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Transition metal dichalcogenides exhibit intrinsic spin-orbit coupling that opens spin splittings in valleys,
resulting in spin and orbital polarized bands. Energy valleys driven by electric fields can generate spin (anoma-
lous) Hall effect and orbital Hall effect. Here we focus on ferromagnetic materials and demonstrate that the
transport of spin and orbital Hall effects can be attributed to the spin-orbit coupling, which can be characterized
by spin-orbital polarization. Driven by an electric field, orbital and spin angular momentum appear at both
ends of the sample through corresponding Hall effect, leading to the formation of valley-contrasting spin-orbital
polarization states. Based on the spin and orbital transport analysis, we propose the intrinsic magnetic moment
as a method to manipulate the spin-orbital polarization states, which enables the four-state switching of the
angular momentum at the edge of sample. Moreover, due to the conservation of angular momentum, circularly
polarized optical pumping can be used instead of an electric field to selectively excite the orbital and spin angular
momentum. Subsequently, we argue that the sign-reversal spin-orbital polarization requires not only spin-orbit
coupling effect but also the simultaneous broken time-reversal and inversion symmetries.
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I. INTRODUCTION

Orbital angular momentum serves as a crucial information
carrier in the generation and transportation processes within
the orbital Hall effect (OHE) [1–6]. This phenomenon is fa-
cilitated by the intricate orbital structure of crystals, where an
in-plane electric field induces orbital Berry curvature, conse-
quently eliciting pure orbital polarized currents perpendicular
to the electric field [3,7–11]. The manipulation and transmis-
sion of information through the orbital degrees of freedom
represent a pivotal frontier in the realm of orbitronics de-
vices [4,12–15]. OHE presents an advantageous investigative
avenue as it operates independently of spin-orbit coupling
(SOC) effects, rendering weakly SOC single atoms and com-
pounds as prime candidates for discerning and characterizing
this phenomenon [3,7,11,16].

Transition metal dichalcogenides (TMDs) are considered
ideal two-dimensional systems for studying OHE due to
the valley orbital magnetic moments induced by inversion
symmetry breaking [8,17–21]. TMDs like MoS2 break in-
version symmetry at the sublattice level, resulting in two
nonequivalent valleys, leading to an intrinsic OHE [22–25].
Simultaneously, the OHE in the insulating gap possesses a
nonzero orbital Chern number [9,18,19]. Similarly to the
quantum spin Hall effect, the valley orbital magnetic moment
generates corresponding angular momentum with opposite
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trajectory motion, which is dependent on the sign of orbital
Chern number [16,26]. The SOC effect in TMDs can open up
spin splitting in the two valleys, resulting in the spin Hall ef-
fect (protected by time-reversal symmetry) and the anomalous
Hall effect (time-reversal symmetry breaking) [26–28]. Ear-
lier studies have demonstrated that the Hall current generated
through the anomalous Hall effect (AHE) carries spin angular
momentum [29–33]. On the other hand, current driven by
orbital Hall effect can carry orbital angular momentum, which
is connected to the orbital texture in the valleys [3,4,34,35].

The angular momentum, driven by SHE and OHE, gen-
erates spin and orbital torques at the edges of sample,
manipulating the spin polarization of the proximity ferromag-
netic layer through the SOC effect [4,36]. Due to the opposite
signs of spin or anomalous Hall conductivity in two valleys,
the OHE in TMDs is much stronger than the spin Hall effect
(SHE) and AHE [9]. However, the Berry curvature for each
valley are comparable to the orbital Berry curvature, indicat-
ing that the spin and orbital currents excited at each valley are
equivalent [18,37]. According to the SOC effect [3,4,38], the
Hamiltonian Hso couples the spin angular momentum Ŝ with
orbital angular momentum L̂,

Hso = λso

h̄2 L̂ · Ŝ, (1)

where λso is the strength of SOC effect. Due to the presence of
SOC effects in transition metals, synergistic effects of orbitals
and spins are important and may have novel observable phys-
ical effects. Further study is still needed to explore the valley
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transport of spin and orbital angular momentum influenced by
the SOC effect.

Here we use k · p model and density functional theory
(DFT) to study the angular momentum accumulation of OHE
and SHE. We uncover that each valley in ferromagnetic orbital
Hall insulators exhibits spin and orbital angular momentum,
which can couple into 〈L̂z · Ŝz〉 through the SOC effect. Lin-
ear response calculations indicate that the OHE and SHE
in ferromagnetic orbital Hall insulators carry corresponding
angular momentum during transport and scatter perpendicular
to the direction of the electric field through Berry curvature.
Numerical and analytical calculations indicate that there are
sign-reversal 〈L̂z · Ŝz〉 at the left and right sides, which is
related to valley index and spin polarization. Based on valley-
contrasting circular dichroism, we propose using circularly
polarized light to select the sign of 〈L̂z · Ŝz〉 and put forward
a method for four-state information processing. Finally, we
demonstrate that the occurrence of sign-reversal 〈L̂z · Ŝz〉 re-
quires satisfying: (i) a non-negligible SOC effect and (ii) the
broken time-reversal and inversion symmetries.

II. k · p MODEL ANALYSIS

Starting from the ferromagnetic (FM) TMD monolayers,
we construct a general two-band k · p model for trigonal pris-
matic lattices [23]. The detailed Hamiltonian at the basis of
ψτ

v = (|dx2−y2〉 + iτ |dxy〉)/
√

2 and ψτ
c = |dz2〉 can be written

as:

Heff = t (τ σ̂xkx + σ̂yky) + �

2
σ̂z − τ ŝzλv

σ̂z − 1

2
. (2)

Here � is the band gap of the valley, τ = ±1 is the valley
index for K+ and K− valleys, and t is the nearest-neighbor
intralayer hopping. Moreover, 2λv is the band splitting in-
troduced by SOC effect at the valance band maximum, and
sz = ±1 represents the spin index for z axis. σ̂i (i = x, y, z) is
Pauli matrices. The eigenvalues at two valleys are expressed

as: E± = (E0 ±
√

4t2k2 + �2
τ,sz

)/2. Here we use E0 = τ szλv ,

k2 = k2
x + k2

y , and �τ,sz = � − τ szλv , respectively. The SOC
effect breaks spin degeneracy, which leads to the emergence
of spin-polarized valleys [39]. Also, according to the basis
function ψτ

v = (|dx2−y2〉 + iτ |dxy〉)/
√

2 on the valence band,
the valleys are orbital polarization. Here we calculate the
expectation values of spin and orbital angular momentum on
the two valleys [36],

〈X̂z〉 = 〈ψnk|X̂z|ψnk〉, (3)

where X̂z = Ŝz and X̂z = L̂z are spin and orbital angular mo-
mentum. The orbital angular momentum near the valance
valley is approximately ±2h̄. The spin angular momentum on
the valley under two spin-polarization (sz = ±1) is denoted as
〈Ŝz〉 = ±h̄/2. We observe that under two different spin cases,
the orbital angular momentum remains unchanged, while the
spin angular momentum is opposite.

The valleys with spin and orbital polarization can excite
carriers with spin and orbital angular momentum. Here, in-
spired by the Hamiltonian of Hso, we can adopt a new notation,
namely 〈L̂z · Ŝz〉, to represent this carrier state [3,4,36,38].
Using X̂z = L̂z · Ŝz in Eq. (3), we can obtain the spin-orbital

expectation values for two spin cases. We can find that, the
spin-orbital expectation values of holes can be written as 〈L̂z ·
Ŝz〉sz

τ = τ szh̄2. For the same spin angular momentum (such as
broken time-reversal symmetry), the spin-orbital polarization
is opposite at two valleys.

In ferrovalley materials, when an electric current is applied
in the longitudinal direction, the spin(orbital)-polarized elec-
trons will be deflected laterally, and the direction of deflection
is related to the valley index. This results in the accumula-
tion of spin(orbital)-polarized electrons perpendicular to the
applied electric field, which is known as the SHE(OHE). Due
to the SOC effect, the 〈L̂z · Ŝz〉sz

τ located at two valleys will be
excited by SHE and OHE with the Berry curvature [40]

�
Ĵy
n (k) = −2h̄

∑
n �=n′

Im〈ψnk|v̂x|ψn′k〉〈ψn′k|Ĵy|ψnk〉
(En′ − En)2

, (4)

where v̂i (i = x, y) is the velocity operator along the ki

direction, with v̂i = 1
h̄

∂H
∂ki

. The angular momentum opera-

tor Ĵy is defined as Ĵy = (v̂yX̂z + X̂zv̂y)/2, where X̂z is L̂z =
diag(2h̄τ, 0) for the orbital angular momentum operator and
Ŝz = diag(szh̄/2, szh̄/2) for spin angular momentum operator.
In addition, v̂y can be substituted for Ĵy in AHE calculations
[41]. The corresponding spin Berry curvature �S,τ

n and orbital
Berry curvature �O,τ

n can be simplified as

�S,τ
n (k) = τ szt2�τ,sz(

4t2k2 + �2
τ,sz

)3/2 = 1

2
τ sz�

O,τ
n (k). (5)

The sign of orbital Berry curvature is independent of the
spin and valley index, which demonstrate that the transport
of orbital angular momentum cannot be manipulated through
spin and valley polarization. Meanwhile, the sign of spin
Berry curvature is not only related to spin but also associated
with valleys. The spin Berry curvature in ferromagnetic TMDs
has opposite signs at two valleys. The Berry curvature is
equivalent to a magnetic field in momentum space, and the
direction of anomalous velocity is determined by the sign of
corresponding angular momentum, Berry curvature, and elec-
tric field. As shown in Figs. 1(a) and 1(b), both OHE and SHE
exhibit valley-dependent transport characteristics. However,
they generate different types of currents. Valley-contrasting
orbital angular momentum accumulates on the left and right
sides to form pure orbital currents, whereas the same spin
angular momentum, driven by valley-contrasting spin Berry
curvature, forms spin-polarized currents.

Under the SOC effect, the spin and orbital angular momen-
tum on both sides of the ferromagnetic material in Fig. 1(c)
couple to 〈L̂z · Ŝz〉 [6,36], whose sign is the same as the expec-
tation value of spin-orbital in their valleys. Switching the spin
polarization can generate opposite spin angular momentum.
In the spin-down configuration as shown in Fig. 1(d), there is
a switch in the sign of 〈L̂z · Ŝz〉 compared to that in spin-up
configuration. Therefore, ferromagnetic TMDs under elec-
tric field drive have four spin-orbital states with 〈L̂z · Ŝz〉sz

τ =
τ szh̄2, switching between these four states through spin and
energy valleys. The different states in the two valleys can be
detected through electrical or optical methods [24,42,43].
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FIG. 1. The diagram of (a) orbital Hall effect, (b) spin Hall effect,
and [(c) and (d)] spin-orbital polarization in ferromagnetic TMDs.
The magnetic moment in (a)–(c) is spin-up configuration, while
panel (d) represents spin-down configuration. Blue and red arrows
represent orbital angular moment 〈L̂z〉 and spin angular momentum
〈Ŝz〉, respectively. Jα is the Hall current, where α is orbital (O) and
spin (S).

III. DFT SIMULATIONS

A. Spin-orbital polarization on valleys

Building on the conclusions mentioned above, we select a
suitable TMD to implement our idea, 2H-VS2, which has been
demonstrated to exhibit intrinsic ferromagnetism and valley
polarization [44–46]. The atomic structure is plotted in Fig. S1
[47], the sublattices of V and S atoms, breaking the inversion
symmetry, form a trigonal lattice structure with the D3h space
group symmetry. The D3h crystal field of V atom splits the
3d orbitals into nondegenerate A′ orbital (dz2 ) and twofold
degenerate E ′ orbitals (dxy and dx2−y2 ) at lower energy, as
well as higher-energy E ′′ orbitals (dxz and dyz). An unpaired
electron occupy the lower-energy A′ orbital, giving rise to
an intrinsic magnetic moment of 1μB, breaking time-reversal
symmetry.

To demonstrate the spin and orbital angular momentum
(Ŝz and L̂z), we construct the Wannier function based on
first-principles calculations in Figs. 2(a) and 2(b) to simulate
the expectations value of Eq. (3), respectively [48–51]. The
orbital angular momentum near two valleys mainly comes
from the E ′ orbital in the valence band, while the sign relies
on the valley index. The spin angular momentum distribu-
tion, on the other hand, is independent of the valleys. The
spin-down channels are suppressed due to the appearance of
intrinsic magnetic moment in VS2. Therefore the spin angular
momentum near the Fermi energy consists of 〈Ŝz〉 = h̄/2.
As discussed above, we can use 〈L̂z · Ŝz〉 to demonstrate the
coupling between spin and orbital angular momentum. The
detailed 〈L̂z · Ŝz〉 is plotted in Fig. 2(c). The sign of 〈L̂z · Ŝz〉
depends on the valley index, and its numerical value from
first-principles calculations is consistent with the result of

FIG. 2. (a) The orbital, (b) spin, and [(c) and (d)] spin-orbital
structure of VS2, where (c) and (d) represent spin-up and spin-down
configuration, respectively.

analytical calculations in Sec. II. Since the orbital angular mo-
mentum is only related to the valley, spin-orbital polarization
of opposite sign appear when the magnetic moment switches
to Fig. 2(d).

B. Transport of spin and orbital angular momentum

Due to the broken inversion and time-reversal symmetries,
the two valleys have nonzero orbital and spin Berry curvature,
which is equivalent to a magnetic field in momentum space.
By applying an in-plane electrical field E , the corresponding
Berry curvature can generate a Lorentz force perpendicular
to the direction of electric field, leading to carrier exhibit-
ing an anomalous velocity [52,53]. In Figs. 3(a) and 3(b),
first-principles calculations show that there are extreme values
of orbital and spin Berry curvatures on both valleys, which
results from the magnetic quantum number ml = ±2 for both
valleys. In addition, it is found that the numerical values of
spin and orbital Berry curvature are comparable, indicating
the presence of OHE and SHE in VS2 that cannot be ignored.

For a two-dimensional system, the orbital Hall conductiv-
ity (OHC) σ O

xy and spin Hall conductivity (SHC) σ S
xy can be

calculated by

σα
xy = e

h̄

∑
n

∫
BZ

d2k

(2π )2
fnk�

α
n (k), (6)
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FIG. 3. (a) The orbital Berry curvature, and (b) spin Berry
curvature of VS2 with the spin-up (blue) and spin-down (red) con-
figurations. [(c) and (d)] The orbital and spin Hall conductivity of
two spin configurations. Blue and red lines in (c) and (d) represent
the K+ and K− valleys, respectively.

where the superscript α is orbital (O) and spin (S). Moreover,
BZ represents the Brillouin zone and fnk is the Fermi-Dirac
distribution.

The p-d orbital hybridization on the valley is weak due to
the limited contribution of the S-p orbitals in Fig. S1 [47].
The OHE mainly originates from the valley orbital magnetic
moment in the noncentrosymmetric systems. The relation
between the valley orbital magnetic moment M(k) and sym-
metry can be written as [54,55]:

M(k) = M(−k) (Inversion symmetry present)

M(k) = − M(−k) (Time-reversal symmetry present). (7)

The existence of valley orbital magnetic moment requires
the breaking of either symmetries. The sublattices of V and
S atoms in VS2 give rise to a broken inversion symmetry,
resulting in the valley-contrasting orbital structure in Fig. 2(a).
Meanwhile, the SOC effect, arising from ferromagnetic tran-
sition metal atoms, results in the spin magnetic moments and
SHE.

In Fig. 3(c), we conduct numerical calculations of OHE
and SHE based on the electronic structure using first-
principles methods combined with Eq. (4). It can be seen
that in the insulating bandgap of VS2, the OHC on both
valleys is 0.5 e/2π . According to the Chern number Cα =

1
2π

∫
BZ d2k�α

n (k), we can find that the orbital Chern number
CL on both valleys is 1/2, indicating that VS2 is an orbital
Hall insulator. At the same time, the spin down of the valleys
is suppressed due to the intrinsic ferromagnetism of VS2 with
the spin Chern number of CS = ±1/4. The signs of OHC and
SHC represent the directions of orbital polarization current
and spin polarization current, respectively, which can be de-
fined as Jα based on Fig. 1. For the spin-up configuration
in Fig. 3(c), the opposite orbital angular momentum at two
valleys results in the 〈L̂z〉 > 0 (〈L̂z〉 < 0) accumulating on
the right (left) side of VS2. Meanwhile, 〈Ŝz〉 > 0 accumulates

on both two sides due to opposite SHC at two valleys. The
spin-orbital polarization can be written as 〈L̂z · Ŝz〉 > 0 on the
right side and 〈L̂z · Ŝz〉 < 0 on the left side.

In ferromagnetic TMDs, the orbital angular momentum,
related to the magnetic quantum number and valley index,
is protected from external field by the trigonal crystal field.
Therefore, it is more challenging to manipulate orbital angular
momentum by external field than spin angular momentum.
Techniques such as gate voltage and magnetic fields can be
employed to alter the direction of magnetic moments, thereby
changing the distribution of spin angular momentum. As de-
picted in Fig. 3(d), there is a switch in the sign of SHC on two
valleys. Therefore, the right side has 〈L̂z · Ŝz〉 < 0, in contrast
to the left side. Based on Figs. 2(c) and 2(d) and Figs. 3(c) and
3(d), we find that the spin-orbital polarization on the left and
right sides of the sample is related to the electronic structure.

The spin polarization can flexibly switch the sign of 〈L̂z ·
Ŝz〉, thereby forming four states. According to Ref. [4,36],
the injection of orbital and spin angular momentum can re-
spectively create orbital and spin torques. Due to its ability
to generate four types of spin-orbital polarization, TMDs can
serve as an ideal platform for investigating the spin and or-
bital torques through spin polarization and valley selection.
Furthermore, the accumulation of angular momentum in the
excited state of TMDs is consistent with the spin-orbital po-
larization weight of the ground state electronic structure.

IV. CIRCULARLY POLARIZED OPTICAL PUMPING

Interband direct transitions of optically excited electron-
hole pairs adhere to the principles of angular momentum
conservation. In a hexagonal lattice, the contributions of oppo-
site orbital angular momentum on the band determine distinct
optical selection rules, namely, opposite circular dichroism.
This can be is characterized by the circular polarization degree
of the optical interband absorption between the valence and
conduction bands η(k),

η(k) = |P+(k)|2 − |P−(k)|2
|P+(k)|2 + |P−(k)|2 , (8)

where P±(k) is the coupling strength with σ± optical fields
and σ± is the left- and right-circular polarized lights. The
detailed the coupling strength P±(k) can be given by P±(k) =
Px(k) ± iPy(k), where Pα (k) = m0〈ψck| 1

h̄
∂H
∂kα

|ψvk〉. First, we
analyze the circular polarized optical absorption from our
k · p model. The orbital contributions of the conduction and
valance bands are A′ and E ′, respectively. For the transition
around two valleys, the coupling strength for our k · p model
can be written as

|P±(k)|2 = m2
0t2

h̄2

[
1 ± τ

�τ,sz(
4t2k2 + �2

τ,sz

)1/2

]2

. (9)

Due to �τ,sz � t · k, we can obtain that, close to the
center of K+/K− valley, the interband transition is coupled
with σ+/σ− polarized light, respectively. Then we use the
kubo method to calculate the optical absorption between the
valance and conduction bands at the two valleys in Fig. 4.
There are two peaks at optical absorption, which are con-
sistent with the band gaps at two valleys. The carriers at K+
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FIG. 4. The circular polarized light absorption for spin-up and
spin-down configurations

valley can be excited by left-circular polarized light, while that
at K− valley can be excited by right-circular polarized light.
Moreover, the optical selection rule is independent of the spin-
polarization. When flipping the spin of 2H-VS2, the K+/K−
valley is also sensitive to σ+/σ− circular polarized light. Like
the in-plane electric field, the optical field can also produce the
intrinsic SHE and OHE at two valleys, which means that the
photo-generated electrons and holes by corresponding Hall
effect carry the spin and orbital angular momentum [25,54].
Due to the SOC effect, the valley optical selection rule is
spin-orbital polarized. By changing the polarization of inci-
dent light, we can select the valleys of excitation and thus
selectively control the spin and orbital angular momentum
directions in Table I.

V. TIME-REVERSAL SYMMETRY BREAKING

The VS2 monolayer breaks the time-reversal and inversion
symmetry at the same time. In this section, we will discuss the
impact of time-reversal symmetry on spin-orbital polarization.
Starting from the spin-orbital expectation valves 〈L̂z · Ŝz〉sz

τ =
τ szh̄2 in k · p analysis, the valley-contrasting sign occurs when
the spin polarizations at two valleys are the same. A significant
SOC exists in a range of nonmagnetic orbital Hall insulators
such as MoS2 [25]. The bands at the time-reversal symmetry
can be written as En(k) = En(−k), showing that the opposite
spin will appear on two valleys at the case of time-reversal
symmetry present, resulting in same sign of spin-orbital po-
larization at two valleys.

In Fig. 5, we choose VS2 and MoS2 as two special cases to
investigate the impact of time-reversal symmetry breaking on
the spin-orbital polarization. VS2 exhibits opposite 〈L̂z · Ŝz〉,

TABLE I. Four states of the spin-orbital polarization in VS2. The
first and second arrows represent the directions of orbital and spin
angular momentum, respectively.

sz = +1 sz = −1

K+ valley ↑↑ ↑↓
K− valley ↓↑ ↓↓

FIG. 5. The spin-orbital polarization of [(a) and (b)] VS2 and
[(c) and (d)] MoS2. [(c) and (d)] The highest valence band and the
second-highest valence band (vb).

as well as intrinsic SHE and OHE. The net magnetic moment
breaks time-reversal symmetry, leading to spin splitting in
the valence band. This induces electronic structures with the
same spin polarization on the two valleys, resulting in the spin
angular momentum of 〈Ŝz〉 = h̄/2 for both valleys. Regarding
MoS2, although SOC effect induces spin splitting, the time-
reversal symmetry present causes opposite 〈Ŝz〉 in two valleys
(〈Ŝz〉 = ±h̄/2). Under the influence of SOC, the 〈L̂z · Ŝz〉 in
Figs. 5(c) and 5(d) are the same in two valleys. The opposite
spin-orbital polarizations appear in the highest valence band
and the second highest valence band of MoS2. According to
Ref. [43], these two valence bands correspond to the peaks
of A and B excitons. The simultaneous broken time-reversal
and inversion symmetries is a crucial factor in generating
opposite-sign spin-orbital polarization. Time-reversal symme-
try breaking can induce an intrinsic spin magnetic moment
and result in identical spin angular momentum in the valleys.
The broken inversion symmetry creates valley orbital mag-
netic moments, leading to 〈L̂z〉 = ±2h̄ in two valleys. The
SOC in TMDs couples the spin and orbital angular momentum
into spin-orbital polarization, which generates 〈L̂z · Ŝz〉 under
excitation by an electric field.

VI. CONCLUSION

Our k · p model and first-principles calculations show that
the ferromagnetic TMDs exhibit opposite spin-orbital polar-
ization at two valleys, which can be represented by intrinsic
OHC and SHC. The broken inversion symmetry and SOC ef-
fect can host intrinsic valleys of spin-orbital polarization, with
the sign of 〈L̂z · Ŝz〉 determining the spin and orbital angular
momentum directions at both ends of the sample. Meanwhile,
the time-reversal symmetry breaking causes the opposite-sign
of 〈L̂z · Ŝz〉 on two valleys. Combined with spin-valley cou-
pling, four spin-orbital polarization states exist in the system
of ferromagnetic TMDs. Valley circular dichroism can replace
the in-plane electric field to selectively excite carriers on the
valleys of spin-orbital polarization under the conservation of
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angular momentum. The combination of spin polarization and
circularly polarized light can produce four directions of orbital
and spin torques, thus accomplishing multi-state storage and
operation of information. Our results illustrate the potential
of ferromagnetic TMDs for applications in the direction of
information storage and spin-orbitronics.
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