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a b s t r a c t

To apprehend the electronic structures and related physical quantities such as Fermi surface, and optical
properties of the perovskite LaPdO3 system, we employed the full potential linearized augmented plane
wave method. The existence of rare-earth (La) and the actinide element (Pd) has implied to include the
Hubbard correction and spin-orbit coupling. We reported the electronic density states calculations and
the related optical properties as well as the Fermi surface. The near-Fermi valence bands are mainly
composed of La-p/d states and show a substantial overlapping with the conduction band, proving a
metallic nature of the perovskite. The Fermi surfaces, comprises of the disconnected electronic-like
pockets and hole-like pockets situated around Z. The optical properties were also discussed to com-
plete the optoelectronic structure description.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

One of the main entities of natural gas is methane, available as
abundant raw material. Natural gas is source of driving fuels for
most of the vehicles. It has a low emission during cold start and low
particulate matter as compared to petroleum. It emits less CO2 due
to low carbon to hydrogen ratio hence; contributes less to green-
house effect. After all exhaust stream of natural CO gas that un-
burnedmethane powerful constituents of greenhouse gas. Vehicles
operating on natural gas under stoichiometric fuel to air condition
also emit NOx but lean-burn natural gas fueled vehicles (NGFVs)
that operate at low temperature (<550) and does not allow NOx

formation [1,2]. Therefore, stoichiometrically operating NGFVs re-
quires three-way exhaust after-treatment for the reduction of CO,
CH4 and NOx emission. Some of the compounds of ternary oxides
are potential candidates for application in the field of catalysis and
electrochemistry. One such compound is La4PdO7, which in slightly
id).
reducing atmosphere with three-way catalyst for simultaneous
conversion of natural gases CO, C3H6 and NO to H2O, CO2 and N2 [3].
Catalytic behavior can be understandable by gaining information
about its thermodynamic stability. Interaction between Pt-group
metal and ceramic systems containing rare-earth elements with
different environment can be easily understand by gaining
knowledge about ternary oxides. Furthermore, thermodynamic
data are very helpful in designing processes that recover rare earth
and precious metal from scrap. Oxidized form of palladium (PdO) is
considered to be very active catalyst for methane oxidation that has
been the subject of extensive research [4e7]. Perovskite-type ox-
ides due to low cost and high thermal stability towards high tem-
perature sintering have been studied as catalyst for complete
oxidation of hydrocarbons [8e10]. Recent works [11e15] have
realized that catalysts made of noble metal-containing perovskite
are pertinent for CO oxidation, methane oxidation to syngas,
CO þ NO reaction and oxidation of volatile organic compounds.
Furthermore, doped perovskite with noble metal has been found to
act as fine catalyst for catalytic flameless combustion of methane
[16e19]. Also it can replace efficiently three-way catalyst for gas-
oline and NGFVs [20e24].
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Fig. 1. Crystal structure and unit cell for DFT calculations.

Fig. 2. Calculated electronic band structures for understanding the electronic band gap
nature and contributing bands.
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However, judging the new performance of perovskites as three-
way catalysts for NGFVs is based on operating conditions such as
synthesis/preparation method, thermal treatment and active phase
composition. McDaniel et al. [25] investigated stable ternary com-
pounds, such as La4PdO7 and La2Pd2O5, in LaePdeO system.
However, few studies were reported on LaPdO3 and none at high
pressures upon measurements have been performed on ternary
compound LaPdO3 at high temperatures [26,27].

The purpose of the present research study is to offer a quanti-
tative evaluation of the electronic structures and optical
properties of LaPdO3 within computations carried out in the
framework of the density functional theory (DFT). We reported a
first-principles study of electronic structures, elastic and optical
properties of LaPdO3 by means of full potential linearized
augmented plane wave method with local the gradient approxi-
mation exchangeecorrelation potential and spin-orbit coupling
and Hubbard corrections due to the existence of Pd and La
elements respectively.

2. Calculation methodology and crystal structure description

Our calculations were carried out using the full potential line-
arized augmented plane wave (FP-LAPW) [28] as implemented in
WIEN2k code [29e31]. We used the exchangeecorrelation poten-
tial within the local density approximation (LDA) [32], generalized
gradient approximation (GGA) [33] and Engel and Vosko's gener-
alized gradient approximation (EV-GGA) [34]. It is recognized that
both LDA and GGA approaches have demonstrated to be not suffi-
ciently flexible to accurately reproduce both the exchange-
correlation energy and its charge derivative. So the Engel and
Vosko (EV-GGA) deliberate on this short coming and put up the
new functional form of GGA, which is capable to better reproduce
the exchange potential. Furthermore, we added Hubbard correc-
tion, U¼ 5 eV, to treat La-f orbitals [35]. We have considered the
relativistic spin-orbit with second variation formalism [35e37]. In
the FP-LAPW method, the space is categorized into non-
overlapping muffin-tin (MT) spheres unconnected by an intersti-
tial region. The non-overlapping atomic spheres region is used as a
linear combination of radial functions times spherical harmonics,
whereas the wave expansion is used in the interstitial region a
plane. In this calculation, the Rmt� Kmax¼ 7 (Rmt is known as the
smallest of all MT sphere radius and Kmax is the maximum value of
the wave vector K), while the expansion of the wave functions was
set to lmax¼ 10 inside of MTs. The sphere radii values are 2.39, 2.08
and 1.79 Bohr for La, Pd and O, respectively. The integration of the
Brillouin zone is accomplished by 11� 10� 8 k-points mesh. The
unit cell structure for the LaPdO3 compound is displayed in Fig. 1. It
shows an orthorhombic symmetry with space group, Pbnm (# 62),
with lattice constant a¼ 5.5898 Å, b¼ 5.8502 Å, and c¼ 7.8665 Å
[25,26]. All details of the relaxation and optimization process were
reported in the supplementary information.

3. Results and discussion

3.1. Electronic structure, bonding characterization and fermi surface

Band structures and densities of states (DOS), were computed at
the equilibrium geometry, as illustrated in Figs. 2 and 3. We por-
trayed the near-Fermi band structure along the selected high-
symmetry points inside the first Brillouin zone (BZ) of the body-
centered orthorhombic structure. The Fermi level (EF) is set to
valence band maximum. From the electronic band structure, a
partially occupied band overlaps the Fermi level in the vicinity of Y-
R point, leading to the metallic nature of LaPdO3. As shown in Fig. 3,
the attained value of the total density of states at the EF is 0.82
electrons/eV. The partial densities of states (LDOS) are displayed in
Fig. 3 to indicate the hybridization between the electronic states of
elements La, Pd and O. It indicates that the PDOS near the EF for
LaPdO3 is dominated by the localized La-4p/4d states. The valence
band is featured by O 2s and Pd 4d states centered lower valence
band at �15.0 to �13.0 eV and La 4p/4d states lying in EF. Also the
low intensity states from the valence band crosses over the EF
within the conduction band. It is clearer in Fig. 3, that a narrower y-
axis range show the La p/d/f, Pd d and O atom projected PDOS four
different structure sites. O atom states also contribute but with a
small differences between them in addition with La and Pd, on one
side and between La and Pd, on the other side. These comments
concede a groundwork chemical bonding proposition entailing
metals p, d states with O s,p. It is obvious that 4p and 4d states of Pd
do not chip in significant manner at the Fermi level. The lowest
valence bands from �15 to �13 eV below Fermi level (EF¼ 0 eV)
mainly arise from Pd-4d and O-2s states. The higher valence bands



Fig. 3. Calculated total density of states (TDOS) and partial density of states (PDOS). Fermi level is considered at 0.0 eV.
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between �7 and 0.0 eV are dominated by hybridized orbitals of La
4p/4d and Pd 4s/4p. It is obvious that the hybridization peak of Pd
4s/4p states lies lower in energy compared to La 4p/4d states. This
suggests that the La 4p/4d bond is become stronger than the La 4p/
4d bond. Furthermore, the conduction band (CB) starting from
Fermi level to 12.0 eV, is mainly composed from La-p/d/f states
along with the small contributions from O-p and Pd-s states.

To analyze the bonding character for each atom in LaPdO3, we
calculated the electronic charge density distribution isosurface (see
Fig. 4). The isosurface map shows tendency of ionic/covalent
character within OePd bonds which depends on Pauling electro-
negativity difference of the atoms, 1.2, 2.2 and 3.5 for La, Pd and
O atoms. It is found that the majority of charges were accumulated
around O-atom. La atom has highest electro-negativity that govern
the ionic trend. Furthermore, the bond lengths and angles were also
calculated, which has been listed in Table 1. The calculated bond
length and angle values show a good agreement with the experi-
mental results [26].

Fermi surface is known as a surface that separates occupied
from unoccupied electron states at zero temperature in reciprocal
space. It is important to derive the shape of Fermi surface from the
periodicity and symmetry of the crystalline lattice. The shape also
depends on the electronic energy bands occupation. As a conse-
quence of Pauli Exclusion Principle, the Fermi surface (FS) plots of
LaPdO3 are presented in Fig. 5. In this case, we embellished the near
Fermi band structure alongside the selected high-symmetry in the
first Brillion zone of the orthorhombic crystal. We displayed the FS
related to bands 93, 94, 113, 114 and 115. In fact, it is important to
consider that the site-projected l-decomposed DOSs at the Fermi
level, N(EF), signify that comparable endowment to N(EF) comes
both from La 4p/4d states (0.90/0.15 states/eV-atom). In this way,
Fig. 4. Electronic charge difference density iso-surafces (3D plots).
the LaPdO3 possesses quite a unique situation and might be viewed
as d or sp metals, respectively. The spectra for the band structure
demonstrate that the Fermi level is crossed by La 4p/4d states,
resulting the electrical conductivity of thismaterial is metallic. Near
the Fermi level, the existing electrons are accountable for the
conductivity. Indeed, it is easy to get knowledge of the electronic
structure of any metallic material from its FS as well. The band
around the Fermi level exhibited a complex mixed character in
combination with the quasi-flat band accompanied by series of
high-dispersive bands intersecting the Fermi level, as shown in
Fig. 5. FS comprises of the disconnected electronic-like pockets as
well as the hole-like pockets. The closed hole-like pockets are
around Z point, in view of the fact that the electronic-like sheets are
at the X-R points of the Brillouin zone. The shaded and empty re-
gions in the Fermi surface are illustrated the electronic sheets and
the holes. Four bands crosses the EF level in the investigated
compound (see Fig. 3b). FS elucidates assorted electrons in the
system, whose topology is directly related to the transport char-
acteristics of materials, such as electrical conductivity.

3.2. optical properties

Dielectric function εðuÞ of the electron gas depend on the fre-
quency and has important role as it is related to various physical
properties of solids. It is defined with two real and imaginary parts
[38,39]: εðuÞ ¼ ε1ðuÞþ iε2ðuÞ. It is well known that the imaginary
part of the complex function ε2ðuÞ in orthorhombic symmetry
structure tensor can be extracted directly from the calculated
electronic density of states and transition matrix elements [40]

using the following expression: ε2ðuÞ ¼ 2e2p
Uε0

P
k;v;c

��hjc
k

��bu:r��jv
ki
��2dðEck �

Evk � EÞwhere u stands for frequency of light, e is the electronic
charge. jc

k andjv
kare respectively the conduction and valence band

wave functions at k. ε1ðuÞ is real part of the dielectric function and
might be deduced from its imaginary part ε2ðuÞ, via
KramerseKronig dispersion equation as follow [41,42].

ε1ðuÞ¼1þ 2
p
P
ð∞
0

u0
ε2ðu0Þ

u02 � u2
du0 (2)

Moreover, the refractive index, extinction coefficient, energy-
loss spectrum, and the reflectivity are derived from dielectric
constantsε1ðuÞ and ε2ðuÞ. The calculated real and imaginary part of
the complex dielectric function are shown in Fig. 6 (a and b). Both
ε1ð0Þ (static dielectric function) and low ε1ðuÞ (real part) contingent
on the band gap as implemented in Pennmodel relating the inverse
relation with band gap Eg [42,43]

ε1ð0Þy1þ �
Zup

�
Eg
�2 (3)



Table 1
Calculated bond length and angle values show a good agreement with the experimental results.

Bond length Bond angle

Exp.a Opt. Exp.a Opt.

LaeO1 2.27(2) 2.371 O1ePdeO2 87.9(9) 89.71
LaeO1 2.50(2) 2.456 O1ePdeO2 84.2(9) 87.22
LaeO1 3.43(2) 3.421 O2ePdeO2 89.4(11) 89.58
LaeO1 3.55(2) 3.561 PdeO1ePd 141.9(3) 144.79
LaeO2 2.50(2) 2.425 PdeO2ePd 153.0(6) 148.57
LaeO2 2.62(2) 2.619 PdeO1ePd 141.9(3) 144.79
LaeO2 2.77(2) 2.778
LaeO2 3.54(2) 3.643
PdeO1 2.087(7) 2.063
PdeO2 2.12(2) 2.102

a Ref. [26].

Fig. 5. Calculated Fermi surfaces iso-surafces (3D plots).

Fig. 6. Calculated imaginary (a)ε2ðuÞ and real (b)ε1ðuÞ parts of dielectric function.
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Where Zup symbolize the plasma energy. For LaPdO3, we can
deduce easily from these curves that the static dielectric function
values for εxx1 ð0Þ is 12.796, εyy1 ð0Þ is 19.966 and ε

zz
1 ð0Þ is 10.191 (arb.

unit). These values are somehow considered as large because po-
larization dies and lattice vibrations does not contribute in the
present temperature. Hence, the static (ε1ð0Þ) value is associated
reciprocally with the square of the energy gap (Eg), therefore low
and zero band gap material will possess higher value of static
dielectric constantmeans. ε1ðuÞ (εxx1 ð0Þ, εyy1 ð0Þ and ε

zz
1 ð0Þ) shows the

maximum peaks at the lower energy i.e.> 2.0 eV. A sharp decrease
appears in the real spectra plot, which demonstrates that this
material does not interact with the photons at this range.

The spectra for absorption coefficient IðuÞ is displayed in Fig. 7a.
The absorption coefficient, categorizes the decay of light intensity
disseminating in unit distance in medium. The computed IðuÞ of
LaPdO3 for three incident radiation polarizations along IxxðuÞ
IyyðuÞand IzzðuÞ (0.0e14.0 eV) are displayed in Fig. 7a. It is evident,
that IðuÞ spectra exhibit a noticeable anisotropy. The computed
electron energy-loss function L(u) spectrum is exposed in Fig. 7c.
LðuÞ, is a significant characteristic for identifying the energy loss of
a speedy electron fleeting through a material [44].
The refractive index (real and imaginary part) nðuÞ is shown in

Fig. 7b. The imaginary part of refractive index shows the highest
peaks at energy less than 1.0 eV, resulting the small absorption in
the spectral region. The refractive index is plotted in range of
0.0e14.0 eV (arb. unit), at 0.0 eV the spectra show the maximum
values for nxxð0Þ, nyyð0Þ and nzzð0Þ, then decreases occur with in-
crease in photon energy and almost the graph vanish at high en-
ergy, with this reason that the material absorbs high energy
photons and in result the transparency lost. At 9.0 eV, the refractive
index diminish lower down the unity which stipulates that the
phase velocity of light is greater than the light celerity c, which look
to be denial to relativity [39]. Though it seems that a signal must be
transmitted as awave packet rather than amonochromatic wave. In
a dispersive medium a wave packet will propagate with a group
velocity ng ¼ du

dkrather than the phase velocity, n ¼ u
k ¼ c

n0the rela-

tionship between ngand n is given by: ng ¼ n

�
1� k

n
dn
dk

�
The loss function (LðuÞ) spectra are also calculated and displayed



Fig. 7. (a) IðuÞAbsorption spectrum, (b) refractive index nðuÞ , (c) energy loss LðuÞ, (d) reflectivity RðuÞ and (e) optical conductivity (real and imaginary parts).
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in Fig. 7c. The LðuÞspectra is related to the plasma frequency (up).
They exhibit a wide peak at 11.0e14.0 eV that relay to the energy
wherenðuÞ and KðuÞ curves cross and with the zero crossing of
ε1ðuÞ. Furthermore, at 0 eV, the reflectivityRxxð0Þ, Ryyð0Þ and Rzzð0Þ
values are estimated to 3.23, 4.44 and 2.27 (arb. unit), indicating a
metallic behavior. The negative value in the ε1ðuÞ spectra at 8.5 eV
corresponds to the peak in the reflectivity spectra. The minima of
reflectivity that occurred at 4.0 eV is corresponding to the small
peak in ε1ðuÞ and is related to the absorption of photon energy at
this range (see Fig. 7a). As the energy increases with a decrease of
ε1ðuÞ occurs up to 8.5 eV and after this energy limit, at high energy
the spectra almost vanishes, which anticipate that the electro-
magnetic wave is mostly reflected from the medium.

The optical conductivity (real and imaginary part) is plotted in
Fig. 7e, the plot consists of three main peaks, one at 2.0 eV, second
at 7.0 while the prominent peak exists at 9.0 eV. These peaks
correspond, the transition from U, R and Y points respectively, as
shown in band structures. The imaginary part of the optical con-
ductivity spectra show an inclination with an increasing energy up
to 9.0 eV. This may be caused by the deficiency in DFT (GGA).
Whereas the imaginary spectra exhibit the maximum at high en-
ergies. Increasing the energy from 0.0 eV, the decrease in spectra
occurs i.e. a valley is found between 2.0 eV and 8.0 eV, giving the
negative value up to 8.5 eV after that a sharp increase and almost
pass over the real part at high energy. These optical behaviors
might lead us to conclude that perovskite LaPdO3 might be used for
shielding from the radiation at this range beyond UV wavelengths.

4. Conclusion

The electronic band structures and optical properties of the
perovskite LaPdO3 have been elucidated using FP-LAPW method
with Hubbard model and considering the spin-orbit coupling. The
study of DOS and band structures shows that the valence band (VB)
along with the conduction bands (CB) overlap substantially and
many bands are crossing the Fermi level, resulting in metallic
behavior. The oxygen atom states have been found to contribute in
the metallic behavior but with a small differences compared to La
(p and d orbitals) which are the main contributors in the over-
lapping with Pd/O states at the Fermi level. Fermi surface (FS) to-
pology show a 3D-like two-sheet shape made of disconnected
electronic and hole-like pockets. The static dielectric function
revealed the possibility of contribution from the lattice vibrations
with no polarization of the dipoles.
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