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Berry curvature dipole plays an important role in various nonlinear quantum phenomena. However,
the maximum symmetry allowed for nonzero Berry curvature dipole in the transport plane is a single
mirror line, which strongly limits its effects in materials. Here, via probing the nonlinear Hall effect, we
demonstrate the generation of Berry curvature dipole by applied dc electric field in WTe,, which is used to
break the symmetry constraint. A linear dependence between the dipole moment of Berry curvature and the
dc electric field is observed. The polarization direction of the Berry curvature is controlled by the relative
orientation of the electric field and crystal axis, which can be further reversed by changing the polarity of
the dc field. Our Letter provides a route to generate and control Berry curvature dipole in broad material
systems and to facilitate the development of nonlinear quantum devices.

DOI: 10.1103/PhysRevLett.130.016301

Berry curvature is an important geometrical property
of Bloch bands, which can lead to a transverse velocity of
Bloch electrons moving under an external electric field
[1-6]. Hence, it is often regarded as a kind of magnetic field
in momentum space, leading to various exotic transport
phenomena, such as anomalous Hall effect (AHE) [1],
anomalous Nernst effect [7], and extra phase shift in
quantum oscillations [8]. The integral of Berry curvature
over the Brillouin zone for fully occupied bands gives rise
to the Chern number [5], which is one of the central
concepts of topological physics.

Recently, Sodemann and Fu [9] proposed that the dipole
moment of Berry curvature over the occupied states, known
as Berry curvature dipole (BCD), plays an important role in
the second-order nonlinear AHE in time-reversal-invariant
materials. For transport in the x-y plane which is typical in
experiments, the relevant BCD components form an in-
plane pseudovector with D, = [, fo(9,€.) [9], where D,
is the BCD component along direction a, k is the wave
vector, the integral is over the Brillouin zone and with
summation over the band index, f is the Fermi distribution
(in the absence of external field), €2, is out-of-plane Berry
curvature, and d, = d/0k,. It results in a second-harmonic
Hall voltage in response to a longitudinal ac probe current,
which could find useful applications in high-frequency
rectifiers, wireless charging, energy harvesting, and infra-
red detection, etc. BCD and its associated nonlinear AHE
have been predicted in several material systems [9-11]
and experimentally detected in systems such as two-
dimensional (2D) monolayer or few-layer WTe, [12-15],
Weyl semimetal TalrTe, [16], 2D MoS,, and WSe,
[17-20], corrugated bilayer graphene [21], and a few
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topological materials [22-25]. However, a severe limitation
is that BCD obeys a rather stringent symmetry constraint.
In the transport plane, the maximum symmetry allowed
for D, is a single mirror line [9]. In several previous
Letters [17-21], one needs to perform additional material
engineering such as lattice strain or interlayer twisting to
generate a sizable BCD. This constraint limits the available
material platforms with nonzero BCD, unfavorable for the
in-depth exploration of BCD-related physics and practical
applications.

Recent works suggested an alternative route to obtain
nonzero BCD, that is, utilizing the Berry connection
polarizability to achieve a field-induced BCD, where the
additional lattice engineering is unnecessary [26,27]. The
Berry connection polarizability is also a band geometric
quantity, related to the field-induced positional shift of
Bloch electrons [28]. It is a second-rank tensor, defined as
G (k) = [0AL (k) /OE,), where A1) is the field-induced
Berry connection, E is the applied electric field [28], and
the superscript “(1)” represents that the physical quantity is
the first order term of electric field. Then, the E field

induced Berry curvature is given by Q) =V, x (GE)
[27], where the double arrow indicates a second-rank
tensor. This field-induced Berry curvature will lead to a
field-induced BCD D((,l). Considering transport in the x-y
plane and applied dc E field also in the plane, we
1 1
have DY = [, f0(0,Q") = e.,, [} £0[04(9,G,, )| E,., where
a,y,p,v=x, y, and e, is the Levi-Civita symbol. In
systems where the original BCD is forbidden by the crystal
symmetry, the field-induced BCD by an external E field

© 2023 American Physical Society
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(a) and (b) The field-induced Berry curvature QE.U k) in the k, = 0 plane by a dc electric field E% = 3 kV/m applied alon
1y 2 P y pp g

(a) a or (b) b axis, respectively. The unit of otV (k) is A?. The green arrows indicate the direction of E%. The gray lines depict the Fermi
surface. (c) The a-b plane of monolayer 7;~-WTe,. (d) The optical image of device S1, where an angle 0 is defined. (e) and (f) The
second-harmonic Hall voltage V%_I‘" as E“° (e) along b axis (9 = 0°), and (f) along —a axis (9 = 90°) at 5 K. The E? is applied along —a

axis, as schematized in (d).

could generally be nonzero and become the dominant
contribution. In such a case, the symmetry is lowered by
the applied E field, and the induced BCD should be linear
with E and its direction also controllable by the E field. So
far, this BCD caused by Berry connection polarizability
and its field control have not been experimentally demon-
strated yet, and the nonlinear Hall effect derived from this
mechanism has not been observed.

In this Letter, we report the manipulation of electric field
induced BCD due to the Berry connection polarizability.
Utilizing a dc electric field E® to produce BCD in bulk
WTe, (for which the inherent BCD is symmetry forbid-
den), the second-harmonic Hall voltage V2 is measured as
aresponse to an applied ac current /®. Both orientation and
magnitude of the induced BCD are highly tunable by the
applied E“. Our Letter provides a general route to extend
BCD to abundant material platforms with high tunability,
promising for practical applications.

The WTe, devices were fabricated with circular disc
electrodes (device S1) or Hall-bar shaped electrodes
(device S2). The WTe, flakes were exfoliated from
bulk crystal and then transferred onto the prefabricated
electrodes (Supplemental Material, Note 1 [29]). The WTe,
thickness of device S1 is 8.4 nm (Supplemental Material,
Fig. S1 [29]), corresponding to a 12-layer WTe,, and we
present the results from device S1 in the main text. The
crystal orientations of WTe, devices were identified
by their long, straight edges [12] and further confirmed
by both polarized Raman spectroscopy (Supplemental
Material, Note 2 [29]) and angle-dependent transport
measurements (Supplemental Material, Note 3 [29]). The
electron mobility of device S1 is ~4974 cm?/Vs at 5 K
(Supplemental Material, Note 4 [29]).

In our experiments, we use thick 7,-WTe, samples
(thickness ~8.4 nm), which have an effective inversion
symmetry in the x-y plane (which is the transport plane).
This is formed by the combination of the mirror symmetry
M, and the glide mirror symmetry M, as indicated in
Fig. 1(c). The in-plane inversion leads to the absence
of inherent in-plane BCD and hence the nonlinear Hall
effect in bulk (see Supplemental Material, Note 5 [29] for
detailed symmetry analysis). Because M, involves a half-
cell translation along the ¢ axis and hence is broken on the
sample surface, a small but nonzero intrinsic BCD may
exist on the surface. In fact, such BCD due to surface
symmetry breaking has already been reported [13], and is
also observed in our samples, although the signal is much
weaker in thicker samples (see Supplemental Material,
Fig. S9 [29]).

To induce BCD in bulk WTe, through Berry connection
polarizability, a dc electric field E% is applied in the x-y
plane. As shown in Figs. 1(a) and 1(b), the field-induced
Berry curvature shows a dipolelike distribution with non-
zero BCD (theoretical calculations; see Supplemental
Material, Note 6 [29]). The induced BCD can be controlled
by the dc E field and should satisfy the following symmetry
requirements. Because the presence of a mirror symmetry
would force the BCD to be perpendicular to the mirror
plane [9], the induced BCD D(!) must be perpendicular to
E% when E® is along the a or b axis. Control experiments
were carried out in device S1 to confirm the above
expectations. The measurement configuration is shown
in Fig. 1(d) (see Supplemental Material, Fig. S2 [29],
for circuit schematic). The probe ac current with ac field E
and frequency @ was applied approximately along the —a
axis, satisfying E” < E%. and the second-harmonic Hall
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(a) and (d) Measurement configuration for the second-order AHE with (a) E”|| — a axis and (d) E®|| axis, respectively. The

E?, satisfying E% > E®, is rotated to along various directions. (b) and (e) The second-order Hall voltage V%,“’ as a function of 7 at

fixed E% = 3 kV/m but along various directions and at 5 K with (b) E®||

— a axis and (e) E”||b axis, respectively. (c) and (f) The

second-order Hall signal [E%’/(E®)?] as a function of @ at 5 K with (c) E?|| — a axis and (f) E”||b axis, respectively.

voltage V%’ was measured to reveal the nonlinear Hall
effect. The E% that is used to produce BCD was applied
along the direction characterized by the angle 8, which is
the angle between the direction of E%° and the baseline of a
pair of electrodes [white line in Fig. 1(d)] that is approx-
imately along the b axis. Then E% along § = 0° (b axis)
and @ = 90° (—a axis) correspond to the induced DV along
the a axis and b axis, respectively. Because the nonlinear
Hall voltage V% is proportional to D). E® [9], the
nonlinear Hall effect should be observed for E®|D()
and be vanishing for E® 1L D).

As shown in Fig. 1(e), when Ed along € = 0°, nonlinear
Hall voltage V% is indeed observed as expected. The E%
along the b axis induces BCD along the a axis, leading to
nonzero V3¢ since E® is applied along the —a axis. The
second-order nature is verified by both the second-
harmonic signal and parabolic /-V characteristics. It is
found that the nonlinear Hall voltage is highly tunable by
the magnitude of EY. The sign reverses when EY is
reversed. Moreover, the nonlinear Hall voltage is linearly
proportional to E% (Supplemental Material [29] Fig. S11),
as we expected. As for E% along # = 90°, as shown in
Fig. 1(f), the V2 is much suppressed, which is at least one
order of magnitude smaller than the V2 in Fig. l(e).
Because in this case the E% along the a axis induces BCD
along the b axis, E“ is almost perpendicular to BCD,
leading to negligible nonlinear Hall effect. Similar results

are also reproduced in device S2 (Supplemental Material
[29], Fig. S12). Such control experiments are well con-
sistent with our theoretical expectation and confirm the
validity of field-induced BCD.

Besides the crystalline axis (6 = 0° and 90°), we also
study the case when E is applied along arbitrary 6
directions to obtain the complete angle dependence of
field-induced BCD. Here, E¢ is applied along the —a or b
axis, to detect the BCD component along the a or b axis,
ie, DM = [DE,])(G),DS)(Q)}, where D and Dél) are the
BCD components along the a and b axis, respectively. The
measurement configurations are shown in Figs. 2(a) and
2(d). Figures 2(b) and 2(e) show the second-order Hall
voltage as a function of @, with the magnitude of E% fixed
at 3 kV/m. The second-order Hall response [E%’/(E®)?] is
calculated by EZ = (VE’/W) and E” = (I”R/L), where
W is the channel width, R is the longitudinal resistance,
and L is the channel length. As shown in Figs. 2(c) and 2(f),
[E2¢/(E”)?] demonstrates a strong anisotropy, closely
related to the inherent symmetry of WTe,. First of all, it
is worth noting that the second-order Hall signal is
negligible at EY = 0. This is consistent with our previous
analysis that the inherent bulk in-plane BCD is symmetry
forbidden [26,27]. Second, [E%’/(E®)?] almost vanishes
when E%||E® along a or b axis. This is constrained by the
mirror symmetries M, or M,, forcing the BCD to be
perpendicular to the mirror plane in such configurations.
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FIG. 3. (a)and (c) The second-harmonic Hall voltage at various

temperatures with the magnitude of E fixed at 3 kV/m (a) under
E”|| — a axis, = 0° and (c) under E®||b axis, 6 = 90°. (b),(d)
Second-order Hall signal [E%/(E”)?] as a function of o,
(b) under E”|| — a axis and (d) under E®||b axis at various 6
with the magnitude of E% fixed at 3 kV/m. The temperature
range for the scaling law in (b) and (d) is 50-286 K.

Thus, when E%||E® along the a or b axis, the induced BCD
is perpendicular to E% and E®, satisfying D(V) . E® = 0,
which leads to almost vanished second-order Hall signals.
Moreover, [E2 /(E®)?] exhibits a sensitive dependence on
the angle 6, indicating the BCD is highly tunable by the
orientation of E%. A local minimum of [E%’/(E®)?] is
found at an intermediate angle around 6 = 30° when
E®|| —a axis in Fig. 2(c). This is because [E%’/(E“)?]
depends not only on (D(!) - @), i.e., the projection of the
pseudovector D) to the direction of E®, but also on the
anisotropy of conductivity in WTe,. The two terms show
different dependence on the angle 6, leading to a local
minimum around 6 = 30°.

Through control experiments and symmetry analysis, the
extrinsic effects, such as diode effect, thermal effect, and

thermoelectric effect, could be safely ruled out as the main
reason of the observed second-order nonlinear AHE (see
Supplemental Material, Note 9 [29]). To further investigate
this effect, the temperature dependence and scaling law of
the second-order nonlinear Hall signal are studied. By
changing the temperature, V2’ and longitudinal conduc-
tivity o, were collected, where the magnitude of E¥ was
fixed at 3 kV/m. Figures 3(a) and 3(c) show the V%;" at
different temperatures with E”|| — a axis, @ = 0° and E®||b
axis, 6 = 90°, respectively. A relatively small but nonzero
second-order Hall signal is observed at 286 K. The scaling
law, that is, the second-order Hall signal [E%’/(E®)?]
versus o, is presented and analyzed in Figs. 3(b) and
3(d) for different angles 6. The o, was calculated by
0= (1/R))(L/Wd), where d is the thickness of WTe,,
and was varied by changing temperature. According to
Ref. [42], the scaling law between [E%’/(E®)?*] and o,,
satisfies [E%’/(E®)?] = Cy + C,0y, + Cy02,. The coeffi-
cients C, and C; involve the mixing contributions from
various skew scattering processes [42—45], such as impu-
rity scattering, phonon scattering, and mixed scattering
from both phonons and impurities [42]. C, is mainly
contributed by the intrinsic mechanism, i.e., the field-
induced BCD here. As shown in Figs. 3(b) and 3(d), the
scaling law is well fitted for all angles 6.

It is found that C, shows strong anisotropy
(Supplemental Material [29], Fig. S18), indicating the
field-induced BCD is also strongly dependent on angle
0. The value of field-induced BCD can be estimated
through D = (2A%n/m*e)[E%/(E®)?] [12], where # is
the reduced Planck constant, e is the electron charge, m* =
0.3m, is the effective electron mass, n is the carrier density.
Here, we replace the [E%/(E®)?] by the coefficient C,
from the scaling law fitting. The two components of BCD

along the a and b axes, denoted as DE,I) and Df), are
calculated from the fitting curves with the magnitude of E%
fixed at 3 kV/m under the E”|| — a axis and the E”||b axis,
respectively. As shown in Figs. 4(a) and 4(b), it is found

that DE,I) shows a cos@ dependence on €, whereas Dél)

Ed¢ = 3kV/m

Ed¢ = 3kV/m

120 180 240 300 360 0 60
00

0 60
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0() t,.

b gl —>
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FIG. 4. The induced Berry curvature dipole as a function of @ with the magnitude of E% fixed at 3 kV/m for (a) the component along

a axis, Dgl) and (b) the component along b axis, Dzl). (c) The relationship between the field-induced Berry curvature dipole D(!) and the
applied E% = 3 kV/m along different directions. The scale bar of D)) is 0.2 nm.
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shows a sin€ dependence. Such angle dependence is
well consistent with the theoretical predications (see
Supplemental Material [29], Note 6). According to the

two components DSJI) and DE)I), the field induced BCD

vector of D) is synthesized for E% along various
directions, as presented in Fig. 4(c). It is found that both
the magnitude and orientation of the field-induced BCD are
highly tunable by the dc field.

In summary, we have demonstrated the generation,
modulation, and detection of the induced BCD due to
the Berry connection polarizability in WTe,. It is found that
the direction of the generated BCD is controlled by the
relative orientation between the applied E% direction
and the crystal axis, and its magnitude is proportional to
the intensity of E%. Using independent control of the
two applied fields, our Letter demonstrates an efficient
approach to probe the nonlinear transport tensor symmetry,
which is also helpful for full characterization of nonlinear
transport coefficients. Moreover, the manipulation of BCD
up to room temperature by electric means without addi-
tional symmetry breaking will greatly extend the BCD-
related physics [46,47] to more general materials and
should be valuable for developing devices utilizing the
geometric properties of Bloch electrons.
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