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Long-range ferromagnetic ordering in manganese-doped two-dimensional dichalcogenides
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We report an investigation of long-range ferromagnetic (FM) ordering in Mn-doped MoS,, MoSe,, MoTe,,
and WS, for Mn concentration less than 5% using density functional theory calculations. The long-range
ferromagnetism of Mn spins is mediated by an antiferromagnetic (AFM) exchange between the localized Mn
d states and the delocalized p states of the S, Se, and Te atoms. In contrast, transition metals like Fe, Co, and
Ni show a FM exchange with the S, Se, and Te atoms, which results in a very weak FM (even slightly AFM)
coupling for transition-metal defects with large separations. The Mn substitution at Mo or W sites is energetically
favorable, thus making the Mn-doped dichalcogenides promising candidates for two-dimensional dilute magnetic

semiconductors.
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Spintronics is an emerging technology based on devices that
can process and store information by exploiting both the charge
and the spin degree-of-freedom of electrons. Dilute magnetic
semiconductors (DMS), such as Mn-doped GaAs, have been
extensively studied since their discovery because they display
carrier-mediated ferromagnetism, which makes them ideal
for spintronics applications by offering the possibility of
electronic control of magnetism.”? Similarly, graphene, a
two-dimensional (2D) form of carbon, has caught the attention
of the materials community by providing a new platform to
explore novel functionalities and even new material-based
phenomena.

From the point of view of spintronics, graphene has been
an excellent choice for transporting spin information over
practical distances due to its long spin-diffusion distances.’?
However, a spintronics device also requires generation and
detection of tunable spin currents, which can ideally be done
using a ferromagnetic (FM) semiconductor. The intrinsic zero
band gap of graphene along with the lack of experimental
evidence for long-range ordering of defects with magnetic
moment, e.g., vacancies,* limit it as a 2D DMS candidate.
On the other hand, 2D transition-metal (TM) dichalcogenides,
such as MoS,, MoSe,, WS,, and others, hold promise for
flexible and transparent electronics applications, owing to
their sizeable band gaps within the 1-2 eV range. There
have already been several reports of MoS,-based transistors.®’
More recently, MoS, has been demonstrated as a candidate for
“valleytronics,” where the carrier population at the different
valleys in the Brillouin zone can be controlled using a
circularly polarized light.® FM ordering has been reported
recently in TM-doped including Mn-doped MoS,.%1°

In this paper, we report an investigation of long-range
FM ordering in 2D manganese-doped molybdenum dichalco-
genides and in tungsten disulfide for fairly dilute concen-
trations (less than 5% doping), using first-principles density
functional theory (DFT). We find the presence of an anti-
ferromagnetic (AFM) coupling between the localized Mn 3d
states and the delocalized p states of the chalcogen atoms. This
AFM p-d exchange interaction in turn drives FM ordering of
localized spins of other Mn atoms and is different than the
double-exchange interaction mechanism proposed in Ref. 10.
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The calculations also show that Mn substitution in Mo or W
sites is energetically favorable, suggesting that the Mn-doped
dichalcogenides are promising 2D DMS candidates. For other
3d TM atoms such as Fe, Co, and Ni, FM ordering is present
only between nearest neighbors, as their magnetism is driven
predominantly by their localized 3d states.

DFT calculations were performed using a plane-wave basis
set with a cut-off energy of 450 eV and the projector-
augmented-wave (PAW) method!' as implemented within
the Vienna Ab initio Simulation Package (VASP) code.'>!?
Electron exchange and correlation effects were described
within the generalized gradient approximation (GGA) in the
Perdew-Burke-Ernzerhof (PBE) parametrization.'* In order
to check the convergence of the results with supercell size,
two supercells of size 5 x5 x 1 and 7 x 7 x 1 of the MoX,
primitive cell were used with a separation of 20 A between two
layers. The atomic positions were relaxed using a 2 x 2 x 1
Monkhorst—Pack k-points mesh'> until the forces per ion
were smaller than 1 meV/A. The electronic calculations were
performed using a dense mesh with 6 x 6 x 1 k-points.

The molybdenum dichalcogenides (MoDCs) with a chem-
ical formula of MoX, have a layered structure, where two
hexagonal planes of chalcogens (S, Se, Te) are separated by a
plane of Mo atoms. MoX; layers have a P6m2 space group
symmetry with the Mo atoms having a trigonal prismatic
coordination with the chalcogen atoms, as shown in Fig. 1.
Moving down in the Periodic Table from S to Te, we find an
increase in the lattice constants and a decrease in the band gaps
(see Supplemental Material Table S1).'

Perfect MoDCs have an equal number of electrons in their
up- and down-spin channels, and hence do not display any
magnetic moment. With the aim to investigate if a long-
range magnetic ordering can be present in the MoDCs, we
substitutionally doped the Mo site with Mn atoms (labeled
as Mnyy,). The formation energy (E ) of Mny, defects was
defined as

E r(Mnyg) = E(Mnyjo,Moy_1X2x)
— EMoyXon) — ptmn + MMos (1)
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FIG. 1. (Color online) Schematic structure of MoX, monolayer
(a) showing Mo atoms sandwiched between two chalcogen planes
when viewed from the [100] crystallographic orientation, and (b)
showing the hexagonal arrangement of Mo atoms and chalcogen
atoms when viewed along the ¢ axis.

where E(Moy X,y) and E(Mny,,Moy _1 X5y) are the relaxed
energies of N formula units of stoichiometric MoX, and of N
formula units of Mo X, with a single Mny, defect, respectively.
Unvin and g, are the respective chemical potentials of a single
Mn and Mo atom. We use the energy per atom of o-Mn metal as
UMn- UMo 18 defined within a range of values corresponding to
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Mo-rich or X-rich growth conditions. For a Mo-rich condition,
UM, 1S taken as the energy of a Mo atom within its stable fcc
lattice, while for an X-rich condition, py is determined from
the difference in energy between a diatomic X, molecule and
one formula unit of stoichiometric 2D MoX,."”

We find that Mny, defects are energetically favorable
to be created. Especially, under X-rich growth conditions,
which favor Mo vacancies, the formation energy for creating
Mnyg, in MoS;, MoSe,;, and MoTe, is — 1.8, —0.5, and
0 eV, respectively. We also find the formation energy of
substituting Mo with other 3d TM elements to be fairly small
(see Supplemental Material Fig. S1),'® which is confirmed by
recent experimental reports of Co and Nb doping in MoS,.'3

Having established the stability of Mnyy, defects in 2D
MoX,, we look at the way a single Mny, changes the
electronic and magnetic properties of the host MoX,. We
use Mn-doped MoSe, as a representative case to discuss the
results since the electronic and magnetic properties of all
three Mn-doped MoDCs are similar.

Mny, gives rise to highly localized states within the
band gap, as shown in the density of states (DOS) plots in
Figs. 2(a) and 2(b). From the orbital resolved up-spin projected
DOS on the Mny,, defect [Fig. 2(c)], it can be seen that the
five Mn 3d states split into three groups under the trigonal
prismatic environment of the chalcogen atoms. The Mn d,,
and d,, states are directed toward the chalcogens and hence
have greater overlap with the Se 4p states. Consequently, these
two antibonding states (e,) are degenerate and are present at
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FIG. 2. (Color online) Spin resolved (a) DOS of a 75-atom supercell of MoSe, with a single Mny, defect, (b) atom-projected DOS showing
the 3d states of Mny, defect and 4d and 4p states of its neighboring Mo and Se atoms, respectively, and (c) 3d states of Mny, projected onto the
five different d orbitals. Positive (negative) values of DOS represent up-spin (down-spin) states. All states have been normalized to the Fermi
energy. (d) Schematic of the splitting of the Mn d orbitals due to the trigonal prismatic coordination of the Se atoms (crystal-field splitting,

A.r) and the intratomic Hund’s exchange (A.;).
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higher energies. On the other hand, the d,» antibonding state
(ap) has the smallest overlap with the Se 4p states due to its
symmetry and therefore is the Mn 3d orbital with the lowest
energy. The remaining d,, and d,>_,> antibonding states (e1)
have intermediate overlap with the Se 4p states and hence
lie in between the a; and e, states. This kind of splitting is
commonly known as crystal-field splitting (A.s). The Mn 3d
states also undergo an intratomic (Hund’s) exchange splitting
(A.y), which means the up-spin and down-spin states with
the same symmetry have different energies. In the case of
Mn-doped MoSe,, we find that the down-spin a; and e; states
are at lower energies than the up-spin e, states, which suggests
that A, < A.s [as shown schematically in Fig. 2(d)]. For
the case of MoS, and MoTe,, although their band gaps are
different, Mn substitution leads to localized states within the
band gap, with only the d» state being occupied, similar to the
caselgf MoSe,, as discussed here (Supplemental Material Fig.
S2).

In a simple ionic scenario, the additional valence electron
in Mn compared to Mo should result in only the af state
being occupied, which should result in a magnetic moment
of 1 up per Mn atom. However, charge sharing within the
Mn, Mo, and Se atoms leads to significant differences over
the simplistic ionic scenario. Integrating the DOS projected
on the Mny, site gives a total of 3.18 e and 1.91 e for the
up-spin and down-spin channels, respectively. Therefore, the
total magnetic moment on the Mny, defect is + 1.27 ug.
The integration over all the occupied Se 4p states of each Se
atom bonded to the Mny, defect gives a magnetic moment of
—0.03 ug. As there are six Se atoms around the Mny,, defect,
this leads to a total moment of — 0.19 up. Similarly, the six
Se atoms in the second nearest-neighbor position to the Mny,
defect carry a total magnetic moment of — 0.04 pg. Summing
over all the occupied 4d states of the first nearest-neighbor Mo
atoms does not result in any spin polarization. The distribution
of spin is shown in the spin density isosurface plot in Fig. 3(a).

The above analysis tells us that hybridization between the
localized Mn 3d and the delocalized Se 4p states leads to
an AFM coupling between the Mn spins and Se spins. More
importantly, every time the Se spins come across a Mnyy,
defect, the AFM alignment between Se and Mn leads to an
effective FM alignment of all the Mny, spins. Given the
delocalized nature of the Se 4p states, FM alignment between
the Mnyy, spins can also be expected to act over a long range.

Indeed, the introduction of a second Mny, defect within
the MoSe, supercell results in an energetically more favorable
FM coupling between the defect spins than an AFM coupling.
The difference in energies between FM and AFM coupling as
a function of the Mny;, — Mny,, distances for the Mn-doped
MoS,, MoSe,, and MoTe; in a 75-atom supercell are shown
in Fig. 4(a). Figure 4(b) shows the long-range interaction of
Mnyy, defects through the Se 4p states in the spin polarized
isosurface plot obtained for two Mny, defects separated
by a distance of ~6.5 A in MoSe,. The FM interaction
of local moments through delocalized carriers is commonly
known as Zener carrier-mediated exchange'®? and has also
been reported experimentally and theoretically as one of the
competing mechanisms for FM ordering in the commonly
studied (Ga,Mn)As DMS.?!2 Among the three compounds,
we find Mn substitution in MoSe; leads to a greater stability of
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FIG. 3. (Color online) Isosurface plots showing the spin charge
density around a Mnyy, defect within a 75 atoms supercell of MoSe,,
obtained by (a) integrating over all occupied states, (b) valence band
states ranging from — 6.5 to — 0.8 eV in Figure 2(a), and (c) the
occupied a; defect state lying within — 0.2 to 0 eV in Figure 2(a).
The isosurface value was taken at 0.001 e/A3.

FM ordering for nearest-neighbor separation, beyond which,
the energy gain with FM ordering becomes comparable for
the three compounds. We therefore predict (Mo,Mn)X> to be
strong candidates for 2D DMS. Additionally, we also find FM
ordering to be stable on including correlation effects on the Mn
3d states using the DFT + U method®* for U values ranging
from 0 to 5 eV (Supplemental Material Table S2).'¢

The presence of a strong p-d exchange interaction in
(Mo, Mn)X,, as shown here with a systematic variation of
Mny, — Mnyy, distances for large supercells (=75 atoms), is
in contrast to a recent report by Cheng et al.,’ where the authors
observed a very weak gain in energy (of only 0.02 meV) with
FM ordering of Mnyy, spins for small supercells (45 atoms).
Cheng et al., therefore, suggested a weak Curie temperature
(Tc) by using a disordered Ruderman-Kittel-Kasuya-Yosida
(RKKY) lattice field model.>* Interestingly, however, they also
found a strong energy gain for FM ordering within a 75-atom
supercell, which is similar to the present results.

The strength of magnetic interactions between Mn atoms
in MoS,, as obtained from our calculations, is similar to that
published in another recent report by Ramasubramaniam and
Naveh in Ref. 10 (which appeared during the review process of
this manuscript), where the authors also note AFM coupling
between Mn spins and neighboring S spins. The authors in
Ref. 10 have postulated the FM coupling of Mny, spins to
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FIG. 4. (Color online) (a) The gain in energy with FM ordering
over AFM ordering of spins on two Mn, w) defects within a 75-atom
supercell as a function of the separation between the two defects.
A negative energy corresponds to FM ordering being more stable.
(b) Isosurface plot showing the spin density when the Mny, — Mny,
defects in MoSe; are separated by ~6.5 A. The isosurface value was
taken at 0.001 e/A°.

be governed by double-exchange interactions, which requires
the presence of delocalized carriers that can hop between the
localized spins and lower the kinetic energy of the system
by aligning the localized spins ferromagnetically.>>?® Thus,
the double-exchange mechanism needs delocalized carriers
belonging to the chalcogenides p states to be ferromagnetically
aligned to the Mn spins, in contradiction to the DFT results
obtained in this study.

Given the strong FM interaction between the Mnyy, defects,
a natural question that arises is whether other TM elements
would also show long-range FM coupling when introduced in
the 2D MoDCs? To answer the question, we calculated the
energy difference between FM and AFM coupling for pairs of
Femo, Como, and Niyg, defects in MoS,, MoSe,, and MoTe,.
We find that although the interaction between the nearest-
neighbor defects is FM, it becomes weakly AFM when the
distance between defects increases (see Supplemental Material
Fig. $3).!° In order to understand the difference in the behavior
of Mn and the behavior of Fe, Co, and Ni, we take another look
at the DOS of Mny,,, and the nearest Mo and Se atoms shown
in Fig. 2(b). If we take the difference between the up-spin and
down-spin states integrated within the valence band ranging
from —8.5to —2.5¢eV (i.e., excluding the Mny, alT state),
we get a total magnetic moment of + 1.09 g for the Mnyy,
defect, —0.22 up for the six nearest Mo atoms, and — 0.25
up for the six nearest Se atoms. However, if the integration of
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the difference between spin channels is only carried out over

the occupied alT state, we find a total magnetic moment of
4+ 0.18 up for the Mny,, defect, +0.22 up for the six nearest
Mo atoms, and + 0.06 ug for the nearest Se atoms.

The above result indicates that the coupling between the
Mny, spins and its neighboring Mo and Se spins, due to
the Mny,, defect state (alT ), is FM in nature,?’ in contrast to
the AFM coupling due to their respective valence band states.
Thus, there is a competition between the magnetism arising
from the valence band states and the defect states. For the case
of Mn substitution, the overall coupling between the Mny,
spins and its neighboring Se and Mo spins is AFM because
only le is shared between the Mn, Se, and Mo antibonding
states. For the case of other TM elements like Fe, Co, and Ni,
as the localized TM antibonding states e; and e, [Fig. 2(c)]
get populated, the overall coupling between the TMyy, spins
and the spins on their neighboring Mo and Se atoms becomes
FM in nature. The predominantly localized nature of e; and e;
states results in FM coupling for nearest-neighbor TM defects,
but it becomes very weak (even slightly AFM) for TM defects
with larger separations.

To further verify the validity of this mechanism, we studied
the magnetic ordering with Mn substitution in another 2D
dichalcogenide: WS,. As tungsten lies directly below molyb-
denum in the Periodic Table, WS, has a similar electronic
structure as the other MoDCs, discussed above. A single Mnyw
defect in WS, [with E;(Mnw) = — 1.7 eV], gives rise to
an electronic configuration with localized defect states within
the band gap, of which, only the Mn alT state is occupied
(Supplemental Material Fig. S2).'® The calculations also
show that there is an AFM p-d exchange interaction between
the Mnw spin (moment + 0.96 up) and the neighboring S
spins (—0.01 ug per S ion). As a consequence, and similar
to Mn-doped MoX,, there is a long-range FM ordering of
between Mny spins, as can be seen from the calculated (FM -
AFM) energies shown in Fig. 4(a).

In conclusion, we find the presence of long-range FM
ordering between spins of Mn atoms substituted at Mo sites
in MoS;, MoSe,, MoTe, mononlayers, and W sites in WS,
monolayers, respectively. We attribute the microscopic origin
for their FM ordering to exchange interactions between the
localized Mn spins and the delocalized p spins of chalcogen
atoms, which is AFM in nature. Given that FM ordering is
found to be robust in four different chalcogenides suggests
that it should also be possible to obtain magnetic ordering in
other 2D metal dichalcogenides and thus achieve 2D DMS
with different band gaps and mobilities. It should also be
possible to tune the magnetism in such materials by populating
or depopulating the occupied defect states, which are highly
localized, as we find here that removing the extra electron in

the alT state makes (Mo, Mn) X, nonmagnetic.
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