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Two-dimensional magnetic materials with tunable electronic and magnetic properties are promising for
designing spintronics devices. Here we study, using first-principles calculations, the electronic, magnetic, and
topological properties of monolayer NiAl,S,. Monolayer NiAl,S, is in the noncollinear 120°-antiferromagnetic
(120°-AFM) state and is an indirect band gap semiconductor. Although the 120°-AFM state in monolayer
NiAl,S, is robust against strain, its magnetic structure can be tuned effectively by carrier doping. Remarkably,
monolayer NiAl,S4 can be tuned into a high Curie temperature (7¢) half-metallic state by hole doping. The
Tc of ferromagnetic monolayer NiAl,S, increases with hole-doping concentration and can be increased up to
room temperature. For the hole-doped monolayer NiAl,S, with the half-metallic state, before the spin-orbit
coupling (SOC) is included, the two spin-up bands around the Fermi level are simultaneously degenerate at the
I' point (dominated by S p./p, states) and K/K’ points (dominated by S p. state) with quadratic non-Dirac
and linear Dirac band dispersions, respectively. When the SOC is included, topologically nontrivial gaps with
Chern number C = 1 will be opened, respectively, around the non-Dirac I' point and Dirac K/K’ points. More
interestingly, the quantum anomalous Hall (QAH) eftect with high Chern number C = 2 can be achieved in the
tensile-strained monolayer NiAl, S, with 1.0 hole-doped per unit cell. The obtained high Chern number of C = 2
results from the constructive coupling effect between the topological nontrivial non-Dirac and Dirac states, which
is analyzed through a schematic depiction. Our results show that monolayer NiAl,S, is a promising candidate

for the exploration of high 7¢ spintronics devices and high Chern number QAH effect.
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I. INTRODUCTION

Since the discovery of graphene, two-dimensional (2D)
materials have attracted enormous attention due to their
potential applications in high-performance low-dimensional
electronics and spintronics devices. 2D materials possess lots
of physical properties, such as topological quantum state in
graphene [1], high-temperature quantum spin Hall (QSH) ef-
fect in bismuthene [2], and valley Hall effect in transition
metal (TM) dichalcogenides MX, (TMDs) [3]. Most of the
2D materials are nonmagnetic, such as graphene [4], h-BN
[5], and TMDs [6]. In recent years, 2D magnetic materials
have become research hot spots in condensed matter physics
and material science because of their rich physics in 2D mag-
netism and spintronics. For magnetic metals, the half metal,
proposed by de Groot e al. [7], is a kind of important spintron-
ics material that can intrinsically provide single spin channel
electrons (with 100% spin polarization) due to its metallic-
ity for one spin channel and insulating or semiconducting
for the other spin channel. For magnetic semiconductors, the
bipolar ferromagnetic (FM) semiconductor [8] and half semi-
conductor [9] are two kinds of ideal spintronics materials.
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Up to now, several kinds of 2D monolayer magnetic mate-
rials have been theoretically proposed, such as monolayer TM
trichalcogenide CrGeTes; [10,11] in the FM state, monolayer
MnPX; (X =S, Se) [11] in the Néel antiferromagnetic (AFM-
Néel) state, and monolayer TM trihalides MX; (M = TM
atom, X = Cl, Br, I) [12-17] in the FM state. Remarkably,
monolayer Crl; [18] and bilayer Cr,Ge,Teg [19] have been
successfully synthesized in experiments and proved to be 2D
FM semiconductors. Sivadas et al. [11] showed that strain
can be an effective knob for tuning the magnetic proper-
ties of monolayer ABX3. Wang et al. [20] predicted that the
room-temperature FM half metallicity could be achieved in
monolayer Crl; via hole doping. Zhang et al. [21] predicted
that the magnetic ground state of monolayer MoX; (X = Cl,
Br, I) could be tuned by strain and carrier doping. Li et al.
[22] predicted that both electron and hole doping can induce
monolayer MnPSej; transitions from AFM semiconductors to
FM half metals. Therefore, strain and carrier doping are the
two effective ways to regulate the magnetic structures and
spintronics properties of 2D magnetic materials.

2D FM materials with high Curie temperature and suit-
able band structures are promising for achieving the quantum
anomalous Hall (QAH) effect. The QAH state is insulating
in bulk but exhibits robust conducting edge states that are
topologically protected from backscattering and leading to
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quantized Hall conductivity without the need of an external
magnetic field [23-25]. The realization of the QAH effect
in realistic materials is of great significant due to its great
potential applications in low-power-consumption electronic
devices. During recent years, the QAH effect has been the-
oretically predicted to occur in some 2D material systems,
such as TM atom-doped topological insulator thin films [26],
graphene- and silicene-based systems [27-32], 2D monolayer
metal-organic frameworks [33,34], monolayer TM trihalides
MX; [13-16], monolayer TM oxides [35], layered MnBi, Te4-
family materials [36,37], and so on. The QAH effect has been
experimentally realized in TM atom-doped (Bi,Sb),Tes thin
films [38,39] and layered MnBi,Te4 [40], significantly pro-
moting the development of this important research field. Up
to the present, several different strategies have been proposed
to generate the QAH effect. Qiao ef al. [27] showed that the
QAH state can be realized in the Dirac bands by introducing
both magnetic exchange field and Rashba spin-orbit coupling
(SOC). For the fully spin-polarized Dirac bands [33], the
SOC can open a topologically nontrivial gap at the degenerate
Dirac K/K’ points and induce the QAH state with Cpjpe =
Cx + Cx» = %1. For the 2D magnetic material system with
a small band gap, according to the Bernevig-Hughes-Zhang
model [41], the QAH state can be obtained if the SOC-induced
band inversion only happens in one spin state (spin-up or
spin-down state). For the non-Dirac bands, theoretical studies
[42-45] show that the SOC-induced energy gap around the
fully spin-polarized degenerate I" point with non-Dirac band
dispersions is the QAH state with Cpon—pirac = Cr = £1. If
the fully spin-polarized energy degenerate Dirac K/K’ points
and non-Dirac I' point simultaneously exist before SOC is
included, the topologically trivial state with C = 0 (due to the
destructive coupling effect [43]) or high Chern number QAH
state with C = £2 (due to the constructive coupling effect
[45]) could be obtained when SOC is considered.

In this paper, we systematically study the electronic struc-
tures, magnetic properties, and topological properties of
monolayer NiAl,S,4 by using first-principles calculations. The
stabilities of the monolayer NiAl,S4 are confirmed by the
formation energy calculations, phonon spectrum calculations,
and ab initio molecular dynamic (AIMD) simulations. The
calculation results show that the monolayer NiAl,Sy is in the
noncollinear 120°—antiferr0magnetic (120°-AFM) state and is
a semiconductor with an indirect band gap of 1.52 eV. The
magnetic properties of monolayer NiAl,S; with respect to
strain and carrier doping are explored, from which we can
find that the obtained 120°-AFM state is robust against strain
and the magnetic structures of monolayer NiAl,S4 can be
tuned effectively by carrier doping. The obtained magnetic
phase diagrams with respect to carrier doping concentra-
tions show that the FM state can be achieved in monolayer
NiAl,S4 and the Curie temperature (7¢) increases with the
increase of hole doping concentration. In addition, the FM
state in hole-doped monolayer NiAl,S, is robust against
strain. The calculated band structures and density of states
(DOS) demonstrate that the hole-doped monolayer NiAl,Sy
in FM states are half metals and the room-temperature FM
half-metallic state can be realized. The magnetic anisotropy
energy (MAE) of hole-doped monolayer NiAl,S; can be
tuned by hole-doping concentration and strain. For the

hole-doped monolayer NiAl,S, with the half-metallic state,
the two spin-up bands around the Fermi level (Ef) are simul-
taneously degenerate at the I' point and K/K’ points with
quadratic non-Dirac and linear Dirac band dispersions, re-
spectively. The non-Dirac bands at I point and Dirac bands
at K/K’ points are dominated by S p./p, states and S p, state,
respectively. The QAH effect with a high Chern number of
C = 2 can be achieved in tensile-strained monolayer NiAl,S,
with the carrier doping concentration of 1.0 holes per unit cell.

II. COMPUTATIONAL DETAILS

The first-principles calculations are performed by using
the projected augmented wave [46] formalism based on
density functional theory (DFT), as implemented in the VI-
ENNA AB INITIO SIMULATION PACKAGE (VASP) [47]. The
Perdew-Burke-Ernzerhof generalized gradient approximation
(GGA-PBE) is employed to describe the exchange and corre-
lation functional [48]. The GGA+U method [49] is adopted
to describe the correlation effects of the Ni 3d electrons. The
values of the on-site Coulomb interaction U and exchange
interaction J are set to be 4.0 eV and 1.0 eV, respectively.
The energy cutoff of the plane-wave and the convergence
criteria of the total energy are set to be 550 eV and 10~ %eV,
respectively. A vacuum space of about 18 A is used to avoid
any interaction between adjacent slabs. All atoms in the unit
cell are allowed to relax until the Hellmann-Feynman force
on each atom is smaller than 0.01 eV/;\. The 18 x 18 x 1,
9x 18 x 1, and 9 x 9 x 1 gamma central Monkhorst-Pack
grids are adopted during the calculations for the 1 x 1 x 1
unit cell, 2 x 1 x 1 supercell, and \/§ x /3 x 1 supercell of
the monolayer NiAl,S4. The GGA-PBE method is adopted
to calculate the lattice constant of monolayer NiAl,S4. The
phonon spectrum is calculated by using the density func-
tional perturbation theory (DFPT) method as implemented in
the PHONOPY code [50] combined with VASP. The AIMD
simulation with a 3 x 3 x 1 supercell at 500 K is performed
to investigate the thermal stability. The Monte Carlo (MC)
simulations based on the classical 2D Heisenberg model are
performed to estimate the Curie temperature. The maximally
localized Wannier functions (MLWFs) [51,52] are constructed
by using the WANNIERO0 package [53], and the Berry cur-
vatures and Chern numbers are calculated by employing the
algorithm described in Ref. [54]. The DOS of the semi-
infinite system is calculated by using the WANNIERTOOLS
package [55].

III. RESULTS AND DISCUSSION

A. Crystal structure and stabilities

Bulk AB,M4 (A = TM atom; B = Al, Ga, In; M = S, Se)
[56] are layered materials with each monolayer bonded by
van der Waals interactions. Thus, in principle, 2D monolayer
AB;M, can be exfoliated from its bulk phases. Here, the con-
sidered crystal structure of AB,M, has space group P3m1 (No.
164), and we predict that monolayer NiAl,S4 is a unique 2D
material with the same crystal structure as bulk AB,M, [56].
The crystal structure of monolayer NiAl,Sy4, as depicted in
Figs. 1(a) and 1(b), consists of seven atomic layers, where the
Ni atomic layer is in the middle of the monolayer structure and
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FIG. 1. (a), (b) Top and side views of the atomic structure of
monolayer NiAl,S,. The rhombus in (a) shows the unit cell with
lattice vectors d; and d,. The inset in (a) shows the first Brillouin
zone with high symmetry points. The bottom insets in (b) show the
sulfur octahedron. (b1) Schematic plot of the direct exchange cou-
pling of Ni — Ni. (b2) Schematic plot of the superexchange coupling
of Ni — S — Ni. (c) The calculated phonon spectrum for the mono-
layer NiAl,S4. (d) The fluctuation of total energies of the monolayer
NiAl, S, system with respect to time during AIMD simulations at
500 K. The insets in (d) show the top and side views of atomic
configuration snapshots from AIMD simulations after 5.0 ps.

is sandwiched between two S-Al-S atomic layers. The unit
cell of monolayer NiAl,S, with lattice vectors @; and d, is
denoted in Fig. 1(a). The unit cell contains one Ni atom, two
Al atoms, and four S atoms, where the Ni atoms form a 2D
triangular lattice. The optimized equilibrium lattice constant
of the monolayer NiAl,S, obtained by using the GGA-PBE
functional is a = 3.63 A. The first Brillouin zone (BZ) with
reciprocal lattice vectors by and b, and the high symmetry
points I', M, K, and K’ are given in the inset in Fig. 1(a).

The structural stabilities of the monolayer NiAl,S4 are
examined by the formation energy calculations, phonon
spectrum calculations, and AIMD simulations. The forma-
tion energy of monolayer NiAl,S, is defined as Ejory =
E(NiAl,S4) — E(Ni) — 2E(Al) — E(S)/8, where E(NiAl,S4)
is the total energy of the monolayer NiAl,S, unit cell, E(Ni) is
the total energy of bulk Ni in the face-centered cubic unit cell
with one Ni atom, E(Al) is the total energy of bulk Al in the
face-centered cubic unit cell with one Al atom, and E(S) is the
total energy of bulk S containing four Sg rings (32 S atoms)
in the calculated cell. The calculated formation energies for
the monolayer NiAl,S; by using the GGA and GGA + U
functional are —6.18 eV and —5.46 eV, respectively. The ob-
tained large negative values of the formation energy indicate
that monolayer NiAl, S, will form a strongly bonded network,
guaranteeing the feasibility of the experimental synthesis of
this 2D material. To further examine the dynamical and ther-
mal stabilities of the monolayer NiAl,S4, phonon spectrum
calculations and AIMD simulations are carried out. The cal-
culated phonon spectrum is shown in Fig. 1(c), from which
we can find that there is no imaginary-frequency mode in the
whole BZ, indicating the dynamical stability of the monolayer
NiAl,S,4. Figure 1(d) shows the fluctuation of total energies
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FIG. 2. (a)—(c) The three typical magnetic configurations of the
2D triangular lattice: FM (a), collinear AFM (b), and noncollinear
120°-AFM (c). (d) The +/3 x +/3 x 1 supercell of NiAl,S; mono-
layer with the noncollinear 120°-AFM magnetic configuration. The
red and blue arrows in (a) and (b) denote the collinear up and down
spins. The black arrows in (c) and (d) denote the noncollinear spins
that lie in the 2D plane.

of the monolayer NiAl,Ss system with respect to time dur-
ing AIMD simulations at 500 K. The top and side views of
atomic configuration snapshots from the AIMD simulations
after 5.0 ps at 500 K are given in the insets in Fig. 1(d),
from which we can find that monolayer NiAl,S4 can maintain
its structural integrity, indicating the thermal stability of the
monolayer NiAl,S4. According to the calculated formation
energy, phonon spectrum, and AIMD simulations, the crystal
structure of monolayer NiAl,S4 is dynamically and thermally
stable at room temperature.

B. Magnetic properties and hole doping induced FM state

To investigate the magnetic properties of the monolayer
NiAl,S4, we consider the following three typical magnetic
configurations of the 2D triangular lattice: FM, collinear
AFM, and noncollinear 120°-AFM, as shown in Figs. 2(a)—
2(c). The total energies of the FM, collinear AFM, and
noncollinear 120°-AFM states of the monolayer NiAl,S, are
calculated with the 1 x 1 x 1 unit cell, 2 x 1 x 1 supercell,
and +/3 x /3 x 1 supercell, respectively. The v/3 x /3 x 1
supercell of monolayer NiAl,S4 with three Ni atoms is the
minimum calculated cell for the noncollinear 120°-AFM state,
as illustrated in Fig. 2(d). To compare the energy differ-
ence between the considered three magnetic configurations,
the obtained total energies of the FM, collinear AFM, and
noncollinear 120°-AFM states are divided by one, two, and
three, respectively. The energy difference (AE) between AFM
and FM states (Eapm — Epm) and noncollinear 120°-AFM
and FM states (E1,00_apm — Epm) for monolayer NiAl,S, are
2.2 meV and —6.3 meV, respectively, indicating that the mag-
netic ground state of monolayer NiAl,S, is the noncollinear
120°-AFM state, as shown in Fig. 3(a). The obtained en-
ergy difference AE in Fig. S16 in the Supplemental Material
[57] illustrates that the magnetic ground state of monolayer
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FIG. 3. (a) The energy difference (AE) between FM and FM
state (Egpy — Epm), AFM and FM state (Eapv — Epv), and non-
collinear 120°-AFM and FM state (Ej00_arv — Erv) as a function
of strain for monolayer NiAl,S;. (b)—(d) The calculated AE of
EFM _EFMv EAFM _EFMs and E12007AFM _EFM as a function of
carrier concentration for the 0.0% strained (b), 6.0% compressive
strained (c), and 6.0% tensile-strained (d) monolayer NiAl,S,.

NiAl, S, is robust against effective Hubbard U (0.0 — 5.0 eV).
For the FM state monolayer NiAl,S4, the total magnetic
moment is 2.0 pp per unit cell and is mainly contributed
by Ni atom. Here, we apply biaxial compressive and tensile
strain. The strain is defined as (a — ag)/ao x 100%, where
a stands for the lattice constant with strain applied and ag
strands for the equilibrium lattice constant. Figure 3(a) shows
the energy differences (AE) of E]:M — E]:M, EAFM — EFM,
and Ejpgpo_apm — Epv as a function of strain for monolayer
NiAl,S4, from which we can find that both Expm — Ery and
Er00_arm — Erv decrease rapidly with the increase of com-
pressive strain, indicating that the noncollinear 120°-AFM
state will become more stable in monolayer NiAl,S4 by apply-
ing compressive strain. The energy difference of Ejyg0_apm —
Eryv in monolayer NiAl,S, can be decreased to —24.4 meV
and —51.4meV by applying 5.0% and 8.0% compressive
strain, respectively, as illustrated in Fig. 3(a). When the ten-
sile strain is applied, the AE will not change significantly.
Figure 3(a) illustrates that the obtained magnetic ground state
of the noncollinear 120°-AFM state in monolayer NiAl,S, is
robust against strain.

The Ni atoms in monolayer NiAl,S, are surrounded by
six nearest-neighbor (NN) S atoms, forming the sulfur octa-
hedron structure, as illustrated in Fig. 1(b). The mechanism
of the magnetic states in monolayer NiAl,S4 can be under-
stood from the competition between the direct exchange and
superexchange interactions. The direct exchange comes from
direct electron hopping between the NN Ni-Ni sites. Since the
distance between NN Ni atoms is not very large, the direct
exchange interaction between the two NN Ni atoms cannot be
neglected, which leads to the AFM arrangement of the two Ni
atoms [Fig. 1(b1)]. The superexchange interaction is mediated
through the S atoms. Due to the Ni-S-Ni angle (97.0°) being

close to 90° in the superexchange path shown in Fig. 1(b2),
according to the Goodenough rule [58,59], the superexchange
interaction is expected to be FM. For the monolayer NiAl, Sy,
the direct exchange interaction is dominant. When applying
the compressive strain and tensile strain, the strength of the
superexchange FM interaction will be slightly enhanced and
weakened, respectively, due to the Ni-S-Ni angle not changing
much. The strength of the direct exchange AFM interaction
will be weakened slightly when applying the tensile strain.
The strength of the direct exchange AFM interaction will
be enhanced rapidly with the increase of compressive strain
due to the decrease of the NN Ni atoms distance. Thus, the
obtained energy difference AE in Fig. 3(a) is insensitive
to tensile strain while depending strongly on compressive
strain.

Previous studies show that carrier doping is an effective
way of tuning the magnetic structures and critical tempera-
tures of the 2D monolayer magnetic materials, such as Crls
[20], VCIl5 [17], MoX3 [21], and MnPSes [22]. Therefore,
we systematically investigate the magnetic properties of the
monolayer NiAl,S4 with the variation of carrier doping con-
centrations. The three typical magnetic configurations of FM,
collinear AFM, and noncollinear 120°-AFM are considered.
The total energies of the three different magnetic configura-
tions for the carrier-doped monolayer NiAl,S, are calculated
by adding or removing some electrons from the calculated
cell and neutralizing the system with a homogeneous charge
background. The carrier density up to ~10'> cm~2 has already
been achieved in experiments [60,61]. In our calculations,
the maximum carrier doping concentrations of 1.0 holes or
1.0 electrons per unit cell are considered. The corresponding
maximum doping concentration is 8.77 x 10'* cm~2, which
can be experimentally realized through currently advanced
gating technologies. Figure 3(b) shows the calculated energy
differences of EFM — EFM’ EAFM — EFM, and E1200—AFM —
Eryv as a function of carrier doping concentration for the
monolayer NiAl,S4. The energy differences of Eapm — Epm
(E1200—arm — Epm) for monolayer NiAl,S4 with carrier dop-
ing concentrations of 0.2 holes and 0.6 holes per unit cell are
6.8 meV (52.3 meV) and 82.7 meV (102.9 meV), respectively,
indicating that the magnetic structure of monolayer NiAl,Sy
could be tuned from 120°-AFM state to FM state by hole
doping. Our calculations show that the magnetic phase tran-
sition from 120°-AFM state to FM state can be triggered in
monolayer NiAl,S4 when the hole doping concentration is
greater than 0.02 holes per unit cell, which could be easily
realized in experiments.

From Fig. 3(b), we can observe that the total energy of
the 120°-AFM state is much higher than the collinear AFM
state within the same hole doping concentration. In addition,
Eapm — Epm increased rapidly when the hole doping concen-
tration is greater than 0.1 holes per unit cell, indicating that
the FM state will become more stable in monolayer NiAl,S4
by increasing the hole doping concentration. Figures 3(c) and
3(d) show the calculated energy differences of Epy — Epwm,
Eapm — Epm, and Ejppo_apm — Epm as a function of carrier
doping concentration for the 6.0% compressive strained and
6.0% tensile-strained monolayer NiAl,S4, respectively, from
which we can observe that the hole doping induced FM state
still happens in strained monolayer NiAl,S4, indicating that
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FIG. 4. (a)—(c) The calculated exchange interaction energy J; (a), magnetic anisotropy energy MAE (b), and Curie temperature T¢
(c) as a function of carrier concentration for the 6.0% compressive strained, 0.0% strained, and 6.0% tensile-strained monolayer NiAl,S,.
(d) Temperature dependence of the normalized magnetic moment and special heat capacity of the monolayer NiAl,S4 with the carrier doping
concentration of 0.2 holes per unit cell. (e), (f) The special heat capacities as a function of temperature for the 6.0% compressive strained,
0.0% strained, and 6.0% tensile-strained monolayer NiAl,S; with the carrier doping concentration of 0.3 holes (e) and 0.6 holes (f) per

unit cell.

the FM state obtained in the hole-doped monolayer NiAl,S,
is robust against strain. The valence bands and conduction
bands of the monolayer NiAl,S, are mainly contributed by
the S p and Ni d orbitals, respectively. For hole doping,
the carrier is mainly provided by S p states; the strength of
the superexchange FM interaction will be enhanced rapidly
with the increase of the hole doping concentrations, while
the direct exchange AFM interaction does not change much,
which leads to the magnetic ground state transition from
120°-AFM to FM state. For electron doping, the carrier is
mainly provided by Ni d states; the strength of the direct
exchange AFM and superexchange FM interaction will not
change much. Thus, the obtained energy difference AE in
Figs. 3(b)-3(d) is insensitive to electron doping while de-
pending strongly on hole doping. The energy differences of
Eapm — Epvm for 0.0% strained, 6.0% compressive strained,
and 6.0% tensile-strained monolayer NiAl,Ss with carrier
doping concentrations of 0.4 holes per unit cell are 48.4 meV,
69.5 meV, and 26.5 meV, respectively, showing that the
application of compressive strain and tensile strain could re-
spectively improve and reduce the stability of the obtained FM
state in hole-doped monolayer NiAl,S,. Figure 3(d) shows
that the FM state can be achieved in 6.0% tensile-strained
monolayer NiAl,S4 when the carrier doping concentration is
greater than 0.21 holes per unit cell, while the collinear AFM
state is obtained within a small hole doping concentration.
The MAE is an important parameter for 2D magnetic
materials with FM state. The MAE per Ni atom for the hole-
doped monolayer NiAl,S4 with FM state is calculated through

MAE = E[lOO] — E[OOI]’ where E[lOO] and E[()()l] are the total
energies of the FM state monolayer NiAl,S, with the mag-
netization along the [100] and [001] directions, respectively.
The [100] and [001] directions are parallel and perpendicular
to the 2D monolayer plane, respectively. We take the 6.0%
tensile-strained monolayer NiAl,S, with the carrier doping
concentration of 0.6 holes per unit cell as an example to
test the convergence of MAE versus k-points. The calculated
MAE:s in Fig. S20 in the Supplemental Material [57] show that
the numerical fluctuation of the MAE is relatively small when
the k-point mesh is larger than 18 x 18 x 1. In this paper, the
k-point mesh of 25 x 25 x 1 is adopted in the calculation of
MAE. The calculated MAE:s for the 0.0% strained monolayer
NiAl,S, with carrier doping concentrations of 0.05 holes,
0.3 holes, and 0.6 holes per unit cell are —163.5, —128.0,
and —60.3 ueV/Ni, respectively. The obtained negative val-
ues of MAE (MAE < 0) indicate that the easy axis of the
hole-doped 0.0% strained monolayer NiAl,S, is in-plane di-
rection. Figure 4(b) shows the calculated MAE as a function
of carrier concentration for the 6.0% compressive strained,
0.0% strained, and 6.0% tensile-strained monolayer NiAl,Sy.
The obtained MAEs for 6.0% compressive strained mono-
layer NiAl,S, with carrier doping concentrations of 0.3 holes
and 0.6 holes per unit cell are —286.3 and —203.5 ueV/Ni,
respectively, indicating that the easy axis of the hole-doped
6.0% compressive strained monolayer NiAl,S, is also in-
plane direction and the MAE could be enhanced significantly
by applying compressive strain, as illustrated in Fig. 4(b).
The absolute values of MAE for 0.0% strained and 6.0%
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compressive strained monolayer NiAl,S, will decrease with
the increase of hole doping concentration. The calculated
MAE for strain = 6.0% with carrier doping concentrations
of 0.1 holes and 0.2 holes per unit cell in Fig. 4(b) is based on
the FM state. The obtained MAEs for 6.0% tensile-strained
monolayer NiAl,S4 with carrier doping concentrations of 0.25
holes and 0.6 holes per unit cell are —10.5 and 34.6 ueV/Ni,
respectively, indicating that the easy axis of the hole-doped
6.0% tensile-strained monolayer NiAl,S4 can be tuned from
in-plane direction to out-of-plane direction with the increase
of hole doping concentration, as shown in Fig. 4(b).

For the hole-doped monolayer NiAl,S4, the NN exchange
interaction parameter can be extracted by mapping the total
energies of the system with two different magnetic structures
[Figs. 2(a) and 2(b)] to the Heisenberg spin Hamiltonian on a
2D triangular lattice,

H_—leS

(ij)

ey

where J; is the exchange interactions between NN spins, S’f
is the spin component along the z axis and D is the uniaxial
anisotropy energy. The parameters J; and D in Eq. (1) can be
obtained from the following equations:

_ MAE
NE

Epm = Eo — 6J1|S*; Eapm = Eo + 2J1IS1%;

)

@)
where Ej is the ground state energy independent of the spin
configurations. Thus, the NN exchange interaction energy
Ji = (Earm — Erm)/(81S)?). The Epy and Eapy are the cal-
culated total energies of the hole-doped 2 x 1 x 1 supercell
monolayer NiAl,S4 with FM and AFM states, respectively.
Here, the spin IS| is set to 1.0 (|S|=1.0). The value of
Jp is positive for FM materials, while the value of J; is
negative for AFM materials. The calculated J; are positive
for the 6.0% compressive strained, 0.0% strained, and 6.0%
tensile-strained monolayer NiAl,Ss when the carrier doping
concentrations are greater than 0.05 holes, 0.02 holes, and
0.21 holes per unit cell, respectively, as illustrated in Fig. 4(a).
The calculated exchange interaction energies J; as a function
of carrier concentration for the 6.0% compressive strained,
0.0% strained, and 6.0% tensile-strained monolayer NiAl,S,
are displayed in Fig. 4(a), showing that the J; increase rapidly
with the increase of hole doping concentration. The obtained
J; for the 6.0% compressive strained, 0.0% strained, and
6.0% tensile-strained monolayer NiAl,S4 with carrier doping
concentrations of 0.3 holes and 0.6 holes per unit cell are
10.32 and 26.71 meV, 5.99 and 20.69 meV, and 2.68 and
11.03 meV, respectively. Therefore, the monolayer NiAl,Sy4
with hole doping can be tuned to the FM state, and the ex-
change interaction energy J; can be tuned effectively via hole
doping and strain. Using the exchange interaction parameters
J1 and D obtained from DFT calculations, the Curie tempera-
tures T¢ for hole-doped monolayer NiAl,S, in the FM state is
estimated by MC simulations based on the classic anisotropy
2D Heisenberg model with the Metropolis algorithm, in which
the 60 x 60 x 1 2D triangular lattice and 10® MC steps for
each temperature are used. The temperature-dependent nor-
malized magnetic moment and special heat capacity (Cy) for
0.0% strained monolayer NiAl,Ss with the carrier doping

concentration of 0.2 holes per unit cell are plotted in Fig. 4(d),
from which we can observe that the estimated T¢ is 22 K.
The red Cy curves plotted in Figs. 4(e) and 4(f) show that
the T¢ of the 0.0% strained hole-doped monolayer NiAl,S,
can be increased to 77 K and 261 K with the carrier doping
concentrations of 0.3 holes and 0.6 holes per unit cell, respec-
tively. The black (blue) Cy curves displayed in Figs. 4(e) and
4(f) show that the T¢ of the 6.0% compressive strained (6.0%
tensile-strained) monolayer NiAl,S, with the carrier doping
concentrations of 0.3 holes and 0.6 holes per unit cell are
131 K (34 K) and 341 K (142 K), respectively. Figure 4(c)
plots the calculated T as a function of carrier concentration
for the 6.0% compressive strained, 0.0% strained, and 6.0%
tensile-strained monolayer NiAl,S4, showing that the T¢ can
be increased rapidly with the increase of hole doping con-
centration. Remarkably, from Fig. 4(c), we can observe that
the room-temperature FM state can be achieved in hole-doped
monolayer NiAl,Sy.

C. Electronic structures and high Curie temperature
half metallicity

Figure 5(a) shows the calculated band structure (without
SOC) of the monolayer NiAl,S4 in the noncollinear 1200-
AFM magnetic ground state, showing that monolayer NiAl,S4
is a semiconductor with an indirect band gap of 1.52 eV.
The band structures of monolayer NiAl,S4 with the magnetic
configurations of collinear AFM and FM states are semi-
conductors with an indirect band gap of 1.04 and 1.09 eV,
respectively, as shown in Figs. S19(a) and S19(b) in the
Supplemental Material [57]. The above discussions show that
the magnetic structure of monolayer NiAl,S4 could be tuned
from the noncollinear 120°-AFM state to the FM state via
hole doping. Therefore, the electronic structures of the hole-
doped monolayer NiAl,S, will be different from the intrinsic
monolayer NiAl,S,4. Figure 5(b) plots the spin-polarized band
structure of monolayer NiAl,S4 with the carrier doping con-
centration of 0.6 holes per unit cell, from which we can
observe that the spin-up state is metallic while the spin-down
state is semiconducting with a band gap of 1.67 eV, indicating
it is a half metal that exhibits 100% spin polarization with
spin-up conducting channel around the Eg. In consideration
of the 7¢ of 261 K obtained in monolayer NiAl,S4 with the
carrier doping concentration of 0.6 holes per unit cell, we can
conclude that the high Curie temperature half-metallic state is
realized in hole doped monolayer NiAl,S, system. The corre-
sponding DOS of Fig. 5(b) is plotted in Fig. 5(e), confirming
the achievement of the half-metallic state. As illustrated in
Fig. 5(e), the spin-up states around the Ep are mainly con-
tributed by S p states; in addition, a few slight Ni d states exist
around the Er due to the hybridization between S p and Ni d
states. According to the atomic crystal structures illustrated
in Fig. 1(a), we can find that the monolayer NiAl,S, has a
point symmetry Cs, which will induce the Ni 3d orbitals to
split into three groups as d.2, (dxy, d>_y2), and (dy;, d,;), and
induce the S 3p orbitals to split into two groups as p, and (py,
Dy), as clearly shown in the calculated partial density of states
(PDOS) in Figs. 5(f1) and 5(f2).

A fascinating band structure can be found in the half-
metallic bands in Fig. 5(b), where the two spin-up bands near
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FIG. 5. (a) The band structure (without SOC) for the 0.0% strained monolayer NiAl,S, with the noncollinear 120°-AFM state. (b),
(c) The spin-polarized band structure of the 0.0% strained (b) and 6.0% compressive strained (c) monolayer NiAl,S, with the carrier doping
concentration of 0.6 holes per unit cell. (d) The spin-polarized band structure of the 6.0% tensile-strained monolayer NiAl,S, with the carrier
doping concentration of 1.0 holes per unit cell. The red and blue curves in (b)—(d) denote the spin-up and spin-down bands, respectively. (e)
The density of states (DOS) of monolayer NiAl,S, with the carrier doping concentration of 0.6 holes per unit cell. (f) The corresponding

partial density of states (PDOS) of (e).

the Er are not only degenerate at the I" point with quadratic
non-Dirac band dispersions but also degenerate at the K/K’
points with linear Dirac band dispersions. The above interest-
ing band structure can be seen more clearly in Fig. 6(a), which
displays the magnified bands near the Ey of Fig. 5(b). Accord-
ing to the calculated DOS in Fig. 5(e), the two spin-up bands
near the Er in Figs. 5(b) and 6(a) are mainly contributed by
the S p states. Figures 6(b) and 6(c) plot the orbital-resolved
band structures for the two spin-up bands in Fig. 6(a), where
the royal blue dots in Fig. 6(b) and the violet dots in Fig. 6(c)
denote the contributions from S p, and S p,/p, orbitals to
the bands, respectively. The sizes of the dots are proportional
to the contribution of the corresponding orbitals. More inter-
estingly, the bands around the Dirac energy degenerate K/K’
points in the two spin-up bands are mainly contributed by S p,
orbital, while the bands around the non-Dirac energy degener-
ate I" point in the two spin-up bands are mainly contributed by
S p,/p,y orbitals, as clearly illustrated in Figs. 6(b) and 6(c).
This kind of band structure possesses interesting topological
properties, which will be discussed in the following section.
Figures 5(c) and 5(d) plot the spin-polarized band struc-
tures of the 6.0% compressive strained monolayer NiAl,Sy
with the carrier doping concentration of 0.6 holes per unit
cell and the 6.0% tensile-strained monolayer NiAl,S, with
the carrier doping concentration of 1.0 holes per unit cell. The

band structures in Figs. 5(c) and 5(d) are still half-metallic
states that exhibit 100% spin polarization with spin-up con-
ducting channel around the Ef, indicating that the obtained
high Curie temperature half-metallic states in hole-doped
monolayer NiAl,S, are robust against strain. By comparing
the two spin-up bands around the Ep in Figs. 5(b)-5(d), we
can observe that the slope of the quadratic non-Dirac bands
around I" point and the linear Dirac bands around K/K’ point
can be tuned effectively by strain. The open direction of the
highest spin-up quadratic non-Dirac band around I' point is
going downwards in Fig. 5(b), and its slope can be enlarged
by applying compressive strain, as shown in Fig. 5(c), while
its open direction can be tuned to upward by applying ten-
sile strain, as illustrated in Fig. 5(d). Figure 6(d) shows that
the magnified bands near the Er of Fig. 5(d), from which we
can observe that the quadratic non-Dirac energy degenerate I"
point and linear Dirac energy degenerate K/K’ point are all
close to the Er. Figures 6(e) and 6(f) plot the orbital-resolved
band structures for the two spin-up bands in Fig. 6(d), show-
ing that the bands around the Dirac energy degenerate K/K’
points and the bands around the non-Dirac energy degenerate
I' point in the two spin-up bands are mainly contributed by S
p; and S p,/p, orbitals, respectively, which is the same as the
situation in the hole-doped monolayer NiAl,S4 without strain,
as shown in Figs. 6(b) and 6(c).

085416-7



WANG, LOU, ZHAO, MA, AND ZHANG

PHYSICAL REVIEW B 107, 085416 (2023)

(a) (b)

04} Carrier, 0.6 hole/unit cell 041 oS P 041 eS p/py
0.0 —/7‘“ A 0.0 —/7\ Ve
s S
L L
o [
M 041 M -04+
82} m
08} 08}
-1.2 -1.2 s .
M r K M M T K M M T K M

1L NiALS, (0.0% strain)

Orbital-resolved (p,) bands

Orbital-resolved (p,/p,) bands

Carrier!1.0 hole/unit cejl

®Sp,

A A

1L NiALS, (6.0% strain)

Orbital-resolved (p,) bands

Orbital-resolved (p,/p,) bands
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NiAl,S4 with the carrier doping concentration of 1.0 holes per unit cell.

D. High Chern number quantum anomalous Hall effect
and topological mechanism

In previous studies, before considering SOC, the quadratic
non-Dirac degenerate I point [42,62,63] and linear Dirac
degenerate K/K' points [14—17,33] have been widely reported
to happen only separately in different 2D material systems.
After the SOC is included, the degeneracy of the quadratic
non-Dirac bands at the I point and linear Dirac bands at the
K/K’ points will be eliminated and band gaps will be opened
around the non-Dirac degenerate I" point and Dirac degener-
ate K/K’ points. The theoretical works demonstrate that the
SOC-induced local band gaps around the quadratic non-Dirac
degenerate I' point [42,62,63] and the linear Dirac degener-
ate K/K’ points [14—17,33] are both topologically nontrivial
states, which can both produce the QSH effect (with time-
reversal symmetry) and QAH effect (without time-reversal
symmetry). For the fully spin-polarized quadratic non-Dirac
bands, the SOC-induced band gap around the non-Dirac de-
generate ' point will be the QAH state with Chern number
Chon—Dirac,1/4 = Cr,4/, = 1 or —1[42-44]. For the fully spin-
polarized linear Dirac bands, the SOC-induced band gap
around the Dirac degenerate K/K’ points will be the QAH
state with Chern number Cpirac,1/, = Ck 1/, + Cx 4y =1 or
—1[33, 43, 44]. If the fully spin-polarized non-Dirac degener-
ate I" point and Dirac degenerate K/K’ points simultaneously
exist before SOC is included, the topologically trivial state

with C = 0 (due to the Chern numbers around the non-Dirac
I" point and Dirac K/K’ points are the opposite signs, leading
to the destructive coupling effect [43]) or high Chern number
QAH state with C = %2 (due to the Chern numbers around
the non-Dirac I' point and Dirac K/K’ points are the same
signs, leading to the constructive coupling effect [45]) could
be obtained when the SOC is considered.

Figure 7 plots the schematic depictions of the evolution
of energy bands and topological properties of the fully spin-
polarized non-Dirac bands, contributed by the multiple p,/p,
orbitals, and the fully spin-polarized Dirac bands, contributed
by the p, orbital. Before including the SOC, the energy de-
generate I point could be found respectively in the spin-up
non-Dirac bands in Fig. 7(a) and the spin-down non-Dirac
bands in Fig. 7(c). When the SOC is included, the band gap
will be opened around the non-Dirac degenerate I" point, as il-
lustrated in Figs. 7(b) and 7(d). The obtained Berry curvatures
Q(k) around the I point when the Ef is located inside the
SOC-induced energy gap in the spin-up non-Dirac bands are
positive and with an approximate M shape, and the obtained
Chern number is C4 = 1, as shown in Fig. 7(c), while for the
spin-down non-Dirac bands, the obtained €2(k) around the I"
point are negative and with an approximate W shape, and the
obtained Chern number is C, = —1, as shown in Fig. 7(d).
Figures 7(e) and 7(g) show the spin-up and spin-down Dirac
bands with energy degenerate K/K’ points. When the SOC
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the Ef is located inside the SOC-induced energy gap.

is considered, the band gap will be opened at the Dirac K/K’
points. If the EF is located inside the SOC-induced energy gap,
the Chern number of C; = 1 for the spin-up Dirac bands and
C, = —1 for the spin-down Dirac bands will be obtained, as
illustrated in Figs. 7(f) and 7(h). Figures 7(i) and 7(k) show
the spin-up and spin-down bands with non-Dirac degenerate I"
point and Dirac degenerate K/K’ points simultaneously exist.
When the SOC is considered, the band gap will be opened at
the non-Dirac I' and Dirac K/K’ points. If the EF is located
inside the SOC-induced global band gap, the Chern number
of C4 = Chon—birac,t + Chirac,4 = 2 for the spin-up bands and
C, = Cuon—pirac,| + Cbirac,) = —2 for the spin-down bands
will be obtained, indicating the realization of a high Chern
number QAH effect, as illustrated in Figs. 7(j) and 7(1).
Figure 8(a) shows the magnified bands around the Er for
the 6.0% tensile-strained monolayer NiAl,S4 with the carrier
doping concentration of 1.0 holes per unit cell, in which the
non-Dirac degenerate I" point is above the Er and the Dirac
degenerate K/K’ points is below the Eg. The red curves denote
the spin-up bands without SOC. The orbital-resolved band
structures in Fig. 6 show that the non-Dirac bands around the

I" point and Dirac bands around the K/K’ points are domi-
nated by S p,/p, orbitals and S p, orbital, respectively, the
same as the schematic spin-up bands in Fig. 7(i). Figure 8(b)
displays the corresponding band structure of Fig. 8(a) with
the consideration of SOC, from which we can observe that
the SOC-induced local band gap of Ar (10.3 meV) around
the non-Dirac I' point and local band gap of Ax (11.2 meV)
around the Dirac K/K’ points are clearly illustrated. The Berry
curvatures 2(k) and Chern numbers are calculated to identify
the topological properties of the SOC-induced band gap. The
Berry curvatures are calculated by [64,65]

Qk) =Y £, Q(K), 3)
h2<12nk|vx|wmk><wmk|vy|wnk>
Qu(k) = —2Imm§ E L) _.C

where f, is the Fermi-Dirac distribution function, v, are
the velocity operators, E, is the eigenvalue of the Bloch
functions |v,k), and the summation is over all the occupied
states. The Chern number C can be obtained by integrating
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the Berry curvatures over the first Brillouin Zone, as C =
% > [y d*kS2,. The olive curves in Fig. 8(c) show the
magnified band of Fig. 8(b) around the SOC-induced band
gap Ar. The red dots in Fig. 8(c) display the calculated (k)
around the non-Dirac I' point when the Ef is located inside
Ar. We can observe that the large values of the obtained
Q(k) mainly distribute around Ar with an approximate M
shape, which is the same as the (k) plotted for the spin-up
non-Dirac bands in Fig. 7(b). By integrating the obtained
Q(k) around the non-Dirac I' point, the nonzero integer Chern
number of Cyon—pirac,t = Cr,4 = 1 is obtained, indicating the
SOC-induced local non-Dirac energy gap Ar is the topo-
logically nontrivial state with C4 = 1. The olive curves in
Fig. 8(d) show the magnified band of Fig. 8(b) around the
SOC-induced band gap Ak. The red dots in Fig. 8(d) illustrate
the calculated €2(k) around the Dirac K and K’ points when
the Ef is located inside Ak, from which we can find that
large values of the obtained €2(k) mainly distribute around
the Dirac K and K’ points. By integrating the obtained Q(k)
around the Dirac K and K’ points, the nonzero integer Chern
number of Cpjrac,p = Ck,4 + Ck/,4 = 1 is obtained, indicating
the SOC induced local Dirac energy gap at K/K’ points is the
topologically nontrivial state with Cy = 1.

The band structures of the 6.5% tensile-strained monolayer
NiAl,S, with the variation of hole doping concentrations are
given in Fig. S17 in Supplemental Material [57]. Figure 8(e)
shows the spin-polarized band structure around the Eg for

6.5% tensile-strained monolayer NiAl,S; with the carrier
doping concentration of 1.0 holes per unit cell, from which
we can observe that the non-Dirac degenerate I" point and
the Dirac degenerate K/K’ points are all located at the Ef.
When the SOC is included, a global band gap A = 9.2 meV
is opened, as shown in Fig. 8(f). Figure 8(g) displays the
calculated €2(k) along the high-symmetry lines, including
non-Dirac I point and Dirac K and K’ points. The obtained
Q(k) around the K and K’ points have the same signs, and
both are in peak shapes with positive values. In addition, the
Q(k) around the I point mainly are positive values and in
the M shape, as clearly illustrated in Fig. 8(g). The distri-
bution of (k) in Fig. 8(g) is the same as the (k) plotted
for the spin-up bands with the coexistence of non-Dirac T’
point and Dirac K/K’ points in Fig. 7(j). The top inset in
Fig. 8(g) displays the distribution of (k) in 2D momentum
space, showing that the (k) around the non-Dirac I" point
and Dirac K/K’ points are with the same signs. By integrat-
ing the obtained 2(k) over the first BZ, the nonzero integer
Chern number of Cy = Cyon—pirac,t + Cbirac,+ = 2 is obtained,
indicating the SOC-induced global band gap A in Fig. 8(f)
is a high Chern number QAH state with C = 2. Figure 8(h)
plots the calculated DOS of the semi-infinite system, from
which we can observe that two topologically nontrivial edge
states connecting the conduction and valence bands exist in-
side the SOC-induced gap A, confirming the obtained high
Chern number of C = 2. Therefore, we predict a realistic 2D
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magnetic material system that can produce the high Chern
number QAH effect through the constructive coupling effect
[45] between the topological nontrivial non-Dirac and Dirac
states. The phase diagram of the global band gap (topological
phase) is given in Fig. S18 in the Supplemental Material [57],
showing that the global band gap (QAH state with C = 2) can
be obtained in the 6.2% to 6.8% tensile-strained monolayer
NiAl,S4 with the carrier doping concentration of 1.0 holes per
unit cell.

To deeply understand the formation mechanism of the spe-
cial band structure [Fig. 8(e)] with non-Dirac and Dirac states
in monolayer NiAl,S4, an effective tight-binding (TB) model
Hamiltonian is constructed. Since the non-Dirac and Dirac
states in Fig. 8(e) are dominated by the p,, p,, and p, states
of the S atoms, it is reasonable to adopt the p,, p,, and p,
orbitals of the S atoms as the basis. To simplify the TB model
and the calculations, we consider the two S atom layers in the
middle of the atomic crystal structure to construct the effective
TB model. The simplified lattice can be denoted as the 2D
buckled honeycomb lattice, in which the A and B sublattices
are not coplanar. The total effective TB model Hamiltonian of
this 2D buckled honeycomb lattice in the basis of (pax, pay.

PAz> PBx» PBy> PB:) €an be written as

H (k) = Hpop(k) + Hsoc — Hy
_ | Hnoptt 0 Hsocrt  Hsocyy
0 Hiopyy Hsocyr  Hsocyy
M1 0
- [ 0 MI]’ )

where Hyop, Hsoc, and Hy, represent the NN hopping term,
the on-site SOC term, and the magnetic exchange field term,
respectively. The up and down arrows denote the spin-up and
spin-down channels, respectively. M is the exchange field
strength, and I in Eq. (5) is a unit matrix.
The hopping terms for the spin-up and spin-down channels
can be expressed as
AA AB
Hyoprr = Hiopyy = |:ZBA ZBBi|v (6)

where the diagonal matrix elements are the on-site energies
for the three orbitals, and A and B refer to the nonequivalent
A and B sites in the unit cell. The H44 and H5® can be written
as

g, 0 0
H*=H =10 ¢, 0|, (7
0 0 ¢,

where ¢, , € pys and ¢, are the on-site energies for the p,, p,,
and p, orbitals, respectively. The off-diagonal block matrices
include the hopping interactions between the A and B sites.
The H2 and H? can be written as
AB  1AB  LAB
h)C)C hx ) hXZ
AB AB  1AB  pAB BA
HY = |y hy  hy | H

AB  pAB  AB
ny  hy o hZ

= (H®)y,  ©®)

in which

I A
B = L b (Vi 4 dPVppe) + — el 0)

1+d? 1+d2
X COS <?ky) [%Vpp(, + (; + 2d2) ppn]’
o 2(1?212)ei(_1k ) sin( 3k W Vopr = Vppo )
nE = ﬁ |:e"(_ék‘) cos (?k,) - eik‘](Vppn = Vopo)s
Iy =" Vopr + 1 ldzel( i)
X COS <§ky) [%Vpp(, + (% + Zdz)Vp,mi|,
WP = ;ﬁiei(—ih) sin (?ky)(vpm = Vipo)

JAB — ik d? /A ;V
oz = 1 T d2 ppo 1 + d2 ppm
i(— Lk V3 d? !
+26( 2 ) cos (7]{},) [1 n d2Vppo‘+1 p Vipr |
h;ug WAB pAB _ pAB pAB h;AZB, )

xy » Ttzx xz 2 'y

where V,,, and V,,, are the NN hopping parameters corre-
sponding to the o and 7 bonds formed by py, py, and p,
orbitals. The d parameter denotes the effective height differ-
ence between the nonequivalent A and B sublattices.

The on-site SOC terms can be written as

Hsocrt+  Hsocyy
H = s 10
soc |:Hsocw Hsocyy (10)
in which
Hgoc 0
Hsocww?‘*[ c |
0 Hgoc
Hgoc 0
Hsocm/MZW'A[ Rt
0 Hgoc
0 —i O 0 0 1
Hée=|i 0 O|.HYe=]0 0 —wil,
0O 0 O -1 wi 0
(1)

where A is the atomic SOC strength, s = +1 for Hsoctt, s =
-1 fOstocu, w=+1 forHSOCTi, andw = —1 fOstocu-

The calculated band structures of the above-constructed
effective TB model Hamiltonian are given in Fig. 9. The
TB parameters adopted in Fig. 9(a) are d =0.23, ¢, =
g, =—047eV, g, =-027eV, V,,; =0.56eV, V,,; =
—0.21eV,M =0.0eV, and A = 0.0eV, where only the hop-
ping term is considered. Figure 9(b) shows the magnified
bands in the red dashed rectangle box in Fig. 9(a), from which
we can observe that the bands around E = 0.0eV are not
only degenerate at the I point with quadratic non-Dirac band
dispersion but also degenerate at the K point with linear Dirac
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FIG. 9. (a) The band structure calculated from the effective TB model with three orbitals (py, py, p;) per nonequivalent lattice site. The
parameters adopted are d = 0.23, ¢, = ¢, = —0.47¢eV, ¢, =—-027¢eV,V,,;, =0.56eV,V,,, = —-0.21eV,M =0.0eV, and A = 0.0eV.

(b) The magnified bands in the red dashed rectangle box in (a). (c) The corresponding band structure of (b) by including the SOC (A = 0.03eV).
(d) The TB band structure with the parameters adopted in (a), except that the magnetic exchange field and SOC are included by setting
M =1.5eV and A = 0.03eV. The red and blue curves denote the spin-up and spin-down bands, respectively. (e) The magnified spin-up
bands in the black dashed rectangle box in (d) around £ = —1.5eV. (f) The magnified spin-down bands in the black dashed rectangle box in
(d) around E = 1.5eV. The violet dots in (e) and (f) show the calculated Berry curvatures when the Er is set within the SOC-induced band

gap. The insets in (e) and (f) show the magnified Berry curvatures around the I" point.

band dispersion. When SOC is considered, the degeneracies
at the I and K point are both eliminated, and band gaps are
opened around these points, as illustrated in Fig. 9(c) with
A = 0.03eV. Figure 9(d) plots the corresponding band struc-
ture of Fig. 9(a) by further considering the magnetic exchange
field (with M = 1.5eV) and SOC (A = 0.03eV), in which the
spin-up (red curves) and spin-down (blue curves) bands are
fully spin polarized. Figure 9(e) shows the magnified spin-up
bands around £ = —1.5eV in Fig. 9(d), whose bands charac-
teristic are the same as that in Fig. 8(f). The distributions of
the calculated 2(k) in Fig. 9(e) are the same as the DFT re-
sults displayed in Fig. 8(g). By integrating the obtained Q2(k),
we obtain C(nonfDirac,ﬁ) = C(F,?) =1and C(Dirac,T) = C(K,ﬁ) +
C',4) = 1, the total Chern number is Cy = Cyon—Dirac,t) +
C(Dirac,+) = 2, indicating the SOC induced global band gap
in Fig. 9(e) is a high Chern number QAH state with C = 2.
For the spin-down bands in Fig. 9(f), the Chern numbers
of Cnon—Dirac,) = —1, Cirac,)) = Cix,1) + Cxr,}) = —1, and
C, = Cuon-Dirac,}) + CDirac,) = —2 can be obtained, indicat-
ing the SOC-induced global band gap in Fig. 9(f) is a high
Chern number QAH state with C = —2. The calculated TB
band structures, Berry curvatures, and Chern numbers indicate
that the obtained interesting band structure [Figs. 8(e) and
8(f)] with the coexistence of non-Dirac and Dirac states and
the high Chern number QAH effect in monolayer NiAl,S, can
be described well though the constructed effective TB model.

Not only are the monolayer NiAl,S, are systematically in-
vestigated, the structural, magnetic configurations, electronic
band structures, strain effect, and carrier doping effect of the
monolayer TM-Al,S4 (TM=Mn, Fe, Cr, V) are also investi-
gated. The calculated results are given in the Supporting Note
1 in Supplemental Material [57]. In addition, the structural,
magnetic configurations, and electronic band structures of the
bulk TM-A1,S; (TM =Mn, Fe, Cr, V, Ni) are also studied.
The obtained results are given in the Supporting Note 1 and
Note 2 in Supplemental Material [57].

IV. CONCLUSIONS

In summary, the electronic structures, magnetic proper-
ties, and topological properties of the monolayer NiAl,S4
are systematically investigated by using first-principles cal-
culations. The calculation results of the formation energy,
phonon spectrum, and AIMD simulations demonstrate that
the monolayer NiAl,S, is dynamically and thermally sta-
ble. Three typical magnetic configurations of FM, collinear
AFM, and noncollinear 120°-AFM for the 2D triangular lat-
tice are considered to explore the magnetic properties of the
intrinsic, stained, and carrier-doped monolayer NiAl,S,. The
monolayer NiAl,Sy is in the 120°-AFM state and is a semi-
conductor with an indirect band gap of 1.52 eV. In addition, its
magnetic properties can be tuned effectively by carrier doping.
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The FM state can be achieved in monolayer NiAl,S4 and the
Tc increases rapidly with the increase of hole-doping con-
centration. Remarkably, the hole-doped monolayer NiAl,S4
in FM states are half metals, and the room-temperature FM
half-metallic state can be realized. The FM half-metallic
state obtained in the hole-doped monolayer NiAl,S, is robust
against strain. For the hole-doped monolayer NiAl,S4 in the
half-metallic state, before the SOC is included, the two spin-
up bands around the Er are not only degenerate at the I point
with quadratic non-Dirac band dispersions but also degener-
ates at the K/K’ points with linear Dirac band dispersions.
The non-Dirac bands at the " point and Dirac bands at K/K'
points are mainly contributed by S p,/p, orbitals and S p,
orbital, respectively. After the SOC is considered, the local
topologically nontrivial band gaps with Chern number C = 1

will be opened, respectively, around the non-Dirac degenerate
I point and Dirac degenerate K/K’ points. The high Chern
number QAH effect with C = 2 can be achieved in the 6.2%
to 6.8% tensile-strained monolayer NiAl,S, with the carrier
doping concentration of 1.0 holes per unit cell, through the
constructive coupling effect between the topologically non-
trivial non-Dirac and Dirac states. Our findings demonstrate
that monolayer NiAl,S, possesses rich physical properties
and is promising for the experimental exploration of high 7¢
spintronic devices and high Chern number QAH effect.
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