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ABSTRACT 

Transition metal di-chalcogenides (MX2) M=(Mo, W) and X=(S, Se) in bulk state are of great interest due to 

their  diverse applications in the field of  modern technology as well as to understand the  fundamental 

aspect of Physics. We performed structural and electronic properties of selected systems using density 

functional theory implemented in Tight Binding Linear Muffin- tin Orbital (TBLMTO) approach with 

subsequent refinement.  The structural optimization is performed through energy minimization process and 

lattice parameters of optimized structures for MoS2, MoSe2, WS2 and WSe2 are found to be 3.20Å, 3.34Å, 

3.27Å and 3.34Å respectively, which are within the error bar less than 5% with experimental values. The 

band gaps for all TMDCs are found to be of indirect types with semiconducting behaviours. The values of 

band gap of MoS2, MoSe2, WS2 and WSe2 in bulk state are found to be 1.16eV, 108eV, 1.50eV and 1.29eV 

respectively which are comparable with experimental and previously calculated data. Due to the symmetric 

nature of up spin and down spin channels of Density of States (DOS) all the systems selected are found to be 

non magnetic. However it fully supports the results obtained from band structure calculations. The potential 

and charge distributions plots support the results. The charge density plots reveals the covalent nature of 

bond in (100) plane. However (110) plane shows mixed types of bonding. 

 

Keywords: Metal di-chalcogenides, TBLMTO approach, Electronic properties, Band gap, Density 

of states. 

 

INTRODUCTION  

Transition metal di-chalcogenides  with generalized 

formula MX2 where, M stands for Transition metals 

and X stands for chalcogen (Lee & Zuttel, 2003; 

Kasowski, 1973) have a large group of compounds 

and their electronic properties ranges as 

semiconducting,  metallic and superconducting 

(Geim & Grigorieva, 2013; Wilson and  Yoffe, 

1969). In this communication we have used M =  

( Mo, W) and X = (S, Se) to know the behaviour 

these compounds in bulk states.    

Werner Fischer (2001) proposed the term 

“chalcogen” when he worked in the group of 

Wilhelm Biltz at the University of Hannover, to 

denote the elements of group 16: Sulphides, 

Selenides and Tellurides (Fisher et al., 2010). Then 

after, many researcher and investigator are 

interested on the field of transition metal di-

chalcogenides because of their unique structure and 

verity of properties and diverse field of 

applications. The bulk state of transition metal 

dichalcogenides (TMDCs) formed by interacting 

the layers with Van der Waals forces, similar as 

hexagonal boron nitride and Graphene, so they are 

weakly bonded and has low shear resistance 

(Shankari et al., 2008). Because of low shear 

resistance they are used as advanced applications 

like solid state lubricants, solar energy conversion, 

solar control coating, microelectronic devices, 

catalysts, and optical fibre and laser sources (Rasch 

et al.,  2007; Reshak and Auluck, 2003). 

Mostly found  MX2  types of materials are achieved 

in different poly types, 1T, 2H, and 3R, depending 

upon the stacking pattern of consecutive layers of X-

M-X sandwiching along the hexagonal c –axis, 

where the letters T, H, and R denote triagonal, 

hexagonal, and rhombohedral symmetries  

respectively (Coehoorn et al., 1987). Both structural 
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and chemical forms of MX2 under ambient 

conditions have been studied extensively with 

symmetry space group P63/mmc and unit cell 2Hc- 

hexagonal structure (Aksoy et al., 2006).  Most of 

the works have been performed on the monolayer 

TMDCs because of their wide applications 

resemblance with Graphene, only few works on bulk 

with conflict results (Dean et al., 2010; Coehoorn et 

al., 1987). This conflict results and lack of 

systematic study motivated us to study the structural 

and electronic properties of TMDCs in bulk state to 

explore the behaviour in more details.  

There are more than sixty TMDCs are predicted till 

date out of them two thirds are assuming   layered 

structure with varying  electronic and magnetic 

properties. Due to the variety of the   electronic and 

optical properties of TMDCs they show wide range 

of the band gaps ranging from  insulator (HF2) (Dean 

et al., 2010)  to semiconductor (MoS2) 

(Radisavlijevice et al., 2011; Fang et al., 2012)  to 

metallic (NbS2) (Dean et al., 2010), depending upon  

the type of poly types and the number of d electrons.  

In particular, TMDCs compounds based on 

molybdenum and tungsten have great interests due to 

their semiconducting behavior, they have wide band 

gaps ranging from visible to near infrared regions 

(Lee et al., 2004; Mogne et al., 1994).  Group VI 

TMDs (e.g. MoS2) are nominally semiconducting 

due to their fully filled lowest lying d-band. MoS2 

shows an indirect band gap semiconductor in its bulk 

form, which becomes a direct band gap 

semiconductor when we go from bulk to monolayer 

(Mak et al., 2010; Zhang et al., 2014). During the 

process of desulfurization of crude oil in refineries 

we may used MoS2 and WS2 are as catalysts (Arslan 

et al., 2004). Many works have been previously 

performed on ordered binary alloys (Pandey et al., 

2014; Poudel & Kaphle, 2016), ternary  alloys 

(Lamichhane et al., 2014), disorderedalloys (Kaphle 

et al., 2012; Pal et al., 2012; Kaphle et al., 2016) and  

the cubic perovskites using Tight  Binding  Linear 

Muffin-tin Orbitals Atomic Sphere Approximations 

(TB-LMTO-ASA).  

In this communication, we are going to explore the 

structural and electronic properties in Mo and W 

based dichalcogenides in bulk state using TB-

LMTO-ASA approach.  

 

COMPUTATIONAL METHOD 

Present calculations are based upon the first 

principles approach, which involves the calculation 

of total ground state energy of the system 

considered through which we calculate lattice 

parameter of most stable structure. There are many 

first principles calculation methods (Kaphle et al., 

2012; Agrawal and Prakash, 2010) to evolved 

quantum mechanical formalism and were refined 

time to time to get better possible results. We used 

Density Functional Theory (DFT) (Par and Yang, 

1986; Perdew and Kurth, 2003; Perdew et al., 

1996) based Tight Binding Linear Muffin-tin 

Orbital atomic sphere Approximation (TB-LMTO-

ASA) approach (Skriver, 1984; Anisimov  et al., 

1997) for the calculation of electronic and magnetic 

properties of ordered system. TBLMTO-ASA 

works on minimal basis set with the direct 

application of partial wave potential. In this 

approach, the solution to the Kohn Sham equations 

(Kohn and Sham, 1965) are performed self-

consistently, and the augmented plane wave plus 

local orbital basis set is incorporated to represent 

the electronic band structure for all atoms and their 

corresponding orbitals. Throughout the calculation, 

we used local density approximation (LDA) 

exchange correlation potential (Kaxiras, 2003). The 

integration is performed in reciprocal space with 

108 spatial k-points in the irreducible wedge of the 

Brillouin zone such that the core states are treated 

fully relativistically while the semi-core and 

valence states are treated semi-relativistically with 

default value of Kcut and Ecut. Finally all the 

calculations were iterated to self-consistency within 

the accuracy of 10
-6 

Rydberg through code. 

 

RESULTS AND DISCUSSION 

A. Structural Analysis and Lattice Parameters 

The structural optimization is performed through 

energy minimization process taking base as a 

experimental value of lattice parameter. The 

structural positions for MX2 are taken from Reshak 

and Auluk (2007) having positions  M = (1/3, 2/3, 

1/4), X1 = (1/3, 2/3, z), X2 = (2/3, 1/3, z-1/2) with 

hexagonal structure consisting of  X-M-X layers 

belonging to p63/mmc space symmetry. The space 

group number is 194 having the crystal structure hp6. 

The  figure 1 (a and b top) show the  energy 

verses  lattice parameter of MoS2 and MoSe2 with 

optimized crystal structure through first 

principles study in figure 1 (c, d middle) and 

layered bulk structure with 3×2×1 super cell. 

From the figure the lattice parameter of most 

stable structure of MoS2 and MoSe2 are found to 

be 3.20Å and 3.34Å which are deviated less than 

5% than experimental value. That may be due to 

the experimental set up environment and first 

principles approximation. 
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 (a) (b) 

   
 (c) (d) 

   

 (e) (f) 

 

Fig. 1. (colour online)  Plot of  [top] energy vs lattice parameter (a, b),  [middle]  primitive Unit cell 

 (c, d) and  3×2×1 super cell  showing  layered structure (e, f)  for  MoS2  and  MoSe2 respectively. 

 

Similarly the optimized lattice constant for WS2 and 

WSe2 are found to be 3.24Å and 3.34Å 

respectively. The calculated lattice parameter of 

WSe2 is deviated around 5% than the experimental 

value where as this deviation is around 2% in WS2. 

The energy minimization curve along with 

primitive unit cell and super cell are shown in 

figure 2 (a, b, c, d, e, f). 
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 (a) (b) 

   
 

 (c) (d) 

 

   

 (e) (f) 

 

Fig. 2.  (colour online)  Plot of  [top] energy vs lattice parameter (a, b),  [middle]  primitive Unit cell (c, d)      

and  3×2×1 supercell  showing  layered structure (e, f)  for  WS2  and  WSe2 respectively. 
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Table 1. Comparisons of lattice parameter of bulk MX2 where M=(Mo, W and X=S, Se) from Present 

calculation and experimental value.  

Properties Bulk MoS2 Bulk MoSe2 Bulk WS 2 Bulk WSe 2 

lattice constant 

(a) (Å) 

3.20 (present) 

3.16 (Wilson & Yoffe, 1969) 

3.34 (present) 

3.29 (Booker et al., 2001) 

3.24 (present) 

3.15 (Schuttle et al., 1987) 

3.34 (present) 

3.15 (Schuttle et al., 1987) 

c/a ratio 3.89 (present) 

3.89 (Wilson & Yoffe, 1969) 

3.90 (present) 

—– 

3.92  (present) 

-------           

3.90 (present) 

------ 

 

B. Electronic Band Structure and Density of 

States Analysis 

The band structure plot gives the idea that how 

energy eigen values behaves within high 

symmetry points of brillouin zone. The band 

structure directly affects the optical and electric 

properties of the materials, and hence very 

important to calculate the practicable optical 

excitation which determines the reflectivity, 

colour and dielectric reaction of the solid. By the 

help of band structure one also can determine the 

miscellaneous thermodynamic and mechanical 

properties.  

The number of states per unit occupied energy 

level is called density of states. It also measures 

the number of allowed quantum states per unit 

energy range. To know the optical, electronic and 

magnetic properties of solids like as 

paramagnetic susceptibility, specific heat and 

various transport phenomena like density of 

states is the important parameter (Wilson & 

Yoffe, 1969; Boker et al., 2001). 

We have calculated band structure and 

corresponding partial DOS for every system under 

study. Figure 3 (a, b) represents total electronic 

band structure and corresponding partial density of 

states of MoS2 and MoSe2 in bulk state. Third panel 

of the figure (3a) represents the total band structure 

for MoS2.  From figure, it is clearly seen that 

Valence Band Maxima (VBM) lies at Γ- symmetric 

points and Conduction Band Minima (CBM) is in 

between Γ-point and K-points indicating that the 

type of band gap is indirect in nature and found to 

be 1.16eV. First and second panels of the figure 3 

(a) represent partial density of state for spin up and 

fourth and fifth panels of figure 3 (a) represent the 

density of state for spin down state. The nature of 

PDOS for up and down spin channels are 

symmetric showing that MoS2 is non magnetic in 

nature.  

 

   

 (a) (b) 

Fig. 3. (colour online) Comparative study of   PDOS and band structure of (a) MoS2 and (b) MoSe2. 
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From the comparative study of band structure and 

density of states it is observed that there are three 

different sets separated by certain gaps in band 

structure. First set of bands and density of States 

are seen around  –11.8eV to -14eV energy range 

which are mainly due to the contribution of (3s) 

orbital of S atom. Another set of bands and density 

of states are found just below the Fermi level 

separated by the large gap from first set i. e. 

spreading within the energy range 0eV to -6eV. The 

main contribution of this set is due to strong 

hybridization of (4d) orbital of Mo atom and (3p) 

orbital of S atom and  third set of bands and density 

of states  lies above the Fermi level spreading 

within +1.0eV to +4.0eV energy range which arises 

due to the main contribution of (4d) orbital of Mo 

atoms. The contribution of (4p) orbital in down spin 

channel has negligible effect in band formation of 

this layer. Thus, it is clearly seen that the bands and 

states of density on up spin and down spin channel 

of band gap derived mainly from (4d) states of Mo 

and (3p) states of S. 

Similarly, figure 3(b) represents the electronic band 

structure and corresponding density of states of 

(MoSe2) in bulk state. The natures of layers are 

same as MoS2 on which VBM lies in Γ- point and 

CBM lies between Γ-point and K-points, showing 

MoSe2 has indirect types of band gap with value 

1.08eV. The second and third layers have same 

kinds of nature however, first layer shifted little a 

bit lower than MoS2. The indirect band gap arises 

mainly due to the contribution of strong 

hybridization of (4d) orbital of Mo atom and (4p) 

orbital of Se atom. 

 

   

 (a) (b) 

 

Fig. 4. (colour online) Comparative study of   PDOS and band structure of (a) WS2  and (b) WSe2. 

 

The properties of WS2 are more or less same as 

MoS2 which has indirect in nature with band gap 

1.40eV showing semiconducting properties. The 

band gap contribution is due to hybridization of 

(5d) states of W and (3p) states of S. The nature of 

WSe2 and MoSe2 resembles but the energy level 

span is slightly higher than WS2 and MoSe2. In case 

of WSe2 the band gap arises due to hybridization of  

(5d) states of W and (4p) states of Se. The observed 

band gap is of indirect type with 1.27eV. The band 

gap variation with PDOS curve for both WS2 and 

WSe2 are shown in figure 4. The symmetric 

behaviour of up spin and down spin channel of 

DOS indicates that these materials bear non 

magnetic nature in bulk state. 

The calculated band gap variations in MX2 where 

M = (Mo, W) X = (S, Se) in the bulk state is shown 

in figure 5. The comparison of band gap to 

experimental as well as previously calculated 

results is tabulated in table 2. 
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Table 2. Comparison of band gap of bulk MX2 where M=(Mo, W) X=(S, Se) calculated from present 

calculation with experiment and others. 

Materials 

(Bulk State) 

Band gap [eV] 

(Present) 

Band gap [eV] (experimental) Band gap[eV] 

(Previous Theoretical) 

MoS2 1.16 1.23 (Mak et al., 2010) 

1.29 (Boker et al., 2001) 

1.15 (Mattheiss, 1973) 

WS2 1.50 1.35 (Schutte et al.,1987) 

1.39 (Gujarathia et al., 2005) 

1.29 (Sharma et al., 1999) 

MoSe2  1.08 1.09 (Boker et al., 2001) 1.09 (Kumar et al., 2015) 

WSe2 1.29 1.20 (Schutte et al.,1987) 

1.30 ( Finteis et al.,1997) 

1.13 (Kumar et al., 2015) 

 

 

 

Fig. 5. Varation of band gap in MX2. 

From the figure it is found that the band gap of 

TMDCs is found to be increases as the atomic 

number of transition metal increases. Similarly the 

band gap of TMDCs is found to be decreases as the 

atomic number of Chalcogens increases. 

C. Potential distribution and Charge density 

analysis 

The distribution of potentials is considered as 

muffin tin potential in which potential is maximum 

near the core of atom and almost flat in the 

interstitial space which is resemblance with the 

charge density plot. From the charge distribution 

plot, it has been found that local maxima of the 

electronic charge is at position of the nuclei shown 

by high pick the distribution of charges is 

negligible i. e constant or flat in interstitial sites 

Both calculations are supporting with each other 

shown in figure 6. Same kinds of nature is observed 

in MoSe2, WS2  and  WSe2 respectively. 

 

  

 

Fig. 6. (color online) Hartee potential and charge distribution Plot for MoS2. 
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The nature of bond formation can be analysed 

through the charge density plot. If there is large 

accumulation of charge between two atoms, then 

covalent bond is established between these atoms. 

For the covalent nature between two atoms we can 

see the co-existence of the same contours in both 

atoms. The distribution of charge at (100) and (110) 

plane for MoS2 are shown in figure 7. 

 

      
 

Fig. 7.  (color online)  Charge distribution plot at (100) and (110) plane . 

 

From the figures, it is observed symmetric nature of 

charge distribution on the contours becomes 

symmetrically circular and for Mo-S (M-X) 

indicating covalent nature of bond between (M-X).  

In110 plane we observed contours which are not 

symmetric in nature. The symmetric and circular 

contours formed the covalent bond between the 

atoms and the non-symmetric and non-circular 

contour formed complex type of interaction which 

is difficult to predict the nature of bond may be 

assumed as mixed type. The nature of bond 

between (X-X) is found to be Van der Wall's type. 

 

CONCLUSION 

We performed energy minimization process to 

calculate the optimized structure of transition metal 

di-chalcogenides (MX2) where, M=(Mo,W) and 

X=(S, Se) in Bulk state. From the calculations, the 

lattice parameter of MoS2, MoSe2, WS2 and WSe2 

are found to be 3.20Å, 3.33Å, 3.24Å and 3.34Å 

which are closely related  to experimental and other 

previously calculated results (less than 3% 

deviation).  The band structure calculations are 

performed through density functional theory based 

TB-LMTO-ASA approach with LDA exchange 

correlations. The band gap so obtained through  the 

first principles calculations are found to be indirect 

types with values 1.16eV, 1.08eV,  1.50eV, and 

1.29eV for  MoS2, MoSe2, WS2 and WSe2 

respectively.  The density of states also supports the 

data come from band structure. The symmetric 

nature of DOS in up and down spin channels 

indicates all the materials are non-magnetic type. 

The band gap arises mainly due to contributions of 

hybridization between 4d states of Mo with 3s 

states of S and (4p) states of Se for MoS2 and 

MoSe2 respectively. Similarly, the band gap of WS2 

and WSe2 arises due to contributions of 

hybridization between 5d states of Mo with 3s 

states of S and (4p) states of Se. The potential and 

charge distribution plot shows the supporting nature 

with each other. Finally charge density plot shows 

covalent nature of bond between M-X in (100) 

plane. Mixed kinds of bonds between M-X is found 

in (110) plane. However inter planer bonding are of 

Vander Wall’s in nature. 
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