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ABSTRACT: Two-dimensional (2D) multiferroic materials have
significant application potential for novel storage devices due to
their tunable magnetic and ferroelectric properties. Transition
metal phosphorus chalcogenides MPX3 (X = S, Se, and Te) were
found to be magnetic and multiferroic with excellent tunability,
promising for multifunctionalized applications. In this study, we
investigated the antiferromagnetic and antiferroelectric properties
of two-dimensional FePX3 and CuFeP2X6 by density functional
theory. Monolayer FePS3/FePSe3 and FePTe3 take intralayer zigzag
and Neel antiferromagnetic ground states, respectively. This
tunability of intralayer magnetism results from the competition
between the spin-exchange interactions of the first and second nearest Fe atoms. Bilayer FePX3 shows weak interlayer interactions
and keeps electronic and magnetic characteristics similar to those of the monolayer. Moreover, by introducing the nonmagnetic Cu
atom into FePX3, the inversion symmetry broken induces CuFeP2X6 to be multiferroic materials. The transition barrier between
ferroelectric (FE) and antiferroelectric (AFE) phases in CuFeP2S6 and CuFeP2Se6 is 0.09 and 0.04 eV/f.u., similar to well-known
multiferroic CuCrP2S6. FE-to-AFE phase transition is expected to be achieved by applying an electric field and uniaxial strain.
CuFeP2Te6 shows the ground state with a distorted paraelectric phase. Our results show the fundamental properties and in-depth
understanding of 2D FePX3 and CuFeP2X6, guiding further investigation of 2D multifunctionalized magnetoelectric devices.
KEYWORDS: 2D magnetic materials, DFT calculation, FePX3, antiferroelectricity, multiferroic

■ INTRODUCTION
Materials with spin or electric polarization are promising for
application in ultralow power storage devices.1−4 Particularly,
multiferroic materials that exhibit magnetoelectronic coupling
interaction exhibit better performance for multifunctionalized
electronic devices. Therein, partial layered materials can
maintain their multiferroic properties to the two-dimensional
(2D) limit, accompanied by the characteristics of 2D materials:
atomic layer thickness, abundant interface, and more flexible
tunability than bulk materials.5−8 2D multiferroic materials are
attracting much attention. 2D transition metal phosphorus
chalcogenides MPX3 (M = Mn, Fe, Ni, etc.; X = S, Se, and Te)
show abundant magnetic properties.9−17 Meanwhile, ferroelec-
tricity could be induced into MPX3 by the substitution of metal
atoms. For instance, multiferroic CuCrP2S6

18 displays tunable
ferroelectricity and is a candidate for magnetoelectric
memory.19 Two different types of ferroelectric phases of
CuVP2S6 take FM and AFM orders, respectively, exhibiting a
strong coupling between electric and magnetic polarization.20

2D MNP2X6 multiferroic system widely broadens the
application prospect.21,22

A representative MPX3, FePS3 is a charge-transfer insulator
with Mott insulating,23,24 has been verified as Ising-type10,25

antiferromagnetic material and persists down to the monolayer
limit.26 In detail, FePS3 exhibits intralayer zigzag antiferro-
magnetic order and interlayer AFM configuration27,28 with
Neel temperature at ∼118 K.10 The magnetic order of FePS3
could induce anisotropy accompanying structural distortion.26

It is still under debate whether the thickness of the material
influences the magnetic properties.28−30 The magnetic and
fundamental properties of the FePX3 family need to be
uncovered. Besides, when Cu substitution was brought into the
FePX3 family to break the inversion symmetry, ferroelectric
properties may be introduced into the magnetic CuFeP2X6
system. The multiferroic properties of CuFeP2X6 systems
require further investigation.
In this work, we systematically investigate the magnetic and

ferroelectric properties of 2D FePX3 and CuFeP2X6 (X = S, Se,
and Te) by density functional theory. FePX3 is a charge-
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transfer insulator. Monolayer FePS3 and FePSe3 take zigzag
antiferromagnetic (AFM) order, while FePTe3 takes Neel
AFM. Monolayer and bilayer FePS3 show direct bandgaps
(∼1.6 eV), while the bandgaps of FePSe3 and FePTe3 are
indirect and dramatically decrease compared to FePS3. Bilayer
FePS3 prefers C2/m phase, and FePSe3/FePTe3 take R3̅
phases. Moreover, we provide an in-depth understanding of
multiferroic CuFeP2X6. We found the AFE-to-FE phase
transition is expected to be achieved by applying an electric
field and uniaxial strain. This work is meaningful for
understanding the magnetic and ferroelectric properties of
FePX3 and CuFeP2X6, and it may promote the discovery of
more possible candidates for 2D multiferroic material.

■ METHODS
Density functional theory (DFT) calculations were performed using
the generalized gradient approximation (GGA) for the exchange-
correlation potential, the projector augmented wave (PAW)
method,31,32 and a plane-wave basis set as implemented in the
Vienna Ab initio Simulation Package (VASP).33,34 1 × √3 or 2 × √3
orthorhombic supercells of monolayer and bilayer FePX3 were
adopted to explore the seven intralayer magnetic configurations.
Dispersion corrections were considered at the DFT-D3 level with the
Perdew−Burke−Ernzerhof (PBE) functional.35,36 A 10 × 6 × 1 k-
mesh was used to sample the first Brillouin zone. A sufficiently large
vacuum layer over 18 Å along the out-of-plane direction was adopted.
The kinetic energy cutoff for the plane-wave basis was set to 700 eV
for the geometric properties and electronic structures calculation. In
structural relaxations, all atoms were fully relaxed until the residual
force on every atom was less than 0.005 eV·Å−1 and reached the
energy convergence criteria of 1 × 10−6 eV. On-site Coulomb
interactions were considered on the Fe d orbitals with an effective
value U = 3 eV.

The in-plane strain was defined as

= ×
a a

a
100%0

0

where a0 and a denote lattice constants before and after applying in-
plane strain.

The differential charge density was derived by

=d 0 up dn

ρ0 is the charge density of bilayer FePX3. ρup and ρdn are the charge
densities of the upper and lower layers of bilayer FePX3.

The phonon spectra were calculated using the finite difference
method.37 The phonon dispersions of CuFeP2S6 were corrected by
hiPhive with the correction of Born−Huang rotational invariance.38

The error caused by different supercells is considered. The climbing
image nudged elastic band (CI-NEB) method39 is used to determine
the energy barriers of the various kinetic processes.

■ RESULTS AND DISCUSSION
For monolayer FePX3 (X = S, Se, Te), transition metal
magnetic atom Fe is surrounded by 6 chalcogenide atoms and
connected by P−P bonds perpendicular to the out-of-plane
direction (Figures 1a−d and S1). 1 × √3 and 2 × √3
orthorhombic supercells were adopted to consider seven
magnetic configurations, including FM (Figure 1e), stripe
AFM (sAFM) (Figure 1f), ferrimagnetic (FiM) (Figure 1g),
Neel AFM (nAFM) (Figure 1h), zigzag AFM (zAFM) (Figure
1i), armchair AFM (Figure S2f), and armchair-fim AFM
(Figure S2g). Table S1 shows the energy differences among
these magnetic configurations. With the atomic number of X
atoms increasing, intralayer magnetic ground states transfer
from the zAFM of FePS3 and FePSe3 to the nAFM of FePTe3.
The energy differences per Fe atom between zAFM and nAFM
are 8, 5, and −5 meV in FePS3, FePSe3, and FePTe3,
respectively. Meanwhile, the lattice parameters increase with
the chalcogenide atom number. The lattice constants of zAFM
FePS3, zAFM FePSe3, and nAFM FePTe3 are a = 5.98 Å/b =
10.30 Å, a = 6.31 Å/b = 10.85 Å, and a = 6.76 Å/b = 10.82 Å,
respectively. We observed that the antiferromagnetic orders

Figure 1. (a) Atomic structure of bilayer FePS3 in perspective views. Atomic structures of monolayer FePS3 in top view (b) and side views (c, d).
Yellow, light purple, and dark purple balls represent S, P, and Fe atoms, respectively. Red dotted lines labeled in (b) are the a and b axes. (e−i) Five
magnetic configurations of FM, stripe AFM (sAFM), ferrimagnetic (FiM), Neel AFM (nAFM), and zigzag AFM (zAFM). J1−J3 are the first,
second, and third nearest Fe−Fe spin-exchange parameters. d1 and d2 represent the distances between the two Fe atoms. Purple (pink) balls
represent spin-up (down) Fe atoms. (j) Spin-exchange parameters of monolayer FePX3.
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induce anisotropy of the geometric structures. For zAFM
configurations, the distances between adjacent Fe atoms show
an ∼5% difference along and perpendicular to the zigzag
magnetic order direction. nAFM FePTe3 shows the largest
lattice anisotropy. In detail, the Fe−Fe interatomic distances of
d1/d2 (Figure 1i) are 3.51/3.33 Å, 3.70/3.50 Å, and 3.83/4.12
Å for FePS3, FePSe3, and FePTe3, respectively. FePTe3 is an
essential member of the FePX3 family, but it has not been
successfully synthesized experimentally due to the difficulty of
synthesizing Te compounds. To verify the stability in theory,
we calculated the phonon dispersion of FePTe3. As shown in
Figure S3, no imaginary frequencies appear, indicating the
stability of FePTe3. FePTe3 is promising to be synthesized
experimentally.
We further calculated the intralayer spin-exchange parame-

ters to understand the magnetic properties and the magnetic
order transition. As illustrated in Figure 1h, Jn (n = 1, 2, 3)
indicates spin-exchange parameters of Fe−Fe with the nearest
to farest distances. Each system’s four most stable magnetic
configurations are selected for J calculation. A Heisenberg
model including Jn was adopted to express the total energy of
different magnetic configurations as shown in Formulas S1−
S7. The models of FM, nAFM, and zAFM configurations
reveal that J1−2J2 and J3 play an important role in magnetic
order for FePX3, as shown in Figure 1j. We found that J3 is in
the range of −1 to −3 meV, and J3 is more prominent than J1−
2J2. The J3 spin-exchange interaction determined the AFM
magnetic ground states of FePX3. The competition between J1
and J2 leads to the transformation from zAFM in FePS3/
FePSe3 to nAFM in FePTe3 (Figure 1j). J1 involves a direct
exchange interaction between Fe−Fe atoms and super-
exchange interaction through the Fe−S−Fe chain. J2 only

includes bi-superexchange interaction. Consequently, as the
atomic number of the X atoms increases, the Fe−Fe distance
elongates and J1−2J2 exhibits a rapid decrease, ultimately
leading to the intralayer magnetic ground state transition.
We further investigated the magnetic properties of bilayer

FePX3. Bulk FePS3 and FePSe3 take two representative phases,
C2/m40 and R3̅,27 respectively. For C2/m phase, as shown in
the red circle and rectangle in Figure 2a, the S atom of the
lower layer aligns with a P atom of the upper layer. The S atom
of the lower layer aligns with another S atom at the adjacent
layer, corresponding to the R3̅ phase in Figure 2b. Bilayer
FePTe3 with these two phases were considered. The energy
difference between C2/m and R3̅ for FePTe3 is 0.061 eV per 1
× √3 supercell. Bilayer FePS3 and FePSe3/FePTe3 take the
most stable C2/m and R3̅ phase, respectively (Figure S4).
Though they show distinct phases, the distance between
interlayer adjacent atoms is >3.8 Å, exhibiting a weak interlayer
coupling in FePX3. With the atomic number of X atoms
increasing, the interlayer X-X interaction becomes slightly
stronger, leading FePSe3 and FePTe3 to be the R3̅ ground
state, which involves more X-X interactions compared to C2/m
phases, according to Figure 2c,d.
Next, we analyzed the effect of phase on the magnetic and

electronic properties of the bilayer FePX3. Intralayer zAFM/
nAFM/FM/sAFM and interlayer FM/AFM magnetic config-
urations were considered (Table S2). We found that the
energy differences between interlayer magnetic orders are
0.03−37.69 meV per Fe atom. The interlayer magnetic order
transfers from the interlayer AFM of FePS3 (Figure 2a) to FM
of FePTe3 (Figure 2b). The intralayer magnetic order remains
zAFM (Figure 2e) or nAFM (Figure 2f) , the same as that of
monolayer FePX3. Besides, bilayer FePX3 shows similar

Figure 2. (a, b) Bilayer C2/m phase FePS3 and R3̅-phase FePTe3 in the top and side views, respectively. (c, d) Differential charge density of bilayer
FePS3 and FePTe3. Pink and blue isosurfaces indicate charge accumulation and depletion, respectively. The isosurface value is 1 × 10−4 e/Bohr3.
Spin densities of bilayer inter-AFM FePS3 (e) and inter-FM FePTe3 (f). The yellow and green regions represent positive and negative charge
distributions. The isosurface value is 1 × 10−3 e/Bohr3. (g, h) Band structures and projected density of states (PDOS) on Fe1 and Fe2 atoms (Fe1
= Fe3, Fe2 = Fe4) of bilayer FePS3 and FePTe3.

ACS Applied Electronic Materials pubs.acs.org/acsaelm Article

https://doi.org/10.1021/acsaelm.4c01547
ACS Appl. Electron. Mater. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acsaelm.4c01547/suppl_file/el4c01547_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.4c01547/suppl_file/el4c01547_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.4c01547/suppl_file/el4c01547_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.4c01547/suppl_file/el4c01547_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.4c01547/suppl_file/el4c01547_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01547?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01547?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01547?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01547?fig=fig2&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.4c01547?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


electronic bandgap and characteristics to monolayer ones, as
shown in the band structure (Figure S5) and total density of
states (DOS) (Figure S6). The upper and lower layers of
FePX3 show similar projected DOS on Fe atoms (PDOS)
features. The PDOS of the upper layer FePX3 is shown in
Figures 2g,h, S7, and S8. FePS3 and FePSe3 show Mott
insulating in recent experimental and theoretical results.23,24

FePS3, FePSe3 and FePTe3 are charge-transfer insulators, with
a larger Mott gap than the bandgap. The upper and lower
Hubbard bands are mainly contributed by the d orbital of Fe
atoms according to PDOS (Figures S7 and S8). The direct
bandgaps of monolayer and bilayer FePS3 are both 1.57 eV at
the Γ point (Figure 2g). The bandgaps of monolayer and
bilayer FePSe3/FePTe3 are indirect and decrease to 1.44/0.61
eV (Figures S5e and 2h), respectively. Monolayer and bilayer
bandgaps are similar to the bulk ones,38,40 indicating the weak
interlayer coupling effect on the electronic properties in FePX3.
Introducing Cu atoms into FePX3 breaks the inversion

symmetry and is expected to introduce ferroelectricity.

MNP2X6 family, e.g., CuNP2S6 (N = Cr, In, V), are significant
candidates for 2D ferroelectric materials. Analogously, we
constructed a monolayer CuFeP2X6 unit cell by replacing 2 Fe
atoms with 2 Cu atoms in 1 × √3 FePX3 supercell, as shown
in Figure 3a−d. Cu substitution induces that lattice constants
of CuFeP2S6 expanded to a = 6.01 Å and b = 10.40 Å from
those of FePS3 (a = 5.98 Å, b = 10.30 Å). Similar to
CuCrP2S6,

41 total DOS and PDOS (Figures S9−S11) indicate
that CuFeP2X6 show Mott insulating, corresponding to charge-
transfer insulators. The bandgaps of monolayer CuFeP2S6,
CuFeP2Se6, and CuFeP2Te6 are 0.88, 0.81, and 0.45 eV,
respectively. The Cu atoms shift along the out-of-plane
direction, which could induce different electric polarization.
Figure 3b,c shows that when two Cu atoms are located at the
upper or lower sublayer of CuFeP2S6, forming FE phases, the
direction of the dipole moment is along +z and −z,
respectively. The dipole moments of monolayer FE CuFeP2X6
(X = S, Se, Te) are 0.55, 0.33, and 0.28 pC/m, respectively.
The dipole moment of CuFeP2X6 decreased with the atomic

Figure 3. (a−d) Atomic structure of monolayer CuFeP2S6 in top view (a) and side view for ferroelectric-up (b) and ferroelectric-down (c) and
antiferroelectric (d) phases. (e) Kinetic pathways of phase transitions among different FE and AFE CuFeP2S6. The pathways of the red and black
lines are FE-up-PE-FE-down and FE-up-AFE-FE-down, respectively.

Figure 4. (a) Energy evolution of FE and AFE CuFeP2S6 by an electric field. The energy of the AFE CuFeP2S6 ground state is set at 0 eV. (b)
Energy difference between FE CuFeP2S6 and AFE CuFeP2S6 (EFE‑AFE) under uniaxial strain in the a(x) axis (black line) and b(y) axis (red line). (c,
d) Configurations of intralayer FM (c) and AFM (d) CuFeP2S6 in top views. (e) Energy difference per Fe atom between FM and AFM for FePX3
(black line) and CuFeP2X6 (red line).
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number of X atom increasing and is at the same order of
magnitude with 0.6−0.8 pC/m of monolayer CuCrP2S6,
CuCrP2Se6, CuVP2S6, and CuVP2Se6.

42

When two Cu atoms are located at different sublayers in
Figure 3d, no net dipole moment remains, leading to the AFE
phase. AFE phases are 0.085, 0.077, and 0.058 eV more stable
than the FE phases of CuFeP2X6, respectively. CuFeP2S6 and
CuFeP2Se6 take AFE ground states (Figure S12). However, the
ground state of CuFeP2Te6 is a distorted PE (paraelectric)
phase (Figure S13). Cu atoms bond with four surrounding Te
atoms rather than six Te atoms. We also calculated the phonon
dispersion of CuFeP2S6. As shown in Figure S14, no imaginary
frequencies appear, indicating the stability of CuFeP2S6. To
confirm the ferroelectricity of CuFeP2S6 (Figure 3e) and
CuFeP2Se6 (Figure S15b), we calculated the transition barrier
between two FE configurations with opposite polarization
directions and between FE and AFE configurations using the
climbing image nudged elastic band (CI-NEB) method. Figure
3e shows two possible transition pathways from the FE-up to
FE-down phase of CuFeP2S6. The PE pathway should
overcome ∼0.37 eV barrier per unit cell (∼0.19 eV/f.u.).
Moreover, the transition barrier from FE to AFE is about 0.18
eV per unit cell (0.09 eV/f.u.) for CuFeP2S6 CuFeP2Se6, and
0.08 eV per unit cell (0.04 eV/f.u.) for CuFeP2Se6. These
barriers are smaller than that of CuInP2S6 and similar to that of
CuCrP2S6.

19,43

We investigated the electric field and strain effect on
manipulating the ferroelectricity of monolayer CuFeP2X6.
Figure 4a shows the variation of the energy difference between
the FE and AFE (EFE‑AFE) for monolayer CuFeP2S6 when an
out-of-plane electric field is applied. For the ferroelectric
polarization state, a negative electric field, the same as the
direction of the dipole moment in the FE phase, could
effectively reduce the EFE‑AFE, promoting the phase transition
between the FE and AFE. A positive electric field in the dipole
moment’s opposite direction will suppress the phase transition.
Furthermore, the uniaxial strain along the a or b axis was
applied to CuFeP2S6 to modulate EFE‑AFE, respectively (Figure
4b). It was found that tensile and compressive strain along the
a or b axis could decrease and increase the EFE‑AFE, which is
also a means to manipulate the ferroelectricity. Similar
behavior has also been noted in CuFeP2Se6 (Figure S16).
These findings may provide guidance and information for
future explorations of the two-dimensional ferroelectric family.
Moreover, the magnetic ground states of the monolayer

CuFeP2S6 were studied by considering FM (Figure 4c) and
nAFM (Figure 4d) configurations. nAFM magnetic order is
magnetic ground state in both FE and AFE phases, which is
robust enough, but it is challenging to switch the magnetic
order. Compared with FePX3, the Cu atom replacement also
influences magnetization. For example, the energy difference
between FM and AFM in CuFeP2S6 is around 30 meV per Fe
atom, which is lower than 60 meV in FePS3 (Figure 4e).
Although introducing nonmagnetic Cu atoms disrupts the first
and third nearest-neighbor exchange interactions in FePX3, the
magnetic moment per Fe atom increased from 3.56 μB (FePS3)
to 3.83 μB (CuFeP2S6), 3.53 μB (FePSe3) to 3.76 μB
(CuFeP2Se6), and 3.45 μB (FePTe3) to 3.62 μB (CuFeP2Te6).
CuFeP2S6 coexists with magnetic properties and ferroelec-
tricity. The multiferroic properties of CuFeP2S6 make it
promising for application in the storage field.

■ CONCLUSIONS
In this work, we investigated the magnetic and electronic
properties of 2D FePX3 (X = S, Se, Te) by first-principles
calculations. 2D FePX3 exhibits intralayer antiferromagnetic
ground states and weak interlayer coupling. To further explore
the FePX3 family, we replace half of the Fe atoms with Cu
atoms and analyze the ferroelectric properties of the monolayer
CuFeP2X6 material. CuFeP2S6 and CuFeP2Se6 take the AFE
ground state. However, the ground state of CuFeP2Te6 is a
distorted PE phase. The electric field in the same direction of
the dipole moment and uniaxial tensile strain could decrease
the energy difference between AFE and FE, promoting the
phase transition between AFE and FE. These results provide
an in-depth understanding and analysis of the magnetic
properties of FePX3 and multiferroic properties of CuFeP2X6,
facilitating the exploration of the 2D multiferroic family.
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