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Exciton spin Hall effect in arc-shaped strained WSe,
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Generating a pure spin current using electrons, which have degrees of freedom beyond spin, such as electric
charge and valley index, presents challenges. In response, we propose a mechanism based on intervalley exciton
dynamics in arc-shaped strained transition metal dichalcogenides (TMDs) to achieve the exciton spin Hall
effect in an electrically insulating regime, without the need for an external electric field. The interplay between
strain gradients and strain-induced pseudomagnetic fields results in a net Lorentz force on long-lived intervalley
excitons in WSe,, carrying nonzero spin angular momentum. This process generates an exciton-mediated pure
spin Hall current, resulting in opposite-sign spin accumulations and local magnetization on the two sides of the
single-layer arc-shaped TMD. We demonstrate that the magnetic field induced by spin accumulation, at approxi-
mately ~mT, can be detected using techniques such as superconducting quantum interference magnetometry or
spatially resolved magneto-optical Faraday and Kerr rotations.
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Introduction. The spin Hall effect (SHE) was first intro-
duced by D’yakonov, Perel’ in 1971 [1], revisited by Hirsch
in 1999 [2] and experimentally demonstrated in 2004 [3,4].
One of the versions of SHE, namely the intrinsic SHE arises
from strong spin-orbit coupling resulting in the band structure
quantum geometry (Berry curvature), and leading to the ap-
pearance of a transverse spin current when an electric field is
applied, without the need of an external magnetic field. This
effect generates edge spin accumulation, observed in GaAs-
based semiconductors using magneto-optical Kerr rotation
measurement [3]. The quantum spin Hall effect predicted in
graphene [5] and two-dimensional (2D) electron gases [6] was
experimentally verified in HgTe, revealing quantized spin-
Hall conductance and absent charge-Hall conductance [7].

Among various 2D materials, monolayers of transition
metal dichalcogenides (TMDs) [8] are of special interest.
This is because of their remarkable compatibility with various
semiconductor/dielectric platforms and their remarkable
properties, such as peculiar 2D screening leading to dramatic
modification of the interaction potential between the charged
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FIG. 1. (a) The scheme of the low-energy band structure with
two intervalley dark excitonic states in WSe, monolayer. (b) The
geometry of the proposed arc-shaped device designed to induce
the exciton-mediated spin Hall effect in WSe,. Introduction of a
nonuniform strain gives rise to a pseudomagnetic field, generating
the Lorentz forces leading to opposite transverse center-of-mass
movement of up-KK’ and down-K'K-excitons. The maximum strain
in the system is given by W/2R, where W and R represent the width
and radius of the arc, respectively. The x direction corresponds to a
zigzag crystallographic orientation.
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carriers [9] and nontrivial spin and valley dynamics [10-13].
In particular, spin-valley coupling [14] in doped TMDs is
anticipated to induce spin and valley Hall effects, whether
arising from gating potentials or photoexcited density. How-
ever, since the trivial band gap is much larger than the spin-
orbit coupling, MoS, and WSe, do not support quantum spin
Hall effect in the insulating regime. Unlike 2H-TMDs, the
1T structure [15] of TMD materials is of greater topological
interest as it supports the quantum spin Hall effect, even at rel-
atively high temperatures such as 100 K in 1T-WTe, [16-18].

Besides intriguing single electron properties, TMD mono-
layers possess a remarkable excitonic response as well. Direct
energy band gap and relatively large reduced mass of an
electron-hole pair combined with truly 2D nature of interact-
ing electrons and holes results in extremely large excitonic
binding energies (~300 meV) which make TMD excitons
stable even at room temperatures [19-21].

It should be noted, that the spin-orbit coupling in WSe,
differs from that in MoS,, which results in a reversed order of
spin-polarized bands within the conduction band, so that the
energy of dark intravalley spin-singlet excitons is below the
energy of bright excitons [9]. Moreover, dark intervalley ex-
citons formed in WSe; exhibit even stronger binding stability
(it lies 16 meV below the spin-forbidden dark exciton state in
WSe,) and even longer lifetime since corresponding recombi-
nation process requires an intervalley transition mediated by a
valley phonon [22]. The intervalley excitons bear a (4-1) spin
for electron-hole pairs originating from the K-valley electron
(e) and the K’-valley hole (h') (denoted as up-KK'-exciton in
the further discussion), and (—1) spin for electron-hole pairs
arising from the K’-valley electron (e) and the K-valley hole
(h) (denoted as down-K'K-exciton in the further discussion).
The high stability, long lifetime, electrical neutrality, and finite
spin angular momentum of intervalley excitons in WSe, make
them optimal candidates to mediate the pure spin Hall effect
in 2D.

Being electrically neutral particles, excitons do not reveal
any significant response to external electric and magnetic
fields. However, one can use strain effects instead. 2D mate-
rials including graphene and TMD monolayers possess very
rich strain physics primarily due to the sharing three-fold
symmetry point groups. Static strain leads to the appearance
of a pseudogauge field A [23] in addition to the conventional
scalar deformation potential V. Because of the time-reversal
symmetry, this pseudo-gauge field have different sign for
electrons located at the valley points K and K’ which are
time-reversal partners, Ax = —Ag'. An inhomogeneous strain
leads to a non-uniform pseudogauge field that results in a
pseudomagentic field Bx = —Bx' = V x Ag.

The case of a uniform pseudomagnetic field is particularly
interesting as it allows the exploration of strain-induced cy-
clotron dynamics, Landau level formation and the quantum
valley Hall effect [24]. Examples of experimental geometries
generating such uniform pseudomagnetic fields, exceeding
100s of Tesla [25-27], include trigonal and hexagonal sym-
metric nanobubbles and arc-shaped straining [28-30]. The
latter case, reported in a recent twisted bilayer graphene exper-
iment [31], is particularly important, as it allows creation of a
uniform pseudomagnetic fields across larger samples, which
is not possible with nanobubbles.

In this study, we investigate the effects of the combination
of strain-induced electric and magnetic fields on intervalley
exciton transport in WSe,, featuring an inverted spin-split
conduction band. Our results reveal a distinctive pure spin
Hall effect for intervalley excitons, which bear no electric or
valley charge. We propose an arc-shaped WSe; setup depicted
in Fig. 1(b) as a suitable geometry for the observation of
the effect. In this situation, up-KK’-excitons and down-K'K-
excitons will first drift along the y axis under a gradient of
the scalar potential VV generated by strain, and gain a drift
velocity vy = —uxVV with pux being the exciton mobility.
These moving excitons are affected by the Lorentz force
produced by strain-induced pseudomagnetic field and gener-
ating Hall-like transverse current. In the stationary regime, an
electron-hole pair corresponding to a up-KK’-exciton feels the
Lorentz force

fup—xx' = Va X (g.Bx + gBx/) = 2euxVV x B, (1)

where we took g, = —¢q;y = —e and used that Bx = —Bg' =
B. The Lorentz force acting at a down-K'K-exciton has op-
posite direction, fyown—xx = —fup—kk’ and therefore up and

down spins accumulate at opposite edges of the device as
shown in Fig. 1(b).

While the dynamics of pseudomagnetoexcitons have been
previously explored in strained graphene [32], here we present
a robust argument supported by microscopic transport theory
for the exciton-assisted spin Hall effect driven by nonuniform
strain in single-layer TMD. Note, that the proposed mecha-
nism is distinct from conventional exciton Hall effect in TMD
monolayers, which is of valley-selective nature [33-37]. The
Lorentz force acting on an intravalley exciton vanishes as both
an electron and a hole feel the same pseudomagnetic field, and
therefore the net force is zero. Note, however, that in this case
pseudomagnetic field will result in the appearance of a dipole
moment of a moving exciton, which leads to the appearance
of the skew scattering term if an exciton interacts with an
impurity and onset of the anomalous exciton Hall effect [38].

The quantitative model. In semiclassical picture, the dy-
namics of an intervalley exciton is described by the Newton’s
law (see Supplemental Material [39] for the detailed deriva-
tion):

d
d—lt’ = —VV(r) — 2¢£v, x B(r), 2)
where the index & = + and & = — denotes up-KK'-excitons

and down-K'K-excitons, respectively, v, = p/M is the par-
ticle velocity with M being the exciton mass. The transport
properties of an ensemble of excitons are described by the

Boltzmann equation for exciton distribution function flf (r,t)
which reads

&
8fpa(tr, 1) + (=VV(r) —2e&[vp x B(r)]) - foé(r, 1)
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Note that fg(r, t) is the local equilibrium density that fol-
lows Maxwell-Boltzmann distribution function. We used the
relaxation time approximation, which accounts for exciton
recombination with characteristic time tx and exciton scat-
tering on phonons and impurities with characteristic time 7¢.
The last term corresponds to exciton spin relaxation [40—44].
The exciton density is obtained by integrating the distribution
function by momentum p,

d’p
& —
n(r,t) = / iy

fyx,1). )

The dynamics of total exciton density n = nt 4+ n~ and spin
density S, =n*™ —n~, related to spin polarization as P, =
S, /n are described by the following equations (see the deriva-
tion in [39], and the Ref. [45] therein):

on(r,t) LV = _n(r, t)’ (5)
ot X

aS,(r, 1) LV -js(r, = _Szg',t)’ ©)
ot 1516

where 1/Tx = 1/tx + 1 /75 and the exciton number current
density reads

T {n(r, 1)}
1 + [to.(r)]?

Ta(r)
1+ [t (n)]?

i) = B x J{S.(r, 1)},

(N
and the exciton spin current density follows

TS (r, 1)}
L+ [tod(0)]?

Tw(r)

T he (r)]zﬁ x J{n(r, 1)}.

P =

®)

Here, w.(r) = 2eB(r)/M is the exciton cyclotron frequency,
with B being the modulus of the strain-induced pseudo-
magnetic field, and B= B/B. The drift-diffusion current
functional in the presence of a strain gradient force, VV, is
defined as

J{Y(r’ t)} = _DXVY(I" t) - /J,XY(I', t)VV(r)s (9)

where pux = t/M is the exciton mobility, with T = [1/tc +
1/tx + 1/(2t5)]7! being an effective relaxation time. The
diffusion constant is given by Dx = ux(kgT), where kg is
the Boltzmann constant and T is the temperature. It is worth
to remind the reader that considered semiclassical formal-
ism is valid when w.t < 1, yielding in {I 4 (tw.)*}~! ~
1 — (tw.)*. In the opposite regime the system is driven into
a quantum regime where Landau levels are formed and a full
quantum description of magnetoexcitons is required [32,46].

In addition to the quantitative correction to the longitudinal
drift-diffusion current components described by first terms of
Egs. (7) and (8), pseudomagnetic field generates transverse
Hall current components for both number and spin channels,
as described by the second terms in Egs. (7) and (8).

We further consider the specific arc-shaped deformation
that generates a uniform pseudomagentic field. Arc-shaped
strain is defined by an in-plane displacement field (u,, u,) =
(xy/R, —x*/2R), where (x, y) are measured from the ribbon
center and R is the bending radius of the arc-shaped TMD
flake. The scalar and gauge fields are given in terms of the

strain tensor elements u;; = (d;u; 4+ 0ju;)/2 as V = Vo(uyy +
uyy) and Ag = (Bdo/2mwag) (i — Uy, —2uyy,) and read
Boo y Y
=——=%, V=V, 10
7 2R °R (10)
where unity vector X indicates a zigzag orientation in the
hexagonal lattice. The constant pseudomagnetic field with
opposite signs in the two valleys, is thus given by

IB| = Bpo/ (2 aoR), an

with a corresponding magnetic length of €5 = /2apR/B,
where ¢y = h/2e is the magnetic flux quantum, 8 ~ 3 is
the Griinisen parameter describing electron-phonon coupling
[47,48], a = aoﬁ is the lattice constant. For the constant
pseudomagnetic field w.(r) = w. one has V(tw.Dx Vrt x
fi) =0, so that the respective terms can be discarded in
Egs. (7) and (8).

Results and discussion. We simulate the macroscopic trans-
port equations (5) with initial Gaussian distributions n® =
noe~ ' HM/2AY \where A is the characteristic size of an ini-
tial excitonic packet. In our numerical calculations we set
A=05um,R=5um, tc =0.26ps [49], T =300K, V, =
300 meV [50], =x =200 ps [22], M = 0.75 mgy, with myg
being the free electron mass [51]. The spin relaxation time is
estimated as ts = 47 ps [39]. The respective pseudomagnetic
field is then B ~ 2.15 T.

The evolution of intervalley excitons’ number and spin
densities under the influence of strain-induced driving fields
are presented in Fig. 2. As seen in Figs. 2(a) and 2(b), the
total density n gradually broadens by diffusion, and the distri-
bution maximum shifts in the y-direction due to strain-induced
exciton drift. The cross-sections of the total exciton density
at different time snapshots shown in Fig. 2(c) indicate the
overall longitudinal drift in the y direction. The transverse sep-
aration of two species of intervalley excitons, characterized
by exciton spin density S, and polarization P,, is depicted in
Figs. 2(d) and 2(e), respectively. The cross sections of the spin
density in Fig. 2(f) further confirm the spin Hall current in the
x direction and the spin accumulation on two sides of the 2D
materials are almost identical to the electronic spin Hall effect
[3]. Lower temperatures enhance the transverse separation of
exciton spin density S, (Fig. S1 in Ref. [39]). This results from
reduced diffusion and extended spin relaxation time at low
temperatures, enhancing the Hall drift.

In order to quantify the average strength of exciton spin
Hall effect relative to average longitudinal exciton number
current, we introduce a Hall angle 6. For a uniform pseudo-
magnetic field it reads

(i?) _ Jifdxdy _
Gy)  [iydxdy

With tan6 = (j5)/(j,) & T & 1, where ¢ < 75 < tx [39],
the Hall angle tan6 and spin polarization S, exhibit nearly
linear growth with 7c. The spatial distribution of S, across
different 7¢ values is depicted in Fig. S2 [39], highlighting
the observable effect under varying levels of disorder and
imperfection parameterized by tc. The increase in t¢ leads
to a reduced spin relaxation rate, 7g & 1/7¢, following the
D’yakonov-Perel” spin-relaxation mechanism [40—44,52,53],

2eBt
—Twe = ——p (12)

tan6 =
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FIG. 2. Strain-induced evolution of intervalley excitons’ number
and spin densities. (a) and (b) depict snapshots of the total exciton
density, denoted as 7 (in units of ng). These snapshots are taken for a
system with a radius of R = 5 um and a temperature of 7 = 300 K at
two time points: t = 0 and ¢ = 50 ps, respectively. The vector field
arrows indicate the exciton current density, denoted as j. (c) Cross
sections of the total exciton density »n along the x axis (depicted by
the red curve) and the y axis (depicted by the blue curve). The tempo-
ral evolution results in the broadening of the Gaussian exciton packet
and its drift along the y axis, attributed to the strain gradient VV.
(d) and (e) show snapshots of the exciton spin density S, (in units
of ny) and the spin polarization P, = S,/n at t = 50 ps, respectively.
The vector field arrows in (d) illustrate the respective current density
j°. A valley-dependent pseudomagnetic field leads to the separation
of intervalley excitons with opposite spins along the x axis. (f) Cross
section of the exciton spin density S, along the x axis. In (c) and
(f), the thin curves correspond to r = 25 ps, and the thick curves
represent ¢ = 50 ps.

resulting in a saturating dependence of S, on t¢ (Fig. S2(d)
in Ref. [39]).

Furthermore, as seen in Eq. (12), the Hall angle scales
with the arc radius as tanf « B « 1/R and it can be en-
hanced by reducing the arc radius that implies increasing
the curvature. Recently, arc-shaped deformation was experi-
mentally achieved in graphene using a nanomanipulator and
an atomic force microscope tip [31]. Given a local deflec-
tion d(x) along the y direction in a ribbon oriented along
the x direction, the local curvature radius is determined
by R(x) = |[(1 + [Bxd(x)]2)3/2/83d(x)|. The strain e(x,y) =
v/R(x), governing both scalar and vector potentials (Eq. (10)),

reaches its maximum, &m.x = =W/2R, at the ribbon edges
y = £W/2. For instance, with a ribbon width W = 1 and
R = 10p, this yields e, & 5%. The dependence of S, on the
arc radius R is illustrated in Fig. S3 in Ref. [39]. Single-layer
WSe, exhibits robust mechanical properties [54-57] with a
reasonably large Young’s Modulus (~250 GPa [58]), bending
rigidity (~12 eV [59]), a maximum strain tolerance of ~7.3%
in multilayer systems [60], and a predicted value ~19.7% in
single-layer WSe, [58], securing thus the robustness for strain
engineering and stability against out-of-plane buckling under
arc-shaped deformations.

Experimental realization. An intervalley exciton is the
lowest energy exciton state, lying 16 meV below the spin-
forbidden dark exciton state in WSe;, [22]. The respective
peak is clearly visible in photoluminescence spectrum at low
free carrier concentration and under nonresonant optical exci-
tation. The optical excitation/recombination of an intervalley
exciton is accompanied by the respective absorption/emission
of a chiral phonon [61], mediating the electron inter-
valley transition. In this process, the polarization of the
absorbed/emitted photon is determined by the spin orien-
tation of a hole, for which spin-valley locking holds. As
intervalley excitons have sufficiently large lifetime of about
200 ps, in the considered configuration of arc-shaped WSe;
monolayer after sufficiently long time away from the initial
localized excitation pump spot the luminescence will have
opposite circular polarizations, corresponding to the opposite
spins of the excitons for positive and negative values of x
coordinate. This can be probed experimentally by near field
measurement.

Moreover, spatial separation of spin polarizations gen-
erates an effective magnetic field. Indeed, the quantity
S.(x,y) =nt(x,y) —n (x,y) is associated with the spin
angular momentum density. Taking into account the inter-
valley exciton g factor g~ —12 [22], one can derive the
magnetic moment density in a 2D system as m(x,y) =
gmaS.(x,y) where g = 57.9 x 107% eV/T is the Bohr mag-
neton [62]. Accounting for finite thickness of our 2D material,
d ~ 0.7 nm, we introduce an effective 3D magnetization,

M(x,y) = %n(m)&(x,y) ~ %non(x,yx (13)

which allows us to estimate the corresponding magnetic field
By = noM where g is the magnetic permeability of the
vacuum. For realistic exciton concentrations ny ~ 10'2 cm~2
this gives an estimated value of By ~ 0.002 T, which is quite
significant and falls within the range of magnetic fields typ-
ically measured in the spin Hall effect in 2D electron gas
systems [3].

The exciton spin Hall effect results in a local magnetization
(and magnetic field) of sufficient magnitude to be probed by
magneto-optical techniques like Faraday and Kerr rotation
spectroscopy. The linear polarization rotation angle can be
calculated using

¢r = VdBy. (14)

The Verdet constant in TMD monolayers is shown to be
strongly frequency dependent and it can be as large as Vd ~
5 x 10~°rad/T [63,64], which yields ¢ ~ 108 rad. Rota-
tion angle can be further amplified by placing a monolayer
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in an optical cavity [65,66]. Furthermore, we can enhance
the effect by increasing the level of straining. The maximum
strain in an arc-shaped geometry occurs at the outer edges,
where the maximum strain is given by en.x = £W/2R, as
shown in Fig. 1. When considering a fixed maximum strain,
we can achieve an enhanced pseudomagnetic field by using
smaller arc radii in nanoribbon systems with a narrow width
W. In addition, we can utilize nanobubble structures made of
WS, and WSe,, which can generate substantial pseudomag-
netic fields in the range of hundreds of Tesla [25-27], thereby
leading to a significantly large spin accumulation due to the
strain-induced exciton spin Hall effect.

Conclusion. We proposed a mechanism of spin Hall effect
for intervalley excitons in arc-shaped monolayers of WSe,.
In the considered geometry, the strain gradient results in both
the drifting force and valley-dependent net Lorentz force
acting on intervalley excitons, resulting in the onset of the
transverse spin current. The proposed effect can be directly
probed via spatially resolved near field photoluminescence
spectroscopy, and pump-probe Faraday or Kerr rotation

techniques. This effect is quite general and can also manifest
itself in other indirect excitonic systems with hexagonal
symmetry, such as bilayer and bulk TMD systems, where
electrons and holes belong to different valley points that
are time-reversal counterparts of each other. Exploring
the impact of sound-induced pseudogauge fields, such
as the acoustogalvanic effect [67,68]—recently observed
in graphene [69]—on exciton spin transport, opens the
possibility of extending this effect to acoustospin modulation
effects.
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