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Evidence of massive Dirac fermions in the kagome nodal-line semimetal Niz;In,S,

as revealed by high magnetic field studies
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We present evidence of nontrivial topology in the kagome semimetal Ni3;In,S, from quantum oscillation
experiments at high magnetic fields up to 31 T and theoretical investigations by first-principles calculations.
Angle-dependent de Haas—van Alphen oscillations reveal the presence of quasi-two-dimensional hole and three-
dimensional electron pockets, consistent with first-principles calculations, along with signatures of magnetic
breakdown across these pockets. In particular, we find that the smallest cyclotron orbit, F, ~ 10 T, enclosing
theoretically predicted endless Dirac nodal lines, has a relatively low effective mass of 0.183m and a Berry phase
close to . Furthermore, this orbit has a high quantum mobility of 0.88 m? V~! S~!, an order of magnitude larger
than that of the heavier charge carriers. Infrared spectroscopy reveals linearly increasing optical conductivity
with photon energy above 45 meV. These experimental results, as confirmed by first-principles calculations,
support that massive Dirac fermions, formed by a small gap opening due to spin-orbit coupling, possess nontrivial
topology and can contribute considerably to electrical transport. We also observe linear magnetoresistance above
12.7 T, which can be attributed to the quantum magnetoresistance of the Dirac fermions concentrated on the

1

zeroth Landau level.

DOI: 10.1103/6jzx-mdjv

I. INTRODUCTION

Kagome materials have gained much interest due to the
correlated electronic structures from their unique (quasi-) two-
dimensional (2D) geometry [1], capable of hosting van Hove
singularities, flat bands, and Dirac fermions in the vicinity
of the Fermi level [2]. All these features in the electronic
structures, partly related to destructive quantum phase inter-
ference of hopping electrons on the corner-sharing triangular
lattice, have led to exotic physical phenomena as well as
topologically nontrivial behaviors such as double-dome super-
conductivity [3-5], Kondo coupling [6,7], and intrinsic Berry
curvature [8,9].

Among these interesting physical phenomena, effects of
nontrivial topology have been relatively less explored. Indeed,
not all the kagome metals can be unambiguously determined
to be topologically nontrivial. For identifying the kagome
metals exhibiting the nontrivial topology, it is prerequisite
to consider several conditions/challenges. First, the proxim-
ity of the nontrivial bands to the Fermi level is crucial. For
example, nodal lines are expected in various materials having
centrosymmetric space groups [10], but their mere presence
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does not guarantee contribution to the Fermi surface. In many
cases, additional fine-tuning of the Fermi level through car-
rier doping is necessary to observe phenomena arising from
nontrivial bands [11]. Second, identifying exact origins of the
observed phenomena is also important. CsV3Sbs, for instance,
exhibits charge-density wave orders, nematicity, anomalous
Hall effect, and superconductivity [12], all stemming from its
complex Fermi-surface shape. However, its proximity to two
van Hove singularities and three nodal lines, combined with
the Brillouin-zone folding [13], makes it difficult to pinpoint
a distinct origin for each phenomenon.

Finally, it is common to have multiple scenarios for ex-
plaining transport data, making it often ambiguous whether
the experimental results can be attributed to nontrivial topol-
ogy. In a recent report on Ni3In,S,, Zhang et al. [14] argued
that the nonsaturating giant magnetoresistance (MR), one of
the highest among kagome materials, is induced by Dirac
nodal lines based on their first-principles calculations. In
contrast, Fang et al. [15] interpreted their Hall transport
data to suggest that the giant MR primarily arises from
the conventional charge-carrier compensation. Although both
groups used electrical transport data, angle-resolved photoe-
mission spectroscopy, and first-principles calculations, their
conclusions diverged, highlighting the need for further stud-
ies to clarify the role of band topology of NizIn,S,. In this
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context, Zhang et al. [16] recently measured quantum oscil-
lations and proposed that a high carrier mobility of a hole
pocket, combined with the linear MR at high fields, could
explain the extreme MR observed up to 14 T.

In this article, we investigate the Fermi surface of the
kagome semimetal Ni3In,S, by the measurements of quantum
oscillations and optical conductivity, complemented by first-
principles calculations. Torque magnetometry was performed
under high magnetic fields up to 31 T and at low temper-
ature down to 0.44 K revealing clear de Haas—van Alphen
(dHvA) oscillations from multiple Landau levels crossing
the Fermi level, along with signatures of reconstructed cy-
clotron orbits due to magnetic breakdown. The oscillation
frequencies observed in the dHVA signals align well with
our density-functional theory (DFT) calculations. Given the
presence of the Dirac pockets enclosing the nodal lines [14],
we have further conducted vibrating sample magnetometer
(VSM) measurements to confirm the small effective mass
and nonzero Berry phase. Additionally, optical conductivity
measurements were used to investigate the effect of spin-orbit
coupling (SOC) and nodal-line characteristics of the massive
Dirac bands.

II. METHODS

NisIn, S, single crystals were grown using the self-flux
method [17]. A stoichiometric mixture of Ni powders (99.9%,
Alfa Aesar), In shots (99.9995%, Alfa Aesar), and S powders
(99.999%, Alfa Aesar) was placed in an alumina crucible,
vacuum sealed in a quartz tube and heated up to 900 °C for
72 h. The resultant material was cut into single-crystalline
pieces for characterizations using x-ray diffraction (XRD),
electrical transport, magnetization, and infrared spectroscopy.
XRD patterns were collected at room temperature using a
PANalytical Empyrean diffractometer with Cu Ko radiation.
Resistivity was measured in a Physical Properties Measure-
ment System (PPMS, Quantum Design) using the standard
four-probe method. Magnetic moment measurements were
performed with the PPMS-VSM option at a field-sweep rate
of 0.3 T/min. Optical conductivity was measured via Fourier
transform infrared spectroscopy (VERTEX 70 v, Bruker) and
spectroscopic ellipsometry (M-2000, J.A. Woollam).

High-field measurements were performed at the National
High Magnetic Field Laboratory, Tallahassee, FL, using a
water-cooled resistive magnet with applied field up to 31.46 T,
equipped with a *He cryostat. A piezoresistive cantilever
(PRC120, Seiko) was installed on a sample platform to hold a
100 x 50 um? Ni3In,S, single-crystal piece with Apiezon N
grease. A Wheatstone bridge was constructed, consisting of a
reference resistor located at the sample space and two variable
resistors at room temperature to amplify the balanced signal
from the cantilever. The sample was rotated in a magnetic field
as the angle 6 was varied from —15° to 85° in 5° steps, where
6 = 0° (90°) corresponds to H||c(a). The field was swept at a
rate of 2 T/min.

To calculate the electronic structures, first-principles
calculations based on DFT [18] were performed using
the QUANTUM ESPRESSO software package [19]. Pseudopo-
tentials based on the projector augmented-wave method
[20] were employed, along with the generalized gradi-

ent approximation exchange-correlation functional in the
Perdew-Burke-Ernzerhof scheme [21]. Self-consistent calcu-
lations were converged with a plane-wave cutoff energy of
1020eV and a 17 x 17 x 17 k mesh. The FERMISURFER appli-
cation [22] was used to plot the calculated three-dimensional
(3D) Fermi surfaces using a 61 x 61 x 61 k mesh.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the primitive unit cell of Ni3In,S; in the
rhombohedral structure with space group R-3m, and Fig. 1(b)
shows the ab plane composed of Ni and S ions in the con-
ventional hexagonal structure, where Ni forms a kagome
network. An optical image of a Niz;In,S, single crystal is
shown in the inset of Fig. 1(c), where the shiny flat surface
is identified as the (00/) plane based on XRD patterns. Fig-
ure 1(d) displays the field-dependent longitudinal resistivity,
showing large MR without saturation up to 31 T. The inset
of Fig. 1(d) shows the temperature dependence of resistivity.
At poH =0 T, the resistivity increases with temperature,
exhibiting metallic behavior, while at 10, 20, and 30 T it
decreases, becoming insulator-like with similar spacing, re-
flecting the linearity in MR. Figure 1(e) shows the electronic
band structure from DFT calculations with and without SOC.
Two electron bands and a hole band crossing the Fermi level
can be seen, with Dirac nodes near B and B1 points. Small
SOC-induced gaps can be found at the Dirac nodes, which will
be discussed in detail later. Signatures of a nodal loop formed
from two electron bands can be seen in the I'L line, consistent
with the previous reports by Zhang et al. [14]. Figure 1(f)
shows the Fermi surface derived from the DFT calculations.
Around the inversion center I', the electron bands form closed
pockets (red and green), while the hole band forms quasi-2D
pockets (blue). The structure holds threefold rotational sym-
metry around the I'Z axis and mirror symmetry along the ZL.I"
plane, revealing the chirality of hole pockets around B/B1
points similar to graphene’s [23-25]. It is worth noting that
the B and mirrored B1 are the identical points considering
the repeated zone scheme (Fig. S4(c) [26]) in the vicinity
of theoretically predicted endless nodal lines with a nonzero
Berry phase [14].

To explore the fermiology of NisIn,S, in detail, we mea-
sured torque signals under high magnetic fields up to 31 T.
Figure 2(a) shows the field dependence of the torque at fixed
temperatures ranging from 1.5 to 11 K. The sample has been
tilted at a small angle of & = —15°, as illustrated in the inset
of Fig. 2(a), to enhance the signal and modulate separations
between orbits in momentum space. Clear dHvA oscillations
are observed above 10 T, which become more conspicuous
in the background-subtracted oscillations in the inverse field
plot shown in Fig. 2(b). The oscillations reveal the presence of
multiple orbits, with their amplitudes gradually diminishing at
higher temperatures.

Figure 2(c) shows the fast Fourier transformation (FFT)
spectra of the data shown in Fig. 2(b). We could identify
various frequencies, including all five expected fundamental
orbits (Fo ~ 14 T, Fg = 628 T, F, 749 T, F5 ~ 1195 T,
and F. ~ 2885 T) that follow the Onsager relation [27],
F = %k%, where h, e, and kr are reduced Planck constant,
elementary charge, and Fermi wave vector, respectively. The
FFT results are in agreement with the DFT calculations and
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FIG. 1. (a) A primitive cell of Niz;In,S, in the rhombohedral structure. For DFT calculations, the primitive cell has been used, while other
descriptions are based on the hexagonal structure. (b) The ab plane of Ni3In,S, in the hexagonal kagome structure. (c) XRD patterns of a
NisIn,S; single crystal. The inset shows an optical image of a crystal piece, reaching a typical length of 5 mm. (d) Longitudinal resistivity of
NizIn, S, measured by sweeping magnetic field up to 31 T. The inset is comparison of longitudinal resistivity at 0, 10, 20, and 30 T. (e) Band
calculation results with and without SOC. (f) The first Brillouin zone of Ni;In,S,. Red and green colors represent electron pockets around I,
and blue refers to a hole pocket. For visualization, the red pocket, which should be located inside the green, is plotted outside, being partially

transparent.

previous quantum oscillation measurements [16]. In addition
to the fundamental orbits, we also observed their subpeaks,
second harmonics (e.g., 2f3), and features indicative of mag-
netic breakdown. Subpeaks could arise from a slight in-plane
misalignment of the sample, which breaks the mirror symme-
try of the Fermi surface at nonzero 6 and lifts the degeneracies
of the extremal orbits. Harmonics are integer multiples of
fundamental orbits, and typically exhibit reduced oscillation
intensities [27]. Tunneling orbits are denoted as & + ¢, € — v,
and s 4 ¢. These are observed exclusively in the high-field
regime above 14 T (Fig. S3 [26]) and will be discussed in
more detail later.

Amplitude of quantum oscillations can be described using
the Lifshitz-Kosevich (LK) formula [27]:

MT/H
AeT. Hy o M aym g
sinh[AM(T /H)]
where A(T/H) = 2:12;3 m —MOTH , with Tp, kg, and m* represent-

ing Dingle temperature, Boltzmann constant, and effective
mass of the carriers, respectively. The LK formula describes
the attenuation of oscillation amplitudes with increasing
temperature and decreasing magnetic field. Figure 2(d) dis-
plays the effective masses of the carriers on cyclotron
orbits determined using the LK formula with the average
field, (H) = 2H)oy Hhigh/(Hlow + Hhigh), within the field win-
dow of 13.3 to 31 T. The obtained effective masses are

mpy = (0.625 £ 0.008)mg, m}, = (0.794 +0.021)mo, my =
(1.06 £ 0.08)myg, and m* = (0.98 & 0.11)my, where my is the
free-electron mass. Orbit o, which exhibits barely one period
of oscillation at uoH > 10 T, reflecting its small Fermi-
surface intersection, will be examined further using lower-
temperature torque and VSM data for more detailed analysis.

To obtain theoretical insights and visualize the extremal
cyclotron orbits of NizIn,S,, we conducted DFT calculations
and plotted the 2D cross sections of the 3D Brillouin zone.
Figure 3(a) shows the fundamental orbits under H | ¢; or-
bits «, (3, and y from the hole band are depicted in blue,
while orbit 6 (¢) from the electron 1 (2) band is shown in
red (green). Note that the two electron bands form nodelike
features around the I' point, and the electron 2 and hole
bands are closely positioned along the I'X line. These small
separations in momentum space are essential conditions for
magnetic breakdown, where charge carriers tunnel into an-
other band under sufficiently high magnetic fields [27,28].
Figure 3(b) illustrates an example of the tunneling orbit
¢ + 3¢, which includes three triangular bounded sections, 7,
around 8. Considering the rotating directions of the carriers,
section ¢ itself cannot form a closed orbit, but it is the path
difference between orbits & and ¢, making it a crucial part
in magnetic breakdown; carriers on orbit 6 can tunnel into
€, and vice versa, gaining or losing section ¢, corresponding
to (F; — F5)/6 in FFT frequencies. As a result, several fre-
quencies with similar spacings are expected; in fact, between
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FIG. 2. (a) Magnetic field dependence of torque signals under fixed temperatures. The inset is a schematic of the magnetic field direction
with respect to the single-crystalline NizIn,S, sample on the cantilever (Fig. S1 [26]). (b) Inverse field dependence of background-subtracted
torque data by polynomial fitting, leaving dHvA oscillations. (¢) FFT spectra of the oscillations in (b). Frequency peaks above 1775 T are
fivefold enhanced to clearly visualize the low-intensity orbit frequencies. (d) Effective mass of orbits 3, y, 8, and ¢ obtained from oscillations
in 13.3-31 T window. The orbit ¢ curve is 15-fold enhanced and each curve is linearly shifted for visualization.

Fs and F, five similarly spaced tunneling orbits are observed,
with each increasing by (F. — Fs)/6.

In addition, due to the proximity of the hole orbit y to
the electron orbit ¢, Klein tunneling, which allows conver-
sion of an electron (a hole) into a hole (an electron) by
traversing a potential barrier, can occur, generating tunneling
orbits encompassing the electron and hole orbits [29]. Under
these conditions, the orbits vy, 8, and ¢ may all contribute
to magnetic breakdown, complicating the assignment of spe-
cific orbits but still likely resulting in a similar spacing of
(F. — F3)/6. Tunneling orbits s + zt, where s represents an
arbitrary orbit and z is an integer [Fig. 2(c)], are possibly the
result of three-band interactions as suggested in Fig. S5 [26].
Notably, the complex appearance of these tunneling orbits
resembles those observed in other nodal-line semimetals, such
as (Zr,Hf)Si(S,Se,Te) [30-33], indicating that NizIn,S, may
be a candidate for exploring the unique properties associated
with nodal loops [30,34].

Figure 3(c) presents the angle dependence of FFT am-
plitudes of dHvVA oscillations measured at 0.44 K using
torque magnetometry, ranging from 6 = —15° to 85° on a
linear scale. Between Fj (pale red) and F. (pale green), a
frequency Fsi3 = (Fs + F:)/2 (pale dashed yellow), corre-
sponding to a tunneling orbit § + 3¢, is identified, illustrating
the angle dependence of field-induced tunneling for 6 < 65°.
For 6 > 70°, tunneling orbits disappear, and interestingly,
the second-harmonic frequency of 6, F»5 = 2Fs (pale dashed

red), becomes more prominent. The absence of tunneling at
large 6 can be attributed to changes in the 2D intersections of
the Fermi surface, which results in larger separations between
the electron pockets. Figure 3(d) shows the angle dependence
of FFT frequencies for orbits «, 3, v, 0, €, and their subpeaks,
compared with DFT simulations in Fig. 3(e). Overall, the two
datasets qualitatively agree, although minor differences may
arise from imperfect sample alignment due to its small size.
The relatively simpler morphologies of the two electron bands
make them less sensitive to slight misalignment, leading to
good agreement to simulations. In contrast, the hole band,
with its more complex shape, sixfold degenerate orbits at 6 =
0 ° are expected to split into twofold and fourfold degeneracies
at nonzero 6. These degeneracies may be further lifted in real
experiments by finite offsets in the azimuthal angle. Although
unexpected subpeaks from hole pockets were observed at
low 6, it is noteworthy that the sharp increase in Fpg around
6 = 55 ° in the DFT simulations [Fig. 3(e)] aligns well with
experimental findings [pale-blue curve in Fig. 3(c)], showing
the quasi-2D nature of the hole band (Fig. S6 [26]).

To examine the orbit « in detail, we performed VSM
measurements up to 9 T and compared it with sub-Kelvin
high-field torque results. Figure 4(a) shows dHvA oscillations
of a NizIn,S; single crystal (28.9 mg) with H || ¢. Four peaks,
Fo = 10T, Fg ~ 592 T, F, ~ 661 T, and F5s ~ 1293 T, were
detected from the FFT of dHVA oscillations, with no peaks
visible above 1500 T. The F, oscillations exhibit notable
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FIG. 3. (a) Cross sections of the two Fermi surfaces exhibiting extremal orbits of «, 3 (left) and v, 6, and € (right) under H || ¢, and their
locations in the first Brillouin zone. The dHvA frequency is also represented in each extremal orbit. (b) Schematics of the tunneling orbit & + 3¢
(dashed yellow line) and the bounded section ¢ (hatched violet region). Orbit & + 3¢ includes three 7 sections around orbit 8. Arrows indicate
the possible route of charge carriers in crystal momentum space. (c) Angle-dependent FFT spectra at 0.44 K, vertically offset and individually
scaled for clarity, from 6 = —15° to 85°. Pale blue, red, and green lines, along with pale dashed red and yellow lines, serve as guides to
the eye indicating the orbits assigned as vy, 8, €, 28, and 6 + 3¢, respectively. (d) Angle dependence of dHVA frequencies replotted from (c)
after second-harmonic and tunneling orbit frequencies above 1 kT being removed. (e) Angle dependence of fundamental orbit frequencies as
predicted by DFT simulations.

intensity that decrease with increasing temperature, as shown Given that F, is as small as 10 T, the magnetic field
in Fig. 4(b), which is derived from local minima at poH =~ required to observe the first Landau level crossing the Fermi
4.7 T in the bandpass-filtered AM. The effective mass of  level is likely to be below 31 T. Thus, assigning the Landau
carriers on orbit o, m’ = (0.183 £ 0.012)my, is significantly level index n is crucial for confirming whether the quan-
smaller than that of all the other orbits (Table I) reflecting the ~ tum limit has been reached for the orbit «. The quantized
linear Dirac dispersion near B/B1 [Fig. 1(g)]. Landau level dispersion for massive Dirac bands can be

TABLE I. Physical parameters related to charge carriers on cyclotron orbits; quantum oscillation frequency (F), Fermi wave vector (kr),
effective mass (m*), Dingle temperature (7)), quantum scattering time (t,), and quantum mobility (u), obtained from dHVA oscillations of
Ni3In,S; using torque magnetometry at 6 = —15° and VSM measurements with H || ¢. The datasets for each orbit marked with the symbol
(second column) represent parameters extracted from the VSM data. All parameters except for the effective mass were obtained at 1.5 K for
the torque and 2 K for the VSM results.

Orbit F(T) ke (A1) m*Im Ty (K) 7, (ps) w(m2V-ls)

« 10.0(1)* 0.0174(1) 0.183(12) 1.32(45) 0.92(31) 0.88(30)

B 592.1(3)" 0.1341(3) 0.841(28) 3.10(19) 0.392(24) 0.0820(57)
628.3(1) 0.1382(1) 0.625(8) 5.91(23) 0.206(8) 0.0580(24)

v 661(1) 0.1417(1) 1.11(15) 2.16(31) 0.563(81) 0.089(18)
748.9(1) 0.1509(1) 0.794(21) 4.17(23) 0.292(16) 0.0647(39)

5 1292.8(3)" 0.1982(3) 0.649(46) 6.84(62) 0.178(16) 0.0482(55)

1194.9(1) 0.1905(1) 1.06(8) 5.94(48) 0.205(17) 0.0340(38)
¢ 2885.4(1) 0.2961(1) 0.98(11) 20.5(24) 0.0593(69) 0.0106(17)
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FIG. 4. (a) Field dependence of polynomial background-subtracted magnetic moment measured with VSM. The inset shows the FFT
spectrum of the 2 K oscillations in inverse field, demonstrating the presence of fundamental orbits «, 3, vy, and 8. (b) Effective mass of
orbit o extracted from oscillation minima at the Landau level index n = 2.25 (uoH ~ 4.7 T), which was obtained from the bandpass-filtered
data (5-15 T) of (a) in inverse field. (c) F, oscillations in inverse field. The gray curve represents background-subtracted magnetic torque
at T = 0.66 K and 6 = —10° in the 3.7-31.46 T window, and the magenta curve shows the low-pass filtered result. The violet curve is the
adjacent-averaging smoothed 2 K data in (a). Dashed lines indicate the positions of local maxima and minima. (d) Landau fan diagram of F,
oscillations in (c). Empty (filled) symbols represent oscillation maxima (minima). Both linear extrapolations show Berry phase close to . The
inset is the first derivative of longitudinal resistivity under magnetic field at 1.5 K. Thicker lines represent linear fits at 2-7 T and 16-20 T. (e)
Band structure of NizIn,S, near B1. Without SOC, a Dirac node is located between L and B1 with linear dispersions. With SOC, a Dirac gap
of 2E, is opened and the maximum of the hole band, defined here as ¢, is formed above the theoretical Fermi level Ex. The optical gap (red
double arrow) is then estimated as 2(E, + ). The upper inset shows the optical conductivity of Ni3In,S; at 10 K, with the Drude background
subtracted to reveal the linearly increasing optical gap at 45 = 3 meV. The lower inset shows the endless Dirac nodal lines obtained by DFT
calculations and Berry phase of 7 from charge carriers orbiting a loop enclosing a node.

expressed as shows smoothed AM data from VSM at 2 K to suppress
oscillations originating from other pockets.
E, = :I:\/ 2ehinpoH v% + Egz, 2) In the two F, curves in Fig. 4(c), local maxima and
minima (dashed lines) are assigned as [ — 1/4 and [ + 1/4
where v is the Fermi velocity and E, is half of the energy gap ~ points, respectively, and plotted on the Landau fan diagram
between the minimum and maximum points of the electron in Fig. 4(d). From the quasi-2D nature of the hole band as
(4) and holelike (—) Dirac bands. The /th Landau level (with shown in Figs. 3(d) and 3(e), the Berry phase ¢p can be
integer /) reaches the Fermi level (Efr) by tuning the magnetic determined using the relation ng = 1/2 — ¢ /27 [35]. Both
field H, so that E,_; corresponds to the energy difference extrapolation results show a nonzero ¢g close to 7 consistent
between the Dirac point and Er. This results in a surge in with predictions from Dirac nodes as outlined in Ref. [14].
carrier density near Er, leading to peaks in the free energy f, This observation aligns with the simulated and experimental
which manifest as quantum oscillations. For the magnetiza- oscillations supporting the nontrivial topology of the system
tion, however, M = _(3_1];)7 introduces a phase shift of 77/2 in (Fig. S4(b) [26]). The inset of Fig. 4(d) shows a transition
inverse field, meaning that H satisfying E,—;_14 (not E,;) to  from quadratic to linear MR occurring around 12.7 T, closely
be the energy difference should be the local maxima in dHVA corresponding to the magnetic field required to reach n = 1,
oscillations. To assign Landau level indices to the oscillation ~ which will be discussed further later. Additionally, it is note-
minima and maxima of F, dHvA oscillations in inverse field ~ worthy that an n = 0.75 peak is observed at uoH ~ 17 T,
are shown in Fig. 4(c). The gray and magenta curves represent  representing the last local maximum in the dHvA oscillations
background-subtracted sub-Kelvin torque and its low-pass fil- ~ of Fy. This peak remains unsplit, possibly due to a small
tered data at & = —10°, respectively, while the violet curve ~ Landé g factor.
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Figure 4(e) presents the zoomed-in view of the band struc-
ture of NiszIn,S; near B1, where the red (dark-cyan) curve
represents massive (massless) Dirac bands with (without)
SOC. When the maximum point of the massive hole band
is defined as er relative to the nominal Fermi level Er, the
theoretically calculated value is ep ~ 3 meV. The center of
the Dirac gap, associated with the Dirac node forming the
endless Dirac nodal lines [14] in the absence of SOC (lower
inset, Fig. S10 [26]), is located at E, ~ 24 meV above &f.
This finite gap may account for the small deviation of the
Berry phase from 7 in Fig. 4(d) [36]. Interestingly, the Dirac
nodes of Ni3In,S, are predicted to be located closer to Ep
than those of its ferromagnetic sister compound Co3Sn;S,,
where the Weyl nodes are positioned 50 — 60 meV above Ep.
In Co3Sn,S,, Weyl nodes are known to generate the large
Berry curvature responsible for the intrinsic anomalous Hall
effect [17,37]. For NisIn,S,, the presence of nodal lines can
be probed by detecting a nonzero Berry phase, which arises
from charge carriers traversing a closed orbit that encloses the
nodal lines and, in this case, corresponds to the cyclotron orbit
« [Fig. 4(d)].

Interestingly, an optical band gap of 2(E; + &r) ~ 54 meV,
originating from interband transitions between the Dirac
bands, can be predicted based on the selection rule [38].
The optical band gap of Dirac bands can be detected
through the linear increase in optical conductivity at low
photon energy (Fig. S8 [26]). The upper inset of Fig. 4(e)
shows such optical conductivity data after subtraction of the
Drude peak, exhibiting an almost linearly increasing behav-
ior starting from 45 meV, which closely matches the DFT
prediction of 54 meV. The linear behavior and the small
gapped structure are consistent with observations in pre-
viously studied nodal-line semimetals [39,40]. The energy
dispersion for the quasi-2D massive Dirac fermions near B1 is

given by
E(k) — Ep = Eg + ep £,/ E? + (kv ),

where vp = v/2ehFy/m},. 3)

From Eq. (3), at k=kr, we get E,+s&r=
(E)? + (hkpvp)*  for the hole band.  Applying

2(Eg 4+ ¢r) ® 45meV, Fy ~ 10 T, and m}, ~ 0.183m, from
experimental data, we obtain er ~ 3.9 meV and E, ~ 18.6
meV, again demonstrating a qualitatively good agreement
between the simulation and the measurement.

Based on the torque and VSM results, we analyzed the
temperature and field dependence of oscillation amplitudes
for each orbit to extract the physical parameters summarized
in Table I. The Fermi wave vector was determined by the
Onsager relation, kr = /2¢F /h, while the effective mass m*
and Dingle temperature 7, were obtained by fitting the LK
formula [27]. From these results, quantum scattering time
T, = li/(2nkgTp) and quantum mobility u = et,/m* were
derived (Figs. S7 and S9 [26]). Note that the parameters
presented in Table I provide complete quantitative determi-
nation of the quantum mobilities for all fundamental orbits
of NizIn,S,; previously, only the quantum mobility for the
orbit o (1.1 m?> V= S~!) was reported by Zhang et al. [16].
According to Table I, the massive Dirac fermions on the orbit

o exhibit 1 of 0.88 m? V~!S~!, a value comparable to the
previous report. More importantly, the quantum mobility of
the orbit & demonstrates an order of magnitude higher than
the others. This suggests that despite its small carrier density
expected from a low oscillation frequency, the o pocket could
still significantly contribute to electrical transport. Therefore,
we propose that the massive Dirac fermions observed in the
dHvA oscillations play an important role in the origin of the
nonsaturating giant MR of Ni3In,S,.

The scenario of the carrier-compensated semimetal based
on the two-carrier model, as used by Fang er al. [15], may
explain large quadratic MR observed at low field regions
below 12 T. As shown in the inset of Fig. 4(d), the field
derivative of MR increases linearly up to 12 T, indicating
quadratic MR and qualitatively supporting the two-carrier
model. However, the two-carrier model also suggests satura-
tion of quadratic MR at high fields, as perfect compensation
is unrealistic in real materials, typically containing more than
two different carrier pockets. Contrarily, the field derivative
in the inset of Fig. 4(d) becomes nearly constant above
12.7 T and up to 31 T (Fig. S2 [26]). As a result, the MR
in Fig. 1(d) continues to increase approximately linearly up
to 31 T. The unusual, nonsaturating MR behavior extends
beyond the model of the compensated semimetal and aligns
with Zhang et al.’s observations, which reported unsatisfac-
tory fits of the two-carrier model to longitudinal and Hall
resistivity data between 11 and 14 T [16]. Therefore, the non-
saturating linear MR behavior found above 12 T in Ni3In,S,
cannot be solely explained by the carrier-compensation
model.

To uncover the origin of nonsaturating MR, we propose
that the quantum limit of the orbit & must be considered.
In Fig. 4(d), the first Landau level crosses the Fermi level
at 1/ugH ~0.083 T~!, or poH ~ 12 T, just before the on-
set of linear MR. At this field and above, Dirac fermions
are concentrated in the zeroth Landau level, fulfilling the
theoretical condition for the linear quantum MR [41-43].
While carrier compensation within the two-carrier model may
play a role at lower fields, its influence is likely limited to
this regime. At higher magnetic fields, the linear MR be-
comes dominated by the quantum behavior of electrons in
the zeroth Landau level. The nonsaturating linear MR ob-
served in Ni3zIn,S, also provides valuable insights into similar
phenomena in the sister semimetal, Co3Sn,S,, which hosts
Weyl nodes due to time-reversal symmetry breaking. While
the linear MR in Co3Sn,S, has been discussed in associa-
tion with the quantum limit and Dirac states at high fields
[44], its origin still remains under debate [17,45,46]. The
observed quadratic-to-linear MR crossover in NizIn,S, un-
derscores the pivotal role of massive Dirac fermions reaching
their first Landau level in shaping the electrical transport
behavior. This finding may also offer a pathway to understand-
ing analogous phenomena across the broader 322-kagome
family.

IV. CONCLUSIONS

In this study, we report quantum oscillations of the kagome
semimetal NizIn,S, under high magnetic fields up to 31 T.
Angle-dependent torque magnetometry revealed the presence
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of a quasi-2D hole band and 3D electron bands, consistent
with DFT calculations. Tunneling orbits were observed for
the angle 6 < 65° between the c-axis and magnetic field
directions, indicating small separations between cyclotron
orbits in momentum space, consistent with the nodal-line
semimetal framework. Notably, charge carriers on the small-
est orbit of F, ~ 10 T, which encloses an endless Dirac
nodal line, exhibited a small effective mass of 0.183m and
Berry phase close to m. This suggests that they are topo-
logically nontrivial, massive Dirac fermions having a small
gap induced by SOC. Infrared spectroscopy supported these
findings by revealing a linear increase in optical conductiv-
ity above a photon energy of 45 meV, corresponding to the
small optical band gap opened by SOC. Additionally, the
Dirac fermions demonstrated an order of magnitude higher
quantum mobility compared to other bands with heavier
charge carriers. This high mobility likely contributes to the
nonsaturating linear MR observed above 12.7 T, where the
Dirac fermions are concentrated on a single Landau level,
evidenced by dHvVA oscillations results. These findings po-
sition Ni3In,S; as a compelling kagome nodal-line semimetal
that hosts Dirac fermions responsible for the quantum MR,
making it a promising platform for exploring rich physics,
including anomalous Hall effects [9,12,17,47] and Klein tun-
neling [29,31].
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