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This study comprehensively explored the various characteristics of SrSnO; when subjected to a mechanical load with the
help of an ultrasoft pseudopotential (USP) and the generalized gradient approximation (GGA). The crystal lattice remains
cubic, but a significant decrease of 11% in the lattice parameters and a 29% decrease in the lattice volume are observed.
Moreover, no phase transformation is observed. The mechanical load not only affects the electronic structure but also impacts
the way the material responds to optical load, including properties such as reflectivity, refractive index, absorption, energy
loss function, and complex dielectric function. The increase in the absorption peak and the shift of these peaks to higher
energies confirm the occurrence of a blue shift, which renders this material an attractive aspirant for optoelectronic
applications. Furthermore, the material is inflexible, rigid, and mechanically stable and shows high resistance to shear
deformation, which is confirmed by computing various mechanical parameters, including the Young, shear, and bulk moduli.
Moreover, the Cauchy pressure, Pugh/Frantsevich ratio, and Poisson’s ratio revealed the metallic bond structure, ductile
behavior, and high-pressure strength of the material. The electronic band structure (BS) of SrSnO; changes from a narrow
band (0.135 eV) to a wide band (4.682 eV). The total, partial, and elemental partial density of states (TDOS/PDOS) were
recorded for the analysis of the electronic band structure. It is the best material to be utilized as an ultraviolet filter since its
absorption spectra are present in the UV range. Moreover, its absorption, high conductivity, refractive index, and reflectivity
make it an exceptional component in optoelectronic devices.
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1. Introduction

Perovskites have received much attention from
researchers in the modern scientific era and have been
rigorously studied owing to their attractive set of properties,
including ferroelectricity, piezoelectric properties, high-
temperature superconductivity (HTS), ionic and electronic
conductivity, catalytic properties, and thermal stability.
Perovskites have numerous applications as substrates or
catalytic electrodes in fuel cells or as sensors in
optoelectronic and spintronic devices [1]. ABOs is defined
by the general chemical formula of perovskite oxides,
where A and B are two distinct cations. Perovskite oxides
have a flawless cubic lattice, but most of them are
significantly deformed and lack symmetry [2]. Structural
analysis of the strontium sulfonate (SrSnO3) lattice showed
that it fits into the pm-3m group phase. Strontium inhabits
the (0, 0, 0) location, Tin/Sn occupies the (0.5, 0.5, 0.5)
location, and oxygen holds the (0.5, 0.5, 0), (0.5, 0, 0.5) and
(0, 0.5, 0.5) locations in the crystal lattice [3]. Strontium
stannates (SrSnOsz) have many potential technological

applications. It has been reported to be a favorable
photocatalyst. Water can be split into hydrogen and oxygen
by its valence and conduction band edge positions. The
major limitation of SrSnOs is its large band gap of 4.1 eV,
indicating that it can absorb waves lying only in the
ultraviolet region [1,3,4].

SrSnO; is a perovskite and alkaline earth hydrolysate.
Such stannates have received significant attention in the
recent past for their use in various applications, e.g., in the
energy and environmental sectors. SrSnO;has found
several applications, e.g., in high-temperature nitrogen
oxide sensors, high-temperature humidity sensors, and
lithium-ion batteries. Moreover, SrSnO3 has also been used
as a photocatalyst material owing to its good photocatalytic
action, which can be related to the structure of the SrSnOs
lattice [2,5-8]. Bezerra et al. [3] simulated the electronic and
structural properties of SrSnO; by analyzing the band gap
and performing XRD. They implemented the B3LYP
exchange-correlation function with the CRYSTAL14 code.
They found that a =b = ¢ = 4.080 A, volume = 67.917 A>
and band gap =4.18 eV. Arya et al. [4] simulated the cubic
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structure of SrSnOs to determine its structural, optical,
electronic, and thermoelectric properties. They employed
the modified Becke-Johnson potential proposed by Tran
and Blaha (TB-mBJ) for band gap calculations. All the
calculations were performed in the WEIN2K software. The
lattice parameters were found to be a=b =c=4.12 A. They
found negative values of the dielectric constant at 24-28 eV,
which shows that in this region, the material reflects.
Bezerra et al. [9] examined the both structural and
electronic characteristics of strontium stannate in cubic
form. The results showed the cubic symmetry of the
material. The lattice constant determined from their results
is 4.080 A, and the corresponding volume is 67.917 A3,

In this work, we present in detail the consequence of
induced stress (0-100 GPa) on the optical, structural,
elastic, and mechanical properties of cubical SrSnOs. We
applied exchange-correlation of Generalized-Gradient
Approximation-Perdew Burke Ernzerhof (GGA-PBE). To
apply this approximation a Cambridge Serial Total Energy
Package (CASTEP) code was employed, which has never
been reported before in the literature.

2. Simulation setup

In this study, the Material Studio setup is used for
performing calculations. The CASTEP code is considered
by operating the moralities of density functional theory
(DFT) [10]. For the electron transference GGA
approximation was used which is established by Perdew-
Burke-Ernzerhof (PBE) [11,12]. The computational GGA
approximation is applied to cubic SrSnOs;, which has a
space group pm-3m, under the influence of different applied
stress values of 0, 20, 40, 60, 80, and 100 GPa for a 2x2x2
supercell [13], as shown in Fig. 1(a). A Monkhorst-Pack
grid (MPG) of 2x2x2 fine k-points was used for Brillouin
zone integration [14]. The energy cutoff for this simulation
was set to 340 eV for the description of electron-ion
interactions by the ultrasoft pseudopotential [13,15]. In the
whole simulation, the band energy tolerance was set to 1 x
10° eV [16].

°Sr

°Sn
Qo

Fig. 1. Supercell of SrSnOs3 (colour online)

It is evident from Fig. 1(b) that there is an exponential
decrease in the lattice parameters and lattice volume values
gradually from 4.17632-3.73256 A and 72.8419-52.0020
A3, respectively, with a gradual increase in stress up to 100
GPa. The calculations are based on the Kohn—Sham
equations [11,12,17].

3. Results
3.1. Geometry optimization

The crystal lattice of SrSnOs; and its mechanical
properties are also influenced by the application of
mechanical loads. Fig. 3 shows the gradual decrease in the
lattice parameters and the lattice volume with increasing
applied stress from 0 to 100 GPa. An increase in the stress
on SrSn0; reduces its lattice parameter from 4.17632 A to
3.73256 A at 100 GPa, i.e., a decrease of 11% is observed,
whereas a decrease of 29% is observed in the lattice
volume.
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Fig. 2. Lattice parameter and volume variation with stress
(colour online)

Table 1. Comparison of lattice parameters (A) and unit cell
volumes (4°) for cubic SrSnOs

SrSnO; Lattice Unit Cell | Reference
Parameters Volume
a=b=c
This Work 4.176 72.8419 -
Theoretical 4.080 67.917 [3]
4.080 - [4]
4.111 69.477 [18]
Experimental | 4.040 65.939 [19]
4.032 65.548 [20][21]

3.2. Electronic properties
3.2.1. Density of states

A basic method for thoroughly examining the various
facets of the band structure is the application of partial and
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total densities of states (PDOS and TDOS). In quantum
dynamics, the Fermi Golden Rule gives the probability that
a disturbance will cause a quantum system to change from
an initial state to a final state, a theoretical background for
determining optical absorption rates. Moreover, electrical
conductivity is an effective means of measuring the number
of mobile states present in a substance through the
utilization of these sophisticated techniques, and scientists
can acquire a deep understanding of the intricate details

present in the band structure, elucidating crucial
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characteristics linked to electron dynamics, absorption
occurrences, and general charge carrier mobility. The
partial densities of states (PDOS) of Sr, Sn, and O are shown
in Figs. 3-5. The foremost contribution for the creation of
the higher portion of the valence band in SrSnO; at 0 GPa
is owing to the p orbitals of O, while the bottom portion
valence band is formed due to the p orbitals of the Sr and s-
orbital of O. The contributions of Sr “d” and Sn's “s”
orbitals resulted in the development of the conduction band.
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Fig. 3. Partial density of states (PDOS) of tin (Sn) under stresses ranging from 0 to 100 GPa (a) s-orbital contribution, (b) p-orbital
contribution (colour online)
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Fig. 4. Partial density of states (PDOS) of strontium (Sr) under stresses ranging from 0 to 100 GPa (a) s-orbital, (b) p-orbital and (c) d-
orbital contribution (colour online)
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Fig. 5. Partial density of states (PDOS) of oxygen (O) under stresses ranging from 0 to 100 GPa (a) s-orbital and (b) p-orbital
contribution (colour online)
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Fig. 6 demonstrates that the band expansion
phenomena are indicated by the TDOS as a function of
energy, which highlights the important influence of induced
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stress (0—100 GPa) on the electronic characteristics and
results in observable variations in the TDOS peak
intensities.
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Fig. 5. TDOS of SrSnO3 under stresses of 0 GPa, 20 GPa, 40 GPa, 60 GPa, 80 GPa, and 100 GPa (colour online)

The gap is widened by increased stress because it
shortens the Sn—O bond length, which pushes Sn-5s
conduction band states upward and reduces the contribution
of O-2p levels close to the valence band maximum. In the
updated version, we have provided an explanation.

3.3. Elastic and mechanical properties

As the bond length changes, the response to external
loads on the crystal also changes. Fig. 7 shows the variation
in the stiffness tensor components [22,23]. As stress rises
from O to 100 GPa, a drastic increase of more than 4
times is observed in the magnitude of C;;, and an
increase of more than 5 times is observed in Ci,
whereas Cas increases by only 1.4 times. These results
indicate that the material becomes stiffer in principle
crystallographic directions, the change in any specific
direction also changes in the perpendicular direction, and
SrSnO; has greater shear resistance. Furthermore, these
results indicate the nonlinear behavior of the material with
the application of external stress. Stiffer materials have
numerous applications in aerospace, automotive, and
structural engineering.

These stiffness tensor components contribute to the
estimation of different elastic moduli of the material; hence,
Fig. 8a shows that the bulk modulus [24,25] increased from
124.4 to 561.9, the shear modulus [26,27] from 87.9 to
193.3, and Young’s Modulus [28,29] from 213.5 to 520.3.
These results indicate that the SrSnO3 material becomes less
compressible with the application of stress and that the
material resists shear deformation with the application of
stress, resulting in a stiffer response to compressive stress.

Fig. 8b shows that the Frantsevich ratio [30] decreases
from 0.707 to 0.34, and the anisotropic factor [31,32]
decreases from 0.72 to 0.25, and Poisson’s ratio [33,34]
increases from 0.21 to 0.34. Fig. 8c shows that the Pugh
ratio [35] increases from 1.4 to 2.9, and the Cauchy pressure
[24] increases from —0.24 to 172.47. These results show that
some quantities are strongly influenced by the applied stress
when the applied stress increases from 20 GPa to 40 GPa.
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Fig. 6. Variation in the elastic constant with stress
(colour online)



Investigation of the impact of hydrostatic stress on mechanical, optical, and structural properties of cubic SrSnO3 55

600
- Bulk Modulus
-®- Shear Modulus
400~ —& Young's Modulus

Moduli (GPa)

(a)

0 I 1 I I 1

0 20 40 60 80 100
Stress (GPa)

0.8

-®- Frantsevich Ratio
-8 Anisotropic Factor
-k Poisson's Ratio

0.6

0.4+

0.2

0.0 T T T T T
0 20 40 60 80 100

Stress (GPa)

4 -~ Pugh Ratio 40 o
@ 34 - Cauchy Pressure 150 é—
S »
o 1 - 100 ﬁ
e g
z [ =
& 14 -

L0 ()
@ &
0+ T T T T -50
0 20 40 60 80 100
Stress (GPa)

Fig. 7. (a) Bulk modulus (B), shear modulus (G), Young’s modulus (E), (b) Frantsevich ratio (G/B), anisotropic factor (A), Poisson’s
ratio, (c) Pugh ratio (B/G) and Cauchy pressure (CP) as a function of stress applied to the SrSnO3 crystal (colour online)

3.4. Optical properties

Strontium Stannates are attractive candidates for
applications in electro-optic devices; therefore, the
influence of stress on the optical properties of SrSnO;
lattices has been evaluated. Optical characteristics, such as
refractive indices [36], absorption coefficient [37],
reflectivity [38], dielectric function [29], and the energy
loss function [39] explain the light-matter interaction. These
characteristics of cubic SrSnO; under the influence of
applied stress (0, 20, 40, 60, 80, 100 GPa) were computed
and are shown in Fig. 9(a—f). These optical properties are
coupled with one other and are frequency-dependent. All
other attributes can be determined if the function
of complex dielectric is computed using Maxwell's
equations.

First, the absorption spectrum is evaluated, as shown in
Fig. 9a. This reveals that the absorption of SrSnOs; is
significant in the ultraviolet region of the electromagnetic
spectrum. Here, it is important to mention that the threshold
absorption point seems at around 9.0 eV. The degree of
absorption rises in direct proportion to energy. It can also
be observed that the absorption edge sets at 9.0 eV in the
stress-free lattice, and when stress is applied, the absorption
edge starts to shift to higher energies. As a result, the
absorption spectrum blue shifts, sharpening the peaks and
shifting them to the right. The maximum peak shift can be
observed at 38.50 eV for SrSnOs. Our projected density of
states (PDOS) analysis shows that the Valence Band
Maximum VBM is primarily O-2p dominated, while the

CBM has significant Sn-5s character. Under hydrostatic
stress, there is less overlap between the Sn-5s and O-2p
orbitals, which lowers hybridization and raises the
Conduction Band Minimum CBM to higher energies. This
directly leads to the blue shift in optical absorption. A
comprehensive orbital-level discussion will be held,
complete with PDOS charts.

The maximal absorption is described by
explaining transitions in various states of tin and oxygen.
The absorption of SrSnO3 agrees with earlier research
findings. The results show that the material will absorb
high-energy electromagnetic UV waves when stress is
applied. Furthermore, SrSnOs under high stress shows
enhanced absorption of electromagnetic radiation.
Similarly, the conductivity is also shifted and increased by
applying stress to SrSnOs, as shown in Fig. 9b. Enhanced
optical conductivity or better electron-photon interactions
are  beneficial for sensors, photovoltaics, and
optoelectronics devices.

The dielectric function of the material is also analyzed
through simulation results. Its real component is shown in
Fig. 9c. It provides an estimate of the polarization, whereas
the imaginary component is an estimation of the energy
wasted in the system, and it also helps in understanding the
absorption pattern. The static dielectric for 0 GPa is €, =
12.07, which is a moderate value, so this material can be
considered a good dielectric material. This means that the
material has moderate dielectric, energy storage, and
polarization properties. The material has good capability for
energy storage and has applicability in capacitors,
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insulating layers, and dielectric resonators. Another
important parameter is the energy loss function, as shown
in Fig. 9d, which indicates higher energy dissipation,
modification of the carrier density of states, and alteration
of plasmon resonances. The properties of SrSnO; at the
microscale and macroscale rely on the fast electrons that
traverse the lattice. Energy loss occurs during this process
and can be estimated with the help of the electron energy
loss function. An important peak in the energy loss function
spectrum is the plasmon peak. These peaks and other
irregular peaks are interdependent.

The reflectivity of SrSnOs; was analyzed, as shown in
Fig. 9e. The foremost peak can be observed at
approximately 30 eV. The interaction between the d state of
strontium and the p state of oxygen in the valance and
conduction bands, respectively, is responsible for this

appearance in the spectrum. There are some reflectance
maxima at 0 GPa. Nonetheless, the reflectivity rises at an
energy of about 30 eV as stress rises to 100.0 GPa. Low-
energy areas of the energy spectrum, such as the visible,
infrared, and ultraviolet regions, are where SrSnO3 is
transparent. At approximately 30.0 eV, the reflectivity
increases to 65%.

Additionally, examined is the refractive index, which
is correlated with the lower absorption energy and has its
maximum value at zero photon energy. The magnitude of
the refractive index decreases inversely with the absorption,
which can be observed in Fig. 9f. The absorption spectrum
measures how much light is absorbed by SrSnOs. The
results of the refractive index are shown in Fig. 9f. The
extreme value of the refractive index obtained is 2.7 at an
energy of approximately 8.0 eV.
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Fig. 8. Optical characteristics of SrSnOs: (a) the absorption spectrum, (b) the conductivity, (c) the real part of the dielectric function,
(d) the energy loss function, (d) the reflectivity, (h) the real part of the refractive index, and (i) the imaginary part (colour online)
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3.5. X-ray diffraction
An X-ray diffraction simulation was performed for

cubic SrSnOjs 4 shown in Fig. 10, which is consistent with
the standard JCPD data card no. 77-1798 When the stress
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Intensity, I (2-6)

is increased, the intensity peaks are shifted toward the right
side or toward a higher angle, which is an indication of
internal compressive stress. The maximum diffracted angle
is found for 100 GPa.

2-6 (degree)

Fig. 9. Evolution of the intensity of diffracted X-rays (colour online)

4. Conclusion

In summary, this research shows that a thorough
examination of the density of states, mechanical
characteristics, and electronic band structure can yield
important information about how different types of
materials behave. The density of states showed that specific
strontium states cause the conduction band to develop,
while specific oxygen states contribute to the upper valance
band. The absorption peak shifts toward higher energy
according to the optical characteristics, reaching its
maximum absorption at about 38.50 eV. The calculations
show that the dielectric function has a magnitude of 7, the
energy loss function has a magnitude of 8.5 at
approximately 33 eV, and the refractive index is 2.7. Thus,
these findings contribute to the understanding of SrSnO;
and its potential applications in electro-optic devices, UV
filters, photo catalysis, batteries, fuel cells, and high-
temperature superconductivity.
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