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Abstract. Electronic and elastic properties of hexagonal molybdenum disulphide (MoS2) are 
investigated using the full-potential all electrons linearised augmented plane waves method. 
PBE_sol generalized gradient approximation (GGA) functional was chosen when calculating 
the electronic structure and elastic properties. Electronic band structure and density of states 
suggest a semiconductor material with an indirect narrow energy band gap of 1.45 eV pinned 
at the Fermi level. The GGA_PBE_Sol approach was used to compute elastic constants C11, 
C12, C13, C33, and C44, bulk modulus (Bo), shear modulus (G), Young’s modulus (Y), and Bo/G 
ratio. Deviation of some parameters from related literature results has been addressed. 

1 Introduction 

Two-dimensional (2D) molybdenum disulphide (MoS2) a family of transition metal dichalcogenides (TMDs) has 

attracted tremendous interest in materials technology due to its unique fascinating physical and chemical 

properties [1], [2]. Such interest lies in its capability to fulfil future demands in the nano-electronic industry on 

flexibility, adaptability, and multi-device functionality [2]. As an analogue of graphene, MoS2 is part of a family 

of more than forty (40) kinds of TMDs materials with a MX2 formula where M stands for transition metals (Mo, 

W) and X for chalcogens (S, Se) [2]. It is a layered structured sandwich material, where each layer consists of 

covalently bound S-M-S slaps, held together by weak van der Waals (vdW) forces. Shin et al. [1] and Larentis et 

al. [3], highlight 2D molybdenum disulphide through electronic, optical, and mechanical properties as one of the 

most studied TMDs with potential interest in various modern technological applications. Expanding on this 

material of interest, MoS2 has excellent semiconducting (n-type) properties, with tunable energy band gaps, 

where bulk MoS2 exhibits an indirect band gap of 1.29 eV [3], while turning from bulk to single layer portrays a 

direct band gap of 1.8 eV [4]. Furthermore, prospective applications of MoS2 which include field effect transistors 

(FETs) with a large on-off ratio, applications of strong photoluminescence, and controllable valley and spin 

polarisation [5], all of which have being studied both theoretically and experimentally. As a member of transition 

metal disulphides, MoS2 has emerged as an excellent candidate for the study of fundamental physics in 2D 

materials [4], [6], [7]. Various studies have been conducted on modification of electronic and mechanical 

properties of MoS2 and the related group VI TMDs [8], [9], [10]. Lu et al. [11] investigated the strain-dependent 

electronic and magnetic properties of 2D monolayer and bilayer MoS2 by using first-principles calculations. Zhou 

et al. [10] investigated the MoS2 based nanostructures including atomic defects, nanoholes, nanodots, and antidots 

with spin-polarized density functional theory. Additionally, Muratore et al. [12] reported on the thermal transport 

properties of MoS2 thin films. While recently, Yuan et al. [13] investigated the phonon vibrations and thermal 

properties of MoS2. The study revealed that no imaginary phonon frequency is observed in the whole Brillouin 

zone (BZ), indicating that the bulk MoS2 is dynamically stable. Furthermore, the geometric and electronic 

structures of graphene adsorption on MoS2 monolayer have also been studied by density functional theory [9]. 

However, many properties of bulk MoS2, such as electronic and elastic properties, still lacks in-depth 

investigation. With the increasing interest in the advanced applications of 2D related materials such as MoS2 

especially at the nanoscale, the electronic and mechanical properties of these material become an important part 

in the overall evaluation of the quality and suitability of a particular application. Various 2D related materials 

exhibits different microstructural dynamics and defects, which make it quite challenging to examine both their 



electronic and elastic properties. As a result of increased complexity, novel multicomponent materials and 

difficulty in obtaining pure crystals of sufficient sizes, make experimental determination of electronic and 

mechanical properties quite a challenging task [14]. Lately, with increased computational power and much 

improved methodologies, density functional theory (DFT) calculations on electronic and mechanical properties 

of MoS2 has reached a level of accuracy such that the calculated parameters are adequately close to measured 

values [15], [16]. Within all these investigations, calculation of elastic constants is out-most important due to 

that, many other parameters in relation to the mechanical properties can be extracted from such parameters. They 

are the fundamental parameters in understanding the interatomic interaction, mechanical stability, phase 

transitions, materials strength, and the internal structure of the materials, and much more [1], [2]. It is expected 

that the present study will greatly help to give in-depth analysis of this material and can be a guide for its practical 

applications. Furthermore, the consistent implementation of DFT calculations on 2D MoS2 which can also be 

extended to other available 2D TMDs materials, will further assists the experimentalists to better asses the 

reliability of their data where there is unavailability of the experimental data or where there is conflicting data.  

2 Computational details  

Electronic and elastic properties calculations of hexagonal MoS2 are based on density functional theory (DFT) 

employing the full potential all electrons linearized augmented plane waves method as implemented in the 

exciting code [17].  The Perdew-Burke-Ernzerhof for solids (PBE_sol) version of the generalized gradient 

approximation (GGA) [16] was used to describe the exchange correlation functional. A convincing k-points mesh 

of 4 x 4 x 3 having expanded the periodic basis wave-functions in the Brillouin zone produced ground state total 

energy of -2.63 x 105 eV for GGA. A hexagonal space group P63/mmc (no: 194) symmetry crystal lattice, with 

the Wyckoff atomic positions occupation: Mo4+ occupying 2d- (0.667 0.333 0.250); S2- occupying 4f- (0.667  

0.333  0.633) so that a unit cell consisting of two molybdenum and four sulphur ions in 4+ and 2- oxidation states 

was generated as shown in figure 1. All electron linearized plane waves calculations were performed referenced 

to the following individual atomic electronic states; Mo (4s2 4p6 4d5 5s1) and S (3s2 3p4). The confirmed 

geometries were all optimised. Good convergence was achieved with the total energy and the number of k-points 

we used for the methods considered. For each intended calculation, the atomistic positions were fully relaxed 

according to the Hellmann– Feynman forces until the maximum atomic force was less than 0.03 eV/Å and the 

total energy difference was less than 1 × 10−3 eV/atom. 

 

Figure 1: Visualisation of hexagonal MoS2 were grey balls represent (Mo) and yellow balls represent (S). (a) 

Vertical alignment (b) horizontal alignment.   

3 Results and discussion 

3.1 Crystal structure 
The structural properties of hexagonal MoS2 crystal model were calculated based on the symmetry outlined in 

the methodology section. Table 1 present the calculated equilibrium lattice constants, minimum energy (Eo), and 

bulk modulus (Bo). The calculated lattice parameters as depicted in table 1 together will available theoretical and 

experimental data for comparison, clearly shows excellent agreement on hexagonal MoS2 with the experimental 

[18] and theoretical [19] disclosed data, together with the studies disclosed by Shehu et al. [20]. From the data 

table 1, it can conclusively be drawn that, the existence of the Van der Waals forces helps in the enhancement 

and the performance of the calculations, which ultimately replicates the experimental results. Which is also 



explained by the reproducibility of the crystal symmetry co/ao in comparison to theoretical and experimental data. 

Such findings show the consistency and the reliability of the GGA correlation functional in prediction of various 

properties of hexagonal phased systems.  

 ao [Ă] bo [Ă] co [Ă] co/ao Eo [eV] Bo [GPa] 

Present calculations 3.141 3.141 12.516 3.984 -2.64 x 10-5 82.28 

Other calculations [19] 3.199 3.199 12.493 3.905 

 

-4.99 x 103 63.36 

Experiments [18] 3.160 3.160 12.295 3.890 

 

- - 

Table 1: Equilibrium parameters of the hexagonal MoS2. a, b, and c are lattice parameters. Eo and Bo are minimum 

energy and bulk modulus respectively. 

3.2 Electronic properties 
The band structure and density of states (DOSs) play an important role when analysing electronic properties of 

materials. When investigating the electronic properties, the first notion to consider is the band structure as 

depicted in figure 2. It can be observed that there is an energy gap between the valence and conduction bands at 

the Fermi level of about 1.45 eV, which suggest that MoS2 exhibit a narrow band gap. The results were found to 

be slightly higher than the reported experimental value of 1.29 eV disclosed by Peelaers and Van de Walle [3], 

however, that is lower than the gap reported by Xiaofeng F et al. [21] of 1.65 eV, calculated using GGA and 

experimentally measured energy gap (1.8 eV) [4]. 

 

Figure 2: (a) The whole band structure of hexagonal MoS2 and (b) the zoomed version of band structures of 

hexagonal MoS2 around the fermi level under GGA at 0 GPa respectively. 

In fact, the underestimation of the band gap is a well-known drawback of GGA calculations [22]. From this 

figure, it can be observed that the bottom of the conduction band and the top of the valence band are not at the 

same k-point. Such stature is invoked by the eminent intraband relaxation of electrons or holes in a 

semiconductor, which is influenced by the increase in the number of layers from mono-, bi-, multi- to bulk-layers 

[4]. Thus, it results in the alterations or change in the band order between the upper and the lower band which 

leads to the weakness or non-observant of the luminescence in association with the excitation states, hence the 

material portrays the indirect band gap semiconducting properties [4]. The DOS are an important tool for 

understanding the bonding properties and their contribution in the electronic properties of the material. Therefore, 

the total DOS of hexagonal MoS2 were also calculated as shown in figure 3. From figure 3 the TDOS of 

hexagonal` MoS2 can be divided into three sections. In the valence band, there are two regions; a large band 

located at: -5.5 to -2.1 eV and a very tiny band: -1.8 to -1.2 eV. In the conduction band, the bands occupy the 

region 0.9 to 2.9 eV. As evident from the TDOS of hexagonal MoS2, it can be concluded that a high flux of 

electrons density is located in the valence band, with core electrons occupying the lowest large band: -5.5 to -2.1 

eV. Some of the valence electrons densities occupy the tiny valence band region: -1.8 to -1.2 eV, whilst other 

can be obtained at the conduction band region: 0.9 to 2.9 eV.  The DOS of hexagonal MoS2 was disclosed by 



Wei et al. [23], were in their study they reported on five (5) regions of DOS of hexagonal MoS2 while it is 

disclosed only on three (3) regions of DOS of hexagonal MoS2. Consequently, in the present study it was found 

to compare well with their study only on the three (3) regions (C, D and E) of their study, which shows a great 

concurrence and good predictions in examining the bonding properties hexagonal MoS2. 

 

Figure 3: The total density of states (TDOS) of hexagonal MoS2. 

3.3 Elastic properties 
The elastic constant (Cij) are an important tool for examining the mechanical properties of various materials, 

especially for 2D hexagonal MoS2 in relation to its special application conditions such as internal strain and 

thermo-elastic stress. Elastic stiffness tensor is related to stress tensor and strain tensor by Hooke’s law. The 

elastic constants Cijkl with respect to the finite strain variables are defined [24] as: 

𝐶𝑖𝑗𝑘𝑙  =  (
𝜕𝜎𝑖𝑗(𝑥)

𝜕𝑒𝑘𝑙
)

𝑋
     (1) 

where σij and ekl are the applied stress and Eulerian strain tensors, and X and x are the coordinates before and after 

the deformation, respectively. Elastic tensor Cijkl is known to have 21 independent components. But, taking into 

account of the crystal symmetry of a material, this number can be reduced. Currently, for the 2D hexagonal 

structured MoS2, those independent components are reduced to five components, i.e., C11, C12, C13, C33, and C44.  

The mechanical stability criteria for hexagonal structured systems are defined by: 

Ĉ44 > 0,   Ĉ11 > |Ĉ12|,   Ĉ33(Ĉ11 + Ĉ12) > 2Ĉ13
2   (2) 

The obtained results of the Cij in the current study were all calculated at 0 GPa as depicted in table 2, together 

with experimental and theoretical disclosed data [23], [25]. Furthermore, the calculated elastic constants are 

positive as demonstrated in table 2, indicating that the system is stable and that the material satisfy the Born 

mechanical stability limitations as outlined by equation (2). Which were then found to be in good accord with 

the disclosed experimental and theoretical findings. Additionally, the other properties that are known to affect 

the physical quality of a material are bulk modulus (Bo), Young’s modulus (Y) and shear modulus (G). Bo is 

known to be closely related to the cohesive energy, which is used to define the average atomic bond strength of 

the system [26]. The Y is used to measure the stiffness of a solid as a function of atomic bond strength [27], while 

the G is assigned to define the hardness of a material [28]. Moreover, Pugh et al. [29] proposed the ratio 
𝐵0

𝐺⁄  to 

describe the ductility and brittleness of a material, as a result of the assumption made of Bo to constitute the 

resistance to fracture deformation while the G outlines the resistance to plastic deformation. The criteria value of 

the ratio that separates ductile and brittle materials is about 1.75. So, if the ratio  
𝐵0

𝐺⁄   > 1.75, the material is set 

to be ductile, while if 
𝐵0

𝐺⁄   <1.75, the material is set to be brittle. In the current work, as outlined in table 2, the 

ratio 
𝐵0

𝐺⁄  (1.44) is less than the criteria value 1.75 which indicate that hexagonal MoS2 is brittle at 0 GPa. Which 

was as well found to be in good agreement with the results disclosed by Yuan et al. [30].   



 Present GGA [31]  LDA [30] 

 

VdW-DF2 [20] Experimental [25] 

C11  257.895 211.221 240.690 207.42 238 

C12  63.495 49.380 53.640 60.75 -54 

C13  2.465 3.078 8.500 20.49 23 

C33  87.88 36.735 56.110 68.87 52 

C44  5.47 30.043 26.100 28.17 19 

Bo 82.28 63.361 50.860 65.56 47.65 ± 0.3 

Y  139.54 199.525 107.381 111.51 - 

G  57.311 55.111 46.76 45.84 - 
𝐵0

𝐺⁄  1.44 1.14 1.09 1.43 - 

Table 2: The calculated elastic constants Cij (GPa)together with elastic bulk modulus (Bo) (GPa), Young’s 

modulus (Y) (GPa), shear modulus (G) (GPa) and  
𝐵0

𝐺⁄  of hexagonal MoS2 at 0 GPa respectively. 

4 Conclusion 

The study investigated the structural, electronic and elastic properties of hexagonal MoS2 using first principles 

calculations within the GGA correlation functional. The calculated lattice parameters were found to be in good 

agreement with both theoretical and experimental disclosed data. The calculated band gap energy of hexagonal 

MoS2 was obtained to be 1.45 eV portraying indirect n-type semiconductor. However, the correlations have 

overestimated the band gap in relations to other theoretical and experimental findings. The analysis on the DOS 

indicates that there is a flux of electrons density located in the valence band. Which is a great property for the 

enhancement of the material’s atelicity. Lastly, mechanical properties demonstrated that the system is mechanical 

stable and convey the ductility characteristics which were all found to be in good accord with reported 

experimental and theoretical disclosed data. The internal analysis of such properties, and their agreement with 

various studies conveniently convoy the growing interest in atomically thin layers of transition-metal 

dichalcogenides as well as their potential advantages and challenges, particularly in sensing, energy and 

optoelectronic devices. Such knowledge, helps the academics and industrialists to precisely asses both 

experimental and theoretical findings in a viable way to conceive more suitable and sustainable materials for 

high-tech applications including optoelectronic, sensing and energy. The present study accurately shares a 

fragment of such knowledge. 
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