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Mn-doped monolayer MoS2: An atomically thin dilute magnetic semiconductor
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We investigate the electronic and magnetic properties of Mn-doped monolayer MoS2 using a combination
of first-principles density functional theory (DFT) calculations and Monte Carlo simulations. Mn dopants
that are substitutionally inserted at Mo sites are shown to couple ferromagnetically via a double-exchange
mechanism. This interaction is relatively short ranged, making percolation a key factor in controlling long-range
magnetic order. The DFT results are parameterized using an empirical model to facilitate Monte Carlo studies of
concentration- and temperature-dependent ordering in these systems, through which we obtain Curie temperatures
in excess of room temperature for Mn doping in the range of 10–15%. Our studies demonstrate the potential for
engineering a new class of atomically thin dilute magnetic semiconductors based on Mn-doped MoS2 monolayers.

DOI: 10.1103/PhysRevB.87.195201 PACS number(s): 73.22.−f, 75.50.Pp

I. INTRODUCTION

Dilute magnetic semiconductors (DMSs) have been the
focus of extensive research over the last decade, driven by
the prospect of realizing a new generation of electronic
devices—so-called spintronic devices—that can exploit both
the charge and spin of carriers.1–4 To this end, a significant
amount of theoretical and experimental effort has been devoted
to understanding the role of magnetic impurities such as
Mn and Co in technologically important III-V and II-VI
semiconductors, as discussed in several reviews.1–5 Among
several challenges that persist in the development of spintronic
devices, perhaps the most significant hurdle remains the
control of the ordering temperature, which should ideally be
well above room temperature to enable practical applications.
The search for such room-temperature DMSs remains an active
quest spanning a wide class of materials (e.g., III-Vs, II-VIs,
oxides, half-Heusler alloys).4

The purpose of this paper is to extend the search for
room-temperature DMSs to a relatively unexplored class
of materials, the layered transition-metal dichalcogenides
(TMDs). These materials have been the focus of much
recent attention as they can be readily exfoliated to yield
atomically thin layers for nanoelectronics, much like graphene.
Notably, unlike graphene, several of these layered TMDs
are semiconducting,6–8 which makes them serious candidates
for digital electronics. Recent demonstrations of MoS2 de-
vices such as field-effect transistors,9,10 logic circuits,11 and
phototransistors12 are already promising. With respect to mag-
netic properties, there have been recent experimental reports
of magnetism in MoS2 nanosheets, attributed to the presence
of magnetic edge states;13 irradiated MoS2, attributed to a
combination of point defects and edge states;14 and in MoS2

single crystals, attributed to zigzag edges at grain boundaries.15

Theoretical calculations also provide evidence for magnetic
ordering at edges of nanoribbons16,17 and nanoflakes,18 as well
as defect and dopant-induced magnetism.19 We are unaware
of any systematic studies of magnetism in layered TMDs
via substitutional doping of magnetic transition-metal atoms,
which is the focus of this work.

In the following, we explore the effect of substitutional Mn
doping in MoS2 monolayers—in analogy with the commonly-
used strategy in III-V and II-VI DMSs—and examine the
potential for development of MoS2-based DMSs. To this
end, we employ first-principles density functional theory
(DFT) calculations to first understand the electronic origins of
ferromagnetic interactions between substitutional Mn dopant
atoms and, thereafter, to parametrize a Monte Carlo (MC)
model, which we employ for temperature-dependent studies
of magnetic ordering in Mn-doped MoS2 monolayers. We
demonstrate that exchange interactions in Mn/MoS2 DMSs
are primarily governed by the double-exchange mechanism
and are relatively short ranged, making percolation a key
factor in magnetic ordering. Based on our DFT-parameterized
MC simulations, we suggest that dopant concentrations in
the range of 10–15% might be sufficient to provide room-
temperature ferromagnetism in Mn/MoS2 DMSs, paving the
way for experimental verification and application in spintronic
devices.

II. RESULTS AND DISCUSSION

A. Electronic structure calculations

First-principles calculations were performed using the
Vienna ab initio package (VASP)20 at two different levels of
theory: standard Kohn-Sham DFT with the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation (XC) functional21 and
hybrid DFT using the Heyd-Scuseria-Ernzerhof (HSE) ex-
change correlation functional.22 A detailed description of the
DFT calculations is provided in the Appendix. Semilocal XC
functionals, such as PBE, are known to suffer from self-
interaction errors, which lead to excessive delocalization of the
electronic wave functions. Such artifacts become particularly
apparent when treating the d electrons of Mn and Mo as
the occupied d states appear at excessively high energies,
altering both the precise mechanism as well as the range of
exchange interactions. Various strategies have been adopted in
the literature to mitigate these self-interaction errors in DMSs;
we refer the reader to the review in Ref. 4 and the references
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therein. Here, we have chosen to employ the HSE functional,
which reduces the self-interaction error by incorporating a
fraction of exact exchange, leading to a better description
of the electronic wave functions.23 For monolayer MoS2,
in particular, the fundamental gap from HSE calculations
appears to approximate the optical gap of the material.7,24

In the following, we will compare and contrast the electronic
structure of Mn dopants in monolayer MoS2 using both the
PBE and HSE functionals, and, furthermore, examine the
influence of the electronic structure on the exchange coupling
and Curie temperature of the resulting DMSs.

Before examining interactions between multiple Mn dopant
atoms, we consider first the electronic structure of a single
substitutional Mn atom in monolayer MoS2. Figures 1(a)
and 1(b) display the spin density (ρ↑ − ρ↓) for a single
substitutional Mn atom in a 4 × 4 supercell of monolayer
MoS2. The overall magnetic moment of the supercell is 1 μB

corresponding to the single excess d electron provided by the
Mn atom. From the bond lengths listed in Fig. 1(b), it is clear
that there is a loss of D3h (trigonal prism) symmetry at the
Mn dopant site.25 A significant portion of the spin density is
localized on the Mn atom. The neighboring S atoms (labeled
S1 and S2) are antiferromagnetically coupled to the Mn dopant;
the p character of the spin-polarized orbitals of the S atoms is
clearly visible. Out of the six Mo atoms that were originally the
nearest neighbors of the dopant site, only the four closest Mo
atoms (labeled Mo2 and Mo3) couple antiferromagnetically
to the Mn atom while the two most distant ones (labeled

Mo1) couple ferromagnetically to the Mn atom. We attribute
this difference in magnetic coupling to the loss of trigonal
symmetry at the Mn dopant site upon atomic relaxation. While
the general features noted thus far are similar in both the PBE
and HSE cases, there are distinct differences, the most obvious
being the extent of spin polarization in the vicinity of the Mn
dopant. Specifically, by projecting the spin density onto atomic
orbitals and integrating over the PAW sphere, we obtain a
local magnetic moment of 1.04 μB and 2.77 μB on the Mn
atom at the PBE and HSE levels, respectively. This suggests
that the Mn(IV) atom adopts a low-spin d3 configuration at
the PBE level, while the HSE functional prefers a high-spin
d3 configuration, which explains the greater extent of spin
polarization in the immediate vicinity of the Mn atom in the
latter case.

Additional insight into the electronic structure of the Mn-
doped MoS2 monolayer can be obtained from the electronic
density of states (DOS) displayed in Figs. 2(a) and 2(b).
Within ligand-field theory, the trigonal prismatic coordination
of the Mo atom lifts the degeneracy of the Mo 4d levels.
The lowest-energy band is of Mo 4dz2 character and is fully
occupied; next in energy are degenerate, unoccupied Mo 4dxy

and Mo 4dx2−y2 bands, followed by the degenerate Mo 4dzx

and Mo 4dyz bands of highest energy.6,26 Experiments and
first-principles calculations, suggest a more nuanced picture
wherein hybridization occurs between the Mo 4dz2 , dxy ,
dx2−y2 , and S 3p orbitals; these hybridized states dominate
the conduction and valence band edges of MoS2.6,27–32 The

FIG. 1. (Color online) (a), (b) Spin density (ρ↑ − ρ↓) for a single Mn dopant atom in a 4 × 4 monolayer MoS2 supercell (6.25% Mn
doping) and (c), (d) for two first-nearest-neighbor Mn dopants in the same supercell (12.5% Mn doping; ferromagnetic ground state). Yellow
and cyan isosurfaces represent positive and negative spin densities (±0.054 e/Å3), respectively. At 6.25% doping, the dopant Mn atom has a
local magnetic moment of 1.04 μB and 2.77 μB at the PBE and HSE levels, respectively. At 12.5% doping, the average local moments of the
Mn atoms are 1.32 μB and 2.86 μB at the PBE and HSE levels, respectively. The S atoms that are bonded to the Mn atom, as well as several of
the Mo atoms in the immediate vicinity of the Mn atom, display antiferromagnetic coupling to the dopant.
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FIG. 2. (Color online) Density of states (DOS) for (a), (b) 6.25% Mn-doped and (c), (d) 12.5% Mn-doped monolayer MoS2 calculated
using PBE and HSE functionals. The Fermi level of the doped monolayer is set as the zero of the energy scale. The semicore 4p states of
the undoped and doped monolayers (∼35 eV below the Fermi level) are aligned to clearly show the emergence of gap states in the doped
monolayer. At the HSE level the monolayer remains semiconducting in both spin channels for both dopant concentrations. At the PBE level,
the monolayer becomes half-metallic at 12.5% Mn doping.

fundamental band gap of the monolayer is 1.6 eV with
the PBE and 2.05 eV with the HSE functional.7 Upon
substituting an Mo(IV) d2 atom by an Mn(IV) d3 atom, the
degeneracy of the spin channels is broken and defect levels
are formed within the MoS2 band gap (Fig. 2). An analysis
of the atom-projected DOS, displayed in the Supplementary
Material,33 reveals that the primary contributions to these
gap states arise from the 4dz2 , 4dxy , and 4dx2−y2 states of
the Mn atom and its neighboring spin-polarized Mo atoms,
as well as the 3p states of the spin-polarized S atoms.
The PBE DOS shows a negligible gap in the majority spin
channel while the minority spin channel continues to display
an appreciable gap, indicating that the doped monolayer is
essentially half-metallic, while the DOS obtained by HSE
features a clear gap in both spin channels—the majority-spin
gap being smaller—suggesting that the doped monolayer is a
magnetic semiconductor.

We consider next the interaction of two Mn dopant atoms
in monolayer MoS2 (4 × 4 supercell; 12.5% doping). For
brevity, we only discuss the case of Mn dopants in first-
nearest-neighbor substitutional sites; the picture is qualita-
tively the same for second- and third-nearest-neighbor cases.
Figures 1(c) and 1(d) display the spin densities at the PBE
and HSE levels. By projecting the spin density onto PAW
spheres, we obtain average local moments of 1.32 μB and
2.86 μB on the Mn atoms at the PBE and HSE levels,
respectively, indicating that the Mn dopants once again adopt
low-spin d3 and high-spin d3 configurations depending upon
the level of theory employed. The corresponding density of
states are displayed in Figs. 2(c) and 2(d); atom-projected
DOS are displayed in the Supplementary Material.33 Upon
comparing the PBE results for 6.25% and 12.5% Mn doping,
we observe that the doped monolayer is unambiguously
half-metallic in the latter case. The three peaks straddling
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the Fermi level in the 6.25% Mn case merge into a single
broad peak in the 12.5% Mn case. This places the Fermi
level within the partially occupied majority band of the
impurities occupying only the bonding states while leaving the
antibonding minority states unoccupied, which is suggestive
of an operative double-exchange mechanism.4 In the HSE
calculations, both spin channels remain semiconducting and
the Fermi level remains within the band gap. The impurity d

states are still contained within the gap of the host material,
which would again suggest that double exchange ought to
dominate the exchange coupling. However, the inclusion of a
fraction of exact exchange in the HSE functional lowers the
energy of the occupied d levels, analogous to previous reports4

on Mn-doped III-Vs that employ some form of self-interaction
correction (e.g., the DFT + U approach,34–36 SIC-LSD,37,38

etc.). This would imply a decrease in the strength of the
computed exchange coupling constants at the HSE level
relative to the PBE situation. As we will show later, this
is also manifested in lower Curie temperatures when using
HSE-parameterized exchange coupling coefficients relative to
the PBE ones.

To estimate the strength of exchange coupling, we report
in Table I the energy differences between the ferromag-
netic ground state and the metastable antiferromagnetic state
(�AFM−FM ) for two Mn atoms placed at first, second, and
third nearest-neighbor Mo sites. These are the only unique
neighbor arrangements in a 4 × 4 supercell. At the PBE level,
we also report energy differences for first-nearest-neighbor
Mn dopants in larger supercells; HSE calculations were not
performed for these additional cases due to the enormous
computational cost. From the presented data, it is clear that
the Mn dopant atoms preferentially display ferromagnetic
coupling at both the PBE and HSE level. It is also clear
that the HSE functional predicts stronger but shorter-ranged
exchange interactions relative to PBE, which is to be expected
based on the electronic DOS presented previously. For the
various nearest-neighbor configurations studied here, we also
report in Table I the relative energy differences between the
ferromagnetic ground states (�EFM ). From these data, we see
that the first-nearest-neighbor configuration of Mn dopants
is energetically lower by 0.3–0.7 eV (depending upon the
level of theory) than the second- or third-nearest-neighbor

TABLE I. Energy differences (�AFM−FM ) between the ferromag-
netic ground state and the antiferromagnetic high-energy metastable
state for two Mn dopants placed at identical substitutional sites in the
MoS2 monolayer. Also displayed are energies of the ferromagnetic
ground state for different spatial arrangements of Mn atoms (mth-
nearest-neighbor) relative to the first-nearest-neighbor configuration
(�EFM = Emth−nn

FM − E1st −nn
FM ).

�AFM−FM (eV) �EFM (eV)

Supercell Configuration PBE HSE PBE HSE

4 × 4 1st n.n. 0.18 0.22 0.0 0.0
2nd n.n. 0.06 0.07 0.37 0.66
3rd n.n 0.03 −0.00 0.43 0.65

6 × 6 1st n.n. 0.17
8 × 8 1st n.n. 0.17

cases, which suggests a strong thermodynamic driving force
for clustering of dopant atoms. While this result would suggest
the need for kinetically trapping Mn dopant atoms to produce a
uniform, dilute distribution of magnetic impurities, the ability
to produce ferromagnetic Mn clusters in the host MoS2 lattice
might also be technologically useful.

B. Monte Carlo simulations

It is well known that ordering in DMSs is strongly influ-
enced by percolation; the mean-field approximation cannot
capture this behavior and tends to systematically overestimate
the Curie temperature in these systems.4,36,39–41 Therefore, to
allow for a proper description of spatial disorder and magnetic
percolation in the Mn/MoS2 DMS, we parameterized the
first-principles exchange interactions between Mn atoms and
incorporated these within a Monte Carlo model. The exchange
coupling coefficient J (r) is parameterized using the functional
form

J (r) =
{

c
r3 exp[−r/r0], if r � rc

0, otherwise
, (1)

where r is the distance between two impurities, r0 is the
screening length, rc is the cutoff in the interaction range, and
c is a constant of proportionality.42 The cutoff length was set
to the radius of the tenth nearest-neighbor shell (14.48 Å).
The remaining parameters were obtained by fitting the energy
differences �AFM−FM to the model in Eq. (1). The parameters
obtained from the fits to the PBE data are c = 5.965 eV/Å3

and r0 = 25.957 Å. The HSE data, while more limited than the
PBE set, yield best fit parameters of c = 12.971 eV/Å3 and
r0 = 4.944 Å. The exchange coupling energies that result from
these parametrizations are displayed in Fig. 3(a), the discrete
points representing each neighbor shell up through the cutoff
distance. As expected from the data in Table I, the HSE cou-
pling is stronger at first-nearest-neighbor separation but drops
off more rapidly than its PBE counterpart. It is worth noting
that there are certainly more sophisticated techniques to extract
exchange coupling coefficients based on linear response,43

frozen magnons,44 etc. Such approaches are beyond the scope
of the present work and will be considered elsewhere. For now,
the total-energy approach adopted here is sufficient to bring
out the principal features of magnetic interactions in DMSs
and has adequate precedent in the literature.35,41

With the exchange coupling coefficients in hand, it is
straightforward to set up a Metropolis Monte Carlo (MC)
calculation45 to simulate the role of disorder and percolation
in Mn/MoS2 DMSs. Briefly, the entire problem was mapped to
a Heisenberg model on a triangular lattice, i.e., the underlying
lattice formed by the Mo sites.46 We examined system sizes
ranging from 20 × 20 to 100 × 100 containing dopant concen-
trations ranging from 5% to 15%. Configurational disorder was
simulated using 40 different random initial conditions, and all
thermodynamic properties were calculated by averaging over
these distinct runs. Two procedures were used to estimate the
Curie temperature (TC). In the absence of an external magnetic
field, the magnetic susceptibility (χ = [〈M2〉 − 〈|M|〉2]/kBT )
diverges at the critical temperature in the thermodynamic limit.
On a finite lattice the susceptibility displays a broadened peak;
we use the position of this peak from the largest simulated
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FIG. 3. (Color online) (a) Exchange coupling coefficient obtained from the model in Eq. (1). Symbols correspond to each neighbor shell
up to the tenth-nearest neighbor. The HSE exchange coupling is stronger at first-nearest-neighbor separation but drops off more rapidly than
its PBE counterpart with increasing distance, which leads to lower Curie temperatures (TC) in the range of 5–12.5% doping as seen in (b). At
sufficiently high concentrations, the stronger nearest-neighbor interaction at the HSE level begins to dominate and leads to higher values of TC

than the PBE-based estimates.

lattice as one estimate of the Curie temperature. The second
estimate is obtained from the Binder cumulant method.47

Binder’s cumulant, defined as

U4 = 1 − 〈m4〉
3〈m2〉2

, (2)

is only weakly dependent on system size and the common point
of intersection of the U4 versus temperature curves for various
system sizes furnishes an estimate of TC . For our DMSs, we
find that the two estimates for TC are in poor agreement at low
dopant concentration, most likely due to lack of percolation in
the lattice. At higher concentrations (�10% for PBE; �13%
for HSE), the two estimates come into better agreement.
Here, we choose to consistently use the susceptibility data
for estimating TC . In Fig. 3(b), we display estimates for TC

as a function of dopant concentration using both the PBE
and HSE parameterized exchange coupling. As seen from
Fig. 3(b), the HSE predictions of TC are consistently—and
often significantly—lower than their PBE counterparts. This
is essentially a manifestation of the shorter range of HSE
exchange interactions as alluded to before. At a fundamental
level, these significant differences underscore the need for
functionals that can describe exchange and correlation effects
more accurately. We see a sharp increase in TC beyond 10%
and 13% Mn doping at the PBE and HSE levels, respectively,
which is most likely indicative of the onset of percolation. The
eventual increase in the HSE estimate for TC as compared to
the PBE estimate at 15% doping is due to the stronger nearest-
neighbor exchange coupling at the HSE level. Collectively,
these results point towards the distinct possibility of achieving
room-temperature ferromagnetism in MoS2 monolayers for
Mn doping in the range of 10–15%.

III. CONCLUSIONS

In summary, we conducted a combined DFT and Monte
Carlo study of ferromagnetic ordering in Mn-doped monolayer
MoS2. Our DFT studies show that the electronic structure

of the resulting DMSs, as well as the strength and range
of exchange interactions, are quite sensitive to the level of
theory employed. This is most clearly manifested in the
lower Curie temperatures obtained with the hybrid HSE XC
functional, which corrects for some of the self-interaction
error in semilocal functionals through the mixing of a fraction
of exact exchange. We find that exchange interactions in
Mn/MoS2 DMSs are primarily governed by the double-
exchange mechanism and are relatively short-ranged, making
percolation a key factor for magnetic ordering. Based on our
DFT-parameterized MC simulations, we predict that dopant
concentrations in the range of 10–15% ought to lead to
room-temperature ferromagnetism in Mn/MoS2 DMSs. It
remains to be seen whether these predictions can be realized
experimentally. At the very least, previous experiments have
demonstrated the ability to dope MoS2 films, nanoparticles,
and nanotubes with transition metals such as Re,48 Ti,49 Cr,50

and Mn.51 Our theoretical predictions will hopefully motivate
additional investigations along similar lines with the aim of
tailoring the magnetic properties of doped few-layer MoS2 for
novel electronic applications.

APPENDIX: COMPUTATIONAL METHODS

All first-principles calculations were performed using the
Vienna ab initio simulation package (VASP).20 The projector-
augmented wave (PAW) method52,53 was used to represent the
nuclei plus core electrons. Electron exchange and correlation
was treated using both the Perdew-Burke-Ernzerhof (PBE)21

parametrization of the generalized-gradient approximation as
well as the Heyd-Scuseria-Ernzerhof (HSE)22 hybrid func-
tional. From convergence tests, the kinetic energy cutoff was
set at 400 eV; the Brillouin zones for 4 × 4 supercells were
sampled with a 2 × 2 × 1 �-centered k-point mesh, whereas
a single � point was used for larger supercells. A Gaussian
smearing of 0.05 eV was employed in conjunction with an
energy tolerance of 10−4 eV for electronic relaxation. The
cell vectors were fixed at the equilibrium value for the MoS2
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monolayer and atomic positions relaxed with a tolerance of
0.01 eV/Å. Periodic images were separated by at least 10 Å

of vacuum normal to the monolayer to eliminate spurious
interlayer coupling.
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