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Herein, we employed modified Becke-Johson (mBJ) potential based first principles method 
to investigate the structural, optoelectronic, and magnetic properties of pure SrS and Ni 
doped Sr1-xNixS alloys at varying doping concentrations. Formation enthalpy analysis 
predicts thermodynamical stability of resultant alloys. Geometry optimization was 
performed in order to optimize the super cells to obtain ground state energy state. After 
confirming their stability, we investigated their magnetic, electronic, and optical attributes. 
Pure SrS exhibits an indirect band gap of 3.53 eV (which is in good agreement with 
experiments), while nickel doping in SrS results in lowering the bandgap to the range of 
visible light absorption. Ni doping also causes the induction of magnetic moment in crystal 
lattice, transforming the resultant alloys into dilute magnetic semiconductors. The density 
of state (DOS) analysis revealed that d orbital of dopant Ni is mainly responsible for this 
magnetic semiconducting character. The magnetization accounts for 2.0 μB (6.25% lightly 
doped Ni-SrS) up to ~8.0 μB (25% densely doped Ni-SrS). We report ample amount of 
absorbance of visible light for Ni-SrS systems, which is encouraging for future prospects. 
Moreover, for thermoelectric device applications, the figure of merit (ZT~0.75) plots for 
densely (25%) Ni doped SrS show higher values at elevated temperatures. Overall, results 
suggest that Sr1-xNixS alloys are promising candidate for applications in the field of 
thermoelectric generators, optical absorbers, solar cells, and spintronic devices. 
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1. Introduction 
 
Diluted magnetic semiconductors are designed by incorporation of transition metal elements 

in pure semiconductor matrix [7-10]. It is an interesting fact that dopant element does not disrupt 
their traditional semiconducting behavior but merely induces magnetism in host non-magnetic 
semiconductor material, however, we need to be precise about doping concentration, selection of 
dopant element and host materials ability to efficiently incorporate substitutional atoms [11, 12]. For 
practical applications like, magnetic based sensors, light emitting diodes, spin valves, logical devices 
and ultrafast optical switching, maintaining a particular magnetic ordering at elevated temperatures 
has more significance, threshold of which is commonly termed as Curie temperature (TC) [13]. 
Various researchers reported high (Tc) ferromagnetism in transition metal doped binary systems such 
as ~5% Mn doped GaN, ~10% Mn doped ScN and Ca0.75TM0.25S (TM=Mn, Ni and Co) [14-16]. 
Experimentally, more DMSs [17-22] have been explored applicable for proficient devices such as 
ultra-fast memory chips, ultra smart diodes, spin dependent transistors and spin-based valves [23]. 

In this regard, alkaline earth chalcogenides (II-VI) are the family of materials known for 
their simple structure which is beneficial for engineering, finding extensive applications in solar 
cells, optoelectronics, ion exchange, high carrier mobility, and photocatalysis [24-26]. Particular 
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case is SrS, which is recognized for its modest band gap (Eg), stable structure, low-cost synthesis, 
and positive temperature coefficient, make it a potential material for optoelectronic and 
thermoelectric (TE) usages, and various gas sensing instruments [27-29]. However, despite its 
stability along with cost effectiveness, SrS lacks magnetism, which restricts its possible applications 
in spintronics. One way to modify these properties is the substitutionally alloying the SrS with 
transition metals, enabling its use in practical applications [30]. For instance, it has been reported 
that Sr0.75Ti0.25S and Sr0.875Ti0.125S alloys exhibit half-metallic ferromagnetism (HMF), highlighting 
their potential for spintronic devices [31]. Labidi et al. reported significant modifications in the Pb1-

xSrxS alloy system and identified its potential for optical usages, as the Eg transitions from indirect 
Eg to direct at x = 0.82 [32]. Gao et al. investigated various alkaline earth metal carbides with a zinc-
blende structure and observed that AeC (Ae = Ba, Sr, Ca) exhibit HMF behavior, with Eg values of 
2.01/2.48/3.25 eV, respectively, in the majority spin [33]. Yari et al. showed that 12.5% Cr doping 
in SrS converted it from a semiconductor to a half-metal with full spin polarization and induced 
counterclockwise polarization of reflected light in the ultraviolet spectrum [34]. Another study 
probed the role of Ba incorporation on the physical properties of SrS and predicted the potential of 
resultant ternary alloys for applications in optoelectronics and luminescent devices [35]. 

SrS shows potential for exploring the effects of magnetic cations on its physical properties, 
which could lead to significant advancements in condensed matter physics [36-38]. This study 
investigates Sr1-xNixS (x = 6.25%, 12.5%, and 25%) alloys to better understand how varying Ni 
concentrations influence the material's properties. Herein, we report that Ni doping induces spin 
splitting across the Fermi level (FE), primarily driven by the Ni dopant with a magnetic moment of 
1.3 µB per unit cell. This strong magnetic ordering could stimulate experimental spintronics 
researchers to explore these doped alloys for potential usages in spin-based optical devices. 

 
 
2. Computational methods 
 
DFT based computations were employed to investigate the electronic, structural, and optical 

characteristics of Sr1-xNixS alloys. The FP-LAPW approach within the WIEN2K code was utilized 
for  computational analysis [39, 40]. It provides the eigen functions and eigen values of the Kohn-
Sham (KS) equations [41, 42]. In this technique, the unit cell is split into an interstitial region (IR) 
and atomic spheres (muffin-tin MT). The muffin tin radii (RMT) value for Ni, Sr, and S are 2.10, 2.10 
and 2.18 a.u., correspondingly. The potential in two stated regions was calculated using the following 
equation [43, 44] 

 

𝑉𝑉(𝑟𝑟) = �
∑ 𝑉𝑉𝐿𝐿𝐿𝐿(𝑟𝑟)𝑌𝑌𝐿𝐿𝐿𝐿(ȓ)               … … … … (𝑖𝑖)                          𝐿𝐿𝐿𝐿
∑ 𝑉𝑉𝐾𝐾𝑒𝑒𝑖𝑖𝑖𝑖.𝑟𝑟                       … … … … . (𝑖𝑖𝑖𝑖)                               𝐾𝐾  

                     (1) 

 
For the self-consistent field computations, modified Becke-Jonson (mBJ) potential was used 

[45]. For the computation of valence shell electronic states, focus was directed on the partially filled 
states: [Kr] 5s² for Sr, [Ne] 3s² 3p⁴ for S, and [Ar] 3d⁸ 4s² for Ni. The Gmax and lmax parameters 
corresponding values were set as 16 and 10. The parameter RMT×Kmax =8 was set in order to adjust 
the expansion of wave functions. Here, RMT is the radius of smallest sphere under consideration 
while the Kmax parameter is the wave vector’s cut-off value. Optimized lattice constants were 
obtained via geometry optimization. In the process, atomic positions were also relaxed till the atomic 
forces between atoms reached < 0.1 mRy for each atom. The self-consistent iteration convergence 
was achieved with a total energy less than 10-2 mRy. A 1000 k-point mesh was selected inside the 
irreducible Brillouin zone (BZ). Additionally, dielectric constant was computed by employing 
Kramers-Krong relation and particular equations were implemented to investigate the related optical 
parameters [46, 47]. 

       
 
 
 
 



831 
 

3. Results and discussion 
 
3.1. Structural properties 
Any materials applications in practical fields are directly dependent on the its stability under 

various conditions. In our stability analysis, we provide stability evidence of resultant Ni-SrS alloys 
in by computing three different parameters termed as: (i) structural stability, (ii) magnetic ordering, 
and (iii) thermodynamical stability. Structural stability analysis of a material provides in-depth 
insight about ground state parameters [48]. The pristine SrS crystalizes in a rock salt lattice under 
standard conditions [49], where Sr lies at 4a and S at 4b Wyckoff positions having fractional 
coordinates (0, 0, 0) and (0, 1/2, 0), respectively. The Ni cations are partially substituted in place of 
strontium after constructing a 2×2×2 supercells (see Fig 1 (d, f, h)). The Ni doped SrS structure 
reveals that resultant alloys retain the cubic crystal structure with Fm-3m space group. 

 
 

Table 1.  Structural parameters of pure SrS and Sr1-xNixS alloys. 
 

Structural 
Parameters 

 
SrS (Fm-3m) 

 

Concentration of Ni atoms 
Sr0.9375Ni0.0625S (Fm-

3m) 
Sr0.875Ni0.125S (Fm-

3m) 
Sr0.75Ni0.25S (Fm-

3m) 

ao (Bohr) 11.2872 
 10.1038 10.6934 10.9320 

Vo (a.u)3 359.5044 
 5620.6415 2737.5216 1306.4734 

Eo (Ryd.) -7156.779019 
 -111136.015933 -53909.368845 -25296.053988 

Bo (GPa) 56.5488 
 54.5523 54.2006 58.2963 

B₀ʹ 
7.3681 

 4.7843 5.6216 4.7607 

ΔHf (eV) … -1.61 -1.72 -1.79 
 
 
Self-consistent-field (SCF) computations is utilized to calculate the total energy of each 

supercell  [50, 51]. To analyze the energy versus volume curves of the Ni substituted supercells, the 
structures of Sr1-xNixS were optimized in both the ferromagnetic (FM) and non-magnetic (NM) 
phases. The FM phase exhibited greater stability for the Ni-SrS systems, with energy values lower 
than (see Fig. 1 (c, e, g)) those of the NM phase. Computed optimized volumes (Vo) and energies 
(Eo) values are listed in Table 1.  Ground state structural parameters that include lattice constant (ao), 
bulk modulus (Bo) and its first order derivative, termed as pressure derivative (Bo′ ), is computed by 
fitting the total energy as function of volume in Murnaghan equation of state (EOS) (see Table 1) 
[52, 53]. 

 

𝐸𝐸(𝑉𝑉) = 𝐸𝐸 (𝑉𝑉𝑜𝑜) + 9
16
𝐵𝐵𝑜𝑜𝑉𝑉𝑜𝑜  ���𝑉𝑉𝑜𝑜

𝑉𝑉
�
2
3� − 1�

2

𝐵𝐵′ + ��𝑉𝑉𝑜𝑜
𝑉𝑉
�
2
3� − 1�

2

�6 − 4 �𝑉𝑉𝑜𝑜
𝑉𝑉
�
2
3� � �                   (2) 

 
The optimized lattice constant (a0) increases slightly with rising dopant concentration [30]. 

This a0 expansion is driven by the larger atomic radii of the Ni atoms compared to the atoms they 
replace [54, 55]. It significantly influences the bulk modulus, providing increased resistance to 
compression against applied pressure, which could be desirable property for any materials 
consideration for practical applications [56] [57, 58]. 

Furthermore, formation enthalpy (𝛥𝛥𝐻𝐻𝑓𝑓) is computed to analyze the thermodynamic stability 
of studied alloys. A chemically stable material has negative 𝛥𝛥𝐻𝐻𝑓𝑓 value [59, 60]. It is calculated 
through following relation: 

 
𝛥𝛥𝐻𝐻𝑓𝑓 = 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡(𝑆𝑆𝑆𝑆1−𝑥𝑥𝑁𝑁𝑁𝑁𝑥𝑥𝑆𝑆) − 𝑎𝑎𝐸𝐸𝑁𝑁𝑁𝑁 − 𝑏𝑏𝑏𝑏𝑆𝑆𝑆𝑆 − 𝑐𝑐𝐸𝐸𝑆𝑆                                              (3) 
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𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡 expresses the total formation energy of alloys. 𝐸𝐸𝑁𝑁𝑁𝑁, 𝐸𝐸𝑆𝑆𝑆𝑆 and 𝐸𝐸𝑆𝑆 display energies of individual 
atoms. Number of atoms per unit cell of corresponding atom is represented through a, b and c [61]. 
The results clarify negative 𝛥𝛥𝐻𝐻𝑓𝑓 values, revealing thermodynamically stable alloys. It further 
clarifies that the reaction is exothermic during the synthesis of the materials, meaning that heat is 
released as the reaction proceeds. This release of heat can have significant implications on reaction 
kinetics, crystallization, and overall process control during synthesis [62, 63]. 
 

 
 

Fig. 1. The optimization and crystal lattices of (a&b) pure SrS (c&d) Sr0.9375Ni0.0625S, (e&f) Sr0.875Ni0.125S, & 
(g&h) Sr0.75Ni0.25S. 
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3.2. Electronic properties 
Evaluating an alloy’s electronic properties is crucial for understanding its conductivity, 

magnetism, reactivity, and reflectivity, enabling the design of materials tailored for specific 
applications [64]. For Sr1-xNixS (x= 0%, 6.25%, 12.5% and 25%), the spin-dependent energy band 
structure (BS) and density of states (DOS) [65] are examined by using the well-known TB-mBJ 
potential. We report that pure SrS has an indirect Eg of 3.53 eV, as shown in Fig. 2(a-d), which is 
comparable to previously calculated value claimed in Ref. [66]. For pristine SrS, the total DOS plot 
is in good agreement with band structure and confirms the NM semiconducting nature. Moreover, 
projected (P) DOS plots highlight the major contribution of Sr-3d and S-p orbitals in forming the 
vicinity of FE. This means we can introduce d states of any other suitable (Ni in this case) to tune 
the states in the vicinity of FE. As predicted, the electronic properties are significantly altered through 
the introduction of Ni atoms into the SrS lattice and changed into dilute magnetic semiconductor 
(which is discussed in detail below). In result of doping, we report significant decrease in Eg values. 
Both spin states (up/dn) reveal semiconductive nature with direct Eg value of 1.92, 2.38 and 1.52 eV 
in up spin direction while 1.12, 0.95 and 0.78 eV in down spin direction for for  Sr0.9375Ni0.0625S, 
Sr0.8750Ni0.1250S, and Sr0.750Ni0.250S, respectively as shown in Fig. 3(a-i). 

The analysis of the total (T) DOS provides additional insight into the results obtained from 
the BS analysis. The asymmetrical plots of TDOS and confirmed the spin polarization of ternary 
alloys [66]. We report a strong contribution of Ni to the electronic states near the FE that further 
implies the observed reduction in Eg. The PDOS provides a more detailed insight about contribution 
of individual atomic orbitals [67], which further clarifies the hybridization phenomenon. For all 
studied ternary alloys, PDOS analysis reveals that the VB primarily composed of Ni-3d and S-3p/3d 
states in both spins as shown in Fig. 4(a-i). No significant contribution of Sr-5s states is observed. 
Ni-3d orbitals strongly hybridize with the S-3p and S-3d states near FE in VB, playing a significant 
role in spin splitting for all studied alloys. On the other hand, 3d orbitals of Ni also contribute 
prominently in CB minima of spin down channel. 
 
 

 
 

Fig. 2. (a) BS of pure SrS and (b-d) TDOS of pure SrS. 
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Fig. 3. Spin-resolved BS (left and right section) and TDOS plots (central section) of (a) Sr0.9375Ni0.0625S (b) 
Sr0.8750Ni0.1250S (c) Sr0.750Ni0.250S. 
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Fig. 4. Spin-resolved projected DOS of (a-c) Sr0.9375Ni0.0625S (d-f) Sr0.8750Ni0.1250S (g-i) Sr0.750Ni0.250S. 



836 
 

3.3. Magnetic properties 
DOS analysis confirms that Ni-doped SrS systems display magnetic behavior, necessitating 

the need to investigate the origin and doping-dependent magnetic properties. The total magnetic 
moments (μB) of the Ni-doped SrS systems, as well as the local μB of the Ni dopants, Sr atoms, and 
neighboring S atoms are tabulated in Table 2. Mostly, the magnitude of the total μB corresponds to 
the number of unpaired electrons or holes introduced in these systems. The introduction of Ni atoms 
at Sr sites, contribute the unpaired d-electrons to the system, resulting in integral values of total μB. 
It confirms the Slater-Pauling criteria that interprets the total μB value of semiconductor in integers 
[68]. When comparing the local μB in each doped system, it becomes evident that the Ni dopants 
contribute large portion to the overall μB, playing a key role in the magnetic interactions, which is 
ensured from spin magnetic densities ((see Fig 1 (b, d, f))). Furthermore, a minor contribution in μB 
arises from other Sr atoms and adjacent S atoms, suggesting that the magnetic behavior is governed 
by a hole-mediated p-d exchange coupling mechanism. For 6.25% and 12.5% doping content, 
positive μB values exist for individual atoms, this indicates that Sr and S atoms are ferromagnetically 
coupled with the Ni dopants, where positive values exist [68]. However, at 25% doping, Sr (with 
negative moment values) revealed ferrimagnetic/antiferromagnetic coupling with the other atoms in 
the system [69]. In summary, the Ni-doped SrS material demonstrates promise for spintronic 
applications, owing to its significant net spin magnetic moment. 

 
Table 2. Computed magnetic moments for Sr1-xNixS (x= 6.25%, 12.5% and 25%). 

 
Compounds Interstitial  Ni  Sr  S  Total 
Ni0.0625Sr0.9375S 0.10589 1.39685 0.00045 0.08300 2.00742 
Ni0.125Sr0.875S 0.23109 1.38905 0.00759 0.00032 3.96147 
Ni0.25Sr0.75S 0.41613 1.36377 -0.00065 0.14246 7.59088 

 
 
3.4. Optical properties 
Exploring the optical response of alloys interprets the information about how a material 

behaves when it exposed to light energy (𝐸𝐸 = ℎ𝑓𝑓) of different wavelengths [70][71, 72][73]. 
Particularly, after analyzing the significant drop in Eg up to the range of visible – infrared range, it 
became pertinent for us to explore their optical response.  

 

 

 
 

Fig. 5. Optical characteristics of pure and Sr1-xNixS (a) ε1 (ω), (b) ε2 (ω), (c) σ (ω) and (d) α (ω). 
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A complex symmetric second-order tensor is utilized to characterize the optical properties 
that is represented by dielectric function ε(ω). It elaborates the linear response to the incoming 
electromagnetic radiations. 

The direct interaction of the electronic system to an external electric field is explained by 
this tensor. The ε(ω) of alloys can be determined as [74]: 

 
ε(ω) = ε1(ω) + 𝑖𝑖ε₂(ω)                (4) 

 
The Kramers-Kronig (KK) expression is applied to compute the real component (ε1(ω)) of 

complex dielectric constant. ε1(ω) is the integral transformation of the imaginary component (ε₂(ω)) 
[75].  Mathematically can be represented as [ 76-78]: 

 
𝜀𝜀1 (ꞷ) = 1 + 2

π
𝑝𝑝 ∫ ꞷˊ(Ԑ2 (𝜔𝜔ˊ))

ꞷˊ2−ꞷ2
Ѳ
0 𝑑𝑑ꞷˊ                                    (5) 

 
𝜀𝜀2(ꞷ)  =  𝑒𝑒2ħ

π𝑚𝑚2𝜔𝜔2 ∑ ∫|𝑛𝑛,𝑛𝑛′(𝑘𝑘, 𝑞𝑞)|2𝑣𝑣𝑣𝑣 [ωn, n′(k) −ω] d3k    (6) 
 
The subsequent equations were used to compute optical features based on the dielectric 

constants (ε₁(ω) and ε₂(ω)) [79, 80]. 
 

𝜎𝜎(ω) = 2𝑊𝑊𝑐𝑐𝑐𝑐ħω

𝐸𝐸
→2                          (7) 

 

n(ω)  = ��{𝜀𝜀₁²(𝜔𝜔)+𝜀𝜀₂²(𝜔𝜔)}+ε₁(ω)
2

�
1/2

                                       (8) 
 

𝑅𝑅 = (𝑛𝑛−1)2+𝑘𝑘2

(𝑛𝑛+1)2+𝑘𝑘2
= �𝑛𝑛ˊ−1

𝑛𝑛ˊ+1
�                                (9) 

 
𝛼𝛼(𝜔𝜔) =  4𝜋𝜋𝜋𝜋

𝜆𝜆
          (10) 

 

k(ω)  = �{𝜀𝜀₁²(𝜔𝜔)+𝜀𝜀₂²(𝜔𝜔)}
1
2−ε₁(ω)

2
�
1/2

                                      (11) 

 
ε1(𝜔𝜔) elucidates the polarization of a material that occurs in response of applied electric field, which 
results in the formation of electric dipoles within the material. We theoretically predict the ɛ1(0) 
value for pure SrS to be 3.93, comparable to previously reported value [81]. For Sr0.9375Ni0.0625S, 
Sr0.875Ni0.125S, and Sr0.75Ni0.25S, the ε1(0) values are 4.4, 4.76, and 5.53, respectively (see Table 3). 
As the photon energy increases, values of ε1(𝜔𝜔) diminishes. Beyond 7.95 eV point, the values turn 
negative for all doped alloys, indicating the metallic behavior in this range (see Fig. 5a). Pure SrS 
exhibited metallic behavior at 8.1 eV. Values of ε1(ω) below the zero (negative) arise from the 
interplay between large effective masses with electrons and the applied electric field [82]. The 
absorptive behavior of a material and its relationship to the BS is illustrated through the ε2(ω) (see 
Fig. 5b). The threshold ε2(ω) values drop with the increase in Ni dopant’s concentration, which is 
consistent with electronic properties. For pure, 6.25%, 12.5%, and 25% doping levels, maximum 
ε2(ω) is observed at energy points of 8.26, 8.15, 8.2, and 8.25 eV, respectively. The strongest ε2(ω) 
peaks in the Sr1-xNixS (x = 6.25%, 12.5%, 25%) spectra are located within 7.2–9.46 eV. A decreasing 
trend in peak intensity after adding dopants is because of the alternations in the electronic structure, 
leading to  reduce the interactions with the incoming electromagnetic field [30]. 

A material is facilitated by free optically active electrons that are produced when photons 
are captivated by outer electrons and force them to shift to the CB, the phenomenon called optical 
conductivity σ(ω). The peak patterns of σ(ω) are analogous to those in the graphs of α(ω) and ε2(ω). 
σ(ω) is associated with ε2(ω) as [83]: 

 
𝜎𝜎(𝜔𝜔) =  𝜔𝜔𝜔𝜔2(𝜔𝜔)

4𝜋𝜋
                                                                   (12) 
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For pure SrS, Sr0.9375Ni0.0625S, Sr0.875Ni0.125S, and Sr0.75Ni0.25S, σ(ω) begins at 4.2, 2.1, 2.16 

and 1.36 eV and rapidly rises, reaching to peak values of 9066.42, 6900, 6800 and 7066 (1/Ω.cm) at 
energy levels of 8.08, 7.85, 7.71, and 7.41 eV correspondingly, exposing maximum conductivity in 
UV span (see Fig. 5c). The α(ω) measures the capability of a material to captivate light over a 
specific thickness, with higher α(ω) values indicating greater light absorption per unit thickness. A 
decreasing trend is observed in the α(ω) from 161.42 ×104 to 138.92×104 cm-1 within 9-9.61 eV as 
the Ni concentration is elevated from 0 to 25 %, after which the curves declined (see Fig. 5d). These 
energy values lie within the UV spectrum. The minimal light scattering at these values suggests the 
potential for optoelectronic usages. As α(ω) and ε2(ω) both relies on interband excitations and de-
excitations, hence a similar pattern is noted (see Fig. 5(b, d)). The incorporation of Ni dopants leads 
to a red shift in absorption characteristics. This change is caused by the modification of energy due 
to the dopants, which is created by the optical transitions. The absorption values reveal that the 
materials may be beneficial in applications like of solar cell, optical filters, UV LASERs and other 
optical sensors. The k(ω), illustrates the absorption capacity of a substance. It is related to absorption 
coefficient as [84]: 

 
𝑘𝑘 (𝜔𝜔) = 𝜆𝜆 𝛼𝛼 (𝜔𝜔)

4𝜋𝜋
                                                                 (13) 

 

 

 
 

Fig. 6. Optical characteristics of pure and Sr1-xNixS (a) k (ω), (b) n (ω), and (c) R (ω). 
 
 
In the k(ω) spectrum (see Fig. 6a), onset edges are found to be on same energies relevant to 

Eg values, while highest values are found to be 2.16, 1.80, and 1.82 and 1.88 at 8.21, 8.0 ,8.2 and 
8.23 eV for pure SrS, Sr0.9375Ni0.0625S, Sr0.875Ni0.125S, and Sr0.75Ni0.25S, respectively. Hence this trend 
of k(ω) plot is similar to that of ε2(ω) plot. The n(ω) explains how a photon moves inside a material 
and is influenced by its optical properties, density, and composition. Transparent materials typically 
have very low n(ω) values (~1.0), while highly absorbent materials exhibit higher n(ω) values. The 
static refractive index n(0) values for pure SrS, 6.25%, 12.5%, and 25% Ni doped SrS are 2.00, 2.10, 
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2.18 and 2.35, correspondingly (see Table 3). High values are observed in middle UV energy region 
and after that decreasing trend is observed with fluctuating peaks (see Fig. 6b) in far UV range. 
When light interacts with materials, its energy is divided among absorption, reflection, and 
transmission. Fig. 6c illustrates the reflection R(ω) of light as it interacts with the surface of material 
[85]. The static reflection R(0) value are 0.11, 0.12, 0.14 and 0.16 for pure, 6.25%, 12.5%, and 25% 
doping levels, in their respective order (see Table 3). The curves steadily increase after 2 eV with 
oscillating peaks up to maximum R(ω). The extreme R(ω) values observed in UV spectrum having 
values of 44% (at 8.3), 39% (at 9.4), 40% (at 9.35), 38% (at 8.23 eV) for pure, Sr0.9375Ni0.0625S, 
Sr0.875Ni0.125S, and Sr0.75Ni0.25S, respectively. In case of 25% doping concentration, it is worth noting 
that the maximum R(ω) is noted in the span where 𝜀𝜀1(𝜔𝜔) < 0 (see Fig 5a, 6c). Our optical properties’ 
analysis reveals similar like trend as most of the industry-oriented materials. A material with low 
synthetic cost with easy to achieve stable cubic configuration, coupled with low energy optical 
absorption threshold can make a strong case for Ni doping as effective way to obtain practical 
materials. 

 
 

Table 3. The static values of ɛ1(0), n(0), and R(0) of pure SrS and Sr1-xNixS alloys. 
 

Alloys ɛ1(0) n(0) R(0) 
Pure SrS 3.93 2.00 0.11 
Sr0.94Ni0.06S 4.4 2.10 0.12 
Sr0.87Ni0.12S 4.76 2.18 0.14 
Sr0.75Ni0.25S 5.53 2.35 0.16 

 
 
3.5. Thermoelectric properties 
The ever-rising demand for energy and the need to minimize heat waste in electronic 

systems have driven research into the thermoelectric properties of compounds. TE substances can 
change waste heat into energy [86]. As we mentioned earlier, Ni-doped SrS exhibits a reduction in 
the band gap; therefore, doped systems are expected to depict improved thermoelectric behavior for 
designing efficient TE devices. For pure and doped alloys, TE features are plotted against 
temperature range (200-800 K) as shown in Fig. 7 & Fig.8. Semi-classic BoltzTraP code has been 
used for their TE evaluation [45]. Electrical conductivity is a useful parameter to illustrate effect of 
electrons moments in probed alloys. The significantly higher values of σ are basic requirement of 
proficient thermoelectric devices. According to Joule’s effect, high values of electric conductivity 
reduce the heat wastage during the operation of conductors. Pure SrS has lower value of electric 
conductivity as compared to doped alloys. The value of electrical conductivity exhibits an increasing 
trend with increasing Ni dopant content in SrS. This might be due to reason that doping element 
introduces more free charge carriers in crystal lattice which are essential for electrical conductivity. 
The peak values of σ are recorded as: 0.68, 0.92, 0.95 and 1.02 (1019.Ω-1.cm-1.s-1) for pure, 
Sr0.9375Ni0.0625S, Sr0.875Ni0.125S and Sr0.75Ni0.25S alloys at 800 K as shown in Fig.7(a). The efficiency 
of a thermoelectric device requires low thermal conductivity (κe) to maintain a temperature gradient. 

The κe exhibits similar increasing trend as the electrical conductivity as shown in Fig. 7(b). 
Pure SrS has higher value of κe as compared to doped alloys. The substitution of Ni helps in lowering 
the thermal conductivity value that is desirable for efficient TE materials. The maximum values of 
κe are computed as: 4.88, 4.00, 3.86 and 4.48 (1014.W/m.K2.s) for pure, Sr0.9375Ni0.0625S, Sr0.875Ni0.125S 
and Sr0.75Ni0.25S alloys, respectively at 800 K. The Seebeck coefficient or thermopower (S) is a key 
parameter in deciding the efficacy of a material for its applicability in thermoelectric devices 
[34]. Materials exhibiting larger values of Seebeck coefficient are expected to have high Figure of 
merit (ZT) and ultimately greater ability for the transition of thermal energy into electric energy. 
The Seebeck coefficient for pure SrS has nearly linear trend with temperature. While in case of 
doped alloys the Seebeck coefficient exhibits a tremendous growth with temperature and Ni content. 
The obtained values of S are: 259.0, 188.792, 185.019 and 203.753 (μV/K) for pure, Sr0.9375Ni0.0625S, 
Sr0.875Ni0.125S and Sr0.75Ni0.25S alloys (see Fig. 7(c)), correspondingly, at 800 K. The positive values 
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of S within entire temperature indicates that all studied compositions have p-type semiconductive 
nature [82]. 

 
 

 
(a)                                                                              (b) 

 
(c)                                                                       (d) 

 
Fig. 7.  Thermoelectric characteristics of pure and Sr1-xNixS (a) σ/τ (b) κe/τ (c) S (d) PF. 

 
 
The power factor (S2σ/τ) is a keynote parameter for measuring transport characteristics of 

studied alloys. It is noted that PF rapidly elevates with temperature (see Fig. 7(d)). Among doped 
alloys, Sr0.75Ni0.25S has highest value of PF. We have shown that the higher Ni content is optimal in 
improving the electrical conductivity and S2σ/τ. The obtained values of PF are: 4.56, 3.31, 3.27 and 
4.23×1011(W /k2.cm.s) for pure, Sr0.9375Ni0.0625S, Sr0.875Ni0.125S and Sr0.75Ni0.25S alloys, respectively 
at 800 K. The most important factor in thermoelectric power generation (TPG), is figure of merit 
denoted by relation ZT=S2σT/κ. Substances exhibiting larger ZT values are regarded as efficient TE 
materials [86]. The peak values of ZT are recorded as: 0.74, 0.66, 0.67 and 0.75 for pure, 
Sr0.9375Ni0.0625S, Sr0.875Ni0.125S and Sr0.75Ni0.25S alloys, respectively at 800 K as shown in Fig. 8. 
Highest value of ZT is obtained for highest Ni content that highlights the impact of Ni substitution 
in improving the TE profile of pure SrS. The values of TE terms at various temperatures are 
summarized in Table 4. This implies that our selected approach in this research is successful in fine 
tuning the transport properties of Ni-SrS alloys, which will surely attract experimental scientists to 
explore their viability for practical applications. 
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Fig. 8.  ZT of pure and Sr1-xNixS. 
 
 

Table 4. Computed TE parameters  
 

Thermoelectric 
parameters 

S  
μV/K 

 (σ/τ) ×1019 

(Ω cm s)-1 
 

PF 
 (S2σ/τ) 
×1011(W 
/k2.cm.s) 

ZT  
(S2σT/κe) 

(κe/τ)×1014(W/k2.m. 
s) 

Temperature 
(K) 

300 800 300 800 300 800 300 800 300 800 

SrS 256 259 0.145 0.68 0.95 4.56 0.78 0.74 0.36 4.88 
Sr0.94Ni0.06S 146.88 188.79 0.43 0.928 0.94 3.31 0.49 0.66 0.57 4.00 
Sr0.87Ni0.12S 154.06 185.01 0.46 0.95 1.09 3.27 0.53 0.68 0.61 3.86 
Sr0.75Ni0.25S 192.50 203.75 0.32 1.02 1.19 4.23 0.58 0.75 0.61 4.48 

 
 
4. Conclusion 
 
This study employs DFT to investigate the physical properties of pure and nickel-substituted 

strontium sulfide at various concentrations. The Sr1-xNixS (x = 6.25%, 12.5%, 25%) alloys exhibit 
thermodynamic stability, as evidenced by their negative enthalpy of formation. The electronic 
properties of pure SrS reveal an indirect Eg of 3.53 eV, while the Ni-doped systems exhibit 
ferromagnetic semiconducting behavior, with a progressive decrement in the Eg as the Ni 
concentration elevated from 6.25% to 25%. The ferromagnetism is primarily attributed to the Ni 3d 
states, as confirmed by spin-magnetic analysis. Optical properties indicate that the alloys are active 
across the UV to visible spectrum. Additionally, the high ZT (~0.75) highlights the potential of these 
alloys for thermoelectric power generation applications. Overall, the results demonstrate that the 
investigated alloys are promising for spintronic, optoelectronic, and thermoelectric device 
applications. 
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