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PHYSICAL SCIENCE

Butterfly magnetoresistance, quasi-2D Dirac Fermi
surface and topological phase transition in ZrSiS

Mazhar N. Ali,"** Leslie M. Schoop,® Chirag Garg,"? Judith M. Lippmann,? Erik Lara,’
Bettina Lotsch,>* Stuart S. P. Parkin'2

Magnetoresistance (MR), the change of a material’s electrical resistance in response to an applied magnetic
field, is a technologically important property that has been the topic of intense study for more than a quarter
century. We report the observation of an unusual “butterfly”-shaped titanic angular magnetoresistance (AMR)
in the nonmagnetic Dirac material, ZrSiS, which we find to be the most conducting sulfide known, with a 2-K
resistivity as low as 48(4) nQ-cm. The MR in ZrSiS is large and positive, reaching nearly 1.8 x 10° percent at 9 T
and 2 K at a 45° angle between the applied current (/ || a) and the applied field (90° is H || c). Approaching 90°, a
“dip” is seen in the AMR, which, by analyzing Shubnikov de Haas oscillations at different angles, we find to
coincide with a very sharp topological phase transition unlike any seen in other known Dirac/Weyl materials.
We find that ZrSiS has a combination of two-dimensional (2D) and 3D Dirac pockets comprising its Fermi sur-
face and that the combination of high-mobility carriers and multiple pockets in ZrSiS allows for large property
changes to occur as a function of angle between applied fields. This makes it a promising platform to study the
physics stemming from the coexistence of 2D and 3D Dirac electrons as well as opens the door to creating
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devices focused on switching between different parts of the Fermi surface and different topological states.

INTRODUCTION

Unconventional magnetoresistive behavior typically falls into the realm
of magnetic materials, displaying negative magnetoresistance (MR)
effects like giant MR and colossal MR. The MR is defined as

MR = PE) —p(0)
p(0)

where p(H) is the resistivity in an applied field H, and is usually a
very small effect in nonmagnetic materials, following the (1 + uH?>)
law, where p is the carrier mobility. However, the MR behavior of Dirac
and Weyl materials has recently been under investigation since the dis-
covery of titanic MR in the type II Weyl semimetal (WSM) WTe, (1) as
well as of linear MR and negative MR in the Dirac semimetals (DSMs)
Na3Bi and Cd;As, and the type I WSM NbP, among others (2-5). Dirac
line node materials, such as ZrSiTe and PtSn,, are also of recent interest
(6, 7). Dirac and Weyl materials are an extremely popular area of research
in condensed matter physics and solid-state chemistry because of their
exotic fundamental physics and relatively easy syntheses. These materials
have shown exciting properties, including extremely large carrier mo-
bilities (3), titanic MR (1), and chiral anomaly (2).

The focus on MR measurements has partially been due to the
ability to measure Shubnikov de Haas (SdH) oscillations and thereby
gain insight into the size and shape of the Fermi surface of these
semimetals. In metals and semimetals, the energy of the highest oc-
cupied level, which is termed the Fermi energy, lies within the energy
range of one or more partially filled bands. For each partially filled
band in reciprocal space (E versus k), there is a surface that separates
the occupied and unoccupied levels. The sum of these surfaces is the
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Fermi surface. Insulators and semiconductors have no Fermi surface
(ideally), whereas metals have differently shaped Fermi surfaces,
which are intimately related to their transport properties (8).

SdH oscillations are oscillations in the electrical resistance of a
material with increasing applied magnetic field strength. These oscil-
lations are caused by the quantization of closed electronic orbits in a
magnetic field, which are the extremal orbits around tubes or pockets
in the Fermi surface. The frequency of the oscillations can be related
to the size of the electronic orbit through the Onsager relationship,
and quantities such as the Berry phase, an indicator of the topo-
logical state, can be extracted using the Lifshitz-Kosevich theory
(9). The dependence of the SdH oscillations on the applied field angle
can be used to understand the anisotropy of the Fermi surface, and in
some cases, the complete angular magnetoresistance (AMR) profile
combined with angle-dependent SdH measurements can be used to
map out the Fermi surface (8, 10). Studies of the AMR profiles of several
Dirac/Weyl materials have found them to be typical of three-dimensional
(3D) Fermi surfaces. Even WTe,, which is a layered van der Waals material
and structurally highly anisotropic, has a very 3D electronic structure, as
evidenced by its moderate resistive anisotropy (11).

ZrSiS, a tetragonal PbFCl-type compound, was recently discovered
by Schoop et al. (12) [and investigated by others (13-15)] to be a Dirac
material, with several Dirac electron and hole pockets comprising its
Fermi surface. ZrSiS is unique among the current set of Dirac/Weyl
materials for several reasons: It is the first example of a “backyard”
Dirac/Weyl material, which is composed of cheap, nontoxic, earth-
abundant elements. It is also stable in air and water and is easy to
grow crystals of. Electronically, it has a quasi-2D electronic structure.
Density functional theory (DFT) calculations show that ZrSiS’s Fermi
surface is entirely made up of pockets created by linearly dispersed
Dirac bands, resulting in a mixture of diamond-shaped pockets and
more tubular ones (aligned with k, and visible in Fig. 1). There is a
nondegenerate Dirac nodal line formed by Dirac points along I'-M
and T'-X as well as a nodal line formed by Dirac points along Z-A
and Z-R. Also, angle-resolved photoemission spectroscopy revealed
an unusual quasi-2D surface state with bulk hybridization (12).
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Fig. 1. Calculated Fermi surface for ZrSiS. (A) Projection of the merged band Fermi surface for ZrSiS, looking down the k; axis. The sizes of two orbits easily identifiable
from this projection (shown with dashed red and white lines, respectively) were extracted and found to be 2.24 x 102 and 4.52 x 102 A2, respectively. The orbit
highlighted in red corresponds to the more tubular feature, whereas the orbit highlighted in white corresponds to the diamond feature. (B) Canted view of the total
Fermi surface showcasing the different types of pockets. (C and D) Two-band deconvoluted Fermi surface. The tubular feature and diamond contributions to the
merged Fermi surface come from different bands (each existing twice due to spin-orbit coupling). Because of the diamond shape (which comes from the bands
creating the Dirac line node), ZrSiS may exhibit nesting effects at low temperatures.

Our findings show that ZrSiS has a 2-K resistivity of 48(4)
nQ.cm, making it the most conductive sulfide known, stemming
from its large concentration of high-mobility carriers. We also report
the discovery of a butterfly-shaped titanic AMR effect in ZrSiS and a
sharp, angle-dependent topological phase transition, when the cur-
rent is applied along the a axis and an applied magnetic field is swept
from along the ¢ axis to the direction of the current. The butterfly
AMR can be thought of as a convolution of two- and fourfold sym-
metric elements whose contributions change with temperature. At a
low temperature, a “dip” in the MR beginning at 85° and maximiz-
ing at 90° is seen, which is coincident with sudden changes in both
the linear and quadratic components of the MR. Analysis of the SdH
oscillations identified several extremal orbits, which were found to
shift remarkably with changing angle. One peak, at 243 T, shows a
quasi-2D behavior by shifting like a ~1/cos(0) law, whereas another
peak at 23 T shows a highly isotropic 3D behavior, not shifting at all.
By analyzing DFT Fermi surface calculations, we found that the 243-T
orbit was generated by the band crossing the Fermi energy along I"-X,
which also generates the nonsymmorphic point X and —0.5 eV. How-
ever, the primary result of this work is that between 85° and 95°, the
243-T orbit has a © Berry phase (extracted by fitting the resistivity oscil-
lations to the Lifshitz-Kosevich formula), indicating a nontrivial topol-
ogy, whereas by 80° (coincident with the dip in the AMR and change in
the MR versus H behavior), the Berry phase suddenly changes to a
trivial value, implying an angle-dependent topological phase transition.
This type of sharp angle-dependent topological phase transition has not
been theoretically predicted or reported in any other Dirac/Weyl
material and is likely due to the quasi-2D nature of parts of the Fermi
surface in ZrSiS. It has a markedly clear effect on MR, an unexpected
but robust signature that is visible even though it is not the only con-
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tribution to transport, and may be used in devices where switching be-
tween Fermi surface types can be taken advantage of.

RESULTS

The zero-field temperature-dependent resistivity of ZrSiS is presented
in Fig. 2A, and the residual resistivity at 2 K is shown in the inset. The
current is applied along the a axis of the crystal. ZrSiS has an extreme-
ly low resistivity for a semimetal at room temperature, with a value of
15.5 uQ-cm, falling to 48(4) nQ-cm at 2 K and yielding a residual
resistance ratio (RRR) of ~300. At room temperature, other high-mo-
bility semimetals (including Dirac and Weyl materials), such as
Cd;As,, LaBi, and WTe,, have resistivities at least one order of mag-
nitude greater than the resistivity of ZrSiS (3, 4, 16). At low tempera-
ture, only Cd;As, has a lower resistivity (21 nQ.cm) than ZrSiS, which
is comparable to that of high-purity Bi (17) and of oxides like PdCoO,
(18). To the best of our knowledge, ZrSiS has the lowest resistivity of
any sulfide known.

Figure 2B shows the curve of 9-T resistivity versus ZrSiS tempera-
ture at various angles of the applied field with respect to the current;
90° is defined as H being parallel to the ¢ axis and perpendicular to L.
The resistivity plateaus at low temperature at an angle of 50°, in a fash-
ion similar to that of several high-mobility semimetals like WTe, (16),
LaSb (19), and NbP (4) at 90°. However, at 60°, a maximum is visible,
followed by a downturn in the resistivity. This sort of angle-dependent
maximum has not been reported before in any Dirac/Weyl material or
topological insulator. The inset shows the temperature-dependent Hall
coefficient under various magnetic fields (8 = 90°) in ZrSiS. The Hall
coefficient peaks (p-type) at 100 K in a 1-T field before it rapidly de-
creases with decreasing temperature until it plateaus at 27 K, remaining
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Fig. 2. Transport measurements on ZrSiS. (A) Zero-field temperature dependence of the resistivity in ZrSiS. The inset shows the extraordinarily low residual resistivity
of 48(4) nQ-cm for a crystal with an RRR of ~300. (B) Temperature dependence (9 T) of the resistivity in ZrSiS at various angles. The 6 value is taken as the angle
between the applied field and the current, which is applied along the a axis. The inset shows the Hall resistance (H perpendicular to /) as a function of temperature at
various magnetic fields. Dashed vertical lines show the magnetic field dependence of the maximum Ry,. A p-n crossover is evident for the 3 and 4-T measurements at 30 and
39 K, respectively, before reaching a plateau at low temperatures.
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Fig. 3. AMR of ZrSiS. (A) Polar plot illustrating the butterfly AMR effect, coming from a convolution of two- and fourfold symmetry dependencies, taken at different
applied magnetic field strengths. The 6 value is taken as the angle between the applied field and the current, which is applied along the a axis. (B) Standard plot of the
AMR showcasing the field strength-dependent dip in the MR, beginning at 85°, maximizing by 90°, and ending by 95°. Additional minor oscillatory components, on top

of the two- and fourfold symmetry, and peak splitting around 45°, which also exhibits field strength dependence, are also present.

as p-type. The Hall peak moves to higher temperature with increasing
magnetic field strength. Also, with stronger fields, a p-n crossover
occurs at 30 K for a 3-T field and at 39 K for a 4-T field and stays
as n-type down to 2 K.

The “butterfly” MR is presented in Fig. 3. Figure 3A shows AMR at
various magnetic field strengths on a polar plot, whereas Fig. 3B shows
a conventional plot. The polar plot illustrates the two- and fourfold
symmetries as well as the dip occurring between 85° and 95°, which
begins being evident by 4 T and becomes enhanced with increasing
field. Figure S2B shows that the effect is the same when H is tilted
from c toward b, instead of toward a. This butterfly pattern has been
previously seen in the in-plane AMR of underdoped (antiferromag-
netic), high-T. superconductors, such as Sr;_,La,CuO, (20), and the
anisotropic MR of rare earth manganates and other magnetic thin
films (21, 22). The phenomena present in ZrSiS cannot be ascribed
the same origin due to the lack of magnetism in the compound. Ele-
mental Bi, when H is rotated in plane, exhibits a sixfold symmetry in
its AMR stemming from its three in-plane ellipsoidal pockets and a
breakdown of symmetry in higher magnetic fields (23, 24). Recently,
LaBi (25) was shown to have a fourfold MR dependence; however,
neither the dip in the MR around 90° nor the higher order texturing
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found in ZrSiS (visible in Fig. 3B) appears to be present in LaBi. The
standard plot reveals the higher order texturing, such as the splitting
of the peak near 45° into two unequal maxima, in the AMR that clear-
ly does not belong to either two- or fourfold symmetry components.
In some layered metals and semiconductors, these AMR oscillations
(AMROs) were interpreted as the Aharonov-Bohm effect in real and
momentum spaces (26). Further investigation of the AMRO of ZrSiS
will elucidate the subtleties of the Fermi surface.

The AMR was measured at several different temperatures to gain
insight into the temperature dependence of the effect. By fitting the
AMR to a simple convolution of the two symmetries, p; sin(8) + p,
sin(20)? + 1, the relative weights of the two- and fourfold compo-
nents were extracted. This fitting was done for each magnetic field
strength (0.5 to 9 T) at several different temperatures (14, 20, 25, 30,
50, and 70 K) (see the Supplementary Materials). The extracted
weights are plotted versus field strength for each temperature (fig.
S3). At 14 K, the twofold component dominates over the fourfold
component until high field (=8.5 T); however, as the temperature
increases, the fourfold component dies off faster than does the
twofold component, implying that the cause of the fourfold
component is distinct from that of the twofold component.
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Fig. 4. MR as a function of applied field at various angles in ZrSiS. (A) MR versus poH at various angles (full data in the Supplementary Materials) along with fits to
MR =1 + ¢;H + c,H? where ¢; and c; are the relative weights given to the linear and quadratic terms of the equation. Solid, smooth lines are the fits, whereas oscillating
lines are the data. (B) Extracted ¢; and ¢, dependencies from the full 9-T MR versus H curves taken at 0°, 10°, 20°, 30°, 35°, 40°, 45°, 50°, 55°, 60°, 70°, 80°, 85°, 87.5°, 90°,
92.5°,95° 100° and 105°, where 0 is taken as the angle between the applied field and the current, which is applied along the a axis. Solid squares and solid triangles are
the extracted values for ¢; and c,, respectively.
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Fig. 5. Quantum oscillation analysis and extraction of the Berry phase in ZrSiS. (A) FFT at 90° of the SdH oscillations extracted after subtracting a polynomial
background (see the Supplementary Materials). F,, Fg, and F; denote frequencies at 23, 243, and 130 T, respectively. Extra peaks resulting from F, F3,, Faq, and Fpg are
also visible along with three more unidentified frequencies at 154, 186, 426, and 487 T. The inset shows the LK fit used to determine the effective mass of the electrons
for the 23-, 243-, and 130-T peaks. (B) Deconvoluted oscillations pertaining to the F,. Dashed lines indicate the apparent decay of the period of the oscillation with
decreasing field and showcase the temperature-dependent shift of the oscillation’s maxima, making the phase analysis of F, extremely unreliable. (C) FFT from the
extracted oscillations at many different angles of the applied field. Curved lines are guides to the eye to illustrate the peak splitting and shifting occurring as a function
of the angle of the applied field. (D) Angular dependence of the Fs peak. Here, the definition of 8 was rotated 90° to allow for easier comparison with other materials;
6 = 0 is H parallel to c. Red triangles are the expected values for a truly 2D pocket following the 1/cos(6) law, inverted blue triangles are the measured values, and a
deviation occurs by 20°. The inset shows a fit of the data to F/Bcos(a*). (E) Extracted total phase (y — 8) of Fj as a function of angle, obtained by fitting the LK formula to
the deconvoluted Fg's SdH oscillations. See the Supplementary Materials for details.

To investigate the dip around 90°, we measured the MR versus field
strength at many different angles at 2 K. Figure 4A shows the MR for
selected angles and the fit of the nonoscillatory background to a com-
bination of a linear and quadratic component; MR, = aH' + H~
This was used because although the MR increases in a nearly quadratic
fashion at 45° (as seen for WTe,), the MR is subquadratic by 90°.
Linear MR was seen for other Dirac materials, such as NasBi and
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Cd;As, (2, 3), and can be caused by a variety of reasons, including
the presence of Dirac-like charge carriers (27). ¢; and c, are the rel-
ative weights of each component and are plotted versus angle in Fig.
4B. When H is parallel to I, the MR increases in an almost entirely
linear fashion with increasing magnetic field, but the quadratic
component begins to dominate very quickly (by 12°). The weight
of the quadratic component increases by more than two orders of
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magnitude at 45° (from 0.13 to 14), whereas the linear component in-
creases only by a factor of 8 by 90°. Exactly in the regime where the
dip became evident in the AMR, the quadratic term suddenly dips,
whereas the linear term spikes upward (between 85° and 90°). To be
sure that it was not an artifact, measurements were taken beyond 90°,
and the expected symmetry was seen. The sudden minimization in the
quadratic component is on top of an already fourfold symmetry,
whereas the spike in the linear component is on top of an apparent two-
fold symmetry, again implying different origins for each contribution.

By extracting the SdH oscillations from the various MR versus H
loops (see the Supplementary Materials for methodology), the origin
of the sudden change in the linear and quadratic contributions was
investigated. Figure 5A shows the fast Fourier transform (FFT) of
the SdH oscillations taken at 90° and at various different temperatures.
F, denotes a peak at 23 T, Fy at 243 T, and Fs at 130 T. The F,y, F3q,
and F,, and the F,3 harmonics are also visible. With the Lifshitz-
Kosevich temperature reduction formula (28-30), the effective masses
for the three pockets were found (inset) to be 0.11, 0.16, and 0.27 X
m,, respectively. Correspondingly, the areas of the Fermi surface for
the three orbits are 2.2 x 107, 2.3 x 107% and 1.2 x 107> A%, with
small K. sizes of 2.6 x 1072, 8.6 x 1072, and 6.3 x 107> A™", respectively
(see the Supplementary Materials). The area of the 243-T peak corres-
ponds well (agreement to within 95%) with the area of the theoreti-
cally calculated extremal orbit previously discussed (Fig. 1; the orbit
belonging to the tubular feature). The Fermi velocities are quite large,
at 2.8 x 10, 6.3 x 10°, and 2.7 x 10° m/s, respectively, comparable to
Cd;As,, WTe,, and LaBi. However, the orbit giving rise to F,, is very
close in size to another similar orbit (visible in the 50° and 55° FFTs),
resulting in a convoluted peak with a broadened shape. Figure 5B
shows how the period of F, appears to decay with decreasing field
strength and that the positions of the maxima shift slightly with
increasing temperature (H || ¢). Figure 5C shows the FFT of the
SdH oscillations at various angles. Between 60° and 50°, F,, splits into
two nearby peaks before it returns to a single peak behavior by 45°.
The 243-T peak is sharp and can be seen shifting to higher frequencies
until 55° at which point several new peaks become visible and shift in
different directions with decreasing angle. The red dashed line shows
that Fjy can be followed in its shift through the 20° data. A 2D Fermi
surface, when tilted with respect to an applied magnetic field, has a
peak shift following the ~1/cos(8) law (25, 31I). Figure 5D shows
the frequency of Fj as a function of the angle; at larger angles, while
still following the habit of a 1/cos(6) dependence, the peak does not
shift as much as expected for a truly 2D Fermi surface. The inset is a
fit of the data to a 1/cos function with a larger period; in a perfectly 2D
Fermi surface, a would be 1 and deviation from this can be considered
a measure of the “3D” aspect of the pocket. Because the Fg’s shift de-
viates from the 1/cos law between 20° and 30° and because the shifts
can be fit with a = 0.81, the Fj oscillation stems from a quasi-2D sur-
face. On the other hand, the F,, peak shows almost no shift for over a
50° range, implying that it comes from a 3D and highly isotropic fea-
ture in the Fermi surface.

Because of the singular nature of Fg near 90°, it was possible to
extract the Berry phase of the orbit by directly fitting the oscillations
using the following formula: p,, = po[1 + A(B,T)cos2n(Bg/B - & + )]
(3, 29, 32-34). Here, 1/Bg. is the SdH frequency and is a phase shift de-
termined by the dimensionality of the feature: 0 for the 2D case and -1/8
for the 3D case (for electrons). The Berry phase is related via |y — 8| =
[1/2 — ¢p/2n — 8]; values for |y — 8|, which imply a nontrivial T Berry
phase, are 0 and 1/8 for the 2D and 3D cases, respectively. Figure 5E
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shows the extracted |y — 8| for Fy between 70° and 105°. Between 85°
and 95°, |y — 8| is very close to 0; a slight deviation of 0.03 is likely caused
by the quasi-2D nature of the pocket §, causing it to not be exactly 0 but
instead taking on an intermediate value between 0 and 1/8. As the field
is tilted away from the ¢ axis, a sudden change in |y — §| is seen between
85° and 80°. |y — 3| takes on a value of 0.7, which is too large of a change
to solely be coming from a change in 8. This requires that the Berry
phase also changes to a value other than m, implying a transition to a
trivial topology.

DISCUSSION

Figure S5A shows the deconvoluted data for Fg, showcasing the sud-
den and visible difference in phase of the oscillations by 80°. A Landau
fan diagram was also used to check for agreement with the direct LK
fit (fig. S5B). Although Cd;As, has a smooth change in the Berry
phase of its ellipsoidal pocket with a changing angle (35, 36), this type
of sharp, angle-dependent topological phase transition has not been
reported in any other Dirac/Weyl material (nor has it been predicted
to exist by theoretical analysis) and is likely due to the quasi-2D nature
of the feature. According to DFT calculations, two bands make up the
bulk Fermi surface, with one band comprising the diamond shape and
representing the Dirac line node. The line node is only protected at
k, = 0 and m; hence, it does not create a 2D pocket because there are
k, values where the pocket vanishes. The other band cuts the Fermi
energy along the I"-X line and is more tubular-shaped (along k), being
more 2D. This feature generates the 243-T orbit (identified by
matching the theoretical orbital size with the experimentally measured
orbits). This pocket also belongs to the band that connects to the non-
symmorphic point X at lower energies and cuts the Fermi level along
the I'-X line as well as the Z-R line.

The marked effect of the phase transition on the MR makes it no-
ticeable in a bulk transport property of an extremely conductive semi-
metal, an unexpected but robust signature that can be seen, although
there are contributions from other parts of the Fermi surface. It is
highly unlikely that the effect is related to surface state transport;
the bulk conductivity of the material makes isolating surface state
effects from bulk transport effects extremely difficult in the current
experiment. A transition like this, which is highly sensitive and de-
pends only on a 10° or less change in the magnetic field angle, opens
the door to creating new types of devices based on subtle details of the
Fermi surface. A simple Fermitronic device, consisting of a layer of a
material like ZrSiS topped by a ferromagnetic layer whose magnetiza-
tion direction can be adjusted using voltage-controlled magnetic an-
isotropy or spin torque (37-39), can be envisioned to switch between
topological states. However, information on the state is currently
buried deep within MR versus H measurements. A method to probe
the topological state in a less intensive way is needed. However, if
combined with a device based on switching between topological states,
it could give rise to an entirely new type of logic device. ZrSiS is a rich
system for fundamental study; the low-temperature, high-field behav-
ior of the resistivity as well as many aspects of the AMR are still un-
explained. However, because the Fermi surface is made from Dirac
bands, it is likely that the peculiar behaviors have a nontrivial origin
and will benefit from careful theoretical analysis of the electronic
structure, which may be key in potentially unlocking further proper-
ties of interest. ZrSiS is also an exciting system for technological ap-
plications because of its low resistivity; sensitive Fermi surface; cheap,
nontoxic, and earth-abundant chemical makeup; and relatively easy
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synthesis. Future work on thin-film fabrication and chemically doped
samples may lead to exciting possibilities for Fermitronic devices as
well as for probing the unusual surface state. Higher magnetic field
AMR measurements coupled with optical experiments may provide
valuable insight into the various contributions of the Fermi surface
of ZrSiS to its electrical properties.

MATERIALS AND METHODS

Single crystals were grown from the mixed elements via I, vapor
transport at 1100°C, with a 100°C temperature gradient. The
crystals were obtained at the cold end and then annealed in a sealed
quartz tube for 1 week at 700°C.

ZrSiS crystals were structurally and chemically characterized by
powder x-ray diffraction (XRD) to confirm bulk purity, single-crystal
XRD to determine crystal growth orientation, scanning electron
microscopy—energy-dispersive x-ray for chemical analysis, and trans-
mission electron microscopy. The Quantum Design Physical Property
Measurement System was used for transport measurements with ac
transport and resistivity options. Hall measurements were taken in a
five-wire configuration, whereas the MR of ZrSiS samples was
measured using the four-point probe method. Because of the extreme-
ly low resistivity of the crystals, mechanical polishing was done to thin
the samples down to 70 pm to obtain low-noise measurements.

The electronic structure calculations were performed in the
framework of DFT using the WIEN2k (40) code with a full-potential
linearized augmented plane-wave and local orbitals (FP-LAPW + lo)
basis (41), together with the Perdew-Burke-Ernzerhof parametriza-
tion of the generalized gradient approximation as the exchange-
correlation functional. The Fermi surface was plotted with the
XCrySDen program.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
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fig. S1. Powder x-ray diffraction pattern for ground single crystals of ZrSiS.

fig. S2. AMR measured in other principal directions along with symmetry fitting.

fig. S3. Extracted weights from AMR fitting.

fig. S4. Quantitative quantum oscillation analysis using band pass filtration.

fig. S5. Direct Lifshitz-Kosevich fitting compared with Landau Level fan diagram.
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