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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 NblrTe, that persists above room
temperature coupled with a sign change in the Hall conductivity at 150 K. 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 order’. 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stringent constraint, however, is no longer valid in the high-order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 responses””. 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 devices®’,
photosensitive devices®, and photovoltaic devices’ that potentially
overcome the quantum efficiency limit'*",
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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 (2w) 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)*. Since the response is proportional to the
gradient of the BC, tilted anticrossing bands and Weyl points”*™* are
predicted to exhibit strong BCD that can generate a nonlinear Hall
angle close to 90 degrees®”. 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 BC momentum texture
by lattice strain, interlayer twisting, and external electric fields” can
lead to NLHE-based device applications®'°?2, 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 NblrTe,
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 150 K is induced by the sign change

b
M, (mirror plane) l—’ a

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 the momentum 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 NblrTe,

The crystal structure of bulk NbirTe,4 (Fig. 1a) has an orthorhombic unit
cell with space group Pmn2,”. The experimental lattice constants are
a=3.77A, b=1251A, and c=13.12A, 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 ({M,|(0,0,0)}) and glide mirror
({Mp1(1/2,0,1/2)}) operations, no NLHE is expected within the ab
plane” . 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 ({M,|(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 NbIrTe,, a Crystal
structure of NblrTe4 exhibiting broken inversion symmetry with a mirror plane (M,)
illustrated as a yellow plane. Top view (b) of the crystal structure of NblrTe, with
mirror axis M, (yellow dashed line). /n e is the generated nonlinear Hall current
parallel to M,, and E., is the applied electric field perpendicular to M,.
clllustrations of Hall devices with an optical image (top leftinset). /,, V., Ew, and J2,
represent the current, voltage, electric field, and generated nonlinear Hall current,

respectively, at frequencies @ and 2w. The scale bar in the optical image (top left
inset) is 1 um. d Polar plots of Raman modes at 151.33 cm™., The results are shown as
intensity versus angle configuration. e A schematic model picture of band struc-
tures with Berry curvature (BC) Q(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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Fig. 2 | Nonlinear Hall response in NblIrTe,. a Second-harmonic V> as a function
of the AC current amplitude /” scaling quadratically in a 15-nm-thick flake of NbIrTe,
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)
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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 ~150 K.

the direction of the BCD (Fig. 1b)**?°. The devices were fabricated into a
Hall bars pattern (Fig. 1c), which is aligned in the crystallographic
direction by angle-resolved polarized Raman spectroscopy (Fig. 1d).
Crystallographic directions were confirmed via high intensity along the
a-axis and low intensity along the b-axis, which is evidence of broken
inversion symmetry in NblrTe,, consistent with the previous report?.
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 NbirTe,

To investigate the NLHE in NblrTe4, nonlinear transport measure-
ments on a 15-nm-thick Hall bar device fabricated from a NbIrTe,
flake were performed under zero magnetic field (Fig. 2). The second-
harmonic transverse voltage (V2°) under zero magnetic field in a 15-
nm-thick NblrTe, flake at 2K responds quadratically to the current
I° along the a-axis, indicating the presence of the NLHE on NblrTe,
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 (V2°) of a NbirTe, 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 300K (Fig. 2b), consistent with the NLHE
observed in TalrTe,°. 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 from Nb
to Ta?",

Temperature-dependent chemical potential shift nature of
NblirTe,

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 NbIrTe,
single crystal consists of elliptical-shaped electron pockets around
the T point (A in Fig. 3b) and semi-elliptical-shaped broad bulk hole
pockets along the I'-X directions (B in Fig. 3b). Both Fermi surface

features (Fig. 3b) and the band dispersions along the X-T-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
previously®»2-30,

To further elucidate the origin of the temperature dependence
of the NLHE behavior (Fig. 2b), ARPES spectra along the X-T-X
direction were acquired at various temperatures (Supplementary
Fig. 6). The energy distribution curves (EDCs) at the T point as a
function of temperature (Fig. 3d) demonstrate that, as the tem-
perature increases, the two peaks at E—Er=-0.3, -1.0eV of the
EDCs shifts systematically to lower binding energy. In Fig. 3e, we
show the temperature-dependent energy shift (AE) for the peaks of
EDCs at the T point (blue, AE=E-Er_5k), 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 AE shifts about 15-20 meV as
the temperature increases from 10 to 280K, 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 results**'. 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 NblrTe,

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 as*

3

e
Rw)= ———
j@w) 2K%(1 + iwT)

2xE(w) (D(w) - E(w)) @

where # is Planck’s constant, z is the direction normal to the plane
parallel to the c-axis, Tis the scattering time, E(w) is the external electric
field, and D(w) is the BCD vector. Given the symmetry of the NblrTe,
slab (space group Pm), D(w) is written as D,(w)a, where a 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. D,(w) is obtained by the
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Fig. 3 | Electronic structures and evidence for the temperature-dependent
chemical potential shift of NblrTe,. a The surface Brillouin zone of NbirTe, 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 NblrTe,
through two Brillouin zones (green solid lines) at 20 K. M, is a mirror plane. ¢ ARPES
intensity plots with the calculated band structure (red dotted lines) and corre-
sponding second-derivatives ARPES spectra for the enhanced visibility along the
X-T-X and S-Y-S directions at 20 K. d The energy distribution curves (EDCs) at the [
point as a function of temperature along with black fitted curves. The multi-peak
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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-Ez=-0.3,-1.0eV,
respectively (where £ is the Fermi energy). e Temperature dependence of the
energy shifts AE (left axis) are taken from the peak position shift of EDCs at

I (AE = E - Er—50) point obtained by multi-peak fit (see Supplementary Fig. 7). Hole
carrier density (n, right axis) is obtained from the reported Hall measurement®. All
error bars are defined as the standard deviation of fitting the position of the peaks.

derivative of the out-of-plane BC along the a-axis, expressed as

a-onk,c
ok, ’

D=3 /. 4,Tzf ) @
where n is the band index, €, denotes the single-particle energy,
f(hw — €y is the Fermi-Dirac distribution function, and Q. 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 D,(w) for a bilayer NbIrTe, 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 NblrTe, 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 D,(w),
where a large increase in D, is observed at around -10 meV. The
momentum-resolved BC integrated in the energy range from -12 to
-7 meV (red shaded area in Fig. 4a) shows that the BC is concentrated
in small areas around the I' point, with a clear sign change in Q,
across the M, mirror axis (Fig. 4b), which dominantly contributes to a
sharp decrease in D, The bands contributing to the BC around
-10 meV are presented in Fig. 4c, which corresponds to the region
indicated by the black-dotted square in Fig. 4b. The one-dimensional
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Fig. 4 | Calculated Berry curvature dipole and momentum-dependent Berry

curvature. a The BCD (D,) contributing to the in-plane NLHE for bilayer NblrTe,,

plotted as a function of the chemical potential. b Momentum-resolved BC (Q.(k) in
A?) of bilayer NblIrTe, integrated from -12 to -7 meV corresponding to the red shaded
area in panel (a). ¢ 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 NblrTe,4. The top panel shows bands near the Fermi energy expressed as
solid magenta lines along the X-T-X cut (dotted magenta box in panel (c). The black

dashed lines are the bands calculated without spin-orbit coupling. The bottom panel
is Q.(k) integrated up to —-10 meV relative to £r (red dashed line). e Chemical potential
versus the component of the D, contributing to the in-plane NLHE for 12-layer
NblrTe,. f Integrated momentum-resolved BC (Zi(E) for 12-layer NblrTe, (arb. units)
integrated from —40 meV to £, 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 £ —20 meV (left),
Er—10 meV (middle), and E (right).

cut along the X-T-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-T-X line (bottom panel of Fig. 4d) shows that partially
occupied spin-split bands from spin-orbit coupling contribute largely
to the BC (Q,) (blue shaded area in Fig. 4d). Thus, we attribute the large
change in the BCD to a shift of the Er as the occupation of the
spin-orbit split bands changes accordingly. We note that the BCD and
momentum-resolved BC of the bilayer 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 D, =-60 A at the Fermi energy. More impor-
tantly, the BCD changes sign as E — Er decreases, showing a positive
peak about D,=40A 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 —20 meV both for bulk and slab geometry
(see Supplementary Fig. 12). We note that the D, from the experi-
mental data is estimated to be —348 A at low temperatures (see Sup-
plementary Note 8), which is similar to the theoretical value of =55 A, as
explained in the following discussion.

Figure 4f shows the change in the momentum 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 —40 meV, we define
the integrated BC in the energy interval from —40meV to E¢ as

ZE)= X [1 omevdE 6 (E' — €44 Quc . Since the BCD along the
n

a-axis D,(E) is proportional to % summed over the bands below the

energy E, large BCD is expected around the k-points showing an abrupt
change in Z(E) when integrated over a narrow energy range. Thus,
k(=20 meV), A=y = Z(0) - Z(-20 meV), and Zi(0) (corresponding to
red, magenta, and green arrows Fig. 4e, respectively) represent the
momentum-dependent BC contributing D, at =20 meV (red box in
Fig. 4f), AD, between -20 meV and Er (magenta box), and D, at E
(green box), respectively. The positive BCD at -20 meV 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 £ 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 £ has a net negative sign with the BC texture, which is the sum
of those corresponding to D, at =20 meV and AD,. 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 transport measurements. The shift
in Er, 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 NblrTe, 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
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that persists up to room temperature. ARPES measurements and first-
principles calculations reveal that the BCD in NblrTe, originates mainly
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 identified mechanism suggests that
the NLHE can be electronically controlled by changing the momentum-
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 NblrTe, were grown using the flux technique as
described elsewhere®? and as follows. Stoichiometric amounts of Nb
(99.999%) and Ir (99.99%) along with excess Te (ratio of Nb: Ir: Te =1:1:
20) were heated within 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.
NblIrTe, samples were mechanically exfoliated from a single crystal
NblrTe, and transferred onto SiO,/Si substrates. Hall bar device geo-
metries were patterned with Ti(10 nm)/Au(100 nm) electrodes on
NblrTe, crystals. To remove the oxidation layer on the surface of the
NblrTe, flakes, Ar'-ion sputtering at 200 V 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
(w=117.77 Hz) and measured both the first-harmonic frequency (w)
and second-harmonic frequency (2w) using a lock-in amplifier.

Raman spectroscopy

A linearly polarized 514 nm laser was focused to a spot of approxi-
mately 1-2 um onto the nanoflakes at room temperature. The laser
power was limited to less than 200 uW. A polar plot of angle-resolved
measurements was obtained by fixing the Raman modes at 151.3 cm™
and comparing the intensity as a function of angle®.

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 60eV, with an energy resolution of
20 meV 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)***> and Perdew-Burke-Ernzerhof (PBE)***" para-
meterizations were used for the local density approximation (LDA) and
the generalized gradient approximation (GGA), respectively. The
projector augmented-wave method®® was used with an energy cut-off
of 500eV. Spin-orbit coupling was included. For bulk and slab
NblIrTe,, k-point sampling grids of 3x12x3 and 3 x12 x1 were used,
respectively. The experimental atomic structures were used to con-
struct the bulk and slab geometry of 2- and 12-layer NbIrTe, with a
vacuum layer of 16 A. For the calculations of the BC and the BCD, the
Wannier90 code® was used to construct the tight-binding Hamiltonian
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) code*’. 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 code*** and the surface bands
were calculated using WannierTools code®.

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.

References

1. Landau, L. D. & Lifshitz, E. M. Statistical Physics. 3rd edn, Vol. 5
(Pergamon Press, 1999).

2.  Moore, J. E. & Orenstein, J. Confinement-induced Berry phase and
helicity-dependent photocurrents. Phys. Rev. Lett. 105, 026805
(2010).

3. Sipe, J. E. & Shkrebtii, A. |. Second-order optical response in semi-
conductors. Phys. Rev. B 61, 5337-5352 (2000).

4. Sodemann, |. & Fu, L. Quantum nonlinear Hall effect induced by
Berry curvature dipole in time-reversal invariant materials. Phys.
Rev. Lett. 115, 216806 (2015).

5. Xu, S.-Y. et al. Electrically switchable Berry curvature dipole in the
monolayer topological insulator WTe,. Nat. Phys. 14, 900-906
(2018).

6. Kumar, D. et al. Room-temperature nonlinear Hall effect and wire-
less radiofrequency rectification in Weyl semimetal TalrTe,. Nat.
Nanotech. 16, 421-425 (2021).

7. Wang, H. & Qian, X. Ferroicity-driven nonlinear photocurrent
switching in time-reversal invariant ferroic materials. Sci. Adv. 5,
eaav9743 (2019).

8. Kim, J. et al. Prediction of ferroelectricity-driven Berry curvature
enabling charge- and spin-controllable photocurrent in tin telluride
monolayers. Nat. Commun. 10, 3965 (2019).

9. Rangel, T. et al. Large bulk photovoltaic effect and spontaneous
polarization of single-layer monochalcogenides. Phys. Rev. Lett.
119, 067402 (2017).

10. Ranjan, P. et al. 2D materials: increscent quantum flatland with
immense potential for applications. Nano Convergence 9, 26
(2022).

1. Shockley, W. & Queisser, H. J. Detailed balance limit of efficiency of
p-n junction solar cells. J. Appl. Phys. 32, 510-519 (1961).

12. Du, Z.Z., Wang, C. M,, Lu, H.-Z. & Xie, X. C. Band signatures for
strong nonlinear Hall effect in bilayer WTe,. Phys. Rev. Lett. 121,
266601 (2018).

13. Facio, J. I. et al. Strongly enhanced Berry dipole at topological
phase transitions in BiTel. Phys. Rev. Lett. 121, 246403 (2018).

14. Zhang, Y., Sun, Y. & Yan, B. Berry curvature dipole in Weyl semi-
metal materials: an ab initio study. Phys. Rev. B 97, 041101 (2018).

15. Ma, Q. et al. Observation of the nonlinear Hall effect under time-
reversal-symmetric conditions. Nature 565, 337-342 (2019).

16. Rostami, H. & Jurici¢, V. Probing quantum criticality using nonlinear
Hall effect in a metallic Dirac system. Phys. Rev. Res. 2, 013069
(2020).

17. Xiao, R.-C., Shao, D.-F., Huang, W. & Jiang, H. Electrical detection of
ferroelectriclike metals through the nonlinear Hall effect. Phys. Rev.
B 102, 024109 (2020).

18. Xiao, R.-C., Shao, D.-F., Zhang, Z.-Q. & Jiang, H. Two-dimensional
metals for piezoelectric like devices based on Berry-curvature
dipole. Phys. Rev. Appl. 13, 044014 (2020).

19. You, J.-S. et al. Berry curvature dipole current in the transition metal
dichalcogenides family. Phys. Rev. B 98, 121109 (2018).

20. Zhang, Y. &Fu, L. Terahertz detection based on nonlinear Hall effect
without magnetic field. Proc. Natl Acad. Sci. USA 118, e2100736118
(2021).

Nature Communications | (2024)15:3971



Article

https://doi.org/10.1038/s41467-024-47643-4

21. Huang, M. et al. Giant nonlinear Hall effect in twisted bilayer WSe,.
Natl Sci. Rev. 10, nwac232 (2022).

22. Son, J. et al. Strain engineering of the Berry curvature dipole and
valley magnetization in monolayer MoS,. Phys. Rev. Lett. 123,
036806 (2019).

23. Mar, A. & lbers, J. A. Synthesis and physical properties of the new
layered ternary tellurides MirTe, (M = Nb, Ta), and the structure of
NblIrTe,. J. Solid State Chem. 97, 366-376 (1992).

24. L, L. et al. Ternary Weyl semimetal NblrTe, proposed from first-
principles calculation. Phys. Rev. B 96, 024106 (2017).

25. Mar, A., Jobic, S. & Ibers, J. A. Metal-metal vs tellurium-tellurium
bonding in WTe, and its ternary variants TalrTe; and NblirTes. J. Am.
Chem. Soc. 114, 8963-8971 (1992).

26. Soluyanov, A. A. et al. Type-Il Weyl semimetals. Nature 527,
495-498 (2015).

27. Shojaei, I. A. et al. ARaman probe of phonons and electron-phonon
interactions in the Weyl semimetal NblrTe,. Sci. Rep. 11, 8155
(2021).

28. Ekahana, S. A. et al. Topological Lifshitz transition of the intersurface
Fermi-arc loop in NblirTe,. Phys. Rev. B 102, 085126 (2020).

29. Zhou, W. et al. Nonsaturating magnetoresistance and nontrivial
band topology of type-ll Weyl semimetal NblrTe,. Adv. Electron.
Mater. 5, 1900250 (2019).

30. Liu, J. et al. van der Waals stacking-induced topological phase
transition in layered ternary transition metal chalcogenides. Nano
Lett. 17, 467-475 (2017).

31. Mu, Q.-G. et al. Pressure-induced superconductivity and modifica-
tion of Fermi surface in type-Il Weyl semimetal NblrTe,. npj Quan-
tum Mater. 6, 55 (2021).

32. Schoénemann, R. et al. Bulk Fermi surface of the Weyl type-Il semi-
metallic candidate NblrTe,. Phys. Rev. B 99, 195128 (2019).

33. Eslami, S. & Palomba, S. Integrated enhanced Raman scattering: a
review. Nano Convergence 8, 41 (2021).

34. Ceperley, D. M. & Alder, B. J. Ground state of the electron gas by a
stochastic method. Phys. Rev. Lett. 45, 566-569 (1980).

35. Perdew, J. P. & Zunger, A. Self-interaction correction to density-
functional approximations for many-electron systems. Phys. Rev. B
23, 5048-5079 (1981).

36. Kresse, G. & Furthmiiller, J. Efficient iterative schemes for ab initio
total-energy calculations using a plane-wave basis set. Phys. Rev. B
54, 11169-11186 (1996).

37. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the
projector augmented-wave method. Phys. Rev. B 59,

1758-1775 (1999).

38. Blochl, P. E. Projector augmented-wave method. Phys. Rev. B 50,
17953-17979 (1994).

39. Pizzi, G. et al. Wannier90 as a community code: new features and
applications. J. Phys.: Condens. Matter 32, 165902 (2020).

40. Coh, S. & Vanderbilt, D. Python tight binding (PythTb) code. http://
www.physics.rutgers.edu/pythtb. (2016).

41. Destraz, D. et al. Magnetism and anomalous transport in the Weyl
semimetal PrAlGe: possible route to axial gauge fields. npj Quan-
tum Mater. 5, 5 (2020).

42. Tsirkin, S. S. High performance Wannier interpolation of Berry cur-
vature and related quantities with WannierBerri code. npj Comput.
Mater. 7, 33 (2021).

43. Wu, Q. et al. WannierTools: an open-source software package for
novel topological materials. Comput. Phys. Commun. 224,
405-416 (2018).

Acknowledgements

J-E.L, K.-H.S., D.-S.H., JJW.C., C.J. and H.R. were supported by the KIST
Institutional Program (2E32251, 2E31542), and the National Research
Foundation of Korea (NRF) grant funded by the Korea government (MSIT)
(No. 2021R1A2C2014179, 2020R1A5A1016518, 2021R1A2C2011007,

2021M3H4A1A03054856, 2022M3H4ATA04096396,
2022M3H4A1A04074153, and RS-2023-00284081). AW., S.C., and C.P.
were supported by the US DOE-BES, Division of Materials Science and
Engineering, under Contract No. DESC0012704 (BNL). The ARPES
experiments performed at the ALS by S.-K.M. and J.-E.L. were supported
by the Office of Basic Energy Sciences, US DOE, under contract No. DE-
ACO02-05CH11231. J.-E.L. was supported by in part by an ALS collabora-
tive Postdoctoral Fellowship and the Max Planck POSTECH/Korea
Research Initiative funded by the National Research Foundation of Korea
(NRF) (2022M3H4A1A04074153). C.H. acknowledges support from the
NRF grant funded by MSIT (RS-2023-00221154 and 2021R1A2C1004266)
and the National Research Facilities and Equipment Center (NFEC) grant
funded by the Ministry of Education (2021R1A6C101A429). C.J.
acknowledges support from the Institute of Information & communica-
tions Technology Planning & Evaluation (IITP) grant funded by MSIT
(2022-0-01026). S.Y.P. acknowledges support from the NRF grant fun-
ded by MSIT (2021R1C1C1009494 and RS-2024-00358551) and from the
Basic Science Research Program through the NRF funded by the Ministry
of Education (2021R1A6A1A03043957 and 2021R1A6A1A10044154). M.K.,
M.C., and Y.D.K. acknowledge support from NRF of Korea
(2021K1A3A1A32084700 and 2022R1A4A3030766). Raman spectro-
scopy measurements were supported by the Korea Basic Science Insti-
tute (National Research Facilities and Equipment Center) grant funded by
the Ministry of Education (2021R1A6C101A437). J.H. was supported by
the National Research Foundation of Korea (NRF) grant funded by the
Korean government (MSIT) (RS-2023-00280346). The Global Research
Development Center (GRDC) and the Cooperative Hub Program through
the NRF are funded by the Ministry of Science and ICT (MIST) (RS-2023-
00258359). C.P. acknowledges support from the Shanghai Key Labora-
tory of Material Frontiers Research in Extreme Environments, China (No.
22dz2260800) and Shanghai Science and Technology Committee,
China (No. 22JC1410300).

Author contributions

J-E.L., C.H., S.Y.P,, C.J. and H.R. proposed and designed the research.
Y.L. and C.P. performed single-crystal growth. J.-E.L., M.K. and M.C.
performed the transport and Raman spectroscopy measurements and
analyzed the data with assistance from D.-S.H., Y.D.K,, C.J. and H.R,; J.-
E.L., J.H. and H.R. carried out the ARPES measurements and analyzed the
ARPES data with assistance from C.H. and S.K.M.; S.Y.P. carried out the
density functional calculations and provided theoretical support. J.-E.L.,
S.Y.P., C.J. and H.R. wrote the manuscript and revised it with assistance
from K.-H.S., C.H., JW.C., C.P. and S.K.M. All authors contributed to the
scientific planning and discussions.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-47643-4.

Correspondence and requests for materials should be addressed to
Choongyu Hwang, Se Young Park, Chaun Jang or Hyejin Ryu.

Peer review information Nature Communications thanks Yang Xu, and
the other, anonymous, reviewers for their contribution to the peer review
of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Nature Communications | (2024)15:3971


http://www.physics.rutgers.edu/pythtb
http://www.physics.rutgers.edu/pythtb
https://doi.org/10.1038/s41467-024-47643-4
http://www.nature.com/reprints

Article

https://doi.org/10.1038/s41467-024-47643-4

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:3971


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Spin-orbit-splitting-driven nonlinear Hall effect in NbIrTe4
	Results and discussion
	Prediction of the nonlinear Hall effect in NbIrTe4
	Observation of nonlinear Hall effect in NbIrTe4
	Temperature-dependent chemical potential shift nature of NbIrTe4
	Origin of the BCD of NbIrTe4

	Methods
	Device fabrication and electrical measurements
	Raman spectroscopy
	ARPES measurements
	First-principles calculations

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




