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Transition metal chalcogenides of a zinc-blende structure are theoretically predicted to be half metallic and,
therefore, they are interesting for spintronic applications. However, the ground state of these compounds is hexag-
onal, of NiAs type, whereas the cubic phase is a metastable one. Here, we investigate the Cr—Te bondings of both
phases of Cr—Te from point of view of symmetry. The hybridization in octahedral and tetrahedral lattice is studied
for both structures. The fiber bundle presentation of the hybridization problem is also addressed.
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1. Introduction

Transition metal chalcogenides show metallic or semi-
conducting properties, depending on the anions and the
ratio between the metal and chalcogen atoms. More-
over, these compounds exhibit various types of magnetic
properties for different structures and compositions: fer-
romagnetic, antiferromagnetic or non-collinear spin ar-
rangement. The Cr-Te system is particularly interest-
ing, while — among other Cr chalcogenides — only
CrTe shows ferromagnetic properties at room temper-
ature (e.g. CrSe, CrS are antiferromagnets) [1]. It forms
several crystal phases Cr;_,Te of a hexagonal NiAs type
crystal structure. Much attention has been devoted to
half-metallicity of CrTe. However, this property is dis-
covered in Cr-Te zinc-blende (ZB) only, which is not
a stable phase of CrTe. In paper [2], the stability of
transition-metal pnictides (MnAs, CrAs, CrSb) has been
studied by first principles methods. From the calcula-
tions, it follows that the energy of ZB phases of pnictides
exceeds the energy of the ground state NiAs phases by
about 1 eV/f.u. In the case of chalcogenides, this differ-
ence of energy is about two or three times smaller [1-
3], which makes this compounds preferable for the ex-
perimental fabrication of proper (room Curie temper-
ature, adequate thickness of epitaxial layers, stability
against distortions, etc.) half-metallic ferromagnets for
spintronic applications. Some attempts to stabilize the
7B phase of chalcogenides have been proposed using the
following methods: (1) choosing a substrate with a coher-
ent lattice constant for epitaxial growth of the layers [4];
(2) pressure inducing of crystal and magnetic structure
of material [5, 6]; doping with magnetic or nonmagnetic
ions [7]. However, the stabilization of the ZB phase of
chalcogenides is still an open task. We investigate the
properties of the chemical bonds in both structures of the
NiAs type phases and the zinc-blende one. The results

*e-mail: kuzma@ur.edu.pl

make it possible to design a new method for growth of
the ferromagnetic ZB phase of CrTe. Therefore, the aim
of this paper is a group-theoretical analysis of the hybrids
forming two types of clusters: tetrahedral and octahedral
ones, which form the simplest clusters of the cubic and
hexagonal phases of CrTe, respectively. Moreover, based
on the Racah—Wigner approach and the formalism of the
action of a symmetry group on a set [8, 9], we treat the
hybrids as a fiber bundle.

2. Crystal structure of cubic
and hexagonal CrTe

Cri_,Te systems crystallize in monoclinic hexagonal
NiAs structure [10, 11], with Cr atoms at the sites (0,0,0)
and (0,0,1/2), and Te atoms at the sites (1/3,2/3,1/4)
and (2/3,1/3,3/4) (Fig. 1a). The elementary cell is pre-
sented in Fig. la. Cr atoms, as well as Te atoms, form
hexagonal layers separately, and they are arranged per-
pendicularly to the z axes, at the distance ¢/2 (¢ =
6.222 A). Each Cr atom is surrounded by six Cr atoms
in the xy plane, at the distance a = 3.997 A. Along the
z axes, the distance Cr—Cr is shorter, equal to ¢/2.

Fig. 1.

Crystal structure of NiAs and the elementary
cell of CrTe (a), crystal structure of the Cr sublattice of
CI‘QTeg (b)

The deviation of stoichiometry in the CrTe system,
shown by the index z in Cr;_,Te, results in various
phases with the same symmetry, but a great number of
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the Cr vacancies. Non-stoichiometric phases may crys-
tallize in the trigonal space group P3m. As an example,
the arrangement of Cr atoms and its vacancies in the
CraTes (x = 0.33) crystal lattice is shown in Fig. 1b.
The experimentally determined — through the X-ray

J

XRD and magnetic data of the Cri_,Te phases.
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diffraction (XRD) measurements — crystal data of more
popular phases of CrTe have been collected in Table I.
The main physical properties of particular phases are in-
dicated in this table as well.

TABLE I

Crystal parameters are taken from crystal data cards: a — ASTM

00-050-1153, b — ASTM 01-086-2500, ¢ — ASTM 01-086-2506, d — ASTM 65-2312 B, e — ASTM 71-2245, f — ASTM
00-050-1153, g — ASTM 65-6816. Magnetic data are taken from papers of Dijkstra et al. [10, 11].

CrTe CrzTey CraTes ‘ CrsTes ‘ CrsTeg
composition 0 0-0.13 0.13-0.31 0.33
crystal structure cub. hex. 1 | hex. 2 | hex. 3 monoc. hex. hex. hex.
monoc. [1]
trig. [1]
a|A] 6.29 3.90 6.82 3.99 6.84 6.814 7.815 13.935
b [A] 3.90 6.82 3.99 3.89 12.073 7.815 3.954
c[A] 6.00 | 12.07 | 6.22 12.53 1.77 11.989 6.857
c/a 1.53 1.76 1.55 1.83 1.53 2.03
o [deg] 90 90 90 91.13 90
B [deg] 90 90 90 90
~ [deg] 120 | 120 | 120 120
B | Bl | | ] e f B
exchange splitting Cr 3d between 1 [eV] 2.87 2.82 2.74
magnetic moment [ug] 3.51 3.32 3.03
T. [K] 327 [12] | 340 315-340 117
N(EFr) [1/€V unit cell] 4.9671, 1.08

3. Hybrids in cubic lattice of CrTe

The zinc blende structure of a cubic lattice of CrTe
consists of tetrahedral clusters in which each Cr atom is
surrounded by four Te atoms, and vice versa (Fig. 2).
These two kinds of atoms are connected together by hy-
brid bonds of a ¢ and 7 type. In Fig. 2, the o hybrids
are depicted as atom bonds o1, 09, 03, 04.

The symmetry of the crystal structure presented in
Fig. 2 is T, (Table II). The same symmetry is revealed
in the system of hybrids o;, ¢ = 1,...,4. These hybrids
form a I, representation of the group, which is equivalent
to the positional representation P of Te atoms marked
by the numbers ¢ = 1,...4. Aiming to determine the
symmetry of the 7 hybrids, the local reference system in
each position of the Te atom is established, so that the
z axis in each node n is directed towards the Cr atom.
The characters of the I, I'; representations have been
collected in Table II.

The decomposition of the reducible representations
I',, I'; into an irreducible one is as follows:

I'v = Ay + 15,

I, =FE+T,+T5. (1)
In the Ty group, the atomic orbitals s,p,d transform
according to these representations, as in Table III:

Fig. 2. Tetrahedral structure of the hybrids in zinc-
blende CrTe.

S A1

Pas Dy Pz T2
da:yv d:rzv dyz T2~

Taking into account the electron configuration of Cr
and Te atoms (Table IV), the hybrids of the o type
in cubic CrTe are sp3, or sd®. The lowest d orbitals
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of Cr atoms are 3d and the lowest p orbitals of Te
are 5p. Therefore, the hybridization is pd and it shows a

T, symmetry.

TABLE II

Irreducible representations of Ty group and
the 'y and I'; hybrid representations.

Td E 803 302 654 60
Ay 1 1 1 1 1
Ao 1 1 1 -1 -1
E 2 -1 0 0
T1 3 0 —1 1 1
1> 3 0 -1 -1 1
I's 4 1 0 0 2
I'x 8 0 0 0 2
TABLE III

Transformation of the s, p and d atomic orbitals,
according to irreducible representations of the
Dsp, Ds3q, T4 and Oy, groups.

Orbitals | Dsn | Dsg | Orbitals | Ty On
s AL | A s A | Axg
Pz E' E, Pz Ts Thu
Dy Dy
Pz A/2/ A2u Pz
dzz E” Eg dzz T2 TQg
dy- dy-
dzy £ E; dzy
dg2 —y2 d12+y2
dy2yy2 4 Aig dy2_y2 E E,
d,2 1 Aig d,2
TABLE IV

Electron configuration of Cr, Cd, and Te atoms.

Atom | No. of electrons | Configuration EXCltEd,
configuration
Cr 24 1s*...3d°4s 4p
Cr?t 22 1s*...3d"
Te 52 1s%...5p* 5d
Cd 48 1s%...5d'%5s> 6p

4. Hybrids in hexagonal lattice of CrTe

The hexagonal structure of CrTe is presented in Fig. 3.

Each Te atom is surrounded by six Cr atoms forming
a cluster with a Ds;, symmetry (Fig. 4a).

Aiming to form hybrids of a o and 7 type between Te
and Cr atoms, in each node of the Cr atom in Fig. 4a, a
local frame system is established, with the z axis directed
towards the central atom. The o and 7 hybrids form
reducible representations of the Dsj group. They have
been collected in Table Va.
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Fig. 3. Hexagonal structure of CrTe (small balls repre-
sent Cr atoms, rc, = 1.223 A, large balls are Te atoms,
rr. = 2.037 A).

Fig. 4. Symmetry Dsp and Dsq of the nearest neigh-
bourhood of Te (a) and Cr (b) atoms, respectively, in
hexagonal CrTe.

TABLE V

Characters of the D3, (a) and Dszq (b) groups
and the characters of the [z and I, Fﬁy

representations.
(a)

C3v Dgh E 203 302 Oh 253 30’d
A | A1 ] 1 1 1 1 1
Ay | AL 1| 1 | =1 1 1| -1
E E' 2 -1 0 2 -1 0

AV 1| 1 1 1 1| -1
Ayl 1| 1 | =1 =1 -1 1
E" 2 -1 0 2 1 0
P 6 0 0 0 0 2
I'nz | 6 0 0 0 0 -2
Iry | 6 0 0 0 0 2
(b)
ng E 203 302 7 256 30’d
A | 1] 1 1 1|1 1
Asg | 1| 1 | =1 | 1 | 1 | -1
Eg |2 -1 0 | 2] -1]0
A | 1 1 —-1] -1 -1
Agy | 1 1 1| -1 -1 1
B, 2 -1 0 -2 1 0
I's 6 0 0 0 0 2
I'rnz | 6 0 0 0 0 -2
I'ny | 6 0 0 0 0 2
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Decomposition of the hybrid representations into irre-
ducible representations of the Dsj group is

I,=P=A+AY+FE +FE",
Iy =A5+ A7+ E'+ E",

I,y=A+A+FE +E". (2)
The nearest surrounding of the Cr atoms (Fig. 4b) is dif-
ferent with respect to the neighborhood of Te. The sym-
metry of the CrTeg cluster is D3g. In this group, the
I'; and I'; hybrid representations have been collected in
Table Vb. Their decomposition is

Fg:P:Alg—l—Agu—‘rEg—FEm
Fﬂ'z:A2g+A1g+Eg+Eua

Fay = Alg + A2u + Eg + Eu- (3)
Choosing a new reference system XY Z in Fig. 4b, with
Z axis passing through Cr atoms, e.g. No. 2 and No. 5,
the cluster CrTeg forms octahedron and its symmetry is
much reacher (O, — see Fig. 5).

Fig. 5. Octahedral structure of the Te atoms surround-
ing Cr atoms in CrTe.

In this case, for a proper description of the hybrids,
it is convenient to provide — in each node of Te atoms
— a local reference system, with the Z axis directed to-
wards the central atoms, as it was done in the previous
examples. In such a symmetry group, it is not possible
to divide the I'; representation into two representations
I'y, and Iy, while the z and y vectors do not form two
separate orbits of the Oy, group. Hybrid representations
are collected in Table VI.

Decomposition of the I', and I, representations is as
follows:

FU:A1g+Eg+E1u7

Fﬂ" = Tlg + T2g + Tlu + T2u~ (4)

TABLE VI

Characters of the irreducible representations of the O,
group group and the characters of the I'; and I'x
representations.

Dy | E|8C3|6C,|6C,[3C%| i |6S4|8S6|30n | 604
A1t 1 [t ]1]1]1
Agg |1 1 | =1 =1 1 [1]|=1]1]1]|=1
E.|l2(-1] 0] 0| 22 -1 2| o0
Tig |30 | -1 1 |-1|3]|1|0]|-1]-1
Tog | 3 -1l 1 |-1]3 0 | -1 -1
A1 1] 1| 1|1 |=1]=1|-1|-1]|-1
Agu |1 1 | =1 =1 1 |=1] 1 |=-1|-1| 1
E.|2]-1]0 2/ 0|1 |-2]0
Tw|3|0 | =11 |-1|-3|-1]0| 1] 1
Tow |3 0| 1 |=1|-1|=3]1]0]|1]-1
I,lelo]Jol2]2o]o]o] 4] 2
I'm|12 0] 0] 0|—-4|0]0]0]O0] O

5. Fiber structure of hybrids

The positions of atoms in the R cluster are nodes
1,2,3,...,N.

R={1,..,N}. (5)
The nodes form a positional space P [8]:
P=LC{e,|r € R}, (6)

so that P is the space of all the linear combinations of
the nodes over the C field of complex numbers.

In each node, there is an atom having atomic or-
bitals (AO). These form a single-centre AO space.
The configurational space L of the system is a tensor
product

L=P® AO. (7)
The configuration space L can be illustrated by a fiber
bundle. Let the nodes r € R be described by a function of
the unitary space W,.. The isomorphism ¢, : W — W,
maps a certain model space W onto W,.. Let E be a sum

E = UTGRWT"

The structure (E, R, W, p) is fiber bundle, with R being
the base space, and W being the standard fiber. The fiber
bundle scheme of p hybrids in a molecule consisting of
9 atoms is presented in Fig. 6.

Fig. 6. Fiber bundle model of the hybrids in a molecule
consisting of 9 atoms.
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The action of the symmetry group G of a cluster in
the configurational space L forms the mechanical repre-
sentation M, which is the product of

M=R®V, (8)
where R is a transitive representation of the group G,
determined by the stability group H C G of node 1,

R = R%H, (9)
V is the vector representation in an atomic orbital
(AO) space. Both representations, i.e. R and V, are
reducible and may be decomposed into irreducible repre-
sentations of the symmetry group G:

R=XY1mg a4, (10)
V= EAmV,AA, (11)

where mp o and my, A are multiplicity factors.

6. Results and discussion

According to Table III, in the Oy, and Ty group, the
s, p,d orbitals of Cr atom are transformed as

O Ty
S Alg Al
dx2—y2; dz2 Eg E
Pz Py, Pz Ty T

dxyydwzydyz T2g T2-
TABLE VII

Symmetry orbitals for the octahedral and tetrahedral clus-
ters of CrTe (sym. — symmetry, hyb. — type of hybry-
dization, N — normalization factor).

Cr ‘ Te Te ligand number
sym. atomic N |1| 2 |3|4]|5]|6] hyb.
orbital
On
Asg s s \/% 1 1 1111 so
Dz 11 (11|11 po
By | %2 |sorp.|ms |l 2 |71 2|1 so
dza—y2 % 1 1|1 —1| po
Pz D= 1 -1 so
Tiw| py |SoOrpy % 1 -1
Pz Pz 1 —1 po
dzz Py | Pz Pz | Py
Tog | dy= | Py,De | 3 Py |Pz| |Px|py| pdm
Ay Pz Dy | Py Pz
Ty
A s s 1 11 |11
D= 111 |11
E dz2 Pz % 1| -1|-1|1
dy2_,2| Py 1] -1|-1|1
Da 111 |-1]-1
Ty |sorpz| py % 1| -1]1]-1 spo
D= 11 -1|-1|1
dy: |pe+py| + |1]-1]1]|-1
V311 -1 1
T2 | de: |patpy| 3 |1| 1 |-1|-1 pdr
1 |-1-1
dey | Pz |—3|1] 1 |1]1

The set of atom orbitals of ligands, i.e. six Te atoms
in an octahedron (having 6 x 4 sp orbitals = 24), as well
as the set of orbitals of four Te atoms in a tetrahedron
(4 x 4 sp orbitals = 16), should have the same symmetry
properties.

The symmetry orbitals (symmetry basis of the rep-
resentations) of the type A, E,T;,T» for both clusters
have been calculated by the projection method, and are
collected in Table VII. They correspond to the hybrids
studied. The bases for the 73, representation forming
hybrids 7 have been omitted, while the p,, p, orbitals
of ligands interact with the p orbitals of the central ion
very weakly.

7. Conclusions

We have provided a comparison of the symmetry prop-
erties of Cr—Te hybrid bonds in two different structures of
CrTe: a hexagonal one, of a NiAs type, and a cubic one,
of a zinc-blende type. It has been noticed that in a hexag-
onal structure, the bonds form an octahedron CrTeg.
In a cubic structure, the analogue cluster is a tetrahedron
CrTey. The coincidence as regards the symmetry of the
hybrids for both structures has been shown. Moreover,
a similarity between the bases of the hybrids for both
structures is an unexpected result. From these studies,
we conclude that the symmetry of the zinc-blende phases
of CrTe is not the main reason for the difficulty in grow-
ing zinc-blende CrTe.
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