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Chapter 1 Introduction

Introduction

The understanding of physical properties of different materials for their potential
applications in the day today life has always been prime field of interest of the human civilization.
The tremendous increase in the number of materials available and their varying physical
properties, coupled with demands from new applications and more service requirements, have
brought about many changes in attitudes and viewpoints. Advances in fundamental science have
led to the development of a new technical area which might be called as unified science and

technology of materials or generally “Materials Science”.

Recent developments in materials science lead towards a new understanding of the nature
of materials and suggest a more basic approach to their application. Techniques are available for
describing the properties of existing materials and are becoming available for predicting properties
of new materials, in terms of their atomic and molecular structures. With rapid evolution of
theoretical methodologies based on quantum mechanics and the support of computational
resources, the scientific research have been able to design, predict and extract valuable information
across a wide range of materials. The matter is usually regarded to exist in a solid or a fluid state.

The fluid state is further subdivided into gaseous and liquid states.
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All the materials are composed of atoms and molecules. Modern tools and the available
experimental techniques have reached the ability to control size, composition and functionality of
matter which provides complete and more accurate characterization of materials. Similarly, the
rapid evolution of theoretical methodologies based on the quantum mechanics with the support of
computational resources, the scientific research has been able to design, predict and extract
valuable information of finite and extended systems. The rapid advancement in experimental side
increases the importance of having theoretical and computational tools due to its capacity to
interpret, complement and guide the experimental methodology.

Exact solutions for electrons in materials are important to understand the significant
properties of given materials. The calculation of total electronic energy values of the matter with
high accuracy is the major requirements of the computational methods. With the increase in
computational power, ab-initio calculations and methods have become a powerful tool in
understanding the electronic band structure, magnetic and optical properties of materials.

In this thesis, the study will be mainly focused on the structural, electronic and optical
properties of perovskite. There are several combinations of elements to form the perovskites
including double perovskites. In our case here, the study will be focused on the double perovskites
like AA'BB'Og types, where AA' will be alkaline earth elements, transition and rare earth elements,
B or B' will be transition elements. Named after the Russian mineralogist Lev Perovski,
‘Perovskites’ refers to the class of compounds with a general formula ABX3, where A and B are
two differently sized cations and X is an anion that bonds with both A and B. In our case, we
restrict ourselves to systems with Oxygen as the anion and therefore generally refer to the oxide
perovskites of the form ABOzs. Due to the versatile capability of incorporating a large portion of

elements of the periodic table into its structure, perovskites are arguably one of the largest studied



Chapter 1 Introduction

classes of materials across the branches of chemistry, physics and materials science (Goodenough
etal., 1971; Rao et al., 1998).

Double Perovskites, its unique quality lies in the ability to tune their electronic structure to
a large extent by choosing various combinations of A and B-site cations. It is due to this versatility
that a wide range of functionalities can be deterministically engineered in perovskites. For
instance, depending upon the distribution of the electronic bands, one can have either insulating,
semiconducting or metallic perovskites; based on electron-electron correlations, some perovskites
may be ferromagnetic, antiferromagnetic or diamagnetic; based on optical absorption
characteristics, perovskites may also be rendered optically transparent or opaque; atomic
displacements can also yield ferroelectricity; and sometimes, perovskites can be multifunctional
by the co-existence of two or more of the above qualities. Thus a wide range of properties could
be engineered into perovskites depending upon the desired functionality.

In addition to compositional variations of A and B cations in the simple ABOs perovskites,
another effective approach to functional engineering that has been widely explored is the partial
substitution of A or B cations. Particularly interesting are compounds, where exactly half of the A
or B sites are substituted by a second cation giving rise to compounds of the form AosA'05BO3
and ABo5B'0503. In some compounds, the substituted cations have been found occupy the cationic
sites in an ordered manner within the crystal structure. For such compounds, it has been common
practice to denote with a doubled chemical formula as AA'B2Os and A2BB'Os. These ordered half-
substituted multi-cation perovskites are commonly referred to as double perovskites and constitute
a significantly large field of research by themselves. This study is focused on the B-site ordered
double perovskite and hence we restrict this introductory section also to the A;BB'Os type of

compounds. For a more detailed introduction, the reader is directed to Ref. (Chakraborty et al.,
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2017; Murthy et al., 2015) which provide extensive reviews on the structure and properties of
A>BB'O¢ double perovskites. Some aspects from these review articles have been adapted into this
introduction due to their relevance to this study.

However, it should be noted both these reviews cover mainly the bulk studies on double
perovskites. Thin film approach to double perovskites is comparatively younger and smaller field
of study at the moment, but has been gaining growing amount of relevance in recent years.

Some of the earliest reports on this class of compounds date back to the 1960°s where
possibilities of room temperature magnetism in Rhenium based double perovskites were explored
by Longo and Ward (Longo et al., 1961). A more recent revival of the field was marked by the
publication of Kobayashi et al., in 1998 who reported on half-metallicity or the fully spin polarized
electronic conduction in Sr.FeMoOs double perovskites (Kobayashi et al., 1998). The possible
application of such a material in spin-electronic devices garnered huge amount of interest in this
compound and paved way for several exploratory efforts on the double perovskite compound in
the following years. The versatility of the double perovskite compounds lie in their ability to
accommodate a vast number of elemental combinations which can be a boon to materials engineers
aiming to tailor functionalities by design. In their review article, Vasala et al. (2015) estimate that
- within structural limitations, there are nearly 2 x 10* possible double perovskite compositions,
among which only about 1000 compounds have been so far experimentally reported in the
literature. This stands as evidence for the large untapped potential of double perovskites as
functional oxides.

Pb-based double perovskites with magnetic cations in the B-sites are potentially good
candidates for both magnetic and ferroelectric orderings. PboFeNbOg and PboFeTaOs have been

extensively studied since both exhibit ferroelectric order close to RT with polarization (Ps) || <111>
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and antiferromagnetic (AFM) order below a Néel Temperature (Tn) ~ 150 K. These materials
frequently exhibit superparamagnetic clusters even above RT, and due to the biquadratic
magnetoelectric coupling (~M?P?) the magnetic susceptibility exhibits anomalies at the
ferroelectric phase transition temperature (Jeong et al., 2011; Martinez et al., 2010). Pb2ScTaOs
and Pb2.ScNbOs compounds is in paraelectric state at 400K and differs to ferroelectric phase at
4.2K and 200K by cooperative ion shift (Kishi, 2001). PboScTaOs showed ferroelectric in the
ordered structure and relaxor ferroelectric in the disordered phase (Setter, 1980). Studies of
Pb(Mgu1/3Ta23)03:PbZrOz had shown contradictory results different to the commonly accepted
relationship between the order/disorder state and the behaviour of normal/relaxor ferroelectrics
(Akbas, 1997). Pb.ScNbOs (PSN) ceramics, a promising relaxor ferroelectric material, its powder
mechanically activated at various pressures occur in different metastable structural states
(Ubushaev, 2011). Pbo.YbNbOe at room temperature show antiferroelectric and upon when
heating, it undergoes an antiferroelectric to paraelectric phase transition at 578 K (Isupov, 1965).
The observation of diffuse character from paraelectric to ferroelectric phase transition and
observed Curie temperature at (18 = 1) °C for PbyScTaOe (PST) and (87+ 1) °C for
Pb(ScosNbos)O3 (PSN) (Caranoni, 1993).

Extensive research has been pursued on these ordered double perovskites by large number
of researchers in ideal, double and complex structures. Lufaso et al., (2006) by using synchrotron
X-ray powder diffraction and studied the structural phase transition of double perovskite
Ba,YTaOe. It is observed that this compound undergoes a phase transition from cubic structure
(Fm-3m) to tetragonal (14/m) structure under pressure. Magnetic properties of pentavalent
Osmium-containing oxides have been aroused a great deal of interest, because the Os®* ion has the

largest possible spin (S = 3/2) (Lam, 2002). The structure and magnetic properties of the double
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perovskites Ba,CaMOs (M =W, Re, Os) were investigated by Yamamura et al.,(2006) and found
that Ba2CaReOg undergo a second order transition from cubic Fm-3m to tetragonal 14/m near
120K, whereas Ba,CaWOe make a transition from 14/m to monoclinic 12/m at 295K. Magnetic
susceptibility measurements show that Ba,CaReOs and Ba,CaOsOs transform to an
antiferromagnetic state below 15.4 and 51K, respectively. Single crystals of the tungstates
BaxMgWoe and Ba,ZnWOs have been grown by Bugaris et al., (2011) and studied their structural
parameters by single crystal X-ray diffraction. They found that both the compounds exhibit
luminescence property at room temperature with green and yellow emissions respectively. Day et
al., (2012) reported the crystal structures of tungsten and molybdenum containing perovskite
oxides using neutron and X-ray powder diffraction. The structural stability in these compounds is
mainly controlled by the tolerance factor.

Enormous amount of work has been done theoretically and experimentally on these
semiconducting oxides with perovskite structure in ideal, double and complex structures. Lufaso
et al., (2008) synthesized and characterized new Osmate SroCuOsOs using synchrotron X-ray
powder diffraction. Their studies reveal that applications of hydrostatic pressure upto 6 Gpa
significantly decrease the lattice parameter demonstrating the primary compression mechanism in
Sr2CuOsOe. First principle investigation on SroBB'Os (B, B' = 3d transition metal) was carried out
by Liu etal., (2012) with both generalized gradient approximation (GGA) and GGA+U approaches
in these compounds indicates that the five compounds SroScCrQOs, Sr2TiCrOs, SroMnCrOg
,Sr2ZnMn0Os and Sr2ZnFeQg found to be a promising candidates for half-metallic (HM) materials.
Yan Qian et al., (2012) studied the structural, electronic, and magnetic properties of Sro.FeMOe
under the external hydrostatic high- pressure using density-functional calculations. The results

show that no structural symmetry change in Sro2FeMOsg is found in the whole applied pressure.
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However, at the pressure of about 33-36 GPa, there is a spin crossover of Fe ion from high-spin to
low-spin state. Raman spectroscopy studies on high temperature induced phase transitions in
SroZnWOs and Sro.CoWOs investigated by Manoun et al., (2012) showed that SroZnWOe
undergoes a phase transition from monoclinic (P21/n) to tetragonal (14/m) at 80°C, whereas
Sr,CoWOe compound exhibits a phase transition from tetragonal (14/m) to cubic (Fm-3m) around
420°C. Recently by using first principles calculations, Li et al. (2014) reported that SroAlTaOs
exhibit induced ferromagnetism due to vacancy in Al and Ta. The induced magnetism is different
for Al and Ta vacancy. Their study reveals that Sr,AlTaOes with O vacancy is nonmagnetic but
energetically more favorable than the other vacancies created by either Al or Nb.

Among the R.BB'Oe series compounds, the magnetic properties in R2NiMnOeg have been
reported recently (Chakraborty et al., 2017, Yadav et al., 2015, Chanda et al., 2015, Guo et al.,
2013). Double perovskites R2NiMnOg and R,CoMnOQOs, with Ni and Mn 1:1 ordered along (1 1 1)
plane, are ferromagnetic oxides with P21/n symmetry (Booth et al., 2009, Bull et al., 2004). Here,
Ni%*, Co?*and Mn*" ions present t?,4e%, 4% and t3,4e% configuration respectively. The virtual
hopping of electrons from half-filled e.g. orbital of Ni?*/Co?" to vacant e.g. orbital of Mn** leads
to ferromagnetic exchange interaction according to Goodenough—Kanamori rule (Kumar et al.,
2014). Also, Kumar et al. (2014) have confirmed the impact of rr on the spin-phonon coupling in
ordered bulk R.CoMnOs (R = La, Pr, Nd) by analyzing the softening of the Raman modes at ~610
cm™t (symmetry stretching) and ~490 cm™ (antisymmetry stretching) positions near the magnetic
transition temperature. Recently, Chakraborty et al. (2017) have studied the magnetic and MCE
properties in Ra2NiMnOs (R = Pr, Nd, Th, Ho, and Y) by magnetization measurements, the
R2NiMnOs compounds undergo PM to FM transitions around 215, 191, 113, 86, and 81 K for R =

Pr, Nd, Tb, Ho, and Y, respectively, and the corresponding values of maximum magnetic entropy



Chapter 1 Introduction

change (under the magnetic field change of 0-5 T) are 4.9, 2.3, 5.2, 6.4, and 5.4 J kg * K™* (Sharma
et al., 2014). Very recently, Murthy et al. (2015) have investigated the MCE in Gd>NiMnOe and
Gd2CoMnOs by magnetic and heat capacity measurements. Both compounds exhibit giant MCE
at low temperature, the maximum values of magnetic entropy change reach -35.5 and -24 J kg™
K™t (under the magnetic field change of 0-7 T) for Gd2NiMnQOs and Gd2CoMnOQs, respectively.
La2NiMnOg (LNMO) is also the most studied compound both as bulk and thin film. Bulk LNMO
shows a near room temperature ferromagnetic transition, accompanied by large magneto-
capacitance and magnetoresistance effects (Choudhury et al., 2012).
1.1 APPLICATIONS OF PEROVSKITES

The perovskite structure class encompasses a huge variety of compounds. Most of the
metallic ions in the periodic table can be incorporated into the perovskite structure. Oxides and
fluorides comprise the vast majority of perovskite compounds (Goodenoough et al., 1970) but the
perovskite structure is found for many combinations of cations and anions. Chlorides (Brynestad
et al., 1966), Bromides (Knochenmuss et al., 1986), Hydrides (Messer et al., 1964), Oxynitrides
(Bacher et al., 1988) and Sulfides (Clearfield et al., 1963; Rodier et al., 1970) are all known with

the perovskite structure.

Perovskite structured compounds are used as Electrostrictive actuators (components which
modify an electrical signal depending upon its frequency, such as a band pass filter) are based on
a class of materials known as “relaxor ferroelectrics”. These materials are similar to normal
ferroelectric materials in that the application of an electric field can cause some of the atoms to
shift their positions in the unit cell. This causes a net polarization of the material which remains
even after the external field has been removed. Relaxor ferroelectric materials differ from normal

ferroelectric materials in several ways (Randall et al., 1990).
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In normal ferroelectrics, the dielectric constant changes dramatically near the Curie
temperature as they undergo sharp 1% and 2" order transitions. However, in relaxor ferroelectrics
the broad-diffuse phase transition removes the sharp temperature dependent changes of the
dielectric constant. This property is of great importance in applications where the temperature may
approach the Curie temperature of normal ferroelectric materials (Galasso et al., 1970). Another
important difference is that the dielectric constant in weakly frequency dependent in normal
ferroelectrics, but is strongly frequency dependent in relaxor ferroelectrics. This is the basis for an
electrostrictive actuator. Another difference is that normal ferroelectrics have a strong remnant
polarization while relaxor ferroelectrics do not. Another application of perovskite compounds is
the giant magnetoresistance (GMR). In such compounds the resistance is very sensitive to the
presence of magnetic fields. The primary application for such materials is the realm of magnetic

data storage and retrieval (Hwang et al., 1995b).

Interestingly, the magnetoresistive effect is very sensitive to the exact structure of the
compound. In particular, octahedral tilting distortions have been shown to play a critical role in
determining the size of the magnetoresistive effect and the Curie temperature (Hwang et al., 1995a;
Fontcuberta et al., 1996). Large number of perovskite structured compounds with general formula
ABO3 has been widely investigated in the past few decades due to their nature of exhibiting variety

of physical properties.

Recent interest on double perovskite type oxides is because of their application as an
electrode material for solid state fuel cells and a promising material as host for phosphorus (Dong
et al., 2013). Series of double perovskite system with general formula A2BB'Os have attracted
considerable attention due to their correlation of dielectric and the magnetic properties (Kobayashi

et al., 1999). In recent years, these double perovskites are studied extensively owing to their
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technological applications like memory devices, charge storage devices, phase shifters, second
harmonic generators, solid oxide fuel cells, sensors and radio frequency (rf) filters (Hoffman et.
al., 2011; Grimaud et al., 2013). The above discussion only focuses on some of the important
properties and applications of perovskites. However, properties like, optical, magnetic,
conducting, vibrational and thermoelectric properties in these materials are in need of through
investigation.
1.2 Review of Literature

Double perovskite AA'BB’Os have been investigated by several workers. For example,
Ba;LnSbhOs¢ (Ln = lanthanides) compounds with double perovskite AA'BB'Og structure have been
extensively studied in the past (Blasse 1965, Garcia Cascado et al., 1984, Alonso et al., 1997,
Karunadasa et al., 2003). Among these materials, Ba,GdSbOs compound was of special interest
because of its applications (Kurian et al., 1995) as substrate for high temperature superconducting
YBa>Cuz07-6 films. The crystal structure of Ba2GdSbOs material was reported as double cubic

perovskite (Kurian et al., 1995).

Karunadasa et al., (2003) studied f.c.c. lanthanide double perovskite of Ba;LnSbOe and
Sr2L.nSbOg (Ln = Dy, Ho, Gd) described that double perovskite with Ln®*, Sb®" ordering on the B
sites and found out that the anti-ferromagnetic near-neighbor coupling found for the Ho- and Dy-
based double perovskite is different from the spin-ice pyrochlores based on those elements where
the nearest neighbor coupling is ferromagnetic. Observation of the spin-ice behavior in the Dy and

Ho pyrochlores is the presence of significant magnet crystalline anisotropy.

Vijayakumar et al., (2008) studied synthesis, characterization, sintering and dielectric
properties of nanostructured perovskite Ba>GdShbOs, described that Ba,GdSbOe has been

synthesized as single phase nanocrystals (30—60 nm) via an exothermic chemical process for the

10
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first time. The solid combustion product obtained was characterized by X-ray diffraction (XRD),
electron diffraction, differential thermal analysis (DTA), thermo gravimetric analysis (TGA),
infrared spectroscopy (FT—IR) and transmission electron microscope (TEM). X-ray diffraction and
electron diffraction have shown that the as prepared powder is phase pure Ba2.GdSbOg and has a
complex cubic perovskite AA'BB'Og structure with lattice constant, a = 8-449 A. DTA and TGA
studies have shown that there is no phase transition taking place in the as prepared powder. The
transmission electron microscopy image of the as prepared powder reveals that the particle size is
in the range 30-60 nm. The nano powder could be sintered to a density of 96% of the theoretical
density at 1560°C for 3h. The scanning electron microscope (SEM) image of the sintered material
indicates high densification of the material with average grain size of 500 nm. The room
temperature dielectric constant (gr) and loss factor (tand) of the sintered pellet at 3 MHz was 20
and 0-03, respectively which indicates that the material is suitable for microwave applications. The
combustion synthesis has an advantage that the phase pure BaGdSbOs could be obtained by a

single step process without the need of any calcination step.

Jing Wang et al., (2012) studied theoretical investigation on the magnetic and electronic
properties of La2NilrOs and find out that the possible crystal structures (cubic Fm-3m, tetragonal
[4/m and monoclinic P21/n) and magnetic interactions (ferromagnetic and A-type
antiferromagnetic couplings), it has been found that monoclinic P21/n with A-type

antiferromagnetic coupling is the most stable.

Saad (2012) has done the first-principles linear muffin-tin orbital investigations to
understand the electronic and magnetic structures of double perovskites Ba2TMoOe (T = V, Cr,
Mn, Fe and Co). He found that the local spin density approximation with coulomb interaction

(LSDA+U) calculations depicted well the proper half metallic ferromagnetic ground states for

11
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Ba>CrMoOe, Ba;FeMo0Os and BaxCoMoOs. Half-metallic ferromagnetic nature is observed in
Ba,VMo0Oe, whereas insulating antiferromagnetic behaviour is observed in BaMnMoOse,
consistent with the theoretical and experimental results. He clearly observed that the Mo (4d)—
t2g| states are responsible for the conductivity feature in all compounds, except for Ba2VMo0Oe
and for the insulator Ba2Mn- MoOe. On the other hand, T(3d) elements have great contribution on
the magnetic properties of double perovskites Ba2,TMoOs, due to the orbits hybridization and
polarization among the T(3d), O(2p) and Mo(4d) ions. Mo (4d) ion has a little contribution in the
total magnetic moment in all materials. Due to the strong hybridization, the conduction charges
can be redistributed as T3* (3d")-0% (2p)-Mo°" (4d%), where n is more than zero in the non-filling

3d orbits.

Saad (2012) has also studied the half-metallic ferromagnetism in double perovskites

Ba>,VTOs (T= Nb and Mo) and find out that LSDA+U calculations depicted well the proper half-

metallic ferromagnetic (HM-FM) ground states with total spin magnetic moments of 2.1021 x,

and 3.0633 x, per formula unit cell for Ba2VVNbOs and Ba2\VVMoOs, respectively. V(3d) ions have

great effect on the magnetic properties of double perovskites Ba;VTOs, due to the orbits
hybridization and polarization between V(3d),0(2p) and T(4d) ions. Whereas, Nb°* (4d®) and Mo®
* (4dY) ions have small contribution in the total magnetic moment in their material. Due to the
strong hybridization, the conduction charges can be redistributed as the bridge-interaction form;
V3 (3d%)-0% (2p)-T°* (4d"), where n = 0 or 1, in the non-filling 4d orbits. HM-FM nature in

Ba,VNbOe and Ba,VM0Os compounds organizes from the ddp- -superexchange interactions 3d-

tfg = 2p—3d-t2”g 1 (n =0 or 1), conformity with Zener—Goodenough Kanamori (ZGK) rules.

12
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Thapa and others (2015) studied the electronic, magnetic and optical properties of double
perovskites AoFeReOs (A = Sr, Ba). They have found semiconducting behavior of majority
electrons with a finite gap at its Er and the presence of metallic band predicts that A2FeReOs to be

a half metallic ferrimagnets.

Ghimire et al., (2015) also studied the electronic and magnetic properties of double
perovskites Nd2MglrOs, found that by using first-principles density functional calculations,
Nd2MglrOs to be an antiferromagnetic Mott-Hubbard insulator. The study suggests that the
enhanced magnetic moment is a result of it in exchange rather than the exchange interaction

involving individual ions of Nd and Ir atoms.

In this thesis, we will present the results of density of states (DOS), band structures,
magnetic moments and optical properties of double perovskites AA'BB'Os by using full potential
linearized augmented plane wave (FP-LAPW). The FP-LAPW technique is based on DFT to solve
the Kohn-Sham of a many electron systems by presenting a basis set for the given system. This is
achieved by partitioning the cell into non-overlapping atomic circles and an interstitial region. The
detailed technique is discussed in chapter 2. We also make use of the modified Becke-Johnson
potential (mBJ) to a have a better description of the band gap deficiency offered by GGA and LDA
exchange-correlation potentials. First principle calculations are done for the systems A2MgWOs
(A = Ba, Sr), Pb2ScB'Os (B' = Sh, Ta), Ba2VB'Os (B' = Nb, Mo), and La>CrB'Oe (B' = Co, Ni)

using this approach.

The thesis is organized in the following manner.
In chapter 2, we describe the theory and methodology used in our calculation. We will
present an outline of the density functional theory (DFT), FP-LAPW model using GGA as well as

mBJ methods.

13
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In chapter 3, we describe the electronic and optical properties of double perovskites
A2MgWOs with alkaline earth element AA' as Ba and Sr; and transition metals B as Mg and B' as
W.

In Chapter 4, we describe the electronic and optical properties of double perovskites
Pb2ScB'O¢ with alkaline earth element AA' as Pb; and transition metals B as Sc and B' as Sh, Ta.

In Chapter 5, we discuss the electronic and optical properties of double perovskites
Ba>VVB'Oe with alkaline earth element A=A' = Ba; and transition metals B as V and B' as Nb, Mo.

In Chapter 6, we discuss the electronic and optical properties of double perovskites
La>CrB'Os with alkaline earth element AA' as La; and transition metals B as Cr and B' as Co, Ni.

Chapter 7 contains the concluding part of the thesis where we summarize the results obtained

in the case of double perovskites AA'BB'Os. This is followed by references.

14
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Theoretical Formalism and Methodology

In this chapter, we will discuss the theory, methods, and approximations used
in the calculations of DOS, band structures magnetic moments and optical properties
of double perovskites compound.

Density-functional theory is one of the most popular and successful quantum
mechanical approaches to matter. It is nowadays routinely applied for calculating,
e.g., the binding energy of molecules in chemistry and the band structure of solids in
physics. First applications relevant for fields traditionally considered more distant
from quantum mechanics, such as biology and mineralogy are beginning to appear.
Superconductivity, atoms in the focus of strong laser pulses, relativistic effects in
heavy elements and in atomic nuclei, classical liquids, and magnetic properties of
alloys have all been studied with DFT.

DFT owes this versatility to the generality of its fundamental concepts and
the flexibility one has in implementing them. In spite of this flexibility and
generality, DFT is based on quite a rigid conceptual framework. This section
introduces some aspects of this framework in general terms. The next section, 2.2 is
about the Born-Oppenheimer approximation followed by the two core elements of
DFT, the Hohenberg-Kohn theorem and the Kohn-Sham equations in section 2.3.1

and 2.3.2 respectively.
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2.1 Theory

To get a first idea of what density-functional theory is about, it is useful to
take a step back and recall some elementary quantum mechanics. A solid is a made
up of heavy, positively charged particles (nuclei) and lighter, negatively charged
particles (electrons). So for N nuclei, we are dealing with a problem of N+ZN
electromagnetically interacting particles. Thus we have a many-body problem where
quantum mechanics is needed: a quantum many body problem. The Hamiltonian for

many-particle system is:

2
H = __h_2 Ve,
- M,
e? 1 eZZ
47[80;‘R j‘ 87[80;I’ rj‘ 87[50;R R‘ @1)

The mass of the nucleus at R; is M, the electrons have mass me and are at r;.
The first term is the Kkinetic energy operator for the nuclei, the second for the
electrons. The last three terms describe the Coulomb interaction between electrons
and nuclei, between electrons and other electrons, and between nuclei and other

nuclei. Solving for this Eqn. provides the all the possible information of the system.

2.2 Born-Oppenheimer approximation

The nuclei are much heavier and therefore much slower than the electrons.
They can be “freezed' at fixed positions and assume the electrons to be in
instantaneous equilibrium with them. In other words: only the electrons are kept as
players in our many body problem. The nuclei are deprived from this status, and
reduced to a given source of positive charge, they become “external' to the electron

cloud. After having applied this approximation, we are left with a collection of NZ
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interacting negative particles, moving in the (now external or given) potential of the
nuclei.

Now we consider the importance of the Born-Oppenheimer approximation on
the Hamiltonian in Eqgn. 2.1. The nuclei do not move any more, their Kinetic energy
is zero and the first term disappears. The last term reduces to a constant. We are left
with the Kinetic energy of the electron gas, the potential energy due to electron-
electron interactions and the potential energy of the electrons in the (now external)

potential of the nuclei which is written as:
H=T+V +\7ext (2.2)
The kinetic and electron-electron terms of Eqn. 2.2 depend only on the fact

that we are dealing with a many-electron system.

2.3 DFT General Formulation

The quantum many body problem obtained after the Born-Oppenheimer
approximation is much simpler than the original one, but still far too difficult to
solve. Several methods exist to reduce Eqn. 2.2 to an approximate but tractable form.
The Hartree-Fock method (HF), performs very well for atoms and molecules, and is
therefore used a lot in quantum chemistry. However for solids it is less accurate. But
the most successful mean-field approaches is the density functional theory (DFT)
formulated in the 1960’s by Hohenberg, Kohn and Sham (Hohenberg and Kohn,
1964; Kohn and Sham, 1965), which has become the standard method in the

calculation of the electronic structure of solids.
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2.3.1 Hohenberg and Kohn’s Theorem

The formulation of the two theorems of Hohenberg and Kohn is as follows:
First theorem: There is a one-to-one correspondence between the ground-
state density p(r) of a many-electron system (atom, molecule, solid) and the external

potential Vex: . An immediate consequence is that the ground-state expectation value
of any observable O is a unique functional of the exact ground-state electron
density:

<¥|0|w>=0[p] (2.3)

Second theorem: For O being the Hamiltonian Hi, the ground-state total

energy functional H|[p]=E, [p]is of the form

~

V

ext

E,. [p]:<‘P"I°+\7“P>+<‘P ¥ (2.4)

= F [,0] + Ip(r)\/ext (r)dr (2.5)

where the Hohenberg-Kohn density functional Fuk[ ] is universal for any
many-electron system. E, [ p] reaches its minimal value (equal to the ground-state

total energy) for the ground- state density corresponding to Vex: .

From the one-to-one correspondence between ground-state density and
external potential we see that a given many-electron system has a unique external
potential, which by the Hamiltonian of Eqgn. 2.2 and the Schrddinger Eqgn. yields a
unique ground-state many particle wave function. From this wave function, the
corresponding electron density is easily found. An external potential hence leads in a

well-defined way to a unique ground-state density corresponding to it. But
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intuitively it looks like the density contains less information then the wave function.
If this would be true, it would not be possible to find a unique external potential if
only a ground-state density is given. The first theorem of Hohenberg and Kohn tells
exactly that this is possible! The density contains as much information as the wave
function does (i.e. everything you could possibly know about an atom, molecule or
solid). All observable quantities can be retrieved therefore in a unique way from the

density only, i.e. they can be written as functionals of the density.

The universality of Fux[p] in Eqn. 2.5 is written down by using the density

Operator. The density operator o(r) for an N-particle system is defined

A= 55 -1) (26)

as such that its evaluation for a many body wave function ¥ yields the density:

PA(r) =<P(1, 1., 1) | PO P (1, 1y, Ty ) > (2.7)

=<W(r,ry,...ly) Y(r,r,,.,r)> (2.8)

35 -1)

N
:Z_[\P*(rl,rz,....,riEr,....,rN)‘P(rl,r2,....,riEr,....,rN)drldr2 ...... dry (2.9)
i=1

Supposing the ground-state density is known, the contribution to the total
energy from the external potential can be exactly calculated. An explicit expression
for the Hohenberg-Kohn functional Fxk is not known. Fuk is a universal functional

for any many-electron system as it does not contain information on the nuclei and
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their position. This means that in principle an expression for Fuk[p] exists which

can be used for every atom, molecule or solid which can be imagined.

The second theorem makes it possible to use the variational principle of

Rayleigh-Ritz in order to find the ground-state density. Out of the infinite number of
possible densities, the one which minimizes E, [p]is the ground-state density
corresponding to the external potential Vex (r). Of course, this can be done only if an
approximation to F_, [,o] is known. But having found p, all knowledge about the
system is within reach It is useful to stress the meaning of the energy functional
E, [p]when it is evaluated for the density p corresponding to the particular Vex for

this solid, it gives the ground state energy. When it is evaluated for any other density

however, the results has no physical meaning.
2.3.2 Kohn Sham Equations

The equations of Kohn and Sham, turn DFT into a practical procedure to
obtain the ground state density. Rewriting the Hohenberg-Kohn functional, the
correlation energy is defined as this part of the total energy which is present in the

exact solution, but absent in the Hartree-Fock solution. The total energy functionals
E.[p]and E,[p]corresponding to the exact and Hartree-Fock Hamiltonians

respectively, are:
E,=T+V (2.10)

Ee =To+(Vy +V)) (2.11)
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Here T and V are the exact kinetic and electron-electron potential energy functionals,
To is the functional for the kinetic energy of a non-interacting electron gas, V+ stands
for the Hartree contribution and Vx for the exchange contribution. By subtracting

2.11 from 2.10, the functional for the correlation contribution is
V., =T,-T (2.12)
The exchange contribution to the total energy is defined as the part which is

present in the Hartree-Fock solution, but absent in the Hartree solution. Obviously,

with the Hartree functional given by
E,=T,+V, (2.13)
Which is defined as

V, =V -V, (2.14)

X

Rewriting the Hohenberg-Kohn functional in the following way:

Fou =T+V +T,-T,
=T, +V+(T -T,)
V,
=T, +V +V_ +V, -V,
=T, +V, +V.+(V -V,)
—_—

V,

X

=T,+V, +V, +V,
V,

XC

Here Vi is the exchange-correlation energy functional. Again we can write

explicitly the energy functional:

E,. [P]=Tolp]+Vi [P]+Vsc [P]+ Ve [ P] (2.15)

21



Chapter 2 Theoretical Formalism and Methodology

By taking the above expression as the energy functional of a non-interacting
classical electron gas, subject to two external potentials: one due to the nuclei, and
one due to exchange and correlation effects. The corresponding Hamiltonian - called

the Kohn-Sham Hamiltonian is

I:IKS :fo +VH +vxc +\7ext (2-16)
2 2 '
__h V2 + © j pr) dr'+V, +V_, (2.17)
2m, Arey ? (r—r')

where the exchange-correlation potential is given by the functional derivative

~ oV
v, - Nelp] (2.18)
op
The theorem of Kohn and Sham can now be formulated as follows:
The exact ground-state density o(r) of an N-electron system is
N *
pr)=2.0,(r) o (r) (2.19)
i=1

where the single-particle wave functions ¢ (r) are the N lowest-energy solutions of

the Kohn-Sham Eqgn.

~

Hiso = &0, (2.20)

The single-particle wave functions ¢, are not the wave functions of

electrons. They describe mathematical quasi-particles, without a direct physical

meaning. Only the overall density of these quasi-particles is guaranteed to be equal
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to the true electron density. Also the single-particle energies ¢ are not single-electron

energies.

2.4 Local Density Approximation (LDA)

The LDA has been the most widely used approximation to the exchange-
correlation energy in the density functional theory (DFT), for a long time. It has been
proposed by Kohn and Sham (1965). The main idea is to consider general
inhomogeneous electronic systems as locally homogeneous and then to use
exchange-correlation hole corresponding to the homogeneous electron gas. LDA has
been widely applied to portray a variety of close-ranged exchange-correlation
interactions for instance, covalent bonding systems. However, LDA has serious
limitation that this approximation cannot provide estimation to the long-ranged
exchange-correlation interaction as typified by the Van der Waals (VdW)
interaction. The VAW interaction is one of the long-ranged electronic interactions
which mainly add to the first stage of the material reactions such as the chemical
reaction, crystal growth and physical absorption. To assess the VdW interaction,
many efforts have been devoted to develop useful calculating recipes for the non-
local exchange-correlation term. The Hohenberg-Kohn theorem states that the
energy of the ground state of a system of electrons is a functional of the electronic
density especially, the exchange and correlation (XC) energy is also a functional of
the density (this energy can be seen as the quantum part of the electron-electron
interaction). This XC functional is not identified accurately and must be
approximated. LDA is the simplest approximation for this functional, it is local in

the sense that the electron exchange and correlation energy at any point in space is a
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function of the electron density at that point only. The XC functional is the total of a

correlation functional and an exchange functional:

E.=E, +E, (2.21)
LDA uses the exchange for the uniform electron gas of a density equal to the density

at the point where the exchange is to be assessed
3 —3e’ 2 u
Ee = [d°rn(n)| =2 (372' n(r) 3) (2.22)
Az

It is found that all quantities are represented as functional of the electronic
charge density. The significant point that makes this system easier to solve is that the
efficient possibility is local. Therefore there is no more complication added in
solving Schrodinger Eqgn.. Of course, this is only true if the exchange-correlation
energy can be portrayed as a function of the local charge density. A technique of
doing this is known as the local density approximation (LDA). As mentioned above
in LDA, the exchange-correlation energy of an electronic system is built by taking
for granted that the exchange-correlation energy for each electron at a point r in the
electron gas is equal to the exchange-correlation energy for each electron in a

identical electron gas that has the same electron density at the pointr. It follows

therefore

Eye [N(1)] = [ £ ((r)n(r)dr 023
with

&.(n(r) =" (n(r)) (2.24)

hom ] . .. .
where & (N()) is exchange-correlation energy in identical electron gas.

Eqn. (2.24) is the supposition that the exchange-correlation energy is purely local.
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hom

Several parameterizations for ¢, (n(r)) exists, such as parameterization of Perdew

and Zunger (1981).
2.5 Generalized Gradient Approximation

The first logical step to go beyond LDA is the use of not only the information
about the density o(r) at a particular point r, but to supplement the density with
information about the gradient of the charge density, v(r) in order to account for
the non-homogeneity of the true electron density. In other words, the gradient of the
density will play a role. This approximation is therefore called the Generalized
Gradient Approximation (GGA). Although GGA performs in general slightly better

than LDA, there are a few drawbacks. There is only one LDA exchange-correlation
functional, because there is a unique definition for ¢, . But there is some freedom to

incorporate the density gradient, and therefore several versions of GGA exist.
Moreover, in practice one often fits a candidate GGA-functional with free
parameters to a large set of experimental data on atoms and molecules. The best
values for these parameters are fixed then, and the functional is ready to be used
routinely in solids. Therefore such a GGA-calculation is strictly spoken not an ab
initio calculation, as some experimental information is used. Thus, we write the
exchange correlation energy in the following form termed Generalized Gradient

Approximation (GGA)

Ex 2,01 )= [ PN P()Fc (. 23 [V, (1) [V, (1) )dr (2,25

hom

Where Fxc is a dimensionless quantity and &,. is the exchange energy of the

unpolarized gas. The largest error of this approximation actually arises from the
gradient contribution to the correlation term. The early work of Gross and Dreizler,

(1981) provided a derivation of second order expansion of the exchange density
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matrix, which was later re-analysed and extended by Perdew, (1985). GGAs are
typically based either on theoretical developments that reproduce a number of exact
results in some known limits, for example 0 and o density or the correlation
potential in the He atom, or are generated by fitting a number of parameters to a
molecular database. Normally, these improve over some of the drawbacks of the
LDA, although this not always the case. What is needed for the functional is a form
that mimics a re-summation to infinite order, and this is the main idea of the GGA,
for which there is not a unique recipe. Naturally, not all the formal properties can be
enforced at the same time, and differentiates one functional from another. A
thorough comparison of different GGAs are done by Filippi et al. (1994). The
generalized gradient approximation (GGA) has attracted much attention for its
abstract simplicity and moderate computational workloads. At present, two GGA
functional, one suggested by Becke and Perdew (BP) and one suggested more
recently by Perdew and Wang (PW), are the most popular ones in the literature
(Perdew et al., 1996). Many calculations assessing the accuracy of the GGA have
been reported and commonly demonstrate that the GGA substantially corrects the
LDA error in the cohesive energies of molecules and solids. Generalized gradient
approximations (GGA’s) to the exchange-correlation (XC) energy in density-
functional theory are at present receiving increasing attention as a straightforward
substitute to improve over the local-density approximation (LDA) in ab initio total-
energy calculations (Kresse and Furthmuller, 1996). The lattice parameters always
rise in comparison with the LDA, a closer agreement with experimental data is

reported for alkali metals, 3d metals, and some 4d metals.
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2.6 Local Spin density approximation (LSDA)

In magnetic systems or, in other words we can say that the systems where
open electronic shells are involved, better approximations to the exchange-
correlation functional can be obtained by introducing the two spin densities such as

nT(p(r)) and nd (p(r))in LDA to obtain LSDA. The E[n°(r)] energy is a

functional of both the spin-up and down spin densities. With such distinction, the

Kohn-Sham Eqgn. can be written as:
1 2 o o o te
-5V +VS g7 (r) = &7 (r) (2.26)

where V&, and Nn’(r)are the spin extension of the previous quantities.

. ry .. SE [nT,nd
VKS (r) :V(r)+e2,|.‘l:-)£ I’)" dr + )gia(r) ]

{o _ 6Exc[n T’ n \L] (e _ O 2 _ (e
= P (0= Yl or=>p7(r) (2.27)

The imbalance between n 1T and n { producing the magnetization M = n 7T -
n <, is given by the exchange-correlation potential Us xc (r) which accounts for the
different populations nT and nl by the derivative. In the local spin density

approximation (LSDA), the exchange and correlation contributions are separated as:
ES (] =3 [ " (07 (1) p7 (1) dr

(2.28)
ESp(n), €01 = [[ & (p(0)+ F(EM)(EL (p(N) =L (p(1))) |p(r)dr

where  £(r)=[n T (o(r)-n (p(r)|/n T (p(1)+n (p(r)) s the normalized

magnetization, f (&(r)) is a smoothing function, and &, and &, are proper functional
representing the correlation energies for the spin-polarized and unpolarized systems,
respectively.
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2.7 The full-potential linearized augmented-plane wave (FP-LAPW) method
The full-potential linearized augmented-plane wave (FP-LAPW) technique is
well known to allow most precise calculation of the electronic structure and
magnetic qualities of crystals and surfaces. The application of atomic forces has
greatly maximized its applicability, but it is still commonly supposed that FP-LAPW
computations need considerable higher computational effort in comparison with the
pseudopotential plane wave (PPW) based techniques. FP-LAPW has recently
showed important progress. For example, researchers habitually work out magnetism
and nuclear quantities (for example, isomer shifts, hyperfine fields, electric field
gradients, and core level shifts). Also, forces and molecular dynamics have been
applied, and recent optimizations have decreased the CPU time of FP-LAPW
calculations significantly. Nevertheless, because the computational expense and
memory requirements are still fairly high, FP-LAPW implementations are suitable
only to fairly complicated systems. One successful implementation of the FP-LAPW
technique is the program package WIEN2K, a code enhanced by Blaha, Schwarz and
coworkers (Blaha et al., 2008). It has been successfully implemented to a various
scope of difficulties such as electric field gradients and systems such as high-
temperature superconductors, minerals, surfaces of transition metals, or anti-
ferromagnetic oxides and even molecules (Ernst et al., 2005). So far the main
disadvantage of the FP-LAPW-technique in comparison with the pseudopotential
plane-wave (PPW) method has been its higher computational expense. This may be
largely because of an inconsistency in optimization efforts spent on both techniques,
and so we have investigated the FP-LAPW technique from a computational

arithmetical viewpoint. Lately, the development of the Augmented Plane Wave
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(APW) techniques from Slater’s APW, to LAPW and the new APW+lo was
portrayed by Schwarz et al. (2003).

One of the most precise techniques for performing electronic structure
calculations for crystals is the FP-LAPW technique. It is based on DFT for the
handling of exchange and correlation and uses (for example, the LSDA). Effects, for
valence states relativistic, can be incorporated either in a scalar relativistic handling
or with the second dissimilarity technique including spin-orbit coupling. Core states
are treated fully relativistically. The FP-LAPW technique, which is like most energy-
band techniques is a process for solving the Kohn-Sham Eqns. for the ground state
density, total energy, and (Kohn-Sham) eigen values (energy bands) of a many-
electron system by presenting a basis set which is particularly modified to the
problem. This alteration is achieved by partitioning the unit cell (Fig. 2.) into (I)
non- overlapping atomic circles (centered at the atomic sites) and (I1) an interstitial
region, that’s to say, a region between two spaces. In the two sorts of regions diverse
basis sets are used:

(i) Inside atomic sphere t of radius R¢ a linear combination of radial functions times

spherical harmonics Y,,,(I') is used:

B = 2| Anth (1, E )+ B, (r,E) Y, () (2.29)

where U, (I, E,) is the (at the origin) normal way out of the radial Schrodinger Eqn.
for energy E1 and the spherical part of the potential inside sphere, U,(I,E,) is the

energy derived of U taken at the similar energy. A linear mixture of these two
functions comprise the linearization of the radial function; the coefficients Aim and

Bim are functions of kn decided by requiring that this root function U, goes with the
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Fig. 2.1 Partitioning of the unit cell into atomic spheres (1) and an interstitial

region (I1).
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equivalent basis function of the interstitial region; U, and are achieved by numerical

integration of the radial Schrodinger Egn. on a radial mesh inside the sphere.

(i) In the interstitial zone a plane wave extension is applied

ieiknr (2.30)

Do = N
where kn = k + kn, kn, are the mutual lattice vectors and k is the wave vector inside
the first Brillouin zone. Each plane wave is increased by an atomic-like function in
every atomic sphere. The solutions to the Kohn-Sham equations are extended in this

joint basis set of LAPW’s according to the linear dissimilarity technique

vi = D Codk, (2.31)

and the coefficients C,, are decided by the Rayleigh-Ritz variation rule. The union of
this basis set is controlled by a disconnected parameter Ryt X Kmax = 6 - 9, where
Rwr is the smallest atomic sphere radius in the unit cell and Kmax is the magnitude of
the largest K vector. Additional (K, independent) basis functions can be added to
improve upon the linearization and to make possible a reliable treatment of semi core
and valence states in one energy window .They are called “local orbitals” and consist
of a linear combination of 2 radial functions at 2 dissimilar energies and one energy

derivative:
hwo = [Amul (r' E1.|)+ Blmul (I’, E1.|)+C|mu| (r, E2.|)]Y|, (f) (2-32)
The coefficients Aim, Bim, and Cim, are decided by the necessities that ¢|ano

should be regularized and has zero value and slope at the sphere border. The FP-

LAPW technique, in its general form, extends the potential in the following form
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D Vi (DY, (F)  inside sphere

V (F) = Im .
" ZVKG'” outside sphere (2.33)
K

2.8 Modified Becke Johnson Potential (mBJ)

The density functionals of the local density (LDA) and generalized gradient
(GGA) approximations are the standard choice for the exchange—correlation energy
Exc= Ex + Ec to perform calculations on periodic solids with the Kohn—-Sham method
(Kohn and Sham, 1965) of density functional theory (Hohenberg and Kohn,1964),

whose Eqgn.s are
g2 - 2.34
2 Vet o (1) |Wi,5 (1) =& ¥ ,(I) (2.34)

where Vg, =Vi, +V +V,.is the Kohn-Sham multiplicative effective

potential whose components are the external Hartree, and exchange—correlation (

Vieo =OE [ 0p, =V, . +V, ) terms, respectively. In many cases, the LDA and GGA

functionals (Perdew et al., 1996, 1997) are able to provide reliable results for the
geometry (i.e., equilibrium structure) and electronic structure of solids. Nevertheless,
some problems remain with these approximations, and the most notorious is the
under estimation of the band gap, which is often too small, or even absent, compared
to experimental results (Perdew, 1986). It is also well known that rigorously the
Kohn-Sham eigen values should not be used for excitation energies, but it is
common practice to do so. Mainly responsible for this deficiency in the band gap is
the self-interaction error contained in the LDA and GGA exchange—correlation

potentials (Perdew and Zunger, 1981).
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There are alternative ways to have an estimate of the experimental band gap.
One can use a method which lies outside the KS framework by using a non-
multiplicative potential. Hybrid functionals (e.g., HSE (Heyd et al., 2005)), in which
a fraction of exact exchange replaces a fraction of the LDA or GGA exchange, also
improve the band gap. However, the hybrid methods are more expensive and also
not satisfactory in all cases. Another possibility is the LDA+U (Anisimov et al.,
1991) method, but it can only be applied to correlated and localized electrons, e.g.,
3d or 4f in transition and rare-earth oxides. Very successful but also very expensive
methods are the combination of LDA with dynamical mean-field theory (LDA +

DMFT) (Georges et al.,1996) and of course GW (Bechstedt et al., 2009). In fact,
with such non-multiplicative potentials (a part of) AXC is contained in the CBM —

VBM difference.

Nevertheless, if one wants to stay inside the KS framework and still use a
computationally cheap semi-local method that leads to KS band gaps which are close
to the experimental band gaps, the potential of Becke and Johnson (BJ) (Becke and
Johnson, 2006) can be a good starting point. The multiplicative BJ potential reads

t,(r)
p.(r)’

Ven () =vo (1) 1P (2.35)

N, 2
where p, =Y/, ,| is the electron density , the kinetic-energy density is
i=1l

given by
L, =12y VY, Yy, (239
v ) == (e 0 -2, (e ) @37

b, (r) 2

33



Chapter 2 Theoretical Formalism and Methodology

is the Becke-Roussel (BR) (Becke and Roussel, 1989) exchange potential,

which was proposed to model the Coulomb potential created by the exchange hole.

In Eq. (2.37), X, is determined from a nonlinear Eqn. involving p,,Vp, , Vng, and

t,, and then b, is calculated withb, =[ x’e™ | (8p, )] . The asymptotic behavior

of vf”cr is that of the exact KS exchange potential. The «/t/ p term was introduced to

reproduce the step structure of the OEP in atoms and can be considered as a kind of

screening term.

The BJ exchange potential has been implemented (Tran et al., 2007) self-
consistently into the WIEN2k code (Blaha et al., 2001) which is based on the full-
potential (linearized) augmented plane-wave and local orbitals method to solve the
KS equations for periodic systems. Tran et al. (2007) showed that the BJ potential
improves over LDA and PBE for the description of band gaps; i.e., the obtained
values for CBM — VBM were larger and hence closer to experiment. However, the
improvement was moderate. Further improvement has been achieved by a modified
version (TB-mBJ) (Tran and Blaha, 2009) of the BJ exchange potential which
introduces a parameter to change the relative weights of the two terms in the BJ

potential:

VM (1) = VR (1) + (3c—2) = \/7 2,(r)
Ps (1) (2.38)

where ,Oa(r) is the spin dependent density of states, ta(l’) is the kinetic energy

density and V (I’) is the Becke-Roussel potential (BR) (Engel, 2009). The c stands

for
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1 |Ap(r)|
c=A+B d3r 2.39
\/Vcell I p(r) ( )

A and B are parameters adjusted to produce the best fit to the experimental

values of the semiconductor band gaps. In the WIEN2k code, the kinetic-energy density

t_ is not calculated with Eqn. (2.37) but instead with the equivalent expression

N, 2 1
=2 b e O Vi, (0P, (0+3 V20, (a0)
which depends on the potential V.’ , entering the Kohn-Sham equations

(Eqn. (2.34)). For the evaluation of Eqgn. (2.41), the exchange—correlation part of

VS was taken from the previous iteration of the self-consistent procedure. A

eff ,o
Newton algorithm was used to solve the non-linear Eqgn. for x o in each point of
space, and we ensured always obtaining a positive real value (which is unique). The
calculations with the mBJ exchange potential are done without correlation or in

combination with LDA correlation (Perdew and Wang, 1992).

2.9 Equation of states
The calculated total energies (E) within GGA as function of the volume (V)
were used for determination of theoretical lattice constant and bulk modulus.
Equilibrium lattice constant, isothermal bulk modulus, its pressure derivative are
calculated by fitting the calculated total energy to the Murnaghan’s Eqn. of state
(Murnaghan, 1944).A series of total energy calculations as a function of volume can
be fitted to an Eqn. of states according to Murnaghan.

(VO/V)BO +1 = BOVO
B, -1 B, -1

E(V)=E,+ (2.41)
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where E, is the minimum energy at T = OK, B, is the bulk modulus at the

equilibrium volume and B,is pressure derivative of the bulk modulus at the

equilibrium volume. The equilibrium volume is given by the corresponding total

energy minimum as shown in Fig. 2.3.

dE dP . d’E
Pressure, P =—— and Bulk modulus, By =V —=V—
dv 0 dv  dv?

2.10 Optical Properties

Interaction of radiation with matter gives various interesting phenomena such
as absorption, transmission, reflection, scattering or emission. The study of these
properties provides several informations with regard to the behaviour of matter in
various energy ranges (Pines, 1963). The electrons of the matter absorb the energy of
the incident light and jumps from occupied valence state to the unoccupied
conduction state. This kind of transitions provides the understanding of the location
of the initial and the final energy bands and symmetry of their associated wave
functions (Callaway, 1974a). This is infact related to the response function of the
system which is strongly dependent on the frequency of the incident radiation and
the wave vector which is given bye(w,q). In the infrared and higher energy
radiation (long wavelength limit) the dielectric function is dependent only on
frequency compared to wave vector (Callaway, 1974b) and hence the dielectric

function can be written as &(w,0) which is the combination of real and imaginary

parts and is given by

e(w)=¢/(w)+ie,(w), (2.42)
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where g (w)and ¢,(w) are the real and imaginary parts of dielectric

function. When the electromagnetic radiation falls on crystal it interacts with the
electrons of the crystal. We assume that the crystal is free of imperfections, the total

Hamiltonian of the electromagnetic radiation on perfect crystal is given by

1 N 3\ 2 —
H =—(P+eA) +V(F) (2.43)
2m

where P is the momentum, A and V (r) are the vector potential and periodic

crystal potential respectively.

The first order perturbation operator describing the interaction between the

radiation and the electrons is
— e —_— —
Ho(r,t)_E(A p) (2.44)
The vector potential for a plane wave can be written as,
A= Koéexp[i (E.F—a)t)}rc.c. (2.45)

where € the unit vector of polarization in the direction of the electric field
and c.c. is the complex conjugate. The second term is neglected which is the

emission term and only the first term is considered which gives the absorption.

The transition probability for an electron going from an occupied valence

state E, (kT)to an empty conduction state E, (E) can be written as,

2

W(a),t,k_v’,k_c)):

(2.46)

fo] g7, (G R, (7

eZ
m?h?
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Here, Bloch type eigen functions wy. and w, belongs to E,and E,

respectively and can be written as
v, (F F,t) :exp[—ih_lEv (F)t} exp(ik_V’.F).uv (k_’F) (2.47)

Here both u, and u_are the periodic wave functions with periodicity of the

lattice. Combining Eqgs. 2.45, 2.46, 2.47, and using

= SA
E=-22 2.48
St (2:48)
We get
. e?E2 . I
w(a),t,kv,kc):mz—aj2 !dt'exp[uh (E.-E,-ho)t']eM,, (2.49)

with the matrix element

eMa :jd?exp [—i (k_; —~ E).F} ueV exp(ik—;.F)uV (2.50)

here the matrix element will vanish unless E—EZEV+En where Knis the

reciprocal lattice vector.

Since k = 27” is very small as compared to the linear dimensions of Brillouin

Zone (BZ) it can be neglected. This gives the condition that that only vertical
transitions without a change of the wave vector are allowed and is called direct

transitions. The integration of Eq. 2.49 over ¢’ gives
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w(otk k)= PLI(E.~B —he)yn] 1o 5 (2.51)
mw i(E,—E,—ho)/h
from which we obtain the transition probability per unit time as
We :mjdk‘e.Mcv 5(E, —E, —ho) (2.52)

The ¢ function contains the second selection rule and transition probability is
different from zero if the initial and final state energy difference is equal to photon
energy. We can now obtain the various optical constants as follows: The frequency

dependent optical conductivity (o) given by (Reshak, 2007),
o(@)=2W, ho | E? (2.53)

The imaginary part of dielectric function is

2

4h%e?

& (0)=— = [dkjeMa| 5(E,~E, -ho) (2.54)
—»M. 2
2,2 €.M v
£ (0) =28 s (2.55)
m " < Vk(Ec—Ev)
E.—-E,=ho

The real part of the dielectric function can be calculated using the Kramers-

Kronig relations from imaginary part e, (@),
J-ngz(a)')da)' (2.56)
0

The dielectric function is not directly accessible experimentally for the

optical measurements, hence they have to be calculated from the other parameters.
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They are reflectivity R(w), the refractive index n(w)and extinction coefficient

k(a)) These experimentally observable quantities are related to real and imaginary

parts of the dielectric function as follows:

The optical reflectivity spectra are derived from the Fresnel’s formula for
normal incidence assuming an orientation of the crystal surface parallel to the optical

axis using the relation (Ambrosch et al., 1998; Yu et al., 1999).

2

(o) +

e(w)+1

R(a)): (2.57)

While the electron loss-function (—Im(in is given by (Yu et al., 1999,
&

Fox, 2002; Dressel et al., 2001)

& (@)

1)_ ()=
Wt e

We calculate the absorption coefficient I (o) and real part of optical

conductivity Re‘a(a))‘ using the following expression (Ambrosch et al., 1998;

Delin et al., 1996)

|(a))=a(w)=2a)[\/812 (a))+€222(a))gl(a))] (2.59)

Re‘a(m)‘:a(w):j—j (2.60)
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Also, the optical spectra such as the refractive index, n(a)) and the

extinction coefficient, K (a)) are calculated in terms of the components of the

complex dielectric function as follows (Delin et al.,1996; Fox, 2002; Dressel et al.,

2001).

n(w)= + X0 (2.61)

K(w)= - (2.62)

2.11 The WIENZ2k Code

The calculations in this work are performed using the WIEN2k computer code
(Blaha et al., 2012). This code contains several sub-programs, few of which are
described briefly below. There are two major parts in the program, the initialization
and the self-consistent field (SCF) cycle. The flow chart of the code is given in Fig.

2.2.

* Initialization (Setting up the unit cell and generating the initial density):

In this sub-program, atomic densities are generated and superimposed to obtain
a initial crystal density for the SCF calculation. Additionally, the atomic potentials
and optionally, atomic valence densities are created. Information about I, m values of
the lattice harmonics representation and number of Fourier coefficients of the

interstitial charge density are inserted as input file in this part.

* LAPWO (Construction of the effective potential):
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The Poisson equation is solved and the total potential is computed as the sum
of the Coulomb and the exchange-correlation potential in the LAPWO program. The
electron (spin) density is used as input and the spherical (I = 0) and the non-spherical
parts of the potential are generated. The exchange-correlation potential is computed
numerically on a grid. Additionally, the Hellmann-Feynman force contribution to the

force is also determined.

* LAPW!1 (Solving the Kohn-Sham equations of valence electrons):

The Hamiltonian and the overlap matrix are set up in LAPWZ1. Their diagonalization
provides the eigenvalues and eigenvectors. Both the LAPW and the APW+lo
methods are supported. For maximum efficiency a mix of both are recommended,
i.e. the APW+lo basis functions are used for physically meaningful | values, while

LAPW basis functions are employed to describe higher I-values functions.

* LAPW?2 (Construction of the new electron density):

The Fermi-energy is computed. The electronic charge densities are expanded
according to the representation of Eq. 2.36 for each occupied state and each k-vector.
Afterwards the corresponding (partial) charges inside the atomic spheres are

obtained by integration.

* LCORE (The treatment of the core electrons):

The potential and the charge density of the core electrons are computed.
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Fig. 2.2: Flow chart of WIEN2k code
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* LMIXER (Generating the input density for the next iteration):

The electron densities of core, semi-core, and valence states are combined to
yield the total new density. Taking only the new densities would, however, lead to
instabilities in the iterative SCF process. To have a stable SCF cycle new and old

densities need to be mixed, to obtain a new density.

m

m+1 m
r]new - (1_ a) nnew + anold (2.63)

here a is a mixing parameter. In the WIEN2k code this is done (mainly)
using the Broyden scheme. The total energy and the atomic forces are computed in

mixer, as well.

It is well known that for localized electrons LDA and GGA methods are not
accurate enough for a proper description of some of the strongly correlated systems.
Thus other methods like LDA+U and Orbital polarization are also implemented in
this program. In WIEN2k (Blaha et al., 2012) the effective Coulomb- exchange
interaction (Uert = U —J) is used for the LDA+U calculations (Anisimov et al., 1991,
1997). This particular scheme is used in WIEN2k to include double-counting
corrections, however, it neglects multiple terms. It should be mentioned that the +U
was used on top of GGA or LSDA parametrization of the exchange-correlation
functional. A significant difference was observed using one or the other of the

parameterizations.
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=5 )
9

Study of Electronic and Optical properties of Double
Perovskites A-MgWOs (A = Ba, Sr)

In this chapter, the study of the electronic and optical properties of cubic double
perovskites A>MgWOs (A = Ba and Sr) by using the generalized gradient approximation (GGA)
potential. The combination of the elements for the formation of the perovskite in this study is :
(a) the element A are Ba and Sr which are Alkaline Earth elements (b) The combination of the
elements B and B' is Mg and W respectively which are transition elements. The result of density
of states (DOS), electronic band structures and optical properties have been studied for
BaxMgWOs and SroMgWOe using the Wien2k program (Blaha et al., 2012).

3.1 Crystal structure

All atomic positions are in fractional coordinates (Wyckoff, 1935). Fig. 3.1 shows that the
(100) plane of the corresponding conventional unit cell which was displayed by XCrySDen
(Kokalj, 2003). The structural optimization based on Murnaghan's equation of state (Murnaghan,
1994) was performed to obtain the relax structure with minimum energy, the obtained optimized
lattice parameters are summarized in Table 3.1. The structural optimization defines the energy
versus volume plot for A-MgWOs (A = Ba and Sr) which are given in Figs. 3.2 and 3.3. The

optimized lattice constants were used to calculate the electronic structure and optical properties.
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The double perovskites compound A2MgWOs (where A are Ba and Sr) contain four atoms
in the unit cell which forms the base of fcc lattice. The crystal structure is shown in Fig. 3.1 and
found to crystalize in the cubic phase with space group Fm-3m (No. 225). The Wycokff’s atomic
positions of the atoms are given by A=Ba, Sr (8¢)(0.25, 0.25, 0.25), Mg (4b)(0.5, 0.5, 0.5), W

(42)(0,0,0), and O (24¢€)(u,0,0), respectively.
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Fig. 3.1. Crystal structure of A-MgWOs (A = Ba, Sr)
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Table 3.1. Calculated lattice constant (a), internal atomic parameters u, bulk modulus B (in
GPA) and pressure derivative of bulk modulus (B") of A-MgWOs (A = Ba, Sr)

Compound | Calculated (a) | Previous (a) u B(GPA) B'
BaxMgWOs 8.1685 8.1122 0.2551 157.1005 4.3944
SroMgWOs 7.9510 7.9524P 0.2556 166.1450 4.3527

3(Filipev et al., 1974), ®(Patwe et al., 2005)
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3.2 Computational details

In this method, the space is divided into non-overlapping muffin-tin (MT) spheres
separated by an interstitial region. The basis functions are expanded into spherical harmonic
functions inside the muffin-tin sphere ad the Fourier series in the interstitial region. The
convergence of basis set was controlled by a cutoff parameter Rmt X Kmax = 7 where Rmt is the
smallest of the MT sphere radii and Kmax is the largest reciprocal lattice vector used in the plane
wave expansion. The cutoff energy which defines the separation of valence and core states was
chosen as -6.0 Ry. For k-point sampling, a 12 x 12 x 12 k-point mesh in the first Brillouin zone
was used. The self-consistent calculations were considered to be converged until the integrated
charge difference between the last two iterations was less than 10* eV. The theoretically
obtained lattice parameters have been used here for DOS, energy bands calculations etc.

3.3 Results of Density of states (DOS)

In this section, we present the results of total density of states (DOS) and the partial
density of states (PDOS) in the case of double perovskites A2MgWOs (A = Ba and Sr). For the
combinations of the elements, we have chosen the alkaline earth elements A as Ba and Sr,
transition metals B as Mg and B' as W.

3.3.1 Density of states for Ba2MgWOs

In this section, we present the results of density of states (DOS) calculated in the case of

BaxMgWOs double perovskites using the GGA potential. The optimized lattice constants given

in Table 3.1 were used to calculate the electronic structures of Ba2MgWOs perovskites.
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The total density of states (TDOS) and partial density of states (PDOS) of Ba2MgWOs
and the individual atoms Ba, Mg, W and O are given in Fig. 3.4 and 3.5 respectively. It is seen
from Fig. 3.4 that there is maxima in TDOS of BaxMgWOs which is about ~ 17 states/eV that
occurs at -1.5 eV below Fermi level (EF = 0) in valence band. From the plots of TDOS of
individual atoms, it is seen that only the TDOS of O atom is maximum and coincides almost with
TDOS in the valence band. The other atoms Ba and Mg except W are having negligible
contribution to TDOS since minor contribution from W at ~ -3 eV in the valence band as seen in
the plots. In the conduction band, the maxima in the TDOS of Ba2MgWOsg is 11.5 states/eV
which occurs at around 3.5 eV energy contributed by W atom above the Fermi level. Ba and O
atoms give several trend above the Fermi level except W who are having negligible contribution
in the conduction region. We observe a gap between the valence and the conduction band and the
value of this energy band gap is 2.753 eV.

To find out exactly which atoms or the electrons from diffferent states do contribute to
the TDOS, we have also plotted the PDOS of each individual atoms along with their respective
TDOS. These are shown for all the atoms in Fig 3.5. In Fig 3.5(a), TDOS and PDOS of Ba atom
is plotted. We find that in the valence band, contribution to TDOS is by the d-tog-state electrons
of Ba atom. It is seen also that PDOS contribution by Ba atom in valence band is very negligible
as it doesn’t make much impact to DOS. From TDOS and PDOS plots in Figs. 3.5(b) for the
case of Mg atom, there are almost negligible contributions to TDOS and PDOS by all the
electron states in the valence band regions. From Fig. 3.5(c), we have the maximum contribution
by W atom, we we can see a sharp peak about 2.5 state/eV occurs at -3.5 eV by W d-to4 State and

below that similar peak are obersved same contributed by W-d state. Also, from Fig. 3.5(d), there

51



Chapter 3 Electronic and Optical Properties

are contribution to TDOS by the p and px+py state electrons of O near the Fermi level in the

valence region respectively.

From the conduction region given in Figs. 3.5(a-d), we can see that a sharp peak at 3.4
eV which is about 5.5 state/eV contributed by d-tog state of W atom. Beside that there are
virtually no contribution to TDOS and PDOS by the other atom Ba, Mg and O atoms since there
contribution are quietly negligible. Hence, we can say that maximum contribution comes from W

atom in the conduction band.

3.3.2 Density of states for Sr2MgWOs

The total density of states (TDOS) and partial density of states (PDOS) of SrMgWOe are
given in Figs. 3.6 and 3.7. It was obtained that various bands are observed in the energy range of
-8 eV to 8 eV. It is very similar to previous Ba2MgWOs that the maximum contribution from
TDOS of SroMgWOs by O atom, which is about ~ 18 states/eV and occurs at -3.8 eV below
Fermi level (EF = 0) in valence band and also minor attributed by W atom near the semi core
region. From the plots of TDOS of individual atoms, we can see that only the TDOS of O atom
is maximum and coincides almost with TDOS except W atom which a short trend at ~ -4 eV of
SroMgWOs. Also similar to the case of Ba2MgWOs compound, the other atoms Ba and Mg are
having negligible contribution to TDOS in the valence band.

In the conduction band, the maxima in the TDOS of Sr.MgWOs is 11 states/eV which
occurs at 7.5 eV which is contributed by Sr-atom above the Fermi level. Sr and W atoms occupy
the major contribution in the conduction band. The other atoms Mg and O are having negligible

contribution to TDOS compared to Sr and W atom, hence in the conduction band; it is W atom
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which contributes to TDOS near Fermi level and above that Sr atom. We observe a gap between
the valence and the conduction band and the value of this energy band gap is 2.731 eV.

The PDOS plot of SroMgWOse are given in Fig. 3.7 to further clarify the TDOS plot. We
find that in the valence band, contribution to TDOS is by the d-tog-state electrons of W atom but
near Fermi level, it is O-p and O-px+py state electron that gives contribution in the valence band.
From TDOS and PDOS plots in Figs. 3.7(a) and 3.7(b) for the case of Sr and Mg atoms, their
contribution are negligible by all their electron states as we can see in the valence band regions.
From Figs. 3.7(a-d), it is seen that in the conduction band region, it is the Sr-d and W-d-ty4 state

electrons which are responsible for the occurrence of maxima in the conduction band.
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Fig. 3.7. TDOS and PDOS plot for individual atom of Sr-MgWOs
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3.4 Energy bands of Ba2MgWOs and Sr2.MgWOs

The band structure of A2MgWOes (A = Ba and Sr) is plotted along high symmetry
directions W-L- 7-X-W-K in the irreducible part of Brillouin zone as shown in Fig. 3.8. The
Fermi level is set to be at zero energy. Both of these compounds were found to have indirect
band gap along I'-X direction. The calculated band gaps from GGA approximation are 2.753 eV
and 2.731 eV for Ba2MgWOe and SroMgWOse respectively. Looking at the band gap value and
the DOS peaks at the lowest of the conduction band, it seems that both these compounds may
exhibit semiconducting nature. GGA exchange functional tends to underestimate the band gaps.
So the calculated GGA value may be less than the experimentally created real crystals. Recently,
many complex functional have been developed to compute for the accurate band gap results. Our
results are in good agreement to the available theoretical results (Brik, 2012; Guo et al., 2013).
The Fig. 3.8 gives the band structure plot of A2MgWOe, for both of the compounds, the
conduction band minima (CBM) lies along the X symmetry point and the valance band maxima
(VBM) along I symmetry point. Thus, an indirect band gap along I'- X direction is observed in
the irreducible part of the first Brillouin zone. In the conduction band along the I' symmetry
point, VCM is observed, which is mainly formed by the p states of O atom. The px and the py
orbitals contributes the most. The bands in the CBM are formed by the hybridization of p states
of O atom and the d states of atom W. The dty4 states of atom W contributes the most of CBM.
Thus, the band gap of compounds A2MgWOs can be explained as due to the hybridization of

pxtpy states of O atoms with d-tog states of atom W mixed with some s states of atom Mg.
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3.5. Results of Optical properties for A2MgWOs
The variation of the calculated dielectric function, absorption coefficient, refractive
index, and reflectivity for Ba2MgWOs and SroMgWOs as a function of photon energy within
GGA are shown in Figs. 3.9 and 3.10. Both the compounds Ba2MgWOs and SroMgWOe are
having cubic symmetry and hence, the principal tensor component exx, eyy and ez; will be equal.
Therefore only one component of the dielectric function has to be calculated i,e exx = eyy = €z..
The calculated value of the real and imaginary parts of the electronic dielectric function

for Ba2MgWOs and SroMgWOs are shown in Figs. 3.9(a) and 3.9(b). The detail analysis of the

imaginary parte, (o) curve shows that the first optical critical point of the dielectric function

occurs at 4.585 eV for Ba2MgWOs and for SroMgW s, it occurs at 4.001 eV. This point is called
I'v — X splitting, which gives us the threshold of direct optical transitions between the lowest
conduction band minima and the highest valence band maxima and is called the fundamental

absorption edge. Beyond this point, as the energy increases, the curve also increases rapidly. The

main reason behind is that the number of points contributing towards the imaginary ¢, (o)

increases instantaneously. The highest peak of ¢, (o) spectrum for Ba2MgWOe situated at 4.176

eV and for Sr-MgWOs situated at 3.986 eV. For the real parte, spectrum, the highest peak are

observed with a magnitude of 8.73 situated at 3.442 eV for BazMgWOs and for Sr-MgWOs, a
magnitude of 9.04 situated at 3.496 eV. The various peaks observed in the optical spectra was
originated from the transitions between the occupied states in the valence band to the unoccupied
states in the conduction band. The optical transitions of the compounds in the energy range 0-12

eV corresponds mainly to the transition from O-2p to W-d states whereas the higher energy
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peaks corresponds to transition from the semi-core electrons in the valence band to unoccupied

states in the conduction band.

The calculated reflectivity R (@) behavior of BaaMgWOs and SroMgWOe are given in
Figs. 3.10(a) and 3.10(b). From the reflectivity profile of Ba2MgWOs clearly shows the location
of peaks at energy of 4.258, 7.877, 8.231, 9.347, 9.945 eV and for SroMgWOs, peaks are at
4.013, 8.204, 9.836 eV. The resulted plots from these compounds clearly show that the
maximum value of reflectivity are originated from the inter-band transitions. Therefore, we can
say these compounds possess semiconducting behavior since the reflectivity R (o) values do not
approach the unity toward zero energy. A detail analysis of the plots, we find that the reflectivity
spectrum is almost flat in the low energy region, but in higher energies, the reflectivity peaks
increase rapidly with some oscillations. The obtained low value of reflectivity in these
compounds implies that it becomes a strong candidate for the potential applications in the area of
transparent coatings in the visible and deep UV region.

From Fig. 3.10(c) and 3.10(d), the calculated peak of the absorption for Ba2MgWOs and
SroMgWOe. It is seen that from Ba2MgWOe, the absorption spectrum has four peaks located at
energy of 4.204, 7.904, 8.231, 9.020 eV and for Sr.MgWOs, we have obtained the peaks at
4.013, 5.047, 8.122, 9.455 eV. We have obtained that for both the compounds Ba2MgWOs and

SrMgWOs, the peaks obtained in the absorption spectra clearly matches with the peaks of

imaginary part of the dielectric function ¢, (®). From the absorption spectrum, it shows that at

the lower energies the absorption coefficient decreases which is a well-known behavior of

semiconductors and insulators.
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Table 3.2 The calculated dielectric constant ¢, (0), reflectivity R(w), and absorption coefficient
I(w) for Ba2MgWOs and SroMgWOB6.

Compound &, (0) R(w) I(w)
Ba:MgWOs 4.58 1.16 2.95
Sr.MgWOs 4.01 0.12 2.19
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Fig. 3.9(a). The optical spectrum of the dielectric constant as a function of the photon energy of

Fig. 3.9(b). The optical spectrum of the dielectric constant as a function of the photon energy of
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L

Study of Electronic and Optical properties of Double
Perovskites Pb,ScB'O¢ (B' = Sh, Ta)

In this chapter, we will present the results of calculations of the electronic and optical
properties for the Pb.ScB'Os (B' = Sh, Ta). We have chosen the combinations of alkaline earth
element as AA' = Pb and transition metals such that B as Sc and B' as Sb and Ta respectively. The
results of electronic and optical properties of these systems will be discussed here in the context
of FP-LAPW model within density functional theory. The exchange correlations potentials used
for the calculation is by using the GGA and mBJ potential, hence the results obtained is presented
for both of these methods. The computational details used in this chapter had been already
discussed in section 3.2 of Chapter-3. The only difference with the previous calculations is that in
the case of Pb,ScB'Os, we have used k=4000 points.

4.1  Crystal Structure

All atomic positions are in fractional coordinates (Wyckoff, 1935). Fig. 4.1 shows that the
(100) plane of the corresponding conventional unit cell which was displayed by XCrySDen
(Kokalj, 2003). The structural optimization based on Murnaghan's equation of state (Murnaghan,
1994) was performed to obtain the relaxed structure of the crystal with minimum energy. From
this minimum energy, we obtained the optimized lattice parameters, which are summarized in

Table 4.1. The structural optimization defines the obtained energy versus volume plot for
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Pb>ScB'Os (B' = Sb and Ta) as given in Figs. 4.2 and Fig. 4.3 respectively. With this, the optimized
lattice constants were used to calculate the electronic structure and optical properties.

The double perovskite compound Pb,ScB'Os (B' = Sh and Ta) crystalizes in cubic phase
forming face-centred cubic crystal structure with space group Fm-3m having with four atoms per
unit cell as shown in Fig. 4.1. The atomic positions in the unit cell are as: Pb (0.25, 0.25, and 0.25),

Sc (0.5,0.5,and 0.5), B' (0, 0, 0) and O (u, 0, 0) which is shown in Fig. 4.1.
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Fig. 4.1. Unit cell structure of double perovskite oxide Pb,SbB'Os (B' = Sh and Ta)
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Table 4.1. Calculated lattice constant (a), internal atomic parameters u, bulk modulus B (in

GPA) and pressure derivative of bulk modulus (B’) of Pb,ScB'Os (B' = Sh, Ta)

Compound | Calculated (a) | Previous (a) u B(GPA) B’
Pb2ScShOs 8.1866 8.1050? 0.2551 147.7090 4.5160
Pb2ScTaOs 8.1967 8.1488° 0.2556 165.4635 4.3416

3(Larregola et al., 2009), °(Kishi, 1998)
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4.2 Results of Density of State (DOS)

In this section, the results of calculations of total density of states (TDOS) and partial
density of state (PDOS), in the case of double perovskite Pb,ScB'Os (B' = Sbh and Ta). For the
combinations of the elements, we have chosen the transition metal AA" as Pb, transition metals B
as Sc and B' with B' = Sb and Ta.

4.2.1. Density of States for Pb2ScSbOs

In this section, we present the results of density of states (DOS) calculated in the case of
Pb2ScSbOs double perovskites using the GGA and mBJ potentials. The optimized lattice constants
given in Table 4.1 were used to calculate the electronic structures of Pb,ScSbOs perovskites. In
Fig. 4.4, the plots of total density of states (TDOS) in the case of Pb2ScSbOg and individual atoms
Pb, Sc, Sb and O are shown. It is seen from the plots that maxima in TDOS of Pb,ScShOs is 16
states/eV which occurs at -2.0 eV below Fermi level Er in valence band. From the plots of TDOS
of individual atoms, it is seen that only the TDOS of O atom is maximum and coincides almost
with TDOS of Pb2ScSbhOs in valence band. The other atoms Pb, Sc and Sb are having negligible
contribution to TDOS in the valence band as seen in the plots. In the conduction band, the maxima
in the TDOS of Pb2ScShOs is 20 states/eV which occurs at 5 eV energy above the Fermi level. The
TDOS contribution is maximum for Sc atom which occurs at 5.5 eV energy above the Fermi level.
The other atoms Pb, Sb and O are having negligible contribution to TDOS compared to Sc atom,
hence in the conduction band, it is Sc atom which contributes maximum to TDOS of Pb2ScShOe.
We observe a gap between the valence and the conduction band and the value of this energy band

gapis2.712 eV.
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In Fig. 4.4(b), we show the TDOS plots of Pb2ScSbOe but using the mBJ potential. It is
seen that TDOS shows similar trends for both the valence and conduction band regions as in the
case of GGA. For example, the first maxima in TDOS of value around 18 states/eV occurs at -1.0
eV below the Fermi level. Here also the contribution to this maxima in TDOS is due to O atom. In
the conduction band, the maxima in TDOS occurs at around 6 eV above the Fermi level. In this
case also contribution to this maxima is due to Sc atom as the maxima of TDOS of Sc atom is
nearest to the TDOS of Pb.ScShOg compound. However the energy band gap in this case is very
wide and is equal to 3.842 eV. This is obvious as mBJ potential when included in FP-LAPW

model, it usually overestimates the magnitude of energy band gap.
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(b) mBJ. Energy = 0 refers to Fermi level (EF).
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To find out exactly which atoms or the electrons from diffferent states do contribute to the
TDOS, we have also plotted the PDOS of each individual atoms along with their respective TDOS.
These are shown for all the atoms in Fig 4.5 for both GGA and mBJ method. In Fig 4.5(a), using
GGA, TDOS and PDOS of Pb atom is plotted. We find that in the valence band, contribution to
TDOS is by the s-state electrons of Pb atom but from the core states below -6 eV and hence it is
not relevant. It is seen from Fig. 4.5(b) that PDOS contribution by s and p state electrons of Pb
atom in valence band is negligible. If we just look at the TDOS and PDOS plots in Figs. 4.5(c &
d) for the case of Sc atom, there are almost negligible contributions to TDOS and PDOS by all the
electron states of Sc in the valence band regions for both the cases of GGA and mBJ. However,
there are contribution to TDOS by the p state eletrons of Sb and O which are ~ 1 states/eV and 2.1

states/eV respectively.

Referring now again to Fig. 4.5(e-h) in the conduction band region for both the GGA and
mBJ cases, we find that there are virtually no contribution to TDOS and PDOS by the Sb and O
atoms or their respective electrons in other levels. From Fig. 4.5(c & d) it is seen that for both the
GGA and mBJ cases, it is the Sc-d-to4 state electrons, which are responsible to the occurrence of
maxima in PDOS at ~ 5 eV above the Fermi level. This is a confirmation to the occurrence of

maxima in TDOS as shown in Fig. 4.4(a & b) at 5.5 eV above the Fermi level.
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and (f) mBJ method. Energy equal zero is Fermi level.

70



Chapter 4 Electronic and Optical Properties

4.2.2. Density of States for Pb2ScTaOs

In this section, we have presented the result of TDOS and PDOS for Pb,ScTaOg using GGA
and mBJ potential. Fig. 4.6 shows the plots of total density of states (TDOS) in the case of
Pb2ScTaOg and the individual atoms Pb, Sc, Ta and O for GGA and mBJ potentials. It is seen from
Fig. 4.6(a) that in the case of GGA, there is maxima in TDOS of Pb,ScTaOs, which is about ~ 19
states/eV and occurs at -1.0 eV below Fermi level Er in valence band. From the plots of TDOS of
individual atoms, it is seen that only the TDOS of O atom is maximum and coincides almost with
TDOS of Pb,ScTaOe. Here also just like in the case of Pb,ScSbOg perovskite, the other atoms Pb
and Ta are having negligible contribution to TDOS in the valence band as seen from the plots. The
Pb atom has contribution to TDOS but in the core region below -6 eV and hence is omitted. In the
conduction band, the maxima in the TDOS of Pb2ScTaOe is 12 states/eV which occurs at 6.1 eV
energy above the Fermi level. The TDOS contribution is maximum for Sc atom which occurs at
5.5 eV energy above the Fermi level. The other atoms Pb, Ta and O are having negligible
contribution to TDOS compared to Sc atom, hence in the conduction band, it is Sc atom which
contributes to TDOS of Pb,ScTaOe. We observe a gap between the valence and the conduction

band and the value of this energy band gap is 2.657 eV.
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In Fig. 4.6(b), we show the TDOS plots of Pb>ScTaOe but using the mBJ potential. It is
seen that TDOS shows similar trends for both the valence band and conduction band regions. For
example, the first maxima in TDOS of ~ 17 states/eV occurs at -1.0 eV below the Fermi level.
Also the contribution to maxima in TDOS is due to O atom. In the conduction band, the maxima
in TDOS occurs at around 7 eV above the Fermi level. Contribution to this maxima is due to Sc
atom as the maxima of TDOS of Sc atom is nearest to the TDOS of Pb,ScTaOs compound.
However the energy band gap in this case is very wide and is equal to nearly 3.889 eV just like in
the case of Pb2ScSbOs. This is obvious whenever mBJ potential is included in FP-LAPW model,

it overestimates the magnitude of energy band gap.

Just like before in the case of Pb2ScSbhOs here also we will try to find out exactly which of
the atoms or the electrons from diffferent states do contribute to the TDOS of Pb,ScTaOe. This is
possible only when we plot the PDOS of individual atoms which are shown in Fig. 4.7 for both
the GGA and mBJ methods. In Fig 4.7(a), using GGA, TDOS and PDOS of Pb atom is plotted.
We find that in the valence band, contribution to TDOS is by the s-state electrons of Pb atom but
from the core states and hence it is not relevant. It is seen from Fig. 4.7(b) that PDOS contribution
by s and p state electrons of Pb atom in valence band is negligible in mBJ case also. However in
the conduction band region, it is the p-state electrons which contributes to the maxima in the TDOS
of Pb atom. This is found to be same both in the case of GGA and mBJ methods. If we just look
at the TDOS and PDOS plots in Fig. 4.7(c, d, g & h) for the case of Sc and O atoms respectively
in the valence band regions for both the case of GGA and mBJ, there are almost negligible
contributions to TDOS and PDOS by all the electron states. However in the case of Ta atom as
shown in Fig. 4.7(e & f), there is a maxima in TDOS occuring at around - 4 eV below the Fermi

level both in GGA and mBJ cases. This is true as it is evident from TDOS plots in Fig. 4.6(a & b)
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which showed occurrence of maxima of ~10 states/eV at -4 eV below Fermi level for Ta atom in
both the GGA and mBJ cases. This is attributed to the Ta-d and Ta-deg electron states which is
contributing to the origin of this maxima in the valence band. From Fig. 4.7(a-h), it is seen that in
the conduction band region, it is the Sc-d and Sc d-tzq State electrons which are responsible for the
occurrence of maxima in the conduction band. This is true for both the GGA and mBJ potentials

with only the difference that the energy band gap is wider in the case of mBJ.
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Fig. 4.7. TDOS and PDOS of Pb, Sb, Ta and O atoms in Pb,ScTaOs perovskite using
(i) GGA and (ii) mBJ method. Energy equal zero is Fermi level.
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4.3. Energy bands in Pb2ScB'Os (B' = Sb, Ta)

In Fig. 4.8 and Fig. 4.9, we show the energy band structures drawn in the case of Pb2ScSbOs
and Pb>ScTaOs perovskites by considering the (a) GGA and (b) mBJ potential respectively. From
the energy bands plot of the Pb.ScSbOe perovskite as shown in Fig. 4.8(a), it is seen that the
contribution to maxima in the valence bands using GGA is due to Sbh-p states electrons. In the
conduction bands, the contribution to maxima of the energy bands are due to Sc-dgState electrons.
This is as evident from DOS studies. But the occurrence of minima in energy bands at X symmetry
point is due to Sc-deg electrons lying at X symmetry point. In the conductions bands contribution
to maximum energy bands at the symmetry point X is due to Sc-diog and Ta-drg State electrons.
Similar features had been obtained for Pb2ScShOe perovskite using mBJ as shown in Fig 4.8 (b)
in which the bands are all from the X symmetry point and the transition is direct type. The only
difference is with the width of the energy band gap which is wider in this case than in the case of
GGA. The energy band gaps calculated for Pb2ScShOs are 2.712 eV (GGA) and 3.842 eV (mBJ)
respectively.

In Fig. 4.9, we show the plots of energy bands for Pb.ScTaOs perovskite using both GGA
and mBJ. Here also the maxima in the valence bands are due to Ta-d and Ta-deg State electrons
lying at -4 eV below the Fermi level. In the conduction bands, it is the Sc-dig and Ta-diog electrons
which contributes maximum to the bands. Here also similar trends are seen in the case of mBJ
potential. The only difference with GGA is that it is a wider band gap. The energy band gaps
calculated are 2.657 eV (GGA) and 3.889 eV (mBJ) respectively and is direct at the symmetry

point X.
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From the band structures plot, it is seen that both the compounds show that the top of
valence band and the bottom of conduction band lies at X symmetry point and hence is a direct
band gap. It means that a direct recombination takes place with the release of the energy equal to
the energy band gap. The efficiency factor of a direct band gap semiconductor is higher than those
of indirect band. Therefore, this material is the best candidate for applications comprising
the emission of photons through radiative recombination of electrons and holes and thereby it
means that they are suitable for LED, lasers and optical sources.

4.4 Results of Optical properties for Pb2ScB'Os (B' = Sb, Ta)

Referring to Fig. 4.9(a), here we have the plots of the variation of real ¢ (») and imaginary
parts ¢, () of the dielectric constants as a function of incident photon energy using GGA. Like

its behavior in solids, the real dielectric constant ¢ (@) increases with the increase in photon

energy then attains a maximum value at 4 eV photon energy indicating normal dispersion

phenomena. With increase in photon energy beyond 4 eV, it decreases and become zero at ~ 7 eV

showing anomalous type dispersion. Beyond 7 eV photon energy, &, (») becomes negative and
ultimately tends towards zero value. ¢, (o) is zero in the range O - 3.5 eV after which it increases
and showed maxima at 6.0 eV. With the further increase in photon energy beyond 6.0 eV, ¢, (o)

showed a decrease with the further increase in photon energy. The behavior by ¢, (») and ¢, (o)

in mBJ method are similar to results obtained by GGA method as shown in Fig. 4.10(b). The only

difference is that the occurrence of peaks takes place at different photon energies. For example,

for ¢, (») peak value occurred at 6 eV and at ¢, (» ) maxima occurs at 7 eV photon energies.
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It is interesting to note that the first peak in ¢,(») coincides with the transition at the point
X between the top of the valence band and the bottom of the conduction band. This is possible

only in the case of mBJ as the gap is wider. The major difference between the ¢, (» ) spectra of the

compounds appear to occur in the region where¢, (@) is negative. These correspond to direct

interband transitions which originate from the top of the valence band at the X-point to the lowest
conduction band. The imaginary part of the dielectric function for the compounds are also shown

in Figure 4.10(b) for both GGA and mBJ cases. The onset of the absorption edge in Pb2ScSbOs

occurs at 2.5 eV when ¢, just rises from zero value. This correspond to direct optical band gap
at X symmetry point and there is a sharp increase in the slope of ¢, beginning at the optical band
gap and rising to the main peak. The global peak ine, occurring at 6 and 7 eVs respectively for

GGA and mBJ methods respectively. There is another small peak in ¢, which arises due to direct

transitions from the top of the valence band at the L-point to the next higher conduction band.
Similar is the case for mBJ method for Pb2ScShOe.

In Fig. 4.11(a) and 4.11(b), we show the plots of reflectivity in the case Pb.ScSbOe for
GGA and mBJ methods. We note that by both the methods, the reflectivity is small in the low
photon energy up to 2 eV. This is indicative of the nature that interband transition do not take place
in far infrared (IR) spectrum as this a wide band insulator. However, there is 20 % to 50 %
reflectivity in the photon range 6 - 10 eV indicating that they reflect more in ultra violet region.
However, beyond 10 eV, reflectivity decreases in both the cases making the compound good for
applications in visible and ultra violet region. The low values of reflectivity also shows that its

applications is possible in the field of anti-reflection coating and deep UV region etc.
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The onset of absorption involves a sharp increase in the spectra ofe,at energy

corresponding to the energy band gap. For Pb2ScSbOe this pertains to 2.5 eV (GGA) and 3.5 eV
(mBJ) from Fig. 4.11(c) and calculated values from energy bands gaps are 2.712 eV and 3.84 eV
respectively. This means that the values of band gaps from Fig. 4.11(d) for GGA and mBJ are
agreeing with the calculated results. The calculated value of reflectivity R(w) and optical
absorption coefficient I(w) for both the compounds with GGA and mBJ potentials are tabulated in

Table 4.2.

80



Chapter 4

Electronic and Optical Properties

Table 4.2. The calculated dielectric constant ¢, (0), reflectivity R(w), and optical absorption
coefficient I(w) for Pb.ScShOs and Ph2ScTaOs with GGA and mBJ exchange potentials (XC).

Compounds XC ¢, (0) R(m) ()
GGA 5.80 0.17 2.70
Pb2ScShOs
mBJ 4.10 0.12 3.75
GGA 6.45 1.19 2.50
Pb,ScTaOs
mBJ 4.50 0.13 3.80
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—
Study of Electronic and Optical properties of Double
Perovskites Ba;VB'Os (B' = Nb and Mo)

In this chapter, we will present the results of calculations of the electronic, magnetic and
optical properties of double perovskites Ba2VVB'Os (B' = Nb and Mo). In this context, we will also
present the structural parameters like lattice constants calculated by volume optimization. We have
chosen alkaline earth elements AA' as Ba, and transition metals BB' such that B as V, B'as Nb and
Mo respectively. The results of electronic, magnetic and optical properties of these systems will
be discussed here in the context of FP-LAPW model within density functional theory. Magnetic
properties is studied by plotting the density of states and energy bands of the perovskites for the
spin up and down of the electrons. The exchange correlations potentials had been calculated by
using the GGA and mBJ potential. We have calculated these properties for Ba2VVNbOs within
GGA, and for Ba,VMo0Os by using mBJ by considering the spins up and down for the electrons.
The computational details used in this chapter had been already discussed in section 3.2 of Chapter-
3. The only difference with the previous calculations is that in the case of Ba2VVB'Og, we have used
k = 2000 points.

5.1  Crystal Structure
All atomic positions are in fractional coordinates (Wyckoff, 1935). Fig. 5.1 shows that the
(100) plane of the corresponding conventional unit cell which was displayed by XCrySDen

(Kokalj, 2003). The structural optimization based on Murnaghan's equation of state (Murnaghan,
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1994) was performed to obtain the relaxed structure of the crystal with minimum energy. From
this minimum energy, we obtained the optimized lattice parameters which are summarized in
Table 5.1. The structural optimization defines the obtained energy versus volume plot for
Ba>,VB'Oe (B' = Nb and Mo) as given in Figs. 5.2 and 5.3 respectively. With this, the optimized
lattice constants were used to calculate the electronic structure, optical and magnetic properties.
The perovskite Ba,VB'Os (B' = Nb and Mo) crystalizes in cubic phase with Fm3m space
group. The Ba, V, B' and O atoms occupy the 8c, 4a, 4b and 24e Wyckoff position in the unit cell

with Ba (0.25, 0.25, 0.25), V (0, 0, 0), B' (0.5, 0, 0) and O (u, 0, 0), see Fig. 5.1.
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Fig. 5.1. Unit cell structure of double perovskite oxide Ba,VB'Os (B' = Nb and Mo)
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Fig. 5.2. Volume optimization for Ba2\VNbOs
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Table 5.1 Calculated lattice constant (a), internal atomic parameters u, bulk modulus B (in GPA)
and pressure derivative of bulk modulus (B’) of Ba,VB'Os (B' = Nb, Mo)

Compounds Calculated (a) | Previous (a) u B(GPA) B’
Ba,VNbOs 8.1164 7.9559% 0.2513 170.0401 4.7950
Ba,VMo0Os 8.0305 7.94782 0.2516 174.2414 4.5078

4(Musa, 2012)
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5.2 Results of Density of states (DOS)

In this section, we present the results of total density of states (DOS) and the partial density
of states (PDOS) in the case of double perovskites Ba,VB'Os (B' = Nb and Mo) considering the
spins of the electrons. For the combinations of the elements, we have chosen the alkaline earth
elements Ba, transition metals V and B' with B' = Nb and Mo.

5.2.1 Density of states for Ba2VNbOs

The double perovskite Ba2VVNbOs is a magnetic system and hence we have calculated the
DOS and PDOS for this system considering the spin up and spin down of the electrons using the
GGA. In Fig. 5.4, we have shown the plots of TDOS considering the spin up and spin down of the
electrons. For spin up case, we find that in the energy range from -3 eV to -5 eV in the valence
band, contribution to the maxima in the TDOS are by O atoms. At the Fermi level (energy=0) in
spin up case, there is maxima in TDOS which appears due to contribution by the V atoms. In the
conduction band, above the Fermi level at 2 eV, there is contribution by the Nb atom to the TDOS
maxima of the perovskite. Also it is found that in the energy range +5 eV to 7 eV, contribution to
the occurrence of maxima in TDOS of the perovskite is due to Ba atom only. The occurrence of
maxima in TDOS at the Fermi level indicate the metallic behavior in spin up case.

For spin down case for Ba2\VVNbOg perovskite, the plots of DOS is also shown in Fig. 5.4.
From the plots of DOS, we find that in the valence band, there are maxima occurring in TDOS at
the energies -3 eV, -5 eV and -6 eV respectively. Contribution to these maxima are by O atom. In
the conduction band, there are maxima in TDOS at 2 eV and 7 eV respectively which are due to
the V and Ba atoms. However we find the occurrence of energy gap of 2.3 eV between the valence
and the conduction bands in the spin down case. This is indicative of the behavior of the perovskite

as a semiconductor but with a wide band gap.
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The plots of PDOS in the case of spins up and down for the perovskite Ba;VVNbOs are
shown in Fig. 5.5 for individual atoms Ba, V, Nb and O respectively. The PDOS infact supports
the results of the TDOS as shown in Fig. 5.4. In the valence band as shown in Fig 5.5(a),
contribution by Ba atom to PDOS is nil in spin up and down case, where as in the conduction band
Ba-d electrons are contributing to the PDOS in both spin up and down case. V atom has maxima
in the PDOS at the Fermi level which is due to V-dwg electrons. In the conduction band, V-d
electron contributes to PDOS at ~ 2 eV above the Fermi level for both the spins. We find from Fig.
5.5(c) that in the valence band, it is the d-tog electron of Nb which contributes to maximum in
PDOS at ~ -5 eV for both spin up and down cases. Whereas in the conduction band also for both
the spins, it is the Nb-dig electron which contributes to the maxima in PDOS at 2 eV. From Fig.
5.5(d), we find that both for the spins in the valence and the conduction bands, O atom has very

negligible contribution to PDOS.
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Fig. 5.5. TDOS and PDOS plot for individual atom of Ba2VVNbOs
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5.2.2 Density of states for Ba2VMo0Os

In this section, we discuss the results of calculations of DOS and PDOS in the case of
perovskite Ba2VMo0Os. Here also we have used the FP-LAPW method but by using the mBJ
potential. In Fig. 5.6, we have shown the plots of TDOS by considering the spin up and spin down
of the electrons. For spin up case, we find that the maximum contribution in the TDOS ranging
from -3 eV to -5 eV in the valence band are by O atoms. At the Fermi level (energy=0) in spin up
case, we see that the Fermi is cover by DOS which appears due to contribution by the V atoms. In
the conduction band, above the Fermi level at 0.2 eV, there is contribution to the TDOS maxima
by the Mo atom. Also it is found that in the energy range +5 eV to +7 eV, contribution to the
occurrence of maxima in TDOS by Ba atom only. The occurrence of maxima in TDOS at the
Fermi level indicate the metallic behavior in spin up case.

For spin down case, the plots of DOS for Ba;VVMoOg is shown in Fig. 5.6, we find that in
the valence band, there are maxima occurring in TDOS at the energy range from -3 eV to -6 eV,
contribution to these maxima are by O atom. In the conduction band, we find that there are maxima
in TDOS at 1 eV, 3 eV and 6 eV respectively which are due to the Mo, V and Ba atoms. In the
spin down channel, we find the occurrence of energy gap of 2.6 eV between the valence and the
conduction bands in the spin down case. This is indicates that the behavior of these system as a
semiconductor with a very wide band gap.

The plots of PDOS in the case of spins up and down for the perovskite Ba2VMoOs are
shown in Fig. 5.7 for individual atoms Ba, V, Mo and O respectively. In the valence band as shown
in Fig 5.7(a), no contribution by Ba atom to PDOS in spin up and down case, where as in the
conduction band Ba-d electrons are contributing to the PDOS in both spin up and down case

between the energy ranges from 6 eV to 7 eV. V atom has maxima in the PDOS at the Fermi level
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which is due to V-dig electrons. In the conduction band, V-d electron contributes to PDOS at ~ 4
eV above the Fermi level for both the spins. From Fig. 5.7(c) that in the valence band, it is the d-
tog electron of Mo which contributes to maximum in PDOS at ~ -5.5 eV for both spin up and down
cases. Whereas in the conduction band, in the spin up channel, it is the Nb-dig electron which
contributes to the maxima in PDOS at ~ 0.2 eV and at 1 eV in spin down channel. From Fig. 5.7(d),
we find that both for the spins in the valence and the conduction bands, O atom has very negligible

contribution to PDOS.
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5.3. Energy Bands in Ba2VB'Os (B' = Nb, Mo)

In this section, we discuss the results of the energy bands for the perovskites of Ba and V
with the transition metals combinations Nb and Mo. The various parameters involved in the
calculations of energy bands are already discussed in section 5.3. The energy bands are calculated

for the spin up and down cases for the system which are shown in Figs. 5.8 and 5.9.

In Fig. 5.8(i and ii), we show the plots of energy bands in the case of Ba2VVNbOs for spins
up and down. In Fig. 5.8(i), in the spin up case in the valence band, the maxima in the energy band
is at -2.5 eV below the Fermi level (Fermi level is set at 0 eV) at the symmetry point I'. The
contribution to this maxima in the energy band is due to O-p electron states which is evident from
the PDOS plots as given in Fig. 5.5(d). We also find from the energy bands in Fig. 5.8 (i) that there
is a maxima in conduction band above the Fermi level at +0.4 eV. This band is coinciding with the
maxima in TDOS and PDOS as shown in Figs. 5.4 and 5.5 respectively, which is due to V-diyg

electron states. This is indicative of the metallic behavior of the electrons in the solid.
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In Fig. 5.8(ii) we show the plots of energy bands in the case of Ba2VVNbOs for spin
down. Here also we find that in the valence band, the maxima in the energy band is at -2.5 eV
below the Fermi level (Fermi level is set at 0 eV) at the symmetry point I". The contribution to this
maxima in the energy band is due to O-p electron states which is evident from the PDOS plots as
given in Fig. 5.5(d). We also find from the energy bands in Fig. 5.8(ii) that there is a minimum in
conduction band at 0.1 eV above the Fermi level at the symmetry point I'. This is indicative of a
semiconducting behavior of the electrons in the solid and hence an energy band gap exist. The

value of the energy band gap is 2.6 eV and it is a direct band gap at the symmetry point I
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In Fig. 5.9(i and ii), we again show the plots of energy bands in the case of Ba2VMo0Os for
spins up and down. In Fig. 5.9(i), in the spin up case in the valence band, the maxima in the energy
band is at -2.3 eV below the Fermi level (Fermi level is set at 0 eV) at the symmetry point I'. The
contribution to this maxima in the energy band is due to O-p electron states which is evident from
the PDOS plots as given in Fig. 5.7(d). We also find that there is a maxima in conduction band
above the Fermi level at 1 eV. This band is coinciding with the maxima in TDOS and PDOS as
shown in Fig. 5.6 and 5.7 respectively, which is due to V-dig electron states. This is indicative of

the metallic behavior of the electrons in the solid.

In Fig. 5.9(ii), we show the plots of energy bands in the case of Ba,VVMo0Os for spin down.
Here also we find that in the valence band, the maxima in the energy band is at -2.8 eV below the
Fermi level (Fermi level is set at 0 eV) at the symmetry point I". The contribution to this maxima
in the energy band is due to O-p electron states which is evident from the PDOS plots as given in
Fig. 5.7(d). We also find from the energy bands in Fig. 5.9(ii) that there is a minimum in
conduction band at 0.1 eV above the Fermi level at the symmetry point I'. This is indicative of a
semiconducting behavior of the electrons in the solid and hence an energy band gap exist. The

value of the energy band gap is 2.5 eV and it is a direct band gap at the symmetry point I'.

5.4 Magnetic moments of Ba2VB'Os

To investigate the magnetic nature of Ba;VVB'Oe (B' =Nb, Mo), we carried out the spin
polarized DFT calculations with GGA scheme. We found that these compounds possess half
metallic nature. The main source of magnetization in these compounds is the unfilled \VV-3d orbital.
From the study of the PDOS as shown in Fig. 5.5(b) and 5.7(b), we find that it is the V-3dg State

electrons which is the responsible for ferromagnetism in these perovskite. The magnetic moments

98



Chapter 5 Electronic and Optical Properties

of each of these compounds as well as their individual atomic magnetic moment are given in Table
5.2. Our calculations reveal that the magnetic moments for Ba2VVNbOs and BazVVMoOg are 2.00049
and 3.00018 uB, respectively. In each compound, the magnetic moments of all the spheres that is
assumed in the FP-LAPW model have the same direction. Hence, in the two type of compounds,

the vanadium contributes largely to the magnetisation of the perovskites.
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Table 5.2 Magnetic moments (in uB) of the interstitial region, individual atoms and total
magnetic moment for the double perovskites Ba;VB'Os (B' = Nb, Mo)

Compounds mlnst mBa mV mNb\Mo mO mTotal
Ba2VVNbOe 0.3858 0.0047 1.5097 0.1488 -0.0089 2.0004
Ba;VMoOs 0.5141 0.0017 1.7491 0.7117 0.0036 3.0001
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5.5 Results of Optical properties for Ba2VB'Os

Optical properties describe the interaction of electromagnetic radiations with a material
and dielectric function plays key role in the investigation of the optical properties of compounds.
The optical properties of solids are a major topic, both in basic research as well as for industrial
applications. In research part the origin and nature of different excitation processes is of
fundamental interest, while the industries can make use of them in many opto-electronic devices.
The dielectric function of an anisotropic material is a complex symmetric second-order tensor

which describes the linear response of an electronic system to an applied external electric field. It
is expressed as¢ (w) = ¢, (@) +is, (»), Where ¢ ande, are the real and imaginary components of

the dielectric function, respectively. The calculations of this frequency dependent dielectric
function require the precise values of energy eigenvalues and electron wavefunctions. These are

natural outputs of a band structure calculation.

The knowledge of both the real and imaginary parts of the dielectric function allows the
calculation of important optical functions such as reflectivity R(w) and optical absorption
coefficient I(w). The compounds Ba2VVNbOg and Ba2VVMoOgs are having cubic symmetry. For cubic
symmetry, the principal tensor component exx eyy and €z; Will be equal. Hence only one component

of the dielectric function has to be calculated i,e, exx = €yy = €z2.

In Fig. 5.10(a) and Fig. 5.10(b) represents real part & (w) of dielectric function of
Ba>,VNbOgs and Ba2VVMoOgs compound. From our calculation, we have found maximum value of
¢, (w)at0.012 eV for Ba2VNbOs and at 0.4 eV for Ba2VMoOs then it starts to decreases abruptly.
From the plot in real part of dielectric function with photon energy, we have found the minimum
value of ¢, () at 5.6 eV for Ba2VNbOg and at 0.8 eV for BazVMoOs. From Fig. 5.10(a) and Fig.
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5.10(b), the imaginary part ¢, (») of dielectric function for Ba,VNbOg and Ba2VMoOs in the

approach of GGA. From this calculation, we have found the maximum value of ¢, (») at 0.01 eV

for Ba;VVNbOs and at 0.6 eV BayVMoOs.

The important optical constants like reflectivity R(w) and optical absorption coefficient
I(w), are shown in Fig. 5.11 (a-d). From Fig. 5.11 (a) the reflectivity profiles of Ba,VNbOs clearly
show the location of peaks at energy of 1.5 eV and 5.2 eV. From Fig. 5.11 (b), for Ba2VMo0Os
peaks are observed at energy of 0.5 eV, 3.5 eV and 4.5 eV. The low value of reflectivity in these
compounds makes sure its potential applications in the area of transparent coatings in the visible
and deep UV region.

The calculated absorption for Ba2VNbOs and Ba2VMoOg are shown in Figs. 5.11(c) and
(d). From Fig. 5.11(c), for Ba2VNDbOe the absorption spectrum has two peaks located at energy of
1.8 eV and 5.2 eV. However, from Fig. 5.11(d), for Ba2VMo0Os four peaks are located at energy

of 0.5, 4.5, 6.1, and 8.2 eV. It is clear that for both the compounds the peaks obtained in the
absorption spectrum matches with the peaks of imaginary part of the dielectric functione, (o),

which indicates that the origin of absorption is due to the imaginary part of the dielectric function.
From the absorption spectrum it is clear that at the lower energies the absorption coefficient

decreases rapidly which is a well know behavior for semiconductors.
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Table 5.3. The calculated dielectric constant ¢, (0), reflectivity R(w), and absorption coefficient

I(®) for Ba2VNbOg and Ba2VMo0Os

Compound ¢, (0) R(w) ()
Ba,VNbOs 18.5 0.16 0.09
Ba,VMoOs 32.6 0.88 0.25
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D

Study of Electronic and Optical properties of Double
Perovskites La;CrB'Os (B' = Co, NI)

In this chapter, the study of electronic structures, magnetic and optical properties will be
presented for the combination of double perovskite systems La,CrB'Os (B'=Co, Ni). We have
chosen the combinations of rare earth elements A, A’ = La, and transition metals B = Cr and B' =
Co, Ni respectively. The electronic configuration of lanthanum is La: [Xe]6s?5d* and it is seen that
probably the d-state electrons will be taking part in the electronic transitions. However this will be
possible to understand from interaction of other electrons of the elements in the perovskite which
we will understand from the study of the total and partial density of states (DOS). The results of
total and partial density of states, energy bands and also the optical properties of these systems
will be discussed here in the context of FP-LAPW model within density functional theory. This
method had been already discussed in Chapter-2. The exchange correlations potentials used for
the calculation is GGA. The computational details used in this chapter had been already discussed
in section 3.2 of Chapter-3. The only difference with the previous calculations is that in the case
of La,CrB'Os, we have used k=2000 points. We have used here also the Wien2k code (Blaha et
al., 2012) as used in the earlier chapters.

6.1 Crystal Structure
All atomic positions are in fractional coordinates as given by (Wyckoff, 1935). Fig. 6.1

shows that the (100) plane of the corresponding conventional unit cell which was displayed by

106



Chapter 6 Electronic and Optical Properties

XCrySDen (Kokalj, 2003). The structural optimization based on Murnaghan's equation of state
(Murnaghan, 1994) have been done as usual to obtain the relaxed structure of the crystal with
minimum energy. From this minimum energy, we obtained the optimized lattice parameters which
are summarized in Table 6.1. The structural optimization defines the obtained energy versus
volume plot for LaxCrB'Os (B' = Co and Ni) as given in Fig. 6.2 and Fig. 6.3 respectively. With
this, the optimized lattice constants were used to calculate the electronic structure, optical and
magnetic properties.

The double perovskite compounds La>CrB'Os (B' = Co, Ni) crystallize in body centered
tetragonal structure with space group 14/m, the atomic position of La atom is at (0, 0.5, 0.75), Cr

atom is at (0, 0, 0), B'atom is at (0, 0, 0.5), Ois at (0, 0, u) see Fig. 6.1.
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Fig. 6.1. Unit cell structure of double perovskite oxide LaxCrB'Og (B' = Co and Ni)
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Table. 6.1 Calculated lattice constant (a), internal atomic parameters u, bulk modulus B (in

GPA) and pressure derivative of bulk modulus (B’) of La2CrB'Os (B' = Co, Ni)

Compounds | a(A) | Previous | c(A) | Previous | c/a(A) u B(GPA) | B
La,CrCoOs | 4.1916 | 5.4461% | 5.9227 | 7.7018% | 1.4142 | 0.2522 | 108.617 | 5.5986
La,CrNiOs | 4.2140 | 5.4735% | 5.9595 | 7.7406% | 1.4142 | 0.2467 | 102.094 | 4.5120

4(Lui et al., 2012)
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6.2 Results of Density of states (DOS)

In this section, we present the results of total density of states (DOS) and the partial density
of states (PDOS) in the case of double perovskites La>CrB'Og (B' = Co and Ni) considering the
spins of the electrons. For the combinations of the elements, we have chosen the rare earth element
La and transition metals Cr and B' = Co and Ni.

6.2.1 Density of states for La2CrCoOs

The double perovskite La,CrCoOe is a magnetic system and hence we have calculated the
DOS and PDOS for this system considering the spin up and spin down of the electrons using the
GGA. In Fig. 6.4, we have shown the plots of TDOS considering the spin up and spin down of the
electrons. For spin up case, we can see that in the valence region, maxima in DOS occurs at -1.28
eV below the Fermi level (energy = 0) which is due to the contribution of Co atom. In the
conduction band from spin up channel, above the Fermi level at 2 eV, there is contribution by the
La atom to the TDOS maxima of the perovskite.

For spin down case for La>CrCoQOg perovskite, the plots of DOS is also shown in Fig. 6.4.
From TDOS plot, we find that in the valence band, there is a maxima occurring in TDOS at 0.42
eV below the Fermi level (Fermi level=0) which is due to the contribution of Co atom. In the
conduction band, there are maxima in TDOS at 2 eV which are due to the La atom. At Fermi level,
we see that in both the spin up and spin down channel, the Fermi level is covered by the DOS
resulting in a metallic behavior in both spin channels.

The plots of PDOS in the case of spins up and down for the perovskite La,CrCoOe are
shown in Fig. 6.5 for individual atoms La, Cr, Co and O respectively. We find that the PDOS in
fact supports the results of the TDOS as shown in Fig. 6.4. In the valence band as shown in Fig

6.5 (a), contribution by La atom to PDOS is nil in spin up and down case, where as in the
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conduction band, La-f electron state are contributing to the maxima in PDOS from both spin up
and down case at 2 eV. Cr atom has maxima in the PDOS at the Fermi level, which is due to Cr-d
electrons. In the valence band, Cr-d electron contributes to the maxima in PDOS at ~ -1.8 eV above
the Fermi level for spin up channel and from the spin down channel in the conduction band, it
contributes to PDOS at ~2.5 eV above the Fermi level. We also find from Fig. 6.5(c) that in the
valence band, it is the d state electron of Co, which contributes to maximum in PDOS at ~ -1.2 eV
for spin up and at ~ -0.4 for spin down cases. But in the conduction band, for both the spins, the
contribution to PDOS by Co atom was nil, as it is highly negligible. From Fig. 6.5(d), we find that
both for the spins in the valence and the conduction bands, O atom has very negligible contribution

to PDOS.
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6.2.2 Density of states for La2CrNiOs

In this section, we discuss the results of calculations of DOS and PDOS in the case of
magnetic double perovskite La>xCrNiOs by considering the spin up and spin down of the electrons
using the GGA. In Fig. 6.6, we have shown the plots of TDOS considering the spin up and spin
down of the electrons. For spin up case, we can see that in the valence region, maxima in DOS
occurs at -1.5 eV below the Fermi level (Er = 0) which is the contribution of Ni atom. Whereas in
the conduction band, it was the La atom which contributes to the maxima in TDOS at 2 eV.

For the spin down case, we find the maxima in TDOS at -1.3 eV below Fermi level, which
is due to the occurrence of Ni atom. Whereas in the conduction band, just like the previous case
of La2CrCoOe, it is the La atom which contributes to the maxima in TDOS. From both spin up and
spin down, we have find that the Fermi level is covered by DOS which mainly contributed by Cr

and Ni atoms. Thus, we find that it exhibit metallic properties.

The plots of PDOS in the case of spins up and down for the perovskite La,CrNiOeg are
shown in Fig. 6.7 for individual atoms La, Cr, Ni and O respectively. In the valence band as shown
in Fig 6.7 (a), in spin up and down case, contribution by La atom to PDOS is negligible where as
in the conduction band, La-f electrons are contributing to the maxima in PDOS at 2 eV in both
spin up and down case. From Fig. 6.7 (b), in the spin up channel, we find that in the energy range
from -0.2 eV to -1.8 eV, Cr electron makes considerable contributes to the PDOS below the Fermi
level and in the spin down channel, also Cr-d electron contributes to PDOS at ~ 2.5 eV above the
Fermi level. We find from Fig. 6.7 (c) that in the valence band, it is the Ni-d electron which
contributes to maximum in PDOS at ~ -1.7 eV for both spin up and down cases. But no contribution

from Ni atom in the conduction band for both the spins. From Fig. 6.7 (d), we find that for both

113



Chapter 6 Electronic and Optical Properties

the spins in the valence and the conduction bands, O atom has very negligible contribution to

PDOS near the Fermi level.
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6.3. Energy bands of La2CrB'Os

Here, the lattice constants obtained by volume optimization were used to study the
electronic properties which are given in Table 6.1. From Table 6.1, we have for La,CrCoOs, a =
4.1916 and ¢=5.9227; for La2CrNiOs, a = 4.2140 and ¢ = 5.9595. In Fig. 6.8 and Fig. 6.9, we have
shown the band structure plots for La>CrCoOs and La>CrNiOe. The contribution of different
electronic states in the valance and the conduction band determines the electronic property of the
material.

From Fig. 6.8 and Fig. 6.9, we can clearly see that no band gap is observed, implying that
La>,CrCoOs and La,CrNiOg are showing a metallic behavior. From PDOS plot, we observe that
from Figs. 6.5(b) and 6.7(b) for La2CrCoOs and La>CrNiOs for both the spins, that at the Fermi
level, there is maximum number of band lines, which is the contribution from Cr atom. This is

indicative of the metallic nature in both the case of La2CrCoOs and La>CrNiOs without a band gap.
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6.4. Magnetic moments of La2CrB'Os

To investigate the magnetic nature of double perovskite La;CrB'Os (B' = Co, Ni), we
carried out the spin polarized DFT calculations with GGA scheme. We found that these
compounds possess half metallic nature. The main source of magnetization in these compounds is
the unfilled Co-3d orbital. Further investigation of the Co-3d state shows that it is the partially
filled d-eq orbital which is responsible for ferromagnetism in these compounds. The total magnetic
moments of each of these compounds as well as their individual atomic magnetic moments are
given Table 6.2. Our calculations reveal that the magnetic moments for La,CrB'Os (B' = Co, Ni)
are 3.5920 and 3.6699 uB, respectively. In each compound, the magnetic moments of all the
spheres that is assumed in the FP-LAPW model have the same direction. Hence, in the two types

of double perovskites, the chromium contributes largely in the total spin magnetic moment.
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Table 6.2. Magnetic moments (in uB) of the interstitial region, individual atoms and total
magnetic moment for the double perovskites La,CrB'Og (B' = Co, Ni)

Compounds mlnst mLa mCr mCo\Ni mO mTotal
LaxCrCoOs 0.1151 -0.8750 2.8039 0.8054 0.0212 3.5920
La2CrNiOs 0.4130 -0.2746 2.7853 0.4448 0.0407 3.6699
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6.5 Results of Optical Properties for La2CrB'Os

Interaction of electromagnetic radiations with a material plays key role in understanding
the optical response of a system. The variation of dielectric function as a function of incident
radiation give ideas about the optical properties of solids. The dielectric function of an anisotropic

material is a complex symmetric second-order tensor, which describes the linear response of an
electronic system to an applied external electric field. It is expressed ass (o) = ¢, (o) +is, (0),

where are the real and imaginary components of the dielectric function, respectively. The
calculations of this frequency dependent dielectric function require the precise values of energy
eigenvalues and electron wavefunctions. These are natural outputs of a band structure calculation.

The knowledge of both the real and imaginary parts of the dielectric function allows the
calculation of reflectivity R(w) and optical absorption coefficient I(®) using the standard
expression (Delin et al., 1996, Yu et al., 1999). The compounds La,CrCoOg and La,CrNiOs are
having tetragonal symmetry which permit only two principal diagonal non-zero second order

dielectric tensor components ¢ (®) and & () along a and ¢ crystallographic axis.

The variations in the real and imaginary parts of the electronic dielectric function for
La2CrCoOe and La>CrNiOs along xx and zz directions are shown in Figs. 6.10 (a) and (b). From
Fig. 6.10 (), the real part of the dielectric function shows sharp peaks at 0.2 eV and 0.05 eV along
xx direction and at 0.1 eV and and 0.02 eV along zz direction for La2CrCoOs and La,CrNiOg in
the visible region of the spectrum. After ataining maxima in the real and imaginary parts of the
electronic dielectric functions, the peaks reduces gradually and tends towards minimum value
which is obtained at 2.2 eV and 1.9 eV along xx direction; and at 2.1 eV and 2.8 eV along zz
direction respectively for LaxCrCoOs and La>CrNiOs. This is due to the inter-band transition

between the VCM and the CBM.
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In Fig.6.11 (a) and (b), we show the plots of the two components Rxx(®) and Rzz(®) of the
reflectivity of the perovskites La>CrCoOe and La,CrNiOs. The plots clearly show that the
reflectivity is about 45 % to 50 % at about 10.40 eV along xx and zz direction, which has infact
originated from the inter-band transitions. From the plots, one can notice that the reflectivity
spectrum is nearly flat in the low energy region, but at higher energies, the reflectivity peaks
increase rapidly with some oscillations.

The calculated linear absorption of the incident radiation along a and c axis for La,CrCoOe
and La,CrNiOg are shown in Fig. 6.11 (c) and (d) respectively. It is clear from the figures that for
both the compounds the maxima in absorption coefficient occurs at ~ 10 eV. This infact coincides
with the occurrence of maxima in imaginary parts of dieletric constants for both directions at ~ 10
eV. This is true from the optical properties of the compounds. From 6.11 (c) and (d), it is obvious
that both the compounds show the maximum absorption at photon energies ~ 10 eV where almost
minimum reflection takes place i.e. 45% to 50 %. However La,CrCoOe shows higher absorption
coefficient than LaxCrNiOe. The threshold of the absorption spectra of La2CrCoOs and La>2CrNiOe

are located in 0.08 eV and 0.09 along xx direction, while it occurs at 0.11 eV and 0.12 eV
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Table 6.3. The calculated dielectric constant ¢, (0), reflectivity R(®), and absorption coefficient
I(w) for La2CrCoOs and La>CrNiOs

Compound 81)0((0) 8122(0) Rxx(®) Rzz(w) Ixx(®) Izz(®)
La2CrCoOs 36.50 35.44 0.53 0.520 0.08 0.11
La2CrNiOg 72.25 52.75 0.63 0.58 0.09 0.12
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Conclusion

In this thesis we present the study of structural, electronic and optical properties of double
perovskite AA'BB'Os type using self-consistent full-potential linearized augmented plane wave
(FP-LAPW) method on the base of density functional theory (DFT). In this thesis, the
combinations of the alkaline earth, transition and rare earth elements A and A" are : Ba, La, Pb,
Sr, and the transition metals B are Cr, Mg, Sc, V with B' as Co, Nb, Ni, Mo, Sh, Ta and W. The
methodology followed had been discussed in detail in chapter 2. The electronic properties studied
in this thesis are concerned with calculation of density of states (DOS) and energy band structures.
The results of the optical parameters like isotropic complex dielectric function, reflectivity and
optical absorption of the double perovskite as a function of photon energy is also presented in the
thesis. All these study had been done by using FP-LAPW method of DFT by using wien2k code.

In chapter 3, we discuss the electronic structure and optical properties of double perovskites
A>2MgWOs (A = Ba, Sr) by using GGA approximation potential. We found that A2MgWOs is a
semiconductor with indirect type of transition. The lowest energy in the conduction and highest
band in the valence region lies in I'-X symmetry direction. Energy band gap obtained from our
calculation is 2.753 eV for Ba2MgWOg and 2.731 eV for SroMgWOs, which indicates that it is a
wide band gap semiconductor. This will probably have application in optoelectronic devices.

Chapter 4, we discussed the electronic and optical properties of the cubic double

perovskites Pb,Sc B'Os (B' = Sh, Ta), using the GGA and mBJ approximations based on FP-LAPW
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method. We obtained a direct band gap in GGA and mBJ along X-X symmetry direction around
the Fermi level and a semiconducting behavior in both the perovskite systems. However it is an
insulating semiconductor with wide band gaps of 2.712 eV (GGA); 3.842 eV (mBJ) for Pb2ScSbOs
and 2.657 eV (GGA); 3.889 eV (mBJ) for PboScTaOe. The energy band gaps are wider in mBJ
than in GGA. This is a general trend found in mBJ method. Further from the absorption coefficient
results, calculated band gaps are nearly of same magnitudes that are obtained from energy band
plots for both the perovskites.

Finally, the results of the dielectric function, optical reflectivity and absorption coefficient
confirm the usefulness of the cubic double perovskites PboScB'Os (B' = Sh, Ta) compound for
applications in the optoelectronic devices in the low and UV spectrum.

In Chapter 5, we discuss the structural, electronic, optical and magnetic properties of
Ba>,VNbOg and Ba2VVMo0Os respectively by using GGA and mBJ potentials respectively. From the
plots of DOS, for Ba2VVNbOs, we find that in the valence band, contribution to the maxima in the
TDOS are by O-p atoms for both the spin up and spin down. At the Fermi level (energy=0) in spin
up case, there is maxima in TDOS which appears due to contribution by the V dig atoms. In the
conduction band in spin up case, near the Fermi level, there is contribution by the Nb atom to the
TDOS maxima of the perovskite and above that, it was Ba-d atom which contributes to the maxima
in DOS for both spin up and spin down. The occurrence of maxima in TDOS at the Fermi level
indicate the metallic behavior in spin up case. Whereas in the spin down channel for Ba2VVNbOes,
we find that in the valence band, there are maxima occurring in TDOS at the energy range from -
3 eV to -6 eV, contribution to these maxima are by O atom. In the conduction band, we find that
there are maxima in TDOS at 1 eV, 3 eV and 6 eV respectively which are due to the Mo, V and

Ba atoms. Here, we find the occurrence of energy gap of 2.6 eV between the valence and the
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conduction bands in the spin down case. This is indicates that the behavior of these system as a
semiconductor.

There is similar trends in the values of TDOS and PDOS in the systems Ba,VVMo0Os as
calculated by using the mBJ potential. The only differences found in the calculated energy band
gap in spin down cases are 2.6 eV with a little wider band gap in the same I" symmetry direction.

From reported optical results for Ba2VVNbOs and Ba2VVMo0Os, we conclude that for both the
compounds is optically isotropic. The optical properties further revealed that the compounds has
low absorption rate and are thus favorable for transparent properties.

In Chapter 6, we have described results obtained for electronic, optical and magnetic
properties of La>CrB'O¢ (B'= Co, Ni) perovskites by using GGA approximation potential. For the
compound La>,CrCoOs and La2CrNiOs, we get the same trend and result from both the cases. In
the conduction band for both spin up and spin down, La-f atom contributes to the maxima in DOS
for both the system. At Fermi level, from both of the system La,CrCoOs and La>CrNiOes, it was
the contribution to Cr-d atom that cover the DOS and which is the reason why we have no band
gap and show metallic behavior. In the spin up case for both the compound, below the Fermi level
in the valence band, it was the contribution from Cr-d and Co-d/Ni-d atom which contributes to
the maxima in DOS. Whereas in the spin down channel in the valence band for both the
perovskites, the maximum peaks which appears at ~ -5 eV, it was the Co-d and Ni-d which
attributes to the maximum in DOS. From reported optical results, we conclude that both the

compounds is optically anisotropic with technical applications.
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