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Pressure tuning of minibands in MoS2/WSe2 
heterostructures revealed by moiré phonons

Luiz G. Pimenta Martins    1,7  , David A. Ruiz-Tijerina    2,7, 
Connor A. Occhialini    1, Ji-Hoon Park    3, Qian Song1, Ang-Yu Lu3, 
Pedro Venezuela4, Luiz G. Cançado5, Mário S. C. Mazzoni    5, 
Matheus J. S. Matos    6, Jing Kong    3   & Riccardo Comin    1 

Moiré superlattices of two-dimensional heterostructures arose as a new 
platform to investigate emergent behaviour in quantum solids with 
unprecedented tunability. To glean insights into the physics of these systems, 
it is paramount to discover new probes of the moiré potential and moiré 
minibands, as well as their dependence on external tuning parameters. 
Hydrostatic pressure is a powerful control parameter, since it allows to 
continuously and reversibly enhance the moiré potential. Here we use high 
pressure to tune the minibands in a rotationally aligned MoS2/WSe2 moiré 
heterostructure, and show that their evolution can be probed via moiré 
phonons. The latter are Raman-inactive phonons from the individual layers 
that are activated by the moiré potential. Moiré phonons manifest themselves 
as satellite Raman peaks arising exclusively from the heterostructure region, 
increasing in intensity and frequency under applied pressure. Further 
theoretical analysis reveals that their scattering rate is directly connected to 
the moiré potential strength. By comparing the experimental and calculated 
pressure-induced enhancement, we obtain numerical estimates for the 
moiré potential amplitude and its pressure dependence. The present work 
establishes moiré phonons as a sensitive probe of the moiré potential as well 
as the electronic structures of moiré systems.

Moiré patterns, formed by stacking two-dimensional (2D) crystals with 
a small lattice mismatch or twist angle between individual layers, gener-
ate approximate superlattice potentials capable of localising electrons 
and holes into effective Hubbard lattices1 with flat minibands and meso
scale periodicity2. The strongly interacting regimes of these Hubbard 
models underpin our current understanding of strongly correlated phe-
nomena in 2D systems, such as unconventional superconductivity3,4,  
emergent ferromagnetism5,6 and correlated insulating phases6,7, 
recently observed in twisted bilayer graphene and transition metal 
dichalcogenide (TMD) heterostructures. Modelling these collective 

phenomena requires accurate information about the minibands, such 
as their bandwidths and energy-gap sizes, as well as their dependence 
on external tuning parameters, such as doping or strain.

In moiré systems, hydrostatic pressure is an especially promising 
yet largely unexplored control parameter, because it allows to continu-
ously modify the moiré minibands by modulating the moiré potential 
strength8,9. Probing the pressure dependence of moiré minibands  
crucially requires a new kind of experimental probe, since commonly 
used techniques, such as angle-resolved photoemission spectro
scopy and scanning tunnelling microscopy10,11, are incompatible with 
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measured in the heterostructure, compared with those from the indi-
vidual layers. As expected, all the modes blueshift with increasing 
pressure due to in-plane compressive strain23. The linear behaviour of 
all the modes is a good indication of the absence of notable 
non-hydrostatic stress components24. This is further supported by the 
spatial homogeneity of the Raman frequencies across the MoS2 flake 
(Supplementary Section 2).

Moiré phonon signatures
In addition to the expected Raman peaks from the individual layers, 
new satellite peaks exclusively appear in the heterostructure region 
(Fig. 1d, red arrows), which are labelled as M1, M2 and M3. M1 becomes 
discernible around 288 cm−1 at 1.8 GPa, whereas M2 at ≈467 cm−1 is 
already discernible at ambient pressure. The intensities of both M1 and 
M2 peaks increase with pressure. As discussed below, the mechanism 
behind the pressure enhancement in the M peaks is distinct from that 
of the 2LA/LA bands. We also note an anomalous broadening of the E′ 
mode in the heterostructure that is already present at ambient pres-
sure, and persists through the pressure sweep, compared with the 
monolayer (Fig. 1e and Extended Data Fig. 2). Such a substantial broad-
ening was not observed for the A′

1 mode and thus is unlikely to be asso-
ciated with the strain generated in the heterostructure region. To 
explain this anomalous broadening, we propose an additional peak 
M3, appearing at 380 cm−1 at ambient pressure. This assignment is 
justified by the inspection of Extended Data Fig. 2, where it is possible 
to notice a clear extra spectral weight, redshifted with respect to the 
E′ mode, at all pressures. This assignment is strongly corroborated by 
a careful fitting of the Raman modes from the individual layers in that 
spectral region, as discussed below, and by the fact that the M3-peak 
intensity increases with pressure, in contrast with the MoS2 E′ peak 
intensity in the isolated monolayer, which decreases as the pressure is 
increased (Fig. 2e). The latter behaviour was previously reported for 
the E′ mode of MoS2 at higher pressures23,25.

Figure 2a compares the fitted Raman spectra (Methods) of  
the heterostructure and the isolated layers in the 190–330 and  
340–480 cm−1 frequency ranges, at ambient pressure and at 1.8 GPa. 
By comparing the Raman peaks from the heterostructure with those 
in the individual constituent layers, it is evident that M1, M2 and M3 
exclusively appear in the former. Figure 2b–d shows the pressure evolu-
tion of the M1, M2 and M3 mode frequencies, which linearly blueshift 
with increasing pressure, with slopes of 1.9, 4.1 and 2.9 cm−1 GPa−1, 
respectively. We stress that since M1 was not clearly resolved at ambient 
pressure, probably due to its low intensity combined with an overlap 
with the 2LA modes in WSe2, its ambient-pressure frequency was 
extrapolated from the higher-pressure values (Fig. 2b). To better 
resolve the M1 and M2 peaks, we performed polarised Raman spectro
scopy at the maximum pressure (where the M-peak intensities are 
maximized), in both parallel polarisation (XX; Fig. 2f, top) and 
cross-polarisation (XY; Fig. 2f, bottom) geometries. From the inspec-
tion of Fig. 2f, we can see that the A′

1 MoS2 mode is quenched under 
cross-polarisation, as expected for the backscattering configuration. 
Interestingly, the 2LA and LA bands in MoS2 and WSe2 also quench in 
the XY channel, offering a clearer view of M1 and M2 in the heterostruc-
ture spectrum, and revealing that their intensities are insensitive to 
the relative polarisation. This observation points to a unique symmetry 
behaviour of moiré and 2LA phonons, possibly connected to their 
finite-momentum origin, which goes beyond a direct extension  
of single-zone-centre-phonon Raman processes. Further symmetry 
analysis of these excitations is left for a future study.

The moiré superlattice that forms in the heterostructure region 
(Fig. 1b) is described by the moiré primitive reciprocal vectors16 gn (n = 1, 
2, 3) (Fig. 3a), and their negatives, which together define a reduced or 
moiré Brillouin zone (mBZ). Due to the superlattice periodicity, crystal 
momentum is conserved only up to a moiré vector, and all the elec-
tronic and phonon bands are folded into the mBZ. Figure 3b shows a 

diamond anvil cells (DACs) and other high-pressure setups. Here we 
propose a new method to indirectly probe the minibands via moiré pho-
nons. Moiré phonons12–18 are finite-momentum Raman-silent phonons 
from the individual layers that become activated by the moiré potential. 
Despite their finite momentum, they can be probed by Raman spectro
scopy because the periodicity introduced by the moiré potential, 
with reciprocal lattice vectors gn, folds phonons with momentum gn 
and energy ℏω(gn) back to the zone centre. Intuitively, the stronger 
the moiré potential, the stronger are the Raman signatures of moiré 
phonons; therefore, these activated phonons offer a powerful probe 
of the moiré potential.

A more quantitative analysis begins with identifying the Raman 
signatures of folded phonons in a chosen moiré system under hydro-
static compression. By comparing their pressure-induced enhance-
ment with theoretically calculated Raman intensities, we can extract the 
strength of the moiré potential and its pressure dependence. We study 
a fully aligned MoS2/WSe2 heterostructure with a large (8.7 ± 0.2 nm) 
(ref. 10) moiré periodicity. Moiré phonons are detected in the Raman 
spectrum as satellite peaks appearing exclusively in the heterostruc-
ture region, which blueshift and increase in intensity under the applica-
tion of pressure. By combining density functional theory (DFT) with 
an effective model for the pressure-dependent moiré potential, as well 
as zone-folding analysis, these satellite peaks were assigned to down-
folded MoS2 optical phonons. Their pressure enhancement is a direct 
consequence of moiré potential strengthening. By comparing the 
experimental and calculated pressure-induced enhancement factors,  
we obtain numerical estimates for the moiré potential amplitude and 
its pressure dependence, showing excellent agreement with earlier 
theoretical predictions19.

High-pressure Raman results
Figure 1a shows an optical image of the sample before it was loaded 
into the DAC. The sample includes a heterostructure formed by three 
small triangular WSe2 monolayers on top of a larger triangle-shaped 
MoS2 monolayer, as well as one isolated WSe2 monolayer to the left  
of the heterostructure. The MoS2 and WSe2 monolayers were indivi
dually synthesised by chemical vapour deposition (CVD) and trans-
ferred onto a 25-μm-thick and 65-μm-diameter silicon disk, coated  
with a 300 nm oxide layer. A subsequent thermal annealing process  
was performed to enhance the interlayer coupling in the heterostruc-
ture. The red-dashed ellipse in this figure defines the rotationally 
aligned MoS2/WSe2 heterostructure that is the focus of the present 
study (Methods). The ≈0° twist angle can be directly determined  
from the alignment between the edges of the two crystals16,20. The 
4% lattice mismatch between the MoS2 and WSe2 layers generates a 
moiré pattern (Fig. 1b), with a period of ≈8.7 nm, as shown by previous  
scanning tunnelling microscopy experiments on a similarly pre-
pared heterostructure10. Figure 1c shows a schematic of the 
high-pressure setup. A 4:1 methanol/ethanol mixture was used as the 
pressure-transmitting medium, given its low-pressure gradient and 
local non-hydrostatic stress components at low temperatures21,22. 
Raman and photoluminescence (PL) data were taken from isolated WSe2 
(region 1), isolated MoS2 (region 2) and the heterostructure (region 3) 
at increasing pressures, using a 2.33 eV laser excitation. The measure-
ments were performed at a low temperature of 10 K to better resolve 
the Raman and PL features.

Figure 1d shows a plot of the Raman spectra measured in regions 
1, 2 and 3 for increasing pressures, with the relevant bands identified 
as follows: the nearly doubly degenerate first-order Raman bands E′ 
and A′

1 at ≈250 cm−1 for WSe2; the E′ band at ≈383 cm−1 and A′
1 band at 

≈402 cm−1 for MoS2; and the two-phonon double-resonance 2LA bands 
in the ranges of 260–280 cm−1 for WSe2 and 430–465 cm−1 for MoS2. 
Supplementary Section 1 provides a discussion on the PL pressure 
dependence from these three different regions. Extended Data Fig. 1 
shows the pressure evolution of the first-order Raman band frequencies 
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comparison between the DFT-computed frequencies for monolayer 
MoS2 phonon states with momenta ±gn, which fold onto the mBZ centre, 
as well as the frequencies corresponding to the M1, M2 and M3 peaks. 
The clear match between the theoretical and experimental values 
strongly suggests that M1–M3 originate from Raman processes exclu-
sively occurring in the MoS2 layer of the heterostructure, involving the 
folded phonon states E′(gn), E″(gn) and A′′

2 (gn), respectively, which we 
henceforth refer to as moiré phonons. By contrast, the theoretical 
values for WSe2 gn phonons are inconsistent with the experimental 
values (Supplementary Section 3).

Raman activation of the E″(gn) and A′′
2 (gn) phonon modes (A′′

2 (gn) 
is Raman inactive and E″(gn) is forbidden in a backscattering geometry) 
in the heterostructure region probably follows from a relaxation of 
symmetry constraints due to their finite momentum, combined with 
a finite coupling with the WSe2 layer. Indeed, other works26,27 have 
explained the appearance of two additional Raman peaks E″ and A′′

2  in 
twisted MoS2/WSe2 heterostructures, in terms of activated zone-centre 
phonons due to the interlayer coupling. In the present case, the 
off-zone-centre nature of those excitations is evidenced by the appear-
ance of the M3 peak, not reported in previous works, which is redshifted 
with respect to the zone-centre monolayer mode E′. According to the 
calculated phonon dispersion, the phonon frequencies for the E′ 
branch decrease away from the Brillouin-zone centre, consistent with 
measurements for the M3 mode (Fig. 3b).

Scattering-process-originating moiré phonons
To establish a connection between the moiré minibands and Raman 
intensities for the moiré phonon modes, we model the Raman processes 
associated with the M peaks. The MoS2/WSe2 heterostructure has a 
type-II band alignment28–30, with interlayer conduction and valence 

band offsets much larger than the interlayer tunnelling energies31–33. 
This allows us to neglect hybridisation effects between the layers, 
and consider that the electronic states of interest, which can directly  
couple to the MoS2 moiré phonons, are fully confined to the MoS2  
layer (Methods). We conclude that the moiré potential acting on the 
MoS2 electrons in MoS2/WSe2 is of an entirely electrostatic nature, 
arising from the interlayer charge transfer allowed by the broken  
inversion symmetry of the structure2,19,34. It can be modelled by the 
scalar potential

VM(r) = V0 + V1

3
∑
n=1

sin (gn ⋅ r) , (1)

where gn are the moiré reciprocal vectors (Fig. 3a) and r is a 2D vector 
representing the position along the heterostructure surface. Hence-
forth, we neglect the constant term V0, as it modifies the minibands 
only through a constant energy shift of the order of 10 meV (ref. 19). 
The spatially periodic part of the potential in equation (1) couples MoS2 
electronic states |k〉 and |k′〉 with crystal momenta differing by one 
of the six moiré reciprocal vectors ±gn, making it impractical to work 
in the monolayer Brillouin zone. Instead, we write each MoS2 crystal 
momentum k in the form q + mg1 + ng2 (where q is an mBZ wavevector 
and m and n are integers) and ‘fold’ it onto the mBZ, where it is relabelled 
as a state of superlattice momentum q belonging to miniband (m, n). 
This is illustrated in Fig. 3c, for the simplified case of a one-dimensional 
superlattice with a weak (VM → 0) moiré potential. In this scheme, elec-
tronic transitions are only allowed between miniband states that share 
the same superlattice momentum q, that is, vertical transitions. This 
allows us to numerically diagonalize the effective Hamiltonian indivi
dually at every point in the mBZ.
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Fig. 1 | High-pressure Raman experiments on a 0°-MoS2/WSe2 moiré 
heterostructure. a, Optical image of the CVD TMD samples transferred onto 
a SiO2/Si substrate before loading into the DAC. The measurements were 
performed on regions 1, 2 and 3, corresponding to the WSe2 monolayer, MoS2 
monolayer and a rotationally aligned MoS2/WSe2 heterostructure (within the red 
ellipse), respectively. b, Illustration of the moiré pattern formed by the 4% lattice 
mismatch between MoS2 (green) and WSe2 (red). The black arrow represents the 

moiré period. c, Schematic of the high-pressure Raman experiment. d, Raman 
spectra obtained from the isolated WSe2, MoS2 and heterostructure regions, 
with increasing pressures. The first-order and second-order (2LA) modes are 
indicated with the black arrows in the bottom spectra. New satellite peaks 
appearing only in the heterostructure region are indicated with red arrows 
labelled M1, M2 and M3. e, Raman spectra of regions 1, 2 and 3 at 1.8 GPa, with the 
M peaks indicated by the red arrows.
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Figure 3c illustrates a Raman scattering process involving moiré 
phonons, starting with the off-resonance absorption of a photon and 
the creation of an electron–hole pair |ke, kh〉, where ke and kh are the 
electron and hole momenta, respectively, measured with respect to 
the MoS2 K valley. Momentum conservation requires ke + kh = kphoton, 
where the incoming photon momentum ∣kphoton∣ ≪ ∣ke∣, ∣kh∣, such that we 
consider kh ≈ −ke. We estimate that the lowest electron–hole excitation, 
associated with the MoS2 single-particle A transition, is approximately 
260 meV off-resonance with the laser (Methods). The excited electron 
is then scattered to a lower-energy state |ke – gn, –ke〉, by the creation of 
a moiré phonon with momentum gn. At this point, radiative recombina-
tion of the electron–hole pair is forbidden by the momentum mismatch 
of −gn between the electron and hole. However, the electron can then be 
Umklapp backscattered through momentum gn by the moiré potential, 
thus enabling radiative recombination, and completing the Raman 
process. Note that in the ‘folded’ picture, this Raman process takes 
the form of a phonon-assisted vertical transition between the third 
and first minibands at a fixed mBZ momentum q, (Fig. 3c, |3, q〉→|1, q〉 

transition), possible only because each of the two miniband states 
|1, q〉 and |3, q〉 is a linear combination of the unfolded |ke ± gn〉 and |ke〉 
electron states. In the unfolded picture, the Raman amplitude for the 
type of process described above is obtained by summing over all the 
possible values of electron momentum ke:

∑
ke

⟨Ω|Her|ke ,−ke⟩⟨ke ,−ke|VM|ke−gn ,−ke⟩⟨ke−gn ,−ke|Hep|ke ,−ke⟩⟨ke ,−ke|Her|Ω⟩
(Eke−gn ,−ke−Eke ,−ke )(EL−Eke ,−ke−iε)(EL−Eke−gn ,−ke−ℏωgn−iε)

,

(2)

where |Ω〉 is the electronic ground state; Her and Hep are the electron–
photon and electron–phonon interactions, respectively; EL and Eke ,kh 
are the energies of the incoming laser and electron–hole pair, respec-
tively; and ℏωgn is the emitted moiré phonon energy. We also include 
a phenomenological broadening constant35 ϵ ≈ 10 meV. The moiré 
potential matrix element 〈ke, –ke|VM|ke – gn, –ke〉 explicitly appears  
in the above expression, clearly showing that a stronger moiré  
potential increases the Raman intensity of a moiré phonon process.  
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Fig. 2 | Moiré phonons in a 0°-MoS2/WSe2 moiré heterostructure.  
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Voigt functions, with the green (yellow) colour being assigned to MoS2 (WSe2) 
Raman bands. The coloured dotted lines are guides to the eye, matching peaks 
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phonons, and labelled M1, M2 and M3. b–d, Frequency evolution of the moiré 
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intensities versus pressure for the M3 peak and the MoS2 E′ mode measured in 
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deviation from the fitting process using five different fixed-parameter values 
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best fit the spectra (Methods). f, Raman spectra of the individual layers and the 
heterostructure, measured in parallel polarisation (top) and cross-polarised 
(bottom) configurations. The one-phonon double-resonance LA band is also 
indicated. The coloured dots mark the moiré phonons.
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In equation (2), we have treated the moiré potential perturbatively,  
for illustrative purposes. We point out that this was not the case  
in the numerical calculations based on the zone-folding scheme 
described above, where the moiré potential was treated exactly, and 
in the folded picture, the Raman amplitude for moiré phonons takes 
the form

∑
j,ℓ,m

∑
q∈mBZ

⟨Ω|Her|ℓ,q;m,−q⟩⟨ℓ,q;m,−q|Hep| j,q;m,−q⟩⟨ j,q;m,−q|Her|Ω⟩
(EL−Eℓ,mq,−q−ℏω(gn)−iε)(EL−E

j,m
q,−q−iε)

, (3)

where | j, q; m, –q〉 represents the state with an electron in conduc-
tion miniband j and superlattice momentum q, and a hole in valence 
miniband m, with superlattice momentum −q (Methods). In this case, 
the dependence on the moiré potential is implicit in the | j, q; m, –q〉 
states, which are linear combinations of the |ke ± gn, –ke〉 states, with 
the VM-dependent coefficients obtained by numerical diagonalization 
within the zone-folding scheme. As VM increases, the magnitude of the 
Her matrix elements in equation (3) will generally increase, thereby 
increasing the Raman intensity.

We have simulated the moiré band structure of 0°-MoS2/WSe2 by 
estimating the moiré potential parameter V1 in equation (1) at different  
pressures. As discussed in other works2,19,34, this parameter decays 
exponentially with the interlayer distance d(P), which is modified  
by applied pressure P. The moiré potential amplitude can then be 
modelled phenomenologically2,19,34 as

V1(P) = V1(0)e−qz[d(P)−d(0)], (4)

where V1(0) is the moiré potential strength at ambient pressure, 
and qz parametrises the pressure dependence. Figure 3d shows  
the ambient-pressure miniband structure, using V1(0) = 15 meV and 
qz = 2.8 Å−1, as justified below, and estimating d(P) from the DFT calcu-
lations (Methods). We point out that d(P) − d(0) drops approximately 
linearly with pressure, within the range of interest (Supplementary 
Section 5).

Additional high-pressure PL data show that the energies of the 
MoS2 A and B intralayer excitons in a MoS2/WSe2 heterostructure (1.91 
and 2.03 eV at ambient conditions, respectively) increase with the 
hydrostatic pressure, at a rate of approximately 30 meV GPa–1, indi-
cating an increase in the single-particle bandgap. Importantly, these 
exciton energies are insensitive to a purely electrostatic potential like 
equation (1) (Supplementary Section 4), such that the measured band-
gap growth is a consequence only of the compressive strain induced by 
the applied hydrostatic pressure. By contrast, the MoS2 single-particle 
electronic bands in MoS2/WSe2 are modified by both compressive strain 
and moiré potential (equation (1)). Figure 4d shows the theoretical 
density of states calculations for the MoS2 conduction states at differ-
ent pressures where only the latter effect was considered, showing that 
the moiré potential induces an overall shift in the bottom conduction 
miniband to lower energies. Analogously, the top valence miniband 
is progressively pushed to higher energies, such that the pressure 
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enhancement in the moiré potential promotes a closing of the bandgap, 
in direct competition with the effects of compressive strain. Taking 
both effects into account, we obtain a bandgap trend (Fig. 4e, bottom) 
featuring an approximately linear growth at low pressures, followed by 
saturation at around 5 GPa as the moiré potential begins to dominate.

In the context of Raman processes involving moiré phonons, the 
pressure dependence of the bandgap combines with that of the Raman 
amplitude (equation (2)) to determine the overall intensities of the 
Raman peaks. The resulting experimental pressure trends for the 
M-peak Raman intensities are shown in Fig. 4a, where the M modes 
show a saturating behaviour above 3 GPa. We have leveraged these 
complex behaviours to estimate the moiré potential parameter values 
V1(0) = (15 ± 1) meV and qz = (2.8 ± 0.2) Å−1 reported above, which are in 
excellent agreement with the values of V1(0) = 13 meV and qz = 2.5 Å−1 
obtained from DFT in similar heterostructure systems36. These para
meters correctly reproduce the most salient qualitative features of 
the experimental trends: an overall intensity increase of one to five 
times over the range of pressures measured; an inflection of the trend 
at a pressure of about 3 GPa; finally, a tendency towards saturation at 
about 5 GPa. The theoretical Raman intensities for the M peaks are 
shown in Fig. 4c. The calculated pressure evolution of the amplitude 
of the moiré potential VM(r) is plotted in Fig. 4e.

We note that the observed enhancement in the moiré phonon 
Raman intensities cannot be merely explained in terms of proximity 
to an optical resonance, driven by the compressive strain. The 
pressure-induced gap opening pushes the electron–hole excitations 

in the Raman process slightly towards resonance with the laser excita-
tion energy of 2.33 eV, in principle contributing to an enhancement in 
Raman intensity. However, this resonant enhancement should affect 
all single-phonon Raman bands, as reported elsewhere37, where the 
laser excitation was tuned towards the MoS2 A- and B-exciton energies. 
By contrast, we measure a drop in the normalised intensities of Raman 
bands A′

1  and E′ with increasing pressure (Fig. 4b), indicating the 
absence of resonance effects. On proximity to resonance, one should 
also expect a power-law-divergence behaviour in the intensities, which 
was observed for the two-phonon 2LA(M) band (Fig. 4b), as expected, 
and not observed for the moiré bands (Fig. 4a). The enhancement in 
the 2LA(m) mode is of an entirely different nature, as it arises from a 
double-resonance scattering process between the K and Q valleys, and 
its pressure enhancement is caused by a combination of the gap open-
ing, and the indirect-bandgap transition from the K to Q valley38.

Conclusion
Looking forward, extra theoretical and experimental efforts are needed 
to further refine the modelling of the moiré potential via the Raman 
intensities of moiré phonon modes. Nevertheless, the present work 
establishes moiré phonons as a sensitive probe of the electronic mini-
band structure and its dependence on hydrostatic strain in 0°-MoS2/
WSe2 heterostructures. These results demonstrate and introduce a 
new tool for characterising the electronic spectrum of moiré semicon-
ductors, which is poised to be essential to understand the emergent 
phenomena observed in similar moiré systems.
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1  and E′, as well as the second-order double-resonance 2LA(M) 
Raman bands (b). The intensities were normalised by the maximum of the Raman 
peak from the SiO2/Si substrate. The error bars are defined as the standard 
deviation from the fitting process using five different fixed-parameter values 
around a given reference value, which was obtained from the Voigt peaks that 
best fit the spectra (Methods). c, Calculated Raman intensities for the moiré 
phonons M1, M2 and M3 as functions of pressure. The intensities were 

normalised by their values at ambient pressure. d, Calculated density of states for 
the first five conduction minibands as a function of pressure, considering only 
the pressure effects on the moiré potential. Notice that the moiré potential 
promotes a smaller bandgap, as well as flatter minibands with larger energy 
separations. e, Calculated moiré potential amplitude (top) and MoS2 bandgap in 
the heterostructure (bottom) as functions of pressure, considering both moiré 
potential and bandgap increase due to compressive strain. The error bars 
indicate the uncertainty derived from that of the moiré potential fitting 
parameters (Methods).
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Methods
Sample preparation and loading
TMD synthesis. Monolayer MoS2 and WSe2 crystals were grown by 
low-pressure metal–organic CVD39. The precursors of W, Se, Mo and 
S were tungsten hexacarbonyl (Sigma-Aldrich), dimethyl selenide 
(Sigma-Aldrich), molybdenum hexacarbonyl (Sigma-Aldrich) and 
diethyl sulfide (Sigma-Aldrich), respectively38. The precursors were 
supplied in the gas phase using a bubbler system into a one-inch quartz 
tube furnace with Ar as the carrier gas. The WSe2 and MoS2 flakes were 
synthesised on a silicon (Si) wafer coated with a 300 nm silicon oxide 
(SiO2) layer. For WSe2, the growth temperature was 420 °C under a flow 
rate of 0.30 s.c.c.m. tungsten hexacarbonyl, 0.05 s.c.c.m. dimethyl  
selenide, 100.00 s.c.c.m. Ar and 1.00 s.c.c.m. H2 for 5 h. For MoS2, the 
growth temperature was set below 350 °C under a flow rate of 0.1 s.c.c.m. 
for molybdenum hexacarbonyl, 1.0 s.c.c.m. for diethyl sulfide and 
100.0 s.c.c.m. for Ar for 6 h. The furnace heat was turned down after 
growth and the system was cooled down to room temperature38.

The monolayer MoS2 and WSe2 flakes used in the high-pressure 
experiments were identified by their Raman and PL spectra. For MoS2, 
the difference between the A′

1 (401.9 cm−1) and E′ (382.9 cm−1) Raman 
bands (values at 10 K) is ≈19.0 cm−1, widely accepted as the standard 
value for monolayer MoS2 (ref. 38). The A trion (TA), neutral A exciton 
(XA) and neutral B exciton (XB) at 10 K are 1.89, 1.93 and 2.07 eV, respec-
tively, for MoS2 and 1.73 and 1.76 eV for WSe2 (XB was not detected at 
low temperatures), respectively, which is in excellent agreement with 
the reported values for the monolayers of the corresponding 
crystals40,41.

In the present experiments, we focused on the heterostructure 
shown in Fig. 1, since the other heterostructures got partially damaged  
during the loading process. However, we emphasise that the remaining 
heterostructure is of high quality, as evident from the optical images 
of the sample inside the DAC (Extended Data Fig. 3) as well as the  
signatures from the Raman spectra (as discussed in the main text  
and Supplementary Section 2).

Loading into the DAC. The CVD-grown WSe2 and MoS2 monolayers 
were initially picked up from their substrates with the aid of distilled 
water droplets placed in the vicinity of the samples42, without applying 
heat and then transferred to the ‘horseshoe’ substrate via a determi
nistic pick-up and transfer process38,43. This horseshoe substrate is a 
25-μm-thick Si substrate coated with a 300 nm SiO2 layer, containing 
discs of 65 μm diameter surrounded by a horseshoe-shaped trench 
etched through the substrate44. The CVD samples were transferred onto 
the centre of one of those discs (Fig. 1a)38. To enhance the interlayer 
coupling of the MoS2/WSe2 heterostructure, we performed thermal 
annealing at 150 °C and 0.05 torr, with hydrogen and argon flow rates of 
5 and 50 s.c.c.m., respectively, for a total of 3.5 h. To load the sample into 
the DAC, we followed the ‘break and load’ process44 using a home-built 
micromanipulator system.

High-pressure Raman and PL characterizations
High-pressure Raman and PL experiments were carried out with a 
CryoDAC-ST DAC (Almax EasyLab), using 300 μm culet-type II 
as ultralow-fluorescence diamonds. Pre-indented BeCu gaskets 
(≈100 μm indentation thickness) with an ≈120-μm-diameter gasket  
hole were used and a 4:1 methanol/ethanol mixture was used as the 
pressure-transmitting medium. Raman and PL measurements were 
performed at 10 K using a closed-cycle optical cryostat (Cryostation 
S50, Montana Instruments) and a confocal microscope spectrometer 
(Horiba LabRAM HR Evolution) in the backscattering geometry, with 
a ×50 objective lens, 2.33 eV laser excitation, 1,800 gratings per mm 
grating for Raman measurements and 600 gratings per mm grating 
for PL measurements38. For unpolarised Raman measurements, a  
vertical linearly polarised excitation was used (Supplementary Fig. 1, 
vertical direction) with no polarisation analyser on the scattering arm. 

For polarised Raman measurements, the same polarised excitation 
was used with an analysing polariser inserted in the scattered arm. The 
analyser was kept vertical (horizontal) for the XX (XY) measurements. 
We acknowledge that there are possible depolarisation effects due to 
the DAC window, which are apparent from the leakage intensity from 
modes that should be extinct in XY polarisation such as the A′

1 mode. 
The ambient-pressure measurements were performed with a laser 
power of ≈90 μW to avoid damaging the sample due to laser heating. 
For the same reason, the high-pressure measurements were carried 
out with a laser power of ≈230 μW: the power had to be increased to 
enhance the Raman signal inside the DAC. However, power on the 
sample was probably lower than 230 μW due to the reduced transmis-
sion efficiency and reflectivity losses from the diamond anvils and the 
pressure-transmitting medium. The pressure was determined from 
the ruby fluorescence calibration at 4 K (ref. 22). The Raman and PL 
spectra were fitted with Voigt functions using the PeakFit v. 4.12 soft-
ware. The Voigt functions where chosen since they yielded more accu-
rate fittings compared with Lorentzian functions, and we only aimed 
to reliably estimate the intensity ratio and position of the modes with 
increasing pressures38.

The error bars in the frequencies and intensities of the Raman 
peaks were calculated as follows. For a given spectrum at a given pres-
sure, we defined reference values for the frequencies and intensities of 
all the Raman modes, based on the Voigt peaks that best fit the spectra. 
Then, we fixed one parameter, for example, the intensity of the Raman 
mode, and let the other—frequency, in this case—run free during the 
fitting iteration process. We chose a total of five values for the fixed 
parameter (typically the reference value, two above and two below it) 
that would result in similar fitted spectra, yielding a total of five values 
for the free parameter. The error bars were then defined as the standard 
deviation for the free parameter values. If an error bar is not shown in 
a given plot, it is because its value is smaller than the symbols used.

The results shown in this work originated from the same experi-
ments described elsewhere38.

Theory
Interlayer band alignment in MoS2/WSe2. The offsets for the 
conduction and valence band edges between the WSe2 and MoS2  
monolayers were estimated by combining the experimental intra- 
and interlayer exciton energies reported in the literature45,46, with 
theoretical estimates of the exciton binding energies based on the 
formalism described in another work47. Using carrier masses reported 
in other work48–50 and assuming hexagonal boron nitride encapsulation, 
we computed an interlayer exciton binding energy of 121 meV, and a 
corresponding interlayer bandgap of 1.171 eV. Combining this with the 
experimental bandgaps of 2.07 and 1.79 eV measured by angle-resolved 
photoemission spectroscopy49 leads to a conduction-band-edge offset 
of 600 meV and a valence-band-edge offset of 900 meV.

DFT calculations and determination of moiré superlattice 
periodicity
Moiré potential parameters. Only two model parameters were neces-
sary to qualitatively describe the Raman peaks M1, M2 and M3: the 
amplitude V1(0) and the variation rate qz (equation (4)). The pressure 
dependence of the interlayer distance d(P) was directly obtained from 
the DFT calculations, as described below (Supplementary Fig. 4). The 
approximate magnitudes of V1(0) and qz were motivated by another 
work19 for chalcogen-matched TMD heterobilayers. These initial values 
were then varied to qualitatively reproduce the Raman enhancement 
reported in Fig. 4a; in particular, we aimed to reproduce the following 
three features of the experimental curves: an overall fivefold intensity 
increase, an inflection towards saturation at an approximate pressure 
of 3 GPa and a plateau around 5 GPa. This motivated the values 
V(0)1  = (15 ± 1) meV and qz = (2.8 ± 0.2) Å−1. The resulting moiré potential 
is sketched in Fig. 4e, and its amplitude, defined as the energy 
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difference between its maximum and its minimum, is also plotted. The 
fitting uncertainties of 1 meV and 0.2 Å−1 in parameters V(0)1  and qz, 
respectively, result in a range of possible potential amplitudes, repre-
sented with the error bars in Fig. 4e.

The remaining potential term V0(P) appearing in equation (1) is 
unimportant for the moiré bands and Raman rate calculations, as it 
is only an overall energy shift that leaves the electron–hole excitation 
energies invariant. Importantly, these experiments do not provide any 
data to fix this term’s value at any pressure. To determine d(P), we have 
carried out DFT calculations employing the 2H stacking of the MoS2/
WSe2 heterostructure as the model. Commensurability was imposed, 
as an approximation, within a single unit cell. First, we fully relaxed 
the structures at zero pressure. As a result, we observed an in-plane 
stretching of 1.7% for MoS2 and a compression of 2.0% for WSe2—the 
calculated lattice vectors of the isolated layers were 3.21 and 3.33 Å, 
respectively. To mimic the application of hydrostatic pressure on the 
heterostructure, we resorted—in the x and y directions—to a target 
stress tensor calculation using a variable cell scheme. In the z direc-
tion, we employed a ‘hard wall’ constraint on the lowest sulfur atoms, 
which were not allowed to move in the negative z direction, whereas 
a predefined force was applied in the highest selenium atoms. This 
force was defined so as to produce the value of pressure that matched 
the in-plane value.

For the calculations, we employed the SIESTA implementation 
of the DFT formalism51–53, making use of relativistic norm conserving 
Troullier–Martins pseudopotentials54 in the factorized Kleinman–
Bylander form55. To ensure self-consistency, we made certain that the 
maximum absolute change in the Hamiltonian matrix elements was less 
than 10−5 eV. We built the basis set within the so-called double-zeta plus 
polarisation scheme, employing two numerical pseudoatomic orbitals  
per valence state and adding extra functions with distinct angular 
momentum quantum number, calculated via perturbation theory, as 
the polarisation orbitals. For the treatment of the exchange–correlation 
interactions, we relied on the Perdew–Burke–Ernzerhof generalized  
gradient approximation56. To perform integrals in real space, we 
defined the fineness of the grid by setting its plane-wave cutoff as 
450 Ryd; for the Brillouin zone sampling, we used a k-grid cutoff of 20 Å 
(ref. 57). We performed a variable cell calculation to obtain the relaxed 
lattice parameters of MoS2 and WSe2. In the geometric optimisations, 
we ensured that the maximum force component on any atom was below 
10 meV Å–1, and the maximum stress component was kept smaller than 
0.1 GPa. We used a vacuum in the z direction of 29.4 Å to avoid unwanted 
interactions between the periodic images in this direction. The lattice 
vector in this direction was kept fixed.

For the vibrational properties, we used the Vienna ab initio simula-
tion package code using the projector augmented wave method58–61. 
As before, we employed the Perdew–Burke–Ernzerhof parametrisation 
for the exchange–correlation functional. The reciprocal space grid was 
defined with a Γ-centred 8 × 8 × 1 mesh. We imposed periodic bound-
ary conditions with neighbouring images in the z direction kept apart 
by a vacuum region of 15 Å. In the plane-wave calculations, the energy 
convergence was set to 10−8 eV, whereas the cutoff for the basis set  
was established at 600 eV. The force constants and phonon dispersions 
for MoS2 and WSe2 were calculated with the Phonopy package62, using 
a 4 × 4 × 1 supercell and the finite displacement method38.

Zone-folding calculations. The Hamiltonian for MoS2 phonons and 
K-valley electrons within a single spin-polarised band is

H = ∑
k

ε(k)c†
k
ck + VM(r) +∑

ν

∑
q

ℏων(q) (a†ν,qaν,q +
1
2 ) + Hep, (5)

where ε(k) = ℏ2k2/2mc is the electron dispersion in the effective-mass 
approximation, ων(q) is the dispersion of phonon branch ν, c(†)

k
  

annihilates (creates) a spin-up electron with wavevector k relative to 

the MoS2 K valley and a(†)ν,q  are the corresponding operators for phonons. 
Here VM(r) is the moiré potential of equation (1), and

Hep = ∑
ν

gν

√S
∑
q

c†
k+qck (aν,q + a†ν,−q) (6)

is the electron–phonon interaction, with coupling strengths gν  
for phonon modes ν = E′, E′′, A′′

2  assumed constant, and sample area S. 
Note that, under this approximation, a moiré potential is present for 
the electronic states, but not for the phonons, which are simply MoS2 
monolayer phonons.

We use the zone-folding procedure described in the main text, 
where we rewrite all the MoS2 wavevectors k close to the valley as 
k→k + mg1 + ng2, where k is now an mBZ vector and m and n are integers 
that label the ‘folded’ bands to which the state in question belongs. We 
refer to these as basis minibands. In this scheme, all the matrix elements 
of VM are ‘vertical’ within the mBZ, but mix different basis minibands:

⟨(m′,n′);k′|VM|(m,n);k⟩

= δk′ ,k(V0δm′ ,mδn′ ,n +
V1

2i

3
∑
n=1

[δm′ ,m+1δn′ ,n + δm′ ,mδn′+1,n + δm′−1,mδn′−1,n

−δm′ ,m−1δn′ ,n + δm′ ,mδn′−1,n + δm′+1,mδn′+1,n]).
(7)

The electronic sector of H can then be individually diagonalized for 
every mBZ vector k through a similarity transformation 𝒰𝒰k, yielding a set 
of eigenvalues {εℓ(k)}, to which we refer as moiré minibands throughout 
the text. The single index ℓ refers to the band energy, with ℓ = 1 being the 
lowest moiré conduction miniband. We computed the moiré miniband 
energies {εℓ(k)} and the transformation matrices {𝒰𝒰k} for a finite but large 
set of basis minibands, chosen so as to guarantee convergence of the first 
ten moiré miniband energies across the mBZ. We also carried out the 
corresponding computation for MoS2 valence band electrons, in which 
case the moiré miniband index m = 1 refers to the top valence miniband.

The Hamiltonian can be written in terms of the numerical eigen-
states as

H = ∑
ℓ

∑
k∈mBZ

εℓ(k)c†ℓ,kcℓ,k +∑
ν
∑
m,n

∑
q∈mBZ

ℏωm,n
ν (q) (am,n†

ν,q am,n
ν,q + 1

2
)

+∑
ν

gν

√S
∑
ℓ,ℓ′

∑
q∈mBZ

c†ℓ′,k+qA
ν
ℓ′,ℓ(k,q)cℓ,k,

(8)

where we have also folded the phonon states onto the mBZ by  
defining the moiré vector operators am,n (†)

ν,q ≡ a(†)ν,q+mg1+ng2
 and frequen-

cies ωm,n
ν (q) ≡ ων(q +mg1 + ng2), where q is an mBZ vector. In addition, 

we have defined

Aν
ℓ′,ℓ(k,q) ≡ ∑

m,n
∑
m′ ,n′

[𝒰𝒰†
k+q]ℓ′;m′ ,n′

(am′−m,n′−n
ν,q + am−m′ ,n−n′ †

ν,−q ) [𝒰𝒰k]m,n;ℓ. (9)

Raman scattering rates for moiré phonons. The Stokes Raman scat-
tering rate for an incoming photon with quantum number ξ, resulting in 
the emission of a moiré phonon with momentum Q + ig1 + jg2 (Q ∈ mBZ) 
in branch ν, can be estimated by combining the third-order perturba-
tion theory with Fermi’s golden rule to obtain

Γ
Q
ν;i,j(ξ) =

2π
ℏ
∑
ξ ′

||||
∑
ℓ,m

∑
ℓ′,m ′

∑
k,k ′ ,κ,κ ′

⟨ℓ,k;m,−k+κ||Her ||ξ⟩
ℏcqξ−Eℓ,mk,−k+κ

× ( ν;m,n;Q| ⟨ℓ′,k ′ ;m ′ ,−k ′+κ|Hep |ℓ,k;m,−k+κ⟩
ℏcqξ−[Em

′ ,ℓ′
k ′ ,−k ′+κ ′ +ℏω

i,j
ν (Q)]

× (ν; i, j;Q | ⟨ξ′|Her|ℓ′,k′;m′, −k′ + κ′⟩ |ν; i, j;Q) ||
2

×δ (ℏcqξ ′ − ℏcqξ − ℏωi,j
ν (Q)) .

(10)
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Here ξ = (ηξ, kξ) encodes the photon polarisation ηξ = +, − (for right- and 
left-handed circular polarisation, respectively) and three-dimensional 
wavevector kξξξ = (k∥

ξξξ
, k⟂

ξξξ
); |ξ〉 (|ξ′〉) represents the electronic ground state 

|Ω〉 plus a single incoming (outgoing) photon with quantum numbers 
ξ (ξ′); |ℓ, k; –k + κ〉 is an electron–hole excitation between the conduc-
tion and valence minibands ℓ and m, respectively, with total momentum 
κ; Eℓ,m

ke ,−kh
 is the energy of the electron–hole pair with the corresponding 

quantum numbers; and ∣ν; i, j; Q) represents a single ν-branch moiré 
phonon with wavevector Q + ig1 + jg2. Finally, the light–matter inter
action Hamiltonian for K-valley electrons is

Her =
eγ

ℏc
∑

k,q∥∈mBZ
∑
q⟂
√

4πℏc
SL|q|

∑
ℓ,m

[c†ℓ,k+q∥ [𝒰𝒰
†
k+q∥𝒰𝒰

v
k]ℓ,mvm,k (b+,q + b†+,−q) + h.c.] ,

(11)

where q = (q∥, q⊥) is a three-dimensional wavevector; v(†)
m,k annihilates 

(creates) an electron in the mth valence miniband; b(†)η,q annihilates 
(creates) a photon with polarisation η and wavevector q; L is the  
height of the box or cavity; and γ is ℏ/2m0 times the chiral momentum 
matrix element between the conduction and valence states at the  
K point, with m0 being the bare electron mass. In deriving equation (11), 
we have considered that the Raman processes involves only photons 
with momenta much smaller than the mBZ size. Finally, 𝒰𝒰v

k  is the  
similarity transformation that diagonalizes the MoS2 valence  
minibands at mBZ wavevector k. These matrices were computed  
analogously to 𝒰𝒰k, based on the following experimental parameters: 
valence band masses of 0.70m0 and 0.42m0 (where m0 is the bare elec-
tron mass) and spin–orbit splittings of 170 and 458 meV for MoS2  
and WSe2, respectively49; and a valence-band-edge offset of 900 meV 
(refs. 45–47).

Using the electronic moiré bands and electron–phonon interac-
tion of the Hamiltonian in equation (8), integrating over the final-state 
momentum qξξξ

′ and focusing on normal-incidence (q∥
ξξξ
= 000) and 

mBZ-centre-phonon processes (Q = 0), the Raman rate simplifies to

Γ
0
ν;i, j(q

⟂
ξ
) = α2γ4

32π2 |gν |
2
c

SLεξ

ϴ(εξ−ℏωi, j
ν (0))

εξ−ℏωi, j
ν (0)

×
||||
∑

ℓ,ℓ′,m
∫

mBZ
d2k

[𝒰𝒰v
k
†𝒰𝒰k]m,ℓ ′ [𝒰𝒰

†
k𝒟𝒟m,n𝒰𝒰k]ℓ ′ ,ℓ[𝒰𝒰

†
k𝒰𝒰v

k]ℓ,m
(εξ−Eℓ,mk,−k

)(εξ−[Eℓ
′ ,m

k,−k
+ℏ i, j(0)])

||||

2

,
(12)

where α ≈ 1/137 is the fine structure constant; εξ = ℏcq⟂
ξ

 is the energy  
of the incoming photon, and we have defined the matrix 𝒟𝒟m,n with  
elements [𝒟𝒟m,n]m′ ,n′ ;m′′ ,n′′ = δm′′−m′ ,mδn′′−n′ ,n.

Finally, we consider that the Raman peak intensity for moiré  
phonons of branch ν is proportional to the sum of the Raman rates 
(equation (12)) over moiré vectors ±g1, ±g2 and ±g3 (over −1 ≤ i, j ≤ 1, 
excluding i = j = 0 and i = −j), expressing all the numerical results in 
terms of the value obtained at ambient pressure. In numerically com-
puting equation (12) for MoS2 mBZ-centre phonons E′(±gn), E″(±gn) and 
A′′2 (±gn) (n = 1, 2, 3), we considered the lowest ten electron minibands 
and highest ten valence minibands, and the integral over mBZ  
wavevector was evaluated as a Riemann sum by discretizing the  
mBZ. In these calculations, we have considered the experimental  
fact that the MoS2 bandgap depends on pressure (Supplementary  
Section 5).

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The datasets generated in the the current study are available via 
Zenodo at https://zenodo.org/record/7872421 (ref. 63). Source data are  
provided with this paper.

Code availability
DFT calculations were conducted with the SIESTA code (https://gitlab.
com/siesta-project/siesta), which is released under the terms of the 
GPL open-source license. The proprietary Vienna ab initio simulation 
package code was used under license no. 5-488 (available at https://
www.vasp.at/) for the periodic DFT phonon calculations together 
with the Phonopy software. Phonopy is an open-source package for 
phonon calculations at harmonic and quasi-harmonic levels, which is 
released under the terms of the BSD license and is available at https://
phonopy.github.io/phonopy. An implementation of the zone-folding 
computation is available from the corresponding authors upon reason-
able request.
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Extended Data Fig. 1 | Raman frequencies as a function of pressure, measured both in the heterostructure and in the individual layers. a A’1 of MoS2. b E’ of MoS2. 
c nearly-degenerate E’ and A’1 modes of WSe2.

http://www.nature.com/naturenanotechnology


Nature Nanotechnology

Article https://doi.org/10.1038/s41565-023-01413-3

Extended Data Fig. 2 | Raman spectra of WSe2, MoS2, and MoS2/WSe2 at increasing pressures, zoomed-in the M3 peak spectral region. The MoS2 M3 moiré 
phonon Raman peak is downshifted with respect to the MoS2 E’ peak. Its intensity increases with increasing pressure. The pressure is indicated at the top right corner of 
each panel.
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Extended Data Fig. 3 | Optical image of loaded sample inside of the DAC. 
Regions 1, 2 and 3, corresponding to WSe2 monolayer, MoS2 monolayer and 
a rotationally-aligned MoS2/WSe2 heterostructure, respectively. During the 

loading process, the other two MoS2/WSe2 heterostructures, indicated by the red 
arrows, got partially damaged. Image taken with a 650 nm edge filter to enhance 
the optical contrast.
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