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A B S T R A C T

In this work we have used the density functional theory (DFT) to study structural, magnetic and
electronic properties of Co doped CdS in the zinc-blende (ZB) phase. Three approximations have
been used to treat the exchange-correlation potential: the (PBE) GGA, (PBE) GGA+U and the
model of Tran–Blaha modified Becke–Johnson potential (TB-mBJ). The on–site Coulomb inter-
action correction given by the Hubbard U has been calculated by the local density approximation
constraint for the Co electronic orbitals. The theoretical results show that all the properties under
study are affected by the doping of Co atom. Co doped CdS becomes a Ferromagnetic Half-
Semiconductors (HSC). The total magnetic moment increases with increasing Co concentration;
reaching the value of 9 (in the units of Bohr magneton) at high concentration (x= 18.75 %). The
total magnetic moment value is an integer in the GGA+U and TB-mBJ approximations.
Furthermore, to validate the effects resulting from the exchange splitting process, we have cal-
culated the values of the spin-exchange constants N0α and N0β, respectively. All these changes
make CdS:Co extremely interesting system for the spintronic applications.

1. Introduction

Recently, diluted magnetic semiconductors (DMSs) with room-temperature ferromagnetism have attracted considerable atten-
tions for possible applications in spintronic and optoelectronic [1]. These approaches aim to exploit the spin of the electron and its
charge to improve functionalities of micro-electronic properties. The diluted magnetic semiconductors (DMS) are also the subject of
many studies in recent years because of their interesting electronic and magnetic properties [2]. Another important feature of the
DMSs is that the energy band gap and other physical parameters can be controlled by varying the composition of magnetic ions in
these materials [3].

CdS is one of these compounds, known for its wide band gap energy (2.42 eV), its hexagonal/cubic crystalline structure, com-
paratively low resistivity, high photoconductivity, large absorption coefficient and high refractive index (between 2.5 and 2.7) in the
visible range [3,4]. These properties make CdS a promising material for applications such as in solar cells, optical detectors and other
optoelectronic devices [5,6]. Currently, semi-magnetic semiconductors (SMSC) with Co+2 as a magnetic ion have been the focus of
increasing interest due to the existence of the spin–orbit interaction and large exchange interaction. II–VI group compounds have
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been mostly studied using Mn+2 and Co+2 ions [7]. This kind of doping significantly modifies the optical, electrical and magnetic
properties due to the presence of p-d orbital hybridization and spin–spin coupling [8]. Doping could also change the crystal symmetry
and structural morphology [9]. Many theoretical and experimental researches were performed to obtain semiconductors with im-
proved ferromagnetic properties. Dietl et al. [10] suggested that 5% of Mn doping in the CdS material leads to an n-type semi-
conductor with a Curie temperature of 200 K. Sato and Katayama-Yoshida [11] studied the effects of the dopants (Fe, Co, Ni, V and
Cr) in ZnX (X = Se, Te, O) and confirmed that the ferromagnetic state is more favorable in energy than the antiferromagnetic one.
Recently, Xiao and Wang [12] have investigated non-magnetic dopants (B, C, N and O) in the CdS monolayer and confirmed the
emergent ferromagnetism in these systems. The effect of Pd doping in CdS were studied by Ren et al. [13]. They found that the Pd-
doped CdS was spin polarized at 100% and the hybrid chain mechanism Pd(4d)-S(3p)-Cd (4d)-S(3p)-Pd(4d) formed by p-d coupling is
responsible for the long-range FM order. The Co-doped CdS nanowires have ferromagnetic behavior at room temperature. These
nanowires have been synthesized by many researchers where they have observed ferromagnetism in Co-doped CdS synthesized by a
high-energy electron irradiation [14,15]. However, Saravanan et al. synthesized CdS doped with Co nanoparticles by chemical Co
precipitation [16]. The Co-doped CdS nanocrystals with controllable morphology (quantum dots and nano-rods) have also been
reported by Zha et al. [17]. The results indicated that the Co-doping was favorable to the formation of nano-rod structures during a
short reaction time. Recent theoretical researches have been conducted on a wide variety of high concentrations of DMSs doped with
transition materials such as: Cd1−xMnxS [18], Cd1−xCrxS [19], Cd1−x Cox S [20], Cd1−xFexS [21], and Cd1−x NixS [22]. All these
studies predicted that Co is apt to induce Half Metallicity (HM) in suitable materials.

Structural forms of CdS exist in three configurations (Wurtzite, Zinc-blende, and rock-salt forms). It should be noted that majority
of the previous reports were on the wurtzite (WZ) structure of CdS doped with Co. It should also be noted that no theoretical research
has been reported on the study of the doping effect on CdS with low concentrations of Co in the zinc-blende phase on the magnetic
and electronic properties. This motivates us to explore the effect of Co doping on the electronic and magnetic properties of CdS with
Zn-blende structure. In addition, we have also chosen Co because it still stimulates the experimental studies [23] and allows us to
compare the results of this study with the experimental and theoretical ones available in the literature.

In this study we have reported the structural, magnetic and electronic properties in the zinc-blende phase of Cd1−xCoxS alloys at
different x values (0, 0.0625, 0.125, and 0.1875). We have used CdS 1_2_2 super cell by employing the theory of the spin-polarized
density function, in the framework of generalized gradient approximation (GGA), GGA+U and the Becke–Johnson model (TB-mBJ).

Our goal is to develop models for materials having at the same time semiconducting and ferromagnetic properties and to explore
the role of the transition metal Co on the electronic, magnetic and electronics properties of the compound Cd1− xCoxS.

This paper has been organized as follows: in Section 2, the calculation details are described. Section 3 is comprised of the various
results of the calculated properties. We also discuss the various aspects of these results in this section. Finally, Section 4 summarizes
the conclusions of this study.

2. Calculation method

All the calculations reported in this work have been performed using the potential enhanced (full potential) linear wave plane (FP-
LAPW) method implemented in the Wien2k code [24,25]. Three approximations have been used to express exchange-correlation
potential: the generalized gradient approximation (GGA) [26], GGA+U [27] and TB-mBJ [28]. It should be mentioned that the GGA
is well suited for solids in their ground state properties, but not well adapted for excited state properties. This is because the GGA
contains self-interaction errors (SIE) and does not show discontinuity in derivative, which is important for band gap calculations. The
Hubbard U term in GGA has been added to eliminate the self-interaction error (SIE) and to calculate the effective Coulomb on-site
repulsion where correlations are expected to be processed correctly [29]. The DFT+U functions are good for the excited states;
especially for the localized electronic states (typically the 3d and 4f electrons). The on-site Coulomb interaction U and that due to
magnetic exchange energy J, can be expressed by a single effective parameter =U U Jeff . We have computed Ueff using the con-
straint method developed by Anisimov et al. [30,31]. To use this method, a supercell of 32-atoms is built and the hybridization
between 3d orbital of one atom (Co in the present work) and all the other orbitals is removed by placing the d-states in the core
ones,Ueff values of Cd1−xCoxS are then calculated using the following expression:
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ɛ3d↑ represents the rotation energies of 3d (spin-up) orbitals of the transition metal, ɛF represents the Fermi level and n is the
electron number within the 3d orbitals. Another scheme was developed by Tran and Blaha; they modified the potential of Becke-
Johnson to develop a semi-local TB-mBJ function. This is not a significant hybrid function and it can improve the band gap for a
variety of semiconductors with electrons in the d or f orbitals [28].

CdS in a zinc-blende structure belongs to the F-43m space group (No. 216) and the experimental lattice constant is around 5.83 Å
[32]. Its primitive unit cell has a CdS molecular unit where the Cd atom is located at (0, 0, 0) and the S atom at (0.25, 0.25, 0.25). We
have simulated our compounds Cd1−xCoxS for x = 0, 0.0625, 0.125 and 0.1875, in a super cell of 32 atoms created from (1_2_2)
units, as illustrated in Fig. 1. The electronic configurations used to carry out theoretical computations of Cd, S and Co are respectively,
4d105s2, 3s23p4 and 3d74s2. Muffin-tin (MT) sphere radii have been selected as equal to 2.43 a.u. for both Cd and Co and 2.33 a.u. for
S. Further, the RMT*Kmax parameter have been chosen to be 8, with RMT as the smallest muffin-tin radius and Kmax as the maximum
modulus of the reciprocal lattice vector k in the first Brillouin zone. The total number of K points was 100, and we have followed the
Monkhorst–Pack scheme [33] to sample the Brillouin zone. The energy convergence criterion for self-consistency is less than
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10−4 eV. The GGA approximation is applied to treat the structural properties whereas the electronic and magnetic properties of the
compound under study have been examined by employing the (PBE-GGA+U) and TB-mBJ. The Ueff values for Co have been cal-
culated and taken as 0.49 Ry (6.66 eV).

The stability of ferromagnetic state of these compounds has been verified by the total energy difference =E E E( )FM FM AFM of
the supercells between the AFM and FM ground states; if this difference is positive, the FM state, having the lowest energy after
structure optimization, is stable, as discussed in the next section.

3. Results and discussions

3.1. Ueff calculation

The Co atom has 7 electrons in the 3d orbital (t2g5, eg2). We have forced the 3d electrons into the core to prevent all kinds of
hybridizations with the other orbital and then performed two calculations for each atom. In the first step, we have calculated for the
Co atom where 4 electrons are configured in up and the other 3.5 electrons in down (see Table 1, Calc. 1). In the second step, the
calculation has been carried out by putting 4 electrons up and 2.5 electrons down (see Table 1, Calc. 2). We have obtained ɛ3d↑
energies by a weighted sum of energies ɛ3d5/2 and ɛ3d3/2. The obtained values for the energies (in Ry): ɛ3d5/2, ɛ3d3/2, ɛ3d↑ and ɛF have
been summarized in Table 1.

Fig. 1. The crystal structure of bulk Cd1-xCoxS with (a) x= 0, (b)x = 0.0625, (c)x = 0.125, and (d)x = 0.1875 supercell of 32 atoms.

Table 1
The different values of energies (in Ry): ɛ3d5/2, ɛ3d3/2, ɛ3d↑, ɛF and Ueff.
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Calc.1 Calc.2 Calc.1 Calc.2

Cd 0.9375Co 0.0625S 0.025 0.038 −0.419 −0.404 0.038 −0.411 0.198 0.247 0.498
Cd 0.875Co0.125S 0.037 0.050 −0.397 −0.382 0.043 −0.389 0.227 0.288 0.493
Cd0.8125Co0.1875S 0.039 0.053 −0.389 −0.374 0.046 −0.381 0.242 0.307 0.492
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3.2. Structural properties and stability

Determination of structural properties is the first and fundamental step in any theoretical calculation of properties of materials.
The equilibrium structural parameters have been obtained by computing the total energy versus volume at (T = 0 K) using the
Birch–Murnaghan's equation of state [34,35].

= + +E V E V B V
B B

B V
V

V
V

( ) ( ) ( )
( 1)
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B

0
0 0 0

(2)

Where, E0,B,B\,V0 are the total internal energy, the bulk modulus, the pressure derivative of the bulk modulus and the volume of the
elementary cell at equilibrium, respectively.

The Birch–Murnaghan's equation of state gives a good fit of the energy as a function of the volume of the primitive cell. The total
energy as a function of the volume for the compounds Cd1−xCoxS at x equals to 0, 0.0625, 0.125, and 0.1875, respectively with
polarized spin, has been studied by employing the PBE-GGA parameterization. For each curve we notice that the energy has a
minimum for a given mesh parameter. The obtained results from fitting of equilibrium structural parameters such as, the lattice
constant (a0), the bulk modulus (B0), and its first pressure derivative (B\), have been summarized in Table 2. It is observed that the
lattice constants of ternary Cd1−xCoxS alloys decrease with augmenting x concentration of Co impurity. This may be ascribed to
smaller atomic radii of Co2+ (0.74 Å) compared to that of Cd2+ (0.97 Å). The obtained results are in excellent agreement with other
theoretical values [36–38] and experimental data [39] found in the literature.

To further investigate the relative stability of the ferromagnetic (FM) state with respect to the antiferromagnetic (AFM) ones, we
have constructed super cells of 1_2_2 to get even numbers of Co element for switching spin up and down states and calculated the
AFM and FM total energies for all Co concentrations with their optimized equilibrium lattice constants. Using the GGA+U method,
the calculated total energy difference between the AFM and FM states =E E E( )FM AFM of Cd1−xCoxS has been summarized in
Table 2. The FM order has lower total energy compared to AFM order, and consequently FM state has been predicted to be the stable
configuration in these ternary alloys Cd1−xCoxS. Furthermore, we have calculated the formation energy of the Co doped CdS defined
by Bai et al. [40,41] and Alay-E-Abbas [42]:

=E E E Cd bE Co cE S(Cd Co S ) a ( ) ( ) ( )f t bulk bulk bulka b c (3)

Where, EtCdaCobSc is the total energy of the supercell with n Cd atoms replaced by Co atoms and Ebulk(Cd), Ebulk(Co) and Ebulk(S) are
the total energies per atom of fully bulk Cd, Co, and S, respectively and a, b, c are the numbers of Cd, Co, and S atoms in the unit cell
formation. The calculated formation energy Ef is predicted to be −1.41 eV, −1.36 eV, and −1.22 eV at x = 0.0625, 0.125 and
0.1875, respectively. The negative formation energy indicates that the Co-doped CdS can be synthesized experimentally. The order of
the formation energy is Cd0.9375Co0.0625S < Cd 0.875Co 0.125S < Cd 0.8125Co 0.1875S.

3.3. Electronic properties

3.3.1. Band structure
The objective of computed band structure is mainly to predict band gap energy value, which usually is considered as an important

parameter for the optoelectronics and spintronic device applications. This parameter is defined as the difference between the lowest
energy conduction bands of majority (minority) spin and the absolute value of the highest energy valence bands of majority (min-
ority) spin [43].

Structures of spin polarized electronic bands with up and down spin states have been calculated for the ferromagnetic Cd1−xCoxS
for different x values (x = 0, 0.0625, 0.125 and 0.1875). The band structures have been evaluated at their equilibrium lattice
parameter using three different approaches: GGA, GGA+U and TB-mBJ schemes. These predictions are served to identify the precise

Table 2
The optimization of calculation, equilibrium lattice constant a0, bulk modulus B and its pressure derivative B / with x=0, 0.0625, 0.125 and 0.1875
by using the PBE-GGA approximation. And total energy difference between AFM and FM configurations ΔE (eV) for Cd1-xCoxS using the PBE-
GGA+U.

Compound Lattice parameter a0 (A°) Bulk modulus B (GPa) B / ΔE(eV)

This work Calc. Exp. This work Calc. Exp. This work Calc. Exp. Calc.

CdS 5.95 5.863a 5.83d 53.02 65.7a 64.3d 4.39 4.494a – –
5.97b

C0.9375Co0.0625S 5.91 5.809c 56.77 66.34c 4.12 4.49c – 0.63
Cd 0.875Co 0.125S 5.88 – 57.49 – 4.14 – – 0.031
Cd 0.8125Co 0.1875S 5.85 – 58.10 – 4.13 – – 0.032

a Ref. [36]
b Ref. [37]
c Ref. [38]
d Ref. [39]
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potential to be used in exploring spintronic and optoelectronics application possibilities. The values of the band gap (Eg) obtained for
minority-spin and the majority spin gap are given in Table 3. It is noted that Eg obtained with TB-mBJ are higher and improved than
those obtained with PBE-GGA and PBE-GGA+U. This is because the TB-mBJ semi local exchange correlation potential can provide
perfect band gaps compared with the LDA and different versions of the GGA approximation for semiconductors and insulators [44].
The band gap values of pure CdS is about 1.008 eV by PBE-GGA and 2.52 eV by TB-mBJ method; the latter is very close to the
experimental value [23,45]. This confirms the reliability of our calculations. We, therefore, have adopted the TB-mBJ formalism in all
the subsequent calculations (see Fig. 2). The electronic band structures of Cd1−xCoxS for x= 0.0625, 0.1250 and 0.1875 are shown
in Fig. 4. One can see clearly that the band gap value for spin up channel is different from that in the spin down one for all three
approaches compared to that of the pure CdS (Fig. 3(a) and (b), which is the same for both spin directions).

Different exchange-correlation schemes also yield different band gap values (see Table 4) that indicates that Co doped CdS
becomes a Ferromagnetic Half-Semiconductor (HSC). We have found that band gap up values of Cd1−xCoxS for x= 0.0625, 0.1250
and 0.1875 compounds using GGA+U are 1.07, 1.11, and 1.19 eV, respectively; these values for x= 0.0, 0.0625, 0.1250 and 0.1875
using the TB-mBJ are 2.523, 2.579, 2.611 and 2.572 eV, respectively. Under both the schemes the band gap increases with increasing
Co doping. On the other hand, use of simple GGA for x= 0, 0.0625, 0.125 and 0.1875 results in gap up values equal to 1.008, 0.975
0.0.897, 0.679, respectively. Interestingly, within simple GGA the band gap decreases with increasing Co doping. It is noteworthy
that the results obtained with TB-mBJ are improved compared to those obtained with PBE-GGA and PBE-GGA+U and correspond
closely to available experimental data [23] (see Fig. 2). However, the Co doped CdS has preserved the nature of the direct forbidden
band gap of pure CdS. Both the top of the valence band and the bottom of the conduction band is located at the Γ point of the Brillouin
zone, exhibiting ferromagnetic semi-semiconductors character. Therefore, we can conclude that Co doping has changed the electronic
nature of CdS from semiconductor to Ferromagnetic Half-Semiconductor materials (HSC), which are promising materials for use in
spintronic applications [46].

3.3.2. Density of states
To get a deeper understanding of the electronic properties and to see the impact of Co doping on them, we have calculated the

Table 3
Calculated total and local magnetic moments (µB) and in the interstitial sites for Cd1-xCoxS with x= 0, 0.0625,0.125 and 0.1875 using the (a) PBE-
GGA, (b) PBE-GGA+U and (c) Tb-mBJ approximations.

Compound MTo mCo mCd mS minter

BPE-GGA Cd0.9375Co 0.0625S 3.0026 2.0481 0.0102 0.0604 0.2001
Cd 0.875Co 0.125S 5.9959 2.4823 0.0060 0.1204 0.4012
Cd0.8125Co 0.1875S 8.9851 2.4915 0.0037 0.2315 0.8287

PBE-GGA+U Cd0.9375Co 0.0625S 3.0013 2.7297 0.0018 0.0968 0.3652
Cd 0.875Co 0.125S 5.9999 2.8409 0.0037 0.0194 0.1940
Cd0.8125Co 0.1875S 9.0001 2.8419 0.0034 0.0219 0.2951

Tb-mBJ Cd 0.9375Co 0.0625S 3.0000 2.7362 0.0003 0.0328 0.1153
Cd 0.875Co 0.125S 6.0000 2.7304 0.0003 0.0635 0.2340
Cd 0.8125Co 0.1875S 9.0001 2.7297 0.0027 0.0663 0.3652

Fig. 2. Band gap values calculated with different approximations of Cd1-xCoxS without x = 0.0625, 0.125, and 0.1875 in comparison with ex-
perimental results (all values are given in eV).
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total (TDOS) and partial (PDOS) density of states for the pure CdS and for Cd1−xCoxS with x = 0, 0.0625, 0.125 and 0.1875,
respectively, using the TB-mBJ in both spin (up and down) channels (see Fig. 5).

Fig. 5(a) illustrates that CdS is a non-magnetic semiconductor. The valence band (VB) is mainly due to states 3p of S with a small
admixture of states 5s of Cd, while the conduction band (CB) is dominated by states 5s of Cd with a small number of states 3p of S.
During the formation of CdS, Cd provides 2 electrons to S and the ionic states of Cd2+ and S2− are formed. On the other hand, the
electrons of S-3p and Cd-5s are shared, covalent bond is formed, and therefore, the compound CdS show significant covalent
character. When Co (3d74s2) is doped in CdS, two of its electrons establish bonds with two neighboring S atoms, while the rest of the
electrons of the orbital d are exposed to the effect of the tetrahedral crystalline field. The tetrahedral crystal field formed by the
surrounding S ions splits the five-fold degenerate 3d states of Co into a two-fold degenerate eg (d (x2)− (y2) d (z2)), and a three -fold
degenerate t2g (dxy,dyz, dxz), states [47]. This separation in energy is due to the strong p-d exchange interaction between the 3d states
of Co atoms and the 3p orbital of S. The spin-polarized total (TDOS) and partial (PDOS) density of states of Cd1−xCoxS with x = 0,
0.0625, 0.125 and 0.1875 are shown in Fig. 5(b)–(d). These plots show that the valence bands of the two spin directions are
dominated by the major contribution of p (S) and 3d (Co) states and minor contribution of s (S) and d (Cd) states are fully occupied
and located between ∼−4.1 and −0.1 eV in the energy ranges of ∼−3.8−0.2 eV for Cd0.9375Co0.0625S, ∼ −3.9−0.2 eV for Cd
0.875Co 0.125S, and ∼−4.0−0.2 eV for Cd0.8125Co0.1875S, and the unoccupied 3d (t2g) states of minority spin are located at the bottom
of the conduction band, around 2.6 eV, 2.7 eV for x = 0.0625, 0.125, respectively and located between ∼−2.2 eV and 3.0 eV for
x= 0.1875. Moreover, Fig. 5(b)–(d) reveal that, as a result of the doping, a spin asymmetric shape of TDOS arises which means the
presence of magnetism and additional peaks in the PDOS. In the VB, these peaks originate from the 3d (t2g, eg) electronic states of Co
and in the CB they are mainly from the Co-3d (t2g) electronic states. In fact, the latter ones form the minimum of the CB in spin down
direction leading to a band gap value different from that of spin up configuration. No d-state peak of Co lies at EF, which confirms the
semiconducting behavior of Cd1−xCoxS with the addition of magnetic dopant. This result also confirms the Ferromagnetic Half-
Semiconductor (HSC) character of our compounds Cd1−xCoxS as found from the band structures. By increasing Co doping con-
centration, the degree of hybridization between Co-3d (t2g) and S-3p electronic orbitals increases significantly.

3.3.3. Magnetic properties and exchange constants
In order to elucidate the important role of the conduction band and the valence band on the exchange splitting, as observed in the

electronic band structure of Cd1−xCoxS compounds, the s–d exchange N0α and the p–d exchange N0β have been calculated based on
the exchange field field theory. These two constants characterize the exchange splitting and are computed using the expression for
spin Hamiltonian given by

=H N s S.0 (4)

where N0 and β are the cations content and p-d exchange energy, respectively, whereas s and S represent, respectively, free hole and
the Co impurity spins. The exchange constants can be directly calculated from the band structure and the magnetic properties by

Fig. 3. Spin-polarized electronic band structures for pure CdS using PBE-GGA and TB-mBJ approximations.
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Fig. 4. Spin-polarized electronic band structures for Cd1-xCoxS with x = 0.0625, 0.125 and 0.1875 using PBE-GGA, PBE-GGA+U and TB-mBJ
approximations.
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supposing the usual kondo interaction, which are known as [48]

= E
S

N
x

,c
0 (5)

=N E
x S

v
0 (6)

where =E E E( )v v v is the valence band edge splitting and =E E E( )c c c is the conduction band edge splitting, x is the Co
concentration and 〈S〉 is the half of the computed magnetization per Co ion.

The calculated values of N0α, N0β, ΔEv, ΔEc using the TB-mBJ are displayed in Table 5. It can be seen that the exchange constant
N0α decreases, whereas those of N0β increases with increasing Co concentration of x from 0.0625 to 0.1875, confirming the magnetic
character of these alloys. The negative sign of both N0β and N0α means that the double exchange mechanism exists in these com-
pounds because the s-d and p-d interactions are parallel and give an FM character. Except for that of N0α found in Cd0.0625Co0.9375S,
we see that the conduction and the valence states are behaving in a same manner during the exchange splitting process.

The values of N0α in all the compounds are more negative than N0β meaning that the exchange energy involves through the spin-
down channel a ferromagnetic half semiconductor behavior in our systems.

The total and local magnetic moments calculated in the muffin-tin spheres and in the interstitial sites, for the compounds
Cd1−xCoxS with x = 0.0625, 0.125 and 0.1875, using GGA, GGA+U and TB-mBJ approximations, are summarized in Table 3. The
magnetic moment of the Co obtained by GGA+U and TB-mBJ is around 2.84 µB and 2.73 µB, respectively. These values are quite
close to the value of 3µB for the Co2+ ion and larger than that obtained via GGA (2.48 µB). We have noticed that these higher values
are comparable to other theoretical results [38]. On the other hand, the p-d hybridization between the Co-3d and the S-3p reduces the
local magnetic moment on Co from its free state value and produces small local magnetic moments at the non-magnetic Cd and S host
sites. This conclusion is consistent with the study carried out by Ladizhansky et al. [49]. Increasing the Co doping leads to an increase
of the total magnetic moment which reaches the value of 9 µB per supercell at the highest x concentration (x= 18.75 %) considered
in this study, in all the different approaches. These results confirm the ferromagnetic magnetic ground state of Cd1−xCoxS.

4. Conclusions

In this work, we have studied the structural, electronic, and magnetic properties of pure CdS and Co-doped CdS using the density
functional theory (DFT) as implemented in the Wien2k code. Three different approaches have been adopted, namely, (PBE) GGA,
(PBE) GGA+U and TB-mBJ. The Co doping of CdS at different concentrations changes its electronic ground state from a non-
magnetic direct band gap semiconductor to Ferromagnetic Half-Semiconductor (HSC), preserving the direct band gap nature. The
total magnetic moment obtained for Cd1−xCoxS at x= 0.0625, 0.125 and 0.1875 generally comes from the d (t2g) states of Co atoms
of substitution with a weak contribution of the Cd and S ones. By increasing the Co dopant concentrations, the total magnetic moment
increases and the Co-3d (t2g) states strongly hybridize with the S-3p states. Furthermore, the negative sign of the exchange splitting
operation of N0α and N0β confirms the double-exchange mechanism caused by the s-d and p-d interaction in all the alloys under
consideration. The theoretical results obtained by employing the TB-mBJ formalism are in good agreement with those deduced from
the experimental and theoretical data. In this study, we have theoretically confirmed the semi-semiconducting nature of Cd1−xCoxS
with ferromagnetic spin ordering. Such compounds have potential to be used in the spintronic device applications.
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Table 4
Band gap energy Eg┌-┌ of Cd1-xCoxS at x = 0.00; 0.0625; 0.125 and 0.1875 using the BPE-GGA, PBE-GGA+U and TB-mBJ approximations.

GGA (eV) GGA+U (eV) TB-m BJ (eV) EgΓ-Γ (Exp)

up dn up dn up Dn

CdS 1.008 1.008 - - 2.523 2.523 2.56a, 2.42b

Cd 0.9375Co 0.0625S 1.042 0.975 1.071 1.158 2.579 2.697
Cd 0.875Co 0.125S 1.056 0.897 1.115 1.273 2.617 2.695 2.65a (a: x= 0.1)
Cd 0.8125Co 0.1875S 1.084 0.679 1.198 1.426 2.667 2.572 2.57a (a: x= 0.2)

a Ref. [23].
b Ref. [48].
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Fig. 5. Calculation of spin-dependent total and partial density of states for Cd1-xCoxS using x = 0, 0.0625, 0.125 and 0.1875 using the TB-mBJ
approximation.
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