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Topological materials have broad application prospects in quantum computing and spintronic devices.
Among them, dual topological materials with low dimensionality provide an excellent platform for
manipulating various topological states and generating highly conductive spin currents. However, direct
observation of their topological surface states still lacks. Here, we reveal the coexistence of the strong and
weak topological phases in a quasi-one-dimensional material, TaNiTe5, by spin- and angle- resolved
photoemission spectroscopy. The surface states protected by weak topological order forms Dirac-node arcs
in the vicinity of the Fermi energy, providing the opportunity to develop spintronics devices with high
carrier density that is tunable by bias voltage.
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The discovery of topological materials has drawn wide-
spread attention in the field of condensed matter physics in
recent decades [1,2]. Because of the protection of space and
time inversion symmetry, topological materials possess
nontrivial edge states with high conductivity, where the
backscattering is strictly prohibited. Such a feature protects
electrons from suffering perturbation of nonmagnetic impu-
rities. Therefore, topological materials provide a broad
platform for the further development of quantum physics,
such as realizing Majorana zero modes [3] and the quantum
anomalous Hall effect [4].
Topological materials are mainly classified into several

categories through topological index: strong topological
materials [5], weak topological materials [5], topological
crystalline materials [6], and higher-order topological mate-
rials [7]. Whereas these topological orders in certain material
are not exclusive [8], topological states originated from
different categories may coexist in one material simultane-
ously. Materials with multiple topological phases not only
enable distinct crystal planes to achieve specific functions, but
also have great potential to regulate a variety of topological
transitions independently by breaking particular symmetry,
such as applying external strain or magnetic fields.
For a long time, dual topological materials have only

existed in theoretical conceptions, while only a few have

been experimentally realized. In recent work, Bi2TeI was
verified as a dual topological material via scanning
tunneling microscopy (STM) combined with density func-
tional theory (DFT) calculations [9,10]. The analysis of
scanning tunneling spectroscopy (STS) and quasiparticle
interference (QPI) conclude that the metallic surface states
are derived from the topological crystalline order [10].
Meanwhile, the conductive channels residing at the Bi2-
layer edges that originate from the weak topological order
have been successfully detected by STS measurements
[10]. However, since the weak topological state only exists
at specific surfaces of materials, such as the side-surface
perpendicular to the van der Waals (vdW) layer in the case
of Bi2TeI, the direct visualization of the weak topological
state in the momentum space is still challenging.
On the other hand, the Bi2-layer structure with hexagonal

lattice in Bi2TeI materials leads to six equivalent edges,
suggesting that the weak topological states are distributed in
different directions and might interfere with each other. For
quasi-one-dimensional (1D) materials, backscattering will
be even more strictly prohibited due to the anisotropic 1D
conductive channels that facilitate the generation of highly
directional spin current and benefit the development of
spintronics devices with low energy consumption [11,12].
The family TaXTe5 (X ¼ Ni, Pd, Pt) [13–15] was recently
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predicted to be candidates for quasi-1D topological materi-
als that possess stable chemical properties. Highly aniso-
tropic transport properties and nontrivial Berry phases have
already been confirmed experimentally in TaXTe5 [13–15]
together with several intriguing properties in their electronic
structures, such as ferroelectriclike polarization [16] and
nodal lines [17,18]. Although these materials have similar
crystal structures and transport characteristics, their topo-
logical classifications obtained from theoretical calculations
are diametrically diverse: TaNiTe5 and TaPdTe5 are pre-
dicted to be in the strong topological category [13,14] while
TaPtTe5 belongs to the weak category [15]. Different
theoretical results of topological properties for this family
imply that TaXTe5 might be an ideal carrier of multiple
topological orders. Hence, to comprehensively investigate
topological properties of TaXTe5 is of vital significance for
further research.
In this Letter, we unambiguously reveal the coexistence

of strong and weak topological orders in quasi-1D
TaNiTe5 crystal through high-resolution ARPES and
spin-resolved ARPES (SARPES) combined with DFT
calculations. We experimentally confirmed the gap open-
ing in the bulk electronic states arising from spin-orbital
coupling (SOC), leading to the occurrence of band
inversion, as supported by our DFT calculations. ARPES

experiments reveal that there are topological surface
states in the gap on the “side-cleaved” surface, and their
projections on the plane of the vdW layers was proved to
possess Dirac-like spin polarizations by laser-based
SARPES, confirming the strong topological order. In
addition, the Dirac-node arc surface states were observed
on the side-cleaved surface near the Fermi energy and
proved to be a weak topological phase by DFT calcu-
lations, suggesting that they should be responsible for the
strong anisotropy in the transport measurements [13].
These results prove TaNiTe5 as a prototype material with
great significance to explore novel low-dimensional quan-
tum phenomena, which facilitate the development of
spintronics.
The crystal structure of TaNiTe5 belongs to the ortho-

rhombic space group (Cmcm, No. 63) with the following
lattice parameters: a ¼ 3.659ð2Þ Å, b ¼ 13.122ð10Þ Å,
c ¼ 15.111ð11Þ Å, and α ¼ β ¼ γ ¼ 90°. The NiTe2
quasi-1D atomic chains [Fig. 1(a)] extend along the a
direction, whereas the vdW layers stack along the b
direction. The two planes with different colors indicate
two distinct cleaved planes: the “top-cleaved” plane [(010)
plane] is cleaved from the vdW layers and the side-cleaved
plane [(001) plane] is cleaved perpendicular to the vdW
layers. Their corresponding surface Brillouin zones (BZ)

(a)

(d)

(b)

(c)

FIG. 1. Crystal structure and calculated bulk bands of TaNiTe5: (a) Crystal structure of TaNiTe5 with its two cleaved planes, indicated
by different colors. (b) Bulk Brillouin zone (BZ) and projected surface BZ for the two cleaved planes. (c),(d) Calculated band structures
without and with SOC. The band inversion around the Y point between α and β is indicated by red rectangles.
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are shown as colored planes in Fig. 1(b) projected from the
bulk BZ (black solid lines).
Strong topological order.—First, we performed DFT

calculations using the Vienna ab initio simulation package
[19–21] to examine the topology of the bulk energy bands
of TaNiTe5 along high-symmetry directions without and
with SOC [Figs. 1(c) and 1(d)], respectively. A clear gap
opens between the α band (green) and the β band (yellow)
around the Y point along the Γ-Y direction when SOC is
included (red rectangle).
To study the topological properties of TaNiTe5 further,

we analyze the electron orbital components. The energy
bands near the Fermi energy are mainly composed of d
orbitals of Ta and Ni, and p orbitals of Te. The band
components before and after SOC induced along the Γ-Y
direction were compared in Figs. 2(a) and 2(b), showing a
gap opening of 40 meV around the Y point after including
SOC. At the same time, a band inversion occurs between
the d orbitals of Ni=Ta (red) and the p orbitals of Te (blue).
This indicates that there is a topologically nontrivial phase

in TaNiTe5 near the Y point along the Γ̄-Ȳ direction,
corresponding to the side-cleaved plane in real space, at
which the presence of topological surface states is expected.
The experimentally measured band structures obtained at

the side-cleaved plane are shown in Figs. 2(c)–2(e),
visualizing the electronic states along the Γ̄-Ȳ direction
in the surface BZ, where the band inversion occurs. Owing
to the relatively small beam spot size of the synchrotron
light source, ∼7.5 ðVÞμm × 67 ðHÞμm [22,23], the band
dispersion can be clearly observed at the side-cleaved
surface. Note that, because the bonding between Te–Te
atoms is relatively weak, our calculations for the surface
spectrum obtained by the WannierTools package [24,25] in
Fig. 2(c) mainly consider the case of Te atom termination,
which matches well with ARPES measurements (also
see Fig. S2 in the Supplemental Material[26]). The
band structures along the high-symmetry direction Γ̄-Ȳ-Γ̄
[Fig. 2(d)] show that, between 0.1 and 0.2 eV below the
Fermi energy near the Ȳ point, a set of Dirac-type bands
(TSS1) has been clearly resolved (indicated by a black

(a) (b) (d)

(c) (e)

(f)

(g)

FIG. 2. Band structures for side-cleaved plane of TaNiTe5: (a),(b) Calculated bulk bands along the Γ-Y direction without and with
SOC. (c) Calculated (left) and measured (right, hν ¼ 70 eV, Tsample ¼ 15 K) electronic states along the Γ̄-Ȳ-Γ̄ direction, respectively.
(d) Magnified view of the area indicated by a black rectangle in (c), showing the TSS1 in the bulk band gap between α and β (plotted by
green and yellow dashed lines, respectively). (e) Corresponding 2nd derivative spectrum in the same region of (d), where TSS 1 are
guided by red dashed lines. (f) Band dispersions and (g) spin texture obtained from calculations corresponding to (d).
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arrow), which appears clearer on the 2nd derivative
spectrum [Fig. 2(e)]. This set of bands crosses the gap
where the band inversion occurs and connects α and β
bands as our DFT calculations reproduced [Fig. 2(f)]. Note
that such Dirac-type bands show nondispersive feature
along the kb direction when it is measured by continuously
varied photon energies, evidencing its surface nature of
such topological states (see Fig. S4 [26]). Furthermore, the
calculated spin texture along the kb direction [Fig. 2(g)]
indicates that the TSS1 are topologically nontrivial elec-
tronic states with helical spin texture. This further proves
the presence of the topological surface states at the side-
cleaved surface of TaNiTe5.
As a material with strong topological phase, Dirac-type

surface states should be observed also at other surfaces [5].
Therefore, we examined the band structures of the top-
cleaved plane parallel to the van der Waals spacing, and
found Dirac-type topological surface states TSS2 between
the α and β bands along the T-Y direction [Figs. 3(a), 3(b),
and 3(d)]. The TSS2 in the bulk gap connect the parts of

the α and β band originated from the Te p orbitals, which
are just the projections of TSS1 in the side-cleaved plane
mentioned above. We also performed ARPES measure-
ments along the Z̄-Γ̄-Z̄ direction with continuously
changed photon energy to determine the high-symmetry
points along the kb direction in the bulk BZ, as exhibited
in Fig. 3(c). Importantly, at the Fermi surface, two sets of
bands labeled as SS and TSS2 remain unchanged when
varying the photon energy, in strong contrast to the bulk
bands at higher binding energy (see Fig. S5 [26]), further
proving that they are both surface states.
One critical feature of topological surface states is spin-

momentum-locked texture. To confirm the topological
properties of TaNiTe5 in its entirety, we measured the spin
texture along the Z̄-Γ̄-Z̄ direction on the top cleaved plane.
The band structures detected in laser-ARPES [27] reveal
two sets of surface states including TSS2, as clearly
visualized in Fig. 3(e). Meanwhile, all features of the bulk
and surface states are in excellent agreement with our
calculations [Fig. 3(d)]. The spin texture was then measured

(c)

(a)

(f) (g)

(b) (d) (e)

FIG. 3. Band structures for the top-cleaved plane of TaNiTe5: (a),(b) Calculated bulk bands along the T-Y direction without and with
SOC. (c) Band structures along Z̄-Γ̄-Z̄ direction measured with various photon energy from 50–100 eV (high-symmetry points are
marked in red). (d),(f) Calculated band structures and spin texture along the Z̄-Γ̄-Z̄ direction (colored lines mark the bulk bands and the
black arrow indicates TSS2). (e),(g) Spin-integrated and spin-resolved band structures along the Z̄-Γ̄-Z̄ direction obtained in laser-based
SARPES measurement.
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by laser-based SARPES [27]. Since the measured spin
directions are perpendicular to the kc (electron momentum)
direction (Fig. S6 [26]), the results clearly reveal the spin-
momentum-locked texture of TSS2 [Fig. 3(g) and Fig. S7
[26] ], being consistent with the calculated spin texture
[Fig. 3(f)], which prove them indeed topological nontrivial
states arising from the strong topological order. In addition,
although there should be no spin polarizations in bulk states
theoretically due to the protection by time and space reversal
symmetry, nonzero spin polarizations were observed exper-
imentally for the bulk states showing opposite spin polari-
zation compared to TSS2. This could be explained by the
so-called “spin-layer locking” effect arising from the dipole
field, which makes the spin polarization of the bulk states
detectable due to the surface sensitivity of photoemission
experiments [28,29].
Weak topological order.—It is worth noting that other

Dirac-type surface states are present on the boundary of the
BZ in the side-cleaved surface as exhibited in Fig. 4. The
Dirac-cone-shaped electronic states are clearly resolved
near the X̄ point [Fig. 4(b) left panel], and their intersections
form arc-shape states at about 0.1 eV below the Fermi
energy [Fig. 4(a)]. Because the shape of bulk states is
independent of the cleaved surfaces and these Dirac-type

states vanish on the top-cleaved plane along the same Γ̄-X̄
direction as compared in the left and right panels of
Fig. 4(b) (also see Fig. S8 [26]), the Dirac-type states on
the side-cleaved plane with no kz dispersion [Fig. S9 [26] ]
can safely be concluded to be surface states, indicating they
constitute Dirac-node arcs [30].
Unfortunately, these novel Dirac-node arcs cannot be

well reproduced in calculations. Such kind of discrepancy
has also been reported in other systems, where the
Dirac-node arcs have been observed experimentally
[31,32]. These Dirac-type surface states that only emerge
on a specific surface (side-cleaved pane) are the main
feature of weak topological materials. Using the Wilson
loop method [5,25,33–35], we calculated the Z2 topologi-
cal number ðv0; v1; v2; v3Þ for the δ band to identify the
topological properties [here, v0 is the strong topological
index and ðv1; v2; v3Þ are the weak topological indices].
The resultant Z2 index of the δ band is (0;001) as shown in
Fig. S11 [26], verifying a weak topological phase.
In addition, band analysis parallel to the ka direction,

which possesses the lowest resistivity reported by the
previous study [13], shows the presence of band inversion
between γ and δ along the Γ-Σ direction [Figs. 4(e) and 4(f)].
This evidence suggests that Dirac-node arcs are formed by

(a)

(b) (c)

(d) (e) (f)

FIG. 4. Dirac-node arcs on side-cleaved plane: (a) Constant energy contour at different binding energy obtained at the side-cleaved
plane by ARPES measurements (hν ¼ 70 eV, red arrows indicate the Dirac-node arcs). (b) Experimentally measured band structures
along the X̄-Γ̄-X̄ direction on the side-cleaved plane (left, hν ¼ 65 eV) and the top-cleaved plane (right, hν ¼ 86 eV), respectively.
(c) Magnified momentum distribution curves of the area indicated by the black rectangle in (b). The shape of the Dirac cone is fitted by
red dots and the curve where the intersection lies is colored in orange. (d) The same Γ-Σ direction projected onto different cleaved
surfaces. (e),(f) Calculated bulk bands along the Γ-Σ direction without and with SOC.
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the weak topological phase of TaNiTe5 and proposes a
possible reason for the highly anisotropic transport behav-
iors [13] in spectroscopy.
In summary, the quasi-1D material TaNiTe5 was deter-

mined to be a strong topological material due to the band
inversion between Ta and Ni d orbitals and Te p orbitals,
which subsequently results in the topological surface states
at both the side- and top-cleaved planes. With laser-based
SARPES, a spin-momentum-locked texture for the surface
states was clearly resolved, supporting the topologically
nontrivial nature of these electronic states. Furthermore, the
ARPES observation of Dirac-node arcs suggested a weak
topological phase coexisting with the strong topological
phase, demonstrating the TaXTe5 family as a promising
platform to investigate multiple topological phases coex-
isting in one material. Moreover, since such Dirac-node
arcs originated from the weak topological order are located
in the vicinity of the Fermi energy, TaNiTe5 provides a
practical platform to develop spintronics devices with high
tunability by bias voltage methods.
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