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We reveal the gate-tunable Berry curvature dipole polarizability in Dirac semimetal Cd3As2 nanoplates
through measurements of the third-order nonlinear Hall effect. Under an applied electric field, the Berry
curvature exhibits an asymmetric distribution, forming a field-induced Berry curvature dipole, resulting in a
measurable third-order Hall voltage with a cubic relationship to the longitudinal electric field. Notably, the
magnitude and polarity of this third-order nonlinear Hall effect can be effectively modulated by gate
voltages. Furthermore, our scaling relation analysis demonstrates that the sign of the Berry curvature dipole
polarizability changes when tuning the Fermi level across the Dirac point, in agreement with theoretical
calculations. The results highlight the gate control of nonlinear quantum transport in Dirac semimetals,
paving the way for promising advancements in topological electronics.
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The concepts of Berry connection and Berry curvature
play essential roles in the development of modern topo-
logical physics [1–10]. The quantized topological quan-
tities, such as charge polarization [3], integer quantum Hall
conductance [4,11], and magnetoelectric polarizability [9],
can be expressed as the integrals of Berry connection. The
Berry curvature and Berry curvature dipole (BCD) are
responsible for the linear and second-order anomalous Hall
effects, respectively, [12–24]. The first-order anomalous
Hall effect occurs in materials with broken time-reversal
symmetry; while the second-order anomalous Hall effect
can occur in materials with time-reversal symmetry, but it
usually requires the breaking of inversion symmetry. Even
that both time-reversal symmetry and spatial inversion
symmetry are present, the third-order anomalous Hall
effect can still be observed, which arises from the Berry
connection polarization effect [25–30]. Under an electric
field, the Berry connection polarizability (BCP) can lead to
a BCD, which further results in the third-harmonic anoma-
lous Hall signals with respect to the biased alternating
electric field. The third-order nonlinear Hall effect provides
an effective method to study the Berry connection polari-
zation effect and the field-induced BCD in nonmagnetic
materials with inversion symmetry.
The Dirac semimetal provides an ideal platform to

investigate the Berry connection and Berry curvature
related effects. Dirac semimetals are featured with inverted
band structures and massless Dirac fermions [31–33],
which inherit nontrivial Berry phase and invoke exotic
transport phenomena, such as chiral anomaly [34–36], and
Shubnikov–de Haas oscillations with Berry phase π [37–40].
Despite extensive studies evidencing the nontrivial topo-
logical origin, the direct investigation on Berry parameters
remains elusive in Dirac semimetals up to now. Here, we

study the BCD polarization effect in the Dirac semimetal
Cd3As2 nanoplate by combining theoretical calculations
and experimental measurements. Theoretical calculations
show that in the presence of an electric field, the induced
BCD strongly depends on the chemical potential, and
reverses its sign as across the Dirac point. Experimentally,
we employ the measurements of third-order nonlinear Hall
signal to probe the electric field-induced BCD for various
gate voltages and temperatures.
The third-order nonlinear Hall effect in nonmagnetic

materials is closely associated with BCP tensor G
↔
, which is

gauge invariant and represents an intrinsic band geometric
property [27,28]. The BCP tensor elements are given as
Gαβ ¼ 2eℜ

P
m≠n½ðAαÞmnðAβÞnm=εn − εm�, where α, β

denote the spatial direction, e is the electron charge,
ðAαÞmn ¼ humji∂kα juni represents the interband Berry con-
nection, and εn is the band energy. Under the presence of an
electric field E and BCP, the Berry connection is generated

asAE ¼ G
↔
·E, which further leads to a field-induced Berry

curvature ΩE ¼ ∇k ×AE and thereby the field-induced
BCD (DE). TheDE together with the applied field E would
lead to the nonlinear Hall effect as the third-order Hall
response, in which the third-harmonic Hall voltage depends
on the cube of longitudinal electric field. Although the
third-order nonlinear Hall effect associated with BCD
polarization has been experimentally observed [27–30],
the relationship between this BCD polarization and the
variation of the Fermi energy level has not been revealed in
experiments yet. In the following, we first theoretically
calculate the BCP tensor and BCD polarizability at differ-
ent chemical potentials for the Dirac semimetal Cd3As2.
The BCD polarizability is defined as the ratio between DE

and the amplitude of E, which is a sample-intrinsic quantity
(Supplemental Material Note 1 [41]).
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We start our theoretical analysis of Dirac semimetal
Cd3As2 from the typical four-band effective model [31].
With the obtained energy dispersion [Fig. 1(a)] and
corresponding wavefunctions, we can derive the BCP
tensor elements related to the nonlinear response.
Figures 1(b)–1(d) present the distribution of BCP tensor
elements in the kz ¼ kD plane of momentum space, where
ð0; 0;�kDÞ are the positions of two Dirac points. Because
of the 3D nature of Dirac semimetal, the calculation is
extended to the BCP component with index z besides the
common index x, y for 2D materials. As we can see, the
BCP is concentrated around the Dirac point region. We
introduce an electric field oriented along the ½11̄0� direc-
tion, which is the actual direction of applied electric field in
our experiment, and calculate the resultant Berry curvature
distribution, as shown in Figs. 1(e)–1(g). The induced
BCD can be calculated by the dipole moment formula
Dαβ ¼

R
k dk f0ð∂kαΩβÞ, where f0 is the equilibrium dis-

tribution function and the integration is taken over the
Brillouin zone [44]. Then one can deduce the nonlinear
current along the in-plane transverse direction (Supplemental
Material Note 1 [41]), that is the nonlinear Hall current jNL⊥ .
In a 3D system, the BCD is a rank-2 tensor which is hard to
clarify and quantify, posing challenges in determining the
dipole from experimental conditions. Intuitively, we intro-
duce the concept of effective BCD (Supplemental Material
Note 1 [41]). The effective scalar value ofBCDin theCd3As2
nanoplate can be calculated by dividing the Hall current jNL⊥
with a jEj2 term, similar to the case of 2D systems [19]. We
obtain the effective BCD under various chemical potentials
[Fig. 4(d)]. It is found that the field-induced BCD is sensitive
to the variation of chemical potential, and even switches its

sign across the Dirac point. In other words, the field polar-
izability ofBCDstrongly depends on theFermi level position
for the Dirac semimetal Cd3As2.
We carry out low temperature electric transport mea-

surements to reveal the BCD polarization of Dirac semi-
metal Cd3As2. The Cd3As2 nanoplates were grown by
chemical vapor deposition (CVD) method with (112)
surface plane and ½11̄0� edge direction [45,46]. Nanoplates
with thickness of ∼80 nm were selected and mechanically
transferred onto the SiO2=Si substrate, which serves as the
back gate to tune the sample Fermi level. Ti=Au electrodes
were fabricated via electron beam evaporation (EBE)
process after an in situ Ar ion etching treatment. All
transport measurements were performed in a commercial
Oxford cryostat. We here mainly discuss the results
measured from device A, as shown in Fig. 2(a).
To measure the nonlinear Hall effect, we applied an ac

driving current along the nanoplate edge direction [as
indicated by the white arrow in Fig. 2(a)] at a fixed
frequency of 17.777 Hz and recorded the longitudinal
and transverse signals at the frequencies from the funda-
mental up to the third harmonics. At the fundamental
frequency, the longitudinal voltage Vk increases linearly
with the bias current Ik. By contrast, the transverse voltage
V⊥ is vanishingly small as expected due to the preserved
time-reversal symmetry in the Dirac semimetal. Figure 2(c)
shows the detected second- and third-harmonic Hall volt-
age, i.e., V2ω⊥ and V3ω⊥ , versus the applied bias current. The
value of V3ω⊥ is almost 3 times larger than that of V2ω⊥ under
Ik ¼ 10 μA. For an ideal Dirac semimetal, the inversion
symmetry is conserved in the bulk, which should result in
the disappearance of second-order Hall response. However,
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FIG. 1. Numerical analysis of the Berry connection polarizability tensor and Berry curvature of a Dirac semimetal. (a) Bulk dispersion
of Cd3As2 calculated from 4-band effective model, plotted in the kx ¼ 0 plane. A pair of Dirac points along the Γ − Z direction can be

found at the band intersections. (b)–(d) Sectional plots of representative tensor elements of BCP tensorG
↔
with respect to kx and ky, with

kz ¼ kD specifically chosen to let the sectional plane go across the Dirac point. (e)–(g) The electric field-induced Berry curvature Ω
distribution in the same sectional plane as in (b)–(d). The bias electric field is chosen to point to the ½11̄0� direction as illustrated by the
dashed arrows.
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in practical experiments, lattice symmetry-breaking may
arise from factors such as strain introduced during device
fabrication, differences in thermal expansion coefficient
between the sample and substrate during the measurement
cooling process, and surface atomic reconstruction. This
lattice symmetry breaking can lead to a nonzero value of
the V2ω⊥ signal. The third-order Hall response takes the
leading role in the nonlinear charge response. The third-
order Hall signals are also independent of frequencies
(Fig. S1 [41]), which excludes the possible measurement
artifacts such as parasitic capacitance effect.
We then investigate the gate voltage dependence of

third-order nonlinear Hall responses. The transfer curve
[Fig. 2(d)] shows that the Dirac point of nanoplate is
situated near Vg ¼ −10 V. Figure 2(e) demonstrates that
the third-harmonic transverse voltage scales linearly with
the cube of first-harmonic Vk for all gate voltages. The
slope of V3ω⊥ versus V3

k as a function of Vg is summarized in

Fig. 2(f). As we can see, the V3ω⊥ =V3
k is highly tunable by

gate voltage, and its magnitude reaches a local maximum
near the Dirac point. It is worth noting that this does not
mean the field-induced BCD is the largest near the Dirac
point. Generally, the V3ω⊥ =V3

k involves the contributions
from not only the field-induced dipole moment [27,28], but
also the scattering process from disorders [42,43], which
should be carefully considered.

The underlying mechanism of the nonlinear Hall effect is
further investigated by studying its temperature dependence
and scaling law behavior. Figure 3(a) gives the temperature
dependence of third-order nonlinear Hall signals when the
Fermi level situates in the conduction band (Vg ¼ 15 V).
The V3ω⊥ exhibits a linear relation with the V3

k for all

temperatures. The slope of V3ω⊥ vs V3
k is gradually attenu-

ated upon increasing the temperature as shown in Fig. 3(b).
The conductance G also exhibits a similar temperature
dependence [Fig. 3(c)]. Figure 3(d) gives the plot of
E3ω⊥ =E3

k as a function of σ=σ0, where ðE3ω⊥ =E3
kÞ ¼

ðV3ω⊥ =V3
kÞ · ðL3=WÞ, σ ¼ G½L=ðW · tÞ�, L, W, and t are the

channel length, channel width, and nanoplate thickness,
respectively. σ0 refers to the conductivity at the base
temperature 2 K. According to previous literature [42,43],
the relation of ðE3ω⊥ =E3

kÞ and σ=σ0 can be generally scaled

as ðE3ω⊥ =E3
kÞ ¼ A0 þ A1ðσ=σ0Þ þ A2ðσ=σ0Þ2. Each of the

scaling parameters A0, A1, and A2 comes from the mixture
of intrinsic and extrinsic contributions (Supplemental
Material Note 4 [41]). The intrinsic contribution results
from the Berry connection polarizability tensor and asso-
ciates with the field-induced BCD. The extrinsic one stems
from the disorder-related contributions, such as side
jump and skew scatterings. As shown in Fig. 3(d), the
parabolic scaling law can well fit the experimental data
of ðE3ω⊥ =E3

kÞ versus ðσ=σ0Þ.
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FIG. 2. Third-order nonlinear Hall effect observed in the Cd3As2 nanoplate. (a) Optical image of a typical Hall-bar device. An ac
driving current Ik is applied along the nanoplate edge direction, whereas the longitudinal and transverse voltage are simultaneously
recorded. (b) The first-harmonic longitudinal voltage Vk and transverse voltage V⊥ as a function of bias longitudinal current Ik.
(c) Second- (black curve) and third-harmonic (red curve) Vnω⊥ versus Ik. (d) The transfer curve of the nanoplate, obtained from the
standard four-probe measurement. (e) Third-harmonic Hall signal V3ω⊥ scaled with the cube of longitudinal voltage Vk for various gate
voltages. (f) The slope of V3ω⊥ vs V3

k as a function of gate voltage, which is found to be sensitive to Vg, and its amplitude reaches a local

maximum near the Dirac point. The data were collected at 10 K.
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To assess the relative contribution of different mecha-
nisms, we carefully analyze the scaling parameters
extracted from the parabolic fitting, as shown in Fig. 4(a)
for the gate voltage dependence of A0, A1, and A2. These
three scaling parameters exhibit relatively unvaried ratio
with A0∶A1∶A2 ≈ 1∶ − 2∶1 in the whole range of gate
voltage. Similar results are also obtained in another device
(see the results of device B in Fig. S2 [41]). Since A2 lacks
any side-jump contribution, a dominant role of the side-
jump mechanism would lead to A0 and A1 being signifi-
cantly larger than A2. However, this contradicts the fact that
the observed amplitudes of the three parameters are similar.
Consequently, the side-jump mechanism cannot be the
primary factor influencing the scaling parameters. Besides,
the high carrier mobility of Cd3As2 nanoplate also indicates
the relative weak side jumps, which are usually pronounced
in dirty metals [12]. For the similar reason, we can exclude
the non-Gaussian skew scatterings as the main origin.
Therefore, we obtain a simplified expression of scaling
parameters as A0 ¼ Csk;1

11 þ Cint, A1 ¼ −2Csk;1
11 , and A2 ¼

Csk;1
00 þ Csk;1

11 . The parameter Cint denotes the intrinsic
contribution following Cint ¼ ðm�e=2ℏ2nÞγ, where ℏ is
the reduced Plank constant, e is the electron charge, m� ¼
0.04me is the effective mass for Cd3As2, n is the carrier
density, γ is the BCD polarizability defined as γ ¼ D=E.
The parameter Csk;1

00 and Csk;1
11 represent impurity- and

phonon-related Gaussian skew scatterings, respectively.
Then we can obtain that ðE3ω⊥ =E3

kÞ¼CintþCsk;1
00 ðσ=σ0Þ2 þ

Csk;1
11 ½1− ðσ=σ0Þ�2, in which Cint ¼ A0 þ 1

2
A1, Csk;1

00 ¼
1
2
A1 þ A2, and Csk;1

11 ¼ − 1
2
A1. The three terms on the right

indicate the intrinsic contribution, impurity skew scattering
contribution, phonon skew scattering contribution to the
observed ðE3ω⊥ =E3

kÞ.
Figure 4(b) shows the proportion of three types of

mechanisms in contributing to the third-order nonlinear
Hall effect. The intrinsic contribution and impurity skew
scattering play a dominant role in the third-order nonlinear
Hall effect. The contribution of phonon skew scattering is
almost vanishing at low temperature (T ¼ 2 K) due to the
limited thermal activation. Upon increasing the temper-
ature, the increased thermal activation induces more
phonons and results in the enhanced phonon skew scatter-
ing [bottom panel of Fig. 4(b)]. Moreover, we have
speculated the induced BCD under an electric field of E ¼
1 kV=m according to the relation Cint ¼ ðm�e=2ℏ2nÞγ, as
shown in Fig. 4(c). At a fixed bias electric field, the
induced dipole (charactering the dipole polarizability), is
found to reverse its sign across the Dirac point and reaches
a maximum value of 6 nm, 2 orders of magnitude larger
than that in WTe2 [29]. Both the sign reversal and
maximum amplitude are consistent with the theoretical
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FIG. 3. Temperature dependence of third-order nonlinear Hall effect. (a) Third-order Hall signal V3ω⊥ versus Vk for different
temperatures. (b),(c) The slope of V3ω⊥ vs V3

k and nanoplate conductanceG as a function of T, respectively. (d) E3ω⊥ =E3
k versus σ=σ0 in the

Cd3As2 nanoplate. The square symbols represent experimental data. The lines in (b) and (c) are guides to the eye. The red solid curve in
(d) is the fitting to the experimental data with the scaling formula. The data were acquired under Vg ¼ 15 V.
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results shown in Fig. 4(d), and the detailed comparisons
are provided in Supplemental Material Note 5 [41].
To gain a deeper understanding of the connection

between BCD polarizability and the energy band struc-
ture’s topology, we conduct a numerical analysis on a
conventional insulator model for comparison (see
Supplemental Material Note 6 [41] for details). By merely
deactivating band inversion and the corresponding band
topology, we observe a substantial suppression of the
electric field-induced BCD features (Fig. S3 [41]). This
result indicates the important role of nontrivial topology in
Dirac dispersion for achieving substantial BCD polariz-
ability. In Dirac semimetals, the characteristic feature is the
overlap of two Weyl points with opposite chirality at each
Dirac point, leading to mutual cancellation of their Berry
curvatures. Nevertheless, this “hidden” Berry curvature
structure can be readily presented when the balance
between the overlapping Weyl points is disrupted by
applying an electric field to separate them in momentum
space. This approach, which reveals hidden Berry curva-
ture, holds great promise for exploring exotic physical
properties in topological materials and their potential
applications in devices.
In conclusion, we have systematically studied the

third-order nonlinear Hall effect in the Dirac semimetal
Cd3As2 nanoplate. The scaling relationship reveals that the

third-order Hall effect is mainly contributed by the intrinsic
contribution, i.e., electric field-induced BCD, and the
extrinsic contribution, i.e., impurity skew scatterings.
The BCD polarizability is found gate tunable, and changes
its sign when the Fermi level crosses the Dirac point, in
agreement with theoretical calculations. Our work reveals
the BCD polarization effect in Dirac semimetals, enriching
the understanding of nonlinear transport in topological
semimetals.
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