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Metal-cluster compounds have recently attracted attention in the quest for novel low-dimensional multifunc-
tional semiconductors owing to the structural diversity of metal-cluster geometries and the resulting broken
symmetries. Based on first-principles calculations, we proposed a one-dimensional (1D) metal-cluster family of
X4,OTeyly (X = Nb, Ti) nanowires with high stability. Due to differences in the number of valence electrons
of the metal atoms (Nb and Ti), these two nanowires exhibit distinct chain structures and physical proper-
ties. Our calculations revealed that Nb,OTegl; and TigOTegl, nanowires were direct- and indirect-band-gap
semiconductors with moderate gaps of 1.32 and 1.25 eV, respectively. The off-center displacement of Nb
ions in the optimized NbsOTeyl, nanowire induced intrinsic chain-direction ferroelectric ordering, whereas
the TisOTegly; nanowire with a similar chain structure maintained a stable nonferroelectric structure. The
structural evolution of the two nanowires under the tensile strain displayed different behaviors. When the
tensile strain was applied, the Nb,OTeql; nanowire tended to shrink toward the cluster structure to stabilize the
polar structure and produce the unexpected force release, whereas TisOTegl, nanowire was uniformly stretched
before fracture. In addition, tunable magnetism was introduced into these two nonmagnetic 1D systems using
carrier doping and alloying methods. On the one hand, the alloying process regulated the band gap of the
material; on the other hand, it altered the spin-electronic properties of the system. Our calculations indicate that
X4OTegly (X = Nb, Ti) nanowires serve as representative 1D multifunctional materials, which are crucial for

studying the structure-determined properties of low-dimensional materials.
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I. INTRODUCTION

Originating with graphene and extending to various lay-
ered van der Waals (vdW) materials, the successful isolation
of individual atomic layers from their bulk crystals through
exfoliation methods has garnered growing interest in the field
of two-dimensional (2D) materials [1,2]. The exploration has
unveiled new fundamental physics and highlighted potential
applications across a wide spectrum of fields [3—7]. In contrast
with 2D layered materials, atomically thin one-dimensional
(1D) vdW materials exhibit unique physical and chemical
properties owing to the quantum confinement of electrons and
phonons along a single dimension [8§—10]. Therefore, 1D vdW
materials have garnered widespread interest and have been
harnessed for various applications, including optics, electron-
ics, catalysts, and nanomechanics. In addition to vapor- and
solution-phase growth [11,12], electrodeposition [13,14], and
encapsulation in templates [15,16], physical exfoliation is an
effective technique for fabricating 1D vdW materials [17-19].
With the rapid advancement of exfoliation techniques, numer-
ous vdW-stacked materials have been successfully converted
into 1D chains or nanowires using exfoliation methods, such
as micromechanical or solution processes. Examples include
but are not limited to experimentally synthesized 1D Te
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[17], Nb,Seg [18], and CrSbSes [19]. Theoretical simulation
methods play a crucial role in predicting the structures and
properties of 1D materials [20-22].

Ferroelectric materials exhibit charge dipole formation,
causing spontaneous orders that generate macroscopic po-
larizations. These polarizations can be altered by applying
an external fields. Consequently, researchers have directed
significant attention toward ferroelectric materials owing to
their substantial technical merits for various applications, in-
cluding nonvolatile memories, sensors, ferroelectric tunnel
junctions, and photovoltaics [23-25]. The exploration of novel
semiconductor devices based on 1D nanostructures repre-
sents a burgeoning direction in the field of low-dimensional
materials; a series of 1D and quasi-1D inorganic ferroelec-
tric candidates have been experimentally and theoretically
identified. These include perovskite nanotubes [26,27], XN
(X = Bi, Sb) [28], WOX4 (X = F, Cl, and Br) [29], and MS
(M = Ge, Sn) [30,31]. Building on the experimental obser-
vations on SnTe nanowires, various 1D nanostructures have
been successfully fabricated within carbon nanotubes (CNTs)
[4,32,33]. Furthermore, ferroelectricity has been demon-
strated in 1D organic polymer structures. With the successful
experimental fabrication of actinide endohedral fullerenes,
Zhang et al. designed a series of 1D fullerene-based chains,
namely, U,C@Cgy-M (M = Cr, Mn, Mo, and Ru), which
exhibited both ferroelectric and ferromagnetic properties [34].
Currently, researchers are motivated to explore novel 1D
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materials, both theoretically and experimentally, along this
promising route.

Considering their structural diversity and chemical or
physical properties, the unique combination of metal, chalco-
gen, and halogen elements constitutes an intriguing class of
species. Upon the addition of oxygen, a series of O-centered
tetranuclear fragments called transition metal halides (TM-
CHs) are formed. Within these tetranuclear fragments, the
complexes exhibit either a square or distorted tetrahedral ar-
rangement of metal atoms surrounding the central chalcogen
atom, and the metal atoms are interconnected by chalcogenide
and halogenide bridging ligands. The highly sophisticated
coordination chemistry of TMCHs has led to the discov-
ery of various compounds with diverse properties. Notably,
tetranuclear complexes, such as X4OTeoly (X = Ta, Nb,
Ti) [35-37], V4OSesls [38], TisOXgBrg (X = S, Se) [39],
Ti4OSsClg [40], TasSoBrg [41], TasSeolg [42], and V4SoBrs
[43], have gained recognition. Numerous cluster complexes
with varied functionalities have been derived from TMCHs
compounds containing heavy group IV, V, and VI transition
metals [44-46].

Some TMCHs materials, such as bulk NbsOTegls [36]
and TiyOTegly [37], exhibit typical quasi-1D chain-stacking
structures. Therefore, the 1D structures of NbsOTeol; and
TisOTegly are expected to be synthesized experimentally.
These two structures share common characteristics charac-
terized by clusters of four metal atoms, which hold special
significance in materials chemistry. Generally, for tetranuclear
cluster complexes, the electron concentration in group VI
compounds is sufficiently high to support metal-metal clus-
ter bonding; however, some clusters formed by electron-poor
transition metals in groups Il and IV require the encapsu-
lation of interstitial atoms to stabilize the structure [36,47].
The clusters of group V elements represent borderline cases.
The interstitial atom acts as an electron donor to stabilize
metal-metal bonds and forms strong metal-interstitial bonds
to stabilize the cluster [40]. In NbyOTegl4 and TiyOTegly crys-
tals, the interstitial atoms are O atoms. Owing to their differing
electron-poor features, Nb and Ti atoms exhibit distinct chem-
ical bonds with interstitial O atoms, resulting in significant
differences in the structure and properties of 1D NbsOTegly
and TigOTeyl4 nanowires, particularly in electronic, ferroelec-
tric, and mechanical properties. Understanding the variations
in physical properties that arise from similar structures and
different coordination environments is crucial for material
design.

In this study, using first-principles calculations, we pre-
dicted two 1D TMCHs nanowires, Ti4OTegl4 and NbyOTegly,
characterized by O-centered tetranuclear fragments. They
were prepared from bulk crystals using exfoliation methods.
The polar NbsOTegl; nanowire exhibited ferroelectric dis-
tortions with a large spontaneous polarization. Conversely,
the TisOTegl4 nanowire exhibited a nonpolar structure in the
axial direction. Ferroelectric polarization can modulate the
electronic and mechanical properties of nanowires. The two
nanowires exhibited different structure evolution behaviors
under strain. In particular, Nb;OTegls nanowire experienced
an unexpected force-releasing stage when the external strain
was increased to 11% and tended to form clusters to stabilize
the polar structure. However, the nonferroelectric Ti4OTegly

nanowire was always linearly stretched. Furthermore, mag-
netism was introduced into the nanowire systems through
carrier doping and alloying. By alloying Nb and Ti in 1D
X4OTeyl4 nanowires, we obtained several promising magnetic
semiconductors with large band gaps. Our calculations indi-
cate that the X4OTegls (X = Nb, Ti) nanowires may have
potential applications in flexible electronic and spintronic
devices.

II. COMPUTATIONAL METHODS

The first-principles calculations were performed by us-
ing density functional theory (DFT) within the Vienna ab
initio simulation package (VASP) [48,49]. The Perdew-Burke-
Ernzerhof generalized gradient approximation (GGA-PBE)
was employed as the exchange-correlation functional [50].
The vdW interactions were accounted for by incorporating
DFT-D3 corrections [51]. Following convergence tests, a
plane-wave basis with a kinetic energy cutoff of 600 eV was
utilized to describe electron wave functions. The first Bril-
louin zone was sampled using the I"-centered Monkhorst-Pack
scheme with a grid of 1 x 1 x 10 k points. To prevent inter-
action between adjacent nanowires under periodic boundary
conditions, a vacuum region larger than 20 A was imple-
mented. Convergence criteria for energy between two ionic
steps and force on each atom were set to be less than 1076 eV
and 0.01 eV/A, respectively. The Heyd-Scuseria-Ernzerhof
(HSEO06) hybrid functional was employed to enhance the
accuracy of electronic calculations [52]. Phonon dispersion
was determined in a 1 x 1 x4 supercell using the finite
displacement method in the PHONOPY package [53]. The
evaluation of spontaneous electric polarization was con-
ducted through modern polarization theory based on the
Berry phase approximation [54,55]. The minimum-energy
pathways for ferroelectric transitions were determined using
the climbing image nudged elastic band (CI-NEB) method
[56,57]. The electrical transport parameters were calculated
using the Boltzmann transport theory, as implemented in the
BOLTZTRAP2 code [58].

III. RESULTS AND DISCUSSION

A. Crystal structure

In the early 1990s, several TMCH compounds with
relatively loose interchain contacts were successfully synthe-
sized and structurally characterized, including Nb,OTegl4 and
TiyOTegly with the space group C2/c (No. 15) [36,37]. In
each unit cell, both the bulk Nb,OTeyl4 and Ti4OTeyl, crystals
consisted of four nanowires running alternately and parallel to
the crystallographic z axis and held together solely by vdW
contacts [see Figs. 1(a) and 1(b)]. The lattice parameters and
angles computed using the PBE method are summarized in
Table I and show excellent agreement with the experimental
results.

The vdW interaction characteristic indicates the potential
for exfoliating the 1D NbsOTegly and TiyOTeyly nanowires
from their bulk crystals. The calculated exfoliation ener-
gies of NbyOTegly and TiyOTegly nanowires are 101 and
106 meV /atom, respectively, which are comparable to that
of 2D MoS; (&77 meV /atom) [59], and lower than those of
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TABLE I. The space group, lattice parameters (a, b, and ¢ in 10\), angle (B in °), average bond lengths (l_Nb(Ti),Nb(Ti), l_Nb(Ti)-Tes and Z_Nb(Ti)-O)s
and axial offset of O atom relative to the Nb planes (]Ad|) for the 1D and bulk X;OTeol, (X = Nb, Ti) systems in theory and experiment.

System Space group a (;\) b (/f\) c (A) B() le(Ti)—Nb(Ti) (/f\) le(Ti)—Te (A) le(Ti)—O (A) |Ad| (A)
1D Nb4OTeyly P2 6.22 3.07,3.67,3.90 2.80 2.16,1.98 0.39
Bulk Nb;OTegl, C2/c 2229 20.03 6.21 122.74  3.07,3.65, 3.89 2.80 2.15,1.98 0.39
Bulk Nb,OTeol4 (expt. [36]) C2/c 21.97 1993 620 12243 3.06,2.68,2.94 2.81 2.18,2.00 0.40
1D TizOTeoly P4 6.28 3.17,3.77,3.77 2.80 2.07,2.07 <0.01
Bulk Ti;OTeol, C2/c 2236 1931 6.26 123.67 3.16,3.73,3.79 2.78 2.05,2.07 <0.01
Bulk TiyOTeoly (expt. [37]) C2/c 22.14 19.13 6.23 125,51 3.17,3.75,3.79 2.78 2.05,2.07 <0.01

already experimentally exfoliated 1D Se (*225 meV /atom)
[60] and Te monatomic chains (*273 meV/atom) [17].
This confirms the high feasibility of exfoliating these 1D
nanowires. The optimized lattice constants of NbsOTegl,4 and
Ti4OTegly nanowires are ¢ = 6.22 and 6.28 A respectively,
which are close to those of their bulk crystals. The corre-
sponding structural parameters are summarized in Table I for
comparison. Using NbsOTegly as an example, the noncen-
trosymmetric chain structure of NbyOTegls is shown in the
top and side panels in Fig. 1(c). 1D NbsOTegls belongs to
P2 space group, wherein each chain comprises the distorted
tetrahedral oxygen-centered clusters of Nb atoms with ter-
minal I atoms and Te-bridged edges. The individual clusters
are linked by Te atoms in the axial direction. In detail, at
the cluster core, the chain compound NbsOTegl, shares a
common Nb,O framework that effectively stabilizes clusters.
The Nb4O core assumes the form of a flattened tetrahedron,
with an interstitial O atom situated at its center. Each pair of
adjacent NbyO cores connects isolated Te atoms, forming a
chain along the z axis. In addition, each of the four pairs of
Te, groups with the bond length Iete = 2.74 A forms bonds
with an almost equally short Nb-Nb edge (Inbnp = 3.07 A),
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FIG. 1. Top views of the structures of bulk (a) Nb,OTeoly and
(b) TisOTeyl4 materials. The blue, green, red, yellow and brown balls
represent Nb, Ti, O, Te, and I atoms, respectively. (c) Top and side
views of 1D NbyOTegl; nanowire. The lattice constant and lateral
width of nanowires are labeled as ¢ and A, respectively. (d) Side
views of two energy degenerate distorted ferroelectric structures and
undistorted paraelectric structure. The horizontal distance of chain-
center red O atom respect to the Nb planes on both sides are labeled
as d; and d,. Phonon spectra of 1D (e) Nb,OTeqly and (f) TiyOTeyl,
nanowires.

and the Te-Te bond crosses over the short Nb-Nb edge. Con-
currently, the two longer Nb-Nb edges are bridged by isolated
Te atoms and central O atoms, exhibiting distinct distances,
such as Inp.ny = 3.67 and 3.90 A. In this system, all Nb-Te
bonds are almost identical, with the length Inb-e = 2.80 A.
Furthermore, the variation in the bond length between Nb and
O (Inb.o = 2.16 and 1.98 A) considerably impacts the vertical
distance of O relative to the Nb planes on both sides, resulting
in an axial offset (|Ad| = |d; — d»|/2) of 0.39 A for the 1D
Nb4OTeyls nanowire. This offset may lead to polarization in
the axial direction.

When all the principal elements of Nb are substituted
with Ti, the chain structure transforms into a nonpolar con-
figuration in the chain direction. The Ti4OTegly nanowire
belong to the P4 space group and conform to the TisO cluster
core. Notably, the large distances between two diagonal Ti
atoms are nearly equal, both measuring approximately 3.77 A,
whereas the length of the short Nb-Nb edge is 3.17 A. For the
TiyOTegl4 nanowire, the O atom displaces along the z axis
relative to the Ti planes on both sides, and the Ti-O bond
length becomes uniform (Ipi.o = 2.07 A). This small axial
offset (|Ad| < 0.01 A) results in a nonpolar structure in the
axial direction. The distinct chain structures arising from the
identical coordination environments may be attributed to the
different outer electron configurations of the Nb and Ti atoms.
The Nb atom retains one electron for bonding with the neigh-
boring metal atoms, whereas the Ti atom does not. In addition,
to examine the structural stability of the 1D NbsOTegl4 and
Ti4OTeyls nanowires, their phonon dispersion spectra were
calculated [Figs. 1(e) and 1(f), respectively]. The absence of
an appreciable imaginary phonon mode in the phonon disper-
sions confirms their dynamical stability.

B. Ferroelectric polarization and switching barrier

In the 1D NbyOTegly; nanowire, the O ion in the ax-
ial direction exhibit an off-center displacement with respect
to the Nb planes on both sides, resulting in a polarized
structure. Under the influence of an external electric field,
the polarization direction can reverse, exhibiting ferroelec-
tricity. Similar ferroelectricity was predicted for TasOTeoly
nanowire with the same chain structure in our previous study
[22]. However, the off-center displacement of the O atom in
the TigOTegly nanowire is almost negligible. Thus, the 1D
Ti4OTegls nanowire do not exhibit axial-direction polariza-
tion and ferroelectricity. The lattice distortion is defined in
terms of the horizontal distance of the O atom from the Nb
planes on both sides, denoted as d; and d,, as shown in
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FIG. 2. (a) The energy and polarization of 1D NbsOTeol4
nanowire in the ferroelectric transition process by using the CI-NEB
method. P, is spontaneous polarization and E, represents the energy
barrier of polarization switching. (b) The spontaneous polarization
P; and transition barrier E;, as a function of the strain .

Fig. 1(d). Two stable energy-degenerate ferroelectric config-
urations with opposites polarizations, FE and —FE states, are
associated with one paraelectric state. The two ferroelectric
states correspond to cases where d; < dp (FE) andd; > d»
(—FE), respectively, whereas the paraelectric state is charac-
terized by d; = d, (PE). The paraelectric phase of NbsOTegly
nanowire share the same space-group symmetry of P4 with
the TisOTegly nanowire. Nonpolar TisOTegly nanowire can
stabilize this paraelectric structure.

The intrinsic ion-displacement ferroelectricity of
Nb4OTeyl4 nanowire arises from the cooperative displace-
ment of O atom with respect to the Nb planes on both
sides along the z direction. The spontaneous polarization
aligned along the polarization axis is denoted as a scalar
P, and P; is calculated using the Berry phase within the
modern theory of polarization. For 1D nanowires, an effective
cross-sectional area is considered to estimate the P, value.
As shown in Fig. 1(c), the cross-sectional area is defined
as S =c¢ x h, where ¢ and h are the lattice constant and
lateral width of NbsOTegls nanowire, respectively. This is
currently the common method for dealing with polarization
in 1D materials [55,61], and it is conducive to comparing
polarization with 2D materials. The P value is estimated
to be 0.51 x 107! C/m, which is comparable to that of
analogous Ta,OTegly nanowire [22]. In practical terms, the
reversal of polarization can be achieved through a phase
transition induced by an external electric field. As shown in
Fig. 2(a), the ferroelectric switching proceeds through a direct
transition involving the paraelectric configuration, and the
transition barrier Ej, determined using the CI-NEB method is
320 meV/f.u. [56], which is larger than that of conventional
ferroelectric PbTiO3 (E;, = 219 meV/f.u.) [62]. This implies
that a relatively higher electric field is required for the
reversal of polarization in NbsOTegl; nanowire compared
with that in PbTiO;. However, the estimated barrier energy
is also comparable to or even lower than those of some other
reported 1D, 2D, and bulk ferroelectrics, such as bulk-BiFeO3
(430 meV/f.u.) [62], 2D Sc,CO, (520 meV/fu.) [63], 2D
Hf,CF, (423 meV/f.u.) [64], 1D SbN (486 meV /f.u.) [28],
and 1D WOF, (523 meV/f.u.) [29]. In real situations, the
process of reversing electric polarization is mediated by
domain growth and domain-wall (DW) migration. The DW
migration can generally lower the energy barrier of the
Nb4OTegls nanowire. While this increases the possibility of
experimentally achieving polarization reversal through an
external electric field, significant challenges remain.
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FIG. 3. The strain energy E, (red) and tensile force o (blue) as a
function of the tensile strain ¢ in the (a) NbyOTegl, and (b) TisOTegly
supercells. Ball-and-stick representations and 2D contour plots of the
electronic charge density of the different stages along the stretching
process of the (c) NbyOTeyl, and (d) TiyOTeyl, nanowires.

Notably, the bonding between the Nb and O ions remains
intact during ferroelectric switching, although the bonding
angle undergoes a dramatic change. An appropriate tensile
strain along the chain direction increases the displacement of
O atom with respect to the Nb planes on both sides, effectively
enhancing the P; and E}, values of the NbsOTegls nanowire,
as shown in Fig. 2(b). Conversely, the compressive strain
decreases the P; and E}, values. The promising ferroelectricity
of NbsOTegl4 nanowire effectively expands the family of 1D
ferroelectric materials, playing a catalytic role in the applica-
tion of ferroelectric materials.

C. Strain-related structure evolution

A particular concern regarding 1D structures is the fracture
dynamics of the systems, which yield valuable information
regarding structural changes, stiffness, and other mechan-
ical features. To investigate these aspects, we constructed
1 x 1 x5 supercells (X4OTegly, where X = Nb or Ti) and
subjected them to stretching along the periodic direction to
analyze the structural evolution up to the breaking point. The
variations in strain energy (Ej) versus strain (¢), E; = E(¢) —
E(0), were calculated by incrementally enhancing the con-
stant lattice uniformly in small steps of Ae = 0.01. After each
step, the structures underwent full relaxation, and the tension
force (0 = —0E;/dl) was determined from the strain energy.
The corresponding behaviors of strain energy E;, tension force
o, and atomic structures of strained X4;OTegly (X = Nb, Ti)
nanowires are displayed in Fig. 3.

As shown in Figs. 3(a) and 3(b), the NbyOTegl4 nanowire
experiences three distinct stages under strains: (I) elas-
tic deformation (¢ = 0-0.11), (II) force-release stage (& =
0.12-0.17), and (III) breaking stage (¢ = 0.18—00). However,
the TigsOTegls nanowire does not undergo the force-release
stage before reaching the breaking point. Under the influence
of axial-direction strain, it transitions directly from the elastic
deformation stage (I: ¢ = 0-0.14) to the breaking stage (III:
& = 0.15-00). In Stage I, a similar enhancement in strain
energy E; and a linear relationship (harmonic regime) between
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FIG. 4. (a) The schematic diagrams of Nb,OTegl4 and TisOTeols
nanowire supercells. ¢ is the lattice parameter. ¢; and ¢, represent
the two Te-O distances between central Te atom and adjacent O
atoms. The red arrow represents the direction of strain application.
The values of ¢, ¢;, and ¢, as a function of the tensile strain € in the
(b) NbsOTegl, and (d) Ti4OTegly nanowires. (c) The spontaneous
polarization and displacement of central atoms as a function of the
tensile strain ¢ in ferroelectric Nb,OTegl4 nanowire.

tension force o and strain € are evident in both NbyOTegly
and TiyOTegly nanowires under a small tensile load. In par-
ticular, these two chain structures undergo a predominantly
uniform expansion under axial strain, as shown in Figs. 3(c)
and 3(d). In Stage II, distinct force behaviors are observed in
the two nanostructures. For the NbyOTegl; nanowire, as the
strain is further increased (exceeding 0.11), the force begins to
exhibit a nonlinear behavior, indicative of a force release phe-
nomenon. This implies a reduced force requirement to achieve
additional elongation beyond the critical strain or maximum
critical force. Despite the variation in force behavior, the
atomic structure of the NbyOTeogl; nanowire is maintained
within the reversible elastic range at the end of Stage II, allow-
ing the deformed nanowire to be optimized back to its initial
structure. However, the TisOTeol4 nanowire does not undergo
this force-release stage before breaking. This discrepancy can
be attributed to the polarity-related structural differences be-
tween the two nanowires. During Stage III, the strain energy
E; for both nanowires deviates from the quadratic dependence
as the tension increases further, and the structures fracture
into two segments, bypassing the plastic deformation zone
and directly entering the rupture zone. Thus, NbyOTegl,4 and
Ti4OTeyl4 nanowires exhibit elastic stretching capabilities up
to ¢ = 0.17 and 0.14, respectively, indicating favorable me-
chanical features along the z axis. Notably, this behavior in
the absence of a plastic deformation zone under the influence
of strain differs from the reported characteristics of previously
studied 1D chain materials, such as X;SiTe4 (X = Ta and Nb)
and Ta,X3Seg (X = Pd and Pt) [20,21,65].

To further elucidate the force behavior in X4;OTegly (X =
Nb, Ti) nanowires, we subjected the two nanowires to strain
along the z axis and recorded relevant structural data. As
shown in Fig. 4, the structures of the two materials exhibit
distinct trends under tension strain. Here, to gain a clearer

understanding of these different trends, we divide the lattice
constant ¢ of each nanowire into two parts, long side ¢; and
short side c,, which respectively represent the distances be-
tween the Te atom at the axis center and the two O atoms
on each side [Fig. 4(a)]. For the NbyOTegl; nanowire, the
chain structure is characterized by the relationship ¢; > ¢;
due to the off-center displacement of the O ions. As shown
in Fig. 4(b), as the nanowire is uniformly strained up to
¢ < 0.11 in Stage I, both ¢; and ¢, increase gradually. How-
ever, the growth rate of c¢; is slower than that of c,. For
e > 0.11 in Stage II, ¢; exhibits negative growth, whereas
cp continues to increase at a faster rate. Generally, ¢; and
¢, follow rules where the quadratic coefficients of quadratic
functions are less and greater than zero, respectively. There-
fore, the force release phenomenon in Stage II is primarily
attributed to the distinct variations of ¢; and ¢, under tensile
strain. Simultaneously, the difference in the variations of c;
and ¢; is induced by the polar structure of the NbsOTegly
nanowire. The polarization-regulated mechanical properties
play a crucial role in the applications of 1D Nb4OTegl4 materi-
als in certain specialized ferroelectric fields. The strain-related
polarization in Stages I and II before fracture is shown in
Fig. 4(c). Before fracture, the polarization always increases
with strain. However, due to the increased displacement of
Te atoms in the force-release stage, the polarization growth
rate in Stage II is significantly larger than that in Stage I.
Ferroelectric materials often boast intricate crystalline struc-
tures, intricately arranged with multiple chemical elements.
When subjected to tensile strain, the behavior of the Te atoms
along the central axis, converging and contracting towards
the cluster, suggests a reorganization of the electric dipole,
serving as a mechanism to stabilize the polar structure. This
process results in the partial alleviation of internal stress,
demonstrated as the release of tensile force.

The anomalous force-release process has also been
proposed in 1D NbysSiTes4 nanowires [21]; however, the
corresponding strain stage is small (¢ = 0.07-0.08). The pre-
viously reported NbsSiTes nanowire possesses a nonpolar
chain structure that is different from that of the Nbs;OTeoly
nanowire. The force-release phenomenon in the NbySiTey
nanowires is attributed to the differential contraction rates of
the inner and outer atomic tubes under tensile strain. This
mechanism differs from that observed for the NbsOTeoly
nanowire in this study. In addition, as shown in Fig. 4(a),
the chain structure of the Ti;OTegl, nanowire is characterized
by the relationship ¢; = c,. This relation can be maintained
in the whole elastic stage, as shown by the well-established
linear relationship between c¢; and ¢, with tensile strain in
Fig. 4(d). This is also why we did not observe a force-release
phenomenon in 1D TiyOTegly system.

D. Electronic properties and doping-induced magnetism

In this section, we discuss the electronic structures of
X,OTegly (X = Nb, Ti) nanowires. The electronic structures
calculated using the HSEO06 functional without the spin-
orbital coupling (SOC) effect are shown in Figs. 5(a) and
5(b). In the case of the NbyOTeql, nanowire, the ferroelectric
structure exhibits a near-direct band gap of 1.32 eV, where the
conduction-band minimum (CBM) is located at I point and
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FIG. 5. The band structures and the projected density of states of
(a) NbsOTeygls and (b) TisOTeyls nanowires calculated by the HSE06
functionals. The Fermi level is set to zero with a black dashed line.
The magnetic moments and spin-polarization energies as a function
of the hole- and electron-doping concentration in the (c) NbsOTegls
and (d) TiyOTeyl, nanowires. Spin-polarized band structures and
density of states in the doping concentration of 0.4 hole and electron
per formula unit for (e) NbyOTeol, and (f) TigOTeol, nanowires.

the valence-band maximum (VBM) is also situated near the
' point. The Ti4OTegly nanowire exhibits an indirect band
gap of 1.40 eV, wherein the CBM is nearly at the I point
and the VBM is located at the Z point. In addition to the
different gap values for the two nanowires, the band structure
dispersions are highly sensitive to the primary element. From
the projected density of states (PDOS) shown in Figs. 5(a)
and 5(b), we observe that both the CBM and VBM of the
Nb4OTegly nanowire are predominantly contributed by the
Nb-d states. However, the Ti-d and Te-p orbitals dominate
the CBM and VBM in the Ti4OTegl4 nanowire, respectively.
Thus, the difference between the direct and indirect band gaps
of the NbyOTegly and TizOTegly nanowires, respectively, is
primarily due to variations in the orbital compositions of the
VBM and CBM. Prominent peaks in the density of states
(DOS) are visible in the VBM of the NbsOTegl4 nanowire and
the CBM of the Ti4OTegl; nanowire. These phenomena are
attributed to flat bands in the band structures. Generally, flat
bands near the Fermi level can induce electronic instability,
potentially inducing itinerant magnetism by doping carriers in
nonmagnetic systems.

To investigate the potential for itinerant magnetism in
X4O0Tegl4 (X = Nb, Ti) nanowires, we introduced either holes

or electrons into the valence or conduction band. As shown
in Figs. 5(c) and 5(d), the magnetic moment suddenly rises
to approximately lupg per hole (electron) at lower doping
concentrations such as 0.2 hole per formula unit (hole/f.u.) for
Nb4OTeyl4 and 0.2 electron per formula unit (electron/f.u.)
for Ti4OTeyl4 nanowire. When the effective volumes of the
nanowires are considered in the calculations, both hole and
electron doping concentrations can be can be converted into
three-dimensional units, equivalent to 0.52 x 10?! /cm?. This
doping concentration is small, making doping-induced mag-
netism more easily attainable in experimental settings for
these two nanowires. Furthermore, the saturated magnetic
moment of 1.0up per hole or electron can be sustained across
a wide range of doping concentrations, such as 1.0 hole/f.u.
and 2.6 electron/f.u. for NbsOTegl4 and Ti4OTegl, nanowires,
respectively. The spin-polarization energies (defined as the
energy difference between the nonmagnetic and magnetic
states; AE = Eyy-Ey) further validate the range of doping
concentrations for the emergence of magnetism. The spin-
polarization energies reach their maximum values when the
doping concentrations are 0.8 hole/f.u. (2.09 x 10*'/cm?)
and 1.0 electron/f.u. (2.60 x 10%' /cm?) for NbyOTeol, and
TiyOTegl4 nanowires, respectively. Positive values persist over
a significant range of hole and electron concentrations, indi-
cating that the magnetic ground state is more stable than the
nonmagnetic state in these two nanowires.

Doping-induced magnetism can be explained using the
Stoner model, in which itinerant magnetism occurs when
the Stoner criterion D(E;)I > 1 is satisfied [66]. Here, the
Stoner parameter / represents the strength of the exchange
interaction and is defined as I = A,./M, with A,. and M
representing the exchange splitting energy of two spin chan-
nels near Fermi level and the spin magnetic moment of the
unit cell, respectively. D(Ey) is the non-spin-polarized DOS at
the Fermi level. For example, when the doping concentrations
are n = 0.8 hole/f.u. and 1.0 electron/f.u. for NayOTeol, and
Ti4OTeyl4 nanowires, respectively, the Stoner factors I are
0.93 and 1.30, and the D(Ey) values are 12.87 and 17.34,
respectively. These values satisfy the Stoner criterion, indicat-
ing that it is reasonable for the itinerant magnetism to emerge
in both hole-doped Nb,OTeyl4 and electron-doped TisOTeoly
nanowires.

Figure 5(e) shows the spin-polarized band structure of
the NbsOTegly nanowire at the doping concentration n =
0.4 hole/f.u. The breaking of spin degeneracy has a significant
exchange splitting of approximately 0.35 eV. The spin-up
band is fully occupied, whereas the spin-down band intersects
the Fermi level. Thus, all the holes are introduced into the
spin-down band, resulting in partial filling. For the Ti4OTegl4
nanowire, as shown in Fig. 5(f), the spin-polarized band
structure at the doping concentration n = 0.4 electron/f.u. in-
dicates greater spin splitting in the electron-doping TisOTegly
nanowire (0.52 eV). In this scenario, the spin-up band crosses
the Fermi level, whereas the spin-down band remains unoc-
cupied. Thus, all the doping electrons are introduced into the
spin-up bands. Consequently, hole and electron doping can
transform the NbyOTegl, and TiyOTeqgls nanowires into 1D
half metals, highlighting their potential as ideal candidates
for constructing spintronic devices. Although 1D magnetism
is fascinating, its experimental observation at finite tempera-
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FIG. 6. (a) The structure diagrams of the pristine and alloying structures of the Nb,OTeyl, and TiyOTeqls nanowires. The corresponding
projected density of states of these pristine and alloying structures calculated by the (b) PBE and (c) HSEO6 functionals, respectively. (d) The
corresponding band structures of these pristine and alloying structures calculated by the HSE06 functional with and without the SOC effect.

The Fermi level is set to zero.

tures remains challenging. Fortunately, some 1D and quasi-1D
magnetic materials including CrSbSe; [19], CrZrsTe 4 [67],
and CrCl; [68] have been successfully synthesized in experi-
ment and their magnetic behaviors have been observed.

E. Alloying of metal elements

Achieving high doping concentrations can be challenging
experimentally. In addition, magnetism can be induced by
introducing electrons or holes through elemental substitution.
Considering the variance in the outermost electrons, the prin-
cipal elements of the NbyOTegl, and Ti4OTegl4 nanowires are
Nb and Ti, which exhibit Nb>" and Ti** behavior, respec-
tively. This implies that the Ti atom loses one less electron
than the Nb atom during bonding. Substituting one Nb atom
with one Ti atom is akin to introducing a hole into the system.
We hypothesize that this substitution may trigger magnetism
akin to the theoretical doping of holes. Considering the struc-
tural similarity between Nb,OTegl4 and TiyOTegl, nanowires,
alloying metallic elements (Nb and Ti) in the nanowire is rel-
atively straightforward to achieve experimentally. Therefore,

we obtained alloy compounds with varying proportions of
different metallic elements via elemental substitution, to in-
vestigate their electronic properties and potential magnetism.
The potential alloy structures are shown in Fig. 6(a). For sim-
plicity, NbsOTegl, and TiysOTegl, are abbreviated as Nb4 and
Tiy, respectively. The alloy structures with different composi-
tions are represented as NbsTi, Nb,Ti,, and NbTi3. According
to structural symmetry, the four metal atoms (Nb or Ti) in a
single unit cell are pairwise equivalent. As shown in Fig. 6(a),
the Nb3Ti system has two distinct structures: NbsTi-I and
NbsTi-1II; the Nb,Ti, system has three structures: Nb,Ti,-1,
Nb, Ti,-1II, and Nb,Ti,-III; and NbTis system has two struc-
tures: NbTis-I and NbTiz-II.

We then track the optimized structures, PDOS, band
gaps, and magnetic moments, as summarized in Fig. 6 and
Table II. Here, the SOC correction is examined using the
HSEO6 functional for the pristine and alloying structures
of the NbsOTegl; and TiyOTegl; nanowires, as shown in
Fig. 6(d). The corresponding results of the two perfect struc-
tures, Nby (NbsOTeol) and Tiy (TisOTeoly), are also shown
for comparison. The effect of SOC on the band structures
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TABLE II. The band gap, magnetic moment, and magnetic
anisotropy energy (MAE) of pristine and alloying structures, Nby,
(NbyOTegly), NbsTi-I, Nb;Ti-II, Nb,Ti-I, Nb,Ti,-II, Nb,Ti,-III,
NbTi3—I, Nle3—H, and Tl4 (Ti40TCgI4).

Band gap (eV)

System PBE HSE06 HSE06+SOC u (uz) MAE (ueV)
Nby (Nb,OTeoly) 0.54 1.32 1.32 0

Nb; Ti-I 024 1.12 1.11 1 139.5
Nb; Ti-II 023 1.06 1.04 1 10.5
Nb, Ti,-1 0.61 1.35 1.29 0

Nb, Ti,-I1 045 1.00 0.98 0

Nb, Ti,-IIT 045 1.00 0.98 0

NbTis-1 031 1.20 1.15 1 51.5
NbTi;-IT 031 1.20 1.15 1 55.5
Tis (TisOTeoly)  0.53  1.40 1.25 0

is negligible. For example, the greatest change induced by
the SOC effect in the band gap of the Ti4OTeyly nanowire
amounts to only 0.15 eV. For the NbsTi-I and Nb;Ti-II struc-
tures, the substitution of a Nb atom with a Ti atom can induce
a magnetic moment of 1up, which is akin to the effect of dop-
ing one fully spin-polarized hole. From the PDOS shown in
Figs. 6(b) and 6(c), a substantial spin splitting near the Fermi
level is observed, with magnetism predominantly originating
from the d orbitals of Nb and Ti atoms. The spin-polarized
charge density shown in Fig. 7 further confirms that the mag-
netic moments are mainly distributed in the Nb and Ti atoms
and are partly derived from O atoms. Compared with the per-
fect NbsOTegly structure, the one remaining unpaired electron
introduced by the substitution of Ti atoms mainly occupies the
spin-up orbital, whereas the spin-down orbital is unoccupied.
Therefore, the Nb;Ti-I and NbsTi-II structures exhibit mag-
netic semiconductor characteristics with large band gaps of
1.11 (0.24) and 1.04 (0.23) eV at the HSE06 + SOC (PBE)
level, respectively. For the Nb,Ti, systems, the substitution
of two Nb atoms with Ti atoms implies that the systems
continue to introduce another hole, and thus the Fermi level

FIG. 7. The spin-polarized charge density of four magnetic con-
figurations, Nb;Ti-I, Nb;Ti-II, NbTiz-I, and NbTi;-1I. The spin-up
and spin-down densities are labeled in brown and green, respectively.

continues to move down. In this case, the three alloying
configurations (Nb,Ti,-1, Nb,Ti,-II, and Nb,Ti,-III) recover
nonmagnetic semiconductor characteristics because the num-
bers of spin-down and spin-up electrons become equal. The
Nb, Ti,-I configuration has a relatively large band gap of 1.29
(0.61) eV at the HSE06 + SOC (PBE) level, whereas the band
gaps of Nb,Ti,-II and Nb,Ti,-III configurations are close
and relatively small, approximately 0.98 (0.45) eV obtained
using HSE06 + SOC (PBE) method. Notably, after structural
optimization, the structures of Nb,Ti,-II and Nb,Ti,-III tend
to converge. Therefore, Nb, Ti,-II and Nb, Ti,-III exhibit sim-
ilar PDOS and band-gap values, as shown in Fig. 6. Finally,
for the NbTij systems, with the further reduction of electron
number in the nanowire, a magnetic semiconductor system
with a magnetic moment of 1up emerges again. Based on
a thorough structural optimization, the structures of NbTis-I
and NbTi;-1II are also highly similar, including bond lengths
and bond angles. The band gaps of NbTis-I and NbTis-II are
approximately 1.15 (0.31) eV at the HSE06 + SOC (PBE)
level. From the PDOS shown in Figs. 6(b) and 6(c), a larger
spin splitting appears near the Fermi level and the orbital
occupied by the single electron has a spin-up configuration.
The spin-polarized charge densities shown in Fig. 7 indicate
that the magnetism mainly originates from the d orbitals of
the Nb and Ti atoms.

The magnetocrystalline anisotropy (MCA) plays a fun-
damental role in inducing long-range magnetic ordering in
low-dimensional materials. The MCA can be modulated us-
ing magnetic anisotropy energy (MAE). MAE is defined as
the energy difference between the directions perpendicular
to the chain (100 and 010) and parallel to the chain (001);
MAE = E| — Ej. As listed in Table II, the MAE generated
by the SOC effect for the four magnetic systems (NbsTi-I,
NbsTi-II, NbTis-I, and NbTis-II) are 139.5, 10.5, 51.5, and
55.5 ueV, respectively. These positive values indicate that
the easy magnetization axis of the 1D magnetic nanowires is
aligned with the chain direction.

Alloying is an effective method for regulating the elec-
tronic and magnetic properties of low-dimensional materials.
Several promising magnetic semiconductors have been ob-
tained by alloying Nb and Ti in 1D X;OTeols nanowires.
The band gaps of these systems could be regulated over a
wide range, indicating that these nanowire materials may
have potential applications in spintronic devices. With contin-
uous improvements in experimental preparation techniques,
nanowires with varying compositions of different metals can
be synthesized.

F. Carrier mobility and conductivity

The carrier mobility is also a key parameter that determines
the efficiency and performance of electronic and optoelec-
tronic devices. The electrical properties can also be evaluated
from carrier mobility. We examined the carrier mobilities of
the NbsOTegly and TigsOTegly nanowires. According to the
deformation potential (DP) theory [69], the carrier mobility
of 1D systems is expressed as follows [70-74]:

el*Cip
H= T
QrkpT)2 |m*|2 (Ey)
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TABLE III. 1D elastic constant Cp, DP constant E;, effective mass |m*|, carrier mobility u, and relaxation time 7 for NbsOTeyl, and
TiyOTegl4 nanowires along the chain direction at 7 = 300 K. / and e represent the holes and electrons, respectively.

Ey (eV) |m*| (mo) p(em*V='s™h) T (fs)
System Cip (x107° N) h e h e h e h e
Nb,OTeoly 28.29 0.65 4.44 13.52 4.38 6.67 0.77 51.25 1.93
TiyOTeoly 25.11 0.63 0.85 2.24 9.45 92.66 5.48 118.14 31.00

where e, 7, kg, and T are the electron charge, reduced Planck
constant, Boltzmann constant, and temperature, respectively.
Cip is the 1D chain elastic stiffness constant, given by Cip =
(1/c0)(32E/agZ). E| is defined as E| = |dE,qg/d¢|, repre-
senting the displacements of the CBM for electrons and
VBM for holes through altering the lattice, where Eegge is
the energy of the conduction (or valence) band edge. The ef-
fective mass m* can be calculated by m* = +hi*(3°E /9k*)~",
where 9%E /3k? represents the second derivative of the energy
dispersion with respect to the wave vector k. The correspond-
ing values of Cip, Ej, |m*|, and carrier mobility u for 1D
Nby4OTegly and TiyOTegls nanowires are all summarized in
Table II1.

The Nb,OTegl, nanowire possesses relatively large effec-
tive masses, m™*, 13.52mg and 4.38m,, for holes and electrons,
respectively. As shown in Fig. 5(a), this is primarily due to the
relatively flat-band edges (d orbitals of Nb atoms) near the
CBM and VBM of the Nb;OTegl; nanowire. Besides, the DP
constant for electrons is 4.44 eV, which is higher than that
for holes (0.65 eV). These lead to small hole and electron
mobilities, 6.67 and 0.77 cm? V~!'s™!, respectively, in the
Nb4OTegl4 nanowire. As shown in Fig. 5(b), with the substitu-
tion of the metal element from Nb to Ti, the relatively flat band
contributed by the d orbitals of Ti atoms are only located near
the CBM, while the band near the VBM that is contributed
by the p orbitals of Te atoms is relatively dispersive, causing
a large effective mass of 9.45my for electrons and relatively
small effective mass of 2.24m for holes. Simultaneously,
small DP constants for both holes (0.63 eV) and electrons
(0.85) are obtained in the Ti;OTegl4; nanowire. This situation
increases the hole and electron mobility rapidly to 92.66 and
5.48 cm? V~!s~!, respectively. This high hole mobility is
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FIG. 8. The conductivity as a function of carrier concentration in
the Nb;OTeyl, and TiyOTeol, nanowires.

larger than those of previously reported 1D chain materials,
such as Sny X3 (X =S, Se) [75], indicating the potential device
applications of such nanowire materials.

The average scattering relaxation time can be expressed
as 7 = [m*|u/e. As summarized in Table III, although the
relaxation time is determined by both the effective mass
and carrier mobility, the hole mobilities of NbyOTegl, and
TiyOTegls nanowires are significantly higher than their elec-
tron mobilities, which directly leads to a higher relaxation
time for holes compared with those for electrons. Based
on the Boltzmann transport theory, we performed the cal-
culations on the conductivities of NbyOTegls and TizOTegly
nanowires, with conductivity described as o = neu, where n
is carrier concentration. As shown in Fig. 8, the conductivi-
ties increase linearly with the enhancement in optimal carrier
concentration. Moreover, the hole mobilities of NbyOTegly
and TiyOTeyly significantly surpass the electron mobilities.
As a consequence, hole conductivities are one to two orders
of magnitude greater than electron conductivities, showcas-
ing typical attributes of p-type materials. This aspect holds
considerable promise for applications in the realm of thermo-
electricity.

IV. CONCLUSIONS

We conducted a detailed investigation of the structural,
ferroelectric, electronic, mechanical, and magnetic properties
of 1D X4OTegly (X = Nb, Ti) nanowires using first-principles
calculations. The different electron counts of the Nb and Ti
metal atoms result in distinct chemical bonding coordination
environments for the NbyOTegls and TizOTegls nanowires,
leading to differences in their structures and physical prop-
erties. Our calculations revealed that intrinsic ferroelectric
polarization ordering existed only in the NbsOTegl4 nanowire,
which was attributed to the off-center displacement of O
atoms relative to the center of Nby clusters. The spontaneous
polarization of the NbysOTegl; nanowire was also enhanced
by applying a tensile strain. However, the TiyOTegl4 nanowire
was a nonferroelectric material because the bonds between the
four Ti and O atoms were almost identical. For the ferroelec-
tric Nb4OTegl4 nanowire under strain conditions, the stored
strain energy could drive different rates of change in the dis-
tances between the Te atom and two adjacent O atoms at the
axis center, which led to an unexpected force-releasing stage
to stabilize the polar configuration. However, the correspond-
ing Te-O distances in the nonferroelectric TisOTegl4 nanowire
uniformly increases with tensile strain. From the results of
HSEO06 + SOC calculations, the NbsOTegl; and TisOTegly
nanowires were direct- and indirect-band-gap semiconductors
with moderate gaps of 1.32 and 1.25 eV, respectively. Itin-
erant magnetism was introduced into the flat bands near the
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Fermi level in the two nanowires by doping with holes or
electrons. The saturated magnetic moment was maintained
at 1.0up for a wide range of doping concentrations. Con-
sidering the structural resemblance between Nb,OTegl, and
TiyOTegly nanowires, the alloying of metal elements (Nb
and Ti) within the nanowires was relatively straightforward
to accomplish experimentally. Our calculations demonstrated
that 1D alloys with different proportions of NbsOTegl4 and
TiyOTegl4 nanowires might exhibit magnetic-semiconductor
characteristics with large band gaps. These results indi-
cate that the NbyOTegls nanowire provide a solid platform
for studying the multifunctional properties of 1D materi-

als, with the corresponding results awaiting experimental
confirmation.
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