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Quantum anomalous Hall (QAH) insulators have excellent properties driven by fancy topological physics, but their
practical application is greatly hindered by the observed temperature of liquid nitrogen, and the QAH insulator with high
Chern number is conducive to spintronic devices with lower energy consumption. Here, we find that monolayer FeSIn is
a good candidate for realizing the QAH phase; it exhibits a high magnetic transition temperature of 221 K and tunable
C = £2 with respect to magnetization orientation in the y—z plane. After the application of biaxial strain, the magnetic axis
shifts from the x—y plane to the z direction, and the effect of the high C and ferromagnetic ground state on the stress is
robust. Also, the effect of correlation U on C has been examined. These properties are rooted in the large size of the Fe
atom that contributes to ferromagnetic kinetic exchange with neighboring Fe atoms. These findings demonstrate monolayer
FeSlIn to be a major template for probing novel QAH devices at higher temperatures.

Keywords: high Chern number, Weyl semimetals, quantum anomalous Hall insulator, magnetic transition

temperature
PACS: 71.38.Mx, 75.50.Pp, 73.20.At

1. Introduction

The quantum anomalous Hall (QAH) effect has garnered
widespread attention in the study of magnetic topological
materials.['] On account of its dissipationless chiral edge
states, the QAH effect can be utilized to manufacture next-
generation low-power-consumption spin electronic devices,
and offers a predominant platform for investigating peculiar
quantum physics, such as topological magneto-electric effects
and topological superconductivity.[®°! Indeed, the QAH ef-
fect as a far-reaching research field that is currently develop-
ing rapidly, and a multitude of candidates have been theoret-
ically predicted to host the QAH effect.['%2!1 Although the
QAH effect has been successfully implemented in Cr-doped
(Bi, Sb);Tes,[??! the observed temperature of liquid nitrogen
seriously limits its practical application. The realization of
the QAH effect must satisfy ferromagnetic exchange of 3d el-
ements under spin—orbit coupling (SOC) of heavy elements,
so QAH materials are rare. Recently, the observed tempera-
ture has been increased to 1.4 K in intrinsic MnBi;Te4 thin
film,[>3 so intrinsic QAH insulators have been searched for
to increase the observed temperature. A great deal of effort
has been made to explore the intrinsic QAH effect, such as in
two-dimensional (2D) Fel,,!?* Li-decorated FeX (X =S, Se,
Te) 291 and twisted bilayer graphene.!?®! Despite these latest
findings, it remains an urgent challenge to find more intrinsic
QAH materials with a large band gap that can dependably op-
erate at room or higher temperatures with robust structural and
property stability.

In addition to the question of observed temperature, find-
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ing QAH states with a high Chern number (C) remains a pro-
found challenge. QAH states with a high C can provide more
dissipationless chiral edge channels, so the material can be
used to make electronic devices with extremely low power
consumption. At this juncture, although topological materials
with high C, such as monolayer TiTe,*’! monolayer XTiY, 8!

(291 have been proposed, the search

and monolayer NiBiOs,
for topological insulators with high C is still a crucial topic.
Because of their numerous excellent properties, 2D materials
have aroused widespread attention. 30321

In this paper, we scientifically investigate the stability,
magnetic, electronic and topological properties of monolayer
FeSIn crystallized in the P4/nmm space group by perform-
ing the first-principles simulations. It is predicted to be struc-
turally stable by phonon spectra, elastic constants, formation
energy and molecular dynamics simulations. We show that
monolayer FeSIn is an x—y easy-plane ferromagnetic (FM)
Weyl semimetal with a high Berezinskii—Kosterlitz—Thouless
(BKT) magnetic transition temperature (221 K). Four Dirac
points appear in the first Brillouin zone (BZ) due to C4 and
inversion symmetries. When SOC is taken into account, the
sizeable band gap is opened at the Dirac points to host the
QAH state.

C =2to C = —2 can be realized by turning the magnetization

Moreover, a topological phase transition from

direction. We further find that magnetocrystalline anisotropy
energy (MAE) can be effectively regulated by the compressive
strain, so that the magnetization orientation is changed and a
QAH state with high C can be achieved. Meanwhile, with
increase in U, the band gap will gradually increase. When
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U is greater than 3.7 eV, the direct band gap is transformed
into an indirect band gap, and the band gap will gradually de-
creases. Interestingly, the magnetic topological state is robust
to changes in the value of U.

2. Methods

The electronic properties of monolayer FeSIn are re-
searched by employing first-principles density-functional the-
ory (DFT).33-351 Because of the correlation effects of 3d
electrons in Fe atoms, we employed the generalized gradi-
ent approximation (GGA) +U approach within the Dudarev
scheme.*®! Here, we study the properties of monolayer FeSIn
at Uegr = 1-4 eV. Meanwhile, the Hubbard correction U =
2.5 V3739 is mainly employed to discuss monolayer FeSIn.
A plane-wave basis with a kinetic energy cutoff of 500 eV is
employed. The first BZ is sampled by I'-centered Monkhorst—
Pack grids of 21 x 21 x 1.1401 The vacuum layer is set to 28 A
to avoid coupling between the periodic layers. All the atoms
are allowed to relax until the atomic force on each atom is
smaller than 0.001 eV-A~!.
the total energies is set to be 10~7 eV. The phonon spec-

The convergence criterion for

tra is calculated using density-functional perturbation theory
as implemented in the PHONOPY code.[*!] Surface states
are calculated with WANNIER90!*?! and WANNIERTOOLS
packages. [+’

2.1. Structure and stabilities

Monolayer FeSIn is a layered tetragonal crystal with
space group P4/nmm (No. 129) as shown in Fig. 1(a). The
Fe atoms per unit cell lie on the identical plane, and the non-
magnetic S and In atoms are distributed on both sides of the
center plane in a staggered order [see Fig. 1(a)]. The calcu-
lated lattice constant for monolayer FeSIn is 3.78 A, and the
nearest Fe—Fe distance and Fe-S bond length for monolayer
FeSIn are 2.67 A and 2.42 A, respectively. The formation en-
ergy can be obtained from the equation

Eform = (ZEFe + 2ES + 2Eln - 2EFeSIn) /67 (1)

where Efe, Er, and Eg are the energy of single Fe, In and S
atoms in its most stable bulk structure and Epesy, is the to-
tal energy per unit cell of monolayer FeSIn; the calculated
formation energy is 0.627 eV/atom, which proves that mono-
layer FeSlIn is easier to form than pure S, In and Fe struc-
tures. The dynamical stability of monolayer FeSIn is inves-
tigated by calculating the phonon spectra, and MD simula-
tion is performed to demonstrate the thermal stability. As
shown in Fig. 1(d), the dynamical stability of monolayer FeSIn
is manifested by the phonon spectra with no negative fre-
quency in the whole BZ. The results of the MD simulation
indicate that monolayer FeSIn remains intact at 300 K after

8 fs [see Fig. 1(c)].
bility of the tetragonal structure FeSlIn, the elastic constants

Finally, to prove the mechanical sta-

C11, Cx, Ci2 and Cgg of monolayer FeSIn are calculated as
77.8 N-m~!, 77.8 N-m~!, 50.35 N-m~! and 17.5 N-m~!, re-
spectively, which meet the Born—Huang criteria of Cy;, Ca,
Co6 > 0 and Cy1 +Cy —2C12 > 0. The mechanical stability of
monolayer FeSIn is manifested.
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Fig. 1. (a) Top and side views of monolayer FeSIn. (b) The first Bril-
louin zone of monolayer FeSIn. (c), (d) The phonon dispersion and time
evolution of free energy during the molecular dynamics calculations for
monolayer FeSIn.

3. Results and discussion

To reveal the magnetic ground state of monolayer FeSIn,
we consider four kinds of magnetic structures, i.e., (i) ferro-
magnetic (FM), (ii) antiferromagnetic 1 (AFM1), (iii) AFM2
and (iv) AFM3 [see Fig. S1]. The total energies are listed
in Fig. 5(a), which indicates that monolayer FeSIn prefers
the FM ground state. The nearest-neighbor transitional metal
Fe atoms are linked by S atoms, implying that the magnetic
ground state is determined by the super-exchange mechanism.
The bond angle of Fe-S—Fe in monolayer FeSIn is 102.6°,
closing to 90°, according to the Goodenough—Kanamori rules;
this is conducive to ferromagnetic interaction. On the basis of
the Mermin—Wagner theorem,*4! long-range magnetic order
is generally forbidden in isotropic one-dimensional or 2D sys-
tems at nonzero temperatures. Hence, magnetic anisotropy is
crucial for a 2D material to remain in a long-range FM ground
state. The magnetic moment of monolayer FeSIn is 3 ug. The
MAE can be expressed as MAE = Ejo9 — Ego1, and the cal-
culated MAE is —0.377 meV, which illustrates magnetization
direction of monolayer FeSlIn lies in the x—y plane. According
to BKT, magnetic transition temperature of monolayer FeSIn
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is 221 K (see supporting material for details). For monolayer
FeSln, total energy as a function of the angle (0) between the
magnetization direction within the y—z plane and the x-axis is
plotted in Fig. 2(c) and can be obtained by the following equa-
tion:

E(6)=E.+K cos? 0+ K cos* 0, ()

where E is the total energy of monolayer FeSIn with the mag-
netization direction along the easy axis and K; and K, are
quadratic and quartic constants, respectively. For monolayer
FeSIn, K| and K; are 0.39 and 2.55 meV, and we can see the
distinct magnetic anisotropy from Fig. 2(c). The evident mag-
netic anisotropy is beneficial to stabilize the FM ground states

against thermal fluctuation in monolayer FeSIn.

We now study the electronic band structure of mono-
layer FeSIn. Figures 3(a) and 3(b) show the calculated band
structure of monolayer FeSIn with and without consideration
of SOC. The linear crossings are formed by two spin-down
bands, which are observed at Er for monolayer FeSIn. The
conduction and valence bands are connected by these. Four
spin-polarized Dirac cones emerge in the first BZ due to the
C, and inversion symmetries [see Fig. 1(b)]. Thus, monolayer
FeSIn can be called a Weyl semimetal with 100% spin polar-
ization in the absence of SOC. The Dirac cones of monolayer
FeSIn are primarily contributed to by the spin-down d,, and
dxz,yz orbits of the Fe atom [see Figs. 2(a) and 2(b)].
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Fig. 2. (a), (b) The d-orbital resolved spin-polarized band structures in spin-up and spin-down channels of monolayer FeSIn, respectively.
(c) Total energy per unit cell of monolayer FeSIn as a function of the angle (8) in the y—z plane.
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Fig. 3. Spin polarized band structure of monolayer FeSIn without SOC (a) and with SOC (b) when the magnetization direction lies in the y
and z directions. Band gaps of monolayer FeSIn with the magnetization direction varying from 6 = 0° to 6 = 180° in the y—z plane. The light
green and light brown areas show monolayer FeSIn with Chern numbers C of 2 and —2, respectively.

When SOC is turned on, the magnetization direction
lies in the x—y plane and the linear crossings remain at Ef,
which means that monolayer FeSIn can be used to fabri-
cate high-performance spin field-effect transistors or mag-

netic tunnel junctions with 100% tunneling magnetoresistance

in spintronics.!*! Importantly, when the magnetization di-
rection is shifted to the z direction, a sizeable band gap of
144 meV is opened [see Fig. 3(b)]; this band gap value is
much larger than that of many materials that have been re-
ported, such as monolayer PdSbO3 (23.4 meV),“*) monolayer
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Osl; (118.3 meV)#7! and monolayer YN, (29.7 meV).[*8] To
probe the electronic band characteristics along different mag-
netization directions, we consider different magnetization ori-
entations. When the magnetization direction is rotated from
the +z-axis to the y-axis, as the z-component of the mag-
netization orientation diminishes the band gap gradually de-
creases. When magnetization lies in the y direction, the band
gap closes and the linear crossings appear again at Ep, as
shown in Figs. S2(a)-S2(f).

With SOC turned on, we systematically study the topo-
logical properties of monolayer FeSIn. In order to demonstrate
the topological properties of monolayer FeSIn, the chiral edge
states of monolayers FeSIn are calculated. The conduction
and valence bands are connected by two dissipationless chi-
ral edge channels, as shown in Fig. 4(a), which signify that
the large band gap of 144 meV is nontrivial. Importantly, the
nontrivial band gap is conducive to observing the QAH effect
with high C at higher temperature. To indicate the topological
properties of monolayer FeSIn, C is obtained by the following
equation:

=5 | o), )
where (k) is the Berry curvature of the 2D system. Ac-
cording to the above equation, C of an FeSIn monolayer in the
whole BZ is 2. The anomalous Hall conductance is calculated
and can be obtained from the equation

C

The non-zero anomalous Hall conductance proves that mono-
layer FeSIn is an excellent QAH template, as shown in
Fig. 4(c). Meanwhile, Berry curvature can help us further un-
derstand the high C = 2; Berry curvature is calculated with
following equation:

_ (Fake [V | Frne) (P [Vy | Frike)
Qk)y=-Y ) 2Im (8mr8nk>2>

)

n<Eg m#n

where m and n are band indices and Y, /,k, €y/nk and vy, ex-
press the Bloch wave functions, corresponding eigenenergies
of band m/n and the velocity operators, respectively. Each of
the four opening band gaps gives a topological charge of 0.5,
resulting in C = 2 for monolayer FeSIn in Fig. 4(e), which
further suggests that the monolayer is a topological insulator
with high C. Interestingly, when the magnetization direction is
along the y direction, monolayer FeSIn is a Weyl semimetal.
However, the magnetization direction is rotated from the +z
direction to the —z direction, and a high-C topological phase
transition occurs from C =2 to C = —2, as shown in Fig. 3(c),
which means that electrons can be transported in the oppo-
site direction. This non-zero anomalous Hall conductance and
Berry curvature further confirm this finding [see Figs. 3(b),
3(d) and 3(f)]. In addition, as illustrated in Figs. S4(a)-S4(d)
a similar material (FeTeGa) also exhibits the QAH effect with
high C, reflecting that these excellent properties may occur in

2
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Fig. 4. Edge states, and corresponding anomalous Hall conductance and distribution of the Berry curvature for monolayer FeSIn with magne-

tization direction in the z ((a), (c), (e)) and —z ((b), (d), (f)) directions.

Because of the flexibility of 2D materials, these vari-
ous material properties can be effectively turned by apply-

ing strain. Here, the effect of strain on monolayer FeSlIn is

checked by applying biaxial strain from —3% to +3%. As
displayed in Fig. 5(d), from compressive strain to tensile the

MAE decreases monotonically. Importantly, when compres-
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sive strain is applied, magnetization direction shifts from the
x—y plane to the z direction, which is conducive to the genera-
tion of a topological state with high C. Meanwhile, the QAH
state and FM ground state of monolayer FeSIn are robust to bi-
axial strain, as shown in Figs. 5(b) and 5(f). In order to explore
the influence of the U value on the ground state and MAE, dif-
ferent U values are considered. The ground state and MAE are
robust to the changed U values [see Figs. 5(a) and 5(c)]. With

increase in the U value the band gap will gradually increase,
which is beneficial for observing the QAH effect at room tem-
perature. When the U value is greater than 3.7 eV, the direct
band gap shifts to an indirect band gap and the band gap grad-
ually decreases. Interestingly, the topological state with high
C does not disappear with the change in U value, as displayed
in Fig. 5(e).

—10.0 —0.2

—10.2} o (_C_)_.__.\_
. —10.4} —~
% —10.6} % 06

—10.8}F >
>
%0 _11.0f %0 —0.8 In plane \
5 —11.2p 8 _1.0t \ ]

—11.4} \

—11.6} —-12 L 1

—H8 15 2.0 25 3.0 3.5 40 1 2 3 4

U (eV) U (eV)
— 0.4Fa__

—106} () \"\A\A\A . 0.2} (d) \ Out of plane
— —~ (0] S S ———
2 _107} >
3 —— - g —0.2 In plane
> —=—FM e !
0_108} —a—AFMI1 2 o6l \
: ATV =R

—q— _ L

M 100} f1)~§ \

ol —12b \

-3 -2 =1 0 1 2 3 3 -2 _-10 1 2 3 -3 -2-10 1 2 3
a/ag a/ag

a/ag

Fig. 5. (a) The FM and AFM energies of monolayer FeSIn as a function of the on-site Hubbard U, respectively. (b) The energy differences
between FM and different AFM states of monolayer FeSIn as a function of applied biaxial strain. (c), (d) The MAE of monolayer FeSIn as a
function of the on-site Hubbard U and biaxial strain. (e), (f) The band gap and Chern number of monolayer FeSIn as a function of the on-site

Hubbard U and strain when magnetization is along the z-direction.

4. Conclusion

We have systematically probed the electronic and topo-
logical properties of stable monolayer FeSIn based on first-
principles simulations; the dynamical, mechanical and ther-
mal stabilities are verified by phonon spectrum calculations,
calculated elastic constants and MD simulations. When SOC
is turned on, the system is changed to an FM QAH insulator
of high C with a sizeable band gap. By turning the magne-
tization direction, topological phase transition from C = 2 to
C = —2 arises in monolayer FeSIn. Importantly, when com-
pressive strain is applied, the magnetic axis shifts from the x—y
plane to the z direction, which facilitates the generation of a
spontaneous QAH state with high C. Meanwhile, the mag-
netic ground state and MAE are robust to the U value, and
the band gap gradually increases with increase in the U value,
which is conducive to the experimental observation of a QAH
state. Moreover, QAH states with high C are robust to biaxial
strain and U-value. We also found that the similar excellent
properties are likely to occur in monolayer FeTeGa. Our find-
ings provide insights for lower-energy-consumption spintronic

devices and observation of higher-temperature QAH states.
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