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General Introduction

For several years great effort has been devoted to discovering new efficient optical
materials that are required for Ultraviolet (UV) region applications in the fields of medical
treatment, optical communications, semiconductor processing, electrical and electronics
industries; etc. The alkali metal complex fluorides single crystals, that have a large UV optical
absorption range, wide-band gaps, and lower refractive indices compared to those of oxides, are

promising UV optical materials to fulfill this objective [1,2].

One of the motivating categories belonging to the alkali metal complex fluorides family
is known as the alkali metal tetrafluoridobromate crystals, which are favorable for optoelectronic
technologies such as UV optical components, optical amplifiers, and diode-pumped lasers, etc.
[3,4]. Among these materials, there are NaBrFs, KBrFs4, and RbBrF4 ternary compounds, which
are belonging to the same crystalline structure and sharing one of the alkali elements such that
Sodium "Na", Potassium "K", and Rubidium "Rb" as a cation with an anion formed by Bromine
bonded with four Fluorine "BrFs" [5-8].

The objective of this research work is to predict the structural, mechanical, electronic,
and optical properties of ternary compounds ABrF4 with (A = Na, K, and Rb) using the ab-initio
(first-principles) method of the Density Functional Theory. To the knowledge of the authors, no
theoretical nor experimental study of the mechanical, electronic, and optical properties has been
carried out on the herein studied compounds. The results presented in this work may be useful in

evaluating potential technological applications of NaBrF4, KBrF4, and RbBrF4 materials.

To cognize the different physical properties (structural, elastic, electronic ...) of materials
as complex systems formed by interacting electrons and nuclei, it is necessary to study the
physical environment in which the electrons move, and this is done through calculation methods.
The resolution methods can be subdivided into three groups: I. Empirical methods, which use
experimental data to find the parameter values. Il. Semi-empirical methods, which require
atomic parameters and experimental results to predict other properties that are not yet
determined. I11. Ab-initio (first-principle) methods, which only use the atomic constants as an

input parameter for solving the Schrddinger equation.
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The first principle is associated with the fundamental principles of quantum mechanics.
These methods replace very expensive and even sometimes unrealizable experiments in the
laboratory, they are a tool of choice for the prediction of the physical properties of new materials.
The ab initio method that we used in this thesis is the pseudopotential plane wave (PP-PW)
method within the framework of the density functional theory (DFT), implemented in the
Cambridge serial total energy package (CASTEP) code. The exchange-correlation functional is
treated in the generalized gradient approximation proposed by Perdew, Burke, and Ernzerhof for
solids (GGA PBE-sol). The work of this thesis is divided into three chapters and organized as

follows:

Firstly, a brief introduction on the materials to be studied, followed by a first chapter
where we will present the foundations of the density functional theory (DFT) by means of which
this work is carried out. This method is used to solve the electronic problem resulting from the
introduction of the Born-Oppenheimer approximation in the Schrédinger multi-electron

equation, and the approximations used to deal with the exchange-correlation energy part.

The second chapter is based on the description of the two approaches employed to solve
the mono-electron Kohn-Sham equations, the plane wave approach for the expansion of the
mono-electron Kohn-Sham orbitals, and the pseudo-potential approach for dealing with the
Coulomb electrons-nuclei interaction (external potential). This chapter ends with a brief
description of the calculation code used in this work to simulate the physical properties of the

considered systems.

The last chapter is devoted to presenting and discussing the results obtained concerning
the structural, mechanical, electronic, and optical properties of NaBrFs, KBrFs, and RbBrFs

compounds.

Finally, the thesis is crowned by a conclusion containing the main consequences of this

work.



General Introduction

References

[1] S. Stepleton, Synthesis of Complex Fluorides for Optical Applications, All Diss. (2009).
https://tigerprints.clemson.edu/all_dissertations/418.

[2] AJ. Stevenson, H. Serier-Brault, P. Gredin, M. Mortier, Fluoride materials for optical
applications: Single crystals, ceramics, glasses, and glass—ceramics, J. Fluor. Chem. 132
(2011) 1165-1173.
https://doi.org/10.1016/J.JFLUCHEM.2011.07.017.

[3] ©O. Materials, Bulk Crystal Growth of Electronic , Optical & Wiley Series in Materials for
Electronic and Optoelectronic, 2005.
https://books.google.dz/books

[4] R. Burkhalter, I. Dohnke, J. Hulliger, Growing of bulk crystals and structuring
waveguides of fluoride materials for laser applications, 2001.
https://doi.org/10.1016/S0960-8974(01)00002-X.

[5] S.I. Ivlev, R. V. Ostvald, F. Kraus, A new look at NaBrF4: the most BrF3-rich
tetrafluoridobromate(l11) by mass, Monatshefte Fur Chemie. 147 (2016) 1661-1668.
https://doi.org/10.1007/s00706-016-1799-2.

[6] S.I Ivlev, F. Kraus, Redetermination of the crystal structure of K[BrF 4 ] from single-
crystal X-ray diffraction data , IUCrData. 3 (2018).
https://doi.org/10.1107/s2414314618006466.

[71 A. V. Malin, S.I. Ivlev, R. V. Ostvald, F. Kraus, Rubidium tetrafluoridobromate(ll1):
redetermination of the crystal structure from single-crystal X-ray diffraction data,
IUCrData. 4 (2019).
https://doi.org/10.1107/s2414314619015955.

[8] A. V. Malin, S.I. lvlev, R. V. Ostvald, F. Kraus, Redetermination of the crystal structure

of caesium tetrafluoridobromate (I11) from single-crystal X-ray diffraction data, [lUCrData.
5 (2020) 3-8.
https://doi.org/10.1107/s2414314620001145.



https://tigerprints.clemson.edu/all_dissertations/418
https://doi.org/10.1016/J.JFLUCHEM.2011.07.017
https://books.google.dz/books?hl=en&lr=&id=ZqTkCF6Ra9kC&oi=fnd&pg=PR7&ots=CZwOXHsMF8&sig=86tAEhXkIG6co0gorMPRO3AHfAk&redir_esc=y#v=onepage&q&f=false
https://doi.org/10.1016/S0960-8974(01)00002-X
https://doi.org/10.1007/s00706-016-1799-2
https://doi.org/10.1107/s2414314618006466
https://doi.org/10.1107/s2414314619015955
https://doi.org/10.1107/s2414314620001145




Chapter I: The Density Functional Theory

Chapter I: The Density Functional Theory

1.1 Introduction

Condensed matter physics is the branch of physics concerned with understanding and
exploiting systems composed of interacting electrons and nuclei. The study of the different
physical properties of a group of particles is carried out with the help of quantum mechanics by

solving the time-independent Schrodinger equation.

There are analytical and exact numerical solutions to Schrodinger's equation for simple
systems with a small number of atoms and molecules. However, the calculation of the ground
state of a system with many particles forming a crystal is impossible to solve directly, since each
particle interacts with all the other ones due to the strong correlation between the electrons, thus
the Schrodinger equation becomes mathematically unsolvable. In most cases, the use of a certain
number of approximations and assumptions turns out to be absolutely essential. for this reason,
many approaches aiming at obtaining useful information on all these systems are in continuous

development.

In this chapter, we focus on the Density Functional Theory, which has been acquired
today its letters of nobility thanks to its success and effectiveness in computing the electronic
structure of matter. Therefore, this theory takes a primordial place in computational physics and

is described in an ab-initio or first-principle way?.

1.2 Schrodinger equation for crystal

Any crystalline solid can be considered as a single system composed of electrons as light
particles and nuclei as heavy particles. The ground state of the system can be described by
solving the time-independent Schrodinger equation established by the Austrian-Irish physicist
Erwin Schradinger in 1925 with the following form [1]:

H¥(r,R,) =E¥(r,R,) (1.1)

Where E is the total energy of the crystal, ¥ is the many-body wave function which is in terms

Tab initio (or "from first principles") relies on basic and established laws of physics without additional assumptions.
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of the spatial coordinates of electrons r; (i = 1...N,) and of nuclei R, (¢ = 1...N,) where N,,
and N, are respectively the number of electrons and ions in the system. Lastly, H represents the

Hamiltonian operator which given by:

H=T,+T,+U0,+U,+U, (1.2)
Where:
T h? Ne o2 .: H : :
- T, = —ﬁziﬂ V5, - is the electronic kinetic energy.
—~ hz Na 2 .- - - -
- Tz =—5-%;5 Vg, :is the nuclei kinetic energy.
i 1 <N, wN. €% . . . .
- U =—X;2 25— . is the potential of the repulsive interaction (electron-electron).
8msg J#L |ri—1;]
= 1 N, Ng Z,],Z,;e2 .- . . : : _
- Uz = _8n£02“=12ﬁ¢“—|Ra—R,;| : is the potential of the repulsive interaction (nucleus-nucleus).
= 1 N, wNg Zg€* . . L .
- Uy =-— pr Yic1 2als RS the potential of the attractive interaction (electron-nucleus).
0 i—Ra

The Hamiltonian operator can therefore be written as:

o — R GNe o2 "2 Ng o2 1 N, wN, €? 1 Ny wN, ZoZge?
H = 2m, Zi:l Vri ZMaZi=1 VRa + 8re, Zi=1 Zjii |7'i—7'j| 8mseg Za:l Zﬁia |Ra—Rp|
1 Ne Ng Zaez
4meg Zi=1 a=1|y,_R,| (l 3)

Where:

V2 . is the Laplacian operator.

h . is the reduced Planck constant.

m, : is the mass of the electron.

e : is the electron charge.

|ri — 7| : is the distance between the electrons i and j.
M, : is the mass of the nucleus.

Z, , Zg : are the atomic numbers of the nuclei a and B, respectively.

R, — Rp| : is the distance between the nuclei a and B.
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The Schrodinger equation (1.1) gives the eigenvalues of the energy and their
corresponding eigenstates, which is contains 3(Z + 1)N,, variables. For a crystalline solid the
number of atoms N, is about 10?2 atoms/cm?, then it is impossible to obtain a solution because it

is an N-body problem that is only solved by a certain number of approximations.

1.3 The different approximations

1.3.1 The Born—-Oppenheimer approximation

In 1927, the German physicist Max Born and the American physicist Julius Robert
Oppenheimer proposed the Born-Oppenheimer approximation [2] also called the adiabatic

approximation to simplify the resolution of Schrédinger equation.

This approximation is based on the fact that the mass of the nuclei is much higher than
that of the electrons, then the atomic nuclei are hypothesized immobile, hence their Kinetic
energies are null and the interaction potentials between them are constant. Given that T, = 0 and
U, = CST we can define a wave function ¥, as a wave function of the electrons, and a new

Hamiltonian of the electrons, which is given by:

Ne
i=

2 2
V2 4 3 e ye T e (1.4)

8mey “i=1 j¢i|ri—r]—|_4n£0 i=1%a=1|r,—RY|

—~ ~ —~ —~ h2
He=Te+Ue+UeZ=_2_meZ
The multi-electronic Schrddinger equation can then be written as follows:

H Y .(r,R)) = E.¥.(r;, R}) (1.5)

In this equation, the RS does not appear as a variable but rather appears as a parameter, and E,

represents the energy of electrons moving in the field created by fixed ions.

It is right that this approximation reduced the problem to the behavior of electrons and
minimized the number of variables, but it is not sufficient to solve the Schrdodinger equation due
to the interaction of a high number of electrons between themselves " U,". This is why the

Born—Oppenheimer approximation is very often required other complementary approximations.
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1.3.2 The self-consistent field approximation
1.3.2.1 The Hartree approximation

In 1928, the English physicist Douglas Rayner Hartree proposed the first approach,
known as Hartree approximation [3] to solve the problem of many electrons. This approximation
considers the electrons are independent, where each of them moves alone in the mean-field
created by nuclei and other electrons, hence the problem of N-electron in interaction is simplified

to a single-electron problem.

The behavior of each electron is described by a single Hamiltonian h, and the total
Hamiltonian of electrons H, can be written as a sum of N-single Hamiltonians, as follows taking

into consideration the Hartree atomic units?:

H, =YY h, (1.6)
hy = =2 V2 + p(ry) + w;(ry) (1.7)
Where:

- p(ry) = %Zﬁ:im: is the Hartree potential, also called the self-consistent potential which

represents the Coulomb repulsion exerted on electron i by all the other electrons j + i.
Ne _Za .

- ui(ry) = - Za=1m' is the potential energy which represents the Coulomb attraction of

the electron i with all nuclei of the crystal.

The total energy of electrons E, is the sum of the energies of the separated electrons & :

N,
Ee = Zi=1 &E; (|8)
The mono-electronic Schrddinger equation can then be written as follows:

[_%V%i + Veff(ri)] Yi(ry) = & (1) (1.9)

2 The Hartree atomic units are a system of units widely used to simplify formal or numerical calculations in quantum

2
physics, especially in atomic physics. They consist in setting A = m, = 4; =1
0
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Where V¢ () is the effective potential given by:
Verr(ry) = pi(ry) + u;(ry) (1.10)

Solving the mono-electronic Schrodinger equation (1.9) for each electron gives the wave

function of the respective electron ¥, and the total wave function of electrons ¥, is written as:

q’gp( ry,T2,T3 ---TNE) = H?’:el Pi(ry) (1.11)
This function is a product of single-electron spin-orbitals. It is called the Hartree Product (HP).

This approach simplified the solution of the Schrodinger equation but is non-compatible
with Pauli exclusion principle [4] owing to the Hartree product is not satisfactory for fermions
such as electrons, because the total wave function ¥H#? is not anti-symmetrical with respect to

the exchange of any two electrons.

1.3.2.2 The Hartree-Fock approximation

In 1930, the Russian physicist Vladimir Aleksandrovich Fock and the American physicist
John Clarke Slater solved the problem of the lack of anti-symmetry in the Hartree approximation
[5,6].

To be the total wave function anti-symmetric, the exchange of two electrons must

mathematically lead to the appearance of a negative sign as in the following equality:
qle( e Ty r]' ) = —q’e( r]' R ] ) (|12)

In the framework of this approximation the total wave function is written as a Slater determinant

of single-electron orbitals and confirms the Pauli exclusion principle, as follows:

1

o

Pi(ry) I.1’1(7'Ne)
!¢Ne.(r1) ¢Ne(rNe)

qlg”:( Ty, T, T3 "'rNe) = (|13)

Where — is the normalization factor of the Hartree-Fock total wave function pHF,

JNg!
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The calculation by the Hartree-Fock method leads to good results, especially in molecular
physics, but it does not take into account the effects of electronic correlations, where it assumes
that an electron is immersed in an average field created by the other electrons. Thus, it becomes
very heavy and gives an overestimation of the energy if the distance between nuclei increases as

in the case of a large system.

I.4 Foundations of Density Functional Theory

The fundamental concept of the density functional theory is to express the energy of an
electronic system in terms of the electron density p(7) that minimizes the energy of the system.
It is in fact an old idea dating from 1927 when established by the British physicist Llewellyn
Hilleth Thomas [7] and the Italian physicist Enrico Fermi [8] expressing all total energy
contributions (kinetic as well as electrostatic) in terms of electron density.

The Thomas-Fermi model consists of subdividing the inhomogeneous system into the
behavior of a local homogeneous gas of constant density. Then this model is a local
approximation of the density, which did not take into account the exchange and correlation
effects of electrons. For this reason, an exchange-energy functional was added by the British
physicist Paul Adrien Maurice Dirac in 1930 [9] and an expression for the correlation-energy

obtained by the Hungarian physicist Eugene Paul Wigner in 1934 [10].

The application of the electron density as a fundamental variable to describe the
properties of the system has existed since the first approaches to the electronic structure of
matter, but it has only been proved by the demonstration of other fundamental theorems and

equations, which presented the best procedure for the realization of the density functional theory.

1.4.1 The theorems of Hohenberg and Kohn

In 1964, the French-American physicist Pierre Hohenberg and the Austrian-American
physicist Walter Kohn demonstrated two fundamental theorems relative to any system of

electrons in an external field such as that induced by nuclei [11].
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a) The first theorem:

The ground state total energy is uniquely determined by the electron density p(r) for a
given external potential V.. (7). This theorem signifies that to determine the wave functions, it
is sufficient to know the electron density, then the total energy E is represented as a functional of
the electron density p(r).

From Schrddinger's equation we have:

E=(P|H|P) = (P|Te + Up + Voro|¥) = (P|T, + U |¥P) + (P|Vere|¥P) = ([T + U |P) +
J Vere(r) p(r)d3r (1.14)

Where T, and U, are the kinetic energy and the inter-electron interaction potential respectively

that do not depend on the external potential Vg, (7).

The total energy can be expressed as functional according to the first theorem of

Hohenberg-Kohn as follows:

E"¥[p(r)] = F™[p(r)] + Vex[p(1)] (1.15)

FHX[p(r)] is a universal functional of Hohenberg-Kohn, which is universal for any many-
electron system. This functional contains the kinetic and Coulomb contributions to the energy

which is given by:

F'¥[p(m)] = (P|T, + U |P) = Tc[p()] + Uc[p(1)] (1.16)
Vexe|p(r)] is a non-universal functional, which is depends on the studied system and given by:
Vext[P(N] = [ Vet () p(r) d®r (1.17)
b) The second theorem:

The minimum value of the total energy functional E[p(r)] is the exact ground state energy of the
system E, and the electron density p(r) that minimizes this functional is the exact ground state
electron density po. This theorem based on the variational principle, which means that the
ground state electron density po is the one that minimizes the total energy, and this minimum

total energy is the ground state total energy E, as follows:
Ey = E[po(r)] < E[p(7)] (1.18)

10
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Furthermore, all other ground state properties are also a functional of the ground state
electron density po and all properties of the system can be determined by this ground state

electron density.

1.4.2 The equations of Kohn and Sham

In 1965, Walter Kohn and the American physicist Lu Jeu Sham added equations which
made the density functional theory a practical tool for obtaining the ground state energy of an
electronic system [12].

The ansatz? of Kohn and Sham is based on replacing the system of interacting electrons
with a simple fictitious system of non-interacting electrons immersed in an effective potential,
chosen such that the electron density is identical to that of the real system. For this reason, the
self-consistent mono-electronic Schrodinger equation defined in equation (1.9) is modified to

write as follows:

=372+ VES ()| 9i(r) = & 9i() (1.19)
Where Veff(r) is the Kohn-Sham effective potential, which is given by:

Ve () = Vi (r) + Ve (1) + V(1) (1.20)
Where:

- Vy(r) is the classical Hartree potential (The self-consistent potential), which can be expressed

as a function of the electron density as follows:

Ve@) = [22d (1.21)

lr— r'I
V.. (1) is the external potential created by the nuclei.

- Vxc (1) is the exchange-correlation potential defined as a functional derivative of the exchange-

correlation energy E x¢ With respect to the electron density p(r):

SExclp(r)]
Vxe(r) ==525— (1.22)

2The ansatz is an assumption about the form of an unknown function that is made in order to facilitate the solution of

an equation or other problem.

11
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The electron density for N, electron system is expressed as follows:

p(r) = T ()2 (1.23)
Where ;(r) are the Kohn-Sham orbitals which describing by the following expression:

Yi(r) =Y, C;jpj(r) (1.24)
Where C;; are the expansion coefficients expressing ¥;(r) in a given basis set ¢;(r)

Resolving the Schroédinger equation in the approach of the Kohn-Sham is done by solving
the equation (1.19) via ab-initio methods which principally consist to determine the expansion
coefficients C;; for occupied orbitals that minimize the total energy. This is done according to the
basis set, in which the Hamiltonian H and the overlap matrixes S are calculated, then finding the

exact expansion coefficients C; from the following secular equation [13]:

The self-consistent algorithm (i.e., iterative algorithm) used to solve the Kohn-Sham
equations is illustrated by an organization chart in the Figure 1.1, which is based on an initial
guess of the electron density, calculates the Kohn-Sham effective potential, and solves the
Kohn-Sham equations, then evaluates the electron density and compare it to the initial guessed
density. this algorithm iterates until the desired convergence is reached where the total energy is

minimized.

The theorems of Hohenberg and Kohn as well as the development leading to the
Kohn-Sham mono-particle equations are perfectly rigorous and are obtained from exact and
well-defined parameters except for the exchange-correlation energy functional Exc[p(r)] that
appears in the Kohn-Sham effective potential equation makes any exact solution impossible

since its analytic form is unknown, for this reason, several approximations have been proposed.

12
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Initial guess
0 (1‘)

Calculate Kohn-Sham effective potential

SExc[p()]
Sp(r)

(rn) /]
VES(r) = [ d3r + Vepe (1) +

lr—7/|

Solve Kohn-Sham equations

[-%V%i + Vgsf(r)] Pi(r) = & ¢i(r)

Evaluate the electron density & Total energy

p(r) =T P2 - Elp()]

Yes

Output

po(r),Ey

(Calculation of physical properties)

Figure 1.1 The organization chart of Kohn-Sham equations resolution within the self-consistent

algorithm based on an initial guess and convergence criteria.
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1.4.3 The exchange-correlation energy approximations

Several approximations were proposed and tested on different types of systems to
determine the exchange-correlation energy expression. In solid-state physics, the most common
approximations are the local density approximation (LDA), and the generalized gradient

approximation (GGA).

1.4.3.1 The local density approximation

The local density approximation (LDA) is the oldest and simplest approximation
proposed by Kohn and Sham in 1965 [12]. In this approach, the electron density assumed varies
sufficiently slowly in the system to be similar to that of a homogeneous electron gas, which
implies that the effects of exchange and correlation have a local character. In this case, the

exchange-correlation energy can be written in this form:
Exclp(M] = [ ekt lpM] p(rd’r (1.26)

Where £k24[p(1)] is the exchange-correlation energy per particle of an electron gas of uniform
density p(r), which has been parameterized for different values of the electron density,
by U. Von Barth and L. Hedin (1972) [14], O. Gunnarsson and B. I. Lundqvist (1976) [15],
S. H. Vosko, L. Wilk, and M. Nusair (1980) [16], and J. P. Perdew and Alex Zunger (1980) [17].

The LDA is an honest approximation for systems with slowly varying electron density,
but this condition is rarely fulfilled for real electronic systems, for this reason, many
developments have been made to improve the results obtained.

1.4.3.2 The generalized gradient approximation

In 1986, the American physicist John P. Perdew proposed the generalized gradient
approximation (GGA) [18] which is a semi-local approximation where it considers the exchange

correlation energy no longer as a function only of the electron density, but more generally as a

function fxc of the electron density p(r) and its local variation V p(r)

E5¢ o] = [ fxclp(),V p()} d®r (1.27)

14
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There are many forms of fx function, the most frequently used are "B88" introduced by
Axel D. Becke in 1988 [19], "PW91" announced by John P. Perdew and Yue Wang in 1991 [20],
"PBE" proposed by John P. Perdew, Kieron Burke, and Matthias Ernzerhof in 1996 [21],

"PBE-sol" developed especially for solids in 2008 [22], and "WC" suggested also for solids by
Zhigang Wu and R. E. Cohen in 2006 [23].
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Chapter Il: Plane Waves and Pseudopotential Method

1.1 Introduction

The first chapter shows the transition from a multi-body problem (The multi-electronic
Schrédinger equation) to a one-body problem (The Kohn-Sham mono-particle equations) using

the density functional theory.

In order to simplify the resolution of the Kohn-Sham equations, it is necessary to make
other technical approximations, it is essentially the choice of implementations that describe the

basic nature (potential and orbitals).

In this chapter, we are only interested in the description of two approximations available
in our computational code (CASTEP), which allowed us to calculate the physical properties of
herein studied crystals. A plane waves basis to describe the wave functions (i.e., the orbitals),
and a pseudo-approach characterizing the potential. These approximations are usually coupled
together in a single approach known as the plane wave Pseudopotential method (PP-PW).

1.2 Plane waves

11.2.1 The theorem of Bloch

In 1928, the Swiss-American physicist Felix Bloch proposed wave functions describing
the quantum states of electrons subjected to a periodic potential such that in the crystalline solid

[1]. These wave functions often called Bloch waves v, ;:(¥) which are the solutions of the time

independent Schrddinger equation, where written as a product of a plane wave elk? by a

function fn,;(F) having the periodicity of the crystal lattice:

V@ = fp@e*T (11.1)
Where k is a wave vector of reciprocal space confined in the first Brillouin zone?, the subscript n
is the band index having discrete values, which is present because there are different wave

functions with the same wave vector k, and fnk’(?) is a function of period R i.e:

1 Brillouin zone is a symmetric primitive cell in wave vector space, which has all the symmetries of the point group
of the reciprocal lattice.
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Fui@® = Foi@+R) (11.2)

The vector R is the translation vector of the direct lattice (Bravais lattice). The periodic function

f,%(@) can be decomposed by Fourier transform on a plane wave basis of reciprocal lattice

wave vectors K:

fa@ = X5 C ge " (11.3)
Thus, the wave functions can be written as a sum of plane waves:

II) nﬁ(?) = Zﬁ Cn,(ﬁ+ E)ei deior (I |'4)

From this equation, the only unknowns remaining to be determined are the Fourier coefficients

c Furthermore, the indices k and K (The plane wave vector and the reciprocal lattice

n,(ﬁ+ E)'
vector, respectively) have an infinity number in the Brillouin zone, which makes the problem of

an infinity number of plane waves that reproduce the ground-state of a system.

The large number problem of K is fixed by the operation of sampling the Brillouin zone, and the

infinity number problem of K is solved by verifying the condition of the cut-off energy.

11.2.2 Sampling the Brillouin Zone

Among the steps followed to solve the Kohn-Sham equations, evaluate the electron
density, and achieve the convergence is the diagonalization of the Hamiltonian in order to
determine the eigenstates (wave functions), but the number of this latter is infinitely large, due to
the large number of the plane wave vector k in the Brillouin zone. To overcome this problem, it
is possible to perform the calculation by sampling the Brillouin zone into specific sets

of k points.

In order to reach a limit number of points k, the crystalline solid must be reduced to a

supercell, and transformed it into the reciprocal lattice containing the first Brillouin zone

characterized by the plane wave vector k. By symmetry operation, the first Brillouin zone will be
reduced to an irreducible Brillouin zone. Finally, this irreducible Brillouin zone will be sampled

at a number of points k.
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Therefore, k-points sampling consists of dividing the irreducible Brillouin zone into
small volumes to perform the integration numerically. Different methods have been proposed to
carry out the integration in the Brillouin zone such as the methods of: Joannopoulos-Cohen
introduced by John D. Joannopoulos and Marvin L. Cohen in 1972 [2], Chadi-Kohn developed
by D. J. Chadi and Marvin L. Cohen in 1973 [3], Monkhorst-Pack announced by
Hendrik J. Monkhorst and James D. Pack in 1976 [4], and Evarestov-Smirnov proposed by
R. A. Evarestov and V. P. Smirnov in 1983 [5].

For our calculations, we used the Monkhorst-Pack method, which is the most popular

sampling approach. This method consists in establishing a sampling in the three directions

(ky A ky). ks from the space of the Brillouin zone. The increase in the number of k-points
makes the calculation more precise, but very long and it requires more powerful and efficient

computer equipment.
11.2.3 The cut-off Energy

The plane wave basis is purely mathematical, usually used in ab initio calculations. To

solve the infinity number problem of K in the Brillouin zone, we only take into account the

vectors which verify the following condition:

[y 2 —,2
e|K+ k| <Equ (11.5)

2m

E ., 1s the cut-off energy which represents the maximum energy of plane waves, which limits
the infinity number of plane waves to a plane wave basis set having low kinetic energy, since

they are more important than those with great Kinetic energy.

The limitation of the plane wave basis leads to errors in the calculation of the total
energy. The order of magnitude of this error can be reduced by increasing the value of the cut-off
energy. In principle, the value of cut-off energy should be increased until the total energy
converged, which means that the choice of E_.,; determines the degree of accuracy of the

calculation.
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11.3 The pseudopotential approximation

In 1934, the German physicist Hans Gustav Adolf Hellmann introduced the
pseudopotential, which he called "Zusatzpotential” i.e., additional potential [6]. Almost at the
same time, the Italian physicist Enrico Fermi suggested the use of the pseudopotential
approximation [7]. Since that time, many works established to develop the pseudopotential
approximation to be a powerful approximation used in the ab-initio calculations today to

simplify the description of complex systems.

The basic idea of the pseudopotential approximation consists in considering the electrons
of strongly bonded cores as fixed charges, and one treats only the valence electrons since only
the valence states take part in the atomic bonds and consequently in the majority of physical
properties. Therefore, in the pseudopotential method the real Coulombic potential (The effective
potential in Kohn-Sham equations fof(r) ~ Z/r) is replaced by a pseudopotential interacting
only with the valence electrons VP*(r), and the real wave functions of the valence electrons
P! (r) of energies & are replaced by pseudo-wave functions wfs(r). Finally, the Kohn-Sham

equations can be written as the following form:

-3 V2 +ves)| v = el 9 () (11.6)

Practically, the pseudopotentials are constructed in such a way that beyond a certain
cut-off radius r.,; defines a sphere inside which are located the core electrons. Therefore, the
pseudopotential V?$(r) and the pseudo-wave functions ¥ (r) must be identical to the real
Coulombic potential Z/r and the real wave functions of the valence electrons y; (r) outside the

sphere of radius r,;, as showing in Figure 11.1.
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Figure 1.1 The illustration of real Coulombic potential (solid lines) and pseudopotential

(dashed lines), their corresponding wave functions, and the radius r,; at which

real and pseudo values are matched.

The pseudopotential approximation is of great interest in the theoretical calculation of the
electronic structure of matter due to its simplification for solving the Kohn-Sham equations. the

most popular used pseudopotentials in the ab-initio calculation are the Norm-conserving and the
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11.3.1 The norm-conserving pseudopotentials

The approach of Norm-conserving pseudopotentials was introduced by D. R. Hamann,
M. Schldter, and C. Chiang in 1979 [8], which consists to make the electron density determined
by the norm of real wave functions of valence electrons (i.e., |7 (r)|?) and the electron density
determined by the pseudo-wave functions zpfs(r) identical. This idea leads to define a set of

criteria necessary for the construction of this type of pseudopotential, such are:

»  The Eigenvalues of the energy corresponding to real wave functions must be identical to
those corresponding to the pseudo-wave functions.

g =¢£" (11.7)

L

»  The real wave functions of the valence electrons must be identical to the pseudo-wave

functions beyond a chosen cut-off radius (i.e., outside the core region).

1/115(7” = rcut) = lpfs(r = rcut) ”-8)

> Inside the core region, the real wave functions differ from the pseudo-wave functions, but
they have the same norm, i.e., along r.,;, the real valence electron density and the pseudo-
electron density must be identical for each valence orbital, this is the conservation property

of the norm.

[y @ 2dr = [P )| dr (11.9)

>  Beyond the cut-off radius, the pseudopotential varies continuously, i.e., the logarithmic
derivatives of the real wave functions and the pseudo-wave functions must be identical, as

well as their derivatives with respect to energy.

This pseudopotential makes the calculations more precise due to its transferability, but it
requires a large number of plane waves to describe the wave functions correctly, therefore a large

cut-off energy and computation time.
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11.3.2 The Ultra-Soft pseudopotentials

In 1990, the American physicist David Vanderbilt introduced another approximation of
pseudopotential that reduces the number of plane waves, therefore reducing the cut-off
energy [9]. In this approach, the norm-conservation property is ignored. On the other hand, the
pseudo-wave functions are arbitrarily smoothed as much as possible in the core region, hence it

is called ultra-soft pseudopotential.

To achieve this approximation, a larger cut-off radius r.,; than that of norm-conserving
pseudopotentials is used. For this reason, a small number of plane waves is needed, which

reduces the computation time and makes their convergence fast.

1.4 The used calculation code

Our calculations in this thesis were performed using the numerical modeling code
CASTEP (Cambridge Serial Total Energy Package), which is part of a set of numerical
simulation software named Materials Studio. The CASTEP program created by the condensed
matter group of Cambridge university in 1989, and developed to be a first principles quantum

mechanical code using to calculate the electronic structure [10,11].

CASTEP employs the Density Functional Theory (DFT) within the plane wave
Pseudopotential method (PW-PP) to simulate many physical properties of large range materials

including crystals, surfaces, molecules, and liquids.

The self-consistent method used in our calculation by CASTEP to solve the Kohn-Sham
equations is the Broyden—Fletcher—Goldfarb—Shanno algorithm (BFGS) [12], and the
pseudopotential approximation choice is the Ultra-Soft Pseudo-Potential Generated on the Fly
(OTFG-USPP), which minimizes the error with respect to fully converged all-electron DFT
calculations [13].
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Chapter I11: Study of the physical properties of ABrFs (A= Na, K, and Rb)

I11.1 Introduction

The alkali metal tetrafluoridobromates are a motivating category belonging to the alkali
metal complex fluorides family, which are inherently centrosymmetric and favorable for
optoelectronic technologies, viz., for manufacturing ultra-violet optical components to generate

long-wavelength radiation, optical amplifiers, and diode-pumped lasers, etc. [1,2].

The ternary compound of alkali metal tetrafluoridobromate with the general formula
ABrF4 consists of sharing one of the alkali elements (A= Na, K, Rb, and Cs) as a cation with
BrF4 anion. Since the 1950s, several attempts have been carried out to determine the crystal
structure of ABrFs (A=Na, K, Rb, and Cs) ternary compounds. During the past century, all
syntheses on these crystals executed using powder X-ray diffraction data and powder neutron
diffraction data [3—7], have been agreeing that NaBrF4, KBrF4, RbBrF4, and CsBrF4 crystallize
in tetragonal space group type 14/mcm (No. 140). While the fractional coordinates of the atoms,
the anisotropic displacement parameters, and the standard uncertainties are still vague.

In the recent few years, various experimental methods supported by theoretical
calculations have been performed to investigate the synthesis and characterization with higher
precision. Ivlev et al. (2016) [8] done the first refinement of the crystal structure of NaBrF4 using
single-crystal X-ray diffraction data and indicate that Na, Br, and F atoms are located in the
Wyckoff sites 4a (0, 0, 1/4), 4d (1/2,0, 0) and 161 (0.33524 , 0.16476 , 0.13080), respectively.
They reinforced also this study using of powder X-ray diffraction data, Raman and Infrared
spectroscopy, and theoretical studies using first-principles calculations based on the density
functional theory (DFT) within the generalized gradient approximation (GGA) and local density
approximation (LDA). Subsequently, Ivlev and Kraus (2018) [9] redetermined the crystal
structure of KBrF4 from single-crystal X-ray diffraction data, where suggest that K, Br, and F
atoms occupy the Wyckoff sites 4a (1/2, 1/2, 1/4), 4d (1/2,0,1/2) and 16l (0.65508, 0.15508,
0.37889), respectively. The same principle was carried out on the RbBrFs compound in two
successive publications, where lIvlev et al. (2015) [10] revisited this compound by powder X-ray
diffraction data, also using of Infrared and Raman spectroscopy, as well as theoretical
calculations based on hybrid density functional method. Whereas Malin et al. (2019) [11],
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performed the first determination of the crystal structure of RbBrF4 based on single-crystal X-ray
diffraction data, which the authors confirmed that the Wyckoff positions regarding Rb, Br, and F
atoms, respectively are 4a (1/2, 1/2, 3/4), 4d (1/2, 0,1/2) and 161 (0.6501, 0.1501, 0.61660).

Recently, research has demonstrated that CsBrFs crystallizes in orthorhombic structure
space group type Immm (No. 71), rather than the tetragonal structure, where Ivlev et al. (2013)
[12] executed the synthesis of CsBrFs crystal using powder X-ray diffraction data process,
whereas Malin et al. (2020) [13] has been done the redetermination of this crystal structure using
single-crystal X-ray diffraction data to improve the results of the fractional coordinates of the

atoms and the anisotropic displacement parameters with high precision.

Due to the high content of bromine trifluoride BrFz in these crystals and their chemical
characteristics, which makes them useful fluorinating oxidizers in different fields of chemical
technologies [14-19]. It is significant to emphasize that until now, neither the experimental
studies nor the theoretical calculations were published regarding the fundamental physical
properties of these compounds, such as mechanical, electronic, and optical properties, which
motivates us to investigate these properties and remove the theoretical lacking of the alkali metal

tetrafluoridobromates that crystallize in tetragonal structure (i.e., NaBrFa4, KBrF4, and RbBrFs).

I111.2 Calculation methods

All first-principle calculations were performed within the framework of the density
functional theory (DFT) using the Cambridge Serial Total Energy Package (CASTEP) code
based on the plane-wave pseudo-potential (PP-PW) method [20]. The electronic exchange
potential was described using the generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE-sol) exchange-correlation function developed especially for
solids [21]. The pseudo-atomic calculations were performed as the valence electron structures
5st for Rb, 4s* for K, 3s! for Na, 4s? 4p° for Br and 2s? 2p° for F.

The plane-wave basis set cut-off energy was 60 Ry and the Brillouin zone (BZ) sampling
with 4x4x2 mesh of Monkhorst-Pack special k-points [22], which corresponds to three
irreducible points in the first BZ. The self-consistent convergence of the total energy change
2 x 107° eV/atom, the maximum force is 0.05 eV/A, the maximum stress within 0.1 GPa, and the

maximum atom displacement within 0.002 A.
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111.3 Results and discussion

111.3.1 Structural properties

NaBrFs, KBrFs, and RDbBrFs compounds crystallize at ambient conditions in the

tetragonal structure with the space group 14/mcm (No. 140), where the conventional cell contains

four formula units (Z=4) in which F, Br, and the alkali atoms are predicted experimentally to

positioned at the Wyckoff sites given in Table I11.1.

Table 111.1 The experimental values of the atom positions in Wyckoff sites of ABrF4

(A = Na, K and Rb) ternary compounds.

NaBrFs KBrF.

RbBrFs

Alkali atom 4a (0, 0, 1/4)2P 4c (0,0, 0)°
4a (0, 0, 1/4)de
4a (112, 112, 1/4)f
Br 4d (1/2, 0, 0)2b 4b (0, 112, 1/4)°
4d (0, 1/2, 0)de
4d (1/2, 0, 1/2)°
F 161 (0.6633, -0.1633, 0.1299)? 161 (0.161, 0.661, 0.147)°
161 (0.33524, 0.16476, 0.13080)" 161 (0.152, 0.652, 0.880)¢

161 (0.152, 0.652, 0.121)¢

161 (0.65508, 0.15508, 0.37889)"

4c (0,0, 0)¢
4a (0,0, 1/4)"
4a (112, 1/2, 3/4)'
4d (0, 1/2, 0)sh

4d (1/2, 0, 1/2)!

161 (0.1490, -0.3510, 0.1162)8
161 (0.151, -0.349, 0.1193)"

161 (0.6501, 0.1501, 0.61660)’

Note: The experimental values mean by:

- Powder X-ray diffraction data: ?Ref.8, °Ref.3, “Ref .4, 9Ref.7, "Ref.10.

- Powder neutron diffraction data: *Ref.5.
- Single crystal X-ray diffraction data: °Ref.8, 'Ref.9, 'Ref.11.
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To determine the equilibrium structural parameters including the lattice parameters
(a and c), the internal coordinates of Fluorine atom (Xr, yr, and zf), and the inter-atomic
distances, we have used the latest experimental parameters obtained by single-crystal X-ray
diffraction data to build the initial crystal structure, then both c/a ratio and the internal
coordinates xr, Yr and zr are relaxed for each volume. The conventional cell of NaBrF; is
illustrated in Figure 111.1. as a prototype for the herein studied compounds, where the [BrFa4]
anion shows the square-planar structure and the coordination of the cation element by F atoms is
a square anti-prismatic polyhedron. Table 111.2. mentions the calculated results for the ground
states parameters such as the lattice constants a and ¢ (in angstrém), the tetragonal ratio c/a, the
internal coordinates Xr, yr, and zr, the bond lengths that connect the Fluorine atom to other
elements "Br-F and A-F (in angstrom)”, the values of minimum and maximum angle F-Br-F
(in degree), the Bulk modulus By, (in GPa) and the Bulk modulus pressure derivative By, for the
studied ternary compounds using GGA PBE-sol approximation along with the experimental data,
as well as the other theoretical calculations for comparison.

Figure 111.1 The conventional cell of NaBrF4 ternary compound.

31



Chapter I11: Study of the physical properties of ABrFs (A= Na, K, and Rb)

Table 111.2 The ground states structural parameters of ABrF4 (A = Na, K and Rb).

Compounds Parameters

Present work

Other calculations

Experimental works

NaBrFs A 5.7814 5,546, 5.788°¢ 5.762°, 5.7848P, 5.7239°
c 10.4294 10.099, 10.44¢ 10.3272, 10.400°, 10.331°
c/a 1.8039 1.8193¢, 1.8037° 1.79222, 1.7978, 1.8048°
XF 0.33452 / 0.6633°, 0.33524°
yF 0.16548 / ~0.1633, 0.16476°
z 0.13140 / 0.1299°, 0.13080°

Br-F 1.926 1.9099, 1.933¢ 1.90°, 1.899°

Na—F 2.4871 2.3629, 2.487° 2.499°, 2.4674°
F-Br—F#1 89.265 88.69, 89.2° 89.45, 89.25°¢
F-Br—F#2 90.735 91.49,90.8° 90.6°, 90.75°

B, 28.09621 / /
B, 6.89523 / /
KBrFs A 6.1769 / 6.192% 6.162f, 6.1749, 6.17", 6.0999

c 11.1626 / 11.108%,11.081, 11.1039, 11.1", 11.0509!
c/a 1.8071 / 1.7939%,1.7982", 1.79839, 1.7990", 1.8116'
XF 0.65585 / 0.161f, 0.1529, 0.152h, 0.65508'

yF 0.15585 / 0.661f, 0.6529, 0.652", 0.15508'

z 0.37835 / 0.147,0.8809, 0.121h, 0.37889

Br-F 1.9229 / 1.81f,1.889, 1.89", 1.8924

K-F 2.7384 / 2.84%, 2,759, 2.77h, 2.7112!
F-Br-F#1 90.15 / 89.1", 89.98
F-Br—F#2 89.85 / 90.9", 90.02!

B, 20.42155 / /
B) 6.42551 / /
RbBrFs A 6.3895 6.20™, 6.94" 6.401%, 6.3511, 6.37181, 6.2991'

c 11.5819 11.74™ 8.93" 11.1538%, 11.489), 11.4934, 11.4659'
c/a 1.8126 1.8935™, 1.2867" 1.7425% 1.8090}, 1.8037%, 1.8202'
XF 0.6508 0.154™, 0.1458" 0.1490}, 0.151, 0.6501'

yF 0.1508 -0.346™, -0.3542" -0.35104, -0.349%, 0.1501'

z 0.6171 0.1145™, 0.1411" 0.1162}, 0.1193%, 0.61660'

Br-F 1.9225 1.91m 1,917 1.89031, 1.932, 1.8905'

Rb-F 2.8769 2.84™ 2.947 2.7653), 2.851, 2.8447'
F-Br—F#1 90.28 89.7M 82.7 89.861J, 90.4%, 90.01'
F-Br—F#2 89.72 90.3™, 97.3" 90.1391, 89.6%, 89.99'

B, 18.27326 / /

B) 6.75771 / /

Note: Ref.6, P ¢ 4 ¢Ref.8, TRef.3, IRef.4, "Ref.5, 'Ref.9, IRef.7, k ™ "Ref.10, 'Ref.11
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The calculated cell volumes V at fixed applied hydrostatic pressures in a [-2,2] GPa range
with a step of 1 GPa and the associated total energies E were fitted to the following
Birch-Murnaghan isothermal equation of states (EOS) [23], to obtain the bulk modulus B, and

its pressure derivative By, as shown in Figure I11.2.

3 2

EWV)=E,+ %{l(@)g - 1] B + I(%)g - 1] I6 —4 (%)gn (11.2)

Where E, and V are the energy and volume at zero pressure, respectively. We can notice that
there is an excellent agreement between our calculated results of the optimized structural
parameters and the earlier experimental ones for all studied compounds, whereas the results
obtained in this study are in good agreement with the available theoretical values except for the
NaBrFs+ compound, which the authors took their experimental values obtained from single-
crystal X-ray diffraction data, then optimized the structures by LDA and GGA PBE-sol
approximations, contrary to RbBrFs when the theoretical calculations based on the experimental
values obtained by powder X-ray diffraction data and treated by PBEO hybrid density functional

method. We note also the nonexistence of theoretical investigation for the KBrF4 compound.

For NaBrFs, KBrF4 and RbBrF4 compounds, the calculated lattice constants a and ¢ as
well as c/a ratio deviate from the measured ones by only (1.0046%, 0.9525%, 0.0499%),
(1.2623%, 1.0108%, 0.2484%) and (1.4351%, 1.0117%, 0.4175%), respectively. These
insignificant deviations confirm the validity of our performed calculations. Moreover, the lattice
constants a and ¢ and the bond lengths that connect the Fluorine atom F to the Alkali elements A
increase when the A atom is replaced in the sequence Na>K->Rb in the ABrF4 series. This
trend can be justified by the increase of the atomic radii in the same sequence, when
(rNa=1.90) < (r=2.43) < (rRb = 2.65).

The F-Br-F# angles are defined as differing only slightly from 90° and their sum equal
180°, where our calculations have achieved with good coincidence to the experimental and
theoretical studies. Furthermore, the bulk modulus calculated in this sub-section will be used
later to confirm the reliability of our calculations by comparing it with the corresponding one in

the next sub-section.
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Figure 111.2 The total energy versus cell volume data for ABrF4 (A = Na, K, and Rb)
compounds. The black circles are the calculated results and the red lines represent the E(V)
Birch—Murnaghan EOS fits.
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111.3.2 Mechanical properties

The examination of the elastic constants and the polycrystalline moduli of crystals have
proved their eligibility to realize many mechanical properties such as stability, strength, stiffness,
hardness, and brittleness or ductility behavior of materials and some other physical properties,
such as inter-atomic potentials, phonon spectra and equation of state [24]. Usually, the elastic
constants of polycrystalline materials depend on the elastic constants of the component single
crystals, and to calculate the elastic constants of polycrystals, numerical simulations of the
aggregate mass have been used, or have used some well-known approximations such as those of
Voigt, Reuss and Hill [25].

Since the herein studied compounds crystallize within a tetragonal structure at ambient
conditions, six elastic stiffness constants are considered (€11, €12, €13, €33, C44, and Cgg). The
calculated elastic stiffness and compliance constants (C;; and S;;) for ABrFs (A=Na, K and Rb)
ternary compounds, are listed in Table 111.3. These values can be considered as a reference for
future research works because we note the absence of any previous data on the elastic constants

in the literature for these studied materials.

According to the following four necessary and sufficient conditions for elastic stability in
the tetragonal structures [26]: €11 > |C12l; (€11 + C12)C33 > 2(C13)?%; C4q > 0; Cg > 0, the
elastic Stiffness constants C;; of the herein studied compounds as shown in Table 111.3 confirm
the previous mechanical stability conditions showing that NaBrFs, KBrFs, and RbBrF
compounds are mechanically stable. Moreover, this study has shown that all studied compounds
have C33 > €44 Where (C33/C41) > 1 as indicate in Table 111.3, which specifies that the
bonding strength along [001] direction is stronger than the bonding strength along [100] and
[010] directions. While Cgg > C44 Or (Cg6/C44) > 1, which indicates that along [100] direction,
the shear deformation in the plan (001) is more difficult than the corresponding one in the
plan (010).
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Table I11.3 The calculated values of the elastic stiffness constants C;; (in GPa), the ratios

C33/C11 and Cgg/C44, the Cauchy pressures [C13 — Cg6] and [C13 — C44], and the elastic
compliance constants S;; (in 1/GPa) for ABrF4 (A=Na, K and Rb) ternary compounds.

Compounds NaBrF; KBrFs RbBrF;
Ci1 37.95067 25.94675 21.71127
Ci2 26.55510 15.94402 12.68495
Ci3 18.15587 13.96060 15.50370
Cs3 57.82495 34.06575 33.23418
Cyy 17.60895 10.26875 9.15633
Coo 22.36172 13.00377 9.80792

C33/Cqq 1.52 1.31 1.53
Ces/Cas 1.27 1.27 1.07

Cyr — Cee 4.19 2.94 2.88

Ci3—Cyy 0.55 3.69 6.35
Si1 0.0532921 0.0664076 0.0804797
S12 -0.0344613 -0.0335651 -0.0303074
S13 -0.0059125 -0.0134593 -0.0234053
Sa3 0.0210064 0.0403866 0.0519266
Sas 0.0567893 0.0973828 0.1092140
Se6 0.0447193 0.0769008 0.1019585
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The polycrystalline moduli in our study have been calculated by using the Voigt [27] and
Reuss [28] approximations. The bulk modulus B and shear modulus G can be evaluated by the

obtained elastic Stiffness constants C;; as follows [29]:

_ 2(€11+C12)+C33+4C3

B, (111.2)
9

(€C11+C12)C33—2C?

By = (C1t€12)Cs3-201 (11.3)
C11+C12+2C33—-4C13
2C11—C12—2C13+C33+6C44+3C

GV — 11 12 1315 33 44 66 (III4)

15
Gr = 18By 6 E (111.5)

(€11+€12)C33-2¢3; (€11-C12) Cas Cee

In the above equations, the subscripts (V and R) of bulk modulus and shear modulus indicate the
Voigt approximation and Reuss approximation, respectively. According to the Hill
approximation [30], the polycrystalline moduli (Bulk modulus B, shear modulus G, Young's
modulus E, Poisson’s ratio v, and Lamé’s coefficients g and A) can be estimated by the

following equations:

B =228 (111. 6)
G =2 (11.7)
9BG
E=_" (111.8)
y = 38226 (111.9)
6B+2G
E
h=a (111.10)
vE
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The results of the mechanical properties of our studied compounds are listed in
Table 111.4. We can note the excellent agreement between the values of the bulk modulus B
calculated from the elastic Stiffness constants C;; as shown in Table I11.4, and the corresponding
ones B, fitted to the Birch—Murnaghan EOS in the previous sub-section for all studied
compounds. This consequence is good proof of the reliability of our calculation. On the other
hand, the Bulk modulus value decreases when the alkali atom A is replaced in the following
sequence Na>K—->Rb in the ABrF4 compounds, suggesting the increase in volume V of the

considering compounds, which is in agreement with the Cohen's approximation B ~ V=1 [31].

Table 111.4 The calculated values of Bulk modulus B (in GPa), shear modulus G (in GPa),
Young modulus E (in GPa), Poisson ratio v, Lamé’s coefficients u and 4, Pugh’s ratio B/G and

Vickers hardness Hy for ABrFs (A=Na, K and Rb) ternary compounds.

Compounds NaBrF; KBrFs RbBrF4
By 28.82888 19.29885 18.22682
Bp 28.55676 19.14445 17.05031
Gy 16.23989 9.51452 7.82174
G 12.81612 8.57269 7.07155
B 28.69282 19.22165 17.63857

G 14.52800 9.04361 7.44664
E 37.29029 23.45273 19.58395
v 0.28339 0.29665 0.31495
n 14.52804 9.04358 7.44665
A 19.00749 13.19258 12.67414
B/G 1.9750 2.1254 2.3687
Hy 2.1937 1.3656 1.1244
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The shear modulus G and the young modulus E are usually used to predict the rigidity of
solids. Our obtained results indicate that G and E moduli decrease when moving from NaBrFs to
KBrFs to RbBrFs which fundamentally originates from decrease C44 and indicating the

diminution in the stiffness of these compounds in the same direction.

Several methods were developed to predict the mechanical nature of the material and
classify it as brittle (fragile) or ductile (malleable). In this study, we have used the three most
common methods to prove the reliability of our calculation. Pugh [32] has suggested an
empirical relationship linking the bulk modulus B to the shear modulus G, when the material is
ductile the B/G ratio is greater than 1.75; otherwise, the material is brittle. As shown in
Table 111.4, the values of B/G are larger than 1.75 for all herein studied compounds, which
indicate their ductile nature. However, Frantsevich [33] proposed a rule regarding the value of
Poisson’s ratio v. If v > 0. 26, the compound is classifying as malleable, while if v < 0. 26, the
compound is considered fragile. Our calculated values of Poisson’s ratio for NaBrFs, KBrF4, and
RbBrFs compounds are larger than 0.26, signalizing once more the ductile behavior of these
compounds, which is good agreement with Pugh evaluation. Moreover, the criteria of the
Cauchy [34] pressures [C13 — Cg6] and [C13 — C44] indicating the ductile particularity of the
material when the two Cauchy pressures have positive values. As shown in Table 111.3 the
calculated elastic stiffness constants lead to positive values of Cauchy pressures for all studied

compounds, which confirm once again that these compounds are mechanically ductile.

One of the usefulness of Poisson's ratio is to inform about the character of the chemical
bonding. Regarding the covalent materials, the value of Poisson’s ratio is small (v = 0. 1), while
for ionic materials it takes higher value (v = 0.25) [35]. As shown in Table I11.4, the values of
Poisson’s ratio for all studied compounds are Close to 0.25, suggesting the ionic character is
present in their chemical bonding. Furthermore, the ionic crystals can be classified into two
groups via the value of Poisson's ratio: central force crystals and non-central force crystals [36].
For central force crystals, the Poisson's ratio takes a value greater than 0.25 and less than 0.5,
whereas for non-central force crystals it equals 0.25 or 0.5 [37]. Since the calculated value of
Poisson’s ratio for NaBrF4, KBrF4 and RbBrF4 are lying between the range of 0.25 to 0.50, these

compounds present central force.
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The hardness of materials is a very important mechanical property in industrial
applications, such as used to estimate the corrosion and strength in the machine parts
manufacturing industries [38]. Numerous semi-empirical models have been established to
calculate the hardness of materials. In this study, we have calculated the Vickers hardness Hy
affirmed by Chen, which is linearly correlating with the shear modulus G [39] such as
Hy = 0.151 G. The calculated values of Vickers hardness are listed in Table I11.4. Which

indicates that NaBrF; is the hardest material between the herein studied compounds.

The micro-cracks existing in the crystals are usually due to elastic anisotropy. Therefore,
it is significant to estimate the elastic anisotropy in materials with a view to ameliorate their
strength and perfect their structure to some extent [40]. In practical terms, every elastic single
crystal is anisotropic [41]. In this case, it is worthy to predict theoretically the elastic anisotropy

by using some anisotropy indexes, such as:
> The Universal anisotropy AY which is valid to all types of elastic single crystals, as
introduced and established by Shivakumar's work [41], based on bulk and shear moduli:

A'=521X 620 (111.12)
R

R

» The percentage elastic anisotropy for compression Ag and shear A, as given [40]:

__ By—-Bg

Ag = _BV+BR (|||.l3)
__ Gy—Gp

Ag = —Gv+GR (|||.14)

In the relations mentioned above of AY, Ag, and Ag, the subscripts V and R refer to the Voigt
and Reuss estimates, respectively. For an isotropic system, these elastic anisotropy indexes
(AY, Ag, and Ag) take a value of zero, i.e. the magnitude of the deviation of these elastic

anisotropy indexes from zero measures the degree of elastic anisotropy possessed by a crystal.

The shear anisotropic factors A;, A, and Az are based on the elastic stiffness

constants C;;, which give an estimation of the degree of anisotropy in bonding between atoms in

ijs
different crystallographic planes. Regarding the tetragonal structure, only the shear anisotropic

factors along the shear planes (100) and (001) are sufficient and can be written as following [42]:
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_ _ 4Cy4

Ay = A100) = C11tCa3—Cia (111.15)
_ _ _2Ce6

Az = Aoy = ci-Cos (111.16)

In the situation of an isotropic crystal, the shear anisotropic factors A; and A, must be
equal to one, where each value greater or lesser than the unity is a measurement of the level of
the mechanical anisotropy in the matter. In this study, these anisotropic indexes have been
calculated and listed in Table I11.5, which suggests that the elastic properties of the herein
studied compounds are anisotropic. Moreover, from these calculated values, NaBrF4 exhibits the
highest universal anisotropic AY than the other studied compounds, and we can notice that the
percentage elastic anisotropy for shear modulus A, is larger than the percentage elastic
anisotropy for Bulk modulus Ag for all studied compounds, which indicates that the shear
modulus appears more grounded directional reliance than the bulk modulus. On the other hand,
the shear anisotropic factor A, along the shear plane (001) is greater than the shear anisotropic
factor A, along the shear plane (100), which principally result from the obtained stiffness elastic
constants, where Cgq > C44, Show the atomic bondings in the crystallographic plane (001) is

more anisotropic than the corresponding ones lying on the crystallographic plane (100).

Table 111.5 Universal anisotropic index AY, bulk (compression) and shear anisotropic Ag and

Ag, shear anisotropic factors A; and A, for ABrF4 (A=Na, K and Rb) ternary compounds.

Compounds AY Ap Ag Ay A,
NaBrF4 1.34526 0.00474 0.11783 1.18451 3.92463
KBrF4 0.55738 0.00402 0.05207 1.27994 2.60004
RbBrF4 0.59943 0.03335 0.05037 1.53000 2.17318

A precious design to check the anisotropy of mechanical properties is plotting the
polycrystalline moduli in three-dimensional (3D) space based on the following mechanical
moduli (Bulk modulus B, Young's modulus E, shear modulus G and Poisson’s ratio v) with

directional dependence for a tetragonal structure, such as:
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1
B = 5 (11.17)
E= 1 111.18
o (111.18)
G=—— 11.19
- 95'—§ ( ' )
1 S
v=>(1-3) (111.20)
Where:

S'=S11(17 +13) + (2513+S44) (13 + B13) + S33l3 + (2812 + See) 515 (111.22)

In the above relations, S;; is the elastic compliance constants; 14, I, and I3 refer the
directional cosines to the X, y, and z axes within spherical coordinates, respectively. For the
entire isotropy of any polycrystalline modulus previously mentioned, it takes a sphere form in
the 3D space, whereas the curvature from the appearance of the sphere detects the rate of
anisotropy. As shown in Figure II1.3, for all studied compounds, both young’s and shear moduli
present a stronger anisotropic degree than that illustrated in bulk modulus and Poisson’s ratio.
Furthermore, the highest degree of anisotropy for Bulk modulus and the lowest one for shear
modulus is showing in the RbBrFs compound, which affirms the results given in Table I11.5.
In addition to that, for more distinguished the anisotropy of polycrystalline moduli in their
crystallographic planes (100), (010) and (001). The projection of the shape of these moduli has
been plotted into these planes and showed in Figure I11.4. As shown in Figure I11.4, the
projections on (010) and (100) planes are identical, which is a consequence of the tetragonal
structure of the herein studied compounds. We can confirm for all studied compounds that bulk
modulus and Poisson’s ratio show weaker anisotropic magnitude compared to that of young’s
and shear moduli, especially in the plane (001) where the bulk modulus appears the shape of the
perfect circle. Regarding the shear modulus, it is clear that it showed more anisotropy in the
plane (001) than in the (100) plane, which is reliable to the estimation found in Table I11.5, where

A 001) > A(100) for all studied compounds.
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Figure 111.3 A 3D representation of Bulk modulus B, shear modulus G, Young’s modulus E and

Poisson’s ratio v for ABrFs (A = Na, K and Rb) ternary compounds.
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Poisson’s ratio v for ABrF4 (A = Na, K and Rb) ternary compounds are shown

for (001), (010) and (100) crystallographic planes.
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The Debye temperature is a significant parameter of solids, Due to its direct correlation to
the thermal conductivity, melting temperature, elastic constants, and polycrystalline
moduli [43, 44]. Several empirical methods have been developed to calculate Debye
temperature @, where, the most common one is proportional to the averaged sound velocity v,,,
by the following equation [44]:

0y = L[22 () o, 123

Where h and kg signify Plank’s and Boltzmann’s constants, respectively; q is the number of
atoms in the unit cell, N is Avogadro’s number, p is the density, M is the molecular weight of

the solid, and v,, is the average sound velocity which given by:

Vi = E(%+l3)]_§ (111.24)

v v

Here, v; and v, are respectively the longitudinal and transverse sound velocity calculated from

shear modulus G, Bulk modulus B, and the density p under Navier’s relations :
B+36\2
vl=< *3) (111.25)

v, = (9)2 (111.26)

The calculated parameters, such as Debye temperature 8p, the density p, as well as the
average, longitudinal and transverse sound velocity v,,, v; and v,, respectively are mentioned in
Table 111.6. Through the results obtained in Table 111.6, among the herein studied compounds
NaBrF4 exhibits the highest Debye temperature, which implies the largest thermal conductivity
and melting temperature, as well as the chemical bonding powerful in the crystal structure and
higher hardness, which that in good agreement with our results obtained by calculating the

Vickers hardness Hy.
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Table 111.6 The elastic Debye temperature 8 (in K), the density p, the average, longitudinal

and transverse sound velocity v,,,, v; and v, (in m/s) for ABrF4 (A=Na, K and Rb) ternary.

Compounds 0, p Vi v, v,

NaBrF 278.13220  3.45366  2286.15330  3730.50832  2050.98882

KBrF 218.54463  3.05692  1920.39024  3198.82194  1720.00226

RbBrF4 181.48469  3.42031  1651.29016 2839.0001 1475.52815

Furthermore, we can be noted that the longitudinal sound velocities of all studied
compounds are much faster than transverse sound velocities. In this reason and for deeper study
of this phenomenon, the longitudinal and transverse sound velocities (v, and v,, respectively) in
the principal directions are calculated and listed in Table II1.7 using Christoffel’s equation [45]
based on the elastic stiffness constants C;; and the density p as follows:

For [100]:

([100]v, = 6;1

<[001]vt1=\/% (111.27)
0101w, = [

For [001]:
[001]v, = C;3
[100]v,y = [010]v,, = [ (111.28)
For [110]:
110]V1 (€11+C12+2Ce6)

2p

{ [001]vy = / (111.29)
k 110 Vt2 — /((511 C12)
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Table 111.7 The longitudinal and transverse sound velocities in the principal directions (in km/s)

for ABrF4 (A=Na, K and Rb) ternary compounds.

Compounds

[100]v,

NaBrF 3.3149

KBrF 2.9134

RbBrF4 2.5195

[100]

[001]vy

2.2580

1.8328

1.6362

[010]ve,

2.5446

2.0625

1.6934

[001]v,

4.0918

3.3382

3.1172

[001]

[100]v¢y

2.5446

2.0625

1.6934

[010]ve,

2.5446

2.0625

1.6934

[110]v,

3.9766

3.3325

2.8099

[110]

[100]v,y  [110]v,,
2.2580 1.2844
1.8328 1.2791

1.6362 1.1487

It is evident that the NaBrFs+ compound with large elastic stiffness constants has the

fastest sound velocities than the two other compounds. Furthermore, the longitudinal sound

velocities of all studied compounds are the fastest along [001] principal direction. The

anisotropic shown in sound velocities indicates one more elastic anisotropy for these compounds.

Since there are no previous experimental and theoretical data reported in the literature for

NaBrFs, KBrF4, and RbBrF4 ternary compounds, we can consider our results as the first

prediction of their mechanical properties.
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111.3.3 Electronic properties

As ABrFs (A=Na, K and Rb) compounds crystallize in the tetragonal structure with the
space group l4/mcm, the Brillouin zone type is belonging to the Body Centered Tetragonal
lattice Type 2 (BCT>), as shown in Figure I11.5 [46].

A

Figure 111.5 The Brillouin zone of BCT lattice.

The electronic band structures for our studied compounds are depicted on the left side of
Figure 111.6 along the Brillouin zone path I'-X-P-N-I'-M, where I is the center of the Brillouin
zone, X is the center of the square face, P is the corner point joining three edges, N is the center
of the face, and M is the center of the edge. The horizontal dashed line positioned at 0 eV
clarifies the Fermi level (EF), where the highest energy of the valence band has been selected.
The Enlarged view of the band structure around both the maximum of the valence band (VBM)
and the minimum of the conduction band (CBM) have been plotted on the right side of Figure
I1.6.
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Figure 111.6 The band structures (on the left side), and their enlarged view around both VBM
and CBM (on the right side) of ABrF4 (A = Na, K and Rb) ternary compounds.
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The gap between the conduction and valence bands calculated in this study is 2.909 eV,
3.166 eV and 3.210 eV for NaBrFs, KBrFs and RbBrFs4, respectively, which gives these
compounds the property to become wide-band gap semiconductor materials. As shown in
Figure 111.6, NaBrF4 is a semiconductor compound with a direct band gap, owing to its VBM and
its CBM are sited at I" point, where the electron can rise from VB to the CB and change only it’s
potential (energy), whereas, KBrF4 and RbBrF4 are semiconductors compounds together with an
indirect band gap, which their VBM are located near the point I" in the I'-N direction, while their
CBM situated at the I' point, where the electron can rise from VB to the CB and change only it’s
potential (energy) and it’s momentum. We can note also that the highest electronegativity value
of Na atom (xN?) makes the band gap of NaBrF4 the smallest among the other compounds, where
according to Pauling scale we find: (}¥N@ = 0.93) > (x* = ¥R* = 0.82). These results can be
considered as a source for future research work since there are no experimental or theoretical

band gap values for all studied compounds.

It is clear in Figure I11.6, that the topmost part of the valence band (VB) is quasi flat and
less dispersive than the lower part of the conduction band (CB), which indicates that the VB
holes are heavier than the CB electrons, hence, the VB holes are less mobile than the CB
electrons and consequently, the electrons are localized [47]. Furthermore, the contribution of the
electrons to the conductivity is predicted to be higher than that of the holes. Thereby, the
predominant ionic nature of the chemical bonding is predicted in ABrFs (A=Na, K and Rb)
ternary compounds. We can note also that the VBM appears less dispersive in both KBrF4 and
RbBrF4 compounds than that of NaBrFa.

For semiconductors, the effective mass of the charge carriers is an appropriate descriptor
of the electronic band structure, which is used to identify the effective density of states and
carrier concentrations [48, 49]. The parabolic effective mass approach is one of the best methods
applied to calculate the effective mass m* by parabolic fitting of E(k) diagram (the energy E
versus the wave vector k) around the CBM or the VBM, in agreement with the following
relation [50, 51]:

1 1 0%E(k)
m* hZ 9k2

(111.30)
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The calculated values of the effective mass for electrons mj, heavy holes my,, and light
holes mj, are mentioned in Table 111.8 for the herein studied compounds. The obtained data
show that the value of the effective hole mass is greater than the value of the effective electron
mass for all herein studied compounds, which confirm that the VB holes are heavier than the CB
electrons, and suggesting that ABrF4 (A = Na, K and Rb) materials are p-type semiconductors.
On the other hand, the calculated electron effective mass is smaller in RbBrF4 than that of
NaBrF4 and is much smaller than that of KBrFs. Thus, our computations predict higher mobility
of electrons in RbBrF; relative to both NaBrFs and KBrFa.

Table 111.8 The calculated effective masses (in units of the rest free electron mass m,) for
ABrF; (A=Na, K and Rb) ternary compounds. mj, mp,, and my, stand for, respectively,

electron, heavy hole, and light hole.

Compounds mg my, my,

NaBrFa 0,00287  0,02654  0,01165

KBrFa 0,00307  0,22927  0,01875

RbBrF 0,00272  0,06963  0,01705

For understanding the electronic nature better and deeper, the total density of states
(TDOS) and partial density of states (PDOS) of all studied compounds are plotted in Figure 111.7,

where the Fermi level Er is considered as the origin of energies.
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Figure 111.7 The calculated total and partial densities of states for ABrF4 (A = Na, K and Rb)

ternary compounds.

As shown in Figure I11.7, the profile of the density of states of the semiconductors
compounds with indirect band gap (IBS) such as KBrFs and RbBrF4, is almost similar with slight
differences can be noted, while the NaBrFs semiconductor compound with direct band gap
(DBS) has a different profile of the density of states. We can note that for all studied compounds,
the valence band is dominated by F "p" states with a small contribution of Br "p" states.
Whereas, the conduction bands are primarily Br, F, and the alkali element "p" like states with a

little participation of Br and the alkali atom "s" states.

Furthermore, to understanding the nature of chemical bonding between the different
atoms, the maps of the valance charge densities in the (010) plane for ABrFs (A=Na, K and Rb)
ternary compounds are plotted in Figure 111.8. It is clear that the ionic character appears in the
region between A" cations and (BrFs)" anions, where demonstrates the reliability of our

previously obtained results of Poisson's ratio value and band structure form.

52



Chapter I11: Study of the physical properties of ABrFs (A= Na, K, and Rb)

Scale: n(r)
- 6.763e-1

-~ 5.638e-1
- 4.513e-1
- 3.388e-1
- 2.262e-1
- 1.137e-1
‘- 1.227e-3

Scale: n(r)
- 6.763e-1

- 5.638e-1
- 4.513e-1
- 3.388e-1
- 2.262e-1
- 1.137e-1
H- 1.227e-3

Scale: n(r)
- 6.763e-1

- 5.638e-1
- 4.513e-1
- 3.388e-1

- 2.262e-1
- 1.137e-1
H- 1.227e-3

Figure 111.8 A 2D representation of the calculated valence charge densities in the (010)

crystallographic plane for ABrF4 (A = Na, K and Rb) ternary compounds.
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111.3.4 Optical properties

When the materials interact with an external electromagnetic field such as light, the
response of the matter generally depends on the frequency of this field. During the light matter
interactions, the optical properties of the material appear. The different optical parameters of the
material can be calculated from its dielectric permittivity &, where it is often treated as a complex

function of the angular frequency w of the applied field:
g(w) = g(w) + igy(w) (111.31)

Where &;(w) is the real part and &,(w) is the imaginary part of the dielectric function. The

following equation is used to calculate the imaginary part of the dielectric function [53].

dSy

_8 _ dSk
|Viw,,,,r ()|

3nw?

82((‘)) = Znn’ fgzlpnn'(k)lz (“|32)

The photon energy is given by w,,,,’(k), and P, (k) is the dipolar matrix element and Sy, is a
constant energy surface.

The real part of the dielectric function can be estimated from the imaginary part using the
normalized Kramers-Kronig relation based on the principal value of the Cauchy integral P as
follows [52]:

+00 wrez(wr)

g1(w)=1+=P do’ (111.33)

0 (wl-w?

The main optical parameters such as absorption coefficient a(w), extinction coefficient
k(w), refractive index n(w), optical reflectivity R(w), photoconductivity a(w), and energy

loss function L(w) are given by [53]:

1
a(w) = V2w [\/sl(w)z + &5 (w)?% — 21((»)] /2 (111.34)
k(w) = ¥ @)/, (111.35)
=(1 J 2 2 2 111.36
n() = (1 ) [Ver@? + &) + &1(w)] (111.36)
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_ n(w)+ik(w)-1
R(w) = n(w)+ik(w)+1 (1.37)
o(w) = ;- &2(w) (111.38)
L) = s (111.39)
£1(w)2+ &2 (w)? .

As ABrF4 (X=Na, K and Rb) ternary compounds are crystallized in tetragonal structure,
the dielectric functions include only two components &,, and &,,, where &,, concerning the
polarization of the applied electric field E along the x and y directions (i.e., E L c-axis), while

&,, Is related to the polarization of E along z direction (i.e., E || c-axis) [53].

In this study, optical spectra of both perpendicular and parallel to the electric field are
plotted versus photon energy in the range of (0-40 eV) for the herein studied compounds.
Figure [111.9 displays the real and the imaginary parts of the dielectric function
for ABrF4 (A=Na, K, Rb), where we can notice that the peaks are move and shifted towards the
lowermost energy region by replacing the alkali atoms from Na to K to Rb, which this behavior
is shown previously in the calculations of the band structure and the density of states.
Furthermore, it is clear that the anisotropy between the components of the dielectric function at

the energy region less than 25 eV, makes &,, the dominant component for these compounds.

The imaginary part of the dielectric constant &, (called also the absorptive part) has a
significant peak located at the lower energy region with a small shift between the two
components &£5* and &5° for both NaBrFs; and RbBrFs; compounds. The energy values
corresponding to these prominent peaks are given in Table I11.9, which these energies originate
from the optical transition between the highest occupied valence band and the lowest unoccupied

conduction band.
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Figure 111.9 The spectra of the real and the imaginary parts of dielectric function for ABrF4 (A =

Na, K and Rb) ternary compounds.

Regarding the absorption spectra displayed in Figure 111.10, where represent the

maximum absorbance in the ultraviolet (UV) optical range, which the first main peaks situated

around 5.6 eV, proposes that these ternary compounds can be used for the production of the

specified UV optoelectronic devices.

Furthermore, the absorption thresholds start at

about 2.98 eV for NaBrF4, 3.17 eV for KBrF4 and 3.23 eV for RbBrF4, which is closely enough
to the calculated band gap. Moreover, the absorption curves show a fast decrease in the higher

most energy region, which is the typical feature of semiconductor compounds.
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Figure 111.10 The spectra of the absorption coefficient a and the extinction coefficient k

for ABrF4 (A = Na, K and Rb) ternary compounds.

The real part of the dielectric function &, (called also the dispersive part), has prominent
peaks situated around 4.45 eV, 4.60 eV and 4.62 eV for NaBrFs, KBrFs and RbBrFas,
respectively. The most important point in the spectrum of the real part, is the zero-frequency
limit £4(0) i.e., when the curves of &;(w) cross zero frequency, which represents the dielectric
response of the material to a static electric field according to the Drude behavior. The calculated
values £7*(0) and £5%(0), for ABrF4 (A=Na, K and Rb) ternary compounds are mentioned in
Table 111.9. It is clear that the value of £, (0) decreases when moving from Na to Rb, whereas the
value of the band gaps as we find out in the electronic properties increase in the same direction,

which indicates an inversely proportional relationship between the energy gap E, and the zero-

frequency limit of dielectric function £(0) according to Penn model [54]:

£(0)=1+ (ﬁ)z (111.40)

Eg

Where w,, is the plasma frequency and # is the reduced Planck constant.
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Figure 111.10, displays also the spectra of the extinction coefficient k(w). The maximum
peak of k(w) corresponding to the energies 7.46 eV, 7.51 eV and 7.45 eV, for NaBrFi, KBrF4
and RbBrF4, respectively. Where this energies value corresponds to the zero of the real part of
the dielectric function &;(w). In the fact, the value of £;(w) equals to zero means the non-
existence of the dispersion on the material, and consequently due to the greater value of the
extinction coefficient k(w) than the reflectivity R(w) as shown in Figure 111.11. Furthermore,

the zero-frequency of reflectivity R(0) for herein studied compounds is mentioned in Table 111.9.

a) NaBrF b) KBrF c) RbBrF
4 4 4
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—R —R
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0 - 0 - -
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Figure 111.11 The spectra of the optical reflectivity R and the refractive index n

for ABrF4 (A = Na, K and Rb) ternary compounds.
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The variation of the refractive index n as a function of the angular frequency @ showed
the phenomenon of dispersion, as displayed in Figure 111.11, where n(w) profile closely follows
the shape of the dispersive part &;(w) spectrum. The prominent peak value of the refractive
index found at about 4.59 eV, 4.72 eV and 4.73 eV for NaBrFs, KBrFs and RbBrF4, respectively.
As we previously demonstrated, the dispersion phenomenon does not exist when the &;(w)
equals to zero. For this reason, we find the value of the refractive index is approximately equal to
one. Whereas the value of the refractive index (strictly equals one), is corresponding to the
absolute vacuum when the phenomena of refraction or dispersion of light are absolutely absent.
It is important to note that in this energy region (from 7.4 to 7.6 eV) and in the higher energy
region (higher than 25 eV) the two components of the refractive index are collinear, while
outside these energy intervals, the materials show the optical property of birefringence.

Furthermore, the obtained results of the static refractive index n(0) are mentioned in Table I11.9,

which confirms the values calculated by the semi-empirical relation n(0) = ,/&4(0) , and

indicating the reliability of our results.

Table 111.9 Calculated the maximum peak values of £5*(w) and 5% (w), the static dielectric
constant £7%(0) and €47 (0), the zero-frequency limit of the reflectivity R**(0) and R*?(0) and
the static refractive index n**(0) and n??(0) for ABrF4 (A=Na, K and Rb) ternary compounds.

Compounds NaBrF4 KBrFs RbBrF4
£ (w) 5.13 5.31 5.31
&2 (w) 5.27 5.31 5.28
£5%(0) 2.88 2.58 2.57
£42(0) 3.88 3.34 3.30
R**(0) 0.07 0.06 0.05
R*(0) 0.11 0.09 0.08
n**(0) 1.697 1.607 1.606
n?(0) 1.969 1.828 1.815
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The increase in the number of free transporters created when photons are absorbed results
an increase in electrical conductivity, hence the photoconductivity effect has been established, as
shown in Figure 111.12, the shape of the photoconductivity shares similar characteristics with the
absorptive part &,(w) spectrum. Moreover, the photoconductivity does not appear when the
photon energy is below the gap energy corresponding to the herein studied compounds, i.e., the
photons do not have energy sufficient enough to overcome the band gap in these semiconductor

compounds [55].

a) NaBrF b) KBrF c) RbBrF
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Figure 111.12 The spectra of the photoconductivity o and the energy loss function L for ABrF4
(A = Na, K and RDb) ternary compounds.
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The fast-moving electron in the material is losing energy and it depends on the photon
energy [56]. In order to understand more of this phenomenon, we plotted the energy loss
function L(e) in Figure 111.12. The photon energy values corresponding to the prominent peaks
of the energy loss function are 9.18 eV, 8.83 eV and 8.66 eV for NaBrFs, KBrFs and RbBrF,,
respectively. We can notice that the highest value of loss energy depends on plasma energy fiw,,
which the plasma resonance occurs when the absorptive part €, (w) takes a smallest value and

the dispersive part €, (w) reaches zero again.

This study demonstrates the first investigation of the optical properties for NaBrF4, KBrF4
and RbBrFs compounds. For that, we hope our calculation can help to offer theoretical grounds

for future experimental applications on these compounds.
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Conclusion

Conclusion

In this work, we carried out an ab-initio study on the structural, mechanical, electronic,

and optical properties of ternary compounds of the form ABrFs where (A = Na, K and Rb),

which crystallize in the tetragonal structure and belong to the space group I4/mcm (No. 140),

based on the Density Functional Theory (DFT) and the Plane Wave Pseudopotential approach

(PP-PW) as implemented in the CASTEP code. The various properties studied were calculated

using

the generalized gradient approximation of Perdew-Burke-Ernzerhof for solids

(GGA PBE-sol) to deal with the exchange and correlation energy.

First of all, a precise geometrical optimization was performed on the crystal structure,

then the structural, mechanical, electronic, and optical properties of the three materials NaBrF4,

KBrFs4, and RbBrF4 were calculated in detail. The results of our study can be summarized as

follows:

>

The results of structural properties, such as the ground states parameters are in good

agreement with the earlier experimental values.

Based on the results of elastic constants and polycrystalline moduli, it can be concluded
that these ternary compounds have ductile behavior, and among them, the NaBrF4
compound exhibits the largest thermal conductivity and presents the hardest and stiffest

material.

The outcome of our investigation in electronic properties indicates that NaBrFs is a
semiconductor material with a direct band gap, whereas, KBrFs and RbBrF; are

semiconductors materials with indirect band gap.

Both elastic and electronic properties including the Poisson’s ratio, the band structure
form, and the maps of the valance charge densities manifest obvious the ionic nature of

the herein studied compounds.

From the results of the optical properties, we conclude that these semiconductor materials
could be useful for specific implementations in ultra-violet optoelectronic devices due to

the vast absorption in the UV region.

Finally, these results can be used to aid, accelerate, and guide future experimental works.
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ARTICLE INFO ABSTRACT

Keywords: This study deals with the first theoretical investigation of structural, mechanical, electronic, and optical prop-
Ab-initio erties of ABrF4 (A = Na, K, and Rb) ternary compounds using ab-initio calculations within the framework of the
ABrF,

density functional theory (DFT) using the pseudo-potential plane-wave method. The structural parameters are in
agreement with the experimental values stated in the literature. The elastic constants indicate that these com-
pounds are ductile. For a better and in-depth confirming the anisotropic character of the mechanical properties,
several indexes such as the universal anisotropic, and the percentage elastic anisotropy for compression and
shear have been investigated. The electronic properties indicate that these compounds are wide-band gap
semiconductor materials. The optical properties including the dielectric function, the absorption and extinction
coefficients, the optical reflectivity and conductivity, the refractive index, and the energy loss function have been
studied in detail. The wide optical absorption range in the ultraviolet (UV) region suggests that these materials
could be useful for specific implementations in UV optoelectronic devices; therefore, this theoretical investiga-
tion is probable to motivate future experimental works.

Optoelectronic properties
Mechanical properties
Semiconductors

1. Introduction

For several years great effort has been devoted to discovering new
efficient optical materials that are required for Ultraviolet (UV) region
applications in the fields of medical treatment, optical communications,
semiconductor processing, electrical and electronics industries ... etc.
The alkali metal complex fluorides single crystals, that have a large UV
optical absorption range, wide-band gaps, and lower refractive indices
compared to those of oxides, are promising UV optical materials to fulfill
this objective [1,2].

One of the motivating categories belonging to the alkali metal
complex fluorides family is known as the alkali metal tetra-
fluoridobromates, which are inherently centrosymmetric and favorable
for optoelectronic technologies, viz., for manufacturing UV optical
components for the generation of long-wavelength radiation, optical
amplifiers, and diode-pumped lasers ... etc [3,4]. The ternary compound
of alkali metal tetrafluoridobromate with the general formula ABrF4
consists of sharing one of the alkali elements (A = Na, K, Rb, and Cs) as a

* Corresponding author. P.O. Box 19000, Setif, Algeria.
E-mail address: ishak.mebarkia@univ-setif.dz (I. Mebarkia).

https://doi.org/10.1016/j.physb.2021.413450

cation with BrF4 anion. Since the 1950s, several attempts have been
carried out to determine the crystal structure of ABrF4 (A = Na, K, Rb,
and Cs) ternary compounds. During the past century, all syntheses on
these crystals executed using powder X-ray diffraction data and powder
neutron diffraction data [5-9], have been agreeing that NaBrF4, KBrFy,
RbBrF4, and CsBrF, crystallize in tetragonal space group type 14/mcm
(No. 140). While the fractional coordinates of the atoms, the anisotropic
displacement parameters, and the standard uncertainties are still vague.

In the recent few years, various experimental methods supported by
theoretical calculations have been performed to investigate the synthesis
and characterization with higher precision. Ivlev et al. (2016) [10] done
the first refinement of the crystal structure of NaBrF, using single-crystal
X-ray diffraction data and indicate that Na, Br, and F atoms are located
in the Wyckoff sites 4a (0, 0, 1/4), 4d (1/2, 0, 0) and 16l (0.33524,
0.16476, 0.13080), respectively. They reinforced also this study using of
powder X-ray diffraction data, Raman and Infrared spectroscopy, and
theoretical studies using first-principles calculations based on the den-
sity functional theory (DFT) within the generalized gradient
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0921-4526/© 2021 Elsevier B.V. All rights reserved.



1. Mebarkia et al.

approximation (GGA) and local density approximation (LDA). Subse-
quently, Ivlev and Kraus (2018) [11] redetermined the crystal structure
of KBrF, from single-crystal X-ray diffraction data, where suggest that K,
Br, and F atoms occupy the Wyckoff sites 4a (1/2, 1/2, 1/4), 4d (1/2,0,
1/2) and 16l (0.65508, 0.15508, 0.37889), respectively. The same
principle was carried out on the RbBrF4 compound in two successive
publications, where Ivlev et al. (2015) [12] revisited this compound by
powder X-ray diffraction data, also using of Infrared and Raman spec-
troscopy, as well as theoretical calculations based on hybrid density
functional method. Whereas Malin et al. (2019) [13], performed the first
determination of the crystal structure of RbBrF,4 based on single-crystal
X-ray diffraction data, which the authors confirmed that the Wyckoff
positions regarding Rb, Br, and F atoms, respectively are 4a (1/2, 1/2,
3/4), 4d (1/2, 0,1/2) and 16l (0.6501, 0.1501, 0.61660).

Recently, research has demonstrated that CsBrF4 crystallizes in
orthorhombic structure space group type Immm (No. 71), rather than
the tetragonal structure, where Ivlev et al. (2013) [14] executed the
synthesis of CsBrF4 crystal using powder X-ray diffraction data process,
whereas Malin et al. (2020) [15] has been done the redetermination of
this crystal structure using single-crystal X-ray diffraction data to
improve the results of the fractional coordinates of the atoms and the
anisotropic displacement parameters with high precision.

Due to the high content of bromine trifluoride BrFj in these crystals
and their chemical characteristics, which makes them useful fluori-
nating oxidizers in different fields of chemical technologies [16-21]. It is
significant to emphasize that until now, neither the experimental studies
nor the theoretical calculations were published regarding the funda-
mental physical properties of these compounds, such as mechanical,
electronic, and optical properties, which motivates us to investigate
these properties and remove the theoretical lacking of the alkali metal
tetrafluoridobromates that crystallize in tetragonal structure (NaBrFy,
KBrF,4, and RbBrFy).

In the present work, we focus for the first time on the investigation of
the structural, mechanical, electronic, and optical properties of ABrF4
(A = Na, K, and Rb) ternary compounds using ab-initio calculations
within the framework of density functional theory (DFT). The remainder
of the paper is organized as follows, section 2 briefly describes the used
computational details, section 3 presents and discusses our obtained
results of total energy first-principles calculations. Finally, Section 4
summarizes the results of this work and draws conclusions.

2. Theoretical calculation methods

All first-principle calculations were performed within the framework
of the density functional theory (DFT) using the Cambridge Serial Total
Energy Package (CASTEP) code based on the plane-wave pseudo-po-
tential (PP-PW) method [22]. The electronic exchange potential was
described using the generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE-sol) exchange-correlation function
developed especially for solids [23]. The interaction between the
valence electrons with ion, nuclei, and the core electrons for the herein
treated atoms were described by norm-conserving pseudo-potentials.
The pseudo-atomic calculations were performed as the valence electron
structures 5s1 for Rb, 4s1 for K, 3s1 for Na, 4s2 4p5 for Br and 2s2 2p5
for F.

The plane-wave basis set cut-off energy was 60 Ry and the Brillouin
zone (BZ) sampling with 4 x 4 x 2 mesh of Monkhorst-Pack special k-
points [24], which corresponds to 3 irreducible points in the first BZ.
The structural parameters were optimized using
Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimization [25,26]. The
self-consistent convergence of the total energy change 2 x 107> eV/a-
tom, the maximum force is 0.05 eV/A, the maximum stress within 0.1
GPa, and the maximum atom displacement within 0.002 A.
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Table 1
The experimental values of the atom positions in Wyckoff sites of ABrF4 (A = Na,
K and Rb) ternary compounds.

NaBrF, KBrF,4 RbBrF4
Alkali 4a (0, 0, 1/4)*P 4c (0, 0, 0)° 4c (0, 0, 0)®
atom 4a (0, 0, 1/4)% 4a (0, 0, 1/4)"

4a (1/2,1/2, 1/4) 4a (1/2,1/2, 3/4)'

Br 4d (1/2, 0, 0)*° 4b (0, 1/2, 1/4)° 4d (0, 1/2, 0)*"
4d (0, 1/2, 0)¢ 4d (1/2,0,1/2)'
4d (1/2, 0, 1/2)f
F 161 (0.6633, 161 (0.161, 0.661, 161 (0.1490,
~0.1633, 0.1299)° 0.147)¢ ~0.3510, 0.1162)*
161 (0.33524, 161 (0.152, 0.652, 161 (0.151, —0.349,
0.16476, 0.13080)" 0.880)¢ 0.1193)"
161 (0.152, 0.652, 161 (0.6501, 0.1501,
0.121)¢ 0.61660)'
161 (0.65508,

0.15508, 0.37889)"

Note: The experimental values means by.

- Powder X-ray diffraction data: *Ref.10, “Ref.5, ‘Ref.6, 8Ref.9, "Ref.12.
- Powder neutron diffraction data: “Ref.7.

- Single crystal X-ray diffraction data: "Ref.10, Ref.11, 'Ref.13.

Fig. 1. (Color online) the conventional cell of NaBrF4 compound. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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Table 2

Lattice constants a and c (in A), c/a ratio, the internal coordinates of Fluorine
atom xg,yr and zg, the bond lengths Br-F and A-F (in A), the angles F-Br—F# (in
), the Bulk modulus By and its pressure derivative By" of ABrF4 (A = Na, K and
Rb) ternary compounds.

Compounds  Parameters Present Other Experimental works
work calculations
NaBrF, a 5.7814 5.546¢, 5.762°, 5.7848",
5.788° 5.7239¢
c 10.4294 10.099, 10.327°, 10.400°,
10.44° 10.331°
c/a 1.8039 1.8193¢, 1.7922°, 1.7978°,
1.8037° 1.8048¢
Xp 0.33452 / 0.6633", 0.33524¢
Ve 0.16548 / ~0.1633", 0.16476°
P 0.13140 / 0.1299", 0.13080°
Br-F 1.926 1.909¢9, 1.90", 1.899°
1.933¢
Na-F 2.4871 2.3624, 2.499°, 2.4674°
2.487°
F-Br-F#1 89.265 88.69, 89.2¢ 89.4%, 89.25°
F-Br-F#2 90.735 91.49, 90.8° 90.6", 90.75°
By 28.09621 / /
B 6.89523 / /
KBrF, a 6.1769 / 6.192°% 6.162",
6.1748, 6.17", 6.0999'
c 11.1626 / 11.108%11.081",
11.103%, 11.1"%,
11.0509
c/a 1.8071 / 1.7939%,1.7982",
1.7983¢, 1.7990",
1.8116
Xp 0.65585 % 0.161%, 0.1528,
0.152", 0.65508'
Yr 0.15585 7 0.661", 0.6528,
0.652", 0.15508'
P 0.37835 7 0.147", 0.8808,
0.121", 0.37889'
Br-F 1.9229 / 1.81%, 1.88¢, 1.89",
1.8924'
K-F 2.7384 7 2.84f, 2.758, 2.77",
2.7112!
F-Br-F#1 90.15 / 89.1", 89.98!
F-Br-F#2 89.85 / 90.9", 90.02'
Bo 20.42155 / /
B 6.42551 / /
RbBrF, a 6.3895 6.20™, 6.94" 6.401%, 6.351/,
6.37181%, 6.2991'
¢ 11.5819 11.74™, 11.15387, 11.489,
8.93" 11.4934%, 11.4659'
c/a 1.8126 1.8935™, 1.7425%, 1.8090/,
1.2867" 1.8037%, 1.8202'
Xp 0.6508 0.154™, 0.1490', 0.151%,
0.1458" 0.6501'
Vi 0.1508 —0.346™, —0.3510), —0.349%,
—0.3542" 0.1501"
P 0.6171 0.1145™, 0.1162), 0.1193%,
0.1411" 0.61660'
Br-F 1.9225 1.91™, 1.91" 1.8903', 1.932",
1.8905'
Rb-F 2.8769 2.84™, 2,94" 2.7653), 2.851%,
2.8447'
F-Br-F#1 90.28 89.7™ 82.7"  89.861/, 90.4% 90.01'
F-Br-F#2 89.72 90.3™,97.3"  90.139), 89.6%, 89.99'
Bo 18.27326 / /
B 6.75771 / /

Note: Ref.8, » © ¢ °Ref.10, Ref.5, 8Ref.6, "Ref.7, 'Ref.11, Ref.9, * ™ "Ref.12,
I
Ref.13.

3. Results and discussion
3.1. Structural properties

NaBrF,4, KBrF4, and RbBrF4 compounds crystallize at ambient con-
ditions in the tetragonal structure with the space group 14/mcm (No.
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140), where the conventional cell contains four formula units (Z = 4) in
which F, Br, and the alkali atoms are predicted experimentally to posi-
tioned at the Wyckoff sites given in Table 1.

To determine the equilibrium structural parameters including the
lattice parameters (a and c), the internal coordinates of Fluorine atom
(xg, ¥, and zg), and the inter-atomic distances, we have used the latest
experimental parameters obtained by single-crystal X-ray diffraction
data to build the initial crystal structure, then both c/a ratio and the
internal coordinates xg, yr and zp are relaxed for each volume. The
conventional cell of NaBrF; is illustrated in Fig. 1 as a prototype for the
herein studied compounds, where the [BrF4] anion shows the square-
planar structure and the coordination of the cation element by F
atoms is a square anti-prismatic polyhedron. Table 2 mentions the
calculated results for the ground states parameters such as the lattice
constants a and c, the tetragonal ratio c/a, the internal coordinates xp,
yr, and zp, the bond lengths that connect the Fluorine atom to other
elements, the values of minimum and maximum angle F-Br-F, the Bulk
modulus By and the Bulk modulus pressure derivative B’ for the studied
ternary compounds using GGA PBE-sol approximation along with the
experimental data, as well as the other theoretical calculations for
comparison.

The Bulk modulus By and its pressure derivative By’ obtained from
fitting of the variation total energies (E) versus the associated cell vol-
umes (V) to the following Birch-Murnaghan isothermal equation of
states (EOS) [27]:

2 [ e () )

(€Y

E(V) =Ey

where Ej and Vj are the energy and volume at zero pressure, respec-
tively. We can notice that there is an excellent agreement between our
calculated results of the optimized structural parameters and the earlier
experimental ones for all studied compounds, whereas the results ob-
tained in this study are in good agreement with the available theoretical
values expect for the NaBrF4 compound, which the authors took their
experimental values obtained from single-crystal X-ray diffraction data,
then optimized the structures by LDA PW92 and GGA PBE-sol approxi-
mations, contrary to RbBrF4 when the theoretical calculations based on
the experimental values obtained by powder X-ray diffraction data and
treated by PBEO hybrid density functional method. We note also the
nonexistence of theoretical investigation for the KBrF4 compound.

For NaBrF4, KBrF4 and RbBrF4 compounds, the calculated lattice
constants a and c as well as c/a ratio deviate from the measured ones by
only (1.0046%, 0.9525%, 0.0499%), (1.2623%, 1.0108%, 0.2484%)
and (1.4351%, 1.0117%, 0.4175%), respectively. These insignificant
deviations confirm the validity of our performed calculations. Moreover,
the lattice constants a and ¢ and the bond lengths that connect the
Fluorine atom F to the Alkali elements A increase when the A atom is
replaced in the sequence Na—K—Rb in the ABrF4 series. This trend can
be justified by the increase of the atomic radii in the same sequence,
when (™ = 1.90) < (** = 2.43) < (*® = 2.65).

The F-Br-F# angles are defined as differing only slightly from 90°
and their sum equal 180°, where our calculations have achieved with
good coincidence to the experimental and theoretical studies. Further-
more, the bulk modulus calculated in this sub-section will be used later
to confirm the reliability of our calculations by comparing it with the
corresponding one in the next sub-section.

3.2. Mechanical properties

The examination of the elastic constants and the polycrystalline
moduli of crystals have proved their eligibility to realize many me-
chanical properties such as stability, strength, stiffness, hardness, and
brittleness or ductility behavior of materials and some other physical
properties, such as inter-atomic potentials, phonon spectra and equation
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Table 3

The calculated values of the elastic stiffness constants C;; (in GPa), the ratios Cz3/
Cy1 and Cge/Caq, the Cauchy pressures [C12-Cge] and [Cy3-Caq], and the elastic
compliance constants S;; (in 1/GPa) for ABrF; (A = Na, K and Rb) ternary
compounds.

Physica B: Physics of Condensed Matter 624 (2022) 413450

Table 4

The calculated values of Bulk modulus B (in GPa), shear modulus G (in GPa),
Young modulus E (in GPa), Poisson ratio v, Lamé’s coefficients p and A, Pugh’s
ratio B/G and Vickers hardness Hy for ABrF4 (A = Na, K and Rb) ternary
compounds.

Compounds NaBrFy4 KBrF4 RbBrF,4 Compounds NaBrF, KBrF, RbBrF,4
Ciy 37.95067 25.94675 21.71127 By 28.82888 19.29885 18.22682
Ci2 26.55510 15.94402 12.68495 Br 28.55676 19.14445 17.05031
Cia 18.15587 13.96060 15.50370 Gy 16.23989 9.51452 7.82174
Cas 57.82495 34.06575 33.23418 Gr 12.81612 8.57269 7.07155
Cya 17.60895 10.26875 9.15633 B 28.69282 19.22165 17.63857
Ces 22.36172 13.00377 9.80792 G 14.52800 9.04361 7.44664

C33/Cn1 1.52 1.31 1.53 E 37.29029 23.45273 19.58395
Ce6/Caq 1.27 1.27 1.07 % 0.28339 0.29665 0.31495
C12-Ces 4.19 2.94 2.88 M 14.52804 9.04358 7.44665
Cy3-Caq 0.55 3.69 6.35 A 19.00749 13.19258 12.67414
S11 0.0532921 0.0664076 0.0804797 B/G 1.9750 2.1254 2.3687
S12 —0.0344613 —0.0335651 —0.0303074 Hy 2.1937 1.3656 1.1244
S13 —0.0059125 —0.0134593 —0.0234053
Sa3 0.0210064 0.0403866 0.0519266
Sa4 0.0567893 0.0973828 0.1092140 modulus E, Poisson’s ratio v, and Lamé’s coefficients p and A) can be
Se6 0.0447193 0.0769008 0.1019585

of state [28]. Usually, the elastic constants of polycrystalline materials
depend on the elastic constants of the component single crystals, and to
calculate the elastic constants of polycrystals, numerical simulations of
the aggregate mass have been used, or have used some well-known
approximations such as those of Voigt, Reuss, and Hill [29].

Since the herein studied compounds crystallize within a tetragonal
structure at ambient conditions, six elastic stiffness constants are
considered (Cq1, Ci2, Ci3, C33, Cs4, and Cgg). The calculated elastic
stiffness and compliance constants (C;j and S;;) for ABrF4 (A = Na, K and
Rb) ternary compounds, are listed in Table 3. These values can be
considered as a reference for future research works because we note the
absence of any previous data on the elastic constants in the literature for
these studied materials.

According to the following four necessary and sufficient conditions
for elastic stability in the tetragonal structures [30]: C;1> |Cya[; (C11+
C12) Ca3 > 2(C13) % Ca4 > 0; Cge > 0, the elastic Stiffness constants Gjj of
the herein studied compounds as shown in Table 3 confirm the previous
mechanical stability conditions showing that NaBrF4, KBrF,4, and RbBrF4
compounds are mechanically stable. Moreover, this study has shown
that all studied compounds have C33> Cy; where C3z3/ C;; > 1 as indi-
cate in Table 3, which specifies that the bonding strength along [001]
direction is stronger than the bonding strength along [100] and [010]
directions. While Cg>Cy4 or Cgs/Caq > 1, which indicates that along
[100] direction, the shear deformation in the plan (001) is more difficult
than the corresponding one in the plan (010).

The polycrystalline moduli of studied compounds in this paper have
been calculated by using the Voigt [31] and Reuss [32] approximations.
The bulk modulus (B) and shear modulus (G) can be evaluated by the
obtained elastic Stiffness constants Cj; as follows [33]:

2(Cyy + Cia) + Cy3 +4Cy3

By= 5 @
(Ciy +C12)Cs3 —2C3,
By 3 5
Gy Ciz, +2Csy —AC)s ©))
2C,, —C; —2C C 6C 3C,
Gy = =1 12 13+ Cs3 +6Cyy +3Ce @
15
15
Gr= : ®)
s +|C1|?C|:J+%N+C%m

(C11+C12)Cx3—2C3,

In the above equations, the subscripts (V and R) of bulk modulus and
shear modulus indicate the Voigt approximation and Reuss approxi-
mation, respectively. According to the Hill approximation [34], the
polycrystalline moduli (Bulk modulus B, shear modulus G, Young’s

estimated by the following equations:

B =@ ©)
G ;LGR @
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The results of the mechanical properties of our studied compounds
are listed in Table 4. We can note the excellent agreement between the
values of the bulk modulus calculated from the elastic Stiffness constants
Cij as shown in Table 4, and the corresponding ones fitted to the
Birch-Murnaghan EOS in the previous sub-section for all studied com-
pounds. This consequence is good proof of the reliability of our calcu-
lation. On the other hand, the Bulk modulus value decreases when the
alkali atom A is replaced in the following sequence Na—K—Rb in the
ABrF4 compounds, suggesting the increase in volume V of the consid-
ering compounds, which is in agreement with the Cohen’s approxima-
tion B ~ V! [35].

The shear modulus G and the Young modulus E are usually used to
predict the rigidity of solids. Our obtained results indicate that G and E
moduli decrease when moving from NaBrF,4 to KBrF4 to RbBrF4 which
fundamentally originates from decrease C44 and indicating the dimi-
nution in the stiffness of these compounds in the same direction.

Several methods were developed to predict the mechanical nature of
the material and classify it as brittle (fragile) or ductile (malleable). In
this study, we have used the three most common methods to prove the
reliability of our calculation. Pugh [36] has suggested an empirical
relationship linking the bulk modulus B to the shear modulus G, when
the material is ductile the B/G ratio is greater than 1.75; otherwise, the
material is brittle. As shown in Table 4, the values of B/G are larger than
1.75 for all herein studied compounds, which indicate their ductile na-
ture. However, Frantsevich [37] proposed a rule regarding the value of
Poisson’s ratio v. If v > 0.26, the compound is classifying as malleable,
while if v < 0.26, the compound is considered fragile. Our calculated
values of Poisson’s ratio for NaBrF4, KBrF4, and RbBrF4 compounds are
larger than 0.26, signalizing once more the ductile behavior of these
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compounds, which is good agreement with Pugh evaluation. Moreover,
the criteria of the Cauchy [38] pressures (C12-Cgg) and (Cy3-Ca4) indi-
cating the ductile particularity of the material when the two Cauchy
pressures have positive values. As shown in Table 3 the calculated elastic
stiffness constants lead to positive values of Cauchy pressures for all
studied compounds, which confirm once again that these compounds
are mechanically ductile.

One of the usefulness of Poisson’s ratio is to inform about the char-
acter of the chemical bonding. Regarding the covalent materials, the
value of Poisson’s ratio is small (v = 0.1), while for ionic materials it
takes higher value (v = 0.25) [39]. As shown in Table 4, the values of
Poisson’s ratio for all studied compounds are Close to 0.25, suggesting
the ionic character is present in their chemical bonding. Furthermore,
the ionic crystals can be classified into two groups via the value of
Poisson’s ratio: central force crystals and non-central force crystals [40].
For central force crystals, the Poisson’s ratio takes a value greater than
0.25 and less than 0.5, whereas for non-central force crystals it equals
0.25 or 0.5 [41]. Since the calculated value of Poisson’s ratio for NaBrF4,
KBrF4 and RbBrF,4 are lying between the range of 0.25-0.50, these
compounds present central force.

The hardness of materials is a very important mechanical property in
industrial applications, such as used to estimate the corrosion and
strength in the machine parts manufacturing industries [42]. Numerous
semi-empirical models have been established to calculate the hardness
of materials. In this study, we have calculated the Vickers hardness Hy
affirmed by Chen, which is linearly correlating with the shear modulus G
[43] such as Hy = 0.151G. The calculated values of Vickers hardness are
listed in Table 4. Which indicates that NaBrF,4 is the hardest material
between the herein studied compounds.

The micro-cracks existing in the crystals are usually due to elastic
anisotropy. Therefore it is significant to estimate the elastic anisotropy
in materials with a view to ameliorate their strength and perfect their
structure to some extent [44]. In practical terms, every elastic single
crystal is anisotropic [45]. In this case, it is worthy to predict theoreti-
cally the elastic anisotropy by using some anisotropy indexes, such as:

e The universal anisotropic AU which is valid to all types of elastic
single crystals, as introduced and established by Shivakumar’s work
[45], based on bulk and shear moduli:

AV=5—4+—=6>0 (12)

e the percentage elastic anisotropy for compression Ag and shear Ag, as
given [44]:

By —Bg

Ap=—— 13

® T By +Bg (13)
Gy—Gix

Ag=—y R 14

9 Gy G a4

In the relations mentioned above of AY, Ag, and Ag, the subscripts V
and R refer to the Voigt and Reuss estimates, respectively. For an
isotropic system, these elastic anisotropy indexes (AU, Ag, and Ag) take a
value of zero, i.e. The magnitude of the deviation of these elastic
anisotropy indexes from zero measures the degree of elastic anisotropy
possessed by a crystal.

The shear anisotropic factors A;, Ay, and A3 are based on the elastic
stiffness constants Cjj, which give an estimation of the degree of
anisotropy in bonding between atoms in different crystallographic
planes. Regarding the tetragonal structure, only the shear anisotropic
factors along the shear planes (100) and (001) are sufficient and can be
written as following [46]:

4Cyy

AI =All(l()) = m
1 33 T 13

(15)
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Table 5

Universal anisotropic index A, bulk (compression) and shear anisotropic Ag and
Ag, shear anisotropic factors A; and A, for ABrF,4 (A = Na, K and Rb) ternary
compounds.

Compounds AY Ag Ag Ay Ay
NaBrF, 1.34526 0.00474 0.11783 1.18451 3.92463
KBrF,4 0.55738 0.00402 0.05207 1.27994 2.60004
RbBrF, 0.59943 0.03335 0.05037 1.53000 2.17318
Ag=Agoy = 2 (16)
R T

In the situation of an isotropic crystal, the shear anisotropic factors
A,, A; must be equal to one, where each value greater or lesser than the
unity is a measurement of the level of the mechanical anisotropy in the
matter. In this work, these anisotropic indexes have been calculated and
listed in Table 5, which suggests that the elastic properties of the herein
studied compounds are anisotropic. Moreover, from these calculated
values, NaBrF4 exhibits the highest universal anisotropic than the other
studied compounds, and we can notice that the percentage elastic
anisotropy for shear modulus Ag is larger than the percentage elastic
anisotropy for Bulk modulus Ag for all studied compounds, which in-
dicates that the shear modulus appears more grounded directional
reliance than the bulk modulus. On the other hand, the shear anisotropic
factor Ay along the shear plane (001) is greater than the shear aniso-
tropic factor A; along the shear plane (100), which principally result
from the obtained stiffness elastic constants, where Cgg > Cy4, show the
atomic bondings in the crystallographic plane (001) is more anisotropic
than the corresponding ones lying on the crystallographic plane (100).

A precious design to check the anisotropy of mechanical properties is
plotting the polycrystalline moduli in three-dimensional (3D) space
based on the following mechanical moduli (Bulk modulus B, Young’s
modulus E, shear modulus G and Poisson’s ratio v) with directional
dependence for a tetragonal structure:

B=2 17)
Bt (18)
=g
3
= 19
98 —§ 19
1 S
——[1-=- 20
v 2( 35) (20)
where:
S=(Si +S1+Si3) (I +8) + (2815 +S33)3 (21)

S =8, (I +13) + (2813 + Sus) (3G + B1) + sl + (2512 +See) 3G (22)

In the above relations, S;j is the elastic compliance constants; I, I,
and I3 refer the directional cosines to the x, y, and z axes within spherical
coordinates, respectively. For the entire isotropy of any polycrystalline
modulus previously mentioned, it takes a sphere form in the 3D space,
whereas the curvature from the appearance of the sphere detects the rate
of anisotropy. As shown in Fig. 2, for all studied compounds, both
young’s and shear moduli present a stronger anisotropic degree than
that illustrated in bulk modulus and Poisson’s ratio. Furthermore, the
highest degree of anisotropy for Bulk modulus and the lowest one for
shear modulus is showing in the RbBrF4 compound, which affirms the
results given in Table 5. In addition to that, for more distinguished the
anisotropy of polycrystalline moduli in their crystallographic planes
(100), (010), and (001). The projection of the shape of these moduli has
been plotted into these planes and showed in Fig. 3. As shown in Fig. 3,
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Fig. 2. 3D representation of Bulk modulus “B”, shear modulus “G”, Young's
modulus “E” and Poisson’s ratio “v’ for ABrF; (A = Na, K and Rb)
ternary compounds.
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the projections on (010) and (100) planes are identical, which is a
consequence of the tetragonal structure of the herein studied com-
pounds. We can confirm for all studied compounds that bulk modulus
and Poisson’s ratio show weaker anisotropic magnitude compared to
that of young’s and shear moduli, especially in the plane (001) where
the bulk modulus appears the shape of the perfect circle. Regarding the
shear modulus, it is clear that it showed more anisotropy in the plane
(001) than in the (100) plane, which is reliable to the estimation found
in Table 5, where A(go1) > A(100) for all studied compounds.

The Debye temperature is a significant parameter of a solid, Due to
its direct correlation to the thermal conductivity, melting temperature,
elastic constants, and polycrystalline moduli [47,48]. Several empirical
methods have been developed to calculate Debye temperature Op,
where, the most common one is proportional to the averaged sound
velocity vy, by the following equation [48]:

1
=110 (Napy |°
o~ [4;: ( M )| (20

where h and kg signify Plank’s and Boltzmann’s constants, respectively;
q is the number of atoms in the unit cell, N is Avogadro’s number, p is
the density, M is the molecular weight of the solid, and vy, is the average
sound velocity which given by:

1/2 1\1*
=l ()] o0

Here, vj and v, are respectively the longitudinal and transverse sound
velocity calculated from shear modulus G, Bulk modulus B, and the
density p under Navier’s relations:

1

4G
B+

V= (25)

v = <9> g (26)
P

The calculated parameters, such as Debye temperature 0p, the den-
sity p, as well as the average, longitudinal and transverse sound velocity
Vm, V1 and v, respectively are mentioned in Table 6. Through the results
obtained in Table 6, among the herein studied compounds NaBrF, ex-
hibits the highest Debye Temperature, which implies the largest thermal
conductivity and melting temperature, as well as the chemical bonding
powerful in the crystal structure and higher hardness, which that in good
agreement with our results obtained by calculating the Vickers hardness
Hy. Furthermore, we can be noted that the longitudinal sound velocities
of all studied compounds are much faster than transverse sound veloc-
ities. In this reason and for deeper study of this phenomenon, the lon-
gitudinal and transverse sound velocities (; and v,, respectively) in the
principal directions are calculated and listed in Table 7 using Chris-
toffel’s equation [49] based on the elastic stiffness constants C;j and the
density p as follows:

For [100]:

[100] = (/<1
P

[001Juy = /<4 @7
P

010Jue = /5%
P
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Fig. 3. The planar contours of Bulk modulus “B”, shear modulus “G”, Young’s modulus “E” and Poisson’s ratio “v" for ABrF4 (A = Na, K and Rb) ternary compounds

are shown for (001), (010) and (100) crystallographic planes.

Table 6
The elastic Debye temperature 6y, (in K), the density p, the average, longitudinal and transverse sound velocity v, v and v; (in m/s) for ABrF4 (A = Na, K and Rb)

ternary compounds.
Compounds Op p Vi v Vi
NaBrF,4 278.13220 3.45366 2286.15330 3730.50832 2050.98882
KBrF4 218.54463 3.05692 1920.39024 3198.82194 1720.00226
RbBrF4 181.48469 3.42031 1651.29016 2839.0001 1475.52815
Table 7
The longitudinal and transverse sound velocities in the principal directions (in km/s) for ABrF,4 (A = Na, K and Rb) ternary compounds.
Compounds [100] [001] [110]
[100]v; [001]vy [010] v [001]v, [100]vy [010]ve [110]v [100]vy [110]vee
NaBrF4 3.3149 2.2580 2.5446 4.0918 2.5446 2.5446 3.9766 2.2580 1.2844
KBrF4 29134 1.8328 2.0625 3.3382 2.0625 2.0625 3.3325 1.8328 1.2791
RbBrF4 2.5195 1.6362 1.6934 3.1172 1.6934 1.6934 2.8099 1.6362 1.1487
For [001]:
(110]y = (Cii +Cpp +2C)
Css N 2p
[001]D| e —_—
P
(28) &
7 [001]py = (=2 (29)
[100]uy = [010]yp = f P
[ITO]Uw _ (Cii —Cp)
2 zp

For [110]:

It is evident that the NaBrF4 compound with large elastic stiffness
constants has the fastest sound velocities than the two other compounds.
Furthermore, the longitudinal sound velocities of all studied compounds
are the fastest along [001] principal direction. The anisotropic shown in
sound velocities indicates one more elastic anisotropy for these
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Table 8
The calculated effective masses (in units of the rest free electron mass m,) for
ABrF4 (A = Na, K and Rb) ternary compounds. m,, my,, and my, stand for,

respectively, electron, heavy hole, and light hole.

Compounds m, my, my,
NaBrF4 0,00287 0,02654 0,01165
KBrF4 0,00307 0,22,927 0,01875
RbBrF, 0,00272 0,06963 0,01705
compounds.

Since there are no previous experimental and theoretical data re-
ported in the literature for NaBrF4, KBrF4, and RbBrF4 ternary com-
pounds, we can consider our results as the first prediction of their
mechanical properties.

3.3. Electronic properties

In this sub-section, the electronic band structure along the Brillouin
zone (BZ) high symmetry lines for ABrF4 (A = Na, K and Rb) ternary
compounds are depicted in Fig. 4. The horizontal dashed line positioned
at 0 eV clarifies the Fermi level Egr, where the highest energy of the
valence band has been selected. The Enlarged view of the band structure
around both the maximum of the valence band (VBM) and the minimum
of the conduction band (CBM) have been plotted in Fig. 5.

The gap between the conduction and valence bands calculated in this
study is 2.909 eV, 3.166 eV, and 3.210 eV for NaBrF4, KBrF,4, and
RbBrF,, respectively, which gives these compounds the property to
become wide-band gap semiconductor materials. As shown in Fig. 5.
NaBrF, is a semiconductor compound with a direct band gap, owing to
its VBM and its CBM are sited at I" point, whereas, KBrF4 and RbBrF, are

Physica B: Physics of Condensed Matter 624 (2022) 413450

semiconductors compounds together with an indirect band gap, which
their VBM are located near the point I in the I'-X direction, while their
CBM situated at the I" point. We can note also that the highest electro-
negativity value of Na atom (%) makes the band gap of NaBrF, the
smallest among the other compounds, where according to Pauling scale
we find: (" = 0.93) > (¥ = ¥®® = 0.82). These results can be
considered as a source for future research work since there are no
experimental or theoretical band gap values for all studied compounds.

It is clear in Fig. 5, that the topmost part of the valence band (VB) is
quasi flat and less dispersive than the lower part of the conduction band
(CB), which indicates that the VB holes are heavier than the CB elec-
trons, hence, the VB holes are less mobile than the CB electrons and
consequently, the electrons are localized [50]. Furthermore, the
contribution of the electrons to the conductivity is predicted to be higher
than that of the holes. Thereby, the predominant ionic nature of the
chemical bonding is predicted in ABrF4 (A = Na, K and Rb) ternary
compounds. We can note also that the VBM appears less dispersive in
both KBrF4 and RbBrF4 compounds than that of NaBrFy.

For semiconductors, the effective mass of the charge carriers is an
appropriate descriptor of the electronic band structure, which is used to
identify the effective density of states and carrier concentrations [51,
52]. The parabolic effective mass approach is one of the best methods
applied to calculate the effective mass (m*) by the parabolic fitting of the
E(k) diagram (the energy E versus the wave vector k) around the CBM or
the VBM, in agreement with the following relation [53,54]:

1 1 FE(k)
m h ok

(30)

where # is the reduced Planck constant. The calculated values of the
effective mass for electrons m;, heavy holes m,, and light holes m, are
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Fig. 6. The calculated total and partial densities of states for ABrF4 (A = Na, K and Rb) ternary compounds.
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(010) crystallographic plane for ABrF4 (A = Na, K and Rb) ternary compounds.
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mentioned in Table 8 for the herein studied compounds. The obtained
data show that the value of the effective hole mass is greater than the
value of the effective electron mass for all herein studied compounds,
which confirm that the VB holes are heavier than the CB electrons, and
suggesting that ABrF4 (A = Na, K and Rb) materials are p-type semi-
conductors. On the other hand, the calculated electron effective mass is
smaller in RbBrF, than that of NaBrF,4 and is much smaller than that of
KBrF4. Thus our computations predict higher mobility of electrons in
RbBrF, relative to both NaBrF4 and KBrFjy.

For understanding the electronic nature better and deeper, the total
density of states (TDOS) and partial density of states (PDOS) of all
studied compounds are plotted in Fig. 6, where the Fermi level Eg is
considered as the origin of energies. As shown in Fig. 6, the profile of the
density of states of the semiconductors compounds with indirect band
gap (IBS) such as KBrF4 and RbBrF,, is almost similar with slight dif-
ferences can be noted, while the NaBrF4 semiconductor compound with
direct band gap (DBS) has a different profile of the density of states. We
can note that for all studied compounds, the valence band is dominated
by F “p” states with a small contribution of Br “p” states. Whereas, the
conduction bands are primarily Br, F, and the alkali element “p” like
states with a little participation of Br and the alkali atom “s” states.

Furthermore, to understanding the nature of chemical bonding be-
tween the different atoms, the maps of the valence charge densities in
the (010) plane for ABrF4 (A = Na, K and Rb) ternary compounds are
plotted in Fig. 7. It is clear that the ionic character appears in the region
between AT cations and (BrF4) anions, where demonstrates the reli-
ability of our previously obtained results of Poisson’s ratio value and
band structure form.

3.4. Optical properties

When the materials interact with an external electromagnetic field
such as light, the response of the matter generally depends on the fre-
quency of this field. During this interaction (light-matter), the optical
properties of the material appear. The main optical parameters of the
material such as absorption coefficienta(w), extinction coefficient k(w),
optical reflectivity R(w), refractive index n(w), optical conductivity o(w),
and energy loss function L(w) can be calculated from its dielectric
permittivity &, where it is often treated as a complex function of the
angular frequency o of the applied field:

g(w) =€ (w) +iex(w) (31)
where ¢; (w)is the real part of the dielectric function which can be esti-
mated from the imaginary part ¢;(w) using the normalized Kramers-
Kronig relation based on the principal value of the Cauchy integral
“P> as follows [55]:

+o00

&(w)=1 +§[P/Md(u’

@2 —w? (32)

0

As ABrF4 (X = Na, K and Rb) ternary compounds are crystallized in
tetragonal structure, the dielectric functions include only two compo-
nents £ and €**, where £ concerning the polarization of the applied
electric field E along the x and y directions (i.e. E L c-axis), while £* is
related to the polarization of E along z direction (i.e. E || c-axis) [56].

In this study, optical spectra of both perpendicular and parallel to the
electric field are plotted versus photon energy in the range of (0-40 eV)
for the herein studied compounds.

Fig. 8 displays the real and the imaginary parts of the dielectric
function for ABrF4 (A = Na, K, Rb), where we can notice that the peaks
are move and shift towards the lowermost energy region by replacing
the alkali atoms from Na to K to Rb, which this behavior is shown pre-
viously in the calculations of the band structure and the density of states.
Furthermore, it is clear that the anisotropy between the components of
the dielectric function at the energy region less than 25 eV, makes £* the
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Fig. 8. The spectra of the real and the imaginary parts of dielectric function for ABrF, (A = Na, K and Rb) ternary compounds.

Table 9

Calculated the maximum peak values of €§*(w) and €%’ (w), the static dielectric
constant £*(0) and %*(0), the zero frequency limit of the reflectivity R**(0) and
R*(0) and the static refractive index n**(0) and n*(0) for ABrF, (A = Na, K and
Rb) ternary compounds.

Compounds NaBrF, KBrF, RbBrF,4
5 (w) 5.13 5.31 5.31
5 (w) 5.27 5.31 5.28
£(0) 2.88 2.58 2.57
£7(0) 3.88 3.34 3.30
R¥(0) 0.07 0.06 0.05
R*(0) 0.11 0.09 0.08
n(0) 1.697 1.607 1.606
n*(0) 1.969 1.828 1.815

dominant component for these compounds.

The imaginary part of the dielectric constant & (called also the
absorptive part) has a significant peak located at the lower energy region
with a small shift between the two components £5* and €% for both
NaBrF4 and RbBrF4 compounds. The energy values corresponding to
these prominent peaks are given in Table 9, which these energies orig-
inate from the optical transition between the highest occupied valence
band and the lowest unoccupied conduction band.

Regarding the absorption spectra displayed in Fig. 9, where repre-
sent the maximum absorbance in the ultraviolet (UV) optical range,
which the first main peaks situated around 5.6 eV, proposes that these
ternary compounds can be used for the production of the specified UV
optoelectronic devices. Furthermore, the absorption thresholds start at
about 2.98 eV for NaBrF,, 3.17 eV for KBrF,, and 3.23 eV for RbBrFy,
which is closely enough to the calculated band gap. Moreover, the ab-
sorption curves show a fast decrease in the higher most energy region,
which is the typical feature of semiconductor compounds.

The real part of the dielectric function ¢; (called also the dispersive
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part), has prominent peaks situated around 4.45 eV, 4.60 eV, and 4.62
eV for NaBrF,4, KBrF,, and RbBrF,, respectively. The most important
point in the spectrum of the real part, is the zero frequency limit £, (0) i.e
when the curves of ¢ (w) cross zero frequency, which represents the
dielectric response of the material to a static electric field according to
the Drude behavior. The calculated values £{*(0) and £§?(0) for ABrF4 (A
= Na, K and Rb) ternary compounds are mentioned in Table 9. It is clear
that the value of ¢ (0) decreases when moving from Na to Rb, whereas
the value of the band gaps as we find out in the electronic properties
increase in the same direction, which indicates an inversely proportional
relationship between the energy gap Eg and the zero-frequency limit of
dielectric function ¢(0) according to Penn model [57]:

e0)=1+ (%)

where w), is the plasma frequency and # is the reduced Planck constant.
Fig. 9, displays also the spectra of the extinction coefficient k(w). The
maximum peak of k(@) corresponding to the energies 7.46 eV, 7.51 eV
and 7.45 eV, for NaBrF4, KBrF4 and RbBrF,, respectively. Where this
energies value corresponds to the zero of the real part of the dielectric
function & (). In the fact, the value of ¢ (w) equals to zero means the
non-existence of the dispersion on the material, and consequently due to
the greater value of the extinction coefficient k(w) than the reflectivity
R(w) as shown in Fig. 10. Furthermore, the zero-frequency of reflectivity
R(0) for herein studied compounds is mentioned in Table 9.

The variation of the refractive index n as a function of the angular
frequency @ showed the phenomenon of dispersion, as displayed in
Fig. 10, where n(w) profile closely follows the shape of the dispersive
part & (w) spectrum. The prominent peak value of the refractive index
found at about 4.59 eV, 4.72 eV, and 4.73 eV for NaBrF4, KBrF4 and
RbBrF,, respectively. As we previously demonstrated, the dispersion
phenomenon does not exist when the &; (@) equals to zero. For this
reason, we find the value of the refractive index is approximately equal
to one. Whereas the value of the refractive index (strictly equals one), is
corresponding to the absolute vacuum when the phenomena of

(33)
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Fig. 9. The spectra of the absorption coefficient “o”” and the extinction coefficient “k™ for ABrF4 (A = Na, K and Rb) ternary compounds.

a) NaBrF b) KBrF c) RbBrF
4 4 4
v T T T T y 0.6 g T v
0.6 —Fu 0.6 =y 05 P
05 — 05 = .
’ ’ 04
04 04
14 14 ®o03
0.3 0.3
0.2 0.2 -
0.1 0.1 04
0 . 0 ) 0 -
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Energy (ev) Energy (ev) Energy (ev)

10

20
Energy (ev)

n

L

10

20
Energy (ev)

30

40

0 .
0 10

20
Energy (ev)

30 40

Fig. 10. The spectra of the optical reflectivity “R™ and the refractive index “n” for ABrF4 (A = Na, K and Rb) ternary compounds.

refraction or dispersion of light are absolutely absent. It is important to
note that in this energy region (from 7.4 to 7.6 eV) and in the higher
energy region (higher than 25 eV) the two components of the refractive
index are collinear, while outside these energy intervals, the materials
show the optical property of birefringence. Furthermore, The obtained
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results of the static refractive index n (0) are mentioned in Table 9,
which confirms the values calculated by the semi-empirical relation
n(0) = /&1(0) , and indicating the reliability of our results.

The increase in the number of free transporters created when pho-
tons are absorbed results an increase in electrical conductivity, hence
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Fig. 11. The spectra of the optical conductivity “c™ and the energy loss function “L” for ABrF4 (A = Na, K and Rb) ternary compounds.

the photoconductivity effect has been established, as shown in Fig. 11,
the shape of the optical conductivity shares similar characteristics with
the absorptive part &,(®) spectrum. Moreover, the photoconductivity
does not appear when the photon energy is below the gap energy cor-
responding to the herein studied compounds, i.e. the photons do not
have energy sufficient enough to overcome the band gap in these
semiconductors compounds [58].

The fast-moving electron in the material is losing energy and it de-
pends on the photon energy [59]. In order to understand more of this
phenomenon, we plotted the energy loss function L(w) in Fig. 11. The
photon energy values corresponding to the prominent peaks of the en-
ergy loss function are 9.18 eV, 8.83 eV, and 8.66 eV for NaBrF,4, KBrF4,
and RbBrF,, respectively. We can notice that the highest value of loss
energy depends on plasma energy hw, which the plasma resonance
occurs when the absorptive part ¢3(w) takes a smallest value and the
dispersive part & (w) reaches zero again.

This study demonstrates the first investigation of the optical prop-
erties for NaBrF,4, KBrF,4, and RbBrF4 compounds. For that, we hope our
calculation can help to offer theoretical grounds for future experimental
applications on these compounds.

4. Conclusion

In this paper, we have studied the structural, mechanical, electronic
and optical properties of alkali metal tetrafluoridobromate NaBrFj,
KBrF4, and RbBrF4 using the pseudo-potential plane-wave method
within the generalized gradient approximation. The obtained results can
be summarized as follow:

e The results of structural properties, such as the ground states pa-
rameters are in good agreement with the earlier experimental values.
e Based on the results of elastic constants and polycrystalline moduli, it
can be concluded that these ternary compounds have ductile
behavior, and among them, the NaBrF4; compound exhibits the
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largest thermal conductivity and presents the hardest and stiffest
material.

e The outcome of our investigation in electronic properties indicates
that NaBrF, is a semiconductor material with a direct band gap,
whereas, KBrF4 and RbBrF,4 are semiconductors materials with in-
direct band gap.

e Both elastic and electronic properties including the Poisson’s ratio,
the band structure form, and the maps of the valance charge densities
manifest obvious the ionic nature of the herein studied compounds.

Furthermore, the optical properties such as the real and the imagi-
nary parts of the dielectric function, the absorption and the extinction
coefficients, the optical reflectivity, the refractive index, the photocon-
ductivity, and the energy loss function have been studied in details. The
vast absorption in the UV region suggests that these materials could be
useful for specific implementations in UV optoelectronic devices.
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Abstract

This study deals with the first theoretical investigation of structural, mechanical, electronic, and optical properties of
ABrF4 (A = Na, K, and Rb) ternary compounds using ab-initio calculations within the framework of the density
functional theory (DFT) using the pseudo-potential plane-wave method. The structural parameters are in agreement
with the experimental values stated in the literature. The elastic constants indicate that these compounds are ductile.
For confirming the anisotropic of the mechanical properties, several indexes such as the universal anisotropic, and
the percentage elastic anisotropy for compression and shear have been investigated. The electronic properties
indicate that these compounds are wide-band gap semiconductor materials. The optical properties including the
dielectric function, the absorption and extinction coefficients, the optical reflectivity and photoconductivity, the
refractive index, and the energy loss function have been studied in detail. The wide optical absorption range in the
ultraviolet (UV) region suggests that these materials could be useful for specific implementations in UV
optoelectronic devices; therefore, this theoretical investigation is probable to motivate future experimental works.

Keywords: First-principles calculations; density functional theory; ABrF.; elastic and Optoelectronic properties.

Résumé

Cette étude traite la premiére investigation théorique des propriétés structurelles, mécaniques, électroniques et
optiques des composes ternaires ABrF4 (A = Na, K et Rb) en utilisant des calculs ab-initio dans le cadre de la théorie
de la fonctionnelle de la densité (DFT) par la méthode des ondes planes pseudo-potentielles. Les parameétres
structuraux sont en accord avec les valeurs expérimentales indiquées dans la littérature. Les constantes élastiques
indiquent que ces composés sont ductiles. Pour confirmer I’anisotropie des propriétés mécaniques, plusieurs indices
tels que I'anisotropie universelle et le pourcentage d'anisotropie élastique pour la compression et le cisaillement ont
été étudies. Les propriétés électroniques indiquent que ces composés sont des matériaux semi-conducteurs a large
bande interdite. Les propriétés optiques telles que la fonction diélectrique, les coefficients d'absorption et
d'extinction, la réflectivité et la photoconductivité, l'indice de réfraction et la fonction de perte d'énergie ont été
étudiées en détail. La large plage d'absorption optique dans la région ultraviolette (UV) suggére que ces matériaux
pourraient étre utiles pour des mises en ceuvre spécifiques dans des dispositifs optoélectroniques UV ; par
conséquent, cette investigation théorique est susceptible de motiver de futurs travaux expérimentaux.

Mots clés : Calculs des premiers principes; la théorie fonctionnelle de la densité; ABrF4; propriétés élastiques et

optoélectroniques.
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