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ABSTRACT: Two-dimensional (2D) intrinsic ferromagnetic (FM) materials play a crucial
role in spintronics. Through a systematic research of the 2H-MoS, bilayer (BL) with self-
intercalation (SI) of Mo atom, we have discovered that SI can introduce a long-range magnetic
order, as Mog; atoms lose electrons. The MoS, BLs (Mo,,S,) with self-intercalated Mo (Mog;)
atoms show antiferromagnetic (AFM) order under a high concentration of Mog; atoms, where
the direct exchange interaction dominates over the superexchange interaction. Mo,,S, becomes
half-metal (HM) with interlayer FM order after Mo’s self-intercalation, under lower Mog; atom
concentrations, independent of the stacking orders. MoySs-AA exhibits HM with FM order,
with a corresponding Curie temperature (T.) of 35 K. Mo,,S,-AA and AB stackings with a
lower concentration of Mog; atoms transform into half semiconductors (HSCs). Moreover, the
magnetic anisotropy energies (MAEs) of Mo,S,4-AA and AB stackings are —0.080 and —1.06
meV/fu., suggesting that the magnetic easy axis (EA) of Mo,,S,, tends to the [100] direction,
regardless of the stacking orders. However, the MAEs of Mo,,S,-AA and AB stackings differ
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due to variations in the hybridization interaction between Mo’s d orbitals. The formation energies of Mo,,S, change with the
chemical potential of S (i) and the concentration of Mog; atoms. Furthermore, the formation energy (&;) monotonically increases as
the concentration of Mog; monotonically increases. Additionally, Mo,,S, with Mog; atoms could be synthesized under a higher
chemical potential of Mo atom (uy;,). The Mo,,S,-AB stackings are always more stable than the AA stackings. Self-intercalated
Mo,,S, exhibits good dynamic and thermal stability at 300 and 600 K, respectively. These findings suggest a promising approach to
introducing a modulated long-range FM order and electromagnetic properties into 2H-MoS, and other transition metal

dichalcogenides (TMDs).

KEYWORDS: 2H-MoS,, self-intercalation, 2D ferromagnetism, half-metal, magnetic crystal anisotropy, magnetic vdW material, MAE

B INTRODUCTION

Since the discovery of graphene,"” all kinds of two-dimensional
(2D) materials,”* such as hexagonal boron-nitride,” and
transition metal dichalcogenides (TMDs)°”® have been
unveiled. These 2D materials have attracted much attention,
. . . 19 . . 410
owing to their diverse physical” and chemical properties,
such as Dirac cone,' high carrier mobility,” and ballistic
transport properties.” Their versatile characteristics render
them indispensable in various fields including nanoelectronics,’
.9 L1 . 12,13
optoelectronics,” photocatalysis, ~ spintronics, and energy
storage.* TMD multilayers can be assembled via van der
Waals (vdW) interaction.'® In addition, TMDs and other 2D
materials could form various vdW structures,ls’lé endowing
them with diverse remarkable properties.'® Although pristine
TMD layers have amazing features,” it is highly desired for
them to have novel properties in order to broaden their
applications.'® Strain manipulation is a widely employed
. . 8,17 . . .
strategy in experiments and theory.” " Carrier doping is also
a tunable method to manipulate electromagnetic properties.'®
The substitution of transition metal (TM) can modulate
magnetoelectronic properties.'”~>' The substitution could also
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change the conductivity from a normal semiconductor to half-
meta (HM) and half semiconductor (HSC),"” resulting in n-
type and p-type semiconductors.”’ Furthermore, substitution
can induce transitions from nonmagnetic order to ferromag-
netic (FM), antiferromagnetic (AFM), and ferrimagnetic
(Ferrim) orders, respectively.”' Additionally, most 2D
materials are inherently nonmagnetic, due to the strong
fluctuations at finite temperatures, which prohibit long-range
magnetic order in these systems.””

Among all kinds of methods, intercalation is a powerful
method for tuning the properties of vdW materials,” such as
electronic properties,24'25 optoelectronic properties,m27 mag-
netoelectric properties,”**” thermoelectric properties,”” and
energy storage characteristics.”" Apart from foreign atoms,” !
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the native atoms could also work as intercalants. It is named
self-intercalation (SI),”> which has also attracted much
attention.”> ™’ The self-intercalated structures are more stable
than vdW structures, as different layers are connected by self-
intercalated atoms.*” In addition, the native intercalated atoms
could affect interlayer magnetic coupling.””*”*® In 2019, Prof.
Wau found the anomalous Hall effect (AHE) in VS,.*” In 2020,
Prof. Loh first synthesized self-intercalated structures in
TaS(Se), by performing growth under a high metal chemical
potential ().”” Besides that, VS, In;;Se;s, and Fe,Te, could
be synthesized under metal-rich condition.”> AHE has been
found in Ta,S,,.>* In 2020, Prof. Xijang and Zhou found the
topological Hall effect in Cr;,Te,,* and magnetic Moié
superlattice in CrgTeg,"' respectively. Prof. Xiang, Liu et al.
found ]z:)erpendicular magnetic anisotropy (PMA) in SI-
CrTe,,** colossal anomalous Hall effect in CriTeg,* and
Néel-type skyrmions in SI—Cr,,;Te,** respectively. Prof. Lin
constructed a Cr,Te;—CrsTeg lateral heterojunction, which is
used to manipulate magnetic moments under different
magnitudes of magnetic excitation.”* Prof. Batzill found that
the magnetic properties of Cr(;,5Te, are maintained in the
ultrathin limit. The magnetic anisotropy can be tuned from
close to isotropic (& 1) to a desirable perpendicular
anisotropy for low § values.*> Zhang synthesized SI-NiTe, and
predicted superconductivity.*® In 2023, Prof. Cheng found that
MoSi,N,(MoN),, homologous compounds are superconduc-
tors.”” Prof. Zhang constructed the Kagome lattice in SI-1T-
FeS,."® Prof. Zhang synthesized 2D triclinic FeiSe; and
monoclinic Fe;Se, phases. They found that 2D Fe;Seg shows
intrinsic room-temperature ferromagnetic property, while the
ultrathin Fe,Se, presents novel metallic features.””*° Prof. Ji
found a quenched charge density wave and superconductivity
in SI-NbSe,.*> Moreover, they found a large in-plane upper
critical field beyond the Pauli limit by scanning tunneling
spectroscopy. Prof. Zheng found the interplay between CDW
and superconductivity in SI-TaS,.”" Prof. Zhou transformed
PbTe, and NiTe, into PbTe and NiTe single crystals,
respectively, using self-intercalated metal atoms.>”

The successful experimental realization of SI in 2D materials
paves a new way of modulating 2D materials’ magnetoelectric
properties.””*>**~>* Compared with the progress of experi-
ments,*>**?°75% theoretical work is rare>”>>373%555 apd
most works focus on 2D magnetic materials,?” 38 ~#649,50,53=56
including VSZ’39 CGT,” Crl,,* FeCl,*® CrTe,*™* and
Fe,GeTe,.’® These self-intercalated 2D materials have CDW,”’
working as single-atom catalysts,”” superconductors,"*>" and
extendable piezo/ferroelectricity.*®

In this article, we systematically investigate the geometry,
formation energy, and magnetic and electronic properties of
Mo,,S, using the first-principles method. The Mo,,S, with AB
stacking is more stable than AA stacking. Moreover, the Mo,,S,
are HMs with interlayer FM order, regardless of the stacking
configuration with lower Mog; atom concentration. This shows
that the superexchange between Mo and S atoms is stronger
than the direct exchange interaction between Mo atoms.
Specifically, MooS,4-AA exhibits a ferromagnetic HM behavior
with a T. of 35 K. As x is further declined, Mo,S, is
transformed from HM into HSC. In addition to that, Mog;
atoms could introduce magnetic anisotropy, as the hybrid-
ization interaction between Mo atoms’ d,; and d,, d,, d;_y
orbitals is enhanced. Additionally, different stacking patterns
affect the hybridization interaction between Mo atoms’ d
orbitals, resulting in different MAEs of AA and AB
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configurations. Both the EAs of AA and AB stackings align
along the [100] direction. The & varies with the concentration
of the Mog; atom and p,, and Mo,,S, (with Mog;) tends to be
synthesized under high molybdenum chemical potential (p,).
Mo, S, also shows excellent dynamic and thermal stability.
These findings pave a promising pathway for introducing long-
range ferromagnetic order into nonmagnetic materials.

B COMPUTATIONAL DETAILS

The calculation of Mo,,S, is done using the plane-wave basis
Vienna Ab initio Simulation Package (VASP) code,”® based on
the density functional theory (DFT). The generalized gradient
approximation (GGA) with Perdew—Burke—Ernzerhof
(PBE)® is adopted. The art of hybrid-functional HSE06°"**
and LDA + U method® are used to deal with the strong-
correlated correction to Mo’s 3d electrons. The effective on-
site Coulomb interaction parameter (U) and exchange
interaction parameter (J) are set to be 3.60 and 0.60 €V,
respectively. Therefore, the effective Ug (Uyg U= U — J) is
set as 3.0 eV.°* The geometry optimization, energies with all
kinds of magnetic orders, band structure, density of states
(DOS), phonon spectrum, ab initio molecular dynamics
(AIMD), and MAE are calculated with the LDA + U method.
Energies with magnetic order, spin charge densities difference,
band structure, and DOS are confirmed by HSE06 functional.
The vacuum space in the z-direction is set to 16 A to avoid
virtual interaction. The kinetic energy cutoff is set as 360 eV.
The geometries are fully relaxed until the energy and force are
converged to 107 eV and 1 X 107> eV/A, respectively. 6 X6 X
1,9 X9 X 1, and 16 X 16 X 1 Monkhorst—Pack grids65 are
used for the geometry optimization, energy calculation, and
DOS calculation, respectively. Spin—orbital coupling (SOC) is
also considered in the calculation of the MAE and band
structure.

The MAE calculations employ an energy cutoff of 500 eV,
with total energy and force convergence criteria set to 1 X 107°
eV and 1 meV/A, respectively. Following systematic testing,
the corresponding k-grid (18 X 18 X 1) is adopted, without
any symmetry constriction, shown in Figure S1. Phonon
spectra and DOS are calculated using the finite displacement
method, as implemented in the Phonopy Package.”® A 3 X 3 X
1 cell is adopted in the simulation. The total energy and
Hellmann—Feynman force are converged to 107 eV and 1 X
107> eV/A, respectively. Eight thousand uniform k-points
along high-symmetry lines are used to obtain phonon spectra.
In order to confirm the structural stability, an AIMD
simulation is also performed. The constant moles—volume—
temperature (NVT) ensemble with Nosé—Hoover thermo-
stat’’ is adopted at temperatures of 300 and 600 K,
respectively. The time step and total time are 1 fs and 10 ps,
respectively. In order to eliminate the effect of periodic
boundary condition with a relatively smaller system size, a
larger supercell (2 X 2 X 1 cell) is adopted in the AIMD
simulation. T, is calculated using the PASP package,’®
developed by Prof. Xiang. The DFT-D2 Grimme method®’
is adopted to account for the weak vdW interaction between
layers.

Geometry and Electromagnetic Properties. 50% Mo-
intercalated MoS, has a stoichiometry of MoyS;s."~ The
geometries of MoyS 4-AA and AB stackings are optimized, as
shown in Figure la—d, respectively. The corresponding lattice
parameters (a = b) of MoyS;s-AA and AB stackings are 6.419
and 6.458 A, respectively. The a of M0yS,¢-AB is a little larger
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Figure 1. Optimized geometries of Mo,S;,~AA(AB). Illustration of
Mo,S,5-AA(AB) structures. (a—d) Top and side views of MoyS,s-AA
(AB) stackings. The corresponding spin charge densities of (e, f) AA
and (g, h) AB are calculated. The isovalue is set to 0.06 e/A%. (i, j)
The band structure and PDOS of Mo,S;s-(i) AA and (j) AB,
respectively. The blue, green, and red represent Mo, S-projected, and
total DOS, respectively. The cyan and yellow balls represent Mo and

S atoms, respectively.

than that of MoyS 5-AA. In addition to that, the a of MoyS 4 is
a little larger than that of MoS, bilayer (BL) (6.380 A), as
shown in Figure S2a,b. This implies that SI could expand the
lattice, as the Mog; atom is “inserted” into the MoS, BL, as
shown in Figure S2a—d. Compared with the different
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intercalated sites A, B, and C, shown in Figure 1d, the Mog;
atom prefers to stay at the B site, which occupies the center of
the octahedra composed of six S atoms in the vdW gap,
regardless of the stacking patterns. In addition, the original
planar structures of MoS, monolayer (ML) are maintained.
However, there is minor geometry distortion near the S atoms,
which are connected to the Mog; atom, as shown in Figure
1b,d. It is similar to Cr-intercalated CGT,”® Ta-intercalated
Ta$,,** and Fe-intercalated FeCl,.** MoyS,s-AA shows the Dy,
point group, while MogS,4-AB shows the C;, point group,
which are the same with MoS, BL-AA and AB stackings,
respectively.” The magnetic properties of MoyS;s-AA and AB
patterns are also investigated, as shown in Figure le—h,
respectively. The magnetic moment (MM) is mainly localized
in Mog; and neighboring Mo atoms (Mor). The Mog; atom in
Mo,S,6-AA contributes 3.94 p5 and Mo atoms have 0.52 g,
as shown in Figure le,g. The Mog atom in MoyS s-AB
contributes 3.68 yg, and Moy atoms have 0.60 g, as shown in
Figure 1£h, respectively. Besides that, both MoyS,4-AA and AB
patterns have a total MM of 6.00 yz. We also calculate the spin
densities of M0,S;s-AA and AB patterns with the art of HSE06,
as shown in Figure S3a—d, respectively. The Mog; atom in
MoyS4-AA has 3.79 pg, while Moy atoms contribute 0.36 g,
as shown in Figure S3a,b. However, the Mo atoms in MogS ¢
AB contribute 3.53 up (Mog;) and 0.37 py (Moy), as shown in
Figure S3c,d, respectively.

The magnetic properties have been investigated, and the
corresponding electronic properties are related to the magnetic
order,””*® as depicted in Figure 1ij. The band structure of
Mo,S,¢-AA and partial density of states (PDOS) are shown in
Figure 1i. The spin-a electron is conductive, while the spin-$
electron is a semiconductor with an indirect gap of 1.506 eV.
Therefore, MoyS,4-AA is HM. Meanwhile, the spin-f electrons’
indirect gap of MoyS,5-AB is 1.316 eV. MoyS,4-AB is also HM,
as shown in Figure 1j. The states at the Fermi level
predominantly originate from Mo atoms, as shown in Figure
1i,g, respectively. The PDOS of MoyS,s-AA (AB) also confirm
the above results, as depicted in the right inset of Figure 1ij,
respectively. The electronic properties are relative to those of d
electrons. In order to clarify d electron’s orbital occupation, the
d orbital projected band structure and PDOS are also
calculated, as shown in Figure S4. The states of MogS,s-AA
and AB stackings at Fermi level are primarily contributed by
Mo’s d: orbital, as indicated in Figure S4. The band structure
and PDOS are also calculated by the HSE06 functional, as
shown in Figure S3e—h. MoySs-AA and AB stackings are HM,
with a direct spin-$ electron gap of 1.157 and 1.692 eV,
respectively. The states of MooS;c-AA with AB stackings at
Fermi level are mainly contributed by Mo atoms, shown in
Figure S3fh, which is similar to the LDA + U method.
Compared with MoS, BL, Mog and Mo atoms bring
additional states in the original gap of MoS, BL. The band
structures of MoS, BL with AA and AB stackings are also
calculated, as shown in Figure S2e,f. The corresponding band
gaps are 1.50 and 1.48 V. Consequently, Mo,S;s-AA (AB)
stackings exhibit HM characteristics.

Since Mo is TM, the impact of SOC on the electronic
properties should be considered. The band structures under
SOC with EA oriented along the [100] and [001] directions
are also calculated, as presented in Figure SS. Neither MogS ¢
AA nor MoyS;4-AB is a normal metal with SOC. The band
structure of MogS 4-AA and AB stackings with SOC with EA
along the [001] direction is different from that along the [100]
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Figure 2. Spin charge densities of MooS,s-AA stacking with (a) FM, (b) AFM, (c) Ferrim-I and (d) Ferrim-II orders, respectively. The isovalue is
set to 0.04 /A% (e) Illustration of neighbor, and next neighbor exchange interactions. Jiner Jintra a0d Jinra represent the first, second, and third in-
plane nearest-neighbor spin—spin exchange interaction. Specific heat (C,) (red) and MM (blue) of (f) Mo,S;s-AA vary with respect to the

temperature from the Heisenberg model MC simulation.

direction, particularly at I" and K points; more details could be
found in the Supporting Information.

In order to confirm the magnetic order, a 2 X 2 X 1 supercell
of MoyS s is built. The spin charge densities of MogS,s-AA
(AB) stackings are investigated, as shown in Figures 2a—d, S6,
and S7. Both Mo,yS;s-AA (AB) stackings show FM order, and
the energies of FM order are 44 (AA) and 492 (AB) meV
lower than the AFM order (second lowest energy), as shown in
Figures 2b and S6. The corresponding MM of FM order is
24.00 pg, and Mog; atoms contribute 3.94 (3.94 X 4) ug. The
Moy atoms (top of Mog;) have 0.52 (0.52 X 8) p, as shown in
Figure 2a. Similar to MogSs-AA stacking with AFM order,
Moy ferromagnetically couples with the surrounding Mog;
atom, as shown in Figure 2b. However, Mo atoms in the
“same layer” (Moyy ) antiferromagnetically couple with other
Mo atoms. Mog; atoms also antiferromagnetically couple with
other Mog; atoms, as shown in Figure 2b. Thus, the total MM
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equals O yg, and the energy is 44 meV higher than FM order, as
shown in Figure 3b. In addition to that, there are two Ferrim
orders: all Moy, atoms ferromagnetically couple with each
other, while Mog; atoms antiferromagnetically couple with each
other, as shown in Figure 2c. This ferrimagnetic (Ferrim-I)
order with the highest energy in the considering orders has an
MM of 8.0 pp. All Moy and Mog; atoms ferromagnetically
couple with Moy and Mog; atoms, respectively, while Moy
and Mog; atoms antiferromagnetically couple with each other,
which is defined as the Ferrim-II order, shown in Figure 2d. All
energies with different magnetic orders are also calculated by
the HSEO6 functional, which are consistent with the PBE + U
method, as shown in Figure S6.

Jinter denotes the nearest-neighbor exchange constants of the
interlayer, as shown in Figure 2e. J;,., and Ji, are the second-
nearest-neighbor exchange constants. ] > 0 denotes the
ferromagnetic order, while ] < 0 represents the antiferromag-
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Figure 3. Charge density difference of (a, b) MooS;c-AA and (c, d)
AB. The red and blue represent the accumulation and depletion of
electrons, respectively. The averaged planner electrical charge density
difference along the ¢ direction of (e) MooS;-AA and (f) AB,
respectively. The red and blue dots represent the accumulation and
depletion of electrons, respectively.

netic order. The Jiiep Jintww a0d Jinwa of M0gS 4 are calculated
with the following equations

—24]

Epy = Eo = 8] — 120, intra (1)
Exent = Eo = 8o + Y + 8 e ®)
Efenim-1 = Eo + 400 — 240, (3)
Epenimnt = Eo + 8 = 12 = 2410, o)

The Jier Jinww and Jing, values of MooS s-AA stacking are
46.6, 19.6, and —151.5 meV, respectively. The formulas are
shown in eqs S5—S8, and more details about the calculation of
] are shown in the Supporting Information. The total MM
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equals 6.0 yg at 0 K, as shown in Figure 2f. As the temperature
increases, the MM monotonically decreases, while the
magnetic susceptibility first increases. Then, the magnetic
susceptibility reaches the largest value of 560, and the
corresponding T, is 35 K, as shown in Figure 2f. The T, is
evaluated with the following equation

H== 3> DS+ 2 DS
k i (5)

i>j
where ], denotes the three different exchange-coupling
parameters presented in Figure 2e. S; and §; are the spin of
Mog; or Moy atoms. D; is the magnetic anisotropy parameter.

Similar to MoyS;4-AB with FM order, each Mo atom has
0.60 (total 0.60 X 4) up, while Mog; atoms have 3.94 ujy, as
shown in Figures 1b and S7. The Mo atoms in one layer have
1.20 (total 1.20 X 4) ug, while other Mo atoms in the other
layer have 0.04 (total 0.04 X 4) ug, as shown in Figures 1b and
S7a. Moy atoms ferromagnetically couple with neighboring
Mog; atoms under AFM order, and the corresponding MMs
are 0.50 (0.50 X 2), and — 0.50 (—0.50 X 2) pp, respectively.
Moy, atoms have 3.94 and —3.94 i, as shown in Figure S7b,
respectively. The total MM is equal to 0 pg. The Ji ey Jingw and
Jintra Of MogS 4-AB stacking are 62, 138.8, and —9.7 meV,
respectively. The detailed formulas are provided in eqs S9—
S16, and more details about the calculation of ] are shown in
the Supporting Information.

Charge Density Difference. Both MoS, ML and BL are
nonmagnetic semiconductors. Why could the Mog atom
introduce long-order magnetic order? In this section, we want
to clarify this issue by analyzing the charge density difference,
as shown in Figure 3. The Mog atom shows a different
chemical environment from Moy atoms. The corresponding
charge density difference of MoyS;,-AA (AB) is shown in
Figure 3a—d, respectively. It is evident that charges
predominantly accumulate and deplete in self-intercalated
areas, as shown in Figure 3a,b. According to Bader analysis,70
the Mog; atom of AA stacking has 4.66e electrons. Therefore,
the Mog; atom loses 1.34¢ electrons to the connected S atoms,
and a similar phenomenon also appears in SI-CGT>” and SI—
Crl;*” In contrast, Mo; and Mo, (adjacent to S atoms
connected with the Mog atom) have 4.41e electrons. As a
result, there are 1.59e electrons transferring from Mo; and Mo,
to the surrounding S atoms, as shown in Figure 3a,b. In AB
stackings, the Mog; atom has 4.46e electrons, while the Mo
atoms (Mo, Mog) near S atoms have 4.44 and 4.49e electrons,
respectively. Consequently, Mog; and neighboring Mos, Mog
atoms lose 1.54, 1.56, and 1.51e electrons, respectively, as
shown in Figure 3. Compared with AA stacking, the Mog; atom
in AB stacking loses more electrons, as shown in Figure 3. In
order to clarify this point, the averaged planner electrical
potential along the ¢ direction of MoyS,,-AA(AB) stackings is
calculated, as shown in Figure 3e,f, respectively. It can be
concluded that the averaged planner electrical potential curves
are symmetric (AA) and antisymmetric (AB), respectively,
originating from the different geometries of AA and AB
stackings. The largest charge density difference of MoyS,s-AB
is 0.260 X 107 e/Bohr?, which is larger than the AA of 0.207
X 107% e/Bohr’.

Magnetic Anisotropy Properties. MAE indicates that
the electron needs energy to switch from EA (soft axis) to the
other direction (hard axis). When the MAE is larger, it
indicates that electrons need more energy to switch from EA to
the hard axis. As Mo,S,;-AA(AB) have Dy; and C,, point
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[100] direction. (d) AE, of MoyS,s-AA(AB) changes with V.

groups, the corresponding energy (AE,) along a certain
direction (0, ¢) can be calculated as™

AE, = K, cos’  + K, cos* @ + +K; cos® 6 + K, cos 3¢
(6)

7)

where E[g,] represents the energy along [001] direction, as
shown in Figure 4a—d. K|, K,, and K; represent the quadratic,
quartic, and sextic (six degree) contributions to the MAE,
respectively. Similar to the geometries with high symmetry,”'
energy difference (AE,) is independent of the in-plane
azimuthal angle ¢, as shown in Figure 4d. Therefore, K,
equals 0, as shown in Figure 4a,b. Equation 6 is simplified into
the following equation

AE; = E — Ejgy

AE, = K;cos* @ + K, cos* 0 + K, cos® 0 (8)

AE, changes as a function of the polar angle 0, as shown in
Figure 4b. For MooS;s with a higher concentration (x
33.33%), the sextic part to the MAE could be negligible, as
shown in Figure 4b. Consequently, eq 8 is simplified into the
following equation

AE, = K, cos” 6 + K, cos* 0 (9)

AE, (x = 33.33%) with AA and AB stackings follow the
equations AE, (107" meV) = —6.236 cos’0—0.048 cos*@) and
AE, (107" meV) = —2.548 cos’0—0.018 cos* 0, respectively. As
« is further decreased to 25% (Mo;;Ss,), AE, with AA and AB
stackings follow the equations AE, (107% meV) =
—11.60 cos? @ + 2.765cos*0 + 0.813 cos®@ and AE, (1072
meV) = —11.60cos®’f + 0.089cos*d + 0.003 cos®¥,
respectively. MAE and MCA energies could be calculated
using the following equations
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MAE = Ejy09) =~ Ejoon (10)

(11)

E[100] represents the energy with magnetic axis along the [100]
direction. S is the area of the supercell. The MAEs of Mo,S,,
(57.73%) and Mo,S,s are —0.257 (AA), —0.629 (AB), —0.080
(AA), and —1.064 (AB) meV, respectively. The corresponding
MCA energies are —0.058 (Mo,S;,-AA), — 0.140 (AB),
—0.024 (Mo0,S;5-AA), and —0.207 (AB) erg/cm® A negative
MAE implies that EA points to the in-plane direction, resulting
in in-plane magnetic anisotropy (IMA), as shown in Figure 4c.
Compared with nonmagnetic MoS,—BL (MAE = 0 meV), the
MCA of Mo,,S, is enhanced, which indicates that Mog; atoms
are introduced into the system. A similar trend appears in SI-
CrTe,*” The MAE and MCA are related to the stacking
configuration, the reason for which will be discussed in the
following section.

Magnetocrystalline Anisotropy. In order to clarify the
atomic orbital contribution to MAE, the tight-binding and
second-order perturbation theory is adopted to calculate the
MAE. According to the canonical formulation,”"””* the MAE of
each atom could be evaluated using the equation

MAE, = | [E(E - E)In™\E) - n*"\E)]

MCA = Ej 10 — Ejgo1) = MAE/S

(12)

where MAE, represents the MAE of the ith atom. #,'%)(E) and
ni[001] are the DOS of the ith atom with EA along the [100]
and [001] directions, respectively. Mo,,S,-AA and AB stackings
have D3, and C;, groups; therefore, the energies with EA along
[100] and [010] directions are the same.”"’* Thus, only the
[100] direction is considered here. Furthermore, total MAE
could be rewritten as the sum of MAE,/MAE,.,_ Y ,MAE,”>~"*
According to the second-order perturbation theory,””~"> MAE
could be obtained by the sum of the following terms’>”®
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AETT=E " —E " =8 ), (oL JuP

— Ko ILlu™))/(E; — EJ) (13)
AEY=E T -ET=£8) (|<o+|LZ|u_|2
— Ko* L))/ (By — E;) (14)

where + and — are the electrons of spin-a and spin-f, and &,
L, and L, are the SOC constant, with angular momentum
operators along the [100] and [001] directions, respectively. u
and o stand for unoccupied and occupied states. E, and E,
represent the energies of the occupied and unoccupied states,
respectively. MAE mainly comes from the contribution of
spin—orbital matrix elements and energy difference. According
to eq 12, MAE is related to the intensity of DOS near the
Fermi level. Besides that, the matrix element differences (I{o~!
L luP=I{o7IL u™)I* and o*IL lu"*=I{o*IL Ju~)*) for d and p
orbitals are calculated, as shown in Tables 1 and 2,

Table 1. Matrix Differences for d Orbitals between
Magnetization along [001] and [100] Directions in eqs 9
and 107773

o o
4, de dp de dey 4y e de do dey
dw 0 0 0 1 —4 0 0 0 -1 4
dyz 0 0 3 -1 1 0 0 -3 1 -1
d; 0 3 0 0 0 0 -3 0 0 0
d,, 1 -1 0 o 0 -1 1 0 0 0
d,},},l -4 1 0 0 0 4 -1 0 0 0

Table 2. Matrix Differences for p Orbitals between EA along
[001] and [100] Directions in egs 9 and 10" ™73

+ —

u P P: Ps P P P,
P, 0 1 -1 0 -1

P, 1 0 0 -1 0 0
P, -1 0 0 1 0 0

respectively.”' ~”> To further interpret the changes in MAE
with stacking patterns, the atom-orbital-resolved MAE of
Mo,S;; is shown in Figure Sa—c (AA) and Figure Sd—f (AB),
respectively. The total MAEs of MooS s-AA and AB stackings
are —0.08 and —1.06 meV, respectively. S atoms contribute
0.12 (AA) and 0 meV (AB) to the total MAE, while Moy and
Mog; atoms contribute —0.28 (AA), 0.08 (AA), —0.29 (AB),
and —0.76 meV (AB), as shown in Figure Sa—e, respectively.
For MoyS s-AA stacking, the atomic hybridization between
Mog,’s occupied spin-a d,_ and unoccupied spin-f d,,
orbitals contributes to IMA (—0.253 meV), which corresponds
to the matrix difference —4 for d orbitals,”* as shown in Figure
Sa and Table 1. Moreover, the atomic hybridization between
Mog,’s occupied spin-a d;_, and unoccupied spin-f d,,
orbitals contributes to IMA (—0.253 meV), which corresponds
to the matrix difference —4 for d orbitals,”* as shown in Figure
Sb. Furthermore, the atomic hybridization between S’s
unoccupied spin-f p, and occupied spin-a p, orbitals
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corresponds to the matrix difference 1,”* as shown in Figure
Sc and Table 2.

Compared with AA stacking, the MAE of AB stacking is
mainly contributed by Moy, and Mog atoms. S atoms’
contribution could be ignored. The atomic hybridization
between the Mog,, of AB stacking-occupied spin-a d,>_* and
unoccupied spin-f d,, orbitals contributes to IMA (=22
meV), which corresponds to the matrix difference —4 for the d
orbitals,”" as shown in Figure Se. On the contrary, the
hybridization between the occupied spin-a d orbitals and
unoccupied spin-f d,, orbitals makes a contribution to PMA
(1.11 meV), which corresponds to the matrix difference 3 for d
orbitals, as shown in Figure Se and Table 1. Moy, atoms make
a similar contribution to MAE. The different MAEs of AA and
AB stackings should be caused by the different Mog’s
hybridization between d;_p and d,, d. (and d,, orbitals,
which originates from different geometries.

Dynamic and Thermal Stability. The dynamic stability
of AA (AB)-SI configurations is confirmed via phonon
dispersion curves and phonon DOS (PHDOS), which show
no obvious imaginary phonon modes. The phonon band
structure and PHDOS of Mo,S;;,, MoyS;s, and Mo,oS;4-
AA(AB) are calculated and presented in Figure 6a—f. The
highest vibrational frequency of Mo,S;,-AA is 12.803 THz,
while MogS,, exhibits a high vibrational frequency of 13.06
THz, as shown in Figure 6b. This indicates that the
contribution to the low-frequency part (0 < ¢ < 6 THz)
mainly comes from Mo atoms’ contribution. On the contrary,
S atoms make the main contribution to the middle-frequency
part (6 < € < 10 THz) and much contribution to the high-
frequency part (10 < & < 13.8 THZ). This distribution of
vibrational modes highlights the distinct roles of Mo and S
atoms in the dynamic properties of the material.

The thermal stability of Mo,,S,, is evaluated with AIMD. To
examine the geometric stability, we also perform AIMD
simulation at 300 and 600 K, as shown in Figures 6 and S8.
The fluctuation in total energies is also evaluated, with total
energies fluctuating around —449.1, —449.3, —596.2, and
—596.4 eV at 300 K, as shown in Figure 6g—i, respectively.
The random snapshots of geometry further confirm the
essential structural integrity shown in the inset of Figure 6g—i.
Mo,,S, under a higher temperature of 600 K is also simulated,
and more simulations of Mo;3Ss, (with lower x) are
performed, as shown in Figure S8¢,d, in the Supporting
Information. There is no obvious structure distortion found.
Consequently, Mo,,S, should be stable at 300 and 600 K.

Magnetic Order Change with x. In the above section, the
energies of MooS s -AA (AB) stackings are calculated, and it
can be found that AB stacking has a lower energy than AA
stacking. For other concentrations (the geometries are shown
in Figures S9a—d and S10a—h), AA stackings always have a
higher energy than AB stackings, as shown in Figure 7a. The
energy difference of Mo,,S;s between AA and AA (Figure
S10c) and AB stackings (Figure S10d) with magnetic order
(AEgpap = Egp — Eup) is 0.053 eV; on the contrary, the
AEjpap of Mo,S;, (shown in Figure S10ef) reaches the
largest value of 0.405 eV. Subsequently, AE,, ,g monotoni-
cally decreases as x decreases, as depicted in Figure 7a.
Specifically, AEj5 a5 is 0.39, 0.217, and 0.01 eV for MoyS4,
Mo,4S3¢ and Mos; S, respectively.

The AB stackings always have a lower energy, regardless of
the stacking patterns; yet, the magnetic order is related to the
stacking orders, as illustrated in Figure 7b. The Mo,,S, with AB

https://doi.org/10.1021/acsaelm.4c00051
ACS Appl. Electron. Mater. 2024, 6, 4066—4079


https://pubs.acs.org/doi/suppl/10.1021/acsaelm.4c00051/suppl_file/el4c00051_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.4c00051/suppl_file/el4c00051_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.4c00051/suppl_file/el4c00051_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.4c00051/suppl_file/el4c00051_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.4c00051/suppl_file/el4c00051_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.4c00051/suppl_file/el4c00051_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.4c00051/suppl_file/el4c00051_si_001.pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.4c00051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

0.154
9y |.0.253 -0.01 @ |dey | 026 0.10 (®) ©
P | 0.06 0.0704
5% |-0.01 0.01 %z | 0.10
3 AA-M AA-M o
24, 0.017 V08 d, 0.15 R p.| 0.06 AA-S
w -0.0968
<
= dvz dyz
py -0.1804
xy dxy
dXV dyz d; d,, dx"‘-y‘ d*v dyz dz d, dxi-y Py P Py -1012264
dey | .0.20 -0.03 d) |%er . 043 (€) (f)
Py -0.06 0 0.464
3 9% |-0.03 -0.01 e | 0.43 -0.53
S- ~--0192
£ d; 002  AB-Mog d, - AB-Mog, p.| 0.06 AB-S
w -0.848
<
2, o
1.504
Py
-2.16
d, d, d: d, dag d, d, d: d, dap P, P, p,

Figure 5. Orbital-resolved MAE of Mo,S,¢-AA (AB). (a) Moy, (b) Mogy, (c) S in M0yS,¢-AA, (d) Moy, (&) Mog;, and (f) S in MoyS,-AB orbital-

resolved MAE.

stackings prefer AFM order for higher concentrations of x
(>57.8%), while AA stackings are dependent on stacking
patterns. When x is less than 50%, Mo,,S, presents FM order,
independent of stacking orders. Mo,,S, with AA stackings
shows FM order apart from a concentration of 100%. Mo,(S3¢-
AA have the smallest AEjy 45 of —0.09 eV. As x further

decreases, the corresponding distance (dy,,) between Moy,

atoms is increased, and the direct exchange interaction is also
obviously weakened. As a result, Mo,,S,-AA shows FM order.
When & is decreased to 25%, dy,, is increased to 12.758 A.

The direct exchange interaction between Mog; atoms
significantly weakens, as the direct exchange interaction
declines more quickly. Therefore, MooS;s shows FM order,
but the corresponding AE,, ,p is also decreased to —0.003
eV, as shown in Figure 7b. For AB stackings with high
concentration (x > 57.73%), the dy, is 5.554 (Mo,S,,) and

5.559 (Mo0,Ss6) A, as shown in Figures S1la—d and S12a—d,
respectively. Therefore, the superexchange interaction between
Mog; atoms is weaker than the direct exchange interaction
between Mog; and Mog; atoms, leading to AFM order in
Mo,,S,. As dy,, decreases, the direct exchange interaction

declines more rapidly than the superexchange interaction.
Consequently, Mo, S, with AB stackings shows FM order,
which is similar to that with AA stackings. MoyS ¢ has the
smallest AEpy; apy of —0.492 eV, marked with a star in Figure
7b. As x is further deduced, the corresponding dy,, is

increased, weakening the superexchange interaction. There-
fore, AEgy_apy are further decreased to —0.025 (Mo;5S,5) and
—0.095 (Mo,¢S5¢) eV. The energies with different magnetic
orders of Mo oS3 are presented in Figure S1la—d.
Formation Energy Change with x. The ¢ values of 2D
materials usually change with g, and the &;is defined as follows
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& = By — m X py = n X fig

(15)

'uMo + 2:“5 = 8MoS7_

(16)

where E,, and &5, represent the total energy and energy
of the supercell, respectively. The puy;, and g represent the
chemical potential of Mo and S atoms, respectively. m and n
represent the number of Mo and S atoms in Mo,S,,
respectively. The value of &g is —18.091 eV, calculated
with the PBE + U method. Equations 15 and 16 could be
represented by the following equations

Hnto = Enos, ~ 2Hg (17)
Esztotal _mXﬂMo _nxlus

=Etota1 —mX (EMOS,_ - 2’:“5) —nX Hg

=Et0tal -—mX €Mos, + (2m - n) X Hg (18)
e=¢g/[(m—1)/2] = 2¢/(m — 1) (19)

The &;is related to the py;, and pg, as shown in eq 15; yet, &
is only related to 5 as shown in eq 18. Figure 8 shows the & of
nine concentrations as a function of the chemical potential of
sulfur, yg, ranging from 2.4 eV below fig ,, to 2.0 eV above it.

It can be found that x tends to be smaller under most
experimental conditions. For most cases, € increases as x
increases, as shown in Figure 8a. Most of all, when x is quite
large (x > 50%), ¢ grows rapidly as ug increases. When the
environment becomes rich in sulfur (higher yg), the € increases
quickly and the corresponding & also grows rapidly. Taking y
—24 eV as an example, the corresponding & is 2.730
(66.67%, Figure 8c), 1.155 (37.80%, Figure 8f), 0.899
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present AA and AB stackings, respectively. The star represents the
smallest AEgy_apm-
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When a larger x value is achieved, the corresponding &
becomes larger. This implies that these structures require more
energy to form Mo,,S,. Therefore, Mo,,S, with higher x values
are not easily synthesized in the experiments. However, &
monotonically decreases as yig decreases, indicating that these
structures are more likely to form in a molybdenum-rich
environment (higher ). Taking yg = —4.8 eV as an example,
the corresponding & values are 1.436 (66.67%), 0.470
(37.80%), 0.365 (33.33%), 0.103 (25%), 0.124 (20%), and
0.912 (16.67%) eV/pcell. When g is further decreased to —6.4
eV (molybdenum rich), the corresponding & values are 0.062,
—0.008, 0.125, 0.010, —0.097, —0.004, and 0.002 eV/pcell.
This indicates that SI-Mo,,S, could be synthesized under a
highly rich molybdenum environment.”> There is little
difference in the lattice parameters between AA and AB
stackings, as shown in Figure S13a,b. Consequently, the effect
of strain on & could be ignored. In a word, the formation
energies of AA and AB stackings are similar to each other, as
shown in Table SI in the Supporting Information.

Charge Transfer (AQ) and Magnetic Properties
Change with x. In the previous section, the AQ values
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Figure 8. (a) € as a function of yg. The black, green, red, blue, cyan,
pink, yellow, purse, and orange dots represent the formation of (b)
MosS,, (c) MoySys (d) MosSy, (e) MosSys (f) MoysSys, (g)
Moy4835 (h) MoySey, (i) MosiSigo and (j) Mos;Syy, with AB-
stackings, respectively. The cyan, red, and yellow balls represent
Mog;, Mog;, and S atoms, respectively.

between Mog; and S atoms were calculated. MM mainly
localizes at Mog; atoms, as shown in Figures 1, 2, S6, S7a—d,
S11, and S12a—d. The AQ and MM of SI-MoS, with an x of
50% have been calculated, as shown in Figure S14. The total
MM is mainly contributed by Mog; atoms, with nearby Mo
atoms contributing minimally, as illustrated in Figure S12a—d.
At a high x of 100%, Mog; atoms lose 1.38 (AA) and 1.42 (AB)
e electrons, resulting in MMs of 4.65 and 4.59 . As «x is
decreased to 66.67%, there are 1.26 (AA) and 1.51(AB) e
electrons transferred from Mog; atoms, yielding MMs of Mog;
of 4.74 (AA) and 4.49 (AB) ug, as shown in Figure Sllab.
When x is further reduced to 33.33%, the corresponding AQ is
1.22 (AA) and 1.41 (AB) e electrons. The corresponding MM
is 4.78 (AA) and 4.59 (AB) pug, respectively. The spin charge
densities of Mo,oS;s are displayed in Figure Slla—d.
Compared with MogS,4, the MM of Mo,,S;4 tends to localize
at the Mog; and Mo atoms. As x is decreased to 16.67%, the
corresponding MM is 4.62 (AA) and 4.40 (AB) . The total
MM of the cell is 6.00 uy, except for an x of 100%. The MM of
Mog; with AA stacking is always larger than that of AB stacking
due to the larger charge transfer of AB stackings, as shown in
Figure S14. Furthermore, AQ and x follow a linear
relationship, as shown in eqs S17-20, in the Supporting
Information. It could be concluded that AQ first increases and
then suddenly drops at an x of 33.33%. After this, AQ
increases, following the reduction of «.

Electronic Properties Change with x. In the previous
section, the magnetoelectronic properties of MoyS;4-AA(AB)
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were investigated. What are the characteristics of SI-MoS, with
a lower concentration? The corresponding band structures are
shown in Figure 9. First, Mo;S,-AA (AB) are investigated and

—Q—AAE,.

g1 —o-AAE,,
' —9-—AB-E,, [

0.15[% —@—AB-E;
ot} ° Half-Metal-AA
0.0}
0.00f . :
20 60 100

40
Concentration x (%)

33.33%

57. 74%

FK I FK

Figure 9. (a) E, changes with x. The band structures of (b) Mo;S,,
() MoySss (d) Mo,S,,, (e) Moo, € Mo,sS36 and (g) Mog; S 100
with AA stackings, (h) Mo;S,, (i) Moy,Sss (j) Mo;Sy,, (k) MosS;6
(1) Moy6S;36 and (m) Mog;S;op, with AB patterns.

the corresponding geometries are shown in Figure S3a—d. The
band structures of 100% with AA and AB stackings are shown
in Figure 9b,h, respectively. They are all normal spin-polarized
metals. As the x values are reduced to 66.67 and 57.74% with
AA patterns, the corresponding band structures are shown in
Figure 9c,d, respectively. The spin-a’s electrons behave as
metals, while spin-f’s electrons exhibit semiconducting proper-
ties with gaps of 1.471 (AA) and 1.40S (AB) eV, respectively.
Therefore, Mo,,S;5 and Mo,S,, with AA stacking are HMs, as
shown in Figure 9a,c,d. However, M0,,S;¢-AB is a HSC with a
direct band gap of 0.055 eV, as shown in Figure 9i. Moreover,
the number of sub-bands of Mo,S,,-AA stacking that cross the
Fermi level and states at the Fermi level are also decreased as x
is reduced. The states at the Fermi level are —3.682, —3.024,
and 2.544 arb. unit™' for 66.67, 57.74, and 50%, respectively.
The spin-a electron of Mo,¢S35-AA stacking is metal, while the
spin-f electron is a semiconductor with a direct band gap of
1.574 eV. It can be concluded that Mo,gSs¢ is still HM.
However, the Mo,¢S;5-AB is HSC. The corresponding spin-a
electron is a semiconductor with an indirect band gap of 0.112
eV, while the spin-f# electron is also semiconducting with a
direct band gap of 1.503 eV, as shown in Figure 9k. As x is
further decreased to 25%, the corresponding E,_, and E,_j is
0.119 (AA), 1.556 (AA), 0.124 (AB), and 1 %530 (AB) eV,
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respectively. The E,, and E,_; with 20% are 0.152 (AA),
1.526 (AA), 0.148 f ), and 1.461 (AB) eV, respectively, as
shown in Figure 9a,g,m, respectively. The introduction of Mog;
atoms into Mo,,S, creates new states within the gap, reducing
the “original” band gap. When «x is further decreased, the effect
of Mog; atoms becomes “weaker” and the corresponding
Mo,,S, also transforms from HM into HSC.

In addition, the Mog; atoms could influence the planar
averaged potential and work function of Mo,,S,. The planar
averaged potential and work function display a symmetrical
pattern independent of the stacking orders. Compared with
MoS, ML, the work function of Mo,,S, is significantly reduced
as Mog; atoms are inserted. More details can be found in
Figures S15 and S16, respectively.

B CONCLUSIONS

By analysis of SI-MoS,, it can be concluded that Mog can
introduce a long-range magnetic order to nonmagnetic 2H-
MoS,. There is approximately one electron transfer from Mog;
atoms to the connected S atoms, with the magnetic moment
(MM) primarily localizing at the Mog; atoms. Mo,,S, is HM
with FM order after the SI of Mo atoms, at higher x. As x is
further reduced, Mo,,S,-AA(AB) is transferred into HSC. This
shows that the superexchange interaction between Mo and S
atoms is stronger than the direct exchange interaction between
Mog; atoms. Furthermore, the EA of Mo, S, tends to IMA,
independent of the stacking orders. The MAE of Mo,,S,-AA
and AB patterns differs, as the hybridization interaction
between Mo’s d orbitals is different. The formation energies
also change with x and y, and Mo,,S, bonding with the Mog;
atom is expected to be achieved under higher puy,. Mo,S,
show good dynamic and thermal stability at 300 and 600 K.
These findings offer a promising approach to controlling the
magnetic and electronic properties of 2H-MoS,, which paves
the use of MoS, and other TMDs in spintronics.
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