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Intrinsic and anisotropic Rashba spin splitting in Janus transition-metal dichalcogenide monolayers
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Transition-metal dichalcogenides (TMDs) monolayers have been considered as important two-dimensional
semiconductor materials for the study of fundamental physics in the field of spintronics. However, the out-of-plane
mirror symmetry in TMDs may constrain electrons’ degrees of freedom and it may limit spin-related applications.
Recently, a newly synthesized Janus TMDs MoSSe was found to intrinsically possess both the in-plane inversion
and the out-of-plane mirror-symmetry breaking. Here we performed first-principles calculations in order to
systematically investigate the electronic band structures of a series of Janus monolayer TMDs with chemical
formula MXY (M = Mo, W and X,Y = S, Se, Te). It is found that they possess robust electronic properties like
their parent phases. We explored also the effect of perpendicular external electric field and in-plane biaxial strain
on the Rashba spin splittings. The Zeeman-type spin splitting and valley polarization at K(K ′) point are well
preserved and we observed a Rashba-type spin splitting around the � point for all the MXY systems. We have
also found that these spin splittings can be enhanced by an external electric field collinear with the local electric
field derived by the polar bonds and by the compressive strain. The Rashba parameters change linearly with
the external electric field, but nonlinearly with the biaxial strain. The compressive strain is found to enhance
significantly the anisotropic Rashba spin splitting.
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I. INTRODUCTION

Spintronics based on two-dimensional (2D) materials has
drawn increasing interests in the last decade [1]. Transition-
metal dichalcogenides (TMDs), such as MoS2, have been
regarded as a remarkable platform for future electronic appli-
cations due to two inherent characteristics [2,3]. One is that
monolayer TMDs lack in-plane inversion symmetry, which
introduces new degrees of freedom for the electrons. The
other characteristic is that TMDs materials may have strong
spin-orbit coupling (SOC) [4]. Together, the in-plane inversion
symmetry breaking and a strong SOC effect lead to Zeeman-
type spin and valley coupling physics in TMDs monolayers
[5]. However, Rashba-type spin splitting [6–8], which appears
due to the internal electric field, does not always intrinsically
appear in the TMDs. The main reason is that generally TMDs
materials possess out-of-plane mirror symmetry [9].

Therefore, great efforts have been made to break the out-
of-plane mirror symmetry, by which extra degrees of free-
dom of electrons could be induced. For example, combining
MoS2 with different materials, such as graphene [10], bismuth
(111) [11], and ferromagnet CoFeB [12], one can consider
van der Waals heterostructures. Furthermore, external electric
field (EEF) is also an easy way to break the vertical mirror
symmetry [13–15]. The Rashba-type spin splitting is also
found in trimerized 1T -MoS2, which is polar TMD because of
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non-mirror-symmetric S atoms on the top and bottom sides of
Mo [16].

Recently, a ternary compound MoSSe has been synthesized,
namely Janus TMD, in which top-layer S atoms of MoS2

are fully replaced by Se atoms [17]. It was also reported
that postsynthesis ion-beam-mediated techniques could be
employed to obtain Janus TMD samples [18,19]. Owing to the
different electronegativity of S and Se, i.e., noncompensating
polar bonds, MoSSe has an internal electric field ( �Eint) perpen-
dicular to the monolayer plane. The lack of out-of-plane mirror
symmetry leads to the Rashba-type spin splitting in such polar
TMD systems. It can be described by the Bychkov-Rashba
Hamiltonian [6]

HR = αR(| �Eint|)�σ · (�k|| × �z),

where the prefactor αR is the Rashba parameter, �σ denotes
the Pauli matrices, �k|| is the momentum of the 2D electron,
and �z = (0, 0, 1) is the out-of-plane direction. Therefore, the
energy versus momentum dispersion relation has an effective
form due to the lifted spin degeneracy

E±(k) = h̄2�k2
||

2m∗ ± αR|�k|.
This formula characterizes the Rashba-type spin splitting

representing two parabolas shifted with respect to each other
by �k in reciprocal space.

In this work, we systematically investigate the elec-
tronic band structure of the Janus TMD monolayers
MXY (M = Mo, W; X,Y = S, Se, Te) using first-principles
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calculations. The structure stabilities of these six MXY mono-
layers have been confirmed thorough phonon dispersion com-
putation. Besides the Zeeman-type spin splitting and valley
polarization [20] at the K(K ′) point for MX2, we have found
the Rashba-type spin splitting around the � point for all
the MXY systems. Moreover, we further reveal that Rashba
parameters αR can be tuned by lattice strain and external
electric field.

II. COMPUTATIONAL METHODS

First-principle simulations were performed with the projec-
tor augmented wave (PAW) approach [21,22] as implemented
in the Vienna ab initio simulation package (VASP) [23,24].
The electron exchange-correlation functional was treated by
the generalized gradient approximation [25] of Perdew-Burke-
Ernzerhof (PBE). The van der Waals interaction was described
by the optB86b-vdW functional [26,27]. The energy conver-
gence threshold was set to 10−8 eV and atomic positions were
fully relaxed until the maximum force on each atom was less
than 10−3 eV/Å. The energy cutoff was fixed to 600 eV and the
Brillouin zone was sampled with a 15 × 15 × 1 gamma point
centered grid in both geometry optimization and self-consistent
calculations. The Gaussian smearing method with a width of
0.05 eV was employed.

The MXY monolayer was placed in the x-y plane with the z

direction perpendicular to the layer plane, and a vacuum slab of
16 Å in the z direction was added to avoid interactions between
periodic adjacent layers. Phonon dispersion analysis was per-
formed with a 4 × 4 × 1 supercell by using the PHONOPY code
[28,29] interfaced with the density-functional perturbation the-
ory [30]. The dipole layer method implemented in VASP is used
to introduce the electric field and to correct the dipole moment
presented in the MXY slab due to asymmetric geometry.
The direction of positive EEF is defined along the positive z

direction. For strain-modified systems, the biaxial tensile and
compressive strains were applied by fixing the lattice constant
to a series of values, which are larger or smaller than that of
the equilibrium structure. The geometry optimizations were
performed after fixing the lattice parameters. According to
the crystal symmetry, band structures of MXY monolayer
were calculated along the special lines connecting the follow-
ing high-symmetry points, namely � (0, 0, 0), M (0, 0.5, 0),
M ′ (0.5, 0, 0) K(−1/3, 2/3, 0), and K ′ (1/3, 1/3, 0) in the k

space. To further confirm the electronic properties, screened
hybrid functional (HSE06) [31,32] computations were

FIG. 1. (a) Top and side views of the unit cell of MoSSe mono-
layer in hexagonal lattice with parameters a = b. The bond length of
Mo-S is smaller than that of Mo-Se (l1 < l2), thus the distance between
different sublayers d1 is slightly smaller than d2. (b) Calculated
phonon dispersion for the MoSSe monolayer.

performed. To investigate the Rashba effect and reveal the spin
distribution in the momentum space, SOC calculations were
performed.

III. RESULTS AND DISCUSSION

We consider the atomic structure of the MoSSe as a
representative of the MXY systems in Fig. 1(a). From the
top view, the MoSSe shows a hexagonal lattice. From the
side view, it is easy to distinguish that the bond lengths of
Mo-S and Mo-Se are slightly different, and thus the mirror
symmetry is broken. The Mo atoms are bonded with three
S and three Se atoms on two sides. The point group is C3v

for MXY monolayers, and the structural parameters of MXY

monolayers are listed in Table I. The lattice constants are
gradually increasing with the increase of atomic radii of X

and Y chalcogenide atoms.
To confirm the structural stability of MXY systems, we

have performed the phonon dispersion calculations along the
high-symmetry points in the Brillouin zone. No imaginary
frequency is found around the � point in k space for the MoSSe
monolayer as shown in Fig. 1(b). A quadratic dispersion is
found in the out-of-plane acoustic branch (ZA mode) around
the � point, which is a universal feature of 2D materials
[33,34]. The phonon dispersion of the other five systems are
also characterized with no imaginary frequency. This clearly
confirms the structural stability of the polar MXY monolayer.
However, a previous study [35] found that two systems (MoSTe

TABLE I. Calculated structural parameters and band gaps of MXY monolayers. The lattice constant (a = b), the bond length of M-X(l1)
and M-Y (l2), and the distance between the sublayers of M,X(d1) and M,Y (d2) are shown. The atomic number of X is smaller than that of Y in
each MXY system, so that l1 < l2, d1 < d2. The band gaps of six MXY systems within different functionals (PBE, HSE06, and PBE + SOC)
are also displayed. The band-gap values are labeled by letter D or I, which represents the direct or indirect band gap.

a, b (Å) l1 (Å) l2 (Å) d1 (Å) d2 (Å) PBE (eV) HSE06 (eV) PBE + SOC (eV)

MoSSe 3.228 2.416 2.530 1.537 1.711 1.63 (D) 2.10 (D) 1.27 (I)
MoSTe 3.343 2.432 2.715 1.479 1.909 1.15 (I) 1.65 (I) 0.73 (I)
MoSeTe 3.412 2.552 2.717 1.623 1.871 1.34 (D) 1.79 (D) 0.99 (D)
WSSe 3.232 2.421 2.538 1.543 1.720 1.77 (D) 2.27 (D) 1.23 (D)
WSTe 3.344 2.438 2.720 1.488 1.916 1.34 (I) 1.82 (I) 0.85 (I)
WSeTe 3.413 2.559 2.722 1.633 1.879 1.42 (D) 1.88 (D) 0.84 (D)

235404-2



INTRINSIC AND ANISOTROPIC RASHBA SPIN … PHYSICAL REVIEW B 97, 235404 (2018)

and MoSeTe) should show a structural instability, according to
small negative frequencies displayed around the � point. But
we agree with works [36,37] which reported that the imaginary
frequency of the ZA mode could be an artifact of the mesh size.
Such softening of phonons can be eliminated by improving the
calculation parameters and mesh size.

The band gaps of six systems with different computational
methods are shown in Table I, among which the WSSe
monolayer exhibits the largest band gap. In Figs. 2(a) and
2(b), we show the calculated electronic structures of the WSSe
monolayer without and with SOC. The band gaps are 1.77
and 2.27 eV with PBE and HSE06 functionals, respectively,
when SOC effect is not included. We note that some of MXY

systems have direct band gap, while the others have indirect
band gap. As shown in Fig. 2(b), the Rashba spin splitting
around the � point is indicated for which the other five systems
have also similar splitting but with different magnitude. We
have plotted the spin texture of the valence-band maximum
(VBM) around the � point. From Fig. 2(c), one can see that
spin arrows in the zone center are forming a clockwise rotation
pattern without the perpendicular component, which confirms
the characteristic of Rashba spin splitting.

Figure 2(d) presents a zoom-in of the schematic illustration
of the Rashba spin splitting along with related parameters. The
Rashba parameter is defined as αK

R = 2EK
R /kK

R in the �-K
direction, and αM

R = 2EM
R /kM

R in the �-M direction. It is found
that the energy difference EK

R and the momentum offset kK
R

are quite close to those of the �-M direction (EM
R , kM

R ) for all
the six systems. The αK

R values are calculated to be 77, 147,

FIG. 2. Calculated electronic band structure of the WSSe mono-
layer (a) without and (b) with SOC. Two band gaps (�1 and �2) are
defined here: �1 is the direct band gap at the K point and �2 is the
band gap between the CBM at the K point and the VBM around the
� point. (c) Spin texture of the VBM around the � point. The arrows
provide the in-plane spin vector orientation and the colors indicate the
out-of-plane component of spins. (d) Schematic view of the Rashba
spin splitting around the � point. EK

R and EM
R are the energy difference

between the energies of the two peaks and the degenerate energy at
the � point, while kK

R and kM
R are the momentum offsets in the �-K

and �-M directions.

479, 158, 322, and 514 meV Å for MoSSe, MoSTe, MoSeTe,
WSSe, WSTe, and WSeTe, respectively. The αM

R have slightly
different values, i.e., 77, 148, 487, 157, 324, and 524 meV Å
for MoSSe, MoSTe, MoSeTe, WSSe, WSTe, and WSeTe,
respectively. Roughly speaking, the Rashba parameters are not
very sensitive to the directions selected in the Brillouin zone
for these systems. In general, the αR value of WXY is larger
than that of MoXY with the same chalcogenides due to a larger
SOC effect of W than Mo. Considering the SOC strength of
chalcogenides parts, the value of αR increases with the order
XY = SSe, STe, SeTe as well.

A perpendicular electric field is being considered as an
effective approach to increase the degrees of freedom of
electrons by breaking the inversion symmetry in 2D electron
systems [13,38], which can create and manipulate spin splitting
without changing the system’s time-reversal invariant symme-
try [14]. Previous studies have shown that the magnitude of
Rashba-type spin splitting is also tunable by an applied electric
field [39,40] which modifies the quantum well asymmetry
and electron occupation [41]. In our MXY systems, we
theoretically applied electric field from −0.5 to 0.5 V/Å to
tune the Rashba splitting. The positive EEF was set to be
pointing from Y (with larger atomic number) to X, which
allows us to align it parallel to the internal electric field due to
the electronegativity S > Se > Te. We first observe the band
gaps changing with the EEF as presented in Figs. 3(a) and
3(b), which can be ascribed to the Stark effect in the condensed
matters [42]. Like other 2D materials [43,44], the band gaps
(�1 and �2) of MXY monolayers can be linearly modulated.
The band gap �1 at the K point increases monotonically
with the EEF from −0.5 to 0.5 V/Å, while the band gap �2

along K-� decreases monotonically. The slopes of the linear
relationship between �1 and EEF are 0.004, 0.007, 0.005,
0.008, 0.018, and 0.012 eÅ for MoSSe, MoSTe, MoSeTe,
WSSe, WSTe, and WSeTe, respectively. And, the slopes of
lines for �2 are −0.068,−0.113,−0.084,−0.060,−0.105,
and −0.073 eÅ for the six systems, respectively. From the
symmetry point of view, the EEF with the same magnitude
but different directions (z or −z) should generate the same
Stark effect in MX2 TMDs monolayers with an out-of-plane
mirror symmetry. However, the MXY monolayers here have
distinctive behaviors due to their intrinsic polar structures and
a competition between the EEF and the internal electric field.

By checking the change of charge density of X and Y atoms,
we found that the charge accumulation on X (with smaller
atomic number) was gradually increasing as the increase of
the EEF magnitude. Naturally, we expected that an EEF with
the same direction as the local electric field could enhance the
Rashba effect. Indeed, our results in Fig. 3(c) reveal that the
four out of six Rashba parameters αK

R are increased linearly
by the positive EEF, while a negative EEF linearly suppresses
the Rashba splitting. This is consistent with a previous work
[45], but interestingly for two cases of MSTe we find that the
αK

R values are not sensitive to the EEF. On the other hand, the
WSeTe monolayer provides the largest change of 31 meV Å
for αK

R modulation by comparing zero field and a large EEF
(0.5 V/Å). We have also calculated the Rashba parameters αM

R

of MXY monolayers along the �-M direction. The linear EEF
dependences of αM

R are quantitatively the same as those of αK
R ,
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FIG. 3. (a) Band gaps �1 of MXY monolayers changing with EEF. (b) Band gaps �2 of MXY monolayers changing with EEF. The two
band gaps are defined in Fig. 2. (c) Calculated Rashba parameters (αK

R ) as a function of external electric field for MXY monolayers along the
�-K direction. The linear EEF dependences of αM

R are almost overlapping with those of αK
R , which are not shown here.

which suggests that the EEF does not change the isotropic
property of Rashba splitting around the Brillouin-zone
center.

To further explore the manipulation of the Rashba spin
splitting in Janus TMD monolayers, an in-plane biaxial strain
is applied in our calculations. The band structures including
SOC for each MXY monolayer under certain strain (from −3
to 5%) are calculated and analyzed. The band-gap evolution
as a function of strain is plotted in Fig. 4(a). For MoSeTe,
WSSe, and WSeTe monolayers, both compressive and tensile
stains reduce the band gaps. But, for MoSSe and WSTe
monolayers, a 1% compressive strain slightly increases the
band gaps; for MoSTe the band gap has a maximal value
with the compressive strain of 2%. It is also observed that the
strain causes change of band-gap types, i.e., indirect-to-direct
or direct-to-indirect transition. We also find that the MoSSe

has a semiconductor-metal transition at 11% tensile strain,
similar to the published results on the pure MoS2 [46]. Thus,
we might expect that Janus-TMDs preserve some features from
its parent-phase TMDs, such as the robust electronic structure
[47] and the approximately linear band-gap reduction upon the
tensile strain [46,48].

The calculated Rashba parameters αK
R as a function of

the biaxial strain are presented in Fig. 4(b). We found that
the tensile strain suppresses the Rashba splitting, while a
compressive strain enhances the αK

R significantly. In the case
of the MoSeTe monolayer, the αK

R is 479 meV Å at the
zero strain condition and it is increased to 1117 meV Å by
a compressive strain of 3%. In general, Rashba parameters
could be largely increased under a 3% compressive strain. In
comparison to the EEF, the strain engineering has a large effect
on the tuning of the Rashba spin splittings. A lattice strain of

FIG. 4. (a) Calculated band gaps versus in-plane biaxial strain when the SOC is included. Solid square symbols are for indirect band gap,
and open circles represent direct band gap. (b) Calculated Rashba parameters αK

R as a function of in-plane biaxial strain for MXY monolayers
along the �-K direction.
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FIG. 5. (a) Calculated Rashba parameters as a function of in-plane biaxial strain for WSeTe monolayer along the �-K and �-M directions.
(b) Illustration of anisotropic Rashba spin splitting caused by the compressive strain.

3% can be currently considered in realistic experiments, and
such compressive strain would enhance the Rashba parameters
in these systems.

We have checked whether the lattice strain has some
influence on the calculated Rashba parameters αR along the
�-K and �-M directions. Figure 5(a) shows αK

R and αM
R

values for the WSeTe monolayer as a function of the biaxial
strain. Under the compressive strain condition, we find the
appearance of anisotropic Rashba splitting as illustrated in
Fig. 5(b). From Fig. 5(a) one observes that such anisotropic
Rashba parameters become more pronounced with the increase
of the compressive strain amplitude. When a 3% compres-
sive strain is applied, the Rashba parameter difference is
calculated to be αM

R − αK
R = 54 meV Å. To understand this

result, we have calculated the bands along the �-K and �-M
paths, and found a substantial energy maximal difference
of EK

R − EM
R = 9 meV. The other MXY monolayers under

compressive strain show qualitatively similar but smaller
results.

IV. CONCLUSIONS

In summary, we found the monotonic Stark effect of Janus
TMDs, which is due to their intrinsic polar structures and a
competition between the EEF and the internal electric field.
Our results reveal that Janus TMDs inherit robust electronic
structure from their parent-phase TMDs. The Janus TMDs
MXY monolayers intrinsically possess Rashba-type spin
splitting due to the out-of-plane mirror-symmetry breaking

and the SOC effect. Six MXY monolayers show different
magnitudes of the splitting quantified by the Rashba parameter
αR as determined by the SOC strength of their constituent
elements. It is found that the Rashba effect can be tuned
by an external electric field and/or strain engineering. The
Rashba spin splitting is found to be enhanced by a positive
electric field or a compressive strain. The Rashba parameters
have a linear dependence on the external electric field, and a
nonlinear response to the lattice strain. Interestingly, we have
shown significant anisotropic energy splittings along the �-K
and �-M directions when a 3% compressive strain is applied.
We conclude that the strain engineering is an efficient way to
control the Rashba spin splitting and it may further enhance
anisotropic effects.
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