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1. Introduction

Layered transition metal dichalcogenides (TMDs) are a new 
class of Dirac material that have gathered interest because 
of their large direct bandgap (1–2 eV) in the single-layer 
structures [1], making them more attractive for electronic 

applications than graphene. Among many TMDs, WSe2 
stands out as a promising candidate because of its many exotic 
properties, including large spin-orbit interactions [2], a lack of 
inversion symmetry [1], and a large bandgap (1.7 eV) in the 
single-layer structures [1]. These properties can potentially 
be exploited for novel physics like spin and valley electronics 
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Abstract
We report a systematic study of the magnetic properties in transition metals doped with 
WSe2 through the use of first principle calculations. The results demonstrate the possibility 
of generating long-range room temperature ferromagnetic interaction in WSe2 with the use 
of Mn and Fe doping. In the case of Fe, a percolation threshold is required for long-range 
ferromagnetism, whereas the long-range room temperature ferromagnetic interaction in 
Mn-doped WSe2 persists even at a low concentration (~5.6%). The ferromagnetism is mediated 
by the delocalized p states in the Se atoms, which couple antiferromagnetically with the spin-
down a1 and e1 states in Fe doping through a correlated interaction. In Mn doping, the p states 
of Se tend to couple ferromagnetically with the 3d state of Mn, which stabilizes the long-range 
ferromagnetism between the Mn ions, although the short-range interaction is antiferromagnetic. 
In addition, the calculations indicate that Fe and Mn tend to configure at a high spin state, thus 
they possess much larger magnetic moments in WSe2 than when they are doped into other 
transition metal dichalcogenides. We also discovered a strong dependence of the exchange 
interaction on the dopants’ spatial positions, distances, and concentrations, which alters the 
magnetic coupling from strong ferromagnetism to strong antiferromagnetism. These results can 
provide useful guidance to engineer the magnetic properties of WSe2 in future experiments.
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[3–5], Majorana particles [6], and hybrid magnetic interac-
tions between Heisenberg, Dzyaloshinsky-Moriya, and Ising 
interactions [7]. Recently, there has also been wide use of 
WSe2 in functional devices like field-effect transistors [8–10] 
and photovoltaic applications [11].

The purpose of this article is to investigate the magnetic 
properties of doped WSe2, because an accurate understanding 
of the ferromagnetism (FM) of this material is vital for future 
spintronic applications. A common technique to generate FM 
in spintronic material is doping a semiconductor with transi-
tion metals (TMs). This is known as diluted magnetic semicon-
ductor (DMS), which offers an electronic method to control 
magnetism because the magnetism is mediated by carriers [12, 
13]. The search for DMS has recently been extended to TMDs 
like MoS2, MoSe2, and WS2, indicating the possibility for FM 
with the doping of Mn in those materials  [14–16]. However, 
there are still no conclusive studies about FM in WSe2, which 
has proven to be one of the most interesting TMD materials.

In this article, we present a systematic investigation of 
TM-doped WSe2 using the density functional theory, which 
reveals several interesting results contradicting previous theo-
retical investigations on other TM-doped TMD [16]. Our calcu-
lations show that: only Mn, Fe, and Ni can generate nontrivial 
magnetic interactions in which Mn and Fe are the best candi-
dates to generate long-range room temperature FM within their 
high spin states; the magnetic exchange interaction between 
Mn and Fe ions oscillates between strong ferromagnetism to 
strong anti-FM depending on the spatial positions, distances, 
and concentrations of the dopants; the long-range interaction 
for Fe requires a percolation threshold whereas Mn doping 
produces long-range room temperature interaction even at a 
very low doping concentration; and the long-range interaction 
between Mn and Fe ions is mediated by the delocalized 4p 
states of Se that couple antiferromagnetically with the Mn and 
ferromagnetically with the impurity d states of Fe.

2. Computational methods

Our first principle calculations were calculated using the pro-
jected augmented wave method [17] as implemented in the 
Vienna ab initio simulation package (VASP) code. The plane 
wave basis was expanded with cut-off energy of 500 eV. All 
the ions of the monolayer structure were relaxed until the 
Hellmann-Feynman forces were less than 0.01 eVÅ − 1 using 
the Perdew, Burk, and Ernzerhof (PBE) exchange correla-
tion function [18]. The structural calculations and the elec-
tronic calculations were calculated using 4 × 4 × 1 k-points 
in the Monkhorst–Pack scheme [19]. The magnetic interac-
tions between the transition metal ions were studied with 
4  ×  4  ×  1 supercell configurations constructed from primi-
tive cells with the experimental lattices a = b = 3.29 Å [20]. 
Between the layers, there is a 20-Å vacuum layer to ensure 
no interaction between the monolayers. The optimized pris-
tine monolayer WSe2 structure revealed a symmetry of P6m2 
(D3h point group) because of the absence of inversion sym-
metry, with the W–Se bond and the Se–Se distance measured 
to be 2.55 and 3.39 Å, respectively. To account for the electron 

correlations of d electrons in the transition metal dopants, the 
DFT + U scheme [21] was used with the Coulomb interaction 
U = 6 eV and the onsite exchange interaction is J = 0.87 eV, 
similar to a previous study of transition metal-doped Se-based 
layered material [22]. For Fe and Mn dopants, we also applied 
U values of 3, 4, and 5 eV using 6 × 6 × 1 supercells to study 
the nontrivial dependence of the magnetic interactions on the 
dopant concentration and the strongly correlated effect. The 
6 × 6 × 1 geometry was calculated using 2 × 2 × 1 k-points. All 
the calculations were investigated, with the inclusion of the 
spin-orbit interaction (SOI). The magnetic interaction between 
the individual TM dopant is defined as ΔE = EAFM − EFM, in 
which a positive value of ΔE demonstrates favorable FM and 
a negative value indicates the interaction is antiferromagnetic. 
In addition, to further understand the nature of the exchange 
interaction between the TM dopants, the dopants were also 
placed at different spatial positions from nearest neighbor to 
furthest within the 4 × 4 × 1 supercell (figure 1(a)) and the 
6 × 6 × 1 supercell (figure 1(b)). For the 4 × 4 × 1 supercell, 
the zigzag position is when the two dopants lie in positions 0 
and 1 or 0 and 3, whereas the armchair position is classified as 
when they lie in positions 0 and 2. For the 6 × 6 × 1 supercell, 
the zigzag position is when the two dopants lie in positions 
0 and 1, 0 and 3, or 0 and 5, whereas the armchair position 
is classified as when they lie in positions 0 and 2 or 0 and 4. 
The classification of the spatial positions of the dopants and 
their corresponding distance between dopants are also pre-
sented in table 2S in the supplementary material (stacks.iop.
org/JPhysCM/26/306004/mmedia).

3. Results and discussions

3.1. Single magnetic impurity

To investigate the magnetic interaction in doped WSe2, we 
replaced one tungsten atom with a TM atom in a 4 × 4 × 1 
supercell, which simulates a doping concentrate ion of 6.25%. 
Based on our calculations, only Ni, Mn, and Fe posses both 
nontrivial magnetic moments and magnetic exchange inter-
actions, as presented in Table  1. The magnetic moments 
and the first neighbor exchange interaction is presented 
in table  1S in the supplementary material (stacks.iop.org/
JPhysCM/26/306004/mmedia). According to Table 1, surpris-
ingly, the SOI has a minimal effect on the magnetic moment 
of a single dopant, whereas the Hubbard potential Ueff (U − J) 

Figure 1. Spatial positions of Mn and Fe in (a) 4 × 4 × 1 and 
(b) 6 × 6 × 1 supercells. The blue ball represents the tungsten atoms 
(W), the yellow ball represents the chalcogenide (Se) atoms, and the 
red ball represents the transition metal (TM) dopant.
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can strongly influence the magnetic moment of dopants like 
Mn and Fe, indicating a transition from the low to high spin 
state. To reveal the insight into the nature of magnetism in the 
doped structure, the density of states (DOS) containing Mn, 
Fe, Ni, and Co were calculated as described in figure 2. In 
the case of Mn, Fe, and Ni, the DOS graph demonstrates that 
all the impurity d bands originated from the TM dopant are 
well-localized within the bandgap of the host material (fig-
ures 2(a)–(c)). However, for a Co dopant, the impurity band is 
delocalized and hybridizes within the valence band, and thus 
it does not produce a magnetic moment (figures 2(d), (h)). 
Geometrically, our calculations reveal that the doping of Mn, 
Fe, and Ni dramatically shortens the TMW–Se bond to 2.44, 
2.43, and 2.44 Å, respectively, as compared with the value of 
2.55 Å of the pristine WSe2 structure, indicating a reduction 

of symmetry from the original D3h space group after atomic 
relaxation. Nevertheless, the changes in the TM–Se bonds are 
localized at the doping site and they do not have significant 
impacts on the surrounding W–Se bonds. In the case of Co 
and other TM dopants, which produce zero magnetic moment, 
the TMW–Se bond length is preserved as in the pristine struc-
ture. As a result, the loss of trigonal symmetry at the doping 
site is shown to play a vital role in suppressing or enhancing 
the magnetism of TM-doped WSe2 by localizing or delocal-
izing the impurity d bands. This effect, known as Jahn-Teller 
distortion, has also been reported previously in other two-
dimensional transition metal dichalcogenide-based DMS 
materials [15]. When the Hubbard potential Ueff is included 
in the calculations, the d majority spin states of Mn and 
Fe are pushed further into the valence band for the spin-up 

Table 1. Magnetic moments and the exchange interaction values for Mn, Fe and Ni doping calculated using different functional methods 
within the 4 × 4 × 1 supercells. The value of U is 6 eV, and the exchange interaction is calculated between the first nearest neighbours.

DFT DFT + SOI DFT + U DFT + U + SOI

Magnetic 
moment (μB) ΔE (eV)

Magnetic 
moment (μB) ΔE (eV)

Magnetic 
moment (μB) ΔE (eV)

Magnetic 
moment (μB) ΔE (eV)

Mn 1.14 0.056 1.15 0.055 4.10  − 0.041 4.10  − 0.040
Fe 1.27 0.040 1.30 0.041 3.62 0.088 3.62 0.081
Ni 1.15  − 0.268 1.14  − 0.096 1.35  − 0.212 1.27  − 0.105

Figure 2. Density of states (DOS) calculated using DFT for d orbitals of (a) Mn, (b) Fe, (c) Ni, (d) Co, and DFT + U for d orbitals of 
(e) Mn, (f) Fe, (g) Ni, and (h) Co. The Fermi energy is located at 0 eV.
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states, whereas the spin-down states become more localized 
in the conduction band (figures 2(e), (f)). However, Ueff only 
affects the splitting of the unoccupied states in the minority 
spin direction of Ni, whereas the majority of spin-occupied 
states are largely unaffected (figure 2(g)). Consequently, the 
magnetic moments obtained from the DFT + U method for 
Mn and Fe are 4.09 and 3.62 μB, respectively, suggesting a 
high spin-state configuration, whereas the magnetic moment 
of Ni remains unchanged. This is in contrast to the low spin-
state obtained from the DFT method, which results in a value 
of 1.15 and 1.30 μB for the magnetic moment of Mn and Fe, 
respectively. Structurally, Ueff also affects the atomic relax-
ation in which the TMW–Se bond is enlarged to 2.59, 2.56, 
and 2.53 Å, respectively, as compared with results from the 
DFT method. These findings also agree with the previous 
report of Ramasubramaniam et al [15] on Mn-doped MoS2, 
which demonstrated a significant difference between the spin-
state configurations of Mn resulted from the DFT method and 
hybrid functional method.

A further examination of the effect of structural distortion 
on the d orbitals of TM can be observed in figure 3. Because 
SOI has no significant effect on the magnetic moment of a 
single Mn, Ni, and Fe dopant, we only plotted the orbital split-
ting of the d bands with and without the effect of Ueff. For 

a single Ni dopant (figure 3(a)), based on the spin-resolved 
minority direction, it is observed that the five d orbitals are 
split into two different groups under the triagonal prismatic 
environment of the chalcogenide atoms. The first group con-
tains the dyz and dxz states forming a doubly degenerate anti-
bonding state e2, which is situated furthest away from the 
Fermi level; hence, it strongly hybridizes with the 4p states 
of Se. The other orbitals like dxy, dz

2, and dx
2
  −  y

2 form the 
second group, which is situated closer to the Fermi level based 
on the minority spin-projected DOS. Consequently, the singly 
degenerate antibonding state a1 (dz

2) and doubly degenerate 
e1 (dxy and dx

2
 − y

2) overlap with each other and position them-
selves at a lower energy level. In addition, the DOS plot also 
reveals that the majority spin channel of the five d orbitals 
are all partially occupied, whereas the minority state is com-
pletely empty. The a1 and e1 states show a negligible gap in 
the majority spin direction, whereas there is a significant gap 
in the minority spin level, indicating that the DFT calculation 
predicts a half-metallic ground state when Ni is introduced. 
Based on the down-spin direction, we estimate that the crystal 
field splitting between the spin-up e1 and e2 states is approxi-
mately 0.26 eV, whereas the Hund’s exchange energy splits the 
spin-up and spin-down state an estimated 0.52 eV based on the 
gap between the up-e1 state and down-e1 state. These values 

Figure 3. Density of states of the a1, e1, and e2 states of Ni calculated using (a) the DFT and (b) DFT + U, of Mn calculated using (c) the 
DFT and (d) DFT + U, and of Fe calculated using (e) the DFT and (f) DFT + U. U = 6 eV was used in all the calculations.
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suggest that in the case of Ni doping, the intra-atomic Hund’s 
exchange energy dominates over the crystal field splitting, 
which lowers the energy of the spin-up e2 state and pushes the 
spin-down a1 and e1 states to higher level. Within the DFT + U 
framework (figure 3(b)), the inclusion of the Hubbard poten-
tial increases the orbital splitting between the down-spin e2 
and a1 states but the up-spin states are not affected. As a result, 
the half-metallic nature of the WSe2:Ni ground state is still 
maintained because of the strong overlapping of the spin-up 
e1, a1, and e2 states in the majority spin direction.

For WSe2:Mn, based on the majority spin channel, the five 
d orbitals are observed to be divided into three groups: doubly 
degenerate empty e2 states containing dyz and dxz located at the 
highest energy; singly degenerate partially occupied a1 state 
(dz

2) located at the lowest energy; and the doubly degenerate 
partially occupied e1 states (dxy and dx

2
 − y

2) located between 
a1 and e2 states (figure 3(c)). In the minority spin channel, a 
hybridization of the a1 and e1 states are also observed, sim-
ilar to Ni doping. However, in this case a larger energy gap is 
observed in the spin-up channel, indicating that the structure 
is a magnetic semiconductor in contrast to the half-metallic 
character of Ni-doped WSe2. The crystal field splitting 
(0.57 eV) is revealed to be larger than the Hund’s exchange 
energy (0.38 eV), which is reaffirmed through the fact that the 
down-spin a1 and e1 states are at lower energies than the up-
spin e2 states. With the addition of Ueff in the function, the 
orbital splitting of the defect states is altered significantly 
because of the changes in the crystal field, and the Hund’s 
exchange energy increases significantly (figure 3(d)). The e2 
states are now occupied in the spin-up and spin-down direc-
tions, whereas the hybridized e1 and a1 states are only occu-
pied in the spin-down channel. By integrating the projected 
density of states of the 3d states of Mn, we obtained the orbital 
occupancy of 4.52 e for the spin-up state and 0.44 e for the 
spin-down state, which are significantly different from the 
occupancy of 3.15 e (spin-up) and 2.01 e (spin down) obtained 
from the DFT method. These results suggest that the inclusion 
of Ueff results in a transition from the low 3d4 to a high 3d4 
spin state for Mn. Furthermore, within the defect states of the 
high spin configuration, the main mediation for magnetism is 
now shifted to the hybridized spin-down e1 and a1 states, in 
contrast to the DFT result, which indicates the occupied spin-
up a1 state as the main mediation for magnetic interactions.

In the case of Fe doping, the introduction of the dopant also 
produces a similar orbital splitting in the positions of the e2 
(dyz and dxz), a1 (dz

2), and e1 (dxy and dx
2
 − y

2) states as observed 
for Mn. The e2 states are shown to be empty at the highest 
energy level, the occupied a1 state is in the lowest level, and 
the partially occupied e1 states are positioned between the 
a1 and e2 states in both of the spin-up and spin-down direc-
tions (figure 3(e)). However, the orbital splitting vanishes 
when the localization of the 3d states of Fe are corrected 
with Ueff. Similar to Mn doping, the majority spin states are 
now strongly overlapped and localized in the valence band, 
whereas the minority spin states are largely unoccupied. The 
DFT + U method (figure 3(f)) now reveals an increase in occu-
pation of the spin-up states with 4.82 e as compared with 3.81 
e predicted by the DFT framework, whereas the spin-down 

state occupancy is shown to be reduced from 2.54 e in the DFT 
functional to 1.21 e in the DFT + U method. The results indi-
cate potentially high spin configuration for the 3d4 states of Fe 
when it is introduced into WSe2. In addition, the DOS analysis 
also reveals significant changes in the impurity states. The e2 
states are now occupied in both of the spin-up and spin-down 
channels in contrast to the prediction of the DFT theory. The 
a1 and e1 states are shown to hybridize strongly and they are 
occupied in the minority spin channel, whereas their majority 
spin states are unoccupied. As a result, the improved descrip-
tion of Fe- and Mn-doped WSe2 demonstrates that the poten-
tial mediating factor for magnetic interactions is the minority 
spin e1 and a1 states, which are different from the previous 
theory of magnetism in doped TMD, suggesting the spin-up 
a1 state as the main mediator for magnetic coupling [16].

3.2. Magnetic exchange interaction

Next, the magnetic exchange interactions are investigated by 
placing two dopants in the W sites at different spatial posi-
tions in 4 × 4 × 1 supercells, resulting in a doping concentra-
tion of 12.5%. Based on Table 1, ΔE is shown to be negative 
for Ni and positive for Fe regardless of the effect of spin orbit 
interaction and Ueff, whereas the sign of ΔE for Mn is strongly 
dependent on the Ueff values. These results indicate that Ni 
doping in WSe2 results in a strongly antiferromagnetic mate-
rial, whereas Fe doping results in room temperature ferro-
magnetic WSe2. In the case of Mn, the magnetic interaction 
changes from FM to anti-FM with the increasing localization 
of d electrons in the presence of Ueff.

To further understand the nature of these interactions, the 
DOS of the antiferromagnetic and FM spin alignment for Ni, 
Fe, and Mn doping are plotted. According to figures  4(a), 
(b), Ni doping at concentrations as high as 12.5% results in 
a metallic ground state because of the hybridization of the d 
orbitals between the neighboring Ni atoms that closes the gap 
in the spin-up and spin-down directions. Similar results are 
also obtained for calculations involving Ueff, which reaffirms 

Figure 4. Density of states of Ni calculated using DFT method for 
(a) antiferromagnetic and (b) FM configurations, and calculated 
using DFT + U (U = 6 eV) for (c) antiferromagnetic and (d) FM 
configurations.
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the metallic antiferromagnetic nature of WSe2:Ni. This anti-
FM is attribuTable to the short-range superexchange mecha-
nism, in which the two neighboring Ni spins are coupled in 
opposite directions via a Se atom connecting the impurity 
pair. Such a mechanism can be attributed to the bond angle 
of Ni  −  Se  −  Ni, which is calculated to be 112° after the 
atomic relaxation. Thus, based on the Anderson-Goodenough-
Kanamori rule [23–25], the preferred magnetic alignment for 
the two neighboring Ni atoms is antiferromagnetic.

For Fe doping, the ferromagnetic interactions remain 
sTable in all the calculations, even with the Hubbard poten-
tial values from 3 to 6 eV. The obtained results yield a half 
metallic ground state for the FM configurations within DFT 
(figure 5(a)) and a semiconducting ground state within DFT 
+ U (figure 5(b)) methods. The inclusion of U also corre-
sponds to an increase in the exchange interaction energy from 
0.040 to 0.081 eV Fe − 1 for the nearest neighboring interac-
tions, whereas the SOI has a minimal effect on the value of 
ΔE (figure 5(c)). Examining the individual magnetic dopant 
in the impurity pair, the inclusion of U also produces a high 
spin state for the 3d states of Fe with a magnetic moment of 
3.51 μB, similar to the case of a single dopant. In addition, 
the relaxed Fe impurity pair forms a Fe − Se − Fe complex 
with a bond angle of 86.4°. Thus, the Anderson-Goodenough-
Kanamori rule [23–25] now dictates that preferred magnetic 
alignment between the Fe pair is ferromagnetic. To test 
whether such magnetic interaction is potentially long-range, 
the magnetic ions were placed at different positions within the 
4 × 4 × 1 configurations (figure 1(a)). According to figure 5(d), 
the combination of the SOI and the Hubbard potential yields a 
long-range magnetic interaction with an effective distance as 
long as 6.58 Å. This magnetic interaction oscillates between 
FM and anti-FM, and it is only ferromagnetic when the Fe 
atoms lie in the zigzag position, whereas the armchair posi-
tion yields an antiferromagnetic interaction. Comparing this 
with the previous results in Fe-doped TMD materials like 
MoS2, MoSe2, and WS2, Fe-doped WSe2 shows a much larger 
ΔE, indicating a potential room temperature FM. In addition, 
the magnetic interactions appear to be short-range in other 
Fe-doped TMDs, whereas in the case of WSe2 the produced 
FM interaction from Fe is long-range.

The previous theory of FM in doped TMDs suggested that 
the long-range FM interaction potentially originates from the 
antiferromagnetic coupling between the delocalized p states 
in the chalcogenide atoms and the impurity spin-up a1 state 
from the magnetic dopant [16]. However, as demonstrated in 
the DFT + U calculation of a single dopant, the hybridized 
a1 and e1 states are responsible for the magnetic coupling 
in Fe. Nevertheless, it is possible that the p states of Se can 
still mediate the magnetic interaction as long as the preferred 
spin alignment between the 4p states from the chalcogenide 
atoms and the magnetic dopant is antiferromagnetic. To test 
the validity of this argument, the magnetic moments of the 
impurity states were analyzed. By integrating the DOS of the 
4p of Se and 3d states of Fe from  − 2.5 to 0 eV in the FM con-
figuration for U = 6 eV, the magnetic moments of the impurity 
bands for the 12 surrounding Se atoms and the two Fe atoms 
are 0.032 and  − 0.854 μB atom − 1, respectively. To examine 

whether these results are dependent on the value of U, the mag-
netic moments of the impurity bands of the 4p of Se and 3d of 
Fe are also calculated for the case of U = 0 eV. For the impurity 
states of the 4p of Se and the 3d of Fe, their magnetic moments 
are  − 0.012 and 0.110 μB atom − 1, respectively. These results 
indicate that, regardless of U values, the impurity states of the 
4p of Se and the 3d of Fe all tend to align antiferromagneti-
cally, validating the argument for the delocalized 4p state of 
Se as a mediator for the long-range FM magnetic interaction 
between the Fe ions. It is also interesting to note the Hubbard 
potential simultaneously changes the coupling direction of 
the 3d of Fe and the 4p of Se states, even though U was only 
applied to the 3d of Fe. Consequently, there is potentially an 
electron–electron-correlated interaction between the 3d states 
of Fe and the 4p states of Se to preserve their anti-FM.

In the case of Mn doping, the magnetic coupling between 
the first neighboring Mn atoms is changed from FM to antifer-
romagnetic when the value of U is larger than 4 eV, whereas 
the SOI has no significant effect on their magnetic exchange 
interaction (figure 6(a)). However, as the positions between 
the two dopants increase to 6.58 Å, the ferromagnetic interac-
tion becomes stabilized (ΔE = 0.161 eV for DFT + U + SOI) 
in all the theoretical frameworks (figure 6(b)). As a result, 
Mn demonstrates the ability to produce long-range ferro-
magnetic interaction, whereas its short-range action is pre-
dominantly antiferromagnetic. Furthermore, similar to the 
case of Fe doping, the ferromagnetic coupling is only pos-
sible when Mn atoms lie in the zigzag edge, suggesting a 
strong dependence of the magnetic properties on the spatial 
positions of the dopant. It is worth noting that these results 
contradict the previous theoretical study of Mn-doped TMD 
like MoS2, which reported only short-range interaction [15]. 
The result in this case agrees with the theoretical work per-
formed by Mishra et  al [16], which suggested that Mn can 
mediate the long-range ferromagnetic interaction in TMDs 
like MoS2, MoSe2, and WS2. Nonetheless, there is also a 
subtle difference between WSe2:Mn and other TMDs doped 
with Mn. Specifically, MoS2:Mn can exhibit FM for both the 

Figure 5. (a) DOS of Fe’s FM configuration calculated using 
DFT, (b) DOS of Fe’s FM calculated using DFT + U (U = 6 eV), 
(c) dependence of ΔE for the first neighboring impurity pair on the 
values of U, and (d) dependence of ΔE on the spatial positions of 
dopants, with d representing the distance between the Fe dopants.
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first neighboring interaction15 and the long-range interaction 
[16], whereas Mn-doped WSe2 only produces long-range FM 
and its short-range exchange is antiferromagnetic.

To understand the difference between short-range and 
long-range magnetic coupling, we studied the spin align-
ment between the impurity states of Mn and the delocal-
ized 4p states of Se. The results are summarized in Table 3S. 
Integrating the DOS of the twelve neighboring Se atoms and 
the two Mn atoms from  − 2.5 to 0 eV in the first neighboring 
configuration with FM coupling, for U = 3 eV the magnetic 
moment of the 4p of Se and the 3d of Mn were calculated to 
be  − 0.070 and 0.052 μB atom − 1, respectively (figure 6(c)). 
For U = 4 eV (figure 6(d)), the 4p states of Se and the 3d states 
of Mn were calculated to have a magnetic moment of  − 0.126 
and  − 0.173 μB atom − 1, respectively. These results indicate 
that for the short-range interaction, the Hubbard potential with 
a value larger than 3 eV alters the coupling between 4p states 
of Se and the 3d states of Mn from anti-FM to FM by flipping 
the direction of the impurity d states of Mn, which yields an 
overall antiferromagnetic interaction. This phenomenon is dif-
ferent from the case of Fe doping, in which both of the mag-
netic moments of Fe and Se are flipped in the presence of U. 
For the long-range configuration (d = 6.58 Å), we integrated 
the DOS of the 16 neighboring Se atoms and the two Mn atoms 
to obtain the magnetic moments of Mn and Se. Accordingly, 
for U = 0 eV, the magnetic moment of the d impurity band of 
Mn and of the 4p impurity band of Se is calculated to be 0.147 
and 0.008 μB atom − 1, respectively (figure 6(e)); for U = 6 eV 
(figure 6(f)), the magnetic moments are  − 0.124 μB atom − 1 
for Mn and  − 0.068 μB atom − 1. Consequently, FM is only 
favorable for Mn doping when the magnetic coupling between 
the 4p states of Se and the 3d states of Mn is ferromagnetic. 
This result disagrees with the previous study of other TMDs 
doped with Mn, which theorized that a sTable antiferromag-
netic coupling between the 3d states of Mn and the 4p states 
of Se is necessary to generate strong FM [16].

Finally, we studied the dependence of FM in Mn and Fe on 
the dopant concentration by increasing the supercell size to 
6 × 6 × 1, which reduces the concentration to 5.6%. In the case 
of Fe doping (figure 7(a)), the magnetic coupling between the 
Fe ions varies depending on the spatial positions of the dopants 
as well as the level of theory used. The DFT framework now 
predicts an antiferromagnetic interaction for the short-range 
magnetic exchange, whereas the long-range interaction is 
dominated by FM. Within the DFT + U and DFT + U + SOI 
theory, the ferromagnetic interaction is predominantly short-
range and the strength of the exchange coupling interaction 
decreases as the distance between the dopant atoms increase. 
Interestingly, DFT and DFT + U (DFT + U + SOI) predict 
different trends for the FM to antiferromagnetic oscillation. 
In the case of the DFT theory, the FM is only permissible for 
the armchair edge, whereas the zigzag positions produce anti-
ferromagnetic interactions. Thus, the magnetic interactions 
oscillate between antiferromagnetic to FM as the spatial posi-
tion changes from zigzag to armchair positions. For DFT + U 
(DFT + U + SOI), the magnetic interaction oscillates from FM 
(zigzag position) to antiferromagnetic (armchair position). At 
very large distances (~9.87 Å), the effect of the SOI becomes 

dominant, which alters the FM coupling to antiferromagnetic 
exchange. Consequently, the magnetic interaction for the low 
Fe concentration differs significantly from the results with a 
high dopant concentration, suggesting that a percolation of Fe 
is required to mediate the long-range FM.

For Mn-doped WSe2, the magnetic FM interaction 
remains long-range in all the theoretical frameworks at 
the lower concentration limit (figure 7(b)). Within the 
DFT framework, the exchange interaction between Mn 
ions is predominantly paramagnetic in the short-range, 
but it becomes strongly ferromagnetic at a long distance 
(~9.87 Å). In the case of DFT + U and DFT + U + SOI, they 
both predict antiferromagnetic interaction for the nearest 
neighbor Mn ions. Then, the magnetic exchange becomes 
strongly ferromagnetic at a distance of 6.58 Å and slightly 
decreases as the separation between the dopant increases. 
In addition, the interaction is only FM when the impuri-
ties lie in the zigzag position, which is similar to the result 

Figure 6. (a) Dependence of ΔE for the first neighboring impurity 
pair on the values of U included in Mn’s 3d and (b) dependence of 
ΔE on the spatial positions of Mn atoms, with d representing the 
distance between the Mn dopants. (c) DOS of Mn’s 3d within the 
FM configuration for the first neighboring exchange interaction  
(d = 3.29 Å) with U = 3 eV and (d) U = 4 eV. (e) DOS of Mn’s 
3d within the FM configuration d = 6.58 Å with U = 3 eV and 
(f) U = 4 eV.

Figure 7. Dependence of ΔE on spatial positions of (a) Fe and 
(b) Mn in low doping concentrations (6 × 6 × 1 supercells).
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from the higher concentration. As a result, the similarities 
between the magnetic interaction for low and high concen-
trations of Mn indicate that the long-range FM coupling in 
WSe2:Mn does not require a percolation threshold. These 
findings make it a very attractive candidate for spintronic 
applications. Nevertheless, a strategy of doping Mn would 
require careful selection of the doping site because it can 
only mediate FM interaction for the zigzag position and 
when the distance between Mn atoms is at least 6.58 Å.

4. Conclusions

In conclusion, we have presented a systematic study of mag-
netic interactions in TM-doped WSe2. The results demonstrate 
potential long-range room temperature ferromagnetic interac-
tions with large magnetic moments for Fe and Mn dopings, 
whereas other dopants like Ni can only generate room tempera-
ture antiferromagnetic coupling with low spin configuration. 
The ferromagnetic interaction is mediated by the hybridized 
spin-down a1 and e1 states, which coupled antiferromagneti-
cally with the delocalized 4p states of Se for Fe doping, whereas 
the ferromagnetic coupling between the 4p states of Se and the 
3d states of Mn is required to generate long-range FM for Mn 
doping. In the case of Fe doping, a percolation threshold is 
required to generate long-range interactions, whereas Mn ions 
can couple ferromagnetically at a very long distance (~9.87 Å), 
even at a low doping concentration. Surprisingly, the FM inter-
actions generated by Fe and Mn show little dependence on the 
nontrivial spin-orbit interaction in WSe2, except for the case of 
low concentration of Fe doping. Furthermore, the results also 
reveal that the magnetic interactions are very sensitive to the 
spatial positions of the dopants, in which only the zigzag posi-
tions can produce FM coupling, whereas the armchair edges 
generate antiferromagnetic interaction. Consequently, careful 
consideration of the doping technique is required to select the 
accurate doping site to produce the desired long-range FM in 
Mn-doped or Fe-doped WSe2.
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