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We performed first-principle calculations to investigate the structural, electronic, and magnetic properties of ZnS and ZnSe binary com-
pounds, Zn5Cr5S and Zn5Cr5Se DMS alloys and (ZnS)2/Zn5Cr5Se and (ZnSe)2/Zn5Cr5S superlattices in the wurtzite structure using the full
potential linear muffin-tin orbital (FP-LMTO) method. Features such as lattice constant, modulus of compressibility and its first derivative,
spin-polarized band structures, total and local or partial electronic densities of states and magnetic properties were calculated. The elec-
tronic structure shows that Zn5Cr5S and Zn5Cr5Se DMS alloys and (ZnS)2/Zn5Cr5Se and (ZnSe)2/Zn5Cr5S superlattices are half-metallic
ferromagnetic with 100% complete spin polarization. The total magnetic moments calculated show the same integer value of 4µB, which
confirms the ferromagnetic half-metallic behavior of these compounds. We found that the ferromagnetic state is stabilized by the p-d ex-
change associated with the double-exchange mechanism. Zn5Cr5S and Zn5Cr5Se DMS alloys and (ZnSe)2/Zn5Cr5Se and (ZnSe)2/Zn5Cr5S
superlattices are shown to be promising new candidates for applications in the fields of spintronics.
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1. Introduction

Until now, in the devices marketed within our computers and
mobile phones, for example, there are two distinct structures.
On the one hand, devices based on diamagnetic semiconduc-
tors, which ensure the processing and passage of information
[1,2]. These devices use the charge properties of electrons
(or holes) to control the flow of current through the circuit.
On the other hand, devices based on ferromagnetic metals,
which store information, [3,4]. These devices rely on an-
other fundamental property of mater: the global behavior of
electron spins. The considerable improvement in the perfor-
mance of these electronic and magnetic devices increasingly
requires miniaturization down to nanometric dimensions. At
these dimensions, where certain quantum phenomena ap-
pear, technological and fundamental obstacles slow down
the practical realization of new materials. It is in this sense
that spintronics [5,6], or spin electronics, is arousing great
interest in the scientific community as an alternative to clas-
sical electronics. Spintronics proposes to use the charge and
the spin of the electron together to encode information. This
opens up exciting new perspectives in integrability, switching
speed, consumption and non-volatility of information [7,8].
The recent demonstration of ferromagnetism in diluted mag-
netic semiconductors (DMS) [9-11] has shown that DMS is a
source of spin compatible with existing semiconductor tech-
nology. Therefore, such a material would make it possible
to process both the transport and the storage of information
thanks to a single building block. DMS has gained much

attention as materials for spintronic applications [12-17] due
to their half-metallic ferromagnetic (HMF) behavior at Curie
temperatures above room temperature [18-20]. The promis-
ing ferromagnetic properties of DMS have been verified
theoretically and even experimentally for many alloys such
as ZnCrSe [21,22], ZnCrS [23], ZnCrTe [24], CdCrS [25],
CdxCr1−x(S,Se,Te) [26] and ZnxCr1−x(S, Se, Te) [27]. In
another chapter, two-dimensional heterostructures, in which
charge carriers are strongly confined in one direction, are the
subject of highly deep research activities [28-30]. The most
widespread are the superlattices, which are composed of an
alternating assembly of semiconducting materials thin layers,
their thickness and compositions could be adjusted according
to the desired electronic or optical properties. Superlattices
have already been used in a gigantic number of devices in-
cluding high mobility transistors [31], light emitting diodes
[32] or laser diodes [33,34]. In addition, superlattices have
recently drawn attention for potential applications as thermo-
electric materials due to their possible electron confinement
effects, and their suppressed thermal conductivity [35-37].
While the superlattices and DMS separately spawned two
of the fastest technologies of our time, little has been done
to combine the two to function simultaneously in the same
material, an idea that may lead to further improvements in in-
formation technology, beyond the limits of miniaturization.
The injection of magnetic impurity into one of the layers
forming the superlattice, gives a heterostructure possessing
magnetic properties which is the aim of this work. DMS het-
erostructures or DMS based superlattices offer many unique
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opportunities for the study of spin dependent effects. The
possible formation of spin superlattices was suggested by
von Ortenberg [38] who proposed the concept of a spin su-
perlattice consisting of alternating layers of semimagnetic
and nonmagnetic semiconductors. The formation of spin
superlattices has been demonstrated in ZnSe/Zn1−xFexSe
[39,40], ZnSe/Zn1−xMnxSe [41,42], and later in
CdTe/Cd1−xMnxTe [43,44], Zn1−xMnxSe/Zn1−yFeySe
[45], and Cd1−xMnxTe/Cd1−yMgyTe [46]. The major chal-
lenge is therefore to manage to develop superlattices as close
as possible to the two-dimensional heterostructures of mi-
croelectronics but which also exhibit magnetic properties
strongly coupled to electronic properties. This would ex-
tend the advantages of spin electronics and the possibilities
of microelectronics. DMS based superlattices offer several
parameters which can be controlled and modified accord-
ing to technological needs (n-type or p-type doping, mag-
netic dopants, thickness and compositions). In this paper
we studied the structural, electronic, and magnetic proper-
ties of the ZnS and ZnSe binary compounds, Zn0.5Cr0.5S
and Zn0.5Cr0.5Se DMS alloys and (ZnS)2/Zn0.5Cr0.5Se and
(ZnSe)2/Zn0.5Cr0.5S DMSs based quantum well superlat-
tices in the framework of the density functional theory (DFT).
This paper is organized as follows. In Sec. 2, the calculation
method is presented. In Sec. 3, the numerical results are
shown and discussed. Finally, a brief conclusion is given in
Sec. 4.

2. Calculation methodology

We have studied the structural, electronic and magnetic prop-
erties of ZnS and ZnSe binary compounds, Zn0.5Cr0.5S
and Zn0.5Cr0.5Se DMS alloys and (ZnS)2/Zn0.5Cr0.5Se and
(ZnSe)2/Zn0.5Cr0.5S superlattices, using first-principle cal-
culations based on the density functional theory (DFT)
[46,47], namely the full potential linear muffin-tin orbital
(FP-LMTO) method [48] with atomic plane-wave basis
(PLW) representation [49]. These calculations are imple-
mented in the computer code LmtArt. The Generalized Gra-
dient Approximation (GGA) proposed by Perdew, Burke and

Ernzerhof (PBE96) [50] is used to describe the energy for
exchange and correlation term. In order to achieve energy
eigenvalues convergence, the charge density and potential in-
side the MTSs are represented by spherical harmonics up to
Imax = 6. The self-consistent calculations are considered
to be converged when the total energy of the system is sta-
ble at 10−6Ry. The values of the sphere’s radii (MTSs), the
number of plane waves (NPLW), and the plane-wave cutoff
(Ecut), used in our calculation, are summarized in Table I.

3. Results and discussion

3.1. Structural properties

The binary compounds ZnS and ZnSe belong to the II-VI
family. They crystallize in the wurtzite-type (B4) structure,
where zinc atoms occupy the position 2(b) with coordinates
1/3, 2/3, 0 and2/3, 1/3, 1/2, and sulfur or selenium atoms
are occupying the position 2(b) with coordinates1/3, 2/3, u
and2/3, 1/3, u + 1/2, whereu is the dimensionless internal
parameter that represents the distance between Zn plane and
its nearest-neighbor S(Se) plane, in unit of c. Zn0.5Cr0.5S and
Zn0.5Cr0.5Se DMS alloys were obtained by replacing one of
the both Zn atoms constructing of wurtzite Zn(S,Se) with the
transition metal Cr atom. Therefore, a Cr-doped model of
2 × 2 × 1 supercell with 16 atoms was developed resulting
from 50% Cr doping. DMS alloys crystallize in the same
crystal structure as the “parent” compound, with a few ex-
ceptions. The magnetic ions were doped by substitution, oc-
cupying random lattice or sub-lattice positions in the host
without forming a second phase. From the results and cal-
culations built below, it is clear that the ZnS and ZnSe bi-
nary compounds, Zn0.5Cr0.5S and Zn0.5Cr0.5Se DMS alloys
are suitable to form superlattices. In this work, superlattices
are constituted by a sequence of alternating layers of binary
compounds with DMS alloys respectively using a2 × 2 × 2
supercell model with 32 atoms (Fig. 1). Therefore, a peri-
odic arrangement of quantum wells and barriers have con-
sequently composed along the [001] growth axis direction.
In order to determine the structural properties at equilibrium,
in particular the parameter of the lattice constanta, the ratio

TABLE I. Parameters used in the calculations: number of plane wave (NPLW), energy cutoff (in Rydberg) and the muffin-tin radius
(RMT in atomic units) for ZnS and ZnSe binary compounds, Zn0.5Cr0.5S and Zn0.5Cr0.5Se DMS alloys and (ZnS)2/Zn0.5Cr0.5Se and
(ZnSe)2/Zn0.5Cr0.5S superlattices.

Compound NPLW (Total) Ecut(Ryd)
MTS (ua)

Zn S Se Cr

ZnS 29156 214.0125 2.19 2.279 - -

ZnSe 29156 193.1892 2.258 - 2.446 -

Zn0.5Cr0.5S 28796 223.5417 2.128 2.193 - 2.171

Zn0.5Cr0.5Se 28868 201.0925 2.195 - 2.356 2.241

(ZnSe)2/Zn0.5Cr0.5S 59440 209.9332 2.196 2.294 2.358 2.263

(ZnSe)2/Zn0.5Cr0.5Se 59416 209.4388 2.21 2.326 2.359 2.196
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TABLE II. Calculated lattice constanta0 (a.u), ratioc/a, internel parameteru, bulk modulusB (GPa), and pressure derivative of bulk modulus
B’ for ZnS and ZnSe binary compounds, Zn0.5Cr0.5S and Zn0.5Cr0.5Se DMS alloys and (ZnS)0.5/Zn0.5Cr0.5Se and (ZnSe)2/Zn0.5Cr0.5S
superlattices.

compound a0 (a.u) c/a u B (GPa) B’

ZnS

7.291

7,214a

7,353b

1.649

1,638a

1,59b

0.375

0.374c

119.9

74.0b

76.4b

3.86406

ZnSe

7.673

7,542d

7,542e

1.649

1,659d

1,659e

0.375

0.371f
101.5 3.99771

Zn0.5Cr0.5S
7.068

7.206g

1.664

1.652g
0.374 130.8 3.65392

Zn0.5Cr0.5Se 7.465 1.662 0.376 123.4 3.0673
(ZnSe)0.5/Zn0.5Cr0.5S 7.376 3.338 0.186 110.2 3.77696
(ZnSe)2/Zn0.5Cr0.5Se 7.385 3.336 0.186 111.9 3.91693

FIGURE 1. Crystal structure of wurtzite Cr-doped model of2 ×
2 × 1 supercell with 16 atoms with 50% of Cr concentrations of
DMS alloys, and the2 × 2 × 2 supercell model with 32 atoms of
superlattices; Red is Zn, green is S, blue is Cr and magenta is Se.

c/a, and the internal parameteru, the compressibility mod-
ulus B and its first derivativeB’, we have carried out a
self-consistent calculation of the total energy for the differ-
ent variables of the wurteite structure. The results obtained
were then interpolated or “fitted”, using the Murnaghan equa-
tion of state [51]. The results of the calculation of the equi-
librium structural parameters for the ZnS and ZnSe binary
compounds, Zn0.5Cr0.5S and Zn0.5Cr0.5Se DMS alloys in
the wurtzite structure are listed in Table II and compared
to other experimental and theoretical [52-58] results. Our
results are in accordance with those obtained theoretically
and experimentally. We also notice that the parameters of
the equilibrium increase from ZnS to ZnSe due to the small
atomic radi of S compared to Se. For DMS, when the Zn

atom is substituted by the Cr atom, which has an ionic radius
less than that of Zn, the lattice constant decreases. Therefore,
the compressibility modulus behaves the opposite of that of
the lattice constants, while the internal parameteru changes
randomly. According to the Table II analysis, we have no-
ticed that the calculated equilibrium parameter a0 of the both
(ZnS)2/Zn0.5Cr0.5Se and (ZnSe)2/Zn0.5Cr0.5S superlattices
are very close to (aZnS+aZnCrSe)/2 and (aZnSe+aZnCrSs)/2 re-
spectively. This is explain by the fact that the atoms num-
ber in these directions (x axis) remains the same as bulk
ZnS(Se) and ZnCrS(Se) for each layer respectively, and dis-
tributes identically in the both superlattices. Forc/a ratio,
and in both superlattices, it is found directly proportional to
the number layers. This increase is principally because this
direction is referring to the growth direction of our superlat-
tices (z axis). We note that the (c/a) ratio follows the rela-
tionship(c/a)ZnS+(c/a)ZnCrSeand(c/a)ZnSe+(c/a)ZnCrS for
both (ZnS)2/Zn0.5Cr0.5Se and (ZnSe)2/Zn0.5Cr0.5S superlat-
tices, respectively. This proves the uniform direct propor-
tionality between the number of layers and the mesh increase
following the growth direction. The calculated equilibrium
parameters of our superlattices agree with the linear relation-
ship that linked the parameters in superlattice configurations
[59]. For both superlattices, the compressibility modulus and
the internal parameter u result to be equal to half of the sum
of the values of their constitutive compounds.

3.2. Electronic properties

To reach a good comprehension of the electronic behav-
ior, we calculated the electronic band structures along
the high-symmetry directions of ZnS and ZnSe binary
compounds, Zn0.5Cr0.5S and Zn0.5Cr0.5Se DMS alloys and
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FIGURE 2. Band structures of majority spin [a), b)] and minority spin [c), d)] for ZnS and ZnSe binary compounds. The Fermi level is set to
zero (horizontal line).

FIGURE 3. Spin-polarized band structures of majority spin [a), b)] and minority spin [c), d)] for Zn0.5Cr0.5S and Zn0.5Cr0.5Se DMS alloys.
The Fermi level is set to zero (horizontal line).

FIGURE 4. Spin-polarized band structures of majority spin [a), b)] and minority spin [c), d)] for (ZnS)2/Zn0.5Cr0.5Se and (ZnSe)2/Zn0.5Cr0.5S
superlattices. The Fermi level is set to zero (horizontal line).

(ZnS)2/Zn0.5Cr0.5Se and (ZnSe)2/Zn0.5Cr0.5S superlattices
at their equilibrium lattice constants. The obtained config-
urations are plotted in Figs. 2, 3 and 4, respectively. From
Fig. 2, we notice that the majority and minority spins of ZnS
and ZnSe have identical band structures characterized by a
direct gap located at theΓ points of high symmetry (EΓ−Γ).
In addition, the symmetrical band structures indicate and con-
firm that ZnS and ZnSe compounds are not magnetic.

For Zn0.5Cr0.5S and Zn0.5Cr0.5Se DMS alloys and
(ZnS)2/Zn0.5Cr0.5Se and (ZnSe)2/Zn0.5Cr0.5S superlattices,
at first glance, we see that those figures clearly show the ex-
istence of a large exchange of splitting between the states of
the majority spins (spin up) and the states of the minority
spins (spin down) through the Fermi level. This means that
the introduction of the transition metal atom Cr into the host
semiconductor ZnS and ZnSe, leads to the appearance of a

Rev. Mex. Fis.70020501
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TABLE III. Calculated nearby energy band edgesEc andEv (eV), half-metallic ferromagnetic band gapEg (eV) and their nature of minority-
spin bands for ZnS and ZnSe binary compounds, Zn0.5Cr0.5S and Zn0.5Cr0.5Se DMS alloys and (ZnS)2/Zn0.5Cr0.5Se and (ZnSe)2/Zn0.5Cr0.5S
superlattices.

compound Ec (eV) Ev (eV) Eg (eV) Nature

ZnS 1.031 -1.031 2.062 direct

ZnSe -0.559 0.559 1.118 direct

Zn0.5Cr0.5S -1.995 1.301 3.296 indirect

Zn0.5Cr0.5Se -1.584 0.830 2.414 indirect

(ZnSe)2/Zn0.5Cr0.5S -1.267 0.790 2.057 direct

(ZnSe)2/Zn0.5Cr0.5Se -1.299 0.864 2.163 direct

magnetic order in all the compounds. Also, the main char-
acteristics that present these figures are that the calculated
spin-polarized band structures for all compounds exhibit a
clearly half-metallic ferromagnetic (HMF) behavior. In addi-
tion, and as expected for Zn0.5Cr0.5S and Zn0.5Cr0.5Se DMS
alloys and (ZnS)2/Zn0.5Cr0.5Se and (ZnSe)2/Zn0.5Cr0.5S su-
perlattices, we notice that the band structures of the majority
spins (spins up) exhibit a metallic behavior, while those of

the minority spins (spins down) exhibit a clear half-metallic
ferromagnetic gap denoted by EHMF. The values of the
half-metallic ferromagnetic gaps obtained are reported in Ta-
ble III. They represent the lowest energy difference between
the minimum of the conduction band (CBM) and the maxi-
mum of the valence band (VBM). As it is well-known [60],
PBE systematically underestimates band gaps. Zn0.5Cr0.5S
and Zn0.5Cr0.5Se DMS alloys shows an indirect EHFM gap

FIGURE 5. Total and partial DOS of ZnS and ZnSe binary compounds. The Fermi level is set to zero (vertical dotted line).

FIGURE 6. Spin-polarized total and partial DOS of Zn0.5Cr0.5S and Zn0.5Cr0.5Se DMS alloys. The Fermi level is set to zero (vertical dotted
line).

Rev. Mex. Fis.70020501
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FIGURE 7. Spin-polarized total and partial DOS of (ZnS)0.5/Zn0.5Cr0.5Se and (ZnSe)2/Zn0.5Cr0.5S superlattices. The Fermi level is set to
zero (vertical dotted line).

due to the fact that the CBM and the VBM are located, re-
spectively, atΓ andR points. For (ZnS)2/Zn0.5Cr0.5Se and
(ZnSe)2/Zn0.5Cr0.5S superlattices, the CBM and VBM are
located atΓ point, which indicates the direct nature of the
EHMF for these compounds.

To further clarify the electronic structure of ZnS and ZnSe
binary compounds, Zn0.5Cr0.5S and Zn0.5Cr0.5Se DMS al-
loys and (ZnS)2/Zn0.5Cr0.5Se and (ZnSe)2/Zn0.5Cr0.5S su-
perlattices, we have determined the total density of states
(TDOS) and the corresponding partial or local densities
(PDOS for partial density of states) which are shown in
Figs. 5, 6 and 7, respectively. The positive values represent
the states of the majority spins (spins up) and the negative
values those of the minority spins (spins down). The Fermi
level is located on the abscissa axis at zero and is represented
by a vertical dots line.

Figure 6 clearly shows the existence of two distinct re-
gions, separated by a band gap, one of which is located be-
low the Fermi levelEF and the other in the valence band.
The deepest region of the valence band is located in the en-
ergy interval from -6 eV to -4 eV and is dominated by the
s-type states of Zn with a strong contribution from the p-type
states of S(Se) and a small contribution of d-type states of Zn.
The uppermost region of the valence band, located between
-3 eV andEF , consists mainly of the p states of S(Se) with a
weak contribution from the p and d states of Zn. Concerning
the conduction band, located aboveEF , Fig. 5 shows that it
is largely dominated by the s and p electronic states of Zn
and the p and d states of S(Se). In the vicinity of Fermi level
there is no DOS which confirm the semiconductor behavior
of both ZnS and ZnSe.

The total densities of state (TDOS) of Zn0.5Cr0.5S
and Zn0.5Cr0.5Se DMS alloys and (ZnS)2/Zn0.5Cr0.5Se and
(ZnSe)2/Zn0.5Cr0.5S superlattices show a typical ferromag-
netic half-metallic character due to the metallic behaviors of
the majority spins and semiconductor of the minority spins
thus leading to a full spin polarization of 100% at the Fermi
level. These results are consistent with the band structures

calculated and presented previously. The partial density of
states (PDOS) shows that for both majority and minority
spin chains of Zn0.5Cr0.5S and Zn0.5Cr0.5Se DMS alloys and
(ZnS)2/Zn0.5Cr0.5Se and (ZnSe)2/Zn0.5Cr0.5S superlattices,
the lower region of the valence band is dominated by the p
states of S(Se) with a small contribution from the states d of
Zn and a weak contribution of the p and s states of Zn and the
d states of Cr while the upper region of the conduction band is
formed by a minor contribution of the s and p states of Zn and
S(Se). Moreover, the top of the valence band for the majority
spins and the bottom of the conduction band for the minor-
ity spins come mainly from the 3d states of Cr. The upper
regions of the valence bands of the majority spins for these
compounds are mainly dominated by a strong hybridization
between the p states of S(Se) and the 3d states of Cr giving
them a metallic character. For minority spins, the 3d states of
Cr disappear at the Fermi level leading to a typical semicon-
ductor behavior.

3.3. Magnetic properties

The local structure around the Cr-impurity in the studied sys-
tems is a tetrahedral environment. The local structural distor-
tions around the impurity and chemical disorder are expected
to affect the obtained results for the energy gap and the local
magnetic moments. In fact, if a Zn site is substituted by a Cr
site, two of the six Cr valence electrons replace two Zn elec-
trons. Of the other four electrons, two occupy the doubly de-
generatedeg state, and two occupy the the triply degenerated
t2g states. The triply degenerated states are filled up to two
thirds. Consequently, the 3d(Cr) majority spin states cutting
the Fermi level are partially filled, while the minority-spin
states possess a large band gap at the Fermi level. So, the
partially filled majority-spin t2g states suggest that the sys-
tem is a half-metallic ferromagnet. Also, chromium impurity
is responsible for narrowing the energy gap. In order to eluci-
date the origin of the magnetism in our compounds, we have
reported in Table IV the total magnetic moments calculated

Rev. Mex. Fis.70020501
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TABLE IV. Calculated total and local magnetic moments per Cr atom (in Bohr magnetonµB) within the muffin-tin spheres and in the
interstitial sites for Zn0.5Cr0.5S and Zn0.5Cr0.5Se DMS alloys and (ZnS)2/Zn0.5Cr0.5Se and (ZnSe)0.5/Zn0.5Cr0.5S superlattices.

Compound Zn (µB) S (µB) Se (µB) Cr (µB) Int (µB) Tot. (µB)

0.04 -0.019 - 3.290 0.679 4.012

Zn0.5Cr0.5S 0.036 - -0.073 3.425 0.622 4.018

Zn0.5Cr0.5Se 0.022 0.010 -0.061 3.354 0.657 4.012

(ZnS)2/Zn0.5Cr0.5Se (ZnSe)2/Zn0.5Cr0.5S 0.016 -0.081 0.006 3.452 0.589 4.013

for Zn0.5Cr0.5S and Zn0.5Cr0.5Se DMS alloys and
(ZnS)2/Zn0.5Cr0.5Se and (ZnSe)2/Zn0.5Cr0.5S superlattices,
and the local magnetic moment in the muffin tin spheres Zn,
S, Se and Cr atoms and in the interstitial sites. It is well
known that a typical ferromagnetic half-metallic material
should exhibit an integer value of the total magnetic moment.
From the results in Table IV, we note that the values of the
total magnetic moment for our compounds are closer than
integer values, which indicate and confirm the ferromagnetic
half-metallic nature of these compounds.

The 3d majority spins of Cr are partially occupied by
four spin up electrons which create a magnetic moment of
4 µB per Cr atom. Moreover, it is noticed that the transi-
tion metal atom presents the main contribution to the total
magnetic moment in the DMS and superlattices, while the
initially non-magnetic Zn, S and Se atoms induce a minor
contribution. Compared to the total magnetic moments pre-
dicted by Hund’s rule for each compound, the local magnetic
moment of Cr is reduced due to the strong p-d hybridization
between the p orbitals of the host semiconductors and the
3d orbitals of magnetic impurity Cr. The p-d hybridization
stabilizes the ferromagnetic ground state linked to double-
exchange mechanism, and confirms that our compounds are
predicted to be promising candidates for possible future semi-
conductor spintronic applications.

4. Conclusion

The manuscript work we conducted focused on the first-
principle study of the structural, electronic and ferromag-
netic half-metallic properties of ZnS and ZnSe binary com-
pounds, Zn0.5Cr0.5S and Zn0.5Cr0.5Se DMS alloys and
(ZnS)2/Zn0.5Cr0.5Se and (ZnSe)2/Zn0.5Cr0.5S superlattices
in wurtzite-type structure.

• The study of the electronic structure through the band
structures and the electronic densities of states reveals
that Zn0.5Cr0.5S and Zn0.5Cr0.5Se DMS alloys and
(ZnS)2/Zn0.5Cr0.5Se and (ZnSe)2/Zn0.5Cr0.5S super-
lattices are ferromagnetic half-metallics with a spin po-
larization of 100%.

• The main contribution in the magnetic moment is made
by the transition metal atom in each compound and
is reduced from the total value due to the strong hy-
bridization between the 3d states of the transition metal
atom (Cr) and the p states of the host bands.

• The p-d hybridization generates the antibonding states
in the gap, which stabilize the ferromagnetic ground
state linked to double-exchange mechanism, and con-
firms that our alloys are predicted to be promising can-
didates for possible future semiconductor spintronic
applications.
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