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Moiré Exchange Effect in Twisted WSe, /WS, Heterobilayer
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Moiré superlattices of layered transition metal dichalcogenides are proven to host periodic electron
crystals due to strong correlation effects. These electron crystals can also be intertwined with intricate
magnetic phenomena. In this Letter, we present our findings on the moiré exchange effect, resulting from
the modulation of local magnetic moments by electron crystals within well-aligned WSe,/WS,
heterobilayers. Employing polarization-resolved magneto-optical spectroscopy, we unveil a high-energy
excitonic resonance near one hole per moiré unit cell (v = —1), which possesses a giant g factor several
times greater than the already very large g factor of the WSe, A exciton in this heterostructure. Supported
by continuum model calculations, these high-energy states are found to be dark excitons brightened
through Umklapp scattering from the moiré mini-Brillouin zone. When the carriers form a Mott insulating
state near v = —1, the Coulomb exchange between doped carriers and excitons forms an effective magnetic
field with moiré periodicity. This moiré exchange effect gives rise to the observed giant g factor for the

excitonic Umklapp state.

DOI: 10.1103/PhysRevLett.133.086501

Twisting two layers of two-dimensional materials results
in the emergence of moiré superlattices characterized by
periodic electronic potentials. Among these, moiré super-
lattices composed of transition metal dichalcogenides
(TMDs) have attracted significant attention due to their
potential for manipulating intricate electronic phases [1-3].
A diverse range of phases has been observed or predicted in
these systems, including generalized Wigner crystals [4—
12], Mott insulators [6,13,14], charge transfer insulators
[15], bosonic (excitonic) insulators [8,16-20], and zero-
field integer [21] and fractional Chern insulators [22-25].
In certain correlated states, nonmagnetic TMDs can exhibit
local magnetic moments and magnetic ordering [26-32].
Prior investigations have demonstrated that the intricate
magnetic couplings within TMD moiré superlattices are
closely tied to electron-electron interactions [3,33]. The
interplay between magnetism and electron correlation
underscores that magnetism can be significantly influenced
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by multiple factors, including the spatial separation be-
tween electrons, the order of layer stacking, and lattice
configuration [2,34,35].

Another intriguing phenomenon associated with moiré
superlattices is the Bragg-Umklapp scattering arising from
the reciprocal lattice of the moiré supercell [36,37]. This
scattering process effectively folds electronic states that
originally reside in neighboring mini-Brillouin zones into
the first mini-Brillouin zone. Notably, in TMD systems,
which are known for their strong light-matter interactions
and excitonic effects, Umklapp scattering leads to the
emergence of new bright excitonic states. For instance,
in the case of WSe, /WS, heterobilayers subject to moiré
superlattices, two distinct excitonic resonances appear at
energies above the A exciton [36]. Similarly, in monolayer
MoSe,, a peak that blue shifts with increasing doping is
observed at higher energy due to the formation of Wigner
crystals, which is attributed to the effects of Umklapp
scattering from the electron lattice [10].

Here, we report the observation of a giant Zeeman
splitting of an Umklapp exciton in WSe, /WS, with near
0° twist angle. At v = —1 (i.e., one hole per moiré site), it
was proposed that a 120° Néel order can emerge as a result

© 2024 American Physical Society
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FIG. 1. Device basics and characterization. (a) Optical micro-
scope image of device D1. (b) Photoluminescence spectrum of a
representative R-stacked device. The left and right panels show
interlayer and intralayer exciton photoluminescence, respectively.
The intralayer exciton photoluminescence is strongly suppressed
due to efficient charge transfer between the WSe, and WS, layers.
(c) Reflectance contrast spectra of device D1 versus gate voltage
and moiré filling factor at 5 K. X1, X2, and X3 denote the 1st, 2nd,
and 3rd excitonic peaks at charge neutrality. HI and H2 mark the
exciton peaks at hole doping near filling factor —1. The contrast
reflectance intensity in high-energy spectral range (marked by the
dashed box) is multiplied by 4 to magnify the weak features, and
the inserted small window is magnified by 16 times.

of kinetic antiferromagnetic-exchange interactions between
localized holes [14,33]. The interaction with this magnetic
order is responsible for the observed large Zeeman splitting
of the WSe, A exciton in such heterostructures [14]. In our
study, we observe a giant Zeeman splitting for a higher
energy state, with a ¢ factor more than 5 times larger than
that of the A exciton. This high-energy state is found to be a
dark exciton brightened through Umklapp scattering from
periodic moiré potential. Its Coulomb exchange with the
external magnetic field polarized moiré carriers is respon-
sible for the observed giant Zeeman splitting. The phe-
nomenon is well captured by our model that incorporates
moiré potential and a periodic moiré exchange field. The
effect from a periodic magnetic field was previously
proposed theoretically as “moiré Zeeman effect” [38].
We fabricated rhombohedral-stacked WSe, /WS, heter-
ostructures with near 0° alignment (see Methods for
details). The sample is in dual gated geometry, which
enables independent control of doping density and out-of-
plane electric fields. The data are taken from two devices
with moiré periodicities of approximately 8 nm (D1) and
8.5 nm (D2), corresponding to twist angles of 0.8° and 0.2°,
respectively. The determination of moiré wavelengths is
based on a combination of piezoresponse force microscopy,
the doping-dependent photoluminescence (PL), and optical
reflection measurements [Supplemental Material [39],
Figs. S1 and S2(a)]. All measurements were conducted
at a temperature of 1.6 K unless otherwise specified.
Figure 1(a) displays an optical microscope image of device
D1. We use strongly quenched intralayer exciton [right

panel in Fig. 1(b)] with the presence of a narrow interlayer
exciton emission [left panel in Fig. 1(b)] to demonstrate
high quality of the heterobilayer device.

Our investigations primarily focus on the reflectance
contrast spectrum (R — Ry)/Ry = AR/Ry in the vicinity of
the WSe, resonances. Here, R and R, are reflectance
measured on and off the heterostructure, respectively
(details in Methods). In Fig. 1(c), we present the doping-
dependent reflectance contrast of device DI, with the
corresponding filling factors indicated. The filling factors
are assigned based on a comparison between reflectance
and PL spectra (details in Methods). Near charge neutrality,
three intralayer moiré exciton features, labeled as X1, X2,
and X3 in Fig. 1(c), are identified, which are consistent
with previous results [36]. When the heterostructure is hole
doped, X2 and X3 disappear. A new peak [labeled as H2 in
Fig. 1(c)] emerges at about 80 meV above the ground state
exciton H1 near v = —1. Notably, this peak is absent in
monolayer WSe, [48]. We attribute peak H2 to Umklapp
excitonic states arising from the moiré potential as well as a
periodic effective magnetic field attached to moiré. While
these high-energy states remain dark in monolayer systems,
the periodic potential and the electron lattice introduce
spatial modulation of the energy and wave function of the
intralayer exciton. The brightening of Umklapp states can
be understood from the perspective of momentum space.
The initially dark states become coupled to the bright states
at the I' points through Umklapp scattering mediated by a
moiré reciprocal lattice vector. When the periodicity of the
exchange field is the same as that of the spin independent
moiré potential, scatterings by these two potentials will
form a bright Umklapp state in a constructive way.
Consequently, these Umklapp states inherit the optical
dipole of the bright states, rendering them optically active.
As a result, the oscillator strength of peak H2 is signifi-
cantly enhanced, making it observable in the reflectance
spectra.

We performed circular polarization-resolved reflection
measurements AR/R, near v = —1. Figure 2(a) shows the
spectra at selected magnetic fields applied in Faraday
geometry. All magnetic field dependent data in the main
text are from device D2 (see Figs. S3 and S4 [39] for D1).
The dashed lines in Fig. 2(a) depict the evolution of both
H1 and H2 peaks versus magnetic field, highlighting their
significant field dependence. The extracted polarization-
resolved peak positions (E) of H1 and H2 are shown in
Figs. 2(b) and 2(c), respectively. To obtain the Zeeman
splitting, we calculated the energy difference (A) between
the right- (R) and left-handed (L) circularly polarized
spectral peaks. As shown in Fig. 2(d), both peaks have
pronounced Zeeman splittings, with A(H2) being notably
larger than A(H1).

The enhancement of A(H2) is particularly evident at
v = —1, where the electron lattice is commensurate with
the moiré superlattice. In contrast, the large Zeeman
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FIG. 2. Giant Zeeman splitting of Umklapp exciton state. Results are from device D2 at v = —1. (a) Circularly polarized reflectance

contrast spectra at selected magnetic fields. Gray (pink) lines correspond to left-circular L (right-circular R) polarized spectra. Dashed
lines trace the R and L polarized peak positions of H2. (b),(c) Extracted polarization resolved peak positions of H1 (b) and H2 (c) versus
magnetic field. Green (yellow) dots in both panels correspond to peak energy extracted in R (L) polarized spectra. (d) Zeeman splitting
of H1 (red) and H2 (blue) versus magnetic field at v = —1. H2 possesses a significantly larger splitting than H1. (e) Schematic of moiré
excitons in moiré potential and moiré exchange field. Green (yellow) dots stand for holes (electrons). The location of the exciton and
holes are shown in the moiré supercell. AA sites are minima of the moiré potential (bottom layer) and BS/W sites are maxima of the

moiré exchange field (upper layer).

splitting is absent in X2 and X3 at charge neutrality.
This observation highlights the connection between
local effective magnetic fields and the electron lattice. At
v = —1, holes are localized at high symmetry BS*/W sites of
the moiré superlattice, forming a triangular lattice [11,49].
When subjected to an external magnetic field, the hole
spins align. The Umklapp states acquire optical dipole
through scattering with bright states at the I' point. The
magnetic lattice enables these states to gain the large energy
splitting of excitons in opposite valleys. Notably, the
magnetic lattice shares the same periodicity as the moiré
superlattice, as illustrated in Fig. 2(e). Consequently, the
Umklapp scattering shares the same reciprocal lattice
vectors as the magnetic lattice, which results in a signifi-
cant contribution from the moiré exchange field to the
Hamiltonian.

To further explain why Umklapp excitons exhibit a
giant Zeeman splitting, we performed simulations of spin
arrangements considering both the moiré potential and the
periodic effective magnetic field, as depicted schematically
in Fig. 2(e). The simulation of magnetization utilizes the
periodic Gaussian wave packets. Our model follows the
Refs. [11,49,50] for the assignment of exciton and hole
positions. The moiré exchange field at r generated by the
doped holes can be written as

M(}") = MO Z g_(r_R_RAB)Z/Wz’ (1)
R

where M, denotes the strength of the exchange interaction
between excitons and magnetized holes. R is the moiré

lattice vector, and R,p denotes the high symmetry point
BS¢/W of the supercell where holes reside. w is the wave
packet width. We use the continuum model to describe the
intralayer excitons from two opposite valleys. Pauli matri-
ces o are used to describe the valley degree of freedom. The
Hamiltonian, described as follows in Eq. (2), consists of the
pristine intralayer excitons and the moiré potential:

132

H= [— + V(r)] I, + M(r)o,. (2)

2m

On the right-hand side of Eq. (2), the first term denotes
the kinetic energy of excitons. V(r) represents moiré
potential, whose minima locates at AA sites and shares
the same periodic structure as M (r). I, denotes the identity
and the Pauli matrix o, describes the valley pseudospin.
The periodic moiré potential couples the exciton plane
wave component to the adjacent moiré reciprocal lattice
vectors with the identical scattering strength on two valleys,
whereas the moiré exchange field does so with inversed
scattering strength. The giant Zeeman energy originates
from the Coulomb exchange between a moiré exciton and
its surrounding localized holes (Weiss exchange field). We
noted that in experiments splittings of both peaks saturate
with field fast at around 0.5 T, where the hole spins are
aligned with external field already and exchange field stops
increasing. We also verify the validity of the magnitude of
moiré exchange field by calculating the Coulomb exchange
between an exciton and a hole wave packet. More
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FIG. 3. Simulated excitonic scattering with moiré potential and
moiré exchange field. (a) Schematics of exciton Umklapp scatte-
ring affected by moiré exchange field, where each state in
momentum space consists of two valley components and they
experience opposite scattering components. (b) Spatial maps of
the moiré potential (left) and moiré exchange field (right) at
saturation magnetic field. Red and black lines enclose one
supercell. (c) Simulated polarization-resolved spectra with vary-
ing magnetic fields. The horizontal axis shows energy shifts from
the zero-field ground exciton state, while the vertical axis
represents the amplitude of moiré exchange field.
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calculation details are elucidated in the Supplemental
Material, Secs. S2 and S3 [39].

Figure 3(a) illustrates Umklapp scatterings with the
presence of the moiré exchange field. Upon the activation
of an external magnetic field, doped holes are magnetized,
inducing an out-of-plane periodic exchange field. Excitons
originating from opposite valleys experience reversed
energy modulation due to this moiré exchange field.
Consequently, Zeeman splitting appears at both ground
and Umklapp states. As reported, the doped holes with spins
mostly populate at BS¢/W sites [11,49-51]; hence, the
localized exchange field maximum is at BS/W site as
depicted in the left panel of Fig. 3(b). However, moiré
potential to the exciton is shown to have minimum at
AA sites [right panel in Fig. 3(b)], i.e., ground states are
concentrated around AA sites [49,50]. Given the sub-
stantial reduction in the localized exchange field at AA
sites [Fig. 3(b)], the Zeeman splitting on ground states is
minor. On the other hand, the Umklapp states possess higher
energy levels and more extended wave function (Fig. S7 in
Supplemental Material, Sec. S2 [39]). Their density around
AA sites contributes a minor Zeeman splitting while
the extended density around BS/W contributes the major
Zeeman splitting. Based on this spatial overlap, Umklapp
excitonic states would experience a stronger local exchange
field than the ground state exciton. The simulation shows the
Zeeman splitting of the exciton ground state and Umklapp
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FIG. 4. Filling dependent Zeeman splitting. (a),(b) Zeeman
splitting amplitude plots as a function of magnetic field and
filling factor for peak H1 (a) and H2 (b). Both H1 and H2 exhibit
maximum splitting near » = —1, with H2 exhibiting larger
splitting across the entire filling factor range. (c) Linecuts of
Zeeman splitting for H1 (red) and H2 (blue) at selected filling
factors around v = —1.

state as a function of the exchange interaction strength
[Fig. 3(c)]l, which agrees well with our experimental
observation [Figs. 2(b) and 2(c)] when the amplitude of
moiré exchange field is set comparable to moiré potential’s
amplitude. These simulation outcomes underscore the
importance of periodic magnetism in moiré superlattices.

To confirm the significance of spins arising from electron
lattices, we further measure the magnetic field dependence
of A(H1) [Fig. 4(a)] and A(H2) [Fig. 4(b)] versus doping
in the vicinity of v = —1. The linecuts with selective
doping conditions are presented in Fig. 4(c) for a direct
comparison. From these data, the effective g factors for H1
and H2 as a function of doping are extracted See Fig. S5
[39] as an example, when doping v = —1). Notably, when
doped away from v = —1, the periodic exchange field
weakens substantially. Both H1 and H2 experience reduced
energy splitting. When the doping level is far from v = —1,
the effective g factor of the ground state exciton is basically
the same as the g factor in pristine monolayer WSe,
[v = —2 in Fig. 4(c)]. It is noteworthy that, throughout
the entire range of fillings investigated, H2 consistently
displays a larger energy splitting than H1 (Fig. S6 [39]). In
general, H2 originating from an Umklapp state is more
sensitive to the moiré exchange effect than H1, and yields a
sizable Zeeman splitting under the influence of the periodic
magnetic background.

In summary, our work reports the observation of the
moiré exchange effect. When the spins exhibit the same or
commensurate periodicity as the one of excitons, Zeeman
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splitting of the optical resonance is highly amplified on
Umklapp scattered branches. These signatures can be
potentially useful to investigate magnetic interactions in
moiré lattices or moiré magnets [38]. In addition, the
comparison of the Zeeman splitting of the Umklapp state
to that of the ground state can provide information about
wave-function distribution and potential profile in real
space. Experiments also indicate the substantial influence
of superlattice size and the real-space distribution of
electron spins on the moiré exchange effect originating
from the magnetic lattice. Furthermore, Umklapp state is
facilitated by supercell reciprocal lattice vectors, making it
potentially more sensitive to changes in moiré wavelength
than the ground state. Since the TMD moiré superlattices
rapidly emerge as a powerful platform for researching
many-body interactions and topology, the insights gained
in our work will help the community to further understand
the emergent phenomena in moiré TMDs, such as those
related to magneto-optical responses in the presence of
mixed exciton-carriers.

Methods—Sample fabrication: The sample fabrication
details can be found in Ref. [31]. In brief, a prefabricated
bottom gate [a hexagonal boron nitride (hBN)—graphite
stack] was transferred, and platinum contacts were made
above the stack using conventional electron beam
lithography methods. The bottom gate with contact was
then cleaned by an atomic force microscope in contact
mode. Mechanically exfoliated WS,, WSe, monolayers
were transferred using a flat polycarbonate (PC) and
polydimethylsiloxane (PDMS) stamp onto the prefabri-
cated and cleaned bottom gate. The crystal axis orientation
of WS,, WSe, was measured by linear polarization-
resolved second harmonic generation. The twist angle
was confirmed by piezoresponse force microscopy as
mentioned elsewhere [31]. After the moiré wavelength
was determined, the top graphite and hBN stack was
transferred onto the bottom part for encapsulation and to
realize the dual gate geometry.

Optical measurements:  All optical measurements were
conducted using a home-built confocal optical microscope
in normal incident reflection geometry. The samples were
cooled to 1.6 K using an exchange-gas cooled cryostat
(attoDRY 2100) equipped with a 9 T superconducting
magnet in Faraday configuration, and external magnetic
fields were applied as necessary.

PL and reflection measurements were performed with
the same supercontinuum laser, with and without the LLTF
filter, and were dispersed by a diffraction grating (600
grooves per mm) and detected on a silicon CCD camera.
The white light power used for reflection measurements
was 15 nW for both devices. Reference spectra R, were
taken at spots on the device but off of the WSe,/WS,
region. The PL was spectrally filtered from the laser using a
long-pass filter before being directed into a spectrometer.
The laser power used in PL measurements was 300 nW for

D1 and 40 nW for D2. The laser energy used in PL was in
resonance with WSe, 18 state for the corresponding device.

Estimation of carrier density and filling factor: The
carrier density is estimated using a parallel-plate capacitor
model with the gate voltage applied. The BN thickness of
samples was measured by atomic force microscope. D1 has
around 37 nm top BN and 38 nm bottom BN. And the top
and bottom BN thickness of D2 are 17 nm and 15 nm,
respectively. The carrier density is calculated using
C,AV,+ C,AV,, where C, (Cp,) is the geometric capaci-
tance of top (bottom) gate, and AV,(AV,) is the effective
doping voltage (the relative voltage from band edge). The
value used for the dielectric constant of BN is &,5y & 3.
The moiré wavelength is estimated through PFM measure-
ments. Filling factor assignment involves a comprehensive
analysis, including consideration of carrier density over
moiré size and comparison of major features in gate depen-
dent PL and reflectance contrast spectra (Supplemental
Material, Figs. S1 and S2(a) [39]).
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