnombic phase of BaTiOs. Ram et al. studied the structural and dielectric
characteristics of BaTiOz. In Fig. 2.1 (a), sixteen unique relative peaks are depicted over
a range of 10° to 70° in the diffraction angle 26. At ambient temperature, the &, is as low

as 200, and it barely rises further until it reaches 263 when heated to the T point, as shown
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Fig. 2.1 Orthorhombic BaTiOz- (a) X-ray diffractogram and (b) Temperature-dependent
variation of the &, measured at frequency values 1, 10, and 100 kHz [84].




loachim et al. [65] investigated the structural and dielectric properties of Sr-doped
BaTiOs with compositions BaixSrxTiOz (x = 0.25, 0.50, 0.75, 0.90). X-ray diffraction
study revealed that there is a drop in intensity with the amalgamation of Sr content for

x =0.25 and 0.9. The XRD plot also displays a single-phase solid solution which is shown
in Fig. 2.2.
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Fig. 2.2 XRD patterns of BST specimens (a) x = 0.25 and (b) x = 0.90 sintered without
additives at 1230°C for 2 h [65].
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The addition of Sr content decreases ferroelectric transition temperature, dielectric
constant, and dielectric losses, for both high and low-frequency ranges. The maximum

value of the dielectric constant was found for x = 0.50.
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Fig. 2.3 The dependence of the dielectric constant as a function of temperature
measured at 1 kHz for doped BaixSrxTiOs (x = 0.25, 0.50, 0.75, 0.90) samples, sintered
at 1260°C for 2 h [65].

Cheng et al. [67] reported the structural and dielectric properties of BaxSr;—.TiOs3
(x=1, 0.9, 0.8, 0.7) ceramics prepared by a conventional solid-state reaction technique.
They have studied the dielectric constant of BaxSr;-,TiOz as a function of temperature for
various Sr concentrations. Fig. 2.4 (b) shows that the ferroelectric T¢ decreases with the

increase of the Sr content.
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Fig. 2.4 The variation of the dielectric constant of BaxSr;-.TiOs (x =1, 0.9, 0.8, 0.7)
ceramics as a function of temperature for various Sr concentrations at 1, 10, and
100 kHz [67].
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Shahid et al. [66] investigated Sr-doped BaTiOsz with compositional formula
BaTiOs+ xSr (x = 0.0, 0.025, 0.05, 0.1, 0.2, and 0.3). The crystallinity in films improved
with the Sr content. The dielectric constant vs. frequency increased dielectric constant

and decreased ferroelectric Curie temperature with Sr concentration.
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Fig. 2.5 Graphs of BaTiOs+ xSr compositions (a) XRD spectra, and (b) Variation in
dielectric constant with Sr-content [66].



Tursun et al. [78] have investigated the magnetic properties through the M-H hysteresis
of NiTiOs. They have stated that NiTiOs is antiferromagnetic and amalgamation of Cu

and Zn can develop ferromagnetism in NiTiO:s.
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Fig. 2.6 Room temperature magnetic M-H hysteresis loops of Ni1-xAxTiOz (A = Mn, Fe,
Co, Cu, Zn; x =0, 0.05, 0.1) samples with x = 0, and 0.05 [78].

This study also showed that the value of a coercive magnetic field, Hc = 40.871 Oe,
saturation magnetization, Ms = 0.482 emu/g, a remnant of magnetization,
M, = 12.57x107 emu/g and M/Ms = 0.026 for NiTiOs.

Jana et al. [85] synthesized Ni-doped BaTiOz with the formula Ba(Ti;-xNix)O3
(x =0, 0.03, 0.06, 0.10, 0.16) through a chemical route using polyvinyl alcohol (PVA)
and analyzed the structure and dielectric properties of the compositions. According to
their study, the particle sizes in the specimen range from 24 to 35 nm (Table 2.1). The
dielectric permittivity of doped ceramics is higher than that of pristine BaTiOs (Fig 2.7).
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Table 2.1 Composition, crystal structure, crystalline size (d), and T of the
Ba(Ti;-»Nix)O3 samples.

X Crystal Particle Tc (°C)
structure diameter (nm)

0.0 | Tetragonal 24 125
0.03 | Tetragonal o5 120
0.06 | Tetragonal o5 108
0.10 | Tetragonal 33 120
0.16 | Tetragonal 35 116

From Table 2.1, it is also observed that the ferroelectric T¢ is reduced in Ni-doped BTO

and lowest in Ba(Tio.94Nio.06)Os.
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Fig. 2.7 Variation of em with mole % of the dopant [85].

Verma et al. [86] investigated the effect of Ni doping with BaTiOz with a composition of
BaNio.01Tio.0003 nanoparticles prepared by the sol-gel method. They reported that the
saturation magnetization, Ms = 0.013 emu/g, remanent magnetization, M = 0.004 emu/g,
and coercivity, Hc = 149 Oe (Fig 2.8) at room temperature and revealed ferromagnetic.
Long-range Ni?*—Ni?* ferromagnetic interaction arbitrated by low donor electrons could

explain the ferromagnetic characteristics of Ni-substituted BaTiOz nanoparticles [87-88].
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Fig. 2.8 Magnetization (M) as a function of temperature (T) where the inset shows the
magnetization (M) versus magnetizing field (Hac) for BaNio.01Tio.9903 [86].

They also studied the temperature-dependent & and tand for Ni-substituted BaTiOs3
nanoparticles at frequencies 1 kHz, 100 kHz, and 1 MHz. At room temperature and 1 MHz

measurement, & is 88 and tano is 0.0161 for this sample which are shown in Fig. 2.9.
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Fig. 2.9 Temperature dependent &r and zané of BaNio.o1Tio.0903 [86].
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Shahid et al. [89] have studied the thin films of Ni-substituted BaTiO3 with the
compositional formula BaTiOs+xNi (x = 0.0, 0.025, 0.05, 0.1, 0.2, 0.3, 0.4). They
reported that the dielectric constant increases with increasing Ni-dopant concentration as

shown in Fig. 2.10.

— ) ()

9.00x10" e x=(),025
] (a) e x=0.05
. —x=(). |
: 7.50x10 + — ()2
: g —X=0.3
= ' —x;(}4
£ 6.00x10" 4
=
»c 7
™ 3
2 4.50x107 4
1
~
=
a

3.00x10™

1.50x10"

0.0 5.0x10° 1.0x10
Frequency (Hz)

3.2x10" 4 ==e=10MHz|

(b)
. 2.8x107' 4
w
=
o~
: -3
g 2.4x10° 4
(&
2 1
; .
£ 2.0x1074 /
z
a ! /
1.6x10°4 @
] v L) v L] b L v L v L)
0.0 0.2 0.4 0.6 0.8 1.0

Ni-concentration (mol)

Fig. 2.10 (a) Dielectric constant as a function of frequency at room temperature of
BaTiOsz + xNi thin films and (b) Dielectric constant vs Ni-concentration (mol) of the
samples [89].
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Arshad et al. [90] also synthesized Ba(Ti;-xNix)O3 (0 <x < 0.06) through the sol-gel auto-
combustion process. Their study of dielectric properties demonstrated that the dielectric

loss (tand) decreases and dielectric strength (4e”) increases with the addition of Ni shown
in Table 2.2.

Table 2.2 &/, tand and 4’ of different BaTi1xNixOs.

Ni concentration (x) £ tané Ag'
0.00 237 0.49 65
0.02 189 0.27 43
0.04 117 0.16 32
0.06 167 0.11 76

Magnetic studies at room temperature show that all of the samples are ferromagnetic,

with a slight diamagnetic component at stronger fields (Fig. 2.11).
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Fig. 2.11 Magnetic hysteresis (M-H) loops of Ba(Ti;—«Nix)Oz (0 <x < 0.06) at room
temperature [90].
Another investigation was done by Rani et al. [91] structural, multiferroic, and
magnetoelectric properties of tetragonal Ba(Ti;-xNix)O3 (0 < x < 10 mol%,) ceramics.
Except for x = 2.5 mol% of Ni doping concentration, all BTNO samples had a
ferromagnetic character with a saturated magnetic hysteresis (M-H) loop at room

temperature (Fig. 2.12). At higher fields, a tiny quantity of diamagnetism is found
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alongside ferromagnetism at x = 2.5 mol%. The F-center exchange interaction via oxygen
vacancies is the source of ferromagnetism. For x = 10 mol%, the highest residual
magnetization, My = 11.76 m emu/g. Fig. 2.12 (f) shows that the M, increases with doping
concentration.
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Fig. 2.12 Magnetic hysteresis loops at room temperature for Ba(Ti;-Nix)Os;
(@) x =0%, (b) x =2.5%, (c) x =5%, (d) x = 7.5%, (e) x = 10% ceramics and figure
(f) shows the remnant magnetization behavior of BTNO samples as a function of
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The micrograph of a pristine BaTiOz sintered sample shows homogeneous grain size, as

shown in Fig. 2.13 (a). In comparison to pure BaTiOgz, the sample exhibits plate-like
inhomogeneous grain distribution at x = 2.5 mol% of Ni content (Fig. 2.13 (b)).
Furthermore, the grain size increases slightly from x =5 to x = 10 mol%.

Fig. 2.13 SEM micrographs of Ba(Ti;-xNix)O3 ceramics (a) x = 0%, (b) x = 2.5%,
(c) x =5%, (d) x = 7.5%, and (e) x = 10% [91].
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Pal et al. [80] have synthesized Ba;-.(BiosLios)xT103 samples (x = 0.0, 0.05, 0.075, 0.1,
0.125, 0.15) by the solid-state method. Fig. 2.14 shows ferroelectric T¢ is 124 °C for
undoped BaTiO3 and decreases to 108, 79, and 55 °C for the doping concentration
x =0.10, 0.125, and 0.15, respectively.
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Fig. 2.14 The &’ versus temperature curves at 1 kHz show the ferroelectric T
transition [80].

Alkathy et al. [92] have investigated different properties of Baix(Nix2Nay)TiOs
(0 < x <0.08) ceramics. The temperature-dependent dielectric properties show the T

decreases with the increase of x (Fig. 2.15).
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Fig. 2.15 Dielectric constant as a function of temperature [92].
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At room temperature, the P-E and M-H hysteresis loops (Fig. 2.16) were also investigated
by them, and the findings demonstrate that weak ferromagnetic and ferroelectric

characteristics co-exist.
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Fig. 2.16 M—H hysteresis loops and the inset is a representation of F-center exchange
interaction [92].
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CHAPTER 3
THEORETICAL METHODOLOGY AND EXPERIMENTAL
TECHNIQUES

3.1 Theoretical Methodology

For materials modeling, several computational approaches are available. First-principles
calculations are a vital tool that is particularly helpful for phenomena that are governed
by the atomic-scale characteristics of materials in the solid state [93]. These calculations
are referred to as ab-initio or first-principles calculations because the numerical model
does not use any experimental parameters. They are developed from the fundamental
ideas of quantum mechanics. While approximations and reformulations can be employed
to achieve a result that converges to the Schrédinger equation, solving the fundamental
equations of quantum mechanics for the many-body system explicitly is practically
impossible [94]. Using functionals of electron density, density functional theory (DFT)
is a well-known first-principles approach for quantum mechanical modeling. A many-
body system at the atomic level can be characterized using quantum mechanics by
merely its atomic arrangement and electronic structure, without any empirical
characteristics. A quick overview of essential quantum mechanics topics will be offered
here to set the scenario for which equations must always be resolved to understand
materials [93].

3.1.1 The Schrédinger equation

The fundamental physics equation for describing quantum mechanical phenomena is the
Schradinger equation. A partial differential equation known as the Schrédinger wave
equation describes how a physical system's wave function evolves over time. The
formulation of the time-independent Schrédinger equation is the starting point for both

density functional theory and wave function mechanics [94].

HY = Ey

where """ is the wave function that holds all of the data about the described system, "H"
represents the Hamiltonian operator that influences the wave function, and "E" is the

resultant it produces, which is the total energy of the system. Various additional operators
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are accessible, such as spin, electric dipole moments, etc. From the wave function, these
can be utilized to derive the expectation values of physical observables.

3.1.2 Born-Oppenheimer approximation

The Born-Oppenheimer approximation is based on the notion that atomic nuclei and
electron movements within a molecule can be distinguished [95]. It enables the division
of a molecule's wave function into its electronic and nuclear (vibrational, rotational)
components on a mathematical level. The approximation simplifies the calculation of a
typical molecule's energy and wave function. The problems related to electronic as well
as nuclear can be explained with different wave functions since the movement of both
electrons and nuclei can be distinguished. Since the nuclei are thought to be immobile,
the Coulomb interaction between them is constant. As a result, the final element in the
Schrodinger equation can be ignored and afterward added as a constant to the total
energy. Separating electronic and nuclear constraints is known as the Born-Oppenheimer

approximation.
3.1.3 Hartree-Fock approximation

The Hartree-Fock (HF) technique is an estimation approach for figuring out the energy
and wave function of a stationary quantum many-body system [96]. When applied to
fermions or bosons, the HF approach frequently undertakes that the actual N-body wave
function of the arrangement can approximately be determined by a single Slater
determinant or by a single permanent of N spin-orbitals. Using the variational technique,
a set of N-coupled equations for the N spin orbitals can be obtained. These equations can

be solved to provide the system's energy and Hartree-Fock wave function.

HF is also known as the self-consistent field approach (SCF). Hartree needed the final
field to be self-consistent with the presumed initial field in order to derive what is now
known as the Hartree equation, which is an approximation of the Schrodinger equation.
As a result, the solution required self-consistency. The solution was kept because the
solutions to the non-linear HF equations similarly behave as though each particle is
subject to the mean field produced by all other particles. Although the fixed-point
iteration procedure does not always converge, it is generally universally used to solve
equations [96]. The HF approach does not always require this solution scheme, nor is it

the only one that can be used. The central starting point for all methods that more
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effectively describe the many-electron arrangement for both atoms and molecules is the
HF solution.

3.1.4 Density Functional Theory

A different form of the ab-initio approach is density functional theory (DFT). For the
purpose of analyzing the electronic composition of many-body systems, such as atoms,
molecules, and condensed phases, or the spatially dependent electron density, this
method is a quantum mechanical theory that can be utilized in both physics and
chemistry. [97]. DFT's primary notion represents an interacting system of fermions by
its density rather than its many-body wave function. This indicates that the basic variable
of the system only depends on the three spatial coordinates x, y, and z rather than 3N
degrees of freedom for N-electrons in a solid, which follow the Pauli principle and repel
one another via the Coulomb potential [97]. The two theorems that Hohenberg and Kohn
proved in 1964 [98] and the computational scheme that Kohn and Sham (KS) proposed
the following year [99] form the foundation of density functional (DF) techniques. They
demonstrated that the overall energy and electron density relationship is valid. This
means that the essential concept in density functional theory—electromagnetic density—
can be understood without having to be familiar with the challenging many-electron

wave function.
3.1.5 Generalized Gradient Approximation

Density-functional theory (DFT) gives structures, bond energies, and reaction activation
energies in several applications where the exchange-correlation functional's generalized
gradient approximation (GGA) has led to the outstanding agreement with both the
experiment and the most precise ab initio calculations [97]. More sophisticated
approximations are currently used by many advanced theoretical algorithms based on
density functional theory to increase accuracy for specific physical attributes. Using the
GGA, the DFT calculations in this study were completed. The LDA (local-density
approximation) is less effective than the GGA.

No matter how homogeneous the actual charge density is, the LDA uses exchange-
correlation energy to create a homogenous electron gas across the system. When charge
densities are not uniform, the exchange-correlation energy might deviate significantly

from the uniform result. Higher spatial derivatives of the total charge density and the
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gradient can be used to evaluate this divergence [97]. The gradient of the charge density
is used by the GGA to correct this deviation. The GGA has been shown to be more
effective than LDA in systems with slowly fluctuating charge densities [97]. It also
applies to the inhomogeneous electron gas system [97]. As a result, it can produce more
suitable outcomes. The goal of introducing GGA is to considerably increase the
outcomes from LDA.

3.1.6 k-point sampling

The closest region of the reciprocal space to the origin (0,0,0) is the initial Brillouin zone
of the material, which is where k-points are sampling points (usually called the Gamma
point). Electronic states are only allowed at a limited number of k-points defined by the
bulk solid boundary constraints. There are infinitely many k-points, which can be used
to explain the unlimited number of electrons in the periodic solid. If the k-points are
chosen to properly sample the reciprocal space, it is possible to employ a finite number
of them [97]. Electronic wave functions at very close k-points will be nearly
indistinguishable. This demonstrates that the summation over k-points (or, equally, the
integration over the Brillouin zone) contained in the DFT formulations can indeed be
efficiently evaluated using a mathematical model that performs accumulation over a
constrained collection of special Brillouin zone points. The complicated section of the
Brillouin zone should only be taken into consideration, according to symmetry concerns.
For creating these points and the accompanying weights to be employed in the
summation, a number of guidelines exist [97]. By calculating the states of electrons at a
relatively small magnitude of k-points, one can use these techniques to derive an
estimation of the electronic potential and total energy of an insulator that is both exact
and precise. A denser set of k-points is needed in computations for metallic systems to
precisely calculate the Fermi level. Using a denser set of k-points will always result in a
smaller inaccuracy in the total energy caused by the limited k-point sampling, much like
how achieving convergence about the number of basis set functions is done. When
comparing the energies of two systems with various symmetries, such as when
examining the comparative stabilities of the structures of FCC and an HCP, it is critical
to attaining high convergence concerning the k-point sample. As a result, both energies
must be completely converged because there is no mistake cancellation in this situation.

Monkhorst and Pack [100] presented among the most efficient techniques for generating
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k-points. Along the three axes in reciprocal space, a uniform grid of k-points is produced
by this method, which was later improved to incorporate hexagonal systems.

3.1.7 Cut-off energy

Since there are theoretically an infinite number of electrons in a solid, a wave function
must be constructed for each of the infinite numbers of electrons that stretch throughout
the solid's whole space, and the basis set used to define the wave function must also be
infinite. According to Bloch's theorem, the number of electrons in the crystal's unit cell
may be determined from an infinite number of one-electron wave functions by using its

periodicity [97].

The wave function of an infinite crystal can be expressed using this theory in terms of
wave functions at reciprocal space vectors of a Bravais lattice. Bloch's Theorem has
reduced the problem of an infinite number of electrons by requiring that only the number
of electrons in the unit cell (or half that number, relying on whether the states are spin-
degenerate or not) be taken into account at a constrained number of k-points chosen to
sample the Brillouin Zone [93]. The electronic wavefunctions at each k-point can be
enlarged in terms of a discrete plane-wave basis set, according to Bloch's theorem. In
theory, such development requires an endless number of plane waves. As opposed to
those with extremely high kinetic energy, plane waves with lower kinetic energy often
play a more significant role [97]. Thus, the plane-wave basis set can be trimmed to
incorporate only plane waves with kinetic energies less than certain cut-off energy. The
estimated total energy and its derivatives will contain an error due to the truncation of
the basis set at finite cutoff energy. It is feasible to lower the value of the inaccuracy
systematical by increasing the magnitude of the cut-off energy. The cut-off energy
should ideally be raised until the computed total energy converges within the necessary

tolerance.
3.1.8 Pseudopotential

In order for, the Schrédinger equation to have an improved efficient potential component
rather than the Coulombic potential term for core electrons often present in the
Schrodinger equation, the pseudopotential is able to be characterized as an idea to
substitute the complex impacts of the movement of the atom’s non-valence electrons and

its nucleus with an efficient potential [93]. Even when all the electrons in a system are
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explicitly allowed to perform a computation with the entirely Coulombic potential of the
nuclei, the amount of processing time required is still prohibitive when using a plane-
wave basis set. The orthogonality requirement between different states and the region's
extremely powerful potential makes a very large cut-off energy necessary for the
wavefunctions' rapid oscillations close to the nucleus, which is why a basis set was
created [97]. A fascinating finding from physics and chemistry research is that while the
core electrons of different atoms are largely independent of their surroundings, the
valence electrons actively add to interactions between atoms. The core electrons' energy
levels can be regarded as stable consequently, and each atom can have its own
pseudopotential that takes into consideration the influences of the nucleus and core
electrons. This enhanced potential's pseudo wavefunctions do not vary as quickly as the
actual wavefunctions. As a result, it reduces the number of plane waves necessary for
depiction. Once the valence electrons are explicitly taken into account, the computations
can be performed with much less work [97]. Pseudopotentials are categorized into two

classes- (a) Ultra-soft Pseudopotential and (b) Norm-conserving Pseudopotential.

Due to the norm-conserving pseudopotential, the estimation may expand linearly with
the overall dimension of the basis set [93]. Vanderbilt [101] proposed a novel and
innovative way of producing substantially softer pseudopotentials dubbed ultrasoft
pseudopotentials in 1990. (USP). Within the core region, the pseudo-wave functions are
permitted to be as soft as feasible in this technique, allowing the cutoff energy to be
considerably reduced. As a result, they are commonly referred to as ultrasoft
pseudopotentials (USP). The electron density is separated into two parts in this scheme:
(a) a smooth portion that spreads throughout the unit cell, and (b) a hard component that
is concentrated in the core areas. The increased component is only visible in the density,

not in the wave functions.
3.1.9 Ground state energy

The CASTEP code used for the Geometry Optimization job permits one to improve the
geometry to obtain a stable structure of a 3D periodic system [97]. The cell dimensions
and atom locations are modified iteratively to achieve the goal of minimizing the
system'’s overall energy in the process. The system's ground state energy is represented
by this minimized total energy [97]. Energy optimization or geometry optimization is

energy reduction which is a method of identifying a spatial configuration of a collection
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of elements [97]. A group of atoms could be an ion, a single molecule, a transition state,
a condensed phase, or any mix of these. In this case, the mathematical model of chemical
bonding may be based on quantum physics. The geometry of a collection of atoms can
be expressed as a vector of particle locations [97]. This might be the atoms' Cartesian
coordinates. These could be "internal coordinates," which are made up of a variety of
bond lengths, bond angles, and dihedral angles [97] when referring to molecules.

3.1.10 CASTEP

CASTEP code [93,97] is a quantum mechanical model based on the first-principles
which is used for computing electronic structures. It is possible to simulate a wide range
of materials within the density functional formalism, including molecules, crystalline
solids, amorphous materials, and liquids. Any material's properties can be conceptualized
as a calculable collection of nuclei and electrons. The use of computers, which have
limited speed and capacity, is the only constraint. Given that the goal is to rely solely on
guantum mechanics and avoid using any experimental (empirical) data, this simulation

strategy is very ambitious.
3.1.11 Computation of different properties

Density Functional Theory (DFT) based on a plane-wave pseudopotential method was
used to carry out this study using a framework- Cambridge Serial Total Energy Package
(CASTEP) code [102]. The exchange-correlation energy of electrons is evaluated under
the generalized gradient approximation (GGA) with the method of Perdew—Burke—
Ernzerhof (PBE) [103]. The k-point sampling of the Brillouin zone was constructed
using the Monkhorst-Pack scheme [100]. The geometrical optimization of the crystal
structures was performed in the Broyden-Fletcher-Goldfarb-Shanno (BFGS) relaxation
method [104].
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3.2 Sample Preparation and Experimental Techniques

Preparing polycrystalline compositions with the appropriate characteristics remains a
complex and demanding undertaking. Controlling the chemical composition, uniformity,
and microstructure is essential. Polycrystalline ceramics with optimal characteristics

must be prepared with care. The following are some sample preparation techniques-

(a) Standard solid-state reaction
(b) Sol-gel method

(c) Auto-combustion synthesis and
(d) Co-precipitation technique

In this investigation, a standard solid-state reaction technique was used to synthesize all

the samples. The procedure for sample preparation is succinctly explained here.
3.2.1 Standard solid-state reaction technique

A standard solid-state reaction technique is a high-temperature direct reaction between
starting reagents (typically powders). A high temperature provides the energy required
for the reaction to take place. Since a lot of bonds are broken during a solid-state reaction
and the ions move through the solid, unlike in gas phase and solution reactions, solid-
state reactions are often slow. Diffusion is frequently the limiting factor in solid-state
reactions. Consequently, the diffusion of the cations through the product layer is the
process that determines the rate of a solid-state reaction. As temperature rises, solid-state
reactions happen considerably more quickly, but generally, they don't happen until the
temperature of the reaction exceeds at least 3/2 of the melting point of one of the

reactants.

In the solid-state reaction technique, the weights of the raw components are determined
using the compound's stoichiometry while taking into account the impurity and moisture
levels. After mechanically mixing the raw components, grinding operations are
undertaken to control particle size and homogeneity of the mixture. To achieve this, a
milling operation that can reduce the particle size to the 1-70 wum range is carried out. A
further reduction in particle size may have an impact on the material's homogeneity and
purity. Since it is readily available with sufficient purity at reasonable prices and is non-
flammable, distilled water or alcohol is utilized as a wetting medium. The next stage is

a solid-state reaction between the elements of the starting materials at a sufficient
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temperature. This is known as firing or calcination. Stoichiometry control during
calcination is crucial, and volatile ingredients must be made up for. A homogenous body
is produced during calcination as a result of the elements interacting through ion
interdiffusion. Therefore, it is thought that calcination is a component of the combining
or mixing process. Calcination additionally influences sintering-related shrinking. The
"green body" is the result of compacting the powder after it has been calcined to produce
the shape that is needed. Sintering is then used to make the green body denser. The
following sections will provide an overview of calcination, shaping, pressing, and

sintering.

Various Oxides or carbonates of raw materials
Ba(CO3)1 Sr(CO:;), NIO, and TlOZ

v

Weighing by stoichiometric mole percentage

\ 4

Dry mixing by using an agate mortar

v

Wet mixing by hand milling

A 4

Drying in air

\ 4

Calcining at 900°C

Further hand milling

\4
Pressing to desired shapes after adding
binder

\ 4

Sintering at 1200°C, 1250°C and 1300°C

\4

Final products

Fig. 3.1. Flow chart for the solid-state reaction method of sample preparation.
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3.2.2 Details of sample preparation: calcination, shaping and pressing, sintering,
and etching

3.2.2.1 Calcination

The partial or final phase of the molecule is created by the chemical reaction process
known as calcination. During the breakdown of the constituent compounds, it also aids
in the removal of undesirable gases and byproducts. Additionally, calcination enhances
material homogenization and lessens shrinkage of the final formed samples during the
subsequent sintering process. A solid phase reaction, which entails the chemical process
involving atomic diffusion across grains at temperatures lower than the melting points of
the raw components, is used to synthesize the phase of a molecule [105]. The calcination
temperature is often set sufficiently high to initiate a chemical reaction process while
being kept as low as possible allowing for subsequent grinding. It is important to keep the
calcination temperature low enough in materials with volatile contents to prevent the loss

of those components.

To achieve great homogeneity, the calcining procedure might be conducted multiple
times. The granules that have been calcined are crushed and ground into fine powders.
The optimal properties of fine powders are [106]-

(1) small particle size,

(2) narrow distribution in particle size,

(3) dispersed particles,

(4) equiaxed shape of particles,

(5) high purity and

(6) homogeneous composition.

3.2.2.2 Shaping and pressing

Calcined powders are re-hand milled to shape the power. The uniaxial pressing
mechanism (Fig. 3.2) is then employed to produce compacts of calcined powder in tiny
sizes and simplified shapes. It is done in a die with a moveable top. In the lower part, a
cavity forms at the bottom. This chamber is stuffed with loosely dispersed powdery
granules that are attached to the top to decompose. Before compaction, a binder is
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normally added at a concentration of less than 5% wt [106]. Polymers or waxes serve as
binders. In this case, polyvinyl alcohol is used as a binder. The binder enhances particle
flow during compacting and increases particle bonding, presumably by establishing
particle-binder-particle links. Bin breakdown and desire removed from the ceramics
during sintering. Compacting pressures vary greatly but are often many tons per square
inch. Powders are taken from the calcined powders to produce a 90 g pellet and a toroidal-
80 g ring. A Hydraulic press is used to apply pressure in the range of
20-50 MPa utilizing the top punch.

3.2.2.3 Sintering

By heating the compressed powder for a set period of time, sintering generates a dense,
durable body. Normally, the sintering temperature is well over the melting point of the
constituents, but definitely below the temperature that would considerably increase
diffusion. Sintering is propelled by a reduction in the powder's surface-free energy. Some
of this energy is transformed into interfacial energy in the resulting polycrystalline body
[106]. The period and temperature of sintering, and the furnace environment all have a
significant impact on a material's electrical and magnetic characteristics. The sintering

process serves the following functions:
(1) to combine the particles so that the final product has enough strength,
(2) to eliminate the pores in order to make the material denser and

(3) to homogenize the substance by finishing the reactions that were left unfinished

during the calcining process.

According to Coble and Burke's [108] investigation into the sintering of crystalline

materials, the rate of grain growth exhibits the following empirical connection-
D = kt"

where D is the average grain size, n is approximately one-third shaped, t is the sintering

duration, and k is a temperature-dependent component.
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As illustrated in Fig. 3.2, there are three stages of sintering [108].

Stage 1: The area of contact between particles expands.
Stage 2: Porosity transitions from open to close.

Stage 3: Pore volume declines, but grains increase in size.

00
©

(a) (b) (©) (d)

Fig. 3.2 Different stages of sintering: (a) green body (b) primary stage (c) intermediate
stage, and (d) the finishing stage.
Surface diffusion in the early phases, as well as an evaporation-condensation mechanism
at high temperatures, cause neighboring particles to form a neck. Grain formation begins
during the middle sintering stage. Pore reduction rates decrease as grain boundaries serve
as sources for vacancies as the spacing for both pores and grain boundaries increases,
affecting the surface area of the grain boundaries themselves. In the last stage, grain
development is substantially speeded up, and the isolation of remaining pores may be
observed.

3.2.2.4 Etching

Etching is a method for uncovering the sample’s small characteristics. It is a method of
making the material’s microstructure visible. Etching methods include (a) thermal
etching, (b) chemical etching, and (c) electrolytic etching. Thermal etching is employed
in this work. The surface of a metallic sample needs to be polished to a thin mirror-like
exterior to analyze the microstructural properties of a sample. In contrast, a sample's
polished surface seems to be a blank white space when viewed under a microscope. Thus,
the thermal etching approach is employed to highlight different components of the
sample's microstructure. In this situation, the etching temperature is a few hundred

degrees lower than the sample's sintering temperature.

30



3.2.3 Preparation of the samples

Standard solid-state  techniques were used to produce nanocrystalline
Bai-x(Sro.sNios)xTiOs (x = 0.00 to 0.60). Powdered Ba(C05), Sr(C03),NiO, and TiO,
with analytical grade are used as raw materials and are weighed in accordance with
stoichiometric amounts. For 6 hours, these fine powders were crushed and then ground
by hand milling. The fine powders are then calcined in air for 5 hours at 9000°C. Then
again, these calcined powders were thoroughly crushed and milled by hand milling
method for an additional 4 hours. The granulated small particles are compressed into
disk- and toroid-shaped samples (Fig. 3.3) using Poly Vinyl Alcohol (PVA) as a binder.
At various temperatures, the samples are sintered in the air for 5 hours. The temperature

gradients for sintering are 5°C/min for heating and 10°C/min for cooling.

Fig. 3.3 Toroid- and disk-shaped samples.
3.2.4 Structural and morphological characterization

The structural investigation of the synthesized compositions using an XRD is covered in
this section. The surface morphology of all materials is studied utilizing a Field Emission
Electron Microscope (FESEM). These fundamental principles are explained in the next

section.
3.2.4.1 X-ray diffraction

When an atomic-scale crystal lattice plane spacing is hit with X-rays of a specific
wavelength and at specific incident angles, rebounded X-rays are produced when the
scattered X-ray wavelengths constructively interact; the differences in the travel path
must be integer multiples of the wavelength. In the case of constructive interference, an

X-ray diffracted beam exits the crystal at the same angle as the incident beam. Bragg's
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Law states that the following general formula connects the incoming X-ray wavelength,
incidence angle, and atom lattice plane spacing-

2dsind =nA

where n is an integer that denotes the order of diffraction, 4 signifies the wavelength of
the incident X-rays, d is the crystal's interplanar spacing, and 4 is the incidence angle, as
illustrated in Fig. 3.4. Diffraction is only conceivable when A < 24 [109]. The crystal
structure is significantly revealed by X-ray diffraction (XRD). An XRD was used to
investigate the nominal composition of various Baix(SrosNio.s)xTiO3. Monochromatic

Cu-K, radiation was employed for this investigation.

A C
Incident x-rays Diffracied x-rays
A’ N\A Gl . o
: "
a-B g
L 3 e e
d
E 3 B’
d
Atomic-scale crystal lattice planes

Fig. 3.4 Bragg law of X-ray diffraction.

3.2.4.2 Lattice constant, density, and porosity
Lattice constant

Utilizing the following relations, the samples' lattice parameters were determined by-

1 (h?+K2+17) .
Fr = (for cubic)
1 _ 4(hP+hk+k?) 12
e ) + = (for rhombohedral)
2 2 2
And LER L. + £ (for orthorhombic)

dizlkl - az b2 C2

where h, k, and | are the Miller indices of the crystal planes.
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Bulk density

The bulk density (pg) of each combination was calculated by using the following
relation [110]-

m

Pp = rid

where r, m, and d are radius, mass and sample thickness, respectively.
The theoretical or X-ray density (p,) was calculated by the following relation [110]-

_ nM,,
A%

Px

where n signifies the number of atoms, the sample's molar mass is M,,, Avogadro's

number is Na and the unit cell volume is V.
Porosity
The porosity of the combinations was determined using the relation [110]-

Px — PB

X

P(%) = x 100

3.2.4.3 Microstructural and elemental analysis

FESEM was used to examine the grain distribution on the surface of the ceramic samples
(model JEOL JSM 7600F). ImageJ software was used to compute the D. EDS is an
empirical process used to characterize a material's molecular or elemental composition.

The EDS system was used to perform compositional analysis in this paper.

3.2.5 Electrical properties
3.2.5.1 Dielectric properties

An Impedance Analyzer was used to investigate the dielectric characteristics as a
function of frequency (WAYNE KERR 6500B). To confirm satisfactory electrical
connections, on both surfaces of the samples, silver paste was applied to test dielectric
characteristics. At room temperature, the dielectric characteristics of disk-shaped

samples were measured in the frequency range of 20 Hz-10 MHz.
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The following relationships were used to determine the dielectric parameters [110]-

e = ¢g'tandy

EoA

where C refers to the capacitance of the materials and C, =~ was derived

geometrically. And C, is the capacitance of the capacitor without the materials, ¢, is the

permittivity of free space and A is the electrode’s cross-sectional area.
3.2.5.2 Complex impedance spectroscopy

The electrical properties of compositions and their interaction with microstructures are
studied using complex impedance spectroscopy. It is applied to investigate the dynamics
of mobile or bound charges in grain or grain border areas. AC measurements are
frequently done with a Wheatstone bridge type of device, called an impedance analyzer.
This device is used to evaluate impedance spectroscopy. While doing so, the sample’s
resistance R and capacitance C are measured and balanced against variable resistors and
capacitors. For the supplied sample, the impedance 1ZI (~Z*) and phase difference (¢)
between voltage and current are measured as a function of frequency. The data is then
evaluated by graphing the Z' = |Z|cos¢ versus the Z' = |Z|sin¢g on a complex plane
known as the impedance plot. The analogous circuit given by the brick layer model [111]
is compared to an impedance plot with a linear scale. The impedance curve of a pure
resistor is a position on the real axis, whereas the impedance plot of a pure capacitor is a
straight line parallel to the imaginary axis. A parallel RC combination's impedance is
stated as follows [110]-

ge— g R  wR*C
T T T (wRO)? T 1+ (wR0)?

After simplification, one gets,
R R
7' -2+ 7" = (5)?
Z' =) )
This equation describes a circle with a radius of g and a center at (g, 0). As a result, a

plot of Z' versus Z" (as a parametric function of ) yields a semicircle (Fig. 3.5) of radius

g. This plot is commonly referred to as the Nyquist plot or the Cole-Cole plot.
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3.3.5.3 The ac conductivity

To study the room temperature conduction mechanism, the ac conductivity (o) of these
samples was measured in the frequency range 20 Hz — 10 MHz. The g, can be calculated
by [110]-

Oqc = We'g tandy
3.2.5.4 Electric modulus

The study of complex modules is an alternate technique for studying the electrical
characteristics and modifying any other effects that may have existed in the sample
because of variable relaxation time constants. It is an important tool for figuring out
electrical transport phenomena including conductivity relaxation time and carrier/ion

hopping rate, and so many more.

The complex electrical modulus M*can be expressed using the relation [112] -

M (o) 1 1 g y g’
w)=— =
g & —je' g4 J ez e

==M () +M (w)

Simplifying and substituting €" by €'tandg, we get

4 tandg
£'(1 + tan®8g) / £'(1 + tan®8g)

M(w)=Mw)+M'(w) =

M' is the energy given to the system, and the energy lost from it during transmission is
represented by the symbol M".
3.2.6 Magnetic properties

3.2.6.1 Complex initial permeability

In studying magnetic characteristics, permeability is one of the most important properties

of ferromagnetic materials. The complex initial permeability can be written as follows-
e

The energy that the system stores is described by the y; which also declares that the B
and the H are in phase. The y;" symbol represents energy dissipation, which explains
why B is out of phase with H. Using an impedance analyzer, the frequency-dependent

complex permeability spectra of the ceramics stated were examined (WAYNE KERR
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6500B). At room temperature, complex permeability studies on toroid-shaped specimens
were performed in the frequency range of 10 kHz - 120 MHz. Utilizing the following
relations, the y; and ;" of the complex initial permeability were calculated:

Ls

ﬂi=z

W = pitandy

UoN?S
nd

where, L, denotes the self-inductance of the sample coreand L, = is derived using

geometry. L, represents the inductance of the winding coil without the sample core, N is
the number of turns of the coil (N = 4), and S is the area of the cross-section of the
toroidal sample which can be given as [97]-

S=gxh
where

dz_d1
2

g =
d, is inner diameter, d, represents outer diameter, h is height and d is the toroidal

sample’'s mean diameter, as shown below [97]-

d, +d,
2

d=
The relative qualify factor (RQF) was calculated using the ratio [97]-

Hi
RQF =
¢ tandy,

3.2.6.2 M-H plot

A Vibrating Sample Magnetometer was used to measure the samples' M-H plot (VSM,
model Micro Sense, EV9). The sample is magnetized inside a uniform magnetic field in
this type of magnetometer. In this case, the pickup coil's magnetic moment causes an
induced voltage that is proportional to the sample's magnetization. The materials'
magnetic field-dependent magnetization hysteresis curve can therefore be calculated by

measuring the generated voltage.
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CHAPTER 4
RESULTS AND DISCUSSION

In the present research, structural and microstructural characterization, compositional
analysis, and different electromagnetic properties of various Sr- and Ni co-substituted

BaTiOz are thoroughly investigated both theoretically and experimentally.
4.1 Theoretical Investigation

4.1.1 Different ABO3z perovskites

This part of the research uses a computational method to investigate the structural, elastic,
thermodynamic, electronic, and optical properties of different cubic ABO3z [where A =Ca
Ba, Sr; B = Ce, Ti, Zr] perovskites and then compared with each other. The material with
a low band gap was taken for further theoretical and then experimental study.

4.1.1.1 Computational parameters

The conversing cut off the energy 650 eV of a plane-wave along with k-points 5x5x5
with convergence tolerances energy 1.0x107° eV/atom, maximum force on atoms
0.03 eV/ A, the maximum stress of 0.05 GPa, and the maximum atomic displacement
1.0x10% A have been taken to optimize the structures while investigating the structural,
electronic, and optical properties. For elastic properties, fine quality with energy
2.0x10° eV/atom, maximum force on atoms 0.006 eV/ A, and maximum displacement
2.0x10* A were considered. For thermodynamic properties calculation, k-points were
kept the same but the cut-off energy was taken at 830 eV with Local-density
Approximations (LDA) functional. The cubic configuration of the studied materials has

been shown in Fig. 4.1.

Fig. 4.1 Crystal structure of cubic ABOsz [A = Ba, Ca, Sr; B = Ce, Ti, Zr] perovskites
(3D view).
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4.1.1.2 Structural properties

In each case, the structure has been optimized geometrically. Cubic structures are
considered in this study and then performed geometrical optimization. Structures remain
cubic after being optimized geometrically. The computed lattice parameters and density
in the ground state under the same computational parameters are listed in Table 4.1.

Table 4.1 Calculated structural parameters of cubic ABO3z (A = Ba, Ca, Sr; B =Ce, Ti,

Zr) materials.

Other _
. ] Experimental | Calculated
] This study, | Theoretical ] )
Materials ) studies, density,
ao (R) studies, A (g/emd)
ao p(g/cm
ao (A)
BaCeOs 4.48 4.43 [114] 4.40 [114] 6.03
CaCeOs 4.40 - - 4.44
SrCeO3 4.43 - - 5.26
BaTiOs 4.03 4.03 [113] 4.01 [114] 5.94
CaTiO3 3.88 3.89 [114] 3.84 [114] 3.86
SrTiO3 3.94 3.93 [114] 3.91[114] 5.00
BaZrO3 4.23 4.23 [113] 4.19 [114] 6.07
CazrO3 4.13 3.95[114] 4.01 [114] 4.22
SrZrOs 4.17 4.06 [114] 4.10 [114] 5.20

From Table 4.1, it is observed that the lattice parameter is the highest in BaCeOsz and the
CaTiOa. It is that the
Rgq > Rsy > Req and Rg. > Ry > Ry; [115] and a clear reflection in the structural

lowest in well known radius-

properties is observed accordingly.
4.1.1.3 Mechanical properties

The study of elastic moduli, ductility or brittleness, elastic anisotropy, mechanical
stability, and stiffness of solid materials are very substantial properties for material
engineering. These properties can be studied by using elastic constant which can be
calculated from the linear finite strain-stress method using the CASTEP formulation
[115-117].
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A proportional elastic constant Cjj can be expressed as-

6
g; = Z CUE]
j=1

where o is stress and € is strain.

In a cubic crystal, the system has three elastic constants- C11, C12, and Cas [118]. For a
cubic system, The Born stability criteria [119] are C;; — C;, >0, Cy; +2C;, >0, Cy; >0,

and C44 > 0.

The internal strain parameter, the Kleinman parameter (¢) is very useful to describe the
relative position of the cation and anion sublattices due to volume-conserving strain
distortions. It is a parameter that determines the stability of a compound against the
stretching and bending types of strains [120-122]. The { of a compound is given by-

~ 7Cyq + 2Cy

where 0 < ¢ < 1. When ¢ is close to 1, under the application of pressure, the bond

bending phenomenon is seen, while if it is close to 0, bond stretching is detected.

A material’s Cauchy pressure (C") is defined as, C” = C12 — Cas. This value is positive for
ductile material and related to ionic bonding, whereas the negative value indicates
brittleness and is related to covalent bonding [123-124]. The Poisson’s ratio (v) is also an
index for distinguishing between the brittleness or ductility of materials. The material is
brittle when » < 0.26, and ductile for » > 0.26 [125]. The Pugh’s ratio (B/G) is another
useful parameter to separate the ductility or brittleness nature of a material. If this value
of a material is greater than 1.75 that is ductile, and if the value is less than 1.75 the
material is brittle [126].

The Debye temperature (6p) is a characteristic temperature to evaluate material properties
such as thermal expansion, thermal conductivity, lattice vibration, melting point, specific

heat, etc. This temperature can be calculated using the formula-

o= (RG]
b= kB 41 M m
where Vi, is the average sound velocity. The studied mechanical properties of the

materials have been tabulated in Table 4.2.
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Table 4.2 The calculated elastic constants (C11, C12, Ca4), Y, B, G, C”, v, B/G ratio,

Compressibility (K), Universal Anisotropic factor, dp and Vi, of various ABO3
perovskites.

Material
BaCeOs | CaCeOsz | SrCeOsz | BaTiOz | CaTiOs | SrTiOs | BaZrOs | CaZrOs | SrZrOs
Parameter
Cu1 (GPa) 194.96 | 21221 | 193.34 | 27523 | 32867 | 312.99 | 288.02 | 323.91 | 309.66
Ci2 (GPa) 68.70 71.25 59.82 | 10171 | 97.49 | 9226 | 78.78 7254 | 7177
Cas (GPa) 44.39 30.67 3740 | 121.02 | 96.47 | 109.99 | 84.85 62.86 | 73.12
Cu-Caz (GPa) 126.27 | 140.96 | 13352 | 173.52 | 23118 | 220.74 | 209.24 | 251.36 | 237.89
C11+2C12 (GPa) 332.36 | 354.70 | 312.98 | 478.65 | 523.65 | 497.50 | 44558 | 468.00 | 453.20
Kleinman 0.496 0.480 0456 | 0511 | 0444 | 0442 | 0422 | 0375 | 0.382
Parameter, ¢
Young'ic';\/'ogiulusv Y | 133.65 | 11874 | 126.88 | 264.36 | 261.72 | 267.94 | 230.09 | 2322 | 228.03
pa
Bulk '(\ﬂGf;dl;lusv B 107.47 | 11374 | 104.95 | 159.76 | 174.94 | 164.78 | 148.08 | 15578 | 150.82
a
Shear ?/IGOd;”us' G 51.69 44.78 4885 | 107.97 | 104.63 | 109.01 | 92.7 88.49 | 91.36
pa
Cauchy pressure, C" | 2431 40.58 2242 | -19.31 1.02 | -17.73 | -6.07 9.69 -1.36
(Gpa)
Poisson's Ratio, v 0.29 0.33 0.30 0.22 0.25 0.23 0.24 0.26 0.25
Pugh’s ratio, B/G 2.08 2.54 2.15 1.48 1.67 1.51 1.60 1.76 1.65
Compressibility 0.0093 | 0.0089 | 0.0095 | 0.0063 | 0.0057 | 0.0061 | 0.0068 | 0.0064 | 0.0066
(1/GPa)
_Universal 0.1488 | 0.7594 | 0.4011 | 0.1202 | 0.0448 | 0.0016 | 0.0523 | 0.6209 | 0.2874
Anisotropic Index
Debye temperature, 368 393 381 592 756 669 520 603 558
6pb (K)
Average sound 3235 3399 3317 4683 5759 5168 | 4317 4897 4566

velocity, Vm (M/s)

The anisotropic data are always useful for materials to understand the mechanical

efficiency of material in practical use [127-128]. The ELATE code has been used to

illustrate the 2D and 3D visualizations of the anisotropy of Y, K, G, and v in the xy, yz,

and xz planes of ABOs perovskites which are illustrated in Fig. 4.2 [129].
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Spatial dependence of Y
2D representation 3D

Material .
xy plane Xz plane yz plane  representation
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Fig 4.2 (a) The 2D and 3D plots of Y of ABOs perovskites at 0 GPa.
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Spatial dependence of K
2D representation 3D
xy plane xz plane  yzplane representation

Material

SrCe0O3

BaTiO3

CaTiO3

SrTiOs3

BaZrO3

CaZrO3

SrZrOs

Fig. 4.2 (b) The 2D and 3D plots of K of ABOs perovskites at 0 GPa.
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Spatial dependence of G
2D representation 3D
xy plane Xz plane yz plane  representation
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According to the ¢, the BaTiOz is the bending type and the rest of them are the stretching
type under pressure. The C”, v, and B/G data reveal the ductile nature of the Cerate family
and CaZrOs, while BaTiOs, SrTiOs, BaZrOs, and SrZrOs are brittle. Exceptions are seen
for the calculated values for the CaTiOs. The Pugh’s ratio and Poisson's Ratio data show
it is brittle but the Cauchy pressure shows it is ductile. In the ground state condition, all
three calculated values of CaTiOz are very close to the boundary of the ductility and

brittleness region.
4.1.1.4 Thermodynamic properties

Thermodynamic properties are defined as system characteristics that can specify the
system's state. [130]. The lattice dynamics as well as the dielectric properties, the phonon
dispersion curves, and the phonon density of states are very significant. These properties
can be calculated using density functional perturbation theory [131]. The vibrational
properties can be calculated using a harmonic approximation [132-135]-

0%E
ou, (R)0u, (R") 40

D, (R—R') =

where u is the displacement of a given atom and E is the total energy in the harmonic

approximation.

In reciprocal space, this dynamical force constants matrix is-
1 —igR
Duv(‘l) = N_R Duv (R)e
R

Here the plane waves are evaluated for each atomic displacement-
u(R’ t) — gei(qR_w(q)t)

The polarization vector (g) of each mode is an eigenvector of 3N dimensions of the

eigenvalue problem:

Mw(q)?*s = D(q)s

The partial density of state contribution on atom from each phonon band is-

dk
M) = [ 5l @I 8(E - £(0)

where e; is the eigenvector related to the mode of the energy E;.
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Fig. 4.3 The calculated phonon dispersion curves along the high-symmetry points
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(h) CazrOs, (i) SrZrOs.

In Fig. 4.3, the calculated phonon dispersion curves of various perovskites along the high-
symmetry points in the Brillouin zone are shown. To get information about the dynamical
stability of compounds, phonon dispersion curves are very important. The absence of
negative frequencies covering the whole Brillouin zone indicates the dynamical stability
against mechanical perturbation under normal pressure. There are two types of phonons
- acoustic phonons and optical phonons. Acoustic phonons are related to the vibration of
long-wavelength. In this case, in-phase vibrations are observed in the neighboring
particles. Optical phonons are related to the vibrations of neighboring particles where the
vibrations are nearly anti-phase. In the phonon dispersion curves, the acoustic modes are
situated in the lower parts whereas the optical modes are in the upper parts [136]. In both
phonon dispersion (Fig. 4.3) and phonon DOS curves (Fig. 4.4), there are some imaginary
frequencies curves below zero frequencies which indicates the unstable modes. All the
compounds have these unstable modes which are responsible for phase transition and

ferroelectric responses of materials.
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Fig. 4.4 The calculated phonon Density of states of ABO3 perovskites.

At finite temperature, the thermodynamic properties like- enthalpy (H), entropy (S), and

free energy (F) can be calculated from the vibrational properties of the materials [137-

138]-

H(T) = E;p; + fg(a))hwdw+fhf—w

S(T) = ky f

ekBT

g(w)dw

eksT — 1

(a))dw—fg(a)) ln(

hw

1-— ekTT> dw

hw

1 kgT
F(T) = E¢or + 2,[ (w) hwdw + kgT Jg(a))ln (1 — eks )dw

where g(w) is the phonon density of states and kj is the Boltzmann constant.

In Fig. 4.5, The calculated temperature-dependent enthalpy and temperature times

entropy increase with the increase of temperature while free energy decreases in all the

cases. The evaluated values for all the cases obeyed the third law of thermodynamics as
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the values of all the terms for various ABO3 perovskites approach zero as the temperature
approaches absolute zero.
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Fig. 4.5 The calculated (a) Enthalpy, (b) T*Entropy, and (c) Free energy of ABOs
perovskites.

The temperature-dependent heat capacity and Debye temperature are calculated and the
comparison between the perovskites is also illustrated in Fig. 4.6.

- 30F (a) —— BaCeO, (b)
Y —~ —— CaCe0,
= X 3000f__ SICe0,
3 o —— BaTiO,
= 551 = —— caTio,
§ 20 S 2000 }—srTios
> 8_ —— BaZr0,
‘O g —— Cazro,
8 10} - ——SrZrO,
S —— BaCe0, —— CaCeO, —— SrCe0, © 1000
- ——BaTi0, —— CaTio, —SITio, [ &
3 ——BazZi0, — Cazi0, — 10, [
I
0 . . . . 0 . . . .
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature (K) Temperature (K)

Fig. 4.6 The calculated temperature-dependent (a) heat capacity and (b) Debye
temperature of ABOs.

The Zero-point energy is the lowest possible energy that a quantum mechanical system
can have. The Zero-point energy of the studied materials is listed in Table 4.3.

Table 4.3 The calculated Zero-point energy.
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Materials Zero-P(z(ierQ/t)Energy
BaCeOs 0.1828
CaCeO3 0.1865
SrCeOs 0.1832
BaTiOs 0.2872
CaTiOs 0.2837
SrTiOs 0.2989
BaZrOs 0.2500
CaZrO3 0.2334
SrZrOs 0.2347

4.1.1.5 Electronic properties

The study of the electronic band structure of solids is one of the most significant ways of
describing electronic properties such as conductivity, bonding properties, thermoelectric
phenomenon, magnetic properties, etc. The electronic band structure (-5 eV to 5 eV) as a
function of energy, E of different ABOs [A = Ba, Ca, Co, Sr; B = Ce, Ti, Zr] perovskite
structures at the ground state are shown in Fig 4.7. A comparative study on band gaps is
illustrated in Fig. 4.8. While these computations at the ground state, the high-symmetry
points (G-F-Q-Z-G) in the first Brillouin zone have been considered. In each diagram, the

red dotted horizontal dashed line represents the Fermi level (Ef).
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Fig. 4.8 Comparison of band gaps of different cubic ABO3 perovskites.

In Fig. 4.7, the valance bands are shown between 0 eV to -5 eV, and the conduction bands

are between 0 eV to 5 eV. There is no overlap between the valance and conduction bands
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in all the cases. The bandgap for all the compounds is indirect. Fig. 4.8 shows the
comparison based on the computed bandgap of these perovskites and the calculated

sequence is-

SrZrOs> CaZrO3> BaZrOs> CaCeOs> SrCeOs> BaCeO3> CaTiO3z> SrTiOs> BaTiOs.

The BaTiOz shows the lowest bandgap. Materials with a lower bandgap have a great
impact on solar cells [139-141]. So, BaTiOs has been considered for further study.

In the field of condensed matter physics, the number of electronic states available to be
occupied per unit energy interval is the density of states (DOS) of that system. The density
of states plays an important role in understanding the bonding nature, both thermal and
electrical conductivity, magnetic and optoelectronic properties, determining the transition
rates, and so on. The total density of states (TDOS) can be used to explain the performance
of electronic devices [142]. The electronic and structural stability to some extent depends
on the TDOS of the material and the position of the corresponding Fermi level [143-144].
Calculated TDOS and partial density of states (PDOS) from -6 eV to 6 eV have been
shown in Fig. 4.9 and 4.10. The dashed red line represents the Fermi level (E). In the
energy region 0.5 eV to 1.4 eV, the electrons for all the ceramics have negligible electronic
contributions. It is clear that the Cerate, Titanate, and Zirconate families have almost the
same patterns. However, CaCeOz has an additional broad peak in the energy region from

3.4eVto5.1eV.
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Fig. 4.9 Calculated electron density of states of various ABO3 perovskites.
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Fig. 4.10 The calculated partial density of states (PDQOS) of (a) BaCeQ3, (b) CaCeOs,
(c) SrCeOg, (d) BaTiOs, (e) CaTiOs, (f) SrTiOs, (g) BaZrOs, (h) CaZrOs, (i) SrZrOs.
The calculated partial density of states (-6 eV to 6 eV) has been illustrated in Fig. 4.10.
The valance band in all cases lies between -6 eV to 0 eV, and conduction bands are from
0 eV to 6 eV. In both the valance band and conduction band, most of the contribution
comes from Ba-6s, Ba-5p, Ca-4s, Ca-3p, Sr-5s, Sr-4p, Ce-6s, Ce-5p, Ce-5d, Ce-4f, Ti-4s,
Ti-3p, Ti-3d, Zr-5s, Zr-4p, Zr-4d, O-2s, and O-2p orbitals. In the Cerate family bonding
mostly depends on Ba-6s, Ba-5p, Ca-4s, Sr-5s, Ce-4f, O-2p, in Titanate family Ba-6s, Ba-



5p, Ca-4s, Sr-5s, Sr-4p, Ti-3d, O-2p have the most influence, and Ba-6s, Ba-5p, Ca-4s,
Sr-6s, Zr-4d, O-2p in Zirconate family.

4.1.1.6 Optical properties

When electromagnetic waves fall on the surface of a material, the photon interacts with
the charge carriers of that material. This photon-charge carrier interaction influences the
optical properties of a material. This type of photon-charge carrier interaction can be
calculated by using some parameters which are a function of the frequency or the energy
of the incident photon. While calculating the optical properties of all the structures, the

considered frequency-dependent complex dielectric function is-
A w) = E(w) + 1E(w)

here the real part of the dielectric function is £1(w) and according to Kramers-Kronig

transformations, it depends on the imaginary part, &().

The imaginary part, é&»(w) can be calculated using the matrix elements of optical
transitions between occupied and unoccupied electronic orbitals which can be expressed
with CASTEP formulation as-

2e’n
fe O WEhe rluRIs (Ef ~ B~ E)

k,v,c

&(w) =

where, w is the frequency of the photon, e is the charge of the electron, 1}, and ), are the
wave functions of the conduction band and valance band respectively and the polarization
vector of the incident electric field is u. Different optical parameters, like- absorptivity,
reflectivity, refractive index, optical conductivity, and energy loss function can be
determined by the dielectric function ¢(w) [145-146].
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Fig. 4.11 The calculated (a) absorption, (b) reflectivity, (c) real part of conductivity,
(d) imaginary part of conductivity, (e) real part of the dielectric function, (f) imaginary
part of the dielectric function, (g) refractive index (n), (h) refractive index (k) of various
ABOs perovskites.
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From Fig. 4.11, it can be seen that in the region 0-15eV, the behavior of all the materials
is different from each other. In the energy region 15-30 eV, the Titanate and Zirconate

families show a similar pattern in the case of absorption.

In the IR-UV (1.2-3.6 eV) region, linear progression is seen for absorption, reflectivity,
and real part of refractive index (n), while CaTiOs has high and SrZrOz has a higher value
of absorption and is less reflective in the IR region. An exponential increase is seen in the
real part of conductivity and imaginary part of refractive index (k) for the Titanate and
Cerate families are observed in the IR-UV region, but this rate is higher in the Titanate

family.

In the IR region (~1 eV), CaTiOs and SrZrOg has a higher value for absorption, the real
part of conductivity, and the imaginary part of the dielectric function. The imaginary part

of the conductivity is negative and decreasing in nature.

For all energy regions, the imaginary part of the conductivity and dielectric function, the
real part of the refractive index (n), and the imaginary part of the refractive index (k)
follow almost similar patterns for Ba, Ca, and Sr families.
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Fig. 4.12 The calculated Loss function of ABOz perovskites.

The loss function is the loss of energy of the first electron passing through a material. It
is associated with the collective oscillation frequency of the valance electron. The peaks
of loss function are related to a characteristic frequency of a material, plasma frequency.
In Fig. 4.12, minor peaks are observed in the IR region for the materials CaTiOs and

SrZrOs. Several random peaks are observed for different perovskites after 10 eV.
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4.1.2 Theoretical investigation of Sr- and Ni-doped BaTiOs

In this section, we have used a computational method to investigate the electronic and
optical properties of Sr, Ni-doped BaTiO3z. We have used four different structures where
one is pristine BTO, one is 12.5% Sr atom doped BTO (BSTO), another is 12.5% Ni atom
doped BTO (BNTO), and finally 25% (Sr, Ni) co-doped BTO (BSNTO).

4.1.2.1 Computational parameters

The valence electronic states were considered as 5p° 6s? for Ba, 4p®5s? for Sr, 3d* 4s2 for
Ni, 3d? 4s2 for Ti, and 2s? 2p® for O. The k-point sampling of the Brillouin zone was
constructed with 4x4x4 grids in primitive cells. The conversing cut-off energy of a plane
wave was set to 500 eV for all cases. The geometrical optimization of the crystals
structures was by setting the convergence tolerances were set to 1.0x107 eV/atom for the
energy, 0.03 eV/ A for the maximum force on atoms, 0.05 GPa for the maximum stress,
and 1.0x10°2 A for the maximum atomic displacement. To investigate the effect of Ni, Sr
doping in pure BaTiOs ceramic, a 2x2x2 supercell was built which are shown below in

geometrically optimized form-

Fig. 4.13 Geometrically optimized (a) pristine BaTiOs, (b) 12.5% Sr atom doped BTO,
Bao.g75Sr0.125TiO3 (BSTO) and (¢) 12.5% Ni atom doped BTO, Bao.s7sNio.125TiO3 (BNTO)
and (d) 25% atom (Sr, Ni) co-doped BTO, Bao.75(Sro.5Nio.5)0.25TiO3, BSNTO.
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Table 4.4 Calculated parameters of Sr, Ni-doped cubic BaTiOs perovskites.

Calculated
) Volume )
Materials a(A) Density,
V (A ,
p (g/cm?))
Pristine BTO 4.03 65.67 5.90
BSTO 4.03 65.28 5.77
BNTO 4.02 64.84 5.72
BSNTO 4.01 64.29 5.56

4.1.2.2 Electronic properties

To investigate the nature of BTO, BSTO, BNTO, and BSNTO, the electronic band structure
along the high symmetry direction in the Brillouin zones are shown above in Fig. 4.14.
The band gap of BTO is found 1.719 eV, 1.715 eV for BSTO, BNTO is 1.705 eV and
1.713 eV for BSNTO. As the band gap of pure BTO shows good consistency with the
previously calculated value (in single crystal 1.725 eV with cut-off energy 650 eV and k-
point grid 5x5x5; Section 4.1.1.5) and, recommends the acceptability of the present

calculation of this approach for other materials [124].
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Fig. 4.14 Electronic band structure of (a) pristine BTO (b) BSTO (c) BNTO and
(d) BSNTO.
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The band gap of (Sr, Ni) co-doped BTO is lower than the band gap of pristine BTO which

means co-doping reduces the band gap slightly.
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Fig. 4.15 The density of states (DOS).

Fig. 4.15 & 4.16 show the total and partial density of states of our studied materials. From
Fig. 4.14, 4.15 & 4.16, it can be shown that Oxygen (O) 2p state dominates in all four
compounds because of the highest valence band lies at the Fermi level (Er) at 0 eV, which
is the common characteristic of oxide materials. The valance band in all the cases lies
between -6 eV to 0 eV (Fermi level). In the valance band, most of the contribution comes
from Ba-6s, Ba-5p, Sr-5s, Sr-4p, Ni-4s, Ni-3d, Ti-4s, Ti-3d, O-2s, and O-2p orbitals. In
BSNTO, sharp peaks are observed in the valance and conduction band near the Fermi
level. We also observe predominant hybridization for Ti-3d and O-2s states near the Fermi
level. In the conduction band, a similar kind of domination of Ti-3d and O-2s states is
noticed. In BSNTO, Ni-4d states also contribute to bonding with O-2p states. There is no
overlapping of Ti-4s and Ti-3d with O-2s and O-2p, meaning the bonding is ionic in

nature.
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Fig. 4.16 The total and partial density of states of (a) pristine BTO, (b) BSTO, (c)
BNTO, and (d) BSNTO.

4.1.2.3 Optical properties

In this work, optical properties are simulated by using polarized light with a smearing
value of 0.5 eV in the direction [1 0 0]. Under that condition absorption, reflectivity,
photoconductivity, real and imaginary parts of dielectric constant, refractive index, and
loss function of these materials have been studied from the formalism developed in
Cambridge Serial Total Energy Package (CASTEP).
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Fig. 4.17 The calculated photon energy dependent (a) absorption, (b) reflectivity, (c)
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(h) refractive index, k.
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In Fig. 4.17, BSTO showed lower values in all the cases while the optical properties with
a dielectric constant are slightly better in pure BTO. Almost similar patterns are noticed
for all the materials in the 0-30 eV region. Yet some inconsistencies are observed in
5-15 eV and after 22 eV regions. Peaks are sharp in the case of reflectivity for BSTO in
the 15-30 eV region. An additional peak is also observed in BSTO in the 20-30 eV region
for the imaginary part of conductivity. Again, the optical constants (n, k) of these
materials are consistent except for the energy regions 0-2 eV and 20-25 eV. But in the IR
to UV regions things are diverse. BSNTO and BNTO showed similar trends in all eight
cases. Absorption (Fig. 4.17(a)) is high for BSNTO and BNTO near the IR region and
BSNTO is highest in the deep UV region. BTO & BSTO. BNTO & BSNTO showed similar
patterns for reflectivity, conductivity, dielectric function, and refractive indexes in that
region. In Fig. 4.18, the loss function shows similar patterns for all the materials except
in the region 20-30 eV. The peak is large for BNTO. Here also loss function is high in the
IR zone for BSNTO and BNTO and parallel trends are seen in the visible-to-UV region

for all four materials.
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Fig. 4.18 Loss function as a function of photon energy.
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4.2 Experimental Investigation of Sr and Ni Co-doped BaTiOs

It is seen that the co-doping of Sr and Ni in the Ba site of BaTiOz enhanced its
optoelectronic parameters. The effect of co-doping of these elements in BaTiOs is carried
out experimentally with the formula Baix(SrosNios)xTi1Os. The values of x are chosen as
0.00, 0.15, 0.25, 0.40, 0.50, and 0.60. The ionic radius of Ba, Sr, Ni, Ti, and O are
considered as 1.61, 1.18, 0.69, 0.61, and 1.4 A, respectively. The Rietveld analysis was

done to further confirm these structures.
4.2.1 Structural properties

4.2.1.1 Bulk density

Density is important in influencing the properties of various materials. Fig. 4.19 depicts
the variation in bulk density, ps, with (SrosNios)?* concentration for the sample sintered
at various Ts (1200, 1250, and 1300°C). Fig. 4.19 shows that the pg decreases with
increasing the co-doping of Sr and Ni content. When Ts = 1250°C, the pg of the samples
is the highest considering the other two sintering temperatures. Samples of Ts = 1250°C
are considered for further studies. At the Ts = 1250°C, for x = 0.00 to 0.25 the rate of
decrease of ps is very low. After that, the density decreases rapidly. The atomic mass of
Ba is much higher than the mass of Sr and Ni. Th substitution of Sr and Ni in the place of
Ba, reduces the pg of the samples. Moreover, the size of Ba is higher than the sizes of Sr
and Ni that reduces the density. During the sintering process, thermal energy provides a
force that pushes grain boundaries to move apart and create larger holes. This increases

pore volume, which lowers material density.
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Fig. 4.19 Density as a function of sintering temperature for various
Ba1-x(SrosNios)xTiOs.
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4.2.1.2 X-ray diffraction analysis

As illustrated in Fig. 4.20, XRD data were collected at room temperature in the 28 range
of 15° to 65° According to this illustration, the prominent identical peaks of the
perovskite structure (100), (110), (111), (200), (210), and (211) confirm the formation of
a clearly defined perovskite structure. The XRD patterns demonstrate typical perovskite

reflections, with the most prominent (110) peak.
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Fig. 4.20 XRD patterns for various Bai-x(SrosNios)xTiOs.

There are several peaks were found x > 0.25 and peaks continue to be more intense up to
x = 0.60. This suggests that the x = 0.00, 0.15, 0.25 and x = 0.40, 0.50, 0.60 are of
different kinds. The size difference between Ba and the substitutes Sr and Ni leads to
these variations. To eliminate the effects of impurities and to find the structural changes
in details, the samples are studied further by the Rietveld refinement technigque using both
FullProf and Match 3.0 software, which are shown in Fig. 4.21.
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Fig. 4.21 Calculated Rietveld refinement of several Baix(SrosNios)xTiOs.

The observed and computed XRD patterns are in excellent agreement, as can be seen in
these diagrams. Reproduction of an estimable model of refining needs that matched peak
intensities and placements. From the Crystallography Open Database (COD), different
initial parameters such as lattice constants, atomic position, and lattice space group were

taken. The corresponding references from COD are also provided in each figure. While
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doing these refinements, the pseudo-Voigt function was used as the peak profile, and the
12-Coefficients Fourier cosine series was selected as the background mode. Since this
function may be used to determine the size and strain contributions to peak expansion and
is a linear combination of the Gaussian and Lorentzian functions, it was chosen for peak
shapes. Following the initial refinement of the background coefficients, the peak positions
were rectified using a series of subsequent refinements. The structural and microstructural
parameters, including the position parameters, structure factor, occupancy, scale factor,

and lattice parameters, were then improved.

For structure and background, peak form and position, and profile R-factors, the goodness
of fit is evaluated (i.e., reliability factors like Rwp and Rp). The lower values of Rwp and Rp
are thought to be the beneficial refinement of the model. Table 4.5 summarizes the

structural parameters obtained for several samples.

Table 4.5 Calculated Rietveld refinement data from XRD data of different
Bai-x(SrosNio5)xTiOs.

Space Lattice COD
X Phase Volume
name group and | parameters A3 reference
Number (A) code
a=3.9951
. P2mm _
0.00 | Orthorhombic (25) b =4.0215 64.9 96-154-0758
c =4.0385
a =3.9905
. P2mm _
0.15 | Orthorhombic (25) b =4.0063 64.3 96-154-0758
c=4.0213
a=3.9820
. P2mm _
0.25 | Orthorhombic (25) b =3.9956 63.8 96-154-0758
¢ =4.0073
Cubic Pm-3m _
0.40 (221) a=3.9792 63.0 96-152-2091
Cubic Pm-3m _
0.50 (221) a=3.9670 62.4 96-591-0150
Cubic Pm-3m _
0.60 (221) a = 3.9466 61.5 96-152-1268

The first three compositions show orthorhombic phases with close values of lattice
parameters and volumes. The goodness of fit values is in acceptable ranges. The last three

are showing cubic structures with space group Pm-3m.
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4.2.1.3 Crystallite size using the Scherrer’s method, theoretical density, and porosity

The most intense (110) peaks of various nanocrystalline Baix(SrosNios)xTiO3 were taken

to calculate the crystallite size using Scherrer’s method which is depicted in Fig. 4.22.
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Fig. 4.22 Determination of crystallite size from (110) peaks using the Gaussian fitting
method of various Baix(SrosNios)xTiOs.
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The crystallite size, d, and microstrain of the synthesized ceramics were estimated by

using Scherrer’s formula [97]-

091
~ Bcosh

where, 1 represents the wavelength of the X-ray and g signifies the full width at half
maximum (FWHM) of the reflection of (110) peak in radian, and & denotes the Bragg’s
angle in degree. If the particle size distribution is narrow and strain-induced effects are
minimal, this equation gives the estimated crystallite size. The estimated dimension of
the crystallites is between 28 to 36 nm. These results are presented in Table 4.6.

The variation of pg, p,, and P(%) with doping content are depicted in Fig. 4.23. The pg
is smaller than p, for all the samples. This phenomenon is caused by the presence of pores
in the specimens that were created and expanded during the sintering process [147].
Doping contents decrease both of the values of pz and p,. The value of P(%) is lowest

for x = 0.25 and highest for x = 0.60. Density decreases linearly following the sum rule.
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Fig. 4.23 Plot of p;,, pg, and porosity (%) for various Bai-x(SrosNio5)xTiOs.

4.2.1.4 Crystallite size and microstrain analysis using the Williamson-Hall method

By evaluating peak width as a function of 26, Williamson and Hall provided a method for

calculating size and strain broadening. The strain component can be determined by
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plotting the graph of the y-axis vesus the x-axis, and the crystallite size component can be

determined by the y-intercept using the formula below [148]-

BrotaiC0os0=£45inf + %

The method of calculation of crystallite size and microstrain is shown in Fig. 4.24 and

tabulated in Table 4.6 to compare with the Scherrer methods.
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Fig. 4.24 Crystallite size and microstrain calculation from W-H method of
various Baix(SrosNios)xTiOs.

The Scherrer equation calculates the crystallite size for a single peak. The Williamson-

Hall plot approach’s underlying equation becomes the Scherrer equation when the internal

stress is zero. This means that when a phase has several peaks, it is always preferable to

utilize the Williamson-Hall plot approach since peak broadening brought on by stress is
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properly taken into account when determining the crystallite size. The compositions in
the current investigation have several XRD peaks. Therefore, the crystallite sizes

discovered by W-H techniques will be taken into consideration for further analysis.
4.2.1.5 Microstructural analysis

The electromagnetic characteristics are largely correlated to the microstructure of a

compound. The average grain size, D, has been determined from optical micrograph

data. The FESEM image of different Baix(Sro.sNios)xTiO3 (x = 0.00 to 0.60) sintered at

1250 °C are depicted in Fig. 4.25. The D is found reliant on (Sr, Ni) doping. Insets of
Fig. 4.25 also display the histogram of D, determined from FESEM images of different

Bai1x(SrosNios)xTiO3 by linear intercept method. D appears to decrease with doping

content. In the orthorhombic structures (x = 0.00, 0.15, 0.25), the crystallites are larger
than in the cubic structures (x = 0.40, 0.50, 0.60). The phase transformation after x = 0.25

is also seen in this microstructural study. It is well known that D signifies the existence

of grain boundaries in the composition. The movement of pores at the grain boundary is
hindered by irregular grain growth, which affects the domain wall's involvement in the

magnetization process.

Table 4.6 Calculation of crystallite size and microstrain from (110) peaks using
Scherrer’s equation, crystallite size and microstrain using W-H method p;,, pg, porosity
(%) and grain size of various Bai-x(Sro.sNios)xTiOs.

Scherrer W-H method | Theoretical Bulk | Porosity, | Grain
cSoanTepr:(:, method density, p,, | density, | P (%) | size, D

D € D € (g/cmd) Ps um
T om | o9 | om) | o) (glem?)
0.00 28 472 | 224 | 0.07 5.97 5.52 7.60 1.95
0.15 30 440 | 22.47 | 0.54 5.78 5.39 6.65 1.32
0.25 36 3.69 | 23.19 | 9.69 5.66 5.40 4.62 1.24
0.40 30 4.27 | 26.61 | 0.45 5.47 4.98 9.03 0.78
0.50 29 4.46 | 34.32 | 0.43 5.35 4.80 10.24 0.76
0.60 35 3.75 | 3440 | 1.50 5.26 4.35 17.28 0.64
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The initial permeability strongly depends on the D. Grain growth morphology also

reflects the discrepancy between the propelling force causing grain boundary motion and

the retarding forces produced by pores as well as other impurities.

1

Fig. 4.25 FESEM images of various Baix(SrosNios)xTiOs and the calculated average
grain size using a histogram (in the inset of the corresponding image).
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4.2.1.6 Energy dispersive spectroscopy

Different samples of Baix(SrosNios)xTiOs had their surface elemental composition
analyzed using EDS. Only the EDS of x = 0.15 and 0.25 samples are shown below. EDS
spectrums confirm the existence of Ba, Sr, Ni, Ti, and O elements. At several locations
across the sample, EDS spectra were collected in order to produce the quantitative
analysis. According to Fig. 4.26, there is a good match between the material stage’s mass
% of the individual amounts. In the accompanying EDS spectra, the percentages of

elements contained in the compositions are also shown.
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Fig. 4.26 The EDS spectrum of Baix(SrosNios)xTiOz with (a) x = 0.15,
and (b) x = 0.25.
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4.2.2 Electric properties

4.2.2.1 Dielectric properties

The complex ¢ of a dielectric substance results from exposure to an alternating electric
field. Since there is no energy loss during the transmission of an electric field in a lossless
(pure) dielectric, some of the energy associated with a sinusoidal electric field that is
propagating through a lossy dielectric medium is transformed to heat. In relation to

complex impedance (Z*), the complex dielectric constant (¢*) is given by [110]-

Ly 1
©TE TS T

Now, putting the value of C, (= %) in the above equation, then the real and imaginary

parts can be given by [110]-

L tZ”
© T Awe,z7+ 277
and
. ez’
© T awe,z7 1 277)

where &’ signifies the ability of the material to store the electric energy and &' denotes
the loss of the material.

The variation of the dielectric constant, ”with frequency, is depicted in Fig. 4.27. In the
frequency range of 10%-10° Hz, ¢’is almost linear for all the samples except for x = 60. &’
of this sample decreases after 10* Hz. Inset shows the variations of ¢”at 104, 10°, 108, and
107 Hz for different samples. In all the cases, x = 0.15 has the highest &’ After that &’

starts to decrease.
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Fig. 4.27 The variation of ¢’with frequency for Baix(Sro.sNios)xTiOs.

According to Table 4.7, the dielectric constant increased initially as the doping contents
increased before gradually falling. This pattern was similar to the tendency for variation
in the relative densities brought on by lesser porosity. The porosity-corrected permittivity
(ep¢) was determined using the formula given below [148] in order to examine the impact
of pores on the dielectric constant.
, 2+P
Epc = €y X 20-P)
where, g, represents the estimated dielectric constant at different frequencies and P is the

intragranular porosity of the composition.

Table 4.7 The relative density (in %) of various Baix(SrosNios)xTiOsand &5 and g, at
different frequencies.

Relative 10% Hz 10° Hz 10° Hz 107 Hz

X | density ) , ) ) ) ) ) )
(%) Em €pc Em €pc Em €pc Em €pc
0.00 92 24 27 23 26 23 25 23 25

0.15 93 1568 | 1735 | 1544 | 1709 | 1526 | 1689 | 2347 | 2598

0.25 95 1295 | 1390 | 1268 | 1361 | 1250 | 1341 | 1762 | 1890

0.40 91 940 1079 925 1063 914 1050 | 1161 | 1333
0.50 90 462 541 456 534 453 531 504 590
0.60 83 130 171 73 96 71 93 71 93
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In Fig. 4.28, the computed values are presented. The magnitudes of €5 and &, at different
frequencies and also with doping content can be observed from this figure.
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Fig. 4.28 The €5 and ¢, at different frequencies for various Bai-x(SrosNios)xTiOa.

The ep. is dependent on the ionic polarizability [149]. The variation of &5, is quite
correlated with the relative density. Additionally, Fig. 4.28 also shows that there are some
influences of pores on the dielectric constant for the composition x = 0.15 to 0.50. As
pores have less impact on these compositions, grain growth, and microwave dielectric
characteristics may be enhanced.

A variety of charged ions of various sizes are present in every compound, and these ions
participate in the conduction mechanism of electricity. Due to these, the frequency
dispersion characteristic follows the modified Debye equation rather than the ideal Debye
equation. The single-pole Debye equation, however, provides a poor representation of

dielectric behavior for the majority of materials throughout a broad frequency range.
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The single-pole Debye relaxation model was modified to include experimentally obtained
Havriliak-Negami relaxation as a solution. Additionally, the equation contains two

exponential parameters and is written as [150]-
+ go - 800
1+ (wr)2(-0)

where g, and €., represent the static permittivity and the infinite-frequency permittivity.

g = &4

In this study, &, = 100Hz and &,,= 1MHz are considered. w, T and a represent the angular
frequency, relaxation time, and spreading parameter with 0 < a < 1, respectively.
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Fig. 4.29 Frequency dispersion behavior of &' for various Baix(SrosNios)xTiOs fit to the
Nonlinear Debye’s modified function.
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All the fitted data using Non-Linear Modified Debye Equation (NMDE) show an
acceptable value of goodness of fit (y2) except for x = 0.60. These data have been shown
in Fig. 4.29. Low-frequency zones are home to a variety of phenomena, including space
charge, ionic, electronic, and orientation polarization. Large frequency-dependent aids to
the dielectric response, particularly at low frequencies, can be explained using Maxwell-
Wagner-Sillars polarization which happens on a mesoscopic scale at the inner dielectric
boundary layers, or on a macroscopic scale at the exterior electrode-sample contact. The
' decreases as frequency increases because all kinds of polarization do not have enough
time to show their response at the higher frequency regions. However, electronic
polarization induced by the polaron hopping mechanism can sometimes lead to low-

frequency dispersion.
4.2.2.2 Dielectric loss factor

The ratio of the ¢” and &' is the dielectric loss tangent, or tande, which is connected to the
dielectric relaxation process. A dielectric media experiences two types of loss.
Conduction loss is caused by the movement of charge through a substance. On the other
hand, energy is lost in a dielectric loss due to the mobility of charges in an oscillating
electromagnetic field as polarization alters. Heating results from an interaction between
the applied field and the dielectric polarization as the polarization falls behind. Materials
with greater dielectric constants frequently have larger tande values. The variation tande

with the frequency of different Baix(SrosNios)xTiOs are shown in Fig. 4.30.

The tande, which results in heat generation and energy loss in the dielectric materials, is
typically caused by impurities and flaws in the crystal lattice. However, it is sometimes
thought to represent &”. Fig. 4.30 depicts that the tande increases up to x = 0.15 then falls
up to x = 0.50, then again rises for the sample x = 0.60. The attached inset diagram shows
the value of tande at 1 MHz frequency. After 1 MHz frequency, the loss becomes higher
for all the samples. For the frequency range, 103-10° Hz, the samples become nearly
frequency independent except for x = 0.60. Almost similar patterns are also seen for £”in
this frequency range. This can be explained using the concepts of dielectric response and
interfacial polarization. Due to the considerable resistance of grain boundaries, more
energy is needed for electron exchange, which causes a significant energy loss. As
frequency rises in the region, conductive grains become active and the energy required

for electron exchange decreases, reducing dielectric loss.

76



07 - 0.12
0.6F o
O 5 i 0.04 \
w04l
o _ | —=—x=000—e—x=0.15
+= 0.3 FAo o x=0.25—v—x=0.40
5002 X =0.50 —¢—x = 0.60
0.2} HH
0.01 wllal o =
0.0f i 2 IS
Doping Content, x
0.0 v DAAASEESC S - revrrryreve i -
10° 10° 10° 10° 10’

Frequency (Hz)

Fig. 4.30 Frequency dependence of tande for various Baix(SrosNios)xTiOs.

The loss is estimated to be rather large because, in a low-frequency region, the electron's
hopping frequency follows the applied field frequency. The electron hopping frequency,
however, is incapable to keep up with the frequency of the applied field as it rises. A wide
relaxation peak arises at lower a frequency for the sample of x = 0.60, indicating the
presence of Debye-like relaxation [151-152]. As a result, after a certain critical frequency
(wt = 1), the tanoe is greatly reduced for the sample x = 0.60. Electric dipoles tend to
align with the electric field when subjected to an externally supplied field. However, the
alignment does not occur instantly. It takes some time for the dipoles to align with the
field.

4.2.2.3 The ac-conductivity

Understanding the conduction phenomena in various materials requires knowledge of the
ac conductivity parameter o,.. Total conductivity can be described using Jonscher's
power law [153] and can be written as
Oac(®) = op + Ao

where, oo represents the frequency-independent or dc conductivity due to band
conduction and is almost steady in the low-frequency region. Here, A = tN?e?/6k,T
denotes a temperature-dependent factor, and n represents the strength of the lattice's
interaction with mobile charge carriers, called power law exponent. The A" is the
frequency-dependent ac conductivity resulting from the hopping concept that exists in the
higher frequencies [154-155]. The frequency-dependent o,. for various

Baix(SrosNios)xTiOs has been shown in Fig. 4.31. Up to 10° Hz, the oac is almost
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independent of frequency. The Maxwell-Wagner double-layer model [156] can capture
the steady nature of ag,. because resistive grain boundaries are more active at lower
frequencies. The sample x = 0.60 starts to conduct highly after 10° Hz. After 10° Hz, all
the samples become very conductive. The hopping process, in which the growth of
hopping carriers in the higher frequency zone i.e., hopping region is responsible for
boosting conductivity, can thus be used to explain the mounting tendency of the o, as
the activeness of conductive grains develops at higher frequency regions. Austin and
Mott's model also covers the frequency change of o, [157]. According to this theory, the
rising and falling tendency of ac conductivity is caused by short-range and long-range
type polaron hopping [158].
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Fig. 4.31 Frequency dependence of ¢ for various Baix(SrosNios)xTiOz.

The Jonscher Power Law (JPL) fitted frequency-dependent a,.for different samples are
also shown in Fig. 4.32. Except for the x = 0.60 sample, all the other ones follow the JPL.
According to Papathanassiou et al., the frequency exponent is not constrained to values
less than one [159].
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Fig. 4.32 Fitted data of frequency dependence of oac for various Bai-«(SrosNios)xTiOs
according to Jonscher's power law.

According to Jonscher's power law, the change of logoac with logw is linear. In some
cases, mixed polarons (small/large) conduction is accountable for a small plateau region
In oac. Variations of logoac with logw data for these samples are shown in Fig. 4.33 (a).
The n can be calculated from the /logoac VS logw plot which is displayed in Fig. 4.33 (b).
The gradient of the slope is the value of n. According to JPL model, the growing and

falling characteristics of oac is due to the short-range and long-range type polaron
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hopping, respectively [158]. The comparison of n calculated from JPL fit data and linear
fitted data for logoac versus logw plot are also illustrated in Fig. 4.33 (b).
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Fig. 4.33 (a) Variations of logoac With logw (both experimental and linear fit) and
(b) values of exponent n calculated from JPL fit and linear fit data for
different Baix(SrosNios)xTiOs.

When the n < 1, the hopping motion combines translational motion with sudden
hopping, while n > 1 signifies limited hopping action without the species leaving the
neighborhood. This might be explained by the movement of mobile charge carriers via

guantum mechanical tunneling between asymmetric double-well potentials [160-161].

4.2.2.4 Complex impedance spectroscopy analysis

Complex impedance formalisms are used to investigate the characteristics of ceramic
grain, grain boundary, and interface. These include measuring relaxation frequency,
electronic conductivity, and capacitance at the bulk and grain boundaries. The grain and
grain boundary properties of a polycrystalline material with varying time constants often
form two sequential semicircles. A material's other important electrical properties can
also be expressed in terms of complex impedance Z* and electric modulus M”* [162].
Complex impedance, Z*, can be expressed using the Debye model as [110]-
Z7’=27-jz"

where, Z and Z” signifies the real and imaginary component of impedance, respectively.
Fig. 4.34 (a) depicts the values of Z decrease gradually as frequency (>10° Hz) increases
and then it is nearly constant at high frequencies. This phenomenon suggests that the
compositions under study become more electrically conductive as frequency rises.
The x = 0.15 sample start to conduct from around 10° Hz and the x = 0.60 sample from

around 10° Hz. As the total polarization appears to be high, then all kinds of polarization
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exist at lower frequencies. Because of this, the Z " appears to be higher in the low-
frequency region. The likelihood of a release of space charge and a corresponding
decrease in the energy barrier properties increases with decreasing Z” values [163-165].
The Z” exhibits almost alike pattern as Z". No relaxation peak is observed in Fig. 4.34 (b)
that signifies the absence of immobile charges. Faster recombination is observed at a
higher frequency as the space charge has less time to relax and thus impedance decreases.
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Fig. 4.34 Frequency dependence of (a) Z', and (b) Z” for various Baix(SrosNio.s)xTiOs.

4.2.2.5 Electric modulus study

The frequency and temperature dependence of the conductivity of samples has been
investigated using the complex electric modulus (M*) analysis [166]. Electric modulus
typically refers to the relaxation of the electric field within the compound when the
electric movement is persistent [167-169]. The M~ can be estimated by the following
relation [110]-

M (w) = M+jM”

here, M’ (= @wCoZ") and M” (= wCoZ') denote the real and imaginary parts, respectively.

The frequency-dependent M’ spectrum for various Baix(SrosNios)xTiOs is shown in Fig.
4.35 (a). The M'is almost frequency independent and very low in all the frequency regions
(in the inset of Fig. 4.35 (a)) for the samples x = 0.15, 0.25, 0.40, and 0.50. For the
samples, x = 0.00 and 0.60, with the frequency, the M dispersion continues to develop.
Due to charge carrier mobility over a large distance and the absence of electronic
polarization, the lower value of M" in the low-frequency region causes a significant

upsurge in capacitance for these two samples [170]. The inability to restore charge carrier

81



flow may result from an induced steady electric field. The conduction mechanism,
however, can be seen in the way M’ increases with frequency due to the short-range

mobility of charge carriers.
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Fig. 4.35 Frequency dependence of (a) M', and (b) M” for
different Baix(SrosNios)xTiOs.

Fig. 4.35 (b) shows the variation of M” as a function of frequency for various
Bai1x(SrosNios)xTiOs. The M”is higher in the region of the low-frequency region except
for x = 0.60. This sample has a peak in the midst of this frequency region (in the inset of
Fig. 4.35 (b)), called the relaxation peak. The longer relaxation times with various time
constants seen in the asymmetric peak expansion support the non-Debye type relaxation.
With the increase of frequency, it decreases for other values of x first, then it again
increases except for the sample x = 0.00. The lack of carriers at potential wells is
responsible for these decreases of M”. The x = 0.15 samples show an almost steady nature
up to 10° Hz.

4.2.3 Magnetic properties
4.2.3.1 Initial permeability

The ui” represents the magnetic energy contained in the system. It also represents the
magnetic induction component B in phase with the alternating magnetic field H. Fig. 4.36
shows that for all samples, ui” decreases slightly with the increase of frequency. Both
lower and higher frequencies of the pinning points are present. At the surface of the
samples, pinning points were produced by intragranular holes and contaminant-filled
grains. The rapidly varying magnetic field causes the pinning points to restrict the motion

of the domain wall more when the frequency is higher. The composition, stoichiometry,
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impurity, average grain size, porosity, coercivity, and other factors influence the y; of the

samples. This impedes spin motion as well as domain wall movement [171].
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Fig. 4.36 The variation of 24 “with respect to frequency for various
Baix(SrosNios)xTiOs3.
In comparison, gi”increases from x = 0.00 to x = 0.25 then falls abruptly from x = 0.40
to x = 0.60. The £ “maximum value is found for the sample x = 0.25. In the inset of the
Fig. 4.37, the values of x;”for all the samples at the frequency of 1 MHz are shown. The
i’ is correlated with the average grain and crystallite size. Domain wall motion
contributes more to magnetization. This is because domain wall movement requires less
energy than domain rotation does. Moving walls contribute more to magnetization as
grains become larger. In this case, the correlation of .’ with the grain size is well
observed. When (SrosNios)?* are substituted, 4 increases due to an increase in D. The
size of (SrosNios)?* is less than the size of Ba?* (1.61 A), this may cause the porosity as
well as the decrease of z;” by accumulating grain boundaries and also preventing grain
growth. Thus, it restricts grain boundary mobility. This makes domain rotation and wall

motion more difficult, resulting in a drop in "’

Snoek's law can be applied to these materials as there is an inversely proportional

relationship between g “and fr [172]. The relationship is given by-
1

oc —_—
fr

This relationship suggests that the value of f. decreases as the value of z;” increases.

uy

Impurities between grain and intra-granular pores operate as pinning sites at higher
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frequencies, thereby inhibiting spin motion and domain wall motion. Fig. 4.37 illustrates
that the change of 4 at four fixed frequencies 10°, 10°, 107, and 108 Hz exhibits nearly

identical variations.
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Fig. 4.37 The variation of z;”at different frequencies with doping content for
various Baix(SrosNios)xTiOs.

4.2.3.2 Magnetic loss-function

The change of tand,, of the compositions as a function of frequency is depicted in Fig.
4.38 (a). From an application standpoint, it is very desired to maintain this value as low
as possible as it serves as a gauge of the magnetic system's inefficiency. The tand,, is
caused by a lag in domain wall motion with an increase in ac magnetic field frequency.
It is attributed to a number of flaws, including domain wall nucleation and annihilation,
localized flux density variation, non-uniform and irreversible domain wall motion, and
domain wall bowing [173]. At lower frequencies, the value of tand,, is observed to be
high, but at a certain frequency, it almost becomes constant for lowering the frequency-
dependent domain wall motion. The movement of the domain wall becomes
unpredictable and incapable of following the frequency in this frequency zone. The
amount of (SrosNios)?™ in the current ceramics causes the tand,, to drop. The mobility
of charge carriers and domain defects diminishes with a rise in (SrosNios)?
concentration, which causes a reduction in tand,,. In the inset of Fig. 4.38 (a), the tand,,

for all the compositions is shown. The variation agrees well with the sequence of ",
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Fig. 4.38 The variation of (a) tanom and (b) RQF with frequency for
different Bai-x(SrosNios5)xTiOs.
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4.2.3.3 Relative Quality Factor

The Relative Quality Factor (RQF) is often considered a parameter of material
performance in practice. The variation of frequency-dependent RQF is shown in Fig. 4.38
(b). As the frequency rises, the RQF rises as well, reaching a peak value before decreasing
as the frequency rises again. With increasing doping content, the peak shifts to the lower
frequency band. The x = 0.25 has the highest value of RQF at a higher frequency region.
This is a result of the Snoek relationship.

4.2.3.4 Hysteresis plot analysis

An approach that is frequently used to identify the magnetic properties and potential uses
of soft magnetic materials is the magnetic hysteresis loop study. Various
Bai-x(SrosNios5)xTi03's M-H hysteresis plots are displayed in Fig. 4.39. The magnetization
is seen to rise rapidly with magnetic field strength, H, up to 0.50 T. After that field, it
approaches to saturation after 1.5 T. With H above this field, magnetization nearly
remains constant; saturation takes place. Because of this, it is obvious that the samples
are in a ferrimagnetic condition at ambient temperature. Nonmagnetic Ba?* is replaced
by Ni?* (magnetic moment = 2.8 ug) at A-sites. As a result, the magnetic moment at A-
sites increases. Net magnetization consequently rises as (SrosNios)?* concentration is
increased. The theoretical research suggested this prediction of Ni's participation in BTO.
Saturation Magnetization, Ms of all samples are also shown in the inset of Fig. 4.39 to

visualize the effect of doping.
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Fig. 4.39 M-H hysteresis plot of various Bai-x(SrosNios)xTiOs.

Magnetization curves may be impacted by modifications to cation distribution, particle
size, and chemical composition. The size of the particles is an important factor in the
variation of magnetism. With an increase in doping contents starting at x = 0.40, it was
discovered that Ms values fell. As doping contents continue to increase, the exchange
interaction may become less significant. The lack of complete alignment of the spins in
large applied fields, or the disordered surface layer, which is present throughout the
particle's volume, can be an explanation for the decrease in Ms [174]. The surface spins
are evoked to become disordered or out of alignment by the layer that is disorganized as
a result of demagnetization. As a result of this process, the total magnetization of the

particles is reduced [175].
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Fig. 4.40 Saturation magnetization as a function of doping content of various
Bai-x(SrosNios5)xTiOs.

The magnetocrystalline anisotropy of Bai-x(SrosNios)xTiOs can be estimated using the

law-of-approach-to-saturation (LAS) technique using the following equation [176-177]-

b
-2

where b represents the anisotropy term.
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The anisotropy constant (K1) provides statistics concerning the magnitude of the magnetic
anisotropy Using the value of b in the above [176-177], the K1 may be calculated by-

,_ 8 Ki
105 uoM2

The LAS fit of all the samples is displayed in Fig. 4.44. The data is tabulated in Table 4.
Values of Ky increase with the increases of the doping contents.

The values of Ha (anisotropy field) can be calculated using the following equation [178]
based on Ky and Ms.

2k
a_MS

Table 4.8 Magnetic properties of various Baix(Sro.sNios)xTiO3 compounds calculated
from M-H hysteresis plots.

X Ms Ms K1 Ha
Experimental | Calculated | Calculated | Calculated
dataat 2T | from LAS | from LAS | from LAS
erg/cm?® (Oe)
0.00 0.398 0.399 1.33 6.67
0.15 0.474 0.472 1.66 7.03
0.25 0.491 0.490 2.55 10.41
0.40 0.484 0.493 4.90 19.88
0.50 0.440 0.448 5.13 22.90
0.60 0.377 0.387 4.94 25.53
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CHAPTER S
CONCLUSION

5.1 Summary of the Present Investigation

The present research involves both theoretical and experimental study of structural,
electronic, optical, dielectric, and magnetic properties of (Sr, Ni) co-doped BaTiOs
ceramics. At first DFT based computational investigation has been carried out to analyze
and compare nine different cubic perovskite structures having the formula ABO3, where
A = Ca Ba, Sr and B = Ce, Ti, Zr. This study involves structural, electronic, optical,
mechanical, and thermodynamic properties. Then again theoretical investigations of the
effect of Sr doping, Ni doping, and (Sr, Ni) co-doping on BaTiO3 have been performed.
From the above investigation, a clear influence of doping was observed and also enhanced
some of the properties of BaTiOz. Based on these results experimental investigation of Sr
and Ni co-doping on BaTiOs have been carried out. The disk- and toroid-shaped samples
were made and then they are sintered at different temperatures. Various experiments are
carried out, and the findings are meticulously examined, in order to analyze changes in
the structural, dielectric, and magnetic characteristics of the studied samples. Following

Is a summary of the investigation's main findings-

» The first-principles method based on DFT within GGA-PBE exchange—co has
been used to study the structural, mechanical, thermodynamic, electronic, and
optical properties of ABOs [A = Ba, Ca, Sr; B = Ce, Ti, Zr] perovskites. Each
material shows different behavior considering different parameters. Several
mechanical properties of materials, such as 2D and 3D visualization of Young’s
modulus, shear modulus, compressibility, Poisson’s ratio, phonon dispersion,
phonon density of states, different thermodynamic properties, band structure, the
electron density of states, the partial density of states, and different optical

properties of all the perovskites have been calculated and compared.

» Among ABOz [A =Ba, Ca, Sr; B = Ce, Ti, Zr] perovskites, BaTiOs has the lowest
bandgap of 1.725 eV. This material has been chosen for the next theoretical

investigation.

89



The structural, electronic, and optical properties of pristine BaTiOs, Sr-doped, Ni-
doped, and (Sr, Ni) co-doped BaTiOsz via density functional theory have been
studied. In this study, structural properties showed cubic nature for the four
materials. Co-doping reduces the lattice constant (4.03 to 4.01 A) and structural
volume (65.67 to 64.29 A®) as the ionic radius of Sr and Ni are smaller than Ba. A
decrease in material density (5.90 to 5.56 g/cm®) is also observed in co-doped
BaTiOz. A slight reduction of the bandgap is seen (1.719 to 1.713 eV) in co-doping
material than the pristine BaTiOaz. In the optical properties, the influence of Sr in
co-doping is visible in the high-energy regions. However, in the visible region,
the Ni-doped BaTiOs and (Sr, Ni) co-doped BaTiOz have better absorption

properties, i.e., the influence of Ni is clearly visible to the co-doped material.

Multifunctional Baix(SrosNios)xTiOs (x = 0.00, 0.15, 0.25, 0.40, 0.50, and 0.6)
ceramics have been successfully synthesized by the standard solid-state reaction

technique.

Rietveld refinement data calculated from XRD patterns confirmed that all the
produced samples were found to be crystallized and have perovskite structures.
Sample with compositions x = 0.00, 0.15, and 0.25 are found orthorhombic with
space group P2mm, and compositions x = 0.40, 0.50, and 0.60 are cubic in nature

with space group Pm-3m.

Doping contents decrease both of the values of pg and p,.. P is lowest for x = 0.25

and highest for x = 0.60. Density decreases linearly following the sum rule.

The Williamson-Hall plot approach shows that the crystallite size increases with

doping concentration.

The values of D decreases with doping content. In the orthorhombic structures (x
= 0.00, 0.15, 0.25), the grains are larger than in the cubic structures (x = 0.40,
0.50, 0.60). The phase transformation after x = 0.25 is also seen in this

microstructural study.

Surface morphology and energy dispersive X-ray spectroscopy studies of the

present research confirms the uniform distribution of distinct materials.
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> The variation of ¢”in the frequency range 102-10° Hz is consistent and almost
linear for all the samples except for x = 60. &”of this sample decreases after 10*
Hz. At 10% 10° 10%, and 107 Hz frequencies, x = 0.15 has the highest value of &”.
After that &’ starts to decrease. Porosity-corrected data are also found consistent
with these values. There are some influences of pores on &’for the composition x
= 0.15 to 0.50. The tande increases up to x = 0.15 then falls up to x = 0.50, then

again upsurges for the sample x = 0.60.

» For & all the fitted data using Non-Linear Modified Debye Equation (NMDE)

show an acceptable value of goodness of fit (x2) except for the x = 0.60 sample.

> Up to 10% Hz, the frequency-dependent oxc data show that all the samples are
almost independent of frequency. The sample x = 0.60 starts to conduct highly

after that frequency. After 10° Hz, all the samples become very conductive.

» Except for x = 0.60 sample, all the other ones follow the Jonscher Power Law
(JPL) fitted frequency-dependent o,.. The electrical conductivity in the

synthesized samples may indeed be attributed to small polaron hopping.

» The complex impedance spectroscopy analysis confirmed that the x = 0.15 sample
started to conduct from around 10° Hz and the x = 0.60 sample from 10° Hz. These

data also confirm that all types of polarization are present at lower frequencies.

> The M'is almost frequency independent and very low in all the frequency regions
for the samples x = 0.15, 0.25, 0.40, and 0.50. For the samples, x = 0.00 and 0.60,
with the frequency, the M dispersion continues to grow. Due to charge carrier
mobility over a large distance and the absence of electronic polarization, the lower
magnitude of M'in the low-frequency area causes a significant rise in capacitance
for these two samples. The M”is higher in the region of the low-frequency region
except for x = 0.60. This sample has a relaxation peak amid this frequency region.

The x = 0.15 samples show an almost steady nature up to 10° Hz.

» The g’ rises from x = 0.00 to x = 0.25 then falls abruptly from x = 0.40 to
X = 0.60. The maximum value of ;“is found for the sample x = 0.25. The values
of 4 “for all the samples at the frequency of 1 MHz are correlated with the average

grain and particle size relating to domain wall motion which contributes more to
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magnetization. RQF was found to be enhanced in all the samples. On the other

hand, the value of tanow was found to be decreased gradually.

» The enhancement of Ms was found in all the doped samples except for x = 0.60.
Both experimental and law-of-approach-to-saturation (LAS) techniques show that
X = 0.25 has the highest value of Ms. The results obtained between the

experimental and the calculated values of Ms were very close.
5.2 Conclusion

Theoretical studies on different ABOs perovskites showed that BaTiOs has the lowest
bandgap. Theoretical investigation also showed a slight reduction of bandgap in
(Sr, Ni) co-doped BaTiOa. It is also found that in the visible regions, absorption and
refractive index increased in Ni-doped and (Sr, Ni) co-doped BaTiOs. The synthesized
ceramics Bao.ss(Sro.sNios)o.15TiO3 increases dielectric constants by 65 times, has higher
conductivity after 10* Hz, and has lower impedance. On the other hand,
Bao.75(Sros5Nio5)025TiOs sample has the highest value of 1’ (22.82 at 1 MHz) at all
frequency regions, the lowest value of tandw and the highest value of Ms (0.491 emu/g).
Thus, Bag.gs(SrosNios)o.15TiO3 and Bao.75(Sro.sNios)0.25 TiO3 samples show dielectric and
magnetic responses very well. These types of multifunctional materials are good
candidates for dielectric capacitor technology, electromagnetics sensor, spintronics, etc.
Additionally, the low cost of the raw elements favors their widespread use with an

enormous market potential.
5.3 Suggestions for Further Research

The followings are some more researches that could be conducted on various areas for

prospective applications of the multifunctional materials under study:

e For a thorough understanding of the domains, transmission electron micrographs
(TEM) may be used.

e By using Mdssbauer spectroscopy, one can determine the magnetic characteristics

and atoms' preferred sites in a constituent.
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The Novelty of the Present Research

Experimentally synthesized Bao.gs(SrosNios)o.15TiOs and  Bao.7s(Sro.sNios)o.25TiO3
exhibited good electromagnetic properties confirming their suitability for applications in

multifunctional devices.
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ABSTRACT

A comparative study on mechanical, thermodynamic, electronic, and optical properties has been performed on various compounds having an
ABOs3, where A = Ba, Ca, Sr and B = Ce, Ti, Zr, perovskite structure using first-principles calculations. These materials’ properties have been
thoroughly investigated for their ground states under the same computational parameters. The computed lattice parameters in the ground
state agreed with other theoretical studies. Elastic moduli, ductility or brittleness, elastic anisotropy, mechanical stability, and stiffness of
solid materials are studied. Enthalpy (H), entropy (S), and free energy (F) were reported from the vibrational properties of the materials.
The temperature-dependent heat capacity and Debye temperature are investigated. The electronic band structure as a function of energy, of
different perovskite structures at the ground state, is also studied. From this study, the ABO3 perovskite has emerged as the most promising
material for applications in optoelectronics, photonics, and mechanical and thermoelectric devices.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0104191

I. INTRODUCTION

The mineral CaTiO3 was discovered in the Ural Mountains of
Russia by Gustav Rose in 1839 and named “perovskite,” in honor
of the Russian mineralogist Count Lev Alekseyevich von Perovski.'
In the later years, a broad family of crystals is found to have the
same structures of CaTiO3.”’ Materials with the same type of crys-
tal structure as that of CaTiO3 were known as perovskite materials.*
The perovskite-type oxides have the general formula ABO3, where
“A” and “B” are cations and “O” is an anion. Usually, cation “A” is

larger than cation “B”. The oxide-type perovskites have always been
a great consideration in the device industry and solar cell fabrica-
tion because of their decent dielectric, ferroelectric, piezoelectric,
and electro-optical properties, thermal conductivity, insulator-to-
metallic transitions, half-metallic behavior, exhibition of fluores-
cence with laser action, etc. Both experimental and theoretical
studies are still a matter of interest for material scientists to fabri-
cate multifunctional materials based on perovskites. These types of
materials are used as the base materials for many important ceramic
components and devices, such as multi-layer ceramic capacitors
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FIG. 1. Crystal structure of ABO3 [A = Ba, Ca, Sr; B = Ce, Ti, Zr] perovskites (3D
view).

(MLCCs), electrodes for fuel cells, and piezoelectric ceramic trans-
ducers and in the spintronics industry.” '’ BaTiOs, CaTiO3, and
SrTiO3 are common perovskite-type materials used for the above
purposes. Although lead titanate, lead zirconate titanate, and lead
lanthanum zirconate titanate show good ferroelectric and piezoelec-
tric behavior, however, lead compounds are unstable under ambient
conditions and, therefore, decompose into toxic substances. This
might have disastrous consequences for the ecosystem. They are also
harmful for human health.!! As a result, lead-free perovskite struc-
tures with different multifunctional properties are a great matter of
interest for scientists and engineers.lz‘13 In this research, a compu-
tational method has been used to investigate the structural, elastic,
thermodynamic, electrical, and optical properties of different ABO;
(where A = Ca Ba, Sr; B = Ce, Ti, Zr) perovskites and compare their
properties for the first time altogether.

Il. COMPUTATIONAL METHOD

To investigate the ground state’s physical, elastic, thermody-
namic, electronic, and optical properties, the Density Functional
Theory (DFT) based calculations have been performed using the

scitation.org/journal/adv

CASTEP (CAmbridge Serial Total Energy Package) formulation.'*
A generalized gradient approximation (GGA) functional developed
by Perdew, Burke, and Ernzerhof (PBE) is used in this investigation
as the exchange-correlation functional.””> The Vanderbilt model'®
OTFG ultrasoft pseudopotential has been used to describe the
electron-ion interaction. The Broyden-Fletcher-Goldfarb-Shanno
(BFGS) method!” has been used to optimize the structure of the
materials. The conversing cut-off energy of a plane-wave of 650 eV
along with k-points 5 x 5 x 5 with a convergence tolerance energy of
1.0 x 107> ¢V/atom, a maximum force on atoms of 0.03 eV/A, a max-
imum stress of 0.05 GPa, and a maximum atomic displacement of 1.0
x 107> A has been taken to optimize the structures while investigat-
ing the structural, electronic, and optical properties. To calculate the
elastic properties, fine quality with an energy of 2.0 x 107° eV/atom,
a maximum force on atoms of 0.006 eV/A, and a maximum dis-
placement of 2.0 x 10™* A were considered. For the calculation of
thermodynamic properties, k-points were kept the same, but the
cut-off energy was taken at 830 eV with the Local-Density Approx-
imation (LDA) functional. While sampling the k-points within the
Brillouin zone in all the cases, Monkhorst-Pack schemes were
used.'® The cubic configuration of the studied materials has been
shown in Fig. 1.

lll. STRUCTURAL PROPERTIES

In each case, the structure has been optimized geometrically.
All the structures are found cubic in nature after geometrical opti-
mization. The computed lattice parameters and density in the
ground state under the same computational parameters are listed in
Table 1.

From Table I, it is observed that the lattice parameter is the
highest in BaCeO3 and the lowest in CaTiOs. It is well known
that the radius Rpa > Rsr > Rca and Rce > Rzr > Rti,”> and a clear
reflection in the structural properties is observed accordingly. The
calculated lattice parameter of BaTiO; agrees with the previously
calculated value,” *' which makes all the calculations reliable. The
slight deviations of experimental values can be observed with the cal-
culated values, which is also a good indication of the dependability

TABLE . Calculated structural parameters of ABO3 (A = Ba, Ca, Sr; B = Ce, Ti, Zr) materials.

Other
This study theoretical Experimental Error Calculated
Materials ap (A) studiesag (A)  studiesap (A)  percentage  density p(g/cm®)
BaCeO;3 4.48 4.43% 4.40%° 1.8 6.03
CaCeO;3 4.40 e - - 444
SrCeOs3 4.43 oo e cee 5.26
BaTiO3 4.03 4,037 4,017 0.5 5.94
CaTiO3 3.88 3.89% 3.84% 1.0 3.86
SrTiOs 3.94 3.93% 3.91% 0.8 5.00
BaZrO; 4.23 4.23" 4.19% 0.9 6.07
CaZrOs3 4.13 3.95% 4.01%° 3.0 4.22
SrZrOs 4.17 4.06" 4.10% 1.7 5.20
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of our present study. It is observed that the density of CaTiO3 is the
lowest and BaZrOs3 has the highest density.

IV. MECHANICAL PROPERTIES

Elastic moduli, ductility or brittleness, elastic anisotropy,
mechanical stability, and stiffness of solid materials are very sub-
stantial properties for material engineering. These properties can
be studied by using an elastic constant that can be calculated
from the linear finite strain-stress method using the CASTEP
formulation.”” > A proportional elastic constant C; can be
expressed as

6
0 = Z Cijej,
j=1

where o is the stress and € is the strain.

A cubic crystal system has three elastic constants: Ci1, Ci2, and
Cus.”® For a cubic system, the Born stability criteria®® are Ci1 — Ciz
>0, C11 + 2C12 >0, C11 >0, and C44 > 0.

The internal strain parameter, the Kleinman parameter ((),
is very useful to describe the relative position of the cation and
anion sublattices due to volume conserving strain distortions. It is
a parameter that determines the stability of a compound against the

stretching and bending types of strains.”” ** The { of a compound is
given by

_ Cy1 + 8Cr2
- 7C11 + 2C12’

where 0 < { < 1. When ( is close to 1, under the application of pres-
sure, the bond bending phenomenon is seen, while if it is close to 0,
bond stretching is detected.

scitation.org/journal/adv

The Cauchy pressure (C") of a material is defined as C”
= Cy2 — Cy4. This value is positive for ductile materials and related to
ionic bonding, whereas the negative value indicates brittleness and
is related to covalent bonding.‘w 1 Poisson’s ratio (v) is also an index
for distinguishing between the brittleness or ductility of materials.
The material is brittle when v < 0.26 and ductile when v > 0.26.%
Pugh’s ratio (B/G) is another useful parameter to separate the duc-
tility or brittleness nature of a material. If this value of a material is
greater than 1.75, the material is ductile, and if the value is less than
1.75, the material is brittle.””

The Debye temperature (0p) is a characteristic temperature to
evaluate material properties, such as thermal expansion, thermal
conductivity, lattice vibration, melting point, and specific heat. This
temperature can be calculated using the formula

h 3n( N, AP y3
o= (kB)[4n( M )] Y
where V,, is the average sound velocity. The studied mechanical
properties of the materials have been tabulated in Table 1.

According to (, BaTiO; is bending type and the rest of them
are stretching type under pressure. The C”, v, and B/G data reveal
the ductile nature of the cerate family and CaZrOs, while BaTiO3,
SrTiOs, BaZrOs, and SrZrOs are brittle. Exceptions are seen for
the calculated values for CaTiOs. Pugh’s ratio and Poisson’s Ratio
data show it is brittle, but the Cauchy pressure shows it is duc-
tile. In the ground state condition, all the three calculated values of
CaTiO;3 are very close to the boundary of the ductility and brittleness
region.

The anisotropic data are always a useful tool for materials
to understand the mechanical efficiency of materials in practi-
cal use.”™”” The ELATE code has been used to illustrate the 2D
and 3D visualizations of the anisotropy of Young’s modulus (Y),

TABLE II. The calculated elastic constants (C41, C12, Ca4), Young's modulus (Y), bulk modulus (B), shear modulus (G), Cauchy pressure (C’’), Poisson’s ratio (v), Pugh’s ratio
(B/G), compressibility (K), universal anisotropic factor, Debye temperature (6p), and sound velocity (V) of various ABO5 perovskites.

© Author(s) 2022

Material

BaCeOs3 CaCeO3 SrCeOs3 BaTiOs3 CaTiO3 SrTiO3 BaZrOs; CaZrOs SrZrOs3
Parameter
C11 (GPa) 194.96 212.21 193.34 275.23 328.67 312.99 288.02 32391 309.66
C12 (GPa) 68.70 71.25 59.82 101.71 97.49 92.26 78.78 72.54 71.77
Cy4 (GPa) 44.39 30.67 37.40 121.02 96.47 109.99 84.85 62.86 73.12
Cii — C12 (GPa) 126.27 140.96 133.52 173.52 231.18 220.74 209.24 251.36 237.89
Ci1 + 2Cy; (GPa) 332.36 354.70 312.98 478.65 523.65 497.50 445,58 468.00 453.20
Kleinman parameter, { 0.496 0.480 0.456 0.511 0.444 0.442 0.422 0.375 0.382
Young’s modulus, Y (Gpa) 133.65 118.74 126.88 264.36 261.72 267.94 230.09 232.2 228.03
Bulk modulus, B (GPa) 107.47 113.74 104.95 159.76 174.94 164.78 148.08 155.78 150.82
Shear modulus, G (Gpa) 51.69 44.78 48.85 107.97 104.63 109.01 92.7 88.49 91.36
Cauchy pressure, c” (Gpa) 24.31 40.58 22.42 -19.31 1.02 -17.73 -6.07 9.69 -1.36
Poisson’s ratio, v 0.29 0.33 0.30 0.22 0.25 0.23 0.24 0.26 0.25
Pugh’s ratio, B/G 2.08 2.54 2.15 1.48 1.67 1.51 1.60 1.76 1.65
Compressibility (1/GPa) 0.0093 0.0089 0.0095 0.0063 0.0057 0.0061 0.0068 0.0064 0.0066
Universal anisotropic index 0.1488 0.7594 0.4011 0.1202 0.0448 0.0016 0.0523 0.6209 0.2874
Debye temperature (K) 368 393 381 592 756 669 520 603 558
Average sound velocity (m/s) 3235 3399 3317 4683 5759 5168 4317 4897 4566
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(a) Spatial depend of Young's modulus (Y)
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Material 3D representation
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FIG. 2. The 2D and 3D plots of (a) Y, (b) K, (c) G, and (d) v of ABO; perovskites at 0 GPa. (a) Spatial dependence of Young’s modulus (Y). (b) Spatial dependence of linear
compressibility (K). (c) Spatial dependence of shear modulus (G). (d) Spatial dependence of Poisson’s ratio (v).
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(b) Spatial dependence of linear compressibility (K)
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FIG. 2. (Continued.)
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Material

() Spatial dependence of shear modulus (G)
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(d) Spatial dependence of Poisson’s ratio (v)
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compressibility (K), shear modulus (G), and Poisson’s ratio (v) in
the xy, yz, and xz planes of ABO3 perovskites, which are illustrated
in Fig. 2.

V. THERMODYNAMIC PROPERTIES

Thermodynamic properties are defined as system character-
istics that can specify the system’s state.”” The lattice dynam-
ics as well as the dielectric properties, the phonon dispersion

AIP Advances ARTICLE
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where u is the displacement of a given atom and E is the total energy
in the harmonic approximation.
In reciprocal space, this dynamical force constant matrix is

1 i
Dyv(q) = FRZD”V(R)E qR.
R

Here, the plane waves are evaluated for each atomic displace-
ment,

curves, and the phonon density of states are very significant. These
properties can be calculated using density functional perturbation
theory.”® The Vlbratlonal propertles can be calculated using a
harmonic approximation,””

u(R,t) = ge/(R-e(@D)

The polarization vector (¢) of each mode is an eigenvector of
E 3N dimensions of the eigenvalue problem,

Din(R-K') = Oy (R) D, (R') |

Maw(q)*e = D(q)e.
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FIG. 3. The calculated phonon dispersion curves along the high-symmetry points: (a) BaCeOs, (b) CaCeO 3, (c) SrCe0s, (d) BaTiOs, (€) CaTiOs, (f) SrTiOs, (g) BaZrOs,
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FIG. 4. The calculated phonon density of states of ABO3 perovskites.

The partial density of state contribution on atom from each where ¢; is the eigenvector related to the mode of the energy E;.
phonon band is In Fig. 3, the calculated phonon dispersion curves of vari-
ous perovskites along the high-symmetry points in the Brillouin
dk, .o zone are shown. To get information about the dynamical stability
Ni(E) = f ka (DFO(E ~ En(K)), of compounds, phonon dispersion curves are very important. The
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FIG. 5. The calculated (a) enthalpy, (b) T*entropy, and (c) free energy of ABO3 perovskites.
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absence of negative frequencies covering the whole Brillouin zone
indicates the dynamical stability against mechanical perturbation
under normal pressure. There are two types of phonons—acoustic
phonons and optical phonons. Acoustic phonons are related to
the vibration of long-wavelength. In this case, in-phase vibrations
are observed in the neighboring particles. Optical phonons are
related to the vibrations of neighboring particles where the vibra-
tions are nearly anti-phase. In the phonon dispersion curves, the
acoustic modes are situated in the lower parts, whereas the opti-
cal modes are in the upper parts.”” In both phonon dispersion
(Fig. 3) and phonon DOS curves (Fig. 4), there are some imagi-
nary frequencies curves below zero frequencies, which indicates the
unstable modes. All the compounds have these unstable modes that
are responsible for phase transition and ferroelectric responses of
materials.

At finite temperature, the thermodynamic properties, such as
enthalpy (H), entropy (S), and free energy (F), can be calculated from
the vibrational properties of the materials, """’

1 hw
H(T):Em,+5/g(w)hwdw+f o

eksT — 1

g(w)dw,

eksT

o ho
S(T):kg[[ thT_lg(w)dw—[g(w)ln(l—e*ﬂ)dw],

F(T) = Egot + % f g(w)hwdw + kg T f g(w) ln(l _ola )dw,

where g(w) is the phonon density of states and kg is the Boltzmann
constant.

In Fig. 5, the calculated temperature-dependent enthalpy and
temperature times entropy increase with the increase in tempera-
ture, while the free energy decreases in all the cases. The evaluated
values for all the cases obeyed the third law of thermodynamics as

30F

20F
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TABLE lll. The calculated zero point energy.

Materials Zero-point energy (eV)
BaCeOs3 0.1828
CaCeOs3 0.1865
SrCeOs3 0.1832
BaTiO3 0.2872
CaTiOs3 0.2837
SrTiO; 0.2989
BaZrOs; 0.2500
CaZrOs3 0.2334
SrZrOs3 0.2347

the values of all the terms for various ABO3 perovskites approach
zero as the temperature approaches absolute zero.

The temperature-dependent heat capacity and Debye temper-
ature are calculated, and the comparison between the perovskites is
also illustrated in Fig. 6.

The zero-point energy is the lowest possible energy that a quan-
tum mechanical system can have. The zero-point energy of the
studied materials is listed in Table III.

VI. ELECTRONIC PROPERTIES

The study of the electronic band structure of solids is one
of the most significant ways of describing electronic proper-
ties, such as conductivity, bonding properties, thermoelectric phe-
nomenon, and magnetic properties. The electronic band struc-
ture (-5 eV to 5 eV) as a function of energy, E, of differ-
ent ABO; [A = Ba, Ca, Co, Sr; B = Ce, Ti, Zr] perovskite
structures at the ground state is shown in Fig. 7. A compar-
ative study on bandgaps is illustrated in Fig. 8. While these
computations at the ground state, the high-symmetry points
(G-F-Q-Z-G) in the first Brillouin zone have been considered. In
each diagram, the red horizontal dashed line represents the Fermi
level (Eg).
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FIG. 6. The calculated temperature-dependent (a) heat capacity and (b) Debye temperature of ABO;.
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FIG. 7. The calculated band diagrams along high-symmetry points: (a) BaCeOs, (b) CaCeOs, (c) SrCeO 3, (d) BaTiOs, (e) CaTiOs, (f) SrTiOs, (g) BaZrOs, (h) CaZrOs, and

(i) SrzrOs.

In Fig. 7, the valance bands are shown between 0 and -5 eV
and the conduction bands are between 0 and 5 eV. There is no over-
lap between the valance and conduction bands in all the cases. The
bandgap for all the compounds is indirect. Figure 8 shows the com-
parison based on the computed bandgap of these perovskites, and
the calculated sequence is

SrZrO; > CaZrOs > BaZrO3; > CaCeOs > SrCeO3
> BaCeO3 > CaTiOsz > SrTiO; > BaTiOs.

The titanate family shows the lower bandgaps and the zir-
conate family has the higher bandgaps. The barium based ceramics
show lower bandgaps in cerate, titanate, and zirconate families in
this study. The bandgaps of cerates and zirconates lie in between
conventional semiconductors and insulators with wide bandgaps.

Materials with wide bandgaps always have a scientific and techno-
logical interest because of their use in high-performance electronic
and optoelectronic devices, such as blue LEDs and lasers. Higher
bandgaps allow electronic devices to operate at higher temperatures.
However, semiconductors with a lower bandgap have a great impact
on solar cells.” "

In the field of condensed matter physics, the number of elec-
tronic states available to be occupied per unit energy interval is the
density of states (DOS) of that system. The density of states plays
an important role in understanding the bonding nature, both ther-
mal and electrical conductivity, and magnetic and optoelectronic
properties; determining the transition rates; and so on. The total
density of states (TDOS) can be used to explain the performance of
electronic devices.” The electronic and structural stability to some
extent depends on the TDOS of the material and the position of
the corresponding Fermi level.”””" Calculated TDOS and partial
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density of states (PDOS) from -6 to 6 eV have been shown in
Figs. 9 and 10. The dashed red line represents the Fermi level (Eg).
In the energy region 0.5-1.4 eV, the electrons for all the ceramics
have negligible electronic contributions. It is clear that the cerate,
titanate, and zirconate families have almost the same patterns. How-
ever, CaCeOs has an additional broad peak in the energy region from
34to5.1eV.

The calculated partial density of states (-6 to 6 eV) has been
illustrated in Fig. 10. The valance band in all cases lies between —6
and 0 eV, and conduction bands are from 0 to 6 eV. In the both
valance band and conduction band, most of the contribution comes
from Ba-6s, Ba-5p, Ca-4s, Ca-3p, Sr-5s, Sr-4p, Ce-6s, Ce-5p, Ce-
5d, Ce-4f, Ti-4s, Ti-3p, Ti-3d, Zr-5s, Zr-4p, Zr-4d, O-2s, and O-2p
orbitals. In the cerate family, bonding mostly depends on Ba-6s,
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FIG. 9. Calculated electron density of states of various ABO; perovskites.

scitation.org/journal/adv

Ba-5p, Ca-4s, Sr-5s, Ce-4f, and O-2p; in the titanate family, Ba-6s,
Ba-5p, Ca-4s, Sr-5s, Sr-4p, Ti-3d, and O-2p have the most influence;
and in the Zirconate family, Ba-6s, Ba-5p, Ca-4s, Sr-6s, Zr-4d, and
O-2p have the most influence.

VIl. OPTICAL PROPERTIES

When the electromagnetic waves fall on the surface of a mate-
rial, the photon interacts with the charge carriers of that material.
This photon-charge carrier interaction influences the optical prop-
erties of a material. This type of photon-charge carrier interaction
can be calculated by using some parameters, which are a function
of the frequency or the energy of the incident photon. While cal-
culating the optical properties of all the structures, the considered
frequency-dependent complex dielectric function is

e(w) = &1(w) + iez(w).

Here, the real part of the dielectric function is & (w), and according
to Kramers-Kronig transformations, it depends on the imaginary
part, &2 (w).

The imaginary part, €;(w), can be calculated using the matrix
elements of optical transitions between occupied and unoccu-
pied electronic orbitals, which can be expressed with CASTEP
formulation as

2
£2(0) = 227 S yi|u- oy O(E; - E; - E),
QSO kv,c

where w is the frequency of the photon, e is the charge of the elec-
tron, y; and y; are the wave functions of the conduction band
and valance band, respectively, and u is the polarization vector
of the incident electric field. Different optical parameters, such as
absorptivity, reflectivity, refractive index, optical conductivity, and
energy loss function, can be determined by the dielectric function
E((.U) '52,53

From Fig. 11, it can be seen that in the region 0-15 eV, the
behavior of all the materials is different from each other. In the
energy region 15-30 eV, the titanate and zirconate families show a
similar pattern in the case of absorption.

In the IR-UV (1.2-3.6 eV) region, linear progression is seen
for absorption, reflectivity, and real part of the refractive index (n),
while CaTiO3 and SrZrOs3 have higher values of absorption and they
are less reflective in the IR region. An exponential increase in the real
part of conductivity and the imaginary part of the refractive index (k)
for the titanate and cerate families is observed in the IR-UV region,
but this rate is higher in the titanate family. The imaginary part of
the conductivity is negative (except for SrZrO3) and decreasing in
nature in all the materials.

In the IR region (~1 eV), CaTiO;3 and SrZrOs have higher val-
ues for absorption, the real part of conductivity, and the imaginary
part of the dielectric function.

For all energy regions, the imaginary part of the conductivity
and dielectric function, the real part of the refractive index (n), and
the imaginary part of the refractive index (k) follow almost similar
patterns for Ba, Ca, and Sr families.

The loss function is the loss of energy of the first electron pass-
ing through a material. It is associated with the collective oscillation
frequency of the valance electron. The peaks of the loss function are
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related to a characteristic frequency of a material, plasma frequency.
In Fig. 12, minor peaks are observed in the IR region for the materi-
als CaTiO3 and SrZrOs. Several but random peaks are observed for
different perovskites after 10 eV.

VIIl. CONCLUSIONS

The first-principles method based on DFT within GGA-PBE
exchange-correlation has been used to study the structural, mechan-
ical, thermodynamic, electronic, and optical properties of ABO;
[A = Ba, Ca, Sr; B = Ce, Ti, Zr] perovskites. Each material shows dif-
ferent behavior considering different parameters. Several mechan-
ical properties of materials, such as 2D and 3D visualization of
Young’s modulus, shear modulus, compressibility, Poisson’s ratio,
phonon dispersion, phonon density of states, different thermody-
namic properties, band structure, the electron density of states, the
partial density of states, and different optical properties of all the
perovskites have been calculated and compared. All the figures and
tables provided in this paper give the statistics of a specific para-
meter to the researchers. This paper provides information about
these commonly used materials, which will be useful in tailoring new
materials based on these compounds.
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ARTICLE INFO ABSTRACT

Keywords: Density functional theory-based investigation of the structural, electronic, and optical properties of pristine and
DFT ] strontium, nickel doped barium titanate has been carried out by the plane-wave pseudopotential technique with
Peravskites generalized gradient approximation. The lattice constants of optimized structure, the electronic band structures,
3?32?6?3"&& total and partial density of states and the optical properties such as absorption, reflectivity, dielectric function,
Sr-doped photoconductivity, refractive index and the loss function of the pristine and doped materials have been calcu-

lated and thoroughly explained. In this study, we have found (Sr, Ni) co-doping in BTO reduces the lattice
constant and structural volume. The band gap of co-doped material found less than the pristine BTO. The
simulated optical spectroscopic analysis reveals that the (Sr, Ni) co-doped materials are good dielectric and

photoconductive materials.

1. Introduction

BaTiO3 (BTO) is an important ferroelectric material with perovskite
structure which shows good dielectric, ferroelectric, piezoelectric, and
electro-optical properties hence it is widely used in electronic industries
[1-3]. It is also used as a base material for many important ceramic
components and devices, such as Multi-Layer Ceramic Capacitors
(MLCC), piezoelectric ceramic transducers [4-6]. However, barium
titanate shows a low Curie temperature, T, = 120 °C which can cause
temperature stabilization problems and redundant aging [7,8]. To
resolve this problem, some other materials were used to form a solid
solution with barium titanate [9-11] have a great technological
importance for device applications. Considerable work has been done
for modifying the device parameter of these systems with a wide variety
of substitution at the A-and/or B-site of the BTO system. In order to
improve dielectric properties and to control grain-size for the electronic
device applications, doping and co-doping on A-site has been done to
BaTiO3 based ceramics [12-18]. (see Table 1)

Doping with Bi®* and Li* on A-site of BaTiOs, enhanced the ferro-
electric property, showed giant photovoltaic response [19] and low
dielectric loss characteristics [20]. In Baj4SrsTiOs, the temperature
dependence of permittivity and of dielectric loss tangent at low fre-
quency (1 kHz) showed a decrease of Curie temperature with the

increase of Sr content [21]. Polycrystalline Sr-doped BaTiO3 showed a
slight shift in diffraction peaks to the higher 20 diffraction angle with the
addition of Sr-content showing the improvement in crystallinity of the
films, dielectric constant increases with Sr-dopant concentration [22].
The dielectric and ferroelectric properties of (BaySr;_x)o.77Cag 23TiO3
ceramics showed that Sr doping of the Bag 77Cag 23TiO3 ceramics causes
a drastic decrease in the T, just like Sr doping of pristine BaTiO3 ce-
ramics, demonstrating a cell volume effect [23]. The fabrication of
Ba; xNiyTiO3 showed a decrease in crystallite size, lattice strain, c/a
ratio and grain size with Ni doping, shifted in transition temperature,
increasing diffuse phase transition and decreasing dielectric constant
and T. and maximum dielectric constant increase with increasing
magnetic poling strength along with decreasing the nature of diffusivity
thus showing multiferroic nature [24,25]. In this paper, we have used a
computational method to investigate the structural, electronic and op-
tical properties of Ni, Sr doped on A-site of BaTiO3. We have used four
different structures where one is pristine BTO, BaTiO3, one is 12.5% Sr
atom doped BTO, Bag g75Sr9.125TiO3 (BSTO), another is 12.5% Ni atom
doped BTO, BaggysNip.125TiO3 (BNTO) and finally 25% (Sr, Ni)
co-doped BTO, Bag 75(Srg s5Nig.5)0.25TiO3 (BSNTO).
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Table 1
Calculated parameters of pristine and Ni, Sr doped BaTiO3 perovskites.
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Material Structure a=b=c Volume Density g/cm®
A A3

Pristine BTO (BaTiO3) Cubic This work: 4.03 65.67 5.90
Experimental Study: 4.00 [29]
Other Theoretical Study: 4.01 [30]

BSTO (Bag,g755T0.125Ti03) Cubic 4.03 65.28 5.77

BNTO (Bag g75Nig.125TiO3) Cubic 4.02 64.84 5.72

BSNTO (Bag.75(Sro.5Nig.5)0.25TiO3) Cubic 4.01 64.29 5.56

(a) (b)

@ =
(H, Sr
0 Ni
L Ti
@ o

(c) (d)

Fig. 1. Geometrically optimized (a) Pristine BaTiO3, (b) 12.5% Sr atom doped BTO, (BSTO) and (c) 12.5% Ni atom doped BTO, (BNTO) and (d) 25% atom (Sr, Ni) co-

doped BTO, BSNTO.

2. Computational methodology

Density Functional Theory (DFT) based a plane-wave pseudopoten-
tial method was used to carry out this study using a framework- Cam-
bridge Serial Total Energy Package (CASTEP) code. The exchange-
correlation energy of electrons is evaluated under the generalized
gradient approximation (GGA) with the method of Per-
dew-Burke-Ernzerhof (PBE) [26]. The valence electronic states were
considered as 5p6 6s> for Ba, 4p6 552 for Sr, 3d® 4s? for Ni, 3d? 4s? for Ti
and 2s® 2p® for O. The k-point sampling of the Brillouin zone was con-
structed using the Monkhorst-Pack scheme [27] with 4 x 4 x 4 grids in
primitive cells. The conversing cut off energy of a plane-wave was set to
500 eV for all cases. The geometrical optimization of the crystals
structures were performed in the Broyden-Fletcher-Goldfarb-Shanno
(BFGS) relaxation method [28] by setting the convergence tolerances
1.0 x 107> eV/atom for the energy, 0.03 eV/A for the maximum force on
atoms, 0.05 GPa for the maximum stress and 1.0 x 103 A for the
maximum atomic displacement. To investigate the effect of Sr, Ni doping
in pristine BaTiO3 ceramic, 2 x 2 x 2 supercell were built which are
shown in geometrically optimized form (Fig. 1).

3. Electronic properties

Electronic properties like the band structure, the density of states
(DOS), electron density, etc. provide important information about the
material’s physical properties with the bonding nature. The specific
study of bonding characteristics of BSTO and BNTO are so important. We
used GGA for calculating their electronic properties. To achieve a good
understanding of the bonding nature of these compounds, the total
density of states (TDOS), and the partial density of states (PDOS) have
been calculated. For those, k-points have been utilized. The Mon-
khorst-Pack technique was used for sampling the k-points over the first
Brillouin zone (see Fig. 1).

To investigate the nature of BTO, BSTO, BNTO, and BSNTO, the
electronic band structure along the high symmetry direction in the
Brillouin zones are shown above in Fig. 2. The direct bandgap is seen in
all the four cases, i.e., an electron in each case can move easily form the
highest-energy state of the valence band to the lowest-energy state of the

conduction band without changing the crystal momentum. The band
gap of pristine BTO is found 1.719 eV, 1.715 eV for BSTO, BNTO is 1.705
eV and 1.713 eV for BSNTO revealed semiconducting nature. As the
band gap of pristine BTO shows good consistency with the previously
calculated value, recommends the acceptability of the present calcula-
tion of this approach for other materials [31]. The band gap of (Sr, Ni)
co-doped BTO is lower than the band gap of pristine BTO which means
co-doping reduces the band gap slightly.

Figs. 3 and 4 show the total and partial density of states of our
studied materials. From Figs. 2-4, it can be shown that Oxygen (O) 2p
state dominate in all the four compounds because of the highest valence
band lies at the Fermi level (Eg) at 0 eV, which are the common char-
acteristics of oxide semiconducting materials. The valance band in all
the cases lie between —59.0 eV and 0 eV (Eg). In the valance band, most
of the contribution comes from Ba-6s, Ba-5p, Sr-5s, Sr-4p, Ni-4s, Ni-3d,
Ti-4s, Ti-3d, O-2s and O-2p orbitals. In BSNTO, sharp peaks are observed
in the valance and conduction band near the Eg. We also observed
predominant hybridization for Ti-3d and O-2s states near the Ep. In the
conduction band the similar kind of domination of Ti-3d and O-2s states
are noticed. In BSNTO, Ni-4d states also contribute to bonding with O-2p
states. There is no overlapping of Ti-4s and Ti-3d with O-2s and O-2p,
mean the bonding may be ionic in nature.

4. Optical properties

Optical spectroscopy analysis is a substantial tool to study the metal
oxide family to use those in optoelectronic devices such as solar cells
[32-36]. In this paper, optical properties are simulated by using polar-
ized light with smearing value 0.5 eV in the direction [100]. Under that
condition absorption, reflectivity, photoconductivity, real and imagi-
nary part of dielectric constant, refractive index and loss function of
these materials have been studied from the formalism developed in
CASTEP.

The optical properties of all the four cases are calculated by the
frequency dependent complex dielectric function, e(w) = €1(0) + iea(®).
The imaginary part of dielectric function €2(®) is closely correlated with
the band structure of a material and can be obtained from the mo-
mentum matrix elements between the occupied and the unoccupied
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Fig. 2. Electronic band structure of (a) Pristine BTO (b) BSTO (c) BNTO and (d) BSNTO.

electronic state using the following equation-

2¢n c v|2 c v
&2(w) :Q_&)Z‘Wk‘uf‘lﬁﬂ 8(E; —E; —E)

kv,

where, o is the light frequency, e is the electron charge, y} and y}, the
wave functions of conduction band and valance band respectively, u is
the polarization vector of the incident electric field. The real part of the
dielectric function, €;(®w), can be obtained from the imaginary part,
ea(w), using the Kramers-Kronig transformation. The other optical
properties, absorption, reflectivity, conductivity and refractive index
can also be obtained from the frequency dependent complex dielectric
function, &(w) [37].

In Fig. 5, BSTO showed lower values in all the cases while the optical
properties with a dielectric constant are slightly better in pristine BTO.
Almost similar patterns are noticed for all the materials in the 0-50 eV
region. Yet some inconsistencies are observed in 5-15 eV and 22-32.5
eV regions. Peaks are sharp in the case of reflectivity for BSTO in the
15-30 eV region. An additional peak is also observed in BSTO in the
20-30 eV region for the imaginary part of conductivity. In the real part
of the dielectric function, we noticed the better values for BSNTO in the
high energy region (>30 eV). A peak is also observed in the case of the
imaginary part of dielectric constant at ~36 eV. Again, the optical
constants of these materials are consistent except for the energy regions
0-2 eV and 20-25 eV. But in the IR to medium UV regions things are
diverse. BSNTO and BNTO showed similar trends in all the eight cases.
Absorption (Fig. 5(a)) is high for BSNTO and BNTO near IR region and
BSNTO is highest in the medium UV region. BTO and BSTO showed
similar pattern for reflectivity, conductivity, dielectric function and

refractive indexes while BSNTO follows the trend of BNTO in those
cases. In the Fig. 6, the loss function shows similar patterns for all the
materials except in the region 20-30 eV. The peak is large for BNTO.
Here also loss function is high in the IR zone for BSNTO and BNTO and
parallel trends are seen in the visible to UV region for all the four

materials.
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Fig. 5. The calculated photon energy dependent (a) absorption, (b) reflectivity, (c) real part of conductivity, (d) imaginary part of conductivity, (e) real part of
dielectric function, (f) imaginary part of dielectric function, (g) refractive index-Real Part and (h) refractive index-Imaginary Part. In the inset of every diagram, the
variations are illustrated for the IR to Medium UV regions.
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5. Conclusions

The structural, electronic and optical properties of pristine BTO, Sr
doped, Ni doped and (Sr, Ni) co-doped BTO via density functional theory
have been studied. In this study, structural properties showed cubic
nature for all the four materials. Co-doping reduces the lattice constant
(4.03 to 4.01 A) and structural volume (65.67 to 64.29 f\s) as the ionic
radius of Sr and Ni are smaller than Ba. A decrease of material density
(5.90 to 5.56 g/cm®) is also observed in co-doped BTO. A slight reduc-
tion of bandgap is seen (1.719 to 1.713 eV) in co-doping material than
the pristine BTO. In the optical properties, the influence of Sr in co-
doping is visible in the high energy regions. But in the IR to Medium
UV region, the similar optical properties are observed in both Ni doped
BTO and (Sr, Ni) co-doped BTO, i.e., the influence of Ni is clearly visible
to the co-doped material. Similarly, Ni may also influence the magnetic
properties in co-doping. From the above analysis, we can conclude that
the (Sr, Ni) co-doped BTO showed a promising material for both elec-
tronic and optoelectrical devices. This type of material is expected to
show a multiferroic nature.
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