
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/7
/2

02
6 

5:
04

:4
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Long-range mag
aDepartment of Physics, Chungbuk National

Korea. E-mail: jbang@cbnu.ac.kr
bResearch Institute for Nanoscale Science an

of Korea
cBasic Science Research Institute, Chungbu

Republic of Korea
dDepartment of Physics, Savitribai Phule Pu

† Electronic supplementary informa
https://doi.org/10.1039/d4ra08374a

Cite this: RSC Adv., 2025, 15, 6585

Received 1st December 2024
Accepted 5th February 2025

DOI: 10.1039/d4ra08374a

rsc.li/rsc-advances

© 2025 The Author(s). Published by
netic interaction of native defects
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Recent experiments have revealed weak ferromagnetism in pristine transition metal dichalcogenides

(TMDs), although the underlying mechanism remains unclear. In this work, we investigate the possibility

of native defects inducing ferromagnetism in TMDs, specifically WS2 and MoS2. Among the various native

defects, we have identified that cation antisites exhibit localized magnetic moments of 2mB. These

localized moments tend toward ferromagnetic ordering via magnetic interactions facilitated by local spin

density oscillations. While the strength of the magnetic interactions is comparable to that of magnetic

dopants in TMD, they are significantly weakened when the distance between the two antisites exceeds 9

Å. Therefore, our results suggest that native-defect-induced ferromagnetism in TMD is feasible only in

heavily defective TMD samples.
1. Introduction

The discovery of two-dimensional (2D) magnetic materials such
as CrI3 and CrGeTe3 was a great scientic and practical
advance.1,2 In the scientic aspect, the existence of the long-range
magnetic order in the 2D systems has been a fundamental
question, as the Mermin–Wagner theorem suggested that the 2D
long-range orders are destroyed by the thermal uctuations.3

Currently, 2Dmagnetism is understood based on the effect of the
magnetic anisotropy by transferring the 2D system from the
Heisenbergmodel to the Isingmodel.2 In the practical aspect, the
realization of the 2D magnetic systems could lead to new 2D-
based magnetic applications.4–9 Several 2D materials with
exceptional electric and optical properties have been found over
the past decades and are considered to be a new family for novel
device applications.10–13 However, magnetism has been one
property missing from 2D materials. The emergence of 2D
magnets is likely to open new directions in 2D materials.

Among the 2D materials, graphene and transition metal
dichalcogenides (TMDs) have been intensively studied due to
their exceptional properties. Although they are non-magnetic in
their pristine forms, many studies have been performed to
introduce magnetism in them by doping with transition metals
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such as Mn, V, Cr, Fe, CO, and P.14–20 In TMDs, the long-range
ferromagnetic interaction can be established by super-
exchange interaction among highly localized d-states of the
transition metals by antiferromagnetically coupled delocalized
p-states of chalcogenides. More interestingly, ferromagnetism
has been experimentally observed in graphene without any
intentional doping.21–25 Many theoretical works have studied
this graphene ferromagnetism, and it is now understood to be
based on the pseudo-spin-mediated long-range ferromagnetic
coupling between local magnetic moments generated by native
defects or hydrogen absorption.26–28

Recent experiments have also observed a weak but room-
temperature ferromagnetism in pristine (but possibly defec-
tive) TMDs such as WS2 and MoS2.29–33 Because TMDs are
semiconductors without the metallic pseudo-spin state that
exists in graphene, the mechanism of the ferromagnetism of
TMDs could be different from that in graphene. To explain the
intrinsic ferromagnetism, several theoretical and experimental
studies have been performed. Huo et al. proposed edge-state-
induced ferromagnetism in WS2.29 Other groups have sug-
gested that local metallic 1T phases inside the host 2H TMD can
be ferromagnetically coupled and lead to ferromagnetism.32,34

As another possible mechanism, defects could also lead to
ferromagnetism in TMDs, like in graphene. Native defects such
as vacancies and interstitials are inevitably generated in the
growth processes and can signicantly affect the properties of
TMDs.35,36 It is known that defects in TMDs could have local
magnetic moments,35,37 and a previous work suggested the
possibility of magnetically-active-defect-induced ferromagne-
tism.30 However, the detailed mechanism of defect-induced
ferromagnetism, especially long-range magnetic coupling
between the magnetic defects, has not been studied yet.
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In this work, we have investigated the effects of native defects
on the magnetic properties of TMDs such as WS2 and MoS2.
First, we have examined isolated defects such as S vacancies
(VS), transition metal anti-sites (MS, M = W or Mo), transition
metal interstitials (Mi), and MS and VS complex defects (MS–VS),
which have localized d-orbitals, and thus could have a localized
magnetic moment. While VS and Mi have no magnetic moment,
MS and MS–VS exhibit localized magnetic moments of 2mB.
Second, we have studied the long-range magnetic interaction
between MS defects with respect to their relative positions. The
magnetic interaction is mediated by the local spin density
oscillation, and it shows that ferromagnetic couplings are
favorable for most of the relative positions. However, the
magnetic interaction varies with the relative position and is
signicantly reduced over the fourth-nearest neighboring site.
Our results suggest that defect-induced ferromagnetism can be
generated in heavily defective TMDs.
2. Methodology

The optimized atomic structures and relevant total energies were
calculated based on spin-polarized density functional theory
(DFT),38,39 as implemented in the Vienna ab initio simulation
package (VASP).40–43 The plane augmented wavemethod was used
to represent the ion cores,44 and the generalized gradient
approximation formulated by Perdew, Burke, and Ernzerhof was
used for the exchange–correlation functional.45,46 The wave-
functions were expanded in a plane wave basis set up to a cut-off
energy of 500 eV. To model the isolated defects and the magnetic
coupling between two defects, we employed a periodic 7 × 7
supercell with a 15 Å vacuum region along the z-direction, which
is sufficiently large to avoid articial interaction between periodic
images. For Brillouin-zone integration, a G-centered 3 × 3 × 1 k-
point mesh was used for ionic relaxation, and a denser 6 × 6 × 1
k-point mesh was used for precise electronic structure calcula-
tions. Atomic structures were fully relaxed until the residual
forces were less than 0.02 eV Å−1. The spin–orbit coupling (SOC)
was incorporated using an approximation of relativistic effects by
a scalar relativistic Hamiltonian with SOC in a perturbation
treatment.47 However, the inclusion of SOC was found to have
a minor effect on the energy of the magnetic coupling.

The formation energy FE(D) of a defect D was calculated as

FEðDÞ ¼ EðDÞ � EðPureÞ �
X

i

Dnimi

where E(D) and E(Pure) are the total energies of the defective
and pure systems, respectively, and Dni and mi are the number
change and the chemical potential of the i-th element, which
are added (Dni > 0) or removed (Dni < 0). The chemical potentials
used were the atomic total energies of the BCC phase for W and
Mo metals and the orthorhombic phase for S.
3. Results and discussion
3.1. Localized magnetic moments in native defects

We rst considered native defects in WS2 that could generate
a local magnetic moment. Among the various native defects, we
6586 | RSC Adv., 2025, 15, 6585–6592
focused on VS, WS, and Wi defects as shown in Fig. 1(a)–(c),
respectively, because they have unpaired d-orbitals of W atoms,
so they are likely to have a localized magnetic moment. This is
not the case for the other isolated native defects such as W
vacancies, S interstitials, and S anti-sites. All the defects we
considered are likely to be formed in W-rich (or S-poor) growth
conditions. In this regard, we assume W-rich WS2 samples in
this work.

Anion vacancies, i.e., VS in this case, have been widely
observed in TMDs.35,36,48 Our calculations also showed that VS

has the lowest formation energy, as shown in Table 1. However,
VS has no local magnetic moments, despite the existence of the
non-bonding d-orbitals of the three neighboring W atoms [see
Fig. 1(a)]. This is because of the inward relaxation of the threeW
atoms and the formation of the fully occupied bonding levels of
the non-bonding d-orbitals, leaving the fully unoccupied d-
levels in the gap. In pristine WS2, the distance between two W
atoms (DW–W) is 3.18 Å. However, near the VS defect, as shown in
Fig. 1(a), DW–W is reduced by 0.14 Å. This relaxation leads to the
formation of a bonding level inside the valence band, effectively
quenching the local magnetic moment.

In the W-rich growth conditions, the sufficient W adatoms
are likely to encounter the abundant VS sites on WS2, and the VS

sites can be lled by the W atoms, forming cation anti-site
defects WS, as shown in Fig. 1(b). The inclusion of a W atom
at the VS site restores the DW–W (3.12 Å) near the WS defect [see
Fig. 1(b)] to a value close to that of the pristine structure.
Additionally, no signicant changes were observed in other
bonds, such as the W–S bonds. Our calculations showed that
theWS defect exhibits a local magnetic moment of 2 mB, which is
in good agreement with previous results.49 Due to the different
atomic environment of the WS atom compared with that of the
host W atoms, it shows different level splitting of the WS d-
orbitals. As shown in Fig. 2(a), the three dXY, dX2−Y2, and dZ2

levels appear around the band gap, while the other two dXZ and
dYZ levels are located below the valence band maximum (VBM).
For the majority spin state, the dXY and dX2−Y2 levels are doubly
degenerate at 0.91 eV, and the single dZ2 level is located at
1.16 eV with respect to the VBM, as shown in Fig. 2(a). Note that
the minority spin dXY, dX2−Y2, and dZ2 levels are located near the
conduction band minimum (CBM), showing large spin split-
ting. WS has effectively six valence electrons in the d-orbitals:
four originate from the valence electrons of WS and two origi-
nate from the three neighboring W atoms. Among them, the
four are lled into the dXZ and dYZ levels below VBM, and the
doubly degenerate dXY and dX2−Y2 levels in the gap are occupied
by the remaining two electrons. Therefore, this partial electron
occupation of localized d-levels induces the large spin splitting
by the exchange interaction,14 and WS can have a magnetic
moment of 2mB.

The inset in Fig. 2(a) shows the spatial distribution of the
spin density of WS. Themajority spin is highly localized near the
WS atom, resulting in an atomic magnetic moment 1.51mB. For
the three nearest neighboring W atoms, however, the minority
spin is distributed with an atomic magnetic moment of−0.09mB
per each W atom. For the three next nearest neighboring W
atoms, the majority spin is again distributed with a smaller
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Atomic structures of (a) S vacancy (VS), (b) W antisite (WS), (c) W interstitial (Wi), and (d) WS–VS complex defects in WS2. In (a) and (d),
vacancy sites are denoted by dotted blue circles. In (a) and (b), the neighboringW atoms near the defect are denoted by dotted violet lines. TheW
and S atoms are represented by magenta and yellow balls, respectively.

Table 1 Defect formation energies EF in the cation- or anion-rich
conditions, and the localized magnetic moments (m) of the various
defects such as S vacancies (VS), cation interstitials (Mi), cation antisites
(MS), and cation antisite and S vacancy complex (MS–VS) in WS2 and
MoS2. M stands for W in WS2 and Mo in MoS2

WS2 MoS2

EF (eV)

m (mB)

EF (eV)

m (mB)W-rich S-rich Mo-rich S-rich

VS 1.56 2.79 0.0 1.33 2.63 0.0
Mi 5.30 7.77 0.0 3.86 6.47 0.0
MS 5.45 9.14 2.0 3.86 7.78 2.0
MS-VS 6.74 11.66 2.0 5.14 10.36 2.0

© 2025 The Author(s). Published by the Royal Society of Chemistry
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local magnetic moment 0.09mB per each W atom. The spin
density oscillation is caused by the super-exchange interaction
through an S atom.49 Note that the magnetic moment on S
atoms is very small because of the absence of d-orbitals. This
spin density oscillation is induced by theWS defect. Similar spin
density oscillations have been found in graphene due to defects,
but the spin density is distributed in much longer range,
leading to long-range magnetic coupling.26

Fig. 1(c) shows the atomic structure of Wi. The W adatom is
stabilized on the host W site, forming a symmetrically separated
twoW dumbbell structure. The formation energy ofWi in theW-
rich condition is similar to, but a bit smaller than that ofWS (see
Table 1). However, due to the bonding between the two W
atoms, similar to VW, Wi also has no magnetic moment.

We have summarized the formation energies and magnetic
moments of the isolated defects discussed above in Table 1.
RSC Adv., 2025, 15, 6585–6592 | 6587
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Fig. 2 Total and projected density of states (DOS) of (a) WS and the (b)
WS–VS complex. Upper (lower) panel is the majority (minority) spin
DOS. Black lines and gray shaded regions are total DOS, and projected
DOS are shown using the corresponding colors denoted in the figures.
All the projected DOSs were scaled by a factor of 10with respect to the
total DOS. The valence band maximum was set to 0.0 eV, and the
Fermi level is presented by the vertical dotted lines. Isosurfaces of the
spin densities for WS and theWS–VS complex are shown in the insets of
(a) and (b), respectively.

Fig. 3 Long-range magnetic interaction between two MS defects (M =W
AFM ordering of the twoMS defects, i.e., DEm = EAFM − EFM, as a function
the two MS defects considered in (a). With respect to the MS defect de
neighboring (NN) sites are represented by the blue, green, red, and pink

6588 | RSC Adv., 2025, 15, 6585–6592
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While WS has a localized magnetic moment, its formation
energy is relatively high. Thus, under equilibrium growth
conditions, the WS concentration [WS] may be too low to lead to
ferromagnetism in WS2. However, under non-equilibrium
growth conditions, [WS] can be signicant due to a diffusion-
limited kinetic process. In the process, WS can be formed by
the migration and clustering of VS and Wi if the following two
conditions are met: (i) attractive interaction between VS and Wi,
and (ii) activation of VS or/and Wi diffusion.50,51 For condition
(i), our calculations show that the binding energy between VS

and Wi to form WS is quite large (about 1.41 eV), implying
a strong attractive interaction. For condition (ii), previous
results showed that the diffusion energy barrier is about 0.6 eV
for transition metal interstitials in TMD.52 This is in good
agreement with the fact that WS as well as VS are widely
observed in experiments.35,36 Hence, we will consider the effect
of the anti-site defect WS on the magnetic properties in TMD in
the next section.

Until now, we have discussed isolated point defects in WS2. In
the non-equilibrium process that we considered above, large
complex defects as well as WS can be also formed by the kinetic
processes of the isolated defects. The MS–VS complex [see
Fig. 1(d)], which has been observed in experiments,35 is an
example. Regarding the two conditions above, (i) the binding
energy between MS and VS is about 0.27 eV, and (ii) the VS
diffusion, for which the diffusion barrier is about 2.3 eV,53 can be
activated at the sample growth temperature of∼1000 K.15,29While
the binding energy is small, and so the WS–VS concentration is
expected to be low even in non-equilibrium conditions, the
WS−VS complex can exist and could lead a localized magnetic
moment inWS2. As shown in Fig. 2(b), the doubly degenerate dXY
and dX2−Y2 levels in the gap are occupied, and it has a local
magnetic moment 2mB, similar to those of WS. Previous works54
for WS2 and Mo for MoS2). (a) Energy difference DEm between FM and
of the distance d between the two MS defects. (b) Relative positions of
noted by the black circle, the first, second, third, and fourth nearest
circles, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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have considered other large complex defects such as a W and two
S vacancy complex and a six S vacancy cluster, which exhibit local
magnetic moments. These results indicate that, although these
complex defects could affect the magnetic properties of WS2, the
concentration of the large complex defects is so low, their effect
could be insignicant even under non-equilibrium conditions. In
this regard, we ignored the possible effect of large complex
defects in the next section, and we focused on the long-range
magnetic coupling between MS defects, which are expected to
be the most abundant magnetic defect in WS2.

Until now, we have focused on the various defects inWS2. We
also studied the corresponding defects in MoS2, for which the
results are summarized in Table 1. Most of the results are
qualitatively similar to those in WS2. There is one thing to note:
the formation energy of the Mo anti-site defect (MoS) is smaller
than that of WS in WS2, so one can expect a higher MoS
concentration. Thus, we believe that the qualitative magnetic
properties induced by the native defects could be similar in
both materials.
Fig. 4 Spin density for (a) 2WS-2NNAC and (b) 2WS-2NNZZ in WS2. Red (bl
spin.

Table 2 Magnetic interaction DEm and binding energy EB of two anti-
site defects MS (M = W for WS2 and Mo for MoS2) with respect to the
distance d between the two MS defects. DEm was calculated from the
energy difference between the ferromagnetic EFM and antiferromag-
netic EAFM orderings of the two defects, i.e., DEm = EAFM − EFM. EB was
measured from the energy gain of the two defects with respect to the
isolated two defects

WS2 MoS2

d (Å) DEm (meV) EB (eV) d (Å) DEm (meV) EB (eV)

2 MS-1NN 3.18 239 0.27 — — —
2 MS-2NNAC 5.51 −17 0.12 5.52 −2.0 0.06
2 MS-2NNZZ 6.37 53 0.07 6.37 21 0.01
2 MS–3NNAC 8.42 1.4 0.04 8.43 1.4 0.03
2 MS-3NNZZ 9.55 0.6 0.02 9.55 0.6 0.01
2 MS-4NN 11.48 0.2 0.02 11.48 0.1 0.00

© 2025 The Author(s). Published by the Royal Society of Chemistry
3.2. Long-range magnetic interaction of cation anti-site
defects

To investigate the long-range ordering of the local magnetic
moments in native defects and the defect-induced ferromagne-
tism in TMDs, the magnetic interaction between two MS defects
(M = W for WS2 and Mo for MoS2) was considered in a 7 × 7
supercell, in which the MS concentration was 2% with respect to
the total number of M atoms. This defect concentration is exper-
imentally accessible in the TMDs.35 As a measure of the magnetic
interaction DEm, we considered the energy differences between
ferromagnetic (FM) and antiferromagnetic (AFM) ordering of the
two MS defects, i.e., DEm = EAFM − EFM, where EFM and EAFM are
the total energy of the FM and AFM orderings. Fig. 3(a) showsDEm
as a function of the distance d between two MS defects, and the
results are also summarized in Table 2. Here, the positive (nega-
tive) DEm indicates that the FM (AFM) ordering is stable.

We considered various relative positions between two MS

defects up to the fourth nearest neighboring (NN) site, and the
positions are represented in Fig. 3(b); with respect to the MS

defect circled in black, the rst, second, third, and fourth NN
sites of the other MS defects are designated by blue, green, red,
and pink circles. We denote the two n-th NN MS defects as 2MS-
nNNX. If more than one n-th NN site exist, the different sites are
distinguished using the subscript X, which can be ZZ or AC
depending on whether the two defects are aligned along the
zigzag or armchair direction, respectively [see Fig. 3(b)]. For
2WS-1NN in WS2, the two WS atoms were relaxed away from the
S atoms but relaxed inward between them, forming a bond
between the two W atoms. This lowers the total energy of the
two defects by 0.27 eV. Because the distance between the two
defects is close enough for their spin densities to interact [see
inset of Fig. 2(a)], the magnetic interaction DEm is measured to
be relatively large (239 meV), as shown in Fig. 3(a) and Table 2.

For 2WS-2NN, there are two inequivalent positions: two WS

are separated along the armchair line (2WS-2NNAC) or zigzag
ue) contours represent the spatial distribution of the majority (minority)

RSC Adv., 2025, 15, 6585–6592 | 6589
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Fig. 5 Total and projected DOS for (a) 2WS-2NNZZ, (b) 2WS-3NNAC,
and (c) 2WS-3NNZZ in WS2. Black lines and gray shaded regions are the
total DOS, and projected DOS are shown using the corresponding
colors denoted in the figures. All the projected DOSs were scaled by
a factor of 10 with respect to the total DOS. Valence band maximum
was set to 0.0 eV, and the Fermi level is presented by the vertical
dotted lines.
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line (2WS-2NNZZ) [see Fig. 3(b)]. The distance d between the two
WS defects in 2WS-2NNAC is shorter by 0.5 Å than that in 2WS-
2NNZZ. Among the relative positions that we have considered,
only 2WS-2NNAC prefers the AFM coupling by 17 meV compared
to the FM coupling. The favorable AFM coupling reects the
spin density oscillation in WS [see inset of Fig. 2(a)]. As we
mentioned above, if the majority spin is distributed on the WS

atom, the minority spin is distributed on the NN W atoms, and
again the majority spin is distributed on the next NN W atoms.
Thus, because of the relative position of the two WS defects in
2WS-2NNAC, the spin distribution of the AFM coupling becomes
compatible with the spin distribution of each WS, as shown in
Fig. 4(a). For 2WS-2NNZZ, on the other hand, the spin distribu-
tions are compatible in the FM coupling [see Fig. 4(b)], and our
results thus show that the energy of the FM coupling is lower by
53 meV than that of the AFM coupling.

The magnetic interaction is mediated by the spin density of
each WS defect. Because the spin density is localized around WS,
as shown in the inset of Fig. 2(a), DEm decreases with respect to
d [see Table 2 and the inset of Fig. 3(a)]. However, a nite and
positiveDEm (FM coupling) still exists for the third and fourth NN
congurations, for which d is over 8 Å. The d-dependent
magnetic interaction is also reected in the splitting of the
degenerate dXY and dX2−Y2 levels within the band gap. Fig. 5 shows
the total and projected DOSs of 2WS-2NNZZ, 2WS-3NNAC, and
2WS-3NNZZ. As shown in Fig. 5(a), each WS defect has occupied
dXY andd X2−Y2 levels and the empty dZ2 level in the gap. For 2WS-
2NNZZ, the occupied dXY and dX2−Y2 levels, which are degenerate
for the isolated case, exhibit a sizable energy splitting of about
0.17 eV due to the interaction between the defect levels. The
electronic structures of 2WS-3NNAC and 2WS-3NNZZ [see Fig. 5(b)
and (c)] are similar to that of 2WS-2NNZZ, but the level splittings
are reduced to 0.09 and 0.07 eV, respectively, as d increases.

The strength of the magnetic interaction DEm is on the same
order of magnitude as that of magnetic Mn dopants in TMDs,
which have been considered as a source leading to ferromag-
netism.14 For several TMDs, the calculated DEm of the two Mn
dopants are about 130–200 meV for the 1NN conguration and
5–70 meV for the 2NNZZ conguration, which are comparable
with the DEm of WS in WS2, as shown in Table 2 and Fig. 3(a). In
this regard, we expect that the WS defect can induce the ferro-
magnetism experimentally observed in undoped WS2. However,
as discussed above, DEm becomes small over the defect distance
d of 8 Å, so long-range ferromagnetic ordering could be possible
in highly defective systems.

In addition, we considered the DEm of the MoS defects in
MoS2. The results are very similar to those ofWS inWS2, but there
are two differences. First, the 2MoS-1NN conguration is
unstable, and during the ionic relaxation, the twoMoS defects are
relaxed inward each other, forming bonds. This relaxation
quenches the magnetic moment in MoS. Second, the DEm is
slightly smaller than that of WS in WS2. This difference may be
caused by the small d-orbital radius of the Mo atoms. Thus, for
the same defect density of MS, MoS2 is less likely to show ferro-
magnetism. However, as discussed above, the formation energy
of MoS is smaller than that of WS (see Table 1). As such, more
abundant MoS defects could lead to ferromagnetism in MoS2.
6590 | RSC Adv., 2025, 15, 6585–6592
4. Conclusions

In summary, we investigated various native defects in WS2 and
MoS2 and found that theMS defect is themost abundantmagnetic
defect, exhibiting a local magnetic moment of 2mB, under non-
equilibrium W-rich growth conditions. The spin density oscilla-
tion associated with the local magnetic moments mediates a long-
range magnetic interaction between the MS defects, which mostly
leads to ferromagnetic ordering. The strength of this magnetic
interaction is comparable to that of magnetic dopants in TMDs.
However, the interaction decreases signicantly when the defect
distance exceeds 9 Å. Thus, our ndings suggest that ferromag-
netism in TMDs can be induced in heavily defective TMD samples
with a high concentration of MS defects.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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