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Electronic and Magnetic Properties of Transition
Metal-Doped MoS, Monolayer: First-Principles Calculations

Dennis Boakye, Henry Martin, Linus K. Labik, Akyana Britwum, Oswald Ashirifi Nunoo,
Van W. Elloh, Bright Kwakye-Awuah, Abu Yaya, and Eric K. K. Abavare*

Density functional theory in the framework of generalized gradient approximation
(GGA) of Perdew—Burke—Ernzerhof to investigate the effects of some selected
transition metal (TM) and rare-earth metal (RE) dopants on the electronic

and magnetic properties of a 2D molybdenum disulfide (MoS;) monolayer is
reported. The results demonstrate that it is energetically stable to incorporate
Ni and Cu in MoS; structure under Mo-rich conditions. The pristine MoS,
monolayer has a calculated direct bandgap of 1.70 eV and experiences significant
reduction in the gap due to the defects. There is observed induced magnetic
behavior due to the tight binding effect originating from the localized dopants and
the nearest-neighbor Mo atoms, with magnetic moments ranging between 0.82
and 3.00 p. Some of the dopants result in 100% spin polarization which is useful
for engineering spin filter devices on magnetic MoS, nanostructures.

applications. Graphene, despite its layered
structure, possesses an extraordinary
strength compared with its bulk.” The tran-
siton metal dichalcogenides (TMDCs)
(TX,: where X = chalcogen) are another
class of atomically thin 2D materials having
a hexagonal structure with a finite bandgap,
unlike pristine graphene with a zero
bandgap!”! which cannot be used for the fab-
rication of any logical circuits because of its
closed Dirac point. This group includes com-
pounds like tungsten diselenide(WS,) with
recent reported rapid synthesis of GaS and
GaSe by Late’s group® and other layered
materials reviewed by Singh® and col-

1. Background

The recent research in 2D materials has attracted a lot of interest
because of their promising electrical, mechanical, sensing, opti-
cal properties!!! for novel electronic and optoelectronic device
application. Since the successful exfoliation of graphene by
Geim and Novoselov, a first successful 2D carbon allotrope
has broadly been investigated due to its superior electronic, opti-
cal, and mechanical properties,’ which has given birth to
research in several other related 2D materials. Among these
many interesting studies, the ultimate emphasis has been on
the manipulation of its atomistic, mechanical, and defect prop-
erties, which serve as a basis for design of new novel device
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leagues; however, the overarching merit

stems from the high surface-to-volume ratio

these materials have and their unique electri-
cal, mechanical, magnetic, and optical properties. However, it
should be noted that, among all TMDCs, MoS, exhibits superior
optoelectronic and catalytic properties compared to the conven-
tional semiconductors® materials. A 2D MoS, monolayer has
unique properties that are applicable in superlubricity, hydrogen
production, catalysis, sensing, photovoltaic cells, and biomedicine
with still rising potential uses ."®™”) MoS, in its available forms
exists as a stratified structure with planes of sulfide ions sandwich-
ing planes of molybdenum atoms. These three layers combine to
form a single MoS, monolayer. The bulk of MoS, consists of mono-
layers which are weakly stacked together by Van der Waals inter-
actions.™® The bulk phase has an indirect bandgap of 1.20 eV*”!
while the single layer has a direct bandgap of 1.80 eV?” opening
the possibilities for the fabrication of switchable transistors."
MoS, has been predicted to have a better mechanical resonance
behavior than graphene, making it a good contender as nanoreso-
nators for highly ultrasensitive mass sensing and detection?*>*!
material. We note that MoS, has a finite bandgap®" and therefore
a semiconductor which is more desirable compared with semi-
metal graphene in terms of applications such as optoelectronics,
transistors, energy harvesting, and other important areas of nano-
materials. However, by combining these materials’ photodetection
sensitivities’ properties together, their heterostructures can be
formed in creating ultrafast photodetectors.?>) MoS, has been suc-
cessfully synthesized through the use of chemical vapor deposition
techniques.’*® Monolayer MoS, is nonmagnetic, and it has been
reported that using electron beam-mediated substitutional doping,
TM can alter the electronic and magnetic properties of MoS, mono-
layer.””-*®! Induced magnetization has also been reported by Majid
and collaborators™™! by doping RE metals in MoS, matrix and
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studied its corresponding atomic and electronic properties. Vacancy
defects have also been found to induce magnetic properties under
molybdenum-rich conditions extending the magnetic applications
of M0S,.% In practice, the TM-doped MoS, and vacancy creations
are promising ways to extend the potential applications of MoS,.
This is crucial for spin modulators and orientation sensors in spin-
tronic device applications.

To the best of our knowledge, the collective effect of localized
single-atom substitutional doping and vacancy defects in MoS,
has not been studied from the theoretical point of view.
Previous studies have only reported either half-metallic proper-
ties from each defect, which have practical applications as spin
filters in spin transport electronics. However, in this work, we
examine the combined effect of both localized (TM =V, Ni, Fe
Cu, Mn and RE=Gd, Er, Ce, Nd and La) vacancies and defects
on the electronic and magnetic properties of monolayer MoS,
using quantum mechanical approach in the frame work of
first-principles calculations and believe the new results will help
further spur research in this material. The work is grouped in sec-
tions as follows: 1) background, 2) computational methodologies,
3) results and discussion, and 4) conclusion and acknowledgment.

2. Calculation

We carried out spin-polarized electronic structure calculations
based on density functional theory, Hohenberg—Kohn*'*?! for-
malism as implemented in the Quantum Espresso package>*~°!
with its standard pseudopotentials dataset. The nuclei and core
electrons interactions are described by the Vanderbilt Ultrassoft
pseudopotential (USPP)P® which considerably reduces the num.-
ber of plane waves required for the convergence limit. The
exchange-correlation effects of the many-body electron—electron
interactions are described within the generalized gradient
approximation (GGA) of the Perdew-Burke—Ernzerhof (PBE)
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parameterization®”! and included for all species, nonlinear partial
core corrections. We use plane waves expansion for the wavefunc-
tion and valence electron density accordingly and solve for the
Kohn-Sham orbitals using Davidson iterative diagonalization
scheme in the framework of the pseudopotential method. The
charge density is updated by modified Broyden* prescription.
We determined plane wave kinetic energy systematically and
found it to be 60 Ry after testing to confirm it was sufficient to
assure the accuracy of the calculations with total energy difference
among relaxed geometries as 1.30 meV. The Brillouin zone is
sampled at a gamma point with k-point mesh density correspond-
ing to 5 X 5 x 1 Monkhorst-Pack grid of the supercell. We apply
Gaussian smearing technique with degauss value of 0.1eV and
use Broyden—Fletcher-Goldfarb-Shanno (BFGS)B! optimization
algorithm with all structures fully relaxed until the Hellman—
Feynman forces on each atom are less than 0.03eVA™'. Using
the calculated lattice constant, all internal coordinates were
allowed to relax during optimization procedure. For self-consistent
and single-point calculations, the band dispersion is taken along
the high-symmetry points of the hexagonal Brillouin zone.

The bulk phase of MoS; has a hexagonal crystal structure with
P63 /mmc space group symmetry. Weakly van der Waals forces
between intrabond and interbond layers of S—Mo—S exist in
this material. The (001) surface of a bilayer unit cell of MoS,
was chosen to obtain the unit cell*”! and used to model the struc-
ture. After careful testing, sufficient 15 A vacuum thickness was
introduced along z-direction of the supercell to prevent structural
image interactions as a result of periodic boundary conditions.™*"
The supercell was constructed with repeated slab model of the
unit cell along the x—y plane using 5 x5 x 1, as shown in
Figure 1 to simulate a more realistic diluted system. The two
adjacent defects are separated over about 16 A distance due to
the size of the supercell to avoid artificial Coulumbic interaction
between the defects sites.[*”) The extended cell contains 75 atoms
with 25 molybdenum (Mo) and 50 sulfur (S) atoms. Each Mo
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Figure 1. Cyan and yellow stick and balls indicate Mo and S. a) Top and b) side view of 5 x 5 MoS, pristine monolayer supercell. c) Red and blue circles

are defect and reference regions.
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atom has six nearest neighbor S atoms, and each S atom has
three nearest Mo atoms bonded to two S atoms to form a hexag-
onal honeycomb structure. The defects were introduced in the
form of substitution of two sulfur atoms with a single TM atom,
as shown in Figure 1lc. The single-dopant atom generates local-
ized impurity states that increase the effects of electron-hole
recombination above the Fermi level.**! The doping concentra-
tion is expressed as a percentage of the number of atoms
removed or substituted divided by the total number of S atoms.
We find that results from previous studies suggest that the
vacancy formation energy of S is much lower than that of Mo
according to Rai’s group!** contrary to that reported by Obodo.**!

We analyzed the structural stability of the defect formation by
calculating the formation energy as

Eform = Edop - Esup — pa + 2pg (1)

where the symbols Eqqp, Eqyup, #a, and pg refer to the total energies
of the doped and pristine supercells and the chemical potential of
the dopant and sulfur atoms, respectively. The chemical poten-
tials of the elements were computed using the stable phase of
each element.

3. Results and Discussions

3.1. Geometry and Stability

We determine the optimized lattice parameter and equilibrium
volume for MoS, monolayer unit cell as a = b = 3.182 A, and
103.61 A3, respectively. This is in agreement with previous inves-
tigations of theoretical and experimental works.**”) The bond
distance and angles between molybdenum and sulfur for the
pristine structure are also in good agreement with other previous
results.*”~**! The Mo—S bond length for the doped structures
differs slightly from the pristine structure, as shown in Table 1.
This observation may be related to the inward relaxation due to
the presence of vacancy and dopant atom. Similarly, we study the
structural stability of the system based on formation energy and
defined it as the energy cost of forming the defect of the doped
structure. The defect formation energies of the doped structures
are calculated using Equation (1) with results shown in Table 1.

Table 1. Fully relaxed MoS,-doped structure with calculated atomic
distances (in A), bond angles (in deg.), and defect formation energy (eV).

System  Mo-S S-S Mo-D S-Mo-S Mo-D-Mo  Formation energy
Pure 2412 3125 - 80.755 - -

\% 2408 3.122 2474 80.629 76.396 5.795
Ni 2410 3.119  2.519 80.652 74.959 —4.383
Fe 2409  3.120  2.499 80.674 74.959 4.374
Cu 2410 3.119  2.606 80.662 70.346 —1.246
Mn 2410  3.118  2.590 80.652 71.432 6.440
Gd 2410 3115 2.928 80.526 61.858 4.309
Ne 2409 3113 3.010 80.517 59.747 4.0495
La 2410 3.115  3.070 80.515 58.325 3.714
Ce 2410  3.715  3.068 80.544 58.429 3.566
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Energetically, the lower the defect formation energy, the more
structurally stable the system becomes; hence, Ni- and Cu-doped
MoS,; show the most stable structure compared with other dopants
consistent with the recent report of Obodo and co-workers.!*”!

3.2. Electronic and Band Dispersion Properties

The pristine MoS, monolayer is a direct-bandgap semiconductor.
We examined spin-polarized effects of vacancy and substitutional
dopants in the electronic properties of MoS, monolayer using
some selected TM elements, RE metals, and calculated the doped
structures of band dispersions, as shown in Figure 2, and the
corresponding bandgap is given in Table 2 for the defects elec-
tronic behavior. In Figure 2a, it is apparent that the pure MoS,
monolayer shows semiconductor behavior with the calculated
direct bandgap of 1.70 eV and that the conduction band mini-
mum (CBM) and the valence band maximum (VBM) all coincide
at the K-high symmetry point, in good agreement with other pre-
vious study.?” However, it should be noted that the calculated
bandgap in this work suffers from the inherent limitations of
GGA'’s ability to inaccurately describe bandgaps of semiconduct-
ing materials due to the lack of the exact description of the
exchange-correlation functional but not the topological features
of the bands. The band structures for Cu-and Fe-doped MoS, are
similarly shown in Figure 2b,c. The bandgaps are found to be
1.13eV and 1.11 eV, respectively. It is observed that impurity
energy states are found below the conduction band and above
the Fermi level. These flat impurity bands introduced inside
the bandgaps are due to the atomic vacancy and are consistent
with previous results obtained by Yue and colleagues’ group for
Cu doping.*! It is observed that the Fermi levels for both doped
structures are shifted upward into the conduction band and are
nearly degenerate, making them n-type semiconductor. However,
the Cu dopant of MoS; exhibits a half-metallic character of spin-up
state while the spin down changes to an indirect semiconductor
which is consistent with the previous DFT calculation by Obodo
and collaborators.*”! As a result, any electron passing through this
material would be polarized in the spin-up state, making it a can-
didate for spin modulation. Interestingly, the Fe-doped structure
of MoS, shows half-metallic character but with down-spin state.

The V-doped MoS, indicates a direct bandgap of 1.11 eV in the
spin-down state, as shown in Figure 2d, but half-metallic char-
acter in the spin-up state. This is as a consequence of the intro-
duced defect energy state originating from the dopant at the
Fermi level and also shows degenerate character. The defect level
is lifted upward in the spin-down and indicates indirect bandgap
and is a potential candidate as a spin modulator. The band struc-
ture for Mn- and Ni-doped MoS, is shown in Figure 2e,f with
bandgap values of 1.00 eV and 0.96 eV, respectively. Accordingly,
their CBM and VBM occur at the same I™-high symmetry point with
equal spin-up and spin-down states. Due to the sulfur vacancy pres-
ence, degenerate flat bands are observed in the conduction and
valence bands. The two spin states show the same band structure
and bandgap compared to other doped structures. The direct-
bandgap character of the bandgap is retained, which is useful
for laser and other optical applications.

Following TM doping of MoS,, similar band structure charac-
teristics for RE doping electronic structure calculations are
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Figure 2. Spin-polarized band structures of a) pristine and b—f) doped defective MoS, monolayer. The black and red lines, respectively, represent the
spin-up and spin-down dispersive bands, where the Fermi level is set to zero of energy and indicated by red dashed lines.

Table 2. Electronic properties of pure and doped MoS,.

System Bandgap [eV] Nature Type

Pure 1.70 Semiconductor Direct
Cu 113 Half-metallic Indirect
Fe 1.1 Half-metallic Indirect
\Y 1.1 Half-metallic Direct
Mn 1.00 Semiconductor Direct
Ni 0.96 Semiconductor Direct
Gd 0.79 Half-metallic Direct
Ce 0.75 Half-metallic Direct
Ne 0.77 Half-metallic Direct
La 0.74 Half-metallic Direct

observed. As shown in Figure 3a, the spin-up bands of Gd-doped
MoS, exhibit semiconducting character with a bandgap of
0.79 eV. However, in Figure 3b, the spin down indicates metallic
behavior because of the induced states. This Gd-doped behavior
is similar with the remaining RE dopants of Nd, La, and Ce in
MoS,. Table 2 shows the spin-up semiconducting bandgaps of
doped Nd, La, and Ce in MoS, and those of the selected TM.
We note also that all RE-doped MoS, shows a semiconducting
direct type of bandgap in the spin-up bands and metallic in the
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spin-down bands. Codoping of RE and Mn studies was carried
out to examine their effect on the band structure and magnetic
properties of MoS,. The results are indicated in Table 3. It is
clearly seen that there is an increase in the bandgap compared
to the single RE dopants. In Figure S4-S7, Supporting
Information, we indicate that all the band structures for the
codoped MoS, of the RE Mn are very similar in topology. The
RE-Mn doped MoS, is spin up polarized in contrast to the
single-RE-doped MoS,.

The total density of state (TDOS) and projected density of state
(PDOS) of the pristine and doped MoS, are shown in Figure 4
accordingly, where the Fermi level is indicated by the red short-
dashed line on the energy axis, with both sides of the graph rep-
resenting valence and conduction bands. It is evident in the
structures that, in the pure state, the VBM and CBM are derived
primarily from the Mo-4 d and S-3p states, as in Figure 4a. As a
consequence, the nonmagnetic character of the pristine MoS, is
reflected in the symmetric nature of the density of states(DOS)
and any modification as a result of the dopants states would lead
to new electronic properties. When the pristine MoS, is doped
with any of the selected dopants, it's seen as impurity which
introduces impurity levels near the Fermi level. Following that,
it is expected that the electronic property of MoS, would be
altered due to mixing of electronic orbitals. When Cu is doped,
the contribution for half-metallic character is due to the spin-up
at the CBM and VBM edges and mainly originates from the

© 2023 Wiley-VCH GmbH
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Figure 3. a) Spin-polarized band structure and b) density of states of Gd-doped MoS, monolayer. The black and red lines, respectively, represent the spin-up
and spin-down dispersive bands, where the Fermi level is set to zero of energy and indicated by red dashed line. Impurity bands are represented by blue lines.

Table 3. Electronic properties of RE Mn-codoped MoS,.

Codopant Bandgap [eV] Nature Type
Gd-Mn 1.06 Half-metallic Direct
La—Mn 1.01 Half-metallic Direct
Nd-Mn 1.05 Half-metallic Direct
Ce-Mn 1.00 Semiconductor Direct

mixing of Mo-4d and S-3p in Figure 4b with negligible contri-
bution from Cu orbitals. However, a closer look at the spin-down
states indicates that there are absence of any visible states, fur-
ther confirming the semiconducting behavior of this state.

A similar behavior is seen for half-metallic character of Fe and
Gd dopants but with spin-down state opposite that of Cu-dopant, as
in Figure 4c and 3B, respectively. The PDOS contributions come
from Fe-3d or Gd-5d and Mo-4d orbitals at the Fermi level, respec-
tively. The spin-up state is clearly seen as the semiconductor
because of absence of any state. When V is doped in MoS,, the
PDOS is indicated in Figure 4d. The edges of the valence and con-
duction bands indicate half-metallic behavior and primarily due to
spin-up states with the hybridization of V-3d, S-3p, and Mo-4 d orbi-
tals as the main contributor to the impurity states at the Fermi level.
The spin-down state is clearly marked with semiconducting behav-
ior. For Mn and Ni doping, as shown in Figure 4e{, the edges of the
spin-down component are similarly due to the hybridization of
Mo-4d, S-3p, and Mn-3d orbitals. The spin-up component is
mainly due to Mo-4d and S-3p orbitals. The Fermi level symmetri-
cally lies in the middle of the conduction and valence bands.

3.3. Magnetic Properties

We perform spin-polarized calculation for the pristine MoS,
monolayer and show zero magnetic moment, as indicated in

Phys. Status Solidi B 2023, 260, 2200337 2200337 (

Table 4 and in excellent agreement with known experimental
and theoretical values provided by these workers.*®>° The
symmetric appearance of both spin-up and spin-down compo-
nents in the PDOS distribution in Figure 4a confirms that the
monolayer MoS, is spin unpolarized and thus has a zero net
magnetic moment. The structures of doped MoS, have total
induced spin magnetic moments of 1.00, 3.00, 2.07, and
0.82 pp for V-, Mn-, Fe-, and Cu-doped MoS,, respectively,
while that of Ni-doped MoS, has zero net magnetic moment.
These results are in excellent agreement with previous studies
with Wang’s®! group. In the case of only RE doping, the high-
est observed magnetic moment is found in Gd with a value of
0.94 pp but that increases when codoped with Mn, as indicated
in Table 5. Among all the dopants, Mn-doped MoS, shows the
highest magnetic moment. We further studied the distribution
of magnetism on the doped structures. The spin-resolved
charge density was calculated, as shown in Figure 5. The green
and blue isosurfaces represent the positive and negative spin
densities, respectively. Spin polarization may arise on a dopant
and surrounding Mo atoms in the interstitial region near the
dopant if asymmetric distribution of spin-up and spin-down
charge components exists, which would result in magnetic
properties of the structure. The Cu and Gd-doped MoS, has
the spins of the three nearest Mo atoms parallel to that of
the dopant, thereby increasing the total magnetic moment,
whereas they are antiparallel in the case of Fe doping and con-
sequently reducing the magnitude of the total magnetic
moment. Furthermore, hybridization between the 3d states
of the dopant and p states of the nearest six sulfur atoms results
in spin splitting for the sulfur atoms that are antiparallel to the
dopant, while the Mo atoms are parallel to the dopant. In the
case of V- and Mn-doped MoS,, the spins of the three nearest
sulfur atoms are parallel to the dopant and antiparallel to the
three Mo atoms bonded to the dopant.

5 of 8) © 2023 Wiley-VCH GmbH
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Figure 4. The PDOS of a) pure and b—f) doped structures of MoS, monolayer. The Fermi level is indicated by the red dashed line.

Table 4. Magnetic moments of pure and doped MoS,.

System Dopant [ug] Total [ug]
Pure - 0.00
Cu 0.04 0.82
Fe 2.64 2.07

\ 0.80 1.00
Mn 3.49 3.00
Ni 0.00 0.00
Gd 0.14 0.94
Ne 0.13 0.92
La 0.12 0.92
Ce 0.13 0.91
Table 5. Magnetic moments of RE-Mn codoping MoS,.

System Dopant [ug] Total [ug]
Gd-Mn - 2.01
La-Mn - 2.00
Nd-Mn - 2.01
Ce-Mn - 2.01
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4, Conclusion

We report density functional theory in the framework of spin-
polarized calculation to clarify the electronic and magnetic prop-
erties of MoS, monolayer with TM/RE dopants. The calculated
formation energies suggest that it is energetically stable to dope
MoS, monolayer under sulfur-deficient conditions than other
dopants, consistent with similar calculations. The bond lengths
for Mo—S in the doped structures are slightly lower compared to
the pristine material, leading to reduced S-Mo-S bond angles
due to inward relaxation of the structures and consequently
decreasing monolayer thickness. Band structure calculations
for the spin states revealed that pure MoS, is a direct semicon-
ductor with a bandgap of 1.70 eV, reducing considerably in the
doped structures. The direct bandgap changes to indirect in other
doped structures. With the exception of Ni-doped MoS,, spin
magnetic moments were induced in the doped structures and
the highest magnetic moment arising from Mn-doped MoS,.
Spin charge density calculations revealed that the three Mo
atoms bonded to the dopant are antiparallel to the dopant in
Fe, Mn, and V-doped MoS, but parallel to the dopant in Cu- and
RE-doped MoS, monolayer, resulting in a decrease or increase in
the total magnetic moment, respectively. Analysis of the partial
density of states for the doped structures revealed that the valence
and conduction bands were primarily dominated by the hybrid-
ization between 4 d states of Mo, 3p states of S, and the 3d/5d
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Figure 5. The calculated localized spin density distribution near the Fermi level of a) Cu, b) Fe, c) V, d) Mn, and e) Gd-doped MoS; monolayer. The
localized charge density is indicated by an isosurface value of 2% of the maximum isovalue e/A%. Green and blue colors represent spin-up and spin-down

charge distribution, respectively.

states of the dopant atoms. Defect energy levels were found at the
Fermi energy level for single spin states producing half-metallic
structures. Mn-doped MoS, produced spin magnetic semicon-
ductors. These spin-polarized structures are useful as spin filters
(spin-polarized current) and spin injectors in spintronic applica-
tions. The induction of spin magnetic moments makes them
useful as nanomagnets in nanorobotics.
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