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Two-dimensional (2D) magnetic materials are currently of great interest for their promising applications in
spintronics. Strong magnetic coupling and anisotropy are both highly desirable for the achievement of high-
temperature magnetic order. Here we propose the unusual high-valence FeS, hexagonal monolayer as such
a candidate for a strong Ising 2D ferromagnet by spin-orbital state analyses, first-principles calculations, and
the renormalized spin-wave theory (RSWT). We find that, very importantly, the high-valence Fe** ion is in the
low-spin state (r;,, S = 1) with degenerate t,, orbitals rather than the high-spin state (3,e,, S = 2). It is the
low-spin state that allows us to carry a large perpendicular orbital moment and then produces a huge single-ion
anisotropy (SIA) of 25 meV/Fe. Moreover, the negative charge-transfer character associated with the unusual
high valence, strong Fe 3d-S 3p hybridization, wide bands, and a small band gap all help to establish a strong
superexchange. Indeed, our first-principles calculations confirm the strong ferromagnetic superexchange and
the huge perpendicular SIA, both of which are further enhanced by a compressive strain. Then, our RSWT
calculations predict that the ferromagnet 7¢ is 261 K for the pristine FeS, monolayer and could be increased to
409 K under —5% compressive strain. The high 7¢ is also reproduced by our Monte Carlo simulations. Therefore,
it is worth exploring high-7¢ Ising ferromagnets in high-valence 2D magnetic materials with degenerate orbitals.

DOLI: 10.1103/PhysRevB.109.014431

I. INTRODUCTION

Since the discovery of the two-dimensional (2D) ferro-
magnets Crls [1] and Cr,Ge,Teg [2] in 2017, 2D magnetic
materials have attracted great interest due to their promising
applications in quantum devices and information technology
[3-7]. According to the Mermin-Wagner theorem [8], mag-
netic anisotropy (MA) is essential for establishing long-range
magnetic order in 2D materials. Both the Crl; monolayer [1]
and Cr,Ge,Teg bilayer [2] have a weak perpendicular MA,
which was ascribed to an exchange anisotropy caused by the
spin-orbit coupling (SOC) of the heavy ligand p orbitals and
their hybridization with the Cr 3d orbitals [9-11]. Here the oc-
tahedral Cr** § = 3/2 ion has a closed tgg shell, and its orbital
singlet produces no single-ion anisotropy (SIA). In contrast,
the VI3 monolayer has an open V3* tzzg shell, which allows
for an unquenched orbital moment and a large SIA of 16 meV
per V3t jon [12]. This accounts for the recent experimental
observations of the large orbital moment and Ising magnetism
in the VI3 monolayer [13-15]. As a large MA maintains a pre-
ferred magnetic orientation against the thermal fluctuation and
excitation, it may stabilize long-range magnetic order at a high
temperature [1,2,13-20]. To facilitate practical applications of
2D magnetic materials, it is highly desirable to achieve both
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strong magnetic coupling and anisotropy in them and thus
their high ordering temperature.

Very recently, an unusual high-valence FeS, monolayer
in a triangular structure was successfully synthesized using
a competitive-chemical-reaction-based growth mechanism
[21]. Its main structural units are the edge-sharing FeSg oc-
tahedra arranged into a delicate triangular network of Fe ions,
as seen in Fig. 1(a). It was found to be an intriguing 2D
ferromagnetic (FM) semiconductor with a small band gap and
a low Curie temperature (Tc =~ 15 K), and its analog with
higher 7¢c may have potential applications in photodetectors
and spintronic devices [21].

In contrast to a series of existing 2D magnetic materials
with normal valence states such as Cr>* in Crl; [1] and Mn?*
in MnBi,Tes [22,23], the FeS, monolayer is quite unique
because of the unusual high-valence Fe** ions. High-valence
transition metal (TM) compounds often have exotic electronic
states, strong covalency between the TM and ligands, and
surprising magnetic properties [24-26]. Although the Hund
exchange favors a high-spin (HS) state with a maximal spin
for 3d TM ions, such as Cr’*t §=3/2, Mn’* § =5/2,
Fe’* § =2, and Fe’* § = 5/2, the octahedral Fe** ion may
well be in a low-spin (LS) S =1 state rather than the HS
S = 2 state, as the very strong hybridization between Fe*" 3d
and S?>~ 3p orbitals could dominate over the Hund exchange
and as a result could stabilize the LS state. In addition,
the strong hybridization and wide band effect would narrow
the band gap of semiconductors or even produce a metallic
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behavior, and all of this would favor magnetic couplings,
either superexchange via the virtual excitation across the small
band gap or the itinerant magnetism in metallic systems.
Moreover, the formal LS Fe** (3d*, S = 1) ion in the local
FeSg octahedron has the t23 gT 1y configuration, and the degen-
erate f, triplet orbitals could carry the large orbital moment
L =1 and produce a strong SIA. Then, the pristine FeS,
monolayer could have both strong magnetic coupling and
anisotropy, and consequently, it could possess a high ordering
temperature suitable for promising spintronic applications.
Furthermore, we rationalize the recent experimental low T¢
by demonstrating the S vacancy effect below and thus propose
that the native high T¢ of FeS; monolayer may be restored by
removing the S vacancies.

The above pictures motivate us to study the electronic
structure and magnetic properties of the FeS, monolayer using
first-principles calculations, the crystal field level and spin-
state diagrams, charge-transfer-type superexchange analysis,
and renormalized spin-wave theory (RSWT) calculations. In-
deed, our work confirms that the unusual high-valence Fe*t
ionisin the LS S = 1 state and possesses a large out-of-plane
orbital moment of about 1up and thus a huge perpendicular
SIA of 25 meV/Fe. Moreover, we find that the FeS, mono-
layer is a charge-transfer-type semiconductor with a tiny band
gap and has very strong FM couplings. Thus, the pristine FeS,
monolayer would have quite high 7T¢ which is even increased
above room temperature under a few percent compressive
strain according to our RSWT calculations and MC simu-
lations. Therefore, this prediction calls for an experimental
study, and high-valence van der Waals magnetic materials
with degenerate orbitals are worth exploring in the search for
2D high-T¢ Ising ferromagnets.

II. COMPUTATIONAL DETAILS

We perform density functional theory (DFT) calculations
using the Vienna Ab initio Simulation Package (VASP) [27].
The kinetic energy cutoff for plane wave expansion is set
to 500 eV. A Monkhorst-Pack grid of 11x11x1 is used for
the 1x1 planar unit cell, and a (3x3x1) k mesh is used
for the 4x4 planar supercell. The experimental lattice con-
stants a = b = 3.23 A [21] for the FeS, monolayer are used
in our calculations, as the DFT optimized lattice constants
a=>b=2320 A are almost the same as them. The atomic
positions are fully relaxed until the force on each atom is
less than 0.01 eV/A, and the total energy minimization is
performed with a tolerance of 107> eV. A vacuum space larger
than 15 A is employed to avoid periodic image interactions
between FeS, layers. To account for the electron correlation
of Fe 3d states, local-spin-density approximation plus Hub-
bard’s U (LSDA + U) calculations are performed using the
common value of Hubbard’s U = 5eV and Hund’s exchange
Ju = 1eV, and moreover, the hybrid functional calculations
are carried out. Both the calculations give very similar band
structures, as seen below, and also reproduce the experimental
small gap. Furthermore, we test the U values in the reasonable
range of 4-6 eV and find that our prediction of the quite high
Tc Ising ferromagnet remains unchanged, as seen below.

To check the ground state and possible metastable states
of the spin-orbital system, we use the open-source software
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FIG. 1. (a) The crystal structure of the FeS, monolayer. J;,
Jo, and J; refer to the first-, second-, and third-nearest-neighbor
magnetic exchanges. (b) Fixed-spin-moment calculations imply the
formal low-spin state with § = 1 for Fe*".

developed by Watson [28] to construct the occupation number
matrices for multiple spin-orbital states; more details are given
in Sec. I of the Supplemental Material (SM) [29] (see also
references [21,30-37] therein). Then, the LSDA + U calcu-
lations read those occupation number matrices and yield the
orbitally dependent/polarized potential in each iteration of
the electronic steps. Furthermore, those occupation number
matrices are updated and read iteratively in self-consistent
calculations until full electronic relaxation. Normally, in
such calculations the ground state and several low-energy
metastable states can be stabilized as they are, but some
high-energy metastable states are too unstable to converge
to the ground state or a low-energy metastable state. Then,
one can determine the ground state of the spin-orbital system
in a reliable way using such calculations, as demonstrated
in many previous works [12,17,20,38,39]. For example, such
calculations can well reproduce the experimental crystal field
level splitting and orbital excitation energy, and in this work
their accuracy is proven by reproducing the SOC strength of
the Fe*t 3d electrons, as seen below. Note also that the SOC
is included for Fe and S atoms using the second-variational
method with scalar relativistic wave functions. The magnetic
phase transition of the FeS, monolayer is probed using RSWT
and MC simulations; more computational details are given in
the SM [29].

III. RESULTS AND DISCUSSION
A. The low-spin state of the Fe** ion

To clearly see the crystal field effect, exchange splitting,
electron correlation, and crucial SOC effects, we present and
discuss the LSDA and LSDA + SOC + U calculations. We
first carry out LSDA calculations to see the basic electronic
structure of the FeS, monolayer. The Fe 3d states in the
local FeSe octahedron split into the higher-lying e doublet
and the lower 1), triplet with an energy separation of about
2 eV, and t, further splits into the ay, singlet and e doublet
in the global trigonal crystal field, as seen in Fig. 2 and in
Sec. I of the SM [29]. a;, and e;,’ are almost degenerate and
spin polarized, with the up-spin channel being fully filled
but the down-spin one being partially occupied, and the eg
doublet is formally unoccupied, with the antibonding state
lying around 2 eV above the Fermi level. Obviously, there
is strong hybridization between the Fe 3d and S 3p states,
causing their broad bands to distribute over a large energy
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FIG. 2. (a) Fe 3d and (b) S 3p densities of states (DOSs) from the
LSDA. The blue (red) curves stand for the up (down) spin channel.
The Fermi level is set at zero energy.

range from —6 to 3 eV. It is the strong hybridization that
produces a huge pdo bonding-antibonding splitting of about
6 eV (about —4 vs 2 eV) for the Fe 3d e states. There are a
lot of holes on the S 3p states, featuring the negative charge-
transfer behavior in such unusually high valence compounds
[40,41]. The calculated local spin moment is 1.50up per
Fe*", implying a low-spin § = 1 state with the formal tg’ Tlv
configuration. Owing to the strong Fe 3d-S 3p hybridization,
the S 3p fat orbitals/delocalized states also get somewhat spin
polarized, having 0.03up per S within their muffin-tin sphere
and 0.06up in the interstitial region per formula unit (f.u.).
All those spin moments add up to the total spin moment of
1.62up /f.u., but this moment is still reduced from the formal
Fe*t § =1 state just by the electron itineracy in the LSDA
metallic band structure originating from the strong Fe 3d-S
3p hybridization.

To double-check the possible LS ground state of the for-
mal Fe** ion, we perform fixed-spin-moment calculations
and compute the LSDA total energies for total spin moments
ranging from the nonmagnetic S = O state viathe LS S = 1 to
the HS § = 2 state. As seen in Fig. 1(b), the obtained results
show that the ground state indeed has a total spin moment
close to 2ug/fu (i.e.,, the LS S = 1 state) and that the HS
S = 2 state is extremely unstable, lying too far above the LS
state by about 1.5 eV/f.u. All of the above results show that
the unusual high-valence Fe** ion is in the formal LS § = 1
state rather than the HS S = 2 state.

B. The L; = 1 ground state and huge SIA

The LS Fe** ion has the formal t23 T configuration, and
the nearly degenerate a;, and eg orbitals in the global trigonal
crystal field could make the Fe** ion stay in different orbital
states, as seen in Fig. 3. Actually, all these states have the
same full filling of the up-spin t,, orbitals and differ only
in the occupation of the down-spin t,, which is therefore
used to label those states. The different combinations of the
aig singlet and ey doublet in the case of the corresponding
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FIG. 3. Crystal field level diagrams for the LS Fe** § = 1 ion in
different configuration states: the single down-spin electron occupies
the (a) L., (b) aig, and (c) L., states. (d) The relative total energies
AE (meV/fu) and (e) orbital moments (blue for out of plane and
yellow for in plane) for the FeS, monolayer in different states from
LSDA + SOC + U. The symbol || in the state labels marks the in-
plane magnetization, in comparison with other states with out-of-
plane magnetization.

orbital degeneracy yield the .1, L.y, or L,y state with an
orbital moment of +1up along the z, x, or y axis, respectively;
see Sec. I of the SM for more details [29]. Note that the
aig orbital singlet state in Fig. 3(b) formally has no orbital
moment but could carry a small one due to the SOC mixing
of ai, and ey. Moreover, owing to the actual trigonal crystal
field splitting between the aj, singlet and e; doublet, the
real L,+ and L, states obtained below could have an orbital
moment different from +1up which is also spin orientation
dependent due to the SOC effect [see Fig. 3(e)]. By including
the SOC and electron correlation effects of Fe 3d orbitals,
we carry out LSDA + SOC 4 U calculations to determine
which state in Fig. 3(d) is the spin-orbital ground state of the
FeS, monolayer. Indeed, all these states can be stabilized in
our calculations guided by the initialized occupation number
matrices and by the subsequent full electronic relaxation.

All the solutions are semiconducting with a tiny band gap,
and the corresponding results are displayed in Fig. 4 and
Sec. II in the SM [29]. The ground state is L.y. It has a
total spin moment of 1.98up and a parallel orbital moment
of 0.94u5, both along the z axis [Figs. 3(a) and 4]. The L,
state, where the orbital moment is antiparallel to the total spin
moment, would lose the SOC energy, and the increasing total
energy of 61 meV/f.u. [AE = {(AL)s, = ¢ x 2 x 1/2] leads
to an estimate of the SOC parameter of { = 61 meV for the
formal Fe** ion [see Fig. 3(d)]. As the L., orbital moment
firmly fixes, via the SOC, the parallel spin moment along the
z axis, if the spin moment can be flipped into the xy plane,
the total energy will rise by 25 meV/f.u. [Fig. 3(d)], showing
a huge SIA energy of 25 meV/Fe which approaches the ideal
¢ /2. Moreover, we obtain the L, state, and it has both an
x-axis spin moment of 2 ug and an orbital moment of 1 ug,
but its total energy is higher than the L., ground state by 42
meV/f.u. [see Figs. 3(d) and 3(e)]. We also get the a;, state,
and it has a finite in-plane orbital moment of 0.28 g and lies
above the L, ground state by 44 meV/f.u.
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FIG. 4. (a) Fe 3d and (b) S 3p DOS of FeS, monolayer in the
L., ground state by LSDA 4 SOC + U. The blue (red) curves stand
for the up (down) spin channel. The Fermi level is set at zero energy.
(c) The corresponding band structure with a tiny band gap of 40 meV.

Then, in the FeS, monolayer, the formal Fe**t ion is in the
low-spin tfg state with § = 1 and L, = 1, and those occupied
states are separated from other unoccupied Fe 3d states by
electronic Coulomb correlations, which essentially determine
the insulating behavior of the FeS, monolayer [see Fig. 4(a)].
The negative charge-transfer character and strong Fe 3d-S 3p
hybridization, both associated with the unusually high Fe**
valence state, give rise to broad bands which eventually reduce
the above gap drastically to a minor semiconducting gap, as
seen in Figs. 4(b) and 4(c).

Indeed, the energy splitting between the L, and L,_ or-
bitals arises from the SOC effect. In addition to this, electron
correlation plays a significant role in determining the en-
ergy splitting between the occupied and unoccupied Fe 3d
states, as shown in Fig. 4(a). In this work, we stabilize the
spin-orbital ground state and several metastable states using
LSDA + SOC + U calculations, where the “large” energy
splitting between the occupied and unoccupied Fe 3d states
is always present due to Hubbard’s U. In order to determine
the spin-orbital excitation energy of the Fe 3d states, e.g., the
L., /L, orbital splitting by SOC, we cannot use the DOS
results and instead use the computed total energy differences,
as shown in Fig. 3(d). Our results show that the SOC L., /L,
splitting is 61 meV, which just reflects the SOC strength ¢
of the Fe 3d state. Actually, the { parameter of the ionic Fe

3d state is known to be about 60—70 meV, and the present
agreement reflects the good accuracy of our calculations.
After investigating all the spin-orbital states of the unusual
high-valence and LS Fe*t ions, we find that the ground state
is L4 [see Fig. 3(a)]. It has a nominal large orbital moment
of 1ug which is parallel to the total spin moment of 2uup and
has a small insulating gap of 40 meV, as shown in Fig. 4(c),
which is in agreement with the observed small gap insulating
behavior of the FeS, monolayer [21]. Note that this small
gap band structure [Fig. 4(c)] is also well reproduced by a
hybrid functional calculation which yields a very similar band
structure, as seen in Fig. S6 in the SM [29]. Moreover, the
L., ground state has a huge SIA energy of 25 meV /Fe and
strongly favors perpendicular magnetization. Therefore, the
FeS, monolayer could be an emerging 2D Ising magnet.

C. FM couplings and high T

We now study the magnetic properties of the FeS, mono-
layer. Besides the above calculated FM state, we also calculate
three different antiferromagnetic (AFM) states, which are de-
picted in Fig. S7 in the SM [29]. All the calculations are based
on the LS L., spin-orbital ground state. The results show
that the FM solution is the ground state, and the three ex-
change parameters J; = 5.81 meV, J, = 2.0l meV, and J; =
1.05meV are all FM; see Sec. IV in the SM for more details
[29]. For 2D FM semiconductors and insulators, normally,
a superexchange plays a dominant role in establishing the
magnetic couplings, and the hybridization between the mag-
netic transition metal ions and the ligand ions has a strong
impact on the strength of the superexchange couplings. The
largest, J; = 5.81 meV, can be qualitatively explained by the
charge-transfer-type superexchange, and the large distance
J3 of 1.05 meV is still sizable due to the strong Fe 3d-S
3p hybridization and the tiny band gap (in this unusually
high valence system), both of which facilitate the long-range
FM coupling. As the FeS, monolayer is a tiny-gap charge-
transfer semiconductor, the virtual excitations from S 3p to
Fe 3d associated with the superexchange are energetically
cheap. Moreover, the strong Fe 3d-S 3p hybridizations yield
large hopping parameters. Then the two major superexchange
channels, including the large pdo and medium pdm hy-
bridizations, contribute to the FM J; coupling; for more details
see Sec. V in the SM [29].

Using the three FM exchange parameters and the huge SIA
parameter D = 25 meV, here we perform RSWT calculations
(see Sec. VI in the SM [29]) and find that the FeS, monolayer
has a pretty high 7c = 261 K, as seen in Fig. 5. In the RSWT
calculations, T¢ is sensitive to the SIA energy, and T¢ will drop
a lot when the STA parameter is reduced from the present huge
value of 25 meV down to the more common value of a few
meV or a few tenths of a meV: e.g., Tc is reduced to 132 K for
SIA = 2.5 meV and to 37 K for SIA = 0.25 meV (see Fig. 5).
These results show that the present huge SIA indeed con-
tributes a lot to stabilize the pretty high 7c = 261 K. Note that
when using the three FM parameters (J; = 4.73meV, J, =
1.33meV, and J3 = 1.27meV; see Table S7 in the SM) and
the unchanged D = 25 meV, both obtained using LSDA +
SOC 4+ U with U = 6eV, T¢ is somewhat reduced to 234 K.
When U = 4eV is assumed, the small gap is closed, and the

014431-4



FeS;, MONOLAYER: A HIGH-VALENCE AND ...

PHYSICAL REVIEW B 109, 014431 (2024)

2 Obese --- 0%, D/100

N \\ — 0%, D/25

-

------ 0%, D/10
— 0%,D
— —25%
— 5%

0100 200 300 400 500 600
T (K)

FIG. 5. The magnetization M as a function of temperature calcu-
lated with the RSWT. Here the SIA parameter is D = 25meV. T¢ is
determined by M = 0.

FM metallic solution has a stronger itinerant FM behavior and
higher 7c > 261 K (compared with U = 5eV). Therefore, for
the very reasonable U = 5 eV (or somewhat larger U) to open
the experimental small gap of the FeS, monolayer, 7c must be
261 K (or somewhat lower but still a pretty high T¢).

As the SIA arises from the LS L., ground state which
benefits from the half-filled lower ey doublet rather than the
ayg singlet in the global trigonal crystal field, one would ex-
pect that a biaxial compressive strain would force the FeSg
octahedra to elongate along the global z axis, i.e., along the
local cubic [111] direction, and then enlarge the crystal field
splitting between the lower ey doublet and the higher a,
singlet. As a result, the LS L, ground state, out of the lower
e’gf doublet, would become even more stable, and the in-plane
FM exchange could become stronger due to the shortened
bond lengths. Upon biaxial compressive strain, the energy
separation between the L., ground state and the higher a;,
singlet is, indeed, increased as expected (see Fig. S9 in the SM
[29]), but under tensile strain, the energy separation is reduced
and even changes sign when the tensile strain is larger than
2.5%. Moreover, under compressive strain, the FM ground
state becomes more stable than other AFM states, indicating
a stronger FM exchange; see Sec. VII in the SM for more
details [29]. Then, using the enhanced FM exchanges and the
huge SIA under compressive strain, our RSWT calculations
show that 7¢ is increased from 261 K for the pristine FeS,
monolayer to 310 K for —2.5% strain and to 409 K for —5.0%
strain (see Fig. 5). We also carry out MC simulations and find
T is comparable to the RSWT prediction. The corresponding
Tc values are 220, 275, and 350 K according to our MC
simulations; see Sec. VIII in the SM [29]. Both sets of results
arrive at the same conclusion that the pristine FeS, monolayer
will have a pretty high 7 which is even above room temper-
ature under a few percent compressive strain. Therefore, the
emerging FeS, monolayer could be an appealing high-7¢ 2D
Ising ferromagnet.

D. Sulfur vacancy

Now we comment on why the recent experimental 7¢ is
only about 15 K [21]. It may well be due to the S vacancies.

Such ligand vacancies are quite common in high-valence ma-
terials [26,42,43] and 2D materials [44-47]. We performed
DFT calculations using a 3x3 supercell with a single sulfur
vacancy in our simulations (with a vacancy ratio of 1/18; see
Fig. S12(a) in Sec. IX in the SM [29]). The supercell structure
is relaxed using LSDA, and we compare the total energies
calculated using LSDA + SOC 4 U for a spin orientation that
is either out of plane or in plane and find that the magnetic
anisotropy energy (MAE) still favors the easy out-of-plane
orientation but drops drastically down to only 1.02 meV /Fe
on average. This drastic reduction of MAE is mainly due to
a lifting of the orbital degeneracy by the lattice distortion
associated with the sulfur vacancy, and the additional crystal
field splitting largely suppresses the orbital moment and the
MAE. Note that the sulfur vacancy acts like an electron donor,
and the minor gap in the otherwise vacancy-free prototype
material closes now [see Fig. S12(b) in the SM]. Moreover,
owing to the sulfur vacancy and the lattice distortion, there
exist many inequivalent Fe sites in the supercell, and there
are even much more different magnetic exchange parameters.
Here we just make a crude estimate because of this complex-
ity. For example, for the Fe site farthest away from the S
vacancy, our LSDA + SOC + U calculations give the average
first-nearest-neighbor exchange parameter of 6.00 meV. This
small increase in the FM coupling strength, compared with
the above homogeneous J; = 5.81 meV, may well be due to
the enhanced itineracy associated with the electron donation
of the sulfur vacancy. However, for the Fe site closest to the
S vacancy, our LSDA + SOC + U calculations give an aver-
age first-nearest-neighbor exchange parameter of —5.70 meV,
which even turns into the AFM type due to the S vacancy.
Therefore, the average exchange (most likely FM) among the
many different magnetic channels in the supercell with the
sulfur vacancy can be expected to be no stronger than the
homogeneous ones in the ideal lattice. Taking the above Jj,
J>, and J3 as the upper limit, the drastic decrease in the MAE
already significantly reduces T down to 90 K (see the solid
black curve in Fig. 5). Such T¢ would be further reduced (and
would approach the experimental value of 15 K) when the
averagely decreasing FM exchange (and even the AFM type
for some exchange channels) is used. Therefore, to achieve
the ideal high T¢ in the FeS, monolayer, the S vacancy is-
sue should be avoided during the sample preparation/growth,
e.g., using high pressure [48], postgrowth treatment [49], and
sulfur-rich growth [50].

IV. SUMMARY

In summary, we proposed that the FeS, monolayer is
an appealing 2D high-T¢ Ising ferromagnet using density
functional calculations, crystal field level analyses and spin-
orbital-state diagrams, RSWT, and MC simulations. Our
results reveal that the unusual high-valence Fe*' is in the
LS L., spin-orbital ground state, resulting in a large orbital
moment of about 1ug and huge MA of 25 meV/Fe. The
negative charge-transfer character associated with the Fe high
valence, strong Fe 3d-S 3p hybridization, and wide bands but
small band gap all help to establish a strong FM superex-
change. As the compressive strains can further stabilize the
L., ground state and enhance the FM couplings, our RSWT
simulations showed that 7¢ of the FeS, monolayer increases
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from 261 K for a bare monolayer up to 310-409 K under
—2.5 to —5% strains. This work highlights the exploration of
the spin-orbital degrees of freedom to produce strong Ising
magnetism and FM coupling. This approach may pave the
way for discovering more 2D high-7c FM materials suitable
for spintronic applications.
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