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In this paper, we study the electronic and magnetic properties of Cr substituted STe in the rock-salt structure
compound using the full potential linearized augmented plane wave method within the generalized gradient
approximation to the exchange correlation potential. Two stoichiometries are studied: CrSizTe, with 25%, and
CrSiTe, with 50% Cr subgtitution. We found, from the total energy calculations, that the equilibrium lattice
congtant for cubic CrSisTey is11.64a.u. and a=7.89a.u. and c=11.13 a.u. for tetragonal CrSiTe,. The integer
value of the calculated magnetic moment per unit cell, 4 ug for CrSiTe, suggests that this compound is half-
metallic. The magnetic moment per unit cell for CrSisTe, isdightly larger than 4 pg. The magnetic moment on
Cr atoms are 3.61 and 3.62 ug in the CrSizTe, and CrSiTe,, respectively. The presence of Cr atoms causes that
the other atoms become dightly magnetized in both compounds. The electronic properties and the magnetism

are discussed with the calculated spin-polarized density of states.
Keywords: DMS, magnetic properties, magnetic moment, CrSizTey, CrSiTe,, spin polarization

|. Introduction

Diluted magnetic semiconductors (DMS's) have stimulated
agreet ded of interest because of their potential gpplications
in spintronics [1, 2]. The intensity of research in this area,
both theoretical and experimental, is very high. There has
been an intense searching for ferromagnetic ordering in
doped DM S's focusing on possible spin-transport properties,
which has many interesting device applications. Spintronic
devices such as spin-valve transistors, spin light-emitting
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diodes, non-volatile memory, logic devices, opticad isolators
and ultra-fast optical switches are some of the areas of
interest for introducing the ferromagnetic properties at
room temperature in a semiconductor [3-5]. In most of
DMS's related studies so far, it is believed that the 3d
trangition metal elements are necessary to display magnetic
state regardless of hosting semiconductor materials. The
DMS's are created by doping the magnetic ions like Cr,
Mn, Fe, Co, or Ni, (having net spin) into a semiconducting
host such as GaAs, GaN, ZnO and ZnTe [6-13].

DMS's, which have both ferromagnetic and semiconduc-
ting properties, are unique type of promising materials for
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the fast emerging field of spintronics. Combined with the
conventional semiconductor devices using the s and p
electrons and conventionad magnetic devices using d
electrons, the DMS's materias-based spintronic devices
are proposed to use both s and p dectrons of host
semiconductors and d electrons of transition-metal (TM)
impurities to perform their semiconducting and magnetic
functions [14, 15]. DMS's have opened a way for the
manipulation of spin degree of freedom of eectrons through
interaction between the local magnetic moments of doped
magnetic ions and the spins of charge carriers in the host
semiconductors. DMS materials with a small fraction of
the host cations replaced by transition metal ions have
different magnetic properties from the host semiconductor,
but the metal ions act just like dopants and leave the
important nature of the semiconductor precticaly unchanged.
Doping of 1V-VI semiconductors with transition metal
impurities is of a specia interest since the position of the
respective impurity levels may be, in principle, tuned by
the magnetic fidd. The llI-V or 11-VI DMS's with trangtion
metals, such as Cr, have received particular interest in
order to obtain materials with higher Curie temperature
[16, 17]. Fukuma et al. investigated magnetic properties
of IV-VI GeTe based DMS's with the 3d transition metals
(from Ti to Ni) [18].

Recently, there has been a theoretical try to make half-
metallic ferromagnets by substituting transition metal ele-
ments for agroup IV element in semiconducting material.
Zhao et al. found four half metallic ferromagnets by
substituting Cr and V (25% and 50 %) for Ge in the
rock-salt semiconductor GeTe [19]. In the case of 25%
subgtitution of Cr and V for Ge in GeTe results in cubic
structure of CrGesTe, and VGe;Tey, and 50 % substitution
does tetragona structure of CrGeTe, and VGeTe,. The Cr
substituted compounds (CrGesTe; and CrGesTey) and V
substituted compounds (VGesTe, and VGe;Tey) reveded
half-metallic properties with integer values of magnetic
moments, 4 and 3 ug, respectively.

It is then of interest to study related compounds as new
possible materials for eectronics. In this paper we report
the results of computational studies of the dectronic and
the magnetic properties of not yet synthesized ternary
compound based on rock-sdt SiTe containing two
different amounts of Cr substitution.

[I. Computational Method

For the study of the properties of Cr doped SiTe, we
chose two compounds that differed in the content of the
Cr dopant. In the first compound, CrSi;Te;, Cr atom
substituted 25 % of Si atoms in SiTe, and in the second
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compound, CrSiTe,, Cr replaced 50 % of S atoms. The
conventional unit cell of the rock salt SiTe consists of one
anion fcc lattice of Te and one cation fcc lattice of Si. In
the case of 25 % substitution by Cr atoms, one transition
metal atom is placed at one of the four sites of the Si fcc
lattice, which have cubic structure with the space group
Pm-3m. The 50 % substitution is realized by replacing
two of the four S atoms in the Si fcc lattice by the
transition metal atom, which gives the tetragona structure
(P4/mmm).

In this paper, we used the full-potentia linearized
augmented plane wave (FLAPW) method [20] as embodied
in the QMD-FLAPW package within generalized gradient
approximation (GGA) [21] to the exchange-correlation
potential for the investigation of electronic and magnetic
properties and equilibrium structure determination. This
approach alows solving the Kohn-Sham equation [22] for
the investigated system. Lattice harmonics with | < 8 were
employed to expand the charge density, potential, and
wave functions inside the muffin-tin (MT) radii of 2.20,
240, and 2.50 a.u. for Cr, Si, and Te atoms, respectively.
The number of basis functions was about 200 per atom.
Integration inside Brillouin zone (BZ) was replaced by
summation over 500 k-points for the CrSizTe, and 700 k-
points for the CrSiTe, inside the wedge of the irreducible
Brillouin zone. All core electrons were treated fully
relativigticaly, while valence states were treated scalar
relativistically. For a more accurate trestment of extended
core dectrons that are not entirely contained within muffin
tin spheres (also known as semicore states), and which
bresk the orthogonality between semicore and vaence sates,
the method of explicit-orthogonalizetion (XO) scheme [23]
was used in dl caculations. The sdf-consistent caculations
were considered to be converged when the integrated
charge difference per formula unit between the input and
the output charge densities was less than 1 x 107,

In order to calculate the equilibrium lattice constants of
the CrSi;Te, and CrSiTe, compounds, we have caculated
the totd energies by varying the lattice congtants. The
equilibrium lattice constants are then determined by using
the polynomial fitting to the total energy curves.

1. Result and Discussion

We first present the equilibrium lattice constants for the
CrSi;Te, and CrSiTe, compounds determined by the total
energy caculations. The calculated equilibrium lattice
constant for the cubic CrSisTe, is 11.16 au. (5.91 A), and
those of tetragonal CrSiTe, are a= 7.89 a.u. (4.17 A) with
the value of c/a=1.4102. These vaues are similar to those
of GesCrTe, and GeCrTe, : the vaue of the CrSisTe, is
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Table I. Number of |-decomposed magjority and minority spin-electrons inside muffin-tin spheres, and magnetic moments (ug) for
CrSi;Te, and CrSiTe,.

CrSi;Tey

Atom s(TH) p(TH) d(TH) Total (TI) MM [ug]
Cr 0.14 (0.09/0.05) 0.11 (0.06/0.05) 3.94(3.75/0.19) 4.21 (3.91/0.30) 361
S 1.35(0.67/0.68) 0.93 (0.48/0.45) 0.10(0.05/0.05) 2.38(1.20/1.18) 0.02

Tel 1.49 (0.73/0.73) 2.16 (1.07/1.09) 9.99 (5.00/4.99) 13.63(6.81/6.82) -0.01
Te2 1.49 (0.73/0.73) 2.20 (1.06/1.14) 9.99 (5.00/4.99) 13.65 (6.79/6.86) -0.07
CrSTe,

Atom s(TH) p(TH) d(TH) Total (TI) MM [ug]
Cr 0.14 (0.09/0.05) 0.11 (0.06/0.05) 3.95(3.76/0.19) 4.20(3.91/0.29) 362
S 1.34(0.66/0.68) 0.93 (0.49/0.44) 0.10(0.05/0.05) 2.39(1.21/1.18) 0.03

Tel 1.49 (0.73/0.73) 2.20 (1.06/1.14) 9.99 (5.00/4.99) 13.65 (6.79/6.86) -0.07
Te2 1.48(0.73/0.72) 2.23(1.05/1.18) 9.99 (5.00/4.99) 13.68 (6.78/6.900 -0.12

little bit smaller than that of Ge;CrTe, (5.93 A), while the
values of CrSiTe, are little bit larger than those of
GeCrTe, (a= 4.144 A, c=5.844 A) [19]. The difference
in the lattice constant is considered to come from the
different bonding characteristics of each compound.

In order to describe the magnetic properties, we caculated
the I-decomposed spin-up and down electrons within each
MT sphere of atoms of CrSisTe, and CrSiTe, as well as
the total magnetic moment of each compound. The
calculated magnetic moment (MM) of tetragonal CrSiTe,
is exactly 4 ug which implies the haf-metdlicity of this
compound, while the total MM of the cubic CrSisTe, is
dightly larger than 4 ug.

In Table I, the results concerning the numbers of |-
decomposed spin-up and spin-down electrons within the
MT sphere of al atoms types in CrSizTe, and CrSTe,,
together with the values of magnetic moments (MM) on
the atoms, are collected. We find that the Cr atoms in
these compounds have large values of MM, 3.61 ug and
3.62ug in the CrSizTe, and CrSiTe, respectively. The
presence of Cr atoms causes the other atoms become
magnetized in both compounds. The Si aoms in both
compounds are positively spin-polarized and the caculated
MM of the Si atom is 0.02 and 0.03 ug for CrSizTe, and
CrSiTe,, respectively. There are two types of Te atomsin
both compounds, Tel and Te2, with different surroundings.
Both types of the Te atoms are negatively polarized: the
caculated MMs are —0.01 ug and —-0.17 ug on Tel and
Te2 in CrSisTey, and they are —0.07 ug and —0.12 ug, in
CrSiTe,, respectively.

The negative polarization of Tel and Te2 atoms is the
result of greater occupancy of spin-down than spin-up
eectronic states. The most important role is played here by
p electrons of Te atoms, which are the valence electrons.
Tel and Te2 d electrons are very weskly polarized, and

the s electrons are not sensitive to the presence of Cr
atoms in their surroundings (the only exception is Te2
atom of CrSiTe,). A larger total number of electrons on
Te atoms of both types in CrSiTe, than in CrSi;Te,
suggest that the ionicity of Te atoms is greater in the
compound in which Si atoms are substituted by 50 %. Si
atoms are polarized stronger in CrSiTe, than in CrSizTe,.
The caculated MM on S atom in CrSiTe, is 0.03 ug,
which is about 40 % larger than that on S atom in CrSisTe,.
As far as Cr atoms are concerned, the magnetic polarization
comes mostly from the electrons occupying d orbitals and,
in a smaler degree, from polarization of the valence s
electrons.

The magnetic properties of the CrSisTe; and CrSiTe,
revedled in the above discussion are confirmed by the
calculated densities of states (DOS) in the two systems. In
Fig. 1, the atom-projected DOS's are shown as calculated
for the atoms in CrSizTe;. The minority spin states are
represented by negative vaues and the Fermi levels are
set to zero. The dmost zero value of the minority DOS's
of al the atoms implies nearly half-metallic characters of
this compound. From the DOS of Cr atom, we see that
the contribution by the spin-up and spin-down electrons
differ much from each other, which is the result of the
magnetic properties of the isolated Cr atoms. The other
DOS, i.e. those caculated for Tel, Te2, and Si atoms, are
much more symmetric in the plot, as a result of a weak
polarization of the dectrons localized within the M T spheres.
The polarization of the electrons on non-magnetic atoms
is due to the hybridization of the electronic states with the
localized d electrons on Cr atom. Sharp peaks in the DOS
pictures calculated for Tel and Te2 atoms are evidence of
the hybridization. In CrSi;Te,, d éectrons of Cr atom
strongly interact with p electrons for Tel atom. Since the
S atom is surrounded by Te atoms only, its electronic
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Energy (eV)

Fig. 1. The atom-projected spin-polarized density of states for
the atoms in CrSizTe,. The negative vaues represent spin
down states and the Fermi levels are set to zero.

properties are not influenced directly by the presence of
the TM eement.
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Fig. 2. The atom-projected spin-polarized density of states for
atoms in CrSiTe,. The negative values represent spin down
state and the Fermi levels are set to zero.

In Fig. 2, the calculated atom-projected DOS's for the
aoms in CrSiTe, are shown. In this structure, there are
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twice as many Cr atoms as there were in CrSisTe,.
Therefore, the interactions of Cr with S atoms are stronger,
even though they are ill indirect. These interactions are
helpful to manifest the haf-metallicity in the compound.
We obsarve around 1 €V band gap in the minority spin states.
The spin-up d states of Cr are more strongly locaized
than the Cr atom in the CrSi;Tey, and the exchange splitting
between the magority- and the minority spin DOS is
~3.6 eV. The dectronic states of Tel and Te2 atoms are
dightly different to those of Tel and Te2 atoms in the
CrSi;Te,. Thisis due to the different symmetry of the two
compounds and so different surroundings of the Te atoms.

V. Conclusion

We have investigated the eectronic structure and the
magnetic properties of ternary CrSi, Te,+1 (=1, 2) com-
pounds by the FLAPW band method. The compounds
were obtained by partialy substituting the 3d transition
metd for Si in the Si fcc sublattice of the rock-salt SiTe
lattice. The calculated total MM of 50 % substituted SiTe
is 4 ug and of 25 % substituted compound the total MM
is dightly larger than 4 ug. This implies that the half
metdlicity is obtained for tetragona CrSiTe, but the cubic
CrSi;Te, is nearly half metallic. The presence of Cr atoms
causes the other atoms become dightly polarized in both the
cubic CrSi;Te;, and the tetragonal CrSiTe,. The presence
of Cr in the structures causes negative polarization of Te
atoms and positive polarization of Si atoms. The two
compounds are expected to be applied in spintronics
because of their half-metdlicity or nearly haf-metalicity.
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