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The full-potential linearized-augmented plane wave (FP-LAPW) technique within Density 

functional theory (DFT) is used to compute the electronic, optical, and magnetic features 

of Fe, Mn and V doped binary compound PbSe. The effect of doping on energy band gap 

(Eg) and density of states (DOS) has been studied in detail. The computational results of 

DOS and band structure (BS) have confirmed that PbSe compound exhibit half-metallic 

ferromagnetic (HMF) nature. The Eg of PbSe binary compound is 0.16 eV which is 

enhanced up to 0.35, 0.23 and 0.54 eV after doping of Fe, Mn and V, respectively. 

Moreover, optical properties of Fe, Mn and V doped PbSe has been also studied in term of 

dielectric constants, absorption coefficient α (ω), extinction coefficient k (ω), refractive 

index n (ω)  and reflectivity R (ω). The magnetic properties are calculated and it is 

computed that Pb0.75Mn0.25Se has greater magnetic moment (μB) as compared to 

Pb0.75Fe0.25Se, and Pb0.75V0.25Se. All the results revealed the appropriateness of Pb1-xAxSe 

(A=Fe, Mn, V) materials for spinelectronics and optical gadgets. 
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1. Introduction 
 

Dilute magnetic semiconductors (DMS) have been widely studied in the recent two 

decades due to their various application, including spintronics, spin FET and nano size integrated 

magnetic memory.  [1, 2].  By substituting 4f rare earth metals or 3d magnetic transition metals 

(TMs) in semiconductors lattices, DMS are established. Furthermore, the suitable materials for 

spintronics are half metals which can be used as hybrids among metals and semiconductors [3-5]. 

The hypothesis of half metallic ferromagnetic (HMF) was introduced in 1983 by computing the 

electronic BS of Heusler alloys such as PtMnSb and NiMnSb, [6]. These materials are very 

important owing to their usage in tunnel junctions [7], effectual magnetic sensors [8], and 

magnetic devices [9, 10].  

Lead selenide have been studied widely over past many years due to their different usages 

in electronic gadgets and thermoelectric energy convertors [11]. The compound has attracted 

researchers because of its ferroelectric behavior, electronic band gap and phase transitions.  

Moreover, the compound has shown exceptional optical and transport properties [12]. The group 

IV- VI binary compounds such as PbTe, PbS, PbSe, and their alloys PbEuTe, PbSnSe, PbSrSe, 

PbSnTe are being used in diode lasers, thermo-photovoltaic devices, and as long wavelength 

imaging devices [13]. Etgar et al. studied the magnetic and optical behavior of PbSe nanoparticles 
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and found the compound suitable for various applications such as cancer cells detection, bio 

sensing, and spintronics [14]. Haq et al. probed the optoelectronic features of monolayer PbSe by 

first principle and calculated its effectiveness for photovoltaic and optoelectronic devices [15]. Gai 

et al. calculated the electronic properties of PbSe and stated that theoretical computations are 

approximated with experimental results [16].  

In this research, we investigated the magnetic, electronic, and optical properties of 

transition metal (Fe, Mn and V) doped PbSe binary compound. The results of electronic properties 

showed the half metallic behavior of this doped compound. There is no previous research on Fe, 

V, and Mn doped PbSe compound which stimulate us to study its properties in details. The 

computed results are helpful to use this material in different fields like spintronics and 

optoelectronics.  
 
 
2. Method of calculation 

 

Density functional theory [17] is employed for magnetic, optical, and electronic 

calculations of Fe, Mn and V doped PbSe. The unit cell of the crystal contains two parts in FP-

LAPW approach: muffin-tin region and interstitial region. The wave function and potential are 

extended outside the atomic sphere on plane wave basis and inside the atomic sphere on spherical 

harmonic basis [18, 19]. The equation for potential in both regions is written as: 

 

𝑉(𝑟) =

{
 
 

 
 ∑𝑉𝐿𝑀(𝑟)𝑌𝐿𝑀(ȓ)          𝑖𝑛𝑠𝑖𝑑𝑒 𝑠𝑝ℎ𝑒𝑟𝑒                                                           

𝐿𝑀

∑𝑉𝐾𝑒
𝑖𝐾.𝑟                        𝑜𝑢𝑡𝑠𝑖𝑑𝑒 𝑠𝑝ℎ𝑒𝑟𝑒                                                  

𝐾

 (1)
 

 
All constraints can be identified in Hamiltonian of multiple body exchange correlation 

[20]. The 33-k points sampling is used to make grid of 1000 Monkhrost-pack meshes. The Gmax 

(Gaussian factor) for atomic radii conversion is taken as 14. Inside the muffin tin (MT) sphere, the 

angular momentum is expanded up to the lmax=10. The muffin-tin radius (RMT) values are taken 

2.2 for the Pb atom and the 2 Bohr for the Se atom. The binary compounds are made of two 

different elements and have an ideal cubic structure modeled in the Fm3m space group [21]. The 

structure of cubic unit cell of PbSe consists of unit formula and its Wyckoff-positions of the atoms 

are: Pb (0, 0, 0) and Se (0.25, 0.25, 0.25). Within GGA approximation, the value of lattice 

parameter a=6.23A for PbSe was reported by using FP-LAPW method [22]. The electronic 

configuration for Pb, Se, Fe, Mn and V are [Xe] 4f¹45d¹06s²6p², [Ar] 3d104s24p4, [Ar] 3d64s2, [Ar] 

3d54s2, and [Ar] 3d34s2, respectively. 

 

 
 

Fig. 1. Geometrical Structures for x= 25%(a) Pb1-xFexSe (b) Pb1-xMnxSe (c) Pb1-xVxSe compounds. 

 
 
 
3. Results and discussions 
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3.1. Band Structures  

Electronic characteristics based on band gap, TDOS and PDOS for Fe, Mn and V doped 

PbSe compounds are illustrated in the Fig. 1. The HM nature of the Fe, Mn and V doped PbSe 

have been shown in both spin version, correspondingly. The pure PbSe have shown direct energy 

gap in first Brillouin zone at the L-point having value of 0.16 eV [23], but the Fe, Mn and V doped 

PbSe have indirect band gap with half metallic nature. The calculated values of energy band gap of 

Pb0.75Fe0.25Se, Pb0.75Mn0.25Se and Pb0.75V0.25Se are 0.35, 0.23 and 0.54 eV, respectively (see Fig. 1 

(a, b & c)). The V doped PbSe have large energy band gap as compared to the Fe, and Mn doped 

PbSe. Also, the value of energy band gap has been increased after doping with TM. 
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Fig. 2. Spin-polarized energy band plots for x= 25% (a) Pb1-xFexSe (b) Pb1-xMnxSe (c) Pb1-xVxSe. 

 

 

 
 

Fig. 3. Spin-Polarized (a) TDOS Fe doped PbSe (b) TDOS elements (c) and PDOS. 
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Fig. 4 Spin-Polarized (a) TDOS Mn doped PbSe (b) TDOS elements (c) and PDOS. 

 

 

 
 

Fig. 5. Spin-Polarized (a) TDOS V doped PbSe (b) TDOS elements (c) and PDOS. 
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The characteristics of the electronic structures is further investigated from TDOS and the 

PDOS of Fe, Mn and V doped PbSe. Total and the partial DOS curves are shown in the Fig (2, 3 

and 4). The Fe-d, Mn-d, and V-d, coincide with Fermi level and the contribution of these states is 

more than s and p states of Pb0.75Fe0.25Se, Pb0.75Mn0.25Se and Pb0.75V0.25Se compounds. The 

participation of Pb-p, and Se-p is greater as compared to Pb-s and Se-d orbitals which is shown in 

PDOS plots. It can be seen from the graphs that Pb0.75Fe0.25Se, Pb0.75Mn0.25Se and Pb0.75V0.25Se 

shows HMF nature. The variety of energy band gaps also indicates the applications of these 

compounds in spintronics devices like memory storage devices such as hard disk [24].  

 

3.2. Magnetic properties 

The observed magnetic moment of the Fe, Mn and V doped PbSe is summarized in the 

Table1. The interstitial magnetic moment (Mint) is 0.14088, 0.32354 and 0.50458 for the 

Pb0.75Fe0.25Se, Pb0.75Mn0.25Se and Pb0.75V0.25Se compounds, respectively. Total magnetic moments 

(MTot) of Pb0.75Fe0.25Se, Pb0.75Mn0.25Se and Pb0.75V0.25Se compounds are computed as 3.94233 μB, 

4.99108 μB and 2.91084 μB respectively. The magnetic moment of Fe, Mn and V are 3.46630, 

4.50630 and 2.79993, respectively. The value of Mn is greater as compared to Fe and V. All the 

results revealed that Fe, Mn and V doped PbSe compounds are appropriate for the spintronics 

devices. The magnetic moment can be calculated from edge splitting of the valence band (∆𝐸𝑉 =

𝐸𝑉
↓ − 𝐸𝑉

↑ ) and conduction band (∆𝐸𝐶 = 𝐸𝐶
↓ − 𝐸𝐶

↑) by using the following written equations:  

 

𝑁𝑜 = 
∆𝐸𝐶

𝑥〈𝑆〉
        (2) 

 

𝑁𝑜 = 
∆𝐸𝑉

𝑥〈𝑆〉
           (3) 

 

 

Where x represent concentration of the TM (Transition Metals) ion and 〈𝑆〉 =  〈𝑀〉 / 2, here 〈𝑀〉 
signifies MTot of the all particles in unit cell. The strong hybridizations among crystal fields splits 

the level of the unfilled 3-d states for Fe, Mn and V which confirmed ferromagnetic behaviors. It 

also causes in the reduction of the values of magnetic moments which contributes into PbSe and 

the interstitial sites. 

 
Table 1.The calculated interstitial and atom resolved (Fe, Mn, V, Pb, Se) and the total magnetic  

moment of the Fe, Mn and V doped PbSe. 

 
 Pb0.75Fe0.25Se Pb0.75Mn0.25Se Pb0.75V0.25Se 

Interstitial 0.14088 0.32354 0.50458 

Fe 3.46630 __ __ 

Mn __ 4.50630 __ 

V __ __ 2.79993 

Pb 0.00913 0.02107 0.04903 

Se 0.08356 0.03528 -0.11447 

Total 3.94233 4.99108 2.91084 

 

 

3.2. Optical properties 

The optical features of Fe, V and Mn doped PbSe are investigated under the effect of 

electromagnetic field. These properties take place among the occupied and un-occupied states 

because of electric field of the photons. Therefore, with the help of dielectric function, optical 

features of any material can be deduced.  

 
𝜀(𝜔) = 𝜀1(𝜔) + 𝑖𝜀2                                                                               (4) 
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The 1() and 2() of the () are measured by Kramers-Kronig transformation. The 

curves in 2()  of dielectric constant are linked to different inter-band and the intra-band 

transitions in first BZ. The other optical parameters like (), (), R(), K() and n() are 

attained basically from the both  1(), and i2() parts [25]. 

The 2() can be deduced from electronic BS using the relation: 

 

Ԑ2 (𝜔) =  
𝑒2ħ

π𝑚2𝜔2
∑ ∫|𝑛, 𝑛′(𝑘, 𝑞)|

2

𝑣𝑐
[ωn, n′(k) − ω]d3k                           (5) 

 
The 1() can be computed from 2() from the relation: 

 

𝜀1(𝜔) = 1 +
2

𝜋
𝑝∫

𝜔‚𝜀2 (𝜔
‚)

𝜔∙
2
− 𝜔2

𝜃

0

𝑑𝜔‚                                                                 (6) 

 
Optical absorption spectrum is used to conclude optical features of various compounds 

[26].The optical properties of Fe, Mn and V doped PbSe are determined and compared with each 

other. The highest peaks of real part 1() of Pb1-xFexSe, Pb1-xMnxSe and Pb1-xVxSe (x=25 %) are 

55, 35 and 66, respectively (see Fig. 6 (a)).The material also shows the metallic nature at specific 

energy because 1() of the dielectric constant () shows lowest peaks at negative value which 

presents that incident EM-waves are completely reflected. 

 

 

 
 

Fig. 6. (a) 1()(b) 2()(c)() (d) () of Fe, Mn and V doped PbSe. 

 
 

The highest peaks of imaginary (see Fig. 6 (b)) part 2() of Fe, Mn and V doped PbSe 

are appeared at 2.75, 2.68 and 0.267 eV, respectively. It can be clearly observed that Pb0.75V0.25Se 

have highest peak as compared to the Pb0.75Fe0.25Se and Pb0.75Mn0.25Se. () is basically used to 
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determine the strength of penetration of the incident light. It depends on the absorption of 

interacting light (wavelength) [26]. Therefore, () is examined by using the following formula: 

𝐼(𝜔)  =
4𝜋

𝜆
(
[𝜀1
2(𝜔)+𝜀2

2(𝜔)]
1
2+ 𝜀1(𝜔)

2
)

1

2

   (7) 

 

The value of absorption coefficient () of Fe, Mn and V doped PbSe is illustrated in Fig. 

6(c). It is realized that () increases with increase in energy but after 8.5 eV it starts decreasing. 

The maximum peaks of Pb0.75Fe0.25Se, Pb0.75Mn0.25Se and Pb0.75V0.25Se are appeared (see Fig. 6 (c))  

at 8.45, 8.45 and 8.64 eV, respectively and at this energy range, values of () are 139, 142 and 

141, respectively.  

() is the property of material which links electric field to the current density for the 

common frequencies. The values of the highest peak of () appeared (see Fig. 6(d)) at the 2.95, 

2.97 and 3.06 eV, correspondingly. The refractive index n() of Mn, V and Fe doped PbSe is 

plotted in Fig. 7(a) and can be computed with the given expression: 

 

𝑛(𝜔) =  (
[𝜀1
2(𝜔)+𝜀2

2(𝜔)]
1
2+ 𝜀1(𝜔)

2
)

1

2

(8) 

 

The values of n() are 7.5, 5.9 and 8.2 for Pb0.75Fe0.25Se, Pb0.75Mn0.25Se and Pb0.75V0.25Se, 

respectively and all these values appeared at 0 eV energy. The intensity of n() decreased with 

increase in energy which represents that when energy of incident photon increments, n() 

decreases gradually. The n() of  V doped PbSe is higher as compared to Fe and Mn doped PbSe 

at 0 eV energy. 

The K() is the part of refractivity and it represents iɛ2(ω). The values of K() are 3.3, 3.4 

and 3.1 for Pb0.75Fe0.25Se, Pb0.75Mn0.25Se and Pb0.75V0.25Se, respectively which appeared at 3.1, 3.1 

and 3.5 eV, correspondingly (see Fig. 7(b)). At 3.1 eV the large amount of the absorption occurs 

so the value of K() of Pb0.75Mn0.25Se is maximum. Moreover, the n() is smaller as compared 

absorption coefficient (), therefore these materials are useful for the solar cell industry. 

 

 

 

 

 

 

 

 

 

 

 



561 

 

 
 

 
 

Fig. 7. (a) n() (b) K() (c) R() of  Fe, Mn and V doped PbSe. 

 

 

The R() of materials is the ratio of incident light and the reflected light. The R() of Fe, 

Mn and V doped PbSe binary compound has been illustrated in the below Fig 7(c). The highest 

peaks of R() for Pb0.75Fe0.25Se, Pb0.75Mn0.25Se, Pb0.75V0.25Se are appeared at 4.4 eV, 5.16 eV and 

5.02 eV, respectively.  

 

 
4. Conclusions 
 

In this work, physical characteristics of the Fe, Mn and V doped PbSe are evaluated by 

using FP-LAPW method. It can be seen from the graphs that Pb0.75Fe0.25Se, Pb0.75Mn0.25Se, 

Pb0.75V0.25Se shows HMF nature, which indicates the applications of these compounds in 

spintronics devices. The interstitial (Mint) for Pb0.75Fe0.25Se, Pb0.75Mn0.25Se, Pb0.75V0.25Se are 

0.14088, 0.32354 and 0.50458, respectively and total magnetic moment of the Pb0.75Fe0.25Se, 

Pb0.75Mn0.25Se, Pb0.75V0.25Se are 3.94233, 4.99108 and 2.91084 μB, respectively. Furthermore, 

optical properties revealed the Eg of 0.35, 0.23 and 0.54 eV for Fe, Mn and V, correspondingly. It 

is concluded from this study that doping of TM Mn is most suitable doping for spintronics devices 

as compare to Fe and V and also Pb1-xAxSe (A=Fe, Mn, V) compounds are suitable for optical 

devices  .  
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