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Using the full-potential linearized augmented plane wave plus local orbital method based on spin-
polarized density functional theory, we investigate the parameters of the structure, the electronic, mag-
netic, and thermodynamic properties of cubic zinc-blende Cdg.75Cro.255¢ and Zng.75Cro.25S ordered
ferromagnetic materials. We adopt the Perdew-Burke—Ernzerhof generalized gradient approximation
and the modified Becke—Johnson exchange potential for the exchange-correlation energy and poten-
tial. Furthermore, the effect of high pressure on the normalized unit cell volume, bulk modulus, and
Griineisen parameter for both CdSe and ZnS binary compounds as well as for Cdg.75Cro.255¢ and
Zno.75Cro.25S partially substituted materials was also predicted. The results indicate that both these
materials are stabilized in the ferromagnetic phase. Using the modified Becke—Johnson approach and
Perdew—Burke—Ernzerhof generalized gradient approximation, our calculations also demonstrate that
both Cdo.75Cro.25Se and Zng.75Cro.25S alloys are semiconductors with the magnetic moment of 4 ug per
formula unit. Furthermore, the calculations of the s—d exchange constant and p—d exchange constant
clearly indicate the magnetic nature of these compounds. Finally, in order to gain further information,
basic thermodynamic properties such as heat capacity, thermal expansion coefficient, and entropy have
been explored using the quasi-harmonic Debye model.
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1. Introduction

Diluted magnetic semiconductors (DMSs) are
materials containing small amounts of magnetic
impurities. Recently, this family of semiconduct-
ing materials has attracted intensive interest [1-3].
An intriguing, and potentially technologically use-
ful, property that arises from applying these ma-
terials is the possibility of strongly spin-polarized
currents [4]. It is this idea of spin-polarized currents
that would allow engineering devices that combine
the properties of magnetism with the traditional
semiconductors to create the so-called spintronic
(also called spin-based electronics or magneto-
electronics) devices, which are recently considered
a new field in nano-electronics technology.
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The electronic structures of the DMSs materials
depend firstly on the crystallographic structure of
the based crystals and secondly on the doped mag-
netic impurity atoms. In the case of Cdg.75Crg.255€¢
and Zng 75Crg 255 partially substituted semiconduc-
tors, the bonding interactions in their crystal struc-
tures occur between the semiconductor s—p orbitals
and the magnetic ions d orbitals. All the physical
properties observed in our calculations are the re-
sult of this bonding nature.

It has been suggested [5] that one of the vari-
ables determining the strength of the exchange in-
teractions is the amount of sp—d hybridization be-
tween the host and impurity. From a theoretical
point of view, there is an enormous amount of
research in the area of 3d-doped semiconductors.
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For example, Saeed et al. [6] investigated the mag-
netic and electronic properties, as well as the pa-
rameters of the structure of Cdg 75Cog.25X (X = S,
Se, and Te) ternary alloys using the full-potential
linearized augmented plane wave plus local orbital
(FP-L/APW-+lo) method. They found that the
tetrahedral crystal field gives rise to triple degen-
eracy tag and double degeneracy eg4. It was demon-
strated by Nazir et al. [7] that the half-metallicity
is robust with respect to lattice contraction and is
maintained up to compression of the lattice con-
stants by 8% and 6%, respectively.

In the year 2012, Amari et al. [8] found that
Zng 75 TMj 255e (TM = Cr, Fe, Co, and Ni) ternary
alloys are stable in the FM phase, and the cohe-
sive energies of Zng75TMg.o55¢ are greater than
that of cubic zinc-blende (B3) ZnSe compound. In
the same year, Bourouis and Meddour [9] studied
several physical properties of ordered dilute ferro-
magnetic ternary Cd;_,Fe,S alloys with = = 0.25,
0.5, and 0.75 in the B3 phase. They have observed
that the p-d hybridization of Fe d and S p states
reduces the magnetic moment of Fe from its free
space charge value and produces the local mag-
netic moment on the nonmagnetic Cd and S sites.
On the other hand, the ferromagnetic behaviors
have been confirmed experimentally for several Cr-
(DMSs) materials, such as ZnCrSe alloy [10], ZnCrS
material [11], ZnCrTe semiconductor [12], and Cd-
CrS ternary alloy [13].

However, till now, there are only a few reports on
the properties of Cr-doped zinc-blende CdSe and
ZnS, either experimental or theoretical. For these
reasons, in this work, we have made an attempt to
investigate the electronic, magnetic, and thermo-
dynamic properties of Cr-doped zinc-blende CdSe
and ZnS through the FP-L/APW-+lo method and
the quasi-harmonic Debye model approach. Our re-
sults are compared to other theoretical and experi-
mental studies. Furthermore, we add some interest-
ing information about these properties. To the au-
thor’s knowledge, the electronic structure and mag-
netic properties of Cr-doped CdSe have never been
reported in the literature so far. In the following
section, we describe the details of our calculations,
while in Section 3, we discuss our results. Finally,
conclusions will be given in Sect. 4.

2. Computational method

In this paper, all the calculations are per-
formed using the FP-L/APW-lo approach based
on the spin-polarized density functional theory (SP-
DFT), as implemented in the WIEN2K code [14].
For the exchange-correlation functional, the gen-
eralized gradient approximation of Perdew—Burke—
Ernzerhof (GGA-PBE) [15] and the modified
Becke—Johnson approach (mBJ) [16] are used. On
the basis of convergence tests on our response func-
tions with a varying number of k£ points, we are
confident that 150 k points and basis functions up
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to RyrKmax = 8.00 ensure an accurate and well-
converged result. The doped composition is opti-
mized totally with respect to both the atomic po-
sitions and the lattice constants. Self-consistency
is achieved when the total energy difference be-
tween the successive iterations is less than 10~* Ry
per supercell. CdSe and ZnS binary compounds
have a B3 structure with space group F-43m,
whose experimental lattice constants are 6.05 A [17]
and 5.41 A [17], respectively. The structure of
Cd;_,Cr;Se and Zn;_,Cr,S at x = 0.25 are ob-
tained by replacing the Cd/Zn atoms at the (0, 0, 0)
position with Cr in the unit cell of the (B3) CdSe
or ZnS. The muffin-tin radii were chosen to be 2.4
Bohr for Cd, Zn, and Cr atoms and 2.0 for S and
Se atoms, respectively. In the calculation, the 3d'°
452 states of Zn, 4d'95s? states of Cd, 3s23p* states
of S, and 3d°4s' states of Cr are treated as va-
lence configurations. The thermodynamic proper-
ties are investigated within the framework of the
quasi-harmonic Debye model [18]. Detailed descrip-
tions of the thermodynamic properties calculation
procedure can be found in [19-22].

3. Results and discussion

3.1. Structural and thermodynamic properties

In order to give more information on the
structural properties of bulk Cdg.75Crg.o5Se and
7Zmg 75Crg.05S alloys, the total energy E was calcu-
lated as a function of the unit cell volume V. The
equilibrium parameters, especially the lattice con-
stant ag, the bulk modulus By, the pressure deriva-
tive of the bulk modulus By, and the cohesive en-
ergy Ecoh for Cd0,75Cr0,25Se and Zn0,75Cr0‘25S have
been obtained by fitting the calculated values of the
total energy versus volume (E-V') using the Mur-
naghan equation of state [23]. The numerical values
obtained from different quantities are given in Ta-
ble I. For comparison, some other data from the lit-
erature [7, 17, 24, 25] are also presented in Table I
It is very clear that our results for CdS and ZnS
compounds nicely agree with the experiments and
other theoretical data. For Zng 75Crp.25S ternary,
the results are in good agreement with the theo-
retical data [7], while for Cdg 75Crg.25Se, there are
no theoretical or experimental data available in the
literature yet.

We also calculated (AE = Eapyv — Epm) between
anti-ferromagnetic (AFM) and ferromagnetic (FM)
states, and it can be seen that the ferromagnetic
state is more stable than the anti-ferromagnetic
state. The cohesive energies of these compounds are
also calculated from the difference between the to-
tal atomic energies of Cd, Zn, Cr, S, and Se atoms
and the minimum energy of bulk compounds, which
are also presented in Table 1.

It is observed that the cohesive energies of bi-
nary compounds CdSe and ZnS are lower than those
of the ternary compounds. As already explained
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TABLE I

Calculated structural parameters for CdSe, Cdg.75Cro.255¢e, ZnS, and Zng.75Cro.255 materials.

Material Reference ao [A]

Bo [GPa] 36

AE [meV] Econ [eV]

This work
Ref. [17]
Ref. [24]

6.16
6.05
6.08

CdSe

50.20
53.00
56.79

4.06 - 4.45

5.00 - -

Cd0_7scr0_2586 ThiS WOI‘k 6.09

52.27 5.33 7 5.49

This work
Ref. [17]
Ref. [25]

5.44
5.41
5.73

7ZnS

73.99
74.80
91.57

4.43 - 6.34
5.40 - -
5.40 - -

This work
Ref. [7]

5.43
5.36

Zno.75Cro.255

in [25, 26], this difference in the value of cohesive en-
ergy can be attributed to the lower spin-polarized
energy AFsp that can occur when a free atom hav-
ing localized orbitals is transferred to the solid that
obviously have less localized orbitals, and to the ef-
fect of 3d or 4d electrons of transition-metal atoms.

Several empirical expressions have usually been
used to predict the bulk modulus B of materials
from their structural parameters. For example, in
I-VII, II-VI, and ITI-V binary materials having cu-
bic CsCl, NaCl, and ZnS-type structures, the bulk
modulus B and the inter-ionic separation ry are
related by the following exponential relationship
B = Cry™ [27], where C and n are two constants.
For the II-VI group with B3 configuration, the nu-
merical values of C' and n are 7.6 and -2.83, respec-
tively [27]. By substituting our values of rg into the
previous empirical expression, the values of B were
found to be 48.87 GPa for Cdg 75Crg.255e alloy and
67.61 GPa for Zng, 75Crg. 255, respectively. These two
B values are slightly lower than the results obtained
from the fits of the F-V data.

It is well known that the crystal packing of solid
and its electronic structure was considerably in-
fluenced by applying high pressures [28]. Under
high hydrostatic compression, the zinc-blende (B3)
structure of CdSe transforms to the rock-salt (B1)
phase at the pressure of around 2.87 GPa [29],
while for the ZnS compound, the transition pres-
sure from B3 to B1 was reported between the lim-
its of 14.7 and 17.4 GPa, respectively [30]. In or-
der to see how the volume of a unit cell changes
with increasing pressure, the values of the normal-
ized volume V(p)/Vy for both Cdy.75Cr.255¢ and
Zmg.75Crg.253 alloys have been calculated from the
Vinet equation of state (EOS) [31]. The variations of
the relative volume —AV (p)/Vo = (Vo—V(p))/ Vs as
a function of pressure p ranging from 0 to 2.87 GPa
for both CdSe and Cdg.75Crg.255¢, and from 0 to
14.7 GPa for both ZnS and Zng 75Crg.25S were il-
lustrated in Fig. 1.

It can be seen that (Vo—V (p))/ Vo for all materials
increases with increasing pressure p. As the pressure
varies from 0 to 2.87 GPa, —AV (p)/V, values for
Cdg.75Crg.255e change from 0 to 0.047, while these

74.50
66.16

4.57 61 6.33
4.49 65 7.56
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Fig. 1. Relative volume (Vo —V(p))/Vo vs pressure
p for CdSe, Cdo.75Cro.255€, ZnS and Zng.75Cro.25S.

of Zng 75Crg.05S increase from 0 to 0.133, as the
pressure varies from 0 to 14.7 GPa, respectively. The
variations of the cell dimensions are fitted with the
least squares to a linear combination of 2"¢ order
polynomials of pressure p:

AV .
——— =288x107°4+1.97x 107 %p
Vo
—7.72 x 107%p*  (for CdSe), (1)
AV
——— =154x107*4+1.80 x 10 %p
Vo
—5.40 x 107*p*  (for Cdg.75Cro.255¢),  (2)
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A
_AV 6.77 x 1071 +1.24 x 10~ ?p
Vo
—2.24 x 107*p?  (for ZnS), (3)

~AV/Vy=7.02x10"* +1.23 x 107%p

—2.24 x 10_4p2 (fOI Zn0‘75Cr0,25S)7 (4)
where —% is dimensionless, and the pressure p is

expressed in GPa.

As illustrated in Fig. 1, it is clear that at high
pressures, the relative volume variation _AV(E)
values of Zng 75Crg.25S are smaller than these of
Cdg.75Crg.255¢e alloy, indicating that later material

is more compressible than Zng 75Crg 25S.

If we assume the model of the equation of state
proposed by Vinet [31], the pressure dependence of
the isothermal bulk modulus B may be determined
as follows [31, 32|

B=Byz 21+ (nz+1)(1— x)} 1= (5)

where 2 = (V/Vy)'/3 and n = 3(B, — 1)/2.

Figure 2 shows the pressure dependence of the
compression module B for CdSe, Cdg.75Crg.255¢,
ZmS, and Zng 75Crg.25S. As shown in Fig. 2, B in-
creases with increasing pressure p for all our ma-
terials of interest. Similar qualitative behavior of B
vs pressure has been reported for MgCu intermetal-
lic compound [33], MgCa material [34], AlY inter-
metallic compound [35], hexanitrohexaazaisowurtz-
itane material (e-CL-20) [36], silicon carbide (3C-
SiC) [37], and MnyNiGe heusler compound [38]. As
the pressure varies from 0 to 2.87 GPa, the bulk
modulus B values for Cdg 75Crg.055€e increase from
52.27 to 66.95 GPa, while these of Zng 75Crg.25S
change from 74.5 to 135.11 GPa, as the pressure
rises from 0 to 14.7 GPa, respectively.

It is conventional to fit the bulk modulus B ver-
sus pressure to linear form [33], but sometimes the
274 order polynomial form is used B(p) = Bo+ap+
Bp? [31, 39]. The best fits of our data on B [GPal
versus pressure p [GPa| obey the following expres-
sions

B = 50.20 + 4.05p — 4.54 x 1072p* (for CdSe),
(6)
B =52.27+5.31p — 6.84 x 10~ 2p?
(fOI‘ Cd0,75Cr0_25Se),

B =74.04 4+ 4.34p — 2.37 x 10~ 2p?

(7)
(for ZnS),

(8)
B = 74.56 4+ 4.47p — 2.45 x 10~ 2p?

(fOI Zn0.75Cr0‘25S). (9)

As shown in Fig. 2, the incorporation of 25%
Cr atoms into CdSe and ZnS crystals increases the
bulk modulus B for Cdg.75Crg.25Se alloy but not for
Zn0.75Cr0.25S.
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Figure 3 demonstrates the evolution of the heat
capacity at constant volume Cy vs temperature T'
for Cdg.75Crg.255€e and Zng, 75Crg.25S alloys. The Cy,
increases with the increase in temperature and then
tends to the Dulong—Petit limit [38, 40].

The heat capacity Cy at high temperature ap-
proaches approximately 49.5 J mol~! K~! in both
alloys. At room temperature, the obtained C\,
values for Cd0475Cr0.25Se and ZH0_75CI‘0425S alloys
are 48.32 J mol~! K~! and 46.15 J mol~* K1,
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respectively. Our results show that below 300 K,
Cdg.75Crg.255¢ has the largest Cy,, which can be
explained by the fact that Cd has a larger mass
compared to Zn.

Next, we figure out the variation of the entropy
S with temperature depicted in Fig. 4. It can be
seen that the entropy S increases with the in-
crease of temperature 7. Similar qualitative be-
havior of the entropy S versus temperature has
been reported for (3C-SiC) material [37], and cubic
rock-salt thulium arsenide (TmAs) compound [41].
We note that the entropy S of Cdg.75Crg.055e re-
mains higher than that of Zngr75CrgosS at all
temperatures. At T 300 K, the entropy S
is 78.4 J mol™! K~! for Cdg75Crp.255¢ and 57
J mol~! K! for Zng 75Cro.259, respectively.

One of the distinct factors is the thermal expan-
sion coefficient («) which describes the nature of
bonding among the constituent atoms. Figure 5 de-
picts the varying of a with temperature for both
Cd0,75Cr0,25Se and Zn0,75Cr0.25S alloys.

It is clear that « increases with T° at low temper-
atures and gradually approaches a linear increase
at high temperatures. No available results, neither

T 1.60 4 R
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Fig. 6. Grilineisen parameter yp_ps Vs pressure
p for (a) CdSe, Cdo.75Cro.25Se, and (b) ZnS,
Zno_75Cro_25S materials.

theoretical nor experimental, were found for com-
parison. So our work will be a supporting reference
for future experimentalists.

The Griineisen parameter v is an important ther-
modynamic quantity, usually used to describe an-

harmonic effects in the vibrating lattice [42]. It is
of considerable interest for both experimental and
theoretical investigations. In order to predict the
effect of high pressure on the Griineisen parame-
ter v of our materials of interest, we have employed
the Dugdale and MacDonald model [43]. In this ap-
proach, the Griineisen parameter yp_j; was esti-
mated as follows [43]
1., 2/p 2p

Th-M = (23 9 (B) 1>/<1 33)’ (10)
where B is the bulk modulus, p is the pressure,
and B/ is the 1st order pressure derivative of
the bulk modulus evaluated at different values of
pressure p.

Figure 6 discerns the variation of the Griineisen
parameter yp_ s as a function of the pressure p for
CdSe, Cd0475Cr0,25Se, ZHS7 and Zn0_75Cr0425S ma-
terials. Monotonic and non-linear behavior of yp_ s
has been shown under compression for all materi-
als of interest. The results are consistent with the
values reported for iridium phosphide (IrsP) mate-
rial [42] using the quasi-harmonic Debye model.
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approaches, along the high-symmetry k-path (W-L-T'-X-W-K).

As the pressure varies from 0 to 2.87 GPa, yp_ s
values change from 1.03 to 0.91 for CdSe, and
from 1.67 to 1.48 for Cdg.75Crg.055e, respectively.
Meanwhile, the increasing of the pressure from 0
to 14.7 GPa leads to a decrease in the values of
Yp—p from 1.21 to 0.88 for ZnS and from 1.29
to 0.93 for Zng75Crg.05S, respectively. The zero-
pressure value (1.21) of yp_ ps obtained here for ZnS
is in good agreement with the values (1.17-1.39) re-
ported for the long-wave LA [100] mode Griineisen
parameter 1,5 [44]. It is also in excellent agree-
ment with the values (1.08-1.27) reported for LA
[110] vr,a [44]. The mode Griineisen parameters are
usually calculated using knowledge of the depen-
dence of phonon frequencies on the volume of the
crystal.

It was perceived from the Fig. 6 that the incor-
poration of 25% Cr atoms into CdSe and ZnS crys-
tals increases the Griineisen parameter yp_p; for
both Cd0,75CI‘0_25S€ and Zn0,75Cr0_25S alloys. The
dispersion on vp_js values between doped and un-
doped states is larger for CdSe compound than ZnS.
The best fits of yp_ s (is dimensionless) vs pressure
p |GPa] obey the following 2"¢ order polynomial
expressions: yYp_yr = 1.03 — 0.05p + 2.99 x 10~3p?
for CdSe, vp_m 1.66 — 0.08p + 5.62 x 107 3p?
for Cdg.75Crg.255¢e, yp_p = 1.21 — 0.035p + 0.87 x
10~3p? for ZnS, yp_ayr = 1.28 — 0.037p + 0.92 x
1073p? for Zng.75Crg.25S, respectively.
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3.2. Electronic band structure and density of states

Knowledge of the energy band structures in semi-
conductors provides valuable information regarding
their potential use in fabricating electronic devices.
In this part of the present contribution, we have fo-
cused on the discussion on the electronic properties
of ZHS7 CdSe, Cdo_7501‘0,258€57 and Zn0_75Cr0,25S al-
loys. Figure 7 displays the comparison of the two
methods of calculation for the energy band struc-
ture of ZnS and CdSe semi-conductors along the
high-symmetry (W-L-I'-X-W-K) directions in the
Brillouin zone. As shown in Fig. 7, the direct band
gap energy of ZnS and CdSe of about 2.08 eV and
0.51 eV within GGA-PBE are smaller than that
within mBJ-GGA-PBE 3.65 eV and 1.88 eV, which
are close to the experimental value of ZnS (3.87 ¢V)
and CdSe (1.84 eV) [45].

The underestimation of the band gap by GGA-
PBE is due to the lack of discontinuity in
this exchange-correlation potential. Nonetheless,
the band gap in GGA-PBE is always smaller
than the experimental value. For that -case,
the researcher developed a few techniques that
reduce the usual underestimation problem, in-
cluding the modified Becke-Johnson approach
and Perdew—Burke—Ernzerhof generalized gradi-
ent approximation (mBJ-GGA-PBE). However, for
Cdg.75Crg.255e and Zng 75Crg.255 alloys, we focus
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TABLE II

Direct band gaps E, [eV] and total and local magnetic moments [ug] within the muffin-tin spheres and in the
interstitial sites for Cdo.75Cro.255¢ and Zng.75Cro.25S alloys, calculated using the mBJ-GGA-PBE.

Materials Method E, ot Cr Cd/Zn Se/S
Cdo.75Cro.25Se mBJ-GGA 2.67 4.000 3.628 0.142 —0.05
mBJ-GGA 3.75 4.000 3.337 0.123 0.01
Zng.75Cro.255
Ref. [7] 3.02 4.000 3.329 0.034 —0.006
6 6
[znes) [ ;{\ L[ZnCrS %%&
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Spin-polarized band structures for Cdg.75Crg.255e and Zng.75Crg.25S majority spin and minority spin

using the mBJ-GGA-PBE approximation, along the high-symmetry k-path (R-I'-X-M-T).

on the evaluation of band structure and density of
states (DOS) that are not influenced by the GGA-
PBE approach. The electronic band structures
of Cr-doped ZnS and CdSe along high-symmetry
points in the first Brillouin zone, calculated using
the mBJ-PBE-GGA approaches are displayed in
Fig 8. Band structure plotting is done along a spe-
cific path, i.e., R to I', T" to X, X to M, and M
to I', because the case of x = 0.25 is obtained by
replacing the Cd or Zn atoms at vertex site with-
out changing the other 3Cd or 3Zn atoms, or the
4S (Se) ones. In this way we obtain a cubic struc-
ture with space group P-43m (no. 215). The overall
band profile shows the same characteristic features
for the studied compounds. It is obvious that for all
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the cases, there is a large exchange spin-splitting
between the majority spin (spin-up) and the minor-
ity spin (spin-down) states around the Fermi level,
which implies that the addition of a Cr atom can
order magnetism in ZnS and CdSe hosts. We see
that mBJ-GGA-PBE predicts the ground state to
be semiconducting.

The calculated energy band gap Eg —I values
for spin-down structures are listed in Table II,
along with the predicted data reported by Nazir
et al. [7]. The calculated electronic band structure
of Zng 75Crg.25S material aligns with the results of
Nazir et al. [7]. One can see that by applying this
method, we do not observe the overlapping of or-
bitals with the Ey level situated at 0 eV in the
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Fig. 9. Spin-dependent total and partial density of states for Cdo.75Cro.255e, and Zng.75Cro.25S alloys using

the mBJ-GGA-PBE approximations.

majority spin as observed when we use the purely
GGA-PBE and Cr-doped ZnS and CdSe are semi-
conducting. In Fig. 8, the band structures calcu-
lated for Zmng 75Crg.25S and Cdg.75Crg.255€¢ using
mBJ-GGA-PBE have an indirect gap E;(_F
0.60 eV and 0.42 eV, respectively, in the spin-
up channel and direct gap Eg —I' = 3.75 eV and
2.67 eV, respectively, in the case of the spin-down
channel. The value of the band gap in the spin-
down state is modified, explaining its behavior to-
ward semiconductors, and hence, it is clear that
these materials exhibit spin polarization.
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To have a deep insight into band structure, the
partial and total densities of states are analyzed,
and their spectra are displayed in Fig. 9 with mBJ-
GGA-PBE approximation within the energy range
of —6 eV to 6 eV. Usually, in the DOS plots, the
Fermi energy is placed at zero level [46]. The region
located below the Fermi level is the valence band
(VB), while that above the empty region devoid
of states (DOS-band gap) represents the conduc-
tion band (CB) [47]. The overall DOS of the Cr-
doped ZnS and CdSe reveal similar contributions
in the whole energy range. The observed results of
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the alloyed indicate that both compounds present
a semiconducting state with a gap for both the ma-
jority and minority spins directions. The dopant
atom contributed to the Fermi level by the contri-
bution of S/Se- p states. The real cause of the ap-
pearance of ferromagnetism has been investigated
through the calculated partial density of states
(PDOS), as presented in Fig. 9, and it has been
found that ferromagnetism arises due to hybridiza-
tion between Cr 3d-states and anion S/Se- p states.
Moreover, the Cr-d orbitals split into e, and o, or-
bitals, as shown in Fig. 9. Both e4 and t54 orbitals
are only partially filled, i.e., only the majority spin
bands of Cr?* ions are occupied, whereas all the
minority spin bands of Cr?* ions are empty. Above
the gap, we observe the lowest group of conduc-
tion bands, the bottom of which is derived mostly
from Cd (Zn) s states for spin-up and an admix-
ture of Cd(Zn) s states and Cr d states for spin-
down. Figure 9 shows also that there is a strong hy-
bridization between the 3d-Cr and the anion (S/Se)
p. The separation between the spin-up and spin-
down peaks is known as spin-exchange splitting,
which is represented by (Az(d) = d | —d 1), and
its values for Cr 3d states of Cdg 75Crgo5Se and
Zng 75Crg.255 are found, using mBJ-GGA-PBE, to
be 3.22 eV and 3.17 eV, respectively. We will see
clearly what the differences mean, by the introduc-
tion of mBJ-GGA-PBE and its influence on the ob-
tained results, especially on the band structures and
density of states. It is particularly helpful in under-
standing more precisely the bands whose electrons
are strongly correlated.

3.3. Magnetic properties

In order to give more information on the magnetic
properties of Cdg 75Crg.255e and Zng 75Crg 055 ma-
terials, we calculate the total and local magnetic
moments. The obtained values for both alloys us-
ing the mBJ-GGA-PBE approximation are also re-
ported in Table II. The total magnetic moment per
formula unit per of Cdg.75Crg.255¢€ is 4.00 pp, while
that of Zng 75Crg.25S is found to be 4.00 pp. This
later value (4.00 up) agrees well with another the-
oretical result (4 pp) by Nazir et al. [7]. The near
integer value of the total magnetization is consis-
tent with the half-metallic characteristic of these
materials. Furthermore, the po; of Cdg.75Crg.255€
and Zng 75Crq 255 calculated here are almost equal
to the value (4 up) reported for both RbMnSes and
CsMnSes [48].

The main source of magnetization in these two
materials is the unfilled Cr-3d states. The origin
of the Cr magnetic moment can be related to the
partially filled to, level in the 3d state [49]. The
change in the net magnetic moment of a material
is because of the negative p—d coupling between Cr-
3d and Se(S)- p states (in Cr-doped semiconduc-
tors). This negative coupling lowers the total en-
ergy, which stabilizes the magnetic configuration of
the compounds.
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Fig. 10. Total magnetic moment pot vs the lattice

constant for both Cdg.75Crg.25Se and Zng.75Crg.055
alloys.

TABLE III
Spin-exchange splitting energy Axzd, Az(pd) and ex-
change constants Ny and Nog for Cdo.75Cro.255€ and
Zno.75Cro.25S alloys, calculated using the mBJ-GGA-
PBE approximation.

Materials Method | Azd| Az(pd) | Noa | Nog
Cdg.75Crg.255¢ | mBJ-GGA | 3.22 | —1.44 | 1.80 | —2.88
70,75 Cro 258 mBJ-GGA | 3.17| 3.17 |1.36 | —4.48

Ref. [7] | - ~ 024 -5.02

The exchange constants Nyg,and Nog show the
contribution of the valence and conduction bands
(VB and CB) in the process of exchange and split-
ting and can be related to the spin-splitting at
the gamma symmetry point of a band structure.
These parameters (No, and Nyg) are calculated di-
rectly from the conduction band-edge spin-splitting
(AE. = E.({) — E.(1)) and valence band-edge
spin-splitting (AE, = E,({) — E,(1)) for both
Cd0_75Cr0.25Se and ZHO_75CI‘Q_25S materials. Assum-
ing the usual Kondo interaction, Ny, Nox andNog
are defined [50-52] as
Noo = %7 %a (11)

x (s) z (s)

where (s) is one half of the calculated magnetization
per Cr ion, while & denotes the doping concentra-
tion.

Our values of the spin-exchange splitting en-
ergy A,d and A,(pd), and exchange constants
(Noo and Nog) for ferromagnetic Cdg.75Cro.255€¢
and Zng 75Crg.05S, calculated using mBJ-GGA-
PBE are listed in Table III, along the theoretical
values [7].

We have also calculated, using mBJ-GGA-PBE,
the exchange splitting energy (Ax(d) d |}
—d 1), which is defined as the separation between
the spin-up and spin-down peaks, to explore the

08 =



Structural, Thermodynamic and Magneto-FElectronic Properties. . .

existence of a stable ferromagnetic state. In order to
illustrate and quantify the nature of the attraction
in these DMSs, we calculate the exchange splitting
(Az(pd) = Ev | —Ev 1) of the valence bands top
for the spin up and down orientations. The negative
exchange-splitting gap Az(pd) values mean that the
effective potential for the minority spin is more at-
tractive as compared to the majority spin, which
characterizes the spin-polarized systems. We can
also deduce from these results that mBJ-GGA-PBE
influences the positions of the electronic states and
that the Ny, constant are positive for both com-
pounds. The direct relation between the exchange
constant and band gap confirms the ferromagnetic
nature of these materials [7].

Finally, we present in Fig. 10 the puiot of both
Cdg.75Crg.255¢ and Zng 75Crg 255 alloys as a func-
tion of the lattice constant. It is observed that
Ioy remains unchanged with the change of lat-
tice parameters until the lattice constants are com-
pressed to the critical values of 6.0 A and 5.4 A for
Cd0_75CI‘0_25S€ alloy and ZDO.75CI'0.25S material, re-
spectively. Similar behavior of the total magnetic
moment versus the lattice parameter was also ob-
served for both Zn0,75Cro,25Te and Cdo_75CI"0_25T€
ternary alloys [51].

4. Conclusion

In summary, we studied in detail the structural,
thermodynamic, electronic, and magnetic proper-
ties of Cdi_;Cr,Se and Zn;_,Cr,S with = =
0.25 by performing the first-principles calculations
within the GGA-PBE and mBJ-GGA-PBE approx-
imations for the exchange-correlation functional.
The parameters of the structure, as well as the effect
of high pressures on the relative volume variation,
the isothermal bulk modulus B, and the Griineisen
parameter for CdSe and ZnS binary compounds as
well as for Cdg.75Crg.055€e and Zng, 75Crg.25S ternary
alloys, were predicted and discussed. We found
that Cdg.75Crg.055¢ material is more compressible
than Zng 75Crg.25S alloy. The quasi-harmonic De-
bye model is successfully applied to determine some
of the thermodynamic properties, such as entropy
and heat capacity. The analysis of the electronic and
magnetic properties shows that both Cdg, 75Crg.255€e
and Zng 75Crg.055 ternary alloys are ferromagnetic
semiconductors, as observed using the mBJ-GGA-
PBE approach. The ferromagnetic behavior is veri-
fied by the asymmetric density of states in both spin
channels and the optimized energy volume curve
in the spin-polarized calculation. The total mag-
netic moments of Cdg 75Crg.05Se and Zng 75Crg.255
mainly arise from the Cr atom with a small con-
tribution from the Se(S) and Cd(Zn) atoms. Fur-
thermore, the results of the exchange splitting
produced by the Cr d states A,d and A, (pd)
show that the effective potential for the minority
spin is more attractive than that of the majority
spin.
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