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Abstract:
Exploring semiconducting materials for applications in the spintronic devices we investigate structural, elec-
tronic and magnetic properties of (Sm, Co) Co-doped ZnS diluted magnetic semiconductor (Zn30Sm1Co1S32)
by first principle calculations using GGA+U approximation. The total energy calculations depict the ferro-
magnetic state as the stable state in the Co-doped system with larger Sm-Co separation while for smaller
Sm-Co separation the system shows antiferromagnetic character. The total density of states (DOS) calcula-
tions demonstrates semiconducting and metallic character in the spin up and spin down states respectively
which discloses p-d hybridization between Co-d and S-p ion revealing half metallic behaviour with 100% spin
polarization. These findings establish Zn30Sm1Co1S32 as promising material for spintronic applications, com-
bining semiconductor functionality with magnetic ordering and spin polarization essential for next-generation
electronic devices
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1. Introduction

Diluted magnetic semiconductors (DMS) have recently
been enchanting a significant attention in the field of mag-
netic semiconductor research due to their remarkable appli-
cations in the spintronic devices [1–4]. High spin polarized
nature of these materials leading room temperature ferro-
magnetism (RTFM) is the key paramater in the spin trans-
port devices [5–7]. The 3d transition metal (TM) doped
zinc blende structured II-VI semiconductors have become
potential DMS candidates due to their higher solubile na-
ture, electronic, optical and magnetic properties compared
to those of the III-V or II-V compounds [8, 9]. Extensive
attention has been devoted to the Density functional theory
(DFT) calculations in order to investigate the electronics
structures of DMSs which demonstrates the actual mech-
anisms that are responsible for RTFM [10, 11]. The half
metallic transition metal [Mn, Ni, Fe, Co, Cr etc.] doped
II-VI DMSs can be efficiently exploited in the spintronic
devices [7, 8, 12]. Besides TM, rare earth (RE) metals

(Gd, Sm etc.) can be effectively utilized for developing
DMSs as they have higher magnetic moment as compared
to the TM ions [13, 14]. Recently Co-doping of rare earth
metal with TM ions in II-VI semiconductor has become
a vital approach in achieving half metallic behaviour in
DMSs [15, 16]. Among various host materials, ZnS has
been one of the most promising II-VI semiconductors due
to its higher band gap (3.68 eV) and remarkable optical and
electronic properties [7, 17]. Taking account to these, we
have studied the electronic and magnetic properties of (Sm,
Co) Co-doped ZnS diluted magnetic semiconductor by first
principle calculations.

2. Computational details
All the spin polarized density functional theory calcula-
tions were carried out by QUANTUM ESPRESSO codes
[18]. The exchange–correlation energies were described
by the spin polarized generalized gradient approxima-
tion with Hubbard correction (GGA+U) term (U = 5
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eV and 6 eV for 3d and 4f electrons of Co and Sm) by
Perdew–Burke–Ernzerhof (PBE) functional [19, 20]. The
kinetic energy cut-off is set to 25 Ry. The Brillouin zone
was sampled by 4× 4× 4 Monkhorst-Pack grid and the
unit cell was relaxed using the force convergence threshold
of 10−3 Ry a.u.−1. Broyden–Fletcher–Goldfarb–Shanno
(BFGS) algorithm with the cell optimization criterion (force
tolerance of 0.06 eV/Å, stress tolerance of 0.01 GPa, and
displacement of 0.2 Å) [21] was used for geometry opti-
mization. To study the electronic and magnetic properties
of (Sm, Co) Co-doped ZnS, we consider 2×2×2 supercell
of zinc blende replacing two Zn atoms by Sm and Co atoms
in two different positions (Fig. 1).

Figure 1. Crystal structure of (Sm, Co) Co-doped ZnS.

3. Results and discussions
In order to optimize the structural parameters for
Zn30Sm1Co1S32 system, we plot total ground state energy
with respect to the unit cell volume using Murnaghan’s
equation of states [22] with SGGA approximation in both
ferromagnetic and antiferromagnetic states as shown in the
Fig. 2. The calculated values of lattice parameter (a), bulk
modulus (B) and the first order derivative of Bulk modulus
(B/) for Zn30Sm1Co1S32 with Co-Sm separation of 2.97 Å
are found to be 5.47 Å, 63.75 (GPa) and 5.36 respectively.
The lattice parameter is found to be increased as compared
to bulk ZnS system which is due to the higher ionic radius
of Sm3+ ion (0.95 Å) than that of Co2+ (0.58 Å) and Zn2+

(0.74 Å) [23].
In order to find the magnetic stability and magnetic coupling
of the Zn30Sm1Co1S32 system we have calculated total de-
fect formation energy and energy difference (∆E) between
ferromagnetic (FM) and antiferromagnetic (AFM) state re-
placing two Zn atoms by two Sm and Co atoms for four dif-
ferent Sm-Co separations in the 2×2×2 periodic supercell
(Fig. 3). The calculated values of ∆E for different Sm-Co
separations is shown in the Table 1. The negative value of
∆E in the case of smaller Sm-Co separation (2.43 Å) demon-
strates that the antiferromagnetic state is energetically more
favourable than the ferromagnetic state while the positive
values of ∆E for higher Sm-Co separations demonstrates

Figure 2. Variation of total energy (Ry) with respect to unit cell volume
(A3) of Zn30Sm1Co1S32 for Co-Sm separation of 2.97 Å (configuration II
in the Table 1).

the ferromagnetic state as more energetically favourable
than the antiferromagnetic state [23]. For smaller Sm-Co
separation, the enhanced short range antiferromagnetic in-
teraction dominates over ferromagnetic interaction whereas
for higher Sm-Co separation, the long-range ferromagnetic
coupling ensues and the system becomes ferromagnetic in
nature [24]. Moreover, it is observed from the Table 1 that
the variation of ∆E with Sm-Co separation shows an os-
cillatory magnetic order with increasing Sm-Co separation
demonstrating indirect Ruderman–Kittel–Kasuya–Yosida
(RKKY) interactions which was observed in our previous
study [24]. Negative values of formation energies obtained
in all the configurations, depicts that Sm, Co co-doped ZnS
system can be easily fabricated experimentally [24, 25].

Figure 3. Sm, Co Co-doped ZnS for Sm-Co separation of 2.43 Å.

Electronic properties
The spin polarized density of states (DOS) of
Zn30Sm1Co1S32 system with Co-Sm separation of
2.97 Å as calculated by GGA+U approximation is
depicted in Fig. 4 (a). The fermi level (EF) is represented
by the vertical solid line with zero energy. The postitive
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Table 1. Formation energy and energy difference between AFM and FM states of Zn30Sm1Co1S32.

Configuration
Sm-Co separation

(Å)
EFM
(eV)

EAFM
(eV)

Energy difference (∆E)
(meV)

Formation energy
(eV)

I 2.43 −56,864.5795 −56,864.6416 −62.1 −1.02

II 2.97 −51,725.6742 −51,725.6277 46.5 −0.98

III 3.26 −46,463.2709 −46,463.2146 56.3 −0.76

IV 4.06 −42,643.8153 −42,643.7827 32.6 −0.64

Figure 4. (a) Spin polarized Density of States (DOS) of Zn30Sm1Co1S32 (b) Charge density plot of Zn30Sm1Co1S32.

and negative values of DOS represent the spin up and spin
down states respectiviely. The black line represents the
total DOS, blue, brown, green and purple lines represent
Zn-s, S-3p, Co-3d and Sm-4f states. The total DOS shows
semiconducting nature in the spin up state with a band
gap of 1.42 eV and metallic character in the spin down
state indicating half metallic character with 100% spin
poalization [24, 26] with magnetic moment of 3.1 µB.
The band gap of Zn30Sm1Co1S32 is found to be smaller
compared to the bulk band gap (3.68 eV) due to band gap
undersestimation of DFT. The metallic behaviour at the
fermi level in the spin down channel is mainly contributed
by Co-3d states hybridized with 3p states of four nearest
neighbour S atoms demonstrating a strong p-d hybridization
promoting the electron transfer [24–27]. Figure 4 (b) shows
the charge density difference contour plot of (Sm, Co)
Co-doped ZnS which reveals notable charge accumulation
around Co and Sm dopants, with maximum values reaching
+0.3 e/Å3. The contour overlap between the dopants
and adjacent S atoms indicates strong hybridization and
charge redistribution [28]. This redistribution supports the
formation of covalent bonding and the stabilization of the
observed ferromagnetic ground state [29]. Such interactions
contribute to the observed ferromagnetic ground state by
facilitating exchange mechanisms, consistent with the
spin-polarized density of states and magnetic moment
analysis [30, 31].

4. Conclusion
In summary, first principle calculations are performed
in (Sm, Co) Co-doped ZnS DMS using GGA+U ap-
proximation. Results show enhanced structural stability
with suitable value of formation energy. The Co-doped
system shows ferromagnetic behaviour at the higher Sm-Co
separation whereas enhanced short range antiferromagnetic

interaction dominates for smaller Sm-Co separation. The
electronic properties show p-d hybridization between d
spins of Co and p spins of S atoms depicting half metallic
behaviour with 100% spin polarization. The charge
density analysis demonstrates the stabilization of magnetic
interactions through hybridization and observed ground
state of the system. The results obtained in the present
study conclude that (Sm-Co) Co-doped ZnS system is one
of the superior rare earth and transition metal Co-doped
DMS candidate for spintronics applications.
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