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ABSTRACT: The search for new two-dimensional magnetic materials has been a hot
topic since the discovery of graphene in 2004 as these materials play a crucial role in fields
such as spintronics. In this study, we systematically investigated the 2H-TiS2 bilayer with
self-intercalation (SI) of the Ti atom, revealing that SI can introduce magnetism to a
nonmagnetic 2H-TiS2. Taking Ti19S36-AB stacking as an example, we find that 2H−SI−
TiS2 exhibits a ferromagnetic order with a Curie temperature of 377 K. Ti19S36 shows
perpendicular magnetic anisotropy, with a magnetic anisotropy energy (MAE) of 7.43 ×
10−2 meV. Additionally, the MAE increases as the self-intercalated Ti’s (TiSI)
concentration (x) decreases, attributed to the enhanced hybridization interaction between
the dx2−y2 and dxy orbitals of Ti atoms. Ti19S36-AB stacking is identified as a bipolar
magnetic semiconductor (BMS) with an indirect band gap of 0.53 eV. As x increases, TimSn transitions from BMS to half-
semiconductor (HSC) and metal and then back to HSC, demonstrating a rich phase. TimSn shows good dynamic and
thermodynamic stabilities at 300 and 500 K, respectively. Furthermore, the formation energy (εf) of TimSn increases monotonically
with rising x. Moreover, TimSn can be easily synthesized under higher μTi. The migration barrier of TiSI between adjacent
coordination sites is 0.740 eV, further confirming the stability of the self-intercalated structure. These findings imply the potential of
2H-TiS2 and nonmagnetic transition metal dichalcogenides in spintronics.

■ INTRODUCTION
The pursuit of undetected two-dimensional (2D) magnetic
materials has garnered substantial interest since the landmark
synthesis of graphene in 2004.1,2 Recent breakthroughs have
led to the discovery of intrinsic ferromagnetic (FM) order in
materials, such as CrI3,

3 Fe3GeTe2,
4 and Cr2Ge2Te6,

5 marking
significant strides in the study of 2D magnets. Experimental
reports have predominantly focused on transition metal
halides,6,7 transition metal sulfides,8,9 transition metal carboni-
trides,10 and transition metal phosphorus sulfides,11 among
others. These 2D magnetic materials exhibit diverse
physicochemical properties that hold promise for applications
in spintronics,12,13 optoelectronics,14,15 energy storage,16,17 and
information transfer.18 In addition to that, 2D materials have
recently been intensively explored as photocatalysts for water
splitting19 and as thermoelectric materials for producing green
electricity.20 Their ultrathin nature allows for modulating
properties via external stimuli such as intercalation,21−23

strain,24−26 stacking order,27,28 external electrical field,2,29,30

and magnetic field,5,31 thereby extending their application in
2D devices. Despite significant progress in obtaining intrinsic
2D magnetic materials through various methods, elucidating
magnetic coupling mechanisms32,33 and exploiting them to
design materials with high transition temperatures remains a
formidable challenge.34

Intercalation35−37 emerges as a powerful strategy to
modulate the properties of 2D materials. Intercalation offers
a promising avenue for tailored modifications in electrical,38

magnetic,36,39 optical,40 and catalytic41 properties as van der
Waals (vdW) interaction between layers. For instance, the Li
atom’s adsorption on CrI3 surfaces transforms CrI3 from an
FM semiconductor to an FM half-metal.42 A notable
intercalation approach is self-intercalation (SI),43−45 where
native atoms within the material serve as intercalated agents. In
2020, Prof. Loh first achieved ultrathin covalently bonded
materials through SI of bilayer (BL) transition metal disulfides
(TMDs),46 demonstrating adjustable intercalation concen-
trations ranging from 25 to 66.7%.
At present, much work has proven that SI can regulate the

properties of BL structures in various aspects. The regulation
of magnetism is an important direction.47,48 When Cr atoms
are self-intercalated into 2D CrxTey, the robust FM and strong
perpendicular magnetic anisotropy (PMA) persist up to 210 K
in the magnetic heterojunction because the SI plays a critical
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role in the magnetic decoupling effect.44 Our previous research
also found that self-intercalated Mo atoms can introduce a
long-range FM order to nonmagnetic 2H-MoS2.

45 Besides, SI
has a significant effect on the electronic structure. Wang et al.
have directly visualized a stacking-selective SI phenomenon in
epitaxial Nb1+xSe2 films.49 It has been confirmed that SI can
lower the density of states (DOS) at the Fermi level of NbSe2,
which in turn decreases the superconducting transition
temperature. Employing molecular beam epitaxy (MBE),
Zhang’s team achieved the direct synthesis of an ultrathin
Kagome-structured SI Co9Te16, which has a flat band near the
Fermi level.50 Moreover, SI can enhance the metallicity and
chemical reactivity of materials, with certain intercalated 2D
materials showing significant promise as hydrogen evolution
reaction (HER) electrocatalysts.51 These works show that SI
can effectively regulate the diverse properties of TMDs.
Among TMDs, titanium disulfide (TiS2) has been widely

used in hydrogen storage52 and high-density batteries53 owing
to its light weight, stability, and cost-effectiveness. TiS2 has
been extensively intercalated with various atoms including
Na,54 Ca,55 Hg,56 Cu,57 Co,58 and other transition metals
(TMs).59 Notably, self-intercalated compounds of TiS2 have
been synthesized for decades. The excess Ti atoms are
incorporated into the vdW gap of TiS2 due to the volatilization
of sulfur atoms, leading to the formation of TimSn at high
temperatures.60 This controlled insertion of Ti atoms results in
different electronic structures of TimSn.

61 Wang Han confirmed
stoichiometric TiS2 is a semiconductor with an indirect band
gap of 0.5 eV.62 Zhang Min achieved high-density TimSn
(11.1%−16.1%) via a solid-state reaction combined with
plasma-activated sintering.60 However, systematic theoretical
calculation of the properties of the 2H-TiS2−SI structure is
rare.
In this work, we systematically studied the geometries and

magnetic and electronic properties of 2H−SI−TiS2. The result
shows that self-intercalated Ti (TiSI) can introduce magnetism
into nonmagnetic TiS2−BL. TimSn with x below 11.1% shows
an FM order. The magnetic exchange mechanism of Ti19S36-
AB stacking (11.1%) is investigated based on the Heisenberg
model, and its Curie temperature (TC) is estimated to be 377
K. Besides, Ti19S36 shows PMA, with a magnetic anisotropic
energy (MAE) of 7.43 × 10−2meV. The MAE monotonously
increases as x decreases due to the enhanced hybridization
interaction of the dx2−y2 and dxy orbitals of Ti atoms. In
addition, Ti19S36 is a bipolar magnetic semiconductor (BMS)
with an indirect band gap of 0.53 eV. As x increases, TimSn
undergoes a transition from BMS to half-semiconductor
(HSC) and metal and then back to HSC. TimSn exhibits
good dynamic and thermodynamic stability at 300 and 500 K,
respectively. Furthermore, the formation energy (εf) of TimSn
increases monotonically with the x increasing. TimSn is easier to
be synthesized under high μTi. The migration barrier of TiSI
between adjacent coordination sites is 0.740 eV, further
verifying its structural stability. These findings provide a new
path for introducing long-range FM ordering into nonmagnetic
materials, demonstrating the potential of nonmagnetic
materials in the field of spintronic devices.
Computing Method. In this work, the properties of TimSn

are calculated using density functional theory and the Vienna
ab initio simulation package (VASP).63,64 The generalized
gradient approximation65 with the Perdew−Burke−Ernzerhof
(PBE) functional is employed to describe the exchange-
correlation potential. To account for the strong correlation

effects of Ti’s 3d electrons, both hybrid-functional HSE0666

and LDA + U67 methods are utilized. The Coulomb
interaction parameter (U) and the exchange interaction
parameter (J) are set to 4.00 eV68 and 0.50 eV, respectively.
Therefore, the effective Ueff is 3.50 eV. The LDA+U is used to
calculate the phonon spectrum, geometry optimization,
energies of various magnetic orders, band structure, DOS,
and ab initio molecular dynamics (AIMD). The HSE06
functional is also used to verify the energies of different
magnetic orders, band structures, and DOS. Spin−orbital
coupling (SOC) is also considered in the calculation of MCA
and band structure.
The convergence criteria for energy and Hellmann−

Feynman forces during geometry optimization are set to
10−5 eV and 10−2 eV/Å, respectively. To avoid the virtual
interaction, the vacuum distance on the c-axis is set to 16 Å.
The kinetic energy cutoff is 360 eV. The Γ-centered
Monkhorst−Pack69 grids are 9 × 9 × 1, 6 × 6 × 1, 3 × 3 ×
1, and 1 × 1 × 1 for the geometry optimization of Ti-
intercalated TiS2 BL with x of 100, 25, 11.1, and 6.25%,
respectively. The x is defined as the ratio of the actual number
to the number of all coordination sites.46 The phonon spectra
and DOS are calculated using the finite displacement method,
implemented in the Phonopy package.70 Band structure, DOS,
and differential charge density are dealt with VASPKIT.71 TC is
calculated using the PASP,72 developed by Prof. Xiang. The
constant-NVT ensemble with the Nose−́Hoover thermostat73

is employed at temperatures of 300 and 500 K to verify the
stability of the structures, in the AIMD simulation. To avoid
unreasonable boundary conditions, we use a 2 × 2 × 1
supercell to simulate 10 ps with a time step of 1 fs. In addition
to AIMD simulations, all other calculations are performed at 0
K. The climbing image nudged elastic band (CI-NEB)74

method was used in the calculation of transfer barriers.

■ RESULTS AND DISCUSSION
Geometry. TiS2 has a 2H phase structure with a space

group of P3̅m1. The layered TiS2 consists of an octahedron of
TiS6, with each S being shared by three octahedrons, while the
layers are connected by vdW interaction. The TiS2 monolayer
(ML) could be stripped by a combination of a lithium process
and ultrasonic removal.75 This study focuses on the SI
structure of TiS2 with AB stacking. The optimized structure
of Ti19S36 with AB stacking presents an x of 11.11%, as shown
in Figure 1. Initially, a TiSI atom is inserted into a 3 × 3 × 1
supercell of TiS2 BL. The TiSI atom is in the centroid of the six
nearest S atoms of BL. Each Ti atom is surrounded by an
octahedron composed of six S atoms so that it still belongs to
the D3d point group, shown in Figure 1. The lattice parameters
a and b expand slightly to 10.223 Å from the initial value of
10.212 Å due to the insertion of the TiSI atom, primarily in the
plane direction. The distance between the two planes
containing Ti atoms of the BL is 6.535 Å. The Ti−S bond
lengths in the intercalated structure (denoted as d1) and within
the BL (denoted as d2) are 2.605 and 2.515 Å, shown in Figure
1b. Moreover, six S atoms directly connected by the TiSI atom
are 6 pm closer to TiSI in the c direction and six Ti atoms close
to the TiSI atom are 0.6 pm closer to the TiSI atom in the c
direction, shown in (see Supporting Information, Figure S1).
Magnetic Properties. In addition to the structural aspects,

the magnetic properties of Ti19S36 were also investigated to
explore the magnetic coupling mechanism. The magnetic
moment (MM) predominantly localizes in the TiSI and the six

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.4c06216
J. Phys. Chem. C 2025, 129, 5577−5588

5578

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c06216/suppl_file/jp4c06216_si_001.pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c06216?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


nearest Ti atoms of the MLs. Different magnetic configurations
are investigated: each TiSI contributes about 1.6 μB, while each
of the surrounding six Ti atoms contributes 0.4 μB. We found
that the spin orientations of the three atoms above or below
the TiSI atom are constrained to be identical. Therefore, they
are treated as a single entity, denoted as Ti0, with a total MM

of 1.2 μB, shown in Figure 2a. Six different magnetic orders
were calculated. They are FM, Ferrim-I, Ferrim-II, Ferrim-III,
AFM-I, and AFM-II orders, shown in Figure 2a−f, respectively.
Ferrim-I order presents that TiSI atoms show FM coupling, and
Ti0 atoms in different layers show FM coupling. However, Ti0
atoms in one layer have stripy-antiferromagnetic (AFM)34

coupling, shown in Figure 2b. Ferrim-II order denotes FM
coupling between all Ti0, but stripy-AFM coupling is observed
between TiSI, shown in Figure 2c. Ferrim-III order represents
FM coupling between TiSI and FM coupling between Ti0 in
one layer. Conversely, Ti0 in different layers shows AFM
coupling, presented in Figure 2d. AFM-I order stands for FM
coupling between Ti0 in one layer. However, it has AFM
coupling between Ti0 in different layers, and stripy-AFM
coupling between TiSI, depicted in Figure 2e. AFM-II order
shows FM coupling between Ti0 in different layers. However, it
represents stripy-AFM between TiSI and stripy-AFM between
Ti0 in one layer, as shown in Figure 2f. The energy difference
between six magnetic orders and the FM order reveals that the
FM order has the lowest energy, shown in Figure 2. The
energies from low to high are FM (corresponding to E1),
AFM-I (E5), Ferrim-I (E2), Ferrim-II (E3), Ferrim-III (E4),
and AFM-II (E6) orders, shown in Figure 2 (the explanation of
FM order is provided in the following sections). Additionally,
energies calculated by the hybrid functional corroborate those
obtained from PBE+U calculations.

Figure 1. Illustration of the optimized geometries of Ti19S36-AB
stacking (11.1%). (a) Top and (b) side views of the Ti19S36-AB
structure. (c) Top and (d) side views of the Ti19S36-AB stacking with
a 2 × 2 × 1 supercell.

Figure 2. Spin charge densities of Ti19S36-AB stacking with (a) FM, (b) Ferrim-I, (c) Ferrim-II, (d) Ferrim-III, (e) AFM-I, and (f) AFM-II orders.
The isovalue is set at 0.04 e/Å3. (g) and (h) Schematic diagram of the defined magnetic exchange factor. (i) MM and heat capacity as a function of
temperature in TC simulation.
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To evaluate the TC of Ti19S36, we examined the magnetic
exchange constants, shown in Figure 2g. J1 presents the first
nearest-neighbor spin−spin exchange constant between Ti0
and TiSI. J2 represents the second nearest-neighbor spin−spin
exchange constant between neighboring TiSI. J3 shows the
second nearest-neighbor spin−spin exchange constant between
Ti0 and other neighbor Ti0 atoms, shown in Figure 2g. Positive
J values indicate a dominant FM interaction, while negative
values indicate a dominant AFM interaction. Based on the
magnetic configurations shown in Figure 2a−d, we derived the
following equations:

=E E J J J8 12 24a 0 1 2 3 (1)

= +E E J J12 8b 0 2 3 (2)

= +E E J J4 24c 0 2 3 (3)

=E E J J12 24d 0 2 3 (4)

The J1, J2, and J3 are 10.375, 0.188, and 0.063 meV. J1 is
larger than J2 and J3, which shows that the FM coupling
between TiSI and around six Ti atoms is the dominant factor.
To estimate TC, we consider seven Ti atoms as a whole with a
4.0 μB MM, denoted as Tix, and define the exchange
interaction of the nearest neighbor as J0, shown in Figure 2h.
Based on magnetic orders, shown in Figure 2a,f, we derived the
following equations:

=E E J12a 0 0 (5)

= +E E J4f 0 0 (6)

J0 is 7.313 meV. Then, we calculate TC based on the
Heisenberg model. The spin Hamiltonian can be described as

= ×
<

H J S S K S( )
i j

ij i j
i

i
z

u
2

(7)

where J and S are the exchange constant and the spin operator,
respectively. Ku and Si

z represent the anisotropy constant and
the spin orientation along the out-of-plane direction,
respectively. In the later section, the MAE of Ti19S36 is
calculated to be 0.0743 meV, which means Ku is 0.0743 meV
(1% of the J0). It implies that the influence of MAE on TC is
negligible. Therefore, the above formula can be simplified as

= ×
<

H J S S
i j

ij i j
(8)

In the calculation of TC, the heat capacity first increases and
reaches the largest value of 1.76 × 103T at a temperature of
377 K and then quickly goes down, as shown in Figure 2i. In
addition, the slope of the MM curve also reaches the minimum
at 377 K. Therefore, it can be concluded that the TC is 377 K.
It is clear that there is an inextricable relationship between the
high TC and the magnetic exchange constants dominated by
FM coupling.
Differential Charge Density. TiS2 ML and BL non-

magnetic semiconductor: Why could the TiSI atom introduce
long-order FM? Ti belongs to the IVB group of TM elements,
with a valence electron configuration of 3d24s2. The Ti atom in
the TiS2 bulk tends to lose four valence electrons, resulting in a
filled closed-shell configuration. Consequently, there are
almost no unpaired electrons, which makes it nonmagnetic.
However, SI could act as localized charge doping.45,76 This

unsaturated TiSI atom introduces magnetism and spin states
near the Fermi level.
We calculated the differential charge density of Ti19S36 to

further elucidate the charge transfer introduced by the TiSI
atom and explain the mechanism of FM coupling. The
differential charge density after the introduction of the TiSI
atom in Ti19S36 is shown in Figure 3a,b. Ti atoms can be

classified into three categories: TiSI, Ti atoms adjacent to the
intercalated layer (Ti1, Ti2, Ti3), and remaining Ti atoms in the
BL, as shown in Figure 3b. Charge transfer primarily occurs
between TiSI and adjacent Ti atoms (Ti1, Ti2, and Ti3). We
calculated the charge transfer between TiSI and adjacent Ti1,
Ti2, and Ti3 atoms by the Bader analysis.77 TiSI, Ti1, Ti2, and
Ti3 atoms lost 1.31, 0.88, 1.29, and 0.95 e electrons, while S1,
S2, and S3 atoms gained 2.98, 3.02, and 2.73 e electrons, as
shown in Figure 3b. This redistribution of charge confirms that
the TiSI atom leads to the observed magnetic properties, shown
in Figure 2a−f. The introduced MM primarily arises from the
TiSI atom and mainly localized the TiSI and nearby Ti1, Ti2,
and Ti3 atoms, shown in Figure 2a−f. Similar phenomena also
appear in SI-2H-MoS2.

45

By combining Bader analysis, we propose several mecha-
nisms responsible for FM coupling in TimSn. The Ti−S−TiSI
bond angle is 95.27°, in accordance with the Goodenough−
Kanamori−Anderson rule.78−80 The overlap between the half-
occupied d-orbitals of Ti atoms and the p-orbitals of S atoms
leads to a relatively weak FM superexchange interaction, which
results in the interlayer FM order (Figure 3c). Furthermore,
the FM coupling between Ti1, Ti2, and Ti3 atoms can be
explained by the double-exchange mechanism, shown in Figure
3d. Due to the d-orbital occupation of Ti atoms in the layer
being different, electrons can hop between them via the S
atoms. In this process, one of the Ti atoms receives minority
spin carriers from the S atom, while another Ti atom donates
electrons to fill the vacant orbitals of the S atom. When these
two Ti atoms are FM coupling, the carriers do not need to flip
spin orientation, which creates a lower energy state. To sum
up, TiSI introduces local charge doping and redistribution,
directly changes the exchange mechanism, and causes FM
coupling between Ti atoms.

Figure 3. (a) Top and (b) side views of the differential charge density
of Ti19S36. The red and green dots represent the accumulation and
depletion of electrons, respectively. (c) Schematic of the super-
exchange mechanism for TimSn. (d) Schematic of the double-exchange
mechanism among Ti1, Ti2, and Ti3.
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Electronic Properties. After investigating the magnetic
configurations, the Ti19S36 showed an FM order, as shown in
Figure 2a. The corresponding electronic band structure and
DOS of Ti19S36 with the FM order were calculated, as depicted
in Figure 4a. The valence band maximum (VBM) of Ti19S36 is

contributed by the spin-α electrons, while the conduction band
minimum (CBM) is contributed by the spin-β electrons, as
shown in Figure 4b. Therefore, Ti19S36 is a BMS with a direct
band gap of 0.53 eV, as shown in Figure 4a. The states of −0.5
eV below the Fermi level are primarily contributed by S atoms,
while those above 0.5 eV are mainly contributed by Ti atoms.
Specifically, the states within ±0.5 eV near the Fermi level are
predominantly contributed by Ti atoms, consistent with the
projected band structure, shown in Figure 4a. To further
analyze the specific contribution of Ti atomic d orbitals, we
plotted five d orbitals projected partial DOS (PDOS) and the
charge densities of CBM and VBM, as shown in the inset of
Figure 4b. Regardless of the CBM or VBM, dxy and dx2−y2

orbitals contribute the most, followed by the dz2 orbital.
However, the dyz and dxz orbitals make the least contribution.
The charge density of the CBM is primarily from TiSI and the
surrounding six-layer Ti atoms, while the charge density of the
VBM comes from the remaining Ti atoms in the layers,
consistent with the electronic structure analysis. Additionally,
the dxy and dx2−y2 orbitals are degenerate. dyz and dxz orbitals are
also degenerate. Both TiS2-ML and multilayer are spin-
unpolarized narrow-band-gap semiconductors.81 Our calcu-
lation shows that the TiSI atom introduces spin-polarization.
Since the Ti atom is TM, the effect of SOC should be

considered. We also calculated the band structures with EA
along the [100] and [001] directions, respectively. After
considering SOC, the Ti19S36 remains a semiconductor with a
band gap of 0.55 eV. However, there is a splitting in the bands
at Γ, F, and K points. More details can be found in Figure S2.
Dynamic and Thermodynamic Stability. The thermo-

dynamic stability of Ti19S36 was assessed through phonon
spectra and phonon DOS, as depicted in Figure 5a. The
phonon spectra and their phonon DOS of Ti9S16 (25%),
Ti15S28 (14.3%), and Ti19S36 (11.1%) exhibit no imaginary
frequency, indicating the thermodynamic stability of Ti9S16 and
Ti15S28. Additionally, the phonon spectra of the TiS2 BL
structure were calculated, as shown in Figure S3. The result

reveals that the highest frequency for both TiS2 BL and Ti19S36
(11.1%) is 12.3 THz, while the highest frequencies of Ti9S16
(25%) and Ti15S28 (14.3%) are 12 THz. The highest frequency
of the phonon spectra decreases as the number of TiSI atoms
increases. It indicates that the TiSI atom restricts the system’s
vibration. The phonon DOS reveals that Ti atoms contribute
to the low frequency (0−6 THz), whereas S atoms make more
contribution to the high frequency (6−12 THz). It is related to
the atomic mass of Ti (47.87) and S (32.07) atoms,
respectively.
The thermal stability of 2H−SI−TiS2 is evaluated with

phonon spectra. We also perform AIMD simulations at 300
and 500 K to examine the geometrical stability, shown in
Figure 5b. Ti9S16, Ti15S28, and Ti19S36 are performed by AIMD
simulation to verify the dynamic stability. The average energies
for Ti9S16, Ti15S28, and Ti19S36 are −623.9 (−621.1), −1060.3
(−1056.9), and −1350.4 (−1344.8) eV, at 300 and 500 K, as
shown in Figure 5b. The average energy fluctuations per atom
of Ti9S16, Ti15S28, and Ti19S36 at 300 K are 20, 21, and 24 meV,
respectively. The average energy fluctuations per atom of
Ti9S16, Ti15S28, and Ti19S36 at 500 K are 0.028, 0.038, and
0.042 eV, respectively. Random snapshots of the geometry
during the simulation also prove the structural integrity, as
shown in the inset of Figure 5b. In addition, the AIMD
simulations of Ti7S12 and Ti20S36 are also performed, shown in
Figure S4. It demonstrates the dynamic stability of 2H−SI−
TiS2.
Magnetic Anisotropy Properties. MAE refers to the

energy difference between the MM along the easy axis of
magnetization (EA) and the hard axis. A larger MAE indicates

Figure 4. (a) Band structures and DOS of Ti19S36-AB stacking with
FM order. The blue, red, green, and pink lines present Ti and S-
projected band structure and PDOS. (b) Ti’s d-orbital PDOS. The
insets are the charge densities of CBM and VBM. The Fermi level is
set at 0 eV.

Figure 5. (a) Phonon band and phonon DOS of Ti9S16 (25%),
Ti15S28 (14.3%), and Ti19S36 (11.1%). The green, blue, red, and black
lines represent TiSI, Ti, S, and total phonon DOS, respectively. (b)
Functions of energies of Ti9S16, Ti15S28, and Ti19S36 in the simulation,
from the top to the bottom. The red and blue lines represent
simulated temperatures of 300 and 500 K, respectively.
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it is difficult to change the direction of the magnetic axis.
Generally, the MAE contains the magnetic shape anisotropy
(MSA) energy, EMSA, and the magnetocrystalline anisotropy
(MCA) energy, EMCA, which are mainly contributed by the
dipole−dipole interaction and the spin−orbit coupling effect,
respectively. The EMSA can be calculated by the following
equation:

= [ ] [ ]E E EMSA Dipole 100 Dipole 001 (9)

where EDiople[100] and EDiople[001] represent the energies of the
magnetic dipole−dipole interaction with EA along the [100]
and [001] directions, respectively. They can be obtained by the
following equation:

= · · ·
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where Mi and Mj are the local MMs, and rij is the vector from
site i to j. The EMSA values of Ti19S36 (11.1%) and Ti33S64
(6.25%) are 1.67 × 10−2 and 1.74 × 10−2 meV. Given that the
primary contributors to MSA are the TiSI and their
neighboring Ti atoms, the MM and the rij remain largely
invariant across structures with varying x. Consequently, the
impact of MSA on x is comparatively minimal.
In the MCA section, we used the LDA+U method to

calculate the concentrations of Ti19S36 and Ti33S64. We test the
k point before calculating the MCA, as shown in Figure S5.
The polar angle (θ) and the azimuthal angle of the
magnetization axis (ϕ) are presented in Figure 6a. 2H−SI−

TiS2 belongs to the hexagonal lattice, and the relationship
between energy and θ, ϕ can be expressed by the following
equations:

= + + +E K K K Kcos cos cos cos 30 1
2

2
4

3
6

4
(11)

= [ ]E E E0 001 (12)

where K1, K2, and K3 represent the quadratic, quartic, and
sextic contributions to the MCA, respectively. ΔE0 is
independent of the in-plane azimuthal angle ϕ, shown in
Figure 6a, due to the high symmetry (D3d). Therefore, K4
equals 0.82 It implies that ΔE0 is the same for any in-plane
direction of the magnetic axis. Therefore, the equation is
simplified into

= + +E K K Kcos cos cos0 1
2

2
4

3
6

(13)

ΔE0 of Ti19S36 satisfies the following equation:

= ×

×
+ ×

E (10 meV) 5.763 10 cos

2.615 10 cos
2.661 10 cos

0
2 2 2

6 4

5 6 (14)

Since K1 is much larger than K2 and K3, we use ΔE0 (10−2

meV) = 5.764 × 10−2cos2 θ to fit the curve. Additionally, the
ΔE0 of Ti33S64 satisfies the following equation:

= ×E (10 meV) 0.1320cos 3.601 10 cos0
2 2 3 4

(15)

When =
2
, ΔE0 has the lowest value; when θ = 0 or θ = π,

ΔE0 has the highest value, shown in Figure 6b. EA is out-of-
plane, which corresponds to the PMA, shown in Figure 6c. The
MCA can be calculated by the following equation70:

= [ ] [ ]E EMCA 100 001 (16)

where E[100] and E[001] represent the energies with EA along
the [100] and [001] directions, respectively. The MCAs of
Ti19S36 and Ti33S64 are 5.76 × 10−2 and 12.83 × 10−2 meV,
indicating that EA points to the out-of-plane direction,
resulting in PMA, as shown in Figure 6d.
In summary, the EMAEs of Ti19S36 and Ti33S64 are 7.43 ×

10−2 and 14.57 × 10−2 meV, respectively. Averaging out per Ti
atom, they are 0.391 and 0.442 meV/Ti, respectively.
Atom-Orbital-Resolved MCA. In order to explain the

different MCAs of Ti19S36 and Ti33S64, it is necessary to
elucidate the contribution of atomic orbitals to the MCA.
Tight-binding and second-order perturbation theory45,48,83 are
used. The MCA of each atom (MCAi) can be assessed using
the canonical formulation equation:

= [ ][ ] [ ]
Ä
Ç
ÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑE E E n E n EMCA ( ) ( ) ( )i i if F

100 001
(17)

where MCAi represents the ith atom’s MCA. [ ]n E( )i
100 and

[ ]n E( )i
001 are the DOS of the ith atom with EA along the [100]

and [001] directions, respectively. The TimSn with AB stacking
has a D3d group. As a result, the energies with EA along [010]
(E[010]) and [100] (E[100]) are the same. Therefore, only E[100]
is calculated. Furthermore, the total MCA could be obtained as
the sum of MCAi. Based on the second-order perturbation
theory, MCA can be obtained by the following terms45,48,83:

=
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Figure 6. (a) The ΔE0 for Ti33S64 (6.25%) with an x of 50% changes
with θ and ϕ. (b) The ΔE0 of Ti19S36 (11.11%) and Ti33S64 (6.25%)
with AB stacking changes with θ. (c) The EA is along the [001]
direction. (d) The ΔE0 of Ti19S36 and Ti33S64 changes with ϕ. The red
and blue lines represent Ti19S36 and Ti33S64, respectively.
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where + and − represent spin-α and spin-β electrons, and ξ, Lx,
and Lz are the SOC constants, associated with the angular
momentum operators along the [100] and [001] directions,
respectively. u and o represent unoccupied and occupied states,
and Eo and Eu are the energies of occupied and unoccupied
states, respectively.
MCA primarily arises from the contribution of spin−orbital

matrix elements and energy differences. MCA is related to the
intensity of DOS near the Fermi level. Apart from that, the
matrix element differences |⟨o−|Lz|u−⟩ |2 − |⟨o−| Lx|u−⟩|2 and
|⟨o+| Lz|u−⟩|2 − |⟨o+|Lx|u−⟩|2 for d and p orbitals are calculated,
shown in Tables 1 and 2, respectively.

To further elucidate the variation of MCA, the atom-orbital-
resolved MCA is depicted in Figure 7. The total MCA of
Ti19S36 (11.11%) is 57.6 μeV. S atoms contribute 7.60 μeV,
while TiBL and TiSI atoms contribute 40.6 and 8.80 μeV,
respectively. Atomic hybridization of Ti19S36 between occupied
dx2−y2 and unoccupied dxy orbitals of the TiBL’s atom
contributes to PMA (39.0 μeV), which corresponds to matrix
difference 4 for d orbitals, shown in Figure 7a and Table 1. In
addition, the atomic hybridization between TiSI’s dx2−y2 and dxy
orbitals contributes to PMA (23.6 μeV), which corresponds to
the matrix difference 4, shown in Figure 7b and Table 1. In
addition, the atomic hybridization between S’s px and py
orbitals, which corresponds to the matrix difference 1, is
shown in Figure 7c and Table 2. The total MCA of Ti33S64
(6.25%) is 128.3 μeV. S atoms contribute 21.6 μeV, while TiBL
and TiSI atoms contribute 70.9 and 9.30 μeV, respectively.
By comparing the MCA and orbital interaction in both

cases, it can be found that when x decreases, the hybridization
interaction between the dx2−y2 and dxy orbitals of TiBL becomes
stronger. The hybridization interaction between the px and py
orbitals of S becomes stronger. However, the hybridization
interaction between the dx2−y2 and dxy orbitals of the TiSI atom
becomes weaker. Overall, the MCA gets larger as x decreases.
NEB Transition State Search. To investigate the stability

of 2H−SI−TiS2, we performed a transition state search of
Ti19S36 between the adjacent coordination sites of the
intercalated atoms. The energy barrier for this transition was
calculated using the CI-NEB method.48,74 Six images were

Table 1. Matrix Differences for d Orbitals between Magnetization along the [001] and [100] Directions in Eqs 18 and 19

o+ o−

u− dxy dyz dz2 dxz dx2−y2 dxy dyz dz2 dxz dx2−y2

dxy 0 0 0 1 −4 0 0 0 −1 4
dyz 0 0 3 −1 1 0 0 −3 1 −1
dz2 0 3 0 0 0 0 −3 0 0 0
dxz 1 −1 0 0 0 −1 1 0 0 0
dx2−y2 −4 1 0 0 0 4 −1 0 0 0

Table 2. Matrix Differences for p Orbitals between EA along
the [001] and [100] Directions in Eqs 18 and 19

o+ o−

u− py pz px py pz px

py 0 1 −1 0 −1 1
pz 1 0 0 −1 0 0
px −1 0 0 1 0 0

Figure 7. Orbital-resolved MCA of Ti19S36 (a−c) and Ti33S64 (d−f). Orbital-resolved (a) TiBL, (b) TiSI, and (c) S orbital-resolved MCA of Ti19S36.
Orbital-resolved (d) TiBL, (e) TiSI, and (f) S orbital-resolved MCA of Ti33S64.
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inserted, and the energy difference of eight structures was
calculated, as illustrated in Figure 8. When the TiSI atom moves

from the hollow site to the position above an S atom of the
lower layer, the energy reaches its highest value, as shown in
the inset of Figure 8. The energy then decreases over the next
two steps. When the TiSI atom moves to a position below an S
atom of the upper layer, the energy peaks again before it drops.
This behavior indicates that the energy barrier is higher due to
spatial hindrance, as the distance between the two layers is
difficult to change after the intercalated structure is formed.
In the geometry of the transition state, the distance between

TiSI and the S atom below it is 2.423 Å, and three S atoms
above it have a bond length of 2.436 Å, as shown in Figure S6.
The calculated migration energy barrier for TiSI between
adjacent hollow sites is 0.740 eV, indicating that the TiSI atom
is difficult to migrate. This high energy barrier demonstrates
that TiSI is difficult to move between different sites.
Formation Energy Analysis. In order to verify the

synthesis feasibility of TimSn, the formation energy is
calculated. εf refers to the energy needed when a compound
is formed from its constituent elements. For TimSn, εf can be
calculated using the chemical composition and the total energy
of the system. The εf of TiS2 is given by

= × ×E m nf total Ti S (20)

+ =2Ti S TiS2 (21)

where Etotal and εTiSd2
represent the total energy and the energy

of the supercell, respectively. μTi and μS represent the chemical
potentials of the Ti and S atoms, respectively. m and n are the
numbers of Ti and S atoms in TimSn. By modifying the above
equation, we obtain

= × ×
= × ×
= × + ×

E m n
E m n
E m m n

( 2 )
(2 )

f total Ti S

total TiS S S

total TiS S

2

2 (22)

= [ ] =m m/ ( 1)/2 2 /( 1)f f (23)

εTiSd2
was calculated to be −16.445 eV. The εf of 2H−SI−

TiS2 as a function of μS, which ranges from 2.4 eV below μSd8bulk

to 1.6 eV above μSd8bulk, was calculated. We also considered the
impact of x (2.8% < ε < 100%) on εf, as shown in Figure 9a. In
order to evaluate the change of εf with different x, we first
optimized the geometries of 2H−SI−TiS2, shown in Figure S7.

The corresponding geometries of 100, 33.3, 25, 22.2, 14.3,
11.1, 6.3, 4, and 2.8% are shown in Figure 9b−j, respectively.
Taking Ti19S36 (11%) as an example, the εf values are −0.461,
−0.283, −0.106, 0.072, 0.250, and 0.428 eV per unit cell, when
μS values are −6.4, −5.6, −4.8, −4.0, −3.2, and −2.4 eV,
shown as the pink line with the diamond in Figure 9a. When
the μS is higher than −4.3 eV (low μTi), the higher x results in
larger εf (shown in Figure 9a), which means that the synthesis
tends to favor TimSn with a lower x. For instance, the εf values
are 2.938 (100%), 0.759 (33%), 0.571 (25%), 0.473 (22.2%),
0.360 (14.3%), 0.250 (11.1%), 0.139 (6.3%), 0.091 (4%), and
0.064 eV (2.8%) per unit cell, at the μS of −3.2 eV. Conversely,
when the μS is lower than −4.3 eV (high μTi), a higher x of
synthesized TimSn leads to a lower εf. This indicates that the
synthesis tends to favor TimSn with a higher x. For example, the
εf values are −1.862 (100%), −0.841 (33%), −0.629 (25%),
−0.593 (22.2%), −0.326 (14.3%), −0.283 (11.1%), −0.161
(6.3%), −0.101 (4%), and −0.070 eV (2.8%) per unit cell, at
the μS of −5.6 eV. Therefore, it can be found that
stoichiometric 2H-TiS2 is formed only under the S-rich
condition (when the μS exceeds −4.3 eV). 2H−SI−TiS2 is
likely to be synthesized in a Ti-rich environment. When the
Ti:S flux ratio is higher (lower μS), SI structures with x (2.8% <
x < 33%) can be easily synthesized.
In the synthesis, the insertion process of Ti is further

promoted due to the volatilization of S.60 This calculation
suggests that the synthesis is energetically feasible, and MBE84

or chemical vapor deposition (CVD)85 could be used to
synthesize 2H−SI−TiS2.

Figure 8. Energies as a function of the reaction ordinate. The side
view of every path’s structure is shown in the inset.

Figure 9. (a) εf as a function of μS. The gray, cyan, orange, pink,
green, yellow, blue, red, and black dots represent x values of 2.8, 4,
6.3, 11.1, 14.3, 22.2, 25, 33, and 100%, respectively. Top view of TimSn
with x of (b) 100%, (c) 33.3%, (d) 25%, (e) 22.2%, (f) 14.3%, (g)
11.1%, (h) 6.3%, (i) 4%, and (j) 2.8%.
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Magnetic Properties with x. In order to explore the
regulation of TimSn properties at different concentrations, we
tested four magnetic orders for the structures of each x, and
the corresponding energies can be found in Figure S8. When x
is 100 and 33%, the corresponding TimSn shows an AFM order.
When x is 25 and 14.3%, TimSn shows the ferrimagnetic(FiM)-
1 order. As x is decreased to 11.1, 6.3, and 4%, the TimSn
becomes an FM order, with an energy of about 70 meV lower
than the other three states, shown in Figure S8. More details
can be found in the Supporting Information. Therefore, we
conclude that TimSn shows an FM order when the TimSn value
of x is less than 11.11%.
Electronic Properties with x. Besides the electronic

structure of Ti19S36 (11.11%), we also calculated the electronic
structures of TimSn with x values of 2.8, 4, 6.3, 14.3, 22.2, 25,
33, and 100%, shown in Figure 10a. The TimSn with x of 2.8%,

4% (Figure 10b), 6.3% (Figure 10c), and 11.1% are BMS with
band gaps of 0.436, 0.543, 0.550, and 0.521 eV. As x is
increased to 14.3, 22.2, and 25%, TimSn translates into HSC
with gaps of 0.175, 0.202, and 0.124 eV, respectively. Ti7S12
(33%) becomes a spin-polarized metal, as shown in Figure 10f.
Interestingly, Ti3S4 reverts to an HSC with a gap of 0.305 eV,
as shown in Figure 10g, when x reaches 100%.
The x significantly influences the electronic structure of

2H−SI−TiS2. The band structures with increasing x from left
to right are shown in Figure 10b−g. TiS2 BL is a nonpolarized
semiconductor with an indirect gap of 1.00 eV, shown in
Figure S9. The insertion of the TiSI atom introduces new
electronic states around −0.25 eV, resulting in a smaller gap.
As x is increased to 14.3%, the sub-bands of spin-α electrons
below the Fermi level rise, and the sub-bands of spin-α
electrons above the Fermi level drop, as shown in Figure 10d.
This results in a reduced band gap, and TimSn transforms from
a semiconductor into an HSC. As x grows to 33.3%, spin-α and
spin-β electrons of Ti7S12 come across the Fermi level,
rendering the Ti7S12 metallic. When x is further increased to
100%, Ti3S4 becomes an HSC again.

Additionally, we investigated the effect of the number of
stacked layers on the magnetic order and band structure of SI-
TiS2-AB stacking. We constructed self-intercalated structures
with three, four, and five TiS2 layers, ensuring that TiSI atoms
in different layers occupy the same horizontal position, as
shown in Figure S10. The magnetic orders of the three
structures are shown in Figure S10. The three-layer SI-TiS2
becomes a spin-polarized metal, while the four-layer and five-
layer SI-TiS2 revert to HSC. The details can be found in Figure
S11. The result shows that we can achieve a range of electronic
properties, from BMS to HSC and spin-polarized metals, by
varying the x or the number of layers.

■ CONCLUSIONS
In summary, the magnetic and electronic properties of 2H−
SI−TiS2 with AB stacking are systematically investigated. We
reveal that the TiSI atom can introduce a long-range magnetic
order to nonmagnetic 2H-TiS2 BL. When x is below 11.1%,
2H−SI−TiS2 is BMS with an FM order. Ti19S36 (11.1%) is
used to study the magnetic exchange mechanism and estimate
the TC to be 377 K. Besides, Ti19S36 tends to PMA with an
MAE of 7.43 × 10−2 meV. MAE decreases as x increases
because the hybridization interaction between dx2−y2 and dxy
orbitals of TiBL becomes weaker. Meanwhile, TimSn undergoes
a transition from BMS to HSC and the metal. TimSn shows
good thermodynamic and dynamic stabilities at 300 and 500
K, respectively. The εf value of TimSn is related to both x and μ.
TimSn with TiSI atoms are more easily synthesized under a
higher μTi. The migration barrier of 0.740 eV proves that TiSI is
difficult to transfer between adjacent hollow sites after the
formation of Ti19S36. Our findings reveal an FM material and
demonstrate the potential of nonmagnetic materials as
candidate materials for spintronic quantum.
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