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raphene, a two-dimensional (2D)
single layer of carbon atoms ar-
ranged in a honeycomb lattice, has
been the focus of recent research efforts,’ 3
due to its unique zero-gap electronic struc-
ture and the massless Dirac Fermion behav-
ior. The unusual electronic and structural
properties make graphene a promising
material for the next generation of faster
and smaller electronic devices. Besides
graphene, other 2D compounds such as BN,
Zn0, transition metal oxides, and transition
metal dichalcogenides (TMDs) are also of
particular interest due to their unique prop-
erties that are useful for applications includ-
ing a new generation of transistors, photo-
emitting devices, hydrogen storage, and
spintronic devices.* '? In most of these
existing pristine 2D materials no magne-
tic ordering is expected.”>”'® Fortunately,
there are various alternative experimental
approaches of magnetic modulation to in-
duce magnetism, such as introducing tran-
sition metal atoms, point defects, and non-
metal element adsorption.'6~ '8
However, for use in nanoelectronics, the
magnetic coupling modulated by the con-
ventional methods mentioned above in
these nonmagnetic 2D materials is always
somewhat rough as compared to the ideal
requirement (stable and precision magnetic
spin ordering) and, thus, is inconvenient to
control in the actual application, which ham-
pers the development of these materials
in nanoelectronic devices. In addition, ad-
vanced applications often require materials
with magnetic properties which can be
deliberately tuned by external control para-
meters such as applied electric fields, elastic
stress, or light.”” 2" In this respect, the
acquisition of a 2D material, beyond the
current 2D materials, with both precise
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First-principles calculations are performed to study the electronic and magnetic properties of

VX, monolayers (X = S, Se). Our results unveil that VX, monolayers exhibit exciting

ferromagnetic behavior, offering evidence of the existence of magnetic behavior in pristine

2D monolayers. Furthermore, interestingly, both the magnetic moments and strength of

magnetic coupling increase rapidly with increasing isotropic strain from —5% to 5% for VX,

monolayers. It is proposed that the strain-dependent magnetic moment is related to the

strong ionic—covalent bonds, while both the ferromagnetism and the variation in strength of

magnetic coupling with strain arise from the combined effects of both through-bond and

through-space interactions. These findings suggest a new route to facilitate the design of

nanoelectronic devices for complementing graphene.
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and controllable spin ordering remains an
important challenge.

In analogy to graphene, the 2D TMDs
monolayer has attracted broad interest dur-
ing recent years.?> 3° TMDs could occur in
more than 40 different types,®'*? depend-
ing on the combination of chalcogen (S, Se,
or Te) and transition metal. Depending on
the coordination and oxidation state of the
metal atoms, TMDs can be metallic, semi-
metallic, or semiconducting.®'*? This versa-
tility makes it more intriguing if precise and
controllable spin ordering can be obtained
in these potential TMD monolayers. Very
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Figure 1. Geometric structures of VX, monolayers in top (a) and side (b) views. In the inset, we show that the stranin is applied
along zigzag and armchair directions. The spin-resolved charge density isosurface (isosurface value = 0.002 e/A%) of VS, (c)
and VSe; (d) monolayers in ferromagnetic state. Yellow (blue) indicates the positive (negative) values.

recently, a new 2D TMD, a VS, monolayer, has been
synthesized experimentally,”>?*> providing a poten-
tially novel avenue for achieving promising functional
materials for nanoelectronic applications. It was point-
ed out that the synthesis procedures are flexible for
other 2D TMD monolayers, such as a VSe, monolayer.?®
Yet, itis known that, since the first discovery of bulk VS,
in 1970, many difficulties hamper the scientist from
investigating this material, resulting in the long term
absence of systematic research work on VS,22333%
Thus, for further development and applications, a
systematic theoretical understanding of these mono-
layers would be highly desirable. Moreover, the com-
plicated and versatile electronic structure of 2D TMD
monolayers inspires us to believe that VS, and VSe,
monolayers deserve specific attention as possible 2D
materials with both precise and controllable magnetism.

In the present study, we systematically investigated
the electronic and magnetic properties of VS, and VSe,
monolayers, as well as the intercoupling between the
strain and magnetic properties, by means of density
functional theory calculations. It is shown that the
pristine VS, and VSe, monolayers surprisingly exhibit
magnetic ordering. More interestingly, the magnetic
moments and the strength of magnetic coupling
increase rapidly with increasing isotropic strain from
—5% to 5% for VS, and VSe, monolayers. It is demon-
strated that the strain-dependent magnetic moment is
related to the strong ionic—covalent bonds, while both
the ferromagnetism and the variation in strength of
magnetic coupling with strain arise from the combined
effects of both through-bond and through-space inter-
actions. Motivated by these results, we propose and
demonstrate a nanomechanical modulation of strain
to sensitively enhance or quench the spin polarization
of VS, and VSe, monolayers. Our work offers a new
avenue for controllable and tunable spintronic devices.
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TABLE 1. Calculated Lattice Constant (a), V-X Bond
Length (dy_x), Buckled Height between Two X Atom
Planes (Ax x), and Buckled Height between X and V
Atom Planes (Ay_x) for Optimized MX, Monolayer

a(k) dy_x () Axx )] Ay_x ()]
VS, 3.174 2349 2.939 1.469
VSe, 3331 2.488 3.165 1.582

RESULTS AND DISCUSSION

For the convenience of our discussion, hereafter, the
VS, and VSe, monolayer system is denoted by VX,
monolayers (X =S, Se) for short. As shown in Figure 1, in
such a monolayer, an intermediate layer of hexagon-
ally arranged V atoms is sandwiched between two
layers of X atoms, giving a trigonal prismatic arrange-
ment. The optimized lattice parameters are listed in
Table 1. Since the reduced dimensionality may some-
times result in magnetic behavior, we checked the
possibility of spin-polarized ground states for pristine
VX, monolayers, although it is the currently accepted
view that no spontaneous magnetization can be ex-
pected in most 2D materials.">~'® Based on our spin-
polarized calculations, it is exciting that pristine VX,
monolayers do exhibit magnetic ordering. For the VS,
monolayers, the V atom possesses an ~0.486 ug mag-
netic moment, while the X atom carries a small mag-
netic moment of ~—0.026 ug, and these values are
0.680 g and —0.048 ug, respectively, for the VSe; case.

The existence of magnetic moment does not neces-
sarily result in spin ordering. It thus is necessary to
study the preferred magnetic coupling of these mo-
ments. Depending on the initial conditions of self-
consistent calculations, two stable magnetic structures
are obtained: one is ferromagnetic (FM), and the other
is antiferromagnetic (AFM). Total energy calculations
show the ground state to be FM in both cases, which
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Figure 2. Total DOS and corresponding PDOS of VX, monolayers. The vertical dashed line represents the Fermi level.

lies 205 and 377 meV lower in energy than that of AFM
for VS, and VSe, monolayers, respectively. Since the
calculations are based on a supercell that consists of
sixteen unit cells, the energy of the FM state for one
unit cell composed of one V atom and two X atoms is
13 and 24 meV lower in energy than that of the AFM
state, respectively, for VS, and VSe, monolayers. To
drive the strength of the exchange coupling, we
employ the Heisenberg model, H = —J Z; 0,0; 1, where
Jis the exchange coupling parameter, and g; is the net
spin induced by the ith vacancy. On the basis of this
model, AE can be deduced as F*™ — F™™ = 2J|o)
Comparing this result withAE from ab initio calcula-
tions, a positive exchange coupling J = 26 meV (48
meV) is yielded in the VS, (VSe;) system, indicating an
appreciable magnetic coupling. It should be noted that
the ferromagnetic interaction between the Vatomsis a
short-range order.

In order to understand in more detail the magnetic
properties in the VX, monolayers, we plot the density
of states (DOS) and the atomic site projected density
(PDOS) in Figure 2. As Figure 2 illustrates, the VX,
monolayers are metallic, which is consistent with the
experimental results.?> Moreover, it can be seen that
the spin-up channel locates at a lower energy relative
to the spin down channel, but both share similar
distributions in reciprocal space. Examination of the
PDOS of V and X atoms shows that V d states are
relatively delocalized and hybridized with X p states,
indicating some covalent-like component of the V—X
bond. To visualize the distribution of spins on VX,
monolayers, the isosurface spin density is plotted in
Figure 1c and d. It is evident that the magnetism is
mainly contributed by the V atoms, while all of the X
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atoms have little contribution to the total moment,
which is consistent with the results obtained from
PDOS.

According to the analysis above, FM behavior has
been predicated theoretically in pristine 2D materials.
Yet, advanced applications often require materials with
magnetic properties which can be deliberately modu-
lated in a well-controlled manner, which is central to
actual applications.’®”2' On the other hand, strain
effect is always important in nanosystems. Previous
studies indicated that the spin polarization exhibits
remarkable strain dependence in topologically fluori-
nated BN nanotubes, and increasing local strain can
enhance the relatively weak FM order.>*3® Moreover,
the half-fluorinated BN and GaN sheets can exhibit
intriguing magnetic transitions between ferromagnet-
ism and antiferromagnetism by applying strain.'”
Motivated by these results, we guess that a nano-
mechanical modulation of strain can sensitively en-
hance or quench the spin polarization of VX, mono-
layers. Note that the VX, monolayers are two-dim-
ensional materials; due to the limited size along the
direction perpendicular to the plane of the layers,
strain exerted along this direction would be hard to
modulate in a well controlled manner in experiments.
Therefore, following previous work,'” we only focus
on the strain applied along the direction parallel to
the plane of the layers. Here, we investigate the strain
dependence of magnetic properties in VX, monolayers
by varying the isotropic strain from —5% to 5%, by
which all crystal symmetries and the overall honey-
comb-like structure are maintained. The tensile or
compression strain is uniformly applied along both
zigzag and armchair directions as shown in the inset of
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Figure 3. Strain dependence of the magnetic moment per V atom My, (a), the magnetic moment per X atom My (b), and the
energy difference between FM and AFM order (c) of VX, monolayers.

Figure 1a. The isotropic strain is defined as ¢ = Ac/cy,
where the lattice constants of the unstrained and
strained supercell are equal to ¢, and ¢ = Ac + ¢,
respectively.3”® The stretching or compressing of the
VX, monolayers is achieved by first elongating the
optimized lattice constant ¢y to ¢ = Ac + ¢y and uniformly
expanding the atomic structure obtained from the pre-
vious optimization. Subsequently, the atomic structure is
reoptimized and the corresponding energy is calculated
with the elongated lattice constant fixed.

Figure 3 shows the variation in the magnetic mo-
ment per V atom (M) and the magnetic moment per X
atom (My) of the VX, monolayers with strain. It is found
that the magnetic moments My and My increase mono-
tonically with increasing isotropic strain from —5%
to 5% for VX, monolayers. More surprisingly, for the
VX, systems under tensile stress, it is shown that the
magnetic moment M, of the strained VX, mono-
layers with ¢ = 5% increases up to 1.140 ug and
1.270 ug, an approximately 187% and 235% enhance-
ment over the undeformed level for the VS, and VSe,
monolayers, respectively. The magnetic moment My of
the VS; and VSe, monolayers with ¢ = 5% also shows a
315% and 244% enhancement, respectively, over their
undeformed levels. However, for the compressive
stress on the VX, monolayers, with increasing com-
pression, the magnetic moments My, and My rapidly
decrease. Yet, at 5% compression, the magnetic mo-
ment My is calculated to be 0.307 ug and 0.330 ug,
which are still analogous with that of the BN nanotubes
with topological fluorine adsorption reported in ref 39.
In a word, the spin polarization in the VX, monolayers is
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robust within a wide range of strain. On the other hand,
with increasing compression, the magnetic moment
Ms (Ms,) is rapidly almost quenched, from 0.026 ug
(0.048 up) in the undeformed levels to 0.008 ug (0.014
ug) in the strained structures with ¢ = —5%, indicating
that the magnetic coupling under such conditions is
almost quenched which we will discuss in detail in the
following. Moreover, for application in nanoelectro-
nics, 2D nanoscale magnets with FM spin ordering are
more desirable. This requires FM coupling among the
polarized electron spins in nanostructures. So we
investigate the strain dependence of the spin ordering
in VX, monolayers by varying the strain from —5% to
5%. The corresponding energy difference AE (AE =
Earm — Eq) of VX5 as a function of strain is illustrated in
Figure 3, where substantial energy difference AE in-
creases efficiently with higher tension and the FM state
is always more stable than the AFM state for VX, mono-
layers under tensile stress, while the FM ordering is
weakened for compression stress on VX, monolayers.
Accordingly, the exchange coupling can be efficiently
enhanced or quenched with increasing or decreasing
strain. Therefore, for the VX, monolayers under stress,
the interaction between the moments keeps FM cou-
pling independent of the strain (as shown in Figure 3).
Furthermore, the FM coupling is strongly more stable
than the AFM order, which reveals that the FM spin
ordering in VX, monolayers is robust within a large
range of strain. The rapid variation of spin polarization
in VX, monolayers under strain may be useful for
applications in nanodevices, such as a mechanical
switch for spin-polarized transport.

—
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Explanation of this interesting change of the spin
polarization with strain is sought in the particular
interactions between the V and X atoms. For VX,
monolayers, the magnetic moment can be determined
by the competition of two distinct interactions be-
tween the V and X atoms: (a) ionic bonding interaction
and (b) covalent bonding interaction. Evidently, both
the ionic bonding interaction and covalent bonding
interaction depend sensitively on strain, due to the fact
that the distance between two neighboring atoms
(dv_x) increases with increasing tensile strain or de-
creasing compression strain, and the elongating of the
dy_x results in reduction in the covalent bonding
interaction and enhancement in the ionic bonding
interaction. Accordingly, the relative increase of the
ionic composition of the interaction between the Vand
X atoms leads to a slight increase in the unpaired
electrons accumulated on the V and X atoms, thus
giving rise to the interesting variation in the magnetic
moment of the VX, monolayers with strain.

On the other hand, the variation in energy difference
AE of the VX, monolayer with strain can be understood
from the aspect of its magnetic mechanism. From the
above discussion, it is shown that the coupling be-
tween the spins in the VX, monolayer is FM. It seems
that ferromagnetism of the VX, monolayer without
strain arises from the effect of through-bond spin
polarization.***! For the through-bond spin polariza-
tion, it is defined that an atom with an up-spin (down-
spin) density induces a down-spin (up-spin) density on
the adjacent atom directly bonded to it. Provided that
b(i) and b(j) represent the b atoms at sites /i and j,
respectively, the through-bond spin polarization takes
place along each b(i)-(a-b)n-a-b(j) (n = 0, 1, 2,..) path.
For all b-b couplings, each b(i)-(a-b)n-a-b(j) path con-
sists of an even number of a-b bonds. Consequently,
the through-bond spin polarization ferromagnetically
couples the spins of the VX, monolayer. As expected
from the mechanism of through-bond spin polariza-
tion, the up-spin and down-spin densities occur on the
V and X atoms, respectively, which is consistent with
the isosurface spin density plotted in Figure 1. Yet,
based on this mechanism, elongation of dy_yx induced
by increasing the tensile strain (or decreasing the
compression strain) would result in the reduction in
the spin coupling, namely, the decrease in energy
difference AE, which is in contradiction to the present
results. These reveal that the through-bond spin polar-
ization alone is not credible in these systems. Here, we
employ the mechanism which was proposed in our
previous work'’*? to understand the magnetism in
these VX, systems. In this mechanism, we find that the
magnetism can be determined by the competition of
two distinct interactions: (a) through-bond interaction
and (b) through-space interaction. For the through-
space interaction, it is defined that a b atom with an up-
spin (down-spin) density induces a down-spin (up-spin)
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density on the nearest-neighboring b atom directly,
without mediation by an a atom. Provided that b(i) and
b(j) represent the b atoms at sites i and j, respectively,
the through-space interaction takes place along each
b(i)-(b)n-b(j) (=0, 1, 2,...) path. As a result, the through-
space interaction antiferromagnetically couples the
spins of the VX, monolayer. Based on this combined
mechanism, the variation in energy difference AE
as a function of strain can be easily understood. As a
consequence of the fact that both through-bond
interaction and through-space interaction depend
sensitively on dy.y, elongation of dy.x induced by
increasing the tensile strain (or decreasing the com-
pression strain) leads to the reduction in both through-
bond interaction and through-space interaction. How-
ever, the through-space interaction compared to the
through-bond interaction is greatly reduced with in-
creasing tensile strain (or decreasing compression
strain), resulting in the relative increase of the through-
bond interaction, which can give a good explanation of
the fact that energy difference AE increases monoto-
nically with increasing isotropic strain from —5% to 5%
for VX, systems. Besides, given the success in explain-
ing the strain effects on VX, monolayers, we can also
verify that the magnetism of VX, monolayers arises
from the combined effects of both through-bond and
through-space interactions and, of course, the interac-
tions between the magnetic moments are mainly
determined by the effect of through-bond interaction,
resulting in FM VX; monolayers. The particular proper-
ties of the VX, monolayers have the potential for wider
applications of 2D-based materials and devices.

CONCLUSION

Systematic first-principles calculations are carried
out to understand the electronic and magnetic proper-
ties of VX, monolayers. Our findings can be summar-
ized into four main points:

(1) It is demonstrated that pristine VS, and VSe,
monolayers exhibit exciting ferromagnetic be-
havior, offering evidence of the existence of
magnetic behavior for pristine 2D monolayers.
Magnetic moments and the energy difference
AE increase rapidly with increasing isotropic
strain from —5% to 5% for VX, monolayers.
Accordingly, nanomechanical modulation of
strain can sensitively enhance or quench the
spin polarization and the strength of the ex-
change coupling of VX, monolayers, which may
find application in nanodevices, such as a me-
chanical switch for spin-polarized transport.
Explanation of the interesting change of
the spin polarization with strain is sought in
the particular ionic—covalent interactions be-
tween the V and X atoms. The increase in the
ionic composition of the interaction between
the V and X atoms induced by strain leads to a
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slight increase in the unpaired electrons accu-
mulated on the V and X atoms, thus giving
rise to the interesting variation in magnetic
moment.

(4) Itis demonstrated that the ferromagnetism of
VX, monolayers arises from the combined
effects of both through-bond and through-
space interactions. Both through-bond inter-
action and through-space interaction depend
sensitively on the strain. According to this
combined mechanism, the variation in energy
difference AE with strain can be easily under-
stood.

METHODS

All of our calculations, including geometry relaxation and
electronic structure calculation, are based on the spin-polarized
density functional theory (DFT) using generalized gradient ap-
proximation (GGA)*® for exchange-correlation potential. The
Perdew—Burke—Ernzerhof (PBE) functional was used for GGA as
implemented in the Vienna ab initio Simulation Package
(VASP).***> For the geometric and electronic structural calcula-
tions, a supercell consisting of 4 x 4 unit cells of VS, or VSe,
monolayers is employed. A vacuum layer of 17 A is adopted in
the direction normal to the interface, representing the isolated
slab boundary condition. The Brillouin zone is represented by
the set of 6 x 6 x 1 k-points*® for the geometry optimizations
and by that of 8 x 8 x 1 k-points for the static total energy
calculations. The energy cutoffs, convergence in energy, and
force are set to 400 eV, 1 x 10> eV, and 0.02 eV/A, respectively.
Test calculations with larger energy cutoffs ensure that the
results are fully converged. It is well-known that the GGA would
underestimate the energy gap due to a well-known shortcom-
ing of DFT. However, the occupied states and the dispersion of
the band and the characters of the band structures as well as the
relative variation are expected to be qualitatively reasonable
and reliable. Besides, almost all of the early studies of the 2D
TMD monolayer systems were based on GGA 2?2?4749 ne-
glecting the GGA+U method, and for VX, monolayers, they are
of metallic character without an energy gap. Thus, for conve-
nient comparison with the previous work, we employ the GGA
method in the present work.
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