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Small angle twisting

ABSTRACT: Twisted moiré superlattices provide a powerful platform for Twirling moiré
engineering correlated electronic states, yet continuous nanoscale manipulation F\ L/ \7\ y
— N

of collective orders remains largely unexplored. Here, we report the modulation of

r
charge density wave (CDW) states in a twisted twirling moiré superlattice formed F ./ '\ >
by monolayer VTe, on superconducting NbSe,. Scanning tunneling microscopy/ /i \

spectroscopy reveals that the intrinsic long-range CDW of monolayer VTe, is
reconstructed into inequivalent local phases with distinct stability and coherence
within a single moiré unit cell, including suppressed CDW order and enhanced
short-range CDW correlations persisting to room temperature. First-principles
calculations attribute the reconstructed CDW landscape to strong local strain
variation, with compressive strain significantly stabilizing the charge order. The
reconstructed CDW further exhibits an anticorrelated modulation with proximity-
induced superconductivity. Our results establish twirling moiré superlattices as a versatile platform for nanoscale manipulation of
correlated electronic orders in low-dimensional quantum materials.

SC modulation
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Moiré superlattices formed by stacking two-dimensional
van-der-Waals materials with a twist angle have
emerged as a powerful platform for engineering electronic
structures and exploring emergent quantum phenomena.' " By
introducing long-wavelength periodic potentials into uniform
atomic lattices, moiré superlattices reconstruct electronic
bands into moiré minibands and strongly modify many-body
interactions,”” enabling a variety of correlated phases,
including superconductivity,'”"'" correlated insulating
states,”>”'* and charge ordering.ls_17 Such moiré-band
reconstruction has established a central paradigm for
manipulating quantum phases in low-dimensional materials.
Beyond global band engineering, increasing attention has
recently been devoted to local modulation of correlated
electronic phases within moiré superlattices,"* ™ because
spatially varying electronic environments may enable emergent
quantum states and functionalities inaccessible in uniform
materials. These developments highlight the growing oppor-
tunity to manipulate collective quantum states at the
nanoscale.

Beyond conventional rigid moiré superstructures, lattice
relaxation and strain reconstruction in the small-angle and
near-commensurate regime generate reconstructed moire
landscapes with continuously varying local strain, stacking
configuration, and interfacial coupling.”*"** Recent theoretical
studies have further revealed that such reconstructed moiré
superlattices can spontaneously develop chiral twirling textures
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through symmetry breaking of the moiré domain-wall network,
representing a new class of reconstructed moiré structures with
continuously varying local environments.*>** Such continu-
ously varying local environments are particularly attractive for
correlated electronic phases, because collective electronic
orders, such as charge density waves (CDW) and super-
conductivity, are highly sensitive to such variations.”> >’
Therefore, unlike disorder-driven electronic inhomogeneity in
correlated materials, reconstructed moiré superlattices provide
a unique platform for deterministic nanoscale manipulation of
collective phases within a single moiré unit cell. Despite the
recent advances in reconstructed moiré physics,**~* how such
continuously reconstructed moiré landscapes reshape inter-
twined collective electronic states remains largely unexplored.

Here, we demonstrate an intramoiré manipulation of CDW
states by construction of a twirling superlattice in twisted
monolayer (1L)-VTe,/NbSe, heterostructures grown by
molecular beam epitaxy. Owing to the near lattice commensur-
ability and small twist angle between VTe, and NbSe,, the
reconstructed moiré develops twirling textures accompanied by
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Figure 1. Construction of twirling moiré superlattices in twisted 1L-VTe,/NbSe, heterostructure. (a) Schematic illustration of monolayer 1T-VTe,
epitaxially grown on bulk 2H-NbSe, with a small twist angle. Lattice reconstruction induces a spatially varying strain field, giving rise to a twirling

moiré texture. (b) LEED pattern, showing sharp diffraction spots of VTe,. (c) Large-scale STM image (V, =
monolayer VTe, on the surface of NbSe, substrate. (d,e) Zoom-in STM images of the monolayer VTe, (V, =

—2.0 V, I, = 1.0 nA), showing
—1.5V, I, = 0.05 nA), showing the

twirling moiré structure with a large periodicity of ~9.8 nm. (f) The corresponding FFT pattern of (d), showing VTe, Bragg peaks (green circles)
and moiré peaks (red circles, inset). The relative rotation between the VTe, lattice vector and the moiré modulation is ~15°. (g) Schematic
illustration of the reciprocal-space relationship between the three wavevectors of VTe,, NbSe,, and moiré pattern. Based on the vector relation
Kyrer = Knpsez + Kioirey the twist angle between VTe, and NbSe, is estimated to be ~1.4°.

pronounced local strain variation. Using scanning tunneling
microscopy and spectroscopy, we show that the intrinsic CDW
of monolayer VTe, undergoes pronounced intramoiré
reconstruction into inequivalent local regions with distinct
stability and coherence. In particular, one local region exhibits
strongly suppressed CDW order, while another sustains
enhanced short-range CDW correlations persisting to room
temperature. First-principles calculations further reveal that the
reconstructed CDW landscape originates from strong local
strain variation within the twirling moiré superlattice, where
compressive strain substantially stabilizes the charge order. In
addition, the reconstructed CDW landscape exhibits compet-
ing interplay with proximity-induced superconductivity in the
underlying NbSe,, forming a continuously nanoscale modu-
lation of intertwined collective orders.

Monolayer 1T-VTe, has attracted considerable attention as
a prototypical two-dimensional correlated material hosting a
commensurate 4 X 4 CDW below ~ 190 K.**~* Although the
microscopic origin of the CDW remains under debate,
accumulating experimental and theoretical studies suggest
that strong electron—lattice coupling plays a dominant role.
Owing to this strong coupling, the CDW is highly sensitive to
lattice strain, dimensionality, and substrate interactions,
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making monolayer VTe, an ideal platform for investigating
how reconstructed moiré environments reshape collective
electronic states. Meanwhile, layered 2H-NbSe, is a proto-
typical van-der-Waals superconductor with well-established
charge ordering and superconductivity. Owing to their closely
matched hexagonal symmetry and similar lattice constants, i.e.,
in-plane lattice constants of ~3.46 A and ~3.55 A for NbSe,
and VTe,, respectively (Figure S1), twisting VTe, and NbSe,
provides an ideal platform for constructing reconstructed
moiré superstructures. As schematically illustrated in Figure 1a,
monolayer 1T-VTe, is epitaxially grown on bulk 2H-NbSe,
substrate with a small twist angle. Due to the near lattice
commensurability between the two materials, the interfacial
mismatch cannot be accommodated by a simple rigid moire
modulation. Instead, substantial lattice relaxation and strain
reconstruction develop across the interface, giving rise to
continuously varying twirling moiré textures.

We first characterize the structure of the reconstructed
moiré superlattice in the 1L-VTe,/NbSe, heterostructure.
LEED pattern shows sharp diffraction spots of VTe,,
confirming its high crystallinity (Figure 1b). Large-area STM
topography reveals VTe, islands on the NbSe, surface with
relatively uniform morphology (Figure 1c). The height profile

https://doi.org/10.1021/acs.nanolett.6c02529
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Figure 2. Modulation of the CDW states in the twirling moiré structure. (a) Atomically resolved STM image of a twirling moiré region acquired at
0.4 K (V, = =1.5 V, I, = 0.05 nA), showing three inequivalent local regions within a single moiré unit cell. Regions A and B correspond to
neighboring distorted triangular domains exhibiting CDW order, while central region H shows a strong suppression of the CDW. (b)
Corresponding FFT pattern of (a), showing Bragg peaks of VTe, (blue circles) and additional diffuse features associated with short-range CDW
orders (yellow circles). (c) The spatially averaged dI/dV spectra (V, = —1.0 V, I, = 0.05 nA, V, .4 = S mV) acquired in the three local regions,
Regions A and B exhibit similar spectral features, while region H shows a slightly modified electronic structure with an enhanced density of states
around +750 mV. (d) Statistical analysis of the CDW periodicity in regions A and B, showing a quasi-periodicity of about 3.8 times the VTe, lattice
constant a,. (e,f) Spatial distribution of the CDW amplitude (e) and phase (f), showing pronounced amplitude variation and the absence of long-
range phase coherence. (g) STM topography acquired at 55 K (V; = —=1.0 V, I, = 0.05 nA). (h) Atomically resolved STM image of a twirling moiré
region acquired at 300 K (V,=-0.3 V, I, = 0.3 nA), showing that short-range CDW order persists only in region A. (i) Corresponding FFT pattern of

(h), showing Bragg peaks of VTe, (blue circles) and diffuse CDW features (yellow circles).

exhibits thickness of approximately 0.7 nm, indicating the
monolayer characteristic of the VTe, adlayer (Figure S2). A
zoom-in STM image displays a pronounced distorted moiré
modulation with a characteristic periodicity of approximately
9.8 nm (Figure 1d). Unlike conventional rigid moiré
superlattices with smoothly varying periodic contrast, the
observed moiré pattern exhibits continuously curved features
resembling twirling textures (Figure le), suggestive of
substantial lattice reconstruction within a single moiré unit cell.

To understand the moiré geometry, we perform fast Fourier
transform (FFT) analysis. In addition to the Bragg peaks of
VTe,, low-momentum moiré peaks are also resolved near the
center of the FFT pattern (Figure 1f). Notably, the moiré
modulation is rotated by approximately 15° relative to the
VTe, lattice vector. Based on the reciprocal-space vector
relation Kyre, = Kypsez + Koy illustrated in Figure 1g, the
twist angle between VTe, and NbSe, is estimated to be ~1.4°,
placing the system in the small-angle and near-commensurate
regime where lattice reconstruction effects could become
significant. We further construct a commensurate twisted
VTe,/NbSe, heterostructure supercell, which generate a moiré
periodicity of 9.89 nm at a twist angle of 1.43° (Table S1). The
rigid moiré superlattice exhibits relatively smooth periodic

modulation, whereas the fully relaxed atomic structure
develops characteristic twirling moiré textures (Figure S3), in
excellent agreement with the STM observations. Such twirling
reconstruction emerge from spontaneous symmetry breaking
of the moiré networks, which could give rise to a continuously
varying strain and stacking landscape within a single moiré unit
cell, providing an ideal platform for investigating how local
structural reconstruction reshapes collective electronic states.

We next investigate the impact of the twirling moiré
superlattice on the electronic ordered states of monolayer
VTe,. Monolayer VTe, hosts a 4 X 4 CDW transition below
~190 K driven by strong electron—lattice interactions (Figure
S4). Remarkably, the reconstructed moiré landscape spatially
modulates this intrinsic CDW, fragmenting it within individual
moiré unit cells. Figure 2a shows an atomically resolved STM
image acquired at 0.4 K within a representative twirling-
textured moiré region. Instead of a uniform long-range 4 X 4
modulation, the CDW is reconstructed into three inequivalent
local regions: two neighboring distorted triangular domains
(regions A and B) display pronounced short-range CDW
order, whereas the central region H exhibits strongly
suppressed CDW intensity.

https://doi.org/10.1021/acs.nanolett.6c02529
Nano Lett. 2026, 26, 10776—10784
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Figure 3. Local strain analysis in the twisted moiré structure. (a—c) Statistical analysis of the lattice constant of VTe, in the three inequivalent local
regions, showing dominant lattice constants of ~3.42 A and ~3.51 A in regions A and B, respectively, while a significantly larger value of ~3.65 A in
region H. (d) Spatial map of the in-plane strain of the top-layer Te atoms, showing pronounced strain variation across the moiré unit cell. (e) Out-
of-plane displacement of the top-layer Te atoms, showing correlated lattice reconstruction accompanying the in-plane strain. (f) Calculated biaxial
strain dependence of the relative stability between the CDW and normal phases. Triangles and squares denote the CDW and normal states,
respectively, while red and black curves correspond to calculations with and without magnetization. The dashed line marks the reference lattice

constant (ay ~ 3.55 A) of VTe, in this system.

The corresponding FFT pattern further confirms the short-
range nature of the CDW (Figure 2b). In addition to the Bragg
peaks of VTe,, diffuse peaks appear around the expected 4 X 4
CDW wavevectors, indicating spatial fragmentation and
absence of long-range coherence. Spatially averaged tunneling
spectra acquired in the three regions (Figure 2c) reveal distinct
local electronic properties associated with the inequivalent
moiré environments. Regions A and B exhibit nearly identical
spectral features, whereas region H shows a modified electronic
structure with enhanced density of states around +750 mV,
indicating that the reconstructed moiré landscape modifies the
local electronic states. Moreover, the electronic origin of the
fragmented CDW order is further confirmed by the character-
istic phase reversal of the modulation around +100 meV in the
energy-resolved dI/dV linecut (Figure S5). These observations
demonstrate a pronounced intramoiré reconstruction of the
CDW state induced by the twirling superlattice.

We then quantitatively analyzed the reconstructed CDW
modulation by examining the local CDW periodicity in regions
A and B. The dominant CDW modulation exhibits a quasi-
periodicity of approximately 3.8 times of the pristine VTe,
lattice constant (a, ~ 3.55 A), deviating from the
commensurate 4 X 4 modulation of the pristine monolayer
(Figure 2d). Such deviation suggests that the reconstructed
moiré landscape modifies both CDW coherence and the local
charge ordering wavevector. Real-space maps of the CDW
amplitude and phase, extracted via Fourier filtering, reveal
pronounced amplitude variations correlated with the moiré
texture and the absence of global phase coherence across the
moiré unit cell (Figure 2e,(f). These results demonstrate that
the long-range CDW state evolves into a fragmented, short-
range ordered configuration under the reconstructed moiré
potential.

To further examine the local stability of the fragmented
CDW state, we performed STM measurements at varying
temperatures. While the short-range CDW orders are visible
within both regions A and B up to 55 K (Figure 2g), short-
range CDW correlations persist to room temperature only
within one type of distorted triangular domain (Figure 2h).
The corresponding FFT pattern (Figure 2i) still exhibits
difftuse CDW features in addition to the Bragg peaks of VTe,,
confirming the persistence of short-range charge order at room
temperature. The observation of spatially selective CDW
survival at elevated temperatures indicates that the recon-
structed twirling moiré landscape strongly reshapes the local
stability of charge order within a single moiré unit cell,
resulting in coexisting electronic regions with substantially
different CDW robustness and coherence.

The reconstructed CDW observed here differs fundamen-
tally from the previously reported CDW state in pristine
monolayer VTe,. Previous STM studies have established that
monolayer VTe, develops a spatially homogeneous long-range
4 X 4 CDW below the transition temperature (~190 K), which
is generally attributed to strong electron—lattice coupling and
is highly sensitive to lattice strain. In contrast, the
reconstructed twirling moiré landscape continuously modifies
the local structural environment within a single moiré unit cell,
transforming the intrinsic long-range CDW into spatially
differentiated local phases with distinct coherence, stability,
and ordering wavevector. The emergence of locally suppressed
CDW regions together with robust short-range CDW
correlations persisting up to room temperature demonstrates
that the reconstructed moiré landscape not only redistributes
the CDW amplitude, but fundamentally reconstructs the local
free-energy landscape governing charge ordering.

Given the strong sensitivity of the CDW in monolayer VTe,
to lattice distortion and electron—lattice coupling, we next

10779 https://doi.org/10.1021/acs.nanolett.6c02529
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Figure 4. Influence of the reconstructed CDW on proximity-induced superconductivity. (a) STM image displaying twirling moiré superlattice (V, =
—1.5V, I, = 50 pA). (b, c) The waterfall plot (b) and corresponding intensity map (c) of the dI/dV linecut acquired along the line crossing
alternating A and B regions indicated in the topography in (a), revealing periodic modulation of the superconducting gap within the moiré unit cell.
(Vy==5mV, I,=1nA, V,,q=0.05 mV) (d—f) The dI/dV maps at the zero-energy conductance G(r, 0 mV) (d), coherence peak G(r, A) (e) and
superconducting gap depth H(r) (f), showing pronounced intramoiré modulation of the proximity-induced superconducting state. The black dash
curves outline the twirling moiré superlattice for eye-guide (V, = =S mV, I, = 1 nA, V.4 = 0.05 mV).

investigate how the reconstructed twirling moiré landscape
modifies the local structural environment. Statistical analysis of
the lattice constants extracted from atomically resolved STM
images reveals three distinct structural regions within a single
moiré unit cell (Figure 3a—3c). The dominant lattice constants
are ~3.42 A and ~3.51 A in regions A and B, respectively,
whereas the central region H exhibits a significantly expanded
lattice constant of ~3.65 A. The local lattice therefore evolves
continuously from compressive (region A) to weakly
compressive (region B) and finally to tensile (region H),
directly demonstrating substantial strain reconstruction within
the twirling moiré supercell. Remarkably, this structural
evolution coincides with the experimentally observed evolution
of the CDW, from robust short-range order in region A, to
weakened correlations in region B, and ultimately to complete
suppression in region H, suggesting that the reconstructed
local strain environment governs the stability of the charge-
ordered phase.

To further visualize the reconstructed structural landscape,
we calculated the spatial distribution of the local strain based
on the relaxed heterostructure model, focusing on the top-layer
Te atoms to facilitate direct comparison with STM measure-
ments. The local in-plane strain is defined as the average
distance from each Te atom to its six nearest neighbors relative
to the equilibrium lattice constant of VTe, (~3.55 A). The
resulting strain map (Figure 3d) exhibits pronounced spatial
variation across the twirling moiré unit cell, with the central
region H experiencing the largest tensile strain while the
neighboring triangular domains (regions A and B) remain
under compressive strain, in agreement with STM results.
Notably, the absence of C,, symmetry in monolayer VTe,
renders the two compressive triangular regions inequivalent,
producing asymmetric strain and shape. Furthermore, out-of-

plane displacements further reflect this asymmetry (Figure 3e).
The central region corresponds to the lowest height, whereas
the CDW-hosting regions A and B occupy slightly elevated
positions with distinct vertical displacements. This coupled in-
plane and out-of-plane lattice reconstruction generates three
inequivalent local structural environments that provide the
structural basis for the intramoiré reconstruction of the CDW.

To elucidate the microscopic origin of the reconstructed
CDW, first-principles calculations of the relative energies
between the CDW and normal phases under biaxial strain were
performed (Figure 3f). Since the magnetic ground state of
monolayer VTe, remains controversial, both magnetic and
nonmagnetic calculations were performed to comprehensively
evaluate the strain dependence of the CDW phase. In both
cases, compressive strain substantially stabilizes the CDW
phase, whereas tensile strain continuously weakens the
energetic stability of the charge-ordered state and progressively
favors the normal phase. Notably, calculations including
magnetic ordering shift the CDW-normal crossover closer to
the equilibrium lattice constant, suggesting that magnetic
interactions further promote CDW formation. Although the
magnetic configuration is energetically favored in our
calculations, both calculation schemes consistently reproduce
the same strain-dependent evolution of the CDW, indicating
that the experimentally observed behavior is primarily
governed by the reconstructed local strain rather than the
assumed magnetic state.

The calculated strain dependence agrees remarkably well
with the experimental observations. Region A, which
experiences the strongest local compression, hosts the most
robust short-range CDW correlations that persist up to room
temperature. Region B, subjected to weaker compression,
exhibits reduced CDW stability, whereas the tensile central
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region H displays complete suppression of the charge order.
This systematic evolution mirrors the calculated monotonic
decrease in CDW stability with increasing tensile strain,
establishing a direct correspondence between the continuously
reconstructed local strain environment and the intramoiré
evolution of the CDW. These results demonstrate that the
twirling moiré reconstruction does not merely modulate the
CDW amplitude; instead, it continuously tunes the local
energetic stability of the charge-ordered phase, transforming an
intrinsically homogeneous long-range CDW into spatially
differentiated local electronic states within a single moiré
unit cell. Although the present work establishes a direct
correspondence between the reconstructed local environment
and the evolution of the CDW, the reconstructed moire
superlattice possesses only one characteristic domain size set
by lattice relaxation. Consequently, the present experiments do
not allow us to isolate a possible critical domain size for
sustaining the CDW, which remains an interesting question for
future investigations using twist-angle-tunable moiré super-
lattices.

Having established that the reconstructed twirling moiré
landscape continuously reshapes the local stability of the CDW
through strain reconstruction, we finally examine whether this
reconstructed electronic landscape also influences other
collective electronic phases. Owing to the superconducting
NbSe, substrate, the VTe,/NbSe, heterostructure provides a
unique opportunity to investigate how the reconstructed CDW
landscape affects the local proximity-induced superconducting
response. Figure 4a shows a representative STM topography of
the twirling moiré superlattice. Remarkably, spatially resolved
tunneling spectroscopy performed across alternating A and B
regions reveals pronounced modulation of the superconduct-
ing spectral features within the moiré unit cell (Figure 4b,c),
indicating that the proximity-induced superconducting state is
strongly influenced by the reconstructed local environment.

To visualize the spatial evolution of superconductivity, we
extracted the zero-energy conductance G(r,0), superconduct-
ing coherence peak intensity G(r,A), and superconducting gap
depth H(r), as shown in Figure 4d—4f. All three quantities
exhibit pronounced intramoiré modulation that closely follows
the twirling moiré texture. Remarkably, the superconducting
response evolves in an anticorrelated manner with the
reconstructed CDW landscape: regions hosting stronger
CDW correlations exhibit enhanced zero-bias conductance
together with suppressed coherence peaks and reduced
superconducting gap depth, whereas regions with weakened
CDW order display relatively stronger superconducting
signatures. This spatial correspondence indicates that the
reconstructed moiré landscape simultaneously governs both
collective electronic orders.

Rather than representing an independent phenomenon, the
superconducting modulation provides an additional manifes-
tation of the reconstructed electronic landscape established by
the twirling moiré superlattice. As demonstrated above,
compressive strain locally stabilizes the CDW phase and
enhances short-range charge ordering, which partially
suppresses the low-energy electronic states available for
superconducting pairing. By contrast, regions with weakened
CDW order retain enhanced low-energy spectral weight and
therefore support a relatively stronger superconducting
proximity effect. The spatial anticorrelation between the
reconstructed CDW and superconductivity therefore reflects
the local balance between two competing collective electronic
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orders governed by the same reconstructed structural environ-
ment. These results further demonstrate reconstructed twirling
moiré superlattices as a promising platform for deterministic
nanoscale manipulation of multiple competing quantum states
in two-dimensional materials.

In summary, we have realized a twirling moiré superlattice in
twisted 1L-VTe,/NbSe, heterostructures in the small-angle
and near-commensurate regime. Distinct from conventional
rigid moiré superlattices, the reconstructed moiré landscape
exhibits strongly nonuniform local strain and stacking
environments. As a result, the intrinsic long-range CDW
order of monolayer VTe, undergoes pronounced intramoiré
reconstruction into inequivalent local phases with distinct
stability and coherence within a single moiré unit cell, which
we attribute to the strongly varying local strain distribution
generated by the twirling moiré superstructure. Furthermore,
the reconstructed CDW state exhibits competing interplay
with proximity-induced superconductivity from the NbSe,
substrate. Our work establishes reconstructed twirling moiré
superlattices as a promising platform for deterministic
nanoscale manipulation of collective electronic states beyond
conventional moiré band engineering.
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