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Quasi-one-dimensional (quasi-1D) van der Waals layered materials have garnered significant interest for their intrin-
sic in-plane anisotropy and potential applications in low-dimensional quantum devices. Here, we report the realization
of a quasi-1D TaNipSe; monolayer with pronounced anisotropic electronic and mechanical properties. The monolayer
TaNi, Se; is synthesized on a graphite substrate via van der Waals epitaxy. Using low-temperature scanning tunneling mi-
croscopy/spectroscopy, we reveal the characteristic quasi-1D chain-like lattice structure and confirm the intrinsic metallic
nature of the monolayer TaNi,Se;. Notably, the electronic states exhibit a pronounced quasi-1D modulation that follows the
chain structure, indicating strong electronic anisotropy. First-principles calculations further confirm the structural stability
and provide signatures of anisotropic in-plane mechanical properties, as well as possible topological edge states arising
from spin—orbit coupling. Our findings establish monolayer TaNiySe; as a novel quasi-1D van der Waals material and
provide a promising platform for exploring anisotropy-driven quantum phenomena and device applications.
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1. Introduction

The exploration of two-dimensional (2D) materials has
evolved from high-symmetry systems, such as graphene!!~
and hexagonal transition metal dichalcogenides (TMDs),-8
to those exhibiting lower in-plane symmetry, such as
black phosphorus,*!9 ReS,,['1121 and WTe,. 314 Low-
ering crystal symmetry can introduce new physical de-
grees of freedom, enabling phenomena such as in-
plane anisotropic transport,!>-161 linear dichroism,"'”-!31 and
piezoelectricity.['*2%) Among these low-symmetry materials,
a particularly intriguing subclass consists of compounds com-
posed of atomic chains weakly coupled by inter-chain inter-
actions, representing the extreme limit of in-plane anisotropy.
These quasi-one-dimensional (quasi-1D) systems bridge the
physics of 2D and 1D materials, offering a fertile platform
for exploring phenomena associated with reduced dimension-
ality, including Peierls instability,?"-??! sliding charge den-
sity waves (CDWs) in NbSes, 2*24] CDW-tuned vortex bound
states in 1T”-NbTe,,/?>! and possible topological supercon-

ductivity in TaSe3.[?°! Consequently, discovering new quasi-
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1D van der Waals (vdW) materials has become an important
frontier for exploring exotic quantum phases.

Within the family of quasi-1D vdW systems, the ternary
chalcogenide family TaM,X, (X = Te, Se; M = Ni, Co) is
distinguished by its rich phase diagram hosting diverse elec-
tronic and magnetic states.[>’3? For instance, TaNi,Te; has
been identified to exhibit canted antiferromagnetism, [27] while
TaCo,Te, displays air-stable metallic ferromagnetism with
high carrier mobility,[*°! as well as large magnetoresistance
and quantum oscillations.””) However, the current studies
have predominantly focused on telluride compounds, leaving
the selenium-based analogue largely unexplored. Investigat-
ing the Te-to-Se substitution is particularly intriguing because
the smaller atomic radius of Se effectively introduces a chem-
ical pressure effect.3*! This structural contraction is expected
to modify inter-chain hopping and electron correlations, char-
acterized by the ratio between Coulomb interaction and band-
width (U/W), potentially driving the system toward a quantum
ground state distinct from the telluride counterparts.3*33]

In this work, we report the realization of a quasi-
1D TaNi,Se; monolayer grown on highly oriented pyrolytic
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graphite (HOPG) using molecular beam epitaxy (MBE). Low-
temperature scanning tunneling microscopy and spectroscopy
(STM/STS) measurements reveal the formation of a well-
ordered chain-like lattice structure and confirm the intrin-
sic metallic nature of the monolayer. Remarkably, the elec-
tronic states exhibit pronounced quasi-1D modulation follow-
ing the atomic chains, directly demonstrating strong electronic
anisotropy. Combined with first-principles calculations, we
further confirm the structural stability of the monolayer and
predict anisotropic in-plane mechanical responses, together
with possible topological edge states induced by spin—orbit
coupling. Our results establish monolayer TaNi,Se; as a new
member of quasi-1D vdW materials and provide a promis-
ing platform for investigating anisotropy-driven quantum phe-

nomena.

2. Results and discussion

Figure 1(a) illustrates the crystal structure of the
TaNiySep, which crystallizes in an orthorhombic lattice be-
longing to the space group Pnma (No. 62). As shown in the
side view model, the TaNi,Se, features a sandwich-like struc-
ture where a metallic Ta—Ni sub-layer is sandwiched between
two selenium atomic sheets. A distinctive structural motif of
this phase is the presence of quasi-1D Ta—Ni chains running
along the crystallographic b-axis. Within these chains, the
Ta atoms are coordinated in a distorted monocapped pentag-
onal prismatic geometry formed by Se atoms, *%! giving rise

to a corrugated surface profile. Consequently, the topmost Se
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atoms occupy two crystallographically inequivalent sites along
the a-axis.

The monolayer TaNi;Se; is grown on a HOPG substrate
via vdW epitaxy, a widely used approach for synthesizing 2D
layered materials on inert substrates, *’] where the weak inter-
facial interaction does not require lattice matching while still
enabling preferred in-plane orientations. 84 In addition, as
an inert vdW substrate with minimal coupling, HOPG largely
preserves the intrinsic structural and electronic properties of
monolayer TaNiySe;. Figure 1(b) presents a typical large-
scale STM topographic image of the as-grown monolayer
TaNipSe;. The apparent step height is approximately 0.9 nm,
indicating the monolayer thickness. The atomically-resolved
STM image shown in Fig. 1(c) reveals a surface morphology
dominated by parallel atomic chains. The observed atomic ar-
rangement is consistent with the structural model presented in
Fig. 1(a) and resembles the lattice features previously reported
in STM studies of TaNi,Te, and TaCo,Te,.!?® To quantita-
tively determine the lattice periodicity, we performed a fast
Fourier transform (FFT) analysis on the atomic-resolution im-
age. The resulting FFT pattern (Fig. 1(d)) exhibits sharp Bragg
spots arranged in a rectangular symmetry (marked by blue cir-
cles), corroborating the high crystallinity and the orthorhom-
bic symmetry of the TaNi,Se;. Lattice constants extracted
from the line profiles along the principal axes (Fig. 1(e)) yield
a ~ 0.64 nm and b ~ 0.36 nm, in good agreement with the
optimized lattice parameters obtained from our density func-
tional theory (DFT) calculations, which give a = 0.65 nm and
b = 0.35 nm for the freestanding monolayer TaNi,Se,.
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Fig. 1. Structural characterizations of monolayer TaNiySe, on HOPG substrate. (a) Side and top views of the crystal structure of TaNipSe;,
showing a vdW layered structure composed of quasi-1D atomic chains. The topmost Se atoms colored in orange and blue distinguish the two
crystallographic inequivalent sites. (b) Large-scale STM topographic image of a monolayer TaNi,Se, film (Vs =2 V, I = 100 pA). The inset
displays the height profile measured along the yellow dashed line, showing a step height of approximately 0.9 nm. (c) Atomically-resolved
STM image (Vs = 5 mV, I; = 3 nA), revealing the quasi-1D lattice structure. (d) The FFT pattern of (c), where the blue circles mark the Bragg
diffraction spots arranged in a rectangular symmetry. (e) Height profiles extracted along the white (perpendicular to chains, a-axis) and black
(parallel to chains, b-axis) dashed arrows in (c), yielding lattice constants of @ ~ 0.64 nm and b ~ 0.36 nm, respectively.
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We next investigate the electronic properties of the as-
grown monolayer TaNiySe;. Figure 2(a) presents a typical
STM topographic image, where the characteristic chain-like
stripes along the b-axis are clearly resolved. The dI/dV spec-
tra acquired on two distinct stripes, i.e., the bright and dark
stripes, both exhibit a finite density of states at the Fermi
level, providing direct experimental evidence of the metallic
nature of the monolayer TaNi;Se; (Fig. 2(b)). Notably, the
relative intensities of the four prominent peaks near the Fermi
level, labeled P;—P4, vary significantly between the two dis-
tinct stripes. Specifically, the electronic states near P; and
P3 are strongly enhanced on the bright stripe but suppressed
on the dark stripe, whereas those near P, and P, display the
opposite behavior, indicating pronounced spatial modulation
of the local electronic states within the unit cell. To visual-
ize the spatial distribution of these electronic states, a dI/dV
linecut taken across the stripes exhibits clear periodic modu-

lations within the unit cell (Fig. 2(c)). Importantly, the domi-
nant spectral weight alternates between the energies of P, and
P53 across the unit cell, reflecting the distinct orbital contribu-
tions from the alternating Ta—Ni chains and the inequivalent
Se environments. In contrast to the linecut across stripes, the
d1/dV linecuts taken along both the bright and dark stripes
reveal spectral homogeneity, as shown in Figs. 2(d) and 2(e).
This pronounced anisotropy, strong modulation across the
stripe but homogeneity along them, serves as a spectroscopic
signature of the quasi-1D electronic character of the mono-
layer TaNipSey. Furthermore, the d//dV maps performed
at bias voltages corresponding to peaks Pz (Fig. 2(f)) and P,
(Fig. 2(g)) reveal strongly localized stripe-like electronic fea-
tures and energy-dependent contrast reversal, further reflecting
highly anisotropic electronic states confined by the quasi-1D

structural chains.
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Fig. 2. Anisotropic electronic properties of the monolayer TaNiSe,. (a) STM topography, showing the quasi-1D stripe-like structure charac-
teristics (Vs = —400 mV, I; = 1.9 nA). (b) The dI/dV spectra acquired at the bright stripe (blue curve, position marked by blue triangle in (a))
and dark stripe (red curve, position marked by red circle in (a)), showing pronounced difference of the electronic states between the two kinds
of stripes. Four characteristic peaks are labeled as Pj—P4. The zero dI/dV position is indicated by the black dashed lines. (c) The dI/dV
linecut taken across the stripes (black dashed arrow in (a)), showing a strong periodic modulation of the electronic states across the bright and
dark stripes. (d), (e) The dI/dV linecuts taken along the bright stripe (blue dashed arrow in (a)) and dark stripe (red dashed arrow in (a)),
respectively, both showing spatial homogeneity of the electronic states. (f), (g) The d//dV maps acquired in the region marked by the black
square in (a), at energies corresponding to peaks P3 (f) and P; (g), respectively, showing energy-dependent contrast reversal.

To gain deep insight into the intrinsic properties of mono-
layer TaNi;Se,, we further performed DFT calculations. To
evaluate the structural stability of the monolayer, we calcu-
lated the phonon dispersion spectrum, as shown in Fig. 3(a).
The absence of imaginary frequencies throughout the Bril-
louin zone confirms the dynamical stability of the monolayer
TaNi,Se;, consistent with the successful experimental realiza-

tion of the material. Figure 3(b) presents the calculated elec-

tronic band structure of the freestanding monolayer TaNi,Se;
without SOC. Multiple bands cross the Fermi level, indicat-
ing a metallic ground state, in good agreement with the STS
measurements. The metallic behavior mainly arises from the
transition metal d-orbitals forming dispersive states near the
Fermi level.[*”! Notably, a saddle-point-like band feature ap-
pears near the Y point in the vicinity of the Fermi level, which
is expected to induce an enhanced density of states and may
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contribute to the peak structure (P3) observed in the STS spec-
tra in Fig. 2(b). When SOC is included, the band structure
exhibits noticeable modifications. As shown in Fig. 3(c), SOC
lifts the band degeneracy and induces a local energy gap opens
at the I point approximately 1 eV above the Fermi level (high-
lighted by the blue dashed box). This gap opening can be at-
tributed to the band anti-crossing effect induced by the strong
spin—orbit interaction inherent to the heavy Ta 5d orbitals. We
further calculate the edge states using a semi-infinite mono-
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layer TaNiySe,. The projected edge band structure (Fig. 3(d))
exhibits emergent edge states that bridges the bulk valence and
conduction bands. The appearance of such conducting chan-
nels within the SOC gap suggests the existence of topological
boundary states. However, the edge-state energy range signifi-
cantly overlaps with bulk bands rather than residing in a clean
global gap, causing the edge contribution to be masked by the
bulk density of states and hindering unambiguous experimen-

tal identification.

~<

Fig. 3. Theoretical calculations of the stability and electronic structure of freestanding monolayer TaNi,Se;. (a) Phonon dispersion spectrum
calculated along high-symmetry paths. The absence of imaginary frequencies across the entire Brillouin zone confirms the dynamic stability
of the monolayer TaNi,Se;. (b) Electronic band structure calculated without SOC. The bands crossing the Fermi level Ef indicate a metallic
ground state, consistent with the experimental d//dV measurements. (c) The calculated band structure with SOC, showing an energy gap
opening at the I" point approximately 1 eV above the Fermi level (marked by the blue dashed box). (d) Projected edge states using a semi-
infinite TaNiSe, model, showing emergence of edge states within the SOC-induced gap, bridging the bulk valence and conduction bands

(highlighted by the blue dashed rectangle).

Finally, we evaluate the mechanical properties of the
quasi-1D monolayer TaNi,Se; by calculating its orientation-
dependent elastic constants using DFT. For a 2D orthorhom-
bic system, there are four independent elastic constants: Cij,
C, C12, Cge. Our results show that these constants satisfy the
Born criteria, namely C11Cyy — C%z > 0and Cyy, Cy, Cg6 > 0,
providing further evidence for the mechanical stability of the
TaNi,Se; monolayer, consistent with the phonon dispersion
results. Based on these elastic constants, the orientation-
dependent Young’s modulus E(6), shear modulus G(8), and
Poisson’s ratio v(0) can be obtained using the following equa-

tions:
E(8) = 1
o S11£‘4 + (2S12 +S66)S262 —|—522S47
1
G(8) = 2.2 2.2 2.2 2 2\27
451152 +4sps2c? + 8s125%¢? + 566 (57 — ¢2)
4 4 2.2
S12 (ST 4+ )+ (811 + 522 —S66) S7C
v(6):—12( )+ (s11 4522 — 566)

s11¢% 4+ (2512 + 566) $2¢2 + 57054

where ¢ = cos(0) and s = sin(0); s11, 522, 512, and sg6 are the

compliance constants derived from the elastic constant matrix.

As illustrated in Fig. 4, monolayer TaNi,Se, exhibits
pronounced in-plane mechanical anisotropy. The orientation-
dependent Young’s modulus E(6), shear modulus G(6) and
Poisson’s ratio v(6) vary nonmonotonically as the direction
rotates from 6 = 0° to 90°. Specifically, the Young’s modulus
increases from 98.8 N/m at 0° to a maximum of 124.2 N/m at
45°, and then decreases to 76.8 N/m at 90°. In contrast, the
shear modulus decreases from 48.6 N/m at 0° to 29.4 N/m
at 45°, before recovering to 48.6 N/m at 90°. Meanwhile,
the Poisson’s ratio decreases from 0.54 to 0.25 between 0°
and 45°, and then increases to 0.42 at 90°. The intrinsic
Young’s modulus of monolayer TaNi;Se; is lower than those
of conventional TMDs!*!! but higher than that of anisotropic
2D materials such as black phosphorus (~ 44 N/m).[*?! The
combination of relatively high shear rigidity and axial tensile
compliance originates from quasi-1D Ta—Ni chain framework,
highlighting its potential for application in flexible and strain-
engineered nanodevices.
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Fig. 4. Calculated anisotropic in-plane mechanical properties of monolayer TaNiySe,. (a)—(c) Polar plots of Young’s modulus E(6) (a),
shear modulus G(0) (b), and Poisson’s ratio v(6) (c), showing pronounced mechanical anisotropy of the TaNiSe;. The initial angle 6 = 0°

corresponds to the crystallographic a-axis.
3. Conclusions

We have successfully synthesized quasi-1D monolayer
TaNi,Se; via molecular beam epitaxy. Low-temperature STM
imaging reveals its characteristic quasi-1D chain-like lattice,
while STS measurements confirm the intrinsic metallic nature
of the monolayer. Notably, spatially resolved spectroscopy
uncovers a pronounced quasi-1D modulation of the electronic
states following the chain structure, demonstrating strong elec-
tronic anisotropy. First-principles calculations further verify
the structural stability of monolayer TaNi;Se; and reveal pro-
nounced in-plane mechanical anisotropy, as well as possible
topological edge states induced by SOC. These results estab-
lish monolayer TaNi;Se, as a promising quasi-1D vdW ma-
terial with coupled electronic and mechanical anisotropy, pro-
viding a potential platform for future applications in direction-
dependent nanomechanical devices!*’! or strain-engineered

systems. [444]

Appendix A: Experimental methods

Sample preparation Monolayer TaNi,Se; is epitaxially
grown on HOPG substrates in an ultra-high-vacuum (UHV)
High-
quality HOPG substrate with atomically flat surfaces is ob-

MBE system (base pressure ~ 5 x 107!9 mbar).

tained by mechanical exfoliation followed by degassing at
~ 870 K for several hours. The monolayer TaNi,Se, is grown
by co-evaporating Ta (99.9%, Goodfellow Cambridge Ltd.),
Ni (99.95%, Goodfellow Cambridge Ltd.), and Se (99.99%,
Sigma-Aldrich) atoms with the substrate maintained at 893 K.
The substrate temperature and the Ta/Ni flux ratio must be
controlled within an optimized growth window to suppress
the formation of other competing quasi-one-dimensional Ta—
Ni—Se compounds and thereby obtain a pure TaNi;Se; phase.
During growth, the Se flux is kept approximately one order of
magnitude higher than the Ta and Ni fluxes to ensure a Se-
rich atmosphere. After growth, the sample is kept at 523 K for
30 minutes to remove additional Se.

STM/STS characterizations After the sample growth, it
is then transferred to an STM system via a home-made UHV
suitcase. The STM experiments are carried out at 4.1 K in

an ultrahigh vacuum (1 x 10~!'! mbar) LT-STM systems in the
constant current mode with a tungsten tip, which is calibrated
on a clean Au(111) surface. STS are acquired by a standard
lock-in amplifier at a frequency of 973.1 Hz, under the modu-
lation voltage Vipog = 20 mV.

DFT calculations The calculations of monolayer
TaNi,Se; are carried out by using Vienna ab initio simulation
package (VASP) with the projector augmented wave (PAW)
method.**) A generalized gradient approximation (GGA) in
the form of Perdew—Burke—Ernzerhof (PBE) is adopted for the
exchange—correlation functional.[*”l A 20 A vacuum layer is
used, and all atoms are fully relaxed until the residual forces
on each atom are smaller than 0.01 eV/A. The k-points sam-
pling is 12 x 24 x 1 with the Gamma scheme. Wave functions
were expanded on a plane-wave basis set up to 500 eV en-
ergy cutoff. The fully relaxed lattice constant of monolayer
TaNi,Se; is 6.472 A, 3.452 A in a and b direction, respec-
tively. The Wannier functions are constructed using the WAN-
NIER90 code.*¥! The edge-state calculations based on Wan-
nier functions were done using the WannierTools package. [+°]
Phonon dispersion is calculated based on supercells larger than
19 A in the density-functional perturbation theory method im-
plemented in the PHONOPY package. !
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