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Besides the symmetry breaking of Janus transition metal dichalcogenides (TMDs), Janus-based Diluted 
Magnetic Semiconductors (DMS) are attractive to study considering the local symmetry of transition 
metal (TM) dopant/adatom. This study conducts a first-principles calculation of magnetic properties in 
TM (V, Cr, Mn, Fe, and Co) -- doped and adsorbed Janus WSSe. Our results reveal that TM’s atomic/ionic 
size impacts d-p-d orbital overlap, affecting bond length/angle and defect state positions. The result 
shows that V-doped WSSe exhibits long-range ferromagnetic order sustained by itinerant carriers and 
W atom spin-orbital coupling (SOC). The mechanism of d-p-d orbital hybridization is highlighted with 
an overlapping density of states and spin-density plots. Moreover, an enhanced magnetic anisotropy 
energy (MAE) is observed in Fe/Co-doped and Mn/Fe-adsorbed systems, with the easy axis aligning to 
the c-axis. The orbital contribution of MAE provided explains the relationship between states near the 
Fermi and MAE. On the other hand, the adsorption of V and Cr aligns the easy axis to the a-b plane, for 
which we have systematically explained the contribution of the spin-flip term in MAE. This research 
provides insights and a guideline for further exploration of 2D DMS for spintronics and spin-related 
phenomena.
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Diluted magnetic semiconductors (DMS) have been extensively investigated due to their potential in spintronics 
applications and for discovering fundamental spin-related phenomena1–4. To stabilize the long-range spin order 
in bulk DMS materials, two main magnetic interaction mechanisms have been proposed: (1) direct interactions 
between the dopants (through their overlapped wave functions) and (2) indirect interactions through itinerant 
carriers5–7. The former requires a high dopant concentration, while the latter uses spin-polarized itinerant 
holes at a low dopant concentration7. On the other hand, over the last 5-years, intrinsic two-dimensional 
(2D) magnetic materials have received significant attention due to their intrinsic long-range spin order and 
benefits in atomic-size magnets as promising candidates for miniaturized spintronics devices. Moreover, despite 
promising progress in different 2D van der Waal magnetic materials like Cr2Ge2Te6

8, FexGTe2(FGT)9,10, and 
VSe2

11, their limitations of working ambient conditions (due to low Curie temperature (TC) and high surface 
energy), pose a challenge for the scientific community12,13. While recently inaugurated ultra-thin non-van der 
Waal materials like Cr2 × 3(X = S, Se, and Te) give another glimpse of hope to overcome these difficulties, a lot is 
to wait for the practical device applications14–16. Consequently, the search for atomically thin magnetic materials 
has stretched to the artificially induced magnetism in 2D transition metal dichalcogenide (TMD) 2D diluted 
magnetic semiconductors (DMS)17–24. Besides, recent reports show that 2D materials with heavy atoms like 
tungsten (W) are good candidates for which long-range magnetic ordering is kept pronounced by the relativistic 
electron-atom effect—spin-orbit coupling (SOC) on W atom dstates25–27.
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Recent experimental discoveries of Janusversions of TMD (MXY, X≠Y; M = TM, X/Y = S, Se, and Te) have 
shown that they possess out-of-plane piezoelectric polarization and strong Rashba effect due to their unequal 
potential on the two faces28–34. Accordingly, the most studied possible applicationsare photo-catalytic 
water splitting, a catalyst for the hydrogen evolution reaction (HER), gas sensing devices, optoelectronics, 
and electromechanical devices35–42. Additionally, artificially induced magnetism in WSSe (i.e., doping, 
adsorption, and proximity effect) has been reported to show valley polarization43,44. Recently, X.W. Zhao et 
al. have demonstrated that big valley polarization up to 58meV and 62meV can be obtained for V doping or 
Cr adsorption on the Se-surface of WSSe, respectively43. Moreover, X. C. She et al. have predicted that varying 
stacking configurations of WSSe-CrI3heterostructure valley polarization can be tuned44. Kai Chen et al. showed 
the adsorption effect of transition metal (TM) atoms V, Cr, Mn, Fe, and Co on both surfaces of WSSe, showing the 
possible magnetization of WSSe via charge transfer45. Besides, they have observed that the induced magnetism 
for TM adsorbed onto the S surface of WSSe is stronger than Se-Surface-adsorption due to electrostatic potential 
and the easy axis for Fe adatom switches from in-plane (on-S surface) to off-plane (on-Se surface). Although 
some efforts have been made in the computational study of TM-doped/adsorbed magnetic WSSe43,45–48, a 
comprehensive and systematic approach is still lacking.

In this work, we conducted first-principles calculations to elucidate the magnetic properties of TMs (V, Cr, 
Mn, Fe, Co) both doped and adsorbed WSSe. The careful observation of the relationship between rearranged 
structure, d-p-d hybridization, and magnetic anisotropy energy (MAE) shows that the atomic/ionic size of TM 
has a crucial impact on the d-d orbital overlap and, therefore, on bond length/angle and position of defect states. 
Long-range ferromagnetic(FM) order is shown in the V-doped WSSe system, which is maintained by the SOC 
of the W atom, which is in line with the previous reports of other TMD25–27. A local symmetry breaking 
observed in Fe/Co-doped and Mn/Fe-adsorbed on the S-surface of WSSe causes an enhanced MAE. Moreover, 
the magnetic anisotropy calculation for both TM doped and adsorbed WSSe revealed the c-axis as the easy axis 
and reasoned out the origin of the in-plane easy axis observed in the V/Cr adsorbed system and its relation with 
the spin-density distribution.

The paper is divided into three sections below arranged as: (I) Formation/Binding energies structural 
parameters, and magnetic moment; (II) Electronic states and spatial distribution of spin-density; and (III) 
Magnetic anisotropy Energy. The summarized presentation done in this work will serve as a guide for the 
scientific community’s further exploration of 2D DMS.

Computational details
All the spin-polarized first-principle calculations were performed by the commercially available Vienna Ab 
initio Simulation Package (VASP)49. The generalized gradient approximation (GGA) parametrized by Perdew-
Burke-Ernzerhof (PBE) is employed to describe the exchange-correlation function50,51. For the 3dtransition 
metal (TM) elements, adding Hubbard U51 could improve the description of the localized electronic orbitals. 
However, it is not straightforward to apply the Hubbard U in defect formation energy calculations, which require 
using identical Uvalues when calculating the total energy of the defect supercell and the chemical potential of 
the TM dopant52. Also, the same TM element in different valence states, such as a dopant and adatom, may 
require different Uvalues53. Given this uncertainty, we did not include the Hubbard Ucorrection in this work. 
The PBE version of the projector augmented-wave (PAW) was employed to treat valence electrons with plane-
wave basis set cutoff energy of 500 eV. We build the model of the 4 × 4 × 1 pristine single-layer WSSe (48 atoms); 
the vacuum layer is set to 20 Å to avoid the effects generated by the periodic boundary conditions. The Brillouin 
zone is sampled by a Monkhorst mesh of 3 × 3 × 1 k-points54. The formation energy (Eform) is calculated as Eform= 
EWSSe(Dopped)– EWSSe(Pure)– (µTM– µW). To determine the adsorption strength between the TM-WSSe monolayer, 
we used Eads = EWSSe(ads)– EWSSe(Pure)– (µTM), where EWSSe(Dopped) and EWSSe(Pure) are the total energies of dopped 
and pure WSSe monolayer, respectively. µTM is the chemical potential of the transition metal atom taken from 
energy per atom of the body-centered cubic (bcc) structure, and µWis the chemical potential of the W atom52. 
Spin density is defined as the difference between the spin-down and spin-up charge densities (ρ↓-ρ↑). Magnetic 
anisotropy energy (MAE) is defined as the difference between energies corresponding to the magnetization 
in the in-plane and out-of-plane directions (EMAE = E⊥ − E║). Therefore, a positive (negative) value of MAE 
indicates an in-plane (out-of-plane) easy axis. After self-consistent ground states were achieved, noncollinear 
and non-self-consistent calculations were performed to evaluate the total energies. In all MAE calculations, 
spin-orbit interaction was taken into consideration.

Result and discussion
Formation/Binding energies, structural parameters, and magnetic moments
Schematic representations of stable supercell structures of the dopped and adsorbed systems are shown in Fig. 
1. The pristine Janus WSSe has bond lengths of 2.42 Å and 2.53 Å for W-S (la) and W-Se (lb), respectively, in line 
with the literature35,37,43,55. The planar average electrostatic potential shows the broken symmetry of two faces. 
To induce magnetism in pristine WSSe, we considered both substitutional doping of the W atom and surface 
adsorption of magnetic transition metal (TM) elements of V, Cr, Mn, Fe, and Co. Substitutional doping of the 
W atom causes chalcogenide (S and Se) atoms to get closer/away to/from the TM atom, forming different bond 
lengths, la and lb, Fig. 1(a). For the adsorption system, referring to previous works, a catalytically active face (i.e., 
S-Side) with the most stable adsorption site (where the adatom is right on the top of the W atoms) is investigated 
(Fig. 1(b))40,43,45,46,56.

The dopped and adsorbed system’s calculated formation and binding energies and structural and magnetic 
parameters are listed in Tables 1 and 2. An increasing formation energy (Ef) is shown from V to Co dopant 
elements. A seamless substitution is predicted for the V dopant (~ 0.008 eV), while a small energy ~ 0.5 eV for the 
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Cr dopant indicates a feasible endothermic reaction process57. For Mn, Fe, and Co cases, slightly higher energies 
are required, comparable with reported results on other TMD materials like MoS2

17. However, increasing 
binding energy for Cr, Mn, Fe, and Co is observed for the adsorbed system (Table 2), indicating a relatively 
easier adsorption process for Mn, Fe, and Co dopants. For V-adsorbed WSSe, however, the adsorption energy 
comes (-2.2 eV) comparable with that of Fe (-1.98 eV) and Co (-2.62 eV). Besides, the adsorption energies for 
all TM atom cases show lower than – 0.5 eV, which implies a possibility of chemisorption58,59. It is worth noting 
that the nearly zero formation energy shown in the V-dopant calculation result shows a deficiency in the GGA 
approximation in the PBE framework. With the DFT + U framework, the dependence of formation energy on 
empirical values representing localized 3d states for V-doped WSSe is shown in Fig. S1.

Regarding the structural parameters in the dopped system, despite the lower electronegativity of the TM 
atom (V (3.20), Cr (3.27), Mn (3.34), Fe (3.42), Co (3.49), eV) than that of W (6.78 eV)60, for all cases, except 
Co-Se bond, the TM-S/Se bond length is shorter than that of the W-S/Se bond length (Fig. 1(c)). This can be 
attributed to the smaller atomic size of the TM atom. For the adsorbed system, on the other hand, the adsorption 
height (h) for V (1.29 Å) and Cr (1.49 Å) adatoms is longer than Mn (1.05 Å), Fe (0.98 Å), and Co (0.94 Å) 
(Fig. 1(d)).A similar result of decreasing adsorption height has been reported for Fe, Co, and Ni adsorption 
on WSSe40,45 and MoS2

21. This decreasing adsorption height (therefore X-S bond length) trend shows a close 

Figure. 1.  (Color Online) Schematic representation of relaxed structures of 4 × 4 supercell systems applied 
and structural parameters. Top and side view of TM dopped WSSe (a), and TM adsorbed WSSe (b). Structural 
parameters, angles; θa, θb, θo, and bond lengths; la, lb, lo, and adsorption height ho are marked for each case, 
and the values are presented in Tables 1 and 2. (c) Bond lengths; X-S (la) and X-Se(lb) for each dopant atom in 
a doped X-WSSe system. Horizontal dashed lines show the pristine WSSe la and lb values and solid lines are 
used to guide the eyes. Average values are taken for local symmetry-breaking bonds in Fe and Co dopant atoms 
(d) Adsorption height (h) for each adatom is measured as the vertical distance from the unperturbed S atoms. 
The inset at (a) bottom shows the electrostatic potential of pristine WSSe along the c-axis.
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relationship with the calculated binding energies and the crystal field splitting of d orbitals of TM atoms, as will 
be discussed in the next section.

Considering the symmetry of the system, for the case of Fe and Co doping, a symmetry-lowering distortion 
is observed where two chalcogenides are moved inwardly while one moves outward, reducing the system’s 
symmetry from C3v symmetry to Cs

61,62 (Table 1). Similarly, for the adsorbed system case, Mn and Co cause a 
symmetry-lowering distortion from C3v symmetry to Cs (Table 2).

When checking the total magnetic moments, the extra valence holes/electrons added to the system give 
magnetic moments of 0.88, 0, 1, 2, and 3µB for V, Cr, Mn, Fe, and Co, respectively (Table 1). Whereas for the 
adsorbed X case, lone pairs from the X atoms give a total magnetic moment of 5, 6, 3, 2, and 1 µB for V, Cr, Mn, 
Fe, and Co, respectively (Table 2). The non-integer spin moment observed in doped V-WSSe hints at itinerant 
electrons mediating magnetic interaction19,25,27. Net spin moments for the nearest W and S/Se atoms are given 
in Tables 1 and 2. In both doped and adsorbed systems, higher magnetic moments on the nearest W atom are 
shown where longer X-S/Se bond lengths (la, lb, and lo) are observed. This reflects a weak d-p-d hybridization 
with the dopant, suggesting relatively localized states in defect 3d-orbitals63. On the other hand, shorter X-S/Se 
bond lengths align with relatively lower magnetic moments on the nearest W atoms, indicating a stronger d-p-d 
hybridization with the dopant/adsorbed atoms, as explained in the following section.

Electronic states and spatial distribution of spin states
Next, we closely follow the effects of these dopant/adsorbed atoms on the electronic and magnetic behavior of 
the host material. The introduction of magnetic dopant atoms disrupted structural symmetry (due to a change 
in local potential) and breaks time-reversal symmetry (due to exchange energy on local d states of TM atoms). 
The d-p-d hybridization between TM-S/Se-W atoms is then the connection that carries the magnetic disruption 
all the way to produce a spatial covering of spin states (i.e., the stronger the hybridization between d-orbitals 
dW – dX and pS/Se– dX, the more spatially distributed spin biased states)25.

Doped system
Figure 2 shows the d-orbital PDOS and spin density plot of the TM-atom doped WSSe system (Elemental 
projection of DOS is shown in Fig. S2). According to ligand field theory, the dopant atom’s d-states split into 
a three-fold degenerate t2g (dxz, dyz, dxy) and twofold degenerate, eg 

(
dz2 , dx2 −y2

)
 orbital states in a perfect 

octahedral crystal field. Moreover, the structural distortion of octahedron makes the eg state further split into A1 

System Binding Energy (eV) lo (Å) θo (º)/ h(Å) MW(µB)† MX(µB) MS/Se(µB)† MTot(µB)

Pristine 0 2.42 --- 0 0 0 0

V – Adsorbed -2.21 2.31 93.77/1.28 0.215 3.08 0.009/0.005 5.0

Cr – Adsorbed -0.96 2.41 86.64/1.49 0.12 4.18 0.01/0.01 6.0

Mn – Adsorbed -1.52 2.21* 101.89**/1.05 0.083 2.94 -0.031/-0.013 3.0

Fe – Adsorbed -1.98 2.16 103.16/0.98 0.092 1.911 -0.001/-0.019 2.0

Co – Adsorbed -2.62 2.12* 103.43**/0.94 0.03 0.957 -0.006/-0.003 1.0

Table 2.  Adsorbed System Formation Energy (Ef) bond length (lo), bond angle(θo), adsorption height 
(ho), and Magnetic moments for Tungston (Mw), Transition Metal (Mx), Chalcogenide atom(MS/Se), total 
Moment(Mtot). *Value is for two symmetrical bond lengths. The third symmetry-breaking bond lengths for 
Co-S and Mn-S are 2.16 and 2.23 Å, respectively **Average value is taken for three different angle values for 
the relaxed system (Mn-S: 99.45, 99.88, 106.35; Co-S: 102.317, 102.382, 105.606 deg) MW/S/Se values are for 
the nearest W/S/Se atoms from the dopant (adatom) TM element

 

System Formation Energy (eV) la (Å) lb (Å) θa (º) θb (º) MW (µB)† MX (µB) MS/Se (µB)† MTot (µB)

Pristine 0 2.42 2.53 84.14 79.48 0 0 0 0

V – Dopped 0.008 2.36 2.49 85.1 79.63 0.042 0.33 0.008/-0.008 0.88

Cr – Dopped 0.5 2.34 2.45 83.64 79.60 0 0 0 0

Mn – Dopped 1.4 2.33 2.41 85.89 76.45 0.025 1.02 -0.015/-0.02 1.0

Fe – Dopped 2.52 2.29* 2.43* 84.58** 79.74** 0.2 1.16 -0.01/-0.05 2.0

Co – Dopped 3.31 2.34* 2.63* 87.89** 79.89** 0.19 1.74 0.11/0.181 3.0

Table 1.  Dopped System Formation Energy (Ef) bond length (la and, lb), bond angles (θa and θb), and 
Magnetic moments for Tungsten (Mw), Transition Metal (Mx), Chalcogenide atom (MS/Se), total Moment 
(Mtot). *Values are for two equal bond lengths. The third symmetry-breaking bond lengths (la/lb) are Fe-S/
Se = 2.32/2.46 and Co-S/Se = 2.41/2.44 **Average values are taken for three different angle values for the 
relaxed system. (Fe-S: θa (º) = 82.46,83.26,88.03, θb (º) = 78.06, 78.69, 83.04; Co-S: θa (º) = 83.85, 87.89, 87.96; θb 
(º) = 75.18, 79.89, 79.88)
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(dz2 ) and doubly degenerate E2 
(
dxy, dx2 −y2

)
 states while the t2g state is divided into E1 (dxz, dyz,) and E2 (dxy) 

as shown in Fig. 2(a)64,65.
Regarding p-d-p hybridization with the host material, both V and Cr dopants show substantial d-d orbital 

overlap with the host material’s respective d-orbitals (bonding and antibonding states). Since the dxz, yzorbitals 
are directed to the ligand atoms forming strong sigma bonding states, we can probe the bonding character and 
the magnetic interaction along these bonds66. The intensity of the overlap of these orbitals reflects the strength 
of the d-p-d hybridization, which lowers the potential disturbance of foreign elements (dopant atoms) to the 
system. Looking at the non-bonding states of dxz, yz orbitals in Fig. 2(a) (i.e., peaks marked with ‘**’ in conduction 
band minimum within dxz, yz states), it is clearly shown that V and Cr-dopant show a strong overlap with the 
host materials’ dxz, yz states. However, for Mn, Fe, and Co dopants, a decreasing overlap is observed, showing a 
decreasing d-p-d hybridization. Moreover, closely checking the exchange energies within defect dxz, yz orbitals, 
as we go from V, Mn, Fe, and Co, the exchange energy in dxz, yz orbitals increases from 0.03, 0.08, 0.21, and 0.58 
eV (Fig. 2(a)) indicating a more localized defect state and therefore, a decreasing d-p-d hybridization with the 
host material. Note that the exchange energies in dopant atom will create the corresponding asymmetry in the 
unperturbed states (deep states/far below from Ef) at the valence band maximum of W atoms through strong 
d-p-d hybridization. If the strong d-p-d hybridization is observed, the deep states show spin asymmetry of states. 
For instance, for the Mn-doped WSSe, a small shoulder peak in VBM of dx2 −y2 , xy and dz2  states around 0.9 
eV shows induced spin-polarized states with an exchange energy of 0.16 eV (see arrow-pointed peaks in Fig. 
2(a)) showing the possibilities of long-range order in Mn doped WSSe6,67. However, for Fe and Co dopants, there 
is no clear asymmetry in the deep states, showing less likely to form a spin-polarized band for long-range order. 

Figure. 2.  (Color Online) X-WSSe Dopped System: (a) d-Orbital projected density of 
states of transition metal elements (X) and W atom. Thin-line shaded plots show respective 
d-orbitals 

(
dxz, yz, dx2 −y2 , xy, and dz2

)
 of W atoms. Pink-colored horizontal dashed lines show the 

exchange energy within the dxz and dyz orbitals (∆Eexc). The asterisks ‘ ** ’ denote the antibonding d xz, yz 
states of host W atom. (b)-(e) Spin density isosurface plots. Green and cyan colors represent positive and 
negative spin states. The isosurface value is set to 6E-4 e/Bohr3. Note that states below Fermi energy in PDOS 
plots in (a) are to be related to the spin-density plots (b)–(f).
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Note that for Mn, Fe, and Co dopants, the extra electrons are in dxy, dx2 −y2 , and dz2  states and are pinned to 
the Fermi level with sharp peaks localized (see two peaks Fig. 2(a) below and above Fermi level in DOS plots).

To further assess orbital character and magnetic moment in dopped WSSe, we further checked the asymmetry 
of DOS in X/W atoms near and far states from Fermi and spin-density plots. Seemingly, a symmetrical 
spin up and down states are shown in V and Cr doped cases in dxz, yz, states, while unsymmetrical DOS is 
observed for dxz, yz, states in Mn, Fe and Co dopped cases. Whereas for the A1(dz2 ) and E2

(
dxy, dx2 −y2

)
, the 

unsymmetrical behavior is shown even for V and Cr doped cases, including all Mn Fe and Co dopped cases (Fig. 
2(a)). This shows the different energy costs (i.e., exchange energy) for the states of d-orbitals inside the crystal 
field. The higher the exchange energy in defect d-states, the less dimer is formed through the d-p-d hybridization. 
Therefore, the exchange energy in each orbital hints the orbital overlap and magnetic moment character. For 
instance, in the V-doped case, the calculated d-orbital exchange energy (∆Eex) with a specific magnetic quantum 
lm number shows dxz, yz = 0.03 eV, dx2 −y2 , −xy  = 0.045 eV, dz2  = 0.143 eV. This indicates relatively strongly 
localized dz2  states than dxz, yz and dx2 −y2  orbitals. And thanks to strong hybridization through dxz, yz states, 
similar exchange energy is observed in W atoms therefore spin polarized states in dz2  states of W atoms. This is 
confirmed with the spin density plot in Fig. 2(b), where a lobe on W atoms is directed along dz2  states (c-axis), 
showing extra net spin moment along dz2 .

Furthermore, the spatial distribution shown in the spin density plots Fig. 2(b-f) hints at the localized or 
itinerant carrier magnetic moments of the dopant or host material W and S/Se atoms25–27,67. For instance, the 
significant spatial distribution of spin density in V-WSSe in Fig. 2(b) supports abundant d-state DOS overlap 
between the V and W atoms shown in Fig. 2a. In contrast, a localized spin density is shown for other dopant 
materials, Mn, Fe, and Co (Fig. 2(d-f)), indicating less hybridized d defect states. Note that the increased spatial 
distribution of local spin density from Mn, Fe, to Co, only reflects an increasing size of magnetic moment (i.e., 
1, 2, 3µB) from extra electrons as impurity level. Note that, for Cr-doped WSSe, as there are no spin-polarized 
states shown in PDOS plotting (Fig. 2(a)), zero spin density is shown in Fig. 2(c).

Moreover, an asymmetrical distribution of spin density in Fe and Co (Fig. 2(e) and (f)) reflects asymmetrical 
bond lengths around the dopant atom, as listed in Table 1. Therefore, for Fe and Co dopants, the structural 
symmetry breaking induces an AFM/FM interaction for the shorter/longer magnetic interaction distances 
between dopant-W and S(Se) atoms57. A similar result where asymmetrical spin density resulted from Fe adatom 
adsorbed on MoS2S vacant is reported in61. On the other hand, all W and S/Se atoms are in a symmetrical FM 
interaction with the dopant V atoms, while for the Mn case, AFM/FM interaction exits for W/S(Se) atoms, 
respectively. Note that the magnetic interaction with the neighboring W/S(Se) atoms shows variation based on 
the empirical values of U for DFT + U results (Fig. S3).

Adsorbed system
Figure 3 shows the d-orbital PDOS and spin density plot of the TM-atom adsorbed on the S-face of WSSe, 
(Elemental projection of DOS is shown in Fig. S4). The d-orbitals of X adatom on WSSe do not split as much as 
it was for the doping case. Moreover, the d-states show reduced hybridization with the host material, as is shown 
in the slight overlapping of defect d-states and host d-states (Fig. 3(a)) compared to the doped system.

Moreover, in Fig. 3(a) a relatively narrow width of d-states and predominantly localized spin-density are 
shown for both V and Cr adatoms (Fig. 3(b) and (c)), which goes in line with the fact that both V and Cr have 
a relatively higher adsorption height. Whereas for adatoms of Mn, Fe, and Co, with relatively lower adsorption 
heights (Fig. 1(d)), d-orbitals are relatively dispersed (i.e., wider width DOS in Fig. 3(a)). For a given adatom, 
a more dispersed DOS for d-orbital confirms an integrated adatom, while a narrow and non-overlapped (with 
the host material) DOS reflects a less integrated adatom. Therefore, Mn, Fe, and Co integrate more with the 
host material WSSe than V and Cr adatoms. This, again, is in line with a decreasing exchange energy cost in 
dxz, yz orbital (orbital directed to the ligand S atoms). The dxz, yz orbital exchange energy cost for each adatom 
is 3.1, 4.2, 2.4, 1.2, and 0.6 for V, Cr, Mn, Fe, and Co, respectively (Fig. 3(a)). Moreover, compared to V and Cr 
adatoms, dx2 −y2 , xy  orbital have larger overlap with dx2 −y2 , xy  orbitals of W atom for Mn, Fe, and Co adatoms 
thereby increasing the binding energy and shortening the adsorption height. Therefore, a general simple picture 
is that the adsorption height reflects the bonding and, hence, d-p-d hybridization, which directs electronic and 
magnetic properties.

Moreover, here we need to consider the ionic radii effect as we go from V+5, Cr+6, Mn+1, Fe+2 to Co+3(0.4, 
0.35, 0.7, 0.67, 0.64)68, which dictates the spatial overlap of orbitals and localization of bonding electrons. For a 
given adatom element (i.e., with the same electronegativity), the smaller the atomic size, the lower the overlap 
of orbitals and less hybridization68. Therefore, a general picture can be deducted considering the ionic radii 
together with adatom’s electronegativity (that can lead to the absorption height) and hence dictates magnetic 
exchange interactions distances (i.e., between TM-W), which resulted in FM (V and Cr) and AFM (Mn, Fe, 
and Co) magnetic exchange interactions. This can be understood as when the shared electrons hop between 
sites within a shorter distance, an AFM interaction tends to lower energy. In contrast, in the more extended 
interaction, the FM interaction favors lowering the system’s energy63,69. For the V-WSSe case, for instance, the 
FM spin interaction exists for both interactions between the V -S/Se and the V-W atoms (shown as the same 
color in Fig. 3(b)). In the Mn-WSSe doped case, the Mn-W interaction shows FM, while Mn-S/Se shows AFM 
interactions (shown as the different colors in Fig. 3(d))70.

Magnetic Anisotropy Energy (MAE)
In the following section, we systematically presented the MAE results, thereby presenting the easy axis and its 
relation with the d-states of a magnetically ‘seasoned’ WSSe. Figure 4. shows the MAE results for both doping 
(Fig. 4(a)) and adsorbed (Fig. 4(b)) systems for which the easy axis lies mainly along the c-axis for both systems. 

Scientific Reports |        (2024) 14:29271 6| https://doi.org/10.1038/s41598-024-77938-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


For V and Cr adsorbed cases, however, the easy axis lies in the a-b plane. This difference can be roughly attributed 
to the adsorption height (h), in which both V and Cr atoms have relatively longer adsorption heights than the 
rest of the adatoms. This result is in line with ample reports where the adsorption height influences a switch in 
the easy axis of the adsorbed system71–74. However, the origin of MAE in a crystal can be understood by treating 
the SOC as a perturbation in the crystal field of the system. Therefore, a clear SOC and orbital contribution map 
is essential.

Magnetic anisotropy is mainly dictated by two significant contributions: (1) Orbital moment anisotropy (spin-
conserving) and (2) Magnetic dipole moment (spin-flipping)75,76. Neglecting the spin-flip term (because of low 
proportions of either majority or minority states near the Fermi level, (Figs. 2(a) and 3(a)), accounting SOC in the 
doped/adsorbent WSSe, lowers the energy of a system by, H = −ξ L̂ · Ŝ = −Ŝ · Λ · Ŝ = DS + E

(
S2

x − S2
y

)
76,77 (here ξ  is SOC constant), where Λ is the tensor of the SOC, D = Λzz − (Λxx+Λyy)

2  and E = (Λxx −Λyy)
2

. Where, Λxx, Λyy , Λzz are the diagonal elements of SOC tensor given by

	
Λii = ξ 2∑

nm

〈
m|L̂i|n

〉 〈
m|L̂i|n

〉

En − Em

� (1)

 where L̂i = L̂x, L̂y, L̂z  stands for three anisotropic components of the orbital moment operator L̂, 
|n > and En (|m > and Em ) are the wavefunctions and the corresponding eigen-energies of the occupied 

Figure. 3.  (Color Online) WSSe-X Adsorbed System: (a) d-Orbital projected density of 
states of transition metal elements (X) and W atom. Thin-line shaded plots show respective 
d-orbitals 

(
dxz, yz, dx2 −y2 , xy, and dz2

)
 of W atoms. Pink-colored horizontal dashed lines show the 

exchange energy within the d xz and d yz orbitals (∆E exc). The asterisks ‘ ** ’ denote the antibonding d xz, 
yz states of host W atom. (b)-(e) Spin density iso-surface plots. Green and cyan colors represent positive and 
negative spin states. The isosurface value is set to 6E-4 e/Borh3. Note that states below Fermi energy in PDOS 
plots in (a) are to be related to the spin-density plots (b) –(f).
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(unoccupied) electron states, respectively (i.e., near Fermi states). The above equation indicates that the gap in 
the localized electronic states around Fermi energy (i.e., denominator energy values, occupied and unoccupied 
states) is inversely related to the calculated unquenched orbital moments61,75,77,78.

To understand the relationship between calculated MAE results and d-states, d-orbital resolved MAE is a suitable 
probing method. In the X-WSSe system, the diagonal elements of SOC tensor Λhave the unquenched orbital 
moment operators < dxy|Lz|dx2 −y2 > as its primary contributor (Figs. S5 and S6). According to Eq. (1), this 
can be reasoned as; since dxy and dx2 −y2  orbitals are dominant near Fermi energy (Figs. 2(a) and 3(a)) the 
denominator in Eq. (1), ( En − Em), will have a lower value (i.e., a small energy gap), thereby mounting the 
contribution of |Lz| operator. In Fig. 5, a matrix representation of two dominant operators |Lz| and |Lx| in both 
doped (Fig. 5(a) and (c)) and adsorbed (Fig. 5(b) and (d)) systems is shown. In all TM elements, the nearest W 
atom in the adsorbed case contributes more to MAE than the doped case. Moreover, the contribution of X and 
W atoms is directed to the same easy axis except for Cr-adatom, which in both |Lz| and |Lx| operators opposing 
contribution from X and W atom is shown. This is reflected in a reduced total MAE shown in Fig. 4(b) compared 
to the V-adatom. For the V-WSSe adsorbed system, on the other hand, the contribution of |Lz| and |Lx| operators 
oppose each other, showing a possible tunability of MAE via external stimuli.

Furthermore, a local distortion of symmetry in both dopped (Fe and Co) and adsorbed systems (Mn and 
Co) is shown to enhance the system’s MAE by removing the degenerate states of E1 and E2 [19,34]. By removing 
the degenerate dxy and dx

2
−y

2 states, the energy gap denominator in Eq. (1) decreases further, enlarging the SOC 
tensor’s diagonal elements75,79. Moreover, the density of states near fermi gets enlarged which will cause the MAE 
increase according to Eq. (1).

However, the easy axis switch (i.e., from doped to adsorbed system) of V atom and in-plane easy axis in Cr-
adsorbed can be explained with the magnetic spin-flip term (i.e., quadrupole term, or magnetic dipole moment) 
included in the Hamiltonian of SOC75,76,80 as given by:

	
HSOC = ξ

4 ∆ morb + 21
2

ξ 2

∆ exc
mT � (2)

Here, ∆morb and mT are the orbital moment anisotropy and magnetic dipole moment, respectively, and ξ and 
∆exc are the SOC constant and exchange splitting of the corresponding materials, respectively. The first and 
second terms in Eq. (2) are the spin-conserving and spin-flip terms, respectively. According to Bruno’s model 
(which neglects the spin-flip term in Eq. (2)), MAE is proportional to the difference between orbital moments 
along the easy and hard directions77,81,82. However, the orbital moment anisotropy remains positive in all the 
adatoms, as shown in Fig. S7(b). Therefore, MAE’s other contribution comes from the spin-flip term. The spin-
flip term of MAE is described by the magnetic dipole moment, indicating that the origin of the perpendicular 
MAE can be attributed to the shape of spin density rather than the orbital moment anisotropies77,79. This aligns 
with the spin density shown in Fig. 3(b) and (c), where a significant oblate spin distribution is seen around 
adatoms V and Cr. Moreover, as shown in Fig. 3(a), only for the adsorbed V and Cr atom cases, there are 
no same-spin  dxy and dx2 −y2   states below and above Fermi energy, while there are plenty of opposite-
spin dxy and dx2 −y2  states near Fermi energy. This will cause the spin-conserving term to diminish. Therefore, 
the flip term in the Hamiltonian dominates MAE in which the contribution favors the a-bplane easy axis75,77. 

Figure. 4.  (Color Online) Magnetic Anisotropy in (a) Dopped and (b) Adsorbed System. Note that in the Cr-
dopped system, there is no magnetism, as shown in Fig. 2(c). Inset in (a) shows angle θm swept from the c-axis 
to the a-b plane. Note that a relative energy value is displayed, i.e., the lowest number shows the easy axis. The 
arrows at the horizontal axis showing spin directions are a guide to the eye.
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Consequently, we conclude that for both V and Cr-adsorbed systems, the finite quadrupole-like orbital distortion 
through spin-flipped electron hopping is dominant and originates from relatively strongly localized d-states of 
V and Cr ions79.

Considering the elemental contribution of MAE, we have found that the heavy W atom in the host material 
has a significant contribution in both doped and adsorbed system cases (Fig. 5). Furthermore, site-dependent 
MAE plots in V and Co systems show that W atoms’ contribution falls as we move away from the dopant/
adsorbed atom (Fig. S8).

Table 3 shows a representative summary table of the relationship between atomic (ionic) radii, stability 
of the system (formation energy/binding energy), and electronegativity of the dopant (adatom). Considering 
the stability of the system, V-doped and Co-adsorbed systems are comfortably formed (i.e., very little energy 
required for V-dopant and larger binding energy for Co adatom), whereas for induced MAE value and c-axis 
direction, Co-doped and Mn-adsorbed possess the highest values along the c-axis. On the other hand, for long-
range magnetic order, the V-doped system is best as observed in well-overlapped DOS and spatial distribution 
of spin density, which shows strong d-p-dhybridization with host WSSe while Mn-dopped system also shows a 
substantial overlap of DOS, matching to the possible long-range magnetic order reported67.

Conclusion
In summary, we have systematically studied the effects of defect states of transition metal atoms (V, Cr, Mn, Fe, 
and Co) on doped and adsorbent Janus WSSe on the basis of the first-principles calculations. Throughout the 
study, we focused on three main points: (1) structural parameters (i.e., bond length and adsorption heights), (2) 
d-p-d hybridization and defect states, and (3) magnetic anisotropy. We have tried to elucidate the relationship 
between these three aspects in light of magnetic exchange interactions and spatial spin density distribution. 
Spatial spin-density distribution, which is directly related to a long-range magnetic ordering, results from a well-
integrated adatom/dopant and, therefore, the induced slight onsite exchange energy in W atoms. Considering the 
relationship of spin-density distribution with MAE, the MAE for both dopant and adatom is mainly contributed 

Figure. 5.  (Color Online) Orbital resolved MAE matrix for X and nearest W atoms. Contribution of two 
unquenched orbital operators |Lz| and |Lx| in Dopped (a, c) and Adsorbed (b, d) WSSe-X system. (a) and 
(b) < dx|Lz|dx2 −y2 >/ (c) and (d) < dz

2|Lx|dxz, yz>. The blue dashed line represents a zero MAE value. Note 
that for both |Lz| and |Lx| operators, positive/negative sign contribution stabilizes the easy axis along the 
c-axis/a-b plane.
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from the spin-conserving term of SOC Hamiltonian (which is insensitive to spin-density distribution); however, 
for polarized lobe spin-density distribution, the spin-flip term (i.e., spin dipole moment) becomes significant, 
and dictates the easy axis, as was observed in V and Cr adatoms. From our results, we have shown that:

	(1)	� On the doped system, the size of ionic size and the relative electronegativity of the atom dictate the d-p-d 
hybridization (and, therefore, the splitting of defect states) and, consequently, the stability of the doped 
system. On the other hand, the symmetry breaking of X-S/Se bonds (from C3v symmetry to Cs) leads to an 
enhanced MAE.

	(2)	� In the adsorbed system, the adsorption height, which is governed by the atomic size of the adatoms, dic-
tates the position of defect states and, therefore, the stability of the adsorbed system. Again, the symmetry 
breaking in the X-S/Se bond leads to enhanced MAE, while the easy axis is shown to be influenced by spin 
density distribution.

The finding in this theoretical report serves as a guide for further exploration of the magnetic properties of 
doped/adsorbent WSSe and other 2D materials to search for long-range magnetic orderings.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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