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Abstract : This paper reports the study of electronc and optical propertis of double perovskite oxide Pb2ScSbOs
by using the FP-LAPW method within density functional theory. Lattice constants are calculated by doing
volume optimisation. The values of bulk modulii and pressure derivatives had been obtained. Results of density
of states and energy bands are also presented. The indirect band gaps have been found for both the systems by
using the GGA and mBJ approximations. Calculations of optical properties is also presented by considering the
variations of optical parameters as a function of incident photon energy.
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I.  Introduction

Double perovskite compound with general formula ABB'Os (derived from simple ABO3) where A
represent alkaline-earth, rare earth or transition metals like Ba, Sr, Mn, Pb, etc. and B and B' represent transiton
metals like Fe, Mo, Co, W, V etc. [4,5,6]. Perovskite oxides were first studied in 1950, when ferromagnetic
behavior is observed in manganites (AMnOs: A=divalent or trivalent cations) around room temperature [7].
Recent years, there had been a large number of strongly correlated investigation regarding on Pb-based double
perovskite, Pb,ScTaOs and Pb,ScNbOg compounds is in paraelectric state at 400K and differs to ferroelectric
phase at 4.2K and 200K by cooperative ion shift [8]. Pb,ScNbOgs (PSN) ceramics, a promising relaxor
ferroelectric material, its powder mechanically activated at various pressures occur in different metastable
structural states [9]. Pb.YbNbOs at room temperature show antiferroelectric and upon when heating, it
undergoes an antiferroelectric to paraelectric phase transition at 578 K [10, 11].

There had been a number of theoretical as well as experimental studies on 3d-5d double perovskite
oxide. Also, amongst the double perovskites oxide, Sc-based compounds have attracted much attention because
of their potential application in electronic and optical devices. Several such oxides have recently been
synthesized and experimental studies have been performed over a wide range of temperature to understand their
electronic structure and phase transition [12-14]. M. G. Brik had investigated the first principles calculations of
electronic, optical and elastic properties of Ba,MgWOs double perovskite [15]. Likewise, Zhe-Wen et al.
studied perovskite oxide BioFeCrOs and determined the antiferromagnetic behavior [16]. Recently, Ahmed
studied Bi-based double perovskite oxides Bi,FeMnOgs and determine their magnetic, electronic and optical
properties [17].

In the present work, we report on the first-principles study of electronic and optical properties of
Pb,ScShOs. To the best of our knowledge, up till now, there are no theoretical investigation reports relating on
the electronic and optical properties of Pb,ScShOs in the literature. Thereby, the primary purpose of this work is
to provide some additional information to the existing data on the physical properties of Pb,ScSbQOg with ab-
initio calculations. We will apply here the method of full-potential liearized augmented plane wave (FP-LAPW)
method within density functional theory (DFT) to study the electronic and optical properties.

Il1. Computational Details

We have performed the first principle calculations using the FPLAPW method which is implemented
in WIEN2k code [18] and based upon DFT [19]. In the FP-LAPW method, the solution to the Kohn Sham
equations [20] are performed self-consistently and the augmented plane wave plus local orbital basis set is
incorporated to represent the electronic band structure for all atoms and their corresponding orbitals. Here, the
core states are treated fully relativistically while the semi-core and valence states are treated semi-
relativistically. All the calculations were converged with respect to Brillouin zone (BZ) sampling and the size of
the basis set. Brillouin zone (BZ) integrations within the self-consistency cycles were performed via a
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tetrahedron method. The exchange and correlation effects have been treated within the three potential, Gradient
approximation (GGA) [21] and modified Becke-Johnson exchange potential (mBJ) [22] based on the FP-LAPW
method [23]. This method has been adopted by many authors [24, 25].For a well conserved self-consistency
cycle, an 20x20x20 k-mesh was used in the first Brillouin zone, and the energy cut off was set to 10° Ry as
suggested by previous literature [26]. The convergence parameter RmiKmax, Which controls the size of the basis
sets, was set to 7 which determines matrix size (convergence), where Kma is the plane wavecut-off and Rur is
the smallest of all atomic sphere radii. The Gmax parameter was taken to be 12 Bohr™.

I11. Result And Discussions

3.1 Crystal structure: The double perovskite compound Pb,ScShOs crystalizes in cubic phase, forming
face-centred cubic crystal structure (Fm-3m) with four atoms per unit cell. The atomic position in the unit cell
are Pb (0.25, 0.25, 0.25), Sc (0.5, 0.5, 0.5), M (0, 0, 0) and O (0.2551, 0, 0), see figure 1. All internal atomic
positions are in fractional coordinates. Fig 1 shows the (100) plane of the corresponding conventional unit cell
which were displayed by using XCrySDen [27]. The structural optimization based on Murnaghan's equation of
state [28] was performed to obtain the relax structure with minimum energy, the obtained optimized lattice
parameters are summarized in Table 1. Our calculated values of the lattice parameters are slightly higher than
the available experimental data. This is usually expected for GGA as it tends to overestimate the lattice
parameters. The structural optimization defines the obtained energy versus volume plot for Pb,ScShOg are given
in fig. 2.
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Fig. 1. Unit cell structure of double perovskite oxide Pb,ScSbOs
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Fig. 2. Volume optimization of Pb,ScSbOg

Table 1. Calculated lattice constants, bulk modulus

Compound Lattice constant A Bulk
Calculated (a) Previous (a) Ref. B(GPa)
Pb,ScShOg 8.1866 8.1050 [35] 147.709

3.2 Electronic properties: The optimized lattice constants obtained after volume optimization were used
to calculate the electronic structures of Pb,ScSbOs. For better computation of the electronic states and the band
gap of the compound, we have used the Generalized Gradient Approximation energy exchange correlation
functional along with the modified Beck-Johnson potential, which is found to be very accurate for determination
of band gaps of compounds, compared to GGA which tends to underestimate the band gap [29]. The electronic
band structure of the double perovskite Pb,ScShOs are discussed and examined on the basis of total and partial
density of states as shown in fig. 3
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Fig. 3. Total and Partial DOS of Pb,ScShOs

From figure 3 it can be seen that high DOS peaks dominates the valance band region as well as the
conduction region, indicating availability of large number of states for occupation. At around the Fermi level (0
eV energy), the density of states is zero, meaning no states are available to be occupied.

The s states dominates the lower valance band region (-8 to -6 eV) with very low contribution from the
p states of O atom. In the region between -6 eV to -4.8 eV, there are no available states for occupation as seen
from GGA plot. The region decreases to -5 eV to -4.8 eV when treated with mBJ. The lower conduction region
shows sharp peaks in case of GGA, but the contribution almost gets negligible in case of mBJ, which is the
reason to open up a bigger band gap for mBJ treatment. The density of states and band structure of Pb,ScShOs
are employed in order to understand the obtained electronic properties within GGA and mBJ potentials as
shown in fig. 3 and 4. The GGA band structure and density of states result indicates that it is of semiconductor.
The O-p states electron contribution are more in the valence region despite it does not have much impact in the
hybridization between O-p states and Sc-d states near Fermi energy, the energy reference is selected to be the
Fermi level in E=0. We can see many peaks at the valence region ranging from 0 to -8 eV, the majority
contribution comes from s states of Pb and p states from O. High peak near Fermi energy in the valence band is
contributed by O 2p states and peak near -6 eV is due to Pb 6s states. In the conduction region, the range
between 3 to 10 eV, it was mainly contributes by d states from transition metals Sb. The basic covalent bond
between Sc-4d to O-2p in Pb,ScSbOs is to be mentioned that the maximum Sc- 4d contribution in Pb,ScShOs is
zero at the valence band but significantly rises when increased the energy. The band structure of these materials
along the various symmetry lines of Brillouin zone which shows the valence band near the Fermi level are
derived from O-2p orbitals. It is clearly seen that the two compounds exhibit same type of band nature. From the
band structure plot, it is seen that both the compound show that the bottom of conduction band and the top of
valence band lies at X symmetry point and obtained that these two compounds is at X-X direct band gap. It
means that a direct recombination takes place with the release of the energy equal to the energy difference
between the recombining particles and also defines that the difference between the wave-vector is equal to zero.
The efficiency factor of a direct band gap semiconductor is higher than those of indirect band. Therefore, these
material is the best candidate for applications comprising the emission of photons through radiative
recombination of electrons and holes and thereby, means that they are suitable for LED, lasers and optical
sources. Since there is no experimental result to compare this theoretical results. As is well known, the band gap
calculating using generalized gradient approximation (GGA) and local density approximation (LDA) are
strongly underestimated in density functional theory based method due to their discontinuity [30].
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Fig. 4. Band structure plot for Pb,ScSbOs (GGA green, mBJ red)
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So in order to obtain efficient energy band gap values, modified Becke-Johnson potential (mBJ) was
also employed, as this potential was perhaps the most suitable to produce accurate band gaps for different types
of materials [31-38]. The electronic band structure plot for Pb,ScSbOs are shown in fig. 4. Also the calculated
direct energy band gap for these materials using the two correlation exchange GGA and mBJ are given in table
2.

Table 2. The theoretical calculated energy band gaps for Ph,ScSbOg
Compound GGA (eV) mBJ (eV)
Pb,ScSbOs 2.712 3.842

3.3 Optical properties

From fig. 2(a) and (b), the band structure plot for these material conclude that it is a direct band at same
symmetry point within GGA and mBJ potential. The knowledge of the obtained band gaps are further compared
and examine with the optical properties. It is known that the optical properties of a solid can be described by the
complex dielectric function € (), which have two parts real and imaginary can be expressed as [39]

e(w)=¢ (0)+ie, (o) @
From the electronic band structure of the material, the imaginary part €, (o) of the complex function € (@) in
cubic symmetry can be calculated as follows

gz(a))z( e JZId3k<ck | p“ |V XV, | p” |Ck>X5(‘gck -, —a)) 2

m’w?

Here, p represents the momentum matrix element between states of band a and B within the crystal
momentum K. cx and vi are the crystal wave functions corresponding to the conduction and valence bands with
crystal wave vector k. From the imaginary part using Kramers-Kroning relation, it gives the real part €1 (w) of
the dielectric function [40] as follows

& (o) =1+2Z pTa)’gzziwdw' (3)
2oy o

Where p denotes the principal value of the integral. The real and imaginary parts of dielectric function
allow us to gain the knowledge to obtain the primary importance of optical functions like the refractive index
n(m), extinction coefficient k(w), absorption coefficient a(w) and reflectivity R(®) are used given as follows
[41].

N =

1
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The variation of the calculated dielectric function, absorption coefficient, refractive index and reflectivity for
Pb,ScSbOg as a function of photon energy with GGA and mBJ are shown in Fig. 5.

Table 3. The calculated dielectric constant e1(w), absorption coefficient a(w), refractive index n(w) and
reflectivity R(o) (in arbitrary unit)
Compound GGA mBJ
e o n@ R £1(w) aw  ne R
Pb,ScShOs 5.80 2.70 242 0.17 4.10 3.75 2.04 0.12
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Fig. 5. Dielectric constant, (b) absorption coefficient, (c) refractive index and (d) reflectivity of Pb,ScShOs

4 6
Energy (eV)

The compounds Pbh,ScSbOs under investigations are having cubic symmetry. Since in cubic symmetry
we have the principal tensor component exx = eyy = ezz, therefore we have to calculated only one component of
the complex dielectric function. Hence, the variations in real and imaginary (absorption) parts of the complex
dielectric function (eo) for the Ph,ScSbOs within GGA and mBJ are given in Fig. 5. The analysis of Fig. 5 shows
that, the calculated real parts of the dielectric function for Pb,ScShOs are 5.80 (GGA), 4.10 (mBJ). The
imaginary part from Fig. 5 shows the first optical critical point of the complex dielectric function which occurs
for Pb,ScShOs at 2.50 eV (GGA), 3.65 eV (mBJ). This point indicates the Xy - X. splitting, which shows the
threshold of optical direct transition between the lowest of the conduction band and the highest of the valence
band and is also known as the absorption edge. Above this point, with the increase of the energy, we have seen
that the curve increases along. It is because the real part of the dielectric function increases instantaneously. The
reason behind the occurrence of rapid peak in the optical spectrum is that the transition between the occupied
states from the valence region to the unoccupied states from the conduction region. From mBJ compare to GGA,
the main peak of the real and imaginary parts shifted due to increase of energy. From Fig. 5, the resulted peak in
the absorption plots quite similar to the peak of imaginary parts of the complex dielectric function, which
follows the linear absorption spectra is originated from the imaginary parts of the electronic dielectric function.
From energy range 0 eV to 12 eV, we have obtained a peaks at energy of 4.5 (GGA), 5.7 (mBJ); 5.1 (GGA),
7.02 (mBJ); 6.8 eV (GGA), 7.9 (mBJ) and 7.8 (GGA), 8.6 (mBJ). From the absorption spectra, we have seen
that as energy decreases the absorption coefficient decreases rapidly, which should be the behavior of common
semiconductors.

IV. Conclusion
First principles calculation have been employed to study the electronic structure and optical properties
of double perovskite Pb,ScSbOs using full potential linearized augmented plane wave method under
generalized gradient approximations within Wien2k. The calculated electronic properties showed Pb,ScShOs to
be semiconductor and showed that it is of direct band as the lowest energy in conduction and highest band in the
valence region lies in X-X symmetry was observed. The optical properties also indicate a possible application of
Pb,ScShOg in LED devices
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