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The ordinary Hall effect refers to generation of a transverse voltage upon exertion of an 12 

electric field in the presence of an out-of-plane magnetic field. While a linear Hall effect 13 

is commonly observed in systems with breaking time-reversal symmetry via an applied 14 

external magnetic field or their intrinsic magnetization1, 2, a nonlinear Hall effect can 15 

generically occur in non-magnetic systems associated with a nonvanishing Berry 16 

curvature dipole3. Here we report, observations of a nonlinear optical Hall effect in a 17 

Weyl semimetal WTe2 without an applied magnetic field at room temperature. We 18 

observe an optical Hall effect resulting in a polarization rotation of the reflected light, 19 

referred to as the nonlinear Kerr rotation. The nonlinear Kerr rotation linearly depends 20 

on the charge current and optical power, which manifests the fourth-order nonlinearity. 21 

We quantitatively determine the fourth-order susceptibility, which exhibits strong 22 

anisotropy depending on the directions of the charge current and the light polarization. 23 

Employing symmetry analysis of Berry curvature multipoles, we demonstrate that the 24 



nonlinear Kerr rotations can arise from the Berry curvature hexapole allowed by the 25 

crystalline symmetries of WTe2. There also exist marginal signals that are incompatible 26 

with the symmetries, which suggest a hidden phase associated with the nonlinear process. 27 



Whereas the ordinary Hall effect of electrons discovered in 1879 by Edwin H. Hall commonly 28 

arises in a two-dimensional conductor under a perpendicular magnetic field, the Hall effect has 29 

become a ubiquitous phenomenon, occurring in various systems ranging from magnetic 30 

insulators to non-magnetic semiconductors1,2. Notably, the nonlinear Hall effect has been 31 

theoretically predicted and experimentally observed in a non-magnetic system under a time-32 

reversal symmetric condition3-6. This finding stands a contrast to the a priori sense that the Hall 33 

effect should occur without time-reversal symmetry, since time-reversal symmetry zeroes the 34 

Chern number, which dictates the quantized Hall conductance of the two-dimensional 35 

electrons7, 8. The key innovation was to reveal that it is only in the first-order response regime 36 

that time-reversal symmetry suppresses the Hall voltage, in which the Hall voltage is linearly 37 

proportional to a driving electric field (E-field), and the Hall conductivity is independent of E-38 

field. In the case of a higher-order response regime, the presence of time-reversal symmetry 39 

rather allows for a new opportunity to encounter a novel Hall effect, namely a nonlinear Hall 40 

effect 3, 9-11. Time-reversal symmetry in the absence of inversion symmetry enables a dipolar 41 

distribution of the Berry curvature, which leads to the nonzero integration of the Berry 42 

curvature gradient in momentum space, dubbed the Berry curvature dipole 3, 4. Consequently, 43 

a second-order nonlinear Hall voltage dominates the Hall effect, induced by the Berry curvature 44 

dipole, and the Hall voltage (conductivity) features a quadratic (linear) dependence on E-field. 45 

Theoretically, it is possible that crystalline symmetries can further suppress the second-order 46 

nonlinear Hall effect with the help of time-reversal symmetry. Therefore, a higher-order 47 

nonlinear Hall effect can emerge12-14, which is yet to be addressed experimentally. 48 

The Hall effect is responsible for not only electrical responses but also optical responses 49 

of electrons, which is referred to as the optical Hall effect15. The linear optical Hall response is 50 

widely used to measure magnetization of a system via magneto-optic Faraday effect, magneto-51 

optic Kerr effect, or magnetic circular dichroism16. When light passes through (Faraday rotation) 52 



or is reflected from (Kerr rotation) magnetized mediums, its polarization rotates. In this case, 53 

the rotation angle, which is linearly proportional to the Hall conductivity 𝜎𝜎𝑥𝑥𝑥𝑥, is independent 54 

on E-field of light, but depends on the light’s frequency (ω). This polarization rotation arises 55 

owing to the optical Hall effect, in which an E-field of an incident light induces a transverse E-56 

field. The optical detection of the nonlinear electrical Hall effect is also reported in a strained 57 

MoS2 monolayer, where the Hall conductivity is driven by an external charge current and 58 

independent on E-field of light17.  59 

The optical Hall effect is an ideal platform to investigate high-order nonlinear processes 60 

owing to the intense E-field of a short-pulsed laser. A strong nonlinear optical effect has been 61 

often discovered with topologically non-trivial materials, associated with topological quantities, 62 

such as the Berry curvature, responsible for various nonlinear optical effects, including shift 63 

current, second-harmonic generation, and nonlinear Kerr rotation12. A two-dimensional 64 

massless Dirac system, such as graphene, has been extensively studied for exceptionally large 65 

nonlinear optical activities from terahertz to near infrared regime18-20. Recently, enhanced large 66 

nonlinear optical responses have been observed in three-dimensional topological Dirac/Weyl 67 

semimetals, e.g. photocurrent21-23, second- or third-harmonic generation12, 24, and optical Kerr 68 

effect25, 26. Furthermore, an anomalously large coefficient for the linear magneto-optic Kerr 69 

effect has been reported with a magnetic Weyl semimetal27. Tungsten ditelluride, WTe2, known 70 

as type-II Weyl semimetal28-30, can be a good platform to investigate the nonlinear optical 71 

response. Previously, the topological properties of WTe2 have been studied mainly by electrical 72 

transport measurements, such as negative magnetoresistance, planar Hall effect, and electrical 73 

Hall effect 29, 31-34. 74 

In this work, we demonstrate, for the first time, the current-induced nonlinear optical Hall 75 

effect in multilayer WTe2 Weyl semimetal, which measures the analogue of the fourth-order 76 



nonlinear Hall effect under a time-reversal symmetric condition. The polarization rotation is 77 

measured at room temperature without application of magnetic field. In analogy with the 78 

magneto-optical Kerr rotation, which corresponds to a linear optical Hall effect, we call our 79 

observation as the nonlinear Kerr rotation. Our Kerr rotation should be distinguished from the 80 

well-known optical Kerr effect, which is 3rd order nonlinear effect but is not the Hall effect. 81 

The optical Kerr effect is driven by the diagonal part of the dielectric tensor, and its mechanism 82 

is related to the anharmonic potential of bound electrons. Whereas, our Kerr rotation is driven 83 

by the off-diagonal part of the dielectric tensor, and its mechanism is related to the Berry 84 

curvature (shown later). We give a precise fingerprint of the fourth-order nonlinearity by 85 

showing that the Kerr angle is proportional to the cube of the electric field: linear in the 86 

displacement field of charge current and quadratic in the proving field of the light. Our findings 87 

suggest that WTe2 can be used for the electrically controllable nonlinear-optic-medium. The 88 

corresponding fifth-rank susceptibility tensor is quantitatively determined with different 89 

directions of the charge current and light polarization, leading to the maximum susceptibility 90 

of ∼ 10-24 m3 V-3. The fourth-order nonlinearity suggests the mechanism based on a non-91 

vanishing Berry curvature hexapole. This predicts the dominant components of the 92 

susceptibility comprise those compatible with the crystalline symmetries of WTe2, which is in 93 

line with the observations. Residual signals exist from symmetry-incompatible components, 94 

which can be an indicative of a possible hidden phase during the nonlinear process.  95 

Our experiment is based on multilayer WTe2 with thickness of 50~70 nm, exfoliated on 96 

SiO2/Si substrates from WTe2 bulk crystal (see Methods). Figure 1a shows a top view of its 97 

crystal structure. The crystal orientations (𝑎𝑎- and 𝑏𝑏-axis directions) of the exfoliated flakes are 98 

precisely determined by polar Raman spectroscopy (Fig. 1b and Supplementary Information 99 

S1)35, 36 and transmission electron microscope techniques (Fig. 1c and Supplementary 100 



Information S2). The electrical electrodes are fabricated along the 𝑎𝑎- and 𝑏𝑏-axes of WTe2 by 101 

electron-beam lithography following by a deposition of Cr/Au metals (Fig. 1d). Our fabricated 102 

devices show metallic behavior of WTe2 with linear current-voltage characteristics (Fig. 1e) 103 

and the known temperature dependences of resistance (Fig. 1f). The resistance anisotropy ratio 104 

between the 𝑏𝑏- and 𝑎𝑎-axis directions is about 1.5, which is also in good agreement with the 105 

literature value5, 37 (Supplementary Information S3). 106 

For studying electro-optical phenomena in WTe2 devices, we adopt the polarization 107 

rotation microscopy in a reflection geometry with an application of oscillating charge current 108 

 𝚥𝚥𝑐𝑐 (Fig. 2a). A pulsed laser with a linear polarization, the center wavelength 785 nm (𝜔𝜔 ∼109 

1.6 eV/ℏ), and the pulse duration ~100 fs is applied to the devices. After reflection from the 110 

devices, polarization variation, e.g. rotation and ellipticity angles, is monitored (see Methods). 111 

Current-induced Kerr rotation can be expressed as ∆𝜃𝜃�𝐾𝐾𝜔𝜔�𝐽𝐽c� ≡ 𝜃𝜃�𝐾𝐾𝜔𝜔(𝐽𝐽c)− 𝜃𝜃�𝐾𝐾𝜔𝜔(0) , where 112 𝜃𝜃�𝐾𝐾𝜔𝜔(𝐽𝐽e)  and 𝜃𝜃�𝐾𝐾𝜔𝜔(0)  are complex Kerr angles in the optical first-harmonic mode with and 113 

without the charge current, respectively (details in Supplementary Information S4). The 𝚥𝚥𝑐𝑐 is 114 

converted to the displacement field 𝐷𝐷��⃗   employing 𝐷𝐷��⃗ = 𝜌𝜌 𝐽𝐽��⃗ 𝑐𝑐 , where 𝜌𝜌  is the resistivity of 115 

WTe2. (Note that 𝐷𝐷��⃗  and 𝐸𝐸�⃗  are used to differentiate the fields of the charge current and the 116 

incident light, respectively.) 117 

We first demonstrate the fourth-order nonlinearity of the observed Kerr rotation. Figure 118 

2b shows that the Kerr rotation is a linear function of 𝐷𝐷𝑏𝑏, which is the b-component of the 119 

displacement vector 𝐷𝐷��⃗ . Moreover, when the direction of the Db is reversed, the sign of Kerr 120 

angle direction is also changed, implying that the chirality of the system can be electrically 121 

switched. We note that the current-induced Kerr rotation only occurs with a pulsed laser but 122 

not with a continuous-wave laser of the same time-average power. This result suggests that the 123 

Kerr rotation is nonlinear in terms of the electric field of light 𝐸𝐸�⃗ . At the same time-average 124 



power, a femtosecond pulsed laser carries a much higher intensity of 𝐸𝐸�⃗  compared to that of 125 

the continuous wave laser. Indeed, the Kerr rotation shows a linear dependence on the optical 126 

power of a pulsed laser. (The Kerr rotation is measured from a photocurrent of a balanced 127 

detector as Δ𝜃𝜃�𝐾𝐾𝜔𝜔(𝑗𝑗𝑒𝑒) =
Δ𝐼𝐼2𝐼𝐼0, where 𝐼𝐼0 is the total photocurrent by reflected light and ∆𝐼𝐼 is the 128 

change of the photocurrent by the polarization rotation of light. The raw data of ∆𝐼𝐼 show a 129 

quadratic dependence on the optical power.) The linear dependence on the optical power 130 

indicates that Δ𝜃𝜃�𝐾𝐾𝜔𝜔(𝑗𝑗𝑒𝑒) ∝ 𝐸𝐸𝑖𝑖𝐸𝐸𝑗𝑗  as 𝐼𝐼 = 𝑛𝑛𝑛𝑛𝜀𝜀0�𝐸𝐸�⃗ �2 , where 𝑛𝑛  is the refractive index, 𝑛𝑛  is the 131 

speed of light, 𝜀𝜀0 is the vacuum permittivity. This result is in stark contrast to the linear optical 132 

Hall effect, dubbed magneto-optical Kerr rotation, in which the Kerr rotation is independent 133 

on 𝐸𝐸�⃗  . Based on these results, we conclude that the Kerr rotation of WTe2 has a cube 134 

dependence on the fields Δ𝜃𝜃�𝐾𝐾𝜔𝜔(𝑗𝑗𝑒𝑒) ∼ 𝐷𝐷𝑏𝑏�𝐸𝐸�⃗ �2 , and thus demonstrates the fourth-order 135 

nonlinearity of the Hall effect. 136 

Having established the fourth-order nonlinearity, we explore the anisotropic nature of the 137 

observed Kerr rotation. We perform a two-dimensional scanning of the Kerr rotation with 138 

different polarization directions of a linearly polarized light and displacement field as shown 139 

in Fig. 3. The Kerr rotation appears prominently throughout the sample area when the 140 

displacement field 𝐷𝐷��⃗ ∥ 𝑏𝑏� and light field 𝐸𝐸�⃗ ∥ 𝑎𝑎� (Fig. 3b). When both 𝐷𝐷��⃗  and 𝐸𝐸�⃗  are aligned 141 

along the 𝑏𝑏-axis (𝐷𝐷��⃗ ∥ 𝑏𝑏� and 𝐸𝐸�⃗ ∥ 𝑏𝑏�), there still exists finite uniform signal, but the intensity is 142 

significantly weakened compared to the first case (Fig. 3c). More importantly, when 𝐷𝐷��⃗ ∥ 𝑎𝑎�, it 143 

results in negligible signals, irrespective of the polarization direction as shown in Fig. 3e and 144 

Fig. 3f. Consequently, the Kerr rotation occurs prominently when 𝜃𝜃�𝐾𝐾𝜔𝜔(𝑗𝑗𝑒𝑒) ∼ 𝐷𝐷𝑏𝑏𝐸𝐸𝑎𝑎2  and 145 

marginally when 𝜃𝜃�𝐾𝐾𝜔𝜔(𝑗𝑗𝑒𝑒) ∼ 𝐷𝐷𝑏𝑏𝐸𝐸𝑏𝑏2 . These features are stark contrast to the second-order 146 

nonlinear Hall effect, in which the displacement field in 𝐷𝐷��⃗ ∥ 𝑎𝑎� gives a rise to the electric Hall 147 



voltage.4, 5
  148 

We, then, quantitatively analyze the nonlinear Kerr rotation and make connection with the 149 

fourth-order nonlinear Hall conductivity. Under the action of the electric field 𝐸𝐸�⃗ (𝜔𝜔) of the 150 

light incident along the sample �̂�𝑛-direction, the Kerr rotation with an initial polarization along 151 𝑎𝑎- and 𝑏𝑏-directions can be expressed as, 152 

Δ𝜃𝜃�𝐾𝐾𝑏𝑏𝑎𝑎 ≈ −2𝜀𝜀𝑏𝑏𝑎𝑎
(𝑛𝑛𝑎𝑎 + 𝑛𝑛𝑏𝑏)(1− 𝑛𝑛𝑎𝑎)(1 + 𝑛𝑛𝑛𝑛)

,                                            (1) 153 

Δ𝜃𝜃�𝐾𝐾𝑎𝑎𝑏𝑏 ≈ 2𝜀𝜀𝑎𝑎𝑏𝑏
(𝑛𝑛𝑎𝑎 + 𝑛𝑛𝑏𝑏)(1 + 𝑛𝑛𝑎𝑎)(1− 𝑛𝑛𝑏𝑏)

,                                            (2) 154 

where 𝜀𝜀𝜇𝜇𝜇𝜇 (𝜇𝜇 ≠ 𝛿𝛿), with subscript denotes the crystal axis, is the off-diagonal components of 155 

the dielectric tensor, which is related with the Hall conductivity as 𝜀𝜀𝜇𝜇𝜇𝜇 =
1𝑖𝑖𝜀𝜀0𝜔𝜔𝜎𝜎𝜇𝜇𝜇𝜇, and 𝑛𝑛𝜇𝜇 is 156 

the refractive index with the light polarization along the 𝜇𝜇 -direction (see Supplementary 157 

Information S5 for the derivation.). Since the Kerr rotation comes from the fourth-order 158 

nonlinear process, we can express the 𝜀𝜀𝜇𝜇𝜇𝜇  in terms of a fourth-order susceptibility tensor 159 𝜒𝜒𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇(4)
 as  160 

𝜀𝜀𝜇𝜇𝜇𝜇 = 𝜒𝜒𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇(4) 𝐷𝐷𝜇𝜇(0)𝐸𝐸𝜇𝜇(𝜔𝜔)𝐸𝐸𝜇𝜇∗(−𝜔𝜔).                     (3) 161 

As an example, when 𝐷𝐷��⃗  is applied along the sample 𝑏𝑏-axis, and 𝐸𝐸�⃗  is along the 𝑎𝑎-axis (Fig. 162 

3b), 𝜀𝜀𝑏𝑏𝑎𝑎 = 𝜒𝜒�𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎(4) 𝐷𝐷𝑏𝑏 𝐸𝐸𝑎𝑎(𝜔𝜔)𝐸𝐸𝑎𝑎∗(−𝜔𝜔) is responsible for the Kerr rotation. On the other hand, 163 

when all fields are aligned along the 𝑏𝑏 -axis (Fig. 3c), the Kerr rotation arises from 𝜀𝜀𝑎𝑎𝑏𝑏 =164 𝜒𝜒�𝑎𝑎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(4) 𝐷𝐷𝑏𝑏 𝐸𝐸𝑏𝑏(𝜔𝜔)𝐸𝐸𝑏𝑏∗(−𝜔𝜔). Comparing the measured Kerr rotation (real and imaginary parts) 165 

with equations (1) and (2), we obtain 𝜒𝜒�𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎(4)
= (6.2− 𝑖𝑖1.6) × 10−25 m3 V−3 and 𝜒𝜒�𝑎𝑎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(4)

=166 

(−2.5− 𝑖𝑖2.5) × 10−25 m3 V−3. We also measure the Kerr rotation with arbitrary direction of 167 



E of light by changing the polarization direction in three-dimensional way: the azimuthal angle 168 𝜃𝜃 in the 𝑎𝑎𝑏𝑏 plane; the polar angle 𝜓𝜓 in the 𝑎𝑎𝑏𝑏 plane; the polar angle 𝜑𝜑 in the 𝑏𝑏𝑛𝑛 plane 169 

(Fig. 4). From the θ dependence of the Kerr rotation, we confirm the additional contribution 170 

from 𝜒𝜒�𝑎𝑎𝑏𝑏𝑎𝑎𝑏𝑏𝑏𝑏(4)
 and 𝜒𝜒�𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑎𝑎(4)

. (To fit the experimental data, we use the Jones matrix formalism. 171 

See Supplementary Information S6). In addition, from the polar angle dependence, we identify 172 

contributions of 𝜒𝜒�𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑐𝑐(4)
  and 𝜒𝜒�𝑎𝑎𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐(4)

  to the Kerr rotation. In particular, the magnitude of 173 𝜒𝜒�𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑐𝑐(4)
 of > 2.7 × 10−24 m3 V−3 is much larger than those of 𝜒𝜒�𝑎𝑎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(4)

 and 𝜒𝜒�𝑎𝑎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(4)
. As the 174 

fourth-order susceptibility is unexplored in other materials, to our best knowledge, it can be 175 

informative to convert the fourth-order susceptibility to the third- order susceptibility as 176 𝜒𝜒�𝑏𝑏𝑎𝑎𝑎𝑎𝑐𝑐(3)
= 𝜒𝜒�𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑐𝑐(4) 𝐷𝐷𝑏𝑏 . With Db of 6 × 103 V m−1 , we obtain 𝜒𝜒�𝑏𝑏𝑎𝑎𝑎𝑎𝑐𝑐(3)

  of > 1.6 ×177 

10−20 m2 V−2, which is even larger than typical optical nonlinear systems, such as nanoparticle 178 

or polymer structures38, 39. Therefore, our result demonstrates a new functionality, electrical 179 

control of the optical nonlinear process, with topological materials.  180 

Now, we provide a symmetry argument that explains the dominance of fourth-order 181 

nonlinear susceptibility 𝜒𝜒𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇(4)
 for the Kerr rotation of WTe2. Using the Boltzmann equation 182 

approaches, previous studies have shown that the fourth-order nonlinear susceptibility 𝜒𝜒𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇(4)
 183 

can be expressed as 13, 14, 184 

𝜒𝜒𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇(4)
(𝜔𝜔) =

𝑒𝑒5𝑖𝑖𝜀𝜀0𝜔𝜔ℏ4 ∫ 𝑑𝑑3𝒌𝒌
(2𝜋𝜋)3 𝑓𝑓FD �−𝑖𝑖 𝜕𝜕𝛼𝛼𝜕𝜕𝛽𝛽𝜕𝜕𝛾𝛾𝜕𝜕𝛿𝛿𝑣𝑣𝜇𝜇3𝜔𝜔� 2𝜔𝜔�𝜔𝜔�2 − 𝜕𝜕𝛼𝛼𝜕𝜕𝛽𝛽𝜕𝜕𝛾𝛾Ω𝜇𝜇𝛿𝛿2𝜔𝜔� 𝜔𝜔�2 � ,           (4)  185 

where e is the elementary charge, ħ is the reduced Planck constant, 𝑓𝑓FD is the Fermi-Dirac 186 

distribution, 𝜕𝜕𝜇𝜇 ≡ 𝜕𝜕𝜕𝜕𝑘𝑘𝛼𝛼, 𝑛𝑛𝜔𝜔� = 𝑛𝑛𝜔𝜔 + 𝑖𝑖/𝜏𝜏, n is integer, ω is the angular frequency of light, 𝜏𝜏 is 187 

the relaxation time, and Ω𝜇𝜇𝜇𝜇  is the Berry curvature with a pseudovector form of 𝐵𝐵𝜇𝜇 =188 

12 𝜀𝜀𝜇𝜇𝜇𝜇𝜇𝜇Ω𝜇𝜇𝜇𝜇. The integration is done over the first Brillouin zone. The first term in the integrand 189 



is the Drude-like term, and the second term is related with the Berry curvature hexapole 190 

moment (see Supplementary Information S7 for the derivation). The existence of 𝜒𝜒𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇(4)
 can 191 

be argued based on the symmetry consideration. The Td-phase of WTe2 belongs to an 192 

orthorhombic space group of Pmn21 and point group of 2mm. It has a mirror reflection in the 193 𝑏𝑏𝑛𝑛-plane (Ma) and a glide mirror reflection in ac-plane (Mb). It also preserves a time-reversal 194 

symmetry (𝒯𝒯) without an applied magnetic field, and the Drude-like term vanishes under the 195 𝒯𝒯 symmetry. The Berry curvature hexapole gives four non-zero terms at the presence of the 196 

Ma, Mb, and 𝒯𝒯  symmetry: 𝜕𝜕𝑎𝑎𝜕𝜕𝑎𝑎𝜕𝜕𝑎𝑎Ω𝑐𝑐𝑎𝑎 , 𝜕𝜕𝑎𝑎𝜕𝜕𝑏𝑏𝜕𝜕𝑏𝑏Ω𝑐𝑐𝑎𝑎 , 𝜕𝜕𝑎𝑎𝜕𝜕𝑎𝑎𝜕𝜕𝑏𝑏Ω𝑐𝑐𝑏𝑏 , and 𝜕𝜕𝑏𝑏𝜕𝜕𝑏𝑏𝜕𝜕𝑏𝑏Ω𝑐𝑐𝑏𝑏 . 197 

Specifically, the Ma and Mb symmetries force 𝜕𝜕𝜇𝜇𝜕𝜕𝜇𝜇𝜕𝜕𝜇𝜇Ω𝜇𝜇𝜇𝜇 to vanish when it contains an odd 198 

number of momentum index of a or b. Since we measure the in-plane rotation (Δ𝜃𝜃𝐾𝐾𝑏𝑏𝑎𝑎 or Δ𝜃𝜃𝐾𝐾𝑎𝑎𝑏𝑏), 199 

only 𝜕𝜕𝑎𝑎𝜕𝜕𝑏𝑏𝜕𝜕𝑏𝑏Ω𝑐𝑐𝑎𝑎  and 𝜕𝜕𝑎𝑎𝜕𝜕𝑎𝑎𝜕𝜕𝑏𝑏Ω𝑐𝑐𝑏𝑏  terms are relevant. Then, the corresponding symmetry-200 

allowed susceptibilities are 𝜒𝜒�𝑎𝑎𝑏𝑏𝑏𝑏𝑐𝑐𝑎𝑎(4)
  and 𝜒𝜒�𝑎𝑎𝑎𝑎𝑏𝑏𝑐𝑐𝑏𝑏(4)

 . If we allow the permutation among the 201 

subscript indexes, this prediction corresponds to 𝜒𝜒�𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑐𝑐(4)
, which is the largest susceptibility of 202 

our measurement. However, the symmetry consideration cannot explain other residual 203 

measurements, such as 𝜒𝜒�𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎(4)
  and 𝜒𝜒�𝑎𝑎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(4)

 . Note that even without the Mb symmetry, 204 

which can be broken in a few layers of WTe2 by the surface effect, 𝜒𝜒�𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎(4)
 and 𝜒𝜒�𝑎𝑎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(4)

 should 205 

be vanished by the Ma symmetry. As a possible explanation, we expect that a strong E-field of 206 

light might influence the crystal structure such that it spontaneously lowers the crystalline 207 

symmetry of WTe2. For example, a back-gate bias was employed to induce the inversion 208 

symmetry breaking, which controls the Berry curvature dipole, in a monolayer and bilayer 209 

WTe2
6, 23. In addition, it has been reported that a terahertz light pulse can induce an ultrafast 210 

switch in symmetry of WTe2 via lattice strain40. Furthermore, the semiclassical picture can 211 

potentially miss the possible quantum effects, notably associated with the multiband nature of 212 

WTe2 at a sizable angular frequency ℏ𝜔𝜔 = 1.6 eV, as discussed by Parker et. al (ref. 14). A 213 



detailed mechanism for the light-induced symmetry change would be an interesting topic for 214 

further study. 215 

For a mechanism other than the Berry curvature multipoles, the chirality of the Weyl point 216 

in Weyl semimetals can directly induce nonlinear optical processes, such as photocurrent or 217 

circular photogalvanic effect21-23. Interestingly, ref. 23 reported a photocurrent response that is 218 

forbidden by the symmetry of a material of TaIrTe4. Authors of ref. 23 interpreted the symmetry-219 

forbidden response as a result of combination of the built-in electric field and optical excitation. 220 

Nonetheless, the chiral selection occurs with an optical transition from the lower part of the 221 

Weyl cone to the upper part, so it is mainly observed low photon energy. For connecting this 222 

effect to our work, further study is needed. 223 

In summary, we observe the current-induced nonlinear optical Hall effect in WTe2 224 

multilayers at room temperature. The optical Hall effect is revealed as the nonlinear Kerr 225 

rotation, and the fourth-order nonlinearity is confirmed by the linear dependence on the charge 226 

current and optical power. Our work shows that the nonlinear optical process can be controlled 227 

by a small electric bias, thereby, demonstrates a useful functionality for the electro-optic device 228 

employing topological materials. From the anisotropic behavior of the Hall response, we 229 

quantitatively determine various the fourth-order susceptibilities (𝜒𝜒𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇(4)
). For the mechanism 230 

of 𝜒𝜒𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇(4)
, we considered the Berry curvature hexapole, and it can explain the existence of 231 

𝜒𝜒�𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑐𝑐(4)
, the largest susceptibility of our measurements. However, we found that some of our 232 

measurements, such as 𝜒𝜒�𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎(4)
 and 𝜒𝜒�𝑎𝑎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(4)

, were forbidden by the symmetry of WTe2. The 233 

observation of the symmetry forbidden terms suggests that not only a stable phase but also 234 

other unknown phases participate during the nonlinear process. We expect that the fourth-order 235 

nonlinear optical Hall effect could be a useful tool to investigate the topological nature of Weyl 236 

semimetal. 237 



 238 

Methods 239 

Device Fabrication: WTe2 multilayer flakes are exfoliated from the WTe2 bulk crystal 240 

onto SiO2/Si substrates by using the scotch tape method inside a glove box with an argon 241 

environment to prevent oxidation. The sample is then coated by a PMMA layer before being 242 

taken out for Raman investigation and device fabrication. The in-plane crystal orientation (a- 243 

and b-axis) of the WTe2 flake is determined by using an angle dependent polarized Raman 244 

spectroscopy (Supplementary Information S1). Cr/Au metal electrodes are fabricated along 245 

these two axes by the e-beam lithography and e-beam evaporation processes, respectively. The 246 

device is then etched by a reactive ion etching (RIE) system using SF6 gas at high vacuum to 247 

form a well-defined shape and is immediately loaded into the vacuum chamber of a RF 248 

sputtering system for coating a thin SiN passivation layer to prevent surface degradation of 249 

WTe2 during the electrical and optical measurements. The thickness of the investigated devices 250 

is from 50 to 70 nm, which is confirmed by the atomic force microscopy (AFM). After all 251 

electrical and optical investigations, the crystal orientation of the fabricated devices is 252 

reconfirmed by the transmission electron microscopy (TEM) measurements (Supplementary 253 

Information S2). 254 

Electrical transport measurement: The electrical characteristics of the fabricated device 255 

are initially analyzed at room temperature under a high vacuum (~ 10-6 Torr) in a probe station 256 

system with a Keithley-4200SCS parameter analyzer. The device is then bonded to a puck and 257 

measured in a physical property measurement system (PPMS, Quantum Design) to investigate 258 

the temperature-dependent transports. The resistance of the sample could be measured at 259 

different temperatures which could be controlled at static or continuous scanning values in the 260 

ranges of 2-300 K (Supplementary Information S3). 261 

Current-induced Kerr rotation microscopy: A linearly polarized pulsed laser with the 262 



center wavelength of 785 nm and a pulse duration ~100 fs is used as the excitation source. 263 

After reflection of the linearly polarized light from the sample, the polarization variation, e.g. 264 

the rotation and the ellipticity angles, can be monitored. For the normal incidence geometry, 265 

the light polarization angle θ is defined with respect to the a-axis. The reflected laser beam 266 

from the sample is passing through a half-wave plate, Wollaston prism, and the balanced 267 

detector for monitoring polarization variation with/without quarter-wave plate before it. 268 

Polarization variation can be precisely detected with a high sensitivity by using alternative bias 269 

induced modulation and a lock-in amplifier for increasing signal-to-noise ratio. The bias-270 

induced Kerr angle can be expressed as, Δ𝜃𝜃�K = 𝜃𝜃�K(𝑗𝑗𝑐𝑐) − 𝜃𝜃�K(0), where 𝜃𝜃�K is the complex 271 

Kerr angle,  𝑗𝑗𝑐𝑐 is the electrical current density, and Δ𝜃𝜃�K is the variation of complex Kerr angle 272 

with an application of electrical bias (for details, see Supplementary Information S4). 273 

274 
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 408 

Fig. 1| Crytal structure and metallic charateristic of WTe2 multilayer. a, Top-view of WTe2 409 

thin film. Red arrow indicates light polarization direction with an angle 𝜽𝜽 with respect to a-410 

axis (solid line). Dashed line implies mirror plane. b, Polarization dependent Raman spectra 411 

along the different crystal directions of WTe2. c, Fourier transform pattern from a transmission 412 

electron microscopy image of WTe2 crystal showing the a- and b-axis directions. d, Optical 413 

microscope image of the investigated WTe2 device. Scale bar is 5 μm. e, Current-voltage 414 

characteristics of the a- and b-axis devices at room temperature. f, Temperature-dependent 415 

resistivities of the devices showing the metallic behavior of WTe2 multilayer. 416 

  417 



 418 

Fig. 2| Current-induced nonlinear Kerr rotation in WTe2 multilayer. a, Schematic 419 

illustration of opto-electronic Kerr measurement for WTe2 device. Red arrows indicate laser 420 

probing beam and its polarization directions. b, Kerr rotation as a function of the displacement 421 

field Db. Kerr rotation is linearly proportional to Db, and its sign is reversed when the direction 422 

of Db is opposite. The observed Kerr angle is much lower with continuous wave laser excitation 423 

(red open circles) compared to the case of pulsed laser excitation (black dots). The inset shows 424 

the enlarged graph of the continuous wave laser case. Optical power is the same for each case. 425 

c, Kerr rotation as a function of the optical power. The linear dependence on the optical power 426 

implies the optically nonlinear process. The inset shows that the raw signal (∆I) depends 427 

quadratically on the optical power. 428 

  429 



 430 

Fig. 3| Spatial scan of Kerr rotation with different directions of charge current and light 431 

polarization. a,d, Reflectance mapping images of the b-axis and a-axis devices. Scale bars 432 

indicate 5 μm. b,c, Kerr rotation mappings of the b-axis device with different directional light 433 

polarization e,f, Kerr rotation mappings of the a-axis device with the different directions of 434 

light polarization. Black and red arrows indicate the directions of the 𝑫𝑫��⃗  of charge current and 435 𝑬𝑬��⃗  of input light. 436 

 437 

 438 

 439 

 440 

 441 



 442 

Fig. 4| Kerr rotation with a three-dimensional variation of polarization of light. a, Kerr 443 

rotation angle results as a function of azimuth angle, 𝜽𝜽, at a normal incidence geometry. Black 444 

and red data are imaginary and real part of the Kerr angle, respectively. b,c, Imaginary Kerr 445 

angle results as a function of grazing incidence angle 𝝍𝝍 and 𝝋𝝋 at an oblique incidence plane 446 

of a-c and b-c, respectively, with p-polarization of incident light. 447 



Figures

Figure 1

Crytal structure and metallic charateristic of WTe2 multilayer. a, Top-view of WTe2 thin �lm. Red arrow
indicates light polarization direction with an angle  with respect to a-axis (solid line). Dashed line implies
mirror plane. b, Polarization dependent Raman spectra along the different crystal directions of WTe2. c,
Fourier transform pattern from a transmission electron microscopy image of WTe2 crystal showing the a-
and b-axis directions. d, Optical microscope image of the investigated WTe2 device. Scale bar is 5 μm. e,
Current-voltage characteristics of the a- and b-axis devices at room temperature. f, Temperature-
dependent resistivities of the devices showing the metallic behavior of WTe2 multilayer.

Figure 2



Current-induced nonlinear Kerr rotation in WTe2 multilayer. a, Schematic illustration of opto-electronic
Kerr measurement for WTe2 device. Red arrows indicate laser probing beam and its polarization
directions. b, Kerr rotation as a function of the displacement �eld Db. Kerr rotation is linearly proportional
to Db, and its sign is reversed when the direction of Db is opposite. The observed Kerr angle is much
lower with continuous wave laser excitation (red open circles) compared to the case of pulsed laser
excitation (black dots). The inset shows the enlarged graph of the continuous wave laser case. Optical
power is the same for each case. c, Kerr rotation as a function of the optical power. The linear
dependence on the optical power implies the optically nonlinear process. The inset shows that the raw
signal (ΔI) depends quadratically on the optical power.

Figure 3

Spatial scan of Kerr rotation with different directions of charge current and light polarization. a,d,
Re�ectance mapping images of the b-axis and a-axis devices. Scale bars indicate 5 μm. b,c, Kerr rotation
mappings of the b-axis device with different directional light polarization e,f, Kerr rotation mappings of
the a-axis device with the different directions of light polarization. Please see manuscript .pdf for full
caption.



Figure 4

Kerr rotation with a three-dimensional variation of polarization of light. a, Kerr rotation angle results as a
function of azimuth angle, , at a normal incidence geometry. Black and red data are imaginary and real
part of the Kerr angle, respectively. b,c, Imaginary Kerr angle results as a function of grazing incidence
angle  and  at an oblique incidence plane of a-c and b-c, respectively, with p-polarization of incident
light.
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