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The electronic structure of a single MoS, monolayer is investigated with all electron first-principles
calculations based on Kohn Sham Density Functional Theory and variational treatment of spin-orbital
coupling. The topologies of the valence band maximum and conduction band minimum are explored over
the whole Brillouin zone. The single MoS; monolayer is confirmed to be a direct band gap semiconductor.
The projected density of states (PDOS) of a single monolayer is calculated and compared to that of bulk
MoS,;. The effective masses and the orbital character of the band edges at high-symmetry points of the
Brillouin zone are determined. The spin-splittings of the conduction band minimum (CBMIN) and valence
band maximum (VBMAX) are calculated over the whole Brillouin zone. It is found that the maximum spin-
splitting of VBMAX is attained at the K point of the Brillouin zone and is responsible for the experimentally

D. Electronic transport

observed splitting between the A; and B, excitons.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Molybdenum disulfide, MoS,, is a “layered” transition metal
dichalcogenide semiconductor [1] with an indirect band gap that
has attracted considerable interest in connection with its catalytic
and electronic properties [2-9]. The “layered” structure of MoS,
is formed by a graphene-like hexagonal arrangement of Mo and S
atoms stacked together to give S-Mo-S sandwiches coordinated in
a triangular prismatic fashion (Fig. 1). The S-Mo-S sandwiches are
bonded together by weak Van-der-Waals forces.

Recently, a number of groups [10,11] have reported emerging
photoluminescence in MoS, thinned down to one S-Mo-S
sandwich (single S-Mo-S monolayer). This photoluminescence
was attributed to an indirect-to-direct band gap transition which
stems from the sensitivity of the orbitals participating in the
indirect transition to the “environment” [11]. It is hoped that
further advances in fabrication of thin low-dimensional MoS,
structures will pave the way to uncovering a plethora of exciting
new physics [12-14] not encountered in graphene, due, for
example, to the presence of transition-metal d-type orbitals in the
valence and conduction bands. Therefore, there is considerable
interest in understanding the electronic structure of thin MoS,
films and, in particular, the electronic structure of a single MoS,
monolayer.
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In this work, we explore the properties of a S-Mo-S monolayer
using Kohn-Sham Density Functional Theory [15-17]. The novelty
of this work as compared to previous studies [18-23] is that we
perform all electron calculations and include spin-orbital coupling
variationally. The topologies of the valence band maximum
(VBMAX) and conduction band minimum (CBMIN) are investigated
over the whole Brillouin zone (BZ). We confirm with all electron
calculations the indirect-to-direct band gap transition in a single
S-Mo-S monolayer. We calculate the projected density of states
(PDOS) in a single MoS, monolayer and compare it to the bulk
PDOS. Parameters of the electronic structure such as the effective
masses and the orbital populations of band edges are determined at
several high-symmetry points of the Brillouin zone. Spin-splittings
due to the loss of the inversion symmetry present in bulk MoS, in
a single MoS; monolayer are explored for the CBMIN and VBMAX.
This loss can result in a number of interesting physical effects such
as the valley Hall effect [24] and valley-dependent optical selection
rules [25].

All the calculations are carried out using the all-electron ap-
proach which combines Kohn-Sham Density Functional The-
ory (KS DFT) [15,16] in the local spin density approximation
(LSDA) [17], variational treatment of spin-orbital coupling, and
the Augmented Plane Wave plus Local Orbitals (APW + lo)
representation [26,27]. Within this scheme, the core levels are
treated fully relativistically and self-consistently in the spheri-
cal approximation, whereas the valence states are treated using
a second-variational Hamiltonian [28,29]. The Perdew-Wang [30]
parameterization of the correlation energy is employed. The
EXCITING APW+lo program [31] is used. The local orbitals and lin-
earization energies are taken from the program’s database. The pa-
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Fig. 1. Geometry of MoS,. (Bulk: space group P63/mmc; a = 3.122 A;c =
11.986 A; and z = 0.12.) (a) Side view of a bulk unit cell (dashed line). The bulk
unit cell has 2 Mo atoms (blue) and 4 S atoms (yellow). Each of the Mo atoms
is coordinated to 6 S atoms in a triangular prismatic fashion (b) Top view of a
graphene-like single S-Mo-S monolayer (3 x 3 unit cells). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

rameter Ryt X Kinax Which determines the “size” of the plane wave
basis set is set to 8.0. The Brillouin zone of a single S-Mo-S mono-
layer is sampled with n x n x 1 k-points, wheren = 8 — 12.
The projected density of states is constructed with very accurate
31 x 31 x 1Kk-point grids.

Atomic units i = e = m, = 1 are used throughout, unless
otherwise specified.

2. Results

The MoS, bulk unit cell belongs to the space group P63/mmc
and contains 6 atoms (2 Mo and 4 S). The structure is uniquely
determined by the lattice constants a (hexagonal lattice constant)
and c together with the internal displacement parameterz = 0.12.
Our LSDA calculations yield a = 3.122 A and ¢ = 11.986 A,
in reasonable agreement with the experimental values of dex, =
3.16 A, Cexp = 12.58 A. The larger than usual (5%) discrepancy in
the lattice constant c is due to the well documented failure [32] of
local and semi-local approximations for the exchange-correlation
to describe the Van der Waals interactions. The S-S distances
(3.116, 3.122 A) are considerably larger than the bond length in
the S, dimer (1.89 A). The Mo-S bond distance is 2.383 A (Fig. 1).

It is expected that the Mo 4d and S 3p atomic orbitals will play
a decisive role in the properties of MoS,. From atomic calculations,
we find that the 3p S orbitals have a spatial extent that is very
similar to that of the 4d Mo orbitals with expectation values of
(ry = 1.10 A and (r) = 1.06 A, respectively. Taking into
account that the separations of the Mo and “adjacent” S layers
in the stacking direction are 0.5c = 6.0 A and 2zc = 2.9 A,
respectively, one might expect that the energy levels dominated
by the Mo d-orbitals (S p-orbitals) would be insensitive (sensitive)
to the thickness of the MoS; films. In practice, this simple picture
is further modified by the Mo d-S p orbital hybridization.

The band structure of the electron levels for a single MoS,
monolayer along the lines connecting high-symmetry points
of the Brillouin zone is shown in Fig. 2. In agreement with
previous reports [10,11] the MoS, monolayer is a direct band gap
semiconductor with a maximum of the valence and minimum of
the conduction band (VBMAX/CBMIN) located at the K k-point of
the BZ. From our calculations we find that the direct K — K gap is
1.79 eV and the indirect ' — Qgap is 2.03 eV. The computed band
gap is in reasonable agreement with the experimentally measured
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Fig. 2. The band structure of the electron levels for a single MoS, monolayer (red
lines—valence band; blue lines—conduction band). A single MoS, monolayer is a
direct band gap semiconductor with direct K — K and indirect T — Q gaps
(1.79 eV and 2.03 eV, respectively). VBMAX and CBMIN at the K k-point are located
0.19 eV above and 0.05 eV below the energies at the I' and Q k-points, respectively.
The green lines show the top (bottom) valence (conduction) bands in bulk MoS,.
Bulk MoS; is an indirect band gap semiconductor with direct K — K (1.74 eV) and
indirect ' — Q(0.65 eV) gaps. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

emission energy at 1.83-1.98 eV [10,1}]. The Q point of the BZ is
located along the I' — K line 0.53|T'K| away from the I'-point.
We find that VBMAX and CBMIN at the K k-point are located
0.19 eV above and 0.05 eV below the energies at the I' and Q points,
respectively (Fig. 2). Fig. 2 also shows the top of the valence band
and bottom of the conduction band of bulk MoS, (green line). We
find that bulk MoS, is an indirect bandgap semiconductor with
the top of the valence band and bottom of the conduction band
located at the T and Q k-points. The I' — Q and K — K gaps are
0.65 eV and 1.74 eV, respectively. We find that the LSDA strongly
underestimates the experimental indirect band gap in bulk MoS,,
reported to be 1.29 eV (Ref. [10]). Overall, we find that the indirect
I' — Q band gap is substantially destabilized in a single MoS,
monolayer compared to that of the bulk (2.03 eV versus 0.65 eV),
while the direct band gap remains unaffected (1.74 eV versus
1.79 eV).

We have further investigated VBMAX and CBMIN of a single
MoS, monolayer by considering the topologies of these bands over
the whole BZ (Fig. 3). We find that for the top valence band, the max
and min values are attained at the I' and K-points and along the
I'M lines, respectively, with the global maximum located at the K
k-point (Fig. 3(a)). For the bottom conduction band, the min values
occur at K k-point and, approximately, half-way between I' and K
points with global minimum located at K(Fig. 3(b)). The max values
are attained at the I and M-points (Fig. 3(b)). Fig. 3 allows for
some preliminary conclusions with respect to the anisotropy of the
effective masses. In particular, the effective masses at the K point
are expected to be isotropic, whereas the conduction band effective
mass at the Q point is expected to be somewhat anisotropic.

We have determined the effective masses in a MoS, monolayer
which allows for the calculation of exciton spectra and mobilities.
The effective masses were determined in two ways. The first
approach consisted in determination of the effective mass
tensor using the Kk-vector displacement of 0.025 a.u.”! and
the subsequent diagonalization of the effective mass tensor and
determination of the principal values. The results of this approach
were verified with a second calculation in which a local band
structure was constructed in the neighborhood of the point of
interest and a parabolic fit along different lines passing the point
of interest was performed. The two sets of calculations agree
very well.

The effective masses at the K point are determined to be m} =
0.54 for an electron in the CBMIN and m; = 0.44 for a hole at
the VBMAX. The directional dependences of the effective masses
at the K point are small (<0.01). The CBMIN effective mass at the
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Fig. 3. Topology of the valence band maximum (VBMAX) and conduction band
minimum (CBMIN) in a single MoS, monolayer. The colorscale bar unit is eV. The
global maximum (minimum) of VBMAX (CBMIN) is located at the K k-point of the
Brillouin zone.

Q point is directionally dependent and lies in the range 0.54-0.98.
The directional dependence of the effective mass at the Q point is
consistent with Fig. 3(b), where the isocontours around the Q point
have an ellipsoidal shape. The VBMAX effective mass at the I' point
is found to be 5.25 and directionally independent.

It is interesting to note that the LSDA reproduces the direct
gap K — K in a MoS, monolayer quite accurately (1.79 eV
versus 1.83-1.98 eV) whereas, in agreement with a general trend, it
strongly underestimates the indirect band gap in the bulk (0.65 eV
versus 1.29 eV). To gain some insight into this situation, we
performed a computational experiment in which two sheets of
MoS, were pulled apart (or brought closer together) in the vertical
(c) direction. The calculations were carried out in the supercell
geometry with a large out-of-plane lattice constant ¢ = 60 a.u.
The initial atomic positions in the supercell were taken from
the optimized bulk geometry. We then changed the separation
between the two sheets and monitored the evolution of the direct
K — K and indirect I — Q band gaps. The evolutions
of the band gaps as a function of the separation change from
that of bulk are shown in Fig. 4. The zero change in separation
corresponds to the bulk geometry. Fig. 4 shows that the direct
K — K gap is insensitive to the separation between the two
MoS, sheets and is very close in value to the direct band gap
in a single MoS, monolayer. The value of the indirect band gap
for two sheets of MoS, at the “bulk” geometry is 1.12 eV. This
value is much larger than the indirect band gap in bulk MoS,.
As the two sheets are brought closer together (negative change
in the separation on Fig. 4), the indirect band gap decreases
dramatically. The negative change in separation region in Fig. 4
corresponds to stronger coupling between the two sheets and
delocalization of the states involved in the indirect transition.
It is most likely that the strong underestimation of the bulk
indirect band gap is rooted in the well known pathologies of
the local and semi-local exchange-correlation potentials such as
the absence of discontinuities and the non-local nature of the
true exchange-correlation potential ([33,34] and the references
therein).

We have also calculated the projected density of states (PDOS)
(Fig. 5) and performed orbital population analysis for the CBMIN
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Fig. 4. The direct (K — K) and indirect (I' — Q) band gaps (eV) in two sheets
of MoS; film as a function of the change in the separation (Bohr). The zero change
in separation corresponds to the optimized bulk geometry. The direct band gap is
insensitive to the separation, whereas the indirect band gap strongly depends on it.
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Fig. 5. The projected density of states (PDOS) in bulk and in a single MoS,
monolayer.

and VBMAX band edges (Fig. 6) for a single MoS, monolayer.
Within the APW+lo approach, the PDOS is calculated by weighting
each contribution §(E — Ej) in the density of states sum by a
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Fig. 6. Orbital populations of the conduction and valence bands at the K, Q, and
T k-points of the BZ in bulk (a) and single monolayer (SM) MoS, (b).

state’s projection (overlap) with a spherical harmonic (ix|Yim)-
The projection is calculated inside the muffin-tin sphere.

Our PDOS (Fig. 5) shows that the top of the valence (bottom
of the conduction) band in bulk and single layer MoS, consists
of Mo d- and S p-type contributions. The Mo PDOS for a
single monolayer possesses edges that are characteristic to two-
dimensional systems (for example, at the top of the valence band).
It is interesting to note that these edges are less pronounced than
those on the PDOS obtained without spin-orbital coupling (see, for
example, Fig. 1 of Ref. [19]). Overall, the main features of the PDOS
in the bulk and 2D systems look similar, although some smaller
peaks appear and disappear. The PDOS in 2D is more spiky whereas
the PDOS in bulk is more of a broad character.

Fig. 6 shows the orbital populations inside the muffin-tin
spheres at high-symmetry points of the Brillouin zone. We find that
both the conduction and the valence band orbitals at the K point
are strongly localized on the metal ion (Mo). The strong localization
of electrons at the K-point at Mo is consistent with the insensitivity
of the direct K — K band gap to the number of layers in MoS,. We
also find that the contribution of sulfur p-type states to the band
edges is small compared to the Mo d-type contributions.

The relativistic interaction between the spin and angular
momentum of the electron creates an internal magnetic field
B, = (1/2c®)VV(r) x p, where p is the momentum and
V(r) is the crystal potential. This internal magnetic field couples
with the electron spin contributing the (1/2)Beg - o term to the
total Hamiltonian and can break down Kramer's degeneracy in
systems without inversion symmetry, for example, zinc-blende
semiconductors [35-38] as the two-fold degeneracy throughout
the Brillouin zone is no longer required [35]. We will refer to this
type of splitting as intrinsic (Dresselhaus) spin-splitting.

The bulk MoS, with two MoS, monolayers per unit cell posseses
inversion symmetry. If one uses one of the Mo atoms as the
center of inversion, the “inverted” sulfur atoms of the first MoS,
monolayer will transform (with an application of a nonprimitive
translation) into the sulfur atoms of the second MoS, monolayer.
In the case of a single MoS, monolayer, the sulfur atoms will be
transformed into an empty site. The transition from bulk MoS, to
one MoS, monolayer removes the inversion symmetry (overall, the
number of symmetry operations is reduced from 24 to 12) and
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Fig. 7. Absolute magnitude of the intrinsic spin-splitting of the valence band
maximum (VBMAX) and conduction band minimum (CBMIN) over the whole
Brillouin zone. The colorscale bar unit is eV. The global maximum for VBMAX
(CBMIN) is located at K (at the Q point half-way along the T'K line). The regions
with small (zero) spin-splittings are shown in dark (black) colors. The regions of
the Brillouin zone with larger spin-splittings are shown with progressively lighter
colors.

breaks down the Kramer’s degeneracy in most of the Brillouin zone.
We have therefore explored the intrinsic spin-splittings for the
CBMIN and VBMAX bands in one MoS, monolayer over the whole
Brillouin zone with the goal of determining the locations of the
spin-splitting maxima and minima (Fig. 7).

We find that the VBMAX spin-splittings are very small in the
vicinity of the I point (dark region in the center in Fig. 7(a)) and
are exactly zero at the I point. The max spin-splitting for VBMAX
is attained at the K point of the Brillouin zone and equals 145 meV
(six bright regions in Fig. 7(a) arranged in a graphene-like lattice).
We note that the spin-splitting maximum is located exactly on the
line centered between the lines connecting neighboring minima at
the T point.

The spin-splitting pattern for the CBMIN band is more complex
with several local minima and maxima (Fig. 7(b)). We note that the
CBMIN splittings are by a factor of 2 smaller than those for VBMAX.
The max value of about 80 meV is attained in the neighborhood of
the Q point which is located, approximately, half-way between the
K and T points. There is also a smaller double maximum along the
KK line which is separated by minima at the K and M points. The
CBMIN spin-splittings are very small along the I'M lines. We find
that the CBMIN intrinsic spin splitting is exactly zero at the I point
and is very small at the K point (3 meV).

We find that the value of the intrinsic spin-splitting at the K
point of the Brillouin zone for the VBMAX is in very good agreement
with the experimentally observed splitting between A; and B,
excitons [11], probably due to the cancellation of the self-energy
corrections. This good agreement further supports the conclusion
that the photoluminescence in a single MoS, monolayer arises
from the K to K transition.

3. Conclusions

We have investigated the electronic structure of a single MoS,
monolayer. We find that a single MoS, monolayer is a direct K —
K bandgap semiconductor. Orbital population analysis indicates
that the states responsible for the K — K transition arise from
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the Mo d-band and are strongly localized on the metal ion (Mo).
We explored the topologies of the valence band maximum and
the conduction band minimum over the whole Brillouin zone and
determined local (and global) minima and maxima. The electron
and hole effective masses at the K point which allow for the
calculation of the exciton spectra, mobility and density of states
were calculated and found to be directionally independent. It was
found that the maximum in the intrinsic spin-splitting of the
VBMAX occurs at the K k-point and the magnitude of this splitting
is in good agreement with the experimentally observed energy
difference between A; and B; excitons. This good agreement
further provides evidence that the photoluminescence of thin
MoS, films originates from the K to K transition. Future work will
focus on many-body corrections beyond Density Functional Theory
to the optical properties of a single MoS, monolayer.
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