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ABSTRACT: Using density-functional theory calculations including a
Hubbard U term we explore structural stability, electronic and magnetic
properties of Fe-doped MoS, nanosheets. Unlike previous reports, the
geometry and the stability of Fe dopant atoms in MoS, nanosheets strongly
depend on the chemical potential and the layer number of sheets. The
substitution Fe dopant atoms at the Mo sites are energetically favorable in
monolayer MoS, and the formation of intercalated and substitutional Fe
complexes are preferred in bilayer and multilayer ones under the S-rich regime
that is a popular condition for the synthesis of MoS, nanosheets. We find that
the Fe dopants prefer to the ferromagnetic coupling in monolayer MoS, and
the antiferromagnetic coupling in bilayer and multilayer ones, suggesting the
layer dependence of magnetic exchange coupling (MEC). The transition of
MEC in Fe-doped MoS, sheets induced by the change of layer number arises
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from the competition mechanism between the double-exchange and superexchange couplings. The findings provide a route to
facilitate the design of MoS,-based diluted magnetic semiconductors and spintronic devices.
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1. INTRODUCTION

Two dimensional (2D) nanomaterials such as graphene,
silicene, hexagonal BN, and transition metal dichalcogenides
(TMDs),'™® have received great interest in the past decade
because of their unique physical properties and technological
importance in developing the future nanoscale devices. Among
these 2D nanomaterials, atomic-layered MoS, is one of the
most extensively studied targets because they exhibit many
outstanding physical and chemical properties, including of
medium intrinsic band gap (1.3—1.8 €V),” ultrafast saturable
absorption,” higher catalytic activity,” and novel valley polar-
ization properties,10 which make them an important candidate
material for the applications in nanoscale field-effect
transistors, ! phototransistors,12 sensors,”® lithium-ion bat-
tery,"*'> and photocatalysts.'® On the basis of the concept of
diluted magnetic semiconductor (DMS), manipulating the
magnetic properties of MoS, nanosheets is crucial for
expanding their applications in nanoelectronics and spintronics.
However, pristine MoS, nanosheets are intrinsically non-
magnetic. Therefore, the realization of stable magnetism in
MoS, is highly desirable.

Motivated by the potential applications and the great
demands for magnetic MoS, nanostructures, a variety of
methods have been developed and explored in past few years.
Largely, the magnetism of 2D materials can be realized by the
following ways: (i) the introduction of defects,'”'® (ii) surface
functionalization (i.e., hydrogenation)," (iii) cutting 2D
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nanosheets into one-dimensional (1D) nanoribbons
(NRs),***" and (iv) the transition-metal (TM) doping.>**
As far as MoS, is concerned, the magnetism induced by
methods (i) strongly depends on the defect configurations.
Moreover, large system magnetism requires the introduction of
a large number of defects into MoS, sheet,'”'® which may
result in the reduction of carrier mobility because of the
formation of scattering centers or charge-trapping sites in the
MoS, sheets. Although method (i) can produce stable
magnetism, the surface hydrogenation of MoS, realized in
experiment presents a big challenge. For instance, the surface
hydrogenation requires the implementation of an external stress
in MoS, nanosheets.'” For method (iii), the magnetism of
MoS, NRs depends on their edge types. The zigzag NRs exhibit
ferromagnetic behavior but the armchair NRs are non-
magnetic.20 This imFlies that the edge of MoS, NRs needs to
be well-controlled.*' In contrast, for method (iv), the TM
doping is a facile and conventional way to obtain stable
magnetism in 2D semiconductor materials. Moreover, the
magnitude of magnetism and the dopant concentration of
MoS, nanosheets can be controlled in the doping process.

To obtain the stable magnetism of 2D MoS, nanomaterials, a
large number of theoretical studies have been devoted to the
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exploration of TM-doped MoS, nanosheets.”*>° Cheng et al.**
reported theoretically the realization of 2D-DMS in monolayer
MoS, by the introduction of Mn, Fe, Co, Zn, and Hg dopants.
The Mn dopant was demonstrated as an effective dopant to
induce the ferromagnetism of MoS, monolayer.”® Moreover,
the predicted Curie temperature of Mn-doped MoS, can reach
room temperature when the doping concentration of Mn
increases in the range of 10—15%.>” On the other hand, the
magnetism of MoS, monolayer was also achieved by
substituting nonmetal elements (e.g, F and Cl) into the S
sites,”” but the dopants in MoS, display higher formation
energies and thus have lower dopant concentration. The recent
theoretical studies carried out by Feng et al.** reported that the
cluster doping could be a feasible strategy for the realization of
ferromagnetism in monolayer MoS, by introducing Fe-X (X =
S, C, N, O, and F) clusters. Apart from the studies of magnetic
doping in monolayer MoS,, the doping in bilayer MoS, sheets
has also been carried out in recent years. On the basis of
density-functional calculations, bilayer MoS, was found to
exhibit high spin-polarization by the intercalation of magnetic
dopants (e.g, Fe and Mn) into the bilayer sheet>*** The
previous theoretical studies provide a solid foundation to
insight into magnetic properties of doped 2D-MoS, nanoma-
terials, but most of results presented in these literatures were
obtained on the basis of presupposed models in which the
doping sites are set at either the substitution sites (Mo or S
atoms) of monolayer MoS, or the interlayer interstitial sites of
bilayer one. It is a well-known fact that the doping sites and the
dopant distribution in the host materials depend on the
synthesis conditions. Adjusting the growth conditions, includ-
ing S/Mo ratio or temperature, may result in the change of
doping configurations. More importantly, the magnetic
exchange interaction among dopants in the host material is
sensitive to the growth conditions. Hence, it is necessary to
understand the dopant stability and magnetic coupling
mechanism of doped 2D-MoS, under different growth
environments.

In this work, we perform a comprehensive theoretical
investigation of thermodynamic stability, spin-polarized elec-
tronic and magnetic properties of Fe-doped MoS, nanosheets
by using density-functional (DFT) calculations. Our results
demonstrate that the doping configuration and the magnetic
exchange coupling (MEC) of Fe-doped MoS, nanosheets are
dependent on the chemical potential and the layer number. We
find that the ferromagnetism of MoS, is easily realized in the
monolayer structure and the antiferromagnetic (AFM)
coupling is more favorable for bilayer and multilayer ones in
most of chemical potential conditions. The present results
suggest the importance of the control of layer number of sheets
and growth conditions in the design of MoS,-based DMS.

2. COMPUTATIONAL DETAILS

The doping structures of Fe-doped MoS, nanosheets are created on
the basis of a (4 X 4) supercell. The use of this model ensures that the
distance among dopants with the adjacent images is larger than 12 A.
This is sufficient to avoid interactions between Fe dopants in
neighboring unit cells. The MoS, nanosheets with in-plane periodicity
are separated by ~15 A vacuum layers to prohibit the interactions of
neighboring images. The thermodynamic stability of Fe dopant atoms
in MoS, nanosheets is evaluated by calculating their formation
energies (E;) as follows

Ef =Er — Ep — AnMo/'tM(, - AnS:us - AnFe.M]:e (l)
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where E; and E;, are the energies of Fe-doped and perfect MoS, sheets
respectively, 4; is the chemical potential of the atomic species i (i =
Mo, S, and Fe), and An; is the difference of atomic species i in the Fe-
doped and perfect MoS, nanosheets. To maintain a thermodynamic
equilibrium of crystalline phase (ty, + 2 fs = Hpos2), the allowable
value of pig is pigun)-AHr < fis <Hs(pu) where the upper (lower) limit
corresponds to S-rich (Mo-rich) condition and AH; is the heat of
formation of MoS, nanosheets. The computed heat of formation is
1.24 eV, which is in good agreement with previous theoretical report.*®
Using a few algebraic steps, eq 1 can be expressed as

Ep = Ep — Ep — Anyoltyygy — (Ang — Amyo)ug — Angptr,

)
All calculations in the present work are performed by using the DFT as
implemented in the Vienna ab initio Simulation Package (VASP).337
To treat accurately the exchange and correlation of Fe-3d states, we
use spin-polarized generalized-gradient approximation (GGA) of
Perdew—Burke—Ernzerhof*® However, the GGA functional fails to
describe partially occupied d and f electronic states of transition metal
elements.” Therefore, the GGA with the correction of a Hubbard U
term is used in the present study. For the Hubbard parameter U= U
— J, we use a typical value of 4 eV that was proved a reasonable value
to describe the correlation energy of localized Fe-3d states on the basis
of the careful tests of electronic structures and magnetic interactions,
and the details are shown in S1 of Supporting Information. Moreover,
the Uy = 4 eV was widely adopted in previous investigations of Fe-
doped systems.**™* The electron—ion interactions were described by
projector augmented wave (PAW) potentials.*> The kinetic energy
cutoft for the plane-wave expansion is set to 400 eV and it is found that
the cutoff energy can provide sufficient accuracy based on the tests of
energy and magnetism. For the geometry optimization, the
convergence criteria of electronic and ionic iterations are 1 X 107
eV and 1 X 1072 eV/A. The Bader charge analysis**** was carried out
to examine the charge transfers among Fe dopants, Mo, and S atoms in
these doped MoS, sheets.

3. RESULTS

3.1. Isolated Fe Dopant in Monolayer MoS,. First, we
have studied the geometry, structure, and magnetic properties
of isolated Fe dopant atom in monolayer MoS, with the
purpose of elucidating which doping configurations are the
most stable. We have considered five doping configurations
(Figure 1a): substitutional Fe at the Mo site (Feyy,),

Fey,

-0.9 -0.6

Ang (V)

-0.3 0.0

S-rich

Figure 1. (a) Doping configurations (top view) and (b) formation
energies of isolated Fe dopant atom at different doping sites of
monolayer MoS,. The potential doping sites include two substitution
sites (Fey;, and Feg) and three adsorption sites (Ag, Ay, and Ay). Mo,
S, and Fe atoms are colored by blue, yellow, and red balls, respectively.

substitutional Fe at the S site (Fe,), and Fe adatoms (A,
Ag, and Ap). Ay, Ag, and Ay are the Fe adatom on the top of
Mo atom, the top of S atom, and at the hollow site, respectively.
The formation energies of five doping structures as a function
of S chemical potential difference (Aps =ps — Hs(pur)) have
been shown in Figure 1b. It is found that Feg is the most stable
doping configuration in the Mo-rich condition (Aug < —0.67
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Figure 2. (a) Optimized doping atomic configurations (side view) and (b) formation energies of two Fe impurities in monolayer MoS,. Five
potential doping configurations are Fey,Fey,, Fey Feg, and FegFeg, respectively. Mo, S, and Fe atoms are colored by blue, yellow, and purple balls,

respectively.

eV) and Fe,y, is energetically favorable under the S-rich regime
(Aug > —0.63 eV). For the three Fe adatoms, only A, is stable
at a medium chemical potential condition (e.g, Apg = —0.65
eV), but the stable region of chemical potential is very small
(~0.04 eV) and thus it is difficult to control in an experiment.
The result suggests that Fe dopant atoms prefer to occupy the
substitutional lattice sites of monolayer MoS,, which agrees
with the experimental observations that the cation doping in
MoS, behaves as a substitution defect.*®

The Fey,, Feg, and Ay, dopants in a (4 X 4) supercell
produce overall magnetic moments (MMs) of 2.0 i, 3.76 iz,
and 3.29 ug, respectively. The overall MMs mainly correspond
to the spin polarization (SP) of excess d electrons provided by
the Fe dopant. The difference of MM of three doping
configurations originates from the different doping environ-
ments. For the Fey, structure, one part of valence electrons
(3d%s?) of Fe dopant transfer to the nearest-neighboring S
atoms and the two remnant valence electrons results in the
system magnetism due to the spin polarization. The result is in
good agreement with the previous prediction for the Fey,
magnetism with the MM of 1.93-2.0 122732 In contrast,
the nearest neighbors of Fe dopant in the Feg structure are Mo
atoms and there are relatively fewer charge transfers between
Fe and Mo atoms, resulting in localized electrons around the Fe
and Mo atoms. The calculated Bader charges of Fe and Mo
atoms in the Feg structure are 0.27 e and 0.21 e larger than
those in the Fey, structure, respectively. Therefore, the Feg
structure has the larger MM than the Fey, structure when the
localized electrons are polarized. Such a result can be confirmed
by the spin-density (p — pl) distributions (Figure S3 in the
Supporting Information). It can be found that the spin-
polarized electrons locate around not only Fe atom but also the
neighboring Mo atom in the Feg structure. For the Ay
structure, the charge transfer from Fe adatom to MoS, sheet
is small because of the chemical stability of MoS, monolayer,
and thus the system magnetism of Ay, is almost from the SP of
Fe atom (Figure S3 in the Supporting Information).

3.2. Magnetic Exchange Coupling of Fe-Doped
Monolayer MoS,. To investigate the MEC of Fe-doped
MoS, monolayer, we introduced two Fe dopants into the host
material. On the basis of the stability of isolate Fe dopant in
monolayer MoS,, introducing two Fe dopant atoms can create
five different doping configurations. As shown in Figure 2a,
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they are FegFeg, FeyFes, FeyFeno AmoFemo and Ay Fes,
respectively. Figure 2b shows the formation energies of five
doping structures as a function of S chemical potential. We find
that FegFeg is stable under Mo-rich conditions, Fey,Fey,
becomes the most stable configuration in the S-rich regime
(Apg > —0.56 eV), and Fey Feg is stable when Apg lies
between —1.27 and —0.56 eV. For Ay Fey;, and Ay Feg, they
are still energetically unfavorable in the allowed range of S
chemical potential (Figure 2b). In other words, Fe dopants
prefer to occupy at substitutional sites in MoS, monolayer.
Previous experimental studies have found that the synthesis of
MoS, nanosheets requires a chemical environment of high S/
Mo ratio (S/Mo > 2)** s0 as to ensure the crystallization of
MoS,. This implies that Fey,Fey, is more easily achieved than
other doping structures. It needs to be noted that there is the
possibility of causing the structural phase transition of MoS,
from the 2H phase to 1T phase through the adsorption and
doping of metallic ions.*”*” To investigate the possibility of
phase transition, we make an energy comparison between Fe-
doped MoS, monolayer with 1T and 2H phases. Using a (4 X
4) supercell, the calculated results indicate that the total
energies of Fey,,, Feg, and Ay in 2H phase (see Figure 1) are
8.76, 8.34, and 8.89 eV lower than that of their 1T phase,
correspondingly. Increasing the dopant concentration from one
Fe dopant to two dopants, we find that Fe-doped MoS, systems
in 2H phase are still more stable than their 1T phase. For
example, the energy of Fey Fey, in 2H phase is 6.40 eV lower
than that of their 1T phase. Therefore, there is impossible to
induce the structural phase transition of Fe-doped MoS, in a
dilute magnetic regime with the dopant concentration of
<12.5%.

The magnetic exchange coupling of Fe-doped MoS,
monolayer is first evaluated by the energy comparison of
ferromagnetic (FM) and antiferromagnetic (AFM) states as
follows

AE = Eypy — Epy (3)

where E,py and Egy; are the energies of Fe-doped MoS, in their
AFM and FM states, respectively. The calculated result
indicates that all three doping configurations have the FM
ground state and the energies of FegFes, Fey Fes, and
Fey Fey, in their FM state are 20, 247, and 202 meV lower
than that of their AFM state, respectively. Generally, a large AE
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is in favor of high-temperature FM system based on the mean-
field theory and Heisenberg model.>"** Thus, implementing
the Fe doping at the S-rich regime will contribute to the doped
MoS, sheet with a high-temperature ferromagnetism. The FM
coupling interactions of Fe-doped monolayer MoS, are further
examined by the spin density distribution, as shown in Figure 3.

(a) FegFeg

(b) Fey,Feg () Fey,Fey,

NS4 s
*‘(m -‘a’
TR %

*%i*

Figure 3. Top and side view of spin-density (pt — pl) isosurfaces of
three Fe-doped monolayer MoS, systems: (a) FegFeg, (b) Fey Fes,
and (c) Fey,Fey,. The red and green isosurfaces represent positive
and negative spin density, respectively. The blue and red arrows
denote the opposite direction of spin polarization.

In all three doping configurations, Fe dopant atoms are highly
spin-polarized and have the same spin-polarization direction,
and the nearest neighboring (NN) Mo atoms between two Fe
dopants are antiferromagnetically coupled with the Fe atoms.
The magnetic interactions between Fe atoms in MoS,, as
obtalned from our calculations, is very similar to the previous
reports,”®>> where the authors claimed the AFM coupling
between TM spins and neighboring S spins and the FM
coupling among TM spins that is governed by double exchange
interactions.”* Although all three doping systems exhibit the
FM characteristic, they have different system magnetic
moments. The calculated MMs are 6.56 pg, 5.98 pg, and 3.78
ug for FegFes, Fey Fes, and FeyFey, respectively. The
difference in magnetism in the three structures mainly arises
from different MMs between the Fe,;, and the Feg dopants.
To gain further insight into the magnetic coupling
interactions of Fe-doped monolayer MoS,, we investigated
the electronic density of states and band structures, as shown in
Figure 4 and Figure S4 in the Supporting Information. It can be
found that the introduction of Fe dopants in all three doping
configurations leads to the impurity states at the vicinity of
Fermi level. For the FegFeg structure (Figure 4a and Figure S4a
in the Supporting Information), the Fe doping in MoS,
monolayer produces two localized donor-like electronic states
that locate at 0.29 eV above the valence band (VB) and 0.58 eV
below the conduction band (CB), respectively. It can be found
that the Fe-3d states are nearly spin-polarized and become the
main contribution of system magnetism. The high-energy Mo-
4d states (above —2 eV) indicate partial SP but the low-energy
electronic states (below —2 eV) are nearly degenerate, whereas
the S-3p states are nearly degenerate and mainly locate in the
energy range from —6 to —1 eV. Therefore, there is a strong
hybridization between the Mo-4d states and the S-3p states. For
the Fey,Fey, structure (Figure 4c and Figure S4c in the
Supporting Information), it also shows a typical n-type doping
characteristic. We find that the Fe-3d states are delocalized as
compared to that of FegFeg and hybridized with S-3p states,
resulting in the formation of Fe—S bonds. The polarized Fe-3d
electrons in the Fey Fey, system are obviously weaker than
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Figure 4. Total and partial density of states of Fe-doped monolayer
MoS, in three doping configurations: (a) FegFeg, (b) Fey, Feg, and (c)
Fey Fey. The Fermi level is set to energy zero.

that of FegFes. It can be found that the p—d hybridization
causes that spin-up S-2p states are shifted to higher energies
and spin-down S-2p states are shifted to lower energies (see
Figure 4c), leading to a local MM that is antiparallel to that of
Fe atoms. Meanwhile, the SP direction of d electrons of the NN
Mo atoms is antiparallel to that of Fe dopant, which is
responsible for the relatively small overall MM of Fey Fey,.
For the Fey Feg, the Fe doping induces a deep impurity level
that mainly arises from Mo-4d and S-3p states (see Figure 4b
and Figure S4b in the Supporting Information). Similar to the
case of Fey Fey, the SP of Fe-3d states and the partial SP of
Mo-4d states is responsible for the system magnetism of
Fey Fes.

3.3. Fe-Doped Bilayer MoS,. We now turn to investigate
structural and magnetic properties of Fe-doped bilayer MoS,.
Seven potential doping configurations have been considered
here (see Figure Sa): (i) two Fey, dopants in the same layer
[denoted by Fey,Feyo(S)], (ii) two Fey, dopants in different
layers [denoted by Fey Fey,(D)], (iii) Fey, and Feg dopants
in different layer (denoted by Fey,Fes), (iv) two Feg dopants in
different layers (denoted by FegFeg), (v) an intercalated Fe
atom (Fe;) and a Fey,, dopant (denoted by Fey,Fe,), (vi) Fe,
and Feg complex (denoted by FegFe,), and (vii) Fe; and Fe,
complex (denoted by FeFe;). The formation energies of seven
doping configurations as a function of S chemical potential have
been shown in Figure Sb. It can be found that FegFe, is stable
under the Mo-rich condition and Fe;Fe; becomes the most
stable doping structure when the S chemical potential Ay is
located in the range from —1.09 to —1.04 eV. When the S
chemical potential difference Aug is beyond —1.04 eV, Fey, Fe;
is energetically favorable. The three stable doping config-
urations appeared in different chemical potential regions have a
common structural characteristic: there is a direct chemical
bonding between two Fe dopants. The formation of Fe—Fe
bonds in these structures enhances the layer interactions and
contributes to the reduction of system energy. In contrast, the
Fe doping in different layer of bilayer MoS, presents similar
electronegativity, leading to the interlayer Coulomb repulsion.
Therefore, the doping configurations of Fey,Fey, (D), Fey, Fes,
and FegFeg are still metastable state (Figure Sb). The result is
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Figure S. (a) Doping atomic configurations and (b) formation energies of Fe-doped bilayer MoS,. Mo, S, and Fe atoms are colored by blue, yellow,

and purple balls, respectively.

different from the case of Fe doping in monolayer MoS,,
suggesting that the intercalated Fe atom plays an important role
in stabilizing doped bilayer MoS, system.

The magnetic ground state of three stable doping
configurations listed above is evaluated by AE = Epy — Epyp.
The calculated AE is —6, 234, and —7 meV for FesFe,, FeFe,
and Fey Fe; systems, respectively. The result means that FegFe;
and Fey Fe; have an AFM ground state and the ground state of
FeFe, is ferromagnetic. Because of the very small stable region
of chemical potential for the Fe;Fe; system, the Fe-doped MoS,
bilayer with the AFM coupling is more possible achieved in
experiment. Such a result is different from the Fe-doped
monolayer with the FM coupling. Figure 6 shows spin-density

(a) FegFe; (b) FeFe; (c) Fey Fe;

xg&x §8.< g( x%xx
O X xn? X OO0

Figure 6. Spin-density (p1 — pl) isosurface distributions of three Fe-
doped bilayer MoS, systems: (a) FesFe, (b) FeFe, and (c) Fey,Fe,
The red and green isosurfaces represent positive and negative spin
density, respectively. The blue and red arrows denote the opposite
direction of spin polarization.

spatial distributions of FegFe;, FeFe; and FeyFe;, For FegFe;
and Fey Fe; structures (see Figure 6a, c), it is found that the
interaction of two Fe dopants followed the superexchange
coupling®* has the opposite SP, leading to the AFM coupling.
Because the AFM coupling between Fe dopants, FesFe; and
Fey Fe; structures have the relatively smaller system magnet-
ism. The calculated MMs of FegFe; and Fe,, Fe, are 1.33 yp and
0.14 pg, respectively. In contrast, the double-exchange coupling
dominates the interaction of Fe dopants in Fe;Fe; structure that
is mediated by the NN S atoms (see Figure 6b) and thus the
doping configuration has a larger overall MM (4.76 uy).
Meanwhile, the Fe dopants negatively polarize their NN Mo
atoms of MoS, bilayer, leading to an AFM coupling between
them. Thus, the intercalated Fe dopants are a key factor for the
magnitude of MM and MEC of Fe-doped bilayer MoS,.
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4. DISCUSSION

The above results indicate that FM coupling is energetically
favorable in Fe-doped monolayer MoS, and that AFM coupling
is preferred in the bilayer one for most allowed chemical
potentials, in particular for the S-rich condition. This implies
that the layer number may have an important effect on
magnetic properties of Fe-doped MoS, nanosheets. To
understand the role of layer number in the MEC of Fe-
doped MoS, sheets, trilayer MoS, with Fe dopants have been
investigated. The doping configurations and formation energies
of Fe-doped three-layer MoS, have been shown in Figures S3
and S4 in the Supporting Information. For the trilayer MoS,
with two Fe dopants (see Figure SS in the Supporting
Information), its doping stability is similar to that of the bilayer
MoS, mentioned above. Namely, FegFe;, FeFe, and FeyFe;
are the most stable doping structure in sequence as the
chemical potential changes from the Mo-rich to the S-rich
conditions. For the trilayer MoS, with four Fe dopant atoms
(Figure S6 in the Supporting Information), the (FeFe;), is
energetically favorable under the Mo-rich condition and the
(FepoFe;), is stable in the S-rich regime. On the basis of above
results, (Fey,Fe;), (n = 1, 2) should be thermodynamically
stable in the multilayer MoS, on the basis of the fact that the
synthesis of MoS, nanosheets was generally maintained under
the S-rich condition. The energy comparison indicated that
Fey Fe; and (Fey Fe;), structures of trilayer MoS, with the
AFM coupling are 64 and 181 meV lower than that with the
FM coupling, respectively. Moreover, we find that highly spin-
polarized Fe atoms in both Fey Fe; and (Fey,Fe;), structures
exhibit antiparallel SP direction each other, as shown in Figure
7. Therefore, the AFM coupling should also be favorable in
trilayer Fe-doped MoS, nanosheets.

Because of the introduction of two or more Fe dopant atoms
into MoS, nanosheets, the magnetic coupling will depend on
the successive spin correlations. The magnetic coupling based
on the successive spln olarizations has been discussed widely
in previous studies.”>***>*® For instance, an enhancement of
the magnetism in MoS, can be realized by the codoping
because of the formation of successive local spin correlations
that act to oppose the superexchange coupling.” Introducing a
magnetic bipartite chain into ZnO and GaN lattices was found
to enhance the stability of FM state and the FM coupling
among magnetic dopants was viewed as a generalization of the
classical interatomic double- exchange and superexchange
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Figure 7. Spin-density (p1 — pl) isosurface distributions of Fe-doped
trilayer MoS, nanosheets: (a) Fey Fe; and (b) FeyFe;-FeyFe. The
red and green isosurfaces represent positive and negative spin density,
respectively. The blue and red arrows denote the opposite direction of
spin polarization.

interactions.*® These results were obtained on the basis of the
doping models in which all TM dopants occupy at the
substitutional sites. However, the stable Fe-doped MoS,
structures in the present study contain both intercalated and
substitutional Fe dopants. The formation of direct and
mediated bonding interactions between two types of Fe
dopants follows the superexchange mechanism.

On the basis of above analysis, the MEC of Fe dopant atoms
in MoS, nanosheets actually depends on the competition
between double-exchange interaction and superexchange
interaction.”* For the Fe doping in monolayer MoS,, the
substitutional Fe dopants at Mo sites are coupled ferromagneti-
cally via the double-exchange mechanism. Moreover, the Fe
dopants with the FM coupling are mediated by the hybrid-
ization between Fe-3d states and S-2p states, which results in
the AFM coupling between the Fe dopants and the nearest
neighboring S atoms (see Figure 8a). A similar mechanism was
demonstrated in a lot of semiconductors and other 2D
systems.”***”75% For Fe-doped bilayer and multilayer MoS,
nanosheets, the formation of Fey, Fe; structures leads to a direct
and mediated bonding interaction between dopants. Therefore,
the d-electrons interaction among Fe dopants follows the
superexchange mechanism, resulting in the antiparalle]l SP

(b)

/’ \\
¢ y
Oooe ™ 8
V) Fe-3d Fe-3d

Figure 8. Schematic models of (a) double-exchange mechanism and
(b) superexchange mechanism in Fe-doped MoS, nanosheets.
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among neighboring Fe dopants (Figure 8b). Hence, the AFM
coupling is favored in Fe-doped MoS, sheets when the layer
number is beyond two layers.

5. CONCLUSIONS

In summary, we performed a detailed theoretical investigation
on the dopant stability, electronic and magnetic properties of
Fe-doped monolayer, bilayer, and trilayer MoS, nanosheets.
The calculated formation energies indicate that the geometry
and the stability of Fe dopant atoms in MoS, strongly depend
on the chemical potential and the layer number. Under an S-
rich environment that is generally adopted condition to
synthesize MoS, nanosheets, Fe,, dopants in monolayer
MoS, are stable and FeyFe; complexes are energetically
more favorable in bilayer and multilayer MoS, sheets. The
introduction of Fe dopants into MoS, leads to the FM coupling
in the monolayer sheet and the AFM coupling in bilayer and
multilayer ones, suggesting the layer dependence of MEC in the
Fe-doped MoS,. The layer dependence of MEC originates from
the competition mechanism between the double-exchange and
superexchange interactions. More specifically, the magnetic
coupling of Fe dopants in the monolayer MoS, via the double-
exchange mechanism can be mediated by S-2p states, favoring
the FM coupling. In contrast, the superexchange mechanism is
preferred in bilayer and multilayer MoS, sheets (layer number
>2), leading to the AFM coupling. Therefore, the realization of
ferromagnetism in Fe-doped MoS, requires the precise control
of the layer number during the synthesis.
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