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Geometry and electronic structure of monolayer, bilayer, and multilayer Janus WSSe
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Newly synthesized Janus transition-metal dichalcogenides MXY (M = Mo, W; X �= Y = S, Se, Te) possess
intrinsic Rashba spin splitting and out-of-plane dipole moment due to the breaking of mirror symmetry. Taking
WSSe as an example, we present a first-principles investigation of the structural stability and electronic properties
of mono-, bi-, and multilayer MXY. Results show that S atoms contribute more than Se atoms in the valence-
band maximum at the � point, which can be greatly affected by interlayer interactions. The high-symmetry
AA′ stacking is still the most stable pattern, but there are various orders of chalcogen atomic layers in each
stacking. The most preferred order of two adjacent layers is S-Se-Se-S, followed by Se-S-Se-S. The Se-S-Se-
S–ordered WSSe bilayer is found to have significant layer splitting due to the net dipole moment, which has
great potential for solar cells. Layer-dependent Rashba splittings exist in asymmetry-ordered WSSe bilayers,
that can be tuned by changing the interlayer distance, originating from the regulation of interlayer electrostatic
interaction. However, there is not layer splitting in a symmetrically stacked WSSe bilayer and opposite Rashba
splitting appears in the two layers at a sufficiently large interlayer distance. The electronic structures and spin
splittings can be easily modulated by controlling the chalcogen atomic-layer order, so that we can obtain the
desired properties from mono-, bi-, and multilayer MXY.
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I. INTRODUCTION

Transition-metal dichalcogenides, with the formula of
MX2, have attracted much attention both in experimental
and theoretical research [1], facilitated by some extraordinary
physics, for instance, the degenerate but inequivalent valleys
caused by the inverse symmetry breaking [2], the consider-
able spin splitting at the valence-band maximum owing to
the strong spin-orbit coupling (SOC) of the transition-metal
atom, and different circular polarizations of optical excitation
[3,4]. These important distinctions from other atomically thin
layered materials give MX2 unique advantages in the study of
valleytronics [5], spintronics, optoelectronics, etc.

Monolayer semiconducting MX2 consists of two layers of
chalcogen atom and one layer of transition-metal atom with
ABA stacking, and thus exhibits mirror reflection symmetry
with SOC-caused spin splitting only in the out-of-plane direc-
tion [6]. Using a distinctive synthetic method, Li et al. replace
the top-layer S with Se atoms, obtaining the Janus monolayer
of MoSSe [7]. The Janus monolayers of transition-metal
dichalcogenides (MXY) break the mirror symmetry that brings
a vertical dipole and enhanced Rashba spin-orbit coupling
[8]. To our satisfaction, MXY preserve the excellent features
of MX2, which extend the applications of transition-metal
chalcogenides. It has been predicted that MXY can be efficient
photocatalysts for water splitting [9,10] and piezoelectric
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two-dimensional (2D) materials in device applications [11]
due to the intrinsic out-of-plane dipoles. In addition, some
methods have been carried out on the manipulation of the spin
splitting and valley polarization in these MXY materials, such
as electric field [12], strain [13], and magnetic doping [14].

Far from what we expected, the Zeeman splitting in bilayer
MoTe2 indicates that the layer is also an important degree
of freedom in those 2D materials [15]. Other studies also
showed that we can regulate the electronic structures of MX2

by layer control [16]. The orbital projected band structures of
MX2 monolayers show that the pz orbits of chalcogen atoms
contribute a large proportion to the states of the valence-band
maximum (VBM) at � and the conduction-band minimum
(CBM) of a point between � and K [17]. The interlayer
interaction has a particularly important effect on the pz orbits
of chalcogen atoms, leading to the great band splitting at
those two points, which is the reason for the direct-indirect
transition from monolayer to few layers [18]. The interlayer
van der Waals (vdW) interaction is related to two factors:
distance and atomic species. The former can be tuned by
changing the stacking patterns of few-layer MX2, which is an
efficient way to regulate and control the electronic and optical
properties [19].

As for MXY, different chalcogen atoms are destined to
play different roles in a MXY monolayer, thus brings multi-
layers more stacking styles with multifarious electronic struc-
tures. Taking WSSe as an example of polar transition-metal
dichalcogenides, this work is mainly aimed to illustrate the
electronic structures of the WSSe monolayer, bilayers, and
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FIG. 1. (a) The optimized structure of the WSSe monolayer. (b) The average electronic potential energy in the vertical direction of
the WSSe monolayer. The inset is the differential charge density, where the red and blue mean accumulation and depletion of electrons,
respectively. (c) The projected band structures of the WSSe monolayer with SOC. (d),(e) The in-plane spin-polarization components of two
bands around �V. (f) Magnified view of the band structure around �V.

multilayers through first-principles calculations. The most
favorable stacking order is determined and the interlayer
interaction and spin-orbit coupling induced layer and spin
splittings are also explored.

II. COMPUTATIONAL DETAILS

In this paper, the structural optimization and the iterative
calculations are all performed through the Vienna ab initio
Simulation Package (VASP) based on density functional the-
ory (DFT) [20], which is particularly adapted to research
the electronic structures of various materials [21–23]. The
projector augmented wave (PAW) scheme and plane-wave
basis with an energy cutoff of 500 eV are used [24]. The
exchange-correlation energy is treated by generalized gradient
approximation using the Perdew-Burke-Ernzerhof functional
[25]. Dipole correction is applied to correct the errors intro-
duced by the periodic boundary conditions [26]. We consider
the DFT-D2 approach to deal with vdW interactions [27],
which yield very good interlayer distances [19] and can well
describe long-range vdW interactions in these MXY systems
[10]. The spin-orbit interaction is contained to discuss the
phenomena of spin splitting. All the optimization and self-
consistent iteration are finished until the force on each atom
and the energy difference between two electronic steps are
less than 0.005 eV/Å and 10−8 eV, respectively. 15 × 15 × 1

�-centered k mesh and vacuum region of 30 Å along the
c direction are set to ensure that the results are sufficiently
accurate.

III. RESULTS AND DISCUSSION

A. WSSe monolayer

The WSSe monolayer is constructed by a WS2 monolayer
with one layer of S atoms replaced by Se atoms. It still
exhibits a hexagonal lattice, from the top view in Fig. 1(a).
However, the point groups of MX2 and MXY monolayers
are D3d and C3v, respectively. The high-symmetry points in
reciprocal space are � (0, 0, 0), M (0.5, 0, 0), and K (1/3,
1/3, 0). The optimized lattice constant of monolayer WSSe
is a = b = 3.247 Å. The covalent bonds of W-S and W-Se
are different, and the distance between the three atomic layers
is h1 = 1.53 Å, h2 = 1.71 Å. The bond lengths in monolayer
WSSe are all between those in WS2 and WSe2. The average
electric potential energy and the differential charge density in
the c direction are shown in Fig. 1(b).

Compared with MX2, the breaking of the mirror symmetry
in the vertical direction results in the different work function
of about 0.738 eV on two sides (�ϕ). The S and Se atoms get
electrons from the W atoms, but the potential energy is smaller
and the work function is larger on the S side than those on the

075160-2



GEOMETRY AND ELECTRONIC STRUCTURE OF … PHYSICAL REVIEW B 99, 075160 (2019)

TABLE I. The orbital compositions at energy valleys (KC, KV,
�V, QC) of the WSSe monolayer.

KC KC �V QC

W-dz2 83.5% 0 74.6% 10.3%
W-dx2−y2 , W-dxy 0 80.3% 0 52.1%
S-pz 0 0 15.4% 2.14%
S-px , S-py 2.32% 7.28% 1.06% 7.71%
Se-pz 0 0 2.52% 2.43%
Se-px , Se-py 2.56% 10.3% 1.33% 12.7%

Se side (VS < VSe, ϕ1 > ϕ2). The inset in Fig. 1(b) shows the
differential charge density of the WSSe monolayer, indicating
that S and Se atoms get electrons from W atoms. This result is
different from the WSeTe monolayer [12]. Se atoms get more
electrons than the Te atoms in the WSeTe monolayer, but the
potential energy and work function are larger on the Se side.
This difference may come from the larger electronegativity of
the S atom. The electron accumulation increases the potential
energy and work function on that side, leading to the larger
work function on the S side in the WSSe monolayer and
the Se side in the WSeTe monolayer. However, the potential
energy on the side of the S atom is too small, corresponding to
larger electronegativity, which cannot be offset by the electron
accumulation. So the potential energy is smaller at S atoms
in a WSSe monolayer but larger at Se atoms in a WSeTe
monolayer.

The calculated band structures of monolayer WSSe are
shown in Fig. 1(c). Similar to MX2, the WSSe monolayer is
a semiconductor with a direct band gap of 1.423 eV, which
is smaller than that of WS2 (1.552 eV) and larger than that
of WSe2 (1.257 eV). The conduction-band minimum (CBM)
and valence-band maximum (VBM) are all at the K point.
There are also some special energy valleys, marked as KC,
KV, QC, �V, and large spin splitting at KV. The atomic orbital
projected band structures are calculated. As we expected,
different valleys are composed of various atomic orbitals, and
there is much difference between the S atom and Se atom.
The orbital compositions at valleys are listed in Table I. Like
MX2, KV and QC are composed of in-plane orbitals and KC

and �V consist of out-of-plane orbitals. But by comparing
different chalcogen atoms, it is found that Se atomic orbitals
mainly contribute to KV and QC, while S atomic orbitals have
a greater contribution to �V. This result determines how the
interlayer interactions affect the electronic structures of WSSe
multilayers.

A significant property of the WSSe monolayer distin-
guished from mirror symmetric transition-metal dichalco-
genides is the existence of Rashba spin splitting. The Rashba
SOC effects mainly have two important features: the splitting
of the energy band and in-plane spin. The split band structure
and spin texture around �V due to Rashba effects are shown
in Figs. 1(d)–1(f). The spins of the two topmost valence
bands are opposite and satisfy σ (−k) = −σ (k). The Rashba
parameter can be approximated to the formula αR = 2ER/kR,
where ER and kR are the splitting of the energy and wave
vector marked in Fig. 1(f). The Rashba parameter and the
splitting energy of the WSSe monolayer are 166 meV Å and
3.64 meV.
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FIG. 2. Diagrams of the atomic structures of high-symmetry
WSSe bilayers and each stacking style with three different orders of
chalcogen layers. The upper three rows and the bottom row are side
and top views, respectively. The big blue and red balls all represent
W atoms, and the small yellow and orange balls represent S atoms
and Se atoms, respectively.

B. WSSe bilayers

In this study, five high-symmetry stacking orders denoted
by AA, AA′, A′B, AB′, and AB are considered, as the same
nomenclature in Ref. [28]. Because of the difference between
S and Se, there are three different orders of chalcogen layers
with each stacking, depicted in Fig. 2. Since every single layer
is formed by covalent interactions which are much stronger
than the vdW interactions, the in-plane lattice constants are
kept fixed in calculations with dipole and vdW corrections.
The interlayer distance, ground-state energy, and binding en-
ergy of the bilayers from two isolated monolayers are listed
in Table II. The interlayer distance is significantly reduced
under the vdW correction, indicating the great influence of the
vdW attraction. With the same order of chalcogen layers, AA′
and AB are the most preferred stacking patterns with smaller
interlayer distance and ground-state energy. Without vdW
interaction, the existence of the dipole moment makes the
electrostatic potential energy of Se-S-Se-S structures smaller.
However, with the effect of vdW interactions, the most stable
order of chalcogen layers changes from Se-S-Se-S to S-Se-
Se-S, which is the result of the competitions between the
vdW interactions and the electrostatic interactions. The vdW
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TABLE II. The interlayer distance d0 (Å), relative ground-state total energy �E0 (meV, with respect to the Se-S-Se-S structure of AA′

stacking) of WSSe bilayers and binding energy Eb (meV). The values in parentheses are the results under dipole and DFT-D2 corrections,
while the values outside parentheses are obtained without corrections.

Without corrections (With corrections)

Se-S-Se-S Se-S-S-Se S-Se-Se-S

d0 �E0 Eb d0 (Å) �E0 Eb d0 �E0 Eb

AA 7.89 1.42 4.62 7.64 3.63 2.41 8.24 3.66 2.38
(6.86) (110.6) (192.2) (6.61) (123.7) (179.1) (7.12) (98.3) (204.5)

AA′ 7.53 0.0 6.04 7.21 2.63 3.41 7.81 2.27 3.77
(6.25) (0.0) (302.9) (5.99) (23.6) (279.3) (6.52) (–19.9) (322.7)

A′B 7.92 1.19 4.85 7.56 3.52 2.52 8.21 3.48 2.56
(6.84) (106.4) (196.5) (6.59) (119.8) (183.0) (7.09) (93.7) (209.2)

AB′ 7.54 0.9 5.14 7.24 3.17 2.87 7.82 3.29 2.75
(6.30) (24.8) (278.0) (5.98) (34.9) (268.0) (6.62) (16.4) (286.5)

AB 7.54 0.36 5.67 7.24 2.76 3.27 7.82 2.75 3.29
(6.25) (7.5) (295.3) (5.95) (20.0) (282.8) (6.53) (–9.7) (312.6)

interaction is attractive, while the electrostatic interaction
is repulsive at equilibrium interlayer distance. The covalent
radius of the Se atom is much larger than the S atom, which
results in a larger instantaneous dipole moment. So the at-
traction between Se atoms is stronger than that between S
atoms. For the Se-S-S-Se structure, the large distance of Se
atoms makes the vdW attractive energy larger and the small
interlayer distance makes the repulsive electrostatic potential
larger. Finally, the ground-state total energy satisfies Se-S-S-
Se > Se-S-Se-S > S-Se-Se-S.

After getting the optimized structures, we calculate the
electronic structures of the more stable WSSe bilayers (AA′
and AB stacking). The band diagrams are shown in Fig. 3.
These electronic structures clearly illustrate the band splitting
caused by symmetry breaking. On the one hand, there is
obvious layer splitting in WSSe bilayers with the Se-S-Se-S
order caused by the dipole moment of the WSSe layer and
the asymmetry of the order. The potential energy on the side
of the S atomic layer is larger, so the energy of layer II is
larger than layer I. Thus, layer I (layer II) contributes the
CBM (VBM), which means electrons (holes) prefer to stay
in layer I (layer II). So the Se-S-Se-S–ordered WSSe bilayers
are similar to type-II heterojunctions and are expected to
have a greater efficiency of photoelectric conversion used
in solar cells. On the other hand, AA′-stacked bilayers have
center inversion symmetry but AB stacked does not, so the
band structures of AB-stacked WSSe with symmetric orders
still have slight layer splitting, which is the same as binary
transition-metal chalcogenides (MX2).

Previous studies on the properties of MX2 multilayers
show that interlayer interactions mainly affect the pz orbits of
chalcogen atoms, resulting in the splitting of the VBM at the
� point [6,17]. It also happens in the systems of MXY multi-
layers. The distinction is that MXY has two different chalcogen
atoms, which determines how interlayer interactions work
with different kinds of chalcogen atom-layer sequence. In
Se-S-Se-S order, the splitting occurs in interlayer but not
intralayer, indicating that the interaction of dipole moments
overcomes the effect of electrostatic interaction on the states

of �V. However, in Se-S-S-Se and S-Se-Se-S systems, there
is great splitting at QC and �V caused by interlayer interac-
tions. The electrostatic interaction affects S atoms more than
Se atoms in Se-S-S-Se systems, while it affects Se atoms
more than S atoms in S-Se-Se-S systems. The contributions
of chalcogen atoms differ at QC and �V, and thus Se-S-S-
Se–ordered WSSe bilayers are indirect semiconductors with
CBM at KC and VBM at �V, while the CBM of the S-Se-Se-
S–ordered bilayer WSSe is at QC.

As a special property of MXY, we concentrate on the
Rashba splitting of WSSe bilayers. From the magnified band
structures in Fig. 3, the effect of symmetry on spin splitting is
further confirmed. With Se-S-S-Se and S-Se-Se-S order, the
Rashba spin splittings vanish in AA′-stacked WSSe, which are
tiny in AB stacking. On the contrary, layer-dependent Rashba
splittings are obvious in Se-S-Se-S–ordered WSSe bilayers,
which originates from interlayer electrostatic interaction. The
effect of interlayer electrostatic interaction can be regarded
as an equivalent electric field. The equivalent electric field is
pointing out of each layer. Layer I is subjected to an equivalent
electric field from the side of the S atomic layer to the side
of the Se atomic layer and the field felt by layer II is from
the Se side to the S side, as shown by the red and green
arrows in Fig. 4(b). This equivalent electric field from the
electrostatic interaction makes the electron accumulate to the
S atomic layer in layer I, which increases the gradient of
crystal potential and enhances the asymmetry of layer I. As
a result of the interlayer electrostatic interaction, the Rashba
splitting of layer I increases and that of layer II decreases.
At the stable interlayer distance (d0), the Rashba splitting
energy of layer I and layer II are 11.4 meV and close to 0,
respectively.

The electrostatic interaction can be tuned by interlayer
distance, which further regulates the layer-dependent split-
tings. With the increase of interlayer distance, the splitting of
layer I decreases while that of layer II increases, and gradually
reaches the value of the monolayer. On the other hand, the
S-Se-Se-S–ordered WSSe bilayer has no layer splitting, while
the electronic band structure gradually becomes similar to that

075160-4



GEOMETRY AND ELECTRONIC STRUCTURE OF … PHYSICAL REVIEW B 99, 075160 (2019)

S Se cSe S
} }І ІI

S Se cSe S

} }І ІI
S Se cSe S

} }І ІI

AA' AA' AA'AA'

AB AB AB

K Γ K' K Γ K'

K Γ K' K Γ K'

FIG. 3. Band structures of AA′- and AB-stacked WSSe bilayers. Red lines and green lines show the contribution of layer I and layer II,
respectively. The magnified views of the band structures of the four valence bands near the Fermi level at the � point are illustrated in the small
pictures next to the band structures.

of the monolayer with the increase of the interlayer distance.
The electronic energies of the states are degenerate, but the
spins are in the opposite directions in the two different layers.
In S-Se-Se-S–ordered bilayer, it is interlayer interaction that
brings about the band splitting at �V and eliminates Rashba
splitting, which changes a lot with different interlayer dis-
tance. However, the band splitting at �V is caused by the net
dipole moment in the Se-S-Se-S–ordered bilayer, which is still
quite large at a long distance.

C. WSSe multilayers

It has been established that the stacking pattern plays a
decisive role in the electronic structure of WSSe bilayers,
and the difference of ground-state energy is just tens of meV.
There are many more stacking patterns in WSSe multilayers
than in MX2, and hence we can easily control the structure
of multilayer WSSe. Here, we calculate the binding energy
of n-layer AA′-stacked WSSe from the n-1 layer and mono-
layer, with the formula Eb = En−1 + E1 − En, where Ei is

the ground-state energy of the i-layer WSSe. Figure 5(a)
shows that the binding energy of even-layer WSSe with S-Se-
Se-S- … order is smaller than that with Se-S-Se-S- … order,
which is contrary in the odd-layer WSSe. The interlayer inter-
action energy of the Se-Se layers is the smallest, while that of
the S-S layer is the largest. S-S layer interaction must be added
in the odd-layer WSSe, which is the reason for the larger
binding energy with S-Se-Se-S- … order. Meanwhile, with the
increase of layers, the proportion of S-S layer interaction also
increases. The WSSe multilayers with asymmetric Se-S-Se-
S- … order are more stable than that with symmetric S-Se-Se-
S- … order, as the difference of ground-state energy between
Se-S-Se-S- … order and S-Se-Se-S- … order decreases with
the increase of layers. It can be predicted that the most stable
n-layer WSSe contain n − 2 Se-S layer interactions and one
Se-Se layer interaction.

The energy band structures of WSSe multilayers with
symmetric and asymmetric orders are presented in Fig. 5(b).
The total dipole moment is larger, but the layer splitting
between adjacent layers in Se-S-Se-S- … systems is smaller
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FIG. 4. (a) Four top valence bands near � of bilayer WSSe with
different interlayer distance. (b) The relationship between the Rashba
splitting energy of layer I and layer II in Se-S-Se-S–ordered WSSe
bilayer and interlayer distance. The black dashed line indicates the
splitting energy of the WSSe monolayer. The insets are the average
potential energy with the interlayer distance of d0 + 1 Å. The arrows
represent the direction of the local equivalent electric field, where the
red and blue indicate the equivalent electric field felt by layer I and
layer II, respectively.

with the increasing of layers. The charge transfer generated by
the dipole moment decreases the dipole effect in turn. When
the number of layers is greater than three, the Se-S-Se-S- …
ordered multilayers become metals, where there is interlayer
charge transfer. In S-Se-Se-S- … ordered multilayers, the
layer splitting also exists, but the existence of local symmetry
makes the splitting much smaller. It is also observed that S-S
interlayer vdW interaction brings greater band splitting at �V

and Se-Se interaction increases the splitting at QC.

IV. CONCLUSIONS

In summary, the geometries and electronic structures of
mono-, bi-, and multilayer WSSe are systematically re-
searched. WSSe is an example of the polar transition-metal
dichalcogenides MXY. S and Se atoms mainly contribute to
�V and QC, respectively, which plays a crucial role in band
splitting caused by interlayer interactions. S-Se-Se-S is the

(a)

(b)
S SeSe cSe S SeSe S cSSe SSeSe SSeSe SSeSe cSSe SSeSe SSeSe SSeSe SSeSe
Trilayer Four-layer Five-layer

S SeSe cSe S SeSeS cSSe SSeSe SSeSe SSeSe cSSe SSeSe SSeSe SSeSe SSeSe

FIG. 5. (a) The binding energy of WSSe multilayers with asym-
metric Se-S-Se-S- … order and symmetric S-Se-Se-S- … order (left
y axis), and the difference of ground-state energy between Se-S-
Se-S- … order and S-Se-Se-S- … order (right y axis). (b) The layer
projected band structures of WSSe multilayers.

most preferred order of two adjacent layers. It is found that
the band structure of the Se-S-Se-S–ordered WSSe bilayer
is similar to that of type-II heterojunctions, which makes it
promising for photoelectric conversion devices. In Se-S-Se-
S- … ordered systems, the Rashba spin splittings differ in
different layers. There is about 11.4 meV Rashba splitting
energy in one layer, while almost none in the other layer of
the Se-S-Se-S–ordered WSSe bilayer. The layer splitting and
layer-dependent Rashba spin splitting can be effectively tuned
by interlayer distance. We also explore the stability of WSSe
multilayers with multifarious chalcogen atomic-layer order
and the most stable order of multilayers is predicted. There
is not much difference between the ground-state energies,
which means the geometry can be easily tuned. The electronic
structures vary with different stacking patterns, and thus we
can get the desired properties.
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