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Abstract—We present a new type of two-dimensional (2D) magnetic semiconductor based on transition-metal dichalco-
genides MX, (M =V, Co; X =S, Se, Te, |, OH) via first-principles calculations. The obtained band gaps of monolayer
(ML) VS,, VSe,, and VTe,; in the H-phase given from the generalized gradient approximation (GGA) are respectively
0.05, 0.22, and 0.20 eV, all with integer magnetic moments of 1.0 ug, while ML VI, and Co(OH), in the T-phase exhibit
energy gaps of 0.96 and 0.08 eV, respectively, with integer magnetic moments of 3.0 ug. The GGA plus on-site Coulomb
interaction U (GGA + U) scheme, which takes the electron-electron correlations in 3d orbitals into account, enhances the
exchange splittings, and raises the energy gap of these MLs up to 0.4 to 3 eV. They agree very well with our calculated
gaps based on the hybridized functional Heyd—Scuseria—Ernzerhof (HSE) of 0.6 to 3 eV. The wide range of energy gaps
provides flexible applications in spintronics. All the calculations demonstrate 100% spin polarized bands around the Fermi
level for these MLs. Combining the semiconducting energy gap and the fully spin polarized valence and conduction bands
in a single-layer M X,, this new type 2D magnetic semiconductor shows great potential in future spintronics applications.

Index Terms—Spin electronics, two-dimensional materials, magnetic semiconductor, transition-metal dichalcogenides.

I. INTRODUCTION

In recent years, semiconductor-based spintronics has attracted
worldwide attention because of the possible spin current transport
without the presence of a net charge current, which can avoid prob-
lems arising from capacitances and Joule heating [Montoya 2014].
For example, pure spin currents have been successfully created by
spin pumping [Heinrich 2011] or the spin Seebeck effect [Uchida
2010, Jaworski 2010] using thermal gradients across a ferromag-
netic (FM) layer. In most cases, it involves yttrium—iron—garnet (YIG)
YsFe;0y; as the magnetic insulator and Pt as the spin current detector
[Miao 2014, Hahn 2013], in which the spin current is transformed into
an detectable transverse voltage by the inverse spin Hall effect [Flipse
2014, Hoffmann 2013]. A new type of magnetoresistance in a Pt-YIG
hybrid structure has been discovered [Miao 2014, Hahn 2013] and
used in magnetic data transformation and memory storage [Chappert
2007, Fert 2008, Wolf 2001, Moodera 1988, Leclair 2002].

Next-generation spintronic devices can rely on room-temperature
ferromagnetic semiconductors or heterostructures combining ferro-
magnetic metals with non-magnetic semiconductors. Nevertheless,
searching for semiconducting magnetic materials with higher T¢ and
strong ferromagnetism is extremely difficult due to the conflicting
requirements in the crystal and electronic structures of semicon-
ductors and ferromagnets [Wolf 2001]. To date, almost all the dis-
covered ferromagnetic semiconductors exhibit magnetic order well
below room temperature, e.g., EuO (T¢ = 77 K [Leclair 2002]),
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BiMnO; (7T¢ = 100 K [Kimura 2003]), La, NiMnOg (7¢ = 280 K
[Rogado 2005]), and diluted magnetic semiconductor (DMS) such as
the prototypical system (Ga, Mn)As and the newly reported (Ba;_
K)(Zn;_yMny),As; (Tc = 185K, 180K [Zhao 2013]). The only ex-
ception is the ferrimagnetic insulator YIG with a very high T¢ of
~ 550K [Hansen 1983] far beyond the room temperature. This is
why most of the related works rely on YIG. Meanwhile, all of the
known magnetic semiconductors are three-dimensional (3D) bulk
materials.

Two-dimensional (2D) materials such as graphene, boron nitride,
and the transition-metal dichalcogenides (TMDs) [Radisavljevic 2011,
Ma 2011, Splendiani 2010, Meziane 2013, Kumar 2015] with single-
layer thickness less than 1 nm have attracted tremendous attention in
recent years. Because of the more than 40 different families [Marseglia
1983, Ataca 2012, Chhowalla 2013] and the rich electronic properties
that can provide extensive applications, the TMD has become one
of the most rapidly growing research fields. Representative TMDs
such as MoS,, MoSe,, WS,, and WSe, in the monolayer form are
identified as direct-band-gap semiconductors. Giant spin splittings of
148-456 meV resulting from missing inversion symmetry and exist-
ing spin-orbit coupling (SOC) with the time-reversal symmetry pre-
served [Radisavljevic 2011, Zhu 2011, Kuc 2011] could be of high
potential in spintronics. But it is still a challenge to coordinate the
TMDs into nanoelectronics [Xiao 2012, Wang 2012]. Therefore, de-
veloping a new type of 2D TMD with exotic electronic properties is
imperative.

Very recently, magnetism in TMD ultra-thin film has attracted in-
creasing attention because of the successful synthesis of few-layer
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vanadium disulfide (VS,) [Feng 2008, Coleman 2011, Gao 2013].
The intrinsic ferromagnetism in these few-layer TMDs and their
potential applications has drawn particular interest [Feng 2008, Zhang
2013, Ma 2012, Fu 2016]. The magnetic coupling strength and mag-
netic moments of these ultrathin nanosheets could be tuned by the
isotropic strain [Ma 2012]. The intrinsic ferromagnetism provides a
new opportunity for fabricating 2D ferromagnetic TMDs without in-
troducing magnetic ions or tensile strains [Ma 2012]. The synthesis
procedures are flexible for other VX, such as VSe, and VTe, monolay-
ers. In addition to the bulk VX, [Chhowalla 2013], recent phonon dis-
persion studies reveal the stability of the monolayer VX, [Ataca2012].

In this work, we systematically investigate the electronic structures
of monolayer MX, (M =V, Co, X =S, Se, Te, I, OH) in the H-
and T-phase based on the standard generalized gradient approxima-
tion (GGA), the GGA plus on-site Coulomb interaction (GGA + U)
scheme taking into account the strong correlation effect in transition-
metal ions, and the hybridized Heyd—Scuseria—Ernzerhof (HSE) func-
tional accounting for the well-known underestimation of the semi-
conducting band gaps within the density function theory (DFT). We
demonstrate that in all approaches these monolayers exhibit semi-
conducting energy gaps with intrinsic ferromagnetism, achieving an
exceptional 2D magnetic semiconductor group.

[I. COMPUTATIONAL DETAILS

The electronic structure calculations of monolayer M X, are per-
formed using the projector augmented wave method with the Perdew—
Burke—Ernzerhof (PBE) GGA [Perdew 1996] as implemented in the
VASP package [Blochl 1994, Kresse 1993]. The energy cutoff of
400 eV is used for the plane-wave basis expansion with the total
energy convergence criteria of 1 x 107> eV per unit cell. Gamma-
centered k-grids 16 x 16 x 1 were sampled over the 2D Brillouin
zone. Optimized monolayer structures were obtained with the resid-
ual force and stress less than 0.01 eV/A and 1.0 kBar, respectively.
The on-site Coulomb energy U = 2-8 eV for V and Co 3d electrons
[Solovyev 1993] are taken into account for the electron-electron cor-
relation effects of the localized V and Co 3d orbital in the GGA + U
[Liechtenstein 1995] calculations. To go beyond the standard GGA
approach, calculations based on the HSE [Heyd 2003, 2006] func-
tional have also been performed for comparison with the GGA and
GGA + U energy gaps.

[ll. RESULTS AND DISCUSSION

A. H-Phase Monolayer VX,, X = S, Se, Te

The lattice structure of the VX, monolayer in the H-phase is de-
picted in Fig. 1. In the H-phase M X, TMD monolayer, the M ion
is sandwiched by two X ions with an AbA stacking sequence in the
unit cell as shown in Fig. 1. The spin-polarized band structures of
the H-phase monolayer VX, with X = S, Se, and Te along the high
symmetry lines are shown in Fig. 2. The upper and lower panels show
GGA and GGA + U results, respectively. The GGA calculations show
spin-polarized bands around the Fermi level (Er) with indirect band
gaps of 0.05-0.22 eV originated from the exchange splitting of the
V-dz ? bands, and integer magnetic moments of 1.0 ug/f.u. (formula
unit) for all the three cases. These results lead to the desirable 2D

(b)

Fig. 1. The H-phase lattice structure of the monolayer VX, (X =S,
Se, and Te). (a) and (b) are the top and side views, respectively. The
blue and yellow spheres denote the V and X ions, respectively. a and
b are the primitive lattice vectors of the 2D hexagonal unit cell.
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Fig. 2. Spin-polarized band structures of VX, monolayers without
(upper panels) and with (lower panels) the on-site Coulomb energy
(GGA+U)U =2.0eVand J =0.87 eV for V 3d orbitals. The blue and
red lines denote the spin up and down channels, respectively. The Eg
(dotted horizontal line) is set at 0 eV. The HSE highest valence and low-
est conduction bands are denoted by purple star symbols in the lower
panels.

ferromagnetic semiconducting ground state. To examine the possible
antiferromagnetism (AFM), we have adopted the 2 x 2 x 1 super-
cell for the stripe type AFM arrangement. The calculated total energies
demonstrate the ferromagnetic (FM) ground state for all the three VX,
monolayers, being consistent with previous studies [Ma 2012, Abdul
2015, Houlong 2016]. Note that we have also performed calculations
with the spin-orbit coupling (SOC) included self-consistently. The re-
sults of VS, and VSe, are more or less the same as those without
SOC, while the VTe, part is slightly modified by SOC with the main
character preserved.

To take into consideration the strong electron correlations in the
relatively localized 3d orbitals, we perform GGA + U band struc-
ture calculations as shown in the lower panels of Fig. 2. The on-site
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Fig. 3. The T-phase lattice structure of VI,. (a) Side view, (b) top-view
of the layered structure. Red and blue spheres denote the V and | ions,
respectively. a, b, c are the lattice vectors. The black frame indicates
the unit cell.

Coulomb repulsion U of 2 eV enhances the exchange splitting and
gives rise to larger energy gaps of 0.473, 0.651, and 0.379 eV for
VS,, VSe,, and VTe, respectively. Besides the significantly raised ex-
change gaps, the CBM and VBM locations of VS, and VSe, remain
the same as those from GGA. But for VTe, the CBM from GGA + U
locates at the K-point rather than around the M-point given by GGA.
Finally, the combined SOC and on-site Coulomb repulsion U effect
very slightly changes the GGA + U energy gaps. The broadest energy
gap obtained from standard DFT (GGA and GGA + U) calculations
is 0.684 eV of VSe,, which is adequately large for real applications.

As mentioned above, the on-site Coulomb repulsion U of 2 eV
used in this work is given from a previous theoretical estimation for
V atoms [Liechtenstein 1995]. Since the U value of the same element
in different materials also depends on the ionicity and the composi-
tion of the embedded compound, the precise value of U in VX2 is
actually unknown. Because of the uncertainty of the U value, to go
beyond the standard GGA and GGA + U approach, we also adopt the
HSE hybridized functional to calculate the band structures of VX,
monolayers as denoted by purple star symbols in the lower panels
of Fig. 2 (only bands closest to Ef are depicted). The resultant HSE
energy gaps are 1.110 eV, 1.150 eV, and 0.560 eV for VS,, VSe,, and
VTe, monolayers, respectively. As can be seen, the most reliable HSE
energy gaps around 1 eV are ideal for real applications

B. T-Phase Monolayer VI,

The lattice structure of the VI, monolayer in the T-phase is depicted
in Fig. 3. The T-phase VI, ML unit cell contains one V ion sandwiched
by two I ions with an AbC stacking sequence as shown in Fig. 3.
Experimentally the magnetism of bulk VI, is very complex. It shows
frustrated AFM spin configuration in a very complicated manner.
Below two Neel temperatures, it turns into ferromagnetic. It is the
goal of this work to reveal if this bulk ferromagnetism in VI, remains
in the monolayer phase.

The spin-polarized band structures of the T- monolayer VI, along
the high symmetry lines from GGA, GGA + U with U =2 eV, and
HSE hybrid functional are shown in Fig. 4. All these calculations are

HSE
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Fig. 4. Spin-polarized band structures of VI, monolayer from GGA
(a), GGA+ U with U = 2 eV for V-3d orbitals (b) and HSE (c). The
spin-orbit coupling is included self-consistently in all these calculations
because of the nontrivial SOC in | ions. The blue and red spheres
denote the spin up and down components, respectively. The Er (dotted
horizontal line) is set at 0 eV.

done with SOC included self-consistently due to the nontrivial SOC
in I ions. The GGA calculations [Fig. 4(a)] show spin polarized bands
around the Fermi level (Ef) with an integer magnetic moments of 3.0
pp/f.u. The band gap of 0.96 eV originates from the exchange splitting
of the V-dz 2 bands. Therefore, VI, ML also exhibits the desirable 2D
ferromagnetic semiconducting ground state. We have also adopted the
2 x 2 x 1 supercell for different type antiferromagnetism (AFM) ar-
rangements to examine the possible AFM ground state. The calculated
total energies demonstrate the ferromagnetic ground state for the VI,
monolayer. Note that the spin-polarized valence and conduction bands
all belong to the same spin channel due to the strong exchange splitting
in the V-3d orbitals, which is presumably induced by the strong SOC
in I ions. This is different from the case in the VS, series discussed
previously.

To take the strong electron correlations in the relatively localized
3d orbitals into consideration, we perform GGA + U band structure
calculations as shown in Fig. 4(b). The on-site Coulomb repulsion U
of 2 eV enhances the exchange splitting and gives rise to larger energy
gaps of 2.06 eV for VI, ML. Besides the significantly raised exchange
gaps, the CBM and VBM locations remain the same as those from
GGA. To see the trend of the U-effect, we have performed GGA + U
calculations with U ranging from 2 to 5 eV for VI, ML. As expected,
the energy gap is enhanced by the on-site U from ~ 1 eV (U = 0eV)
up to ~ 3 eV (U =5 eV). To remove the uncertainty of the on-site U
value, we also performed the hybridized functional HSE calculations
as shown in Fig. 4(c). The energy gap given from HSE is 2.75 eV with
the VBM and CBM positioned changed noticeably. The gap size also
imply the on-site U value could be around 4 eV.

C. T-Phase Monolayer Co(OH),

Because of the recent great success of 2D materials such as graphene
and transition-metal dichalcogenide monolayers, some layered metal
hydroxides which crystallize in the hexagonal layered Cdl,-type crys-
tal structures similar to the T-phase TMD have been fabricated by
chemical methods. Although this family has been studied less, some
have been found to be magnetic salts and therefore have attracted in-
creasing attention. The lattice structure of the Co(OH), monolayer in
the T-phase is depicted in Fig. 5. The T-phase Co(OH), ML unit cell
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Fig. 5. The T-phase lattice structure of Co(OH), ML. Blue, red, and
white spheres denote the Co, O, and H ions, respectively. In this struc-
ture, the X ion is replaced by the OH hydroxide group ion with the
oxygen ion bonded with the Co ion. a, b, ¢ are the lattice vectors. The
black frame indicates the unit cell.

Energy (eV)
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Fig. 6. Spin-polarized band structures of Co(OH), monolayer from
GGA and GGA + U with U = 7.8 eV for Co-3d orbitals. The spin-orbit
coupling is included self-consistently in these calculations to take the
magnetization direction into account. The red and blue spheres de-
note the spin up and down components, respectively. The Er (dotted
horizontal line) is set at 0 eV.

contains one Co ion sandwiched by two hydroxide (OH) ions with an
ADC stacking sequence as shown in Fig. 5.

The spin-polarized band structures of the T-phase monolayer
Co(OH), along the high symmetry lines are shown in Fig. 6. The left-
and right-hand-side panels show results from GGA and GGA 4+ U
with U = 7.8 eV, respectively. The SOC is included self-consistently
in both calculations to take the magnetization direction into consid-
eration. The GGA calculations show spin-polarized bands around the
Fermi level with a small indirect band gap of 0.08 eV given from the
exchange splitting of the Co-d bands. Following the Hund’s rule for
over half-filled 3d orbitals, the 5 spin-up Co-3d bands (red) are fully
occupied while only 2 spin-down Co-3d bands (blue) are occupied, re-
sulting in an integer magnetic moment of 3.0 pp/f.u. These characters
demonstrate that Co(OH), exhibits the desirable 2D ferromagnetic
semiconducting ground state. To test the possible AFM ground state,
we have adopted the 2 x 2 x 1 supercell for various AFM arrange-
ments. The calculated total energies demonstrate the ferromagnetic
ground state for Co(OH), monolayer with the magnetization direction
(easy axis) along the crystal (110) direction.

Taking the strong electron-electron correlations in the relatively
localized Co-3d orbitals into consideration, we perform GGA 4 U
band structure calculations as shown in the right-hand-panel of Fig. 6.
The on-site Coulomb repulsion U of 7.8 eV for the Co-3d orbital

significantly enhances the exchange splitting and gives rise to larger
energy gaps of 1.21 eV for ML Co(OH),. Besides the significantly
raised exchange gaps, the CBM and VBM locations were different
from those given by GGA because of the changed band dispersion. To
see the trend of the U -effect, we also performed GGA + U calculations
with U ranging from 1 to 8 eV for Co(OH), ML. As expected, the
energy gap was enhanced by the on-site U from ~0.1 eV (U = 0 eV)
upto~ 13eV (U =8eV).

V. CONCLUSION

We have presented theoretical investigations on a new type of 2D
ferromagnetic semiconductor: MX, (M =V, Co, X =S, Se Te, I,
OH) monolayer in H- and T-phase based on GGA, GGA + U, as
well as HSE calculations. The standard GGA scheme gives exchange
energy gaps of 0.046, 0.225, and 0.201 eV for VS,, VSe,,and VTe, H-
monolayers, respectively, with integer magnetic moment of 1 ug/f.u.
for all three cases. While ML VI, and Co(OH), in the T-phase exhibit
energy gaps of 0.96 and 0.08 eV, respectively, with integer magnetic
moments of 3 pg. The 100% spin-polarized bands around Ep are
mainly from the 3d local moments in the V and Co ions. The on-
site Coulomb interaction U = 2-8 eV enhances the energy gaps to
0.4-3 eV. They agree well with the HSE energy gaps of 0.6-3 eV.
Our study demonstrates the great potential of the M X, monolayers
in spintronics and invites further experimental investigations on these
ultrathin new types 2D ferromagnetic semiconductors.
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