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ABSTRACT

Developing novel controllable two-dimensional semiconductor materials is crucial to thin film spintronic devices, which may lead to a revo-
lution of information devices. Recently, the easily cleavable CrTe; has attracted much attention for studying the magnetic properties of two-
dimensional materials. In this paper, we have demonstrated theoretically that an elastic tensile strain can turn the antiferromagnetic coupled
single-layer CrTe; (SL-CrTes) into a ferromagnetic (FM) system, favoring its potential application in thin film spintronic devices. The FM
SL-CrTe; undergoes a further transition from a semiconductor to a metal under a biaxial tensile strain of 9%. The kinetic stability of SL-
CrTe; under 10% tensile strain is verified by a molecular dynamics simulation at room temperature. We suppose that the strain-dependent
magnetic behaviors of SL-CrTe; resulted from the competition between superexchange and direct interactions. The tunable magnetic and

electronic properties of SL-CrTe; imply immense potential in spintronic device applications.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5126246

I. INTRODUCTION

The rapidly developing monolayer transition metal compounds
have wide prospects in the application of ferromagnetic (FM) semi-
conductor based ultrathin spintronic devices, which can promote
both device integration and performance." MoS, and some other
nanosheets have been successfully processed into high-performance
transistors, which can be used for the construction of logic gate cir-
cuits.” Particularly, a flurry of research studies have been conducted
in two-dimensional (2D) ferromagnetic coupling semiconductors
with high Curie temperature (T¢) lately for thin film spintronic
devices.” For instance, monolayer Crl; was found to be FM with
out-of-plane spin orientation and a Curie temperature of 45 K.* The
FM coupling in few-layer Cr,Ge,Tes can be enhanced experimentally
by a small electric field.” Recently, obtaining 2D intrinsic FM semi-
conductor from antiferromagnetically coupled systems was proposed
theoretically, including the monolayer CrOCI and CrOBr with a pre-
dicted T¢ of 160K and 129 K,° respectively. Nevertheless, their Curie
temperatures are still too low for practical applications in spintronic
devices, and exploring 2D intrinsic ferromagnetic semiconductors at
room temperature is still challenging.

While intrinsic’ and extrinsic defect’ doping and charge
doping’ are often adopted to tune the magnetic property of various
compounds, strain is a convenient and efficient approach to tune
2D films, as the magnetic properties of Crl;” and CrSiTe;'"" are
shown theoretically to vary significantly under strain. It is lately
reported that the FM coupling of monolayer materials like Crl; and
CrGeTe; can be enhanced through reducing their virtual exchange
gap (G),'' demonstrating that constructing alloyed transition
metal compounds like CrWls and CrWGe,Tes can be a feasible
way to reduce the G¢ of Crl; and CrGeTe;, respectively. In addi-
tion, appropriate strain can also reduce the G, of these alloys."
Recently, CrTes;, a layer stacking bulk with antiferromagnetic
(AFM) coupling, was studied experimentally. With its cleavage
energy as low as 0.5 J/m? very close to graphite, CrTe; is demon-
strated to be easily cleavable from bulk-like graphene.'”

Here, we find theoretically that the antiferromagnetically
coupled CrTe; monolayer can be easily tuned into FM semiconduc-
tors by strain. Both FM stability and magnetic moment of atoms in
single-layer CrTe; (SL-CrTes) can be enhanced obviously by apply-
ing biaxial tensile strain, whereas the AFM coupling can be
strengthened with compression strain, with the magnetic properties
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dominated by the competition between superexchange and direct
interactions. SL-CrTe; also shows a semiconductor to metal transi-
tion under 9% tensile strain. These useful strain induced properties
of SL-CrTe; provide great potential for spintronic device
applications.

Il. COMPUTATIONAL DETAILS

All calculations are based on spin-polarized density func-
tional theory (DFT), implemented in the Vienna ab initio
Simulation Package (VASP) code.'”'" The Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional'” and the pro-
jector augmented wave (PAW) method'* are used.
Pseudopotentials with 3d°4s' and 5s*5p* valence electron configu-
rations for Cr and Te atoms are adopted, respectively. A plane
wave energy cutoff of 500eV was employed for the basis set,
while the Brillouin zone is represented by a set of 7x7x1
k-points for the structural relaxation and by a 15x 15 x 1 mesh
for electronic property calculations following the Monkhorst-
Pack scheme.'® The atomic structures are relaxed until the force
reaches to less than 0.01eVA™". In the model of monolayer
CrTe;, a 20 A thick vacuum region is added in the supercell to
minimize the interaction between the periodic images. Monte
Carlo (MC) simulations'’ for the magnetic phase transition of
SL-CrTe; is performed by using the Vampire code.'*™*’

I1l. RESULTS AND DISCUSSION
A. Structure of bulk and monolayer CrTes

The model of bulk CrTe; is shown in Fig. 1(a). It crystallizes
in the monoclinic structure with the space group P2/m,”’

ARTICLE scitation.org/journalljap

TABLE I. The experimental and calculated lattice and structural parameters of bulk
CrTes and SL-CrTes. Data for SL-CrTe; are from its optimized ideal structure under
AFM ground state.

a b c dCr-Te dCr-Cr
Source (A) A A (A) (A)
Bulk/Expt. 12 11.52 11.08 7.88
Bulk/Calc. 12 11.65 1149 8.20
Bulk/Calc. This work 11.58 11.26 845  2.73 3.70
Monolayer/  This work 11.55 11.09 ... 2.73 3.64
Calc.

containing numbers of lozenge shaped Cr, tetramers. Cr atoms
are bonded by edge sharing octahedra of Te atoms. It is a layer
stacking antiferromagnetically crystalline whose interlayer
binding is dominated by van der Waals interactions. Therefore,
its monolayer structure can be fabricated experimentally by some
conventional methods, such as mechanical exfoliation.”” The unit
cell of bulk CrTe; contains eight formula units that consist of a
Te-Cr-Te sandwiched structure. Our calculated value of its
bandgap is 0.29 eV, which agrees well with its experimental value
of 0.3 eV, although most of the PBE calculations underestimate
the bandgaps.'” As listed in Table I, the calculated lattice parame-
ter of bulk CrTe; has been compared with experimental measure-
ment,'” where the c-axis length is clearly overestimated by about
7.2% compared to the experiment since the calculation neglects
the long-range van der Waals interaction.'” Meanwhile, the calcu-
lated a and b are in line with the experiment, within 0.5%-1.6%

FIG. 1. (a) The crystal structure of
bulk CrTes. (b) Top view and (c) side
view of SL-CrTes, where the green and
blue atoms represent two groups of
nonequivalent chromium atoms Cry
and Cr,, respectively. In addition, the
green and blue lines represent the
bond from two groups of Cr atoms (d4
and dy) to their adjoining six Te atoms,
respectively.
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FM

Magnetic configuration

Spin charge density

FIG. 2. AFM and FM configurations are shown. In addition, the spin charge
density of AFM and FM are shown where blue and red isosurfaces correspond
to spin-up and spin-down charge density, respectively.

difference, and also in good agreement with the available DFT
calculations.'”

The structural parameters (lattice constant and Cr-Te bond
length) and the model of optimized SL-CrTe; without strain are
listed in Table I and shown in Figs. 1(b) and 1(c), respectively. Based
on the symmetry analysis, it is found that there are two groups
of nonequivalent chromium atoms in the SL-CrTe; system, as
shown in Fig. 1(b).
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Our DFT calculation shows that 2D Young’s modulus of
SL-CrTe; along the a and b directions are 52GPanm and
48 GPa nm, respectively, which are greater than SL-CrI39 but much
smaller than graphene.”” This suggests that the SL-CrTe; is much
more flexible than graphene, and it can be sustained under a large
strain range.”

B. Effect of strain on magnetic properties of SL-CrTes

We have studied the variation of spin order in SL-CrTe; and
the energy difference between the AFM and FM states in SL-CrTe;
(Earpm-rm) under strain. All possible magnetic configurations of the
SL-CrTe; unit cell are investigated, and the FM and energetically
favored AFM configurations are shown in Fig. 2. The total energy
changes under strain for AFM and FM states are also illustrated in
Fig. 3(a). It is demonstrated that Expyvpv of SL-CrTe; increases
monotonically with the increase of biaxial tensile strain and the
FM state becomes more stable as shown in Fig. 3(a). In addition,
FM coupling will be weakened and AFM becomes more stable
under compression strain.

For convenience, we define the isotropic strain as € = Ac/cy x 100%,
where ¢ =c¢y+ Ac and ¢, are the lattice constants with and without
strain, respectively, as well as £>0 and £ <0 stand for tensile and
compression strains accordingly. At £ =0, Expvm.pym turns out to be
negative, meaning AFM is the ground state of SL-CrTe; without
strain. As the strain increases to € = 4%, Expp gy turns to be positive
and FM is favored, followed by a magnetic transition FM state that
dominates significantly, and correspondingly, the energy difference
between AFM and FM coupling is enhanced up to 82.1 meV/formula.
Interestingly, Expnvipv decreases to —154 meV/formula at & =—4%,
implying that AFM coupling will be strengthened significantly under
compression strain.

Through spin-polarized calculation, it is found that the
average magnetic moments of Cr atoms (Mc,) and Te atoms (Mr,)
in an ideal AFM state of SL-CrTe; are equal to 2.86 ug and 0.05 g,
respectively. From Fig. 2, we can see that the spin density locates
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FIG. 3. Strain dependence of (a) total energy variation at AFM and FM states, and the inset shows the energy difference between AFM and FM coupling in SL-CrTes;

(b) the average magnetic moments of Cr atoms in FM (green) and AFM (red) states.
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mostly in Cr atoms, from which the magnetic moments of Te
atoms are induced.

The average magnetic moments of Cr atoms, Mc,, under
various strains at AFM and FM states are illustrated in Fig. 3(b).
Mg, increases monotonically with the increase of tensile strain both
at AFM and FM states and decreases rapidly under compression
strain. At £ =10%, Mc, increases up to 3.17 pg at the FM ground
state. Yet, M, decreases to 2.69 ug at € = —4%. It is understandable
that the local magnetic moment can be enhanced through tensile
strain and quenched under compression strain.

It is well known that magnetocrystalline anisotropy is required
to stabilize long-range ferromagnetic ordering in 2D systems fol-
lowing the Mermin-Wagner theorem, as verified in monolayer
Crl; with a Curie temperature of 45 K.* Based on the DFT calcula-
tions on the strain-dependent lattice structures, the strain induced
change of magnetocrystalline anisotropy energy (MAE) of
SL-CrTe; has been studied, which originates from the spin-orbital
coupling (SOC) effects, establishing a long-range ferromagnetic
ordering in SL-CrTe; at finite temperatures.”* The total MAE is
obtained as the total energy difference between E;, and E,,;, where
E;, and E,, are the energies when the spins of all chromium atoms
are aligned along the in-plane and out-of-plane directions, respec-
tively.”” As shown in Fig. 4, the MAE is very small, ranging from
—1 to 0.3 meV per unit cell under stains. This indicates that it is
difficult for SL-CrTe; to counterbalance the thermal fluctuations,
which implies its low Curie temperature.

To uncover the strain effect on the magnetic properties, the
structural variation of SL-CrTe; along with strains has been
studied. Based on the different behaviors of Cr-Cr and Cr-Te
bond lengths responding to strains, the mechanism of magnetic
transition can be explained by the theory of competition between
superexchange and direct exchange interactions, in line with
other two-dimensional materials such as VX, (X=S§, Se)’® NbX,
(X =S, Se),”” and CrSiTe;."”
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FIG. 4. The calculated strain-dependent magnetocrystalline anisotropy energy
of CrTe; monolayer.
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As shown in Fig. 5(c), the distance between a Cr atom and its
neighbor Cr atom (dc,.c,) increases rapidly. For the AFM (FM)
state, dc;.c, increases from 3.29 A (3.51 A) under 4% compression
strain to 4.16 A (4.17A) under 10% tensile strain, by 26.4%
(24.1%). The sensitive variation of d¢,.c, implies that SL-CrTe; is a
soft material, in line with the calculated low Young’s modulus. As
for the bond length of Cr-Te (dc, re) shown in Figs. 5(a) and 5(b),
it varies much less than d¢,.c, with strain. For AFM (FM) state,
dc;-re varies to 2.69 A (2.71 A) of —4% strain from 2.81 A (2.80 A)
under no strain, changing only by 4.5% (3.3%). This is related to
the Cr-Te-Cr sandwiched structure, as the Cr-Cr distance varies
in the same plane while Te atoms come closer to the Cr atom
plane. The AFM coupling originates from the direct interaction of
Cr and its neighbor Cr atoms, and the FM coupling originates
from the superexchange interaction through Cr-Te-Cr bonding,
which is sensitive to dg,.c, and dc;, e, respectively. As discussed
above, dc;.c, elongates much faster than dc,.re along with an
increasing strain from —4% to 10%. Evidently, the direct interac-
tion decays much faster than the superexchange interaction,
leading to a rapid degrading of AFM coupling. On the other
hand, the variation of the bond angle of Cr-Te-Cr along with
strain is shown in Fig. 5(d). Dramatically, the Cr-Te-Cr bond
angle turns to 89.96°, which is very close to 90° at the strain of
4%. This agrees well with the Goodenough-Kanamori-Anderson
(GKA) rules,”" which has explained the ferromagnetism of
1T-CrX, (X =Se, Te) monolayers well.”’ When Cr-Te-Cr bond
angle reaches 90°, the electrons in the Te p state can easily excite
to the Cr d state, which can enhance the high spin state and thus
the FM coupling, as shown in Fig. 6. However, while the angle
deviates from 90° and increases along with strain, the FM cou-
pling is still more stable than AFM coupling. Why the FM cou-
pling can decay slower than AFM coupling after the transition
point? According to a recent research study, the superexchange
FM coupling is closely related to the virtual exchange gap Gex
(Gex = Ecregt — Ecrtzgr)» as it is significant to enhance FM cou-
pling through orbital engineering. The FM coupling of monolayer
Crl; and CrGeTe; have been enhanced three to five times through
forming alloy compounds, whose G¢x has been reduced
significantly.'’

It is known that the bandgap of CrTe; originates from the
octahedral crystal field splitting t,; and e, orbitals, indicating that
the bandgap Eg;~ Gex. As shown in Fig. 7, E, decreases after the
transition to the FM state at 4% strain. So it is supposed that G,
decreases along with the increase of biaxial tensile strain, similar to
the G, variation of CrWGe,Tes under tensile strain,'' which
results in the enhancement of FM coupling. Therefore, the decrease
of G has a significant contribution to slow down the weakening
of FM coupling, along with the fast degrading of AFM coupling
owing to the increase of dc, c,. It is significantly shown that the
distance between two groups of nonequivalent Cr atoms and their
adjacent Te atoms have the same value in the transition point 4%.
After the magnetic transition, d; is greater than d,. We suppose
that it is related to the different G in two groups of Cr atoms,
which may be a complicated competition. To this end, it is
indicated that the slower decay of FM coupling along with
biaxial tensile strain can be explained by the GKA rule and
decrease of Gy.
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FIG. 5. The average distance between the two groups of nonequivalent Cr atoms (d; and d,), and the average distance of all chromium atoms and their adjacent Te
atoms at AFM (a) and FM (b) phases, respectively. The Cr—Cr bond length and Cr-Te-Cr bond angle are shown in (c) and (d), respectively.

C. Effect of strain on electronic properties of SL-CrTez

In order to further understand these strain-dependent mag-
netic behaviors, the density of states (DOS) and projected density
of states (PDOS) of the AFM ground state SL-CrTe; are plotted in
Fig. 8. From the band structure, we find that the valence band

Cr-t, Cr-t,,
Te-p Te-p
FM-coupling

FIG. 6. Schematic diagrams of FM coupling in the CrTe; monolayer, which is
similar to CrGeTe."

maximum (VBM) and conduction band minimum (CBM) of the
strain free SL-CrTes locate at different points in the line of I to Y,
presenting semiconductor characteristics with an indirect gap of
0.42 eV. It is shown that the VBM and CBM are mainly contrib-
uted by Cr d states and Te p states, respectively.

Furthermore, Cr and Te atoms in system form Cr-Te covalent-
like bonds. As a result, electrons are bound in these states and the
carrier mobility is low in SL-CrTes;, where the flatbands near the
Fermi level verify it. It is generally known that the d orbital of Cr
atoms split into t,; and e, orbitals in the CrTes octahedron, which is
the origin of bandgap in SL-CrTe;. Normally in the SL-CrTe; octa-
hedral crystal field, the lower threefold t,, orbitals are occupied by
three electrons with the same spin while the higher twofold e,
orbital is empty, exhibiting a high spin state. However, the situation
becomes more complicated since the electrons in p orbitals of
Te atoms will excite to Cr ey orbitals when the Cr-Te-Cr bond
angle is close to 90° according to GKA rules, making e, orbitals
non-degenerate, enhancing the Jahn-Teller effect.””

In addition to the transition of magnetic coupling, the elec-
tronic properties vary with strain sensitively. As shown in Fig. 7,
the bandgap of spin-up and spin-down channels varying with
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after magnetic transition, respectively.

strain are shown in AFM and FM states, respectively. The FM state
is more sensitive than AFM before the magnetic transition point of
4%, and it is in contrast after the magnetic transition point. Under
the range of 4%-8% in the FM state, both spin-up and spin-down
channels open a gap, showing a semiconductor character. While
under 9% tensile strain, SL-CrTe; exhibits metal characteristics. In
order to understand the mechanism of semiconductor to metal
transition induced by biaxial tensile strain, the projected density of
states (PDOS) of SL-CrTe; has been exhibited in Fig. 9. For the
tensile strain of 4%, the Te p, orbital is enhanced and both spin-up
Cr t5g and eg as well as Te p, orbitals locate at the VBM, exhibiting
a semiconductor character. When strain reaches to 9%, the spin-
down Te p, orbital goes downward the VBM and spin-up Cr t;,
and e, orbitals shift away from the VBM, while the spin-up Te p,

FIG. 8. Band structure, total DOS, and PDOS of AFM SL-CrTes, with the Fermi
level set to zero.

orbital still shows a large contribution at the VBM, exhibiting a
metal character. It is clear that the semiconductor to metal transi-
tion of SL-CrTe; is owing to the variation of dominated Cr d and
Te p components.

D. Structural stability of strained systems

In order to examine its kinetic stability at room temperature, a
canonical ensemble is performed using the algorithm of Nosé’” by
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FIG. 9. The projected density of states of FM SL-CrTe; under various strains.
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FIG. 10. Variations of free energy and magnetic moment of SL-CrTe; under the situation without strain (a) and with 10% biaxial tensile strain (b), performing ab initio
molecular dynamics simulation at a temperature of 300 K. The insets show the atomic configuration at t = 12 ps, correspondingly.

ab initio molecular dynamics (AIMD) simulations.”* A 128-atom
2D structure was simulated by AIMD at a temperature of 300 K for
12 ps. As shown in Figs. 10(a) and 10(b), free energy of this 2D
network under the situation of both strain free and 10% biaxial
tensile strain converge to a stable level, and the structure under
both situations are maintained well with a small distortion within
12 ps, indicating that the SL-CrTesis kinetically stable without
structural destruction in both situations. In addition, the magnetic
moment of both structures shows a small fluctuation around 0 and
3.0 up, suggesting that AFM coupling is stable at no strain, while
FM is stable under 10% tensile strain at room temperature,
respectively.

In order to understand the behavior of magnetism with tem-
perature, the Curie temperature has been estimated by Monte Carlo
(MC) simulations.'” We have studied the magnetic moment of one
formula unit cell at different temperatures. The classical 3D
Heisenberg spin Hamiltonian®"*’ is defined as

1
H:—Ezi’j:]ijSij—ZkuSiz—pSZB.Si. )

In this model, J; is the Heisenberg isotropic exchange parame-
ter considering third neighbor magnetic interaction. S; and S; repre-
sent the magnetic moments of the two neighbor atoms. k, is the
anisotropic parameter and L is the magnetic moment of the chro-
mium atom. B is the external magnetic field, which is set to zero in
this work. The strength of the anisotropy is determined by k,,
where positive and negative values indicate the alignment along
out-of-plane and in-plane, respectively. The anisotropic parameter
k, is equal to the anisotropy energy."”

In the MC simulations, a 50 x 50 supercell has been adopted,
where 2 x 10° loops are taken to achieve equilibrium and 10° loops
are taken to collect the average of magnetic moment. The three
magnetic exchange parameters are regressed from the DFT energy
calculations of all nonequivalent magnetic configurations in

SL-CrTes unit cell of 32 atoms, as listed in Table I1. The value of k,
is rather small ranged from —1 to 0.3meV as strain changes.
In Fig. 11(a), its Curie temperature is estimated to be 7K with
4% biaxial tensile strain and it can be enhanced to 9K when
the tensile strain increases to 10%. A Monte Carlo (MC) simulation
based on the 2D Ising model™ is conducted for comparison [cf.
Fig. 11(b)]:

1

The magnetic moment drops around 15K from 3.0 pp to zero
in the case of 4% biaxial tensile strain. Interestingly, Tc can be
enhanced to 25K when the tensile strain increases to 10%. From
Figs. 11(a) and 11(b), we can see a large reduction of Curie temper-
ature in the 3D Heisenberg Monte Carlo simulations when the
magnetocrystalline anisotropy is included. It is more reasonable to
include the magnetocrystalline anisotropy effect, as it is necessary
to eliminate the Mermin-Wagner limit in 2D materials.* The Tc
obtained by mean-field approximation (MFA)™ is 33K and 81K
under 4% and 10% biaxial tensile strain, respectively. It is known
that the Monte Carlo simulation is more accurate for T estimation
and generally has a lower estimated T¢ than that of MFA. Even
though its Curie temperature is still low, it may be further
improved by the substrate or doping. The Néel temperature (Ty) of
the strain free SL-CrTe; is also estimated by 3D Heisenberg and 2D

TABLE Il. The magnetic exchange parameters up to third neighbors and anisotropic
parameters under strain free and 4% and 10% biaxial tensile strains.

J1 (meV) J> (meV) J3 (meV) k, (ueV)
Strain 0% —3.63 —8.03 0.89 9.28
Strain 4% 0.87 1.73 0.38 —57.29
Strain 10% 2.46 5.28 —0.17 23.05
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FIG. 11. Variation of the mean magnetic moment per Cr atom of SL-CrTes with respect to the temperature under the strain of 4% and 10%, calculated by 3D Heisenberg

(a) and 2D Ising model (b) Monte Carlo simulations, respectively.

Ising model Monte Carlo simulations, which is 18K and 30K,
respectively.

IV. CONCLUSION

In this paper, we have explored the strain-dependent magnetic
and electronic properties of SL-CrTes;. With the increase of biaxial
strain, both the magnetic moment of Cr atoms and stability of the
FM state are monotonically enhanced in SL-CrTe;. The stability of
the FM state gradually enhances and an AFM to FM phase transi-
tion occurs at the tensile strain of 4%. By contrast, the AFM state is
more stable under compression strain. We have demonstrated that
the variations of bond length and bond angle in the system are the
major reason for the transition according to the GKA rules. The
decrease of G is responsible for the slower weakening of FM after
the transition point. In addition, the FM SL-CrTe; further turns
from a semiconductor to a metal under 9% biaxial tensile strain. Its
Curie temperature can be enhanced with the increase of biaxial
tensile strain, and its thermal stability at room temperature is veri-
fied. Its very small exchange parameter and MAE imply the weak
magnetic interaction and stability, which agree well with our pre-
dicted low Curie temperature or Néel temperature. Our calculation
indicates that the SL-CrTe; has a remarkable magnetic controllabil-
ity under strain, earning it consideration as a suitable candidate for
low-dimensional spintronic devices.
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