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We report a study on the magnetotransport properties and on the Fermi surfaces (FS) of the
ZrSi(Se,Te) semimetals. Density Functional Theory (DFT) calculations, in absence of spin orbit
coupling (SOC), reveal that both the Se and the Te compounds display Dirac nodal lines (DNL)
close to the Fermi level er at symmorphic and non-symmorphic positions, respectively. We find
that the geometry of their F'Ss agrees well with DFT predictions. ZrSiSe displays low residual resis-
tivities, pronounced magnetoresistivity, high carrier mobilities, and a butterfly-like angle-dependent
magnetoresistivity (AMR), although its DNL is not protected against gap opening. As in CdsAsa,
its transport lifetime is found to be 102 to 10% times larger than its quantum one. ZrSiTe, which pos-
sesses a protected DNL, displays conventional transport properties. Our evaluation indicates that
both compounds most likely are topologically trivial. Nearly angle-independent effective masses
with strong angle dependent quantum lifetimes lead to the butterfly AMR in ZrSiSe

I. INTRODUCTION

In the last decade, much attention has been devoted
to the discovery of semimetallic systems whose electronic
band structures display features protected by the in-
terplay of symmetry and topology'®. Many of these
compounds, such as the topological insulators! 3, the
Dirac®!? and the Weyl semimetals”13716:18-20 " are char-
acterized by strong spin-orbit coupling and robust gap-
less surface states resulting from their nontrivial band
structure topology. As exemplified by graphene, topol-
ogy related phenomena can also occur in materials char-
acterized by a very small spin-orbit interaction?!. Among
these, Dirac nodal-line semimetals are compounds whose
valence and conduction bands linearly touch at a collec-
tion of nodal points depicting a one-dimensional nodal
line (NL) within the bulk Brillouin zone®. The stabil-
ity of these NLs require the absence of spin-orbit cou-
pling (SOC) since its inclusion tends to gap them out
due to the mixing of spin components. The existence
of the NLs in the presence of SOC requires the protec-
tion from extra crystalline symmetries, specifically non-
symmorphic ones. Proposals for Dirac NL compounds in-
clude those displaying Kramers degeneracy%22 2%, those
that do not possess it293% and even elements without
mirror symmetry>!.

Recently, it was theoretically proposed that certain
compounds might host a Dirac NL protected by the
glide-mirror symmetry, a type of non-symmorphic sym-
metry, in their crystallographic structure®2. These com-
pounds (ZrSiX, X =S, Se and Te) possess the ZrSiS-type
structure®? (space group P4/nmm). In agreement with
the band-structure calculations®?, angle resolved pho-

toemission spectroscopy (ARPES) studies on all ZrSiX
compounds®® 37 observed the predicted non-symmetry-
protected band crossings at the X —points of their first
Brillouin zones, in addition to symmorphic band cross-
ings between the I' — X and the M — T points.

Both ZrSiS and ZrSiSe display anomalous trans-
port properties, such as the so-called “butterfly”
magnetoresistivity?®4041  which presents a maximum
when the electrical current and the external magnetic
field form an angle 6 ~ 45°, which does not correspond
to a Lorentz force maximum. The relation between this
butterfly MR and the NL remains unclear, although Ref.
38 claims to observe a topological phase transition upon
rotation of the field. In contrast, ZrSiTe exhibits a two-
fold-symmetric angular MR, which can be understood as
resulting from the quasi-two-dimensional character of its
FSs.

Here, we report electrical transport and magnetic
torque measurements in both ZrSiSe and ZrSiTe with
the goal of correlating their transport properties with
the experimentally determined electronic structure at the
Fermi level. The dHvVA effect reveals Fermi surfaces with
geometries in reasonable agreement with band structure
calculations which place the nodal lines at symmorphic
and non-symmorphic positions in close proximity to the
Fermi level e in ZrSiSe and in ZrSiTe, respectively. It
turns out that the transport lifetime in ZrSiSe is consid-
erably longer than its quantum one and only this com-
pound displays a four-fold symmetric magnetoresistivity
as a function of field orientation. Given the acceptable
agreement between the DFT calculations and our experi-
mental results, and given their non-topological character
according to our calculations, we conclude that the but-
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FIG. 1: DFT Fermi surfaces and band dispersions around k. = 0 without SOC. (a) Calculated Fermi surfaces of ZrSiSe as
obtained wia Density Functional Theory. For calculation details and resulting electronic band structures see Appendix A.
Brown sheets are electron-like while violet ones are hole-like Fermi surfaces. (b) Calculated Fermi surfaces of ZrSiTe, where red
colored sheets are electron-like and green ones are hole-like Fermi surfaces. (c) Energy e dispersion as a function of k—vector
for ZrSiSe. Notice the linear dependence of € on k for both the conduction (beige) and the valence bands (violet). Both bands
meet at a nodal Dirac-line (line of Dirac nodes) close to the Fermi level er (clear blue plane). (d) Energy-dispersion bands for
ZrSiTe showing that the dispersive nodal-line sits either above or below the Fermi-level throughout the Brillouin zone. In (a)
the dots within the X — M plane indicate the position of the Dirac nodes, composing the Dirac nodal line of ZrSiSe, which
intersect ep. In ZrSiTe the Dirac nodes intersect just the tips of the electron-like (red colored) FSs extending along the X — M

plane.

terfly magnetoresistivity bears little to no relation with
the existence of nodal lines in these systems. Instead,
and given the isotropic effective masses extracted for Zr-
SiSe, we find that this behavior correlates with its quasi-
particle lifetime(s) as evaluated through its Dingle tem-
perature(s). The Fermi surface geometry is remarkably
different between both compounds despite their isostruc-
tural crystallinity with, most likely, this difference be-
ing at the origin of their contrasting magnetotransport
behavior. Although de Haas-van Alphen measurements
were already provided in Ref. 40, these were confined
to rather small magnetic fields, i.e. uoH < 7 T, and no
attempt was made to compare their experimental results
to band structure calculations. Ref. 40 also attempts
to evaluate their Berry-phase to expose their presumed
topological character. Whereas we conclude that neither
compound is truly topological in character.

II. MATERIALS AND METHODS

High quality ZrSiSe crystals were synthesized by a solid
state reaction using a 1:1:1 molar ratio of Zr, Si, and Se
were directly reacted in vacuum sealed quartz ampoules
at 950 °C for 21 days. Plate-like single-crystals with
average dimensions of ~ 300 x 300 x 150 cm?® were ob-
tained. An I> mediated chemical vapor transport tech-
nique was also employed for the synthesis of ZrSi(Se,Te).
The obtained ZrSiSe crystals were post-annealed for a
week at 650 °C. Annealing was not applied to ZrSiTe
given its chemical instability at high temperatures. As
discussed below, single-crystal X-ray diffraction measure-
ments confirm that both ZrSiSe and ZrSiTe crystallize
in the space group P4/nmm. Magnetization measure-
ments at low fields were performed in a commercial super-

conducting quantum interference device (SQUID) mag-
netometer. Magneto-transport property measurements
were performed through a standard four-terminal con-
figuration in multiple magnets, including 35 T and 31
T Bitter resistive magnets coupled to either *He refrig-
erators or variable temperature inserts at the National
High Magnetic Field Laboratory in Tallahassee. Can-
tilever beam torque magnetometry measurements were
performed simultaneously with the transport measure-
ments performed in continuous fields via a capacitive
and piezoresistivity method. Pulsed-fields up to 62 T
with duration of 150 ms were provided by the Dresden
High Magnetic Field Laboratory. The magneto-transport
measurements have conventional four-terminal configura-
tion and, except the Fig. 2(d), the electrical current is
applied along the crystallographic b—axis while the mag-
netic field is rotating in the ac—plane. Information con-
cerning single-crystal X-ray diffraction and be found in
the Supplemental Information file*3.

III. EXPERIMENTAL RESULTS: COMPARISON
WITH FIRST-PRINCIPLES CALCULATIONS

Figures 1(a) and 1(b) display, respectively, the calcu-
lated FSs of ZrSiSe and of ZrSiTe within their first Bril-
louin zone (FBZ), as obtained from DFT without spin-
orbit coupling (WIEN2K + GGA, see Appendix A for
details of methodology). The FS of ZrSiSe is composed
of nearly touching, but disconnected, electron-like pieces
(in brown) around the Z—point composing a “diamond”
like surface with corrugation in the k, — k, plane, akin to
the one reported for ZrSiS33. Similarly to ZrSiS, the hole-
like FSs in ZrSiSe (in violet) are three-dimensional (3D)
in character, with the biggest pocket located in the neigh-
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FIG. 2: Magneto-transport in ZrSiSe and ZrSiTe.
single-crystal. These traces were acquired at T" = 4.2 K and for

(a) Resistivity p as a function of the magnetic field poH for a ZrSiSe

several angles 6 between poH and the crystalline c—axis. Inset:

semi-log plot of p(§ = 45°) as a function of uoH indicating that (p(uoH) — po)/po reaches ~ 10% % for this orientation. po

is the value of the resistivity at zero-field. (b) p as a function

of T for a ZrSiSe crystal under several values of poH ||c—axis.

Blue arrows indicate the position of the minima in p(T', uoH). Inset: position of the resistive minima, or Tmin, as a function of
uoH. For these traces the electrical current was injected along the ab—plane. (c) p as a function of uoH for a ZrSiTe crystal
at different angles # under T' = 0.35 K. 6 is the angle between puoH and the c—axis. (d) and (e) Angular-dependence of the

magnetoresistivity for ZrSiSe and ZrSiTe, respectively. For all

fields, ZrSiSe displays a “butterfly” shaped magnetoresistivity

as a function of 6. p(@) is two-fold symmetric for ZrSiTe. However, higher periodicities begin to emerge as poH approaches or

exceeds 30 T.

borhood of the R—point33. In contrast, the FS of Zr-
SiTe presents a quasi-two-dimensional character display-
ing corrugated, electron-like cylindrical sheets (red color)
along the X — to R—direction, in addition to 3D pock-
ets. The hole sheets (in green) are also corrugated cylin-
ders, but of oblong cross-section and whose axis present
a sinusoidal modulation along the inter-planar direction.
ZrSiTe also contains a second thin columnar hole surface,
shown in blue. Figures 1(c) and 1(d) show the dispersion
of the relevant hole and electron bands throughout the
entire I' — X — M plane for ZrSiSe and ZrSiTe, respec-
tively, within their FBZ. Without the SOC, both com-
pounds show a Cy,, symmetry-protected Dirac nodal line
(DNL) near the Fermi energy (shown as a blue plane).
According to our calculations, for both compounds, the
Dirac-like dispersion of the conduction and valence bands
extends a few hundreds of meV away from ep, (see Fig.
7). The DNL is never more than 60 meV away from ep
for ZrSiSe and always in the positive energy direction,
yielding only tiny hole pockets in this plane. In contrast,
the DNL in ZrSiTe has a total disperson of over 400 meV,
with ep cutting near the energy midpoint, giving rise to
sizable pockets of both hole and electron character, in
agreement with the ARPES study in Ref. 48 which finds
somewhat similar FSs for all three ZrSiX compounds.
This distance of the nodal lines with respect to ep im-
plies that its bulk charge carriers are unlikely to display
anomalous transport properties from its topology. Along
with the Fermi surfaces in Figure 1(a) and 1(b), we plot
the points in the I' — X — M plane where the non-SOC

DNL falls within 80 meV of er. For ZrSiSe, this results
in several line segments, very close to or intersecting the
Fermi level (black markers in Fig. 1(a)), which are in-
terrupted by tiny islands of hole-like Fermi surface. For
ZrSiTe, only one point meets this qualification and falls
just at the edge of the large electron pockets.

Since the symmorphic nodal line (protected by Ca,
symmetry) which is positioned at the center of the FBZ
as depicted in the Fig. 1, is not protected against SOC
so it completely gaps out. Therefore, conduction and va-
lence bands remain separate throughout the entire FBZ.
In this sense, ZrSiSe and ZrSiTe are topologically equiva-
lents of an insulator3?44. Given the presence of inversion
symmetry, a Zs-invariant could be acquired through the
calculation of their Pfaffian*>. Our calculations indicate
that the SOC would gap the symmorphic NL by ~ 36
meV and ~ 98 meV in ZrSiSe and in ZrSiTe, respec-
tively. This has no discernable effect on the Fermi sur-
faces of either compound, i.e. it changes the calculated
dHvA orbits by at most + 5 T. For ZrSiTe, this is be-
cause the SOC-induced gap opens away from the Fermi
energy and throughout the entire BZ (except at the sin-
gle point indicated in Fig 1(b)), and the FSs that are
formed away from these crossings do not experience any
SOC shift. Given that the DNL in ZrSiTe is generally far
from ep, the SOC does not gap any significant portion
of its Fermi surface.

For ZrSiSe, the situation is somewhat different: since
the symmorphic NL of ZrSiSe falls within a distance in
energy that is comparable to the SOC-induced gap be-



tween bands, this system could be expected to gap in
a way that is topologically equivalent to a topological
insulator. Indeed, a finite gap opens at r where the
valence and conduction bands previously touched form-
ing the NLs. This gap does not reduce the original FS
weight calculated without SOC because it already is zero
at these band crossings even in the absence of a gap (inset
of Fig. 7(a)). Aside from the carriers associated with the
linearly crossing bands, ZrSiSe contains a region of “nor-
mal” semimetallic character, seen predominantly along
the Z — R symmetry of the BZ where the valence and
the conduction bands overlap in energy by =~ 300 meV.
These bands are separated in k-space, have a parabolic
dispersion, and have no topological properties. SOC in
this region has no effect within the computational ac-
curacy and hence the semimetallic overlap is precisely
maintained. This suggests that, at finite temperatures,
one could expect to have a small portion of massive Dirac
dispersive carriers in the SOC-split NL bands, appear-
ing in the I' — X — M plane, and some carriers of non-
topological character in the semimetallic bands elsewhere
in its BZ.

Figure 2 exhibits the magneto-transport properties of
both compounds. ZrSiSe displays a very small residual
resistivity po with values ranging from ~ 50 to ~ 100
n{lcm depending on the crystal and on its air exposure,
which tends to degrade or oxidize the samples. These
values are close to those displayed by the best CdsAss
single-crystals, a compound claimed to host an novel pro-
tection mechanism suppressing backscattering!?. Figure
2(a) displays the resistivity p of a ZrSiSe single-crystal,
for currents flowing along its b—axis, as a function of
the magnetic field poH (up to 60 T) applied along sev-
eral angles 6 relative to its c—axis. Here, we rotate the
field within the ac—plane while always maintaining the
current perpendicular to the field and along the b—axis,
which is the condition that maximizes the Lorentz force.
Remarkably, the magnetoresistivity displays a maximum
for @ ~ 50° and not for fields applied perpendicularly to
the conducting planes. Notice that one observes the same
angular pattern when the field is rotated from a direction
parallel to the current towards a direction perpendicular
to it (Fig. 2(e)). As seen in the inset for this field orien-
tation, the resistivity increases by a factor > 105 when
woH reaches ~ 60 T at T' = 4.2 K, which is compara-
ble to, or exceeds values observed in both WTes*® and
the Weyl-type II semimetallic candidate WP*" at lower
Ts. As shown in Fig. 2(b), for a second single-crystal
with a relatively higher residual resistivity that exceeds
100 nQ2cm, one still observes a very pronounced increase
p(T) (exceeding 10 at 9 T) below a characteristic tem-
perature Ti,i,. The inset shows T as a function of
poH (T). The red line is a linear fit. In contrast, ZrSiTe
displays a far more pronounced pg, i.e. 2 20 uQcm, which
is comparable to values reported by Ref. 48 (see Fig.
2(c)). Its magnetoresistivity is also far less pronounced,
with p(uoH) increasing by > 10% % when puoH reaches
31 T at T = 0.35 K. In contrast to ZrSiSe, the maxi-

mum of p(ugH) in ZrSiTe is observed for fields nearly
along the c—axis. A better comparison between both
compounds is offered by the angular dependence of their
magnetoresistivity which is displayed in Figs. 2(d) and
2(e) in polar coordinates, for ZrSiSe and ZrSiTe, respec-
tively. For ZrSiSe p(6, uoH) is predominantly four-fold
symmetric?®4°. In contrast, ZrSiTe displays a conven-
tional two-fold symmetric magnetoresistivity*?, although
an additional structure is observed at the highest field
which is probably ascribable to the Shubnikov-de Haas
effect.

In summary, Figs. 1 and 2 indicate that ZrSiSe dis-
plays very low residual resistivity, very pronounced mag-
netoresistivity, and high carrier mobilities (as discussed
below) which, at first glance, would seem to suggest that
its bulk carriers display topologically non-trivial charac-
ter. However, as discussed above, this interpretation is at
odds with our calculations pointing to trivial band topol-
ogy in this compound. In contrast, ZrSiTe shows a high
residual resistivity with a concomitantly smaller two-fold
magnetoresistivity although it might have been a better
candidate for displaying anomalous transport properties
due to the proximity of its non-symmorphic NL with re-
spect to ep.

Our observations and calculations lead us to conclude
that the butterfly magnetoresistivity bears no relation to
the existence of the nodal lines or to their proximity with
respect to the Fermi level, in contrast to what is claimed
by Ref. 38. Hence, two- or four-fold symmetric angular
magnetoresistivity as observed in either compound ought
to result from the anisotropy of their Fermi surfaces, as-
sociated effective masses and quasiparticle lifetimes.

To address this point, we measured the geometry of
the Fermi surfaces of both compounds via the angular de-
pendence of the de Haas-van Alphen-effect (dHvA). Our
goal is to compare our measurements with the calcula-
tions since a good agreement between both would confirm
the pertinence and the concomitant implications of the
calculations. Subsequently, We now show that the Fermi
surface found from DFT is in relatively good agreement
with the angular dependence of the dHvA effect Figure
3(a) provides typical magnetic torque 7 = M X o
data as a function of the magnetic field and for two field
orientations, respectively, along the c—axis (top panel)
and along the a—axis (bottom panel). By subtracting the
background signal through a fit to a polynomial, one ob-
tains the dHvA signal which is plotted as a function of in-
verse field in Fig. 3(b). The oscillatory component in the
magnetic torque A(7/puoH) as a function of (ugH) ™! can
be described by the Lifshitz-Kosevich (LK) formalism*’:

A(T/poH) o<

T i my exp~"/wei T cos(lgimiT/2)
(ol 2=~ Bsmh(amiT/(uol)) (1)

X sin [27r (l ;Fi + ¢u)]
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FIG. 3: Angular dependence of the dHvA-effect in ZrSiSe and its comparison with DFT calculations.
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(a) Upper panel:

Magnetic torque 7 as a function of poH || c—axis for a ZrSiSe single-crystal at 7" ~ 1.4 K. Lower panel: 7 as a function of
poH || ab—plane for T ~ 1.4 K. (b) Superimposed oscillatory or de Haas-van Alphen signals in (a) as functions of (uoH)™*
obtained by subtracting the background torque via a polynomial fit. (¢) Corresponding fast Fourier transforms (FFTs) of the
oscillatory signals. (d) FFTs as functions of the frequency F for several angles 6 between the external field and the c—axis.
Dashed lines depict the angular dependence of the frequencies, or Fermi surface cross-sectional areas, according to the DFT
calculations. Here, we have followed the same color scheme previously used to depict the Fermi surfaces of ZrSiSe in Fig. 1(a)
to indicate orbits on the hole- or on the electron-like F'Ss, respectively.

where F; is a dHVA frequency, [ is the harmonic index,
w. the cyclotron frequency, g; the Landé g-factor, m} the
effective mass in units of the free electron mass mg, and
a = 14.69 is a constant. Finally, ¢; = (=i + dq) is
the Onsager phase, where v = 1/2 for a parabolic band
or v+ ¢p/2m = 0 for a linearly dispersing one with ¢p
being the Berry-phase. 9§ is determined by the dimen-
sionality of the FS taking values 6 = £1/8 for minima
and maxima cross-sectional areas of a three-dimensional
FS, respectively. Each dHvA frequency F' is related to an
extremal cross-sectional areas A of the FS through the
Onsager relation F' = fiA/2me. Hence, a Fourier trans-
form of the oscillatory signal(s), as shown in Fig. 3(c),
yields the fundamental F's whose dependence on field ori-
entation can be directly compared with the FS extremal
cross-sectional areas determined by DFT in Fig. 1. This
is done in Fig. 3(d) where we plot the Fourier spectra
collected under several field orientations as a function of
F. These traces were vertically displaced by the value
of the angle 6 between pogH and the c—axis, at which
each trace was collected. On this plot we have superim-
posed the angular dependence of the FS extremal cross-

sectional areas according to DFT (converted into F's via
the Onsager relation) for the electron-pockets that form
the diamond-like FS (see Fig. 1), for the larger 3D hole-
pockets, and for the ring of tiny 3D hold pockets. As
shown, the angular dependence of the hole pockets is
well described by the calculations. As for the electron
pockets, we observe multiple peaks as the field is rotated
away from the c—axis, which probably results from their
corrugation (maximal and minimal cross-sections) and
from an imperfect alignment of puoH with the a—axis.
Their angular dependence is also captured by the calcu-
lations. In another crystal and for fields rotating within
the planes we also observe a good agreement between the
DFT and the measured dHvA frequencies (Fig. S143).
The effective masses associated with most of the funda-
mental frequencies display values in the order of 0.1-0.2
mo, again in agreement with DFT (Fig. S243 ).

It is therefore pertinent to ask if one can extract a
non-trivial ¢ = 7 for any of the observed orbits. To
this effect, we fit the oscillatory components of the dHvA
signal of ZrSiSe, collected from both SQUID and torque
magnetometry, using the Lifshitz-Kosevich (LK) formal-



ism (Eq. 1). It turns out that the smaller frequencies are
found to be field-dependent (Fig. S3%3), while the large
number of frequencies and associated fitting parameters
makes it nearly impossible to extract reliable, or unique
values, for ¢p. For the few orbits where we managed to
evaluate ¢, we ended up obtaining trivial values.

Recently, it was found in ZrSiS that amplitude of
the magnetic breakdown cyclotron orbits associated with
Fermi surfaces enclosing the nodal Dirac lines display
an anomalous temperature dependence that were at-
tributed to correlation physics associated with the Dirac-
like quasiparticles®. In ZrSiSe we do see frequencies that
we associate with magnetic breakdown orbits, see Fig.
3(d). However, as shown in supplemental Fig. S4*3, this
orbit displays a conventional temperature dependence
that is well described by the Lifshitz-Kosevich thermal
damping term.

Figure 4(a) displays two representative 7 traces for a
ZrSiTe single-crystal as a function of pgH applied nearly
along the c— and the a—axis, respectively. The superim-
posed oscillatory or dHvA signal is shown in Fig. 4(b)
as a function of (uoH)~! while the respective Fourier
transforms are shown in Fig. 4(c). The FFT spectra
display less frequencies than the ones extracted from Zr-
SiSe, which is partially due to the absence of the fre-
quencies associated with the small hole-pockets in the
I'—X—M plane. In Fig. 4(d) we superimpose the angular
dependence of the calculated dHvA frequencies (dashed
lines) onto the experimentally observed ones. Dashed
lines in blue and in red colors correspond to calculated
frequencies associated with the electron-like FS sheets,
while green dashed line corresponds to the frequency of
the smallest hole-orbit. As shown, the position of the
calculated and of the experimentally observed electron
orbits agree well, although a better agreement would
be obtained through a very small displacement of cp.
The dHvA signal extracted from ZrSiTe via torque and
SQUID magnetometry techniques for fields nearly along
the ¢c— and the a—axes was also fit to one or two LK-
components yielding trivial values for the Berry-phase
(see, Fig. S5?3). The effective masses associated with
the electron pockets of ZrSiTe display values in the order
of >~ 0.1 my thus confirming that its electronic disper-
sion at the Fermi level is nearly linear (see, Fig. S63).
The absence of a heavier pocket is consistent with the
lack of an associated quadratic dispersion in the band
structure.

IV. DISCUSSION

Our study on the Fermi surfaces of ZrSiSe and Zr-
SiTe via the dHvA-effect reveals a general good agree-
ment with the predictions from Density Functional The-
ory calculations. Despite being isostructural, ZrSiSe and
ZrSiTe are characterized by very different FSs (see, Fig.
1). ZrSiSe displays three dimensional FSs and exhibit ex-
otic magneto-transport properties, such as an extremely

large MR, ultra-high carrier mobilities and an intriguing
butterfly-like angular magnetoresistivity. These proper-
ties have been associated to the existence of the Dirac
nodal lines and, tentatively, to the non-trivial topology>®
of its electronic bands. However, our calculations indi-
cate that the nodal lines located in the vicinity of ep
in ZrSiSe are not stable with respect to gap opening
in the presence of SOC. The SOC-induced gap opening
throughout the entire BZ converts this system into the
topological equivalent of an insulator in the bulk (TT)
whose topological character is dictated by a set of Z5 in-
variants (i.e. vp; (v1ver3))t with vg indicating a strong
TI index. The Z5 invariant obtained for ZrSiO, see Ref.
32, implies that this family of isostructural compounds
are likely to be characterized as weak topological insu-
lators. Indeed, according to our calculations the Zs in-
dex (1) for ZrSiSe is indeed zero. A vanishing vy is also
found for other isostructural compounds, see Refs. 51,52,
and this is consistent with Ref. 51 whose DFT analysis
provides a non-topological explanation for the observed
surface states in ARPES. However, it is still possible for
these compounds to display a weak topological character
or non-trivial values for the (vq15v3) indices®'. Never-
theless, such a weak topological character is unlikely to
affect their transport properties.

With these compounds being topologically trivial, one
cannot attribute the butterfly-like angular magnetoresis-
tivity of ZrSiSe to the topological character of its bulk
electronic band-structure. Note that this butterfly AMR
emerges at fields as low as poH ~ 5kOe (Fig. 8), which
corresponds to a rather small energy scale to induce a
topological phase-transition. Therefore, the origin of the
butterfly AMR ought to result from a conventional mech-
anism. For example, according to the two-band model®?
which is based upon semi-classical Boltzmann transport
theory, the magnitude of the magnetoresistivity is pro-
portional to the average mobility of the charge carri-
ers (fay) in a compensated system, which is given by
the effective masses m* and the quasiparticle scatter-
ing rate 1/7, that is p = £%. The decent agreement
between the angular dependence of the dHvA frequen-
cies and the DFT predictions proves carrier compensa-
tion in ZrSiSe and, therefore, the DFT-calculated elec-
tron and hole densities i.e. n. ~ 1.814 x 1020 and ny;, ~
1.887 x 10%° ¢cm—3, respectively, are introduced into our
two-band and modified-two-band fittings. In a compen-
sated system (n. = ny), the average carrier mobility can

be expressed as fiq, = i“eT‘;’; We extracted the electron
e 3

and hole mobilities (ue and pp, respectively) of ZrSiSe
from fittings to the two-band and the modified-two-band
models (See Fig. 8 and Egs. B1), as depicted in the Figs.
5(a) and (b), respectively. The average mobility indeed
displays the same butterfly-like angular dependence ob-
served for the AMR. Hence, from this observation one
would expect a strong angular dependence for the com-
bined effective masses of ZrSiSe which could result from
the anisotropy of its FSs®® (see, Fig. 1(a)), leading to its
angular-dependent mobility. However, our experimental
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FIG. 4: Angular dependence of the dHvA-effect in ZrSiTe and its comparison with DFT calculations. (a) Upper panel: Magnetic
torque 7 as a function of poH || c—axis for a ZrSiTe single-crystal at 7'~ 0.4 K. Lower panel: 7 as a function of poH || ab—plane
at the same T. (b) Superimposed dHvA signals in (a) as functions of (uoH)™*. (c) Corresponding FFTs of the oscillatory
signals. (d) FFTs as functions of the frequency F for several angles 6 between the poH and the c—axis. Dashed lines depict
the angular dependence of the frequencies predicted by the DFT calculations. Again, their color indicate orbits on the hole- or

on the electron-like Fermi surfaces.

determination of the combined effective masses, shown in
Fig. 5(c) (see also Fig. S9 for the angular dependence
of the effective masses associated to individual orbits),
do not support the existence of a minimum around the
angle where the maximal mobility is observed (that is
0 ~ 45 — 60°). Therefore, we conclude that these rela-
tively isotropic effective masses seen in Fig. 5(c) indicate
that the scattering rate ought to be dependent on field
orientation. In order to confirm this hypothesis, we ex-
tracted the Dingle temperature as a function of the angle
with respect to the external field through fittings of the
raw dHvA signal to the LK formalism as discussed be-
low. From our LK fittings to the experimental dHvA
signal we detected a modulation on the Dingle-factor Tp
which displays average values between 3 and 4.5 K at
angles exceeding 6 = 35° (see, Figs. S5 and Fig. 9 as
well as Table I in Appendix C). But T increases to av-
erage values exceeding ~ 5.7 K for fields aligned nearly
along the c-axis. This indicates that the sample behaves
as if it had a higher scattering rate or a higher density
of impurities when the field is aligned nearly along the
c-axis which suppresses its magnetoresistivity (increases
the probability of carrier scattering before it can com-
plete a cyclotron orbit) and produces a dip in its angular

dependence. The effect of this modulation on the Dingle
term can be directly judged from the Fourier transforms
of the oscillatory signals shown in Fig. 3(d). In Fig.
3(d) the amplitude of the peak at the frequency that one
associates with the electron pockets decreases consider-
ably as the field is oriented towards the c—axis, becoming
considerably smaller than the peaks observed at frequen-
cies that one associates with magnetic-breakdown orbits
among these electron pockets (centered around 470 T).
In the Shubnikov-de Haas data for another ZrSiSe crystal
(see also, Fig. 7), one cannot even detect the electron or-
bits when 6 < 30° (indicated by brown line). Hence, our
data indicates that the electron pockets are particularly
susceptible to the modulation of the Dingle temperature
induced by the field. The dip observed for fields along a
planar direction results from either the suppression of the

_)
Lorentz force (for the H|| j configuration) or from inter-

_)
planar scattering (for the H L j configuration) probably
due to stacking faults or some level of stacking disorder.

Having exposed that the scattering rates associated
with the electron and hole pockets in ZrSiSe display an
angular dependence as the sample is rotated with re-
spect to the external field, we now focus on the role of
the field in inducing this anisotropy in the ZrSiX com-
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FIG. 5: Carrier mobilities and effective masses of ZrSiSe as a function of the angle. (a) Electron, hole and average mobilities
(tte, wn and p, , respectively) extracted through fittings of the magnetoresistivity to the two-band model within the range of
magnetic fields poH = 3 — 9 T. (b) The same data in (a) but resulting from a fit to a modified-two-band model including
a linear term (see details in Fig. 8 within Appendix B). In Ref. 52, a linear in field component for the MR is observed for
ZrSiS. Here, our modified-two-band model includes also a linear poH term. Despite the different fitting models, both panels
(a) and (b) do display a butterfly-like angular dependence for their average mobilities. (c) Effective masses obtained by fitting
the LK-formalism to the dHvA signals collected at different field orientations and whose frequencies can be tracked through
the whole angular range. Saddle-S™** and saddle-S™" correspond to the same hole-pocket and represent its maximal and
minimal cross-sectional areas, respectively. The color code is consistent with the one used to depict the Fermi Surfaces in Fig.
1(a). Notice in Fig. 1(a) the large number of small hole pockets of varying sizes around the I'-point where the diamond shaped

nodal line is located. Here, we chose to plot the angular dependence of just one representative small hole-pocket.

pounds. One possibility is that the p;s and the 7;s,
where 7 is an index identifying a particular FS sheet, are
field-dependent due to the action of the Zeeman-effect
on small FS pockets. This effect could be analogous
to the one reported for the Dirac semi-metal CdsAssy
where remarkably small, but sample-dependent, resid-
ual resistivities were observed and attributed to a novel
protection mechanism that suppresses carrier backscat-
tering under zero magnetic-field. In CdszAs, the trans-
port lifetime was found to be 10* times longer than the
quasiparticle or quantum lifetime observed under field!2.
We observe a similar effect in ZrSiSe albeit we do not at-
tribute it to a protection mechanism, but tentatively to
Fermi surface evolution under field. To expose this effect
we draw a direct comparison with CdsAs, by plotting
in Fig. 6 the conductivity 0., and the Hall-conductivity
0y Of ZrSiSe, obtained by inverting its resistivity tensor.
As discussed within Ref. 12, o4, (110H) exhibits a char-
acteristic “dispersive-resonance” profile displaying sharp
peaks that reflect the elliptical cyclotron orbits executed
by the carriers under weak fields. According to Ref. 12,
its reciprocal value (,uonaX)_l would, within standard
Bloch-Boltzmann transport theory, yield the geometric
mean value of the transport mobility fig, within a plane
perpendicular to the field. From the reciprocal of pg Hyax
we obtain fiy; ~ 1.89 x 10° ¢cm?/Vs which is compara-
ble to values quoted in Ref. 12, although some of their
CdsAsy crystals displayed values in excess of 1 x 108
cm?/Vs. Hence, we obtain a mean transport lifetime
T = Hirp/e = 109.4 x 10712 s, where p ~ 0.1 my is the
typical carrier effective mass for ZrSiSe, and e is the elec-
tron charge. We have checked that this method yields de-
creasing values for 7 as T increases due to phonon scat-

tering (see, Fig. S7%3). This 74, value contrasts markedly
with the quantum or quasiparticle lifetime as extracted
from the Dingle damping factor: all fittings of the dHvA
signal to the LK formalism shown in Figs. S3 and S5
yield Dingle factors Tp ranging from 1 to 2 K for the
best crystals to Tp ~ 10 — 20 K for the lower quality
ones. These imply quantum lifetimes 79 = (h/27kpTDp)
ranging from 0.05x 10712 s to 1 x 10~!2 s which are ~ 103
to ~ 102 times smaller than 7. Hence, we conclude that
the field modifies the geometry of the smallest F'S sheets
via the Zeeman-effect leading to quantum lifetimes that
are considerably shorter than the transport ones.

In contrast, for ZrSiTe we find similarly light effec-
tive masses ~ 0.1 m. but shorter transport lifetimes
(Tir = 1.9 x 10~ '2) with respect to those of the Se com-
pound. An analysis of the Dingle-factor (see, for exam-
ple, the fit in Fig. S5%3) yields sample dependent factors
ranging from Tp ~ 4.5 and ~ 14 K, which is compara-
ble to those of ZrSiSe when ugH is close to the c—axis
(see, Fig. 9 in Appendix C as well as Table I for the
resulting Dingle temperatures). Therefore, in ZrSiTe the
quantum lifetime is comparable to the transport lifetime
although, according to band structure calculations (see,
Fig. 7) and ARPES measurements®®, it displays Dirac
nodal lines protected by non-symmorphic symmetry lo-
cated relatively close to the Fermi level.

In summary, we suggest that our observations present
a certain analogy with CdsAsy where the application of
a field is claimed to reconfigure the Fermi Surface sheets,
but in our case it affects the scattering processes (see
Ref.12) albeit in the absence of topological protection at
zero field. This effect is anisotropic probably due to the
spin-orbit coupling that is likely to lead to an anisotropic
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FIG. 6: Conductivity and Hall conductivity as a function of
the field poH for ZrSiSe and ZrSiTe. (a) and (b) Conductivity
0za, and Hall conductivity o4y, for a ZrSiSe and ZrSiTe single-
crystal, respectively, at T" = 3.0 K. These were obtained by
inverting the components p;; of the resistivity tensor as func-
tions of poH||c—axis. ozy(poH) exhibits the characteristic
“dispersive-resonance” profile discussed in detail within Ref.
12 which displays a sharp peak at poHmax reflecting the ellip-
tical cyclotron orbit executed at low fields. From the position
of the peak, i.e. ~ 53 & 3000 mT, one extracts a mean trans-
port mobility Ter = (o Hmax)™ ' ~ 1.14 x 10° & 3.34 x 10°
cm? /Vs for ZrSiSe and ZrSiTe, respectively.

Landé g-factor. Our results indicate that the field plays
a more prominent role when it is applied perpendicularly
to the plane of the diamond shaped Fermi-surface(s) be-
coming less effective when it is rotated towards its plane.

A final word about the evaluation of the topological
character of ZrSiSe. We indeed observed negative lon-
gitudinal magnetoresistivity, claimed in Dirac and Weyl
systems to result from the chiral anomaly among Weyl
points®*. But after a detailed analysis on the current
distribution®®, we concluded that it results from the so-
called current jetting effect>®. When voltage contacts are
placed along the spine of the crystal, the magnetoresis-
tivity always has positive slope as a function of pgH .

The so-called planar Hall effect (PHE), proposed to be
particularly pronounced in Weyl systems due to the chi-
ral anomaly®®, is also clearly seen in this compound (Fig.
S8). Nevertheless, by exfoliating ZrSiSe down to about
100 nm in thickness, we observe a dramatic decrease in
both the longitudinal magnetoresistivity while the PHE
signal becomes barely observable (data not included). It
is difficult to understand this observation in the frame of
the axial anomaly that should remain oblivious to sample
thickness. Instead, it suggests that the PHE in ZrSiSe is
merely a magnetoresistive effect, as seen, for instance,
in elemental Bi®, and associated with sample geometri-
cal factors and their interplay with the carrier mean free
path.

V. CONCLUSIONS

DFT calculations predict Fermi surfaces for
ZrSi(Se,Te) which are in close agreement with our
de Haas-van Alphen study, implying a modest role for
the spin-orbit coupling and for electronic correlations
(under zero field). In the absence of spin-orbit coupling
it also predicts for ZrSiSe, but not for ZrSiTe, a close
proximity of its Dirac nodal line to the Fermi level. In
absence of spin-orbit coupling sections of the nodal line
would intersect the I' — X — M plane within the Brillouin
zone of ZrSiSe, leading to Dirac like quasiparticles under
zero-field. Nevertheless, spin-orbit coupling is expected
to entirely gap this Dirac nodal line. This is not the case
for ZrSiTe which according to our calculations present
symmetry protected nodal lines relatively close to the
Fermi level. However, we obtain for both compounds a
trivial value for the strong TI index, vy = 0, indicating
that they do not display a strong topological character.
They might still host a weak TI phase which yields
surface states (SS). Nonetheless, according to Ref. 1
the absence of a non-trivial vy should make these states
particularly susceptible to disorder which might gap
them. Therefore, these states are unlikely to affect the
transport properties of the compounds studied here.

We conclude that ZrSiSe is akin to an increasing num-
ber of materials predicted to host novel band degenera-
cies, for which there is a clear lack of strong experimental
evidence supporting claims in favor of nontrivial topol-
ogy. Take for example, Refs. 56-59 revealing intrigu-
ing transport properties for compounds like LaAs, LaSh,
MoAs; and TaAss which turn out to be topologically
trivial due to the spin-orbit coupling lifting the degener-
acy between their band crossings and thus leading to van-
ishing Z5 invariants. Although, in our case, the glide mir-
ror symmetry does protect the degeneracy of the nodal
loops located far away from g, the SOC transforms Zr-
SiSe from a Dirac nodal-loop to a trivial semimetal by
opening an energy gap along the Cs,, nodal loop. Accord-
ing to our calculations this leads to a topologically trivial
Zo invariant. Therefore, its very small residual resistiv-
ity and its large, anomalous angle-dependent magnetore-



sistivity cannot be associated to its nodal lines. In fact,
we have shown here that the butterfly magnetoresistivity
results from the field-induced modulation of carrier mo-
bilities, or quasiparticle lifetimes imposed by field orien-
tation. In contrast, ZrSiTe which does display symmetry
protected Dirac nodal lines close to the Fermi level, does
not reveal any novel or unconventional transport prop-
erty under an external field that one could associated to
possible non-trivial band topology. This further supports
the notion that these compounds are not topological in
character and therefore that the butterfly magnetoresis-
tivity bears no-relation to non-trivial topology.

Despite the trivial topological character of its elec-
tronic bands, ZrSiSe presents strong similarities with
the Dirac semimetal CdsAsy, such as a pronounced
non-saturating magnetoresistivity, low residual resistiv-
ity, high mobilities (approaching 10° cm?/Vs) and very
light effective masses (~ 0.1 m,.). In CdsAsy these prop-
erties were attributed to the nontrivial topological char-
acter of its electronic dispersion which, as we discussed
above, is not the case for ZrSiSe. Given the similarities
between both compounds, it is natural for us to ascribe
the butterfly magnetoresistivity to a mechanism akin to
the one proposed for Cd3zAss, for which the magnetic field
was suggested to affect the geometry of its Fermi surface
and hence its related effective masses and quasiparticle
lifetimes. But we did not detect any marked effect of the
field, or of its relative orientation, on the effective masses
of the quasiparticles. Instead, our results indicate, quite
clearly, that the field affects the carrier lifetimes with
this effect being anisotropic or more pronounced for fields
along the inter-planar direction. Hence, this leads to a
four-fold symmetric butterfly-like magnetoresistivity as
a function of the angle between the field and any given
crystallographic axis.
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Appendix A: Band structure calculations

Density functional theory calculations were performed
using WIEN2K®® with the Generalized Gradient Ap-
proximation (GGA)%! to the exchange correlation poten-
tial. The self-consistent charge density was calculated
using the experimental lattice parameters and a mesh
of 28x28x12 k-points in the Brillouin zone. For subse-
quent non-self-consistent calculations to precisely deter-
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mine the Fermi energy and plot the Fermi surfaces, we
used a mesh of 113x113x49 k-points. The nodal lines
plots used an even denser mesh of 400x400 k-points in
the kx-ky plane only. Band structure and Fermi surface
calculations were done both with and without spin-orbit
coupling. The linearly crossing bands near EF were split
by approximately 50 meV and 120 meV for ZrSiSe and
ZrSiTe, respectively, with no noticeable change in overall
dispersion.
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FIG. 7: (a) Electronic band structure for ZrSiSe as obtained
from the Wien2K implementation of the Density Functional
Theory method. Conduction and valence bands intersecting
the Fermi level are depicted in orange and violet, respectively.
Notice how both bands display a Dirac-like dispersion at spe-
cific points in the Brillouin zone yielding Dirac nodes at the
Fermi level. Inset: Dashed SOC bands in comparison to solid
non-SOC along I' — X where the spin-orbit coupling has the
strongest effect.(b) Band structure for ZrSiTe where the con-
duction bands intersecting the Fermi level are depicted in blue
and in red, with the intersecting valence band depicted in
green. For both compounds the color code used for the in-
tersecting bands match the colors used in Fig. 1 in the main
text.

Appendix B: Fittings of the Magnetoresistivity to
the Two-band model

Paz =
1 (nefte +nnpn) + (nepepy, + nnpinp?) (poH)?
e (nepn +nppie)? + (ne — np)p2p, (poH)?

Pra = (B1)
1 (nefte +nnpn) + (Nepepiy, + nnpinp?) (poH)?
e (neptn + nnpe)? + (ne —np)?p2p (o H)?
+ L x (poH)
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FIG. 8: (a-c) Magnetoresistivity (MR) as a function of the
field poH along with fits (green lines) to the two-band model
(pza(poH) (see expression below) in the range poH = 3 to
9 T and for different angles 6§ between the external field and
the c-axis. When poH is tilted by 6 = 55° away from the c-
axis, the magnetoresistivity reaches its maximal value. (d-f)
Same magnetoresistivity data in panels (a) to (c¢) but fitted
to a modified version of the two-band model (pj,(uoH ), fol-
lowing the 2"¢ expression below). This modified expression
comprises the conventional two-band model and a linear de-
pendence (£ x poH) with respect to the magnetic field. In
Refs. 46 and 52 within the main text, the linear MR was also
observed in ZrSiS. Since ZrSiSe shares similar Fermi surfaces
and transport properties with respect to ZrSiS, a linear in
field MR component is also expected. This modified “two-
band model indeed fits the data throughout the entire field
and angular range. (g) Angular dependence of the magne-
toresistivity under different magnetic fields. The lowest field
where the butterfly-like pattern is still observable is ~5kOe.

Appendix C: Lifshitz-Kosevich Fits of the de
Haas-van Alphen signal for ZrSiSe
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FIG. 9: Oscillatory or de Haas van Alphen signal superim-
posed onto the magnetic torque of ZrSiSe as a function of
the inverse magnetic field for a few angles 6 between the field
and the c-axis. Here, the raw data, obtained after subtract-
ing the background torque signal through a polynomial fit,
is depicted in blue. Red traces correspond to a fit to sev-
eral Lifshitz-Kosevich oscillatory components having the fre-
quencies resulting from their fast Fourier transforms (FFTs):
panels (b), (d) and (f) correspond to the FFTs from the oscil-
latory signals depicted in panels (a), (c), and (e), respectively.
Frequencies labeled in clear blue color correspond to harmon-
ics. The resulting Dingle temperatures are plotted in Table
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Angle (°) Frequencies (T)/ Dingle Temperature (K)
0 95.3 165.8 204.9 329.4
7.0 £ 0.2 3.90 £ 0.02 | 4.70 £ 0.04 7.30 £ 0.2 Ty =573 K
5.4 71.5 184.6 335 425.7 474.6 598.4
5.0 £ 0.1 7.0 £ 04 5.8 £ 04 3.9=£02 4.6 £ 0.5 154 + 3.9 Ty =6.95 K
25.2 35.6 49.6 262.4 221.9 342.6
297 £0.04 [ 2.71 £0.03 | 2.58 £ 0.07 | 3.60 £ 0.04 3.8 £ 0.3 Ty =313 K
39.6 29.8 106.6 147.4 166.3 254
2.68 £+ 0.03 8.3 £0.2 2.19 £0.08 | 2.30 £0.05 | 1.75 £ 0.04 Ty =344 K
46.8 27.2 133.8 162.9 269.1 279.9
2.57 £ 0.03 3.9 £0.5 4.08 £ 0.09 24+£02 25 £0.1 5 =329 K
68.4 21.7 106 132 371 396
3.13 £ 0.02 4.1 +0.1 2.53 £ 0.05 1.9 £ 0.6 8.0 £ 1.6 TH =4.532 K

TABLE I: Frequencies and Dingle-temperatures extracted from the fits to multicomponent Lifshitz-Kosevich terms of the dHvA
signal shown in Fig. 9. Notice that the average Dingle temperature decreases as the angle is rotated away from the c-axis
yielding an increase in the average transport mobilities as the angle is rotated towards 60°. Here, T is the average Dingle
temperature which is proportional to the inverse of the quantum lifetime.
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