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Moiré collective vibrations in atomically thin
van der Waals superlattices

Lijia Li 1 , Jiajun Chen1, Laigui Hu 1, Zhijun Qiu1, Zhuo Zou1, Ran Liu 1,
Lirong Zheng 1 & Chunxiao Cong 1,2

Collective vibration is pivotal formaterials’ thermal, electrical, phase transition
and topological properties. Lately, the rising of moiré superlattices, char-
acterized by overarching periodicity of moiré pattern, generates highly tun-
able interfacial structures that manipulate collective excitations in material at
the atomic scale. Here, we experimentally demonstrate moiré collective
vibrations, themechanical counterparts of moiré excitons, at heterointerfaces
of twisted tungsten diselenide/tungsten disulfide heterobilayers. Using
helicity-resolved inelastic Raman scattering, we find chiral interfacial phonons
carrying angular momentum analogous to that of chiral bulk phonons in
quartz, enabling unprecedented spectral resolution of rich vibrational modes
at heterointerface in a few atomic layers. Upon mutual torsion of hetero-
bilayers, we observe terahertz interlayer vibrations proportional to moiré
periodicity as a periodic function of rotation angles, demonstrating moiré-
tuned interlayermodeswhich couple toCoulomb-boundelectron-holepairs in
interlayer moiré excitons. In low-angle strong coupling regime, interlayer
dynamics exhibit a distinct long-lived breathing mode with zero angular
momentum and pronounced high energy, highlighting phonon-hybridization
character wherein intralayer breathing vibrations are folded into moiré mini-
Brillouin zone by spatial periodicity and hybridize with interlayer vibrations.
Our findings establish moiré collective vibrations as candidates for exploita-
tion in energy-efficient thermal management, strongly correlated electrical
engineering, and new emergent topological phononics.

Collective vibration dynamics in solids fundamentally govern many
properties ranging from the thermal and electrical transport and
superconductivity to topological states and phase transition1–3. On the
practical side, the development of advanced technologies, such as
transistors, solar cells, mechanical quantum computing and thermo-
electrics, requires efficient vibrational engineering of materials4–6. As
the length scales of materials decrease to nanometer sizes, the het-
erogeneities related to interfaces are of particular interest and become
almost as important as the surrounding materials. In contrast to the
measured and calculated collective excitations in bulk crystalline

materials7,8, phonons remain poorly understood at atomic-scale
interfaces in nanomaterials5,9,10, despite the increasing prevalence of
designer nanomaterials and the assembly of nanometric components
into devices11,12. Although it is commonly accepted that intrinsic pho-
nons change near boundaries13,14, the intricate interfacial vibration and
the vibration-material interaction subjected to heterointerfaces,
such as superlattices15–17 and other intergranular and interphase
boundaries18–20, remains largely unexplored.

Moiré superlattices are formed by stacking two layers of two-
dimensional (2D) materials with a relative twist angle, which
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introduces an additional periodic structure landscape. The rigid twis-
ted superlattice commonly undergoes a self-organized lattice recon-
struction to reduce the stacking energy at van der Waals (vdW)
interfaces21–23. The resulting superlattices have recently emerged as
an intriguing platform to engineer vibrational21,24 and electronic
structures25,26 within the material, leading to changes in the electron-
phonon coupling (e–ph, fermion–boson)27,28 and to the observation of
diverse strong correlation phenomena12. For example, a wealth of
correlation phenomena ranging from correlated Mott–Wigner states
to the quantum anomalous Hall effect to superconductivity has
been observed both in magic-angle-twisted bilayer and trilayer
graphene12,29–31 and in twisted bilayers of transition metal dichalco-
genides (TMDCs)32–37. These twisted moiré superlattices are new
material systems, in which interface localized vibration structures and
phonon–material interaction related to the emerging moiré physical
phenomena are highly desirable to be fully understood.

Despite their importance, quantitative studies, especially experi-
mental ones, of phonons in moiré superlattices have remained prohi-
bitively difficult. The major challenge is that they appear with both
degenerate energy levels38 and recently verified angular momenta
from the phononic chirality7,8, imposing stringent technical require-
ments, including high sensitivity, angular momentum transfer and
ultrahigh energy resolution. Recent advances in inelastic X-ray scat-
tering techniques are successful in bulk chiral vibrational state mea-
surements with angular momentum transfer7, but their sensitivity is
insufficient for nanostructures39. Reflection electron energy-loss
spectroscopy (EELS) can determine surface phonons40,41, but their
non-angular momentum selecting geometry makes phonon angular
momentum measurements impossible. The TMDCs reportedly pro-
duced strong phonon-exciton coupling, enabling highly sensitive
detection of phonons42. Their heterostructure generates particularly
strong interlayer phonon-matter interactionwherein electron andhole
constituents of interlayer exciton reside in opposite vibrating layers
with a large binding energy of hundreds of milli-electron volts33,43.
Hence, an experimental platform enabling both high angular
momentum and energy resolutions of interfacial collective vibrations
at the same time is vital for deepeningunderstandingofmoiré-induced
phonon and phonon-material interaction at heterointerfaces.

In this study, we quantitatively measured the tunable collective
vibrations from the moiré heterostructures composed of TMDC
monolayers of tungsten disulfide (WS2) and tungsten diselenide
(WSe2) with a full torsion angle range from zero to sixty degrees. We
found interfacial phonons carrying angular momentum from the
rotational symmetry of interface using inelastic Raman scattering with
helical incident photons, in analogy with the recently identified bulk
phonon chirality in quartz and rare-earth halides7,8. This identification
of vibrational angular momentum at an interface can be extended for
the solid interfaces with discrete spatial symmetry44. The selection
rules from the angularmomentum conservation enable us to study the
interfacial vibrational states in unprecedented resolution45, without
relying on device energy resolution that is possibly hampered by
energy degeneracy. The interlayer breathing vibration we observed
oscillates at terahertz (THz) frequencies elegantly proportional to the
moiré wavelength as a periodic function of the mutual torsion angle,
showing tunable interlayer vibrations enforced by moiré potential.
From the prominent redshifts of in-plane modes in the overall angle
range, we deduced the deformation of WS2 layer that agrees with the
energy-favorable lattice relaxation driven by the interlayer coupling26.
As the rotation approaches the appealing “magic” small angles,
unconventional hybrid interlayer breathing modes occur with long
lifetime, zero angular momentum and record-high energy above
3.8meV, indicative of moiré interlayer phonon–phonon coupling
(ph–ph, boson–boson)29–37. The splitting intralayer vibrations in this
range suggest the self-organized symmetry-breaking lattice recon-
struction, in the same league as the spontaneous reconstruction in the

low-angle graphene bilayers24. Our results establish moiré collective
vibrations as candidates to explore the phonon-related effects, such as
energy-efficient interfacial thermal management4,46, spin-phonon
coupling1,8,43, strongly correlated electrical engineering47, as well as
the topological phononics48–51.

Results
Chiral collective dynamics at vdW interface
We measured the interfacial collective dynamics in prototypical moiré
heterostructure of WSe2/WS2 by using helicity-resolved Raman scat-
tering spectroscopy. WSe2/WS2 heterostructures were fabricated using
single-layer (1 L) WSe2 and 1 LWS2 grown by chemical vapor deposition
(CVD). The relative twist angle between the two layers was determined
using polarization-dependent second-harmonic generation (SHG)
measurements (Supplementary Fig. 1). The optical setup for helicity-
resolved Raman spectroscopy is illustrated in Fig. 1a (Details in Sup-
plementary Fig. 2). The optical image of a WSe2/WS2 heterostructure
with a twist angle of 31.5° is shown in Fig. 1b. When the helicity of the
scattered light (σs) matches that of the incident light (σi), denoted as
(σs σi) = (σ + σ + ), it is classified as helicity-conserved scattering. Con-
versely, when σs and σi are opposite, represented as (σ + σ − ), it corre-
sponds to helicity-changed scattering. To evaluate the stability of the
superlattice under the incident laser exposure, we performed a time
series of Raman spectra and no detectable shift of phonon modes
before degradation occurs (Supplementary Fig. 3).

The WS2 (WSe2) monolayer has a hexagonal structure with one
tungsten and two sulfur (selenium) atoms in its unit cell26. The vibra-
tions of these atoms can combine to form collective vibrationalmodes
(Fig. 1c, d), commonly described in terms of a quasiparticle known as a
phonon. Figure 1d illustrates the two types of optical phonons at the
Brillouin zone (BZ) center: one type involves the out-of-plane relative
vibrations of the sulfur (selenium) atoms, denoted as A1g mode, and
the other type arises from in-plane opposite motions of two sulfur
(selenium) atoms relative to the tungsten atom within the 2D plane,
denoted as E2g mode. The E2g mode is doubly degenerate at the BZ
center52. Note that the energy resolution is insufficient for the assign-
ment of individual phonons in conventional unpolarized Raman
measurements (the optical setup for unpolarized Raman spectroscopy
is illustrated in Supplementary Fig. 2) because E2g and A1g mode of
monolayer WSe2 have almost the same energy (Supplementary
Fig. 4)52. ForWSe2/WS2 heterostructure, interlayer interactions, such as
van der Waals force, lead to new optical phonon branches, including
layer breathing (LB) mode due to out-of-plane relative vibrations
between twomonolayers (Fig. 1c, left) and the shear (S)mode owing to
in-plane relative vibrations (Fig. 1c, right)53. These interlayer modes
have relatively low energy reflecting that the interlayer interactions are
much weaker than the covalent bonding within each monolayer.

Figure. 1e, f shows the representative helicity-resolved Raman
spectra (dark-colored lines for σ + σ + , light-colored lines for σ + σ −)
of WS2 monolayer (red), WSe2 monolayer (blue), and the twisted
heterostructure (black). The measured spectra feature several
polarization-resolved phonon modes divided into the low-frequency
(Fig. 1e) and high-frequency ranges (Fig. 1f). In low-frequency range,
themain spectral signatures of the heterostructure are the emergence
of LB mode in helicity-conserved spectrum and S mode in helicity-
changed spectrum. These twomodes are convincing evidence that the
strong interaction between the layers exists53. The moiré interlayer
interaction has attracted increasing interest, exemplified by the pre-
diction of strong interlayer coupling from the observation of VanHove
singularity (VHS) signatures using valley-resolved scanning tunneling
spectroscopy (STS)54. We note that the small peaks related toWS2 and
WSe2 monolayers (marked by the dashed lines in Supplementary
Figs. S4 and S5; Supplementary Fig. S6 shows the Savitzky-Golay pro-
cessing) are observed in many TMD materials, the origin of which
remains unexplained. In the high-frequency range, the Raman spectra
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of the heterostructure are roughly a superposition of those of indivi-
dual WS2 and WSe2 monolayers with subtle energy shifts. The A1g

modes ofWS2 andWSe2monolayer are observed in helicity-conserved
polarization, while the E2g modes of WS2 and WSe2 monolayer are
detected in helicity-changed polarization. The helicity-resolvedRaman
scattering evidently resolves the A1g and E2g modes of WSe2 despite
their nearly degenerate energies and matches well with the calculated
phonon energy at BZ center (Supplementary Fig. 7). Remarkably, the
intensity of high-frequency modes is expected to be sensitive to the
interlayer charge transfer52,55,56, further computational studies would
be required to clearly manifest the underlying physics.

We then extract the angular momentum of phonons at vdW
interfaces from these helicity selection scenarios, by considering the
symmetry requirement and angular momentum conservation.
Monolayer WS2 and WSe2 are invariant under the 12 symmetry
operations in the D3h point group (Supplementary Fig. 8). The zone
center optical phonons transform according to the irreducible
representations of the group57. For the phonon scattering processes,
Raman selection rules determine the Raman intensity I0 for off-
resonance scenarios as I0 = A |〈eσs | R | eσi〉|

2, where A is a constant, R is
the Raman tensor of the corresponding mode, and eσs and eσi repre-
sent the electric field vectors of scattered and incident photons,
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Fig. 1 | Chiral interfacial collective dynamics in WSe2/WS2 heterostructure.
a Schematic of experimental set-up for helicity-resolved Raman spectroscopy. The
green (orange) path is for incident (scattered) light.bOpticalmicroscope image of
a typical WSe2/WS2 heterostructure sample. c Schematic illustration of atomic
eigenvectors for interlayerbreathing (LB) and shear (S) vibrationalmodes depicted
by the orange arrows. The LB mode (S mode) corresponds to out-of-plane (in-
plane) relativemotions of the constituent layers.d Schematic illustrationof atomic
eigenvectors for E2g and A1g vibrationalmodes depicted by the orange arrows. The
E2g(S) (E2g(Se)) mode corresponds to in-plane relative motion between tungsten and
sulfur (selenium) atoms inWS2 (WSe2); the A1g

(S) (A1g
(Se)) mode corresponds to out-

of-plane sulfur (selenium) atom vibrations. Representative low-frequency (e) and

high-frequency (f) helicity-resolved Raman spectra of the WSe2/WS2 hetero-
structure (black) compared with monolayer WS2 (red) and WSe2 (blue), with
helicity-conserved (σ + σ +) (dark color curves) and helicity-changed (σ + σ-) (light
color curves) configurations, respectively. The spectra of helicity-changed (σ + σ-)
configurations are scaled for clarity and the scale factors are shown on the edge of
the panel. The B2g

(Se) and 2LA(S) modes are indicated by dashed lines. The helicity-
conserved LB and A1g modes (indicated by blue shadow) are evidently dis-
tinguished from the helicity-changed S and E2g modes (indicated by gray shadow)
by different helicity selection rules. g The angular momentum of incident photons
is transferred to lattice vibrations (intralayer (up) and interlayer (down) and the
scattered photons have different circular polarization.
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respectively. For A1g modes, the Raman tensor is given by
a 0 0
0 a 0
0 0 b

2
4

3
5, where a and b represent the elements in the Raman

tensors in Cartesian coordinates. For same circular-polarization

incident and scattering light,σi = σs = 1=
ffiffiffi
2

p 1
�i
0

2
4

3
5, σs† | R | σi = a. On

the contrary, if eσs and eσi have opposite helicity, σs
† | R | σi = 0. This

symmetry consideration is consistent with Fig. 1f where the photons
scattered by A1g phonons with zero pseudoangular momentum
(PAM)58 have the same angular momentum as that of the incident
photons owing to angular momentum conservation. For the E2g

mode, the Raman tensor is
0 c 0
c 0 0
0 0 0

2
4

3
5, where c represents the

element in the Raman tensors in Cartesian coordinates. Similar calcu-
lations show that σs

† |R | σi is zero (nonzero) for the same (opposite) σi
and σs angular momentum. This agrees with the selective helicity in
Fig. 1f where the photons scattered by E2g phonons with ±1 PAM reverse
the angular momentum due to angular momentum conservation and
are absent in the (σ + σ + ) configuration58. The helicity selection rules
are anticipated to apply as well to the interlayer shear and breathing
modes in few-layer TMDCs (Supplementary Note. 1 has symmetry
considerations). The breathing mode preserves photon angular
momentumwhile the shearmode reverses photon angularmomentum.
Such selection rules demonstrate unambiguously that circularly polar-
ized chiral photons couple to chiral phonons due to the conservation of
angular momenta in Raman scattering process (Supplementary
Note. 2). Figure 1g shows conceptually how angular momentum is
transferred from circularly polarized photons to the lattice of the het-
erostructure to launch chiral vibrationswhen the incident and scattered
photons have different circular polarization. This process can provide
insight into the phonon chirality and enables the detailed interrogation
of moiré-induced lattice dynamic behavior at the interface.

Moiré-tunable interlayer vibrations
Weprove that the interfacial vibration energy, and hence the interlayer
coupling, is moiré-tunable by the mutual torsion of vdW heterointer-
face. Figure 2a shows the helicity-resolved low-frequency phonon
modes measured from WSe2/WS2 heterostructures in the entire twist
angle range from 0° to 60°. The low-frequency modes provide a sen-
sitive probe of the interlayer interactions between the layers53. With
twist angles starting from nearly 0°, the interlayer breathing mode
shows a significant twist-angle dependence. A continuous blueshift of
thebreathingmodeup to 25.33 cm⁻¹ (corresponding to0.76 THz)with
increasing twist angle is observed in the heterostructure up to twist
angles of around 30°, beyond which the breathing mode frequency
drops significantly. The variations of mutual torsion angle are expec-
ted to modulate interlayer hybridization of electronic states43 and
moiré potential confined interlayer excitons42,56, thereby affecting the
interlayer interactions (Fig. 2b). Todisentangle the possible twist-angle
dependent moiré configuration effects on interface dynamics in the
twisted heterostructure, we analyze the moiré superlattice structure.
The periodicity of themoiré supercells (Fig. 2c, top), also known as the
moiré wavelength, λm, and the size of the mini-Brillouin zone of the
moiré superlattice (Fig. 2c, bottom)arebothhighly dependent on twist
angle (θ). The unit cell for the moiré pattern with lattice vector λm can
be defined, and its lattice constant varies with the twist angle accord-

ing to λm= ð1� δÞa=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ð1� δÞð1� cosθÞ+ δ2

q
, where a is the lattice

constant of WSe2, δ is the lattice mismatch between WSe2 (3.18 Å)
and WS2 (3.32Å)

59. In the reciprocal space, the primitive vector of the

moiré superlattice ( g
�� ��) is given by g

�� ��= 2π
a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cos θ

1 + δ

� �2
+ sinθ

1 + δ

� �2q

(Supplementary Note. 3). The moiré potential acting on the WS2
electrons is entirely electrostatic in nature, arising from the interlayer
charge transfer driven by the broken inversion symmetry of the
structure. Intralayer moiré phonons are activated by the moiré
potential and arise as satellite Raman peaks from the heterostructure
region (Supplementary Fig. 9). Figure 2d summarizes the periodic
twist-angle dependence of the breathing mode frequencies (blue cir-
cles) extracted from the Raman spectra of Fig. 2a (Supplementary
Fig. 10 shows the twist-angle dependence of shear modes). The pho-
nonic dependence on twist angle corresponds with the calculated
moiré period (depicted by the gray dashed line), exhibiting slight
deviations near 0° and 60°. This suggests that the moiré-tunable
interfacial vibrations are enforced by the combined effects of hybri-
dized electronic states andmoiré interlayer excitons42,43. The interlayer
exciton density does not play a dominant role in shifting phonon fre-
quencies (Supplementary Fig. 11), suggesting that hybridized electro-
nic states are the primary factor influencing the twist angle-dependent
phonon energies. The trend of low-frequency band in unpolarized
Raman spectra shows the similar twist-angle dependence in consistent
with the observation in circularly-polarized Raman spectra (Supple-
mentary Fig. 12). The difference of Raman scattering with right-
circularly polarized and left-circularly polarized light is negligible
(Supplementary Fig. 13), suggesting that the influence of electronic
transition pathways on the polarized Raman spectrum is not
significant.

Moiré-tunable intralayer vibrations
A detailed analysis of the twist-angle-dependent intralayer vibration
validates the phonon-exciton coupling tunability at the vdW inter-
face, as presented in Fig. 3a–d, (see Supplementary Fig. 14 for the
corresponding unpolarized energy-degenerate phonon spectra). The
maximum Raman intensity of WSe2 is achieved with small moiré
period, whereas intralayer vibrations in WS2 exhibit maximum
intensity with large moiré period, showing enhanced phonon-
electron coupling driven by the interlayer charge transfer in low-
angle regime43. The presence of interlayer coupling is expected to
introduce lattice relaxation impact on high-frequency intralayer
vibrations, which are sensitive to the variation of interatomic bond-
ing strength24. The atomic relaxation of the WSe2/WS2 moiré super-
lattices is detected by ADF-STEM and low-loss STEM-EELS in recent
works26,60. The atoms modulate their positions in favor of lattice
commensuration and deviate from their equilibrium positions,
leading to expected changes in interatomic vibrations. The peak
position values extracted from the spectra are summarized in Fig. 3e.
The frequency of A1g and E2g mode for WSe2 vary slightly by
approximately 1 cm–1 with no monotonic dependence on the twist
angle. However, the frequency of the E2g and A1g modes for WS2
shows a clear dependence on the twist angle. At small twist angles,
especially below 10°, the E2g and A1g modes of WS2manifest redshifts
as the twist angle decreases. The E2g mode exhibits a pronounced
response in twisted heterostructures, displaced by up to approxi-
mately 4 cm–1 in large moiré period region (~7 nm). Notably, all of the
E2g modes of WS2 in heterostructure samples are slightly redshifted
compared with that of the monolayer WS2, even for larger twist
angles. In few-layer TMDC, the redshift of the E2g mode is usually
associated with an increase in the number of layers61 or the existence
of in-plane strain62. The observation that the intralayer modes of WS2
are affected more than those of WSe2 can be attributed to the large
difference in the shear deformation potential of WS2 and WSe2 (0.14
versus 0.10, respectively)63, which results in the in-plane strain being
mostly located in theWS2 layer. A schematic of themoiré superlattice
is shown in Fig. 3f, with three high-symmetry stacking configurations
of AA (metal vertically stacks on chalcogens), BSe/W (Bernal AB
stacking with Se stacked on W), and BW/S (Bernal AB stacking with W
stacked on S). Because of steric effects, density functional theory
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calculations have predicted that stacking in the moiré superlattice
affects the local energy landscape with the highest energy in AA
stacking region26. The superlattice tends to increase the area of the
interlayer-locked AB stacking regions due to its lower energy than AA
stacking (Fig. 3g). As a result, theWS2 layer becomes locally stretched
at the AB stacking regions due to its smaller lattice constant com-
paredwithWSe2, which is consistentwith the shift observed in the E2g
modes of WS2. The inhomogeneous strains lead to a spatial mod-
ulation of the collective vibrations52, electronic wavefunctions64 and
the phonon-exciton coupling due to spin-boson interaction between
colocalized interlayer excitons and phonons42,43. However, a com-
prehensive quantitative analysis necessitates further theoretical
advancements to effectively account for the twist-angle-dependent
electron-phonon coupling in these complex systems.

Moiré-induced hybrid phonons in strong coupling regime
We next discuss the interfacial dynamics in the strong coupling regime,
namely the “magic twist angle” range. To verify the phononic recon-
struction in this strong coupling regime, more heterostructures were
fabricated and measured with twist angles ranging from ~0.3° to 7.9°.
The measured spectra also feature the phonon modes divided into the
low-frequency (Fig. 4a) and high-frequency ranges (Fig. 4b and Sup-
plementary Fig. 15). The Raman spectra were smoothed using the

Savitzky–Golay algorithm (Supplementary Fig. 16). As the twist angle
increases, the conventionally observed low-frequency LB mode blue-
shifts slightly with the twist angle. (see Supplementary Fig. 17 for the
corresponding unpolarized Raman spectra and Supplementary Fig. 18
for resolving the ambiguous splitting and energy-degenerate modes in
unpolarized Raman spectra at 5.3°, 1.5° and 0.3°). Unexpectedly, in
addition to the commonly observed low-frequency LB and Smodes, we
find that a new branch of the LB mode (denoted as LBhyb) emerges at
31 cm-1, carrying frequency of ωLB ≈0.93THz (ωLB, LB-band frequency),
an energy of ħωLB ≈ 3.8meV (ħ, reduced Planck constant) and zero
angular momentum. The lifetime of LBhyb mode is τ =ℏ/γ ≈0.86ps (γ,
LB-band linewidth) under the assumption that the linewidth arises pri-
marily from phonon decay. This mode exhibits a distinct polarization
dependence with (σ + σ + ) configuration and are absent in large-angle
systems. The LBhyb blueshifts and reaches a maximum frequency and
lifetime near the angle of 3.8°. As the twist angle further increases, LBhyb

redshifts and disappears in sample with a 7.9° twist angle. Since strong
coupling regiononly accounts for a fractionof the total sample area, the
weak LBhyb is observed in our far-field measurements.

In this scenario, with the presence of periodic moiré pattern, a
plausible explanation for the appearance of LBhyb modes is the pho-
nonic hybridization between interlayer modes and the out-of-plane
acoustic (ZA) modes folded into mini-Brillouin zone by moiré spatial

Large moiré period

moiré potential

Small moiré period

Large moiré period

θ

ΔΚ

Г
θ

ΔΚ

Г

Small moiré period

Fig. 2 | Moiré-tunable interlayer vibrations in the vdW heterostructure. a Low-
frequency chiral Raman spectra of WSe2/WS2 moiré superlattice as a function of
twist angle. The frequencyof interlayer LB and Smodeswith nearly 0° twist angle is
indicated by the blue and gray dashed lines, respectively. The spectra of helicity-
changed (σ + σ-) configurations are scaled for clarity by a scale factor of 2.
b Schematic of the interlayer LB phonon which couples strongly with IXs because
the vibrational mode is directly modulated by the vertical Coulomb-bound elec-
tron-hole pair of exciton (left).Moiré-trapped excitons are localized and controlled

by the potential wells (right). c Illustration of WSe2/WS2 moiré superlattice in real
space (top panel) and mini-Brillouin zone generated from the difference between
two wavevectors in reciprocal space (bottom panel). The WSe2/WS2 moiré super-
lattice has a larger moiré period with twist angles close to 0° or 60° (left column)
than that with twist angles close to 30° (right column). d The twist angle depen-
dence of the LBmode frequency (blue circles). Errors from peak fitting are smaller
than the diameter of the circles. The dashed curve shows the twist-angle depen-
dence of the moiré period for reference.

Article https://doi.org/10.1038/s41467-025-59325-w

Nature Communications |         (2025) 16:4117 5

www.nature.com/naturecommunications


periodicity (Fig. 4c, d and Supplementary Note 4). To aid the inter-
pretation of spectral features, Supplementary Fig. 19 shows a com-
parison between the DFT-computed frequencies for monolayer WS2
and WSe2 phonon states with momenta g, which fold onto the moiré
BZ center, as well as the frequencies of experimentally observed LBhyb

modes.We find the emergenceof LBhybmodes as the dispersive folded
ZA modes approach the energy of the LB mode in the range
0.3° <θ < 5.3°. Within this range, the energy proximity of the ZA and LB
modes appears to the coupling condition precisely. Clear signatures of
lattice reconstruction in this regime are also found in the high-
frequency E2g mode. Although the high-frequency modes of WSe2 are
nearly independent of twist angle (Supplementary Fig. 15), the E2g

mode of WS2 evolves into a doublet E2g+ and E2g− at 0.3° <θ < 5.3°
(Fig. 4b), which provides evidence of high in-plane strain locally breaks
the three-fold rotational symmetry of hexagonal unit cell (Supple-
mentary Note 5). The reconstructed regime identified by helicity-
resolvedRaman spectra at θ < 5.3° agrees remarkablywell with a recent
STEM study performed on mechanically stacked twist bilayers60. At
small angles, the real space supercell is very large, allowing significant
lattice relaxation even though it is driven by weak van der Waals
interactions between the layers and inhibited by strong in-plane
bonding within each layer26. The dramatic atomic reconstruction of
rigid lattice forms large triangular regions in which the energetically
favorable BSe/W (BW/S) stacking (or 3 R stacking for θ =0°) are

Fig. 3 | Correlation between the tunable intralayer vibrations and phonon-
electron coupling in relaxed lattice. Color map of chirality-resolved Raman
spectra of twisted WSe2/WS2 moiré superlattice from 200 to 450 cm−1 spectrum
range highlighting in-plane and out-of-plane modes of WS2 (a, b) and WSe2 (c, d).
The peakpositions frommonolayerWSe2 andWS2 are indicated by dashed lines for
comparison. e Peak position as a function of the twist angle for the E2g

(Se), A1g
(Se),

E2g(S) and A1g
(S) modes. Errors from peak fitting are smaller than the diameter of the

circles. The peak positions frommonolayer WSe2 andWS2 are indicated by dashed

lines for comparison. f Structural model of WSe2/WS2 moiré superlattice showing
different stacking configurations in a moiré unit cell. g Schematic of the lattice
relaxation process. The relaxation increases the area of the interlayer-locked AB
stacking regions due to its lower energy (top), and the WS2 layer becomes locally
stretchedat theABstacking regionswith the residual compressional strain localizes
to the AA stacking region (bottom), where excitons are funneled into and localized
by the strain-induced potential traps (middle).
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approached, as illustrated in Fig. 4e. Notably, our measurements
report averaged strain under the laser spot. Future near-field
experiments40,65 combined with chirality-resolved nano-Raman may
reveal the contribution of local variations of dynamics within a moiré
supercell. However, reaching the spatial resolution for this regime
where supercell size ranges from8nm (0°) to 2 nm (8°), would be very
challenging. Such drastic changes in collective vibrations at low twist
angles in chiral Raman spectra offer a simple and powerful spectro-
scopy technique to evaluate twist-angle disorder at moiré interface
and to explore regions close to the magic angle where many-body
interactions dominate over kinetic energy12,66. Given that future
applications will involve diverse interfacial structures and increasingly
large spectral data sets, it will be interesting to investigate whether
machine-learning approaches could be used to develop general
models that relate the structures of moiré superlattices to their lattice
dynamics.

Discussion
In summary, we have experimentally demonstrated the existence of
moiré-induced mechanical collective excitations that correspond to
moiré excitons driven by spatial periodicity in WS2/WSe2 hetero-
bilayers. The energy level and angular momentum of terahertz lattice
vibrational modes localized at heterointerface are verified by sym-
metry requirement and angular momentum conservation using the
helicity-resolved Raman scattering. We firmly established the moiré
potential origin of the interfacial collective dynamic tunability, which
correlates with the proximity-induced spin-boson coupling between
interlayer excitons and phonons. In contrast to the previously studied
interlayer vibrational modes, the emergence of hybridized interlayer
breathing modes in magic-angle range are quantitatively interpreted
as the phonon hybridization that includes the periodicity-folded
phonons in moiré mini-Brillouin zone. All these features provide an
essential basis for understandingmoiré collective dynamics andwould
be helpful for further realizing designer phononic states and Bose-

Fermi interactions consisting of phonon condensate generated by
the presence of moiré periodicity. For example, tailoring inter-
facial moiré lattice dynamics could offer a new route to energy-
efficient thermal conductance which is govern by terahertz pho-
nons at room temperature, high-mobility electron transport
which has orders-of-magnitude stronger electron-phonon cou-
pling with interfacial vibrations than with bulk vibrations and
exotic topological phononics.

Methods
Sample preparation
Monolayer crystals of WS2 andWSe2 were grown by CVDwith a quartz
tube (6 cm in diameter) under ambient pressure67. WO3 (Alfa Aesar,
99.9%) was first deposited onto a silicon (Si) wafer coated with a
300nm silicon oxide (SiO2) layer as a W precursor through thermal
evaporation. Another SiO2/Si substrate was placed upside down above
it. A quartz boat containing 200mgof S (Se) powder (Aladdin, 99.99%)
as S (Se) precursor was placed upstream of the furnace. For the WS2
(WSe2)monolayer, the growth temperature was 950 °C under a flowof
Ar gas (100 s.c.c.m.) for 20min. The furnace was cooled down to room
temperature after growth.

For the fabrication of heterostructures, the CVD-grown mono-
layers were transferred by combining the wet and dry transfer
methods68. A clean PDMS stamp was first placed on a glass slide. The
SiO2/Si substrate containing the as-grown CVD WSe2 monolayers was
brought in contact with the PDMS stamp. The deionized water dro-
plets were injected at the perimeter of the substrate and penetrated
into the SiO2/WSe2/PDMS interface. After 10min, the SiO2/Si substrate
was lifted and WSe2 monolayers were transferred onto the PDMS
stamp. The resulting samples were dried with a nitrogen gun. Finally,
dry transfer of the WSe2 monolayers from the PDMS stamp onto the
top of the WS2 samples was applied in a micromanipulator system.
Thermal annealing at 90° for 30min is performed for each trans-
fer step.

mBZ

WSe2

WS2

ZA(g2) ZA(g1)

ZAm(Γ)

-

LB

LB
ZA(S)

ZA(Se) Rigid lattice

Reconstructed lattice

BSe/W

BW/S

AA

AA AA

AA

BW/S

BSe/W

AA

AA AA

AA

Fig. 4 | Hybrid moiré phonons in the strong coupling regime. a, b Emergence
and evolution of hybridized interlayer LBhybmode and the two splitting intralayer
E2g+ and E2g− modes of WS2 in reconstruction regime (θ < 8°). The spectra of
helicity-changed (σ + σ-) configurations are scaled for clarity by a scale factor of 2
(a) and 3 (b), respectively. c Schematic of exciton-phonon coupling with the
colocalization of the IX and the hybridization of LB and ZA phonons. d Moiré

Brillouin zone and the folded ZA phonon at the primitivemoiré reciprocal vectors
gn (n = 1, 2) in WSe2/WS2 heterostructure with twist angles close to 0°.
e Schematic illustration of the rigid and constructed moiré superlattice with twist
angles close to 0°, with the symmetry-broken lattice in the intermediate region
(white shade) between AA (gray shade) and AB (orange shade) stacking regions
(exaggerated for clarity).
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Optical measurements
Raman measurements were performed using a confocal micro-Raman
system(WITecAlpha300R)witha 532 nmcontinuouswavelength (CW)
laser as the excitation source. A ×100 objective lens (Zeiss, 0.9 NA) was
used to focus the laser beam onto the sample and to collect the scat-
tered light (backscattering geometry). A grating with 1800 grooves per
mm was used in the Raman measurements. For chiral Raman mea-
surements, polarizers set the linear polarization of incident light and
measured signals; a half-wave plate (Thorlabs) tunes the linear polar-
ization of the pump; a quarter-wave plate (Thorlabs) with linear polar-
ized light generates the circularly polarized light; and the polarizer and
half-wave plate (Thorlabs) in front of the spectrometer analyze the
scattered photon polarizations. For the SHGmeasurements, we use the
same system with a 1064nm picosecond laser for excitation.

Density functional theory calculations
The phonon dispersion of monolayer WS2 and WSe2 was calculated
using the Quantum Espresso code69 with the Phonopy package70,
making use of the norm-conserving pseudopotential within the local
density approximation of Perdew–Zunger. The kinetic energy cutoff for
charge density is 260Ry. The first Brillouin zone is sampled with a
31 × 31 × 1 Monkhorst–Pack grid. All of the atomic coordinates and lat-
tice constants are optimized with the Broyden–Fletcher–Goldfarb–
Shanno (BFGS) quasi-Newton algorithm until the Hellmann–Feynman
force acting on each ion is less than 0.003 eVÅ−1. A vacuum spacing of
30Å was used to avoid interactions between the layers.

Data analysis
Unsmoothed data without outlier removal were used to determine
intensities and band positions. Outliers, generally caused by cosmic
rays or charge buildup on the detector, were removed through sub-
traction and then the remaining data were interpolated across the
spectrum. Raman spectra were smoothed using the Savitzky–Golay
algorithm with 5 pt.

Data availability
The data generated in this study have been deposited in the Figshare
(https://doi.org/10.6084/m9.figshare.28164446).

Code availability
The codes used for simulation and data plotting are available from the
corresponding authors upon request.
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