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ABSTRACT 

We employ a-b initio techniques to investigate the structural and electronic properties of ReSe 2 in P-1 ]2 structure. The 
structure was relaxed using different DFT functionals. Different Vander Waal’s correction terms were used in relaxing the 
structure, the vdW-TS predicts the structural properties with an accuracy that is comparable to experiment. G0W0 was used 
in the computation of the electronic property of the structure, the computed band gap is about 1.4 eV. The structure may 
have potential application in the electronic industry. 
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INTRODUCTION 

Transition metal chalcogenides (TMCs) are interesting 

compounds with a wide range of potential 

applications Novoselov et al. (2005); Tenne and Wold 

(1985); Feldman et al. (1995); Remskar et al. (2001); 

Chau et al. (2005).  As such, TMC’s have attracted the 

attention of many researchers over the last few years. 

The majority of known bulk TMC’s are layered, 

composed of two dimensional sheets held together by 

weak van der Waals forces Wilson and Yoffe (1969). 

Depending on the combination of the transition metal 

and the chalcogen, TMCs offers a range of two-

dimensional materials (2-D): Mott insulators Sipos et 

al. (2008), metals Sipos et al. (2008), metals Ding et al. 

(2011); Ayari et al. (2007), charge-density-wave 

systems Rossnagel et al. (2001); Hu et al. (2007), 

superconductors Morosan et al. (2006); Gabovich et al. 

(2001) and semiconductors Han et al. (2011); Kam and 

Parkinson (1982). Semiconducting TMCs include MoS 

2 , MoSe 2 , TSi 2 , MoTe 2 , WS 2 , HfS 2 , HfSe 2 , TcS 

2 , TcSe 2 , TcTe 2 and ReSe 2 are promising materials 

for quite a number of applications. 

We have earlier reported the structural phase 

transition in ReSe 2 polymorphs theoretically, we have 

shown that, of all the potential polymorphs, ReSe 2 in 

P-1 ]2 structure has the lowest cohesive energy per 

unit atom and we concluded that it is the most stable 

of all the structures. Here, our interest is to 

theoretically investigate the structural and the 

electronic properties of the most stable structure. 

The knowledge of the structural properties will 

provide information about the ground state energy of 

the structures (the most stable energy of the structure), 

the electronic property will provide information about 

its suitability to be used in solar energy application. 

ReSe 2 are layered structures, the conventional GGA 

functional in density functional theory (DFT) has been 

reported to fail in predicting the accurate description 

of the structural properties of layered structures Kim 

(2014). The long range dispersion forces are a 

necessary ingredient for accurate description of the 

structural properties of layered materials like ReSe 2 , 

which in turn 

determines the electronic properties of the materials. 

PBE and LDA methods are also known to 

underestimate the band gap of semiconductors by as 

much as 30 to 50 %. This lack of information appears 

surprising considering the potential application of 

these structures in themanufacture of third generation 

solar photovoltaic energy converters. The compound 

is a semiconductors with a DFT band gap in the range 

of 0.3 eV to 1.0 eV Weck et al. (2013). Materials with 

band gap in this range are promising materials for the 

manufacture of third generation solar cells. Their 

chain-like layered character can be utilised in the 

manufacture of materials for use in 

 

rechargeable battery cathodes Novák et al. (1999). 

There is therefore a need to carry out an accurate 

study of the structural, electronic and optical 

properties of ReSe 2 with inclusion of the necessary 
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van der Waal’s correction terms and post DFT 

methods like the GW Aryasetiawan and Gunnarsson 

(1999); Hedin and Lundqvist (1970); Rinke et al. (2008)  

approach that are known to correct the DFT band gap 

error. 

The GW level of approximation Aryasetiawan and 

Gunnarsson (1999); Hedin and Lundqvist (1970); 

Rinke et al. (2008) is considered to be the current state-

of-the art first principles method for describing the 

band gap of semiconductors with an accuracy that is 

comparable to experiment Hüfner (2013). However, as 

a result of limitations of our computational resources, 

we will restrict our calculations to G 0 W 0 level of 

approximation, a method known to predict band gap 

with an accuracy of ± 10 % Shih et al. (2010); Tran and 

Blaha (2009) when compared with an experiment. 

COMPUTATIONAL METHODOLOGY 

In this paper, we used Kohn-Sham Density Functional 

Theory Hohenberg and Kohn (1964); Kohn and Sham 

(1965) with Van der Waals forces proposed by 

Tkatchenko et al. Tkatchenko and Scheffler (2009) to 

study the possible structural phase transition in ReSe 2 

structures. The Projector Augmented Wave (PAW) 

Kresse and Joubert (1999) scheme as implemented in 

the Vienna ab initio Simulation Package (VASP) 

Kresse and Hafner (1993, 1994); Kresse nd Furthmüller 

(1996b,a) is used to mimic electron-ion interaction, 

while the Perdew, Burke and Ernzerhof (PBE) Perdew 

et al. (1996); Ernzerhof and Scuseria (1999) 

parametrization of the generalised gradient 

approximation (GGA) Kresse and Furthmüller 

(1996a); Becke (1988); Perdew et al. (1992, 1993) is used 

for exchange correlation. 6 x 6 x 4 Monkhorst-Pack 

meshes for sampling the Brillouin zones with an 

energy cut-off of 520 eV were sufficient for energy 

convergence. The Brillouin zone sampling was chosen 

in such away that the convergence of free energy is 

less than 1 meV/atom. 

RESULTS AND DISCUSSION 

To obtain the structural lattice parameters of the most 

stable structure considered, different exchange 

correlation functionals were used to determine the 

structural cohesive energy volume relationship 

(equation of states). The graph of cohesive energy (E 

coh ) against volume were drawn using the famous 

the PBE, vdW-TS and vdW-DF functionals. Different 

functionals were used for the structure in order to 

study the effect of the van der Waal’s correction terms 

on the energy volume relation of the layered structure. 

It was noted, that the PBE equation of state (EOS) 

curve flattens with increase in volume as the inter-

layer interaction decreases to a point where the layers 

de-couples and the intra-layer interaction saturates. 

This reflects the inability of PBE functionals to 

describe long range dispersion forces in layered 

structures, suggesting the necessity for a van der 

Waal’s correction for an accurate description of the 

structural parameters of the layered structure. The 

lattice structural parameters obtained from the 

equation of states are listed in Table 1. In Table 1 we 

can see that vdW-TS reproduces structural lattice 

parameters and volume atan accuracy that is 

comparable to experiment, whereas the PBE and vdW-

DF approximations over-estimate the equilibrium 

volumes. We note that, vdW-TS reproduces the better 

value for the c lattice parameter (the inter-layer 

separation) when compared with the experiment, and 

that PBE overestimates the c lattice parameter by more 

than 10%. The vdW-TS lattice arameters, a and b, 

agree quite well with that of the experimental values 

reported by Lamfers et al. Lamfers et al. (1996) (with an 

error of less than 2 %) and those of Wildervank and 

Jellinek Wildervanck and Jellinek (1971). 
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Table 1: ReSe 2 calculated and experimental equilibrium lattice parameters. 

Functional a(Å) b(Å) c(Å) V/atom (Å3 ) V 0 (Å 3 ) 

PBE 6.67 6.79 7.76 24.64 295.68 

vdW-TS 6.64 6.77 6.72 20.93 251.16 

vdW-DF 6.70 6.83 7.00 22.21 266.52 

expt. 6.60 [a], 6.72 [b] 6.71 [a], 6.62 [b] 6.72 [a], 6.73 [b]  247.34 [a] 

a = Wildervanck and Jellinek (1971), b = Jeitschko and Rühl (1979) 

 

 

 

Figure 1: MBJ calculated ReSe 2 band structure (a) band structure along high symmetry K- 

points, (b) spin projected total density of states (TDOS), (c) partial density of states (PDOS) 

of Re(s,p,d) (d) PDOS of Se (s,p). 

 

Electronic properties 

Figure 1 shows the MBJ-DFT 1 calculated electronic 

band structure of ReSe 2 . It is observed that electrons 

occupy spin up and down of the density of states 

equally, suggesting that the structure is not magnetic, 

as such only the spin up total density of states are 

shown. Sub-figure (a) show the band energies plotted 

along high symmetry K-points, the total density of 

states isdepicted in sub-figure (b). Partial density of 

states are plotted to extract the orbital character of the 

bands Re (s, p, d) and Se (s, p) at the same energy level 

in sub-figure (c) and (d) respectively. 

From Figure 1 we observed that the MBJ calculated 

electronic structure of ReSe 2 has valence band 

                                                 
 

 

maximum and conduction band minimum at M points 

of the high symmetry k-points, resulting in a direct 

band gap of 1.23 eV. 

Looking at the ReSe 2 partial density of States (PDOS), 

we can see that the dominant orbitals at the two band 

edges (valence band maximum and conduction band 

minimum) are Se (p) with little contribution from 

hybridized Re (p and s).  

Our calculated electronic band gaps of the ReSe 2 are 

listed in Table 2 obtained by different methods, the 

band gaps are compared with optical band gaps Ho et 

al. (1997b, 1999) . The vdW-TS relaxed structure, 

which is observed to be in good agreement with the 

experimental values were used for MBJ, MBJ with 

inclusion of spin-orbit coupling, G0W0 and all 

subsequent calculations. 
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Table 2: ReSe 2 calculated and experimental band gaps. 

 

Functional PBE vdW-TS vdW-DF MBJ G0W0  Exp. 

ReSe 2 1.20 0.99 1.09 1.23 (1.00) 1.42 1.31, 1.32 [g, h] 

g =  Ho et al. (1997a) and h =  Marzik et al. (1984) 

 

Our calculated electronic band gaps of the ReSe 2 are 

listed in Table 2 obtained by different methods, the 

band gaps are compared with optical band gaps Ho et 

al. (1997b, 1999) . The vdW-TS relaxed structure, 

which is observed to be in good agreement with the 

experimental values were used for MBJ, MBJ with 

inclusion of spin-orbit coupling, G0W0 and all 

subsequent calculations that come thereafter. MBJ 

band gap calculated with inclusion of spin-orbit 

coupling are in parenthesis. It is observed that due to 

inversion symmetry in the structure, the spin 

degeneracy in the structures is lifted. It is observed 

that the effect of spin-orbit coupling reduces the 

electronic band gap by about 0.23 eV. The difference 

between the electronic gap observed in vdW-TS and 

vdW-DF approximations may be connected with the 

difference relaxed structure of the two 

approximations. We observed that PBE band gaps are 

about 0.12 eV less than the experimental band gap. 

However, this may be attributed to the fact that PBE 

overestimated the volume of the structure and the 

band gap in this structure is expected to increase with 

an increase in volume. vdW-TS, vdW-DF and MBJ 

with spin orbit coupling were observed to 

underestimate the band gap of the structure by about 

0.33 eV, 0.23 eV and 0.32 eV respectively. 

G 0 W 0 predicts band gap that are in good agreement 

with experiment with an error of only about 8 %. 

 

CONCLUSIONS 

 

We have investigated the structural and electronic 

properties of ReSe 2 structures and have shown that, 

for accurate description of the electronic properties, 

the vander Waal’s correction term is necessary in 

relaxing the structure and the G 0 W 0 predicts the 

band gap of the structure with an accuracy that is 

comparable to experiment and that the structure has a 

G 0 W 0 band gap of 1.4 eV, may therefore be useful in 

the electronic industry. 
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