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Spin-orbit coupling in two-dimensional materials gives rise to a Rashba spin splitting when inversion and
mirror symmetries are broken, yet its microscopic origin and quantitative characterization in transition metal
dichalcogenides remain incomplete. Using first-principles calculations, we investigate monolayer MX 2 transition
metal dichalcogenides (M = Mo, W; X = S, Se, Te), and homobilayers lacking inversion and mirror symmetries,
exhibiting zero-field Rashba splitting. We determine the field- and momentum-independent Rashba coefficients
and intrinsic electric fields of these systems, establishing a direct connection to the Rashba Hamiltonian. Surpris-
ingly, the Rashba effect on the topmost valence band is substantially smaller in bilayers than in monolayers at
typical fields. This motivates an analytical microscopic model that identifies the orbital processes responsible
for Rashba spin splitting. It confirms that, in bilayers, the effect is governed by the competition between
layer-resolved charge deformation and interlayer coupling. To quantify this competition, we introduce the orbital
polarization imbalance and orbital polarizability as order parameters and, by combining them with first-principles
calculations, identify the dominant microscopic channel responsible for the Rashba splitting.

DOI: 10.1103/4hpr-dmmf

I. INTRODUCTION

A novel class of quasi-two-dimensional (2D) materials—
such as bilayers of transition metal dichalcogenides (TMDs)
or Janus TMD monolayers—exhibits a built-in electric dipole
that arises naturally when mirror symmetry (mz) is broken
[1–3]. When inversion symmetry (I) is also broken, a zero-
field Rashba spin splitting near the � point arises [4–8]. This
feature offers a potential pathway toward low-power spin-
tronic applications with nonvolatile spin control [9,10].

TMDs, in particular, have emerged at the forefront of spin-
related applications due to their strong spin-orbit coupling
(SOC) [11–13], and have been extensively studied as hosts
of tightly bound charged and neutral excitons [14,15], making
them ideal platforms for integrating spin, charge, and optical
functionalities [16–21]. Additionally, recent studies indicate
that the �-point neighborhood may play a central role in
high-energy excitonic processes in few-layer systems [18], as
this is the key region in the Brillouin zone where interlayer
hybridization, valence band maximum, and electric field ef-
fects converge, giving rise to rich excitonic phenomena that
were previously overlooked.

Despite the growing interest in Rashba SOC in TMDs
[22–26], a quantitative and qualitative understanding of its
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intrinsic origin remains incomplete. Previous studies have
characterized Rashba splittings through energy-momentum
extrema, providing limited insight into the fundamental cou-
pling mechanisms [22–30]. Here, we introduce a framework
that resolves the Rashba coefficient, λn

R, which quantifies the
system’s response to an applied external field, and the intrinsic
orbital field, En

0 , which captures the built-in asymmetry re-
sponsible for finite band-dependent spin splitting at zero bias.
These quantities provide a physically transparent description
of Rashba effects, bridging atomic-scale asymmetry and layer
polarization. Our perspective clarifies why the topmost va-
lence band (VB), despite their built-in dipole at zero field,
exhibits a smaller reaction to the electric field than monolayers
do, and establishes a unified foundation for comparing Rashba
coupling across the TMD family.

We perform systematic ab initio calculations of monolayer
(ML) and homobilayer (BL) MX 2 (M = Mo, W; X = S, Se,
Te) systems, focusing on the top two valence bands near
the � point. The observed Rashba spin splittings are elu-
cidated in terms of a microscopic model that treats orbital
hybridization and atomic SOC perturbatively, and reveals the
relevant atomistic processes that yield Rashba splitting in
TMDs. We introduce the orbital polarization imbalance, ξ n,
as a central descriptor of Rashba behavior, quantifying the
(band-dependent) orbital asymmetry induced by the breaking
of the mirror symmetry mz. This quantity not only governs
the spin ordering (sign of the spin gap), but also describes
the intrinsic orbital field which impacts the magnitude of
Rashba splitting. Finally, by performing a Wannierization of
the density functional theory (DFT) Kohn-Sham states, we
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investigate the role of the in-plane orbitals as mediators in the
first-order Rashba processes essential to the SOC mechanism.
Our analysis reveals that the magnitude of the Rashba splitting
arises from a nontrivial competition between the system’s
atomic SOC strengths, orbital polarization, and band compo-
sition.

II. METHODS

We performed ab initio DFT calculations using the
generalized-gradient approximation for the exchange-
correlation functional, as parametrized by Perdew, Burke and
Ernzerhof [31], and utilize the DFT-D3-BJ implementation
[32] to treat the van der Waals interaction.

To incorporate SOC we employ fully relativistic, norm-
conserving pseudopotentials [33] with a plane-wave cutoff
energy of 100 Ry using the QUANTUM ESPRESSO package
[34,35]. An out-of-plane cell dimension of 50 bohr has been
used to suppress the spurious interaction of periodic im-
ages. During structural optimization all atomic forces were
converged below 10−4 Ry/bohr leading to lattice constants
in close agreement with experimental values [36–39]. The
Brillouin zone was sampled using a �-centered 15 × 15 × 1
Monkhorst grid [40].

Additionally, we wannierized the DFT wave functions of
the BL system to obtain an orbital-resolved Hamiltonian using
the WANNIER90 package [41]. We incorporated chalcogen p
and transition metal d orbitals, as these represent the leading
orbital contributions in the close vicinity of the Fermi level
[42,43], leading to a basis set size of 44 Wannier functions.
Furthermore, a denser k grid (21 × 21 × 1) allowed reliable
results [44,45].

III. RESULTS

A. From monolayer to bilayer: Symmetry and spin
splitting in TMDs

We consider ML and BL MX 2 (M = Mo, W; X = S, Se,
Te) TMDs in the 1H phase at the ML level. MLs lack inver-
sion symmetry (I) but preserve the mirror symmetry (mz),
which forbids any linear-in-k Rashba term; hence, only a
small cubic splitting is allowed unless an external electric field
breaks mz. In BLs, I is restored in the H stacking, but it is
broken in R-type stacking. Among them, only the RM

X con-
figuration [symmetry equivalent to the RX

M in homobilayers;
see Figs. 1(d) and1(e)] breaks both I and mz [46], enabling
Rashba splitting in the absence of an external electric field.
We therefore focus on BLs in the RM

X stacking, also called
Rhm, RM

h , BM/X , and AB in the literature [47], and compare
them with the MLs through the (field-independent) Rashba
coefficient λn

R developed in Sec. III B.
In Fig. 1(a) we show the band structure of MoSe2 along kx

with an out-of-plane electric field Eext = 0.2 V/Å. The bands
are colored according to their spin expectation value 〈Ŝy〉 to
highlight the dominant spin component perpendicular to mo-
mentum, as expected from the Rashba spin texture [4,48]. The
left inset shows a magnification of the Rashba spin splitting
and the right inset illustrates the linearity of that spin splitting,
�E , with respect to k for increasing values of external field
(yellow to blue: 0.05, 0.1, and 0.2 V/Å), which is a feature

FIG. 1. Band structure of MoSe2 with color-coded 〈Ŝy〉 projec-
tions for ML (a) and BL (b) in the RM

X stacking. The insets correspond
to the zoom-ins of the target bands, with equal energy (13 meV)
and momentum window (from K/16 to K ′/16) for quantitative com-
parison between the states. The right inset in (a) shows the spin
splitting �E for different electric fields (yellow to blue: 0.05, 0.1,
and 0.2 V/Å). Wave function representation of the top VB of a ML
under an external electric field Eext (c), and of AVB (d) and BVB
(e) in the BL at zero field. The color of the orbitals schematically
represents their phase. Red arrows represent the orbital polarization
at the ML level.

of the Rashba effect. We stress that the spin splitting near �

increases significantly along kx towards the K point, where the
spins become oriented out of plane [negligible in-plane spin
expectation values in Fig. 1(a)]. This splitting is sometimes
referred to as Zeeman type [49,50], and leads to the A and
B exciton splitting in optics. In this work we focus in the �

neighborhood where the Rashba effect occurs, and its linearity
in k can be clearly disentangled from other SOC mechanisms.

Figure 1(b) shows the corresponding plot for the BL of
MoSe2 with RM

X stacking in the absence of an external electric
field. The insets show the nonzero spin splitting of the topmost
two (four, including spin) �-point VBs. These bands result
from layer hybridization, splitting the top VB of the two
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MLs into a lower-energy bonding valence band (BVB) and
a higher-energy antibonding valence band (AVB) [51].

In Figs. 1(c)–1(e) we schematically depict the wave func-
tions at � for the ML VB and the AVB and BVB of the
BL. Red arrows indicate the orbital polarization induced by
either the external electric field Eext in the case of the ML (c)
or the stacking configuration of the BL (d), (e). The phase
of the wave functions shows the antibonding character of the
AVB and the bonding character of the BVB. Although we
would not classify the AVB state as a genuine interface state,
its charge distribution shows a certain interfacelike character:
It shows enhanced weight on the inner chalcogen atoms and
in the interlayer region, despite retaining the expected anti-
bonding phase relation and nodal structure. This suggests that
the state is not a simple two-orbital antibonding combination,
but contains an appreciable admixture of out-of-plane orbital
components with enhanced interface character.

B. Rashba coefficient λn
R and intrinsic orbital field En

0

ML TMDs belong to the point group D3h, and the symme-
try reduces to C3v upon application of an out-of-plane electric
field, which breaks in-plane mirror symmetry mz. Similarly,
the RM

X stacked BLs lack inherently both I and mz even in the
absence of an external field; consequently, they also belong
to the point group C3v . As a result, both systems allow a
linear-in-k Rashba spin splitting around the � point:

HR = αn
R(kxσy − kyσx ), (1)

where ki = pi/h̄ is the crystal momentum, σ j are the Pauli
matrices, and αn

R is the state-dependent Rashba prefactor [52],
which additionally depends on the strength of the applied
electric field. Without loss of generality, we will focus on the
kx momentum direction.

There are two common methods to extract the field- and
band-dependent Rashba prefactor αn

R from DFT calculations.
The first is to identify the valence band maximum, which
shifts slightly away from � in the presence of Rashba splitting.
αn

R can be derived from the k-point offset and the correspond-
ing energy difference between the maximum and the � point
[22,28]. The second approach, used in this work, involves
extracting the spin splitting within the linear regime, both in
momentum and in electric field. From Eq. (1) and along the
�-K direction, this is

�E = αn
Rkx = λn

R

(
Eext + En

0

)
kx. (2)

This method allows us to extract both the Rashba coefficient
λn

R and the intrinsic orbital field En
0 , which is a (band-

dependent) field related to the internal orbital asymmetry that
results from the atomic arrangement and the broken mz. Note
that only the z component of En

0 is allowed, owing to the C3ν

symmetry, while Eext is the out-of-plane external field. By
calculating �E for several kx values within the linear regime,
the prefactor λn

R(Eext + En
0 ) can be obtained directly from the

linear dependence [see insets of Fig. 1(a)]. By varying Eext, the
Rashba coefficient λn

R and the field offset En
0 can be extracted

with a linear fit.
Figure 2(a) illustrates the specific spin textures—defined

by the spin expectation value 〈Ŝy〉 along kx—relevant to the
spin-split AVB and BVB in BLs. Here, the bands are colored

FIG. 2. (a) Schematic 〈Ŝy〉 arrangement of the spin-split AVB
and BVB. The color code defined in (a) is indicated by the back-
ground colors in (b) and (c). �E/kx as a function of the external
field Eext for AVB and BVB in BL MoSe2 (b) and BL WSe2 (c).
Band-dependent Rashba coefficients λn

R in units of eV Å2/V are
reported for the relevant states under investigation together with the
intrinsic orbital field En

0 in units of V/Å.

red for spin up (↑) and blue for spin down (↓). Note that the
fourth arrangement possibility is not depicted, since it is not
observed for the respective BLs. The color codes established
in the insets of Fig. 2(a) are subsequently used as background
indicators in Figs. 2(b) and 2(c) for BL MoSe2 (b) and BL
WSe2 (c), where �E/kx is evaluated at kx = K/20 along
the �-K high-symmetry line as a function of the external
field Eext. We adopt the convention �E = E↓ − E↑, so that
the spin-splitting sign is encoded in λn

R. Note that λn
R is the

slope of the splitting with field (linear fit), while the field at
which the splitting vanishes relates to the value of the intrinsic
orbital field En

0 : Namely, the splitting is canceled when the
condition Eext = −En

0 is met. The change in background color
in Figs. 2(b) and 2(c) highlights the spin-control capability of
the external field, with −En

0 marking a reversal of the spin
character. The results for the other materials are given in the
Supplemental Material [53].

185413-3



MORALES-CÓCERA, PRADA, FISCHER, AND BESTER PHYSICAL REVIEW B 114, 185413 (2026)

FIG. 3. Rashba coefficient λn
R (a) and intrinsic orbital field En

0

(b) of the VB maximum for different TMD MLs, as well as for the
AVB and BVB states in the corresponding TMD BLs.

In Fig. 3(a), we show the Rashba coefficients λn
R, for

different TMDs resolved for the ML VB maximum and the
AVB and BVB states of the BL. The values for the AVB
are consistently smaller in magnitude than those for the BVB
and, notably, also smaller than the corresponding ML values.
Moving to heavier chalcogen atoms (left to right) signifi-
cantly increases the magnitude of the Rashba coefficients,
whereas the influence of the metal appears to be smaller.
Figure 3(b) shows the intrinsic orbital field values of the dif-
ferent materials, showing also a monotonic increase with the
chalcogen’s mass, and strikingly, a decrease with the heavier
metal, which will be physically interpreted in the next section.
The resulting zero-field Rashba parameters [αn

R(0) = λn
RE0]

span approximately 1–200 meV Å across the materials stud-
ied (from WS2 to MoTe2; see Table 1 in the Supplemental
Material [53]), comparable to the values reported for conven-
tional Rashba systems such as Si-SiGe quantum wells (�0.01
meV Å) [54], oxide interfaces like LaAlO3/SrTiO3 (10–50
meV Å) [55], semiconductor heterostructures including In-
GaAs/InAlAs (40–70 meV Å) [56,57], or AlGaN/GaN (81
meV Å) [58].

C. Orbital polarization imbalance: Order parameter

To connect the obtained numerical results to an intuitive
charge-based quantity, we start with the simpler ML and fol-
low a similar strategy as originally formulated for surfaces by
Petersen and Hedegård [59] and later confirmed with DFT
calculations [60,61]. Namely, we introduce a parameter ξ n

that quantifies the charge imbalance between the upper and
lower parts of the monolayer. This quantity depends on the

chosen band n and the k point. We will choose a value of
k = K/40 subsequently, but this choice has no consequences
for the results, unless explicitly discussed. For a ML our order
parameter takes the simple form

ξ n
ML =

(∫ zM

−z∞
〈ρnk〉xydz −

∫ z∞

zM

〈ρnk〉xydz

)
C−1,

where 〈ρnk〉xy is the plane-averaged charge density of band
n at k, zM is the z coordinate of the metal plane, and C =∫ 〈ρnk〉xydz is a normalization constant. In other words, ξ n

ML
encodes the asymmetry in the charge distribution with respect
to the plane of the transition metal. This quantity is zero in the
absence of an external electric field, since the ML maintains
mz, and serves as an order parameter of the mirror symmetry
breaking that enables the Rashba splitting.

The choice of order parameter for the BL is less trivial.
One may think that since the AVB and BVB states are true
bilayer states, the governing quantity for a Rashba-type spin
splitting is the charge imbalance between both layers. How-
ever, this definition leads to poor results and even qualitative
differences. For instance, a charge balanced bilayer, could
have zero as order parameter, but not necessarily zero Rashba
(not shown). The working alternative is to picture both layers
as contributing individually to the Rashba state splitting. This
leads to the definition of the orbital polarization imbalance,
ξ n, as a sum of both ML charge asymmetries encoded in ξ n

ML:

ξ n = (
ξ n

L1
+ ξ n

L2

)
C−1 ,

with

ξ n
L1

=
∫ −z1

−z∞
〈ρnk〉xydz −

∫ 0

−z1

〈ρnk〉xydz,

ξ n
L2

=
∫ z1

0
〈ρnk〉xydz −

∫ z∞

z1

〈ρnk〉xydz, (3)

with ±z1 being the transition metal planes and z = 0 the
middle point between these planes, as shown in Figs. 4(a) and
4(b). This term can be zero, even if both MLs within the BL
have a nonvanishing asymmetry. These ML asymmetries can
cancel each other, just as two dipoles can lead to a vanishing
overall dipolar moment. In Fig. 4(c) we show the orbital polar-
ization imbalance, ξ n, for the AVB (blue) and BVB (green) as
a function of electric field for MoSe2. Remarkably, ξ n exhibits
a step at 0.042 and 0.151 V/Å for BVB and AVB, respectively.
The step occurs precisely at the external fields where the spin
splitting �E is zero, i.e., when Eext = −En

0 [see Fig. 2(b)].
The height of the step is proportional to the value of k cho-
sen for the calculation, while the field at which it occurs is
independent of it (see Supplemental Material Fig. S1 [53], for
different values of k). Additionally, the difference in slopes of
Fig. 2(c) is qualitatively reproduced by the order parameter
ξ n: While the absolute values of the slopes of ξ n depend on
the chosen k, the qualitative behavior remains consistent. The
arrows in Fig. 4(c) depict the expectation value of spin 〈Ŝ〉 of
the upper band in the z-y plane. The spin projections reveal a
clear Rashba spin texture where Sy is a good quantum number,
except at the neighborhood of Eext = −En

0 [see zoom-in of
the step in Fig. 4(c)]. The analysis of the orbital polarization
imbalance ξ n demonstrates its suitability as a reliable indi-
cator of Rashba spin splitting across all examined systems

185413-4



MICROSCOPIC ORIGIN OF RASHBA COUPLING FROM … PHYSICAL REVIEW B 114, 185413 (2026)

FIG. 4. Plane-averaged 〈ρnk〉xy as a function of the out-of-plane
coordinate z at k = K/40 for the MoSe2 BL states AVB (a) and BVB
(b), respectively. The red arrows indicate the sign (not the magnitude)
of the ML ξ n

ML contribution to the BL ξ n. (c) Order parameter ξ n

for AVB (blue arrows) and BVB (green arrows). The arrows depict
the expectation value of the spin in the z-y plane (see coordinate
system). The vertical dotted lines depict the electric field that closes
the Rashba splitting in the AVB (blue) and BVB (green) in units
of V/Å.

(see Supplemental Matterial Fig. S3 [53]). It shows that the
Rashba effect in the BL case arises from the sum of the two
ML-specific charge asymmetries.

D. Interpretation of the observed trends in λn
R and En

0

As shown in Fig. 3, both λn
R and the intrinsic field −En

0
increase from S to Te, consistent with the increasing polar-
izability across the series [62]. This trend is expected, since
greater polarizability should lead to both a larger intrinsic
field and a stronger response to an external field. Furthermore,
the (heavier metal) W-based compounds display an overall
reduction in the magnitude of −En

0 , including a sign reversal
in the AVB of WS2.

We attempt to explain this behavior by an interpretation
of the ab initio AVB charge density in the plane containing
the six atoms in the unit cell shown in Fig. 5. The difference
between the electronic densities of the two chalcogen within
one layer, are shown as green arrows. The deformation of the
transition metal (TM) density is encoded in the blue arrow.

FIG. 5. ρAVB in the da-z plane cutting through the six atoms in
the unit cell for all TMD bilayers at k = K/40 and Eext = 0. The
densities are normalized to their maximum value, and the color
scale is truncated at 0.4 to enhance contrast. Blue arrows depict the
direction and magnitude of the deformation of the metal density in
the upper layer. For the lower layer TM we see no deformation and
hence no arrow is shown. The green arrows show the orientation
and the magnitude of the charge imbalance between both chalcogens
within one layer. The red arrows are the sum of blue and green arrows
and give the overall deformation, which is related to ξAVB, and thus,
to −EAVB

0 (see text).

Since the lower layer has no significant transition metal den-
sity deformation, we have omitted the lower layer blue arrow.
The red arrows are the sum of the blue and green arrows. The
green arrows are long since the upper and lower chalcogens
of one layer have significantly different densities. This im-
balance in the upper layer is almost entirely compensated by
the imbalance of the lower layer where the arrow points up-
wards. However, the compensation is only partial because of
the structural asymmetry: the lower layer interface chalcogen
faces a TM in the z direction, while the upper layer faces a
hollow site along −z. This interface effect leads to a somewhat
longer green arrow in the top layer. The same interface effect
explains the asymmetry in the upper TM shown as a blue
arrow: the upper TM faces a chalcogen along −z. The lower
TM faces a hollow site and is hence more symmetric.

The red arrow is therefore the result of a competition be-
tween the asymmetry of chalcogens and the TM atoms. The
main difference between the Mo and the W compounds is that
the asymmetry of the upper layer TM atom is less in the W

185413-5



MORALES-CÓCERA, PRADA, FISCHER, AND BESTER PHYSICAL REVIEW B 114, 185413 (2026)

FIG. 6. Orbital polarizability χ n
orb for the VB maximum of var-

ious TMD MLs, as well as the AVB and BVB states of the TMD
homo-BLs.

compounds. We suggest that it can be rationalized by the lan-
thanide contraction, which leads to orbitals with similar extent
in Mo and W, despite the large difference in the number of
electrons. A more tight electron distribution in W may be less
deformable, explaining the difference. Finally, the negative
value of −EAVB

0 in WS2 corresponds to the situation where the
chalcogen asymmetry wins over the TM asymmetry, while the
situation is opposite for the other materials.

Figure S5 in the Supplemental Material [53] shows anal-
ogous trends for the BVB; however, the BVB, with in-phase
character at the interface lobes [see Figs. 1(e) and 1(f)], allows
more efficient charge redistribution and therefore exhibits a
stronger field response than the AVB, where out-of-phase
lobes result in enhanced rigidity for the charge redistribution.

E. Orbital polarizability

Since the dependence of the orbital polarization imbalance
ξ n on the external field is nearly linear [see Fig. 4(c)], we can
define a meaningful derivative

χn
orb = dξ n

dEext
. (4)

This quantity describes how the charge asymmetry, encoded
in ξ n, is affected by an external field. Conceptually, it is
analogous to a polarizability, and we tentatively refer to χn

orb
as orbital polarizability. Figure 6 displays χn

orb for various
materials revealing that its magnitude is smallest in the AVB,
intermediate at the VB maximum of the ML, and largest in
the BVB, matching the hierarchy of λn

R, shown in Fig. 3(a).
Interestingly, W-based systems (right) show reduced χn

orb,
explaining the behavior of λn

R when replacing Mo with W:
whereas heavier metal (W) has larger atomic SOC, the re-
duced polarizability limits the overall splitting.

We thus propose ξ n and χn
orb as efficient, generalizable

descriptors for Rashba spin splitting, readily applicable to
more complex stacks and heterostructures of two-dimensional
materials.

F. Microscopic model

The behaviors of the orbital polarization imbalance and
orbital polarizability underscore the central role of orbital
asymmetry—particularly involving chalcogen pz orbitals—
in determining both the magnitude and the sign of Rashba
splitting. To further deepen this understanding, we develop
a microscopic model that elucidates the underlying mecha-
nisms at the orbital level. Specifically, we incorporate SOC
perturbatively within a tight-binding framework and compute
the resulting spin splitting. This splitting naturally incorpo-
rates the asymmetry described by ξ n, thus providing a direct
qualitative explanation for the DFT trends.

We start from the description of the ML. Near the � point,
the top VB of the ML is primarily composed of orbitals
with ml = 0, namely, the |dz2〉, |pz1〉, and |pz2〉 orbitals from
the metal, lower and upper chalcogens, respectively [46,63].
The sign of |pz2〉 is opposite to the sign of |pz1〉 according to
the DFT results and a mirror symmetric system, so that we
write an “unperturbed” state as

∣∣ψ (0)
ML

〉 � 1

N

[
1 − ε√

2

∣∣pz1

〉 − 1 + ε√
2

∣∣pz2

〉 + b|dz2〉
]

⊗ |σ 〉, (5)

where b is the relative dz2 contribution, |σ 〉 denotes the spin
degree of freedom, and N = √

1 + b2 + O(ε2) is a normal-
ization constant. The small quantity |ε| � 1 captures the
breaking of the mirror symmetry mz. Note that for ε = 0 the
state is even under mz. Our ε is conceptually very similar to the
γ parameter defined in [59] that characterizes the structural
asymmetry at surfaces. ε describes an asymmetry at the ML
level that may be induced by an internal or external electric
field. Defined in real space, ε has similar field dependence as
the orbital polarization introduced above for Bloch states, ξ n

ML.
Since ξ n

ML is linear in momentum, this suggests∣∣ξ n
ML

∣∣ = cn
MLkε,

where cn
ML is an irrelevant constant for this discussion. We

assume in the following: (i) the long-wavelength approach,
k � a−1, where a is the lattice constant, (ii) the atomic SOC
is small compared with other relevant energy scales (hopping,
orbital energies, crystal field corrections, energy difference
between orbitals or gap), and (iii) small orbital asymmetry due
to an electric field, |ε| � 1, as stated above.

Rashba splitting arises at lowest order by hybridization of
the ml = 0 states (pz,dz2 ) with ml = ±1 orbitals (px, py, dxz,
and dyz), mediated by momentum-dependent hopping. Atomic
SOC couples these admixtures back to the original valence
states, producing a spin-dependent correction. Without losing
generality, we consider momentum along kx near �, kx � a−1,
i.e., the mixing is limited to px and dxz orbitals to lowest
order. Two leading second-order processes contribute to spin
splitting:

(i)
∣∣pzi

〉 NN hopping ∝ kx−−−−−−−−→ |dxz〉 SOC−−→ |dz2〉,

(ii) |dz2〉 NN hopping ∝ kx−−−−−−−−→ ∣∣pxi

〉 SOC−−→ ∣∣pzi

〉
.

We focus first on the nearest neighbor (NN) hopping within
the two-center approach, introducing mixing with ml = ±1
orbitals in reciprocal space (see Eq. (3) in Supplemental
Material [53]). The first-order corrections to the |p〉 and |d〉
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components of |ψ (0)
ML〉 posses the k-linearity of Rashba split-

ting:

(i)
∣∣ψ (1)

d

〉 = iε(kxa)
tz,xz

εpd
|dxz〉 ⊗ |σ 〉,

(ii)
∣∣ψ (1)

p

〉 = −iε(kxa)b
tx,z2

εpd

(∣∣px1

〉 + ∣∣px2

〉) ⊗ |σ 〉,

where tz,xz = 3[
√

3n2
zVpdσ + (1 − 2n2

z )Vpdπ ] and tx,z2 =
3[

√
3n2

zVpdπ + (1 − 2n2
z )Vpdσ ] are effective hopping

amplitudes determined from Slater-Koster integrals
Vpdσ ,Vpdπ [64], nz is the directive cosine along z, and
εpd the energy denominators of the intermediate virtual states.

SOC then connects the electron spin and orbital degrees
of freedom, V̂SOC = λl L̂ · σ̂ , where σ̂ is the Pauli matrices
vector, L̂ is the angular momentum operator given in the basis
of direct atomic orbitals, and λl is the angular momentum-
resolved atomic SOC strength, with l = {s, p, d, . . . }. This
yields a spin-dependent correction to the energy, ε(2)

α =
〈ψ (0)

ML|V̂SOC|ψ (1)
α 〉:

(i) ε
(2)
d = 2

√
3bε

N2
kxa

tz,xz

εpd
λd Sy,

(ii) ε(2)
p = −2bε

N2
kxa

tx,z2

εpd
λpSy,

where Sy = 〈σ |σ̂y|σ 〉 is the spin component perpendicular to
momentum, typical of a Rashba-type interaction. Adding both
contributions (details of analytical calculations are given in
the Supplemental Material, Eqs. (2)–(28) [53]), we obtain
a linear-in-k and linear-in-field splitting (recall that ε scales
linearly with Eext, ε = κEext with κ being material and state
dependent),

�E = 2bkxa

N2

(
√

3tz,xzλd − tx,z2λp)

εpd
ε = λVB

R Eextkx, (6)

where we have used (2), and identified λVB
R =

2baκ (
√

3tz,xzλd − tx,z2λp)/N2εpd . Importantly, the Rashba
splitting originates from two competing microscopic channels
associated with chalcogen-p and metal-d SOC, which
contribute with opposite sign. This can be generalized to
a BL structure in the RM

X /RX
M stacking. By inspection of

the symmetry and orbital composition of the obtained DFT
results [see Figs. 1(d) and 1(e)], we have for the AVB at
Eext = 0,

ψ
(0)
A = 1

NA

[
1 − εA

L1√
2

∣∣pz1

〉 − 1 + εA
L1√

2

∣∣pz2

〉 + bA

∣∣dz2
1

〉

− 1 + εA
L2√

2

∣∣pz3

〉 + 1 − εA
L2√

2

∣∣pz4

〉 − bA

∣∣dz2
2

〉]
,

where |pzi〉 with i = 1, 2, 3, 4 are the |pz〉 orbitals in ascending
order along the stacking direction, |dz2

i
〉 are the metal contribu-

tions of the bottom (i = 1) and top layers (i = 2), respectively,
and εA

Li
∝ |ξA

Li
|/kx describe the break of symmetry of the AVB

at the ML level. Note that the signs of εA
Li

are adapted to the
DFT results of Figs. 1(d) and 1(e). Treating again both layers

separately and repeating the calculations above, we obtain

�EAVB = 2bAkxa

N2
A

(
√

3tz,xzλd − tx,z2λp)

εpd

(
εA

L1
− εA

L2

)
= λAVB

R (Eext + E0)kx, (7)

where the individual Rashba corrections from each ML cancel
partially, which aligns with the concept of orbital polarization
imbalance [recall that each ML has a charge asymmetry of
different sign, that is, ξA ∝ εA

L2
− εA

L1
= κA(Eext + E0)]. More-

over, the mirror symmetry is broken at Eext = 0, that is,
εA

L2
− εA

L1
is in general finite at zero field, yielding a Rasbha

splitting.
For the BVB, we have

ψ
(0)
B = 1

NB

[
1 + εB

L1√
2

∣∣pz1

〉 − 1 − εB
L1√

2

∣∣pz2

〉 + bB

∣∣dz2
1

〉

+ 1 − εB
L2√

2

∣∣pz3

〉 − 1 + εB
L2√

2

∣∣pz4

〉 + bB

∣∣dz2
2

〉]
,

which differs from the AVB mainly by the relative signs be-
tween the layer contributions, reflecting the even symmetry of
the bonding state. Repeating the perturbative analysis yields
a Rashba splitting of the same form as in the AVB case, but
with opposite sign owing to the different bonding symmetry
and associated orbital polarization pattern:

�EBVB = −2bBkxa

N2
B

(
√

3tz,xzλd − tx,z2λp)

εpd

(
εB

L1
− εB

L2

)
= λBVB

R (Eext + E0)kx. (8)

Comparing Eqs. (7) and (8), we find that λBVB
R has opposite

sign to λAVB
R , consistent with the ab initio calculations (see

Fig. 2 and Fig. S4 in the Supplemental Material [53]).

G. Role of mediator orbitals

To evaluate the role of orbitals involved in mechanisms
(i) and (ii), Fig. 7 presents the Rashba spin splitting (shown
in blue, left y axis) alongside the percentage contributions
of dxz/yz and px/y orbitals (depicted in red, right y axis) in
the AVB (a), (b) and BVB (c), (d) as functions of in-plane
biaxial strain. These values are obtained from Wannierization
of the DFT Bloch functions in the vicinity of the � point,
at k = K/16. We observe that both the spin splitting and
the orbital weights of the in-plane orbitals (dxz/yz and px/y),
show a similar strain dependence. This similarity points to the
crucial role of these mediator orbitals, in agreement with our
microscopic model.

A more detailed look at Fig. 7 shows that for the in-plane
dxz/yz contribution the splitting and the weight follow each
other more closely than for the px,y. Another indication that
let us conclude on the importance of the d vs p orbitals is
the difference in the weight of the orbitals in the AVB and
BVB states. For the d states [Figs. 7(a) and 7(c)] the orbital
weight changes by an order of magnitude between BVB and
AVB. This is in line with the value of λR, that also differs by
roughly an order of magnitude between both states [red and
blue lines in Fig. 3(a)]. The weight of the px/y states, however,
is lower for the BVB in contradiction to the larger λR value.
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FIG. 7. Rashba splitting and orbital weight as a function of in-
plane biaxial strain for BL MoSe2 at k = K/16. The upper (lower)
row shows the AVB (BVB) results, resolved for dxz/yz orbitals in the
first column and px/y orbitals in the second column.

We tentatively conclude from this observation, that from both
mediator orbitals, the dxz/yz have a larger contribution, that is,√

3tz,xzλd > tx,z2λp [see Eqs. (6)–(8)].

IV. CONCLUSION

In summary, we have carried out a systematic first-
principles and microscopic analysis of Rashba spin splitting
in monolayer and homobilayer (RM

X stacking) MX 2 (M = Mo,
W; X = S, Se, Te) TMDs, focusing on the top valence bands
near the � point. For the monolayer and the bilayer systems,
we show that the stronger atomic SOC of W compounds is
largely compensated by a reduced orbital polarization, yield-
ing Rashba coefficients surprisingly comparable to those of
their Mo counterpart. Furthermore, we observe a pronounced
increase in the magnitude of the Rashba coefficient upon
progressing from S to Se to Te. We attribute this trend to
the higher polarizability of the heavier chalcogens, which
facilitates stronger symmetry breaking and, consequently,
enhanced Rashba responses. We also find that the Rashba
response is strongly band dependent in the bilayer system.
In particular, the AVB (VBM) shows a substantially weaker

Rashba coefficient than the next valence band BVB. The
monolayer coefficients lie in between.

To make these numerical results more intuitive, we use a
density-based quantity and introduce the band (n)-resolved
polarization imbalance ξ n and the orbital polarizability χn

orb.
We can show that they quantitatively predict both the Rashba
coefficient and the critical field −En

0 at which the splitting
vanishes. Especially En

0 can be understood in further detail
by an analysis of the real-space charge density. We show that
the final overall asymmetry, giving rise to Rashba physics,
is the result of a competition not only between layers, but
also between a TM asymmetry and an asymmetry between
the chalcogens. Both effects can compensate each other.

A central outcome of this work is a microscopic model
based on perturbative orbital mixing and atomic SOC that
faithfully reproduces the linearity in k and in Eext. It iden-
tifies two competing Rashba pathways mediated by p ↔ d
hybridization, each of which acquires distinct layer-resolved
contributions. The resulting Rashba coefficient λn

R in BLs
emerges from an intricate competition both between the p and
d channels and between their layer-resolved contributions,
where the asymmetry plays a central role. The model and
Wannier analysis confirms that dxz/yz orbitals dominate the
leading Rashba process.

In short, our results establish internal orbital symmetry
as the key descriptor governing Rashba coupling in TMDs.
The concepts of orbital polarization imbalance and orbital
polarizability provide predictive tools for understanding and
engineering SOC effects through stacking, composition, and
gating, and are extendable to more complex van der Waals
systems, such as Janus structures or heterobilayers.
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