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Understanding the Ising zigzag antiferromagnetism of FePS3 and FePSe3 monolayers
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Transition metal phosphorous trichalcogenides represent a class of van der Waals magnetic materials ideal
for exploring two-dimensional magnetism. This study investigates the spin-orbital states of FePS3 and FePSe3

monolayers and the origin of their Ising zigzag antiferromagnetism (AFM), using density functional calculations,
crystal field level diagrams, superexchange analyses, and parallel tempering Monte Carlo (PTMC) simulations.
Our calculations show that under the trigonal elongation of the FeS6 (FeSe6) octahedra, the eπ

g doublet of the
Fe 3d crystal field levels lies lower than the a1g singlet by about 108 meV (123 meV), which is much larger
than the strength of Fe 3d spin-orbit coupling (SOC). Then, the half-filled minority-spin eπ

g doublet of the
high-spin Fe2+ ions (d5↑,1↓) splits by the SOC into the lower Lz+ and higher Lz− states. The spin-orbital ground
state d5↑L1↓

z+ formally with Sz = 2 and Lz = 1 gives the large z-axis spin/orbital moments of 3.51/0.76 μB

(3.41/0.67 μB) for FePS3 (FePSe3) monolayer, and both the moments are reduced by the strong (stronger) Fe
3d hybridizations with S 3p (Se 4p) states. As a result, FePS3 (FePSe3) monolayer has a huge perpendicular
single-ion anisotropy (SIA) energy of 19.4 meV (14.9 meV), giving an Ising-type magnetism. Moreover, via
the maximally localized Wannier functions, we find that the first-nearest-neighboring (1NN) Fe-Fe pair has
large hopping parameters in-between some specific orbitals, and so does the third-nearest-neighboring (3NN)
Fe-Fe pair. In contrast, the second-nearest-neighboring (2NN) Fe-Fe pair has much smaller hopping parameters
and the fourth-nearest-neighboring Fe-Fe pair has negligibly small ones. Then, a combination of those hopping
parameters and the superexchange picture can readily explain the computed strong 1NN ferromagnetic coupling
and the strong 3NN antiferromagnetic one but the relatively much smaller 2NN antiferromagnetic coupling.
Furthermore, our PTMC simulations give TN of 119 K for FePS3 monolayer and well reproduce its experimental
Ising zigzag AFM, and also predict for FePSe3 monolayer the same magnetic structure with a close or even
higher TN.

DOI: 10.1103/PhysRevB.110.024427

I. INTRODUCTION

The study of two-dimensional (2D) magnetic materials
has seen a surge in interest [1–7] following the discovery of
ferromagnetic (FM) behavior in the CrI3 monolayer [8] and
the Cr2Ge2Te6 bilayer [9] in 2017. In line with the Mermin-
Wagner theorem [10], the key to establishing magnetic order
in 2D materials is magnetic anisotropy (MA). For instance,
both the CrI3 monolayer [8] and Cr2Ge2Te6 bilayer [9] exhibit
weak out-of-plane anisotropy due to the spin-orbit coupling
(SOC) of heavy ligand p orbitals and their hybridization with
closed Cr3+ t3

2g shell [11–14]. In stark contrast, the VI3 mono-
layer exhibits giant single-ion anisotropy (SIA) of 16 meV
per V atom associated with the open V3+ t2

2g shell and its SOC
effects [15–17], and the experimental large orbital moment is
0.6 μB [18,19]. As the MA is essential to the 2D magnetism,
it is desirable to have a large orbital moment, a giant SIA, and
thus Ising-type magnetism [20–22].

*Contact author: wuh@fudan.edu.cn

Transition metal phosphorous trichalcogenides are a class
of van der Waals layered materials, and among them, FePS3

and FePSe3 bulk materials are zigzag antiferromagnetic (AF)
semiconductors [23–26] with close Néel temperatures (TN)
of 123 [27] and 119 K [23], respectively. Both compounds
contain the Fe2+ ion with S = 2 and exhibit their respective
effective magnetic moment of 5.23 μB for FePS3 [27] and
4.90 μB for FePSe3 [23]. Note that taking into account a
covalent reduction, a spin-only S = 2 state would have the
effective magnetic moment less than 4.9 μB (

√
g2

sS(S + 1) =√
22 × 2 × 3 ≈ 4.9). Therefore, the above effective moments

larger than or equal to 4.9 μB imply a contribution of addi-
tional orbital moments [27].

Recently, FePS3 has been successfully exfoliated to a
monolayer, which maintains the zigzag AF ordering with
TN = 118 K [24,28,29]. This TN remains almost indepen-
dent of thickness, from bulk to the monolayer limit,
indicating the predominance of a strong Ising-type mag-
netism [24]. Several theoretical works [30–35] have con-
firmed the zigzag AF ground state, showing a strong
first-nearest-neighboring (1NN) FM coupling and a strong
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FIG. 1. (a) The atomic structure of FePX3 (X = S, Se) mono-
layer, with the P-P dimer located vertically across the center of the
honeycomb formed by Fe ions, and (b) the edge-shared FeX6 (X = S,
Se) octahedron. (c) The Fe2+ 3d6 spin-orbital states with S = 2 in the
local octahedral but global trigonal crystal field.

third-nearest-neighboring (3NN) AF one but a much smaller
second-nearest-neighboring (2NN) AF coupling. So far, the
Ising magnetism has been confirmed [24,27,33], however, the
corresponding electronic structure and spin-orbital state re-
main less clear. Therefore, here we provide an insight into the
Ising magnetism of FePS3 and FePSe3 monolayers. Moreover,
we use the iNN (i = 1–4) hopping parameters, derived from
the Wannier functions, to explain the competitive 1NN FM
and 3NN AF couplings in determining the zigzag AFM. Then,
our parallel tempering Monte Carlo (PTMC) simulations yield
a rational TN value.

In FePS3 and FePSe3 monolayers, Fe2+ ions in the local
octahedral coordination are influenced by the global trigonal
crystal field (see Fig. 1). This field splits the t2g triplet into a
higher a1g singlet and a lower eπ

g doublet due to the elongation
of the octahedra along the global z axis, as illustrated in
Figs. 1(b) and 1(c). The crystal field splitting between the
a1g singlet and eπ

g doublet is calculated to be 108 (123) meV
for FePS3 (FePSe3) as seen below. After a direct comparison
of different spin-orbital states in the following calculations,
we find the 3d5↑L1↓

z+ ground state with the formal Sz = 2
and Lz = 1, as seen in Fig. 1(c). Then, the consequent big
perpendicular orbital moment and huge SIA readily account
for the experimental Ising magnetism. Moreover, this work
consistently explains the Ising-type zigzag AFM of FePS3

and FePSe3 monolayers, using the first-principles calculations
of their spin-orbital states and the superexchange parameters,
the hopping parameters derived from Wannier functions, and
the PTMC simulations. Furthermore, we predict that their TN

would be enhanced under a compressive strain.

II. COMPUTATIONAL DETAILS

Density functional theory (DFT) calculations are per-
formed using the Vienna ab init io simulation package (VASP)
[36]. The generalized gradient approximation (GGA) pro-
posed by Perdew, Burke, and Ernzerhof (PBE) [37] is used
to describe the exchange-correlation potential. The optimized
lattice constants a = b = 5.93 (6.28) Å for FePS3 (FePSe3)
monolayer are close to the experimental bulk values of 5.95
[38] (6.27 [23]) Å. A 20-Å-thick slab is used to model
FePX3 (X = S, Se) monolayer. The kinetic energy cutoff is
set to 450 eV. The total energies and atomic forces converge
to 10−5 eV and 0.01 eV/Å. A Monkhorst-Pack k mesh of
6 × 6 × 1 (6 × 3 × 1) is used for 1 × 1 unit cell (1 × √

3
supercell). The setup of kinetic energy and k-point sampling is
carefully tested, as seen in Table S1 in Supplemental Material
(SM) [39].

To describe the correlation effect of the localized Fe 3d
electrons, we employ the GGA + U approach [40]. The
Hubbard U values are calculated, through the constrained
random phase approximation [41], to be 3.6 eV for FePS3

monolayer and 2.7 eV for FePSe3, with the common value
of Hund’s exchange JH = 0.9 eV. Both the U and JH are
included in the following GGA + U + JH (normally referred
to as GGA + U ) calculations. The reduction of the U values
from FePS3 to FePSe3 could mainly be due to an enhanced
Coulomb screening effect resulting from a stronger Fe 3d-
Se 4p hybridization. Moreover, the stronger Fe 3d-Se 4p
hybridizations will affect the hopping integrals and superex-
change, as seen in Sec. III E. Note that JH is actually the
difference of the energies of electrons with different spins
or orbitals on the same atomic shell and, therefore, JH is
almost not screened and not modified when going from an
atom to a solid. It is almost a constant for a given element
and is typically 0.8–1.0 eV for a 3d transition metal [42].
We also test the common U = 4 eV for both FePS3 and
FePSe3 monolayers (see Table S2 and Fig. S1 in SM [39])
and find that some quantitative change of the results does not
affect our conclusions. To figure out the ground state among
a set of spin-orbital states, the occupation number matrices

FIG. 2. Density of states (DOS) of FePS3 monolayer by GGA
calculation. The Fermi level is set at zero energy. The blue (red)
curves stand for the up- (down-) spin channel.
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are controlled in our calculations using the open-source soft-
ware developed by Watson [43]. The SOC is included in our
calculations using the second-variational method with scalar
relativistic wave functions.

The hopping parameters are obtained from maximally lo-
calized Wannier functions (MLWFs) using the WANNIER90
[44,45]. Moreover, we perform PTMC [46] simulations to
estimate the TN of FePS3 and FePSe3 monolayers on a 12 ×
12 × 1 spin matrix with periodic boundary conditions, and
the number of replicas is set to 112. A similar result is ob-
tained with larger supercells. During the simulation step, each
spin is rotated randomly in the three-dimensional space. The
spin dynamical process is studied by the classical Metropolis
methods [47].

We adopt the global coordinate system with the z axis along
the local [111] direction of the FeX6 (X = S, Se) octahedra
[see Fig. 1(a) for the local XY Z axes and global xyz axes]. The
eigenwave function in the local octahedral but global trigonal
crystal field, under the global xyz coordinate system, can be
expressed as

|a1g〉 = |3z2 − r2〉,
∣∣eπ

g1

〉 =
√

2

3
|x2 − y2〉 −

√
1

3
|xz〉,

∣∣eπ
g2

〉 =
√

1

3
|yz〉 +

√
2

3
|xy〉,

∣∣eσ
g1

〉 =
√

1

3
|x2 − y2〉 +

√
2

3
|xz〉,

∣∣eσ
g2

〉 =
√

2

3
|yz〉 −

√
1

3
|xy〉. (1)

Considering the crystal field splitting and SOC effect, the half-
filled down-spin eπ

g doublet of the Fe2+ 3d6 high-spin state
would carry an unquenched orbital moment characterized by
the effective orbital momentum L = 1 [see Fig. 1(c)]. Their
eigenwave functions are expressed as

|Lz±〉 = 1√
2

(∣∣eπ
g1

〉 ± i
∣∣eπ

g2

〉)
, (2)

where Lz represents the projection of orbital moment along
the z axis, and ± stands for the Lz = ±1.

III. RESULTS AND DISCUSSION

A. The Fe2+ high-spin S = 2 state

We initially focus on FePS3 monolayer, for which experi-
mental results are available for comparison [24,28,29]. To see
the crystal field effect, exchange splitting, electron correlation,
and the crucial SOC effects, we present and discuss below
the spin-polarized GGA and GGA + SOC + U calculations.
First, we perform spin-polarized GGA calculations for the
FM state to investigate the crystal field effect and the charge-
spin state of the FePS3 monolayer. As shown in Fig. 2, the
octahedral t2g-eg crystal field splitting is about 1 eV in good
agreement with the experiment [48], and in the global trigonal
crystal field, the t2g triplet further splits into the a1g singlet and
eπ

g doublet. The five up-spin 3d orbitals are fully occupied,
while the down-spin eπ

g doublet is half-filled, leading to the

Fe2+ 3d5↑(eπ
g )1↓ configuration. In comparison with the Fe 3d

orbitals around the Fermi level, however, the P 3p orbitals
have little contribution around the Fermi level. Instead, there
is a large bonding-antibonding split (about –6 eV vs 3 eV both
relative to the Fermi level), which arises from the P-P dimer-
ization. In contrast, the S 3p states have strong hybridization
with Fe 3d orbitals, and they have a large and broad contri-
bution in the energy range from –6 eV to the Fermi level.
Therefore, it is undoubted that the S 3p states would play
a vital role in the superexchange interactions mediating the
magnetic couplings in the Fe sublattice.

Moreover, FePS3 monolayer exhibits a total spin moment
of 3.97 μB/f.u. for the FM state, suggesting the formal
Fe2+ S = 2 high-spin state. The Fe2+ ion displays a local
spin moment of 3.37 μB. Owing to the Fe 3d-S 3p hy-
bridization, each sulfur ion gets spin polarized and has a local
spin moment of 0.11 μB, and an additional spin moment of
0.28 μB/f.u. appears in the interstitial region. To confirm the
high-spin S = 2 ground state of the Fe2+ ion, we also com-
pute the low-spin S = 0 state and find it to be 796 meV/f.u.
unstable against the high-spin ground state. Note that it is the
magnitude of the t2g-eg octahedral crystal field splitting (�cf )
relative to JH which determines the spin state of the Fe2+ ion.
To make a crude estimate: the S = 2 state (3d5↑t1↓

2g ) carries
the Hund’s coupling energy of −10JH plus 2�cf (the crystal
field excitation energy of two electrons on the eg orbitals),
whereas the S = 0 state (t3↑3↓

2g ) has a total stabilization energy
of −6JH. Therefore, a critical value for a high-spin to low-spin
transition is �cf > 2JH = 1.8 eV. As seen in Fig. 2, the t2g-eg

crystal field splitting �cf is about 1 eV and much smaller than
the critical value of 1.8 eV. Therefore, FePS3 monolayer is
well stabilized in the high-spin S = 2 ground state.

As seen above, FePS3 monolayer exhibits the
Fe2+ 3d5↑(eπ

g )1↓ high-spin state. The eπ
g doublet has a

lower crystal field energy than the a1g singlet, which accords
with the elongation of the FeS6 octahedra along the z axis as
depicted in Fig. 1(b), where the marked S-Fe-S bond angles
of 85◦ deviate from the ideal ones of 90◦. As a result, the a1g

singlet rises up in the crystal field energy. As seen below, the
half-filling of the down-spin eπ

g doublet is crucial for the Ising

magnetism of FePS3. When the SOC is included (ζ
−→
l · −→s ),

the eπ
g doublet would split into the Lz+ = +1 and Lz− = −1

states as expressed in Eq. (2).

B. The Lz = 1 ground state and Ising magnetism

Then, to investigate the effects of SOC and electron cor-
relation, we perform GGA + SOC + U calculations. The
obtained insulating solution has a total spin moment of
4 μB/f.u. for the FM state and a local spin moment of 3.55 μB

for the Fe ion, reinforcing the formal Fe2+ S = 2 state. Addi-
tionally, we observe a large orbital moment of 0.73 μB on
the Fe2+ ion, in line with the splitting of the eπ

g doublet due

to SOC, resulting in the 3d5↑L1↓
z+ configuration. As depicted

in Fig. 3(a), the five up-spin 3d orbitals are fully occupied.
The single down-spin electron occupies the lower-energy Lz+
orbital, leaving the higher-energy Lz− orbital empty, resulting
in a semiconductor with a band gap of 0.7 eV. This leads to the
3d5↑L1↓

z+ state with a large orbital moment along the z axis.
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FIG. 3. The DOS results of FePS3 monolayer in (a) the 3d5↑L1↓
z+

ground state, (b) 3d5↑L1↓
z−, and (c) 3d5↑a1↓

1g states by the GGA + SOC
+ U calculations, and the corresponding crystal field level diagrams.
The blue (red) curves stand for the up- (down-) spin channel. The
Fermi level is set at zero energy.

The band gap of 0.7 eV between the occupied Lz+ and
unoccupied Lz− states is mainly due to the electron correlation
effect, and it significantly exceeds the typical SOC effect.
To evaluate the spin-orbital excitation energy such as the
Lz+/Lz− orbital splitting by SOC, we focus on the computed
total-energy differences between the 3d5↑L1↓

z+ and 3d5↑L1↓
z−

configurations, other than relying on the DOS results. For
this assessment, we perform GGA + SOC + U calculations,
enabling a direct comparison between these configura-
tions, initialized via the occupation density matrix over the
eigenorbitals.

As depicted in Fig. 3(b), the Fe2+ five up-spin 3d orbitals
are fully occupied, and the single down-spin electron occu-
pies the Lz− orbital, forming the 3d5↑L1↓

z− spin-orbital state.
The Fe2+ ion now has a local spin moment of 3.54 μB and,

FIG. 4. (a) The relative total energies �E (meV/f.u.), and
(b) orbital moments for FePS3 and FePSe3 monolayers in different
spin-orbital states by GGA + SOC + U calculations. The symbol ‖
in the state labeling marks the in-plane magnetization, in comparison
with other states with out-of-plane magnetization.

notably, it exhibits an opposite orbital moment of −0.54 μB

(see the results in Fig. 4). In the 3d5↑L1↓
z− state, the up-spin

subshell is closed, and the single down-spin electron unfavor-
ably carries a parallel negative orbital moment. As a result,
the 3d5↑L1↓

z− state rises in the SOC energy against the 3d5↑L1↓
z+

state by �ESOC = ζ (�lz )sz = ζ (0.73 + 0.54) × 1/2, which
is 34.1 meV/f.u. as seen in Fig. 4. Then, here the SOC pa-
rameter ζ is estimated to be 53.7 meV. As the ζ parameter
for the Fe2+ ion is typically around 50–60 meV, the present
agreement reflects the good accuracy of our calculations.

When studying the SOC effect, it is important to compare
the SOC with the crystal field splitting. As the eg-t2g crystal
field splitting of about 1 eV is one order of magnitude stronger
than the SOC, the eg doublet is irrelevant when dealing with
the SOC. The a1g-eπ

g splitting within the t2g triplet is thus of

concern. For this purpose, we also stabilize the 3d5↑a1↓
1g state

in our calculations [see Fig. 3(c)], and then compare it with
the above 3d5↑L1↓

z+ state. Owing to the singlet nature of the
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a1g orbital, the 3d5↑a1↓
1g state has only a tiny orbital moment

of 0.02 μB, in addition to the Fe2+ spin moment of 3.51 μB.
Our results show that the 3d5↑a1↓

1g state lies above the 3d5↑L1↓
z+

state by �E = 125.1 meV/f.u. (see Fig. 4), and this value is
close to the experimental one of about 120 meV [48]. Then
the a1g-eπ

g trigonal crystal field splitting can be estimated to be
�E − 1

2�ESOC = 125.1− 1
2 × 34.1 = 108 meV. This a1g-eπ

g
splitting is nearly three (two) times as large as the �ESOC

of 34.1 meV (the ζ parameter 53.7 meV) and, therefore, the
a1g-eπ

g mixing by the SOC is insignificant, and then we could
restrict our discussion of the SOC effect within the half-filled
down-spin eπ

g doublet as seen above.
Through the above calculations of the different spin-orbital

states, we find that FePS3 monolayer lies in the 3d5↑L1↓
z+

ground state and carries the high-spin moment of 3.55 μB and
a big orbital moment of 0.73 μB along the z axis. Owing to
the SOC coupling, the spin moment is also fixed along the z
axis. If the spin moment was rotated into the xy plane, only a
small in-plane orbital moment of 0.12 μB would appear, and
then the SOC energy would be largely lost and this state has a
higher total energy than the 3d5↑L1↓

z+ ground-state solution by
19.4 meV/Fe (see Fig. 4). As a result, this significant SIA
defines the huge perpendicular magnetic anisotropy energy
(MAE) of 19.4 meV/Fe, which is two or three orders of mag-
nitude stronger than the MAE in CrI3 monolayer [12–14,16].
Therefore, FePS3 displays the robust Ising magnetism as ex-
perimentally observed [24,28,29].

C. The origin of the zigzag AFM

FePS3 monolayer possesses the 3d5↑L1↓
z+ spin-orbital

ground state with Sz = 2 and Lz = 1. Based on this strong
Ising magnetic spin-orbital state, we investigate the exper-
imentally observed zigzag AFM [24,28,29]. We conduct
calculations for three AF states, zigzag AF, Néel AF, and
stripe AF, in addition to the FM state. These states are il-
lustrated in Fig. 5, using a 1 × √

3 supercell. Our results
indicate that the zigzag AF state is most favorable (with a
band gap of 1.2 eV, not shown) and exhibits the lowest to-
tal energy compared to the other three magnetic states by
17.1–36.7 meV/f.u., as shown in Table I. This result confirms
the experimentally observed zigzag AFM [24,28,29]. To seek
the origin of the zigzag AF ground state, we identify three
exchange parameters: 1NN Fe0-Fe1 (J1), 2NN Fe0-Fe2 (J2),
and 3NN Fe0-Fe3 (J3), as seen in Fig. 5. Considering the
magnetic exchange expression −JS2 (FM for J > 0) for each
pair of Fe2+ S = 2 ions, we calculate the relative energies
per formula unit of FePS3 monolayer in the four magnetic
structures:

Ezigzag AF =
(

−1

2
J1 + J2 + 3

2
J3

)
S2,

EFM =
(

−3

2
J1 − 3J2 − 3

2
J3

)
S2,

ENéel AF =
(

+3

2
J1 − 3J2 + 3

2
J3

)
S2,

Estripe AF =
(

+1

2
J1 + J2 − 3

2
J3

)
S2. (3)

FIG. 5. The four magnetic structures of FePS3 monolayer
marked with three exchange parameters.

Using the relative total energies in Table I and applying
Eq. (3), we determine the exchange parameters for FePS3

monolayer as J1 = 3.13 meV, J2 = −0.34 meV, and J3 =
−2.01 meV. Our results indicate that the 1NN Fe2+ ions, sep-
arated by 3.42 Å, have a strong FM coupling, while the 2NN,
at a distance of 5.93 Å, exhibits a much weaker AF coupling.
Intriguingly, the 3NN J3 Fe2+ ions, situated 6.84 Å apart,
twice the 1NN distance, manifest a strong AF coupling. These
results closely match the experimental ones from magnon

TABLE I. Relative total energies �E (meV/f.u.), local spin and
orbital moments (μB), and the derived three exchange parameters
(meV) for FePS3 and FePSe3 monolayers by the GGA + SOC + U
calculations.

Systems States �E Fespin Feorb

FePS3 Zigzag AF 0 ±3.51 ±0.76

FM 17.1 3.55 0.73

Néel AF 30.5 ±3.49 ±0.85

Stripe AF 36.7 ±3.52 ±0.78

J1 = 3.13 J2 = −0.34 J3 = −2.01

FePSe3 Zigzag AF 0 ±3.41 ±0.67

FM 29.7 3.46 0.66

Néel AF 42.4 ±3.38 ±0.83

Stripe AF 43.7 ±3.41 ±0.69

J1 = 3.53 J2 = −0.89 J3 = −2.47
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TABLE II. The hopping parameters (meV) of 1NN Fe0-Fe1,
2NN Fe0-Fe2, 3NN Fe0-Fe3, and 4NN Fe0-Fe4 in FePS3 monolayer.

Hopping (t) Fe0

3Z2-R2 X 2-Y 2 XY XZ Y Z

Fe1 3Z2-R2 –64 0 79 6 5
X 2-Y 2 0 –71 0 23 –23

XY 79 0 –277 29 29
XZ 6 23 29 74 –43
Y Z 5 –23 29 –43 73

Fe2 3Z2-R2 1 25 7 –38 16
X 2-Y 2 7 19 27 –42 –6

XY –13 11 18 –7 –11
XZ –17 –54 15 0 –7
Y Z 21 19 –15 15 18

Fe3 3Z2-R2 140 99 3 –4 –27
X 2-Y 2 99 26 2 –2 47

XY 3 2 6 –13 –3
XZ –4 –2 –13 6 –2
Y Z –27 47 –3 –2 –37

Fe4 3Z2-R2 9 0 1 –5 4
X 2-Y 2 0 –2 –1 –5 5

XY 1 –1 4 –2 –1
XZ –5 –5 –2 –3 9
Y Z 4 5 –1 9 7

bands measurement [49]. The interplay of 1NN FM and the
long-range AF interactions of 3NN is crucial to the zigzag AF
ground state observed in FePS3 monolayer [24,28,29].

Here, we provide an insight into the 1NN FM coupling, the
much weaker 2NN AF coupling, and the strong 3NN AF cou-
pling, by examining the relevant hopping parameters through
Wannier function analyses. Given the honeycomb lattice of
the Fe2+ magnetic ions and the edge-sharing FeS6 octahedral
network [see Fig. 1(a)], here we adopt a local octahedral XY Z
coordinate system, where the XY Z axes are directed from Fe
to neighboring S (Se) ions. The eigenwave functions of the
local octahedral structure under a trigonal crystal field can be
described as

∣∣eσ
g1,2

〉 = 1√
2

(|3Z2 − R2〉 ± |X 2 − Y 2〉),

|a1g〉 = 1√
3

(|XY 〉 + |XZ〉 + |Y Z〉),

|Lz±〉 = 1√
3

(|XY 〉 + e± i2π
3 |XZ〉 + e± i4π

3 |Y Z〉). (4)

We select the projected Wannier orbitals by focusing ex-
clusively on the Fe 3d–S 3p hybrid orbitals near the Fermi
level. This approach inherently encompasses both the indirect
d-p-d hoppings and the direct d-d ones. Figures S2 and S3 in
SM [39] display the comparison between DFT and Wannier-
interpolated band structures of the FePS3 monolayer, showing
that the chosen MLWFs accurately reproduce the ab init io
electronic states. With these Wannier functions, we can obtain
the hopping parameters of different ions and orbitals.

We first examine the major hopping channels associated
with the 1NN FM coupling in FePS3 monolayer. In Table II,
we list the hopping parameters and note that the XY orbitals

FIG. 6. Schematic plot of the 1NN FM superexchange and some
associated hopping channels in FePS3 monolayer represented by
Wannier orbitals: the superexchange (a) via (XY )-(pX , pY )-(XY )
orbitals, and (b) via (X 2-Y 2)-(pX , pY )-(X 2−Y 2).

of Fe0-Fe1 ions show the largest hopping integral of 277 meV.
Other hopping integrals are smaller than one-third of that
value. To understand why there is such a large hopping inte-
gral between the two XY orbitals, we illustrate the real-space
distribution of the XY -like MLWFs in Fig. 6(a). In the edge-
sharing octahedra, the XY orbitals on adjacent Fe sites are
directed toward each other. Considering the 1NN distance of
3.42 Å, this leads to ddσ hybridization. Moreover, as seen
in Fig. 6(a), aside from the direct hopping integral, the XY
orbitals can interact through the indirect hoppings via sulfur
3p orbitals, which is evident from the pdπ hybridization
through the (pX , pY ) orbitals. In total, between adjacent XY
orbitals, there are not only direct hopping integrals but also
indirect ones through the ligands, thus resulting in the largest
hopping parameter. Then, we illustrate all hopping integrals
exceeding 50 meV, as seen in Fig. 6 and S4 in SM [39].
We find that the direct d-d hoppings are relatively small,
while the indirect ones via ligands play a major role. For
example, the superexchange channel involving (X 2-Y 2)-(pX ,
pY )-(X 2-Y 2) primarily arises from pdσ hybridization via the
(pX , pY ) orbitals, as seen in Fig. 6(b). Considering virtual
charge fluctuations, local Hund exchange, and the Pauli ex-
clusion principle, those superexchange channels yield an FM
coupling. Such near 90◦ 1NN superexchange channels lead-
ing to the FM J1 have also been confirmed in other 2D FM
semiconductors such as CrI3 [11–13] and Cr2Ge2Te6 [13].

As shown in Table II, the hopping parameters for 2NN
Fe0-Fe2 are much smaller, aligning with our DFT calculations
of small J2 = −0.34 meV. Specifically, the most significant
hopping integral for 2NN, arising from the indirect d-p-d
hopping, is 54 meV between the XZ and X 2-Y 2 orbitals, as
shown in Fig. S5 in SM [39]. The hopping between these two
orbitals is solely mediated by a pY orbital, resulting in a much
weaker hybridization. All other hopping integrals are smaller
and thus all their contributions to the J2 are quite limited.

By looking at the even smaller 4NN Fe0-Fe4 hoppings,
their contributions to the 4NN superexchange should be
negligibly weak. To obtain the J4 exchange parameter, we
additionally calculated a double-stripe AF magnetic structure,
as seen in Fig S6 in SM [39]. We then find that J4 is only
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FIG. 7. Schematic plot of the 3NN AF superexchange and some
associated hopping channels in FePS3 monolayer represented by
Wannier orbitals: the long-range superexchange (a) via (3Z2-R2)-
(pZ )-(pZ )-(3Z2-R2) orbitals, and (b) via (3Z2-R2)-(pZ )-(pY )-(X 2-Y 2).

−0.04 meV and, therefore, the tiny 4NN superexchange is of
no more concern in this work.

Notably, for 3NN Fe0-Fe3, the large distance of 6.84 Å is
twice that of 1NN and thereby renders the direct d-d hopping
negligible. However, as seen in Table II, the hopping integral
between the 3Z2-R2 orbitals is 140 meV, and the integral
between 3Z2-R2 and X 2-Y 2 is 99 meV, both of which are
significantly larger than most of the 1NN hopping parameters.
Therefore, it is crucial to investigate how these d orbitals via
ligands facilitate such large hoppings and then contribute to
the strong long-range superexchange interactions. To illus-
trate the superexchange channels, we depict the real-space
distribution of the 3Z2-R2 and X 2-Y 2-like MLWFs in Fig. 7.
Our results indicate that the 3Z2-R2 orbitals of Fe0 and Fe3

ions engage in long-range superexchange via pZ orbitals of
two sulfur ions. Each 3Z2-R2 orbital forms a strong pdσ hy-
bridization with the adjacent sulfur pZ orbitals. Additionally,
there is a hybridization between the two sulfur pZ orbitals me-
diated by the intermediate P atoms. This long-range hopping
channel notably increases the hopping integral between the
two 3Z2-R2 orbitals. Similarly, the 3Z2-R2 and X 2-Y 2 orbitals
form a long-range hopping through two sulfur ions, facilitated
by their respective pdσ hybridizations with the pZ and pY

orbitals. The pZ and pY orbitals on the same plane create a
90◦ head-to-head ( 1

2 ppσ − 1
2 ppπ ) hybridization. Our results

reveal that the effective hopping integral for the 3Z2-R2 and
X 2-Y 2 orbitals is smaller than the hopping integral between
two 3Z2-R2 orbitals, but these values are significantly larger
than most of the 1NN hopping integrals. Considering the
3d5↑L1↓

z+ ground state, in which both the majority-spin 3Z2-R2

and X 2-Y 2 orbitals are fully occupied by electrons, the above
long-range superexchange channels consequently contribute
to the strong J3 AF coupling.

To summarize, our calculations confirm the zigzag AF
ground state of FePS3 monolayer, and find the competitive
1NN FM J1 and 3NN AF J3 but the much weaker 2NN AF
J2 and the negligibly weak 4NN AF J4. In combination with
Wannier function analyses and the derived hopping parame-
ters, we find that the 1NN FM J1 is primarily attributed to
near 90◦ superexchange interactions associated with several
channels. The strong 3NN AF J3 arises from long-range su-
perexchange interactions through two major channels: one

is between two 3Z2-R2 orbitals via the pZ orbitals of two
sulfur ions (mediated by the intermediate P atoms) and their
pdσ hybridizations as shown in Fig. 7(a); the other involves
3Z2-R2 and X 2-Y 2 orbitals via the S pZ –S pY channel and
their respective pdσ hybridizations as shown in Fig. 7(b). It
is the competitive 1NN FM J1 and 3NN AF J3 that determine
the zigzag AFM of FePS3 monolayer.

D. The TN and strain effect

To estimate the TN of FePS3 monolayer, we assume a spin
Hamiltonian and carry out PTMC simulations

H = −
∑

k=1,2,3

∑
i, j

Jk

2
Si · S j −

∑
i

D
(
Sz

i

)2
. (5)

The first term represents the isotropic Heisenberg exchange,
and the sum runs over all Fe2+ sites i with S = 2 in the spin
lattice, and j runs over the kNN Fe2+ sites of each i with their
respective magnetic couplings Jk given as J1 = 3.13 meV,
J2 = −0.34 meV, and J3 = −2.01 meV (FM when J > 0).
The second term describes the MA with Sz = 2 (easy

FIG. 8. (a) PTMC simulations of the magnetic specific heat of
FePS3 monolayer. The inset shows the increasing TN under compres-
sive strains. (b) The MA value D and exchange parameters J1, J2, and
J3 (meV) of FePS3 monolayer under the strains.
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perpendicular magnetization when D > 0). Given the giant
SIA of 19.4 meV/Fe for the 3d5↑L1↓

z+ ground state, we obtain
D = 4.85 meV. Employing these exchange parameters and
the huge MA value, our PTMC simulations yield TN = 119 K
for FePS3 monolayer as seen in Fig. 8(a), and this agrees well
with the experimental TN = 118 K [24,28,29].

Strain is widely used to tune the properties of 2D materials
[50,51]. Here we investigate a possible impact of a biaxial
strain on FePS3 monolayer. Our calculations show that un-
der strain, FePS3 monolayer remains in the robust 3d5↑L1↓

z+
ground state. In particular, the compressive strains enhance
the exchange parameters Jk (k = 1–3) and the MA value D,
and thus boost TN to 151 K under a −5% compressive strain,
as seen in Fig. 8.

E. FePSe3 monolayer: Ising zigzag AFM

Bulk FePSe3 is a zigzag AF semiconductor with TN =
119 K [23], and it has the same crystal structure as bulk
FePS3. FePSe3 monolayer has not yet been experimen-
tally synthesized to date. Here we also study the electronic

FIG. 9. (a) PTMC simulations of the magnetic specific heat of
FePSe3 monolayer. The inset shows the increasing TN under com-
pressive strains. (b) The MA value D and exchange parameters J1,
J2, and J3 (meV) of FePSe3 monolayer under the strains.

structure and magnetism of FePSe3 monolayer to check
whether it is an Ising magnet too.

Our results indicate that FePSe3 monolayer is in the same
3d5↑L1↓

z+ ground state as FePS3 monolayer, by a direct com-
parison of different spin-orbital states, as seen in Figs. 4 and
S7 in SM [39]. It has the spin moment of 3.46 μB in the
FM state and the orbital moment of 0.66 μB along the z axis
(see Table I). Both values are smaller than the corresponding
ones of 3.55 μB and 0.73 μB in FePS3 monolayer, and this is
due to the stronger Fe-Se covalence reduction in FePSe3. This
is also in line with the experimental observations that bulk
FePSe3 has a smaller effective magnetic moment than bulk
FePS3 [23,27]. Moreover, through our results in Fig. 4 and
following the same procedures as in Sec. III B, we estimate
the SOC parameter ζ = 52 meV, and the trigonal crystal field
splitting of 123 meV between the higher a1g singlet and lower
eπ

g doublet both out of the octahedral t2g triplet. The nice
agreement with the typical Fe2+ ζ parameter of 50–60 meV
once again reflects the good accuracy of our calculations. The
a1g-eπ

g splitting turns out to be much larger than the SOC
parameter, and this enables us to restrict our discussion of the
SOC effect within the half-filled minority-spin eπ

g doublet. As
FePSe3 monolayer has a large orbital moment along the z axis,
which fixes via the SOC the spin orientation also along the z
axis, a tentative rotation of the spin moment into the xy plane
would cost a lot of the SOC energy. Indeed, our calculations
find that the perpendicular MAE is 14.9 meV/Fe in FePSe3

(see Fig. 4), which arises from the huge SIA associated with
the 3d5↑L1↓

z+ ground state. Then, FePSe3 monolayer is indeed
an Ising magnet too.

By comparing four magnetic structures (Fig. 5) in our
calculations, we find that FePSe3 monolayer is a zigzag AF
semiconductor with a band gap of 0.6 eV. The calculated
exchange parameters are J1 = 3.53 meV, J2 = −0.89 meV,
and J3 = −2.47 meV, as seen in Table I. We also calculate
the hopping parameters for FePSe3 monolayer using Wannier
functions, as seen in Table III. These hopping parameters have
the same tendency as those in FePS3 monolayer (see Table II
for a comparison): the big 1NN and 3NN ones but much
smaller 2NN and negligible 4NN, and they could help us to
understand the competitive 1NN FM and 3NN AF but rela-
tively weak 2NN AF and the negligible 4NN one, following
the above discussion in Sec. III C. Note that the stronger Fe
3d-Se 4p hybridizations, counteracting the increasing atomic
distances in FePSe3 normally with decreasing hopping in-
tegrals, give rise to quite similar hopping integrals t’s for
FePSe3 as in FePS3 (see Tables II and III). Then, together
with the reduced Hubbard U , the superexchange parameters
(roughly in the scale of t2/U ) seem larger in FePSe3 than in
FePS3, as seen in Table I. Then, using Eq. (5), the aforemen-
tioned three exchange parameters and the MAE parameter for
FePSe3 monolayer, our PTMC simulations yield TN = 140 K,
and the TN could be increased up to 163 K under the −5%
compressive strain (see Fig. 9).

Note that the TN = 140 K for bare FePSe3 monolayer
seems overestimated, compared with the experimental TN =
119 K for bulk FePSe3 [23]. This is associated with the likely
overestimated exchange parameters due to the calculated
smaller Hubbard U = 2.7 eV from the constrained random
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TABLE III. The hopping parameters (meV) of 1NN Fe0-Fe1,
2NN Fe0-Fe2, 3NN Fe0-Fe3, and 4NN Fe0-Fe4 in FePSe3 monolayer.

Hopping (t) Fe0

3Z2-R2 X 2-Y 2 XY XZ Y Z

Fe1 3Z2-R2 –62 0 105 7 5
X 2-Y 2 0 –45 0 33 –32
XY 105 0 –229 23 23
XZ 7 33 23 68 –45
Y Z 5 –32 23 –45 68

Fe2 3Z2-R2 5 18 3 –31 13
X 2-Y 2 15 25 34 –36 –12
XY –17 6 17 –9 –23
XZ –16 –45 16 –2 –10
Y Z 28 19 –19 16 17

Fe3 3Z2-R2 128 96 2 3 –30
X 2-Y 2 96 18 –5 –5 52
XY 2 –5 5 –12 –1
XZ 3 –5 –12 5 0
Y Z –30 52 –1 0 –40

Fe4 3Z2-R2 12 4 2 –6 5
X 2-Y 2 4 2 2 –8 7
XY 2 2 5 –2 –2
XZ –6 –8 –2 –3 10
Y Z 5 7 –2 10 5

phase approximation. When we choose the common value of
U = 4.0 eV in our GGA + SOC + U calculations, the TN

is estimated to be 99 K for FePSe3 monolayer (105 K for
FePS3 monolayer) (see the results in Table S2 and Fig. S1 in

SM [39]). Note, however, that the Ising-type zigzag AF semi-
conducting ground state with the 3d5↑L1↓

z+ spin-orbital state
remains unchanged at all. The present results and prediction
call for an experimental study on FePSe3 monolayer.

IV. CONCLUSION

To conclude, we study the electronic structure and mag-
netism of FePS3 and FePSe3 monolayers using density
functional calculations, crystal field level diagrams, Wannier
function analyses, and PTMC simulations. We find that both
materials are in the robust Fe2+ 3d5↑L1↓

z+ ground state with the
formal Sz = 2 and Lz = 1. The large orbital moment produces
a significant SIA and thus determines the Ising magnetism.
The derived hopping parameters from Wannier functions help
to explain the competitive 1NN FM and 3NN AF couplings
but relatively weaker 2NN AF coupling, all of which deter-
mine the zigzag AFM. Our PTMC simulations well reproduce
the experimental TN = 118 K for FePS3 monolayer and pre-
dict a close or even higher TN for FePSe3 monolayer, and
moreover, their TN could be enhanced under a compressive
strain. This study provides an insight into the Ising-type
zigzag AFM of FePS3 and FePSe3 monolayers.
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