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Moiré heterostructures are rapidly emerging as a tunable platform to study correlated
electronic phenomena. Discovery of exotic quantum phases in moiré systems requires
novel probes of charge and spin order. Unlike detection schemes which average over several moiré cells, local sensors can provide richer information with greater sensitivity. We
study a WSe2 /MoSe2 /WSe2 heterotrilayer which hosts excitons and electrons in distinct
moiré lattices, and show that localized dipolar excitons are sensitive proximity charge sensors, uncovering numerous correlated electronic states at fractional fillings of the multiorbital moiré lattice. In addition, the emission polarization can reveal the local electronic
spin configuration at different fillings. Our results establish dipolar excitons as promising
candidates to study emergent quantum matter and quantum magnetism in moiré crystals
with higher spatial resolution.
When the strength of Coulomb interactions between electrons in a solid dominates their
kinetic energy, electrons often display correlated behavior. Such correlations can lead to fascinating new phases of matter beyond the traditional paradigm, whose pursuit is one of the
main themes of modern condensed matter physics. Moiré heterostructures, formed by introducing a small twist between vertically stacked two-dimensional (2D) crystals, offer an easy knob
to tune electronic correlations by dramatically reducing the electronic kinetic energy [1, 2].
Moreover, the ability to control moiré lattice structure and in-situ tuning of interactions makes
this system promising for solid-state quantum simulation and systematic exploration of rich
electronic phase diagrams. Recently, several quantum phases with charge and spin ordering
such as Wigner crystals[3, 4, 5], Mott insulators[6] and quantum anomalous Hall states[7, 8, 9]
have been observed in moiré heterostructures of graphene and semiconducting transition metal
dichalcogenides (TMDs), with predictions for several other undiscovered exotic phases [10].
The experimental detection of such phases in semiconducting TMD moiré heterostructures is an ongoing endeavor which presents challenges but also unique opportunities. For
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example, while electronic transport measurements are plagued by high electrical contact resistance [11, 12], inherently strong light-matter interactions have been successfully exploited in
non-contact optical spectroscopic techniques to uncover correlated insulating states at several
fractional fillings of the moiré lattice [6, 12, 13, 14, 15, 16, 17]. One of the most attractive features of van der Waals (vdW) materials is that an additional 2D material serving as a proximity
sensor of the correlated electronic behavior can be easily incorporated in the same heterostructure during the fabrication process [14, 18]. However, the existing detection techniques probe
over tens to several thousand moiré unit cells and lack the spatial resolution needed to study
local fluctuations of charge and spin order. Besides traditional scanning probe techniques for
local sensing [18], vdW materials offer an all-2D approach wherein localized charge and spin
sensors in one moiré lattice spatially sample correlated electronic states in a different moiré
lattice of the same heterostructure, from which a global picture can be reconstructed.
Taking a first step towards this approach, we study a dual-moiré WSe2 /MoSe2 /WSe2 heterotrilayer which features different moiré superlattices for electrons and dipolar interlayer excitons, owing to different twist angles of the top and bottom heterobilayers [19]. Moiré-trapped
interlayer excitons (IX) with stable and spectrally narrow emission, together with an out-ofplane, non-oscillating dipole, respond sensitively to electric fields by changing their emission
energy, thus becoming local sensors of charge distribution around them. Moreover, the degree
of circular polarization (DCP) of their emission is sensitive to tiny magnetic fields and in turn to
spin phenomena. Crucially, the excitonic moiré lattice hosting local sensors is distinct from the
electronic moiré, which enables efficient sampling of symmetry-broken correlated electronic
states in the MoSe2 layer as the electron density is increased. An additional feature of such a
dual-moiré heterostructure is that the electronic moiré lattice can exhibit multiple degenerate
minima due to interference of the two moiré potentials, thus realizing multi-orbital Hubbard
models with richer physics [20, 21]. Our observations add highly sensitive, moiré-based local
probes to existing optical techniques by uncovering correlated electronic states in a dual-moiré
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heterostructure.
Figure 1A shows an image of our device consisting of hBN encapsulated WSe2 /MoSe2 /WSe2
heterotrilayer with dual graphite gates which allow for independent control of electron density
and out-of-plane displacement field (Fig. 1B) [22]. The type-II band alignment in MoSe2 /WSe2
heterobilayer results in the lowest energy state for electrons (holes) in the MoSe2 (WSe2 ) layer
such that the top (bottom) IX formed in the top (bottom) heterobilayer has a dipole moment
pointing up (down), which responds to an out-of-plane electric field (E). The effect of different
top and bottom twist angles is shown in Fig. 1C, which plots the calculated moiré potentials for
an IX in the bottom heterobilayer and an electron in the MoSe2 layer for twist angles of 1◦ /4◦ ,
representative of our sample. While an IX experiences only the bottom moiré potential, an
electron sees the interference of the top and bottom moiré potentials resulting in a multi-orbital
(multi-minima) electron moiré potential [19].
Low temperature photoluminescence (PL) spectra of the sample show several localized
emitters in the IX energy range, which are non-jittering with extremely narrow, instrumentlimited linewidth of ∼ 26 µeV (Fig. 1, D and E). We identify the two species of IX with
opposite dipoles by their opposite Stark shifts under E (Fig. 1F). Their circularly polarized
emission and Landé g-factor value indicates them to be moiré trapped IXs [23] (see Fig. S1,
S2). As bottom IXs are abundant in our sample, in the following we focus primarily on them.
In addition to sensing electric fields through changes in their energy, IX can sense magnetic
fields (B) as small as 10 mT. As shown in Fig. 1G, DCP under circularly polarized excitation
rapidly increases from zero to unity with B. This effect can be used to sense local spin or valley
configuration of electrons and enable probing of quantum magnetism. Figure 1H shows a cartoon depiction of our local charge sensing scheme – strong electron-electron interactions (Ue−e )
result in correlated, charge-ordered states at fractional fillings of the electronic moiré lattice as
carrier density is changed, which are then sensed through energy shifts of localized IX arising
from electron-dipole interactions (Ue−d ). IXs localized at different excitonic-moiré sites sample
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the correlated electronic state efficiently due to distinct moiré lattices for electrons and IX.
As we increase the electron density in the sample under E = 0, stable and sharp emission
of localized IX (Fig. 1D) starts exhibiting several seemingly random spectral jumps, however,
upon reversing the gate voltage (Vg ), even the minutest spectral jumps (∼ 50 µeV) are remarkably reproduced (Fig. 2A, Fig. S3, Fig. S4). We have performed Vg scans over a period of
several months and the spectral jumps are perfectly reproduced. Thus, we can conclude that
spectral jumps of IX, caused by addition of electrons to the sample, are not random but highly
deterministic in Vg and arise due to the change in charge configuration near localized IXs. In
other words, electrons are being added to a potential landscape which is static and can be reproducibly populated with Vg .
To reveal any correlations in the jump behavior and signatures of order in the potential
landscape, we perform simultaneous Vg scans over two different regions (spot A and spot B)
of the sample which are separated by ∼ 4 µm, several times the excitation spot size. As shown
in Fig. 2B, after starting with stable emission, we find that the PL qualitatively changes in
both spots at a Vg marked by the dotted line LI , followed by a sudden redshift of about 6-7
meV for several IXs in both regions at a Vg marked by the dotted line LT . LI marks the end
of intrinsic region whereas the redshift at LT is consistent with the recently observed moiré
trion[24, 25, 26] where the excess electron resides in the same moiré unit cell as the IX (See
supplementary Fig. S5 materials for further data on moiré trions). At higher electron densities,
PL from both regions broadens and becomes weak. Besides these global features, we also
find several Vg values where spectral jumps occur simultaneously, indicated by dashed white
lines and dashed red ellipses in Fig. 2B, both within the same spot and across the two spots.
The bottom panels of Fig. 2B show other such correlated jumps with non-zero E which helps
spread the jump in gate voltage range for easier identification (see Fig. S6, S7, S10 for further
correlations in jump behavior). More importantly, we observe that in addition to an overall blue
shift, jumps occur as both red and blue shifts, which is inconsistent with a simple picture where
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a monotonic increase of the electronic density in the middle MoSe2 layer only increases the
emission energy of IX [27]. In the following, we analyze these correlations in greater detail.
Figure 2C shows the gate-dependent PL behavior of localized IX together with the global
intralayer exciton reflectance from the excitation spot size. We identify 1s and 2s excitons of
MoSe2 and WSe2 intralayer excitons which allows us to identify the intrinsic region marked by
top red dashed line, labeled as ν ∗ = 0. Extending this line to the PL scan, as expected, we find
that it lies in the stable region. As we are focusing on the electron-doped side, we identify a Vg
labeled as ν ∗ = 1 where the reflectance of both Mo and W excitons first develops a kink. The
terminology for this assignment will become clear later. The PL also develops a kink at this gate
voltage and with higher doping, both reflectance and PL get broader and eventually disappear
together (Fig. S11, S12, S13 show that at the PL data also shows kinks which correlate with
the global reflectance). Thus, while reflectance is not sensitive enough to capture the numerous
jumps observed in the PL of localized IXs, we do find that both PL and reflectance show several
global features which are qualitatively similar.
Next, we replot the data in Fig. 2B with the Vg axis relabeled in fractions of the voltage
interval defined by ν ∗ = 0 and ν ∗ = 1 (Fig. 3, A and B). Remarkably, this simple relabeling
of axis shows that several jumps for both spots occur at gate voltages corresponding to integer
multiples of ν ∗ = 1/12. We note that our choice of 1/12 as the minimum fraction is much larger
than the step size of gate voltage scan which is ∼1/400, thus ruling out accidental correlations
in jumps. As shown in Fig. 3A, the jumps which do not fall on 1/12 graduations (marked by
dashed white lines) are often separated by other such jumps by a voltage range equal to 1/3
or 1 in units of ν ∗ = 1. To further confirm that this trend is statistically significant, we plot
occurrences of ν ∗ modulo 1/12 of over 330 jumps in a histogram. If most of the jumps occur at
integer multiples of 1/12, then we should observe a peak at zero. As shown in Fig. 3C, there is
indeed such a peak for both spots A and B. Furthermore, the residual peaks seem to be centered
at 1/3 and 1/2 of the 1/12 graduation. The probability to obtain the observed peak value at zero
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from a completely random distribution of jumps is estimated to be ∼5 % (∼10%) for spot A
(B). This probability will reduce further if we include the residual peaks at 1/3 and 1/2. Thus,
we conclude that the spectral jumps of IX occur at certain rational fillings of the electronic
moiré lattice which are in correspondence with ν ∗ .
While electrons are added continuously, we observe jumps primarily at fractional fillings
which can be understood to arise from the sudden, global (over 4 µm) redistributions of electrons at these fillings, which are locally sensed by moiré-trapped dipolar IXs or moiré trions.
The energy of spectral jumps is expected to be the same for a dipolar IX or moiré trion because
the loosely bound excess electron is present in both the initial and final states of the emission
process. The redistribution of charges at certain fractional fillings also explains the observed
red shifts of localized IXs. This constitutes strong evidence for incompressible electronic crystalline states with interaction-induced, long range order at fractional fillings of heterotrilayer
moiré potential. The transitions between these charge-ordered correlated states are sensed by
localized IX located at different positions with respect to the electronic moiré unit cell. The
abundance of fractional fillings which are multiples of 1/12 is expected because of the threefold symmetry and reconstruction of periodicity which gives quarter fillings on the underlying
moiré lattice. Moreover, choosing other fractions such as 1/11 and 1/13 do not yield peaks at
zero of the histogram (Fig. S14). Finally, we note that the overall blueshift with higher doping
is expected even in the absence of correlated states.
In order to relate ν ∗ to the actual filling fraction ν, we first note that defining ν (or even
a moiré length) for a multi-orbital moiré lattice is ambiguous. Nonetheless, we estimate the
doping density corresponding to ν ∗ = 1 from a capacitor model to be 1.7×1012 cm−2 and upon
setting ν ∗ = ν = 1, we obtain an effective moiré length of ∼ 7-8 nm (see Supplementary text).
This length scale is the effective electron lattice constant, which is smaller than the 1◦ moiré
length, implying that not only first orbital is involved in the doping behavior for the 1◦ /4◦ case.
In order to confirm the salient features of our observations and the explanation provided in the
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previous paragraph, we simulate the jump behavior of IX trapped in a moiré potential (Fig. 1C,
left panel) by calculating their energies at various symmetry-broken electronic crystalline states
of the heterotrilayer moiré lattice (Fig. 1C, right panel). Two such electronic crystals simulated
by classical simulated annealing technique (see Supplementary text) are shown in Fig. 3D at
different fillings, ne , of the multi-orbital moiré lattice in Fig. 1C. Figure 3E shows the simulation of energy shifts for a representative excitonic moiré site as a function of ne . Indeed, we
observe both red and blue shifts with an overall blue shift, in good agreement with our data and
interpretation. In addition to a qualitative comparison, we can perform statistics of the red and
blue shifts for spots A and B, as shown in Fig. 3F (left panel), which also agrees very well with
the spectral jump statistics of our simulation (Fig. 3F, right panel).
Finally, we convert the size of spectral jumps into an effective length using a charge sensing
model in which the energy shift of IX arises due to the electric field of an electron at a distance
reff (see Fig. S15). Figure 3G shows that reff is peaked at 7-8 nm for both data and simulation,
in excellent agreement with our independent estimate of an effective moiré length obtained
from the capacitor model. Owing to an uncertainty in the twist angle of < 1◦ between MoSe2
and WSe2 layer, we also simulate the jump behavior for a heterotrilayer for twist angles with
0◦ /3◦ . In this case, the dual-moiré potential arises from strain relaxation which is captured by
DFT calculations and shows a multi-orbital moiré unlike a heterobilayer with a twist of 3◦ (see
Supplementary text, Fig. S16). Fig. S17 shows that there is qualitatively similar behavior of
jumps even in this case. Comparing our data to simulations for multi-orbital moiré lattices,
we find evidence that a different orbital is occupied after half-filling of the first moiré minima,
which is expected because of the large on-site repulsion (see Supplementary Fig. S17, S18).
Figure 4 shows the DCP of PL as a function of electron density. We note that most localized IX have negligible DCP in the intrinsic region below 10 mT, very likely due to a residual electron-hole (e-h) exchange interaction, Jeh which mixes the K and -K valleys [28]. As
electrons are added, the DCP jumps to a finite value once moiré trions are created. This can
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be explained by the singlet configuration of the two electrons in moiré trion, which quenches
Jeh [29]. At the highest doping before which the emission broadens and disappears, DCP remains large. However, for certain moiré trions, we see a non-monotonic behavior of DCP with
doping. Dashed boxes in Fig. 4 A to C show that the DCP suddenly vanishes at certain filling
while the PL is still strong and recovers at a later fractional filling. Moreover, like the neutral
IX, the negligible DCP in this intermediate electron density becomes finite with a tiny magnetic
field of 50 mT[30], as shown in Fig. 4D (see Supplementary Fig.S19, S20 for more data).
To explain the disappearance of DCP at intermediate doping, we invoke a resonant tunnelinginduced recovery of e-h exchange as shown in Fig. 4E. At intermediate filling ν, 0 < ν < 1,
when a moiré site spatially close to the moiré trion is singly occupied with its energy close to the
electrons comprising the trion, there can be strong resonant tunneling (t) resulting in an effective e-h exchange interaction (Fig. 4E). This process requires spin-valley conserving tunnelings
of trion electrons and the crystal electron together with Jeh and is equivalent to an effective spin
flip-flop process between the trion hole and a crystal electron which gives a tunnel-dependent
exchange of ∼ t2 Jeh /δ 2 (See supplementary materials text). Such a process requires sufficient
proximity of the electron to the moiré trion, a condition which may not be satisfied by all localized IX. Although this process is second order in t, it can become large at resonance. Crucially,
this process requires half-filling of the participating moiré site to enable spin-flipping of the
electron. At higher doping densities, when the moiré site has double occupancy, this resonant
tunneling-induced exchange is either Pauli blocked or the resonance condition is lost due to
additional repulsion energy and the DCP recovers, consistent with our observations that the
recovery of DCP occurs above ν > 1. Thus, the DCP of IX gives local spin information of
correlated electronic states and can be exploited for probing quantum magnetism in the future.
In conclusion, we have introduced a moiré-based local sensing scheme for correlated electronic behavior in a monolithic dual-moiré heterostructure, relying on sampling rather than
scanning of the sample. Data from several localized sensors, each probing ∼ 10 nm, is used
9

to uncover long-ranged charge-ordered electronic states as a function of electron density. In
addition, the spin-valley degree of dipolar sensors yields information about the local spin behavior which could be used to detect magnetic order in the future. Our scheme, also based on
optical spectroscopy, complements the recently employed techniques such as reflectance spectroscopy, and is potentially more sensitive by not averaging over disorder or local domains.
Our multi-orbital moiré structure could be used to simulate multi-orbital Hubbard model and
explore quantum magnetism with Hund’s coupling [31]. In addition to vdW heterostructures,
proximity sensing using 2D dipolar excitons could be used to study other strongly correlated
materials such as unconventional superconductors and quantum magnets.
Our data contains a wealth of local information about correlated electronic states and in
future can be analyzed using machine learning techniques to reconstruct a global picture. In
addition to static structure, it should be possible to study dynamics from local charge and spin
fluctuations, which are expected to be enhanced near quantum phase transitions. For example,
the quantum nature of dipolar emitters can be exploited in photon statistics measurements which
could be affected by such fluctuations. Finally, in addition to being passive sensors, localized
dipolar IXs can strongly couple to other many-body systems and act as quantum impurities with
an optical readout.
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[9] Polshyn, H. et al. Electrical switching of magnetic order in an orbital chern insulator.
Nature 588, 66–70 (2020).
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Fig. 1. Sharp, non-jittering localized dipolar excitons in WSe2 /MoSe2 /WSe2 heterostructures as electric and magnetic field sensors. (A) Optical microscope image and (B) Side-view
illustration of the dual-gate WSe2 /MoSe2 /WSe2 heterostructure. The bottom WSe2 layer is rotated by 3◦ relative to the top WSe2 layer. (C) The calculated bottom exciton potential (left)
and electron potential in the middle MoSe2 layer (right) in a 1◦ /4◦ trilayer heterostructure [19].
The electron moiré unit cell is outlined by the red dashed lines. (D) The time-trace photoluminescence (PL) emission of localized interlayer excitons (IXs), showing sharp and stable peaks.
The energies of the excitons are consistent with IX energies. (E) The PL spectra of IXs showing instrument resolution-limited linewidths as narrow as ∼ 26 µeV. (F) Gate dependence of
dipolar IX emission under applied voltage to the back gate with top gate and trilayer grounded.
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The electric field from the asymmetric gating induces blueshift (redshift) of the IX in the bottom (top) heterobilayer denoted by downward (upward) from -2 V to 2 V. The black arrows
represent the dipole directions of the corresponding excitons. The intensity colorbar is logarithmic. (G) Polarization-resolved magneto-PL of IXs with σ + excitation. The degree of circular
polarization (DCP) increases with both positive and negative magnetic fields B. The Lorentzian
fitting of the DCP versus B gives a 6 mT width. (H) Schematic of our charge-order sensing
scheme using localized IXs. The Coulomb interaction between electrons (Ue−e ) with the moiré
potential gives rise to electronic crystallization, while the IXs can sense the electrons by the
Coulomb interaction between electrons and dipoles (Ue−d ). The excitation laser is at 1.70 eV
and 50 nW for (D)(E)(G) and 600 nW for (F).
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Fig. 2. Features of correlated electrons in the doping-dependent energy shifts of IXs.
(A) Reproducible red- and blue-shifts of IX energies with electron doping. The symmetric
gating Vg from -8 to 10 V (forward) introduces electrons into the system without electric field.
Sudden spectral jumps of IX energies and overall blue-shift are caused by changes in Coulomb
interactions between electrons and dipoles (Ue−d ). The spectral jumps are remarkably-well
reproduced when Vg is reversed from 10 V to -8 V (backward), excluding the possibility of
random jumps. (B) Correlation of energy shifts between different IXs and different sample
positions. Simultaneous PL gate scan of spot A (left) and spot B (right), which are separated
by 4 µm, shows similar global features: no energy shift above line LI , appearance of redshifted peaks after line LT and broadening of peaks after 10 V. The spectral jumps occur at the
same voltages (white dashed lines) for different IXs at the same spot and across different spots,
as shown by the energy shifts outlined by the red dashed ellipses. The bottom four PL gate
scans with asymmetric gating show similar correlated energy shifts, now with both electric field
and doping serving to stretch and therefore increasing the resolution of each energy shift. (C)
Correlation between doping-dependent PL (left) and reflectance contrast spectra (middle and
rights). AMo,1s , AW,1s , AMo,2s and AW,2s are the MoSe2 and WSe2 intralayer 1s and 2s exciton
resonances, respectively. The first red dashed line, which is at the charge neutral point, is
assigned as ν ∗ = 0. The second red dashed line, where the reflectance shows a kink, is assigned
as ν ∗ = 1. The voltage range difference between PL in (A) and (C) is because of change in
gating behavior after subjecting the sample to high voltage (∼ 40 V) and is corrected for (see
supplementary text, Fig. S8, S9). The excitation laser is at 1.70 eV and 80 nW.
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Fig. 3. Filling-fraction assignment and simulation of the correlated electronic states. (A)
Doping dependence of PL emission at spot A with respect to the filling fractions ν ∗ . The dashed
dark red lines indicate fractional fillings of the electronic moiré superlattice at multiples of ν ∗
= 1/12. Most of the spectral jumps fall on these lines. The horizontal white dashed lines denote
the energy shifts not falling on 1/12 fractions, however, they are often separated from each
other by intervals corresponding to ∆ν ∗ = 1/3 (vertical white solid line) or ∆ν ∗ = 1 (vertical
yellow solid line). (B) Doping dependence of PL emission at spot B with respect to ν ∗ (left)
with zoomed-in view for the white box (right). (C) Histograms of ν ∗ corresponding to spectral
jumps in spot A (left) and spot B (right) modulo 1/12. The histograms peak at 0, confirming that
jumps preferentially occur at fillings which are integer multiples of 1/12. (D) Charge-ordered
states from classical simulated annealing simulation in 1◦ /4◦ electron potential for filling factors
ne = 1/2 and ne = 4, where ne is the number of electrons per unit cell with a periodicity of
18 nm. The deep (light) blue dots in the left (right) panel are the first (second) orbital sites
occupied by electrons and grey dots are unoccupied sites. The localized dipolar excitons (red
dots) sense electron-dipole interaction (Ue−d ) from occupied electrons. (E) Calculated energy of
the localized dipolar exciton show red- and blue-shifts and an overall blueshift, consistent with
experimental features. (F) Histograms of spectral jump size ∆E from the experiment (left)
and simulation (right). (G) Histograms of effective length scale for the experiment (left) and
simulation (right) obtained by a procedure described in Supplementary text and Fig. S15. Both
experimental and simulated results give an effective length of 7-8 nm. The ν ∗ where spectral
jumps occur and jump size (∆E) are manually determined for all distinguishable IX peaks.
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Fig. 4. Doping dependent valley polarization of moiré excitons. (A) PL intensity (left) and
degree of PL circular polarization DCP (right) as a function of fractional fillings at spot A. The
filling for the DCP data is separated by white dashed lines into four regions: (I) unpolarized
intrinsic region; (II) cross-polarized trion region red-shifted by 7 meV from intrinsic counterparts; (III) unpolarized doped region; (IV) cross-polarized doped region with broad linewidth
and weak intensity. The arrows indicate the 7 meV redshift and the boxes outline excitons that
we focus on. (B) Helicity-resolved PL spectra at four fillings, ν ∗ = 0, 1/2, 3/2, 10/3. (C) PL intensity (left) and DCP (right) change with fractional fillings at spot B, showing similar behavior
as spot A. (D) The PL intensity (left) and DCP at 0 T (middle) and -50 mT (right). The small
magnetic field recovers the DCP, which is a signature of e-h exchange interaction quenching.
(E) Schematic of resonant tunneling induced exchange process of a K-valley moiré trion with a
nearby singly-occupied moiré site at intermediate doping. The valley-conserving resonant tunnelings of moiré electron and trion electrons, denoted by tunneling amplitude t, together with
e-h exchange Jeh enable an effective exchange interaction which reduces the DCP. The amplitude of this process, which is second-order in t, is enhanced at resonance when δ ≈ 0. The net
effect of this process is a spin flip-flop process between the moiré electron and the trion hole.
The (hermitian) conjugate of this process is not depicted here for brevity (see Supplementary
text).
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Methods
Device fabrications
The dual-gated transition metal dichalcogenide heterotrilayer devices were fabricated via
layer-by-layer dry transfer method using a polycarbonate (PC) stamp [32]. The WSe2 and MoSe2
monolayers, few-layer graphene and thick hBN are first mechanically exfoliated from bulk
crystals on 300 nm SiO2/Si substrates. The thickness of flakes was then determined by their
optical contrast, from which we estimate the hBN thickness to be around 200 nm, consistent with
atomic force microscopy measurements. The reason to select thick hBN is to reduce the effect of
charge fluctuations near the sample. For the sample stacking process, we use a PC stamp to pick
up (in sequence): the few-layer graphene top gate, top hBN flake, top WSe2 monolayer, MoSe2
monolayer, bottom WSe2 monolayer, the few-layer-graphene contact, the bottom hBN flake and
the few-layer graphene back gate. To produce small twist angles between the top WSe2 and the
middle MoSe2 layers, as well as between the bottom WSe2 and middle MoSe2, we use the tearand-stack method [33] to pick up half of a WSe2 flake, align with the MoSe2 layer within 1°
uncertainty and pick up the other half of the WSe2 flake with a rotation angle of 3° (Device 1,
main text and Fig. S1-S20) and 60° (Device 2, Fig. S21) relative to the top WSe2. The complete,
encapsulated heterostructure is finally released onto a 300 nm SiO2/Si substrate with prepatterned electrodes (5 nm Cr/55 nm Au) at 170 °C.
Optical measurements and electrostatic gating
Photoluminescence and reflection contrast spectroscopy measurements were performed with
Device 1 inside a closed-cycle optical cryostat (BlueFors cryogenics, 4 K) equipped with a ± 8 T
magnet in Faraday geometry. Device 2 was measured inside another cryostat (AttoDry800, 7 K).
A piezoelectric controller (Attocube systems) is used to position the sample. The excitation laser
for the photoluminescence measurements is a mode-hop-free tunable continuous-wave
Ti:Sapphire laser (MSquared Lasers) with a wavelength resolution of 0.1 pm, while a halogen
lamp serves as the white light source for the reflectance contrast measurements (Thorlabs
SLS201L). The laser/white light beams are focused on the sample with a spot size of ~1 μm
using an achromatic objective (NA = 0.42 for AttoDry 800 and NA = 0.63 for BlueFors
cryogenics). The photoluminescence emission or reflected white light is collected through the
same objective and directed to a high-resolution (focal length, 500 mm for AttoDry 800 and 750
mm for BlueFors cryogenics) spectrometer (Princeton Instrument HR-500 for AttoDry 800 and
Princeton Instruments SP-2750i for BlueFors cryogenics) where it is dispersed by a 1,200
grooves per mm or 300 grooves per mm grating (both blazed at 750 nm). A charge coupled
device (Princeton Instrument PIXIS-400 CCD for AttoDry 800 and PyLoN CCD for BlueFors
cryogenics) is used as a detector. The polarization of the incident laser is controlled by a
polarizer and a liquid crystal variable retarder. The polarization-resolved measurements are
performed by using a λ∕4 waveplate (achromatic, 690–1,200 nm) placed before a Wollaston
prism. The 𝜎 + and 𝜎 − components of circularly polarized light are converted into s and p
components of linearly polarized light and displaced by the Wollaston prism.
To tune the charge density or apply an electric field to the sample, voltages are applied to the
graphene top gate and graphene bottom gate through Keithley 2400 source meters while the
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graphene contact is grounded. The top and bottom gates are nearly symmetric with 180-200 nm
hBN gate dielectrics, so negligible electric field was measured with symmetric gating voltages.
DFT calculations
The ab initio calculations were performed within the Vienna Ab initio Simulation Package
(VASP) [34] using a projector-augmented wave (PAW) pseudopotential in conjunction with the
Perdew–Burke–Ernzerhof (PBE) [35] functionals and plane-wave basis sets. For the trilayer
heterostructures with MoSe2 and WSe2, we used a supercell containing 2979 atoms. The twisted
angles for the top and bottom two layers are 3.15 and 0, respectively, giving rise to a moiré
length of 6.04 nm. Due to the huge supercell in our simulations, the Brillouin zone was sampled
by a 111 Monkhorst–Pack k-mesh. A vacuum region of 15 Å was applied to avoid artificial
interaction between the periodic images along the perpendicular direction. Because of the absence
of strong chemical bonding between layers, van der Waals density functional in the opt88 form
[36] was employed for structural optimization. All structures were fully relaxed until the force on
each atom was less than 0.05 eV Å−1.
As the moiré system is filled from the electron side, and there is a large band offset for 400 meV
between monolayer MoSe2 and WSe2, we only consider the electron moiré bands from MoSe2
layer with corrugation, which is extracted from the fully relaxed trilayer heterostructures. Spinorbital couplings are included in the electronic calculations. We extract the orbital localizations of
the DFT wavefunctions with the VASPKIT code [37].

2

Supplementary Information
Determination of moiré length aM
The moiré length is determined by the twist angle and lattice mismatch. Due to the small
lattice mismatch (0.1%) of WSe2 and MoSe2, the moiré length mainly depends on the twist angle
θ by aM ≈ a0/θ. However, for the trilayer structure with different top and bottom twist angles, the
moiré potential has a beating pattern as shown in Fig. 1C or Fig. S16, S18, with various length
scales between potential minima. To achieve an effective length scale, we first use the capacitor
model to independently obtain the electron density. Then we assign 𝜐 ∗ = 𝜐 = 1, i.e., the voltage
where we see the first kink in the global reflectance as half-filling of the first minima, to obtain a
moiré density and thereafter the effective moiré length.
Based on the electric field induced energy shift ΔE of 3.5 meV by Vbg change from 6 to 10
V (Fig. S5), the total hBN thickness DhBN is given by ΔE = e⋅ 𝑑 ⋅ ϵg /ϵw ⋅ ΔVbg /DhBN , where the
ϵw = 7.4 is the dielectric constant of MoSe2/WSe2, ϵg = 3.7 is the hBN out-of-plane dielectric
constant, and d = 0.7 nm is the interlayer distance. The total hBN thickness DhBN is calculated to
be 400 nm so that each hBN thickness is about 200 nm, consistent with the optical contrast
estimation and AFM measurements. With the hBN thickness, we can estimate the electron
doping density by 𝑛 = 2ϵg ϵ0 /𝑒DhBN ⋅ 2ΔVg . In Fig. 2&3, Δ𝜈 ∗ =1 is corresponding to ΔVg = 8.5 V,
so that the moiré density 𝑛0 is equal to 1.74×1012 cm-2. The effective moiré periodicity is
𝜋

calculated to be ̅̅̅̅
𝑎𝑀 = 1/ √𝑛0 sin (3 ) ~ 8 nm.
Another independent method to estimate the mean moiré length is the transformation of the
energy shifts of dipolar excitons to be a length scale reff. The energy shifts of a dipolar exciton by
2
one electron at 𝑟𝑒𝑓𝑓 (Fig. S15A) is ΔE = 1/4𝜋ϵr ϵ0 ⋅ (1/𝑟𝑒𝑓𝑓 − 1/√𝑟𝑒𝑓𝑓
+ 𝑑2 ), which is a

blueshift of the exciton energy. The ϵr = 4.95 is the dielectric constant of hBN with both in-plane
and out-of-plane contributions. The explanation of the redshifts in the experimental data is that
electrons occupied the site near the dipolar exciton becomes unoccupied due to reconstruction of
the electron crystals (Fig. S15B). Considering the spectral jumps in the data caused by one
electron moving in and out of the dipolar exciton sensing range, which is 14 nm for 26 μeV
spectral resolution, the reff distribution from ΔE distribution is shown in Fig. 3G. The average of
all reff is ~7.4 nm, consistent with the above capacitor model estimation.
Correction for the doping dependence after subjecting to high voltage.
The gate dependence range of the device 1 is permanently changed after applying Vg = 40 V
to the sample, however, the spectral jump dynamics remain the same as shown in Fig. S8.
Mapping the voltage before the 40 V gate scan (Fig. S8A) to the voltage after the 40 V gate scan
(Fig. S8B) for each energy shift, the replotted gate scan after 40 V scan (Fig. S8C) is almost the
same as before. Besides, it is worthy to be noted that Fig. 2A and 3B are different data sets
before the 40 V scan with different voltage scan range (10 V for Fig.2A and 20 V for Fig.3B) but
show the same energy shifts at similar voltages. Fig. S6B, C, D have different scan ranges after
the 40 V scan but also show the same energy shifts at similar voltages. Therefore, it suggests 40
V changes the gate instead of sample properties, in other words, electronic crystal states are
unchanged. For the fraction analysis, we use the data before 40 V scan. The filling fractions in
3

Fig. S11, S12, S13 are assigned according to one-to-one mapping between voltage sets before
and after applying 40 V.
Monte Carlo simulations of long-range charge ordered states on multi-orbital lattices.
To simulate the electronic crystals at various fractional fillings, we employ a classical
simulated annealing scheme based on minimizing the electrostatic energy of electrons that we
employ for the classical charges on multi-orbital lattices. We use a screened Yukawa-like
potential in the form of 𝑉(𝑟𝑖𝑗 ) =

𝑒2
4𝜋𝜖𝑟 𝜖0 𝑟𝑖𝑗

𝑒 −𝑟𝑖𝑗/𝑟0 . Here 𝑟0 = N/2 is the interaction length scale,

where N is the length of the supercell that we consider. For the 3°/0° trilayer, the sites for
electrons are the moiré potential minima determined from the DFT calculations, consisting of
MX as the first orbital (#1, -30.4 meV, spin down) and MM as the second orbital (#2, -3.4 meV,
spin down) (Fig. S16). For the 1°/4° trilayer (Fig. 1C) or 2°/3° trilayer (Fig. S18), the electron
moiré potential is calculated by 𝑉𝑒 = −(𝐷𝑡 (𝑹) + 𝐷𝑏 (𝑹))/2. Here 𝐷𝑡/𝑏 (𝑹) is the top/bottom
𝑡/𝑏
𝑡/𝑏
𝑡/𝑏
exciton potential, given by 𝐷𝑡/𝑏 (𝑹) = 𝐷0 𝑓0 (𝑹) + 𝐷+1 𝑓+1 (𝑹) + 𝐷−1 𝑓−1 (𝑹), where
𝑡/𝑏

𝑡/𝑏

̂

𝑡/𝑏

2𝜋

̂ 𝟐 𝑡/𝑏

2𝜋

2

𝑓𝑚 (𝑹) = 1/9 |𝑒 −𝑖𝑲 ⋅𝑹 + 𝑒 −𝑖(𝐶3 𝑲 ⋅𝑹−𝑚 3 ) + 𝑒 −𝑖(𝐶𝟑 𝑲 ⋅𝑹+𝑚 3 ) | with 𝑲𝑡/𝑏 being the
wavevector at the corner of top and bottom Brillouin zones. The three parameters (𝐷0 , 𝐷+1 , 𝐷−1)
= (20, -8, 83) meV for WSe2/MoSe2 heterostructure[19]. The calculated electron moiré potential
shows the degenerate local minima for each unit cell, which is another signature of multi-orbital
lattices. To avoid the boundary effect, we use 9 × 9 replicas for the electron total energy
calculations. The simulated electron configurations are shown in Fig. S15, S17D, S18B,
supporting that the electrons with interactions form crystal-like structures. For the dipolar
exciton spectral jumps, we consider the excitons at the MX position in 3°/0° trilayer and bottom
exciton potential minima in 1°/4° or 2°/3° trilayers. The simulated exciton energy is achieved by
summing the electron-dipole energy over all filled electrons, capturing the experimental features
of red- and blue-shifts with overall blueshift (Fig. S17A, S18C). One feature of the multi-orbital
is also captured in the simulation is the jump size variation with the orbital, i.e., the width of the
jump size distribution is different, as the length scale for different orbital is different (Fig. S17A,
C). The experimental histogram in Fig. S17B shows the signature of the multi-orbital by the
asymmetry between 𝜈 ∗ > 3/2 and 𝜈 ∗ <3/2.
Exchange Hamiltonian for moiré trions
The valley mixing process for moiré trions includes the valley flip of exciton by the
electron-hole exchange interaction 𝐽𝑒ℎ , and valley-conserving resonant tunneling t of both an
electron occupying a nearby moiré site and the trion electron with detuning δ. The Hamiltonian
of the process is
+ +
𝐻 = 𝐽𝑒ℎ 𝑡 2 /δ2 (𝑋̂−K
𝑐̂−K ̂𝑐K 𝑋̂K + ℎ. 𝑐. )
where 𝑋̂K = ̂𝑒−K ̂𝑒K ℎ̂K is the annihilation operator for the K-valley trion with the annihilation of
K valley exciton ̂𝑒K ℎ̂K and -K-valley trion electron ̂𝑒−K . ̂𝑐K is the annihilation operator for the
electron in the moiré site. The amplitude of the process is 𝐽𝑒ℎ 𝑡 2 /δ2 , which depends on both t and
δ. If the detuning δ is close to zero, the effect is enhanced to reduce the DCP of trion. The net
effect of this process is a spin flip-flop process between the moiré electron and the trion hole.
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Fig. S1. Magneto-PL dependence of bottom dipoles. (A) The PL intensity (top panel) and
degree of circular polarization (DCP) (bottom panel) as the magnetic field B is swept from -1 to
2 T. (B) Zeeman splitting of an emitter versus B yields a g-factor of 6.86. The linear Zeeman
splitting has no observable fine structure and a g-factor of 6.86 is consistent with moiré exciton
features in WSe2/MoSe2 close to 0⁰ twist angle [23]. The cross-polarized feature under tiny B
field in Fig. 1G also confirms the assignment. The excitation laser is linearly polarized with the
energy E = 1.70 eV and power P = 100 nW.
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Fig. S2. Helicity-resolved PL spectra for the neutral top dipoles. PL spectra under (A) σ− and
(B) σ+ excitation show that the neutral top dipoles are co-polarized at B = 0. (C) The Zeeman
splitting versus B under linear excitation gives a g-factor of -16.11. The co-polarization without
magnetic field and g-factor of -16.11 suggest that the top WSe2/MoSe2 has close to 60⁰ twist
angle[23]. This is possibly because the top WSe2 is unintentionally folded at the edge. The
excitation laser is at 1.70 eV and 600 nW.
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Fig. S3. Reproducible energy shifts with electron doping at spot A. (A) PL intensity and (B)
DCP of localized interlayer excitons change with Vg. When the applied gate voltage is reversed,
the energy shifts and corresponding DCP are reversed. The excitation laser is 𝜎 − polarized at
1.70 eV and 50 nW.
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Fig. S4. Reproducible energy shifts with doping and electric field at spot B. (A). Back gate
dependence of PL intensity forward from 6 V to 10 V and backward from 10 V to 6 V. When the
gate voltage is reversed, the energy shifts are reversed. (B). Zoomed in examples of the energy
shifts. The excitation laser is at 1.70 eV and 50 nW.
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Fig. S5. Formation of moiré trion with electron and hole doping. Gate dependence of PL
emission of localized interlayer excitons (A) and lineplots at certain voltages (B) show 6-7 meV
redshifts of exciton energy from intrinsic (-3.2 V) to hole doping (-11 V) and electron doping
(0.2 V). The red and yellow dashed squares are the examples of moiré excitons.
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Fig. S6. Comparison between the gate dependences at spot B. (A). Gate dependence by
applying the voltage to the back gate together with other layers grounded, giving rise to both
electric field and doping effect to the sample. (B). Reconstructed gate dependence by removing
the slope in (A). (C). Gate dependence by applying the same voltages to the back gate and top
gate. The excitation laser is at 1.70 eV and 50 nW.
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Fig. S7. Correlated energy shifts between spot A and spot B with both electric field and
doping effect. The white dashed lines indicate the voltages where the energy shifts (red dashed
circles) occur for both spot A and B. The excitation laser energy is 1.70 eV and power is 80 nW.
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Fig. S8. Correction for the gate dependence after high voltage scan. (A). Gate dependence at
spot B before applying 40 V to the sample. (B). Gate dependence at spot B after applying 40 V
to the sample. The charge neutral point is shifted and voltage range for electron doping is smaller
compared to before. (C). Reconstructed gate dependence from (B) via one-to-one mapping
between voltages for energy shifts in (A) and (B). For further details, see supplementary text.
The excitation laser is at 1.70 eV and 50 nW.
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Fig. S9. Comparison between the gate dependences at spot A. (A). Gate dependence before
applying 40 V to the sample. (B-D). Gate dependence after applying 40 V to the sample. The
voltage scan range is +/- 20 V (A), +/- 40 V (B), +/- 30 V (C), +/- 25 V (D), respectively. The
similar energy shifts occur in (C) and (D) at the white dashed lines. The excitation laser is at 1.70
eV (WSe2 resonance) and 70 nW for (A-B) while it is at 1.63 eV (MoSe2 resonance) and 100 nW
for (C-D). The spectral resolution is 1200 grooves/mm for (A-C) and 300 grooves/mm for (D).
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Fig. S10. Doping examples. (A). The correlated spectral jumps between spot A (right) and spot
B (left) landing on the white lines. (B-D). The correlated spectral jumps within spot B landing on
the white lines.
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Spot C

Spot D

Fig. S11. Correlation between PL and reflectance contrast spectra at spot C and spot D.
(A). Gate dependence of PL (left panel), derivative of reflectance contrast over energy (middle
panel) and derivative of reflectance contrast over voltage (right panel) at spot C. (B). Gate
dependence at spot D. From intrinsic region 𝜈 ∗ = 0 to electron doped region 𝜈 ∗ = 3/2, localized
interlayer exciton energy shifts with increased electron density and their intensity decreases a lot
at 𝜈 ∗ = 3, which is consistent with the MoSe2 resonance blue-shifting, broadening and almost
disappearing at 𝜈 ∗ = 3 in the reflectance contrast spectra. The excitation laser energy is 1.70 eV
and power is 200 nW for (A) and 600 nW for (B).
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Spot E

Fig. S12. Correlation between PL and reflectance contrast spectra at spot E. Gate
dependence of PL (A) and DCP (B) of interlayer excitons, which have broad linewidth. (C). Gate
dependence of reflectance contrast. At 𝜈 ∗ = 1/3, the DCP suddenly increases. From 𝜈 ∗ = 1/3 to
3/2, the DCP stays constant for a certain range and then decreases to zero. From 𝜈 ∗ = 3/2 to 3,
the DCP starts to recover. This process correlates with features in the reflectance contrast
spectrum. The excitation laser is σ− polarized at 1.70 eV and 5 𝜇W.
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Spot D

Spot D

Spot C

Fig. S13. Correlation of PL spectra between spot C and spot D. Gate dependence of PL (A)
and DCP (C) for bottom dipoles (left panel) and top dipoles (right panel) at spot D correlates to
that of PL (D) and DCP (D) at spot C. At 𝜈 ∗ = 0, the PL spectra change from not shifting in the
intrinsic region to exhibiting sudden red and blue shifts in the electron doped region for both
dipoles and sample positions. At 𝜈 ∗ = 3/2, top dipoles suddenly become weak, and the DCP of
bottom dipoles starts to recover at spot D. In addition, the sudden energy shifts for localized
interlayer excitons happen for both positions at 𝜈 ∗ = 3/2. The overall blueshifts of both top and
bottom localized dipolar excitons exclude the possibility of electric field effect. The excitation
laser is σ− polarized at 1.70 eV.
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Fig. S14. Histograms of residuals of fillings at which energy jumps occur with different
moduli. (A). Histogram of jump positions modulo 1/11. (B). Histogram of the jump positions
modulo 1/12. (C). Histogram of the jump positions modulo 1/13. Only modulus 1/12 gives a
peak at 0, which means fractions with denominator 12 are the main filling fractions.
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Fig. S15. Examples of charge-ordered state transitions with red- or blue- shifts. (A).
Electrostatic model for the dipolar exciton energy change caused by the electron. With the
repulsion between the electrons and attraction between the electron and hole, the form of exciton
2
energy shift is given by (1/𝑟𝑒𝑓𝑓 − 1/√𝑟𝑒𝑓𝑓
+ 𝑑 2 ) /4𝜋ϵr ϵ0 ,, which is a blueshift. (B). Dipolar exciton

(IX) energy red shifts from filling 𝑛𝑒 = 1/2 to 𝑛𝑒 = 7/12. (C). Dipolar exciton energy blue shifts
from filling 𝑛𝑒 = 2/3 to 𝑛𝑒 = 3/4. 𝑛𝑒 is the number of electrons per unit cell. Red dots are
interlayer excitons, blue dots are occupied sites by electrons, and the grey dots are unoccupied
sites. The black dotted lines indicate the nearest neighbor (NN) interactions.
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Fig. S16. DFT calculations of band structure and electron localizations. (A). Relaxed
WSe2/MoSe2/WSe2 trilayer structure with twist angles of 3.15° and 0° for the top and bottom
bilayer, respectively. MM, MX, and XM are the three high-symmetry stacking locales. The unit
cell length is 6.04 nm. (B). Corrugation of the trilayer heterostructure. (C). Bands of the trilayer
with spin-orbital-coupling. (D). Electron localizations in the MoSe2 layer for
WSe2/MoSe2/WSe2 (top panel) and WSe2/MoSe2 (bottom panel). For the trilayer, the first orbital
(#1, -30.4 meV, spin down) and second orbital (#2, -3.4 meV, spin down) are localized at MX
and MM, respectively; however, the second orbital of bilayer is localized at MX the same as the
first orbital.
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Fig. S17. Monte Carlo simulation of charge-ordered states for electrons in 3°
heterostructure with two orbitals. (A). The histogram of all the experimental energy shifts in
spot A and spot B, ν∗ <3/2 has a smaller distribution than ν∗ >3/2, suggesting a multi-orbital effect
as simulated in (B-D). (B). 1°/4° has different distributions for two orbitals. The second orbital
energy shifts are more broadly distributed than the first orbital. (C). 𝑛𝑒 = 1/3 and 𝑛𝑒 = 4/3 for the
3° heterostructure with two orbitals. Blue empty dots are unoccupied first orbital sites, red empty
dots are unoccupied second orbital sites, and blue solid dots are sites occupied by electrons.
When the first orbital is fully filled, electrons will start to fill the second orbital. (D). Simulation
of the dipolar exciton energy shifts with electron doping. The left panel shows red- and blueshifts with increased electron density, and an overall blueshift of 10 meV. 𝑛𝑒 = 0 to 1 is the first
orbital and 𝑛𝑒 = 1 to 2 is the second orbital. The middle panel is the histogram of energy shifts.
The second orbital energy shifts are more broadly distributed than the first orbital. The right
panel is the histogram of 𝑟𝑒𝑓𝑓 extracted from energy shifts according to Fig. S15A. The second
orbital has a smaller 𝑟𝑒𝑓𝑓 than the first one.
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Fig. S18. Monte Carlo simulation of charge-ordered states for electrons in the 2°/3°
WSe2/MoSe2/WSe2 heterostructure. (A). Bottom exciton potential (left panel) and electron
potential in the middle MoSe2 layer (right panel). The electron potential has three degenerate
local minima in the unit cell (red dashed lines), which we consider as the first orbital.
(B) Filling examples for 𝑛𝑒 = 1 and 𝑛𝑒 = 2. Blue dots are sites occupied by electrons, and the
grey dots are unoccupied sites. (C) Example of energy shifts for one dipolar exciton with
electron doping. The energy shift distribution is narrower than the experimental one in the main
text and effective length 𝑟𝑒𝑓𝑓 is longer than experimental value 7-8 nm.

22

Fig. S19. Polarization resolved spectra of other peaks at spot B. PL intensity and DCP as a
function of filling for peak P1 (A), peak P2 (B), and peak P3 (C). All the peaks show that
localized interlayer excitons are unpolarized in the intrinsic region and become polarized when
the electron doping starts, which is attributed to the trion formation. Thereafter, the excitons
become unpolarized at certain filling range and finally recover the polarization at higher filling.
The excitation laser is σ− polarized at 1.70 eV and 50 nW.
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Spot C

Spot A

Fig. S20. The recovery of circular polarization under small magnetic field in intrinsic and
electron doped regions. (A-C). PL intensity, DCP at B = 0, and DCP at B = 0.3 T at spot C. (DF). PL intensity, DCP at B = 0, and DCP at B = -0.05 T at spot A. (G). Magnetic field
dependence of DCP at -5 V (intrinsic) and 6 V (electron doped). The DCP dip is the signature of
quenching electron-hole exchange interactions. The DCP at hole doping is opposite to that at
electron doping. The red dashed circles are the ranges where the DCP disappears at 0 T but
recovers at small finite B field. The excitation laser is σ+ polarized for spot C and at σ− polarized
for spot A.
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Fig. S21. Time-trace and gate dependence of PL emission in device 2. (A). Time trace shows
no jittering of localized interlayer excitons. (B). Trion formation and reproducible red- and blueshifts of localized interlayer excitons. The white arrows are 7 meV energy shifts. The linewidth
is 500 μeV at 7 K.
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