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ARTICLE INFO ABSTRACT

Keywords: Magnetic semiconductors have the potential to push the boundaries of emerging technologies like spintronics.
Patronite They could change the way we process and store data by leveraging not just the electron charges, but also
Vs4 their intrinsic spin. Materials with low dimensionality, specifically one- or two-dimensional materials, are key
Nanowires

to this advancement. Within this category, one-dimensional semiconductors with either antiferromagnetic or
ferromagnetic properties are particularly interesting for their electronic and magnetic properties. However,
creating and maintaining stable ferromagnetic ordering in these semiconductors is not straightforward. There
are significant challenges, such as issues due to the disorder of dopants in dilute magnetic semiconductors,
or stability problems in two-dimensional magnetic materials like chromium triiodide (CrI3). In this work, we
show a potential solution in VS, nanowires, a one-dimensional material found in patronite minerals. These
nanowires can have four magnetic orderings: two antiferromagnetic (AFM1 and AFM2), one ferrimagnetic (FI),
and one ferromagnetic (FM) ordering, which we can access using different strains. We observe two magnetic
phase transitions with strains in the plastic (non-linear) regime. The nanowire transitions from AFM1 to AFM2
with ¢, = 6.8 %, and from AFM2 to FM with e, = 11.8 %. This ability to tune the magnetic phases in a
semiconductor material opens up a vast range of opportunities for their integration into spintronic devices.
We believe that the range of magnetic phases in a one-dimensional semiconductor, like VS, nanowires, could
lead to the enhanced control of both charge and spin in nanotechnology devices.

Phase transition
Magnetic semiconductor

1. Introduction Patronite is a mineral formed by VS, nanowires bonded through
vdW interactions. It was discovered in 1906 in Cerro de Pasco, Peru.

The discovery of graphene established a novel research direction in However, it was only in 1964 that it was characterized by Allman

which nanomaterials were defined by their van der Waals (vdW) in-
teractions [1-4]. Lamellar materials bonded by vdW interactions were
the main sources of discoveries related to these novel low-dimensional
materials. Since the vdW interactions in these materials are weaker
than the covalent and ionic bonds, in many cases, it is possible to
exfoliate these lamellar materials down to a single layer. In addition to
the exfoliation of lamellar materials, two-dimensional (2D) materials
can also be synthesized using a bottom-up approach, such as crystal
growth by chemical vapor deposition [5] or molecular-beam epitaxy
methods [6]. Minerals have also been important to the discovery and
design of novel 2D lamellar materials. The natural occurrence of these
minerals guarantees the stability and raw material needed for the ex-
foliation of the materials. For example, molybdenum disulfide (MoS,)
is naturally found in molybdenite minerals [7], and the 2D topological
insulator Pt,HgSe; can be obtained from the mineral jacutingaite [8,9].
Additionally, there are examples of mineral-based 2D materials for
clinochlore [10] and phyllosilicates [11].

et al. [12] The crystal is formed by centers of V** bonded by moieties
of (S%’)Z, as shown in Fig. 1(a). Nanowires interact with each other
weakly via the van der Waals force. The crystal has a C2/c space group,
a monoclinic crystal system, and the following experimental lattice
parameters: a = 12.11 A, b= 1042 A, ¢ = 6.78 &, and § = 100.8°. VS, is
a semiconductor material with an optical band gap of 1.35 eV [13].
VS, materials have been synthesized for applications in energy
storage devices, such as supercapacitors and cathode materials for
lithium-sulfur batteries [14-17]. These batteries have been noteworthy
for their very high energy densities (2600 Wh kg=1), high specific
capacities (1675 mAh g~1), and their use of abundant, cost-effective
sulfur cathodes. A persistent issue, however, arises from the formation
of lithium polysulfides (LiPS), which exhibit high solubility in the
electrolyte and can diffuse to the anodes, drastically reducing the
battery’s lifespan [18]. Polar sulfur compounds, such as VS,, have
been recently incorporated into sulfur cathodes and can anchor the
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(a) A schematic representation of the patronite crystal structure (bulk), with VS, nanowires bonded by the van der Waals force. (b) A schematic representation of an

isolated VS, nanowire. Lateral (left panel) and cross-section (right panel) views of the VS,. (c) The total energy difference with relation to the AFM1 ordering (in eV). The ordering

of the magnetic moments is shown below the energy diagram.

LiPS and increase the battery charge and discharge efficiency. For a
long time, the controlled synthesis of VS, was quite challenging. There
are challenges associated with keeping the stoichiometry fixed and
not synthesizing VS, or other vanadium sulfides. Today, synthetic VS,
with well-defined stoichiometry is grown on graphic substrates, such as
doped carbon nanotubes or graphene oxide [13,15,16].

It is interesting to note that the magnetic properties of VS, can
be interesting for other applications, such as nanoelectronic, magnetic,
and optical devices. Intrinsic VS, nanowires are antiferromagnetic
semiconductors, with V** ions with local magnetic moments of m =
1.17 up and antiparallel alignments [19]. The d orbitals of the V** ions
interact with neighboring V#* ions through the p orbitals of the S. This
indirect interaction causes coupling between the d orbitals, known as
a superexchange, and stabilizes the antiferromagnetic ordering.

Magnetic semiconductors are of great interest in spintronics, par-
ticularly for devices such as spin-field-effect transistors and magnetic
memories. In the quest for magnetic semiconductors, some materials
have been created by doping non-magnetic semiconductors with tran-
sition metals, forming diluted magnetic semiconductors [20]. However,
the disorder of semiconductor dopants has created great challenges
for controlling magnetic semiconductors. Therefore, intrinsic magnetic
semiconductors are very interesting, especially when external factors
can be used to handle the magnetic ordering.

A couple of years ago, Li et al. [19] studied the electronic and
magnetic properties of VS, nanowires through ab initio simulations.
While the intrinsic VS, nanowire is an antiferromagnetic semiconduc-
tor, doping the material with electrons or holes makes it a half-metal
antiferromagnetic material (HMAF) [19]. This material only conducts
through a single spin state. HMAF materials are interesting for creating
completely spin-polarized electrical currents. There are small variations
in the local magnetic moments with charge transfer, but the coupling
between the local magnetic moments has been antiparallel aligned for
all studied dopings. They showed that the Néel temperature for the
antiferromagnetic semiconductor was Ty = 210 K [19], well above
those of other materials such as Crlz bilayers (Ty = 45 K) [21]. For
higher temperatures, other magnetic orderings can be observed in this
material. At room temperature, it was observed through 5!V nuclear
magnetic resonance (NMR) measurements that the patronite-based VS,
is a diamagnetic material, even in the presence of magnetic dipoles of
the V*+* ions [22].

For spintronic devices, the ferromagnetic and antiferromagnetic or-
dering of materials is important. Ferromagnetic materials are important
for creating memories that use the effect of giant magnetoresistance
and also for spin torque transistors [23]. Antiferromagnetic materials
are also being investigated for antiferromagnetic spintronics. Zero total
magnetization with alternating local magnetic moments is an interest-
ing prospect for creating devices that do not suffer from interference

from magnetic fields or the external magnetization of nearby compo-
nents [24,25]. Thus, semiconductor materials with tunable magnetic
phases can be of great interest in developing disruptor spintronic
devices.

In this article, we investigate the electronic, mechanical, and mag-
netic properties of VS, nanowires with four different magnetic order-
ings (two distinct antiferromagnetic, a ferrimagnetic, and a ferromag-
netic order). These phases are investigated by applying strains in the
elastic and plastic regimes. We study the fundamental properties of
VS, that can contribute to developing nanoelectronic and spintronics
devices. In addition, a qualitative analysis of the ligand effects of VS,
on the AFM1 ordering is presented, which helps explain the magnetic
phase transition.

2. Materials and methods

Our first-principles simulations were carried out using the density
functional theory (DFT) [26,27] implemented in the Siesta code [28].
We utilized norm-conserved Troullier—-Martins pseudopotentials [29]
and a mesh cutoff of 400 Ry. The atomic orbitals were established on
a double-¢ polarized (DZP) basis set, with an energy shift of 0.03 eV
used for the confinement of the basis. The exchange-correlation func-
tional used was the PBEsol approximation, a revision of the Perdew—
Burke-Ernzerhof (PBE) [30] exchange—correlation functional more ap-
propriate for solids [31]. We sampled the Brillouin zone with the
Monkhorst-Pack algorithm using nine k-points in the z-direction [32].
All geometries were optimized with forces smaller than 0.01 eV AL,
We used vacuum spacing of at least 15 A in x and y directions to
avoid interactions between periodic images. For the projected density
of states (PDOS) calculations, we used a fine grid with 100 k-points
in the Brillouin zone and a Gaussian smearing of ¢ = 0.05 eV. The
analysis of bonds between orbitals was performed using the crystal
orbital Hamilton population (COHP) method [33,34]. For the simula-
tions of bulk materials, we used exchange—correlation functionals with
a non-local correction of the van der Waals forces, such as the VV10
functional [35]. A sampling of k-points for the bulk was performed
with a Monkhorst-Pack grid of dimensions 5 x 5 x 5. The exfoliation
energy was calculated by comparing the energy of a fictitious two-
dimensional film of VS, nanowires with the bulk and using the surface
area of this film [36]. All computational simulations were performed
at a temperature of 0 K.

3. Results and discussion

Before delving into the features of the nanowires, determining their
capability to be exfoliate from bulk materials can provide some insight.
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The orbital-resolved electronic band structures of VS, for different magnetic orderings: (a) AFM1, (b) AFM2, (c) FI, (d) FM. Bloch states with higher projections onto

vanadium orbitals are shown in blue, while those with higher projections onto sulfur orbitals are shown in red.
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Fig. 3. Spin densities for the (a) AFM1, (b) AFM2, (c) FI, and (d) FM orderings. The isosurfaces were calculated with a spin density constant of p, = +0.05 e/aé. Green (blue)
surfaces represent positive (negative) spin densities. Spin-resolved electronic band structures of VS,: (e,f) FI and (f,g) FM. Spin-up (-down) bands are shown in green (pink).

Table 1
The lattice constants (a), electronic band gaps (E,), and net magnetic moments per
unit cell (m) for the four magnetic orderings.

Magnetic ordering a @ E, (eV) m (ug)
AFM1 12.295 1.60 0.0
AFM2 12.392 1.49 0.0
FI 12.434 1.31 2.0
FM 12.618 1.17 4.0

We estimated the energy required for exfoliation using the combined
energies of the bulk and a fictitious two-dimensional VS, film. We
found the exfoliation energy to be y = 14.2 meV A~2. Employing the
Mounet criterion [36], we inferred that VS, can be classified as an
easily-exfoliated material since y < 35 meV A~2. In these computational
models, exchange—correlation functionals with a van der Waals force
correction are applied to both the bulk and two-dimensional VS, film.
The easy exfoliation of VS, agrees with the experimental results for
forming colloidal dispersions with sonified VS, in organic solvents [37].

We isolated a single nanowire from the bulk VS, as shown in
Fig. 1(b). The optimized lattice constant of VS, depends on the mag-
netic ordering of the V** ions. We investigated nanowires with four
different magnetic orderings: single antiferromagnetic (AFM1), double
antiferromagnetic (AFM2), ferrimagnetic (FI), and ferromagnetic (FM).
The orientations of the magnetic moments of these magnetic order-
ings are shown in Fig. 1(c), as well as the differences between the
total energies and lowest energy state (AFM1). It is important to note
the difference between the AFM1 and AFM2 orderings. In the AFM1

ordering, the magnetic moments of the V** ions alternate for each
neighboring ion. Meanwhile, in the AFM2 ordering, the alternating
magnetic moments are grouped every two V** ions. The FI ordering
is defined by the imbalance between magnetic moments with up and
down spins. There is a net magnetization of mg; = 2.0 pg per unit
cell. For the FM ordering, all ions of V** have their magnetic moments
aligned in the same direction. The net magnetization for this ordering is
mey = 4.0 pg per unit cell. We observed that the lowest energy state was
that of AFM1, followed by AFM2, FI, and FM, as shown in Fig. 1(c). The
VS, lattice constants for these magnetic orderings are shown in Table 1.
Note that the lattice constant of the FM ordering is 2.6% higher than
that of the AFM1 ordering.

3.1. Electronic band structures

The electronic band structures of VS, were analyzed with projec-
tions of the V and S atomic orbitals, as shown in Fig. 2. The color
map illustrates projections onto atomic orbitals. Bloch states that have
significant contributions from vanadium orbitals are represented in
blue, whereas those that primarily consist of contributions from sulfur
orbitals are depicted in red. The bands for VS, with the magnetic
orderings AFM1, AFM2, FI, and FM indicate that the material is a
semiconductor in all cases investigated, with some variations in the
bandgap sizes and valence band dispersions. The bandgaps calculated
at the PBEsol level are shown in Table 1. Note that there is a difference
of 0.43 eV between the bandgaps of the magnetic orders AFM1 and
FM. For the FI ordering, the bandgap is direct, with a conduction
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Fig. 4. Projected density of states (PDOS) for (a) AFM1, (b) AFM2, (c) FI, (d)
FM. S[3p] orbitals are plotted in orange, V[d..] in black, V[d, +d,.] in red, and
V[d,,+d,_,.] in blue. The total density of states (DOS) is represented by the shaded
gray area.

band minimum (CBM) and a valence band maximum (VBM) at the X-
point. However, the bandgap is indirect for orderings AFM1, AFM2,
and FM. The CBM is at the X-point, and the VBM is at the I"-point. We
can also observe that the conduction band mostly comprises sulfur p
orbitals, while the valence band comprises vanadium d orbitals. Thus,
the selection rules allow first-order optical transitions between the first
empty conduction band and the last-filled valence band. In addition,
based on simulations of the VS, bulk at the PBEsol level and lattice
parameters with van der Waals corrections, we found a band gap of
1.22 eV. This PBEsol band gap is very close to the experimental band
gap (E;" = 1.35 eV) [13].

From the spins-up (p1) and spin-down (p ) charge densities, we can
calculate the spin density (p; = p; — p;). The isosurfaces for the spin
densities for each magnetic ordering are shown in Fig. 3(a). When two
V#* cations have the same spin orientation, the anions (Sg’)z have
opposite orientations to the cations, with the spin densities highlighted
in gray. However, this opposite spin density in the anions (S%‘)z does
not change the net magnetization, which is mg; = 2 ug per unit cell
in the FI ordering, and mgy = 4 ug per unit cell in the FM ordering.
We also did not observe opposite spin densities in the anions between
cations with alternating spin, as found in the AFM1, AFM2, and FI
cases.

For the VS, bands in the FI and FM orders, there is a difference
between spin-up and spin-down electronic states. Therefore, in Fig. 3,
we show the bands of these magnetic orderings with the separation of
the spin degrees of freedom (spin-resolved electronic band structure). In
the FI ordering, the bands of the electronic spin-up states are shown in
Fig. 3(b), and those of the spin-down states are shown in Fig. 3(c). For
the FM ordering, the bands for the spin-up and spin-down electronic
states are depicted in Fig. 3(d) and (e). We can see that both the
conduction band minimum and the valence band maximum are spin-
up polarized. The edges of the bands with spin-down polarization are
at energies farther from the Fermi level. Individually analyzing the
bands of the states separated by spin polarization, we see that there is a
variation in the bandgaps, with E;(FI) =1.31eV and E;(FI) =1.77 eV
for the FI ordering, and EJ(FM) = 1.17 eV and E}(FM) = 1.9 eV for
the FM ordering. The valence bands for the spin-up states also show
greater dispersion, while the valence bands for spin-down states are
more localized. The spin-down states of the FM ordering show a greater
dispersion for the conduction bands, while the spin-up states for the FI
and FM orderings and the spin-down states for the FI ordering are quite
localized.
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Fig. 5. (a) The strain-induced magnetic phase transition of VS,. (b) The engineering
stress—strain curve for a VS, nanowire. The linear elastic approximation is shown by
the gray dashed line. (c) The evolution of the magnetization with strains in the z
direction. Strains above ¢, = 6.8% induce a phase transition from AFM1 to AFM2, and
strains above ¢, = 11.8% induce ferromagnetic ordering.

3.2. Projected density of states

The projected densities of states (PDOS) were calculated for
nanowires with magnetic orderings AFM1, AFM2, FI, and FM. Due
to orbital hybridization, we separated the electronic states by the p
orbitals of sulfur, S[3pl, and three groups of d orbitals of vanadium
atoms, V[d,], V[dxy+dxz,yz], and V[d,,+d,.]. Due to the nanowire

symmetry, the d,, orbitals were grouped with the d,»_,» orbitals,
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Fig. 6. The evolution of the electronic properties of VS, with AFM1 ordering and strains in the z direction. The projected density of states (PDOS) with strains in the z direction:
(@) e, =0%, (b) e, =4%, (c) €. = 8%, (d) €, = 12%, (e) €, = 16%. The total densities of states (DOS) are represented by a shaded area in gray. All DOS are shown in arbitrary units.
The crystal orbital Hamilton population (COHP) with strains in the z direction calculated for V-V neighbors are: (f) ¢, = 0%, (g) ¢, = 4%, (h) €. = 8%, () €. = 12%, () €, = 16%.

The bonding (antibonding) orbitals are indicated by positive (negative) values of -COHP.

making the PDOS for each of these orbitals practically equal. Using the
same justification, we grouped the d,, orbitals with the d, orbitals.
We also separated the orbitals of the spin-up and spin-down states,
as shown in Fig. 4. For the magnetic orderings AFM1 and AFM2, the
PDOS of the spin-up states is identical to that of the spin-down states.
However, for the FI and FM orderings, these PDOS are quite different.
In all cases, the top of the valence band is mostly V[d,.] orbitals and
S[3p] orbitals, while the bottom of the conduction band is formed by
V[dxy+dxz_yz] states and S[3p] orbitals.

3.3. Magnetic phase transition

Given that different magnetic orderings correspond to different
lattice constants, we expected that by altering these lattice constants
with strains, we could observe transitions in the magnetic orderings.
Consequently, we computed how the total energy of the magnetic states
would change when subjected to strains ranging from high compression
(—5%) to high tension (+15%). For the purposes of our investigation,
we varied the applied strains to pinpoint regions where magnetic tran-
sitions occurred. Fig. 5(a) illustrates the total energy for each magnetic
ordering in relation to the lattice constant. The AFM1 ordering has
the lowest energy with a lattice constant of @ = 12295 A. In the
absence of any applied strain, this state serves as our reference energy
(E,) for energy variations. We note that for lattice constants around
13.3 A, the AFM2 ordering becomes the lowest energy. This magnetic
transition occurs for strains around ¢, = 6.8%. For more significant
strains, there is another magnetic phase transition, from AFM2 to FM,
at strains around ¢, = 11.8%. Although this is also a high value for a

strain, it is still close to that obtained experimentally for nanowires.
High strain values like these are obtained experimentally in silver [38]
and ZnO [39] nanowires. By using the double tangent method to
determine the magnetic phase transitions when stress was applied, we
found that the first magnetic transition (from AFM1 to AFM2) was
expected to occur at around 5.4 GPa. On the other hand, the second
magnetic transition (from AFM2 to FM) was expected to occur when
the stress level reached 7.3 GPa. These stresses (< 14 GPa) are within
the experimental capability of nanowires [39]. From the derivative of
the elastic energy (the variation of the total energy with strain), we
calculated the stress ¢, and obtained the strain-stress relation, as shown
in Fig. 5(b). For this study, we calculated the elastic energy variation up
to €, = 24% for the AFM1 ordering. The calculated Young’s modulus is
E = 98.4 GPa, with the linear tangent shown by the gray dashed line in
Fig. 5(b). The elastic regime is defined by the 0.2% offset yield strength
that intersects the curve at ey = 3.75%. Thus, for strains greater
than 3.75%, the deformation is plastic. Both the AFM1 — AFM2 and
AFM2 — FM transitions occur in the plastic regime. The plasticity of
deformations for phase transitions can be used for phase stabilization.
Releasing material with plastic deformations tends to help partially
maintain a residual deformation, which can stabilize the FM ordering.

The total (net) magnetization of the nanowires as a function of
the strain is shown in Fig. 5(c). We notice that between strains from
—5% (compressive) to +6.8% (tensile), the total magnetization is null
due to the balance between the alternating magnetic moments of the
V** cations of the AFM1 ordering. For strains greater than 6.8%, the
total magnetization remains zero, although the magnetic ordering is
different. There is still an equilibrium of magnetic moments in the
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AFM2 ordering. For strains greater than 11.8%, there is a step in total
magnetization to approximately M = 1.07 kOe (uoM = 0.107 T). Note
that the FI ordering does not have the lowest energy for any strain value
studied in this work.

3.4. Bonding and antibonding orbitals

To qualitatively understand why the magnetic phase transition oc-
curs, we calculate the electronic properties of VS, nanowires with
AFM1 ordering by applying strains. In Fig. 6(a)-(e), we show the
evolution of the projected density of states (PDOS) as a function of
strain: (a) 0%, (b) 4%, (c) 8%, (d) 12%, (e) 16%. As the spin-up and
spin-down states have the same PDOS in AFM1 ordering, only a single
spin state is shown. In the figure, the PDOS curves for the p orbitals
of sulfur are shown in yellow, the PDOS curves for the dxz_yz orbitals
in red, the d,, orbitals in blue, and the d,» orbitals in black. The gray
shaded area shows the total density of states.

From examining the PDOS as a function of the strain, we observe
that the d» states in the valence band are shifted to lower energies
for larger strains. Meanwhile, the d,._,, and d,, states in the valence
band, initially at lower energies than the d,, states, are shifted to higher
energies with the application of strains. The crossing of these states
that are decreasing in energy with those that are increasing in energy
is shown in Fig. 6(c), around 1 eV below the Fermi level (highlighted
by the gray arrow). This effect occurs due to the effective hopping of
d,» orbitals with other d,» orbitals of neighboring vanadium atoms. By
increasing the spacing between atoms, the effective hopping decreases,
causing the bonding orbitals to approach the antibonding orbitals. Dur-
ing this process, the energies of the bonding orbitals increase while the
energies of the antibonding orbitals decrease. When the state crossing
occurs, around 8%, the wave function at the top of the valence band
changes symmetry. This change destabilizes the AFM1 ordering for
strains greater than 8%, favoring AFM2 or FM ordering.

The bonding, antibonding and nonbonding characteristics of crys-
talline orbitals can also be analyzed using the crystal orbital Hamilton
population (COHP), which quantitatively evaluates the bond between
chosen atomic orbitals. We examined the bonding between d.-d,.,
d,,-d,, and d,2_>-d,>_,» orbital pairs between neighboring vanadium
atoms. As the absolute value of the COHP indicates antibonding or-
bitals for positive values, bonding orbitals for negative values, and
nonbonding orbitals for null values, we evaluated the magnitude of
—COHP as a function of energy. The results are shown in Fig. 6(f)-(j)
for strains: (f) 0%, (g) 4%, (h) 8%, (i) 12%, (j) 16%. We can see that the
antibonding characteristics of the d,» orbitals agree with the previous
analysis of the energy shifts of the PDOS peaks with strain. The bonding
characteristics of the d,, and d,._, orbitals also agree with the PDOS
analysis. When applying strains, the bonding and antibonding orbitals
shift in opposite directions. However, we note that the COHP peak
intensity for d,, and d,>_j» orbitals decreases significantly, indicating
the formation of nonbonding orbitals. Still considering the small COHP
values, we can observe an effective bonding characteristics for the 12%
and 16% strains. Finally, this qualitative analysis of the crystalline
bonds indicates a possible instability of the AFM1 ordering with high
strains. In fact, magnetic phase transitions occur from strains of 6.8%,
according to the change in symmetry of the wave function at the top
of the valence band.

4. Conclusion

VS, nanowires are semiconductors possessing a broad range of
magnetic phases, which can be finely tuned through the application
of strains. Without any strain, this material is an antiferromagnetic
semiconductor exhibiting local alternating magnetic moments (AFM1).
When subjected to specific strains, the material undergoes a phase
transition to a different antiferromagnetic ordering in which local
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magnetic moments alternate every two V*+ ions (AFM2). Further in-
creasing the strain leads to another magnetic phase transition, where
the AFM2-ordered material shifts into a ferromagnetic state (FM). This
transformation creates a step-like increase in the total magnetization of
the material as a function of the applied strain. The strains required to
induce these phase transitions fall into the plastic regime, reaching up
to 11.8% for stabilizing the FM ordering. While these levels of plastic
deformation might appear large, they are comparable to those applied
to other one-dimensional materials as reported in the scientific liter-
ature. We have managed to qualitatively understand these magnetic
phase transitions through changes in the symmetry of the wave function
at the valence band edge. This ability to control a broad spectrum
of magnetic phases within VS, nanowires, simply by applying strain,
suggests promising potential for applications in spintronic devices.
Such applications range from magnetic memory storage systems to
spin-field-effect transistors.
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