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Abstract

Using the first-principles density functional theory (DFT) calculations, we study the
effects of Co adatom on the electronic and magnetic properties of monolayer WS,.
The calculations show that, for the high symmetry adsorption sites (Tw, H and Ts)
on the surface of monolayer WS,, Co atom prefers Tw site. The p-d hybridization
mechanism for the magnetism results in the splitting of the energy levels near the
Fermi energy. A total magnetic moment of ~1.0 g is found in WS, system with one
Co adsorbed and local magnetic moment which mainly focuses on the adsorption
site. For Tw adsorption position, we further investigate the formation energy of the
ferromagnetic (FM) and the antiferromagnetic (AFM) states under different mono-
layer coverage (ML) of Co atoms. The FM configurations are relatively stable at 0.50
ML and 1.0 ML. The local density of states (LDOS) and band calculations reveal that
both of them present half-metal ferromagnetic materials’ property, which are the
important preparation materials for spintronic devices.

Keywords
First-Principles, Monolayer WS,, Monolayer Coverage (ML), Half-Metal

1. Introduction

Recently, two-dimensional transition metal dichalcogenides (TMDCs), such as MoS,,
WS,, MoSe, and others, have been extensively studied due to their analogous structure
with the best known material of this kind, graphene [1]-[3]. They are expected to have
unique electronic properties varying from metal to wide-gap semiconductor [4] [5].
Some TMDCs have been proposed and investigated for possible applications, including
transistors [6], photovoltaics [7], catalysis [8], hydrogen storage [9] and Li-ion batteries
[10] [11]. Recently, great attention has been paid to explore the magnetic properties for

the nanoscale spintronic applications by doping foreign atoms [12]-[16]. The electronic
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structure of the system can be altered, which could lead to appealing character. For in-
stance, a systematic DFT investigation of the absorbed MoS, monolayer with various
atoms, including alkali metals, alkaline earth metals, main group metal, 3d-transition
metals, noble metal and nonmetal atoms was performed. Metallic, semimetallic or se-
miconducting behavior can be found in direct bandgap monolayer MoS, [17] [18]. In
particular, the doping of transition metal atoms (TM) from the IIIB to VIB groups has
been confirmed to induce magnetism in nonmagnetic nanomaterials [19] [20]. Mn-
doped MoS, monolayers had been demonstrated to be the potential for engineering a
new class of atomically thin dilute magnetic semiconductors [21].

As one of the typical TMDs, monolayer WS,, is composed of covalently bonded
S-W-§ with atomic thickness of ~0.7 nm and is weakly bonded together by Van der
Waals force forming the crystal [22] [23]. Bulk WS, is an indirect gap semiconductor
with a gap of 1.3 eV, while the gap becomes direct with size of ~2 eV for a single layer.
The layers WS, have a P6,/mmc space group symmetry with the W atoms having a tri-
gonal prismatic coordination with the S atoms [2] [24], which are similar to MoS,
structurally and electronically, as both of them reside in the same column of the peri-
odic table. But WS, has superior thermal and oxidative stability than that of MoS,. Re-
cent studies show that the monolayers WS, possess a high in-plane carrier mobility and
electrostatic modulation of conductance [25]. The doping of other metallic elements
into the monolayer WS, has been scarcely studied. For example, the Mn-doped WS,
monolayer is found to have a ferromagnetic coupling by a double-exchange mechanism
[26] and the properties of V, Nb and Ta substituted WS, monolayers had been reported
under S-rich condition [27]. As a matter of fact, a pristine monolayer WS, is nonmag-
netic; for the low-dimensional systems, atom adsorption is an effective doping way to
modify its magnetic and electronic properties [28] [29]. In this paper, we investigated
the electronic and magnetic properties of Co-adsorbed monolayer WS, using the first-
principles methods based on density functional theory. Co is typical ferromagnetic
metal material, due to the interaction of Co atoms and the WS, sheets. We need to con-
sider the effect of the WS, sheet on the Co atom magnetic sequence. We calculated the
formation energy of the ferromagnetic (FM) and the antiferromagnetic (AFM) states
under the same coverage, to illustrate the structures of Co-adsorbed monolayer WS,
which are ferromagnetic, ensuring the significance and feasibility of the simulation

calculation.

2. Methods

All calculations were based on the density functional theory using the generalized gra-
dient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) method. The elec-
tronic wave functions are described by the projector augmented wave (PAW) potential,
as carried out in the Vienna ab initio simulation package (VASP) [30]-[32]. The local-
density approximation (LDA) were selected as the exchange and correlation potential
[33]-[35]. Although the DFT functional cannot describes very accurately all the charac-
teristics of interactions, but the overestimate of the binding energy by LDA is almost
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compensated by the ignored van der Waals interactions [36]-[38]. A kinetic energy cu-
toff is set for the plane-wave expansion at 500 eV, the k-point meshes are generated by
Gama-center Monkhorst-Pack scheme for integration over the first Brillouin zone [39].
As the Graphene-like WS, is composed of a single layer of W and S atoms arranged in a
two-dimensional (2D) honeycomb lattice, To detailedly explore the properties of Co-
adsorbed 2D systems (Co/WS,), a (2 x 2 x 1) WS, super cell containing 4 W and 8 S
atoms are modeled, a more than 20 A vacuum layer was set between two adjacent WS,
monolayers in the Z-direction to avoid inter-layer interactions. (12 x 12 x 1) k-point
meshes are adopted for the structural optimization, density of states, respectively.
In each system, all the atomic positions were fully relaxed until the total energy was
converged to less than 1 x 107 eV/atom and the forces on all atoms were below 0.01
eV/A.

3. Results and Discussions
3.1. The Adsorption of Co Atom

According to the monolayer hexagonal lattice structure of WS,, we considered three
basic types of adsorption sites (Figure 1): T, (top site directly above a W atom), H site
(hollow site above the center of hexagons) and T site (top site directly above a S atom).
The height of adsorption is 3.5 A, it is reasonable to expect the fully relaxation of Co
adatom on one of these adsorption sites. In order to discuss the relative stabilities of the

systems, the adsorption energy ( E, ) is defined as:

Ea = EWSZ + ECo - Etot (1)

E

sheet and E_, is the total energy of an isolated atom. After relaxation, the electron

o 18 the total energy of Co/WS, system, Es, is the total energy of the pure WS,
configurations, adsorption energies E, and structural properties for a single Co ad-
sorbed WS, obtained from our calculations are listed in Table 1. The adsorption ener-
gies of Tw-WS,, H-WS, and Ts-WS, systems are 3.03 eV, 2.48 eV and 1.44 eV, respec-
tively. They are all positive and the adsorption energies of Tw-WS, is bigger than the
others, which indicates the Co considered can chemically absorb on WS, monolayer

stably and Tw-WS, is the more stable structure.

(a) O (b)

Figure 1. (a) (b) Top and side views of monolayer WS,, where yellow and orange balls stand for S
atoms and W atoms, respectively.
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3.2. The Influence of the Co-Adsorbed Monolayer WS;

Among the different adsorption sites considered here, the bond lengths d,, near the
adsorption sites have been extended in different levels, the distortion introduced by
adsorption can not be ignored, which are used to check the deformation of the WS,
monolayer. From Figure 2 and Table 1, the d,, ¢ near the Tw adsorption position is
2.51 A, compared with the pure WS, (2.42 A), H-WS, (2.48 A) and Ts-WS, (2.42 A)
systems, The change is the most obvious. Suggesting that the interaction between Co
adatom and the WS, sheet is the most powerful, Tw site can be referred to as the fa-
vored site. Here, the corresponding vertical equilibrium height “h” represents the dis-
tance between the adatom and WS, hosts, it monotonically increases with increasing
atomic size. Since the atom radius rg < rc, < 1y, so the “h” of the Tw-WS,, H-WS, and
Ts-WS, decreases successively. To illustrate the origin of the magnetic properties in
Tw-WS, system, the total density of states (TDOS) and charge density difference are
presented in Figure 3 and Figure 4, respectively.

TDOS of pure WS, and Tw-WS, monolayers are shown in Figure 3, illustrating that
the electronic properties of WS, sheet is changed markedly upon the Co adatom. For
isolated monolayer WS,, there is strong hybridization between the W-d orbitals and the

p orbitals of S atoms, leading a strong covalent bonding between W and S, the sharing

Table 1. Calculated geometry of T\,-WS, system, adsorption energy of adatom E,, total magnetic
moment of the system A, local magnetic moment of the Co adatom A, W-S bond length d,y ,
height of the adsorption h.

System E, (eV/atom) Mg, (t5) M, (i) dys (A) h (&)
ws, - - - 2.42
Tw 3.03 1.00 0.94 2.51 2.56
H 2.48 1.00 0.95 2.48 2.36
T, 1.44 1.00 1.37 242 2.03

¢ 9 |o d 3 o) d d o
M ) ®)
(b)
Figure 2. (1)-(3) depict the optimized structures of Co atom adsorption on monolayer WS, sheet
((a): top view, (b): side view. blue balls stand for Co atoms).
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Figure 3. The total and partial density of states of clear monolayer WS, and Tw-WS, system, the PDOS of Co and the nearby W, S atom.

Figure 4. The electron charge density difference for Tw-WS, system, where red and green con-
tours stand forgiven or loss electron density region, respectively.

degree of electronic states is high from ~—4.00 to ~—1.00 eV, which forming a strong o
bond; Near the Fermi level of the valence band, the contribution of the electronic states
is more from the W atoms with a weaker 7 bond formed, which is unstable. After a sin-
gle Co adsorption, the band structure has been modified, especially near the Fermi lev-
el, where the conduction band as well as the valence band moves down. The Fermi level
of T\,-WS, systems shift up more or less, which shows the impurity states leading from
the Co adatom is very distinct in the original state of WS, host. Since the occupation
situation of the spin-up and spin-down states is very uneven, the spin-down states are
full occupied while the spin-up states are not. The adsorption of transition metal Co
atom induce a magnetic moment about 1.00 g in WS,, which due to the strong hybri-
dization between the d orbitals (came from the nearby W and Co atoms) and a little
from the p orbitals (are from the nearby S atoms). Especially, the impurity states near
the Fermi level mainly come from the Co atom.

To further explore the electronic distribution of Tw-WS, system, the charge density

difference (Ap) is determined by the following function:
AP = Pooyws, ~ Pws, ~ Peo (2)

Pcopws, > Pws, and pg, are the charge density of Tw-WS,, WS, sheet and isolated
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Co atom, respectively. It clearly shows that the charge density increases in the region
between Co adatom and W or S atoms and causes the electron density of surrounding S
atoms to loss. This suggests that all of Co, W and S atoms interact with each other.
These results are consistent with the analysis of the density of states, illustrating that

there is a strong hybridization between Co adatom and the surface of the sheet.

3.3. The Properties under the Different ML

In order to further study the effect of Co adsorption to the properties of WS, under the
different monolayer coverage (ML). We investigate the electronic and magnetic proper-
ties of Tw-WS, in the 0.5 ML and 1.0 ML (the number ratio of Co:W = 1:2 and 1:1), as
shown in Figure 5. Initially, we calculate the energy differences ( AE ) between the fer-
romagnetic ground state and the antiferromagnetic state at first, which is defined as

following:
AE = [EAFM —Eey ]/n ®)

Eq, and E,;, are the total energy of the ferromagnetic ground state and the anti-
ferromagnetic state under the same kind of monolayer coverage. From Table 2, the
AE is positive, the total energy of the ferromagnetic ground state lower than that of
the antiferromagnetic state. It is clear that the Co atoms preferentially display ferro-
magnetic coupling at both the 0.5 ML and 1.00 ML.

Additional insight into the electronic structure of the Co-adsorbed WS, monolayer
can be obtained from the electronic total density of states (TDOS) displayed in Figure
6. For the 0.5 ML and 1.0 ML, the TDOS shows the impurities state density wave peaks

(1

L* QQ Lo ué o* o
o o o o o |
¢ 9O |o d 9 |o ¢ ¢ |o g ¢ |o
(3) ) 7 ®)
(a) (b)

Figure 5. (a) (b) depict the structures of the ferromagnetic ground state and the antiferromag-
netic state under the different Co ML (0.5 ML and 1.0 ML), where green and red contours repre-
sent spin-up and spin-down, respectively.

Table 2. Calculated geometry of Ty,-WS, system.

System AE (eV/atom) E, (eV/atom) M, (up/atom)
0.5 ML 0.103 3.39 1.00
1.0 ML 0.027 3.79 0.99
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Figure 6. The total density of states under 0.5 ML and 1.0 ML (left), the energy band diagram of clear monolayer WS, and 1.0 ML system.

straddling the Fermi level in the spin down channels, while the spin up channels con-
tinues to display an appreciable gap, indicating that the doped monolayer is essentially
half-metallic.

In order to illustrate the significant changes caused by Co adsorption in the nature of
the monolayer WS,, we calculated the band structure of the pure monolayer WS, and
Tw-WS, systems (1.0 ML). Form Figure 6, It clearly shows that the band of the spin up
and spin down channels are exactly the same, monolayer WS, is a direct gap semicon-
ductor, the valence band top and the conduction band bottom are located at the K
point in the Brillouin zone. The gap is about 1.82 eV, which consistent with the expe-
rimental value and theoretical value [26] [27]. For 1.0 ML Tw-WS,, the spin up struc-
ture becomes a indirect band gap of 0.99 eV semiconductor, while the spin down
channel is characterized by the properties of the metal (Figure 6). Thus, it promises to
be a compelling and feasible candidate-halfmetallic material for low-dimensional spin-

tronic devices in the future.

4. Conclusion

We have performed first-principles electronic structure calculations to study the prop-
erties of Co-adsorbed monolayer WS,, and found that the Tw site is stable position of
the Co adsorbed on the surface of the sheet, and the local magnetic moment is about
0.94 y focused on the Co atomic adsorption. For the Tw-WS,, we further investigate
the stability of the ferromagnetic (FM) and antiferromagnetic (AFM) states under the
different monolayer coverage (ML). The calculation results of formation energy show
that the ferromagnetic (FM) configurations are more stable at 0.50 ML and 1.0 ML.
Both of the local electronic density states (LDOS) and band calculation indicate that
two kinds of structure present the half-metal property.
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