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Opto-twistronic Hall effect in a three- 
dimensional spiral lattice

Zhurun Ji1,2,3,5, Yuzhou Zhao4, Yicong Chen2, Ziyan Zhu3, Yuhui Wang1, Wenjing Liu1,6, 
Gaurav Modi1, Eugene J. Mele2, Song Jin4 & Ritesh Agarwal1 ✉

Studies of moiré systems have explained the effect of superlattice modulations  
on their properties, demonstrating new correlated phases1. However, most 
experimental studies have focused on a few layers in two-dimensional systems. 
Extending twistronics to three dimensions, in which the twist extends into the third 
dimension, remains underexplored because of the challenges associated with the 
manual stacking of layers. Here we study three-dimensional twistronics using a 
self-assembled twisted spiral superlattice of multilayered WS2. Our findings show  
an opto-twistronic Hall effect driven by structural chirality and coherence length, 
modulated by the moiré potential of the spiral superlattice. This is an experimental 
manifestation of the noncommutative geometry of the system. We observe enhanced 
light–matter interactions and an altered dependence of the Hall coefficient on  
photon momentum. Our model suggests contributions from higher-order quantum 
geometric quantities to this observation, providing opportunities for designing 
quantum-materials-based optoelectronic lattices with large nonlinearities.

Chiral states of matter, such as one-dimensional helical nanotubes2 and 
two-dimensional (2D) moiré systems3, offer new functionalities. The 
effect of quantum geometry on their properties as well as the emer-
gence of new phases have gained a lot of interest4. Optical studies have 
also shown new properties associated with the modified lattice geom-
etry in 2D moiré systems5–10. However, most of these studies have been 
limited to few-layer systems, primarily because of the challenges associ-
ated with manual stacking of individual layers. Theoretical predictions 
suggest that increasing the layer numbers could lead to phenomena 
such as moiré of moiré modulation11, topological phase transition12, 
optical rotation13 and the emergence of new resonant states14,15, dem-
onstrating the potential of extending twistronics to three dimensions.

In this context, the transition from 2D to three-dimensional (3D) 
twistronic systems poses a fundamental question of how would the 
expanded length scales of moiré lattice and sample thickness alter 
light–matter interactions as they approach optical wavelengths. The 
situation becomes complex for systems in which the twist forms a pat-
tern or quasi-periodicity in the third dimension with non-commutative 
primitive translations. The physics related to noncommutative dynam-
ics is universal with examples ranging from the motion of charged 
quantum particles in a magnetic field and anomalous velocity. These 
characteristics suggest that in 3D twistronics, the principles governing 
light–matter coupling could be largely changed, and these alterations 
could lead to new responses tied to the underlying quantum geometry16. 
Nonetheless, these hypotheses have not been experimentally tested.

Recent advances in materials growth have led to the discovery of 
a few 3D spirally stacked systems, including twisted GeS (ref. 17) and 
supertwisted WS2 (ref. 18). Notably, the supertwisted spiral of WS2 
is formed by a growth mechanism driven by screw dislocation with 

tens to hundreds of layers, a nearly uniform twist angle between layers 
with a nonsymmorphic screw symmetry and the presence of moiré of 
moiré superlattices18,19 with large optical nonlinearities20. However, 
the complex geometry of supertwisted lattices presents challenges 
for experimental investigation; consequently, their properties remain 
largely unexplored.

To study the properties of twisted 3D spiral lattices, we investigate 
hexagonal supertwisted WS2 samples18,21 (Fig. 1a and Methods) in which 
the base is 2H stacked WS2. With the large number of layers in the system 
and the plethora of high-order moiré patterns of different lengthscales11 
(Fig. 1b), the linear optical spectra (Fig. 1c; discussed later) become 
congested, thereby limiting the information content. Therefore, we 
performed nonlinear optical Hall measurements to gain a microscopic 
understanding of fundamental optical excitations in these 3D spiral sys-
tems. We demonstrate an opto-twistronic Hall response driven by the 
noncommutative geometry of the supertwisted system, demonstrating 
the interplay between structural, electronic and quantum geometry.

Linear optical characterization of supertwisted WS2

We investigated the linear optical properties of supertwisted WS2 at 
room temperature and observed a distinct intralayer A-exciton reflec-
tance dip at around 636 nm (Fig. 1c), with no discernible differences in 
the reflectance spectra because of structural chirality when interacting 
with left and right circular polarization of light, above the detection 
limit22 (Fig. 1c and Extended Data Fig. 1). The exciton formation process 
(Fig. 1d) in supertwisted WS2 can be modelled with exciton eigenfunc-
tions composed of an in-plane component and a standing wavefunction 
in the z-direction23 (Supplementary Note 2.2). It distinguishes itself from 
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2H- or 3R-stacked WS2  (ref. 21), because the lattice twist gives rise to a 
series of shifted eigenmodes. When the stack becomes thick, the energy 
separation between the modes becomes smaller than spectral broad-
ening to form a broad dip, as observed. Therefore, the supertwisted 
samples call for a different probe to explore their properties.

Opto-twistronic Hall effect
We then conducted optical Hall measurements, a nonlinear probe, in 
which the magnetic field in the conventional Hall effect is replaced by 
a polarized laser beam and is extremely sensitive to the symmetries of 
the material24. The supertwisted WS2 flakes were etched into a Hall bar 
geometry with uniform thickness (Fig. 2a (device D1) and Methods). We 
optically excited the sample near the exciton resonance and applied 
an in-plane voltage V0 to dissociate the charge-neutral excitons. The 
resulting photovoltage, VH was measured along the perpendicular 

in-plane direction as a function of optical polarization (Methods). The 
laser was incident on the sample at zenith and azimuthal angles of θ 
and α, respectively, passing through a quarter-wave plate (QWP), with a 
rotation angle ϕ with respect to its fast axis (Fig. 2b and Extended Data 
Fig. 2). In device D1, the photovoltage was recorded as a function of QWP 
angle (laser incident normally on the sample, that is, θ = 0°). The red line 
(Fig. 2c, middle) shows the part sensitive to the circular polarization 
of light, or circular Hall photovoltage, VHC, and the blue line (Fig. 2c, 
bottom) shows the linear polarization-dependent Hall photovoltage, 
VHL. The results show that Hall photovoltage depends on both linear 
and circular polarizations (Supplementary Note 2.3). To examine the 
possible origins of VHC, V0 was swept while VHC was measured at different 
excitation wavelengths. The observed linearity of both VHC and longi-
tudinal current I0 as a function of V0 (Fig. 2d) shows ohmic contacts25, 
with minimal Schottky junction contributions. The zero-voltage offset 
of VHC indicates the presence of defect-mediated exciton dissociation 
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Fig. 1 | Illustration and linear optical characterization of the 3D supertwisted 
spirals of WS2. a, Schematic of the supertwisted sample (top) based on 
hexagonal WS2 spirals (2H stacking arrangement). AFM image (bottom) of a 
representative supertwisted WS2 sample with continuously twisting layers.  
Scale bar, 4 μm. b. Illustration of the moiré of moiré pattern in the supertwisted 
system. The grey arrow shows the screw rotation axis. LMOM denotes the length  
of a moiré of moiré unit cell, which can be orders of magnitudes larger than the 

crystal unit cell and can become comparable to optical wavelengths (about 
100 nm). The magnified image shows the moiré pattern formed in the bilayer 
region with a smaller length scale than that in the multilayers. c. Reflectance 
spectra measured with left and right circularly polarized light. d. Illustrations of 
the exciton eigenenergy distributions (top; in which the distributions for 1-, 2- 
and 100-layer systems are shown), and layer-hybridized exciton wavefunctions 
(m = 1–3 in a 100-layer system) in the supertwisted system (bottom).
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Fig. 2 | Opto-twistronic Hall effect measurements on the supertwisted WS2 
sample. a. Optical image of the Hall bar device (D1) based on the supertwisted 
WS2 sample, fabricated with Bi/Cu electrodes. Scale bar, 5 μm. b, Schematic  
of the optoelectronic measurement with incidence zenith angle θ, azimuthal 
angle α, quarter-wave plate rotation angle ϕ with respect to its fast axis, applied 
transverse voltage V0 and measured Hall voltage VH. c. The top panel shows the 
Hall voltage VH as a function of ϕ at V0 = 1 V as the set of yellow dots. The red line 

in the middle panel is a fit for the circular polarization-dependent part of VH  
(or VHC). The blue line in the bottom panel is a fit for the linear polarization- 
dependent part of VH (or VHL). The two fittings are added to the top panel as  
dashed lines with an arbitrary offset for illustration. d, Measurement of transverse 
VHC is shown as a function of applied voltage V0 at three different excitation 
wavelengths (top), showing an ohmic behaviour. Longitudinal photocurrent I0  
is shown as a function of V0, also showing an ohmic response (bottom).
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in TMDs26. Therefore, these results suggest an intrinsic Hall response in 
the supertwisted system that is sensitive to light chirality. By contrast, 
VHC vanishes in a similar 2H-stacked multilayer MoS2 system27 because 
of the absence of mechanisms separating the photoexcited electron 
and hole trajectories. The nonlinear VHC observed in supertwisted sys-
tems is distinct from the circular dichroism of twisted bilayers28–31 and 
is many orders of magnitude higher (Supplementary Note 2.1). This 
distinction calls for a deeper exploration of the relationship between 
the symmetry and geometric properties of the system.

Handedness and thickness dependences
To explore the influence of the handedness of the structural stacking 
of supertwisted WS2 on its nonlinear optical response, we measured 
VHC on a series of samples in the Hall bar geometry (Fig. 3a,b). As VHC 
vanishes when the interlayer twist angle is 60° (that is, 2H stacking), 
we selected two supertwisted WS2 samples to study the optical Hall 
voltage with supertwisting angle: device D2 with anticlockwise (about 
+8° twist between the adjacent layers) and device D3 with clockwise 
(about −8° twist between the layers) twisting from the bottom to the top 
layer (see Supplementary Note 1.4 and Supplementary Fig. 8 for optical 
and AFM images). With a similar device geometry and measurement 
configuration, the optical Hall conductivity σHC (obtained from the 
measured photovoltage VHC) shows a sign reversal (Fig. 3a,b), showing 

that the handedness of the system governs the optical response, further 
confirming its origin as supertwisting. Therefore, we name the response 
as opto-twistronic Hall effect.

To describe the opto-twistronic Hall phenomena in the supertwisted 
system, we model the light field as E t E( , ) = + c. c.i i

ωti( ⋅ − )r q r  where q is 
the photon momentum. The circular-polarization-dependent Hall 
current J(q, ω) is determined by a nonlinear conductivity tensor σ(2) 
(Methods). For the case of a monolayer WS2 under bias, σ(2) originates 
from the opposite sign of anomalous velocity in different valleys, that 
is, the valley Hall effect27. In the case of 2H-stacked multilayers, σ(2) in 
each layer is cancelled out by the neighbouring layer because of valley 
degeneracy32. By contrast, carrier dynamics in the supertwisted mate-
rial can be analysed by considering the free propagation of a particle 
in a helical frame of reference (see the Methods for the derivation of 
the Hamiltonian), which becomes completely analogous to the situa-
tion for a charged particle moving in a magnetic field with an effective 
strength, B* =

ħκ β
e

2 z . However, unlike a physical magnetic field, the 
effective field B* is odd in the quasi-momentum κz, reflecting the time-
reversal symmetry of the twisted structure. Any nonequilibrium state 
distribution breaking time-reversal symmetry, for example, under 
excitation with circularly polarized light, will undergo a net transverse 
deflection in response to an in-plane bias, identifiable by the induced 
Hall response. Importantly, B* is odd in β, resulting in the reversal of 
the Hall field in enantiomeric structures, as observed. We estimate B* 
to be approximately 4 T for the supertwisted WS2 structures with an 
approximately +8° twist angle.

To explore how the properties of supertwisted WS2 evolve with thick-
ness, VHC was measured on a thick flake at different thickness regions 
(locations denoted by green circles on device D4, Fig. 3c inset) at 77 K. 
In the thinnest region, that is, P1 location in Fig. 3c, the VHC spectrum 
(that is, laser excitation energy dependence of VHC) shows a promi-
nent peak at the A-exciton wavelength (about 620 nm) and another 
smaller, redshifted peak associated with the charged exciton absorp-
tion (A−) (ref. 33). The presence of a trion feature indicates that the 
system contains free charges that bind with excitons, consistent with 
the conventional n-doped behaviour of WS2. Although the accurate 
peak assignment is limited by the current experimental accuracy, as 
the sample thickness increases, the overall trend shows that the VHC 
peak splits and increases in magnitude. These observations show that 
the VHC spectrum is far more complex than a simple superposition 
of responses from different layers. The splitting of the VHC peak with 
increased thickness is consistent with the stronger light–matter cou-
pling observed in the reflectance spectra of strongly coupled optical 
cavities34, but in our measurements, it is seen in VHC data and without 
external cavities. Angle-resolved reflectance measurements were also 
conducted to confirm the strong exciton–photon mode coupling34,35 
in the samples (details in Supplementary Note 1.2). These results indi-
cate that exciton–photon coupling can strongly affect the nonlinear 
optoelectronic response from the layer-hybridized excitons. It also 
demonstrates that on stacking from 2D to 3D, the system develops 
another controllable degree of freedom, that is, the number of layers, 
which has a notable impact on the opto-twistronic Hall effect.

Effect of photon momentum
Both the layer thickness and handedness dependence of the 
opto-twistronic Hall effect suggest its relationship with the nonsym-
morphic symmetry of the supertwisted system. To explore the role of 
the twist angle between neighbouring layers on the nonlinear optical 
response, we altered the direction and magnitude of q (projected onto 
the supertwisting axis ẑ) and mapped the changes in VHC. Measure-
ments were carried out on circular-shaped supertwisted WS2 devices, 
that is, a symmetric Hall bar geometry (Fig. 4a) at 77 K, in which VHC 
was measured as a function of the θy (incidence zenith angle in the 
y-direction; Fig. 2c) at the A-exciton wavelength (620 nm). Laser 
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Fig. 3 | Interlinkage between the supertwisted spiral geometry and the 
opto-twistronic signal. a. The spectrum of Hall conductivity σHC (C denotes 
the part dependent on circular polarization) measured on an approximately  
8° left-handed supertwisted sample (D2). Inset, schematic of device D2. b, The 
spectrum of Hall conductivity σHC measured on an approximately −8° right- 
handed supertwisted sample (D3), showing a sign reversal of the response. Inset, 
schematic of device D3. c, The images from the top to bottom show the VHC 
wavelength spectra measured at six spots P1–P6 marked on the inset schematics, 
from the thinnest to the thickest region showing a splitting in the Hall voltage 
induced by the exciton–photon coupling. Inset, the schematic of sample D4.
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incidence-angle-dependent photogalvanic effect in various systems 
typically shows a sinusoidal pattern, which shows the dominant matrix 
elements of photogalvanic conductivity and related sample symme-
tries33,36. The supertwisted WS2 sample D6 (Supplementary Note 1.4) 
with large (about −15° to −20°) twist angles between neighbouring 
layers, shows a sinusoidal dependence of VHC with θy (Fig. 4b), similar 
to monolayer TMDs33. On the other hand, sample D5 with similar thick-
ness and geometry but smaller twist angles (<5°; Fig. 4c) shows  
a strongly non-sinusoidal angle dependence and a smaller VHC (likely 
related to charge trapping by the moiré potential). This unusual inci-
dence angle dependence of VHC is not a result of sample inhomogenei-
ties, strain or other extrinsic factors (Supplementary Fig. 7). The 
contrast between the two samples and the absence of measurable 
circular dichroism (Fig. 1c) further rule out effects due to finite 
out-of-plane components of the optical field.

The strong non-sinusoidal feature observed for small twist-angle 
samples implies a complex dependence of VHC on q (see fitting in Fig. 4c, 
which shows contribution from higher orders of photon momentum q). 
This is different from the conventional second-order optical conductiv-
ity, that is, σ(2) = σ(2) (q = 0, ω) in the long-wavelength approximation, or 
optical processes such as photon drag37 and spatially dispersive photo-
galvanic effects38, which are described by the first order in q, σ(2) (q(1), ω) 
conductivity tensor, but share similarities with the polariton-drag pro-
cess39,40. Therefore, to describe VHC, a generalized conductivity tensor 
σ(2) = σ(2) (q, ω) is derived (Supplementary Note 2.3), showing a universal 
nonlinear optical response because of nonvertical optical transitions.

To understand the unusual q-dependence of Hall photovoltage in 
the small-angle supertwisted system, we performed numerical simula-
tions of the derived σ xxxy

(2)  ( q x= ^
xq , J j x= ^

x , ̂E E E E z= ( − )x y y x×E E ) on a few  

different continuum models of TMD stacks (Supplementary Note 2.4). 
Here excitonic effects, lattice relaxation and d.c. electric field are not 
incorporated for computational accessibility, but without loss of gen-
erality41 (Supplementary Notes 2.1 and 2.7). The calculations for mon-
olayer TMD (Fig. 4d) show that σ xxxy

(2)  is independent of qx, as governed 
by D3h symmetry selection rules. This validates the usually adopted 
long-wavelength approximation. Figure 4e shows σ xxxy

(2)  calculated for 
a K-valley twisted homobilayer TMD model system42 with a 1° twist 
angle and a moiré length of about 10 nm (the scaling factor is 1/β,  
β being the twist angle), showing a linear σ xxxy

(2)  –q relationship.
However, for a multilayer supertwisted system, the higher-order q 

response depends on its coherence length, that is, the larger the coher-
ence length, the stronger the higher-order q response43. In the small 
twist-angle limit (device D5; Fig. 4a), the coherence length is deter-
mined by the moiré (Fig. 4f, inset) and moiré of moiré lengthscales 
(>100 nm), with the latter approaching optical wavelengths (Supple-
mentary Note 2.5). In the large twist-angle case (Fig. 4b), there is no 
coherence beyond the crystalline lattice scale (around 1 nm), and the 
moiré modulation analyses are no longer valid. It explains the contrast-
ing experimental results observed in the two samples. To further 
understand the observation on device D5 in the small-angle limit, σ xxxy

(2)  
was calculated for a supertwisted TMD41 model with a 2° twist angle 
(in Fig. 4f, orange dotted line is a fit with different orders in momen-
tum q). The fundamental unit is a four-band trilayer TMD model42 
coupled to the neighbouring layers in the top–bottom block, which 
allows us to perform a Fourier expansion along the z-direction and 
define a smaller Brillouin zone. We average over the wavevector along 
the z-direction, kz, which shows very prominent collective contribu-
tions from higher-order q terms (Fig. 4f), consistent with experiments.
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Scale bar, 5 μm. b. Incidence angle (θy) dependence of VHC on sample D6. Data 
are presented as black squares with error bars (standard deviation calculated 
from 40 measurements), and the blue dotted line is the fitting summing over 
different orders of photon momentum q. Scale bar, 1 μm. Inset, AFM image of 
sample D6, showing 15°–20° twist angles. c, Incidence angle (θy) dependence  
of VHC on sample D5. Data are presented as black squares with the error bar 
(standard deviation calculated from 40 measurements), and the blue dotted 
line is the fitting summing over different orders of photon momentum q.  
Scale bar, 1 um. Inset, the AFM image of D5, showing 1°–5° twist angles.  

d–f, A representative second-order optical conductivity tensor element 
calculated for d. Monolayer WS2 tight binding model; prototypical twisted 
homobilayer TMD model with a twist angle of 1°; supertwisted TMD model  
with a continuous twist angle of 2°. Insets in d–f, schematics showing the 
corresponding optical excitation processes, where the photon momentum 
q (purple arrow) connects Bloch states of bands n (orange) and m (blue) at 
different momenta. Yellow dots are calculated σ xxxy

(2)  and black dashed lines  
are the polynomial fittings. Additional inset in f, the moiré patterns of a 3.5° 
supertwisted structure (see Supplementary Fig. 11 for details). Scale bar 
denotes 10 lattice vectors. g–i, Schematics showing the anomalous Hall effect 
(g), nonlinear Hall effect (h) and the opto-twistronic Hall effect (i).
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Discussion
In our nonlinear response function (Supplementary Note  2.3),  
a smaller twist-angle enhances the interband response from 
momentum correlation of the Bloch wavefunctions (k and k + q;  
Fig. 4f) in the moiré of moiré bands44. Specifically, σ(2) is related to 
v vkk k

q r
k

∼ u u= ⟨ |{ , e }| ⟩nm n m′
1
2 ,

i ⋅
, ′ , the generalized velocity operator bet

ween two Bloch states at k and k′. As ∼ nm+vkk q  is evaluated between two 
closely spaced momenta k and k + q, the cross product of ∼vkk nm′  in the 
response function is related to the band-resolved Berry curvature, 

kΩ ( )nm
i , which can be expanded as its multipoles (schematics in 

Fig. 4d–f). Therefore, the opto-twistronic Hall effect is a process involv-
ing higher-order quantum geometric quantities, among other intrin-
sic and extrinsic terms (details in Supplementary Note  2) that 
contribute to multipolar excitation processes assisted by q (such as 
the case of shrunken light in plasmonics45). Although the lowest order 
band geometrical tensor16 has featured a wide range of quantum phe-
nomena, including QAHE46 (Fig. 4g), quantized circular photogalvanic 
effect47 and nonlinear Hall effect48–50 (Fig. 4h), the opto-twistronic 
Hall effect (Fig. 4i) is beyond this framework. Although a microscopic 
description of opto-twistronic Hall effect, especially the role of the 
third spatial dimension awaits further exploration, this phenomenon 
provides a route to study the interplay of quantum geometry, topol-
ogy and correlations in complex moiré systems.

In conclusion, our study uncovers modified light–matter interactions 
within a 3D supertwisted WS2 system. The twisted spiral geometry gives 
rise to an opto-twistronic Hall effect, determined by the handedness of 
the twisted layers and helicity of light. When the coherence lengthscale 
from moiré modulations approaches the scale of optical wavelengths, 
a strong alteration of the response to photon momentum is observed. 
The role of higher-order quantum geometric quantities on the observed 
photon momentum-dependent response is discussed. Moreover, the 
supertwisted system bridges 2D and 3D twistronics, overcoming length-
scale differences between electrons and photons to enhance optical 
nonlinearities beyond simple optical selection rules and pushes the 
boundaries of light-induced quantum phenomena.
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Methods

Sample growth
The supertwisted WS2 structures were synthesized following previous 
reports18,21,51. WO3 nanoparticles (Sigma Aldrich, nanopowder <100 nm 
particle size) dispersed in ethanol were drop-cast onto a 300-nm SiO2/Si 
substrate and dried before the reaction. WS2 precursor powder (100 mg, 
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. CaSO4·2H2O powder (1 g; Sigma 
Aldrich) was placed upstream from the heating zone as the water vapour 
source and heated with heating tapes. With 100 sccm argon flowing at 
800 torr, the second zone was heated to 1,200 °C at a rate of 20 °C min−1, 
and simultaneously the third zone was heated to 700 °C at the same 
rate, whereas the CaSO4·2H2O was not heated. Once the furnace tem-
peratures were reached, the CaSO4∙2H2O was heated to 90 °C to release 
the water vapour. 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 fur-
nace was opened and cooled down rapidly18.

Device fabrication
Hall bar devices of the supertwisted flakes were geometrically defined 
by electron beam lithography (EBL) followed by CH3F/O2 plasma reac-
tive ion etching for 60 s. The protection layer is PMMA A8 495. Elec-
trodes are further patterned by EBL, followed by metal deposition by 
physical vapour deposition processes. Electrodes consist of 40 nm 
bismuth and a 35–100 nm copper/gold capping layer, depending on 
the thickness of supertwisted samples.

Angle-resolved reflectance measurements
The measurements were carried out in a custom-built angle-resolved 
microscopy system coupled to a cryostat ( Janis Research, ST-500). 
The sample was excited by a white light beam focused by an objec-
tive (60X, 0.7NA, Nikon) and the reflected light was collected by the 
same objective, with its back focal plane imaged onto the entrance slit 
of a spectrometer (Acton SpectraPro 500i). The spectrometer CCD 
recorded both the wavelength of light and its spatial position at the 
entrance slit (angles of the reflected light) to extract the angle- and 
wavelength-resolved reflectance spectrum.

Opto-twistronic Hall effect measurement
Hall effect measurements were carried out in the same cryostat ( Janis 
Research, ST-500) (refs. 52,53). The sample was excited by a continu-
ous wavelength tunable (400–2,400 nm) supercontinuum laser (NKT 
Photonics) beam, focused by an objective (60X, 0.7NA, Nikon). The inci-
dence angle was controlled by a retroreflector operated on a motorized 
stage and the exact angle is identified by a Fourier plane imaging of the 
beam. Transverse voltage was applied by a Keithley 2400 sourcemeter. 
The supermonochromatic quarter-wave plate after the polarizer was 
rotated at the frequency of 200–300 Hz, and the signals at its second 
and fourth harmonics were recorded with a SR860 lock-in amplifier. 
As in a full 360-degree rotation of a quarter-wave plate, there are two 
periods of change in circular polarization, and four periods of chang-
ing in linear polarization (Fig. 2c), the photovoltage signals recorded 
at the second and fourth harmonics correspond to the parts sensitive 
to circular (for example, VHC) and linearly polarized modulations (for 
example, VHL), respectively (Extended Data Fig. 2).

Model description of the opto-twistronic Hall effect
To describe the opto-twistronic Hall phenomena in the supertwisted 
system, we model the light field as E t E( , ) = + c. c.i i

ωti( ⋅ − )r q r  where q and 
ω span the momentum and frequency spaces. The Hall current depend-
ent on circular polarization, J(q, ω), is determined by a nonlinear con-
ductivity tensor σ(2) and ( × *)E E , the pseudo-vector depicting light 

helicity. σ(2) is a material-dependent, complex function in the (ω, q) 
space. Carrier dynamics in the supertwisted material can be analysed 
by considering the free propagation of a particle in a helical frame  
of reference. A free-particle Hamiltonian quadratic in momentum, 

p p
H = ⋅ m2  in the co-rotating frame of the crystal is augmented by a 
geometric connection as seen in the lab frame, leading to a quasi- 
momentum operator, ħκ p ħβm= + ˆz z z, where β =

ϕ
z

d
d  is the pitch of the 

helix and m xp ypˆ = −z y x
 is the z-component of the orbital angular 

momentum. κz is the generator for the nonsymmorphic screw sym-
metry operation of the stack and its eigenvalues play the part of con-
served Bloch momenta for interlayer translations coupled to rotations. 
Completing the squares in H gives the transformed Hamiltonian  
(Supplementary Note 2.2),

H
m

p ħκ βy p ħκ βx ħκ β x y

ħβm

=
1

2
[( + ) + ( − ) + ( ) (1 − ( + ))

+ ( ^ ) ]
(1)x z y z z

z

2 2 2 2 2 2

2

with transformed momenta Π p ħκ βy= +x x z  and Π p ħκ βx= −y y z  that 
obey the commutation relation Π Π ħ κ β[ , ] = 2ix y z

2 . Thus, in each sector 
with fixed κz, the in-plane differential translations do not commute, 
analogous to the situation for a particle with charge e moving in a 
uniform magnetic field with strength B ħκ β e* = 2 /z . However, unlike 
the situation for a physical magnetic field, here the effective field B* 
is odd in the quasi-momentum κz, reflecting the fact that the twisted 
structure preserves the time-reversal symmetry. Any nonequilibrium 
state distribution that breaks time-reversal symmetry, for example, 
under excitation with circularly polarized light, will undergo a net 
transverse deflection in response to an applied in-plane bias and can 
be identified by the induced Hall response. Importantly, the field 
responsible for this deflection B* is also odd in β, so that the sign of 
the Hall field is reversed in enantiomeric structures, as observed. 
Without considering external excitation, the effective field B* is now 
a purely geometrical quantity, originating from its non-commutative 
property and specified by the degree of twist and the conserved  
value of κz.
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Extended Data Fig. 1 | Details of the linear optical measurement. a, Optical 
image of the supertwisted WS2 sample, scale bar: 5 µm. b-c, The angle resolved 
reflectance spectra measured with left and right circularly polarized light, 

respectively. The colour plot shows the value of the differential reflectance  
(R – R0)/R0 (R0 measured on the substrate, R measured on the sample). Figure 1c 
is the line plot averaged over 70 incidence angles.



Extended Data Fig. 2 | A schematic of the experimental setup for opto-twistronic Hall effect measurements. The retroflector controls the laser incidence 
angle, and the quarter wave plate controls the polarization of light.
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