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ABSTRACT: Searching two-dimensional (2D) half-metallic
crystals that are feasible in experiment is essential to develop
next-generation nanospintronic devices. Here, a 2D exfoliated
MnPSe; nanosheet with novel magnetism is first proposed
based on first-principles calculations. In particular, the
evaluated low cleavage energy and high in-plane stiffness
indicate that the free-standing MnPSe; nanosheet can be
exfoliated from its bulk structure in experiment. The MnPSe,
nanosheet is an antiferromagnetic semiconductor at its ground
state, whereas both electron and hole doping induce its
transition from antiferromagnetic semiconductor to ferromag-
netic half-metal. Moreover, the spin-polarization directions of
2D half-metallic MnPSe; are opposite for electron and hole
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doping, which can be controlled by applying an external voltage gate. The Monte Carlo simulation based on the Ising model
suggests the Curie temperature of the doped 2D MnPSe; crystal is up to 206 K. These advantages render the 2D MnPSe; crystal
with great potentials for application in electric-field controlled spintronic devices.

B INTRODUCTION

Spintronics, which uses the spin of electrons for information
storage, transportation and processing, has attracted intensive
interests from both science and industry in the past decades.'
Half-metals with one conducting spin channel and one
insulating spin channel have been considered as the ideal
materials for spintronic applications.””* To fabricate spintronic
device at nanoscale, it is one key issue to develop low-
dimensional materials with half-metallicity. Theoretically,
numbers of low-dimensional half-metals have been pro-
posed.*”® However, until now the experimental validation of
half-metallicity in these systems has been scarce partly due to
the low yield, small domains and rich boundaries/defects of
prepared samples, or the difficulty in obtaining crystalline
structures.” "' Searching experimentally feasible low-dimen-
sional half-metals still remains a big challenge.

Another key issue for spintronics is the control of the
carrier’s spin orientation. For conventional half-metals, the spin
polarization is fixed at one specific direction, i.e., spin up or spin
down. The switch between two spin directions needs the
reversion of spontaneous magnetization by external magnetic
field, which is not feasible at nanoscale. Thus, the electrical
control of carrier’s spin polarization is highly desired for
spintronics.'> ™"

Since the discovery of graphene, many efforts have been
devoted to develop two-dimensional (2D) crystal based
spintronics. Graphene has been studied intensively for its gate
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tunable spin transport,' long spin diffusion lengths of about 4
micrometers at room temperature,” and unusual electronic
properties."® However, due to the delocalization character of sp
orbitals in carbon materials, significant magnetism and half-
metallicity has rarely been observed in experiment. Alter-
natively, 2D inorganic nanosheets have attracted new attention
very recently for their novel electronic and magnetic properties,
as well as great potential in electronic and spintronic devices.
Experimentally, the 2D graphene-like inorganic nanosheets,
such as transition metal dichalcogenides and oxides,"” ™! can be
obtained by exfoliating layered crystals. The possible existence
of d orbital itinerant magnetism in transition-metal-based 2D
nanostructures provides great opportunities to obtain signifi-
cant half-metallicity and electrical control of spin polarization in
these materials.

In this paper, we propose a new 2D MnPSe; crystal on the
basis of first-principles calculations. Bulk MnPSe; is a layered
crystal belonging to the family of MPX; (M = Mn, Fe, Ni; X =
S, Se).”> The MnPSe, layers are stacked in an ABC sequence, as
shown in Figure la. The adjacent MnPSe; layers are rotated
from each other by 60 degree and the vertical interlayer
distance (van der Waals gap) is d, = 3.22 A. The Se—Se
distance between two MnPSe; layers is about 3.9 A. Previous
experiments have shown that bulk MnPSe; is an antiferro-
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Figure 1. (a) Crystal structure of bulk MnPSe; from top (left part)
and side (right part) views. (b) Geometry of introduced fracture used
to simulate the exfoliation procedure. (c) Cleavage energy Eq as a
function of the separation between two fractured parts.

magnetic semiconductor with an optical energy gap of 2.27
eV* and a Néel temperature of 74 K.** The lattice dynamics of
bulk MnPSe; was studied in detail by infrared and Raman
spectra.”>?® MnPSe; can be used as an inelastic electron
tunneling barrier”” and is a potential candidate to realize valley
electronics and spintronics.*®

Here, we find that 2D MnPSe; can be obtained by exfoliating
its bulk with the cleavage energy smaller than that of graphite.
The elastic theory analysis indicates that the 2D MnPSe,
possesses relatively high in-plane stiffness to stabilize its free-
standing structure. The 2D MnPSe; crystal is antiferromagnetic
(AFM) semiconductor at its ground state. Both electron and
hole doping induce its transition from AFM semiconductor to
ferromagnetic (FM) half-metal. The Curie temperature is
estimated up to 206 K according to Monte Carlo simulations
based on the Ising model. In particular, the half-metallic 2D
MnPSe; possesses opposite spin-polarization directions for
electron and hole doping which can be controlled by a voltage
gate in experiment. These results suggest that 2D MnPSe; is a
potential material to fabricate spintronic devices with electri-
cally controllable spin polarization.

B COMPUTATIONAL PROCEDURES

Our calculations are carried out within the Perdew—Burke—Ernzerhof
generalized gradient approximation (GGA)* implemented in Vienna
ab initio simulation package (VASP).*® The projector augmented wave
(PAW) potential®® and the plane-wave cutoff energy of 400 eV are
used. For bulk MnPSe;, van der Waals interaction (vdW)
correction®”** is considered. A Monkhorst—Pack k-point mesh of 7
X 7 X 3 is used. For single layer of MnPSe;, a supercell with a vacuum
space of 15 A along the z-direction is employed with a k-point mesh of
7 X 7 X 1. Both the lattice constant and the positions of all atoms are
relaxed until the force is less than 0.01 eV/A. The criterion for the
total energy is set as 1 X 107° eV. The optimized lattice constant for
bulk MnPSe; is a = b = 6.324 A and ¢ = 19.813 A, consistent with the
experimental value (a = b = 6.387 A, ¢ = 19.996 A).>* To count the
electron correlation effects of Mn 3d orbitals and obtain accurate
electronic and magnetic properties of the 2D MnPSe; crystal, we
employ the screened hybrid HSE06 functional,>*** which includes the
accurate Fock exchange and usually performs much better than the
DFT and DFT+U methods.>**™ The spin—orbital coupling (SOC)
correction is not considered here since our test calculations show that
it has little influence on our results. Carrier doping is simulated by
removing or adding electrons from the system and using a
homogeneous background charge to maintain charge neutrality.

B RESULTS AND DISCUSSION

The large van der Waals gap in bulk implies a weak interlayer
interaction and the possibility to obtain 2D MnPSe; crystal
with exfoliation method. To verify this guess, we calculate the
cleavage energy by introducing a fracture in the bulk (see
Figure 1b). The total energy under variation of the separation d
between the fractured parts is calculated to simulate the
exfoliation procedure.®” The profile of the cleavage energy vs d
values is shown in Figure lc. It can be seen that the total energy
increases with the separation d, and gradually converges at the
ideal cleavage cohesion energy of about 0.24 J/m? This value is
smaller than the experimentally estimated cleavage energy in
graphite (~0.36 J/m?),*" indicating that the exfoliation of bulk
MnPSe; is feasible in experiment. The theoretical cleavage
strength is predicted to be 1.2 GPa by evaluating the maximum
derivative of E (d).*'

Usually, a high in-plane stiffness is required for the 2D crystal
to avoid the curling and obtain free-standing membrane in the
exfoliation process. To estimate the in-plane stiffness, the 2D
Young’s modulus is calculated for the MnPSe; nanosheet with
the following equation,

v _A(()ZE) ! (62E]
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where E is the total energy per unit cell, and a and A are the
lattice constant and corresponding surface area, respectively.
Figure 2a shows the profile of total energy versus lattice
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Figure 2. (a) Variation of total energy with the lattice constant. (b)
Band structure and (c) atom projected density of states for 2D
MnPSe; calculated with HSE06 functional.

constant a for MnPSe; nanosheet. The calculated Y, is 36 N/
m, which is about 10% of the in-plane stiffness for the
ultrastrong material graphene.*” According to the elastic theory,
the gravity induced typlcal out-of-plane deformation h can be
estimated by the formula*?

h/L % (pgL/Yyp)"> )

where p = 3.03 X 107 kg/m? is the density of 2D MnPSes, and
L is the size of MnPSe; flakes. For a large MnPSe; flake with
the length L ~ 100 um, we obtain h/L ~ 44 X 107%
comparable to that of graphene. Therefore, 2D MnPSe; crystal
is able to withstand its own weight and keep free-standing
planar structure. Note that the feasibility of cleavage of bulk
MnPSe; has been suggested in previous experiments by
successfully intercalating lithium and pyridine into the van
der Waals gaps.**** Combined with our evaluated low cleavage
energy and strong in-plane stiffness, it is promising that the 2D
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MnPSe; crystal can be realized by liquid exfoliation
techniques.”

Magnetic studies show that 2D MnPSe; crystal prefers AFM
coupling, which is more stable than FM state by an energy
difference of 55 meV per unit cell. The local magnetic moment
of Mn atom is about 4.48 yy where Mn possesses about +2e
charge with a high spin state. The calculated electronic band
structure indicates that the 2D MnPSe; crystal is a semi-
conductor with a direct band gap of 0.94 eV with PBE
functional, slightly larger than that of bulk system at the same
calculation level (0.85 eV). It is well-known that PBE functional
usually underestimates the energy gap and more accurate gap
obtained with HSE06 functional is 2.62 eV, as shown in Figure
2b. From the calculated atom projected density of states
(PDOS), it can be concluded that the valence bands (VB) near
the Fermi level are mainly contributed by Se and Mn atoms,
whereas the conduction bands (CB) consist of Se, Mn, and P
atom states (Figure 2c).

Next, carrier doping is considered to manipulate the
electronic and magnetic properties in 2D MnPSe; crystal.
Previous works have shown that carrier doping can open a big
band gap in bilayer graphene that is realized with voltage gate.*
A carrier-doping induced magnetic transition is also theoret-
ically predicted in phthalocyanine-based organometallic sheet.*
Figure 3a displays the variation of relative energy of AFM and
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Figure 3. (a) Relative energy of AFM and FM states under the
variation of carrier concentration for 2D MnPSe; calculated with
HSEO06 functional. The positive and negative values are for electron
and hole doping, respectively. The up and down arrows indicate up-
spin and down-spin, respectively. The simulated specific heat Cy with
respect to temperature for (b) electron doping and (c) hole doping

with the carrier concentration of 1.4 X 10" cm™

FM states under carrier doping. Here, we consider the doping
concentrations up to 1.4 X 10" cm™ (0.0Se charges per atom),
which is experimentally accessible. Note that a charge density
modulation of ~10" cm™ has already been experimentally
achieved in many 2D systems by using ionic liquid as gate
dielectric, such as gated ZnO and LaygCa;,MnO transis-
tors.*74

With a small amount of electron or hole doping (<3 X 10"
cm™2), 2D MnPSe; retains its antiferromagnetic ground state,
while the energy difference between AFM and FM states is
rapidly decreased, indicating that the AFM state is greatly
destabilized by injected carriers. Further increasing the carrier
concentration induces a magnetic transition from AFM to FM
state for both electron and hole doping (see Figure 3a). The
critical point occurs at about 3 X 10" cm™2, which can be easily
realized in experiment. Beyond the critical point, 2D MnPSe,

attains net magnetic moment and the FM state becomes the
ground state, which can be further enhanced by increasing
concentration of the doped carriers. At the concentration of 1.4
X 10" cm™, the FM state is more stable than the AFM state in
energy by 126 and 87 meV per unit cell for electron and hole
doping, respectively.

For doped 2D MnPSe; with FM coupling, the Curie
temperature T, is further estimated by using Monte Carlo
(MC) simulations with a 42 X 42 X 1 supercell based on the
Ising Hamiltonian model,

H= -3 M
ij (3)

where J;; is the nearest-neighbor exchange parameter, M = 5.0
Ug is the spin magnetic moment per chemical formula. In the
simulations, the spins on all magnetic sites flip randomly. Here,
we focus on the electron and hole doping with the carrier
concentration of 1.4 X 10" cm™, which possesses the largest
energy difference between AFM and FM states, thus the highest
Curie temperature (Figure 3a). Using the AFM—FM energy
difference, the exchange parameter is evaluated to be 0.84 and
0.57 meV for electron and hole doping with the carrier
concentration of 1.4 X 10'* cm™ respectively. To obtain T, we
calculate the specific heat C, = ((E*) — (E*))/T” at first after
the system reaches equilibrium at a given temperature. Then T,
is gained by locating the peak position in the C,(T) plot. From
the simulated C,(T) curve in Figure 3b,c, the Curie
temperature is found to be 206 and 138 K for electron and
hole doping, respectively. We also calculate the Néel temper-
ature of pristine 2D MnPSe; to be 88 K. Considering that the
interlayer magnetic coupling through the van der Waals gap in
bulk MnPSe; is evaluated to be vanishingly small (about —0.02
meV) and our model only considers the nearest-neighbor
exchange interactions, this value (88 K) can be also taken as the
Néel temperature of the bulk system, which is in good
agreement with the experiment one (74 K), confirming the
validity of our model. Note that the calculated Curie
temperatures for the carrier doped 2D MnPSe; significantly
exceed the liquid nitrogen temperature.

To study the electronic structure of carrier doped 2D
MnPSe;, the band structure and density of states (DOS) are
calculated at the doping concentration of 1.4 X 10" cm™.
Considering that carrier doping in experiment is usually
implemented by a voltage gate and there is an electric field
across the sheet, it is necessary to find out the effects of such an
electric field on the electronic structure of 2D MnPSe;. Our test
calculations show the band structures of 2D MnPSe; are
minimally changed under a rather strong electric field of 1.0 V/
A, indicating the rigidity of band structures of 2D MnPSe,
against external electric fields. Therefore, it is reasonable to
neglect the electric field effect during the simulations. From
Figure 4, it is clear that both the hole and electron doped 2D
MnPSe; are half-metals, exhibiting 100% spin-polarization
around the Fermi level. The spatial charge distribution profiles
(Figure 4c,d) of the energy bands across the Fermi level
indicate that the half-metallic states are delocalized over the
whole structure, ensuring a perfect conducting behavior. The
states around the Fermi level are mainly contributed by Se and
Mn atoms for the hole-doped 2D MnPSe;, but by all atoms for
the electron-doped one (Figure 4e,f).

In particular, the half-metallic 2D MnPSe; exhibits inverse
spin-polarization direction when changing the doping type. As
shown in Figure 4, the half-metallicity of hole-doped 2D
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Figure 4. Band structure for (a) hole-doped and (b) electron-doped
2D MnPSe, with the carrier concentration of 1.4 X 10" em™. (c and
d) Corresponding charge distribution of the energy band across the
Fermi level plotted with an isovalue of 0.01 e/A% (e and f) Atom
projected density of states under hole and electron doping,
respectively. All the results are calculated with HSE06 functional.
Fermi levels are all set to zero.

MnPSe; presents a complete spin-up polarization, while that for
electron-doped one is fully spin-down polarized. This property
is actually the same as that of Ipreviously proposed bipolar
magnetic semiconductors (BMS)."* Pristine 2D MnPSe; at FM
state is indeed a BMS with the valence band and conduction
band possessing opposite spin polarizations, and carrier doping
induces a rigid shift of the Fermi level into VB or CB, resulting
inverse spin-polarization direction for hole and electron doping.
The dependence of spin-polarization direction on the types of
doping provides a potential strategy to manipulate the carrier’s
spin-polarization in 2D MnPSe; crystal simply by applying a
gate voltage. It is well-known that the positive gate voltage
extracts electrons from the substance and results in a hole
doping effect, whereas the negative gate voltage injects
electrons and produces electron doping. Thus, the spin-
polarization direction of 2D MnPSe; crystal can be manipulated
by reversing the polarity of the applied gate, making it very
attractive for spintronic applications. For example, it is possible
to fabricate dual-channel field effect spin-filter and spin-valve, or
converter to transform electric signals into spin signals for
information transport and storage.'*'®

B CONCLUSIONS

In summary, we have proposed a new 2D MnPSe; crystal by
exfoliating its bulk. The calculated cleavage energy of bulk
MnPSe; is slightly smaller than that of graphite, indicating the
exfoliation of bulk MnPSe; is possible. Meanwhile, the
calculated in-plane stiffness implies that the 2D MnPSe; crystal

can keep its free-standing structure. On the basis of first-
principles calculations, we find that 2D MnPSe; crystal is an
AFM semiconductor. Both electron and hole doping induce a
magnetic transition from AFM to FM in MnPSe; nanosheet.
The Curie temperature of FM MnPSe; nanosheet is predicted
up to 206 K based on the Ising model MC simulations. In
particular, the FM MnPSe; nanosheet is half-metal with
doping-dependent spin-polarization. The carrier’s spin-polar-
ization direction is inverse when the doping type changes from
electron to hole doping, which can be easily realized by
reversing the polarity of the applied gate voltage. These studies
first imply that 2D MnPSe; crystal serves as a potential
spintronic material with electric field controlled magnetism.
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