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Two-dimensional (2D) transition metal dichalcogenides have garnered growing attention for spintronics devices due
to their special atomic structure and rich physical properties. Here, we report a monolayer quadrilateral FeS, material
with antiferromagnetic (AFM) ordering identified by particle swarm optimization (PSO) global structure search. Using
first-principles calculations and micromagnetic simulations, we demonstrate that monolayer quadrilateral FeS, is an anti-
ferromagnetic metal with the easy axis of the ground state along the ¢ axis and a high Néel temperature (7). We have
further found that the magnetic moment of Fe atoms and magnetic states are strongly modulated by the biaxial strain in a
range from —8% to 8%. When compressive strains of 2% and 6% are applied, easy axis rotation and 7y increase occur,
respectively. These findings establish a foundational framework for the development of FeS;-based AFM spintronics for

potential high-speed device applications.

Keywords: spintronics, 2D materials, FeS,, first-principles calculations, structure prediction
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1. Introduction

Two-dimensional (2D) transition metal dichalcogenides
(TMDCs) have attracted considerable interest for fundamen-
tal studies and novel electronic devices, owing to a rich
variety of physical properties that span semiconducting,!-!
metallic,[¥ half-metallic,!*?! semi-metallic,[®”) and even
superconducting®! systems. Among the TMDC families, iron
disulfide (FeS,), in particular, has been extensively studied
due to the natural abundance of its constituent elements, low
material cost, and the versatile methods for synthesizing its
thin films and various nanostructures. Depending on its atomic
structure and growth method, 2D FeS; can display an appre-
ciable variety of properties. 1]

An immense theoretical effort has been devoted to under-
standing the various structures of FeS,. Early computational
studies focused on bulk phases such as pyrite and marcasite,
investigating their optical properties, band structures, and me-
chanical stability under pressure.!!!~13] More recent research
has explored novel nanostructures with several-atom thick-
nesses, such as T-FeS, and S-FeS,,[14 as well as the influence

of strain on the electronic properties of FeS, monolayers. %]
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However, despite these substantial theoretical, computational,
and experimental efforts, the exploration of a stable FeS, mag-
netic monolayer remains a major challenge.

To address this gap, powerful computational structure
prediction methods, such as Crystal structure AnalYsis by
Particle Swarm Optimization (CALYPSO), provide a pathway
to discovering novel 2D materials.!!%-18] These predictive ap-
proaches are especially pertinent to the search for materials

19201 A particularly

tailored for next-generation technologies. !
promising area is antiferromagnetic (AFM) spintronics, which
seeks to leverage the unique advantages of AFM materials,
namely their zero net magnetization and ultrafast spin dynam-
ics, for high-speed device applications.[?!=24]

In this work, we report the discovery of a novel mono-
layer FeS, crystal structure with AFM ordering, identified us-
ing the PSO technique implemented in the CALYPSO pack-
age. Through first-principles calculations and micromagnetic
simulations, we systematically investigate its magnetic prop-
erties and uncover the origin of its high spin state. We demon-
strate that this quadrilateral structure possesses excellent sta-

bility, as verified by phonon spectra, elastic constants, and for-
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mation energies. Moreover, we show that the electromagnetic
properties of this monolayer FeS, can be further regulated by
biaxial strain, highlighting its potential as a foundational ma-
terial for developing novel AFM spintronic devices.

2. Computational details

The PSO algorithm is used to find the lowest total
energy structure of the FeS; monolayer in the CALYPSO
package.[>27]

number of generations is set to 50 to ensure convergence.

The population size is set at 20, and the

Our calculations are all based on density functional theory
(DFT) as implemented in the Vienna Ab initio Simulation
Package (VASP, version 5.4.4).1282%1 The generalized gradi-
ent approximation (GGA) method with the Perdew—Burke—
Ernzerhof (PBE) functional® is used to calculate the elec-
tron exchange—correlation energy. Electron—nuclear interac-
tions were described by the projector augmented wave (PAW)
method.3!! In reciprocal space, the electronic wave function is
extended by the plane wave basis set. The DFT-D3 method!3?!
is used to calculate the weak van der Waals interactions be-
tween adjacent layers. The effective field Coulomb interaction
parameter (Uegr) is used as 2.0 eV to correct the d strongly cor-
related electron interaction of Fe atoms, which is taken from
Refs. [13,14] and used in the Materials Project for many kinds
of compounds containing Fe. A cut-off energy of 520 eV for

the plane-wave basis set is adopted. The size of the K grid

(331 In the pro-

of the first Brillouin zone is set to 11 x 11 x 1.
cess of structural optimization, all atoms relax until the force
on each atom is smaller than 0.01 eV/A. A vacuum slab of
15 A is used for separating the cells to mimic the 2D system.
The calculation of the phonon dispersion curve is based on the
density functional perturbation theory (DFPT)[**! by using the

PHONOPY package.

3. Results and discussion

The most stable structure of monolayer FeS; is identi-
fied after 50 generations of PSO global structure search. Fig-
ure 1(a) shows the top and side view of the optimized struc-
ture of the FeS, monolayer, which crystallizes in the tetrago-
nal space group, P4m2, with each Fe atom bonding with four
S atoms to form tetrahedral coordination. The unit cell of the
FeS, monolayer contains one Fe and two S atoms with the
optimized lattice parameter a = b = 3.46 A. The structure of
the FeS; monolayer can be viewed as a sandwich structure, in
which the Fe atomic layer is sandwiched between the top and
bottom S atomic layers. The thickness of the FeS, monolayer
is 2.57 A, and the bond length of Fe-S is 2.16 A. The dis-
tances between the nearest and the next-nearest neighbor Fe
atoms are 3.46 A and 4.90 A, respectively.

-¢- O -¢-

Fig. 1. (a) Atomic structures of monolayer quadrilateral FeS,: side view, top view, and tetrahedral coordination. (b) Spin charge distributions of

monolayer quadrilateral FeS; with an isosurface of 0.048 ¢/ A’ The contour profile with yellow (blue) indicates a net spin-up (spin-down) polarization.
(c) Atom-resolved band structure of monolayer quadrilateral FeS; ground state. The Fermi level is set to zero. (d) Side view and top view of differential

charge density (isovalue: 0.009 e/ A3). The dark pink and green colors correspond to charge accumulation and depletion, respectively. (e) Splitting of d
orbitals of the Fe atom under the quadrilateral crystal field of the FeS, monolayer. (f) Schematic diagram of the exchange path between the nearest and
the next-nearest neighbor Fe atoms. The blue (red) arrows represent direct exchange (superexchange) interactions.

To study the magnetic properties of single-layer FeS,, we
consider three kinds of magnetic configurations by calculating
the energy difference between each configuration to confirm

the ground state, as shown in Fig. S1 and Table S1 in sup-

porting materials. The result shows that the total energy of
antiferromagnetic (AFM2) ordering is the lowest, indicating
that the ground state of the single-layer FeS; is antiferromag-

netic. The nonmagnetic (NM) state exhibits the highest en-
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ergy, showing the importance of considering spin polarization
in the calculations. In addition, the same results are obtained
for the energy difference under other values of U taken. The
spin charge density in the ground state is shown in Fig. 1(b).
There is a sizeable magnetic moment of 2.80 ug per Fe atom,
with the spin density mainly localized on the Fe atoms. In ad-
dition, the magnetic moments of each Fe atom in the ground
state under different U are shown in Table S1. However, the
spin directions of each Fe atom are opposite to each other, re-
sulting in the magnetic moment of the unit cell canceling each
other out.

The quadrilateral structure of the FeS; monolayer leads to

the orbitally resolved band structure shown in Fig. 1(c). The
single-layer FeS, is metallic. Furthermore, the band struc-
tures of monolayer quadrilateral FeS, for different U values
are shown in Fig. S2. The orbitals near the Fermi energy level
are mainly contributed by the p orbitals of S atoms. Most
previous studies on single-layer FeS; also exhibit metallic-
ity, as shown in Table 1. We also use the Heyd—Scuseria—
Ernzerhof (HSE06) hybrid functional®! to confirm that the
ground state and band structure of the monolayer quadrilateral
FeS; is AFM metallic with 3.61 up per Fe atom, as shown in
Fig. S3. This kind of AFM metal film is expected to be applied

to AFM-based high-speed spintronic devices. "]

Table 1. The space group, in-plane lattice constants a and b, magnetism, band gaps Eg, and localized magnetic moments for each Fe (M) of
single-layer FeS, with different crystal structures obtained by theoretical calculations and experiments. The unit 1 bar= 10’ Pa.

System Space group a(A) dre_s (A) Magnetic Eg (eV) Mre (UB)
Quadrilateral FeS, PAdm2 3.46 2.16 AFM Metal 2.80
S-Fes, 14l P21/c 551 2.18 AFM Metal

T-FeS, 14 P3ml 3.19 2.28 FM Metal 2
H-FeS, 3% P63 /mmc 3.15 2.28 FM Metal 1.67
H-FeS, 33! (13.7 kbar—59 kbar) P63 /mmc 3.02-2.80 2.28-2.26 FM Half-metal 2.0
H-FeS, 3! P63 /mmc 3.10 2.25 FM Half-metal 1.42
T-FeS, 7] P3ml / 2.27 FM Metal 1.8 (total)
FeS(100) monolayer!38] P21/c 5.52 2.14 FM 0.73 /

The origin of high-spin states with a large magnetic mo-
ment per Fe atom can be well explained by the influence of the
tetrahedral crystal field on the d orbitals of Fe atoms. Accord-
ing to the atomic formal charge, each S atom should gain one
electron from the Fe atom ([Ar]3d64sz). This trend of charge
transfer from Fe to S atoms can be qualitatively seen in the
differential charge density in Fig. 1(d). As schematically illus-
trated in Fig. 1(e), due to the symmetry of the tetrahedral crys-
tal field, five degenerate d orbitals of the Fe atoms are split into
tag levels (dyy, dy;, and d;y) with higher energy and e, levels
(d,2_y» and d2) with lower energy under the current axis defi-
nition. In the monolayer FeS, structure, the tetrahedral crystal
field leads to further splitting of the ty; and eg levels. Conse-
quently, the five d orbitals are no longer degenerate. Following
Hund’s rule, the six low-lying orbitals are singly occupied by
the remaining pair of valence electrons and four unpaired va-
lence electrons on the Fe ion, resulting in a high spin moment.
This picture is further supported by the partial DOS (PDOS)
of the FeS, monolayer in Fig. 2.

For the mechanism of AFM coupling of the FeS, mono-
layer, we further studied the exchange coupling interactions
between Fe atoms. The exchange interactions in the sys-
tem are mainly caused by the direct exchange coupling be-
tween Fe atoms and the superexchange mediated by S atoms.
The distances between the nearest and the next-nearest neigh-
bor Fe atoms and the possible exchange interaction paths
are shown in Fig. 1(f). The distances between the nearest
and the next-nearest neighbor Fe-Fe are d; = 3.46 A and

d> = 4.90 A. The direct exchange interactions originate from
the direct electronic transitions between the nearest neigh-
At this time, because the 3d orbitals of Fe

atoms are partly occupied, the direct exchange interactions are

bor Fe atoms.

likely to be antiferromagnetic.*!! The superexchange interac-
tions in single-layer FeS; follow the Goodenough—Kanamori—
Anderson (GKA) rules,*”! which state that the type of mag-
netic ordering is due to the superexchange interactions be-
tween two metal ions bridged by a nonmetal ion mainly de-
pending on the metal-nonmetal-metal bond angle. The angle
of Fe—S-Fe is 106.34°, suggesting that the superexchange or-
dering is weakly antiferromagnetic.

Total
Fe_d
S_p

Ju—
[e=]
T

Fe_dg.,
Fe_d,.
— Fe_d.»
— Fe_d,.
— Fe_d,»

L

-2 0 2
Energy (eV)
Fig. 2. Total (gray), atom-projected (blue for d orbital of Fe atoms, yel-

low for p orbital of S atoms), and d orbital evolved density of states on
the Fe atom for the FeS; monolayer. The Fermi level is set to zero.

DOS (states/eV)
=

|
_
=)

T

Here, the Hamiltonian of the classical Heisenberg model
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is used to calculate the exchange coupling constants of Fel*’]

H=Y 1Si-Sj+ Y hSi-S;, (1)
(ij) (n

where J; and J; are the nearest and next-nearest neighbor ex-
change coupling constants, respectively. S; and S; are the
spin parameters of the transition metal atoms at positions i and
J, respectively. According to the configurations of spin direc-
tions of the transition metal in different spin states, as shown
in Fig. S1, Eq. (1) is simplified as

Epv = Eo— (4, +44,) $%, ()
Earmi = Eo — (—442) §%, 3)
Eapv2 = Eo — (—4J, 4+4J,) S2. 4)

According to the spin quantum number of Fe?", § =2
is selected. The calculated nearest and next-nearest neighbor
exchange coupling constants J; and J, are —11.85 meV and
—1.06 meV, respectively. This indicates that the nearest and
next-nearest neighbor exchange interactions are both antifer-
romagnetic.

To identify the easy axis of monolayer quadrilateral
FeS,, the magnetic anisotropic energy (MAE) with the torque
method is computed as implemented in VASP.*#! The calcu-
lated MAE = 228.44 p eV/f.u. shows that the easy axis is
along the c-axis out of the plane. We then calculate the Néel
temperature (7y) via the mean field approximations (MFA)
written as[*]

24J 5>

kT = —3—, ®)

where kp is the Boltzmann constant and ¢ is the number
of nearest neighbors of the unit cell. The calculated 7y is
219.80 K, which is higher than the 2D magnets that have been
verified. (e.g., the Curie temperatures of Cr,Ge,Teg and Crl3

are approximately 64 K and 45 K, respectively 46471,
16 25 ——FM-AFMI
= v — -
S 20 FM-AFM2
S g
Z el >15
29 S
[
g af 4 1.0
&
= [ 0.5
0
. 0
r X M I 8 -4 o0 1
Strain (%)
3.05 A
3.00 f —
r < //
Z 2095 P S
. . i
£ 2.90 \\ =
<
2.85 s
2.80 e
-8 =4 0 1 ] 0 4 8
Strain (%) Strain (%)

Fig. 3. (a) Phonon dispersion of monolayer quadrilateral FeS; using a su-
percell. (b)—(d) Energy differences between the FM and AFM states (b),
the magnetic moment of each Fe atom (c), and AMAE (d) of monolayer
quadrilateral FeS, under biaxial strains ranging from —8% to 8%.

To confirm the dynamic stability of the ground state of
the monolayer quadrilateral FeS, structure, we calculate its
phonon spectrum with the force information obtained from
VASP calculations for 3 x 3 x 1 supercells followed by post-
processing calculations via the Phonopy package, as shown in
Fig. 3(a). Furthermore, the phonon dispersion of monolayer
quadrilateral FeS, using K-points of 11 x 11 x 1, 13 x 13 x 1,
and 15 x 15 x 1 is shown in Fig. S4. Although there are some
negligibly small imaginary frequencies near the I" point due
to translational invariance (i.e., the acoustic sum rule), the ab-
sence of imaginary modes in the other ¢ points throughout the
Brillouin zone shows dynamic stability. 48]

To verify the mechanical and thermodynamic stability
of monolayer quadrilateral FeS,, the stiffness tensor and en-
thalpy of formation of single-layer FeS, were calculated. !
As shown in Table 2, the stiffness tensor satisfying the Born
stability criterial®®! indicates that the material is in a mechan-
ically stable state. The enthalpy of formation is much smaller
than zero, proving the thermodynamic stability of the mono-
layer FeS,. To further demonstrate the thermodynamic sta-
bility, ab initio molecular dynamics (AIMD) simulations of
monolayer quadrilateral FeS, are shown in Fig. S5.

Table 2. The stiffness tensor (Ciy, Ci2, Caz, and Cgg) and enthalpy of
formation of monolayer quadrilateral FeS,.

System Cj; (N/m) Cjp (N/m) Cyp (N/m) Cge (N/m)  Eform (€V)

FeS, 32.06 20.24 32.06 3.61 —24.26
Spin up —— Spin down
—8% —6% —4% —2% 0% 2% 4% 6% 8%

X

/

Energy (eV)

.
AN

N

N
>N\
/

S| B

S =

i

K I''MK I'TMK I’

Fig. 4. Band structures of monolayer quadrilateral FeS; under biaxial strains
ranging from —8% to 8%.

Strain engineering has been widely used to modu-
late the structural and electromagnetic properties of mono-

[51-53] elongated

layer TMDC, such as thermal expansion,
substrate,®! and mechanical stretching/bending.[>>-%1 We
apply in-plane biaxial strains to monolayer quadrilateral FeS,.
Figure 3(b) shows the energy differences of monolayer quadri-
lateral FeS, with FM and AFM orderings under biaxial strains
ranging from —8% to 8%. We observed that the energy
difference remains positive in the range of applied biaxial

strains, showing that the AFM ground state is unaffected by
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the strains. The magnetic moment of Fe atoms gradually in-
creases with increasing strain, as shown in Fig. 3(c). In addi-
tion, the MAE and the band structure of monolayer quadri-
lateral FeS, are significantly affected by the biaxial strain.
When a tensile strain applied to the material increases grad-
ually from zero strain, the MAE gradually increases. How-
ever, when a compressive strain of 2% is applied, the easy axis
of the single-layer FeS, flips from out-of-plane to in-plane, as
shown in Fig. 3(d). As shown in Fig. 4, the trend of the change
in the band structure with biaxial strain shows that monolayer
quadrilateral FeS, remains metallic within the applied strain
range.

In addition, we calculated the temperature-dependent
magnetization of FeS,. The calculation of the Ty of FeS, is
provided by Vampire 5.0.1°!! The energy of the system is de-
scribed by the following Hamiltonian, which includes all the
energy contributions to the magnetic behavior of the system,
as well as the Heisenberg form of exchange:

-Y JiiSi-S; Zk’ o)

i<j

_,UOZIJéSi « Happ + Haemag (6)

where k' is the uniaxial anisotropy energy on site i along the
axis é, lo is the permeability constant, ,ué is the atomic spin
moment, Hyp, is the Hamiltonian of externally applied mag-
netic fields, and Hgemag is the Hamiltonian of demagnetiza-
tion fields. The parameters in the simulation are obtained by
ab initio density functional theory (DFT) calculations, includ-
ing nearest-neighbor exchange interactions and next-nearest-
neighbor exchange interactions. The crystal structure of the
model is based on the structure used in the VASP calcula-

tions with a lattice constant of 3.46 A and a system size
of 50 nmx50 nm. We incorporate the thermal effect into
the model by introducing the stochastic field into the effec-
tive field in the atomistic Landau-Lifshitz—Gilbert equation.
Within this approach, the stochastic field is introduced as a
white noise term, whose properties are in agreement with
the fluctuation—dissipation theorem and correctly lead to the
Boltzmann equilibrium distribution.[%%3 The mean magneti-
zation of the FeS; sublattice and exchange strength are given
in Fig. 5.

In Fig. 5(a), when the biaxial strain is larger than 4%,
J is in the ferromagnetic phase. According to the results in
Fig. 5(b), the Ty of the sublattice is near 80 K. As illustrated
in Fig. 5(c), the peak positions of the magnetic susceptibility
under various strains are in excellent agreement with the tran-
sition temperatures identified from the mean magnetization
curves, which robustly confirms the antiferromagnetic phase
transition. It should be noted that the 7y calculated using the
MFA is a known overestimation.®#! This is because the MFA
model overstates the stability of the magnetic order by ne-
glecting crucial thermal spin fluctuations. The physical origin
of this discrepancy is that the MFA model replaces dynamic
spin interactions with a static average field, thereby neglecting
the crucial thermal spin fluctuations that act to destabilize the
magnetic order. Under the application of 6% biaxial compres-
sive strain, the huge antiferromagnetic exchange coupling in-
creases Ty to 100 K. This strain tunability can be attributed to
changes in lattice deformation and interactions between elec-
tron clouds of atoms under strain, thus providing us with the
opportunity to tune the band structure and magnetic properties
of 2D TMDC. %)
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Fig. 5. (a) The biaxial strains-dependent nearest exchange strength J; and next nearest exchange strength J>. The mean magnetization (b) and the magnetic

susceptibility (c) of the FeS; sublattice under biaxial strains.

4. Conclusion

In summary, we predict a monolayer quadrilateral metal
FeS, with AFM via PSO global structure search and first-
principles calculation. This quadrilateral structure has suffi-
cient kinetic, mechanical, and thermodynamic stability. The
Fe atoms of the single-layer FeS; are in a high-spin state with
3.6 up. The single-layer quadrilateral FeS, exhibits a sizable
MAE with the in-plane easy axis. We further estimate that Ty
is 80 K using micromagnetic simulations, which means that it

has the potential to be used in spintronics devices. At biaxial
strains of —8% to 8%, FeS, maintains an AFM ground state
and a larger magnetic moment. The rotation of the easy axis
and the increase in Ty occurred when —2% and —6% strain
was applied, respectively. The remarkable electromagnetic
properties of monolayer quadrilateral FeS,, such as the mag-
netic moment, band structure and 7y tunable by biaxial strain,
make it a candidate 2D material for high-speed spintronic nan-

odevices.
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