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Though the observation of the quantum anomalous Hall effect and nonlocal transport response reveals
nontrivial band topology governed by the Berry curvature in twisted bilayer graphene, some recent works
reported nonlinear Hall signals in graphene superlattices that are caused by the extrinsic disorder scattering
rather than the intrinsic Berry curvature dipole moment. In this Letter, we report a Berry curvature dipole
induced intrinsic nonlinear Hall effect in high-quality twisted bilayer graphene devices. We also find that
the application of the displacement field substantially changes the direction and amplitude of the nonlinear
Hall voltages, as a result of a field-induced sliding of the Berry curvature hotspots. Our Letter not only
proves that the Berry curvature dipole could play a dominant role in generating the intrinsic nonlinear Hall
signal in graphene superlattices with low disorder densities, but also demonstrates twisted bilayer graphene
to be a sensitive and fine-tunable platform for second harmonic generation and rectification.

DOI: 10.1103/PhysRevLett.131.066301

Introduction.—In the past few years, moiré superlattices,
formed by stacking two layers of two-dimensional materials
with a small twist angle, have led to many intriguing
discoveries [1,2]. For example, unconventional supercon-
ductivity and correlated insulating states have been observed
in flatbands of twisted bilayer graphene (TBG) [3—-5], which
offers a promising new platform to study strongly correlated
many-body phenomena. In addition to correlation effects,
moiré bands are also believed to offer nontrivial band
topology [6-8], which is supported by the observation of
ferromagnetism and quantum anomalous Hall effect in TBG
aligned with BN, where the single spin- and valley-resolved
miniband has a nontrivial Chern number [9-11], and non-
local resistance in superlattice gaps of TBG originated from
two nontrivial bulk Z, invariants [12]. While previous
studies mostly focus on the global (or topological) properties
of electronic wave functions, our knowledge about the
k-space distribution of the Berry curvature remains limited.
Studying Berry curvature properties within flatbands is of
particular interest because it plays an important role not only
in generating topological transport, but also in stabilizing
correlated insulating states [13] and determing superfluid
stiffness [14].

The nonlinear Hall effect (NHE) is the generation of a
second harmonic Hall voltage in response to the injection
current under time-reversal symmetric conditions [15].
Previous observations of NHE in low symmetry crystals
[16,17], strained two-dimensional materials [18,19], and
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twisted transition metal dichalcoginides [20] have attracted
great interest because of the potential applications, including
frequency doubling and rectification [21,22]. Theoretical
studies have shown that the NHE mainly has two possible
microscopic origins. First, it can arise from a nonuniform
distribution of the Berry curvature, also known as the Berry
curvature dipole [15,23,24], and therefore becomes a power-
ful method to detect Berry curvatures in nonmagnetic
quantum materials. Second, it can also arise from skew
scattering [25,26], where the inherent chirality of the
electron wave function induces transverse asymmetric
scattering, which applies to a wider class of materials even
without a Berry curvature dipole. In analogy to the intrinsic
spin Hall effect which is caused by spin-orbit coupling in the
band structure and survives in the limit of zero disorder, and
the extrinsic spin Hall effect which is caused by spin-orbit
coupling between Bloch electrons and impurities, here we
call the Berry curvature dipole induced NHE as the intrinsic
NHE, and the disorder-induced NHE as the extrinsic NHE.
In graphene superlattices, the extrinsic NHE has been
observed in graphene-BN superlattices and TBG [27,28],
and intrinsic NHE has been recently observed in twisted
double-bilayer graphene (TDBG) in the vicinity of the band
gaps [29]. The former two works failed to observe any Berry
curvature dipole behavior and the following one mainly
focused on the gap properties instead of the flatband
properties as Berry curvatures in TDBG predominantly
reside in the vicinity of the band edges. Until now, whether
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the Berry curvature or the scattering would play a dominant
role in graphene superlattices was an open question. A
systematic study of the Berry curvature dipole induced NHE
inside the flatbands is still missing.

Here we studied the NHE inside the flatbands of TBG with
atwistangle of 1.3°. By using this angle away from the magic
angle, the strong correlation effect declines while band
dispersion in TBG keeps relatively flat. The distribution
of Berry curvature is diffused in the band and there will be
significant signal from Berry curvature dipole detected
within band, which distinguishes with the nonlinear Hall
in TDBG, where the Berry curvatures are mostly accumu-
lated nearly full fillings. Upon injecting an ac current, a
second harmonic Hall voltage that scales quadratically with
the injection current together with a vanishing second
harmonic longitudinal response is observed, demonstrating
arobust NHE originated from Berry curvature dipole. Even if
the first harmonic transport properties of our TBG samples
remain relatively unchanged upon the applied displacement
field [2,30], we find that displacement field can slide the
Berry curvature hotspots and lead to significant changes in
the direction and amplitude of the nonlinear Hall signal. Our
theoretical calculation fully explains the experimental obser-
vation of such electrically tunable NHE and reveals its origin
from the sliding of the Berry curvature hotspots on the
flatbands of the moiré superlattice. Our observation therefore
establishes TBG as a fine-tunable platform for applications in
second harmonic generation and rectification.

Experimental results.—TBG heterostructures, as sche-
matically shown in Fig. 1(a), are fabricated by the “tear-
and-stack” method [31]. A dual gate geometry is used to
independently control the total carrier density n and the
displacement field D (see Supplemental Material note 1 for
details [32]). The scheme of longitudinal and transverse
measurement is illustrated in Fig. 1(b). We first characterize
the TBG device by measuring the longitudinal resistance
R,, and the Hall carrier density ny as a function of the gate
voltage (or, equivalently, the filling factor v of the bands)
at a temperature of 7 = 1.5 K. The sharp peak of R,, near
the charge neutral point (CNP) indicates the mobility
~110000 cm?> V~!s~!. In TBG, single-particle gaps form
at CNP and at a superlattice density of n = +n, = £4/A,
where A is the moiré unit cell area and the factor 4 accounts
for the spin and valley degeneracies. These fillings with
single-particle gaps (v = 0 and +4) can be identified in
Fig. 1(c) (vertical dashed lines) by peaks of R, and the
sharp sign change in ny, indicating the switching between
electronlike to holelike pockets as the Fermi energy swap
through a band gap. While additional R,, peaks can be
observed near the half filling and the quarter filling, ny at
these positions shows no anomalies and follows ny = n,
suggesting that the correlation effect is relatively small in
this device and a Bistritzer-MacDonald type of the flatband
model [2], which we adapt in the theoretical calculation of
NHE below, offers a good description of such a system.
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FIG. 1. Basic characterization of the TBG device. (a) Schematic
structure of the 1.30° TBG device. The carrier density n and the
displacement field D are controlled by the top and bottom gates
with gate voltage V,, and V\,,, respectively. (b) The four-probe
measurement scheme. Here, we measure the longitudinal voltage
V. and Hall voltage V,, in the presence of an ac longitudinal
current /”. (c) The longitudinal resistance R,, = V,,/I” (upper
panel) and the carrier density measured via the Hall effect ny
(middle panel) as functions of v and V,, (Vg = 0 V). The vertical
dashed lines denote the CNP and fully filled moiré bands. Bottom
panel: The second harmonic Hall voltage V2 as a function of
filling factor v measured at / = 100 nA and 7 = 1.5 K.

This behavior is also consistent with the observation of
additional sign changes in ny at3 < |o| < 4 that matches the
electron-hole charge carrier switching point (or van Hove
singularities) in the single-particle band structure [39,40].
From the superlattice density n, = 4 x 10'2 cm™2, the twist
angle of this device is determined to be 1.3°. It is worthwhile
to highlight that by utilizing this twisting angle away from the
magic angle, complicated many-body effects, such as the
anomalous enhancement of the nonlinear Hall signal from
divergent effective mass [20], are avoided so that a clean
platform where semiclassical description for NHE from band
anomalous velocity can be used is obtained to study the Berry
curvature dipole of intrinsic band structures. The advantage
of such a flatband is that the distribution of Berry curvature is
diffused in band so that there will be significant signal from
Berry curvature dipole detected within band.

It is important to note that an ideal TBG is not expected
to exhibit NHE due to the threefold rotational symmetry,
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FIG. 2. Electric field tunable nonlinear Hall effect. (a) Filling and displacement field mapping of V¢ measured at 7 = 1.5 K. Dashed
lines marked with p and n indicate v = —1.5 and v = +1, respectively. Dash dotted lines marked with 1, 2, and 3 indicate three different
fields: D = +0.4,0,—0.4 V/nm. Their intersection points are named as shown in the figure. (b) V3 versus D measured at v = —1.5 at
12 =100 nA. (c) V3 versus I” at various displacement fields at v = —1.5. Dots are the experimental data and the solid lines are

parabolic fittings. (d),(e) Same as (b) and (c) for v = +1.

which forces the Berry curvature dipole (A) to be zero [15].
However, the strain that arises in the sample fabrication
process can break this symmetry and induce a nonzero
nonlinear Hall signal [41,42]. As shown in the bottom panel
of Fig. 1(c), where the second harmonic Hall voltage V2* at
I =100 nA versus v is plotted, nonzero responses are
indeed observed. First of all, in agreement with the sign
changes of A at band gaps [42,43], V3” changes signs at
CNP and full fillings. In addition, V3 show two peaks with
opposite signs near the band gaps, which can be understood
by the Berry curvature hotspots near the edges of the gap.
To verify that V3 is indeed from Berry curvature con-
tributions instead of extrinsic effects such as defect scatter-
ing, additional experiment data is provided in Supplemental
Material note 2 [32]. The filling, displacement field, and
temperature dependent data can be captured by the calcu-
lated Berry curvature dipole, but cannot be explained by the
scattering-induced nonlinear Hall response.

We then systematically study the dependence of NHE with
an out-of-plane electric displacement field D which induces
charge and voltage differences between the layers (D field
dependence of the first harmonic transport data shown in
Supplemental Material note 3 indicate that the effect of
displacement field on first harmonic transport of TBG is
very weak and disorder’s contribution to transport is very
small [32].). Figure 2(a) shows the map of Vi“’ in the space
of filling factor-displacement field (v-D). V3 at v = —1.5
and at v = +1 are marked by the dashed line labeled
with p and n in Fig. 2(a), respectively. The magnitude and
direction of V3“ changes when we tune D while keeping
v unchanged. To be more specific, sz’ at v =—1.5 at
various D is plotted in Fig. 2(b). A region with small
negative values of V2 is observed between two positive
V3® peaks. Moreover, V3 shows a clear quadratic

current-voltage (I — V) characteristic for all D [Fig. 2(c)],
which, combined with the 2w frequency, indicates a robust
nonlinear Hall effect. Similar D switchable V2® is observed
in the conduction band [Figs. 2(d)-2(e)]. In addition, D
switchable V3“ is observed in other devices with different
twist angles, as shown in Supplemental Material, Fig. 1.
These observations show that D can effectively modulate
the low-energy bands as well as the sign and the amplitude
of the Berry curvature dipole A.

Berry curvature sliding induced switchable dipole.—
Numerical studies are performed to study the origin of the
observed D field effect in the observed NHE results in TBG.
Band structure of TBG under a uniaxial strain is calculated
by using the Bistritzer-MacDonald model with a strain
strength of 0.3% (the electric field is introduced by con-
sidering an electrostatic energy difference between two
layers). Berry curvature € is calculated using the numerical
method proposed in Ref. [44]. The A can be determined
using A = [,(0fy/0E)(0E/0k)Q, where [, = d*k/(2x)?,
and f is the fermion occupation number. In Fig. 3(a), the
calculated A as functions of D and v is plotted (disorder
induced extrinsic NHE is not included in this calculation
and discussed separately in Supplemental Material, notes 2
and 5 [32]). For a fixed v, the calculated A shows an
opposite sign for small D and large D, closely resembles the
experimentally measured Vi’”. In addition, experimental
data shown in Fig. 1(c) can be captured by the theoretical
calculation (see Supplemental Material, Fig. 5 [32]). These
consistencies verify that the observed electrically tunable
NHE indeed results from D field tunable A.

To understand the microscopic origin, results of band
structure and Q of strained TBG at three different D are
shown in Fig. 3(b). As shown by our calculation and the
experimental observations, in the accessible range of D,
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Sliding of the Berry curvature hotspot. (a) A as a function of v and D calculated by using the Bistritzer-MacDonald model with

a strain strength of 0.3%. (b) Calculated band structure of the moiré bands near charge neutrality with D = +0.4, 0, and —0.4 V/nm.
The color represents the value of Q. The parallelogram marks the reciprocal lattice (high symmetry points are labeled in Supplemental
Material, Fig. 9). (¢) The distribution of the product of the Berry curvature Q and the slope of the band distribution (0E/0k) within the
reciprocal lattice at the energies marked by the dashed parallelograms in (b) at six representative points in (a). The zero-temperature
dipole moment can be calculated by integrating Q(dE/dk) at the Fermi level in the first moiré Brillouin zone.

single-particle gaps at CNP continuously present due to the
breaking inversion symmetry in strained TBG. There is no
band close-reopen happening which may change the sign of
Q. Instead, when tuning D, the location of the Q hotspot
(indicated by the blue and red region) moves due to the
change in the band structure. In Fig. 3(c), the distribution of
Q(0E/dk) inside the reciprocal lattice at six representative
points are plotted. The A can then be determined using
A = [(0fo/0E)(OE/0k)Q. For v=+1 at D=+04
(point nl) and —0.4 V/nm (point n3), the dominated
negative values of Q(J0E/dk) in the reciprocal lattice lead
to a negative A. When D is between these two values, at
point n2, the location of the Q hotspot slides into a band
region that has a different sign of the band dispersion
(de/0k), leading to a sign change of Q(dE/dk). Similarly,
for the valence band (labeled with pl, p2 and p3), the
predominantly values of Q(0E/dk) at pl and p3 is positive,
and the sliding leads to negative values of Q(dE/0dk) at p2.
Since A = [,(0fo/0E)(0E/0k)Q, it is understandable that
the sliding of € hotspot on band structure can induce sign
changes of A.

Discussion.—To this end, we would like to comment on
the two types of NHEs. It is proposed that both the Berry
curvature dipole and the disorder scattering could induce a
nonlinear Hall signal. The dipole contribution depends on
the strain strength, and the disorder contribution depends
on the disorder density. In TBG, according to theoretical
calculation [45], an exponential decay form factor A(k, k +
g+ Q) with momentum transfer “q+ Q” kills large
momentum scattering tails out of several moiré Brillouin
zones. Local disorder with carbon atom size has long
momentum tail scaling as graphene Brillouin zone after
Fourier transformation so that the form factor will sharply

suppress the contribution from this kind of disorder (also
the most common disorder). As a result, only spatially
extended scatterer in moiré unit cell level (denoted as
effective disorder) with small momentum scattering within
the moiré Brillouin zone dominates in TBG’s nonlinear
transport. To compare the extrinsic (disorder) contribution
with the intrinsic (dipole) contribution, Fig. 4 is provided,
where screened charged Coulomb potential from effective
disorder is used to compute the skew scattering contribu-
tion for NHE and detailed calculations can be found in
Supplemental Material, note 5 [32]. The nonlinear signal is
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FIG. 4. Phase diagram of the NHE. The color marks the
difference between the Berry curvature dipole and the effective
dipole of the scattering mechanism Ap;pole—scattering- 1he dashed
line represents the position where the Berry curvature dipole and
the scattering contribute equally to the nonlinear Hall signal. The
red (blue) area represents the dipole (scattering) dominated area.
The strain strength is the total uniaxial strain used in theoretical
calculation. The effective disorder is from screened Coulomb
potential scatterer.
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dipole dominated at a relatively large strain and a small
effective disorder density (which is the case in our
sample marked by star in Fig. 4 with a high mobility
~110000 cm?> V~'s™! and a effective disorder density
~2.7 x 10® cm™2), and scattering dominated at the opposite
(observed in TBG with mobility ~23000 cm?> V=!s~! and a
disorder density ~3.4 x 108 cm~2 [27]). Since the disorder
strength can hardly be controlled, it is much easier and
simpler to control the nonlinear Hall signal in high-
quality TBG devices by manipulating the intrinsic dipole
contribution via tuning the strain strength using flexible
substrates [19].

In summary, we observed electrically tunable intrinsic
NHE in TBG. In contrast to recent studies about the
scattering-induced second harmonic generation in gra-
phene superlattice [27,28], the NHE in our devices is
induced by a nonzero Berry curvature dipole. In addition,
our study indicates that the Berry curvature distribution in
TBG is highly sensitive to the out-of-plane displacement
field, which offers a highly efficient way to control or vary
the amplitude and direction of the Berry curvature dipole,
and thus the NHE. Our theoretical model calculation, where
the sliding of the Berry curvature hotspots due to the
interplay of strain, displacement field and flatband struc-
ture, semiquantitatively explains the experimental results.
This Letter not only elucidates the intrinsic origin of the
NHE in high-quality TBG to be the Berry curvature
distribution inside the flatbands but also highlights TBG
to be a fine-tunable platform for second harmonic gen-
eration and rectification.
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