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First-principles investigation of structural,
electronic, optical, mechanical, and phonon
properties of Pb- and Sn-based cubic oxide
perovskites for optoelectronic applications
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This study presents a comprehensive first-principles investigation of Pb- and Sn-based cubic perovskites
(TiPbOs, TiSNOs3, ZrPbOs, and ZrSnOs) using DFT within GGA-PBE and mGGA-rSCAN frameworks.
Structural analysis confirms thermodynamic and structural stability for all compounds, with ZrPbOsx
showing the lowest formation energy. Electronic band structure results reveal semiconducting behavior
for TiPbO3 (1.996 eV), TiSnO3 (1.133 eV), and ZrPbOs (2.349 eV), making them suitable for visible-light
photovoltaics and photodetectors. In contrast, ZrSnOsz, due to its metallic behavior, could be useful as
a conductive layer or as an electrode in optoelectronic devices. Optical analysis highlights strong
absorption in the visible region for TiSnOz and ZrPbOs, while ZrSnO3z shows exceptional UV absorption
(6.5 x 10° cm™), suitable for UV shielding and plasmonic devices. High dielectric constants and low
reflectivity further support optoelectronic and coating applications. Mechanical properties show TiSnOsz

and ZrPbOs possess high stiffness and ductility, ideal for flexible devices, while TiPbOs's anisotropy suits
Received 17th August 2025 directi l licati h . lectric. ZrSnOx i hanicall dd icall table. limiti
Accepted 6th October 2025 irectional applications such as piezoelectric. ZrSnOsz is mechanically and dynamically unstable, limiting

its immediate applicability. Anisotropy and phonon analyses confirm TiPbO3z and ZrPbO3z as mechanically
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1 Introduction

Over the past few decades, the field of optoelectronics and
photovoltaic technologies has undergone significant advance-
ments, driven in part by the development of oxide-based
perovskite materials. These compounds have attracted
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and dynamically robust materials.
multifunctional candidates for optoelectronic, energy, and stress-sensitive applications.

Overall, TiSnOs, TiPbOs, and ZrPbOsz emerge as promising

considerable attention due to their highly adaptable crystal
structure, which can accommodate diverse elemental compo-
sitions and enable tunable electronic, optical, and structural
properties. The intrinsic flexibility of the perovskite lattice
makes it an ideal platform for designing next-generation func-
tional materials for high-efficiency solar cells and other opto-
electronic applications.*™

Oxide perovskites, characterized by the general formula
ABO;, have particularly garnered attention for their unique
electronic, optical, and structural attributes, making them
indispensable in modern material science and device engi-
neering. Recent advancements in material synthesis and char-
acterization have further expanded the scope of oxide
perovskites in optoelectronics.* Their wide bandgap, high
dielectric constant, and defect tolerance make them suitable for
applications ranging from light-emitting diodes (LEDs) to
photodetectors.” Moreover, the environmental stability and
nontoxicity of certain oxide perovskites position them as
sustainable alternatives to traditional semiconductors in the
quest for greener technologies.®” Perovskites have been exten-
sively studied over the centuries, with their first identification
by Gustav Rose in 1839. Industrial investigations of perovskite
oxides start focusing on the structural properties of CaTiO;.
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BaTiO; emerged as a key material for military and industrial
applications, fulfilling the demand for advanced ferroelectric
materials.®* A DFT-based ab initio study of VGaO; and NbGaO;
examines their structural, electronic, and optical properties.
Using FP-LAPW with PBE-GGA and LDA + U, the indirect band
gaps are determined as 0.45 eV for VGaO; and 0.51 eV for
NbGaOj;, confirming their semiconductor nature.” Optical
analysis reveals that NbGaO; has superior properties, making it
more suitable for optoelectronic applications.'” ATaO; (A = Rb,
Fr) perovskite oxides are gaining interest for their tailored
electronic properties and strong optical response.” Recent
research has explored various structural, electronic, and optical
characteristics of perovskites. Taib et al.’* analyzed BaTiO; and
BaFeO; using the LDA + U approach. Liu et al. studied doping
and structural traits of BaSnO; and SrSnO;."* Yaseen et al
focused on LaAlO;, evaluating its optical, electronic, and ther-
moelectric properties using the FP-LAPW technique."* Similarly,
Babu et al. employed the mBJ-GGA approximation to examine
the optoelectronic properties of cubic LaGaO; via WIEN2k
software.’>'® Other studies have addressed perovskites with
diverse computational methods. Yaakob et al investigated
BiVO;'s structural properties and magnetic transitions using
the LDA + U method in CASTEP, while Ekuma et al.'” used GGA
and the linear combination of atomic orbitals (LCAO) method
to examine SrTiO;. Ali et al.*® calculated the structural, optical,
and electronic constraints of cubic SrVO; using the CASTEP
code, while Hossain et al. studied SrvO;, BavO;, PbVO;, and
CaVvO; using DFT for a comprehensive analysis of their physical
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properties.’**® Kandy et al. explored SnAlO;'s thermoelectric
and magnetoelectric behavior via WIEN2k, employing methods
such as GGA, GGA + U, GGA + U + SOC, and mB]J. Roknuzzaman
et al. analyzed Pb-free perovskites CsBX; (B = Sn, Ge; X =1, Cl,
Br) for potential solar cell applications.”® Musa Saad H.-E.
studied the optoelectronic features of vanadium-based double
perovskite.” Wang et al. examined ZnSnOj;'s structural and
optical traits using GGA,* while Kuma et al. evaluated SnTiO;
and PbTiO; for their lattice dynamics, elastic properties, and
electronic structure.*® Hussain et al. further described the
structural and optoelectronic behavior of transition-metal oxide
perovskites.>

This study employs first-principles calculations based on the
GGA-PBE and meta-GGA (mGGA) functionals within the CASTEP
framework to investigate the structural, electronic, optical, and
mechanical properties of novel ZDOj; perovskites, where Z = Ti,
Zr, and D = Pb, Sn. The analysis includes evaluations of the
density of states, spin polarization effects, charge density
distribution, elastic and anisotropic behavior, and electronic
population characteristics. A systematic approach is adopted to
understand how cation substitution at the A and B sites influ-
ences key material properties, such as lattice parameters,
bandgap energies, optical response, spin-dependent electronic
structure, and mechanical stability. These insights contribute to
the advancement of stable, high-performance, and semi-
conductor materials for next-generation photovoltaic and
optoelectronic applications.

Fig. 1 Crystal structure of (a and b) TiDO3 (D = Pb, Sn), and (c and d) ZrDO3 (D = Pb, Sn).
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2 Computational method

The Cambridge Serial Total Energy Package (CASTEP), based on
Density Functional Theory (DFT), was utilized to investigate the
structural, electronic, density of state, spin polarization effect,
optical, charge density, mechanical properties, anisotropic, and
population analysis of ZDO; perovskites (Z = Ti, Zr; D = Pb, Sn).
CASTEP is well-regarded for its accuracy and computational
efficiency,”® making it highly suitable for modeling the complex
behaviors of advanced materials.”” To treat exchange-correla-
tion interactions, the Generalized Gradient Approximation
(GGA) with the Perdew-Burke-Ernzerhof (PBE) functional was
employed, offering a balanced trade-off between precision and
computational cost.”** Electron-ion interactions were modeled
using Vanderbilt-type ultrasoft pseudopotentials. A plane-wave
energy cutoff of 600 eV was adopted, ensuring convergence
and stability in total energy and structural optimization, as
illustrated in Fig. 1. The Brillouin zone was sampled using
a dense Monkhorst-Pack grid of 8 x 8 x 8 k-points to ensure
accurate total energy calculations and convergence. Geometry
optimizations were performed using the Broyden-Fletcher-
Goldfarb-Shanno (BFGS) minimization algorithm under strin-
gent convergence criteria. Mechanical properties were deter-
mined using the finite strain method implemented in the
CASTEP module, in which small deformations are applied to
extract the elastic constants from the resulting stress tensors.*
The elastic anisotropy of ZDO; (Z = Ti, Zr; D = Pb, Sn) perov-
skites was evaluated using the ELATE online tool, which
computed anisotropic indices and visualized directional
dependencies of Young's modulus, shear modulus, and Pois-
son's ratio based on the elastic tensor.** Optical properties, such
as absorption spectra, reflectivity, and refractive indices, were
calculated from the frequency-dependent dielectric function.
Spin polarization effects and charge density distributions were
also evaluated to gain deeper insight into electronic behavior.
Electronic band structures and density of states (DOS) were
analyzed to characterize the valence and conduction band
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edges, which are critical for evaluating potential optoelectronic
performance. This comprehensive methodology enabled
precise characterization of TiPbO;, TiSnO;, ZrPbO;, and
ZrSnO;, ensuring a reliable understanding of their structural,
mechanical, and electronic behavior. Where available, results
were compared with experimental data to validate the theoret-
ical findings and confirm the materials’ suitability for advanced
technological applications, particularly in photovoltaics and
optoelectronics.

3 Results & discussion

3.1. Structural properties

The compounds ZDOj;, where Z represents smaller cations such
as Ti or Zr, and D includes larger cations like Pb or Sn, which
exhibit a perovskite crystal structure with its characteristic cubic
symmetry and the space group Pm3m with an international
space group number 221, are particularly well-defined for their
high degree of structural orientation and versatility.*® The
crystal structure of the ZDO; perovskite materials is illustrated
in Fig. 1. In this structure, the Z atom, positioned at the 1b
Wyckoff sites (1/2, 1/2, 1/2), sits at the center of the cube and
forms the core of the octahedral coordination with oxygen,
which helps determine the electronic band structure and
contributes significantly to its magnetic and optoelectronic
behaviors.?® The D atom is located at the 1a Wyckoff positions
with coordinates (0, 0, 0) occupying the corners of the cubic unit
cell. This placement provides overall stability and the dielectric
property of the crystal by balancing the interaction with other
atoms.”” The oxygen (O) atoms themselves are arranged at the 3c
Wyckoff positions (0, 1, 1), defining the face-centered positions
that complete the three-dimensional connectivity of the lattice.
This crystal structure has extensive applications in conversion
and storage devices, including photovoltaic cells, capacitors,
and piezoelectric sensors.

Finally, all the studied ZDO; compounds maintain a cubic
perovskite structure with well-defined structural symmetry,
stability, and three-dimensional lattice connectivity.

Table 1 The lattice parameter (A), energy band gap (eV), unit cell volume (A%), formation energy (AEy), tolerance factor (t) and physical nature of

ZDOs (A =Ti, Zr, and B = Pb, Sn) using different functionals

Band gap, Lattice Density Volume V Formation energy, Tolerance

References Compounds eV constants (A) (gem™) (A AE; factor (¢) Function
This work TiPbO; 1.675 3.973 8.022 62.736 —3.767 1.027 GGA-PBE

TiSnO; 1.134 3.953 5.767 61.777 —3.738 0.915

ZrPbO3 2.294 4.192 7.803 73.712 —3.878 0.975

ZrSn0O; 0 4.079 6.011 67.868 —3.142 0.864

TiPbO; 2.300 3.843 8.098 62.144 — m-GGA

TiSnO; 1.282 3.933 5.816 61.259 —

ZrPbO3 2.815 4.162 7.878 72.095 —

ZrSn0O; 0 4.037 6.103 66.868 —

TiPbO; 3.135 3.976 8.024 62.716 — Hybrid-HSE06

TiSnO3 1.699 3.953 5.767 61.777 —

ZrPbO3 3.101 4.192 7.803 73.714 —

ZrSn0O; 0 4.080 6.107 67.869 —
38 TiSnO; 1.670 — — — — GGA-PBE
39 ThBeO; 2.761 — — — — GGA-PBE

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 presents a comprehensive comparison of the struc-
tural and electronic properties of the four ZDO; perovskite
compounds (TiPbOs, TiSnO3, ZrPbO;, and ZrSnO;) calculated
using GGA-PBE, mGGA-rSCAN, and the hybrid functional
HSEO06. The calculated lattice constants for the studied ZDO;
perovskites show only small variations across the employed
exchange-correlation functionals. For instance, TiPbO; exhibits
values of 3.973 A (GGA-PBE), 3.843 A (m-GGA), and 3.976 A
(HSE06), while TiSnO; remains nearly unchanged at ~3.95 A for
all functionals. Similarly, ZrPbOj; varies between 4.192 A (PBE,
HSE06) and 4.162 A (m-GGA), whereas ZrSnO; lies around 4.08 A
(PBE, HSE06) and 4.037 A (m-GGA). These values indicate that
hybrid HSE06 and GGA-PBE generally predict slightly larger
lattice constants compared to m-GGA. The calculated densities
exhibit a consistent trend with the variation in lattice parame-
ters, as larger lattice constants correspond to lower densities.
TiPbO; has densities of 8.022 ¢ cm > (PBE), 8.098 g cm ° (m-
GGA), and 8.024 ¢ cm ™~ (HSE06), while TiSnO; remains around
~5.8 ¢ em™> across all three functionals. ZrPbO; is stable at
~7.8 g cm™®, whereas ZrSnO; maintains ~6.0 g cm™ irre-
spective of functional. Thus, density variations are minimal,
reflecting the consistency of structural stability predictions.

The formation energies (AEf) confirm the thermodynamic
stability of all studied compounds, with negative values across
the board. Among them, ZrPbO; shows the lowest energy
(—3.878 eV with PBE), followed by TiPbO; (—3.767 €V), TiSnO;
(—3.738 eV), and ZrSnO; (—3.142 eV). This indicates that ZrPbOs
is the most stable, while ZrSnO; is relatively less favorable
energetically. In contrast, when the Z-site cation is substituted
from Ti to Zr, an increasing trend in volume is observed,
consistent with the larger ionic radius of Zr compared to Ti. The
following formula can be used to determine the formation
enthalpy,

AE; = Eo(ZDO03) — (Ez + Ep + 3Ep) 1)

where Ey is the total energy of the relaxed ZDO; structure ob-
tained from DFT, Eg (Z) and Es (D) are the standard reference
energies of elements (Z = Ti, Zr) and (D = Pb, Sn) in their most
stable forms, and Eg (O) is the energy of oxygen in its ground
state. The factor N normalizes the energy to a per-formula-unit
basis. If AE; < 0 — the compound is thermodynamically stable,
meaning it is energetically favorable to form from its constit-
uent elements. If AE; > 0 — the compound is unstable, and it
would tend to decompose back into its elemental or competing
phases. In Table 1 for ZDOj; (TiPbOj3, TiSnOj3, ZrPbOs, ZrSn0s),
all AE; values are negative, which clearly indicates that these
perovskites are stable against decomposition. In comparison to
previous studies, the present work reports a band gap of
1.134 eV for TiSnO; under PBE, which is slightly lower than the
1.670 eV value earlier reported using the same functional.*®
Similarly, ThBeO; was reported with a band gap of 2.761 eV
using GGA-PBE,* consistent with the general underestimation
of band gaps by semi-local functionals compared to hybrid
HSEO06. The tolerance factor (¢), proposed by Goldschmidt,
serves as a fundamental geometric criterion to predict the
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stability and structural distortions in perovskite-type oxides. It
is calculated using the relation,

VA+rX

= 7\/5(;’]3 - (2)

For perovskite structures, the ideal range of the Goldschmidt
tolerance factor (¢) lies between 0.8 and 1.0. Structures with ¢
values between 0.8 and 0.9 are generally considered stable,
while those in the range of 0.9 to 1.0 are regarded as more
structurally stable or even super-stable, indicating a better fit
between the ionic radii and a higher likelihood of forming
a robust perovskite phase.** The calculated Goldschmidt toler-
ance factor for ZrSnOj3, as shown in Table 1, is 0.864, which lies
within the generally accepted stability range of 0.8-0.9 for
perovskite structures. This suggests that ZrSnOj; is structurally
stable and likely to adopt a stable perovskite lattice. For the
other compounds, the tolerance factors are 1.027 for TiPbOs3,
0.915 for TiSnO;, and 0.975 for ZrPbOs, all of which fall within
the 0.9-1.0 range. These values indicate a higher degree of
structural stability, implying that these materials have a strong
tendency to form well-ordered and robust perovskite phases.
Therefore, all the studied materials can be considered struc-
turally stable perovskites.

3.2. Electrical properties

Investigating the electronic properties of a material is essential
for understanding its conductivity and suitability for optoelec-
tronic applications. The band structure in Fig. 2-4 illustrates
how electron energy varies with momentum within the first
Brillouin zone, offering key insights into both electronic and
optical behavior. A critical parameter is the band gap, the
energy difference between the valence band maximum (VBM)
and conduction band minimum (CBM), which determines
whether a material behaves as a metal, semiconductor, or
insulator.*®*! Fig. 2-4 present the electronic band structures of
the ZDOj; perovskites calculated along the high-symmetry k-
points path X~-R-M-T'-R using GGA-PBE (Fig. 2), mGGA-rSCAN
(Fig. 3), and the hybrid functional HSE06 (Fig. 4). This
approach was adopted to address the well-known underesti-
mation of band gaps by semilocal functionals and to validate
the electronic structures with a more accurate hybrid
functional.

Fig. 2 present the electronic band structures of ZDOj;
perovskites, calculated along the high-symmetry k-points path
X-R-M-T'-R using the GGA-PBE functional. TiPbOj; exhibits an
indirect band gap of 1.675 eV, with the valence band maximum
(VBM) located at the R-point and the conduction band
minimum (CBM) at the I'-point.

In contrast, TiSnO; shows a smaller indirect band gap of
1.134 eV, where the VBM lies at the M-point and the CBM at the
I'-point. ZrPbO; displays a larger indirect band gap of 2.294 eV
(R-T'), whereas ZrSnO; remains metallic with its valence and
conduction bands overlapping near the Fermi level. Fig. 3, upon
applying mGGA-rSCAN, the band gaps increase to 2.300 eV
(TiPbO3, R-T), 1.282 eV (TiSnO3, M-I'), and 2.815 eV (ZrPbO3, R-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ZrPbO, (E = 2.294¢ V) ZrSnO, (E = 0.00eV)
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Fig. 2 Band structure of (a) TiPbOs, (b) TiSnOs3, (c) ZrPbOs and (d) ZrSnOs using GGA-PBE function.

mMGGA-rSCAN
TiSnO; (E = 1.282eV)

K-points K-points
© @

mGGA-rSCAN
ZrPbO, (E = 2.815¢V)
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ZrSnO, (E = 0.00eV)
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Fig. 3 Band structure of (a) TiPbOs, (b) TiSnOs3, (c) ZrPbO3z and (d) ZrSnO3 using mMGGA-rSCAN function.
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Fig. 4 Band structure of (a) TiPbOs, (b) TiSnOs, (c) ZrPbOs and (d) ZrSnOs using HSE-06 function.

I'), while ZrSnO; again shows metallic characteristics. To over-
come the limitations of GGA and mGGA, we performed HSE06
calculations on the rSCAN-optimized structures (Fig. 4). The
hybrid functional further corrects the underestimated gaps,
yielding 3.135 eV for TiPbO; (R-I'), 1.699 eV for TiSnO; (M-T),
and 3.101 eV for ZrPbO; (R-I'), while ZrSnO; consistently
retains metallicity.

Across all three functionals, the band gap trend follows
HSEO06 > mGGA-rSCAN > GGA-PBE, and the dispersion along the
X-R-M-T'-R path confirms the indirect nature of the gaps in the
semiconducting compounds, with ZrSnO; remaining metallic.
By including HSEO06 calculations, the electronic structures and
band gap values are now more quantitatively reliable. These
results highlight the crucial role of exchange-correlation func-
tionals in predicting electronic behavior and provide a validated
framework for assessing the optoelectronic applicability of
ZDO; perovskites.

3.3. Density of states (DOS)

The Density of states (DOS) reflects the number of available
electronic states per unit energy at each level, providing crucial
insights into whether a material behaves as a metal, semi-
conductor, or insulator.** Fig. 5 presents the partial density of
states (PDOS) of TiPbO3, TiSnO3, ZrPbO;, and ZrSnO3, showing
how the atomic orbitals contribute to their electronic structures
across the energy spectrum. The energy scale spans from —6 eV
to +6 eV with the Fermi level (Er) at 0 eV, where the total DOS is
plotted in red.

39076 | RSC Adv, 2025, 15, 39071-39091

For all compounds, the valence band below Er is dominated
by O-2p orbitals, which exhibit strong hybridization with Ti-3d/
Zr-4d states and with Pb-6s/6p or Sn-5s/5p orbitals, indicating
significant covalent character in the bonding. The conduction
band above Ef is primarily governed by the Ti-3d or Zr-4d states,
reflecting their central role in electronic excitations, while Pb
and Sn orbitals provide secondary contributions. The presence
of a band gap at the Fermi level in each system confirms their
semiconducting behavior, with the size and sharpness of the
band gap varying according to the D-site cation and the tran-
sition metal. Specifically, compounds containing Pb (TiPbOj
and ZrPbO;) show broader distributions in the valence region
due to the involvement of Pb-6s and Pb-6p states, while Sn-
based systems (TiSnO; and ZrSnOj;) display a more localized
valence band structure dominated by O-2p and Sn-5p hybrid-
ization. Furthermore, substitution of Ti with Zr shifts the
conduction band edge, reflecting differences in d-orbital local-
ization between Ti-3d and Zr-4d, which in turn modifies the
band gap width. These variations suggest that careful selection
of cations (Pb vs. Sn, Ti vs. Zr) provides tunability of the elec-
tronic band structure, making these materials potentially suit-
able for diverse optoelectronic and energy-related applications.

3.4. Charge density analysis

Charge density analysis, derived from DFT calculations, reveals
the distribution of electrons within a material. It helps distin-
guish bonding types. Covalent bonds show charge accumula-
tion between atoms, while ionic bonds exhibit charge

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Partial density of states (PDOS) for (a) TiPbOs, (b) TiSnOs3, (c) ZrPbOs, and (d) ZrSnOs, showing the contributions of atomic orbitals to the

valence and conduction bands.

separation.” The analysis also identifies regions of charge
transfer and polarization, offering insights into bond strength
and reactivity. It serves as a valuable complement to experi-
mental techniques like X-ray diffraction and spectroscopy.**
Fig. 6 shows Electron Density Difference (EDD) plots for four
ZDOs-type perovskites: TiSnOs, TiPbOs, ZrSnOj;, and ZrPbOj;.
These plots highlight charge accumulation and depletion
regions within the crystal structure to evaluate bonding char-
acteristics and electron localization. The color scale bars
represent electron density differences, with red indicating
charge accumulation and blue indicating depletion. In Fig. 6(a)
for TiSnO;, the maximum side-bar electron density reaches
1.461 x 10", showing strong charge localization around the
central Ti and O atoms, forming Ti-O covalent bonds, while the
surrounding Sn atoms show minimal accumulation, indicating
weaker, more ionic Ti-Sn interactions at a greater distance.

In Fig. 6(b) for TiPbOs, the charge intensity peaks at a higher
value of 2.539 x 10, suggesting enhanced polarization and
electron accumulation around Ti and O, forming strong Ti-O
covalent bonds, while Pb atoms remain at lower density regions,
implying weak long-range ionic Pb-O interactions. In Fig. 6(c)
for ZrSnO;, the maximum electron charge intensity is 1.373 x

© 2025 The Author(s). Published by the Royal Society of Chemistry

10", with strong charge localization between Zr and O atoms,
confirming robust Zr-O covalent bonding. The surrounding Sn
atoms, being farther and appearing in low-density zones, again
contribute to weaker Zr-Sn ionic interactions. Lastly, Fig. 6(d)
for ZrPbO; exhibits the highest intensity among the Zr-based
systems electron charges intensity at 2.372 x 10", highlighting
highly polarized Zr-O covalent bonds. The distant Pb atoms,
surrounded by blue and green zones, imply negligible charge
sharing and form weak ionic Pb-O bonds. Overall, the color
gradients and maximum EDD values confirm that: Ti-O and Zr-
O bonds are predominantly covalent due to high charge accu-
mulation. Pb-O and Sn-O bonds are mostly ionic or weakly
polar, with less charge overlap. Zr-based perovskites, especially
ZrPbO3, show stronger metal-oxygen interactions than Ti-based
analogues due to higher electron localization intensity and
more extensive red regions. This comparative EDD analysis
provides crucial insight into the bonding nature and electronic
structure modifications induced by B-site (Sn/Pb) substitutions.

3.5. Spin polarization effects

Spin-polarized DOS further separates spin-up and spin-down
states, helping identify magnetic behavior.*® This analysis is
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crucial because it reveals whether a material is metallic, semi-
conducting, or insulating, and helps understand its magnetic,
optical, and electronic properties. Thus, DOS is a fundamental
tool in material design for applications like spintronics,
photovoltaics, and magnetic storage. Fig. 7 presents the spin-
polarized Total Density of States (TDOS) and Partial Density of
States (PDOS) for four perovskite compounds—TiPbOj3, TiSnOs3,
ZrPbO;, and ZrSnO;—plotted against photon energy (E) in the
range of —20 eV to +40 eV, with the Fermi level (Eg) set at 0 eV. In
TiPbO; (Fig. 7(a and b)), pronounced spin asymmetry is
observed, with TDOS peaks reaching 9.6 states per eV for spin-
up near —14 eV and 5.2 states per eV at Eg, confirming its
semiconductor and magnetic nature. The PDOS reveals domi-
nant Ti-3d and Pb-6p orbital contributions near the Fermi level,
accompanied by significant O-2p and O-2s states within the
valence region. In TiSnO; (Fig. 7(c and d)) also displays semi-
conductor behavior, with states crossing Er and TDOS peaks of
~6.8 states per eV (spin-up) at —13 eV and ~4.5 states per eV
near Ep; the conduction region is mainly governed by Ti-3d and
Sn-5p orbitals, accompanied by significant O-2p and O-2s states
within the valence region. In ZrPbOj; (Fig. 7(e and f)) exhibits
significant spin polarization, with TDOS values of ~9.8 states
per eV (spin-up) near —18 eV and ~4 states per eV at Ep, while
PDOS analysis confirms Zr-4d and Pb-6p hybridization as the
primary contributors, accompanied by significant O-2p and O-
2s states within the valence region.

In ZrSnO; (Fig. 7(g and h)) shows comparatively weaker but still
noticeable spin asymmetry, with TDOS reaching ~5.5 states
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per eV near —15 eV and ~2.5 states per eV around Ey, indicating
a metallic and weakly magnetic character dominated by Zr-4d and
Sn-5p states near the Fermi level, accompanied by significant O-2p
and O-2s states within the valence region. Overall, the four
compounds exhibit a consistent trend in which O-2p and O-2s
states dominate the valence band and strongly hybridize with
the D-site d and Z-site p states. This hybridization underpins the
semiconducting behavior of TiPbOj3, TiSnO;, and ZrPbO;, whereas
ZrSnO; displays metallic characteristics, with these interactions
also influencing the magnetic response near the Fermi level.

3.6. Optical properties

The optical properties of a material, how it interacts with light,
are essential for both practical applications and scientific
research. These properties encompass various parameters,
including absorption, reflectivity, refractive index, dielectric
function, optical conductivity, and energy loss function.*
Together, they provide critical insights into a material's
behavior under electromagnetic radiation. Understanding these
characteristics is vital for optimizing material performance in
advanced technologies and supports the development of
scientific innovations across fields such as photonics, opto-
electronics, and energy harvesting.

3.6.1. Dielectric function. The dielectric function describes
how a material responds to an external electric field, particu-
larly in terms of how it polarizes and how it interacts with
electromagnetic waves like light. It is a complex function,
usually written as:*’

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 Spin-up and spin-down electron density distribution in (a and b) TiPbOs, (c and d) TiSnOs3, (e and f) ZrPbOs, and (g and h) ZrSnOz materials.
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&(w) = &1(w) + iex(w) (3)

where ¢;(w) is the real part (representing dispersion or polari-
zation) and e&,(w) is the imaginary part (representing absorp-
tion). The mathematical relation in the real and imaginary parts
of the dielectric function can be described as,*®

2 wwfz(w) ,

O(Ex“ —Ex"—E) (5

2, 2 —
&(w) = Qeezrz <‘//kCU'F|¢kV>

Kve

where the dielectric function is split into its real part, ¢ (w), and
imaginary part, e&(w), representing light absorption at
frequency w. Here, ¢’ is the electronic charge squared, 7 is
a constant, Q is the unit cell volume, and ¢, is the vacuum
permittivity. The summation ) (KVC) covers k-points in the
Brillouin zone, capturing transitions from valence (V) to
conduction bands (C). The matrix element .°|U-Fly;",
involving position operator r and polarization vector U, gives the
transition probability between the conduction state ¥, and
valence state y;". The Dirac delta function, (EKC—EKV—E) ensures
energy conservation in these electronic transitions, where Ex"
and E;” are conduction and valence band energies, respectively,
at wave vector K, with E as photon energy.

Fig. 8(a) presents the dielectric function (¢) as a function of
photon energy for TiPbO;, TiSnOs;, ZrPbOs;, and ZrSnOs,
showcasing both the real and imaginary components across
the 0 to 16 eV energy range, which includes the infrared (IR),
visible, and ultraviolet (UV) regions, marked by a vertical color
strip. At zero frequency, the real part of the dielectric function,
&,(0), reflects the material's static electronic polarizability. For
TiPbO;, TiSnO;, ZrPbOs;, and ZrSnOs, the &,(0) values are
6.406, 9.607, 6.977, and above 20, respectively, indicating
strong dielectric screening and suggesting the potential for
high refractive index behavior. The dielectric curves begin at
these static values and gradually decrease, reaching zero at
photon energies of 6.88 eV, 5.50 eV, 6.278 eV, and 0.675 eV,
respectively. The imaginary part (e,), shown by lighter lines,
captures energy losses due to interband transitions, with
pronounced peaks in the visible to UV region for all
compounds, especially TiSnO; and ZrPbO;. These trends
imply that the dielectric properties are strongly dependent on
the cationic composition, with the materials demonstrating
promising characteristics for applications in optoelectronic,
photonic, and dielectric-based devices.

3.6.2. Absorption. Absorption («) is the process by which
a material takes in light energy, often converting it into heat or
exciting electrons to higher energy states. It plays a key role in
determining how much light a material can capture, making it
essential for applications like solar cells, photodetectors, and
optical coatings.*

1

2

a(w) = V2w | Ve 2 (w) + &2 (w) — & (w) (6)
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Fig. 8(b) illustrates the variation of the absorption coefficient
() as a function of photon energy for four perovskite oxides:
TiPbOs;, TiSnO3, ZrPbO3, and ZrSnO;. The photon energy spans
from 0 to 16 eV, covering the infrared (IR), visible, and ultravi-
olet (UV) spectral regions, which are distinctly marked on the
plot. All compounds exhibit increasing absorption with rising
photon energy, showing multiple pronounced peaks in the UV
region. Among the materials, TiSnO; and ZrPbO; demonstrate
stronger absorption in the visible region compared to TiPbO3
and ZrSnO;, suggesting better suitability for visible-light-driven
applications. The inset highlights the low-energy region (0 to 2.5
eV), revealing that TiSnO; possesses the earliest absorption
onset, indicating the smallest optical band gap among the
studied materials. These observations suggest that the optical
absorption behavior of these compounds is strongly dependent
on their cationic composition, with TiSnO; standing out as
a promising candidate for optoelectronic and photovoltaic
applications.

3.6.3. Conductivity. Conductivity is a measure of a mate-
rial's ability to allow the flow of electric current. It depends on
the presence of free charge carriers (like electrons or ions), and
materials with high conductivity, such as metals, are used in
electrical wiring and electronic devices.

Optical conductivity is a complex quantity defined as:*

a(w) = g1(w) + ig(w) (7)

Fig. 8(c) displays the optical conductivity (¢) as a function of
photon energy for TiPbO;, TiSnO;, ZrPbO;, and ZrSnOj;, high-
lighting both the real and imaginary parts over the photon
energy range of 0 to 16 eV, which spans the infrared (IR), visible,
and ultraviolet (UV) regions marked by a vertical color band.
The real part of the optical conductivity shows a similar trend to
the absorption coefficient, as both are related to the material's
interaction with incident photons. The imaginary part, shown
with corresponding faded lines, fluctuates across positive and
negative values, suggesting varying polarization response and
interband transitions under the influence of an external elec-
tromagnetic field. Notably, ZrPbO; and TiSnO; exhibit higher
real conductivity in the visible region, implying better perfor-
mance in optoelectronic applications. Overall, the variation in
optical conductivity with photon energy reflects the distinct
electronic structures of these perovskites and their suitability
for energy-harvesting and photonic device applications.

3.6.4. Loss function. The loss function, often denoted as
L(w), describes how much energy a fast-moving electron loses as
it passes through a material due to interactions with the
material's electrons. It is mathematically given by:**

&(w)

L(&)) = 812(&))+822(&))

(8)

Fig. 8(d) presents the energy loss function L(w) as a function
of photon energy (0 to 16 eV) for four perovskite compounds:
TiPbOj3, TiSnO;, ZrPbO;, and ZrSnO;. The x-axis covers the
infrared (IR), visible, and ultraviolet (UV) spectral regions, with
a color band indicating the visible range (1.50 to 3.5 eV). All

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ZDOgz perovskite materials.

materials exhibit low loss values in the visible region, suggest-
ing minimal energy dissipation and good transparency, while
pronounced peaks occur in the UV region, indicating strong
plasmonic or interband transitions. TiPbO; and TiSnOj; display
sharper and higher peaks around 9.5 to 13 eV, whereas ZrPbOj;
shows a broader response near 12 eV, and ZrSnO; exhibits the
weakest peaks, indicating lower energy loss. The presence of Pb
and Ti tends to enhance the intensity and shift the peaks to
higher energies compared to Sn and Zr-based counterparts.
These results highlight the optical loss behavior and potential
of these materials for UV-optical and plasmonic applications in
optoelectronic and energy devices.

3.6.5. Refractive index. The refractive index (n) is a measure
of how much light slows down and bends when it enters
a material from a vacuum or another medium. It is defined as:

© 2025 The Author(s). Published by the Royal Society of Chemistry

1
2

m(o) = |3 (VEr@ 0 +ao)) )
m(o) = |3 (Ve et +el<w>)f (10)

where n,(w) is the real part, and n,(w) is the imaginary part.*
The real part of the refractive index is the speed at which elec-
tromagnetic waves or light pass through the medium. It
describes the phase velocity of light in a particular material. The
imaginary part of the refractive index is also known as the
extinction coefficient. It measures the quantity of electromag-
netic waves absorbed as they pass through the material.

Fig. 8(e) illustrates the variation of the refractive index n,
both real and imaginary parts, as a function of photon energy (0
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to 16 eV) for four perovskite materials: TiPbOs, TiSnOs, ZrPbOs,
and ZrSnO;. The spectral regions are marked as IR, visible, and
UV, with the visible range (~1.65 to 3.1 eV) highlighted in
a rainbow band. The real part of the refractive index, which
indicates the phase velocity of light in the material, is shown by
solid lines: red (TiPbO;), green (TiSnO3), purple (ZrPbO;), and
orange (ZrSnOs;). The imaginary part, which relates to the
material's optical absorption, is shown by blue (TiPbOj3), navy
(TiSnO3), magenta (ZrPbOj3), and cyan (ZrSnOs;) lines. In the low-
energy IR region, the real refractive index is high for all
compounds, especially for ZrSnO;, which peaks above 7. As
photon energy increases, the real index gradually decreases for
all materials and stabilizes around 1.5 to 2.5 in the UV region.
The imaginary part (absorption) remains low in the visible
range and rises in the UV, indicating that these materials are
transparent in the visible region but absorb strongly in the UV.
This behavior suggests these perovskites are promising for
transparent optical coatings, photovoltaic devices, and UV
filtering applications, where high refractive index and selective
absorption are desirable.

3.6.6. Reflectivity. Reflectivity is the measure of how much
light (or electromagnetic radiation) is reflected off the surface of
a material rather than being absorbed or transmitted. It is
usually expressed as a ratio or percentage:

: _ Velw) —1
Ve(w) +1

where R(w) is the frequency-dependent reflectivity, n(w) is the
real part (refractive index), k(w) is the extinction coefficient,
related to absorption, and ¢; and ¢, are the real and imaginary
parts of the dielectric function. Fig. §(f) illustrates the reflec-
tivity (p) as a function of photon energy (0 to 16 eV) for four
perovskite compounds, TiPbOj3, TiSnO3, ZrPbO3, and ZrSnOs;,
across the infrared (IR), visible, and ultraviolet (UV) spectral
regions, with the visible range (~1.65 to 3.1 eV) highlighted in
a rainbow band. In the IR region, all materials exhibit high
reflectivity, especially ZrSnOj3, which peaks near 0.8, indicating
strong reflection of low-energy photons. As photon energy
increases into the visible region, reflectivity drops significantly
for all materials, particularly for ZrSnO; and TiSnOj;, suggesting
good transparency and low optical loss in that range. In the UV
region, TiPbO; and TiSnO; show moderate reflectivity peaks,
while ZrPbO; reflects strongly between 8 and 12 eV, and ZrSnO;
maintains the lowest reflectivity overall. These trends imply that
these compounds, especially ZrSnO;, are promising for appli-
cations requiring low reflectance in the visible range, such as
solar cells, optical coatings, and transparent electronic devices.

i(w) — 1 ’

R) = Z0 71

(11)
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3.7. Mechanical properties

The mechanical properties of a material, encompassing elastic
stability, stiffness, ductility, hardness, and anisotropy, are
primarily determined by its elastic constants. The characteris-
tics of double perovskite materials were meticulously assessed
using DFT, yielding values that provide essential insight into
the compound's structural integrity and potential utility in
diverse mechanical and electrical contexts. The primary elastic
constants Cy4, C1,, and C,, were computed and are presented in
Table 2. These constants indicate the material's resistance to
deformation when subjected to applied stress. We utilized the
Born stability criterion for cubic crystals to evaluate mechanical
stability, which is articulated as follows:

C11>0, C44>0, C117C12>0and C11+2C12>0 (12)

Mechanical stability of the materials was evaluated based on
the Born stability criteria, as outlined in eqn (12). All the
calculated elastic constants are positive and satisfy the corre-
sponding Born stability criteria, confirming the mechanical
stability of all the investigated compounds, except for ZrSnO;,
which shows a negative C,, value. The detailed mechanical
parameters are presented in Table 2.

Table 2 presents the Cauchy pressure (C, = Cy, — Cy4) and
shear constant (Cs = (C11 — C15)/2) for four ZDOj; perovskites
(TiPbOs3, TiSnO3, ZrPbOj3, ZrSn0;), compared to reference data
for SnTiO;.”* These mechanical parameters are essential for
evaluating the stability, ductility, brittleness, and bonding
characteristics of materials. A positive Cauchy pressure (Cp)
typically indicates ductile behavior and metallic bonding,
whereas a negative C, suggests brittleness and directional
covalent bonding.** The shear constant (Cy) reflects resistance
to shear deformation, thus representing mechanical robust-
ness.”*> Among the studied compounds, TiSnO; and ZrPbO;
exhibit the most favorable mechanical profiles, with C, =
24.846 GPa and C, = 78.568 GPa for TiSnO;, and C, =
23.013 GPa and Cs = 100.652 GPa for ZrPbOj3, indicating a good
balance of ductility and stiffness. TiPbO; also shows ductile
behavior (C, = 35.571 GPa), but its lower C, (46.648 GPa)
suggests a comparatively softer nature. In contrast, ZrSnO;
exhibits a negative C,4 (—83.419 GPa), resulting in an anoma-
lously high and unphysical C, value (151.178 GPa), indicating
slightly brittle behavior and moderate shear resistance inter-
mediate between the softer TiPbO; and the stiffer TiSnO; and
ZrPbOs,.

The mechanical parameters, including bulk modulus (B),
shear modulus (G), Young's modulus (E), Poisson's ratio (v),

Table 2 Elastic stiffness constants (Cj), Cauchy pressure (Cp), and shear constant of the ZDOs3 (Z =Ti, Zr, and D = Pb, Sn) perovskite compounds

Ref. Compounds Ci1 Ci» Cus 4 Cp Cs

This work TiPbO; 160.159 66.862 31.291 0.553 128.868 46.648
TiSnO; 269.434 112.298 87.452 0.553 181.982 78.568
ZrPbO; 290.019 88.715 65.702 0.452 224.317 100.652
ZrSnOj3 285.203 67.759 —83.419 0.388 368.622 108.722

53 SnTiO; 220.36 97.96 100.28 — — —
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Table 3 The Bulk Modulus (B), shear modulus (G), Young's Modulus (E), Poisson's ratio (), and Pugh's ratio B/G of the compound of ZDOs (Z =Ti,

Zr and D = Pb, Sn)

Ref. Compound B G E v B/G Hy v
This work TiPbO; 60.514 40.424 99.186 0.226 1.496 7.981 1.933
TiSnO; 164.67 83.783 214.904 0.282 1.965 9.810 0.958
ZrPbO; 155.82 77.991 200.518 0.285 1.997 9.153 1.212
ZrSn0O; 140.24 —145.591 —667.899 1.293 —0.963 9.961 0.078
53 SnTiO3 138.76 82.26 206.07 — 1.68 — —
Pugh's ratio (B/G), Vickers hardness (Hy), and machinability 4Css
index (uy), are summarized in Table 3.°° Here are some of the A, = Cyp+ Cy3 — 2Cy3 (18)
formulas we use to calculate these properties: ' )
Cy +2C), An = 4Cs (1
- 3= 9)
Bulk Modulus, B 3 (13) Ch + Cp —2C15
Because of the cubic symmet
GV +BR Y ry,
Shear modulus, G = ——— (14) 4 5
2 Ay = Ay = Ay = Cu _ 2Cu (20)
0BG Cii+Cy—2C3 Cip—Cs
Young’s Modulus, E = 15
£ YT 3B+ G (15) o
The Zener isotropic factor A can be defined as,
Pugh’s Modulus, B/G (16) 4= 2Cu (21)
Ci—Cp

These quantities offer valuable insight into the mechanical
stability, strength, ductility, and machinability of the studied
compounds.” The bulk modulus (B) measures a material's
resistance to uniform compression, while the shear modulus
(G) reflects its resistance to shape deformation under shear
stress. Young's modulus (E) indicates overall stiffness. Poisson's
ratio (v) helps assess bonding characteristics, where values near
0.25 typically correspond to covalent bonding. Pugh's ratio (B/G)
is commonly used to classify materials as ductile (B/G > 1.75) or
brittle (B/G < 1.75).*” Vickers hardness (Hy) estimates a mate-
rial's resistance to plastic deformation, and the machinability
index (uwm) reflects ease of machining.

Among the investigated compounds, TiSnO; exhibits the
highest values of B (164.677 GPa), G (83.783 GPa), and E
(214.904 GPa), suggesting excellent stiffness and elastic resis-
tance. Its B/G ratio of 1.965 and Poisson's ratio of 0.282 point to
good ductility and mixed metallic-covalent bonding. ZrPbO,
also displays strong mechanical performance, with B =
155.816 GPa, G = 77.991 GPa, E = 200.518 GPa, and B/G = 1.997,
indicating a favorable combination of strength and ductility.
TiPbOj3, while softer (B = 60.514 GPa, G = 40.424 GPa), remains
ductile (B/G = 1.496), albeit to a lesser degree. Conversely,
ZrSnO; yields negative values for G and E, and an unphysically
high Poisson's ratio (1.293), implying mechanical instability.
For comparison, the reference compound SnTiO3,** shows B =
138.76 GPa, G = 82.26 GPa, and E = 206.07 GPa, reflecting
a mechanically strong and stable structure.

The subsequent formulas delineate the equations for the
shear anisotropic components, the subsequent formulas
delineate the equations for the shear anisotropic components,

4Cy

A= ——F7""——
: Ci+ Ci3 —2Cp3

(17)

© 2025 The Author(s). Published by the Royal Society of Chemistry

For an isotropic material, A = A; = A, = 43 = 1, and the
variation from wunity corresponds to the anisotropy of
a material.*®

The universal anisotropy index A, equivalent Zener anisot-
ropy measure A°, anisotropy in compressibility A®, and
anisotropy in shear Ag can all be determined using the standard
equations for any symmetry.*®

By _Gy
AV= 45—~ _6= 22
BV+SBR 6 (22)
By — Br
b= = 23
By + Br (23)
A% = 1+3AU + 1+iAU 2—1 (24)
12 12
Gy — Gr
A= —— 25
7 Gt Gr %)

Table 4 provides a comparative analysis of the different
anisotropies of ZDO; perovskites, revealing a striking diversity
in performance across TiPbO;, TiSnOs3, ZrPbOs, and ZrSnO;,

Table 4 Different anisotropy factors for ZDOsz (Z = Ti, Zr, and D = Pb,
Sn) perovskite materials at T=0 Kand P = 0 GPa

References Compound A AY A% Ag AP

This work TiPbO; 0.670 1.886 1.483 0.125 0.183
TiSnO; 1.113 0.013 1.033 0.001 O
ZrPbO; 0.652 0.221 1.145 0.021 0
ZrSnO; —0.767 —4.884 0.794 -0.954 O
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offering unique insights into their suitability for advanced highest AY value of 1.886, underscoring robust structural
applications. TiPbO; emerges as the most versatile compound, interactions. Its A° value of 1.483 highlights superior bonding
with an A value of 0.670 reflecting balanced stability and the capabilities, while consistent contributions from Ag at 0.125
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Fig. 9 Anisotropic 3D representation of Young's modulus, Shear modulus, and Poisson's ratio of TiDO3z perovskite materials.
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and AP at 0.183 make it a top candidate for multifunctional
applications. TiSnO; dominates in the A parameter with the
highest value of 1.113, showcasing exceptional stability and
positioning it as ideal for applications prioritizing structural
resilience. However, its minimal contributions to AY, Ag, and A®
limit its versatility. ZrPbO; offers stable but moderate perfor-
mance, with an A value of 0.652 and an A®Y value of 1.145,
making it well-suited for general-purpose applications where
extreme performance is not required. Conversely, ZrSnO; faces
significant challenges, with negative 4, AY, and A values indi-
cating instability and diminished bonding strength. While its
A% value of 0.794 is positive, it is the lowest among all
compounds, and the absence of A® contributions further
narrows its potential. These findings highlight TiPbO; as
a robust and versatile option, TiSnO; as a high-stability
specialist, ZrPbO; as a reliable all-rounder, and ZrSnO; as
a material requiring refinement. This analysis underscores the
potential of ZDO; perovskites (without ZrSnOj;) for tailored
applications in Solar cell device technologies, paving the way for
future advancements.

3.8. Anisotropic properties

The provided figures illustrate the anisotropic mechanical
properties, namely Young's modulus, shear modulus, and

View Article Online

RSC Advances

Poisson's ratio of the ZDO; compounds, excluding ZrSnO;. The
analyzed perovskite materials include TiPbOj, TiSnO;, and
ZrPbO; at 0 GPa, with a focus on their directional dependence
in mechanical behavior. These anisotropic properties were
calculated using the ELATE tensor analysis tool implemented in
Python, which enables precise visualization and interpretation
of directional mechanical responses.®” Among them, TiPbO;
exhibits pronounced anisotropy across all evaluated mechanical
parameters. Fig. 9 and 10 present both two-dimensional and
three-dimensional visualizations of Young's modulus, revealing
directional stiffness variations and highlighting the sensitivity
of this property to crystallographic orientation. Similarly, the
shear modulus displays anisotropic features, with a lobed 2D
contour and a flattened 3D surface, confirming non-uniform
shear response. Poisson's ratio also shows directional vari-
ability, indicating that the material's expansion-contraction
behavior depends on the direction of the applied stress. This
inherent anisotropy in TiPbO; suggests its potential for appli-
cations requiring directional mechanical control, such as
piezoelectric devices and adaptive structural components.

On the other hand, we find that TiSnO; exhibits near-
isotropic characteristics to all the properties. The plots of
Young's modulus and shear modulus are circular in 2D and
isotropic in the 3D plane, indicating equal stiffness and equal

ZrPbOs at 0GPa

Young’s Modulus

K0-200-150-100-50 |

50 100 150 200 26

x-y plane 2D

Shear Modulus

Poisson’s Ratio

Fig. 10 Anisotropic 3D representation of Young's modulus, Shear modulus, Poisson’s ratio of ZrPbOz perovskite materials.
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resistance to shear stress. Poisson's ratio exhibits mild anisot-
ropy as well since its behavior essentially does not vary signifi-
cantly across the orientations. These characteristics make
TiSnO; suitable for structural applications where a uniform
mechanical response to multidirectional stress is desired.
Specifically, the presented bulk material of ZrPbO; has moder-
ately anisotropic properties.

This gave Young's modulus directionality, and this has
regions of higher stiffness corresponding to particular direc-
tionality. Like with the previous material, both the shear
modulus and Poisson's ratio show anisotropic characteristics,
although not as pronounced as those of the TiPbO; material.
The combination of isotropy and anisotropy properties of
ZrPbO; makes it suitable for hybrid applications where direc-
tional as well as omnidirectional properties are preferable, such
as transducers or actuators. TiPbO; possesses a high anisotropy
for directionally specific application, while TiSnO; exhibits
a large isotropy for general structural application, and ZrPbO;
has moderate anisotropy, which can be useful for a combina-
tion of applications. These differences in elastic properties
bring out the fact that these materials can be engineered to
achieve the intended and desired engineering and functional
characteristics.

3.9. Population analysis

Population analysis examines the charge present in specific
atomic orbitals, providing insights into the electronic structure
of materials. Mulliken atomic population describes the distri-
bution of charge among atoms in a crystal lattice, highlighting
their electronic interactions. Mulliken charge is calculated as
the difference between the actual number of electrons in the
outermost orbital and the expected number.”* When the

View Article Online
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Mulliken charge is positive, it suggests that the outermost
orbital has fewer electrons than anticipated, indicating electron
loss.®> Conversely, a negative Mulliken charge reflects an excess
of electrons in the orbital, signifying electron gain. These vari-
ations in electron count arise from electron transfer between
atoms, shedding light on the nature of bonding and charge
redistribution within the crystal. This analysis is crucial for
understanding the electronic properties and behavior of
complex materials. A comparative study to predict regio-
selectivity, electrophilicity, and nucleophilicity with Fukui
function and Hirshfeld charge.®® The ZDO; perovskites (Z = Ti,
Zr; D = Pb, Sn) were rigorously analyzed for their physical,
electronic, and charge distribution properties, revealing distinct
trends in charge spilling, orbital contributions, and charge
dynamics across TiPbOj3, TiSnOj3, ZrPbO3, and ZrSnO; in Table
5. The charge spilling values progressively increase from 0.14%
in TiPbO; to 0.19% in TiSnO;, 0.20% in ZrPbO;, and peak at
0.26% in ZrSnOs3, indicating that Zr- and Sn-based compounds
exhibit greater charge redistribution and electronic activity
compared to Ti- and Pb-based materials. ZrSnO;, with the
highest charge spillage, demonstrates the most significant
charge redistribution, positioning it as a highly responsive
material suitable for advanced optoelectronic and high-
conductivity applications. The Mulliken atomic populations
provide detailed insights into the orbital contributions of each
compound. Oxygen atoms dominate the bonding framework
across all compounds, with p orbital contributions increasing
from 4.90 in TiPbO;, 4.87 in TiSnO;, and 4.95 in ZrPbO;,
reaching the highest value of 5.02 in ZrSnO;. This highlights
oxygen's critical role in fostering robust covalent bonding.

Ti atoms in TiPbO; and TiSnO; contribute significantly to
bonding, with d orbital populations of 6.52 and 6.61, and total

Table 5 Mulliken and Hirshfeld charge analysis of different atoms of ZDOs (Z = Ti, Zr, and D = Pb, Sn)

Mulliken atomic populations

Milliken Hirshfeld
Compound Change spilling Species s ) d f Total change change
TiPbO; 0.14% 0 1.88 4.79 0 0 6.67 —0.67 —0.33
0 1.86 4.90 0 0 6.76 —0.76 —0.34
0 1.86 4.90 0 0 6.76 —0.76 —0.34
Ti 2.33 6.52 2.20 0 11.05 0.95 0.43
Pb 3.77 6.99 10.00 0 20.77 1.23 0.57
TiSnO; 0.19% 0 1.85 4.87 0 0 6.72 —-0.72 —0.33
0 1.85 4.87 0 0 6.72 —0.72 —0.33
0 1.85 4.87 0 0 6.72 —-0.72 —0.33
Ti 2.40 6.61 2.17 0 11.18 0.82 0.39
Sn 1.72 0.95 10.00 0 12.67 1.33 0.59
ZrPbO3 0.20% 0 1.85 4.95 0 0 6.81 —0.81 —0.37
0 1.85 4.95 0 0 6.81 —0.81 -0.37
0 1.85 4.95 0 0 6.81 —0.81 —-0.37
Zr 2.43 6.56 1.99 00 10.98 1.02 0.41
Pb 3.66 6.95 10.00 0 20.60 1.40 0.69
ZrSn0O; 0.26% 0 1.89 5.02 0 0 6.91 —0.91 —0.30
0 1.89 5.02 0 0 6.91 -0.91 —0.30
0 1.89 5.02 0 0 6.91 —-0.91 —0.30
Zr 2.55 6.45 2.50 0 11.49 0.51 0.36
Sn 0.50 1.29 10.00 0 11.78 2.22 0.51
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electron populations of 11.05 and 11.18, respectively. In
contrast, Zr atoms in ZrPbO; and ZrSnO; show slightly reduced
d orbital contributions of 6.56 and 6.45, corresponding to total
populations of 10.98 and 11.49, reflecting subtle differences in
their electronic behavior. Pb atoms in TiPbO; and ZrPbO;
demonstrate strong p and d orbital contributions, with total
populations of 20.77 and 20.60, while Sn atoms in TiSnO; and
ZrSnO; dominate with p orbital contributions of 10.00, result-
ing in total populations of 12.67 and 11.78, underscoring Sn's
vital role in enhancing metallic bonding, particularly in ZrSnOj;.
The Mulliken and Hirshfeld charge analyses further reveal
critical differences in charge distribution among the
compounds. In TiPbO;, Ti exhibits Mulliken and Hirshfeld
charges of 0.95 and 0.43, respectively, while Pb shows charges of
1.23 and 0.57, reflecting balanced charge distributions with
minimal polarization. TiSnO; exhibits increased bonding
activity, with Ti showing Mulliken and Hirshfeld charges of 0.82
and 0.39, while Sn demonstrates stronger bonding contribu-
tions with charges of 1.33 and 0.59.

In ZrPbOj;, Zr's Mulliken and Hirshfeld charges are 1.02 and
0.41, while Pb shows higher values of 1.40 and 0.69, indicating
stronger bonding interactions. ZrSnO; exhibits the highest
charge redistribution, with Mulliken charges of 0.51 for Zr and
2.22 for Sn, and Hirshfeld charges of 0.36 and 0.51, reflecting its
strong metallic bonding nature and enhanced electronic
activity. Sn-containing materials exhibit higher charge redistri-
bution and bonding activity compared to Pb-containing
compounds, while Zr-based compounds show greater charge
spilling than Ti-based materials. Oxygen atoms play a dominant
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role in bonding, with their p orbitals contributing most signif-
icantly in ZrSnO;, emphasizing its robust covalent bonding
framework. Ti-based compounds, with their stable charge
distributions, are well-suited for optoelectronic devices
requiring predictability and reliability. In contrast, Zr-based
compounds, particularly ZrSnOj;, excel in high charge redistri-
bution and metallic bonding, making them ideal candidates for
high-conductivity and advanced electronic applications. These
findings provide a nuanced understanding of the interplay
between charge distribution, orbital contributions, and elec-
tronic properties in ZDOj; perovskites, paving the way for their
application in mechanical technologies.

3.10. Phonon analysis

Phonon analysis examines the vibrational behavior of atoms in
a crystal to determine a material's dynamic stability. The
absence of imaginary frequencies confirms structural stability,
while their presence signals possible lattice instabilities or
phase transitions.** It also reveals crucial thermal and
mechanical properties, influencing material performance in
devices. This makes phonon analysis vital for designing stable
materials in electronics, photovoltaics, and thermoelectric.
Fig. 11 presents the phonon dispersion curves for four
perovskite compounds, TiPbO;, TiSnO;, ZrPbO;, and ZrSnO;,
plotted along the high-symmetry points X-R-M-I'-R, with
frequency (in THz) as a function of wave vector. In Fig. 11(a),
TiPbOj; exhibits no imaginary frequencies, indicating dynamic
stability. Its acoustic modes extend up to ~5 THz, while optical
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Fig. 11 Phonon dispersion curves of (a) TiPbOs, (b) TiSnOs, (c) ZrPbOs3, and (d) ZrSnOs Perovskites along high-symmetry directions (X—-R-M—-T"-

R).
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modes reach 23.26 THz. In contrast, Fig. 11(b) shows that
TiSnO; has imaginary frequencies dipping to —2 THz near the
M and I points, suggesting dynamic instability, despite optical
modes reaching similar frequencies. ZrPbO; shown in
Fig. 11(c), is also dynamically stable, with phonon frequencies
ranging from 0 to 22 THz. Its acoustic modes peak around 5
THz, and optical branches are well dispersed. However, ZrSnO;
in Fig. 11(d) displays pronounced dynamic instability, with
deep imaginary frequencies down to —8 THz and optical modes
peaking between 21 and 22 THz. The presence of imaginary
modes in TiSnO; and especially ZrSnO; indicates potential
lattice distortions or phase transitions, rendering them
unsuitable for stable device integration in their current crys-
talline form. In contrast, the absence of imaginary frequencies
in TiPbO; and ZrPbOj; confirms their dynamic stability, making
them promising candidates for optoelectronic and thermo-
electric applications where structural robustness is essential.

4 Conclusion

This study offers a comprehensive evaluation of TiPbOjs,
TiSnOj3, ZrPbOj3, and ZrSnO; perovskites, revealing significant
variation in their structural, electronic, optical, and mechanical
properties, each of which suggests distinct potential applica-
tions. Structurally, all compounds exhibit cubic perovskite
symmetry and stable tolerance factors, with ZrPbOj; displaying
the lowest formation energy, making it the most thermody-
namically stable, a key requirement for long-term device reli-
ability. Electronically, ZrPbO; and TiPbO; exhibit wide and
moderate indirect band gaps, respectively, suggesting their
suitability for UV photodetectors and visible-light photovoltaic
devices. TiSnOj3, with its narrower band gap, is promising for
thermoelectric and infrared optoelectronic applications, while
the metallic ZrSnO; may serve in conductive coatings or elec-
trodes. Density of states (DOS) analysis confirms the semi-
conducting and metallic nature of these compounds, while
charge density and population analyses reveal strong covalent
bonding between metal-oxygen pairs and significant charge
redistribution in Sn- and Zr-based systems, indicating favorable
electronic mobility and reactivity, important for catalysis or
sensing. Spin polarization studies show mild magnetic asym-
metry, suggesting potential use in spintronic or magnetic
devices, particularly for TiPbO; and ZrPbO;. Optical analyses
reveal that TiSnO; and ZrPbO; offer excellent visible-light
absorption, positioning them as ideal candidates for solar
absorbers and photodetectors. ZrSnO; stands out with high UV
reflectivity and loss-function peaks in the high-energy range,
indicating its potential for UV shielding and plasmonic appli-
cations. Mechanical property analysis indicates that TiSnO; and
ZrPbO; are ductile and exhibit high stiffness and hardness,
which is desirable for robust structural components in multi-
functional devices. In contrast, TiPbOj;, though more brittle,
shows high anisotropy, making it suitable for directional
mechanical applications like piezoelectric sensors. ZrSnOs;,
despite its high bulk modulus, exhibits negative shear values
and dynamic instability, limiting its use without structural
modifications. Anisotropy analyses using ELATE confirm that
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TiPbO; is highly directionally sensitive, ideal for piezoelectric
and stress-responsive materials, while TiSnO;'s near-isotropic
nature suits it for uniform structural applications. ZrPbO;'s
moderate anisotropy makes it a strong candidate for hybrid
systems requiring both directional and uniform responses.
Phonon dispersion results further validate the dynamic stability
of TiPbO; and ZrPbOj;, while TiSnO; and ZrSnO; show imagi-
nary frequencies, hinting at possible phase transitions or
instabilities that must be addressed before practical deploy-
ment. Finally, TiPbO; and ZrPbO; emerge as versatile and stable
materials suitable for optoelectronic, photovoltaic, and
mechanical applications. TiSnO; shows promise in energy
conversion and thermal applications due to its ductility and
narrow band gap. ZrSnOj3, although dynamically unstable in its
current form, may find niche roles in conductive and plasmonic
devices after structural engineering. This application-driven
insight bridges the gap between theoretical modeling and
real-world device integration, guiding future experimental
work.
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