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Abstract

®

CrossMark

The design and manipulation of magnetism in low-dimensional systems are desirable for the
development of spin electronic devices. Here, we design two kinds of Co-adsorbed monolayer
WS, frameworks, i.e. Co;/WS; and Co,/WS,, and comprehensively explore the dependences
of their magnetic properties on injected charge by using first-principles calculations. The value
of magnetic moment can be tuned almost linearly through injecting charge due to the
modulated interaction and charge transferring between Co atom and monolayer WS,. A
transition from ferromagnetism to non-ferromagnetism occurs in Co;/WS; system when 1
e/unit cell charge is injected. Furthermore, the magnetic anisotropy can be manipulated by
injecting charge as well. The magnetic anisotropy energy (MAE) in Co;/WS, system sharply
increases from —4.16 to 2.47 (0.99) meV when injected charge vary from 0.0 to 0.2 (—0.2)
e/unit cell, meaning a transition of the magnetic easy axis from in-plane to out-of-plane
direction. Similarly, in Co,/WS, system, the magnetic easy axis also can be modified to
out-of-plane direction through injecting 0.1 e/unit cell charge. It is found that the changes of
Co-3d states are responsible for the tunable magnetic anisotropy. This work provides a
theoretical understanding on effective manipulation of magnetism in low-dimensional system.
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1. Introduction

Spintronics is an interactive combination of electronics and
magnetics that has been growing fast over the past decades
due to its great potential for the applications of low power-
consumed and novel functional devices [1-6]. Two dimen-
sional (2D) transition-metal dichalcogenides (TMD), such as
WS, and MoS,, possess novel spin- and valley-coupled phys-
ical properties owing to the strong spin—orbit coupling (SOC),
and have been extensively studied [7, 8]. Transition met-
als have strong spin interaction with TMD materials [9—12].
Considering the high polarizability of ferromagnetic materials
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(FMs), FM/TMD nanostructures have often been constructed
especially for the applications in magnetic tunnel junctions
and magnetic memory [13—15]. The control of their magnetic
properties is crucial for the device performance. For instance,
the perpendicular magnetic anisotropy (PMA) with magnetic
easy axis perpendicular to the surface is beneficial for the
improvement of the storage density of magnetic memory
[16, 17]. A record-high magnetic anisotropy energy (MAE) of
~60 meV was achieved in individual Co atom/MgO hetero-
junctions owing to the orbital multiplet effect of the high-spin
Co atom in their special tetragonal ligand field [18, 19]. Actu-
ally, a strong magnetic anisotropy can also be generated in 3D
transition metal/TMD system through proximity effect. It is

© 2020 IOP Publishing Ltd  Printed in the UK
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reported that Fe and Co atoms on the W vacancy of mono-
layer WS, can achieve the giant MAE of 29 and 34 meV,
respectively [20]. In experiment, monomers and dimers of Co
atoms have been successfully deposited on 2D materials by
electron-beam evaporator at ultralow temperature [21, 22]. In
addition, the manipulation of the magnetic anisotropy is gen-
erally necessary to functionalize magnetic devices. Currently,
applying a magnetic field or injecting spin current is popular to
manipulate magnetic anisotropy [23, 24]. As a convenient and
uncontaminated method, charge injection can greatly change
the MAE in a certain system [25], such as Fe/graphene and
Fe/MoS; bilayer systems [26, 27], showing a great potential
for the control of magnetic anisotropy. Up to date, the design
and manipulation of magnetism in a low-dimensional structure
are still challenging for the development of spintronics.

In this work, we construct two kinds of Co-adsorbed mono-
layer WS, frameworks, Co;/WS, and Co,/WS,, and compre-
hensively investigate the dependences of magnetic properties,
especially magnetic moment and MAE, on injected charge
based on first-principles calculations. Their stable structures
are identified by the calculated binding energies. The changes
of magnetic properties in the two systems are analyzed by
employing total density of states (TDOS). Furthermore, the
physical mechanism of the modulated magnetic moment in the
systems are clarified through the simulation of spin charge den-
sities and differential charge densities, and meanwhile, MAE
origination is analyzed by orbital decomposed densities of
Co-3d states.

2. Calculation details

The first-principles calculations of pristine and Co-adsorbed
monolayer WS, are performed by using the spin-polarized
periodic density functional theory (DFT), as implemented in
Vienna ab initio simulation package (VASP) code with the
projector augmented wave (PAW) pseudopotential [28-30]. A
4 x 4 supercell and a vacuum region with a height of 25 A
are set to eliminate the interlayer interaction and the inter-
action between Co atoms. The exchange-correlation effects
are treated by Perdew—Burke—Ernzerh of generalized gradient
approximation (GGA-PBE) [31]. The two dimensional Bril-
louin zone (BZ) is sampled with a9 x 9 x 1 Monkhorst—Pack
grid of k points, and a cutoff energy of 364 eV is used for the
plane wave basis set. All the structures are fully relaxed until
the Hellmann—Feynman forces and the total energy are less
than 0.01 eV A" and 107 eV, respectively. The MAE is cal-
culated through the energy difference when the magnetization
directions are in the xy plane (E);) and along the z axis (E ),
MAE = Ey — E |, as the SOC is performed [32—-34]. To accu-
rately estimate the MAE, the energy cutoff and k-points are
optimized in our calculations.

3. Results and discussion

Geometric configuration of the pristine monolayer WS, is
exhibited in figure 1(a). W and S atoms alternately bond and
form an ideal hexagonal honeycomb structure in the planar
projection, which is similar to that of other 2D TMD materials

Figure 1. Top and side view of (a) WS, monolayer, Co;/WS,
system with a Co adatom locating at T} (b), H (c¢) and T, (d) site of
WS, surface, and Co,/WS, system with the second Co adatom
locating at T (e), H (f), T, (g) and T3 (h) site of WS, surface. Red,
blue and yellow spheres represent W, S and Co atoms, respectively.

[35]. The optimized thickness and lattice constant of mono-
layer WS, are 4.47 A and 3.19 A, respectively; the length
of W-S bond and the angle of S—-W-S bond are measured
to be 2.42 A and 81°, respectively, which are well consistent
with previous work [36]. Considering the geometric symme-
try of WS, surface, three high symmetrical sites, i.e. the top
site of W atom (T or Tj), hollow site (H), and the top site
of S atom (T,), are selected as the adsorption sites, as shown
in figures 1(b)—(d). To evaluate the stability of structures,
the adsorption energies are calculated through the equation
Eq = EW52 +nEc, — EnCo/wsz, where EWSZ, Eco, and EnCo/w52
denote the energies of the pristine WS,, Co atom, and
Co,/WS, system, respectively; n is the number of Co adatoms.
The calculated adsorption energies of single Co adatom on T}
site, H site and T, site are 3.2 eV, 2.55 eV, and 1.14 eV, respec-
tively. The configuration with the Co adatom on T, site has
the largest adsorption energy, meaning that the top site of W
atom is the most stable adsorption site for single Co adatom.
As for the Co,/WS, system, considering the geometric sym-
metry, the second Co adatom most probably locates on the top
site of the first Co adatom, or the H, T,, and T; sites nearest
the first Co adatom, as shown in figures 1(e)—(h). The calcu-
lated adsorption energies are 5.30 eV, 5.70 eV, 5.46 eV, and
6.27 eV, respectively, when ferromagnetic interaction exists in
two Co atoms. Obviously, the Co,/WS; system with Co
adatoms locating at T and Tj sites, as shown in figure 1(h),
has the largest adsorption energy, indicating the most stable
configuration. Meanwhile, the adsorption energy of antiferro-
magnetic Co atoms on the top of W sites is also calculated,
the value (6.11 eV) is smaller than that of ferromagnetic state.
Therefore, the two most stable configurations are adopted in
the following investigation.
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Figure 2. TDOS of (a) pristine WS, monolayer and Coy 2)/WS,
systems under the different injected charges, (b) and (e) O e/unit, (c)
and (f) 0.8 e/unit, (d) and (g) —0.8 e/unit.

To reveal the effect of Co adatoms on the electronic and
magnetic properties of monolayer WS,, TDOS is plotted in
figure 2. As shown in figure 2(a), the TDOS of pristine WS,
exhibits a coincident distribution in spin-up and spin-down
channels, indicating a non-magnetic ground state. The band
gap is measured as 1.82 eV, slightly larger than that of bulk
material due to the absence of van der Waals (vdW) inter-
layer interaction in monolayer WS;. For the Co;/WS,; sys-
tem, as shown in figure 2(b), the adsorption of the Co atom
results in the upshift of Fermi energy level (Ef) toward the
conduction band minimum (CBM), indicating an n-type dop-
ing effect. Meanwhile, three impurity states originating from
the Co atom appear in the gap (figure 2(b)) and result in
the uncoincident TDOS around the Ef, demonstrating the
magnetic system of Co;/WS,. Furthermore, the impurity
states near the Ef contribute only to the spin-down chan-
nel, implying the half-metallic feature. In this sense, this
system is expected to provide 100% spin-polarized current.
As for the Co,/WS, system, as shown in figure 2(e), the
TDOS is similar to that of Co;/WS; system, and the main
difference is that more impurity states appear in the spin-
down channels. This demonstrates that the Co,/WS, sys-
tem has the stronger coupling interaction than the Co;/WS,
system.

To modify the magnetic properties of the two kinds of con-
figurations, charge injection is further employed. As shown
in figure 2(c), when 0.8 e/unit cell charge is injected to the
Co;/WS, system, the spin-up impurity states upshift to the
upper energy and tend to form a coincident distribution with
spin-down impurity states; in addition, the intensities of both
spin-up and spin-down impurity states distinctly decay. As
injecting —0.8 e/unit cell charge, the spin-up impurity states
move to the deeper energy level and their intensities promi-
nently decrease. By contrast, the intensity of spin-down impu-
rity states increase compared with that without injected charge
(figure 2(d)), and the difference in energy level for the three
impurity states becomes large. As for the Co,/WS; system, the
variation tendency of E; for the spin-up and spin-down chan-
nels is similar to that of Co;/WS, system when the addition
charge is injected.

To comprehensively explore the modulated effect of
injected charge on magnetic properties of Co, /WS, systems,
the dependences of total energy, spin polarization energy, mag-
netic moment and MAE on injected charge are plotted in
figure 3. As shown in figure 3(a), their total energies in both the
systems continuously increase with the increase of the injected
positive charge due to the enhanced chemical potential [30].
In addition, their spin polarized energies, defined as the differ-
ence between the energy with and without the spin polariza-
tion, decrease with the increase of the injected positive charge,
indicating the unstable spin-states (figure 3(b)). As a result, the
values of magnetic moment almost linearly decrease for both
the systems (figure 3(c)). Notably, the magnetic moment of
the Co /WS, system drops to O up under 1 e/unit cell injected
charge, demonstrating a transition from ferromagnetic system
to non-ferromagnetic system. Excitingly, the MAE of two sys-
tems can be effectively modulated by charge injection as well,
as shown in figure 3(d). For both the pristine system, they
have negative MAE value, indicating the in-plane magneti-
zation easy axis. However, the changed tendencies of mag-
netization easy axis with injected charge are different for the
two systems. For the Co; /WS, system, the MAE value sharply
increases from —4.16t0 2.47 (0.99) meV when injected charge
vary from 0.0 to 0.2 (—0.2) e/unit cell, meaning a transition in
the magnetization axis from in-plane direction to out-of-plane
direction. As for the Co,/WS, system, the magnetization easy
axis changes from in-plane direction to out-of-plane direction
with the increased injected positive charge. However, the MAE
value always keeps a negative value when different negative
charge is injected, meaning an unchanged magnetization easy
axis. In addition, the MAE of cobalt layer absorbed monolayer
WS, and a sandwich structure (WS,—Co—WS,) are calcu-
lated, and their values are —0.55 and —0.32 meV, respectively,
implying that their magnetic easy axis is parallel to in-plane
direction.

The spin charge densities of the two systems without and
with the injected charge are further calculated to compre-
hend the origination of the changes of magnetic properties.
As shown in figure 4, spin charges are mainly contributed
by the adsorbed Co atoms and the nearest-neighbor W and S
atoms. For Co;/WS, system, spin-up charge densities mainly
distribute around the Co atom and the nearest-neighbor W
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Figure 3. The dependences of (a) the total energy, (b) spin
polarization energy, (¢) magnetic moment, and (d) MAE on injected
charge in Co(;, 2/ WS, systems.

atom, and the spin-down charge densities locate around the
three nearest-neighbor S atoms, indicating an antiferromag-
netic coupling between the Co atom and the S atoms. In the
case of the pristine Co;/WS, system, the spin-up density is
obviously greater than the spin-down one, resulting in the
appearance of magnetism in the system. When the 0.8 e/unit
cell charge is injected, both the spin-up and the spin-down
densities substantially reduce, leading to the decrease of total
magnetic moments (as shown in figure 3(c)). However, when
the —0.8 e/unit cell charge is injected, as shown in figure 4(c),
the spin-up densities dramatically increase, whereas the spin-
down densities almost keep constant, resulting in the increase
of magnetic moments. Different from the Co;/WS, system,
spin-down charge densities mainly distribute around the W
atoms in the beneath of Co adatoms, and a small number of
spin-up densities are induced in the nearest-neighbor S atoms
for the pristine Co,/WS, system. With the injection of 0.8
e/unit cell charge, the spin-up charge densities originating
from two Co adatoms become weak, whereas the spin-down
densities slightly increase, which contributed to the reduction
of magnetic moment (figure 3(c)). However, with the injec-
tion of —0.8 e/unit cell charge, not only the spin-up charge
densities around the two Co adatoms increase, but also the
spin states around W atoms even transform from the spin-
down to the spin-up (see figure 4(f)). Both the behaviors con-
tribute to the increase of the total magnetic moments in this
system.

Essentially, the changes of their magnetic properties are
attributed to the bond interaction and charge redistribution.
Hence, the differential charge densities are further calculated
to reveal the physics mechanism of the changing magnetic
moment in the two systems. For both the pristine systems, as
shown in figures 5(a) and (b), negative charge densities are
observed around the S and Co atoms, while positive charge
densities are observed in the middle of the Co—S bonds, imply-
ing the covalent interaction of Co—S bonds. With the injec-
tion of 0.8 e/unit cell charge, as shown in figures 5(c) and
(d), more electrons accumulate in the Co—S bond for both the

Figure 4. Spin charge densities of (a)—(c) Co;/WS; system and
(d)—(f) Coa/WS; system under different injected charge. The yellow
and blue colors denote the positive spin charge densities and
negative spin charge densities, respectively. The isosurface of the
spin charge densities is set to 0.02 ¢ A3,

systems, resulting in the stronger bond interaction between the
Co and S atoms. The charge transfer results in the decreased
unpaired electrons of Co atoms, and thus the reduced mag-
netic moment in the systems [37]. When —0.8 e/unit cell
charge is injected, as shown in figures 5(e) and (f), all the
above evolution tendencies reverse. The unpaired electrons
increase and bond interaction becomes weak, resulting in the
increase of the total magnetic moment of the system shown in
figure 3(c).

In order to obtain a fundamental understanding of the
changed magnetic anisotropy, we calculated the orbital-
decomposed densities of Co-3d states under different injected
charge, as shown in figure 6. According to the second-order
perturbation theory [38], the MAE arising from the SOC
interaction can be approximately formulated as

0.n2 _ um|Lx\0"2
E,—-E,

m
L
MAE=E| —E, ~ &Y " 1L
10,0

where (/" (0") and E,, (E,) denote the eigenstates and eigen-
values of the occupied (unoccupied) states in spin state m (n);
£ is the strength of SOC. In more detail, for mn =11 or ||,
positive (negative) contribution to MAE is determined by
the matrix elements of angular momentum operators L.(L,)
across the unoccupied and occupied states, while for mn =1,
positive (negative) contribution arises from the L.(L;) opera-
tors. This equation implies that the localized impurity states of
Co adatoms around E; are mainly contributed to the calculated
unquenchable orbital moments [39]. Hence, the orbital-
decomposed DOS at turning points of MAE are considered.
As shown in figure 6, in both the systems, the nonva-
nishing angular momentum matrix elements between
d states comprise of (xz|L|yz), (x> —y?|L:|yz,xz),
(xy|Li|yz,xz), and (z%|Li|yz,xz) (bra and ket can be
exchanged), and only the states of mn =] make contri-
butions to the MAE because of no spin-up states around
E;. As for pristine Co;/WS, configuration, there are
large unoccupied d,,/d,, minority-spin states as well
as the occupied d,y/d.>_,» minority-spin states around E
(seeing figure 6(a)), resulting in the large value of (xy|L,|yz, xz)
and (x> — y?|L,|yz, xz), which makes the considerable contri-
bution to the negative MAE. As injecting 0.2 e/unit charge,
the spin-conservation term (xz|L.|yz) and (yz|L,|xz) with the
positive contribution to MAE increase because of the dramat-
ical enhancement of the occupied dy. /d,, minority-spin states
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Figure 6. 3d-orbital decomposed DOS of Co atom for the two
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and unoccupied d,. minority-spin states (seeing figure 6(b)).
Consequently, the MAE value increases from —4.16 to 2.47
meV (seeing figure 3(d)). When injecting —0.2 e/unit charge,
the E slightly moves toward the lower energy, resulting in the
dramatical decrease of the occupied d,y/d,>_,» minority-spin
states, and thus spin-conservation term (x> — y%, xy|L,|xz)
becomes a small value. Meanwhile, the sharp augment of
the unoccupied spin-down d,. states leads to the increase of
(xz|L;|yz). Hence, the MAE turns to a positive value of 0.99
meV in contrast to that of pristine Co;/WS; system. As for
the pristine Co,/WS, system, the matrix elements (z%|L,[yz)
and (yz|L,|z*) make the main contribution to negative MAE
due to the large d,; and d states around E;. As 0.1 e/unit
charge is injected, the increased unoccupied minority-spin d,,
and d,, states will raise the value of (xz|L.|yz) and (yz|L.|xz),
whereas the decreased occupied minority-spin d. states
will diminish the value of (z%|L,|yz). As a result, the MAE
changes from —0.36 to 1.07 meV (seeing figure 3(d)). When
the injected charge is —0.6 e/unit cell, compared with pristine
Co,/WS, system, the unoccupied minority-spin d states
greatly increase and the spin-conservation term (yz|L.|z?)
make a considerable contribution to the charge of MAE

value. Consequently, the MAE value reduces from —0.36 to
—0.75 meV.

4. Conclusions

In summary, we design two kinds of Co-adsorbed mono-
layer WS, frameworks, Co;/WS; and Coy/WS; and sys-
tematically investigate the dependences of their magnetic
properties on injected charge by using first-principles DFT cal-
culations. TDOS suggest that the half-metallicity is generated
in the two pristine systems. Their magnetic moments can be
tuned almost linearly through charge injection due to the mod-
ulated interactions and charge transferring between Co atom
and monolayer WS, and a transition from ferromagnetism to
non-ferromagnetism occurs in Co;/WS; system when 1 e/unit
cell charge is injected. Besides, the magnetic easy axis can
be changed from in-plane direction to out-of-plane direction
through charge injection as well. The decomposed orbital con-
tributions reveal that the changes of Co-3d states are respon-
sible for the tunable magnetic anisotropy. This work provides
a theoretical background on magnetism manipulation in low-
dimensional system, and opens up a great prospect for the
design and fabrication of 2D spintronics devices.
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