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Twist-and-stack engineering provides a programmable degree of freedom for nonlinear optics in two-dimensional
materials, yet in a homostructure whose constituents have no second harmonic generation (SHG), how interlayer coupling
grants and tunes second-order response remains unclear. Here, we use twisted monolayer-bilayer graphene (¢(1 +2)LG)
and combine microscopic SHG spectroscopy with first-principles differential charge-density analysis to establish a unified
“permission-and-resonance” mechanism. Interlayer coupling creates an interlayer charge imbalance within the AB-stacked
bilayer, breaking inversion symmetry and thereby permitting an in-plane electric-dipole response. At the same time, the
twist angle steers van Hove singularities in the band structure to achieve two-photon resonance, which markedly ampli-
fies the susceptibility x(z). Experimentally, at 6 = 13.5°, we obtain 75(2) = 279.4 pm/V, evidencing a highly efficient
second-order response. These results identify SHG as a sensitive probe of interlayer coupling and charge redistribution in

homostructure van der Waals systems.
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Van der Waals (vdW) layered materials form moiré su-
perlattices under a controllable twist angle, providing a pro-
grammable angular degree of freedom that reshapes elec-
tronic band structures and interactions, and has enabled un-
conventional superconductivity,!'3! Mott insulating states,!
and moiré excitons.®! Twisting simultaneously modifies the
stacking point-group symmetry, thereby determining the pres-
ence or absence of inversion symmetry, which is crucial for
second-harmonic generation (SHG). In the electric-dipole ap-
proximation, centrosymmetric systems yield SHG susceptibil-
ity x(z) = 0, whereas non-centrosymmetric 2D crystals like
monolayer transition metal dichalcogenides (TMDs) naturally
host strong x(z). Therefore, SHG can serve as a sensitive
probe of symmetry, enabling the detection of material charac-
teristics such as structure and strain.!®’! Moreover, the strong
light-matter interaction in monolayer TMDs typically renders
their ) significantly larger than that of common bulk non-
linear crystals such as LiNbO3.[3-1%] The integration of TMDs
with existing integrated photonic platforms also holds great
promise.[!!]

In twisted stacks, the non-coupled limit of coherent su-
perposition is widely used. When interlayer interaction is
weak, the overall SHG response can be approximated as the
coherent sum of the intrinsic monolayer x<2> tensors, with

amplitude and angular dependence governed by the relative
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layer orientation and phase.!'”! Recent theoretical calcula-
tions further show that in twisted homobilayer TMDs, where
each layer is intrinsically SHG-active, strong interlayer cou-
pling induces level repulsion, reduces the joint density of
states (JDOS), and thereby suppresses the net SHG.[!3! Re-
cent experiments at 8 < 10° observe total SHG below the
coherent-sum upper bound, corroborating this suppression. 14!
By contrast, for vdW heterostructures built from SHG-silent
constituents, interfacial charge transfer (CT) can create inter-
layer charge imbalance that breaks inversion symmetry and
yields emergent SHG with magnitudes comparable to mono-
layer TMDs.!!>191 The SHG in vdW homostructures con-
structed from SHG-silent constituents has been reported in
previous studies.!!”-!81 However, these studies primarily an-
alyze the phenomenon from the perspective of overall symme-
try and lack more microscopic-level insight. For such vdW
homostructures built from SHG-silent components, whether
a similar charge-imbalance-induced effect can occur remains
unexplored.

Here, we address how interlayer coupling in a homostruc-
ture composed of SHG-silent constituents can both permit
and tune a second-order response. We focus on twisted
monolayer-bilayer graphene (¢(1 + 2)LG). As illustrated in
Fig. 1(a), isolated monolayer graphene (1LG) and bilayer
graphene (2LG) are SHG-silent in the electric-dipole limit,
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whereas their twisted stack #(1 4+ 2)LG exhibits strong SHG.
First-principles calculations show that interlayer coupling in-
duces an interlayer charge imbalance within the bilayer, which
breaks inversion symmetry and thereby activates an in-plane
electric dipole. This mechanism extends naturally to twisted
monolayer-multilayer graphene, #(14n)LG (n = 3,4), and is
consistent with our observations in #(1+43)LG and ¢#(1+4)LG.
Notably, the SHG intensity of (1 +2)LG can exceed that of
monolayer WS,, despite the latter’s large %(2)’ underscoring
the efficiency of the response. Our results establish SHG as
a sensitive probe of interlayer coupling and charge redistribu-
tion. They also delineate a pathway distinct from CT-driven
“emergent SHG” in heterostructures: in graphene homostruc-
tures, coupling-induced internal charge redistribution is the
core mechanism that breaks inversion and activates y (2, with
generalizability to other homostructure platforms.

To fabricate #(1 4+ 2)LG, we employed the standard dry
transfer method.[!°! First, we used hexagonal boron nitride
(hBN) to separate the tightly bound 1LG and 2LG. 1LG was
first lifted, followed by the rotation of 2LG by a specific angle,
and then transferred to a new fused quartz substrate. On the
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fused quartz substrate, a monolayer WS, was pre-exfoliated
using the mechanical exfoliation method, which served as a
reference material for SHG calibration. We performed Ra-
man characterization using a WITec Alpha 300RAS confocal
Raman system with an excitation laser at 532 nm. The SHG
setup consisted of a home-built optical platform excited by a
Yb-doped fiber laser (Menlo Systems; 1040 nm center wave-
length, 100 MHz repetition rate). The standard test power
for SHG is 4.3 mW. The emitted second-harmonic signal was
recorded using an iHR320 spectrometer (HORIBA Scientific).
The charge difference density was calculated using the
Vienna Ab initio Simulation Package (VASP) based on den-
sity functional theory (DFT), employing the Perdew—Burke—
Ernzerhof (PBE) functional and the projector augmented-
wave (PAW) method.[?>221 A plane-wave cutoff energy of
600 eV was used. Structural relaxation was performed un-
til the forces on all atoms were less than 1078 eV/A. A
9 x 9 x 1 k-point mesh was used for structural relaxation, and
a 15 x 15 x 1 mesh was adopted for self-consistent field (SCF)
calculations. The van der Waals interactions between layers
were described using the DFT-D3 method of Grimme. >3]
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Fig. 1. Structure and SHG in #(1 4+ 2)LG. (a) Schematic of twisted monolayer-bilayer graphene showing the pump and its second-harmonic;
inversion-symmetric regions are SHG-silent. (b) Optical micrograph showing monolayer graphene (outlined in yellow), bilayer graphene (outlined
in blue), 7(1 +2)LG (outlined in red), and a 1L-WS, flake (outlined in green) serving as a reference for second-harmonic generation (SHG)
measurements. Scale bar, 10 um. (c) SHG spectra with a pronounced peak at the second harmonic of the pump, #(1+2)LG (red solid line), reaches
a magnitude comparable to 1L-WS; (blue solid line). However, no SHG was observed in 2LG (cyan solid line), 1LG (light blue solid line), or hBN
(black solid line). (d) Raman G-integrated map of the white box in the optical micrograph. Scale bar, 2 um. (¢) SHG map of the white box in the
optical micrograph. Scale bar, 2 pm. (f) The log-log plot of the SHG intensity from the #(1 +2)LG as a function of the pump laser power.

The optical image of the sample is shown in Fig. 1(b),
where the red box marks the #(1 + 2)LG region, the orange
box marks the 2LG region, the dark blue box marks the 1LG
region, and the green box represents the WS, calibration re-

gion. The sample was placed on a home-built SHG optical
setup, with a numerical aperture of 0.42 in the objective lens,
ensuring that we were detecting SHG induced by in-plane po-
larization. In Fig. 1(c), no SHG was observed in hBN because
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we used even-layered hBN. Additionally, SHG was not de-
tected in 1LG or 2LG due to their centrosymmetric structures.
However, a prominent peak at 520 nm is observed in the SHG
spectrum from the #(1 4 2)LG region, corresponding to half
the pump wavelength of 1040 nm, indicating a strong SHG re-
sponse. ABA-stacked trilayer graphene has been reported to
exhibit relatively strong SHG.!**! However, it remains nearly
two orders of magnitude weaker than that of 7(142)LG (see
Fig. S7). To quantify the SHG intensity of #(1 4+ 2)LG, we
used 1L WS, as a comparison material, finding that the SHG
responses from #(1 +2)LG and WS, are of the same order
of magnitude. This suggests that 7(1 + 2)LG far surpasses
the weak in-plane polarization of ¢(1+1)LG,!"”! in agreement
with results from Song et al.!'8 In Fig. 1(c), the ultrafast pho-
toluminescence from graphene is absent due to its extremely
weak intensity, which can only be detected under higher exci-
tation power (see Fig. S5).1%] Further structural analysis was
carried out using Raman mapping, with the G-peak integrated
intensity scan shown in Fig. 1(d). The Raman data reveal the
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uniformity of the 7(1 + 2)LG region, clearly distinguishing it
from other regions. Additionally, we performed SHG map-
ping, with a step size of 600 nm, and the results at 520 nm are
shown in Fig. 1(e). No SHG was detected in the 2LG region,
consistent with its D3, point group symmetry, which possesses
inversion symmetry and results in ¥ () = 0. Strong SHG was
only observed in the #(1 +2)LG region. Since monolayer and
bilayer graphene exhibit no SHG signal, SHG arising from
factors such as substrate doping can be ruled out. Figure 1(f)
shows the power dependence of SHG in #(1+2)LG. The SHG
intensity follows a near quadratic relationship with the pump
power, with a slope close to 2, further confirming that this is
almost a SHG process. Although 1L.G and 2LG exhibit in-
version symmetry, according to the interference superposition
theory for uncoupled layers,!'?! no SHG should be generated
when they are stacked. However, the observed strong SHG
in #(1 4 2)LG indicates that interlayer coupling between 1LG
and 2L.G occurs, leading to a novel nonlinear optical effect.
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Fig. 2. Differential charge density, symmetry breaking, and resonance-enabled SHG. (a) Raman spectroscopy of a 7(1 + 2)LG sample. (b) Dif-
ferential charge density of #(1+2)LG. The isosurface is 5 x 107> ¢/A3. The yellow and blue regions represent the accumulation and depletion
of electrons, respectively. (c) Plane-averaged differential charge density of #(1 +2)LG. (d) and (¢) Band structure with van Hove singularities
and a schematic of the two-photon SHG pathway; resonance with a vHs enhances the nonlinear response. (f) x(z) (0) determined by referencing

on-chip 1L-WS,.

Interlayer coupling between the monolayer and the un-
derlying bilayer in #(1 + 2)LG is first identified by Raman
measurements. Under 532 nm excitation (Fig. 2(a)), a pro-
nounced R mode appears near the G band at 1466.7 cm™!,
which uniquely fixes the twist angle at 6 = 15.4° and con-
firms the presence of interlayer coupling.!?®! The feature at
~ 1366 cm™! originates from hBN and is not a graphene de-

fect peak, excluding defect-related artifacts. To uncover the

microscopic origin of the strong SHG observed in Fig. 1, we
computed the differential charge density using first-principles
theory. A commensurate supercell at 6 = 21.78° was em-
ployed to reveal mechanisms rather than to fit absolute mag-
nitudes. The isosurfaces in Fig. 2(b) show pronounced in-
terlayer charge imbalance within AB-2LG: electrons accu-
mulate in the interface-proximal layer (“near” layer) and de-
plete from the far layer. With respect to the geometric inver-

034201-3


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae3557
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae3557

Chin. Phys. B 35, 034201 (2026)

sion center of AB-2LG, the differential charge density dis-
tribution is no longer symmetric, indicating that inversion
symmetry is removed inside the bilayer. Plane averaging
along z (Fig. 2(c)) yields layer-resolved net charges (in e/cell),
AGy = +1.1466 x 1073, Ag, = —8.6747 x 107%, Aqy , =
—2.8603 x 10, with the total Ag,, = —6.875 x 10~ (charge
conservation within numerical tolerance). Interfacial coupling
also induces a finite charge imbalance in 1LG, but electric-
dipole-allowed SHG is insensitive to C,, rotation symmetry op-
eration with n > 3;1?" hence, 1LG itself is not expected to ra-
diate appreciable SHG. The permitted second-order response
therefore arises from inversion removal within AB-2LG.

The calculated band structure at 8 = 21.78° (Fig. 2(d))
exhibits clear van Hove singularities (vHs) near the M point,
which substantially enhance the joint density of states. As
sketched in Fig. 2(e), off-resonant SHG proceeds via a vir-
tual intermediate state and is intrinsically weak; when 2A®
approaches a real transition associated with a vHs, the energy
denominator is reduced and two-photon resonance strongly
amplifies x®. This “permission + resonance” framework
predicts that tuning the twist angle, and thus the twist-angle-
dependent energy difference between conduction and valence
vHs (Eygs), should modulate %(2)' We verified this by fabricat-
ing (14 2)LG devices with different twist angles and extract-
ing )((2)(6) under identical optics via intensity referencing to
on-chip monolayer WS,. The resulting x(? in Fig. 2(f) shows
a clear non-monotonic angle dependence with a maximum of
279.4 pm/V near 8 = 13.5°, where 2h®w matches the vHs-

in supplementary information S12),1?®! yielding the strongest
SHG. Altogether, strong SHG in #(1 +2)LG is consistently
explained by an interfacial-coupling-induced interlayer charge
imbalance that removes inversion symmetry inside AB-2LG
(activating the electric-dipole), followed by two-photon reso-
nance at the vHs that amplifies the response.

To further test that interlayer charge imbalance removes
inversion symmetry and thereby activates SHG, we perform
polarization-resolved measurements. In Fig. 3, we use the
SHG angular response to determine the allowed tensor compo-
nents and the in-plane crystal orientation. The sample is kept
fixed while only the incident linear polarization is rotated by
an angle a, the detection channel uses a fixed vertical analyzer.
Interlayer coupling lowers the symmetry of the AB-2LG from
D34 to C3,. The C3, symmetry results in non-zero in-plane
and out-of-plane second-order nonlinear susceptibilities. Inci-
dent light polarized along the x-direction allows for a nonzero
in-plane electric polarization. Under this geometry, the SHG
intensity follows 1> = (x)(,yzy) cos (20 — 36X)>2, where 6, en-
codes the in-plane crystal orientation relative to the laboratory
x axis. Because of the cos?(2¢), the measured polar plots ex-
hibit a four-lobed pattern. When compared with the on-chip
monolayer WS, reference, the 7(1 +2)LG curves show the
same functional form but a phase offset arising from the dif-
ferent in-plane orientations. These observations are consistent
with Fig. 2, where inversion symmetry is lifted in AB-2LG by
interfacial coupling, and they offer an independent means to
determine the crystal orientation from polarization measure-

related transition energy (detailed discussion can be found  ments.
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Fig. 3. Polarization-resolved patterns of SHG intensity in a fixed-analyzer geometry. (a) Transmission setup: the incident polarization is rotated
while the sample is fixed, and the analyzer is fixed along the y-axis. (b) Interlayer coupling lowers the symmetry of the lower stack from D3, to
Cs,, activating the in-plane electric dipole. (c) Normalized polarization-dependent SHG from 7(1 +2)LG and the WS reference.
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Fig. 4. Differential charge density and SHG in #(1 4+ n)LG (n =2, 3, 4). (a)—(c) Plane-averaged differential charge density for (1 +2)LG, t(1 +
3)LG, and #(1 4-4)LG. The insets show the corresponding three-dimensional charge density difference with an isosurface level of 5 x 1075 ¢/A3.
(d) SHG spectra from (1 +n)LG (n = 2, 3, 4) and ABC-3LG. (e) The log—log plot of the SHG intensity from the 7(1+n)LG (n=2,3,4) as a
function of the pump laser power. (f) Polarization-resolved SHG from 7(1+n)LG (n =2, 3, 4).

To test the generality of the mechanism established in
Fig. 2, we extend the differential charge density analysis
to twisted monolayer—multilayer graphene, #(1 + n)LG, with
n =2, 3, 4. Figures 4(a)-4(c) present the plane-averaged
profiles (main panels) alongside three-dimensional isosurfaces
(insets). In all stacks, electrons accumulate in the layer di-
rectly contacting the monolayer, while compensating deple-
tion decays into deeper layers, an interface-proximal “polar-
ization sheet” is evident. These observations indicate that
twist-induced interlayer coupling introduces an out-of-plane
layer polarization inside the multilayer, thereby removing in-
version symmetry and enabling an electric dipole. In Fig. 4(b),
the trilayer below is identified as ABC-3LG by Raman (see
Fig. S2(b)). For #(1 +4)LG (Fig. 4(c)), layer-resolved in-
tegration yields (in e/cell): for the three layers on the right
side, Ag,,, = +4.7148 x 1073, Ag, = —2.3543 x 1073, and
Aqgy ;= —2.2751 x 1073, for the two layers on the left, Agp; =
—9.965 x 1073 and Agio = +1.032 x 107°.
compensation is nearly equally shared by the far layer and
the overlying monolayer (|Aq,, |/|Aqg ;| = 1.04). The interfa-
cial accumulation Ag,, is ~ 4 times larger than in #(1 4 2)LG
(~ 1.1466 x 1073 e/cell), evidencing a stronger layer polariza-
tion and a longer screening length with increasing thickness.

The negative

For comparability, the computational settings follow Fig. 2.
Under identical optics (1040 nm pump), figure 4(d) com-
pares SHG spectra. The #(1 4 2)LG, #(1 + 3)LG, and #(1 +
4)LG exhibit a clear peak at 520 nm, whereas ABC-3LG
shows no discernible SHG, consistent with inversion removal

versus preservation. Figure 4(e) shows the power dependence.
The log-log slopes are close to 2 for all twisted stacks, con-
firming a second-order process. Figure 4(f) reports normalized
polarization-resolved SHG with a fixed analyzer, ¢(1 4+ 2)LG
(red), 7(1+3)LG (yellow), and #(14+4)LG (blue) display four-
lobed angular patterns that are well captured by a unified form
P° = (xy<}2y> cos (2a — 39)())2, where « is the incident polar-
ization angle and O encodes the in-plane crystal orientation.
The common functional dependence across n = 2, 3, 4 corrob-
orates a shared C3,-permitted in-plane x(? after twist-induced
coupling, in agreement with the layer-polarization mechanism
established in Fig. 2.

In summary, we demonstrate that (14 2)LG exhibits pro-
nounced SHG, whereas isolated 1LG and 2L G remain SHG-
silent in the electric-dipole limit. First-principles calculations
reveal that interlayer coupling drives an interlayer charge im-
balance within the bilayer, thereby removing inversion sym-
metry and activating an in-plane electric dipole. By tuning the
twist angle, we observe a markedly adjustable second-order
response; x %) maximizes when the two-photon resonance ap-
proaches the vHs energy. This mechanism extends naturally
to t(1+n)LG with n = 3, 4, consistent with our experimen-
tal observations in #(1 4 3)LG and #(1 4+ 4)LG. Notably, the
2 of 1(1+2)LG can approach that of monolayer WS,, un-
derscoring its high second-order efficiency. These results es-
tablish SHG as a sensitive probe of interlayer coupling and

charge redistribution in homostructure 2D materials. They
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further delineate a pathway distinct from CT-driven “emer-
gent SHG” in heterostructures: in graphene homostructures,
coupling-induced internal charge redistribution is the central
The
framework is generalizable to other homostructure platforms

mechanism that removes inversion and activates x<2).

and provides a practical strategy for symmetry engineering to
elicit new physical phenomena in nominally centrosymmetric
material systems.
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