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Recent experimentally demonstrated intrinsic two-dimensional
(2D) magnetism has sparked intense interest for advanced spintro-
nic applications. However, the rather low Curie temperature and
small magnetic anisotropic energy (MAE) greatly limit their appli-
cation scope. Here, by using density functional theory calcu-
lations, we predict a series of stable 2D MnX (X = P, As, Sb) mono-
layers, among which MnP and MnAs monolayers exhibit intrinsic
ferromagnetic (FM) ordering and considerably large MAEs of 166
and 281 peV per Mn atom, respectively. More interestingly, the 2D
MnP and MnAs monolayers exhibit highly desired half-metallicity
with wide spin gaps of about 3 eV. Monte Carlo simulations
suggest markedly high Curie temperatures of MnP and MnAs
monolayers, ~495 K and 711 K, respectively. Besides, these mono-
layers are the lowest energy structures in the 2D search space with
excellent dynamic and thermal stabilities. A viable experimental
synthesis route is also proposed to produce MnX monolayers via
the selective chemical etching method. The outstanding attributes
of MnP and MnAs monolayers would substantially broaden the
applicability of 2D magnetism for a wide range of applications.

Introduction

By exploiting the electron spin and its associated magnetic
moment, spintronic devices are of particular interest in the
field of quantum computing and next generation infor-
mation technology.'™ Materials with specific spin order
(magnetism) and diverse electronic properties, such as
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magnetic semiconductors and half-metals (behaving as a
metal in one spin channel and as a semiconductor or insulator
in the other spin channel), are highly desirable for advanced
spintronic applications. However, the discovered magnetic semi-
conductors and half-metals are very limited and/or suffer from
serious shortcomings, such as high cost and low Curie tempera-
ture (T.). For example, intrinsic room-temperature magnetic
semiconductors have never been observed experimentally
despite decades of attempts. Inspired by the excellent attributes
of atomically thin two-dimensional (2D) materials such as an
ultra large specific surface area and novel electronic, mechani-
cal and optical properties that may be absent in the bulk
counterparts, numerous efforts have been devoted to achieving
2D magnetism. Only very recently, long-range 2D ferromagnetic
(FM) order has been experimentally confirmed in semiconduct-
ing Crl; monolayers4 and Cr,Ge,Te, bilayers.

However, the presently demonstrated 2D magnetic semi-
conductors still show rather low T, (45 K for the CrI; mono-
layer and 30 K for the Cr,Ge,Te, bilayer), far from practical
room temperature spintronic applications. On the other hand,
one may be aware that FM metal thin films usually exhibit a
much higher T, due to the strong exchange interaction driven
by charge carriers,® such as ScCl monolayers for 185 K,” MnB
monolayers for 345 K,® MoN, monolayers for 420 K,” Fe,Si
nanosheets for 780 K,'° Co,Se; monolayers for 600 K,'" and
very recently observed Fe;GeTe, monolayers for 130 K.'> In
view of these observations, the 2D half-metal becomes a poten-
tial alternative option as the 7. of the 2D half-metal is expected
to be much higher than that of 2D magnetic semiconductors
because of the abundant charge carriers in the 2D half-metal.
In addition, the half-metal can intrinsically provide 100%
spin-polarized current for highly efficient spintronics devices."®
Nevertheless, although a number of potential nanomaterials
(mainly nanowires,"*® transition metal compounds,’” " and
metal-free systems*’>%) have been theoretically proposed, 2D
intrinsic room-temperature half-metals are rarely reported.

According to the Mermin-Wagner theorem,> no long-range
magnetic ordering at finite temperatures would exist in 2D
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systems within the isotropic Heisenberg model with continu-
ous spin symmetries. Thus, magnetocrystalline anisotropy
(MCA) is fundamentally critical to give rise to long-range mag-
netic ordering in 2D materials by breaking the continuous
spin symmetry of the Hamiltonian.>* Besides, MCA can also
help to preserve the direction of magnetic moments from
heat fluctuation. The MCA can be scaled by the magnetic
anisotropy energy (MAE). The larger the MAE, the better the
resistance of magnetic ordering against the heat fluctuation.
In recent years, enhancing the MAE becomes the most
effective strategy to prevent the heat fluctuation to disturb the
magnetic ordering. Considering the importance of magnetic
anisotropy, it is of fundamental interest to discover new 2D
FM materials with a sizable MAE.

In this work, we predict an emerging class of 2D intrinsic
FM materials (MnP and MnAs monolayers) with significant
magnetocrystalline anisotropy and large magnetic moments.
More strikingly, these two FM monolayers are half-metallic
with wide half-metallic gaps and exhibit ultra-high Curie temp-
eratures (495 K for the MnP monolayer and 711 K for the
MnAs monolayer). Besides, they possess thermal and dynamic
stabilities up to 800 K and are the global minima in 2D space.
A feasible experimental fabrication route is also proposed.

Computational method

Spin-polarized density functional theory (DFT) calculations
were performed with the Perdew-Burke-Ernzerhof (PBE) func-
tional in the generalized gradient approximation (GGA)*® as
implemented in the Vienna ab initio simulation package
(VASP).>® The plane-wave cutoff energy was set to 500 eV. The
lattice geometries and atomic positions were fully relaxed until
force and the energy were converged to 0.01 eV A" and 107°
eV, respectively. To appropriately account for the strongly cor-
related electrons, the GGA+U method®”*® (U.gz = 4.0 V) was
used to treat the d orbital of the Mn atoms and it was used
throughout the paper. A detailed test on U can be found in
Table S1 and Fig. S1.f The HSE06 hybrid functional was
employed to obtain the accurate electronic band structures
and verify the GGA+U method.*® For the MAE calculation, the
spin-orbit coupling (SOC) was included. Phonon dispersions
were calculated by density functional perturbation theory
embedded in the PHONOPY codes.’® Ab initio molecular
dynamics (AIMD) simulations were conducted in the NVT
ensemble up to 10 ps with a time step of 1.0 fs, during which
the temperature was controlled by using a Nosé-Hoover
thermostat.”

Results and discussion

MnX (X = P, As, Sb)**7® are ferromagnetic materials with high
T., e.g., ~320 K for MnAs®® and ~600 K for MnSb.*® Whether
the high T. nature of MnX can be succeeded in the atomically
thin 2D form is still an open question. Actually, to our knowl-
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edge, their 2D counterparts have never been reported in the lit-
erature. Herein, we propose the concept of 2D MnX monolayer
sheets. The optimized lattice structures of MnX monolayers
are displayed in Fig. 1a, which are isostructural to the syn-
thesized AFM FeSe monolayer.*® MnX monolayers with various
magnetic ordering, including FM and four antiferromagnetic
(AFM) states, are considered and the corresponding spin con-
figurations and parameters are presented in Fig. S2a-d and
Tables S2 and S3 of the ESL.{ It is found that the ground states
of both MnP and MnAs monolayers have FM ordering with large
magnetic moments, where the magnetism mainly stems from
the Mn atoms while the P/As atoms hold small opposite spin
moments as shown in the spin density distribution (Fig. 1b
and c). However, the MnSb monolayer has an AFM ground
state, which is not our target material in the present work.
Electron localization functions (ELFs) show that the valence
electron distributions are fully concentrated at the P/As atoms
in the MnP/MnAs monolayer while they are absent around Mn
atoms (Fig. S37), reflecting the ionic bonding nature in MnX
monolayers. Such an ionic bonding nature is further evidenced
by Bader charge analysis, in which apparent electron transfer
from Mn atoms to X atoms is observed (Table S17).

The electronic properties of MnP and MnAs monolayers are
then investigated. The spin-polarized band structures of the
FM phases of the MnP and MnAs monolayers are shown in
Fig. 1d and f, respectively. Notably, the spin-up bands cross
the Fermi Level while the spin-down channel acts as a semi-
conductor for both sheets, indicating that they are intrinsic
half-metallicity. The half-metallicity is further confirmed by
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Fig. 1 (a) Top and side views of a 2D MnX sheet. The spin polarization
distribution with the iso-surface of 0.05 e A=* for MnP (b) and MnAs (c),
respectively. The yellow and blue colors indicate the net spin-up and
spin-down polarization, respectively, and the spin polarization is mainly
on the Mn sites. Band structures of 2D MnP (d, e) and MnAs (f, g) mono-
layers in spin-up (red lines) and spin-down (blue lines) channels. (d, f)
are calculated by using the PBE+U method and (e, g) are calculated by
using the HSEO6 method. (h, i) Illustrations of direct-exchange and
super-exchange mechanisms.
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the more accurate HSE06 hybrid functional as shown in
Fig. 1e and g, respectively. In order to preserve the half-metalli-
city at room temperature, the band gap of the semiconducting
channel should be wide enough to prevent the thermally
excited spin-flip transition. The band gaps on the spin-down
channel are 2.86 and 2.92 eV for the MnP and MnAs at the
HSEO06 level, respectively, which are wide enough to prevent
spin leakage. The corresponding atom-projected and orbital-
projected densities of states (Fig. S5t) indicate that the major
magnetism in these 2D crystals is contributed by the Mn
atom, more specifically the Mn 3d orbitals near the Fermi
level. The half-metallicity with wide spin gaps makes 2D MnP
and MnAs monolayers ideal candidates for miniaturized spin-
tronic materials.

The ferromagnetic coupling of the MnP and MnAs mono-
layers can be well understood by the competition between the
direct exchange and super-exchange of Mn atoms mediated
through the P/As atom (Fig. 1h). According to the
Goodenough-Kanamori-Anderson (GKA) rules,*" ™’ the super-
exchange interaction usually favors ferromagnetic ordering,
especially for systems with a cation-anion-cation bond angle
of 90°. The FM superexchange dominates the total exchange
interaction in MnP and MnAs monolayers due to the ignored
direct-exchange interaction with much large Mn-Mn distances
(Table S1 and Fig. S51). Since the Mn-P/As-Mn bond angles
are close to 90°, the P/As-p orbital is nearly orthogonal to the
Mn-d orbital, which leads to a negligible overlap integral S
(Fig. 1i). According to the Heitler-London model,** the
exchange integral J can be written as J ~ 2k + 4/S, where &, f,
and S are the potential exchange, hopping integral, and
overlap integral, respectively. Due to the near zero overlap inte-
gral S, J is reduced to 2k, which is positive according to Hund’s
rule. As a result, MnP and MnAs monolayers both favor the
ferromagnetic ordering.

Both MnX monolayers exhibit the integer magnetic
moment of 8up per unit cell. The local magnetic moment on
the Mn atom is about 4ug. A freestanding Mn atom has a
valence electronic configuration of 4s3d®> and Bader charge
analysis indicates that the Mn atom loses electrons to the P/As
atom (Table S17). The unpaired d electrons contribute mag-
netism in MnP and MnAs monolayers. According to Hund’s
rules and the Pauli Exclusion Principle, the left four unpaired
d electrons result in the magnetic moment of 4up per Mn
atom.

The aforementioned magnetic anisotropy energy (MAE) is
very important to determine the thermal stability of magnetic
ordering. For 2D FM crystals, MCA mainly originates from the
spin-orbit coupling (SOC) interaction.”**® Heavy elements are
more preferred because their strong SOC effect can lead to a
large MAE. SOC calculations are therefore performed on 2D
MnP and MnAs monolayers to obtain relative stabilities along
the (100), (010), (111), and (001) directions as summarized in
Table 1. Clearly, the easy axes of these crystals are along the
out-of-plane (001) direction, similar to those of the 2D Crl;
monolayer’ and Fe;GeTe, monolayer.'> The MAE of the MnP
(MnAs) monolayer along the (001) direction is lower in energy
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Table 1 Magnetic anisotropy energies (neV) per Mn atom of different
directions against the (001) direction, magnetic moment (M, ug) per Mn
atom, anisotropy constant K (pueV), and Curie temperatures T, (K) for 2D
MnP and MnAs crystals

E(100)- E(010)- E(111)-
System  E(001) E(001) E(001) K, K, M T,
MnP 166 164 122 0.204 0.037 4 495
MnAs 280 281 216 0.380 0.103 4 711

than that along the (100), (010), and (111) directions by 166
(280), 164 (281), and 122 (216) peV per Mn atom, respectively,
which are significantly larger than the experimental values of
the Fe monolayer/Rh (111) (80 peV) and Co monolayer/Pt (111)
(100 peV) systems.”” The larger MAE in MnAs originates from
the stronger SOC since the As atom is heavier than the P atom.
To our knowledge, such large MAEs have rarely been observed
in 2D magnetic materials.

Based on the uniaxial tetragonal symmetry of 2D MnP and
MnAs monolayers, the angular dependence of the magneto-
crystalline anisotropy energy can be described using the fol-
lowing equation:*®

MAE (6) = K; sin® 6 + K,sin* 6, (1)

where K; and K, are the anisotropy constants and 6 is the azi-
muthal angle of rotation. If K; > 0 and predominates, the pre-
ferred magnetization direction will be along an out-of-plane
easy axis (z-axis), whereas K; < 0 suggests that it will be perpen-
dicular to the z-axis. Our calculated MAEs display a good fit of
eqn (1) as presented in Fig. 2a and b, which depicts the
angular dependence of MAE for MnP and MnAs monolayers in
the xy, yz, and xz planes. It clearly shows that the MAE strongly
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Fig. 2 Angular dependence of the MAE of MnP and MnAs monolayers
with the direction of magnetization lying on three different planes (a, b)
and the whole space (c, d). The inset illustrates that the spin vector S on
the xy, yz, and xz planes is rotated with an angle 0 about the x, y, and z
axes, respectively. Lighter coloration and radial distance indicate the
increase in MAE.
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depends on the direction of magnetization in the yz and xz
planes, whereas the energy is isotropic (straight line) in the xy
plane. The MAE reaches a maximum value of 166 (281) peV
per Mn for MnP (MnAs) at 6, = 6,, = n/2, suggesting that these
monolayers belong to the family of 2D Ising magnets. Fitting
from the angular dependence of MAE, the K; values of 2D
MnP and MnAs monolayers are both positive and predominant
(Table 1), which agrees with the fact that they both exhibit a
single easy axis. The corresponding MAEs through the whole
space are also plotted in Fig. 2¢ and d. Clearly, the MAEs show
a strong dependence on the yz and xz planes and a much
weaker dependence on the xy plane. This confirms again the
strong magnetic anisotropy in these monolayers. The observed
large MAEs will be sufficient to stabilize FM ordering against
heat fluctuation at a certain temperature.

Generally, the T. of the magnetic material positively corre-
lates with its MAE. The calculated large MAE implies that high
T. can be anticipated in 2D MnP and MnAs monolayers. To
quantitatively estimate the 7. of 2D MnP and MnAs mono-
layers, we performed Monte Carlo simulations based on the
Heisenberg model. The Hamiltonian is defined as

H=— JiSiS— Y ]SiSk — AS{S7,
i ik

where J; and J, are the first and second nearest-neighboring
exchange parameters (Fig. S67), respectively (more details are
given in the ESI}). Using the energy difference of different
magnetic configurations, the exchange parameters J; and J, of
the MnP (MnAs) monolayer are calculated to be 3.3 meV
(6 meV) and 13.9 meV (12.9 meV), respectively. The simulated
magnetic moment and magnetic susceptibility of MnP and
MnAs with respect to temperature (Fig. 3a and b) show that
the T. values of MnP and MnAs monolayers are about 495 and
711 K, respectively. These values are significantly higher than
those ever reported, e.g., Crl; monolayers (45 K),* Fe;GeTe,
monolayers (130 K),"> and Cr,Ge,Te, bilayers (30 K).> Some
other values are also shown in Fig. 3c for comparison. Note
that our calculated T for the CrI; monolayer is ~43 K, which is
in excellent agreement with the experimental measurement of
45 K. Moreover, the estimated T, based on Ising models can be
as high as 745 K and 1050 K for MnP and MnAs monolayers
(Fig. S77), respectively.

The stabilities of 2D crystals are crucial for experimental
fabrication and practical applications. We conducted ab initio
molecular dynamics simulations to evaluate the thermal stabi-
lity of MnP and MnAs monolayers at temperatures of 300 K
(Fig. S4t) and 800 K (Fig. 4a and b), respectively. The corres-
ponding fluctuations of the total potential energies oscillate in
a very narrow range, showing the good thermal stability of
these monolayers. The absence of imaginary modes estab-
lishes the dynamic stability of MnP and MnAs monolayers as
well (Fig. 4c and d).

Although MnP and MnAs monolayers have good stability,
this only means that they are local minimal structures on the
potential energy surface. Note that the global minimum struc-
tures are more likely to be realized in experiment. Are the
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from the AMn,Y, phase (e).

above discussed MnX monolayers the global minima in 2D
space? To address this issue, we carried out a global search for
the low-energy stable structures based on the particle swarm
optimization (PSO) scheme algorithm as implemented in the
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CALYPSO code® (more details are given in the ESIT). As shown
in Fig. S8,f our proposed MnP/MnAs monolayers have the
lowest energy in our global PSO search.

Considering their good thermal and dynamic stabilities
and global minima, it is natural to wonder how to synthesize
these 2D MnP and MnAs nanosheets in experiment. Selective
chemical etching has been widely used to convert 3D MXenes
phases to 2D phases, such as Ti,AIC to Ti,C** and MoAIB to
MoB.” The key for such a method is the relatively weak inter-
layer interaction in 3D structures.’®” The ternary layered com-
pounds AMn,Y, (A = K, Ca, Sr, Ba, Y = P, As) have already been
synthesized,”®®" in which the MnY layer and alkaline A earth
layer are alternatively stacked in the c-axis (Fig. S91). Taking
BaMn,Y, as the example, the exfoliation energies of MnP and
MnAs monolayers from the BaMn,Y, are only 0.066 and 0.074
eV A™> (Table S4t), respectively, which are even lower than
those of most MXenes (0.086-0.205 eV A~2).>® Besides, the
elastic constant Cy; of bulk BaMn,Y, is much larger than Cs;
(Table S47), showing that the stiffness of the overall chemical
bonds along the ab direction is stronger than that along the ¢
direction. Therefore, the combination of the A atom layer and
MnY layer is relatively weak, and the corresponding MnP and
MnAs sheets could be produced by selective chemical etching
of the A atomic layer. A possible synthesis route for 2D MnY
from 3D AMn,Y, is therefore proposed in Fig. 4e.

In summary, we have reported two experimentally viable 2D
intrinsic ferromagnetic materials, MnP and MnAs monolayers,
which expose appreciable out-of-plane anisotropy with sizable
magnetic anisotropy energy. More importantly, these 2D MnP
and MnAs sheets exhibit remarkable half-metallicity with high
Curie temperature (495 K for the MnP monolayer and 711 K
for the MnAs monolayer). Besides, they are the lowest energy
structures in our 2D search space and show excellent dynamic
and thermal stabilities above room temperature. Moreover, the
excellent ferromagnetism and half-metallicity can be well
preserved in few-layer MnP and MnAs, e.g., the bilayer case
(Fig. S10 and S11%). Our discovery of intrinsic room tempera-
ture ferromagnetic materials of 2D MnP and MnAs crystals
with half-metallicity provides new candidates for exploring
fundamental physics and opens up new possibilities for
spintronic applications at the nanoscale.
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