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Abstract

The structural, mechanical, electronic, and optical properties of cubic double perovskite ox-
ides A, TiSiOg (A = Ca, Sr, Ba) were systematically investigated using first-principles density
functional theory calculations. Structural optimization within the GGA-PBE framework
confirms that all compounds crystallize in a stable cubic phase. The negative formation
energies indicate thermodynamic stability and potential experimental synthesizability. Ab
initio molecular dynamics (AIMD) simulations performed at 300 K further confirm the dy-
namical stability of all compounds under finite-temperature conditions. The Born-Huang
stability criteria performed elastic constant analysis establishes mechanical stability and
the derived mechanical moduli indicate the presence of rigid but brittle behavior with
moderate amounts of elastic anisotropy. Calculation of the electronic band structure reveals
that all the compounds are direct wide-bandgap semiconductors, with the HSEO6 bandgaps
of CayTiSiOg, SrpTiSiOg as well as Ba, TiSiOg being 2.61, 2.50 and 2.37 eV, respectively. The
optical property analysis has shown that they are strong in terms of their absorption in
the visible—ultraviolet region, with high dielectric constants and good refractive indices,
which makes them appropriate in optoelectronics and photovoltaic applications. On the
whole, A;TiSiOg double perovskites are promising for use as wide-bandgap materials in
the development of superior optoelectronic devices.

Keywords: DFT; thermodynamic stability; elastic properties; direct bandgap; optical
properties

1. Introduction

Double perovskite oxides (DPOs) represent an important and highly versatile class
of materials, distinguished by their remarkable chemical flexibility and the vast range of
possible compositions and structures. These materials typically crystallize in the A;BB'Og
structure, where A denotes a rare-earth or alkaline-earth metal, B and B’ are transition-metal
cations, and O represents oxygen. Owing to this flexible composition, DPOs exhibit a wide
variety of unusual and technologically valuable chemical and physical properties [1-3].
These include diverse electronic behaviors such as insulating and metallic states [4], half-
metallic spin-polarized conductivity [5], superconductivity, and strong magnetoresistance
effects [6-8]. Moreover, DPOs exhibit ionic conductivity, catalytic behavior, ferroelectric
and piezoelectric behavior as well as serves as an electrolyte material in fuel cells [9]. In

Inorganics 2026, 14, 130

https://doi.org/10.3390/inorganics14050130


https://crossmark.crossref.org/dialog?doi=10.3390/inorganics14050130&domain=pdf&date_stamp=2026-05-08
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/inorganics
https://www.mdpi.com
https://orcid.org/0000-0002-5302-3797
https://orcid.org/0000-0003-1208-0290
https://orcid.org/0000-0001-9176-7108
https://doi.org/10.3390/inorganics14050130

Inorganics 2026, 14, 130

20f19

addition, the operation and improvement of the solar cells depend greatly on the use of the
double perovskite oxides [10,11]. DPO materials have attracted much experimental and
theoretical attention in the last several years due to their exceptional properties and their
technological perspectives [12-14].

The attention of double perovskite oxides has been focused because they exhibit
significant magnetoresistance and half-metallic properties, and they are also deemed as
significant substances in solar cells and optoelectronic devices [15-18]. The twenty-first
century has seen the intensive search of half-metallic (HM) materials that are attractive to
spintronic devices, the electron spin degree of freedom which is used to process information
and store data. Other material systems have also recently been reported to have half-
metallicity, including Heusler alloys [19-21]. A high polarization level, i.e., half-metals
with 100 percent spin polarization, is essential in the development of high-performance
spin-based devices. The new HM materials, in particular, the double perovskite oxides are
of interest as they offer structural as well as compositional flexibility, high spin polarization,
and sustained ferromagnetism, often even beyond room temperature [22].

In the last ten years, a wide range of DPOs with divalent alkaline-earth cations (Sr, Ca,
and Ba) at the A site, with 3d and 4d /5d transition-metal ions at the B and B sites, have
been characterized computationally by density functional theory (DFT) [23-25]. In more
recent publications, a number of Ba-based DPOs have been given a significant amount of
attention due to their half-metallic character and stability in the cubic form [26,27]. The
overall structure of such oxides with transition metals may be expressed as Z,XMOg with
Z being an alkaline-earth element, and X and M being the octahedral site elements. The
structural, electronic, magnetic, and optical properties can be tailored by substitution of the
Z, X, and M sites with alkaline-earth, transition-metal, or other metallic cations. Therefore,
one of the key aims of the existing studies is to examine the connection between cation
replacement and the resulting structural, electronic, elastic, magnetic, and optical properties
of the Z,XMQOg4 compounds.

Of the TMDP oxides, tantalum (Ta)-based materials have been studied extensively
experimentally and theoretically, such as SroXTaOg (X = Cr, Mn) [28,29], BapScTaOy [30]
AyCrTaOg (A: Sr, Ca) [31], BapInTaOg [32], ApSmTaOg (A = Ba, Sr, Ca) [33], BapYTaOg [34],
BapMTaOg (M = Cr, Mn, Fe) [35]. In recent years, optoelectronic and magnetic applications
have also received a lot of attention in DPOs on the basis of their structural stability and
elevated Curie temperature. Theoretically, low-temperature ferromagnetism has been ob-
served in Dy, NiMnQOg, LayNiMnOg and LupNiMnOg DPOs with bandgap values ranging
from 1.2 to 1.6 eV [36-39]. Re-based double perovskites like X,FeReOg (X = Ba, Sr, Ca) have
also been reported to show ferromagnetic behavior useful in spintronic applications, with
the 5d electrons of Re also providing intrinsic magnetic moments [40,41]. Silicate-based
perovskites, where silicon (Si) is the center of interest, in particular, are receiving increasing
attention due to their tunable physical characteristics, phase transitions triggered by pres-
sure, and their possible technological uses [14]. The cubic quaternary double perovskite
Ca,TiSiOg is of special interest in this category. It crystallizes in cubic Fm3m space group
(No. 225), with Ti and Si fully ordered in alternating octahedral positions, Ca distorted
cubo-octahedral coordinated. Leinenweber, Kurt and Parise experimentally optimized the
crystal structure of Ca,TiSiO4 and reported a lattice constant of a = 7.4105 A [42]. Also,
Husain et al. [43] conducted a theoretical study on the physical properties of the Ca; TiSiOg.

Despite these studies, the alkaline-earth analogs SrpTiSiOg and Ba;TiSiOg remain
largely unexplored, both experimentally and theoretically. In this context, the present
work provides a systematic first-principles investigation of the structural, mechanical, and
optoelectronic properties of silicon-based A, TiSiOg (A = Ca, Sr, Ba) double perovskite oxides.
While Ca,TiSiOg has been experimentally realized, the Sr and Ba counterparts are reported
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here for the first time as theoretically predicted compounds. This enables a comprehensive
analysis of A-site cation substitution (Ca — Sr — Ba), where variations in ionic size and
polarizability influence lattice structure, Ti-O-5i hybridization, and electronic interactions,
resulting in tunable bandgaps and optical responses. By establishing a direct link between
A-site substitution, orbital interactions, and dielectric behavior, this study provides deeper
insight beyond conventional trend analysis and supports the rational design of wide-
bandgap double perovskites for optoelectronic and renewable energy applications.

2. Results and Discussion
2.1. Structural Properties

The parent compound of the current study, the quaternary silicon-based ordered dou-
ble perovskite oxide Ca,TiSiOg, was first experimentally described by Kurt Leinenweber
and John Parise in 1997 [42]. Their experiment proved that Ca,TiSiO4 forms with a cubic
structure with a space group Fm3m (No. 225) and an experimental lattice constant of
ag = 7.4105 A. The (1/4, 1/4, 1/4) Wyckoff position is occupied by Ca atoms, Ti atoms
occupy the (1/2,1/2,1/2) position, Si atoms occupy the (0, 0, 0) and O atoms occupy the
(0.2372, 0, 0) position.

Motivated by the experimentally confirmed structural stability and successful synthe-
sis of this parent compound, the present study extends the investigation to the isostructural
series ApTiSiOg (A = Ca, St, Ba), in which the A-site Ca cation is systematically substituted
by Sr and Ba. This substitution strategy enables a direct assessment of how A-site cation
size and chemistry influence the structural characteristics of the silicon-based ordered
double perovskite framework.

Figure 1 illustrates the cubic unit cell of the silicon-based double perovskite structure using
Ca,TiSiOg as the representative model, visualized through a ball-and-stick representation.

Figure 1. Unit cell of A,TiSiO¢ (A = Ca, Sr, Ba) compounds.

In the case of the first-principles computations, the crystallographic parameters were
used as the starting input structure that were experimentally reported. Complete structural
optimization was then done in the context of density functional theory (DFT) with the
generalized gradient approximation (GGA) of the exchange correlation functional. During
the optimization process, both lattice parameters and internal atomic coordinates were
allowed to relax freely until the total energy reached its minimum, yielding the structural
ground state of each compound. From the optimized configurations, the equilibrium
structural parameters, including the optimized lattice constant (ap) and the optimized unit
cell volume (V) were obtained for all investigated materials.

To determine the thermodynamic stability of the A;TiSiOg (A = Ca, Sr, Ba) compounds,
the formation energy (Ey) was determined. Formation energy is also one of the indicators
of energetic favorability and it gives an idea whether experimental synthesis could be
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feasible. The energy per atom of the formation was calculated by use of the following
expression [44]:
~ EA,TiSig—naxEs—npxEr; — Nsi X Esi —no X Ep

Ef= N 1)

where E4,Tisio, is the overall energy of the optimum unit cell of the double perovskite
oxide, E4, Egj, Egj, and Eg is the total energy of the elemental species (A = Ca, Sr, Ba) in
their respective reference states. The N4, N7;, Ng;, and Ny represent the number of atoms in
the formula unit corresponding to the atoms, and N represents the number of atoms in the
formula unit, which is 10 in A, TiSiOg.

The calculated formation energies of all investigated compounds are negative, as
summarized in Table 1, confirming their thermodynamic stability. These negative values
indicate that the formation of A;TiSiOg compounds from their constituent elements is
energetically favorable, implying that the materials are intrinsically stable and, in principle,
experimentally synthesizable.

Table 1. The lattice constant ag (A), the unit cell volume (V), and formation energy (Ey) (eV/atom) for
double perovskite of A, TiSiOg4 (A = Ca, Sr, Ba) compounds.

Compounds a (A) V (A3) Ef Ref
Ca,TiSiOg¢ 7.4951 421.04 —3.149 This study
7.4100 406.86 [42]
Sr, TiSiOg 7.6292 444.06 —2.824 This study
Ba, TiSiOg¢ 7.8372 481.38 —2.324 This study

2.2. Dynamical Stability

Ab initio molecular dynamics (AIMD) simulations were performed at room temper-
ature (300 K) to examine the thermal stability of Ca,TiSiOg, Sr,TiSiOg, and Ba,TiSiOg
through the evolution of their total energies with time (Figure 2). For all three compounds,
the total energy fluctuations remain small and well confined within narrow ranges through-
out the 10 ps simulation window, indicating stable dynamical behavior under ambient
thermal conditions.

Ca,TiSiOg exhibits slightly larger energy fluctuations (~0.0030%) compared to
S, TiSiOg (~0.0010%) and Ba; TiSiOg (~0.0011%), suggesting relatively higher lattice flexi-
bility or vibrational activity in the Ca-based compound. In contrast, the Sr- and Ba-based
systems show more tightly bounded energy variations, reflecting enhanced thermal robust-
ness and stronger lattice stability. The rapid stabilization of the energy profiles after the
initial transient region further confirms that all systems quickly reach thermal equilibrium.

The small differences between the maximum, minimum, and mean energies indicate
the absence of structural instabilities, bond breaking, or phase transitions over the sim-
ulation time scale. These results confirm the dynamical stability of all three compounds
at room temperature, validating their structural robustness under realistic thermal condi-
tions. Furthermore, the comparatively lower energy fluctuations observed in Sr,TiSiOg
and Ba;TiSiOg4 suggest that heavier alkaline-earth cations contribute to enhanced lattice
stabilization, supporting their suitability for applications where thermal stability is crit-
ical. It is also important to note that, in the present work, structural stability has been
primarily evaluated using formation energy calculations together with AIMD simulations
at 300 K. These approaches provide strong evidence for both thermodynamic and finite-
temperature dynamical stability. While additional analyses such as phonon dispersion
and Goldschmidt tolerance factor calculations could further complement the stability as-
sessment, they are beyond the current scope of this study and will be addressed in future
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Energy [eV]

work for a more detailed vibrational and structural investigation. Moreover, a compre-
hensive competing-phase stability analysis has not been performed in the present study;
however, it is acknowledged as an important aspect for fully establishing phase stability
and experimental feasibility, and will be considered in future work.
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Figure 2. Ab Initio Molecular Dynamics (AIMD) simulations at room temperature (300 K) for total
energy fluctuations with time for (a) Ca,TiSiOg, (b) Sr,TiSiOg, and (c) Bap TiSiOg compounds.

2.3. Mechanical Properties

The mechanical properties of materials are essential for evaluating their structural
stability, reliability, and functional performance during fabrication and practical application.
Throughout processing and device integration, materials are frequently exposed to external
stresses, making it necessary to understand their elastic behavior and interatomic force
interactions at the atomic scale prior to utilization [45]. C;; are the elastic stiffness constants
which are the fundamental parameters that directly describe mechanical strength and
stability of crystalline solids. Mechanical stability of cubic X,TiSiOg (X = Ca, Sr, Ba)
compounds were studied based on the theory of elastic stability of Born—-Huang. In the
case of a cubic crystal structure, the criteria of mechanical stability are [46]:

Ci1—Ci1p >0 (2)
Ci1+2C12 >0 3)
Cy >0 (4)
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The conditions provide stability to tetragonal shear deformation, volume compression
resistance and stability to shear strain, respectively. A comparatively low Cy, shows that it
is more compressible along the respective crystallographic direction [47].

Table 2 presents the calculated elastic coefficients Cq1, C12, and Cyq of A;TiSiOg (A = Ca,
Sr, Ba). The compounds all meet the mechanical stability requirements in terms of the
equations and attests to their mechanical stability in the cubic form [46]. Cy; is relatively
large, which means that the material is highly resistant to uniaxial deformation, and
CayTiSiOg has the highest stiffness of the examined materials. The good shear deformation
resistance is indicated by the appreciable C44 values.

Table 2. Calculated elastic constants (all in GPa) of A,TiSiOg (A = Ca, Sr, Ba) compounds.

Compounds C11 C12 C44 C11 — Clz C11 + 2C12
Ca,TiSiOg 341.66 98.33 134.05 243.33 538.32
Sy TiSiOg 302.34 88.39 156.19 391.33 479.72
Ba, TiSiOg¢ 275.20 123.52 151.41 398.72 522.24

Moreover, the positive values of C1; — Cj, are indicative that the cubic form is resistant
to tetragonal shear deformation, whereas the positive values of Cy; + 2Cj are indicative
of a high degree of resistance to uniform compression. Such characteristics indicate high
interatomic bonding and mechanically stable cubic phases. The macroscopic elastic pa-
rameters were obtained in the form of the Voigt—Reuss-Hill averaging scheme, which is
a good compromise between the Voigt and Reuss approximations to determine isotropic
mechanical properties [48-50]. The main mechanical descriptors are calculated by the
following way:

5 Cu+2Cn -
3
A= """ 6
Ci1 —Ci2 ©)
_ (Ci1 +8Cyp)
= )
7(C11 + 2C12)
9BG
"~ 3B+G ®)
3B —2G
V= 6B +2G ©)
B
Rp =~ 1
P=G (10)
G
Rp =+ (11)
CP =C1p—Cy (12)

Table 3 shows the calculated values of the bulk modulus (B), shear modulus (G), Young
modulus (Y), Poisson ratio (v), Pugh’s ratio (Rp), Frantsevich'’s ratio (Ry), internal strain
factor (&), Cauchy pressure (CP), and Zener anisotropy factor (A) of A;TiSiOg (A = Ca, Sr,
Ba). The values of the Young’s modulus of all compounds are stiffer than the values of
the bulk modulus which denote that the compounds will not undergo elastic deformation
easily and the compounds are very rigid in their mechanical properties [51].

The increased values of bulk modulus indicate excellent crystal formation and low
compressibility. Poisson ratios claim that brittle and ductile materials have a v of less
than 0.26 and over 0.26, respectively [52]. All A;TiSiO4 compounds have a calculated
value of Poisson’s ratio that is less than 0.26, which means that they act brittle. Cauchy
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pressure is also in favor of this classification. The negative CP values of all the compounds
obtained represent directional (covalent) bonding and brittle nature [53]. In the same
manner, the Pugh calculated ratios (Rp < 1.75) substantiate brittleness, and the ratios values
of Frantsevich’s (Ry > 0.571) support this finding [51,53].

Table 3. Calculated elastic modulus like the bulk modulus (B), the shear modulus (G), Young’s
modulus (Y), Poisson’s ratio (v), the Pugh’s ratio (Rp), Frantsevich’s ratio (R¢), internal strain factor (&),
Cauchy pressure (CP) and the Zener anisotropy factor (A) for A;TiSiOg (A = Ca, Sr, Ba) compounds.

Compounds B (GPa) G (GPa) Y (GPa) v Rp Ry ¢ CP (GPa) A
Ca,TiSiOg 179.44 128.95 312.10 0.210 1.391 0.718 0.299 —35.72 1.101
Sy TiSiOg 159.70 134.21 314.52 0.171 1.189 0.840 0.300 —67.8 1.460
Ba, TiSiOg 174.08 114.72 282.18 0.229 1.517 0.659 0.345 —27.98 1.996

The internal strain factor (&) is a factor of the resistance of the lattice to internal
distortions and is a ratio to the distribution of interatomic forces in the crystal [51]. Values
nearer to 1 mean that the crystal is strained in a uniform manner due to stress, whereas
values below 1 imply that internal deformation is non-uniform and that the forces are not
distributed in an anisotropic manner. In the case of A, TiSiOg compounds, the computed
& values (Table 3) lie between 0.299, 0.300 and 0.345 and this suggests moderate internal
anisotropy. This suggests that the cubic lattice is mechanically stable, but the atomic
interactions inside the lattice are a little non-uniform, which is complimentary to the
observation of the Zener anisotropy factor (A # 1) and confirms that these compounds are
indeed anisotropic in their elastic behavior at the atomic level. Zener anisotropy factor is
not equal to unity in all compounds, which means there is some elastic anisotropy.

Table 4 shows the calculated density (), longitudinal (V;) and transverse (V;) and
average (V) sound velocities as well as the Debye temperature (6p) of the cubic double
perovskite A, TiSiOg (A = Ca, Sr, Ba) compounds. One of the key thermodynamic param-
eters is the Debye temperature, which can be used to describe lattice vibrations and is
directly connected to such elementary characteristics as the heat capacity, entropy, thermal
expansion and thermal conductivity of solids [54]. It also gives an understanding of the
interatomic bonding strength and the stiffness of the lattice. The average sound velocity
was used to determine the Debye temperature as follows [55]:

Op

h l<i’n>NAﬂ v 13

where & is the Planck constant, kg is the Boltzmann constant, # is the number of atoms
in one formula unit, N4 is Avogadro’s number, M is the molecular weight, and V, is the
average sound velocity. The longitudinal and transverse sound velocities gave the average

1/ 1 2\,
) . 1 14

Table 4. Calculated density (o), transverse, longitudinal, average sound velocity (vt, vy, v;), Debye

sound velocity by:

Vm =

temperatures (6p) and melting temperature (T);) of Double Perovskite Compounds A;TiSiOg (A = Ca,
Sr, Ba) compounds.

Compounds p (kg/m3 ) V; (m/s) Vi (m/s) Vi (m/s) 0p (K) T
Ca, TiSiOg 6800.96 6230.01 3554.77 3950.49 491.29 2572.25
Sr, TiSiOg 3976.49 9400.14 5694.56 6293.59 855.88 2339.84
Ba, TiSiOgq 5192.39 8075.87 5084.03 5596.12 747.64 2179.46
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The transverse and longitudinal sound velocities were calculated from the elastic
moduli and density as:

Vi = [G/p)} and V; = [(3B +4G) /3p]} (15)

As Table 4 demonstrates, SrpTiSiOg has the greatest longitudinal, transverse and
average sound velocities and as expected this compound has the highest Debye temperature
of the compounds being studied. Conversely, Ca;TiSiOg4 exhibits lower sound velocities
and lower Debye temperature, which implies a weaker lattice stiffness. Ba,TiSiOg exhibits
an intermediate behavior to the compounds of Ca and Sr. Debye temperature contrast is
very much related to the sound velocities and the elastic moduli, which prove that lattice
dynamics and mechanical rigidity have a strong dependence.

The values of higher Debye temperatures are usually associated with a stronger in-
teratomic bond, phonon frequencies, and thermal conductivity [56,57]. Thus, the Debye
temperature of Sr,TiSiOg is relatively high implying higher thermal stability and resis-
tance against lattice vibrations, so it can be used in applications that are characterized by
high thermal stability. In general, the analysis of the Debye temperature proves the high
mechanical strength and good thermodynamic properties of the cubic A, TiSiOg double
perovskites compounds.

Table 4 also indicates the melting temperatures that represent the elastic properties of
the materials. Generally, materials that are more elastic rigid have a greater bond among
atoms and, therefore, greater thermal resistance. In the case of cubic crystals, we can
estimate the melting temperature by the empirical relation [47]

Ty = (553 +5.91C11)K (16)

which shows that a rise in the elastic constant Cq; is directly proportional to an increase in
the melting temperature. Table 4 illustrates a decreasing trend in the melting temperature
(Tn) as the compounds were studied. This practice is explained by differences in elastic
stiffness and bonding strength, in which the compounds that have high elastic moduli
show better thermal stability.

2.4. Electronic Properties
2.4.1. Band Structure

The electronic band structure of a substance gives a basic understanding of its con-
ductivity and forms a direct correlation between the optical and electronic properties of
the material and the crystal structure [58]. The band structure, density of states (DOS) and
the density of charge are important parameters used to determine the appropriateness of
materials to be used in optoelectronic devices. This section will present and analyze in
details the calculated band structure, density of states and charge density distribution of
the double perovskite A, TiSiOg (A = Ca, St, Ba) compounds by Density Functional Theory
(DFT) (Table 5).

Table 5. Calculated bandgap values in (eV) of A, TiSiOg (A = Ca, Sr, Ba) compounds.

Compounds Ca,TiSiOg¢ Sr, TiSiOg Ba,TiSiOg
GGA PBE 2.409 2.309 2.212
HSE06 2.610 2.501 2.372
Nature Direct Direct Direct

Both the GGA-PBE and HSE(06 exchange correlation functional were used to compute
the electronic bandgaps of A;TiSiOg (A = Ca, Sr, Ba), and the results were summarized
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in Table 2. The dispersion of the conduction and valence bands, especially around the
high-symmetry points of the first Brillouin zone, is highly desired to determine the nature
of the bandgap and the electronic transitions possible. According to Figure 3, the three
A,TiSiOg compounds all have a direct bandgap, and both the valence band maximum
(VBM) and conduction band minimum (CBM) are at the I'-point. This direct bandgap prop-
erty gives it an advantage in obtaining an efficient optical absorption and electron to hole
pair generation, which can be used in optoelectronic and photovoltaic devices. Moreover,
the bandgaps calculated with the HSE06 put these materials in the wide-bandgap semi-

conductor regime, and this aspect suggests their applications in the stable optoelectronic
devices of ultraviolet and visible light.

(a) Ca,TiSiOg (b) Sr, TiSiOg

~~—— I

-\—-

k-points k-points

k-points

Figure 3. Computed electronic band structures of (a) CayTiSiOg, (b) SrTiSiOg, and (c) Ba, TiSiOg
compounds.

2.4.2. Density of State (DOS)

Figure 4a—c shows the total and partial density of states (TDOS and PDOS) of A, TiSiOg
(A =Ca, Sr, and Ba) calculated with HSE06 hybrid. All those figures indicate clearly that the
valence and conduction bands do not intersect the Fermi energy level at all, which proves
that all three compounds of the double perovskite are semiconducting.

The total and partial density of state (DOS) shows that there are common electronic
characteristics within the series. The O-2p states, which are mainly O-2p states with some
hybridization of Ti-3d orbitals are the dominant structure in the region of 0-6 eV, which
means that the bond between Ti and O is strong. The alkaline-earth metal atoms (Ca, St, and
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DOS(States/eV)

Ba) play an insignificant role at the Fermi level, which implies that they play an insignificant
role in charge transport. Conduction band is above Fermi level, and it is dominated by
Ti-3d orbital, with minor contributions of Si-p and O-p orbital. The DOS intensity, especially
in the conduction band, shows a gradual increase between Ca,TiSiOg and Ba; TiSiOg that
could be explained by increased orbital contributions of the heavier A-site cation. The
zero-point energy of the DOS at the Fermi level also proves the semiconducting nature of

the systems studied.

: 15 _
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Figure 4. The total and partial density of states of (a) Ca,TiSiOg, (b) Sr,TiSiOg, and (c) Ba, TiSiOg

compounds.

2.4.3. Charge Density

The analysis of charge density is important in the study of the nature of chemical
bonding and the mechanism of charge transfer in crystalline materials. Figure 5a—c shows
maps of charge density difference An (r) of A;TiSiOg (A = Ca, Sr, Ba), which are a direct
measure of the way electronic charge has been redistributed during the formation of the
bonds. A large amount of charge accumulation has been observed around the O atoms in all
three compounds and the equivalent amount of charge depletion around the A-site cations
(Ca/Sr/Ba) and in part around Ti atoms. This indicates that the electron is being transferred
off the electropositive atoms in the A-site, along with the Ti atoms to the less electronegative
oxygen atoms, which points to the fact that the A-O bonds are predominantly ionic. In the
meantime, the accumulated charge along the Ti-O bonds is observable indicating a high
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degree of orbital hybridization, indicating the presence of mixed ionic-covalent character
of bonds. Gradual charge transfer occurs between Ca;TiSiOg and Ba, TiSiOg which may be
explained by the growing ionic radius and electro positivity of the A-site cation.

| Scale: An(r)|

+0.0010
+0.0408
+0.0806
+0.1204
+0.1602
+0.2000

OEO0O0OmM.

Figure 5. Change density of (a) Ca,TiSiOg, (b) Sr,TiSiOg, and (c) Bap TiSiOg compounds.

2.5. Optical Properties

The photovoltaic performance of solar cell devices is strongly governed by the op-
tical properties of the constituent materials, which play a decisive role in the selection
of high-efficiency photovoltaic absorbers and are intrinsically linked to their electronic
structures [59]. When incident electromagnetic radiations interact with a material, they
cause optical responses that determine the efficiency of photon absorption and energy
conversion [60,61]. Here, a high optical absorption and a high dielectric constant is very
desirable. In this work, all optical properties have been calculated using the HSE06 hy-
brid functional to ensure improved accuracy in describing the electronic structure and
related optical response. In the linear response theory, optical properties of a material
are characterized by the complex, frequency dependent dielectric function e(w), which is
given by [61,62]:

t(w) = &1 (w) +igz(w) (17)

where ¢1(w) and &(w) are the real and imaginary components of the dielectric tensor,
respectively. The real component & (w) represents the polarization response of the material
to the incident electromagnetic field, and the imaginary component &;(w) is the absorption
of electromagnetic radiation [63,64]. Fundamental material properties such as electronic
band structure, lattice vibrations, impurity states and excitonic effects can also be deter-
mined through optical properties [60,61]. The Kramers—Kronig relations relate the real and
imaginary part of the dielectric function [65]:

2
2 [ Wwew

W)= 2y T ap o
2 o wlew
alw)=-—r| —7— 3 (19)

w/Z — W?

https://doi.org/10.3390/inorganics14050130


https://doi.org/10.3390/inorganics14050130

Inorganics 2026, 14, 130

12 of 19

where p represents the principal of the integral.

Based on the dielectric function calculated, a number of optical parameters were
obtained of A;TiSiOy (A = Ca, St, Ba) such as reflectivity R(w), the refractive index n(w), the
extinction coefficient k(w), the optical conductivity o(w), the electron energy loss function
L(w), and absorption coefficient a(w) over the photon energy range 0-25 eV. The HSE06
hybrid functional was used to calculate all the results. The dielectric function is connected
with the optical constants in the following way:

w

0(w) = e (w) (20)

) = [EELFa®) o

K(w) = /L —a1(@) )

L(w) = 8%128% (23)

R(w) = m 9

w() = v/3w (81((0)2 + 82(260)2 —e1(w) ) % 25)

Importantly, the spectral features of e5(w) are directly associated with interband tran-
sitions between O-2p dominated valence band states and Ti-3d dominated conduction band
states, as confirmed from the electronic density of states analysis. Thus, the major peaks in
the dielectric spectra can be explicitly correlated with these orbital-resolved transitions.

The interband electronic transitions in the investigated alkaline-earth titanate silicates
A,TiSiOg (A = Ca, Sr, Ba) contribute directly to their calculated dielectric functions and are
intrinsically linked to their electronic band structures. Figure 6a presents the real part of
the dielectric function, £1(w), as a function of photon energy. The low-energy (static) limit
of this function yields the static dielectric constant, ¢1(0), which is directly proportional
to the electronic polarizability of the materials. The €1(0) values at rest are 4.68, 4.89, and
5.47 of Ca,Ti SiOg, Srp TiSiOg, and Bay Ti SiOg respectively. The growing trend shows that
the polarizability improves as the ionic radius of the alkaline-earth metal increases. The
gradual increase in £1(0) from Ca to Ba reflects enhanced electronic polarizability due to the
larger ionic radius and more delocalized electronic cloud, which is beneficial for dielectric
and optoelectronic device applications. This large dispersion at low photon energies can be
primarily connected with the transitions which depend on the bandgap and the appearance
of negative ¢ (w) at higher energies indicates plasma-like behavior and high reflectivity. The
energy range where ¢1(w) becomes negative corresponds to the screened plasma frequency,
indicating strong collective oscillations of conduction electrons and marking the transition
from dielectric to metallic-like optical response.

The imaginary component of the dielectric function describes the behavior of a sub-
stance to incident electromagnetic radiation and is directly related to interband electronic
transfers between occupied states of the valence band and unoccupied states of the conduc-
tion band [66]. More specifically, the first onset of e;(w) corresponds to the fundamental
direct bandgap transition (VBM — CBM), while the higher-energy peaks originate from
deeper O-2p states to higher Ti-3d/Si-p conduction bands. This element is commonly
employed to determine the optical gap because optical gap is equal to onset &;(w), which
is the minimum photon energy necessary to create an electron-hole pair [67]. All the
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excitonic peaks recorded to all the studied compounds are within the bandgap energy
region. Whenever the energy range of visible light coincides with the excitonic transition
energy, the material will have low reflectivity and high absorption coefficient meaning the
material can be useful in optoelectronics application [68]. The imaginary component of
the dielectric function, &;(w) of A;TiSiOg is shown in Figure 6b. CayTiSiOy4 exhibits the
highest absorption peak with a value of 7.29 at 4.09 eV, while Sr,TiSiOg shows a maximum
peak of 6.44 at 3.91 eV, and Ba,TiSiOg displays a peak value of 6.56 at 3.64 eV. These peak
positions fall within the near-UV region and correspond to strong O-2p — Ti-3d charge
transfer transitions, which dominate the optical response in oxide perovskites. The red-shift
of peak positions from Ca to Ba indicates bandgap narrowing and enhanced optical activity
in the visible-UV boundary region. The gradual loss of the peak positions of Ca;TiSiOg to
Ba, TiSiOg is evidence of the alkaline-earth cation changing the electronic structure.

The refractive index of the material at zero photon energy is equal to the static refractive
index [69]. Figure 6c¢ indicates that the calculated static refractive indices are 2.17 of
Ca,TiSiOg, 2.20 of SryTiSiOg and 2.34 of Ba,TiSiOg. The three compounds have a sharp
peak in the index of refraction at 3-3.1 eV, rising to a value of about 2.9-3.0, in the visible—
near-ultraviolet part of the spectrum. This aspect means that they could be applicable in
solar cells and optoelectronics. Beyond this range, the refractive index gradually decreases
with increasing photon energy, reaching a minimum of 0.5-0.8 near 22-25 eV, suggesting
that these materials become increasingly transparent in the extreme ultraviolet region.

Optical conductivity o(w) captures formation of the free charge carriers through
absorption of incident photons [70,71] and directly proportional to the imaginary part of
the dielectric function [69]. As it can be seen in Figure 6d, the three perovskites all have a
zero optical conductivity at low photon energies. As the energy increases, ¢ increases and
possesses clear peaks that are related to solid electronic transitions. Particularly, CapTiSiOg
has a maximum of 7.04 at 17.59 eV, Sr, TiSiOg peaks at 11.42 at 23.14 eV and Ba; TiSiOg peaks
at 9.38 at 18.54 eV. These peaks represent the presence of high levels of photon absorption
and imply the possible optoelectronic behavior in the ultraviolet energy spectrum.

Figure 6e shows the optical absorption coefficient, a(w), versus the photon energy of
AyTiSiOg. In the low-energy region, all three compounds exhibit nearly zero absorption,
indicating optical transparency at low photon energies. The absorption coefficient grows
exponentially with the photon energy, and this is indicative of the interband electronic tran-
sitions. CapTiSiOg, SrpTiSiOg, and Bap TiSiOg show the first prominent absorption peaks at
4.26 eV (0.66 x 10° cm™1),3.99 eV (0.58 x 10° cm '), and 3.76 eV (0.54 x 10° cm™!), respec-
tively. The average maximum absorption coefficients are 2.2 x 10° cm~! at 17.76 eV with
CayTiSiOg, 4.1 x 10° cm ! at 24.37 eV with Sr, TiSiOg, and 3.1 x 10° cm ™! at 19.56 eV with
Ba, TiSiO4. The weakest absorption intensity is observed in Ca;TiSiO4 and the strongest
absorption is observed in Srp TiSiOg and Ba, TiSiOg with coefficients of the order of 106 em 1.
At increased photon energies, x(w) exhibits strong oscillatory character and this character
is because of complicated high-energy electronic transitions in the conduction bands.

Figure 6f depicts the energy loss function L(w). At low energy, the loss of all com-
pounds is negligible, which means that there is a weak loss of energy. Ca,TiSiOg, SrpTiSiOg
and Ba;TiSiOg have the values of the static energy losses as 2.56 eV, 2.59 eV and 2.24 eV,
respectively. In the intermediate energy range, several loss peaks appear due to interband
transitions and plasmon excitations. At higher energies, pronounced loss maxima are
observed, with Ca,TiSiOg exhibiting the highest loss intensity of about 1.20 at 22.29 eV,
followed by Ba,;TiSiOg with a peak of 0.85 at 23.98 eV, and Sr,TiSiOg showing a lower
maximum of 0.75 at 18.59 eV. These differences show the effect of the alkaline-earth cations
on the plasmonic response of the materials.
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The amplitude of incident and reflected electromagnetic waves are used to compute
the reflection coefficient R(w) [72]. The relatively low reflectivity values (~0.13-0.16 in
the visible region) indicate minimal optical losses due to reflection, which is desirable for
maximizing absorption in photovoltaic devices [73]. The obtained reflectivity spectra R(w)
are demonstrated in Figure 6g. The static reflectivity values are approximately 0.13 for
Ca,TiSiOg, 0.14 for SrpTiSiOg, and 0.16 for Ba,TiSiOg. All three compounds in the low-
energy region (below about 5 eV) show a slow rise in reflectivity, which is then followed by
a sharp rise at about 3-4 eV, attributed to intense optical transitions at the band edge. The
reflectivity oscillates in intermediate energy (5-15 eV) region with many peaks and dales,
which is the result of numerous interband transitions. Ba, TiSiOg tells a much-improved
reflectivity at higher energies (above ~15 eV) with a pronounced peak at 19-20 eV, but
Sr,TiSiOg shows a sharp rise ~22 eV and becomes the highest of the three compounds. On
the contrary, Ca,TiSiOg retains relatively low reflectivity in this high energy region.
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Figure 6. Calculated optical parameters (a) Real dielectric part (¢1(w)), (b) Imaginary dielectric part
(e2(w)), (c) Refractive index (n(w)), (d) Conductivity (c(w)), (e) Absorption coefficient (x(w)), (f) Loss
function (L(w)), (g) Reflectivity (R(w)) and (h) Extinction coefficient (k(w)) of A>TiSiOg (A = Ca, Sr,
Ba) compounds.

The extinction coefficient is a property of a material which describes its capability to
absorb incident light, a major aspect of optoelectronic materials [62,74]. It also defines how
electromagnetic radiations attenuate with the material at a given wavelength [75]. The
extinction coefficient k(w) of the compounds studied is depicted in Figure 6h. In the low-
energy region (below ~3 eV), k(w) is nearly zero for all compounds, indicating negligible
optical absorption. A steep rise in k(w) takes place in the visible to near-UV spectrum, which
is associated with the beginning of interband electronic transitions. Ca;TiSiOg4 absorbs
strongly in the long wavelengths with a maximum extinction coefficient of about 1.54 at
4.23 0 eV. At higher energies Srp TiSiOg has its maximum of about 1.66 at 24.34 eV and the
value of Ba,TiSiOg is sharp 1.58 at 19.52 eV. The variation in the positions and strengths of
the various compounds at their peaks shows the influence of the alkaline-earth cations on
the optical absorption of the compounds.

3. Materials and Methods

The physical properties of the cation-decorated double perovskites A;TiSiOg (A = Ca,
Sr, Ba) were studied by the use of first-principles calculations based on the framework of
Density Functional Theory (DFT) through the Quantum ESPRESSO version 7.4.1. pack-
age [76,77]. Plane-wave pseudo potential method was used and the interaction between the
valence electrons and cores of the ion was modeled by the use of ultrasoft pseudopotentials
which were chosen to form an optimal balance of efficiency and accuracy in computations.
All calculations were performed in a non-spin-polarized framework, and test spin-polarized
calculations confirmed a zero net magnetic moment for all compounds, indicating a non-
magnetic ground state. The optimization of the structure was carried out by means of the
generalized gradient approximation (GGA) in which the Perdew—Burke-Ernzerhof (PBE)
exchange correlation functional was used [78]. The lattice parameters and internal atomic
coordinates were also completely relaxed until the total energy reached its minimum. The
convergence tests were used to select a plane-wave kinetic energy cutoff of 60 Ry and a
Monkhorst packing k-point mesh of 10 x 10 x 10, which gave reliable and converged
results on all compounds investigated. To achieve more precise electronic band structures
and optical properties, the HSE06 hybrid functional [79] was used and the well-known
bandgap underestimation of the standard GGA functional sets were overcome. The energy
strain method of arriving at elastic constants as in the thermo_pw module [80], allowed
the determination of the mechanical stability and elastic behavior. In general, the given
multiscale computational methodology offers an in-depth insight into the structural, me-
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chanical, electronic, and optical characteristics of A;TiSiOg double perovskites, which may
be utilized in optoelectronics.

4. Conclusions

A systematic first-principles investigation of the structural, dynamical, mechanical,
electronic, and optical properties of cubic quaternary silicon-based double perovskite
oxides A, TiSiOg (A = Ca, Sr, Ba) was performed within density functional theory using the
Quantum ESPRESSO package, employing both PBE-GGA and HSE06 exchange correlation
functionals. Structural optimization together with ab initio molecular dynamics simulations
confirm the structural integrity and dynamical stability of all compounds in the cubic phase.

The calculated elastic constants satisfy the mechanical stability criteria, indicating
that A;TiSiOg compounds are mechanically stable, elastically anisotropic, and brittle in
nature, with bonding characteristics dominated mainly by covalent interactions. Electronic
band structure calculations reveal that all studied materials exhibit direct wide-bandgap
semiconducting behavior.

Furthermore, the strong optical absorption in the visible—ultraviolet region, along
with positive dielectric constants and appreciable refractive indices, highlights their po-
tential for optoelectronic applications such as ultraviolet photodetectors, light-emitting
devices, and photovoltaic absorbers. Overall, the results demonstrate a clear correlation
between A-site cation chemistry and the resulting physical properties, suggesting that
A, TiSiOg double perovskites are promising candidates for advanced optoelectronic and
photovoltaic technologies.
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