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By using first-principles electronic structure calculations, we predict a new two-dimensional half-metallic ferromagnet
(2DHMF) with distorted square structure, i.e., the LiCrTe, monolayer. The results show that the LiCrTe, monolayer is
dynamically, thermally, and mechanically stable, and takes a large in-plane magnetic anisotropy, a wide spin gap, a large
magnetization, and a very high Curie temperature. Under a biaxial strain ranging from —5% to +5%, the ferromagnetism,
half-metallicity, and high Curie temperature are maintained well. Both tensile and compressive strains can significantly
increase the magnitude of the magnetocrystalline anisotropy energy (MAE) and a transition from in-plane easy-x(y)-axis to
out-of-plane easy-z-axis occurs when the compressive strain exceeds 1%. Our systematic study of the LiCrTe, monolayer

enables its promising applications in spintronics.
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1. Introduction

Spintronics offers great opportunities to develop high
speed, low power, and high integration density electronic de-
vices and it is also one of the most promising next generation
information technologies.!»?! Different from traditional elec-
tronics, which takes full advantage of the electron’s charge de-
gree of freedom, spintronics is devoted to incorporating the
electron’s spin degree of freedom. Therefore, it is important
to generate spin-polarised electrons in traditional nonmagnetic
semiconductor materials. One of the most common methods is
spin injection from a ferromagnetic (FM) material, e.g., con-
ventional FM metals (Fe, Co, and Ni), FM semiconductors,
and half-metallic ferromagnets (HMFs) (behaving as a metal
in one spin channel and as a semiconductor or insulator in the
other spin channel). Among them, FM semiconductors and
HMFs are more suitable as spin injection materials because
they can intrinsically provide single spin channel electrons
with the spin polarization reaching 100%, which can effec-
tively improve the spin injection efficiency.!!]

Compared to bulk FM semiconductors and HMFs, two
dimensional FM semiconductors and HMFs can not only pro-
vide up to 100% spin-polarized current but also possess novel
electronic, mechanical, optical, and magnetic properties, espe-
cially take advantages of straightforward integration into het-
erostructural devices. However, presently demonstrated two
dimensional FM semiconductors still show rather low Curie

temperature (7;) due to rather weak ferromagnetic couplings
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among the magnetic ions (45 K for Crl; monolayer®! and
30 K for bilayer Cr,Ge,Teg [‘”), far from room temperature for
practical applications. On the other hand, one may be aware
that 2DHMFs usually exhibit a much higher 7. due to the
strong exchange interaction driven by charge carriers, such as
768 K for h-VN, 1 730 K for h-CrC,!°! and 495 K for MnP.!”}
Besides a high Curie temperature, a wide half-metallic gap
(Eg) and a large magnetic anisotropy are also important for
ideal HMFs. The half-metallic gap should be wide enough to
prevent the spin-flip transition caused by the thermal excita-
tion and preserve the half-metallicity of HMFs at room tem-
perature. The magnetocrystalline anisotropy is fundamentally
critical to give rise to long-range magnetic ordering in 2D ma-
terials on one hand and it is also important for improving spin
injection efficiency on the other hand. In addition, a large
magnetization is also required to improve the spin injection
rate. Therefore, it is of fundamental interest to discover new
2DHMFs with sizable magnetocrystalline anisotropy energy
(MAE), wide E,, large magnetization, and high Curie temper-
ature.

In this work, we propose a 2D intrinsic HMF, the LiCrTe;
monolayer, with significant magnetocrystalline anisotropy,
wide spin gap, large magnetization, and high Curie temper-
ature. We study systematically the structure, electronic, and
magnetic properties of the LiCrTe, monolayer by using first-

principles electronic structure calculations.
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2. Computational methods

The first-principles electronic structure calculations were
performed in the framework of density functional the-
ory (DFT) using the Vienna Ab-initio Simulation Package
(VASP).[8% The generalized gradient approximation (GGA)
of Perdew—Burke—Ernzerhof (PBE) type was adopted for the
exchange—correlation functional.''” The projector augmented
wave (PAW) method!!'!"'?) was adopted to describe the inter-
The kinetic

energy cutoff of the plane-wave basis was set to be 650 eV.

actions between valence electrons and nuclei.

The total energy convergence and the atomic force tolerance
were set to be 107® eV and 0.01 eV/A, respectively. For
describing the Fermi—Dirac distribution function, a Gaussian
smearing of 0.02 eV was used. The 8§ x 8 x 1, 4 x4 x 1
and 2 x 2 x 1 gamma-centered Monkhorst—Pack grids!!3 were
used for the Brillouin zone (BZ) sampling of the primitive cell,
the 2 x 2 x 1 supercell and the 4 x 4 x 1 supercell, respec-
tively. We adopted a vacuum distance about 20 A in the ¢
direction to eliminate the interactions between adjacent lay-
ers in the slab modeling the two-dimensional systems. To
account for the correlation effects of Cr 3d orbitals, we also
performed GGA+U calculations by using the simplified rota-
tionally invariant version of Dudarev et al.!'*l The U was set
to 3 eV, Uer = 3.5 eV and 4 eV were also used to calculate
the electronic structures and magnetic properties as in the pre-
vious work !> (ferromagnetic semiconductor LiCrTe, mono-
layer with P3m1 space group). For the MAE calculation, the
spin—orbit coupling (SOC) was included. The phonon spectra

was additionally simulated by PHONOPY!'®! and the force
constants were calculated based on the density functional per-
turbation theory with a 4 x 4 x 1 supercell. Based on Nosé—

U7 the ab initio molecular dynam-

Hoover thermostat scheme,
ics (AIMD) simulations were conducted in the NVT ensemble
up to 15 ps with a time step of 3.0 fs at 300 K by using a
3 x 3 x 1 supercell. The Monte Carlo simulations based on
the classical Heisenberg model were employed to describe the
thermal dynamics of magnetism in equilibrium state, '3:1] for

which the open source project MCSOLVER code was used. [>!

3. Results and discussion
3.1. Crystal structure and stability

The optimized geometric configuration of LiCrTe, mono-
layer with space group P42 m (#113) is displayed in Figs. 1(a)
and 1(b). The LiCrTe, monolayer takes a fivefold layered
structure, i.e., Te-Li—-Cr—Li—Te. The primitive cell contains
two Li, two Cr, and four Te atoms, in which the Cr atoms, the
upper Li atoms and the lower Li atoms form a tetragonal lat-
tice. Each Cr atom is located at the center of a compressed
tetrahedron field formed by four Te atoms. Structurally, the
LiCrTe, monolayer is similar to the FeSe monolayer. [*!l After
full relaxation, the lattice parameter of the LiCrTe, monolayer
is a=6.376 A. The Cr-Te bond length is 2.65 A and the Li-Te
bond length is either 2.72 A or 2.75 A as shown in Fig. 1(a).
The bond angles for Te-Cr—Te are either 104.8° or 119.2° and
for Te—Li—Te are 85.2° or 100.2° or 152.2° (see Figs. 1(a) and
1(b)). The bond angle for Cr—Te—Cr is 116.7°.
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Fig. 1. Crystal structure of the LiCrTe, monolayer: (a) top view and (b) side view. (c¢) The calculated phonon spectrum. (d) The fluctuation of
total energy of the LiCrTe, monolayer and the snapshot for the final configuration after AIMD simulation at 300 K.
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To testify its stability, we studied the lattice dynam-
ics, thermaldymics, and mechanical properties of the LiCrTe,
monolayer. The lattice dynamics was studied by using
PHONOPY and the calculated phonon spectrum is shown in
Fig. 1(c). No imaginary frequency is found in the phonon
dispersion, confirming the dynamical stability of the LiCrTe,
monolayer. Figure 1(d) displays the evolution of the total en-
ergy over the 15 ps simulation time at 300 K with the top and
side view snapshots of the structure at 15 ps after the AIMD
simulation. There is no structural destruction and the 2D pla-
nar networks are well maintained, which indicates that all
atoms in the cell vibrate near their equilibrium positions and
thus the LiCrTe; monolayer is thermally stable. Furthermore,
the time-dependent total energy shows small fluctuation, fur-
ther suggesting the thermal stability of the LiCrTe, monolayer.
The calculated elastic constants of the LiCrTe, monolayer are
C11 = 20.012 N/m, Cj, = 3.133 N/m and Cgg = 9.571 N/m,
which satisfy well the mechanical stability condition, Cy; > 0,
Ces > 0 and Cy; > |Cy2|,[??) indicating that it is mechanically
stable. Moreover, for a stable 2D monolayer, it must hold its
own weight and geometry. The gravity induced out-of-plane

deformation can be estimated as /23!

h _ (pgL 3

= (%)
where p = 2.567 x 107 kg/m? is the 2D mass density, L is
the edge length of the flak, and Y;p is the 2D Young’s modu-
lus. Due to the Cy4 rotation symmetry of the LiCrTe, structure,
the calculated direction-dependent Young’s modulus (Y;p) has
the C4 symmetry with values from 19.521 N/m to 20.954 N/m,
as shown in Fig. 2. For a typical value L = 100 um, the calcu-
lated h/L is between 4.93 x 10~ and 5.05 x 10~*, comparable
to that of CrCl3 (4.65 x 10~*1241) and CrGeTes (5 x 10*[25),
and is of the same order of magnitude as that of graphene, [>’!
suggesting that the LiCrTe, monolayer is able to keep its free-
standing plane structure under its own weight without sub-
strate.

Fig. 2. The angular dependence of Young’s modulus Y>p in units of N/m.

3.2. Magnetic and electronic properties

In order to determine the magnetic ground state of the
LiCrTe, monolayer, all possible antiferromagnetic configu-
rations (six ones within a 2 x 2 x 1 supercell) and one ferro-
magnetic configuration are considered. The six AFM config-
urations are shown in Fig. 3. Among these seven magnetic
configurations, the calculation results show that the FM state
takes the lowest energy, thus being the ground state. The
energy differences of the six AFM states with respect to the
FM state (AE = Earpm — Erm), with different Uy = 3 €V,
3.5 eV, and 4 eV, are shown in Fig. 4. The AFM6 configu-
ration takes the hightest energy, which is about 487 meV/Cr
larger than that of the FM configuration. The total magneti-
zation of the LiCrTe, monolayer is about 6 ug per primitive
cell. The magnetism is mainly from the Cr atoms, whose
magnetic moments are about 3.6 ug per Cr atom, while the Te
atoms take small opposite magnetic moment (—0.3 ug per Te
atom) and the magnetic moments on the Li atoms are negli-
gible as shown in the spin density distribution (Fig. 5(a)). As
shown in Fig. 6(a), almost only the majority spin channels of
the Cr-3d orbitals are occupied, resulting in a magnetic mo-
ment of about 4 ug on each Cr atom. The magnetic moments
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Fig. 3. Top view of six AFM magnetic configurations. Only Cr atoms
are shown for simplicity. The 2 x 2 x 1 supercell is outlined by solid
black lines. The red arrows represent up-spins and the green arrows
represent down-spins.
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Fig. 4. The energy differences of the AFM states with respect to the FM
state, i.e., AE = Eapm — ErMm.
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on the Te atoms are mainly from the polarization of their p or-
bitals due to the p—d hybridization (see Fig. 6(a)) between the
Te and Cr atoms.

The MAEs are calculated to be 0.281 meV/f.u.,
0.407 meV/f.u., and 0.620 meV/f.u. for Uss = 3 €V, 3.5 eV,

and 4 eV, respectively, which are in the same order of many
[26

1 and significantly larger than those found

2D magnents

for commonly used ferromagnetic materials such as bulk Fe
(1.4 ueV per atom) and bulk Ni (2.7 peV per atom).!?’! The
easy magnetization direction is lying in the plane with the in-
trinsic easy-axis along x (or along y due to the Cy rotation
symmetry). The xy magnetization direction takes energy about

0.015 meV/Cr higher than that of the intrinsic easy-axis.
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Fig. 5. (a) Top and side views of the spin polarization distribution with the isosurface of 0.006 ¢/A>. The yellow and blue colors indicate the
spin-majority and spin-minority polarizations, respectively. (b) Top and side views of the differential charge density, where the yellow and blue
regions respectively denote the electron accumulation and depletion with the isosurface being set to 0.008 e/A3. (c) Crystal orbital Hamilton

population (COHP) analysis projected on the Cr-Te bonds.
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Fig. 6. (a) Density of states of the Cr-3d and Te-5p orbitals and (b) spin-
resolved band structure of the LiCrTe, monolayer with Uggr = 3 eV.

One of the important properties of ferromagnets is the
Curie temperature 7,. We adopted a classical Heisenberg

model to estimate the 7; of the LiCrTe; monolayer. The

Hamiltonian is shown as follow:
1 1
H = 5]1 ZS,”SjJrEJz Z S;-S;
(i.J) (@)

J3 Z S,“Sj
(@i

I Y
({00

(e

_|_

_|_

= N =

Si-S;+AY (85),
) i

where S; represents the spin of Cr ion on the i site, while
J1, J», J3 and Jy4 denote the first-, second-, third-, and fourth-
nearest exchange interaction parameters, respectively. The ex-
change interaction parameters can be extracted from the four

d,?®3% which is a general and effi-

ordered spin states metho
cient method to quantitatively describe spin—lattice coupling.
A 4 x4 x 1 supercell (128 atoms) was used to calculate the in-
teraction parameters Ji, J», J3 and J4. The results are listed in
Table 1, in which the magnitude of S; and S| is set to 1. The
negative J1, with much larger absolute value than J>, J3 and J4,
supports the ferromagnetic ground state of LiCrTe;. The mag-
netocrystalline anisotropy energy A is related to the energy dif-
ferences between the in-plane and out-of-plane easy-axis ob-
tained from the SOC calculations, i.e., A = + (E; . — E;, /y) =
0.281 meV (0.407 meV for U = 3.5 eV and 0.608 meV for
Uesr =4 eV) , where N is the number of magnetic atoms in the
supercell.

By using Metropolis Monte Carlo (MC) simulations
based on the above 2D Heisenberg model, we calculated
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the Curie temperatures of the LiCrTe, monolayer by using a
100 x 100 supercell. Figure 7 shows the evolution of the nor-
malized S and auto-correlation along with temperature. The
Curie temperatures can be extracted from the peak of the auto-
correlation, i.e., 1095 K, 695 K, and 640 K for U = 3 eV,
3.5 eV, and 4 eV, respectively. For comparison, the T, of the
LiCrTe, monolayer with P3m1 space group is 285 K.[!331]

Table 1. The exchange interaction parameters up to the fourth nearest
neighbor and magnetocrystalline anisotropy energy in meV, in which
the magnitudes of S; and S are set to 1.

The electronic properties of LiCrTe, monolayers are then
investigated. The spin-polarized density of states and band
structures are shown in Fig. 6. The density of states and band
structures are overall similar as well for Uggs = 3.5eV and 4 eV
except for the small and predictable changes in the spin gap
and exchange splitting. It can be found that the spin-majority
bands cross the Fermi level, while the spin-minority bands
have semiconducting characteristic. Such a band structure im-
plies that LiCrTe; is an intrinsic half-metallic ferromagnet. In
order to preserve the half-metallicity at room temperature, the
spin gap needs to be wide enough to prevent thermally ex-

Ji 5 J3 Jy A
Ugr—30eV  —13818 661 054 -199 0281 cited spin-flip transition. The calculated spin gap is 3.01 eV
Uegr=3.5eV  -116.06 -643 482 2.19 0.407 (3.10 eV for Uggr = 3.5 eV and 3.17 eV for Usr = 4 eV) and it
Uer=40eV 10484 340 59 028 0.620 is wide enough to prevent spin leakage.
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Fig. 7. The evolution of the normalized S and auto-correlation along with temperature for Uir = 3 eV (a), 3.5 eV (b), and 4 eV (c).

The overlap between the Cr-3d and Te-5p orbitals in a
large energy range (Fig. 6(a)) demonstrates the significant 3d—
5p hybridization between them. And as shown in Fig. 5(b),
the differential charge density of the LiCrTe, monolayer in-
dicates that the electrons are transferred from Cr atoms to the
middle zone of the Cr—Te bonds. This implies a covalent bond-
ing nature between the Cr and Te atoms. Moreover, the pro-
jected crystal orbital Hamilton population (-pCOHP) analysis
(Fig. 5(c)) shows that the anti-bonding states formed by the
hybridized Te-5p and Cr-3d orbitals take a small part of area
below the Fermi level, while the bonding states dominate the
area below the Fermi level. This also indicates that a relatively
strong chemical bond is formed between the Cr and Te atoms.

3.3. Effect of biaxial strains

Generally, the strain is a feasible method to adjust prop-
erties of various 2D materials.*>33] We studied the changes
of magnetic and electronic properties of monolayer LiCrTe,
with biaxial strains ranging from —5% to +5%. The applied
biaxial strain is defined as

a—a)

ao

Here a and ag represent the lattice constants of strained and
initial LiCrTe,, respectively. The negative and positive € de-
note biaxial compressive and tensile strains, respectively.

3
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Fig. 8. The MAEs under biaxial strains ranging from —5% to +5%.
MAE < 0 and MAE > 0 represent the out-of-plane and in-plane mag-
netization, respectively.

The energy differences of the six AFM states with respect
to the FM state, under the biaxial strains ranging from —5%
to +5%, are shown in Table 2. The LiCrTe, monolayer still
keeps the FM ground state and the magnetic moments on Cr
atoms are almost constant under the biaxial strains we stud-
ied. As shown in Fig. 8, the MAE of the LiCrTe, mono-
layer can be effectively adjusted by applying different strains.
Both tensile and compressive strains can significantly increase
the magnitude of MAE and the MAE can reach 1.79 meV/Cr
(2.20 meV/Cr for Uggr = 3.5 eV and 2.61 meV/Cr for Uegr =
4 eV) at +5% biaxial strain. In particular, a transition from
in-plane magnetization to out-of-plane magnetization occurs
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when the compressive strain exceeds 1%. The Curie tempera-
tures at different strains were further estimated by using Monte
Carlo simulations. As shown in Fig. 9(c), the T; is signifi-
cantly higher than the room temperature for all situations we
considered and the lowest estimated T is 869 K at +5% biax-
ial strain. When U = 3.5 eV and 4 eV, the calculated Curie
temperatures at +5% biaxial strain are 535 K and 694 K, re-
spectively.

The half-metallicity is also maintained under the biaxial
strains ranging from —5% to +5% for U.sr = 3 eV. However,
for Uegr = 3.5 eV and U = 4 eV, the metallic spin-majority
channel opens a 61 meV and 101 meV direct gap at M point,
respectively (Figs. 9(a) and 9(b)). This is believed to be caused
by the band narrowing due to tensile strains together with the
band shift by large Ues parameters. On the other hand, the
spin-minority gap increases gradually from 2.76 eV (2.84 eV

for Uegr = 3.5eV,2.93 eV for Ugr =4 eV) to 3.24 eV (3.32 eV
for Uegr = 3.5 €V, 3.41 eV for Ugs = 4 €V), when the biaxial
strains range from —5% to +5%. Meanwhile, the density of
states near the Fermi level continues to decrease.

Table 2. The energy differences (in units of meV/Cr) of the AFM states

with respect to the FM state under biaxial strains ranging from —5% to
+5%. The Ugg is set to 3 eV.

: . T————] 3
a2t (a) : — Majority spin 9t (b)
i — Minority spin

3 —

Energy (eV)
o
Energy (eV)

FM AFM1 AFM2 AFM3 AFM4 AFMS5 AFM6
5% 0.00 184.82 191.07 206.66 23543 219.54 494.28
—4% 0.00 18096 197.99 213.48 239.29 23932 493.37
3% 0.00 184.19 201.82 21643 239.99 24720 491.74
2% 0.00 185.16 206.63 209.34 24342 25645 494.71
-1% 0.00 18428 207.81 214.49 24447 263.25 493.53
0% 0.00 180.39 20343 211.97 24040 259.18 486.55
+1% 0.00 179.29 200.99 211.78 24299 257.58 481.20
+2% 0.00 17827 197.22 210.73 236.13 256.55 474.10
+3% 0.00 176.07 191.96 208.27 223.17 253.73 462.75
+4% 0.00 175.87 188.74 207.51 211.97 251.24 45291
+5% 0.00 175.11 18598 206.23 199.34 248.78 441.88
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Fig. 9. Spin-resolved band structures of the LiCrTe; monolayer with (a) Uesr = 3.5 €V at +5% tensile strain and (b) Uegr = 4 eV at +4% tensile
strain. (c) The variation of Curie temperatures with biaxial strains for Usgs = 3 eV.

4. Conclusion

In summary, by using first-principles electronic struc-
ture calculations, we proposed a new 2D half-metallic ferro-
magnet LiCrTe, monolayer. We systematically studied the
LiCrTe, monolayer in terms of crystal structure, stability, elec-
tronic properties, and magnetic properties. We found that the
LiCrTe, monolayer has a tetragonal structure with good ther-
mal, dynamical, and mechanical stability. The LiCrTe; mono-
layer takes a ferromagnetic ground state with intrinsic easy-
axis along x or y directions and the magnetic moment on each
Cr atom is about 3.6 ug. The Curie temperatures estimated by
using the statistical Monte Carlo (MC) simulations are above
600 K and significantly higher than the room temperature. The
metallic spin-majority channel and the gapped spin-minority
channel together demonstrate the half-metallicity nature of
LiCrTe, and the sizeable gap in the spin-minority channel is
critical for generating fully spin polarized carries. Under bi-
axial strains ranging from —5% to +5%, the ferromagnetism,
wide spin gap, large magnetization, and high Curie temper-
ature are all maintained well, while the magnetic anisotropy
takes an in-plane easy-x(y)-axis to out-of-plane easy-z-axis
transition when the compressive strain exceeds 1%. We ex-
pect that the discovery of LiCrTe; monolayer will provide a

new option for exploring 2D magnetic materials and for spin-
tronic applications in the future.
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