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General Introduction 

Condensed matter physics is a branch of physics that studies the properties of materials in 

their solid state. the research in this field has led to many important technological 

applications of nanotechnology Is the foundation upon which the study of nanophysics is 

built, by applying the fundamental concepts of condensed matter to complex multiphase 

media, including materials of technological interest. Nanophysics is critical to the 

development of modern science because it enables scientists to study and manipulate matter 

at the nanoscale " which ranges from to 1 nm to ~ 100 nm "[1].  Nanomaterials exhibit 

unique properties and behaviors. These materials exhibit well-defined optical, electrical, 

mechanical, and quantum-mechanical features at this size that can differ significantly from 

their bulk counterparts due to their reduced size, and increased surface-to-volume ratio. 

Nanomaterials can be Two-dimensional materials this class of nanomaterials are 

characterized by their small dimensions, with one-dimensional scale of less than 100 

nanometers. These materials have unique physical and chemical properties that distinguish 

them from traditional large-grained materials. 2D materials are used in a wide range of 

applications, including nanoelectronics, energy technology, medicine and healthcare. Ideal 

for the analysis of fundamentals and the development of advanced technologies, 2D 

materials offer unique properties that make them a focus for innovation and development in 

various fields. The use of these materials could revolutionize the manufacture of advanced 

electronic devices and quantum computers in the future. 

One of the most well-known 2D materials is graphene, a thin layer of carbon composed of 

carbon atoms arranged in a two-dimensional geometric arrangement. Graphene is 

characterized by extremely high strength, flexibility, and superior thermal and electrical 

conductivity. In addition to graphene, there are a variety of other 2D materials such as 

Gallium sulfide (GaS), Gallium sulfide (GaSe), and Gallium telluride (GaTe), They exhibit 

unique properties that make them interesting materials in areas such as nanoelectronics, sensor 

technology, energy, and medicine. 

The focus of this research is studying the physical properties of the above-mentioned two-

dimensional materials gallium sulfide (GaS), gallium sulfide (GaSe) and gallium telluride 

(GaTe), which are semiconductor materials with hexagonal structures of great importance in 

modern technology used in the semiconductor industry to manufacture electronic components 

and optoelectronic devices and its potential in next-generation solar cells is studied [2].  
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In this thesis, a theoretical examination is presented based on density functional theory (DFT). 

The structural and electronic properties are computed using the Wien2k code [3]. 

The structure of this thesis consists of three chapters, organized as follows: 

 The first chapter is devoted to density functional theory (DFT), as well as the Kohn-

Sham equations and the different approximations used to determine the exchange and 

correlation potential determination of the exchange and correlation potential, namely 

the local density approximation (LDA) [4] and the generalized gradient approximation 

(GGA) [5] and Modified Becke-Johnson (mBJ) approximation and EV-GGA 

approximation [6]. In the second part of chapter I, we have recalled the principle of the 

linearized augmented plane wave (FP-LAPW), as well as a description of the 

algorithm of the Wien2k calculation code. 

 The second chapter provides a comprehensive overview of nanomaterials and their 

applications, we presented a thorough explanation of the compounds.  

 Third chapter present the results and discussions of the structural, electronic and elastic 

of two-dimensional (2D) and three-dimensional (3D) GaS, GaSe and GaTe 

compounds. 

Finally, this work concludes with a general conclusion of all the main results obtained 

throughout the study. 
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I.1.Introdaction 

Condensed matter physics and materials science primarily focus on understanding and 

exploiting the properties of interacting electron and atomic nucleus systems, a concept 

known since the emergence of quantum mechanics. However, it is recognized that at least 

approximately all properties of materials can be studied using suitable computational tools 

to solve this specific problem in quantum mechanics [1]. 

It is recognized that the system consisting of electrons and nuclei is a highly interacting 

many-body system, making solving the Schrödinger equation exceptionally difficult. As 

Dirac pointed out (in 1929) progress relies on developing approximate techniques with 

sufficient accuracy. Describing materials requires understanding their properties, which 

necessitates grasping the interactions between electrons and ions composing these materials.  

Nonetheless, classical mechanics fails to solve this problem, necessitating resorting to 

quantum mechanics, which primarily relies on solving the Schrödinger equation [2]. To 

determine the properties of materials, we can rely on simulation to obtain the necessary 

characteristics through computational codes (such as WIEN2K), which are based on density 

Functional Theory (DFT) [3]. 

This theory is now widely used in our daily computational investigations of atoms, 

molecules, solids, and nanomaterials, and it is crucial to modern many-body computing 

techniques. Therefore, the main goal is to show that there are definitely ways to improve 

DFT [4].  

It has its origins in the model developed by Thomas and Fermi in the late 1920s, but it 

was not until the mid-1960s that the contributions of Hohenberg and Kohn [5] on the one 

hand and Kohn et Sham [6] established the theoretical formalism on which the current 

method is based.  

In simpler terms, Density Functional Theory (DFT) proves to be a robust method for 

addressing complex many-body problems. However, the selection of an appropriate wave 

function basis is critical for solving the Kohn-Sham equations effectively. Various 

techniques exist for solving the Schrödinger equation, each distinguished by the choice of 

potential and basis wave functions. These encompass approaches such as Linear 

Combination of Atomic Orbitals (LCAO), Orthogonal Plane Wave (OPW) methods, 

Augmented Plane Wave (APW) cellular methods, and linearized methods developed by 
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Andersen, including Linearized Augmented Plane Waves (LAPW) and Linearized Muffin-

Tin Orbitals (LMTO). These methods significantly reduce computational time and facilitate 

the treatment of transition metals and conduction bands characterized by individual metal "s-

p" properties [7]. 

We will begin by briefly explaining the fundamental principles of DFT. We will then 

look in detail at the various levels of approximation used in its practical application. Finally, 

we will go over its implementation in the Wien2K code, focusing on the parameters that 

influence the accuracy of the results. 

I.2.Schrödinger’s Equation 

The description of a molecular or crystalline system's non-relativistic quantum system is 

based on the equation established by Erwin Schrödinger.  

The introduction primarily involves presenting the exact Schrödinger equation (the 

equation for many-body systems), which will then be simplified through various 

approximations to make it solvable. Addressing this many-particle problem in quantum 

mechanics involves seeking solutions to the following Schrödinger equation [8]: 

 =                                                         (I.1)                                                                                                                                   

Where:  

 : Hamiltonian.  

 : Wave function.  

 : Total energy of the system. 

The exact Hamiltonian of the crystal arises from the presence of electrostatic interaction 

forces: either repulsion or attraction depending on the charge of the particles (ions, 

electrons, nuclei, etc.) [9]. 

the general relation gives it: 

𝐻𝑇=𝑇𝑛+𝑇𝑒+ 𝑉𝑛−𝑒 + 𝑉𝑒−𝑒 + 𝑉𝑛−𝑛                                                                                                              (I.2) 

In which the terms 𝑇𝑒 , 𝑇𝑛, 𝑉𝑛−𝑛, 𝑉𝑒−𝑒 , 𝑉𝑛−𝑒 correspond respectively to the following terms:                                                                                                                          

•           The kinetic energy of electrons: 
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                      𝑇𝑒 = −
ℏ2

2
∑

𝛻𝑟𝑖⃗⃗⃗⃗ 
2

𝑚𝑒
𝑖

                                                                                                        (I.3)

 

•           The kinetic energy of nuclei: 

                    𝑇𝑛 = −
ℏ2

2
∑

𝛻
𝑅𝑖⃗⃗ ⃗⃗ 
2

𝑀𝑛
𝑖                                                                                                           (I.4)

        
 

•          The repulsive Coulomb interaction (electron-electron):  

                  𝑉𝑒−𝑒 =
1

8𝜋𝜀0
∑

𝑒2

|𝑟𝑖⃗⃗⃗  −𝑟𝑗⃗⃗  ⃗|
𝑖≠𝑗                                                                                       (I.5)    

•           The repulsive Coulomb interaction (nucleus-nucleus): 

                  𝑉𝑛−𝑛 =
1

8𝜋𝜀0
∑

𝑒2𝑍𝑖𝑍𝑗

|𝑅𝑖⃗⃗  ⃗−𝑅𝑗⃗⃗  ⃗|
𝑖≠𝑗

                                                                                                                 

(I.6)

     

 

•          The attractive Coulomb interaction (nucleus-electron): 

                  𝑉𝑛−𝑒 = −
1

4𝜋𝜀0
∑

𝑒2𝑍𝑖

|𝑟𝑖⃗⃗⃗  −𝑅𝑗⃗⃗ ⃗⃗  |
𝑖,𝑗

     

 
                                                                             

(I.7)

  

e: is the charge of the electron 

m: is the mass of the electron 

M: is the mass of the nucleus 

ri, rj : defining the positions of electrons (i) and (j) respectively. 

Ri, Rj: definine the positions of the nuclei (i) and (j) respectively. 

So, total Hamiltonian writes:

  

 

𝐻 =
 

−
ℏ2

2
∑

𝛻𝑟𝑖⃗⃗⃗⃗ 
2

𝑚𝑒
−
ℏ2

2
∑

𝛻
𝑅𝑖⃗⃗ ⃗⃗ 
2

𝑀𝑛
𝑖𝑖 +

1

8𝜋𝜀0
∑

𝑒2

|𝑟𝑖⃗⃗⃗  −𝑟𝑗⃗⃗  ⃗|
+

1

8𝜋𝜀0
∑

𝑒2𝑍𝑖𝑍𝑗

|𝑅𝑖⃗⃗⃗⃗ −𝑅𝑗⃗⃗ ⃗⃗  |
𝑖≠𝑗𝑖≠𝑗 −

1

4𝜋𝜀0
∑

𝑒2𝑍𝑖

|𝑟𝑖⃗⃗⃗  −𝑅𝑗⃗⃗ ⃗⃗  |
𝑖,𝑗                (I.8) 

This equation contains 3(Z+1)Nα  variables, and since there are nearly 1022 atoms in one 

1c𝑚3 of a crystalline solid, it is more than obvious that a solution cannot be obtained 

because it is an N-body problem that can only be solved by several approximations[10]. So, 

there are different levels of approximation that must be considered when simplifying 

mathematical expressions. The three main levels of simplification generally used are :  

 The Born-Oppenheimer approximation. 
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 The Hartree-Fock approximation. 

 The formalism of the density functional theory. 

I.2. Born-Oppenheimer approximation 

Following Born and Oppenheimer, we begin by neglecting the motion of the nuclei 

compared with that of the electrons this is justified by the fact that the mass of the nuclei is 

greater than the mass of the electrons, so the electrons move faster than the atomic nuclei 

therefore, the kinetic energy of the nuclei is thus neglected ( 0nT  ) and the potential energy 

of nuclei becomes a constant ( )ste

n nV C   that can be chosen as the new origin of energies 

[11]. 

The electronic Hamiltonian became the following: 

 

         𝐻𝑒 = 𝑇𝑒 + 𝑉𝑒−𝑒 + 𝑉𝑒−𝑛                                                                                              (I.9) 

With:  

:eT  the kinetic energy of electrons. 

:e eV   The repulsive Coulomb interaction (electron-electron). 

:e nV   The attractive Coulomb interaction (electron-nucleus). 

 

Schrödinger’s equation can be written as:  

                 𝐻𝑒𝛹𝑒 = 𝐻𝑒𝛹𝑒                                                                                                  (I.10) 

          

   [−
ℏ2

2
∑

𝛻𝑟𝑖⃗⃗⃗⃗ 
2

𝑚𝑒
𝑖 +

1

8𝜋𝜀0
∑

𝑒2

|𝑟𝑖⃗⃗⃗  −𝑟𝑗⃗⃗  ⃗|
𝑖≠𝑗 −

1

4𝜋𝜀0
∑

𝑒2𝑍𝑖

|𝑟𝑖⃗⃗⃗  −𝑟𝑗⃗⃗  ⃗|
𝑖,𝑗 ]𝛹𝑒 = 𝐻𝑒𝛹𝑒                                           (I.11) 

    Where:  

:eE  Represent the energy of electrons moving in the field created by fixed nuclei. 

This approximation is not sufficient to solve the Schrödinger equation, due to the 

complexity of electron-electron interactions. This is why it is very often coupled with the 

Hartree approximation [12]. So, we have to resort to other approximations. 

I.3. Hartree approximation: 

In 1928, Hartree considered that each electron moves independently in the mean-field 

created by the nuclei and all the other electrons [13]. The Hamiltonian can be written as a 

sum of Hamiltonians, each describing the behavior of a single electron. 
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𝐻 = ∑ 𝐻𝑖𝑖                                                                                                         (I.12) 

With: 

𝐻𝑖 = −
ℏ 2

2𝑚
∆𝑖 + 𝑈𝑖((𝑟𝑖⃗⃗ ) + 𝑉(𝑟𝑖⃗⃗ )                                                                              (I.13)

 

Such as: 

𝑈𝑖(𝑟𝑖⃗⃗ ) = −∑
𝑍𝐾𝑒

2

|𝑟𝑖⃗⃗⃗  −𝑅𝐾
0⃗⃗ ⃗⃗  ⃗|

𝐾                                                                                                         (I.14) 

This is the potential energy of the electron (i) in the field of all the nuclei (k).  

𝑅𝐾
0 : is the fixed position of the cores (k). 

𝑉𝑖(𝑟𝑖⃗⃗ ) =
1

2
∑

𝑍𝐾𝑒
2

|𝑟𝑖⃗⃗⃗  −𝑟𝑗⃗⃗  ⃗|
𝑗                                                                                                        (I.15) 

This is the effective Hartree field. 

The effective potential is the sum of these two contributions: 

𝑉𝑒𝑓𝑓(𝑟 ) = 𝑉𝐻(𝑟 ) + 𝑉𝑁(𝑟 )                                                                                                (I.16) 

𝑉𝐻(𝑟 ): Hartree's potential 

𝑉𝑁(𝑟 ):  The electron-all other nuclei interaction potential 

By introducing the effective potential into Schrödinger's equation. 

We find: 

−
ℏ 2

2𝑚
𝛻2𝛹𝑖(𝑟 ) + 𝑉𝑒𝑓𝑓(𝑟 )𝛹𝑖(𝑟 ) = 𝐸𝑖𝛹𝑖(𝑟 )                                                                        (I.17) 

The wave function of the electron system has the form of a product of the wave functions 

of the electrons, and the energy of this system is equal to the sum of the energies of all the 

electrons [14]. 

𝛹(𝑟1⃗⃗⃗  , 𝑟2⃗⃗  ⃗, ……… , 𝑟𝑛⃗⃗  ⃗) = 𝛹1(𝑟1⃗⃗⃗  )𝛹2(𝑟2⃗⃗  ⃗)………𝛹𝑛(𝑟𝑛⃗⃗  ⃗)                                                         (I.18) 

𝐸 = 𝐸1 + 𝐸2 +⋯……+ 𝐸𝑛                                                                                             (I.19) 
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I.4. Hartree-Fock approximation 

In 1930, Fock demonstrated that the Hartree method does not adhere to the principle of 

anti-symmetry of the wave function. Indeed, according to the Pauli exclusion principle, two 

electrons cannot be simultaneously in the same quantum state [15]. To correct this 

deficiency, Fock proposed applying the Pauli exclusion principle, so the electronic wave 

function is expressed in the form of a Slater determinant [14]: 

 𝛹𝑆𝐷(𝑟1⃗⃗⃗  , … , 𝑟𝑛⃗⃗  ⃗) =
1

√𝑛!
(
𝛹1(𝑥1) ⋯ 𝛹𝑛(𝑥1)
⋮ ⋱ ⋮

𝛹1(𝑥𝑛) ⋯ 𝛹𝑛(𝑥𝑛)
)                                                      (I.20) 

1

!n
: is a normalization factor. 

   The Hartree-Fock equations can be obtained by applying the variational principle to the 

problem of minimizing the total energy to the monoelectronic wave function i . 

  The equations are given in the following forms:  

 [−
ℏ 2

2𝑚𝑒
𝛻⃗ 2 +   𝑉𝑒𝑥𝑡(𝑟 ) + 𝑉𝐻(𝑟 ) + 𝑉𝑋(𝑟 )]𝛹𝑖(𝑟 ) = 𝐸𝛹𝑖(𝑟 )                                              (I.21) 

Where:  

  
( ) :extV r  Represent the attractive interaction between the electron and the nuclei of 

coordinate R . 

   𝑉𝑒𝑥𝑡(𝑟 ) = −∑
𝑍𝑖𝑒

2

|𝑟𝑖⃗⃗⃗  −𝑅′
⃗⃗ ⃗⃗ |

𝑖                                                                                                     (I.22) 

( ) :HV r  is the Hartree potential arising from the repulsive coulomb interaction between an 

electron of coordinate ir  in the mean field of the other electrons of the coordinate jr  . 

𝑉𝐻(𝑟 ) = −∫𝑑𝑟′⃗⃗  ⃗𝜌(𝑟′⃗⃗  ⃗)
1

|𝑟𝑖⃗⃗⃗  −𝑟′
⃗⃗⃗⃗ |

                                                                                          (I.23) 

( ) :XV r  The Fock term is defined by its action on a wave function ( )i r . The Hartree-   

Fock equations differ from the Hartree equations by the exchange term: 

𝑉𝑋(𝑟 )𝛹(𝑟) = ∑ ∫𝑑𝑟
𝛹𝑗
∗(𝑟′)𝛹𝑖

∗(𝑟′)

(𝑟 −𝑟′⃗⃗⃗⃗ )
𝑖≠𝑗 𝛹𝑗(𝑟)                                                                        (I.24) 

This Hartree-Fock approximation leads to good results, particularly in molecular physics. 

In the case of a metal, this method leads to results that contradict experience [16]. We find 
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that the density of states of a metal is zero at the Fermi surface, which is in total 

contradiction with this observation highlighting an important physical phenomenon that is 

neglected in the Hartree-Fock theory: electronic correlation. However, there is a modern and 

certainly more powerful method, which is density functional theory (DFT). 

I.5. Density Functional Theory 

This method is based on the postulate proposed by Tomas [17] and Fermi [18], The 

method proposed by Thomas and Fermi demonstrated how DFT works, but was not precise 

enough to be applied to modern electronic structure calculations. They proposed a method in 

which the kinetic energy is expressed as a function of electron density and takes into account 

electron-electron interactions through the mean-field potential. Their approach is similar to 

that proposed by Hartree and Fock, but their approach ignores exchange correlations. Dirac 

proposed a local approximation of commutation, which is still used today but does not 

significantly improve the method. Today, Hohenberg, Kohn, and Sham proposed and 

developed the modern DFT formulation, which uses particle density as a fundamental 

variable to describe any type of many-electron system. In other words, we can say that 

modern DFT is based on the Hohenberg and Kohn theorems [19]. 

I.5.1-Hohenberg-Kohn Theorems 

I.5.1-1-First Theorem 

Hohenberg and Kohn’s first theorem states that the external potential is a unique function 

of the ground-state electron density, which means that any ground-state configuration of 

electrons is uniquely determined by the external potential [20]. 

 

             
𝜕𝐸[𝜌(𝑟 )]

𝜕𝜌(𝑟 )
|
𝜌(𝑟 )−𝜌0(𝑟 )

= 0                                                                                       (I.25) 

The Hohenberg-Kohn theorem doesn't specify the form of the universal functional

 ( )E r , a key component in density functional theory. Nonetheless, it asserts the 

universality of this functional  ( )E r   across systems with multiple electrons. Once the 

functional  ( )E r  is determined, applying the principle to a given external potential 

becomes relatively straightforward [21]. 

I.5.2-2-Second Theorem 

This theory proves the existence of a universal function, denoted E(ρ), which represents 

energy in terms of electron density ( )r , this function is generally applicable to any 
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external potential 
extV . For a given potential 

extV  and number of electrons N, the ground 

state energy of the system is the value that minimizes this functional, and the density ( )r  

associated with it corresponds to the exact density 0 ( )r  of the ground state. Consequently, 

the ground state electron density uniquely determines the external potential extV  (r), up to 

some constant [21]. 

 

    

 
𝜕𝐸[𝜌(𝑟)]

𝜕𝜌(𝑟)
|
𝜌−𝜌0

= 0 => 𝐸(𝜌0) = 𝑀𝑖𝑛𝐸(𝜌)                                           (I.26) 

0  : the density of the ground state. 

   

  Hence, the total energy functional of the ground state is written as follows:  

                       ( ) ( ) ( ) ( )HK extE r F r V r r dr                                                                   (I.27) 

 ( )HKF r  : The universal functional of Hohenberg and Kohn for any system has several 

electrons. 

( )extV r  :is the external potential acting on these particles. 

                        ( ) ( ) ( )HK e e eF r T r V r                                                                     (I.28)        

With:  

   ( )r  : the density functional for kinetic energy. 

 ( )e eV r  : the density functional for electron-electron interaction. 

The Hohenberg-Kohn theorem offers a method for determining the electron-nucleus 

interaction based on the electron density. However, directly calculating the kinetic energy and 

the electron-electron interaction potential from the electron density is not feasible due to the 

unknown structure of the energy functional [20]. This inconvenient of the unknown form of 

the functional  ( )HKF r  in the Hohenberg-Kohn theorem ca be resolved by using the Kohn-

Sham approximation. 

I.5.2- Kohn-Sham’s equations 

The Kohn-Sham theory [6] is based on the hypothesis that it is possible to reproduce the 

density of the fundamental state of a system of N interacting particles by an auxiliary system 

made up of independent particles The real system made up of interacting electrons is replaced 

by a set of fictitious and independent particles evolving in an effective potential All the N-
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body interactions being contained in an exchange and correlation functional depending on the 

electron density given by: 

                              
2

( ) ( )
n

i

i

r r                                                                        (I.29) 

The ground state energy and density of a system of interacting electrons can be obtained 

using the variational principle. The energetic functional is then written by the following: 

              0( ) ( ) ( ) ( ) ( )
extV H XC extE r T r V r V r V r                                               (I.30) 

Hence:  

0T  : the kinetic energy of the system without interaction. 

HV  : the Hartree term (the classical Coulomb interaction between electrons). 

XCV  : the term that refers to the effects of exchange and correlation. 

extV  : includes the colombic interaction of electrons with nuclei and nuclei with each other. 

The Hartree limit and the kinetic energy limit are crucial in describing the states of free 

electrons and are essential in the treatment of electron interactions. The difference between the 

true kinetic energy and the energy of non-interacting electrons, as well as the difference 

between the true interaction energy and the Hartree energy, is taken into account in the 

exchange energy and binding energy. The Hartree-Fock approximation stands out as one of the 

primary ways to treat the kinetic energy of electrons. The Kohn-Sham equations include the 

non-interacting kinetic energy, the long-range Hartree term, the external potential, and the 

cross-correlation energy. Thus, the Schrödinger equation can be expressed as follows [21]. 

2
2 ( ( )) ( ( )) ( ( )) ( ) ( )

2
i H XC ext i i i

e

V r V r V r r E r
m

  
 
        
 

                                 (I.30)   

The exchange and correlation potential of the Kohn-Sham density-functional is given by 

the derived functional: 

          ( )
( )

XC
XC

E
V r

r





                                                                                             (I.31)   

The Kohn-Sham equation is a non-interacting Schrödinger equation of a fictitious system 

of non-interacting particles that generate the same density as a real system of interacting 

electrons. The Kohn-Sham equation is defined by a local effective external potential in which 

the non-interacting particles move, typically denoted as ( )effV r , which is the summation of 

the three terms ( ), ( )H extV r V r  and ( )XCV r  : 

                 ( ) ( ) ( ) ( )eff H ext XCV r V r V r V r                                                                        (I.32)   
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Then the Kohn-Sham equation is as follows:  

         
2

2 ( ) ( ) ( )
2

i eff i i i

e

V r r E r
m

 
      
 

                                                                     (I.33) 

I.6. Self-Consistent Procedure 

The self-consistent cycle involves the solving of the equation (I.33) iteratively. The 

procedure starts by defining the initial electron density 
in  (which is usually constructed from 

a superposition of atomic densities 
in cristal at

at

    ) [22], after assuming the initial 

electron density, the next step is to diagonalize the secular equation: 

                     ( ) 0i iH E S C                                                                                  (I.34) 

Where: 

H  : is the Hamiltonian matrix. 

S  : represents the recovery matrix. 

Then we get the solution of new density out , if the calculations do not converge, the 

charge densities in  and out  are mixed as follows: 

               
1 (1 )i i i

in in out                                                                                (I.35) 

i  : represents the (i-th) iteration. 

  : mixing parameter. 

The iterative procedure is continued until convergence is achieved, which can be tested 

on energy and/or loads. The self-consistent procedure is illustrated in the general scheme in 

Figure (I.1). 
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Figure (I.1): A general self-consistent scheme of Density Functional Theory. 

 

I.7. The different types of functionalities 

As we have seen, all energy terms and associated potentials can be evaluated, except for 

the exchange and correlation terms, which is the main difficulty in DFT. There are many 

approximations for the cross-correlation function. Four classes of functions are available. 

 

Solve for 
( )i r

and evaluate 

( )r , and the total energy: 

  

 
2

( ) ( ) ( )i tot

i

r r E r   
 

 

Solve the Kohn-Sham equations 

 

Use ( )r  to calculate ( )effV r  

 

Initial Guess of 
( )in r

 

 

    No 

 

calculating physical 

properties 

 

Yes 

 
1 (1 )i i i

in in out      

 

Converged 
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I.7.1- Local Density Approximations LDA 

Local Density Approximation (LDA) [23] considers the exchange and correlation potential 

to be a local quantity, defined at a point 𝑟 , which depends only slightly on variations in density 

around this point 𝑟  [24,25]. Thus, at a point r to which corresponds a density 𝜌(𝑟 ) it will be 

associated with an exchange and correlation potential comparable to that of a homogeneous 

gas of electrons of the same density 𝜌(𝑟 ) the exchange and correlation energy  ( )LDA

XCE r  

is then expressed as follows: 

               3( ) ( ) ( )LDA LDA

XC XCE r r r d r                                                                            (I.36) 

 Where  ( )LDA

XCE r represents the exchange-correlation energy for a homogeneous gas of 

electrons of density  . 

the corresponding exchange-correlation potential is: 

         
 ( ( ) ( ) )

( )
( )

LDA

XCLDA

XC

r r
V r

r

   


                                                                                   (I.37)    

   Finally, the term  ( )LDA

XCE r of the relation (I.36) can be approximated by a sum of two 

contributions, so: 

              ( ) ( ) ( )LDA LDA LDA

XC X CE r r r                                                                           (I.38)           

 ( )LDA

X r   : functional exchange. 

 ( )LDA

C r   : correlation functional.              

  Or the exchange term, the so-called "Dirac exchange term" is given by: 

            

1

33 3
( ) ( )

4

LDA

XC r r  


 
   

 
                                                                                    (I.39)    

 

 

I.7.2- Generalized Gradient Approximations GGA 

The Generalized Gradient Approximation (GGA) is a form of exchange-correlation 

functional designed to enhance the accuracy of electronic-structure calculations beyond 

what's achieved by the Local Density Approximation (LDA). By incorporating the non-

uniform nature of the electron gas, GGA modifies the exchange-correlation energy function 

to depend not just on electron density but also on its gradient [26]. 

Then we can write the exchange-correlation energy as: 
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            3( ) ( ) ( ). ( )GGA

XC XCE r r r r d r                                                                      (I.40)   

 ( ). ( )XC r r    : represents the exchange-correlation energy by an electron in a system of 

electrons mutual interaction of non-uniform density.    

 

I.7.3- Modified Becke-Johnson (mBJ) approximation  

A new version of exchange potential first proposed by Becke and Johnson (2006) [27], 

was recently published by Tran and Blaha. This is the mBJ (modified Becke Johnson) 

functional (also known as the TB potential: Tran-Blaha) which has been implemented in the 

latest version of the Wien2k ab-initio code. 

The latter quickly proved its efficiency compared with the most commonly used 

calculation modes, such as LDA [6] and GGA [27]. In their article published on 3 June 2009 

in the journal Physical Review Letters, Tran and Blaha propose a modified version of Becke 

and Johnson's function [28]. 

                    𝑉𝑋𝜎
𝑚𝐵𝐽 (𝑟) = 𝑐𝑉𝑋𝜎

𝐵𝑅(𝑟) + (3𝑐 − 2)
1

𝜋
√
5

12
√
2𝑡𝜎(𝑟)

𝜌𝜎
                                               (I.41) 

With: 

𝜌𝜎(𝑟) = ∑ (𝛻𝛹𝑖𝜎
∗ (𝑟))

2𝑛𝜎
𝑖=1  : Electron density. 

𝑡𝜎(𝑟) =
1

2
∑ 𝛻𝛹𝑖𝜎

∗ (𝑟)𝛻𝛹𝑖𝜎(𝑟)
𝑛𝜎
𝑖=1  : The density of kinetic energy. 

𝑉𝑋𝜎
𝐵𝑅(𝑟) =

1

𝑏𝜎(𝑟)
[1 − 𝑒−𝑥𝜎(𝑟) −

1

2
𝑥𝜎(𝑟)𝑒

−𝑥𝜎(𝑟)] : is the Becke-Roussel (BR) potential [Becke 

(1989)] which was proposed to minimize the coulomb potential. The index 𝜎 is the spin 

notation spin notation. 

The term 𝑥𝜎 was determined from 𝜌𝜎(𝑟), 𝛻𝜌𝜎(𝑟), ∇2𝜌𝜎(𝑟)  and  𝑡𝜎(𝑟) While the term  𝑏𝜎(𝑟) 

was calculated using the following relation: 

                                            𝑏𝜎(𝑟) = (
𝑋𝜎
3(𝑟)𝑒−𝑥𝜎(𝑟)

8𝜋𝜌𝜎(𝑟)
)

1

3
                                                              (I.42) 

The Becke-Roussel potential proposed here is approximately equivalent to the potential used 

in Beck and Johnson [28]. The main change is in the appearance of the appearance of 
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parameter c in the functional formula. Note that if we take c=1 we fall back on the Becke 

and Johnson functional [28]. This parameter was chosen to depend linearly on the square 

root of the mean 
|𝛻𝜌𝜎(𝑟)|

𝜌𝜎(𝑟)
 

The proposed form for c is as follows: 

                             𝑐 = 𝛼 + 𝛽 (
1

𝑉𝑐𝑒𝑙𝑙
∫
| 𝛻𝜌𝜎(𝑟

′)|

𝜌𝜎(𝑟′)
𝑑3𝑟′)

1

2
                                                       (I.43) 

𝛼  and 𝛽are two free parameters. 

𝑉𝑐𝑒𝑙𝑙   : The volume of the system's unit cell. 

𝛼 = −0.012 Dimensionless. 

𝛽 = 1.023 𝑏𝑜ℎ𝑟
1
2⁄   

I.7.4- The EV-GGA approximation 

It is well known that LDA and GGA underestimate energy gaps. This is mainly due to the 

fact that they have simple forms that are not flexible enough to obtain the exact shape of the 

exchange-correlation potential. Engel and Vosko, considering this deficit, constructed a new 

form of the GGA functional designed to provide a better exchange-correlation potential. 

This approach, called EV-GGA aims to address this issue [29], It provides a better gap and 

some other properties that depend mainly on the accuracy of the exchange-correlation 

potential. However, in this method, quantities that depend on an exact description of the 

exchange energy 𝐸𝑥𝑐, such as the equilibrium volume and the bulk modulus, disagree with 

experiment. In general, the exchange-correlation energy is defined in the GGA 

approximation as: 

                                  𝐸𝑋𝐶
𝐺𝐺𝐴[𝜌, 𝛻𝛽𝜌] = ∫ 𝜀𝑋𝐶[𝜌(𝑟 ), 𝛻𝜌(𝑟 )] 𝜌(𝑟 )𝑑

3𝑟                                         (I.44) 

I.8. The Augmented Plane Wave (APW) Method 

In 1937, Slater [30] proposed using augmented plane waves (APW) as a basis to solve the 

Schrödinger equation for a single electron, which corresponds to the Kohn-Sham equation 

based on DFT. The APW method is based on the "Muffin-tin" approximation to describe the 

crystalline potential. According to this approximation, the unit cell is divided into two regions: 
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      ● Inside the sphere of radius 
MTR , we have a base constituted by a linear combination of 

the radial of radial functions multiplied by spherical harmonics. 

      ●   An interstitial region delineating the residual space not occupied by the spheres (fig. 

I.1), in which two appropriate categories of basis are used: 

  1. Radial functions multiplied by spherical harmonics inside the atomic "Muffin-tin" spheres 

(region I). 

  2. Plane waves for the interstitial region (region II), namely: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (I.2): Representation of the partition of space according to the Muffin-Tin 

approximation. 
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  The wave function ( )r  is then of the form:  

( )r {

( )

1/2

1 i G K r

GG
C e 


             𝒓 > MTR

( ) ( )lm l lmlm
A U r Y r           𝒓 < MTR

                                                                    (I.45)  

  

 Where:  

MTR  : The radius of the sphere. 

  : The volume of the unit cell. 

,lm GA C  : The development coefficients. 

lmY  : The spherical harmonics. 

( )lU r  : is the regular solution of the Schrödinger equation for the radial part given by: 

2

2 2

( 1)
( ) ( ) 0l

d l l
V r E rU r

dr r

 
     
 

                                                                            (I.46)   

   Hence:  

( )V r  : represents the Muffin-Tin potential, it is the spherical component of the potential in the 

sphere. 

lE  : is the linearization energy. 

   In the muffin-tin approximation, the radial functions defined by (I.45) are orthogonal to any 

eigenstate of the core. However, this orthogonality disappears in the sphere boundary [31], as 

shown by the following Schrödinger equation: 

              

2 2

1 2
2 1 1 2 2 12 2

( )
d rU d rU

E E rU U U U
dr dr

                                                                 (I.47)   

Where 1U and 2U are the radial solutions for the energies 1E and 2E . 

     In this method, Slater made a particular choice for the wave functions, he shows that plane 

waves are the solutions of the Schrödinger equation in a constant potential. Whereas, the radial 

functions are the solution in the case of the spherical potential. Therefore, it proves that lE is 

equal to the eigenvalue E. This approximation is very good for materials with face-centred 

cubic structure, and less satisfactory with the decrease of symmetry of the material. 

     To ensure the continuity of the function Φ(r) on the surface of the MT sphere, the 

coefficients lmA  have to be developed in terms of the coefficients GC of the existing plane 

waves in the interstitial regions. Thus, after some algebraic calculations, we find that: 
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*

1/2

4
( ) ( )

( )

l

i
lm G l lmG

l

A C J k g R Y K G
U R






  


                                                  (I.48)   

     In the APW method, the origin is taken to be the center of the sphere, and the coefficients 

lmA are determined from those of the GC plane waves. The energy parameters lE are referred 

to as the variational coefficients of the APW method. The individual functions labeled by G 

are made compatible with the radial functions in the spheres, resulting in augmented plane 

waves (APW). The APW functions are solutions of the Schrodinger equation in spheres, but 

only for the energy lE . Therefore, the energy lE must be equal to that of the index band G. 

This means that the energy bands (for a point k) cannot be obtained by a simple 

diagonalization, and it is necessary to treat the secular determinant as a function of the energy. 

The (APW) method, as constructed, presents some difficulties related to the function ( )lU R  

appearing in the denominator of equation (I.47). Indeed, depending on the value of the 

parameter lE , ( )lU R  can become zero at the surface of the MT sphere, resulting in a 

separation of radial functions from plane wave functions. To overcome this issue, several 

modifications to the (APW) method have been proposed, notably those suggested by Koelling 

[32] and Andersen [33].  

I.9. Principle of LAPW Method 

     The LAPW method is among the most accurate methods for performing electronic 

structure calculations for crystals. As previously mentioned, the LAPW method is an 

improvement of the APW method developed by Andersen, Koelling, and Arbman based on 

Marcus' idea. The APW method uses the muffin-tin potential description, and the augmenting 

function corresponds to the exact muffin-tin potential eigenstate of eigenenergy. The LAPW 

method is a modification of the APW method that linearizes the basic functions inside the 

muffin-tin, leading to a better description of the eigenstate and a smaller basis set size to reach 

the same accuracy [34,35]. 

In the LAPW method, the fundamental functions within the Muffin-Tin (MT) are constructed 

as linear combinations of radial functions ( )l lmU r Y and their derivatives '( )l lmU r Y  with 

respect to energy. These functions adhere to the definition outlined in equation (I.46) of the 

APW method. Additionally, the ( )l lmU r Y  function must satisfy the condition of having both 

zero value and zero slope at the MT boundary, while also being normalized: 

            

2

2 2

( 1)
( ) ' ( ) 0l l

d l l
V r E rU r

dr r

 
     
 

                                                             (I.49)   
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   The radial functions ' ( )lU r and ( )lU r ensure continuity with plane waves at the surface of 

the Muffin-Tin (MT) sphere. The basic functions of the LAPW method have an explicit form: 

   ( )r ={

( )

1/2

1 i G K r

GG
C e 


                                                          𝑟 > MTR    

 0 0( , ) ' ( , ) ( )lm l lm l lmlm
A U r E B U r E Y r             𝑟 < MTR

                       (I.50) 

   

The coefficients lmB  correspond to the function ' ( )lU r  and share the same characteristics as 

the coefficients lmA . Within the LAPW method, the linearization energy lE is utilized, and the 

coefficients lmA  are determined to ensure the continuity of the potential at the surface of the 

"Muffin-Tin" (MT) sphere. Unlike the APW method, the LAPW method offers greater 

flexibility because the radial function can be obtained through a Taylor expansion for any 

linearization energy that deviates only slightly from the actual eigenenergy [36]. 

where the function ( )lU r be developed as a function of derivative ' ( )lU r  and energy lE  : 

 
2

0 0 0( , ) ( , ) ( ) ' ( , ) 0(( ) )l l l lU r E U r E E E U r E E E                                                     (I.51) 

 

Where:  

0' ( , ) l
l

dU
U r E

dE
    

And 
2

00(( ) )E E  : Represents the energy squared error. 

The LAPW method ensures continuity of the wave function at the surface of the Muffin-Tin 

(MT) sphere, albeit with a reduction in accuracy compared to the APW method. This method 

introduces errors in the wave functions on the order of 
2

0( )E E and in the band energies on 

the order of 
4

0( )E E . Despite these errors, LAPW functions serve as a reliable basis for 

capturing all valence bands across a wide energy range using a single value of lE . However, 

if lU  is zero at the sphere's surface, its derivative 'lU   will be non-zero. 

I.10. The roles of linearization energies 

To obtain accurate results, it is essential to choose the energy parameter lE  at the center of the 

energy spectrum band. As previously mentioned, errors in both the wave function and band 

energies are on the order of 
2

0( )E E and 
4

0( )E E  respectively. When the energy parameter 

lE  equals the eigenvalue lE the LAPW method reduces to the APW method. Optimizing the 
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selection of this parameter 
lE  involves computing the total energy of the system for several 

lE values and selecting the parameter that yields the lowest energy [37]. 

 

The condition of orthogonality of augmented functions ( ) ( )l lmU r Y r and ' ( ) ( )l lmU r Y r  to the 

states of the core is only fulfilled if these core states have the same energy parameter lE . 

Thus, the LAPW method depends on the choice of lE . The overlap between the core states 

and the LAPW bases leads to the appearance of spurious core states, known as ghost bands 

[38]. 

 

I.11. Development in local orbitals 

The goal of the LAPW method is to obtain accurate band energies in the vicinity of the 

linearization energies E [39]. In most materials, it is sufficient to choose these energies in 

the vicinity of the band center. However, this is not always possible, and there are materials 

for which choosing a single value of El is not sufficient to compute all energy bands. This is 

the case for materials with 4f orbitals [40,38] and transition metals [40,41]. 

To achieve accurate band energies near the linearization energies, employing multiple 

energy windows or utilizing a local orbitals expansion can be effective, as illustrated in 

Figure (I.3). The utilization of multiple energy windows becomes necessary when a single 

value of lE  is inadequate for computing all band energies, particularly in materials 

containing 4f orbitals and transition metals [42]. 
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Figure (I.3): Multiple energy windows. 

I.11.1- LAPW+lo method 

The development of the LAPW method in local orbital basis involves modifying the base 

orbitals to avoid the use of multiple energy windows, by employing a third category of basis 

functions. The principle is to handle all bands from a single energy window. Singh [43] 

provided these orbitals, denoted as "LO," in the form of a linear combination of two radial 

functions corresponding to two different energies, along with the derivative with respect to 

energy of one of these functions. 

( )r {
0                                                                                     r > MTR

 ( , ) '( , ) ( , ) ( )lm l l lm l lm l l lmA U r E B U r E C U r E Y r          r < MTR
                       (I.52) 

   Where the lmC  coefficients are of the same nature as the lmA  and lmB  coefficients 

defined above. 

   Where the lmC  coefficients are of the same nature as the previously defined lmA  and 

lmB  coefficients. A local orbital is defined for a given l and m, as well as for a given atom 

(in the unit cell, all atoms are considered, not just the inequivalent ones). These local orbitals 

can also be used beyond the treatment of core states to improve the basis with respect to the 

conduction bands. This enhancement of the LAPW method is behind the success of the 

linearization method based on the LAPW method, as it extends this original method to a 

much broader category of compounds. 
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I.11.2- APW+lo method 

 

    An "APW+lo" base is defined by the combination of the following two types of wave 

functions: 

 APW plane waves with a set of fixed lE energies: 

( )r {

( )

1/2

1 i G K r

GG
C e 


                r > MTR           

( ) ( )lm l lmlm
A U r Y r            r < MTR              

                                                       (I.53) 

 Local orbitals different from those of the LAPW+LO method defined by: 

( )r {
0                                                                                           𝒓 > MTR

 ( , ) ' ( , ) ( )lm l l lm l l lmA U r E B U r E Y r                     𝒓 > MTR
                             (I.54) 

 

In computations, a combined LAPW and APW+lo approach can be applied to various atoms, 

and even for differing quantum numbers. The APW+lo approach is commonly employed to 

characterize orbitals that converge less rapidly with the plane wave number, such as the 3d 

states of transition metals or atoms with small sphere sizes. Meanwhile, LAPW is utilized for 

the remaining atoms. Both LAPW and APW+lo techniques can be utilized concurrently within 

the full potential augmented plane wave method [44]. 

I.12. FP-LAPW method 

I.12.1- Principle of the FP-LAPW method  

In the Full Potential Linearized Augmented Plane Waves method (Full Potential Linearized 

Augmented Plane Waves : FP-LAPW) [38] No approximation is made for the shape of the 

potential or charge density. Instead, they are expanded into lattice harmonics within each 

atomic sphere and Fourier series in interstitial regions. This is the origin of the name « Full-

Potential » This method ensures the continuity of the potential at the surface of the sphere 

(MT) and develops it in the following form: 

 

( )V r {
( ) ( )lm lmlm

v r Y r       𝒊𝒏𝒔𝒊𝒅𝒆 𝒕𝒉𝒆 𝒔𝒑𝒉𝒆𝒓𝒆

ikr

kk
v e                  𝒐𝒖𝒕𝒔𝒊𝒅𝒆 𝒕𝒉𝒆 𝒔𝒑𝒉𝒆𝒓𝒆 

                                                          (I.55) 

 

 

 



CHAPTER I   Calculation approach: DFT and FP-LAPW 

 

 

 25 

I.12.2- Some advantages of the FP-LAPW method over the APW method 

       The Full Potential Linearized Augmented Plane Wave (FP-LAPW) method offers several 

advantages over the Augmented Plane Wave (APW) method. It allows for precise calculations 

of electronic and magnetic properties of materials, incorporating spin-orbit coupling effects 

and treating d bands, which the APW method cannot handle. Moreover, the FP-LAPW 

method exhibits greater accuracy, particularly for systems with extensive core states. Another 

notable advantage is that it eliminates the need for pseudopotentials, thereby avoiding 

potential errors in the calculation process [45]. 

I.13. WIEN2k calculation code 

WIEN2k is a Fortran-based computer program designed for conducting quantum mechanical 

computations on periodic solids. It employs the Full-Potential Linearized Augmented Plane 

Wave and Local-Orbitals method [FP-LAPW+lo] to solve the Kohn-Sham equations within 

density functional theory [44]. The Wien2 code was developed at the Institute of Materials 

Chemistry at the Technical University of Vienna (Austria) by Blaha and his colleagues [46]. It 

was first distributed in versions of the original WIEN code that have been developed 

(WIEN93, WIEN95, WIEN97, and WIEN2k). After its initial release, WIEN2k has undergone 

several updates, including WIEN93, WIEN97, and WIEN2K. The most recent version, 

WIEN2k_21.1, was launched on April 14, 2021. WIEN2k is extensively utilized for solid-

state computations and has been licensed by over 3400 user groups, accruing approximately 

16000 citations on Google Scholar [47]. 

 The different programs in WIEN2k and their flow are illustrated in Figure (I.4). The 

first step in the calculation process is initialization, which involves running a series of small 

auxiliary programs that produce inputs for the main programs. 

 

NN: calculates the nearest neighbors up to a specified distance and thus helps to determine the 

atomic sphere radius. 

LSTART: generates atomic densities (see section 6.4) and determines how the orbitals are 

treated in the band structure calculations (i.e., as core or band states, with or without local 

orbitals). 

SYMMETRY: generates from a raw case. Struct file the space group symmetry operations, 

determines the point group of the individual atomic sites. 

KGEN: generates a k-mesh in the Brillouin zone (BZ). 

DSTART: generates a starting density for the SCF cycle by superposition of atomic densities 

generated in lstart. 
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LAPW0: (POTENTIAL) generates potential from density 

LAPW1: (BANDS) calculates valence bands (eigenvalues and eigenvectors). 

LAPW2: (RHO) computes valence densities from eigenvectors. 

LCORE: computes core states and densities. 

MIXER: mixes input and output densities. 
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Figure (I.4): The Wien2k code program flowchart. 
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II.1. Introduction 

Nanomaterials science is a branch of science and technology that studies the properties and 

applications of nanomaterials. It has been one of the fastest-growing fields in applied 

science and technology in the last decade. Nanomaterials science investigates the 

mechanical, chemical, and physical properties of nanoscale materials and, subsequently, 

methods to prepare and fabricate them on a very fine scale to optimize cost and increase the 

speed of information transfer and storage. Nanomaterials are used in the development of 

precision medicines and medical treatments, in improving the efficiency of solar cells and 

atomic storage technologies, and even in the manufacture of lightweight and strong 

materials for airplanes and spacecraft. Given the rapid development of the field, 

nanomaterials science is a vital and interesting field for researchers and engineers alike, 

opening new doors for innovation and technology development in a wide range of 

applications. 

II.2. Definitions 

Nanomaterials are substances that are, or have been, reduced in size to the range from 1 nm to 

~ 100 nm (i.e. 1 to ~ 100 nanometers, or 1 to ~ 100 × 10-9 meters) [1]. The length scale shown 

in Figure (II.1) provides a frame of reference for the reader. 

 

 

Figure (II.1): Nanomaterials size range [2]. 

       This size range is said to be intermediate between molecules and bulk matter 

in all aspects. More concretely, compared to bulk materials, nanomaterials 

exhibit different and useful physicochemical properties attributed fully to 

their small sizes. Due to confinement effects and increased surface-to-volume 
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ratios in nanostructures, for example, their melting point, chemical reactivity, 

catalytic activities, optical properties, fluorescence, magnetic susceptibility and 

conductivity all change with size [3-4]. 

II.3. Types and classification of nanomaterials 

Nanomaterials can be classified based on their four material-based categories or by their 

dimension levels [5], as illustrated in Figure (II.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (II.2): Schematic diagram showed the basic classification of nanomaterials. 
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II.3.1- Classification of nanomaterials based on their materials 

      Nanomaterials can be classified based on their materials into different categories. The 

most common classification includes: Carbon-based nanomaterials, Inorganic-based 

materials, Organic-based materials, and Composite-based nanomaterials [6]. 

II.3.1-1-Carbon-based Nanomaterials 

Carbon-based nanomaterials such as fullerenes ( 60C ), carbon nanotubes (CNTs), carbon 

nanofibers, carbon black, and graphene (Gr) are found in various morphologies, such as 

hollow tubes, ellipsoids, or spheres [7]. These materials are produced through methods such 

as laser ablation, arc discharge, and chemical vapor deposition. Carbon nanomaterials 

exhibit distinct physical and chemical properties compared to bulk materials, offering 

diverse applications in various fields [8]. 

II.3.1-1- a. Fullerenes 

Fullerenes are a type of carbon allotropes with molecules consisting of carbon atoms 

connected by single and double bonds to form a closed or partially closed cage-like structure. 

They are made up of 12 pentagonal and varying numbers of hexagonal faces, often forming a 

roughly spherical shape known as a "buckyball" [9]. Fullerenes exhibit diverse shapes and 

sizes, showing stability while retaining a degree of reactivity. Their unconventional 

reactivity makes them a unique participant in organic reactions, which have diverse 

applications due to their distinctive properties. [10]. Figure (II.3).  

 

 

 

Figure (II.3): Types of Fullerenes [10]. 
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 II.3.1-1-b. Carbon nanotubes (CNTs) 

Carbon nanotubes (CNT) are the fundamental building blocks of nanotechnology. 

Nanotechnology heavily relies on carbon, which has an atomic number of six. While 

researching the graphite electrode surface used in electric arc discharge, Iijima unintentionally 

discovered them. This unintentional discovery laid the groundwork for the exciting field of 

nanotechnology and launched a new direction in carbon research. A carbon nanotube (CNT) is 

a hexagonal array of carbon atoms rolled up into a long, thin, hollow cylinder known for its 

size, shape, and extraordinary physical properties. They can be chemically and physically 

manipulated in material science, electronics, energy management, biomedical applications, 

and many other fields [11]. They can be single-walled (SWCNT) with a diameter of less than 

1 nanometer (nm) or multi-walled (MWCNT) with diameters greater than 100 nm. Their 

length can range from a few micrometers to several millimeters [11]. Wherein: 

1. Single-walled nanotubes (SWNTs) in which we can observe three possible classes, named: 

Zigzag, Chiral, and Armchair [12], and 

2. Multi-walled carbon nanotubes (MWNTs). 

To describe these nanotubes, the chiral vector (Ch) defines the unit cell, which is defined as the 

circumference of the surface of the tube. The chiral vector is given by [13]: 

                                       1 2Ch na ma                                                                             (II.1) 

Where: 

 1a  and 2a  : are unit vectors in the two-dimensional hexagonal lattice. 

 n and m  : are integers.  

 

The chiral index or chirality is determined by the pair of integers (n, m). The chiral angle (θ) can 

be obtained from the relation [13]: 

                                                       
3

tan
2

m

n m
 


                                                                                        (II.2) 

Therefore, the three types of CNTs can be determined by the chiral angle and chirality indices, 

which their values are [13]: 

 Zigzag if (m =0 or n=0, θ = 30°). 

 Armchair if (n =m, θ = 0°). 

 Chiral if (0 < |m| < n, 0 < θ < 30◦). 
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Figure (II.4): Structural classification of single-walled carbon nanotubes [14]. 

 

II.3.1-1-c. Carbon nanofibers 

Graphene nanofoils utilized in carbon nanofiber manufacturing possess a distinct structure 

from carbon nanotubes (CNTs), despite being composed of the same graphene material. In 

contrast to the cylindrical tubes of CNTs, the graphene molecules in nanofoils are arranged 

in a conical or cup-like configuration. They are typically produced through the chemical 

vapor decomposition of hydrocarbon feedstock on a metallic catalyst, with diameters 

ranging from 50-200 nm and lengths up to around 100 μm [15,16]. 

II.3.1-1-d. Carbon black 

Carbon black is a form of amorphous nanomaterial consisting of carbon atoms arranged in 

spherical shapes, typically ranging from 20 to 70 nm in diameter. The strong particle-particle 

interaction of carbon black leads to their aggregation, forming clusters with sizes around 500 

nm [17]. 
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II.3.1-1-e. Graphene 

Graphene is a two-dimensional material composed of a single layer of carbon atoms arranged 

in hexagons resembling a honeycomb structure. It is considered the first and simplest example 

of a two-dimensional crystal, exhibiting unique properties due to its two-dimensional nature.  

has significant potential for various applications in electronics, touch screens, thermal 

management, and biological studies. Graphene science and technology have advanced fast 

since its discovery in 2004, with ongoing research focusing on industrial-scale production 

methods to unlock its full potential [18]. Graphene can be wrapped up into zero-dimensional 

(0D) fullerenes, rolled into one-dimensional (1D) nanotubes, or stacked into three-dimensional 

(3D) graphite [19], as depicted in Figure (II.5): 

 

 

. 

Figure (II.5): Graphene similar structures [19]. 

II.3.1-2-Inorganic-based Nanomaterials 

Metals like Ag, Au, and Fe, along with metal oxides such as TiO2, ZnO, and MnO2, can 

indeed be synthesized into nanomaterials. Furthermore, semiconductor nanomaterials can be 

synthesized from silicon and ceramic materials. These processes involve advanced techniques 

to create nanoparticles with unique properties suitable for various applications in fields like 

medicine, energy, and biotechnology [20]. 
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II.3.1-3-Organic-based Nanomaterials 

Organic-based nanomaterials are synthesized through self-assembly or transformation from 

organic matter into the desired structure. These nanomaterials, composed of organic matter 

other than carbon and inorganic material, rely on noncovalent weak interactions for their 

formation [21]. 

 II.3.1-4-Composite-based Nanomaterials 

Composite nanomaterials are composed of one or more layers of nanoparticles integrated with 

other types of nanoparticles, bulk materials, or intricate substances such as metal frameworks. 

These composites encompass a diverse range of materials including metals, ceramics, 

organics, inorganics, carbon-based compounds, and bulk polymers. The structures and 

configurations of these materials vary depending on the synthesis method employed and the 

specific properties needed for their intended applications [22,23]. 

II.3.2- Classification of nanomaterials based on their dimensions 

Siegel categorized nanomaterials into four groups: zero-dimensional, one-dimensional, two-

dimensional, and three-dimensional nanostructures. This classification is determined by the 

number of dimensions that are not restricted to the nanoscale range [24].  

II.3.2-1- Zero-Dimensional materials 

Zero-dimensional nanoparticles are nanomaterials characterized by all dimensions falling 

within the nanoscale range, meaning none of their dimensions exceed 100 nm. These 

nanoparticles are essentially point-like particles, incredibly small in size. They represent the 

most prevalent type of nanomaterials. Examples of zero-dimensional nanoparticles include 

quantum dots, hollow spheres, and nano lenses. The classification of nanomaterials according 

to their dimensionality divides them into nanoparticles, nanotubes, and nanofilms [25]. 

II.3.2-2- One-Dimensional materials 

One-dimensional nanoparticles are a class of nanomaterials defined by having at least one 

dimension larger than the nanoscale, while the remaining dimensions fall within the nanoscale 

range. Common examples of one-dimensional nanoparticles include nanofibers, nanotubes, 

and nanorods. Nanotubes, nanorods, and nanowires exemplify one-dimensional structured 

materials that are within the nanoscale in two dimensions [26,27]. 
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 II.3.2-3- Two-Dimension materials 

Two-dimensional nanomaterials are defined by having two dimensions larger than the 

nanoscale (100 nm), while the remaining dimension falls within the nanoscale range. Common 

examples of this category include nanofilms, nanolayers, and nanocoating. These 

nanomaterials typically exhibit plate-like structures, such as graphene. Nanosheets or 

nanolayers are considered nano-objects, as they are nanoscale in only one dimension [28]. 

II.3.2-4- Three-Dimensional materials 

Three-dimensional nanomaterials are characterized by all three dimensions being larger than 

100 nm, while their components remain below 100 nm in size. These materials are formed 

when nanoparticles within the nano range aggregate to create three-dimensional structures. 

Typically nonporous, these materials find numerous applications. Common examples include 

nanocomposites, bundles of nanofibers, and multi-layered nanolayer structures [29]. 

 

Figure (II.6): Nanomaterials classification based on dimensions [30]. 

II.4. Nanomaterial’s properties 

Nanomaterials exhibit unique properties attributed to their increased surface area and reduced 

size compared to bulk materials. These properties are characterized in terms of both physical 

and chemical attributes [31]. 
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II.4.1-Physical properties 

Nanomaterials exhibit a variety of physical properties, including optical, mechanical, 

hydrophilic, hydrophobic, suspended, stabilized, thermal, magnetic, and electrical properties 

[32]. The following points provide brief explanations of these properties. 

II.4.1-1-Optical properties 

Nanomaterials showcase distinctive and captivating optical properties [33], which comprise 

characteristics such as color, transparency, absorption, transmission, reflection, and light 

emission [34]. 

II.4.1-2-Magnetic and electrical properties 

The magnetic and electrical properties of nanomaterials hold paramount importance across a 

spectrum of applications spanning electronics, energy, and various other domains. Electrical 

characteristics of nanomaterials encompass conductivity, resistivity, and dielectric 

permittivity, heavily influenced by nanoparticle size and morphology. Notably, the electrical 

conductivity of nanomaterials may elevate in correlation with their aspect ratio and alignment. 

Conversely, the magnetic properties, including coercivity, magnetization, and magnetic 

susceptibility, are contingent upon nanoparticle size, shape, and composition [35,36]. 

II.4.1-3-Mechanical Properties 

Nanoparticles boast a range of mechanical properties, including elasticity, tensile strength, 

hardness, and flexibility, which are instrumental in their application across diverse fields [17]. 

The mechanical robustness and modulus of nanomaterials are intricately linked to their 

structure, size, and composition [37,38]. 

II.4.1-4-Other Properties 

Nanomaterials encompass significant attributes like hydrophilicity, hydrophobicity, 

suspension, diffusion, and thermal conductivity. These characteristics, along with their 

potential impact on various properties, have spurred numerous innovative applications in 

fields such as medicine and beyond [32]. 

II.4-2. Chemical properties 

Chemical properties, including stability, sensitivity, corrosion and corrosion resistance, 

oxidation, reduction, antifungal properties, toxicity, antibacterial effects, and disinfection 

capabilities, are extremely important in nanoparticles, especially in fields such as chemical 
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and biomedical engineering [17]. The high number of atoms on the surface of nanomaterials 

increases the average energy compared to larger structures, thereby enhancing their catalytic 

activity compared to bulk materials [39]. 

II.5. Application of Nanomaterials in Physics 

Nanomaterials have numerous applications in various fields, including physics. Some of the 

key applications of nanomaterials in physics include: 

 Energy Applications: Nanotechnology is crucial in the development of new energy 

storage devices, such as batteries and supercapacitors, and in the creation of more 

efficient solar cells and fuel cells [40]. 

 Optical Applications: Nanomaterials can be used to create advanced optical devices, 

such as nanostructured surfaces for improved light absorption and emission, and 

nanoscale optical fibers for enhanced data transmission [41]. 

 Electromagnetic Applications: Nanomaterials can be designed to exhibit unique 

electromagnetic properties, such as high dielectric constants, high magnetic 

permeability, and high thermal conductivity, making them useful for applications like 

electromagnetic shielding, antennas, and thermal management [42]. 

 Quantum Computing and Information Processing: Nanomaterials can be used to create 

quantum dots and other nanostructures that are essential for quantum computing and 

information processing [43]. 

II.6. Gallium sulfide (GaS) 

II.6.1-definition of Gallium Sulfide (GaS) 

      The compound corresponds to gallium sulfide, a chemical compound made of gallium and 

sulfur. Gallium sulfide can exist in different forms [44], including gallium (II) sulfide (GaS) 

and gallium (III) sulfide (Ga2S3). In addition, Gallium sulfide is a semiconductor material 

[45]. 

       Based on the search results provided, the compound GaS (gallium sulfide) which can exist 

in several different crystalline forms: 

 Hexagonal β-GaS (space group P63mc)  

 Monoclinic α'-GaS (space group Cc)  

 Cubic γ-GaS (space group F-43m)  

 Rhombohedral GaS (space group R3̅m) 
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The gallium sulfide compound (GaS), which can exist in different crystalline forms. One of 

these forms is hexagonal β-GaS, which has a specific crystal structure characterized by the 

space group P63mc. This hexagonal β-GaS is the energetically favorable crystal arrangement 

among the four GaS polytypes. The layers in this structure are stacked together via van der 

Waals interactions, making it possible to exfoliate the structure into thin 2D layers. 

II.6.2- Properties of Gallium Sulfide (GaS) 

Gallium sulfide has several distinct properties that make it useful in various applications: 

 Optical Properties: Gallium sulfide exhibits nonlinear optical activities, including 

second-harmonic generation and two-photon excited fluorescence. 

 Optical Applications: Gallium sulfide exhibits nonlinear optical properties, such as 

second-harmonic generation and two-photon excited fluorescence, making it useful for 

optical and photonic devices. 

 Thermal Properties: Gallium sulfide has a melting point of 965 °C (1,769 °F). 

 Density: The density of gallium sulfide is 3.86 g.cm-3 

 Molar Mass: The molar mass of gallium sulfide is 101.788 g.mol-1 

II.6.3- Applications of Gallium Sulfide (GaS) 

        Gallium sulfide can be used to produce thin-film transistors, solar cells, and light-

emitting diodes (LEDs). Also can be used in the synthesis of various compounds and materials 

in the chemical industry [46]. Gallium sulfide has been investigated for its potential use in 

electrochemical hydrogen production applications. The current increased attention towards 

gallium sulfide can be attributed to its use in photocatalysis applications [47]. 

II.7. Gallium selenide (GaSe) 

II.7.1-definition of Gallium Selenide (GaSe) 

      Gallium selenide (GaSe) is one of the layered group-III metal monochalcogenides, which 

has an indirect bandgap in monolayer and a direct bandgap in bulk unlike other conventional 

transition metal dichalcogenides [48], in addition, Gallium selenide (GaSe) is a layered 

semiconductor material.  

The crystalline forms of Gallium selenide (GaSe) include: 

 Hexagonal crystal structure: GaSe has a hexagonal crystal structure, similar to the 

hexagonal β-GaS polymorph. 

 Monoclinic crystal structure: GaSe can also exist in a monoclinic crystal structure. 
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 Cubic crystal structure: GaSe may have a cubic crystal structure as well. 

II.7.2- Properties of Gallium Selenide (GaSe) 

The properties of Gallium selenide (GaSe) include: 

 Bandgap: GaSe has an indirect bandgap of approximately 2.1 eV, making it a 

semiconductor material [49]. 

 Optical Properties: Gallium selenide crystals possess wide optical transparency, 

ranging from the wavelength of 0.65 to 18 mm. This property makes GaSe suitable for 

applications in integrated optics, optical information communications, and biology 

[49]. 

 Crystal Structure: GaSe has a hexagonal crystal structure, similar to the structure of 

gallium sulfide (GaS), with individual layers consisting of covalently-bonded stacks of 

Se ions on the top and bottom and Ga ions in the middle. The adjacent layers are 

bound by weak van der Waals forces, allowing for mechanical or liquid exfoliation 

into ultra-thin few or single-layer 2D gallium selenide nanosheets or nanoparticles 

[49]. 

 Synthesis: GaSe nanoparticles can be synthesized through a reaction of GaMe3 with 

trioctylphosphine selenium (TOPSe) in a high-temperature solution of 

trioctylphosphine (TOP) and trioctylphosphine oxide (TOPO) [50]. 

 GaSe appears to be a possible candidate material for optical frequency conversion in 

the near to far infrared (1–18 μm) wavelength [51]. 

II.7.3- Applications of Gallium sulfide (GaSe) 

      Gallium sulfide is utilized in the semiconductor industry for manufacturing electronic 

components and optoelectronic devices like transistors and photodetectors. It is studied for its 

potential in next-generation solar cells, enabling the conversion of solar energy into electrical 

energy. Due to its optical properties, Gallium sulfide is used in producing optical materials 

such as lenses, windows, and infrared optical components. Gallium sulfide is applied in the 

chemical industry for synthesizing various compounds and materials, acting as a precursor for 

other gallium-based compounds with specific properties [52]. 

II.8. Gallium telluride (GaTe) 

II.8.1-Definition of Gallium telluride (GaTe) 

Gallium telluride (GaTe) is a chemical compound of gallium and tellurium. It is a direct band 

gap semiconductor with an energy of 1.65eV at room temperature [53,54]. 
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Based on the search results provided, the main crystalline forms of Gallium telluride (GaTe) 

are: 

 Monoclinic crystal structure 

 Hexagonal (superlattice) form 

II.8.2- Properties of Gallium telluride (GaTe) 

The properties of Gallium telluride (GaTe) include: 

 It belongs to the group-13 post-transition metal monochalcogenides and has a 

monoclinic crystal structure [55]. 

 The layers of GaTe are stacked together via van der Waals interactions and can be 

exfoliated into thin 2D layers [55]. 

 GaTe crystals are typically hexagonal and have a metallic appearance [55]. 

 The material exhibits good p-type transport properties and a direct bandgap in the bulk, 

which is unique among layered materials [56]. 

 The material's properties can also be influenced by the presence of air, where 

mechanically exfoliated GaTe develops a deep-level defect band, reducing the bandgap 

in a direct-to-indirect transition to about 0.8 eV [56]. 

II.8.3- Applications of Gallium telluride (GaTe) 

GaTe is widely used as an evaporation material for depositing thin films on semiconductor 

and optical surfaces. Its high evaporation rates and low melting point make it an ideal choice 

for many coating and deposition processes. GaTe is used in the fabrication of high-frequency 

electronic devices due to its high electronic mobility. GaTe has applications in nonlinear 

optical devices and systems due to its unique optical propertie7R54s. GaTe has been 

considered a candidate material for radiation detection applications given its semiconductor 

properties. 
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III.1. Introduction 

         Nanomaterials have emerged as an amazing class of materials that can be produced with 

outstanding magnetic, electrical, optical, mechanical, and catalytic properties that are 

substantially different from their bulk counterparts. The aim objective of this chapter is to 

investigate the electronic properties, such as the band structure and density of states, such as 

the lattice parameter a and c and the modulus of compressibility B  and its first derivative B  

for materials GaX (X=S, Se, Te) in both bulk 2D and 3D forms. To conduct this study, the 

WIEN2K code was performed based on the linearized augmented plane wave (LAPW) 

method that employs the density functional theory (DFT). The exchange and correlation 

potential were determined using several approximations such as the GGA approximation, 

LDA approximation, the EV-GGA (Engel-Vosko) approximation, and the mBJ (modified 

Becke-Johnson) approximation.  

III.2. Details of Calculation 

In this thesis, the calculations were performed using the Wien2k code which is an 

implementation of the (FP-LAPW) method in the (DFT) framework. Semi-relativistic 

calculations were performed (the spin-orbit effect is neglected). The exchange and correlation 

potentials are treated in the following approximations: 

 The Local Density Approximation (LDA) parameterized by Perdew and Wang [1]. 

 The Generalized Gradient Approximation (GGA) parameterized by Perdew, Burke 

and Ernzerhof [2]. 

       To improve energy gaps: 

  The Engel-Vosko approximation (EV-GGA) [3]. 

 The mBJ (modified Becke - Johnson) approximation [4]. 

         The calculation is for specifying the values of the input parameters. The charge density 

and potential have been developed on spherical harmonics multiplied by the radial functions 

around the atomic sites, i.e., in the Muffin-Tin spheres Muffin-Tin spheres and in plane waves 

in the interstitial region Gmax.  

For each calculation, we specify the following important parameters: 

 The radii of the Muffin-Tin spheres (RMT), given in atomic units (Bohr radius) or in 

Angstrom (A°). 
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 The cut-off parameter RKmax = 𝑹𝑴𝑻𝒎𝒊𝒏 × Kmax, where 𝑹𝑴𝑻𝒎𝒊𝒏 is the mean radius of the 

Muffin-Tin spheres and Kmax the norm of the largest wave vector used for the plane-wave 

expansion of the eigenfunctions. In order to obtain convergence of the energy 

eigenvalues, the wave functions in the interstitial region were increased in plane waves 

with a cut-off of RKmax = 𝑹𝑴𝑻𝒎𝒊𝒏 × Kmax=8 in (3D) and RKmax = 𝑹𝑴𝑻𝒎𝒊𝒏 × Kmax=8 in 

(2D). 

 The number of points k considered in the Brillouin zone: We have chosen k points =1000 

in (3D) and k points =500 in (2D). 

       Knowing that the convergence of the total energy per crystal mesh depends on the number 

of K points used in the calculation, the Brillouin zone was carefully sampled using the special 

point technique of Monkhorst and Pack [5,6]. 

       The table below shows the convergence parameters obtained and used to calculate the 

physical properties of the compounds GaX (X=S, Se, Te) in (3D) and (2D): 

Table (III.1): Values of RKmax, K-points, and RMT for the compounds GaX (X=S, Se, Te) in 

(3D) and (2D). 

Compound Approximation 
min maxRMT K  

K 

Points 

RMT 

(Ga) 

RMT 

(S) 

RMT 

(Se) 

RMT 

(Te) 

GaS 

(3D) 

GGA 8 1000 2.17 1.93 - - 

LDA 8 1000 2.18 1.93 - - 

GaSe 

(3D) 

GGA 8 1000 2.17 - 2.21 - 

LDA 8 1000 2.18 - 2.2 - 

GaTe 

(3D) 

GGA 8 1000 2.18 - - 2.45 

LDA 8 1000 2.14 - - 2.41 

GaS 

(2D) 

GGA 8 500 2.2 2 - - 

LDA 8 500 2.2 2 - - 

GaSe 

(2D) 

GGA 8 500 2.25 - 2.28 - 

LDA 8 500 2.2 - 2.24 - 

GaTe 

(2D) 

GGA 8 500 2.26 - - 2.45 
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III.3. Crystal structure and electronic configuration of GaX (X=S, Se, Te) in (3D) and 

(2D) materials 

III.3.1. The electronic configuration 

       The electronic configuration refers to the arrangement of electrons around the nucleus of 

an atom or molecule. It describes how electrons are distributed in atomic orbitals, including 

shells, sub-shells, and orbitals within the atom. Hence, the electronic structure of the materials 

GaX (X=S, Se, Te) is as follows: 

 

Table (III.2): the electronic configuration of GaX (X=S, Se, Te). 

Element Number of electrons Z Electronic Configuration 

Ga 31 [Ar] 3d104s24p1 

S 16 [Ne] 3s23p4 

Se 34 [Ar] 3d104s24p4 

Te 52 [Kr] 4d105s25p4 

 

III.3.2. Crystal structure of GaX (X=S, Se, Te) in (3D) and (2D) 

GaX (X=S, Se, Te) materials crystallize in a hexagonal crystal system and belong to the space 

group with the following: 

 GaX (X=S, Se, Te)  in 3D: P63/mmc, (n=194). 

 GaX (X=S, Se, Te)  in 2D: P63/mmc, (n=194). 

The Figures below shows the crystal structure of GaX (X=S, Se, Te) in (3D) and (2D): 
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(a)                                                     (b)                                         (c) 

 

Figure (III.1): The crystal structure of GaS (a), GaSe (b) and GaTe (c) in (3D). 
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 (a)

(b)

 

 

                                                                                                           (c) 

Figure (III.2): The crystal structure of GaS, GaSe and GaTe in (2D), (a):is super-cell 

(1x1x1). (b): is super-cell (2x2x1). (c): is super-cell (3x3x1). 

 . 
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III.4. Structural properties 

         The arrangement of atoms and molecules at the microscopic level determines a material's 

physical and chemical properties, known as its structural properties.  The relationship between 

the structure and properties of materials is important in rationally designing new materials [7]. 

        To evaluate the structural properties of the two-dimensional (2D) and three-dimensional 

(3D)  as theoretical lattice parameters, the compressibility modulus B   and its derivative 

concerning pressure B   from the fundamental equilibrium state, the total energy obtained   is 

extrapolated, and the energy values thus obtained are then interpolated by Murnaghan (1944) 

[8,9]. 

0
0 0 0( ) ( )

'( ' 1) '

VB B
E V E V V V V

B B V B

  
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   
                                  (III.1) 

  Where: 

0E  : is the total energy. 

0V  : is the volume at equilibrium. 

B  : the compressibility modulus. 

          

    The compressibility modulus is determined at the minimum of the E(V) curve by the 

relation: 

                            

2

2

E
B V

V





                                                                                 (III.2) 

 

 

'B  : The derivative of the modulus of compressibility: 

                             '
P








                                                                                               (III.3)   

 

III.4.1. Optimization Curves 

           To precisely explain the structural properties of our 2D and 3D materials GaX (X=S, Se, 

Te). We optimized a computation using two different approximations GGA and LDA as 

shown in Figure (Ⅲ.3) and Figure (Ⅲ.4).  Therefore, it can be inferred that the GGA and LDA 

approximations are the most suitable for describing the structural properties                                                                               
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Figure (III.3): (a): The variation of energy as a function of volume for GaS (3D) using GGA 

and LDA approximations. 
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Figure (III.3): (b): The variation of energy as a function of volume for GaSe (3D) using GGA 

and LDA approximations. 
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Figure (III.3): (c): The variation of energy as a function of volume for GaTe (3D) using GGA 

and LDA approximations. 
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Figure (III.4): (a): The variation of energy as a function of volume for GaS (2D) using GGA 

and LDA approximations. 
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Figure (III.4): (b): The variation of energy as a function of volume for GaSe (2D) using GGA 

and LDA approximations. 
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Figure (III.4): (c): The variation of energy as a function of volume for GaTe (2D) using GGA 

and LDA approximations. 
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III.4.2. Table of Structural Properties 

   In the table below we put the structural properties of the materials GaX (X=S, Se, Te) in 3D 

and 2D: 

Table (III.3): Calculated structural parameters of GaX (X=S, Se, Te) in (3D) using  GGA  and 

LDA approximations. 

 

 

Compound 

 

 

 

Parameters 

 

 

GGA 

 

 

LDA 

 

 

Theoretical 

Value 

Relative error 

 

(%) 

GGA LDA 

 

 

 

 

GaS 

(3D) 

 

 

 

a(Å) 3.59 3.58 3.59 0 -0.003 

c(Å) 16.09 16.11 15.58 0.033 0.034 

c /a 4.48 4.49 4.34 0.031 0.034 

𝑩(Gpa) 68.931 73.3863 - - - 

𝑩 ´ 4 .5737 4.6013 - - - 

Emin -18730.20545 -18715.077091 - - - 

V0 1201.5928 1182.1674 - - - 

 

 

 

 

GaSe 

(3D) 

a(Å) 3.76 3.74 3.77 -0.003 -0.008 

c(Å) 16.61 16.62 16.53 0.0048 0.0054 

c /a 4.41 4.44 4.38 0.0068 0.0137 

𝑩(Gpa) 57.7491 62.4752 - - - 

𝑩 ´ 4.6846 4.9019 - - - 

Emin -34970.300808 -34947.655873 - - - 

V0 1363.3314 1338.6425 - - - 

 

 

 

GaTe 

(3D) 

 

a(Å) 4.08 4.04 4.09 -0.002 -0.012 

c(Å) 17.51 17.38 17.52 -0.0006 -0.007 

c /a 4.29 4.30 4.28 0.002 0.004 

𝑩(Gpa) 44.3791 47.4923 - - - 

𝑩´ 4.7244 4.6808 - - - 

Emin -69893.650058 -69861.184781 - - - 

V0 1692.6082 1651.5265 - - - 

 

        In Table (III.3) we have brought all the values of structural properties at the equilibrium 

such as the lattice parameters a, c and the ratio c/a, the modulus of compressibility and its first 
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derivative, the minimum total energy, and the volume by using the GGA and LDA 

approximations. Also, we have included the theoretical values in the table to make the 

comparison easy and clear.  

 For (GaS) (3D) structure 

       As shown in the table above we can note that the relative error in GGA (0) is higher than 

in LDA (-0.003). Still, GGA approximation gives better results than LDA approximation in 

lattice parameters. 

       Also, we can note that the value of compressibility modulus B in GGA approximation 

(68.931 GPa), is less than in LDA approximation (73.3863 GPa). 

The value of volume in GGA approximation is higher than the one in LDA. 

 For (GaSe) (3D) structure 

       Based on the given table, it is clear that the relative error of GGA (-0.003) is higher 

compared to LDA (-0.008), but GGA gives better results than LDA approximation in lattice 

parameters. 

      We can note also note that the compressibility modulus B in GGA (57.7491 GPa), its 

value is less than it is in LDA (62.4752 GPa). 

The value of volume in GGA is higher than the one in LDA. 

 For (GaTe) (3D) structure 

        The table shows that the relative error in GGA(-0.002) is greater than LDA(-0.012), but 

GGA approximation gives much closer results than LDA. 

the compressibility modulus B in GGA (44.3791 GPa), its value is less than it is in LDA 

(47.4923 GPa). 

The value of volume in GGA is higher than the one in LDA. 
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Table (III.4): Calculated structural parameters of GaX (X=S, Se, Te) in (2D) using GGA and 

LDA approximations. 

 

 

Compound 

 

 

 

Parameters 

 

 

GGA 

 

 

LDA 

 

 

Theoretical 

value 

Relative error 

 

         (%) 

GGA LDA 

 

 

 

 

GaS 

(2D) 

 

 

 

a(Å) 3.63 3.60 3.68 -0.01 -0.02 

c(Å) 24.09 24.09 24.09 0 0 

c /a 6.64 6.70 6.55 0.01 0.02 

𝜷(Gpa) 22.7349 24.7111 - - - 

𝜷 ´ 4.9552 4.8423 - - - 

Emin -9365.098101 -9357.530138 - - - 

V0 1827.0324 1777.6970 - - - 

 

 

 

 

GaSe 

(2D) 

a(Å) 3.78 3.74 3.92 -0.04 -0.05 

c(Å) 25.28 25.28 25.28 0 0 

c /a 6.70 6.77 6.45 0.03 0.04 

𝜷(Gpa) 19.3798 20.8094 - - - 

𝜷 ´ 4.5864 4.5340 - - - 

Emin -17485.148922 -17473.822424 - - - 

V0 2029.0288 1965.6417 - - - 

 

 

 

GaTe 

(2D) 

 

a(Å) 4.02 3.97 4.28 -0.06 -0.07 

c(Å) 27.12 27.12 27.12 0 0 

c /a 6.75 6.83 6.34 0.06 0.08 

𝜷(Gpa) 15.4217 16.5838 - - - 

𝜷 ´ 4.6321 4.5866 - - - 

Emin -34946.818896 -34930.549789 - - - 

V0 2405.5799 2321.5777 - - - 

 

 For (GaS) (2D) structure 

        It can be seen that the relative error for the GGA (-0.01) is higher than that for the LDA (-

0.02). To sum up, GGA is more suitable than LDA for calculating two-dimensional structural 

properties. 
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We can also find that the compressive modulus B in GGA (22.7349 GPa) is smaller than that 

in LDA (24.7111 GPa). 

The volume value in GGA is higher than that in LDA. 

 For (GaSe) (2D) structure 

The relative error in GGA (-0.04 ) is higher than that in LDA ( -0.05). This suggests that GGA   

approximation is more suitable than LDA for accurately calculating structural properties in 2D 

systems. 

We can also find that the compressive modulus B in GGA (19.3798 GPa) is smaller than that 

in LDA (20.8094 GPa). 

The volume value in GGA is higher than that in LDA. 

 For (GaTe) (2D) structure 

We also note that the values given by the LDA (-0.06) approximation are less than the values 

given by the GGA (-0.07) approximation for accurately calculating structural properties in 

(2D) systems. 

The modulus of compressibility β in GGA (15.4217 GPa), its value is less than it is in LDA 

(16.5838 GPa). 

The value of volume in GGA is higher than the one in LDA. 

III.5. Electronic properties 

The electronic properties of materials are important because they allow us to analyze and 

understand the types of bonds formed between different elements of the material. These 

properties include band structure, charge density, and density of states. The behavior of 

electrons in materials determines their magnetic, thermal, optical, and electrical properties. 

III.5.1- Band Structure 

Band structure is a representation of the allowed electron energy levels of a solid material. It 

describes the range of energy levels that electrons can have within a solid, as well as the range 

of energies that they may not have (called the band gap or forbidden band). The energies of 

adjacent energy levels are so close to each other that they can be viewed as a continuum, an 

energy band. Band structure is often used to determine whether a material is a conductor, 
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semiconductor, or insulator [10]. The energy gap defined by the difference between the 

maximum of valence band and the minimum of the conduction band. 

 

Figure (III.5): Graphic representation of the first Berlin zone (hexagon). 
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Figure (III.6): The band structure of GaS (3D) using GGA, LDA, mBJ-GGA, mBJ-LDA and 

EV-GGA approximations. 
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Figure (III.7): The band structure of GaSe (3D) using GGA, LDA, mBJ-GGA, mBJ-LDA 

and EV-GGA approximations. 
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Figure (III.7): The band structure of GaTe (3D) using GGA, LDA, mBJ-GGA, mBJ-LDA 

and EV-GGA approximations. 
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Band structures for GaS, GaSe, and GaTe materials were calculated using the FP-LAPW 

methodFP-LAPW method based on: LDA, GGA, EV-GGA, mBJ-GGA, and mBJ-LDA. Our 

results are shown in Figures (III-5, III-6, III-7). 

 Figure (III.5) represents the electronic band structure of GaS in (3D) bulk according to 

the directions of the Brillouin zone associated with the ground state. As illustrated in 

the diagram of Figure (III.5), the compound GaS has a maximum limit in the valence 

band (VBM) and a minimum limit in the conduction band (CBM) located at the point 

(Γ→Γ), with a non-zero gap which means that we have a direct gap semiconductor, the 

LDA, GGA, EV-GGA, mBJ-GGA, mBJ-GGA, and mBJ-LDA approximations. 

 Figure (III.6): shows also the electronic band structure of GaSe in (3D) and we 

conclude that it has a maximum limit in point Γ and a minimum limit in point 𝛤also 

(𝛤→Γ), and a non-zero gap which means that we have a direct gap semiconductor, in 

LDA, GGA, EV-GGA, mBJ-GGA, and mBJ-LDA. 

 The Figure (III.7): in this figure, the material GaTe in (3D) is visibly clear that it has a 

maximum value at 𝛤 point and a minimum value at 𝛤 point (Γ→Γ), and a non-zero gap 

so we conclude that we have a direct-gap semiconductor in LDA, GGA, EV-GGA, 

mBJ-GGA, and mBJ-LDA. 
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Figure (III.8): The band structure of GaS (2D) using GGA, LDA, mBJ-GGA, mBJ-LDA, and 

EV-GGA approximations. 
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Figure (III.9): The band structure of GaSe (3D) using GGA, LDA, mBJ-GGA, mBJ-LDA, 

and EV-GGA approximations. 
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Figure (III.10): The band structure of GaTe (2D) using GGA, LDA, mBJ-GGA, mBJ-LDA, 

and EV-GGA approximations. 
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 The Figure (III.8): in this figure, the material GaS in 2D is visibly clear that it has a 

maximum value at Γ point and a minimum value at Γ point (Γ→Γ), and a non-zero gap 

so we conclude that we have a direct gap semiconductor in LDA, GGA, EV-GGA, 

mBJ-GGA, and mBJ-LDA. 

 From figure (III.9) we can see that GaSe in 2D has a maximum limit in point Γ and a 

minimum limit located at the point Γ, (Γ→Γ), and a non-zero gap is mean that we have 

a semiconductor with a direct gap in LDA, GGA, EV-GGA, mBJ-GGA, and mBJ-

LDA. 

 Figure (III.10): shows the electronic band structure of GaTe in 2D and we conclude 

that it has a maximum limit in point Γ and a minimum limit in point Γ also (Γ→Γ), and 

a non-zero gap that is means we have a semiconductor with a direct gap, in LDA, 

GGA, EV-GGA, mBJ-GGA and mBJ-LDA. 

Table (III.5): Energy gap values in 3D and 2D of GaS , GaSe and GaTe calculated with 

GGA, LDA, EV-GGA, mBJ-GGA, and mBJ-LDA. 

 

Compound 

Eg(eV) 

GGA LDA 

 

mBJ-GGA mBJ-LDA EV-GGA 

 

GaS 

(3D) 1.771 1.641 

 

2.575 2.583 2.519 

(2D) 2.264 2.320 

 

2.939 2.961 2.794 

 

GaSe 

(3D) 1.048 1.016 

 

2.125 2.140 1.708 

(2D) 1.953 2.011 

 

2.889 2.929 2.37 

 

GaTe 

(3D) 0.479 0.162 

 

1.173 1.072 0.935 

(2D) 1.069 0.945 1.626 1.594 1.320 

 

From table (III.6) we notice that the values in 3D are less than the ones in 2D. So, we 

conclude that the energy gap can increase in the 2D structures. 

III.5.2- Density State 

Density of states (DOS) is an important physical quantity that helps understand the electronic 

band structure. Most transport properties of conducting solids depend on DOS. DOS provides 

a partial density of states that describes the structure of chemical bonds between atoms in a 

crystal or molecule. 
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As shown below: 
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Figure (III.11): The density states of GaS in (3D) for GGA, LDA, EV-GGA, mBJ-GGA 

and mBJ-LDA. 
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The Figure (III.11) represent density states of GaS in 3D calculated by GGA, LDA, EV-

GGA, mBJ-GGA and mBJ-LDA : 

Density states calculated by GGA and LDA for GaS: 

 The first energetic zone from (-7.5 eV and 0 eV) is mainly dominated by the p orbital 

of the Sulfur orbital, followed by the s orbitals of the Gallium orbital, and the p orbital 

of the Gallium orbital with a small contribution. 

 Above the Fermi level (1.68 eV – 3.62 eV) density state is made of a mixture of the 

orbital p of S and s of Ga. 

 From (3.62 eV – 16.81 eV) there is a mixture of the p orbitals from Sulfur and 

Gallium, wddith a low turnout of the s orbitals of Sulfur. 

Density states calculated by mBJ-GGA and mBJ-LDA for GaS: 

 The first energetic zone from (-7 eV and 0 eV) is mainly dominated by the p orbital of 

the Sulfur orbital, followed by the s orbitals of the Gallium orbital, and the p orbital of 

the Gallium orbital with a small contribution. 

 Above the Fermi level (2.49 eV – 4.51 eV), the density state consists of a mixture of p 

orbitals of S and s orbitals of Ga. 

 From (4.51 eV – 16.56 eV) there is a mixture of the p orbitals from Sulfur and 

Gallium, wddith a low turnout of the s orbitals of Sulfur. 

Density states calculated by EV-GGA for GaS: 

 The energetic zone (-7 eV and 111eV) is mainly dominated by the p orbital of the 

Sulfur orbital, followed by the s orbitals of the Gallium orbital, and the p orbital of the 

Gallium orbital with a small contribution. 

 Above the Fermi level (2.56 eV – 4.41 eV), the density state consists of a mixture of p 

orbitals of S and s orbitals of Ga. 

 From (4.63 eV – 16.68 eV) there is a mixture of the p orbitals from Sulfur and 

Gallium, wddith a low turnout of the s orbitals of Sulfur. 
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Figure (III.12): The density states of GaSe in (3D) for LDA, GGA, EV-GGA, mBJ-GGA 

and mBJ-LDA. 
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The Figure (III.12) represent density states of GaSe in 3D calculated by GGA, LDA, EV-

GGA, mBJ-GGA and mBJ-LDA : 

Density states calculated by GGA and LDA for GaSe: 

 The first energetic zone from (-7.5 eV and 0 eV) is mainly dominated by the p orbital 

of the Sellenium orbital, followed by the s orbitals of the Gallium orbital, and the p 

orbital of the Gallium orbital with a small contribution. 

 Above the Fermi level (1.3 eV – 3.24 eV), the density state consists of a mixture of p 

orbitals of Se and s orbitals of Ga. 

 From (3.45 eV – 16.81 eV) the largest contribution is from orbital p of Se,  and a weak 

contribution of s orbital of Se, and p orbitals of Ga. 

Density states calculated by mBJ-GGA and mBJ-LDA for GaSe: 

 The first energetic zone from (-7.5 eV and –0 eV) is mainly dominated by the p orbital 

of the Sellenium orbital, followed by the s orbitals of the Gallium orbital, and the p 

orbital of the Gallium orbital with a small contribution. 

 Above the Fermi level (2.1 eV – 4.03 eV), the density state consists of a mixture of p 

orbitals of Se and s orbitals of Ga. 

 From (4.03 eV – 16.49 eV) the largest contribution is from orbital p of Se,  and a weak 

contribution of s orbital of Se, and p orbitals of Ga. 

Density states calculated by EV-GGA for GaSe: 

 The first energetic zone from (-7.5 eV and 0 eV) is mainly dominated by the p orbital 

of the Sellenium orbital, followed by the s orbitals of the Gallium orbital, and the p 

orbital of the Gallium orbital with a small contribution. 

 Above the Fermi level (1.79 eV – 3.75 eV), the density state consists of a mixture of p 

orbitals of Se and s orbitals of Ga. 

 From (4.05 eV – 16.49 eV) the largest contribution is from orbital p of Se,  and a weak 

contribution of s orbital of Se, and p orbitals of Ga. 
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Figure (III.13): The density states of GaTe in (3D) for LDA, GGA, EV-GGA, mBJ-GGA, 

and mBJ-LDA. 
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Figure (III.13) represents density states of GaTe in 3D calculated by GGA, LDA, EV-

GGA, mBJ-GGA, and mBJ-LDA : 

Density states calculated by GGA and LDA for GaTe: 

 The first energetic zone from (-7.5 eV until -4.61 eV), the largest contribution is from 

orbital p of Tellurium, hence the orbital s of Gallium and a weak contribution of p 

orbital of Gallium. 

 Above the Fermi level (0.44 eV – 2.53 eV), the density state consists of a mixture of p 

orbitals of Tellurium and s orbitals of Gallium a weak contribution from the p orbital 

of Gallium. 

 From (2.53 – 16.55 eV) there is a mixture of the p orbitals from Te and Ge, a weak 

contribution from the d orbital of Te. 

Density states calculated by mBJ-GGA and mBJ-LDA for GaTe: 

 The first energetic zone from (-7.24 eV until -4.22 eV), the largest contribution is from 

orbital p of Tellurium, hence the orbital s of Gallium and a weak contribution of p 

orbital of Gallium. 

 Above the Fermi level (1.6 eV – 3.04 eV), the density state consists of a mixture of p 

orbitals of Tellurium and s orbitals of Gallium a weak contribution from the p orbital 

of Gallium. 

 From (3.04 – 16.37 eV) there is a mixture of the p orbitals from Te and Ge, a weak 

contribution from the d orbital of Te. 

Density states calculated by EV-GGA for GaTe: 

 The first energetic zone from (-7.33 eV until -4.29 eV), the largest contribution is from 

orbital p of Tellurium, hence the orbital s of Gallium and a weak contribution of p 

orbital of Gallium. 

 Above the Fermi level (0.9 eV – 2.97 eV), the density state consists of a mixture of p 

orbitals of Tellurium and s orbitals of Gallium a weak contribution from the p orbital 

of Gallium. 

 From (2.97 – 16.11 eV) there is a mixture of the p orbitals from Te and Ge, a weak 

contribution from the d orbital of Te atom. 
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Figure (III.14): The density states of GaS in (2D) for LDA, GGA, EV-GGA, mBJ-GGA, 

and mBJ-LDA. 
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The Figure (III.14) represent density states of GaTe in 2D calculated by GGA, LDA, EV-

GGA, mBJ-GGA and mBJ-LDA : 

Density states calculated by GGA and LDA: 

 The first energetic zone from (-14.68 eV until -11.34 eV), is completely dominated by 

the d orbitals of Gallium. 

 The second active region from (-7.06 eV – -4.48 eV), we note a small equal contribution 

between the s orbitals of Gallium and Sulfur. 

 The energetic zone (-4.48 eV – 0 eV) we note a small equal contribution between the p 

orbitals of Gallium and Sulfur. 

 Above Fermi level (2.26 eV – 3.95 eV), we note a small equal contribution between the s 

orbitals of Gallium and Sulfur. 

 The energetic zone (4.46 eV – 17.09 eV) we note a small equal contribution between the 

p orbitals of Ga and S. 

Density states calculated by mBJ-GGA and mBJ-LDA: 

 The first energetic zone from (-15.12 eV until -11.37 eV), is completely dominated by 

the d orbitals of Gallium. 

 The second active region from (-6.69 eV – -4.16 eV), we note a small equal contribution 

between the s orbitals of Gallium and Sulfur. 

 The energetic zone (-4.16 eV – 0 eV) we note a small equal contribution between the p 

orbitals of Gallium and Sulfur. 

 Above Fermi level (2.91 eV – 4.68 eV), we note a small equal contribution between the s 

orbitals of Ga and S. 

 The energetic zone (5.3 eV – 15.94 eV) we note a small equal contribution between the p 

orbitals of Gallium and Sulfur. 

Density states calculated by EV-GGA: 

 The first energetic zone from (-14.85 eV until -11.21 eV), is completely dominated by 

the d orbitals of Gallium. 

 The second active region from (-6.85 eV – -4.08 eV), we note a small equal contribution 

between the s orbitals of Gallium and Sulfur. 
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 The energetic zone (-4.08eV – 0 eV) we note a small equal contribution between the p 

orbitals of Gallium and Sulfur. 

 Above Fermi level (2.77 eV – 4.48 eV), we note a small equal contribution between the s 

orbitals of Gallium and Sulfur. 

 The energetic zone (5 eV – 17.87 eV) we note a small equal contribution between the p 

orbitals of Gallium and Sulfur. 
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Figure (III.15): The density states of GaSe in (2D) for LDA, GGA, EV-GGA, mBJ-GGA 

and mBJ-LDA. 
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    Figure (III.15) represents the density states of GaSe in 2D calculated by GGA, LDA, 

EV-GGA, mBJ-GGA, and mBJ-LDA : 

Density states calculated by GGA and LDA: 

 The first energetic zone from (-14.48 eV until -11.51 eV), is completely dominated by 

the d orbitals of Gallium and Selenium. 

 The second active region from (-6.48 eV – -3.89 eV), we note a small equal contribution 

between the s orbitals of Gallium and Selenium. 

 In The energetic zone (-3.89 eV – 0 eV) we note a small equal contribution between the p 

orbitals of Gallium and Selenium. 

 Above the Fermi level (1.9 eV – 3.82 eV), we note a small equal contribution between 

the s orbitals of Gallium and Selenium. 

 The energetic zone (4.12 eV – 18.84 eV) we note a small equal contribution between the 

p orbitals of Ga and Se. 

Density states calculated by mBJ-GGA and mBJ-LDA: 

 The first energetic zone from (-15.03 eV until -11.3 eV), is completely dominated by the 

d orbitals of Gallium and Selenium. 

 The second active region from (-6.29 eV – -3.79 eV), we note a small equal contribution 

between the s orbitals of Gallium and Sellenium. 

 The energetic zone (-3.79 eV – 0 eV) we note a small equal contribution between the p 

orbitals of Gallium and Selenium. 

 Above the Fermi level (2.7 eV – 4.53 eV), we note a small equal contribution between 

the s orbitals of Ga and Se. 

 In The energetic zone (4.72 eV – 18.49 eV) we note a small equal contribution between 

the p orbitals of Gallium and Selenium. 

Density states calculated by EV-GGA: 

 The first energetic zone from (-14.74 eV until -11.23 eV), is completely dominated by 

the d orbitals of Gallium and Selenium. 

 The second active region from (-6.46 eV – -3.69 eV), we note a small equal contribution 

between the s orbitals of Gallium and Sellenium. 
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 In The energetic zone (-3.69 eV – 0 eV) we note a small equal contribution between the p 

orbitals of Gallium and Sellenium. 

 Above the Fermi level (2.34 eV – 4.36 eV), we note a small equal contribution between 

the s orbitals of Gallium and Sellenium. 

 In The energetic zone (4.36 eV – 18.72 eV) we note a small equal contribution between 

the p orbitals of Gallium and Sellenium. 
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Figure (III.16): The density states of GaTe in (2D) for LDA, GGA, EV-GGA, mBJ-GGA 

and mBJ-LDA. 
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Figure (III.16) represents density states of GaTe in 2D calculated by GGA, LDA, EV-

GGA, mBJ-GGA, and mBJ-LDA : 

Density states calculated by GGA and LDA: 

 The first energetic zone from (-14.72 eV until -9.93 eV), is completely dominated by the 

d orbitals of Gallium and Tellurium. 

 The second active region from (-6.64 eV – -3.54 eV), we note a small equal contribution 

between the s orbitals of Gallium and Tellurium. 

 The energetic zone (-3.54 eV – 0 eV) we note a small equal contribution between the p 

orbitals of Gallium and Tellurium. 

 Above the Fermi level (1.003 eV – 3.2 eV), we note a small equal contribution between 

the s orbitals of Gallium and Sellenium. 

 The energetic zone (3.2 eV – 18.44 eV) we note a small equal contribution between the p 

orbitals of Ga and Te. 

Density states calculated by mBJ-GGA and mBJ-LDA: 

 The first energetic zone from (-15.24 eV until -10 eV), is completely dominated by the d 

orbitals of Gallium and Tellurium. 

 The second active region from (-6.23 eV – -3.05 eV), we note a small equal contribution 

between the s orbitals of Gallium and Tellurium. 

 The energetic zone (-3.05 eV – 0 eV) we note a small equal contribution between the p 

orbitals of Gallium and Tellurium. 

 Above Fermi level (1.51 eV – 3.77 eV), we note a small equal contribution between the s 

orbitals of Ga and Te. 

 The energetic zone (3.77 eV – 18.77 eV) we note a small equal contribution between the 

p orbitals of Gallium and Tellurium. 

Density states calculated by EV-GGA: 

 The first energetic zone from (-14.85 eV until -9.76 eV), is completely dominated by the 

d orbitals of Gallium and Tellurium. 

 The second active region from (-6.47 eV – -3.31 eV), we note a small equal contribution 

between the s orbitals of Gallium and Tellurium. 
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 The energetic zone (-3.31 eV – 0 eV) we note a small equal contribution between the p 

orbitals of Gallium and Tellurium. 

 Above the Fermi level (1.27 eV – 3.51 eV), we note a small equal contribution between 

the s orbitals of Gallium and Sellenium. 

 The energetic zone (3.51 eV – 18.55 eV) we note a small equal contribution between the 

p orbitals of Gallium and Tellurium. 

III.6. Elastic properties 

     In 1678, Robert Hooke published a paper containing the results of Hooke's experiments 

[11] on elastic bodies. This is the first published article in which the elastic properties of 

materials are discussed. elastic properties of materials. Hooke's law is a law of behavior for 

solids subjected to solids subjected to elastic deformation of small amplitude. Hooke wanted 

to obtain a theory of springs by subjecting them to successively increasing forces. Two aspects 

of his law are important: 

1. Linearity. 

2. Elasticity. 

    When a crystalline solid is subjected to stress, the deformation it undergoes is proportional 

to this stress, as long as the deformation remains small (𝜀 =
∆𝑙

𝑙
< 10−4). This is Hooke's law 

[11]: 

                               𝜎 = 𝐶. 𝜀                                                                                                (III.4) 

     The constant C is equivalent to the stiffness of a spring and is called the elastic constant. 

When we consider a three-dimensional solid, generalized Hooke's law can be written as [12]: 

                               𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙. 𝜀𝑘𝑙                                                                                      (III.5) 

 𝐶𝑖𝑗𝑘𝑙 is a fourth-order tensor with 81 elements.    
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III.6.1. Voigt notation:      

 𝜀 and 𝜎 are symmetric matrices, their representation can be reduced to a vector of dimension 

6. The change of representation also applies to the matrix of elastic constants constants. The 

first pair of indices corresponds to the 𝜎 and the second pair corresponds to the 𝜀: 𝐶𝑖𝑗𝑘𝑙 → 𝐶𝐼𝐽 

With ij →I and kl →J. The relationship between stress and strain can be written as [13]: 

                          𝜎𝐼 = 𝐶𝐼𝐽. 𝜀𝐽                                                                                                 (III.6) 

This can be written in matrix form:  

                  

(

  
 

𝜎1
𝜎2
𝜎3
𝜎4
𝜎5
𝜎6)

  
 
=

(

 
 
 

𝐶11    𝐶12    𝐶13    𝐶14    𝐶15    𝐶16
𝐶21    𝐶22    𝐶23    𝐶24    𝐶25    𝐶26
𝐶31   𝐶32    𝐶33     𝐶34    𝐶35    𝐶36
𝐶41    𝐶42    𝐶43    𝐶44    𝐶45    𝐶46
𝐶51   𝐶52    𝐶53    𝐶54    𝐶55    𝐶56
𝐶61    𝐶62    𝐶63    𝐶64    𝐶65    𝐶66)

 
 
 

(

  
 

𝜀1
𝜀2
𝜀3
𝜀4
𝜀5
𝜀6)

  
 

                                         (III.6) 

 

 

Case of a Hexagonal system: 

                             

(

 
 
 
       

𝐶11 𝐶12 𝐶13
𝐶12 𝐶11 𝐶13
𝐶13 𝐶13 𝐶33

      
0
0
0
     
0
0
0
               

0
0
0
              

0
0
0
        

0
0
0
        

0
0
0
      
𝐶44
0
0
   
0
𝐶44
0
  

0
0

1 2(𝐶11 − 𝐶12)⁄ )

 
 
 

                                (III.7) 

 

III.6. 2. Mechanical stability criteria of the crystal 

One of the most common types of instability in crystals is the so-called mechanical instability. 

when one or more elastic constants (or special combinations) tend towards zero. Consideration 

of the mechanical stability of the crystal lattice was originally formulated by Born and Huang 

[14,15]. who showed that by developing the internal energy of a crystal into a power series of 

stresses, it is possible to obtain stability criteria in terms of conditions on the elastic constants, 

while at the same time positive energy. A necessary condition for mechanical stability is that 

the matrix of elastic constants is positively defined (Born criterion). A matrix is positively 

defined if the determinants of the successive order matrices of which it is composed are all 

positive. The condition of dynamic or mechanical stability of a network implies that the 
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variation in energy under any small deformation is positive. This condition can be formulated 

in terms of elastic constants [15]. 

 The mechanical stability of systems with hexagonal symmetry requires that the nine 

independent elastic constants C11, C12, C13, C33, and C44 obey the Born criteria given 

below:  

   {

𝑪𝟏𝟏 > 𝟎, 𝑪𝟑𝟑 > 𝟎,   𝑪𝟒𝟒 > 𝟎, 𝑪𝟔𝟔 > 𝟎, 𝑪𝟏𝟏 > |𝑪𝟏𝟐| 

𝑪𝟏𝟏𝑪𝟑𝟑 > 𝑪𝟏𝟑
𝟐                                                                         

(𝑪𝟏𝟏 + 𝑪𝟏𝟐)𝑪𝟑𝟑 > 𝟐𝑪𝟏𝟑
𝟐                                                       

                                                (III.8) 

 

The results of our calculations are shown in the following table (III.4) : 

        Table (III.6): The elastic constants in (3D) for GaS, GaSe and GaTe computed using 

GGA and LDA approximation. 

 

Elastic Constants 

Compounds 

GaS GaSe GaTe 

GGA LDA GGA LDA GGA LDA 

C11 142.0807 142.9341 117.0788 122.3712 84.4033 50.4211 

C33 115.3661 111.5318 104.4433 106.3053 81.7731 44.7043 

C55 49.1589 49.0511 43.0230 44.5330 2.6415 19.6427 

C12 40.8017 40.9471 32.2872 34.1482 32.1824 9.0625 

C13 30.7784 30.9702 26.5358 27.5859 20.5283 3.3366 

C66 50.6245 50.9935 42.3958 44.1115 52.2209 20.6793 

A1 1.0038 1.0191 1.0216 1.0266 0.05 0.8882 

A2 1 1 1 1 1 1 

 

III.6.3. Study in a polycrystalline state 

 

III.6.3.1. Isotropic elastic modules 

 

      To determine isotropic modulus of elasticity such as the Bulk modulus B, Shear                   

modulus G, Young’s modulus E, and Poisson’s ratio 𝜎 for materials GaS, GaSe, and GaTe. 

 

 𝑩𝑽 =
𝟐𝑪𝟏𝟏+𝟐𝑪𝟏𝟐+𝟒𝑪𝟏𝟑+𝑪𝟑𝟑

𝟗
                                                                                                    (III.9) 
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𝑩𝑹 =
−𝟐𝑪𝟏𝟑

𝟐 +𝑪𝟑𝟑(𝑪𝟏𝟏+𝑪𝟏𝟐)

𝑪𝟏𝟏+𝑪𝟏𝟐−𝟒𝑪𝟏𝟑+𝟐𝑪𝟑𝟑
                                                                                                    (III.10) 

𝑩𝑯 =
𝑩𝑹+𝑩𝑽

𝟐
                                                                                                                       (III.11) 

𝑮𝑽 =
𝟒𝑪𝟏𝟏+𝟐𝑪𝟑𝟑−𝟒𝑪𝟏𝟑−𝟐𝑪𝟏𝟐+𝟏𝟐𝑪𝟓𝟓+𝟔𝑪𝟔𝟔

𝟑𝟎
                                                                               (III.12) 

𝑮𝑹 = 𝟏𝟓((
𝟒𝑪𝟏𝟏+𝟒𝑪𝟏𝟐+𝟖𝑪𝟏𝟑+𝟐𝑪𝟑𝟑

−𝟐(𝑪𝟏𝟑)𝟐+𝑪𝟑𝟑(𝑪𝟏𝟏+𝑪𝟏𝟐)
) + (

𝟔

𝑪𝟏𝟏−𝑪𝟏𝟐
) + (

𝟔

𝑪𝟓𝟓
) + (

𝟑

𝑪𝟔𝟔
))

−𝟏

                               (III.13) 

𝑮𝑯 =
𝑮𝑹+𝑮𝑽

𝟐
                                                                                                                        (III.14) 

𝑬𝑽 =
𝟗(𝑩𝑽)(𝑮𝑽)

𝟑𝑩𝑽+𝑮𝑽
                                                                                                                    (III.15) 

𝑬𝑹 =
𝟗(𝑩𝑹)(𝑮𝑹)

𝟑𝑩𝑹+𝑮𝑹
                                                                                                                   (III.16) 

𝑬𝑯 =
𝟗(𝑩𝑯)(𝑮𝑯)

𝟑𝑩𝑯+𝑮𝑯
                                                                                                                   (III.17) 

The results of our calculations are shown in the following table (III.5) : 
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Table (III.7): Modules of elasticity BV, BR, BH, GV, GR, GH, EV, ER, EH,  σV,  σR,  σH,  AB,  AG,  

Au for GaS, GaSe and GaTe in (3D). 

Elasticity Modules 

Compounds 

GaS GaSe GaTe 

GGA LDA GGA LDA GGA LDA 

BV 67.138 67.019 56.590 58.854 44.117 19.668 

BR 66.105 65.675 56.292 58.414 43.888 19.453 

BH 66.621 66.347 56.441 58.634 44.002 19.560 

GV 49.602 49.453 42.570 44.083 18.100 20.646 

GR 49.428 49.200 42.521 44.010 5.785 20.551 

GH 49.515 49.326 42.545 48.046 11.942 20.598 

EV 119.401 119.071 102.106 105.826 47.767 45.883 

ER 118.699 118.106 101.904 105.527 16.624 45.596 

 EH 119.050 118.589 102.004 105.676 32.853 45.738 

 σV 0.203 0.203 0.199 0.200 0.319 0.111 

σR 0.200 0.200 0.198 0.198 0.436 0.109 

σH 0.202 0.202 0.198 0.199 0.375 0.110 

BH/GH 1.3454 1.345 1.327 1.220 3.684 0.952 

AB 0.775 1.013 0.266 0.375 0.260 0.549 

AG 0.176 0.256 0.058 0.083 51.559 0.231 

Au 0.0332 0.0462 0.0111 0.0158 10.649 0.0342 
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III.6.3.2. Elastic anisotropy 

Anisotropic behavior is an essential feature that defines the different arrangement of atoms in 

various orientations. Anisotropic behavior has significant implications for both crystal physics 

and engineering research. In other words, the degree of anisotropy in the bonding between 

atoms in various planes is quantified by the shear anisotropic factors. for the shear anisotropy 

factor for the {100} shear planes between the <011> and <010> directions are [16]. 

                                 A1 =
4C55

C11−2C13+C33
                                                                                 (III.18) 

                            A2 =
2C66

C11−C12
                                                                                          (III.19) 

The percentage anisotropy for the bulk modulus AB and shear modulus AG is given by: 

AB =
100(−BR+BV)

BR+BV
                                                                                                              (III.20) 

AG =
100(−GR+GV)

GR+GV
                                                                                                              (III.21) 

The universal anisotropy index Au is given by: 

Au = 5
GV

GR
+
BV

BR
− 6                                                                                                           (III.22) 

II.6.4. Debye temperature and elastic wave propagation velocities 

The Debye temperature D can be determined from the average sound velocity vm as follows: 

𝐷 =
ℎ

𝑘𝐵
(
3𝑛

4𝜋
(
𝑁𝑎𝜌

𝑀
))

1

2
𝑉𝑚                                                                                                     (III.23) 

h: denotes Planck's constant. 

kB: Boltzmann's constant. 

Na: Avogadro's number. 

: molecule density. 

M: denotes molecular weight. 

n: is the number of atoms in the molecule. 

In polycrystalline materials, the average velocity Vm is approximated by: 
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Vm = (
1

3
(
2

𝑉𝑡
3 −

1

𝑉𝑙
3))

−
1

3

                                                                                                                                                         (III.24) 

Vl and Vt are the propagation velocities of longitudinal and transverse elastic waves 

respectively. They are obtained using the stiffness modulus B, the shear modulus G and the 

crystal density g from the Navier equation [17]: 

𝑉𝑙 = (
3𝐵+4𝐺

3𝜌
)

1

2
                                                                                                                    (III.25) 

𝑉𝑡 = (
𝐺

𝜌
)

1

2
                                                                                                                           (III.26) 

The results of our calculations are shown in the following table (III.6) : 

 

    

 

    Table (III.8): Longitudinal, transversal, and average sound velocity (Vl Vt, Vm in m/s), 

Debye temperature (𝜃𝐷 in K) for GaS, GaSe, and GaTe in (3D) using GGA approximation. 

 

Compounds Vl Vt Vm 𝜽𝑫 

GaS GGA 5932 3624.35 4002.15 422.562 

LDA 5918.2 3616.19 3993.12 421.704 

GaSe GGA 4830.26 2961.65 3269.19 330.889 

LDA 4889.97 2995.68 3307.04 336.043 

GaTe GGA 3393.27 1514.8 1709.04 161.145 

LDA 3238.87 2143.61 2345.56 210.427 
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   Table (III.9): The elastic constants in (2D) for GaS, GaSe, and GaTe were computed using 

GGA approximation. 

 

 

Elastic Constants 

Compounds 

GaS 

 

GaSe 

 

GaTe 

 

C11 112.0775 93.4598 79.6590 

C22 112.0775 93.4598 79.6590 

C66 39.8635 33.9824 30.2125 

C12 32.3506 25.4950 19.2341 

C16 0 0 0 

C26 0 0 0 

 

 

Table (III.10): Modules of elasticity G, Ex , Ey,  σxy
 and σyx for GaS, GaSe and GaTe in (2D). 

Elasticity Modules 

Compounds 

GaS 

 

GaSe GaTe 

  

G 39.8635 33.9824 30.2125 

Ex 102.739 86.504 75.014 

Ey 102.739 86.504 75.014 

σxy 0.288 0.272 0.241 

σyx 0.288 0.272 0.241 

 

From the two tables (III.6) and (III.9) we notice that materials GaS, GaSe and GaTe increase 

in stiffness in the (2D) compared to the (3D). 
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General Conclusion 

In this work, we have studied the structural properties (lattice parameter, compressibility 

modulus B and its derivative 𝐵´), electronic properties (band structure and density of 

electronic states), and elastic properties of GaS, GaSe, and GaTe compounds. The calculations 

were carried out using the linearized augmented plane wave method (FP-LAPW) within the 

density functional framework (DFT) implemented in the code (Wien2K), using the exchange 

and correlation potential, such as the approximations: LDA, GGA, mBJ, and EV-GG. 

Initially, we focused our attention on the study of structural properties by determining the 

lattice parameter and the compressibility modulus and its derivative. The results obtained for 

our compounds agree with those determined theoretically, however, our results with GGA 

approximation are closer to the theoretical values than those obtained by LDA concerning the 

lattice parameters. 

Second, the electronic properties of three-dimensional (3D) and two-dimensional (2D) GaS, 

GaSe, and GaTe compounds are calculated using LDA, GGA, EV-GGA, and mBJ 

approximations, respectively. the band structure results indicate that these compounds have a 

semiconductor behavior with a direct gap at   .Moreover, the energy gap in two-dimensional 

(2D) increases compared to three-dimensional (3D). On the other hand, the use of the EV-

GGA and mBJ approximations significantly improved the energy gap values. 

In addition, we have investigated the total and partial densities of states (DOS), of three-

dimensional (3D) and two-dimensional (2D) GaS, GaSe, and GaTe compounds using LDA, 

GGA, EV-GGA, and mBJ approximations, and we can distinguish the type of atom and orbital 

formed between the different elements in each compound. 

The independent elastic constants of three-dimensional (3D) and two-dimensional (2D) GaS, 

GaSe, and GaTe compounds, including the compressibility modulus B and shear modulus G, 

were determined at zero pressure. Furthermore, the Voigt-Reuss-Hill approximation was 

employed to estimate the elastic parameters (Young's modulus E, Poisson's ratio). The GaS 

compound is a ductile material compared to other compounds. 
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Abstract 

In this work, we have studied the structural and electronic properties of GaS, GaSe, and GaTe 

compounds in both three-dimensional (3D) and two-dimensional (2D) configurations using 

the first-principles linearized augmented plane wave (FP-LAPW) method within the 

framework of density functional theory (DFT). We employed the generalized gradient 

approximation (GGA) and local density approximation (LDA) using the WIEN2k program to 

calculate the structural properties. For electronic properties, we utilized the modified Becke-

Johnson (mBJ) and EV-GGA approximations, in addition to the previous approximations, to 

enhance the results. We also investigated the elastic properties. 

Keywords 

Nanomaterials, 2D materials, 3D materials, bandgap, semiconductor, Wien2k. 

 ملخص

ثلاثية  GaTeو  GaSeو  GaSeو  GaSلمركبات   الالكترونية و العمل قمنا بدراسة نظرية للخصائص البنيوية  ھذافي 

( في إطار نظرية FP-LAPW( باستعمال طريقة الأمواج المستوية المتزايدة خطيا )2D( وثنائية الأبعاد )3Dالأبعاد )

( بواسطة برنامج LDA( وتقريب كثافة الموضع )GGAباستعمال تقريب التدرج المعمم ) ( وھذاDFTكثافة الدالي()

WIEN2K ( لحساب الخصائص البنيوية، اما بالنسبة للخصائص الالكترونية فقد استعملنا التقريب المعدلmBJ و )

((EV-GGA .اضافة الى التقريبات السابقة من اجل تحسين النتائج كما تطرقنا ايضا الى دراسة الخصائص المرونية 

 حيةكلمات مفتا

 . Wien2kالمواد النانوية، المواد ثنائية الأبعاد ، المواد ثلاثية الأبعاد ، ، فجوة الحزمة ، أشباه الموصلات ، 

Résumé  

À travers ce travail, nous avons étudié les propriétés structurales et électroniques des 

composés GaS, GaSe et GaTe en configurations à la fois tridimensionnelles (3D) et 

bidimensionnelles (2D) en utilisant la méthode des plans d'onde augmentés linéarisés (FP-

LAPW) de premiers principes dans le cadre de la théorie de la fonctionnelle de la densité 

(DFT). Nous avons utilisé l'approximation du gradient généralisé (GGA) et l'approximation de 

la densité locale (LDA) en utilisant le programme WIEN2k pour calculer les propriétés 

structurales. Pour les propriétés électroniques, nous avons utilisé les approximations de Becke-

Johnson modifiées (mBJ) et (EV-GGA), en plus des approximations précédentes, pour 

améliorer les résultats. Nous avons également étudié les propriétés élastiques. 

Mots clés  
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Nanomatériaux, matériaux (2D), matériaux (3D), bande interdite, semi-conducteur, Wien2k. 
 

 


