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Prediction of monolayer FeP, with intrinsic half-metal ferrimagnetism above room temperature
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The design of high-temperature ferrimagnetic materials is highly demanded for next-generation functional
spintronic devices. Here, we propose that the combination of nonmetallic structural units and magnetic atoms
is an effective way to achieve high-temperature magnetism in two-dimensional (2D) materials. The predicted
FeP4 monolayer, consisting of quasisquare P4 units, shows intrinsic half-metal ferrimagnetism above room
temperature. Each Fe atom is coordinated with four P atoms associated with the surrounding four quasisquare
P, units. First-principles calculations suggest that the FeP, monolayer presents a Curie temperature of 460 K.
More interestingly, the itinerant electrons and the unique quasisquare P, units act as intermediaries and play an
important role in promoting the Ruderman-Kittel-Kasuya-Yosida and superexchange interactions, respectively,
which induces a robust ferrimagnetism. Our findings not only shed light on the promising future of 2D magnetic
materials, but also are of interest for high-temperature spintronic applications.

DOLI: 10.1103/PhysRevB.107.024414

I. INTRODUCTION

Spintronic devices, where spin of electrons is manipulated
for faster information transmission and easier operation with
a lower power consumption compared to traditional charge-
based electronic ones, have become an exciting scientific
research area [1-3]. Ferromagnets and antiferromagnets are
the components that dominate spintronic devices, which take
advantage of their interesting magnetic properties, such as
macroscopic spontaneous magnetization in ferromagnets and
robustness to magnetic-field disturbances in antiferromagnets
[4-6]. However, there are still obvious shortcomings in their
applications, i.e., ferromagnets usually trigger strong stray
fields in devices and are very vulnerable to external magnetic
fields, while the lack of macroscopic magnetization makes it
difficult for antiferromagnets to work in integrated devices
[7,8]. On the other hand, ferrimagnets combine the advantages
of ferromagnets and antiferromagnets, i.e., easy operation in
magnetic fields and ultrafast spin dynamics, benefiting from
both net magnetic moments and antiferromagnetic coupling
characteristics. Therefore, ferrimagnets are considered as an-
other promising platform for spintronic materials and received
great attention recently [9]. In fact, although experimental
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and theoretical works on ferrimagnets have developed rapidly
in recent years [10-12], their low Curie temperature (7¢)
imposes great limitations on their practical applications.

The confirmation of intrinsic magnetism of two-
dimensional (2D) Crl; and Cr,Ge,Teq materials [13,14]
injected again a new impetus in the exploration of 2D
magnetic materials and the development of next-generation
nanoscale spintronic devices with low power consumption,
high integration, and better operability. Then, a large number
of ferromagnetic and antiferromagnetic materials have
been proposed, including ferromagnetic (FM) CrBr; [15],
VsSes and Fe;GeTe, [15,16], antiferromagnetic (AFM)
MPS; (M =Fe, Mn, and Ni) [17], VI3 and MnBi,Te4
[18,19]. Remarkably, recent reports of room-temperature
ferromagnets, such as VSe, [20], 17-CrTe;, and Cr,Tes
monolayers, provide a powerful support for the development
of 2D spintronics [21,22]. In contrast, the experimental
evidence and theoretical basis related to 2D ferrimagnetic
(FIM) materials are scarce so far [23-27], and their low
critical temperature greatly limits their applications. This
motivates us to move forward in the design of the new
2D FIMs with desirable magnetic transition temperatures.
A better understanding of their physical mechanism may
provide a new strategy to find high-efficient spintronic
nanodevices.

Iron (Fe), as the most representative ferromagnet, has
attracted wide attention since its discovery, and the corre-
sponding 2D counterpart, namely the Fe elemental monolayer,
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has also been found to exhibit strong ferromagnetism [28,29].
Due to its unpaired electrons, Fe-based 2D compounds,
made by combining Fe with different anionic ligands, also
present excellent magnetic properties. For example, the
Fe;GeTe, monolayer is an itinerant ferromagnet with a large
out-of-plane anisotropy [30]. The FePS; monolayer is an anti-
ferromagnetic Mott insulator with a Néel temperature (7y) of
about 120 K [31]. Fe,Si, FeB3, and Fe;P monolayers are fer-
romagnetic materials predicted to have a large perpendicular
magnetic anisotropy and 7¢ as high as 780, 480, and 420 K,
respectively [32-34]. Obviously, by selecting the appropriate
nonmetal atoms, the formed 2D Fe-based system can still
retain magnetism [35,36], which is of great importance for
the study of 2D spintronics. In particular, in most studies there
are isolated atoms [37-39], and not structural units, that act as
mediators of magnetic exchange. However, the inclusion of
structural units of main-group elements, with strong covalent
bonds, cannot only improve the structural stability, but also
induce an unexpected magnetism.

Phosphorus (P) has a modest electronegativity and the abil-
ity to form various structural units in their compounds [40].
Moreover, its three-coordination feature favors the stabiliza-
tion of 2D materials, such as phosphorene, b-AsP, and SiP,
[41-43]. Taking these factors into account, there is an expec-
tation of forming stable P-rich magnetic 2D Fe-P compounds.
In this paper, we systematically explore the 2D potential
surface of P-rich Fe-P compositions through first-principles
global structure search calculations. We have found a 2D
half-metallic ferrimagnetic FeP4 monolayer with unusual qua-
sisquare P4 units. Its high T and large magnetic anisotropic
energy (MAE) indicate that the intrinsic long-range ferri-
magnetic ordering can remain at high temperature, which is
attributed to the quasisquare P4 units promoting the magnetic
exchange interaction. Our work could inspire the design of 2D
magnetic materials with structural motifs.

II. COMPUTATIONAL DETAILS

Recently developed structural evolution algorithm can ef-
fectively find the ground state or metastable structures of
a given chemical composition [44,45]. In this work, we
apply the particle swarm optimization method, as imple-
mented in the CALYPSO program, to explore the 2D potential
surface of FeP, [46,47]. Its effectiveness has been veri-
fied in several systems [48-52]. The structural relaxation
and electronic properties of FeP, were performed by using
the density-functional theory within the Vienna Ab initio
Simulation Package (VASP) [53]. Ion-electron interactions
were described using the projector augmented-wave method,
and the generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof parametrization was adopted to ap-
proximate the exchange-correlation functional [54,55]. The
cutoff energy of plane-wave expansions was chosen to be
500 eV, with an energy convergence precision of 107%eV.
A vacuum region of >15 A was considered to eliminate the
interlayer interaction between supercells.

To reliably describe the strongly correlated d electrons
of Fe atoms, we considered the GGA + U approximation in
the magnetic and electronic calculations, where the effec-
tive on-site Coulomb interaction parameter (U) and exchange
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FIG. 1. (a) Top and side views of the FeP; monolayer with
P-42m symmetry. The golden and pink balls represent Fe and P
atoms, respectively. (b) Schematic diagram and the electron local-
ization function map of the P, unit. (c) Charge-density difference for
the FeP, monolayer. (d) Crystal orbital Hamilton population (COHP)
curve of the adjacent Fe-P and P-P pairs in the FeP, monolayer.

interaction parameter (J) were set to 2 and 0.95 eV, respec-
tively, which is consistent with previously reported values
[33,56]. For the magnetic energy difference and the MAE, the
fully relativistic spin-orbit coupling was taken into account.
Phonon dispersion curves were obtained from force constants
calculated with the PHONOPY code using a4 x 4 x 1 supercell
[57]. Ab initio molecular-dynamics (AIMD) simulations were
considered in a 5 x 5 x 1 supercell at 1000 K [58]. VASPKIT,
the pre- and postprocessing tool for the VASP code, was used in
our calculations [59]. The Curie temperature and specific-heat
capacity were calculated with the MCSOLVER implementation
[60]. The Supplemental Material includes information on the
structure prediction and other computational details [61].

III. RESULTS AND DISCUSSION

After a systemic structural search, the FeP, monolayer
stabilizes into a tetragonal structure [space group P—42m
and one formula unit, Fig. 1(a)]. Its most striking feature is
that the four equivalent P atoms form a unique quasisquare
P4 unit, and the Fe atom is coordinated with four P atoms
contributed by the four identical P4 units. Therefore, the basic
building block of the FeP, monolayer is FeP;¢s. Three of
the five valence electrons of a P atom in FeP,, which has a
three-coordinated configuration, are used to form the chemical
bonds, and the remaining two act as lone pairs, repulsing each
other and leading to the formation of a puckered structure.
The four valence electrons of a Fe atom are used to form
the chemical bonds with P atoms. The P-P and Fe-P bond
lengths are slightly shorter than those in P allotropes and other
Fe-P compounds (Table S1). On the other hand, the calcu-
lated electron localization function [Fig. 1(b)], charge-density
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difference [Fig. 1(c)], and crystal orbital Hamilton population
[Fig. 1(d), Table S2] clearly support the formation of strong
P-P covalent and Fe—P ionic bonds.

Structural stability of compounds, including thermody-
namic, dynamical, thermal, and mechanical stability, is
closely related to their possible applications. The cohesive
energy of the FeP, monolayer, an important magnitude for
its thermodynamic stability and viability of experimental syn-
thesis, was calculated as 3.73 eV per atom, which is slightly
smaller but similar to FeP; (4.13 eV per atom) [72], Fe,Si
(4.10 eV per atom) [32], and FesP (3.43 eV per atom) [33].
On the other hand, the FeP, monolayer sits on the convex
hull of the Fe-P system (Fig. S1), indicating its thermody-
namical stability with respect to Fe and P or other Fe-P
monolayers. To explore the feasibility of its experimental
synthesis, we have calculated the exfoliation energy (E.x)
of the FeP; monolayer deposition on the Au (111) surface
(Fig. S2). The obtained E., is 1.03J/m?, which is comparable
to the CapN (1.08J/m?) and GeP; (1.14J/m?) [73,74]. Thus,
the FeP4 monolayer could be prepared at proper conditions.
The absence of imaginary phonon modes confirms its dy-
namic stability [Fig. S2(a)]. The highest frequency goes up
to 566.73cm™!, contributed by P atoms, much higher than
the highest frequencies of 470cm™! in phosphorene [75],
which confirms its strong P-P covalent bonds. The contri-
bution of P atoms in phonons below 12.67 THz [Fig. S3(a)]
shows a strong coupling between P and Fe atoms. Further-
more, its dynamical stability can be also preserved at 300 K
(Fig. S4). Negligible structural fluctuations after AIMD simu-
lations at 1000 K clearly demonstrate its high thermal stability
[Fig. S3(b)].

To analyze the mechanical properties of the FeP4 mono-
layer, we calculated its elastic constants: Cj; = Cyp =
83.25N/m, Cj; = 48.61 N/m, and Cg = 55.71 N/m. Here,
elastic constants are expressed in N/m, since there is no con-
cept of volume for 2D materials and the stress of the material
under strain is reflected on the line rather than on the plane;
hence, the obtained elastic coefficients should be multiplied
by the lattice constant in the direction of the vacuum layer.
According to the Born criteria of 2D tetragonal materials
[76,77], the standard mechanical stability is C1Cpy — C,Z2 >0
and Cgg > 0, indicating that the FeP4 monolayer is mechan-
ically stable. In addition, we also investigated the Young
modulus Y (6) and Poisson ratio v (8) [Figs. S3(c) and S3(d)].
Both are anisotropic and Y (8) varies from 55 to 121 N/m,
which is comparable to that of phosphorene (24-102 N/m)
and smaller than in MoS, (120-240 N/m) [78], indicating that
FeP, presents a rigid bond network. Meanwhile, v (8) varies
from 0.08 to 0.58. In this sense, the FeP, monolayer has an
interesting flexibility and excellent mechanical response.

Analysis of chemical bonds in the FeP, monolayer allows
us to conclude that Fe atom keeps the remaining nonbonded
electrons, which could induce interesting magnetic proper-
ties. Here, in order to determine the magnetic ground state
of FeP, (see Fig. S5), four different magnetic configura-
tions are considered in a 2 x 2 x 1 supercell: a ferromagnetic
(FM), two antiferromagnetic (AFM1 and AFM2), and another
ferrimagnetic (FIM) state. Then, the structures of the FeP,
monolayer are relaxed with the aforementioned four magnetic
configurations and the relevant information is summarized in
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FIG. 2. (a) Spin-polarized band structure and (b) PDOS onto five
partial d orbitals of Fe atoms for FeP4. Dashed red and solid blue
lines represent the spin-up and spin-down channels, respectively.
Green and pink circles denote Fe-d,>_,? and d? orbitals in the spin-
down channel. Here, we only focus on analyzing the contribution of
d orbitals to the CBM and VBM, and Fig. S7 presents other fatband
analysis. Fermi level is set to zero. (c) Calculated spin-polarized
charge density of the FeP, monolayer, in which blue and yellow
represent the different spin states. Diagrammatic sketch of J; and J,
exchange coupling parameters. (d) Variation of the average magnetic
moment (Mz) of the Fe atom (blue) and the specific heat (Cy)
(orange) as a function of temperature, derived from Monte Carlo
simulations based on the classical Heisenberg model. (e) Angular
dependence of the MAE of the FeP, monolayer, where the cyan and
orange indicate the magnetization in the xy and xz planes, respec-
tively. (f) Orbital-resolved MAE of the Fe atom with respect to the d
orbitals.

Table S3. Among them, the FIM ordering has the lowest
energy (Table S4). Significantly, the slight lattice deformation
leads to the nonequilibrium of the neighboring Fe-Fe dis-
tances, namely drei_Fe2 = dFe1—Fe3 and dfez—Fe4 = dFe3—Fed»
driven by the magnetostriction effect, which causes the break-
ing of rotational symmetry, so that neighboring Fe atoms
are no longer equivalent. The spin-unpaired electrons are
mainly localized around Fe atoms, indicating that its robust
magnetism comes from the partially occupied Fe 3d orbital
[Fig. 2(c)]. The calculated magnetic moments of the four Fe
atoms are Fel at 2.23 up, Fe2 at 1.88 up, Fe3 at 1.91 ug,
and Fe4 at —2.33 up, which are much lower than the ideal
magnetic moment of 4 g of an isolated Fe atom with the
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3d® 4s? electronic configuration, as the strong hybridization
between Fe and P reduces the number of unpaired electrons in
the Fe 3d orbital [Fig. S6(a)].

The calculated spin-polarized band structure and the cor-
responding spin-resolved projected density of states (PDOS)
of FeP, clearly shows its half-metallic properties and itinerant
magnetism, acting as the messengers to promote the exchange
coupling interactions between neighboring local magnetic
moments [Figs. 2(a) and 2(b)]. The spin-up bands intersect
with the Fermi level and dominate its metallicity, whereas
an energy gap of 0.31 eV appears in the spin-down channel,
exhibiting a semiconducting character. Therefore, FeP, could
favor efficient spin-polarized injection and detection spin-
tronics, and benefit promising low-energy spintronic devices,
such as magnetoresistive random access memory [79]. The
conduction-band minimum (CBM) of the spin-down chan-
nel, located at the I' point, is dominated by the Fe d2 >
orbital, and the valence-band maximum (VBM), in the mid-
dle of the M-I line, presents a contribution of the Fe dz2
orbital [Fig. 2(a)]. Its magnetism is mainly associated with
d?_,?, d? and double-degenerated d.. /d,. orbitals of Fe atoms
[Fig. 2(b)]. On the other hand, as it will be discussed later,
the strong hybridization between Fe 3d and P 3p orbitals
[Fig. S6(a)] confirms an indirect magnetic exchange interac-
tion among Fe and P atoms.

The MAE is related to the intrinsic long-range magnetic
ordering in 2D materials. Here, in-plane and out-of-plane
directions are considered to determine the easy axis. The
estimated total energy for the in-plane magnetization is the
lowest one. Therefore, the magnetization easy axis of the FeP,
monolayer lies on the in plane. The angular correlation fit
between MAE and the magnetization angle 6 /¢ in the xy/xz
plane apparently shows a strong anisotropy [Fig. 2(e)], and
the largest MAE reaches 72.55ueV per Fe atom, which is
larger than in bulk Fe (1.4 ueV per atom), Ni (3 ueV per atom)
[80], and the VF4 monolayer (40 ueV per V atom) [81], and
comparable to the 2D hematene (87 ueV per Fe atom) and
CoGayS4 (47 ueV per Co atom) [82,83]. The orbital-resolved
MAESs, which account for the relationship between the MAE
and d orbitals, are used to explore the origin of the large
magnetic anisotropy [Fig. 2(f)], which obviously indicate that
the coupling between d., and d,. orbitals is much stronger
than with the other ones. In general, a large MAE plays an
important role in keeping the intrinsic long-range magnetic
ordering in 2D materials.

The Curie temperature (7¢), which shows the thermal
threshold for a transition from a ferromagnetic/ferrimagnetic
ordering to a paramagnetic one, was calculated by perform-
ing Monte Carlo (MC) simulations based on the classical
Heisenberg model. In general, Curie temperatures above room
temperature are needed for potential applications. The relative
spin Hamiltonian is defined as

A== 0S5 =Y hS S —A(S),
ij ik

where J; and J, are defined as the exchange coupling param-
eters between the neighboring magnetic atoms in Fig. 2(c),
representing the nearest-neighbor and next-nearest neigh-
bor magnetic exchange integrals, respectively. Note that the

positive and negative J represent the FM and AFM coupling,
respectively. S represents the spin quantum number of mag-
netic Fe atoms, while the (i, j) and (i, k) mean the nearest-
and next-nearest Fe sites, respectively. A is the anisotropy
energy parameter, and S7 is the spin component parallel to
the z direction. Details of the mapping of total energies of
different spin configurations can be found in the Supplemen-
tal Material [61]. The resulting computed parameters of the
magnetic exchange couplings are J; = 70.19meV and J, =
—59.81 meV, which correspond well to the different spin
states between different Fe atoms in the FIM state [Fig. 2(c)].
For magnetic materials the Curie temperature (7¢) is propor-
tional to the magnetic exchange integral. In the other words,
the stronger the magnetic exchange is, the greater the par-
allel orientation capacity of the spins, and the greater the
thermal energy required to destroy the regular arrangement
in the magnet; that is, the material macroscopically would
show a high T¢. Hence, as shown in Fig. 2(d), the esti-
mated T¢ by performing MC simulations on a 32 x 32 2D
tetragonal spin supercell of the FeP, monolayer is around
460 K, which is considerably higher than room temperature
(~300K) and T s of recently reported 2D FIM materi-
als, such as Mo3N,F; (237 K), organometallic frameworks
K3M,[PcMOg] (M = Mn, Fe, Co) (66~150K), and 2D-Cr-
DPP (316 K) [24,26,84]. Therefore, the calculated high T¢ in
the predicted ferrimagnetic FePs monolayer is highly desir-
able for spintronics.

Subsequently, we try to explore the relationship between
ferrimagnetism and the unique P4 units in FeP,4. First, we
tried to break the integrity of the P4 unit by removing one
P atom in a 2 x 2 supercell [Figs. S8(a) and S8(b)]. The
magnetic moment of the Fe atom, closest to the removed P
atom, increases to 2.77 wg. On the other hand, the next-nearest
neighbor coupling, J;, decreases sharply by 91.7% from 70.19
to 5.82 meV, whereas the next-nearest neighbor coupling, J,
becomes a positive value. More interestingly, the magnetic
ground state changes into a ferromagnetic configuration, and
the value of Ty drops to 47 K. Then, we also considered
another situation by removing the two P atoms on the diagonal
in a P4 unit [Figs. S8(c) and S8(d)]. In detail, J; shows a
negative value of —10.96 meV and 7¢ becomes 83 K. All in
all, destroying the integrity of the P4 unit makes the magnetic
exchange interaction weaken significantly, and the magnetic
state change accordingly. Due to the strong hybridization of
p states between adjacent P atoms in the P4 unit, which is
supported by the strong interaction between p,, p,, and p,
orbitals of the two neighboring P atoms (Fig. S9), stabilizing
the FIM state and allowing them to act as intermediaries
to make it an efficient electron-transferring pathway as will
be mentioned below. In other words, the presence of the
P, unit as an intermediate not only promotes the indirect
magnetic exchange interaction in FeP,, but also remarkably
maintains the ferrimagnetic characteristics and the high 7¢ in
the system.

Here, we turn our attention to revealing the microscopic
mechanism of the magnetic exchange interaction. For the
nearest-neighbor magnetic moments, the longer distance sug-
gests weak direct exchange coupling between neighboring
Fe atoms. As mentioned above, the itinerant electrons in
the system act as messengers through the medium of the Py4
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FIG. 3. Possible magnetic exchange types of the (a) nearest-
neighbor (/1) and (b) next-nearest neighbor (/,) magnetic exchange
interactions in the ferrimagnetic FeP, monolayer. Golden and pink
balls represent Fe and P atoms, respectively. Red, blue, and black
arrows represent different spin states and possible pathways for spe-
cific electron transferring. Around P atoms are p, and p, orbitals with
different phase forms.

units, spreading the exchange coupling interactions between
two local magnetic moments on Fe ions [Fig. 3(a)], which is
known as the Ruderman-Kittel-Kasuya-Yosida (RKKY) inter-
action. In the RKKY-type interaction, the sign of J oscillates
with respect to the distance between the magnetic atoms.
Therefore, we have examined the exchange parameter as a
function of the Fe-Fe distance by applying biaxial strains
from —4 to 6% to change the distance between Fe atoms.
As shown in Fig. S10, the calculated magnetic exchange
fluctuates between the FIM/FM and AFM coupling with re-
spect to the change in the nearest-neighbor Fe-Fe distance,
consistent with the RKKY interaction, which enhances the
FM coupling between nearest-neighbor Fe atoms. Unlike the
direct electron transferring between the nearest magnetic ions,
there is also the possibility of electron transferring due to the
superexchange mediated by one or two anions, forming both
cation-anion-cation and extended cation-anion-anion-cation
interaction channels [85]. It is important to note that the
cation-anion-anion-cation exchange interaction depends on
both the cation-anion-anion and anion-anion-cation angles.
The relevant superexchange electron-transferring pathway for
a FeP, monolayer is displayed in Fig. 3(b). Based on the
Goodenough-Kanamori-Anderson rule [86-88], we can con-
clude that the superexchange of a bond angle of 90° favors
the FM coupling, while those with 180° prefer the AFM cou-
pling. However, numerous reported studies have shown that
the AFM order is also preferred when there is a large cation-
anion-cation angle (larger than 130°) [89,90]. As shown in
Fig. 3(b), the cation-anion-anion and anion-anion-cation bond
angles between the next-nearest neighbor Fe ions are much
close to 130° and the involved p orbitals of P anions revealed a
strong hybridization [see Fig. S6(b)], which presents a strong
AFM contribution. As a consequence, the FeP, monolayer
tends to ferromagnetic ordering in the nearest neighbor while
antiferromagnetic ordering between next-nearest neighbor;
hence, the ground state shows a ferrimagnetic configuration
with the obvious unbalanced spins, which is quite different
from the traditional ferrimagnet with unbalanced antiparallel-
aligned sublattice moments [9].

On the other hand, strain engineering, which can be
achieved by a modulating substrate, has been widely used
to improve magnetic and electronic properties of 2D materi-
als in order to improve their spintronic applications [32,33].
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FIG. 4. (a) Magnetic transition temperatures (7¢/Ty) and (b)
MAE:s of the FeP, monolayer under different external biaxial strain.

Therefore, we have applied biaxial strains from —4 to 6%
on the FeP, monolayer to explore its potential effect on
its magnetism, where stretching and compression strains are
represented with positive and negative values, respectively.
Interestingly, P, units can maintain their integrity throughout
the whole deformation process. Besides, we find that the mag-
netism is sensitive to the strains. Specifically, slight tensile
strain (~2%) to the FeP, monolayer induces a FIM-AFM
phase transition. Then, the magnetic ground state undergoes
an AFM to FIM transition under tensile strain of 6%. On the
other hand, the FIM coupling configuration of the FeP, mono-
layer is maintained with an increased compressive strain from
0 to —3%, while a magnetic phase transition occurs under a
—4% strain, exhibiting an AFM ordering. It is well known that
J is determined by the energy difference between FM, FIM,
and AFM states. The changing energy difference with strain
induces the change of J and magnetic transition temperature
[see Fig. 4(a) and Table S5]. Therefore, the strain-induced
different magnetic ground states are the origin of the magnetic
phase transition, indicating that the magnetism of FeP, can be
manipulated by adjusting the magnetic coupling interaction
strength between the neighboring Fe atoms. With decreasing
strain from 6 to —4%, the magnetic moment of the Fe atom
first drops monotonically and then increases mildly (Fig. S11),
and the enhancement of Fe—Fe bonds and magnetism favors
the magnetic exchange interaction of adjacent Fe atoms (Table
S5). Here, most of magnetic transition temperatures (T¢/Ty)
can be maintained at high temperatures, especially when com-
pressed by —4%, the Ty is as high as 620 K [Figs. 4(a)
and S12]. Meanwhile, upon stretching, the FeP, monolayer
prefers the out-of-plane alignment of spins under the external
strain from 2 to 6% with a high perpendicular MAE reaching
526 ueV /Fe at 6% tensile strain. In addition, the in-plane easy
axis remains at the compressive strains from 1 to —4% [see
Fig. 4(b)].

IV. CONCLUSIONS

In summary, we apply first-principles structural search
calculations to predict a FIM FeP4 monolayer with intrinsic
half metallicity and high dynamical, thermal, and mechanical
stabilities, associated with its unique atomic configurations.
The FeP, monolayer is a robust ferrimagnet with a high 7¢ of
460 K, large in-plane MAE, and full spin polarization, where
the magnetism is mainly derived from the unfilled Fe-d or-
bital. Besides, P4 units promote the superexchange interaction
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while itinerant electrons support the RKKY interaction,
responsible for its robust ferrimagnetism. Under external
biaxial strain, there is a transition from ferrimagnetism to
antiferromagnetism and, upon stretching, the magnetic easy
axis changes to out-of-plane. These excellent properties make
the FeP, monolayer have great potential for applications in
high-performance spintronics nanodevices.
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