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Introduction

Perovskite is a brown, yellow or grayish-black mineral with an oxide of Calcium and
Titanium and sometimes containing rare Earth elements. It was first discovered in Ural mountain
of Russia by Gustav Rose in 1983 and is named after Russian mineralogist L.A.Perovski. The
general chemical formula for perovskite compounds is represented as ABX3, where A and B are
two cations and X is an anion that bonds to both. Perovskite material exhibit many interesting
properties from both theoritical and application point of view. Colossal magnetoresistance,
ferroelectricity, superconductivity, charge odering, spin dependent transport, high thermopower
and transport properties are commonly observed features. These compounds are used as sensors
and catalyst electrodes in certain type of fuel cells and are candidates for memory devices and
spintronics application (Piskunov et al., 2004). Ferroelectric and related materials, having the
chemical formula ABOs, have been the subject of extensive investigation, both because of their
technical importance and their fundamental interest to physical and materials sciences. The ideal
structure is a cubic perovskite, where A and B cations are arranged on a simple cubic lattice, and
O ions lie on the face centers nearest to the B cations. Barium titanate (BaTiOs3) is one of the
most important ferroelectric oxides used in electronic applications. It has been widely used in
electromechanical actuators and in sensor applications, as a major component of ceramic
capacitor dielectrics, and in photogalvanic devices (Bagayoko et al.,1998, Gardana M.,1965 and
Mara et al.,1954). It is also an important photo-refractive material used for applications in

distortion correction and in combination with laser power.



Many kinds of perovskite crystals are abundant on Earth like the fluoroperovskites
(ABFs3), oxides-perovskite (ABOz) and nitridesperovskite (AsBN). Attention has been focused on
the electronic and optical properties of the fluoroperovskites due to their significance in the
technological applications of lenses and the semiconductor industry. The cubic perovskite
compound is preferable for the lens materials because it does not have birefringence that makes
design of lenses difficult. The fluoroperovskites structure, ABFs, is one of the common structures
of the perovskite. The A and B elements are alkali metals (Li—Cs) and alkaline earth metals (Be—
Ba), respectively.

BaTiOs is ABXs type perovskite which was the first advanced ceramic piezoelectric
material, yet it is still often applied because of its chemical stability and high dielectric constant.
Since its discovery in barium titanate (BaTiOz), ferroelectricity in perovskite-structure oxides has
attracted tremendous interest, ranging from fundamental studies to technological applications. It
is one of the most important ferroelectric oxides used in electronic applications. Indeed, the
transition-metal/oxygen bond, with its large polarizability, is particularly favourable for
promoting the transition-metal off centering that can result in a ferroelectric ground state.
Ferroelectricity also exist in materials which do not contain oxygen but with a particularly
extensive range of fluorine in both polymers (Lovinger, 1983) and ceramics in many crystal
classes (Scott et al., 2012). Perhaps not surprisingly given the low polarizability of bonds with
fluorine, the mechanisms for ferroelectricity in fluorine-based ferroelectrics are distinct from
those in oxides, ranging from molecular in ceramics (Ederer et al., 2006). These alternative
mechanisms are of particular interest because, again unlike the oxides, they are not contra-

indicated by transition metal d electrons, and so allow simultaneous ferroelectricity and magnetic



ordering (multiferroism). Interestingly, however, none of the known perovskite-structure
fluorides is reported to be ferroelectric.

Halide perovskites have recently emerged as promising materials for low-cost, high-
efficiency solar cells. The efficiency of X fluroperovskite-based solar cells has increased rapidly
from 3.8% in 2009 to 19.3% in 2014, by using the all-solid-state thin-film architecture and
engineering cell structures with mixed-halide perovskites. The emergence of perovskite solar
cells revolutionized the field not only because of their rapidly increased efficiency, but also
flexibility in material growth and architecture. The superior performance of the X
fluroperovskite solar cells suggested that perovskite materials possess intrinsically unique
properties.

Salehi et al. (2004) have studied the electronic structures and density of states (DOS) in
paraelectric crystal BaTiO3 by using the full potential- linearized augmented plane wave (FP-
LAPW) method. in the framework of density functional theory (DFT). In this method, exchange
potentials is calculated using the generalized gradient approximation (GGA). They found the
electronic energy bands and density of states for BaTiO3 to be in good agreement with both the
theoretical and experimental results.

Since late 2012, organic and inorganic halides with the perovskite structure have strongly
attracted the attention of the photovoltaic community when efficiencies close to 10% were first
achieved in solid state cells (Lee et al., 2012). The excellent properties and the innovative device
possibilities in perovskite-structured organometal and metallic halides has resulted in a frenzied
increase of publications reporting high efficiencies (Ball et al., 2013). Recently, 15% efficient

solar cells were reported with CHz NH3Pbls target efficiencies of 20% identified as a feasible



goal (Park, 2013). It is therefore pertinent to evaluate the potential and analyze the prospects of

this exciting technology that have galvanized the photovoltaic research community.

Organic/inorganic metal halides as light absorbers although these class of materials have
been widely studied for decades (Moller, 1958), but only recently have they been introduced in
solar cells.

ABOs and ABFs have similar crystal structures and are abundantly used in many areas of
scientific and technological fields. From their interesting electro-optic and electro-mechanic
properties, nonlinearities, large dielectric constants, and fundamental interest in the physics of
their phase transitions, they are used in scientific fields. Since they undergo phase transitions as a
result of rotations of the Fe octahedral around one of the major crystallographic axes of high
temperature cubic symmetry phase, these Perovskite-type crystals having chemical formula
ABF3, of which KCaFs is an example, have been attracting serious attention. The ideal structure
of perovskite fluoride KCaFs crystal compound has a simple cubic lattice, where the monovalent
K atom lies in the center of the cube, the divalent Ca atom lies at the corners of the cube and the
fluorine F atoms lie in the axes of the cube. Demetriou et al. (2005) determined the nature of
high conductivity of KCaFz using single crystal neutron diffraction experiments. Daniel et al.
(1997) presented a thorough investigation by Raman scattering of KCaFs: depending on
temperature, and obtained useful information on high temperature structural instabilities
occurring in this compound. Flocken et al. (1986) made a priori theoretical study of the
potential-energy surface for KCaFs and examined the relative stability of the various lower-
symmetry structures generated from cubic perovskite phase by rotations of the octahedral CaFe.
Chornodolskyy et al. (2004) investigated the electronic calculations for ABX3z (A = K, Rb, Cs; B

= Ca; X = F) by the pseudo-potential method taking into account the gradient corrections for the



exchange-correlation energy. Watson et al. (1992) presented the results from constant pressure
and constant-temperature molecular dynamics simulations on the fluoride-perovskites (KMnFsj,
KZnF3 and KCaFs). His prediction was that KCaFz is super-ionic conductor. Rousseau et al.
(1997) investigated the unusual mechanism of phase transition occurring in KCaFs by inelastic
neutron scattering.

The energy band structures and density of states of BaTiOz have been studied by Salhei
et al., (2004) using the FP-LAPW method. In this method, exchange potentials is calculated
using the generalized gradient approximation (GGA). They found the results of calculated
electronic structure, energy band structures and density of states of BaTiOs are in agreement with
both the theoretical and experimental results. The structural, electronic, elastic, and dielectric
properties of KMgFs in cubic perovskite structure have been studied by Pilani et al. (2013) in
the framework of density functional theory. They have employed generalized gradient
approximation with projector augmented wave method for calculations. The fully relaxed
structural parameters are found to be in reasonable agreement with available experimental data
and with previous theoretical work.

Meziani et al. (2012) have studied the structural, elastic and electronic properties of
fluoro-perovskite CsCaFs by using the FP-LAPW to the DFT. They have found the elastic
properties such as elastic constants, anisotropy factor, Shear modulus, Young's modulus,
Poisson’s ratio and Debye temperature in the first time. They have obtained electronic band
structure and the density of states. Electronic, structural and optical properties of the cubic
perovskite CsCaFs are calculated by Babu et al. (2012). They used FP-LAPW plus local orbitals
method with generalized gradient approximation (GGA) in the framework of the density

functional theory to study the above mentioned properties. The calculated lattice constant is in



agreement with the experimental result. Calculations of the optical spectra, viz., the dielectric
function, optical reflectivity, absorption coefficient, real part of optical conductivity, refractive
index, extinction coefficient and electron energy loss, are performed for the energy range 0—-30
eV.

The existence and origin of the ferroelectric instability in the ABF3 fluoro-perovskites

have studied and found that many fluoro-perovskites have a ferroelectric instability in their high
symmetric cubic structure same as in oxide perovskites (Garcia-Castro et al., 2013). They found
no sensitive to pressure and strain in ABFz which are constrast to the oxide perovskites.
The structural, elastic, electronic and optical properties of cubic perovskite CsCaCls have studied
by using the FP-LAPW method in the density functional theory (Babu et al., 2015). The
exchange-correlation potential has evaluated using the LDA and Generalized Gradient
Approximation (GGA). The calculated structural properties such as equilibrium lattice constant,
the bulk modulus and pressure derivative are found in good agreement with the available data.
The elastic properties such as elastic constants, anisotropic factor, Shear modulus, Young's
modulus and Poisson's ratio are calculated. Again, they have calculated electric band structure,
density of states and charge density which shows that this compound has an indirect energy band
gap with a mixed ionic and covalent bonding. Optical spectra such as the real and imaginary
parts of dielectric function, optical reflectivity, refractive index and electron energy loss are
performed for the energy range of 0-30 eV.

Babu et al. (2015) have studied the structural, electronic and elastic properties of cubic
perovskite type compound KCaFs and RbCaFz by using the FP-LAPW method. They have
observed the exchange- correlation effects through the LDA and GGA exchange potentials. The

calculated structural properties such as equilibrium lattice constant, the bulk modulus and its



pressure derivative are in good agreement with the available data. They have found wide band
gaps of indirect type transition in these compounds, which agree with experimental values. These
compounds are found as elastically anisotropic and ductile from the observations of elastic
properties.

Syrotyuk et al. (2015) have studied the electronic energy band spectra of cubic RoMF3
Perovskites (M= Be, Mg, Ca, Sr, Ba) within the projector augmented waves (PAW) approach by
means of the ABINIT code. From this study, they have obtained good results of the electron
energy bands in the LDA. Mubark et al. (2012) have studied the structural, electronic and optical
properties for fluoroperovskite BaXFs (X = Li, Na, K, and Rb) compounds using full potential
FP-LAPW method as implemented in Wien2k code. They employed the generalized gradient
approximation as exchange—correlation potential. Their calculations show that these compounds
have direct energy band-gap .The dielectric function, refractive index, extinction coefficient,
absorption coefficient, and reflectivity are calculated. All structures in the optical response are
shifted toward lower energies as moved from Li to Rb.

Murtaza et al. (2013) have studied the bonding nature as well as structural, electronic,
chemical bonding and optical properties of MCaFs (M = K, Rb, Cs) using the highly accurate
full potential linearized augmented plane wave method within the generalized gradient
approximation (GGA). They have found that lattice constant and bulk modulus increases with
the change of cation (M) from K to Cs in MCaFs. From the study of band structures, they have
found wide band gaps and indirect transitions for KCaFs and RbCaFs, while the band gaps of
CsCaFs is wide and direct transitions. From the study of optical spectra of MCaFz compound,
they have found the zero frequency limits of real part of dielectric function, refractive index and

reflectivity increases from K to Cs.



In this thesis we report the study of structural, electronic and optical properties of fluro
perovskite ABFs using self-consistent full-potential linearized augmented plane wave (FP-
LAPW) method on the base of density functional theory (DFT). The combinations of the alkali
metals or alkaline earth metals A and the transition metals B are as A= K, Rb, Cs, Ba; B= Li, K,
Rb, Ca, and Cu and Ag. The electronic property of any system strongly depends on its crystal
structure, hence to study the structure of cubical perovskites crystal, we have calculated the
lattice parameters corresponding to its equilibrium energy and volume deformations. The
electronic properties studied in this thesis are concerned with calculation of energy band
structures followed by density of states (DOS). The optical property is studied by calculations of
the frequency dependent isotropic complex dielectric function, refractive index, reflectivity and
energy loss spectra followed by the optical conductivity of the crystal as a function of photon
energy of incident radiation. The calculated optical spectra are correlated with the calculated
energy band structures. The correlational potential fuctionals are calculated for all th systems by
using the GGA and mBJ methods.

The chapters in the thesis are organized as follows:

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 LDA, GGA
as well as mBJ methods.

In Chapter 3, we discuss the structural and electronic properties of ABFs type perovskite
with alkali metals A as K, Rb and Cs; and alkaline earth metal B as Ca.

Also in Chapter 4, we describe the structural and electronic properties of ABF3 type

perovskite with alkaline earth metal A as Ba, and alkali metals as Li, K and Rb.



In Chapter 5, we describe the structural and electronic properties of ABF3 type perovskite
with alkali metals A as Rb; and transition metal B as Cu and Ag.

In Chapter 6, results of the calculations of optical constants and other parameters are
presented for ABF3 (A = K, Rb, Cs and B = Ca), ABF3 (A = Baand B = Li, K, Rb) and ABF3 (A
= Rb and B= Cu, Ag) type perovskite.

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

obtained in the case of ABFs. This is followed by references.



Chapter-2
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Theoretical Formalism and Methodology

In this chapter, we will discuss the theory and the formalism used in the calculations of
density of states (DOS), energy band structures and optical constants and parameters to understand
the optical properties of the systems under investigations in this thesis. First the basic principle of
density functional theory (DFT) is discussed which is then followed by the explanation of the
essence of the Kohn-Sham equation. In the entire thesis, the calculations of DOS and energy bands
followed by optical constants etc. is based on the choice of exchange correlation energy of the
electrons. For this purpose, hence therefore, the methods of generalized gradient approximation
(GGA) and modified Becke-Johnson (mBJ) is considered and discussed in this chapter. The
discussion is also given for the formulae used for the calculation of optical constants.

2.1 Density Functional Theory

Condensed matter physics is related to the study of the physical, electronic and other basic
properties of matter. We can examine and describe the nature by various experimental science, but
the interaction between the experiment and theory is also necessary, in order to understand and
describe the basic property of matter. The properties of matter under normal conditions are
governed by the behaviour motion of electron the field of the nuclei of the constituent atoms. Thus
the knowledge of the electronic band structure is essential to understand the physical properties of
matter. In condensed matter physics, one studies the physical properties of the systems within the
framework of already established quantum theory. Many solids, crystals are ordered and can be
successfully described mathematically neglecting the defect in the crystal, which plays a major

role in describing the property of matter.
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In reality the matter is more complex and composed of a collection of interacting atoms,
which may also be affected by some external field. Various techniques that have been developed
to describe the motion of collection atoms and electrons are based on Density Functional Theory.
Density functional theory (DFT) is one the most widely used technique obtainable on
computational condensed matter physics, which was originally invented and developed by Kohn,
Hohenberg and Sham (Hohenberg and Kohn, 1964; Kohn and Sham, 1965), provides a modern
tool to study the ground state properties of atoms, molecules and solids. The Hohenberg and Kohn
theorem reduces the many body problems of N electrons with 3N spatial coordinates by
employing the concept of functional of the electron density. The Kohn and Sham theorem defines
energy functional of the system and gives evidences to prove that the proper ground state density
minimizes this energy functional. In short, these theorems assert that all information available in
the wave function is also available in the ground state electron density and that this density can be
found through energy minimization procedures. The computational challenge of calculating the
properties of a complex material is also greatly reduced. Thus, intractable many-body problem of
interacting electrons in a static external potential, within the framework of Kohn-Sham DFT (KS-
DFT) is reduced to a tractable problem of non-interacting electrons moving in an effective
potential. The effective potential contains the external potential and the effects of Coulomb
interactions between the electrons, the exchange and correlation interactions. Modeling the latter
two interactions becomes the challenge within KS-DFT.

2.2 Details of Theoretical Methodology
According to Born Oppenheimer approximation the nuclei of the many body system in an

electronic structure calculation are seen as fixed generating a static external state is represented by

a wave function ‘P(Fl,..., FN) satisfying the many-electron Schrodinger equation:
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HY =[T +V +u]\11={2——v +ZV(r)+ZU(,, J)}P EY (2.1)

where H is the electronic Hamiltonian, N is the number of electrons, T is the N-electron
kinetic energy, V is the N-electron potential energy from the external field, U is the electron-
electron interaction energy for the N-electron system. The operators T and U are common for
similar systems, so are called Universal operators. V is system dependent, so is non-universal.
Now the difference between a single particle problem and the much more complex many particle
problem is the interaction termU . DFT provides a way to systematically map the many-body

problem with U onto a single particle problem without U. In DFT the particle density n(r) for a

normalized ¥ is given by:

n(r)=N/fd’r..[d°ry (r,r,..r)w(,r,..r) (2.2)

In reverse way, this relation states that for a given ground-sate density n,(r) it is possible to
construct the corresponding ground-state wave-function (i 1,,...,fy). In other words

Y,(hT,,....Ty) is a functional of n,(rF) and hence the ground sate expectation values of an

observable O is also a functional of n, (F).

O[no]:<‘P[n0]‘T +V +U|¥[n,]) (2.3)

In particular, the ground state energy is a functional of n,(r)

By =Eo [no]=(¥ [N ][T +V +U[ ¥ [n,]) (2.4)
= (P J[T I [ ])+ (% [ IV [ [ T)+ (% [ JJU [ [ ) (2.5)
=T[n,]+V[n,]+U[n,] (2.6)
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where the contribution of the external <‘P[no]‘v|‘P[nO]> potential can be written in terms of the

ground-state density n,

V[n,]= j V (F)n, (F)d°r 2.7)
More commonly, the contribution of the external potential <‘I’\V|‘P> can be written clearly in
terms of the density n as

V[n]= j V (F)n (F)d®r (2.8)
A system is defined by a definite non-universal functional V , as T[n] and U[n] are universal.
For a given system with V as its external potential

E[n]=T[n]+U [n]+IV(F)n(F)d3r (2.9)
In regard ton(r), taking for granted one has got dependable terms for T[n] and U[n]. A

successful reduction of the energy functional will produce the ground state density n,(r) and thus

all other ground state observables.

The second KS-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[n] is the ground-state density corresponding to the external potentialV (r) . Of

course, this can be done only if an approximation to <‘I’[n]‘T +V|\P[n]> is known. But having

found n(r) , all knowledge about the system is within reach. It is useful to stress the meaning of the
energy functional E[n] once more. When it is evaluated for the density n(r) corresponding to the

particular V (r) for this solid, it gives the ground state energy. When it is evaluated for any other

density however, the resulting number has no physical meaning (Cottenier, 2002).
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Taking the energy functional without electron-electron interaction energy term
Eg[n]= (W, [n]|T, +Vs| ¥, [n]) (2.10)
where fs indicates the non-interacting kinetic energy and \7S is an external effectual potential in
which the particles are moving. Clearly, if \/AS IS ng(f) =n(r) selected be
\7S =V+U+(T —'fs) (2.12)
Consequently, we can solve the Kohn-Sham equations for this assisting non-interacting system,
Hys#h =Ed 2.12)
which produces the ¢ orbital that reproduces the density n(r) of the authentic many-body system,
N
n(F)= n,(F) =Zi:|¢,(r)|2 (2.13)

The effective single-particle potential can be written in more detail as

en(r)

V, (F)=V (F)+ j‘ . d°r +V, [ng (F)] (2.14)

The second term in the above Eq. 2.14 stands for the so-called Hartree expression with the

electron-electron Coulomb repulsion, while the last expression V,. is called the exchange

correlation potential. Now, the Hartree expression and V,. depend on n(r) which depends on

the 4, which in turn relies on\?s. Now the problem is that the Kohn-Sham equation has to be
solved in a self-consistent way. One typically begins with a first guess n(r) then works out the
corresponding \7S and solves the Kohn-Sham equations for the ¢ (Kohn and Sham, 1965). The

techniques in DFT are complex and different and can be understood by considering the following
two approaches.
We first discuss the local density approximation (LDA) method used. The LDA is decided

exclusively and based on the qualities of the electron density. The significant supposition of this
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approximation is that for a molecule with many electrons in a gaseous state, the density is
consistent throughout the molecule. This is not the case for molecules where the electron density is
decidedly not consistent. This approximation does however work well with electronic band
structure of solids and hence illustrates the scope of energies in which electrons are allowed or not
allowed. Outside of these applications, however, LDA’s are not very acceptable.

Secondly, the technique that unites the electron density calculations with a gradient
correction factor. A gradient in mathematics is a function that measures the rate of change of some
property. In this case, the gradient seems to explain the non-uniformity of the electron density and
as such is known as gradient-corrected and hence is called GGA method.

2.3 Kohn-Sham Equation
Since the total energy of the system is

E(n):T(n)+J'Ve (Nn(r)dr +V, [n]+ E,[N] (2.15)

Xt

where T is the kinetic energy of the system, V,

ext

is an external potential acting on the system, E, .

is the exchange-correlation energy and Hartree energy is given by
2 _n(r)n(r ,
V=2 L(,)dr dr (2.16)
2 ‘r —r ‘

The straight forward application of this formula has two barriers:

First, the exchange-correlation energy E,. is not known precisely and second, the kinetic term
must be created in terms of the charge density. As was first suggested by Kohn and Sham (1965),

the charge density n(r) can be written as the sum of the squares of a set of orthonormal wave

functions ¢ (r):

(=240 (2.17)
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where the single particle wave function ¢ (r)are the N lowest-energy solutions to the Kohn-Sham

equation for N non-interacting electrons moving in an effectual potential V,, (r) given by

—Zh—vzqﬁg(r)JrVeff (Na(r)=&a¢(r) (2.18)
m

where the effectual potential is defined to be

n(r) Exc [N]
Vi (1) = xt<r)+ej‘ ‘dr 5 (2.19)

This system is then solved iteratively until self-consistency is approached. Note that the

eigen values &, have no physical meaning but the total sum matches the energy of the entire

system E through the equation:

E:z’?:gi —V, [n]+Ex [n]- I n ([) ]n(r)dr (2.20)

There are several ways in which Kohn-Sham theory can be applied depending on what is

being examined.

2.4 Generalized Gradient Approximation

The exchange-correlation energy has a gradient expansion of the type
Exc ()] = [ A InOIn()*dr + [Coe VA /n(r) o ... (2.21)

which is asymptotically valid for densities that vary slowly in space. It is well known that a
straightforward evaluation of this expansion is ill-behaved, in this sense that it is not
monotonically convergent and it exhibits singularities that cancel out only when an infinite
number of terms are re-summed. In fact, the first order correction worsens the results and the
second order correction plagued with divergences (Ma and Brueckner, 1968; Fetter and Walecka,
1971). 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
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order expansion of the exchange density matrix, which was later re-analyzed 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 oo density or the correlation
potential in the He atom, or are generated by fitting a number of parameters to a molecular
database. The basic idea of GGAs is to express the exchange-correlation energy in the following

form:
Exc[n(]= [ n(Neyc [n(D)]dr + [ Fyc In(r), V()]dr (2.22)
where the function F,. is asked to satisfy a number of formal conditions for the exchange-

correlation hole, such as sum rule, long-range decay and so on. This cannot be done by
considering directly the bare gradient expansion. 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 is 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 the other 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 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).

2.5 The Full-Potential Linearized Augmented-Plane Wave (FP-LAPW) Method
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The full-potential linearized augmented-plane wave (FP-LAPW) technique is one of the
most precise methods of study of the electronic structures, magnetic and optical properties 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 which is evident by use of researchers to work
out several properties in magnetism and nuclear quantities, for example, isomer shifts, hyperfine
fields, electric field gradients, and core level shifts. Nevertheless, because the computational
expense and memory requirements are still fairly high, FP-LAPW implementations are suitable 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.,
2012). 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 (APW) techniques from Slater’s APW to LAPW and the new APW+lo
was portrayed by Schwarz and Blaha (2003).

FP-LAPW is the one of the most precise technique for performing electronic structure
calculation of a crystals and it is based on DFT. The valence states are treated relativistically
incorporated with either scalar relativistic or with 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 equations for the ground state density, total energy and
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(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. 2.1) into (I) non- overlapping atomic circles (centered at the atomic sites) and (II) 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 Rt a linear combination of radial functions times spherical

harmonics Y, (r) is used:
B = 2| Anth (F. )+ Byl (F. E,) [, (F) (2.23)

where u,(r, E,) is the (at the origin) normal way out of the radial Schrodinger equation for energy
E: and the spherical part of the potential inside sphere, u,(r,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 equivalent basis function of the interstitial region; u, and are achieved
by numerical integration of the radial Schrodinger equation on a radial mesh inside the sphere.

(i1) In the interstitial zone a plane wave extension is applied

fo = ﬁe ‘ (2.24)

where kn = k + Kn; K, are the reciprocal 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.
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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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The solutions to the Kohn-Sham equations are extended in this joint basis set of LAPW’s

according to the linear dissimilarity technique

Vi = zcn¢kn (225)

and the coefficients C, are decided by the Rayleigh-Ritz variation rule. The union of this basis set

is controlled by a disconnected parameter Rut X Kmax = 6 - 9, where Rur is the smallest atomic
sphere radius in the unit cell and Kmax is the magnitude of the largest K vector. Additional (Kn
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 additional basis
functions can be added. They are called “local orbitals” and consist of a linear combination of two

radial functions at two dissimilar energies and one energy derivative:
m = [Aat (FE) + By (F B ) +Cuu (F,E,)]Y, (F) (2.26)
The coefficients Aim, Bim, and Cim, are decided by the necessities that ¢-° should be
regularized and has zero value and slope at the sphere border. The general form of potentials in the
core region (1) and interstitial region (11) using FP- LAPW technique can be written as

D Vi (F)Y,, (F)  insidesphere

V(F)=4" _ 2.27
(r) DV, e outside sphere (2.27)
K

2.6 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 + E¢ to
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perform calculations on periodic solids with the Kohn—Sham method (Kohn and Sham, 1965) of

density functional theory (Hohenberg and Kohn,1964), whose Eqns. are
1_2 _
_EV + Veff Nea (r) l//i,a (r) - 8i,0‘//i,0' (r) (228)

where vi' =V, +V,+V, is the Kohn-Sham multiplicative effective potential whose

components are the external Hartree, and exchange—correlation( V., =J0E, /dp, =V, +V,,)

terms, respectively. In many cases, the LDA and GGA functionals (Perdew et al., 1996) 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).

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.
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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) called mBJ potential can

bea good starting point. The multiplicative BJ potential reads

BJ B l § t_(r)
vx,(,(r)—vx,g(r)+ﬂ\f6 () (2.29)

N, 2
where p_ = Z‘l//m‘ is the electron density , the kinetic-energy density is given by
i=1

t, =1/2)" "V, Yy, (2.30)

1 1
v =———(1-e*"-Zx (r)e*®" 2.31
L0075 %, (e ™) (231)

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. (2.31), X, is determined from a

nonlinear  Egn.involving  p,,Vp,, Vp,, andt,, and then bis calculated

o

withb,_ =[x§e‘x” / (87rpa)]1/3. The asymptotic behavior of v 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 Eqn.s 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
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(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:

2t_(r)

1 f 5
VXMO'BJ (r) = CVXB:(r)—'_(sC_Z)_ A
' ' 7z \N12\ p_(r)
c (2.32)

Where p,(I) is the spin dependent density of states, t_(I') is the kinetic energy density and

VX'?gBJ (r) is the Becke-Roussel potential (BR) (Engel, 2009). The ¢ stands for

c=A+ B\/ 1 jd3r [4(1) (2.33)
Vcell 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 {_is not calculated with

Eqn. (2.31) but instead with the equivalent expression
N, 2 1
=28 i O Vi (DR, N+ VP,() (2:34)
which depends on the potential V> , entering the Kohn-Sham Eqns. (Egn. (2.28)). For the

evaluation of Egn. (2.35), the exchange—correlation part of Veﬁfawas taken from the previous

iteration of the self-consistent procedure. A Newton algorithm was used to solve the non linear
Egn. for x o in each point of space, and we ensured always obtaining a positive real value (which
is unique). The calculations with the BJ exchange potential are done without correlation or in
combination with LDA correlation (Perdew and Wang, 1992).
2.7 Equation of States

The behaviour of a solid under hydrostatic pressure can be described by using equation of
states which is the pressure-volume or energy volume relation. All physical properties are related

to the total energy of the crystal. Equilibrium lattice constant, isothermal bulk modulus, its
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pressure derivative are calculated by fitting the calculated total energy to the Murnaghan’s

equation of state (Murnaghan, 1944), which is given by

E(\/)—E0+[(V .N) 0 +1]—:°V°1 (2.35)

Here E, is the minimum energy at T = OK, Vo is the equilibrium volume corresponding to

minimum energy of the crystal. B, and B, are the bulk modulus and pressure derive-
ative of the bulk modulus at the equilibrium volume respectively.

2
Pressure (P):—d—E and Bulk modulus, (BO)=—Vd—P=V d E
dv dv dv

2.8 Formalism to study 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

by e(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)+is, (), (2.36)
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where ¢, (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 /= 2 -
H :%(P+6A) +V (1) (2.37)

where Pis 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 —
H (rt)=—(A 2.38
o(rt)=—(Ap) (2.38)
The vector potential for a plane wave can be written as,
A= Koéexp[i (E.F—a)t)}rc.c. (2.39)
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, (K) can be written as,

2

w0t K) =& ot [, ar v, (C.7.t) A b, (k.1 (2.40)
0

Here, Bloch type eigen functions y_ and v, belongs to E,and E_ respectively and can be written

as
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v, (kv, r,t) =exp [—ih_lEv (kT)t}exp(ikT.F).uv (E,F) (2.41)
Here both u, and u are the periodic wave functions with periodicity of the lattice.
Combining Egs. 2.39, 2.40, 2.41, and using

=__OA

E=—— (2.42)
We get
.. e’E2 |t P
w(w,tk, k)= > [dt'exp[in™(E, —E, ~ho)t'|eM,, (2.43)
2 0
with the matrix element
e.Mao =jd?exp[—i (E —R).F}uZEﬁ exp(ikﬁv.F)uv (2.44)

here the matrix element will vanish unless k. —k =k, +kn ,where kais the reciprocal

lattice vector.
: = 271 . : . : S .
Since k = 7” 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. 2.47 over ¢’ gives

2

(ot ic )~ L[ 2Rli(EE —ho) ] 1o (2.45)
R e |

from which we obtain the transition probability per unit time as

22
W = he’E;

2
- 5(E, -E, —ho) (2.46)

[dk \EMCV

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
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various optical constants as follows: The frequency dependent optical conductivity (o) given by

(Reshak, 2007),

o(w)=2W, ho! E; (2.47)
The imaginary part of dielectric function is

_ A R eMw[ S (E.—E, - 2.48
52(0))—WJ. ‘e. cv ( N = 60) ( . )

2.2 eM i
& (w)= 4h2e > | ds— : (2.49)

e’ Vi (E,~E,)

E.-E,=ho

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

imaginary parte, (),
gl(a)):l+§ngz (0")do' (2.50)
0

The dielectric function is not directly accessible experimentally for the optical

measurements, hence they have to be calculated from the other parameters. They are

reflectivity R(w), the refractive index n(w)and extinction coefficient k(). 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
()

aoR
R(w)= m (2.51)
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While the electron loss-function [—Im [lj] is given by (Yu et al., 1999, Fox, 2002; Dressel et al.,
&

2001)

-4m(1j=L(w)— (@) (2.52)

& & (o)l (o)
We calculate the absorption coefficient I (w) and real part of optical conductivity

Re|o ()| using the following expression (Ambrosch et al., 1998; Delin et al., 1996)

I(a))a(a))Zw[\/glz(a))Jrgz;(m)gl(w)} (2.53)
Reo (o) =0 (o) =i’—f; (2.54)

Also, the optical spectra such as the refractive index, n(w) and the extinction coefficient, K(w),

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)= 5 i 5 (2.55)

K(w)={ g (a))+822(a))gl(2a))} (2.56)

2.9 The WIEN2k 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 selfconsistent field (SCF) cycle. The

flow chart of the code is given in Fig. 2.2.
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* 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 |, 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):

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 LAPW1. 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.

e 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. 2.30 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 WIENZ2k 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.

Nt = (1-a)n" +any, (2.56)
here a is a mixing parameter. In the WIENZ2k 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 (Uett = U —J) is used for the LDA+U
calculations (Anisimov et al., 1991, 1997). This particular scheme is used in WIENZ2k 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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Chapter-3
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Study of Electronic Properties of Fluoride
Perovskite ABF3; with Alkali and Alkaline
Earth Elements

In this chapter, we will present the results of calculations of the structural parameters
like optimized lattice constants, equilibrium pressure and its derivative for the ABFs. For our
study here, we have chosen the combinations for alkali metals A and alkaline earth metals B
as A = K, Rb, Cs, and B = Ca. The results of total and partial density of states and also the
energy bands 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.

3.1  Structural Optimization

All physical and electronic properties of a solid are related to its structure, lattice
constants and the total energy of the crystal. In this section, the calculations of structural
optimization with cubical fluoride perovskite ACaFs (A= K, Rb, Cs) is presented. These
calculations are performed with an exchange-correlation functional given by generalized
gradient approximation (GGA) (Perdew et al., 1996) within the frame work of DFT
(Hohenberg and Kohn 1964), where full-potential linearized augmented plane wave (FP-
LAPW) (Singh, 1994) is adopted for the basis set. In this method the space is divided into

non-overlapping muffin-tin (MT) spheres separated by an interstitial region (Fig. 2.1 of
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Chapter 2), the detail of which is discussed in section 2.5 of Chapter 2. The basis functions
are expanded into spherical harmonic functions inside the muffin-tin sphere and the Fourier
series in the interstitial region. Rmt X Kmax calculates the LAPW basis functions for the
expansion of the charge density and the potential in the interstitial region and lattice
harmonics for the expansion inside the muffin-tin spheres (where Rmr is the average radius of
the muffin-tin spheres and Kmax is the maximum value of the wave vector K = k + G). The
convergence of basis set was controlled by a cutoff parameter Rmt X Kmax = 7. Nonspherical
contributions to the charge density and potential within the MT spheres were considered up to
Imax = 6, While charge density and the potential were expanded as a Fourier series with wave
vectors up to Gmax = 12 (a.u.). The dependence of the total energy on the number of k
points in the irreducible wedge of the first Brillouin zone has been explored within the
linearized tetrahedron scheme (Bloch et al., 1994). The cutoff energy which defines the
separation of valence and core states was chosen as -6.0 Ry. Core states will be treated in a
fully relativistic manner and the valence states are treated semi-relativistically. Self-
consistency is achieved by setting the convergence of both the total energy and the eigen
values to be smaller than 10 Ry.

The lattice constants that minimizes the total energy is the equilibrium lattice constant
of a crystal. The structural relaxation was performed by volume optimization method based
on Murnaghan’s equation of states (Murnaghan, 1944). The lattice constant thus obtained
from relaxed structure with minimum ground state energy is the theoretical equilibrium
lattice constant which is used for the calculational purposes. We have calculated the total
energy of the crystal in its equilibrium position. In order to investigate the synthesizability of

the related compounds, the enthalpy (H) can be calculated by using the following relation,

H = E0+PVO (31)
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Where, P is the bulk pressure, Vo is bulk volume corresponds to minimum energy (E,) of the
system. The negative values of enthalpy indicate the stability of the compounds against
decomposition into stable solid structures (Hao et al., 2010). The calculated lattice constants,
bulk modulus and its pressure derivative are given in Table 3.1.

In order to obtain the equilibrium lattice constant and the bulk modulus for the cubic
perovskite ACaFs, we performed the structural optimization by minimizing the total energy
with respect to the cell parameters and the atomic positions. To study the crystal structure, we
start with the total energy minimization of cubic ACaFs as a function of volume. This can be
understood from the plots of the total energy as a function of volume which are shown in
Figs. 3.2-3.4 for KCaFs, RbCaFz and CsCaFz respectively. The energy versus volume data
was fitted to a Murnaghan equation of state (Murnaghan, 1944) to obtain the equilibrium
lattice constant (a), the bulk modulus (B) and its first pressure derivative (B'). We note that
the result of the lattice constants obtained within our GGA calculations increases with the
change of cation (A) from K to Cs which is similar to the experimental results and are shown
in Table 3.1. From our calculations, we have found KCaFs has maximum value and RbCaF3
has minimum value of B in compound ACaFz (A = K, Rb, Cs). From this calculation, the
maximum pressure derivative (B") is found in CsCaFsz compound and minimum value is

found in RbCaFz compound which are given in Table 3.1
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Table 3.1: Calculated lattice constant a (in A), bulk modulus B (in GPa) and its pressure
derivative B' of ACaF3 are compared with other theoretical and experimental results.

Compounds | Previous | Calculate | Previous | Calculated | Previous | Calculate

results d results results results results | d results
a(in A) a(in A) B(GPa) B(GPa) B B

KCaFs 4.41% 4.498 49.583% 49.334 3.5772 5.199
4.529° - 46.0° - 3.95° -

RbCaF3 4.452°¢ 45134 49.77° 48.067 5.00¢ 4.967
4.4551 - - - - -

CsCaF3 4.588f5e 4.6007 45.77° 48.1655 4.6278° 5.8413
4.52 - - - - -

Theoretical

2 (Babu et al., 2015), ® (Erdinc, 2011), ¢ (Murtaza et al., 2013), ¢ (Murat et al., 2016),  ( Jiang
et al., 2006)

experimental

d (Bulou et al., 1980),  (Jiang et al., 2006)
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3.2 Study of Density of State (DOS) for Alkali and Alkaline Earth Elements

In this section, the results of calculations of density of states, will be presented for the
combination of systems of choice namely ACaFz (A = K, Rb, Cs). Calculations for this
purpose has been done by using the approximations for the exchange-correlation potentials
such as GGA and mBJ under FP-LAPW method. The details of these methods have already
been given in Chapter 2. 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 Rwr 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 1000 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. Even though the ground state is well described by GGA, the
values of the band gaps are sometimes underestimated. For this reason we have the modified
Becke Johnson potential (mBJ) to calculate for improved values of the band gaps (Perdew et
al., 1996) for all the systems. The theoretically obtained lattice parameters calculated in
Chapter 3 have been used here for DOS and energy bands calculations. We present in this

section the results of total DOS and partial DOS in the case of ACaFs (A = K, RDb, Cs). The
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DOS for these systems had been calculated using the same method but for the exchange

correlation potential calculated by GGA and mBJ approximations.

3.2.1 Calculation of DOS by using GGA method for Alkali and Alkaline Earth
Elements
@ KCaFs

In this section the calculated results of total density of states (TDOS) and partial
density of states (PDOS) for KCaFs compound are given. The plot of TDOS of KCaFs and
individual atoms K, Ca and F are given in Fig.3.5. In the valence region below the Fermi
level, we have found the maximum peak in TDOS for KCaFs at - 0.27 eV. The occurrence of
this maximum in peak in TDOS of KCaFz at -0.27 eV appears to be the contribution due to
F atom. The reason being that the TDOS of F atom is also maximum at -0.27 eV. Also in
valence band region, we find from the plots that the contributions to the origin of peak in
TDOS of KCaFs by other atoms K and Ca is very low and hence are negligible. Similarly, in
the conduction band above the Fermi level in Fig. 3.5, the maximum peak in TDOS for
KCaFz is observed at 9.68 eV. The occurrence of this maximum in peak in TDOS of KCaF3
at 9.68 eV is due to the main contribution by Ca atom. The reason being that the TDOS of Ca
atom is also maximum at 9.68 eV. We find from the plots in Fig. 3.5, TDOS of KCaF3 by
other atoms K and F are very low.

In Fig. 3.6, the plots of TDOS and partial density of states (PDOS) of K atom in
KCaFz compound are shown. In the valence band, we have found that there is negligible
contribution to TDOS and PDOS by electrons of K atom. However in the conduction band

region, we find from the plots that the maximum peak in TDOS occurs at 11.92 eV. This is
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due to the main contribution by the K-dwg electrons

maxima of PDOS of K-dig is also found at 11.92 eV.
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of K atom. The reason being that the
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Fig. 3.6: Total and partial DOS plots of atom K

Fig.3.7 shows the plot of TDOS and PDOS of Ca atom of KCaFs compound. There is
negligible contribution to TDOS and PDOS in the valence band below the Fermi level by Ca
atom. However in the conduction band, a maximum peak in TDOS is observed at 9.68 eV in
the conduction band. This can be attributed to Ca- diq State electrons as shown in Fig. 3.7.

The plot of TDOS and PDOS of F atom in KCaFz compound is shown in Fig. 3.8. The
maximum peak in TDOS is found at - 0.27 eV in the valence region below the Fermi level.
From the plot we find that the contribution to the occurrence of this peak at -0.27 eV is due to
the contribution by Fpx+py State electrons. There is negligible contribution to TDOS and PDOS

in conduction band in F atom as shown in Fig. 3.8.
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(b) RbCaFs

The calculated results of total density of states (TDOS) and partial density of states
(PDOS) for RbCaFs compound are given in this section. Fig.3.9 shows the plot of total
density of states (TDOS) for RbCaF3 and individual atoms Rb, Ca, and F. In the valence band
region below the Fermi level, we have found the maximum peak in TDOS for RbCaFz at -
0.25 eV. The occurrence of this maximum in peak in TDOS of RbCaFs at -0.25 eV appears to
be the contribution due to F atom. The reason being that the TDOS of F atom is also
maximum at -0.25 eV. Also in valence band region, we find from the plots that the
contributions to the origin of peak in TDOS of RbCaF3 by other atoms Rb and Ca is very low
and hence are negligible. Similarly, in the conduction band above the Fermi level in Fig. 3.9,
the maximum peak in TDOS for RbCaFz is observed at 9.51 eV. The occurrence of this
maximum in peak in TDOS of RbCaFs at 9.51 eV is due to the main contribution by Ca atom.
We find from the plots in Fig. 3.9, TDOS of RbCaFs by other atoms Rb and F are very low.

In Fig. 3.10, the plots of TDOS and partial density of states (PDOS) of Rb atom in
RbCaFs compound are shown. In the valence band, we have found that there is negligible
contribution to TDOS and PDOS by electrons of Rb atom. However in the conduction band
region, we find from the plots that the maximum peak in TDOS occurs at 12.5 eV. This is
due to the main contribution by the Rb-dwg electrons of Rb atom. The reason being that the

maxima of PDOS of Rb-dig is also found at 12.5 eV which is seen in Fig. 3.10.
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Fig.3.11 shows the plot of TDOS and PDOS of Ca atom of RbCaFz compound. There
is negligible contribution to TDOS and PDOS by Ca atom in the valence band below the
Fermi level. However in the conduction band, a maximum peak in TDOS is observed at 9.51
eV in the conduction band. This can be attributed to Ca-dg State electrons as shown in Fig.
3.11.

The plot of TDOS and PDOS of F atom in RbCaFs compound is shown in Fig. 3.12.
The maximum peak in TDOS is found at - 0.25 eV in the valence region below the Fermi
level. From the plot we find that the contribution to the occurrence of this peak at -0.25 eV is
due to the contribution by Fpx+py State electrons. There is negligible contribution to TDOS and

PDOS in conduction band in F atom as shown in Fig. 3.12.
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(©) CsCaFs

The calculated results of total density of states (TDOS) and partial density of states
(PDOS) for CsCaFz compound are given in this section. Fig.3.13 shows the plot of total
density of states (TDOS) for CsCaFs and individual atoms Cs, Ca, and F. In the valence
region below the Fermi level, we have found the maximum peak in TDOS for CsCaFz at -
0.51 eV. The occurrence of this maximum in peak in TDOS of CsCaFs at -0.51 eV appears to
be the contribution due to F atom. The reason being that the TDOS of F atom is also
maximum at -0.51 eV. Also in valence band region, we find another peak in TDOS of
CsCaFs at - 4.51 eV. The occurrence of this maximum in peak in TDOS of CsCaF3z at -4.51
eV appears to be the contribution due to Cs atom. The reason being that the TDOS of Cs
atom is also maximum at -4.51 eVV. We have found from the plots that the contributions to the
origin of peak in TDOS of CsCaFs by other atom Ca is very low and hence is negligible.
Similarly, in the conduction band above the Fermi level in Fig. 3.13, the maximum peak in
TDOS for CsCaFs is observed at 8.79 eV. The occurrence of this maximum in peak in TDOS
of RbCaF3 at 8.79 eV is due to the main contribution by Ca atom. We find from the plots in
Fig. 3.13, TDOS of CsCaFs by other atoms Cs and F are very low.

In Fig. 3.14, the plots of TDOS and partial density of states (PDOS) of Cs atom in
CsCaFz compound are shown. In the valence band, we have found that the maximum peak in
TDOS occurs at — 4.51 eV. This is due to the main contribution by the Cs-p electrons of Cs
atom. However in the conduction band region, we find from the plots that a small peak in
TDOS occurs at 8.79 eV. This is due to the main contribution by the Cs-dwpg states of
electrons of Cs atom. The reason is that the peak of PDOS of Cs-dig is also found at 8.79 eV

which is seen in Fig. 3.14.
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Fig.3.15 shows the plot of TDOS and PDOS of Ca atom of CsCaFs compound. There
is negligible contribution to TDOS and PDOS by Ca atom in the valence band below the
Fermi level. However in the conduction band, a maximum peak in TDOS is observed at 9.25
eV. This can be attributed to Ca-drq State electrons of atom Ca as shown in Fig. 3.15.

The plot of TDOS and PDOS of F atom in CsCaFs compound is shown in Fig. 3.16.
The maximum peak in TDOS is found at - 0.21 eV in the valence region below the Fermi
level. From the plot we find that the contribution to the occurrence of this peak at -0.21 eV is
due to the contribution by Fpx+py State electrons. There is negligible contribution to TDOS and

PDOS in conduction band region in F atom as shown in Fig. 3.16.
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3.2.2 Calculation of DOS by using mBJ method for Alkali and Alkaline Earth
Elements
@ KCaFs

The calculated results of total density of states (TDOS) and partial density of states
(PDOS) for KCaFs compound are given in this section. Fig.3.17 shows the plot of total
density of states (TDOS) for KCaFz and individual atoms K, Ca, and F. In the valence region
below the Fermi level, we have found the maximum peak in TDOS for KCaFs at -0.21 eV.
The occurrence of this maximum in peak in TDOS of KCaFz at -0.21 eV appears to be the
contribution due to F atom. The reason being that the TDOS of F atom is also maximum at -
0.21 eV. We have found from the plots that the contributions to the origin of peak in TDOS
of KCaF3 by other atoms K and Ca are very low and hence is negligible. Similarly, in the
conduction band above the Fermi level in Fig. 3.17, the maximum peak in TDOS for KCaFs
is observed at 11.12 eV. The occurrence of this maximum in peak in TDOS of KCaFs at
11.12 eV is due to the main contribution by Ca atom. We find another peak in TDOS of
KCaFs at 13.27 eV from the plots in Fig. 3.17 due to the main contribution of K atom. TDOS
of KCaFs by other atom F is very low.

In Fig. 3.18, the plots of TDOS and partial density of states (PDOS) of K atom in
KCaFs compound are shown. In the valence band, we have found that there is negligible
contribution to TDOS and PDOS by electrons of K atom. However in the conduction band
region, we find from the plots that the maximum peak in TDOS occurs at 13.27 eV. This is
due to the main contribution by the K-dwg electrons of K atom. The reason being that the

maxima of PDOS of K-diq is also found at 13.27 eV.
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Fig.3.19 shows the plot of TDOS and PDOS of Ca atom of KCaFz compound. There
is negligible contribution to TDOS and PDOS in the valence band below the Fermi level by
Ca atom. However in the conduction band, a maximum peak in TDOS is observed at 11.12
eV in the conduction band. This can be attributed to Ca-dxg State electrons which is shown in
Fig. 3.19.

The plot of TDOS and PDOS of F atom in KCaFz compound is shown in Fig. 3.20.
From this plot, we have observed a narrow peak in TDOS at — 0.21 eV in the valence region
below the Fermi level. From the plot we find that the contribution to the occurrence of this
peak at -0.21 eV is due to the contribution by Fpx+py State electrons of atom F. There is
negligible contribution to TDOS and PDOS in conduction band in F atom as shown in Fig.

3.20.
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(b) RbCaFs

The calculated results of total density of states (TDOS) and partial density of states
(PDOS) for RbCaFz compound are given in this section. Fig.3.21 shows the plot of total
density of states (TDOS) for RbCaFz and individual atoms Rb, Ca, and F. In the valence
region below the Fermi level, we have found the maximum peak in TDOS for RbCaFz at -
0.21 eV. The occurrence of this maximum in peak in TDOS of RbCaFs at -0.21 eV appears to
be the contribution due to F atom. The reason being that the TDOS of F atom is also
maximum at -0.21 eV. Also in valence band region, we find from the plots that the
contributions to the origin of peak in TDOS of RbCaF3 by other atoms Rb and Ca is very low
and hence are negligible. Similarly, in the conduction band above the Fermi level in Fig.
3.21, the maximum peak in TDOS for RbCaFs is observed at 10.99 eV. The occurrence of
this maximum in peak in TDOS of RbCaFz at 10.99 eV is due to the main contribution by Ca
atom. We find another peak in TDOS of RbCaFz by the contribution of other atom Rb at
13.33 eV in the conduction band in Fig. 3.21. We find very low contribution in TDOS of
RbCaFs by other atom F.

In Fig. 3.22, the plots of TDOS and partial density of states (PDOS) of Rb atom in
RbCaFs compound are shown. In the valence band, we have found that there is negligible
contribution to TDOS and PDOS by electrons of Rb atom. However in the conduction band
region, we find from the plots that the maximum peak in TDOS occurs at 13.33 eV. This is
due to the main contribution by the Rb-dwg electrons of Rb atom. The reason being that the

maximum of PDOS of Rb-diq is also found at 13.33 eV which is seen in Fig. 3.22.
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Fig.3.23 shows the plot of TDOS and PDOS of Ca atom of RbCaFz compound. There
is negligible contribution to TDOS and PDOS by Ca atom in the valence band below the
Fermi level. However in the conduction band, a maximum peak in TDOS is found at 10.99
eV. This can be attributed to Ca-drq State electrons of atom Ca as shown in Fig. 3.23.

The plot of TDOS and PDOS of F atom in RbCaFs compound is shown in Fig. 3.24.
The maximum peak in TDOS is found at - 0.21 eV in the valence region below the Fermi
level. From the plot we find that the contribution to the occurrence of this peak at -0.21 eV is
due to the contribution by Fpx+py State electrons. There is negligible contribution to TDOS and

PDOS in conduction band in F atom as shown in Fig. 3.24.
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(©) CsCaFs

The calculated results of total density of states (TDOS) and partial density of states
(PDOS) for CsCaFz compound are given in this section. Fig.3.25 shows the plot of total
density of states (TDOS) for CsCaFs and individual atoms Cs, Ca, and F. In the valence
region below the Fermi level, we have found the maximum peak in TDOS for CsCaFz at -
0.38 eV. The occurrence of this maximum in peak in TDOS of CsCaF3 at -0.38 eV appears to
be the contribution due to F atom. The reason being that the TDOS of F atom is also
maximum at -0.38 eV. Also in valence band region, we find another peak in TDOS of
CsCaFs at - 4.51 eV. The occurrence of this maximum in peak in TDOS of CsCaF3z at -4.51
eV appears to be the contribution due to Cs atom. The reason being that the TDOS of Cs
atom is also maximum at -4.51 eVV. We have found from the plots that the contributions to the
origin of peak in TDOS of CsCaFs by other atom Ca is very low and hence is negligible.
Similarly, in the conduction band above the Fermi level in Fig. 3.25, the maximum peak in
TDOS for CsCaFs is observed at 10.52 eV. The occurrence of this maximum in peak in
TDOS of RbCaFz at 8.79 eV is due to the main contribution by Ca atom. We find from the
plots in Fig. 3.25, TDOS of CsCaFs by other atoms Cs and F are very low.

In Fig. 3.26, the plots of TDOS and partial density of states (PDOS) of Cs atom in
CsCaF3z compound are shown. In the valence band, we have found that the maximum peak in
TDOS occurs at — 4.51 eV. This is due to the main contribution by the Cs-p electrons of Cs
atom. However in the conduction band region, we find from the plots that a small peak in
TDOS occurs at 12.51 eV. This is due to the main contribution by the Cs-dwg States of
electrons of Cs atom. The reason is that the peak of PDOS of Cs-diyq is also found at 12.51

eV which is seen in Fig.3.26.
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Fig.3.27 shows the plot of TDOS and PDOS of Ca atom of CsCaFs compound. There
is negligible contribution to TDOS and PDOS by Ca atom in the valence band below the
Fermi level. However in the conduction band, a maximum peak in TDOS is observed at
10.52 eV. This can be attributed to Ca-drq state electrons of atom Ca as shown in Fig. 3.27.

The plot of TDOS and PDOS of F atom in CsCaFs compound is shown in Fig. 3.28.
The maximum peak in TDOS is found at - 0.38 eV in the valence region below the Fermi
level. From the plot we find that the contribution to the occurrence of this peak at -0.38 eV is
due to the contribution by Fpx+py State electrons. There is negligible contribution to TDOS and

PDOS in conduction band region in F atom as shown in Fig. 3.28.
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3.3 Electronic Band Structures for Alkali and Alkaline Earth Elements

We present here the result for each compound calculated by using GGA method
which is followed by results of calculation done by suing mBJ potential. In this section, the
results of calculation of band structures in the case of a combination of ACaFs (A= K, Rb,
Cs) is presented. Calculations have been done by using FP-LAPW method as discussed in
Chapter 2. For this purpose, the approximations for exchange-correlation potential used is
Generalised Gradient approximation (GGA).The calculated band gaps obtained by using the
GGA approximations is underestimated i.e. usually smaller than experimentally obtained
values in most of the insulating materials. Hence in order to reproduce a comparable value of
band gaps, modified Becke-Johnson (mBJ) potential approach will also be used to calculate
the energy gaps in the system. The mBJ potential is used in conjunction with the WIEN2k

code to calculate band gaps (Esc) as in the case of GGA approaches.

3.3.1 Study of Energy Bands for Alkali and Alkaline Earth Elements
a) Energy Bands of ACaFs (A = K, Rb, Cs) using GGA method

The electronic properties of ACaFz (A = K, Rb, Cs) are calculated with first principles
FP-LAPW method using GGA and mBJ exchange potential. To calculate DOS and band
structure of ACaFs, the optimized lattice parameters are used. The calculated electronic band
structures for fluoroperovskites ACaFsz (A = K, Rb, Cs) along the high-symmetry directions
of the Brillouin zone are shown in Figs. 3.29-3.31. We have found that the maximum of the
valence band are found to be at a symmetry point R whereas the minimum conduction bands
are located at the I point of the Brillouin zone in ACaFs compounds, resulting into indirect
band gaps in all the compounds. The calculated indirect band gaps (R -1") are found as 6.1
eV, 6.3 eV and 6.9 eV for KCaFs, RbCaFs and CsCaFs respectively by using the GGA

approach.
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(b) Energy Bands of ACaFs (A = K, Rb, Cs) using mBJ method

In this section, the calculated results of energy bands by using mBJ method is
presented. Gaps arise due to indirect type of transition of electrons in the symmetry direction
R -1 as shown in Figs.3.33-3.35. The calculated values of energy band gaps for the systems
are 10.6 eV, 10.4 eV and 9.8 eV for KCaFs, RbCaFz and CsCaFs respectively. The origin of
such band gaps are found to be due to the contribution by Fpx+py state electrons of the
systems in the valence band below the Fermi level. In the conduction bands, Ca d-t2g state
electrons are mostly contributing to the origin of gaps. This is also evidenced by the study of
DOS and PDOS as shown in section 3.2.2. From our study, we have found the energy band
gaps are increased through 73.7%, 65% and 42% for KCaF, RbCaF3 and CsCaFs respectively

in mBJ approach than in GGA.
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Study of Electronic Properties of Fluoride
Perovskite with Alkaline Earth and Alkali
Elements

In this chapter, we will present the results of calculations of the structural parameters
like optimized lattice constants, equilibrium pressure and its derivative for the ABF3 type
perovskite. We have chosen alkaline earth metal A as Ba, and alkali metals B as Li, K and Rb
respectively. The results of total and partial density of states and also the energy bands 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.

4.1  Structural Optimization

All physical and electronic properties of a solid are related to its structure, lattice
constants and the total energy of the crystal. In this section, the calculations of structural
optimization with cubical fluoride perovskite BaBFs (B = Li, K, Rb) is presented. These
calculations are performed with an exchange-correlation functional given by generalized
gradient approximation (GGA) (Perdew et al., 1996) within the frame work of DFT
(Hohenberg and Kohn 1964), where full-potential linearized augmented plane wave (FP-
LAPW) (Singh, 1994) is adopted for the basis set. In this method the space is divided into
non-overlapping muffin-tin (MT) spheres separated by an interstitial region (Fig. 2.1 of

Chapter-2), the detail of which is discussed in section 2.7 of Chapter-2. The basis functions
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are expanded like as in section 3.1 of chapter-3. The calculated lattice constants, bulk
modulus and its pressure derivative are given in Table 4.1.

In order to obtain the equilibrium lattice constant and the bulk modulus for the cubic
perovskite BaBF3, we performed the structural optimization by minimizing the total energy
with respect to the cell parameters and the atomic positions. To study the crystal structure, we
start with the total energy minimization of cubic BaBFs as a function of volume. This can be
understood from the plots of the total energy as a function of volume which are shown in
Figs. 4.2-4.4 for BaLiFs, BaKFs and BaRbFs respectively. The energy versus volume data
was fitted to a Murnaghan equation of state (Murnaghan, 1944) to obtain the equilibrium
lattice constant (a), the bulk modulus (B) and its first pressure derivative (B"). We note that
the result of the lattice constants obtained within our GGA calculations increases with the
change of cation (B) from Li to Rb which is similar to the previous results and are shown in
Table 4.1. From our calculations, we have found BaLiFs has maximum value and BaRbFs has
minimum value of B in compound BaBFz: (B = Li, K, Rb). From this calculation, the
maximum pressure derivative (B") is found in BaLiFs compound and minimum value is found

in BaRbFs compound which are given in Table 4.1.

71



Fig. 4.1: Crystal structure for BaBF3 (B = Li, K and Rb)
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Table 4.1: Calculated lattice constant a (in A), bulk modulus B (in GPa) and its pressure

derivative B' of BaBFs compound are compared with other available results.

Compounds | Previous | Calculate | Previous | Calculated | Previous | Calculated
results d results | results results results results
a(in A) a(inA) | B(GPa) | B(GPa) B B
BaLiF3 4,042 4.0427 66.462 68.354 5.172 5.628
4.05° - 64.45° - 4.6° -
BaKF; 4,722 4,724 37.482 37.556 4514 5.024
BaRbF3 4,962 4.970 31.722 37.550 4.662 4.6871

2 (Mubark et al., 2012), ® (Soleimanpour, 2015),
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4.2  Calculations of Density of State (DOS) for Alkaline Earth and Alkali Elements

In this section, the results of calculations of density of states, will be presented for the
combination of systems of choice namely BaBFz (B = Li, K, Rb). The calculations for this
purpose have been done by using the approximations for the exchange-correlation potentials
such as GGA and mBJ under FP-LAPW method. The details of these methods have already
been given in Chapter-2. 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 Rmr 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 1000 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. Even though the ground state is well described by GGA, the
values of the band gaps are sometimes underestimated. For this reason we have the modified
Becke Johnson potential (mBJ) to calculate for improved values of the band gaps (Perdew et
al., 1996) for all the systems. The theoretically obtained lattice parameters calculated in
Chapter 3 have been used here for DOS and energy bands calculations. We present in this
section the results of total DOS and partial DOS in the case of BaBFz (B= Li, K, Rb). The
DOS for these systems had been calculated using the same method but for the exchange

correlation potential calculated by GGA and mBJ approximations.
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4.2.1 Calculation of DOS by using GGA method for Alkaline Earth and Alkali
Elements
@ BaLiFs

In this section the calculated results of total density of states (TDOS) and partial
density of states (PDOS) for BaLiFsz compound are given. The plot of TDOS of BaLiFz and
individual atoms Ba, Li and F are given in Fig.4.5. In the valence region below the Fermi
level, we have found the maximum peak in TDOS for BaLiFzat —1.11 eV. The occurrence of
this maximum in peak in TDOS of BaLiFz at -1.11 eV appears to be the contribution due to
F atom. The reason is that the TDOS of F atom is also maximum at -1.11 eV. Also in valence
band region, we find from the plots that the contributions to the origin of peak in TDOS of
BaLiFs by other atoms Ba and Li is very low and hence are negligible. Similarly, in the
conduction band above the Fermi level in Fig. 4.5, the maximum peak in TDOS for BaL.iFs is
observed at 13.36 eV. The occurrence of this maximum in peak in TDOS of BaLiF3 at 13.36
eV is due to the main contribution by Ba atom. The reason is that the TDOS of Ba atom is
also maximum at 13.36 eV. We find from the plots in Fig. 4.5, TDOS of BaLiF3z by other
atoms Li and F are very low.

In Fig. 4.6, the plots of TDOS and partial density of states (PDOS) of Ba atom in
BaLiFs compound are shown. In the valence band, we have found that there is negligible
contribution to TDOS and PDOS by electrons of Ba atom. However in the conduction band
region, we find from the plots that the maximum peak in TDOS occurs at 13.36 eV. This is
due to the main contribution by the Ba-f electrons of Ba atom. The reason being that the

maxima of partial DOS of Ba-f is also found at 13.36 eV.
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Fig.4.7 shows the plot of TDOS and PDOS of Li atom of BaLiFs compound. We have
observed very small peaks in TDOS of atom Li at the range of 2.5 eV to 0 eV in the valence
band. These small peaks in TDOS of Li atom at the range of 2.5 eV to 0 eV are due to the
contribution of Li-s, Li-p and Li-d state electrons of atom Li. However, in the conduction
band, we have observed a sharp narrow peak in TDOS is observed at 17.06 eV due to the
hybridization of Li- s and Li- d state electrons that is seen in Fig.4.7.

The plot of TDOS and PDOS of F atom in BaLiFz compound is shown in Fig. 4.8.
The maximum peak in TDOS is found at — 1.11 eV in the valence region below the Fermi
level. From the plot we find that the contribution to the occurrence of this peak at -1.11 eV is
due to the contribution by F-p state electrons. There is negligible contribution to TDOS and

PDOS in conduction band in F atom as shown in Fig. 4.8.
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(b) BaKFs

The calculated results of total density of states (TDOS) and partial density of states
(PDOS) for BaKFs compound are given in this section. Fig.4.9 shows the plot of total density
of states (TDOS) for BaKF3 and individual atoms Ba, K, and F. In the valence band region
below the Fermi level, we have found the maximum peak in TDOS for BaKFsz at - 0.89 eV.
The occurrence of this maximum in peak in TDOS of BaKF3 at -0.89 eV appears to be the
contribution due to F atom. The reason being that the TDOS of F atom is also maximum at -
0.89 eV. Also in valence band region, we find from the plots that the contributions to the
origin of peak in TDOS of BaKFs by other atoms Ba and K is very low and hence are
negligible. Similarly, in the conduction band above the Fermi level in Fig. 4.9, the maximum
peak in TDOS for BaKF3z is observed at 10.04 eV. The occurrence of this maximum in peak
in TDOS of BaKFs at 10.04 eV is due to the main contribution by Ba atom. We find from the
plots in Fig. 4.9, TDOS of BaKFs by other atoms K and F are very low.

In Fig. 4.10, the plots of TDOS and partial density of states (PDOS) of Ba atom in
BaKFs compound are shown. In the valence band, we have found that there is negligible
contribution to TDOS and PDOS by electrons of Ba atom. However in the conduction band
region, we find from the plots that the maximum peak in TDOS occurs at 10.18 eV. This is
due to the main contribution by the Ba-f electrons. The reason is that the maximum of PDOS

of Ba-f is also found at 10.18 eV which is seen in Fig. 4.10.
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Fig.4.11 shows the plot of TDOS and PDOS of K atom of BaKFs compound. We
have observed very small peaks in TDOS at the range of -2.5 eV to 0 eV in the valence band
below the Fermi level. These small peaks are contributed by the K-s, K-p and K-d state
electrons. There is negligible contribution to TDOS and PDOS by Ca atom in the valence
band below the Fermi level. However in the conduction band, a narrow sharp peak in TDOS
is observed at 15.84 eV. The occurrence of this maximum peak in TDOS of atom K is due to
the contribution of K-d state electrons. We have observed other small peaks from 9.2 - 17.0
eV due to the contribution of s, p and d state electrons of K atom. Which is seen in Fig.4.11.

The plot of TDOS and PDOS of F atom in BaKFs compound is shown in Fig. 4.12.
The maximum peak in TDOS is found at - 0.89 eV in the valence region below the Fermi
level. From the plot we find that the contribution to the occurrence of this peak at -0.89 eV is
due to the contribution by F-p state electrons. There is negligible contribution to TDOS and

PDOS in conduction band in F atom as shown in Fig. 4.12.

82



DOS (States/eV)

DOS (States/eV)

2.4]
22
2.0-
1.8
1.6
1.4
1.2
1.0
0.8 ]
0.6
0.4 -]
0.2-
0.0

: — BakF,

K tot
Ks
Kp
K d

-5

| ¥ I
1] 5 10 15
Energy {(eV)

Fig. 4.11: Total and partial DOS plots for atom K

20

24 ]
22 ]
20 ]
18 -
16 -
14
12
10

— BaKF,

F tot
Fs
Fp
Fd

I_,.hu"i _.r"\_LL._..-H-—J:-'\E'-"k-__,

¥ 1
5 10 15
Energy {(eV)

-

Fig. 4.12: Total and partial DOS plots for atom F

20

83



(c) BaRbF3

The calculated results of total density of states (TDOS) and partial density of states
(PDOS) for BaRbFz compound are given in this section. Fig.4.13 shows the plot of total
density of states (TDOS) for BaRbFz and individual atoms Ba, Rb, and F. In the valence
region below the Fermi level, we have found the maximum peak in TDOS for BaRbFs at —
1.93 eV. The occurrence of this maximum in peak in TDOS of BaRbF3 at -1.93 eV appears to
be the contribution due to F atom. The reason is that the TDOS of F atom is also maximum at
-1.93 eV. Also in valence band region, we find from the plots that the contributions to the
origin of peak in TDOS of BaRbFz by other atoms Ba and Rb is very low and hence are
negligible. Similarly, in the conduction band above the Fermi level in Fig. 4.13, the
maximum peak in TDOS for BaRbFs3 is observed at 8.6 eV. The occurrence of this maximum
in peak in TDOS of BaRbFsz at 8.6 eV is due to the main contribution by Ba atom. We find
from the plots in Fig. 4.13, TDOS of BaRbF3 by other atoms Rb and F are very low.

In Fig. 4.14, the plots of TDOS and partial density of states (PDOS) of Ba atom in
BaRbF3 compound are shown. In the valence band, we have found that the contribution in
TDOS and PDOS by atom Ba is negligible. However in the conduction band region, we find
from the plots that a maximum peak in TDOS occurs at 8.6 eV. This is due to the main
contribution by the Ba-f states of electrons of Ba atom. The reason isthat the peak of PDOS

of Ba-f is also found at 8.6 eV which is seen in Fig. 4.14.
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The plot of TDOS and PDOS of Rb atom of BaRbF3 compound is shown in Fig.4.15.
We have observed very small peaks in TDOS and PDOS at the range of -2.0 eV to 0 eV in
the valence band region. This is found due to the contribution by Rb-p state electrons.
However, in the conduction band, we have observed narrow peaks in TDOS and PDOS
having small magnitude of height in the range of 8.0 eV to 18.0 eV. This is found due to the
main contribution of Rb-d state electrons which is seen in Fig.4.15.

The plot of TDOS and PDOS of F atom in BaRbFs compound is shown in Fig. 4.16.
The maximum peak in TDOS is found at — 1.93 eV in the valence region below the Fermi
level. From the plot we find that the contribution to the occurrence of this peak at -1.93 eV is
due to the contribution by F-P state electrons. There is negligible contribution to TDOS and

PDOS in conduction band region in F atom as shown in Fig. 4.16.
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4.2.2 Calculation of DOS by using mBJ potential for Alkaline Earth and Alkali
Elements
@ BaLiFs

The calculated results of total density of states (TDOS) and partial density of states
(PDOS) for BaLiFs compound are given in this section. Fig.4.17 shows the plot of total
density of states (TDOS) for BaLiFs and individual atoms Ba, Li, and F. In the valence region
below the Fermi level, we have found the maximum peak in TDOS for BaLiFz at -0.87 eV.
The occurrence of this maximum in peak in TDOS of BaLiFz at -0.87 eV appears to be the
contribution due to F atom. The reason being that the TDOS of F atom is also maximum at -
0.87 eV. We have found from the plots that the contributions to the origin of peak in TDOS
of BaLiFs by other atoms Ba and Li are very low and hence are negligible. Similarly, in the
conduction band above the Fermi level in Fig. 4.17, the maximum peak in TDOS for BaLiF3
is observed at 13.43 eV. The occurrence of this maximum in peak in TDOS of BaLIF3 at
13.43 eV is due to the main contribution by atom Ba.

In Fig. 4.18, the plots of TDOS and partial density of states (PDOS) of Ba atom in
BaLiFs compound are shown. In the valence band, we have found that there is negligible
contribution to TDOS and PDOS by electrons of atom Ba. However in the conduction band
region, we find from the plots that the maximum peak in TDOS occurs at 13.43 eV. This is

due to the main contribution by the Ba-f State electrons of Ba atom which is seen in Fig.4.18.
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The plot of TDOS and PDOS of Li atom of BaLiFs compound is shown in Fig.4.19.
There is negligible contribution to TDOS and PDOS in the valence band below the Fermi
level by Li atom. However in the conduction band, a maximum peak in TDOS is observed at
13.32 eV. This can be attributed to Li-s state electrons which is shown in Fig. 4.19.

The plot of TDOS and PDOS of F atom in BaLiFs compound is shown in Fig. 4.20.
From this plot, we have observed a narrow peak in TDOS at — 0.87 eV in the valence region
below the Fermi level. From the plot we find that the contribution to the occurrence of this
peak at -0.87 eV is due to the contribution by F-p state electrons of atom F. There is
negligible contribution to TDOS and PDOS in conduction band in F atom as shown in Fig.

4.20.
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(b) BaKFs

The calculated results of total density of states (TDOS) and partial density of states
(PDOS) for BaKFs compound are given in this section. Fig.4.21 shows the plot of total
density of states (TDOS) for BaKFs and individual atoms Ba, K, and F. In the valence region
below the Fermi level, we have found the maximum peak in TDOS for BaKFsz at - 0.63 eV.
The occurrence of this maximum in peak in TDOS of BaKF3 at -0.63 eV appears to be the
contribution due to F atom. The reason being that the TDOS of F atom is also maximum at -
0.63 eV. Also in valence band region, we find from the plots that the contributions to the
origin of peak in TDOS of BakFz by other atoms Ba and K is very low and hence are
negligible. Similarly, in the conduction band above the Fermi level in Fig. 4.21, the
maximum peak in TDOS for BaKFs3 is observed at 9.92 eV. The occurrence of this maximum
in peak in TDOS of BaKFs at 9.92 eV is due to the main contribution by atom Ba. The reason
is that the TDOS of Ba atom is also maximum at 9.92 eV. We find negligible contribution in
TDOS of BaKFs by atoms K and F which is seen in Fig.4.21.

In Fig. 4.22, the plots of TDOS and partial density of states (PDOS) of Ba atom in
BaKFs compound are shown. In the valence band, we have found that there is negligible
contribution to TDOS and PDOS by electrons of atom Ba. However in the conduction band
region, we find from the plots that the maximum peak in TDOS occurs at 9.92 eV. This is
due to the main contribution by the Ba-f state electrons. The reason is that the maximum of

PDOS of Ba-f is also found at 9.92 eV which is seen in Fig.4.22.
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The plot of TDOS and PDOS of K atom of BaKFs compound is shown in Fig. 4.23.
We have found in the valence band below the Fermi level, the contribution of K-p state is
found in TDOS in atom K. However in the conduction band, a maximum peak in TDOS is
found at 13.81 eV. This can be attributed to K-d state electrons of atom K as shown in Fig.
4.23.

The plot of TDOS and PDOS of F atom in BaKFz compound is shown in Fig. 4.24.
The maximum peak in TDOS is found at - 0.63 eV in the valence region below the Fermi
level. From the plot we find that the contribution to the occurrence of this peak at -0.63 eV is
due to the contribution by F-p state electrons. There is negligible contribution to TDOS and

PDOS in conduction band in F atom as shown in Fig. 4.24.
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(©) BaRbFs

Fig. 4.25 shows the total density of states (TDOS) of BaRbFs and individual atoms
Ba, Rb and F. In the valence region below the Fermi level, a maximum peak in TDOS is
found at — 0.91 eV. The occurrence of this maximum in peak in TDOS of BaRbF3 at -0.91 eV
appears to be the contribution due to F atom. The reason being that the TDOS of F atom is
also maximum at -0.91 eV. Also in valence band region, we find from the plots that the
contributions to the origin of peak in TDOS of BaRbF3 by other atoms Ba and Rb is very low
and hence are negligible. However in the conduction band above the Fermi level in Fig. 4.25,
a maximum peak in TDOS is found at 8.71 eV. The occurrence of this maximum in peak in
TDOS of BaRbF3 at 8.71 eV appears to be the contribution due to Ba atom. The reason is that
the TDOS of F atom is also maximum at 8.71 eV. We find negligible contribution in TDOS
of BaRbF3 by atoms Rb and F which is seen in Fig.4.25.

In Fig. 4.26, the plots of TDOS and partial density of states (PDOS) of Ba atom in
BaRbFs compound are shown. In the valence band, we have found that there is negligible
contribution to TDOS and PDOS by electrons of atom Ba. However in the conduction band
region, we find from the plots that the maximum peak in TDOS occurs at 8.71 eV. This is
due to the main contribution by the Ba-f state electrons. The reason is that the maximum of

PDOS of Ba-f is also found at 8.71 eV which is seen in Fig.4.26.

96



T T T T T T T
— BaRbF,

total DOS
Ba tot -
—— Eb tot
F tot .

|

'\

I
10 15 20
Energy (eV)

Fig. 4.25: Plots of total DOS for BaRbFs and atoms Ba, Rb, F

T T T T T b |

-——- BaRbF 4

Ba tot J
Bap
Bad -
Baf

JL ; —

" I
1] 5 10 15 20
Energy (V)

Fig. 4.26: Total and partial DOS plots for atom Ba

97



The plot of TDOS and PDOS of Rb atom of BaRbFs compound is shown in Fig. 4.27.
We have found in the valence band below the Fermi level, the contribution of Rb-p state is
found in TDOS in atom Rb. However in the conduction band, a maximum peak in TDOS is
found at 15.71 eV. This is due to the main contribution by the Rb-d state electrons. This can
be attributed to Rb-d state electrons of atom Rb as shown in Fig. 4.27.

The plot of TDOS and PDOS of F atom in BaRbFs compound is shown in Fig. 4.28.
The maximum peak in TDOS is found at - 0.91 eV in the valence region below the Fermi
level. From the plot we find that the contribution to the occurrence of this peak at -0.91 eV is
due to the contribution by F-p state electrons. There is negligible contribution to TDOS and

PDOS in conduction band in F atom as shown in Fig. 4.28.
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4.3 Electronic Band Structures for Alkaline Earth and Alkali Elements

We present here the result for each compound calculated by using GGA method
which is followed by results of calculation done by suing mBJ potential. In this section, the
results of calculation of band structures in the case of a combination of BaBFs (B = Li, K,
Rb) is presented. Calculations have been done by using FP-LAPW method as discussed in
Chapter 2. For this purpose, the approximations for exchange-correlation potential used is
Generalised Gradient approximation (GGA).The calculated band gaps obtained by using the
GGA approximations is underestimated i.e. usually smaller than experimentally obtained
values in most of the insulating materials. Hence in order to reproduce a comparable value of
band gaps, modified Becke-Johnson (mBJ) potential approach will also be used to calculate
the energy gaps in the system. The mBJ potential is used in conjunction with the WIEN2k
code to calculate band gaps (Egc) as in the case of GGA approaches.

4.3.1 Study of Energy Bands for Alkaline Earth and Alkali Elements
(@) Energy Bands of BaBF3 (B = Li, K, Rb) using GGA method

The electronic properties of BaBF3 (B = Li, K, RDb) are calculated with first principles
FP-LAPW method using GGA and mBJ exchange potential. To calculate DOS and band
structure of BaBF3, the optimized lattice parameters are used. The calculated electronic band
structures for fluoroperovskites BaBFs (B = Li, K, Rb) along the high-symmetry directions of
the Brillouin zone are shown in Figs. 4.29-4.31. We have found that the maximum of the
valence band are found to be at a symmetry point I" and the minimum conduction bands are

located at the I"point of the Brillouin zone in BaBF3 compounds, resulting into direct band
gaps in all the compounds. The calculated direct band gaps (F—F) are found as 6.9 eV, 4.8

eV and 3.9 eV for BaLiFs, BaKFs and BaRbF3 respectively on the GGA approach.
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(b) Energy Bands of BaBFs (B = Li, K, Rb) using mBJ potential

The electronic properties of BaBFs (B = Li, K, Rb) are calculated with first principles
FP-LAPW method using GGA and mBJ exchange potential. To calculate DOS and band
structure of BaBFs3, the optimized lattice parameters are used. The calculated electronic band
structures for fluoroperovskites BaBFsz (B = Li, K, Rb) along the high-symmetry directions of
the Brillouin zone are shown in Fig. 4.32-4.34. We have found that the maximum of the
valence band are found to be at a symmetry point I" and the minimum conduction bands are

located at the I"point of the Brillouin zone in BaBF3 compounds, resulting into direct band

gaps in all the compounds. The calculated direct band gaps (F—F) are found as 8.3 eV, 6.3
eV and 5.3 eV for BaLiFs, BaKFs and BaRbF3 respectively on the mBJ approach. From the
study of DOS, the band gaps are found due to the contribution of F-2p state electrons in the
valence band below the Fermi level and most of Ba-d state electrons in conduction band

above the Fermi level in mBJ approach.
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Study of Electronic Properties of Fluoride
Perovskite with Alkali and Transition Elements

In this chapter, we will present the results of calculations of the structural parameters
like optimized lattice constants, equilibrium pressure and its derivative for the ABF3 type
perovskite. We have chosen the combinations of alkali metal as A = Rb, and transition metals
B = Cu, Ag. The results of total and partial density of states and also the energy bands 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.

5.1  Structural Optimization

All physical and electronic properties of a solid are related to its structure, lattice
constants and the total energy of the crystal. In this section, the calculations of structural
optimization with cubical fluoride perovskite RbBFz (B = Cu, Ag) is presented. These
calculations are performed with an exchange-correlation functional given by generalized
gradient approximation (GGA) (Perdew et al., 1996) within the frame work of DFT
(Hohenberg and Kohn 1964), where full-potential linearized augmented plane wave (FP-
LAPW) (Singh, 1994) is adopted for the basis set. In this method the space is divided into
non-overlapping muffin-tin (MT) spheres separated by an interstitial region (Fig. 2.1 of

Chapter-2), the detail of which is discussed in section 2.5 of Chapter-2. The basis functions
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are expanded like as in section 3.1 of chapter-3. The calculated lattice constants, bulk
modulus and its pressure derivative of the compound RbBFz are given in Table 5.1.

In order to obtain the equilibrium lattice constant and the bulk modulus for the cubic
perovskite RbBFs, we performed the structural optimization by minimizing the total energy
with respect to the cell parameters and the atomic positions. To study the crystal structure, we
start with the total energy minimization of cubic RbBF3 as a function of volume. This can be
understood from the plots of the total energy as a function of volume which are shown in
Figs. 5.3-5.4 for RbCuFs and RbAgF3 respectively. The energy versus volume data was fitted
to a Murnaghan equation of state (Murnaghan, 1944) to obtain the equilibrium lattice
constants (a = b, c), the bulk modulus (B) and its first pressure derivative (B'). We note that
the result of the lattice constants obtained within our GGA calculations increases with the
change of cation (B) from Cu to Ag which is similar to the experimental results and are
shown in Table 5.1. From our calculations, we have found RbCuF3s has more value of B than
in RbAgFs. From this calculation, we have found more pressure derivative (B') in RbAgF3

than in RbCuFzcompound.
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Fig. 5.2: Crystal structure for RbAgFs
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Table 5.1: Calculated lattice constants (a = b, ¢) in A, bulk modulus B in GPa and its

pressure derivative B' of RbBF3 (B = Cu, Ag) are given in the following table.

Compounds | Previous lattice | Calculated lattice Calculated Calculated
constants (a = b, constants (a = b, results results
c)inA c)inA B(GPa) B
RbCuF3 a=b =5.901% a=b =5.916, 63.7868 4.8403
C=7.724% ¢ =7.899
RbAgF3 a=Db=6.0756", a=b=6.1023, 54.396 5.4395
€ =8.5457Y ¢ =8.6607

Experimental values,

*(Kaiser et al.,1990), ¥(Lufaso et al., 2001)
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5.2  Density of State (DOS) for Alkali and Transition Elements

In this section, the results of calculations of density of states (DOS), will be presented
for the combination of systems of choice namely RbBFs (B = Cu, Ag) Calculations for this
purpose has been done by using the approximations for the exchange-correlation potentials
such as GGA and mBJ under FP-LAPW method on the base of density functional theory
(DFT). The details of these methods have already been given in Chapter-2. 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 Rmrt 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 -8.0 Ry.
For k point sampling, a 1000 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. Even though the ground state is well
described by GGA, the values of the band gaps are sometimes underestimated. For this
reason we have the modified Becke Johnson potential (mBJ) to calculate for improved values
of the band gaps (Perdew et al., 1996) for all the systems. The theoretically obtained lattice
parameters calculated in Chapter-3 have been used here for DOS and energy bands
calculations. We present in this section the results of total DOS and partial DOS in the case of
RbBF; (B = Cu, Ag). The DOS for these systems had been calculated using the same method

but for the exchange correlation potential calculated by GGA and mBJ approximations.
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5.2.1 Calculation of DOS by using GGA method for Alkali and Transition Elements
(@  RbCuFs

In this section the calculated results of total density of states (TDOS) and partial
density of states (PDOS) for RbCuFs compound are given. The plot of TDOS of RbCuFs and
individual atoms Rb, Cu and F are given in Fig.5.5. In the valence region below the Fermi
level, we have found the maximum peak in TDOS for RbCuFs at — 1.22 eV. The occurrence
of this maximum in peak in TDOS of RbCuFs at -1.22 eV appears to be the contribution due
to Cu atom. The reason is that the TDOS of Cu atom is also maximum at -1.22 eV. Also in
valence band region, we have found other two peaks in TDOS for RbCuFz at -3.15 eV and at
-8.76 eV. The occurrence of these peaks in TDOS of RbCuFs at -3.15 eV, appear due to
contribution by F atom only. Rb atom is in the core state and hence do not contribute to
DOS. Similarly, in the conduction band above the Fermi level in Fig. 5.5, the maximum peak
in TDOS for RbCuFs is observed at 10.36 eV. The occurrence of this maximum in peak in
TDOS of RbCuFs at 10.36 eV is due to the contribution by Rb atom. The reason for this
beeing is that the TDOS of atoms Cu and F are very low.

In Fig. 5.6, the plots of TDOS and partial density of states (PDOS) of Rb atom in
RbCuFz compound are shown. In the valence band below the Fermi level, we have found a
maximum peak in TDOS of Rb atom at -8.76 eV which is in the core state. Hence there is no
contribution to DOS by Rb atom. However in the conduction band region, we find from the
plots that the maximum peak in TDOS occurs at 10.36 eV. This is due to the main
contribution by the Rb-d electrons of Rb atom. The reason is that the maximum of PDOS of

Rb-d is also found at 10.36 eV.
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Fig.5.7 shows the plot of TDOS and PDOS of Cu atom of RbCuF3 compound. In the
valence band below the Fermi level, we have found a maximum peak in TDOS of Cu atom at
-1.22 eV. The occurrence of this maximum in peak in TDOS of Cu atom at -1.22 eV appears
to be the contribution due to Cu-d electrons of Cu atom. However in the conduction band
above the Fermi level, negligible contribution is found to TDOS and PDOS in Cu atom as
shown in Fig. 5.7.

The plot of TDOS and PDOS of F atom in RbCuFs compound is shown in Fig. 5.8.
The maximum peak in TDOS is found at — 3.15 eV in the valence region below the Fermi
level. From the plot we find that the contribution to the occurrence of this peak at -3.15 eV is
due to the contribution by F-p state electrons. There is negligible contribution to TDOS and

PDOS in conduction band in F atom as shown in Fig. 5.8.
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(b) RbAgFs

The calculated results of total density of states (TDOS) and partial density of states
(PDOS) for RbAgFs compound are given in this section. Fig.5.9 shows the plot of total
density of states (TDOS) for RbAgFs and individual atoms Rb, Ag, and F. In the valence
region below the Fermi level, we have found the maximum peak in TDOS for RbAgF; at —
1.61 eV. The occurrence of this maximum in peak in TDOS of RbCuF3 at -1.61eV appears
to be the contribution due to Ag atom. The reason is that the TDOS of Ag atom is also
maximum at -1.61 eV. Also in valence band region, we have found another peak in TDOS for
RbAgFsat -2.73 eV. The occurrence of this peak in TDOS of RbAgF; at -2.73 eV appears to
be the contribution due to F atom. Similarly, in the conduction band above the Fermi level in
Fig. 5.9, the maximum peak in TDOS for RbAgFs is observed at 10.11 eV. The occurrence of
this maximum in peak in TDOS of RbAgFs at 10.11eV is due to the main contribution by Rb
atom. The reason is that the TDOS of Rb atom is also maximum at 10.11 eV. We find from
the plots in Fig. 5.9, TDOS of RbAgFs by other atoms Ag and F are very low.

In Fig. 5.10, the plots of TDOS and partial density of states (PDOS) of Rb atom in
RbAgFs compound are shown. In the valence band below the Fermi level, we have found that
there is negligible contribution to TDOS and PDOS by electrons of Rb atom. However in the
conduction band region, we find from the plots that the maximum peak in TDOS occurs at
10.11 eV. This is due to the main contribution by the Rb-d electrons of Rb atom. The reason

is that the maximum of PDOS of Rb-d is also found at 10.11 eV which is seen in Fig. 5.10.
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Fig.5.11 shows the plot of TDOS and PDOS of Ag atom of RbAgFs compound. In the
valence band below the Fermi level, we have found a maximum peak in TDOS of Ag atom at
-1.61 eV. The occurrence of this maximum in peak in TDOS of Ag atom at -1.61 eV appears
to be the contribution due to Ag-d electrons of Ag atom. However in the conduction band
above the Fermi level, negligible contribution is found to TDOS and PDOS in Ag atom as
shown in Fig. 5.11.

The plot of TDOS and PDOS of F atom in RbAgFs compound is shown in Fig. 5.12.
The maximum peak in TDOS is found at — 2.73 eV in the valence region below the Fermi
level. From the plot we find that the contribution to the occurrence of this peak at -2.73 eV is
due to the contribution by F-p state electrons. We have found that there is negligible

contribution to TDOS and PDOS in conduction band in F atom as shown in Fig. 5.12.
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5.2.2 Calculation of DOS by using mBJ method for Alkali and Transition Elements
€)) RbCuFs

In this section the calculated results of total density of states (TDOS) and partial
density of states (PDOS) for RbCuFs compound are given. The plot of TDOS of RbCuFs and
individual atoms Rb, Cu and F are given in Fig.5.13. In the valence region below the Fermi
level, we have found the maximum peak in TDOS for RbCuFs at — 1.94 eV. The occurrence
of this maximum in peak in TDOS of RbCuFs at -1.94 eV appears to be the contribution due
to Cu atom. The reason is that the TDOS of Cu atom is also maximum at -1.94 eV. Also in
valence band region, we have found other two peaks in TDOS for RbCuF; at -4.61 eV and at
-10.54 eV. The occurrence of these peaks in TDOS of RbCuFs; at -4.61 eV, -10.54 eV appear
to be the contribution due to F and Rb atoms respectively. Similarly, in the conduction band
above the Fermi level in Fig. 5.13, the maximum peak in TDOS for RbCuFs is observed at
10.43 eV. The occurrence of this maximum in peak in TDOS of RbCuF3 at 10.43 eV is due to
the main contribution by Rb atom. The reason is that the TDOS of Rb atom is also maximum
at 10.43 eV. We find from the plots in Fig. 5.13, TDOS of RbCuFz by other atoms Cu and F
are very low.

In Fig. 5.14, the plots of TDOS and partial density of states (PDOS) of Rb atom in
RbCuFs compound are shown. In the valence band below the Fermi level, we have found a
maximum peak in TDOS of Rb atom at -10.54 eV. The occurrence of this maximum in peak
in TDOS of Rb atom at -10.54 eV appears to be the contribution due to Rb-p electrons of Rb
atom. However in the conduction band region, we find from the plots that the maximum peak
in TDOS occurs at 10.43 eV. This is due to the main contribution by the Rb-d electrons of Rb

atom. The reason is that the maximum of PDOS of Rb-d is also found at 10.43 eV.
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Fig.5.15 shows the plot of TDOS and PDOS of Cu atom of RbCuFs compound. In the
valence band below the Fermi level, we have found a maximum peak in TDOS of Cu atom at
-1.94 eV. The occurrence of this maximum in peak in TDOS of Cu atom at -1.94 eV appears
to be the contribution due to Cu-d electrons of Cu atom. However in the conduction band
above the Fermi level, negligible contribution is found to TDOS and PDOS in Cu atom as
shown in Fig. 5.15.

The plot of TDOS and PDOS of F atom in RbCuFzcompound is shown in Fig. 5.16.
The maximum peak in TDOS is found at — 4.61 eV in the valence region below the Fermi
level. From the plot we find that the contribution to the occurrence of this peak at -4.61 eV is
due to the contribution by F-p state electrons. There is negligible contribution to TDOS and

PDOS in conduction band in F atom which is shown in Fig. 5.16.
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(b) RbAgFs

The calculated results of total density of states (TDOS) and partial density of states
(PDOS) for RbAgFz compound are given in this section. Fig.5.17 shows the plot of total
density of states (TDOS) for RbAgFs and individual atoms Rb, Ag, and F. In the valence
region below the Fermi level, we have found the maximum peak in TDOS for RbAgF; at —
4.25 eV. The occurrence of this maximum in peak in TDOS of RbCuFs at -4.25 appears to
be the contribution due to F atom. The reason is that the TDOS of F atom is also maximum at
-4.25 eV. Also in valence band region, we have found another peak in TDOS for RbAgFz at -
2.67 eV. The occurrence of this peak in TDOS of RbAgFz at -2.67 eV appears to be the
contribution due to Ag atom. Similarly, in the conduction band above the Fermi level in Fig.
5.17, the maximum peak in TDOS for RbAgFs is observed at 10.38 eV. The occurrence of
this maximum in peak in TDOS of RbAgFs at 10.38eV is due to the main contribution by Rb
atom. The reason is that the TDOS of Rb atom is also maximum at 10.38 eV. We find from
the plots in Fig. 5.17, TDOS of RbAgFs by other atoms Ag and F are very low.

In Fig. 5.18, the plots of TDOS and partial density of states (PDOS) of Rb atom in
RbAgFs compound are shown. In the valence band below the Fermi level, we have found that
there is negligible contribution to TDOS and PDOS by electrons of Rb atom. However in the
conduction band region, we find from the plots that the maximum peak in TDOS occurs at
10.38 eV. This is due to the main contribution by the Rb-d electrons of Rb atom. The reason

is that the maximum of PDOS of Rb-d is also found at 10.38 eV which is seen in Fig. 5.18.
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Fig.5.19 shows the plot of TDOS and PDOS of Ag atom of RbAgFs compound. In the
valence band below the Fermi level, we have found a maximum peak in TDOS of Ag atom at
-2.67 eV. The occurrence of this maximum in peak in TDOS of Ag atom at -2.67 eV appears
to be the contribution due to Ag-d electrons of Ag atom. However in the conduction band
above the Fermi level, negligible contribution is found to TDOS and PDOS in Ag atom as
shown in Fig. 5.19.

The plot of TDOS and PDOS of F atom in RbAgFz compound is shown in Fig. 5.20.
The maximum peak in TDOS is found at — 4.25 eV in the valence region below the Fermi
level. From the plot we find that the contribution to the occurrence of this peak at -4.25 eV is
due to the contribution by F-p state electrons. We have found that there is negligible

contribution to TDOS and PDOS in conduction band in F atom as shown in Fig. 5.20.
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5.3  Electronic Band Structures for Alkali and Transition Elements

We present here the result for each compound calculated by using GGA method
which is followed by results of calculation done by suing mBJ potential. In this section, the
results of calculation of band structures in the case of a combination of RbBF3z (B = Cu, Ag)
is presented. Calculations have been done by using FP-LAPW method as discussed in
Chapter-2. For this purpose, the approximations for exchange-correlation potential used is
Generalized Gradient approximation (GGA).The calculated band gaps obtained by using the
GGA approximations is underestimated i.e. usually smaller than experimentally obtained
values in most of the insulating materials. Hence in order to reproduce a comparable value of
band gaps, modified Becke-Johnson (mBJ) potential approach will also be used to calculate
the energy gaps in the system. The mBJ potential is used in conjunction with the WIEN2k
code to calculate band gaps (Esc) as in the case of GGA approaches.

5.3.1 Study of Energy Bands for Alkali and Transition Elements
(@) Energy Bands of RbBFs3 (B = Cu, Ag) using GGA method

The electronic properties of RbBFs (B = Cu, Ag) are calculated with first principles
FP-LAPW method using GGA and mBJ exchange potential. To calculate DOS and band
structure of RbBF3, the optimized lattice parameters are used. The calculated electronic band
structures for fluoroperovskites RbBFs (B = Cu, Ag) along the high-symmetry directions of
the Brillouin zone are shown in Figs. 5.21-5.22. We have found that the maximum of the
valence band are found to be at a symmetry point T whereas the minimum conduction bands

are located at the I point of the Brillouin zone in RbBFs compounds, resulting into direct

band gaps in all the compounds. The calculated indirect band gaps (F—F)are found as 3.0

eV and 2.5 eV RbCuFz and RbAgF3 respectively by using the GGA approach.
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(b) Energy Bands of RbBFs (B = Cu, Ag) using mBJ method

In this section, the calculated results of energy bands by using mBJ method is

presented. Gaps arise due to direct type of transition of electrons in the symmetry direction
(F—F) as shown in Figs.5.23-5.24. We have found that the maximum of the valence band
are found to be at a symmetry point I"whereas the minimum conduction bands are located at
the T"point of the Brillouin zone in RbBF3 compounds, resulting into direct band gaps in all

the compounds. The calculated values of energy band gaps for the systems are 5.0 eV and 5.3

eV for RbCuFz and RbAgFs3 respectively.
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Chapter-6
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Study of Optical Properties of Fluoride
Perovskite ABFz;with Alkali or Alkaline Earth
and Transition Elements

The study of the optical properties of a compound in the spectral range of infrared to
ultraviolet and above the band gap plays an important role to understand the nature of the
material and also to understand about its applications in optoelectronics devices (Mutou and
Saso, 2009). We have studied the optical properties by calculating the dielectric constants and
other optical parameters like the refractive index, the reflectivity, the extinction coefficient,
the absorption coefficient, the energy loss function and the optical conductivity of the
compounds as a function of incident photon energy. In our calculations, FP-LAPW method is
used to calculate the real and imaginary dielectric constant as a function of incident photon
energy. The calculated dielectric constants are fitted into Eqgns. (2.51-2.56) in Chapter-2 for
calculating various optical parameters to study optical properties as a function of photon
energy. This is then incorporated into wien 2k code for calculating several optical parameters
via respective programmes.

We have calculated the various optical parameters of the fluoride perovskite of ABF3
type combinations of alkali metals A and alkaline or transition metals B respectively. For
this, the combination of A and B taken are as follows:

A =K, Rb, Cs, Baand B = Li, K, Rb, Ca, Cu, Ag
For calculational purpose, here also we have used two approximations for the exchange

correlation functionals namely; GGA and mBJ. In this context, we have considered only the
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GGA method. The reason for this being that, with the inclusion of mBJ potential in our
calculations of optical parameters, the qualitative features in the plots of parameters like,
refractive indices, reflectivity, absorption coefficients, electron energy loss etc. have similar
features as obtained by using GGA method. The detail discussions of the formulae used for
calculations are given in chapter-2.
6.1  Calculation of Optical parameters by using GGA method for various
combinations of Alkali or Alkaline and Transition Elements
6.1.1 Combination for Alkali and Alkaline Earth Elements
(@) Real and Imaginary parts of dielectric function

The optical spectra as a function of photon energy for cubical fluoroperovskite ACaFs
(A =K, Rb, Cs) are shown in Figs. 6.1-6.8. We have studied the optical spectra in the photon
energy range of 0 — 40 eV. The nearly same band structure plots of the compounds under

study give similar profile in the optical spectra of these materials. Each peak in ¢, and ¢,in

the optical response plots can be determined by the electric-dipole transitions between the

occupied and unoccupied states of the band structure plots. Fig. 6.1 represents real part

gl(a)) of dielectric function of ACaFz in the approach of GGA. From our calculation, we

have found maximum value of & (w)at 9.45 eV, 9.34 eV, 8.83 eV for KCaFs, RbCaFs and

CsCaFs respectively. We note that the peak heights are increased as we move from K to Cs
that is seen in table 6.1. Real part starts to decrease below zero in the negative scale for the
range of 22.326-22.925 eV, 26.28-26.68 eV and 28.939-29.565 eV for KCaFs, 19.469-20.204
eV, 20.39-21.40 eV, 26.27- 26.82 eV and 28.91-29.429 eV for RbCaFz and 13.64-14.04 eV,

15.82-17.37 eV, 17.61-18.27 eV, 18.43-18.78 eV and 28.74-29.15 eV for CsCaFs.
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Fig. 6.2 represents the imaginary part &, (@) in the approach of GGA and we have found the

threshold energy of dielectric function occurs at Eo=6.1 eV, 6.3 eV and 6.9 eV for KCaFs,
RbCaFs and CsCaFs respectively which correspond to the fundamental gaps at the
equilibrium.

(b) Refractive index and Reflectivity

Fig. 6.3 represents the refractive index n(a)) of dielectric function of ACaFs

compound. The refractive index is one of important characteristic for optical design and
applications. High refractive materials are used in ophthalmic lenses, filters and optical

adhesives, antireflection coating and advanced optoelectronic devises compound. The

calculated static refractive index n(O) and maximum value of refractive index n(a))max are

mentioned in Table 6.2. The refractive index greater than one means photons which travelling
in the material are slowed down due to the interaction with electrons of the medium. The
refractive index less than unity shows that the phase velocity greater than light velocity,
which is in disagreement to relativity. This suggests that in a dispersive medium signal
transmitted as wave packet propagating at the group velocity. At zero frequency limits, the

static refractive indices are given in Table 6.2.

Fig. 6.4 represents the reflectivity R(a)) of ACaFs compound. The static reflectivity

R(0) and maximum reflectivity R(w)__ are mentioned in Table 6.2. From our calculation,

we have found the static reflectivity increases from K to Cs in a compound ACaFz (A = K,

Rb, Cs).
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Table 6.1: Calculated energy band gap (Ey), static dielectric constant and its maximum

values for ACaFz (A = K, Rb, Cs) compound.

Compound EgineV £,(0) &(w)
KCaFs 6.1 1.92 4.01
RbCaF; 6.3 2.02 4.28
CsCaFs 6.9 2.25 5.27

Table 6.2: Calculated static refractive indexn(0) , reflectivity R(0) and their maximum

values for ACaFs (A = K, Rb, Cs) compound.

Compound n(0) n(w) R(0)% R(w) %
KCaFs 1.38 2.08 2.6 34.9
RbCaF3 1.42 2.14 3.02 34.1
CsCaFs 1.50 2.36 4.01 343
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(o) Absorption coefficient and Electron energy loss function
Fig. 6.5 shows the absorption coefficient o(w) of photon energy of ACaFs

compound. The absorption characters are observed in the range up to 40 eV. The maximum
absorption coefficient is 255 m™ at 26.32 eV for KCaFs, 250 m™ at 26.42 eV for RbCaFs and
202 m? at 16.25 eV for CsCaFs in GGA that is seen in Fig.6.5.

Electron energy loss spectroscopy is a precious tool for the investigation of the
different physical aspects of a material (Lougin et al., 1996). It provides information about
elastically scattered and non-scattered electrons and the number and type of atom being
struck by the beam. The electron energy loss spectra for ACaFs (A = K, Rb, Cs) systems
under study are given in Figs. 6.6. Fig. 6.6 shows the electron energy loss (EEL) spectra of
ACaF3 compound for the energy range 0-40 eV in which it represents characteristic plasmon
oscillations. From the Fig. 6.6 in GGA, it is found that the most resonant peak occurs at

29.72 eV, 29.53 eV and 29.29 eV for KCaF3, RbCaFs and CsCaFs respectively.
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(d)  Optical conductivity and Extinction coefficient

Fig. 6.7 shows the optical conductivity of ACaFs compound in the energy range 0-40
eV. The conduction of electrons due to an applied electromagnetic field is characterized by
optical conductivity o'(@). From the Fig. 6.7 in the approach of GGA, optical conduction
starts form 5.80 eV, 6.65 eV and 7.0 eV for KCaF; KCaFs, RbCaF3 and CsCaFs respectively
in GGA. The conductivity in the range 10.97- 16.36 eV is higher for CsCaFz as compared
two other isoelectric compounds, while for range 16.42-19.63 eV, RbCaFz has higher
conductivity. KCaFz dominates beyond 19.63 eV in conductivity, while the maximum

conductivity is around 26 eV for all three compounds. The peak values of the conductivity

are 8370Q7'cm™, 8050 Q*'cm™ and 6070 Q'cm™ for KCaFs, RbCaFs and CsCaFs
respectively.

Fig. 6.8 shows the extinction coefficient for ACaFs (A = K, Rb, Cs) compound in the

energy range 0-40 eV. When we look the behavior of imaginary part gz(a)) of dielectric
function and extinction coefficientK(a)), a similar trend is observed from Fig.6.2 and 6.8.

The extinction coefficient K (a)) reaches the maximum absorption at 13.5 eV for CsCaFz and

10.5 eV for both KCaFs and RbCaFs.
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6.1.2 Combination for Alkaline Earth and Alkali Elements

(@) Real and Imaginary parts of dielectric function
The optical spectra as a function of photon energy for cubical fluoroperovskite BaBFs

(B = Li, K, Rb), are shown in Figs. 6.9-6.16. The optical spectra are studied in the energy

range of 0 — 40 eV. The Fig.6.9 represents real part 51(0)) of dielectric function g(a)) of
photon energy for cubic BaBFz. The function 51(60) provides the information about electronic
polarization and dispersion of incident radiation on the material. The static dielectric constant
at energy zero &, (0) and maximum value of 51(60) of BaBF3 are noticed in Table 6.3. As the

atomic radius of Rb is greater than Li and K atoms, so the value of &, (@) increases from Li to

Rb. From our calculation, we have found maximum value of ¢ (w)at 9.78 eV, 18.7 eV,

18.84 eV for BaLiF3, BaKF3z and BaRbFs respectively. Real part starts to decrease below zero
in the negative scale for the range of 18.55-23.27 eV for BaLiFs, 19.54-20.93 eV, 23.00-
23.52 eV, 24.17-24.36 eV and 25.42- 26.08 eV for BaKFs and 19.27-21.94 eV and 22.43-
24.15 eV for BaRbFs. This negative value of real dielectric function indicates that these
materials be metal otherwise dielectric.

Fig. 6.10 represents imaginary part of dielectric function of BaBFz compound. The

imaginary part gz(a)) provides information about absorption behavior of BaBF3z compound.

Fig. 6.10 represents the imaginary part &, (a)) in the approach of GGA.
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(b) Refractive index and Reflectivity
Fig. 6.11 represents the refractive index n(w) of dielectric function of BaBFs
compound. The refractive index is one of important characteristic for optical design and

applications. High refractive materials are used in ophthalmic lenses, filters and optical
adhesives, antireflection coating and advanced optoelectronic devises compound. The
calculated static refractive index n(0) and maximum value of refractive index n(w) _ are
mentioned and compared with the available literatures in Table 6.4. The refractive index
greater than one means photons which travelling in the material are slowed down due to the
interaction with electrons of the medium. The refractive index less than unity shows that the
phase velocity greater than light velocity, which is in disagreement to relativity. This suggests
that in a dispersive medium signal transmitted as wave packet propagating at the group

velocity.
Fig. 6.12 represents the reflectivity R(a)) of BaBFs compound. The static reflectivity
R(0) and maximum reflectivity R() _are mentioned in Table 6.4. From our study, the

maxima of reflectivity are found as 66.8% at 21.04 eV for BaLiFs, 61.6% at 19.71 eV for

BaKFs and 57.7% at 19.57 eV for BaRbFs. It is noted that the reflectivity spectra are

prominent where the real part gl(a)) is below zero in the energy ranges which are seen in Fig.

6.9 and 6.12.
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Table 6.3: Calculated energy band gap (Ey), static dielectric constant and its maximum

values for BaBFs (B = Li, K, Rb) compound.

Compound EgineV £,(0) & ( a))max
BaLiF; 6.9 1.94 3.94
BaKF; 4.8 1.79 4.91
BaRbF3 3.9 1.78 5.54

Table 6.4 Calculated static refractive indexn(0) , reflectivity R(0), and their maximum

values for BaBFs (B = Li, K, Rb) compound.

Compound [ n(0) (), RO)% | R(),%
BalLiFs 1.39 2.02 2.69 66.8
BaKFs 1.34 2.39 2.09 61.6
BaRbFs 1.33 2.57 2.05 57.7
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(o) Absorption coefficient and Electron energy loss function

Fig. 6.13 shows the electron energy loss (EEL) spectra of BaBFs compound for the
energy range 0-40 eV in which it represents characteristic plasmon oscillations. From the
Fig. 6.13, it is found that the most resonant peak occurs at 23.19 eV, 26.10 eV and 24.17 eV

for BaLiFz, BaKFz and BaRbFz respectively. Fig. 6.14 shows the absorption coefficient
a(a)) of photon energy of BaBFz compound. The absorption characters are observed in the
range up to 40 eV. The maximum absorption coefficient is 423 m™* at 19.76 eV for BaLiFs,
478 m at 19.36 eV for BaKFz and 513 m™ at 19.36 eV for BaRbF; that is seen in Fig.6.14.
(d)  Optical conductivity and Extinction coefficient

Fig. 6.15 shows the optical conductivity of BaBFs compound in the energy range 0-40

eV. The conduction of electrons due to an applied electromagnetic field is characterized by
optical conductivitya(a)). From the Fig. 6.15, optical conduction starts form 8.66 eV, 6.73
eV and 5.94 eV for BaLiFs, BaKFs and BaRbFz respectively. The conductivity in the range

18.65- 19.41 eV is higher for BaRbFz as compared two other isoelectric compounds and the

maximum conductivity is around 19 eV for all three compounds. The peak values of the

conductivity are 18200 Q*cm™, 24100 Q'cm™ and 28400 Q'cm™ for BaLiFs, BaKF3 and
BaRbF3 respectively. The peak values of the conductivity increases from Li to Rb.

Fig. 6.16 shows the extinction coefficient for BaBFz compound in the energy range 0-

40 eV. When we look the behavior of imaginary part &,(w) of dielectric function and
extinction coefficientK(a)), a similar trend is observed from Fig.6.10 and 6.16. The

extinction coefficient K(a)) reaches the maximum absorption at 19.74 eV for BaLiF3z and

19.36 eV for both BaKF3 and BaRbFs. Hence BaBFs is wide band gap compound with high
absorption power in ultraviolet energy range and it can be used in the optoelectronic devices

like UV detectors.

147



) | ) 1

6 -  GGA BaLiF4 |
BaKF4

5 -
BaRbF 5

4 4

3 -

o 2.
1 -
0
T T T T T T T T T T T T T T T
0 5 10 15 20 25 30 35 40

Energy (eV)

Fig. 6.13: The energy loss function for BaBFs (B = Li, K, RDb)

T T T T T T T T T T T T T T T

0 5 10 15 20 25 30 35 40
Energy (eV)

Fig. 6.14: The absorption coefficient for BaBFs (B = Li, K, RDb)

148



30000 : : : .
- GGA BaLiFg ]
25000 - BaKF4
BaRbF,| |
20000 - -
15000 -
3
© 10000 - | .
5000 -
0 B |
T T T T T T T T T T ' 1 ' 1 '
0 5 10 15 30 35 40

20
Energy {ea

Fig.6.15: The optical conductivity for BaBF3 (B = Li, K, Rb)

! b | b ] b 1

2.5 —GGA BaLiFq ;

. BaKF4
2.0- BaRbF 4
1.5 ]
1.0 - .

x ] ;
0.5-
0.0 = :
T T T T T T T T T T T T T T T
0 5 10 15 20 25 30 35 40

Energy (eV)

Fig.6.16: The extinction coefficient for BaBFz (B = Li, K, Rb)

149



6.1.3 Combination for Alkali and Transition Elements
Q) RbCuF3

(@) Real and Imaginary parts of dielectric function

Fig. 6.17 represents real part & (w) of dielectric function of RbCuFs compound.
From our calculation, we have found maximum value of & (w)at 15.41 eV then it starts to
decrease up to 16.21 eV. From the plot in real part of dielectric function with photon energy,
we have found the minimum value of gl(a)) at 21.53 eV. Fig. 6.18 represents the imaginary

part &, (a)) of dielectric function of RbCuFs in the approach of GGA. From this calculation,

we have found the maximum value of ¢,(®) at 20.0 eV.

(b) Refractive index and Reflectivity

Fig. 6.19 represents the refractive index n(a)) of dielectric function of RbCuF3
compound. High refractive materials are used in ophthalmic lenses, filters and optical
adhesives, antireflection coating and advanced optoelectronic devises compound. The
calculated static refractive index n(O) is noted in Table 6.5. The refractive index greater than
one means photons which travelling in the material are slowed down due to the interaction
with electrons of the medium. The refractive index less than unity shows that the phase
velocity greater than light velocity, which is in disagreement to relativity. This suggests that
in a dispersive medium signal transmitted as wave packet propagating at the group velocity.

At zero frequency limits, the static refractive indices are given in Table 6.5. At higher

frequency range the refractive index tends to decrease showing the material absorbs high

energy photons. Fig. 6.20 represents the reflectivity R(a)) of RbCuFz compound. From the

calculation, we have found the static reflectivity R(0) that is given in Table 6.5. From our

calculation, we have found the static reflectivity is nearly equal to zero.
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(o) Absorption coefficient and Electron energy loss function

Fig. 6.21 shows the absorption coefficient o(w) of photon energy for RbCuFs

compound. The absorption characters are observed in the range up to 40 eV. The maximum
absorption coefficient is 33.0 m* at 19.41 eV.

Electron energy loss spectroscopy provides information about elastically scattered and
non-scattered electrons and the number and type of atom being struck by the beam. The
electron energy loss spectra for RbCuFs systems under study are given in Figs. 6.22. Fig. 6.22
shows the electron energy loss (EEL) spectra of RbCuFz compound for the energy range 0-40
eV in which it represents characteristic plasmon oscillations. From the Fig. 6.22 in GGA, it
is found that the most resonant peak occurs at 20.93 eV.

(d)  Optical conductivity and Extinction coefficient
Fig. 6.23 shows the optical conductivity of RbCuFs compound in the energy range 0-

40 eV. The conduction of electrons due to an applied electromagnetic field is characterized
by optical conductivityo(w). From the Fig. 6.23 in the approach of GGA, optical

conduction starts form 10.65 eV. From our calculation, we have found the maximum value of

conductivity is at 19.41 eV. The peak value of the conductivity is 895Q'cm™. Fig. 6.24

shows the extinction coefficient for RoCuFz compound in the energy range 0-40 eV. When

we look the behavior of imaginary part gz(a)) of dielectric function and extinction
coefficientK(a)), a similar trend is observed from Fig.6.18 and 6.24. The extinction

coefficient K (a)) reaches the maximum absorption at 20.0 eV.
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(i) RbAgFs
(@) Real and Imaginary parts of dielectric function

Fig. 6.25 represents real part ¢, () of dielectric function of RbAgFs in the approach
of GGA. From our calculation, we have found maximum value of & (w)at 20.83 eV then it
starts to decrease up to 23.71 eV. From the plot in real part of dielectric function with photon
energy, we have found the minimum value of 51(60) at 23.71 eV. Fig. 6.26 represents the

imaginary part &, (a)) of dielectric function of RbAgFs. From this calculation, we have found

the maximum value of &, (@) at 21.80 eV which is seen in Fig. 6.26.

(b) Refractive index and Reflectivity

Fig. 6.27 represents the refractive index n(a)) of dielectric function of RbAgF3
compound. High refractive materials are used in ophthalmic lenses, filters and optical
adhesives, antireflection coating and advanced optoelectronic devises compound. The
calculated static refractive index n(O) is mentioned in Table 6.5. The refractive index greater
than one means photons which travelling in the material are slowed down due to the
interaction with electrons of the medium. The refractive index less than unity shows that the
phase velocity greater than light velocity, which is in disagreement to relativity. This suggests
that in a dispersive medium signal transmitted as wave packet propagating at the group

velocity. At zero frequency limits, the static refractive indices are given in Table 6.5. At

higher frequency range the refractive index tends to decrease showing the material absorbs

high energy photons. Fig. 6.28 represents the reflectivity R(a)) of RbAgFs compound. The

static reflectivity R(O) is mentioned in Table 6.5. From our calculation, we have found the

static reflectivity is nearly equal to zero.

156



1.0154 _ A

1.010 5

1.005 5

1.000 -

0.995 -

0.990 4

0.985 : : : : : : :
0 10 20 30 40

Energy (V)

Fig. 6.25: Real ¢, (@ ) part of dielectric function for RbAgFs

0.020 . . - T T T - T

0.0184 -—-GGA

0.016
0.014
0.012-
0.010-
o 0.008

0.006
0.004 4

0.002 J
0.000
-0.002 . : : : : : :
0 10 20 30 40

Energy (eV)

Fig. 6.26: Imaginary &, ()part of dielectric function for RbAgFs

157



R(w)

1.008

1.006
1.004 4

1.002 4

-— GGA

n

1.000

0.998 4

0.996 -

0.994 4

L0h]

0.000025

5 10 15 20 25 30
Energy (eV)

Fig. 6.27: The refractive index n(e) for RbAgFs

35

0.000020 -

0.000015 -

0.000010 -+

0.000005 -

0.000000

5 10 15 20 25 30
Energy (e%)

Fig. 6.28: The Reflectivity R(w) for RbAgFs

158



(o) Absorption coefficient and Electron energy loss function

Fig. 6.29 shows the absorption coefficient o(w) of photon energy for RbCuFs

compound. The absorption characters are observed in the range up to 40 eV. The maximum
absorption coefficient is 2.02m™ at 22.10 eV.

Electron energy loss spectroscopy provides information about elastically scattered and
non-scattered electrons and the number and type of atom being struck by the beam. The
electron energy loss spectra for RbAgFs systems under study are given in Figs. 6.30. Fig.
6.30 shows the electron energy loss (EEL) spectra of RbAgFs compound for the energy range
0-40 eV in which it represents characteristic plasmon oscillations. From the Fig. 6.30 in
GGA, it is found that the most resonant peak occurs at 22.10 eV.

(d)  Optical conductivity and Extinction coefficient
Fig. 6.31 shows the optical conductivity of RbAgFs compound in the energy range 0-

40 eV. The conduction of electrons due to an applied electromagnetic field is characterized
by optical conductivitya(a)). From the Fig. 6.31, optical conduction starts form 20.65 eV.
From our calculation, we have found the maximum value of conductivity is at 22.10 eV. The

peak value of the conductivity is 54.5Qcm™. Fig. 6.32 shows the extinction coefficient for

RbAgFs compound in the energy range 0-40 eVV. When we look the behavior of imaginary

part ¢, (w) of dielectric function and extinction coefficient K (@), a similar trend is observed

from Fig.6.26 and 6.32. The extinction coefficient K (a)) reaches the maximum absorption at

22.10 eV.
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Table 6.5: Calculated static refractive index, dielectric constant and reflectivity values for

RbBFs (B = Cu, Ag) compound.

Compound n (0) £,(0) R (0)%
RbCuFs 1.02 1.04 0.0148
RbAgFs 1.00 1.00 6.78x10°
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Summary and Conclusion

In this thesis we reported the study of structural, electronic and optical properties of
ABFs; type fluro perovskite using self-consistent full-potential linearized augmented plane
wave (FP-LAPW) method on the base of density functional theory (DFT). The
combinations of the alkali metals or alkaline earth metals A and the transition metals B are
as A =K, Rb, Cs, Ba; B = Li, K, Rb, Ca, and Cu and Ag. 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 as well
as the optical properties. The optical property is studied by calculating the frequency
dependent isotropic complex dielectric function, refractive index, reflectivity and energy
loss spectra followed by the optical conductivity of the crystal as a function of
incidentphoton.

In Chapter 3, we discuss the structural and electronic properties of properties of
KCaFs, RbCaFz and CsCaFz respectively by using GGA and mBJ potentials. We have
found that calculated values of lattice parameters, bulk moduli and pressure derivatives
for these systems were more or less similar to experimental values and previously
calculated results as referred in the Table 3.1. From the plots of DOS it is found that Ca
atom of KCaFz compound has negligible contribution to TDOS and PDOS in the valence
band below the Fermi level. However in the conduction band, a maximum peak in TDOS
is observed at 9.68 eV in the conduction band. This can be attributed to Ca-dtyg State
electrons. It is also found that the contribution to the occurrence of this peak at -0.27 eV
is due to the contribution by Fpx+py State electrons. There is negligible contribution to

TDOS and PDOS in conduction band by F atom.
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There is similar trend in the values of TDOS and PDOS in the systems KCaFs,
RbCaFs and CsCaFs as calculated by using the mBJ potential. Also there is not much
differences found in the calculated energy bands in several symmetry direction by using
GGA and mBJ methods. However the point of difference is that mBJ over estimates the
energy gaps for all the systems KCaFs, RbCaFs and CsCaFs. The energy band gaps
calculated is wide and the values are 10.6 eV, 10.4 eV and 9.8 eV for KCaFs, RbCaF3
and CsCaFarespectively.

Chapter 4, we have the results of structural and electronic properties of ABF3
type perovskite with alkaline earth metal A as Ba, and alkali metals as Li, K and Rb. The
combinations of the systems are namely BaLiFs, BaKFz and BaRbFs respectively. In
these cases also, it is found that calculated values of lattice parameters, bulk moduli and
pressure derivatives for these systems were more or less similar to experimental values
and previously calculated results as referred in the Table 4.1. From the results it is found
that in the valence bands, it is the F-p state electrons which contributes maximum to
DOS. In the conduction band, it is seen that Ba atom contributes maximum to DOS.
There is similar trends in the values of TDOS and PDOS in the systems BaLiF3, BaKF3
and BaRbFs as calculated by using the mBJ potential. Also there is not much differences
found in the calculated energy bands in several symmetry directions by using GGA and
mBJ methods. However the point of difference is that mBJ over estimates the energy
gaps for all the systems BaLiFs, BaKFz and BaRbFs. The energy band gaps calculated is
wide and values are 8.3 eV, 6.3 ev and 5.3 eV for BaLiFs BaKFz: and BaRbF3
respectively.

In Chapter 5, we have described results obtained for structural and electronic
properties of ABF3 type perovskite with alkali metals A as Rb; and transition metal B as

Cu and Ag. The combinations of the systems studied are namely, RbCuFs and RbAgFs.
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In this case we have done the calculations of DOS by using GGA and mBJ method. We
have observed that there is not much difference in DOS results by using the mBJ method
with GGA method. There was similar behaviors of DOS and bands. We found here that
contributions in the valence bands were due to mainly d-state electrons of transition
metals Cu and Ag, and in the conduction bands, again the F electron states were mostly
contributing. There was band gaps in both the systems studied and the values are 3.0 eV
and 2.5 eV for RbCuFz and RbAgFs respectively in GGA method. Similarly, we have
found the band gaps as 5.0 eV and 5.3 eV for RbCuFs and RbAgFs respectively in mBJ
method.

In chapter-6, the results of various optical parameters are discussed in respect of
the fluoride perovskite of ABFs type combinations of alkali metals A and alkaline or
transition metals B respectively. For this, the combination of A and B taken are as
namely like A = K, Rb, Cs, Ba and B = Li, K, Rb, Ca, Cu, Ag. For calculational purpose,
here also we have used two approximations for the exchange correlation functionals
namely; GGA and mBJ. In this context, we have considered only the GGA method. The
reason for this being that, with the inclusion of mBJ potential in our calculations of
optical parameters, the qualitative features in the plots of parameters like, refractive
indices, reflectivity, absorption coefficients, electron energy loss etc. have similar
features as obtained by using GGA method. The detail discussions of the formulae used
for calculations are given in chapter-2.

In case of ACaFs (A = K, Rb, Cs) combination of elements in chapter-6, we
found that real and imaginary parts of dielectric constants showed a typical behavior.
There were many structures shown when plotted as a function of photon energy. Due to
this type of variations, metallic type behavior cannot be attributed. However a very wide

band gap was calculated which may be interest in wide band gap devices in electronics
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or opto-electronics. However, in the case of BaBFs (B = Li, K, Rb) combinations of
elements, we have observed that we found that real and imaginary parts of dielectric
constants showed similar behavior as shown by solids like silver or copper (Figs. 6.9 and
6.10). For example, with the increase of photon energy, there is increase in dielectric
constant (real) and reaches maximum and decreases with the further increase in the

photon energy. However, the value where real dielectric constant ¢, is zero at around 18
eV, the imaginary dielectric &, constant becomes maximum for both BaKF3z and BaRbF3

except for BaLiFs (Fig. 6.10). This is interesting phenomena as all other optical

parameters are related to these two dielectric constants as discussed in chapter-2. For
example, real dielectric constant &, =n*—K? and imaginary by &, =2nK . Hence as

shown in Fig. 6.11, the occurrence of maxima in refractive index n takes place also at 10

eV photon energy where &, is maximum and ¢, is minimum or zero. However this

trends is not found in the case of BaLiFs. Related behaviors of other optical parameters
like reflectance, absorption, conductivity, EEL spectra etc. are also seen to have co-
relative behaviors with real and imaginary dielectric constants. The optical results in the
case of RbCuFs and RbAgFz are also discussed but the combination did not show
metallic type behavior.

In this thesis, we have worked on the structural, electronic and optical properties
of alkali and or alkaline earth or transition metals combinations of A and B with flourine
making making fluro perovskites. We have calculated several optical parameters for
these systems due to which they may be useful in the technical applications. For
example, these flouro-perovskite systems are foud to have wide band gaps due to which
may have tremendous applications in optoelectronic devices and color televisions. They
have been found to have wide band gaps ranging from 2 eV to 7 eV and the trnsitions
which takes place across the gap are both direct and indirect types. For example, direct
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transitions occurs in the case of alkali and transition metals combinations of A and B
with flourine as well as in the alkaline earth and alkali metals combinations of A and B
with flourine. For these combinations, the transition takes place only at symmetry point
I'. For combinations of alkaline earth metals for both A and B with flourine, the
transition across the band gap is indirect and occurs along R to I"symmetry direction. In
conclusion, flouro-perovskites are wide band insulators possesing both direct and

indirect band gaps which had been inferred both from GGA and mBJ study.
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Abstract: We have studied the electronic properties of cubical perovskite BaLiFs, by using the first principles method within the full
potential linearized augmented plane wave (FP-LAPW). Here the exchange correlation effects are included through the generalized
gradient approximation (GGA) exchange potential on the basis of density functional theory (DFT). The calculated structural
properties such as equilibrium lattice constant, the bulk modulus and its pressure derivative are in agreement with the published
results of other authors. We have found that the band gap of BaLiF; is 6.8 eV which indicates that the insulating behavior perovskite

BaLiFs.

Key words: DFT, GGA, FP-LAPW, DOS (density of state), band structure.

1. Introduction

The ternary fluoro-perovskite like BaLiF; has great
potential for a variety of device applications in optical,
ferroelectric, antiferromagnetic systems due to their
wide band gaps [1]. It is always an advantage to know
the physical and electronic properties of such order to
understand their possible applications. Perovskites are
well known for their applications in different fields of
science and technology because of their wide range of
electro-optic, mechanical, semiconducting and
insulating behavior. BaLiF; is used as a
vacuum-ultraviolet-transparent material for lenses in
optical lithography steppers in electro-optical
applications [2-3]. This shows photo-luminescence
properties when it is doped with lanthanide ions . It is
therefore desirable for scintillators and radiation
dosimeters when it is doped approximately [4].

In this paper, we will do the theoretical
investigations of the structural and electronic
properties of fluoride type perovskite BaLiFs. In this
work, for exchange correlation potentials, the GGA
(generalized gradient approximation) is employed

Corresponding author: Ram Kumar Thapa, professor,
research field: Condensed Matter Physics.

which is implemented in WIEN2k code [5].

2. Computational Details

The unit cell of fluoro-perovskite BaLiFz; with
space group (P m-3 m) contains three atoms that form
the cubical structure. The atoms of BaLiF; are located
at the Wyckoff positions Ba (0, 0, 0), Li (0.5, 0.5, 0.5),
F (0, 0.5, 0.5) [6] to form the crystal structure. For
volume optimization of BaLiFs, we have used at first
the calculated lattice constant a = 4.04A [7] followed
by the theoretically obtained optimized lattice constant
to study the DOS (density of state) and band energy of
BaLiF3. Non spherical contributions to the charge
density and potential within the MT (muffin tin)
spheres are considered andthe cut-off parameter is
Ryt X Knax= 7 where Knax 1S the maximum value of
the reciprocal lattice vector in the plane wave
expansion and Ry is the smallest atomic sphere radii
of all atomic spheres. In the interstitial region, the
charge density and potential are expanded as a Fourier
series with wave vectors up to G =12 a-u™. The
number of k-points used in the irreducible part of the
Brillouin zone is 1,000. The criterion for the
convergence of the self-consistent density functional
theory (DFT) calculation is 0.0001 Ry in total energy.
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However the core states are treated relativistically, the
semi-core states are treated semi-relativistically by
ignoring the SO (spin-orbit) coupling.

3. Results and Discussions
3.1 DOS and Band Structures

Fig. 1 shows the plot of total DOS in the case of

BaLiF3; and individual atoms Ba, Li and F respectively.

We have found a maximum peak at -1.11 eV below
the Fermi level due to the main contribution by F
atom and very less contribution of Ba atom. Similarly
we have observed other narrow peaks from -2.5 eV to
0 eV below the Fermi level. In the conduction region
above the Fermi level, we have found a maximum
peak at 13.36 eV due to the main contribution by Ba
atom.

From the partial DOS plots of Ba atom as shown in
Fig. 2, we have found a very small peak in the valence
band due to the contributions of only p and d state
electrons of Ba atom. However, in the conduction
band, d state electron contributes mainly up to 11.25
eV and f state electron contributes above 11.25 eV. In
the conduction band in the Fig. 2, we have observed a
maximum peak at 13.36 eV due to the main
contribution ofBa-fstate electrons.

We have observed very small peaks in the range of
-2.5 eV to 0 eV below Fermi level for the partial DOS
plots of Li atom as shown in Fig. 3. In the valence
band, the main contributions are by s, p and d state
electrons. However, in the conduction band, we have
observed a sharp narrow peak at 17.06 due to the
hybridization of s and d state electrons and other small
peaks are observed due to the contribution by s, p and
d state electrons of Li atom.

Fig. 4 shows the plot of total and partial DOS of F
atom. In the valence band, there is a sharp peak
occurring at -1.11 eV and other small peaks are
observed from -2.5 ev to 0 eV below the Fermi level
due to the contribution of p state electrons and
virtually with no contribution by s and d state
electrons. However, in the conduction band small

peaks occur due to the p and d state electrons.

The calculated electronic band structure for
fluoro-perovskites BaLiF; along the high-symmetry
directions of the Brillouin zone is shown in Fig. 5. In
the valence band (Fig. 5), the lowest lying band has
been found to occur at 9.0 eV below Fermi level due
to the core state electrons of Ba, Li and F atoms. We
also observe from Fig. 5 that the maximum band
energy occurs at the Fermi level at the symmetry point
R.In the conduction band, minimum in energy occurs
at 6.8 eV above the Fermi level at the point symmetry
I' and from this plot in Fig. 5, we find that it is an
indirect type of transition which takes place along R-
' symmetry directions.
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4. Conclusions

From the total DOS plots of BaLiF3 as given in Fig.
1, we find that maxima in peaks in the valence region
are due to only F atom. This is also evident from the
partial DOS plots of Ba, Li and F atoms as given in
Figs. 2-4 respectively. From Fig. 4, we find that the
maxima in peaks are due to p state electrons of F atom
in the valence region. We have found a maximum
peak at 13.36 eV due to the main contribution of Ba
atom in the conduction region that is shown in Fig. 1.
From the plot of partial DOS of Ba, Li and F in Figs.
2-4 respectively, we have found that the maxima
peaks are observed due to the main contribution of p
and f state electrons of Ba atom. In Fig. 5, we have
found from our study that the band gap of BaLiF; is
6.8 eV which is large and hence BaLiFs; is an
insulator.
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Abstract. In this paper, we present the electronic properties of fluoride perovskite
KMgFsz by using the full potential linearized augmented plane wave (FP-LAPW)
method. The densities of states and energy band structures have been calculated by
using the generalized gradient approximation (GGA) as exchange-correlation potential.
The results obtained are in agreement with the previous experimental and theoretical
results. The obtained value of energy band gap of 7.2 eV indicates the insulating
behaviour of the sample material.

1. Introduction
The ternary fluoro-perovskite like KMgFs; has great potential for a variety of device applications in
optical, ferroelectric, antiferromagnetic systems due to their wide band gaps [1-2]. It is always an
advantage to know the physical and electronic properties of such order to understand their possible
applications. Perovskites are well known for their applications in different fields of science and
technology because of their wide range of electro- optic, mechanical, semiconducting and insulating
properties. KMgFs is a technologically important fluoro-perovskite which finds applications as a
vacuum- ultraviolet-transparent material for lenses in optical lithography steppers in electro- optical
applications [3-5]. It is desirable for scintillators and radiation dosimeters when it is doped
approximately [6]. Neupane et al. [7] have reported an energy band gap of 6.8 eV for RbCaF; from the
FP-LAPW method based calculation, which also suggests an insulating behaviour of this material.

In this paper, we will do the theoretical investigations of perovskite-type fluoride KMgFs. For
this purpose for exchange correlation, generalized gradient approximation (GGA) is employed which
is implemented in wien2k code [8].

2. CRYSTAL STRUCTURE AND COMPUTATIONAL DETAILS

The unit cell of fluoro-perovskite KMgFs; with space group (Pm-3m) contains three independent atoms
that form the cubical structure. The atoms of KMgFs; are located at the Wyckoff positions
K(0.0,0.0,0.0), Mg(0.5,0.5,0.5), F1(0.0,0.5,0.5), F2(0.5,0.0,0.5) and F3(0.5,0.5,0.0) [10] to form the
crystal structure as shown in figurel.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1
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The generalized gradient approximation (GGA) as proposed by Perdew et al. [9] has been
used to correct the exchange-correlation effect. For volume optimization of KMgFs, we have used the
experimental lattice constant a=3.979 A [10] and the optimized volume versus energy curve is shown
in Fig.1. This optimized lattice constant is used to study the density of state (DOS) and band energy of
KMgF; by using the full potential linearized augmented plane wave (FP-LAPW) method of KS-DFT
[11].We used here GGA to describe the electron exchange and correlation potential. Non spherical
contributions to the charge density and potential within the muffin tin (MT) spheres are considered and
the cut-off parameter is Ryt X Kmax = 7 where Knax is the maximum value of the reciprocal lattice
vector in the plane wave expansion and RMT is the smallest atomic sphere radii of all atomic spheres.
In the interstitial region, the charge density and potential are expanded as a Fourier series with wave
vectors up to Gmax=12 a.ul. The number of k-points used in the irreducible part of the Brillouin zone is
1000. The criterion for the convergence of the self-consistent DFT calculation is 0.0001 Ry in total
energy. However the core states are treated relativistically, the semi-core states are treated semi-
relativistically by ignoring the spin-orbit (SO) coupling.
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Figure 1. (Left) Crystal structure of KMgFs, (right) volume optimization curve.
3. RESULT AND DISCUSSIONS

3.1. Crystal structure

The variation in the total energy as a function of volume is shown in figurel.The calculated value of
the equilibrium lattice constant (a) is found as 4.0646 A. The energy versus volume data was fitted to a
Murnaghan equation of state [12] to obtain the bulk modulus (B) and its first pressure derivative (B”).
Our calculated values of lattice constant, B, and B’ are compared with previous experimental and
theoretical results which are shown in table 1. We note that the result of the lattice constant obtained is
slightly higher than the experimental values [10, 15].

Table 1.

Lattice Constant a (in A) Bulk Modulus B (in GPa) Pressure Derivative B’

This study 4.0646 66.8067 4.1293
Other, GGA 4.081[13] 72.01 [13] 4.65[13]
4.040 [14] 72.15 [14] 4.68 [14]
Experimental 3.989 [15] 70.40 [15]
3.979 [10]

3.2 Density of states (DOS)
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Figure 2 shows the plot of total density of states (DOS) of KMgF3 and individual atoms K, Mg and F
respectively. The maximum peak and other two narrow peaks are occurred at 1.82 eV, 1.14 eV and
0.45 eV respectively in valence region below the Fermi level. In the case of total DOS, contribution of
the individual atoms in the valence region, we find only the contribution due to F atom which is
accountable in the valence region. The total contribution by K and Mg atoms are more or less
negligible in the valence region which is evident from the small hump in DOS. In the conduction
region above the Fermi level in figure 2, we find the value of DOS is maximum at 13.07 eV due to the
main contribution of K atom and small peaks in DOS occur from 10.45 eV t017.50 eV due to the
contribution of K, Mg and F atoms.

From the total and partial DOS plots of K atom as shown in figure 3, we find no sharp peaks
in valence band but only p and d state electrons are contributing to the DOS in negligible height.
However, in the conduction band, the highest peak in DOS is contributed by d state electron of K atom
at 13.0 eV and other smaller peaks are observed from 10.33 eV to 17.55 eV due to the main
contribution of d state electrons of K atom.
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From the total and partial DOS of plots of Mg atom as shown in figure 4, we find a narrow peak at
1.85 eV in the valence band due to the p and d state electrons and small peaks are observed from 0.43
eV to 2.93 eV due to the contribution of s, p and d state electrons below the Fermi level. However, in
the conduction band, p state electron of Mg atom contributes to the occurrence of peak at 17.55 eV and
small peaks are observed from 10.33eV to 17.55eV due to the contribution of s, p and d state electrons

of Mg atom.

Figure 5 shows the total and partial DOS of plots of F. In the valence band, there is a sharp
peak occurring at 1.82 eV and other two small peaks are observed at 1.14 eV and 0.45 eV respectively
below the Fermi level due to the p state electrons and virtually with no contribution by s and d state
electrons. However, in the conduction band, there are very small peaks occur due to the s, p and d state

electrons of F atom.



24th Condensed Matter Days National Conference (CMDAYS2016) IOP Publishing
Journal of Physics: Conference Series 765 (2016) 012016 doi:10.1088/1742-6596/765/1/012016

3.2. Band structures
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Figure 6. Electronic band structure of KMgF3 along the high-symmetry directions of the first Brillouin
zone.

The calculated electronic band structure for fluoro-perovskite KMgF; along the high-symmetry
directions of the Brillouin zone is shown in figure 6. In the valence band (figure 6), the lowest lying
band has been found to occur at 9.5 eV below Fermi level due to the core state electrons of K, Mg and
F atoms. We also observe from figure 6 that the maximum band energy occurs at the Fermi level at the
symmetry point R. In the conduction band, minimum in energy occurs at 7.2 eV above the Fermi level
at the point symmetry and frém this plot in figure 6, we find that it is an indirect type of transition
which takes place along R -  symmetry directions. The calculated value of indirect band gap is 7.2
eV, which is much smaller than the experimental value 12.4 eV [16] for KMgF.

4. CONCLUSIONS

From the volume optimization in figurel, we have found the optimized lattice constant, pressure,
pressure derivative and total energy are as 4.0646 A, 66.8067 GPa, 4.1293 and -2204. 9896 Ry
respectively. From the total DOS plots of KMgF; as given in figure 2, we find that maxima in peaks in
the valence region are due to only F atom. This is also evident from the partial DOS plots of K, Mg
and F atoms as given in figure 3, figure 4 and figure 5 respectively. We find the maxima in peak is due
to p-state electrons of Mg and F atoms in the valence region of partial DOS of Mg and F atoms. The
peak heights in partial DOS due to electrons from K atom in the valence region is negligible. Similarly
in the conduction region, it is only d-state electrons of K (figure 3) which is a main contribution to the
maxima in the total DOS of KMgFs;.We have found from our study (figure 6) that the band gap of
KMgFs is 7.2 eV which is large and hence KMgFs; is an insulator.
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A Theoretical Study of Structural, Electronic and Optical Properties
of ABF; (A, B = Alkali or Alkaline Earth and Transition Elements)
Type Perovskite by Using FP-LAPW Method

INTRODUCTION

Since its discovery in BaTiO3, ferroelectricity in perovskite-structure oxides has attracted
tremendous interest, ranging from fundamental studies to technological applications. Indeed, the
transition-metal/oxygen bond, with its large polarizability, is particularly favourable for
promoting the transition-metal offcentering that can result in a ferroelectric ground state.
Ferroelectrics also exist, of course, in many material chemistries that do not contain oxygen, with
a particularly extensive range of fluorine-based examples, including both polymers (Lovinger,
1983) and ceramics in many crystal classes (Scott et al., 2011). Perhaps not surprisingly given
the low polarizability of bonds with fluorine, the mechanisms for ferroelectricity in fluorine-
based ferroelectrics are distinct from those in oxides, ranging from molecular in ceramics (Ederer
et al., 2006). These alternative mechanisms are of particular interest because, again unlike the
oxides, they are not contra-indicated by transition metal d electrons, and so allow simultaneous
ferroelectricity and magnetic ordering (multiferroism). Interestingly, however, none of the
known perovskite-structure fluorides is reported to be ferroelectric.

Since late 2012, organic and inorganic halides with the perovskite structure have strongly
attracted the attention of the photovoltaic community when efficiencies close to 10% were first
achieved in solid state cells (Lee et al., 2012). The excellent properties and the innovative device
possibilities in perovskite-structured organometal and metallic halides has resulted in a frenzied
increase of publications reporting high efficiencies (Ball et al., 2013). Recently, 15% efficient
solar cells were reported with CH3z NH3Pbl; target efficiencies of 20% identified as a feasible
goal (Park, 2013). It is therefore pertinent to evaluate the potential and analyze the prospects of
this exciting technology that have galvanized the photovoltaic research community..
Organic/inorganic metal halides as light absorbers although these class of materials have been

1



widely studied for decades (Moller, 1957, 1958), only recently have they been introduced in
solar cells.

Halide perovskites have recently emerged as promising materials for low-cost, high-
efficiency solar cells. The efficiency of perovskite-based solar cells has increased rapidly from
3.8% in 2009 to 19.3% in 2014, by using the all-solid-state thin-film architecture and
engineering cell structures with mixed-halide perovskites. The emergence of perovskite solar
cells revolutionized the field not only because of their rapidly increased efficiency, but also
flexibility in material growth and architecture. The superior performance of the perovskite solar

cells suggested that perovskite materials possess intrinsically unique properties.

In this proposal, we will use the first-principles density functional calculations to
investigate the tendency towards ferroelectricity in perovskite-structure fluorides like ABFs;.
This will be possible only when we study in detail the structural, physical, electronic energy
bands, magnetic and optical properties of this type of perovskite materials. Our goals are two-
fold: First, by comparing to the behavior of ferroelectric perovskite-structure oxides, we further
understanding of the driving forces for, and competition between, polar and non-polar structural
distortions in both systems. Second, we aim to identify conditions, for example of strain or
chemistry, under which ferroelectricity, and perhaps multiferroism, could be stabilized in the
fluoride perovskites. We will calculate the band gaps and also see if this value for these systems
is within the range of absorption of solar energy so that this can be made viable in solar cells

applications. Computation will be done by using the WIEN2k code (Blaha et al. 2012).

SCOPE OF STUDY

Semiconductors with a band gap of 1.1 eV are considered most suitable for harvesting the
solar spectrum from visible to near infrared (NIR). Strength of the potential developed is
dependent on this band gap, with low potential leading to drawing of extra current at the expense
of reduced voltage. The balancing of these two parameters dictates the optimal band gap in the
range of 1.4eV for cells made of single material. Perovskite structure incorporating mixed halide
has continuously tuneable band gap allowing for light harvesting over the complete solar

spectrum. This investigation on the proposed type of perovskite will see that there is tuneable



type of band gaps in and around Fermi level so as to make it easily viable to required bandwith
of solar spectrum.

The proposed study will also study the Born effective charges of ABF3; cubic
perovskites, and compare them with the values of BaTiO3 to understand the differences that
might arise between oxide and fluoride perovskites. The phonon dispersion study will be also
done to see if the instability in polarisability is similar to the behavior of typical perovskite oxide

ferroelectrics.

REVIEW OF LITERATURE

The electronic structure, energy band structure and density of states of BaTiO3; have
studied by using the full potential linearized augmented plane wave ( FP-LAPW) method on the
density functional theory (DFT) ( Salhei et al., 2004). They found these are in good agreement
with both the theoretical and experimental results. The structural, electronic and optical
properties of KMgFs; have studied by using the FP-LAPW method and local density
approximation (LDA). They have studied the contribution of different bands from the total and
partial density of states curves.

Meziani et al. (2012) have studied the structural, elastic and electronic properties of
fluoro-perovskite CsCaFsz by using the FP-LAPW to the DFT. They have found the elastic
properties such as elastic constants, anisotropy factor, Shear modulus, Young's modulus,
Poisson’s ratio and Debye temperature in the first time. They have obtained electronic band
structure and the density of states but CsCaF3 is found as a direct band gap material with the
LDA and an indirect band gap material with the GGA.

The electronic, magnetic and optical properties of neodymium chalcogenides have
studied by performing Local spin density approximation with Coulomb interaction (LSDA + U)
and FP-LAPW method (Shankar et al., 2012). The electronic structure calculation shows that the
electronic states in Nd-chalcogenides were mainly contributed by Nd-4f electrons near the fermi
energy and 3p, 4p, and 5p state electrons of X (S, Se and Te), respectively. They have also
studied the absorption of light via imaginary parts of the dielectric function of Nd-chalcogenides.



The existence and origin of the ferroelectric instability in the ABF3 fluoro-perovskites
have studied and found that many fluoro-perovskites have a ferroelectric instability in their high
symmetric cubic structure same as in oxide perovskites (Garcia-Castro et al., 2013). They found
no sensitive to pressure and strain in ABF3 which are constrast to the oxide perovskites.

The structural, elastic, electronic and optical properties of cubic perovskite CsCaCl; have
studied by using the FP-LAPW method in the density functional theory. The exchange-
correlation potential has evaluated using the LDA and Generalized Gradient Approximation
(GGA). The calculated structural properties such as equilibrium lattice constant, the bulk
modulus and pressure derivative are found in good agreement with the available data. The elastic
properties such as elastic constants, anisotropic factor, Shear modulus, Young's modulus and
Poisson's ratio are calculated. Again, they have calculated electric band structure, density of
states and charge density which shows that this compound has an indirect energy band gap with a
mixed ionic and covalent bonding. Optical spectra such as the real and imaginary parts of
dielectric function, optical reflectivity, refractive index and electron energy loss are performed
for the energy range of 0-30 eV.

Babu et al. (2015) have studied the structural, electronic and elastic properties of cubic
perovskite type compound KCaF3; and RbCaFs; by using the FP-LAPW method. They have
observed the exchange- correlation effects through the LDA and GGA exchange potentials. The
calculated structural properties such as equilibrium lattice constant, the bulk modulus and it's
pressure derivative are in good agreement with the available data. They have found the wide and
indirect band gaps of these compounds, which are agree with experimental values. These
compounds are found as elastically anisotropic and ductile from the observations of elastic
properties.

Syrotyuk et al. (2015) have studied the electronic band spectra of cubic RbMF;
perovskites (M= Be, Mg, Ca, Sr, Ba) by using the projector augmented wave (PAW) and
obtained good result with the published result of other authors in the LDA. The electronic, elastic
and optical properties of the cubic perovskite KCdF3; have studied by solving the Kohn-Sham
equations by using the FP-LAPW method (Babu et al., 2015). They observed the exchange
correlation effects through LDA and GGA. The calculation of the electronic band structure,
density of states and charge density show that this compound has an indirect energy band gap
with a mixed ionic and covalent bonding. All the optical properties are responsible for energy



range of 0-40 eV. They have calculated the elastic properties of this compound and it can be used
for high-frequency optical and optoelectronic devices.

OBJECTIVES

The objectives of the proposed research investigation:

e To study electronic, magnetic and optical properties of ABF3 type poerovskites to see the
tendency towards ferroelectricity in perovskite-structure fluorides.

e To study the effect of the exchange and correlations potentials on the origin of energy
band gaps and ferroelectric behavior.

e By comparing the behavior of ferroelectric perovskite-structure oxides, we further
understanding of the driving forces for, and competition between, polar and non-polar
structural distortions in both systems.

e We will also try to identify conditions, for example, of strain or chemistry, under which

ferroelectricity, and perhaps multiferroism, could be stabilized in the fluoride perovskites.

THEORY

A solid is a collection of a heavy positively charged nuclei and lighter negatively charged
electrons. If we have N nuclei, we are dealing with N+ZN electromagnetically interacting
quantum particles. This is a quantum many body problem and the exact many particle

hamiltonian for such a system is,

2 2
~ w2 VR n2_V 1 %z, 1 e?
R R ) +
2 T M; 2T mg 47zgoi,j‘Ri_Rj‘

87z, ixj|—rj|
, 1)
1 e Zizj

+
8re, i ] ‘Ri— Rj‘

Where M; is the mass of the nucleus at Rj, m, is the mass of the electron at r;. The first term

is the Kkinetic energy operator for the nuclei, the second term represents kinetic energy operator

for the electrons. The last three terms describe the coulomb interaction between electrons and
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nuclei, between electrons and other electrons and between nuclei and other nuclei. It is
impossible to solve Eg. (1) exactly, as such in order to obtain acceptable appropriate eigen states,
approximations are made. Using the Born-Oppenheimer approximation, Eg. (1) gives the total
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, hence the

Hamiltonian can be written now as,

~

I:I :f +\7 +Vxt )

One of the well- known methods used to reduce Eq. (2) to an approximate but tractable form is
the density functional theory. It is based on the two theorems of Hohenberg and Kohn. With the

help of these two equations, the exact ground-state density p(r) of an N-electron system is
N *®
pT)= T 4(r) 3
1=

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

Kohn-Sham equation

Hisé = &id 4)

where, the Kohn-Sham Hamiltonian is

Hys =To +VhH +Vy¢ +Vext

& e? ')y
= —mviz +%I‘€(_4r,)d r "‘ch{P( r )}+Vext(r) ()

where, V,. is the exchange correlation potential and Vg, is the external potential from the

nucleus. It must be noted that the single-particle wave function ¢ (r ) are not the wave
functions of electrons but they describe mathematical quasi-particles without a direct physical
meaning. Only the overall density of these quasi-particles is guaranteed to be equal to the true

electron density. Also the single-particle energies &; are not single electron energies.



Both the Hartree operator Vy and the exchange-correlation operator V,. depend on the

density o(r ), which in turn depends on the basis functions & (r) which are being searched.

This means we are dealing with a self-consistency problem.

Full Potential-Linearized Augmented Plane Wave method

The linearized augmented plane wave (FP-LAPW) method is one of the most accurate
methods for solving the Kohn-Sham equation. It is based on the density functional theory for the
treatment of exchange and correlation and uses the local spin density approximation (LSDA).
Like most energy-band methods, the FP-PW method is a procedure for solving the Kohn-Sham
equations for the ground state density, total energy and (Kohn-Sham) eigenvalues (energy bands)
of a many electron system (crystal) by introducing a basis set which is especially adapted to the
problem. This adaptation is achieved by dividing the unit cell into (I) non-overlapping atomic
spheres (centered at the atomic sites) and (I1) an interstitial region (Fig. 1). In the two types of

regions different types of basis sets are used:

(@) Inside the atomic sphere | of radius R;, a linear combination of radial functions times

spherical harmonics Y|y, (r) is used as given below

P, = IZ[A|m,knu| (r By )+ Bimk, ui(r. E ) im(r) (6)
m

where Uj(r,E;) is the (at the origin) regular solution of the radial Schroedinger equation for
energy E; (chosen normally at the center of the corresponding band with I-like character) and

spherical part of the potential inside the sphere I; u,(r,E;) is the energy derivative of U,

evaluated at the same energy E, . A linear combination
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Fig. 1

of these two functions constitutes the linearization of the radial function. The coefficients Ay,
and By, are functions of k,, determined by requiring that this basis function matches each plane
wave (PW), the corresponding basis function of the interstitial region. u, and u, are obtained by

numerical integration of the radial Schroedinger equation on a radial mesh inside the sphere.

(b) In the interstitial region I1, a plane wave expansion is used

1 ik,

=———e
@(n Jo (7)

where K, =k+ K,,; K,, are the reciprocal lattice vectors and k is the wave vector inside the

first Brillouin zone. Each plane wave is augmented by an atomic-like function in every atomic

sphere.

Basis functions given by Eq. (6) & (7) are used to derive the energy as a functional of density
with appropriate approximations to calculate potentials. The approximations that will be used are
GGA, LDA, LSDA, GGA+U, LDA+U etc.

Optical Properties

For the calculation of the optical properties, a dense mesh of uniformly distributed k-points
is required. Hence, the Brillouin zone integration was performed using the tetrahedron method
with many more k-points in the irreducible part of the Brillouin zone without broadening. The

dielectric function

£(w) = &, (@) + g, (w) ©)



is known to describe the optical response of the medium at all photon energies E = 7 ®. In this

study, the imaginary part of the dielectric function is given as (Draxl et al. 1998).

f@)=CE T [(M]I) 10~ 1)x0E ~E-a)dk @)

ij
where M is the dipole matrix, i and j are the initial and final states respectively, fj is the the Fermi
distribution function for the ith state, and E; is the energy of electron in the ith state. The real part
(g1 (w)) of the dielectric function can be extracted from the imaginary part using the Kramers-

Kronig relation in the form (Cardona et al., 1999).

we,(0)do

(0? —0%) 10)

&(w) =1+£PJ.
42 0

where P implies the principal value of the integral. 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

e(w) —12

Je(o) +1

R(w) = 11)

while the electronic energy-loss function —Im(i) is given by (Cardona et al.,1999, Fox
&

2001,Dressel et al., 2002).
1 (%) I ) (12)

& (@) +¢; ()

We calculate the absorption coefficient I(m) and the real part of optical conductivity Re [c(®)]

using the following expressions



) =2w{ ef(w)+e§2<w)el(w)}m "
Re [O'(a))] = CZZZ (14)

We calculate the absorption coefficient I(w) and the real part of optical conductivity Re[c(®)]

using the following

(o) = {51 (Za)) . &’ (a))2+ & (o) } (15)

2 2

() {\/ef )+ () el(w)} )

TENTATIVE ORGANISATION OF THE THESIS
The tentative arrangement of the thesis in the form of chapters will be as follows:
Chapter 1: This chapter will contain the introduction of the present studies.

Chapter 2: In this chapter, the theory and the methodology involved in the calculations will be

discussed in detail.

Chapter 3: In this chapter, the thorough discussions of the results obtained in respect of various
types of perovskite will be presented. This will be concerned with the results of the physical
properties, density of states and energy bands.

Chapter 4: This chapter will consist of discussions on the magnetic and the optical properties of
systems studied.

Chapter 5: It will include the conclusion that could be drawn out of the proposed research work.

This will be followed by References and Appendices.
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INTRODUCTION

The ternary compounds belonging, having the general formula
ABF;, where A and B stand for the alkali metals and alkaline
earth or transition metals respectively. The ternary
fluoroperovskite like XCaF; (X= K and Rb) has great potential
for a variety of device applications in optical, ferroelectric,
antiferromagnetic systems due to their wide band gaps
(Ouenzerfi et al. 2004). It is always an advantage to know the
physical and electronic properties of such order to understand
their possible applications. Perovskites are well known for their
applications in different fields of science and technology
because of their wide range of electro- optic, mechanical,
semiconducting and insulating behavior. CsCaF; and KMgF;
are used as a vacuum- ultraviolet-transparent material for
lenses in optical lithography steppers in electro- optical
applications (Ho rsch et al. 1986; Fukuda et al. 2001).and they
have many applications for a tunable laser due to their unique
properties (Knierim et al.1986). Murat et al(2016) have
investigated structural, electronic and optical properties of
CsCaF; when doped with Eu atoms and they found that the
energy band gap decreases 6.9 eV to 0.13 eV when added

*Corresponding author: Neupane K

dopant Eu atom in CsCaF; compound. Babu et al.(2015) have
studied the structural, electronic and optical properties of cubic
fluoride CsCaF; compound using FP-LAPW +|, method within
the generalized gradient approximation (GGA) in the
framework of density functional theory. Mubark et al. (2012)
have studied structural, electronic and optical properties of
fluoroperovskite BXF; (X= Li, Na, K and Rb) compounds,
using FP-LAPW method with exchange- correlation functional
GGA in which energy band gap decreases as traverses from Li
to Rb. In this paper, we will do the theoretical investigations of
the structural, electronic and optical properties of fluoride type
perovskiteXCaF; which will be benefit in electro-optical
applications.

Crystal Structure and Computational Details

The unit cell of fluoro-perovskite XCaF; with space group
(Pm-3m) contains three atoms that form the cubical structure.
The atoms of XCaF; (X= K andRb)are located at the Wyckoff
positions X(0, 0, 0), Ca(0.5,0.5,0.5), and F(0,0.5,0.5)(Gregory
S. Rohrer, 2004)to form the crystal structures as shown in
Fig.1. For volume optimization of KCaF; and RbCaF;, we have
used the experimental lattice constant a=4.41 A (Tranet al.,

Department of Physics, Condensed Matter Theory Research Group Mizoram University, Aizawl 796 004, Mizoram
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2009) and a= 4.455A(Bulou et al., 1980) respectively. The
optimized volume versus energy curves are shown in Fig.2.
The obtained optimized lattice constants are used to study the
density of state (DOS) and band energy of XCaF; by using the
full potential linearized augmented plane wave (FP-LAPW)
method of KS-DFT (Kohn et al., 1965) as implemented in the
WIEN2K code (Blaha ef al., 2012). The generalized gradient
approximation (GGA) as proposed by Perdew et al. (1996) is
used to describe the electron exchange and correlation
potential. Non spherical contributions to the charge density and
potential within the muffin tin (MT) spheres are considered and
the cut-off parameter is RyrXKu.n—= 7 where K. is the
maximum value of the reciprocal lattice vector in the plane
wave expansion and Ry is the smallest atomic sphere radii of
all atomic spheres. In the interstitial region, the charge density
and potential are expanded as a Fourier series with wave
vectors up to Gua=12 a.u”'. The number of k-points used in the
irreducible part of the Brillouin zone is 1000. The criterion for
the convergence of the self-consistent DFT calculation is
0.0001 Ry in total energy. However the core states are treated
relativistically, the semi-core states are treated semi-
relativistically by ignoring the spin-orbit (SO) coupling. The
optical properties of a material can be described on the base of
the dielectric function & (a)) , which is expressed as

c(w)=¢(0)+ic, (o)
The imaginary part &, (a)) of the dielectric function g(a))

was calculated from the electronic band structure of a solid.

4x%e?
& (w)z( 2,2

m

JZI(I‘IM [ S (= £)x 6 (B~ —e)dk

L]k

Where ¢ is the charge of free electrons, m be the mass of free
electrons, o is the angular frequency of the incident photons, M
is the dipole matrix, i and j be the initial and final states
respectively, f; be the Fermi distribution function for the i-th
state and E; be the energy of the electro in i-th state with crystal

wave vector k. The real part &, (a)) of dielectric function can

be extracted from the imaginary part using the Kramers-
Kronig dispersion relation:

= we, (0 ,
& (a))=1+%p}[ﬁdw

Here p represents the principal value of integral. The refractive
index n (a)) and the absorption coefficient ¢ (@) of the

sample are given by the relations

n(w)zf[\/a‘f (0)+¢; (@) +¢ (a;)}i
a(w)zﬁw[\/elz (0)+é&; (w)-¢ (a))}E

Figure 1 Crystal structure for XCaF; (X= K andRb)

38162 |a) KEaF,
«3185.964
~31685.166 - 1

~3165.168 -

Energy (Ry}

365170 -

3851724

T T T
560 580 s00 620 640 860 680 700

Volume {a.u]'

-T923.878 (b} RECaF,
T923.880
7923882

-7923.884

Energy (Ry)

-T923.886 -

~T923.888

7923890

580 e00 620 640 660 60 700

Valume fa.u)’

Figure 2 Volume optimization curve (a) KCaF;and (b) RbCaF;
RESULT AND DISCUSSIONS

Crystal structure

To study the crystal structure, we start with the total energy
minimization of cubic XCaF; as a function of volume. The
variation in the total energy as a function of volume is shown in
Fig.2. The energy versus volume data was fitted to
aMurnaghan equation of state (1944) to obtain the equilibrium
lattice constant (a), the bulk modulus (B) and its first pressure
derivative(B'). Our calculated values of a, B, and B' are
compared with previous experimental and theoretical results
which are mentioned in table 1.We note that the result of the
lattice constants obtained within our GGA calculations are in
increasing order from K to Rb.

Table 1 Calculated lattice constant a (in A), bulk modulus B
(in GPa) and its pressure derivative B' of XCaF; compared with
other theoretical and experimental results.

Lattice Constant a(in A) Bulk Modulus B(GPa) Pressure Derivative B'
For KCaF;
Our study  4.498
Other, GGA 4.41°
445 49.334 5.199
4.5293¢ 49.583° 3.577°
Experimental 46.0° 3.95¢
4.410°
4.4584°
For RbCaF;
Our study 4.5134
Other, GGA 4.452" i%ggz ‘;'90%?
Experimental ~ 4.455" ) )
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Ref.(BahattinErdinc, 2011),

¢ Ref.(Tran et al., 2009), ¢ Ref. (Demetriou et al., 2005), *
Ref(Murtaza et al., 2013),

" Ref. (Bulou et al., 1980)

Density of states (DOS) and band structuresof XCaF;
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Figure 3 (a) TDOS of KCaFj3, K, Ca and F, (b) PDOS of K, (c) PDOS ofCa
and (d) PDOS of F

Fig. 3 (a) shows the plot of total density of states (TDOS) of
KCaF;, K, Ca and F. In the valence region below the Fermi
level, we have found the maximum peak at 0.27 eV due to the
main contribution of F atomand negligible contribution of Rb
and Ca atoms. In the conduction band above the Fermi level in
Fig. 3 (a), the maximum peak is observed at 9.68 eV due to the
main contribution of Ca atom, less contribution of K atom and
negligible contribution of F atom. Fig. 3 (b) shows the partial
density of states (PDOS) of K atom of KCaF; compound.
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Figure 4 (a) TDOS of RbCaFs, Rb, Ca and F, (b) PDOS of Rb, (c) PDOS of
Ca and (d) PDOS of F

The contribution of K-d state is negligible in the valence band
and the maximum peak is found at 11.92 eV in the conduction
band due to the contribution of K d-£2g which is seen in Fig.3
(b). Fig.3 (c) shows the plot of partial DOS of Ca atom of
KCaF; compound. The negligible contribution of Ca-d is found
in the valence band below the Fermi level and a maximum
peak is observed at 9.68 eV in the conduction band due to the
main contribution of Cad-t2g states which is evident of Fig. 3
(c). The plot of partial DOS of F atom of KCaF; compound is
shown in Fig. 3 (d). The maximum peak is found at 0.27 eV in
the valence region below the Fermi level due the main
contribution of F px+py states of electrons. The negligible
contribution is occurred in conduction band which is shown in
Fig. 3 (d). Hence, the energy band gap of KCaF; is found due
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to the contribution of F px+py states in the valence band and K
d-t2g statesin the conduction band.

The plot of total density of states (TDOS) of RbCaF;, Rb, Ca
and F is shown in Fig. 4 (a). In the valence region below the
Fermi level, a maximum peak is found at 0.25 eV due to the
main contribution of F atom and negligible contribution of Rb
and Ca atoms. In the conduction band above the Fermi level in
Fig.4 (a), a maximum peak is found at 9.51 eV due to the main
contribution of Ca atom, less contribution of Rb atom and
negligible contribution of F atom. The plot of total and partial
DOS of Rb atom of RbCaF; compound is shown in Fig.4 (b).
The contribution of Rb-d state is negligible in the valence band
and a maximum peak is found at 12.5 eV in conduction band
due to the main contribution of Rbd-t2g state which is seen in
Fig. 4 (b). The total and partial DOS of Ca atom of RbCaF;
compound is plotted in Fig. 4 (c), in the valence band below the
Fermi level, no contribution of Ca-d state is found. In the
conduction band above the Fermi level, a maximum peak is
observed at 9.51 eV due to the main contribution of Cad-t2g
state that is seen in Fig.4 (c). Fig. 4 (d) shows the total and
partial DOS of F atom of RbCaF; compound. In the valence
band, a maximum peak is found at 0.25 eV due to the main
contribution of F px+py states of electrons and negligible
contribution F-p state is observed in the conduction region
which is seen in Fig. 4 (d). From the study of DOS, the energy
band gap of RbCaF; is observed due to the contribution of F
px+py states in the valence band and Cad-t2g states in
conduction band.

Hence, from the study of total and partial DOS of XCaF,
compound, we have found that the energy band gap occurs due
to the contribution of F px+py states in the valence band and
Cad-t2g states in the conduction band.

The electronic properties of XCaF; (X = K and Rb) are
calculated with first principles FP-LAPW method using GGA
exchange potential. To calculate DOS and band structure of
XCaF;, the optimized lattice parameters are used. The
calculated electronic band structures for fluoroperovskites
XCaF; (X = K and Rb) along the high-symmetry directions of
the Brillouin zone are shown in Fig. 5 (a-b).
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Figure 5 Band structure for (a) KCaF; and(b) RbCaF;along the high-symmetry directions
of the first Brillouin zone.

We have found that the maximum of the valence band are
found to be at a symmetry point R whereas the minimum
conduction bands are located at theI” point of the Brillouin
zone in XCaF; compounds, resulting into indirect band gaps in
all the compounds. The calculated band gaps (R -1 ) are found
as 6.1 eV and 6.3 eV for KCaF; and RbCaF;respectively. From
the study of DOS, the band gaps are found due to the
contribution of F-p state electrons in the valence band below
the Fermi level and most of Ca d-t2g state electrons in
conduction band above the Fermi level. From our study, we
have found the energy band gaps increase from K to Rb for
XCaF; compound.

Optical properties
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The optical spectra as a function of photon energy for cubical
fluoroperovskite XCaF; (X=K and Rb) are shown in Fig. (6,
7).The optical properties are studied in the energy range of 0 —
40 eV. The Fig.6 (a) represents real parte;(w) of dielectric
functiong(w) of photon energy for cubic XCaF;. The functiong,
(®) provides the information about electronic polarizability of
the material. The static dielectric constant at energy zero isg,
(0) = 1.92 for KCaF; and &(0)= 2.02 for RbCaF;. From zero
frequency limit, real part of XCaF; starts to increase and
reaches the maximum value of 4.01 at 9.41eV for KCaF; and
4.28 at 9.347 eV for RbCaF;. After reaching the 1.69 at 21.56
eV for KCaFjs, real part starts to decrease below zero in the
negative scale for the range 0f22.326-22.925eV, 26.28-
26.68eV and 28.939-29.565 eV. Similarly for RbCaF;, the
negative values are found as for the range of 19.469-20.204 eV,
20.39-21.40 eV, 26.27- 26.82 ¢V and 28.91-29.429 eV. These
negative values of real dielectric function indicate that these
materials be metal otherwise dielectric. Fig.6 (b) represents the
imaginary parte, (o) of dielectric function &(®) which provides
information about absorption behavior of XCaF;. In the
imaginary parte, (o), the threshold energy of dielectric function
occurs at Eg = 6.1 eV and 6.3 eV for KCaF;and RbCaF;
respectively which correspond to the fundamental gaps at the
equilibrium. We have observed six peaks for KCaF; at 9.80 eV,
12.36 eV,19.76 eV, 22.10 eV, 25.86 eV and 28.45eVhaving

imaginary part of dielectric function as 3.74, 1.55, 1.76,2.01,
2.41 andl.15 respectively. Similarly for RbCaF;, we have
observed six peaks at 9.67 eV, 11.93 eV, 16.61 eV, 18.72 eV,
25.89 eV and 28.50 eV having imaginary part of dielectric
function as 3.68, 1.56, 2.68, 2.41, 2.31 and1.07 respectively.
Fig.7 (a) represents the refractive index n (o) of photon energy
for cubic XCaF;. The static refractive indexn(0)are found to
have the values 1.38 and 1.42 for KCaFsand RbCaF;
respectively. The refractive index reaches the maximum value
of 2.08 at 9.58¢eV for KCaF; and 2.14 at 9.42 eV for RbCaFj;.
The refractive index greater than one means photons which
travelling in the material are slowed down due to the
interaction with electrons of the medium. Fig.7 (b) shows the
absorption coefficient o(w)of photon energy. The absorption
characters are observed in the range up to 40 eV. The
maximum absorption coefficient is 2.55% at 26.32¢V for
KCaF;and 2.5% at 26.42 eV for RbCaF;. XCaF; is wide band
gap compound with high absorption power in ultraviolet energy
range and it can be used in the optoelectronic devices like UV
detectors.

CONCLUSIONS

The structural and electronic properties of XCaF; are studied
using the FP-LAPW method based on density functional theory
(DFT) with GGA exchange-correlation potential. From the
volume optimization curve in Fig. 2 (a-b), we have found the
optimized lattice constants, pressures and pressure derivatives
of XCaF; (X = K and Rb) which are mentioned in table 1 in
which experimental and theoretical values are noted. Our
optimized lattice constants are slightly more than the
experimental values and they increase from K to Rb (table 1).
From the total and partial DOS plots of KCaF; in Fig. 3 (a-c)
and in Fig. 4 (a-c) for RbCaF;, we have found that F px+py
state electrons are contributing in valence band and Cad-
t2gstate electrons contribute in the conduction band which
provides band gap energy. From the study of band structure of
XCaFj; in Fig. 6 (a-b), we have found the band gaps are as 6.1
eV and 6.3 eV for KCaF3 and RbCaF; and respectively which
is the indication of insulating behavior. The optical properties
such as real and imaginary parts of dielectric function,
refractive index and absorption coefficient of XCaF; compound
are studied as the energy range of 0 - 40 eV. This compound
has a wide band gap and high absorption power, which
suggests that it is useful for optoelectronic devices.
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