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Twistronics, which utilizes the moiré potential to induce exotic excitations in twisted material systems,
has garnered significant attention in recent years. In this Letter, using the Bethe-Salpeter calculations based
on a continuum model of electronic structures, we explore the optical characteristics of intralayer moiré
excitons in twisted bilayer transition metal dichalcogenide heterostructures. We find the Coulomb
exchange interactions strongly influence these excitons and the degree of valley polarization and that
the splitting between spin-singlet and spin-triplet moiré excitons can be effectively controlled by varying
the twist angle. Specifically, intralayer bright spin-singlet moiré excitons confined in a twisted WSe, /WS,
heterostructure can achieve valley polarization levels as high as 90% at small twist angles, which holds
promise for future applications in valleytronics. These findings underscore the twist angle as a novel
parameter for manipulating the optical properties of moiré excitons, thereby establishing moiré semi-
conductors as a promising platform for investigating many-body physics in solid-state systems.
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Introduction—When two or more van der Waals layers
with slight differences in lattice constant or orientation
are aligned, long-scale structures called moiré superlattices
can form in which many exotic phenomena have been
observed, including correlated insulators [1-5], unconven-
tional superconductivity [6-8], the quantum anomalous
Hall effect [9-11], the fractional quantum anomalous Hall
effect [11-15], and so on. As one of the most researched
moiré systems, twisted bilayer transition metal dichalco-
genides (TMDs) host the semiconducting moiré super-
lattices with strong spin-orbit coupling, in which excitons
can be trapped by moiré potential [see Fig. 1(a)] [16-21],
realizing moiré quantum emitter arrays [22]. Consequently,
the moiré exciton formed in a TMD heterostructure not
only preserves the spin-momentum locking effect, charac-
teristic of a TMD monolayer, but also can be tuned by the
new twisting degree of freedom, leading to the spatially
varying selection rules [18,22,23], the long-sought boson
crystal [22,24], and Mott-moiré excitons [25]. Such a moiré
system serves as a new solid-state platform to simulate the
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problem in strong-correlation physics [4,25-27], indicating
future optoelectronics applications [24,28,29].

In monolayer TMDs, the important role of the Coulomb
exchange interactions, which can couple electronic states
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FIG. 1. (a) The schematic diagram of the moiré excitons
trapped by the moiré potential. (b) The Bloch sphere represents
the valley pseudospin of the lowest bright intralayer moiré
exciton. The north and south poles correspond to valleys coupled
with the left- and right-handed circularly polarized photons.
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from opposite valleys [30,31], has been well identified in
optical spectroscopy [32,33]. Without such exchange
coupling or other intervalley interactions [34-39],
two valleys are decoupled and will host excitons with
purely left- and right-handed circular polarization [23,40],
which can be optically excited by photons with the same
helicity [marked by the north and south poles in Fig. 1(b)].
The Coulomb exchange interactions can scatter excitons
from one valley to the other, as illustrated by the dia-
grammatic trajectory of time evolution on the surface of the
Bloch sphere in Fig. 1(b), thereby influencing valley
polarization and dynamics, causing the valley depolariza-
tion, and hampering the future application of valleytronics
[30-33,41,42]. The control and manipulation of valley
polarization in optical excitations is one of the central
topics for valleytronics in 2D materials and many efforts
have been dedicated to this field [41,42]. Inspired by the
promising development of twistronics [28], some spectral
experiments have been conducted, which succeed in
observing twist-angle-dependent behavior for the valley
polarization in twisted TMD heterostructures [43]. On the
other hand, the theoretical understanding of the role of
exchange interactions in moiré semiconductors is still
limited since the large-scale first-principles GW-Bethe-
Salpeter equation (BSE) calculations [44,45] are too costly
to consider exchange interactions in the study of finite
momentum BSE calculations.

In previous studies, much theoretical research has
used continuum models treating excitons in the moiré
potential analogous to a Bloch problem [46,47], assuming
that the moiré superlattice preserves the intrinsic nature of

FIG. 2.

excitons [44]. In contrast to results from large-scale
GW-BSE calculations for moiré excitons, such a treatment
is an oversimplification and cannot properly describe the
intralayer charge-transfer moiré excitons in twisted hetero-
bilayer WSe, /WS, [17,44]. To overcome this issue, we
develop a distinct effective model that uses the moiré
continuum Hamiltonian to describe the electronic proper-
ties in the moiré Brillouin zone (BZ) [26], then incorporate
the Coulomb interaction to construct the BSE kernel matrix
[45,48-53], and solve the BSE to obtain intralayer moiré
excitons. Applying this method to a twisted WSe,/WS,
heterostructure, we observe optically active trapped moiré
excitons and charge-transfer moiré excitons, consistent
with results from large-scale GW-BSE calculations [44].
By varying the twist angle, the exciton binding energy and
the valley polarization of the lowest bright moiré excitons
can be manipulated efficiently. In addition to spin-singlet
bright moiré excitons, we also study spin-triplet moiré
excitons and find that the Coulomb exchange interactions
play a significant role in the energy splitting between spin-
singlet and triplet excitons, which varies with twist angles
and could influence the dynamics of the moiré excitons.
Our results indicate that the twist angle is a useful degree of
freedom to control the valley depolarization of moiré
excitons, and the ideal valley polarization can be realized
in the twisted TMD with small twist angles.
Results—For definiteness, herein we consider the
low-energy intralayer exciton of WSe, in the twisted
WSe, /WS, heterostructure, which is composed of the
electron and hole in the same WSe, layer. The other layer,
such as WS,, provides the moiré potential through
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(a),(b) The moiré potential fitted from the first-principles calculation for the valence band and conduction band, respectively.

(c) The moiré Brillouin zone and the six lowest-order reciprocal lattice vectors. (d) The moiré band structure of WSe, calculated from
the continuum model with § = 2.5°. The Fermi level is set as zero. (e) The absorbance spectrum of the WSe, intralayer moiré excitons in
the twisted WSe, /WS, correspondingly. (f) The real space distribution of the moiré exciton wave functions [¥s g—o(re. rp,)|* for Peaks I
and III as shown in (e). The area encircled by the yellow dashed line corresponds to the moiré unit cell in (a). The hole position is fixed at

the Se/W region.
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interlayer coupling. Consequently, the electronic proper-
ties of moiré systems that we focus on can be described
by a two-band k - p Hamiltonian of WSe, [54], affected
by a periodic moiré potential with the moiré period,
ay =~ ay/6, where a is the lattice constant of the mono-
layer WSe, and @ is the twist angle. The effective
Hamiltonian has the form [55]

. E
H(k) =hvp(k —=K) -6 +790Z + A(r)

Ar) = ZV]- exp(ib; - r). (1)

Herein, o represents the pseudospin basis corresponding
to the d orbitals of the W atoms, 7 is the reduced Planck’s
constant, vy is the velocity parameter with ivy =3.9eV A
[54], and E, stands for the direct band gap in monolayer
WSe, with the value of 2.05 eV [44]. b is the reciprocal
lattice vectors in moiré lattice, and A(r) is the moiré
potential. Typically, this potential is approximated by the
lowest Fourier expansion, including only six reciprocal
lattice vectors [see Fig. 2(c)]. Constrained by the three-
fold rotational symmetry around the Z axis and the
requirement that A(r) be a real number, we have
Vi=Vy=Vs=V;=V;=V:=diag(V.e?, V,e),
resulting in only four parameters [26,55-57]. The con-
tinuum model above [see Eq. (1)] only represents an
electronic structure near one K valley in the moiré BZ,
under the time-reversal symmetry 7 we can obtain
corresponding results for states near the —K valley.
The Coulomb exchange interactions could couple these
states at opposite valleys. From the first-principles
calculations [see details in Supplemental Material
(SM) [58]], we obtain (V¢,¢°) = (12 meV,—136°) and
(VP ¢") = (15 meV,—45°), which are comparable
with results reported in previous work [57]. In Figs. 2(a)
and 2(b), we plot the moiré potentials in the moiré lattice
for the valence band and conduction band, respectively,
and the calculated electronic band structure from the
continuum model is shown in Fig. 2(d). These results are
qualitatively consistent with those calculated from large-
scale GW calculations [44].

We numerically solve the moiré exciton BSE to obtain
eigenenergy Q(S2 and wave functions Wgq (re, 1y ) for moiré
excitons based on the electronic structure from the con-
tinuum model (see details in SM [58]), where S represents
the index of the excitons, Q is the center-of-mass momen-
tum of the excitons, r, and ry, are the positions of the
composite electron and hole, respectively. Considering
the magnitude of the wave vector of the light is much
smaller than the size of moiré BZ, we first focus on the
bright spin-singlet moiré excitons in the light cone (Q ~ 0),
which are composed of electron-hole pairs within the
same continuum model of either the K or —K valley
[see Fig. 3(b) and SM [58]]. Once electrons and holes
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FIG. 3. (a), (b) The schematic diagram of the direct Coulomb
interactions and exchange interactions between electron-hole pairs
of the electronic continuum model (a) within the same valley and
(b) near two opposite valleys. The solid line (K) and dashed line
(—K) in (b) represent two different valleys, respectively. Only the
exchange interactions couple the electronic state at two different
valleys. (c) The band structure of the moiré exciton at 6 = 2.5°
without (left panel) and with (right panel) exchange interactions.
The blue and yellow lines represent spin-singlet and spin-triplet
moiré excitons, respectively. The red dashed line is fitted by the
effective two-band exciton Hamiltonian.

originate from the opposite untwisted valleys, they can
compose the spin-triplet dark moiré excitons (see details in
SM [58]) as a result of the spin-valley locking in untwisted
TMD materials. Figure 2(e) shows the simulated absorption
spectra for twisted WSe, /WS, with 8 = 2.5° (see details in
SM [58]). Three optically active exciton peaks can be
observed, corresponding to two trapped intralayer moiré
excitons (Peaks I and II) and charge-transfer moiré excitons
(Peak III). Herein, the moiré potential strongly modifies
electronic states to form the moiré band, resulting in
emergent exciton peaks [16,17,44]. The corresponding
real-space exciton wave functions |Wgq_o(re,rp,)|> for
Peaks I and IIT are shown in Fig. 2(f). The lowest exciton
resembles the isotropic hydrogen wave function with a
radius much smaller than the moiré lattice constant ay,.
In contrast, the distribution of exciton III is anisotropic
and demonstrates characteristics of charge-transfer excitons
[44]. Our results are qualitatively consistent with those
calculated from large-scale GW-BSE calculations [44] in
contrast to that from the exciton continuum model [46,47].
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To further explore the role of exchange interactions in the
dispersion of moire excitons, we calculate the band
structure of the moiré exciton by solving the BSE for
electron-hole pairs with finite momentum Q. For the bright
spin-singlet moiré excitons that can be detected directly in
optical spectroscopy, the direct Coulomb interactions [see
Fig. 3(a)] provide the attraction between an electron and a
hole, but cannot couple electron-hole pairs at opposite
valleys K and —K, since this process requires a virtual
photon with a large wave vector [see Fig. 3(b)]. Therefore,
without exchange interactions, the electron-hole pairs in
opposite valleys are independent, making the calculated
moiré exciton bands from different valleys nearly degen-
erate [see blue lines in Fig. 3(c)]. However, when the
intervalley exchange interaction, where a virtual photon
with a small wave vector annihilates and creates electron-
hole pairs at different momenta, is included, the continuum
models near the opposite valleys are coupled [see
Fig. 3(b)], lifting this degeneracy of exciton bands near y
point in the moiré BZ (see details in SM [58]). In addition,
we observe an energy splitting between the lowest spin-
singlet and spin-triplet moiré excitons (triplet-singlet split-
ting) [see blue and yellow lines in Fig. 3(c)] as a result of the
intravalley exchange interactions (see details in SM [58]).

Previous studies have reported a two-band effective
Hamiltonian to describe this intervalley coupling in mono-
layer TMDs [30,45]. We use the same effective model
to describe spin-singlet moiré excitons when focusing on
1s-bright exciton as the ground state [72]. In this model, as

fitted results for moiré excitons shown in the right panel of
Fig. 3(c), the splitting lower exciton band Q,(Q) displays a
parabolic dispersion, while the upper band Q,(Q) exhibits
a nonanalytic linear dispersion

! 0 2M;
Q (!) =Qy+2A + : 2 2

where A is the constant representing the dominant order of
the exchange coupling, M;u is the effective mass of moiré
excitons for the lower or upper band and is also renormal-
ized by the exchange interactions [45]. The intervalley
coupling term 2A|Q|, can lead to many observable phe-
nomena such as the valley depolarization and valley
dynamics in monolayer TMDs [30,31].

In the moiré systems, not only can various electronic
properties be manipulated by the twist angle between
different layers [73,74], but also the twist angle can control
properties of moiré excitons. For example, the triplet-
singlet splitting can vary with twist angles and influence
the exciton dynamics (see details in SM [58]). Herein,
we mainly focus on the optically bright spin-singlet moiré
excitons, whose binding energy and valley polarization also
depend on the twist angle. The calculated band structures
of moiré excitons with different twist angles are shown in
Figs. 4(a)—4(c). As the twist angle changes, the properties
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FIG. 4.

(a)—(c) The WSe, intralayer moiré exciton band structures correspond to 1.5°, 2.0°, and 3.0° twisted WSe,/WS2

heterobilayers, respectively. The red dashed lines represent the fitted results of the effective two-band exciton Hamiltonian.
(d) The variation of the binding energy of the ground state moiré excitons with different twist angles. (e) The degree of circular
polarization (DCP) and nonanalytic linear dispersion of the upper band 2A at different twist angles. (f) The schematic diagram of the
dispersion of the lowest two moiré exciton bands in the light cone. The lower exciton band displays a parabolic dispersion, while the
upper band exhibits a linear dispersion. Since the splitting between the two bands, which manifests the coupling between excitons from
the two valleys, increases as the magnitude of momentum |Q| increases, the valley depolarization time 7, decreases with increasing
|Q|. The average of the valley depolarization time and estimation of the DCP is done in the light cone.
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of moiré excitons change considerably. Quantitatively, we
find that the binding energy of the ground state of moiré
excitons (E?) decreases as the twist angle decreases [see
Fig. 4(d)]. We attribute this to the weaker Coulomb
attraction between the electron and the hole in the larger
moiré supercell. Since in the tight-binding limit, the kinetic
energy of trapped moiré exciton [such as Peak I in Fig. 2(c)]
scales with the superlattice constant as a;?, while the
Coulomb energy exceeds the kinetic energy at small twist
angles and dominates the energy of the moiré excitons.
On the other hand, both the on-site Coulomb interaction
and the intersite Coulomb interaction decrease with the
scale of the moiré superlattice, scaling as a;,ll/ * and ay,
respectively [57]. Therefore, the binding energy becomes
weaker at smaller twist angles 6, correspondingly to the
larger moiré lattice constants a,, [25].

To study the valley polarization of trapped moiré exciton,
we perform calculations for intralayer moiré excitons
in twisted WSe,/WS, heterostructures with various
twist angles and fit the coupling strength A at different
angles including the exchange interactions [see Figs. 4(e)
and 4(f)]. Our results demonstrate that the intervalley
coupling induced by the exchange interactions sensitively
depends on the twist angles in moiré systems. In the model
study, the intervalley coupling through the exchange inter-
actions is proportional to the probability density of exciton
wave functions with the spatially overlapped electron and
hole (approximately A o |¥q_o(r, =ry.1y)|? [30,72]), and
is hence inversely proportional to the square of the Bohr
radius. The Bohr radius of trapped moiré exciton will
increase with the moiré period when the twist angle
decreases (see details in SM [58]), which also corresponds
to the character of the variation of the binding energy.
Therefore, the decrease of the twist angle will induce smaller
coupling strength and a larger degree of circular polariza-
tion. For simplicity, we can estimate the rate of valley
depolarization of exciton states with momentum Q [see
Fig. 4(f)], which is proportional to the coupling strength A,
and the circular polarization P (see details in SM [58]). For
the typical recombination time ~1 ps for TMDs [75], the
degree of circular polarization can vary from 60% to 90% by
changing the moiré period in the range from 4 to 18 nm [see
Fig. 4(e)]. Our calculation results are consistent with the
experimental observation of intralayer moiré exciton in
WS, for varying twist angles [43].

Conclusions—In this Letter, by solving the BSE based
on the electronic continuum model, we systematically study
the properties of intralayer moiré excitons in twisted
WSe, /WS, heterobilayers, revealing the important role
of the exchange interactions for moiré excitons that
was difficult to describe well in previous frameworks
[44,46,47]. Varying the twist angle, we find the variations
of the binding energy, the triplet-singlet splitting of moiré
excitons, and the intervalley coupling strength for the lowest
bright intralayer moiré excitons, indicating that valley

polarization and other valleytronic properties in twisted
TMDs associated with exchange interactions can be manip-
ulated by adjusting the twist angle. The valley polarization as
high as 90% can be achieved in twisted TMDs with small
twist angles, supporting the future application of twisted
TMD materials in valleytronics. Our results demonstrate that
twisting is a useful degree of freedom to control the optical
properties in moiré semiconductors, enabling novel func-
tionalities in photoelectric moiré devices.
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