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We propose a light-induced spin Hall effect for interlayer exciton gas in monolayer MoSe,-WSe, van der
Waals heterostructure. By applying two infrared, spatially varying laser beams coupled to the exciton
internal states, a spin-dependent gauge potential on the exciton center-of-mass motion is induced. This
gauge potential deflects excitons in different spin states towards opposite directions, leading to a finite spin
current but vanishing mass current. In the Hall bar geometry, the spin-dependent deflection gives rise to
spin-dependent chiral edge states with spin-velocity locking. The spin current and chiral edge states of the
excitons can be detected by spatially resolved photoluminescence spectroscopy.
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Two-dimensional (2D) layered transition metal dichal-
cogenides (TMDs), such as MoS, and WSe,, are emerging
as promising candidates for next-generation optoelectron-
ics [1-4] and as a new platform for exploring novel physics
in 2D systems [5-9]. In contrast to graphene, TMD 2D
materials possess direct band gaps tuned by composition,
structure, and dimensionality. The optical properties of
monolayer TMD are characterized by two polarization-
selective, low-energy exciton peaks that arise from vertical
transitions from the spin-orbit-split valence band to the
doubly degenerate conduction band in the =K valleys of
the Brillouin zone [1,2,10,11]. The reduced dielectric
screening in gapped 2D systems leads to enhanced
Coulomb interactions and an extraordinarily large exciton
binding energy of a few hundred meV [10-17]. Individual
single TMDs and other 2D material layers can be
assembled into functional multilayer structures by van
der Waals forces [5,8,18-20], with atomically sharp inter-
faces, digitally controlled layered components, and no
lattice parameter constraints. Such van der Waals hetero-
structures exhibit remarkable properties such as spatially
direct optical absorption but spatially indirect emission, and
a strong interlayer coupling of charge carriers tunable by
inserting dielectric layers [7,21]. The recent experimental
observation of long-lived interlayer excitons in monolayer
MoSe,-WSe, heterostructures [8] opens an avenue to
explore novel spin transport in these quasi-2D excitonic
systems.

A paradigmatic example of spin transport is the spin Hall
effect, which is receiving continuing and widespread
interest in condensed matter physics, both theoretically
[22-27] and experimentally [28-33]. Akin to the conven-
tional Hall effect that gives charge current transverse to the
applied electric field, the spin Hall effect generates trans-
verse spin current and spin accumulation at the opposite
edges of the samples. It can be understood as the deflection
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of the orbital motion by an effective gauge potential [24]
arising from the spin-orbit coupling. In recent years, the
spin Hall effect of electrons and holes in low-dimensional
semiconductors has been intensively studied [25-27] and
further generalized to photons [34-36] and cold atoms [37].
So far, most of the previous studies on the spin Hall effect
of electrons and holes rely on the spin-orbit couplings and
an electric field to drive the spin-dependent orbital motion.
By contrast, the motion of charge-neutral excitons is
difficult to control.

In this Letter, we propose a light-induced “spin” Hall
effect for neutral, massive bosons, i.e., interlayer exciton
gas in a monolayer MoSe,-WSe, van der Waals hetero-
structure. Our scheme is based on two experimentally
observed features of interlayer excitons: the long lifetime of
about a few nanoseconds [8] (which allows for controlling
the exciton transport before recombination), and the large
binding energy [10-16] (which allows for strong exciton-
laser interaction). The essential idea is to apply two
spatially varying infrared laser beams coupled to the
exciton internal levels in the V-type configuration to
generate two laser-exciton dressed states (mapped to
“spin-up” and “spin-down” states, respectively) that
depend parametrically on the center-of-mass (c.m.) coor-
dinate R of the exciton due to the R-dependent laser-
exciton interaction. Since the exciton spin dynamics is
much faster than its c.m. motion, application of the Born-
Oppenheimer approximation gives rise to a spin-dependent
gauge field on the c.m. motion [27]. This gauge field, in
turn, leads to spin-dependent deflection of the exciton c.m.
motion and, hence, exciton spin Hall effect: a pure exciton
spin current (but vanishing mass current) flowing trans-
verse to the gauge field and laser propagation. In a Hall bar
geometry, the nonuniform gauge field generates a series of
spin-dependent chiral edge states. The exciton spin Hall
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effect and the chiral edge states can be detected by spatially
resolved photoluminescence spectroscopy.

The physical system under consideration is a monolayer
MoSe,-WSe, van der Waals heterostructure [8] [Fig. 1(a)].
The interlayer van der Waals interaction, which is much
smaller than the band gaps of the monolayers, has a small
influence on the band structure [38], as confirmed by our
first-principles calculations (see Supplemental Material
[39] for more details). This allows us to treat each
monolayer as independent. For the ith layer (i =1 for
MoSe, and i = 2 for WSe,), the low-energy single-particle
Hamiltonian near the £K valleys is given by [2]

f; = a;ti(tk,0, + kyo,) + %az - /ll-razz ! 5., (1)
with 7 ==+1 for K and —K valleys, o, = =1 for the
conduction and valence bands, and §, = +1 for the physical
spin of the electron. For MoSe,, the bond Ilength
a, =3.313 A, nearest-neighbor hopping ¢, = 0.94 eV,
band gap A, = 1.47 eV, and valence-band spin-orbit cou-
pling 4; = 0.09 eV. For WSe,, we have a, = 3.310 A,
th =1.19eV,A, =1.60 eV, and 4, = 0.23 eV. In Eq. (1),
the spin-up and spin-down parts are completely decoupled.
Under left (right) circularly polarized optical excitation,
only the K (—K) valley is populated [2,10], so we focus
on one valley (say, the K valley) from now on. Because of
the type-II band alignment [Fig. 1(b)], the optically gen-
erated electrons (holes) accumulate in the conduction
(valence) band of MoSe, (WSe,) and form interlayer
excitions. For specificity, we consider A-type excitons
consisting of a spin-up electron in the bottom layer and a
spin-down hole in the top layer [2,10], as schematically
shown in Fig. 1. To obtain internal energy level solutions, we
transform the electron and hole positions r, and ry, into the
c.m. coordinate R and the internal coordinate r =r, — 1},
[39], so the exciton Hamiltonian is the sum of the c.m. part
P?/(2M), band edge energy (A, + A, —24,)/2, and the
internal part

N n?
H =_—
m 2mr

VZ+V(r),

where M(e) = m (€) + my(¢) and m,(e) = m(e)my(€)/
M ((e) are the exciton total mass and reduced mass, respec-
tively [39]. m; and m, are the masses of the electron and
hole, respectively, as defined in the Supplemental Material
[39]. V(r) = —e?/(4meegVr* + d?) is the electron-hole
Coulomb attraction, with dielectric constant ¢ = 2.3 [21]
and interlayer distance d = 0.73 nm. Numerically diagonal-
izing H;, gives the exciton ground state |ls) (energy
—345 meV) and a few excited states of the internal dynam-
ics, such as the nondegenerate |2s) and doubly degenerate

{I12p.).12py)} (energy —56 meV) and {[3p,), 13py)}
(energy —29 meV), similar to 2D hydrogen atom
eigenstates.
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FIG. 1 (color online). Schematic of interlayer exciton gas in a
monolayer MoSe,-WSe, van der Waals heterostructure with
distance d = 0.73 nm between Mo and W atom layers. (a) Spa-
tially separated interlayer exciton due to type-II band alignment
shown in (b). (b) Band alignment and work functions of
MoSe,-WSe, van der Waals heterostructure from first-principles
calculations. The work functions of MoSe, and WSe, are 5.334
and 5.178 eV, respectively. The band offsets indicate a type-II
band alignment. (c) Two infrared laser beams linearly polarized
along the y axis couple three internal states of the interlayer
exciton into a V-type configuration, with different Rabi frequen-
cies Q; and Q, with the same detuning 6. (d) Configuration of the
two Gaussian laser beams, counterpropagating nearly parallel to
the surface (i.e., large incident angle) with shifted centers.

We choose the exciton ground state |g) = |1s) and two
low excited states [1) = |2p,) and |2) = |3p,) to form a
V-type three-level configuration, as shown in Fig. 1(b).
Two infrared laser beams propagating along the x axis and
linearly polarized along the y axis are applied to couple |g)
to |1) and |2), respectively, with equal detuning & [see
Fig. 1(c)] and spatially varying Rabi frequencies Q,(R)
and phases ¢;(R) (A=1,2) defined via AQe? =
eE;(R)(gle, - r|4), where [(gle,-r[l)| =0.136 nm and
|(gle, - r|2)] = 0.065 nm. Such a three-level system has
been widely studied for electromagnetically induced trans-
parency [48] and optical coupling between the two excited
states [49]. Here we utilize the formation of a dark state and
a bright state in the V-type configuration to generate spin-
dependent gauge field to drive the spin Hall effect for
interlayer excitons. In the presence of laser excitation, the
exciton internal Hamiltonian H;, is

5 0 Q(R)e®R) Q,(R)ei2(R)
Hip =5 | Qi(R)e™®) 25 0
92<R)e_i¢2<R) O 25

(2)

For large positive detuning &> Q= (Q? + Q3)!/2,
two eigenvalues A, = 5 and 14 (R) & hs 4 hQ?/(45)
are energetically far from the third -eigenvalue
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1y(R) = —hQ?/(48);  the
(dressed states) |)(¢( )) o cos@|1) — sin @e?(®)|2) and
1(R)) o sin@e~#®)|1) + cos 0]2) form a two-level sys-
tem, with |y (R)) and |4 (R)) identified as the spin-down
and spin-up states, respectively. Here ¢(R) = ¢;(R) —
¢»(R) and @ = tan~! (Q, /Q,). When the coupling between
opposite spin states is small, i.e., when the two-photon
Doppler detuning IT = cosd|v - V(tan 9e’?®))| (v is the
typical exciton velocity) is much smaller than the spin gap
|4y = Ay| = Q% /48, we can neglect the spin-flip transi-
tions (i.e., the Born-Oppenheimer approximation) and we
obtain an effective c.m. Hamiltonian [39]

corresponding eigenstates

1
H

o= 537 (P = A+

Vs (3)
associated with different spin states 6 = 1 and |, where

Ao‘ = ih<)(o‘|vR|)(¢7>

(“+7 for A4 and “~” for A ) is the vector potential and
Vs(R) =1, + W(R), with W(R) = (h*/2M)[|Vr0|*+
sin? @ cos? 0| Vg ¢(R)|?]. This spin-dependent gauge poten-
tial originates from the parametric dependence of the spin
states on the c.m. coordinate R of the exciton, leading to
spin-dependent deflection of the c.m. motion; e.g., the
effective gauge field

= +nsin0Vg p(R)

B, = Vg x A, = 1,hsin(20)Vg0 x Vg p(R)  (4)

on the c.m. motion is opposite for opposite exciton spin, a
critical ingredient for achieving the exciton spin Hall
effect. For specificity, now we consider two counter-
propagating Gaussian laser beams with shifted centers
along the y axis and spatial profiles eE,;(R)(gle,-
r2)/h=Q;(R)e¥®) = Qpexp[~(Y ~Y,)*/a*|exp(ik;X)
(A=1,2), where R = (X,Y) and the center positions
Y, =-Y, =Y, as shown in Fig. 1(d). This generates a
spatially varying gauge field

(k| + ko) _ —noh(ki| + [ko|)

T dqet 7 4lcosh®(Y/2l) ¢

(I = a®/8Y,) that gives rise to a spin Hall current for
excitons, as we demonstrate below. In subsequent calcu-
lations, we use the following realistic parameters: laser beam
width a = 10 ym, spatial shift Yy = 2.5 ym, detuning
7o =1 meV, and Rabi frequency 7, = 150 ueV. For a
Gaussian laser beam with intensity distribution in the waist
plane eyc|E(r)[>/2 = I,exp(—=2r*/a?), the average power
is P = nlya®/2. Thus, the Rabi frequency 7Q, = 150 ueV
for the Ath laser beam (4 = 1, 2) corresponds to the average
power P, = nh*a®Qjeyc/(4ne*|(gle, - ¥|A)[?), ie., P} =
0.254 W for laser beam 1 and P, = 1.113 W for laser

“ T ®)

1 'o = mx}lm
§ (um) 2 |T> 0‘
= 0"<. 13y
\ -1
-1 .
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0 4 8 0 2 4 6
X(pum) x(pm)

FIG. 2 (color online). Laser-induced spin-dependent deflection
of (a) a single exciton with initial velocity v, = 1 ym/ns and (b)
an exciton gas with initial mean velocity v, = 0.35 um/ns along
the x axis in a Hall bar structure with L = 3 ym along the y axis.
The colored clouds depict the evolution of spin-up and spin-down
Gaussian wave packets, which coincides with the classical
trajectories. The inset of panel (a) gives the spin-dependent
skipping motion of the exciton with an initial velocity v,y =
0.3 um/ns in a Hall bar with L = 2 um along the y axis. In (b),
the red and black dots depict the spin-up and spin-down excitons.
The width of the initial spatial (velocity) distribution of the
exciton gas is £ = 0.25 ym (¢, = 0.01 ym/ns) and the evolu-
tion of the spatial density profiles are shown at t =0, 7, and
14 ns.

beam 2, which are both experimentally achievable. The
above parameters correspond to |k;| + |k,| ~ 3 um~!, exci-
ton total mass M =~ 0.64m, (m, is the free electron mass),
and exciton spin splitting |1, — A, | = 10 ueV at Y = 0. For
typical velocity of exciton |v| < 10 km/s or the correspond-
ing wave vector k < M|v|/h = 50 ym~!, the two-photon
Doppler detuning IT < |44 — 4, |, so that the spin-flip tran-
sitions are suppressed and the Born-Oppenheimer approxi-
mation is justified. The typical gauge field B, ~ 1 Gs.

Now we propose an experimental setup to detect the spin
Hall current in excitonic gas subjected to the above
configuration of laser-exciton coupling. Suppose that at
t =0 an exciton moves along the x axis (this can be
achieved by a temperature difference or by injecting
excitons into the sample) and the exciton internal state is
a superposition of spin-up and spin-down dressed states
lx1) and |y ). In the presence of the spin-dependent gauge
field, the exciton canonical momentum along the x axis
remains constant,

X, = (Pr—A)/M,  PE=0, (5)
but the exciton acquires a spin-dependent transverse
velocity along the y axis,

: , L PE-A
Vo=Po/M.  Py="T 0004,

— 0V, (6)

As shown in Fig. 2(a), the typical exciton trajectories under
the gauge field depends on the exciton spin state o, leading
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to a spin Hall current in the y axis in the case of many
excitons. We also investigate the evolution of a Gaussian
wave packet governed by the Hamiltonian in Eq. (3). The
quantum motion conforms to the classical trajectories, as
shown in Fig. 2(a). Note that the asymmetry of the spin-
dependent trajectories (black and red lines) arises from the
spin-dependent potential V.

To model the spin Hall current produced by the motion
of a laser-generated dilute exciton gas, we assume
that at =0, the c.m. coordinate and velocity of the
exciton gas obey the Gaussian distribution pg(R) =
(2n&%) ™" exp[—(X> + Y?)/2&;] and p, (v, v,) = (227)"
exp{—[(v, — vy)?* + v3]/2E2}, respectively. The variances
&r and &, account for the quantum uncertainties and
classical broadening due to the finite temperature and
the intensity distribution of the light that generates the
exciton gas. The evolution of the density profile of the
exciton gas is simulated numerically by solving Eqgs. (5)
and (6), and the results are shown in Fig. 2(b). The results
clearly demonstrate a spin-dependent flow of the exciton
gas and, hence, spin Hall current along the y axis due to the
spin-dependent gauge field. In our system, the lifetime of
excitons is about a few nanoseconds [8], which is compa-
rable to the exciton separation time, as shown in Fig. 2(b).
In a Hall bar geometry with a finite width along the y
direction, the excitons with opposite spins would accumu-
late along the opposite boundaries and then recombine, as
shown in Fig. 2(b). This allows the exciton spin Hall effect
to be detected by spatially resolved photoluminescence
spectroscopy [8,50,51].

Now we prove that the spin-dependent gauge field gives
rise to chiral edge states in a Hall bar structure, with a finite
width L =4 ym along the y direction. The exciton c.m.
wave function W, (X,Y) = e¢*¥Xg (Y), where ¢,(Y) is
governed by the effective Hamiltonian

H] = ;’_M { [k, — A (Y)]? = %} +Vo(¥). (7)

which can be numerically diagonalized. The resulting spin-
dependent dispersion relation and density distribution of
edge states is shown in Fig. 3. For spin-up (spin-down)
states, the minimum energy of the c.m. motion occurs at k
(—ko) with ko = (|k;| + |ky|)/2 ~ 1.5 um~'. In the Hall
bar region, the gauge field has a characteristic magnetic
length Iz = \/h/|B,| =2 um, comparable to the Hall bar
width L. Consequently, during the gauge field induced
cyclotron motion, the exciton frequently collides at the Hall
bar boundary. This feature prevents the formation of well-
defined Landau levels, but instead gives rise to chiral edge
states, similar to the quantum Hall effect. However, the spin
dependence of the gauge field gives an additional feature:
the spin-velocity locking. As shown in Fig. 3, in the upper
edge of the Hall bar, the lowest spin-down edge state [blue
curve in Fig. 3(a)] propagates from the right to the left,

(a) (b)
1.01 1.02
S
[}
E
L
|
1.00 1.01
L2 L2 L L2 L2 L2 L2, -L/2 L2
-20  -10 0 10 -10 0 10 20
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FIG. 3 (color online). Dispersion relation of the exciton c.m.
motion in a 4-ym Hall bar for (a) spin-down and (b) spin-up
excitons. The inset at the bottom of each panel gives the spatial
profile of the lowest chiral edge states (as marked by filled circles
in the dispersion curve).

while the lowest spin-up edge state [red curve in Fig. 3(b)]
propagates in the opposite direction. This gives a vanishing
mass current j,, = jy +j, but finite spin current j, =
Jt+ —Jy = 2jy, flowing from the left to the right along the
upper edge of the Hall bar. Similarly, in the lower edge of
the Hall bar, the right-going spin-down edge states [red
curve in Fig. 3(a)] and the left-going spin-up edge states
[blue curve in Fig. 3(b)] give a vanishing mass current but
finite spin current flow from the right to the left (opposite to
the spin current flow in the upper edge).

Finally, we briefly discuss the experimental generation
and detection of the chiral edge states and spin current.
To neglect the Coulomb interaction between excitons, we
use a dilute exciton gas and detect above the temperature of
Bose-Einstein condensation. To generate the chiral edge
states or spin current, we can generate an effective electrical
field along the x axis, e.g., by keeping the two terminals of
the sample at different temperatures, so that the temperature
gradient V(1/T)||e, would drive the optically generated
excitons to diffuse along the x axis. Then we can detect the
spin current by spatially resolved photoluminescence
spectroscopy [8,50,51]. To increase the lifetime of inter-
layer excitons for more pronounced effect, we could apply
a perpendicular electrical field or place a 2D dielectric
material between the MoSe, and WSe, layers.

In summary, we have proposed an optically induced spin
Hall effect for interlayer exciton gas of a monolayer
MoSe,-WSe, van der Waals heterostructure. The essential
physics is to apply two spatially varying laser beams
coupled to the exciton internal levels to generate a spin-
dependent gauge field on the exciton center-of-mass
motion, which deflects excitons in different spin states
in opposite directions. This gives rise to a finite exciton spin
Hall current in an ensemble of noninteracting exciton gas,
and chiral edge states with spin-velocity locking in a Hall
bar structure. This light-induced gauge potential on long-
lived excitons makes excitonic systems a new platform for
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exploring various Hall physics and their interplay with
exciton-exciton interactions and temperatures.
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