
 

Optical Signatures of Periodic Charge Distribution in a Mott-like Correlated Insulator State
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The elementary optical excitations in two-dimensional semiconductors hosting itinerant
electrons are attractive and repulsive polarons—excitons that are dynamically screened by electrons.
Exciton polarons have hitherto been studied in translationally invariant degenerate Fermi systems.
Here, we show that periodic distribution of electrons breaks the excitonic translational invariance
and leads to a direct optical signature in the exciton-polaron spectrum. Specifically, we demonstrate
that new optical resonances appear due to spatially modulated interactions between excitons and
electrons in an incompressible Mott-like correlated state. Our observations demonstrate that resonant
optical spectroscopy provides an invaluable tool for studying strongly correlated states, such as
Wigner crystals and density waves, where exciton-electron interactions are modified by the
emergence of charge order.
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I. INTRODUCTION

Bilayer graphene and transition metal dichalcogenide
(TMD) heterostructures have emerged as fascinating new
platforms to realize and probe exotic phases of quantum
matter. Introducing a twist angle or lattice constant mis-
match between the two layers allows for combining a
moiré superlattice and long-range Coulomb interactions,
which, in turn, leads to the formation of strongly correlated
electronic states [1–3]. In contrast to twisted bilayer
graphene, TMD-based heterostructures allow for the use
of resonant optical reflection spectroscopy to study the
signatures of new electronic phases, such as correlated

insulator states at fractional fillings that break discrete
translational symmetry, in van der Waals heterostructures
[4–7]. While these discoveries have sparked the develop-
ment of several novel methods to characterize such states
[8], most of the reported signatures are not directly sensitive
to the spatial correlations of the quantum state of electrons.
Here, we show a striking, yet generic optical signature of

the emergence of periodic ordering of electrons in a lattice
structure. Because of strong exciton-electron interactions
characteristic of TMDmonolayers [9–11], the formation of a
Mott or Wigner state of electrons [12] creates a periodic
potential for excitons, thereby modifying the exciton-
polaron [13,14] spectrum. Our experiments show that when
either or both of the layers host an electronic Mott-like
correlated insulator (CI) state, a new umklapp exciton-
polaron peak appears in the resonant reflection spectrum.
The energy shift of this new resonance is determined by the
lattice constant of the emergingMott-like CI state and by the
strength of exciton-electron interaction.
In our experiments, we study a twisted MoSe2=hBN=

MoSe2 homobilayer structure, which exhibits an incom-
pressible single-layer Mott-like CI state for unity filling
of the underlying electronic moiré potential [6]. In com-
parison to heterobilayer structures [4,5], the presence of
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monolayer hBN in between the MoSe2 monolayers leads to
two new features: First, the on-site and possibly intersite
Coulomb repulsion energy exceeds the strength of the
moiré potential, which is drastically weakened by the hBN
monolayer. Second, the energy difference between the
electronic states in the two layers is tunable, resulting in
a robust layer pseudospin degree of freedom that can be
controlled using an applied vertical electric field.
Before proceeding, we note that recent photolumines-

cence experiments allow for the characterization of a static
excitonic moiré potential in twisted heterobilayers [15–
19]. This periodic potential is particularly strong for
interlayer excitons [20–22]: In structures where two
different TMD monolayers are in direct contact, new inter-
and intralayer excitonic resonances arising either from
localization at high-symmetry stacking points or from
umklapp processes are observed. In stark contrast to these
earlier works, the periodic static moiré potential experi-
enced by the excitons in our sample is weak as compared
to the exciton linewidth due to the hBN barrier layer: As a
consequence, we observe only a single intralayer exciton
resonance in the absence of electron or hole doping.

II. BASIC CHARACTERIZATION

Figure 1(a) shows the sample we study in our experi-
ments: Two MoSe2 layers are isolated by monolayer hBN
and are encapsulated between two thick hBN layers. Few-
layer graphene sheets on the top and bottom of the device
are used as transparent gate electrodes; we apply top and
bottom gate voltages (V tg and Vbg, respectively) while
keeping the MoSe2 layers grounded. A small twist angle
between the top and bottom MoSe2 layers results in the
formation of a moiré superlattice, as shown schematically
in the left bottom part in Fig. 1(a). In our previous work [6]
based on the same device, we estimate the twist angle to be
around 0.8°, which corresponds to the moiré lattice con-
stant aM ∼ 25 nm (see also Supplemental Material S2
[23]). In the limit where each moiré unit cell of a single
layer is singly occupied, the trapped electrons form a
triangular lattice [Fig. 1(b)]. We emphasize that the moiré
potential between hBN and MoSe2 is negligible. The
reason is that the lattice constants of hBN and MoSe2
are largely mismatched (ahBN ¼ 2.51 Å [24] and aMoSe2 ¼
3.32 Å [25]). Moreover, neither the monolayer hBN spacer,

(c) (d)

(a) (b)

FIG. 1. Moiré lattice in MoSe2=hBN=MoSe2 and basic characterization. (a) Schematic picture of the device structure. The left bottom
picture shows a moiré lattice. (b) Schematic picture of the potential for excitons created by electrons trapped in a moiré lattice.
(c) Differential reflectance spectrum for each charge configuration. “i” and “n” indicate neutral and electron doped charge
configurations and are shown in the order of (top, bottom). (d) Color map of layer contrasted differential reflectance signal
[ΔR=R0ð1.6379 eVÞ − ΔR=R0ð1.6311 eVÞ].
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nor the top hBN layer, nor the bottom hBN layer are
aligned to the MoSe2 layers.
Figure 1(c) shows the differential reflectance [ΔR=R0 ¼

ðR − R0Þ=R0] spectrum around the exciton resonances for
different charge configurations of the two MoSe2 layers.
Here, R denotes the reflectance of the MoSe2=hBN=MoSe2
homobilayer structure, whereas R0 is the background
reflectance obtained from a region of the sample without
MoSe2 layers. All experiments depicted in the main text are
performed using a cryogenic confocal microscope setup
operated at a temperature of approximately 4 K. The results
we present in Secs. II and III are obtained in the absence of
an external magnetic field (Bz ¼ 0). The gray curve in the
upper panel depicts ΔR=R0 when both layers are in the
charge-neutral regime. Accordingly, the two resonances
correspond to the top and bottom layer excitons (Xtop and
Xbot, respectively) whose energies differ by approximately
8 meV due to inhomogeneous strain [26–28]. When one of
the layers is electron doped, exciton-electron interactions
lead to a blueshift of the repulsive polaron resonance
frequency [13,14]. Since the exciton-electron interactions
are short ranged, excitons in a given layer scatter predomi-
nantly with electrons in the same layer. By monitoring the
magnitude of ΔR=R0 at a fixed energy close to either Xtop

or Xbot resonances, we can monitor the charge configura-
tion of each layer. Since we do not consider the changes in
the attractive polaron sector of the spectrum, we simply
refer to repulsive polaron transitions as excitonic resonan-
ces in the following discussion.
Figure 1(d) shows the gate voltage dependence of the

layer contrasted ΔR=R0 signal, revealing the charge con-
figuration of the device [6]. The color-coded plot shows
the difference of ΔR=R0 signals at 1.6379 and 1.6311 eV
which are indicated with cyan and magenta lines in
Fig. 1(c), respectively. We define the gate voltage axes
as VE¼0.5V tg−0.5Vbg and Vμ ¼ 0.4561V tg þ 0.5439Vbg,
which, respectively, correspond to changes of the top and
bottom gate voltages that leave the chemical potential and
the electric field invariant in the charge-neutral regime.

The combinations of VE and Vμ used to obtain the spectra
in Fig. 1(c) are marked with color-coded stars in Fig. 1(d).

III. SPECTROSCOPIC SIGNATURE OF
EXCITON UMKLAPP SCATTERING IN

MOTT-LIKE STATES

Strong electronic correlations become manifest in a
half-filled moiré subband (ν ¼ 1), where each moiré
site is occupied by a single electron. Since our structure
has a layer degree of freedom, we specify the electron
filling factor of top and bottom layers as νtop and νbot,
respectively, with ν ¼ νtop þ νbot (see Supplemental
Material S2 [23] for the identification of filling). In
Fig. 2(a), we show Vμ dependence of reflectance spectrum
at a fixed VE ¼ 0.24 V. To better visualize small signals,
we take a moving average of ΔR=R0 within a 0.24 meV
energy window and plot the derivative of ΔR=R0 with
respect to energy. The bottom layer remains neutral at this
VE, and only the filling of the top layer is modulated along
the Vμ axis, as evidenced by the blueshift of Xtop resonance.
Remarkably, we observe that, once the top layer is doped to
ν ¼ 1 where ðνtop; νbotÞ ¼ ð1; 0Þ, an additional higher-
energy exciton resonance labeled as XU

top appears. The
estimated energy separation between Xtop and XU

top, deter-
mined from resonant fluorescence data, is ≃2.7 meV (see
Supplemental Material S1 [23]).
The corresponding resonance also appears when the

bottom layer is doped to ν ¼ 1: Figure 2(b) shows the Vμ

dependence of dðΔR=R0Þ=dE at a fixed VE ¼ −1.98 V,
where we fill only the bottom layer and the top layer
remains charge neutral. At ν¼ 1 where ðνtop; νbotÞ ¼ ð0; 1Þ,
we also observe a faint resonance labeled as XU

bot on the
blue side of Xbot. The energy separation between Xbot and
XU
bot is also estimated to be ≃2.7 meV.
Figure 2(c) shows the VE dependence of dðΔR=R0Þ=dE

at ν ¼ 1. The sharp energy shift of the Xtop and Xbot

resonances around VE ∼ −0.9 V signals an abrupt transfer

(a) (b) (c)

FIG. 2. Umklapp exciton resonances at ν ¼ 1. (a),(b) Vμ dependence of differential reflectance differentiated with respect to energy E
at VE ¼ 0.24 V (a) and VE ¼ −1.98 V (b). (c) VE dependence of differential reflectance spectra at ν ¼ 1. The cyan, yellow, and
magenta dashed lines correspond to VE ¼ −1.98, −0.80, and 0.24 V, respectively. The scale of the color bars is logarithmic for
jdðΔR=R0Þ=dEj > 102 eV−1 and linear for jdðΔR=R0Þ=dEj < 102 eV−1.
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of all electrons from one layer to another upon
minute changes in the electric field Ez. As ν is increased
or decreased away from 1 (one electron per moiré site),
the electrons are transferred from one layer to another
gradually (see Fig. S3 in Supplemental Material [23]).
These observations indicate the formation of a Mott-like
CI state at ν ¼ 1 [6]: The abrupt transfer of electrons,
in turn, indicates that the potential minima of the bottom
and top layer moiré potentials for electrons are displaced
from each other. By transferring the Mott-like insulating
phase from the top [ðνtop;νbotÞ¼ð1;0Þ] to the bottom
[ðνtop; νbotÞ ¼ ð0; 1Þ] layer, we find the XU

top resonance
disappears and XU

bot resonance appears. In contrast to
strong Vμ dependence, the XU

top and XU
bot resonances

consistently exist for a wide range of VE at ν ¼ 1.
Since the new excitonic resonance in the top (bot-

tom) layer appears exclusively when νtop ¼ 1 (νbot ¼ 1),
we explain its origin as the emergence of a periodic
potential for excitons generated by electrons in the
singly occupied Mott-like CI state. Exciton-electron
interactions ensure scattering of resonantly generated
excitons off this Mott-like-state potential and lead to the
emergence of excitonic bands in the new reduced
exciton Brillouin zone. In the limit of weak exciton-
electron scattering, the new excitonic resonances can
be understood as umklapp processes. In this limit, the
energy of the umklapp scattered exciton is determined
by the reciprocal lattice vector of the electron-induced
potential alone, which is fixed by the moiré periodicity.
The estimated lattice constant of ≃25 nm for this
sample [6] yields a splitting of ≃2.5 meV, which is
in very good agreement with the experimentally
observed splitting of the umklapp resonance (see the
Appendix B).
Before presenting a theoretical model for these exper-

imental observations, we investigate the optical response
when there are two electrons per moiré site (ν ¼ 2).
Figure 3(a) shows Vμ dependence of dðΔR=R0Þ=dE at a
fixed VE ¼ −0.80 V. At this VE, indicated with a yellow
dashed line in Fig. 2(c), the system is filled as ðνtop; νbotÞ ¼
ð1; 0Þ at ν ¼ 1 and ðνtop; νbotÞ ¼ ð1; 1Þ at ν ¼ 2. Consistent
with the measurements depicted in Fig. 2(a), we find the
emergence of XU

top at ν ¼ 1 in Fig. 3(a). Remarkably, at
ν ¼ 2 where ðνtop; νbotÞ ¼ ð1; 1Þ, the umklapp exciton
resonances XU

top and XU
bot emerge simultaneously. This

observation at ðνtop; νbotÞ ¼ ð1; 1Þ unequivocally shows
the essential role played by the CI state of electrons in
effecting a periodic potential for excitons. The estimated
energy separation between Xtop and XU

top is ≃2.8 meV;
similarly, the separation between Xbot and XU

bot is
≃2.6 meV. The magnitude of these energy separations is
very similar to the ones obtained at ν ¼ 1, indicating that
the top and bottom layers have the same triangular electron
lattices and that the periodicity is not affected by the

simultaneous presence of CI states in the two layers. The
similarity of energy separation for ν ¼ 1 and ν ¼ 2 also
suggests that these new resonances are unlikely to originate
from shakeup processes, since the excitation spectrum of a
CI state is expected to be sensitive to the filling.
Finally, we show VE dependence of dðΔR=R0Þ=dE at

ν ¼ 2 in Fig. 3(b). The yellow dashed line indicates
VE ¼ −0.80 V; the plateau structure of the excitonic
resonance energies for −1.2 ≤ VE ≤ −0.60 V shows
the resilience of the layer occupancy to the applied
electric field, indicating the formation of CI states
simultaneously in both layers at ðνtop; νbotÞ ¼ ð1; 1Þ.
Consistently, we observe top and bottom layer umklapp
excitonic resonances throughout the range of VE for which
ðνtop; νbotÞ ¼ ð1; 1Þ. We also remark that the umklapp
resonances are absent for ðνtop;νbotÞ¼ ð2;0Þ;ð0;2Þ [which
we also confirm from Figs. 2(a) and 2(b)], indicating that
the electrons do not form a CI state with two electrons per
moiré potential site.

(a)

(b)

FIG. 3. Umklapp exciton resonances at ν ¼ 2. (a) Vμ depend-
ence of differential reflectance differentiated with respect to
energy E at VE ¼ −0.80 V. (b) VE dependence of differential
reflectance spectra at ν ¼ 2. The cyan, yellow, and magenta
dashed lines correspond to VE ¼ −1.98, −0.80, and 0.24 V,
respectively. The scale of the color bars is logarithmic for
jdðΔR=R0Þ=dEj>102 eV−1 and linear for jdðΔR=R0Þ=dEj <
102 eV−1.
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IV. THEORETICAL MODEL

The appearance of additional higher-energy excitonic
resonances in the optical spectrum can be described by a
simple model of excitons moving in a periodic potential.
For simplicity, we are focusing only on a single layer which
hosts the strongly correlated electronic state. As excitons
are strongly bound, we consider them as mobile rigid
quantum impurities. The two valleys of the TMD imprint as
a (valley) pseudospin degree of freedom for the excitons.
The optically active k ¼ 0 excitons are σþ (K-valley) and
σ− (K0-valley) polarized and are degenerate. However, for
exciton momenta outside the light cone, the long-range
electron-hole exchange interaction strongly couples the K
and K0 valley excitons [29,30]. In the pseudospin basis,
where spin up (down) corresponds to an exciton in the
K (K0) valley, the dynamics of an exciton is described by
the following Hamiltonian:

H0 ¼
X
k

0
@ x†k;K

x†k;K0

1
A

T�
ℏ2k2

2mX
þ jkj
jKjJ

�
0 e−i2θ

eþi2θ 0

�
þ jkj
jKjJ

�

×

�
xk;K
xk;K0

�
; ð1Þ

where x†k;K (x†k;K0) creates an exciton in the K (K0) valley
with center of mass momentum k, ℏ is Planck’s constant,
mX is the exciton mass, θ ¼ atanðky=kxÞ, and J is the
exchange coupling. The second and the third terms of
Eq. (1) describe intervalley and intravalley exchange
interaction, respectively. We remark that the exchange
coupling is not easily accessible experimentally, and its
exact value is, therefore, uncertain. While first-principle
calculations yield large values of J ∼ 1 eV, we expect
that the experimentally relevant coupling is likely to be
reduced by dielectric screening due to the hBN encapsu-
lation, as well as due to screening by electrons [31].
Our conclusions are, however, insensitive to the precise
value of J and are unaffected for a range of couplings
1 eV ≥ J ≥ 150 meV. The exciton dispersions are given
by EðkÞ ¼ ðℏ2k2=2mXÞ þ ðjkj=jKjÞJ � ðjkj=jKjÞJ and are
shown in Fig. 4(a). Exchange interactions split the polar-
izations into two branches with parabolic and linear
dispersion. The linearly dispersing excitons fall on a steep
cone, which leads to a large energy detuning from the
parabolic branch.
The interaction between electrons and excitons is mod-

eled by an effective repulsive contact interaction, which is
justified, as we limit our discussion to features that appear

(a) (b)

FIG. 4. Exciton band structure. Spectrum of the effective band Hamiltonian of Eq. (3) for parameters given in the main text and
J ¼ 300 meV. (a) Bare dispersion of mobile excitons. Strong intervalley electron-hole exchange coupling splits the linearly polarized
exciton modes and yields two branches with linear (green line) and parabolic (blue line) dispersion. For simplicity, we do not show that
the degeneracy of the excitonic branches extends throughout the light cone. The exciton valley pseudospin is shown as blue (green)
arrows for the parabolic (linear) dispersion. Periodic potentials allow states connected by reciprocal lattice vectors to mix, yielding
higher bands (transparent lines), as shown in an extended zone scheme. Higher bands of the linearly dispersing mode decouple due to
their large energy detuning. (b) Exciton bands along a path in a moiré Brillouin zone. The oscillator strength of each state is indicated by
the color bar, which is saturated for all blue lines. As photons carry almost vanishing momentum, only modes close to the Γ point may
obtain finite oscillator strength (we artificially extend the momentum range of the bright states for better visibility). While most states
remain dark, only a single umklapp band per polarization obtains sizable oscillator strength. Left: dispersion in the absence of a
magnetic field. We find an energy splitting between the umklapp state and the main resonance of 3 meV. This additional bright state
carries 1.2% of the oscillator strength of the bare exciton. The oscillator strength of higher bands is significantly suppressed due to the
larger energy splitting, which reduces the coupling to light. Right: exciton dispersion for Bz ¼ 7 T. While the main resonance splits
significantly, the umklapp peaks are only marginally affected by the magnetic field.
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at low energies 0 ≤ E ≤ 5 meV. The electron-exciton
interaction Hamiltonian then takes the form

Hint
e−x ¼

Z
d2rλe−x½n̂eðrÞn̂KXðrÞ þ n̂eðrÞn̂K0

X ðrÞ�; ð2Þ

where n̂K;ðK
0Þ

X is the density operator of excitons in the K
(K0) valley and n̂e is the density operator of the electrons.
We assume that the strength λe−x of the interaction is
the same for both polarizations and that the interaction
itself is short range and repulsive. The delocalized nature
of optically generated excitons ensures that the electronic
Mott-like CI state, appearing due to an interplay between
long-range Coulomb interactions and the moiré potential, is
largely unperturbed by the exciton-electron interactions:
This statement is verified, as the experimentally observed
signatures of incompressible states are independent of the
white-light intensity. To simplify the analysis, we assume
that electrons are frozen in the Mott-like correlated ground
state and describe the excitonic degrees of freedom alone
by an effective Hamiltonian

Heff ¼ H0 þ
Z

d2rλe−x½n̂KXðrÞ þ n̂K
0

X ðrÞ�hn̂eðrÞi; ð3Þ

where hn̂eðrÞi is the expectation value of the electron
density. For the exciton mass, we use mX ¼ m�

e þm�
h ¼

1.3me, where m�
e ¼ 0.7me [32] and m�

h ¼ 0.6me [33,34]
are the effective masses of electrons and holes (me is the
free electron mass). By using Heff , we neglect the dynami-
cal dressing of excitons by virtual excitations out of the CI
state and take the effect of electronic correlations into
account as a spatially dependent Hartree shift of the exciton
energy, proportional to hn̂eðrÞi. While the precise shape of
the potential seen by the excitons is determined by the
electronic density and the moiré potential, we phenom-
enologically fix the Hartree shift induced by λe−x to match
the experimentally measured blueshift of the repulsive-
polaron resonance induced by the electrons at low den-
sities. We thereby determine λe−x ¼ 2.1 × 10−12 meV ·
cm2 to produce an excitonic blueshift of 0.4 meVat fillings
slightly away from ν ¼ 1, where the electron density is
expected to be homogeneous.
We solve the effective single-particle model of Eq. (3)

assuming a Gaussian density profile for electrons:

hn̂eðrÞi ¼
1

2πξ2
X
R

e−ð1=2ξ2Þðr−RÞ2 ; ð4Þ

where R is a triangular lattice vector and ξ characterizes the
extent of the electronic wave functions around the moiré
sites [35]. We show the band structure resulting from the
electron-induced potential in Fig. 4(b) for an electronic
lattice with a lattice constant of 25 nm and ξ ¼ 4 nm.While
the precise localization of the electrons is not known, we

check that our results remain in reasonable agreement with
the experiment for ξ’s within 3 nm < ξ < 6 nm. The new
bands in the moiré Brillouin zone appear as a consequence
of the periodic excitonic potential, as momentum is no
longer a good quantum number and is conserved only up
to reciprocal lattice vectors Gm. In particular, this result
implies that excitons carrying a reciprocal lattice momen-
tum k ¼ Gm now mix with the optically active k ¼ 0
excitons via umklapp scattering.
The oscillator strength of the umklapp states is given by

their zero-momentum exciton content. We numerically
determine the relative oscillator strength of the first
optically active umklapp band and find its relative oscillator
strength to be

jhk ¼ 0jXUðΓÞij2
jhk ¼ 0jXðΓÞij2 ≃ 1.2%; ð5Þ

where jXi and jXUi are the exciton and the bright umklapp-
exciton states, respectively, of a given polarization, while
Γ labels vanishing lattice momentum. In Eq. (5), the
vector jki is a plane wave state of the exciton with proper
momentum k. The amount of mixing and the band
splittings are determined by the strength of the potential
and the density profile of the electrons. However, the C6

symmetry of the triangular potential restricts mixing with
the k ¼ 0 modes and, hence, the number of possible bright
states: Only states which transform identically under
rotations (and are, hence, grouped in the same C6 repre-
sentation) can have nonvanishing matrix elements. In our
case, we find only two states among the first umklapp
band with C6 eigenvalues expðilπ=3Þ, where l ¼ �1,
which are circularly polarized and mix with the jk ¼ 0i
excitons to become bright. The oscillator strength of the
bright resonances decreases rapidly as the umklapp energy
increases; this feature renders only the first umklapp band
effectively observable in experiments.
Both the appearance of a single umklapp line per

polarization and its estimated oscillator strength are in
good agreement with our experimental observations and
confirm that umklapp exciton and repulsive-polaron reso-
nances provide a direct probe of the periodic structure of
the Mott-like CI state.

V. MAGNETIC FIELD DEPENDENCE OF
UMKLAPP STATES

We now extend our analysis to finite magnetic fields Bz.
As excitons are strongly bound and charge neutral, they
couple only via an effective Zeeman term with a g factor
of approximately 4 [36–39]. We neglect the momentum
dependence of the Zeeman shift and introduce it by adding
a (momentum-independent) term ĤZ ¼ 2μBBzσz to the
Hamiltonian of Eq. (3); here, μB is the Bohr magneton
and σz¼

R
d2rn̂KXðrÞ−n̂K0

X ðrÞ. Since electron-hole exchange
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interaction leads to a large energy splitting of longitudinal
and transverse exciton polarized branches for k ¼ Gm,
umklapp states react only weakly to magnetic fields
perpendicular to the sample. This result allows for a unique
and unambiguous test for the finite-momentum character of
the observed umklapp resonances: While the main peaks
acquire a splitting of approximately 4μBBz, the umklapp
peaks exhibit a much smaller splitting. To illustrate this
result, we show the full band structure of the exciton for a
magnetic field of 7T in Fig. 4(b) (right).
We experimentally confirm the suppression of

Zeeman splitting for umklapp states for Bz ¼ 7 T. We
perform polarization resolved ΔR=R0 measurements and
observe the emergence of umklapp states (XU

top) in both σþ
[Fig. 5(a)] and σ− [Fig. 5(b)] polarization around ν ¼ 1
where ðνtop; νbotÞ ¼ ð1; 0Þ. Figures 5(c) and 5(d) show the
line cuts of the ΔR=R0 spectrum and its derivative with
respect to emission energy at ν ¼ 1 where ðνtop; νbotÞ ¼
ð1; 0Þ. Compared to the large Zeeman splitting of Xtop of
≃2 meV, the energy splitting of XU

top is much smaller than
1 meV. On the one hand, the observation of vanishingly
small Zeeman splitting of the high-energy resonances

appearing at ν ¼ 1 confirms their identification as umklapp
peaks. On the other hand, our measurements provide direct
evidence for the important role played by long-range
electron-hole exchange interaction for high-momentum
exciton states.

VI. DISCUSSION

In the theoretical analysis, we treat the electronic lattice
as rigid and neglect dynamical screening effects such as the
distortion of the electronic lattice by the impurity through
collective excitations of the CI state. Nevertheless, we
expect our static potential model to capture the essential
physical processes provided that the first umklapp bands
appear below the excitation gap of the electronic state. We
estimate, however, that this condition is only marginally
satisfied in our experiments, and a quantitative agreement
with experiments would require the development of a
theory of mobile quantum impurities in a strongly inter-
acting Fermi system.
We also remark that our calculations assume a perfect

electronic lattice. Strictly speaking, this assumption is not
justified, since we find the electrons in the Mott-like CI

(a) (c)

(b) (d)

FIG. 5. Exciton and umklapp exciton resonances at ν ¼ 1 under magnetic field Bz ¼ 7 T. (a),(b) Vμ dependence of differential
reflectance differentiated with respect to energy E in σþ (a) and σ− (b) polarization. (c),(d) Line cuts of the reflectance spectrum (c) and
its energy differentiation (d) at ν ¼ 1, VE ¼ 0.61 V.
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state to be spin unpolarized and the electron-exciton
scattering is known to be spin dependent. Consequently,
different exciton-electron scattering channels give rise to
similar, but not identical, repulsive interactions [11]. We
nevertheless expect our calculation of the umklapp reso-
nances to be qualitatively accurate despite the apparently
random electron spin orientation in the moiré lattice sites,
since it is known from the theory of alloys that band
structures could remain robust and without sizable broad-
ening of the electronic states in the Γ valley, even in the
presence of disorder [40].
Our observation that the σþ and σ− umklapp excitons

remain nearly degenerate at Bz ¼ 7 T is a direct conse-
quence of strong intervalley exchange coupling, which
ensures that finite-momentum excitons are in-plane linearly
polarized, with a longitudinal-transverse energy splitting
that is approximately an order of magnitude larger than the
Zeeman energy of approximately 2 meV. This observation
unequivocally demonstrates that the exciton resonances
that appear at ν ¼ 1 originate from finite-momentum
excitons and concurrently allow us to access the physics
of high-momentum excitons.
We also remark that there are new repulsive polaron

resonances and a fine structure of the attractive polaron
resonance for filling factors ν ≥ 3 (see Supplemental
Material S4 [23]). While we currently cannot provide an
explanation for these features, we emphasize that even the
underlying electronic state for these high electron densities
is so far not understood.
We emphasize that previously reported optical spectros-

copy of Mott-like CI states reveal signatures of incom-
pressibility, but direct evidence for the presence of periodic
ordering of electrons has been elusive. The observation of
the umklapp exciton resonance that we report, on the other
hand, is a direct consequence of the emergence of a
periodic lattice of electrons. Consistent with the observa-
tions reported here, we also observe umklapp peaks
associated with the formation of Mott-like correlated states
when the structure is hole doped. In particular, we expect
the umklapp peak to appear even for compressible states
with charge order and that it can provide direct evidence for
spontaneous breaking of translational invariance due to the
formation of a Wigner crystal [41–44], charge density
waves, or bubble phases [45,46] in a defect-free monolayer
without an external potential. Even though umklapp res-
onances that emerge due to spin- or valley-independent
exciton scattering are insensitive to homogeneous Bz, we
expect a periodic modulation of exciton Zeeman coupling
to lead to significant splitting of the associated umklapp
bands even in the presence of strong electron-hole
exchange interactions. Recently, a particularly exciting
class of so-called “moiré magnets” has been proposed,
which allow for a controlled realization of magnetic phases
and can feature strong periodic magnetic field variations
[47]. In such systems, umklapp scattering of excitons may

be an invaluable tool to characterize magnetic order
optically.

The data that support the findings of this paper are
available in the ETH Research Collection [48].
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Note added.—Umklapp resonances have been recently
used to demonstrate the existence of a Wigner crystal of
electrons in two different monolayer MoSe2 devices [49].
Umklapp resonances associated with Wigner crystal states
have since been observed in a total of four different samples
by a team that includes T. S., Y. S., M. K., and A. I.

APPENDIX A: REFLECTANCE MEASUREMENT

We perform measurements with a cryogenic confocal
microscope setup at a temperature of approximately 4 K.
For the reflectance measurements, we illuminate the sample
with a single-mode fiber-coupled broadband light-emitting
diode with a center wavelength of 760 nm and a bandwidth
of 20 nm.

APPENDIX B: UMKLAPP EXCITON ENERGY
FOR WEAK EXCITON-ELECTRON

INTERACTION LIMIT

The energy separation between the exciton and the first
umklapp scattered exciton in the weak limit of exciton-
electron interaction is given by the following expression:

ΔEXU−X ¼ ℏ2jG1j2
2mX

; ðB1Þ

where G1 is the lattice vector in Fig. 4(c), which is
jG1j ¼ 4π=ð ffiffiffi

3
p

aMÞ, aM is the moiré periodicity, and mX
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is the exciton mass. We use electron effective mass m�
e ¼

0.7me [32] and hole effective mass m�
h ¼ 0.6me [33,34],

which gives mX ¼ m�
e þm�

h ¼ 1.3me, with me denoting
the free electron mass. For aM ¼ 25 nm, we obtain
ΔEXU−X ¼ 2.5 meV.
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Nature (London) 587, 214 (2020).

[9] X. Xu, W. Yao, D. Xiao, and T. F. Heinz, Spin and
Pseudospins in Layered Transition Metal Dichalcogenides,
Nat. Phys. 10, 343 (2014).

[10] G. Wang, A. Chernikov, M. M. Glazov, T. F. Heinz, X.
Marie, T. Amand, and B. Urbaszek, Colloquium: Excitons
in Atomically Thin Transition Metal Dichalcogenides, Rev.
Mod. Phys. 90, 021001 (2018).

[11] C. Fey, P. Schmelcher, A. Imamoglu, and R. Schmidt,
Theory of Exciton-Electron Scattering in Atomically Thin
Semiconductors, Phys. Rev. B 101, 195417 (2020).

[12] A. Camjayi, K. Haule, V. Dobrosavljević, and G. Kotliar,
Coulomb Correlations and the Wigner-Mott Transition,
Nat. Phys. 4, 932 (2008).

[13] M. Sidler, P. Back, O. Cotlet, A. Srivastava, T. Fink, M.
Kroner, E. Demler, and A. Imamoglu, Fermi Polaron-
Polaritons in Charge-Tunable Atomically Thin Semicon-
ductors, Nat. Phys. 13, 255 (2017).

[14] D. K. Efimkin and A. H. MacDonald,Many-Body Theory of
Trion Absorption Features in Two-Dimensional Semicon-
ductors, Phys. Rev. B 95, 035417 (2017).

[15] K. L. Seyler, P. Rivera, H. Yu, N. P. Wilson, E. L. Ray, D. G.
Mandrus, J. Yan, W. Yao, and X. Xu, Signatures of Moiré-
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