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Inorganic lead-based perovskite oxides have been widely studied in diverse fields because
of their extreme structural flexibility and optimization. In this study, geometrical, electronic,
optical, mechanical, thermodynamic, phonon density of states (DOS), and EELS analysis
for SnPbO; cubic perovskite oxides were explored under varying stress levels (0—100 GPa)
using DFT within the CASTEP code framework. Lattice parameters and unit cell volume
exhibit a consistent decline with increasing stress levels. Electronically, the band gap
increases sharply from 0.203 to 2.943 eV up to 80 GPa and then decreases from 2.943 eV
to 2.894 eV. In the theoretical XRD pattern, a slight shift of peaks up to 60 GPa was
observed. The Total Density of States (TDOS), along with the partial DOS, confirmed the
contributions of Sn (5s), Pb (5d), and O (2p) orbitals. From optical properties, absorption
and reflectivity increase steadily with increasing stress, indicating stronger light interaction,
while conductivity only increases up to 60 GPa and then decreases, which may be due to the
presence of structural defects. The phonon DOS showed a stress-induced impact on the
lattice dynamics, indicating an increase in structural stiffness. Elastic constants (Ci1, Cio,
Cas4) meet the Born stability criteria, confirming the mechanical stability, as supported by
the Debye temperature (6D) and more negative free energy. Additionally, the
comprehensive analysis of elastic moduli, including Young's modulus, bulk modulus, Pugh
ratio, and Frantsevich ratio, along with key mechanical descriptors, further supports that
SnPbOs exhibits more ductile and isotropic behavior at higher stress levels (0-100 GPa).
Furthermore, EELS analysis of the constituent elements (Sn, Pb, and O) regarding their
absorption and emission behavior confirmed their relative stability under higher stress and
showed a prominent electronic structure. These findings highlight the potential of SnPbO3
perovskite oxide materials under varying stress (0—100 GPa) for advanced optoelectronic
devices.
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1. Introduction

Perovskite oxide materials (ABO3) have become the focal point of material researchers and
have gained substantial consideration in diverse areas due to their remarkable multifunctional
properties, such as good electronic conductivity, magnetism, optical absorption, and catalytic
activity [1]. These materials are key players in numerous advanced applications, including
photovoltaics, energy storage, solid oxide fuel cells, ferroelectric, piezoelectric technologies for
sensors, and high-temperature superconductors [2]. Among these materials, tin (Sn)-based
perovskite oxides have emerged as particularly promising candidates due to their unique properties
that cater to both energy and electronic applications [3]. Their eco-friendly nature addresses
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environmental concerns, especially in the context of sustainable energy solutions like photovoltaics
and optoelectronics [4]. The tunable oxidation states of Sn contribute to its excellent electronic
conductivity and improve charge carrier mobility, which is crucial for developing high-performance
solar cells [S5]. Their intrinsically narrow band gap enables superior light absorption, particularly
across the visible and infrared regions of the spectrum. Additionally, the structural and chemical
flexibility permits tuning the properties through doping or compositional modifications, enhancing
their performance and stability in various conditions [6]. While efficiency is still behind the top-
performing perovskites, it remains an attractive option, and researchers continue to explore ways to
improve their stability and performance. On the other hand, lead-based perovskite oxides have been
extensively studied for their diverse range of properties, including high dielectric constant, strong
piezoelectric characteristics, good thermal stability, and significant responsiveness to mechanical
stress [7]. These characteristics make them useful in various applications. However, despite these
desirable properties, the use of lead (Pb) has raised environmental concerns due to its inherent
toxicity, prompting a shift towards developing lead (Pb)-free alternatives, such as tin-based
perovskites, which aim to provide similar functionalities while being more environment-friendly
[8]. The pursuit of eco-friendly materials becomes the dynamic focus in the advancement of
perovskite technology. Lead (Pb), being a heavy and malleable metal, has been used in lead-acid
batteries, photovoltaic cells, photocatalytic applications, alloys, ceramics, and radiation shielding
[9]. In particular, carbon-based technologies have been shown to enhance the performance of lead-
acid batteries. In the energy storage sector, over 80% of the total annual lead (Pb) produced
worldwide is used in lead-acid batteries. Incorporating Density Functional Theory (DFT) into
research offers significant advantages over experimental work, particularly in terms of predictive
capabilities, cost-effectiveness, and atomic-level insights [10]. DFT enables researchers to simulate
material properties with high precision before synthesis, saving time and resources by identifying
promising candidates. Additionally, DFT offers flexibility in exploring hypothetical materials and
can be used to investigate extreme conditions that may be challenging to replicate experimentally,
accelerating material discovery through rapid screening of potential candidates.

Many researchers have explored different materials under stress conditions. Some of these
are: Zaidi et al. explored stress effects (0—100 GPa) on SrHfOs, revealing significant property
changes and mechanical stability, highlighting its semiconductor potential [11]. Md Rajib et al.
investigated the fundamental properties of perovskite oxides BeZrOs; using PBE, RPBE, LDA, and
B3LYP functional for absorbing visible light efficacy [12]. N. A. Noor et al. explored the potential
of perovskite oxides ZnZrOs under applied pressure ranging from 0 to 20 GPa using PBEsol-GGA
approximation for thermoelectric devices [13]. Parvaiz and his colleagues studied CsXO03 (X = Ti,
Mn, and Cu) inorganic perovskite oxides for photosensitive applications [14]. Shakeel et al.
performed an in-depth theoretical analysis of PbTaO; perovskite oxides under applied stress ranging
from 0 to 30 GPa, which exhibited metallic behavior [15]. Abu Bakar et al. theoretically confirmed
the mechanical stability of cubic perovskites XCoOj; (X = Nd, Pr) under varying stress, suggesting
their suitability for high-temperature devices [16].

SnPbOs has captivated attention as an intriguing material. To our knowledge, very little
research has been conducted on this material. Specifically, no study, either theoretical or
experimental, has explored the potential of the considered perovskite oxide at varying stress from 0
to 100 GPa, motivating us to address this gap. Understanding the electronic-level synergistic effects
of SnPbO:s is crucial for unlocking its potential across a wide range of applications. The combination
of distinct oxidation states in Sn and Pb gives SnPbOs; distinctive structural and electronic
characteristics, positioning it as an outstanding candidate for next-generation technological
innovations. In this study, we use density functional theory (DFT) to examine the structural,
electronic, optical, elastic, and mechanical characteristics of SnPbQs, along with theoretical XRD
analysis under applied stress ranging from 0 to 100 GPa. Our findings aim to shed light on the
exciting possibilities that SnPbOs presents for the future of perovskite materials in advanced
photovoltaic technologies.
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2. Computational details

The entire density functional theory (DFT) computation for SnPbOs was performed within
the CASTEP simulation package [17]. The unit cell was considered to be a 1x1x1 cubic structure
with space group pm3m (221), and a 2x2x2 supercell was used for a theoretical X-ray diffraction
(XRD) study. The electron-ion interactions were simulated using a plane-wave basis with a 340 eV
cutoff energy and ultrasoft pseudopotentials, and exchange-correlation effects were described by the
PBE-GGA functional [18]. A 4x4x4 Monkhorst-Pack k-point grid was used to sample the Brillouin
zone, with self-consistent field (SCF) convergence achieved at a threshold of 1x10° eV per atom
[19]. The band energy convergence criterion was established at 1x103 eV, and structural
optimization was performed using the Broyden—Fletcher—Goldfarb—Shanno (BFGS) algorithm [20],
with Pulay mixing applied to ensure efficient electronic structure convergence [21]. Fig. 1 illustrates
the visualization of the SnPbOs unit cell.

Fig. 1. A unit cell structure of SnPbOs.

3. Results and discussion

3.1. Geometrical properties

This study investigates the stress-induced variations (0 to 100 GPa) on the lattice parameters
and volume of the SnPbOs perovskite oxide, which are critical for understanding its physical
properties [22]. The lattice parameter exhibited a pronounced decrement from an initial value of 4.2
A at 0 GPa to 3.8 A at 100 GPa, as shown in Fig. 2. This marked reduction highlights the
compressive effect of external stress on the crystal structure, commonly referred to as lattice
compression [23]. Similarly, the reduction in unit cell volume from 4.3 A3 to 3.81 A3 was observed
as the stress increased from 0 to 100 GPa, further emphasizing the material’s compressive response
[24]. This phenomenon is consistent with the general tendency of materials under stress, where
interatomic distances are reduced due to the tight packing of atoms within the crystal lattice [25].
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Fig. 2. (a) Lattice parameters and unit cell volume, (b) Band gap of SnPbO3 with varying stress (0—100
GPa).

Fig. 3 displays the theoretical XRD patterns of the SnPbOs perovskite oxide under varying
stress conditions. The diffraction peaks align closely with the JCPDS card no. 11-23-814, confirming
the cubic SnPbOs phase [26]. However, as the stress increases, the diffraction peaks consistently
shift slightly toward higher 20 angles, indicating a decrease in lattice parameters and unit cell volume
caused by the compression of the crystal structure, which further validates the reliability of the
results [27]. Despite the shifting, the peak intensity remains stable, signifying that the crystal
structure integrity of SnPbOs is preserved across the stress range (0—100GPa).
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Fig. 3. Theoretical XRD pattern of SnPbOj3 with varying stress (0—100 GPa)

3.2. Electronic properties

Fig. 4(a—f) illustrates the detailed analysis of the electronic properties of the SnPbOs;
perovskite oxide as a function of applied stress from 0 to 100 GPa. Under applied stress, the band
gap widened significantly, increasing from 0.02 eV at 0 GPa to 1.5 eV at 20 GPa, and further to 2.35
eV at 40 GPa. Notably, the band gap reached its maximum value of 2.94 eV at 80 GPa, before
slightly decreasing to 2.89 eV at the higher stress level of 100 GPa, as shown in Figure 4. Under
stress, the atomic arrangement within the material undergoes modifications, resulting in a shift in
the electronic band structure [28]. The increased band gap reflects the widening separation and
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signifies an increased energetic barrier for electron excitation, indicating a greater separation
between the valence and conduction bands under applied stress [29]. This reduction in electron
mobility is characteristic of insulating materials and suggests that under higher stress conditions, the
material becomes less conductive. The widening of the band gap is indicative of a transition from
semiconductor-like behavior to insulating behavior as stress increases [30].
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Fig. 4. (a—f) bang gap of SnPbOs with varying stress (0—100 GPa).

The density of states (DOS) provides a numerical description of the distribution of electronic
states and permits a deeper understanding of a material’s electronic structure and its associated
physical properties [31]. Figure 5(a—d) illustrates the total and partial density of states (DOS) of the
SnPbO; perovskite oxide under applied stresses from 0 to 100 GPa, highlighting the dominant
electronic contributions from the Sn Ss, Pb 5d, and O 2p orbitals. These partial contributions may
affect the band gap, thereby influencing the optical and electrical behaviors of SnPbOs under stress
conditions [32].
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Fig. 5. TDOS of SnPbOs with varying stress (0—100 GPa).
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3.3. Optical characteristics

The optical properties are fundamental for probing the stress-dependent behavior, which
provides essential insights for the rational design of materials with optimized optical performance
[33]. The characteristic profiles at varying stress levels are shown in Figure 6(a—f). From Figure
6(a), at 0 GPa, the absorption was measured at 6x107° cm™. As the applied stress increased to 20
GPa, the absorption increased to 6.5x10° c¢cm ', and at 40 GPa, it further increased to 7 x 10" cm™.
This trend continued, with absorption reaching 8<10° c¢cm " at 60 GPa, 8.5x10° ¢cm ' at 80 GPa, and
finally 9x10° cm " at 100 GPa. The significant increase in the absorption band with rising stress
levels demonstrates the material's enhanced capacity to absorb photons over a broader energy range
[34]. This phenomenon is attributed to stress-induced modifications in the material's electronic
structure and band alignment, which improve photon absorption efficiency [35]. In Figure 6(b), at 0
GPa, the conductivity was found to be 8 eV. As stress increased to 20 GPa, the conductivity reached
10 (1/fs) and further increased to 13 (1/fs) at 40 GPa. By 60 GPa, the conductivity reached its peak
at 14 eV. However, as stress continued to rise, conductivity began to decline, dropping to 13.5 eV
at 80 GPa and further to 13 eV at 100 GPa. The initial increase from 0 to 60 GPa can be attributed
to stress-induced modifications in the material’s electronic band structure. As stress is applied, the
atomic arrangement shifts, leading to changes in electronic states that enhance charge transport and
photon response, resulting in higher conductivity [36]. However, the subsequent decline beyond 80
GPa suggests that excessive stress may lead to the formation of defects or structural changes that
degrade its electronic properties.

The dielectric functions (both real and imaginary parts) are key parameters for
understanding the optical response, as depicted in Figure 6(c). Across the entire stress range (0—100
GPa), the real dielectric function consistently exhibited maximum values at 0 eV, indicating strong
polarization at zero energy levels. It also showed minimum values for all imaginary values,
signifying that the material does not absorb energy in this range. As energy increased from 4 to 5
eV, the slope of the real dielectric function decreased and then increased for stress values from 0
GPa to 100 GPa, peaking at a stress value of 40 GPa. This suggests that the material’s polarizability
and its ability to respond to external electromagnetic fields are most pronounced in this energy range.
In contrast, the imaginary component displayed a peak between 5 to 6 eV for all stress levels,
indicating a maximum in absorption. Beyond this energy range, the imaginary function remained
slightly higher than the real function. This behavior implies that the material becomes more
absorptive at higher energies, with a tendency to absorb more energy than it reflects or transmits.
The loss function shown in Figure 6(d) exhibits a decrement as stress rises.

Reflectivity peaks showed notable variations in both position and width as stress increased,
illustrated in Figure 6(e). At higher stress levels, particularly at 100 GPa, the peaks become broader
compared to those observed in lower stress conditions (0 GPa). Despite these variations, the
maximum peak heights consistently occur within a narrow energy range of 38 to 48 eV, signifying
a strong and stable optical response. From Figure 6(f), the refractive index consistently reached its
maximum at 0 eV for all stress levels, indicating that at low energies, the material has a strong impact
on the behavior of incident light. As stress levels increased, the refractive index gradually decreased
from its maximum value at 0 eV, signifying stress-induced structural changes in the material. The
higher stress levels correspond to higher refractive indices overall, reflecting the material's enhanced
ability to refract light as stress increases [37].
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Fig. 6. Stress-dependent(0—100 GPa) optical properties of SnPbOs: (a) absorption, (b) conductivity,
(c) dielectric function, (d) loss function, (e) reflectivity, and (f) refractive index.

3.4. Electron energy loss spectroscopy (EELS) analysis

The EELS spectra for all constituent elements, such as Sn, Pb, and O, were simulated, as
depicted in Figure 7. The spectra in Figures 7(a—c) provide insights into the energy absorption and
emission characteristics of each element under different stress conditions, along with contributions
from specific electronic substates [38]. For tin (Sn), the absorption band spans the 0 to 40 eV range,
likely linked to the excitation of electrons from the 5s and 5p states of Sn. As stress increased, the
absorption band shifted to higher energy, indicating that under higher stress, more energy is required
to excite electrons [39]. The emission bands shown in Figure 7(d—f) imply that the capacity of tin
(Sn) to emit photons remained unaffected by stress, as the energy was released from higher to lower
states.
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Fig. 7. EELS analysis, (a—c) absorption, and (d—f) emission of the constituent elements
at varying stress (0—100 GPa).

For lead (Pb), the absorption band spans from —50 eV to 100 eV, indicating that Pb can

absorb energy across a wide energy range and facilitate electron excitation to higher energy levels
under various stress conditions due to the 6s, 6p, and 5d states of Pb. Additionally, Pb confirmed
notable stability in emission intensity across all stress conditions, with emission maxima consistently
occurring at 0 eV. This stability can be attributed to the robust crystal lattice of Pb, which remains
structurally intact, and the 6p to 6s transitions likely contribute to the observed stability in emission,
as these states remain relatively unaffected by stress. For the oxygen (O) atom, absorption occurs
within two specific energy ranges: around 8 eV and from 12 to 20 eV, which are related to transitions
from the 2s and 2p states of oxygen. Stress-driven variations in the energy loss spectrum reveal
modifications to the 2p orbital energies, which can be attributed to transitions from the 2p orbital to

lower energy levels.
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4. Mechanical properties

The variation of elastic constants (Ci1, Ci2, C44) as a function of applied stress (0—100 GPa)
is depicted in Figure 8. All the elastic constants exhibit a pronounced positive correlation over the
entire stress range and satisfy the Born stability criteria: Ci; — Ci2 >0, Cj; + 2Cj2 > 0, and Cas > 0,
confirming the elastic stability of SnPbO; perovskite oxide [40]. The constant Ci; linearly increased
with applied stress, indicating enhanced resistance to deformation in the axial direction [41]. Both
Ci2 and C4 demonstrate relatively minor increments, indicating consistent lateral and shear
properties under high-stress conditions.
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Fig. 8. Elastic constants of SnPbOs with varying stress (0—100 GPa).

The set of graphs shown in Fig. 9(a—d) provides insights into bulk, shear, and Young’s
moduli under increasing stress from 0 GPa to 100 GPa, which were computed by employing the
literature relation [42]. The bulk modulus is a fundamental mechanical property that measures
resistance to uniform compression under applied stress [43]. As shown in Fig. 9(a), the trend exhibits
a consistent linear increase as stress levels increase from 0 GPa to 100 GPa. This behavior results
from the progressive stiffness of the atomic structure, which led to the observed increase in bulk
modulus. Young's modulus shows a proportional response, signifying an increase in stiffness with
increasing stress [44]. The initial Young's modulus value at 0 GPa represents the material's intrinsic
stiffness under normal conditions. As stress is gradually applied, the material's atomic structure
likely becomes stiffer, resulting in enhanced resistance to volume reduction [45]. The shear modulus
also increases with increasing stress, though at a slower rate compared to the bulk modulus. This
indicates that while the material becomes stiffer under shear stress, its resistance to shear
deformation is less pronounced than its resistance to uniform compression. Additionally, a similar
trend was observed in Young's modulus and bulk modulus, further supporting the results [46].

The trend of the Pugh ratio and Frantsevich ratio is shown in Fig. 9(b). The Pugh ratio
increases steadily from around 1.5 to 3.0, indicating that the material becomes more ductile with
increasing stress. On the other hand, the Frantsevich ratio decreases as stress increases, suggesting
that the material becomes ductile under higher stress [47]. The Cauchy pressure plotted as a function
of stress (0 to 100 GPa) shows a clear upward trend as depicted in Fig. 9(c). The positive trend
indicates that the material transitions toward more ductile behavior under higher stress. Finally, the
graph of Poisson’s ratio and anisotropy factor is shown in Fig. 9(d). Poisson’s ratio starts at
approximately 0.25 and gradually increases to around 0.37 as stress increases, indicating that the
material becomes more isotropic and resistant to volume change under higher stress. Concurrently,
the anisotropy factor decreases with increasing stress, smoothing off around 0.4, suggesting that, as
stress is applied, the material becomes more isotropic and less directionally dependent in its
mechanical behavior.
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Fig. 9. Variation of moduli and ratios under applied stress (0—100 GPa).

5. Phonon DOS

The phonon DOS of SnPbO3, shown in Fig. 10 over the 0—40 THz frequency range and 0—
100 GPa stress levels, provides insights into its thermal and mechanical characteristics, which
hypothetically point to phase transitions [48]. At 0 GPa, some peaks are predominantly in the lower
frequency region, demonstrating the existence of low-energy quanta vibrational modes associated
with relatively weak interatomic bonding and larger atomic displacements. As the stress increases
up to 20 GPa and beyond, a significant shift to the higher frequency region is noted. Particularly at
80 GPa and 100 GPa, the phonon DOS broadens substantially, signifying stiffness of phonon modes
due to increased interatomic interactions under compression. The increasing stress compresses the
atomic lattice, enhancing bond stiffness, which primes to higher vibrational frequencies [49].
Additionally, the distribution of DOS becomes broader, reflecting changes in the phonon spectrum
as the material structure adapts to higher stress. At 100 GPa, peaks at higher frequencies are seen to
be more dominant, signifying the material's pointedly transformed vibrational properties.
Furthermore, the narrow region of certain low-frequency peaks under higher stress replicates the
suppression of soft modes, which may indicate a greater degree of structural stiffness. This interplay
between peak shifts and broadening as stress increases provides a persuasive sign for the stress-
induced evolution of lattice dynamics within the material. Such a shift in phonon behavior has
profound implications for thermal conductivity, dynamical stability, and potential electronic-
phononic coupling schemes.
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Fig. 10. Phonon DOS for SnPbOj3 under applied stress (0—100 GPa).

6. Thermodynamic properties

The thermodynamic behavior across the stress range (0—100 GPa) as a function of
temperature is examined, and the trends are depicted in Fig. 11(a—¢). The enthalpy and entropy, as
depicted in Fig. 11(a) and Fig. 11(c), show a linear trend with temperature. The maximum value of
enthalpy was observed at 0.9 cal/cell-K at 1000 K, while the entropy reached about 2.3 eV at the
same temperature. Increasing stress slightly reduces entropy values, emulating restricted vibrational
freedom under compression [50], as thermal oscillations introduce more disorder [51]. Fig. 11(b)
exhibits that free energy decreases with temperature for all stress conditions, and a higher value is
observed at —1.8 eV, representing enhanced thermodynamic stability at higher stress levels due to
enhanced bonding contacts and constrained atomic vibrations under compression [52]. In Fig. 11(d),
heat capacity also increases with higher stress and approaches saturation at higher temperatures,
consistent with the Dulong-Petit limit, and shows minimal decline of about 20-35 cal/cell-K under
higher stress because of reduced anharmonicity of atomic vibrations under compression. Lastly, the
Debye temperature (6D), as shown in Fig. 11(e), decreases with increasing temperature but increases
linearly under higher stress conditions, signifying stiffer phonon modes and enhanced vibrational
frequencies due to compressional effects [53]. These competing results highlight the significant
influence of increasing stress on the thermal and mechanical stability of the material.
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Fig. 11. Thermodynamic parameters of SnPbOs3 under stress: (a) enthalpy, (b) Gibbs free energy, (c)
entropy, (d) heat capacity, and (e) Debye temperature.

7. Conclusions

Recent studies using DFT within the CASTEP framework have provided valuable insights
into how SnPbOj; cubic perovskite oxides behave under different stress levels ranging from 0 to 100
GPa. The theoretical X-ray diffraction patterns confirm that the material maintains its cubic
structure, with slight shifts in the peaks observed up to 60 GPa, indicating how it responds to
mechanical pressure. The analysis of the Total Density of States (TDOS) and partial Density of
States (DOS) shows that the electronic properties are significantly influenced by the Sn (5s), Pb
(5d), and O (2p) orbitals. This complexity in electronic structure is linked to the optical properties,
which reveal that absorption and conductivity increase as stress is applied. This opens up exciting
possibilities for using SnPbO; in advanced optoelectronic devices. Additionally, the phonon density
of states indicates that the material becomes stiffer under stress.
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Interestingly, while the elastic constants confirm that the material remains stable, they also
suggest that it becomes more ductile and isotropic at higher stress levels. This combination of
stability and flexibility presents new research opportunities. EELS analysis shows that the electronic
structures of Sn, Pb, and O remain stable even under high stress. The findings about the Debye
temperature and the increasingly negative free energy at higher stress levels further support the idea
that SnPbOs3 is thermodynamically stable. Overall, this research highlights the promising potential
of SnPbOs for advanced optoelectronic applications, particularly due to its robust performance under
diverse stress conditions. The insights gained from this study pave the way for further exploration
of SnPbO; in flexible electronics and high-performance materials. Future research could delve
deeper into the relationship between mechanical stress and electronic properties, potentially leading
to innovative applications that leverage the unique characteristics of SnPbOs. This could include
exploring its use in flexible devices that require both mechanical resilience and efficient electronic
performance, pushing the boundaries of what is possible in material science and engineering.
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