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ABSTRACT Developing approaches to effectively induce and
control the magnetic states is critical to the use of magnetic
nanostructures in quantum information devices but is still challen-
ging. Here we have demonstrated, by employing the density
functional theory calculations, the existence of infinite magnetic
sheets with structural integrity and magnetic homogeneity. Exam-
ination of a series of transition metal dichalcogenides shows that the
biaxial tensile strained NbS, and NbSe; structures can be magnetized
with a ferromagnetic character due to the competitive effects of
through-bond interaction and through-space interaction. The esti-
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NbS, and NbSe, structures, respectively) suggest that the unique ferromagnetic character can be achieved above room temperature. The self-exchange of

population between 4d orbitals of the Nb atom that leads to exchange splitting is the mechanism behind the transition of the spin moment. The induced

magnetic moments can be significantly enhanced by the tensile strain, even giving rise to a half-metallic character with a strong spin polarization around

the Fermi level. Given the recent progress in achieving the desired strain on two-dimensional nanostructures, such as graphene and a BN layer, in a

controlled way, we believe that our calculated results are suitable for experimental verification and implementation, opening a new path to explore the

spintronics in pristine two-dimensional nanostructures.

KEYWORDS: NbS; - NbSe; - biaxial strain - magnetism - density functional theory

wo-dimensional nanosheet crystals

have been the subject of intensive

research in the fabrication of nano-
scale devices."”” Among these, the transi-
tion metal dichalcogenides (TMDs) of MX,
type (M =Mo, W, Nb, Re, Ti, Ta, etc.and X =S,
Se, Te), which have a honeycomb structure
with a thickness down to three atomic
layers, exhibit a large variety of electronic
phases such as metals® ' semiconduc-
tors," ~'® and superconductors'’ depend-
ing on the coordination and oxidation state
of the metal atoms. Recently, different stra-
tegies have been proposed to synthesize
these materials on a stable nanometric
scale, such as hydrothermal processes,'®
mechanical activation at high tempera-
ture,'® or shape transformation from one-
dimensional (1D) nanorods to two-dimen-
sional (2D) nanosheet crystals.20 Exciting ex-
amples include the following: Coleman et al.
successfully synthesized layered compounds,
such as MoS,, WS,, MoSe,, MoTe,, TaSe,,
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NbSe,, and NiTe,, and demonstrated that
these 2D TMDs can be efficiently dispersed
in common solvents as individual flakes
or formed into films;?' thin films of MoS,,
TaSe,, WS,, MoSe,, and NbSe, have also
been fabricated by large-scale exfolia-
tion of inorganic layered compounds in
aqueous surfactant solutions;? using a
new wet chemistry approach, high-quality
2D nanosheet crystals of MoS, and WS,
were obtained by Altavilla et al.>> The pos-
sible applications of these materials, such
as transistors,>* photoemitting devices,>%%
photovoltaics,?” catalysis,*® hydrogen stor-
age,”® lubricants®® and Li-ion batteries,'
have been proposed and investigated.
However, novel magnetic properties have
not yet been found in these pristine TMDs,
and most TMDs are nonmagnetic. A num-
ber of experimental and theoretical results
have shown that the embedment of transi-
tion metal (TM) atoms can induce magnet-
ism in nonmagnetic nanomaterials.3?~*'
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The scientific issue is whether TMDs with so many TM
atoms can be magnetized. If indeed intriguing mag-
netic properties exist, possible magnetic applications,
especially above room temperature, must be pursued.
In order to unlock the valuable properties, theoretical
studies mainly focus on the edge structure, defect, and
doping in these 2D materials, which may play a certain
role in the introduction of magnetic behaviors. For
example, Li et al. indicated that zigzag MoS, nanorib-
bons exhibit ferromagnetic and metallic behavior irre-
spective of the ribbon width and thickness.*> With
defects and doping in MoS; nanoribbons, the non-
magnetic and magnetic nanoribbons can be tuned
depending on where the foreign atoms are adsorbed
and what kind of vacancy defect is created.** For WS,
nanoribbons, the zigzag edges of W(0%S)—S(50%),
W(0%S)—S(100%), W(100%S)—S(100%), and W(50%S)—
S(100%) types can also turn out to be magnetic.**
However, in bringing TMDs up to the level of practical
applications, we encountered the follow fundamental
difficulties: (1) until now few methods are proposed for
the successful fabrication of TMD nanoribbons, and the
mass production of TMD nanoribbon-based devices is
beyond the capability of current technology; (2) the
induced magnetic properties depend strongly on
the type of defects and position of doping, while
the precise control of defects and doping on TMDs in
the nanoscale remains challenging.

As an alternative, one promising route to manipulate
magnetic properties is elastic strain engineering.*>*¢
Although the appearance of ferromagnetic (FM) cou-
pling in FeCu alloy because of the increase of the lattice
constant has been proposed by recent experimental
studies,” large elastic strain rarely exists in bulk mate-
rials since they are easily relaxed by dislocation plasti-
city or fracture. In contrast, the plasticity and fracture
in nanostructures are greatly delayed, which allow for
a much larger dynamical range of applying elastic
strain reversibly. For example, the measured breaking
strength is as high as 13% for a graphene monolayer,
while that of bulk graphite seldom reaches 0.1%.*%°
Considering the interplay between the mechanical
properties and magnetic behavior, it was predicted
that the tensile strain along the zigzag direction can
significantly enhance magnetic moments and the
stability of FM coupling of the graphene with a topo-
logical line defect.>® With similar structures, such as
half-fluorinated BN and GaN layers, an intriguing anti-
ferromagnetism (AFM) — FM coupling transition can
also occur by applying strain, even giving rise to a half-
metallic character when the sheets are under a com-
pression of 6%.>" These studies suggest that strain
can be potentially used as an effective pathway to
induce and engineer the magnetic properties of
nanomaterials. Thus, in light of these previous studies,
a systematical understanding of strain effect on mag-
netic behavior of these TMDs would be highly desirable.

ZHOU ET AL.

TABLE 1. Calculated Structural Parameters (lattice con-
stant, anps2; S—S bond length, ds_s; Nb—S bond length,
dnb_s) in the NbS, Structure and Structural Parameters
(lattice constant, anpse; Se—Se bond length, ds. s.;
Nb—Se bond length, dy;,_s.) in the NbSe, Structure

strain

0% 1% 2% 3% 4% 5% 6% 7% 8% 9% 10%

ans2 (R) 335 339 3.42 346 349 352 356 3.59 3.62 366 3.69
ds_s(B) 314 311 3.09 307 3.05 3.04 302 300 299 297 29

dyp—s (A) 249 250 251 252 253 254 255 256 257 258 2.59
sz (B) 348 3.51 355 358 3.62 3.66 369 373 376 380 3.83
dse_se (R) 337 334 332 330 3.28 326 325 3.23 321 320 3.18
dwp—se (R) 262 263 264 265 266 267 268 269 270 271 .73

The present studies are prompted by the recent
experiments where the desired strain can be achieved
on 2D nanostructures, such as graphene and a BN layer
in a controlled way,>>>* and thus, our calculated
results are suitable for experimental verification and
implementation. In this paper, we explore the elec-
tronic properties in a series of TMDs using density
functional theory calculations and demonstrate that
only NbX; (X =S, Se) structures can be magnetized by
simply applying a tensile strain. The self-exchange of
population between the 4d orbitals of the Nb atom is
the mechanism behind the transition of spin moment
in the calculations. Two crucial characteristics are
found for the induced magnetism: (1) the induced spin
magnetizations in NbX; structures exhibit a substantial
FM ordering character through long-rang magnetic
coupling; (2) when the strain reaches 10%, NbX,
structures yield a half-metal character, associated with
the strong spin polarization around the Fermi level.
Thus, the above-mentioned findings provide a new
pathway to explore NbX,-based spintronics. In contrast
to previous studies, our results exhibit the following
advantages over the existing ones: (1) it is not neces-
sary to substitutionally or by adsorption dope Nb and X
atoms in NbX; structures by foreign atoms such as Fe,
Co, Ni, and Mn, around which the magnetism may
appear; (2) it is not necessary to introduce Nb and X
vacancies in NbX, structures, near which the magnet-
ism may be induced; (3) it is not necessary to cut two-
dimensional NbX; layers into finite systems with zigzag
edges (like one-dimensional ribbons or zero-dimen-
sional nanoflakes), at which the magnetism may occur.
Although these methods can be achieved experimen-
tally, until now the precise control of doping and
forming vacancies on TMDs at the nanoscale is still
challenging, and also the magnetism in zigzag edges
can be easily quenched during assembly.

RESULTS AND DISCUSSION

Our systematic study begins with the geometric
details of NbS, and NbSe, listed in Table 1. Under zero
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Figure 1. Schematic illustration of the biaxial strain-induced magnetism for (a) NbS, and (b) NbSe; structures. The insets show
the electron transfer between different orbitals due to the biaxial strain. The small yellow, small blue, and large blue balls
represent S, Se, and Nb atoms, respectively, in the geometric structures. The yellow and blue isosurfaces correspond to the
spin-up and spin-down components, respectively, in the spatial spin density distributions.

strain, the computed lattice parameters of NbS, (anps> =
335, ds_s = 3.14 and dyp_s = 2.49 A) and NbSe,
(ONbses = 3.48, dse_se = 3.37 and dyp_se = 2.62 A) are
in good agreement with previous results.®~'° Upon
applying a biaxial tensile strain (the biaxial tensile strain
here is defined as ¢ = Ac/co, where lattice constants of
the unstrained and strained supercell are equal to ¢,
and ¢ = Ac + ¢, respectively) on these materials, dnps2
and dypse; increase. Because of in-plane biaxial tensile
strain, a deformation in the perpendicular direction is
likely to occur, which is reminiscent of deformation in a
nanotube by a uniaxial strain along the nanotube in
our previous studies,”>>® and thus the distances of S—S
and Se—Se (denoted as ds_s and dse_sc) become small.
The decrease of ds_s and ds._s. retards the increase of
dnb_s and dyp,_se. The increase of bonding lengths was
found to be only 4% for both NbS, and NbSe, struc-
tures at a 10% tensile strain, as compared to the 10%
increase of bonding lengths in graphene and the BN
layer for the same tensile strain. Consequently, the
relatively small change in the bonding lengths in NbS,
and NbSe, implies a relatively large range of elastic
limits where the structural breakage or phase transition
would not occur, thus, a possibility to well control the
electronic and magnetic properties of these structures
compared with graphene and a BN layer.

Theoretical calculations based on density func-
tional theory have revealed that NbS, and NbSe, are
metallic®™'° and may play important roles in device
applications. Previous studies show that such half-filled
metal states with local states near the Fermi level are
closely associated with magnetism.>**” Indeed, our
calculations demonstrate that, when the tensile strain
is applied to these structures, spin-polarized states are
observed, as depicted in Figure 1. For example, the
unstrained NbS, and NbSe, are not spontaneously
magnetized, while the 5% tensile strain can induce
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about 0.50 and 0.61 ug (per unit cell) in NbS, and
NbSe,, respectively. Thus, the magnetic behavior in
NbX, structures is transferred from nonmagnetism to
magnetism when the tensile strain is applied, while the
magnetic behavior is transferred from low magnetism
to high magnetism in VX, structures.”® The interplay
between the mechanical properties and their mag-
netic behaviors is represented in Figure 2a and b. Here
the magnetic moments of S and Nb atoms in the NbS,
structure are denoted Ms and My, respectively, and
the magnetic moments of Se and Nb atoms in the
NbSe, structure are denoted Ms. and My, respectively.
The Ms in the NbS, structure begins to increase when
the strain is 3%, which is defined as a critical tensile
strain. The increase of magnetic moment exhibits a
nearly linear relationship with the tensile strain. In the
NbSe; structure, the basic behavior of Mg is the same
as that found for Ms, but the critical tensile strain
appears at 2% due to the difference in ionic radii
between S and Se atoms. It should be noted that the
magnetic moments in both structures are spin-down
and very small. When the tensile strain increases to
10%, the Ms and Ms, increase only 0.018 and 0.028 w5,
respectively. In contrast, the My, in both structures is
spin-up and rapidly increases with the tensile strain.
The increase of magnetic moment exhibits a parabolic
behavior with the tensile strain. Yet, when the tensile
strain increases to 10%, the My, in NbS, and NbSe,
structures can possess 0.52 and 0.67 ug, respectively.
These results clearly suggest that Nb atoms mainly
dominate the spin polarizations, while the contribution
from S and Se atoms can be almost negligible. In order
to establish these unique magnetic properties experi-
mentally, the possible structure breakage or phase
transition with increasing strain must be better under-
stood. In this regard, Figure 2c exhibits the variation of
total energies with tensile strain. The monotonically
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Figure 2. Strain dependence of magnetic moment (a) per S and Se atoms in NbS, and NbSe; structures, respectively, (b) per
Nb atom in NbS; and NbSe; structures, and (c) of the total energy variation in both structures.

increased tendency elucidates a large elastic range
because of the unique geometry structure mentioned
above, in which the structure breakage or phase
transition will not occur, and may have two important
applications: (1) it is anticipated that the large elastic
range would display substantial magnetism, which is
expected for establishing the nanomagnets, serving as
an excellent probe tip in magnetic atomic force micro-
scopy, or utilizing as magnetic attraction drug delivery
in pharmaceutical systems in the living body; (2) the
large elastic range provides a large space to achieve
the reverse process where the applied tensile or com-
pressive strains in the NbX; lattice can modify the spin
state of the system, which is significant for practical
electromechanical nanodevice applications. For exam-
ple, the ultrathin NbX; structures can be designed for
the logic states assigned as “0” with small spin state or
“1" with large spin state, achieving a desired spin
switch.

These interesting changes of the spin polarization
with the tensile strain can be attributed to the parti-
cular interactions between the Nb and X atoms in NbX,
structures. An isolated Nb atom has a 4d*'5s'" config-
uration with a spin exchange splitting of 2.3 eV. A
number of experimental and theoretical results have
suggested that such TM atom embedded in a non-
magnetic nanomaterial can induce magnetism due to
the partially filled d character of the TM atoms.3>~*'
Interestingly, the layered NbX, (X = S and Se) structure
consisting of so many Nb atoms here has been proved
to possess a particular d character®'° and thus is
expected to contain a range of magnetic behaviors.
However, the Nb atoms in NbX, structures are sand-
wiched between two layers of X atoms, forming a
strong ligand field due to the Nb—X covalent bond
and thus quenching the magnetism of the Nb atoms.
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Examination of the hybridization states shows that the
covalent bonds are mainly ascribed to the Nb 4d and S
3p (or Se 4p) orbitals. In fact, the quenching of the
magnetic moment of TM atoms due to the covalent
interaction is in agreement with previous studies.®~'°
Thus, the reduction of covalent interactions between
Nb—X bonds becomes the effective means for the
magnetic induction. When the NbX; structure is under
a finite tensile strain, the bonding energy of the Nb in
the NbX, structure decreases with increasing biaxial
strain, as expected. For example, when the strain is
increased from 0% to 10%, the calculated binding
energies decrease from 15.2 to 10.3 eV for the Nb in
the NbS, structure and from 14.6 to 9.8 eV in the NbSe,
structures. In contrast, we find no magnetic induction
in the compressed NbX, structure due to the increase
in the Nb—X covalent interaction. Thus, we consider
the tensile strain for studying the magnetic behaviors
of only the layered NbX; structure. As can be seen from
Figure 3, the electronic properties of NbX, with respect
to the tensile strain confirm the above speculation.
Near the Fermi level, the S 3p states in the NbS,
structure (or Se 4p in the NbSe, structure) are some-
what decreased with an increase in strain, and thus,
they no longer take part in the hybridized interaction
with Nb atoms. As a consequence, the exchange
splitting of Nb 4d states may be unlocked due to the
reduction of the hybridization with S 3p states (or Se 4p
states). However, the change of S 3p states near the
Fermi level is very small and almost negligible, and the
most important effect comes from the hybridized
states, with energies ranging from —4.5 to —0.3 eV,
which further supports the above discussion. It has
been proven that the hybridized character at these
energy regions is responsible for the spin polariza-
tion near the Fermi level and can translate into a
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Figure 3. Spin-polarized partial density of states (DOS) of NbS, and NbSe, structures under 0%, 3%, 7%, and 10% biaxial
strain. The red and black regions represent the spin-up and spin-down components, respectively, where the Fermi level is
indicated by the dashed line. The blue arrows indicate the spin splitting near the Fermi level.

perturbation for the polarized atom.>> On the basis of
this conclusion, the exchange splitting of the Nb atoms
in the NbX, structure appears to be much smaller than
the typical value obtained for an isolated Nb atom.
With the increase of tensile strain, the hybridized states
at these energy regions remarkably decrease, which
decreases the perturbations and in turn enhances the
splitting effect. Thus, the reduced hybridized states in
low-energy regions can be viewed as a main effect for
unlocking the exchange splitting of the Nb atoms and
leading to the unique spin moment of NbX,.

In order to further understand the splitting effect by
the tensile strain, the evolutions of spin-polarized band
structures under 0%, 3%, 7%, and 10% tensile strain are
shown in Figure 4. All band structures exhibit a quali-
tatively similar behavior that indicates the less popu-
lated spin-down orbitals and the more populated spin-
up orbitals. The spin degeneracy is thus broken. From
detailed examination, the spin-up and spin-down elec-
tronic states near the Fermi level are dominated by the

ZHOU ET AL.

mixed Nb d,.—d,, orbitals and mixed Nb d,._,.—d,,
orbitals, respectively, suggesting that the interesting
splitting effect can be attributed to the self-exchanging
of Nb 4d electrons (ie, Nb d,._,.—d,,—~Nb d.—d,,
transfer), as suggested in Figure 1. Considering the
possible electron transfer between Nb and X atoms
due to the change of bonding lengths, we also calcu-
lated the variation of total charge in X and Nb atoms
shown in Figure 5b. Even at 10% tensile strain, each Nb
loses only about 0.11 |e| for both structures, and each
S in the NDbS, structure and each Se in the NbSe,
structure gain only about 0.05 and 0.08 |e|, respectively,
implying a relatively small charge transfer between Nb
and X atoms. Therefore, the self-exchange of popula-
tion between 4d orbitals of the Nb atom can be viewed
as an important mechanism for the exchange split-
tings, which induces spin moment transition. However,
in VX, structures, the relative transfer of electrons
between V and X atoms plays an important role in
the transition of the spin moment.*> The calculated
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exchange splittings are about 0, 0.22, 0.30, and 0.38 eV
under 0%, 3%, 7%, and 10% strains, respectively, in the
NbS, structure and 0, 0.24, 0.36, and 0.42 eV under 0%,
3%, 7%, and 10% strains, respectively, in the NbSe,
structure. The tendency is in agreement with the
finding of net moments (per unit cell) of 0, 0.41,
0.51, and 0.53 up for 0%, 3%, 7%, and 10% strains,

ZHOU ET AL.

respectively, in the NbS, structure and 0, 0.50, 0.63,
and 0.68 ug for 0%, 3%, 7% and 10% strains, respec-
tively, in the NbSe, structure. In order to achieve a
confirmed conclusion, we have performed a series of
calculations to investigate the magnetic behavior of
other 2D TMDs such as MoS,, WS,, MoSe,, and WSe,. It
is of interest to find that no magnetism is observed in
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these materials under tensile strain. Since as described
above the unusual magnetic behaviors in NbS, and
NbSe, structures are associated with not only the
increased bond lengths by strain but also the particular
metallic character, the TMDs such as MoS,, WS,, MoSe,,
and WSe, are nonmagnetic due to the presence of
certain band gaps. Comparing the two different effects,
we can appreciate the partially filled d character of the
Nb atoms that induces the metallic character in NbX..
In fact, the difference in strain-induced magnetic be-
haviors depending on the metallic and semiconduct-
ing characters of the host structure has been proposed
in Ni-substituted graphene and nanotubes. 333>

In Figure 4, the energy level of these spin-up and
spin-down states near the Fermi level as a function of
the applied tensile strain determines the observed
physical features of the 2D NbX, structures. These
special changes of electronic states suggest interest-
ing transitions occurred under tensile strain (i.e, non-
magnetic metal — magnetic metal — half-metal
transitions). The layered NbX, with a strong Nb—X
bond is a nonmagnetic metal from the onset, in
agreement with Kuc et al's prediction.®~'° With a finite
strain (from 0% to 10%), a splitting effect was detected,
which changes NbX, to a magnetic metal. When a
strain of up to 10% is applied, a typical half-metal
character occurs, in which one level in the spin-up
channel crosses the Fermi level and the corresponding
level in the spin-down channel does not. Thus, the
interesting magnetism with a collective character
found here under tensile strain enables the 2D nano-
layers to be spin-filtering layers. To visualize the spin
distribution on the NbX, structures, we also impose
spin density in Figure 1. It can be clearly seen that the
charge density is rather spherical around the Nb atoms,
while the X atoms have a very small magnetic moment.
Conventionally, the induced magnetism is often
located on adsorbed atoms or near vacant sites. How-
ever, for a doped system, one of the crucial issues for its
applications in spintronic devices is whether the local
spin moments induced by defect states can lead to a
collective magnetism, which is an essential require-
ment for any spintronic application. Unfortunately, this
critical issue, as well as its implications, was often
overlooked in the previous studies of the doping-
induced magnetism of nanostructures. Thus, the find-
ing of a substantial collective character with a long-
range magnetic coupling by tensile strain here offers a
new avenue to facilitate the design of controllable and
tunable spin devices.

Considering the practical applications in nanoelec-
tronics, the spin ordering of Nb atoms is more impor-
tant.>®~®2 Therefore, we have explored the spin-order-
ing dependence on strain in NbX, structures. Two
stable magnetic structures (i.e., FM and AFM coupling
structures) are considered. The energy difference, AE =
Earm — Erm, per unit cell as a function of tensile strain is

ZHOU ET AL.

presented in Figure 5a. As spin polarization is not
observed in unstrained NbX, structures, we investi-
gated the spin ordering from 1% tensile strain. For a
relatively small tensile strain, such as 1%, the FM
coupling is favored over the AFM coupling (i.e., AE > 0),
while the energy difference is only 2 meV. In this
case, the FM coupling is not very stable, and it is
impractical to use such a structure for device applica-
tions, such as nanoscale magnets and spin transport, at
room temperature. Fortunately, the tensile strain on
NbX, enhances not only the value of the magnetic
moment mentioned above but also the stability of the
magnetic state. In Figure 53, it is of great interest to find
that the FM spin coupling is always more stable than
the AFM spin coupling. The energy difference increases
with the strain, which displays a very similar behavior
for both structures. When the tensile strain is increased
up to 10%, the energy difference can reach 50 and 68
meV for NbS; and NbSe;, structures, nearly 25- and 34-
fold increases compared to that of the 1% strain. As a
matter of fact, for strains above 10%, the energy
difference between FM and AFM coupling in NbS,
and NbSe, structures will further increase with the
strain. However, if a large strain is applied, structural
breakage or phase transition may occur, leading to an
energy difference of zero. According to the Heisenberg
model,®®* H = —J5,0,0;,1, where J is the exchange
coupling parameter and o; is the net spin induced by
ith vacancy, the AE in these structures can be deduced
as AE = 2J|g)>.*® The calculated exchange coupling
parameters are about 92 and 78 meV under the 10%
strain, compared to about zero under 1% strain, for
NbS, and NbSe, structures, respectively, indicating
an appreciable magnetic coupling. Thus, upon the
increase of tensile strain, the stability of magnetic
exchange coupling (i.e., FM spin ordering) can be
enhanced. In order to further probe whether this
coupling is appreciable for the applications of NbX,
above room temperatures, we also estimate the Curie
temperature, T¢, according the Heisenberg model. The
magnetic energy difference, AE, can be described
using the mean-field value of Tc with kTc = (2/3)AES*
The calculated values under 10% strain are about 387
and 542 K for NbS; and NbSe; structures, respectively,
which are higher than room temperature. This result
suggests that the ferromagnetic NbS, and NbSe, struc-
tures can be utilized above room temperature. In fact,
the stress-induced Curie temperature enhancement has
been experimentally proposed in Feg4Nizg Invar alloy
because of the increase of Fe—Fe interatomic distances,
which reinforces ferromagnetic interactions.%> Notably,
here the enhanced Curie temperature of NbX; struc-
tures is due to the increased Nb—Nb interatomic
distances.

For magnetic 2D compounds, the coupling mechan-
ism (i.e,, through-bond coupling interaction and through-
space coupling interaction) has been successfully
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proposed by Ma et al>' According to the currently

calculated results, the mechanism also well holds for
the layered NbX, structures. It was noted that for
through-bond coupling interaction, an atom with up-
spin (down-spin) can induce a down-spin (up-spin) on
adjacent atoms directly bonded to it. For NbX; systems
here, the magnetic relation between My, and My can
be presented as “... My, — —My — Myp, ...". Thus, for this
coupling interaction, all Nb atoms in NbX, structures
are FM coupling and can retain the same spin align-
ment, as shown in Figure 5a. As a matter of fact, the
interaction of through-bond coupling has also been
previously reported to explain the room-temperature
FM character in cation-vacancy-induced magnetism in
GaN.** On the other hand, for a through-space cou-
pling interaction, an atom with an up-spin (down-spin)
density induces a down-spin (up-spin) density on the
nearest-neighboring atom directly, without a media-
tion atom. For NbX, systems here, the magnetic rela-
tion of My, can be represented as “... My, — —Myp  -.."
In this coupling interaction, the AFM coupling appears
in the Nb atoms, as shown in Figure 5a. Thus, on the
basis of the above descriptions, the stable magnetic
structures can be explained as a competitive effect of
through-bond interaction and through-space interac-
tion. When through-bond interaction is stronger than
through-space interaction, NbX, exhibits FM coupling;
otherwise it exhibits AFM coupling. Since the valence
electrons of Nb 4d states that contribute to the mag-
netism are relatively localized in the NbX; structures, as
illustrated in Figure 3, they have relatively small spatial
extension but a strong Nb—X covalent interaction,
which leads to the directly through-space interaction
being smaller than the through-bond interaction, and
thus the FM coupling becomes more stable than the
AFM coupling. As a matter of fact, a similar phenom-
enon also has been found in VX,.** However, due to the
difference in the binding interaction between NbX,
and VX, structures, NbX, structures might have a
unique Curie temperature for practical applications.
In contrast, in half-fluorinated graphene and BN layers,
the 2p states of magnetic atoms are more delocalized
and have much larger spatial extension that promotes
direct through-space interaction and results in a more
stable AFM coupling than the FM coupling.®’ The
reliability of this mechanism is also well reflected by
the variations in energy between FM and AFM with
tensile strain. With the increase of tensile strain, the

COMPUTATIONAL METHOD

The first-principles periodic calculations based on density
functional theory are performed using the Vienna ab initio
simulation package (VASP). Within the generalized gra-
dient approximation (GGA), we considered Perdew—Burke—
Ernzerhof exchange and correlation functionals. The electronic
wave functions were expanded using a plane-wave basis set

ZHOU ET AL.

bond lengths between Nb and X atoms increase, which
results in the reduction of both through-bond interac-
tions and through-space interactions. However, for the
d state coupling in this work,*® opposite of the p state
coupling,® the reduction of through-space interaction
is larger than that of through-bond interaction, effec-
tively explaining the increase in the energy difference
between the AFM and FM coupling with the tensile
strain, as shown in Figure 5a. On the basis of these
results, it is expected that the energy difference be-
tween AFM and FM can reach a high value when the
tensile strain is large enough. Furthermore, from our
examination the maximum elastic strain that NbX, can
take is over 50% (i.e., no structural breakage or phase
transition was observed under the large strain), which
provides a very effective solution for stabilizing the
magnetic state and allows the 2D NbX; structures to be
practically used in room-temperature conditions.

CONCLUSIONS

In summary, spin-polarized density functional theory
calculations have been conducted to study the elec-
tronic structures and magnetic properties of layered
NbS, and NbSe, under a biaxial strain. Under the
applied biaxial tensile strain, the layered NbS, and
NbSe, structures can be evinced to establish the
magnetic behaviors with a ferromagnetic character,
which is attributed to the competitive effects of
through-bond and through-space interactions. The
self-exchange of the population between 4d orbitals
of the Nb atom leads to exchange splitting, which is an
important mechanism behind the transition of the spin
moment. The induced spin magnetizations align par-
allel and exhibit a substantial collective character,
which is a crucial issue for the spin-circuit application
that is often overlooked in previous studies on doping-
induced magnetism of nanostructures. Furthermore,
the tensile strain on NbS, and NbSe, structures
enhances not only the value of the magnetic moment
but also the stability of the ferromagnetic coupling.
The estimated Curie temperatures suggest that the
ferromagnetic NbS, and NbSe, structures are suitable
for spin applications above room temperature. Given
the recent progress in achieving the desired strain on
2D nanostructures, such as graphene and BN layers in a
controlled way,*>>* we believe that our calculated
results are suitable for experimental verification and
implementation.

with a cutoff energy of 520 eV. In our calculations, the structures
of 4 x 4 supercells of NbS; and NbSe, are used with a vacuum
space of 15 A between two layers to avoid interactions between
them. Pseudopotentials with 3s23p* 4s%4p* and 4d*5s’ valence
electron configurations, respectively, for S, Se,and Nb atoms are
used. The stresses of different magnitudes are applied along the
biaxial directions by changing the cell parameters, after which
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the structures are relaxed. For the optimizations of these struc-
tures, Brillouin zone integration was performed using a
8 x 8 x 1 k-point grid, and for electronic structural optimization
a 12 x 12 x 1 k-point grid was used. All the calculations were
carried out with spin-polarization, and the atomic positions of
the structure were relaxed until all the force components were
smaller than 0.01 eV/A. In order to conveniently compare with
previous work based on GGA (neglecting the GGA-+U method), 8~ 1°
we in this work also employ the GGA method.
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