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Low-dimensional materials can display enhanced electronic, magnetic, and quantum properties. We use the
topological scaling algorithm to identify all sufficiently metastable materials in the Materials Project database to
identify bulk crystals with one-dimensional (1D) structural motifs: Five hundred fifty-one crystals that are within
50 meV atom~! of the thermodynamic hull display 1D motifs, where 293 of these contain d-valence elements,
which we focus on in this work. After exfoliating nanowires from 263 of these materials and calculating
their thermodynamic stability using density functional theory, 103 nanowires meet per-atom and per-Angstrdm
thermodynamic stability criteria. We illustrate for three nanowire systems that a variety of local minima can be
present in these systems, demonstrating one case of a Peierls distortion. The wires display a broad diversity of
electronic and magnetic properties of these nanowires, with 14 metals, 7 half-metals, and 82 semiconductors and
insulators, and 41 nanowires displaying magnetic moments ranging from 0.1 to Sup per d-valence species when
assuming ferromagnetic order. A subset of these chains are investigated for the impact of magnetic ordering,
identifying 1D FeCl; to be most stable in an antiferromagnetic state. The electronic and magnetic properties of

the identified 1D materials could enable applications in spintronic and quantum devices.
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I. INTRODUCTION

Nanomaterials are of great scientific interest due to their
unique electronic, optical, magnetic, and quantum properties
[1-10]. These properties enable a variety of potential applica-
tions, including optoelectronic [6,11], spintronic [12,13], and
quantum devices [14,15]. The emergence of these properties,
when transitioning from bulk precursor to low-dimensional
materials, stems from the enhancement of quantum mechani-
cal effects, e.g., quantum confinement.

Nanomaterials range from zero-dimensional (0D) clusters
and nanocrystals to 1D nanotubes, wires, and ribbons to 2D
nanolayers. Zero-dimensional materials have been a topic of
research for several decades due to the tunability of their
properties with system size [2]. Nanocrystals have numerous
applications, such as semiconducting quantum dots for light-
ing, displays, and photovoltaics [9,16,17]; metal oxide and
chalcogenide nanocrystals for catalysis [18-20]; fluorescent
semiconductor nanocrystals for medical imaging [21]; and
functionalized silica nanoparticles for disease treatment [22].

One-dimensional materials have received less attention
than other nanomaterials [23], with the main focus for this
class of materials on nanotubes [24] and nanoribbons [25],
both of which are synthesizable from 2D materials. However,
several investigations have synthesized so-called extreme
nanowires of a few Angstrom to nanometer radius by encap-
sulating them within carbon nanotubes [3,26-30].

Two-dimensional materials became of great interest with
the discovery of graphene with its unique electronic and
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mechanical properties [1]. Since then, a large number of 2D
materials have been predicted and discovered, such as #-BN
[7,31], transition metal di-chalcogenides [4,8,32], MXenes
[33,34], metal oxides [35,36], and phosphorene [37,38], with
several reviews describing the experimental [39—41] and com-
putational efforts [42—-44].

Methods for the discovery of novel nanomaterials fall
into two categories: approaches that rely on known crystal
structures and approaches agnostic to prior crystal structure
knowledge. Methods in the former category include data
mining of crystal structure databases [45-48] and chemical
substitutions in known prototype nanostructures [32,49-51].
These methods have successfully predicted 2D materials that
were subsequently synthesized experimentally [5,50,52-57].
Techniques agnostic to known crystal structures include ge-
netic algorithm and particle swarm structure searches [58—60],
which use an objective function, such as the thermodynamics
stability, to evaluate the fitness of the generated crystals and
guide the creation of new structures. Most of these discovery
efforts for nanomaterials focus on 2D nanosheets, with only a
few studies identifying 1D structural motifs in bulk materials
[10,48,61].

In this paper, we predict exfoliable 1D materials that fall
under the category of “extreme nanowires” and characterize
their stability, magnetic properties, and electronic behavior.
We specifically focus on magnetic nanowires to provide ma-
terials that can be used to validate rich theoretical predictions
for 1D spin chains, e.g., the long-range spin order in 1D
Heisenberg or XY magnets [62-64], spin-Peierls and charge
ordering transitions [65], helimagnetism, and the emergence
of Majorana bound states [66,67]. We apply the topologi-
cal scaling algorithm (TSA) [46,68] to search the Materials
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FIG. 1. The structure of bulk tellurium with a three-atom unit
cell consists of 1D structural motifs, highlighted by the single chain
of blue atoms. Exfoliation of such a material can lead to a 1D
material, which corresponds to an inorganic polymer or nanowire.
This Te nanowire forms a three-fold-symmetric helical coil, denoted
as 3H-Te.

Project database [69] and classify the dimensionality of the
structural motifs comprising each metastable bulk material.
We identify 551 homogeneous bulk materials composed of
van der Waals (vdW) bonded chains, i.e., pseudo-1D solids,
which are within 50 meV atom™! of the thermodynamic hull.
Figure 1 illustrates, as an example, the 1D structural motif
of tellurium (Te). We isolate these 1D materials and calcu-
late their thermodynamic stability, using single-chain 3H-Te
as the reference for thermodynamic stability due to its bulk
precursor being the density functional theory (DFT) ground
state [69] and its successful synthesis both as a nanofilm
[70] and inside carbon nanotubes [3]. We proceed to inves-
tigate the electronic and magnetic properties of the stable
103 nanowires that contain transition metals. We use MoBr3,
NbCI;0, and HgO to demonstrate the impact of structural
distortions on 1D systems and illustrate the complexity of
their energy landscapes. We further show that 1D materials
exhibit a wide range of electronic and magnetic properties,
revealing potential pathways to electronic applications and
the value of investigating this relatively unexplored class of
materials in greater depth.

II. METHODS

We apply the TSA developed by Ashton et al. [46] and
implemented in the MPInterfaces software package [68] to
identify the dimensionality of the structural motifs comprising
the materials in the Materials Project database. We use the
empirical atomic radii [71] specified in the pymatgen soft-
ware package [72] to characterize the bonding network. We
employ the MPInterfaces [68] and pymatgen [72] software
packages to exfoliate the isolated 1D structures, perform the
DFT calculations, and analyze the results. We identify and
remove duplicate 1D materials by comparing the interatomic
distances of systems with identical compositions.

The DFT calculations of the stability and properties of
the 1D materials are performed with the plane-wave code
VASP [73] using the projector-augmented wave method [74]
and the generalized gradient approximation. To account for
dispersion interactions between the 1D structural motifs in the
bulk structure, we employ the vdw-DF-optB88 approximation
[75,76] for the exchange-correlation functional. A plane-wave
cutoff energy of 600 eV, a I'-centered k-point mesh with a
density of 60 k-points A along the periodic directions, and a
first-order Methfessel-Paxton smearing with a width of 0.1 eV

ensure convergence of the energy of the relaxed structures to
better than 1 meV atom~!. All calculations are performed spin
polarized and initialized ferromagnetically unless otherwise
stated, with d valence elements initialized with 6ug and all
other elements with 0.5up. To improve the reliability of the
structural optimization, we employ a damped molecular dy-
namic algorithm with a damping factor between 0.2 and 0.4
and a small time step of 0.05 to 0.3 fs. The electronic band
structures were calculated using the tetrahedron method with
Blochl corrections.

We place all 1D materials in an orthorhombic simulation
cell such that their periodic direction is parallel to the a axis.
To determine the vacuum spacing required to converge the
nanowires’ energy to 1 meV atom™!, we calculate the change
in energy when increasing the vacuum spacing from 10 to
26 A for 30 randomly selected 1D materials. The dispersion
interaction between two parallel metallic wires scales with
distance, d, as 1 /d2 [77]. Using this scaling relation, we find
that the energy is converged to well below 1 meV atom~! for
a vacuum spacing of 20 A, which we apply to the nonperiodic
directions of the nanowire cells.

III. RESULTS

A. Identification of structural motifs

We apply the TSA to identify the structural motifs of all
materials contained in the Materials Project database of Au-
gust 23, 2019. The creation of the bonding network in the
TSA requires a choice of bond lengths. This is because the
definition that the TSA uses classifies atoms as “bonded” if the
radii of two species overlap. As such, as one scales the radius
of each atom, the cutoff for the bonding classification between
atoms is scaled. Increasing this bond length scaling results
in more connected crystals, and an eventual convergence to a
fully 3D crystal. The base empirical atomic radii of the species
is as specified in the pymatgen software package and we scale
the values from —20% to +30% in steps of 1% to identify
bonds.

Figure 2 illustrates the distribution of structural motifs
for all materials within 50 meV atom~' of the thermody-
namic hull. Unsurprisingly, the unscaled atomic radii result
in the classification of the majority of crystal structures into
molecular heterostructures, composed of single atom atomic
clusters. To ensure accurate identification of the bonds and
capture the structural motif of each crystal correctly, we
increase the atomic radii by 4+20%. This scaling generally
ensures the correct identification of almost all covalent, ionic,
and metallic bonds while being unlikely to include second-
nearest neighbors and weak vdW bonds.

For any empirical bonding parameter, there will be a frac-
tion of incorrectly identified materials. An example of this
is layered PbS. The Pb and S species exhibit atomic radii of
1.8 and 1.0 A, respectively. In the PbS structure, the distance
between nearest-neighbor Pb and S atoms is 3.01 A, which
requires a minimum increase of the atomic radii of 7.5% for
the TSA to identify these species as bonded. However, when
increasing the radii by 8.4%, the Pb atoms of one monolayer
are identified as bonded to the S atoms of the opposite layer.
Though the number of misidentified structural motifs is a
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FIG. 2. Distribution of structural motifs identified by the TSA as
a function of the scaling of the bond length, i.e., the sum of empirical
atomic radii. The figure is limited to materials which are reported
as within 50 meV atom~! of the thermodynamic hull. For materials
where a heterostructure was identified (i.e., the composition of indi-
vidual structural motifs does not match the materials composition),
each bonding network with a unique composition is categorized sep-
arately. The number of conventionally networked materials increases
rapidly up to a scaling of about +10%. We select a scaling of +20%
to capture almost all covalent, ionic, and metallic bonds but not
bridge the majority of van der Waals gaps.

priori unknown, visual inspection of a subset of materials and
the apparent convergence of the structural motifs with further
increase in the scaling of the bond length indicates that the
number of misidentified cases is relatively small for a scaling
of +20%.

Figure 2 shows that the number of identified structural
motifs is larger than the number of considered crystal struc-
tures (72,316). The reason is that some crystal structures
comprise multiple structural motifs. The structural motifs of
these heterostructures can differ in both their chemical com-
position and their dimensionality, e.g., heterostructures of 0D
and 2D motifs. Across the 3,632 chemical heterostructures,
1,850 have mixed dimensionality. We do not consider chains
obtained from heterostructures, as they may not be easily
exfoliable. Further, they may be charged and, thus, likely
unstable when isolated from the bulk precursor.

B. Bipartite structures

Though changing the supercell size should not change
the structural motif of a crystal, we find several materials
that display structural motifs whose identified dimensional-
ities depend on the supercell size chosen. For example, the
monoclinic phosphorous crystal with Materials Project ID
mp-568348 and Inorganic Crystal Structure Database (ICSD)
[78] ID 29273 is identified as a 1D solid with a 2 x 2 x 2
supercell, a 2D solid with a 3 x 3 x 3 supercell, and a scaling
between 1D and 2D with a 4 x 4 x 4 supercell. Figure 3
displays this crystal structure and illustrates how using the
same primitive cell to generate supercells can result in differ-
ent identified bonding networks due to the periodic boundary
condition.

Figures 3(a) and 3(b) demonstrate that this phosphorous
crystal structure comprises two interwoven networks, denoted
in red and blue. These networks consist of a series of rodlike

© (d)

FIG. 3. Effect of periodic boundary conditions on the dimen-
sionality of structural motifs. The phosphorous bipartite structure
comprises two separate bonding networks represented in red and
blue. (a) The crystal structure consists of two networks of linked
rodlike motifs. The top and bottom sets of atoms form equivalent
structures that are related by a 90° rotation and connected through
bridging phosphorous atoms. (b) The top-down view shows the bi-
partite network structure. Panels (c) and (d) display 6 x 6 supercells
of the unit cell, constructed from 2 x 2 and 3 x 3 supercells, re-
spectively. The region within the black lines represents the primitive
cell of the crystal. The dashed lines represent the bottom rods, solid
lines represent the top rods, and dots represent the points at which
the upper and lower rods connect. The green circles highlight the
conflicting network connectivity for the 3 x 3 supercell (d), which
shows the blue bonding network incorrectly connected to the red
bonding network.

motifs in a top and bottom layer rotated by 90° angle, with
bridging phosphorous atoms connecting these layers. This
connectivity allows the two atomic networks to interweave,
resulting in a structure with bipartite character.

Figures 3(c) and 3(d) demonstrate how the periodic bound-
ary conditions, considering a2 x 2 and 3 x 3 supercell, affect
the identification of the structural motifs. The solid and dashed
lines represent the “top” and “bottom” rods, and filled circles
denote the bridging phosphorous atoms connecting these rods.
The black dashed lines represent the region corresponding to
the primitive cell of the material. In the case of the 3 x 3
supercell, the “red” bonding network continues across the
periodic boundary as the “blue” bonding network, highlighted
with the green circles. This incorrectly classifies the distinct
atomic networks as “bonded,” an issue that is not seen at the
equivalent points in the 2 x 2 representation. This is observed
with any supercell representation, including the primitive cell,
where one of the periodic directions is an odd integer super-
cell of the primitive cell. In the 2 x 2 supercell, the periodic
boundary condition correctly classifies the bonding networks
as interwoven but not connected.
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This failure in the periodic boundary condition indicates
that, e.g., transport calculations performed on such systems
using an odd-sized supercell representation may result in in-
correct properties. We identify 23 homogeneous crystals that
display a change in the dimensionality of their structural mo-
tifs with supercell size. We define these systems as “bipartite
crystals,” materials in which two or more bonded networks are
interwoven but not chemically bonded. The interwoven nature
of these networks can result in the distinct bonded networks
being misclassified as bonded. A list of these crystals can be
found in the supplementary materials [79].

C. Exfoliation and structural stability of 1D nanowires

From our starting set of 120,612 crystals, 551 crystals
consist of 1D motifs and are within 50 meV atom~' of
the thermodynamic hull, indicating experimental accessibil-
ity. We further focus our search on materials that include
at least one d-valence element, as such species in low-
dimensional systems have the potential for strong correlation
effects, unique magnetic and charge ordering transitions, and
Majorana bound states [62—67]. This results in 293 crystal
structures with 1D structural motifs, which we further screen
to reduce duplicates. We also remove any materials with an
f-valence species, as these elements are not well modeled
with semilocal exchange-correlation functionals in DFT. For
each chemical formula, all crystals with an ICSD entry were
considered. If any theoretical Materials Project crystal was
lower in reported PBE energy than the ICSD phases, the most
stable theoretical crystal was also considered. These criteria
result in 263 crystals with 1D structural motifs considered in
this work, from which we exfoliate a individual nanowires and
characterize them using DFT.

After exfoliating the nanowires from the bulk precursor
materials, we relax the atomic positions and the periodic lat-
tice parameters of the structures. Noteworthy, the relaxation of
the nanowires is exacerbated by local structural minima. We
find that a damped molecular dynamics approach improves
the convergence of the relaxations and found that perturbing
the atomic positions to break the symmetry improved conver-
gence in several cases.

Next, we determine the thermodynamic stability of each
nanowire. We calculate the exfoliation energy of the isolated
nanowire relative to the bulk precursor,

Echain Epuik
9
Nouik

where Ecphain and Epyx denote the energy and Nepain and Npuk
the number of atoms in the unit cell of the isolated 1D chain
and the bulk precursor structure, respectively. The exfoliation
energy measures the thermodynamic stability of the 1D mate-
rial against the formation of the precursor bulk phase.

We introduce a second stability criterion, which we call the
line tension,

AEexf =

ey

N, chain

N, chain

Achain

Oexf = AEeva (2)
where dchan 1S the periodic lattice vector of the 1D chain
structure. The line tension is a 1D analog to the surface energy
of 2D materials and renormalizes the exfoliation energy by the

linear atom density of the nanowire. We find the line tension
stability criterion avoids the bias of the formation energy
towards larger cross-section nanomaterials, just as surface en-
ergy avoids a bias towards larger thickness nanolayers [42,58].

We use the 3H-Te nanowire with a threefold-symmetric
helical coil as a reference to classify the stability of the 1D
materials. Though a free-standing Te nanowire has not yet
been experimentally synthesized, the thin-film precursor [70]
and a 3H-Te nanowire encapsulated in a carbon nanotube have
been synthesized [3]. A linear Te nanowire was theorized to
exhibit a structural distortion. However, this phase was not
seen in the experiments, possibly due to limitations in imaging
technology [3]. We consider this possibility by generating
doubled, tripled, and octupled supercells with perturbations
of each atomic position by 0.1 A along random directions. We
find that all supercells relax back to the pristine 3H structure,
indicating the absence of structural distortions in this system.

We note that while other nanowires have also been syn-
thesized within carbon nanotubes [26-30], Te is the only
known material identified with a thermodynamically stable
bulk precursor composed of the nanowire structural motif.
Sulfur exhibits a bulk phase with a 1D structural motif, and
a sulfur nanowire has been encapsulated in a carbon nanotube
[30]. However, the ground-state bulk structure is not com-
posed of sulfur nanowires. Therefore, the 3H-Te nanowire,
with an exfoliation energy of 441 meV atom~' and a line
tension of 234 meV A‘l, is the most relevant reference
for the stability standard of nanowire materials. We expect
the criteria for thermodynamic stability to evolve as more
exfoliable nanowires are synthesized and growth techniques
develop over time. Calculating the dynamic stability of these
nanowires may further expand the stability criterion.

Figure 4(a) compares the line tensions and exfoliation en-
ergies for the nanowires with single-chain 3H-Te. Using the
exfoliation energy of 3H-Te as the stability criterion, we ob-
serve that all considered nanowires are stable. However, using
the line tension to account for the nanowire cross section,
just 103 of the exfoliated nanowires are sufficiently stable,
approximately 40% of the starting set of materials. Figure 4(b)
compares the line tensions to the eliptical cross sections of
the nanowires. Of the 103 stable nanowires, 96.1% display a
cross section less than 75 A2. Of all nanowires with a cross
section greater than 75 A2, only 7% (4 of 57) are stable.
This indicates that the “line tension” criterion is successful in
avoiding bias towards larger cross-section nanowires and is a
potential 1D analog to the 2D surface energy stability criterion
[42,58]. Thus, we consider these 103 nanowires viable for
synthesis and further characterize them.

D. Structural distortions

Several of the 103 metastable nanowires have the same
chemical compositions. These nanowires are generally similar
to each other but were exfoliated from bulk precursor phases
with different structures. Twenty-one chemical compositions
appear twice, and one (HgO) appears four times. Some of the
precursors are very similar polymorphs, providing insight into
the metastability of these nanowires. The nanowires exfoliated
from these polymorphs are primarily composed of a high and
a low-symmetry phase.
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FIG. 4. Density scatter plots showing the nanowire distribution
for (a) the exfoliation energy, (b) the elliptical nanowire cross section,
and (c) the average magnetic moment normalized by the number of
d-valence elements as a function of the line tension. The black circle
represents single-chain 3H-Te, which provides an empirical stability
criterion indicated by the light blue region.

Next, we discuss three examples of structural distortions
in exfoliated nanowires, illustrated in Fig. 5. While the exfo-
liation energy is appropriate when considering the synthesis
from a bulk precursor, properly comparing the stability of
nanowires exfoliated from different bulk precursors with the
same composition requires a common reference. As such, we
reference the crystal on the thermodynamic hull, i.e., the most
stable crystal in the thermodynamic energy landscape for a
given chemical composition. We use stability criteria with the
common reference of the energy of the convex hull,

Echain  Enun

AEp = - , 3)
! Nchain Nhull
and the line tension,
Nehai
Ohull = ——— AEpn, 4
Achain

where Ep,; denotes the energy and Ny the number of atoms
of the structure on the thermodynamic hull. In the case of the

example chemical systems, the crystal on the thermodynamic
hull of each composition is the parent crystal of nanowires
D-MoBr3, D-NbCl;0, and ZZ-HgO.

The first nanowire is molybdenum tribromide (MoBr3),
which demonstrates that shallow energy landscapes can occur
for some 1D materials. While the structural-distorted wire
in Fig. 5(b) (D-MoBr3, space group 25 P»,,;,) has a higher
exfoliation energy, it is 17 meV atom~! more stable than the
more symmetric wire in Fig. 5(a) (S-MoBr3, space group 51
Punm). This is due to the D-MoBrj3 bulk precursor being on
the thermodynamic hull, resulting in a nanowire that requires
more energy to exfoliate but is closer to the system’s ground
state. The lattice parameter of the lower energy D-MoBr3 is
6.08 A with alternating Mo-Br-Mo angles of 65.4° and 77.9°,
while the high-energy S-MoBr; has a lattice parameter of
5.99 A and equal Mo-Br-Mo angles of 70.4°. When breaking
the inversion symmetry of S-MoBr3, the nanowire relaxes to
the distorted low-energy D-MoBrs structure. This break in
symmetry also results in a metal-insulator transition, with the
net magnetic moment of the Mo, Brg formula unit transition-
ing from 4.2- to 4.0-bohr magnetons, making the structural
distortion a Peierls distortion.

The second example is niobium oxychloride (NbCl;0),
which displays an even smaller exfoliation energy difference
between nanowire polymorphs. Like MoBrs;, NbCl;0 has a
symmetric nanowire (S-NbCl30, space group 65 C,p,) and
a symmetry-broken distortion of said nanowire (D-NbCl;0,
space group 35 Cym), shown in Figs. 5(c) and 5(d), respec-
tively. This does not result in a metal-insulator transition,
however, meaning that the distortion would not be qualified as
a “Peierls” distortion. The bulk precursor of the distorted wire
is again the thermodynamic ground state of the composition.
Comparing both nanowires to this reference phase, S-NbCl;0
is less stable by 15 meV atom~' than D-NbCI;0. In this sys-
tem, breaking the mirror plane perpendicular to the nanowire
axis allows the Nb-ClI bonds to tilt and results in the extension
of the Nb-O bonds.

The final example is mercury oxide (HgO). Though all
four HgO nanowires exfoliated from four different bulk pre-
cursors are unstable relative to 3H-Te, the system illustrates
different ordering for the two stability criteria relative to the
bulk ground state. As exfoliated, two of the nanowires contain
three formula units and are threefold helical (3H), while the
other two contain two formula units and exhibit a linear zigzag
structure. After optimization, each 3H nanowire relaxes to
different local minima of with lattice parameters of 9.49
and 9.38 A shown in Figs. 5(f) and 5(g) and similar energy
while the linear zigzag nanowires relax to the same minimum
illustrated in Fig. 5(e). These three HgO nanowires shown
in Figs. 5(e), 5(f), and 5(g) have formation energies, AEy,
of 397, 393, and 394 meV atom~!, respectively, and line
tensions, onyy, of 237, 249, and 252 meV A’l, respectively.
The bulk precursor associated with the zigzag nanowire is
the most stable, though the least stable precursor is only 2.5
meV atom~! above the thermodynamic hull. The line tension
onn 1 lowest in the zigzag phase, while the hull distance
AFEpg 18 lower in the 3H nanowires. This shows that there
is no universal agreement between these two stability criteria,
and thus stability criteria for 1D materials are likely to evolve
as the field develops.
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FIG. 5. Examples of structural distortions observed in this work. These correspond to [(a) and (b)] MoBrs, [(c) and (d)] NbCl;0, and [(e)
and (f)] HgO. The low-energy phase of MoBr; and NbCl;0 are shown in (b) and (d), respectively. The lowest-energy HgO nanowires differ

for the exfoliation energy and line tension stability criteria.

These examples demonstrate the potential for these
nanowires to exhibit multiple structures of similar energy.
The small energy differences indicate the possibility of phase
transformations between the symmetric and distorted struc-
tures at higher temperatures, affecting their properties. We
reiterate that part of the relaxation framework was perturbing
atomic positions of structures that did not converge during
relaxation. This suggests that some nanowires exhibit a struc-
tural distortion that is not present in the bulk precursor.

E. Electronic structures

Figure 6 compares the spin gaps of the nanowires ob-
tained with the PBE functional. The large variety of electronic
structures indicates the potential of nanowires for different
applications. The 103 nanowires comprise 14 metals, 7 half-
metals, and 82 semiconductors and insulators. Among the 82
stable semiconducting and insulating nanowires, we identify
15 straddling, 9 staggered, and no broken spin-gap insulating
nanowires. We also check for the potential for equally sized

spin gaps which do not align their band edges but identified no
such materials. Seven half-metallic (16 insulating) nanowires
display a metallic channel (lesser band gap), which is the
majority electron spin channel.

The PBE functional typically underestimates the band gap,
and hybrid functionals or many-body GW calculations may be
required to accurately ascertain the band gap and half-metallic
character of these nanowires [80]. Furthermore, Peierls distor-
tions could affect the electronic structure and open a gap in the
metallic and half-metallic systems. Nevertheless, we expect
that the results provide a first screening step and motivate
more detailed future studies of specific nanowires.

F. Magnetic nanowires

Figure 4(c) compares the magnetic moments of the ex-
foliated nanowires. We consider magnetic nanowires with a
minimum magnetic moment per magnetic d species of 0.1-
bohr magneton (ug) and identify 41 magnetic 1D materials,
27 of which display integer magnetic moments per unit cell.
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FIG. 6. Electronic structure of the stable nanowires. The nanowires exhibit a variety of electronic structures, illustrated by the band structure
of (a) metallic TcBrs, (b) half-metallic VBr3, and semiconducting Mol;0 with the spin channels denoted by solid blue and dashed red lines.
(d) The 103 identified stable nanowires comprise 14 metals, 7 half-metals, and 82 semiconductors and insulators, shown in order of increasing
band gap. The red diamonds (blue circles) indicate that the spin channel corresponds to the majority (minority) electron carrier. Black squares
indicate both band gaps are equal, with magnetic (nonmagnetic) nanowires are shown with an empty (filled) markers. Metals are ordered
alphabetically and half-metals/insulators are ordered by band gap. The red, green, and orange shadings indicate metallic, half-metallic, and
semiconducting nanowires, such as shown in the example band structures [(a)—(c)]. Staggered-gap and straddling-gap insulators are plotted

with dashed black and dotted green lines, respectively.

We also observe nanowires where only some d valence species
contribute to the magnetic behavior (e.g., AgTa,F» with 1up
per formula unit), though this is uncommon.

To investigate the possibility of different magnetic ordering
and structural distortions, we select the nanowire with the low-
est exfoliation energy for each integer magnetic moment for
further characterization. The bulk precursor of each nanowire
has the same net wp per d species as the nanowires when
assumed to have ferromagnetic ordering. First, we calculate
the energy for ferromagnetic (FM), nonmagnetic (NM), and
antiferromagnetic (AFM) orderings of alternating moments
(+ — +—) and paired moments (4 + ——) along the chain.
Second, we test for structural distortions in the FM configu-
ration by doubling and tripling the chain length, perturbing
atomic positions by 0.1 A along random directions, and reop-
timizing the structures.

Table I shows how the magnetic order and potential struc-
tural distortions affect the stability measured by the line
tension for the five selected nanowires with the lowest ex-
foliation energy for each integer magnetic moment. First, all
five nanowires prefer a magnetic state over a nonmagnetic
one. Second, we find that four of the five nanowires have no
strong preference for any specific magnetic order, indicating
a small exchange coupling between the magnetic moments.
The FeCl; nanowire shows a significant preference for an
alternating + — +— AFM order, with one magnetic Fe atom

per primitive cell. This corresponds to an energy gain of
104 meV per Fe ion. Only one system (TcCly) prefers a paired
+ 4+ —— AFM ground state, though the thermodynamic sta-
bility gained is only 2 meV A~!. The tripled FM cell of the
FeH,C,0¢ nanowire was relaxed twice, with two different
applied atomic perturbations. One calculation lead to the same
energy as the ferromagnetic 1x and 2x supercells. The other
calculation lead to a ground state 18 meV A~! greater than

TABLE 1. Stability measure by line tension o in units of
meV A-! and magnetic moment, M, in units of up per d element,
of several magnetic 1D nanowires for multiple magnetic config-
urations. The FM configuration is shown for individual, doubled,
and tripled unit cells. Two AFM configurations were considered,
with alternating (+ — +—) and paired (+ + ——) moments. The NM
configurations are the least stable in all cases.

Ferromagnetic AFM
M 1x 2x 3x +—-—+4+—- ++— NM
MoFs 1 116 116 116 114 118 144
TiAl,Cly 2 198 198 197 197 198 332
TcCly 3 195 195 195 193 191 378
FeH,C,0¢ 4 385 384 385 386 387 462
FeCl, 5 126 126 128 98 110 454
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the ferromagnetic systems with a compressed unit cell (15.9
vs. 16.2 A). This again demonstrates that the energy landscape
of nanowires is complex and that computational investigations
of 1D systems require consideration of the interplay between
potential structural distortions and magnetic ordering.

These results illustrate the rich diversity of the magnetic
properties of 1D nanowires and the challenges and opportuni-
ties that may be encountered. While isolating single nanowires
is a significant challenge, monolayers composed of a se-
ries of vdW bonded nanowires may produce the benefits of
anisotropic transport and magnetic properties with less dif-
ficulty. Dramatically anisotropic magnetotransport has been
observed in a monolayer of vdW bonded 3H-Te wires [70],
indicating the possibility of other nanowires having highly
anisotropic properties in the more easily achieved monolayer
form. The Mermin-Wagner theorem states that long-range
magnetic order cannot exist in isotropic 1D or 2D systems
[62]. However, 2D Ising magnets have been theoretically pre-
dicted and experimentally observed, such as in 2D Fe;GeTe,
[5,54,55]. There is also a significant amount of research on
the periodicity of magnetism in cylindrical nanowires, con-
structed using unit cells of conventional bulk crystals with
varying radii [81]. This indicates the possibility for long-
range magnetic order in 1D extreme nanowires for sufficiently
strong magnetocrystalline anisotropy energy.

IV. CONCLUSION

In summary, the Materials Project database was searched
for novel 1D materials using the Topological Scaling Algo-
rithm. A cutoff of 120% of the atomic radius was considered
for building the bonded network graphs, resulting in 551
materials within 50 meV atom™! of the thermodynamic hull
exhibiting 1D structural motifs. Among them are 293 ma-
terials containing d-valence elements, with a potential for
strong electron correlations, and were studied in this work.
Nanowires are exfoliated from the 263 bulk crystals that either
have an ICSD entry or are closest to the thermodynamic hull.
We relaxed these nanowires and calculated their thermody-
namic stability using the exfoliation energy and line tension.
We used single-chain tellurium as the benchmark of stability
and found that nearly all the chains fulfill the exfoliation en-
ergy criterion, while only 103 fulfill the line tension criterion,
which we select as the stability criterion. We observe a diverse
spectrum of electronic and magnetic states for these extreme
nanowires with 14 metals, 7 half-metals, and 82 insulators.
For five semiconducting nanowires, we investigate the mag-

netic ordering in detail. One system had a strong preference
for ferromagnetic ordering, and four systems had a maxi-
mum stability difference of 4 meV A~! between magnetic
configurations.

We note that analysis of dynamic stability, i.e., the verifi-
cation of all phonon modes being real, was not performed in
this screening. While exfoliation from a stable bulk precursor
indicates that the nanowires will also be dynamically stable,
the nanowires can still undergo structural distortions, as ob-
served in this work in MoBr3, NbCl;O, and HgO. Further,
there is the potential for coiling and bending in free-standing
nanowires with large-enough periodic boundary conditions.
As such, individual nanowires of interest should have their
phonon spectra calculated to ensure dynamic stability before
investigated further.

Future investigations into these materials should focus on
the magnetocrystalline anisotropy, magnetic ordering, and ex-
change coupling of the extreme nanowires to provide insight
into their potential use in electronic and quantum applications.
Further, determining the source and consequences of struc-
tural distortions in these systems could provide insight into the
physics behind inorganic polymers and improve predictions
of distortion-driven phase transformations. An additional con-
sideration would be the change in properties when forming a
monolayer of a given nanowire, which may be more exper-
imentally accessible than isolated nanowires. Finally, while
the line tension stability criterion provides a valuable metric
to screen nanowires with a range of cross sections, further
work is required to better understand the energy landscape of
1D materials. Data from this work are available on the Ma-
terialsCloud Archive repository [82] and the supplementary
material of this work [79].
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