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Whereas the discovery of Dirac- and Weyl-type excitations in elec-
tronic systems is a major breakthrough in recent condensed mat-
ter physics, finding appropriate materials for fundamental physics
and technological applications is an experimental challenge. In all
of the reported materials, linear dispersion survives only up to a
few hundred millielectronvolts from the Dirac or Weyl nodes. On
the other hand, real materials are subject to uncontrolled dop-
ing during preparation and thermal effect near room temperature
can hinder the rich physics. In ZrSiS, angle-resolved photoemission
spectroscopy measurements have shown an unusually robust lin-
ear dispersion (up to ~2 eV) with multiple nondegenerate Dirac
nodes. In this context, we present the magnetotransport study on
ZrSiS crystal, which represents a large family of materials (WHM
with W = Zr, Hf; H = Si, Ge, Sn; M = O, S, Se, Te) with identi-
cal band topology. Along with extremely large and nonsaturating
magnetoresistance (MR), ~1.4 X 10°% at 2 K and 9 T, it shows
strong anisotropy, depending on the direction of the magnetic
field. Quantum oscillation and Hall effect measurements have
revealed large hole and small electron Fermi pockets. A nontriv-
ial = Berry phase confirms the Dirac fermionic nature for both
types of charge carriers. The long-sought relativistic phenomenon
of massless Dirac fermions, known as the Adler-Bell-Jackiw chiral
anomaly, has also been observed.

Dirac semimetal | extreme magnetoresistance | chiral anomaly |
quantum oscillation | Fermi surface

he discovery of topological insulators (1) and 3D Dirac and
Weyl semimetals (2, 3) has emerged as one of the major
breakthroughs in condensed matter physics in recent time. Mate-
rials with topologically nontrivial band structure serve as a tem-
plate to explore the quantum dynamics of relativistic particles in
low-energy condensed matter systems. In addition to rich physics,
these systems offer the possibility of practical applications in
magnetic memory, magnetic sensor, or switch and spintronics,
due to the novel transport phenomena such as extreme mag-
netoresistance and ultrahigh mobility (4-6). In Dirac semimet-
als, bulk valence and conduction bands undergo linear band
crossings at fourfold degenerate Dirac points protected by time-
reversal symmetry (TRS), inversion symmetry (IS), and crystal
symmetry (CS) (7, 8). By breaking either TRS or IS, each Dirac
point can be broken into a pair of doubly degenerate Weyl points,
accompanied by the surface Fermi arc (7, 8). Theoretical pre-
diction (7, 8) followed by angle-resolved photoemission spec-
troscopy (ARPES) and transport measurements have verified
the existence of bulk Dirac points in Cd3As; and Na3Bi (2, 9-11)
and Weyl nodes in the IS-breaking 7X (T = Ta, Nb; X = As,
P) family of materials (3, 12-14) and TRS-breaking YbMnBi>
(15). Apart from these compounds, recently, topological nodal
line semimetals (TNLSM) have emerged, where the bands cross
along one-dimensional closed lines in k space instead of discrete
points. Although proposed in few materials (16, 17), the exis-
tence of the nodal line has been experimentally verified only in
IS-breaking noncentrosymmetric superconductor PbTaSe. (18).
Recently, first-principle calculations and ARPES measure-
ment have revealed the existence of multiple Dirac crossings
along with unconventional hybridization of surface and bulk
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states in ZrSiS (19, 20). The Dirac nodes are protected by non-
symmorphic symmetry and reside at different energy values of
band structure with a diamond-shaped Fermi surface. Another
feature that makes ZrSiS an interesting system is the energy
range of the linear band dispersion. Whereas most of the mate-
rials observed so far have linear band dispersion up to a few
hundred millielectronvolts from the Dirac point, in ZrSiS the
range is observed to be as high as 2 eV in some regions of the
Brillouin zone. To realize and exploit the interesting features
of Dirac or Weyl fermions in electronic transport properties,
the primary requirement is that the Fermi energy of the mate-
rial should remain within the linear dispersion region. As real
materials often undergo uncontrolled doping or deviation from
ideal stoichiometry during preparation, very careful and delicate
experimental procedures are required to ensure that this primary
criterion is fulfilled. On the other hand, the very large energy
range of linear band dispersion makes ZrSiS robust enough to
satisfy this requirement even when the crystals encounter a cer-
tain level of carrier doping or nonstoichiometry. Hence, ZrSiS
represents a sturdy topological system, which can be used in
industrial applications.

Results

Sample Characterization. High-resolution transmission electron
microscopy (HRTEM) and energy-dispersive X-ray (EDX) spec-
troscopy reveal high quality of the ZrSiS single crystals without
any impurity. The details are given in SI Materials and Methods,
SI Sample Characterization (Figs. S1 and S2).

Significance

Topological semimetals provide the opportunity to explore
the fundamental physics of relativistic particles and offer
the possibility of technological applications. However, find-
ing robust systems with a sufficiently large range of linearly
dispersing bands remains elusive. Recently discovered Dirac
semimetal ZrSiS hosts multiple Dirac cones with the largest
reported energy range of linear band dispersion (~2 eV). In
this work, we report transport measurements on ZrSiS, explor-
ing extreme and anisotropic magnetoresistance with distinct
quantum oscillations, enabling us to quantitatively analyze
the Fermi surface properties. We have also observed the
unique signature of chiral anomaly in longitudinal magnetore-
sistance. Our work comprehensively confirms the recent theo-
retical and angle-resolved photoemission spectroscopy results
on ZrSiS and suggests a large family of materials as potential
topological semimetals.
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Fig. 1.

Temperature Dependence of Resistivity. As shown in Fig. 14,
the zero-field resistivity of ZrSiS shows metallic character.
p decreases monotonically with the decrease in T down to 2
K. The resistivity at 2 K becomes as low as ~52 nQ2 - cm, which
is comparable to that reported for CdsAsz (10). At tempera-
tures below 10 K, the measured resistivity shows some fluctua-
tions within the instrument resolution, which can be explained in
terms of the quantum ballistic transport (21). The ultralow resid-
ual resistivity and signature of quantum ballistic transport sug-
gest that the mean free path of the charge carriers is very large.
Hence, the impurity effect in ZrSiS is almost negligible. The
residual resistivity ratio p(300 K)/p(2 K) is found to be 288, which
is quite large and confirms good metallicity and high quality of
the crystals. The resistivity data, in the temperature range 10-115
K, can be fitted well with the expression p(T) = po + AT™ with
n ~3, as shown in Fig. S34 (SI Materials and Methods, Magneto-
transport Properties). This indicates a deviation from a pure elec-
tronic correlation-dominated scattering mechanism (n = 2) (22).
A similar type of temperature dependence of p has also been
observed in unconventional semimetals LaSb (n =4) (23) and
LaBi (n = 3) (24) and has been attributed to interband electron—
phonon scattering. p(7) is linear in the high-temperature region
above 115 K. With the application of a magnetic field, the low-
temperature resistivity undergoes a drastic enhancement, reflect-
ing a metal-semiconductor-like crossover even at a field of 1
T only. This type of magnetic field-induced crossover is often
described as a result of gap opening at the band-touching points
in topological semimetals (14, 23-26). It is evident from Fig. 1B
that the metal-semiconductor-like crossover is extremely sensi-
tive to the direction of applied field. With current along the a axis
and magnetic field parallel to the ¢ axis, a strong crossover has
been seen. On the other hand, rotating the field direction by 90°,
i.e., parallel to the b axis, results in much weaker crossover, which
occurs at higher field strength. In both the cases, the crossover
temperature (7',,) increases monotonically with field and is
showing T, o (B — By)'/"-type relation (Fig. S3B) (SI Mate-
rials and Methods, Magnetotransport Properties). v has a value
~3 for both the applied field directions and deviates from the
value v = 2 for compensated semimetals Bi, WTe., and graphite
(27, 28). Considering the thermal activated transport as in the
case of intrinsic semiconductor (29), p(T) = poexp(E,/2ks T),
we have calculated the values of the thermal activation energy
gap ~20.2 meV and ~3.7 meV at 9 T, for field directions along
the ¢ axis and the b axis, respectively (Fig. S4 4 and B). The calcu-
lated gap E, shows strong magnetic field dependence (Fig. S4C)
(SI Materials and Methods, Magnetotransport Properties). For both
the directions, below T, the resistivity exhibits an inflection fol-
lowed by a plateau region. A similar low-temperature resistivity
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Temperature dependence of resistivity measured under different transverse magnetic fields. (A) B || c axis; (B) B || b axis.

plateau has been observed in other topological semimetals and
is independent of the sample quality (14, 23-26). Therefore, this
low-temperature resistivity saturation is an intrinsic property of
topological semimetals. However, the origin of this behavior is
not yet settled (23).

Extreme Transverse Magnetoresistance. The transverse magne-
toresistance (TMR), i.e., the change in resistance with magnetic
field applied perpendicular to the current direction, has been
measured at several temperatures. As illustrated in Fig. 24, at
some representative temperatures, with current parallel to the a
axis and magnetic field along the c axis, an extremely large, non-
saturating magnetoresistance (MR) is obtained. At 2K and 9 T,
MR is 1.4 x 10°%, which is comparable to that observed in sev-
eral Dirac and Weyl semimetals (10, 13, 14, 25, 26). With the
increase in temperature, MR decreases dramatically to a value
of just about 14% at 300 K and 9 T. At low field, MR shows a
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Fig. 2. (A and B) Transverse magnetoresistance with current along the a

axis and magnetic field parallel to the (A) c axis and (B) b axis, measured at
different temperatures, up to 9 T. (C) LMR with current and field along the
a axis. (D) Fitting of longitudinal magnetoconductivity data at 2 K, using the
semiclassical formula.
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Fig. 3. (A and B) SdH oscillation obtained by subtracting the smooth back-

ground from the MR measurement, plotted with inverse magnetic field (1/B)
at different temperatures for the two deconvoluted components. A and
B, Insets show the corresponding FFT results. (C) The angle dependence of
oscillation frequencies. For clarity, FFT results for different angles are shifted
vertically. The schematic of the experimental setup is shown in C, Inset.

quadratic field dependence (oc B?), which becomes almost linear
at higher field. As shown in Fig. S4D (SI Materials and Meth-
ods, Magnetotransport Properties), the MR data at different tem-
peratures cannot be rescaled to a single curve, using Kohler’s
rule MR = a(uoH /po)™. The violation of Kohler’s rule sug-
gests the presence of more than one type of carrier and/or the
different temperature dependence of their mobilities (28, 30).
Applying field parallel to the b axis and keeping the current
direction unchanged, the MR at 9 T has been seen to reduce to
~7,000% at 5 K (Fig. 2B). At 3 K and 9 T, the anisotropic ratio
p(B || ¢)/p(B || b) has a large value of 21, which is comparable to
that reported in NbSb; (26). This result reflects strong anisotropy
in electronic structure associated with the quasi-2D nature of the
Fermi surface observed in ARPES (20). For a 2D system, where
the charge is confined within the plane, the electronic motion is
unaffected for the magnetic field parallel to the plane; i.e., the
anisotropy in MR will be extremely large. On the other hand,
the MR ratio is expected to be close to 1 for an isotropic 3D
system.

Longitudinal Magnetoresistance and Chiral Anomaly. Next, the lon-
gitudinal MR (LMR) was measured with both the current and
magnetic fields applied along the a axis. As shown in Fig. 2C, neg-
ative MR was observed at low field. With the increase in temper-
ature, the negative MR progressively weakens. This negative MR
has been ascribed to induced Adler-Bell-Jackiw chiral anomaly
in Dirac systems, where a Dirac node splits into two Weyl nodes
with opposite chirality due to broken TRS, under application of
a magnetic field (8). Parallel magnetic (B) and electric (E) fields
act as a nontrivial gauge field (E.B), which induces the chiral
anomaly, i.e., charge imbalance between the two Weyl nodes of
opposite chirality. This causes an extra flow of current along the
direction of the applied electric field and results in the negative
LMR. The chiral magnetic effect, a long-sought phenomenon
proposed in relativistic quantum field theory, has been demon-
strated in several 3D Dirac and Weyl semimetals such as CdsAs,
(31), Na3Bi (32), and TaAs (13). The field dependence of longi-
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tudinal conductivity [0, (B)] at a particular temperature can be
analyzed using the semiclassical formula (13),

0ue(B) = (14 CuB2)(00 + av/By) + (po + ABD) ™, [1]
where oo and po are the zero-field conductivity and resistiv-
ity at that temperature, respectively, and C,, is a temperature-
dependent parameter originating from chiral anomaly. The term
(00 + av/By) takes care of the low-field minima in the conduc-
tivity, which is generally described as the effect of weak antilo-
calization in Dirac systems (13, 32), whereas the second term
on the right-hand side includes the contribution from the non-
linear bands near the Fermi level. Fig. 2D illustrates the good
agreement between the theoretical expression and experimental
data. From Fig. 2C, it can be seen that the MR becomes posi-
tive at high field, which is due to small misalignment of E and
B. The LMR at all temperatures can be well described using a
misalignment angle ~2°. The details are provided in SI Materi-
als and Methods, Magnetotransport Properties (Fig. S5A). We also
measured LMR with E||B, along different crystallographic direc-
tions and on several crystals. For all of the cases, similar negative
MR was observed, which confirms that negative LMR is asso-
ciated with E||B configuration rather than any particular crys-
tallographic direction. In Fig. S5B, the measured LMR for the
E||B||b axis is shown as an example. Negative LMR has also been
observed in a few systems other than Dirac or Weyl semimetals.
However, in these systems the origin and nature of negative MR
are completely different from chiral anomaly (SI Materials and
Methods, Magnetotransport Properties).

SdH Oscillation and Fermi Surface Properties. Another interesting
feature that emerges from the transport measurement is the
presence of SdH oscillation traceable at fields even below 2 T and
temperatures up to 20 K. This not only gives an insight into the
nature of the Fermi surface, but also provides evidence of very
high mobility of the associated charge carriers. From the TMR
data, it is clear that there is more than one frequency. To extract
the oscillatory component Ap(B), a smooth background is sub-
tracted from p(B). To deconvolute the two components of oscil-
lation, the background subtraction has been done in two steps.
In Fig. 3 A4 and B, Ap(B), for two different components, is
plotted as a function of 1/B at several representative tem-
peratures. As the oscillation peaks are very sharp and the
field interval used in the measurements is not too small com-
pared with the peak width, some fluctuations in the inten-
sity have been observed in Fig. 3B. Using a much smaller
field interval, we observed that the peak intensity becomes sys-
tematic (Fig. S64). The fast Fourier transform (FFT) analy-
sis of the oscillatory components reveals oscillation frequen-
cies 14 T and 238 T. The obtained frequencies indicate the
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Fig. 4. (A) Temperature dependence of relative amplitude of SdH oscilla-

tion for both the Fermi pockets. (B) Landau-level index plot for 238-T fre-
quency oscillation. B, Inset shows the x-axis intercept by extrapolated linear
fitting. Arrow shows the value of the y-axis intercept.

Singha et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1618004114/-/DCSupplemental/pnas.201618004SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1618004114/-/DCSupplemental/pnas.201618004SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1618004114/-/DCSupplemental/pnas.201618004SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1618004114/-/DCSupplemental/pnas.201618004SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1618004114/-/DCSupplemental/pnas.201618004SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1618004114/-/DCSupplemental/pnas.201618004SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1618004114/-/DCSupplemental/pnas.201618004SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1618004114/-/DCSupplemental/pnas.201618004SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1618004114/-/DCSupplemental/pnas.201618004SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1618004114/-/DCSupplemental/pnas.201618004SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/cgi/doi/10.1073/pnas.1618004114

L T

/

1\

=y

existence of a very large and a small Fermi surface cross-
section perpendicular to the ¢ axis. Using the Onsager rela-
tionship, F' = (¢o/27%) Ar, where ¢ is the magnetic flux quan-
tum and Ar is the Fermi surface cross-section perpendicular
to the applied magnetic field, we have calculated cross-sections
1.4 x 107*- A=? and 22.7 x 10%- A~ for 14 T and 238 T fre-
quencies, respectively. In Fig. 44, the oscillation amplitude for
both the frequencies is shown as a function of temperature and
has been fitted using the thermal damping factor of the Lifshitz—
Kosevich formula, Rr = (2n%kp T/B)/ sinh(2n% ks T/ 8), where
B = ehB/m™. From the fitting parameters, the cyclotron effective
masses (m™) of the charge carriers are determined to be ~0.14 mq
and ~0.1 mo for 238 T and 14 T frequencies, respectively, where
my is the rest mass of the free electron. To determine the approx-
imate value of the carrier density, we used its relation with the
oscillation frequency (33), A () =2¢ (%
and g, are the spin and valley degeneracies. We found the car-
rier densities (n3p) to be 2 x 10'® cm™ and 3 x 10'" cm™3
for the large and small Fermi pockets, respectively. From the
magnetic field-induced damping of oscillation amplitude, Ap
exp(—2n2kgm* Tp/heB), the Dingle temperatures (Tp) are
determined to be 11.2 K and 3.4 K for the large and small Fermi
pockets, respectively, at 2 K. To get a quantitative estimate about
the mobility of the charge carriers in the system, we calculated the
quantum mobility, u, = (eh/2mkpm™ TDg‘ The obtained values
~1.3%10% cm® - V™" s7" and ~6.2 x 10? cm® -V~ ' .s~" for the
large and small frequencies, respectively, imply the significant dif-
ference between the mobilities of the carriers, which is expected
due to different effective masses of the carriers associated with
the Fermi pockets (mobility oc-1-). The quantum mobility in a
system is always lower than the classical Drude mobility (1), as
11q 1s sensitive to both large- and small-angle scattering, whereas
e is sensitive to only large-angle scattering (34). The extracted
parameters from SdH oscillation are summarized in Table 1.
With magnetic field along the b axis, no clear oscillation was
recorded up to 9 T applied field. This may be due to heavier effec-
tive mass and low mobility of the charge carriers along that direc-
tion and/or the quasi-2D nature of the Fermi surface in ZrSiS.

2/3
) , where g;

Angle Dependence of Oscillation Frequencies. For deeper under-
standing of the Fermi surface geometry, we performed angle-
resolved TMR measurements and SdH oscillation analysis. The
resultant FFT spectra for different directions are shown in Fig.
3C. Fig. 3C, Inset illustrates the experimental setup with current
along the a axis and magnetic field rotated in the be plane. As
illustrated in Fig. 3C, the low-frequency component F, (14 T)
remains invariant with increasing angle up to 20°, after which it
bifurcates into two very closely spaced frequency components.
However, with further increase in angle, they come close to each
other and merge to become a single frequency. On the other
hand, the high-frequency component Fg (238 T) splits into two
components (Fs and F.), which are well separated in the fre-
quency spectra. Whereas the higher one (F.) among the two dis-
appears above a certain angle, Fs is seen to shift toward a lower
value and then bifurcates (F,, and Fy). As already discussed,

Table 1. Parameters extracted from SdH oscillation for two Fermi
pockets (34)

F kr m* 73 / g ng

T 10-2A"" my, 10°mis nm  10°cm®Ns 107 cm~3
238 8.5 0.14 2.4 25.7 1.3 200

14 2 0.1 6.9 247.4 6.2 3

ke, ve, and | are the Fermi momentum, Fermi velocity, and mean free path
of the charge carriers, respectively.
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Fig. 5. (A) Field dependence of the Hall resistivity measured at differ-
ent temperatures. (B) Schematic explaining transport measurement results.
(C) Schematic illustrating multiple Dirac cones in ZrSiS as described in earlier
reports (19, 20).

with current along the a axis and magnetic field along the b axis
(6 =90°), no clear oscillatory component was found.

Berry Phase and Zeeman Splitting. In an external magnetic field, a
closed orbit is quantized following the Lifshitz—Onsager quanti-
zation rule (35), Ar s =2n(n + 1 — B — &) =2n(n + v — 9),
where 27/ is Berry’s phase and ¢ is a phase shift determined
by the dimensionality, having values 0 and +1/8 for 2D and 3D
cases, respectively. The nature of the electronic band dispersion
is determined by the value of the Berry phase, which is 0 for the
conventional metals with parabolic band dispersion and 7 for the
Dirac/Weyl-type electronic system with linear band dispersion.
The quantity vy — 6 = 2 — 8 — 6 can be extracted from the x-axis
(along which the Landau-level index n has been plotted) inter-
cept in the Landau-level fan diagram and takes a value in the
range —1/8 to +1/8 for 3D Dirac fermions (35). In Fig. 4B, the
Landau-level fan diagram for the larger Fermi pocket in ZrSiS
is plotted, assigning maxima of the SAH oscillation as integers
(n) and minima as half-integers (n + 1/2). Extrapolated linear
fitting gives an intercept of 0.15(3) (Fig. 4B, Inset). The sharp,
symmetric, and well-separated oscillation peaks over a wide range
(n =27-53) and traceable down to ~4 T imply no significant error
in determining the value of the intercept from the linear »n vs. 1/B
fit. On the other hand, with a higher magnetic field to achieve
lower Landau level, the nonlinearity in the index plot may arise
due to the Zeeman splitting of oscillation peaks as observed for
14-T frequency and discussed below. Similar to that observed
for 238-T frequency, a small intercept ~—0.01 is obtained for
14-T frequency and shown in Fig. S6B (SI Materials and Meth-
ods, Magnetotransport Properties). For both the Fermi pockets,
the intercepts are very close to the range +1/8. For the smaller
frequency, the experimental peak positions are seen to deviate
slightly from a straight line that can be attributed to the Zeeman
splitting of the Landau levels (34, 36). Although the presence of
Zeeman splitting is not clearly visible in the SdH oscillation, the
spin-split peaks can be easily distinguished in the de Haas—van
Alphen (dHvA) oscillation in our magnetization measurements
(Fig. S7 A and B) (SI Materials and Methods, Magnetotransport
Properties). Taking the peak and valley positions of the lower-
field oscillations, which are almost free from the Zeeman split-
ting, we also plotted the Landau-level fan diagram for smaller
frequency from dHvA oscillation (Fig. S7C) and obtained a small
intercept, 0.05(2). Furthermore, we calculated Berry’s phase from
the SdH oscillations at different angles (up to 20°) and did not
find any significant change. Finding a reasonably accurate value
of Berry’s phase for higher angles is much more complicated
due to the presence of multiple oscillation frequencies.

Hall Measurement. To determine the nature of the charge car-
riers of two Fermi pockets, the Hall effect measurement was
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performed. At 300 K, the Hall resistivity is found to be almost
linear with field and positive (Fig. 54), which indicate holes
as majority carriers, consistent with the earlier ARPES report
(20). With decreasing temperature, the Hall resistivity devel-
ops a sublinear character and at around 50 K it changes sign
from positive to negative at high magnetic field, confirming the
existence of more than one type of carrier. The overall behav-
ior of the Hall resistivity can be explained by considering low-
mobility holes and higher-mobility electrons associated with large
and small Fermi pockets, respectively. Following the classical
two-band model (37), the Hall resistivity is fitted in Fig. S8 (S/
Materials and Methods, Two-Band Fitting of the Hall Resistiv-
ity). Obtained electron and hole densities, 1.6 x 10*” cm™* and
6 x 10" cm™3, respectively, are in agreement with those cal-
culated from SdH oscillation. As expected, at 5 K, large elec-
tron mobility ~2 x 10* cm? -V~! .s~! and hole mobility ~2.8 x
10® cm? -V~! .s7! have been obtained from the fitted parame-
ters. From the Hall resistivity, it is clear that at least two band
crossings are present in the electronic band structure of ZrSiS at
different energy values, as shown schematically in Fig. 5B. The
earlier reports on ARPES and band structure calculations suggest
the presence of multiple Dirac crossings at different energy val-
ues as illustrated in the schematic in Fig. SC. As shown, the Dirac
cones 1 and 2 cross the Fermi energy, having Dirac points at two
different energy values. Among the rest, cones 3 and 4 have their
band crossing points almost at the chemical potential with negligi-
ble Fermi surface, whereas cones 5 and 6 are lying well below the
Fermi energy. Thus, in this configuration, it is expected that only
Dirac cones 1 and 2 will contribute to the transport properties of
Z1SiS, which is consistent with our magnetotransport results.

Summary

In conclusion, we present the systematic study of the magneto-
electronic transport properties on ZrSiS single crystals. Magnetic
field-induced metal-semiconductor-like crossover along with
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strongly anisotropic transport properties have been observed.
The anisotropic MR along different crystallographic axes is in
good agreement with the quasi-2D nature of the Fermi sur-
face observed in ARPES. TMR approaches an extremely large

value ~1.4 x 10°% at 2 K and 9 T, without any sign of satura-
tion. Under parallel E and B configuration, the observed nega-
tive MR implies Adler-Bell-Jackiw chiral anomaly of 3D Dirac
fermions in ZrSiS. The SdH oscillation reveals two inequiva-
lent Fermi surface cross-sections perpendicular to the crystallo-
graphic c axis. The Dirac fermionic nature of the charge carriers
is also confirmed from the observed nontrivial = Berry phase in
the Landau-level fan diagram for both the Fermi pockets. Non-
linear field dependence of Hall resistivity indicates the presence
of both electron- and hole-type charge carriers. Classical two-
band fitting of Hall resistivity reveals high mobilities for both
types of charge carrier. SdH oscillation along with Hall measure-
ment reflects multiple band crossings at different energy values
of the electronic band structure. We believe the present work
not only makes a substantive experimental contribution in this
contemporary area of research but also can encourage further
extensive works in ZrSiS and other members of the family.

During the submission process of our manuscript, several
reports on magnetotransport and magnetization measurements
in ZrSiS were submitted to arXiv.org (38-40), supporting the
major conclusions of our work.

Materials and Methods

Thesingle crystals were grown by astandard iodine vapor transport technique
and characterized using HRTEM and EDX spectroscopy. The transport mea-
surements were performed in PPMS (Quantum Design) and a cryogen-free
system (Cryogenic) via a four-probe technique. Magnetic measurements were
donein MPMS3 (Quantum Design). See S| Materials and Methods for details.
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