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Abstract. In this study, the structural, electronic, optical, Mulliken charge distribution, and bond length charac-
teristics of cubic perovskite SrZrOs are systematically investigated using Density Functional Theory (DFT) with
Local Density Approximation (LDA), Generalized Gradient Approximation (GGA), and meta-GGA (M-GGA)
exchange—correlation functionals. The computed results are critically compared with available experimental data.
Structural optimization yields lattice parameters of 4.117 A (LDA), 4.186 A (GGA), and 4.130 A (M-GGA),
relative to the experimental value of 4.084 A. These results indicate that LDA slightly underestimates the lattice
constant, while GGA overestimates it; M-GGA provides the closest agreement due to its improved treatment of
exchange—correlation interactions. Electronic structure calculations reveal functional-dependent trends in band
gaps. The LDA (3.108 eV) and GGA (3.130 eV) approximations significantly underestimate the experimental
band gap, whereas M-GGA (3.963 eV) provides values in much closer agreement. SrZrOs is thus confirmed as a
wide-band-gap semiconductor, with an energy gap ranging from ~3.2 eV to ~4.0 eV. Analysis of the total density
of states (TDOS) reveals strong Zr—O orbital hybridization: the O 2p orbitals contribute predominantly to the
valence band, while the Zr 4d orbitals dominate the conduction band. The optical response, including the dielec-
tric function and absorption coefficient, further reflects the influence of functional choice. LDA and GGA predict
red-shifted absorption edges due to band gap underestimation, whereas M-GGA more accurately reproduces the
experimental optical onset at approximately 3.2 eV. Despite quantitative differences, all functionals capture the
dominant optical features of SrZrOs.Finally, Mulliken population analysis, bond length evaluation, and charge
distribution calculations are performed within the same approximations, offering complementary insights into the

bonding characteristics and electronic environment of SrZrOs.
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1 Introduction

The general chemical formula of perovskites is represented as ABOj, where their structural
flexibility enables the development of a wide variety of functional systems. Among their re-
markable physical properties, ferroelectricity and piezoelectricity are of particular significance,
providing these materials with distinct advantages over conventional alternatives. Due to these
properties, perovskite oxides have been widely adopted in various technological applications,
including high-temperature oxygen and hydrogen sensors, solid oxide fuel cells, data storage
devices (e.g., hard drives), and light-emitting components, such as bright blue emitters. Fur-
thermore, their use extends to the fabrication of capacitors and other multifunctional electronic
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devices (Davies et al., 1999; Fukatsu et al., 1995; Yajima et al., 1992; Yu et al., 2004; Souptel et
al., 2002; Muscat et al., 2001). Within this class, strontium zirconate (SrZrOgs) represents one
of the most important members of the zirconate perovskite family, primarily due to its excep-
tionally high proton conductivity at elevated temperatures, making it a promising candidate for
next-generation electrochemical and energy conversion technologies (Sambrano et al., 2005).

Figure 1: The cubic structure of (SrZrOs) in the unit cell.

Figure 1 illustrates the unit cell of the cubic perovskite SrZrOs crystal structure (space group
Pm3m). In this configuration, Sr atoms occupy the corners of the unit cell and are positioned
nearest to the O atoms, while the Zr atom resides at the center of the unit cell, being coor-
dinated with six surrounding oxygen atoms in an octahedral arrangement. The oxygen atoms
are located on the faces of the unit cell, each bonded to two Zr atoms. Owing to its high
relative permittivity (dielectric constant), high breakdown strength, and low leakage current,
SrZrQj3 is considered a promising material for high-voltage devices and capacitor-based appli-
cations (Sambrano et al., 2007; Vali, 2008). Study the phase transition of SrZrOgs using the
artist and powder neutron diffraction (PND) techniques (Galicka-Fau et al., 2008). Their re-
sults demonstrated that SrZrOs undergoes successive phase transitions from the orthorhombic
Pnma phase to orthorhombic Cmcm at approximately 970 K, 1100 K, and 1400 K, respectively.
Upon further heating, the material transforms into a tetragonal phase (I4/mcm) before stabi-
lizing in the cubic phase (Pm3m). At extremely high temperatures (around 2920 K), SrZrOs
reaches its melting point and transitions into the liquid phase (Tsai & Teng, 2008). There
are also several studies conducted using both the approximations (LDA and GGA) around the
cubic (Ghaleb & Ahmed, 2022; Ghaleb et al., 2022). In addition to experimental studies, first-
principles calculations have been employed to investigate the magnetic, electronic, optical, and
structural properties of SrZrOgs, providing valuable insight into its potential applications in ad-
vanced functional devices (Feng et al., 2008; Marana et al., 2008; Park et al., 2006; Wu et al.,
2008; Shende et al., 2001). The properties of SrZrOs have been extensively investigated by var-
ious researchers using different computational approaches. Techniques such as the full-potential
linearized augmented plane wave (FPLAPW) method, density functional theory (DFT), linear
combination of atomic orbitals (LCAO), and plane-wave (PW) analysis have been applied to
explore its electronic structure and optically related characteristics (Iwahara et al., 1993; Colom-
ban, 1992). Among these, the CASTEP code has proven particularly valuable, as it enables the
calculation of ground-state energy, band structures, density of states (DOS), phonon dispersion,
and elastic constants, thereby providing detailed insights into the material’s behavior at the
atomic level. CASTEP offers significant advantages for studying SrZrOs, especially due to its
effective treatment of complex crystal structures using periodic boundary conditions. In such
simulations, the exchange—correlation functional is typically described within the generalized
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gradient approximation (GGA) or the local density approximation (LDA), depending on the
required balance between accuracy and computational cost. For the cubic phase of SrZrOs, the
Perdew-Burke-Ernzerhof (PBE) functional within (GGA), and in some cases the (m-GGA), is
commonly employed because it provides reliable predictions of both structural and dynamical
properties of oxide materials (Perdew et al., 1996).

2 Computational method

In this study, first-principles density functional theory (DFT) calculations were performed
within the plane-wave pseudopotential framework using the CASTEP package (Materials Stu-
dio 2020) to investigate the structural and electronic properties of cubic perovskite SrZrOs.
Three exchange—correlation functionals were systematically examined to evaluate their perfor-
mance: the Local Density Approximation (LDA), the Generalized Gradient Approximation in
the Perdew-Burke-Ernzerhof form (GGA-PBE), and the meta-Generalized Gradient Approx-
imation (SCAN). At 0 K, SrZrOg crystallizes in the ideal cubic perovskite structure with the
Pm3m space group (No. 221). At ambient temperature, the material maintains this cubic sym-
metry, with Zr atoms occupying the body-centered position (0.5, 0.5, 0.5), Sr atoms located
at the origin (0.0, 0.0, 0.0), and O atoms residing at the face-centered positions (0.5, 0.5, 0)
and (0.5, 0, 0.5), forming a network of oxygen octahedra around the central Zr cation. To
ensure accurate representation of the electronic structure, the following valence electron config-
urations were considered: O(2s22p®), Zr(4s24p®4d?5s?), andSr(4s24p®5s?). A plane-wave cutoff
energy of 600 eV was employed, as convergence tests confirmed that increasing the cutoff fur-
ther altered the total energy by less than 1 meV/atom. For Brillouin zone sampling, a dense
12 x 12 x 12 Monkhorst—Pack k-point mesh was adopted. Geometry optimization was carried out
using the Broyden-Fletcher-Goldfarb—Shanno (BFGS) minimization scheme(Ling et al., 2002).
The optimized lattice parameters and total energies obtained from LDA, GGA-PBE, and SCAN
were compared to identify systematic trends and deviations. Furthermore, the influence of each
functional on the electronic properties, including bandgap values and the relative positions of
the valence band maximum (VBM) and conduction band minimum (CBM), was thoroughly
analyzed.

3 Results and Discussion

3.1 Geometry of Optimized Structure

The cubic phase of SrZrOs crystallizes in the Pm3m space group (No. 221) with an initial
lattice parameter of a = b = ¢ = 4.084A(Celik & Cabuk, 2013), which lies between previously
reported experimental values of 4.152 A (Kennedy et al., 1999), and 4.109 A(Smith & Welch,
1960). Lattice constants determined experimentally are also consistent with theoretical pre-
dictions using LDA and GGA, which report 4.095 (Mete et al., 2003). The lattice parameters
follow the cubic symmetry condition, « = 8 = v = 90°, and the atomic positions and lattice
constants were fully optimized by minimizing the total energy under zero external stress. The
optimized unit cell structure is illustrated in Figure 1, consisting of five atoms: Zr occupies the
body center, Sr is located at the corners, and three oxygen atoms reside at the face-centered po-
sitions. Table 1 presents the calculated lattice parameters of cubic SrZrOj3 obtained using three
DFT approximations: Local Density Approximation (LDA), Generalized Gradient Approxima-
tion (GGA), and meta-GGA (m-GGA). The optimized lattice constants obtained in this work
are 4.117 A (LDA), 4.186 A (GGA), and 4.130 A (m-GGA). Corresponding unit cell volumes
are 69.83OA3(LDA), 73.373A3(GGA), and70.444A° (m-GGA). These values closely approach the

experimental volumes of 71.576A° and 69.375;13, confirming the reliability and accuracy of the
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Table 1: Using LDA, GGA, and M-GGA, the structural parameter of the SrZrOj3 cube phase was
determined and compared with experimental data (Kennedy et al., 1999; Smith & Welch, 1960)

Phase Approach a®° =0>=c (A) V (A?) Reference
LDA 4.117 69.830
GGA 4.186 73.373 Present work
SrZrOs m-GGA 4.130 70.444
LDA, GGA 4.095 68.669  (Mete et al., 2003)
Experiment 4.152 71.576  (Kennedy et al., 1999)
Experiment 4.109 69.375  (Smith & Welch, 1960)

DFT-based calculations. The volumetric agreement between theory and experiment provides
further evidence of the predictive accuracy of first-principles methods for SrZrOs;.

3.2 Electronic Structure

Density functional theory (DFT) is a widely used quantum mechanical method for investigating
the electronic properties of materials. Within the Kohn-Sham framework, DFT reduces the
complex many-body electron problem to a set of single-particle equations, where the exchange—
correlation functional plays a critical role in determining the accuracy of the calculated electronic
structure(Kohn & Sham, 1965). Understanding the electronic band structure is particularly im-
portant for semiconductors and insulators, as the nature of the band gap—whether direct or
indirect—strongly influences their optoelectronic performance. For instance, materials with a
direct band gap, where the valence band maximum (VBM) and conduction band minimum
(CBM) occur at the same k-point (typically the G-point), are especially valuable in optoelec-
tronic applications such as light-emitting diodes (LEDs), laser diodes, and photovoltaic cells.
The choice of exchange—correlation functional significantly affects the predicted electronic prop-
erties. In the Local Density Approximation (LDA), the exchange—correlation energy depends
solely on the local electron density. While computationally efficient, LDA often underestimates
band gaps due to its tendency to overbind electrons(Perdew & Zunger, 1981). To address this
limitation, the Generalized Gradient Approximation (GGA), which incorporates the gradient of
the electron density, provides a more accurate description for inhomogeneous systems. Among
GGA functionals, the Perdew—Burke-Ernzerhof (PBE) formulation has been widely adopted,
as it generally yields improved predictions of lattice parameters and electronic structures com-
pared to LDA, although it still systematically underestimates band gaps (Perdew, 1997). Beyond
the density and its gradient, meta-GGA (m-GGA) functionals incorporate the kinetic energy
density, thereby providing an additional level of approximation. Among these, the modified
Becke-Johnson (mBJ) potential has attracted considerable attention due to its ability to pre-
dict band gaps with values much closer to experimental results (Tran & Blaha, 2009). A direct
band gap occurs when both the valence band maximum (VBM) and conduction band minimum
(CBM) lie at the I'-point (the center of the Brillouin zone), a characteristic essential for under-
standing optical transitions and evaluating optoelectronic performance. For perovskite oxides
such as SrZrQOs, reported band gap characteristics vary depending on the exchange—correlation
functional employed. While LDA and GGA calculations typically predict an indirect band gap,
the application of the mBJ potential often results in a direct G-G transition, thereby enhancing
the material’s suitability for optoelectronic applications in practice. The ground-state electron
density is obtained through self-consistent field (SCF) iterations, followed by non-self-consistent
band structure calculations along high-symmetry directions of the Brillouin zone. For SrZrQOj,
DFT studies generally report a band gap of ~3.8 eV with LDA, 4.0-4.2 eV with GGA, and 5.0—
5.3 eV with m-GGA (notably with mBJ), which frequently accounts for the indirect-to-direct
gap correction(Zhao & Vanderbilt, 2002). According to Table 2, the calculated band gaps of
cubic SrZrOg in this work were 3.108 eV (LDA), 3.130 eV (GGA), and 3.963 ¢V (m-GGA). All
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three approximations overestimate the experimental band gap of 3.75 eV, although the relative
trend is consistent (LDA < GGA < m-GGA) (Moreira et al., 2009). This systematic progres-
sion highlights the increasing accuracy of higher-level functionals in capturing the electronic

structure of SrZrOs.
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Figure 2: Band structures of the (SrZrO3) phase using the LDA, GGA, and m-GGA methods.

Table 2: The table presents the calculated energy band gap (E,) of SrZrOg, obtained using different
exchange—correlation functionals, including LDA, GGA, and m-GGA.

Phase Approach  E4 (eV) Reference
LDA 3.108
GGA 3.130 Present work
Str0s - h\LGGA  3.963

Experiment 3.75 (Shein et al., 2007)

3.3 Density of States

One of the most significant outcomes of density functional theory (DFT) calculations of elec-
tronic structures is the total density of states (TDOS). The TDOS provides information on
the number of electronic states available at each energy level, making it an essential tool for
understanding the electrical, optical, and magnetic properties of materials. From TDOS anal-
ysis, key characteristics such as the band gap, Fermi energy, valence band maximum (VBM),
and conduction band minimum (CBM) can be extracted. Within DFT, the complex many-
body problem of interacting electrons is reduced via the Kohn—Sham formalism to a system
of non-interacting electrons moving in an effective potential. The band structure, from which
the TDOS is derived, is determined from the eigenvalues of these equations. By summing the
contributions of electronic states across all atoms and k-points in the unit cell, the TDOS of
a material is obtained. The density of states (DOS) analysis is a powerful approach for eluci-
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dating the bonding nature and electronic transitions in cubic strontium zirconate (SrZrOg), a
wide band-gap perovskite oxide. Using DFT, the TDOS of SrZrOgs can be determined with high
accuracy, enabling investigation of its semiconducting properties and potential applications in di-
electric and optoelectronic devices. In this work, the DOS of cubic SrZrOj3 (space group Pm3m)
was calculated using the CASTEP code within the plane-wave pseudopotential framework. The
exchange—correlation functional was treated primarily with the Perdew—Burke-Ernzerhof (PBE)
formulation of the generalized gradient approximation (GGA), while comparative calculations
were also performed using the local density approximation (LDA) and the (m-GGA). Before
DOS calculations, the crystal geometry was fully optimized, and convergence was ensured using
a dense Monkhorst—Pack k-point mesh along with a plane-wave cutoff energy of 600 eV. The
computed TDOS confirms that SrZrOs is a wide band-gap semiconductor. The valence band is
dominated by strong hybridization between O 2p states and Zr 4d orbitals, indicating covalent
bonding interactions, while Sr contributes minimally near the Fermi level due to its predomi-
nantly ionic role in the lattice. The conduction band is primarily composed of unoccupied Zr
4d states. This electronic distribution highlights the mixed ionic—covalent nature of bonding in
SrZrOs. The calculated band gap is dependent on the chosen exchange—correlation functional:
GGA predicts ~3.2 eV, LDA underestimates the value at ~2.7 ¢V, and m-GGA increases the
estimate to ~5.0-5.3 eV, closer to the experimental band gap (Chakraborti et al., 2016). Al-
though DFT is known to underestimate band gaps in general, the DOS analysis presented here
provides valuable insights into the electronic structure of SrZrOs. In particular, the strong O
2p—7Zr 4d interactions and the wide band-gap character suggest promising applications in high-
temperature, dielectric, and insulating technologies. These findings underscore the importance
of combining theoretical predictions with experimental validation for the further development
of SrZrOs as a functional oxide material.
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Figure 3: The total DOS of Cubic SrZrO3 using Functional LDA, GGA, and M-GGA.

339



ADVANCED PHYSICAL RESEARCH, V.7, N.3, 2025

3.4 Optical properties

Density functional theory (DFT) is a powerful computational approach for investigating the
optical properties of materials, including reflectivity, absorption coefficient, refractive index, and
dielectric function. These properties, which are fundamentally linked to the electronic structure,
arise from the interaction of the material with electromagnetic radiation. By calculating the
frequency-dependent complex dielectric function, e(w) = 1(w) + ie2(w), which is derived from
interband electronic transitions, DFT enables the accurate estimation of key optical constants
(Kohn & Sham, 1965).

3.4.1 I Reflectivity

The fraction of light reflected from a material’s surface is defined as reflectivity, and it can be
calculated from the dielectric function using:

R Ve (w) -1
e (w) L

Although differences in intensity and peak positions are observed, the reflectivity spectra calcu-
lated using the three exchange—correlation functionals exhibit similar qualitative features. In all
cases, reflectivity begins to increase at approximately 3 eV, reaches a maximum in the low- to
mid-energy ultraviolet (UV) region, and then decreases steadily beyond 40 eV. The electronic
structure of SrZrQO3 gives rise to significant interband transitions, reflected in multiple spectral
peaks between 5 and 40 eV. For the LDA functional, reflectivity increases gradually from ~5 eV
and reaches a maximum value of ~0.47, with distinct peaks observed near 8 eV, 13 eV, and a
dominant peak around 26 eV. These features are primarily associated with electronic transitions
from O 2p states in the valence band to Zr 4d and Sr 5s states in the conduction band. Above
30 eV, the reflectivity decreases sharply.
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Figure 4: Using LDA, GGA, and m-GGA Exchange-Correlation Functional, reflectivity spectra of
SrZrOs3 are calculated
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The GGA spectrum follows a similar overall trend but exhibits slightly red-shifted features
and enhanced intensity, particularly for the primary peak near 26 eV. This behavior arises
from subtle differences in the predicted band structure, though the overall reflectivity magni-
tude remains comparable to LDA. The m-GGA functional, owing to its improved treatment of
exchange—correlation effects, produces sharper and more intense spectral features. In particular,
the strongest peak at ~26 eV is more pronounced, accompanied by additional fine structures
between 30 and 40 eV. Compared to LDA and GGA, the m-GGA spectrum shows better consis-
tency with experimental reflectivity trends reported for wide-bandgap perovskites. The choice of
exchange—correlation functional significantly influences the accuracy of the calculated reflectivity
spectra: LDA and GGA often underestimate the optical band gap, shifting the reflectivity on-
set to lower energies, whereas meta-GGA (especially the TB-mBJ potential) provides improved
band gap predictions and better agreement with experimental reflectivity profiles, particularly
in the UV region. The computed reflectivity spectra of SrZrOgs obtained using LDA, GGA, and
m-GGA are illustrated in Figure 4.

3.4.2 1II Absorption

The absorption coefficient shows the strength of light absorption in a substance. The dielectric
function’s imaginary element is where it is constructed.

1
2

a(w) = \fz% [\/gg(w) +2(w) — e1(w)

The optical absorption behavior of cubic SrZrQOj is closely linked to its electronic structure,
particularly the density of states (DOS), which governs the interband transitions responsible for
photon absorption. Density Functional Theory (DFT), employing exchange—correlation func-
tionals such as the Local Density Approximation (LDA), Generalized Gradient Approximation
(GGA), and meta-Generalized Gradient Approximation (m-GGA), provides an effective frame-
work for investigating these characteristics. Using CASTEP, the effect of the DOS on the
absorption spectrum can be systematically analyzed. In SrZrOs, the valence band is primarily
composed of O 2p states, while the conduction band is dominated by Zr 4d states. Optical
absorption begins when photons excite electrons across the band gap from the valence to the
conduction band. Compared with experiment, LDA and GGA tend to underestimate the band
gap (~3.0-3.3 eV), predicting absorption onsets at lower photon energies. By contrast, m-GGA
provides improved band gap estimates (~5.1-5.6 eV) through its inclusion of kinetic energy den-
sity, yielding absorption edges in closer agreement with experiment (Cui et al., 2021). Analysis
of the total and partial DOS confirms that the sharp rise in absorption above the band gap in
the ultraviolet (UV) region originates from strong O 2p — Zr 4d transitions. While LDA and
GGA predict this increase at artificially low energies, m-GGA accurately reproduces the onset
and magnitude of UV absorption. The calculated absorption coefficient for SrZrOgs indicates sig-
nificant absorption beginning at ~4.5-5.5 eV (m-GGA), which increases sharply due to direct
allowed transitions at the G-G point of the Brillouin zone (Azeem et al., 2020). Furthermore,
the spectra reveal strong absorption above 7 eV, suggesting potential applications of SrZrOg as
a high-k dielectric and UV-blocking material. The improved treatment of exchange—correlation
effects within m-GGA produces a more realistic DOS profile and sharper, well-resolved absorp-
tion peaks compared with LDA and GGA (Segall et al., 2002). Figure 5 illustrates the calculated
absorption spectra of SrZrOs using LDA, GGA, and m-GGA functionals. Among these, m-GGA
provides the most accurate prediction of the absorption edge and peak positions, highlighting
its superior capability for modeling the optical properties of wide-bandgap perovskites.
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Figure 5: Calculated SrZrOs Absorption Coefficient Spectra Using LDA, GGA, and m-GGA
Exchange-Correlation Functional’s.

3.4.3 III Refractive index

The optical refractive index is a fundamental property that characterizes how light propagates
through a material. It is closely related to the dielectric function, and accurate prediction of its
values is essential for the design of transparent conductors, optoelectronic devices, and photonic
materials. Density Functional Theory (DFT), through the study of the electronic band struc-
ture and the frequency-dependent dielectric function, has emerged as a powerful first-principles
technique for evaluating the refractive index of solids. The accuracy of these optical property
calculations within DFT strongly depends on the choice of exchange—correlation functional. The
Local Density Approximation (LDA), which considers only the local electron density, generally
underestimates band gaps and consequently tends to overestimate the static refractive index.
The Generalized Gradient Approximation (GGA), such as the Perdew—Burke—Ernzerhof (PBE)
functional, improves upon LDA by including density gradients; however, it still struggles to pro-
vide reliable band-gap predictions for insulators and wide-band-gap materials. By incorporating
additional parameters such as kinetic energy density, meta-GGA (m-GGA) functionals, includ-
ing the Tran-Blaha modified Becke-Johnson (TB-mBJ) potential, yield improved band-gap
estimations and consequently more accurate predictions of optical responses. The relationship
between the dielectric function and the optical refractive index n(w) is given by:

r = ETAE

The real part of the complex dielectric function, denoted as e1(w), originates primarily from
interband electronic transitions calculated from the Kohn-Sham states (Saifi et al., 2024). Us-
ing CASTEP, the optical properties of perovskite SrZrOs have been investigated within the
DFT framework. The static refractive index was reported to be highest with LDA (~2.57),
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intermediate with GGA (/2.45), and lowest with m-GGA (~2.32). Among these, the m-GGA
value showed the closest agreement with experimental data, highlighting its superior predic-
tive capability. The improved accuracy of m-GGA arises from its enhanced estimation of the
band gap and more precise determination of valence and conduction band edges, both of which
strongly influence optical transitions. Thus, DFT employing LDA, GGA, and particularly m-
GGA functionals provides a reliable basis for refractive index calculations. CASTEP’s robust
implementation of these functionals enables accurate predictions of optical constants, even for
materials with complex electronic structures such as SrZrOs. Notably, m-GGA proves to be
the most dependable for reproducing experimental observations. These insights are essential
for advancing dielectric engineering, optical coatings, and photonics device design. Figure 6
presents the calculated refractive index spectra of SrZrOj3 using the LDA, GGA, and m-GGA
functionals.
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Figure 6: Refractive index spectra of SrZrO3 were calculated using exchange-correlation functionals
LDA, GGA, and m-GGA.

3.4.4 1V Dielectric Function

Density Functional Theory (DFT) provides a robust framework for determining the optical di-
electric function of materials such as SrZrOj3. The complex dielectric function, expressed as
g(w) = e1(w) + iea(w), encapsulates the material’s response to electromagnetic radiation, where
e1(w) describes polarization and dispersion, while e2(w) reflects absorption arising from inter-
band electronic transitions. The accuracy of the calculated dielectric function strongly depends
on the choice of exchange—correlation functional employed in DFT. The Local Density Approx-
imation (LDA), which assumes a uniform electron density, generally yields reliable structural
properties but underestimates the band gap. This results in an overestimation of the static
dielectric constant and shifts the absorption edge in e3(w) toward lower energies for SrZrOs.
The Generalized Gradient Approximation (GGA), such as the widely applied Perdew—Burke—
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Ernzerhof (PBE) functional, improves upon LDA by incorporating electron density gradients.
For SrZrOs, GGA provides a slightly more accurate band-gap prediction and, consequently, a
more realistic dielectric response; however, it often fails to precisely reproduce the detailed spec-
tral features, particularly the exact positions of e3(w) peaks. Meta-GGA (m-GGA) functionals,
including the Tran-Blaha modified Becke-Johnson (TB-mBJ) potential, extend accuracy fur-
ther by incorporating kinetic energy density. This enhancement leads to more precise band-gap
predictions and improved descriptions of the electronic structure, thereby yielding more accurate
dielectric function spectra. Recent DFT studies using m-GGA within CASTEP demonstrated
reduced overestimation of the static dielectric constant compared to LDA and GGA, along with
closer agreement between theoretical and experimental values of €1(0) and interband transition
peaks in g2(w) (Bouzaid et al., 2024). Overall, while LDA and GGA provide qualitative insights
into the dielectric response of SrZrOs, m-GGA delivers quantitatively superior predictions, cap-
turing both the onset of absorption and the correct magnitudes of the real and imaginary
dielectric components. These findings establish m-GGA as the most reliable functional for theo-
retical investigations of complex oxide systems. Consequently, DF T—especially when combined
with advanced functionals such as m-GGA—offers a comprehensive approach for exploring the
optical dielectric function of SrZrQOs, thereby deepening our understanding of its light—-matter
interactions and enhancing its potential for photonic and optoelectronic applications.
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Figure 7: The Dielectric Function of SrZrOgs: Real and Imaginary Parts Calculated Using LDA,
GGA, and m-GGA Exchange-Correlation Functionals.
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3.5 Mulliken Charge Analysis

The Mulliken charge distribution of SrZrOs, calculated using different density functional theory
(DFT) functionals (LDA, GGA, and m-GGA), reveals significant variations in electron distri-
bution among Zr, Sr, and O atoms. For oxygen (O), LDA and GGA predict negative charges
ranging from 0.76e to —0.79 e, reflecting its electron-rich character. In contrast, m-GGA projects
a more substantial negative charge of —0.85e, indicating higher electron density on oxygen. The
total electron population on O is correspondingly larger in m GGA (3.42¢) than in LDA/GGA
(3.38-3.40 e), likely due to the inclusion of higher-order exchange—correlation effects. Addition-
ally, the p-orbital occupancy on O increases from ~2.47-2.48¢ (LDA/GGA) to 2.50 e (m-GGA),
consistent with enhanced covalent character in the bonding. Zirconium (Zr) exhibits a positive
Mulliken charge, confirming electron transfer from Zr to O. The charge on Zr increases from
+1.03e (LDA) to +1.08e (GGA) and +1.15¢ (m-GGA), while the total electron population varies
from 5.49¢ (LDA) to 5.43e (m-GGA). These changes suggest that m-GGA captures additional
electron density contributions, likely due to hybridization effects. The d-orbital occupancy of Zr
decreases slightly from 1.04e (LDA) to 1.02e (GGA) and 0.96e (m-GGA), reflecting enhanced
Zr—0 bonding characteristics under m-GGA.Strontium (Sr) demonstrates electron-donating be-
havior while maintaining a positive charge. The Mulliken charge on Sr increases slightly from
+1.26e (LDA) to +1.30e (GGA), then decreases to +1.39¢ (m-GGA), while the total electron
population rises to 4.30e (m-GGA) from 4.37e (LDA). Small increases in the p-orbital occupancy
across functionals, with m-GGA predicting 3.02e (identical to LDA/GGA), suggest a more po-
lar bonding environment. Overall, these results indicate that m-GGA provides a more accurate
description of the electronic distribution and bonding in SrZrOgs, in agreement with previous
studies (Eglitis, 2012).

Table 3: Using LDA, GGA, and M-GGA, the orbital charges (electron), total charge, and anatomic
Mulliken charge (electron) of SZrOs.

Methods | Species S P d F  Total Mulliken Charge (e)
LDA (0] 0.91 247 0.00 0.00 3.38 -0.76
(0] 091 247 0.00 0.00 3.38 -0.76
(0] 091 247 0.00 0.00 3.38 -0.76
Sr 1.06 3.02 0.29 0.00 4.37 1.26
Zr 1.18 3.26 1.04 0.00 5.49 1.03
GGA O 0.92 248 0.00 0.00 3.40 -0.79
(@) 092 248 0.00 0.00 3.40 -0.79
(0] 092 248 0.00 0.00 3.40 -0.79
Sr 1.06 3.02 0.27 0.00 4.35 1.30
Zr 1.18 3.26 1.02 0.00 5.46 1.08
m-GGA (0] 0.92 2,50 0.00 0.00 3.42 -0.85
(@) 092 250 0.00 0.00 3.42 -0.85
(@) 0.92 2,50 0.00 0.00 3.42 -0.85
Sr 1.03 3.02 0.26 0.00 4.30 1.39
Zr 1.16  3.31 0.96 0.00 5.43 1.15

3.6 Bond Length and Population Analysis

The structural properties of cubic SrZrOgs (perovskite structure) were calculated using three
exchange—correlation functionals: LDA, GGA, and meta-GGA (m-GGA). This analysis focuses
on the bond lengths and populations of Zr—O, Sr—O, and O-O interactions. Due to LDA’s
tendency to overbind atoms, it typically predicts the shortest Zr—O bond lengths. In contrast,
GGA and m-GGA yield slightly longer bond lengths that are in closer agreement with exper-
imental values (2.065-2.093 A) (Alay-e-Abbas et al., 2019). Across all functionals, the Zr-O
bond populations indicate significant covalent character, with GGA predicting the largest value
(0.86). As expected from the 12-fold coordination of Sr in the A-site of the perovskite struc-
ture, the Sr—O bond lengths are substantially longer than the Zr—-O bonds. Both GGA and
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m-GGA slightly overestimate these distances compared to LDA. The relatively low bond pop-
ulations (~0.10-0.14) suggest that Sr—O bonds are predominantly ionic. Experimentally, at
room temperature, the Zr—O and Sr—O bond lengths are approximately 2.065 A° and 2.92-2.96
A°, respectively. While LDA underestimates both Zr—O and Sr—O distances, consistent with
its known contraction tendency, the GGA and m-GGA results closely match the experimental
data, demonstrating their improved accuracy in describing the structural properties of SrZrOs.

Table 4: Show the bond overlap populations and bond lengths (A) for SrZrO3 that have been
calculated using LDA, GGA, and M-GGA.

Methods | Bond | Population | Length (A)
LDA Zr-O 0.84 2.05898
Sr-O 0.15 2.91184
0-O -0.10 2.91184
GGA Zr-O 0.86 2.09322
Sr-O 0.14 2.96026
0-O -0.09 2.96026
m-GGA Zr-0O 0.91 2.06540
Sr-O 0.10 2.92092
0-0 -0.09 2.92092

4 Conclusion

In this study, the structural, electronic, optical, and bonding properties of SrZrOs were sys-
tematically investigated using first-principles calculations within the frameworks of LDA, GGA,
and m-GGA exchange—correlation functionals. The calculated lattice parameters indicate that
m-GGA provides the most accurate results, closely matching experimental data, whereas LDA
tends to underestimate and GGA tends to overestimate the experimental values. Bond length
and bond population analyses reveal that Sr—O bonds are predominantly ionic, while Zr-O
bonds exhibit mixed ionic—covalent character. Mulliken charge analysis further supports this
conclusion, showing partial electron transfer from Sr and Zr atoms to O atoms. Electronic band
structure and density of states (DOS) analyses confirm that SrZrOs is an indirect band gap
semiconductor. As expected, m-GGA slightly corrects the underestimation of the band gap
observed in LDA and GGA, providing a value closer to the experimental band gap (~3.75 eV).
Consistent with previous theoretical and experimental studies, the conduction band is mainly
composed of Zr 4d states, while the valence band is dominated by O 2p states. Regarding opti-
cal properties, the absorption spectra indicate that m-GGA better reproduces the experimental
optical transitions, with absorption onsets corresponding to the expected band gap energies. Re-
flectivity and refractive index spectra exhibit typical wide-band-gap perovskite behavior, with
minor variations depending on the functional employed. Dielectric function calculations demon-
strate a high static dielectric constant, confirming the material’s potential for optoelectronic
and dielectric applications. Overall, across all properties investigated, the m-GGA functional
provides the best agreement with experimental data, establishing it as a reliable approach for
predicting the physical properties of SrZrOs.
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