
Observation of Wannier-Rydberg and Charge-Transfer Hybrid Moiré Excitons under Pressure
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Moiré superlattices in van der Waals heterostructures, arising from lattice mismatch or twist angle,
provide a powerful platform for engineering correlated electronic and excitonic states. Moiré excitons form
when electrons and holes are individually modulated by the moiré potential yet remain bound by Coulomb
interaction, resulting in exciton wave functions with a highly nontrivial and rich real-space structure.
However, achieving in situ and dynamic control over the interplay between excitonic Coulomb interaction
and the moiré potential remains a central challenge. Here, we demonstrate that hydrostatic pressure
provides a continuous and effective means of enhancing the moiré potential and tuning moiré excitons in
WSe2=WS2 moiré heterobilayers. As pressure increases, intralayer moiré excitons exhibit systematic
redshifts as the moiré potential deepens. Crucially, above ∼3 GPa the system enters a strong-moiré regime,
where a new higher-energy intralayer moiré exciton emerges that is not accessible otherwise. Combining
dual-gate optical spectroscopy with Bethe-Salpeter equation calculations, we reveal that this emerging
moiré exciton state arises from strong pressure-induced hybridization between two distinct exciton series:
Wannier-Rydberg and charge-transfer excitons. Enhanced exciton-electron and exciton-exciton inter-
actions observed in doping-dependent photoluminescence further evidence the strengthened moiré
potential under pressure. Our work establishes a pioneering paradigm of moiré excitonic wave function
engineering, enabling the on-demand creation of tailored excitonic species in moiré superlattices.

DOI: 10.1103/lgl7-ww2r Subject Areas: Condensed Matter Physics,
Materials Science, Nanophysics

Moiré superlattices can be formed by stacking two-
dimensional (2D) crystals with a small twist angle or lattice
mismatch. Arising from the interference between the
periodic lattices of the two layers, the moiré pattern
introduces a long-wavelength potential whose character-
istic length scale is much larger than the atomic lattice
constant of the individual layers. This moiré potential can
strongly reshape the electronic band structure and give rise
to a variety of exotic quantum phases, including unconven-
tional superconductivity, correlated insulating states, topo-
logical states, generalizedWigner crystals, ferromagnetism,

and Kondo lattice states [1–10]. Beyond ground-state
phenomena, the interaction between 2D moiré superlattices
and light generates a rich landscape of photoexcited states.
Upon optical excitation, electrons and holes are created and
bound via Coulomb attraction to form excitons that are
correlated two-particle quasiparticles. Owing to reduced
dielectric screening and quantum confinement, excitons in
2D semiconductors typically form aWannier-Rydberg (WR)
series, dominated by strong electron-hole Coulomb inter-
actions [11]. Intriguingly, in transition-metal dichalcogenide
(TMD) moiré superlattices, the presence of moiré potential
introduces an additional degree of freedom that can strongly
interplay with the excitonic Coulomb interaction, giving rise
to moiré excitons.
Such moiré excitons arise when the intrinsic fermionic

constituents, i.e., the electron and hole, are individually
modulated by the moiré potential yet remain bound by the
Coulomb interaction [Fig. 1(b)], resulting in exciton wave
functions with highly nontrivial and rich real-space struc-
tures. In recent years, moiré excitons in TMD superlattices
have attracted intense interest. Early studies demonstrated
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moiré-trapped interlayer charge-transfer (CT) excitons
[12,13], in which electrons and holes reside in different
layers and are localized at the minima of the moiré
potential. Such quantum-dot-like excitonic states were
revealed through photoluminescence measurements [13].
In contrast, intralayer CT excitons, where electrons and
holes occupy different regions within the same layer, are
much rarer because their formation requires the moiré
potential to counterbalance the intrinsic Coulomb attrac-
tion [Fig. 1(b)]. Recently, this new type of intralayer moiré
CT exciton has been identified both experimentally and
theoretically in WSe2=WS2 moiré superlattices, where its
properties are highly sensitive to local strain and modu-
lation of the moiré landscape [14]. Further theoretical
work has predicted shift-current vortex crystals and
associated all-optical control of magnetism induced by
the intralayer moiré CT exciton [15]. Generally, CT
excitons possess long lifetimes and large dipole moments,
enabling a range of rich phenomena, including strong
optical nonlinearities, Bose-Einstein condensation, and
exciton superfluidity [16–19]. Despite these advances,
achieving in situ and dynamic control over the interplay
between excitonic Coulomb interaction and moiré

potential, thereby engineering the moiré excitonic wave-
function is highly desirable but remains a central chal-
lenge in moiré excitonic physics.
In this work, we demonstrate that hydrostatic pressure

offers a powerful yet non-destructive control parameter for
dynamically manipulating the interplay between the exci-
ton’s internal orbital character governed by the excitonic
Coulomb interaction and its external spatial configuration
governed by the moiré potential. By continuously tuning
the interlayer coupling, structural reconstruction, and moiré
potential strength, pressure drives a systematic evolution of
moiré excitonic states. We apply hydrostatic pressure up to
∼5 GPa to an H-stacked (60°-twisted) WSe2=WS2 moiré
superlattice using a diamond anvil cell (DAC). Based on
doping-dependent optical reflectance spectroscopy, we
observe systematic pressure-induced energy shifts of the
moiré excitonic states. Most strikingly, upon increasing
pressure beyond ∼3 GPa, the system is driven into a
strong-moiré regime, where a new higher-energy moiré
exciton state emerges that is not accessible otherwise. Our
excitonic calculations based on the Bethe-Salpeter equation
(BSE) reveal that this new moiré exciton originates from
the pressure-enhanced moiré potential, which drives strong

(c)

(b)(a)

(d)

(e)

FIG. 1. H-stacked WSe2=WS2 moiré heterostructure under pressure. (a) Cartoon of high-pressure and dual-gate tunable spectroscopic
measurements of moiré excitons in an H-stacked WSe2=WS2 heterostructure. An insulating layer is inserted between the metallic gasket
and the diamond culet to prevent electrical shorting. (b) Schematic illustration of the intralayer moiré excitons arising from the interplay
between the moiré potential (Ve

moiré for electron and V
h
moiré for hole) and the excitonic Coulomb interaction (VCoulomb). The black dashed

outline denotes the moiré supercell with a lattice constant of 8.3 nm, and the positions of three high-symmetry local stacking sites
(Hh

h;H
M
h ; and HX

h ) are labeled. H
h
h—W (Se) atoms of WSe2 are on top of S(W) atoms of WS2; HM

h —W (Se) atoms of WSe2 are on the
hollow sites (top of S atoms) of WS2; andHX

h—Se (W) atoms of WSe2 are on the hollow sites (top of Watoms) of WS2. (c) Schematic of
the WSe2=WS2 device with a dual gate configuration under pressure. (d),(e) Theoretical spatial distribution of (d) the interlayer distance
and (e) the in-plane strain in the WSe2 layer at 0 and 4 GPa.
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hybridization between the WR exciton state and the CT
exciton state, thereby inheriting the spatial characteristics
of both. The marked strengthening of the moiré potential
is further evidenced by enhanced electron-exciton and
exciton-exciton Coulomb repulsions of the interlayer
exciton observed in doping and electric field dependent
photoluminescence spectroscopy, respectively. This direct
observation of a pressure-induced exciton hybridization
pathway underscores the unique potential of hydrostatic
pressure for engineering the moiré potential and correlated
excitonic phenomena in moiré superlattices.
Figure 1(a) presents a schematic of the DAC and the

associated experimental setup [20]. Optical access is
provided through the transparent top diamond window.
Pressure (P) is applied by compressing the DAC chamber
filled with liquid pressure-transmitting medium (PTM) and
is calibrated using the energy shift of the ruby R1

fluorescence line [21]. Dual-gated H-stacked WSe2=WS2
heterobilayer devices (see Supplemental Material [22],
Fig. S1 for the device image) are fabricated and trans-
ferred onto the diamond culet, which is pre-patterned
with Ti=Au electrodes for electrical access. The twisted
angle (∼60°) between the WSe2 andWS2 layers is achieved
using polarization-dependent second-harmonic-generation
(SHG) measurements [Supplemental Material [22],
Fig. S1(b)] [44,45]. The WSe2=WS2 heterobilayers are
fully encapsulated between few-layer hBN and graphite,
which serve as dielectrics and gate electrodes on both sides,
enabling independent control of the vertical electric field
(Ez) and carrier doping density [as illustrated in Fig. 1(c)].
The encapsulation further preserves clean interfaces and
maintains high optical quality under applied pressure. The
exciton dynamics are primarily studied at ∼8 K using
optical reflectance and photoluminescence (PL) micro-
spectroscopy with a probing spot of approximately 2 μm.
The H-stacked WSe2=WS2 heterostructure forms a

moiré superlattice with a lattice constant of ∼8.3 nm,
arising from the ∼4% lattice mismatch between WS2
and WSe2 [Fig. 1(b)]. Owing to the different energetics
of local stacking configurations within the moiré pattern,
the superlattice undergoes structural reconstruction to
minimize the total energy by increasing the areas of the
lower-energy Hh

h and HX
h stacking regions while reducing

the higher-energy HM
h regions. Previous experimental and

theoretical studies have shown that such structural
reconstruction plays a key role in the electronic behavior
of moiré superlattices [14,15,46,47]. Figures 1(d) and 1(e)
present the spatial distribution of interlayer distance and
intralayer strain in the WSe2 layer across the reconstructed
superlattice at 0 and 4 GPa, respectively, obtained from
large-scale atomistic force-field simulations (see Methods
in the Supplemental Material [22] for details). Earlier
studies have shown that pressure can modulate the moiré
structure without altering the intrinsic moiré periodicity
[48–53]. The first observation is that pressure reduces the

interlayer distance across all stacking regions [Fig. 1(d)], as
a direct consequence of the two layers being pushed closer
together. More importantly, as shown in Fig. 1(e), pressure
enhances the in-plane structural reconstruction, leading to a
pronounced increase in the strain field, particularly within
the HM

h stacking regions. The calculated strain is strongly
localized within the moiré unit cell and should not be
interpreted as a uniform macroscopic strain. Optical micro-
graphs show that the device remains intact during pres-
surization, without severe wrinkling or delamination
(Supplemental Material [22], Fig. S9). This strengthened
intralayer reconstruction, together with the reduced inter-
layer spacing, significantly enhances the interlayer cou-
pling and moiré potential. As discussed below, these
changes strongly modulate the electronic and excitonic
properties of the moiré superlattice. Meanwhile, we note
that low-frequency Raman spectroscopy of interlayer shear
and breathing modes would provide another probe of
pressure-enhanced interlayer coupling [54–59], which
represents an interesting direction for future studies.
To systematically elucidate the pressure-driven evolution

of moiré excitonic states, we combine reflectance-contrast
spectroscopy measurements of the WSe2=WS2 superlattice
with theoretical calculations of the exciton spectrum and
optical absorbance across a pressure range of 0–5 GPa.
Because the WSe2 layer has a smaller band gap, the low-
energy reflectance contrast spectrum is dominated byWSe2
intralayer excitons (< ∼ 1.8 eV, see Fig. 2), which are well
separated from the higher-energy WS2 intralayer excitons
[45]. At the lowest pressure (P ¼ 0.2 GPa), three distinct
intralayer moiré exciton states (X1-X3, at energies of 1.683,
1.735, and 1.770 eV, respectively) at charge neutrality
(Vg ¼ 0 V) are observed experimentally [Fig. 2(a),
left panel].
To reveal the microscopic nature of these moiré excitons,

we perform theoretical calculations based on the BSE which
is the state-of-the-art approach for accurately describing two-
body excitonic states. Owing to the large size of the moiré
supercells, full ab initio BSE calculations are computation-
ally challenging [14,15]. We therefore employ a continuum-
model-based BSE framework, in which the moiré potentials
for electrons and holes are separately parametrized by using
large-scale density functional theory (DFT) calculations of
fully reconstructed moiré superlattices (see Methods in the
Supplemental Material [22]). As shown in Fig. 2(c), the
computed absorbance spectra capture the three moiré exci-
tonic resonance peaks in good agreement with experiments
[Fig. 2(a)]. The quantitative discrepancy between the calcu-
lated and experimentally measured moiré-exciton energies
may arise from the complex dielectric screening associated
with the spatially inhomogeneous moiré superlattice, sub-
strate, and experimental device environment. Real-space
analysis of the computed exciton wave functions further
reveals their distinct spatial characters: the lowest-energy
state X1 corresponds to a typicalmodulatedWRexcitonwith
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1s character, inwhich the electron is tightly bound to the hole
at the sameHX

h site [Fig. 2(d)]; by contrast, X3 is an intralayer
CT exciton in which the electron and hole densities are
spatially separated by ∼4.8 nm, residing at the HM

h and HX
h

stacking regions, respectively [Fig. 2(e)]. The X2 exciton
exhibits a mixed character [14], and the details can be seen in
the Supplemental Material [22] [Fig. S5(b)].
These distinct spatial characters of the moiré WR exciton

(X1) and the CT exciton (X3) can be further revealed by
their markedly different doping dependences in the exper-
imental optical spectra. Upon electron (hole) doping, the
doped electrons (holes) predominantly occupy theHh

h (H
X
h )

sites in the WS2 (WSe2) layer, respectively [Fig. 2(f)] [60].
The doped carriers interact with the moiré exciton dipole
through electrostatic Coulomb coupling, resulting in dop-
ing-induced energy shifts of the optical resonances. The
moiré WR exciton X1, in which electrons and holes
spatially overlap, possesses a negligible excitonic dipole

moment and therefore exhibits only a weak energy shift
under carrier doping. In contrast, the moiré CT exciton X3

carries a pronounced dipole moment arising from the large
electron-hole separation, making its energy more sensitive
to doping. Notably, the X1 resonance recovers its oscillator
strength when the system is doped to integer filling factors
ν ¼ �1, consistent with the formation of Mott insulating
states, as previously reported [Fig. 2(a)] [45,61].
With increasing pressure, the intralayer moiré excitons

exhibit systematic and distinct evolution. First, the mixed
exciton state X2 quickly loses its oscillator strength and
becomes barely visible above ∼0.5 GPa. Interestingly, the
energies of X1 and X3 reduce linearly up to the highest
applied pressure, with rates of ∼22 and ∼9 meV=GPa,
respectively [Fig. 2(b)]. Such pressure-induced redshifts
were also observed in previous reports based on fiber-tip-
induced local deformation up to ∼1.4 GPa [62]. This
behavior originates mainly from the pressure-induced
reduction of the moiré band gap in the WSe2 layer

(a) (b)

(c) (d)

(h)(g)

(f)(e)

(j)(i)

FIG. 2. Pressure-driven evolution of moiré excitons in an H-stacked WSe2=WS2 heterostructure. (a) Doping-dependent reflectance
contrast spectra at 4 representative pressures. At low pressure (<0.2 GPa), three dominant peaks, X1, X2, and X3, are identified; notably,
at high pressure (>3 GPa) a new high-energy exciton state (X4) emerges. For data at additional pressures, see Fig. S7 in the
Supplemental Material [22]. (b) A sum of excitonic energies as functions of pressure. (c),(g) Computed absorbance spectra of the moiré
superlattices at 0 (c) and 4 GPa (g). (d),(e),(h),(i),(j) Real-space distributions of the electron density of the computed excitons,
jΨðre; rhÞj2, forming peaks X1 and X3 at 0 GPa [(d) and (e)], and peaks X1, X3, and X4 at 4 GPa (h),(i), and (j). In the plots, the hole
position rh (green dot) is fixed at the HX

h site, which yields the most dominant electron density distribution (see Supplemental Material
[22], Fig. S5). At 0 GPa, X1 and X3 exhibit distinct features of a modulated Wannier-Rydberg exciton (electron and hole localized at the
same stacking site) and an intralayer charge-transfer exciton (electron and hole separated across different stacking sites), respectively. At
4 GPa, stronger CT character develops: the electron density extends towards the HM

h stacking site for X1 (h) and increases at the HM
h

stacking site for X3 (i) Most notably, the emerging peak X4 (j) corresponds to a new hybrid exciton type, combining characteristics of the
WR 3d exciton state (ringlike) and the CT exciton state. (f) Schematic illustration of the doping response of the CT exciton in the moiré
superlattices. Upon electron (hole) doping, the doped electrons (holes) occupy the Hh

h (H
X
h ) sites in the WS2 (WSe2) layer, respectively.
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(SupplementalMaterial [22], Fig. S2). The slower redshift of
X3 thanX1 may reflect a stronger pressure dependence of the
binding energy of the spatially extended CT-like exciton.
Pressure-induced changes in screening (e.g., enhanced in the
HM

h region) and wave function extent can reduce the X3

binding energy and thereby partially compensate the redshift
of its single-body transition energy [63]. A quantitative
analysis would require a spatially resolved calculation of
the pressure-dependent dielectric screening of the moiré
superlattice, which is beyond the scope of this work. In
addition, the gate voltages (Vg) corresponding to integer
fillings, extracted from the doping-dependent reflectance
contrast (RC) spectra, exhibit an overall decreasing trend
with increasing pressure [Supplemental Material [22],
Fig. S3(a)]. This trend arises from the reduced interlayer
spacing and the corresponding increase in the geometric
capacitance of the hBN dielectrics under out-of-plane com-
pression (SupplementalMaterial [22], Figs. S3(b)–S3(d)). In
contrast, the 1s exciton peak energies in monolayer WSe2
and WS2 remain nearly pressure-independent in the RC and
PL spectra (Supplemental Material [22], Fig. S4), consistent
with a previous report of a negligible 1s-exciton shift in hBN-
encapsulated monolayer WSe2 under local compressive
deformation [62]. This likely arises from the much weaker
response of TMDs to out-of-plane strain than to in-plane
strain [64]. Because the samples encapsulated byhBNadhere
to the diamond surface, the applied stress deviates from
isotropic hydrostatic pressure, leading to a near cancellation
between the band gap increase from out-of-plane stress and
the decrease from in-plane stress.
Most notably, when pressure exceeds ∼3 GPa, a new

high-energy exciton state X4 emerges in our experimental
reflectance spectra. Its energy redshifts with increasing
pressure at a rate of ∼9 meV=GPa, nearly identical to that
of X3. This new moiré exciton state is also captured by our
BSE calculations at 4.0 GPa [Fig. 2(g)]. Analysis of the
computed spatial distribution of the exciton wave function
reveals that X4 possesses a complex hybridized character:
its hole component is primarily localized at the HX

h site,
while its electron component is distributed between the HX

h
site and adjacentHM

h sites. This spatial structure indicates a
new type of WR-CT hybrid moiré exciton complex,
combining the ringlike orbital character of a WR 3d exciton
with the electron-hole separation characteristic of a CT
exciton [Fig. 2(j)]. Experimental doping-dependent optical
spectra measurements show that X4 exhibits pronounced
sensitivity to carrier doping [right panel of Fig. 2(a)],
reflecting its large excitonic dipole arising from the highly
delocalized and registry-separated charge distribution.
In the following, we focus our analysis on the underlying

mechanism of how pressure drives the emergence of the
previously unidentified WR-CT hybrid moiré exciton X4.
As shown in Figs. 1(d) and 1(e), pressure-induced struc-
tural reconstruction introduces two major effects. First, the
reduced interlayer spacing enhances interlayer coupling
between the two layers. Second, the strengthened lattice
reconstruction further redistributes local stacking domains

and generates enhanced local strain fields. Our large-scale
DFT calculations show that the combination of these effects
markedly amplifies the moiré potential under high pressure
as illustrated in Figs. 3(a) and 3(b). On the other hand, we
note that the widely used local stacking approximation
(LSA), in which moiré potential is fitted from calculations
of pristine bilayers (small unit cells) at different local
regions [65], fails to capture the quantitative evolution of
the moiré potential under pressure [Fig. 3(b)], highlighting
the critical role of intralayer structural reconstruction in
accurately describing pressure-induced moiré potential
modulation.
A key feature of the system is that the moiré potentials

for electrons and holes have different spatial distributions.
The moiré potential minimum for holes is located at theHX

h
stacking site, while that for electrons lies at the HM

h site
[Fig. 3(a)]. This spatial separation between the energeti-
cally favorable locations of electrons and holes serves as
the driving force for the formation of intralayer CT excitons
[Fig. 1(b)]. The pressure-induced evolution of moiré
excitons can therefore be understood through the dynami-
cal interplay between the excitonic Coulomb potential
VCoulomb and the moiré potential Vmoiré. For explicit
illustration but without loss of generality, as shown in
Figs. 3(c)–3(e), we fix the hole position and analyze the
corresponding electron density distribution of the excitons.
The Coulomb potential VCoulomb, which is inversely propor-
tional to the electron-hole separation re − rh, favors
Wannier-like excitons, where electrons and holes localize
at the same positions to maximize their binding energy. In
contrast, the moiré potential Vmoiré, whose minima occur at
different stacking sites for electrons and holes, tends to
spatially separate them, thereby favoring CT character.
The pressure-driven dynamical interplay between

VCoulomb and Vmoiré organizes the moiré excitonic behaviors
into three distinct regimes. In the no-moiré regime (absence
of moiré potential), where the exciton is governed solely by
Coulomb binding VCoulomb [Fig. 3(c)], the exciton spectrum
reduces to the standard WR series (1s; 2p; 2s; 3d;…) with
different spatial extents of the wave functions [66]. States
within the same principal shell but with higher orbital
angular momentum lie at lower energies owing to strong
spatially dependent dielectric screening [66]. In the mod-
erate-moiré regime (upon forming moiré heterobilayers but
without external pressure), the moiré modulation becomes
relevant [Fig. 3(d)]. Electron and hole moiré potential
minima occur at different stacking sites and give rise to
moiré CT excitons. In this regime, the WR and CT exciton
states coexist with little hybridization [corresponding to
Figs. 2(d) and 2(e)]. The large electron-hole separation in
CT excitons reduces their Coulombic attraction, yielding
smaller binding energies and, consequently, higher exciton
energies compared with the lowest WR exciton [Fig. 2(c)].
As the external pressure increases, the system enters

a strong-moiré regime in which the enhanced moiré
potential Vmoiré strengthens the CT character of the
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excitons [Figs. 2(h)–2(j)]. The CT exciton states become
progressively stabilized, with their energies decreasing
toward those of the WR excitons, leading to coupling
between them. Remarkably, strong hybridization occurs
between the CT exciton state and the WR 3d state due to
their resonant energies and significant electron wave
function overlaps [Fig. 3(f)]. This gives rise to the emer-
gence of a new exciton X4, which simultaneously exhibits
the ringlike orbital character of a WR 3d exciton and the
electron-hole separation characteristic of a CT exciton [as
shown in Fig. 2(j)]. This behavior is further revealed by the
calculated optical absorbance spectra under fine pressure
tuning (Supplemental Material [22], Fig. S8). The sche-
matic in Figs. 3(c)–3(e) summarizes the crossover driven
by the interplay between VCoulomb and Vmoiré, highlighting
how pressure continuously tunes the system from a
moderate moiré regime to a strong moiré regime where
the WR-CT hybrid moiré exciton X4 emerges. A similar
pressure-induced hybrid moiré exciton also emerges in

the WS2 layer (Supplemental Material [22], Fig. S16),
although its high-energy optical resonance is difficult to
resolve experimentally.
The enhancement of the moiré potential under pressure

is further corroborated by the gate-dependent spectral
evolution of interlayer excitons (Fig. 4). Doping-dependent
PL spectra [Figs. 4(a)–4(c)] reveal a pressure-induced
strengthening of the electron-exciton interaction Ue−ex,
defined as the energy cost of adding an interlayer exciton
to a moiré site already occupied by one electron. As
summarized in Fig. 4(c), Ue-ex increases from ∼25 to
∼70 meV with increasing pressure. In addition, electric-
field-dependent PL spectra [Figs. 4(c) and 4(d)] demon-
strate an enhanced exciton-exciton interaction Uex−ex
under pressure. This enhancement is manifested by the
increasing energy separation between the singly occupied
state (IX1) and the doubly occupied state (IX2) at the
charge neutrality, as illustrated in Fig. 4(e). The higher-
energy branch IX2 corresponds to a repulsively interacting

(b)(a)

(c) (e)(d) (f)

FIG. 3. Calculated moiré potential distribution and moiré exciton evolution under pressure. (a) Theoretical spatial distributions of the
moiré potential VmoiréðrÞ for holes (hþ, left panel) and electrons (e−, right panel) at 0 and 4 GPa, obtained from large-scale DFT
calculations. (b) Pressure dependence of the moiré potential depth for electrons (Vc) and holes (Vv), obtained from explicit large-scale
DFT calculations (solid lines) and local-stacking approximations [(LSA); dashed lines]. (c) Schematic illustration of the WR series
(1s; 2p; 2s; 3d;…) [66], governed solely by the electron-hole Coulomb potential (red cone), in pristine monolayer WSe2 without a
moiré potential. (d),(e) Schematic illustration of the pressure-induced evolution of the excitonic states in the WSe2=WS2 moiré
superlattice. For clarity, we fix the hole at its moiré-potential minimum and illustrate only the effective potential experienced by the
electron. (d) At zero applied pressure, the system lies in a moderate-moiré regime. The moiré potential (blue cone) favors the localization
of the electron at the moiré potential minimum, thereby leading formation of CT excitons in which the electron and hole remain bound
by the Coulomb potential. (e) At high pressure, the system enters a strong-moiré regime. The deepened moiré potential brings the CT
exciton into energetic proximity with the WR 3d state, resulting in strong hybridization and the emergence of a CT-3d hybrid excitonic
state. (f) Real-space distribution of the electron density of the pristine 3d exciton state (without moiré) with the hole fixed at the HX

h
stacking site. The location of the CT exciton is illustrated. The radius of the 3d exciton is close to the electron–hole separation of the CT
exciton, leading to strong spatial overlap and thus pronounced coupling between them.
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two-interlayer-exciton configuration in a localized moiré
site [67–69]. This is analogous to an on-site Hubbard-type
interaction energy, in the sense that double occupancy of a
localized site is shifted upward by a repulsive interaction.
The role of the moiré potential is to localize the excitons
and make this repulsively interacting two-particle configu-
ration spectroscopically accessible. In this case, after one
interlayer exciton already occupies a moiré potential
minimum, adding a second interlayer exciton to the same
moiré site costs a positive interaction energy Uex−ex. The
extracted Uex−ex, summarized in Fig. 4(f), increases from
∼30 to ∼95 meV. Stronger confinement generally reduces
the in-plane extent of the localized exciton wave function
and thereby enhances the on-site electron-exciton and
exciton-exciton interactions. The observed increase of
Ue−ex and Uex-ex with pressure is therefore consistent with
pressure-enhanced moiré confinement and stronger inter-
action effects within a moiré cell.
In summary, we have markedly enhanced the moiré

potential in an H-stacked WSe2=WS2 moiré superlattice by
applying hydrostatic pressure up to ∼5 GPa using a
diamond anvil cell. Doping-dependent reflectance spec-
troscopy reveals the concurrent emergence of a new,
higher-energy moiré exciton peak. BSE calculations con-
firm that this new moiré exciton resonance originates from

the strong hybridization between WR 3d and CT excitons
under a pressure-enhanced moiré potential. The strength-
ened moiré potential is further manifested in the enhanced
electron-exciton and exciton-exciton Coulomb interactions
of the interlayer exciton, as evidenced by gate-dependent
PL spectroscopy. This establishes pressure as a powerful
tuning knob governing the interplay between intrinsic
excitonic Coulomb attraction and moiré confinement,
and provides a microscopic framework for engineering
exciton character and pressure-tunable optical selection in
moiré superlattices.
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FIG. 4. Pressure tuning of interlayer exciton-electron and exciton-exciton interactions. (a) Doping-dependent (with Vg ¼ V tg ¼ Vbg)
PL spectra at three representative pressures. (b) Schematic illustration of exciton–electron interactions. (c) Energy discontinuity at filling
factor ν ¼ 1, corresponding to the interaction energy (Ue−ex) between an electron and an exciton within the same moiré supercell. (d) PL
spectra versus vertical displacement field (Dz) at three representative pressures, where gate voltages are applied antisymmetrically
(Vtg ¼ −Vbg) to maintain charge neutrality of the sample. (e) Schematic illustration of exciton-exciton interactions (Uex−ex).
(f) Extracted energy separation between IX1 and IX2, reflecting exciton-exciton repulsion within the same moiré supercell, under
different pressures. For data at additional pressures, see Fig. S12–S14 in the Supplemental Material [22].
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valleytronics: realizing dense arrays of topological helical
channels, Phys. Rev. Lett. 121, 186403 (2018).

[10] A. L. Sharpe, E. J. Fox, A. W. Barnard, J. Finney, K.
Watanabe, T. Taniguchi, M. A. Kastner, and D.
Goldhaber-Gordon, Emergent ferromagnetism near three-
quarters filling in twisted bilayer graphene, Science 365,
605 (2019).

[11] 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).

[12] H. Yu, G.-B. Liu, J. Tang, X. Xu, and W. Yao, Moiré
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WSe2=WS2 heterostructure via mechanical deformation,
Nano Lett. 21, 8910 (2021).

[63] B. Aslan, M. Deng, and T. F. Heinz, Strain tuning of
excitons in monolayer WSe2, Phys. Rev. B 98, 115308
(2018).

[64] P. Steeger, J. H. Graalmann, R. Schmidt, I. Kupenko, C.
Sanchez-Valle, P. Marauhn, T. Deilmann, S. M. de
Vasconcellos, M. Rohlfing, and R. Bratschitsch, Pressure
dependence of intra- and interlayer excitons in 2H-MoS2
bilayers, Nano Lett. 23, 8947 (2023).

[65] F. Wu, T. Lovorn, E. Tutuc, I. Martin, and A. H.
MacDonald, Topological insulators in twisted transition
metal dichalcogenide homobilayers, Phys. Rev. Lett. 122,
086402 (2019).

[66] Z. Ye, T. Cao, K. O’Brien, H. Zhu, X. Yin, Y. Wang, S. G.
Louie, and X. Zhang, Probing excitonic dark states in
single-layer tungsten disulphide, Nature (London) 513, 214
(2014).

[67] H. Park et al., Dipole ladders with large Hubbard inter-
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