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Physical features of transition metal (TM) doped lead selenide, Pb1-xCrxSe, Pb1-xCoxSe and 
Pb1-xNixSe (x=0% and 25%) have been investigated by ab-inito method. The exchange 
correlation energy is computed by generalized gradient approximation (GGA). A direct 
band gap (Eg) of 0.35 eV has been observed for PbSe. The analysis of spin-resolved 
electronic band structure (BS) and density of states (DOS) reveal the half-metallic 
ferromagnetic (HMF) character of doped compounds. In addition, the calculated magnetic 
moments (μB) of  Pb1-xCrxSe, Pb1-xCoxSe and Pb1-xNixSe compounds are found to arise 
due to doped transition metals and confirmed by 3D spin-polaized iso-surface density 
plots. The optical features including optical conductivity σ(ω), absorption coefficientα(ω), 
extinction coefficient k(ω), refractivity R(ω), dielectric function and refractive index n(ω) 
have been calculated to envisage the optical response of given materials. Further, the 
BoltzTrap code has been implemented to probe the thermoelectric characteristics in term 
of power factor (PF), Seebeck coefficient (S), thermal and electrical conductivity. The 
outcomes of calculations divulge that Pb1-xXxSe (X=Cr, Co, Ni) would be suitable 
candidates for both optoelectronics and thermoelectric applications. 
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1. Introduction 
 
In the current decades, HMF compounds gained attention due to their efficient 

performance in optoelectronic and spintronic devices. Such materials display 100% spin-
polarization as one spin channel demonstrate metallic behavior (down/up) and other spin shows 
semiconducting character [1-3]. In 1983, half-metallic (FM) behavior was 1st detected during the 
study of half-Heusler compound (NiMnSb) by de Groot and his colleagues [4]. Later on, several 
other compounds displayed HM behavior upon doping with some sort of elements [5]. Lead 
chalcogenides semiconductors demonstrate unique optical and electronic properties [6]. PbSe also 
belongs to these chalcogens (IV-VI) and becomes a topic of interest due to its different transport 
and electronic characteristics such as small Eg, high carrier mobilities and dielectric constants, low 
resistivity and positive temperature coefficients [7-9]. These characteristics make them appropriate 
applicant for various advanced usages like infrared laser diodes, optoelectronic, thermo-electronic 
and spintronic devices and various detectors. 
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In recent years, large number of materials like as CrO2[10], Fe3O4[11], Cs2NaMCl6 (M = 
Ti, V, Mn) [12], NdInO3[13], CeAlO3, PrAlO3[14], Cr-doped CdTe[15], Cr-doped BeSe and 
BeTe[16], Mn-doped ZnS[17] with various structures and chemical composition have been 
reported to display HM nature. Chattopadhyaya et al., investigated the alternation in structural and 
optoelectronic behavior of Ba doped PbY (Y=S, Se and Te) using FP-LAPW approach. The 
electronic parameters display direct Eg for PbY (Y=S, Te and Se) compounds, which transform 
into indirect Eg after doping of Ba. The values of zero frequency limit of optical parameters such as 
ε1(0), R(0) and n(0) upsurges with the rise in atomic number of the doping element in the ternary 
alloys and binary compounds.  However, a non-linear change was observed between the highest 
values of optical conductivity and concentration of the dopant [18]. Boukhris et al., investigated 
the physical properties of PbSe, BeTe and PbS compounds using LDA and GGA approaches and 
revealed the direct Eg. Furthermore, the thermal characteristics was estimated by implementing the 
quasi harmonic Debye model[6].  

In this work, magnetic, optoelectronic and TE properties of Pb1-xCrxSe, Pb1-xCoxSe and 
Pb1-xNixSe (x=0 and 25%) are theoretically studied. TMs are doped in the host PbSe to check the 
spin-polarized electronic BS. Literature survey divulges that there is no enough literature related to 
the effects of TM doping on physical characteristics of the PbSe. 

 
 
2. Method of calculation 
 
PbSe has rock-salt structure and crystallizes in cubic form (space-group Fm-3m)[19] with  

lattice constants 6.124 Å [20, 21]. The FP-LAPW [22] scheme is adopted for the computational 
study of magnetic and electronic of PbSe, Pb1-xCrxSe, Pb1-xCoxSe and Pb1-xNixSe (x=25%). In this 
scheme, the space is partitioned into two portions: interstitial and muffin-tin spheres. In interstitial 
part, the basis sets are comprised of plane waves; however, in muffin-tin part, the basis set is 
explained by radial solution of one particle Schrodinger equation. Inside the sphere, the valence 
wave function is expended upto lmax=10. Inside the interstitial part, the plan wave is expended with 
cut off of RMT*KMAX = 7, where KMAX and RMT are highest value of reciprocal vector and muffin-
tin radius, respectively. All calculations are performed with a mesh of 1000-k points in the 
irreducible Brillouin zone. Moreover, to avoid the leakage of energy cut-off energy was set at -6.0 
Ry. Pb is positioned at 4a (0, 0, 0) and Se atoms at 4b (1/2, 1/2, 1/2) in the cell. The states of Pb 
(5d¹ 6s² 6p²), Se (3d10 4s2 4p4), Cr (3d5 4s1), Co (3d74s2) and Ni (3d84s2) are taken as valence 
electrons. The RMT values are selected as 2.05, 1.75 and 2,5 bohr for  Pb, Se, and for doping 
atoms (Cr, Co and Ni), correspondingly. 

 
 
3. Results and discussions 
 
3.1. Band structures 
The electronic BS of PbSe, Pb1-xCoxSe, Pb1-xCrxSe and Pb1-xNixSe (x= 25%) are calculated 

using PBE-GGA approximation. The outcomes demonstrate the direct-gap semiconducting 
character of PbSe at the L-L points (see Fig. 1). The spin-resolved BS of Cr-doped PbSe illustrate 
the metallic BS in spin up and semiconductor in down state (see Fig. 3). However, the BS of Co 
and Ni doped PbSe display semiconductor behavior in spin up and metallic features on the other 
spin (see Fig. 2 and 4). The measurement of HM gap is calculated from the VBM and EF. This 
illustrate the least amount of energy is required to shift an electron from the VB to the EF [23]. The 
computed value of Eg for PbSe is 0.34 eV, which is in accordance to the reported data [24]. In 
addition, the HM Eg for Pb1-xCoxSe, Pb1-xNixSe and Pb1-xCrxSe are 0.57, 0.48 eV and 0.34 eV, 
correspondingly. It is observed that the values of Eg declines from Co to Cu [25]. 
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Fig. 1. (a) BS and (b) DOS of PbSe  
 
 

 
 

Fig. 2. BS of Pb1-xCoxSe at x= 25%. 
 

 
 

Fig. 3. BS of Pb1-xCrxSe at x= 25%. 
 

 
DOS is associated with the energy distribution of states in the materials. For PbSe, PDOS 

is mainly dominated by Pb-p and Se-p states. For Pb1-xCrxSe, the top of VB extended from -4 eV 
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to EF, which is largely occupied by Cr-d hybridized with Se-p in majority spin and Se-p in 
minority spin (see Fig. 5). The sharp peak of Cr-d states has been observed at -1.9 (majority spin) 
and 3 eV (minority spin). The conduction band (CB) is majorly composed of Cr(d) with minute 
involvement of Pb(p). For Pb1-xCoxSe and Pb1-xNixSe, the dispersal of valence states exposes that 
the Co/Ni d-states are involved for the HM features of the discussed material. The occupancy of 
Co/Ni d-states at various locations in both states configuration indicate that electrons present in the 
states do not vanish out μB and leads to the ferromagnetic nature. In CB, the peaks of d-Co/Ni 
dominate in contribution with Pb-p states. 
 

 
 

Fig. 4. BS of Pb1-xNixSe at x= 25%. 
 

 
 

Fig. 5. PDOS of (a) Pb1-xCoxSe (b) Pb1-xNixSe (c) Pb1-xNixSe at x= 25%. 
 
 
3.2. Optical features 
The optical properties are determined from the ε(ω)=ε1(ω)+iε2(ω) (dielectric function) 

[30]. The doping of TMs increases the photon transition rate that creates free carriers in the CB. 
These carriers regulate the forward current [26]. Kramer–Kronig relation is adopted to determine 
the ε1(ω) from ε2(ω) [27]. The optical features are calculated by using following equations [28]. 

 

Ι(ω) = 4π
λ
�[ε1

2(ω)+ε2
2(ω)]1/2+ε1(ω)
2

�
1/2

 (1) 
 

σ(ω) = ω
4π
ε2(ω) (2) 
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n(ω) = �[ε1
2(ω)+ε2

2(ω)]1/2+ε1(ω)
2

�
1/2

(3) 
 

k(ω) = αλ
4π

(4) 
 

R(ω) = [n(ω)−1]2+k2(ω)
[n(ω)+1]2+k2(ω)

   (5) 
 

ε2(ω) = Ve2

2πħm2ω2 ∫ d3 kƩnn/l < 𝑘𝑘𝑘𝑘|p|kn. > l2f(kn) × (1 − f(kn.)δ(Ekn − Ekn. −ħω)) (6) 
 

 
The dispersive part ϵ1 (⍵) and absorptive part ϵ2 (⍵) (see Fig. 6 (a, b)) of the undoped and 

doped PbSe are also explained. ϵ1 (0) is a significant part that describes the electronic 
polarizability and fulfills the relation n(0) =√ϵ1(0). From Fig. 6 (a), it can be seen that ϵ1 (0) is 
increasing with different doping. Its values are 20.3, 51.6, 78.2, 115.4 for pure, Co, Cr and Ni 
doping, respectively.  It demonstrates the highest peaks at (see Fig. 6 (a)) 1.1, 1.4, 1.5 and 2.4 eV 
for Pb1-xNixSe, Pb1-xCrxSe, Pb1-xCoxSe and PbSe, correspondingly. The negative value of ε1(𝜔𝜔) 
shows the total reflectivity of incident electromagnetic (EM) wave from material, which 
corresponds to its metallic nature. The observed metallic effect may be due to the mismatch of Eg 
with falling electromagnetic wave and causes a complete reflection because only those radiation 
are absorbed which have large or equal energy than Eg [29]. The value of static dielectric constant 
ε1(0) is highest for Pb1-xNixSe and lowest for PbSe. Moreover, ε2(ω) has an incredible role in the 
assortment of optical material for optoelectronic device production. The ε2(ω) illustrate the regions 
of EM spectrums in which the intensities of absorption of EM radiations are highest. The values of 
imaginary part are increased after doping with TM. The peak values of ε2(ω) are obtained at 0.5, 
0.4, 0.7 and 2.8 eV for Pb1-xNixSe, Pb1-xCrxSe, Pb1-xCoxSe and PbSe, respectively. After achieving 
peak intensities (see Fig. 6 (b)), ε2(ω) start minimizing gradually.  

 

 

 
 

Fig. 6. (a) ε1 (ω) (b) ε2(ω) and (c) R (ω) for PbSe, Pb1-xCoxSe, Pb1-xCrxSe and Pb1-xNixSe compounds. 
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The zero frequency R(0) is 0.31, 0.59, 0.63 and 0.66 for PbSe, Pb1-xCoxSe, Pb1-xCrxSe, Pb1-

xNixSe, respectively (see Fig. 6 (c)) and their maximum values in percentage are 70%, 65%, 59% 
and 50% at 4.91, 4.82, 4.76 and 4.61 eV, respectively. For these doping, the peaks in R(ω) curves 
are interrelated to peaks in dielectric functions, R(ω)  value is highest in the regions where 
absorption is lowest. 

The understanding of n(ω) is an essential feature to determine the application of optical 
compounds for photonic and optical devices. The values of n(ω) of Cr, Co and Ni doped PbSe 
compound is plotted against photon energy of upto 10 eV. The n(ω) and dielectric constant are 
interlinked with a relation n(0) = �ε(ω)[30]. At zero frequency, the values of the n(ω) are 0.32, 
0.59, 0.63 and 0.66 for PbSe, Pb1-xCoxSe, Pb1-xCrxSe and Pb1-xNixSe, respectively. The n(ω) follow 
a decreasing trend from 0 to 5 eV but after 5 eV the n(ω) become constant. For highly transparent 
materials, the n(ω) become nearly zero, however, the positive values of n(ω) correspond to highly 
absorptive materials. The n(ω) attained maximum values in the span of 2 to 3 eV for all mentioned 
materials (see Fig. 7 (a)). The k(ω) is calculated to estimate the absorption of light. The low value 
of k(ω) indicates that waves are passed through the material, while the positive values relates to 
the considerable absorption. The highest peaks are obtained in the visible region (see Fig. 7 (b)) 
indicating the usage of these materials in optical devices. The intensity of peak for Pb1-xNixSe is 
high as compare to other compounds [26].The sharp  absorption peaks are obtained at 8.2, 8.58, 
8.6, and 4.38 eV for pure PbSe, Pb1-xCoxSe, Pb1-xCrxSe and Pb1-xNixSe, respectively (Fig. 7 c). 
After reaching maximum peak values it starts decreasing. The σ(ω) is another parameter 
depending on the interband and intraband transitions [31]. PbSe showed highest σ(ω) (9350.86 Ω-

1cm-1) at 2.95 eV. After doping of transition metals the value of σ(ω) is declined. The obtained 
σ(ω) values are 8678.57Ω-1cm-1 for Pb1-xCoxSe, 8357.14 Ω-1cm-1 for Pb1-xCrxSe and 8357.14 Ω-

1cm-1 for Pb1-xNixSe at 2.88, 3.18 and 3.08 eV, respectively (see Fig. 7 (d)). 
 

 
 

Fig. 7. (a) n (ω),(b) k (ω), (c) α (ω) and σ (ω) for PbSe, Pb1-xCoxSe, Pb1-xCrxSe and Pb1-xNixSe compounds. 
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3.3. Thermoelectric properties 
Due to the demand of energy, it is important to focus on sustainable energy sources and 

the energy produced from TE materials is an efficient as compare to various other types of energy 
sources such as fuel [32]. TE materials are utilized to produce power from the thermal energy 
emitted by the industry. These materials are useful for power generation and refrigeration [33], 
which proves the TE materials have various applications in energy gadgets [34, 35]. 

Ideal TE compounds posses large values of σ , S, PF and low k [36, 37]. The BoltzTrap 
package is used to elucidate figure of merit (ZT) σ, S, ke, and PF for TM= Co, Cr and Ni doped 
PbSe (x=25%). σ express the flow of charge carriers and its increasing values with temperature 
represents the semiconductor behavior. The values of σ for Co, Cr, Ni doped and pure PbSe are 
3.89 × 1019, 6.21× 1019, 7.93 × 1019, and 21.3 × 1019 (Ω m)-1, respectively at 200 K (see Fig. 8 
(a)). It is found that pure PbSe has high σ than that of doped compound owing to the smaller Eg of 
PbSe that requires less energy to move electrons from VB to CB. k is consist of lattice (kl) and 
electronic (ke) parts, which is important to be optimized for the usage in TE gadgets because it 
conducts heat[38]. From the plot of ke (see Fig. 8 (b)), it can be seen that the ke for all doped and 
pure compounds increases from 3.664 to11.334 W/Kms, correspondingly (at 300 K) and then 
upsurge in a linear pattern to highest values at 800 K. The excellent TE material has high σ and 
low ke [39]. S found the efficiency of thermocouples and can be calculated from S= ΔV / ΔT. The 
computed values S upsurges with temperature upto 800 K for pure and doped compounds (see Fig. 
8 (c)). Its value is greater for Co@ PbSe than other at room temperature. The multiplication of S 
and σ is named as PF which is suitable for TE device performance [40] (see Fig. 8 (d)). The value 
of PF increases with the elevation of temperature for pure and doped compounds. Minimum PF 
values for pure and Cr/Ni doped PbSe occurred at 200 K. The computed PF for Co@PbSe reveals 
that it gains highest value at 530 K and almost remains constant up to 800 K.  

 

 

 
 

Fig.8. (a) σ (b) k (c) S (d) PF for PbSe, Pb1-xCoxSe, Pb1-xCrxSe and Pb1-xNixSe compounds. 
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Fig.9. Plots of ZT. 
 
 
In TE applications, the potential of materials is not only determined by PF-values but more 

accurately from ZT values. 
 

ZT =  S
2σT
k

     (7) 
 
The calculated ZT plots of studied compounds are exposed in Fig. 9. For Co@ PbSe, at 

low temperature (200 K), ZT is 0.078 and at high temperature (500 K), ZT is 0.145. Thus 
Co@PbSe has high S and ZT, suggests that it has promising thermoelectric applications. 

 
3.4. Magnetic properties 
PbSe is a non-metallic compound which becomes HMF after doping with Cr, Co and 

Ni.The total μB values are 4.00887, 2.95003 and 1.96770 μB for Pb1-xCrxSe, Pb1-xCoxSe and Pb1-

xNixSe, respectively. The d states (unpaired electrons) of Cr, Co and Ni are responsible for the 
magnetization. The partial μB of Cr, Co and Ni are 3.98399, 2.3258, 1.09653 μB, respectively. 
Table 1 demonstrates the values of μB of given materials. Moreover, for the clarification of partial 
magnetic moment 3-dimensional iso-surface plots were plotted (see Fig. 10). It is observed that 
strong magnetization appears around the transition metals of Cr, Ni and Co. Also, the 
magnetization appears around the Se in all three doping elements because of the charge transfer 
due to different valences [41] and almost no magnetism was observed around the Pb elements. 

 
Table 1. Magnetic moments of Ni, Cr and Co doped PbSe. 

 
Magnetic moment Pb1-xCrxSe Pb1-xCoxSe Pb1-xNixSe 
Mint 0.45581 0.12802 0.12122 
MCr 3.98399 -- --_ 
MCo -- 2.32583 -- 
MNi -- -- 1.09653 
MPb 0.04068 -0.02179 -0.00997 
MSe -0.13321 0.12298 0.18995 
Mtotal 4.00887 2.95003 1.96770 
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Fig. 10. Computed magnetic iso-surface plots of (a) Pb1-xCrxSe (b) Pb1-xCoxSe and  
(c) Pb1-xNixSe at x= 25%. 

 
 
4. Conclusions 
 
Here, the electronic, optical, thermoelectric and magnetic properties of PbSe, Pb1-xCoxSe, 

Pb1-xCrxSe and Pb1-xNixSe (x=0% and 25%) using FP-LAPW scheme. Pure PbSe exhibits direct-
gap semiconducting nature with Eg of 0.35 eV. The spin polarized electronic profile of Pb1-xCoxSe, 
Pb1-xCrxSe and Pb1-xNixSe depicts the 100% spin polarization at the FE and represents the HMF 
characteristics. The calculated magnetic moments are 4, 2.95 and 1.96 μB for Pb1-xCoxSe, Pb1-

xCrxSe and Pb1-xNixSe, respectively, for further clarification spin-polarized iso-surface plots were 
studied to investigate the atomic contribution in magnetism. The d states mainly take part in 
magnetic behavior. The computed values of S and ZT for Co@PbSe are high, which shows that it 
is more promising material for TE applications. The outcomes reflect a significant achievement of 
TM doped PbSe for potential applications in spintronics, photoelectronic and TE gadgets. 
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