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General introduction

Since the creation of man in previous eras, science and technology are constantly
evolving. We cannot separate one science from another or separate one discipline from
another, since sciences are interconnected links that form the chain of the universe, for
example, we cannot study a chemical reaction by absence of the laws of physics or the
logic of mathematics.

Condensed matter physics and materials science are fundamentally concerned with
understanding and exploiting the properties of systems of interacting electrons and atomic
nuclei. This has been well known since the development of quantum mechanics.
Unfortunately, the electrons and nuclei that make up materials constitute a strongly
interacting and this makes solving the Schrodinger equation extremely difficult, and as
stated by Dirac; progress depends on the development of sufficiently precise approximate
techniques. Thus the development of density functional theory (DFT) [1] with the local
density approximation (LDA) [2] and the generalized gradient approximation (GGA) [3]
played an important role in condensed matter physics. These techniques for calculating
physicochemical properties are which have now become a basic tool for calculating the
structural, electronic and optical properties of the most complex systems. These
techniques are based on simulations; that replaced the experiment, sometimes expensive,
inaccessible to the laboratory. The basic formalism of DFT is based on the Hohenberg-
Kohn theorem [4]. This approach applies to any system with several interacting particles
evolving in an external potential, implemented in the wien2k simulation code.

Our objective is to study the properties of compound A with the wien2k code. So, our

work consists of the following parts:

e (General introduction.
e CHAPTER I: Bibliographic review.
e CHAPTER II: Calculations, results and discussion.

e (QGeneral conclusion.
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Chapter I: Bibliographic review

1.1. Introduction

Man has experienced a wide range of physical systems: metals, insulators,
superconductors or even semiconductors. All of these materials have greatly improved
the quality of our lives. For years, without a doubt, semiconductors have revolutionized
the world of physics thanks to their exceptional properties [1].

1.2. Materials concepts

1.2.1. Materials choosing

Materials are at the source of technology and industrial world. The technical and
commercial successes of a manufactured product depend largely on the material(s)
chosen. Selecting a material is generally not a simple operation given the wide variety
of available families. In the context of product design, the main goal of material
selection is to minimize cost while meeting sample performance goals. Systematic
selection of the best material for a given application begins with properties and costs of
candidate materials. Selection is often benefited by the use of material index or
performance index relevant to the desired properties. For example, a superconductor
must have a zero electrical resistance inside, this is why an electric current can circulate
forever in a superconducting ring even when the battery has been unplugged this is how

magnetic fields are created [2].

1.2.2. Types of materials

A material is of natural or artificial origin that men use and/or design to manufacture
objects, construct buildings or machines.

Materials are differentiated according to their origin (from living beings for example)
and their properties, whether mechanical (flexibility or rigidity, etc.), chemical

(permeability or impermeability to water, etc.) or even physical (conductivity of the
electricity or heat, etc.). They are generally classified into different large families:

e Metallic materials which include:
= Metals: iron, copper, bronze, etc.
= Metal alloys: stainless steel, etc.
e Organic materials that come from living beings, plants or animals (wood,

cotton, paper, etc.).
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e Mineral or inorganic materials: rock, ceramic, glass, etc.
e Composite materials which combine several materials from different families

to obtain multiple properties (carbon fiber, etc.) [3].

A
v
METAL
MATERIALS
\ 'MATERIALS
ORGANIC MINERAL
MATERIALS MATERIALS
£ |

Figure I.1: Main families of materials.

1.2.3. Materials properties

1.2.3.1. Physical properties

Pure metals most often have high electrical conductivity, thermal conductivity and
density. Silver is thus the best electrical conductor (6.30x107 S/m), followed by copper
(5.96x10” S/m), gold (4.10x107 S/m) and aluminum (3.50x10’ S/m).The electrical
conductivity of iron is 107 S/m, while that of 1010 carbon steel (0.10% carbon iron ) is
only 5.9x10° S/m, illustrating the effect of impurities on the conductivity of metals [4].
Although most metals have a density greater than that of most non-metals, this varies
greatly depending on the materials considered. Among simple metallic bodies, lithium is
the least dense (0.534 g.cm3 at 25 °C) while osmium is the densest (22.59 g.cm3).
Alkaline metals (which include lithium) and alkaline earth metals are the least dense of
the metals; they are also the least hard, and the alkali metals have a particularly low
melting point: apart from lithium, they are all liquid at 100 °C. The high density of most
metals comes from their compact crystal structure [5].

Metals are also generally characterized by good malleability and high ductility which
allow them to deform without breaking. Thus, pure copper can be stretched to form
electrical wires, pipes (plumbing), be plated and hammered into the shape of pans; Pure
gold can also be formed into very thin sheets. Conversely, certain alloy elements make it
possible to harden the metal: this is for example the case of carbon which hardens iron
to give steel, tin which hardens copper to give family, at the refractory metals, because

these elements have a large number of delocalized electrons in their structure. However,
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other factors also come into play, such as the atomic radius, the atomic number, the
number of bonding orbitals, the superposition of the energies of the orbitals and the type
of crystal structure; Centered cubic structures thus give weaker metallic bonds than
face-centered cubic and compact hexagonal structures because the latter have a higher

coordination, that is to say they bind more neighboring atoms than the first.

1.2.3.2. Mechanical properties

Hooke’s law can model the elastic deformation of metals when the deformation is a
linear function of the stress. The application of forces greater than the elastic limit or
heating can lead to permanent deformation of the object, which corresponds to plastic
deformation [6]. This irreversible modification of the arrangement of the atoms of the

material can result from the application:

e Aforce or work in tension , compression, shearing, bending or torsion.

e Heating, which affects the mobility of structural defects in the material, such as
grain boundaries, vacancies, screw and corner dislocations, and stacking faults
of crystalline and non-crystalline solids. The movement of such defects requires
activation energy and is therefore limited by the atomic diffusion rate.

Viscous flow around grain boundaries, for example, can give rise to creep or metal
fatigue. It can also contribute to significant changes in microstructure, such as grain
growth and localized increase in material density by elimination of intergranular
porosity. Additionally, the non-directional nature of metal bonds could contribute

significantly to the ductility of solid metals [7].

1.3. Classification

1.3.1. Classification of chemical elements

The atoms of chemical elements differ by their structure at the subatomic scale, that is

to say the number and nature of the elementary particles, which constitute them:

e Nucleus: protons and possibly neutrons.
e Electronic procession gravitating around the nucleus: electrons in numbers

equal to the protons in an atom in equilibrium [8].

The protons are positively charged and the electrons negatively, have equal elementary

charges in absolute values, so that the atom is electrically neutral in the equilibrium

5
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state (figure 1.2). The mass of the electron is negligible compared to that of the proton or

neutron (table I.1).

L shell electrons //

(8 electrons) _— nucleus
o

proton

K shell ~
2 electrons)

Figure 1.2: Simplified representation of an atom.

The orbits of electrons occupy successive layers in an atom, corresponding to discrete
energy levels, which become bands in solids grouping several atoms. These levels can
only contain a limited number of electrons: two for the first, eight for the following
levels (at least when they are in the external position), and forbidden bands separate
them. We call the Fermi energy of the atom considered the upper limit of the filling of

the electronic energy states at thermodynamic equilibrium and at absolute zero [9].

Table I.1: Mass and electric charges of elementary particles.

Mass (kg) Mass (amu) = Charge (relative) Charge (C)

Proton 1.67262%x10?%7 1.00727 +| +1.60218x101°
Neutron 1.67493x10?%7 1.00866 0 0
Electron 0.00091x10?% 0.00055 -1 -1.60218x1°

In the periodic classification table of chemical elements; Mendeleev table (table 1.2 and
1.3); the lines or periods are the successive levels of the electronic layers. The columns
or groups are the number of electrons in the outer layer.

From the second element of the fourth period (calcium), the internal electronic layers
can receive more than eight electrons so additional elements are intercalated before
moving to the next group. The chemical properties of an element come essentially from
its electrons, and in particular those in the outer layer, called valence electrons, these
properties are therefore linked to the group (column of the periodic table) to which it

belongs.

Isotopes: Elements with the same atomic number (and therefore the same electronic

and chemical properties), but different atomic masses, due to a different number of
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neutrons. In nature, some chemical elements exist as mixtures of isotopes; this results in

non-integer average atomic mass values.

Group properties: Elements of group VIII, called rare gases, are characterized by a
complete outer layer which gives them exceptional chemical stability.
The elements of group I A (table 1.2) have only one electron in their outer layers: they

tend to get rid of it to have a saturated outer layer and give positive ions or cations.

Table 1.2: Periodic classification of chemical elements principle.

Group Group Group Group Group Group Group Group
| 1 11 v \Y VI VIl VIl
7=1 =2
A=1 A=4

1st

period

(K-

band)
Hydrogen Helium
H He
7=3 Z=4 Z=5 Z=6 Z=7 =8 Z=9 Z=10
A=7 A=9 A=11 A=12 A=14 A=16 A=19 A=20

2nd

period

HIONE 5| @€

sk

and I) -
Lithium Beryllium Boron Carbon Nitrogen Oxygen Fluor Neon
Li Be B C N 0 F Ne
z=11 Z=12 =13 z=14 z=15 7=16 7=17 z=18

3rd A=23 A=24 A=27 A=28 A=31 A=32 A=35 A=40

period

(band

e 6 9 © |0

and |

and : ;

m) | sodium | Menesiu | AN g | PPN suifur | chiorine | Argon
Na Mg Al Si p S Cl Ar

Table 1.3: Periodic classification of elements.

Group > 1 2 3 4 5 6 (4 8 9 107 1 12 13 14 15 16 17 18
Period v Noble
gases
Some elements near ——
1 1 the dashed staircase are 2
N""'"“'Zlf____ .. sometimes called metalloids He
Metals , 3 4 {15 6 7 8 9 10
Li  Be iB C N O F Ne
1 12 Transition metals 3114 15 16 17 18
3 Na Mg (sometimes excl. group 12) Al i_ Si P S Cl  Ar
4 18 20 21 22 23 24 25 26 27 28 29 30|31 3233 34 35 36
K Ca S¢ Ti V C Mn Fe Co N Cu 2n|Ga Gei{As Se Br Kr
5 37 38 39 40 41 42 43 44 45 46 47 48 | 49 50 51 52 53 54
Rb  Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd| In Sn Sb E_;I’_e_ I Xe
6 B 56| ovw |71 72 73 74 75 76 77 78 79 80 | 8 82 83 84 | 85 86
Cs Ba Lu H Ta W Re Os Ir Pt Au Hg | T Pb Bi Po; At Rn
7 87 88 IAG 10/No 103 104 105 106 107 108 109 110 111 112 | 113 114 115 116 117 | 118
Fr Ra Lr Rf Db Sy Bh Hs Mt Ds Rg Cn|Nh Fl Mc Lv TsjOg
s-block ‘ f-block ‘ d-block p-block (excl. He)
(incl. He)
lanthanides O/ 98 59 60 61 62 63 64 65 66 67 68 69 70
La Ce Pr Nd Pm Sm Eu Gd T Dy Ho Er Tm Yb
Actinidas 89 90 91 92 93 94 95 96 97 98 99 100 101 102
Ac Th Pa u Np Pu Am Cm Bk Cf Es Fm Md No

7
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This trend also extends to all the elements on the left side of the table, called metals,
which are all electron donors. Group VII A elements have seven electrons in their outer
shells: they tend to complete it by capturing an available electron in their neighborhood
to give negative ions or anions.

This trend also extends to certain elements on the right side of the table, called non-
metals, they all electron acceptors. Certain elements located at the boundary between
these two zones have mixed characteristics, varying depending on the electric field to
which they are subjected (they are semiconductors). Figure 1.3 illustrates these

differences in behavior by the band structures of these various types of atoms.

[Se———]
Conduction band
I 5 5 Conduction
Band gap E, | band
: (S :
> : l Conduction band l S ﬂ
o : :
@ i =
= . E oo E == |
o W 9 ! :
) : :
é Valence band 5 T Valence band T 5 Valence
s i kT=E, band
9.
o \
[ ' e ) .
Filled band : Filled band : Filled band
e ! : ) e )
Insulator Semiconductor i Conductor (Metal)
(a) ’ (b) ’ (c)

Figure 1.3: Diagrams of band structures.

e Non-metal atoms (insulator), the band gap has a large AE width.
e Semiconductor atoms, the band gap has a small AE width.

e Metal atoms, the conduction band has available states.
1.3.2. Classification of materials and properties

1.3.2.1. Main classes of materials
Many physicochemical properties and usage properties of materials are closely linked to
the nature of the chemical bonds between the atoms that constitute them. on this basis

that the distinction between the main classes of materials is established.

Metal materials: These are pure metals and their mixtures, or alloys, essentially

comprising metallic bonds [10].
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Organic materials: These are materials of biological origin, synthetic polymers and

elastomers, comprising covalent bonds and weak bonds [11].

Mineral materials: These are rocks, oxides, mineral glasses, ceramics containing ionic

bonds and/or covalent bonds [12].

Composite materials: They combine different materials in a structured, fine-scale

manner, possibly belonging to different classes among the three previous ones [13].

1.3.2.2. Usage properties

The physicochemical properties and usage properties of materials are multiple and can
be subject to various classifications. Some are mainly conditioned by the nature of the
atoms and chemical bonds present mainly in the material: density, mechanical and
thermal stability, melting temperature, elastic flexibility or rigidity, fragility or ductility,
electrical and thermal conductivity, magnetic properties, etc.

Some are sensitive to the structure according to which the atoms are arranged and

organized: plastic rigidity, hardness, ductility, tenacity, etc.
1.3.2.3. Principle properties of main materials classes

a. Metal materials
Metallic materials are considered have different property values according to the

property itself. This is well established in figure 1.4.

property value

very high /\
high
avergae /\ /

weak

very weak . properties
Volumic Melting  thermal elastic  pladtic  ductility
mass [eMperaiileexpansion ngidity - rigidity resistance to
thermal and electrical crack propagation

conductivity

Figure I.4: Comparing the property value of metal materials based on their property.

b. Organic materials
Relation between property value and property for organic material is represented in

figure 1.5.
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property value
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s properties
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!
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Inass  temperature expansion ngidity nigidity J re.;xs'tance to
thermal and electric crack propagation
conductivity

Figure 1.5: Comparing the property value of organic materials based on their property.

¢. Mineral materials

For mineral materials, figure 1.6 illustrates the property value-property relationship.

property value
i ; i
very high /l :
high N y N
average = / \
weak = / .
properties
very weak T I i
. thermal elastic  plagtic ility resi
e 08 e oy gy S0 b
mass 'UP thermal and electrical e
conductivity

Figure 1.6: Comparing the property value of mineral materials based on their property.

d. Composite materials

Depending on their structure and the nature of their components, the properties of

composite materials are extremely variable: for the most part, they are intermediate

between the properties of the materials that constitute them. Sometimes, however,

certain emergent properties (properties resulting from the entire structure and

constituents of the material) can take on unexpected values.

I.4. Crystalline solids

A crystal is a set of atoms (or molecules) arranged periodically in three directions and

exhibiting both short-range and long-range order. It can be defined from two data:

crystal structure and the atomic pattern.

10
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1.4.1 Crystal structure

It is a three-dimensional set of imaginary points, the nodes, arranged periodically in the
three directions of space. It can be generated by repetition, an integer number of times,
of three basis vectors which define an elementary cell of the arbitrary original network.

Therefore, the nodes of the network are all the points of the integer coordinate space in
the chosen basis (figure 1.4). The nodes are arranged in rows and reticular planes.

There are seven main primitive crystal structures and fourteen lattices named Bravais

systems. In table 1.4 are regrouped their corresponding characteristics.

X X X X X X
knot < / oW

X X

Figure 1.7: Diagram of a two-dimensional network: Mesh No. 1 is an example of an
elementary mesh (one knot per mesh). Mesh N° 2 is an example of a multiple mesh.

Figure 1.8: Mesh construction.

An infinite number of possibilities exist for the choice of the elementary cell and its
three basic vectors (lengths a, b, c, angles a, B, y). For the sake of simplicity, the choice
generally falls on the mesh presenting the maximum number of symmetry elements
(planes and axes of symmetry), which sometimes leads to choosing a multiple mesh
(mesh containing several nodes of the network). Topological considerations relating to
the tiling of three-dimensional space by periodic repetition of identical volumes without
void or overlap, lead to the conclusion that there can only exist seven different types of

meshes, defining the seven primitive crystal systems (figure 1.7).

11
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Table 1.4: Definition of the crystallographic reference frame and characteristics of the
meshes of the seven primitive crystal systems and the fourteen Bravais lattices.

Primitive

Bravais networks Vector lengths Vector angles Example
crystal system
7 - =4 - T
Triclinic Simple a+b#¢ a+p Y *E S
s . - 4 - 5 n -
Monoclinic Simple, with centered bases d+=b=+¢ a=f= > +7

Simple, centered, with

i - 4 - T
Orthorhombic centered bases, with centered d+#b+¢ a=f=y= 2 U, FesC
faces
- ., = L I .
Quadratic Simple, centered d=b#¢C a=f=y= > Martensite
- s T -
Hexagonal Simple i=b=¢ a=p= 2 Y Zn, Mg
= 2m /3
o ., 2 L It .
Rhombohedral Simple d=b=2¢ a=F=y# > As, Sh, Bi
. Simple, centered, face- e P Y L
Cubic centered da=b=c a=f=y= 2 Fe, Cu, Al

In some of these primitive meshes, additional nodes can be added to the center of the
mesh, to the centers of two bases or to the centers of the six faces without losing the
properties of periodicity and symmetry of the corresponding networks. We obtain

fourteen Bravais networks [14].

1.5. Conductivity

Solid materials are classified according to their conductivities into three types:
conductive materials, insulating materials and semiconductor materials.

We have adapted this classification on the basis of a band structure of the material and
on a band gap (energy interval) GAP which separates between the valence band and the
conduction band [15].

In an insulator, the value of the gap is so large that the electrons cannot pass from the
valence band to the conduction band: the electrons do not circulate in the solid. In
semiconductors this value is smaller and zero in the conductor. The valence band is rich
in electrons but does not participate in conduction phenomena (for electrons). The
conduction band, for its part, is empty of electrons. However (metals), the conduction
band and the valence band overlap. The electrons can therefore pass directly from the
valence band to the conduction band and circulate throughout the solid.

In a semiconductor, as in an insulator, these two bands are separated by a band gap,
commonly called by (GAP).

The only difference between a semiconductor and an insulator is the width of this band
gap, a width which gives each its respective properties.

12
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The following figure represents E,,, in the three material classes.

Overlapping

Partial)y or fully Em Empty

. : pty :
< | filled Averlapping = . < duction band
S conduc
0 coyzc(/tion Barid ?‘3 conduction band > -
> e \Y;
g § ] E upto T.7eV §> ! E,> 5e

: 5 ]
= Filled valence g | Filled valence 2 [ Filled valence
band i fi]
band band
fa) Conductor {b) Semiconductor (c) Insulator

Figure 1.9: Theoretical diagram established according to the theory of energy bands
indicating, depending on the case, the respective position of the valence band and the
conduction band.

1.5.1. Semiconductors

A semiconductor, like silicon, is a material that is neither quite a conductor of electricity
nor quite an insulator. It can be either one or the other depending on various conditions.
The conductive or insulating nature takes its source from the structure of atoms: each
element of the periodic table has a certain number of electrons which are arranged
around a nucleus. It is this arrangement in the form of layers of electrons, different

depending on the elements, which is responsible for electrical conductivity.

The electrons of an atom can have several roles within an atom structure:

e Core electrons: these are close to the nucleus and do not really interact with
other atoms.

e Valence electrons: these are on the outer layers of the atom and make it possible
to create interatomic bonds and form molecules.

e Conduction electrons: these are responsible for the circulation of electric
current.

We see that in a metal, some electrons are in both the valence band and the conduction
band. This means that a metal can conduct current without any other form of physico-
chemical treatment. In an insulator, on the other hand, the two bands are separated by a
space called the “gap band”: this means that electrons cannot be found there. In the case
of insulators, the external electrons are all in the valence band and none are in the

conduction band: these materials cannot conduct electricity. In the case of

13
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semiconductors, in the middle, there is also a band gap, but it is very thin. All it takes is
a little something for the valence electrons to pass into the conduction band and this
make the semiconductor... conductive. We manage to do this by giving energy to the

electrons, by exciting them [16].
1.5.2. Direct gap, indirect gap

1.5.2.1. Direct bandgap

In direct bandgap semiconductor, the bottom of the conduction band and top of the
valence band lies at the same value of K. In this, electron can directly excite or de-excite
by the absorption or emission of photon and there is no phonon involvement in the

process of excitation and de-excitation.

Conduction Band

Energy

‘alence Band

Momenium

Figure 1.10: Direct bandgap.

1.5.2.2. Indirect bandgap

in Indirect bandgap semiconductor, top of the valence band and bottom of the
conduction band lies at different values of K. If an electron goes from the top of the
valence band to the bottom of the conduction band, it has to change its energy as well as

wave-vector K [17].

Figure 1.11: Indirect bandgap.
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1.5.3. Chemical bonds

There are different chemical bonds depending on the electronic cloud form and their
energy levels. In solids there are two types of bond:

1.5.3.1. Strong bonds

e Covalent bond: the sharing of two electrons to complete the outer shell of each
atom ensures it. It appears between two non-metal atoms (bond provided by
electrons from the valence band).

e lonic bond: the transfer of an electron from one atom to another ensures it. It
appears between an atom of a metal and an atom of a non-metal. After bonding,
the two atoms become electrically charged ions.

e [Vetallic bond: The sharing of electrons from the peripheral layer ensures it; the
“gas” constituted by these free and delocalized electrons ensures the cohesion of
all the remaining cations. It appears between the elements of a cluster of metal
atoms (bond provided by the electrons of the conduction band). The electrons in
the metallic bond are mobile and available to ensure the possible circulation of

an electric current.

1.5.3.2. Weak bonds

These are simple electrostatic attractions between electric charges of opposite signs.
They appear between the + and — poles of molecules with inhomogeneous or polarizable
charge distributions. They act at a longer distance, but with a lower intensity than strong

bonds.

1.6. Density functional theory DFT

Density Functional Theory or DFT forms today one of the most used methods in
quantum calculations of the electronic structure of matter (atoms, molecules, solids)
both in physics of condensed matter than in quantum chemistry. DFT finds its origins in
the model developed by Llewellyn Thomas and Enrico Fermi at the end of the 1920s.
However, it was not until the mid-1960s and the contributions of Pierre Hohenberg,
Walter Kohn and Lu Sham that the theoretical formalism was established. on which the
current method is based. Methods respecting traditions in theories of the electronic
structure of matter, especially the Hartree-Fock theory and methods derived from this

formalism, are based on a multielectron wave function. The main goal of density
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functional theory is to replace the multielectron wave function with electron density as
the basic quantity for calculations. While the multielectron wave function depends on
3N variables (where N is the total number of particles in the device), the density is only
a function of three variables; it is therefore an easier quantity to treat both
mathematically and conceptually. The principle of DFT consists of a reformulation of
the N-body quantum problem into a one-body problem (or, strictly speaking, two-body
if we consider spin problems) with the electron density as a parameter. The central idea
of DFT is that the unique electron density of the essential state of the device entirely
determines the average values of observables such as energy.

DFT theory was originally primarily developed within the framework of non-relativistic
quantum theory (time-independent Schrodinger equation) and the Born—Oppenheimer
approximation. The theory was then extended to the domain of time-dependent quantum
mechanics (we then speak of TDDFT for Time-Dependent Density Functional Theory)
and to the relativistic domain. DFT is also used for the thermodynamic description of
classical fluids [18].

1.6.1 Schrédinger equation

The geometric structure, vibration modes as well as other observables describe the
electronic structure of the system studied with «N electrons» and «M nuclei». Classical
mechanics remains insufficient and we must resort to quantum mechanics, the basis of
which is the resolution of the Schrddinger equation. This electronic structure is deduced

from the time-independent multi-electron Schrodinger equation:

HE=wy.E. . 1.1
With: H: The Hamiltonian operator.

Y: The wave function of the system.

E: Clean energy.

1.6.2. Hohenberg and Kohn theorems

The development of density functional theory began in 1964 and 1965 with the
publications of Hohenberg and Kohn (1964). The two theorems are as follows:

Theorem 01: The total energy of the fundamental state E is a unique functional of the

particle density p(#) for an external potential V,,, (¥) given. This theorem means that it

is enough to know only the electron density to determine all the wave functions.
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Consequently, the total energy E of a system of interacting electrons in an external
potential is represented as a functional of the electron density of the fundamental

state,p, [19].

Theorem 02: The total energy functional of any multi-particle system has a minimum
which corresponds to the fundamental state. The particle density of the fundamental

state verifies:
E[po] =MmINE(P).cciiiii 1.2

Hohenberg and Kohn showed that the true density of the fundamental state is that which
minimizes the energy (o] and all other properties are also a functional of this density.

The energy of the fundamental state of an electronic system in an external potential is
determined by the variational method [20].

1.6.3. Kohn Sham theorem

In 1965 Kohn and Sham (KS) proposed a practical method for using density functional
theory. These authors considered the equivalence between a system of electrons
interacting in an external potential V and a system of electrons without interaction in an

effective potential V, - therefore, the functional of energy [21].

1.6.4. Exchange potential and LDA and GGA correlation

In principle DFT gives us a good description of fundamental state properties, these
practical applications are based on approximations for the correlation exchange
potential which describes the effects of the Pauli principle and the Coulomb potential
beyond a pure electrostatic interaction between electrons.

Exact knowledge of the correlation exchange potential means that we have solved the
multi-body problem exactly. Among the most used approximations currently is the local
density approximation (LDA) which locally substitutes the energy density [1 xc of
exchange correlation of a non-homogeneous system with that of a gas, of electrons of

the same density.

1.6.4.1. Local Density Approximation (LDA)
The local density approximation (LDA) consists of treating an inhomogeneous system,
as locally homogeneous (uniform gas of interacting electrons where p is constant).

Consequently, the Energy of exchange and correlation depends only on the electron
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density at a point r, neglecting any influence of the inhomogeneity of the system (or
considers that the density varies very slowly). It is expressed according to the Energy of

exchange and correlation per particle [22].

1.6.4.2. Generalized Gradient Approximation (GGA)
Generalized gradient approximation was introduced to improve the accuracy of LDA
results. It consists of writing the exchange and correlation Energy not only as a function
of the electron density but also of its gradient to take into account the non-uniform
nature of the electron gas. This approximation is divided into (03) approximations:

e WC-GGA.

e PBE-GGA.

e PBE-SOL-GGA.

1.6.4.3. Approximation WC-GGA

The major gap in the two approximations (GGA and LDA) is the estimation of the value
of the energy gap, which is essentially due to the correlation term which is considered
too simple, and to correct this gap, Engel and Vosko showed that the GGA does not
improve on the second order expansion of the generalized gradient due most of the time
to the cancellation of local errors hence the correction made to the correlation term, we
mix the second order of the generalized gradient with the exact Hartree-Fock correlation
term. This new form called: (EVGGA) turns out to be better for the calculation of the
gap, but unfortunately it remains poor if we are interested in the calculations of the

fundamental Energy according to the structural parameters [23].

1.6.4.4. Approximation PBE-SOL

Popular modern generalized gradient approximations are biased when describing free
atom energies. Restoring the first-principles gradient for exchange over a wide range of
density gradients eliminates this bias.

Perdew et al introduced a generalized Perdew-Burke-Emzerof gradient approximation

that improves the equilibrium properties of densely packed solids and their surfaces.

1.6.4.5. Approximation of TB-mBJ
In this sense, other improvements have been made such as the TB-mBJ approximation
proposed by Tran and Blaha in 2009. The Tran and Blaha functional noted (mBJ) is a

modified version of the Becke and Johnson functional. The latter quickly proved its
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effectiveness compared to the most often used calculation methods such as LDA and
GGA [24]. Messrs. Tran and Blaha propose in their article published on June 3, 2009 in

physical review letters, a modified version of the Becke and Johnson functional, in the

VMBI (r) = cvfR + (3c—2) % \f\/ﬁ ......................... 1.3

2
78 | Electron density.

form:

with:

pe = 202,
t, (1) = =%, |,

vy'? () The potential of Becke-Roussel.

| Kinetic energy density.

ia Yo

1.7. Wien2k calculation code

The WIENZ2k package is a computer program written in Fortran which performs
quantum mechanical calculations on periodic solids. It uses the full-potential
(linearized) augmented plane-wave and local-orbitals [FP-LAPW-+lo] basis set to solve
the Kohn—Sham equations of density functional theory.

Peter Blaha and Karlheinz Schwarz from the Institute of Materials Chemistry of the
Vienna University of Technology originally developed WIEN2k. The first public release
of the code was done in 1990 [25].

Then, the next releases were WIEN93, WIEN97, and WIENZ2k.The latest version
WIEN2k 23.2 was released in February 2023. It has been licensed by more than 3400
user groups and has about 16000 citations on Google scholar (Blaha WIEN2k).

WIENZ2k

Figure 1.12: Wien2k code logo.

1.7.1. The main steps to follow in the WIEN2K code

When using this code, we generally go through three steps.

1.7.1.1. Initialization
This step is done for the preparation of the SCF cycle. During this step, a series of

subprograms are executed, among which we cite:
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N: is a program that lists the distances between nearest neighbors, which helps
determine the value of the atomic radius of the sphere (R,,;).

SGROUP: it determines the space group of the structure that is defined in the case
(CIF) file.

SYMMETRY: is a subprogram which lists the symmetry operations of the space group
of our structure from the information contained in the case file (CIF).

LSTART: A program that generates atomic densities and determines how different
orbitals are treated in calculating band structure, such as core states with or without
local orbitals.

KGEN: this subprogram generates a mesh of points K in the irreducible part of the first
Brillouin zone (IBZ). We specify the number of points K in the entire first Brillouin
zone.

DSTART: this subroutine subprogram produces a first crystal charge density
(case.clImsum), an initial density for the SCF (self-consistent field) by superposition of

atomic densities.

1.7.1.2. SCF calculation

The initialization part allowed the creation of all the inputs for the SCF cycle, the
process is then launched and iterates until the solution converges. This cycle is made up
of five sub-programs:

LAPWO: is a sub-program which calculates the total potential as the sum of the
Coulomb potential VC and the exchange and correlation potential Vy ..

LAPWT1: is a sub-program that finds the Hamiltonian, overlap matrix, eigenvalues and
eigenvectors by a diagonalization method.

LAPW?2: is a sub-program that calculates valence electron densities from eigenvectors,
it uses case.energy et case.vector and calculates E, (Fermi level).

LCORE: is a sub-program that calculates core states and densities.

MIXER: is a sub-program that mixes the valence and core densities to produce a new

density that will be used in the next iteration.

1.7.1.3. Exploring material properties
After the SCF calculation, we have all the data, in particular the Total Energy at
equilibrium and the structural parameters, which allow us to examine the properties of

the materials we wish to study.
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After having summarized the main steps seen in the progress or execution of the
WIENZ2K code, we recall in the following part the main files that are necessary to

execute certain programs or the files generated as output.

Fichier struct Génération de la

LSTART s IR
caloul atomique YMMETRY fichier d'entréce maille
= Hyw=Exva
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Figure 1.13: Wien2k code structure.

1.8. Origin 2019

Origin is a proprietary computer program for interactive scientific graphing and data
analysis. It is produced by OriginLab Corporation, and runs on Microsoft Windows. It
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has inspired several platform-independent open-source clones and alternatives like
LabPlot and SciDAVis.
Graphing support in Origin includes various 2D/3D plot types.

¢ ORIGIN' 2019

Graphing & Analysis

Figure 1.14: Origin ver.19 logo.

Data analyses in Origin include statistics, signal processing, curve fitting and peak
analysis. Origin's curve fitting is performed by a nonlinear least squares fitter which is
based on the Levenberg-Marquardt algorithm.

Origin imports data files in various formats such as ASCII text, Excel, NI TDM,
DIADem, NetCDF, SPC, etc. It also exports the graph to various image file formats
such as JPEG, GIF, EPS, TIFF, etc. There is also a built-in query tool for accessing
database data via ADO.

1.9. Conclusion

In this chapter We have generally studied materials, we can say that density functional
theory is a very effective tool for the study of interacting electron systems. Indeed, it
reduces the problem with N interacting bodies to that of N independent bodies which

move in an effective potential.
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Chapter II: Calculations, results and discussion

I1.1. Introduction

The materials considered in this study was investigated with regard to its structural,
electronic, and optical properties via Ab Initio calculations using the calculation code
WIEN2K [1]. The materials studied is the quaternary chalcogenide AgoBaSnS4; also

called selenide.

I1.2. Calculation details and parameters

I1.2.1. Methods adopted
The calculation launch for each material with WIEN2K is started by the manual
introduction of an input density generated by the following data:

e Atomic number Z of each element in the material considered.

e C(Crystal system (Bravais lattice and space group).

e Cell parameters (a, b, ¢, o  and y).

e Positions of atoms (x, y, z).

I1.2.1.1. Code WIEN2K
Calculations made with WIEN2k have the following details:
e Method: FP-LAPW; all electron (full potential-linearized augmented plane
waves) [2]
e Approximation: WC-GGA (Wu and Cohn Generalized Gradient Approximation)
[3].
e Exchange-correlation potential: TB-mBJ (Tran and Blaha modified Becke-
Johnson potential) [4].
e (alculated properties: structural, electronic (band structure, total and partial
density of states, and charge density) and linear optical (dielectric function w,
absorption coefficient I, reflictivity R, energy loss L, and index of refraction n).

e Theory: DFPT (density functional pertubation theory) [5].

I1.2.2. Convergence step

Before any calculation of properties, convergence studies followed by optimization must

be carried out. In the convergence stage, the most important criteria are the relative
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variations of the total energy as a function of the calculation parameters: RKmax and ngkpt
parameters.

It should be noted that the choice of the Rmr rays (muffin-tin rays) of the atoms (table
II.1) is made to reduce the interstitial space as much as possible, because this region is
treated by plane waves, which makes the calculation time more important.

The values adopted for the calculation parameters are cross-referenced in (table 11.2). For

the RmtKmax parameter it is taken equal to 7 (default values between 6 and 8).

Table I1.1: Valence state and Muffin-Tin rays Rmr of AgoBaSnSaconstituent elements.

Element Valence state Rwmrt (Bohr)
Ag 4p®5s'441° 2.44
Ba 4d'%5p%6s? 2.5
Sn 5524d!°5p? 2.34

S 3s23p* 1.92

Table I1.2: The k-points grid (points of sampling of Irreducible Brillouin Zone IBZ).

Compound Grid (ngkpt)
10x10x10 #
Ag2BasnSs 12x12x12°

2 for the calculation of structural and electronic properties.
® for calculating optical properties.

I1.2.3. Optimization step

The optimization step serves to relax the structure. An optimized structure corresponds to
a minimum total energy, with atoms relaxed in a balanced environment translated by
minimal resultant forces and Hellmann-Feynman forces (exerted on the atoms) canceled.
The optimization is done using the BFGS program [6]. Often, several cycles are necessary

to obtain a well-optimized structure.

It should be noted that optimization with WIEN2K serves to relax the structure.

I1.3. Study of the compound Ag:BaSnS4

We have invested the compounds AgxBaS4Sn with regard to the calculation of its
properties by the code WIEN2K.

Our objective is to invest the above-mentioned properties by the introduction of the
potential TB-mBJ (Becke-Johnson potential modified by Tran and Blaha) in order to
obtain more adequate values of the forbidden band (gap energies) [7]. The TB-mBJ
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potential turns out to be more precise in estimating the gap for materials containing metals
in their structure.
In each step of the calculations (detailed below), our results were compared on one hand

with experimental results, and on another hand with theoretical results (if existing).

I1.3.1. Structural properties of Ag:BaSnS4

AgrBaSnS; crystallizes in the space group 1222 (No. 23) of the orthorhombic class (figure
I1.1), with a = 6.8540A, b =7.122 A, ¢ = 8.136 A, and Z = 2 (number of molecules in a

unit cell). The corresponding numerical values are reported in tables I1.3 and 11.4.

Figure I1.1: (a) Orthorhombic primitive cell of AgoBaSnSs".
“Drawn from CIF file by VESTA software [8].

Table I1.3: Ag>,BaS4Sn structural parameters.

a(d) |bA) |c@A) |a/ply(®) | V(A)/Z | Space group/N° | Crystal class | Ref.

6.885 | 7.122 | 8.136 | 90/90/90 39972 1222/23 Orthorhombic | [9]

Table I1.4: Atomic coordinates for Ag>BaSnSj.

Atom X y z
Ba 0 0 0
Ag 0 0.5 0.2052
Sn 0 0 0.5
S 0.2980 0.3064 0.8320

The quaternary non-centrosymmetric (NCS) sulfide, AgoBaS4Sn, was synthesized from a
high-temperature solid-state reaction using BaCl: flux in evacuated closed silica tubes. In
its structure, highly distorted AgS4 tetrahedra interconnect together via corner-sharing to
form two-dimensional (2D) layers (figure 11.2.a), which are further bridged with isolated

SnS4 units to produce a three-dimensional (3D) framework structure with Ba cations lying
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in the tunnels (figure I1.2.b). Additional structural details are shown in figure IL.3.
Remarkably, it not only possesses phase-matchable (PM) ability but also exhibits a good
balance between strong SHG response (0.4xAgGaS») and high LIDT (1.5xAgGaS>) [9].

(b)
Figure I1.2: (a) 2D wave-like Ag-S layer (the S atoms are omitted for a better view). (b)

4 I 9 l(a)

BaSs polyhedra via corner- and edge-sharing to make up the 3D framework structure in
the ac plane with the unit cell marked (left), isolated BaSg polyhedra locate in the same

tunnel (blue dashed-box) alone the a-axis (right) [9].
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Figure I1.3: Detailed structure of AgoBaSnS4 [10] (with some modifications).

(a) The two-dimensional (2D) [AgS4]. layer in Ag,BaSnS,.

(b) The 2D [AgS4]w layers are bridged with [SnS4] ligands to make up 4-membered ring (MR) tunnel.
(c) The Ba cations located inside the 4-MR tunnels.

(d) The [BaSs] polyhedra are isolated in the same tunnel.

(e) Adjacent [BaSg] polyhedra interconnect by corner sharing to form 3D framework.
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I1.4. Structural properties

The cell parameters a, b, and ¢ and the atomic positions are calculated and the results are
analyzed.
The following general positions are assigned to the constituent elements [9]:
e Ag(0;;2). e Sn(0;1;2).
o Ba (%5;%:2). e S (0;0;0).
Then, optimization of volume, c/a ratio, and b/a ratio were carried out and the results are

presented in figure I1.4. The numerical results are reported in table IL.5.
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Figure I1.4: Structural parameters optimization: (a); volume optimization, (b); c/a ratio

optimization, (c); b/a ratio optimization.
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Table I1.5: Simulated and experimental structural parameters of Ag,BaSnS..

Ag>BaSnS, Experimental This work (WC-GGA) Deviation (%)
a(A) 6.885 6.854 -0.4516
b (A) 7.122 7.044 -1.0887
c(A) 8.136 8.180 +0.544
V(A% 399 394.96 -1.0125

From the results reported in table I1.4, we note that the values of a, b, and ¢ are estimated
with acceptable deviations varying between 1.08% and 0.45% in absolute values. These
results are consistent with the general trend of the GGA (FP-LAPW) approximation,
which usually overestimates the structural parameters [11] (note here that the a and c-
parameters have conversely been underestimated). Consequently, the volume is
underestimated with tolerable discrepancy of 1.01%.

At this point, we deem it necessary to discuss the lengths of bonds by comparing the

experimental values with those obtained with the optimized structures.

In fact, we report the following figures:

e For Ba-S bonds: 3.292-3.336 A [9] versus 3.274-3.339 A calculated: deviation of
-0.55 and +0.90%.

e For Ag-S bonds: 2.786 A [9] versus 2.766 A calculated: deviation of -0.72%.

e For Sn-S bonds: 2.388 A [9] versus 2.380 A calculated: deviation of -0.33%.

The calculated bond lengths are very close to the experimental values with deviations

ranging between 0.99% and 0.33% and are considered acceptable deviations.

IL.5. Electronic properties

The electronic structures of Ag>BaSnS4 have been calculated and the following properties

are reported:

e Band structures.
e Electronic densities; partial (PDOS) and total (DOS).

e Density of states.

The main goal is to know the nature of the bonds between atoms.

26




Chapter II: Calculations, results and discussion

I1.5.1. Band structure

Figures I1.5 and II.6 reflect the energies of the band structures calculated at points of high
symmetries in the Brouillon zone (BZ) by TB-mBJ.

There are two zones: the conduction band (BC) which corresponds to positive energies,
and the valence band (BV) corresponding to negative energies. The latter consists of an
inner layer (low energies far from the Fermi level) and an outer layer (near the Fermi

level).

The following outcomes are to be illustrated:

e Without TB-mBJ, an indirect gap of 0.28 eV is attributed for our compound
Ag2BaS4Sn at the points ['-Z (figure I1.5). The VB maximum is at the point Z and
the CB minimum is at the point I'.

e TB-mBJ undergoes an indirect gap of 1.37 eV at the same points (figure I1.6).
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Figure I1.5: Calculated band structure of Ag>BaS4Sn (without TB-mBJ).

The calculated band structure results are summarized in table I1.6, where a comparison

with experimental and/or theoretical results is provided.
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Figure I1.6: Band structure calculated for AgoBaSnS4 (with TB-mBJ).

Tableau I1.6: Results relating to the band structure of Ag-BaS4Sn.

Compound Method Enersy gap (¢V)
WC-GGA Nature Value Exp. Deviation (%)
Without TB-mBJ | TatI'-Z 0.28 -84.18
Ag:BaS,Sn With TB-mBJ | TatT-Z 1.37 1.77 [9] -22.60
Théorie [9] I 0.48 -72.88
D : direct. Sign (-) : under estimation.
I : indirect. Sign (+) : overestimation.

It is well known that the TB-mBJ gives a better estimation of the band gap energies (gap)
of solids as is the case for the GW method and the hybrid HSE functional (implemented
in the CASTEP code) but with a lower cost [12-15].

Thus, our result of 1.34 eV with TB-mBJ is closed compared to the experimental value
of 1.77 eV (with -22.6% as deviation). Also, our value is more accurate than that of 0.48
eV reported from another theoretical study in reference [9] (with -72.88 eV as deviation)
where authors did not adopt the HSE implemented in CASTEP code.

Our obtained results are slightly less than those reported for commercialized NLO
chalcopyrite materials: AgGaQ; (Q =S, Se) and ZnGeP> [9, 16], which guaranties to our

material a larger transparency range and a better damage threshold (DTS) compared with
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the above mentioned chalcopyrites. This is due to the existence of correlation between

gap value and optical DTS [16].

I1.5.2. Density of states

The optical behaviors of materials are closely linked to electronic transitions from valence
bands (BV) to conduction bands (BC), we then present densities of states (DOS) to
identify the characteristics (structures) of electronic states.

We show in figures I1.7 and I1.8 the calculated total (TDOS) and partial (PDOS) state
densities of the studied selenide. The Fermi level stands at OeV.

As illustrated in these figures, we observe similarities in the shape of the densities with
slight differences in the positions of the states as well as in their intensities.

Generally, the bands are narrow and relatively intense in the inner layer of the BV but
moderately intense and broad near the fermi level. In BC, the bands are wider and
relatively weak in intensity.

A deeper analysis of the densities of states reveals the following remarks:

The PDOSs were achieved and we find out that in the VB region below the Fermi level,
the Ag-4d and S-3p states dominating the VB-1 region are mixing with minor Sn-5s and
Sn-5p states. Above the Fermi level, the CB-1 region is derived primarily from the S-3p
and Sn-5s states mixing with small amounts of Ag-4d and Sn-5p states.

The Ba atoms almost make no contribution around Er and act as electron donors to
stabilize the structure. Therefore, the band gap absorptions are primarily ascribed to the

charge transitions from the S-3p states to Ag-4d, Sn-5s, and Sn-5p states.

I1.5.3. Charge densities

The electronic charge density shows us the nature of the bonds in compounds, whether
they are ionic, covalent or even mixed in nature.

The calculation of the charge densities leads into the results interpreted in figure IL.9.
Each projection translates the contours of the charge density on a plane containing the

four atoms Ag, Ba, Sn, and S.

For charge density of AgoBaS4Sn, the following remarks are noted:
e Around atoms Sn and S, the contours are well deformed, indicating thus a
covalent Sn-S bond character. This correlates with the charge transitions from the

S-3p states to Sn-5s and Sn-5p states (from DOS results).
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Figure I1.7: Total and partial density of states calculated for Ag,BaSnS4.without TB-mBJ.
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Figure I1.8: Total and partial density of states calculated for Ag.BaSnS,.with TB-mBJ.

e For Ag and S atoms, the contours are also deformed, thus Ag-S bond is mainly
covalent (charge transitions from the S-3p to Ag-4d states; from DOS results).

e The symmetry is almost spherical around the Ba and S atoms with a very slight
deviation towards each other which indicates that the Ba-S bond is mainly ionic
with a very weak covalent tendency. This result is a confirmation to the DOS
results indicating the electron donor behavior of the Ba atom in order to stabilize

the structure.
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Figure I1.9: Calculated charge density calculated in a plane containing Ag, Ba, Sn, and S atoms.
I1.5.4. Liner optical properties

I1.5.4.1. Dielectric function

The dielectric constant g() is the keystone for the exploitation and interpretation of the
linear optical properties of materials. It is a complex function with a real part €1(®) and
an imaginary part (o).

The imaginary part of the dielectric function is calculated from the probabilities of
electronic transitions between valence band and conduction band. Its formula is given by

the following equation [17]:

&x()=(Ve’/2ham’ w’) [d:kIY | <knlplkn > X f(Kn)(1 = f (Kn))8(Exn — Exn — he) 1.1
With: ’

V: cell volume.

e: electron charge.

m: electron mass.

ho: energy of the incident photon.

f(kn): Fermi-Dirac distribution.
e p: angular momentum operator.
e kn: wave function.

For the real part, the calculation is done using the following relation [18-20]:

gw) =1+ (%) fooo{[‘sz(a)).a)’.du)’]/[oo’2 - w?]} 1.2
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The calculations carried out on the dielectric functions (real parts €1(®) and imaginary
parts &2(w)) led to the results illustrated in figures 11.10 and II.11.
The peaks in the imaginary part of the dielectric function correspond to electronic

transitions between valence bands and conduction bands.

Dielectric function
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Energy (ev)

Figure I1.10: Calculated imaginary €,(®) and real &i(®) parts of the dielectric function of
Ag>BaS4Sn without TB-mBJ.
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Figure I1.11: Calculated imaginary &:(w) and real &;(w) parts of the dielectric function of

Ag,BaS4Sn with TB-mBJ.

According to the results obtained, our material presents major peaks corresponding to
electronic transitions from S-3p (BV) toward Sn-5p,Ss (BC). Transitions from S-3p (BV)
toward Ag-4d (BC) also participate.
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I1.5.4.2. Static refraction indices
The static refractive indices are calculated from the real part of the dielectric function at

€1(0), this is its most important quantity. Table I1.7 presents their values.

Tableau I1.7: Static refractive indices calculated for Ag-BaS4Sn.

Ag2BaS4Sn n, n, n,
Without TB-mBJ 2.762 2.773 2.610
With TB-mBJ 2.328 2.308 2.151

11.5.4.3. Other linear optical properties
All other properties can be calculated from both the real and imaginary parts of the
dielectric function:
e Absorption I(®): to estimate the optical gap.
e Reflectivity R(m).
e Energy loss L(m): describes the energy of an accelerated electron passing through
the crystal.

e Refractive index n().

The equations 11.4 to I1.7 below allow the calculation of these properties.

(@) =\V2w. l /Si(w) + &2 (w) — Sl(w)l/zl 1.4

R(w) = [(1/8((» —1)/(/€(w) + 1)]2 IL5

L(w) = &(w)/ (€} (w) + €3 (w)) IL6
1/2

n(w) = 1/2 lﬁ(w) + €2(w) + 81((»)] 1.7

The calculation results obtained for these four parameters are illustrated in figures 11.12

and I1.13.
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Figure I1.12: Calculated optical properties for AgaBaS4Sn as function of the incident

photon energy (eV): absorption coefficient I (10%/cm), reflectivity R, energy loss L, and
refraction index n (without TB-mBJ).
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Figure I1.13: Calculated optical properties for AgoBaS4Sn as function of the incident

photon energy (eV): absorption coefficient I (10%/cm), reflectivity R, energy loss L, and
refraction index n (with TB-mBJ).
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In the energy loss L(®) diagramm, the most important pic corresponds to the plasma
frequency ®p where we notice a sharp reduction in reflectivity R(®). Values of energies

corresponding to those caracteristic pics are grouped in table 11.8.

Tableau I1.8: Loss of energy L(®) of AgoBaS4Sn (10*/cm).

Energy loss L(0) at o, (10*/cm)
AngaS4Sn
L(mp)xx(ev) L(mp)yy(eV) L(mp)zz(eV)
Without TB-mBJ 0.426 (12.04) 0.439 (12.83) 0.444 (11.90)
With TB-mBJ 0.385 (10.92) 0.405 (10.82) 0.436 (12.94)

From the absorption spectra I(w) we can derive the values of the optical gaps of our

material. The values for AgoBaS4Sn are represented in table I1.9.

Tableau I1.9: Optical gap values (energy at Io) for AgBaS4Sn.

Energy at I = Optical gap (eV)
Ag2BaS4Sn
E[1(0)xx] E[1(0)yy] E[1(0)zz]
Without TB-mBJ 0.80 0.78 0.94
With TB-mBJ 1.24 1.21 1.40

Optical gap values are close to electronic ones indicating the reliability of our
calculations.

The birefringence (no-ne) informs us about the nature of the material (uniaxial or biaxial,
positive or negative).

The birefringence is illustrated in figures I1.14 and II.15 and its static limit values and its
maximum values with their corresponding energies are indicated in table I1.10.
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Figure I1.14: Calculated birefringence An for AgBaS4Sn with (b) and without (a) TB-mBJ.
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Table I1.10: Values of the birefringence (An) of the compound Ag>BaS4Sn.

Birefringence (An)
Ag2BaS4Sn At the static limit Maximum value (energy in eV)
XX-yy Yy-zz XX-yy yy-2z
Without TB-mBJ 0.011 0.263 0.511 (3.44) 0.580 (2.03)
With TB-mBJ 0.019 0.157 0.372 (4.23) 0.436 (6.65)

Concerning the maximum value of birefringence for our material, it can be noted from
the reported values (table I1.10) that the large values are located at lower energies while
the less important values are located at lower energies. This means that the more the max
value of birefringence increases the more it will be at a lower energy.

In addition, we extract birefringence values at 2050 nm (equivalent to 0.61 eV) and we

find out the value of 0.089 compared to 0.052 calculated in reference [9].

I1.6. Conclusion

From the reported results, we can conclude that our material is a semiconductor of choice
with a more or less wide transparency window. Also, from the calculated properties, we
found that TB-mBJ considerably improves the estimation of the electronic properties and
especially that of the bandgap.

On the other hand, the choice of approximation turns out to be important because the

results of the calculated properties change from one approximation to another.
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General conclusion

In this work, we have studied the structural, electronic (band structure, density of states),
and optical (dielectric function, absorption coefficient, reflectivity, energy loss, refractive
index) properties of the compound Ag.BaSnSs by the method of linearized augmented
plane wave at full potential (FP-LAPW) in the framework of DFT, it is treated with the
approximation of the generalized gradient approximation (GGA), implemented in the
code WIEN2K.

In this conclusion, we would like to emphasize the following essential points: first of all,
we studied the structural properties which characterize the ground state of the system
considered such as the equilibrium volume. Our results are in very good agreement with
experimental results.

Next, we determined the electronic properties which indicate that our compound has
indirect gap.

The DOS allowed us to examine the different coordination modes of Ag.BaSnSs, we
obtained the nature of the bond Sn-S (covalent) and for Ag-S is mainly covalent , while
Ba-S bond is mainly ionic.

To study the behavior of our semiconductor compound with respect to light, we calculated
its optical properties such as the dielectric function, reflectivity, absorption coefficient,
refractive index, etc.

Finally, according to our short experiment on the use of the WIEN2K code it turns out
that this program is a very powerful code which allows the prediction of most of the

physical properties of materials.
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Abstract: We had performed ab- initio calculations structural and electronic properties of Ag.BaSeSi,
compound. The objective of this study is to determine the gap of this semiconductor, it is interesting in
optoelectronic applications. The calculation was carried out using the linear method of total potential
augmented plane waves (FP-LAPW) implemented in the Wien2k code, within the framework of density
functional theory (DFT) using the approximation of WC-GGA and using the modified Becke-Johnson
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Résumé: Nous avons effectué des calculs ab-initio des propriétés structurales et électroniques de
composé Ag2BaSeSi4. L’objectif de cette étude est de déterminer le gap de ce semi-conducteur, il est
intéressant dans les applications optoélectroniques. Le calcul a été effectué en utilisant la méthode linéaire
des ondes planes augmentées a potentiel total (FP-LAPW) implanté dans le code Wien2k, dans le cadre
de la théorie de la fonctionnelle de densité (DFT) en utilisant I’approximation de la WC-GGA en utilisant
le potentiel modifié de Becke-Johnson (TB-mBJ) .

Les résultats obtenus sont en concordance avec les résultats expérimentaux. La structure de bande
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