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In recent years, the rapid advancement of integrated circuit technology and electronic devices
has positioned two-dimensional (2D) materials as promising candidates for next-generation
spintronic devices, owing to their reduced dimensions and lower energy dissipation. Despite
these advantages, the majority of 2D materials are intrinsically non-magnetic. To overcome this
limitation and expand the application of 2D materials in spintronics, various strategies have
been developed to introduce ferromagnetic properties into non-magnetic systems. In this study,
we provide a comprehensive review of recent efforts to regulate the magnetic properties of 2D
non-magnetic materials through heteroatom doping. Using monolayer MoS, doped with six
different elements (V, Mn, Fe, Ni, Cu, and N) as a case study, we apply first-principles
calculations to evaluate the feasibility of doping-induced magnetism by analyzing doping
concentration, electronic structure stability, and the emergence of long-range magnetic order.
Our findings reveal that magnetic regulation in 2D materials presents significant challenges. For
theoretical researchers aiming to practically support experimental investigations into magnetic
modulation in 2D materials, it is crucial to consider the following three key questions: (i). Can
the desired concentration of doped atoms be successfully achieved? (ii). Do these doped atoms
exhibit localized magnetic moments? (iii). Is there evidence of long-range magnetic ordering

among the magnetic moments of the doped atoms?

Keywords: two-dimensional materials, theoretical simulations, heteroatom doping,

magnetic regulation

1. Introduction

With the rapid advancement of internet science and techno-
logy, along with the continuous miniaturization of chip sizes,
traditional semiconductor devices are increasingly inadequate
to meet the demands of modern life and industrial production
[1]. In contrast, novel spintronic devices offer several signi-
ficant advantages, including minimal heat dissipation, high
storage density, and rapid data processing capabilities. These
characteristics position spintronics as a promising technology

* Author to whom any correspondence should be addressed.

poised to overcome the limitations of conventional semicon-
ductor devices [2—4].

Since the successful isolation of two-dimensional (2D)
graphene in 2004 [5], research on 2D spintronic devices
has intensified. Recent studies have reported the emer-
gence of long-range ferromagnetic order in materials such
as 2D Cr,Ge,Teg[6], FesGeTe,[7], Fe4GeTe,[8], Crl3[9], and
CrBr3[10]. However, the limited availability of intrinsic 2D
magnetic materials, coupled with their typically low Curie
temperatures-often well below room temperature-poses sig-
nificant challenges for practical applications. The Mermin—
Wagner theorem states that in the isotropic Heisenberg model,
continuous symmetry cannot undergo spontaneous breaking
at finite temperatures for systems with dimensions d <2
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characterized by sufficiently short-range interactions, which
fundamentally accounts for the inherent challenge in achiev-
ing long-range magnetic order in 2D systems [11]. Notably,
enhanced magnetic anisotropy has been recognized as an
effective mechanism to suppress random spin reorientations
induced by thermal fluctuations, thereby establishing a feas-
ible pathway for realizing 2D magnetic phenomena.
Fortunately, researchers have developed multiple viable
strategies to induce ferromagnetism in intrinsically non-
magnetic 2D materials, including defect engineering [12—14],
heterostructure coupling [ 15—17], heteroatom doping [18-20],
and chemical intercalation [21-23]. These four approaches are
collectively termed structural engineering methods. Structural
engineering enables magnetic modulation that can be categor-
ized into two classes: (1) introducing long-range magnetic
order in intrinsically non-magnetic materials (intrinsic modi-
fication); (2) modifying existing magnetism in intrinsically
magnetic materials to tune Curie temperature and magneto-
crystalline anisotropy energy. This review focuses exclusively
on the first scenario, excluding room-temperature long-range
ferromagnetism studies. To illustrate this approach, we exam-
ine defect engineering mechanisms: defects may form intrins-
ically during 2D material growth or be deliberately introduced
via post-synthesis treatments. Beyond modulating funda-
mental physicochemical properties (e.g. electronic band struc-
ture and catalytic activity), defects are capable of inducing
local spin polarization and establishing ferromagnetic order-
ing in otherwise non-magnetic 2D systems. However, defect
formation is often challenging to precisely control and may
cause irreversible damage to the intrinsic properties of mater-
ials. Therefore, further research is required to achieve effect-
ive and tunable defect engineering. Heterostructure coupling
leverages the magnetic proximity effect, where interfacial
exchange interactions with adjacent ferromagnetic materials
enable the emergence of ferromagnetism in the coupled non-
magnetic 2D components. This approach offers the advantage
of preserving the intrinsic structure of the material, allowing
magnetic modulation without compromising its inherent prop-
erties. Heteroatom doping involves the substitutional incorpor-
ation of magnetic or non-magnetic elements, fundamentally
reconstructing the host material’s electronic structure through
modifications in the d-orbital density of states (DOSs). This
strategy provides a feasible pathway for achieving synergistic
coupling between magnetic properties and optical, electrical,
and mechanical characteristics. However, achieving high dop-
ing concentrations while maintaining large-scale uniformity in
2D materials remains a significant challenge. Chemical inter-
calation of foreign species into the van der Waals interlayers
serves as a powerful platform for precisely engineering the
host material’s electronic, optical, and magnetic properties via
controlled interlayer charge/spin redistribution. The reversible
nature of magnetism induced in certain intercalated materi-
als holds significant potential for non-volatile programmable
logic devices. Notably, for non-layered 2D materials that are
difficult to synthesize directly, intercalation offers an effect-
ive preparation route-enabling synthesis by embedding atoms
into the interstices of layered templates. For example, layered

SnS; can serve as a 2D template to produce non-layered
2D Cu,SnS; [24]. Additionally, self-intercalation techniques,
through the modulation of elemental ratios, provide a novel
approach for broad-range tuning of magnetic parameters in
2D materials. These strategies are crucial for expanding the
family of 2D magnetic materials and promoting their prac-
tical utilization. For instance, although graphene is inherently
non-magnetic, it can generate localized magnetic moments
through defects such as surface atom adsorption [12, 13,
25, 26], dislocations [27, 28], and zigzag edges [29, 30].
Besides, heterostructure coupling (e.g. graphene/CrSBr [16],
graphene/EuO [31] and graphene/EuS [17]) and chemical
intercalation (e.g. FeCls-intercalated few-layer graphene [32]
and Eu-intercalated few-layer graphene [33]) can also induce
spin polarization.

A detailed summary of recent efforts to induce ferromag-
netism in 2D non-magnetic materials through heteroatom dop-
ing is provided in appendix B: table B1. As outlined in
the table, theoretical investigations have established that het-
eroatom doping constitutes an effective strategy for modu-
lating the magnetic properties of 2D non-magnetic materials,
although the number of successful experimental cases remains
limited. Furthermore, it indicates that the magnetic moments
per unit molecular formula in these experimentally validated
instances are significantly low [34-36]. Indeed, the practical
applications of tuning the magnetic properties of 2D materials
via heteroatom doping are relatively sparse.

Our research seeks to uncover the fundamental reasons
behind the discrepancies between theoretical predictions and
experimental results by analyzing three critical factors: (1)
can the doped atoms achieve the desired concentration? (2)
Do the doped atoms exhibit localized magnetic moments? (3)
Is long-range magnetic order established between the mag-
netic moments of the doped atoms? Transition metal dichal-
cogenides (TMDCs) have garnered considerable research
interest owing to their versatile applications in optoelectron-
ics, electronics, photocatalysis, magnetic switching devices,
and information storage technologies [37-42]. Among these,
molybdenum disulfide (MoS;), which possesses a direct
bandgap, emerges as a promising candidate for optoelectronic
and photocatalytic applications [43—45]. The material’s appeal
is further enhanced by its facile doping capability and com-
patibility with heterostructure engineering, which endows it
with tunable and desirable properties, positioning MoS, as a
competitive alternative to graphene. In this study, we focus
on monolayer 1 H-MoS, to systematically investigate mag-
netic modulation via substitutional doping with six distinct
elements (V, Mn, Fe, Ni, Cu, and N). Computational method-
ologies are comprehensively described in appendix A. Based
on precise theoretical simulations, we find that achieving long-
range magnetic order in MoS; doped with V, Fe, Ni, Cu, or N
is highly challenging. Among these dopants, Mn-doped MoS;
exhibits the greatest potential for successful magnetic regula-
tion; however, the clustering tendency of Mn atoms must be
taken into account. These findings underscore the significant
challenges in regulating the magnetism of 2D non-magnetic
materials through heteroatom doping.
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In addition to the six doping elements examined in this
work, current studies demonstrate that cobalt (Co) doping can
also regulate the magnetic properties of MoS,. Theoretical
calculations [40, 46—48] suggest that Co doping induces ferro-
magnetic ordering, while experimental investigations [49, 50]
on hydrothermally synthesized samples have detected weak
magnetic signals, though these observations remain ambigu-
ous due to potential contributions from magnetic clusters
or secondary phases. From a purely theoretical perspective,
Cheng et al [51] utilized first-principles calculations to con-
firm the thermodynamic stability of Zn-, Cd-, and Hg-doped
systems through binding energy analysis, further predicting
the emergence of a ferromagnetic ground state in these con-
figurations. Separately, Majid et al [52] explored the magnetic
behavior of rare-earth-element-doped (Sm, Eu, Gd, Tb, Dy)
monolayer MoS,, reporting localized magnetic moments of
3.3 up, 8.1 up, 8.5 up, 6.8 up and 6.4 pp, respectively; how-
ever, their work did not address the structural stability of doped
systems or the underlying magnetic coupling mechanisms.
Nonmetallic dopants (H, B, F)[53, 54] have similarly been
shown to generate localized magnetic moments in MoS,, yet
systematic investigations into their magnetic coupling inter-
actions remain absent. Beyond the MoS, system, transition
metal atom doping has been shown to induce ferromagnet-
ism in graphene [55], TMDCs (e.g. MoSe,)[56, 57], metal
oxides (e.g. Sn0;)[58], phosphorene [59], and silicene [60].
Likewise, non-metal atom doping (e.g. S, N) in graphene [61]
and carbon (C)-doped hexagonal boron nitride [62] can also
impart ferromagnetic ordering. Crucially, the majority of these
findings are confined to computational predictions, with exper-
imental verification and practical implementation still posing
substantial challenges. Additionally, we conducted separate
calculations for Mn-, Fe-, and N-interstitial doping configur-
ations in monolayer MoS,, with computed defect formation
energies all approximately 4 eV. This quantitatively confirms
the exceptionally low thermodynamic stability of these ele-
ments at interstitial lattice sites. Our conclusion is fully con-
sistent with the seminal work by Onofrio et al [63]., thereby
providing rigorous justification for excluding interstitial dop-
ing configurations from our theoretical models.

2. Results and discussion

2.1. Doping concentration

When investigating the introduction of magnetism into 2D
non-magnetic materials via heteroatom doping, stability ana-
lysis is paramount. The first step involves assessing the thermal
stability of the doped system and estimating the doping
concentration. Subsequently, the electronic structure stability
must be examined to determine whether the system exhib-
its localized magnetic moments. Finally, the magnetic coup-
ling between dopant atoms needs to be evaluated to ascertain
whether the system demonstrates long-range magnetic order
on a macroscopic scale.

The formation energy of defects is a crucial indicator of the
thermal stability of the doped system; lower formation energy

implies that defects are more likely to form. The expression
for the formation energy of point defects is [64, 65]:

AHf:ED—EH-FZna#a-H](EVBM +Eg), (D

where Ep and Ey are the total energies of the system with
and without defects, respectively. n, is the number of defect
atoms, which is negative when atoms are added to the ideal
system and positive when atoms are removed from the ideal
system. (i, is the absolute value of the chemical potential of
atom «, which can be defined as y = p2'* + Ay, where
p2k represents the chemical potential of an elemental solid
in its stable form. g denotes the valence state of the o atom,
Eypym represents the energy of the valence band maximum
(VBM) of the system in the absence of defects, and Ef is the
Fermi level relative to Eygy . To induce macroscopic magnetic
order in 2D materials, a relatively high doping concentration
is essential. Nevertheless, preserving the electrical neutrality
of the sample rules out the possibility of introducing charged
defects. Consequently, in this study, we assume g = 0.

Typically, the formation energy of defects in materials is
positive; otherwise, the stability of the pristine crystal would
not be maintained. However, numerous studies have repor-
ted negative defect formation energies [46, 53, 66—73], which
is clearly not physically reasonable. The primary reason for
the calculation of negative defect formation energies in these
studies is the erroneous selection of the atomic chemical
potential, u,,. Furthermore, some studies reported exception-
ally high defect formation energies, with minimum values as
large as 5.5eV [74] and 3.61 eV [75], which correspond to
extremely low thermal equilibrium concentrations of dopant
atoms, thereby making it challenging to achieve macroscopic
magnetism. In addition, several studies assess the stability of
defect systems by considering the binding energy [51, 54, 76—
87]. Certain studies bypass the analysis of the thermodynamic
stability of doped systems and directly examine the physical
properties of non-magnetic materials after doping at specific
concentrations [88-91]. These methods raise concerns that the
doped systems under investigation might be thermodynamic-
ally unstable.

In order to facilitate further in-depth research into the con-
trol of the magnetism of 2D materials through defect modu-
lation, it is essential to first undertake an accurate calculation
of the defect formation energy in doped systems. The defect
formation energy can be employed to estimate the thermal
equilibrium site concentration of defects, as demonstrated by
the following formula:

[defect] = exp (—AH/kT), (2)

where AHy is the defect formation energy, k is the Boltzmann
constant, and T is the melting point of the crystal. Typically,
when the calculated thermal equilibrium site concentration is
very low, the distance between the dopant atoms is large, mak-
ing it difficult to modulate the macroscopic magnetism of the
doped system.

The following example, where a Mn atom is used to substi-
tute a single-layer 5x5x 1 MoS, supercell, provides a detailed
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Figure 1. (a) The final permissible region (shaded) for A g corresponding to Ausg in the (Apunvm, Aps) plane for Mn-doped MoS;. (b)
The red curve illustrates the relationship between variables Apg and Apivn. The blue curve represents the thermodynamic equilibrium site
concentration, calculated based on the principles of thermodynamic equilibrium.

explanation of the defect formation energy calculation through
three main steps.

(i) In order for a stable MoS, structure to be formed, the fol-
lowing condition must be satisfied:

AuMD + 2A,LLS = AH(MOSZ). (3)

(i1) In order to prevent the precipitation of elemental sub-

stances, the following condition must be satisfied:

Ao <0, Apis < 0. o)

From equations (3) and (4), one can ascertain the range of

A v and A pug required for the stable formation of MoS,,

with A g is constrained to values between —1.328 eV and

OeV.

(ii1) In order to prevent the emergence of competing phases, it
is necessary that A, and Ay also satisfy the following

condition:
Apnn <0, (5)
Apinin + Aps < AHy(MnS), (6)
Apnn +2Aps < AH¢(MnS>), (7)
2A pvin + 3Aps < AHy(Mn;S3), (8)
3Aumn + 4Aps < AHe(Mn3Sy). )

According to equations (4)—(9), figure 1(a) can be plotted.
As illustrated in figure 1(a), during the formation of MoS,, it is
essential to avoid the emergence of competitive phases while
maintaining stability. Consequently, the chemical potentials of
manganese and sulfur atoms must remain within the shaded
region, with the boundary delineating the critical values of per-
missible chemical potentials. The calculation of defect form-
ation energy can be expressed as follows:

AH; = Ep — Ey+ HMo — MMn
= Ep — Eu + (Ul + AH(MoS) — 2Aps)

bulk +AMMn) )

— (1oni (10)

Using equations (3)—(10), the defect formation energy of Mn-
doped MoS; as a function of Ay, can be readily calcu-
lated. Starting from the minimum defect formation energy,
Equation (2) allows for the determination of the corresponding
equilibrium site concentration, as illustrated in figure 1(b). The
figure reveals that the maximum thermal equilibrium site con-
centration for Mn-doped monolayer MoS; reaches 1.304%.

Following the aforementioned procedure, we systematic-
ally calculated the evolution of the defect formation energy
with respect to the chemical potential for V-, Mn-, Fe-, Ni-,
Cu-, and N-doped monolayer MoS, systems. By extracting the
minimum formation energy for each system and incorporating
the defect equilibrium concentration formula (equation (2)),
we derived the maximum thermal equilibrium site concen-
trations for each doped system, as summarized in table 1.
As shown in table 1, V, Mn, and N atoms can be doped
into MoS, at relatively high concentrations, whereas the max-
imum equilibrium concentrations for Fe, Ni, and Cu dop-
ing are significantly lower. Therefore, based solely on ther-
modynamic stability analysis, it can be concluded that high-
concentration doping of MoS, with Fe, Ni, and Cu atoms is
unlikely. Consequently, the approach of modulating the mag-
netic properties of MoS, through Fe, Ni, and Cu doping is
expected to face significant challenges.

2.2. Electronic structure stability

The ideal monolayer MoS; is a typical TMD with a space
group P6m2 (D3, point group) and a honeycomb hexagonal
lattice structure, where each molybdenum atom is surroun-
ded by six sulfur atoms. In monolayer MoS,, the Mo atom
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Table 1. Theoretically calculated minimum formation energies (AH™"), maximum doping site concentrations ([defect]max), and local
magnetic moments (m) for different substituted dopants in monolayer MoS,.

Impurity AH}"i“ (eV) [defect]max m (s /impurity)
A 0.277 2.969 x 10! 1
Mn 0.99 1.304 x 102 1
Fe 2.046 1.272 x 10~* 2
Ni 2.769 5.346 x 10~° 0
Cu 3.665 1.052 x 1077 1
N 0.999 1.253 x 1072 1
=
L
o ~ 8-p, I
Sl-
uCJ L‘:i%:;f,-
1 2

Figure 2. (a) Schematic of the energy splitting of Mo atoms  bands under the crystal field. The coordination is trigonal prismatic. (b) and

(c) PDOS of a pristine (undoped) MoS, monolayer.

is coordinated in a trigonal prismatic arrangement with chal-
cogen atoms, as illustrated in figure 2(a). Within crystal field
theory, the trigonal prismatic coordination of the Mo atom lifts
the degeneracy of the Mo 4d energy levels. The d orbitals of
the Mo atom split into three groups: the d,, and d,>_» orbitals
form a doubly degenerate level due to in-plane symmetry, typ-
ically the highest in energy. The d,, and d,, degenerate orbit-
als are lower in energy due to weaker out-of-plane symmetry.
The dz? orbital remains independent, with its electron cloud
primarily distributed perpendicular to the plane, making it the
lowest in energy [92, 93]. As illustrated in the figures 2(b) and
(c), the projected DOSs (PDOS) of the Mo atom and S atom
in MoS, aligns with the results predicted by crystal field the-
ory. In the PDOS of the S atom, the p, and p, orbitals are
doubly degenerate. The p, orbital and the p, and p, orbitals
have slightly different densities of states due to the differing
symmetry of the S atom in the z-direction compared to the x
and y directions. Experiments and first-principles calculations
indicate that the d2, d,,, and dxz,yz orbitals of the Mo atom
hybridize with the 3p orbitals of the S atom; these hybridized
states contribute to the conduction and valence band edges of
MoS, [92, 94-98].

To effectively induce magnetism in a non-magnetic mater-
ial through doping, the doped system must exhibit a local
magnetic moment.This study explores the local magnetism
of a 5x5x1 MoS, supercell doped with six elements: V,
Mn, Fe, Ni, Cu, and N, utilizing precise computational meth-
ods. Notably, the total number of valence electrons in the V,
Mn, Cu, and N-doped systems is odd, prompting additional

supercell calculations to ascertain the magnetic moments of
the double-doped systems. The results, summarized in table 1,
show that doping with V, Mn, Fe, Cu, and N introduces local
magnetic moments, while doping with Ni does not result in
local magnetic moments.

Ni and Cu doping can induce Jahn—Teller distortion, which
has a pronounced impact on the local magnetic moment. As
illustrated in figure 3, the band structure and DOSs for Ni-
doped MoS, are shown both before and after full relaxa-
tion. Figure 3(a) demonstrates that, prior to full relaxation,
Ni doping induces spin polarization, with the impurity levels
exhibiting significant spin-splitting energy. The four addi-
tional valence electrons of the Ni atom, compared to the
Mo atom, occupy the lower energy spin-down states, thereby
leading to the formation of local magnetic moments. From
figure 3(b), it can be inferred that the d-orbitals of Ni exhibit
two doubly degenerate states, which are likely to be unstable.
Previous studies have reported that Ni substitutional doping
in monolayer MoS, can introduce a local magnetic moment,
with values potentially reaching up to 4 pg [72, 74], corres-
ponding to the magnetic state observed prior to full relaxation,
which is inherently unstable. After full relaxation, as depic-
ted in figures 3(c) and (d), the system experiences a lifting
of degeneracy, leading to the splitting of the d-orbitals into
five spin-degenerate singlet states [51]. Consequently, the four
additional electrons occupy the two lower-energy levels, res-
ulting in a local magnetic moment of O pp.

The situation for Cu doping in monolayer MoS,; is sim-
ilar to that of Ni doping. As illustrated in figure 4, the band
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Figure 3. (a) and (c) Show band structures and DOSs for an under-relaxed and a fully relaxed Ni-doped monolayer of MoS,. (b) and (d)
Show the d-orbital PDOS of an under-relaxed and a fully relaxed Ni-doped monolayer of MoS;.

structures and DOSs are depicted both before and after full
relaxation for the Cu-doped MoS, system. Figure 4(a) reveals
that, prior to full relaxation, Cu doping induces spin polariz-
ation, characterized by significant spin-splitting of impurity
levels. The Cu atom, possessing five more valence electrons
than the Mo atom, occupies five spin-down states, thereby gen-
erating a local magnetic moment of 5 pp. From figure 4(b),
it can be inferred that the Cu d-orbitals present two doubly
degenerate states, which are likely unstable. Previous stud-
ies have indicated that Cu substitutional doping in monolayer
MoS; can introduce a strong local magnetic moment [46, 71,
72], corresponding to the magnetic state before full relaxa-
tion, which is inherently unstable. Upon full relaxation, as
demonstrated in figures 4(c) and (d), the system undergoes a
lifting of degeneracy, leading to a reduction in the degener-
acy of the d-orbitals and a decrease in spin-splitting energy.
Consequently, the additional five valence electrons occupy
three spin-up states and two spin-down states, resulting in a
local magnetic moment of 1 pp.

Although extensive research has been conducted on trans-
ition metal doping, the effects of non-metal doping on the mag-
netic properties of monolayer MoS, have received comparat-
ively less attention. Several studies employing first-principles
calculations have investigated the magnetism induced by

non-metal atom doping, including elements such as H, B, N,
and F [53, 54]. These non-metal dopants are capable of intro-
ducing a local magnetic moment, with all cases showing a
local magnetic moment of 1 pp. Specifically, when a non-
metal atom with an odd number of electrons dopes monolayer
MoS,, it inherently induces a local magnetic moment. The
electrons of the non-metal atoms tend to pair up, leaving an
unpaired valence electron, resulting in a calculated local mag-
netic moment of 1 up. However, it is important to note that
if the literature does not account for the magnetic coupling
effects arising from either metal or non-metal [53, 54, 72] atom
doping, the conclusions drawn about the introduction of mag-
netism via doping may be flawed, as the doped system may
not exhibit macroscopic magnetism.

2.3. Long-range magnetic ordering

In regulating the magnetism of doped systems, it is neces-
sary not only to analyze the doping concentration and loc-
alized magnetic moments, but also to consider the mag-
netic coupling between the two dopant atoms in the sys-
tem, specifically whether long-range magnetism is present.
Table 2 presents the magnetic coupling calculations of two
heteroatoms substituted into monolayer MoS; (5 x5 x 1
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Figure 4. (a) and (c) Show band structures and DOSs for an under-relaxed and a fully relaxed Cu-doped monolayer of MoS,. (b) and (d)
Show the d-orbital PDOS of an under-relaxed and a fully relaxed Cu-doped monolayer of MoS,.

supercell). In various configurations of V, Ni, and N doping,
the results indicate non-magnetic behavior, making it diffi-
cult to achieve ferromagnetic order in these systems. For Mn-
doped MoS,, the calculations show ferromagnetic coupling
in all tested configurations. In Fe-doped MoS,, ferromagnetic
coupling is observed in the first, second, and fourth nearest-
neighbor configurations, while the third nearest-neighbor con-
figuration exhibits antiferromagnetic coupling. Of note, we
notice that the magnetic moment of the doped systems could
be sensitive to the distribution of dopants. For instance, Fe
dopants exhibit a spin-state transition from low-spin at shorter
interatomic distances to high-spin in the fourth-nearest neigh-
bor configuration. Our theoretical analysis indicates that the
evolution of magnetic moments with doping configuration
arises from the interplay between crystal field effects and
exchange interactions, combined with significant band broad-
ening effects. For Cu-doped MoS,, ferromagnetic coupling
occurs in the first and fourth nearest neighbors, but the second
and third nearest-neighbor configurations are non-magnetic.
Additionally, in all configurations of these six dopants, sta-
bility is found in the nearest-neighbor configurations, and as
the distance between the dopant atoms increases, the energy
of the system also increases, suggesting that all six dopants

tend to cluster. Through theoretical calculations of the mag-
netic coupling between two dopant atoms, it can at least
be concluded that the introduction of magnetism in V, Ni,
and N-doped monolayer MoS; is unlikely. Many theoretical
simulations [54, 66, 72, 99—102] that investigate the regula-
tion of 2D materials’ magnetism through heteroatom doping
focus solely on the localized magnetic moments of the dopant
atoms, without considering the magnetic coupling between
them. This makes it difficult to ensure that the doped system
exhibits macroscopic ferromagnetism.

In the study of magnetic regulation in 2D TMDCs (such
as monolayer MoS,), experimental reports have indicated that
doping with V [103, 104], Mn [34, 35, 105], Fe [20, 106,
107], Ni [49], Cu [108, 109], and N [110] can induce ferro-
magnetic responses. However, our systematic analysis reveals
that in some of these studies, the hysteresis loops of the ferro-
magnetic responses are notably small, and in others, the dop-
ing concentrations far exceed the limits of thermal equilib-
rium concentrations. These discrepancies raise concerns about
the validity of the experimental results. We question whether
the observed significant hysteresis loops are intrinsic proper-
ties of the doped systems or rather a consequence of second-
ary phase formation during the doping process. Consequently,
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Table 2. The optimized total magnetic moments (M), relative stability energy (Ers) and magnetically ground state for each C; structure of
the two-impurity-doped MoS,. The relative stability energy refers to the lowest energy of C; structure in its ground state.

Impurity C; Mot (1) Ers (eV) Magnetic state
\'% Ist n.n. 0 0 NM
2nd n.n. 0 0.11 NM
3rd n.n. 0 0.111 NM
4th n.n. 0 0.131 NM
Mn Ist n.n. 2 0 M
2nd n.n. 2 0.39 FM
3rd n.n. 2 0.451 FM
4th n.n. 2 0.502 FM
Fe Ist n.n. 2 0 FM
2nd n.n. 2 0.759 FM
3rd n.n. 0 0.871 AFM
4th n.n. 4 0.871 FM
Ni Ist n.n. 0 0 NM
2nd n.n. 0 1.291 NM
3rd n.n. 0 1.38 NM
4th n.n. 0 1.548 NM
Cu Ist n.n. 2 0 FM
2nd n.n. 0 1.638 NM
3rd n.n. 0 1.559 NM
4th n.n. 2 2.051 M
N Ist n.n. 0 0 NM
2nd n.n. 0 0.071 NM
3rd n.n. 0 0.153 NM
4th n.n. 0 0.252 NM
5th n.n. 0 0.837 NM
6th n.n. 0 0.018 NM
7th n.n. 0 0.035 NM
8th n.n. 0 0.125 NM

we emphasize that rigorous material characterization is imper-
ative in experimental investigations aimed at modulating the
magnetic and spintronic properties of nonmagnetic materials
through doping approaches.

3. Summary and future perspectives

We focus on the doping of monolayer MoS, with six elements-
V, Mn, Fe, Ni, Cu, and N-as a case study to evaluate the feas-
ibility of regulating magnetism through doping. The analysis
is structured around three key aspects. First, we assess the
thermal stability of the doped system, ruling out the possibility
of high-concentration doping for Fe, Ni, and Cu in monolayer
MoS,. Second, we examine the electronic structure stability
and dismiss the likelihood of Ni doping introducing localized
magnetic moments. Finally, we analyze the magnetic coupling
between dopant atoms, excluding the potential for V, Ni, and
N doping to induce long-range magnetic order in MoS,. Based
on theoretical simulations, we conclude that of the six dopants,
Mn-doped MoS, shows the greatest potential for successful

magnetic regulation, though the issue of dopant atom aggreg-
ation must still be addressed [90]. This highlights the con-
siderable challenges associated with regulating the magnet-
ism of 2D non-magnetic materials through heteroatom dop-
ing, and it explains the fundamental reasons for the discrep-
ancies between theoretical simulations and experimental find-
ings. We strongly recommend that future theoretical studies
account for these three critical factors.

Although significant efforts have been devoted to investig-
ating and modulating the magnetic properties of 2D materials,
the understanding of 2D ferromagnetism remains in its early
stages. Compared to intrinsic 2D ferromagnets, defect- and
doping-mediated 2D ferromagnetic materials typically exhibit
superior air stability without requiring additional encapsula-
tion processes. Moreover, these materials demonstrate better
compatibility with existing wafer-scale synthesis techniques,
facilitating industrial-scale production. However, before prac-
tical applications can be realized, several challenges beyond
these three key factors must still be addressed. The magnetic
properties induced by defects and doping are highly sens-
itive to multiple influencing factors, including defect type
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and concentration, distribution uniformity, dopant elements,
and temperature. Therefore, exploring and optimizing struc-
tural engineering and doping strategies to induce ferromagnet-
ism in non-magnetic 2D materials will be a crucial direction
for future research. Furthermore, after successfully introdu-
cing ferromagnetism, efforts should focus on integrating mag-
netic properties with other intrinsic characteristics (such as
electrical, optical, and catalytic properties), thereby enabling
broader applications in magnetoelectric coupling, magneto-
optical interactions, and magnetocatalytic fields.
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Appendix A. Computational details

All calculations in this study were performed using the VASP
simulation package [111], which employs the projector-
augmented wave approach [112] of density functional theory
[113, 114]. The exchange-correlation interactions were
treated using the generalized gradient approximation with
the Perdew—Burke—Ernzerhof functional [115]. Initially, vari-
ations in defect formation energy and thermodynamic equilib-
rium concentration were examined across different supercell
sizes, as illustrated in figure 5. Notably, the defect formation
energy and concentration exhibited convergence within the
5 x5 x 1 supercell model. Consequently, all computational
simulations were conducted using this 5 x5 x 1 supercell.
The reciprocal space integrations were sampled with a k-
mesh of 4 x 4 x 1, generated by the I'-centered Monkhorst—
Pack method [116]. A vacuum layer of 15 A was incorpor-
ated in our slab calculations to mitigate interactions between
the slabs. The cutoff energy for the plane waves was set at
520 eV. All structures were relaxed using the conjugate gradi-
ent method until the maximum Hellmann—Feynman force act-
ing on each atom was reduced to less than 0.01eV A~'. For
the self-consistent cycle, an energy criterion of 1 x 10~%eV
was employed.
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Figure 5. The computational results for monolayer MoS, doped with transition metals (V, Mn, Fe, Ni, Cu) and nitrogen (N) are presented
in panels (a) through (f). The red curves denote the minimum defect formation energies derived from the doped supercell models, while the
blue curves reflect the thermodynamic maximum site equilibrium concentrations of dopants calculated based on the defect formation

energies.
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Appendix B

Table B1. The summary of magnetic manipulation by heteroatom doping in nonmagnetic 2D materials.

Methods Materials Synthesis/Theory Magnetic State Reference

V doping V-doped MoS, theoretical simulation ferromagnetism [46, 47, 117]
V-doped MoS; theoretical simulation nonavailable (NA) [53, 54, 72]
V-doped MoS; hydrothermal ferromagnetism [103]
V-doped MoS; chemical vapor deposition (CVD) ferromagnetism [104]
V-doped InS theoretical simulation ferromagnetism [67]

V-doped SnS,/ V-doped  theoretical simulation ferromagnetism [86]
7rS;

V-doped MoSe; theoretical simulation ferromagnetism [47]
V-doped MoTe; theoretical simulation ferromagnetism [78]
V-doped MoTe, CVD ferromagnetism [118]
V-doped ZrS, theoretical simulation ferromagnetism [119]
V-doped WS, theoretical simulation ferromagnetism [47, 120]
V-doped WS, single-stepfilm ferromagnetism [121]
V-doped WS, CVD ferromagnetism [122]
V-doped WSe; theoretical simulation ferromagnetism [47, 123]
V-doped WSe; CVD ferromagnetism [122, 124, 125]
V-doped SnSe, theoretical simulation ferromagnetism [73]
V-doped InSe theoretical simulation ferromagnetism [126]
V-doped HfSe, theoretical simulation ferromagnetism [127]
V-doped MgCl, theoretical simulation NA [84]
V-doped MoSeTe theoretical simulation NA [128]
V-doped PtTe; theoretical simulation ferromagnetism [79]
V-doped InP3 theoretical simulation ferromagnetism [82]

Cr doping Cr-doped MoS» theoretical simulation NA [54]
Cr-doped MoS; hydrothermal ferromagnetism [129]
Cr-doped InS theoretical simulation ferromagnetism [67]
Cr-doped SnS» theoretical simulation ferromagnetism [86]
Cr-doped MoTe, theoretical simulation ferromagnetism [78]
Cr-doped MoTe, tellurium flux ferromagnetism [130]
Cr-doped InSe theoretical simulation ferromagnetism [126]
Cr-doped HfSe, theoretical simulation ferromagnetism [127]
Cr-doped SnSe» theoretical simulation ferromagnetism [73]
Cr-doped WTe, Te flux strategy ferromagnetism [131]
Cr-doped ZrS; theoretical simulation ferromagnetism [119]
Cr-doped MgCl, theoretical simulation NA [84]

Mn doping Mn-doped MoS; theoretical simulation ferromagnetism [40, 46, 47, 51, 66, 90, 91, 132]
Mn-doped MoS; theoretical simulation NA [53, 54]
Mn-doped MoS, hydrothermal ferromagnetism [34, 105]
Mn-doped MoSe> theoretical simulation ferromagnetism [47, 132]
Mn-doped MoSe; molecular beam epitaxy (MBE) ferromagnetism [133]
Mn-doped MoTe; theoretical simulation ferromagnetism [78, 132]
Mn-doped WS, theoretical simulation ferromagnetism [47,77, 132, 134-136]
Mn-doped WS, CVD ferromagnetism [35]
Mn-doped WSe, theoretical simulation ferromagnetism [137]
Mn-doped HfSe, theoretical simulation ferromagnetism [127]
Mn-doped WSe; theoretical simulation ferromagnetism [47, 138, 139]
Mn-doped MgCl, theoretical simulation NA [84]
Mn-doped MoSeTe theoretical simulation NA [128]
Mn-doped AIN theoretical simulation ferromagnetism [140]

Fe doping Fe-doped MoS; theoretical simulation ferromagnetism [40, 46, 47, 141]
Fe-doped MoS, theoretical simulation NA [53, 54, 72, 89]
Fe-doped MoS; hydrothermal ferromagnetism [107]
Fe-doped MoS, CVD ferromagnetism [20, 104, 106]

(Continued.)
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Methods Materials Synthesis/Theory Magnetic State Reference
Fe-doped MoS; hydrothermal ferromagnetism [49]
Fe-doped MoS, spin coating and thermal decomposition ferromagnetism [142]
Fe-doped MoSe; theoretical simulation ferromagnetism [47]
Fe-doped MoSe; CVD ferromagnetism [143]
Fe-doped MoTe; theoretical simulation ferromagnetism [78]
Fe-doped ZrS, theoretical simulation ferromagnetism [119]
Fe-doped SnS, theoretical simulation ferromagnetism [86]
Fe-doped WS, theoretical simulation ferromagnetism 47,77, 88, 144]
Fe-doped WS, theoretical simulation NA [102]
Fe-doped SnS, micro-mechanical cleavage ferromagnetism [145]
Fe-doped WSe; theoretical simulation ferromagnetism [47,137-139]
Fe-doped InSe theoretical simulation ferromagnetism [126]
Fe-doped SnSe, theoretical simulation ferromagnetism [73]
Fe-doped In;Se; CVD ferromagnetism [146]
Fe-doped HfSe» theoretical simulation ferromagnetism [127]
Fe-doped graphdiyne chemical reduction heat-treatment ferromagnetism [147]
Fe-doped MgCl, theoretical simulation NA [84]
Fe-doped MoSeTe theoretical simulation NA [128]
Fe-doped InP3 theoretical simulation ferromagnetism [82]

Co doping Co-doped MoS, theoretical simulation ferromagnetism [40, 4648]
Co-doped MoS; theoretical simulation NA [53, 54, 72]
Co-doped MoS, hydrothermal ferromagnetism [49, 50]
Co-doped MoSe, theoretical simulation ferromagnetism [47]
Co-doped MoSe, CVD ferromagnetism [143]
Co-doped MoTe, theoretical simulation ferromagnetism [78]
Co-doped WS, theoretical simulation ferromagnetism [47,77, 88, 144]
Co-doped ZrS, theoretical simulation ferromagnetism [119]
Co-doped WSe; theoretical simulation ferromagnetism [47, 137, 139]
Co-doped graphene impregnation-pyrolysis ferromagnetism [148]
Co-doped phosphorene theoretical simulation ferromagnetism [149]
Co-doped ZnO solution-based template-assisted ferromagnetism [150]
Co-doped MgCl, theoretical simulation NA [84]
Co-doped MoSeTe theoretical simulation NA [128]

Ni doping Ni-doped MoS; theoretical simulation ferromagnetism [74, 151]
Ni-doped MoS, theoretical simulation NA [72]
Ni-doped MoS» hydrothermal ferromagnetism [49]
Ni-doped MoSe; CVD ferromagnetism [143]
Ni-doped WS, theoretical simulation ferromagnetism [69, 77, 152]
Ni-doped WSe» theoretical simulation ferromagnetism [139]
Ni-doped WSe» chemical vapor transport (CVT) ferromagnetism [153]
Ni-doped h-BN theoretical simulation ferromagnetism [154]
Ni-doped AIN theoretical simulation ferromagnetism [140]
Ni-doped MgCl, theoretical simulation NA [84]
Ni-doped CoO CVD ferromagnetism [155]
Ni-doped MoSeTe theoretical simulation NA [128]

Cu doping Cu-doped MoS; theoretical simulation ferromagnetism [46]
Cu-doped MoS; theoretical simulation NA [72]
Cu-doped MoS, ion implantation ferromagnetism [108]
Cu-doped MoS, hydrothermal ferromagnetism [109]
Cu-doped MoSe, theoretical simulation ferromagnetism [71]
Cu-doped WS, theoretical simulation ferromagnetism [77, 156]
Cu-doped WSe; theoretical simulation ferromagnetism [129, 139]
Cu-doped PtTe, theoretical simulation ferromagnetism [79]

(Continued.)
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Ti doping Ti-doped WSe, theoretical simulation ferromagnetism [139]
Ti-doped InSe theoretical simulation ferromagnetism [126]
Ti-doped InS theoretical simulation ferromagnetism [67]
Ti-doped black high pressure synthesis ferromagnetism [157]
phosphorus
Ti-doped InP;3 theoretical simulation ferromagnetism [82]
Zn doping Zn-doped MoS, theoretical simulation ferromagnetism [51]
Zn-doped MoS, theoretical simulation NA [72]
Zn-doped WS, theoretical simulation ferromagnetism [77]
Zn-doped WSe» theoretical simulation ferromagnetism [139]
Zn-doped PtTe, theoretical simulation ferromagnetism [79]
Nb doping Nb-doped MoS; theoretical simulation NA [53]
Nb-doped WS, theoretical simulation ferromagnetism [120]
Nb-doped SnS; theoretical simulation ferromagnetism [81]
Ta doping Ta-doped MoS, theoretical simulation NA [53]
Ta-doped MoTe, CVT ferromagnetism [158]
Ta-doped WS, theoretical simulation ferromagnetism [120]
Re-doped MoS, theoretical simulation ferromagnetism [159]
Re-doped MoS, CVD ferromagnetism [56]
Re-doped MoS, hydrothermal annealing ferromagnetism [160]
Li doping Li-doped ZrS, theoretical simulation ferromagnetism [119]
Li-doped AIN theoretical simulation ferromagnetism [161]
Na doping Na-doped AIN theoretical simulation ferromagnetism [161]
K doping K-doped AIN theoretical simulation ferromagnetism [161]
Al doping Al-doped MoS, theoretical simulation NA [53]
Ga doping Ga-doped MoS, theoretical simulation NA [53]
Mo doping Mo-doped ZrS, theoretical simulation ferromagnetism [119]
Mo-doped SnS, theoretical simulation ferromagnetism [81]
Mo-doped CrCls/ theoretical simulation ferromagnetism [68]
Mo-doped CrBr3
Cd doping Cd-doped MoS, theoretical simulation ferromagnetism [51]
Te doping Te-doped MoO3 vapor-phase epitaxy ferromagnetism [18]
Bi doping Bi-doped InSe theoretical simulation ferromagnetism [162]
Noble metal doping Hg-doped MoS, theoretical simulation ferromagnetism [51]
Ru-doped WS,/ theoretical simulation NA [102]
Os-doped WS,
Pd-doped WS, theoretical simulation ferromagnetism [69]
Rh-doped ZnO/ theoretical simulation ferromagnetism [101]
Ru-doped ZnO
Rare earth doping Sm-doped MoS,/ theoretical simulation ferromagnetism [52]
Eu-doped MoS,/
Gd-doped MoS»/
Tb-doped MoS,/
Dy-doped MoS,
Gd-doped MoS; theoretical simulation ferromagnetism [163]
Dy-doped MoS, gas—liquid chemical deposition ferromagnetism [164]
Ho-doped SnS, chemical gas—liquid phase deposition ferromagnetism [165]
Nd-doped ZnO theoretical simulation ferromagnetism [166]
(Continued.)
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Sc doping Sc-doped WSe; theoretical simulation ferromagnetism [139]
Nonmetallic elements doping  B-doped MoS,/ theoretical simulation NA [53]
N-doped MoS,/
P-doped MoS,/
As-doped MoS»
H-doped MoS,/ theoretical simulation NA [54]
B-doped MoS,/
N-doped MoS,/
F-doped MoS,
N-doped MoS, CVD ferromagnetism [110]
N-doped GaS theoretical simulation ferromagnetism [167]
N-doped ReS» Hydrothermal ferromagnetism [168]
H-doped MoSe,/ theoretical simulation NA [99]
B-doped MoSe,/
N-doped MoSe,/
P-doped MoSe,/
F-doped MoSe,/
Cl-doped MoSe,/
Br-doped MoSe,/
I-doped MoSe,
N-doped WSe»/ theoretical simulation NA [100]
P-doped WSe,/
F-doped WSe,/
Cl-doped WSe,
C-doped MgCl,/ theoretical simulation NA [84]
N-doped MgCl,/
O-doped MgCl,
N-doped PtTe,/ theoretical simulation ferromagnetism [79]
P-doped PtTe,/
As-doped PtTe;
N-deoped g-ZnO theoretical simulation NA [76]
As-doped SnO theoretical simulation ferromagnetism [162]
C-doped BN thermal degradation ferromagnetism [62]
S-doped graphene thermal exfoliation ferromagnetism [61]
N-doped graphene thermal exfoliation ferromagnetism [169]
S-doped phosphorene/ theoretical simulation NA [85]
Cl-doped phosphorene/
Si-doped phosphorene
S-doped graphdiyne thermal sulfurization ferromagnetism [170]
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