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ABSTRACT: Synthesis of two-dimensional (2D) metal chalcogenide based half-

metallic nanosheets is in high demand for modern electronics and spintronics
applications. Herein, we predict from first-principles calculations that the 2D
heterostructure Co/MoS,, consisting of a monolayer of Co atoms deposited on a
single MoS, sheet, possesses robust ferromagnetic and half-metallic features and
exhibits 100% spin-filter efficiency within a broad bias range. Its ferromagnetic and
half-metallic nature persists even when overlaid with a graphene sheet. Because of the
relatively strong surface binding energy and low clustering ratio of Co atoms on the
MoS, surface, we predict that the heterostructure is synthesizable via wetting
deposition of Co on MoS, by electron-beam evaporation technique. Our work
strongly suggests Co/MoS, as a compelling and feasible candidate for highly effective

information and high-density memory devices.
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Bl INTRODUCTION

Layered two-dimensional (2D) materials, such as graphene,
hexagonal boron nitride (h-BN), and molybdenum disulfide
(MoS,) monolayer, have attracted great interest in recent
years,l_7 owing to their unusual mechanical, electronic, optical,
and thermal properties arising from quantum confinement
effects associated with atomically thin layers. Unlike semi-
metallic graphene and highly insulating h-BN, monolayer MoS,
(ML-MoS,) is an intrinsic semiconductor with a direct band
gap of ~1.8 eV that has demonstrated high on/off ratios (>1 X
10%).%° MoS, based semiconductor devices such as field-effect
transistors,” digital circuits'® have been successfully fabricated.
Very recently, a long spin lifetime of more than 1 ns has been
detected in polarization-resolved photoluminescence measure-
ments,"" demonstrating that the spin lifetimes in Mo$S, have
outpaced that in graphene. This is because the spin—orbit
coupling and absence of inversion symmetry in MoS, suppress
spin relaxation and hence, enhances the spin lifetimes.'* These
findings have stimulated our enthusiasm to study novel 2D
monolayer MoS, based semiconductor spintronic devices.
Transition metals (TMs), such as Mn, Fe, Co, dopants in
monolayer MoS, have been predicted to result in 2D diluted
magnetic semiconductors.">~** However, dilute doping is
difficult in experiments,' thus it is important to find alternative
ways to introduce magnetism into ML-MoS,. Via the magnetic
proximity effect,'” spin injection from a high spin-polarized
ferromagnetic electrode seems promising.”® However, scientists
have yet to establish a method to fabricate ferromagnet/MoS,
interfaces for efficient spin injections, a result of the large
conductivity mismatches and volatile tunnel barriers at the
interfaces.'”*° It is well-known that the most efficient method
for spin injection is to introduce half-metallic ferromagnets,
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which can create fully spin-polarized carriers.”"** It is of great
importance and interest to synthesize 2D MoS,-based
ferromagnetic or even half-metallic homoepitaxial structures
to achieve eflicient spin injections. In this work, we predict a
new 2D half-metallic Co/MoS, heterojunction with robust
ferromagnetic ground spin state and 100% spin current
polarization within the framework of density functional theory
(DFT). Relatively high Co surface binding energies and high
diffusion barriers suggest experimental synthesis via a wetting
growth mechanism of Co atoms on ML-MoS, is highly feasible.

B COMPUTATIONAL METHODS

The spin-polarized DFT calculations were carried out within a general
gradient a})proximation parametrized by Perdew, Burke, and
Ernzerhof® as implemented in Vienna ab initio simulation pack-
age.***® Projected augmented wave method®® was employed to
describe the electron—ion potential, and a kinetic energy cutoff of 400
eV was used for the plane wave expansion. We adopted a $ X 5 X 1
supercell and a 5 X S X 1 k-point grid for the Brillouin zone. The
vacuum spaces in all supercells were more than 10 A above the MoS,
plane to avoid any artificial interaction. The energy cutoff and k-point
mesh have been tested to make the energy difference less than 10
meV. The calculated lattice constant and direct band gap of monolayer
MoS, are 3.18 A and 1.67 eV, respectively, in fair agreement with
earlier results.””?®

We performed the climbing-image nudged elastic band (cNEB)
method”” to locate the minimum energy paths and the transition states
of Co atoms on MoS, sheet. The effect of van der Waals (vdW)
interactions was included for weak interaction cases and described
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using the semiempirical correction scheme of Grimme, DFT-D2.%°
Charge and spin transport properties were done with the
TRANSIESTA code,®" and the density matrix of the scattering region
was calculated self-consistently in the presence of an external bias by
means of the nonequilibrium Green’s function method.*

B RESULTS AND DISCUSSION

We first consider single Co atom adsorption on MoS,. Different
adsorption positions, such as Mo-top, S-top and hollow site,
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Figure 1. (a) Diffusion path of a single Co atom adsorbed on
monolayer MoS,. The local minima and transition states are labeled as
1, 2 and tl, t2, respectively, and the desorbed state is labeled as 3. The
corresponding structures, including top and side views, are presented
in the upper. The yellow, purple and red balls refer to the S, Mo, and
Co atoms, respectively. The spin density of the configuration 1 is in
the lower right corner, with an iso-surface of 0.005 /A% (b) Spin-
resolved PDOS of configuration 1. The gray region is the total DOS of
the supercell and the dashed vertical line refers to the Fermi level. The
up and down arrows indicate the spin-up and spin-down channels,
respectively. The inset is the charge density profile of “a” states at the
arrowhead.

should be considered. In agreement with ref 33, our
calculations show that the Mo-top site, labeled as 1 in Figure
la, is the most stable one. And the hollow and S-top site
(labeled as 2 and t1 in Figure 1a) are 0.28 and 1.65 eV higher in
energy, respectively. As shown in Figure 1a, the S-top site is a
transition state based on the cNEB calculations, and with any
small perturbation, the Co on S-top will slip to the neighboring
Mo-top or hollow site without any barrier, whereas if the Co
atom is at the Mo-top site, it needs to climb a barrier of 0.79 eV
at least to the nearest local minimum (the hollow site). This
barrier is much higher than 0.40 eV of Co/graphene and 0.13
eV of Co/ h—BN,34’ S and the diffusion path involves a transition

state at the bridge between two S atoms (t2-site). In addition,
the desorption of the Co atom from MoS, needs to gain a
kinetic energy of more than 3.10 eV, and the desorbed state
(labeled as 3) is also presented in Figure la. This energy is
again significantly higher than 1.60 eV of Co/graphene and
1.03 eV of Co/h-BN.>**3 As graphene or h-BN has a “flat” 7
electron cloud because of the sp* network, TMs have relatively
weak binding with graphene and can diffuse with low barrier. In
contrast, MoS, nanosheet has sandwich S—Mo—S structure and
the coexistence of Mo-4d and S-3p orbitals at the band edges.®
This makes a periodically uneven surface both in real geometry
and potential energy space, and results in the stronger bonding
with Co atoms. The Co atom adsorbed MoS, possesses a net
magnetic moment of 0.93 ug. The spin density, as depicted in
the inset of Figure 1a, shows that the magnetic moment mainly
locates on the Co atom.

To further understand the magnetic splitting effect and the
origin of high binding energy, the evolution of spin-resolved
projected density of states (PDOS) of Co/MoS, is displayed in
Figure 1b. The states near the Fermi level (E;) are dominated
by the Co 3d orbitals and have a large exchange splitting. As Co
atom adsorbing at the Mo-top site obtains a C;, symmetry, the
five 3d states further split into three groups in each spin
channel: ¢, e,, and a. The Co ¢, (d,,, d,>_,?) orbitals and e, (d,,,
d,,) orbitals that facing MoS, significantly hybrid with S 3p
orbitals and present at relatively low energy levels in the spin-
up channel, whereas those Co orbitals on the side back to MoS,
have weak overlap with S 3p, corresponding to those higher
energy and more localized peaks in the spin-down channel. The
inset of Figure 1b is the charge density of the a states, from
which we can see a 6—o bond between the Co d? and the
underlying Mo d orbitals. This makes the binding energy of
Co at Mo-top larger than that at the hollow site by about 0.28
eV (see Figure la).

We then explore the energetic and kinetic properties of two
Co atoms on MoS, surface. Figure 2a shows an energy pathway
of two Co adatoms getting close, from which we can see the
lowest energy configuration corresponding to the neighboring
two Mo-top sites, labeled with “3”. This configuration has lower
energy than that of the separated ones (configuration 1) with
0.37 €V, and with a significant barrier of 1.11 eV. This suggests
that the Co adatoms tend to have certain interactions to further
stabilize themselves. Additionally, the interactions can also be
reflected in the magnetic coupling, which results in an
energetically favorable FM coupling state with 166 meV
lower than that of the antiferromagnetic (AFM) state (see
the inset of Figure 2a). The energy difference of FM and AFM
states (Ej; — E;;) is only —80 meV when two Co atoms are
separated as in configuration 1. Nevertheless, as the two Co
atoms get further closer and form a Co—Co dimer on MoS,
(see configuration 4 in Figure 2a), the total energy goes up by
1.02 eV and with a barrier of 1.88 eV. This suggests that such
interadsorbate interaction is still weaker than the adsorbate—
substrate interaction and heralds the uniformly wetting growth
of Co atoms on MoS,.>”*®

To further confirm the uniformly wetting growth pattern of
Co atoms on MoS, and the preferred FM coupling, we add
another Co atom on the substrate. As shown in Figure 2b, the
triangular arrangement of the Co atoms locating on Mo-top site
(configuration 6) is most stable, and the barrier to break the
configuration is about 0.89 eV. When the third Co atom goes
away or gets close, the energies both go up more than 0.40 eV.
In particular, the Co; cluster on MoS, is a transition state on
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Figure 2. Minimum diffusion path of (a) two Co atoms and (b) three Co atoms adsorbed on ML-MoS,. The local minima and transition states are
labeled as 1, 2, ... and tl, t2, .., respectively. The corresponding structures are presented in the upper part. The insets are the spin density of the

configuration 3 and 6, with an iso-surface of 0.005 e/ As.
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Figure 3. (a) Top view of the relaxed atomic structure of monolayer
Co atoms on MoS,. (b) DFT simulated STM image for bias of —1.0 V.
Charge density difference profile (c) and spin density (d) of the
structure, the iso-surface is 0.005 e/A’. (e) Spin-resolved PDOS of
ML-Co/MoS,. The gray region is the total DOS of the supercell and
the dashed vertical line refers to the Fermi level. The up and down
arrows indicate the spin-up and spin-down channels, respectively.

the energy pathway (configuration t6) with 0.76 eV higher than
the ground state. This suggests that the relative strength of
interadsorbate and adsorbate—substrate interactions is just right
to form uniform film morphology of Co on MoS, and stable
FM coupling state. We expect this heterostructure can be
achieved via wetting deposition of Co on MoS, from the
electron-beam evaporator at suitable temperature.*” The inset
of Figure 2b shows the spin density of the FM (111) and
ferrimagnetic (11)) coupling states, and the FM coupling state
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Figure 4. (a) Spin-dependent transmission spectrum of ML-Co/MoS,
in zigzag direction with zero bias. The light green line is for the spin-up
transmittance channel and the dark blue line is for the spin-down
channel. The inset is the schematic illustration of the calculation
model. (b) Spin-dependent I-Vy;,, curves in both zigzag and armchair
directions, respectively.

with 189 meV lower than that of the ferrimagnetic state in
energy, that is, E;1y — Epp) = —189 meV.

Next, we come to the fully covered MoS, with Co atoms
adsorbing on the Mo-top site (ML-Co/MoS,). Figure 3
presents the optimized atomic structure and the corresponding
simulated image from scanning tunneling microscopy (STM)
for a bias of —1.0 V. The calculated lattice constant is 3.23 A
with C;, symmetry, and the Co adatoms can be clearly seen in
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Figure S. (a) Top view of the relaxed atomic structure for graphene covered ML-Co/MoS, (Gr/Co/MoS,). The spin density is presented in the
right panel with an iso-surface of 0.01 ¢/A’. The dashed rhombus represents the supercell. (b) Side view across the dash and dot line. (c) Partial

DOS of ML-Co/MoS, in Gr/Co/MoS,.

the STM image. The E, here is 3.95 eV/Co, larger than those
of single, double and trifoliate adsorption configurations
aforementioned (3.95 vs 3.10, 3.49, 3.68 eV/Co). As clearly
shown in Figure 3c that the local charge density around the Co
atoms is presented, besides evident bonding between Co—S
atoms, a significant downward bulge of the charge density
witnesses the strong interaction between Co and underneath
Mo atom with the d: orbitals. Additionally, there is weak
overlap of neighboring Co orbitals, which also contributes to
the high E, of ML-Co/MoS,. This interaction also results in the
FM coupling of Co atoms with a net magnetic moment of
about 0.90 ug per Co atom, which mainly originates from the d
orbitals of Co atoms (see the spin density presented in Figure
3d).

To calculate Co—Co exchange interaction ] and Curie
temperature T, we used effective Heisenberg Hamiltonian H =
—J ZS ‘S; and mean field approximation (MFA) method
here.* The Curie temperature is given by T = zJ/kg, where z
is the number of nearest neighbor Co atoms and kg is the
Boltzmann constant. By comparing the total energy (per
formula unit) of FM and AFM state, the calculated exchange
parameters of the nearest two Co sites is 6.99 meV. The
estimated magnetic ordering temperature is about 486 K, which
is substantially higher than room temperature. Note that the
MFA neglects the effect of fluctuation of the spins from their
average values, which tends to decrease the magnetic ordering
temperature. Therefore, the MFA often gives an overestimation
of the actual ordering temperature. However, it still can provide
a clue and theoretical understanding for further experimental
study.

Figure 3e displays the PDOS of ML-Co/MoS,. There are
heavy overlaps among Co-d, Mo-d, and S-p orbitals, and the
band edge structures change remarkably in comparison with
those of pristine MoS,. This suggests the strong bonding
between monolayer Co and MoS, which eventually results in
the formation of the stable 2D heterostructure. Large spin-
splitting near the Ey is observed corresponding to the large net
magnetism (see Figure 3d)). More interestingly, the DOS
shows conductance for the spin-down orientation electrons and
a semiconducting band gap in the spin-up channel, known as
half-metallic property.*" Thus, it is expected to provide 100%
spin-polarized current and promises fantastic potential use in
spintronics.

We further explore the transport properties of monolayer Co
on MoS,. The spin-dependent zero-bias transmission spectrum
along the zigzag direction is presented in Figure 4a. Within the
energy range 0 < E — Ep < 0.7 eV, the spin-down channel is
opened up while the spin-up channel is completely suppressed.
As a consequence, the spin-down current shows metallic
behavior and the spin-up current is completely blocked (see
Figure 4b), demonstrating a perfect spin filter efficiency.
Furthermore, the spin-dependent I-V},,; curves exhibit 100%
spin-filter efficiency with a bias ranging from 0 to more than 1
V in both zigzag and armchair directions. Such wide bias-range
of spin-polarized current and regardless of direction makes this
2D material very attractive in practical applications in spintronic
devices.

To resist the complex environmental influence on the
performance of devices, protective coating is a commonly used
way in manufacturing process.*’ Whether key properties could
survive after covering with protective layers is thereby of great
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importance. Because of unique atomic layer structure,** highly
impermeability to gases,* and itself robustness against
oxidation,** graphene is a promising new coating material
that could be effective for anticorrosion. Here, taking graphene
as the covering material, we further investigate the graphene
coated monolayer Co on MoS, (namely, Gr/Co/MoS,). A
commensurability condition between graphene and ML-Co/
MoS, was imposed, where a 5 X S periodicity of the graphene
and 4 X 4 periodicity of ML-Co/MoS, were employed.” The
optimized structure is shown in panels a and b in Figure S, the
lattice parameter is 12.5 A, which comprises of +1.9% and
—3.1% lattice mismatch for isolated graphene and ML-Co/
MoS,, respectively. The lattice mismatch results in undulations
of graphene, known as Moiré patterns. The distances between
graphene and ML-Co/MoS, vary from 2.20 to 2.50 A, and both
are longer than that of Co atoms adsorbed on graphene (about
1.50 A).** The binding energy, calculated by subtracting energy
of free-standing graphene and ML-Co/MoS, from that of Gr/
Co/MoS,, is 0.30 eV per Co atom, much smaller than isolate
Co atom binding with graphene (1.60 eV)** or with MoS,
(3.10 eV). Such relatively long distance and small binding
energy suggest that the graphene bonds to ML-Co/MoS, via
weak interactions like vdW interaction and electrostatic
interaction, rather than orbital hybridization. The Gr/Co/
MoS, heterojunction structure maintains a FM state with ~1.0
py located on each Co atom, as shown in the right panel of
Figure Sa and b. Moreover, partial DOS of Co/MoS, in Gr/
Co/MoS, shows a half-metallic property as well (see in Figure
5c). The robust FM and half-metallic properties may make this
atomic thin 2D magnetic semiconductor serve as building block
for spintronic related applications.

B CONCLUSION

In summary, we have simulated uniformly wetting growth of
single layer Co atoms on monolayer MoS,. Strong surface
binding energy and low clustering tendency of Co atoms on the
MoS, surface are keys for successfully obtaining a uniform layer.
Actually, Co—Mo interaction plays a crucial role in pinning the
atomic Co. More interestingly, the surface Co atoms tend to
form highly stable ferromagnetic states and exhibit a 100%
current polarization (half-metal) in the newly formed 2D ML-
Co/MoS, heterojunction structure, which can sustain the
ferromagnetic state and half-metallic property when overlaid
with a graphene sheet. Very recently, it is also reported that
monolayers of iron*” and hafnium®” have been successfully in
experiments. Our theoretical calculation provides justifications
for follow-up experimental synthesis of Co/MoS, and may be
used to anticipate the synthesis of other novel 2D magnetic
structures that are yet to be explored.
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