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Manipulation of the Rashba spin-orbit coupling of a distorted 1T-phase Janus WSSe monolayer:
Dominant role of charge transfer and orbital components
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Janus monolayer materials, as the thinnest materials that may possess strong Rashba spin-orbit coupling,
are helpful for the miniaturization of the charge-spin conversion devices. Using first-principles calculations,
we investigated the structural stability and Rashba spin-orbit coupling of distorted 1T-phase Janus monolayer
WSSe. Although the W atoms rotating around the Se atom are dynamically unstable in the stress-free state, the
imaginary frequency disappears by applying a small compressive strain. From the perspectives of macroscopic
charge transfer and microscopic atomic orbital compositions, the mechanism of the Rashba spin-orbit coupling
strength of the distorted 1T-phase Janus monolayer WSSe was analyzed. The coupling strength can be greatly
manipulated when −5 to 5% biaxial strain is applied. The charge transfer caused by the larger lattice constant
and the rotation of the W atoms reduce the gradient of the potential so that the greater the electric polarization,
the weaker the spin-orbit coupling. The coupling strength of different electronic states is determined by the
proportion of the out-of-plane atomic orbitals, where dxz and dyz orbits play the dominant role. These results
contribute to the design of materials with greater Rashba spin-orbit coupling and the understanding of its
mechanism.
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I. INTRODUCTION

As one of the branches of spintronics, spin-orbit coupling
plays an important role in the field of charge-spin conversion
[1,2]. Various nontrivial physical phenomena caused by this
relativistic effect in related materials have been observed, such
as spin Hall effect [3,4], spin galvanic effect [5], spin field
effect transistors [6], and spin quantum computing [7]. For
one, the Rashba effect originates from inversion asymmetry
of structure and generally brings extraordinary phenomena on
the surface or interface of materials [8]. In addition, Rashba
spin-orbit coupling is easier to control, and it can be easily
realized in experiment to regulate the device performance
based on this effect.

Due to the reversible spontaneous polarization and the
inherent Rashba effect, ferroelectric Rashba semiconductors
have stimulated the interest of researchers [9–11]. How-
ever, low-dimensional ferroelectric materials are still scarce
[12,13], which greatly limits the application in the miniatur-
ization of Rashba devices. Recently, more and more single-
layer ferroelectric materials have been predicted, and their
spin-orbit coupling effects have also been studied [14,15].
As a representative of two-dimensional materials, transition
metal dichalcogenides have been verified for their ferroelec-
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tric properties in different phases [16–18]. The 1T-phase
transition metal dichalcogenides are dynamically unstable
but can be stabilized by the distortion of metal ions into
trimers or zigzag chains. Different from the 2H-phase with
mirror symmetry, the trimeric distortion of 1T-phase transi-
tion metal dichalcogenides destroy the inversion symmetry,
producing spontaneous polarization and intrinsic Rashba spin-
orbit coupling, which can be used as ferroelectric Rashba
semiconductors [19,20]. In general, the strength of the spin-
orbit coupling is proportional to the spontaneous polarization
caused by symmetry breaking. For the trimeric distorted struc-
tures, the Rashba spin-orbit coupling is determined by the
degree of distortion.

Although the electric polarization is nonreversible, Janus
monolayer materials have been successfully prepared exper-
imentally and theoretically predicted to have tunable large
Rashba parameters, such as BiTeCl and BiTeBr layers [21],
transition-metal dichalcogenides [22–24], group IV transi-
tion metal trichalcogenides [25], binary hexagonal nanosheets
[26,27], and so on [28]. Janus monolayer materials are
expected to be the thinnest materials with larger Rashba
spin-orbit coupling. Among them, Janus transition metal
chalcogenides have received the most attention due to the
unique electronic properties [29,30], such as spin-valley lock-
ing, excitation phenomena, and phase transitions between
various structures. The Janus structures of various phases of
transition metal dichalcogenides have also been considered
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FIG. 1. (a) The W atoms rotate around the S atom (red ar-
rows) or around the Se atom (green arrows), transforming the Janus
monolayer WSSe from 1T to d1T phase, which are expressed as
d1T-WSSe(S) and d1T-WSSe(Se), respectively. (b) The phonon
spectrums of d1T-WSSe(S) and d1T-WSSe(Se).

[31,32]. Transition metal dichalcogenides exhibit Rashba spin
splitting based on their Janus structure, and trimeric distortion
further changes the spin-orbit field.

Rashba spin-orbit coupling is tunable under different ex-
ternal circumstances. The electrical control of gate voltage
is the most widely used, which has been studied in many
experiments and played an important role in spin field effect
transistors [33–35]. Ignoring the effect of charge screening,
the spin-orbit field includes the external electric field, and
the coupling strength can be proportionally manipulated. The

TABLE I. The lattice parameters (a), bond lengths between W
and S atoms (dW−S), bond lengths between W and Se atoms (dW−Se),
the vertical distances between W and S atoms (hW−S), and vertical
distances between W and Se atoms (hW−Se) of Janus monolayer 1T-
WSSe, d1T-WSSe(S), and d1T-WSSe(Se).

a (Å) dW−S(Å) dW−Se(Å) hW−S(Å) hW−Se(Å)

1T-WSSe 5.58 2.42 2.57 1.55 1.78
d1T-WSSe(S) 5.72 2.41(2b) 2.67 1.63(2b) 1.72

3.67(1a) 2.42 1.09(1a)
d1T-WSSe(Se) 5.74 2.31 2.53(2b) 1.53 1.79(2b)

4.05 2.60(1a) 1.35(1a)
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FIG. 2. (a) The projected phonon density of states of monolayer
d1T-WSSe(Se). The direction of projection and the labels of atoms
are shown in the insets of (b). (b) The frequency of the intrinsic
unstable vibration mode at the � point changes with the strain, and
the negative value indicates the instability. The insets are the atomic
vibration images of the unstable phonon mode.

magnetic field also affects the intrinsic spin-orbit coupling
and changes the properties of spin splitting and spin transport
[36–38]. Strain [39] and doping [40] can affect orbital inter-
actions or charge distribution and regulate the spin-orbit field.
Proximity effects [41] and interlayer interactions [42,43] are
also resources to produce or regulate Rashba spin-orbit cou-
pling, which stems from asymmetric electrostatic interaction
or charge transfer. Charge transfer can be regarded as a macro
way to regulate electric polarization and built-in electric field,
and it is often used to qualitatively analyze the change of
Rashba coupling. However, the analysis of the Rashba effect
of different electronic states of a certain material is still lack-
ing. It has been proposed that orbital angular momentum is
the causation of the Rashba effect [27,44]. Orbital angular
momentum not only determines the splitting energy of spin-
orbit coupling, but also has important significance for Rashba
parameters. Therefore, it can be inferred that the different
Rashba parameters of each electronic state are derived from
the atomic orbital composition.
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FIG. 3. (a) The average electronic potential energy in the vertical direction of monolayer 1T-WSSe, d1T-WSSe(S), and d1T-WSSe(Se).
(b) The differential charge density of monolayer 1T-WSSe (up), d1T-WSSe(S) (middle), and d1T-WSSe(Se) (down). The red and blue represent
the accumulation and depletion of electrons, respectively. (c) The band structures of monolayer d1T-WSSe(S) (left) and d1T-WSSe(Se) (right)
with spin-orbit coupling. The red and blue weighted solid circles represent the spin direction along the positive and negative y directions,
respectively. (d) The magnified views of the bottom conduction bands and the top valence bands of monolayer d1T-WSSe(S) (left) and
d1T-WSSe(Se) (right), showing the spin splitting (splitting energy is �E) caused by spin-orbit coupling. (e) In-plane spin textures near the �

point for the top valence band (left) and the bottom conduction band (right) of monolayer d1T-WSSe(Se). The color scales refer to the band
energy (eV) with respect to the Fermi level.

Here, we investigated the manipulation of the Rashba spin-
orbit coupling of distorted 1T-phase Janus monolayer WSSe
and demonstrated two contributions, which are macroscopic
charge transfer and microscopic orbital components. Based
on first-principles study, the structural stability and electronic
structure of distorted 1T-phase Janus monolayer WSSe were
calculated. The distortion makes the electron transfer to the
side of the distorting center, but the larger the electric po-
larization, the smaller the spin-orbit field. The tensile strain
increases the Rashba parameter at the � point of the top
valence band. For the systems with out-of-plane polarization,
Rashba spin-orbit coupling produces in-plane spin splitting,
while out-of-plane orbits have greater contributions to the
coupling parameters. Here, dxz and dyz orbits play a leading
role in a distorted 1T-phase Janus WSSe monolayer when the
strain is large enough.

II. COMPUTATIONAL DETAILS

The structural optimization and the iterative calculations
in this paper were all performed through the Vienna ab initio
Simulation Package (VASP) based on density functional theory
(DFT) [45], which is the most widely used method to study
the microscopic electronic structures of various materials. The
phonon spectrum and vibration characteristics were calcu-
lated and analyzed using the density functional perturbation

theory method combined with the Phonopy tools [46]. A 3
× 3 × 1 superlattice was used to calculate the dynamical
matrix, and a 15 × 15 × 1 q-mesh was adopted to obtain
the phonon density of states. The projector augmented wave
scheme and plane-wave basis set with an energy cutoff of
600 eV were employed [47]. The exchange-correlation effect
was treated by the generalized gradient approximation of the
Perdew-Burke-Ernzerhof functional [48]. A vacuum region of
30 Å was applied along the z direction so that the interaction
between repeated slabs could be ignored and the influence
of electrical polarization in the periodic structure was mini-
mized. Nevertheless, to ensure accuracy, the dipole correction
was applied to correct the errors introduced by the periodic
boundary conditions [49]. The structural optimization was
finished until the force on each atom was <0.001 eV/Å. The
electronic self-consistent iteration stops until the energy dif-
ference between the two adjacent steps was <10−6 eV, and a
11 × 11 × 1 �-centered k-point grid was adopted.

III. RESULTS AND DISCUSSION

The distorted 1T-phase monolayer transition metal
dichalcogenides were obtained from the corresponding un-
stable 1T-phase monolayers by rotating the transition metal
atoms around the chalcogenide atoms, as shown in Fig. 1(a).
Due to the different rotation centers of metal atoms, there
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are two different structures of distorted 1T-phase Janus
monolayer WSSe, which are labeled as d1T-WSSe(S) and
d1T-WSSe(Se), respectively. For 1T-phase Janus monolayer
WSSe transformed to d1T-WSSe(S), three W atoms in the√

3 × √
3 × 1 unit cell rotate anticlockwise around one S

atom and clockwise around the other S atom (labeled as 2b),
which get away from the third S atom (labeled as 1a), and the
three Se atoms are equivalent. It is similar for the transition
from 1T-phase Janus monolayer WSSe to d1T-WSSe(Se),
but at the center of the rotation are Se atoms. The structural
parameters are listed in Table I. The rotation of W atoms
expands the unit cell and greatly changes the relative position
of the 1a chalcogenide atom to W atoms. The bond lengths
between W and 1a chalcogenide atoms become larger, and
the vertical distances are smaller. Previous studies have indi-
cated that the most important effect of the distortion is the
electron transfer to 1a chalcogenide atoms [19,50]. There are
two bond lengths between W and 3c chalcogenide atoms:
one becomes longer, and the other becomes shorter. The W-S
bonds have already been lengthened from the equilibrium
distance due to the asymmetric Janus structure. For monolayer
d1T-WSSe(Se), one W-S bond length is so large that it may be
unstable.

The vibration of d1T-phase Janus monolayer WSSe was
studied. As shown in Fig. 1, the phonon spectrum of
monolayer d1T-WSSe(S) has no imaginary frequency, which
indicates that the structure is dynamically stable. However,
monolayer d1T-WSSe(Se) is unstable with imaginary fre-
quency near the � point, and it may become stable under
certain conditions. The projected phonon density of states and
the atomic vibration images of the phonon with imaginary
frequency are illustrated in Fig. 2. For the unstable mode,
the three W atoms rotate clockwise in the plane, and the two
Se atoms (labeled as 2b) move in opposite directions in the
vertical plane. The unstable vibration is an optical branch and
corresponds to the lattice being larger or smaller. It is assumed
that the in-plane strain may change this virtual frequency and
make the vibration stable. The frequency as a function of the
in-plane biaxial strain was calculated. It was confirmed that
the virtual frequency disappears when a little compressive
strain is applied.

The electronic structures in Fig. 3 indicate that there is
large Rashba spin splitting at the high symmetry points in
reciprocal space. The Rashba spin-orbit coupling results in
the in-plane spin splitting and band energy splitting. At a
simple glance, monolayer d1T-WSSe(Se) possesses a greater
spin-orbit coupling strength than d1T-WSSe(S) at the � point
of the top valence band. The spin vortex in reciprocal space is
shown in Fig. 3(e), which is an important feature of Rashba
spin splitting, and the spin directions of the top valence band
and the bottom conduction band are opposite. For 1T-phase
Janus WSSe, the electric polarization points from S layer to
Se layer due to S atoms gaining electrons. The rotation of W
atoms brings the electron transfer to the 1a chalcogenide atom,
leading to the larger electric polarization of d1T-WSSe(S)
than d1T-WSSe(Se). The Rashba spin-orbit coupling strength
is positively related to the electric polarization. However, the
spin-orbit coupling strength of the Janus WSSe monolayer is
not directly dominated by the polarization. The electroneg-
ativity of the S atom is so large that the accumulation of

FIG. 4. (a) The energy splitting (�E) and the first derivative of
the energy splitting to wave vector [d (�E )/dk], (b) the composi-
tions of atomic d orbitals of the top valence band and the bottom
conduction band of d1T-WSSe(S) (left) and d1T-WSSe(Se) (right)
monolayers.

electrons is not enough to offset the potential difference,
which results in a low potential energy on the S side, and
the built-in electric field (gradient of potential) is the same
as the electric polarization, pointing from the S side to the
Se side. As shown in Fig. 3(a), the electron transfer increases
the potential energy of the S side in d1T-WSSe(S) and the
Se side in d1T-WSSe(Se), which reduces and increases the
gradient of the potential of d1T-WSSe(S) and d1T-WSSe(Se),
respectively. Therefore, the asymmetry and gradient of po-
tential is inversely proportional to the electric polarization.
Meanwhile, the spin-orbit field is proportional to the gradient
of potential. It is one of the macrolevel reasons for the larger
Rashba spin-orbit coupling of monolayer d1T-WSSe(Se) than
that of d1T-WSSe(S).

To quantitatively analyze the spin-orbit coupling strength,
we calculate the splitting energy [�E in Fig. 3(d)] of the
top valence band, the bottom conduction band, and the first
derivative of the splitting energy to the wave vector, which
are plotted in Fig. 4. According to the spin texture in a pre-
vious paper [20], only the � and K points have significant
Rashba spin-orbit coupling, which does not exist at the M
point. Therefore, the focus of the next discussion is on the
spin-orbit coupling at the � and K points. The spin-orbit cou-
pling strength near the high symmetry point of the reciprocal
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FIG. 5. (a) The strain regulated Rashba parameters at the � point of the top valence band and the bottom conduction band of monolayer
d1T-WSSe(S) (left) and d1T-WSSe(Se) (right). (b) The changes of d orbital compositions at the � point of the top valence band and the bottom
conduction band of monolayer d1T-WSSe(S) (left) and d1T-WSSe(Se) (right) as functions of the in-plane biaxial strain. (c) The polarizations
of monolayer d1T-WSSe(S) and d1T-WSSe(Se) change with the in-plane biaxial strain. (d) The isosurface views (up) and the sum values along
the c axis of differential electron density of the d1T-WSSe(S) monolayer when 2% compressive and tensile strain are applied. The red and blue
in the isosurface views represent the accumulation and depletion of electrons, respectively.

space is valued as αR = d[�E (k)]/2dk, which also contains
nonlinear terms of spin-orbit coupling.

For the d1T-WSSe(S) monolayer, the top valence band
possesses larger spin-orbit coupling strength than the bottom
conduction band at the � point, and that is almost the same for
the case of the K point. On the other hand, the spin-orbit cou-
pling strengths of the top valence band at the � and K points
are both larger than that of the bottom conduction band in the
d1T-WSSe(Se) monolayer. Compared with the d1T-WSSe(S)
monolayer, the coupling strengths of the top valence band of
the d1T-WSSe(Se) monolayer are larger, while the strengths
of the bottom conduction band are slightly smaller.

The crystal field determined by symmetry is an important
origin of affecting the spin-orbit coupling [43]. The electronic
states of different K points have different symmetries, which
are reflected in the different orbital components. Considering
the on-site spin-orbit coupling of atomic orbitals, the coupling
strength of each K point is dominated by the correspond-
ing composition of orbitals. When the electric polarization is
along the z direction, the Rashba spin-orbit coupling induced
spin splitting is in the xy plane, and the coupling strength is
determined by the atomic orbital in the z direction because of
the smaller orbital angular momentum in the z direction. At

the � point, the dz2 orbit has no contribution to the bottom
conduction band and a little contribution to the top valence
band. The top valence band has larger spin-orbit coupling
strength due to its larger component of dxz and dyz orbits.
The proportion of dxz and dyz orbits at the K point decreases
with the composition of dz2 orbit increasing, which makes the
coupling strength still sizable. Comparing d1T-WSSe(S) and
d1T-WSSe(Se) monolayers, it is found that dxz and dyz orbits
are more important for Rashba spin-orbit coupling than the dz2

orbit.
To confirm the relationship, the regulations of the spin-

orbit coupling strength and the orbital composition at the
� point of d1T-phase Janus monolayer WSSe were calcu-
lated. As shown in Fig. 5, overall, tensile strain enhances
the strength of spin-orbit coupling, which is perfectly consis-
tent with the change rule of orbital composition. The orbital
compositions of the top valence band vary greatly with a
tensile strain. The proportions of dx2−y2 , dxy, and dxz, dyz orbits
decrease with the dz2 orbit increasing, leading to the enhanced
Rashba spin-orbit coupling. The coupling strength of d1T-
WSSe(S) does not increase with increasing strain for the top
valence band, due to the reduction of dxz and dyz orbits. On
the other hand, the compressive strain does not greatly affect
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the orbital composition, but still significantly modulates the
strength of spin-orbit coupling. From another perspective, the
reason for the change of coupling strength is the macroscopic
charge transfer. The S atom gets more electrons from the
W atom, and the electric polarization becomes larger with a
compressive strain. As discussed above, larger polarization
corresponds to smaller gradient of potential and spin-orbit
coupling strength.

IV. CONCLUSIONS

In summary, using first-principles research based on DFT,
we investigated the dynamic stability and electronic structures
of distorted 1T-phase Janus monolayer WSSe and focused on
the regulation of Rashba spin-orbit coupling. In comparison,
the W atoms prefer to rotate around S atoms, which makes the
bond length between W and 1a S atoms longer, and the S atom
gets more electrons. The charge transfer reduces the gradient
of the potential, so it is concluded that the greater the macro-
scopic polarization, the weaker the Rashba spin-orbit coupling
strength. On the other hand, the coupling strength at different
electronic states in the reciprocal space is dominated by the or-
bital composition. For the case where the electric polarization
is perpendicular to the two-dimensional material, the atomic

orbital in the z direction makes a greater contribution to the
Rashba spin-orbit coupling, due to its larger orbital angular
momentum in the x and y directions. As for the distorted 1T-
phase Janus WSSe monolayers, dxz and dyz orbits have greater
importance than the dz2 orbit to the strength of Rashba cou-
pling. The regulation of Rashba spin-orbit coupling by strain
is completely dominated by macroscopic charge transfer and
microscopic orbital components.
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