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Topological nodal-line semimetal is a new emerging material, which is viewed as a three-dimensional
(3D) analog of graphene with the conduction and valence bands crossing at Dirac nodes, resulting in a
range of exotic transport properties. Herein, we report on the direct quantum transport evidence of the
3D topological nodal-line semimetal phase of ZrSiS with angular-dependent magnetoresistance (MR)
and the combined de Hass-van Alphen (dHvA) and Shubnikov-de Hass (SdH) oscillations. Through
fitting by a two-band model, the MR results demonstrate high topological nodal-line fermion densities
of approximately 6×1021 cm−3 and a perfect electron/hole compensation ratio of 0.94, which is consis-
tent with the semi-classical expression fitting of Hall conductance Gxy and the theoretical calculation.
Both the SdH and dHvA oscillations provide clear evidence of 3D topological nodal-line semimetal
characteristic.
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1 Introduction

Three-dimensional (3D) topological semimetal phases
represent new quantum states of matter, often viewed
as a “3D graphene”, and have attracted intensive stud-
ies in recent years [1–3]. The new emerging concepts in-
cluding topological Dirac semimetals, topological Weyl
semimetals, and topological nodal-line semimetals are
different kinds of topological semimetals established ex-
perimentally so far. These materials exhibit novel quan-
tum coherent transport behaviors for potential device
applications with high bulk carrier mobility and large
magnetoresistance (MR) [4–9]. Further, 3D topological
Dirac semimetals such as Cd3As2 and Na3Bi feature a
linear dispersion four-fold degenerate band crossing at
Dirac nodes occurring at discrete momentum points,
which drives the modulated electronic accumulation in
the lowest Landau level (LL) and results in the dom-
inance of linear MR in high magnetic fields [5, 6, 10–
12]. Weyl charges with opposite chirality can be ob-
served in topological Weyl semimetals, which can simu-

late the chiral anomaly of quasiparticle transport pro-
posed in high-energy physics. Such topological Weyl
states have been demonstrated in many materials, in-
cluding (Ta/Nb)(As/P) [13, 14], (Mo/W)Te2 [4, 15–17].
Among them, perfectly compensated electron/hole pock-
ets have been observed at the Fermi level of WTe2, re-
sulting in the classic MR resonance and an unsaturated
MR up to the high magnetic field of 60 T [4]. In WTe2,
intriguing linear MR appears when the magnetic field is
aligned both in the perpendicular and parallel directions
[17]. When a large MR is suppressed by pressure, super-
conductivity arises owing to the possible Fermi level nest-
ing [15]. Similar physics generating a large quadratic MR
of up to 10 000 times has been observed at 9 T in TaAs
[14]. PbTaSe2 [1], PtSn4 [2], and ZrSiS [18, 19] have
been experimentally established for topological nodal-
line semimetal, where Dirac bands cross along a one-
dimensional line or a loop in momentum space, con-
trasted with Dirac band crossing at discrete momentum
points in topological Dirac or Weyl semimetals.

Among the reported topological semimetals, ZrSiS has
been observed to have other distinct properties. The
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tetragonal structure of ZrSiS is formed from a stack
of S-Zr-Si-Zr-S sandwich layers [3, 20]. Angle-resolved
photoemission spectroscopy (ARPES) studies have re-
vealed two types of Dirac cones in ZrSiS and ZrSiTe:
one of them forms a closed nodal-line loop near the
Fermi level and the other represents the first exam-
ple of the theoretically-predicted Dirac cone state pro-
tected by non-symmorphic symmetry [3, 21]. Multiple
Fermi surface pockets, such as diamond-shaped Fermi
surface, have been demonstrated in ARPES studies
[3, 18, 22]. In terms of the transport properties of Zr-
SiS, an extremely large, non-saturating MR and large
anisotropy with different field directions have been ob-
served [9, 22, 23]. Quasi-2D Dirac Fermi surfaces and
a topological phase transition from nontrivial to triv-
ial with altering angles have been observed [24]. Except
for the traditional electrical/magnetic transport mea-
surements, some novel methods have been performed
on topological nodal-line semimetal ZrSiS and its se-
ries. For example, Dirac bands and Fermi surface enclos-
ing the Dirac nodal-line with 3D character were revealed
by the strong de Hass-van Alphen (dHvA) oscillations
[8, 26]. Thermoelectric quantum oscillations also verified
the topological nodal-line semimetal phase and 3D char-
acter of ZrSiS [25].

In general, topological nodal-line semimetals are ex-
pected to have high Dirac fermion density owing to Dirac
band crossings along a line or loop. The high topological
nodal-line fermion density of approximately 1020 cm−3

has been observed both in ZrSiSe and ZrSiTe through
dHvA quantum oscillations [26]. The higher topological
nodal-line Fermion density of approximately 1023 cm−3

arises from the fitting of field-dependent Hall conductiv-
ity data with the two-band model [27]. Moreover, perfect
electron-hole compensation can induce abnormal MR in
the topological semimetal, which can be used in the fu-
ture magnetic sensors. In this work, we present the de-
tailed analysis of high topological nodal-line fermion den-
sity by parabolic MR fitting with a two-band model and
semi-classical expression fitting of Hall conductance Gxy,
which presents the evidence of the topological nodal-
line semimetal phase in ZrSiS. Both the Shubnikov-de
Hass (SdH) and dHvA oscillations confirm the high-
density topological nodal-line fermion in ZiSiS. Perfect
electron/hole compensation is also demonstrated by the
fitting. Moreover, angular-dependent MR under a mag-
netic field of 60 T is analyzed, which is the highest mag-
netic field apply to ZrSiS so far [22, 28].

2 Experiments

ZrSiS single crystals were grown using the chemical va-
por transport approach, as described elsewhere [3, 22].

Further details are shown in the Supplemental Mate-
rial. Hall-bar and four-terminal devices were fabricated
to study the electronic/magnetic transport properties.
Subsequently, the low-field transport properties were
measured using a physical property measurement sys-
tem (PPMS-9T, Quantum Design). The torque was mea-
sured at the High Magnetic Field Laboratory of Chi-
nese Academy of Sciences, China, and high-field mea-
surements were performed in a pulsed magnetic field (up
to 60 T) at Wuhan National High Magnetic Field Center,
China.

3 Results and discussion

The angular-dependent MR was measured by rotating
the sample both in ac and bc planes, as characterized by
the angles θ and φ, respectively [inset of Fig. 1(a)]. Clear
SdH quantum oscillations were observed in the field-
dependent resistivity at various angles in both ac and bc
planes, as illustrated in Figs. 1(a) and (b). The resistiv-
ity decreases rapidly as the field is tilted from c or b to a
axis, indicating high anisotropy in ZrSiS. The magnetic-
field-dependent MR shows typical parabola-like features
at all the angles. The MR measured under high-pulsed
magnetic fields increases with the increase in magnetic
field and finally, exhibits nonsaturation up to an intense
field of 60 T [Fig. 1(c)]. The maximum resistivity is
observed at the angle of approximately 45◦. As shown
in Fig. 1(d), the angular-dependent resistivity shows an
interesting butterfly pattern in both ac and bc planes,
indicating significantly anisotropic MR in both ac and
bc planes.

We have comprehensively studied the SdH oscillations
of ZrSiS in our previous work [22]. For better under-
standing of quantum oscillations in ZrSiS, dHvA mea-
surements of magnetic torque in ZrSiS at different tem-
peratures and angles were performed, and the results are
illustrated in Figs. 2(a) and (b). Two oscillation frequen-
cies can be observed in all the temperatures and angles.
Clear quantum oscillations can be observed up to 25 K
[Fig. 2(a)], corresponding to the SdH oscillations in our
previous work. As evident in Fig. 2(b), both the out-of-
plane (B//c) and in-plane (B//ab) curves exhibit strong
dHvA oscillations at low temperatures. Such a feature
demonstrates the 3D characteristic of Fermi surface in
ZrSiS. There are two dHvA oscillation modes in dHvA
quantum oscillations, which can be identified by the fre-
quency of 9 T (low-frequency mode) and that of 244 T
(high-frequency mode) after the fast Fourier transform
(FFT) processing. The frequency of low-frequency mode
obtained in the dHvA study is half of the frequency ob-
tained in the SdH study. However, it corresponds to the
dHvA quantum oscillation of 8.4 T in reference [8]. This
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Fig. 1 (a, b) Magnetic-field-dependent resistivity measured at different angles at 2 K in ac and bc planes, respectively.
Inset is the schematic structure for angle-dependent magnetotransport measurements in ZrSiS. (c) Magnetic-field-dependent
resistivity under different θ under a high field (up to 60 T) and 2 K. (d) Angular dependence of the resistivity in ac and bc
planes, respectively, forming a butterfly shape.

is due to the more sensitive and large Fermi surface in
the Torque method or second harmonic. The detailed
analysis of dHvA oscillations is shown in Appendix A.
The Landau indices (intercept of the fan diagram) are
0.06 and 0.5 for the high-frequency and low-frequency
dHvA modes, respectively. The intercept of 0.5 indi-
cates nontrivial transport and demonstrates the Dirac
cones. Cyclotron (effective) mass of the electronic states
are 0.078 me and 0.15 me, respectively, by using the
Lifshitz–Kosevich formula, as shown in Fig. 2(d). The
dHvA oscillations in ZrSiS offer another transport evi-
dence for the 3D nodal-line semimetal phase in ZrSiS.

In order to better understand the nodal-line semimetal
phase in ZrSiS, the Dirac Fermion densities and mo-
bilities can be calculated by fitting the magnetic-field-
dependent resistivity under all the angles using the two-
band model. The longitudinal resistivity in the two-band
model is expressed as [29]

ρ =
1

e

(neµ+ nhµ
′) + (nhµ+ neµ

′)µµ′H2

(neµ+ nhµ′)2 + [(nh − ne)µµ′H]2
, (1)

where ne (nh) and µ (µ′) represent the Dirac Fermion
densities and mobilities of electrons (holes), respec-

tively, and H represents the magnetic field. Parabolic
magnetic-field-dependent resistivity can be well fitted by
the two-band model both in ac and bc planes, as shown
in Figs. 3(a) and (b). The mobilities (Dirac Fermion
density) of the electron and hole are 5721 cm2/(V·s)
(6.47 × 1021 cm−3) and 5362 cm2/(V·s) (6.87 × 1021

cm−3), respectively. The fitting yields ne/nh of 0.94,
which is consistent with the value of 0.95 obtained by
the theoretical calculation (Appendix A). The excellent
parabola-like curves of magnetic-field-dependent resistiv-
ity in ZrSiS indicate the approximate equality of electron
and hole. The perfect electron-hole compensation can in-
duce abnormal MR in ZrSiS and WTe2, which may be
applied to the future magnetic sensors [4, 23].

Parabolic curves of magnetic-field-dependent resistiv-
ity can be perfectly fitted by the two-band model, result-
ing in the perfect compensation of electron and hole. In
order to confirm this scenario, the Hall conductance Gxy

is fitted by the semi-classical expression [30]

Gxy = eneµ
µB

(1 + µ2B2)
+ enhµ

′ µ′B

(1 + µ′2B2)
, (2)

where Gxy =
Rxy

R2
xy+R2

xx
; Rxy is Hall resistance; Rxx is
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Fig. 2 (a) Quantum oscillation measurements of magnetic torque in ZrSiS at different temperatures and (b) at different
angles at 2 K. (c) Landau fan diagrams of the two dHvA oscillation modes. Extrapolated linear fitting provides intercepts,
as enlarged near zero in the inset. (d) FFT amplitude versus temperature; the solid lines represent the Lifshitz–Kosevich
(LK) fitting for the effective mass.

Fig. 3 (a, b) Magnetic-field-dependent resistivity fitting with the two-band model in ac and bc planes, respectively. (c)
Fitting and experimental curves of Gxy dependent on the magnetic field at 2 K and B//c.

longitudinal resistance; ne (nh) and µ (µ′) are the Dirac
Fermion density and mobility of electrons (holes), re-
spectively. The fitting coincides with the experimental
data, as shown in Fig. 3(c). From the fitting, the mo-
bilities (Dirac Fermion density) of electron and hole are
5839 cm2/(V·s) (6.23× 1021 cm−3) and 5475 cm2/(V·s)
(6.66× 1021 cm−3), respectively. This is consistent with
the values obtained from the two-band model fitting.
The high Dirac fermion densities obtained from the fit-
ting of both the two-band model and semi-classical ex-
pression provide a better understanding of Dirac band
crossings along a line or loop in ZrSiS.

Both electron (ne) and hole (nh) densities are ap-
proximately 6 × 1021 cm−3, obtained from the fitting
of magnetic-field-dependent resistivity and Hall resistiv-
ity via the two-band model and semi-classical expres-
sion, respectively, which are larger than those of Dirac
semimetal Cd3As2 (1.5 × 1019 cm−3) [6], topological
insulator Bi2Se3 (5 × 1018 cm−3) [31], and graphene
(5× 1012 cm−3) [32]. It is known that topological nodal-
line semimetals are expected to have a high Dirac fermion
density owing to Dirac band crossings along a line or
loop. The higher Dirac Fermion density of approximately
1023 cm−3 from the fitting of field-dependent Hall con-
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ductivity data by the two-band model was reported by
Sankar et al. [27]. ZrSiSe and ZrSiTe reveal a topolog-
ical nodal-line semimetal phase owing to the high den-
sity of nodal-line fermion (approximately 1020 cm−3).
The high Dirac Fermion density in ZrSiS observed by
our transport measurements verifies the nature of Dirac
band crossings along the nodal line. Therefore, the high
Dirac fermion density not only provides additional sup-
port for the nodal-line state in ZrSiS, but also explains
the notable dHvA oscillations in ZrSiS.

Figure 4(a) shows the FFT frequencies of SdH oscil-
lations depending on the angles in the bc plane. The
low-frequency mode exhibits a weak angular dependence,
whereas the high-frequency mode exhibits a clear vari-
ation with φ and can be fitted to F2D/ cosφ + F3D, as
illustrated by the solid curve. The relative weight be-
tween 3D and 2D components derived from the fitting,
F3D/F2D, is approximately 1.8, indicating that the Fermi
surface of ZrSiS is of 3D characteristic though a two-
dimensional (2D) component also exists. At an angle of
approximately 50◦, Fβ starts to split into two peaks. The
3D characteristic revealed by the fitting FFT-dependent
angles is consistent with the analysis of dHvA oscilla-
tions.

In order to better understand the Dirac Fermions
in ZrSiS, the angle-dependent Berry phase of high-

frequency SdH oscillations measured under both a stable
magnetic field and high-pulsed magnetic field (up to 60
T) are studied, as shown in Fig. 4. In order to eliminate
the uncertainty owing to the Zeeman splitting of oscil-
lation peaks, we filter the waves of high-frequency and
low-frequency oscillation modes (Appendix A). In order
to obtain a more reliable Berry phase, the LL index of
high-frequency Fβ is fitted by using a different range of
magnetic field. The half-integer and integer LL indices
are assigned to the oscillation maximum and minimum,
respectively. We obtain intercepts of 0.38 ± 0.04 and
0.55 ± 0.08 when using all the oscillation data between
8–9 T, respectively (Appendix A). When gradually in-
creasing the field range for constructing the fan diagram,
all the Berry phases remain trivial although the Berry
phase showing small changes, demonstrating the high re-
liability of the measured Berry phase. Figures 4(b) and
(c) show the Berry phase fitting from the high-frequency
oscillation at different angles in both ac and bc planes,
respectively. It can be observed that the Berry phases
have a slight variation as the angle increases both in ac
and bc planes, but they are still at approximately 0.5,
indicating a trivial phase.

The MR under a high-pulsed magnetic field (up to 53
T) was investigated in our previous work [22]. The MR
measured at a higher-pulsed magnetic field (up to 60 T)

Fig. 4 (a) SdH oscillation frequencies dependent on the angles in bc plane. Inset is a fitting of the data to F = F3D +
F2D/ cos θ for two splitting peaks of high-frequency oscillation mode. (b, c) Berry phase fitting from high-frequency oscillation
mode at different θ in ac plane and φ in bc plane, respectively. (d) Berry phase fitting from high-frequency oscillation mode
at the different θ with the range of magnetic field from 15 to 30 T.
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is shown in Fig. 1(c). The power factors of MR measured
under a high-pulsed field were in the range of 1.44 to 1.8
in the previous work [22], in contrast to the parabolic
MR measured under a stable magnetic field. This phe-
nomenon is likely due to the increased number of pockets
and stronger anisotropy of the MR response under the
higher-pulsed magnetic field. We plot the LL index fan
diagram for different θ angles only under 15–30 T, result-
ing in significant Zeeman splitting of the SdH oscillation
peaks under the higher-pulsed magnetic fields [22]. More
complex oscillations are induced by the higher-pulsed
magnetic fields, as shown in Fig. 4(d). Furthermore, the
Berry phase of high frequency shows a similar behavior
to that under the stable magnetic field both in the ac
and bc planes. Therefore, the Berry phase of the high-
frequency mode is insensitive to angle in both the ac and
bc planes under stable high-pulsed magnetic fields.

4 Conclusion

In summary, the direct quantum transport evidences
of the 3D nodal-line semimetal phase of ZrSiS are ob-
served through angular-dependent resistivity and the
combined dHvA and SdH oscillations. The magnetic-

field-dependent resistivity curves fitted by a two-band
model yield a high nodal-line fermion density of 6× 1021

cm−3 and a perfect electron/hole density ratio of 0.94,
coincident with the semi-classical expression fitting of
conductance Gxy and the theoretical calculations. The
dHvA oscillations at all the angles and FFT fitting of
SdH provide alternative evidence for the 3D nodal-line
semimetal characteristic. Furthermore, we observe that
the Berry phase of high-frequency oscillation is insen-
sitive to angles both in the ac and bc planes, which is
similar even under a high-pulsed magnetic field (up to
60 T). The comprehensive analyses of quantum behavior
in ZrSiS provide a better understanding of the physical
nature of topological semimetal, which would determine
the potential device applications in the near future.
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Appendix A Supplemental material

Fig. A1 SdH oscillations of ZrSiS in ac plane. (a) SdH oscillation obtained by subtracting background from magnetore-
sistance measurement, plotted with inverse magnetic field (1/B) at different θ angles. (b) FFT results of SdH oscillation in
(a). (c) The high frequency deconvoluted component of SdH oscillation.

Fig. A2 SdH oscillations of ZrSiS in bc plane. (a) SdH oscillation obtained by subtracting background from magnetore-
sistance measurement, plotted with inverse magnetic field (1/B) at different φ angles. (b) FFT results of SdH oscillation in
(a). (c) The high frequency deconvoluted component of SdH oscillation.
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Table A1 Estimated parameters from dHvA oscillations.

Fermi pockets FSdH (T) SF (10−3 Å−2) kF (Å−1) mcyc (me) vF (105 m·s−1) τ (10−13 s) l (nm) µSdH (cm2·V−1·s−1)
α 9 0.86 0.017 0.15 12.77 0.15 19.2 9892
β 244 23.21 0.086 0.1078 6.64 4.52 300.8 5220

Fig. A3 (a, b) Low frequency and high frequency oscillations extracted from dHvA oscillations. (c) FFT results of dHvA
oscillation. (d) dHvA oscillations substrated background at different angulars.

Junran Zhang, et al., Front. Phys. 13(1), 137201 (2018)
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Fig. A6 (a) The calculated Fermi surface of ZrSiS. Inset is top view of Fermi surface. (b) The calculated Fermi velocity
versus angles both in ac and bc planes.

Inset is the top view of Fermi surface. There are four
branches of electron and holes at the Fermi surface, and
hole channels show “cylinder-like” morphology. Quan-
titatively, the calculated ratio between electron and
hole concentration is 0.95 that is close to experimental
one, which theoretically confirm the perfect electron-hole
compensation and result parabolic-like MR perfectly fit-
ted with two-carrier model. The Fermi velocity deter-
mines the quality of carrier transport and is related to
the MR ratio. We calculated the Fermi velocity against
the tilted angles both in ac and bc planes and the re-
sults are shown in Fig. A6(b). We found a systematic
evolution of the Fermi velocity versus the angle, where
the minimum velocity is near 42◦ in ac plane and 41◦
in bc plane, respectively. This helps to understand the
butterfly shaped MR anisotropy both in ac and bc planes
as shown in Fig. 1(d).
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