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Moiré heterostructures consisting of transition metal dichalcogenide (TMD) heterobilayers and
homobilayers have emerged as a promising material platform to study correlated electronic states. Optical
signatures of strong correlations in the form of Mott-Wigner states and fractional Chern insulators have
already been observed in TMD monolayers and their twisted bilayers. In this work, we use a moiré
substrate containing a twisted hexagonal boron nitride (2-BN) interface to externally generate a superlattice
potential for the TMD layer: The periodic structure of ferroelectric domains in #-BN creates a purely
electrostatic potential for charge carriers. We find direct evidence for the induced moiré potential in the
emergence of new excitonic resonances at integer fillings and our observation of an enhancement of the
trion binding energy by ~3 meV. A theoretical model for exciton-electron interactions allows us to directly
determine the moiré potential modulation of 30 £ 5 meV from the measured trion binding energy shift. We
obtain direct evidence for charge order linked to electronic Mott-Wigner states at filling factors v = 1/3
and v = 2/3 through the associated exciton umklapp resonances.
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I. INTRODUCTION

Semiconductor moiré materials have emerged as a fertile
platform to explore the physics of strongly correlated
electrons [1-4]. Generically, transition metal dichalcoge-
nide (TMD) moiré materials are realized by interfacing two
or more monolayers, and the moiré pattern emerges due to
twist angle or lattice mismatch between the layers. The
emerging periodic potential has substantial contribution
from lattice reconstruction, in addition to polarization fields
and interlayer tunneling. In these structures, not only
charge carriers but also excitons are typically subject to
strong potentials. This feature has been utilized to inves-
tigate correlated Mott states of Bose-Fermi mixtures con-
sisting of moiré interlayer excitons and electrons in
heterobilayers with type-II band alignment [5-7].
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Because of the complex nature of the moiré potential and
its different effect on charge carriers and excitons, the
interpretation of optical signatures from TMD moiré struc-
tures is often challenging. Thus, designing systems where
excitons are not subject to a moiré potential would be
advantageous, since any modifications of the optical exci-
tation spectrum would arise exclusively from electronic
correlations and their effect on exciton-electron interactions.
This scenario would be ensured if the moiré potential was of
purely electrostatic origin. Moreover, exposing two identical
TMD monolayers that are separated by a thin tunneling
barrier to an identical periodic electrostatic potential would
lead to moiré electrons or holes acquiring a layer pseudo-
spin degree of freedom with (nearly) SU(2) symmetry. A
range of fascinating phenomena ranging from electrically
controlled Feshbach resonances [8] to chiral layer pseudo-
spin liquids [9] could be realized using such a structure.

Here, we demonstrate a purely electrostatic moiré
potential for itinerant electrons and holes in a MoSe,
monolayer, which we probe through differential reflection
(DR) spectroscopy. The simple nature of the moiré poten-
tial allows us to extract its modulation depth directly from
the optical signatures—namely the trion binding energy—
using a theoretical model for exciton-electron interactions.

Published by the American Physical Society
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In addition to measuring a clear redshift of the trion and the
associated attractive polaron (AP) resonance, we identify
the charge ordered Mott-Wigner states at filling factors 1/3
and 2/3 through the appearance of excitonic umklapp
resonances [10].

II. ELECTROSTATIC MOIRE POTENTIAL
GENERATED BY TWISTED HEXAGONAL
BORON NITRIDE

We generate a purely electrostatic periodic potential
using ferroelectric domains in twisted hexagonal boron
nitride (h-BN), which is a layered insulator with a large
band gap. In bulk, A-BN naturally occurs with AA’
stacking, where neighboring layers are rotated by 180°
with respect to each other [see Fig. 1(a)]: Inversion
symmetry of the structure ensures a weak paraelectric
response to applied out-of-plane fields. In AB-stacked or
0° aligned /#-BN, however, the two neighboring layers have
the same orientation. The lattice can now take one of two
possible stacking orders: AB and BA stacking. Both break
inversion and out-of-plane mirror symmetry [see Fig. 1(b)].
Therefore, an out-of-plane electric polarization develops
spontaneously and the bilayer becomes ferroelectric
[11-15]. A small twist angle between the h-BN layers
leads to a spatial modulation of the local stacking order,
resulting in alternating AB and BA domains with opposite
out-of-plane electrical polarization [see Fig. 1(c)]. These
alternating electric dipoles create electric fields that extend
beyond the twisted bilayer and effect a superlattice poten-
tial for charges in any target material placed close to the
twisted interface [see Fig. 1(d)] [16-19].

We place a MoSe, monolayer directly below a twisted
h-BN (z-BN) bilayer in a dual-gated, charge tunable van der
Waals heterostructure [Figs. 1(e) and 1(f)]. The purely
electrostatic nature of the moiré potential for electrons and
holes in MoSe, is ensured by two key features of the 7-BN
TMD interface: namely, (i) the lattice mismatch exceeding
20% and (ii) the large difference between the conduction
(valence) band minimum (maximum) of the two materials.
The sizable lattice mismatch ensures that no large scale
moiré pattern is formed between the #-BN and TMD layers
directly, while the band alignment ensures that charges are
injected solely into the MoSe, layer. Based on these
features, we assume the electronic moiré potential to have
a simple shape determined purely by the local stacking
order of the -BN layers, with a single minimum per moiré
unit cell and no secondary local minima. Up to unity filling
of the moiré lattice, we expect charged particles to populate
the moiré flat band originating from hopping between these
minima. We also note that we expect electrons and holes to
experience potentials of equal shape and depth, but of
opposite sign. These features render r-BN-generated moiré
potentials an ideal platform to investigate strong electronic
correlations in TMD moiré materials.
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FIG. 1. (a) Crystal structure of bulk A-BN (AA’ stacking),
corresponding to a 180° rotation between adjacent layers. Each
boron atom (blue) is vertically neighbored by a nitrogen atom
(purple), and the crystal has an inversion center at the center of
the unit cell. (b) The two possible lowest-energy stacking
configurations of a 0°-aligned #-BN bilayer. In AB stacking,
the nitrogen atoms of the top layer are vertically aligned to boron
atoms in the bottom layer, and vice versa in BA stacking. The
crystal no longer has inversion symmetry, and a spontaneous out-
of-plane polarization develops. The polarization has equal mag-
nitude but opposite direction for the two stacking configurations.
(c) Schematic of moiré pattern formed by two /#-BN layers with a
twist angle close to 0°. It contains alternating regions of AB and
BA stacking. (d) Side view of a twisted h-BN bilayer with
alternating electric dipoles in adjacent AB- and BA-stacked
regions. The electric field and potential generated around the
bilayer are shown as arrows and red-blue coloring, respectively.
(e) Schematic of the device structure and electrical connections.
The twisted h-BN interface was fabricated from a single 4-BN
monolayer using the tear-and-stack technique. (f) Optical micro-
graph of the device with flake outlines. The orange circle and blue
triangle indicate the measurement spots of spectra shown in
Figs. 2(a) and 2(b), respectively. Scale bar is 10 pm.

III. BASIC CHARACTERIZATION

We use DR measurements of the MoSe, monolayer to
determine the strength of the periodic potential experienced
by charge carriers through the modification of the trion
binding energy. We designed our sample to ensure that the
MoSe, layer extends beyond the #-BN region, allowing us
to directly compare the experimental signatures with
(region I) and without (region II) moiré potential in a
single device (see Appendix A for details on sample
fabrication). In the charge-neutral regime, the DR spectrum
is indistinguishable between regions I and II, verifying the
absence of a moiré potential for excitons. This is in stark
contrast to conventional heterobilayer TMD moiré
systems [4,20-26], where the presence of a moiré
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superlattice leads to dramatic modifications of the exciton
spectrum.

Figures 2(a) and 2(b) compare the DR spectrum of the
MoSe, monolayer with and without an electrostatic
moiré potential as a function of the chemical potential
V, =042V1g + 0.58Vpg: DR depicted in Figs. 2(a) and
2(b) is obtained at a spot in region I and I, respectively. The
two measurement spots are indicated by the orange circle
and blue triangle in Fig. 1(f). We calculate the charge
density corresponding to the applied gate voltage using the
capacitor model, and using the integrated DR around the
exciton resonance energy to determine the doping onset
(see Appendix E for details). We keep the applied out-of-
plane displacement field V; = 0.5(V g — Vig) constant at
Vg = 0. In the charge-neutral regime (0 <V, <0.26 V),
there is a single resonance in the spectrum at 1.632 eV
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FIG. 2. (a) Differential reflection spectrum of moiré-free

MoSe; in region II as a function of V,, = 0.42Vg + 0.58Vjg.
In charge neutrality, there is one strong exciton resonance, which
splits into attractive and repulsive polarons upon doping with
electrons. (b) Differential reflection spectrum as a function of V/,
in region I. The spectrum at charge neutrality is qualitatively
unchanged, but new resonances appear at certain doping levels.
(c) Comparison of trion binding energies for moiré-confined and
free trions. Blue triangles mark trion binding energy E vs neutral
exciton energy Ey on six different spots in region I. Orange circle
shows Et vs Ex for the spectrum shown in (a), red markers show
Et vs Ex values measured on five different #-BN-encapsulated
monolayer MoSe, devices [27-31]. The light blue and light red
bands indicate the spread of binding energies for the moiré-bound
and free trions. (d) The theoretically calculated Et as a function
of moiré depth A,. The light blue and light red bands show the
same Er intervals as in (c). The shaded area around the curve
shows the variation corresponding to the spread of measured Et
in the absence of moiré.

[Fig. 2(a)] and 1.634 eV [Fig. 2(b)], corresponding to the
A exciton of MoSe,; the small (2 meV) difference in the
resonance energy between Figs. 2(a) and 2(b) is likely to
stem from local strain variation, which is known to result in
a shift of the neutral exciton energy by as much as 5 meV in
h-BN-encapsulated MoSe, monolayers free of external
potentials.

The absence of additional excitonic resonances and lack
of reduction in the DR contrast of the A exciton in Fig. 2(b)
verify that excitons in our sample are not subject to a
significant moiré potential. We emphasize that while
electrons and holes experience a moiré potential whose
strength is linearly proportional to the out-of-plane electric
field (E, moire) generated by the ferroelectric domains, we
would expect charge-neutral excitons to experience a much
weaker moiré potential that originates from the attractive
potential at the boundaries between AB and BA stacking
regions due to the dc-Stark effect induced by the in-plane
electric field. The strength of the exciton dc-Stark shift is
proportional to the square of the in-plane electric field [29].
Since we do not observe any additional exciton resonances
in charge neutrality, we conclude that the energy splitting
arising from dc-Stark effect is smaller than the exciton
linewidth y = 2.3 meV. Therefore, we estimate a maximal
in-plane field |E|| | = 25 mV/nm, assuming an exciton

polarizability « = 6.5 eV nm? V=2 [32].

IV. EXTRACTION OF MOIRE DEPTH FROM
INCREASED TRION BINDING ENERGY

Upon doping the monolayer in region II with electrons
for V,>0.26 V, the AP resonance appears, while the
exciton evolves into a repulsive polaron (RP) which shifts
to higher energies and broadens with increasing electron
density [Fig. 2(a)]. In the limit of vanishing doping, the
AP 1is separated from the neutral exciton by the trion
binding energy Et = 24 meV. The AP gains oscillator
strength with increased electron doping and exhibits first a
slight redshift up to V, ~ 1.5V followed by an overall
blueshift.

The AP in region I [Fig. 2(b)] shows striking differences
as compared to the electron-doped monolayer in region II
[Fig. 2(a)]: By focusing on the low electron doping regime,
we find that the trion binding energy is increased by
275 meV to Ermeie = 26.75 meV. Figure 2(c) shows
trion binding energies versus exciton energies on six
different 7-BN-adjacent spots in region I of our device,
as well as one spot in region II. Additionally, we show
trion binding energies on five different simple h-BN-
encapsulated MoSe, monolayer devices for comparison.
Although the A exciton resonance energies vary by more
than 10 meV between different devices due to different
local strain and dielectric environments, the moiré-free
trion binding energy is very uniform (within ~1 meV).
In stark contrast, Et0y¢ 1S clearly enhanced on every

011049-3



NATASHA KIPER et al.

PHYS. REV. X 15, 011049 (2025)

t-BN-adjacent spot measured on this sample. This increase
in Et ¢ in comparison to Ep is remarkable, given the
uniformity of the trion binding energy despite the exciton
energy variation.

The increased trion binding energy Er ¢ 1S a direct
consequence of the localization of the electron, and con-
sequently of the trion, wave function in the superlattice
potential. Intuitively, since the electron is already confined
by the moiré potential, the kinetic energy cost of correlating
its motion with the exciton is reduced as compared to the
free-electron case. To verify this explanation, we carried
out a calculation quantifying the modification of the trion
binding energy in the presence of a moiré potential for the
electron (see Appendix J). Assuming that the exciton wave
function is not modified by the potential and the exciton
Bohr radius is much smaller than all other relevant length
scales, we use an effective short-range exciton-electron
interaction potential that correctly describes the binding
energy of the trion in the absence of the moiré potential. We
find that the 2.75 meV increase in trion binding energy is
consistent with a moiré potential modulation (A,,) in the
range 30 < A, <40 meV, assuming a moiré lattice con-
stant of a,, = 10.2 nm [see Figs. 2(d) and 16]. The main
contribution to the uncertainty in the potential depth is the
spread of measured trion binding energies. The size of the
electron Wannier orbital for such a moiré potential is
aw ~ 3.6 nm [33], which is comparable to but larger than
the trion Bohr radius ar ~ 2.1 nm.

We remark that the calculated E, ;¢ based on previous
reports [16] predicts a potential depth of A, = 140 meV for
our lattice length a,, = 10.2 nm, which is a factor of 4 larger
than the value we determine from our measurements.
However, a recent study on -BN-induced moiré potentials
in bilayer graphene finds a similarly reduced potential depth
based on numerical simulations [19]. The theoretical model
in Ref. [16] does not take into account the screening of the
potential by the dielectric environment, which, according
to our estimates, could lead to a reduction of the moiré
potential by factor ~2. Experimentally determined potential
differences between AB and BA domains stem from struc-
tures with long superlattice length scales > 100 nm. Our
results could indicate the presence of additional effects not
taken into account by the theoretical model that further
reduce the potential depth for small moiré length scales. Our
experimentally determined value of A, combined with a
domain length scale of / ~ 10 nm is also consistent with the
absence of splitting of the exciton due to the dc-Stark effect,
as |Ej| ~ Ap/l < |E|| max] = 25 mV/nm.

V. MOTT-WIGNER STATES AT FRACTIONAL
FILLINGS OF THE MOIRE LATTICE

At n~3.7x 10" cm™2 and n~7.4 x 10!! cm™2, two
new, much weaker resonances appear at slightly higher
energy than the RP [see Fig. 3(a)]. We associate them with
umklapp resonances arising from the scattering of the RP
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FIG. 3. (a) Differentiated DR spectrum of the repulsive polaron
as a function of electron density at low doping. The pink and
orange arrows indicate the umklapp resonances at v = 1/3 and
v = 2/3, respectively. The gray dashed lines show the onset of
doping and the doping level at filling factor v = 1 (one electron
per moiré unit cell). (b) Oscillator strengths of the AP and AP’
resonances obtained from fitting the spectra in Fig. 2(b) with
dispersive Lorentzian functions. The dashed vertical lines cor-
respond to integer fillings, the dotted lines to v = 1/3, 2/3, 4/3,
and 5/3.

from the periodic potential that arises from electronic
charge order [10,34]. The sudden appearance and disap-
pearance of the umklapp peaks indicates that the electrons
form a Mott-Wigner state at these specific densities. Based
on previous reports of insulating states at fractional fillings
of TMD moiré lattices [35], we assign them to be the v =
1/3 and v = 2/3 states, as these are usually the most robust
fractionally filled states. Although the electron density at
v=2/3 is twice that at v=1/3, the two umklapp
resonances appear approximately at the same blue detun-
ing. This confirms the expectation that at v = 2/3 electrons
form a hexagonal lattice with the same unit cell size as the
triangular lattice they form at v = 1/3, and is in agreement
with prior theoretical predictions [36] (see also Appendix G).
The umklapp resonances allow us to accurately determine the
electron density corresponding to integer fillings. We find
n|,—; = (1.1 £0.2) x 10'? cm™2, yielding a moiré lattice
length a,, = 10.2 + 0.7 nm. The corresponding #-BN twist
angle of O, oy = 1.4 £ 0.1°is in relatively good agreement
with the angle 6,,, ., = 1° we targeted during the fabrication
of the heterostructure. The onset of doping and n|,_, are
indicated by the dashed gray lines in Fig. 3(a).

VI. CHARACTERIZATION OF THE MOIRE-
INDUCED POLARON RESONANCES

Before discussing the nature of the moiré-induced
resonances, we briefly discuss the connection and distinc-
tion between the attractive polaron and the trion. The trion
is a bound state between an exciton and a conduction band
electron (or valence band hole). The AP is an elementary
optical excitation that is a superposition of a bare exciton
and a collective excitation of trions out of the ground
electronic state [37]. In the limit of vanishing charge
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density, the quasiparticle weight (determining the bare
exciton nature or content of AP) vanishes, and AP is
indistinguishable from uncorrelated trion(s). In the opposite
limit of high charge density, the quasiparticle weight
approaches unity, and the AP can be considered as a bare
exciton whose energy is renormalized by attractive
(Hartree) interaction with the electrons. The connection
and the difference between a molecular excitation (trion in
this case) and an AP have been extensively discussed and
analyzed in cold atom systems, as well as semiconductors
[37,38]. An interesting and (at least partially) open question
is how this picture gets modified in the presence of a
moiré potential and/or correlated electronic states. Recent
experiments [39] have shown that when electrons and
excitons are subject to strong moiré potentials, their non-
linear optical response is modified in a way that is not fully
consistent with the AP model. Given the weaker electronic
moiré potential in the -BN case, and the lack of a potential
for excitons, it is not clear how important the deviation
from the simple AP picture would be in such nonlinear ac-
Stark shift experiments. Despite this uncertainty, we refer to
the charged quasiparticles in the -BN moiré potential as
polarons.

The DR spectrum in Fig. 2(b) shows that there are two
new resonances that appear upon increasing the electron
density, which we term the second attractive polaron (AP’)
and the middle polaron (MP). The MP attains its maximum
strength at n|,_; ~ 1 x 102 cm™2, where we also see the
onset of AP/, strongly indicating that they are linked to the
electronic Mott state at v = 1. We emphasize that we
observe the same new spectral features—the AP’ and
MP resonances—when the monolayer is hole doped (see
Appendix H).

We extract the oscillator strengths of the AP and AP’
resonances by fitting the spectra with dispersive Lorentzian
functions [see Fig. 3(b) and Appendix C]. We find that the
oscillator strength of the AP resonance increases linearly up
to v = 1, where it saturates. Meanwhile, the AP’ resonance
increases linearly with n between v =1 and v =5/3.
Interestingly, both AP resonances’ oscillator strengths
exhibit nonlinear behaviors at v =5/3, hinting at the
presence of correlated states at higher fractional fillings
that are not detectable by umklapp spectroscopy.

To better understand the new features induced by the
t-BN moiré potential, we apply a magnetic field of
B, =7 T in the out-of-plane direction. The optical selec-
tion rules and spin-valley locking due to spin-orbit coupling
in MoSe, make it possible to optically probe the density
of spin-up and spin-down electrons using circular-
polarization-resolved DR spectroscopy. Since a bound trion
state composed of two electrons and one hole is formed
only when the two bound electrons have a symmetric
orbital wave function centered around the hole, only
electrons occupying K (—K) valley can dress a —K (K)
valley exciton to form an AP [40,41]. Figures 4(a) and 4(b)

n (10" em™2)

< 1501
~ 0.01
=
3 1001
E 0.00
= 507
&
g —0.01
£l

Vi (V) n (1012 cm™2)

FIG. 4. (a),(b) Left- and right-hand circular polarized DR
spectra at B, = 7 T. Dashed vertical lines indicate integer filling
factors of the moiré lattice. (c) Integrated left-hand circular
polarized DR spectra for energies between 1.634 and
1.652 eV as a function of V,. We use the abrupt drop at V, ~
0.3 V and the local maximum at V, % 1.5 V to determine the
doping onset and unity filling (v = 1, or one electron per moiré
unit cell). (d) Differentiated right-hand circular polarized DR
spectra, showing the umklapp resonances at v = 1/3 and
v =2/3. The dashed gray lines correspond to the doping onset
and v = 1.

show DR spectra for K (o) and —K (6_) valley exciton-
polaron resonances at B, =7 T.

For o polarization [Fig. 4(b)], we see an AP originating
from a trion with binding energy of Et = 26.6 meV; the
measured Et is identical to the one measured at B, = 0 T,
confirming that the confinement from the 7-BN electrostatic
moiré potential in the limit of vanishing electron density is
unaffected by the external magnetic field.

The o_-polarized exciton cannot form a bound state with
the electrons, but experiences a blueshift due to phase space
filling and broadening due to intravalley electron scattering.
We observe a cusplike feature in the energy and a local
maximum in integrated DR spectrum of the o_ exciton at
V, =145V [see Figs. 4(a) and 4(c)]: Such features have
been previously reported for excitonic excitations out of
incompressible electronic states [27]. Assuming that this
cusp is associated with the v = 1 Mott state, we find a twist
angle 0y, oo = 1.36 4 0.09°, which in turn is (within the
measurement uncertainty) identical to the one we deter-
mined independently at B, =0 T. We also observe the
umklapp features at B, = 7 T [see Figs. 4(d) and 12].

The absence of an AP resonance in o_ polarization for
n <1.9x 10> cm™2 [42] indicates that, similarly to the

011049-5



NATASHA KIPER et al.

PHYS. REV. X 15, 011049 (2025)

moiré-free case [43], the electrons at these densities are
completely spin polarized due to the valley-Zeeman
effect [44]. This observation in turn indicates that for 1.0 <
v < 1.8 the electrons in doubly occupied sites are in the
m, = 1 triplet (T, ) state. The fact that we can polarize the
spins completely even above v = 1 implies that the valley-
Zeeman energy is larger than the singlet-triplet energy
splitting in doubly occupied sites. This conclusion is further
supported by exact diagonalization (ED) calculations for
two electrons confined to a single moiré unit cell, where we
account for neighboring electrons using a Hartree potential
(see Appendix K). In particular, owing to the strong
Coulomb interactions, we find that the triplet exceeds
the singlet in energy by only 0.38 meV at v = 2.

The AP’ resonance disappears when the electrons are
valley polarized at B, =7 T and whenv < 1 at B, =0 T.
This suggests that AP’ is the optical excitation out of
doubly occupied moiré sites where the electrons form a
singlet or m, = 0 triplet () state, measured with respect
to the quantization axis set by the spin of the exciton (see
Appendix K for details). On these sites, only one electron
can participate in trion formation, and the other electron
leads to a blueshift of the polaron resonance due to
phase space filling. The energy difference between the
AP and AP’ resonances is approximately reproduced by a
phenomenological model at v = 2, based on ED calcula-
tions of an exciton and two electrons in a single unit cell.
We provide a detailed discussion of the theoretical model in
Appendix K.

The relative AP and AP’ spectral weights for a given
exciton spin or polarization can be understood as follows.
For B, =0 Tand 1 <v <2, 50% of the doubly occupied
sites are either in singlet or T, states, and yield the
blueshifted AP’ resonance. The singly occupied sites and
doubly occupied T, sites give rise to AP. T, sites
contribute doubly to the oscillator strength, since the
exciton can bind to either electron. On T_ sites, no
attractive polarons or trions can be formed. At B, =7 T,
electrons in all doubly occupied sites are in 7, states (for
0. polarization), and we observe only the AP resonance.

To summarize, we attribute the AP to either singly
occupied sites or doubly occupied sites where electrons
are spin-polarized triplet states (7, for 6, and T_ for o_
polarization). AP’, on the other hand, originates from
doubly occupied sites where electrons are spin unpolarized
(S singlet state and T, triplet state). This interpretation is
consistent with the observed energy splitting and the
disappearance of the AP’ resonance in an external magnetic
field of B, =7 T.

The MP resonance also appears only in ¢ polarization,
indicating that it originates from excitons interacting with
opposite valley electrons. Given the experimental signa-
tures at B, =0T and B, =7 T, we expect that the MP
resonance arises from the attractive Hartree potential that
excitons are subject to when the electrons form a Mott state

at v~ 1. Theoretical modeling of this Hartree potential
indeed gives rise to a new negative-energy excitonic band,
and the large oscillator strength observed experimentally is
consistent with delocalized excitons. What remains to be
better understood is the character of MP at B, = 0 T, where
we expect that the effective Hartree potential fluctuates
sizably from site to site due to the strong dependence of the
exciton-electron interaction on the electron spin.

VII. CONCLUSION

We have presented unequivocal evidence for the reali-
zation of a purely electrostatic moiré potential for charge
carriers, and the formation of generalized Wigner states.
Using the enhanced trion binding energy, we have deter-
mined the moiré potential generated by twisted 4#-BN is at
least a factor of 2 weaker than those reported in TMD
heterobilayers [4,20,45]. This system hosts a rich interplay
between electronic Coulomb interactions and the moiré
potential, revealing qualitatively new features such as the
second attractive polaron and the middle polaron. Owing to
the electrostatic nature of the moiré potential, we can use
the charge-neutral excitons to gain valuable insights into
these features, such as finding strong evidence for the
origin of AP’ in the spin structure of doubly occupied sites
in the Hartree-moiré potential. We expect the observed
Mott-Wigner states to be relatively robust with respect to
the -BN twist angle, or equivalently the superlattice length
scale. Larger twist angles result in a reduced potential
depth, while Coulomb repulsion between neighboring
electrons increases. However, even a very weak potential
could suffice to stabilize and pin the Wigner crystal at
commensurate fillings, as electrons at low doping in MoSe,
are known to form a Wigner crystal even in the absence of
an external potential [34]. Intrinsic disorder will suppress
the formation of Mott-Wigner states for very large moiré
lengths. Further studies, for example using heterostructures
with a tunable twist angle, are needed to determine the
exact dependence of the Mott-Wigner states on the moiré
lattice length.

This new platform for moiré provides a number of
interesting avenues for future work, such as placing two
TMD layers above a -BN interface, giving the electrons an
additional layer pseudo-spin degree of freedom with
weakly broken SU(2) symmetry. This structure could be
used to explore a number of exotic phenomena, ranging
from spin-polaron formation through kinetic pairing [46,47]
to chiral layer-pseudospin liquids [9,48].
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APPENDIX A: SAMPLE FABRICATION

All flakes were mechanically exfoliated from bulk
crystals (MoSe, from HQ Graphene, h-BN from our
collaborators at NIMS, natural graphite) on Si substrates
with a 285 nm SiO, capping layer. The thicknesses of all
flakes were determined by their optical contrast in bright
field microscopy. The monolayer nature of the 4#-BN that
was used to make the twisted interface was further con-
firmed by measuring its second harmonic generation. The
heterostructure was assembled with a standard dry transfer
technique using a poly(bisphenol A carbonate) (PC)
covered hemispherical polydimethylsiloxane (PDMS)
stamp and deposited on a Si/SiO, (285 nm) substrate.
The stacking was done at high temperature (140 °C) inside
a glovebox in inert Ar atmosphere. The PC was delami-
nated from the PDMS by heating it to 180°C and
subsequently dissolved in chloroform. The twisted #-BN
was fabricated from a single #-BN monolayer using the
tear-and-stack technique. Metallic contacts (5 nm Ti stick-
ing layer, 85 nm Au) to the gate and contact graphite
flakes were prepared using optical lithography and electron
beam evaporation. See Fig. 5 for the detailed layout of the
device.

APPENDIX B: EXPERIMENTAL SETUP

All DR measurements were carried out using a confocal
microscope setup with the sample at 7 = 4.2 K. The entire
setup is schematically depicted in Fig. 6. The sample was

)
) 10 ym

Contact \

Back gate

FIG. 5.
all flakes.

Optical micrograph of the device, including outlines of

CCD camera
i (imaging)
Excitation

(from LED) | Linear polarizer

a I White light
(imaging)
Detection
(to spectrometer)

Pellicle beam splitter

Beam splitter

90 (R) : 10 (T) o
£ Pellicle beam splitter
Objective
NA — 0.65)
Liquid He bath cryostat

FIG. 6. Schematic representation of the measurement setup
used for DR measurements.

mounted on top of x-y-z piezoelectric positioners at the
bottom of a stainless steel tube containing 20 mbar He
exchange gas, which was submerged in a liquid He bath
cryostat equipped with a superconducting magnet coil. The
light source for DR measurements was a single-mode fiber-
coupled broadband (3 dB bandwidth of 20 nm) light
emitting diode (LED) centered at 760 nm (1.631 eV), from
Exalos. After exiting the fiber, the excitation light was
collimated before entering the cryostat insert through a
window at the top. The light was then focused on the
sample surface by a long working distance apochro-
matic cryogenic objective (LT-APO/LWD/VISIR/0.65,
NA = 0.65). The reflected light from the sample was
collected by the same objective and separated from the
excitation light by a 90 (R): 10 (T) beam splitter. It was then
coupled into a single-mode fiber which brought it to a
0.75 m spectrometer equipped with a liquid nitrogen cooled
CCD camera and a 1200 groove/mm diffraction grating.
Two pellicle beam splitters on flip mounts allowed us to
selectively inject white light for imaging into the detection
path, and image the sample using a CCD camera in the
excitation path. For the circular-polarization-resolved DR
measurements at B, =7 T, we set the polarization to be
parallel to the axis of the beam splitter using a linear
polarizer in the excitation path, before converting it to a
circular polarization using a quarter wave (4/4) plate in the
common excitation and detection path. The 1/4 plate was
mounted on a motorized rotation stage, allowing us to
switch between o, and o_ polarization. The circular
polarization was set by suppressing the reflection of the
excitation light from the sample on the imaging CCD. For
all DR measurements, the excitation power was kept
below 10 nW.
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APPENDIX C: ANALYSIS OF DIFFERENTIAL
REFLECTION SPECTRA

To obtain the differential reflection AR/ R, we measured
the reflection spectrum R from an excitation spot on our
device away from the MoSe, layer. Together with our bare
reflection spectrum R, we then calculated AR/R, =
(R—Ry)/Ry. This method of background subtraction is
known to introduce systematic errors, due to the sensitivity
of the reflection spectrum on, e.g., the exact sample
position with respect to the focal plane. Nevertheless, we
chose this approach, as the more accurate method of
reconstructing the background from spectra at different
gate voltages was not applicable due to the presence of
resonances that energetically overlap at every measured
doping level.

The shape of the differential reflection spectrum is not
only determined by the reflection of the MoSe, layer, but
also by its interference with the reflections from all other
surfaces and interfaces within the stack and substrate. The
reflection R as a function of energy E can be approximately
described by the dispersive Lorentzian function,

r/2
(Eo—E)* +(5)°
E,—E
(Ey—E)* + (5)*

R(E,Ey,7,A,a) = Acos(a)

+ Asin(a) (C1)

where E,, y, and A are the resonance energy, linewidth,
and amplitude, respectively. The parameter a denotes
the wavelength-dependent phase shift that arises from
the interferences described above. In order to extract the
oscillator strength f = zA, we fit the DR spectra with the
total reflectivity,

R(E) = R(E.Eqp.7p Ap @y) + frg(E),  (C2)
P

where p € {X, AP, AP',RP,MP} denotes the resonance,
and fi,,(E) is a heuristic quadratic function necessary to
remove a residual background due to imperfect background
subtraction. We use the same background function for each
spectrum in any gate-dependent DR dataset. Figure 7
shows an example of a DR spectrum at filling factor
v=125 and B, =0T, where all four resonances are
present, with the fitted R, and all its components. Because
of the difficulties regarding the proper treatment of the
background subtraction described above, the quantitative
value for the oscillator strength extracted from the fit
functions is not meaningful, and only serves to qualitatively
compare oscillator strengths of resonances taken within the
same measurement run.

Figure 8 shows DR spectra and fitted reflectivity for
filling factors between v = 0.6 and v = 2, focusing on the
AP and AP’ resonances.

2.51

/
2.01 /| s | Background
// \\“ M ......... \ == AP
r 4 el R .
s ‘ R L 1
s 1.0 !
& \
= h \ e
< 0.59 A ‘ /,‘#g. Dfita
et \ Fit
0.0] ==FSpommoooomomoes !
o T s —
~0.51 i Rt
—1.04

1.60 1.61 1.62 1.63 1.64 1.65
Energy (eV)

FIG. 7. Example of fit to differential reflection spectrum at
V, =156 V (v~ 1.25). The data are plotted in dark blue, the
dashed lines represent the components from the four different
resonances. The dotted line shows the quadratic background. The
orange solid line shows the total fit (sum of the four dispersive
Lorentzians and background).

Filling factor v

1.600 1.605 1.610 1.615
Energy (eV)

FIG. 8. Differential reflection spectra showing the AP and AP’/
resonances for filling factors between v =~ 0.6 and v = 2. The
orange lines are fits to the spectra, red lines are fits at integer
filling factors v =1 and v = 2.

APPENDIX D: EXTRACTION OF TRION
BINDING ENERGY

The trion binding energies plotted in Fig. 2 were all
extracted from DR spectra using the same procedure to
ensure their comparability. First, we determine the exciton

011049-8



CONFINED TRIONS AND MOTT-WIGNER STATES IN A ...

PHYS. REV. X 15, 011049 (2025)

— Region I
44 — Region II
£ 2
=
ot
<
0 4
_94

30 20 ~10 0 10 20
E — Ex (meV)

FIG. 9. Differential reflection spectra in the low electron doping
regime (n = 0.1 x 10'2 cm™2) in regions I and II, showing the
increased trion binding energy in the r~-BN-adjacent region I. The
arrows indicate the manually extracted trion energies.

energy Ex by fitting the spectra in the charge-neutral
regime with a dispersive Lorentzian function as described
in Appendix C. This allows us to compare trion binding
energies from samples with very different DR resonance
line shapes. Next, we determine the trion energy by
manually choosing the spectrum with the lowest doping
at which the AP resonance is visible. There, we read off the
AP energy, which we subtract from Ey to obtain the trion
binding energy Er. Figure 9 shows DR spectra at low
electron doping from regions I and II of our -BN sample,
plotted as a function of E — Ex, where Ex is the respective
exciton energy, to illustrate the difference in Er.

APPENDIX E: CHARGE DENSITY AND MOIRE
LENGTH CALCULATION

We use a simple capacitor model to convert the volt-
ages applied to top and bottom gates to a charge carrier
density in the TMD layer. We model the device as two
coupled capacitors, with the TMD as the central layer.
The TMD layer is always grounded (Vpyp = 0). The
central layer is separated from the top (bottom) gate by
a h-BN dielectric spacer with thickness di,, = 50 +5 nm
(dyor = 36 £5 nm). The thicknesses of the h-BN gate
dielectrics are estimated from their colors in bright field
microscopy. We apply the voltages Vg and Vg to the top
and bottom gate, respectively. The charge density induced
on the TMD layer through the capacitive coupling is thus

Vic  Vag 1 1
= ST L IB6 (4 —)v,|, (El
[0 SBN80|: dt + db dt+db 0 ( )

where egny = 3.4 £ 0.2 is the 2-BN out-of-plane dc dielec-
tric constant [50], &, is the vacuum permittivity, and V is a
constant that represents the finite voltage needed to surpass
the charge gap of the TMD. We determine V|, from the
integrated DR signal over the exciton and RP resonance
(see Fig. 10). As soon as charges are injected into the

]
1501
1000
e i
() 1
= 100{ | 900
@ 1
s |
& ; 800
E 501 !
i —— Region I | 70
| —— Region 1T
01 |
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Vi (V)
FIG. 10. Integrated DR in the energy range 1.626 S E <

1.652 eV for measurement spots in regions I and II.

system, the exciton starts losing oscillator strength to the
AP, leading to a sharp cusp in the integrated DR.

The charge carrier density is then n = ¢/e with e the
elementary charge.

As described in Sec. V, we determine the gate voltages at
which unity filling of the moiré lattice (Vigl|,—; =
Vigly—1 = 1.49 V) occurs directly from the spectral fea-
tures. We use Eq. (El) to calculate the charge density at
v=1and find n|,_, = 1/A,, = (1.1 £0.2) x 10"> cm~2,
where A, is the area of one moiré unit cell. The moiré
length a,, is then given by a2, = (2/v/3)A,,. From this we
can calculate the corresponding twist angle of the 7-BN,
which is given by 6, = arccos|[l — a3y/(2a%)], with
agny = 2.5040 A the lattice constant of 4-BN [51].

APPENDIX F: PHOTOLUMINESCENCE (PL)
SPECTROSCOPY

We show doping-dependent photoluminescence (PL)
spectra at B, =0 T in Fig. 11. We used a helium-neon
laser at wavelength 632.8 nm (excitation power 8.6 pW
before the insert) for the PL measurement. We observe a

n (102 cm™2)
0 1 2

3
1.64
1.63

10*
1.62
1.61
1.60

0 1 3

Energy (eV)
Ipp (cts/s)

2
Vi (V)
FIG. 11. Photoluminescence spectra as a function of electron
doping at B, = 0 T. The dashed gray vertical lines indicate the
doping onset and integer fillings (v = 1 and v = 2) of the moiré
lattice.
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in energy and therefore not relevant. The parabolic
dispersion is given by E(k) = #’k?/(2my), where k is
the momentum and my = 1.2my, is the exciton mass (m is
the free-electron mass). The splitting is therefore given by
Ey = E(ky), where ky = |ky] is the size of the Brillouin
zone. For a triangular lattice with lattice constant a, we
have ky = 2x/a. A triangular lattice with lattice constant a
corresponds to an electron density of n = 1/A, where A =
(v/3/2)a® is the area of the real space unit cell. We
therefore have Ey(n) = (4h/mx)n.

At filling factors v =1/3 and v =1, we expect the
electrons in the ~-BN moiré lattice to form triangular Mott-
Wigner states. In Figs. 12(a), 12(d), and 12(g), we show
differentiated DR spectra, as well as the expected umklapp
energy Ex + Ey. For the data at B, = 7 T, we also take the
Zeeman splitting E, of the exciton into account. We see

blueshift of the AP at v = 1, indicating an incompressible
state of electrons.

APPENDIX G: UMKLAPP RESONANCES
AT v=1/3 AND v=2/3

Since the umklapp resonance can be understood as a
high momentum exciton being scattered to zero momentum
by a periodic repulsive potential, we can estimate the
energy splitting Ey; between the umklapp and the exciton or
RP by considering the band folding of the bare exciton
dispersion at the edge of the periodic potential Brillouin
zone. In our case, the repulsive periodic potential for the
excitons stems from localized electrons in the moiré lattice.
The bare exciton has both linearly and parabolically
dispersing branches. As the linearly dispersing branch
has a large slope, its umklapp bands are far detuned

DL (b) ©

v=1/3-01 31 —y=2/3-01
C4“—y:1/3 _ 2 7/22/3
£ F—u=13+01 < v =2/3+0.1
X~ 21 & 11
< <
OA
—0.01 01
1.63 1.64 163 1.64
Energy (eV) Energy (eV)
(e) (f)
v=1/3-0.1 11 —v=2/3-0.1
1{ —v=1/3 v=2/3
- g g—r=1/3+01 3 v=2/340.1
30 [N St 0
5 g 0 I
<5} . Ex \\/
1.63 Ex+ Ey— Eg/2 [ —0.01
Eee ey g —14 ' 1 ‘
0 1 1.63 1.64 1.63 1.64
n (102 cm~2) Energy (eV) Energy (eV)
OAR/Ry h i
(g) ‘B 7T, 0, 0B (h)
l ' 0.0 [ mr=13-01 K—V:Z/Bfo.l
“ _ ’J_V:1/3 _ 007 v=2/3
000 3 —v=1/3+01 | £ v=2/3+0.1 f
: S x
< <
705<
—0.01
—11
1.63 1.64 1.63 1.64
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FIG. 12. Details of the umklapp resonances at B, = 0 T (a)—(c), B, = 7 T in o_ polarization (d)—(f), and B, = 7 T in ¢, polarization
(g)—(1). Panels (a), (d), and (g) show differentiated DR around the exciton or RP resonance at low doping, as well as exciton or RP energy Ex
obtained from dispersive Lorentzian fits (blue dots), and umklapp energy Ex + Ey; for triangular lattice as a function of n (gray solid line).
The gray dashed lines indicate the onset of doping and v = 1. Panels (b), (e), and (h) show DR spectra at and around v = 1/3, and panels
(¢), (f), and (i) show DR spectra at and around v = 2/3. An offset has been added to the spectra in (b), (c), (e), (f), (h), and (i) for clarity.
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that the v = 1/3 umklapp resonance is at the expected
energy.

At filling factor v = 2/3, the situation is more compli-
cated, as the electrons are expected to form a hexagonal
lattice. The unit cell of this hexagonal lattice has the same
size as the triangular lattice formed by the electrons at
v=1/3, but has two occupied sites per unit cell. We
therefore expect to see two umklapp resonances centered
around Ex|, /3 + Eyl,—;/3- A small splitting between the
two umklapp resonances could arise due to hybridization
between the two backfolded states, but we expect this
splitting to be small compared to Eyy. See also Ref. [36] for
a detailed discussion of umklapp resonances from triangu-
lar and hexagonal lattices. The umklapp resonance we
observe at v =2/3 indeed appears at roughly half the
splitting expected for a triangular lattice, confirming that
the v = 2/3 Mott-Wigner state is hexagonal. We do not
observe two umklapp peaks at v = 2/3, indicating either
that the two umklapp bands do not hybridize or the splitting
is smaller than the umklapp linewidth.

We note that we do not see the v = 2/3 umklapp in o_
polarization at B, = 7 T. We speculate that this is due to
the closeness in energy to the much stronger, blueshifting
exciton resonance.

APPENDIX H: HOLE SIDE DIFFERENTIAL
REFLECTION AT B,=0T AND B,=7T

As mentioned in the main text, we expect the moiré
potential for electrons and holes generated by #-BN to have
equal shapes and depths, the only difference being an offset
in the plane by half a moiré unit cell (or, equivalently, a
change of sign). We indeed see the same spectral features
that we attribute to the moiré potential (namely, the MP and
AP’ resonances) on the hole doping side as well; see
Fig. 13. We concentrate on the electron side for our
analysis, as for low doping, the charge carrier density
dependence on the gate voltage is nonlinear due to poor
contact quality for holes. This nonlinear hole doping

Vi (V)

FIG. 13. Differential reflection in region I as a function of V,
(for Vi = 0), showing qualitatively equal signatures of the moiré-
trapped charge carriers for hole and electron doping.

O+

Energy (eV)

Vi (V)

FIG. 14. Differential reflection as a function of V, at B, =7 T
on the hole doping side.

behavior has been previously observed in moiré-free
graphene-contacted MoSe, devices [27]; therefore, we
do not believe it to be a consequence of the moiré potential
or proximity to #-BN layers.

We also show the DR spectra on the hole doping side at
B, =7 T in Fig. 14. Here, we again see the MP resonance
and a single AP in o_ polarization (probing the undoped
valley), as well as a cusp in the o -polarized exciton. In
contrast to the electron side, the AP exhibits a strong
redshift.

APPENDIX I: EFFECT OF OUT-OF-PLANE
ELECTRIC FIELD

Some previous studies report a hysteretic electric field
dependence of ferroelectric +-BN domains due to field-
induced switching of the polarization via an in-plane layer
sliding transition [52,53]. We do not observe any qualita-
tive effect of an applied out-of-plane electric field, as can be
seen in Fig. 15, where we show DR spectra as a function of
V, for Vg = 0.5(Vyg — Vgg) = =4, 0, 4 V, corresponding
to fields E = 47,0, —47 mV /nm, respectively. The lack of
switching effect is due to the small length scale of the moiré
pattern, as the domain wall network protects the domain
arrangement [54].

APPENDIX J: THEORETICAL MODEL
FOR TRION BINDING IN MOIRE

1. Model

To model the trion binding energy in the presence of the
twisted h-BN moiré, we consider a rigid 1s exciton
interacting with an electron that is subject to a periodic
electrostatic potential. The Hamiltonian reads

P
2my  2m,

+ U(re) + V(rX - e>7 (Jl)

where py and p. denote the momentum operators for the
exciton (X) and electron (e), respectively. The exciton and
electron masses are represented by mx and m,, and are set
to 1.2my and 0.7m, with m being the bare electron mass.
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FIG. 15. Differential reflection spectra in region I as a function
of v, for three different values of V, showing the absence of an
effect of applied out-of-plane electric field on the spectral

signatures.

The terms U(r,) and V(ryx — r,) denote the moiré potential
and the exciton-electron interaction potential, respectively.

Inspired by past treatments of moiré potentials in
TMDs [55], we approximate the moiré potential through
its lowest harmonic expansion,

6
Ulr) = 3 Uje™, (12)
j=1

with U; as the harmonic coefficients and b; the reciprocal
lattice vectors of the first shell. These vectors can be
derived by applying a (j—1)xx/3 rotation to
b, = [4z/(v/3ay).0], where a,, is the experimentally
determined moiré length of 10.2 nm.

To ensure that the moiré potential is real and exhibits
threefold rotational symmetry, the harmonic coefficients
must satisfy:

U1=U3=U5, U2=U4=U6, U1=UZ (J3)
This constraint narrows the form of the expansion coef-
ficients to U; = Uye™, with y = n/2 producing a moiré
potential that aligns with the expected form of twisted
h-BN near a 0° twist angle. The modulation of the moiré
potential A, discussed in the main text is quantified
by A,, = 63/3U,.

For the exciton-electron interaction, we adopt the effec-
tive interaction [56],

Wo

T

(J4)

where ay is the 1s exciton radius of approximately
1.1 nm [57]. We have checked that the choice of exci-
ton-electron interaction (e.g., Gaussian with finite range, or
contact) does not affect the results presented in the main
text: The minor quantitative differences are well within the
uncertainty in the trion binding in the absence of moiré.

2. Trion binding in moiré

To determine the trion binding energy in the presence of
the moiré potential, we take advantage of the relatively
weak coupling between the relative and center-of-mass
(c.m.) coordinates; the coordinates exactly decouple in the
absence of moiré. Consequently, we reformulate the
Hamiltonian presented in Eq. (J1) as follows:

H:Hrel+Hc.m.+Hrc» (JS)

where the system is decomposed into

.
Hrel - 2m, + V(l'), (J6a)
P2
H ., = M + U(R), (J6b)
= U<R —%r) — U(R). (J6c)

In these expressions, R and r denote the c.m. and relative
coordinates, respectively, with P and p representing their
corresponding momentum. The masses M and m, are
defined as the total mass and the reduced mass of the
exciton-electron system, respectively. The relationship
between the coordinate system is summarized by
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mxIy =+ mere

R = i . (J7a)
r=ryx-—r., (J7b)
p= mepxj;mXpe , (J7C)
P = px + p.. (J7d)

This decomposition demonstrates that if the expectation
value of r is significantly smaller than the moiré length a,,
then the coupling term H .. in Eq. (J6¢) becomes negligible.
This motivates us to construct a basis using the eigenstates
of the relative and c.m. motions.

a. Relative motion

In polar coordinates, the Hamiltonian of the relative
motion reads

1 0

o 10
Hra =~ 7~ 007

W—F;E ) +V(r). (I8)

2m,

Given the spherical symmetry of the interaction potential,
angular momentum is conserved by H,,. The eigen-
states therefore take the form w/(r,8)e ?/\/2x, where
[ =0,=£1,..., facilitating the discretization and efficient
solution to yield the eigenstates and eigenenergies, denoted
by |w;,) and Ej, respectively. We point out that the
inclusion of the moiré potential breaks the rotational
symmetry, and therefore we must include multiple angular
momentum channels in our basis for the trion wave
function.

b. Center-of-mass motion

The c.m. Hamiltonian can be efficiently solved using
Bloch’s theorem. In particular, at zero c.m. quasimomen-
tum, we express the eigenvalue problem as

Hemlv) = Ev), (39)

where

(110)

=S¢y b).
b

with the sum over all reciprocal lattice vectors. We point out
that c.m. quasimomentum is a conserved quantity and we
henceforth always set it to zero. We can index the reciprocal
lattice vectors uniquely by the vector m = (m, n) through
b, = mb; + nbg. Then the expansion coefficients satisfy
the eigenvalue problem,

P =S b (1)
+U ¢E:r3 1,n) +U3¢ (m,n+1) + U5¢ m+1 n—1)
+U2¢Elr2 l.n+1) +U4¢ (m+1.n) +U6¢ (m,n—1)° (le)

where gbl(,”,) = qbg,”r:.

c. Eigenvalue problem for trion binding

The final ingredient required for our analysis is the matrix
elements of the relative and c.m. coupling, which are given by

6
<l//nlv I/|Hrc|l//n’l” l/> = Z sz / drzl//;l(r)l//n’l’(r)
1 b

j=

X By (O 1), (113)
To solve for the trion’s ground state, we expand the

complete Hamiltonian in terms of a general two-body wave

function with zero c.m. quasimomentum:

W) = Culwav) (J14)
nly
Here, the expansion coefficients satisfy
Eg;l:(EZI+ED)§ZI+Z<l//nlvV|Hrc|l//n’l”l/>gly/l//l/' (HS)

'y

Given that the matrix elements of H,. are small, the ground
state converges quickly in this basis. Equation (J15) allows
us to determine trion binding in the presence of moiré, and
to explore the effect of a finite range interaction on this
binding, as discussed in the main text.

Figure 16 shows the trion binding as a function of moiré
depth. Here we also show the uncertainty in the moiré

291

0 10 20 30 40 50 60
Ay (meV)

FIG. 16. Trion binding energy as a function of moiré potential
depth, where the trion in the absence of moiré has binding
23.96 meV. The blue shading shows the uncertainty in the trion
binding introduced by the uncertainty in the moiré length
(an, = 10.2 £ 0.7 nm).
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length by showing the range of trion binding energies
(i.e., the blue shading). Importantly, the uncertainty from
the uncertainty in the moiré length is not as large as the
uncertainty in the uncertainty in the trion binding in the
absence of moiré.

APPENDIX K: THEORETICAL MODEL FOR
ELECTRONS AND EXCITONS AT v=2

We now provide details on our theoretical model for the
study of electrons, and their binding to an exciton, at v = 2.
With two electrons per site, we expect the formation of a
band insulator, albeit with strongly modified bands from
strong electron correlations. Inspired by this, our model
completely neglects hopping between sites, and hence we
treat the electrons as localized to individual moiré unit
cells; neighboring sites are accounted for via a Hartree
potential. Since the electrons are confined to unit cells, we
do not account for exchange interactions. Figure 17 shows
the theoretical moiré potential and the corresponding unit
cell, which by construction is centered around a minimum
of the potential. We begin our discussion by considering the
singlet and triplet energy separation at v = 2, and then
proceed to the three-body problem, for two electrons and an
exciton in a single unit cell.

1. Singlet-triplet energy difference

Atv = 2, we have two electrons per moiré unit cell with
Hamiltonian

2 2
| 81 P
H?/ZZ = 2’;6 + U(rel ) + VH(rel) + 2’;6 + U(reZ) + VH(reZ)
+ Ve (Te1 = Te2), (K1)
16
8
Z
5 )
2 0 =
= >
o
-8
—16

-0.8 —0.4 0.0 0.4 0.8
x/amy

FIG. 17. The moiré potential with a depth of 35 meV, which is
chosen to yield the experimentally determined trion binding
energy. The red parallelogram shows the moiré unit cell; we
enforce homogeneous Dirichlet boundary conditions for all
particles along this boundary in the exact diagonalization
calculations.

where both electrons (1 and 2) enter the Hamiltonian
identically. Here, U(r.) is defined in Eq. (J2) and
Vu(r,) is the Hartree potential from electrons on neighbor-
ing sites, which is given by

Valr,) = / o PV =), (K2)

Here, we have introduced the electronic density 7n.(r), the
moiré unit cell Uy and the Rytova-Keldysh (RK) potential

8:02r0 [HO (%') - Y <%|H . (K3)

where H, and Y, are the Struve functions and Bessel
functions of the second kind, respectively, k ~ 4.4 is the
average dielectric constant of the encapsulating materials,
ro & 3.4 nm is the screening length; e is the electric charge,
and g, is the vacuum permittivity [57].

Since we assume that the electron wave functions in each
moiré unit cell are identical (which defines n.), we
diagonalize the Hamiltonian in Eq. (K1) iteratively to
reach self-consistency. Note that in performing the diag-
onalization we must take homogeneous Dirichlet boun-
dary conditions such that the electrons are entirely
localized in a moiré unit cell. It should also be noted that
as presently shown the integral in Eq. (K2) is not con-
vergent due to the long-range nature of the Rytova-Keldysh
potential (which behaves asymptotically like the Coulomb
potential). We regularize this divergence by replacing
Vrk(r) = Vgk(r)e /7 which removes the long-range
tail of the potential. While the choice of 7 will always shift
the absolute energies (which is not relevant to our results),
for sufficiently large 7 the wave functions and relative
eigenenergies of the Hamiltonian in Eq. (K1) are not
affected.

The eigenstates of Eq. (K1) have a definite parity under
exchange: States that are even (odd) under exchange are
associated with the spin singlet (spin triplet). By discretiz-
ing and iteratively solving Eq. (K1), we find that the singlet
is the ground state, but the triplet energy is only slightly
higher. Here, we emphasize that when solving for either the
singlet or triplet wave function, we assume that all other
sites are occupied with the same singlet or triplet wave
function, respectively. Figure 18 shows the singlet-triplet
energy difference as a function of the inverse number of
grid points along each dimension of the unit cell N. The
numerical data are well fit by a quadratic polynomial (i.e.,
co + ¢;/N + cy/N? with c; the fitting parameters), which
motivates us to extrapolate to 1/N = 0, where the energy
difference is 0.38 meV.

In order to understand this small energy difference, we
decompose the singlet (¥") and triplet (¥~) wave func-
tions into single-particle orbitals. In particular, we find
decompositions of form

Vrk(r) =
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FIG. 18. Triplet to singlet energy difference as a function of the
inverse number of grid points along each dimension (V). The
triplet is always higher in energy, but the difference to the singlet
decreases with increasing N. The numerical data are well fit by a
quadratic polynomial, which allows us to extrapolate to 1/N = 0,
where the triplet-singlet energy difference is 0.38 meV.

P (rel ’ I‘6:2)

(rel)¢;r (reZ) =+ ¢Ir (rel)qbar(reZ))’
(K4a)

oL g
—ﬁ(fﬁo

P (1) = = (05 )7 (1) = 7 () ().
(K4b)

In both cases, the overlap of the approximation decom-
position and the exact eigenstate exceeds 0.98. Figure 19
shows the orbitals in the singlet and triplet cases, which are
seen to be remarkably similar. This is a consequence of the

|65 (z, )| o1 (2, 9)]?
b

_(a) _ ) 10.0
7.5
5.0

0.25

g

< 0.0 25

—-0.25
—-0.5 0.0 0.5 —-0.5 0.0 0.5 0.0

x/ay x/any

FIG. 19. Orbitals in the decomposition of the singlet (top row)
and triplet (bottom row) for two electrons confined to a single
moiré unit cell. The orbitals of the singlet and triplet have striking
similarity owing to the fact that the Coulomb interaction
dominates over the moiré energy.

Coulomb interaction dominating over other energy scales,
such that the two electrons seek to avoid each other in the
moiré unit cell. Consequently, even in the singlet case, the
electrons seek out near-orthogonal orbitals, similar to those
of the triplet.

The small singlet-triplet energy separation suggests that
at the temperatures of the experiment (kT s ~0.36 meV)
the electrons form a mixture of singlets and triplets across
the various moiré unit cells. Owing to this, in what follows
we modify our iterative procedure by always defining the
Hartree potential with the assumption that the neighboring
sites host singlets. Assuming instead that the neighboring
sites host triplets, or a mixture, makes no qualitative
difference to the findings and only minor quantitative
differences.

2. Exciton-electron bound states

We now explore bound states between an exciton and
two electrons. To this end, we first introduce the
Hamiltonian for a free exciton,

H
X ZmX

, (K5)

where we once again enforce homogeneous Dirichlet
boundary conditions, and we denote the ground state wave

function and energy by wg? ) (rx) and Eg? ), respectively. The
three-body Hamiltonian is then given by

HX),=H: ,+Hx+V, (re —rx)+V,,(ro—rx). (K6)

Here, we take the exciton-electron interaction to be spin
dependent, thus phenomenologically accounting for how
the spin of the electron inside the exciton affects its
interaction with 1 versus | electrons. For simplicity, but
without loss of generality, we take the electron inside the
exciton to be spin |. Then, the exciton-electron interaction
is given by

Wo

Vi(r) == (@ + )7 (K7a)
Wo
Vi(r)= _W + Pyexp(—r/ax). (K7b)

For V; we use the same potential that was employed in
Eq. (J4), where W, is again chosen to give the correct trion
binding in the absence of moiré, but now with the
homogeneous Dirichlet boundary conditions. Meanwhile,
for V|, we include a short-range repulsion, which imitates
the Pauli exclusion principle. In particular, P, is chosen
such that in the absence of moiré the trion is not bound. We
find that the results are mostly insensitive to the precise
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value of P, as long as the potential supports no bound
states.

Since the model in Eq. (K6) conserves all individual
spins, we diagonalize the Hamiltonian in the individual

spin basis {|11), 1), [{1)[11)}. Resultingly, we find
eigenstates and eigenenergies, which we denote by

p\" (ry.Te1. Tep) and E9, respectively.

We must be careful to ensure the eigenstates have the
correct antisymmetrization under electron exchange. In the

case of |11) we include only eigenstates that satisfy

z;/f.M)(rX,re],rez) = —wEM>(rX,rez,rel). Meanwhile, for

differing spins the exchange operator no longer decom-
poses into a spin and orbital component; we instead
construct antisymmetrized eigenstates according to

’v‘/?m> = \/Lz (‘V/SN)>|T¢> - ‘w?m>lw>), (K8)

where we have used the fact that I/JEN) (ry, Tep, Tep) =

Wf’iﬁ(rX’ Feo, rel) and EIT¢ - E}T

In order to determine the oscillator strength of each
bound state, we consider its overlap with the initial state:
two electrons either in a singlet or triplet, and a zero-
momentum exciton. In the initial state, in absence of
magnetic field, the three triplet states are degenerate and
symmetrically equivalent. Hence, we are free to choose our
quantization axis at will, and for simplicity we choose the
same basis as in our final state, where the direction is set by
the electron spin in the exciton. An initial state with
electrons forming the triplet |7, ) = |11) will only have

overlap with states in the set {|¢/EM)>} (where the bar
denotes antisymmetrized states), whereas an initial state

with electrons in a singlet |S) = (1/v/2)(|1) = [{1)) or
the triplet |T) = (1/v/2)(|1)) + [{ 1)) will have overlap

with states in the set {|1,715N)>}. We emphasize that while
the exciton cannot flip the electron spin, it will still mix
singlet and triplet states because the exciton becomes
entangled with the electron spins.

Since the eigenstates associated with ||, | ) are not bound,
they are irrelevant for the attractive polaron lines and we
henceforth exclude them and the associated initial state
|T_) =|{]) from our analysis.

In general, we find that each initial state primarily has
overlap with only one bound state within ~10 meV of the
ground state. In the case of |T) there is precisely one
bound state with finite overlap (with magnitude squared
0.57). Meanwhile, in the case of the singlet or |T)) there are
two contributing bound states, but one dominates for each,
which we show in Table I. This leads us to identify each
bound state by its associated initial state (which we denote
by the spin configuration, i.e., T, Ty, or S). Furthermore,
we measure the energy of each bound state with respect to

TABLE 1. Eigenvalues in the spin-unpolarized scenario, and
the overlaps (squared) of the eigenstates with the singlet S and
triplet 7'y initial states. It is seen that the ground state and first
excited state predominantly have overlap with the singlet and
triplet initial states, respectively.

EY —El* (mev) S T,
0.00 0.29 0.04
0.33 0.05 0.27

its associated initial state (where we take the energy of the

exciton in the initial state as E§? )).

Figure 20 compares the energy of these three bound
states and the excitonic component of each bound state. We
again plot the energy as a function of 1/N, and find it is
well fit by a quadratic polynomial, which allows us to
extrapolate to 1/N = 0. Here, we find an energy splitting
between the 7', bound state and the S or T bound states to
be ~3 meV. This splitting can be understood by looking at
the exciton wave function in each of the three bound states
[Figs. 20(b)-20(d)]. Here we observe that in the case of 7',
the exciton can delocalize across both electrons, attracting
them closer together without the short-range repulsion due
to phase-space filling. This leads to the exciton effectively
forming a bonding orbital with the electrons, and thereby
lowering the overall energy.

|T)

Jla
16 (&) 0.25
= .
[} =
B gy . T g 0.00
& o |s) '
A Ty —0.25
—32 4 , ,
0.00 0.05 0.10 —05 0.0 0.5
1/N
1S)
‘ 0.25
I 0.00
—0.25
—05 00 0.5 —05 0.0 0.5
x/am x/am

FIG. 20. Comparison of the energies and wave functions of two
electrons and an exciton confined to a moiré unit cell, where each
bound state is identified by the spin configuration of the
associated initial state. (a) The binding energies as a function
of 1/N, which are well fit by a quadratic polynomial, which
allows us to extrapolate to 1 /N = 0. (b)—(d) The wave function of
the exciton for each of the three bound states (where the electrons
have been traced out). In the case of 7, , where the exciton can
attractively interact with both electrons (without phase-space
filling), one observes that the exciton delocalizes across both
electrons.
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