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Anisotropic quantum transport in ZrSiS probed by high-field torque magnetometry
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Here, we present electronic structures of the topological nodal line semimetal ZrSiS along in-plane and
out-of-plane directions using high-field torque magnetometry. The torque signal measured up to 35 T exhibited
clear de Haas-van Alphen (dHvA) oscillations in both directions; however, the angular dependence of the
frequencies along these directions is quite different. Our Berry phase (�B) calculations using the Landau level fan
diagram show that �B ≈ π , confirming the nontrivial topology of ZrSiS. Using Lifshitz-Kosevich and Dingle
temperature analyses on the temperature and field-dependent dHvA oscillations data, we calculated all relevant
physical parameters. We found that Dirac fermions exhibit anisotropic transport properties along the in-plane
and out-of-plane directions, with in-plane fermions having a longer scattering time, a higher mean free path,
and greater quantum mobility. To explain the experimental results, we computed the electronic bands and Fermi
surface of ZrSiS using ab initio density functional theory. The electronic bands revealed multiple Dirac cones
near the Fermi level, displaying linear dispersion over an energy range of 2 eV. The possible dHvA frequencies
were computed using Onsager’s relation, and the calculated frequencies closely align with the experimental
dHvA frequencies. The anisotropic quantum transport properties presented here provide valuable insights into
the unique Dirac fermion physics inherent in ZrSiS.
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I. INTRODUCTION

The recent discovery of the topological phase in materi-
als has attracted considerable interest in condensed matter
physics [1–4]. A topological insulator (TI) represents a unique
quantum state in materials, characterized by an insulating bulk
and highly conductive surface states (SSs), arising from the
nontrivial topology of the bulk state. TIs are theoretically
predicted in materials with strong spin-orbit interactions and
later experimentally verified in Bi-Te-Se compounds, also
known as 3D TIs [5–8]. The SSs of 3D TIs show a dis-
tinct Dirac dispersion, with quasiparticles existing as massless
Dirac fermions-wherein spin is entangled with momentum,
forming a helical spin state [3,4]. SSs are robust and stable
against disorder or impurities (excluding magnetic impurities)
due to their topological protection [1]. These characteristics
make TIs promising for applications in spintronics, low-power
electronics, computer memory devices, and fast electronic
devices.

Among the 3D systems displaying nontrivial topological
states, topological nodal line (TNL) semimetals, featuring
Dirac band crossings along a line or forming loops in mo-
mentum space, have garnered substantial attention due to
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their intriguing physics. Several compounds, such as PtSn4

[9], PbTaSe2 [10,11], ZrSiS [12,13], ZrSiSe/Te [14,15], and
HfSiS [16,17], exhibit TNL behavior. Notably, ZrSiS distin-
guishes itself within this group by hosting multiple Dirac
cones near the Fermi level, and its linear dispersion extends
over a wide energy range of ∼2 eV [18,19]. Furthermore,
high-quality single crystals of ZrSiS, stable in air, can be
grown using relatively abundant, nontoxic elements through
chemical vapor transport [20,21]. The unique electronic struc-
ture of ZrSiS makes it ideal for studying its electrical transport
properties, which are expected to reveal complex and signifi-
cant behaviors in its bulk states. Moreover, this material shows
an exceptionally high magnetoresistance, reaching values as
high as ∼105% [21,22]. Hall measurements indicate that Zr-
SiS is a nearly electron-hole compensated system [23,24],
explaining its remarkable magnetoresistance behavior. Addi-
tionally, it is found that this compound displays a negative
longitudinal magnetoresistance when the current and mag-
netic fields are applied in the same direction [21].

The pressure effect on ZrSiS is also very intriguing. It
undergoes two structural phase transitions occurring around
3.7 GPa and 18.7 GPa [25]. Moreover, this material exhibits
tip-induced superconductivity while maintaining its topo-
logical properties, as observed in a point-contact electrical
study [26]. Moreover, a recent quantum oscillation measure-
ment under high pressure study by VanGennep et al. [27]
revealed a possible pressure-induced topological quantum
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FIG. 1. (a) Unit cell of ZrSiS. (b) The torque τ vs H plot for ZrSiS single crystal Z1 with a field up to 14 T at θ = 0◦ and T = 1.5 K. The
red curve is the Chebyshev polynomial best fit curve. Inset: The background-subtracted torque �τ vs 1/H plot. (c) The frequency spectrum of
the torque data shown in (b). There are five distinct frequency peaks at 6 T, 17 T, 33 T, 242 T, and 402 T.

phase transition in this material at low pressures, occurring
near (0.16 – 0.5) GPa. Applying chemical pressure [28] by
replacing Zr with Hf in Zr1−yHfySiS, reveals two distinct Lif-
shitz transitions in the phase diagram, pointing to intriguing
topology-related physics.

There has been extensive exploration of the electronic
structure of this material through numerous quantum oscilla-
tion measurements [14,21,22,29–35]. However, most of these
studies are carried out with the magnetic field along the c
axis. There are limited studies [14,17] with the magnetic field
along the ab plane. Furthermore, these studies with the field
along the in-plane direction have been conducted only at a
few tilt angles. For instance, the study by Gudac et al. [17]
only measured at four angles (0◦, 15◦, 30◦, and 45◦). Similarly,
Hu et al. [14] conducted torque measurements only at a fixed
angle. Therefore, the electronic structure of ZrSiS with the
magnetic field along the ab plane and the anisotropic nature
of Dirac fermions in this compound have not been thoroughly
explored.

In this paper, we present the electronic properties of ZrSiS
using torque magnetometry with the applied field along both
polar (θ ) and azimuthal (φ) directions. Our torque measure-
ments on four high-quality single crystals (Z1, Z2, Z3, and Z4)
of ZrSiS, with maximum applied fields of up to 35 T, revealed
clear dHvA oscillations in both directions. Our comprehen-
sive analysis of the temperature and field-dependent data,
using the Lifshitz-Kosevich (LK) and Dingle temperature cal-
culations, showed that Dirac fermions in the in-plane and
out-of-plane directions exhibit anisotropic features. Electronic
band structures computed using ab initio density functional
theory (DFT) revealed the presence of multiple Dirac cones
near the Fermi level in ZrSiS. More importantly, our ex-
perimentally observed quantum oscillation frequencies are in
good agreement with the first-principles calculations.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Large and high-quality single crystals of ZrSiS were syn-
thesized using the chemical vapor transport method with
iodine (I2) as the transport agent. This material crystallizes in

a tetragonal structure with the P4/nmm space group. The unit
cell of ZrSiS is depicted in Fig. 1(a). Torque measurements
with maximum magnetic fields up to 35 T and temperatures as
low as 0.35 K were conducted at the National High Magnetic
Field Laboratory in Tallahassee, Florida, using piezoresistive
torque magnetometers. The magnetic field was rotated both
in-plane and out-of-plane directions of the sample, with angles
θ and φ, respectively, as illustrated in Figs. 2(a) and 3(a)
insets. Magnetic fields were swept at each fixed temperature
at a rate of 2 T/min. Electronic structures were computed
using DFT with the full-potential linearized augmented plane
wave (FP-LAPW) method within the WIEN2K code [36].
The details of the sample synthesis, experimental details, and
first-principles calculations are presented in the Supplemental
Material (SM) [37].

III. EXPERIMENTAL RESULTS

Figure 1(b) shows the magnetic torque (τ ) for a ZrSiS
single crystal Z1 with an applied field (H) up to 14 T at
1.5 K, measured at θ = 0◦ (H//c). Here, θ represents the
angle between the c axis and the applied field direction. The
τ signal increases with H, however, the dHvA oscillations are
not clearly visible. To extract dHvA oscillations, we fitted the
Chebyshev polynomial to the torque data (the solid red line).
The inset displays the background-subtracted torque data
�τ versus 1/H plot. As seen in the inset, dHvA oscillations
are now clearly visible and there are multiple periods,
indicating the presence of multiple frequencies. This can be
confirmed by performing a fast Fourier transform (FFT) of
the �τ versus 1/H data. Figure 1(c) illustrates the frequency
spectrum for the background-subtracted torque data of ZrSiS.
The graph shows five distinct frequency peaks at Fα = 6 T,
Fφ = 17 T, Fδ = 33 T, Fβ = 242 T, and Fτ = 402 T. These
frequencies are in good agreement with previously reported
data [14,34]. Here, Fδ is nearly twice Fφ , but later we will
show that Fδ originates from a distinct Fermi surface pocket.
Moreover, Fτ is not clearly visible here, but it becomes more
distinct at higher θ values and in another sample, Z2. It is
important to note that Fα = 6 T was not observed in previous
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FIG. 2. Torque data on ZrSiS with the applied field along out of plane. (a) The torque versus H plot for ZrSiS single crystal Z1 at selected
θ values at T = 1.5 K. Inset: A schematic showing the direction of sample rotation. (b) The background-subtracted dHvA oscillations, �τ

vs 1/H plot of the torque data shown in (a). (c) The frequency spectrum of ZrSiS at different θ values. The lowest curve is at θ = −42◦,
and each curve above it has an increment of 7◦. The topmost curve represents the frequency at θ = 91◦. The curves in (b) and (c) are shifted
vertically and some of the curves are multiplied with a constant for clarity. The dashed curve is a guide to the eye. (d) The angular dependence
of frequencies for two ZrSiS single crystals Z1 and Z2. Frequencies derived from DFT calculations for band 22 (cyan) and band 23 (purple)
are shown as dotted curves.

magnetoresistance studies [20–22]. Electron transport in
metals is governed by the scattering mechanism; hence, the
Shubnikov–de Haas (SdH) oscillations in magnetoresistance
originate from the oscillating rate, whereas dHvA
oscillations arise directly from electrons’ free energy [14,38].
Therefore, the absence of the Fα peak in SdH oscillations
could be due to the low sensitivity of magnetotransport
measurements.

At θ = 0◦, the magnetic field is oriented along the c direc-
tion, i.e., [001], and at θ = 90◦ the field aligns in the ab plane,
as depicted in Fig. 2(a) inset. Figure 2(a) displays the torque
data for ZrSiS at selected θ values ranging from −42◦ to
91◦. The amplitude of dHvA oscillations varies with θ , which
is more evident in the background-subtracted data shown in
Fig. 2(b). The presence of quantum oscillations persists even

when the magnetic field aligns parallel to the sample surface,
indicating ZrSiS possesses a three-dimensional Fermi sur-
face. Figure 2(c) depicts the angular dependence of quantum
oscillation frequencies in ZrSiS with varying θ values. As
depicted, both the number and position of frequencies vary
with changes in θ . At θ = 0◦, there are five dominant fre-
quencies, Fα = 6 T, Fδ = 17 T, Fφ = 33 T, Fβ = 242 T, and
Fτ = 402 T. While increasing θ either positive or negative
direction, Fα, Fδ , and Fφ remain nearly unchanged while Fβ

increases to higher values as guided by the dashed curve. It is
important to note that other frequencies Fγ , Fχ , and Fτ grad-
ually appear at higher θ values, as indicated by arrows. This
angular dependence and emergence of additional frequencies
at higher θ values in ZrSiS are consistent with previous MR
and torque studies [21,22,33].
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FIG. 3. Torque data on ZrSiS with the applied field along ab plane. (a) The torque signal of ZrSiS with the applied fields up to 35 T at
φ = 0◦ and T = 0.35 K. The red line shows a polynomial background fit to the data. Inset: A schematic showing the direction of sample
rotation. (b) dHvA oscillations for ZrSiS after background subtraction. There are multiple periods in the dHvA oscillations. (c) The frequency
spectrum of ZrSiS at different φ values. (d) The angular variation of frequencies for two ZrSiS single crystals Z3 and Z4. The frequency values
from the DFT calculations (dotted curves) are also included for the comparison.

Figure 2(d) shows the angular dependence of frequencies
for ZrSiS. Frequencies derived from torque measurements on
another ZrSiS single crystal Z2 are also included in the plot
for comparison. The detailed angle dependent torque data and
frequency analyses for Z2 are shown in the SM [37] (Fig. S1).
As seen in the graph, the dHvA frequencies derived from both
Z1 and Z2 are comparable to one another. More importantly,
the angular dependence of experimental frequencies are com-
parable with those extracted from the DFT calculations, which
will be discussed later.

To probe the electronic properties along the out-of-plane
direction, we conducted torque measurements with the field
rotating in the ab plane. Figure 3(a) illustrates the torque
data of ZrSiS single crystal Z3 with a maximum applied field
of 35 T at φ = 0◦. Here, φ is defined as the angle between
the [100] direction and the direction of the applied field, as
depicted in the Fig. 3(a) inset. The red curve represents the
polynomial fit to the data. The oscillation exhibits multiple
periods, as evident in the background-subtracted torque data
shown in Fig. 3(b), indicating the presence of more than one
frequency. Figure 3(c) shows the frequency spectrum of ZrSiS
from φ = 0◦ to 90◦. The spectrum demonstrates two dominant
frequencies F̄α and F̄β . For instance, at φ = 40◦, two frequen-
cies, F̄α = 15 T and F̄β = 133 T, are present, closely matching
the values from the previous in-plane torque measurement
report [17] of ∼15 T and 125 T measured at φ = 45◦. As we
approach 0◦ or 90◦, a new frequency F̄χ begins to appear,
indicated by the dotted arrow. The angular dependence of
frequencies for Z3 and Z4 is depicted in Fig. 3(d). The raw

data and frequency analyses for the Z4 sample are presented
in the SM [37] (Fig. S2). As shown in the graph, F̄α, F̄β , and
F̄χ for both Z3 and Z4 are comparable. While F̄α remains
relatively unchanged, F̄β varies almost parabolically with φ,
reaching a minimum value near φ = 45◦. F̄χ appears to di-
verge near φ = 45◦ when approaching from either 0◦ or 90◦.
This angular variation of the frequencies can be explained
by the DFT-calculated frequencies derived from the Fermi
surface pockets of bands 22 and 23, which will be discussed
in detail later.

It is noteworthy that the angular dependence of Fβ and F̄β

is quite different [Figs. 2(d) and 3(d)]. Furthermore, despite
applying magnetic fields of 35 T, we only detected two fre-
quencies (F̄α and F̄β) below 300 T. In contrast, prior torque
measurements [30–32] under 35 T reported numerous fre-
quency peaks spanning from a few teslas to several kiloteslas,
attributing their findings to magnetic breakdown phenomena.
However, in our study, we didn’t observe any indications of
magnetic breakdown, simplifying the fermiology of ZrSiS.

To identify the topological state in ZrSiS, we have calcu-
lated the Berry phase (�B) of the Fermi surface pocket cor-
responding to F̄β using the Landau level (LL) fan plot [1,38].
For a topologically nontrivial (or trivial) system, the �B value
is π (or zero), as indicated by Refs. [1,25]. In Fig. 3, there are
multiple frequencies present in the data, making it difficult to
calculate �B. To resolve this, we employed the FFT bandpass
filter approach to extract the oscillations corresponding to the
particular frequency. Assuming the magnetization (M) is per-
pendicular to the external field, the perpendicular component
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FIG. 4. (a) The extraction of dHvA oscillations corresponding to the frequency of 126 T using the FFT band-pass filter in ZrSiS. The gray
curve represents the raw data at φ = 50◦, while the orange curve depicts the filtered signal using a band-pass filter of (117 T – 135 T). Inset:
The frequency spectrum of the filtered data. (b) The Landau level fan diagram for ZrSiS. The minimum and maximum positions in quantum
oscillations are designated as N – 1

4 and N + 1
4 , respectively. Inset: Angular dependence of �B. The dotted line and the gray line are guides for

the eye.

of M can be determined from the torque (τ ) data using the for-
mula −→τ ∝ −→

M × −→
H . We selected the data at φ = 50◦ so F̄β is

well separated from other frequencies. The gray curve shows
the raw magnetization data at φ = 50◦ and the orange one rep-
resents the filtered data with the FFT bandpass filter of (117
T–135 T). The filtered signal consists of only one frequency
of 126.7 T as shown in the Fourier transform data (inset).

Figure 4(b) illustrates the LL fan diagram for F̄β . When
constructing this diagram, we assigned the LL index for the
minima and maxima positions as (N – 1

4 ) and (N + 1
4 ) [38,39].

By performing a linear extrapolation of the data, represented
by the dashed line, we derived an intercept of No = 0.60 ±
0.01. This intercept corresponds to �B = (1.19 ± 0.01)π ,
signifying the nontrivial topology of the β pocket. The slope
value (126.6 ± 0.1)T closely matches F̄β = 126.7 T at φ =
50◦, validating the precision of the linear extrapolation in
determining the intercept (and consequently the �B value).
Furthermore, the bandpass filter’s effectiveness in retaining
the original dHvA oscillation signal without significant error
is affirmed.

The application of high fields (35 T) leads the charge
carriers to reach the fifth LL (near the quantum limit N = 0),
a notable difference from N = 26 under 14 T (in Figs. 1
and 2). Bringing the Fermi pocket close to the quantum
limit is essential for accurately determining �B. Hence, the
�B value obtained through linear extrapolation in the LL
fan diagram here is considered more reliable and precise.
These findings regarding the nontrivial topology in ZrSiS
for the β pocket are consistent with previously published
results [14,21,27]. It is important to note that �B decreases
from approximately π at 0◦ to around 0 at 40◦, and then
returns to approximately π at 50◦ and higher angles, as
shown in Fig. 4(b) inset. This highly tunable �B has been
observed in the Weyl semimetal WP2 [40]; however, a de-
tailed theoretical study is required to explain the origin of this
behavior.

The temperature dependence of quantum oscillations can
be described by the LK formula, allowing us to estimate the
effective mass (m∗) of the charge carriers [38]. According to
the LK theory, the temperature dependence of dHvA oscilla-
tions is given by

�τ (T, H ) ∝ e−λD
λ(T/H )

sinh[λ(T/H )]
, (1)

with λD(H ) = 2π2kB
h̄e m∗ TD

H and λ(T/H ) = 2π2kB
h̄e m∗ T

H . Here,
TD, kB, and m∗ represent the Dingle temperature, Boltzmann’s
constant, and effective mass of the charge carriers, respec-
tively. The first term is the Dingle factor, which describes
the attenuation of the oscillations with decreasing field H .
The second term explains the weakening of the oscillations
at higher temperatures.

To determine m∗, we have measured dHvA oscillations
on ZrSiS sample Z4 at different temperatures, as presented
in Fig. S3 in the SM [37]. The temperature dependence of
dHvA frequencies is displayed in Fig. 5(a). The amplitude
of F̄α = 15 T and F̄β = 136 T decreases at higher tempera-
tures [Fig. 5(a) inset]. The solid curves represent the best-fit
curves using the LK formula. From the best fit parameters,
we estimated m∗

α = 0.06me and m∗
β = 0.09 me for the α and

β pockets, respectively, where me is the bare mass of a free
electron. These m∗ values are comparable to those reported
by Hu et al. [14] but smaller than values reported in other
studies [21,22,29,32] for ZrSiS. Furthermore, Figs. 5(b) and
5(c) represent the Dingle temperature analyses for the α and
β pockets, respectively. From the best-linear fit, we obtained
TD = 21.7 K and 33.9 K for the α and β pockets, respectively.

Using the values of m∗ and TD, we have calculated all the
physical parameters characterizing the α and β pockets, as
presented in Table I. We have included data for H//c from
Ref. [14] for comparison. As seen in the table, the mobility of
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TABLE I. Physical parameters: frequency (F ), Fermi wave vector (kF ), effective mass (m*), Fermi velocity (vF ), Dingle temperature TD,
quantum relaxation time (τs), mean free path (l2D), and quantum mobility (μ), of ZrSiS along in-plane and out-of-plane directions. The Fermi
surface parameters for H//c are adapted from Ref. [14].

Field F (T) kF (10−2Å−1) m∗/mo vF (105 ms−1) TD(K) τs(ps) l2D(nm) μ(cm2V−1s−1)

H//ab 15 2.1 0.06 4.1 21.7 0.06 2.29 1634
136 6.4 0.09 8.2 33.9 0.04 2.94 697.3

8.4 1.6 0.025 7.4 8.8 0.14 10.13 10,000
H//c 240 8.5 0.052 18.9 6 0.2 38.20 6,868

17.6 2.3 0.027 9.88 14 0.084 8.54 5,469
24.5 2.7 0.045 6.99 11.3 0.108 7.49 4,219

charge carriers in the in-plane direction is much larger-nearly
ten times larger-than that in the out-of-plane direction.

IV. DFT CALCULATIONS

To better understand the electronic structure of ZrSiS and
explain our high field torque data, we have conducted elec-
tronic band structure and Fermi surface analyses using the
DFT calculations. Figure 6(a) displays electronic bands of
ZrSiS taking into account of the spin-orbit coupling (SOC)
effect. Electronic band structure without the SOC effect is
presented in Fig. S4 in the SM [37]. There are multiple Dirac
cones near the Fermi level as indicated by the dotted circles.
Notably, the linear band dispersion spans nearly 2 eV, for
instance, the Dirac cone along the A-Z direction. Due to the

FIG. 5. (a) The FFT spectrum for the ZrSiS sample Z4 at dif-
ferent temperatures measured at φ = 42◦. Inset: The temperature
dependence of the FFT amplitude for the α and β pockets. The solid
curves are the best fit using the LK formula [25,38]. There are a
few additional peaks, indicated by asterisks, which appear only at
φ = 42◦ and 49◦, and thus have not been considered for the LK
analyses. The Dingle temperature analyses for the (b) α and (c) β

pockets.

application of the SOC, a narrow gap ∼ 0.02 eV opens up the
Dirac spectrum. Two bands 22 and 23, cross the Fermi level
and they are responsible for the Fermi surface of ZrSiS. Fig-
ures 6(b) and 6(c) illustrate the top and side views of ZrSiS’s
Fermi surface, respectively, exhibiting a cagelike structure
within the kx – ky plane and openness along the kz direction.
These electronic band structures and Fermi surface character-
istics are consistent with previous studies [18,19,22,30].

To compare with the experimental data, we measured
the area of each energy isosurface forming the Fermi sur-
face and then computed the oscillatory frequencies using
the Onsager relation [41]. Utilizing the SKEAF code [42],
we calculated all potential frequencies derived from each
electronic band contributing to the formation of the Fermi
surface in ZrSiS, considering both in-plane and out-of-plane
directions. The calculated angular dependence of frequencies
from bands 22 and 23 is depicted in Figs. 2(d) and 3(d),
alongside the experimental data. Experimentally, we observed
five major frequencies for θ = 0◦ with the values of Fα = 6 T,
Fφ = 17 T, Fδ = 33 T, Fβ = 242 T, and Fτ = 402 T. The hole
pocket derived from band 22 contributes two frequencies 40 T
and 232 T, which are closer to the experimentally observed
frequencies, namely, Fδ and Fβ . Similarly, the electron pocket
derived from band 23 contributes one frequency of 433 T,
which is in good agreement with Fτ . The origin of experimen-
tally observed frequencies from the possible orbits is depicted
in Fig. 6(c). Furthermore, as seen in Fig. 2(d), the angular
variation of Fδ, Fβ , and Fτ aligns with the frequencies derived
from the orbits δ, β, and τ , respectively. It is important to note
that our DFT calculations could not generate the frequencies
Fα and Fφ . This is due to our computational limitations, which
prevented us from generating the entire section of the electron
pocket. By using high k-points, Müller et al. [30] obtained the
complete features of the Fermi surface and showed that these
low frequencies near 8 T and 16 T can be derived from small
cross sections of the electron pocket, which they denoted as
δ1 and δ2. Similarly, the angular dependence of F̄β and F̄χ

matches the frequencies computed from band 23, whereas that
of F̄α corresponds to the frequencies derived from band 22
[Fig. 3(d)].

V. SUMMARY

This paper presents a comprehensive study of the elec-
tronic properties of ZrSiS in both the in-plane and out-of-
plane directions with the maximum applied fields of 35 T.
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FIG. 6. (a) Electronic band structure of ZrSiS along high-symmetry directions, taking the spin-orbit coupling (SOC) effect into account.
Multiple Dirac cones are present near the Fermi level, as indicated by dotted circles. The linear bands extend over a wide energy range
(∼ 2 eV). Two bands (22 and 23) cross the Fermi level. (b) Top and (c) side views of the calculated Fermi surfaces. The dotted arrows depict
the identified orbits that produce the observed quantum oscillation frequencies when the magnetic field is in the out-of-plane direction.

Despite several reports on quantum oscillations in this ma-
terial, a thorough investigation of the Fermi surface in the
out-of-plane direction has been lacking. Our detailed angular-
dependent dHvA oscillation measurements, conducted with
applied fields of up to 35 T, reveal that the oscillation frequen-
cies vary anisotropically along both the polar and azimuthal
directions [Figs. 2(d) and 3(d)]. Furthermore, using the LK
analyses, we found that the scattering time for charge carriers
in the out-of-plane direction is nearly five times shorter than
that for the charge carriers in the in-plane direction, despite
their nearly comparable effective masses. This anisotropic
scattering rate results in a smaller mean free path in the
out-of-plane direction and subsequently leads to nearly ten
times lower mobility in the out-of-plane direction (Table I).
In layered materials like ZrSiS, there is weak out-of-plane
bonding compared to the strong in-plane bonding, resulting
in anisotropic electronic properties. Therefore, the anisotropic
properties observed in Table 1 for ZrSiS are due to its layered
structure.

Our Berry phase calculation through the Landau level fan
plot near the quantum limit clearly shows that ZrSiS is a topo-
logically nontrivial system. However, the Berry phase exhibits
an angle dependence, and its physical origin remains to be
explored. To explain our experimental findings, we performed
electronic band structure and Fermi surface calculations us-
ing ab initio DFT. Two electronic bands intersecting the

Fermi level significantly contribute to ZrSiS’s Fermi surface.
Importantly, the angular dependence of the observed dHvA
oscillation frequencies is consistent with those computed us-
ing DFT. The detailed electronic properties, both in-plane
and out-of-plane, presented in this paper will be significantly
important for understanding the fermiology of ZrSiS and other
nodal line semimetals.
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I. Kokanović, Phys. Rev. B 103, 045122 (2021).

[32] S. Pezzini, M. Van Delft, L. Schoop, B. Lotsch, A. Carrington,
M. Katsnelson, N. E. Hussey, and S. Wiedmann, Nat. Phys. 14,
178 (2018).

[33] Y. Yang, H. Xing, G. Tang, C. Hua, C. Yao, X. Yan, Y. Lu, J.
Hu, Z. Mao, and Y. Liu, Phys. Rev. B 103, 125160 (2021).

[34] M. Matusiak, J. Cooper, and D. Kaczorowski, Nat. Commun. 8,
15219 (2017).

[35] J. A. Voerman, L. Mulder, J. C. de Boer, Y. Huang, L. M.
Schoop, C. Li, and A. Brinkman, Origin of the butterfly magne-
toresistance in ZrSiS, Phys. Rev. Mater. 3, 084203 (2019).

[36] P. Blaha, K. Schwarz, G. K. Madsen, D. Kvasnicka, and J. Luitz
et al., WIEN2k: An Augmented Plane Wave Plus Local Orbitals
Program for Calculating Crystal Properties (Vienna University
of Technology, Austria, 2001), Vol. 60.

[37] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.110.085140 for detailed information on
sample synthesis, computational method, temperature and field-
dependent torque data, electronic band structure, and more, and
which includes J. P. Perdew, K. Burke and M. Ernzerhof, Phys.
Rev. Lett. 77, 3865 (1996) and K. Koepernik and H. Eschrig,
Phys. Rev. B 59, 1743 (1999).

[38] D. Shoenberg, Magnetic Oscillations in Metals (Cambridge
University Press, Cambridge, 1984).

[39] K. Shrestha, R. Chapai, B. K. Pokharel, D. Miertschin, T.
Nguyen, X. Zhou, D. Y. Chung, M. G. Kanatzidis, J. F. Mitchell,
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