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ABSTRACT: Twisted stacking of van der Waals materials with moire ́
superlattices offers a new way to tailor their physical properties via
engineering of the crystal symmetry. Unlike well-studied twisted
bilayers, little is known about the overall symmetry and symmetry-
driven physical properties of continuously supertwisted multilayer
structures. Here, using polarization-resolved second harmonic
generation (SHG) microscopy, we report threefold (C3) rotational
symmetry breaking in supertwisted WS2 spirals grown on non-
Euclidean surfaces, contrasting the intact symmetry of individual
monolayers. This symmetry breaking is attributed to a geometrical magnifying effect in which small relative strain between adjacent
twisted layers (heterostrain), verified by Raman spectroscopy and multiphysics simulations, generates significant distortion in the
moire ́ pattern. Density-functional theory calculations can explain the C3 symmetry breaking and unusual SHG response by the
interlayer wave function coupling. These findings thus pave the way for further developments in the so-called “3D twistronics”.
KEYWORDS: twistronics, second harmonic generation, supertwisted spiral, symmetry breaking, moire ́ superlattice

Overlaying atomic layers of two-dimensional (2D) van der
Waals (vdW) materials creates moire ́ superlattices,

which have a microstructure controlled by the interlayer
twist angle between adjacent layers. This strategy provides a
fundamentally new paradigm for breaking and engineering
crystal symmetries, thereby manipulating the internal quantum
degrees of freedom and leading to numerous extraordinary
physical phenomena.1,2 By controlling the spontaneous
symmetry breaking in magic-angle moire ́ patterns, semimetallic
bilayer graphene can be transformed into a succession of
unconventional electronic phases, such as superconductors,3

quantum anomalous Hall Insulators,4 and Mott-like correlated
insulators.5 In transition metal dichalcogenides (TMD)
heterostructure superlattices, moire ́ excitons,6−8 Mott insulator
states,9 and Wigner crystallization have been observed
experimentally,9 along with modulation of the local atomic
configuration with threefold (C3) rotational symmetry and
energy extrema within the moire ́ supercell.7

Beyond well-studied twisted bilayers, interest in twisted
multilayer systems has been growing, because the additional
twist angles between each pair of neighboring layers offer a
new degree of freedom to allow further manipulation of
symmetry breaking and electron correlations.10−12 As a result
of the interference between two bilayer moire ́ cells in the
twisted multilayer systems, the formation of higher-order
“moire ́ of moire”́ leads to longer period superstructure which
reveals more fascinating and robust physical properties.13,14

For example, recently, twisted trilayer and multilayer graphene

have been reported to exhibit a broader range of magic angles
and higher transition temperatures of superconductivity than
twisted bilayer graphene.15,16 In TMD systems, compared to
WS2/WSe2 heterostructure, graphene/WS2/WSe2 superlattices
reportedly show deeper moire ́ potential and stronger interlayer
coupling.17 Theoretical studies have revealed fascinating
physical properties in continuously twisted multilayer systems,
forming the basis for “3D twistronics”;18,19 for example,
quantum geometry has been predicted to govern super-
conductivity and superfluidity in platforms including, but not
limited to, twisted multilayer graphene.10 However, the “tear-
and-stack” technique, the most prevalent way to fabricate
twisted 2D structures, has limited capability and throughput
for creating 3D twistronics.20,21 In light of this limitation, direct
synthesis of continuously twisted TMD structures, termed
“supertwisted spirals”, has been achieved via screw dislocation
driven growth on non-Euclidean surfaces.11

The presence of screw dislocations and curved substrates
disrupts the perfect crystalline periodicity, thereby inducing a
native strain field in supertwisted spirals.11,22 A relative strain
between adjacent twisted layers (heterostrain) can anisotropi-
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cally affect superlattice wavelengths, known as the moire ́
magnification effect.23−25 This effect manifests as a dramatic
distortion of the moire ́ pattern deviating from the hexagonal
shape and hence leads to modifications of symmetry-related
properties.23,24,26,27 Yet, the symmetry evolution in super-
twisted spirals modulated by the combination of moire ́
superlattice and native strain remains unclear, impeding further
understanding of their physical properties. Second harmonic
generation (SHG) sensitive to electric dipoles in non-

centrosymmetric systems is a powerful tool to probe
symmetry-related physical properties that are otherwise
challenging to study.28,29 Therefore, it is intriguing and
essential to investigate whether supertwisted structures with
intrinsic heterostrain possess abnormal symmetry breaking that
can be probed by azimuthal polarization of SHG intensity. The
answer is not straightforward, as tiny lattice deformation would
not significantly change the symmetry of the system. For this
reason, the traditional superposition theory of the second

Figure 1. C3 rotational symmetry breaking near the center of a representative supertwisted WS2 spiral. (a) and (b) AFM and nonpolarized SHG
intensity mapping images of a supertwisted WS2 spiral grown around a WOx particle (marked by the black dashed line in panel (a) on SiO2/Si
substrate (scale bar: 1 μm). (c)−(j) Polarization-resolved SHG intensity patterns at various positions labeled in panel (a), which gradually evolve
from the six-petal into two-lobe symmetry along the green arrow. The incident laser and the SH electric field were linearly copolarized while
rotating together relative to the sample plane. The azimuthal angle of 0° refers to incident laser polarization parallel to the horizontal direction in
panel (a). Black symbols are experimental data; red curves are fitted via a modified bond additive model (Figure 5); blue arrows indicate the
average “armchair” orientations at each measurement position.

Figure 2. The persistence of C3 rotational symmetry in a representative aligned WS2 spiral. (a)−(c) AFM and nonpolarized SHG mapping images
of an aligned WS2 spiral grown on a flat substrate. The zoomed-in AFM image in panel (b) shows the trace out of the dislocation spiral in the white
dashed line. Scale bars: 2 μm, 0.5 μm, and 1.5 μm, respectively. (d)−(f) Polarization-resolved SHG intensity patterns at various positions labeled in
panel (a), exhibiting a characteristic sixfold symmetry and thus confirming the C3 rotational symmetry in the entire sample. Black symbols are
experimental data; red curves are fitted via SH field superposition theory; blue arrows indicate the armchair direction of the sample.
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harmonic (SH) field would expect the SHG patterns of TMDs
to be symmetric six petals with slight distortion when twist and
strain are simultaneously tuned.30−34

Here, we report a C3 rotational symmetry breaking in
supertwisted WS2 spirals revealed by polarization-resolved
SHG, in contrast to the intrinsic C3 rotational symmetry of
aligned WS2 layers. The relative strain between neighboring
layers, demonstrated by the redshift of Raman peaks and
multiphysics simulations, is magnified by the moire ́ superlattice
and thus breaks the overall C3 rotational symmetry.
Fundamentally, the overall symmetry breaking of electronic
structure is caused by the strongly asymmetric charge density
differences in the moire ́ supercell arising from a nontrivial
interlayer coupling. We also developed a modified bond
additivity model to simulate the effect of heterostrain and

distorted moire ́ superlattice on the SHG patterns, which shows
good agreement with the experimental SHG results for
supertwisted spirals.

The synthesis and detailed structural characterization of the
twisted WS2 spirals studied herein were described previous-
ly.11Figure 1a presents an atomic force microscopy (AFM)
image of a “fastened” WS2 spiral with a right-handed twisted
superstructure. This fastened spiral was grown on a protruded
substrate, where the center of the screw dislocation sits above a
protrusion denoted by the dashed line near the center of
Figure 1a. Based on the non-Euclidean twist mechanism we
previously reported,11 the crystal lattice twist is consistent with
the geometric twist of the layers. Consequently, the shape of
the spiral is bent following the protrusion’s curvature, which
inevitably introduces nonuniform strain into the system. To

Figure 3. Probing strain magnitude in supertwisted WS2 spiral. (a) and (c) Raman spectra of a supertwisted and an aligned WS2 spiral along the
green arrows in their respective AFM images (the insets in panels (b) and (d)). The dashed lines represent the peaks of the two phonon modes of
the sample in the edge region. The black arrows show the redshift or blueshift of Raman peaks. (b) and (d) Individual E1

2g and A1g mode
frequencies of supertwisted and aligned WS2 spiral as a function of the distance from point “A” or “B” labeled in their respective AFM images
(insets). The dashed lines indicate the positions where the SHG patterns were recorded in Figures 1 and 2. Scale bars for (b) and (d) are 1 and 2
μm, respectively. When approaching the center of the spiral, frequencies of both E1

2g and A1g modes monotonically increase in the aligned spiral
due to the increase in the number of WS2 layers. However, the frequencies drop near the center of the supertwisted spiral, indicating intrinsic and
nonuniform strain in the supertwisted spiral.
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explore the resultant potential symmetry modification of this
spiral, we performed nonlinear SHG (2ω) characterization
using a pulsed femtosecond laser with a fundamental
wavelength (ω) of 800 nm (see details in Methods and Figure
S1). Figure 1b shows the SHG microscopy image of the same
area in Figure 1a by raster scanning the sample, indicating the
breaking of inversion symmetry over the entire sample.

After eliminating the impact of oblique incidence on SHG
response (see Note 1 in SI), we further measured the
azimuthal polarization-resolved SHG intensity patterns of this
supertwisted WS2 spiral at different points of the supertwisted
spiral (Figure 1c-j). Surprisingly, when approaching the spiral
core, the SHG patterns transform from the normal six
symmetric petals to an abnormal dumbbell shape. In stark
contrast, aligned WS2 spirals grown on flat surfaces possess a
3R-like stacking geometry with an 0° interlayer twist,
illustrated by the AFM image (Figure 2a,b) and previous
studies,35−37 and exhibit undistorted six-petal polarization-
resolved SHG intensity patterns everywhere (Figure 2d-f),
independent of the measurement positions. This suggests that,
unlike the aligned spiral, unexpected symmetry breaking occurs
in the supertwisted spiral.

We start with analyzing the azimuthal polarization-resolved
SHG intensity patterns by the superposition theory of the SH
field,33,38,39 the most widely used model to fit the SHG
response in twisted TMDs. Monolayer TMDs, belonging to

the noncentrosymmetric D3h point group, have a threefold
rotation axis perpendicular to the surface.30 Thus, upon normal
incidence, when the excitation polarizer is parallel to the SHG
signal analyzer, the SHG intensity (I) pattern is known to
exhibit sixfold rotational symmetry (Figure S1). This process is
expressed as I ∝ |E⃗2ω|2 ∝ |cos 3ϕ|2, in which E⃗2ω and ϕ are the
SH electric field and the polarization angle of the laser,
respectively.30,40 For stacked bilayers with a twist angle θ, the
total SH field (E⃗2ω

T ) is the vector addition of dipole moments
(E⃗2ω

1 and E⃗2ω
2 ) from two electrically decoupled layers: E⃗2ω

T =
E⃗2ω

1 + E⃗2ω
2 ∝ cos 3ϕ + cos 3(ϕ + θ).33,41 The total SHG

intensity of the twisted bilayers depends on the twist angle, but
the SHG patterns preserve sixfold symmetry as reported in the
literature.33 When expanding this theory to the twisted
multilayers, the material absorption for the first to the N-th
layer is taken into account to obtain the SH field from the N-th
layer,42 and we found that the six-petal SHG pattern remains,
as illustrated in simulations (Figure S2). Therefore, if only
considering the degree of freedom of twist, the conventional
SH field superposition theory cannot explain the two-lobe
SHG patterns observed near the center of the supertwisted
spirals. We need to note that, unlike the twisted structures
fabricated by the “tear-and-stack” technique, the supertwisted
spiral is natively deformed by the underlying protrusion during
the growing process, thus introducing an additional degree of
strain to contribute to symmetry-related physical properties.

Figure 4. Symmetry transition induced by moire ́ magnification of intrinsic heterostrain in the supertwisted TMD spiral. (a) Schematic of a non-
Euclidean supertwisted TMD spiral following the structure of the AFM image in Figure 1a. (b) Deformation of the bottom two layers qualitatively
simulated by COMSOL (see details in Figure S4) increases from the edge of the spiral to its center. Compared to the lower layer, the tensile strain
magnitude of the upper layer is so small that it is disregarded inside the red dashed rectangle, while the symmetry transition of the moire ́ pattern is
investigated in (c). The upper layer is unstrained, but the lower layer undergoes enhanced strain (along the zigzag direction) from the edge to the
center, leading to the broken C3 rotational symmetry of the moire ́ pattern (the dark green elongated hexagon), which is consistent with the two-
lobe SHG patterns in Figure 1f,j. (d) Calculated length distortion (M+/M− − 1) between two vectors of the moire ́ supercell and the magnification
factor ((M+/M− − 1)/ε) as a function of relative tensile strain (ε) between neighboring twisted layers. (e) and (f) DFT calculated charge density
differences in the moire ́ supercell (twist angle of ∼7°) without strain and with tensile heterostrain of ∼3% (along zigzag direction), corresponding
to the edge and the center of the spiral, respectively. Brown and yellow spheres represent W and S atoms, respectively. The blue and green areas
represent electron accumulation and depletion due to the interlayer charge transfer. The red arrows show some localized regions with nonuniform
distribution of charge density. The magnifying effect of the moire ́ pattern on heterostrain, combined with interlayer hybridization, strongly distorts
the symmetry of charge density.
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To probe and estimate the strain magnitude, we measured
the Raman spectra of supertwisted (Figure 3a,b) and aligned
WS2 spirals (Figure 3c,d) at various points using a 488 nm
laser excitation (see details in Methods). In the aligned spiral,
both in-plane (E1

2g) and out-of-plane (A1g) Raman vibrational
modes monotonically rise from the edge to the center because
of the increase in the thickness.43 In contrast, the supertwisted
spiral exhibits a redshift of the E1

2g and A1g peaks at positions
near the center (Figure 3a,b), indicating the existence of
nonuniform strain magnitude that compensates for the
stiffened vibration caused by the increasing sample thick-
ness.44,45 In the next step, using the reported A1g Raman shift
rates (∂ω(A1g)/∂ε) of 2H-stacked few-layer WS2 as a function
of strain (∼0.74 cm−1/% strain),45 we estimate the tensile
strain magnitude to be ∼0.4% around the position “f” in the
supertwisted spiral. Note that in practice, the total strain must
surpass 0.4% because the thickness-induced bond stiffening
reduces strain-induced redshift of A1g and the steric effect
softens the atomic vibration for the randomly stacked TMDs,
weakening the response of Raman mode to strain.46

We now turn to analyzing the role of strain in the SHG
patterns of the supertwisted spiral. On the basis of the
photoelastic effect, Mennel et al. demonstrated that the angular
distribution of SHG intensity of monolayer TMDs under
uniaxial strain is given by I A B( cos 3 cos (2 ))1

4
2+ +

, where A and B are related to the magnitude of strain and the
photoelastic coefficients, respectively, and γ is the principal
strain orientation.31,47 Using a model based on a combination
of Mennel’s equation and the SH field superposition theory,
even when the tensile strain magnitude reaches as high as ∼3%,
the SHG patterns would only become distorted and still retain
the six-petal shape, as calculated in Figure S3. This can be
attributed to two primary reasons: (1) Raman spectroscopy
has limited capability in detecting the independent strain of
each layer, whereas the heterostrain plays a critical role in
moire ́ strain engineering and symmetry-related proper-
ties;24,48−52 (2) the theory of SH field superposition neglects
the interlayer vdW interaction and models the SH response of
individual layers as electrically decoupled layers, while
interlayer hybridization of wave functions is known to
modulate the overall symmetry and the resultant SHG
patterns.53,54

The localized heterostrain in twisted TMD bilayers and their
corresponding distorted moire ́ patterns have been observed
using piezoresponse force microscopy.49 For vdW materials
with thickness greater than five layers, however, it is
challenging to experimentally quantify the strain of each
layer. Therefore, we use COMSOL multiphysics to simulate
the influence of protrusion on the formation of the
supertwisted spiral by applying a force beneath the spiral.
Interestingly, the deformation increases from the top layer to
the bottom layer (Figure 4a,b), suggesting the presence of
heterostrain in the supertwisted spiral. This can be understood
by the mechanism of the “non-Euclidean” twist,11,12,55 in which
the deformed upper layers tend to more easily relax via layer-
to-layer sliding during the growing process of the supertwisted
spirals because of the ultralow interfacial friction and weak
interlayer forces in the vdW materials.55,56

For twisted 2D lattices under heterostrain, an angular
distortion in the lattice vectors anisotropically modulates the
moire ́ pattern in each direction.23 As a result, the moire ́ pattern
amplifies any small lattice deformation between neighboring

layers, known as the magnifying glass effect,23,24,26,27 and the
unit cells of the moire ́ superlattice can be distorted from
hexagonal to oblique shape with a small heterostrain (Figures
4c and S5), modifying the lattice microstructure and
consequently the electronic properties.24 The extension of
such a theory from twisted bilayers to supertwisted multilayers
is challenging, due to the higher-order “moire ́ of moire”́
superlattice formation and the much larger incommensurate
system size.13,14,57 Therefore, to simplify the treatment of a
supertwisted structure, we investigate the moire ́ superlattice
only in the bottom two layers of the supertwisted spiral, as
illustrated by the dashed rectangle in Figure 4a,c. According to
the numerically simulated deformation distribution, strain in
the upper layer is negligibly small, but the lower layer
experiences a higher, nonuniform strain, gradually increasing
from the edge (ε = 0) to the center (assumed to be ∼3%) of
the spiral. Owing to the low strain between the neighboring
layers, the edge of the spiral retains C3 rotational symmetry
(the light green hexagon in Figure 4c), in good agreement with
the observed sixfold SHG patterns in Figure 1c,g. On the other
hand, for the center of the supertwisted spiral, the heterostrain
(ε) is magnified in the moire ́ superlattice by a factor of ∼(M+/
M− − 1)/ε. Here M+ and M− are the two vectors of the moire ́
supercell (Figures 4c and S5) and are defined by

M a(1 )

2 (1 )sin ( ) / 2 / 42 2
=±

+

+ [ + ] +
±

± ± ±
, where a is the in-plane

lattice constant of the monolayer vdW material, ϵ± are related
to the strain matrix, and φ± are rotation angles of moire ́ vectors
between twisted layers (see details in Figure S5).23−25 For the
moire ́ pattern with an interlayer twist angle of 7° (the case of
the supertwisted spiral sample in Figure 1a), a nearly 1 order of
magnitude magnification of small heterostrains imposed by the
moire ́ pattern (Figure 4d) would completely break the C3
rotational symmetry, as illustrated by the dark green distorted
hexagon in Figure 4c (and Figure S5). This is in agreement
with the observed two-lobe SHG patterns in Figure 1f,j.

We note that heterostrain-induced distortion of the moire ́
pattern in twisted systems is a necessary but not sufficient
condition for obtaining a two-lobe SHG pattern.53,54 It is also
important to consider interlayer coupling which arises from the
hybridization of wave functions (particularly the sulfur
orbitals) from neighboring layers to form bonding and
antibonding states.58,59 Otherwise, the supertwisted spiral
would inherit the band structure and SH fields from the
individual layers, hence still generating a sixfold SHG pattern
with some distortion, as predicted by the SH field super-
position theory (Figure S3). To verify and explore the
contribution of the interlayer coupling and charge transfer to
electronic structure, we utilized density-functional theory
(DFT) to calculate the charge density differences of an
exemplary WS2 bilayer superlattice with an interlayer twist of
7° (Figure 4e,f). The unstrained moire ́ pattern presents a
uniform electron accumulation and depletion (Figure 4e),
consistent with the sixfold SHG patterns in the edge of the
supertwisted spiral (Figure 1c). In stark contrast, for the bilayer
superlattice with a heterostrain of ∼3% (Figure 4f), the
distortion of the moire ́ pattern generates an uneven charge
density redistribution (denoted by red arrows as examples)
due to the interfacial charge transfer, which breaks the overall
C3 rotational symmetry in the center of the supertwisted spiral
and explains the observed two-lobe SHG patterns (Figure 1f,j).
Indeed, following a similar reason, although SHG is forbidden
for centrosymmetric monolayer graphene, exceptionally strong
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SHG is allowed in ABA-stacked trilayer graphene, originating
from the overall inversion symmetry breaking combined with a
nontrivial interlayer wave function interaction.28

Finally, to fit the SHG patterns of the supertwisted spiral
(Figure 1c-j), we employ the bond additivity model (BAM)
that is typically used to model the SHG response in monolayer
TMDs distorted with one tilted bond.60,61 In the supertwisted
spiral, the overall symmetry is modulated by the moire ́
magnification of heterostrain and results in a distorted moire ́
superlattice (Figure 4c,d), so a phenomenological approach
can be employed by introducing an effective bond (Figure 5a)
in the BAM to fit the C3 rotational symmetry breaking. The
SHG intensity pattern is given by the modified BAM (see Note
2 in SI):

I e3
4

cos3( ) cos ( )i
SHG

3
2

+
(1)

where α is the angle of the additional bond away from the
vertical W−S bond, δ is the angle between average “armchair”
orientations of the supertwisted spiral and the horizontal
direction (blue arrows in Figure 1), and ρ and Θ are the
change in the amplitude and phase of the dipole moment of
the effective bond, respectively. Equation 1 fits well with the
measured SHG patterns in Figure 1c-j. Figure 5b presents that
the values of the fitted angle δ rise linearly from the edge of the
spiral to its center, showing good consistency with the values
extracted from the SH field superposition theory (Figure S2),
indicating a continuously twisted structure. The enhancement
of ρ toward the center of the spiral suggests a complete
breaking of the C3 symmetry for the SHG response.

In summary, we report a complete breaking of the original
threefold rotational symmetry in supertwisted WS2 spirals
arising from a nearly 1 order of magnitude magnification of
small heterostrains between neighboring twisted layers by the
moire ́ pattern. Combined with an interlayer hybridization and
charge transfer effect, such symmetry breaking leads to a
complete change of the polarization-resolved SHG pattern.
Our results open new ways to engineering moire ́ superlattices
of vdW materials by generating continuously twisted multilayer
systems (3D twistronics), suggesting new avenues for exploring
flat bands, moire ́ excitons, and strongly correlated insulating
states.17 A wealth of intriguing symmetry-related physical
effects are also potentially observed in the supertwisted spirals,
such as enhanced intrinsic photovoltaic effect and in-plane
anisotropy,62,63 as the C3 rotational symmetry breaking often
results in anisotropic band structure and light−matter
interactions.1 From a broad perspective, the C3 rotational
symmetry breaking of the overall moire ́ pattern, together with

the inversion symmetry breaking in individual TMD layers,
may provide a general platform for studying various quantum
geometrical phenomena, such as valley orbital magnetization,64

valley magnetoelectricity,65 and nonlinear Hall effects.66,67
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Methods. 

Synthesis of WS2 nanostructures. The WS2 spiral structures were synthesized following 

previous reports.1, 2 WO3 nanoparticles (Sigma Aldrich, nanopowder, <100 nm particle size) 

dispersed in ethanol were drop cast onto a 300 nm SiO2/Si substrate and dried prior to the 

reaction. 100 mg WS2 precursor powder (Alfa Aesar) in an alumina boat was placed in the 

first zone of a three-zone furnace. The substrates were placed between the second and the 

third zone with the polished side facing up. 1 g CaSO4‧2H2O powder (Sigma Aldrich) was 

placed upstream from the heating zone as the water vapor source and heated with heating 

tapes. With 100 sccm argon flowing at 800 torr, the second zone was heated to 1200 °C at a 

rate of 20 °C/min, and simultaneously the third zone was heated to 700 °C at the same rate, 

while the CaSO4‧2H2O was not heated. Once the furnace temperatures were reached, the 

CaSO4‧2H2O was heated to 90 °C to release the water vapor. After all the temperatures were 

stabilized, the WS2 boat was pushed into the second zone by a magnet coupled positioner and 

a quartz rod to initiate the reaction. After 15 min reaction, the furnace was opened and cooled 

down rapidly.   

Polarization resolved second harmonic generation (SHG) intensity patterns and imaging. 

SHG measurement was performed using a Ti:Sapphire femtosecond laser with ~800 nm of 

wavelength, ~100fs of pulse width, and 80 MHz of repetition rate. The laser beam was 

mechanically chopped for signal demodulation to suppress the background noise. The 

polarization of the input laser beam was controlled by a half-wave plate and focused through 

a 50X long working distance objective lens. The generated SHG signal at ~400 nm was 

collected through the same objective lens and separated from the input fundamental laser 

beam by a harmonic separator. A polarizer filtered the polarization of the SHG signal, and 

color filters were used to block the fundamental laser beam. A photomultiplier tube (PMT) 

collected the SHG signal, which was demodulated at the modulation of the frequency of the 

input laser beam by a lock-in amplifier. 

Density-functional theory (DFT) calculations. DFT calculations were performed using 

Vienna ab initio simulation package with projector-augmented wave pseudopotentials.3, 4 The 

generalized gradient approximation of Perdew−Burke−Ernzerhof was used for the exchange-

correlation functionals.5 The cutoff energy for the plane-wave basis was set to 450 eV. The 

convergence criteria of energy and forces were set to 1×10−4 eV and 0.05 eV Å−1, 

respectively. The van der Waals interaction was induced by using the D3 correction scheme of 

Grimme.6 For charge density difference calculations in twisted bilayer WS2, we explored 4×4 

supercell as discussed in previous studies.7, 8 The bottom pristine monolayer WS2 with D3h 

symmetry has zigzag crystal orientation aligned with x-axis; the top layer with ~3% strain is 

twisted clockwise by ~7º with respect to the bottom layer. The 4×4 grid of unstrained WS2 

primitive cell was combined with the corresponding size strained WS2 to build the supercell 

of homostructure and allow relaxation for DFT calculations. The k-point sampling was 

obtained from the Monkhorst−Pack scheme with a 4×4×1 mesh. 

Raman and AFM characterization. Raman spectra were measured by a Raman 

spectrometer (Renishaw Inc.) with a 488 nm laser as the excitation source. Sample 

morphology was characterized by an AFM system (Vistascope, Molecular Vista) in the 

tapping mode. 
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Figure S1. SHG response of the supertwisted WS2 spiral and monolayer WS2. (a) & (b) 

SHG signal intensity as a function of photon energy and excitation laser (λ0(ω) = 800 nm) 

power in supertwisted WS2 spiral. The SHG feature appears at the wavelength 400 nm (2ω), 

and its intensity grows quadratically with the incident power, verified by the slope of the 

fitted solid line to be 2.08 ±0.03. (c) & (d) Optical microscopy of mechanically exfoliated 

monolayer WS2 (scale bar: 10 μm) and its polarization resolved SHG intensity pattern. 

Symbols are experimental data; curves are fitted via 𝐼 ∝ |𝑐𝑜𝑠3𝜙|2 (see details in the main 

text). 
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Figure S2. Simulations of SHG patterns in the supertwisted WS2 spiral based on SH 

field superposition theory considering the material absorption. (a) AFM mapping image 

of the supertwisted spiral (scale bar: 1 μm), where the twist angles relative to the layer “c” are 

labeled. (b) Calculated SHG patterns in positions of “c” – “f” by SH field superposition 

theory show six-fold SHG patterns and thus cannot explain the experimental results in Figure 

1. The blue arrow indicates the average “armchair” orientations (δ) at the position of “c”. 

 

Based on the SH field superposition theory, for stacked bilayers with a twisting angle θ, the 

total SH field (𝐸⃗ 2𝜔
𝑇 ) is the vector addition of dipole moments (𝐸⃗ 2𝜔

1  and 𝐸⃗ 2𝜔
2 ) from two 

electrically decoupled layers: 𝐸⃗ 2𝜔
𝑇 = 𝐸⃗ 2𝜔

1 + 𝐸⃗ 2𝜔
2 ∝ 𝑐𝑜𝑠3𝜙 + 𝑐𝑜𝑠3(𝜙 + 𝜃).9 2H stacked 

bilayers (θ = 60º) yield a completely destructive interference of SH fields (𝐸⃗ 2𝜔
𝑇  = 0), whereas 

θ = 0º, corresponding to the 3R-like stacking, yields a constructive superposition of SH fields. 

Hence the SHG intensity increases with the increasing number of 3R-like stacked layers,10 

explaining the enhancement of SHG intensity toward the center of the aligned spiral (Figure 

2c).  

When considering the material absorption, the SH field from the Nth layer can be written as:10 

𝐸⃗ 2𝜔
𝑁 ∝ Γ𝑁cos⁡ 3(𝜙 − 𝛿𝑁)  (S1) 

where Γ𝑁 = 𝑒𝑖Δ𝑘(𝑁−1)𝑡𝑒−𝛼(𝑁−1)𝑡/2 defines the attenuation factor of the SH field from the Nth 

layer due to the material absorption, ϕ is the azimuthal angle between the armchair direction 

and the incident laser polarization direction, α means absorption coefficient of WS2 to be 

0.086 nm-1
 at 400 nm,11 t is the thickness between the surface and the Nth layer of the sample, 

δN is the twisting angle of the Nth layer relative to the layer “c” denoted in the left of Figure 

S2a,  Δ𝑘 =
4𝜋

𝜆0(𝜔)
(−𝑛(2𝜔) − 𝑛(𝜔)) is the wave-vector difference between the fundamental 

(ω) and the SH (2ω) light, λ0 is the wavelength of the fundamental laser to be 800 nm, n(2ω) 

and n(ω) mean the refractive index of WS2 to be 3.78 at 400 nm and 4.10 at 800 nm,12 

respectively. According to the SH field superposition theory, the total SH field (𝐸⃗ 2𝜔
𝑇𝑜𝑡𝑎𝑙) is the 

vector additions of dipole moments from each electrically decoupled individual layer (𝐸⃗ 2𝜔
𝑁 ): 

𝐸⃗ 2𝜔
𝑇𝑜𝑡𝑎𝑙(𝑁, 𝛿) ∝ ∑ Γ𝑀cos⁡ 3(𝜙 − 𝛿𝑀)

𝑁

𝑀=1
. (S2) 

Thus, the total SHG (𝐼2𝜔
𝑇𝑜𝑡𝑎𝑙 ∝ |𝐸⃗ 2𝜔

𝑇𝑜𝑡𝑎𝑙|
2
) at different positions were calculated in Figure S2b. 

These patterns show full six-fold symmetry, indicating that the traditional SH field 

superposition theory cannot explain the experimental two-lobe SHG patterns in the 

supertwisted spiral (Figure 1). The average “armchair” orientations of δ fitted by SH field 
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superposition theory are consistent with those fitted by the modified bond additivity model in 

Figure 5b.  
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Figure S3. Simulations of SHG patterns in WS2 under strain. (a) Calculated SHG patterns 

in monolayer WS2 under various strains by Mennel’s model. (b) Calculated SHG patterns in 

the supertwisted WS2 spiral with the structure in Figure S2a as a function of strain, using a 

model based on a combination of Mennel’s equation (eq S3), SH superposition theory, and the 

material absorption. 

 

Mennel et al. demonstrated that SHG intensity patterns of monolayer TMDs under uniaxial 

strain are  

𝐼 ∝
1

4
(𝐴𝑐𝑜𝑠3𝜙 + 𝐵𝑐𝑜𝑠(2𝜙 + 𝛾))

2
 (S3) 

with 𝐴 = (1 − 𝜈)(𝑝1 + 𝑝2)(𝜀xx + 𝜀yy) + 2𝜒0 and 𝐵 = (1 + 𝜈)(𝑝1 − 𝑝2)(𝜀xx − 𝜀yy).13 For 

WS2, 𝑝1 and 𝑝2 are photoelastic parameters to be 0.75 and -0.97 nm/V/%, 𝜀xx and 𝜀yy are 

principal strains, 𝜒0 is the nonlinear susceptibility parameter of the unstrained crystal lattice 

to be 7.5 nm/V, 𝜈 is the Poisson ratio to be 0.22,⁡𝜙⁡is⁡the polarization angle, 𝛾 denotes the 

principal strain orientation.14 When setting 𝛾 = 0º and 𝜀yy = 0, we calculated SHG patterns of 

monolayer WS2 as a function of various 𝜀xx in Figure S3a. Considering the absorption-

induced attenuation factor (Γ𝑁) of the SH field from the Nth layer, we combined eqs S1-S3 to 

obtain the SHG intensity formula for the supertwisted spiral under uniform strain 

𝐼 ∝ |∑ Γ𝑀[𝐴𝑐𝑜𝑠3(𝜙 − 𝛿𝑀) + 𝐵𝑐𝑜𝑠(2(𝜙−𝛿𝑀) + 𝛾)]
𝑁

𝑀=1
|
2
. (S4) 

Figure S3b shows SHG patterns of the supertwisted spiral with the structure in Figure S2a 

under uniform 𝜀xx strain (𝛾 = 0º, 𝜀yy = 0), which are inconsistent with experimental two-lobe 

SHG patterns in Figure 1.  

  

a b 0%

 0.5%
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 2%
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 0%

 0.5%

 1%

 2%

 3% 
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Figure S4. COMSOL multiphysics simulations. (a) COMSOL model of the spiral structure. 

(b) Sketch of a Euclidean aligned spiral and a non-Euclidean supertwisted spiral.  

 

We determined the existence of heterostrain between adjacent layers in the supertwisted spiral 

structure using steady-state finite-element method (FEM) calculations (COMOSOL 

multiphysics with the Solid Mechanics module). Due to the challenge of building a 

supertwisted geometry above the curved surface, the regular spiral model was created in 

Figure S4a. An out-of-plane force was applied beneath the center of the aligned spiral to 

qualitatively mimic the influence of protrusion on the formation of the supertwisted spiral in 

Figure S4b, based on the mechanism of the “non-Euclidean” twist in our previous 

publication.2 We note that as a result of the spiral shape in the three-dimensional space, its 

parallel cross section is not a complete triangle but a concave quadrilateral shape, as shown in 

Figure 4b. When applying the out-of-plane force beneath the spiral, the deformation increases 

from the upper layer to the lower layer (Figure 4b), suggesting the presence of heterostrain in 

the supertwisted spiral. 

We note that the FEM simulations only qualitatively demonstrated the presence of distinct 

tensile strain among neighboring layers in the supertwisted structure, because real strain 

values in each layer are largely defined by the size of the protrusion and the relaxation process 

during the sample synthesis, which is challenging to be accurately simulated by COMSOL. 

However, real values of heterostrains in the supertwisted spirals do not affect the main 

conclusion of our work because a small heterostrain can be magnified about 10-fold, thus 

significantly distorting the moiré pattern and breaking the overall symmetry, as shown in 

Figure 4d. 
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-2
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Figure S5. Symmetry transition induced by moiré magnification of heterostrain in 

twisted TMD bilayers. (a)-(c) The upper layer is unstrained, but the lower layer undergoes 

different strains of 0%, 1%, and 2%, hence forming moiré patterns with different shapes 

(twist angle of 7º). (d) Strained and rotated unit cell of the lower layer (dashed line) with 

respect to unstrained unit cell (solid line) in the upper layer.15, 16 (e) Length distortion (M+/M- 

− 1) between two vectors of the moiré supercell and the magnification factor ((M+/M- − 1)/ε) 

as a function of relative strain (ε) between neighboring twisted layers. 

 

The two vectors of the moiré supercell in Figures S5a-c are modulated by heterostrain to be  

𝑀± =
𝑎(1+𝜖±)

2√(1+𝜖±)sin2⁡[(𝜃+𝜑±)/2]+𝜖±
2/4

.15, 16 (S5) 

For WS2, the in-plane unit cell parameter is 0.315 nm; under a small strain approximation (ε 

<< 1), we get 𝜖± ≈
1

4
(1 − 3𝜈)𝜀 and  𝜑± ≈ ±√3𝜀|

1+𝜈

4+𝜀(1−3𝜈)
|,15, 16 where the Poisson ratio (𝜈) 

is 0.22.14 The twist angle (θ) is tailored to 𝜃 + 𝜑± along two lattice vectors by heterostrain in 

Figure S5d.  
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When both layers have the same strain magnitude, the moiré pattern presents a regular 

hexagon shape, marked by the light green color in (a). The regular hexagonal moiré pattern is 

distorted into elongated hexagons for twisted TMD bilayers under heterostrain in (b)-(c). 
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Note S1. Eliminating the impact of oblique incidence on the SHG response. 

The polarization resolved SHG patterns in Figure 1 were measured at positions away from the 

protrusion beneath the supertwisted spirals to ensure the normal incidence. Furthermore, due 

to the large ratio between the width (~200 nm) and the height (~0.7 nm) of the step, the stair 

angle of the spiral is too small to affect the SHG patterns. It has been reported that when the 

incident angle of the fundamental laser is η, the SHG intensity can be expressed as 𝐼 ∝

|𝑐𝑜𝑠2𝜂 ∙ 𝑐𝑜𝑠3𝜙|2.17, 18 Thus, in our spiral structure, the η value is so small (<< 1º) that the 

influence of oblique incidence on SHG is negligible.  
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Note S2. Modified bond additivity model to fit SHG patterns of the supertwisted spiral. 

The polarization dependent SHG signal can be evaluated by the bond additivity mode 

(BAM).19 Here, we consider a phenomenological mode by adding an effective bond to 

introduce the observed asymmetric two-fold signal in the SHG pattern. 

The twist in the spiral structure will not affect the D3h symmetry of each WS2 layer, so the 6-

fold symmetry of the SHG pattern was initially expected to be preserved. However, our SHG 

signal exhibits a stronger angular preference closer to the center of the supertwisted spiral, 

where the heterostrain between neighboring twisted layers is enhanced. Based on the bond 

additivity model, the asymmetric phenomena can be explained by introducing an effective 

bond to describe the moiré magnification of heterostrain and the resultant elongated hexagon 

moiré patterns in Figures 5d and S5.  

We assume the incident polarized light with the electric field as 

𝑬 = 𝐸0𝑒̂ = 𝐸0(sin𝜙 , cos𝜙 , 0)𝑇 

where 𝜙 is the angle between incident laser polarization and the y-axis of the lab coordinate, as 

shown in Figure 5a. For the WS2 layer with D3h symmetry, the SHG comes from three effective 

linear bonds. Each of these bonds has the only nonzero hyperpolarizability tensor element 

𝛽𝑦𝑦𝑦
(2)

= 𝛽0 , where 𝑦  indicates the direction along this bond. Moreover, we consider an 

additional effective bond with an angle 𝛼 relative to 𝑦-axis of the lab coordinate, and its 𝛽𝑦𝑦𝑦
(2)

=

𝛽0𝜌𝑒𝑖Θ. Now, in the lab coordinate, we have the total hyperpolarizability tensor 

𝛽𝑙𝑚𝑛
(2)

= 𝛽0𝜌𝑒𝑖Θ(𝑙 ⋅ 𝜌̂)(𝑚̂ ⋅ 𝜌̂)(𝑛̂ ⋅ 𝜌̂) + ∑ ∑ 𝛽𝑙𝑚𝑛
(2),𝑖

(𝑥 ⋅ 𝑙)(𝑥 ⋅ 𝑚̂)(𝑦̂ ⋅ 𝑛̂)

𝑙𝑚𝑛𝑖

 

where  𝜌̂ = (sin𝛼 , cos 𝛼 , 0)𝑇 is the direction of the additional bond in the lab coordinate, 𝑖 

stands for the different WS2 bonds within the D3h symmetry bond, and 𝑙𝑚𝑛 indicate the bond 

coordinate. We note that the 𝑧 component of the effective bonds will not affect the SHG result.  

The SHG intensity can be calculated as 

𝑃𝑖(2𝜔) = 𝜖0 ∑𝜒𝑖𝑗𝑘
(2)

𝐸𝑗𝐸𝑘

𝑗𝑘

= 𝜖0 ∑2𝑑𝑖𝑗𝑘𝐸𝑗𝐸𝑘

𝑗𝑘

 

𝐼𝑆𝐻𝐺(𝜙) = |𝜖0 ∑𝐸𝑖(2𝜔)𝜒𝑖𝑗𝑘
(2)

𝐸𝑗(𝜔)𝐸𝑘(𝜔)

𝑖𝑗𝑘

|

2

= |𝜖0 ∑𝐸𝑖(2𝜔)2𝑑𝑖𝑗𝑘𝐸𝑗(𝜔)𝐸𝑘(𝜔)

𝑖𝑗𝑘

|

2

 

𝑑 = [

𝜒𝑥𝑥𝑥 𝜒𝑥𝑦𝑦 𝜒𝑥𝑧𝑧 𝜒𝑥𝑦𝑧 𝜒𝑥𝑧𝑥 𝜒𝑥𝑥𝑦

𝜒𝑦𝑥𝑥 𝜒𝑦𝑦𝑦 𝜒𝑦𝑧𝑧 𝜒𝑦𝑦𝑧 𝜒𝑦𝑧𝑥 𝜒𝑦𝑥𝑦

𝜒𝑧𝑥𝑥 𝜒𝑧𝑦𝑦 𝜒𝑧𝑧𝑧 𝜒𝑧𝑦𝑧 𝜒𝑧𝑧𝑥 𝜒𝑧𝑥𝑦

]

[
 
 
 
 
 

sin2 𝜙

cos2 𝜙
0
0
0

2 sin𝜙 cos𝜙]
 
 
 
 
 

 

For the above incident field, we can write the nonlinear susceptibility tensor as 

𝑑 = [

𝜒𝑥𝑥𝑥 𝜒𝑥𝑦𝑦 0 0 0 𝜒𝑥𝑥𝑦

𝜒𝑦𝑥𝑥 𝜒𝑦𝑦𝑦 0 0 0 𝜒𝑦𝑥𝑦

0 0 0 0 0 0

] 

The WS2 bonds are 
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𝜌1 = (0,1,0)𝑇 

𝜌2 = (√3/2⁡, −1/2,0)
𝑇
 

𝜌3 = (−√3/2,−1/2,0)
𝑇
 

We can obtain 

𝛽𝑥𝑥𝑦
(2)

= ∑ ∑ 𝛽𝑙𝑚𝑛
(𝑖)

(𝑥̂ ⋅ 𝑙)(𝑥 ⋅ 𝑚̂)(𝑦̂ ⋅ 𝑛̂)

𝑙𝑚𝑛𝑖

+ 𝜌(𝑥 ⋅ 𝜌̂)(𝑥 ⋅ 𝜌̂)(𝑥 ⋅ 𝜌̂)

= [𝜌𝑒𝑖Θ sin2 𝛼 cos𝛼 −
3

4
] 𝛽0 

Similarly, we have 

𝛽𝑥𝑥𝑥
(2)

= 𝜌𝑒𝑖Θ sin3 𝛼⁡𝛽0 

𝛽𝑦𝑥𝑥
(2)

= 𝛽𝑥𝑥𝑦
(2)

= [𝜌𝑒𝑖Θ sin2 𝛼 cos𝛼 −
3

4
]⁡𝛽0 

𝛽𝑥𝑦𝑦
(2)

= 𝛽𝑦𝑥𝑦
(2)

= 𝜌(𝑥 ⋅ 𝜌̂)(𝑦̂ ⋅ 𝜌̂)(𝑦̂ ⋅ 𝜌̂) = 𝜌𝑒𝑖Θ sin𝛼⁡cos2 𝛼⁡𝛽0 

𝛽𝑦𝑦𝑦
(2)

= 𝜌(𝑦̂ ⋅ 𝜌̂)(𝑦̂ ⋅ 𝜌̂)(𝑦̂ ⋅ 𝜌̂) = [𝜌𝑒𝑖Θ cos3 𝛼 +
3

4
] 𝛽0 

Finally, we obtain 

𝐼𝑆𝐻𝐺(𝜃) = 𝑁𝛽0
2 |𝜌𝑒𝑖Θ cos3(𝛼 − 𝜙) +

3

4
cos 3𝜙|

2
. (S6) 

where 𝑁 is the number of atoms participating in the SH response. Close to the center region, 

the easy deformation nature and the overall C3 rotational symmetry breaking response to the 

second harmonic measurement.  

 

Table I: Fitted parameters of SHG patterns for different positions in the supertwisted spiral 

(Figure 1a). 

 δ (º) δ+α (º) ρ (a.u.) Θ (º) 

c -54.9 -30 0 1 

d -52.5 -40.3 0.62 95.4 

e -48.9 -45.2 1.06 105.7 

f -45.8 -45.9 2.2 130.2 
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