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Topological quantum materials, which feature nontrivial band topology, have been one of the most attractive
research topics in condensed-matter physics in recent decades. The low-dimensional topologically nontrivial
materials are especially appealing due to the rich implications for topological physics and the potential appli-
cations in next-generation spintronic devices. Here, we report the crystal growth, anisotropic magnetotransport,
Hall effect, and quantum de Haas—van Alphen (dHvA) oscillations of a quasi-one-dimensional ternary telluride
NbNiTes. The pronounced dHvA oscillations under H || b reveal three major oscillation frequencies F, =
136.41T, Fg = 240.34 T, and F, = 708.03 T and the associated light effective masses of charge carriers. From
the angular dependence of dHVA oscillations, we have revealed the identified frequencies exhibit anisotropic
character, all of which arise from the holelike Fermi surface sheets formed by band 1 (F, and F) and band 2
(F,,) by comparing with the Fermi surface calculations. First-principles calculations demonstrate that NbNiTes
is a candidate of multiple topological material. In addition to the nonsymmorphic symmetry-protected nodal
lines and band inversion (anticrossing) induced topological surface states, a ladder of topological gaps with the
coexistence of strong and weak topology and a series of induced topological surface states are also identified.

DOI: 10.1103/PhysRevB.107.195124

I. INTRODUCTION

The field of new topological semimetals (TSMs), i.e.,
Dirac semimetals (DSMs), Weyl semimetals (WSMs), nodal-
line semimetals (NLSMs), and nodal-surface semimetals
(NSSMs), has been blossoming ever since the classification
of materials based on symmetry and topology has been ex-
tended from insulators to metals or semimetals [1,2]. When
the symmetry-protected crossing or touching of conduction
and valence bands of semimetals can be characterized by a
topological invariant [3], the semimetals are referred to as
TSMs [4]. In DSMs and WSMs, two doubly or singly degen-
erate bands cross each other at discrete zero-dimensional (0D)
nodal points and form a fourfold Dirac point or a twofold Weyl
point [5-9]. In NLSMs, fourfold or twofold crossings extend
along 1D lines, or closed loops, or even chains in momentum
space [10,11], in contrast with discrete nodal points in conven-
tional DSMs or WSMs. The Dirac or Weyl fermions in those
topological materials could manifest themselves in many ex-
otic quantum phenomena such as high carrier mobility [12],
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unusual magnetic transport behaviors [13—15], and nontrivial
quantum oscillations [16,17], etc., paving the way for vast
material functionalities and applications in future devices and
technologies.

A Dirac nodal-line state that is robust against spin-orbit
coupling (SOC) usually occurs in 3D or at least 2D sys-
tems [11,18] and is rarely identified in quasi-1D materials,
i.e., 2D systems with in-plane anisotropy [19], because addi-
tional crystalline symmetries (e.g., mirror or nonsymmorphic
symmetry) are required to protect an extended linelike band
crossing [20,21]. Recently, we discovered evidence of non-
trivial topological metallic phases via a combination of an
experimental study and first-principles calculations in low-
dimensional ternary tellurides TaTMTes (TM = Pd,Ni,Pt)
[22-24], the 2D atomic layer of which is composed of al-
ternating quasi-1D TMTe, and TaTes; chains. Later, Hao
et al. reported the realization of multiple Dirac nodal lines
robust against SOC with fourfold degeneracy in TaNiTes
by angle-resolved photoemission spectroscopy (ARPES) as
a result of the interplay between structural anisotropy and
nonsymmorphic symmetry therein [19]. By means of ARPES
measurements, we subsequently observed multiple Dirac-like
nodal lines at the Brillouin zone boundary of TaPtTes [25].
After theoretical analysis, we also concluded that the nodal
lines along the Y-T path and connecting the R points are
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robust against SOC and protected by nonsymmorphic symme-
try. More interestingly, ferroelectric-like polarization together
with novel surface states on the surface of TaNiTes are ob-
served by combining ARPES, scanning tunneling microscopy,
and piezoresponse force microscopy measurements [26].
Very recently, the coexistence of strong and weak topologi-
cal orders was unambiguously revealed in TaNiTes through
high-resolution ARPES and spin-resolved ARPES combined
with theoretical calculations [27]. All of these breakthroughs
demonstrate this class of low-dimensional materials to be an
interesting platform to investigate the novel quantum states of
matter and their coexistence, especially the relation between
low-dimensional structure and topological physics.

In view of the rich physical properties among quasi-1D
ternary tellurides TaT MTes (TM = Pd,Ni,Pt), it is intrigu-
ing to explore the novel quantum states in the isostructural
Nb-based homologue NbNiTes, which was first synthesized
in 1987, and the physical properties of which are already
known to be very limited, i.e., it is merely a good metal with
Pauli paramagnetism [28]. In this work, we report the crystal
growth of large-size NbNiTes crystals via a self-flux method
and their physical properties via comprehensive transport and
magnetic measurements. The de Haas—van Alphen (dHvA)
oscillations with the field applied along the normal-to-layer
direction reveal three relatively light effective masses of the
carriers. From the angle-dependent dHvVA oscillations, we
also reveal that the identified frequencies exhibit anisotropic
characters. Our first-principles calculations not only suggest
nontrivial band topology in NbNiTes, which is in a robust
Dirac nodal-line phase like TaT MTes (TM = Ni,Pt) [19,25],
but they also show good consistency with the experimental
data. Importantly, our results also identify a ladder of topo-
logical gaps with the coexistence of strong and weak topology
and a series of induced topological surface states, in addition
to the robust nodal lines protected by nonsymmorphic symme-
try and topological surface states induced by band inversion
(anticrossing).

II. EXPERIMENTAL METHODS

A. Sample synthesis

High-quality NbNiTes single crystals were grown using a
Te self-flux method [22-24,29]. The starting materials nio-
bium (Nb, 99.95%) powder, nickel (Ni, 99.99%) powder, and
tellurium (Te, 99.99%) powder were weighed in a molar ratio
of Nb: Ni:Te=1:1:9. The mixture was put into an
alumina crucible, which was then loaded in a quartz ampoule.
All the procedures mentioned above were carried out in a
glove box filled with highly pure argon gas (O, and H,O <
0.1 ppm). Subsequently, the quartz ampoule was removed
from the argon glove box, evacuated with a rotary pump,
and sealed under a vacuum condition. It was sequentially
heated up to 1173 K and held for 6 h, slowly cooled down
to 923 K over the course of 5 days, and finally centrifuged
to separate the crystals from the excess Te. The air-stable
single crystals with a shiny gray-black flattened needle-like
shape were finally obtained. The size of the as-grown crystals
is up to 4 x 2 x 0.3 mm?, typical for this method, but very
uncommon for crystals of quasi-1D tellurides [see the pho-
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FIG. 1. (a) The crystallographic structure of NbNiTes; with an
orthorhombic unit cell viewed perspectively along the a axis.
(b) Single-crystal x-ray diffraction pattern at room temperature. The
right inset enlarges the second reflection in the x-ray diffraction
pattern. The left inset is a photograph of the as-grown NbNiTes
crystals on a millimeter paper. (c) Temperature dependence of the
electrical resistivity p,, p., and p, with the current applied along
three crystallographic directions. The dotted red lines correspond
to the fits to the BG equation above 50 K. The insets enlarge the
low-T dependence of p,, p., and p, below 50 K, all of which can
be fitted using a power-law dependence 7* (the solid orange lines).
(d) Temperature dependence of the resistivity anisotropy p./p, (left
axis) and p,/p, (right axis).

tographic image shown in the left inset of Fig. 1(b)], which
enables the as-grown crystals suitable for various physical
property measurements.

B. Structure and composition determination

X-ray diffraction (XRD) data acquisition was performed at
room temperature with monochromatic Cu K1 radiation us-
ing a PANalytical x-ray diffractometer (Model EMPYREAN)
radiation by a conventional §-26 scan for a crystal mounted
on the sample holder. Energy-dispersive x-ray spectroscopy
(EDS) was carried out using the Hitachi S-3400 instrument
to get the chemical composition of the as-grown crystals.
EDS analysis was performed on the fresh surface of the
selected crystals, which gives the average composition of
Nb;.02Nip g5Tes 00, very close to the stoichiometric NbNiTes.
The detailed EDS results are tabulated in Table S1 of the sup-
plemental material (SM) [30]. We plotted the crystal structure
with the software VESTA [31].

C. Physical property measurements

The (magneto)transport measurements, including resistiv-
ity and Hall effect measurements, were performed in the
Physical Property Measurement System (PPMS-9, Quantum
Design) with the standard four-probe method. The Hall-
effect measurement was performed by reversing the field
direction. A small field-symmetric component due to mis-
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aligned electrodes was subtracted from the Hall data. The Hall
data are shown in Fig. S1 of the SM with the related discussion
included. Magnetic susceptibility was measured on a 7 T
magnetic property measurement system (MPMS-7, Quantum
Design). The angular dependence of dHVA oscillations was
measured using a homemade sample holder.

D. Band-structure calculations

The theoretical electronic structures of NbNiTes were ob-
tained by employing relativistic first-principles calculations
based on density-functional theory (DFT) as implemented in
the QUANTUM ESPRESSO code [32]. The exchange correla-
tion potential energy was approximated by the generalized
gradient approximation (GGA) using the PBE functionals
[33]. The plane-wave kinetic cutoff energy was set to be
80 Ry. The Brillouin zone was sampled with a k mesh of
14 x 4 x 8 for self-consistent calculations, and 51 x 21 x 31
for the calculations of three-dimensional Fermi surfaces. The
extremal-orbit quantum oscillation frequencies were extracted
from the calculated Fermi surfaces using the Supercell K-
space Extremal Area Finder (SKEAF) code [34]. To obtain the
surface-state spectrum, a first-principles tight-binding model
Hamilton based on maximally localized Wannier functions
was constructed by fitting the DFT band structures using
WANNIER90 code [35]. The Nb — d orbital, Ni — d orbital,
and Te — p orbital were used for the initial projection. The
surface-state spectra of NbNiTes were calculated using the
Green-function method as implemented in the WANNIER-
TooLs package [36].

III. RESULTS AND DISCUSSION

As reported in Ref. [28], NbNiTes crystallizes in the
space group Cmcm with the following lattice parameters: a =
3.656A,b=13.075A,c=15.111 A, anda = B = y = 90°
(at 123 K), isostructural with TaT MTes (T M = Pd,Ni,Pt).
The eclipsed stacking of the 2D atomic layer along the b
axis through van der Waals interactions constitutes the crystal
structure of NbNiTes, as displayed in Fig. 1(a). The layered
slab is composed of two alternating unique 1D chains, i.e.,
NbTe; and NiTe,, that run parallel to the a axis. Thus, its
crystal morphology (a needlelike shape with a cleavable flat
surface perpendicular to the b axis) as shown in the left inset of
Fig. 1(b) fully reflects its structural characteristics. The XRD
pattern of the crystals with the layered facet lying on the sam-
ple holder at room temperature is shown in Fig. 1(b). A set of
observed diffraction peaks can be well indexed with the (02/0)
peaks, which suggests the crystallographic b axis is perfectly
perpendicular to the layered facet of the crystal. The interpla-
nar spacing can be calculated to be 6.559 A, very close to half
of the reported lattice parameter b (b/2 = 6.538 A). The full
width at half-maximum of the diffraction is extremely small,
e.g., only 0.025° for the (040) peak, indicating the high quality
of our crystals. Figure 1(c) shows the temperature (7') depen-
dence of electrical resistivity along three crystallographic axes
at zero magnetic field. All three of the resistivities p,, o, and
pp almost follow a linear-7 dependence from 300 to 50 K and
cross over to a power-law dependence below 50 K. The inset
of Fig. 1(c) displays the enlarged view below 50 K, with the

fitting curves to the formula p(T) = py + AT*. The power
« is fitted to be 2.13, 2.16, and 2.11 for p,, p., and pp. A
nearly quadratic 7 dependence suggests the electron-electron
scattering dominates in the low-7 region. In the high-T region
(e.g., T > 50K), the quasilinear 7 dependence is usually
ascribed to dominant electron-phonon scattering, which can
be further modeled with the Bloch-Griineisen (BG) formula
[37]:

T\5 % X
s=m+a(g) [ ammamemt O

where pg, A, and ®p are the residual resistivity, electron-
phonon interaction constant, and Debye temperature, re-
spectively. As shown by the red dotted lines in Fig. 1(c),
this equation fits the experimental data well from 50 to
300 K, indicating the dominance of electron-phonon interac-
tion at this temperature range. The fitting yields py = 2.20 +
0.01 u2cm, A =0.12 £ 0.01 mQcm, ®p =237 £ 2 K
for p,, po = 6.00£0.01 uQcm, A =0.21 = 0.0l mQcm,
®p =212 £ 2 K for p., and py = 0.082 £ 0.001 u2 cm,
A =3.85+0.02mQcm, ®p = 229 + 2 K for p,,. The similar
T-dependent behavior of p,, p., and p; is also reflected by
the almost unchanged anisotropic resistivity p./p0, and pp/pq4
with the temperature as shown in Fig. 1(d). Meanwhile, the
quasi-1D transport behaviors are clearly manifested by p, : p.
cpp=1:24:353at2K,and 1:1.9:33.4at300 K.
Figures 2(a)-2(c) display the 7-dependent transverse
magnetoresistance (MR) under different current and field-
direction configurations below 50 K. Upon increasing the field
from 0 to 9 T, the T-dependent MR of p, and p, behaves
similarly, while that of p, is obviously different. When the
applied field is ramped to 5 T and above, we can observe that
the MR of p. abnormally increases with decreasing tempera-
ture, resulting in a MR minimum at a “turn on” temperature
T*, and finally saturates to a plateau at low temperatures. The
inset of Fig. 2(b) shows the evolution of T* versus poH,
indicating T* increases linearly with increasing the mag-
netic field at a rate of 3.9 K/T. Such a temperature behavior
with a comparable rate is also observed in its Ta-based ho-
mologs TaT MTes (TM = Pd,Ni,Pt) [22-24] and some other
topological semimetals such as WTe, [38] and TaSb, [39].
The magnetic-field-driven resistivity upturn followed by a
resistivity plateau has been taken as a transport signature
of conducting surface states, due to the Landau level quan-
tization of relativistic Dirac electrons [40,41]. Besides, this
behavior may not be indicative of a metal-insulator transition,
but it may appear in trivial materials with a small residual
resistivity, high mobilities, and low charge-carrier density
obeying Kohler’s rule in a magnetic field [42]. Following the
conventional definition, we present the field-dependent MR
as [p(uoH) — p(0T)]/p(0T) in Figs. 2(d)-2(f). As seen,
Ap:/p-(0 T) is the most pronounced and reaches 208.0% at
9 T and 2 K, which is nearly five times that of Ap,/0,(0 T)
(42.9%) and over nine times that of Ap,/p,(0 T) (22.5%).
The anisotropic transport properties indicate its anisotropic
Fermi surfaces and the associated classical transport lifetime,
reflecting the anisotropic electronic properties in this quasi-
1D NbNiTes. In addition, the interchain Ap./p.(0 T) and
App/pp(0 T) show a similar field dependence, and both of
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FIG. 2. Temperature dependence of p, (a), p. (b), and p, (c) with the magnetic fields parallel to the b-axis, b-axis, and c-axis, respectively,
up to 9 T below 50 K. The red arrows in (b) denote the temperature 7*. The inset shows the field-dependent 7*. The MR for p, (d), p. (e), and
pp (f) at several selected temperatures below 100 K. The blue dashed lines are the fits (see main text). Kohler’s scaling for p, (g), p. (h), and

pp (1) at the corresponding temperatures.

them at 2 K can be well fitted to a single power law o« H®
with o = 1.65 and 1.45, while the field evolution of inter-
chain Ap,/p,(0 T) shows a striking contrast, i.e., a seemingly
quadratic field dependence in low field, but it crosses over
to a quite linear dependence in higher field, especially at
low temperatures. This behavior is also observed in its sister
compound TaPdTes [22], the origin of which remains contro-
versial and deserves further investigations. Figures 2(g)-2(i)
show Kohler’s plots for the three configurations, from which
we can find Kohler’s rule is basically obeyed over a large
temperature range for all.

In Fig. 3(a), we present the isothermal out-of-layer H || b
magnetization of a NbNiTes single crystal measured up to
7 T at 1.8 K (the data at several other temperatures be-
low 14 K are not shown here for clarity), which exhibits
pronounced dHvA oscillations superimposed on a diamag-
netic background. After removing a third-order polynomial
background, the oscillations, which extend to a field ~2T
at 1.8 K and can sustain up to 14 K, become much more
visible as displayed in Fig. 3(b). The fast Fourier transform
(FFT) analysis of the oscillatory components reveals three
oscillation frequencies F, = 136.41T, Fp = 240.34T, and

F, =708.03T, as shown in Fig. 3(c). The obtained frequen-
cies indicate the existence of three extreme cross-sectional
Fermi areas perpendicular to the b axis. Using the Onsager
relation F = 451;2 [43], where S is the extreme cross-sectional
Fermi area perpendicular to the applied magnetic field and £ is
the Planck constant, we can calculate S, = 12.99 x 1073 A2,
Sp=22.89 x 107 A2, and S, = 67.43 x 1073 A~2 for the
three frequencies. By assuming a circular cross section, we
can further estimate the Fermi wave vector kg by the relation

kp = \/g using the obtained S. The corresponding S and kp

for three different pockets are listed in Table I, where the
related parameters of its sister compound TaNiTes are also
included as a comparison.

In general, the oscillatory magnetization can be de-
scribed using the 3D Lifshitz-Kosevich (LK) formula [43],
which takes the Berry phase into account for a Dirac
system [44]:

F
AM —RTRDRS sin |:27T (E — =+ — - 8):|’ (2)
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are illustrated in the inset.

_ 272 kgm* T/ hepo H _ 2 *
where Ryt = b kg T et} Rp = exp(2r kg Tpm* /i

eoH), and Rg = cos(wgm*/2m,) are the thermal damping
factor, Dingle damping term, and a spin-related damping
term, respectively. m* is the effective mass, Tp is the Dingle
temperature, and g is the Berry phase. The oscillation of
AM is described by the sine term with the phase factor
—% + 42 — 8. The additional phase shift § is determined by
the dimensionality of the Fermi surface, and it is equal to 0
for a 2D Fermi surface and & 1/8 for a 3D Fermi surface.
For the 3D case, the sign of § depends on whether the probed
S is minimal (4) or maximal (—) [45]. The T-dependent
oscillation magnitude for all of the frequencies is shown in

Fig. 3(d), and it is fitted using Rt with the fitting parameter
m* for each orbit: m} = 0.12(9)m,, mz = 0.12(5)m,, and
mj = 0.24(0)m, (m, is the bare electron mass). The small
values of m* imply the presence of relativistic charge carriers.
With the fixed parameters of three effective masses and
oscillation frequencies, the oscillation pattern at 1.8 K can
be nicely fitted using the above LK formula, as shown in
Fig. 3(e). The inset plots the extracted single-frequency
oscillatory signals separately for clarity. The extracted
Ding temperature 7p and the quantum relaxation time T,
obtained by the relation 7, = /i/(27kgTp), together with the
corresponding m*, are also listed in Table I. The quantum

TABLE 1. Parameters extracted from dHvA oscillations of a NbNiTes single crystal for three Fermi pockets. The parameters of TaNiTes

are also included as a comparison [23]. Here, F is the frequency in the

FFT spectra, S is the extremal Fermi-surface cross-sectional area from

the Onsager relation, k is the Fermi wave vector, m* and m, are the effective electron mass and the bare electron mass, respectively, Tp is the

Dingle temperature, and 7, is the quantum lifetime.

dHVA(B || b) NbNiTes TaNiTes

Parameters o B y 1 2 3 4
F (T) 136.41 240.34 708.03 56 163 231 763
51073 A2 12.99 22.89 67.43 53.30 15.52 22.00 72.67
ke (1072 A7) 6.43 8.54 14.65 13.03 7.03 8.37 15.21
m*/m, 0.129 0.125 0.240 0.169 0.173 0.180 0.295
Tp (K) 8.48 23.16 8.12 5.26 597 7.17 6.34
7, (1071%5) 1.43 0.53 1.50 2.31 2.04 1.70 1.92
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mobility p, = et /m* for the three pockets is estimated to
be 1947 cm®> V~'s7! (F,), 745 cm?> V57! (Fg), and 1098
cm? V~!s7! (F,), respectively.

The derived ¢p are 1.027, 0.757, and 1.277 (F,); 0.547,
0.297, and 0.797 (Fg); and 0.997, 0.747, and 1.247 (F;,) for
8 =0, —1/8, and 1/8, respectively. Figure 3(f) presents the
Landau level (LL) fan diagram for the three Fermi pockets
[45], in an attempt to further evaluate the Berry phase. The
minima of the dHVA oscillations are assigned as n — 1/4 (n
denotes the integer LL indices). From the linear extrapolation
in the fan diagram as shown in the inset of Fig. 3(f), three
intercepts ngy are 0.51 for F;, 0.26 for Fg, and 0.52 for F,.
From the values of these intercepts, the estimated Berry phase
@p = 2m(ng + 8)is 1.027 for Fy, 0.527 for Fg, and 1.047 for
F,. Moreover, the slopes of the LL fan diagram are 136.42,
240.37, and 707.87 T for the F,, Fg, and F, bands, respec-
tively. Therefore, all of these results are in excellent agreement
with the results identified through the FFT analysis, demon-
strating the validity of our analysis in NbNiTes. It is worth
noting that a finite Berry phase, especially close to 7, although
usually used as evidence for topological nontrivial bands in
the literature, may not be indicative of anything intrinsic to
a 3D-Dirac Fermi surface but rather solely a consequence of
time-reversal symmetry [46].

To clarify the morphology of the Fermi surface in
NbNiTes, we performed angle-dependent quantum oscillation
measurements with the magnetic field rotated from the b axis
(H || b) to the c axis (H || ¢). After subtracting the polynomial
background, the oscillation component, as shown in Fig. 4(a),
displays a clear evolution of the angle 6, defined as the angle
between the field direction and the b axis. The oscillation
amplitude is suppressed gradually with increasing the tilted
angle as a whole. Especially for 60° < 6 < 80°, no trace of
oscillatory component can be observed. The resultant FFT
spectra for different angles are illustrated in Fig. 4(b). The
oscillation frequencies F, and F smoothly grow as the field is
tilted towards H || ¢, and disappear for 8 > 50° and 6 > 60°,
respectively, whereas the high-frequency component F, is
only distinguishable for H || . There is one more frequency
Fs detected only at & = 90° in the FFT spectra. In Fig. 4(c), we
summarize the angle dependence of each frequencies. To gain
more quantitative information on the Fermi surface associated
with the F, and Fg bands, we have fitted 0-dependent data
F,(0) and Fg(0) to the formula F = F3p + Fyp/cosé for F,
and Fg, in which F,p and F3p denote the weight of 2D and 3D
components. It is found that this formula can satisfactorily de-
scribe the data. For the F, band, the relative weight F>p/F3p is
~17.3, indicating the significant 2D character, while F>p/Fp is
~1.1 for the F3 band, suggesting the dimensionality between
2D and 3D.

To obtain a comprehensive understanding of the physical
properties of NbNiTes, DFT calculations were employed to
calculate the electronic structures of NbNiTes. In Figs. 5(a)—
5(e), we show the 3D Fermi surfaces of the five bands that
cross the Fermi level, from which we can explore the origins
of the dHVA oscillations experimentally observed. When the
external field is applied along the principal axis, it is easy to
find some external orbits that contribute to the dHvA oscilla-
tions, e.g., the orbits H;, H, of band 1, H3 of band 2, and E; of
band 5 to a field along the b axis, and the orbits Hy4, Hs of band
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FIG. 4. Fermi surface morphology of NbNiTes. (a) The mag-
netization oscillations after subtracting the polynomial background
at different angles (T = 1.8 K). Data at different field orientations
have been shifted for clarity. Angle 6 = 0° (90°) corresponds to
H || b-axis (c-axis). The measurement setup is plotted in the inset.
(b) The corresponding FFT spectra at different angles. (c) The angu-
lar dependence of the oscillation frequencies. The green lines are fits
to F = F3p + Fop/cosé for F, and Fg. (d) The calculated and experi-
mental angular dependence of dHVA frequencies. The open symbols
are data based on the theoretical calculation, and the calculated data
are plotted with the same color as the corresponding experimental
data.

1 to a field along the ¢ axis. As the external field gradually de-
viates from the principal axis, these orbits change accordingly
before finally disappearing. To identify the origins of these
oscillations, we calculate all possible 6-dependent extremal-
orbit dHVA frequencies below F < 1000 T from the 3D Fermi
surfaces, which are plotted in Fig. 4(d) with the experimental
data included. It is straightforward to associate all three of the
experimental frequencies F,, Fg, and F, to the hole pockets
H;, H,, and Hj, respectively. The evolutions of F, and Fp
with 6 show a perfect match with the calculations, whereas
the frequency F), vanishes upon field rotation towards H || c,
inconsistent with the calculation results. The theoretically
predicted Hy, Hs, Hg¢ are also unobservable in our experi-
mental data. The above-mentioned discrepancy can be due
to distinctive characters (either a heavier effective mass or
shorter scattering rate) of these bands resulting in a weaker,
thus undistinguishable dHvA oscillation amplitude. Lower
temperatures and higher magnetic fields might enable their
observation. The frequency Fj, only observable at 6 = 90°,
is not properly reproduced in the calculations.

Figures 5(g) and 5(h) show the calculated bulk bands with-
out and with including SOC, respectively. Similar to TaPtTes,
the bands on the plane Z-T-E-R-A (k3 = & plane) form Dirac
nodal surfaces [25]. By comparing Figs. 5(g) and 5(h), it is
obvious that the inclusion of SOC splits the bands on the
plane Z-T-E-R-A except for path Z-T. That is, SOC breaks the
nodal surfaces on the plane Z-T-E-R-A, but the topologically
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FIG. 5. (a)—(e) 3D Fermi surfaces of the bands 1-5 specified in (h) in the presence of SOC. The orbits HI-H6 and E1 in (a), (b), and (e)
denote the pockets that contribute to the dHVA oscillations when the external field is applied along the direction from principal axes b to c. H
represents the hole pocket, while E denotes the electron pocket. (f) Bulk Brillouin zone with high symmetric points labeled. (g),(h) Calculated
band structures of NbNiTes along high symmetric paths (g) without considering SOC and (h) with considering SOC. The black arrows in (h)
indicate the topologically nontrivial Dirac nodal lines surviving against SOC.

nontrivial Dirac nodal lines on path Z-T survive against SOC,
which are indicated by the black arrows in Fig. 5(h). The
surviving nodal lines are protected by the nonsymmorphic
symmetries in NbNiTes, which are also the common nature in
TaTMTes (TM = Ni, Pt) and originate from the cooperation
between nonsymmorphic symmetry and structural anisotropy
[19,25]. There are three continuous energy gaps (denoted with
gap 1-3) across the Fermi level, as shown in Fig. 5(h). To
identify the topological properties, we also calculated the bulk
Z, topological indices (vy; vivav3) of these gaps based on
the Wilson loop calculations (see Figs. S2—-S4 of the SM for
details). The bulk Z, topological numbers of these three
gaps are (1;010), (0;010), and (0;010), respectively, indicating
strong topology of gap 1 and weak topology of gaps 2 and
3. These gaps form a ladder of topological gaps with the
coexistence of strong and weak topology, similar to that in
monolayer PtBi, [47].

The bulk-boundary correspondence guarantees that the
topological gap could induce a robust surface state on the
sample surface. We choose three cleaved surfaces for studies:
the top surface and two side surfaces A and B as denoted
in Fig. 6(b). The top surface is easiest to obtain by cleaving
between layers. The two side surfaces are perpendicular to
the ¢ axis and can be obtained by cleaving between Te-Te
bonds. They are both Te-atom terminated but are different
surfaces because of the different kinds of atoms underneath.

Figures 6(c), 6(e), and 6(g) show the calculated surface spec-
tra of these three surfaces, respectively, which contain contri-
butions of both bulk and surface states, and the corresponding
spin-resolved surface spectra are illustrated in Figs. 6(d), 6(f),
and 6(h), respectively. By comparing the spin-integrated sur-
face spectra, spin-resolved surface spectra, and the surface
spectrum of only the bulk states as shown in Figs. 6(i) and
6(j), a series of topological surface states can be identified, as
labeled by SS1-SS6 in Figs. 6(c)—-6(h). SS1 on the top surface
and SS2, SS3 on the side surface are the different projections
of the topological surface state originated from the strong
topology of gap 1. SS2 sits entirely in the gap and is clearly
distinguished, while SS1 and SS3 sit close to the boundary of
the bulk state but still can be distinguished with the assistance
of the spin-resolved spectrum. SS4—6 are not originated from
the topology of the gaps 1-3, but are the different projections
of the topological surface state originated from the band in-
version (anticrossing) between band 1 and band 2 on path Y-T'
[Fig. 5(h)], which is similar to that reported in TaNiTes [27].
The weak topology of energy gap 3 also yields topological
surface states, which are shown in Fig. S5 of the SM.

IV. SUMMARY

In summary, we have carried out comprehensive studies
on the physical properties of the quasi-1D ternary telluride
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FIG. 6. Nontrivial surface states in NbNiTes. (a) Bulk Brillouin zone (black lines) and the projected surface Brillouin zones, with the light
blue one for the surface perpendicular to b and the light green one for that perpendicular to c. (b) Crystal structure of NbNiTes with three
cleaved surfaces indicated by the black arrows. The top surface, parallel to NbNiTes layers, is the most easily obtained surface. The side
surfaces that we consider are perpendicular to the ¢ axis, and they can be obtained by cleaving between Te-Te bonds, which both terminate
with Te atoms but still have two types. (c) Calculated surface spectrum of both bulk and surface states along T-I'-T on the top surface.
(d) Spin-resolved surface spectrum corresponding to (c). (e),(f) Same as (c),(d) but along T'-¥-T" on the side surface A. (g),(h) Same as (e),(f)
but on the side surface B. (i) Calculated surface spectrum of only the bulk states along T-T'-T on the top surface. (j) Same as (i) but on the side

surface A or B.

NbNiTes. Our results clearly reveal its anisotropic trans-
port properties due to its quasi-1D crystal structure. By
the analysis of quantum dHvA oscillations, we identified
three oscillation frequencies, all of which should originate
from the Fermi surface composed of the nodal-line bands
based on first-principles calculations, in common with its
analogs TaT MTes. We associated the identified frequencies
with the two small hole pockets H; and H, and the large
hole pockets Hj in qualitative comparison with the calculated
bands. Our first-principles calculations demonstrate NbNiTes
is a candidate of multiple topological material. Besides the

nonsymmorphic symmetry-protected nodal lines and band in-
version (anticrossing) induced topological surface states that
have been reported in TaPtTes [25] and TaNiTes [27], a ladder
of topological gaps with a coexistence of strong and weak
topology and a series of induced topological surface states
are identified. More experiments, such as ARPES and scan-
ning tunneling microscopy/spectroscopy measurements, are
highly desirable to probe the nontrivial surface and bulk states
proposed in this study. Quasi-1D NbNiTes, highly feasible by
mechanical exfoliation, provides another platform for investi-
gations of low-dimensional topological physics.
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