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Abstract

In this study, the ground-state structural and electronic band structure of cubic SrThOs
(space group P,3m, No. 221) were comprehensively investigated using first-principles
calculations within the framework of density functional theory (DFT) at ambient conditions, as
implemented in the Quantum Espresso software and code. The structural and electronic
characteristics of pristine StThO3 were calculated using the Generalized Gradient Approximation
(GGA) within the Perdew Burke Ernzerhof (PBE) exchange—correlation functional. The
structural parameters show good agreement with previously reported theoretical data, validating
the reliability of the adopted methodology. The electronic band gap was calculated as 1.986 eV
with direct band characterization. This paper focused on the investigation of the structural model
and electronic behavior of pristine SrThO; to understand its potential use in optoelectronics

devices.
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Yogunluk Fonksiyonel Teorisi Yontemi Kullamlarak SrThOs’iin Yan fletken
Dogasinin Elektronik Yapi1 Miihendisligi icin Aydinlatilmasi

Oz

Bu ¢alismada, kiibik SrThO;'iin (uzay grubu Pm3m, No. 221) temel durum yapisal ve
elektronik bant yapisi, yogunluk fonksiyonel teorisi (DFT) ¢ergevesinde ilk prensip hesaplamalari
yoluyla kapsamli bir sekilde Quantum Espresso yazilimi ve kodu kullanilarak ortam kosullarinda
incelenmistir. SrThOs'lin yapisal ve elektronik o6zellikleri, Perdew Burke Ernzerhof (PBE)
degisim-korelasyon fonksiyoneli i¢inde Genellestirilmis Gradyan Yaklagimi (GGA) kullanilarak
hesaplanmistir. Yapisal parametreler, daha Once bildirilen teorik verilerle iyi bir uyum
gostermektedir ve benimsenen metodolojinin giivenilirligini dogrulamaktadir. Elektronik bant
araligi, dogrudan bant Kkarakteristigi ile 1.986 eV olarak hesaplanmistir. Bu makale,
optoelektronik cihazlarda potansiyel kullanimini anlamak ig¢in SrThOs'{in yapisal modelinin ve

elektronik davraniginin arastirilmasia odaklanmistir.

Anahtar Kelimeler: SrThO;; Modelleme; Yapisal; Elektronik yap1; Yogunluk fonksiyonel

teorisi.
1. Introduction

Recently, perovskite structures have attracted significant attention in the field of materials
science due to their outstanding electrical and magnetic properties, making them promising
candidates for a wide range of technological applications. In addition to their tunable band gaps
and high carrier mobilities, these materials exhibit remarkable functionalities such as
ferroelectricity, superconductivity, and piezoelectricity, which have been extensively explored in
both experimental and theoretical studies. Among perovskite structures, StThO; has become
increasingly interesting recent decades. While SrSiO; has been investigated in detail, the physical
properties of SrTbO; and SrThOs; have not been thoroughly reported [1]. SrThOs was first
synthesized in 1947 by Mary-Szabo using the solid-state method [2]. In addition, SrThOs has
been synthesised using the sol-gel approach [3, 4]. The thermodynamic stability of SrThOs has
also been discussed and reported [4, 5]. Notably, comprehensive investigations focusing on the
prediction of electronic characteristics and the nature of chemical bonding in SrThOs remain
largely unexplored [2, 4]. Shein et al. reported the electronic and thermal properties of SrThO;
perovskite with cubic symmetry FPLAPW method within GGA [2]. Enhancing crystal stability
is a critical parameter for the accurate prediction of electronic properties in solid-state materials.

In perovskite compounds, the Goldschmidt tolerance factor (7) is a widely adopted descriptor for
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understanding structural stability. The Goldschmidt tolerance factor (t) equal to 1 indicates the
stability of perovskite structure. One method of calculating the tolerance factor is by using bond

lengths, as given in Eqn. (1) [6].

0.707(La—x)

7= A (1)

Lp-x

Laand Lg denote the bond lengths between the A-site and X-site, and the B-site and X-site,
respectively, where A and B are cations, X is a halogen site. A positive formation energy of
+1.440 eV was obtained for SrThOs from total energy difference analysis, suggesting that the
compound is thermodynamically unfavorable and structurally unstable [2]. Mechanical stability
of SrThO; was reported by Jamila et al [1], as it satisfies the born stability criteria. Band gap
tuning can be effectively achieved through various approaches, such as chemical modifications
[7], substitution of halogen elements [8, 9], and incorporation of metal dopants [9], all of which
are widely recognized strategies in material design. Tuning band gaps by these method improves
optoelectronic properties. This paper aims to calculate and predict the electronic properties of
pristine SrThOs structure through first-principles calculations based on DFT calculations. As a
quantum-mechanical approach, DFT provides a robust theoretical basis for the study of many-
electron systems, enabling accurate predictions of their fundamental characteristics. Due to its
efficiency and versatility, DFT has become an indispensable tool across multiple disciplines,
including physics, chemistry, materials science, and geoscience, for exploring the electronic,
structural, mechanical, dynamical, and optical properties of complex condensed matter systems.
Although hybrid functionals offer improved accuracy in predicting the electronic band gap, the
PBE functional remains widely employed and well accepted for predicting the electronic
properties of solids due to its computational efficiency and reasonable agreement with

experimental data [9].
2. Materials and Methods
2.1. Simulation Method

The first-principles calculations based on DFT were conducted to evaluate the ground state
structural parameters of cubic SrThO; (space group Pm3m, No. 221) at ambient conditions using
the Quantum Espresso software and code [10]. The equilibrium atomic positions of the SrThOs
unit cell were obtained through full structural optimization calculations. To achieve an optimized
geometry, the lattice constants and optimized atomic positions were determined. Using the unit
cell structure, the electronic gap and energy states distribution were investigated within the

generalized gradient approximation (GGA) using the Perdew—Burke—Ernzerhof (PBE) functional
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[11]. Convergence tests were systematically performed to identify suitable parameters for the
plane-wave basis set and Brillouin zone sampling. A kinetic energy cutoff of 60 Ry was selected
based on total energy convergence, while Monkhorst—Pack grids of 16x16x16 were adopted for

both unit cell and supercell calculations, to ensure accurate reciprocal space integration.

In this study, systematic optimization of the computational approach was performed with
a detailed demonstration of how these parameters sensitively influence the results. While Shein
et al. [2] employed the full-potential linearized augmented plane wave (FP-LAPW) method using
the Wien2k code, and Jamila et al. [1] used projector augmented-wave (PAW) potentials with the
VASP software, this work utilizes PAW potentials within the Quantum ESPRESSO software
package. In particular, comprehensive convergence tests were performed to determine the kinetic
energy cutoff at 60 Ry. Such details of cutoff energy optimization are rarely reported in the
literature for this examined compound. Regarding Brillouin zone sampling density, the 16x16x16
Monkhorst-Pack grid employed in this work is denser than those used in most previous studies,
which may enable more accurate calculation of the density of states (DOS) and may explain why
the obtained band gap value of 1.986 eV is lower than other PBE calculations in the literatiire,
such as 2.186 eV [1] and 2.25 eV [2]. Consequently, this study presents a high-precision
computational method that can serve as a reference for SrThOs and clarifies the source of
variability among different DFT implementations at the parameter level such as cutoff energy
value and Monkhorst-Pack grid. The 16x16x16 k-grid and 10~¢ Ry energy tolerance employed in
this study provide higher precision compared to previous investigations, leading to more accurate
determination of band extrema.

The methodological distinction of the approach used, particularly in terms of exchange-
correlation functional selection and convergence criteria, offers a valuable benchmark for future
computational studies. Thus, this contribution establishes a methodological reference point that
enables meaningful cross-comparison with both prior SrThOs calculations and the broader
perovskite literature, underscoring the significance of the findings within this narrowly defined

but strategically important research domain.
3. Results and Discussion
3.1. Modelling of Perovskite Structure

In the general formula for oxide perovskite structures, ABO3, A and B refer to ions of
different sizes. SrThO; has a cubic symmetry (space group Pm3m, No. 221). The Wyckoff
positions of Sr, Th and O atoms are 1a (0.5, 0.5,0.5), 1b (0.0, 0.0, 0.0) and 3d (0.0.,0.0, 0.5),

respectively. In the unit cell structure, Sr atoms are located at the body center, while Th and O are
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positioned at the corners and edge centers, respectively [1], as shown in Fig. 1. The calculated
structural parameters are given in Table 1. The calculated bond lengths refer to the nearest bond

lengths of different phase compositions.

Table 1: The structural parameters samples and electronic band gap of SrThO3

Phase composition a(d) Vo (A%) Sr-0 (A) Th-0 (A) E; (eV)

SrThO; unit cell 4.46 93.641 3.153 2.230 1.986

o0
. 0000
00

b

Figure 1: SrThOs perovskite: (a) unit cell structure view along the c-axis, (b) crystal orientation with Th-
centered ThOs polyhedra, (c¢) c-axis view of ThOs polyhedra, and (d) bonding diagram of ThOs.entered
polyhedral form of ThOg

Regarding the calculated values in Table 1, the Goldschmidt tolerance factor was
determined to be 0.9996 using Eqn. (1) for SrThO; with a cubic structure. This value indicates
that the perovskite has ideal cubic symmetry, meaning it is perfectly stable. Theoretically, Jamila
etal. calculated the lattice constant, a (A), as a 4.551 [1]. Tezuka et al. reported the lattice constant,
a(A), as a 4.542 [12]. Mehta et al. also reported this parameter experimentally as 4.430 (A) [13].
According to theoretical calculations by Jamila et al. [1] and Tezuka et al. [12], the unit cell
volume was found to be 94.258 A® and 94.215 A3, respectively. In contrast, Metha et al. [13]
experimentally measured the volume as 86.938 A3, indicating a slight underestimation by
theoretical methods. When the calculated structural parameters of SrThO; oxide perovskite are

compared with the literature values, the obtained error ratios for the lattice constants are 1.99%
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[1], 1.80% [12], 0.67 [13]. Similarly, the comparative analysis for the cell volume yields the
following ratios: 0.65% [1], 0.61% [12], 7.15 [13] for unit cell volumes calculated at ambient
conditions. The computed structural parameters in this study are in good agreement with
previously reported literature values. Cherif et al. employed first-principles methods to calculate
the lattice constant, reporting values of 4.53 A and 4.52 A using LDA and GGA [14], respectively,
which are in good agreement with the reported experimental values of 4.542 A [15] and 4.42 A
[16].

3.2. Compute Electronic Band Gap, Density of States and Partial Density of States

Predicting the nature of solids requires a detailed understanding of their electronic
properties. A comprehensive understanding of the nature of solids is required to analyse their
electronic properties in detail. The physical properties of solid-state materials are significantly
influenced by the characteristics of their electronic structure, especially the energy states located
near the Fermi energy (Ef). The band gap value and the nature of the band gap play a key role in
their potential use in electronic and optical applications. The band structures were calculated using
the PBE functional within GGA for the unit cell of the SrThO; compound along the (R- I" -X- M-
I') K-points path. While it is well established that the utilization of hybrid functionals significantly
enhances the band gap and brings it closer to experimental values, PBE functionals are also
frequently employed, particularly in investigations of the electronic nature of semiconductors. In
other words, they generally provide sufficient accuracy for the topological characteristics of the
band structure (direct or near-indirect band gap character, and the orbital character of valence and
conduction bands). The electronic band structure illustrates the dispersion of energy levels
throughout k-space, whereas the density of states (DOS) quantifies the number of available states
at each energy level. Consequently, the band gap revealed along the energy levels of the band
structure directly corresponds to the gap evident along the energy axis of the DOS plots for the

investigated compound.

Owing to the non-magnetic nature of the investigated oxide perovskite, spin-polarized
states were not considered in the present study. Huang et al. underscored the necessity of
incorporating spin-orbit coupling (SOC) effects in compounds containing elements such as U,
Np, and Pu. They described these actinide-based materials as exhibiting complex magnetic
behavior, noting that the 5f electrons of these elements result in substantial band dispersions and
broad bandwidths, making SOC inclusion indispensable. Therefore, in actinide-based
compounds, the main challenges and research interest are concentrated on elements beyond
thorium-particularly from uranium onward [17]. DOS analysis of SrThO; calculated by Jamila et

al. [1], which incorporated spin-orbit coupling, highlighted that the dominant contribution to the
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valence band originates from O-p orbitals, whereas Sr-p states were observed to contribute to both
the valence and conduction bands. These findings demonstrate general consistency with the
results of the present study where spin-orbit interaction was neglected. Consequently, it can be
argued that these results provide evidence for predicting the overall topological characteristics of
the electronic structure. The electronic band gap value was calculated as 1.986 eV with direct

band characterization as depicted in Fig. 2(a).
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Figure 2: a) Electronic band gap b) TDOS c) PDOS of SrThO;

In optoelectronic device applications, the electronic band gap value and the nature of band
gap in compounds are key factors. The direct nature of the band gap at the I" point (k=0) implies

that optical transitions will possess high oscillator strength due to momentum conservation. This
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suggests that SrThOs will exhibit a high absorption coefficient, making it promising for
photovoltaic and photodetector applications. It is well known that a narrow band gap enables
electrons to be easily excited from the valence band to the conduction band, resulting in higher
light absorption. The TDOS and PDOS graphs help in understanding the nature of the chemical
bonds between atoms. The hybridization implies a covalent nature of the chemical bonds between
orbitals in the relevant energy regions. Increased hybridization may be concluded to increase the
elastic modulus, resulting in enhanced mechanical properties of solids. The hybridization between
O-p, O-s and Th-p states was revealed in the region between —12.5 eV and —17.5 eV. Another
hybridization between Sr-p, Sr-s, and Th-p states occurs around —20 eV. TDOS and PDOS show
two regions denoted by energy levels from 0 to —10 eV and from —10 to —20 eV in the valence
band at ambient conditions. The Sr-p states are more dominant at energy levels around —20 eV as
depicted in Fig. 2. Sharp peaks caused by Sr-p states were observed in the valence band in this
region. The remaining energy levels of the valence band primarily consist of O-p states. The
contributions of the 7/-p and O-s states are slightly weaker than those of the O-p states throughout
the valence band. Nevertheless, examination of the orbital projections reveals that contributions
from O-p, O-s, and Sr-p states, albeit at low densities, are particularly notable near the Fermi level
in the conduction band. Consequently, it can be inferred that these orbital contributions may play
a significant role in determining the conductive and optical properties. Shein et al. computed band
gap of SrThOs as a 2.25 eV using the direct band gap FLAPW method. This electronic band gap
was also calculated as 3 eV using the local density approximation (LDA). The valence band can
be categorized into three distinct regions: the first valence band energy states range from —18.1
eV to—16.1¢eV, the second part between —14.9 ¢V and —11.8 eV, and the upper valence band from
-3.85 eV up to O eV (Er). The valence band is composed of three parts: —18.1 eV and —16.1 eV,
—14.9 eV and —11.8 eV and the highest valence band from—3.85 eV to O eV (Ef). The highest
valence band is composed of O-2p orbitals. Th-5f orbitals are more dominant at the bottom of the
conduction band. The second higher contribution arises from Th-6d in the bottom of conduction
band. From DOS calculations, the covalent bond arises from hybridization between O-2p and Th-
6d and 5f orbitals [2]. Jamila et al. focused on the electronic band nature of SrXOs (X=Si, Tb and
Th) using the PBE functional within the GGA approximation. The electronic band gap reveals at
2.695 eV, 3.622 eV and 2.186 eV for X=Si, Tb and Th, respectively. In electronic properties, the
contributions of Sr-4p and O-2p states are dominant [1]. Ghebouli et al. [18] reported that the
electronic band gap as a 2.23 eV with direct band nature. They also emphasized that the lower
energy region of the valence band consists of Sr-p and O-s states. The greater contribution in the
valence band comes from O-p states [17], which agrees with the results reported in this study.

Cherif et al. calculated the electronic band gap using LDA and GGA approximation. It revealed
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1.912 ¢V and 2.058 eV, respectively with direct band gap nature. (problematic sentence structure)
In reported study by Cherif et al., the electronic band structure comprises four distinct regions.
The lowest energy region lies from —18.30 eV to —16 eV and is characterized by contributions
from O-s and Sr-p orbitals. This is followed by the second region situated between —14.80 eV and
—11.30 eV, where Th-p orbitals are predominant. The third region, located from —3.90 ¢V to 0 eV
within the valence band, is primarily composed of O-p orbitals. Finally, the fourth region extends
from 2.25 eV to 8 eV in the conduction band [14], which is in good agreement with the results

reported in this study.
4. Conclusion

In summary, the structural properties of pristine SrThO3 were comprehensively
evaluated using DFT. Crystal stability was assessed by computing the Goldschmidt
tolerance factor, which confirmed the structural feasibility of the perovskite lattice. The
electronic properties were further examined by calculating the electronic band gap and
mapping the electronic band structure to elucidate the semiconducting behavior of
SrThOs. The results revealed a direct band gap of 1.986 eV, indicating potential suitability
for optoelectronic applications. The combination of favorable structural stability and a
relatively narrow direct band gap highlights SrThOs; as a promising candidate for
advanced semiconductor and optoelectronic devices. These findings provide valuable
theoretical insights that may guide future experimental synthesis and device engineering

efforts involving SrThOs oxide perovskites.
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