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Single-layer transition metal dichalcogenides exhibit a variety of atomic structures and associated exotic
electronic and magnetic properties. Density-functional calculations using the LDA+U approximation show that
single-layer VS, is a strongly correlated material, where the stability, phonon spectra, and magnetic moments
of the octahedral (17°) and the trigonal prismatic (2H) structures significantly depend on the effective Hubbard
U parameter, U.;. Comparison with the HSE06 hybrid density functional used as a benchmark indicates that
Uer = 2.5 eV, which consistently shows that the 2H structure is more stable than the 17" structure and a
ferromagnetic semiconductor. The magnetic moments are localized on the V atoms and coupled ferromagnetically
due to the superexchange interactions mediated by the S atoms. Calculations of the magnetic anisotropy show
an easy plane for the magnetic moment. Assuming a classical XY model with nearest neighbor coupling, we
determine the critical temperature, 7, for the Berezinsky-Kosterlitz-Thouless transition of 2H single-layer VS,
to be about 90 K. Applying biaxial tensile strains can increase 7. Using Wannier interpolation, we evaluate the
Berry curvature and anomalous Hall conductivity of 2H single-layer VS,. The coexistence of quasi-long-range
ferromagnetic ordering and semiconducting behavior enables 2H single-layer VS, to be a promising candidate

for spintronics applications.
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I. INTRODUCTION

Single-layer transition metal dichalcogenides, M X,, have
recently become the subject of a great deal of interest
owing to a variety of prominent properties [1]. For instance,
single-layer MoS, exhibits a direct band gap of 1.9 eV [2],
which makes it an attractive material for electronics ap-
plications [2]. In contrast to the relatively well explored
properties such as electronic [3], optical [4,5], and mechanical
properties [6], magnetism in single-layer M X, remains a bur-
geoning topic [7,8]. More generally, studying the magnetism
in single-layer materials including M X, is of fundamental
scientific interest and provides guidance for the design of
future-generation spintronics devices [9-15].

Magnetism originates from electron-electron interactions.
It has been claimed by Fazekas that “if electron-electron
interactions are strong enough to make a system magnetic,
then the system is likely to do other remarkable things as
well” [16]. We shall see that this claim is true for single-layer
vanadium disulfide VS,, as strong electron correlations lead
to ferromagnetic quasi-long-range ordering of the spins and
affect the energetic and dynamic stability.

Single-layer VS, has not yet been successfully synthesized.
Nevertheless, there has been intense experimental effort to ob-
tain this single-layer material [17-20]. So far, VS, nanosheets
with the thickness of less than five single layers have been
achieved [18,20]. Similar to a number of other single-layer
M X, such as MoS, [21], single-layer VS, could occur in
two common polymorphs, i.e., the 17 and 2H structures
that consist of octahedral and trigonal prismatic VSg units,
respectively. The inset in Fig. 1 illustrates these two structures.
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In addition to the experimental work, there have been
several density-functional theory (DFT) studies on single-layer
VS, [13,22-24]. Different exchange-correlation functionals
were used with the focus on the 17,2H, or both structures.
For example, Ma er al. used the generalized gradient approx-
imation (GGA) to investigate the magnetic properties of the
metallic 17 structure [25], which was assumed to be the stable
structure. They observed a noninteger magnetic moment of the
system tunable by mechanical strains. Kan et al. employed the
GGA to study the relative stability of the 17 and 2 H structures,
and they found that the 2H structure is more stable than the
1T structure. The electronic band structures of both structures
were further calculated by the GGA+U (U = 3.0 eV) and
the Heyd-Scuseria-Ernzerhof (HSE06) methods. In a more
recent study by Huang et al. [26], the HSE06 functional and
the GGA+U (0 < U < 4eV) method were used to investigate
the electronic structures of several single-layer transition metal
dichalcogenides. They found that 2H single-layer VS, is
a semiconductor. These previous studies provide valuable
perspectives on single-layer VS,. In our work, we extend
these studies by considering the effect of electron correlations
and the Hubbard U on several important aspects of the 17
and the 2 H structures, such as their relative stability, phonon
spectra, and magnetic moments, and investigate the exchange
mechanism that results in the ferromagnetic ordering of the
spins in the 2H structure.

In this work we perform DFT calculations with the local
density approximation (LDA)+U method to explore the strong
correlation effects in single-layer VS,. We find that the
effective Hubbard U parameter U, ranging from 0 to 5 eV
drastically affects the stability, phonon spectra, and magnetic
moments of single-layer VS,. Consistent with the HSE06
results, a value of U = 2.5 eV shows that the ferromagnetic
semiconducting 2H structure is lower in energy than the
1T structure, and that both structures exhibit an integer
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magnetic moment of one Bohr magneton (ug). We focus
on the more stable 2H structure of single-layer VS,, which
exhibits an interesting coexistence of ferromagnetic ordering
and semiconducting properties. We study its electronic struc-
ture, and determine that the ferromagnetic order is caused
by superexchange interactions. Furthermore, energy calcu-
lations including spin-orbit coupling (SOC) show isotropic
in-plane magnetization, which implies the occurrence of the
Berezinsky-Kosterlitz-Thouless transition in 2H single-layer
VS,. We estimate the critical temperature for the transition, 7,
and suggest that mechanical strains can increase 7;. Finally, we
compute the Berry curvature and anomalous Hall conductivity.
Our work indicates that 2H single-layer VS, is a potentially
useful material for future spintronics devices.

II. METHODS

All DFT calculations are performed using the Vienna ab
initio simulation package (VASP) [27,28]. The interactions
between valence electrons and ionic cores are described with
the projector augmented wave (PAW) method [29,30]. A plane
wave basis set with a cutoff energy of 500 eV is used to
expand the wave functions. For the exchange and correlation,
we mainly employ the LDA+-U approximation, and compare
with the HSEO6 [31,32] and the Perdew-Burke-Ernzerhof
(PBE) functionals [33]. The standard exact-exchange mixing
parameter « of 0.25 is used for the HSEQ6 functional. We use
the LDA PAW potentials for our LDA+-U calculations, and the
GGA PAW potentials for the GGA+U calculations. Atomic
configurations including the in-plane lattice constant as well
as the atomic positions are fully optimized until the forces are
smaller than 0.01 eV/A. We use a vacuum spacing of 18 A,
which reduces the image interactions caused by the periodic
boundary conditions such that the energies are converged to
within 1 meV/f.u. and the band gap to within 1 meV. The
Brillouin-zone integration is carried out using 18 x 18 x I and
18 x 18 x 10 Monkhorst-Pack k-point meshes for single-layer
and bulk VS,, respectively. The 3523 p®3d34s? states of the
V atoms and the 3s%3p* states of the S atoms are treated
as valence states. To treat localized V-d orbitals, we use
Dudarev’s approach with the rotationally invariant effective U
parameter Uer = U — J, where U and J are on-site Coulomb
and exchange parameters, respectively [34].

To study the electronic transport of ferromagnetic single-
layer VS,, we use the Wannier90 program to calculate the
Berry curvature and anomalous Hall conductivity [35].

III. RESULTS

First, we determine the ground-state structure of single-
layer VS, by calculating the energy difference AE = Er —
E>p, where E|7 and E,p are the energies of the 17 and the 2H
structures, respectively [36,37]. Figure 1 shows the calculated
AE using the LDA+U method with U, varied from O to 5 eV.
As can be seen, AE is rather sensitive to U, suggesting that
single-layer VS, is a strongly correlated system. Interestingly,
we observe a trend that AE increases with increasing U
until it reaches a maximum of 58 meV/f.u. at U = 2.5 eV.
Beyond this critical U, a further increase in Ues leads to
smaller AE and for U > 3.5 eV stabilizes the 17 structure
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FIG. 1. Energy difference AE between 17 and 2H single-layer
VS,,AE = E |y — E»py, as afunction of U calculated with the LDA
and PBE functionals. The inset illustrates the atomic structures of 17
and 2 H single-layer VS,. The red solid line labels the A E calculated
with the HSEO6 functional.

instead. The trend remains the same if the PBE functional is
used, which can be seen in Fig. 1.

Due to the lack of experimental results on single-layer VS,,
we benchmark our calculated AE = E;r — E,y with the re-
sult from the HSEO6 functional, which provides an alternative
description for strongly correlated systems. [38]. The HSE06
functional predicts that the 2H structure is the ground state
for single-layer VS,, with a AE of 80 meV/f.u. [39]. This
motivates our choice of U = 2.5 eV within the LDA+U
formalism, which provides good agreement with the hybrid
density functional result.

The U.s parameter affects not only the energy difference as
described above, but also the magnetic moments. Figure 2
shows the calculated total magnetic moment per unit cell
of 1T and 2H single-layer VS, with the LDA+4U method,
where U is changed from O to 5 eV. We observe that the
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FIG. 2. Magnetic moment of 17 and 2H single-layer VS, per
formula unit calculated with the LDA+4U (solid lines) and PBE+U
(dotted lines) methods, where U,y is varied from O to 5 eV.
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TABLE I. Formation energy (in meV/atom) of 2H single-layer
VS, calculated with various methods including the LDA, LDA4-U
(Uegr = 2.5 eV), PBE, PBE4+U (U = 1.0 eV), vdW-DF-optB8S,
and vdW-DF-optB88+U (U = 1.0 V).

LDA LDA+U PBE PBE4+U vdW  vdW+U

E: 550 33.8 —13.4 —-21.7 752 67.9

magnetic moment for both structures increases with Ug and
saturates to a value of 1.0ug. This is because increasing UL
enhances the electron localization and opens a band gap in
single-layer VS,. The PBE+U method leads to a similar
trend as also seen in Fig. 2. Consistent again with the
LDA+U (Ut = 2.5 eV) method, the HSEOQ6 functional shows
that both the 17 and the 2H structures exhibit a magnetic
moment of 1.0ug. Common to the three methods—LDA+U,
PBE+U, and HSEO6, we observe that the magnetic moment
is strongly localized on the V ions, which indicates that
d electrons in a V ion in single-layer VS, adopt the d'
configuration.

In view of the above discussion, we emphasize the im-
portance of either including the U,y parameter to the LDA
or PBE functional or to employ a hybrid functional such
as HSEO06 for the calculation of the magnetic structure of
single-layer VS,. Without using Uy, the LDA functional
predicts a negligible magnetic moment for both the 17 and 2 H
structures, while the PBE functional results in an inaccurate
fractional magnetic moment as previously reported [22,25].
Including a Hubbard U results in good agreement with hybrid
density functionals and predicts ferromagnetic ordering in the
IT or 2H single-layer VS,.

To evaluate the feasibility of isolating 2 H single-layer VS,
from bulk VS,, we calculate the formation energy, AEy,
defined as the energy difference between single-layer and
bulk VS, with the Cdl,-type structure. Table I summarizes
the calculated A E; with various methods. We observe that
the LDA, LDA+U (U = 2.5 eV), van der Waals (vdW)-
DF-optB88 [40-42], and vdW+U (U = 1.0 eV) methods
predict a similar formation energy that is comparable to
other single-layer materials such as MoS, that have been
successfully isolated from their bulk counterparts with lay-
ered structures [37]. In contrast, the PBE and the PBE+U
(Uesr = 1.0eV) methods lead to unphysical negative formation
energies due to the underestimate of interlayer binding energy
in bulk VS,. The small A E¢ of 2H single-layer VS, indicates
that it could be obtained by mechanical exfoliation.

Both the 17 and 2H structure are dynamically stable,
which can be seen from their phonon spectra displayed in
Fig. 3. However, since the 2H structure is lower in energy
than the 17 one, we henceforth characterize the structural,
electric, magnetic, and electrical transport properties of this
stable structure using the LDA+U (U = 2.5 eV) method.
Table Il summarizes the in-plane lattice constant and the V-S-V
bond angle of 2H single-layer VS,. In addition, we examine
the energy difference A E,g between the ferromagnetic (FM)
and antiferromagnetic (AFM) configurations using a 2 x 2
supercell. We find that the FM state is 94 meV /f.u. lower than
the AFM one, which shows that 2H single-layer VS, indeed
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FIG. 3. Calculated phonon spectra of (a) 17 and (b) 2H single-
layer VS, with the LDA+U (Uet = 2.5 eV) method.

exhibits ferromagnetism. All of these results agree reasonably
well with the ones using the HSE06 functional.

In addition to exhibiting ferromagnetism, 2H single-layer
VS, is a semiconductor. The electronic band structures
displayed in Fig. 4 show a direct band gap in the spin-
up channel and an indirect one in the spin-down channel.
Table II compares the LDA+U band gaps with our HSE06
calculations, which agree well with a recent theoretical
study using the same functional [26]. Comparing to the
LDA+U (Uegr = 2.5 eV) band gaps, the HSEO6 functional
predicts somewhat larger band gaps, particularly for the
spin-down channel. However, confirmation of the band gaps
still awaits experimental measurements. More importantly, the
rare coexistence of ferromagnetism and semiconducting in
2H single-layer VS, ensures it to be useful for spintronics
applications.

Ferromagnetism is a cooperative phenomenon that arises
from the exchange interactions among electrons [43]. To
understand the mechanism of the exchange coupling in 2H
single-layer VS, that results in the ferromagnetic ordering,
we calculate the orbital-resolved spin-up and spin-down
band structures, which are displayed in Fig. 4(a). The PBE
and HSEO6 band structures in Figs. 4(b) and 4(c) exhibit
qualitatively the same features. The crystal-field splitting
associated with the D3, symmetry of 2H single-layer VS,
splits the degeneracy of the atomic d orbitals of the V atoms.
For an isolated VS¢ complex, the splitting results in three
groups of orbitals, ¢’ (d,2_,> and d,, orbitals), e’ (d, and
d,, orbitals), and a] (d.> orbital). Figure 4(a) shows that the

TABLE II. Comparison of the structure predictions with the
LDA+U (U = 2.5 eV) method and the HSEO6 functional. In-plane
lattice constant a in A, V-S-V bond angle 6 in degrees, magnetic
moment per unit cell m; in g, and spin-up E,4 and spin-down E,
band gaps of 2H single-layer VS,. The energy difference between
the 17T and 2H structure is denoted as AE s and A Eyy,, is the energy
difference between the FM and AFM state of 2H single-layer VS,
for the relaxed FM structure. Both energy differences are in units of
meV per formula unit.

Methods a 0 my Ey  E,  AE;  AEn,
LDA+U 312 8386 100 0.87 0.85 58 70
HSE06 3.15 8461 100 1.14 196 80 158
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(a) LDA+U (U, = 2.5 eV)

(b) PBE+U (U, = 1.0 eV)
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FIG. 4. Orbital resolved (top) spin-up and (bottom) spin-down band structures of 2H single-layer VS, calculated with the (a) LDA+U

(Ueit = 2.5 eV), (b) PBE+U (Ueir = 1.0 eV), and (c) HSE06 methods.

states at the I' point display this splitting with the energy of
the orbitals decreasing from e’ to e” to aj.

Based on the orbital analysis and in agreement with the
electronegativities of V (1.63) and S (2.58) atoms by the
Pauling scale [44], 2H single-layer VS, exhibits covalent
bonds with small ionic character of about 20%. The ¢’ and ¢” d
orbitals strongly hybridize with the S p, and p, orbitals and
form bands of bonding and antibonding states. The bonding
states are occupied and the antibonding ones are empty. Due
to its symmetry and the symmetry of the structure, the a} (d;2)
orbital cannot hybridize with the S p, and p, orbital and has
limited overlap with the S p, orbitals. It hybridizes with the
S p. orbital forming bands of bonding and antibonding states.
The bonding states show mostly S p, character and are doubly
occupied. The antibonding states show mostly V a] character
and are split by the Hubbard U interaction into an up and
down spin band. The up-spin band is located at the valence
band maximum. Hence the magnetic states in VS, come from
the singly occupied a| orbital on the V atoms.

The top valence band in Fig. 4(a) shows that one spin-up
electron is localized in the d band with mixed d,>_ 2, d,,,
and d orbital character. The corresponding electron density
isosurface illustrated in Fig. 5 matches well the shapes of
these orbitals. Furthermore, we observe little overlap of these
d orbitals between V ions, implying that the direct exchange
mechanism is unlikely. Instead, the more probable exchange
mechanism is a superexchange interaction between the V
atoms mediated by the neighboring S atoms. According to
Kahn et al. [45], the exchange integral J has the following
approximate relation [46],

J ~ 2k — 4BS. 1

The first term is called the potential exchange, which is
positive favoring ferromagnetism due to Hund’s first rule [47].
The second term is named the kinetic exchange and favors

antiferromagnetism. It consists of the hopping integral 8 and
the overlap integral S. As shown in Table II, the V-S-V angle
is close to 90°, which means that the S p orbitals are nearly
orthogonal to the V d orbitals, leading to a negligible overlap
integral. This is also in line with the Goodenough-Kanamori
rules [48-50], i.e., the superexchange of an orthogonal con-
figuration is dominated by the ferromagnetic contribution. As
aresult, 2H single-layer VS, adopts a ferromagnetic ordered
ground state.

We proceed to evaluate the critical temperature of the
ferromagnetic transition in 2 H single-layer VS,. The Mermin-
Wagner theorem proves that continuous symmetries cannot be
spontaneously broken at finite temperatures by short-range
interactions in a 2D material [51]. However, there are two
models that can show magnetic ordering in a 2D material: the
2D Ising model and the XY model. In the Ising model, the
symmetry is discrete and corresponds to a magnetic system
where the spins exhibit a preferred axis. In this case, the
2D material displays a second order phase transition to a
magnetically ordered phase [52]. The XY model corresponds
to a 2D material where the magnetization exhibits an easy

FIG. 5. Electron density corresponding to the valence band
maximum states in the spin-up band structure illustrating the d2(a})
character. The isosurface value is set to 0.01 e/aé’, where aq is the
Bohr radius.
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FIG. 6. Angular dependence of MAE of 2H single-layer VS,
with the direction of magnetization lying (a) on the xz or yz plane
and (b) on the xy plane. The MAE is calculated with reference to the
energy minimum when the magnetization locates on the xy plane.
We observe an easy plane for the spin oriented within the plane of
the 2D material.

plane. For this case, the material shows a quasi-long-range
ordered phase at low temperatures with a power-law decay
of the correlation function [53]. Therefore, whether a 2D
material exhibits a magnetically ordered phase depends on the
magnetocrystalline anisotropy energy (MAE) and the distance
dependence of the exchange interaction.

To determine the MAE of 2H single-layer VS,, we first
calculate the total energies of the material with the spin of V
atom constrained in different directions on the xz,yz, and xy
planes. The SOC is included in all the energy calculations.
Then the MAE are defined as the energy differences with
reference to the energy-minimum spin configuration on each
plane. Figure 6 illustrates the MAE as a function of polar angles
on the xz, yz, and xy planes. We observe a strong dependence
of the MAE on the out-of-plane angle of the magnetic
moment, and an easy xy plane. This implies that 2H single-
layer VS, belongs to the category of XY magnets. Namely,
the so-called Berezinsky-Kosterlitz-Thouless transition could
occur at the critical temperature 7T, which can be calculated
as T, =0.89J/kg [54], where J is the exchange integral
between adjacent spins and kg is the Boltzmann constant.
The exchange integral is straightforwardly calculated from the
AEn,, listed in Table II, i.e., A Eyyye = 8J. We obtain for the
nearest-neighbor exchange interaction J = 8.7 meV with the
LDA+U method and predict a T; of around 90 K. Although
this temperature is below room temperature, it is comparable
to the calculated T of several other predicted single-layer
magnetic materials such as MnO, (140 K) [9] and manganese
phthalocyanine (~150 K) [11].

A common strategy to increase T is to apply mechanical
strains [10]. We find that a biaxial tensile strain of 5% increases
J to 11.1 meV, corresponding to an increase in 7;, to 115 K. The
increased J reflects the enhanced superexchange interaction
due to the increased V-S-V angle from 83.9° to 86.9° that is
closer to the ideal 90°, which minimizes the overlap integral
S in Eq. (1).

Finally, we study the electronic transport properties of 2H
single-layer VS,. As expected, the ferromagnetic ordering
gives rise to an anomalous Hall conductivity (AHC). We
calculate the AHC, which is the integral of the Berry curvature
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DFT+SOC calculation and the Wannier interpolation.

2. (k) in the first Brillouin zone (BZ) [55-57],

2
ny = —E

Q. (k)dk. 2)
BZ
We use Wannier interpolation and construct 22 Wannier
orbitals from the V d and S p orbitals from a self-consistent
calculation including SOC. The excellent agreement between
the DFT4+SOC and Wannier interpolated band structures is
shown in Fig. 7. Figure 8(a) shows the calculated Berry

(b) 0.08
0.06

~0.2 0.0 0.2 0.4
E-E(eV)

FIG. 8. (a) Berry curvature and (b) anomalous Hall conductivity
of 2H single-layer VS,.

054429-5



HOULONG L. ZHUANG AND RICHARD G. HENNIG

curvature €2.(k) using a 400 x 400 k-point mesh. Similar to
the Berry curvature of 2H single-layer MoS, [58], we observe
different signs of (k) at the K and K’ points due to the lack
of inversion symmetry in 2H single-layer VS,.

Figure 8(b) depicts the AHC as a function of the Fermi level,
which can be controlled through doping. We predict a nonzero
AHC over a wide energy range. However, the AHC curve
displays no quantized Hall plateaus, indicating that 2 H single-
layer VS, is not a Chern insulator due to the weak SOC. Indeed,
we calculate the orbital magnetic moment of V ions, which is
merely 0.012 up showing that the orbital angular momentum
is almost completely quenched. One possible method to obtain
a VS,-based Chern insulator may be doping 2H single-
layer VS, with heavy atoms to increase the SOC strength
[59].

IV. CONCLUSIONS

In conclusion, we determined the structural stability and
electronic and magnetic properties of single-layer VS, using
density-functional theory with the LDA+U and HSE06
exchange-correlation functionals. We investigated two pos-
sible polymorphs, i.e., the octahedral 17 and the trigonal
prismatic 2H structure. We showed that single-layer VS,
exhibits strong correlation effects, which are reflected by
the strong dependence of stability and magnetic moments
of the two structures on the effective Hubbard U parameter.
Both the LDA4U (Uegs = 2.5 eV) method and the HSE06

PHYSICAL REVIEW B 93, 054429 (2016)

functional reveals that the 2H structure is the ground state
structure with ferromagnetic ordering and semiconducting
properties. We suggest that superexchange is the mechanism
that leads to the ferromagnetism in 2H single-layer VS,. In
addition, we find that 2H single-layer VS, displays opposite
Berry curvature at the K and K’ points, and an anomalous
Hall conductivity dependent on doping energy levels. Experi-
ments of synthesizing single-layer VS, and characterizing its
electronic and magnetic properties are called for to confirm
our findings. Two interesting questions arise from our work
as follows. (i) What is the phase transition mechanism from
the 17 to the 2H structure? (ii) Is there any other possible
structure that is more stable than the 17 and the 2H ones?
These questions are the subjects of our future work.
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