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Fig. 1. (a) Top and side views of two-dimensional (2D)
CrPSe; monolayer with the hexagonal unit cell denoted by
grey broken lines; (b) the phonon spectrum and the corres-
ponding density of states (DOS) for Cr, P and Se atoms, re-
spectively, the inset shows the Brillouin zone of 2D CrPSe;

monolayer.
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Table 1.  Optimized lattice constants a (A), mono-
layer thickness h(A), some bond legths d(A) and
angle 6 (°) between some atoms of 2D CrPSey

monolayer.
BAREEUA K d/A TS5 6/ (%)
a 6.364 Cr—Cr 3.674 Cr—Se—Cr 85.3
b 6.364 Cr—Se 2.711 Se—P—Se 113.5
h 3.394 P—Se 2211
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Fig. 2. Exchange parameters AE = E(AFM) — E(FM) (meV) with respect to (a) in-plane biaxial strain (negative value denotes

compressive and postive means tensile) and (b) U value of 2D CrPSe;. The insects of panel (a) is the spin electron density of 2D

CrPSe, in FM and AFM states with isovalue of 3 x 103 ¢-A 3. The yellow and cyan colors represent spin-up and down electrons,

respectively.
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Fig. 3. (a) The Monte Carlo simulated magnetic moment
and specific heat capacity as a function of temperature and
(b) total energy fluctuations with respect to the simulation
time at 300 K of CrPSe; monolayer. The inset shows the
corresponding structure at 300 K after the simulation for
6 ps.
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Fig. 5. Total and partial density of states of 2D CrPSes.

Fermi level is set to 0 eV.
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Fig. 6. Tight binding model: (a) Hoping parameters illustration and band structures considered (b) all ¢1, t2 and ¢3 hopping para-

meters and (c) only ¢3 hopping parameters of 2D CrPSe; monolayer.
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Fig. Al. Spin up and spin down band structures along high symmetry k-points: (a) Calculated by HSE06 functional results com-
pared with that of PBE + U method; (b) calculated by some typical U value; (c¢) under typical strain effeccts of 2D CrPSe;. Fermi

level is set to 0 eV.
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Abstract

According to the first-principles calculation within PBE+ U method and tight-binding model, the magnetic
properties and electronic structures of two-dimensional (2D) CrPSe; monolayer were investigated. Constructed
by a Cr-honeycomb hexagonal lattice, 2D CrPSe; was predicted to be in a half-metallic ferromagnetic state with
dynamic stability, confirmed by the phonon spectrum with no imaginary dispersion. The Curie temperature was
estimated as 224 K by Monte Carlo simulation within the Metropolis algorithm under the periodic boundary
condition. The thermal stability of CrPSe; monolayer was estimated at 300 K by a first-principles molecular
dynamics simulation. It is found that the magnetic ground state of CrPSe; monolayer is determined by a
competition between the antiferomagnetic d-d direct exchange interactions and the Se-p orbitals mediated
ferromagnetic p-d superexchange interactions. Most interestingly, in the half-metallic state the band structure
exhibits multiple Dirac cones in the first Brillouin zone: two cones at K point showing a very high Fermi
velocity v (K) = 15.8 x 10° m-s~' about twice larger than the vr of graphene in the vicinity of Fermi level, and
six cones at K’/2 points with wve(K’/2) = 10.1 x 10° m-s™' close to the graphene's value. These spin-polarized
dz> and  dy.
CrPSe; monolayer is also confirmed by the HSE06 functional. A tight-binding model was built based on the Cr-

Dirac cones are mostly composed of Cr orbitals. The novel electronic structure of
honeycomb structure with two Cr-d orbitals as the basic with the first, second and third nearest-neighboring
interactions, further demonstrating that the multiple Dirac cones are protected by the Cr-honeycomb lattice
symmetry. Our findings indicate that 2D CrPSe; monolayer is a candidate with potential applications in the

low-dimensional, high speed and temperature spintronics.

Keywords: two-dimensional ferromagnetism, Dirac cone, first-principles calculation, tight-binding method
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