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The electrical Hall effect is the production, upon the application
of an electric field, of a transverse voltage under an out-of-plane
magnetic field. Studies of the Hall effect have led to important
breakthroughs, including the discoveries of Berry curvature and
topological Chern invariants'2. The internal magnetization
of magnets means that the electrical Hall effect can occur in the
absence of an external magnetic field?; this ‘anomalous’ Hall effect
is important for the study of quantum magnets>~’. The electrical
Hall effect has rarely been studied in non-magnetic materials
without external magnetic fields, owing to the constraint of time-
reversal symmetry. However, only in the linear response regime—
when the Hall voltage is linearly proportional to the external
electric field—does the Hall effect identically vanish as a result of
time-reversal symmetry; the Hall effect in the nonlinear response
regime is not subject to such symmetry constraints3-1°. Here we
report observations of the nonlinear Hall effect!? in electrical
transport in bilayers of the non-magnetic quantum material WTe,
under time-reversal-symmetric conditions. We show that an
electric current in bilayer WTe; leads to a nonlinear Hall voltage
in the absence of a magnetic field. The properties of this nonlinear
Hall effect are distinct from those of the anomalous Hall effect
in metals: the nonlinear Hall effect results in a quadratic, rather
than linear, current-voltage characteristic and, in contrast to the
anomalous Hall effect, the nonlinear Hall effect results in a much
larger transverse than longitudinal voltage response, leading to a
nonlinear Hall angle (the angle between the total voltage response
and the applied electric field) of nearly 90 degrees. We further show
that the nonlinear Hall effect provides a direct measure of the dipole
moment'® of the Berry curvature, which arises from layer-polarized
Dirac fermions in bilayer WTe,. Our results demonstrate a new type
of Hall effect and provide a way of detecting Berry curvature in non-
magnetic quantum materials.

In 1879 Edwin H. Hall observed that when an electric current
passed through a gold film under a magnetic field, a transverse volt-
age developed. This effect, known as the Hall effect, forms the basis
of fundamental research and practical applications, such as magnetic
field measurements and motion detectors. In contrast to the classical
Hall effect, whereby the Lorentz force bends the trajectories of charge
carriers, quantum mechanics describes the ‘bending’ via the intrinsic
geometry of the quantum electron wavefunctions under time-reversal-
symmetry breaking. This theoretical understanding led to the dis-
coveries of Berry curvature and topological Chern numbers, both of
which have become essential in modern condensed matter physics'2.
An important area of research involves identifying a quantized or top-
ological anomalous Hall effect in unconventional magnetic quantum
materials, in which spin-orbit coupling, geometric frustration and

electronic correlations coexist?”’. These previous studies?” estab-
lished a paradigm for the electrical Hall effect: (1) a non-vanishing
Hall conductivity that arises from the momentum-integrated Berry
curvature; (2) a Hall voltage that is linearly proportional to the external
electric field; and (3) a Hall conductivity that (except in the quantum
Hall regime) is a fraction of the longitudinal conductivity, as measured
by the Hall angle. The first property requires breaking of time-reversal
symmetry and is realized, for example, in magnets or by applying mag-
netic fields (Fig. 1a, b). However, electrical Hall effects beyond this
paradigm are theoretically possible.

Whereas Hall effects in the linear response regime (linear Hall
effects) must exhibit the properties described above, those in the non-
linear response regime (nonlinear Hall effects) are not subject to the
same constraints and so may have distinct characteristics. Building on
previous theoretical work®?, a second-order nonlinear Hall effect was
proposed recently'®. This theoretical study'® points out that, in addition
to the momentum-integrated Berry curvature that is responsible for
the linear Hall effect, there are other important properties concerning
the Berry curvature. In particular, even in a non-magnetic material,
inversion-symmetry breaking may segregate the positive and negative
Berry curvatures in different momentum (k) regions (Fig. 1d), leading
to a dipole moment. Such a Berry-curvature dipole should give rise
to an electrical Hall effect!?, albeit in the second-order response; as
depicted in Fig. 1c, a nonlinear Hall effect is induced by an electric field
parallel to the Berry-curvature dipole A. The various experimental
consequences of Berry-curvature dipoles are still being explored!*-'2,
but the possibility of realizing electrical Hall effects in non-magnetic
materials has already attracted great interest'>-2%, We considered can-
didate materials according to the following three criteria: the existence
of Berry-curvature hotspots, of the desired crystalline symmetry prop-
erties and of additional experimental tuning parameters. We identi-
fied bilayers of the quantum material WTe, as an ideal material (see
Supplementary Information section I).

WTe, has attracted much interest recently because of its remarkable
properties both in the bulk and in monolayers®!~?. In particular, mon-
olayer WTe;, has a high-temperature quantum spin Hall state**5-27
and gate-tunable superconductivity?®?. On the other hand, the elec-
tronic properties of bilayer WTe, remain relatively unexplored, apart
from recent transport measurements® and first-principles calcula-
tions®® that showed a semiconductor (semimetal) state with a tiny
bandgap (band overlap), of only a few millielectronvolts. Because
monolayer WTe, has a Dirac fermion at each Q (Q’) point in the
Brillouin zone?*? (Extended Data Fig. 1), bilayer WTe; can be under-
stood as having a pair of coupled Dirac fermions (one from each
layer). The presence of Dirac fermions suggests large Berry curvatures
if relevant crystalline symmetries are broken!. What makes the
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Fig. 1 | Crystal structure and basic characterization of bilayer WTe,.

a, Illustration of the anomalous Hall effect in a magnetic metal. M is the
magnetization, Japg is the anomalous Hall current, J, and V, are the
current and voltage, respectively, along the x direction, J = J + Jaug is the
total current, the grey box represents the sample and the yellow squares
represent the metal contacts. b, Schematic band structure (shape of the
surface) and Berry curvature (colour scale) of a simple magnetic metal.
The anomalous Hall conductivity arises from the momentum-integrated
Berry curvature, which requires the breaking of time-reversal symmetry.
¢, lllustration of the nonlinear Hall effect. Because of the in-plane Berry-
curvature dipole A, an electrical bias parallel to A leads to a nonlinear
Hall current (Jniug). The linear longitudinal current J, for conductors is
not shown. d, Schematic distributions of the band structure and Berry
curvature of a wide class of non-magnetic, inversion-symmetry-breaking
quantum materials with non-zero A. A originates from the segregation

of positive and negative Berry curvature in k space, which does not
necessarily break time-reversal symmetry. e, f, Top (e) and side (f) views
of the crystal structure of bilayer WTe,. E and D are the applied in-plane
electric field and out-of-plane displacement field, respectively. The only
crystalline symmetry is the mirror plane M. Because of M, A (a
pseudovector) must be parallel to a in bilayer WTe; and thus an external
electric field along a can lead to a nonlinear Hall voltage along b (see ).

g The first Brillouin zone, with important momenta shown in red. The
pink arrow represents A in bilayer WTe,. h, Schematic of an encapsulated,
dual-gated, bilayer WTe, device. i, The four-probe longitudinal resistance
R (colour scale) as a function of the top (V1) and bottom (V3) gate voltage
at T'= 10 K. The white and red dashed lines correspond to charge neutrality
(n = 0) and zero displacement field (D = 0), respectively. j, The four-probe
resistance R at n = 0 as a function of D (along the white dashed line in i).
The blue and red curves correspond to forward and backward displacement
field sweeps, respectively (as indicated by the arrows). The four regimes
(I-IV) of the resistance are labelled. The resistance behaviour in these four
regimes is described in Methods section ‘Four-probe linear transport data.
The inset shows a schematic of the geometry for the transport measurements.
I¥ and V¥ represent the current and voltage, respectively, at frequency w.

electronic structure of the bilayer more unusual is its very low crys-
talline symmetry (Fig. le, f)?#*. Whereas monolayer WTe; is (approx-
imately) inversion-symmetric'>??, inversion symmetry is broken in

338 | NATURE | VOL 565 | 17 JANUARY 2019

bilayer WTe, (Fig. le, f)*#* because of the stacking arrangement, in
contrast to hexagonal transition-metal dichalcogenides. The only crys-
talline symmetry for bilayer WTe; is the mirror plane M, (Fig. 1e).
Because of M, A (a pseudovector) has to be parallel to the a axis
(Fig. 1g). Therefore, as per the schematic in Fig. 1c, a nonlinear Hall
voltage is expected to appear along the b axis in response to an external
electric field along a (Fig. 1e).

We fabricated high-quality, encapsulated, dual-gated, bilayer WTe,
devices (Fig. 1h), in which we can independently control the charge
density n and the out-of-plane electrical displacement field D. To opti-
mize the devices for testing the nonlinear Hall effect, we selected flakes
with long, straight edges and aligned the contacts along the straight
edges. We start by studying the four-probe resistance of bilayer WTe,.
We find that this resistance is strongly asymmetric about D = 0 and
exhibits ferroelectric switching® (Fig. 1, j; Methods). The asymmetric
resistance profile and the ferroelectric switching are both evidence for
the low-symmetry nature of bilayer WTe, (Supplementary Information
section I1.4), in agreement with previous studies?%. We also measured
the mid-infrared circular photogalvanic effect (Fig. 2b, c), which con-
firms the inversion-symmetry-breaking nature of the bilayer and ena-
bled us to determine the crystalline axes (Fig. 2a; Methods).

We now explore the nonlinear Hall effect in bilayer WTe,.
Phenomenologically, the nonlinear Hall effect can be described as
VNLHE oc E4E 5, where E is the external electric field, v and 3 are the
in- plane spatial directions (o L 3 for the Hall effect), and V(ILL?E is the
nonlinear Hall voltage along « in response to the external electric field
along 3. Hence, an a.c. electric field with frequency w should'® generate
a voltage with double frequency V2%, which can be measured directly
by alock-in amplifier in a phase-sensitive way. We study the qualitative
behaviour of V* at T = 50 K. By keeping the a.c. excitation current I
parallel to a, we test the longitudinal and transverse V2 (V2 and V=,
respectively; Fig. 2d). We observe a clear V2 response between elec-
trodes 3 and 4, which dominates the longitudinal response between
electrodes 1 and 3 and electrodes 1 and 5. Moreover, V2 exhibits a clear
quadratic current-voltage (I- V) characteristic, which, combined with
the 2w frequency, establishes its second-order nature. In addition, the
V2 signal depends strongly on the gate voltage (Fig. 2¢), whereas the
quadratic [V characteristic is robust at all gate voltages.

We then perform systematic measurements at 7= 10 K (Fig. 3). The
gate map of V2 (Fig. 3a) demonstrates a strong dependence on both
nand D. The black dashed line in Fig. 3a tracks the top and bottom gate
voltages (V, Vp) that corresponding to the maximum of the resistance
(Fig. 1i) at every value of D (Supplementary Information section I1.2).
We observe the following features in Fig. 3a. First, at D =0, V- has the
same sign on the opposite sides of the resistance peak (along the # axis).
Upon further hole doping, the sign is reversed. Second, by applying a
sufficiently large positive displacement field (D > 0), an additional
sharp blue feature emerges very close to charge neutrality (n = 0) in
between the two red features. In Fig. 3b, we compare the n dependence
of V2 and of the resistance along the green dashed line in Fig. 3a. The
resistance is closely related to properties derived from the energy-
momentum (¢—k) dispersion (such as the effective mass and the Fermi
velocity) and to the defect scattering time 7. Therefore, the typical
ambipolar behaviour that we observe demonstrates that the above
properties evolve smoothly as a function of #. On the other hand, V2,
exhibits multiple sign reversals along the same trajectory. This contrast-
ing behaviour reveals a distinct physical origin for V2, beyond the e —k
dispersion properties and 7: V22 arises from a property whose sign
depends sensitively on the chemical potential er. We show the temper-
ature dependence of V2 and of the resistance in Extended Data Fig. 3.
In Fig. 3¢, we show the measured V2 signals between many combina-
tions of electrodes. Irrespective of the choice of electrodes, the trans-
verse response dominates the longitudinal response and all v,/ data
collapse onto a single curve (Fig. 3¢c). These measurements clearly
demonstrate the Hall nature of the V2 signals. Our data in Fig. 3¢
demonstrate a Hall angle of around 90° for the nonlinear response
(Fig. 3d).
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Fig. 2 | Circular photocurrents and nonlinear
transport in bilayer WTe,. a, Optical image of
our WTe, device, with the electrodes numbered.
The black lines trace the encapsulated bilayer
WTe, flake. The crystalline directions
determined from the circular photogalvanic
effect (CPGE) are noted. Scale bar, 15 pm.

b, Polarization-dependent photocurrents Icpgg
between different electrodes (see legend). We
shine mid-infrared light (photon energy of
approximately 120 meV) under normal
incidence onto the sample and collect the
photocurrent without applying any electrical
bias (see inset). The solid lines are fits using a
cosine function. ¢, Icpgg of bilayer and
monolayer WTe, samples as a function of D
under similar conditions (device geometry, flake
size, temperature, and so on). d, By flowing an
a.c. current (I||a; frequency w = 177.77 Hz)
between electrodes 7 and 8, we detect the
nonlinear voltages V2% along the longitudinal
(a = a; green and purple) and transverse (a = b;
red) directions. e, V2 (V?* along b in response
to I*||a at Vr = —4.5 V and different V5. The
solid lines in d and e are quadratic fits to the
data. Data in b-d were collected at T = 50 K;
data in e were collected at T = 100 K.
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Fig. 3 | Systematic studies of the nonlinear Hall effect in bilayer WTe.
a, Gate map of V2 at T = 10 K. A current ¥ = 1 A is applied for all gate
voltages. The black dashed line traces the (Vr, V) that correspond to the
maximum resistance (Fig. 1i) at every D (see Supplementary Information
section I1.2). The green dashed line denotes a trajectory along which # is

varied at constant D. b, V2 (left, black line) and R (right, magenta line) as
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highlights negative (positive) V2. ¢, V2 measured between many
combinations of electrodes while keeping I“||a (see inset). Transverse
(longitudinal) signals are shown by lines with (without) symbols. d, The
nonlinear Hall angle arctan(V}2Y,/ V22 ) between the transverse (V) and
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Fig. 4 | Large Berry-curvature dipole arising from layer-polarized Dirac
fermions in bilayer WTe,. a, A massless Dirac fermion (solid lines and
black filled circle) does not have any Berry curvature (colour scale).

b, Opening an energy gap at the Dirac point (the black filled circle) by
breaking inversion symmetry leads to large Berry curvature near the edges
of the gap. ¢, Tilting the Dirac cone allows the states at the Fermi level to
have different Berry curvatures and different J¢/0k,, leading to non-zero
A, with opposite signs for the conduction and valence bands (purple
arrows; see equation (1) in Methods). d, In the absence of inter-layer and
spin-orbit coupling, the Q point of bilayer WTe, features a pair of
degenerate, massless Dirac fermions (one from each layer) of opposite
chirality (filled and open circles). e, By turning on inter-layer coupling, the
two Dirac fermions are gapped because of the explicit breaking of
inversion symmetry due to the inter-layer coupling. For a gapped Dirac
fermion, the conduction and valence bands have opposite Berry curvature.
The sign of the Berry curvature depends on the chirality of the Dirac
fermion. The two Dirac fermions are shifted with respect to each other.

f, The inter-layer coupling opens up further gaps wherever the Dirac

We highlight here the key data, including the clear observation of the
nonlinear Hall voltage V%, its dominance over the longitudinal
response, its gate dependence and its consistency across many combi-
nations of electrodes. These data are crucial for excluding various
extrinsic effects. For instance, an accidental diode at the contact-sample
interface could lead to a rectification effect. For any extrinsic signal, the
Hall (transverse) signal should not dominate over the longitudinal
signal. Moreover, extrinsic signals can be ruled out by the consistent
data for many combinations of electrodes. See Supplementary
Information section VIII for a discussion on how extrinsic effects are
considered and excluded. We now consider the A-induced nonlinear
Hall effect as a possible origin for our data. Our observation of V2 is
consistent with the general symmetry expectation for the A effect in
bilayer WTe, (Fig. 1e). To confirm this origin more directly, we take
advantage of the additional tuning parameters provided by the dual
gating. In particular, our V; data exhibit a distinct gate dependence,
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fermions cross. As a result, the left and right movers have opposite Berry
curvature, which leads to large A (purple arrows; see equation (1) in
Methods). A has the same sign for the conduction and valence bands,
which is a unique signature of asymmetrically coupled Dirac fermions in
bilayer WTe,. In a—f, the main panels show schematics of the band
dispersion (solid lines) and the distribution of Berry curvature (colour
scale); the dashed lines highlight representative energies. The insets of b, ¢,
f show schematics of constant-energy contours (shape of the contours) and
the Berry-curvature distribution (colour scale) at the energies marked by
the dashed lines in the main panels. g-i, Experimentally obtained Berry-
curvature dipole 4, at three different experimental displacement fields
DEXP We determine A, as a function of # at a given D from the V2 data in
Fig. 3a and then relate # to the chemical potential p using first-principles
calculations (see Supplementary Information section VII for details).

j-1, Theoretically calculated A, at three different theoretical displacement
fields D™Y, The theoretically applied electric field ETHY is related to the
displacement field by DTHY = ¢WeT2ETHY yhere eWeT2 js the relative
dielectric constant of bilayer WTe, along the out-of-plane direction.

consisting of a strong dependence on D and multiple sign reversals as
a function of er. These experimental features over a large parameter
space provide information about the physical origin of the nonlinear
Hall signals that we observe that may be compared directly with the
Berry-curvature behaviour in bilayer WTe,. In Fig. 4a—f, we provide an
illustration of the mechanism underlying the unusual A in bilayer
WTe, (see Methods for a detailed description). This illustration allows
us to understand why a large A can form as a result of asymmetrically
coupled Dirac fermions, and some of its key features at different
energies.

Finally, we determine the Berry-curvature dipole A, from the V2
data (Fig. 4g-i; Supplementary Information section VII) and compare
directly with the results of first-principles calculations. At D = 0 and
D = 0.6 Vnm™! (Fig. 4g, h), A, has a positive peak on either side of
ep = 0; further away from e = 0, /A, becomes negative. These behav-
iours are consistent with the calculations shown in Fig. 4j, k.
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At D= 1.6 V nm™}, a sharp, negative feature appears in the data near
er = 0 (Fig. 4i), which is also captured by the theory (Fig. 41). In fact,
the calculations show two sharp peaks immediately next to each other;
the positive one merges with a broader feature of the same sign. The
agreement between data and first-principles calculations provides com-
pelling evidence for our experimental observation of the A-induced
nonlinear Hall effect.

Our results demonstrate a new type of Hall effect. The spin Hall
effect been observed previously under time-reversal-symmetric con-
ditions; however, it generates only a spin voltage, not an electrical volt-
age. By contrast, the nonlinear Hall effect is an electrical Hall effect
in a non-magnetic material and in the absence of a magnetic field.
We also highlight its importance as a Berry-curvature probe: whereas
the anomalous Hall effect has been used to measure the Berry cur-
vature of magnetic metals and semimetals, a similar probe for their
non-magnetic counterparts has been lacking. Signals of the nonlinear
Hall effect always correspond to A at the Fermi level, irrespective of
the details of the band structure (such as the absence or presence of
spin-orbit coupling and the number of Fermi surfaces); to obtain A
from the signal of the nonlinear Hall effect, only 7 is further needed,
which can be obtained from standard electrical transport measure-
ments. These characteristics highlight the nonlinear Hall effect as a
powerful and universal probe of the Berry curvature in non-magnetic
quantum metals and semimetals. This is complementary to previous
optoelectronic approaches in wide-gap semiconductors with valley
selection rules*!. Moreover, the nonlinear Hall effect reveals that the
distribution of the Berry curvature in k space (Berry-curvature dipoles,
quadruples, and so on) modifies the electrical, thermoelectric, opti-
cal, plasmonic and other key properties of quantum materials. Many
ordered states (including charge-density waves and superconductivity)
manifest as the breaking of a particular symmetry for the electrons near
the Fermi level. Because the nonlinear transport demonstrated here
combines sensitivity to symmetry, as in nonlinear optics, and sensitiv-
ity to Fermi-energy physics, as in regular transport, it may be used to
probe order parameters of other broken-symmetry states®>**. Finally,
the responsivity of our WTe, device, defined as the ratio between
the nonlinear output voltage and the input power, reaches a value of
10* V W~! (see Supplementary Information section IX for discussion).
This large responsivity highlights the potential of using the intrinsic
quantum properties of homogenous quantum materials for nonlin-
ear applications, including frequency-doubling and rectification. The
generalization to gigahertz or terahertz frequencies might be useful for
next-generation wireless technologies.
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METHODS

Sample fabrication. High-quality bulk WTe; crystals* were grown using a previ-
ously described method?!. Our fabrication of the dual-gated bilayer WTe, devices
consists of two phases. Phase I was done under ambient conditions: local bottom
PdAu or graphite gates were first defined on standard Si/SiO, substrates. A suitable
hexagonal boron nitride (hBN) flake (roughly 10-20 nm thick) was exfoliated
onto a separate Si/SiO, substrate, picked up using a polymer-based dry transfer
technique and placed onto the pre-patterned local bottom gate. Electrical contacts
(PdAu, about 20 nm thick) were deposited onto the bottom hBN flake with e-beam
lithography and metal deposition. Alternatively (for the device in Supplementary
Information section I1.3), patterned graphene fingers were transferred on top of
the hBN as the bottom electrodes. Phase II was done fully inside a glovebox with
an argon environment. Bilayer WTe, flakes were exfoliated from a bulk crystal
onto a Si/SiO, chip. Flakes with long, straight edges (an indication of the crystal-
line axis®®) were selected and contacts were aligned along the straight edges. Few-
layer graphene, hBN (about 10-20 nm thick) and bilayer WTe, were sequentially
picked up and then transferred onto the local bottom gate/hBN/contact substrate.
Extended leads connecting the top-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 is n = eoe™N(Vir/hr + Vi/hg)/e, where Vi (V) is the voltage of the
top (bottom) gate, £ = 8.85 x 102 F m~! is the vacuum permittivity, #r = 16 nm
(hg = 10 nm) is the thickness of the top (bottom) hBN layer of the device and
"N ~ 3 is the relative dielectric constant of the hBN layers. The displacement
field is determined>® by D = e"N(Vy/hyg — Vy/hy)/2.
Transport measurements. Electrical transport was measured in a He-3 cryostat.
The top and bottom gate voltages were applied through two Keithley 2400
SourceMeters. First- and second-harmonic signals were collected by standard
lock-in techniques (Stanford Research Systems Model SR830) with excitation fre-
quencies of 10-200 Hz. Three frequencies (17.777 Hz, 77.77 Hz and 177.77 Hz)
were tested, yielding consistent data (Supplementary Information section IL1).
These frequencies correspond to w7 — 0 and iw < e, E,, where T is the relaxation
time, e is the chemical potential and Eg is the typical bandgap. These conditions
ensure that our experiments are within the semi-classical Drude limit!?, in which
the indirect, intra-band optical processes are expected to be weak®”. The phase of
the first-harmonic (second-harmonic) signal was approximately 0° (£90°), con-
sistent with the expected values for first- and second-order responses®>**°, In the
presence of an a.c. excitation current I = Iysin(wt), the second-order voltage
jg V7 second —order [gsin(wt)]* = IZ[1 + sin(2wt — 7/2)] /2, directly revealing the
phase difference between the first- and second-harmonic signals. This equation
also shows that Vsecond-order alyays consists of a second-harmonic component and
ad.c. component. The coexistence of second-harmonic and d.c. components is a
generic property for various second-order transport effects, including the nonlin-
ear Hall effect'?, the non-reciprocal current with magnetic fields***%%, the spin-
torque in magnetic materials and hetereostructures***-%3, and other rectification
effects on diodes and other external junctions (Supplementary Information sec-
tion VIII). Similarly to measurements of the reciprocal current and magnetic spin-
torque***%38-43 we focus on the second-harmonic signals because that allows us
to use the lock-in technique, which greatly enhances the measurement sensitivity
and precision.
Four-probe linear transport data. In Fig. 1j, we plot the resistance at charge neu-
trality as a function of D: from D = 0 to D > 0, the resistance increases in regime
T'and then decreases in regime II. By contrast, from D = 0 to D < 0, the resistance
decreases in regime III and exhibits large hysteresis in regime IV. The strong asym-
metry that we observe in the resistance data in bilayer WTe, arises directly from
the lack of any symmetry that relates ¢ to —c (Extended Data Fig. 1; Supplementary
Information section I1.4). This property of bilayer WTe; is not present in other
known two-dimensional materials, such as bilayer graphene, bilayer hexagonal
transition-metal dichalcogenides and monolayer WTe,. The large hysteresis in
regime IV suggests D-field-driven ferroelectric switching®.
Mid-infrared scanning photocurrent microscopy. The laser source is a
temperature-stabilized CO, laser (wavelength A = 10.6 pm; photon energy
hw = 120 meV). A focused beam spot (beam waist of approximately 25 pm)
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 two-dimensional
map of the photocurrent as a function of spatial position. 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 polarization is modulated
by a rotatable quarter-wave plate. As shown in Fig. 2c, the CPGE in bilayer WTe,
is about an order of magnitude stronger than in monolayer WTe,, which clearly
demonstrates the strong inversion-symmetry breaking of the bilayer. Moreover,
the D-field dependence of the CPGE is asymmetric about D = 0 in the bilayer
but roughly symmetric in the monolayer (Fig. 2¢), consistent with the resistance
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behaviour (Fig. 1i, j). Furthermore, the clear directional dependence of the
CPGE allows us to determine the crystalline axes (Supplementary Information
section IV). As shown in Fig. 2b, the direction connecting electrodes 7 and 8
roughly corresponds to the crystalline a axis, which is consistent with the shape
of the bilayer flake (Fig. 2a).

Mechanism for the Berry-curvature dipole in bilayer WTe,. Here we elucidate
the mechanism underlying the unusual A in bilayer WTe;, to understand why a
large A can form from asymmetrically coupled Dirac fermions, and some of its
key features at different energies.

As a starting point, a massless Dirac fermion (as in graphene) has no Berry
curvature (Fig. 4a). Opening an energy gap at the Dirac point by breaking
inversion symmetry (as in gapped graphene or hexagonal transition-metal
dichalcogenide monolayers) leads to large Berry curvature Q near the gap
edges!** (Fig. 4b). However, A is still zero because Q is uniform around the
Fermi surface (Fig. 4b). To describe this mathematically, we write down the
expression for A%

f (e — aF)—!Z(k) 1)

where ¢ is the energy, k is the wavevector, ¢ is the chemical potential and 0¢/0k,
is the band slope along c. This integral vanishes because ( is constant whereas
0¢/ 0k, is equal but opposite on the opposite sides of the Fermi surface. Tilting the
Dirac cone allows the left and right movers to have different Q and different d¢/0k,
(Fig. 4¢), leading to a non-zero A. Importantly, for a single Dirac fermion, A is
opposite for the conduction and valence bands (Fig. 4c, equation (1)).

We now consider bilayer WTe,. In the absence of inter-layer and spin-orbit
coupling, the Q point has a pair of decoupled, massless Dirac fermions of opposite
chirality (one from each layer; Fig. 4d). In the presence of inter-layer coupling, the
two Dirac fermions are gapped because of the explicit breaking of inversion sym-
metry due to inter-layer coupling (Fig. 4e). Inter-layer coupling also shifts the two
Dirac fermions with respect to each other and opens up gaps wherever they cross
(Fig. 4f). To capture the essential physics, we considered only the shift along
momentum and ignored the shift along energy. As a result, the left and right mov-
ers have opposite Berry curvature (Fig. 4f). This relatively simple picture already
captures some of the key features in our data. First, the asymmetrically coupled
Dirac fermions lead to a large A along 4, consistent with the observed nonlinear
Hall voltage V2. Second, A has the same sign for the conduction and valence
bands immediately next to charge neutrality, consistent with the V2 data at D= 0.
In Supplementary Information sections V and VI, we consider the shift along
energy, the inclusion of spin-orbit coupling and the effect of the D field. This
analysis allows us to capture and understand other main features of the data,
including the sign reversal at large hole doping and the appearance of the sharp
blue feature at D > 0 in Fig. 3a, which arises from an anti-crossing (a massive Dirac
fermion) between the lowest two conduction bands (green circle in Extended Data
Fig. 2d; see Supplementary Information section V).

First-principles calculations. We performed first-principles band-structure
calculations using the projector augmented wave method as implemented in the
VASP package*>#® within the generalized gradient approximation scheme. We used
11 x 15 x 1 Monkhorst-Pack k-point meshes with an energy cut-off of 400 eV for
slab calculations. The vacuum thickness was larger than 20 A to ensure separa-
tion of the slabs. To correct the energy bandgaps, we also performed calculations
with the Heyd-Scuseria-Ernzerhof hybrid functional*’*%. We used W d and Te p
orbitals to construct Wannier functions* without performing the procedure for
maximizing localization. We calculated the Berry curvature of the nth band (Q,(k))
in a two-dimensional system using the standard Kubo formula:

n' >

1 !
ngn (En’ign)z <n n> <n
< >< OH ,>
— n|—|n
ok,

Our first-principles calculation considered 88 bands, which covers approximately
+6 eV from the Fermi energy. This ensures that we can reliably compute the Berry

curvature of the low-energy state. A 501 x 501 k mesh was then used to compute
Avia

OH

k,

2,k = i

OH
8k

of (i,
A= ALY
h ok,

where 41 is the chemical potential and fy(, k) is the equilibrium distribution function.
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Data availability
The data shown in the plots and that support the other findings of this study are
available from the corresponding authors on reasonable request.
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Extended Data Fig. 1 | Asymmetric inter-layer coupling. a, b, In
monolayer WTe, (a), the low-energy physics is characterized by a W 5d
band and a Te 5p band (b). Owing to the band inversion near the I point,
a Dirac fermion is formed at the Q (Q’) point. Without spin-orbit coupling
(SOC), the Dirac fermion is gapless because of the inversion symmetry
of the 1T crystal structure®®. The inclusion of spin-orbit coupling opens
up a gap, leading to a quantum spin Hall state. c-e, Bilayer WTe, (c) is
described by a pair of Dirac fermions at the Q point, which consist of
four bands (d). To isolate the underlying mechanism for the resistance
(Ryx) behaviour (e), we ignore the wavevector k and look at only the

T point. The four bands simplify into four energy levels: the W 54 band

in layer 1 (W-L1), the W 5d band in layer2 (W-L2), the Te 5p band in
layer 1 (Te-L1) and the Te 5p band in layer 2 (Te-L2). Owing to the
asymmetric inter-layer coupling, orbitals from opposite layers gain
different on-site potentials, which lifts the layer degeneracy. This coupling
is allowed only when the system lacks any symmetry that relates ¢ to —c
(Supplementary Information section II.4). An external D field along one
direction enhances the layer splitting, whereas a D field along the opposite
direction reduces and eventually reverses the splitting. The data in e can
be explained by correlating the resistance with the global bandgap in d.
The asymmetric-coupling mechanism is confirmed by our first-principles
calculation (Extended Data Fig. 2). Eg, Fermi energy.
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Extended Data Fig. 2 | Band structure of bilayer WTe; as a function of the anti-crossing (a massive Dirac fermion) formed between the lowest
the external electric field. a-d, With positive E fields, the global bandgap two conduction bands at D > 0. Such a massive Dirac cone with a small
increases then decreases; with negative E fields, the global bandgap gap (approximately 3 meV) leads to large Berry curvature near the gap
decreases. The evolution of the valence-band splitting at the I" point (black  edges, which is responsible for the additional sharp features in the V22,
arrows) of the global bandgap as a function of the E field are consistent data (Supplementary Information section V).

with the picture in Extended Data Fig. 1. The green circle in d highlights
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Extended Data Fig. 3 | Gate and temperature dependence of the a traces the maximum of the resistance as a function of Vr and Vg; the
nonlinear Hall voltage and resistance. a, Gate map of V2. b, Temperature ~ black dashed lines in b and ¢ trace the resistance maximum at different
dependence of V2 as a function of Vi at Vy = —5V (green dashed linein  temperatures.

a). ¢, Same as b, but for the resistance R. The diagonal black dashed line in
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