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Abstract. Cerium dioxide (CeOz), zirconium dioxide (ZrO2) and tin dioxide (SnO2) also known as ceria,
are fascinating materials with a wide range of applications due to their unique properties. To investigate
the doping response of La in of XOs (X = Ce, Zr, Sn) generalized gradient approximation (GGA-PBEsol)
based on CASTEP (Cambridge Serial Total Energy Package) code with ultra-soft pseudo-potential (USP)
plane wave method is used. The incorporation of La in pure material shows a significant reduction of band
gap and enhances the conductivity of the material. The bandgap narrowing primes to the maximum optical
absorption in the visible light region. To assess the mechanical stability, the elastic responses, including
the bulk Poisson’s ratios, and Young’s modulus calculate the significant hardness and ductile nature of
the materials. The nature of the materials for optoelectronic applications, such as solar cells, is evident
in the optical characteristics, including real and fictitious components of the dielectric constant, refractive
index, absorption, and energy loss function. The computation of the structural, electronic, mechanical, and
optical responses validates its significance for optoelectronic applications.

1 Introduction

Cerium dioxide (CeOs) is a versatile oxide material that
belongs to the family of rare earth oxides. It has a
fluorite crystal structure and exhibits a wide range of
properties, including excellent oxygen storage capacity,
redox activity, and catalytic behavior. Due to its unique
characteristics, CeO4 has found applications in diverse
areas, such as catalysis, solid oxide fuel cells, oxy-
gen sensors, and environmental remediation. Zirconium
dioxide, commonly known as zirconia (ZrOs), is a metal
oxide that exhibits exceptional properties, making it
an essential material in numerous technological appli-
cations. From being a critical component in solid oxide
fuel cells (SOFCs) to playing a significant role in dental
ceramics and high-temperature coatings, ZrOs’s prop-
erties have sparked interest among researchers, lead-
ing to in-depth investigations using theoretical meth-
ods like density functional theory. SnOs is an inor-
ganic compound composed of tin (Sn) and oxygen (O)
atoms. Its chemical formula is often written as SnOs.
The compound appears as a white or off-white pow-
der in its pure form and is insoluble in water. It has
a high melting point and is stable under normal atmo-
spheric conditions. One of the key properties of SnO,
is its high electrical conductivity, which makes it an
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important material for various electronic and optoelec-
tronic applications. Additionally, it is a wide-band gap
semiconductor, meaning it has potential in optoelec-
tronics and solar energy-related devices. In solid oxide
fuel cells (SOFCs), CeOs is used as an electrolyte mate-
rial due to its high oxygen ion conductivity. This allows
the efficient transfer of oxygen ions through the cell,
contributing to the cell’s overall performance and sta-
bility. Additionally, CeOs’s redox properties have made
it essential in oxygen sensors, which are widely used
in automotive applications to monitor and regulate the
air-to-fuel ratio, leading to better combustion and lower
emissions. One of the most significant responsibilities
assigned to modern research has taken curious attention
for researchers in many industrial applications involv-
ing modern catalytic, solar cells, energy storage devices,
optoelectronic devices and biomedical uses [1-3]. Due
to its large type of applications in catalysts, solid oxide
fuel cells and high oxygen performance storage capac-
ity [4]. As a very prominent field in renewable energy
sources, solar engineering has attracted huge interest
from many scientists all over the world. CeO4 and ZrO,
are fluorite structure and crystallizes in the cubic space
group. Cet* and Zr** are bonded in a body-centered
geometry to eight similar O~2 atoms. All (Ce-O) and
(Zr-O) bond lengths are 2.37 A or 2.23 A. Tt has been
found that La-doping can improve the electronic and
optical response of cubic CeOs, SnOs and ZrO,. The
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aforementioned explanations supply large knowledge
and employ a wide range of applications. The optical
response of doped- XOs (X = Ce, Zr, Sn) have been
done employing DFT computations through CASTEP
code. The computed data represent increased optical
response with the incorporation of La in cubic CeOg,
SnOs and ZrOs. Stannic oxide (SnOs) also has com-
prehensive employment for the electron transport layer
application due to its response namely, electronic, band
gap tuning and optical transparency. Lanthanum (La)
concentration utilizing structural modification has been
proceeding to optimize the different responses. Zirconia
(ZrO2) has awesome technological excellence outstand-
ing to its exceptional mechanical, elastic, and electronic
engineering, towering dielectric value as well as large
band gap tuning [5]. The impact of La on the physi-
cal responses of CeOs, SnO,, and ZrO, was calculated
and investigated the increment of other optical parame-
ters was in detail. Hence, the research described in this
manuscript is aimed at a complete understanding of
the structural, electronic, elastic, mechanical and opti-
cal response. Moreover, it was also verified that CeOs,
SnOy and ZrO, have excellent candidates for photo-
catalytic and could be also employed in environmental
applications owing to their nontoxicity [6].

2 Theoretical method

First principle calculations have been performed using
the software CASTEP (Cambridge Serial Total Energy
Package) code with the ultrasoft pseudo-potential
(USP) plane wave method, which was created using
the plane-wave technique and is dependent on the den-
sity functional theory, to examine the characteristics of
the oxides [7]. DFT was designed by Hohenberg, Kohn,
and Sham to solve the enormous Kohn—Sham equations
using an iterative matrix diagonalization approach [8,
9]. Due to the exchange—correlation technique of La-
doped CeOs, SnOs, and ZrO; were adopted by the
generalized gradient approximation (GGA + PBEsol)
functional

ESOAp(7)] = / p(P)eaclp(F), Vo)) (7).

Well-converged plane-wave energy cutoff and K-mesh
are the most significant aspects of any SCF computa-
tion for correctly showing the attributes of the elec-
tronic structure [11]. According to the reported works,
the CeOs, SnOy, and ZrOs belong to the cubic struc-
tures while the determined lattice parameters of ZrOq
are a = 5.47 A, 4.89 A and 5.15 A. In XO, (X = Ce,
Zr, Sn), the Zr, Sn and Ce atoms and O atoms occupy
the Wyckoff positions a (0, 0, 0), b (1/2, 1/2, 1/2) and
(3/4, %, ) sites. To study the inspiration of evolution
metal on the electronic and optical responses of CeOs,
SnOy and ZrOs, two Zr, Sn and Ce atoms in XO2 (X
= Ce, Zr, Sn) are replaced by the La atom founded
on the symmetrical structure. To study the effect of La
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concentration and electronic and optical responses of
XOs, we built a 2 x 2 x 1 supercell. The doped con-
centration in XOs is 13.5 at%. After convergence check,
the electronic wave function of the La-doped XOy (X
= Ce, Zr, Sn) was 480 e¢V. The k-meshes of 16 x 16 x
16 were implemented for the XOy (X = Ce, Zr, Sn) and
La-doped concentrations. All structural coefficients of
X0y (X = Ce, Zr, Sn) and La-doped XOqy were fully
unperturbed during the process of structural optimiza-
tions. The convergence thresholds of total energy were
smaller than 1 x 1075 eV /atom and the maximum ionic
displacement was within 0.001 A [12].

3 Results and discussions

3.1 Structural property

CeO3, SnOy and ZrOs have a cubic crystal structure
with fluorite-family compound and have three phases
space groups cubic (Fm 3 m). For the best sympa-
thetic, our work based on cubic CeOs, SnOs and ZrO,
are also attributed to fluorite oxides. So, the researcher
is anxious about cubic fluorite-type crystal structures
and employs some responses of cubic XOs (X = Ce,
Zr, Sn)-doped La. The geometry optimization struc-
ture of the cubic XOg (X = Ce, Zr, Sn) has been shown
in Fig. 1. After generating a 2 x 22 x 1 supercell,
the geometrical parameters for original CeOs, SnO,
and ZrO, were obtained. Geometry optimization, also
known as molecular optimization or molecular geome-
try optimization, is a computational technique used in
various scientific fields, particularly in chemistry and
materials science. It involves finding the most stable or
lowest-energy arrangement of atoms within a molecule
or a solid material. geometry optimization is a powerful
computational tool that plays a crucial role in under-
standing molecular structures, properties, and interac-
tions, as well as aiding in the design of new materials
and drugs. The ground state energy of the crystal struc-
tures CeO9, SnO4 and ZrOs are computed with the help
of Birch Murnaghan’s approach of using the GGA-PBE

function.

Etotal(v) = EO (V)
V Bo

s P - ()]

V volume of the unit cell.

Table 1 shows the unit volume change with the effect
of La-doping and its impact also depends on bond
lengths. Additionally, the computational details and
lattice parameters are acceptable for an explanation of
structural, electronic, mechanical and optical responses
of Cey_,La;0Os, Sny ,La,Os and Zr; ,La,0,. Com-
puted the equilibrium lattice parameters and volumes
for CeOs, SnO5 and ZrOs are 5.47 A, 4.89 A and 5.15 A
as well as 1.63 A3, 80.58 A% and 136.59 A3, respec-
tively. The founded lattice parameters are 158.3 A3,
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Fig.1 Optimized
structures of a CeOg,
b SnO; and ¢ ZrO,
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Table 1 Geometry
optimized lattice parameter

and supercell volume of
CeO2, SnO2, and ZrO,

Materials Lattice Parameters (A)

a b c Volume (A?%)
Reported result (CeO2) 5.48 5.48 5.48 164.56 [14]
Experimental result (CeOsz) 5.41 5.41 5.41 158.34 [15]
Present result (CeO3) 5.47 5.47 5.47 163.44
Experimental result (SnOz) 4.737 4.737 3.186 71.49 [16]
Present result (SnO3z) 4.89 4.89 3.372 80.58
Reported result (ZrO2) 5.14 5.14 5.14 135.80 [17]
Experimental result (ZrO>) 5.0 5.0 5.0 131.87 [17]
Present result (ZrO2) 5.15 5.15 5.15 136.59
La-doped (CeO2) 5.52 5.52 6.34 193.18
La~doped (SnO2) 4.77 4.77 3.26 74.17
La-doped (Zr02) 5.33 5.33 5.33 151.41

71.49 A3 and 131.87 A3, Our computed lattice param-
eters value and cell volume are discussing above table
strongly agree with other computed values of the lat-
tice parameters are 164.5 A% and 1.35 A% and bond
length 2.366 A. After doping concentration of La atoms
we noted that the computed value of lattice parameter
and cell volume values are 193.18 A3, 74.17 A3 and
151.41 A3 respectively. Concurrently, from Table 1 we
can noticeably see that the lattice parameters enhance
in the case of CeO5 and ZrO, as well as decreases in the
case of SnOs with reasonable impurities of La-doping
atoms is in good comparable with other computed data

as well as X-ray diffraction (XRD) data. Due to this rea-
son, the difference of covalent radius Zr, Sn and Ce in
comparison with Ce-La, Sn-La and Zr-La are (1.85 A),
(1.4 A) as well as (1.6 A) [18].

3.2 Electronic properties

Some key electronic properties of CeOs include: cerium
atoms in CeOy can exist in both Ce(IV) and Ce(III)
oxidation states, resulting in mixed valence behavior.
This property makes CeOy a good candidate for cat-
alytic applications and solid oxide fuel cells (SOFCs).
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Fig. 2 Band structure with
GGA (PBEsol); of; a pure
CeO2 b La-doped CeO2

c pure SnO2 d La-doped
SnO,, e pure ZrOs and

f La-doped ZrO,
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Table 2 Milliken charge, bond lengths and band gaps of CeO2, SnO2 and ZrO,

Materials s P d Charge  Population = Bond Reported band  Present band Bond length
gaps (eV) gaps (eV)
CeO2 1.86 474 0 - 0.60 0.21 O-Ce [19] 2.5 1.87 2.35
La—CeO2 1.82 453 0 - 0.78 0.19 O-La 2.16 2.29
Sn0O2 0.99 1.16 1.0 1.85 0.30 O-Sn [20, 21] 1.69 1.9 2.10
La-—SnO- 0.78 1.08 0.97 1.64 0.15 O-La 1.82 2.06
ZrOq 2.86 6.26 1.96 1.53 0.36 O-Zr [22, 23] 3.4 3.72 2.12
La—ZrO2 2.68 6.17 1-87 1.36 0.19 O-La 3.61 2.16
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It can easily form oxygen vacancies, which can partic-
ipate in redox reactions with oxygen molecules. This
property contributes to its excellent oxygen storage and
release capability, making it a crucial component in cat-
alytic converters. CeOy exhibits high oxygen-ion con-
ductivity at elevated temperatures, making it applica-
ble in oxygen-ion conducting solid electrolytes used in
fuel cells and oxygen sensors. Tin dioxide, also known
as stannic oxide or tin (IV) oxide, is a semiconductor
material with a rutile crystal structure. It has vari-
ous applications due to its unique electronic properties:
SnOy is an n-type semiconductor, meaning it has an
excess of electrons and can conduct electricity. It is com-
monly used as a transparent conducting oxide (TCO)
material in applications such as touch screens, solar
cells, and gas sensors. Zirconium dioxide, or zirconia,
is a metal oxide with multiple crystal phases, includ-
ing monoclinic, tetragonal, and cubic. It has several
electronic properties that are advantageous for various
applications: ZrOs exhibits exceptional thermal stabil-
ity, and it can maintain its crystalline structure at high
temperatures. This property makes it a vital component
in high-temperature ceramics and refractories. Similar
to CeOq, zirconia has excellent oxygen ion conductiv-
ity, especially in its yttria-stabilized form (YSZ). YSZ
is widely used as an electrolyte in solid oxide fuel cells
(SOFCs) due to its ability to conduct oxygen ions at
elevated temperatures. The computed electronic band
gaps of pure and La-doped (CeOq, SnOy and ZrO,) are
compared to experimental calculations. Among them,
PBEsol obtained better band gaps but below value
the experiment values of CeOs, SnO5 and ZrO, are
(2.5 €V), (1.69 V) and (3.4 eV). Doping material and
its impacts on electronic band gap tuning decreased
trends due to the transitions of valance electrons into
the conduction region and maximum holes left in the
valance band. The nature of the electronic band gap is
a famous basis for understanding optoelectronic semi-
conductor materials. Above the valance band and below
the conduction band the Fermi levels are obtained at
zero electron volt energy (E¢ = 0 eV) and its band
energy expands along a high symmetric point of BZ.
Computed band gaps tuning of CeOs, SnO5 and ZrOq
and doping effects on it are shown in Fig. 2 (see Table
2).

The charge density rearrangement before and after
concentration Ce and Sn, as well as Zr with La atoms in
CeOs, SnOy and ZrOs, is under the condition of an elec-
tron exchange approach. It is considerable to compute
that suitable addition of impurity La has changed the
Mulliken charge (e) of Oxygen and Ce, Sn as well as Zr
atoms. Additionally, the structure of CeOs, SnOs and
ZrQO, with enhanced La concentrations and we noted
that the charge of oxygen atoms is decreased as well as
the charge of CeOs, SnOs and ZrO4, atoms are enhanced
because they are reverse La atoms are extra suitable
to contribute electrons to oxygen as compare to CeOa,
SnO, and ZrOsatoms. Before and after the doping con-
centration of La the charge of CeOs, SnOy and ZrOy
atoms change from — 0.60 to — 0.78e, 1.85e to 1.94e and
1.53 to 1.36e as well as the charge of oxygen atoms also
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revolution from — 0.64 to — 0.73e. Especially, obtained
result with enhanced La doping, it is attention-grabbing
to compute that the charge of CeOs, SnOs and ZrOs
atoms will be reasonably enhanced, the charge of La
atoms are considerably enhanced and decrease the main
charge of oxygen atoms as well as we compute that the
crinum negative charge and Sn, Zr are compute positive
change in Ce;_,La;0s, Sny;_,La,; O and Zr; ,La,; 05
are greater than in all pure cranium oxide, tin oxide
and zirconium oxide. The only zirconium atom positive
charge is small as compared to pure zirconium oxide
[21]. This suggests that La doping concentration will
strongly attention to the weakened covalent behavior of
Ce-0, Sn—0O and Zr-O bonds. The exact strength of the
bond that links a pair of atoms is employed to compute
the bond orders. With the aid of an atomic basis expan-
sion, it can be determined from the background of over-
lap integrals between the Bloch functions [24, 25]. For
a crystal structure of CeOs, SnOs, and ZrO,, the over-
all bond order can be calculated by multiplying each
bond order by the exact number of bonds per molec-
ular unit. The computed bond energy in both cases of
pure CeOs, SnOy, and ZrO, and La-doped atoms noted
are 535.2 eV, 545.1 eV and 530.7 eV as well as 548.4 eV,
556.9 eV and 542.7 eV, respectively. From Fig. 2a, b,
the top of VB pinpoint at the space between Z point
and the minima below of CB located at G point in the
BZ. Calculated the electronic band gap tuning of CeO,
due to the difference between the VB to CB, it forms
an indirect band gap semiconductor with a band gap
of (1.86 eV). After the addition of the concentration of
La-CeOg, the transitions of electrons occur between VB
to CB and its impact on the fermi level more shifted
near the conduction band. The computed band gap
enhanced from 1.86 to 2.16 eV, which is consistent
with the data in the literature. Figure 2c, d computed
the electronic band gap tuning of pure and doped SnQOs.
Effect of La-concentration of SnO2 The band gap trends
go on decreasing from 1.90 to 1.82 eV and the fermi
level shifted more into the conduction band and show
p-type characteristics. Namely, La-doping is beneficial
to promote the electronic jump in comparison to SnOq
and CeO5 doping. Based on the band structure tuning,
the variation of electronic responses of La-doped SnO,
and CeOq are directly related to the maximum con-
tribution Sn-4d and Ce-4d state. As mentioned above
the overlapping band gap impact of phenomena devel-
ops for all contributions in Ce—La and Sn—La, especially
band gap trends continually reduced and enhanced due
to the taking part of the electron on Ce-5d, Ce-4f and
Sn-5d, Sn-4f states were a contribution, leading to the
states Ce-5d and Sn-d were enhanced. Figure 2e—d cal-
culated the electronic band gaps tuning of pure and La-
doped ZrOs. Before and after the suitable concentration
of La—ZrQOs the electron band gap reduced from 3.7 to
3.6 eV. We noted that the upper VB of CeO3, SnOy
and ZrOs lies in the region above 2 eV, and 3.3 eV are
mainly O-2p and O-3p states with Ce-5d, Sn-3p and
Zr-5d states admixture. The bottom of CB is mainly
contributed to by the Ce-4d, Sn-3p and Zr-4d-states of
the CeOs, SnOs and ZrO,;. When the Ce, Sn and Zr
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atoms are substituted by the La atoms in CeQOs, SnO,
and ZrQO, their p-states and d-states behaviors are extra
understandable at the upper CB and it transfers up in
energy levels and intersections with the band region
1.5-3 eV. The range of the CB energy becomes large
as compared to the undoped crystal structure system.
After the doped system as declared upper the intersect-
ing band processes occur for suitable concentrations in
Ce; ,La;04, Sny ,La; 05 and Zr; ,La, O, as well as
gaps nearly disappear with doping La atoms in CeQOa,
SnOs and ZrOs. The main strong contribution of the
electron on La-3d states, a new band created between
Ce-5d, Sn-4d and Zr-4d-states was involved leading to
the states of cerium (Ce-5d) and zirconium (Zr-4d) were
enhanced. The most important thing and interesting to
compute is that for Ce; ,La,Os the BG enhanced is
absorbed as compared with pure CeOs. To explain the
charge of band structure and its impacts on it the rea-
sons under zero stress can be seen from the study in
the above figs. Under combination, the DOS, and CB
of CeOs, SnOy and ZrOy are the contribution of Ce-
4d, Zr-5f and O-2p. The addition of La-concentration
enhancement led to the occupation of Ce, Sn and Zr-4f
electrons and their impact’s in CB increased, and the
maximum contribution of O-2p electrons enhanced in
VB. At the same impact, because of the energy of Ce-
4d, the Zr-5f ground state is larger than that of the O-2p
orbit and its 4f required for the transition is relatively
increased as compared with that of the O-2p state. Due
to this reason, the electronic band gap tuning curves
become dense as well as generally move to the fermi
levels. After computing the electronic band structure,
we calculate the TPDOS/EPDOS and TDOS of pure
and doped CB of CeOs, SnO5 and ZrO,. We also com-
puted that the thicknesses of O-2p and O-3p states as
well as BG increase with La impurities enhancement.
This is mostly because La-doping enhanced the inter-
action between the Sn-4p, Ce-5d, Zr-5d and Ce-3p as
well as O-2p states, relating to that in pure SnOy CeOs,
and ZrOs. And the most notable peak value of the thin
band located above the Fermi level decreased with La-
doping impurities also enhanced. This is perhaps the
main explanation that the involvement of the electron
on La-4d states a new band between the Ce-5d, Sn-4d
and Zr-3p-states were involvement leading to the states
of cerium (Ce-5d), tin (Sn-4d) and zirconium (Zr-3p)-
states were enhanced. The calculated density of stats,
EPDOS, TPDOS and TDOS profile of La-doped CeOx,
SnOs and ZrOs as shown in Fig. 3.

Figure 3 represents TPDOS/EPDOS and the TDOS
profile is composed of O-2p, Ce-4p, Sn-5p and Zr-4p
states, respectively. From Fig. 3a—c, the total TPDOS in
the case of CeOs is shifted between — 4.4 eV and 0.4 eV,
and the maximum contribution of p-states is 58.28 at
—0.89 eV. In the case of elemental PDOS of pure and
doped Ce is transferred from the point 6.5-13.2 eV and
the valuable contribution of d-states 37.9 at 6.5 eV and
fermi level more shifted into CB. From Fig (d, e, f) the
TPDOS/EPDOS of pure and La-doped SnOs promi-
nent peaks are shifted from the points — 4.9 to 0.3 eV,
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3.4-4.8 eV and — 4.9 to 4.5 eV, the maximum contribu-
tion of p-states, s-states are 73.6 at — 0.4 eV, 67.5 eV at
4.2 and 73.1 at — 0.5 eV. from fig (g, h) in case of pure
and La-doped ZrO; the energy peaks of both TPDOS
and EPDOS shifted from — 5.02 to 0.09 eV, 3.3-11.3 eV
and the maximum contribution is p-states and d-states
(ZrO3) peaks 52.7 at — 1.2 eV, 33.1 at 5.2 eV. Doping
effects on DOS it is worth noticing that CB of cubic
CeOs2, SnOy and ZrOy is mainly contributed by Sn-
5p and Zr-4p states. The comparison in the case of
TDOS of CeOs, SnOs and ZrO, maximum contribu-
tion of CeO, is 258.8 at 2.3 eV. Especially, in particu-
lar, in the band gap in both cases of pure and doped
perovskite materials, the fermi level separates the bond-
ing orbit and anti-bonding orbits. Due to this reason,
the electronic band gaps separate increases the main
difficulty of free electron jumps between VB and CB.

4 Elastic and mechanical properties

FElastic properties responses are more valuable in phase
to compute compounds’ mechanical stability such as
stiffness, brightness and ductility [26]. The elastic mod-
ulus of CeQOy varies depending on its crystal struc-
ture and temperature. At room temperature, the elas-
tic modulus typically ranges from 200 to 400 GPa. The
hardness of CeQOs is around 5.5-6.5 on the Mohs scale.
The fracture toughness of CeOs is relatively low, typ-
ically in the range of 1.5-3.5 MPa,/m. Young’s modu-
lus of CeQs is approximately 300-350 GPa. The Pois-
son’s ratio for CeQy is around 0.25-0.30. The elastic
modulus of SnQOs is typically around 200 GPa. The
hardness of SnOs is approximately 6-7 on the Mohs
scale and the fracture toughness of SnO2 is relatively
low, similar to CeO,, and falls within the range of
1.5-3.5 MPay/m. Young’s modulus of SnO, is around
180-200 GPa. The Poisson’s ratio for SnOs is roughly
0.28-0.33. The elastic modulus of ZrO2 is higher than
the previous two materials, ranging from 200 to 380
GPa, depending on the phase and temperature and the
hardness of ZrOs is approximately 7.5 on the Mohs
scale. ZrOq exhibits high fracture toughness, typically
in the range of 7-10 MPa,/m. Young’s modulus of
ZrQ2 varies with its crystal structure and tempera-
ture, ranging from 200 to 400 GPa. Poisson’s ratio for
Zr02 is around 0.25-0.31. The mechanical responses of
Cey .La,05, Sny ,La,05 and Zry ,La;Os depend on
their elastic parameters which justify the response to
the addition of La-doping effects. Therefore, the elas-
tic constants of CeOy, SnOy and ZrO, are important
parameters of the materials and provide considerable
important information about the mechanical stability,
brittleness, stiffness anisotropic and stiffness character.
From the perspective of materials of CeOz, SnOs and
ZrOs some of the excellent knowledge of the materi-
als can be gained from elastic parameters Cj;, which
can be achieved from the ground state required total
energy calculations. If the crystal structure XOo (X
= Ce, Zr, Sn)-La~-doped unless its elastic parameters

@ Springer



20 Page 8 of 13

depend on certain relationships and it cannot exist in
a metastable phase and stable phase. The impacts of
the crystal structure CeOs, SnO5 and ZrOs to external
forces as characterized by the bulk modulus (B), Pois-
son ratio (V'), shear modulus (G) and Young’s modu-
lus (E) are computed by C;; and add the valuable role
in calculating the strength of the materials. A cubic
crystal structure XOs (X = Ce, Zr, Sn)-doped La have
three important elastic coefficients C'y1, C12 and Cyy.
Under these conditions, the stress is compulsory for the
existence of strain in the configurations indicated by
the data of the elastic parameters. Especially, the large
value of elastic constants the force needed to reduce
crystal structure strain. The Voigt—Reuss—Hill compu-
tations have been employed to achieve the cubic crys-
tal lattice isotropic bulk, Young’s, Passions ratio and
shear modulus from the crystal parameters as described
below equations [27].

Cii+2C2>0, Ci1 —Ci2>0, Ci1 >0, Cay > 0
B = (Cy1 +2C12)
E = (C11 — C12) (C11 +2Ch2)/ (Ci1 + Cha).

The shear modulus is obtained by;

1
Gy = E(CH — C12 —3Cu)

1
G = i(GU + GRr)

Y = 9BG/(3B + G).

The value of the Poisson ratio (o) is determined by
the following equation.

o= (3B —2G)/2(3B — G).

The anisotropy factor A can be deduced by using this
formula [28].

A = Cu/ (Ci1 — Cha).

Additionally, determine the plasticity, hardness and
connecting features of the crystal structure CeOg, SnOo
and ZrOq, information of these quantities (see Table 3).

Comparison of large stiffness of the compound XO,
(X = Ce, Zr, Sn)-doped La, understanding the infor-
mation of these materials have an anisotropic value
of larger than A > 1 are obtained to be the elasti-
cally anisotropic response [31]. Another hand if it has a
value smaller than A < 1 is obtained by its elastically
isotropic nature [32]. Here Cy; elastic coefficient justi-
fies the material’s flexibility regarding the arrangement
and Ciz, and Cyy4 obtained these materials’ flexibility
as the consultation of phase transformation. Under the
study of the ductile and brittle response of X0y (X
= Ce, Zr, Sn)-doped La, after calculating the required
data of elastic constants. Pugh’s ratio (B/G) and also
Poisson ratio (V) provide more knowledge to verify the
nature of different materials to achieve the brightness
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and ductility of our materials [33, 34]. The B/G ratio
is used to classify the brittleness and ductility of var-
ious materials. The value 1.75 is the critical number
that identifies the brittleness and ductility character-
istics of materials, according to Pugh, When the B/G
ratio is greater than the critical value, the material is
said to be ductile. When the B/G number is less than
the critical value, however, the material is termed as
brittle. As indicated above Table, the B/G ratio pure
and Ce; ;La,;Os, Sny ,La, 05 and Zr; ;La,;Os mate-
rials computations are 2.14, 1.15 & 1.79 and 2.16, 1.51
and 0.81, respectively which is greater than in case of
CeO5> and smaller in case of SnOy and ZrOs the criti-
cal value 1.75, for PBEsole and confirm the brutality of
CeO4 and ductility of SnOgy and ZrOs. In addition, bulk
modulus and shear modulus can be employed to com-
pute the material hardness and softness. The nature of
CeOy is (brittle), SnOy (ductile) and ZrO, brittle as
well after the doping effect on these materials and the
nature of CeOs is (brittle), SnOy (ductile) and ZrO-
(ductile) [38, 39].

5 Optical properties

CeQ4 is generally transparent to visible light and
absorbs light in the ultraviolet (UV) region. The refrac-
tive index of CeOs varies with wavelength, but it typ-
ically falls within the range of 2.1-2.3 for visible light.
CeOs is known for its interesting electronic structure,
where the bandgap can be tailored by doping or chang-
ing the crystal structure. The bandgap of pure CeO- is
around 3.2-3.7 eV, depending on the crystal phase. Tin
dioxide, also known as stannic oxide or tin(IV) oxide,
is a compound made up of tin and oxygen. It is widely
used in gas sensors, transparent conducting films, and
as a polishing material. SnOs is transparent in the visi-
ble light range and has good optical clarity. The refrac-
tive index of SnOs ranges from approximately 2.0 to 2.3
for visible light, depending on the wavelength and film
thickness. Zirconium dioxide, commonly known as zir-
conia, is a versatile material with applications in ceram-
ics, dental implants, and oxygen sensors. ZrOs is trans-
parent to visible light and exhibits good optical trans-
parency. The refractive index of ZrOgy varies with the
crystal phase and ranges from approximately 1.8-2.3
for visible light. The bandgap of ZrOy depends on its
crystal structure and typically falls within the range of
5 to 7 eV. Under the electronic transitions, the opti-
cal responses of La-doped X0y (X = Ce, Zr, Sn) can
be computed in the CASTP code. We take the ionic
polarization into attention as they impact the optical
responses of materials and the optical polarization is
strongly acceptable to affect the dielectric constant [40,
41]. The optical properties can be identified to under-
stand by its absorption capacity of light which is the
change that occurs between the VB band and CB. Com-
pletely described the optical responses we discuss of var-
ious optical parameters like dielectric constants (real,
complex), absorption, energy loss function, reflectivity
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Table 3 Computed results of elastic properties of cubic structure CeO2, SnO2 and ZrOz, and doped material at zero

pressure

Structure B C1i1 Cio Cua G B/G E 1%
Experiment-CeOs 204.0 403.0 105.6 63.5 96.0 2.13 328.1 0.29 [29]
Present -CeOs 179 333.1 95.34 57.81  83.98 2.14 271.9 0.29
La-doped CeOs 167 312 94.79 59.89 774 2.16 201.2 0.27
Experiment-SnOs (71205.0 261.7 177.2 103.7

Present -SnO5 7.7 140.6 43.3 79.3 67.7 1.15 157.3 0.26
La-doped SnOs 66.9 112.7 43.4 52.5 44.3 1.51 108.8 0.24
Experiment-ZrOs 253.0 532.0 114.0 71.0  123.0 317.0 0.29 [30]
Present-ZrO, 122.9 141.8 61.99 40.17 684 1.79 173.1 0.26
La-doped ZrOs 34.11 90.14 16.93 ~11.39 42.1 0.81 86.5 0.06

and refractive index.
e(w) = e1(w) +iea(w).

Here ¢1(w) and e2(w) are real and complex parts of
the dielectric constant [42], respectively

|Pmm
27rw2 Z / VWim (k

= n(w) + ik(w)

| ds]

n(w)

2 2
Rl = (1) =17 k)
(n(w) + 1) + k(w)

where n(w) is called a real part of the refractive index
and k(w) represents the extinction coefficient [43, 44].

h
Eq

= \/%\/{slwz +eaw?} % — £y (w),

oW = 2Wey

The comparison between optical responses CeQOs,
SnOy and ZrOs, employ GGA Before and after La-
doping as shown in Fig. 4.

From Fig. (a, b) the dielectric constants both real
and complex parts in the low energy range are high
and with very small increments it again reduces un the
large frequency range. Due to this favourable profile of
dielectric functions is the most excellent candidate for
microelectronic and integrated circuits devices today
[45, 46]. The complex part of the dielectric function
impact can be through as indicating the real transi-
tions between the completed and uncompleted orbitals
[46, 47]. A specific, limit of 0.92 eV for scissors and
0.3 eV for is smearing employed to simulate the broad
effects [48]. From the above fig, the read dielectric
constant estimates the energies 0 eV up to 40 eV. It
represents a sharp enhancement at the first peak of
the optical transition at point 0.6 eV. The maximum

contribution prominent peak observed value is 34.4 at
energy 0.61 eV. The second, third and fourth promi-
nent peaks in the case of both materials are situated
at 9.9 eV 22.1 eV and 31.1 eV which are compara-
ble with already reported experimental and theoretical
data. Due to the interbond transitions from VB to the
CB orbital concerning the complex part peaks. In the
case of the complex dielectric function, the first promi-
nent peak identifies at the energy point of 2.8 eV and
the maximum contribution is 14.0 at 1.6 eV. After the
addition of La concentrations, the value change will be
noted as compared to pure XOq (X = Ce, Zr, Sn) per-
ovskite materials. Understanding, to quantum mechan-
ical approach the dipolar-based rule obtained from the
quantum mechanical angular momentum conservation
method. La-doped CeOsg, SnOs and ZrOs strongly rep-
resent the first peak in the imaginary part of a dielectric
function at 2.7 eV for Ce-5d/Sn-4f, Ce-5d/Ce-3f and
Zr-4d/Zr-5f transitions done, while the 2nd prominent
peak occurs the transition of Ce-4d/Sn-4f, Ce-5d/Ce-3f
and Zr-5d /Zr-5f orbits. From fig (c) the optical response
on absorption coefficient understand the analysis of the
electronic nature of our materials. The absorption cure
edge does not start from zero photon energy for La-
doped and pure XOs (X = Ce, Zr, Sn). In this case,
the prominent peak noted the point at energy 12.6 eV
and the maximum peak contribution at the highest
peak point at 25.2 eV. The second, third and fourth
prominent peaks we strongly noted at points energies
12.5 eV, 22.8 eV, and 31.8 €V in both pure and La-
doped materials. Computed result for optical absorp-
tion is most important and its impact on the absorp-
tion peak takes place at the UV region [49, 50]. It is
representing the strong UV absorber of the analysis of
La-doped CeOs, SnO5 and ZrO, materials. A compar-
ison of the absorption at the UV region between our
three materials CeOs, SnO5 and ZrOs, strongly noted
that the SnO, La-doped represents better performance
obtained. From Fig. 4d Energy loss functions of opti-
cal response represent energy loss, due to fast-moving
electrons in the crystal structure of XOy (X = Ce, Sn,
Zr). The effect of pressure and its impact on loss due to
scattering, heating as well as dispersion. This response
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direct relates to Plasmon resonance which is also called
plasma frequency. The energy loss function prominent
peaks absorbed at points first, second, third and fourth
are points 1.8 eV, 24.2 eV, 32.3 eV, and 35.9 eV. From
Fig. 4 (e), calculate the reflectivity for the pure and
LA-doped CeQOs, SnO4 and ZrO; crystal structure. The
computed data of the reflectivity for XOq (X = Ce, Zr,
Sn) start at 16.7% (SnOz), 17.9% (CeO3) and 19.5%
(ZrOs) as well as have large data roughly 52% at noted
energy value [51]. The calculated present value of reflec-
tivity comparable to experimental data starts from 20%

@ Springer

and other hand computations have a maximum value
of 65% at energy value. Strongly noted the prominent
peaks first, second, third and fourth are at energies
points 1.8 eV, 13.3 eV, 274 eV, and 35.3 eV, as well
as heights contribution, noted the point 36.5 at energy
1.58 eV. From Fig. 4f, the word refractive index is
explained as the speed of light in a vacuum and the
speed of light in a medium. Additionally, it identifies
the accurate capacity of CeQOs, SnOy and ZrO; and
how much light passes from them. In the case of refrac-
tive index and the spectrum of CeOs, SnOs and ZrO,
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can be indicated in two main three absorption bands
created around the energy points 5.9 eV, 12.9 eV and
29.7 eV. Due to these energy points conditions, the
first and second peaks can be noted to the O-2p/Sn-
5d, O-2p/ Zr-4f and O-2p/Ce-5d electrons transition of
pure and La-doped materials, respectively. Before and
after the La-doped refractive index first band ranges
shifted from point 3.8-7.4 eV and the second strongly
shifted from energy point 12.1-13.5 eV. From fig (g) the
prominent peaks are noted at points 9.9 eV, 22.03 eV
and 31.2 eV in the case of La-doped CeO2 showing
maximum conductivity is 34.4 at 0.6 eV. The optical
responses of CeO2, SnOs, and ZrO, as well as the lat-
tice parameters and cell volume estimated results are
all in excellent agreement with the experimental find-
ings and other theoretical values. When the Ce, Sn,
and Zr atoms in CeOy, SnOs, and ZrOs are replaced
with La atoms, the lattice parameter, cell volume, and
bond length are all linearly reduced with increasing
doping concentration x. The argument that the chem-
ical interactions between CeOs, SnOs, and ZrO, in
Cel—xLaxQOs, Snl-xLaxO,, and Zrl-xLaxQO,, respec-
tively, are weaker than those between CeOs, SnOs, and
pure ZrOs, was supported by the evidence provided.
The vibrational relationship between the cation O-d
distances and the cation charge leads to the follow-
ing conclusion the smaller the cation charge, the longer
the oxygen bond length of the metal. Additionally, in
La-doped CeOs, SnOs, and ZrO; structures, the CB
energy range is larger than in undoped CeOz, SnOa,
and ZrOs structures. In particular, for the structure’s
second BG, the overlapping band process occurs for
all concentrations of Cel—xLaxOs, Snl-xLaxOs, and
Zr1—xLaxQs, especially for the structure’s second BG
almost vanishes. Based on the obtained dielectric con-
stants, it appears that when the La doping concentra-
tion increased, the refractive index ng and the value
of dielectric constanteg both significantly dropped. The
effect of La-concentration enhanced, all bands and over-
lapped into one with two main distinct maximum con-
tributions. It can be observed from the found data that
La-doped concentration shows the main role in optical
responses and have potential applications.

6 Conclusion

In this work, we symmetrically explored structural,
electronic, mechanical, and optical responses of pure
CeO3, SnOs and ZrOy and La-doped materials ana-
lyzed in detail using GGA PBEsol functional. Com-
pared with the doped and undoped CeO3, SnO5 and
ZrOg when the (Sn Ce, Zr) atoms are interchanged by
La atoms in materials and the bond length of Ce-O,
Sn—-O and Zr-O is reduced linearly with doping con-
centration enhanced. The computed results represent
the electronic band gaps of exact cubic crystal CeOs,
SnOs and ZrOs and La-doped materials are in excel-
lent agreement with experimental and theoretical data,
respectively. Calculated band gap tuning acknowledges
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that the semiconductor aspect of CeOs, SnOs and ZrO,
are attributed to the electronic band gap separation
between Ce-5d, Sn-4d, Ce-5d states and O-2p states
near the Fermi level. Essentially, the addition of the
La atom can improve the electronic response due to
the electronic jump between the VB and CB near the
Fermi level point. Elemental partial density of states
(EPDOS) is utilized to indicate the reduced band gap
after La-doping in detail. The optical response of dielec-
tric constants (real, imaginary), absorption, conduc-
tivity, refractive index and energy loss functions have
also been computed and analyzed concerning the elec-
tronic structure of CeOy, SnOy and ZrOs determina-
tions. Absorption spectra represent a redshift, and a
considerable change is observed there. The refractive
index of all materials is inversely proportional concern-
ing the pressures and energy loss function as well as
absorption are both dependable. It is worth mentioning
that the high flexibility and large transmission of vis-
ible light make ZnOy the best applicant to be applied
in flexible optoelectronic devices.
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