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ABSTRACT 

We investigate electronic and structural properties of small and different isomers of GaS claster by the help of density 

functional theory using ab−initio pseudopotential and local density approximation. Bond length, Binding energy, HOMO-LUMO 

gap and density of state (DOS) were calculated from the optimized Geometry of different size GaS cluster. Among the lowest-

energy structures, rhombic GaS structures were obtained as the most stable structure.  Sulfur reach GanSm(n=2,4,6) has also 

been studied and see the effects of Sulfur on GaS by increasing the number of Sulfur atoms in the candidate Clusters and we 

study the location of the conduction MOs of the representative cluster Ga2S2 to show the measure of the voltage required for 

electron transport 
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1. INTRODUCTION 
After the acceptance of atomic theory, the study of how 

matter behaves has divided into two streams. One has 

been reductionist, concentrating on the properties of 

individual atoms and molecules. In the 1930s this line led 

to nuclear physics and then to particle physics. The other 

stream has emphasized the properties of very many atoms 

or molecules together, so that the aggregates they make 

can be treated as infinite. The realm between these limits 

concerned only a few independent souls until about the 

late 1970s. Since then, interest has grown almost 

explosively in the study of what have come to be called 

clusters. This field constitutes one of the important areas 

where experiments and theoretical work go hand in hand 

and benefit considerably from each other’s results [1] 

 

Density functional theory (DFT) is today one of the most 

important tools for predicting the ground-state properties 

of electronic systems (metals, semiconductors and 

insulators). The DFT yields results regarding electronic 

structure which are quite comparable to experimental 

results. The DFT is a different approach to the Hartree 

Fock method [2]. The Hartree-Fock method focuses on the 

many body wavefunctions as the fundamental variable of 

the system while DFT describes the entire number of 

interacting electrons through their density. The Hartree 

Fock approximation is computationally very costly and fails 

particularly for metals. DFT separates the total energy into 

three terms, starting with the kinetic energy term, the 

coulomb energy term which includes the classical 

electrostatic interactions between the electrons and nuclei 

in the system and the exchangecorrelation term that 

includes the many body interactions. Although DFT is 

significant, it fails to properly describe the van der Waals 

forces in sparse materials [3].  

The particle density which is the key variable in DFT is 

given by 

���� � � � �	�
 � �	�	   
� �	�� ����, �
, … ������, �
, … ���                       �1� 

The electron density only depends on 3 instead of 3N 

spatial coordinates, but still contains all the information 

needed to determine the Hamiltonian, for example 

number of electron N, the coordinate of nuclei �� and the 

charge of nuclei��. This is the advantage of electron 

density compared to wavefunction [4]. N is simply given by 

the integral over ���� 

� �����	� � �                                                                    �2� 
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Kohn-Sham density functional theory (DFT) [5] now enjoys 

enormous popularity as an electronic structure method in 

solid-state physics, quantum chemistry, and materials 

science. A cornerstone of its rigorous foundation is the 

first part of the Hohenberg-Kohn (HK) theorem [6] that 

demonstrates that, for given interparticle statistics and 

interaction, a ground-state density can be produced by at 

most one external one-body potential. This one-to one 

correspondence implies that all properties of an electronic 

system and, in particular, its ground-state energy are 

functionals of the ground-state density. Application of the 

same logic to fictitious noninteracting electrons produces 

the Kohn-Sham (KS) equations, whose solution is typically 

very much faster than traditional wave function 

approaches [7]. A year later after Hohenberg and Kohn’s 

theorem, Kohn-Sham continued to prove the theorem 

which states that the total energy of the system depends 

only on the electron density of the system. � �  �������                                                                          �3� 
Kohn-Sham made their contributions in advancing the 

calculation of the energy of the electrons and the forces of 

atoms [8]. Their concern was with the difficulty of 

understanding the ground state kinetic energy of electrons 

in the system. They developed DFT in such a way that all 

the real electrons of a system are replaced by the effective 

electrons of the same mass, and charge density 

distribution. The DFT maps the electrons of the interacting 

system onto a non-interacting electronic system moving in 

an effective potential represented in the Kohn-Sham 

equaHons [9]. This was done in order to accurately 

calculate the contributions to the ground state kinetic 

energy of the system. The other information which can 

accurately be evaluated by this approach concerns the 

electronic, structural, and dynamical properties of the 

system. The DFT is always based on the density of an 

electron as a scalar function given by: 

���� � � ��|����|

�

                                                        �4� 

The ni denotes the occupation number of the eigenstate i 

while r is any point in real space. The electron density ���� 

can be varied by changing the wavefunction ��� of the 

system. If the electron density ���� corresponds to the 

said wavefunction, then its total energy is the minimized 

energy and the whole system is in a ground state. The 

total energy of the system depends on the positions of the 

atoms and can be written as, ���� �  "#������ $  %&'(������ $  %&)&* + &)&*������$  �'*������                        �5� 

 

The ground state kinetic energy term "0������ is given by 

the sum of all contributing effective electrons in the 

system. All effective electrons are described by wave 

functions in the state i. The ground state kinetic energy 

term "0������ of all effective electrons is written as 

follows 

"0������ � � �� � ����� .+/

20 1
2 ������

�
               �6� 

The external potential %&'(������ is the electrostatic 

potential representing the nuclei interactions and is 

expressed for the entire positions of all nuclei as follows, 

%&'(������ � � %&'(��������	�                                 �7� 

The third term is the electron-electron interactions 

potential, 

%&)&* + &)&* �  &
 5 ���1����2�
�� + �
 �	���	�
             �8�  

However, the kinetic energy term "0������ is still that of 

the noninteracting system and the external potential %&'(������ term is perturbed and generalized into 

effective potential %&77 , %&77 �  %&'( $  %89�(�&& $  %'*.                         �9� 

The Hartree potential term VHartree is the potential due 

to the interactions of electrons and is expressed as 

follows: 

%<=>?>@@ � &
 � ���  �
|� + �  | �	�                                           �10� 

 

The last term �%'*� is called the exchange correlation 

potential which is the functional derivative of exchange-

correlation energy �'*: it contains all the unknown 

contributions and is also independent of the external 

potential. 

%AB � C�@A������
C����                                                                   �11� 

Now we can write the Schrodinger equation for one 

electron as follows: 

.+ 1

2 $ %@A? $ %<=>?>@@ $ %AB2 ����

� D��������                         �12� 

This is the set of Kohn-Sham equations for an interacting 

system and must again obey the condition of 

orthonormality. 

 

The results so far are exact, provided that the exchange-

correlation functional �EF������ is known. The problem 

of determining the functional form of the universal HK 

density functional FHK, has now been transferred to the 

exchange-correlation functional of Kohn-Sham formalism, 

and therefore this term is not known exactly. Good 

approximation for �EF������ is still one of the challenges 

in modern DFT [4]. The last term of the Kohn-Sham 

equations (12) involves the exchange-correlation which 

includes all the remaining complicated electronic 

contributions. The exchange-correlation energy is a 

combination of the exchange energy and correlation 

energy. �GH  �  �G  $  �H                                                                  �13� 

In detailed form, the exchange-correlation energy can be 

expressed as a function of charge density ����. The 

exchange-correlation energy has been successfully 

calculated by many approaches including quantum Monte 

Carlo methods [10], molecular dynamics methods [11] etc. 

Considering the situation of two electrons of opposite spin 

satisfying the exchange correlation principle, then the 

exchange correlation energy is written as follows: 
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�GH������ � 1
2 5 ���1����2�%���

+ �
� �	���	�
                                �14� 

This exchange-correlation energy �'*������ is required for 

evaluating the total energy ������� of the system and is 

related to the exchange-correlation potential by, 

%AB � C�GHC����                                                                           �15� 

This exchange correlation potential VXC is useful in solving 

the density functional Kohn-Sham equations [12]. 

 

Gallium Sulfide is the most important semiconductor with 

direct and indirect band gap of 2.59eV and 1.54eV at bulk 

and which is formed by combining group A
III

 with A
V I

. 

Geometry optimizations starting from a number of initial 

candidate geometries were performed for each cluster 

size, so as a number of possible low energy isomers for 

different size. Among the lowest energy structures, we 

calculate the electronic and structural properties like bond 

length, binding energy, partial charge density and the 

HOMO-LUMO gap for the lowest energy. Variation of the 

electronic structure properties with different size has been 

investigated. 

 

The structural and electronic properties of GanSm cluster 

with valence electron for Ga(4s
2
4p

1
 ) and S(3s

2
3p

4
) and 

The binding energy is the amount of energy related at its 

creation or the amount of energy we should need to add 

to the system in order to break it up. The binding energy 

of a given cluster formed by two different atoms A and B is 

defined by: 

 

I���AIJ� � '���� $ K��I� + ���AIJ�
' $ K                  �16� 

Where x and y will be the number of individual atoms, E(A) 

and E(B) are the minimum energy of the isolated atoms A 

and B respectively and ���AIJ� is the minimum energy 

of the cluster. The other method for electronic structure 

calculation of a given cluster is the partial charge density 

of the HOMO which is the occupied orbital of less energy 

and LUMO levels which is the next orbital with a higher 

energy and its gap (HOMO-LUMO gap).  

 

The number of electrons excited in to the conduction band 

is a function of the energy band gap �L which is defined as 

the separation between the maximum energy in the 

valence band and the minimum energy in the conduction 

band. If �L is small (0.3-4eV) a material is considered to be 

a Semiconductor and if Eg is large (4-12eV) a material is 

considered to be an insulator [13]. As the electrical and 

optical properties of a semiconductor are dependent on 

the energy gap, the data we get in this thesis is very 

important for semiconductor device design. The energy 

difference between the HOMO (Highest Occupied 

Molecular Orbital) and LUMO (Lowest Unoccupied 

Molecular Orbital) would be calculated by using: �8MNM +  OPNM�L99Q � R9��L9Q� �STUV –  �<VUV                          �17�  

 

2. COMPUTATIONAL METHODS 
Many aspects of computational modeling make it a worthy 

partner of experimental science. The chemist studying a 

particular reaction can reach into the computer 

simulation, alter bond lengths or angles, and then observe 

the effect of such changes on the process taking place. 

Calculations were carried out within the Car-Parrinello 

approach using both the Local Density (LDA) 

approximations. [14,15,16, and 17]. In this work ab- initio 

density functional theory calculations are performed to 

study the structural and electronic properties of Gallium 

Sulfied. The plane-wave pseudopotential method is 

applied. The density functional theory within the same 

plane-wave pseudopotential framework has already been 

used to calculate properties of the GaS cluster [18, 19, 20, 

21, and 22].  

 

The simplest approximation for exchange-correlation 

functional is local density approximation (LDA), which 

works well and most widely used. This approximation 

assumes that the density can be treated locally as a 

uniform electron gas which describes a system in which 

electrons move on uniform positive background charge 

distribution such that overall charge neutrality is 

preserved. The exchange-correlation energy at each point 

in the system is the same as even if the inhomogeneity is 

large by approximating it locally with the density of 

homogeneous electron gas. Using this approximation, the 

exchange-correlation energy for a density is commonly 

written as 

�GHSXY������ � � ����DGHSXY�������	�                              �18� 

Where DGHSXY ������ is the exchange-correlation energy 

density corresponding to a homogeneous electron gas 

with the local density ���� [10]. 

 

First-principles DFT calculations on the basis of the frozen-

core projected augmented wave (PAW) method are 

performed within the Vienna ab initio simulation package 

(VASP) [23], where the exchange and correlation effects 

are described by the DFT within LDA for electronic and 

structural properties of Gallium Sulfied clusters [24] And I 

used a 20�Z box size along the three coordinate system for 

those cluster simulation. The number of electrons 

considered in each species with their valance electron 

configuraHon is 4s
2
4p

1
 for Ga and 3s

2
3p

4
 for S atom. The 

computational demands of exact calculations grow 

exponentially with the size of the system being studied, so 

that they are too costly to be of significant practical use. 

Despite the relentless progress of computer technology, 

this scaling makes this approach invisible for some time 

yet [4]. 

 

The code implements density functional theory (DFT). 

VASP is a package for carrying out ab-initio quantum 

mechanical simulations using pseudo-potentials (PP) with 

plane wave basis set. The input in VASP is the 
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configuration of atoms enclosed in a cell which is 

periodically repeated. The simplest output is the electronic 

structure and energy of that configuration of atoms and 

the forces on the atoms. The electronic structure is a 

spatial array of electronic density and a population of 

electronic energy levels which can be integrated to give

the electronic density of states. All plane waves with a 

kinetic energy smaller than Ecut are included in the basis 

set: i.e., |[ $  \|  ]  \*^( _`(a �*^( �
of plane waves differs for each k-point and the number of 

k-points required for good convergence of the total energy 

and accurate k-space integration, depends on the size of 

the periodic system. For bigger unit cells, such as an 

artificial cell used for simulation of clusters, 

lattice is small and one k-point (which could be the 

may be sufficient. In order to find the minimum energy, 

VASP performs a line minimization of the energy along the 

direction of the forces. A conjugate gradient algorithm is 

used to relax the atoms into their instantaneous ground 

state [25]. The convergence criterion 

is considered to be 10
4
 eV for the total electronic energy. 

When the components of the forces on atoms are less 

than 0.01 
@b
YZ  and the total energy convergence is tes

the plane-wave cutoff and the simulation cell size.

 

3. RESULT AND DISCUSSION

A. Electronic and Structural 

GaS 
The optimized GaS dimer structure is presented 

The binding energy of the GaS dimer, calculated using 

Eq.(16) is found to be 2.67 eV with the bond length of 

2.043�Z and the HOMO-LUMO gap is also calculated using 

Eq.(17) which is found to be 3.85 eV. The parHal charge 

density distribution of the HOMO and LUMO orbitals of 

the GaS dimer are shown in Fig.1 where the HOM

largely localized on the sulfur atom while the LUMO is 

distributed mainly on the Gallium atom. 

Figure 1: Partial charge density plots of the HOMO and 

LUMO orbitals of GaS dimer with their energy. Isosurface 

plots are at 1/4
th

 of the maximum value.

 

The other interest in this work is looking in deep through 

the electronic structure property which concerns the 

density of state (DOS) because this property is very 

essential in solid-state and condensed matter physics. To 

define DOS it is the number of states in the energy range � (c � $ ��. The physical interpretation of the DOS is 

that for a high DOS at a specific energy level in the range 
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configuration of atoms enclosed in a cell which is 

implest output is the electronic 

structure and energy of that configuration of atoms and 

the forces on the atoms. The electronic structure is a 

spatial array of electronic density and a population of 

electronic energy levels which can be integrated to give 

the electronic density of states. All plane waves with a 

are included in the basis 

�  defgh

 . The number 

point and the number of 

points required for good convergence of the total energy 

space integration, depends on the size of 

the periodic system. For bigger unit cells, such as an 

artificial cell used for simulation of clusters, the reciprocal 

point (which could be the Γ point) 

may be sufficient. In order to find the minimum energy, 

VASP performs a line minimization of the energy along the 

direction of the forces. A conjugate gradient algorithm is 

o relax the atoms into their instantaneous ground 

eV for the total electronic energy. 

When the components of the forces on atoms are less 

and the total energy convergence is tested for 

wave cutoff and the simulation cell size. 

ESULT AND DISCUSSION 

 calculation for 

The optimized GaS dimer structure is presented in Fig.1. 

The binding energy of the GaS dimer, calculated using 

found to be 2.67 eV with the bond length of 

LUMO gap is also calculated using 

) which is found to be 3.85 eV. The parHal charge 

density distribution of the HOMO and LUMO orbitals of 

where the HOMO is 

largely localized on the sulfur atom while the LUMO is 

distributed mainly on the Gallium atom.  

 
Partial charge density plots of the HOMO and 

with their energy. Isosurface 

of the maximum value. 

looking in deep through 

the electronic structure property which concerns the 

density of state (DOS) because this property is very 

state and condensed matter physics. To 

tates in the energy range 

The physical interpretation of the DOS is 

energy level in the range 

� (c � $ �� means there are many states available for 

occupation and for a DOS of zero means no states are 

occupied at that energy level. The table below shows s, p 

and d partial charge for Ga and S spheres calculated for 

some occupied and unoccupied orbitals of opti

dimer structure. These data presented in Table 1 is 

comparable with the DOS diagram in Fig.

the density of state (DOS) plot for GaS dimer

 

The Fermi level is represented as 0 eV on the energy axis. 

These DOS plots are obtained from t

structure of the dimer. A comparison of DOS plots for Ga 

and S atom shows the orbital contribution of different 

levels. As can be shown in Figs. 1 and 2 along with Table 1 

the Fermi or HOMO level is dominated by the p orbital of S 

atom, while the LUMO is dominated by the p orbital of Ga 

atom. 

Table 1: s, p and d partial charges within Ga and S 

spheres calculated for some occupied and unoccupied 

orbitals in GaS dimer. 

Orbital Atom

LUMO+3 Ga 

S 

LUMO+2 Ga 

S 

LUMO+1 Ga 

S 

LUMO 

 

Ga 

S 

 

HOMO 

Ga 

S 

HOMO-1 

 

Ga 

S 

HOMO-2 Ga 

S 

HOMO-3 Ga 

S 

Figure 2: s ,p and d orbitals of Ga and S atoms 

contributed to the different levels.The discrete spectra 

are broadened by a gaussian of 

one is for Ga atom and the lower one is for S atom.

                                                29 

means there are many states available for 

occupation and for a DOS of zero means no states are 

occupied at that energy level. The table below shows s, p 

and d partial charge for Ga and S spheres calculated for 

some occupied and unoccupied orbitals of optimized GaS 

dimer structure. These data presented in Table 1 is 

comparable with the DOS diagram in Fig.2 which shows 

the density of state (DOS) plot for GaS dimer 

The Fermi level is represented as 0 eV on the energy axis. 

These DOS plots are obtained from the lowest energy 

structure of the dimer. A comparison of DOS plots for Ga 

and S atom shows the orbital contribution of different 

levels. As can be shown in Figs. 1 and 2 along with Table 1 

the Fermi or HOMO level is dominated by the p orbital of S 

ile the LUMO is dominated by the p orbital of Ga 

s, p and d partial charges within Ga and S 

spheres calculated for some occupied and unoccupied 

Atom s          p        d 

 0.01   0.00   0.00 

0.00   0.00   0.00 

 0.02   0.06   0.00 

0.02   0.04   0.00 

 0.00   0.16   0.00 

0.00   0.04   0.00 

 0.00   0.16   0.00 

0.00   0.04   0.00 

 0.05   0.06   0.00 

0.00   0.22   0.00 

 0.00   0.01   0.00 

0.00   0.30   0.00 

 0.00   0.01   0.00 

0.00   0.30   0.00 

 0.31   0.00   0.00 

0.30   0.05   0.00 

 

 
s ,p and d orbitals of Ga and S atoms 

contributed to the different levels.The discrete spectra 

are broadened by a gaussian of width 0.01 eV. The upper 

one is for Ga atom and the lower one is for S atom. 
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The HOMO, HOMO-1 and HOMO-2 are occupied by the p 

orbital of Sulfur atom shown in Fig.2. HOMO

2 fall to the same energy window and the gap between the 

HOMO and HOMO-1is only 0.22 eV. 

 

B. Electronic and Structural calculation for 

Ga2S2 
The addition of another dimer structure in to GaS dimer 

makes a new geometry with new formation Ga

optimized geometry for this structure is planer rhombic 

with Ga-S bond length of 2.205� Z and bond angle between 

Ga-S-Ga and S-Ga-S is found to be 78

respectively. The binding energy of Ga2

is greater than that of the binding energy we achieve in a 

dimer (GaS). The HOMO-LUMO gap for Ga

be 1.426eV, smaller than the dimer. Figure 

optimized structure along the partial charge density 

distribution of the HOMO and LUMO orbitals of Ga

cluster. With this structure we observe that the HOMO 

and LUMOs are distributed on both 

comparable with the parHal charges given in Table 2.

Figure 3: Partial charge density plots of the HOMO and 

LUMO orbitals of Ga2S2. osurface plots are at 1/4th of the 

maximum value. 

Table 2: s, p and d partial charges within Ga and S atoms 

calculated for some occupied and unoccupied orbitals in 

Ga2S2 Cluster. 

Orbital Atom s           p       d

LUMO Ga 

Ga 

S 

S 

0.05   0.02   0.00

0.05   0.02   0.00

0.00   0.00   0.00

0.00   0.00   0.00

LUMO+1 Ga 

Ga 

S 

S 

0.00    0.09   0.00

0.00    0.09   0.00

0.00    0.00   0.00

0.00   0.00   0.00

LUMO+2 Ga 

Ga 

S 

S 

0.00   0.06   0.00

0.00   0.06   0.00

0.00   0.06   0.00

0.00   0.06   0.00

 

HOMO 

Ga 

Ga 

S 

S 

0.06   0.05   0.00

0.06   0.05   0.00

0.00   0.03   0.00

0.00   0.03   0.00

HOMO-1 

 

Ga 

Ga 

S 

S 

0.00    0.00   0.00

0.00    0.00   0.00

0.00    0.17   0.00

0.00   0.17   0.00
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2 are occupied by the p 

orbital of Sulfur atom shown in Fig.2. HOMO-1 and HOMO-

2 fall to the same energy window and the gap between the 

B. Electronic and Structural calculation for 

The addition of another dimer structure in to GaS dimer 

makes a new geometry with new formation Ga2S2. The 

optimized geometry for this structure is planer rhombic Z and bond angle between 

S is found to be 78.54
o
 and 101.45

o
 

2S2 is 3.750eV which 

is greater than that of the binding energy we achieve in a 

LUMO gap for Ga2S2 is found to 

be 1.426eV, smaller than the dimer. Figure 3 shows the 

optimized structure along the partial charge density 

distribution of the HOMO and LUMO orbitals of Ga2S2 

cluster. With this structure we observe that the HOMO 

both Ga and S atoms, 

comparable with the parHal charges given in Table 2. 

 
Partial charge density plots of the HOMO and 

. osurface plots are at 1/4th of the 

s, p and d partial charges within Ga and S atoms 

nd unoccupied orbitals in 

s           p       d 

0.05   0.02   0.00 

0.05   0.02   0.00 

0.00   0.00   0.00 

0.00   0.00   0.00 

0.00    0.09   0.00 

0.00    0.09   0.00 

0.00    0.00   0.00 

0.00   0.00   0.00 

0.00   0.06   0.00 

0.00   0.06   0.00 

0.00   0.06   0.00 

0.00   0.06   0.00 

0.06   0.05   0.00 

0.06   0.05   0.00 

0.00   0.03   0.00 

0.00   0.03   0.00 

0.00    0.00   0.00 

0.00    0.00   0.00 

0.00    0.17   0.00 

0.00   0.17   0.00 

HOMO-2 Ga 

Ga 

S 

S 

 

C. Electronic and Structural calculation 

Ga3S3, Ga4S4, Ga5S5 
Figure 4 shows the opHmized geometry and the parHal 

charge density distribution of Ga

clusters. In these diagrams we observe that Ga3S3 has 

double rhombic structure with average Ga

of 2.290� Z  but the lowest energy structure for Ga4S4 

cluster can be viewed as addition of two GaS dimers to the 

rhombic structure of Ga2S2 presented in Fig.3 while Ga5S5 

takes a structure presented for Ga2S2 by aMaching two 

dimers on two opposite sides of Ga

Ga4S4 and Ga5S5 clusters posses an average Ga

length of 2.241� Z  and 2.265�
three structures (Ga3S3, Ga4S4 and Ga5S5) we achieve a 

HOMO-LUMO gap of 2.413 eV, 2.427 eV and 1.526 eV with 

corresponding binding energies of 3.941 eV, 4.052 eV and 

4.025 eV. For the Ga3S3 cluster, the HOMO orbital is found 

to be distributed on the cluster except at the central Ga 

atom, and the LUMO orbital is distributed on the outer 

GaS dimers mostly on S atoms. For Ga

HOMO is localized on the two extreme GaS dimers while 

the LUMO is relatively distributed throughout the clusters 

more on Ga atoms. The LUMO and HOMO orbitals of 

Ga5S5 are found distributed symmetrically on the sides of 

the cluster along the linear side.

Figure 4: Partial charge density plots of the HOMO and 

LUMO orbitals of Ga3S3, Ga4S

are at 1/4
th

 of the maximum value

 

D. Electronic and Structural calculation for 

Ga6S2, Ga6S6, Ga8S6, Ga
Figure 5 displays the optimized geometry of Ga

Ga8S6, Ga12S12 and Ga18S18 

structures, we found 2D geometris for Ga

but Ga6S6, Ga6S2 and Ga18S
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0.00   0.02   0.00 

0.00   0.02   0.00 

0.00   0.17   0.00 

0.00   0.17   0.00 

C. Electronic and Structural calculation for 

Figure 4 shows the opHmized geometry and the parHal 

charge density distribution of Ga3S3, Ga4S4 and Ga5S5 

clusters. In these diagrams we observe that Ga3S3 has 

double rhombic structure with average Ga-S bond length 

the lowest energy structure for Ga4S4 

cluster can be viewed as addition of two GaS dimers to the 

rhombic structure of Ga2S2 presented in Fig.3 while Ga5S5 

takes a structure presented for Ga2S2 by aMaching two 

dimers on two opposite sides of Ga2S2. The geometry of 

Ga4S4 and Ga5S5 clusters posses an average Ga-S bond � Z  respectively. Here, for the 

three structures (Ga3S3, Ga4S4 and Ga5S5) we achieve a 

LUMO gap of 2.413 eV, 2.427 eV and 1.526 eV with 

ergies of 3.941 eV, 4.052 eV and 

4.025 eV. For the Ga3S3 cluster, the HOMO orbital is found 

to be distributed on the cluster except at the central Ga 

atom, and the LUMO orbital is distributed on the outer 

GaS dimers mostly on S atoms. For Ga4S4 cluster the 

HOMO is localized on the two extreme GaS dimers while 

the LUMO is relatively distributed throughout the clusters 

more on Ga atoms. The LUMO and HOMO orbitals of 

Ga5S5 are found distributed symmetrically on the sides of 

the cluster along the linear side. 

 
Partial charge density plots of the HOMO and 

S4 and Ga5S5. Isosurface plots 

of the maximum value 

D. Electronic and Structural calculation for 

, Ga12S12, Ga18S18 
optimized geometry of Ga6S2, Ga6S6, 

 clusters. In these optimized 

structures, we found 2D geometris for Ga8S6 and Ga12S12 

S18 are 3D structures where 
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Ga18S18 cluster is constructed with hexagonal layered 

structures but Ga6S2 cluster is constructed from two 

rhombic structures stacked together. 

 

Table 3 shows the binding energy, HOMO

energy, and average Ga-S bond length of each cluster. The 

binding energy shown in Fig. 7 is obtained using Eq.(16), 

and the HOMO-LUMO gap energy is calculated using 

Eq.(17). As studying materials at cluster level the average 

bond length has to be smaller than that of the bulk. Figure 

6 shows generally an increase in average Ga

of GanSm cluster with increasing cluster size and seems to 

saferage to a bulk size. In this plot our calculated 

maximum Ga-S bond length is found to be around 2.32

which is smaller than that of the bulk bond length 2.33

[26]. 

Figure 5: Optimized geometry of Ga

Ga12S12 and Ga18S18. 

From Table 3 binding energy generally increases with 

increasing cluster size but the HOMO-LUMO gap energy of 

the clusters shows an inverse relation with the cluster size 

as shown in Fig.8. 

 

Table 3: Binding Energy (eV), HOMO-LUMO gap 

Average Bond length (Angstrom) of Ga

Cluster BE(eV) HOMO-LUMO 

gaps(eV) 

GaS 2.672 3.852 

Ga2S2 3.753 1.426 

Ga3S3 3.944 2.413 

Ga4S4 4.099 2.460 

Ga5S5 4.028 1.526 

Ga6S6 4.165 1.333 

Ga8S6 3.891 1.694 

Ga9S9 4.154 1.008 

Ga12S12 4.278 1.334 

Ga18S18 4.152 1.161 
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cluster is constructed with hexagonal layered 

cluster is constructed from two 

Table 3 shows the binding energy, HOMO-LUMO gap 

S bond length of each cluster. The 

binding energy shown in Fig. 7 is obtained using Eq.(16), 

LUMO gap energy is calculated using 

Eq.(17). As studying materials at cluster level the average 

bond length has to be smaller than that of the bulk. Figure 

6 shows generally an increase in average Ga-S bond length 

ng cluster size and seems to 

saferage to a bulk size. In this plot our calculated 

S bond length is found to be around 2.32� Z  

which is smaller than that of the bulk bond length 2.33� Z  

 
Optimized geometry of Ga6S2, Ga6S6, Ga8S6, 

From Table 3 binding energy generally increases with 

LUMO gap energy of 

the clusters shows an inverse relation with the cluster size 

LUMO gap (eV) and 

Average Bond length (Angstrom) of GanSm clusters. 

LUMO BL(iZ ) of Ga-S 

2.043 

2.205 

2.290 

2.233 

2.265 

2.335 

2.191 

2.276 

2.276 

2.324 

Figure 6: Average Ga-S bond length versus Number of 

atoms in GanSn clusters. 

Another electronic property is displayed in Fig.7 which 

shows the plot for binding energy verses number of atoms 

in GanSn clusters. All values of the binding energy of Ga

which is tabulated in Table 3 is calculated using Eq.(17). As 

we can see here in the figure the binding energy of the 

cluster is generally increasing wit

size. 

Figure 7: Binding energy versus number of atoms in 

clusters. 

 

As shown in Fig.8 clusters of certain sizes oNen have 

special properties such as higher stability or larger gap 

when compared to other clusters. The 

between gap size and stability can be justified by simple 

tight binding descriptions in which the HOMOLUMO gap 

increases the orbital overlap [27].

Figure 8: HOMO-LUMO gap versus number of atoms in 

GanSn clusters. 
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S bond length versus Number of 

Another electronic property is displayed in Fig.7 which 

for binding energy verses number of atoms 

clusters. All values of the binding energy of GanSn 

which is tabulated in Table 3 is calculated using Eq.(17). As 

we can see here in the figure the binding energy of the 

cluster is generally increasing with increasing of the cluster 

 
Binding energy versus number of atoms in GanSn 

As shown in Fig.8 clusters of certain sizes oNen have 

special properties such as higher stability or larger gap 

when compared to other clusters. The correlation 

between gap size and stability can be justified by simple 

tight binding descriptions in which the HOMOLUMO gap 

increases the orbital overlap [27]. 

 
LUMO gap versus number of atoms in 
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E. Electronic and Structural calculation for 

Sulfur Rich GaS Cluster 

In this sub-section we have investigated the effect of sulfur 

atom on GaS cluster by fixing the number of Ga atoms and 

increasing number of S atoms. Here, we consider only 

planar structure. With these clusters the c

electronic property for those of the minimum energy 

structure has been presented. 

 

Figure 9 shows the opHmized planar geometry of Ga2S, 

Ga2S3, Ga2S4, Ga2S5, Ga4S5, Ga4S6, Ga4S8 

The bond angle of Ga2S is found to be 119.56

two Sulfur atoms on the Ga sides give as a V shaped Ga

with a decreasing Ga-S-Ga bond angle of 91.77

Fig.9, we can conclude that Ga2S structure is the building 

block of the bigger clusters which contain a rhombic form 

except the Ga4S8 cluster. 

 

Figure 9: Optimized planar geometry for Ga

Ga2S4, Ga2S6, Ga4S5, Ga4S6, Ga4S8 and Ga

 

Table 4 shows the calculated binding energy, average Ga

bond length and HOMOLUMO gap for Sulfur rich GaS of 

the optimized geometry presented in Fig.9. These values 

are also ploMed in Fig.10. The binding energy has an 

increasing property with increasing number of S atoms in 

the cluster, while the HOMO-LUMO gap has a decreasing 

property with an oscillatory behavior and almost no direct 

correlation between the average Ga-S bond length with 

the binding energy and the HOMO-LUMO gap.
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calculation for 

section we have investigated the effect of sulfur 

atom on GaS cluster by fixing the number of Ga atoms and 

increasing number of S atoms. Here, we consider only 

planar structure. With these clusters the calculated 

electronic property for those of the minimum energy 

Figure 9 shows the opHmized planar geometry of Ga2S, 

 and Ga6S8 clusters. 

S is found to be 119.56
o
, addition of 

two Sulfur atoms on the Ga sides give as a V shaped Ga2S3 

Ga bond angle of 91.77
o
. From 

S structure is the building 

block of the bigger clusters which contain a rhombic form 

 
Optimized planar geometry for Ga2S, Ga2S3, 

and Ga6S8. 

Table 4 shows the calculated binding energy, average Ga-S 

bond length and HOMOLUMO gap for Sulfur rich GaS of 

in Fig.9. These values 

are also ploMed in Fig.10. The binding energy has an 

increasing property with increasing number of S atoms in 

LUMO gap has a decreasing 

property with an oscillatory behavior and almost no direct 

S bond length with 

LUMO gap. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4: Binding Energy (eV), HOMO

Average Ga-S bond length 

Ga2S4, Ga2S5, Ga4S5, Ga4S6, Ga

Cluster BE(eV) 

Ga2S 3.264 

Ga2S3 3.846 

Ga3S4 3.981 

Ga2S6 4.024 

Ga4S5 3.988 

Ga4S6 3.998 

Ga4S8 4.255 

Ga6S8 4.255 
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Binding Energy (eV), HOMO-LUMO gap (eV) and 

 (Angstrom) of Ga2S, Ga2S3, 

, Ga4S8 and Ga6S8. 

 HOMO-
LUMO 

gaps(eV) 

BL(iZ ) 
of Ga-

S 

3.067 2.238 

2.872 2.064 

1.816 2.184 

2.552 2.267 

0.769 2.233 

2.296 2.328 

1.618 2.146 

1.440 2.237 
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Figure 10: (a) Average Ga-S bond length, (b) binding 

energy and (c) HOMO-LUMO gap versus Number of 

atoms in Sulfur rich GanSm clusters. 

 

DFT being a ground sate theory cannot really describe 

properties like optical excitations, conductance etc. 

However, certain estimates can be made about these 

properties from the available results. In order to estimate 

the conductance through the molecules

assumed that the lowest unoccupied molecular orbitals 

(MOs) that span the extent of the molecule are 

responsible for the electron transport and these orbitals 

can be termed as the conduction MOs [

discussed above the evolution of the electronic structure 

of a certain cluster can be understood by studying the 

partial charge densities of the HOMO and LUMO levels. 

The isosurface of partial charge densities for HOMO and 

LUMO+k for Ga2S2 clusters with k = 0, 1, 2 are shown in 

Fig. 11. This can be taken as a representative cluster. Here, 

in the figure below we can observe that there is a partial 

distribuHon of LUMO for k= 0, and 1 but for K=2 the overall 

orbitals are distributed on the entire cluster, so this 

indicates that the first conducHon MO for Ga2S2 is located 

at k=2. The difference between the energies of the HOMO 
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S bond length, (b) binding 

LUMO gap versus Number of 

DFT being a ground sate theory cannot really describe 

properties like optical excitations, conductance etc. 

However, certain estimates can be made about these 

properties from the available results. In order to estimate 

the conductance through the molecules studied, it can be 

assumed that the lowest unoccupied molecular orbitals 

(MOs) that span the extent of the molecule are 

responsible for the electron transport and these orbitals 

termed as the conduction MOs [25]. As we 

of the electronic structure 

of a certain cluster can be understood by studying the 

partial charge densities of the HOMO and LUMO levels. 

The isosurface of partial charge densities for HOMO and 

LUMO+k for Ga2S2 clusters with k = 0, 1, 2 are shown in 

. This can be taken as a representative cluster. Here, 

in the figure below we can observe that there is a partial 

distribuHon of LUMO for k= 0, and 1 but for K=2 the overall 

orbitals are distributed on the entire cluster, so this 

conducHon MO for Ga2S2 is located 

at k=2. The difference between the energies of the HOMO 

and conduction MO, namely ��8MNM��/2, is a measure of the voltage required for 

electron transport which is found to be 2.038 eV.

Figure 11: Isosurface plots of partial charge densities 

corresponding to various MO levels of the lowest energy 

structure of Ga2S2 cluster. 

 

4. SUMMERY AND CONCLUSION
We have performed a comprehensive study on 

by varying the size of the titled clu

pseudopotential has been used for all calculations by the 

help of VASP software package.

investigated possible mechanisms for finding the minimum 

energy structures of Gan

simulation. For those most stable structures 

out the electronic and structural properties like bond 

length, binding energy, HOMO

two systems. 

 

A large HOMO-LUMO gap has been considered as an 

important prerequisite for the chemical stability of any 

cluster. With this concept among the minimum energy 

structure of Gallium sulfide cluster, GaS (dimer) posses 

large HOMOLUMO gap. This indicates that those of two 

cluster get high chemical stability meaning

with the environment simply while Ga

HOMOLUMO gap among their cluster type. This small gap 

forced to have unstable chemical property.

As we showed in Fig.8, the HOMO

decreasing trend with cluster size. This is co

the fact that, as molecular orbitals are formed from the 

overlap of more and more atomic orbitals, the energy 

levels comes closer. In other word the valence electrons 

are delocalized over more number of atoms as the cluster 

size increase [28]. In this study, we

most of the optimized geometry of GanSm, HOMO

gap is in the range of 0.4ev to 4eV. This numerical value 

shows GanSm has a valuable contribution for 

semiconductor designing. 

 

Hear in the structural property 

measuring the bond length between 

atom tells us that one of the structural property of that 

cluster but whatever we measure the average bond length 

of a cluster, it will never be above the bulk bond length. 
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and conduction MO, namely ���OPNM $ k� +
, is a measure of the voltage required for 

electron transport which is found to be 2.038 eV. 

 
Isosurface plots of partial charge densities 

corresponding to various MO levels of the lowest energy 

UMMERY AND CONCLUSION 
rmed a comprehensive study on GaS cluster 

by varying the size of the titled clusters. DFTLDA 

been used for all calculations by the 

help of VASP software package. In particular, we have 

investigated possible mechanisms for finding the minimum 

nSm in a single computer 

simulation. For those most stable structures I have found 

out the electronic and structural properties like bond 

length, binding energy, HOMO-LUMO gap and DOS of the 

LUMO gap has been considered as an 

ant prerequisite for the chemical stability of any 

cluster. With this concept among the minimum energy 

structure of Gallium sulfide cluster, GaS (dimer) posses 

large HOMOLUMO gap. This indicates that those of two 

cluster get high chemical stability meaning cannot react 

with the environment simply while Ga9S9 possess low 

HOMOLUMO gap among their cluster type. This small gap 

forced to have unstable chemical property. 

, the HOMO-LUMO gap has a 

decreasing trend with cluster size. This is consistent with 

the fact that, as molecular orbitals are formed from the 

overlap of more and more atomic orbitals, the energy 

levels comes closer. In other word the valence electrons 

are delocalized over more number of atoms as the cluster 

. In this study, we have observed that 

most of the optimized geometry of GanSm, HOMO-LUMO 

gap is in the range of 0.4ev to 4eV. This numerical value 

has a valuable contribution for 

the structural property calculation of GaS cluster, 

measuring the bond length between Ga-S, Ga-Ga and S-S 

atom tells us that one of the structural property of that 

measure the average bond length 

of a cluster, it will never be above the bulk bond length. 
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Figure 6 shows the increasing trend of bond length with 

increasing of cluster size but the maximum average bond 

length is found to be 2.32�Z at Ga18S18 for GanSm and the 

minimum bond length calculated is at dimer structure 

which is found to be 2.04�Z. Since increasing number of 

atoms in a cluster increases the neighboring atom 

interaction in a given cluster. Due to this increment of the 

neighboring interaction energy, the energy we need to 

break the bond between one another will increase that is 

the binding energy of the cluster. As we shown in Fig. 7, it 

has an increasing trend with increasing of cluster size. 

 

From the results obtained, it could be concluded that 

Gallium Sulfide clusters in nano size have novel electronic 

and structural properties that differ from the bulk. The 

electronic structures of these clusters can be affected by 

the surface reconstruction, the size and the geometry of 

the cluster. Therefore, the band gap (HOMOLUMO gap) of 

the clusters can be controlled by manipulating their size 

and shapes.. 

 

Studying of the molecular orbitals like the HOMO and 

LUMO levels of a given cluster can show us the location of 

the conduction MOs of that cluster. Due to this, from the 

representative cluster Ga2S2 the first conduction MO of 

Ga2S2 is located at LUMO+2, which is a measure of the 

voltage required for electron transport. 
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