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Quasi-one-dimensional characters in topological semimetal TaNiTes
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One-dimensional (1D) topological insulators are superior for low-dissipation applications owing to the 1D character of
surface states where scatterings other than prohibited backscattering are further restricted. Among the proposed candidates
for 1D topological materials, TaNiTes has attracted intensive attention for its quasi-one-dimensional (quasi-1D) crystalline
structure. In this study, we identify the chain-like construction and anisotropic electronic states on TaNiTes surface with
scanning tunneling microscopy. The electron scatterings are largely suppressed even with chromium impurities deposited
on the surface and magnetic field applied normal to the surface, which endows TaNiTes great potential for low-dissipation

spintronic applications.
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1. Introduction

The topological electronic structures with low-energy
quasiparticle excitations have drawn many interests leading
to the emergence of abundant new materials,!'™] especially
low-dimensional topological materials. Dimensionality has a
powerful influence on physical properties of materials, which
manifests as distinct characteristics compared with their com-
mon counterparts in higher dimensions. For instance, a
two-dimensional (2D) monolayer of bismuth grown on SiC
(0001) is characterized as a topological insulator state!®7]
while a quasi-1D bismuthene edge establishes a Tomonaga—
Luttinger liquid regime with the separation of charge and spin
excitation.!® The past decades have witnessed mounting in-
vestigations of topologically nontrivial surface states in two
and three dimensions, whereas 1D topological materials have
been rarely identified.

As a new family of topological materials with quasi-1D
structural character, layered transition metal tellurides have at-
tracted considerable attention. TalrTes[%!9 and NbIrTe,!!!!
are predicted and verified as topological semimetals, and
quasi-1D superconductivity occurs on TalrTes surface.!!'?]
MM'Tey (M = Nb, Ta; M’ = Ir, Rh) composed of alternat-
ing Te-based chains hosts classic quasi-1D crystal structure

5.1%131 Similar anisotropic

in layered transition metal telluride
superconductivity is discovered in the quasi-1D structural
analogs TasPdsTe 64 and TazPd;Teyq,[!d! making the lay-

ered transition metal tellurides a promising platform for low-
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dimensional topological superconductors. Another family in
ternary transition metal tellurides, Ta-based TaMTes (M = Ni,
Pd, Pt),[122] a5 layered 3D topological candidates hosting
quasi-1D chains, further enrich the study of low-dimensional
topology. The sister compounds TaNiTes,[!6-29) TaPdTe, !}
and TaPtTes!*?! have been experimentally synthesized and
their significantly anisotropic features have been validated
The de
Haas—van Alphen (dHvA) oscillations reveal the nontrivial

with magnetization and transport measurements.

Berry phases, which provide experimental evidence for the ex-
istence of Dirac fermions>*2! in TaMTes (M = Ni, Pd, Pt).
Therefore, the nontrivial TaMTes (M = Ni, Pd, Pt) with dis-
tinctive quasi-1D characteristics may have the potential to be
arational example of the interplay between dimensionality and
topological phases.

Such a topological material possesses a nontrivial metal-
lic surface state with spin-momentum locking and chiral spin
texture. The linearly dispersed Dirac surface states are well
protected against disorders and imperfections due to the time
reversal symmetry.?®27] However, it has been suggested that
the gapless Dirac dispersion becomes massive when mag-
netism is introduced to break the time reversal symmetry.
Dirac fermions can mediate the interaction between magnetic
impurities via the Ruderman—Kittel-Kasuya—Yosida (RKKY)
interaction, resulting in the ordered magnetic moments nor-
mal to the surface and therefore a gap opening at the Dirac

£ [28-31

poin I Experimentally, the opening of gap in the sur-
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face state and the consequent quasiparticle backscattering have
been observed on the Fe deposited BipSes and Mn deposited
Bi, Te; surfaces. 30311
In this paper,

croscopy/spectroscopy (STM/STS) to characterize the quasi-

we use scanning tunneling mi-
1D nature of surface atomic and electronic structures in
TaNiTes. Cryogenically cleaved TaNiTes is terminated with
quasi-1D stripes along the crystallographic a-axis, and the
spatial distribution of local density of states (LDOS) exhibits
apparent anisotropy. The absence of scattering processes re-
lated to the surface bands near Fermi energy is consistent
with the spin textures calculated by density functional the-
ory (DFT). The excellent quasi-1D electronic properties may
inspire low-dissipation devices and applications.

2. Experimental details

TaNiTes single crystals were grown using the self-flux
method."®! Tantalum (99.97%), nickel (99.5%) and tellurium
(99.99%) powders in the atomic ratio of 1:1:10 were mixed
in an alumina crucible and sealed in a quartz tube under high
vacuum. The tube was heated to 1273 K for 24 h and slowly
cooled to 773 K at a rate of 5 K/h. Then the quartz tube
was removed from the furnace and centrifuged to separate
the crystals from the excess Te flux. The needle-like sam-
ples were cleaved in situ in ultrahigh vacuum (base pressure
6x10~!! mbar) at ~ 100 K. In addition to the standard STM
samples, the chromium-decorated samples were prepared by
electro-beam sputtering on the cleaved samples at 60 K for
10 s. After cleaving or depositing, the crystals were quickly
cooled down to 4.5 K for subsequent STM measurements.
The electrochemically etched tungsten tips were firstly cali-
brated on a Cu (100) surface. The topographic images were
taken in the constant-current mode and the differential con-
ductance (dI/dV) spectra were recorded with standard lock-in
technique. The frequency and amplitude of excitation signal
are 971.0 Hz and 20 mV (10 mV for Fig. 3(a)), respectively.
DFT calculations were performed using the Vienna ab-initio
simulation package.3>=* Electronic surface states were cal-
culated by constructing localized Wannier functions!®! with

the WannierTools package.*°!

3. Results and discussion
3.1. Quasi-1D characters of TaNiTes

TaNiTes has a layered orthorhombic structure (space
group Cmcem) with lattice constants a = 3.6675 A, b =
13.172 A, ¢ = 15.142 A.116-201 A5 shown in Fig. 1(a), the crys-
tal can be viewed as alternating arrays of TaTes face-sharing
prismatic chains and NiTe; edge-sharing octahedral chains

in the a—c plane and A-A stacked along the b direction.*”]

The van der Waals nature of Te—Te interlayer bonding makes
the crystal easy to cleave yielding a large area of Te sur-
face. The 1D character of in-plane structure leads to step
edges preferentially oriented along the chain (a-axis) direc-
tion as shown in Fig. 1(b). The steps are mostly 0.67 nm high,
which corresponds to b/2. Striped surface structure can be
resolved on each terrace and Fig. 1(d) shows the atomic res-
olution of such a surface. The lattice constants are extracted
as a = 0.36 nm and ¢ = 1.5 nm, in good agreement with the

5.116-201 The atomic layout is drawn in Fig. 1(d)

reported value
according to the mirror symmetry of TaTes prismatic chains
and the unequal spacing between surface Te atoms. Under the
shown bias voltage, the bright rows correspond to the down-
ward TaTes prismatic chains where Ta sits at the center of Te
rectangle (marked by the black box in Fig. 1(d)) and the dark
ones correspond to the upward TaTes chains with a diamond

Te configuration (the black diamond in Fig. 1(d)).
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Fig. 1. (a) Crystal structure of TaNiTes. (b) STM topography of

TaNiTes surface (500x500 nm?, sample bias V = 1.5 V, tunneling
current Iy = 100 pA). (¢) STM image of the step along a-direction
(50x50 nm?, V = —1 V, I, = 200 pA). Lower panel shows the height
profile perpendicular to edge. (d) Atomic-resolution image of stripes
(4x4nm?, V = =500 mV, I, = 200 pA). The yellow hollow dots mark
apical Te atoms, the yellow solid remaining Te atoms, the red Ta atoms
and the blue Ni atoms.

The striped surface shows the topographic contrast rever-
sals as the bias voltage is varied as demonstrated in Fig. 2.
It represents the energy dependent spatial variation of inte-
grated DOS hence highlights the electronic contribution in to-
pographic images. The 1D distribution of electronic states is
embodied in the crystalline chain-like structure.

The 1D distribution of electronic states creates apparent
anisotropy in the low-energy excitations. Typical differential
conductance df/dV spectra are shown in Fig. 3(a) for the rep-
resentative bright (crest) and dark (valley) rows (the down-
ward and upward TaTes; prismatic chains). The spectra are
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similar except for the position of a broad conductance peak
between 1 V and 1.5 V. The LDOS exhibits periodic modu-
lation across the stripes (Fig. 3(c)) while it is fairly uniform
along the stripes (data not shown). The bulk Brillouin zone
(BZ) and its surface projection to the (010) surface (the cleav-
ing plane) are shown in Fig. 3(d). The schematic constant-
energy contour based on DFT calculation in Fig. 3(e) shows
two surface bands that are topologically nontrivial St and triv-
ial Sp, which are experimentally observed by angle-resolved
photoemission spectroscopy (ARPES).!'%-201 Furthermore, St
and Sp possess similar spin polarizations in the I'~Z direction
according to previous studies.!'??%) The topological surface
state St is characterized by the helical spin texture that protects
the surface electrons from backscattering. Similarly, the spin-
selective scattering between St and Sp with opposite spins is
suppressed. As a result, the scattering vectors in the I'-Z di-
rection, g» ~ g4 labelled in Fig. 3(e), are absent in the quasi-
particle interference (QPI) pattern, which is dominated by the
scatterings between the extremal points on constant-energy
contour.*8! Only the inter-band scattering (¢1) between St
and Sp is allowed although such forward scattering (connects
states with parallel velocities) may not necessarily give rise to
strong QPI intensities due to destructive interference.**! The
scatterings in the other directions (e.g. I'-X direction) are not
permitted either due to their opposite spin polarizations. Ac-

L (a)
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=~

cordingly, no quasiparticle scattering is revealed on TaNiTes
surface by the dI/dV mapping. Essentially only nondisper-
sive stripe modulation can be resolved (~ 0.65 nm~!, marked
with red circles in Fig. 3(f)). The quasi-1D transport behav-
ior in TaNiTes['®!8! further suppresses electron scatterings,
which contributes to the good metallicity and long particle life-

time.

Fig. 2. (a)-(d) Topographic contrast reversals of the same 20x20 nm?
area at various bias voltages: (a) V=3V, =15nA; (b) V=2V,
L=1nA;()V=15V,=750pA; (d)V =1V, =500 pA.
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Fig. 3. (a) Typical dI/dV spectra taken on the dark and bright rows (the upward and downward TaTes prismatic chain) (V = -2V, Iy =200 pA).
(b) STM image of stripes (20x20 nm?, V = —200 mV, I, = 200 pA). Lower panel shows the periodicity of stripes. (c) Typical dI /dV line
spectrum (V = —2 'V, [; = 500 pA) taken along the arrow in (b) perpendicular to stripes. (d) Bulk and surface Brillouin zone with high-symmetry
points marked. (e) Schematic of topological and Dirac-like surface bands (St and Sp) in the first Brillouin zone at Fermi energy. The spin
textures of St and Sp along the Z-I"-Z direction are represented by black arrows. Green and yellow double-head arrows indicate the allowed
and forbidden scattering wave vectors. (f) d/dV mapping of stripes at —0.1 V (100x 100 nm? with 256 x256 pixels, setpoint —0.3 V/1 nA).

Inset: corresponding FFT. Red circles mark the 1D stripe modulation.
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3.2. Significantly suppressed surface electron scattering

To further explore the electron scattering in low-
dimensional topological materials, surface defects are in-
troduced intentionally by depositing chromium adatoms as
shown in Fig. 4(a). The Cr adatoms tend to reside on the dark
rows (the upward TaTes prismatic chains) in the form of single
atoms. The typical dI/dV spectrum for such defects is plotted
in Fig. 4(b) (black curve), which shows no obvious resonance
state except for certain shift in spectral weight. The dI/dV
spectrum does not change significantly at negative bias on the
Cr adatoms as compared with the ordinary stripe surface. No
major scattering vectors, however, can be found in the QPI pat-
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Fig. 4. (a) STM image of Cr-adsorbed TaNiTes surface (2020 nm2,V=-1V,I,=100 pA). (b) Typical dI/dV spectra(V =2V, I;

tern around the defects (Figs. 4(c) and 4(d)). Basically only
the fuzzy background near the zone center coexists with the
stripe modulation spots. Apparently the Cr adsorbates neither
open the scattering channels nor alter the quasi-1D character
of TaNiTes surface states. According to the previous ARPES
and x-ray magnetic circular dichroism studies, ?*#%#?1 favor-
able orientation of magnetic moments may be required to open
the Dirac gap. The out-of-plane magnetic moments can induce
finite in-plane spin components of electrons.*>** The initial
k and final-k states are no longer spin-antiparallel under such
circumstances thereby allowing the appearance of backscatter-

ing vectors.3!!

=400 pA)

taken on Cr adatoms under the magnetic field with different magnitudes. (c)—(f) FFT of dI/dV maps obtained on the same Cr absorbed region
at (¢) 0.0 V/0.0 T, (d) 0.5 V/0.0 T, (e) 0.0 V/1.0 T, (f) 0.5 V/1.0 T, respectively. (g)-(h) Real space d//dV maps corresponding to (e)—(f)

(12x 12 nm? with 256 %256 pixels, setpoint +1 V/2 nA).

An external magnetic field is applied perpendicular to the
sample surface up to 1 T. In Fig. 4(b), the LDOS peak(s)
around 0.5 V grows with the field. Nevertheless, no stand-
ing waves can be recognized in the vicinity of Cr impurities
(Figs. 4(e)—4(h)) indicating that St is preserved. The reason
could be: (1) the magnetic field in our experiment is unable
to switch the Cr moments; or (2) either the magnetic mo-
ments of Cr or the Cr induced magnetization in TaNiTes is too
weak. [42%3] Nevertheless, the suppressed scatterings of surface
states persist in the presence of Cr surface doping and external
magnetic field.

4. Conclusion

In summary, we have identified the quasi-one dimen-
sional atomic and electronic structures on cleaved TaNiTes
surface. Low-energy electron scatterings are significantly sup-
pressed on such surfaces due to the protection not only from
band topology but also from one dimensionality. Such a prop-
erty may present TaNiTes and similar materials with potential
applications as low-dissipation devices.
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