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In this paper, we systematically investigated the structural and magnetic properties of CrTe by com-
bining particle swarm optimization algorithm and first-principles calculations. By considering the elec-
tronic correlation effect, we predicted the ground-state structure of CrTe to be NiAs-type (space group
P63/mmec) structure at ambient pressure, consistent with the experimental observation. Moreover,
we found two extra meta-stable C'mca and R3m structures which have negative formation enthalpy
and stable phonon dispersion at ambient pressure. The Cmca structure is a layered antiferromagnetic
metal. The cleaved energy of a single layer is 0.464 J/m?, indicating the possible synthesis of CrTe
monolayer. The R3m structure is a ferromagnetic half-metal. When external pressure is applied, the
ground-state structure of CrTe transitions from P63/mmec structure to R3m structure at a pressure of
34 GPa, then to F'm3m structure at 42 GPa. We thought these results help to motivate experimental
studies of the CrTe compounds in the application of spintronics.
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1 Introduction

The present spintronic devices mainly consist of ferro-
magnetic (FM) materials, which have shortcomings such
as low integration and slow operating frequency [1]. In
2006, antiferromagnetic (AFM) metals are predicted to
have giant magnetoresistance [2], which was then ob-
served in the experiment [3]. Antiferromagnets have sev-
eral advantages in spintronic application, such as high
magnetic susceptibility, high switching frequency, the ab-
sence of stray fields, and strong spin transfer torque ca-
pability [4, 5]. Magnetic transition-metal chalcogenides
(TMCs) with rich structural and magnetic properties are
regarded as promising candidate materials in spintron-
ics [6-8]. It is significant to explore the unknown FM
and AFM structures of TMCs.

Here we focus on the CrTe compounds. On the exper-
imental side, according to the phase diagram determined
by Ipser et al. [9], the Cr;_sTe system has the hexago-
nal NiAs (NA) structure for § < 0.1. NA CrTe is a FM
material with a Curie temperature of 340 K [10]. Further-
more, Wang et al. [11] synthesized the film of NA CrTe
with a thickness of 11-45 nm and found that it still had a
hard magnetism. Apart from the NA structure, a meta-
stable zinc-blende (ZB) CrTe [12] has been grown using
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molecular-beam epitaxy on GaAs (100) substrate. Eto et
al. [13] founded that CrTe occurred a structural transition
from the NA structure to the MnP (MP) one at pressures
between 13 and 14 GPa. Moreover, a CrTes compound
with a layered structure was synthesized with a long-range
AFM order [14], indicating that layered structure may also
exist in the CrTe compounds.

On the theoretical side, using the full-potential linear
augmented plane waves (FP-LAPWs) method, Charifi et
al. [15] compared the energy of CrTe in NA, ZB, MP,
and Rock-salt (RS) structure, and found that NA struc-
ture was the ground state. Dijkstra et al. [16] found that
NA CrTe had strong Cr 3d-Te 5p hybridization and the Cr
3d,2—Cr 3d 2 overlap along the ¢ axis. Kanchana et al. [17]
predicted that NA CrTe had a magnetic transition from
FM to non-magnetic (NM) state in around 45.3 GPa uti-
lizing the tight-binding linear muffin-tin orbital method.
It was predicted that ZB CrTe had a total energy 0.36 eV
higher than the NA CrTe [18]. Block et al. [19] founded
that ZB CrTe was a half-metal with a bandgap in the mi-
nority channel at the Fermi level, due to stronger CrTe co-
valent bonding than NA CrTe. Liu et al. [20] showed that
CrTe in RS structure was only marginally unstable against
the NA CrTe, and more stable than the ZB CrTe. How-
ever, Belkadi [21] recently predicted that the RS structure
was the ground-state structure of CrTe by modified Becke-
Johnson (MBJ) exchange potential method. Moulkhalwa
et al. [22] found that the electronic correlation effect had
a large influence on the structural and magnetic proper-
ties of Cr-based chalcogenides, which has not been well
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(b) P63/mmc

Fig. 1 Crystal lattice of predicted CrTe structures includ-
ing (a) Cmca, (b) P63/mmc, (c)R3m, and (d) Fm3m struc-
tures. Blue and brown balls indicate Cr and Te atoms, respec-
tively.

considered in previous calculations.

Considering contradictory results in previous works, in
this paper, we investigated the crystal and magnetic struc-
tures of CrTe using structure searching technology com-
bined with first-principles calculations. We predicted that
the NA structure (space group P63/mmc) was the ground-
state structure by considering the electronic correlation
effect. Two extra meta-stable phases including C'mca and
R3m structures were founded. The Cmca phase has a lay-
ered structure and is an AFM metal. The R3m phase is a
FM half-metal. Their electronic and magnetic properties
were carefully analyzed. When the external pressure in-
creases, the ground-state structure of CrTe changes from
P63/mmc to R3m at 34 GPa , and then to Fm3m struc-
ture at 42 GPa.

2 Methods of computational

The searching of crystal structure was performed by parti-
cle swarm optimization algorithm, as implemented in the
CALYPSO code [23-25]. Given the chemical composition
and external pressure, the atomic arrangement with the
global lowest energy on the potential energy surface can
be determined [23]. This algorithm has been applied to
many systems with reliability [26, 27]. We searched for
the low-energy structures of bulk (CrTe), with number
of formula n from 1 to 4 in the process of the structure
prediction. To judge the stability of the CrTe in various
structures, we adopted the formation enthalpy (AH) that
is defined as

AH = [h(CrTe) — h(Cr) — h(Te)]/2, 1)

where 2 is the number of atoms per CrTe formula. The
h(CrTe) is the enthalpies per formula corresponding to
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Fig. 2 The energy-volume curves for CrTe in four different
phases including C'meca, P63/mmc, R3m, and Fm3m struc-
tures by (a) PBE and (b) PBE+4U methods.

the most stable magnetic state of CrTe. h(Cr) and h(Te)
are the enthalpy of Cr substance (space group Im3m) [28]
and Te substance (space group P3;21) [29], respectively.
The first-principles calculations were performed using the
Vienna ab initio simulation package (VASP) [30, 31]. The
projector augmented wave (PAW) [32] pseudopotentials
and Perdew, Burke, and Ernzerhof (PBE) [33] exchange-
correlation functionals were used. A plane-wave basis set
with an energy cutoff of 500 eV and a monkhorst-Pack [34]
k-points with a grid spacing of 27t x 0.08 A~! were used.
The crystal structures and atomic positions were fully op-
timized with a force convergence threshold of 0.01 eV/A.
To consider the correlation effects of Cr-d orbitals, we ap-
plied the PBE4U scheme [35]. The onsite effective Uy
value of Cr-d electrons in CrTe system was determined to
be 4 eV (see Fig. S1) by the linear response methods [36].
The phonon spectrum was calculated using density func-
tional perturbation theory [37].

3 Results and discussion

3.1 Meta-stable structures

Calculated formation enthalpies of CrTe compounds,
within the chemical compositions available in the exper-
iment [9-14], show that Cr-Te compound with a Cr:Te
ratio of 1:1 has the lowest formation enthalpy AH (see
Fig. S9). Through the structural search at ambient pres-
sure, several structures in CrTe system with a large neg-
ative AH including Cmca, P63/mmc (NA), R3m and
Fm3m (RS) structures are predicted (see Fig. 1), while
the ZB and MnP structures have much smaller negative
AH. The energy-volume curve of four low-energy struc-
tures are displayed in Fig. 2. Considering the layered
structure of the C'mca phase, we adopted the van der
Waals (vdw) functional [38] in the first-principles calcu-
lations. In PBE calculations, the Cmca structure is the
ground-state structure and P63/mmec structure is a meta-
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Table 1 The space group (SG), group number (GN), the
ground magnetic state (MS), lattice parameters (LP), bonding
length (dcrre) and formation enthalpies (AH ) of CrTe. The
numbers of atoms in a conventional cell (N¢c;1) are also given.

SG (GN) MS LP dcrTe AH
Neelt A, (°) (A)  (ev/atom)
Cmeca (64) AFM a=5.743 2.814 -0.592
16 b=12.671
c=6.026
a=p=~=90°
P6s/mme (194) FM a=b=4216 2.920  -0.782
4 c = 6.452
a=p=90°
v = 120°
R3m (166) FM a=b=c¢=10.184 2.925 —0.774
6 a=p=~v=23.7°
Fm3m (225) FM a=b=c=25.817 2.909 —0.762
8 a=p=~=90°

stable one [see Fig. 2(a)]. However, in PBE+U calcula-
tions, the P63/mmec (NA) structure becomes the ground-
state structure [see Fig. 2(b)] which is consistent with the
available experiments [9, 10]. It was indicated that the
electronic correlation effect has to be considered in the in-
vestigation of the structures of CrTe. Our results about
the ground state of CrTe in PBE and PBE+U calculations
are different from previous works [15, 17, 20-22] (see Ta-
ble S1). Firstly, both the Cmca and R3m phases have
not been considered in previous works. Secondly, the FP-
LAPWs method and MBJ method [15, 20-22] may not
be suited for determining the ground state of CrTe. For
example, the FP-LAPWs method can not calculate stress
tensor, which makes the optimization tedious for low sym-
metry cases [39]. On the other side, the MBJ method is a
potential-only functional and is not suited for computing
Hellmann—Feynman forces [40]. In the following content,
we will display the results of PBE+U calculations.

The optimized lattice parameters of low-energy CrTe
structures are given in Table 1. The phonon spectrums
of four low-energy structures show no imaginary phonon
frequencies, confirming their dynamical stability [see
Figs. 3(a) and (b), and Fig. S2]. Meanwhile, Table 2 lists
the elastic constants of the four structures of CrTe, which
satisfy the Born criterion [41, 42], indicating that they are
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Fig. 3 The phonon spectrums of CrTe in (a) Cmca and
(b) R3m structure. (c) The total energy of C'mca structure
in NM and the most stable AFM state as a function of strain.
(d) The spin configuration of C'mca phase in the most stable
AFM state. The red arrows indicate the direction of the spin
of Cr atoms.

mechanically stable. Detailed information about the Born
criterion for each phase can be found in Table S2 of the
supplementary material.

Two meta-stable structures including C'mca and R3m
structures were predicted, which were not reported in pre-
vious works. The Cmca structure has a layered crystal
lattice with each layer be held together by the vdw inter-
action. Its single layer consists of CryTey cells with four
edge-shared CrTes quadrangular pyramids [see Fig. 3(d)].
We have compared the energy of C'mca structure in non-
magnetic (NM), FM and, different AFM states. It was
founded that the FM state was unstable and would change
to the NM state. The magnetic ground state of the C'mca
phase is the AFM state [see Fig. 3(c)], in which the spin
distribution in a single layer is opposite [see Fig. 3(d)].
The AFM state, which helps to decrease the Pauli re-
pulsion between electrons, results in shorter Cr—Te bond
lengths than that of other structures (see Table 1). More-
over, the calculated cleaved energy of a single layer is 0.464
J/m?, similar to that of graphene (0.43 J/m?) [43], indi-
cating the possible synthesis of monolayer CrTe.

On the other side, the ground state of the R3m struc-

2 The independent elastic constants C;; (GPa) for CrTe with various space group: cubic (Fm3m), hexagonal

(P63 /mmc), trigonal (R3m), and orthorhombic (Cmca) phases.

SG C11 Caa Cs3 Cus Css Ces C12 C13 C14 Cas
Cmca 53.184 37.381 61.232 22.160 34.932 26.810 16.456 24.746 13.526
P63 /mmec 66.858 81.294 3.891 58.537 40.015
R3m 77.804 77.033 23.907 39.082 41.394 -2.418
Fm3m 119.567 16.885 21.870
63506-3 Na Kang, et al., Front. Phys. 16(6), 63506 (2021)
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ture is the FM state. The AFM state energy is 195.58
meV/fau.  higher than the FM state, similar to F'm3m
and P63/mmec structure (see Fig. S3). The basic unit of
R3m structure is the octahedron, similar to Fm3m and
P63 /mmec structure (see Fig. S4). As seen from Fig. 2, in
both PBE and PBE+U calculations, the energy of R3m
structure is slightly higher than that of P63/mmc (NA)
structure, but lower than F'm3m (RS) structures as well
as ZB structures. Thus, it was possible to synthesize the
R3m structure in future experiments.

3.2 Electronic and magnetic properties

As shown in Fig. S5, the charge density difference of CrTe
in various structures indicates that electrons are trans-
ferred from Cr atoms to the middle zone of Cr-Te bonds,
which indicates a mixture of ionic and covalent bonding
interactions between Cr and Te atoms [44]. The Cr—Te
bond lengths (doy_71e) of P63/mme, R3m, and Fm3m
structures is longer than that of the Cmca phase (see Ta-
ble 1). The extension of dg,—7e leads to a decrease in
covalent bond interaction, contrary to the ionic bonding
interaction [20]. Therefore, the unpaired electrons accu-
mulated on the Cr and Te atoms in CrTe of these three
structures slightly increase compared to C'mca structure,
leading to a variation of magnetism.

Figure 4 shows spin-dependent band structure and par-
tial density of states (DOS) of the C'mca and R3m struc-
ture with Uy = 4.0 eV at its equilibrium volume. The
Cmca structure is an AFM metal which indicates the
possible existence of giant magnetoresistance [2]. On the
other side, R3m is a FM half-metal with 100% spin-
polarized carrier at Fermi level. The DOS near the Fermi

@) 4

—Cr
——Te
— Total

27 -

Energy (eV)

Energy (eV)

Fig. 4 The spin-dependent band structure and partial den-
sity of states (DOS) of CrTe in (a) Cmca and (b) R3m phases.
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level is mainly from the Cr-3d orbitals in both phases (see
Fig. 4). The analysis of crystal orbital hamilton popula-
tions (~COHP) shows that the DOS near the Fermi level
consist of anti-bonding states between Cr-3d and Te-5p
orbitals (see Fig. S6). Here, we founded that the electron
correlation effect has a large influence on the electronic
structure of CrTe. For example, the C'mca structure be-
come an AFM semiconductor with a bandgap of 0.126 eV
if Uy of Cr was ignored (see Fig. S7).

3.3 Magnetic and structural phase diagram under
pressure

We next implored the evolution of the stable structure and
phase transition of CrTe as a function of external pressure.
Figure 5 plots the pressure-formation enthalpies curve of
the CrTe in various structures. We set the formation en-
thalpies of P63/mmec phase to zero for a comparison.

As seen from Fig. 5, the P63/mmc structure was found
to be the most stable phase at a range of 0 ~ 34 GPa.
However, the energy differences among P63/mmc, R3m,
and F'm3m structures are small. At a range of 30 ~
45 GPa, pressure-induced phase transitions occur. The
P63/mmec structure transforms to the R3m structure at
34 GPa and then to F'm3m structure at 42 GPa. Here
the transition critical pressures were estimated by linear
interpolation. During the phase transition, CrTe becomes
a FM metal (see Fig. S8). We also checked the MnP-
type CrTe (space group Pnma) which was also observed
in the experiment [13]. We predicted that Pnma struc-
ture has higher formation enthalpy than R3m and Fm3m
structures at high pressure (see Fig. 5). Thus, the high-
pressure phase of CrTe should be R3m and F'm3m struc-
tures. Thus, the high-pressure phase of CrTe should be
R3m and F'm3m structures. The pressure-induced phase
transition path is given below [45]:

34GPa 5 42GPa

P63/mmc =" R3m —=" Fm3m. (2)

0.40
—A— P63/mmc
0.32+ —eo— Cmca
= —=— R3m
5 024 —— Fm
E —8— Pnma
> = -
2 0.08- /\.
-~
< L,
0.00 B
—-0.08 \
T T T T T T T T T T T
0 10 20 30 40 50 60

Pressure (GPa)
Fig. 5 The relative formation enthalpy of the CrTe in Cmeca,

R3m, Fm3m and Pmna structure with respect to that of the
P63/mmec structure as a function of pressure.
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4 Conclusion

In conclusion, we investigated the crystal structures and
magnetic properties of CrTe by using particle swarm opti-
mization algorithm combined with the first-principles cal-
culations. It is necessary to consider the electronic cor-
relation effect in determining the ground state of CrTe.
The ground state of CrTe was founded to be the NiAs-
type (space group P6s/mmc) structure at ambient pres-
sure, consistent with available experiments. Apart from
that, we predicted two meta-stable phases including Cmca
and R3m structures. CrTe in Cmca structures is a lay-
ered AFM metal. CrTe in R3m structures is a FM half-
metal and may be synthesized in the future experiment,
due to that its energy is slightly higher than ground-state
P63/mmec structure at ambient pressure. The CrTe in
P63/mmec structure is the most stable at low pressure.
However, the ground-state structure of CrTe would tran-
sition to R3m and Fm3m structures at the pressure of
about 34 and 42 GPa, respectively. Meanwhile, CrTe be-
comes a FM metal at high pressure.
Electronic supplementary material See the supplemental ma-
terial for the estimation of effective onsite U; value; the phonon
dispersion of CrTe; the energy-volume curve of CrTe in R3m struc-
tures; the energy difference between the lowest-energy antiferro-
magnetic state and ground-state ferromagnetic state; the charge
density difference of CrTe; the crystal orbital hamilton popula-
tions (—COHP) of CrTe; the band structure of CrTe in high pres-
sure; the convex hull of Cr-Te compounds with different chemi-
cal compositions; the comparing of ground state of CrTe in pre-
vious works; the independent elastic constant and Born crite-
rion of CrTe structure. They are available in the online version
of this article at https://doi.org/10.1007/s11467-020-1088-3 and
http://journal.hep.com.cn/fop/10.1007/s11467-020-1088-3 and are

accessible for authorized users.
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