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Abstract: We present a comprehensive first principles study on structural and electronic properties of TMDs MXy (M=Zr,
Hf AND X=S, Se) using Local Density Approximation (LDA) implemented Tight Binding Linear Muffin Tin
Orbital (TB-LMTO) approach. The structural optimization of these materials are performed using energy
minimization process. The optimized lattice parameters for ZrSs, ZrSe2, HfSy and HfSes are found to be 3.71
A, 370 A, 3.62 A, and 3.80 Arespectively. The band gaps of these materials are found to be 1.75 eV, 1.139
eV, 2.04 eV and 1.134 eV respectively which reveals the semi-conducting nature of ZrSa, ZrSez and HfSea
while HfSs is found to be insulator with large band gap. The density of states of these materials for up-spin
and down-spin are found to be symmetric in nature showing non-magnetic behavior of these materials. The
charge density plot of these materials along (100 )plane and (110) plane shows covalent bond exist among
(X-X) and (M-X) atoms while ionic bond exist among (M-M) atoms.

Keywords: Transition Metal Dichalcogenides ¢ TBLMTO approach e Electronic properties ¢ Band structure @ Density
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1. Introduction

Transition Metal Dichalcogenides TMDs MX, where M is the transition metal and X is the chalogen atom;
are a class of compounds having both layered as well as non layered structure. Among 60 known TMDs, 40 TMDs
assume layered type structure that have weak stacking of X-M-X sandwiches along hexagonal c-axis. TMDs have
been a great sector for present research because of its diverse properties as well as applications in various fields
of modern technology. After W. Fischer proposed the term “chalcogen” to denote the elements of group 16 in
modern periodic table, those elements and their compounds have a great topic of research [1]. Since they exist
in layered form along their hexagonal c-axis, they are used as great lubricants, and also suitable for capacitive
devices. Doping of TMDs with other materials results in fascinating electronic properties so that they can be

used as photonic devices due to the direct band gap, and are also suitable candidate for spintronic devices.
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The first two-dimensional material known to the world; a one atom thick graphene was obtained in 2004
by scrotch-tape method [2]. Due to its fantastic properties like ultrahigh mobility, superior mechanical strength
etc. it has attracted the scientists all over the world. But due to the lack of energy band gap, it was difficult to
use in logical electronic devices [3]. To overcome this difficulty, theoretical and experimental studies were done
on bi-layer graphene [4, 5] but was found to be unsuccessful. So the research proceed towards other type of
2-D materials. Among them TMDs with favorable band gap attracted the attention of researchers. Since then,
most of the works have been performed on single layered TMDs. TMDs with group VI(B) transition metals
was extensively studied with great results [6, 7]. But only few works have been done on group IV(B) TMDs.
Greenaway et. al. [8] performed an experimental study on optical properties of group IV-VI(B) chalcogenides
with CdlI; structure.Lee et. al.[9] performed experimental study on indirect band gap absorption edge of ZrS; and
HfS,. Moustafa et. al. [10] also performed experimental study to know about growth and band gap determination
of the ZrySes_, single crystal series. H.Jiang [11] studied the structural and electronic properties of ZrXs and
HfX using LDA and several variants of GGA and determined the structural properties, band structures, density of
states etc. M. Abdulsalam [12] performed a detailed theoretical investigation on structural, electronic properties
of different transition metal dichalcogenides using DFT, PAW based GGA and optical properties at GW and
BSE level of approximation. Rasmussen et al. [13] performed first principle study on the electronic structure of
51 semi-conducting transition metal dichalcogenides in the GoWy approximation and compared the result with
different density functional theory descriptions. Marias-Valero et al. [14] studied Raman spectra of ZrSs and
ZrSes. They reported the mechanical exfoliation of ZrXs (X=S, Se) from bulk to mono-layer. The result showed
the possibility of obtaining atomically thin layers of ZrXs by mechanical exfoliation. Most of these works have
been done on mono-layers TMDs and some works on 6 slab model [11] but few works on bulk structure have
been done, so we are interested to study on bulk structure of these group IV(B) TMDs.Some papers show conflict
result for the band gap of HfS,. [15] motivated us to go in detail through it. Similarly due to its potential use
on various technological sectors such as Field-effect transistors, Photo-transistors, dielectric devices etc. [14, 15]
attracted us towards the subject. Similarly one of the successful approach to study the electronic behavior and
magnetic properties is Tight Binding Linear Muffin Tin Orbital within Atomic sphere approximation. A very
few work have been performed previously on group IV(B) TMDs using this approximation [16, 16-18]. So we
are greatly interested in applying this approach for the further investigation in the electronic properties of group
IV(B) TMDs. Here, we have used four group IV(B) TMDs compounds ZrSs, ZrSes, HfS; and HfSe; to know

their properties in bulk state.

2. Computational Details

We have used first principles calculation to study the electronic structure of the TMDs material which

includes the calculation of the ground state at first to find the minimized lattice parameter. Among the various



S.K. Chaudhary, G.C. Kaphle

|
calculation methods used by our group [19-22], here we have used Local Density Approximation (LDA) imple-
mented Tight Binding Linear Muffin Tin Orbital Atomic Sphere Approximation method [23]. The SCF solve
the Kohn-Sham equation [24] using the exchange-correlation potential of Von Barth and Hedin with the help of
minimal basis sets and partial wave method implemented in TB-LMTO-ASA code. In this approximation, the
highly energetic valence electrons are included in the self consistent calculation process while deeper lying cores
are treated as frozen state acts like ion called frozen core approximation. The linearized muffin-tin orbital method
developed by Anderson uses a basis set for expanding the wave function, a set of orbitals that forms a complete
basis set for a muffin-tin potential. The integration is performed in reciprocal space with 108 spatial k-points in
the irreducible wedge of the Brillouin zone with default value of K¢yt and Ecy¢. The default value of Rasr is used

for individual atoms. Overall calculations were iterated to self consistency within the accuracy of 10~¢ Rydberg.

3. Results and Discussion
Structural analysis and lattice parameters

To investigate the electronic properties of group IV(B) TMDs, we have used the structural position and
base parameters for MXs from H. Jiang [11] with positions M= (0 0 0) and X= (1/3 2/3 z) with Cdl> type
1T structure resembling hexagonal symmetry. The space group number is 164 and P-3ml in Hermann Mougin
notation. The Figs. 1(a) and 1(b) represent the optimized lattice parameter which is the plot of energy versus
lattice parameter of ZrSs and ZrSes. We found the most stable structure of ZrSs and ZrSes is found when the
lattice parameter is 3.63 Aand 3.70 Awhich are found to be less than 5% deviated than the experimental value.

The deviation in the parameters may be due to the calculating environment and experimental set up environment.
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Figure 1. Plot of energy vs lattice parameter, (a) ZrSz, and (b) ZrSes.
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Figure 2. Primitive unit cell and 3*2*1 supershell showing layered structure, (a) ZrSs, and (b) ZrSe,.

Similarly the optimized lattice constant for HfSs and HfSes are found to be 3.62 A and 3.80 A respectively.
The calculated lattice parameter of HfS2 and HfSes are found to be less than 5% deviated from the experimental
value. The energy minimization curve (Figs. 3(a-b)) along with primitive unit cell and supercell (Fig. 3(a-b))

are shown in figure below:
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Figure 3. Plot of energy vs lattice parameter, (a) HfS2, and (b) HfSes.
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Figure 4. Primitive unit cell and 3*2*1 supershell showing layered structure, (a) HfS2, and (b) HfSes.
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Table 1. Lattice parameter and c¢/a ratio for group IVB TMDs MX, (M=Zr, Hf and X=S, Se)

Properties Bulk ZrSy Bulk ZrSez Bulk HfSy; Bulk HfSes
Lattice constant (a) (A) 3.71 3.70 3.62 3.80
c/a ratio 1.573 1.608 1.598 1.637

Electronic band structure and density of states analysis

Fig. 5(a) represents total band structure and its corresponding density of states. The first and fifth panel
shows the up and down pdos of Sulfur while second and fourth panel shows up and down pdos of Zirconium
in compound ZrSs.The fifth panel shows the total band structure of ZrSs. From the figure, we see that valence
band maxima (VBM) lies at I'-point whereas conduction band minima (CBM) lies at M-point. Since CBM and
VBM lies at different points, the band is indirect in nature. Four major bands are seen. The first band lying
between 6.21 eV to 19.44 eV show a mixture of 4p and 5s orbital of Zirconium and 3p orbital of Sulfur. Similarly
the second band lying between 1.7 eV to 5.9 eV above the Fermi level indicates hybridization of 4d orbital of
Zirconium and 3p orbital of Sulfur. The third band lying between -4.24 eV to 0 eV below the Fermi level is also
a hybridization of 4d orbital of Zirconium and 3p orbital of Sulfur. The fourth band lying between -12.3 eV to
-10.85 eV has a major contribution from 3s orbital of Sulfur. The symmetric nature of up and down spin channels

reveals non magnetic behavior of ZrSs.
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Figure 5. Comparison of total band structure and partial density of states of different orbitals in ZrS> and ZrSes

Similarly the Fig. 5(b) is also a comparison of band structure and partial contribution to the density of
states of Zirconium and Selenium in ZrSez. The structure is similar to compound ZrS, in which valence band
maximum lies at I-point. And conduction band minimum lies at M-point with a band gap of 1.139 eV. The band

gap near Fermi level arises mainly due to the hybridization of 4d orbital of Zirconium and 4p orbital of Selenium.
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Figure 6. : Comparison of total band structure and partial density of states of different orbitals in HfS, and
€2

Fig. 6(a) is the comparison of total band structure and partial density of states of different orbitals of HfS,.
From the above figure, it is seen that the band gap in HfS» arises due to the hybridization of 4d orbital of Hafnium
and 3p orbital of Sulfur neat the Fermi level and the band gap is found to be 2.04 eV. Similarly, the Fig. 6(b) is
also the comparison of total band structure and partial density of states of compound HfSes. The figure is similar
to that of HfS;. Here the band gap near Fermi level arises due to the hybridization of 5d orbital of Hafnium and
3d orbital of Selenium and the band gap is found to be 1.134 eV. Table 2 shows the comparison of band gap

calculated by us and different experimental and theoretical results.

Table 2. Comparison of band gap from present calculations, previous calculations and Experimental value.

Materials Band gap (eV) Band gap (eV) Band gap (eV)

(Bulk State) (Present) (experimental) [11]

- Lo 1.7 [10] 0.79 (PBE)
1.78 [25] 1.45(GW)

_— s 1.18 [10] 0.21 (PBE)
1.20 [8] 0.89(GW)

1S, - 1.96 [8] 0.90(PBE)
2.13 [10] 1.80(GW)

HtSey " 113 [8] 0.30(PBE)
1.15 [26] 1.26(GW)

Charge distribution analysis

The nature of the bond existing between the atoms present in a molecule can be analyzed with the help of
charge density plot. Circular counters between the atoms show covalent nature of bond while non-circular and
distorted counters shows a complex type of bond between the molecules. In covalent bond, large accumulation of

charge is present between the atoms. The charge distribution at (100) and (110) planes of HfSe; is as shown in
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the Fig. 7.

Figure 7. Charge distribution plot at, (a) (100), and (b) (110) plane in HfSe,

From the Fig. 7(a), we can see the symmetric and circular counters exist for Hf-Se (M-X) in (100) plane
indicating covalent nature of bond between M and X. The overlapping and circular contours between Se-Se (X-
X) atom in (110) plane in Fig. 7(b) indicates sharing of electron takes place which is basically covalent bond.
Similarly counters in the plane (110) are non-symmetric and non-circular which shows charge transfer takes place
between Hf-Hf (M-M) atom indicating ionic bond among X-M-X layer while weak Van der Waals bond lies between

the layers.

4. Conclusions

We have performed structural and electronic analysis for four TMDs (MX3), M=Zr, Hf and X=S, Se. At first
structural optimization through energy minimization process is performed to calculate the lattice parameters. The
lattice parameters of ZrSy, ZrSe, HfS: and HfSe; are found to be 3.71 A, 3.70 A, 3.62 A, and 3.80 Arespectively
which are less than 3% deviated than the experimental values. The band structure is calculated through LDA
+U approach within TB-LMTO-ASA approximation.The band gap of ZrSs, ZrSes, HfS2 and HfSe; are found to
be 1.75 eV, 1.139 eV, 2.04 eV and 1.134 eV respectively which reveals the semi conducting nature of ZrSs, ZrSes
and HfSes while HfS; is found to be insulator with large band gap. The band gap in ZrSs and ZrSe; arises mainly
due to the hybridization 4d orbital of Zirconium and 3p orbital of Sulfur and 4p orbital of Selenium. Similarly
in HfS, and HfSe; the band gap arises due to the hybridization of 5d orbital of Hafnium and 3p orbital of Sulfur
and 4p orbital of Selenium. The density of state analysis supports the result. The charge density plot shows that
covalent bond exist between non-metal atoms (X-X) and between metal and non-metal atoms (M-M) while ionic
bond exist between the metal (M-M) atoms among X-M-X layer while weak Van der Waals bond exist between

the layers.
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