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ABSTRACT

A comprehensive first-principles study on the structural, electronic and optical properties of perovskite NaTaOs using the
full-potential linearised augmented plane wave plus local orbitals (FP-LAPW + lo) method, as implemented in the
WIENZ2k code was carried out. Five structural polymorphs (orthorhombic (Pbnm and Cmcm), tetragonal (P4/mbm and
P4/mmm), and cubic (Pm-3m)) using both the generalized gradient approximation (GGA) and the Tran-Blaha modified
Becke-Johnson (TB-mBJ) exchange-correlation potentials were systematically optimized. Total energy calculations show
that the ground state is the orthorhombic Pbnm phase, with the Cmcm, P4/mbm, P4/mmm and Pm-3m phases at + 0.021,
+0.038, +0.052 and +0.074 eV per formula unit in energy, respectively. The calculated lattice parameters and bulk
moduli agree well with the experimental data. The bulk modulus decreases from 197.37 GPa (Pbnm) to 192.42 GPa (Pm-
3m) indicating a decreased structural rigidity with increasing symmetry. The electronic structure analysis shows that the
Pbnm phase is a direct-band-gap semiconductor with a bandgap of 2.75 eV (GGA) and 3.15 eV (TB-mBJ) at the Gamma
point, respectively, which is in better agreement with the experimental value of 3.98 eV. The valence band is mainly
composed of hybridized O-2p and Ta-5d orbitals whereas the conduction band minimum is mainly of Ta-5d character.
A detailed analysis of optical properties, i.e., complex dielectric function, refractive index, absorption coefficient,
reflectance and energy loss function, shows strong absorption in the UV region with a threshold 3.15 eV (TB-mB)),
low reflectance in the visible region and sharp plasma edge at 7.65 eV (TB-mBJ). The results presented here indicate
that NaTaOs is a promising material for UV photocatalytic water splitting, UV optoelectronic devices, UV-transparent
optical coatings, Bragg reflectors and as a dopable host matrix for visible-light photocatalysis.
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Introduction

Perovskites with diverse compositions and architectures have garnered significant interest
owing to their potential for numerous industrial and engineering applications. Their wide-
ranging attributes include use in solid oxide fuel cells, white LEDs, solar cells,
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photovoltaics (PVs), sensors, detectors, thermoelectronics, spintronics, and mixed-
conducting oxides for gas separation [1-10]. Direct bandgap semiconductors are
technically appropriate solid inorganic materials for optoelectronic devices and associated
applications [11]. Researchers have investigated a range of high-efficiency organic and
inorganic materials in the field to accomplish this. Recent developments in solid-material
solar cell technology have shown higher efficiency than previous thin-film-based
designs [12,13]. Numerous solid materials, including oxides, perovskites, nitrates, spinels,
and Heuslers, have recently garnered significant attention due to their diverse applications.
Hybrid perovskites are among the most significant materials in solar cell technology,
principally due to their exceptional power conversion efficiency (PCE). Significant
improvements in PCE performance have resulted from extensive scientific research and
development; by 2020, PCE rose from 3.8 % in 2009 to an astounding 25.6 % [14].
Numerous oxide perovskites have demonstrated exceptional structural, optical, electrical,
and thermal properties, including NaTaOs [15], KTaOs [16], BaZrOs [17], SrTiOs [18],
BaTiOs [19], CaTiOs[20], LaFeOs[21], EuAlOs[22], and YMnOs [23]. First-principles
calculations have been extensively applied to study the structural, electronic, and optical
properties of such perovskite oxides [24-37]. These alkaline tantalum-based oxides KTaOs,
RbTa0s, and CsTaOs exhibit good thermal characteristics and suitable electronic band gaps.
When exposed to ultraviolet (UV) light, NaTaOs is one of the most effective photocatalysts
for water splitting [38,39]. For the creation of visible-light photocatalysts, it is
acknowledged as a promising host material [40-43]. X-ray diffraction (XRD) of the NaTaOs
compound at atmospheric pressure was reported by [44], suggesting a structural phase
transition sequence in the substance. Although prior studies have examined specific
aspects of NaTaOs electronic structure (e.g., using GGA+ U or GW approximations),
a comprehensive and systematic FP-LAPW study covering structural optimization across all
experimentally observed phase transitions, coupled with full optical characterization under
both GGA and TB-mBIJ for the ground-state phase, remains absent from the literature. This
constitutes a clear research gap that the present work addresses.

This material goes through the following phase transition sequence, per
the literature:
Pbnm—"2% > Cmem—2% P4/ mbm—2* 5 Pm3m_ 1)

The primary objective of the present work is to systematically investigate the structural
phase stability, electronic band structure, density of states, and optical properties of
stoichiometric NaTaOs across its experimentally observed polymorphs using the FP-LAPW
method within the GGA and TB-mBJ exchange-correlation frameworks, implemented in the
WIEN2k code. This study focuses on establishing the ground-state phase, characterising its
electronic structure in detail, and computing comprehensive optical spectra to evaluate the
suitability of NaTaOs; for UV and near-UV optoelectronic applications. The compound
investigated is stoichiometric NaTaOs (sodium tantalate), wherein sodium is an integral
constituent of the perovskite structure—not a dopant in a TaOs host.

Computational details

The structure (Fig. 1) was optimised using the full-potential linearised augmented plane wave plus
local orbitals (FP-LAPW + lo) method and the generalised gradient approximation (GGA) [45,46].
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Fig. 1. Optimized crystalline structures for NaTaOs

To improve the architecture of the WIEN2K code, this method was applied to determine
the partial density of the states, as well as the total density and range structure for the
states [47]. An exchange-correlation potential that provides a practical way to address
problems that result in band gap underestimation is the Tran-Blaha modified Becke-Johnson
(TB-mBJ) [48]. The experimental crystal parameters of [44] were used as starting geometries.
Three distinct crystallographic symmetries are observed for the NaTaOs; compound:
orthorhombic (space groups Pbnm and Cmcm), tetragonal (space group P4/mbm), and cubic
(space group Pm3m), along with the theoretically predicted tetragonal P4/mmm phase.
The crystal structure of the NaTaOs compound is shown in the FP-LAPW + lo method was
selected as it is widely regarded as one of the most accurate all-electron approaches for
calculating electronic band structures of oxide perovskites [49-51]. The key convergence
parameters used in the present calculations are as follows. The muffin-tin radii (RMT) were
set to 2.35, 2.05, and 1.60 atomic units (a.u.) for Na, Ta, and O, respectively. The plane-wave
expansion cutoff was set to RKmax = 7.0, where RKmax is the product of the smallest muffin-tin
radius and the largest reciprocal lattice vector. Inside the muffin-tin spheres, the wave
functions were expanded using spherical harmonic functions up to angular momentum
lmax = 10, while the charge density was expanded with Gmax = 14 Ry%. Dense k-meshes of
1000, 3000, and 8000 k-points were used for the orthorhombic, tetragonal, and cubic phases,
respectively, to ensure adequate Brillouin zone sampling; convergence with respect to k-
point density was explicitly verified.

Calculations were carried out self-consistently until charge and energy converged
to better than 107° e and 107° Ry, respectively. For optical property calculations, a denser
mesh of 5000 k-points was employed for the Brillouin zone integration to ensure well-
resolved optical spectra. Regarding the choice of exchange-correlation approximation:
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GGA (PBE) systematically underestimates band gaps due to the self-interaction error,
while LDA underestimates even further. Hybrid functionals (e.g., HSEO6) and the GW
approximation yield more accurate gaps but are computationally prohibitive for multi-
phase studies of this complexity. The TB-mBJ potential is a computationally efficient
meta-GGA correction that accurately reproduces band gaps of oxide semiconductors, with
accuracy comparable to hybrid functionals [48]. The present work therefore employs both
GGA and TB-mBJ to provide a complete and practically accessible description of the
electronic and optical properties of NaTaO:s.

Results and Discussion
Structural properties

The first step was to determine the total energy for each type of structure as a function
of the unit-cell volume. The relationship between the calculated total energy and the
lattice parameters was then analysed and fitted using the Murnaghan equation of state
(EOS) E-V [50] in order to extract the ground state properties, such as the equilibrium
lattice constants a (A), b (A), ¢ (A), bulk modulus B (GPa), and its pressure derivative B'.
Table 1 shows the calculated structural parameters for both phases. The best lattice
constants, a (A), b (A), and ¢ (A), were obtained through this process and are consistent
with experimental measurements and the data that is currently available [52-55].
Figure 2 shows how total energy varies with unit volume for the various phases. Since
the (Pbnm) phase has the lowest total energy per formula unit of the five states, it is
a stable ground state for (Cmcm), (P4/mbm), (P4/mmm), and (Pm3m).

Kennedy et al. [44] used X-ray diffraction analysis to demonstrate that NaTaOs
undergoes a continuous structural evolution from orthorhombic (Pbnm) at room temperature
to orthorhombic (Cmcm) at 720 K, tetragonal (P4/mbm) at 835 K, and cubic (Pm3m) above
893 K. The following polymorphs of NaTaO; were examined by Ismailzde et al. [51]:

Table 1. Structural optimization results for NaTaOs: lattice parameters (do, bo, Co in A), bulk modulus
(B in GPa), and pressure derivative (B')

C‘;“;?:;;'d do, A bo, A co, A B, GPa B
- This work 5.5915 5.6861 7.9482 197.369 42309
Exp [44] 5.4768 5.5212 7.7890 - -
pem Others [52] 5.4992 7.7063 5.3904 ; -
[53] 5.5335 5.5784 7.7869
e This work 7.9341 7.9982 7.9961 194.495 4411
Exp [44] 7.8337 7.8485 7.8552 - -
This work 5.5971 - 3.9392 193.326 4462
P4/mbm Exp [44] 5.5503 - 3.9335 ; -
Others [52] 5.4335 - 3.9562
by This work 3.9821 - - 192.599 4468
Exp [51] 3.9252 - - ; -
This work 3.9822 - - 192418 4.649
Exp [44] 3.9313 - - ; -
Pm-3m | Others [53] 3.9462 - - ; ;
[54] 3.9475 - - 2044481 | 4.6089

[55] 3.9858 - - 191.77 -
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Fig. 2. The optimization plots computed for NaTaOs

cubic (Pm3m), Pbnm, Cmcm, P4/mbm, and P4/mmm. The P4/mmm phase is not part of the
Kennedy et al. experimental sequence [44] but has been theoretically predicted and
experimentally observed by Ismailzde et al. [51] as an intermediate tetragonal structure; it
is therefore included in the present study for completeness. At room temperature, NaTaOs
adopts an orthorhombic distorted perovskite structure with space group (Pbnm).
The calculated relative total energies per formula unit, referenced to the Pbnm ground
state, are: Pbnm = 0.000 eV, Cmcm=+0.021 eV, P4/mbm =+ 0.038 eV,
P4/mmm =+ 0.052 eV, and Pm-3m =+ 0.074 eV. This quantitatively confirms that Pbnm has
the lowest total energy, consistent with its experimental stability at room temperature. The
progressive energy increase with increasing structural symmetry reflects the systematic
reduction of cooperative TaO¢ octahedral tilting distortions.

The stability of the Pbnm phase at ambient conditions led to its selection for detailed
electronic and optical analysis. The structural and elastic properties are correlated through
the bulk modulus B, which decreases from 197.37 GPa (Pbnm) to 194.50 GPa (Cmcm),
193.33 GPa (P4/mbm), 192.60 GPa (P4/mmm), and 192.42 GPa (Pm3m). This monotonic
decrease with increasing symmetry is physically consistent: the greater degree of
octahedral tilting in the Pbnm phase enhances structural rigidity, while the higher-
symmetry cubic phase with untilted octahedra exhibits reduced stiffness.

Electronic properties

The electronic band structure is a key analytical tool to study the optical and electronic
properties of semiconductors. These parameters are very important for the design and
fabrication of the semiconductor-based devices. The band structure is shown in Fig. 3.
The energy band gap (Eg) is defined by the energy separation between the valence
band (VB) and the conduction band (CB). The valence band is made up of fully occupied
electron states. The conduction band is made up of empty states that allow free electron
transport and electrical conduction. All calculations are performed with EF = 0 eV. Figures 3
and 4 show the band structure (BS) and density of states (DOS) of NaTaOs; in the
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orthorhombic (Pbnm) structure at the optimised geometry. The obtained band topology by
GGA and TB-mB] is qualitatively similar. The valence band maximum (VBM) and conduction
band minimum (CBM) are both located at the I point, confirming that the band gap is direct
(T—). This is an important finding as direct-bandgap semiconductors are more efficient
light emitters and absorbers than indirect-bandgap materials, as no phonon momentum is
needed for optical transitions. The experimental band gap for NaTaOs is 3.98 eV, while GGA
gives 2.75 eV and TB-mBJ 3.15 eV [56,57]. The TB-mBIJ value is much closer to experiment,
as expected from the known tendency of GGA to underestimate band gaps. Tian et al. [58]
investigated the electronic structure of the Pbnm phase using the Vienna Ab initio
Simulation Package and reported GGA and GGA+U band gaps of 2.7 and 3.92 eV,
respectively. Wang et al. [59] used the GW approximation and obtained a band gap of
2.89 eV. The correlation between band structure and DOS is that the upper valence band
(around -10 to 0 eV) is dominated by O-2p states (px, py, pz), which is confirmed by
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the PDOS in Fig. 4(c). The conduction band minimum consists of the Ta-5d states (d-X2,
d-Y2, d-Z2, d-XYZ) as in Fig. 4(b). The hybridisation between Ta-5d and O-2p states near
the Fermi level is responsible for the covalent bonding character of the Ta-O bond and,
therefore, directly determines the magnitude of the band gap. The deeper valence states
(below -10 eV) are formed from core electrons of O-2s. The higher conduction band levels
above CBM are contributed by Na-s and Na-p states as shown in Fig. 4(d).

The total density of states (TDOS) and partial density of states (PDOS) for the
NaTaOs; compound in the (Pbnm) phase at the equilibrium lattice constants are then
shown in Fig. 4. 0 eV was chosen as the Fermi level. This compound's density of states
(DOS) can be broadly divided into three areas. O-s states contribute primarily to the core
electrons at lower energies. The involvement of O-px, O-py, and O-pz states is the main
characteristic of the second region, which spans from -10 to 0 eV. The Ta atom's d-X2, d-
Y2, d-Z2, and d-XYZ orbitals, which are hybridized with the Na-s, Na-px, Na-py, and Na-
pz states, are significantly represented in the unoccupied states outside of the Fermi level.

Optical properties

The optical properties of NaTaOs in the Pbnm phase were computed from the complex
dielectric function e(w) = e1(w) + ie2(w), which fully characterises the linear optical response
of the material. The real part 1(w) describes the polarisation response of the material to
an external electromagnetic field and is related to the refractive index. A positive value of
€1(w) indicates that electromagnetic waves propagate through the material with reduced
phase velocity, while negative values indicate that the material acts as a mirror and damps
(reflects) incident radiation. The imaginary part &;(w) represents the optical absorption
arising from inter-band transitions; its onset directly corresponds to the fundamental band
gap, and subsequent peaks correspond to transitions between specific VB and CB states.
The dielectric function primarily describes how solid materials respond when exposed to
electromagnetic radiation. The orthorhombic crystal structure with space group (Pbnm)
requires three independent dielectric function tensor components to be considered [60,61].
The imaginary part of e(w) is given as follows:

Im ey, 0 0
0 Ime, 0 | @)
0 0 Ime,,

The dielectric function's real part shows how a material reacts to an external electric
field in terms of polarization. The degree of absorption felt within the material under
external forces is represented by the imaginary component, whereas the real component
mainly shows how the material reacts to polarization. Both intra-band and inter-band
transitions contribute to this absorption. It's interesting to note that intra-band transitions
matter, particularly in metals. Furthermore, inter-band transitions can be classified as either
direct or indirect. The imaginary part of the dielectric function is not affected much by
indirect inter-band transitions involving phonon scattering, so these contributions are
ignored. The dielectric function of the material of interest exhibits high values in both the
middle ultraviolet (4.13-6.20 eV) and near-ultraviolet (3.10-4.13 eV) ranges. However,
these values drastically decrease in the far ultraviolet (6.20 to 12.4 eV) range. The spectrum
of the imaginary component of the dielectric function indicates that the threshold energies,
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which correspond to the first critical points, are situated near A1, A2, A3, A4, A5, A6, and A7,
respectively. The electron transition between the three VB levels and the five levels inside
the CB is the main cause of these points (Table 2). This is in line with the fact that when
exposed to UV light, NaTaOs shows outstanding photocatalytic activity.

Table 2. Principal peak positions of the imaginary part of the dielectric function for NaTaOs

Al A2 A3 A4
GGA 2.97 3.64 4.28 5.17
TP-mBJ 3.27 3.91 4.51 5.08
A5 A6 A7
GGA 6.04 6.23 7.08
TP-mBJ 5.57 6.00 6.74

The dielectric function's real and imaginary spectra for NaTaOs, which were
calculated using two different methods in the FP-LAPW method, are shown in Fig. 5.
The real part of the dielectric function rises sharply as the photon energy reaches 4 eV,
but it completely disappears around 6 eV. Photons can propagate through the material
when the real part is positive. However, when the real part takes on negative values,
the electromagnetic waves experience damping within the compound. When the
dielectric function's real part is equal to zero, only longitudinally polarised waves can
travel. The real components of the dielectric constant in an orthorhombic structure
progressively get closer to the static or low-frequency dielectric constants £7%(0), £*(0)
and &,#(0) as the frequency approaches zero.
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Fig. 5. (3) Real (e1(w) and imaginary &;(w) components of TB-mBJ, and (b) real (e:(w) and imaginary &,(w)
components of GGA, of the dielectric constant e(w) for the (Pbnm) structured perovskite NaTaOs

This can be seen in the optical spectra below the Reststrahlen region. Table 3 shows
the results for £7%(0), £1¥(0) and €:%(0) , when a load is applied, using both the GGA and
TB-mBJ methods. With these values, we were able to use the Penn model to find the energy
band gap of the material we were interested in i.e.e; (0) ~ 1+(hwy/Eo)? [60]. The negative



First-principles calculations to investigate structural, electronic, and optical properties of NaTaOs perovskite 116

correlation between €:(0) and the fundamental energy band gap is widely established. Thus,
a greater fundamental band gap is expected to correlate with a smaller £,(0). This function
is a crucial indicator of the energy dissipation processes brought on by the material's
interband transitions and electron excitations. Understanding L(w) offers important details
about the material's stable lattice structure, optical characteristics, and electronic
interactions and plasmonic behavior.

Table 3. Determined the static constants and the energy band gap for the (Pbnm) structure

E, eV £7%(0) £(0) £:2(0) () n’v(0) n%(0)
GGA 1.86 428 438 441 2.07 2.09 2.10
TP-mBJ 3.15 3.75 3.84 3.86 1.94 1.95 1.96

Both GGA and TB-mBJ methods were used to calculate the refractive index n(w) and
energy loss function L(w) spectra of NaTaOs, which are shown in Figs. 6 and 7, respectively.
The material shows strong extinction effects near the ultraviolet region (Fig. 6), which
progressively diminish as the photon energy increases beyond the UV range. The static
refractive indices ny (at zero frequency) are 2.07-2.10 (GGA) and 1.94-1.96 (TB-mBJ) along
the three crystallographic directions (Table 3), consistent with the Penn model estimate
from the dielectric constant. The energy loss function L(w) depicted in Fig. 7 represents the
energy dissipation experienced by fast electrons traversing the material, and is closely
related to plasmonic behaviour and inter-band excitations. The two prominent peaks at
7.70 eV (GGA) and 7.65 eV (TB-mBJ) correspond to the bulk plasma frequency wp, defined
by the conditions €1(w) = 0 and &2(w) < 1. Above these plasma frequencies, NaTaOs; becomes
transparent to incident photons, as evidenced by the steep decline in reflectance. The
plasma edge behaviour makes NaTaOs suitable for Bragg reflector and UV-transparent
coating applications. Based on the comprehensive computational results, the key practical
applications of NaTaOs include: (1) UV-active photocatalysis for water splitting, supported
by the 3.15 eV direct band gap and strong UV absorption; (2) optoelectronic devices
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operating in the UV and near-UV regions; (3) host material for visible-light-active
photocatalysts through appropriate doping strategies; (4) Bragg reflectors and UV-transparent
optical coatings due to the sharp plasma edge; and (5) solid oxide fuel cell components,
consistent with the high bulk modulus and structural stability of the Pbnm phase.

Figure 8 illustrates the optical reflectivity spectra R(w) of the perovskite compound
NaTaOs in the orthorhombic (Pbnm) phase, calculated using the TB-mBJ and GGA
exchange-correlation approaches over the photon energy range of 0-13eV.
The reflectivity spectra provide important information about the interaction of
electromagnetic radiation with the material surface and its optical response in different
energy regions. In both computational methods, the reflectivity is relatively high in the
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low-energy region, indicating strong photon interaction and metallic-like optical
response near the infrared and visible regions. For the TB-mB]J calculation, the reflectivity
starts around 0.58 at zero photon energy and decreases sharply to approximately 0.30
within the first 1 eV. A similar decreasing trend is observed in the GGA result, where the
reflectivity begins near 0.46 and falls gradually with increasing energy. In the
intermediate energy range, both spectra exhibit several small oscillations and peaks due
to interband electronic transitions. The minimum reflectivity values are observed around
5-7 eV, suggesting reduced optical response in this region. Beyond 8 eV, the reflectivity
increases again for both methods, reaching values above 0.40 at higher photon energies.
Overall, the TB-mBJ approach predicts slightly higher reflectivity values compared to the
GGA method throughout the investigated energy range.

Figure 9 presents the absorption coefficient spectra of the orthorhombic perovskite
NaTaOs calculated using the TB-mBJ and GGA exchange-correlation approximations over
the photon energy range of 0-14 eV. The absorption coefficient provides important
insight into the optical absorption behavior and electronic transitions within the material.
In both approaches, the absorption coefficient gradually increases with increasing photon
energy, indicating enhanced optical absorption in the ultraviolet region. At low photon
energies, the absorption values remain relatively small due to limited interband
transitions near the band gap region. As the photon energy increases beyond
approximately 3 eV, a rapid rise in absorption is observed, corresponding to strong
electronic excitations from the valence band to the conduction band. Several peaks and
oscillatory features appear in the spectra due to multiple interband transitions. The
maximum absorption coefficient reaches about 2 x 10°cm™ for TB-mBJ and slightly lower
values for GGA, demonstrating strong ultraviolet absorption capability of NaTaOs.
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Fig. 9. The equilibrium lattice constants of the perovskite compound NaTaOs, crystallized in the (Pbnm) structure,
are used to evaluate the (a) absorption coefficient a(w) for TB-mBJ; (b) absorption coefficient a(w) for GGA

Mechanical properties

The calculated elastic constants of NaTaOs confirm the mechanical stability of the
compound as the derived values of Ci=156.863GPa, (3=141418 GPa and
(55 =43.558 GPa are positive and satisfy the Born stability criteria. C11 > C33 means that
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the compound is stiffer along the basal plane than along the c-axis. This quantity is a
measure of the elastic anisotropy of the crystal structure. The off-diagonal constant C12 is
moderate and positive (63.753 GPa) indicating stable and well-defined interatomic
bonding under lateral stresses. The very large value of Czz (318.864 GPa) reflects a large
resistance to zone-boundary elastic deformation, which is a common feature of structurally
robust perovskite-type oxides. The calculated bulk modulus of NaTaOs is 84.867 GPa which
shows the moderate resistance to the uniform volumetric compression. The shear modulus
is 46.515 GPa which shows a reasonable resistance to deformation in shape under shear
stress. The values are in agreement with those reported for other perovskite structured
oxide compounds showing a moderately stiff material with stable inter-atomic interaction.
The Young’s modulus is calculated as 117.988 GPa which further quantifies the stiffness of
the material under uniaxial loading and puts NaTaOs as a moderately stiff ceramic oxide
for structural and functional applications. The ductile or brittle nature of NaTaOs; was
evaluated by the Pugh’s ratio and Poisson’s coefficient. The calculated B/G ratio is 1.825
which is greater than the critical value 1.75 indicating NaTaOs as ductile compound. The
Poisson's coefficient n=0.268 above the classical ductility threshold of about 0.26
confirms the ability of the material to undergo plastic deformation without failure. In
conclusion, NaTaOs is a material with good mechanical workability, which is an important
factor for the practical fabrication of devices and applications in thin films. It is found that
the universal anisotropy index A“ is 0.043, very close to zero, which indicates the elastic
isotropicity of NaTaOs. The near-isotropy indicates that the elasto-mechanical response of
the material is almost independent of the crystallographic direction, which is advantageous
for applications that require homogeneous and predictable mechanical properties
irrespective of the crystal orientation. The Debye temperature of NaTaOs is obtained to be

Table 4. Elastic constant, mechanical properties, and Debye temperature (Bp) in K and sound velocity
in m/s of NaTaOs compound

NaTaO0;

Ci1, GPa 156.863
C12, GPa 63.753
Gs3, GPa 141.418
C55, GPa 43558
C.;, GPa 318.864
Bulk modulus B, GPa 84.867
Shear modulus G, GPa 46.515

. . 1.825
Pugh's ratio B/G Ductile compound
Young modulus E, GPa 117.988
Poisson'’s coefficient n 0.268
Anisotropy index A" 0.043
Debye temperature 6p, K 240.563
Longitudinal elastic wave velocity C;, m/s 3711.988
Transverse elastic wave velocity C;, m/s 2088.867
Average wave velocity C,, m/s 2324.084
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240.563 K, which provides an estimation of the upper limit of phonon excitation and is
directly associated with the lattice thermal conductivity and heat capacity of the substance.
The longitudinal elastic wave velocity is 3711.988 m/sec, the transverse velocity is
2088.867 m/sec and the average sound velocity is 2324.084 m/sec. These moderate
acoustic velocities correlate with the calculated elastic modulus and reflect the interplay
between the density and the interatomic bond stiffness of the material. NaTaOs is a
mechanically stable, moderately stiff, ductile and almost isotropic perovskite oxide with
well balanced elastic and acoustic properties. This makes it a promising candidate for
photocatalytic, piezoelectric and optoelectronic device applications.

Conclusions

A comprehensive first-principles study of the structural, electronic, and optical properties
of stoichiometric NaTaOs was carried out using the FP-LAPW + lo method within the GGA
and TB-mBJ exchange-correlation frameworks, as implemented in the WIEN2k code.
Structural optimization was performed for five polymorphs: orthorhombic (Pbnm and
Cmcm), tetragonal (P4/mbm and P4/mmm), and cubic (Pm-3m). The calculated relative
total energies confirm that the orthorhombic Pbnm phase is the thermodynamic ground
state, with relative energies of + 0.021, + 0.038, + 0.052, and +0.074 eV per formula unit
for the Cmcm, P4/mbm, P4/mmm, and Pm-3m phases, respectively. The theoretically
predicted lattice parameters and bulk moduli for all phases are in good agreement with
available experimental data. The bulk modulus decreases systematically from 197.37 GPa
(Pbnm) to 192.42 GPa (Pm-3m), reflecting the reduction of structural rigidity with
increasing symmetry and decreasing octahedral tilting. The Pbnm phase exhibits a direct
band gap at the I point of 2.75 eV (GGA) and 3.15 eV (TB-mBJ); the latter is in better
agreement with the experimental value of 3.98 eV. The valence band is dominated by
0O-2p states hybridised with Ta-5d, while the conduction band minimum is primarily of
Ta-5d character. The optical properties of the Pbnm phase—including the dielectric
function, refractive index, absorption coefficient, reflectance, and energy loss function—
were meticulously computed and analysed. NaTaO3 exhibits strong UV absorption (onset
at 3.15 eV, TB-mBlJ), low visible-region reflectance, and a sharp plasma edge at 7.65 eV
(TB-mBJ). These results establish NaTaOs; as a highly promising material for UV
photocatalytic water splitting, UV optoelectronic devices, UV-transparent optical
coatings, Bragg reflectors, and as a host for visible-light photocatalysts through doping.
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