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Optically tunable spin Hall effect in periodically driven monolayer transition metal dichalcogenides
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We show that the driving field of circularly polarized light (CPL) can be used to enhance and reverse the
spin current generated in the spin Hall effect for some transition metal dichalcogenides. This is demonstrated
by analyzing the time-averaged spin Hall conductivities in the nonequilibrium steady states of monolayers WS2,
MoS2, MoTe2, and WTe2 driven by CPL with the Floquet linear-response theory. We argue that the enhancement
and reversals of the spin current come from a combination of the non-Rashba effect of broken inversion symmetry
and the nonperturbative effect of CPL beyond the dynamical localization. This work allows optical control of
the magnitude and direction of the pure spin current.
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Transition metal dichalcogenides (TMDs) have provided
opportunities for many attractive phenomena. For example,
monolayer TMDs can be used to realize various valleytronics
phenomena. In some monolayer TMDs [1–3], the monolayer
consists of the upper and lower planes of chalcogen ions and
the middle plane of transition metal ions with a trigonal pris-
matic arrangement. Because of this structure, the monolayer
TMDs can be approximately regarded as two-dimensional
systems on a honeycomb lattice [Fig. 1(a)] with broken inver-
sion symmetry [4,5]. Since the valley degeneracy can be lifted
with broken inversion and time-reversal symmetries, valley
polarization [4] and a valley-selective Hall effect [6] can be
achieved by applying weak, resonant circularly polarized light
(CPL). Then, the monolayer TMDs with another crystal struc-
ture are suitable for the quantum spin-Hall insulator (i.e., the
topological insulator) [7]. This was experimentally confirmed
[8]. Moreover, some combinations of TMDs form the moiré
systems [9–12], which have been intensively studied in recent
years.

Although some monolayer TMDs have the advantage of
realizing a pure spin current, this advantage has not been fully
taken yet. Their broken inversion symmetry is characterized
by parity-odd interorbital hopping integrals [13,14], the signs
of which change under an inversion operation [Fig. 1(b)],
whereas the Rashba spin-orbit coupling (SOC) [15] is absent
due to the mirror symmetry of the xy plane. Therefore, the
broken inversion symmetry can be described by the non-
Rashba effect. Then, the electronic states near the Fermi level
can be well described by the d3z2−r2 , dxy, and dx2−y2 orbitals
of transition metal ions [16–18], which have the Ising-type
SOC. Because of these properties, the z component of the
spin angular momentum is conserved and, as a result, the
spin current is well defined. This contrasts with the ill-defined
spin current in the presence of the Rashba SOC. It is also in
contrast to the coupled spin and orbital angular momenta in
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transition metals such as Pt [19]. The well-defined spin current
is advantageous to realize a pure spin current. However, the
monolayer TMDs at zero temperature possess the negligibly
small spin Hall effect (SHE) [20], in which a spin current is
generated perpendicular to an applied electric field [21,22].

In this Letter, we show that strong CPL can be used to
enhance and reverse the spin current generated in the SHE
[Fig. 1(c)] for some monolayer TMDs. Using the Floquet
linear-response theory [23–28], we study the time-averaged
spin Hall conductivity σ S

yx in the nonequilibrium steady states
of monolayers WS2, MoS2, MoTe2, and WTe2 driven by
CPL. We show that the magnitude and sign of σ S

yx can be
changed with increasing the magnitude of the CPL field. The
enhancement and sign changes disappear if the parity-odd
interorbital hopping integrals are zero. They are attributed to
a combination of the non-Rashba effect due to broken inver-
sion symmetry and the nonperturbative effect of CPL beyond
the dynamical localization. We propose that the periodically
driven monolayer TMDs offer the optically tunable SHE.

Model. The periodically driven monolayer TMDs are
described by H = Hs(t ) + Hb + Hsb, where Hs(t ) is the
Hamiltonian for the monolayer TMDs driven by CPL, Hb

is the Hamiltonian for the Büttiker-type heat bath [29,30] at
temperature Tb, and Hsb is the system-bath coupling Hamilto-
nian. We take a three-orbital tight-binding model [13] with
the Peierls phase factor due to the CPL field, Apump(t ) =
[A0 cos �t A0 sin(�t + δ)]T (δ = 0 or π ) as Hs(t ):

Hs(t ) =
∑

i, j

3∑

a,b=1

∑

σ=↑,↓

[
t i j
ab(t ) + δi, j

(
εaδa,b + ξσ

ab

)]
c†

iaσ c jbσ ,

(1)

where t i j
ab(t ) = t i j

abe−ieApump(t )·(Ri−R j ) is the hopping integral be-
tween transition metal ions on a triangular lattice [Fig. 1(d)]
with the Peierls phase factor, εa is the on-site energy, ξσ

ab =
iξ (δσ,↑ − δσ,↓)(δa,2δb,3 − δa,3δb,2) is the Ising-type SOC, and
a = 1, 2, or 3 represent the d3z2−r2 , dxy, and dx2−y2 orbitals,
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FIG. 1. (a) The honeycomb lattice formed by transition metal
and chalcogen ions. (b) The parity-odd interorbital hopping integrals
between the dxy and dx2−y2 orbitals. The color difference represents
the difference in the signs of the wave functions. (c) The setup for
the SHE of the monolayer TMDs driven by CPL. (d) The triangular
lattice formed by transition metal ions with three nearest-neighbor
vectors.

respectively. Hereafter, we set h̄ = kB = c = aNN = 1, where
aNN represents the length between nearest-neighbor sites. We
have considered Hb and Hsb because the weak coupling to
the bath can be used to achieve a nonequilibrium steady state
under the heating due to Apump(t ) [24–28].

As specific systems, we consider monolayers WS2, MoS2,
MoTe2, and WTe2. To describe their electronic states, we
express t i j

ab’s in terms of six nearest-neighbor hopping integrals
[13], i.e., four parity-even ones t1, t2, t3, and t4 and two parity-
odd ones t ′

1 and t ′
2, and choose them, εa’s, and ξ in a similar

way to that of Ref. [13]. (For more details, see Supplemental
Note 1 of the Supplemental Material [31].)

Optically tunable SHE. The SHE for the periodically
driven monolayer TMDs can be studied in the Floquet linear-
response theory. In this theory [23–26], the pump and probe
fields Apump(t ) and Aprob(t ) are considered, and the effects of

Apump(t ) and Aprob(t ) are treated in the Floquet theory [32,33]
and linear-response theory [34], respectively. Apump(t ) is cho-
sen to be the CPL field and Aprob(t ) is applied along the x axis
to generate the spin current along the y axis [Fig. 1(c)]. This
spin current observed in the nonequilibrium steady states can
be characterized by the time-averaged spin Hall conductivity
σ S

yx [26]. (For more details, see Supplemental Note 2 of the
Supplemental Material [31].)

Figures 2(a)–2(d) show the dependences of σ S
yx numeri-

cally calculated in the Floquet linear-response theory on a
dimensionless quantity u = eA0 for monolayers WS2, MoS2,
MoTe2, and WTe2 driven by left- or right-handed CPL (LCPL
or RCPL). (For details of the numerical calculations, see Sup-
plemental Note 3 of the Supplemental Material [31].) First,
σ S

yx is independent of the helicity of light. This is the same as
that obtained in an inversion-symmetric multiorbital system
[26] driven by CPL, and it is due to the time-reversal symme-
try of the spin current [26]. Then, σ S

yx shows the nonmonotonic
u dependences: in all the cases, σ S

yx can be enhanced; only in
the cases of MoS2 and WS2 can the sign of σ S

yx be reversed.
Similar changes in magnitude and sign are obtained even if
� is smaller (see Supplemental Note 4 of the Supplemen-
tal Material [31]). We should note that the sign changes in
σ S

yx can be achieved in the cases of MoTe2 and WTe2 for
� = 3 eV (see Supplemental Note 4 of the Supplemental
Material [31]). These results suggest that the spin current
generated in the SHE can be enhanced and reversed by tuning
the CPL field. Such nonmonotonic u dependences contrast
with the monotonically decreasing u dependence obtained in
the inversion-symmetric multiorbital system driven by CPL
[26]. Since that monotonic u dependence can be understood
as the dynamical localization (i.e., the reduction in the kinetic
energy) due to the CPL field, the enhancement of σ S

yx and
its sign changes can be interpreted as the nonperturbative
effects of CPL beyond the dynamical localization. Note that
the finite small σ S

yx in MoS2 at u = 0 does not contradict the
zero-temperature result [20] because the finite-temperature

FIG. 2. σ S
yx obtained in the Floquet linear-response theory for monolayers (a) WS2, (b) MoS2, (c) MoTe2, and (d) WTe2 driven by LCPL

or RCPL. Each value of the light frequency � is larger than the bandwidth in each nondriven case. σ S
yx obtained in the Floquet linear-response

theory for the tight-binding models and special models of monolayers (e) WS2, (f) MoS2, (g) MoTe2, and (h) WTe2 driven by LCPL. In the
numerical calculations, we set nmax = 2, Tb = 0.02 eV, and � = 0.01 eV (see Supplemental Note 3 of the Supplemental Material [31]).
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effects, such as the broadening of the distribution function,
are taken into account in our calculations.

Importance of the non-Rashba effect. To understand the ef-
fect of the parity-odd interorbital hopping integrals on σ S

yx, we
perform similar analyses in special models having inversion
symmetry, in which t ′

1 = t ′
2 = 0, i.e., the non-Rashba effect

of broken inversion symmetry is absent. (For details of the
special models, see Supplemental Note 5 of the Supplemental
Material [31].) Figures 2(e)–2(h) compare the u dependences
of σ S

yx numerically calculated in the Floquet linear-response
theory for the original and special models of monolayers WS2,
MoS2, MoTe2, and WTe2 driven by LCPL. In the special
models, σ S

yx monotonically decreases with increasing u. This
suggests that the parity-odd interorbital hopping integrals are
vital for achieving the nonmonotonic u dependence of σ S

yx.
(Note that the large σ S

yx’s at u = 0 in the special models are
due to the tiny gaps at the K and K ′ points.)

The importance of the parity-odd interorbital hopping inte-
grals is supported by the analyses using the high-frequency
expansion. If the light frequency is off-resonant, the pe-
riodically driven system can be approximately described
by an effective time-independent Hamiltonian obtained in
the high-frequency expansion [25,35,36], Heff = H0 + 	H ,
where Hn = ∫ Tp

0
dt
Tp

ein�t Hs(t ) and 	H ≈ [H−1,H1]
�

. Note that
the dynamical localization is described by H0, whereas the
nonperturbative effect beyond it is described by 	H . For
the monolayer TMDs driven by CPL, 	H consists of the
light-induced hopping integrals between nearest- and next-
nearest-neighbor sites, 	H = 	HNN + 	HNNN, and each
term can be categorized as either a parity-even or a parity-odd
term (see Supplemental Note 6 of the Supplemental Material
[31]). Then, the analyses of the group velocities induced by
	HNN or 	HNNN imply that the light-induced parity-odd hop-
ping integrals, which are finite with the parity-odd interorbital
hopping integrals, lead to the correction terms to the spin
Hall conductivity (for details, see Supplemental Note 7 of the
Supplemental Material [31]). This is consistent with the vital
role of the parity-odd interorbital hopping integrals and the
nonperturbative effect beyond the dynamical localization.

The same conclusion is reached by analyzing the group
velocities calculated in the Floquet theory. As we show in
Supplemental Note 8 of the Supplemental Material [31], the
light-induced leading-order corrections to σ S

yx are proportional
to the products of the parity-odd and parity-even hopping
integrals, and they cause the new contributions to σ S

yx from
the momenta different from those at which the nondriven
terms give the contributions. These results also support the
important role of the non-Rashba effect.

Discussion. First, we discuss the valley degeneracy for our
periodically driven monolayer TMDs. Figures 3(a) and 3(b)
show the u dependences of 	εσ (kK) and 	εσ (kK′ ) calculated
in the high-frequency expansion for monolayer WS2 driven by
LCPL and RCPL, respectively, at � = 8 eV. Here, 	εσ (kK) or
	εσ (kK′ ) is the energy difference between the bottom of the
lowest unoccupied band and the top of the highest occupied
band for spin σ at the K or K ′ points, respectively. At u = 0,
	ε↑(kK) = 	ε↓(kK′ ) and 	ε↓(kK) = 	ε↑(kK′ ). Meanwhile,
for u �= 0 with LCPL, 	ε↑(kK) < 	ε↓(kK′ ) and 	ε↓(kK) <

	ε↑(kK′ ); with RCPL, these inequality signs are reversed. The

FIG. 3. 	ε↑(kK), 	ε↓(kK), 	ε↑(kK′ ), and 	ε↓(kK′ ) obtained
in the high-frequency expansion for monolayer WS2 driven by
(a) LCPL or (b) RCPL. Here, kK = ( 4π

3 0)T and kK′ = ( 8π

3 0)T ,
which is equivalent to (− 4π

3 0)T . P↑ and P↓ obtained in the high-
frequency expansion for WS2 driven by (c) LCPL or (d) RCPL.

same properties hold for the other monolayer TMDs driven by
CPL (see Supplemental Note 9 of the Supplemental Material
[31]). These results indicate that the valley degeneracy is lifted
if and only if time-reversal symmetry, as well as inversion
symmetry, is broken. This is the same as that obtained in
graphene driven by bicircularly polarized light [27].

We also discuss the valley polarization. Figures 3(c) and
3(d) show the u dependence of Pσ , the valley polarization
for spin σ , calculated in the high-frequency expansion for
WS2 driven by LCPL and RCPL, respectively, at � = 8 eV,
where Pσ = −	εσ (kK )+	εσ (kK′ )

	εσ (kK )+	εσ (kK′ ) . Note that Pσ > 0 or < 0 means
that the dominant contribution comes from the K or K ′ point,
respectively, and that Pσ = 1 or −1 corresponds to the full
valley polarization. At u = 0, P↑ and P↓ are of opposite sign
and the same magnitude, which means no valley polarization.
As u increases, P↑ and P↓ become of the same sign, i.e.,
the valley polarization is induced. Furthermore, the dominant
valley can be switched by changing the helicity of CPL; this is
similar to such a property with resonant weak CPL [4,37–39].
However, the full valley polarization is not achieved. Similar
results are obtained for the other monolayer TMDs driven by
CPL (see Supplemental Note 9 of the Supplemental Material
[31]). The absence of the full valley polarization is because
the energy gaps at the K and K ′ points are of the order of
1 eV in the nondriven system and it is difficult to make one of
the gaps much smaller than the other. This result implies that
the valley polarization may be overestimated in the minimal
model [40,41] which considers only the electronic states near
the K and K ′ points. Note that in that model, the full valley
polarization is more easily achieved.

Finally, we comment on the experimental realization of
our results. In general, the spin current generated in the
SHE can be detected by the inverse spin-Hall effect [42,43].
Furthermore, the SHE or inverse SHE in a periodically driven
system could be experimentally observed in pump-probe
measurements [44]. We should note that although CPL
induces the anomalous Hall effect [45,46], the spin current
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generated in the SHE is distinguishable from the charge cur-
rent generated in this Hall effect via the helicity of CPL [26].
In our analyses, u = 0.1 corresponds to E0 ≈ 16.1 MV cm−1

for MoS2 at � = 5 eV, 19.4 MV cm−1 for WS2 at � = 6 eV,
and 14.3 MV cm−1 for MoTe2 or WTe2 at � = 5 eV, where
E0 is the magnitude of the pump electric field. In these
estimates, we have used aNN ≈ 3.1 Å for MoS2 and WS2 and
3.5 Å for MoTe2 and WTe2 [13]. From an experimental point
of view, the pump electric field of the order of 10 MV cm−1

can be achieved [47]. As shown in Supplemental Note 4 of the
Supplemental Material [31], our results remain qualitatively
unchanged for smaller �. Therefore, we conclude that
our results could be experimentally tested by pump-probe
measurements for the monolayer TMDs driven by CPL.
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