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Electronic structure of ZrSxSe2−x by Tran-Blaha modified Becke-Johnson density functional
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The electronic properties of the layered transition metal dichalcogenide ZrSxSe2−x semiconductors for x =
0 and 2 as well as for the ternary compound with x = 1 have been calculated by density functional theory for
six different exchange-correlation energy approximations by the WIEN2k code. The results show that, among the
functions we tested, a new semilocal potential that combines the modified Becke–Johnson potential and the local
spin density approximation correlation potential as proposed by Tran and Blaha [F. Tran and P. Blaha, Phys.
Rev. Lett. 102, 226401 (2009)] (TB-MBJ) remains superior for estimating the band gap. Thus, the calculations
have been performed within the TB-MBJ method both with and without spin-orbit interaction. Calculations by
all methods reveal that the valence band maximum and conduction band minimum are located at the � and M
points, respectively, which are in agreement with experimental data. Moreover, in the three compounds the band
gap decreases linearly from ZrS2 to ZrSe2. When considering spin-orbit (SO) coupling, the degeneracy of the
valance bands is removed. The size of the SO splitting increases by the atomic number of chalcogenide from
ZrS2 to ZrSe2.

DOI: 10.1103/PhysRevB.84.125205 PACS number(s): 78.40.Fy, 71.15.Mb

I. INTRODUCTION

The layered 1T-metal dichalcogenides have been found
to possess interesting anisotropic optical, mechanical, and
transport properties. Observation of charge density waves,
superconductivity, sometimes their coexistence in some mem-
bers, and many technology applications (such as solar cells
and fuel cells), cause them to be a unique subject for
intensive experimental and theoretical research.1 Zirconium
dichalcogenide compounds have attracted much interest due
to their suitability for a number of applications. For instance,
recently electrical transport properties and prototype optoelec-
tronic devices based on individual ZrS2 nanobelts have been
discussed in Ref. 2. Moreover, the size of the band gaps
of the ternary ZrSxSe2−x semiconductor series was found
to vary almost linearly with the composition parameter x.3

These materials are discussed as promising candidates for
third-generation photovoltaic applications.3

The general formula of the dichalcogenides is MX2 (M the
metal and X the chalcogenide) where in this paper M represents
Zr and X is Se or S, i.e. the zirconium planes are sandwiched
between two sulphur-selenium layers. Therewith, the structure
consists of X-M-X atomic trilayer units, which are joined by
strong covalent bonds inside the layers, whilst relatively weak
van der Waals forces hold the sheets together. ZrS2 and ZrSe2

have the P-3m1 space group while ZrSeS has the P3m1 space
group.

There is not any theoretical report for the electronic
structure of the ternary compound ZrSeS, although recently
experimental measurements of band gaps by optical absorption
was discussed by Moustafa et al.3 The authors reported
indirect band gaps in the range 1.18–1.7 eV and direct band
gaps in the range 1.61–2.10 eV. On the other hand, there
are varieties of experimental and theoretical reports of the
electronic structure for the two end members, i.e. ZrS2 and
ZrSe2. For instance, Wilson and Yoffe4 have discussed the
electronic properties of ZrS2 and ZrSe2 from the experimental
side.

First calculated band structures of ZrS2 and ZrSe2 have been
reported by Murray et al.,5,6 obtained by the semi-empirical
tight binding (TB) linear combination of atomic orbitals
(LCAO) method. It revealed that the materials are semicon-
ductors with band gaps of 1.78 and 1.37 eV, respectively.
However, there are many different TB variants, ranging from
completely semi-empirical to first-principles-based versions.7

In Ref. 8, the relationship between the semi-empirical TB
method with the first-principles method has been discussed
comprehensively. The calculation of Bullett9 based on the
chemical pseudopotential revealed different band gaps for
ZrS2 and ZrSe2, which are 1.7 eV and 1.0 eV, respectively.
However, the pseudopotential method ignores the dynamics
of the core electrons (freezes them) and replaces their effects
by an effective potential.10 Other methods like self-consistent
symmetrized orthogonalized plane wave revealed band gaps
of about 1.6 and 1.3 eV for ZrS2 and ZrSe2, respectively.11,12

All the band structure calculations for the two end members
have shown that the valence band maximum (VBM) and
the conduction band minimum (CBM) are located at the
� and M points of the Brillouin zone, respectively, but all
of them are generally less accurate than methods based on
density functional theory (DFT),13 that is a computationally
efficient and often more accurate approach to electronic struc-
ture calculation in condensed-matter physics and quantum
chemistry. In DFT theory, a self-consistent solution of a
one-electron Schrödinger equation is used for the evaluation
of the ground-state electron density and total energy E so
that the exchange-correlation energy as a functional of the
density needs to be approximated in practice. There is only one
calculation for ZrS2 and ZrSe2 by the WIEN97 code14 of Reshak
and Auluck,15 which is based on the DFT method. The results
show that the band gaps are 1.4 and 0.85 eV, respectively.15

However, the authors did not consider spin-orbit interaction
and accurate exchange-correlation energy (which is possible
today). The DFT calculation also revealed that these materials
are semiconductors and have similar positions for CBM and
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VBM when compared to band structures obtained by other
theoretical methods.

In this paper, we report results of the electronic structure
of ZrS2 and ZrSe2 as well as the ternary compound ZrSeS
by the full-potential linearized augmented plane wave method
due to Singh,16 which is implemented in the package WIEN2K

code.17 Within several different exchange-correlation energy
functionals, such as the local spin density approximation
(LDA) and the generalized gradient approximation (GGA),
one usually underestimates the band gap, but the Engel–Vosko
(EV) approximation18,19 and a new semilocal potential that
combines the modified Becke–Johnson potential20 and the
LDA correlation potential (TB-MBJ) as recently proposed by
Tran and Blaha21 deliver theoretical band gaps comparable in
size to the experimental results. All hitherto published band
structure calculations, however, show that the VBM and the
CBM are located at the � and M points, respectively, for
ZrSe2, ZrS2 and also due to our calculations for ZrSeS. In
addition, our calculation shows how the degeneracy of the
top of most valence bands is removed, when we consider
spin-orbit coupling in the calculation for the three compounds.
As expected the size of the SO splitting increases with the
atomic number of the chalcogenide, i.e. from ZrS2 to ZrSe2.

II. METHOD

The full-potential method is used in the WIEN2k code within
the framework of DFT so that the energy is described by

Etot = Ts + Vec + Ven + Vnn + Exc, (1)

where Ts is the kinetic energy of a system of noninteracting
electrons, and the three next terms represent the electron-
electron electrostatic Coulomb energy, the electron-nucleus
electrostatic Coulomb energy, and the nucleus-nucleus elec-
trostatic Coulomb energy, respectively. The last term is the
exchange-correlation energy which can be decomposed into
its exchange and correlation parts (Exc = Ex + Ec). In Eq. (1),
only the last part as a functional of the electron spin densities
n↓(r) and n↑(r) must be approximated.22 However, the exact
mathematical form of the exchange energy Ex is known, but
it is a functional which depends explicitly on the orbital wave
function (ψi) and leads to calculations which are relatively
extensive.23 On the other hand, for the correlation part Ec no
exact form exists which can be used for practical calculations.

There are several approximations for Exc and the WIEN2K

code is flexible to use some of them, for instance, Perdew–
Burke–Ernzerhof (PBE 96),22 LDA, Wu-Cohen 2006 (WC),24

and Perdew et al. 2008 (PBEsol).25 WC, PBE 96, and
PBEsol are of GGA form. However, there are two classes of
GGA functionals. One are the empirical functionals,26 whose
parameters are determined by fitting experimental or ab initio
data. The other class are the parameter-free functionals, whose
parameters are determined in order to satisfy mathematical
relations, which are known to hold for the exact functional.22,27

LDA and GGA have been reviewed in Refs. 23 and 28.
The exchange-correlation energy in the LDA has the

following form:

Exc [ρ] =
∫

εxc [ρ (r)] d3r,

where εxc is the exchange-correlation energy per unit
volume, which is a function of the electron density
[εxc = − 3

4 ( 3
π

)1/3ρ4/3], but in the GGA formalism, instead the
gradient of the electron density is used for a better description
of atom and molecules. In GGA the exchange-correlation
energy is

Exc[ρ] =
∫

εGGA
xc [ρ(r),∇ρ(r)]d3r

=
∫

εLDA
xc [rs(r)]Fxc[rs(r),s(r)]d3r,

where Fxc, rs , and s are the enhancement factor, Wigner–Seitz
radius, and reduced density gradient, respectively. They can
be written in the following form

Fxc(rs,s) = Fx(s) + Fc(rs,s), rs =
(

3

4πρ

)1/3

,

s = ∇ρ

[2(3π2)1/3ρ4/3]
,

where the enhancement factor in the PBE and WC are as
follows

F PBE
x (s) = 1 + κ − κ

1 + μ

κ
s2

,

F WC
x (s) = 1 + κ − κ

1 + x(s)
κ

,

where κ = 0.804, μ = 0.21951, and x(s) = 10
81 s2 +

(μ − 10
81 )s2e−s2 + Ln(1 + cs4)(c = 0.0079325).

In the PBEsol functional isμ = 10
81 ,23 the rest is the same as

in PBE.
On the other hand, the TB-MBJ potential has the following

form21

vMBJ
x,σ (r) = cvBJ

x,σ (r) + (3c − 2)
1

π

[
10tσ (r)

12ρσ (r)

]1/2

,

where ρσ is the electron density, tσ is the kinetic energy density,
vBJ

x,σ is the Becke–Roussel potential,29 which can be written as

vBJ
x,σ (r) = − 1

bσ (r)

[
1 − 1

exσ (r)
− xσ (r)

2exσ (r)

]
,

and

c = α + β

[
1

V

∫
cell

|∇ρ (r′)|
ρ (r′) d3r′

]1/2

,

where V is the unit volume cell and α, β are two free
parameters.

It has been argued that both LDA and GGA approximations
usually underestimate the band gaps. Wu and Cohen24 have
shown that their WC functional is a significant improvement
over LDA and PBE96 for the geometrical parameters and the
bulk modulus of solids. It is believed that PBE is the best
approach for solids with 3d transition elements.23 On the other
hand, LDA is still among the best for some classes of solids,
e.g. the 5d transition metals.23 In Refs. 30 and 31, some new
GGA approximations have been discussed.

Experimental lattice parameters were used32 and −8.5 Ry
for the energy that separates valence from core states.
Subsequently, the k points, Gmax and RMT Kmax (where RMT
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TABLE I. Calculated optimized lattice parameters within the
PBEsol functional for ZrSe2, ZrS2, and ZrSeS with hexagonal
crystal structure. The experimental lattice parameters are given in
parentheses.

Compound a, b (Å) c (Å) Space group

ZrSe2 3.789 (3.758)a 6.165 (6.114)a P-3m1
ZrS2 3.654 (3.660)a 5.795 (5.804)a P-3m1
ZrSeS 3.713 (3.709)a 6.010 (6.004)a P3m1

aExperimental values from Ref. 32.

represents the smallest muffin-tin radius and Kmax is the
maximum size of reciprocal lattice vectors) are optimized by
starting from Gmax = 12 (au)−1, RMT Kmax = 6 and k points =
100, while the valence wave functions inside the spheres are
expanded up to Lmax = 10. A self-consistent iteration process
was repeated until the charge convergence of 0.0000001 e was
reached. The self-consistency is obtained using the Gmax = 14
(au)−1, 500 k-points mesh in the irreducible Brillouin zone, and
RMT Kmax = 8.5. Using optimized values of RMT Kmax, Gmax,
and k points and experimental lattice parameters, the volume
was optimized by minimizing the total energy of the crystal to
the volume in the PBEsol functional, and then the theoretical
lattice constants were extracted (Table I). The density of
states (DOS) and band structure were calculated for the six
different exchange-correlation energies, i.e. PBE 96, LDA,
WC, PBEsol, EV, and TB-MBJ by theoretical lattice constants.
Additionally, in the case of TB-MBJ, the calculations have
been performed with and without spin-orbit interaction.

III. RESULTS AND DISCUSSION

It is a well-known problem with self-consistent band
structure calculations within DFT that both LDA and GGA
approximations usually underestimate the band gap.33 Typ-
ically, in the DFT calculation the underestimation of the
band gap when compared with experimental data is about
30–100%.34 This could be due to the exchange-correlation
energy, which LDA and GGA cannot determine exactly, but it
is believed that EV is able to better calculate some properties
which mainly depend on the accuracy of exchange-correlation
energy, such as band gap. In addition, Tran and Blaha21

recently proposed a new semilocal potential that combines the
modified Becke–Johnson potential20 and LDA, which gives a
similar precision as obtainable with the more expensive hybrid
functionals and GW methods, while the TB-MBJ potential is

computationally as cheap as LDA or GGA. Therewith, it can
obtain accurate band gaps.

After analyzing the results, we have classified them in two
groups; the first group contains PBE 96, LDA, WC, and PBEsol
and gives similar electronic structures for each compound (i.e.
ZrSe2, ZrS2, and ZrSeS). For each compound, the band gap
that is calculated by LDA is distinctly smaller than that from
the three other methods EV, TB-MBJ (WSO), and TB-MBJ
(SO). The band gaps which are calculated within this first
group for ZrSe2, ZrS2, and ZrSeS are all also significantly
less than the experimental values, while there is only one
experimental result3 and no other theoretical calculation for
ZrSeS. However, PBEsol derived by Perdew et al. contains no
empirical parameters, an assertion which has been confirmed
for solids by several studies.31,35 The indirect and direct band
gaps calculated by the first group of methods are given in
Table II and III, respectively.

The second group contains EV and TB-MBJ as Exc

functionals and gives band gaps almost comparable with the
experimental results, but obviously EV is not as good as
TB-MBJ. Thus, we will discuss the DOS and the band structure
which are calculated within TB-MBJ in two modifications: by
considering spin-orbit (SO) interaction and without it (WSO).
The spin orbit interaction is due to coupling between orbital
magnetic moments and spin moments. The Hamiltonian of
spin-orbit interaction for an isolated atom is given by

HSO = 1

2m2
ec

2r

∂V

∂r
L.S,

where V is the potential energy of the electron, and L and S
are angular momentum and spin momentum, respectively.36

The interaction of L.S is proportional to Ze2 for a Coulomb
potential where Z is the atomic number. Therefore, it grows
with Z. Due to spin orbit coupling, the p states are splitting into
two states with energy Ej = El + λl and Ej = El − 2λl for j
= 3/2 and j = 1/2, respectively (where the λl is a constant). In
the case of ZrSxSe2−x , the valence bands are made mainly of p
states (see blow). Therefore, not only the degeneracy of bands
is removed by spin-orbit interaction, but also it is expected
that the SO splitting increases by the atomic number of the
chalcogenide from ZrS2 to ZrSe2. In the WIEN2K code, this SO
interaction can be considered via a second variational method,
as discussed in details in Ref. 37.

The results show that among the functions we tested, TB-
MBJ remains superior for the estimating of the band gap,
such that recently, there are several research papers that have
published the evaluation of the electronic structure of solids by
the TB-MBJ method.38,39 It should be mentioned here that we

TABLE II. Comparison of the indirect band gap for ZrSe2, ZrS2, and ZrSeS where calculated within the six different exchange-correlation
energy methods. For the TB-MBJ method the band gap is given by considering with (SO) and without (WSO) spin-orbit interaction. The band
gap linearly decreases from ZrS2 to ZrSe2 in all exchange-correlation energy methods. The energy units are electron volt.

TB-MBJ

Compound PBE 96 LDA WC PBEsol EV WSO SO Experiment (Ref. 3)

ZrS2 0.967 0.929 0.974 0.968 1.34 1.41 1.40 1.7
ZrSeS 0.78 0.54 0.582 0.72 1.17 1.18 1.13 1.40
ZrSe2 0.56 0.49 0.51 0.51 0.86 0.92 0.81 1.18
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FIG. 1. (Color online) Band structure and
DOS of ZrS2 within the TB-MBJ method by
considering (a) without and (b) with spin-orbit in-
teraction in the calculation, where the band gaps
are 1.41 and 1.40 eV, respectively. The valence
band maximum and conduction band minimum
are located at � and M points, respectively.
The SO splitting of the top valence band at the
� point is about 0.087eV (see b). The inset shows
the Brillouin zone.

have chosen the semiconductor compounds, ZrSxSe2−x , for
the present comparison between theory and experiment due to
the fact that the topmost valence band is derived dominantly
from chalcogen p states and that the lowest conduction band
is dominantly of Zr d character, see also below. Therefore,
optical transitions via the band gap are allowed within dipole
approximation. This is, hence, the quite rare case where a
direct comparison between experimental and theoretical band
gaps can be applied.

All the band structure calculations have shown that the
VBM and the CBM are located at the � and M points,
respectively, for ZrSe2, ZrS2, and ZrSeS. For instance for

ZrS2, from Figs. 1(a) and 1(b) we can see that the VBM
and CBM are located at the � and M points, respectively,
for both WSO and SO methods. The indirect band gaps are
1.41 and 1.40 eV, respectively. Comparing these values with
other methods in Table II, it is clear that TB-MBJ improved
the band gap value. However, the band gap decreases when
considering SO interaction.

Looking more closely at Fig. 1, four groups of bands
can be visually identified. First, the lowest band at −12 eV
binding energy has mainly sulphur-s state contribution, the
second group is from about −4 eV to the Fermi level, which
is composed of sulphur-p state contribution (in which the

TABLE III. Comparison of the direct band gap for ZrSe2, ZrS2, and ZrSeS where calculated within the six different exchange-correlation
energy methods. For the TB-MBJ method, the direct band gap is given by considering with (SO) and without (WSO) spin-orbit interaction.
The band gap linearly decreases from ZrS2 to ZrSe2 in all exchange-correlation energy methods. The energy units are electron volt.

TB-MBJ

Compound PBE 96 LDA WC PBEsol EV WSO SO Experiment (Ref. 3)

ZrS2 1.62 1.52 1.57 1.57 1.88 2.05 2.01 2.10
ZrSeS 1.33 1.24 1.28 1.28 1.54 1.66 1.60 1.80
ZrSe2 1.04 0.97 1.01 1.01 1.24 1.35 1.24 1.61
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FIG. 2. (Color online) Band structure and DOS of ZrSe2 within the TB-MBJ method by considering (a) without and (b) with spin-orbit
interaction in the calculation, where the band gaps are 0.92 and 0.81 eV, respectively. The valence band maximum and conduction band
minimum are located at � and M points, respectively. The splitting of the top valence band at the � point is 0.472 eV (see b).

contribution of px + py is more than pz) and only a very small
contribution from Zr-d states (in which the contribution of
dxz + dyz is more than the other d states). Figure 1(b) reveals
how the degeneracy of the valence bands is removed by
considering SO interaction. For instance, at the central point of
the Brillouin zone, �, it is about 0.087 eV for ZrS2. It cannot
be resolved graphically in Fig. 1(a). The third group between
1 and 3 eV is mainly derived from Zr-d states and only a very
small contribution from sulphur-p states, and the last group
higher than +5 eV has contributions of Zr-d states more than
sulphur-p.

The band structure and total DOS of ZrSe2 are shown in
Fig. 2. It shows similar appearance as ZrS2 with some minor

differences which are: (i) in both methods, the band gap of
ZrSe2 is less than ZrS2, i.e. 0.92 and 0.81 eV for WSO and SO,
respectively, while the experimental value is about 1.18 eV.3 So
similar with ZrS2, the band gap decreases by considering spin-
orbit interaction. (ii) The contribution of p states at the second
group of bands in the case of ZrSe2 is less than ZrS2. Similar
behavior is seen at the total-Se and total-S states density, not
only at the second group of bands, but also at the third group.
However, the contribution of total-Zr states in both cases is
almost the same. (iii) Similarly, as for ZrS2 described above,
the degeneracy of valence bands is removed by SO interaction
at the � point. For ZrSe2, it is about 0.472 eV. As expected,
this is more than the value for ZrS2 [see Fig. 2(b)].
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FIG. 3. (Color online) Band structure and DOS of ZrSeS within the TB-MBJ method by considering (a) without and (b) with spin-orbit
interaction in the calculation, where the band gaps are 1.18 and 1.13 eV, respectively. The valence band maximum and conduction band
minimum are located at � and M points, respectively. The splitting of the top valence band at the � point is 0.236 eV (see b).

For the ternary compound ZrSeS, calculated here for the
first time, the total DOS and band structure are depicted in
Fig. 3, where the band gap is 1.18 and 1.13 eV for WSO and
SO, respectively. An experimental value of about 1.40 eV is
reported in Ref. 3. Some significant results on the electronic
structure of ZrSeS are: (i) the contribution of S and Se at
the lowest band at about 12 eV is almost the same. (ii) The
contribution of S-p derived states at the second group of bands
is a little higher than from Se-p derived states, but at the
third group of bands from +1 to +6 eV, the S-p and Se-p
contributions are almost the same. (iii) The Zr-d states at
the third group of bands in ZrSeS and ZrSe2 are the same,
but they are a little less in the ZrS2. Finally, the maximum
splitting of the top valence band observed at the � point is

about 0.236 eV, which is between the values of ZrSe2 and
ZrS2.

There is a strong hybridization in the three compounds
between p states of S/Se and d states of Zr in which the px +
py contribution in the S/Se is higher than that of pz and also
the contribution of dxz + dyz is higher than that of the other
Zr-d states. This strong in-plane hybridization makes strong
covalent bonds inside the layers and weak van der Waals forces
between the sheets. In addition, in the three compounds, the
band gap linearly decreases from ZrS2 to ZrSe2.

Tran and Blaha21 have used the TB-MBJ potential for
several solids, such as strongly correlated 3d transition metal
oxides (e.g. NiO), wide band gap insulators, and small band
gap sp semiconductors so that they have demonstrated that, for
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most cases, the TB-MBJ potential yields band gaps which are
in good agreement with experiment, leading to typical errors of
less than 10%. Recently, the TB-MBJ potential has also been
used for the II-VI-semiconductors CdTe and HgTe by Feng
et al.,40 where their results point out that the TB-MBJ potential
reveals even for these compounds good agreement with exper-
imental data, while a significant difference is seen in LDA.
Therefore TB-MBJ potential has been found as an accurate
method for the electronic structure of solids.38,39,41 Recently,
Chan and Ceder42 have proposed a very new formalism called
-sol. We did not apply this formalism here because the au-
thors believed that, for their method, the highest accuracies are
obtained for compounds with only s and p valence electrons.

IV. CONCLUSIONS

In summary, the band structure and DOS of ZrS2, ZrSe2, and
ZrSeS have been calculated by using six different exchange-
correlation energy functionals. We were able to classify the

results in two groups; the first group contains the methods
PBE 96, LDA, WC, and PBEsol, where we do not find
significant differences between them in each compound, and
the calculated band gaps came out distinctly smaller than in the
experiment. The second group contains the methods EV and
TB-MBJ, where the band gaps are comparable with exper-
imental results. Finally, the results of the TB-MBJ method
extended to spin-orbit interactions have been discussed.
Moreover, in the three compounds, the band gap decreases
linearly from ZrS2 to ZrSe2. Similarly, spin-orbit coupling
removed the degeneracy of the top valance bands. The size
and absolute values of the SO splitting with increasing atomic
number of the chalcogenide from ZrS2 to ZrSe2 is given.
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