aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Fermiology of the Dirac type-ll semimetal candidates
(Ni,Zr)math
xmlns="http://www.w3.0rg/1998/Math/MathML">msub>mi
mathvariant="normal">Te/mi>mn>2/mn>/msub>/math>

using de Haas-van Alphen oscillations
T. Nguyen, N. Aryal, Bal K. Pokharel, L. Harnagea, D. Mierstchin, Dragana Popovi¢, D. E.
Graf, and K. Shrestha
Phys. Rev. B 106, 075154 — Published 30 August 2022
DOI: 10.1103/PhysRevB.106.075154


https://dx.doi.org/10.1103/PhysRevB.106.075154

Fermiology of the Dirac type - II semimetal candidates (Ni, Zr)Te; using de Haas-van

Alphen oscillations

T. Nguyen!, N. Aryal?,* Bal K. Pokharel®>*, L. Harnagea®, D.
Mierstchin!, Dragana Popovié®4, D. E. Graf>*, and K. Shrestha!f
Y Department of Chemistry and Physics, West Texas A&M University, Canyon, Texas 79016, USA
2Condensed Matter Physics and Materials Science Division,
Brookhaven National Laboratory, Upton, New York 11973, USA
3 Department of Physics, Florida State University, Tallahassee, FL, 82306, USA
4 National High Magnetic Field Laboratory, Tallahassee, Florida 32310, USA and

® Department of Physics, Indian Institute of Science Education and Research, Pune, Maharashtra, 411008, India

We have investigated the Fermi surface properties of the Dirac type-II semimetal candidates (Ni,
Zr)Tes using torque magnetometry with applied fields up to 35 T. Magnetization shows clear de
Haas-van Alphen (dHvA) oscillations above 20 T. The dHvA oscillations are smooth and well-defined
and consist of a distinct frequency (F, ~ 530 T) in ZrTes and three (F, ~ 72 T, Fg ~ 425 T, and
F, ~ 630 T) in NiTes. The Berry phase (¢) was determined by constructing the Landau level fan
diagram. It is found that ¢ ~ 0 and 7 for F, and Fj, respectively for ZrTes and NiTes. This
strongly suggests that the Dirac fermions have a dominant contribution to the transport properties
of NiTes, whereas topologically trivial fermions dominate those in ZrTes. The presence of lighter
effective mass (m*) = 0.13m. in NiTe; as compared to m* = 0.26m. in ZrTes, where m. is an
electron’s rest mass, further confirm the presence Dirac fermions in NiTez. Our density functional
theory calculations find that while both systems host type-II Dirac dispersions along the out of the
plane direction, their relative position and nature of the dispersions are different. The Dirac cone is
closer to the Fermi energy (EFr) (~ 100 meV above) in NiTes, whereas it is far (~ 500 meV) above
Er for ZrTes. This is consistent with our experimental finding of a non-trivial Berry phase and
dominant contribution from lighter electrons in the quantum oscillation signal for NiTes only. These
findings suggest that the proximity of the Dirac cone to Fr in topological compounds is crucial for
observing the effect from Dirac quasiparticles in their electrical or magnetic transport properties.

I. INTRODUCTION

The transition metal dichalcogenides (TMDs) (AXo,
A = Mo, W, Ta, Zr, Hf, etc., and X = S, Se, or Te)
are interesting as they provide platforms for exploring
rich and tunable physical properties including charge
density wave, superconductivity, and magnetism [1-3].
For example, WTes shows extremely large magnetore-
sistance [4, 5], superconductivity was observed in ZrTes
with intercalation of copper atoms [6], and TiSes ex-
hibits a charge density wave [7, 8]. Recent studies have
shown that TMDs exhibit non-trivial topology, especially
Dirac/Weyl type-II properties, [9-12] making the study
of these materials even more intriguing. In Dirac type-
I semimetallic systems, there exists a linearly dispers-
ing Dirac cone, whereas the Dirac cone is strongly tilted
in type-IT semimetal due to the broken Lorenz symme-
try [13, 14].

Both ZrTes; and NiTes are members of TMDs, and
several reports [15-21] predict that they exhibit the fea-
tures of massless Dirac fermions. Electronic band struc-
ture calculations along with angle-resolved photoemis-
sion spectroscopy (ARPES) and quantum oscillations ex-
periments [16-18, 22, 23] have confirmed the presence of
Dirac-like quasiparticles in NiTe,. The Dirac point in
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NiTe, is located at ~ 100 meV above the Fermi level
(Er), which is quite closer than in other TMDs, such
as PdTes (~ 500 meV) [14], PtTes (~ 800 meV) [13],
and PtSes (~ 1200 meV) [24]. Due to the proximity
of Dirac point to Er in NiTe,, its transport properties
might be predominantly derived from Dirac quasiparti-
cles, making it suitable for technological uses [17, 18]. In
addition, NiTe; shows pressure-induced superconductiv-
ity (T, ~ 8 K) [25] and its monolayer is also predicted to
become superconducting (T, = 5.7 K) [26]. Due to the
presence of both superconducting and non-trivial topo-
logical properties, NiTey; could be a good candidate for
investigating unconventional or possibly topological su-
perconductivity [16]. However, as compared to NiTes,
the topological properties of ZrTey are not well under-
stood, and the existing reports also do not agree with
each other. Theoretical studies predict that ZrTes shows
a simple metallic behavior [27, 28], whereas ARPES and
Nuclear Magnetic Resonance (NMR) experiments along
with the DFT calculations [19-21] support its non-trivial
topology. Therefore, topological properties of ZrTes have
yet to be investigated. To the best of our knowledge,
there exists no quantum oscillations studies in ZrTe; even
though it is one of the crucial methods for investigating
topological materials [29-33].

In this work, we have carried out systematic studies
on the Fermi surface and topological features of (Ni,
Zr)Tey single crystals using the torque magnetometry
technique. Both compounds exhibit clear de Haas-van
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Alphen (dHvA) oscillations with multiple distinct fre-
quencies. Our detailed analyses of dHvA oscillations data
show that ZrTe; is a topologically trivial system, whereas
NiTe, exhibits a non-trivial topology. Angular and tem-
perature dependence of dHvA oscillations are carried out
to investigate the Fermi surface properties of these mate-
rials. The ab nitio density functional theory (DFT) cal-
culations are also presented to support our experimental
results.

II. EXPERIMENTAL PROCEDURE

Single crystals of ZrTey were grown by the chemi-
cal vapor transport (CVT) technique as described in
Ref. [19, 34], while those of NiTe; were synthesized using
the self flux method Ref. [35]. The detailed procedures
of the material synthesis along with Energy Dispersive
X-ray (EDX) analyses are presented in the Supplemental
Material [36] (Fig. S1). High-field measurements were
carried out at the National High Magnetic Field Labo-
ratory (NHMFL), Tallahassee, Florida, with the maxi-
mum applied fields of 35 T in a dc resistive water-cooled
magnet and top-loaded with a >He cryostat. Electrical
resistance was measured following a standard four-probe
method. Platinum wires were attached using silver paint
on a freshly cleaved single crystal. A typical contact re-
sistance (Ohmic) at room temperature was 4 - 5 . The
sample was then mounted on the rotating platform of
the standard probe designed at NHMFL. An ac current
of 1 mA was passed through the sample using a Keith-
ley (6221) source meter. The longitudinal resistance was
measured using the lock-in amplifier (SR-830), respec-
tively.

Torque magnetization measurements with a miniature
piezoresistive cantilever were used to observe dHvA oscil-
lations. A selected sample was fixed to the cantilever arm
with vacuum grease, which then mounted on the rotat-
ing platform. The probe then slowly cooled down to the
base temperature of 0.32 K. Two resistive elements on the
cantilever were incorporated with two room-temperature
resistors forming a Wheatstone bridge, which was bal-
anced at base temperature before sweeping the magnetic
field. The sample was rotated in situ with applied fields
at different tilt angles (), where 0 is the angle between
the magnetic field and the c-axis of the sample. Magnetic
fields were swept at each fixed temperature at a rate of
2.2 T'/min.

Electronic structure calculations were performed on
the experimental structures of (Zr, Ni)Tes using the
Quantum Espresso [37] implementation of the density
functional theory (DFT) in the GGA framework in-
cluding spin-orbit coupling (SOC). The Perdew-Burke-
Ernzerhof (PBE) exchange correlation functional [38] was
used with fully relativistic norm conserving pseudopo-
tentials generated using the optimized norm-conserving
Vanderbilt pseudopotentials as described in Ref. [39].
The 4s, 4p, 4d and 5s electrons of Zr and the 4d, 5s

and 5p electrons of Te were treated as valence electrons.
The plane-wave energy cutoff was taken to be 80 Ry and
a k—point mesh of 11 x 11 x 8 was used to sample the
reducible Brillouin Zone (BZ) used for the self-consistent
calculation. The Fermi surfaces were generated using
a more refined k—point mesh of 40 x 40 x 30. The
Fermi surface sheets were visualized using the XCrysden
software [40]. The angular dependence of the quantum
oscillation frequencies was calculated using the SKEAF
code [41].

III. EXPERIMENTAL RESULTS AND
DISCUSSION

Figures 1(a) and (b) display room temperature XRD
patterns of ZrTes and NiTe, single crystals. Typical crys-
tals are of 5x3x0.2 mm? as shown in the insets. All peaks
can be indexed with a hexagonal structure [space group
P3m1 (164)] suggesting the presence of a single phase in
our samples. In addition, the X-ray diffraction recorded
by mounting a single crystal platelet in Bragg Brentano
geometry showed only peaks with the Miller indices (001)
(1=1, 2, 3,), which implies that the c-axis is perpendic-
ular to the plane of the platelet (i.e. the abplane). From
X-ray single crystal diffraction analyses, we obtained the
lattice parameters, a = 3.9457 A and ¢ = 6.6242 A for
ZrTey and a = 3.8595 A and ¢ = 5.2697 A for NiTe,.
These lattice parameters are consistent with previous re-
ports [17, 42].

Temperature dependence of electrical resistance (R)
for ZrTey and NiTey are presented in Fig. 1(c). R(T)
decreases while lowering temperature showing a typical
metallic behavior. The residual resistance ratios (RRR)
= R(300 K)/R(2 K) are estimated to be ~5 and 25
for ZrTey and NiTey, respectively. To understand the
magnetotransport properties of these materials, we have
measured their resistance under high magnetic fields, as
shown in Fig. 1(d). Both samples show positive magne-
toresistance (MR) with no sign of saturation. The MR of
ZrTey reaches 100% under 35 T, whereas that of NiTe,
reaches 150% under 14 T. It is important to note that
the MR of ZrTe, shows a parabolic behavior while that
of NiTey increases linearly with H. A linear MR in NiTe,
is also observed in an earlier study [17]. In fact, the linear
MR is seen in many topological materials [43—45] and ex-
plained as a distinct spectrum of Landau levels for Dirac
fermions under magnetic fields. Therefore, the obser-
vation of linear MR in NiTey here could be due to the
dominated transport signal from Dirac electrons. MR
for both materials do not show any sign of Shubnikov
de-Haas (SAH) oscillations. So, we moved to torque mea-
surements using the piezoresistive cantilever method.

The magnetic torque is given by 7 = Vuoﬁ X J\_j =
Vo H M sing, where V', pg, and ¢ represent the volume
of the sample, the permeability of the free space, and the
angle between M and H respectively. Assuming ¢ = 90°,
the perpendicular component (M ) of the magnetization
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FIG. 1. XRD, Electrical resistance, and MR. Room-temperature XRD pattern of (a) ZrTe; and (b) NiTe; single crystals
indexed in the P3m1 structures. Insets in (a) & (b): Typical single crystals of ZrTes and NiTe, which are of 8x8x0.2 mm?®

and 3x2x0.3 mm?

, respectively. (¢) R vs T graph for ZrTes and NiTes. R(T) is normalized with the room temperature value.

Resistance for both samples decreases with T showing a typical metallic behavior. (d) MR of ZrTe; and NiTez samples up to
35 T and 14 T, respectively. NiTes shows a linear MR whereas ZrTes has a parabolic dependence with the applied field. There
is no signature of SAH oscillations in MR, for both samples. The dashed-line is a guide to an eye.

with the external field can be determined from the torque
data. Fig. 2(a) and (b) represent the M, vs H data for
ZrTe, and NiTey single crystals, respectively. Two crys-
tals of each material (21 & Z2 from ZrTe,, and N1 & N2
from NiTes) were used for our experiments. All samples
show clear de Haas-van Alphen (dHvA) oscillations at
higher fields above 20 T. We subtracted a smooth poly-
nomial background from the dHvA oscillations data and
performed the fast Fourier transform (FFT) to determine
frequencies of oscillations. The frequency spectra of Z1
(N1) and Z2 (N2) have the same number of frequencies
and also their values are comparable to one another (see
Supplemental Material [36], Fig. S2).

Figures 2(c) and (d) display temperature-dependent

FFT spectra for one of the samples for ZrTe; and NiTes,
respectively. For ZrTes, a major frequency shows up near
F, ~530T. A minor peak near 180 T (indicated by an as-
terisk), which disappears or is not well-defined at higher
temperatures. Therefore, we have not considered it as a
major frequency at this moment. Also, a broad peak near
1000 T (nearly 2F},) is the second harmonics of F,. NiTey
shows three major frequencies at F, ~ 72T, Fjg ~ 425 T,
and FA, ~ 630 T. The peak near 840 T is nearly 2Fg, so
it is the second harmonic of Fj. There exist no quantum
oscillations studies on ZrTe; for comparison. However,
the frequencies observed in NiTe; are comparable with
those reported by C. Xu, et al. [17] and W. Zheng, et
al. [16]. The frequency (F') of quantum oscillations is
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FIG. 2. dHVA oscillations, Fourier transform, and LK fit.Magnetic field dependence of magnetization (M) for (a)
ZrTey (21 & 72) and (b) NiTez (N1 & N2) single crystals at 7' = 0.32 K and 8 = -20°. M for both ZrTe; and NiTes show
clear dHvA oscillations above 20 T. Temperature-dependent frequency spectra for (c¢) ZrTez (Z1) and (d) NiTez (N1). There
is a major frequency in ZrTes, whereas four frequencies are prominent in NiTes. Lifshitz-Kosevich (LK) analyses for (e) ZrTes
and (f) NiTez. Solid curves represent the best-fit curves to the data using the LK formula [Eq.1].

directly proportional to the Fermi wave vector kr as de-
scribed assuming circular extremal orbits in Onsager’s
relation [29, 46] F = h/(2e)k%, where h is the Planck’s
constant and kp is the Fermi wave-vector. Therefore,
the presence of multiple frequencies in ZrTey and NiTeg
implies that there are several Fermi wave vectors corre-
sponding to each frequency and hence they have several
Fermi surface pockets.

As seen in Fig. 2(c) & (d), the FFT amplitude de-
creases gradually at higher temperatures. This behavior
can be explained by the temperature dependant term in
the Lifshitz-Kosevich (LK) formula [46],

AT/H)

AT(T,H) x e_kDm, (1)

with Ap(H) = 2k To and \(T/H) = 25 kem* T
Here, Tp, kg and m™* are the Dingle temperature, Boltz-
mann’s constant, and effective mass of the charge carri-
ers, respectively. In Eq. [1], the first term represents the
attenuation of the oscillations with decreasing field H,
whereas the second term describes the weakening of the
oscillations at higher temperatures. Due to the presence
of multiple frequencies, it is challenging to extract quan-
tum oscillations corresponding to a single frequency from
the raw data. For that reason, we have used temperature

dependent FFT data for determining m* of charge carri-
ers.

Fig. 2(e) and 2(f) show the normalized FFT ampli-
tudes at different temperatures for ZrTe, and NiTes,
respectively. As seen in the graph, the temperature-
dependent FFT data can be explained by the LK formula
[Eq. (1)]. Here, we have used the harmonic mean of in-
verse fields of the FFT interval [32, 47, 48] while carrying
out the LK fit. From the best-fit parameters, we have es-
timated effective masses to be m}, = (0.26 & 0.10)m,, for
Zr'Tes and m% = (0.13 £ 0.11)m,, for NiTeqs, where m,
is the free electron mass. Here, m’é for NiTey is nearly
half of the value reported in recent quantum oscillations
studies [16, 17]. A smaller effective mass of charge car-
riers in NiTey, compared to that in ZrTes, suggests that
the Dirac fermions could be present in NiTes.

From analyses of dHvA oscillations data, it is clear that
there exist multiple Fermi surface pockets both in ZrTes
and NiTes. To determine the topological nature of these
materials, we have calculated the Berry phase (¢) by con-
structing a Landau level (LL) fan diagram [29, 31, 46].
Theoretically, ¢ is 7 for topologically non-trivial and 0
for trivial systems [29]. Due to the presence of multiple
frequencies, it is challenging to separate quantum oscil-
lations corresponding to individual frequencies and then
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FIG. 3. The bandpass filter and LL fan diagram.(a) The dHvA oscillations for ZrTes; at § = -20° and NiTez at at 6 = 20°.
The bandpass filters of (400 - 700) T and (270 - 500) T are used to select oscillations corresponding to Fjz and F,. The black
and red curves represent the raw data and filtered data, respectively. (b) The LL fan diagram for ZrTes (the Fj) and NiTes
(the F,). Minima and maxima of the oscillations are assigned to the (n - 1/4) and (n + 1/4), respectively, for constructing
the LL plot. The error bar for each data point is taken as the half width at half maximum (HWHM) of the respective peak
position. The dashed lines are the linear extrapolations of the data. The inset shows the LL plot in the limit 1/H— 0.

construct a LL fan diagram. Therefore, we have used
the band-pass filter for separating the quantum oscilla-
tions from the raw data [49-52]. Solid red curves in Fig.
3(a) represent the dHVA oscillations of Z2 (F,) and N2
(Fs) separated from the raw data (black curves) using
band-pass filters of (400 - 700) T and (180 - 525) T, re-
spectively.

Fig. 3(b) shows LL fan plots for ZrTe; and NiTes.
Here, we have assigned (n - 1) and (n + 1) for the min-
ima and maxima, respectively [49, 50], where n represents
the LL index. From the linear extrapolation in the limit
1/H — 0 in the LL fan diagram, we have obtained the
intercept close to zero for ZrTey (-0.02 £ 0.02 for Z1 &
-0.12 £ 0.03 for Z2) and 0.5 for NiTey (0.42 + 0.05 for
N1 & 0.45 + 0.05 for N2), which correspond to the ¢
values of ~ 0 and 7, respectively. As ¢ is equal to « for
a topologically non-trivial and zero for a trivial system
[29, 31, 33], our Berry phase analyses suggest that ZrTes
is a trivial system, whereas NiTe, is non-trivial. In addi-
tion, the frequency values (528.6 £ 0.6 T for Z1 & 520.7
+ 1.0 T for Z2) and (402.6 & 1.4 T for N1 & 400.0 + 1.4
T for N2) obtained from the linear extrapolation are in
good agreement with those in the FFT data (Fig. S3 in
Supplemental Material[36]). This strongly suggests that

the band-pass filters still preserve the original signal. As
we mentioned earlier, the linear MR in NiTey [Fig. 1(d)]
and lighter effective mass indicated the presence of Dirac
fermions, and this is further confirmed by its non-trivial
Berry phase value. Our conclusion of non-trivial topol-
ogy in NiTes is in agreement with other recent quantum
oscillations studies [16, 17]. However, ZrTes shows a triv-
ial Berry phase despite of the recent reports [19-21] of its
non-trivial topology. To better understand this, we have
carried out electronic band structure calculations of both
ZrTey and NiTey using the Quantum Espresso [37] im-
plementation of the DFT.

IV. DFT CALCULATIONS
A. Band structure and Fermi surface

Fig. 4 presents the electronic bands and Fermi surface
plots from our DFT calculations for both (Zr, Ni)Tes. As
seen in Fig. 4(a) and (b), both systems host type-II Dirac
dispersion along I'-A direction; however their energy lo-
cation and the behavior of the band dispersion is very
different. The existence of the Dirac crossing is guaran-
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cross the Fermi surface, we have labeled the bands based on their energy. See text for details.

teed by the symmetry of the space group in this family
of materials. Hence, other members of this family like
PtTey, PdTey etc also host such dispersion [53]. How-
ever, the relative position of the Dirac dispersion from
the Fermi level and the nature of the dispersion depends
on the electron count, the orbitals involved in the forma-
tion of the bands, and other microscopic details of the
system.

For the case of ZrTe,, the type-II crossing is at ~ 500
meV from Ep. Moreover, the bands are linear in a very
narrow region of k-space; hence it is highly improbable
to have any non-trivial observable signals due to such
crossing. The scenario is totally different for the case
of NiTes. Our calculations find the Dirac crossing point
to be very close to the Ep (~ 100 meV above Ep) for
NiTeo and the linear Dirac bands can cross the Fermi

level with a very small adjustment. So, it is possible to
have some non-trivial properties. Note that the exact
position of the Dirac crossing depends on the lattice pa-
rameters and on the different implementations of DFT
which was investigated for NiTeq in Ref. [16]. The differ-
ence of few 10s of meV in the energy position of the Dirac
crossing is immaterial for ZrTes but this could have some
implications in NiTes because of its proximity to the Ep.
More importantly, the linear bands are present only in
a very small energy window around Ep. For example, if
the Fermi level is very close to the Dirac point such that
the bands are still linear, one could expect to get a non-
trivial Berry phase associated with the Dirac fermions.
However, the absence of a non-trivial Berry phase seen
in Ref. [16] could be due to the position of the Fermi
level being slightly away from the linear Dirac bands.
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This could happen due to different factors e.g., the sam-
ple being non-stoichiometric, slight changes in the lattice
parameters due to sample growth conditions, etc.

The Fermi surface (FS) plots for (Zr, Ni)Te, are shown
in Fig. 4(c) and (d), respectively. The bands crossing
the Fermi level are labeled in the corresponding band
structure plots. For the case of ZrTes, 3 bands cross
Ep; bands 1 and 2 form hole-like FS at the zone cen-
ter (I-point) whereas band 3 gives electron-like FS at
the zone boundary around the L high symmetry point.
The shapes of the FS from band 1 and band 3 are el-
liptical whereas band 2 forms a “gear-box” like shape
containing the “gear” and the “gear-shaft”. The FS of
NiTes looks more complicated than that of ZrTe; as more
bands cross Er in this case and the F'S covers almost the
entire Brillouin zone volume. Despite this huge differ-
ence, one could still draw some parallels between the two
FS. For example, both crystals have topologically simi-
lar T-centered hole pockets (bands 1 and 2) with NiTeq
displaying more 3D FS character suggests that the sys-
tem is strongly bonded along the out of the plane direc-
tion [54]. Also, both systems have electron pockets at
the zone boundary, L for ZrTey; and K for NiTe,. The
major difference is the presence of a ring-like electron FS
sheet along the zone boundary in NiTes which is absent
in ZrTes. Such feature is reminiscent of the electron FS
feature seen in the sister compounds of NiTey like (Pt,
Pd)Tes.

B. Comparison with Quantum Oscillation
Experiment

In Fig. 5, we present the comparison between the ex-
perimental and calculated angular dependence of the cal-
culated Fermi surface (FS) area for ZrTe;. The Onsager
relationship [55] was used to convert the theoretical FS
cross-sectional areas into oscillatory frequencies to com-
pare with the experimental values. Here, the value of
the angle in the z-axis refers to the angle between the
crystallographic ¢ and the a-axes where angle of 0° cor-
responds to H || c- axis and 90° corresponds to H || a-
axis. Fig. 5(a) presents the experimental data, whereas
Fig. 5(b) calculated angular dependence of the Fermi sur-
face when the Fermi level is set to value obtained from
the self-consistent DFT calculation. As seen in these
plots, our calculation predicts that there are 4 distinct
frequencies when H || c-axis. 3 of the 4 frequencies are
comparable and below 1000 T. They originate from the
elliptical pockets at I and L-point (band 1 and band 3
respectively) and the T'-centered cylindrical “gear-shaft”
from band 2. However, there is also a large frequency of
3000 T which comes from “gear”-like feature from band
2.

In comparison with the experimental angular depen-
dence in Fig. 5(a), we find that there are discrepancies
between the experimental and the calculated FS areas.
The major difference is that the experiment reports just
one FS frequency, especially the higher frequencies (>
600 T) which correspond to the electron pocket and the



“gear” hole pocket are missing in the experiment. How-
ever, it is not uncommon in quantum oscillation exper-
iments to miss these higher frequencies [56]. By exam-
ining the angular dependence of the experimental fre-
quency, it looks like F,, arises from the elliptical pocket
of band 1. However, these calculated frequencies are al-
most twice as large. In order to get a better comparison,
we moved the position of the Fermi level upwards. Such
movement, though adhoc, corresponds to the doping ef-
fect as there is always an ambiguity in the experimental
Fermi level. When the Fermi level is shifted upwards,
the size of the hole pockets decreases but that of the
electron pockets increases. Such shift of the Fermi level
is in fact consistent with the observation of ARPES [19]
which shows smaller hole pockets compared to the calcu-
lated one. An upwards shift of the Fermi level by ~50
meV gave a reasonable comparison with the experiment
as seen in Fig. 5(c).

For the angular dependence of NiTes, we refer the
reader to Ref. 16 where one of the co-authors of this
work was involved in a detailed study and comparison of
the calculated FS area with the experimental measure-
ment. The experimental angular dependence presented
in this work (see Supplemental Material [36], Fig. S3)
is consistent with the results presented in Ref. [16] with
some subtle differences. The reason for such difference
could be the weak dependence of the band energies and
the hence the FS area on the exact position of the Fermi
level which could be different from sample to sample de-
pending on the growth condition and other experimental
factors.

V. SUMMARY

In this work, we have grown high-quality single crys-
tals of (Ni, Zr)Tes and studied their electronic proper-
ties using the transport, magnetic torque, and ab initio
DFT calculations methods. The crystallinity and stoi-
chiometry of the samples were confirmed by the XRD and
EDAX measurements. The temperature dependence of
resistivity for both ZrTey and NiTes; show good metallic
behavior. In order to explore the Fermi surface proper-
ties, we have carried out MR and magnetic torque mea-
surements under high fields up to 35 T. Both materi-
als do not show any sign of quantum oscillations in MR,
however, clear and well-defined dHvA oscillations are ob-

served in their magnetization vs H data. There are a
major frequency near 530 T for ZrTes and three frequen-
cies (72 T, 425 T, and 630 T) for NiTey. Temperature
and field dependence of dHvA oscillations data are anal-
ysed using the LK formula and several physical quantities
characterizing the Fermi surface were calculated for both
materials. Quite intriguingly, from our Berry phase anal-
yses, we have found a trivial topology for ZrTes (¢ ~ 0)
and non-trivial for NiTey (¢ ~ ) although both mate-
rials are predicted to be the Dirac semimetals in recent
theoretical and experimental studies. The lighter effec-
tive mass and linear magnetoresistance further confirm
the presence of Dirac fermions in NiTe,.

For further investigation, we also carried out the elec-
tronic band structure and Fermi surfaces calculations
using DFT. We find that while both systems host type-I1
Dirac dispersion along the I'-A direction, the nature of
the Dirac dispersion and its position from the Fermi
level is different between the two. The Dirac cone in
NiTe, is closer to the Ep (~ 100 meV above) as a result
of which the Dirac electrons have a dominant effect on
transport properties. Whereas, in ZrTey, the Dirac cone
is far from Fr (~ 500 meV above); hence, the transport
properties are mainly dominated by electrons from the
quadratic bands. In addition, the angular dependence
of the dHvA oscillation frequencies are consistent with
those calculated by the DFT calculations. This work
demonstrates that proximity of the Dirac cone to Ep
in topological materials is necessary for Dirac electrons
to have a dominant effect on their transport properties,
and therefore, their technological uses.
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