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Using first-principles calculations, we investigate the electronic properties of the two-dimensional GaX/MX2
(M = Mo, W; X = S, Se, Te) heterostructures. Orbital hybridization between GaX and MX2 is found to result
in Rashba splitting at the valence-band edge around the  point, which grows for increasing strength of the
spin-orbit coupling in the p orbitals of the chalcogenide atoms. The location of the valence-band maximum in
the Brillouin zone can be tuned by strain and application of an out-of-plane electric field. The coexistence of
Rashba splitting (in-plane spin direction) and band splitting at the K and K  valleys (out-of-plane spin direction)
makes GaX/MX2 heterostructures interesting for spintronics and valleytronics. They are promising candidates
for two-dimensional spin-field-effect transistors and spin-valley Hall effect devices. Our findings shed light on
the spin-valley coupling in van der Waals heterostructures.
DOI: 10.1103/PhysRevB.97.155415
I. INTRODUCTION

Monolayers of transition-metal dichalcogenides (such as
MoS2 , MoTe2 , and WSe2 ) nowadays are receiving immense
interest for both fundamental and applied reasons [1–4]. They
can be fabricated by mechanical exfoliation due to weak
layer-layer interaction in the respective bulk compounds [5,6].
The H phase shows band splitting at the K and K  valleys
since there is no inversion symmetry [7,8], which is key for
the field of valleytronics [9,10], i.e., the manipulation and
utilization of the valley degree of freedom. Valley polarization
by circularly polarized light was first proposed theoretically
and subsequently was realized by several experimental groups
[11,12]. Van der Waals heterostructures based on transitionmetal dichalcogenides and other two-dimensional materials,
such as graphene, h-BN, and black phosphorus, currently are
starting to attract a lot of interest in both experiment and theory
[13–16]. Novel electronic and optical properties have been
discovered, for example, interlayer excitons (due to the type-II
band alignment between MoS2 and WS2 ) that have a much
longer lifetime than intralayer excitons [17]. In graphene/MoS2
heterostructures small band gaps are observed above the
Dirac point that result from perturbation by the interlayer
interaction [18]. Although the van der Waals interaction is
much weaker than ionic and covalent bonds, it can still alter
the electronic properties of a material. Examples are the band
gap opening from monolayer to bilayer graphene [19] and the
direct to indirect band gap transition from monolayer to bilayer
transition-metal dichalcogenides [6].
In heterostructures and at surfaces the Rashba effect can
play a decisive role for the electronic states because the
structural asymmetry causes an out-of-plane electric field. For
a two-dimensional electron gas the Rashba effect is described
by the Hamiltonian HR = αR σ̂ · (k̂ × êz ), where αR is the
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Rashba parameter, σ̂ is the vector of the Pauli matrices,
k̂ = (kx ,ky ,0) is the in-plane momentum of the electrons, and
êz is the out-of-plane unit vector [20]. The Rashba effect has
been studied intensively in the realm of spintronics since it
can be used to tune the spin direction by means of an electric
field. Experimentally, it has been observed in semiconductor
quantum wells [21,22], surfaces of heavy metals [23–26], and
polar semiconductors like BiTeI [27]. Theoretical insights have
been reported for several two-dimensional materials, in particular graphene [28,29], LaOBiS2 films [30], polar transitionmetal dichalcogenide monolayers [31], and the MoS2 /Bi(111)
heterostructure [32].
Two-dimensional Ga chalcogenides have a hexagonal structure and are indirect band gap semiconductors [33]. A very
recent experimental study of the GaSe/MoSe2 heterostructure
found that the interaction between the components is strong
[34], while theoretical insights are missing so far. In the present
work we therefore investigate the electronic properties of the
GaX/MX2 (M = Mo, W; X = S, Se, Te) heterostructures and
demonstrate Rashba splitting at the valence band edge around
the  point. Tuning the band edges by strain and an out-of-plane
external electric field is addressed. Due to the semiconductor
nature of the heterostructures, combining Rashba splitting with
the well-known band splitting at the K and K  valleys is
interesting for both spintronics and valleytronics applications.
II. COMPUTATIONAL DETAILS

Methodologically, we conduct structure relaxations and
subsequent band structure calculations using the Vienna Ab
initio Simulation Package (VASP) [35]. The generalized gradient approximation as parametrized by Perdew, Burke, and
Ernzerhof (PBE) [36] is employed with the kinetic-energy
cutoff set to 400 eV. For the Brillouin zone sampling a
6 × 6 × 1 k mesh is used. Spin-orbit coupling is not included
during the structure relaxations but is added in the band
structure calculations. A vacuum thickness of 17 Å is adopted
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by less than 10 meV and have minor effects on the band
structure and spin texture. The relaxed GaSe/MoSe2 heterostructure is adopted as the starting point for building the
other heterostructures. Relaxed lattice constants, interlayer
distances, and binding energies per unit cell of MX2 are summarized in Table I. We find that the DFT-D3 and optB86b-vdW
methods lead to very similar results for the lattice constants
and interlayer distances, while the optB88-vdW method yields
larger lattice constants and slightly larger interlayer distances.
The binding energies obtained for the three methods are close
to each other. The DFT-D3 method gives the smallest lattice
constants for the GaS/MoS2 and GaS/WS2 heterostructures
and the largest for the other heterostructures. Since the experimental lattice constant of monolayer MoSe2 is 3.29 Å, which
clearly deviates from the result of the optB88-vdW method,
we adopt the DFT-D3 method in the following.
III. RESULTS AND DISCUSSION

FIG. 1. (a) Side and (b) top views of the GaSe/MoSe2 heterostructure, which is also representative of the other heterostructures
under study. (c) Brillouin zones of the heterostructure (black), pristine
monolayer GaSe (blue), and pristine monolayer MoSe2 (red).

to avoid interaction between the top and bottom surfaces in the
slab model. Due
lattice constants, heterostructures
√to different
√
are built from 3 × 3 × 1 supercells of GaX and 2 × 2 ×
1 supercells of MX2 . Three approaches to model the van
der Waals interaction (DFT-D3 [37], optB88-vdW [38], and
optB86b-vdW [39]) are adopted in the structure relaxations,
which are continued until the forces on all atoms have declined
to less than 0.005 eV/Å. It turns out that an increase in the
energy cutoff to 500 eV modifies the total energy by less
than 1 meV for each heterostructure. In addition, application
of a finer 8 × 8 × 1 k mesh modifies the total energy by
less than 5 meV per GaX or MX2 unit cell. Both GaX and
MX2 have D3h symmetry (threefold in-plane rotation symmetry and out-of-plane mirror symmetry), while the structural
relaxation in the heterostructure slightly breaks the rotation
symmetry.
The lowest-energy configuration of the GaSe/MoSe2 heterostructure is shown in Fig. 1 as an example. Lateral shifts
between the components are found to modify the total energy

The GaSe/MoSe2 heterostructure is taken as a representative example to study the electronic properties using the
PBE functional. Pristine monolayer GaSe is reported to have
a lattice constant of 3.82 Å and to be an indirect band gap
(1.75 eV) semiconductor with the conduction-band minimum
located at the  point and the valence band resembling a
Mexican hat [33]. Pristine monolayer MoSe2 is a direct band
gap (1.33 eV; at the K point) semiconductor with a lattice
constant of 3.32 Å [7]. The band structure of GaSe/MoSe2
obtained by our calculations without spin-orbit coupling is
shown in Fig. 2(a), exhibiting an indirect band gap of 1.46 eV.
The conduction-band minimum is located at the  point, and
the valence-band maximum is located at the K point. Orbital
projections show that the valence- and conduction-band edges
are due to MoSe2 and GaSe, respectively. However, there is
strong hybridization between the component monolayers in the
highest valence band around the  point, which is confirmed
by the density of states in Fig. 2(b). A similar hybridization
is also found in MoX2 /W X 2 heterostructures [40]. When the
spin-orbit coupling is turned on [see Fig. 2(c)], band splitting
is observed due to inversion symmetry breaking, except for the
time-reversal-invariant k points. Strong splitting of the highest
valence band at the K point is expected since it traces back to
MoSe2 . The band splitting observed at the  point, however, is
not found in the component monolayers, which means that it
is due to the interaction in the heterostructure. It reveals close

TABLE I. Lattice constants a0 , interlayer distances di , and binding energies Eb obtained for different functionals. The lattice mismatch δ
of the monolayers is also given.
DFT-D3

GaS/MoS2
GaSe/MoSe2
GaTe/MoTe2
GaS/WS2
GaSe/WSe2
GaTe/WTe2

optB86b-vdW

optB88-vdW

a0
(Å)

di
(Å)

Eb
(meV)

a0
(Å)

di
(Å)

Eb
(meV)

a0
(Å)

di
(Å)

Eb
(meV)

δ
(%)

6.309
6.582
7.076
6.312
6.576
7.070

3.355
3.463
3.820
3.348
3.445
3.780

156
179
195
159
185
201

6.305
6.579
7.070
6.305
6.577
7.069

3.335
3.456
3.767
3.331
3.424
3.740

163
173
190
163
172
190

6.354
6.633
7.134
6.352
6.629
7.136

3.357
3.484
3.821
3.364
3.500
3.807

167
176
190
166
175
190

1.0
0.2
0.9
1.0
0.1
0.8
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FIG. 2. (a) Band structure of the GaSe/MoSe2 heterostructure obtained without spin-orbit coupling. The size of the circles denotes the
projection on GaSe (yellow) and MoSe2 (green). (b) Corresponding density of states. (c) Band structure obtained with spin-orbit coupling. The
size of the circles denotes the spin projection in the out-of-plane direction, and red and blue indicate positive and negative values, respectively.
(d) Zoom of the marked region and spin components in constant-energy cuts at the dashed line.

similarity to the Rashba splitting in semiconductor quantum
wells and surfaces of heavy metals [21–26]. In the following,
we first study the valence-band edge around the  point (while
the valence-band maximum appears at the K point) and later
deal with approaches to tune the energies of the band edges at
the  and K points relative to each other.
We address the spin components close to the  point in
Fig. 2(d). While the spin direction is mainly in plane, the
constant-energy cuts show outer and inner circles with clockwise and counterclockwise rotating spin directions, respectively. This pattern is consistent with the characteristics of the
Rashba Hamiltonian [20]. The origin of the small out-of-plane
spin component is the in-plane electric field due to the absence
of inversion symmetry. For a two-dimensional system with C3v
symmetry, we can apply the effective Hamiltonian [27]

at the  point [see Fig. 2(d)]. These quantities are related
to the Rashba parameter αR by ER = h̄2 k02 /2m∗ and k0 =
m∗ αR /h̄2 . Although the band structures turn out to be not
exactly parabolic as in the case of the Rashba Hamiltonian
for a two-dimensional electron gas, the relation αR = 2ER /k0
still gives a good estimation of the Rashba parameter. For
the GaSe/MoSe2 heterostructure we obtain ER = 31 meV
−1
and k0 = 0.13 Å , so that αR = 0.49 eV Å. A comparison
of selected materials is given in Table II. The magnitude of
Rashba splitting obtained for the GaSe/MoSe2 heterostructure
is comparable to that of Au(111) and Bi(111) surfaces [23,24]
and much larger than reported for the InGaAs/InAlAs quantum
well [21]. We notice that the conduction-band edge at the

H (k) = h̄2 k 2 /2m∗ + αR (kx σy − ky σx ) + λk 3 sin(3θ )σz , (1)

TABLE II. Parameters characterizing the Rashba splitting in
selected materials.


where k = kx2 + ky2 , m∗ is the effective mass, θ is the
azimuthal angle of momentum, and λ is the warping parameter.
The second and third terms of H (k), respectively, will cause
in-plane and out-of-plane spin polarization, so that the spin
polarization at fixed energy is given by P (θ ) ∼ [±αR sinθ, ∓
αR cosθ, ∓ λk 2 sin(3θ )], in agreement with the spin component
plots in Fig. 2(d). The strength of the Rashba splitting can be
characterized by the momentum offset k0 and energy difference
ER between the valence-band maximum and the band crossing

InGaAs/InAlAs quantum well [21]
Au(111) surface [23]
Bi(111) surface [24]
Bi/Ag(111) surface alloy [25]
BiTeI [27]
GaSe/MoSe2 heterostructure (this work)
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ER
(meV)

k0
−1
(Å )

αR
(eV Å)

<1
2.1
14
200
100
31

0.028
0.012
0.05
0.13
0.052
0.13

0.07
0.33
0.55
3.05
3.8
0.49
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FIG. 3. (a) Charge-density difference due to the interfacial in3
teraction (isosurface value: 0.001 electron/Å ). (b) Charge density
in the highest valence band at the  point (isosurface value: 0.015
3
electron/Å ). (c) Plane-averaged electrostatic potential along the
out-of-plane direction. The dashed lines highlight the positions of
the top and bottom atoms.

 point also exhibits a slight band splitting, with the spin
directions resembling those at the valence-band edge.
The Rashba effect in a two-dimensional electron gas
requires an out-of-plane electric field. In our case Rashba
splitting is achieved by interaction between GaX and MX2 ,
as the degeneracy of the inner and outer chalcogenide atoms
is lifted. We plot the charge-density difference between the
GaSe/MoSe2 heterostructure and its noninteracting components in Fig. 3(a), showing charge redistribution around the
interface. To highlight the hybridization between the component monolayers, we depict the charge density in the highest
valence band at the  point in Fig. 3(b). Most contributions
are due to the Se p orbitals (of both GaSe and MoSe2 )
and the Mo d orbitals, with small admixtures of the Ga s,p
orbitals. Figure 3(b) therefore illustrates the lifted degeneracy
of the inner and outer chalcogenide atoms that results in
Rashba splitting. It may be speculated that encapsulation of
the heterostructure, for example, by hexagonal boron nitride,
would reduce the difference in the electrostatic potential
between the inner and outer chalcogenide atoms and, consequently, would tend to attenuate the Rashba splitting. The
plane-averaged electrostatic potential (with dipole correction)
shown in Fig. 3(c) demonstrates that the charge redistribution
results in a small potential step between the component
monolayers.

FIG. 4. Band structures of the GX/MX2 (M = Mo, W; X = S, Se, Te) heterostructures. Black and red lines represent results of PBE and
HSE06 calculations, respectively.
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TABLE III. Rashba parameters and band splittings at the K
valleys EK .
PBE

GaS/MoS2
GaSe/MoSe2
GaTe/MoTe2
GaS/WS2
GaSe/WSe2
GaTe/WTe2

HSE06

ER
(meV)

k0
−1
(Å )

EK
(meV)

ER
(meV)

k0
−1
(Å )

EK
(meV)

2
31
48
1
22
47

0.05
0.13
0.12
0.03
0.11
0.11

147
184
215
419
455
477

1
20
43
1
14
37

0.04
0.11
0.12
0.03
0.09
0.10

202
271
347
533
598
674

The PBE band structures of the six heterostructures under
investigation are shown in Fig. 4 (black lines). We notice
systematic differences which are due to different band offsets between GaX and MX2 as well as the residual strain
resulting from the small but finite lattice mismatches. It is
known that in monolayer MX2 the relative position of the
valence-band edges at the  and K points is sensitive to
strain [41–44]. In Fig. 4 the band splittings at both the 
and K points are enhanced from top to bottom (due to the
increasing strength of the spin-orbit coupling in the p orbitals
of the chalcogenide atoms), and the band gaps shrink. We also
present in Fig. 4 (red lines) results of Heyd-Scuseria-Ernzerhof
(HSE06) calculations in order to improve the prediction of
band gap sizes. In each case the HSE06 functional results in
an enlarged band gap compared to the PBE functional since the
valence-band edge ( point) shifts to lower energy. In addition,
the band splitting at the K point is enhanced, in agreement with
previous studies [45,46]. The Rashba coefficients obtained
from the six band structures in Fig. 4 are summarized in
Table III.
It is an interesting observation that, despite large contributions from the transition-metal d orbitals, the Rashba splitting
decreases when Mo is replaced with W (which is opposite
to the trend of the band splitting at the K point). On the
other hand, at the valence-band edge around the  point this
replacement enhances d-orbital contributions at the expense of
p-orbital contributions. Therefore, not the d but the p orbitals
are responsible for the Rashba splitting, similar to observations
for the MoS2 /Bi(111) system [32]. The fact that the Rashba
splitting in the GaS/MS2 heterostructure is much smaller
than in the GaSe/MSe2 and GaTe/MTe2 heterostructures can
result from two reasons: first, that the spin-orbit coupling is
weaker for S than for Se/Te and, second, that the p-orbital
contributions of the outer chalcogenide atoms at the valenceband edge around the  point are enhanced (as this lowers the
difference with respect to the inner chalcogenide atoms). As
expected, the HSE06 functional lowers the value of ER for all
heterostructures due to reduced p-orbital contributions.
The band structure of the GaSe/MoSe2 heterostructure in
Fig. 5(a) shows for 2% tensile strain that the valence-band edge
around the  point shifts to higher energy and approaches that
at the K point. The fact that the band gap decreases is expected
since the band gaps of both GaSe and MoSe2 are suppressed by
strain [47]. The variation of the energetic difference between

FIG. 5. GaSe/MoSe2 heterostructure (a) and (c) under 2% biaxial
tensile strain and (b) and (d) in a 0.2 V/Å out-of-plane electric field:
band structures and corresponding variations of the band edges and
Rashba parameters.

the two valence-/conduction-band edges under strain,
Ev/c = Ev/c (K) − Ev/c (),

(2)

is addressed in the top panel of Fig. 5(c). We observe an
almost linear behavior of Ev . The valence-band maximum
shifts off the K point at about 2% tensile strain, and the
conduction-band minimum shifts from the  to the K point
at small compressive strain. According to the bottom panel
in Fig. 5(c), ER shows a minimum around 2% tensile strain,
while k0 decreases up to 4% tensile strain. Because an external
out-of-plane electric field is also an effective method to tune the
electronic properties, the band structure of the GaSe/MoSe2
heterostructure in an electric field of 0.2 eV/Å is given in
Fig. 5(b). The valence-band edge around the  point is found
to be shifted to higher energy. On the other hand, the band
gap is subject to only minor changes since the electric field
affects the valence and conduction bands in a similar way
[see the bottom panel in Fig. 5(d)], both exhibiting an almost
linear behavior. The valence band is less affected due to the
mentioned hybridization around the  point. It turns out that
ER and k0 are slightly enhanced. As strain and an external
electric field modify the energetic positions of the valence-band
edges, for both these approaches a small hole doping can be
used to tune the carrier populations in the different pockets of
the Brillouin zone. Since the pockets correspond to different
spin directions, this fact gives rise to a new methodology for
spin manipulation in spintronics applications.
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FIG. 6. (a) Berry curvature and (b) schematic illustration of the electron transport in an in-plane electric field.

In monolayer transition-metal dichalcogenides the spin
and valley degrees of freedom are coupled because of the
spin-orbit coupling and inversion symmetry breaking. The
Berry curvature has opposite values at the K and K  points,
which leads to spin and valley Hall effects [8]. Since the
valley properties remain the same in the heterostructures under
consideration, we derive the Berry curvature by means of the
Wannier interpolation method of the WANNIER90 code [48]
[see the results in Fig. 6(a)]. We obtain maximal values with
opposite sign at the K and K  points, similar to pristine
MX2 [49]. That the Berry curvature is smaller around the 
point implies that the spin-up electrons at the K valley, the spindown electrons at the K  valley, and the in-plane spin electrons
around the  point follow three different transport paths in
the presence of an in-plane electric field. Figure 6(b) gives
a schematic picture of these three paths. The coexistence of
Rashba splitting (in-plane spin direction) and band splitting at
the K and K  valleys (out-of-plane spin direction) is interesting
for both spintronics and valleytronics.
IV. CONCLUSION

In conclusion, our first-principles results on the electronic
properties of the GaX/MX2 (M = Mo, W; X = S, Se, Te)
heterostructures demonstrate hybridization between the states
of the component monolayers around the  point, which leads
to Rashba splitting. Since the Berry curvature has different
values at the K, K  , and  points, three different transport
paths apply to electrons with out-of-plane (up and down) and
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