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1. Computational methods:

Particle swarm optimization (PSO) algorithm as implemented in CALYPSO !was
adapted to search for stable 2D monolayers>®. In the first generation of the structure
search, random structures were constructed and then these structures were optimized
by using the first-principles method. After analyzing the first generation structures, a
certain number of new structures (60% of the population size) were reserved to evolve
into next generation by PSO. The other 40% of new generation structures were
randomly constructed to guarantee the structure diversity. In our PSO simulations, the
population size and number of generation were all set to be 30. We repeat it four
times independently. For each PSO simulation, 900 structures were generated and
tens of structures with lower energies were further optimized at PBE level of theory
using Vienna ab initio simulation package.

Monte Carlo simulations on the basis of 2D Heisenberg Hamiltonian model were
carried out, in which the spin Hamiltonian is considered as

H==YJ1SS;= ¥ J2S:Si - AS'S"
i ik

neighboring exchange parameters (Figure S6), respectively. S is the spin vector of Mn
atom, §7 is the spin component along the z direction, and A is the single-ion magneto
crystalline anisotropy arising from spin-orbital coupling. Supercells of 100 x 100 x 1
grids were adopted for MnP and MnAs monolayers. The accurate 7, can be obtained
by locating the peak position of magnetic susceptibility, which is calculated at a given
temperature. Based on the simple Ising model, the calculated 7. of MnP and MnAs
monolayers are estimated to be 745 K and 1050 K (Figure S7), which is likely
overestimated. Different from the simple numbers (+1 or -1) on Ising model, the spins
on all magnetic sites flip randomly, which are more accurate to estimate the Curie
temperature. The energy differences of FM, AFMI1, and AFM3 ground states (see

, where J; and J, are the first and second nearest-

Table S2) were used to compute J 1and] 2, we have:
E(FM) = E, - 2/,|S|* - 2],IS|* - A|S|
E(AFM1) = Ey + 24151 - 2],|S]* - AlS|®

E(AFM3) = E, + 2],|S|* - A|S|?
Thus,
_ E(AFM1) - E(FM)
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Anisotropy energy parameter 4 is calculated to be 166 #€V and 281 KeV for 2D MnP
and MnAs monolayers, respectively.

Table S1. Relative energies AE (meV) (AE=Expm-Erv) , magnetic moments g and
electronic structures (£S) with PBE+U=4 eV and HSE for MnX (X=P, As)

monolayers, respectively.

AE (PBE+U) | AE (HSE) | ug(PBE+U) | up(HSE) | ES(PBE+U) | ES(HSE)
MnP 53 62 8 8 half-metal half-metal

MnAs 95 87 8 8 half-metal half-metal
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Figure S1. Energy difference AE (AE=FEpm-Ery) (2) and magnetic moment per unit cell (b) as a
function of Uy of MnP and MnAs monolayer.

Figure S1 shows the calculated AE(AE=FErm-Erv) and magnetic moments (ug)
using GGA+U method with U,y varied from 0 to 7 V. As can be seen, AE is sensitive
to Uy and it increases with the increasing U,y suggesting that MnP and MnAs
monolayers are the strongly correlated system. As we do not have experimental data
to exactly define the U value, we have to use Heyd-Scuseria-Ernzerhof (HSE06)
result to get a proper U value. As shown in Table S1, PBE+U with U.=4.0eV well
reproduces the HSEQ6 results in terms of magnetic ground states, magnetic moments,
and electronic structures. In fact, as shown in Figure S1, the FM is more stable than
AFM when U is larger than 2.4 eV for MnAs and 3.5 eV for MnP and the magnetic
moment saturates to ~8 ug around U=4eV. Therefore, U.=4.0 eV was used to treat
partially filled d orbital of the Mn atom in this work.

2. Four different AFM states
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(a) AFM1 (b) AFM2
(¢) AFM3 (d) AFM4

Figure S2. Top views (a—d) of geometric structures four different AFM states for 2D MnX (X =P,
As, Sb) monolayers. Red and blue arrows denote two opposite spin orientations.
3. Ground states, lattice parameters, and atomic positions of MnX monolayers

Table S2. Ground states (GS), nearest-neighboring (dy) and second nearest-neighboring (dyy) Mn-
Mn bond lengths with the angle (6;, 8;) of Mn-X-Mn (Figure S5), charge transfer (C), lattice
parameters (Lattice) and atomic positions (Coordinates) for MnX (X=P, As, Sb) monolayers. The
phase of MnP and MnAs monolayer belongs to the tetragonal P4/nmm space group (No. 129). FM
and AFM4 denote ferromagnetic and antiferromagnetic states, respectively.

System GS dn (A) dw(d) 6, 6, C(e Lattice(A) Coordinates
Mn (0, 0, 0.5)
MnP FM 3.13 4.42 79 127 098 a=b=4.42
P (0.5, 0, 0.457)
Mn (0, 0, 0.5)
MnAs M 3.21 4.54 77 123 0.88 a=b=4.53
As (0.5, 0, 0.459)
Mn (0, 0, 0.5)
MnSb AFM4 3.31 4.67 72 113 0.69 a=b=4.67
Sb (0.5, 0, 0.427)

4. Relative energies between FM and AFM

Table S3. Relative energies (meV/Mn) between ferromagnetic (FM) and four antiferromagnetic
(AFM1, AFM2, AFM3, and AFM4) for MnX (X=P, As, Sb) monolayers. Ground states are
highlighted with blue backgrounds.
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5. Electron localization functions for MnP and MnAs

Figure S3. Top and side views of electron localization functions (ELF) for MnP (a), and MnAs (b)

monolayers with iso-surface values of 0.5.

6. Evolution of total energy at 300 K
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Figure S4. Evolution of total energy of MnP (a) and MnAs (b) with temperature of 300 K.

7. Atom-projected and orbital-projected densities of states
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Figure S5. Atom-projected and orbital-projected densities of states for MnP (a,b) and MnAs (c,d)
monolayers by using accurate HSE06 hybrid functional, and the Fermi levels are all set to zero.

8. Spin configuration for the exchange-interaction constants.
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Figure S6. Spin configuration for estimating the exchange-interaction constants. J1 and 2 are the
nearest and next nearest magnetic exchange interaction parameters, respectively.

9. On-site magnetic moment of Mn atoms and magnetic susceptibility versus
temperature

MnP-Ising model .

4 MnAs-Ising model

=

w

Te=745K Te =1050 K

[ %)
Susceptibility

Magnetic moment (\,)

=

700 800 900 1000 1100 1200 1300
Temperature (K) Temperature (K)

n=

Figure S7. On-site magnetic moment of Mn atoms and magnetic susceptibility versus
temperature in MnP (a) and MnAs (b) monolayers based on Ising model.

10. Three relatively low-energy MnX monolayers searched by CALYPSO.
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Figure S8. Three relatively low-energy MnP monolayer (a, b, ¢) and MnAs monolayer (d, e f)
searched by CALYPSO. Their energies relative (AE) to the lowest energy are also shown.

11. Crystal structure of AMn,Y,

© A=Ba, Sr, Ca, K

© Mn
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Figure S9. Crystal structure of ternary layered compounds AMn,Y, (A= Ba, Sr, Ca, K, Y=P, As)

12. Bond lengths, exfoliation energy, and elastic constants for bulk BaMn,Y,
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Table S4. The Ba-Y and Mn-Y bond lengths (A), exfoliation energy E, (eV/A?), and elastic
constants C (GPa) for bulk BaMn,Y, (Y=P, As).

- 3.45 2.56 21 28 64 22 38

0.066 107

- 3.53 2.68 0074 103 17 21 56 21 34

The ternary layered compounds AMn,Y, (A=Ca, Sr, Ba, Y=P, As) have already
been synthesized!*'2, in which the MnY layer and A atomic layer are alternatively
stacked in the c-axis (Figure S9). Take BaMn,As, and BaMn;P; as the examples, the
Ba-Y bond lengths of bulk BaMn,Y, are much larger than Mn-Y bond lengths (Table
S3), indicating relatively weak strength of Ba-Y bonds.

The exfoliation energy Ef of a bulk AMn,Y, phase into 2D MnY is calculated
through Er =-[Eioqamn2v2)-2EoiMn2y2)~ 2E101(a))/(4S), where Eiygavin2y2)s Etotvn2y2), and
EiBa) stand for the total energies of bulk BaMn,Y, phase, 2D MnY, and A element,
respectively and S is the surface area. Exfoliating a MnY phase, each unit cell of the
AMn,Y, phase generates two MnY layers with 4 surfaces. Therefore, the exfoliation
energy is divided by 4 in one unit cell. The exfoliation energy of MnP (0.066 eV/A2)
and MnAs (0.074 eV/A2) monolayers are all lower than those of most MXenes
(0.086~0.205 eV/A?), which have a better chance to be exfoliated into MnY
monolayer. The relatively low interlayer exfoliation energies suggest that these
monolayers could be easily obtained from their bulk structures. Besides, C;; and Cs3
elastic constants (Table S3) are kinds of quantities that imply the stiffness of overall
chemical bonds along the ab and ¢ directions, respectively. As a result, Cy; is
obviously much larger than Cs3, suggesting it might be more feasible to break the Ba-
Y bonds under appropriate mechanical and chemical tensions without significantly
damaging the Mn-Y bonds. As analysis above, MnY synthesis may be achieved by
selective etching of the A element layers and possible from their bulk AMn,Y, phases

(Figure 4e).
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13. Three AFM orders and Band structures of MnP and MnAs bilayer

AFM2

Figure S10. Side views of FM and three different AFM states for 2D MnX (X = P, As) bilayers.
Red and blue arrows denote two opposite spin orientations.
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Figure S11. Band structures of MnP (a) and MnAs (b) bilayer at PBE+U level. The red and blue
lines represent spin-up and spin-down, respectively.

We also have investigated the spin order of bilayer structures of MnP and MnAs
bilayer carefully. Three AFM spin orders are considered of MnP and MnAs bilayer
shown in Figure S10. Interestingly, the ferromagnetism and half-metallicity can be
well preserved in MnP and MnAs bilayer. The band structures for bilayer are shown
in Figure S11.
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