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ABSTRACT: Transition-metal-based kagome compounds have recently at-
tracted considerable attention due to their rich correlated electronic states and
unconventional quantum transport phenomena, as well as their potential for
anisotropic magnetotransport functionalities. Here, we report magnetic field-
induced rotational symmetry distortion of the in-plane anisotropic magneto-
resistance (AMR) in kagome semimetal Ni;In,Se, nanoflakes synthesized via an
iterative chemical vapor transport approach. High-quality Ni;In,Se, nanoflakes
possess a canted ferromagnetic order, along with a large magnetoresistance of
590%, an out-of-plane AMR of 200%, and a carrier mobility up to 8761 cm® V™"
s~'. Furthermore, a large in-plane AMR of 41% and the planar Hall effect (PHE)
are detected in Ni;In,Se,, with PHE stemming from the complex interaction of
field-induced ferromagnetism and orbital magnetoresistance. Notably, the in-
plane AMR exhibits a field-induced rotational symmetry distortion, characterized
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by the coexistence of the two-, four-, and six-fold AMR components. Band structure calculations suggest that the low-
temperature distortions in the AMR of Ni;In,Se, may arise from field-induced orbital polarization and field-enhanced Fermi
surface anisotropy. Our findings contribute to understanding exotic transport behaviors in kagome semimetals and advancing

low-power electronic devices and future spintronic applications.
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agome-lattice materials, composed of a two-dimen-

sional network of corner-sharing triangles, have

attracted significant interest owing to their interplay
between lattice geometry, electron correlation, and nontrivial
band topology.'~ The distinctive kagome lattice gives rise to
geometric frustration and supports characteristic electronic
features such as flat bands, Dirac dispersions, and van Hove
singularities. When combined with strong electron correlations
and spin—orbit coupling, it offers a fertile ground for a variety
of emergent quantum phases, including quantum Hall states,
quantum spin liquids, magnetic topological phases, etc.*”® I
particular, magnetic kagome semimetals constitute a distinctive
subclass, exhibiting Berry-curvature-driven anomalous Hall
effect, spin—orbit polarons, chiral anomaly, and pronounced
anomalous Nernst response.g_14 Representative systems such
as antiferromagnetic Mn;Sn and ferromagnetic Co;Sn,S, have
demonstrated large anomalous Hall conductivity and topology-
related transport signatures arising from Weyl Fermions and
nontrivial Berry curvature.'”"> In addition, complex spin
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textures in kagome magnets can generate emergent real-space
Berry curvature, leading to topological Hall and topological
Nernst effects in systems such as FeGe'® and ErMn6Sn6,17
further highlighting the rich interplay between topology,
magnetism, and electronic transport in kagome systems.
These exceptional properties establish kagome semimetals as
fertile ground for exploring exotic magnetotransport phenom-
ena, thereby advancing high-performance electronics and
spintronics applications.

Recently, anisotropic magnetoresistance (AMR) and the
planar Hall effect (PHE) have emerged as key manifestations
of spin-dependent transport in kagome semimetals, holding
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Figure 1. Crystal structure characterization of hexagonal single-crystalline Ni;In,Se, flakes. (a) Crystal structure of NizIn,Se,. The Ni atoms
form a two-dimensional kagome lattice. Blue, pink, and yellow balls represent Ni, In, and Se atoms, respectively. (b) Color maps of Ni, In,
and Se elements, showing uniform distributions of these three elements within the hexagonal-shaped sample. (c) X-ray rocking curves of
(003) reflection for the single-crystalline Ni;In,Se, flake by the iterative-CVT method, showing a notably small fwhm of ~0.08°. The inset
shows the X-ray diffraction pattern of the single-crystalline Ni;In,Se, flake. (d, e) High-resolution HAADF and ABF images of the single-
crystalline NiyIn,Se, flake structure seen along the [001] zone axis, up and down, respectively. (f, g) High-resolution HAADF and ABF
images of the single-crystalline Ni;In,Se, flake structure seen along the [100] zone axis, up and down, respectively.

potential for high-sensitivity magnetic sensors and low-power
electronic devices."®'” The PHE emerges under in-plane
magnetic fields and generates an angle-dependent transverse
voltage,zo_22 whereas AMR, which describes the variation of
electrical resistance with the angle between current and
magnetization, has been extensively utilized to reveal Fermi
surface symmetry, detect hidden electronic phases, and explore
potential topological phase transitions.””** Generally, the
angular dependence of magnetoresistance in magnetic systems
originates from relativistic spin—orbit coupling, which modifies
the electronic states near the Fermi level under an applied
magnetic field,”>*® with the AMR symmetry reflecting the
crystal and magnetic sublattice symmetries and typically
exhibiting a 2-fold angular dependence. Unlike common 2-
fold AMR, anomalous AMR exhibits higher-order angular
patterns and symmetry breaking that typically emerge in
conjunction with phase transitions, such as metamagnetic
transitions, topological phase changes, or variations in carrier
density, and has drawn increasing interest due to its potential
for applications in spintronic devices and low-power
electronics.”” > Given the coexistence of frustrated magnet-
ism and nontrivial electronic structures in kagome materials,

anomalous AMR responses are anticipated, yet remain largely
unexplored.

In this work, we report magnetotransport properties of
kagome semimetal Ni;In,Se, nanoflakes synthesized via an
iterative chemical vapor transport (iterative-CVT) method.
Magnetic measurements reveal a canted ferromagnetic ground
state, accompanied by a field-induced out-of-plane ferromag-
netic component. Low-temperature transport measurements
reveal large magnetoresistance up to 590% (7 T) and high
carrier mobility of 8761 cm® V™' s7!. Remarkably, pronounced
in-plane AMR (41%) and PHE are observed, with the AMR
exhibiting magnetic-field-induced rotational symmetry dis-
tortion characterized by the coexistence of 2-fold, 4-fold, and
6-fold components. On the basis of first-principles calculations,
the observed rotational symmetry distortions may arise from
field-induced orbital polarization and field-enhanced Fermi
surface anisotropy. Our work offers insights into exotic
transport responses and contributes to the development of

low-dissipation electronic and spintronic devices.
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Figure 2. Magnetic Properties, resistivity, and magnetoresistance of Ni;In,Se, nanoflakes. (a) Optical microscope image of the NisIn,Se,
nanoflake device. (b) Atomic force microscope imaging of the NiIn,Se, nanoflake with a thickness of 160 nm. (c) Temperature dependence
of magnetization with ZFC and FC procedures of NijIn,Se, nanoflakes under 0.1 T with the field applied along the c-axis. (d) Field
dependence of the out-of-plane magnetization for B//c at various temperatures ranging from 2 to 50 K. (e) Temperature dependence of the
resistivity under 0 T. (f) Magnetoresistance measured under applied fields up to 7 T at different temperatures from 2 to 100 K for BLI.

B RESULTS AND DISCUSSION

The Ni;In,Se, flakes crystallize in a rhombohedral structure of
the space group, R3m (No. 166), in which Ni atoms form a
two-dimensional kagome lattice sandwiched between two Se
atomic planes located above and below the Ni kagome layer,
while In atoms occupy the centers of the hexagonal motifs.
(Figure 1a). High-quality single-crystalline NisIn,Se, hexago-
nal flakes are synthesized by the iterative-CVT method, with
small single-crystal granules of Ni;In,Se, taken as the vapor
source and halide as the transport agent (Figure Sla). The
synthesized single-crystalline Ni;In,Se, flakes show a regular
hexagonal shape, suggesting the preferred growth of the ab-
plane. The component of single-crystalline Ni;In,Se, flakes was
detected by the X-ray energy-dispersive spectroscopy (EDS),
with the stoichiometric ratio of Ni:In:Se very close to 3:2:2
(Figure S1b), and elemental color maps of Ni, In, and Se reveal
the uniform distributions of all three elements across the
hexagonal-shaped sample (Figure 1b). The X-ray rocking curve
of the (003) Bragg reflection exhibits a markedly smaller full
width at half-maximum (fwhm) of 0.08° for the iterative-CVT-
grown Ni;In,Se, flakes (Figure 1c), compared with 0.125° for
the self-flux-grown crystals (Figure Slc), demonstrating the
enhanced crystalline quality of the iterative-CVT-grown
Ni;In,Se, flakes. The inset of Figure lc shows the X-ray
diffraction (XRD) pattern, only exhibiting the (00!) diffraction
peaks. The crystallographic data and structure refinement
results for the single-crystalline Ni;In,Se, flakes are presented
in Figure S2, with refined lattice parameters of a = b = 5.418 A
and ¢ = 14.213 A. Moreover, the (h0l) plane diffraction pattern
of Ni;In,Se, exhibits sharp and well-defined diffraction spots
without splitting (Figure S3).

21318

The high-resolution transmission electron microscopy
(HRTEM) measurement on the single-crystalline NisIn,Se,
flake shows a lattice spacing of 0.271 nm, corresponding to the
(—120) plane of Ni;In,Se, (Figure S3), which is consistent
with the selected area electron diffraction (SAED) pattern
shown in the inset. To further assess the quality of the
synthesized single-crystalline Ni;In,Se, flakes, atomic-scale
analysis was performed on cross-sectional samples using
aberration-corrected scanning transmission electron micros-
copy (STEM). Figure 1d,e shows the simultaneously acquired
STEM high-angle annular dark-field (HAADF) image and
annular bright-field (ABF) images of Ni;In,Se, along the [001]
axis, with the overlaid structural model and an indexed Ni;In
kagome plane, clearly revealing a clean ab-plane with a well-
defined hexagonal lattice structure. Moreover, the simulta-
neously acquired HAADF image and ABF images of Ni;In,Se,
along the [100] axis reveal the perfect crystalline structure of
the single-crystalline Ni;In,Se, flakes without noticeable
defects (Figures 1f,g and S4). These results confirm the
single-phase purity and high crystallinity of the as-grown
single-crystal Ni;In,Se, flakes.

Figure SS illustrates the schematic process of lifting
Ni;In,Se, nanoflakes from the inner wall of a quartz tube
and transferring them onto a SiO,/Si substrate with
prepatterned electrodes using a PPC film. The nanoflakes are
initially picked up by the PPC film from the quartz plate and
then transferred onto the electrode substrate at 95 °C. Residual
PPC is subsequently removed using an acetone solution. An
optical microscope image of the fabricated device is shown in
Figure 2a, and the corresponding atomic force microscopy
(AFM) image in Figure 2b reveals a Ni;In,Se, nanoflake with a
thickness of approximately 160 nm. As shown in Figures 2c
and S6a, the temperature-dependent magnetization of the

https://doi.org/10.1021/acsnano.6c06737
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Figure 3. Out-of-plane AMR, Hall resistivity, and carrier mobility of the Ni;In,Se, nanoflake. (a) Magnetic field dependence of
magnetoresistance at 2 K with different field-orientation angles 6,,. The inset shows the schematic of the measurement configuration. (b)
Angle dependence of magnetoresistance at different fields from 0.1 to § T at 2 K. (c) Field-dependent p,, measured at different temperatures
from 2 to 100 K in an out-of-plane configuration with B L I. (d) Field-dependent the Hall conductivity 6, at different temperatures from 2
to 50 K. (e) Temperature dependence of carrier mobilities (4, and p;,), showing the maximum mobility of 8761 and 2187 cm”> V! s for
electron and hole at 2 K, respectively. (f) Comparison of carrier mobilities of topological semimetal materials.

Ni;In,Se, nanoflakes, measured under magnetic fields of 0.05
and 0.1 T along the c-axis, reveals a ferromagnetic-like
transition near 210 K, as well as a pronounced upturn below
10 K, suggesting the presence of an additional low-temperature
magnetic transition. Compared with the magnetization curves
measured under 0.05 and 0.1 T, the low-temperature upturn
observed under 0.5 T is significantly more noticeable (Figure
S6b), indicating that the spin configuration at low temper-
atures exhibits a strong field dependence. Such behavior
suggests that the magnetic moments are not fully aligned in the
low-field regime, and that a higher field may promote a
transition toward a more collinear or ferromagnetic-like state,
possibly through a spin reorientation or a field-induced
metamagnetic crossover.

Figure 2d displays the field dependence of magnetization
with the field along the c-axis at different temperatures from 2
to 50 K, showing an out-of-plane ferromagnetic order with a
saturation magnetization (M,) of 0.085 ug per Ni atom. The
magnetization curves exhibit only a weak temperature
dependence between 2 and 50 K, which may be attributed
to the strong magnetic interactions and pronounced magnetic
anisotropy of Nis;In,Se, that help maintain a robust spin
configuration and magnetic order against thermal perturba-
tions. Although the thermal energy increases with temperature,
it remains insufficient to significantly perturb the magnetically
ordered state or induce substantial spin reorientation within
this temperature range, resulting in only a slight reduction in
magnetization. The temperature dependence of magnetization
of the Ni;Sn,Se, nanoflakes under a magnetic field of 0.1 T
applied along the ab-plane (Figure S6¢c) shows a much lower
magnetization compared to that along the c-axis, indicating a

21319

weak magnetic response in the ab-plane. Figure S6d shows that
the in-plane magnetization of Ni;Sn,Se, remains nearly linear
and unsaturated up to 2 T, and reaches only about one-third of
the out-of-plane value at 2 K, indicating the strong magnetic
anisotropy with the c-axis as the easy magnetization direction.
Calculations further support this scenario, revealing a canted
ferromagnetic ground state consistent with the noncollinear
arrangement inferred from the magnetization data (Figure
S7a). Based on the magnetization behavior, a possible
evolution of the magnetic structure in Ni;Sn,Se, is proposed,
as illustrated in the lower panel of Figure S7b. Above 210 K,
the system remains paramagnetic with disordered spins. Upon
cooling below 210 K, a magnetically ordered state develops,
likely characterized by a canted spin configuration such as a
conical helical order,”"*” giving rise to a finite out-of-plane net
moment. A further upturn in magnetization below ~10 K
suggests a spin reorientation or an increased net magnetization.

The temperature dependence of the longitudinal electrical
resistivity (p,,) of NisIn,Se, under the zero magnetic field
along the z direction (c-axis) is shown in Figures 2e and S8a,
revealing a smaller residual resistivity of 0.5304 pu€2-cm and a
larger residual resistivity ratio (RRR = p500x/pox) of 107 for
the iterative-CVT-grown single-crystalline Ni;In,Se, nano-
flakes, whereas the Ni;In,Se, bulk single crystal exhibits a
higher residual resistivity of 1.61 y€Q-cm and a smaller RRR of
20. At low temperatures, the residual resistivity is primarily
governed by temperature-independent scattering sources,
while the phonon scattering is largely suppressed. Structural
imperfections can act as carrier-scattering centers, shortening
the carrier mean free path and thereby increasing the residual
resistivity. Therefore, the significantly lower residual resistivity

https://doi.org/10.1021/acsnano.6c06737
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Figure 4. In-plane anomalous anisotropic magnetoresistance and planar Hall effect of the Ni;In,Se, nanoflake. (a) Planar Hall resistivity at 2
K under different magnetic fields from 0.5 to 9 T. (b) Field dependence of Ap,, obtained from fitting, following a power law with an
exponent of 1.073. The lower inset illustrates a typical PHE measurement setup, where both longitudinal and transverse voltages,
corresponding to in-plane AMR and planar Hall resistivity, are measured as the magnetic field B rotates in the ab-plane. (c) Planar Hall
resistivity under 9 T at different temperatures from 2 to 100 K. (d, e) Angle dependence of magnetoresistance at 2 and 10 K under different
fields from 0.5 to 9 T. (f, g) Angle dependence of magnetoresistance under 5 and 9 T at temperatures ranging from 2 to 60 K. (h) FT results
to the in-plane AMR cures measured at 2 K under different fields from 0.5 to 9 T, exhibiting a superposition of the 2-fold, 4-fold and 6-fold

AMR terms. (i) FT results to the in-plane AMR curves measured under 9 T from 2 to 100 K.

and larger RRR observed in the iterative-CVT-grown Ni;In,Se,
nanoflakes indicate the reduced defect-induced carrier
scattering and enhanced crystalline quality. In addition, the
resistivity of the Ni;In,Se, nanoflake in the low temperature
ranging from 2 to 100 K can be well described by a relation:
p(T) = p,(0) + bT™ as shown in the inset of Figure S8b,
where p,..(0) is the residual resistivity and b is a constant
factor. The fitting results yield an exponent of m ~ 1.82,
indicating that electron—electron interactions dominate in
NizIn,Se, at low temperatures from 2 to 100 K. Figure 2f
reveals the magnetic-field-dependent magnetoresistance (MR =
[Pux(oH) — p.(0)]/p,.(0)X100%) for the Ni;In,Se, nano-
flake under the out-of-plane fields at different temperatures
from 2 to 100 K, exhibiting a nonsaturated positive MR of up
to 590% under 7 T at 2 K. To better understand the variation
of MR, we conduct a power law fitting at temperatures of 2, 6,
10, and 20 K by the Kohler rule: MR = a-(moH/p,)", where p,
is the zero-field resistivity at a specific temperature and a and m
are the constants (Figure S8c). The fitting results give an
exponent of n ~ 1.3, su§§esting semimetallic characteristics for
Ni;In,Se, nanoflakes.’*”

To further explore the impact of magnetic field orientation
on resistivity, we studied the MR in the angle range from 0° to
90° with the magnetic field rotating along the z-x-plane,
manifesting that the positive magnetic resistance gradually
decreases as the angle increases (Figure 3a). The angular
dependence of the out-of-plane AMR at 2 K (Figure 3b) shows
a 2-fold symmetry under different magnetic fields, with an
anisotropy value of 200% at S T, indicating extremely strong
out-of-plane anisotropy in the NisIn,Se, nanoflake. The
observed notable magnetoresistance effects in Ni;In,Se,
could endow a vast potential for the advancement of high-
performance electronic and spintronic devices. We further
investigated the out-of-plane Hall effect of the NisIn,Se,
nanoflake. Figure 3c shows the field-dependent p,, at different
temperatures from 2 to 100 K, in an out-of-plane configuration
with BLI, which displays a nonlinear behavior that persists up
to 100 K, indicating the typical characteristic of multitype
carriers.

To further characterize the conductivity of the Ni;In,Se,
nanoflake, Hall conductivity (O'xy) and longitudinal conductiv-
ity (0,,) as the important characteristic parameters are given by
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6. =— "™ nde. = _t= respectively, in which p,, is the dependence of PHE under 9 T for the temperature varying
Wt R ’ w from 2 to 100 K (Figure 4c) shows that the amplitude

longitudinal resistivity. The field-dependent o, from 2 and S0
K exhibits significant nonlinear behavior as the temperature
decreases, indicating the enhancement of the two-carrier
conduction effect, with a maximum Hall conductivity of 3.5
x 10° Q7'em™ under a field of 2 T (Figure 3d). The
temperature dependence of o,, under the zero field from 2 to
50 K, shown in Figure S9ab, reveals that conductivity
decreases with the increasing temperatures, remaining on the
order of 10° at low temperatures. Subsequently, we thus extract
the carrier mobilities by using the semiclassical Drude

14,35 ey "ech
model ’ o.(B) = —
) xx( ) 1+#th2 1+/‘1sz,
2 2
nyep, B n.ep B . .
o.(B) = - showing good agreement with
0(B) = 1w T Th g g g

the experimental data (black) measured at 2, 10, 15, and 30 K
(Figure S9c—f). The extracted carrier mobility of electrons and
holes is about 8761 cm? V™! s7! and 2187 cm®> V! s7'at 2 K,
respectively, and both mobilities decrease with the increasing
temperature, as shown in Figure 3e. The carrier mobility in our
Ni;In,Se, nanoflakes shows a larger value, as compared to
reported magnetic topological semimetals (Figure 3f), such as
Co,;5n,S, (2600 cm* V™! s71), YV Sn, (6900 cm?* V™! s71),
MnBi,Te, (3110 cm* V™! s7'), and Co,MnGa (35 cm? V™!
s71).%7*" Remarkably, the carrier mobility of Ni;In,Se, is
several times higher than that of the structurally similar
Co38n,S,,.'* The outstanding transport characteristics of
NizIn,Se, offer an ideal platform for the development of
high-speed electronic and optoelectronic devices.

Subsequently, we focus on the study of the in-plane
magnetotransport properties of the Ni;In,Se, nanoflake. The
planar Hall effect and anisotropic magnetoresistance of
Ni;In,Se, were measured with the magnetic field applied in
the x—y plane (ab-plane of the crystal). The inset of Figure 4b
shows a typical PHE measurement setup, where the magnetic
field B rotates in the ab-plane while the longitudinal and
transverse voltages are measured, corresponding to changes in
the AMR and planar Hall resistivity, respectively. The angular
dependence of the AMR and planar Hall resistivity can be
given by the expressions,'”*"*>*

PHE _ .
Py = Apxy sing cosp + b (1)
AMR = M X 100%

'Oxx,J_ (2)
P =P~ D, cos” g 3)

where Ap,, = p, — p,, refers to resistivity anisotropy
induced by the chiral anomaly; p, and p,, are regarded as the
longitudinal resistivity when B is perpendicular or parallel to I,
respectively. Figure 4a shows the angular dependence of the
planar Hall resistivity measured at 2 K for B varying from 0.5 to
9 T, showing that the amplitude gradually increases with the
increasing magnetic fields, with a large pEyHE value of 1.28 u€2-
cm under 9 T. The field-dependent Ap,, extracted by fitting
pngE under different fields exhibits a power-law dependence
with an exponent of 1.073 (Figure 4b). Theoretical
calculations indicate that if the PHE signal purely derives
from chiral anomaly, Ap,, should be proportional to B%* The
temperature-dependent amplitude of the planar Hall effect was

further analyzed under a magnetic field of 9 T. The angular

gradually decreases with increasing temperature. The extracted
Ap,, obtained by fitting pf:fE decreases as the temperature
increases, with observable values persisting up to 100 K
(Figure S10a).

Typically, three main microscopic mechanisms are likely to
contribute to the PHE. One mechanism involves spin-
dependent scattering effects in ferromagnets, which result
from the rotation of magnetization relative to the current
direction, altering the scattering rate.”® Another mechanism is
anisotropic orbital magnetoresistance arising from Fermi-
pocket anisotropy.'” A third mechanism is the chiral anomaly,
which is related to the chiral charge pumping in Weyl
semimetals.*® As the magnetic field is parallel to the current,
the longitudinal resistivity of Ni;In,Se, shows a positive MR
(Figure 3a), which contrasts with the negative magneto-
resistance (NMR) expected from the chiral anomaly. While the
chiral anomaly predicts p; remains nearly constant and p,,
decreases with the increasing magnetic fields,*”*® p, is
observed to increase with the fields (Figure S10b,c), deviating
from this expected behavior. Furthermore, the anisotropic
orbital magnetoresistance will lead to p; > p,, > 0, which is
consistent with our observed results, in which if there are
multiple Fermi pockets or the Fermi pockets have the complex
shape, scattering time, effective mass, and mobility can vary
significantly as carriers move in different directions, leading to
the anisotropic orbital MR, which contributes to PHE.
Therefore, based on the field-induced ferromagnetism of
Ni;In,Se,, its PHE primarily arises from the complex
interaction between the spin scattering and orbital MR.

Beyond the microscopic origin of the PHE, an equally
intriguing feature is the rotational symmetry distortion
observed in the angular dependence of the in-plane AMR. At
2 and 10 K, the AMR progressively deviates from a simple 2-
fold symmetry as the magnetic field increases from 0.5 to 9 T.
The angular AMR profile evolves from a nearly symmetric 2-
fold “peanut-like” shape into a progressively distorted pattern,
characterized by broadened maxima and sharpened minima at
higher fields, ultimately reaching a maximum AMR ratio of
41% at 9 T (Figures 4d,e, S10d, and S11a,b). Moreover, with
increasing temperature, the AMR gradually weakens, and the
pronounced angular distortions observed at 5 and 9 T
progressively smooth out, with the peanut-like profile gradually
rounding off toward a smooth, nearly symmetric 2-fold form
(Figures 4f,g and S11c,d). This field-induced distortion, which
already emerges at relatively low magnetic fields and intensifies
with the increasing field strength, indicates the involvement of
higher-order contributions and reflects a superposition of
second- and higher-order angular components. The AMR
curves measured at 2 K under magnetic fields from 0.5 to 9 T
were subjected to the Fourier analysis (Figure 4h), revealing
distinct peaks in the Fourier amplitude (AFT) at 180° (2-fold,
C, symmetry), 90° (4-fold, C, symmetry), and 60° (6-fold, C4
symmetry), with the higher-order peaks becoming increasingly
pronounced as the magnetic field increases, confirming that the
angular dependence of the AMR arises from the superposition
of multiple symmetry components. As the temperature rises,
the 4-fold and 6-fold components gradually weaken, leaving
the 2-fold component as the dominant contribution (Figures 4i
and S12a—c). As shown in the three-dimensional planform of
AMR at 2 K under different fields from 0.5 to 9 T (Figure
S12d), a progressively distorted AMR, reflecting the breaking
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Figure S. Calculated Fermi surfaces and projected band structure for the Ni;In,Se, crystals. (a—c) Calculated band structures (the upper
ones marked by red lines) and corresponding three-dimensional Fermi surfaces (the lower ones) of Ni;In,Se,, where band 67 is the hole
pocket, while bands 69 and 71 represent the electron pockets. (d) Projection of the three-dimensional Fermi surfaces of bands 67, 69, and
71 onto the ab-plane. (e) Plots of the Ni 3d orbital-projected band structure for Ni;In,Se,.

of conventional 2-fold rotational symmetry, emerges above 2 T
and persists up to 9 T. Moreover, the temperature evolution of
the three-dimensional AMR map (Figure S12e) reveals that
the higher-order AMR signals will gradually disappear with
increasing temperature, and the normal 2-fold AMR dominates
at high temperatures. The distorted AMR signals persist up to
20 K under both 5 and 9 T, indicating that the high-order
contributions remain robust over this temperature range.
Figure S13 shows the three-dimensional planform of the AMR
effect at 10 and 20 K under magnetic fields ranging from 0.5 to
9 T, where the distorted high-order AMR signals gradually
weaken as the temperature increases.

To further analyze this unconventional behavior, the AMR
curves were fitted using the following expression to quantify
the contributions of each symmetry component:*’

AMR(p) = Cy + C, cos(2(¢ + y;)) + C,
cos(4(¢ +y,)) + Cscos(6(p + ) (a)

Here, C, is a constant, while the terms C, cos (2¢), C, cos
(4¢), and Cg cos (6¢) represent contributions from the 2-fold,
4-fold, and 6-fold symmetry components, respectively, and y,
,, and y; denote the phase angles of the 2-fold, 4-fold, and 6-
fold components of the anisotropic resistivity. Figure S14
shows the fitting results, from which the amplitudes of C,, C,,
and C4 at various temperatures and magnetic fields can be
extracted, representing the three AMR components. The
proportion of the C, signal decreases from 95% to 82% as the
magnetic field increases to 2 T, while the C, and Cq
components increase significantly, with C, slightly decreasing

21322

at higher fields (Figure S15a—c). For a detailed analysis of the
temperature dependence, the amplitudes of C,, C,, and Cq4
were obtained over a temperature range of 2 to 100 K under 9
T (Figure S15d—f). As the temperature increases from 2 to
100 K, the proportion of the C, signal rises rapidly from 83%
to 99%, while the C, and C4 components gradually diminish
and almost vanish around 100 K, indicating that the 2-fold
AMR becomes dominant at elevated temperatures.

To further explore the field-induced unconventional AMR
effect, we performed DFT calculations of the Fermi surfaces
and projected band structure of NijIn,Se,. Figure Sa—c
displays the band structures, showing three bands labeled 67,
69, and 71 that cross the Fermi level (highlighted in red). The
corresponding theoretical Fermi surfaces of NisIn,Se, are
shown in the lower panels of Figure Sa—c, revealing three
distinct pockets: two electron pockets with a petal-like
geometry and one hole pocket with a spindle-like shape.
This coexistence of electron and hole pockets explains the
nonlinear Hall behavior observed in Figure 3c. By projecting
the three-dimensional Fermi surfaces onto the k, = 0 plane
(Figure Sd), it is evident that the Fermi surfaces exhibit an
overall 6-fold symmetry, while locally showing stretching,
distortion, and phase shifts, forming a 6-fold skeleton with local
distortions and explaining why the Fourier spectra display not
only the 6-fold component from the Fermi surface symmetry
but also an additional 4-fold contribution. Moreover, the Ni 3d
orbitals (Figures Se and S16), particularly d, d,,, d,, and
d_y, exhibit a cloverleaf-like spatial distribution. Such orbital
symmetry strongly influences the surrounding electronic states
and their scattering pathways. Consequently, under external
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magnetic fields, this anisotropic orbital character induces a
directional dependence in the charge transport, giving rise to
the observed 4-fold AMR effect.””' We further analyze why
the relative contribution of higher-order signals increases with
the increasing magnetic fields. Spin—orbit coupling (SOC)
renders orbital states sensitive to the magnetization direction,
with the resulting orbital selectivity inducing a strongly
anisotropic 7(k) distribution that affects the conductivity
tensor in the Boltzmann formalism®?

oo E et ds
T ()} " IvEN

Here, v(k) denotes the group velocity of electrons at wave
vector k, determined by the gradient of the band dispersion,
while 7(k) represents the relaxation time. The increasing
distortion of the angular dependence with the magnetic field is
primarily attributed to the enhanced contribution of higher-
order symmetry components, which may arise from three
interrelated factors. One is that high magnetic fields suppress
spin fluctuations, leading to a more coherent magnetization
state and stronger coupling to orbital degrees of freedom,
thereby amplifying the 7(k) variations associated with orbital
anisotropy. Another involves the combination of Zeeman
splitting and field-induced orbital hybridization, which alters
the band energy sequence and hybridization strength,
significantly reshaping the Fermi surface curvature and group
velocity distribution and resulting in enhanced Fermi surface
distortions. A third arises from modifications of the density of
states near the Fermi level, which affect the directional
scattering probability of conduction electrons and enhance the
contributions of higher-order symmetry components associ-
ated with the underlying Fermi surface symmetry (Cg) and
orbital distribution (C,), as reflected in the stronger 4-fold and
6-fold components in the Fourier spectra.

©)

B CONCLUSIONS

In summary, we have successfully synthesized hexagonal-
shaped Ni;In,Se, nanoflakes by using an iterative-CVT
approach with the polycrystal granules as source materials.
Magnetic measurements, together with theoretical calculations,
indicate that NiIn,Se, crystals host a canted ferromagnetic
ground state with a field-induced out-of-plane ferromagnetic
component. Besides, the high-quality Ni;In,Se, nanoflake
exhibits excellent transport properties, including the large
magnetoresistance, significant out-of-plane AMR, and high
carrier mobility of approximately 590% under 7 T, 200% under
5 T, and 8761 cm® V™' s7! at 2 K, respectively. Furthermore,
PHE observed in the Ni;In,Se, nanoflakes arises from the
complex interplay of the field-induced ferromagnetism and
orbital magnetoresistance with the in-plane AMR reaching a
maximum of 41% under 9 T. Interestingly, Ni3In,Se, exhibits
pronounced in-plane transport anisotropy with magnetic-field-
induced rotational symmetry distortion at low temperatures, as
revealed by the distorted AMR curves that reflect the
superposition of 2-fold, 4-fold, and 6-fold symmetry
components, likely arising from the field-induced orbital
polarization and field-enhanced Fermi surface anisotropy.
Our work establishes an effective approach for the growth of
high-quality kagome semimetal materials and contributes to
the development of high-performance electronic and spin-
tronic devices.
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B METHODS

Growth of the N;In,Se, Nanoflakes

The kagome-lattice N3In,Se, nanoflakes were successfully synthesized
using a chemical vapor transport method, with single-crystal granules
serving as the source materials. First, single-crystal N;In,Se, samples
with irregular shapes were prepared using the self-flux method, where
the raw materials of Ni, In, and Se were mixed in a molar ratio of
3:2:2, placed in a crucible, and sealed in a quartz tube under high
vacuum using a high-temperature flame gun. The quartz tube was
slowly heated for 48 h to 1050 °C and then kept constant at that
temperature for 24 h and cooled to 600 °C at a rate of 10 °C/h.
Subsequently, the growth of the hexagonal Ni;In,Se, nanoflakes was
performed in a temperature gradient from 1000 to 900 °C for about a
week, with the single-crystal granules as a vapor source and halide as a
transport agent. The iterative-CVT approach yields significantly
higher-quality single-crystalline NiIn,Se, hexagonal flakes than the
conventional self-flux method due to three key advantages. First, the
nonvolatile NH,Cl provides a clean high-vacuum environment and
stable growth conditions, promoting preferential growth and
minimizing contamination. Second, the use of Ni;In,Se, crystal
granules as precursors helps preserve the stoichiometric balance of Ni,
In, and Se while avoiding undesirable side reactions. Third, NH,CI
enables more efficient mass transport, ensuring a sufficient precursor
supply and continuous crystal growth. Collectively, these advantages
facilitate the growth of high-quality Ni;In,Se, hexagonal flakes with
the enhanced crystallinity and reduced structural defects.

Sample Characterization

XRD patterns were collected using a Rigaku SmartLab SE X-ray
diffractometer with Cu Ka radiation (4 = 0.15418 nm) at room
temperature. Single-crystal diffraction patterns and rocking curves
were taken by a Bruker D8 Venture. Scanning electron microscopy
(SEM) and X-ray energy-dispersive spectroscopy (EDS) were
performed using a HITACHI S5000 with an energy-dispersive
analysis system, Bruker XFlash 6160. Magnetization measurements
were carried out on oriented crystals with the magnetic field applied
along the c-axis using a vibrating sample magnetometer (MPMS 3,
Quantum Design). Both in-plane electrical resistivity and Hall
resistivity data were collected on a Quantum Design Physical
Properties Measurement System (PPMS).

DFT Calculations

First-principles calculations are performed in the framework of density
functional theory (DFT), as implemented in the Vienna Ab initio
Simulation Package (VASP). The projected-augmented-wave (PAW)
pseudopotentials are applied to describe the electron—ion interaction
with a plane-wave cutoff of 400 eV. Here, Ni-4s?3d%, In-44'%55*5p, and
Se-3d'%4s*4p* electron states are treated as valence electrons. The
Perdew—Burke—Ernzerhof (PBE) functional is used to deal with the
electron exchange—correlation potentials. The primitive cell of
Ni;In,Se, is considered in our calculations, and a 10 X 10 X 10 k-
point grid is applied. The atomic position and lattice parameters are
fully relaxed until the residual force on each atom is less than 0.01 eV-
AL

B ASSOCIATED CONTENT

Data Availability Statement

Data measured or analyzed during this study are available from
the corresponding author upon reasonable request.
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The Supporting Information is available free of charge at
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Additional details on the crystal growth and structural
characterization, nanoflake transfer process, magnetic
properties, magnetotransport measurements, two-carrier
model analysis, in-plane anisotropic magnetoresistance
and planar Hall effect, Fourier transform and symmetry
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component analyses of the AMR, and projected band
structures of Ni 3d orbitals are provided in Figures S1—
S16 (PDF)
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