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Abstract: In the present research work, a TBmB] Exchange-Correlation Functional has been
utilized to compute the spin polarized density functional theory. Various properties like
structural, electronic as well as magnetic have been computed of Zni-xMnxS (x=50%, 25%, 12.5%
and 6.25%). The present computed values of bandgap using TBmB] matched well with the
experimental results. Due to strong p-d hybridization, ferromagnetic exchange interactions
between Mn -3d atom states are studied via S atom and magnetic moments are measured of
these atoms. The exchange splitting parameters Noa and Nof are analysed to verify the existence
of ferromagnetism. Mn doped ZnS compositions display an n-semiconductor behavior. The
presence of d-states at the upper edge of the valence band suggests that the studied materials

are very good candidates to fabricate the magneto -optical devices.

Keywords: TB -mBJ; Exchange Splitting constant; Ex-change interactions; Ferromagnetism;

Optical devices
1. Introduction

Semiconductors have shown tremendous revolution in the field of science and
technology and bring noteworthy development to enhance the worth of life and
improvement in the industrial world. In scientific field, semiconductor has emerged
rapidly growing technology to fabricate individual atom or molecule for devices. Now-
a-days materials science has great revolution at an accelerating rate due to some
application of materials in electronic, optoelectronics, spintronic, and some other
devices. Scientists made great effort to explain diluted magnetic semiconductors
(DMSs) at standard temperature to achieve ferromagnetism. In the semi-magnetic
semiconductors (SMSCs) or spintronic, the DMSs plays a tremendous role [1]. In
(DMSs) or (SMSs), the controlled amount of cation can take place magnetic ions [2].
Half-metallic ferromagnetic (HMFs) are most significant material in his family. To
transfer and storage of information the magnetic moment and intrinsic spin of electron
is used. The most effective usage of II-VI compound semiconductors are in solar cells,
photovoltaic cells, light emitting diodes, memory storage devices, detectors, and
spintronic devices. Many inorganic compounds are used for their optical, electro-
physical, physiochemical and some other properties like light emitting diodes,
biological sensors and solar cells etc. Non-magnetic nature of II-VI compound
semiconductors is made ferromagnetic by replacing magnetic ions in II-VI

semiconductors. Concentration of magnetic ions control the primary properties like
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band gap, lattice constant, bond length and effective mass of II-VI semiconductors [3].

Zinc sulfide (ZnS) is a member of II-VI semiconductor. The calculated band gap of bulk
cubic zincblende structure is 3.54 eV [4]. ZnS is one of the important materials with the
extensive range of application such as laser devices, flat panel displays, photo-
catalysis, ultraviolet light emitting diodes, optical devices, non-linear optical devices,

cathode ray tube and antireflection coating [5].

In 3d transition metals, Mn contain half-filled 3d -shell which is most frequently use d
material and have two 4 s 2 valance electrons. Mn atom transfer their two outermost
electrons 4 s 2 to the anion host material and form ionic Mn+2. Mn with WZ structure
or stable ZB is highly soluble in the host II -VI materials [ 6]. Mn with its half-filled 3d
-shell and two valance electrons 4s 2 need extensive energy to add single electron, so
3d 5 orbit of Mn acts similar to 3d10 orbit chemically. The addition of Mn yields
interesting results like optical and electrical properties as well as sp -band electrons
and magnetic moment of the material. In 1980 the transition metals were largely
studied by Blinowski [ 7]. Zinc sulfide (ZnS) is an important member of II -VI
compounds semiconductor with a large band gap and outstanding photoelectric
properties. It consists of two crystal structures, first cubic Zincblende structure owing
bulk energy gap equal to 3.54 eV, secondly, the hexagonal crystal structure of energy
gap of 3.91 eV [ 8]. Because of the large band gap energy ZnS is the most important
host material for the electroluminescent devices [ 9]. ZnS exhibits potential applications
in flat panel displays, solar energy conversion, catalysts, injection lasers, light emitting
diodes and many others, due to its good transmittance and low dispersion in the
infrared and visible range [10]. The electronic, structural, and magnetic properties of
DMS of Zni -xMnxS were studied by the R.Nouri et. al in their research paper they
present the excessive potential application in magneto -electronic devices, spintronic
materials technology and optoelectronic devices. They also present the physical
properties of ZnS and Zni - x Mn.S based on the FP -LAPW by the first principles
method within the advance WC: GGA potential. The magnetic optimization results
indicate that the more stable state is displayed by the antiferromagnetic configuration
[11]. Mahmood and Murtaza explored the structural, magnetic, mechanical, electronic
and optical features of the phase of three Zni«V.S alloys ferromagnetic semiconductor
with different compositions with the ZB structure by using the first principle
calculations. They studied all these properties in the frame work of DFT with the help
of FPLAPW and local orbital. In their research paper they also indicate the deep
knowledge to design and fabricate the optical and spintronic devices by using the
investigated composition [12]. Huang et al. studied the optical characteristics, the
electronic states along with the band structure of Cr-doped ZnS double-wall nanotubes
through the first principle calculations within the frame of DFT using GGA+U
potential. The computed optical and electronic results were found to be improved as
a consequence of doping of Cr, which can have the potential applications in flat panel
displays, photo-catalysis, ultraviolet light-emitting diodes and solar energy

conversion. [13]. Mahmood et al. using the first principle calculation, examined the
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optoelectronic, mechanical, magnetic, and structural properties of Cu doped ZnS and

ZnSe compounds. In their research paper they elaborated that the ferromagnetic states
have higher stability than the anti-ferromagnetic states. They showed that the
absorption is maximum with minimum optical loss near the ultraviolet and in visible
regions, which possibly makes these materials significant for the applications of
electronic and optoelectronic devices [14]. The optoelectronic, structural and magnetic
properties of V-doped Zincblende ZnS were explored using Perdew Burke Ernzerhz
(PBE) exchange correlation functional through spin-polarized DFT by applying the
GGA potential [15-17]. In this research work, keeping in view the studied literature
mentioned above, zinc sulfide (ZnS) Zni-MnxS with different concentrations of Mn
were selected to study their structural, electronic and magnetic characteristics using
density functional theory[18-21]. The literature inspection aims that no reliable
research paper was found for the present composition using TB - mB]J for its band gap
engineering. The consequences analysed during this research work are very
fascinating and noteworthy for discovering the behavior of Mn:ZnS material and its
function in the optoelectronic devices. The results obtained in this study are both
compelling and important for understanding the material’s potential in spintronics,

magneto-optical, and optoelectronic device applications.
2. Computational details

Within the TB-mB] approach, DFT-based first-principles computations were used to
determine the electronic structure and magnetic response of Mn-substituted ZnS. A
cubic structure with space group number 216 (F43m) of 8 -atom, 16 -atom, 32 -atom
and 64 -atom with doping concentration of 50%, 25%, 12.5% and 6.25% in each
supercell. The Brillouin zone k -point sampling was performed using 3 x 3 x 3 k -mesh.
We carefully chosen the muffin —tin radii (MT) for Zn, S and Mn to be 2.2, 1.9 and 1.9
a.u., correspondingly. The electron configurations of Zn are [Ne]3s 2 3p 6 3d104s 2, S
is [Ne] 3s 2 3p 4, and Mn is [Ne]3s 2 3p 6 3d 5 4s 2 . To determines matrix size
(convergence), the parameter RMTxKmax=8, where Kmax is the plane wave cut -off
and the smallest of all atomic sphere radii is RMT [22]. To optimize the internal atomic
positions, the energy, gradient, and convergence criteria were set to 105 eV, 104 eV/A,

and 1073 eV, respectively. All atomic positions were fully relaxed in these calculations.
3. Results and discussion

In this article, the first principle calculations were carried out by using WIEN2k code
[22] to find the electronic, structural and magnetic characteristics of Mn: ZnS with
different impurity concentrations. The calculated results are discussed in detail and are

given below;
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Fig 1: Supercell of (a) 8-atoms (b) 16-atoms (c) 32-atoms and (d) 64-atoms

Fig. 1 Shows the super cell of (a) 8-atoms (b)16-atoms (c) 32-atoms and (d) 64-atoms
with doping concentration of 2-atom in each supercell. The bond lengths are also
calculated and the values of bond lengths between 8-atoms, 16-atoms,32-atoms and 64-

atoms are listed in Table 1.

The bond lengths between 8 -atom, 16 -atom, 32 -atom and 64 -atom, between Zn -S are
2.33,2.35,2.34, and 2.35, between Zn -Mn are 3.83 eV, 3.83 eV, 3.85 eV and 3.84 eV, and
between Mn -S are 2.37, 2.36, 2.37 and 2.38 respectively. The value of electronegativity
for Zn, S and Mn are 1.65, 2.58 and 1.55 respectively. The electronegativity difference
between Mn -S, Zn - S and Mn -Zn is 1.03, 0.93 and 0.1 (Pauling scale) respectively. The
values between 0.5 to 1.7 (Pauling scale) are referred as polar bond so the bond between
Mn -5 and Zn -S are referred as partially ionic and partially covalent bonds. However,

the bond between Mn -Zn is covalent in nature.

PJEST Vol 6 Issue 1, 2025, 6 (1) https://doi.org/10.5281/zenodo.17774431  Page 4 of 14 https://pjest.net/index.php/pjest/index



https://doi.org/10.5281/zenodo.17774431

PJEST

Table .1: Bond lengths Mn:ZnS

Bond 8-atom 16-atom 32-atom 64-atom

length

Zn-S 2.33 2.35 2.34 2.35

Zn-Mn 3.83 3.83 3.85 3.84

Mn-S 2.37 2.36 2.37 2.38
3.1 Electronic Properties

3.1.1 Density of states

To determine the carrier density in a semiconductor, we first need to identify the
number of available states at each energy level. Next, the No. of states and the
probability that an electron would occupy a state are multiplied to get the number of
electrons. The number of states per unit of energy and per unit volume will be
computed since the size of the semiconductor affects the amount of energy levels [16].
Table 2 displays density of states for supercell of 8 -atom, 16 -atom, 32 -atom and 64 -
atom. The estimated band gap values are 3.4 eV, 3.7 eV, 3.67 eV and 3.66 eV in spin up
channel and 3.83eV, 3.91eV, 3.88 eV and 3.91 eV in spin down channel is consistent
with experimental value of band gap 3.70 eV [25], respectively.

Table 2: Band gap values of Mn: ZnS

Band gap 8-atom 16-atom 32-atom 64-atom
Spin-up 3.4 3.7 3.67 3.66
Spin-down 3.83 3.91 3.88 3.91

Fig. 2 demonstrates the total density of states (DOSs) for 8-atom, 16-atom, 32-atom
and 64-atom super cells. The DOSs clearly shows that in spin-up channel, the band
gapis3.4eV,3.7eV,3.67 eV and 3.66 eV and 3.83 eV, 3.91 eV, 3.88 and 3.91 eV in spin
down channel, respectively. The fermi-level is set to zero. In the valence band there is
hybridization between anion Sulphur (S) s-states and Zn-4s, Zn-3p and Zn-3d, these
are bonding states and are responsible for the formation of valence band as shown in
Fig. 3. The conduction bands have Zn - 4s and a mixture of Mn -3d and Zn - 4s states
for spin down channel [23-25].
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Fig 2: Total Density of states of (a) 8-atom (b) 16-atom(c) 32-atom and (d) 64-atom

super cell

In Mn 3d states, the spin-down channel is populated, while the spin-up channel
remains empty. The DOSs in spin -up channel show that some states are present at the
top of spin up valence band, hence the material is p-type semiconductor. As the size of
supercell increases the width of band available at top of valence band keep on
decreasing with the decrease in impurity concentration. So, this is a confirmation that
only d-states are available at the top of valence band. This needs to discuss these states
(Mn-3d) in more detail.
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Fig 3: Partial density of states for ZnS and Mn for (a) 8 -atom (b)16 -atom(c) 32 -atom
and (d) 64 -atom super cells

The cubic structure can split into eg and t2g states under the effect of tetrahedral crystal
field, the t2g states can strongly hybridize to form p -d orbitals. Fig. 3 shows that Mn -
3d states are split into doubly degenerate (e g) and triply degenerate states (t2g) under
the effect of crystal field splitting, which are further split under the effect of John Teller
Distortion [26 -28]. The partial DOSs shows that for 8 -atom, 16 -atom, 32 -atom and 64
-atom supercell, the Mn states are present at the top of valence band in spin -up
channel. The pd -hybridization is present between Mn -3d states and S -p states. Some
Mn -3d states that are present at bottom of conduction band in spin down channel. It
is also clear from band structure diagram as shown in Fig. 4 that doubly degenerate
states (non -bonding) are present at the top of valence band.
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Fig 4: Mn —d Partial density of states for (a) 8-atom (b) 16-atom(c) 32-atom and (d) 64-
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3.1.2  Band Structure

From band structure diagram displayed in Fig. 5, it is obvious that Mn -doped ZnS at
different impurity concentrations are direct band gap semiconductors with band gap
of 3.4 eV, 3.7 eV, 3.67 eV and 3.66 eV in spin up [25] channel and 3.83eV, 3.91eV, 3.88
and 3.91eV in spin down channel, respectively. The values of splitting of valence band
maxima and conduction band minima are given in table 2. In spin up channel the Mn
-3d states are present at the top of valence band, these states are responsible to tune the
optical properties of material by changing the value of impurity concentration. Due to

these states at top of valence band the value of band gap is also decreased.
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Fig 5: Band structures plots for (a) 8-atom (b)16-atom(c) 32-atom and (d) 64-atom
supercells

3.2 Magnetic Properties

We have also calculated the spin-exchange splitting energy, Axd, derived from the
band structure diagram. This energy is characterized by the distance between the
respective spin-up and spin-down peaks. Additionally, our discussion includes an

analysis of the p-d exchange splitting, denoted as: A(pd) = Ev] — Evt and Axc(pd) =
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Ec| - Ec?, as well as the exchange parameters Noax and Nof3 [23], which are described

as follows
Noa=AEc/x(s) (1)
NoB=AEv/x(s) )

Here, AEc and AEv represent the band edge splitting of the conduction band and
valence band, respectively, while x(s) denotes half the magnetization per TM atom.
All these calculated values are provided in Table 4.

Table 3: Magnetic moments on Mn, Zn and S atoms

Mn:ZnS 8-atom 16-atom 32-atom 64-atom
Zn 0.41 0.02 0.009 0.0040
S 0.65 0.03 0.028 0.0035
Mn 4.39 4.33 4.34 4.3700

Table 4: Exchange splitting constants Mn:ZnS

Mn:ZnS 8-atom 16-atom 32-atom 64-atom
Ax(pd) -1.111 -0.597 -0.431 -0.273
Avx(pd) 1.986 1.028 0.667 0.514
Noa -11.11 -2.985 -1.077 -0.341
Nop 19.86 5.150 1.663 0.643

The effective potential for the majority spin in this system is significantly more
favorable and attractive than that of the minority spin, as indicated by the negative
value of A (pd) for Mn:ZnS. A decrease in impurity concentration and an increase in
supercell size are correlated with an increase in Noa value. The value of Nof3 decrease
with decrease in impurity concentration and increase in supercell size. We have
computed these exchange parameters at a lower Mn concentration of 6.25%, whereas
prior research was conducted at a much higher concentration level of 25% in ZnS [24,
29,30].
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Conclusion

In this research work a model potential TB-mB] is used to analyze the electronic,
magnetic and structural characteristics of ZB Mn:ZnS at different doping concentration
of 50%, 25%, 12.5% and 6.25%. Mn:ZnS photoluminescence is caused by the
introduction of particular non-bonding and anti-bonding states near the top of the
valence band by Mn doping. The magnetic moment value was determined to be 4.37
puB and the magnetism primarily originating from the Mn-3d impurity atom.
Permanent magnets were formed as a result of p-d hybridization, which was shown to
lower the Mn local magnetic moment relative to its free space charge value and to
induce tiny local magnetic moments on the non-magnetic Zn and S host sites, which
are aligned parallel to the Mn atom. Moreover, the presence of d-states at top of valence
band give rise to photo-luminescence properties and the constants NOa, NOB and
exchange splitting verify that ferromagnetism exits in Mn:ZnS, therefore the material
is suitable for magneto-optical devices and our findings are consistent with

experimental available literature.
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