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attention because of their rich composi-
tions,[4,5] high stability,[6] and amazing 
properties,[5] which lead to promising 
applications in nanoelectronics,[2] catal-
ysis,[7] topological circuits,[3,8] energy 
storage,[9] etc. The TMD monolayer con-
sists of sandwiched X–TM–X hexagonal 
structures (X = S, Se, Te; TM = transi-
tion metal elements mainly).[10] The TMD 
multi-layers are stacked via van der Waals 
(vdW) force, and the varied stacking con-
figurations lead to diverse properties.[5] 
The weak interlayer interaction enables 
the mechanical exfoliation as an effective 
way to produce single layer or multilayer 
TMDs from their parent bulks.[4,11]

While pristine TMD layers have exhib-
ited various fascinating properties, it is 
highly desired to explore their novel prop-
erties for extended functional applications. 
For example, doping has been proposed as 
an effective way to tune or introduce new 
properties in TMD layers.[12] The substitu-
tion and surface modification of S atoms 
can enhance the adsorption and catalytic 

performance of TMDs.[13] The substitution of transition metals 
can significantly change the electronic and magnetic properties 
of TMDs, leading to n-type or p-type conductivity in TMDs and 
phase transitions, such as semiconductor to semi-metal, non-
magnetic ordering to ferromagnetic ordering, or a normal to top-
ological insulator.[14] Recently, incorporating metal atoms into the 

The multi-layer 2D materials have attracted increasing interest because the 
intriguing properties can be achieved by various strategies, such as incor-
porating ions into the interlayer, turning angles between two layers, and 
applying strain, which may lead to wide applications in catalysis, ion-bat-
teries, superconductors, and nanodevices. In this work, there is a proposal to 
tune the electronic and magnetic properties of MoS2 bilayer for spintronics 
by incorporating transition-metal elements into its interlayer (denoted as 
TM-MoS2) based on the density-functional theory (DFT) calculations. It is 
shown that TM-MoS2 is thermodynamically stable and can be achieved due to 
low incorporation energy. It is found that n-type doping or intrinsic semicon-
ducting can be realized in MoS2 bilayer by controlling the incorporated transi-
tion-metal atoms, accompanied with a rich variety of magnetic orderings. It is 
further shown that the electronic and magnetic properties of TM-MoS2 can be 
substantially tuned by applying compression. Finally, it is demonstrated that 
the systems can be used as a spin filter, as supported by the spin-polarized 
transport calculation. The findings illustrate that the physical properties of 
layered materials can be controlled by simple interlayer incorporation and 
shed light on the application of TM-MoS2 as a fundamental building block for 
nanoelectronics and spintronics.
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1. Introduction

2D materials have been extensively explored and applied to 
many fields due to their unique physical and chemical prop-
erties.[1–3] Especially, layered transitional metal dichalcogenides 
(TMDs) that can be easily fabricated have attracted increasing 
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TMD interlayers has been demonstrated as a powerful approach 
to modifying their properties due to relatively large interlayer 
spacing in TMDs. For example, the incorporation of alkali metals 
into MoS2 or MoSe2 led to potential applications in rechargeable 
ion batteries and catalysts.[15] The superconducting property was 
also realized in interlayer-incorporated TMDs.[16,17] This strategy 
can be further extended to incorporate heavy metals, which are of 
great significance for environmental monitoring,[18,19] electrocata-
lysts, and batteries.[20,21] The unique magnetic response was also 
reported in MoS2 via the intercalation of holmium ions.[22] Fur-
thermore, the incorporation between different 2D materials reg-
ulates the properties of both materials, resulting in rich electrical 
and magnetic properties and wide applications.[23,24] In addi-
tion, self-intercalated 2D materials were also successfully fabri-
cated,[25,26] which showed unique topological phases, magnetic 
properties, and possible Kagome lattices. Furthermore, novel 
crystal structures can be achieved by incorporating a high con-
centration of metallic elements, such as M1/3TMS2 (M = Cr, Mn, 
Fe, Co, etc., TM = Nb and Ta),[27] which showed diverse proper-
ties and multiple applications, such as spin waves,[28] sensors,[29] 
and data storage.[30] However, there is no systematic study on 
the physical properties of TMD bilayers with the incorporation 
of metallic elements and the exploration of their application on 
spintronic devices remains limited.

Here, we present a theoretical study to explore the electronic 
and magnetic properties of 2H-MoS2 bilayer incorporated with 
a broad range of transition metals (TM) for their application in 
nanodevices and spintronics. We find that the local magnetic 
moments of the incorporated atom and its surrounding S and 
Mo atoms can be created due to the charge transfer between 
TMs and MoS2. The diverse magnetic and electronic proper-
ties of TM-MoS2 are obtained because of the various couplings 
among the magnetic moments and different doping states in 
the band structures. Interestingly, the magnetism of TM-MoS2 
disappears gradually under pressure, and the system becomes 
conducting accordingly. Finally, a spin filter is designed to 
achieve its spin-dependent transportation characteristics, which 
shows a highly spin-polarized current.

2. Computational Method

Our first-principles calculations were carried out using the 
Vienna ab initio Simulation Package (VASP) code.[31] The 
Perdew–Burke–Ernzerhof (PBE) version of the generalized gra-
dient approximation was used for the exchange-correlation func-
tional.[32] A vacuum of more than 20 Å along the z-direction was 
used in all the calculations to avoid the interaction between neigh-
boring images. To get the most stable structures for TM-MoS2, 
the plane-wave cutoff energies were set as 550 eV, and a 3 × 3 × 1 
Γ-centered Monkhorst-Pack k-point mesh was used, which could 
achieve sufficient accuracy (Figure S1, Supporting Information). 
The convergence criterion for energy was set to 10–6 eV and the 
force tolerance for ionic relaxation was set to 0.01  eV  Å−1. The 
incorporating energy is described as Ei = (EM − MoS2 − EMoS2 − EM), 
where EM − MoS2, EMoS2 and EM are the total energy of TM-MoS2,  
the total energy of 4 × 4 × 1 superlattice of bilayer 2H-MoS2 and 
chemical potential determined by the most stable M crystal, 
respectively.[33] Considering that the unit cell contains nearly 

a  hundred atoms, which is enough for ab initio molecular 
dynamics (AIMD) simulations, we carried out the AIMD simula-
tions with the original unit cell at 300 K with a time step of 1 fs.

The structures under compression were optimized by fixing 
the z-axis coordinates of the uppermost and lowermost atoms. 
The total energy change (ΔE) has a quadratic function relation-
ship with the change of thickness (Δt) of the structure, that is,

∆ = ∆ 2E k t  (1)

where k can be obtained through the ΔE − Δt fitting. ΔE can be 
expressed as integral

E Fdt S Pdt S f t dt
t t t

0 0 0
∫ ∫ ∫ ( )∆ = = = ∆
∆ ∆ ∆

 (2)

where F is the normal force, dt is the infinitesimal section of 
the thickness of the structure, S is the area and P is the pres-
sure. The calculated result shows that the lattice constants a 
and b have almost no change, so we assume that the area S is 
a constant. P is also a function of Δt.[34] Differentiating Δt in 
Equations (1) and (2), we can get the pressure as

P
k t

S
= ∆2

 (3)

The electric transport and spin transport simulations of 
TM-MoS2 are carried out with QuantumATK R-2020.09, which 
combines density functional theory (DFT) and non-equilibrium 
green’s function (NEGF) method. A density mesh-cutoff of 
155  Hartree was adopted. In the self-consistent calculations, 
the k-points density was set to 4 and 150 Å for the periodic and 
transport directions. The k-points density was set to 12  Å for 
the transmission spectrum calculations. To improve conver-
gence, the Fermi–Dirac occupation scheme with a broadening 
of 1000 K was employed.

3. Results and Discussion

3.1. Structure and Stability of TM-MoS2

To investigate the intriguing properties of TMDs with TM 
incorporated, 2H-MoS2 bilayer was used in our study, where 
the fourth-period elements (i.e., M = Sc, Ti, V, Cr, Mn, Fe, 
Co, Ni, Cu, and Zn) were considered to be incorporated into 
its interlayer space. To minimize the interaction between two 
neighboring atoms, a 4 × 4 supercell of bilayer 2H-MoS2 with 
one incorporated TM atom was used in our calculations, where 
TM is located on the top of the hexagon and forms octahedral 
coordination with neighboring S ions (Figure 1a).

After the geometry optimization, the lattice constants of 
TM-MoS2 are comparable to those of pristine 2H-MoS2 bilayer 
(12.74  Å), but the interlayer distances are reduced, leading to 
enhanced interaction within the bilayer. Especially, Co-MoS2 
and Ni-MoS2 (both 3.49 Å) have the shortest interlayer spacings 
(Table S1, Supporting Information). Additionally, the ions close to 
TMs are slightly pushed into the monolayers from their original 
positions, resulting in local symmetry breaking. The calculated 
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incorporation energies (Ei) are all lower than 2.8 eV supercell−1 
(97  atoms). Experimentally, the TMDs with high incorporation 
density had been reported,[18,21,26] indicating that our design is 
reasonable and can be achieved (Figure 1b; Table S1, Supporting 
Information). The ab initio molecular dynamics (AIMD) simu-
lations[35] show that all TM-MoS2 are thermodynamically stable 
up to 300 K (Figure 1c; Figure S2, Supporting Information). The 
interaction between TM to MoS2 is much strong because of the 
formation of chemical bindings, which is further confirmed 
by the charge transfer from TM to MoS2 (Figure 1d; Figure S3, 
Supporting Information). Experimentally, it was reported that 
2H-MoS2 was much more stable if the incorporation density was 
relatively low, which is also consistent with our results.[36] Based 
on the optimized structures, we systematically investigated their 
electronic and magnetic properties.

3.2. Magnetic Properties of TM-MoS2 and Magnetic Coupling  
in 2TM-MoS2

To figure out the ground states of the incorporated systems, 
we calculated firstly the energy difference (Edif) between 

non-magnetic and magnetic states (Edif = ENM−EM) of TM-MoS2. 
We find that seven of them (TM = Sc, Ti, V, Cr, Mn, Fe, and Co) 
are magnetic with an Edif ranging from ≈0.10–2.51  eV  unit−1 
(Figure  1b). The AIMD simulations further confirm that the 
magnetic states of TM-MoS2 (TM = Ti, V, Cr, Mn, Fe, and 
Co) are stable thermodynamically (Figure  1c; Figure S2, Sup-
porting Information). However, the AIMD simulation shows 
that the magnetic state of Sc-MoS2 is thermodynamically 
unstable because its magnetic moment is almost 0 μB over time 
(Figure  S2, Supporting Information), indicating its magnetic 
characteristic at low temperature. For other systems (Ni-, Cu-, 
and Zn-MoS2), their Edif and total magnetic moments are neg-
ligible (Figure 1b), indicating their non-magnetic states, which 
are also confirmed by the AIMD simulations (Figure S2, Sup-
porting Information).

Among the magnetic structures (TM = Sc, Ti, V, Cr, Mn, 
Fe, and Co), the calculated spin densities in planes show that 
the magnetic moments are dominated by the incorporated 
atoms and partially by the S ions that are bonded to the incor-
porate atom (S1) and their surrounding Mo ions (Figure 1f–h; 
Figures S4–S7, Supporting Information). Here, we set the 
magnetic moment of TM to be positive for the convenience 
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Figure 1. a) Top (up) and side (down) views of TM-MoS2. b) The energy difference between non-magnetic and magnetic states (Edif = ENM- EM), 
incorporation energies (Ei), and magnetic moments for the unit and TM of TM-MoS2. c) Total energy and magnetic moment of Cr-MoS2 under the 
AIMD simulation. d) Charge density redistribution in Cr-MoS2. The blue and yellow zone represents charge loss and accumulation. e) Top view and 
f–h) 2D display along S1 layer, Mo layer, and S2 layer of spin density of Cr-MoS2.
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of research. The magnetic moments of TM atoms are all 
above 1.5  μB, except Sc (Figure  1b). The magnetic moments 
of S1 ions are ≈−0.018–0.014  μB. Generally, the magnetic 
moments of Mo ions (≈−0.009–0.134 μB) are larger than those 
of S ions. Although the S2 ions (top and bottom layers in 
the MoS2 bilayer) show polarized spin-densities (Figure  1h; 
Figure S7, Supporting Information), their magnetic moments 
are quite weak (≈−0.002–0.002 μB), which will not be consid-
ered in the following discussion. To figure out the distribu-
tion of magnetic moments, we divided the S and Mo ions on 
one of the MoS2 monolayers into three regions according to 
their distance from the TM atom: A (6 Mo and 12 S ions), B 
(18 Mo and 36 S ions) and C (8 Mo and 16 S ions) (Figure 1a), 
and analyzed their magnetic moments (Figure  S4, Sup-
porting Information). We find that the magnetism of region-
C is much weaker than those of other regions. As the atomic 
number of TM increases, the magnetic moments of Mo ions 
in region-A gradually decrease and becomes negative when 
TM = Fe and Co, while the magnetic moments of S1 ions 
increase gradually and turn positive when TM = Mn, Fe, 
and Co. Meanwhile, the total magnetic moment at region-
B is positive. Therefore, we see that the magnetic moments 
of S1 in region-A and Mo in region-B are anti-parallel with 
that of TM for Sc-, Ti-, V- and Cr-MoS2, while those in both 
regions for Mn-MoS2 are parallel with that of TM. The mag-
netic moments of Mo ions in region-A are anti-parallel with 
that of TM for Fe- and Co-MoS2 (Figure S4, Supporting 
Information).

To confirm the magnetic coupling among the TM atoms in 
the magnetic structures, the superlattices with two TM atoms 
in different arrangements (labeled as 1–4, Figure 2a) were used 
to calculate the energies of nonmagnetic (NM), antiferromag-
netic (AFM) coupling and ferromagnetic (FM) states. We see 
that the effect of the second-TM incorporation on the lattice 
constants and thicknesses is negligible (Table S2, Supporting 
Information). We see that Ti, V, and Co prefer the FM coupling 
in the 2H-MoS2 bilayer because the energies for FM are lower 
than those in AFM states, while Sc, Cr, Mn, and Fe prefer the 
AFM coupling due to their lower energies in the AFM state 
(Figure 2b,d; Table S3, Supporting Information). However, their 
exchange energies are relatively low. For example, an energy 
of only ≈15 meV per Cr ion can trigger the magnetic evolution 
from AFM into FM state for 2Cr-MoS2. Sc-MoS2 shows the AFM  
coupling in configuration-3 only. The Ni-, Cu-, and Zn-incorporated  
systems are still non-magnetic because the calculated total 
energies for the FM, AFM, and NM states are equal to each 
other (Table S3, Supporting Information). The incorporation 
energy for two neighboring TM ions is higher than those for 
far-separated ones (Table S3, Supporting Information). Espe-
cially, the total energy of the system for two TMs at site 1 and 
center (Figure 2a) is too high to be converged. Therefore, it is 
difficult to form TM-cluster in TM-MoS2, which is consistent 
with literature.[18,21,26,37]

Combining the previous analysis of the magnetic moments 
of S and Mo, we believe that the magnetic couplings of TM 
atoms are mediated by the S and Mo ions around them.[22] 

Adv. Electron. Mater. 2022, 2200209

Figure 2. a) Different sites for another incorporating TM atom. The spin densities of b) FM coupled 2Ti-MoS2 and c) AFM coupled 2Cr-MoS2. d) The 
magnetic exchange energies of 2TM-MoS2 for various configurations.
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The magnetic coupling between two adjacent TM atoms goes 
through paths of TM-Mo-S-…-S-Mo-TM, in which alignment 
for the magnetic moments of adjacent TM atoms are affected 
by the magnetic moments of surrounding Mo and S ions. For 
example, when the second Ti is at position-4, two Ti atoms 
show the ferromagnetic coupling. The magnetic moments of 
all Mo ions are parallel to those of Ti ions, and the Mo ion in 
the middle between two Ti ions (blue circle, Figure 2b) shows 
the highest magnetic moment (0.104 μB). However, the S ions 
have negative (anti-parallel) or nearly 0 magnetic moments 
(≈−0.019–0.007  μB). Therefore, the ferromagnetism may be 
attributed to the double exchange.[38] Differently, the magnetic 
moments of Cr atoms in 2H-MoS2 are anti-parallel. The sur-
rounding Mo ions show the same alignment of magnetic 
moments (≈−0.047–0.047  μB), except the one in the middle 
of the short pathway to connect the two Cr ions (red circle, 
Figure  2c), which has almost 0  μB. The S ions have magnetic 
moments in a range of ≈−0.012–0.011 μB. To reveal the origin, 
the electronic properties of TM-MoS2 were investigated. We 
can also see that the partial density of states (PDOSs) for Mo 
ions are all spin-polarized around Ti or Cr, but shows little spin 
polarization in the middle of two Cr (Figure S8, Supporting 
Information). The calculated electronic structures, as discussed 
below, show that 2Ti-MoS2 is an n-type semiconductor, which 
may lead to the ferromagnetic ordering due to carrier-mediated  
double exchange, while 2Cr-MoS2 is an intrinsic semiconductor  
(Figure 3, Figures S8 and S9, Supporting Information), resulting 
in the antiferromagnetic coupling because of the super-exchange 
mechanism.[39] Similar magnetic properties were also observed 
in other 2D materials experimentally.[22,40]

3.3. Electronic Properties of 2TM-MoS2

Based on the ground states, we studied the electronic proper-
ties of 2TM-MoS2 of configuration-4, which shows the lowest 
energies. We find that the effect on the electronic properties 
of 2TM-MoS2 depends strongly on the incorporated atom. 
The pure MoS2 bilayer is an intrinsic semiconductor with an 
indirect PBE bandgap of ≈1.45 eV (Figure 3a), consistent with 
literature.[41] The incorporation leads to localized states within 
the bandgap and shifts the Fermi level. The Fermi levels of 
Sc- and Ti-MoS2 are in the conduction band, indicating the  
n-type semiconducting nature (Figure S9, Supporting Informa-
tion). For V-, Cr-, Mn-, Fe-, and Co-MoS2, the Fermi level is still 
located in the forbidden band (Figure S9, Supporting Informa-
tion), indicating that they are intrinsic semiconductors. Inter-
estingly, energy levels without dispersion (localized states) can 
be observed in the forbidden band. For example, four flat bands 
can be observed in the band structure of Cr-MoS2 (Figure 3b), 
including two around −1.2  eV, one around −0.7  eV, and one 
around −0.1  eV. The other magnetic systems have similar 
pheno mena as Cr-MoS2 (Figure S9, Supporting Information). 
For Sc-, Ti-, V-, and Cr-MoS2, the localized states are all 
contributed by the spin-up electrons. However, the spin-down 
electrons also contribute to the localized states in Mn-, Fe- and 
Co-MoS2 (Figure S8, Supporting Information). The asymmetric 
spin-up and spin-down PDOSs confirm the magnetic ground 
states of the seven magnetic systems (Figure S9, Supporting 
Information). The PDOSs of three non-magnetic structures  
are symmetric, indicating their non-magnetic properties 
(Figure S10, Supporting Information).

Adv. Electron. Mater. 2022, 2200209

Figure 3. a) Band structure of bilayer 2H-MoS2. b) Band structure, c) PDOSs of only one Cr, Mo, S atoms and d) PDOSs of Cr_3d orbitals of 2Cr-MoS2. 
Cr and surrounded S are shown in the inset of (d).
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The partial densities of states (PDOSs) show the flat bands of 
2TM-MoS2 are contributed mostly by the TM ions (Figure S11,  
Supporting Information). For example, the dyz, dxy, dxz and 
dx2 orbitals of Cr are almost degenerated and form most DOS 
around −4  eV and the localized states around −0.7  eV, mean-
while, the dz2 orbital provides DOS around −1.7  eV and huge 
localized states around −1.2  eV, which are corresponding to 
bonding and antibonding of Cr ion. The localized state around 
the Fermi level is contributed by the Cr_dz2 and Cr_s orbitals, 
which leads to a very strong spin density at the Fermi level 
(Figure  3c,d). Meanwhile, the larger the atomic number, the 
higher localized states the TM atom forms (Figure S15, Sup-
porting Information), and the s orbital contributes more to the 
localized states (Figure S10, Supporting Information). The Mo  
and S contribute to the flat bands slightly (Figure 3c; Figure S11,  
Supporting Information). The magnetic moments of Mo and S  
are positively correlated with the surface states they provide 
(Figures S12–S14, Supporting Information).

To explain the unique magnetic and electronic properties, 
the charge transfer and orbital filling were carefully analyzed. 
Our calculation shows the larger the atomic number of TMs, 
the fewer the charges transferred to MoS2 (Table S1, Supporting 
Information). Such regularity has also been reported in single-
atom adsorption, in which the charge transfer is related to elec-
tronegativity.[42] The 3d orbitals splitting of TM is induced by 
the crystal field-like effect (inset in Figure 3d). From the PDOSs 
of TMs, we see that the TM_dz2 orbital has higher energy, and 
the remaining four d-orbitals have less energy (Figures  3d 
and  4). For these light TM atoms, the electrons will preferen-
tially occupy four lower orbitals with the parallel arrangement, 
leading to a high-spin (HS) state. Meanwhile, the electrons in 
TM_d orbitals possibly transfer to the empty 3d orbitals of Mo 
or 3p orbitals of S (Figure 4a), leading to the small magnetic 
moments of S and Mo ions. For Sc- and Ti-MoS2, there are 

1.221 and 1.062  e, respectively, transferred from TM to MoS2 
(Table S1, Supporting Information), leading to n-type semicon-
ducting characteristics. For Sc-MoS2, the magnetic moments 
are dominated by Mo and S because the Sc_3d orbital is almost 
empty, resulting in weak coupling. For Ti-MoS2, the Ti_3d 
orbital keeps around one electron, leading to strong coupling 
among Ti, Mo, and S ions. As the atomic number increases, 
four orbitals with lower energy are half-filled after the electron 
transfer (Cr-MoS2 and Mn-MoS2) (Figure 4b), and the increased 
unpaired electrons lead to large magnetic moments. The 
number of unpaired electrons decreases as the atomic number 
further increases, resulting in the reduced magnetic moments 
in Fe- and Co-MoS2, and zero magnetic moments in Ni-MoS2. 
For Cu- and Zn-MoS2, the high-energy TM_dz2 orbital is fully 
occupied (Figure  4c), leading to zero magnetic moments. We 
also noticed similar magnetic properties in Liu et al.’s work,[23] 
in which the charge transfer from graphene to TM atom led 
to the magnetism of MoS2 and promoted the adsorption of N2.

3.4. Magnetic and Electronic Properties Under Pressure

Layered materials show intriguing properties under pres-
sure, such as superconductivity and phase change,[17,43] due 
to enhanced interlayer interaction. Therefore, we studied 
the effect of vertical pressure on the electronic and magnetic 
properties of TM-MoS2 too. According to the classifications of 
conductivity and magnetism, we take Ti-, Cr- and Cu-MoS2 as 
examples.

To simulate the structure under pressure, a compression 
is defined as ε  = (d0 – d) × 100% /d0, where d and d0 are the 
thicknesses with and without the compression, respectively 
(Figure 5). We find that the total energy of TM-MoS2 increases 
quadratically with the compression (Figure S16, Supporting 
Information), and the pressure under the compression is cal-
culated through ΔE  −  Δt fitting (Table S4, Supporting Infor-
mation, see also the computational method part). When the 
compression is smaller than 20%, the interlayer distance (d) 
is mostly affected, resulting in the reduced distance between 
M and S, while the Mo-S bond length is almost unchanged as 
the lattice constants (a and b) keep almost the same. When a 
huge compression is applied (>30%), the interlayer spacing 
decreases further and all atoms have large displacement, but 
the thickness of the MoS2 monolayer is also affected (Table S4, 
Supporting Information). Taking Cr-MoS2 as an example, when 
ε =  10 and 20%, the interlayer spacing is reduced to 75% and 
57%, respectively, while the thickness of monolayer MoS2 and 
the Mo-S bond length is reduced by less than 1 and 3%, respec-
tively (Figure 5a,b). At the same time, one can see the great dis-
tortion in the structure shows high distortion under high com-
pression (Figure 5c).

The magnetic and electronic properties of TM-MoS2 have 
greatly been affected by the compression. Magnetic 2Ti-MoS2 
can change from an n-type semiconductor to an intrinsic one 
as ε increases to 10%. As the pressure increases continuously, 
2Ti-MoS2 turns into non-magnetic conductor and further to 
p-type semiconductor (Figure S17; Table S4, Supporting Infor-
mation). 2Cr-MoS2 can maintain magnetism when ε  = 20% 
and turns into a conductor (Figure  5; Table S3, Supporting 

Adv. Electron. Mater. 2022, 2200209

Figure 4. Schematic diagram for electron transfer from TM to MoS2 and 
spin alignment: a) high, b) medium, and c) low.
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Information). 2Cu-MoS2 is still nonmagnetic under pressure, 
and transfers into n-semiconductors and further to conductors 
as the compression increases (Table S4 and Figure S18, Sup-
porting Information). The enhanced conductivity is attributed to 
the bilayer MoS2 because the Mo and S ions contribute most to 
the states around Fermi level under pressure (Figures S19–S21, 
Supporting Information), which is consistent with experimental 
results.[43] The localized states of TM also disappear because of 
the change of electronic property from semiconductor to con-
ductor, resulting in the weakening and disappearance of mag-
netism. Bader analysis shows that as the pressure increases, 
the charge transfer from TM to MoS2 firstly increases and then 
decreases (Table S4, Supporting Information). The calculated 
PDOSs show the localized states from TM move toward lower 
energy as the pressure increases and disappear under high pres-
sure (Figures S22–S24, Supporting Information).

3.5. Electric and Spin Transport Properties of TM-MoS2

The calculated electronic structures confirm that multi-func-
tional properties can be introduced into MoS2 by the interlayer 
incorporation. Especially, the PDOSs of Cr-MoS2 show the huge 
spin polarization around the Fermi level, which may be suit-
able for spin-filter. Although the AFM coupling is preferred in 
Cr-MoS2, our calculations show that the FM state can be easily 
achieved by overcoming a very low barrier. In addition, many 
experiments demonstrated that the magnetic ordering can be 
tuned under the spin current and electric field.[44] To investigate 
the spin-resolved transportation property, a spin filter, NbS2/
Cr-MoS2/NbS2, was constructed, where metallic NbS2 work as 
the electrode (Figure 6a). The computed spin-resolved transmis-
sion spectrum shows that there is a significant spin polarization 
at the Fermi level in the transmission spectrum (Figure 6b). To 
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Figure 5. Structures, band structures and TDOS for 2Cr-MoS2 under a compression of a) 10%, b) 20%, and c) 30%.

Figure 6. a) Structure of NbS2/Cr-MoS2/NbS2 spin filter. Spin-resolved transmission spectra of NbS2/Cr-MoS2/NbS2 spin filter under a compression 
of b) 0%, c) 10%, and d) 20%.
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evaluate the spin filtering efficiency, the spin polarization (SP) is 
defined as SP = (Tup – Tdown)/(Tup + Tdown), where Tup and Tdown 
are the spin-up and spin-down transmission, respectively. It is 
found the spin filter has an SP of 83.5%, which is promising 
for spintronic applications. To further understand the effects of 
pressure on spin-filter efficiency, the transmission spectra under 
compression (10% and 20%) were also simulated. It is found that 
the spin polarization is suppressed under pressure (Figure 6c,d), 
consistent with previous electronic properties calculations. The 
SP drops to 42.7% and 11.6% for ε = 10% and 20%, respectively, 
which is consistent with our previous results.

4. Conclusion

In summary, we investigate the magnetic and electronic prop-
erties of TM-MoS2 (M = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and 
Zn), in which bilayer MoS2 is incorporated by the transition 
metals in its interlayer. We find that six of TM-MoS2 (Sc-, Ti-, 
V-, Cr-, Mn-, Fe- and Co-MoS2) are magnetic, and different 
magnetic coupling can be realized, and the rest structures 
(Ni-, Cu- and Zn-MoS2) are non-magnetic. TM-MoS2 can be 
an n-type or intrinsic semiconductor, which is only determined 
by the type of TM. The varied magnetic and electronic prop-
erties of TM-MoS2 are explained by double exchange, charge 
transfer, and orbital filling. In addition, the magnetic and 
electronic properties of TM-MoS2 will change greatly under 
pressure. Combined with the experimental findings, the mech-
anistic interpretation of intercalation may be extended to other 
2D  materials, which may provide a new strategy to tune the 
properties of intercalated 2D materials. Furthermore, based on 
the electronic properties of Cr-MoS2, we show that Cr-MoS2 can 
effectively filter electrons of a certain spin, and the polarization 
of the spin current generated from which is as high as 83.5%. 
Our findings deeply explained the mechanism of the interlayer 
doping of TMD and provided a simple but effective method for 
the design of spintronic devices.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
H.B. and Q.W. contributed equally to this work. This work was supported 
by the Science and Technology Development Fund from Macau SAR 
(FDCT) (0081/2019/AMJ, 0102/2019/A2, 0154/2019/A3, and 0033/2019/
AMJ). M.Y. acknowledged the funding support from The Hong Kong 
Polytechnic University (1-BE47 and ZE2F). Q.W. and L.K.A. acknowledged 
the support of the Singapore MOE Tier 2 grant (2018-T2-1-007). The 
DFT calculations were performed at High Performance Computing 
Cluster (HPCC) of Information and Communication Technology Office 
(ICTO) at University of Macau. The transport calculations were carried 
out at Titan Supercomputing facility in SUTD and also at the National 
Supercomputing Centre (NSCC) Singapore.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
Research data are not shared.

Keywords
density-functional theory, interlayer-intercalation, magnetic properties, 
spintronics

Received: February 25, 2022
Revised: April 26, 2022

Published online: 

[1] a) D. S. Schulman, A. J. Arnold, S. Das, Chem. Soc. Rev. 2018, 47, 
3037; b) S. Zhao, W. Kang, J. Xue, Appl. Phys. Lett. 2014, 104, 133106; 
c) B. Anasori, M. R. Lukatskaya, Y. Gogotsi, Nat. Rev. Mater. 2017, 
2, 16098; d) Z. Guan, S. Ni, S. Hu, J. Phys. Chem. C 2018, 122, 6209;  
e) L. Dong, J. Lou, V. B. Shenoy, ACS Nano 2017, 11, 8242.

[2] K. S.  Kim, K. H.  Kim, Y.  Nam, J.  Jeon, S.  Yim, E.  Singh, J. Y.  Lee,  
S. J. Lee, Y. S. Jung, G. Y. Yeom, D. W. Kim, ACS Appl. Mater. Inter-
faces 2017, 9, 11967.

[3] Y.  Fang, J.  Pan, D.  Zhang, D.  Wang, H. T.  Hirose, T.  Terashima, 
S. Uji, Y. Yuan, W. Li, Z. Tian, J. Xue, Y. Ma, W. Zhao, Q. Xue, G. Mu, 
H. Zhang, F. Huang, Adv. Mater. 2019, 31, 1901942.

[4] R. F. Frindt, J. Appl. Phys. 1966, 37, 1928.
[5] S.  Manzeli, D.  Ovchinnikov, D.  Pasquier, O. V.  Yazyev, A.  Kis,  

Nat. Rev. Mater. 2017, 2, 17033.
[6] H.-P. Komsa, A. V. Krasheninnikov, J. Phys. Chem. Lett. 2012, 3, 3652.
[7] S.  Liu, X.  Zhang, J.  Zhang, Z.  Lei, X.  Liang, B.  Chen, Sci. China 

Mater. 2016, 59, 1051.
[8] N. Singh, U. Schwingenschlögl, Adv. Mater. 2017, 29, 1600970.
[9] X. Liang, M. Chen, H. Zhu, H. Zhu, X. Cui, J. Yan, Q. Chen, X. Xia, 

Q. Liu, J. Mater. Chem. A 2020, 8, 9068.
[10] M. Chhowalla, Z. Liu, H. Zhang, Chem. Soc. Rev. 2015, 44, 2584.
[11] a) H.  Rydberg, M.  Dion, N.  Jacobson, E.  Schröder, P.  Hyldgaard,  

S. I. Simak, D. C. Langreth, B. I. Lundqvist, Phys. Rev. Lett. 2003, 91, 
126402; b) A. Splendiani, L. Sun, Y. Zhang, T. Li, J. Kim, C.-Y. Chim, 
G.  Galli, F.  Wang, Nano Lett. 2010, 10, 1271; c) K. F.  Mak, C.  Lee, 
J. Hone, J. Shan, T. F. Heinz, Phys. Rev. Lett. 2010, 105, 136805.

[12] H.  Pan, in Lecture Notes in Nanoscale Science and Technology, 
Springer International Publishing,  2014, 1.

[13] a) X. Ren, Q. Ma, H. Fan, L. Pang, Y. Zhang, Y. Yao, X. Ren, S. F. Liu, 
Chem. Commun. 2015, 51, 15997; b) T.  Liu, Z.  Cui, X.  Li, H.  Cui, 
Y. Liu, ACS Omega 2021, 6, 988.

[14] a) F. Iyikanat, H. Sahin, R. T. Senger, F. M. Peeters, APL Mater. 2014, 
2, 092801; b) X.  Fan, H.  Chen, J.  Deng, X.  Sun, L.  Zhao, L.  Chen, 
S. Jin, G. Wang, X. Chen, Inorg. Chem. 2019, 58, 7564; c) Y. C. Cheng, 
Z. Y. Zhu, W. B. Mi, Z. B. Guo, U. Schwingenschlögl, Phys. Rev. B 
2013, 87, 100401(R); d) T. Hallam, S. Monaghan, F. Gity, L. Ansari, 
M.  Schmidt, C.  Downing, C. P.  Cullen, V.  Nicolosi, P. K.  Hurley,  
G. S. Duesberg, Appl. Phys. Lett. 2017, 111, 203101.

[15] a) Z.  Li, Z.  Wang, S.  Xi, X.  Zhao, T.  Sun, J.  Li, W.  Yu, H.  Xu,  
T. S.  Herng, X.  Hai, P.  Lyu, M.  Zhao, S. J.  Pennycook, J.  Ding, 
H.  Xiao, J.  Lu, ACS Nano 2021, 15, 7105; b) M. A.  Lukowski,  
A. S. Daniel, F. Meng, A. Forticaux, L. Li, S.  Jin, J. Am. Chem. Soc. 
2013, 135, 10274; c) H. Wang, Z. Lu, D. Kong, J. Sun, T. M. Hymel, 
Y. Cui, ACS Nano 2014, 8, 4940; d) H. Wang, Z. Lu, S. Xu, D. Kong,  
J. J.  Cha, G.  Zheng, P.-C.  Hsu, K.  Yan, D.  Bradshaw, F. B.  Prinz, 
Y.  Cui, Proc. Natl. Acad. Sci. USA 2013, 110, 19701; e) J.  Wan,  
S. D.  Lacey, J.  Dai, W.  Bao, M. S.  Fuhrer, L.  Hu, Chem. Soc. Rev. 
2016, 45, 6742; f) T.  Wang, N.  Zhao, C.  Shi, L.  Ma, F.  He, C.  He, 
J. Li, E. Liu, J. Phys. Chem. C 2017, 121, 19559.

Adv. Electron. Mater. 2022, 2200209



www.advancedsciencenews.com

© 2022 Wiley-VCH GmbH2200209 (9 of 9)

www.advelectronicmat.de

[16] a) R. B.  Somoano, V.  Hadek, A.  Rembaum, S.  Samson,  
J. A.  Woollam, J. Chem. Phys. 1975, 62, 1068; b) K.  Xu, N.  Liao, 
M. Zhang, W. Xue, Nanoscale 2020, 12, 7098; c) H. Wang, X. Wang, 
L.  Wang, J.  Wang, D.  Jiang, G.  Li, Y.  Zhang, H.  Zhong, Y.  Jiang,  
J. Phys. Chem. C 2015, 119, 10197.

[17] a) J.-J.  Zhang, B.  Gao, S.  Dong, Phys. Rev. B 2016, 93, 155430;  
b) J. A. Woollam, R. B. Somoano, Phys. Rev. B 1976, 13, 3843.

[18] J.  Luo, K.  Fu, M.  Sun, K.  Yin, D.  Wang, X.  Liu, J. C.  Crittenden,  
ACS Appl. Mater. Interfaces 2019, 11, 38789.

[19] Z. Wang, A. Sim, J. J. Urban, B. Mi, Environ. Sci. Technol. 2018, 52, 9741.
[20] a) X. Cai, T. C. Ozawa, A. Funatsu, R. Ma, Y. Ebina, T. Sasaki, J. Am. 

Chem. Soc. 2015, 137, 2844; b) M.-R.  Gao, J.-X.  Liang, Y.-R.  Zheng, 
Y.-F. Xu, J. Jiang, Q. Gao, J. Li, S.-H. Yu, Nat. Commun. 2015, 6, 5982.

[21] M.  Su, W.  Zhou, Z.  Jiang, M.  Chen, X.  Luo, J.  He, C.  Yuan,  
ACS Appl. Mater. Interfaces 2021, 13, 13055.

[22] K.  Li, T. H. Chang, Q. Xie, Y. Cheng, H. Yang, J. Chen, P. Y. Chen, 
Adv. Electron. Mater. 2019, 5, 1900040.

[23] Q. Dang, S. Tang, T. Liu, X. Li, X. Wang, W. Zhong, Y. Luo, J. Jiang,  
J. Phys. Chem. Lett. 2021, 12, 8355.

[24] Z. I. Popov, N. S. Mikhaleva, M. A. Visotin, A. A. Kuzubov, S. Entani, 
H.  Naramoto, S.  Sakai, P. B.  Sorokin, P. V.  Avramov, Phys. Chem. 
Chem. Phys. 2016, 18, 33047.

[25] X.  Zhao, P.  Song, C.  Wang, A. C.  Riis-Jensen, W.  Fu, Y.  Deng, 
D.  Wan, L.  Kang, S.  Ning, J.  Dan, T.  Venkatesan, Z.  Liu, W.  Zhou,  
K. S. Thygesen, X. Luo, S. J. Pennycook, K. P. Loh, Nature 2020, 581, 171.

[26] M. Huang, L. Gao, Y. Zhang, X. Lei, G. Hu, J. Xiang, H. Zeng, X. Fu, 
Z. Zhang, G. Chai, Y. Peng, Y. Lu, H. Du, G. Chen, J. Zang, B. Xiang, 
Nano. Lett. 2021, 21, 4280.

[27] a) N. Sirica, P. Vilmercati, F. Bondino, I. Pis, S. Nappini, S.-K. Mo, 
A. V.  Fedorov, P. K.  Das, I.  Vobornik, J.  Fujii, L.  Li, D.  Sapkota,  
D. S.  Parker, D. G.  Mandrus, N.  Mannella, Commun. Phys. 2020, 
3, 83; b) N.  Sirica, S. K.  Mo, F.  Bondino, I.  Pis, S.  Nappini, 
P.  Vilmercati, J.  Yi, Z.  Gai, P. C.  Snijders, P. K.  Das, I.  Vobornik, 
N.  Ghimire, M. R.  Koehler, L.  Li, D.  Sapkota, D. S.  Parker,  
D. G.  Mandrus, N.  Mannella, Phys. Rev. B 2016, 94, 075141;  
c) S. Mankovsky, S. Polesya, H. Ebert, W. Bensch, Phys. Rev. B 2016, 
94, 184430.

[28] R. Aoki, Y. Kousaka, Y. Togawa, Phys. Rev. Lett. 2019, 122, 057206.
[29] a) N. L. Nair, E. Maniv, C. John, S. Doyle, J. Orenstein, J. G. Analytis, 

Nat. Mater. 2020, 19, 153; b) A.  Little, C.  Lee, C.  John, S.  Doyle, 
E.  Maniv, N. L.  Nair, W.  Chen, D.  Rees, J. W. F.  Venderbos,  
R. M. Fernandes, J. G. Analytis, J. Orenstein, Nat. Mater. 2020, 19, 1062.

[30] Y.  Cao, Z.  Huang, Y.  Yin, H.  Xie, B.  Liu, W.  Wang, C.  Zhu, 
D. Mandrus, L. Wang, W. Huang, Mater. Today Adv 2020, 7, 100080.

[31] a) P. Hohenberg, W. Kohn, Phys. Rev. 1964, 136, B864; b) G. Kresse, 
J. Furthmüller, Phys. Rev. B 1996, 54, 11169; c) W. Kohn, L. J. Sham, 
Phys. Rev. 1965, 140, A1133.

[32] J. P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 1996, 77, 3865.
[33] M. M.  Obeid, A.  Bafekry, S.  Ur Rehman, C. V.  Nguyen, Appl. Surf. 

Sci. 2020, 534, 147607.
[34] J. F. Nye, Physical properties of crystals: their representation by tensors 

and matrices, Oxford university press,  1985.
[35] W. G. Hoover, Phys. Rev. A 1985, 31, 1695.
[36] a) S. Fan, X. Zou, H. Du, L. Gan, C. Xu, W. Lv, Y.-B. He, Q.-H. Yang, 

F.  Kang, J.  Li, J. Phys. Chem. C 2017, 121, 13599; b) M.  Kan,  
J. Y. Wang, X. W. Li, S. H. Zhang, Y. W. Li, Y. Kawazoe, Q. Sun, P. Jena, 
J. Phys. Chem. C 2014, 118, 1515; c) H. K. Ng, A. Abutaha, D. Voiry, 
I. Verzhbitskiy, Y. Cai, G. Zhang, Y. Liu, J. Wu, M. Chhowalla, G. Eda, 
K. Hippalgaonkar, ACS Appl. Mater. Interfaces 2019, 11, 12184.

[37] J.  Peng, Y.  Liu, H.  Lv, Y.  Li, Y.  Lin, Y.  Su, J.  Wu, H.  Liu, Y.  Guo, 
Z. Zhuo, X. Wu, C. Wu, Y. Xie, Nat. Chem. 2021, 13, 1235.

[38] Y. A. Izyumov, Y. N. Skryabin, Phys.-Usp. 2001, 44, 109.
[39] a) D.  Kim, J.  Yang, J.  Hong, C.  Hwang, R. Q.  Wu, J. Korean Phys. 

Soc. 2012, 60, 420; a) H. Huang, P.  Ji, Y. Xie, H. Han, B. Ge, Phys. 
Rev. Mater. 2020, 4, 115001; c) B. L. Chittari, Y. Park, D. Lee, M. Han, 
A. H. Macdonald, E. Hwang, J. Jung, Phys. Rev. B 2016, 94, 184428.

[40] a) S.  Kajiyama, L.  Szabova, K.  Sodeyama, H.  Iinuma, R.  Morita, 
K. Gotoh, Y. Tateyama, M. Okubo, A. Yamada, ACS Nano 2016, 10, 
3334; b) M.  Huang, Z.  Ma, S.  Wang, S.  Li, M.  Li, J.  Xiang, P.  Liu, 
G.  Hu, Z.  Zhang, Z.  Sun, Y.  Lu, Z.  Sheng, G.  Chen, Y.-L.  Chueh,  
S. A. Yang, B. Xiang, 2D Mater. 2021, 8, 031003.

[41] a) B.  Cao, T.  Li, J. Phys. Chem. C 2015, 119, 1247;  
b) T. Cheiwchanchamnangij, W. R. L. Lambrecht, Phys. Rev. B 2012, 
85, 205302.

[42] H. Niu, X. Wang, C. Shao, Y. Liu, Z. Zhang, Y. Guo, J. Mater. Chem. 
A 2020, 8, 6555.

[43] W. Zhang, Y. Fang, Z. Zhang, F. Tian, Y. Huang, X. Wang, X. Huang, 
F. Huang, T. Cui, J. Phys. Chem. Lett. 2021, 12, 3321.

[44] a) E. Suárez Morell, A. León, R. H. Miwa, P. Vargas, 2D Mater. 2019, 
6, 025020; b) G.  Zheng, S.-H.  Ke, M.  Miao, J.  Kim, R.  Ramesh, 
N. Kioussis, Sci. Rep. 2017, 7, 5366; c) H. V. Gomonay, V. M. Loktev, 
Phys. Rev. B 2010, 81, 144427; d) R. Cheng, Q. Niu, Phys. Rev. B 2014, 
89, 081105(R); e) P.  Wadley, B.  Howells, J.  Železný, C.  Andrews, 
V.  Hills, R. P.  Campion, V.  Novák, K.  Olejník, F.  Maccherozzi, 
S. S.  Dhesi, S. Y.  Martin, T.  Wagner, J.  Wunderlich, F.  Freimuth, 
Y.  Mokrousov, J.  Kuneš, J. S.  Chauhan, M. J.  Grzybowski,  
A. W.  Rushforth, K. W.  Edmonds, B. L.  Gallagher, T.  Jungwirth,  
Science 2016, 351, 587.

Adv. Electron. Mater. 2022, 2200209


