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WSMs are a family of gapless topological materials with 
Weyl nodes, that is, momentum-space monopole and 
antimonopole singularities of the Berry curvature of the 

bulk Bloch band. Due to their unique band structures, there has 
been interest in understanding their electronic and transport prop-
erties1–12. Recently, these studies have been extended to explore their 
optical properties, especially through the measurement of nonlinear 
responses. Most experiments have focused on type-I WSMs such 
as tantalum arsenide, where a zero-bias photocurrent under chiral 
optical excitation at mid-infrared frequencies13 has been attributed 
to the distinct chirality of each tilted Weyl cone, and exceedingly 
large values of the second-order nonlinear optical susceptibility at 
visible frequencies have been observed14. Some progress has also 
been made to theoretically understand the nature of injection pho-
tocurrents in WSMs15–19 by using two-band models to capture the 
essential physics in the vicinity of Weyl nodes.

WSMs are representatives of a wide class of materials that  
combine inversion or time reversal symmetry breaking along  
with spin–orbit coupling. In these materials, optical excitation 
can lead to asymmetric carrier excitation and relaxation pathways  
and generate new photocurrent responses. However, these  
properties have not been experimentally investigated due to the 
lack of probes that are particularly sensitive to such asymmetries.  
Here, we observe a circulating photocurrent driven by a spatially 
inhomogeneous optical field in type-II inversion-symmetry-
broken WSMs, molybdenum tungsten ditelluride (MoxW1−xTe2)  
when x = 0.3 and 0.9, and MoTe2, where we find that the photo-
current is controlled both by the spatial profile and polarization of  
the exciting field. By deriving the response functions that govern  
the frequency-dependent s-CPGE and performing experiments 
over a large spectral range (visible to mid-infrared excitation),  
we demonstrate the capabilities of the s-CPGE for studying  
topological band properties and asymmetric carrier relaxation in 
topological materials.

Following the discovery of MoTe2 as an inversion-symmetry-
broken type-II WSM below 250 K (refs. 20,21), tungsten-doped ter-
nary alloys, MoxW1−xTe2 when x > 0.07 have also been demonstrated 
as room-temperature type-II WSMs22,23. Bulk MoTe2 has three dif-
ferent crystal phases: hexagonal 2H, monoclinic 1T′ (P21/m space 
group, Fig. 1a) and orthorhombic Td (Pmn21, Fig. 1b). Studies 
have shown that it has a phase transition at ~250 K from a high-
temperature trivial centrosymmetric semimetal 1T′ phase to a low-
temperature inversion-symmetry-broken WSM Td phase24. These 
two structures have different atomic stacking along the c axis, but 
share the same in-plane symmetry. Likewise, Mo0.3W0.7Te2 and 
Mo0.9W0.1Te2 are room-temperature inversion-broken WSMs with 
the same crystal structure as Td-phase MoTe2.

Bulk crystals of MoTe2 and MoxW1−xTe2 (x = 0.3 and 0.9) were 
grown via a chemical vapour transport technique (see Methods and 
Supplementary Fig. 1), and have been shown to be inversion-broken 
WSMs25,26. Photocurrent measurements were performed by varying 
the spot size, location and polarization of a Gaussian profile laser 
beam, with wavelengths ranging from 750 nm to 6.2 μm, propagat-
ing along the crystal growth direction (c axis), which we assign as 
the ̂z axis in the laboratory frame. Polarization- and position-depen-
dent photocurrent measurements were performed using a home-
built optical microscopy cryostat set-up (Fig. 1c) (see Methods)27 
at zero bias under low optical powers (<12 mW) to ensure that the 
photocurrent scaled linearly with power (Supplementary Fig. 2).

To isolate the special properties of the photogalvanic effect (PGE) 
hosted in the inversion-broken low-temperature phase of MoTe2, 
photocurrent measurements were compared at both 300 K (that is, in 
the 1T′ phase with inversion symmetry) and 77 K (Td phase with bro-
ken inversion symmetry) on exfoliated flakes with microfabricated 
electrodes (see Methods), with a 750 nm laser. Photocurrents were 
measured at two different spots (for example, locations a and b in 
Fig. 1c) along the bisector of the electrodes as a function of the rota-
tion angle of the fast axis of the quarter-wave plate, φ, with respect to 
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the linear polarization of the incident laser. The photocurrent mea-
sured from MoTe2 at spot a and at 300 K shows some linear polar-
ization dependence (Fig. 1d), but it has nearly the same magnitude 
at φ = 45° (left circular polarization) and 135° (right circular polar-
ization), implying that light with opposite helicities produce similar 
photocurrents and hence no CPGE. However, at 77 K (Fig. 1f), the 
photocurrent magnitude in the Weyl phase of MoTe2 at φ = 45° is 
much larger than for φ = 135°, showing a strong dependence on the 
light helicity. Curiously, the circular polarization-dependent part of 
the photocurrent at spot b (Fig. 1e,g) has an opposite polarity com-
pared with spot a, indicating also a position-dependent response.

The differences between the PGE from MoTe2 in its two phases 
and its unusual spatial dependence are quantified using a phenom-
enological expression for the photocurrents. First, the observed 
photocurrents from the sample were fitted to the equation φ φ φ= + + +J J J Jsin(2 ) sin(4 ) (1)C L 0 0
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Fig. 1 | Polarization-dependent photocurrent measurements on 1t′ and td (Weyl) phases of Mote2. a,b, Crystal structures of the 1T′ (a) and Td phase 
of MoTe2 (b). Yellow (blue) spheres represent Mo (Te) atoms, and a, b and c are the crystallographic axes. c, Schematic of the polarization-dependent 
photocurrent measurement set-up. In all our experiments, a Gaussian laser beam propagating along the zz ̂ axis was focused by a microscope objective 
incident normally onto the sample (xx yŷ ̂−  plane), with the zz ̂ axis parallel to the crystallographic c axis of MoTe2. d–g, Photocurrent plotted as a function of 
φ at two spatial locations and temperatures: spot a at 300 K (d); spot b at 300 K (e); spot a at 77 K (f); spot b at 77 K (g). Black dots are the experimental 
data, and red lines are the fits to equation (1).

Table 1 | Fitting parameters for polarization-dependent 
photocurrent data measured on Mote2 at two spatial locations 
(a and b) at two temperatures

Mote2 Spot a Spot b

JL (nA) JC (nA) JL (nA) JC (nA)

300 K (1T′) 23 ~0 −30 ~0

77 K (Td) 34 14 −40 −21

The data are shown in Fig. 1d–g and are fitted using equation (1).
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where JC is the magnitude of the CPGE current, JL is the magnitude 
of the linear photogalvanic effect (LPGE) current with phase shift  
φ0 and J0 is the polarization-independent background current. In the 
experiments, J0 achieves its extrema at the ends of the electrodes and 
always vanishes near the midpoint (Supplementary Fig. 3), which 
implies that it is mostly a result of the Dember effect due to the heat 
gradients induced by asymmetric illumination on the electrodes/
sample28. Fitting the total photocurrent J to our experimental results 
(Table 1) shows that JL exists at both temperatures with similar mag-
nitudes. However, JC is approximately zero at 300 K, but is easily 
observed at 77 K, and is reversible with temperature. Meanwhile, 
both JC and JL have opposite polarities at spots a and b, which is 
strikingly different from a conventional PGE. Furthermore, from 
symmetry considerations, in both the Td-phase (C2v symmetry) and 
1T′-phase (C2h) MoTe2, under normally incident light on the x̂– ̂y 
plane (propagation direction, ̂z), any in-plane second-order optical 
response such as a PGE29,30 or photon drag effect31 is forbidden by 
the two-fold rotation symmetry. Thus, JC and JL should both van-
ish in this material, contrary to our measurements. Therefore, the 
observation of both a position-dependent LPGE in the 1T′ and Td 
phases and a CPGE only in the Td phase indicates an unconven-
tional origin of both PGEs.

The sign of JC reverses in the Td-phase MoTe2 under illumination 
on the two sides of the electrodes (Table 1), suggesting the possibil-
ity that the CPGE current is circulating. To verify this, we designed 
a multi-electrode device arranged in a circle with the laser focused 
at the centre with a fixed spot size (Fig. 2a) on the room-tempera-
ture WSM Mo0.9W0.1Te2. With the laser spot fixed at the centre of 
the circle defined by the electrodes, the photocurrent was collected 
between each of the nearest electrode pairs around the laser spot in 
the sequence a→b, b→c, c→d, d→e and e→a (Fig. 2). Importantly, 
we observed that JC is positive between all electrode pairs under 
right circularly polarized (RCP) light illumination and negative 
under left circularly polarized (LCP) light illumination, demon-
strating that JC circulates clockwise on RCP excitation and reverses 

the winding direction under LCP excitation. This phenomenon 
was also confirmed in the low-temperature Weyl phase of MoTe2 
(Supplementary Figs. 4 and 5).

The appearance of a CPGE current and its circulating character 
require a breaking of C2v symmetry. The polarization-controlled cir-
culating current is unlikely to originate from spatial disorder due to 
defects, in-plane strain during exfoliation or formation of nanoscale 
junctions due to intermixing of different phases, since in all these 
cases, the current would flow in random directions depending on 
the direction of the local symmetry breaking. The possibility of 
CPGE current flowing along the edges of the sample32 can also be 
eliminated as we have focused the light spot near the centre of the 
sample and the sample size is approximately ten times bigger than 
the spot diameter. However, a spatially inhomogeneous optical exci-
tation due to a focused Gaussian beam profile can effectively break 
the internal point symmetry to produce a CPGE. This can be under-
stood by analysing the dependence of the CPGE on spatial gradients 
of the optical field profile. We refer to the first-order term in the 
gradient expansion as the s-CPGE response and denote the local 
s-CPGE current as jsCPGE.

In a further test of the dependence of the s-CPGE on the beam 
profile, experiments were performed on Mo0.9W0.1Te2 at room tem-
perature, where the beam position was varied while keeping the 
beam size fixed. When the laser spot was continuously scanned 
along the perpendicular bisector of the two electrodes (along ̂y) 
from one side to the other (Fig. 3a), JC was zero when the laser spot 
lay at the midpoint of two electrodes, and changed polarity when 
the spot moved from the positive to the negative ̂y direction. This 
observation demonstrates that indeed a spatially varying optical 
beam profile effectively lowers the point symmetry, while the C2v 
symmetry is preserved when the Gaussian beam is centred between 
the electrodes. Another signature of s-CPGE current (Fig. 3b)  
was observed on varying the spot size while keeping the beam posi-
tion fixed. The amplitude of JC decreased when the spot size was 
increased and the field gradients were decreased. Also, for large 
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Fig. 2 | Measurement of circulating current in the td (Weyl) phase of Mo0.9W0.1te2 at room temperature under circularly polarized optical excitation.  
a, Optical image of the multi-electrode Mo0.9W0.1Te2 device (xx yŷ ̂−  plane). The five electrodes are labelled a–e, and red and blue arrows indicate the 
circulating direction of the CPGE current under LCP and RCP light illumination (spot size ≈ 2 μm), respectively. Scale bar: 5 μm. b–f, Photocurrents are 
measured between each of the nearest electrode pairs and plotted as functions of φ. Plots correspond to measurements performed between electrodes 
a→b (b), b→c (c), c→d (d), d→e (e) and e→a (f). Black dots are the experimental data, red lines are the fitted curves for total photocurrent (equation (1)) 
and the green lines represent the fitted CPGE currents.
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electrode separation compared with spot size, JC again decreased 
because the circulating current cannot be collected at the electrodes. 
All these experiments indicate that the observed strong s-CPGE can 
be controlled by the optical beam profile.

A related photocurrent response has been observed in some 
III–V quantum-well systems manifesting as the inverse spin  
Hall effect33. However, the spin is not conserved after optical 
excitation in general strongly spin–orbit coupled systems such as  
MoTe2/MoxW1−xTe2. To understand the origin of the s-CPGE, a 
theory for a spatially dispersive contribution to jsCPGE is derived 
(Supplementary Note 1):

∑
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where β is a third-rank nonlinear conductivity tensor (tensor ele-
ments are described with subscripts i, j, l), q is the wave vector 
associated with the spatial gradient of the optical field and ω is 
the optical frequency. The electric field of a Gaussian beam with 
photon energy ℏω, where ℏ is Planck’s constant/2π, in real space 
is ω= ∑ ∝ω

ω ⋅ − − ∕tE r E q( , ) ( , )e e ei t i w
q

q r r r
, 0

( )g
2 2

, where r − rg is the 
radial coordinate of r relative to the spot centre rg, and w is the 
Gaussian beam width. Using the equation of continuity, the circulat-
ing CPGE current arises from the transverse part of jsCPGE, produced 
by the antisymmetric term in the conductivity: σ β β= −( )ilj ilj lij

1
2

. The 
direction of the transverse current ̂jsCPGE

 is then determined by the 
direction of q and the propagation direction of the optical field n̂ 
(n̂ is defined by ̂ × ̂iE E*, where Ê* is the complex conjugate of Ê): 
̂ = ̂ × ̂j q nsCPGE

. Here, q is in the radial direction, and its magnitude 
follows the distribution obtained via a Fourier transform of the two-
dimensional Gaussian beam profile, while n̂ is along the light propa-
gation direction, that is, ± ̂z. Therefore, jsCPGE circulates around the 
beam centre with an amplitude proportional to the length of q and a 
sign determined by the photon helicity, as observed experimentally. 

The measured photocurrent magnitude can be related to jsCPGE by a 
geometric factor associated with the electrode positions and is cap-
tured by a simple electrostatic model (Supplementary Note 2 and 
Supplementary Fig. 6). Both the dependence of JC on spot location 
(Fig. 3a) and Gaussian beam width (Fig. 3b) can be well reproduced 
by our model, indicating that the phenomenological expression is 
consistent with the experimental data.
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Fig. 3 | Spatial location and Gaussian spot size dependence of the s-CPGE 
current in Mo0.9W0.1te2 at room temperature. a, JC as a function of the 
laser beam position. Black circles are the experimental data, and the red 
line is the fitting curve to the electrostatic model (Supplementary Note 2). 
Inset: schematic of the spatially dependent photocurrent measurement on 
Mo0.9W0.1Te2 (xx yŷ ̂−  plane). The laser beam (spot size ≈ 2 μm) was scanned 
along the yy ̂ axis (yellow arrow). Le is the total electrode length on the 
sample, and L is the separation between the two electrodes. b, JC plotted 
as a function of the Gaussian beam diameter at a fixed distance y0 to the 
electrodes in a. Black squares are the experimental data, and the red line 
is the fitting curve to the expression derived from the phenomenological 
model of jsCPGE. In a and b, error bars are the standard deviations of the 
fitted CPGE component from measured photocurrent data. c, Schematic 
of asymmetric interband excitation by a Gaussian beam, where the band 
touching points are located along the xx ̂ axis, and light propagates in the 
zz ̂ direction. Main: spatial intensity distribution of a Gaussian beam along 
the yy ̂ axis, with ycentre being the y coordinate of the Gaussian beam centre. 
Inset: local excitation patterns contributing to s-CPGE current in the 
momentum space (kk kkxx yy

̂ ̂,  are the basis vectors) at the left (yleft) and right 
(yright) tails of the Gaussian beam. The colour map shows the normalized 
difference between the excitation probability (non-equilibrium electron 
population) under RCP and LCP light illumination. A negative value (blue 
region) implies that in comparison to homogeneous excitation, the optical 
field gradient results in fewer electrons being excited, while a positive value 
(red) implies excitation of more electrons.
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To develop a general microscopic description for the observed 
s-CPGE, we studied the semiclassical quantum density matrix ρ(r, k, t) 
to first order in spatial field gradients and second order in the electric 
field within a nonlinear susceptibility framework34 (Supplementary 
Note 3). The general quantum kinetic equation35 is obtained from 
the equation of motion for the Wigner transformation for ρ, which 
includes the spatial inhomogeneity of ρ through the electric field 
driving term. Analogous to the injection current36 in a homogeneous 
system, the derived steady-state response functions of jsCPGE consist 
of ρ(2) quadratic in E and linear in q, and the band diagonal velocity, 

= ε∂
∂

vnn
k

k
( )n , with εn(k) being the energy of band n at Bloch momen-

tum k. The two terms that control β for jsCPGE for electronic interband 
transitions in equation (2) are (Supplementary Note 4)
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where f0(εn(k)) is the Fermi–Dirac distribution, τnn(k) is the relax-
ation time of excited carriers in band n, Γ ω =
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mn
j  is derived from interband 

matrix elements of the non-diagonal Berry connection, Rnm(k). This 
quantity transforms like the Berry curvature, Ω Ω= −k k( ) ( )nm

i
nm
i  

under inversion symmetry and Ω Ω= − −k k( ) ( )nm
i

nm
i  under time 

reversal symmetry, so that it is allowed only if time reversal or inver-
sion symmetry is broken. Although part of the full response func-
tion has no symmetry restrictions, the dominating part (equations 
(3) and (4)) would vanish under inversion symmetry. Therefore, the 
expressions explain why a s-CPGE does not exist in the 1T′ phase 
of MoTe2 but arises only after a temperature- or doping-induced 
phase transition to the broken-inversion Td phase. Quantitatively, 
the magnitude of jsCPGE is sensitive to band dispersion, since these 
response functions carry two orders of the band diagonal veloci-
ties, and is also closely related to the band-resolved Berry curvatures 
Ω k( )nm

i  involved in transitions.
This microscopic description of the s-CPGE response requires 

controlling the k-space distribution of excited electrons using optical 
field gradients, in contrast to a conventional CPGE, which depends 
only on the polarization of a spatially uniform optical field. The 
mechanism is illustrated by the excitation in the Weyl cone under 
Gaussian beam illumination, shown in Fig. 3c. The excitation prob-
ability under circularly polarized light at two different spatial loca-
tions of the Gaussian beam are different, that is, opposite regions 
of the Weyl cone are excited when the local q is reversed, which 
is reflected in the s-CPGE polarity (current circulation direction). 
Therefore, we can expect that interaction of the Weyl fermions with 
the optical field controlled by the beam profile can be probed by the 
s-CPGE under low-frequency excitations.

To further study the s-CPGE under low-frequency excitations near 
the Weyl nodes quantitatively, we calculated our response functions 
using a minimal model of a WSM (Supplementary Note 5). On add-
ing a small inversion-breaking term controlled by the parameter L0 on 
a 4 × 4 Hamiltonian describing a three-dimensional Dirac semimetal37

ε τ
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0 1 2 0 1 2  are the 
model parameters), the new Hamiltonian describes a WSM with 
four Weyl points separated along the k̂z axis (Fig. 4a). The non-
vanishing Ω k( )nm

i  produces a non-zero jsCPGE, and the transverse 
part of the conductivity, σzyx, as a function of ω is shown in Fig. 4b.  
Numerical analysis shows that σ(ω) scales as α α

β β
ω + ω

+ ω + ω
′

′1

2

3 4
 (where  

α, α′, β and β′ are fitting parameters). When the Fermi level is above 
the Lifshitz energy (but still below the energy cut-off), σ grows lin-
early with slope α due to Pauli blocking at small frequencies and 
reaches a maximum at photon frequency ω =

βp
1

(2 ) 3, followed by 

ω−2 scaling at the high-frequency tail. This behaviour is different 
from a conventional CPGE where, instead, σ(ω) scales as ω−1 at 
high frequencies (Supplementary Fig. 7). However, when the Fermi 
level is lower than the Lifshitz energy, σzyx changes its sign at a cer-
tain frequency determined by the chemical potential, which hap-
pens due to band crossing in WSMs. From the response functions, 
transitions at low photon frequencies tuned between the crossed 
bands would have a different polarity of the band-resolved Berry 
curvatures and contribute to the s-CPGE conductivity with a differ-
ent sign compared with transitions at higher frequencies above the 
Lifshitz energy. The sign reversal would be particularly prominent 
for type-II WSMs where the tipping of Weyl cones favours transi-
tions in the band-crossing region at low energies. This feature could 
be extremely useful in probing topological semimetals, whose main 
characteristics include band crossings near the Fermi level.

To examine the predicted capability of using the s-CPGE as a probe 
of WSMs, s-CPGE experiments were performed on Mo0.9W0.1Te2 
(Weyl phase) with a 6.2 μm laser at room temperature, which 
excites in the vicinity of the Weyl nodes (Supplementary Fig. 8).  
The photocurrent was measured at three spots (Fig. 4c inset), that 
is, bottom-left side (spot a), top-right side (spot b) and the midpoint 
of the electrodes (spot c). The characteristic of the measured photo-
current agrees qualitatively with the 750 nm measurements, as the 
CPGE current is negative at spot a, positive at spot b and vanishes at 
spot c (see also Supplementary Fig. 9). This shows that the s-CPGE 
response also exists under low-energy excitations with qualitatively 
similar characteristics as 750 nm (Fig. 4d inset and Fig. 3b).

However, by comparing the experimentally measured JC at spot a 
and spot b, the polarity of the s-CPGE current measured at 750 nm 
(~1.65 eV) and that at 6.2 μm (~0.2 eV) on the same sample were 
found to be opposite (Fig. 4c,d). In other words, the circulating 
s-CPGE current at the two excitation wavelengths have opposite 
signs, as predicted by our model. To obtain a more complete behav-
iour of the s-CPGE response, especially to find the energy at which 
the sign reversal occurs, more measurements were carried out 
over a broad wavelength range, that is, 1,400–1,950 nm. As shown 
in Fig. 4e, the sign of the s-CPGE current was found to reverse at 
~1,850 nm (0.67 eV) and then maintain its sign at higher excitation 
energies (~1.18–1.65 eV) (Supplementary Fig. 10).

The experimental results were then compared with first-princi-
ple calculations on the Td phase of MoTe2. In these band calcula-
tions, the s-CPGE current as a function of photon energy shows a 
similar trend as predicted by the minimal model (Fig. 4f); that is, 
the current first gradually increases to reach a maximum at a certain 
energy, and then decreases to eventually reverse its sign. We find that 
the energy at which the sign reversal occurs depends strongly on the 
average asymmetric relaxation time (Supplementary Fig. 11), and 
fitting to the experimental data gives an estimation of ~2 × 10−15 s. 
Unlike a conventional injection current, momentum-space asym-
metry in the electron scattering rate is crucial for the existence of a 
s-CPGE since only the antisymmetric contribution to the relaxation 
time, τnm(−k)(asy) = −τnm(k)(asy) (n, m are band indices) can give rise to  
non-zero β1 or β2. In general, the scattering probability function  
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follows the crystal symmetry38, so an antisymmetric modulation 
of the relaxation time of k is allowed only in the broken-inversion 
phase in these materials. Furthermore, when large spin–orbit cou-
pling is present, spin-dependent skew scattering39–41 at positive and 

negative k states occurs with different probabilities (that is, scattering 
probability ≠ ′′W Wkk k k) and would augment an isotropic scattering 
rate by an antisymmetric contribution, which is the main contribu-
tion to τnm(k)(asy). The experimentally measured positive correlation  
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Fig. 4 | Numerical and experimental results for s-CPGE current over a broad wavelength range (visible to mid-infrared). a, Band structure of inversion-
broken WSM obtained from a model Dirac semimetal by adding an inversion-breaking term from equation (5), which consists of two conduction (red) and 
two valence bands (blue), a in the unit denotes a direct space lattice parameter. b, Plots of the σzyx of the WSM as a function of ω at different Fermi energies 
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. c, Photocurrents measured with a 750 nm laser, plotted as a function of φ at spots a and b. Black dots 

are the experimental data, and red lines are the fits to equation (1). Inset: optical image of the Mo0.9W0.1Te2 device, in which the sample (white surface) 
is connected with two metal wires (black lines) by silver paste (two black spots), and the three red spots indicate the three beam positions at which 
polarization-dependent photocurrent measurements were performed. Scale bar: 200 μm. d, Photocurrents measured by a 6 µm laser, plotted as a function 
of φ at spots a and b. Black dots are the experimental data, and blue lines are the fits to equation (1). Comparing data at the same fixed spot (between c 
and d) clearly shows that the photocurrent reverses polarity for excitation at 6.2 µm and 750 nm for s-CPGE response, in accordance with our model in c. 
Inset: with the 6.2 µm laser beam fixed at spot a, s-CPGE current plotted as a function of change in distance between focusing objective and sample plane 
(denoted by z, and the working distance of the objective is taken as zero) and fitted by the phenomenological model, demonstrating that the response is 
qualitatively similar to 750 nm (Fig. 3b). The Gaussian beam width obtained from the fitting parameter is in accordance with the real spot size (~80 μm), 
which shows that the phenomenological mechanism of the s-CPGE is similar over a broad spectral range. e, Measured s-CPGE current magnitude at 
different wavelengths (1,400–1,950 nm) on the same Mo0.9W0.1Te2 device as b and c. Inset: s-CPGE current magnitude at 6.2 µm, included for rough 
comparison. Error bars are the standard deviations of the fitted CPGE component from measured photocurrent data. f, The s-CPGE conductivity calculated 
for the Weyl phase of MoTe2 as a function of photon energy. The black curve represents the full s-CPGE conductivity, calculated using all 96 bands formed 
by s and d orbitals of Mo and p orbitals of Te. The red curve represents the s-CPGE conductivity calculated from the four bands closest to the Fermi level.
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between the s-CPGE and temperature (Supplementary Fig. 5), 
which differs from most conventional CPGE28 responses, is one of 
the technique’s special features arising from this unique mechanism.

The s-CPGE conductivity calculated from only the four bands 
near the Fermi energy can reproduce a large portion of the full 
s-CPGE conductivity over a broad frequency range (Fig. 4f), and the 
sign reversal of the s-CPGE can be reproduced by using only the four 
bands forming the Weyl points. This implies that the sign reversal 
can be mostly attributed to these four bands, and as illustrated in the 
four-band model analysis, is a result of band inversion. With good 
agreement between the experimental data and minimal model and 
first-principles calculations, the s-CPGE sign reversal is evidence of 
band crossings in MoTe2/MoxW1−xTe2 systems. Furthermore, a large 
enhancement of the s-CPGE coefficient at 6.2 μm (Fig. 4e inset; see 
also Supplementary Fig. 12) can be attributed to the Berry curvature 
monopoles and antimonopoles at the Weyl points (Supplementary 
Note 6). Therefore, our results demonstrate that the s-CPGE is a 
promising technique that can probe the unique characteristics of 
topological systems.

In conclusion, an s-CPGE with a photon helicity-dependent 
circulating photocurrent is observed in type-II WSMs MoTe2 and 
Mo0.9W0.1Te2. The derived nonlinear susceptibilities encode the 
effects of spatially inhomogeneous field excitation and explain the 
existence of the s-CPGE in WSMs. Using low-energy excitation, 
we controlled the asymmetric carrier excitation near Weyl nodes 
by optical field gradients. Through a comprehensive comparison 
between wavelength-dependent measurements and calculations, 
we found evidence of Berry curvature singularities, discussed the 
effect of band inversion on the sign reversal of the s-CPGE response 
and demonstrated the potential of the technique to probe the topo-
logical band properties and carrier relaxation dynamics of symme-
try-broken materials. Our work also demonstrates that precisely 
tailored photon spin-dependent optoelectronic responses can be 
engineered in these systems by shaping and patterning optical field 
profiles, which can greatly enhance the applications of topological 
materials over a broad spectral range.
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Methods
Growth of single crystals. Large, well-formed, ribbon-like single crystals of MoTe2, 
Mo0.9W0.1Te2 and Mo0.3W0.7Te2 alloy were grown by chemical vapour transport with 
iodine (I) as the carrier gas. Stoichiometric amounts of W powder (99.9%, Sigma-
Aldrich), Mo powder (99.95%, Sigma-Aldrich) and Te powder (99.95%, Sigma-
Aldrich) with a total weight of 500 mg, plus an extra 35 mg of I as the transport 
gas were sealed in an evacuated 20 cm-long quartz tube under vacuum at 10−6 torr. 
The quartz tube was placed in a three-zone furnace. First, the reaction zone 
was maintained at 850 °C for 30 h with the growth zone at 900 °C to prevent the 
transport of the product and a complete reaction; then the reaction zone was heated 
to 1,070 °C and held for 7 d with the growth zone at 950 °C. Finally, the furnace was 
naturally cooled down to room temperature and the single crystals were collected 
in the growth zone. Residual I was cleaned using acetone before measurement.

Device fabrication. Devices were fabricated on exfoliated MoTe2, Mo0.9W0.1Te2 
and Mo0.3W0.7Te2 flakes with thicknesses of ~100–300 nm and typical dimensions 
of 20 µm × 20 µm on SiO2/Si substrates. Electrodes were defined by electron beam 
lithography followed by physical vapour deposition of 300 nm Ti / 100 nm Au film.

Photocurrent measurements. Three excitation sources were used in this study: 
a Ti-sapphire pulsed laser (Coherent) in the 680–1,080 nm wavelength range, a 
supercontinuum laser (NKT Photonics) in the 400–2,200 nm range and a quantum 
cascade laser (Daylight Solutions) in the 6.0–6.2 μm range. The Ti-sapphire laser 
was focused to a near-perfect Gaussian spot by a ×60 objective, and the full-width 
at half-maximum of the spot was controlled in the range of ~2–20 µm, with total 
power in the 1–12 mW range. The supercontinuum laser beam was focused by 
an aspheric lens, and the quantum cascade laser was focused by an objective 
with ~80 μm full-width at half-maximum at 6.2 μm. For all measurements, the 
quarter-wave plate appropriate for each wavelength mounted on a motorized 
precision rotation stage driven by a servo motor (Thorlabs) was used to vary the 
angle continuously from 0° to 360° to obtain different laser polarizations. The 
laser polarization on the sample plane was analysed carefully to ensure accuracy. 
The power difference between the LCP and RCP light was measured by the power 
meter to be less than 1%, and the extinction ratio of linearly polarized light was 
ensured to be larger than 1,000:1. When scanning the light beam over the sample 
using piezoelectric stages, the spatial coordinates were recorded with an accuracy 
of ~200 nm. Photocurrents (Figs. 1–3) were recorded using a current preamplifier 
(DL Instruments model 1211) for which the output signal (the photocurrent 
was converted to an amplified voltage signal) was recorded continuously 
(approximately ten data points per second) by the Peripheral Component 

Interconnect (PCI) card (National Instruments, PCI-6281). The time constant of 
the preamplifier was chosen in the range of 100–300 ms. In other measurements, 
photocurrents were recorded using a lock-in amplifier (Stanford Research  
Systems, SR860)27.

First-principle calculations. The electronic band structures were calculated 
with Quantum Espresso42 by using generalized gradient approximation 
pseudopotentials43 for Mo and Te. Spin–orbit coupling was included in the 
pseudopotentials, and the Perdew–Burke-Ernzerhof approximation was used. 
Self-consistent field calculations were performed on a 10 × 4 × 4  gamma-point-
centred k-point grid, with a Gaussian smearing width of 0.01 eV. The energy 
cut-off was chosen at 50 rydberg (Ry). Additional calculations were performed 
using a 6 × 6 × 4 k-point grid, with an energy cut-off of 50 Ry, also using a Gaussian 
smearing width of 0.01 eV. In the calculations, the experimental lattice parameters 
of MoTe2 in the Td phase were used, and band structure agrees well with  
previously reported calculations by Wang et al.20. For the tight binding model, a 
Wannier function interpolated band structure of Mo 4d and 5s and Te 5p orbitals 
was constructed44,45.

Data availability
The data presented in this study are available from the corresponding author upon 
reasonable request.
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corresponding author upon reasonable request.
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