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Three-dimensional nonlinear optical 
materials from twisted two-dimensional 
van der Waals interfaces

Bumho Kim    1, Jicheng Jin    1, Zhi Wang    1, Li He1, Thomas Christensen    2,3, 
Eugene J. Mele    1 & Bo Zhen    1 

To enable new nonlinear responses, metamaterials are created by organizing 
structural units (meta-atoms), which are typically on the scale of about a 
hundred nanometres. However, truly altering the atomic symmetry and 
enabling new nonlinear responses requires control at the atomic scale, 
down to a few ångströms. Here we report three-dimensional nonlinear 
optical materials realized by the precise control and twist of individual 
two-dimensional van der Waals interfaces. Specifically, new nonlinear crystals 
are achieved by adding pseudo-screw symmetries to a multiple of four-layer 
WS2 stacks (for example, four layer, eight layer and so on). Nonlinear 
susceptibility and circular selectivity of the resulting three-dimensional 
crystals are fundamentally different from natural WS2, demonstrating a 
microscopic analogue to the fabrication of metamaterials with unique optical 
properties. Furthermore, we show that the magnitude of the newly enabled 
nonlinearity is enhanced by controlling the number of interfaces and the 
excitation wavelength. Our findings suggest a new approach to redesign 
the intrinsic nonlinearity in artificial atomic configurations, scalable from a 
few-nanometre-thick unit cells to bulk materials.

Material responses to light are highly constrained by symmetry. For 
example, two photons of identical frequency incident on a mate-
rial can excite second-harmonic (SH) polarization at double the fre-
quency with an amplitude proportional to the allowed second-order 
nonlinear susceptibility components of the material. Meanwhile, 
these nonlinear components are constrained by the point group sym-
metry of the materials1–5. Crystalline three-dimensional (3D) mate-
rials have fixed intrinsic point group symmetries, which are often 
limited to naturally existing and stable phases of materials. Beyond 
natural materials, new nonlinear responses have been enabled in 
metamaterials through symmetry control6–9. For instance, breaking 
the inversion symmetry at the surfaces of natural materials10–12 or 
large-scale (~100 nm) meta-atoms8,13–15 has enabled second-order 
nonlinear responses from inversion symmetric materials, where all 

second-order nonlinear susceptibility components are otherwise 
forbidden. Such new responses are mostly confined to the sur-
faces of materials, whereas the bulk mainly contributes to absorp-
tion losses6,8,9,16. As constituent meta-atoms inherently have low 
surface-to-volume ratios, current metamaterials typically have lim-
ited performances, such as overall frequency conversion efficiency, 
in practical applications9,16–18.

Different from conventional approaches in 3D materials, the 
advent of twisted van der Waals (vdW) materials enables control over 
their intrinsic point group symmetries19–22. The modified symmetry of 
twisted vdW stacks, in turn, significantly affects the electronic wave-
function at the twisted interfaces and enables previously forbidden 
new nonlinear responses23. Although previous studies have focused 
on controlling nonlinear responses at a single twisted interface23–27 or 
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Further analysis of this interfacial nonlinear susceptibility χ(2)xyz  
reveals two interesting properties. First, when the sample rotates in 
plane, the interfacial SH polarization always points to a fixed direction, 
whereas the in-plane (and monolayer) SH polarization rotates with the 
sample (Supplementary Fig. 1). For instance, when a twisted stack is 
tilted by β around the lab x axis, a vertically polarized excitation can 
generate horizontal in-plane SH polarization (∝ χ(2)xxxcos2β cos 3θ ), 
sensitive to in-plane sample orientation θ (Supplementary Section III). 
Meanwhile, interfacial SH polarization (∝ χ(2)xyz sin 2β) is independent 
of the in-plane sample orientation and always points to the horizontal 
direction. Furthermore, χ(2)xyz  strongly depends on the relative twist 
angle of the top layer with respect to the bottom (ϕ). The sign of χ(2)xyz  
flips when the twist angle is reversed: χ(2)xyz(ϕ) = −χ(2)xyz(−ϕ). Supplemen-
tary Fig. 3 provides more details and Fig. 2e shows our experimental 
demonstration.

Twisted trilayer samples can be similarly analysed as two twisted 
interfaces: one between the bottom layer and the middle, and the other 
between the middle and the top. For example, a trilayer stack in the 
〈0°, 30°, 60°〉 configuration has two twisted interfaces, both at +30°, 
creating identical interfacial SH polarizations that constructively add 
up. On the other hand, a trilayer stack in the 〈0°, 30°, 0°〉 configuration 
has two oppositely twisted interfaces, one at +30° and the other at 
–30°. The opposite interfacial SH polarizations cancel out any chiral 
responses, which is consistent with the preserved up–down mirror 
symmetry of the stack.

In particular, screw symmetry emerges in a twisted four-layer stack 
in the 〈0°, 30°, 60°, 90°〉 configuration. Specifically, all interfacial SH 
polarizations (blue arrows) add up, whereas in-plane SH polarizations 
from individual layers (red arrows) exactly cancel between the first 
(second) layer and the third (fourth) layer as they point in opposite 
directions (Fig. 1). Altogether, the four-layer stack only allows chiral 

a few twisted interfaces with a low interface-to-volume ratio28, here we 
demonstrate a 3D crystal, completely made of twisted two-dimensional 
(2D) interfaces. In contrast to conventional metamaterials, our 3D crys-
tal exhibits new interfacial nonlinear responses throughout its bulk. 
Overall, our study opens a new path to redesign the optical nonlineari-
ties of 3D materials at the microscopic scale by stacking and controlling 
individual 2D interfaces and promises new nonlinear functionalities 
for a broad range of applications including frequency conversion29,30, 
bioimaging31,32, ultrafast photonics33,34, quantum computing21,35 and 
communication36,37.

Theory for nonlinear twisted 3D crystals
In this section, we introduce a new approach to build nonlinear 3D 
crystals from twisted 2D interfaces (Fig. 1). We start by discussing non-
linear responses of monolayer and twisted bilayer WS2 based on their 
symmetries. A WS2 monolayer belongs to the D3h point group, which 
supports second-order susceptibility elements1,2,5 of χ(2)yyy = −χ(2)yxx  and 
enables an SH polarization along the armchair direction (Fig. 1, red 
arrow). On stacking two monolayers at a generic twist angle (ϕ ≠ 0° 
and 180°), the point group is reduced from D3h (monolayer) to D3 
(twisted bilayer) due to the breaking of mirror symmetries19–22. The 
twisted bilayers have both in-plane ( χ(2)xxx = −χ(2)xyy ) and interfacial 
( χ(2)xyz  = – χ(2)yxz ) second-order susceptibility elements. Although the 
former response (black arrow) is the sum of amplitudes from individual 
monolayer responses (red arrows), the latter response (blue arrow) 
is a new chiral response arising from broken mirror symmetries  
(Fig. 1). In particular, this interfacial nonlinear response does not 
come from either layer separately but is a cooperative effect origi-
nating from the coupling between the electronic wavefunctions 
from the two layers23.
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Fig. 1 | Redesigned second-order susceptibility in a twisted 3D crystal. Atomic 
structures and SH polarizations in different stacks, including a WS2 monolayer 
(D3h symmetry), a 〈0°, 30°〉 twisted bilayer stack (D3 symmetry), a 〈0°, 30°, 60°〉 
twisted trilayer stack (D3 symmetry), a 〈0°, 30°, 60°, 90°〉 four-layer stack  
(D3 symmetry and pseudo-43) and a twisted bulk with a fixed twist angle of 30° 
(D12 symmetry) under ylab- and zlab-polarized excitation. The twisted bulk 
structure is equivalent to 〈0°, 30°, 60°, 90°〉 four layers stacked along the ẑ 

direction. Representative allowed second-order susceptibility elements ( χ(2)
ijk

) by 
various symmetries are listed for each stack (Supplementary Table 1). Twisted 
four-layer and bulk structures only allow chiral interfacial nonlinear 
susceptibility ( χ(2)xyz) whose SH polarizations are denoted by blue arrows. SH 
polarizations along an armchair direction of each monolayer are denoted by the 
red arrows whose sum is denoted by the black arrow. The grey and yellow circles 
represent tungsten and sulfur atoms, respectively.
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interfacial susceptibility ( χ(2)xyz) that is different from the D3 point group 
constraints in twisted bilayers and trilayers (Supplementary Table 1). 
This emerging constraint can be understood by a pseudo-43 screw 
symmetry that forbids in-plane susceptibility χ(2)xxx  (Supplementary 
Section I). Such an artificially added screw symmetry opens new paths 
to engineer 3D symmetries and nonlinearities of vdW stacks (Supple-
mentary Section II).

The unconventional nonlinearities that we discovered in twisted 
four-layer stacks are preserved in the 3D bulk crystal limit, which is 
well understood by the new point group. Specifically, a twisted bulk 
with a twist angle of ϕ = 30° between any two adjacent layers belongs 
to the D12 point group. Applying Neumann’s principle to the less under-
stood D12 point group, our theoretical analysis shows that only chiral 
susceptibility components, χ(2)xyz , are allowed, whereas all in-plane 
susceptibility components (for example, χ(2)yyy and χ(2)yxx) are forbidden. 
This feature is consistent with a single four-layer twisted stack as we 
analysed before. The consistency can be intuitively understood as the 
bulk crystal is essentially a vertical stacking of the four-layer twisted 
stack. In other words, the four-layer twisted stack is the new unit cell 

of the twisted bulk crystal, so they support the same nonlinear sus-
ceptibility components.

Experimental demonstration
We perform second-harmonic generation (SHG) measurements to 
verify the predicted nonlinearities of twisted WS2 in the various stack-
ing configurations. Twisted WS2 stacks, up to eight layers thick, are 
prepared on fused silica substrates using the ‘tear and stack’ method38,39 
(Methods). In contrast to SHG under normal excitation only arising 
from in-plane responses, we measure SHG under oblique incident 
angles (β) set to be either +50° and –50° to observe both in-plane and 
interfacial nonlinear responses (Fig. 2a and Methods). A monolayer 
shows identical SHG signals between β = 50° (Fig. 2b, red circles) and 
−50° (blue circles). This result indicates that the in-plane SH responses 
from the monolayer are independent of the opposite incident angle, 
which is also consistent with theoretical modelling based on the D3h 
point group (Fig. 2b, solid line).

In contrast, twisted bilayers, belonging to the D3 point group, cre-
ate SH polarizations in two ways: through the in-plane layer responses 
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Fig. 2 | Interfacial nonlinear susceptibility in twisted bilayer WS2. a, SHG 
measurement setup to characterize both individual layer and interfacial 
nonlinear responses (Methods). V-pol (H-pol) denotes a vertical (horizontal) 
polarizer along the y (x) direction. NA, numerical aperture. b–d, SHG signals are 
measured at the two incidence angles, namely, β = 50° (red) and β = −50° (blue), 
on different devices, including monolayer (b) and 〈0°, −30°〉 (c) and 〈0°, 30°〉 (d) 
bilayer stacks. The rotation angle of the half-wave plate (HWP) is denoted as α.  

e, Differences in the SHG signals (ΔISHG) between the incidence angles of β = ±50° 
of a monolayer (grey), 〈0°, 30°〉 bilayer (green) and 〈0°, −30°〉 bilayer (orange 
circles). The solid lines in b–d and e are the best-fit curves from symmetry 
analysis (equation (1) and Supplementary Equation (14), respectively).  
f, Schematic of 〈0°, ±30°〉 bilayer stacks, mirror symmetric to each other, 
inducing oppositely aligned interfacial SH polarizations (P(2)x , blue arrows).
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and the interfacial responses producing a net SHG intensity (Supple-
mentary Section III).

ISHG ∝ (−χ(2)s,xxxcos2β (cos 2α cos 3θ

+ cosβ sin 2α sin 3θ) + χ(2)s,xyz sin 2β cos 2α)
2
,

(1)

where χ(2)s,xxx and χ(2)s,xyz  are the in-plane and interfacial sheet susceptibil-
ity elements, respectively. The SHG intensity is proportional to the 
square of the SH polarizations from individual layers (the χ(2)s,xxx  term 
in equation (1)) and the interface (the χ(2)s,xyz term). Unlike the monolayer 
example, the observed SHG signal is generally stronger for β = 50° than 
β = −50° for the 〈0°, −30°〉 bilayer stack (Fig. 2c); conversely, the 

opposite trend is observed for the 〈0°, 30°〉 bilayer stack (Fig. 2d). Spe-
cifically, under the two oblique incidences (β = ±50°), the in-plane SH 
polarizations ( χ(2)s,xxx) are identical, whereas the interfacial SH polariza-
tions ( χ(2)s,xyz) are exactly opposite (equation (1)). The clear difference 
in SHG signals under the two opposite incident angles evinces the 
interfacial response of the twisted bilayers.

Next, we examine the interfacial responses of bilayer samples with 
opposite twist angles, namely, ϕ = ±30°, in more detail. Following 
equation (1), the difference between SHG signals, ΔISHG = I(β = + 50°) − 
I(β = −50°), is proportional to the interfacial sheet susceptibility χ(2)s,xyz. 
The 〈0°, 30°〉 (Fig. 2e, green circles) and 〈0°, −30°〉 (orange circles) 
bilayer stacks have ΔISHG of approximately equal magnitude but oppo-
site signs. Using our theoretical model (green and orange solid lines; 
see Supplementary Section IV for details), we extract χ(2)s,xyz,norm = 0.027 
for the 〈0°, 30°〉 stack and χ(2)s,xyz,norm = –0.031 for the 〈0°, −30°〉 stack. 
Both values are normalized to the monolayer sheet susceptibility (Sup-
plementary Section V). This result is consistent with our earlier predic-
tion χ(2)xyz(ϕ) = −χ(2)xyz(−ϕ) , namely, the interfacial SH polarization 
reverses its direction when the twist angle is reversed (Fig. 2f).

We next examine the scalability of interfacial responses by measur-
ing a trilayer stack in the 〈0°, 30°, 60°〉 configuration. Figure 3a shows 
a schematic of interfacial SH polarizations (blue arrows) pointing to 
the same direction and adding up. The observed SHG signals from the 
trilayer show a significant difference between β = 50° and −50°, indicat-
ing finite interfacial responses (Fig. 3c,e). The observed ΔISHG (Fig. 3e, 
circles) is consistent with our theoretical model (solid line), which 
yields χ(2)s,xyz,norm ≈ 0.042, exceeding the corresponding response in the 
〈0°, 30°〉 bilayer stack ( χ(2)s,xyz,norm = 0.027). We further show that the 
interfacial SH field amplitude linearly scales with the sample thickness 
within the experimental uncertainty (Fig. 4f). This experimental obser-
vation agrees well with our theory prediction: the interfacial nonlinear 
responses coherently add up when interfacial twist angles are the same. 
This stacking sequence is different from the widely studied 3R-type 
stacks (ϕ = 0°) where the in-plane layer nonlinear responses coherently 
add up28,40. To further validate the origin of the differences in SHG, we 
examine a trilayer in the 〈0°, 30°, 0°〉 configuration with two oppositely 
twisted interfaces (Fig. 3b). Figure 3d,e shows the SHG signals with 
almost no difference at the incident angles between β = 50° and −50°, 
implying a negligible net interfacial response: χ(2)s,xyz  ≈ 0, which results 
from the cancellation between the two opposite interfacial SH polariza-
tions, as we predicted. The contrasting results between the two trilayers 
with the same constituent layers but different interfaces confirm that 
the observed ΔISHG value originates from vdW interfaces.

We experimentally demonstrate the unconventional susceptibility 
( χ(2)s,xxx = 0 and χ(2)s,xyz  ≠ 0) of a twisted four-layer-unit-cell structure. We 
first measure the in-plane response, χ(2)xxx, of the four-layer stack under 
normal excitation (β = 0°), where we observe a substantially reduced 
response (Fig. 4b, purple) relative to the monolayer (grey). SHG spatial 
maps further confirm the strong suppression of χ(2)s,xxx  of twisted 
four-layer stacks (Supplementary Fig. 6), consistent with the presence 
of pseudo-43 screw symmetry. Figure 4c shows stronger SHG signals 
in oblique-excitation measurements (β = ±50°) compared with the 
normal-incidence measurements (β = 0°). This is direct evidence of 
stronger interfacial sheet susceptibility than in-plane sheet susceptibil-
ity in the twisted four-layer stack, which agrees with our previous theo-
retical prediction. Moreover, the nearly identical SHG signals at the 
two opposite incident angles are consistent with the sheet susceptibil-
ity of the four-layer stack: χ(2)s,xxx = 0 and χ(2)xyz  ≠ 0 (equation (1)). In par-
ticular, the intrinsic nonlinearities of the four-layer stack are the same 
as those of some 3D materials (such as TeO2 (ref. 41) and La4InSbS9  
(ref. 42)), but fundamentally different from those of previously studied 
natural and twisted 2D materials (Supplementary Table 2). Our 
approach of engineering electronic wavefunction symmetries com-
pletely alters the intrinsic nonlinearity at the microscopic scale, which 
substantially reduces the required feature size (~100 nm) in 
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conventional nonlinear optical metamaterials43,44. Moreover, we 
observe chiral Raman scattering from our twisted stacks (Supplemen-
tary Section VIII), implying that broken mirror symmetries at interfaces 
promise diverse chiroptical responses such as circular dichroism45,46 
and circular birefringence47.

To scale up a four-layer unit cell into a 3D crystal, we experimen-
tally verify the nonlinearities of a vertical stack of two four-layer unit 
cells (Fig. 4d). Our experimental results show a strong suppression of 
χ(2)s,xxx (Fig. 4e) and an even further enhancement in χ(2)s,xyz (Fig. 4f) in the 

twisted eight-layer stack, consisting of two four-layer unit cells. 
Although strongly suppressed, χ(2)s,xxx  is increased relative to the 
four-layer stack, which might be caused by the reabsorption of SHG 
from each layer as well as imperfect twist-angle alignment (Supple-
mentary Section VI and Supplementary Table 3). Meanwhile, interfacial 
SH field amplitude (∝ χ(2)s,xyz ) scales approximately linearly with the 
sample thickness, which is consistent with our theoretical model incor-
porating interference and reabsorption effects (Fig. 4f, solid line). Our 
observation promises even stronger interfacial responses in thicker 
samples by simply stacking four-layer unit cells together. Moreover, 
the interfacial nonlinearity can also be further enhanced by the exci-
tonic resonance effect (Fig. 5). The in-plane sheet susceptibility of a 
monolayer has two prominent peaks at the A-exciton (~620 nm) and 
B-exciton (~525 nm) wavelengths, known as the exciton-enhanced 
SHG48,49. The excitonic resonance effect is also observed in the interfa-
cial sheet susceptibility of four-layer WS2, reaching χ(2)s,xyz,norm ≈ 0.14, 
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which is over three times higher than the off-resonance value. Moreo-
ver, we theoretically suggest an approach to achieve quasi-phase 
matching in a thick 3D twisted stack, which promises strong interfacial 
responses (Supplementary Section IX).

Finally, we discover emerging nonlinear circular selectivity ena-
bled by the artificially added screw symmetry. In a monolayer WS2  
(Fig. 6a), third-harmonic generation (THG) is not observed under 
circularly polarized excitation. This is consistent with the circular 
selection rule from the D3h point group of a monolayer (Supplemen-
tary Section X). Meanwhile, right-circularly polarized (σ+) excitation 
at the frequency of ω produces left-circularly polarized (σ−) THG at 
the frequency of 3ω in a twisted four-layer structure (Fig. 6b). The 
counter-circularly polarized THG is typically produced by materi-
als with a four-fold symmetry50–52, where the lattice symmetry pro-
vides the mismatched angular momentum between the input and  
output photons.

To better understand the emerging circular selectivity, we per-
formed the helicity-resolved THG measurements for twisted WS2 stacks 
with different layer numbers and symmetries (Fig. 6c). The circularly 
polarized THG intensity increases with the twisted stack thickness. 
The production of THG implies broken three-fold symmetry that has 
been often observed in twisted stacks due to the strain effect53–55. 
Indeed, the observed THG from the individual twisted stacks can be 
well understood by taking into account the strain effect as well as 
their symmetries (Supplementary Section X). We predict that twisted 
bilayer and trilayer can have mixed left- and right-circularly polarized 

THG, consistent with the observed THG. Meanwhile, twisted four- and 
eight-layer stacks with the four-fold screw symmetry show THG with 
near-unity polarization of ~90% and ~91%, respectively. This sharp 
rise in the polarization conversion efficiency in the twisted four-layer 
configuration provides strong evidence that the four-fold screw sym-
metry is required for the emerging circular selectivity. Intuitively, 
this effect can be understood by angular momentum conservation 
enabled by the artificial four-fold screw symmetry, which promises 
to control nonlinear selectivity through a proper selection of intrinsic 
and artificial symmetries.

Discussion
To conclude, we directly engineer the symmetries of electronic 
wavefunctions by stacking individual monolayers into a precisely 
designed 3D configuration. Compared with conventional optical 
metamaterials composed of meta-atoms on the scale of ~100 nm 
(refs. 8,43,44), our approach suggests a new path to engineer optical 
nonlinearity at the microscopic scale down to a few nanometres. Our 
engineered stacks show completely redesigned nonlinear suscepti-
bility as well as circular selectivity, which takes us one step closer to 
the designing of intrinsic nonlinearities at will. The newly enabled 
chiral nonlinearities could be applied to a broad range of photonic 
device applications to harness spin angular momentum of light56–60. 
Furthermore, stacking monolayers with a screw symmetry can enable 
various quasi-crystals, providing a practical platform to explore their 
emerging nonlinearity. Our approach to control symmetries can be 
readily extended to other physical responses that are also sensitive 
to material symmetries including elasticity, thermal expansion and 
piezoelectricity61–64.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41566-023-01318-6.
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Methods
Sample preparation
A gold tape was prepared following the detailed procedures in the 
previous study40. A 150-nm-thick gold film on SiO2/Si substrates was 
coated with polyvinylpyrrolidone and then picked up by a thermal 
release tape. A freshly cleaved surface of the gold film was attached to 
a freshly cleaved WS2 bulk crystal (CVT crystal from HQ graphene). 
Gold exfoliation of a large (~1 × 1 cm2) bulk WS2 crystal produces various 
sizes of continuous single-crystal monolayers up to near the lateral 
size of the bulk crystal. A gold tape attached on top of a polydimethyl-
siloxane microlens was used to pick up a part of a single-crystal WS2 
monolayer and reposition it on top of the remaining monolayer after 
adjusting the twist angle using the tear and stack method38,39. This 
procedure was repeated to produce up to an eight-layer WS2 stack.  
A 〈0°, 30°, 60°, 90°〉 four-layer WS2 stack was prepared by picking up 
part of a bilayer WS2 stack with an internal twist angle of 30° and placing 
it on top of the remaining bilayer after 60° rotation. Similarly, we fab-
ricate a two-unit-cell eight-layer stack by lifting and stacking a four-layer 
stack without rotation. Supplementary Fig. 6 shows the optical micros-
copy images of the four-layer and eight-layer stacks. Twisted angles of 
each stack are estimated by polarization-resolved SHG, showing the 
uncertainty of approximately ±1° from the target twist angles. The 
uncertainty of twist angles can cause an uncertainty of ~3% in the esti-
mated χ(2)s,xyz  value, which is small compared with the measurement 
uncertainty (Supplementary Table 3).

Details of nonlinear optical measurements
An optical parametric oscillator (OPO from Light Conversion) with 
a wavelength of 1,030 nm, repetition frequency of 75 MHz and pulse 
duration of 96 fs was used to measure the SHG responses for all sam-
ples. The SHG signals of twisted bilayer (Fig. 2), trilayer (Fig. 3) and 
four-layer stacks (Fig. 4b,c) were acquired using the setup shown in 
Fig. 2a. The sample was mounted on a rotational stage, allowing us 
to tilt the sample around the x axis and thus to control the incidence 
angle (β). The setup limits the incident angles up to ±50° that have been 
used to increase the relative amplitude of the interfacial response with 
respect to that of the in-plane response. Vertically polarized OPO light 
was focused onto the tilted sample through an apochromat ×10 objec-
tive lens with a numerical aperture of 0.26 (Mitutoyo). The transmitted 
SHG signals were collected by the same second objective lens, passed 
through a half-wave plate and horizontal polarizer, and are finally 
directed to a thermoelectrically cooled 2D charge-coupled device 
array (iKon-M 912, Andor Technology) equipped with a spectrometer 
(Kymera 328i, Andor Technology).

For four-layer and eight-layer stacks, imperfect sample prepara-
tion can exacerbate distortions of the twist angle. To minimize spatial 
inhomogeneity, a second setup with a reflective objective lens was used 
to estimate the normalized χ(2)s,xyz  of the four- and eight-layer stacks  
(Fig. 4f, purple squares). Transmission SHG is performed using a reflec-
tive objective lens (LMM40X-UVV, Thorlabs) with a numerical aperture 
of 0.5, which enables the simultaneous injections of two oblique inci-
dences at β = ±22.5° (Supplementary Fig. 5a). The oblique beams are 
tightly focused onto a spot at a diffraction-limited radius of ~1.3 μm. 
The transmitted SHG signals were collected by an Apochromat  
×20 objective lens with a numerical aperture of 0.4 (Mitutoyo).  
The SHG signals created by p-polarized injection were selectively col-
lected using a vertically aligned one-dimensional slit and read by the 
2D charge-coupled devices (Supplementary Fig. 5b,d). The differ-
ence in the SHG signals (Supplementary Fig. 5c,e) is fitted using 

Supplementary Equation (12), yielding the interfacial sheet susceptibil-
ity of the four-layer and eight-layer stacks (Fig. 4f) and minimizing the 
inhomogeneity effect.

To estimate the excitonic resonance effect of second-order sheet 
susceptibility elements, we performed SHG measurements using an 
optical parametric amplifier with a repetition frequency of 3 kHz and 
a pulse duration of ~180 fs, as well as tuning the excitation wavelength 
from 1,030 to 1,360 nm. The in-plane sheet susceptibility ( χ(2)s,yyy) of a 
monolayer is estimated from SHG under normal excitation. The inter-
facial sheet susceptibility ( χ(2)s,xyz) of a four-layer stack is estimated by 
measuring the difference in SHG (ΔISHG/ χ(2)s,xxx ∝ χ(2)s,xyz ) using the setup 
with a reflective objective lens. Both sheet susceptibility elements are 
normalized by χ(2)s,yyy  of a monolayer at an excitation of 1,030 nm  
(Fig. 5). The optical parametric amplifier is tuned to the wavelength of 
1,270 nm to perform the THG measurements.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.
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Confer resistance to therapeutically useful antibiotics or antiviral agents

Enhance the virulence of a pathogen or render a nonpathogen virulent

Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Any other potentially harmful combination of experiments and agents

Plants
Seed stocks

Novel plant genotypes

Authentication

ChIP-seq

Data deposition
Confirm that both raw and final processed data have been deposited in a public database such as GEO.

Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links 
May remain private before publication.

Files in database submission

Genome browser session 
(e.g. UCSC)

Methodology

Replicates

Sequencing depth

Antibodies

Peak calling parameters

Data quality

Software



Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software

Cell population abundance

Gating strategy

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type

Design specifications

Behavioral performance measures

Imaging type(s)

Field strength

Sequence & imaging parameters

Area of acquisition

Diffusion MRI Used Not used

Preprocessing

Preprocessing software

Normalization

Normalization template

Noise and artifact removal

Volume censoring

Statistical modeling & inference

Model type and settings

Effect(s) tested

Specify type of analysis: Whole brain ROI-based Both



Statistic type for inference

(See Eklund et al. 2016)

Correction

Models & analysis

n/a Involved in the study
Functional and/or effective connectivity

Graph analysis

Multivariate modeling or predictive analysis

Functional and/or effective connectivity

Graph analysis

Multivariate modeling and predictive analysis
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