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Abstract

Recent experimental evidence for the quantum spin Hall (QSH) state in monolayer WTe2 has

bridged two of the most active fields of condensed matter physics, 2D materials and topologi-

cal physics [1–6]. This 2D topological crystal also displays unconventional spin-torque [7] and

gate-tunable superconductivity [6]. While the realization of QSH [1–6] has demonstrated the non-

trivial topology of the electron wavefunctions of monolayer WTe2, the geometrical properties of

the wavefunction, such as the Berry curvature, remain unstudied. On the other hand, it has been

increasingly recognized that the Berry curvature [8, 9] plays an important role in multiple areas of

condensed matter physics including nonreciprocal electron transport [10–13], enantioselective op-

tical responses [14–17], chiral polaritons [18, 19] and even unconventional superconductivity [20].

Here we utilize mid-infrared optoelectronic microscopy to investigate the Berry curvature in mono-

layer WTe2. By optically exciting electrons across the inverted QSH gap, we observe an in-plane

circular photogalvanic current even under normal incidence. The application of an out-of-plane

displacement field further systematically controls the direction and magnitude of the photocurrent.

Our observed photocurrent reveals a novel Berry curvature dipole that arises from the nontrivial

wavefunctions near the inverted gap edge. These previously unrealized Berry curvature dipole and

strong electric field effect are uniquely enabled by the inverted band structure and tilted crystal

lattice of monolayer WTe2. Such an electrically switchable Berry curvature dipole opens the door

to the observation of a wide range of quantum geometrical phenomena, such as quantum nonlinear

Hall [11], orbital-Edelstein [13] and chiral polaritonic effects [18, 19].
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One of the early landmarks of condensed matter physics was the classification of metals,

insulators and semiconductors by studying the energy-momentum dispersion (band struc-

ture) of the electrons in crystalline solids. Despite such remarkable success, the quantum

nature means that the electron states can only be fully described by their quantum wave-

functions, whereas the band structure only concerns the energy and momentum eigenvalues

of the wavefunctions. Therefore, a central question in modern condensed matter physics is

whether there exist new phenomena that arise from other properties of quantum wavefunc-

tions beyond the band structure [8, 9]. For instance, the study of the global (topological)

properties of electronic wavefunctions continues to give rise to novel topological phases

including the QSH states, 3D topological insulators and Weyl semimetals. These topo-

logical materials feature robust surface/edge states and often exhibit protected transport

and optical properties. Another direction is to study the local (geometrical) properties of

wavefunctions. One important property is the local curvature of the wavefunction, defined

as the Berry curvature (BC) [8]. Originally employed to explain the anomalous Hall con-

ductivities of ferromagnets [8], the importance of BC is increasingly recognized in a wide

range of areas in condensed matter physics, including nonlocal transport and chiral opti-

cal responses in noncentrosymmetric metals and semiconductors [10–17, 21, 22], skyrmion

transport in noncentrosymmetric magnets [23], unconventional pairing in superconductors

[20], and topological plasmonic and excitonic polaritons [18, 19]. Moreover, the interplay be-

tween topology and Berry curvature, although of great fundamental interest [13, 17, 24], has

been rarely explored. This is because most topological materials have zero Berry curvature

in their bulk electronic states due to inversion symmetry, whereas materials with nonzero

Berry curvature (e.g., monolalyer MoS2 or gapped graphene) are mostly topologically trivial.

In general, the research on understanding the effects of quantum geometry in novel materials

is developing rapidly both in theory and in experiments [8, 10–23]. It is of importance to

find new materials with novel quantum geometrical and topological properties.

Bulk WTe2 crystals were found to show a large, non-saturating magnetoresistance [25]

and were proposed as type-II Weyl semimetals [26]. More recently, monolayer WTe2 was

experimentally identified as a QSH insulator [3–6] following the prediction by Qian et al.[1].

Spin-torque and gate-tunable superconductivity were also observed in monolayer WTe2 [6, 7].

While the realization of QSH in monolayer WTe2 demonstrates the nontrivial topological

invariant of its quantum wavefunction [3–6], the geometrical properties of the wavefunction
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remain entirely unstudied theoretically and experimentally. Meanwhile, although monolayer

WTe2 has been studied by electronic transport [3, 6], angle-resolved photoemission (ARPES)

[4], and scanning tunneling microscopy (STM) [4, 5], optical studies are lacking.

The circular photogalvanic effect (CPGE) is the generation of electrical currents via

circular polarized (CP) light. Previous CPGE experiments on semiconductor (e.g. GaAs)

heterostructures [27, 28], topological insulators [29] and semiconducting transition metal

dichalcoginides [30] have attracted great interest because of the ability to optically generate

spin polarized electrical currents. On the other hand, a systematic microscopic mechanism

of the these CPGEs is usually difficult to achieve because the complex optical processes often

involve many bands. However, recent theoretical advances [17] have shown that, when the

inter-band transition only involves the lowest two bands, the CPGE in 3D bulk materials has

a concise microscopic origin that arises from the nontrivial BC. As a result, aside from being

a novel and potentially useful phenomenon, the CPGE under such conditions becomes a

powerful probe of important wavefunction properties of a bulk material, such as the chirality

and the topological charge of the Weyl nodes [17, 31]. Here, we show that the CPGE under

the same conditions in 2D also has a clear BC origin.

The monolayer WTe2 lattice can be described by two possible structural phases, 1T ′

and 1Td. The inversion-symmetric 1T ′ structure has been widely assumed by previous

works [1–4]. This structure has two independent symmetries: the mirror symmetry Ma

and the two-fold screw rotational symmetry C2a (Fig. 1a), whose combination gives rise to

the inversion symmetry of the 1T ′ phase. The 1Td structure (Fig. 1b), which is defined

here as the monolayer directly isolated from the inversion-breaking bulk Td WTe2 lattice

structure (see details in SI. V.1), deviates slightly from 1T ′. In 1Td, Ma is preserved but

C2a is weakly broken. As a result, 1Td actually breaks inversion symmetry, which affects its

electronic structure. The low-energy band structure of monolayer WTe2 without spin-orbit

coupling (SOC) features tilted 2D Dirac fermions at the Q and Q′ points (Figs. 1c,d) [32].

The inclusion of SOC leads to an inverted, indirect QSH gap, where the valence band top

and conduction band bottom are located at Γ and Q(Q′), respectively. The weak inversion

breaking of 1Td further induces a small spin splitting near the bottom of the conduction

band (Fig. 1e inset).

Here we use a mid-infrared scanning photocurrent microscope equipped with a CO2 laser

(λ = 10.6 µm, ~ω ≃ 120 meV) to detect the CPGE induced by the inter-band transition
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across the inverted QSH gap near Q and Q′. We have fabricated high-quality, encapsulated,

dual-gated monolayer WTe2 devices in the Hall bar geometry (Figs.1f,g). The dual gates

allow us to independently vary the charge density n and the displacement field ~D (see details

in the methods section).

We first present our data at T = 150 K without external displacement fields. Figures 2a,c

show the measured photocurrents along two orthogonal directions (Iâ and Ib̂) as a function

of the laser position. The photocurrent changes sign as one moves the light spot from one

contact to the opposite. This spatial pattern reveals the photo-thermal current [29, 30]

along both â and b̂, which is due to the different Seebeck coefficients of WTe2 and metal

contacts. By contrast, the polarization dependence of the photocurrent along the two di-

rections (Figs. 2b,d) is distinctly different. Iâ (Fig. 2d) shows a significant modulation with

light polarization, which reaches maximum for right CP light, minimum for left CP light,

and zero for linearly polarized light. This pattern clearly demonstrates the existence of

CPGE along â. Ib̂, on the other hand, shows no observable dependence on polarization

(Fig. 2b). To further distinguish the CPGE from the photo-thermal effect, we study the de-

pendence with charge density, without applying displacement fields. As seen in Figs. 2e,f, the

CPGE remains unchanged within a relatively large charge density range (|n| ≤ 1013 cm−2),

whereas the photo-thermal current changes sign as one varies the doping from electron-like

to hole-like. Since any CPGE would vanish with inversion symmetry, the observed CPGE

without displacement field suggests the inversion breaking 1Td phase as the actual structure

of monolayer WTe2. On the other hand, this weak inversion breaking could also come from

the dielectric environment, although this is less likely because of the (almost) symmetric

hBN encapsulation and the supposedly weak interaction between WTe2 and hBN due to

their very different lattices. In SI.I, we further show that the directional dependence of the

CPGE is consistent with the symmetry analysis.

We now study the dependence of the CPGE with an external, out-of-plane, displacement

field ~D. As shown by the red curve in Fig. 2h, the application of a displacement field

significantly increases the CPGE. By contrast, as we reverse the direction of the displacement

field, the CPGE (blue curve) flips sign. Such electrical switching and sign-reversal have not

been achieved homogeneously throughout a 3D bulk system [27–31, 33], as the electrical

gating only affects the surface or interface region of a bulk crystal. The strong dependence

of the in-plane CPGE with the out-of-plane ~D reveals a previously uncharacterized field
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effect in monolayer WTe2. Conventionally, e.g. in graphene and MoS2, an out of plane ~D

only causes an out-of-plane (+ĉ to −ĉ) polarity [15, 16, 34, 35] (Fig. 2j). By contrast, because

of the distinct crystal structure of monolayer WTe2 that features a tilted parallelogram on

the b̂ − ĉ plane (Fig. 2i), an out of plane ~D can give rise to an in-plane polarity along b̂,

which eventually modulates the in-plane CPGE. In SI. I, we further show the symmetry

analysis of the observed CPGE with the displacement field.

We then study the CPGE at low temperatures (T = 20 K). Guided by the gate map of the

four-probe electrical resistance Rxx(VT , VB) (Fig. 3a), we are able to tune the displacement

field over a wide range while keeping charge density invariant. As shown in Fig. 3b, both the

direction and the magnitude of the CPGE can be controlled and modulated as a function of

the displacement field. Moreover, in contrast to the measurements at T = 150 K in Fig. 2,

we find no observable CPGE within a finite range of small displacement fields (| ~D| ≤ 0.5

V·nm−1) at T = 20 K (Figs. 3b-d). To further understand the contrasting behaviors at

T = 150 K and T = 20 K, we study the temperature dependence. The CPGE at large

~D is strong at both low and high temperatures (Figs. 2h, 3b-d). By contrast, the CPGE

at ~D = 0 is weak at low temperatures and increases significantly at T ∼ 100 K (Fig. 3e).

These observations collectively indicate a monolayer WTe2 band gap that is dependent on

both temperature and the displacement field. Specifically, as we lower the temperature from

150 K to 20 K, the direct band gap (the energy gap between the lowest conduction and the

highest valence bands at a fixed ~k) increases and becomes greater than our photon energy

~ω = 120 meV, which hinders the inter-band transition process. The displacement field

dependence of the band gap can be directly reproduced by our first-principles calculated

band structures of monolayer WTe2 (Figures. 3f-i). Moreover, our calculations show that

the displacement field induces a strong Berry curvature concentrated near the inverted gap

edge.

We now turn to the microscopic mechanism of the observed CPGE. We consider the

scenario where the optical inter-band transition only involves the lowest conduction and

highest valence bands. Under such conditions, we show below that the optical selection rules

and the CPGE directly depend on the BC Ω(~k). In Figs. 4a,c and 3h, we find the following

important characteristics for the BC of monolayer WTe2 at a fixed field (ETHY = +0.5

V/nm): (1) Ωc(~k) exhibits clear hotspots near the Q and Q′ points where the direct energy

gap is minimum. (2) At all energies, the BC shows a bipolar configuration about the mirror
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plane Ma. Inspired by the concept considered in [11, 36] for intra-band physics, we define

an inter-band BC dipole (~Λ
Ω
).

~
Λ

Ω

=

∮
d~k × ~Ω(~k), (1)

where the closed loop integral (
∮
d~k) is defined along the k-contours that correspond to an

~ω transition between bands 2 and 3. Therefore, ~Λ
Ω

measures the degree of polarity of

the BC texture on these k-contours (Fig. 4a) corresponding to an ~ω inter-band transition.

Combining Eq. 14 with the fact that Ωc(ka, kb) = −Ωc(−ka, kb) enforced by the mirror plane

Ma, it is evident that one has ΛΩ
a 6= 0,ΛΩ

b = 0 for monolayer WTe2. We note that the

following two factors are important to generate a nonzero BC dipole Λ in monolayer WTe2:

First, around each contour, the BC magnitude is not uniform; Second, there are only two

contours with opposite BC (Fig. 4a).

We show how such a polar BC texture leads to our observed CPGE. The generation

of CPGE with normal incident light consists of two steps: (1) CP light excites inter-band

transitions with an optical selection rule. (2) The optically excited electrons and holes

travel at their respective group velocities, leading to a nonzero CPGE current. In the case

where only two bands participate in the inter-band process, it has been theoretically shown

[17, 34, 37] that the difference between the inter-band transition rate for RCP and LCP

light, V(~k) = |PRCP(~k)|2 − |PLCP(~k)|2, is directly proportional to the BC, i.e., V(~k) ∝ Ω(~k)

(see SI.III for derivations). Therefore, the inter-band transition near Q and Q′ in monolayer

WTe2 selects opposite CP light because of their opposite BCs. Under this condition, the

CPGE with normal incident light can be expressed concisely in terms of the BC dipole (see

SI.III for derivations)

~JCPGE =
e3τ

π~2
Im

[
~E(−ω)× ĉ (

~
Λ

Ω

· ~E(ω))

]
, (2)

where τ is the relaxation time, ~E(ω) = E0√
2
(eiωt, ei(ωt±

π

2
), 0) describes normal incident RCP

and LCP light. We see that, while the circular dichroic optical transition is possible as

long as there is finite BC (V(~k) ∝ Ω(~k)) [15, 16, 34], the CPGE here can only occur in

the presence of a Berry curvature dipole (~Λ
Ω
6= 0). The nonzero ΛΩ

a in monolayer WTe2
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directly leads to the observed CPGE current along â under normal incidence. In Fig. 4f,

we further study the ~D dependence of the BC dipole ΛΩ
a . For |E| < 0.2 V/nm, the direct

band gap is too large for an ~ω = 120 meV transition; For |E| ≥ 0.2 V/nm, |~Λ
Ω

| increases

monotonically with |E|. Importantly, both the trend and the order of magnitude of the

calculated BC dipole (Fig. 4f) are consistent with the our experimental data (Fig. 3d, see

SI. IV for details).

We now study the origin of the observed field effect in monolayer WTe2. In contrast to

the very weak displacement field effect found in monolayer MoS2 [15, 16, 34], the field effect

induced band splitting and BC in monolayer WTe2 are selectively strong near the inverted

band gap (Q(Q′) point) but weak elsewhere in k space (Fig. 3f-i). To understand this,

we calculate the real-space distribution of the wavefunction amplitude at the inverted gap

edge (Q point) (Fig. 4i). Interestingly, in the presence of band inversion, the wavefunction

spans across the three atomic layers (Fig. 4j). As we remove the band inversion (Fig. 4g),

the wavefunction becomes strongly localized near the central W atomic layer (Fig. 4h).

Moreover, the field effect induced band splitting and BC are very small without the band

inversion. Therefore, the uncovered unique field effect and the emergent BC hotspot near

the inverted gap edge in monolayer WTe2 are fingerprints of the topological band inversion.

Such a topological field effect can be generalized into other QSH systems (and more broadly

2D materials with band inversions) to induce strong nontrivial BCs.

To understand the role of spin in the CP selection rule, we further show that the spin

polarizations of bands 2 and 3 (also 1 and 4) are along the same direction (Fig. 4e, see SI.II

for more details). The completely overlapping spin wavefunctions between bands 2 and 3

(Fig. 4e) demonstrate (from a different perspective) that the CP light selection rule between

these two bands arises purely from the BC. Moreover, within a constant energy contour, the

spin texture shows a canted (between b̂ and ĉ) Zeeman-like configuration on each constant

energy contour (Fig. 4d), which is different from the out-of-plane Zeeman-like spin texture

in MoS2.

We highlight the key observations of monolayer WTe2 in comparison to graphene and

MoS2: (1) The BC in monolayer WTe2 is polar. By contrast, the BCs in MoS2 and gapped

graphene have a zero dipole, which can be seen also from the following two factors: First,

around each contour at K(K ′), the BC is three-fold symmetric; Second, there are three

degenerate K −K ′ pairs (Fig. 4b). In addition, due to the inverted band structure, the BC
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in monolayer WTe2 forms an intense hotspot, whose amplitude is more than one order of

magnitude larger than that in MoS2. (2) The displacement field effect in monolayer WTe2 is

the first strong field effect in a monolayer crystal. This new field effect is a direct consequence

of the topological band inversion and further shows an “out-of-plane to in-plane” coupling.

By contrast, previous field effects in MoS2 and graphene are only strong in thicker layers

[15, 16, 34], which mainly come from the coupling between different layers separated by the

van der Waals gap.

Our results represent the first experimental demonstration of a BC dipole, which can

be further controlled by electrical means. Such a tunable BC dipole not only leads to

the electrically switchable CPGE observed here, but further enables a wide range of other

quantum geometrical phenomena, such as magnetochiral [14], quantum nonlinear Hall [11],

rectification [12], and orbital-Edelstein [13] effects. For all these phenomena, a nonzero BC is

insufficient whereas a BC dipole is truly required. Many of these phenomena have not been

observed in any solid state system and are therefore of great fundamental interest. Besides

the above single-particle phenomena, the CP light selection rule means that monolayer

WTe2, analogous to MoS2 and gapped graphene, can be used to realize chiral edge plasmons

[18, 19]. It is worth noting that monolayer WTe2 has topological edge states, whose role

in plasmon physics is unstudied even theoretically. Further, the effect of nontrivial BC and

BC dipole in the gate-induced superconductivity [6] awaits exploration [20]. More broadly,

the uncovered BC dipole, along with the previous observations [2–7], establish monolayer

WTe2 as an extremely rich, atomically thin platform to explore topological physics, quantum

geometrical physics, unconventional superconductivity as well as their interplays.

Methods

Device fabrication: Our fabrication of the dual-gated monolayer WTe2 devices consists of two

phases. Phase I was done under ambient conditions: local bottom PdAu gates were first defined on

the standard Si/SiO2 substrates. A suitable hexagonal hexagonal BN (hBN) flake was exfoliated

onto a separate Si/SiO2 substrate, picked up using a polymer-based dry transfer technique and

placed onto the pre-patterned local bottom gate. Electrical contacts (PdAu, ∼ 20 nm thick) in

a Hall bar geometry were deposited onto the bottom hBN flake with e-beam lithography and

metal deposition. Phase II was done fully inside the glovebox with argon environment. Monolayer

WTe2 flakes were exfoliated from a bulk crystal onto Si/SiO2 chip. Thin graphite (as top gate

electrode, ∼ 10 nm), hBN (∼ 10 nm) and monolayer WTe2 were sequentially picked up and then

transferred onto the local bottom gate/hBN/contact substrate. Extended leads connecting the top
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gate graphene to wire bonding pads were pre-made together with the metal contacts in Phase I.

In such a dual-gated device, the charge density can be obtained by n = ǫ0ǫ
hBN

e
(VT /hT + VB/hB).

The displacement field is determined by ~D = (ǫhBNVT /hT − ǫhBNVB/hB)/2 [35]. Here n is the

charge density, ~D is the externally applied displacement field, VT (VB) are the bias voltages, and

ǫhBN = 3, hT = 10 nm, and hB = 8 nm are relative dielectric constant and thicknesses of the top

(T ) and bottom (B) hBN layers of the presented device, respectively.

Mid-infrared scanning photocurrent microscopy: The fabricated device was wire bonded

onto a chip carrier and placed in an optical scanning microscope setup that combines electronic

transport measurements with light illumination. The laser source is a temperature-stablized CO2

laser (λ = 10.6 µm ~ω = 120 meV). A focused beam spot (diameter d ≃ 50 µm) is scanned (using

a two axis piezo-controlled scanning mirror) over the entire sample and the current is recorded at

the same time to form a color map of photocurrent as a function of spatial positions. Reflected

light from the sample is collected to form a simultaneous reflection image of the sample. The

absolute location of the photo-induced signal is therefore found by comparing the photocurrent

map to the reflection image. The light is first polarized by a polarizer and the chirality of light is

further modulated by a rotatable quarter-wave plate.

First-principles calculations: First-principles calculations were performed by the OPENMX

code within the framework of the generalized gradient approximation of density functional theory

[38].

Data availability: The data that support the plots within this paper and other findings of

this study are available from the corresponding author upon reasonable request.
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FIG. 1: Crystal and electronic structures of monolayer WTe2. a, The 1T ′ structure

of monolayer WTe2 consists of a mirror plane Ma and a screw rotate symmetry C2a. C2a is

nonsymmorphic: it involves a 180◦ rotation about â and a a
2 translation along â, as depicted by

the yellow and red parallelograms. b, The 1Td structure only has the mirror plane Ma. The

rotate symmetry C2a is broken (exaggerated). c, The first Brillouin zone with important momenta

noted. d,e, band structure of monolayer WTe2 without and with spin-orbit coupling. f, Schematic

experimental setup for detecting the mid-infrared circular photogalvanic effect (CPGE) on a dual-

gated monolayer WTe2 device. g, Optical image of a dual-gated monolayer WTe2 device. Scale

bar: 5µm.
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FIG. 2: Observation of circular photogalvanic effect (CPGE) in monolayer WTe2. a,

Photocurrent along b̂ (I
b̂
) with a fixed polarization (RCP) while the light spot is shifted in â − b̂

plane. b, Polarization-dependent I
b̂
with the light spot fixed at the black dot in panel (a).
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FIG. 2: c,d Same as panels (a,b) but for the photocurrent along â (Iâ). The dots in panels (a,c)

show the position chosen for the polarization-dependent data in panels (b,d). e,f, Iâ as a function

of laser spot (panel (e)) along the dotted line in panel (c) or as a function of polarization (panel

(f)) for three different doping levels. g,h Same as panels (e,f) but for three different displacement

fields. i,j We color the top and bottom atomic layers differently as the out-of-plane ~D causes

the two layers to have different on-site potential energies. In bilayer graphene (panel (j)) and also

MoS2, an out of plane ~D field only causes an out-of-plane (+ĉ to −ĉ) polarity. By contrast, because

the monolayer WTe2 lattice features a tilted parallelogram (panel (i)), an out of plane ~D field can

give rise to an in-plane polarity along b̂.
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FIG. 3: Systematic control of the circular photogalvanic current by displacement fields.

a, Longitudinal DC resistance (Rxx) as a function of the top and bottom gate voltages at T = 20 K.

The dotted line defines the direction along which one can vary the displacement field while keeping

the charge density invariant. b,c, Polarization dependent CPGE currents for different displacement

fields at T = 20 K. d, Left-vertical axis shows the ICPGE
â = Iâ(RCP) − Iâ(LCP) as a function of

the displacement field at T = 20 K. Right-vertical axis shows our estimate of the corresponding

Berry curvature dipole for each data point (see SI. IV for more details). e, Temperature dependent

ICPGE
â in the absence of displacement fields. f-i, First-principles calculated band structure and

Berry curvature (represented by the blue-red color) of monolayer WTe2 using the Heyd-Scuseria-

Ernzerhof (HSE) method [39] for different out-of-plane electric fields. The four low-energy bands

are labeled as 1-4. By fixing the hybrid parameter at HSE= 0.4 (Figs. 3f-i), we obtain a global

band gap around ∼ 30 meV, which leads to a minimum direct band gap of ∼ 150 meV without

the displacement field. The minimum direct band gap decreases back to ≤ 120 meV for E ≥ 0.2

V/nm (panel (g)) . The electric field ( ~ETHY) here can be related to the displacement field by
~DTHY = ǫWTe2 ~ETHY.
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FIG. 4: Berry curvature dipole and its control via a topological field effect. a,c Berry

curvature (Ωc(~k)) of monolayer WTe2 as a function of energy and momentum with the displacement

field set at E = +0.5 V/nm (same as Fig. 3i). a, Ωc(~k) of band 3 along the k-contours that

correspond to an ~ω = 120 meV inter-band transition.
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FIG. 4: Note that k points that allow a fixed ~ω inter-band transition must be a closed contour

because one can think of it as the constant energy contour of a new band, whose energy is defined as

the energy difference between bands 3 and 2 (∆ε(~k) = ε3(~k)− ε2(~k)). The small arrows depict the

Berry curvature dipole contributed from two infinitesimal segments (d~k, d~k′) on the two contours.

The big arrow shows the total Berry curvature dipole integrated over the contours (see Eq. 14).

b, Berry curvature of monolayer MoS2 as a comparison. d, The canted Zeeman-like spin texture

of the lowest two conduction bands (bands 3 and 4) on the constant energy contours. e, Spin

direction and optical selection rules between the lowest conductions and valence bands (1-4). f,

Calculated BC dipole as a function of the electric displacement field. i,j Calculated real-space

distribution of the wavefunction amplitude at the inverted gap edge (Q point) in the presence of

the band inversion. g,h Same as panels (i,j) without the band inversion.
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Supplemental Information for

This file includes:

I. Symmetry analysis of our CPGE data

II. Spin polarizations of monolayer WTe2
III. Derivation for the Berry curvature dipole and CPGE

IV. Experimental estimation of the Berry curvature dipole

V. Supplementary discussions

V.1. The bulk and monolayer structures of WTe2
V.2. Symmetry allowed CPGE in 2D materials

I. Symmetry analysis of our CPGE data

We present a symmetry analysis of the observed CPGE. In the absence of a displacement field,

the observed CPGE is described by the second-order photocurrent susceptibility tensor χ
(2)
ijk [17, 31]:

JCPGE
i = χ

(2)
ijkEj(ω)E

∗
k(ω), (1)

where JCPGE is the CPGE current, E(ω) and ω are the electric field and frequency of light, and the

tensor indices i, j, k span the sample coordinates a, b, c. All tensor components identically vanish

in the presence of inversion symmetry. When inversion symmetry is broken, one needs to further

investigate the role of other crystalline symmetries. Specifically, relevant to our experiments are

the in-plane CPGE currents along a and b with normal incident light. They are described by

χ
(2)
aab and χ

(2)
bab respectively. Here we only consider the 1Td phase because the inversion symmetric

1T ′ phase doesn’t allow any CPGE. The mirror symmetry Ma in the 1Td structure forces any

component with an odd number of a to vanish. Thus we have JCPGE
a = χ

(2)
aabEa(ω)E

∗
b (ω) 6= 0 and

JCPGE
b = χ

(2)
babEa(ω)E

∗
b (ω) = 0, which is consistent with our directional dependence of the CPGE

data in the main text. Therefore, our data (Figs. 2b,d in the main text) and the above symmetry

analysis collectively determine the crystalline directions â and b̂.

We have intentionally designed the Hall bar contacts to be roughly aligned with the crystalline

axes during the fabrication stage. Before putting electrical contacts on an obtained monolayer

crystal, we first estimated its crystalline orientation by the surrounding thicker flakes. The thicker

flakes, similar to the bulk crystals, usually had a rectangular shape, where the long and short axes

correspond to the crystalline â and b̂ directions [25]. Since the orientation of surrounding thicker

flakes are roughly aligned, we thus assumed that the monolayer crystal has the same orientation

as its surroundings and put the electric contacts accordingly. The further, independent assignment

of the crystalline orientations are done by combining the directional dependent CPGE data with

the symmetry analysis as shown above.

In order to also include the displacement field ~D effect, we rewrite the CPGE as
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JCPGE
a = χ

(2)
aabEa(ω)E

∗
b (ω) + χ

(3)
aabcEa(ω)E

∗
b (ω)Dc

= [χ
(2)
aab + χ

(3)
aabcDc]Ea(ω)E

∗
b (ω) = χ̃

(2)
aab(Dc)Ea(ω)E

∗
b (ω), (2)

where χ
(2)
aab (same as in Eq. 1) is the second order photocurrent susceptibility tensor, χ

(3)
aabc is a

third order photocurrent susceptibility tensor, and Dc is the static displacement field. Under this

construction, χ
(2)
aab can account for the CPGE current in the absence of the ~D, which is due to

the intrinsic inversion symmetry breaking of the WTe2 monolayer crystal, whereas χ
(3)
aabc gives rise

to the CPGE from ~D. Because of the weak (intrinsic) inversion-breaking of monolayer WTe2, a

sufficiently large ~D can dominate and cause a sign-reversal of the CPGE. Because the displacement

field is always along ĉ, we can also redefine the second order tensor to cover the displacement field

effect by writing χ̃
(2)
aab(Dc) = χ

(2)
aab + χ

(3)
aabcDc.

II. Spin polarizations of monolayer WTe2

Supplementary Fig-

ure 1: Spin polar-

izations of monolayer

WTe2 a, Schematic il-

lustration of the spin

textures on the constant

energy contours of the

conduction bands. b,

Band structure with an

E = 1 V/nm displace-

ment field. c,d The b̂

and ĉ components of the

spin polarization (Sb, Sc)

of bands 3 and 4. The

k range for these calcu-

lations are indicated by

the blue box in panel

(b).

III. Derivation for the Berry curvature dipole and CPGE

The CPGE can be mathematically described as:

~JCPGE =−
2πeτ

~

∑

I,F

∫
d2k

(2π)2
[∆~v(~k)]V(~k)δ(∆ε(~k)− ~ω)[∆f(µ,~k)]. (3)
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In this equation, ~JCPGE is the difference between the photocurrents due to RCP and LCP light,

τ is the relaxation time, V(~k) = |PRCP(~k)|2 − |PLCP(~k)|2 describes the difference between the

optical transition probability for RCP and LCP light, I, F are all possible initial and final states

that satisfy the energy conservation enforced by the δ function, and ∆~v, ∆ε(~k) ∆f(µ,~k) are the

difference of the group velocity, energy, and Fermi-Dirac distribution between the initial and final

states. P, the optical transition dipole, is defined as

P =
e

me
〈F | ~A · ~p|I〉, (4)

where e and me are the charge and mass of a bare electron, |I〉 and |F 〉 are the wavefunctions of

the initial and final states, and ~A is the vector potential of light and ~p is the momentum operator.

The momentum operator ~p is defined as

~p =
me

i~
[~r,H], (5)

Using Eq. 4, V(~k) under a normal incident, circularly polarized light can be expressed as

V(~k) = |PRCP(~k)|2 − |PLCP(~k)|2

= (
Ae

me
)2
[〈F |(px + ipy)|I〉


2
−
〈F |(px − ipy)|I〉


2
]

=
2A2e2

m2
e

[
i〈F |py|I〉〈I|px|F 〉 − i〈F |px|I〉〈I|py|F 〉

]
(6)

where |I〉 and |F 〉 are the Bloch wavefunction of the possible initial and final states for the inter-

band transition, px and py are the momentum operators, and A is the vector potential of light.

The BC for an N -band system (in 2D, the BC is only defined along the out-of-plane direction)

is defined as

Ωband n
z (~k) = i

∑

n′ 6=n

〈n′| ∂H
∂kx

|n〉〈n| ∂H
∂ky

|n′〉 − 〈n′| ∂H
∂ky

|n〉〈n ∂H
∂kx

|n′〉

(εn′ − εn)2
. (7)

Equations 3-7 are applicable to the general case. We see that, in general, the CPGE is a

complicated process: When the photon energy ~ω is large, the interband transition involves many

bands. Then one needs to sum over all possible initial and final states that satisfy the energy

conservation (
∑

I,F in Eq. 3).

In a two-band system, a number of theoretical works [17, 34, 37, 40] have shown that V(~k) can

be directly expressed by the Berry curvature:

V(~k) =
2e2

~2
A2 ΩCB

z (~k) (∆ε)2. (8)

Here we repeat the derivation of Eq. 8: First, using the Peierls substitution, the momentum

operator pi in the optical transition dipole (Eq. 6) can be calculated by me

h
∂H/∂ki [17, 37, 40–45].

Second, for a two-band system, the BC can be simplified as
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ΩVB
z (~k) = −ΩCB

z (~k) = i
〈v| ∂H

∂kx
|c〉〈c| ∂H

∂kx
|v〉 − 〈v| ∂H

∂kx
|c〉〈c| ∂H

∂kx
|v〉

(∆ε)2
, (9)

where |v〉 and |c〉 are the wavefunctions of the only valence band and the only conduction band

in a two-band system. We compare the N -band BC (Eq. 7) and the two-band BC (Eq. 9). In an

N -band system, the BC of the nth band Ωn
z (
~k) is contributed by all the other N − 1 bands (Eq. 7).

By contrast, in a two-band system, the BC of the valence band ΩVB
z (~k) is purely contributed by

the conduction band and vice versa (Eq. 9). Under the two-band approximation and using the

pi →
me

h
∂H/∂ki substitution, V(~k) can be expressed in terms of the BC:

V(~k) =
2e2

~2
A2 ΩCB

z (~k) (∆ε)2. (10)

From Eq. 10, one can see that optical transition probability is directly proportional to the BC.

States with positive (negative) BC selectively absorbs RCP (LCP) light. This result has been

reported in Refs. [17, 34, 37, 40].

We now show how the photocurrent (Eq. 3) can be connected to the BC dipole

JCPGE
x =−

2πeτ

~

∑

I,F

∫
d2k

(2π)2
[∆~v(~k)]V(~k)δ(∆ε(~k)− ~ω)[∆f(µ,~k)]

= −
e3τA2

π~3

∫
dkxdky

d(∆ε)

~dkx
Ω(~k)(∆ε)2δ(∆ε − ~ω)

= −
e3τA2

π~4

∫
dkyd(∆ε)Ω(~k)(∆ε)2δ(∆ε − ~ω)

= −
e3τE2

π~2

∮
dkyΩ(~k), (11)

where the closed loop integral (
∮
dky) is defined along the k-contours that correspond to an ~ω

inter-band transition. In this derivation, we have used Eq. 10 and the definition of group velocity

∆~v(~k) = 1
~
∇~k

(∆ε), and dropped the summation (
∑

I,F ) because, in a two-band system, the only

initial and final states are the conduction and valence bands. Because the BC Ω(~k) in 2D only has

the out of the plane component, we can rewrite the CPGE into

~JCPGE =
e3τ

π~2
Im

[
~E(−ω)× ĉ (~Λ

Ω
· ~E(ω))

]
, (12)

where ~Λ
Ω
=
∮
d~k × ~Ω(~k) is the BC dipole, ~E(ω) = (Exe

iωt, Eye
i(ωt+γ), 0) describes electric field of

normal incident light with a generic polarization. Ex, Ey are positive, real numbers, and γ is the

phase difference between the x and y components. γ = ±π
2 and Ex = Ey correspond to the normal

incident R(L)CP light.

We make the following comments in connection to the above derivation:

1. Two-band approximation: The two-band approximation allows us to simplify things in

two aspects. First, the summation over all possible initial and final states (
∑

I,F ) in Eq. 3 can be

dropped because the only initial and final states are the valence and conduction bands, respectively.

Second, the BC is simplified: the BC of the valence band ΩVB
z (~k) is purely contributed by the
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conduction band and vice versa (Eq. 9). In our experiments on monolayer WTe2, because the

low photon energy ~ω = 120 meV matches the direct band gap near Q(Q′), the optical transition

indeed only involves the lowest conduction and the highest valence bands. Below, we further show

that the BC of the lowest conduction band is almost entirely contributed from the highest valence

band and vice versa.

Supplementary Figure 2: Berry curvatures of the low-energy electron states of mono-

layer WTe2. a,b, Band structure and BC of monolayer WTe2 with ETHY = 0.1 eV/nm. The

lowest conduction and highest valence bands are labeled as bands 1-4 following the same con-

vention as the main text. c, BCs of band 2 (Ωband 2
z (~k)), band 3 (Ωband 3

z (~k)) and their sum

(Ωband 3
z (~k) + Ωband 2

z (~k)). The k region corresponding to the inverted gap edge is highlighted by

the orange shaded area. The ~ω = 120 meV optical transition in our experiments are indicated by

the pink arrows.

Following the convention used in the main text, we label the lowest four bands as bands 1-4.

We zoom in near the inverted band gap edge and show in Fig. 2c the Berry curvatures of the

lowest conduction band (band 3) Ωband 3
z (~k) and highest valence band (band 2) Ωband 2

z (~k) as well

as their sum (Ωband 3
z (~k) + Ωband 2

z (~k)). At the inverted gap edge, the Berry curvatures of the

lowest conduction and highest valence bands are nearly equal but opposite. Therefore, for the

inter-band transition considered in our experiment (indicated by the pink arrows in

Fig. 2b), the two-band system is a very good approximation. This is consistent with the

k · p results in section II.

On the other hand, as one moves away from the inverted gap edge, Ωband 2
z (~k) shows a large

peak, which is absent in Ωband 3
z (~k) (Fig. 2c). This peak Ωband 2

z (~k) is mainly contributed from

band 1 (see Fig. 2b), which energetically approaches band 2 in that k region. This contribution

is not seen by the k · p results in section II, where Ωband 2
z (~k) = −Ωband 3

z (~k) always holds. Thus

it comes from additional details of monolayer WTe2, which is not captured by the main physical

picture presented in section II.

2. The “two-band” CPGE under oblique incidence: We have shown that the “two-

band” CPGE under normal incidence uniquely measures the BC dipole. A natural question is
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how the situation changes with oblique incidence. Here we show that “two-band” CPGE under

oblique incidence picks up an additional contribution that is not due to the BC and BC dipole.

Specifically, this additional contribution comes from an atomic scale contribution along the out-of-

plane ẑ direction.

Without losing generosity, we assume that the light is tilted away ĉ within the â− ĉ plane with

an angle θ. In this case, V(~k) becomes

V(~k) = |PRCP(~k)|2 − |PLCP(~k)|2

= (
Ae

me
)2
[〈c|(px cos θ + pz sin θ + ipy)|v〉


2
−
〈v|(px cos θ + pz sin θ − ipy)|c〉


2
]

+

[
i〈c|py|v〉〈v|pz |c〉 − i〈c|pz |v〉〈v|py |c〉

]
sin θ

)

=
2A2e2

~2

(
ΩCB
z (~k) (∆ε)2 cos θ +

[
〈c|

∂H

∂ky
|v〉〈v|[z,H]|c〉 − 〈c|[z,H]|v〉〈v|

∂H

∂ky
|c〉

]
sin θ

)

=
2A2e2

~2

(
ΩCB
z (~k) (∆ε)2 cos θ +

[
〈c|

∂H

∂ky
|v〉〈v|z|c〉 − 〈c|z|v〉〈v|

∂H

∂ky
|c〉

]
∆ε sin θ

)
. (13)

The key point in this derivation is that, in a 2D crystal, the “pi →
me

h
∂H/∂ki” substitution

is only valid for i = x or i = y because the 2D crystal only has translational symmetry inside

the plane. On the other hand, translational symmetry is broken along ẑ for a 2D crystal (kz is

ill-defined). Therefore, pz can only be calculated by its definition pz = ime

h
[z,H]. From Eq. 13,

one can see that the first term is the CPGE current from BC dipole (Eq. 12). On the other

hand, the second term is a new contribution because of the tilted light (θ 6= 0). Along ẑ, the

wavefunction is strongly localized in the vicinity of the 2D layer. Therefore, 〈v|z|c〉 (the second

term in Eq. 13) is an atomic scale contribution along the out-of-plane ẑ direction, which is irrelevant

to the Berry curvature (see appendix for more details). All χxxz and χyyz in table IV arise from

the (non-Berry-curvature) atomic scale contribution along the out-of-plane ẑ direction.

IV. Experimental estimation of the Berry curvature dipole

In this section, we estimate the Berry curvature dipole based on Eq. 12. With a circularly

polarized light written as (E0,±iE0, 0)e
iωt (E0 is a real number) and Ilight =

αP
A

= cnǫ0E
2
0 , We

then have

Λ =
π~2cǫ0LĨ

CPGE

e3τα
, (14)

where c is the speed of light, ǫ0 is the dielectric constant of vacuum, ĨCPGE is the CPGE current

as shown in the main text, and L, τ , and α are the length, the relaxation time, and the absorption

rate of the sample.

For our sample used in the main text, the length L ≃ 5µm; The absorption ratio for a monolayer

crystal is roughly α ≈ 0.01 [46–48]; The relaxation time tao can be estimated from our transport

measured electron mobility ĨCPGE in Fig. 3d of the main text; The measured CPGE currents

(ĨCPGE) are ploted in Fig. 3d of the main text. By using these numbers, we get Λ as shown in
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Fig. 3, which is qualitatively consistent with the calculated BC dipole in Fig. 4f.

Supplementary Figure 3: Experi-

mental estimation of the BC dipole Λ as

a function of the external displacement

field. The data points are the same as

Fig. 3d of the main text.

V. Supplementary discussions

V.1. The bulk and monolayer structures of WTe2

In this section, we present a systematic discussion on the bulk and monolayer structures of

WTe2 and MoTe2. We refer to the bulk crystal structures as bulk − 1T ′ and bulk − 1Td and the

monolayer structures as monolayer − 1T ′ and monolayer − Td.

Supplementary Figure 4: the bulk − 1T ′ and bulk − Td structures

bulk− 1T′: The bulk − 1T ′ phase is a layered, primitive monoclinic structure. Its unit cell

is titled (β 6= 90◦, see Fig. 4a). This structure has two independent symmetries: a mirror plane
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Ma and a two-fold rotational axis C2a. The combination of these two symmetries leads to the

inversion symmetry. The inversion symmetry and the C2a rotational symmetry can be visualized

in the following way: Each nearby four atoms form a perfect parallelogram (atoms 1-4 in Fig. 4a),

whose center is noted by an orange circle. These orange circles further form larger parallelograms

that are similar to the unit cell (the black lines in Fig. 4a). Therefore, each orange circle represent

an inversion center and a C2a rotational center of the bulk − 1T ′ crystal lattice.

bulk−Td: The bulk − Td is further distorted from the bulk − 1T ′ in the sense that its unit cell

becomes straight up (β = 90◦, see Fig. 4b). Such a distortion breaks the inversion symmetry I and

the in-plane two-fold rotational symmetry C2a. The breaking of inversion (I) and C2a symmetries

can be visualized in the following way: As we change from bulk − 1T ′ to bulk − Td, the distortion

has two consequences: (1) The quadrilateral formed atoms 1-4 (Fig. 4b) deviates from a perfect

parallelogram. The deviation is very small so the quadrilateral still looks like a parallelogram

(this deviation is further explained later in the monolayer structures). (2) The centers of these

approximate parallelograms (the orange circles in Fig. 4b) also do not form rectangles that are

similar to the unit cell (the black lines in Fig. 4a). As a result, both inversion (I) and C2a
symmetries are broken. In addition to the above symmetry breakings, the distortion also gives rise

to the following new symmetries, the mirror plane Mb and the out-of-plane two-fold rotational

symmetry C2c. Therefore, bulk − Td is an inversion breaking, orthorhombic phase.

bulk − 1T ′ bulk − Td

Structural phase primitive monoclinic primitive orthorhombic

Lattice constants a 6= b 6= c a 6= b 6= c

Angles α = γ = 90◦, β 6= 90◦ α = β = γ = 90◦

Space group P2/m(#11) Pmn21(#31)

Point group C2h C2v

Symmetries I, C2a, Ma Ma, Mb, C2c

TABLE I: Key properties of the bulk − 1T ′ and bulk − Td structures. I is the inversion

symmetry; C2 is a two-fold rotational symmetry; M is a mirror plane.

We now discuss the crystal structures of bulk WTe2 and MoTe2, both of which have been

determined by extensive x-ray studies [49–61].

Bulk WTe2: Bulk WTe2 crystallizes in the inversion breaking bulk − Td structure, as consis-

tently found in all x-ray studies [49–53].

Bulk MoTe2: Bulk MoTe2 can crystallize in three different structures, i.e., bulk−1T ′, bulk−Td

and bulk−2H (same as bulk MoS2, not shown in Fig. 4) depending on the growth condition [54–61].

After explaining the bulk crystal structures, we now proceed to discussing the structures of a

single layer. Here the monolayer − 1T ′ (monolayer − Td) is obtained by directly isolating a single

layer from the bulk unit cell of the bulk − 1T ′ (bulk − Td) phase (Fig. 5).

monolayer− 1T′: The monolayer − 1T ′ has two independent symmetries: a mirror plane Ma

and a two-fold rotational axis C2a. The combination of these two symmetries leads to the inversion

symmetry (Fig. 5c).

monolayer−Td: The monolayer − Td only has the mirror plane Ma. Thus it can be viewed

as a distortion from monolayer − 1T ′ where C2a (and therefore I) is broken. It is also interesting
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Supplementary Figure 5: the monolayer − 1T ′ and monolayer − Td structures

to note that monolayer −Td lacks the Mb and C2c symmetries that are present in bulk−Td

(see table I). This is because both Mb and C2c are nonsymmorphic symmetries that require a

translation along the ĉ direction, which break down for a monolayer.

In the main text, we exaggerated the the drawing of monolayer − 1Td (Fig.1b) to help the

readers to visualize symmetry breaking. The actual symmetry breaking is subtle which cannot be

discerned by eye. Here we show the realistic atomic coordinates of the 1Td phase of monolayer − Td

WTe2 in table II. When C2a is broken, the quadrilateral formed by W1, W2, Te1 and Te2 (Fig. 5d)

is expected to deviate from a perfect parallelogram. Such a deviation can be directly seen from

table 5 because midpoints between W1−W2 and between Te1−Te2 do not overlap. By contrast,

in monolayer − 1T ′ MoTe2, Mo1, Mo2, Te1 and Te2 (Fig. 5c) form a perfect parallelogram (see

table II). Therefore, C2a is a good symmetry in monolayer − 1T ′ MoTe2.

V.2. Symmetry allowed CPGE in 2D materials

We provide a symmetry analysis on the CPGE in common 2D materials (graphene, MoS2,

WTe2) mentioned in the main text in table IV. We see that WTe2 is the only one that allows
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monolayer − 1T ′ monolayer − Td

Structural phase Primitive monoclinic Primitive monoclinic

Lattice constants a 6= b a 6= b

Angles α = 90◦ α = 90◦

Space group P2/m(#11) P1m1(#6)

Point group C2h C1s

Symmetries I, C2a, Ma Ma

TABLE II: Key properties of the monolayer− 1T ′ and monolayer− Td structures. I is the

inversion symmetry; C2 is a two-fold rotational symmetry; M is a mirror plane.

monolayer − Td WTe2

W1 W2 midpoint

(0.50000, 0.96020, 0.51522) (0.00000, 0.60062, 0.50000) (0.25000, 0.78041, 0.50761)

Te1 Te2 midpoint

(0.00000, 0.85761, 0.65525) (0.50000, 0.70155, 0.35983) (0.25000, 0.77958, 0.50754)

monolayer − 1T ′ MoTe2

Mo1 Mo2 midpoint

(0.25000, 0.68190, 0.49340) (0.75000, 0.31810, 0.50660) (0.50000, 0.50000, 0.50000)

Te1 Te2 midpoint

(0.75000, 0.55680, 0.35160) (0.25000, 0.44320, 0.64840) (0.50000, 0.50000, 0.50000)

TABLE III: Atomic coordinates of the monolayer−Td WTe2 and monolayer− 1T ′ MoTe2.

The data were taken from Refs.[53] and [57].

CPGE with normal incidence. Graphene and MoS2 systems cannot support CPGE with normal

incidence even with an out-of-plane displacement field.
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bilayer graphene bilayer graphene with ~D
field

Structural phase Primitive trigonal Primitive trigonal

Space group P -3m1(#164) P3m1(#156)

Point group D3d C3v

Symm. allowed CPGE None χxxz and χyyz

Corresponding Exp. None CPGE with oblique inci-
dence

monolayer MoS2 monolayer MoS2 with ~D
field

Structural phase Primitive hexagonal Primitive trigonal

Space group P -6m2(#187) P3m1(#156)

Point group D3h C3v

Symm. allowed CPGE None χxxz and χyyz

Corresponding Exp. None CPGE with oblique inci-
dence

bilayer MoS2 bilayer MoS2 with ~D field

Structural phase Primitive trigonal Primitive trigonal

Space group P -3m1(#164) P3m1(#156)

Point group D3d C3v

Symm. allowed CPGE None χxxz and χyyz

Corresponding Exp. None CPGE with oblique inci-
dence

monolayer 1Td WTe2 monolayer 1Td WTe2 with
~D field

Structural phase Primitive monoclinic Primitive monoclinic

Space group P1m1(#6) P1m1(#6)

Point group C1s C1s

Symm. allowed CPGE χxxy, χxxz, χyyz χxxy, χxxz, χyyz

Corresponding Exp. CPGE with normal and
obilque incidence

CPGE with normal and
obilque incidence

TABLE IV: Symmetry allowed CPGE in 2D materials The bilayer graphene here refers to

the usual Bernal stacking. The displacement field ~D is applied along the out-of-plane direction.
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