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Spin-orbit-splitting-driven nonlinear Hall
effect in NbIrTe4

Ji-Eun Lee 1,2,3,4, Aifeng Wang 5,6, Shuzhang Chen5,7, Minseong Kwon 2,8,
Jinwoong Hwang1,9, Minhyun Cho8, Ki-Hoon Son2, Dong-Soo Han 2,
Jun Woo Choi 2, Young Duck Kim 8, Sung-Kwan Mo 1,
Cedomir Petrovic 5,7,10, Choongyu Hwang 3 , Se Young Park 11,12 ,
Chaun Jang 2 & Hyejin Ryu 2

The Berry curvature dipole (BCD) serves as a one of the fundamental con-
tributors to emergence of the nonlinear Hall effect (NLHE). Despite intense
interest due to its potential for new technologies reaching beyond the quan-
tum efficiency limit, the interplay between BCD and NLHE has been barely
understood yet in the absence of a systematic study on the electronic band
structure. Here, we report NLHE realized in NbIrTe4 that persists above room
temperature coupledwith a sign change in the Hall conductivity at 150K. First-
principles calculations combined with angle-resolved photoemission spec-
troscopy (ARPES) measurements show that BCD tuned by the partial occu-
pancy of spin-orbit split bands via temperature is responsible for the
temperature-dependent NLHE. Our findings highlight the correlation between
BCD and the electronic band structure, providing a viable route to create and
engineer the non-trivial Hall effect by tuning the geometric properties of
quasiparticles in transition-metal chalcogen compounds.

Berry curvature (BC) is a key to understand novel physical phenomena
such as anomalous Hall effect, chiral anomaly, topological Hall effect,
and spin-valley Hall effect. Moreover, the BC classifies the topology of
a solid via a topological number that predicts the presence of pro-
tected states at its boundary. The response of a system governed by
the BC is constrained by the Onsager relation in the linear order1. This
stringent constraint, however, is no longer valid in the high-order
responses that are proportional to the second-order or even higher-
orders of the driving field. The integration over higher-order fields

gives a nonlinear response of the system, contributing to the optical
and transport responses2–5. This finding not only provides a metho-
dology to explore the momentum texture of the BC of a system, but
also paves a way to utilize the response even though the linear order is
vanishingly weak or when a large driving field makes the higher-order
response exceed the linear order. To make use of the higher-order
response has great potential for applications in rectification devices6,7,
photosensitive devices8, and photovoltaic devices9 that potentially
overcome the quantum efficiency limit10,11.
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Recent studies on the higher-order response have invited non-
magnetic materials with broken centrosymmetry as a new member of
the Hall effect family, so-called nonlinear Hall effect (NLHE), char-
acterized by a quadratic behavior of the Hall voltage with second-
harmonic (2ω) frequencies in the presence of a perpendicular AC
driving current. In the absence of the linear Hall effect due to time-
reversal symmetry, the lowest-order Hall current is driven by the Berry
curvature dipole (BCD)4. Since the response is proportional to the
gradient of the BC, tilted anticrossing bands and Weyl points12–14 are
predicted to exhibit strong BCD that can generate a nonlinear Hall
angle close to 90 degrees15. As a result, the momentum-dependent
texture of the BC based on the electronic structures is essential to
understand the NLHE in which the evolution of BCmomentum texture
by lattice strain, interlayer twisting, and external electric fields15 can
lead to NLHE-based device applications6,16–22. Nevertheless, while the
majority of studies on the NLHE have predominantly focused on
exploring its transport properties, applications, and theoretical simu-
lations, the direct experimental confirmation and comprehensive
understanding of the BCD based on electronic structures have not yet
been fully attained. This achievement would provide crucial insights
into the underlying mechanism and controllability of the BCD.

In this paper, we report the room temperature NLHE in NbIrTe4
thin flakes, which exhibit a frequency-doubled Hall conductivity pro-
portional to the square of the driving current. We also demonstrate
that the sign change in the NLHE at 150K is induced by the sign change

of the BCD because of the chemical potential shift at high tempera-
tures. It is unambiguously evidenced by direct observation of a che-
mical potential shift in the temperature-dependent band dispersion
using angle-resolved photoemission spectroscopy (ARPES) and cal-
culated BCDs. Investigation of the electronic structures using ARPES
and density functional theory (DFT) also indicates that the main con-
tributor of BCDs is a partial occupation of spin–orbit split bands. Our
findings provide important insights into themomentum texture of the
Berry curvature and into controlling the Berry curvature dipole host-
ing the NLHE, which can be utilized for NLHE-based devices.

Results and discussion
Prediction of the nonlinear Hall effect in NbIrTe4
The crystal structureof bulkNbIrTe4 (Fig. 1a) has anorthorhombicunit
cell with space group Pmn2123. The experimental lattice constants are
a = 3.77Å, b = 12.51Å, and c = 13.12Å, where the two-dimensional
planes are stacked along the c-axis. The material has a nonmagnetic
metallic phase, and no anomalous Hall effect is expected. Moreover,
because of the combination of mirror ({Ma | (0,0,0)}) and glide mirror
({Mb | (1/2,0,1/2)}) operations, no NLHE is expected within the ab
plane23–25. However, in the slab geometry, the symmetry is lowered to
the Pm space group due to the breaking of the translation along the c-
axis, leaving only identity and mirror ({Ma | (0,0,0)}) operations
(Fig. 1b). The resultant symmetry allows nonlinear Hall current along
the b-axis when there is a driving current along the a-axis, parallel to
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Fig. 1 | Crystal structure symmetry and band model of NbIrTe4. a Crystal
structureofNbIrTe4 exhibiting broken inversion symmetrywith amirror plane (Ma)
illustrated as a yellow plane. Top view (b) of the crystal structure of NbIrTe4 with
mirror axis Ma (yellow dashed line). JNLHE is the generated nonlinear Hall current
parallel to Ma, and Eext is the applied electric field perpendicular to Ma.
c Illustrations ofHall deviceswith anoptical image (top left inset). Iω,V2ω, Eω, and J2ω
represent the current, voltage, electric field, and generated nonlinear Hall current,

respectively, at frequencies ω and 2ω. The scale bar in the optical image (top left
inset) is 1μm. d Polar plots of Ramanmodes at 151.33 cm−1. The results are shown as
intensity versus angle configuration. e A schematic model picture of band struc-
tures with Berry curvature (BC) Ω(k) evolution, including spin–orbit coupling
(SOC). The lower panels display momentum-resolved BC, highlighting the emer-
gence of a large dipole hotspot of BC in the presence of SOC.
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thedirectionof theBCD (Fig. 1b)24,26. Thedeviceswere fabricated into a
Hall bars pattern (Fig. 1c), which is aligned in the crystallographic
direction by angle-resolved polarized Raman spectroscopy (Fig. 1d).
Crystallographic directionswereconfirmedvia high intensity along the
a-axis and low intensity along the b-axis, which is evidence of broken
inversion symmetry in NbIrTe4, consistent with the previous report27.
In this system, the interplay between spin–orbit coupling and the
presence of broken inversion symmetry leads to the emergence of a
prominent BCD hotspot within spin–orbit-split bands (Fig. 1e), as ela-
borated upon in the subsequent theoretical section.

Observation of nonlinear Hall effect in NbIrTe4
To investigate the NLHE in NbIrTe4, nonlinear transport measure-
ments on a 15-nm-thick Hall bar device fabricated from a NbIrTe4
flakewere performed under zeromagnetic field (Fig. 2). The second-
harmonic transverse voltage (V 2ω

? ) under zero magnetic field in a 15-
nm-thick NbIrTe4 flake at 2 K responds quadratically to the current
Iω along the a-axis, indicating the presence of the NLHE on NbIrTe4
flakes (Fig. 2a). Additionally, we have verified both the direction and
frequency of driving AC current-dependent nonlinear Hall respon-
ses (see Supplementary Figs. 2, 3), thereby confirming the absence
of experimental measurement artifacts. The second-harmonic
transverse voltage (V 2ω

? ) of a NbIrTe4 flake gradually decreases as
the temperature increases from 2 to 150 K (nearly decay), followed
by a sign change with an increasing magnitude as the temperature
further increases to 300 K (Fig. 2b), consistent with the NLHE
observed in TaIrTe4

6. However, the slight difference in the sign-
changing temperature and the magnitude of NLHE between the two
materials are due to the band structure changes associated with
increased ionic radius and the spin–orbit coupling strength fromNb
to Ta12,15.

Temperature-dependent chemical potential shift nature of
NbIrTe4
Since the NLHE is derived from BCD, understanding the nature of
BCD from the perspective of electronic band structures enables
both understanding and effective control of the NLHE. To investi-
gate the electronic bands that dominantly contribute to NLH
behavior, we explored the electronic band structure using ARPES
experiments and DFT calculations. The Fermi surface of a NbIrTe4
single crystal consists of elliptical-shaped electron pockets around
the �Γ point (A in Fig. 3b) and semi-elliptical-shaped broad bulk hole
pockets along the �Γ-�X directions (B in Fig. 3b). Both Fermi surface

features (Fig. 3b) and the band dispersions along the �X-�Γ-�X and �S-�Y-�S
directions (Fig. 3c) are in good agreement with the DFT calculation
results shown by red dotted lines in Fig. 3b, c and those reported
previously8,25,28–30.

To further elucidate the origin of the temperature dependence
of the NLHE behavior (Fig. 2b), ARPES spectra along the �X-�Γ-�X
direction were acquired at various temperatures (Supplementary
Fig. 6). The energy distribution curves (EDCs) at the �Γ point as a
function of temperature (Fig. 3d) demonstrate that, as the tem-
perature increases, the two peaks at E − EF = − 0.3, −1.0 eV of the
EDCs shifts systematically to lower binding energy. In Fig. 3e, we
show the temperature-dependent energy shift (ΔE) for the peaks of
EDCs at the �Γ point (blue, ΔE = E − ET = 20 K), obtained from multi-
peak fits with multiplication of Fermi–Dirac distribution (FD)
function and convolution of instrumental resolution as detailed in
Fig. S7. It is clearly observed that the ΔE shifts about 15–20meV as
the temperature increases from 10 to 280 K, which implies the
chemical potential shifts down to higher binding energy, which is
consistent with our simulated ARPES spectra (See Supplementary
Fig. 11). The increase of the hole pockets in the Fermi surface
associated with the chemical potential shift is consistent with the
behavior of the hole carrier density, increasing as a function of
temperature obtained from the reported transport results29,31. The
ARPES and transport results suggest that there is a substantial
change in the band structures with increasing temperature. This
could be related to the sign change in BCD, which suggests further
investigation through DFT analysis.

Origin of the BCD of NbIrTe4
We investigated the mechanism that induces the nonlinear Hall con-
ductivity and the origin of the sign change by first-principles calcula-
tions. The current induced by the NLHE in two-dimensional systems is
expressed as4

jð2ωÞ= e3τ

2_2ð1 + iωτÞ
ẑ×EðωÞ ðDðωÞ � EðωÞÞ ð1Þ

where ℏ is Planck’s constant, ẑ is the direction normal to the plane
parallel to the c-axis, τ is the scattering time,E(ω) is the external electric
field, and D(ω) is the BCD vector. Given the symmetry of the NbIrTe4
slab (space group Pm), D(ω) is written as DaðωÞâ, where â is the unit
vector along the a-axis, which gives the nonlinear current in the b-axis
under electric fields applied along the a-axis. Da(ω) is obtained by the

(µ
V)(µ
V)

(µA)(µA)

Fig. 2 | Nonlinear Hall response in NbIrTe4. a Second-harmonic V 2ω
? as a function

of the ACcurrent amplitude Iω scaling quadratically in a 15-nm-thickflake ofNbIrTe4
at 2 K. The black solid line is a quadratic fit to the data. The current is along the a-
axis. Green cross bars in the inset represent the geometry of the measurements.
The applied current is injected from the source (S) electrode to the drain (D)

electrode, and the voltage is measured between the A and B electrodes. A sign
change occurs upon simultaneous reversal of both the applied current direction
and the corresponding Hall probes. b Temperature dependence of the NLHE and a
sizable NLH signal at room temperature, with a sign change at ~150K.
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derivative of the out-of-plane BC along the a-axis, expressed as

Da ωð Þ=
X

n

Z

BZ

d2k
4π2 f _ω� ϵnk

� �∂Ωnk,c

∂ka
, ð2Þ

where n is the band index, ϵnk denotes the single-particle energy,
f ð_ω� ϵnkÞ is the Fermi–Dirac distribution function, and Ωnk,c is
the Berry curvature along the c-axis. From the expression of BCD,
the important parts of the Brillouin zone are regions with a large
change in the BC along the a-axis. To identify the characteristics of
the band structures that are the main contributors to the BCD, we
first calculate Da(ω) for a bilayer NbIrTe4 slab. Compared with a
thick slab geometry, which is difficult to analyze because of dense
subbands, the bilayer system having a similar energy dependence of

BCD with 12-layer NbIrTe4 is suitable to pinpoint the hotspots of BC
that mainly contribute to the BCD.

We find that the BCD is dominantly contributed from the partially
occupied bands with spin–orbit induced splitting by analyzing the
momentum texture of BC, integrated around the energy at which BCD
changes abruptly. Figure 4a shows the energy dependence of Da(ω),
where a large increase in Da is observed at around −10meV. The
momentum-resolved BC integrated in the energy range from −12 to
−7meV (red shaded area in Fig. 4a) shows that the BC is concentrated
in small areas around the Γ point, with a clear sign change in Ωnk,c

across theMa mirror axis (Fig. 4b), which dominantly contributes to a
sharp decrease in Da. The bands contributing to the BC around
−10meV are presented in Fig. 4c, which corresponds to the region
indicated by the black-dotted square in Fig. 4b. The one-dimensional

Fig. 3 | Electronic structures and evidence for the temperature-dependent
chemical potential shift of NbIrTe4. a The surface Brillouin zone of NbIrTe4 with
high-symmetry points marked as red points. The blue arrow represents the BCD
(D). b ARPES and calculated (red dotted lines) Fermi surface (FS) of NbIrTe4
through twoBrillouin zones (green solid lines) at 20K.Ma is amirror plane. cARPES
intensity plots with the calculated band structure (red dotted lines) and corre-
sponding second-derivatives ARPES spectra for the enhanced visibility along the
�X-�Γ-�X and �S-�Y-�S directions at 20 K. d The energy distribution curves (EDCs) at the �Γ

point as a function of temperature along with black fitted curves. The multi-peak

fits are obtained by multiplication of the Fermi–Dirac distribution function and
convolution of instrumental resolution with Lorentzian curves (detailed in Fig. S7).
Blue dotted lines are the position of the two EDC peaks at E − EF = −0.3, −1.0 eV,
respectively (where EF is the Fermi energy). e Temperature dependence of the
energy shifts ΔE (left axis) are taken from the peak position shift of EDCs at
�Γ (ΔE = E − ET=20K) point obtained bymulti-peak fit (see Supplementary Fig. 7). Hole
carrier density (n, right axis) is obtained from the reported Hall measurement31. All
error bars are defined as the standard deviation of fitting the position of the peaks.
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cut along the �X-�Γ-�X line reveals the characteristics of these bands
(Fig. 4d), where large Rashba spin–orbit splitting is observed, con-
sistent with the absence of inversion symmetry. The BC calculated
along the �X-�Γ-�X line (bottom panel of Fig. 4d) shows that partially
occupied spin-split bands from spin–orbit coupling contribute largely
to the BC (Ωc) (blue shaded area in Fig. 4d). Thus,we attribute the large
change in the BCD to a shift of the EF as the occupation of the
spin–orbit split bands changes accordingly. We note that the BCD and
momentum-resolvedBCof thebilayer slab are insensitive to the choice
of the local density approximation (LDA) or generalized gradient
approximation (GGA) for the exchange-correlation potential (see
Supplementary Fig. 12).

The sign change around the Fermi energy of the calculated BCD in
a thicker slab (Fig. 4e) provides clear evidence that the sign inversion
of the Hall conductivity can be induced by the Fermi energy shift. The
calculated BCD for a 12-layer slab, which is sufficiently thick to repre-
sent the experimental geometry (see Supplementary Fig. 8), shows a
nonzero value of about Da = −60Å at the Fermi energy. More impor-
tantly, the BCD changes sign as E − EF decreases, showing a positive
peak about Da = 40Å around −20meV, which is comparable to
the peak shift observed in the ARPES results (Fig. 3d). Thus, we pro-
pose that the observed sign change in the NLHE with increasing
temperature is induced by a negative chemical potential shift, as evi-
denced by a sign change in the calculated BCD. Reducing the number
of electrons corresponding to a 0.025 h/f.u. doping induces the che-
mical potential shifts about −20meV both for bulk and slab geometry
(see Supplementary Fig. 12). We note that the Da from the experi-
mental data is estimated to be −348Å at low temperatures (see Sup-
plementaryNote 8), which is similar to the theoretical value of −55Å, as
explained in the following discussion.

Figure 4f shows the change in themomentum texture of the BC of
the 12-layer slab responsible for the energy-dependent sign change in
BCD, where the dominant contribution to the change in the BC

originates from small concentrated areas in the Brillouin zone, similar
to the bilayer case. Since the BCD is nearly zero at −40meV, we define
the integrated BC in the energy interval from −40meV to EF as

Ξk Eð Þ= P
n

R EF + E
EF�40meVdE

0δ E’� ϵnk
� �

Ωnk,c. Since the BCD along the

a-axis Da(E) is proportional to
∂Ωnk,c
∂ka

summed over the bands below the

energy E, large BCD is expected around the k-points showing an abrupt
change in Ξk(E) when integrated over a narrow energy range. Thus,
Ξk(−20meV), ΔΞk = Ξk(0) − Ξk(−20meV), and Ξk(0) (corresponding to
red, magenta, and green arrows Fig. 4e, respectively) represent the
momentum-dependent BC contributing Da at −20meV (red box in
Fig. 4f), ΔDa between −20meV and EF (magenta box), and Da at EF
(green box), respectively. The positive BCD at −20meV can be
explained on the basis of an overall negative-to-positive sign change in
the integrated BC across the mirror axis, giving a net positive value.
The sign of BCD changes around EF as a result of the addition of the
opposite component of the BCD shown in the middle panel with
the opposite sign change in the BC across the mirror axis. Thus, the
BCD at EF has a net negative sign with the BC texture, which is the sum
of those corresponding toDa at−20meV andΔDa. From the analysis of
the bilayer case, we expect that the BCD of a 12-layer slab can also be
mainly contributed by the partially occupied spin-split bands. Our
analysis reveals the mechanism of the temperature-dependent sign
change in the NLHE observed in the transportmeasurements. The shift
in EF, as observed in the temperature-dependent ARPES measure-
ments, changes the distribution of the BC sensitive to band filling,
resulting in the opposite sign of the BCD as the temperature increases.

We report the NLHE in nonmagnetic NbIrTe4 flakes. Our transport
measurements show that the magnitude of the Hall voltage at a dou-
bled frequency increases proportional to the square of the driving
current, indicating the occurrence of the NLHE. Moreover, the mea-
sured Hall voltage shows a sign change with increasing temperature

Fig. 4 | Calculated Berry curvature dipole and momentum-dependent Berry
curvature. a The BCD (Da) contributing to the in-plane NLHE for bilayer NbIrTe4,
plotted as a function of the chemical potential. b Momentum-resolved BC (Ωc(k) in
Å2) ofbilayerNbIrTe4 integrated from−12 to−7meVcorresponding to the redshaded
area in panel (a). c Band structures in the area denoted as the black-dotted square in
panel (b). d Band dispersion around the k-points contributing large Berry curvatures
of bilayer NbIrTe4. The top panel shows bands near the Fermi energy expressed as
solid magenta lines along the �X-�Γ-�X cut (dotted magenta box in panel (c). The black

dashed lines are the bands calculatedwithout spin–orbit coupling. The bottompanel
isΩc(k) integratedup to−10meV relative to EF (reddashed line).eChemical potential
versus the component of the Da contributing to the in-plane NLHE for 12-layer
NbIrTe4. f Integrated momentum-resolved BC (Ξk(E) for 12-layer NbIrTe4 (arb. units)
integrated from −40meV to EF, with the left, middle, and right panels corresponding
to the energy range marked with red, magenta, and green arrows in panel (e),
respectively. The black lines denote iso-energy surfaces at EF− 20meV (left),
EF− 10meV (middle), and EF (right).
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that persists up to room temperature. ARPES measurements and first-
principles calculations reveal that the BCD inNbIrTe4 originatesmainly
from partially filled spin–orbit split bands. Furthermore, we identified
the mechanism of the sign changes in the NLHE on the basis of the
chemical potential shift and associated change in the distribution of
the BC in momentum space, which is supported by temperature-
dependent energy shift in the ARPES results and sign-changing BC
texture in the slab calculation. The identifiedmechanism suggests that
theNLHE canbe electronically controlledbychanging themomentum-
dependent texture of the BC, which can be used to enhance the effi-
ciency of BCD-based devices such as memories and rectifiers.

Methods
Device fabrication and electrical measurements
Single crystals of NbIrTe4 were grown using the flux technique as
described elsewhere32 and as follows. Stoichiometric amounts of Nb
(99.999%) and Ir (99.99%) alongwith excess Te (ratio of Nb: Ir: Te = 1: 1:
20) were heatedwithin a sealed quartz ampule, reaching temperatures
up to 1000 °C before gradually cooling to 700 °C. Subsequently, the
excess Te was eliminated by centrifuging the ampules at 700 °C.
NbIrTe4 samples were mechanically exfoliated from a single crystal
NbIrTe4 and transferred onto SiO2/Si substrates. Hall bar device geo-
metries were patterned with Ti(10 nm)/Au(100 nm) electrodes on
NbIrTe4 crystals. To remove the oxidation layer on the surface of the
NbIrTe4 flakes, Ar

+-ion sputtering at 200V was employed for 300 s. To
perform nonlinear transport measurements, the device was biased
with a harmonic current along the a-axis at a fixed frequency
(ω = 117.77Hz) and measured both the first-harmonic frequency (ω)
and second-harmonic frequency (2ω) using a lock-in amplifier.

Raman spectroscopy
A linearly polarized 514 nm laser was focused to a spot of approxi-
mately 1–2 µm onto the nanoflakes at room temperature. The laser
power was limited to less than 200 µW. A polar plot of angle-resolved
measurements was obtained by fixing the Raman modes at 151.3 cm−1

and comparing the intensity as a function of angle33.

ARPES measurements
ARPES measurements were performed at Beamline 10.0.1, Advanced
Light Source, Lawrence Berkeley National Laboratory. The ARPES
system was equipped with a Scienta R4000 electron analyzer. The
photon energy was set to be 60 eV, with an energy resolution of
20meV and an angular resolution of 0.1 degrees.

First-principles calculations
We used the first-principles DFT to calculate the electronic structures
and nonlinear Hall conductivity. The calculations were performed
using the Vienna Ab-initio Simulation Package (VASP). The
Ceperley–Alder (CA)34,35 and Perdew–Burke–Ernzerhof (PBE)36,37 para-
meterizationswereused for the local density approximation (LDA) and
the generalized gradient approximation (GGA), respectively. The
projector augmented-wave method38 was used with an energy cut-off
of 500 eV. Spin–orbit coupling was included. For bulk and slab
NbIrTe4, k-point sampling grids of 3 × 12 × 3 and 3 × 12 × 1 were used,
respectively. The experimental atomic structures were used to con-
struct the bulk and slab geometry of 2- and 12-layer NbIrTe4 with a
vacuum layer of 16 Å. For the calculations of the BC and the BCD, the
Wannier90 code39was used to construct the tight-bindingHamiltonian
using Nb-d, Ir-d, and Te-p-derived bands. For the bilayer, the tight-
binding Hamiltonian was constructed from the bilayer-vacuum con-
figuration. For the thicker slab, the tight-binding Hamiltonian was
constructed by making a supercell of the bulk tight-binding Hamilto-
nian using the Python Tight Binding (PythTB) code40. The slab band
structures of the supercell tight-binding Hamiltonian and those of DFT
using vacuum-slab geometry were found to be in good agreement

(Supplementary Fig. 11). The calculations with a small hole doping of
0.025 h/f.u. were done by reducing the number of electrons with a
compensating uniform background charge. The BC and BCD were
calculated using the Wannier–Berri code41,42 and the surface bands
were calculated using WannierTools code43.

Data availability
All data generated in this study are provided in the article and Sup-
plementary Information. Additional data and materials are available
from the corresponding authors upon request.
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