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Electronic and optical properties of TM-doped zinc sulphide (TM=Ti, Co, Ni) were calculated with the FP-LAPW method by 
using the LSDA and LSDA+U approximations. In this study, we used the cubic structure of ZnS doped with a 6.25% 
concentration of transition metals. Our computed electronic band structure and density of states show the semiconducting 
behavior of TM-doped ZnS. We found U=10 eV the adequate value to obtain the filled d-eg states of titanium, and Ti doped 
ZnS acts as a semiconductor compound. U=3.3 eV applied to Co 3d states gives good results for exchange couplings close 
to the previous work, and Co doped ZnS shows a semiconducting behavior. U=6.4 eV is applied to nickel 3d states, and Ni 

doped ZnS keeps its half-metallic character compared to the calculation without Hubbard. In contrast, we used the Jahn 
Teller effect to break up the Ni-d-t2g level lying around the Fermi level, and Ni doped ZnS changed to semiconductor 
compound. Furthermore, the optical properties such as the real and imaginary part of dielectric function and the absorption 
coefficients show new transition peaks after doping ZnS with TM impurity. The energy band gap of ZnS was found to be 
decreased by doping with transition metal impurity. That tendency agrees well with the available experimental data. 
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1. Introduction 

 

Diluted magnetic semiconductors (DMSs) and half-

metal behaviors in 3d transition metals doped II-IV 

semiconductors have attracted much attention recently as 

potential candidates for use in spintronics applications and 

magneto-optics based devices, DMSs are semiconductors 

in which some cations can be substituted by the transition 

metals (TM) ions. However, Zinc Sulphide (ZnS) is II-VI 

group semiconductor with a large direct band gap in the 

near UV region. The wide band gap of the material makes 

it suitable for use in optoelectronic devices. ZnS was 

doped with different compounds in previous experimental 

works, such as, cadmium and manganese (Cd/Mn) [1], 

copper (Cu) [2], chromium (Cr) [3], cobalt (Co) [4] Iron 

(Fe)[5]. It has been reported for these impurities a good 

enhancement on the optical properties of compounds. 

Furthermore,  there are theoretical works on transition 

metal doped ZnS such as nickel (Ni) [6], manganese (Mn) 

[7], cobalt (Co) [8], titanium (Ti) [9]. These transition 

metals change the electronic and optical properties of ZnS 

to achieve a good conception of optoelectronics devices. 

ZnS was used for different applications such as light-

emitting diodes (LEDs), electroluminescence devices, 

sensors, lasers, solar cells etc. Generally, magnetic 

moment originates from 3d orbital of transition metals. 

Accordingly, it was possible to study the spin-

phenomenon of semiconductor alloys. Y. Chen et al [9] 

reported that the magnetic moment comes mainly from 

spin polarized Ti atoms in ZnS. However, M.S. Akhtar et 

al. studied the Fe doped ZnS and the result indicates that 

the compound may be a promising half-metallic 

ferromagnetic material [5].      

In this paper, we present the electronic structure of 

TM-doped ZnS to show the magnetic behavior of these 

compounds. We calculate the exchange couplings Nα and 

Nβ to study the interaction between d-TM states and 

valence/conduction band of the host material. We check 

Hubbard U correction on the splitting of TM-3d band. 

Furthermore, we present the optical properties of TM-

doped ZnS such as the real part and the imaginary part of 

dielectric function, and the absorption coefficient. Our 

objectives in this work is to investigate the effect of TM 

doping on the optical properties such as optical transitions 

that provide information on  emissions or absorption 

energy for various applications in the optoelectronics field, 

which will be explained in details. 

 

 

2. Method of calculation 
 

The Density Functional Theory (DFT) with Full 

Potential Linearized Augmented Plane Wave (FPLAPW) 

and Local Spin density Approximation (LSDA) are used to 

calculate the electronic and optical properties of TM-

doped ZnS. 3. We used the Hubbard parameter U=6 eV 
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applied to titanium 3d states [10].  The Hubbard U=3.3 eV 

and U=6.4 eV is applied to cobalt 3d states and nickel 3d 

states, respectively, taken from [11]. The optimized cubic 

structure of ZnS is containing 32 atoms, 16 atoms of Zn 

and 16 atoms of S. The RMT*Kmax is set to 7.0, where Kmax 

is the plane wave cut-off and RMT the smallest of all MT 

sphere radii. The Muffin-tin radii of Zn and S are 2.0, 1.8, 

respectively. We use 800 K-point in the irreducible 

Brillouin zone for TM concentration of 6.25% (6.25% 

TM). The TM doping on ZnS was performed by the 

substitution of one Zn atom by one TM atom. Therefore, 

the lattice parameter was obtained as follow a=5.303Ǻ, 

5.340Ǻ, 5.290Ǻ, and a= 5.288Ǻ, for pure ZnS, ZnS:Ti, 

ZnS:Co, and ZnS:Ni respectively. The lattice parameter of 

pure ZnS is in a good agreement with the other theoretical 

work [12] and experimental work [13]. However, it 

increases by doping with Ti element and it decreases by 

doping with Co and Ni elements, due to the larger ionic 

radius of Ti(1Ǻ) and smaller ionic radius of Co(0.79Ǻ) 

and Ni(0.83Ǻ) compared to that of Zn(0.88Ǻ) [13,14] (see 

in Fig. 1.). Thus, the optimized energy as function of 

volume of TM- doped ZnS is presented in Fig. 2. 

 

 

 
 

 
Fig.  1. The optimized lattice parameter of TM-doped ZnS 

 

 
 

Fig.  2. The optimized energy of TM-doped ZnS 

 
3. Results and discussions 
 

3.1. Electronic properties 

 
We present in Fig. 3. the spin-polarized band structure 

of TM-doped ZnS for spin up and spin down orientations. 

The conduction band minimum (CBM) and the valence 

band maximum (VBM) occur at gamma point of Brillion 

zone, and this is good for optical properties. For LSDA 

calculation, both compound ZnS:Co and ZnS:Ni have half-

metallic character. The other theoretical works show the 

same phenomenon using ab-initio calculations, where Co-

doped ZnS was found to be half-metallic with minority 

spin being semiconducting and majority spin being 

metallic [15]. Xie et al [16] found the half metallic 

characteristic of Ni-doped ZnS with the majority spin 

being semi-conducting and the minority spin being 

metallic as it is confirmed by our calculations. This half-

metallicity of both compounds induces 3.0μB and 2.0μB 

total magnetic moment for ZnS:Co and ZnS:Ni 

respectively, which comes mainly from Co and Ni 

elements (see in table2). The spin polarization of 

conduction carriers indicates that Co and Ni doped ZnS 

can be candidate for spin injection process [17,18]. On the 

other hand, for ZnS:Ti, the conduction band crosses the 

Fermi level for spin up channel, which indicates the 

metallic behavior, while the insulator character is 

presented in spin down channel, which means that ZnS:Ti 

have half-metallic character. The d-eg states around the 

Fermi level is partially filled, which is probably wrong 

corresponding to the spin configuration of Ti shown in 

Fig. 5. Thus, we found U=10 eV the adequate value to 

correct that deficiency and obtain the filled Ti-d-eg states 

(see in the bottom of Fig. 3.) Y. Chen et. al [9] performed 

the calculation without Hubbard parameter and showed the 

Fermi level within Ti impurity bands, which found to be 

merged with the conduction band at higher carrier 

concentration. Moreover, we found that ZnS:Ni keeps its 

half-metallicity after introducing Hubbard parameter. In 

contrast, we used the Jahn-Teller effect within LSDA+U 

functional (LSDA+U+JT) to break up the d-t2g lying 

around the Fermi level, subsequently, Ni doped ZnS 

change to semiconductor compound. A Jahn-Teller 

distortion which breaks cubic symmetry removed the 

degeneracy of the t2g level.  
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Fig.  3. The band structure of TM-doped ZnS with and without Hubbard correction plus Jahn Teller effect applied on ZnS:Ni 

 
 

For ZnS:Co, the minority spin is being 

semiconducting when U term is added, maybe due to the 

Hubbard U correction applied to 3d-states of Cobalt. 

The total and partial densities of states of TM-doped 

ZnS are depicted in Fig. 4. We correct the standard DFT 

LSDA Hamiltonian with an additional Hubbard interaction 

term (LSDA+U) [19]. LSDA calculation shows that TM-

doped ZnS exhibit a half-metallic behavior by spin 

polarization around the Fermi level. From Fig. 4, we see 

that the transition metals introduce some energy levels in 

the band gap of the host material, these energy levels are 

dominated by 3d states of TM, and it proves certainly the 
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change in optoelectronic properties of the compounds. For 

ZnS:Ti, we see some levels of Ti impurity close to the 

minimum conduction band, which means that we have n-

type doped material, and Ti dopants acts as donor in ZnS, 

which is confirmed by the other theoretical work [9]. 

Therefore, for ZnS:Co and ZnS:Ni, there are some energy 

levels of Co impurity close to the valence band maximum, 

which means that we have p-type doped material. The 

three transition metals show a spin polarization 

phenomenon. For ZnS:Ti, the whole system have a half-

metallic behavior, which was found in the band structure 

presentation. For ZnS:Co and ZnS:Ni compounds, it can 

be seen an appearance of an intra-band energy in spin 

down around Fermi level due to the transition metals 

elements. Both materials have a metallic character for spin 

down and an insulating character for spin up channel, 

which means that both compounds have half-metallic 

behavior.

   

 
Fig.  4. Total and partial densities of states of TM-doped ZnS within LSDA and LSDA+U  

plus Jahn Teller effect applied on ZnS:Ni 
 

 

In contrast, LSDA+U calculation is reported in the 

right side of Fig. 4. For ZnS:Ti, the valence band is shifted 

to the higher energy and breakup of the peak found 

previously in spin up channel around 1eV, but the second 

nearest peak remains around the Fermi level, which means 

that the compound remains its half-metallic behavior, 

which not corresponds to the spin configuration of 3d-Ti, 

where the d-eg level is completely filled. Thus, as it was 

explained by the band structure, U=10 eV was found 

sufficient to correct that deficiency. Moreover, for 

ZnS:Co, the valence band in spin down is shifted to the 

lower energy and breakup of the peak found previously 

around Fermi level, and the material became 

semiconductor as pure ZnS. While, ZnS:Ni acts as a 

semiconductor by inclusion of the Jahn-Teller effect. 

Furthermore, we understand the interaction between the 

magnetic moment created by TM impurities and the spin 

of valence band using the following Hamiltonian equation 

[20]: 

 

Ĥ= Nβ ∑ 𝑆𝑖𝑠𝑖𝑖                                       (1) 

 

where N is the number of cations per volume, Si is the 

spin operator of impurities, and si is the local spin operator 

of the valence band. The same Hamiltonian is for Nα. In 

addition, we calculated the values of spin exchange 

splitting energy ΔEc and ΔEv which are defined as ΔEc = 

Ec↓-Ec↑ and ΔEv = Ev↓-Ev↑ where Ec↓ and Ec↑ are the 

minimum conduction band of the minority-spin and the 

minimum conduction band of the majority-spin 

respectively. 
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Fig.  5. The spin configuration of 3d-TM in the tetrahedral site 

 
Tab 1. The energy valence band difference (ΔEv), the energy 

conduction band difference (ΔEc), and the sp-d exchange 

constant Nα and Nβ. 

 

 

  Ti Co Ni 

ΔEv (eV) 

LSDA 0.026 -0.472 -0.556 

LSDA+U 0.020 -0.247 -0.327 

U=10 eV 0.012 - - 

LSDA+U+JT - - 0.574 

ΔEc (eV) 

LSDA 0.025 0.029 0.023 

LSDA+U 0.019 0.025 0.017 

U=10 eV 0.016 - - 

LSDA+U+JT - - -0.684 

Nβ (eV) 

LSDA 0.416 -5.035 -8.896 

LSDA+U 0.320 -2.635 -5.232 

U=10 eV 0.193 - - 

LSDA+U+JT - - 9.182 

Other work - -2.64a - 

Other work 0.8b -2.2b -6.0b 

Nα (eV) 

LSDA 0.400 0.309 0.368 

LSDA+U 0.304 0.267 0.272 

U=10 eV 0.251 - - 

LSDA+U+JT - - -10.946 

Other work - 0.21a - 
a [24]        
b [25]  

 

 

The values of ΔEc and ΔEv are in table1. In addition, 

we calculated the p-d exchange constant Nβ, which is the 

interaction between the valence band and 3d-states of the 

magnetic elements using the following formulas [21-23]: 

 

𝑁α =
𝛥𝐸𝑐

𝑥〈𝑆〉
                                       (2)    

 

𝑁α =
𝛥𝐸𝑐

𝑥〈𝑆〉
                                        (3) 

 

where ΔEc is the conduction band edge splitting and ΔEv is 

the valence band edge splitting, x is the TM concentration, 

and <S> is the half of magnetization per TM atoms. The 

calculated values of Nα and Nβ for TM-doped ZnS are 

given in Table 1. For ZnS:Ti, we see that Nβ and Nα values 

are positive, which means that the conduction band and the 

valence band states are behaving in the same manner, with 

ferromagnetic interaction between the doped holes-

electrons and 3d states of Ti element. The ferromagnetic 

coupling in Ti-doped ZnS was explained in terms of p-d 

hybridization mechanism [9, 26]. The p-d exchange 

couplings of ZnS:Ti is in a good agreement with the 

previous work [25]. Furthermore, the Nβ values of ZnS:Co 

and ZnS:Ni compounds are negative, while Nα values  are 

positive. The negative values of Nβ indicate the 

antiferromagnetic exchange interaction between the 

valence band states and 3d-band states of impurity. In this 

case, the effective potential for minority spin is more 

attractive than that of majority spin. The p-d hybridization 

in 3d-Co or 3d-Ni and 2p-S leads to the super-exchange 

interaction. This super-exchange mechanism is responsible 

for inducing anti-ferromagnetism in doped ZnS. By the 

other hand, it is clear that Nβ values increased, and Nα 

values decreased by adding Hubbard parameter (see in 

table1). However, the exchange couplings of Co-doped 

ZnS agree well with the previous theoretical work [24]. 

The Nβ value of Ni-doped ZnS also is in a good agreement 

with the previous theoretical work [25]. 

 
 
Fig. 6. The real part of dielectric function of TM-doped ZnS for 

(a) spin up and (b) spin down channels 
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Fig.  7. The imaginary part of dielectric function of TM-doped 

ZnS for (a) spin up and (b) spin down channels 

 
 

Table 2. The total magnetic moment μtot, the local 

magnetic moment TM, and the energy band gap Eg 

of ZnS:TM  calculated  with  LSDA  and  LSDA+U. 
 

 Method μtot (μB) TM (μB) 
μint 

(μB) 

Ti 
LSDA+U 

U=10 eV 
2.001 1.581 0.359 

     

Co 
LSDA+U 

U=3.3 eV 
3.000 2.363 0.330 

     

Ni 
LSDA+U+JT 

U=6.4 eV 
1.998 1.609 0.172 

 

 
 

Fig.  8. The refractive index of TM-doped ZnS for 

 (a) spin up and (b) spin down channels 

 

 
3.2. Optical properties 

 
The calculated magnetic moment of TM-doped ZnS is 

presented in Tab. 2. It is noticed that the total magnetic 

moment is dominated by the magnetic elements (Ti, Co, 

Ni). We can see that the local magnetic moment of the 

transition metals increased when U term is added. 

Furthermore, we present in Fig. 10. the plot of (α*hυ)² as 

function of energy to obtain the optical band gaps values 

of transition metals doped ZnS measurable by 

extrapolating the straight line to the α=0. The optical band 

gap of TM-doped ZnS for the non-magnetic solution is 

presented in Tab. 3. The optical band gap values are 2.110 

eV, 2.028 eV, 1.766 eV and 1.603 eV for undoped ZnS, 

ZnS:Ti, ZnS,Co and ZnS:Ni, respectively. It is noticed that 

the non-magnetic optical band gaps of ZnS decreases by 

doping with transition metals impurities compared to the 

pure ZnS (2.110eV).  
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That tendency agrees well with the available 

experimental data.  However, in other experimental work, 

the gap was found to be decreased with increasing the 

concentration of Co in the host material ZnS [27]. The 

energy of the experimental gap Ni doped ZnS decreases 

with the increase of Ni concentration [28]. The energy gap 

of Ti doped ZnS also decreases with the incorporation of 

Ti in ZnS [29].        

 

 

 
 

Fig.  9. The absorption coefficient of TM-doped ZnS for 

 (a) spin up and (b) spin down channels 
 

Tab .3 The non-magnetic optical band  

gap of TM-doped ZnS (EOG). 

 

ZnS:TM Method 
EOG (eV) 

non-magnetic 

Undoped ZnS LSDA 2.110 

   

ZnS:Ti 
LSDA+U 

U=10 eV 
2.028 

   

ZnS:Co 
LSDA+U 

U=3.3 eV 
1.766 

   

ZnS:Ni 
LSDA+U+JT 

U=6.4 eV 
1.603 

 

 
 

Fig.  10. (α*hu)² versus energy to calculate 

 the energy band gaps of TM-doped ZnS 

 

 

The optical parameters are important for the 

performance of new devices, especially for optoelectronics 

applications, renewable energy and solar cell technologies. 

The transition metals are one of the most effective dopant 

to tune optical, magnetic properties due to their abundant 

electron states. However, we calculate the dielectric 

constant ε(ω), refractive index n(ω), and absorption 

coefficient α(ω) of TM doped ZnS. We use the dielectric 

function to explain the linear response of these optical 

parameters to electromagnetic radiation, which is defined 

as ε(ω)= ε1(ω)+iε2(ω). The real part of dielectric function 

is reported in Fig. 6.a, in spin up, there are two localized 

peaks for pure ZnS at 4.19 eV and 5.60 eV. These peaks 

come mainly from the transition between S-3p of the 

valence band and Zn-4s of conduction band. While, the 

localized peak of pure ZnS at 5.87 eV disappeared after 

doping with TM impurity. Moreover, it is obvious that 

ZnS:Co and ZnS:Ni behave in the same way, maybe due 

to the nearest atomic number of Co (3d7 4s2) and Ni (3d8 

4s2). Furthermore, the peak at 4.19 eV of pure ZnS was 

subdivided to two peaks, due to Ti dopant. The difference 

of spin polarization of the transition metals in the energy 

range between 0 eV to 6 eV allows a good conception of 

magneto-optics devices. The spin down channel of the real 

part of dielectric function is reported in Fig. 5.b. It can be 

seen that the material behaves differently to spin up. The 

peak localized at 4.19 eV is shifted to the lower energy for 

ZnS:Ti because the material is a n-type one. In addition, 

the ε1(ω) is negative between 7.43 eV to 13.16 eV. It is 

negative for pure ZnS and positive for TM-doped ZnS 

between 6.14 eV to 6.64 eV. The positive value of 

dielectric function means that photons propagate through 

the compound and when the dielectric function is negative, 

the electromagnetic wave is damped. Therefore, the 

imaginary part of dielectric function is reported in Fig. 7. 

In spin up, the main peak is at 6 eV and decreases by 

doping with transition metals. In spin down, the imaginary 

part of dielectric function behaves differently to spin up. 

Some intra-band transition are in the energy range between 

0 eV and 3 eV which are  explained by the electronic 
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transition found previously in the density of states. 

Therefore, it is noticed that the refractive index is linked to 

the real part of dielectric function. Fig. 8. shows the 

refractive index of TM doped ZnS in both spin directions. 

In spin up, the static refractive index n(0) is 1.92, 1.93, 

1.94, 1.94 for pure ZnS, ZnS:Ni, ZnS:Ti and ZnS:Co 

respectively. While, in spin down, n(0)=1.92, 1.92, 1.98 

and 1.99 for pure ZnS:Ti, undoped ZnS, ZnS:Ni and 

ZnS:Co respectively. However, the static refractive index 

n(0) of spin up is similar to that of spin down for undoped 

ZnS, while, it is different for doped ZnS. Furthermore, The 

absorption coefficient of TM-doped ZnS is reported in Fig. 

9. In spin up, it can be seen the main absorption peak at 

8.07 eV. It decreases from pure ZnS to ZnS:Co, ZnS:Ni 

and ZnS:Ti, respectively, due to TM mpurity. The 

absorption coefficient behaves in the same way in spin 

down channel. The main absorption peaks values of the 

absorption coefficient are located at energy range 8.15 eV. 

The good optical characteristics of ZnS:TM (TM= TI, Co, 

Ni) are important for solar cells, photodetectors and 

optical sensors. ZnO:TM can be a good candidate for 

optoelectronics applications.  

 
 
4. Conclusions 

 

In summary, we calculated the electronic, magnetic 

and optical properties of transition metals doped ZnS. The 

band structure and the density of states calculations show 

that Ti-doped ZnS have a semiconducting behavior by 

using U=10 eV. That Hubbard value was found sufficient 

to obtain filled Ti-d-eg states. Co and Ni doped ZnS show 

spin polarization phenomenon with an insulating character 

in spin up and a metallic behavior in spin down. In 

contrast, by inclusion the Hubbard coulomb correction, 

ZnS:Co became half-mettalic material with no spin 

polarization. Ni doped ZnS keeps its half-metallicity. In 

this case, we performed the calculation with the inclusion 

of the Jahn-Teller effect. That distortion, which breaks the 

cubic symmetry, removed the degeneracy of the Ni-d-t2g 

level, decreased the total energy of the system and opened 

up the band gap. Furthermore, the magnetic properties and 

the sp-d exchange couplings were calculated. The p-d 

hybridization mechanism dominates the ferromagnetic 

exchange interaction for ZnS:Ti and anti-ferromagnetic 

super-exchange interaction for ZnS:Co and ZnS:Ni. 

Therefore, we calculated the optical band gap of TM-

doped ZnS. The optical band gaps was found to be 

decreased compared to the band gap of undoped ZnS. That 

tendency is in a good agreement with the experimental 

works [27-29]. Furthermore, the optical properties 

revealed a good quality of the TM-doped ZnS. The 

transition metals doped ZnS occurred new transition peaks 

in the real part and imaginary part of dielectric function. 

The main peaks of the absorption coefficient were found 

to be decreased when impurity effect was considered. This 

study confirms that TM-doped ZnS (TM=Ti, Co, Ni) can 

be a promising materials for the conception of 

optoelectronics devices. 
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