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Prediction of two-dimensional diluted magnetic semiconductors: Doped monolayer MoS, systems
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Using first-principles calculations, we propose a two-dimensional diluted magnetic semiconductor: monolayer
MoS, doped by transition metals. Doping of transition metal atoms from the IIIB to VIB groups results in
nonmagnetic states, since the number of valence electrons is smaller or equal to that of Mo. Doping of atoms
from the VIIB to IIB groups becomes energetically less and less favorable. Magnetism is observed for Mn,
Fe, Co, Zn, Cd, and Hg doping, while for the other dopants from these groups it is suppressed by Jahn-Teller
distortions. Analysis of the binding energies and magnetic properties indicates that (Mo,X)S, (X = Mn, Fe, Co,
and Zn) are promising systems to explore two-dimensional diluted magnetic semiconductors.
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In the past years extensive investigations of diluted mag-
netic semiconductors (DMSs) have been performed, because
of exciting effects in this materials class, such as exciton
spin polarization and spin-polarized electrical current, which
gives rise to potential applications in spintronics.> Research
has focused on the transition metal (transition metal) doped
III-V and II-VI three-dimensional (3D) semiconductors. On
the other hand, two-dimensional (2D) materials have raised
a lot of attention recently, in particular, since the discovery
of graphene in 2004.% This also brought up the idea of
2D DMSs.*3 Though graphene has been considered as a
promising host material for transition metal implantation,® the
lack of a band gap hampers the control of the charge and
magnetic states. It has been proposed that this difficulty can
be overcome by the introduction of semiconducting layers,
such as monolayer ~2-BN.” However, as a consequence of the
single atom thickness of both graphene and #-BN as well as
optimization of the bond length to the implanted transition
metal atoms,> the latter will stick out of the plane of the host
material, which leads to chemical instability if the system is
exposed to air.

The semiconducting transition metal dichalcogenides M X,
(M =Mo, W and X =S, Se) crystallize in a layered 2H
prototype structure consisting of weakly van der Waals bonded
X-M-X slabs. They are characterized by distinct electronic,
optical, and catalytic properties.>'® The compounds are also
useful for dry lubrication'! and exhibit interesting valley
physics.'? Recently, monolayer MoS, (1.8 eV direct band gap)
has been fabricated by micromechanical exfoliation,'? liquid
exfoliation,'* and chemical vapor deposition.'> In addition,
monolayer MoS, transistors have been demonstrated with car-
rier mobilities of 200 cm? V~! s~! at room temperature (which
is similar to that of graphene nanoribbons), current on/off ratios
of 1 x 10%, and ultralow standby power dissipation.'* Because
of the sandwich S-Mo-S structure [see Fig. 1(a)], the direct
band gap of 1.8 eV, and the transition metal nature of Mo, we
expect to obtain a 2D DMS by replacing Mo by other transition
metal atoms to induce electron or hole doping and magnetism.

In this Rapid Communication, we present a systematic
first-principles study of monolayer MoS, doped by transition
metal atoms from periods four, five, and six. The relaxed
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structures for dopants from the IIIB to VIB groups retain
C3, symmetry, while dopants from the VIIB to IIB groups
(except for Mn, Fe, Co, Zn, Cd, and Hg) lead to a Jahn-Teller
distortion. As a consequence, there is no magnetism in these
systems. We propose that 2D DMSs are very likely to be
realized in monolayer MoS, doped by Mn, Fe, Co, or Zn.

We address the electronic properties of doped monolayer
MoS; using the QUANTUM ESPRESSO package in the framework
of density functional theory.'®!” Ultrasoft pseudopotentials'®
as well as the generalized gradient approximation in the
Perdew-Burke-Ernzerhof parametrization!® of the exchange
correlation functional are employed. All simulations are
carried out for a 4 x 4 x 1 supercell with 16 Mo atoms
and 32 S atoms. A 10 A vacuum layer is adopted in our
slab calculations to avoid interaction between the slabs.?”
By replacing one Mo atom with a transition metal atom, the
impurity concentration is set to 6.25%. A high cutoff energy of
544 eV and a precise 4 x 4 x 1 k-point sampling grid are used.
For the self-consistency cycle we employ an energy criterion
of 1071° V. The structural optimization is continued until the
residual forces have converged to less than 2.6 x 1073 eV/A
and the total energy to less than 1.4 x 10~ eV. We also have
adopted on-site Coulomb interactions ranging from 1 to 4 eV
to study the effects on the structure and magnetic properties
of Ni and Mn doped monolayer MoS,. However, we find no
relevant influence on our conclusions and therefore discuss in
the following the results without on-site interaction.

Bulk MoS; has alayered 2 H prototype structure with space
group P6s3mmc (Dgy, point group), which consists of weakly
van der Waals bonded S-Mo-S slabs, and an indirect band
gap of 1.3 eV. The trigonal prismatic coordination of the bulk
is maintained in monolayer MoS,, whereas the symmetry is
reduced to P6m2 (D3, point group) due to a loss of inversion
symmetry. Figure 1(a) shows a side view of the atomic
structure of monolayer MoS,, which is a semiconductor with
a direct band gap of 1.8 eV.!>?!1:?2 The valence band maximum
and conduction band minimum are located at the K point of
the Brillouin zone. The point group of monolayer MoS, with
one Mo vacancy remains Cs, [see Fig. 1(b)]. The same applies
to the replacement of one Mo atom by another transition metal
atom [see Fig. 1(c)]. Under the structure relaxation the Cs,

©2013 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.87.100401

CHENG, ZHU, MI, GUO, AND SCHWINGENSCHLOGL

(@) (b)
® ¢ 0 e 28 28 2 )
M S T™ ; ; _
’\0 ar e . e
& R & R N2
b 20 20 2a
(c) (d)
20 20 20 TR
02 2 2 TN 20 40 2
i At 28 28 ° e "2t 28 “pa °
ve'ete e e e
FIG. 1. (Color online) Monolayer MoS,: (a) Side view, (b) top
view with Mo vacancy, (c) spin density for Mn doping with Cj,
symmetry, and (d) Ni doping with C; symmetry. Spin densities

of +0.002¢/bohr=3 are visualized by red and blue isosurfaces,
respectively.

symmetry is maintained for dopants from the IIIB to VIB and
IIB groups as well as Mn, Fe, and Co, whereas a Jahn-Teller
distortion is observed otherwise.

Though the formation of a Mo vacancy requires more
energy than that of a S vacancy, it has been reported that
Co doping can be achieved at the MoS, edge by sulfidation of
a mixture of ammonium heptamolybdate and cobalt nitrate,”
which paves the way to transition metal doping by substitution
of Mo in MoS,. We have studied a zigzag MoS, nanoribbon
with one S edge and one Mo edge to mimic the reported edge
structure. Due to the dangling bonds at the edges, the nanorib-
bon turns out to be ferromagnetic with a total magnetic moment
of 2.5 p per cell. The moment reduces to 1.3 g per cell under
substitution of one Mo on the Mo edge by Co, which can be
attributed to the coupling of the Co moment to the edge state.

Moreover, it has been demonstrated experimentally that
pulsed laser deposition can be used to dope graphene by single
transition metal atoms, such as Pt, Co, and In.2* Tt is to be
expected that the same approach can be applied to monolayer
MoS,; to realize single atom doping. To check the stability
of different dopants, we have calculated the binding energies
as summarized in Fig. 2. The binding energy is defined as
E, = E, + nu — E;, where E, is the energy of arelaxed MoS,
monolayer with one Mo vacancy, u is the energy of the doped
transition metal atom, and Ej is the energy of a relaxed MoS;
monolayer with one Mo atom replaced by the transition metal.
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The value of E}, for different dopants varies strongly from 0.2
to 16.0 eV. Mo self-substitution yields the binding energy of a
Mo atom, which is 13.5 eV. The three values of E; shown in
Fig. 2 for the IVB, VB, and VIB groups are similar, and larger
than for the other groups. The binding energy increases with
the period for the IVB, VB, VIB, VIII8, and VIII9 groups,
while it decreases for the VIII10, IB, and IIB groups. We can
conclude that substitutional doping of transition metal atoms
from the IIIB to VIII10 groups is stable. Doping of transition
metal atoms from the IB and IIB groups is difficult because
of the low binding energies (especially for Hg). We find that
monolayer MoS, doped by Mn, Fe, Co, Zn, Cd, or Hg is
ferromagnetic. The magnetic moments are listed in Table I.
The binding energies and magnetic moments indicate that Mn,
Fe, Co, and Zn doping of monolayer MoS; are very promising
approaches to achieve 2D DMSs. The origin of the magnetism
for Mn, Fe, Co, Zn, Cd, and Hg doping as well as the absence
of magnetism in the other cases will be discussed later.

The density of states (DOS) in Fig. 3(a) shows a band
gap of 1.70 eV for the pristine monolayer MoS,, which is
only an underestimation of 0.10 eV as compared to the values
obtained experimentally'? and by GW calculations.?” The tiny
difference indicates the validity of the generalized gradient
approximation for MoS,. For S vacancies in MoS,, Fig. 3(b)
shows unoccupied shallow impurity states in the band gap near
the conduction bands. In addition, the formation energy of a S
vacancy is 6.0 eV, which is much less than that of a Mo vacancy
(13.5 eV). In fact, it has been demonstrated that a S vacancy is
easier formed under electron irradiation than a Mo vacancy.”
This also demonstrated that the vacancies can be consecutively
filled with other atomic species. For example, F, Cl, Br, and
I can donate electrons to the MoS, and fill the unoccupied
shallow impurity states near the conduction bands.”> Both the
electronic structure and formation energies indicate that the
filling of a S vacancy with a donor atom induces free electrons
in monolayer MoS,."3

Before turning to MoS, doped by transition metal atoms,
we next study the electronic structure of monolayer MoS; with
one Mo vacancy. The structure maintains the Cz, symmetry
[see Fig. 1(b)]. There are states in the band gap near the valence
bands [see Fig. 3(c)]. The defect levels can be classified as a,
ey, and e; states due to a mixture of the S p orbitals. Each
Mo vacancy can extract four electrons from the system, which
results in p-type doping. Two electrons occupy the e; spin-up
channel and two occupy the e; spin-down channel. Therefore,
neither Mo vacancies nor S vacancies can introduce magnetism
in MoS;, which is different from the intrinsic magnetism in
defective graphene and #-BN.%7-%6
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FIG. 2. (Color online) Binding energies of monolayer MoS, doped by transition metal atoms from the periods four, five, and six.
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TABLE 1. Magnetic moment, crystal field splitting A, exchange splitting A, magnetic energy AE = Ery — Eapum, and Curie temperature
T¢ for (Mo,X)S, (X = Mn, Fe, Co, Zn, Cd, and Hg) with 6.25% doping.

Magnetic moment (i) A (meV) Aex (meV) AE (meV) Tc (K)
Mn 1.0 694 532 —0.02 0.2
Fe 2.0 704 650 3.92
Co 3.0 412 515 1.38
Zn 2.0 309 82 —3.30 38.3
Cd 2.0 367 91 —2.88 334
Hg 2.0 302 89 —1.85 21.5

With respect to the structure and calculated magnetism of
(Mo, X)S,, we classify the transition metals into three classes:
IIIB to VIB groups, VII8 to IB groups, and the IIB group.
We take Sc as a prototypical element from the first class.
The symmetry of (Mo,Sc)S; is C3, and the DOS shows spin
degeneracy [see Fig. 3(d)]. An isolated Sc atom has a 3d4s>
configuration and three valence electrons less than Mo. The
fact that the impurity states are close to the valance bands
indicates p-type doping.

We study (Mo,Mn)S, as a prototypical example from the
second class. Figure 3(e) shows spin polarization for this case.
An isolated Mn atom has a 3d>4s> configuration with one
additional valence electron as compared to Mo. The impurity
states are close to the conduction bands, which indicates n-type
doping. The spin density isosurface in Fig. 1(c) illustrates that
the magnetic moment is mainly due to the Mn atom. The Mn
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FIG. 3. (Color online) DOS of monolayer MoS;: (a) Pristine, (b)
with two S vacancies, (c¢) with one Mo vacancy, (d) Sc doped, and
(e) Mn doped. The energy axis is calibrated with respect to the core
states. The dashed vertical lines indicate the Fermi levels.

3d orbitals are split into a single a (d,2) state and two twofold
degenerate e (d.y 2—,2) and e (d..,,.) states, because of the
C3, symmetry. Six electrons occupy the valence states and the
remaining the a spin-up defect state. The exchange splitting
of the e orbitals, Aex = 532 meV, is smaller than the crystal
field splitting, A.f = 694 meV. For Fe (Co) doped MoS,, one
electron occupies the a defect state and the other one (two)
occupy the e; spin-up defect state. We obtain A.x = 650 meV
and A = 704 meV for (Mo,Fe)S, and Ae, = 515 meV and
A = 412 meV for (Mo,Co)S,.

Figure 4(a) shows the DOS of (Mo,Ni)S, with Cj,
symmetry. The a state shifts above the e, state so that two
electrons occupy the e; state and two the e, spin-up state.
However, structure relaxation shows that the symmetry of
(Mo,Ni)S; is reduced to C; due to a Jahn-Teller distortion [see
Fig. 1(d)]. The energy difference of the C3, and C; structures
is 383 meV. Due to the Jahn-Teller distortion, we have five a
states. Therefore, four electrons occupy the a; and a, states
[see Fig. 4(b)]. All transition metals from the second class,
except for Mn, Fe, and Co, show a Jahn-Teller distortion and
consequently no magnetism.

Though the binding energy for elements from the third class
is lower than for the other two classes (see Fig. 2), (Mo0,X)S,
(X =Zn, Cd, Hg) develops magnetism with magnetic mo-
ments of 2.0 p. Figure 4(c) shows the DOS for (Mo,Zn)S,
in Cz, symmetry, which is the ground state. The e; state is
located at the top of the valence band and the a state shifts
above the e, state. As a consequence, the degenerate e; states
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FIG. 4. (Color online) DOS of (Mo,N1)S, in (a) C3, and (b) C;
symmetry. (c) DOS of (Mo,Zn)S, in C3, symmetry.
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are occupied by four electrons and two more electrons occupy
the e, spin-up states. As the impurity states are near the valence
bands we obtain p-type doping.

To find the magnetic ground state, both ferromagnetic
and antiferromagnetic coupling between the dopants (con-
centration 6.25%) are considered for the transition metals
Mn, Fe, Co, Zn, Cd, and Hg. For Fe and Co doping the
antiferromagnetic state is energetically favorable, while Mn,
Zn, Cd, and Hg doping results in ferromagnetic ground states,
which are 0.02, 3.30, 2.88, and 1.85 meV lower in energy
than the respective antiferromagnetic states. An important
parameter of a DMS is the Curie temperature (7¢), below
which the system develops long range ferromagnetic ordering.
We estimate T¢ based on the mean-field theory and Heisenberg
model using the relation kzTc = (2/3)AE.?"* The results
are given in Table I. It has been proposed that the typical T¢
for quasi-2D DMS heterostructures (such as Ga;_,Mn,As)
is far below room temperature (7¢ < 100 K) based on a
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disordered Ruderman-Kittel-Kasuya-Yosida (RKKY) lattice
field theory.*> Our current results of T¢ are consistent with
this proposal. For Mn we have repeated the calculations for
a smaller dopant concentration of 4% and find a significantly
enhanced Curie temperature of 7¢ = 92.7 K.

In conclusion, we have employed first-principles calcula-
tions to study the structural, electronic, and magnetic prop-
erties of monolayer MoS, for doping with various transition
metals. Our results demonstrate that 2D DMS systems can be
realized by this approach. Particularly promising is doping of
monolayer MoS; by Mn, Fe, Co, and Zn. The conclusions
obtained for MoS, should be valid also for other semiconduct-
ing transition metal dichalcogenides. Investigation of further
materials from this large family therefore is promising to find
new 2D DMSs with a high Curie temperature.

The computational resources for this study have been
provided by KAUST IT.
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