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Abstract: Rhombohedral Nag.sBi.sTiO3 (NBT) is a representative lead-

free ferroelectric, yet a unified microscopic understanding linking bonding,
Article info electronic structure, and optical response remains incomplete. In this
Type of articles: work, first-principles density functional theory calculations are performed
Original research paper to systematically investigate the structural, electronic, magnetic, and
optical properties of pristine rhombohedral NBT. The optimized R3c
structure is energetically stable and consistent with experimental data.
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from Ti-3d states with minor Bi-6p contributions. Mulliken population
analysis reveals a mixed ionic-covalent bonding nature, with pronounced
Ti-O covalency. Importantly, a clear correlation between Ti-O covalent

] interactions, conduction-band formation, and dominant ultraviolet optical
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transitions is established, providing a quantitative microscopic
interpretation beyond previous qualitative studies. Spin-polarized
calculations confirm an intrinsically non-magnetic ground state. These
Published: 28 March 2026 results offer a reliable theoretical reference for NBT-based functional
materials.
Keywords: Nay.sBio.sTiOs; lead-free ferroelectrics; electronic structure;

optical response; first-principle calculations

1. Introduction

Sodium bismuth titanate, Nay.5Bio.5TiOz (NBT), is a representative lead-free ferroelectric material that
has attracted significant attention as a potential alternative to Pb-based perovskites in environmentally
friendly electronic and electromechanical applications.
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Recent atomistic simulations based on first-principles methods have demonstrated their effectiveness in
linking atomic bonding to electronic and optical properties, providing a reliable theoretical framework
for materials analysis and prediction [1].

Since its discovery by Smolenskii et al. in the early 1960s [2], NBT has been extensively studied due to its
high Curie temperature, large remanent polarization, and chemical stability. Structurally, NBT crystallizes
in a perovskite ABO; framework with a random distribution of Na* and Bi3* cations at the A-site.
Depending on temperature, NBT undergoes a sequence of structural phase transitions, exhibiting a cubic
phase at high temperatures, a tetragonal phase at intermediate temperatures, and a rhombohedral R3c
phase at room temperature [3,4].

Among these phases, the rhombohedral phase is of particular interest because it governs the intrinsic
ferroelectric, dielectric, and optical properties of NBT under ambient conditions. Experimentally,
rhombohedral NBT ceramics exhibit a relatively large remanent polarization and coercive field, but a
modest piezoelectric coefficient compared to Pb-based counterparts [5,6]. Consequently, extensive
efforts have been devoted to improving the functional performance of NBT through compositional
modification, solid-solution design, and microstructural engineering [7-13]. In parallel, a wide range of
experimental studies have explored the structural characteristics, phase transitions, vibrational spectra,
dielectric response, and optical behavior of pristine and modified NBT systems [14-19]. From a
theoretical perspective, first-principles density functional theory (DFT) calculations have played an
essential role in elucidating the microscopic origin of NBT’s physical properties. Previous studies using
different computational frameworks, such as WIEN2k, VASP, Quantum ESPRESSO, and CASTEP, have
reported the electronic band structure, density of states, and selected optical properties of NBT in its
various crystallographic phases [20-24]. These works consistently indicate that rhombohedral NBT is a
wide-band-gap semiconductor, with valence bands dominated by O-2p states and conduction bands
primarily derived from Ti-3d and Bi-related states. Optical spectra calculated from first-principles have
also provided useful insights into the absorption edge and dielectric response of the material.

Despite extensive experimental and theoretical investigations, a critical limitation of previous first-
principles studies on pristine rhombohedral Nag.sBio.5TiO3 lies in the absence of a quantitative and
unified correlation between chemical bonding characteristics, electronic band-edge formation, and
optical transition mechanisms. Although Ti-O hybridization has frequently been mentioned in earlier
reports, it has mainly been discussed in a qualitative manner without explicit linkage to conduction-band
composition or specific features in the calculated optical spectra. In particular, the relationship between
bond population analysis, orbital-resolved density of states near the band edges, and the energy positions
of dominant dielectric-function peaks remains insufficiently clarified. As a result, a coherent microscopic
picture connecting structure, bonding, and optical response in pristine rhombohedral NBT is still lacking.
In this work, we present a comprehensive first-principles study of rhombohedral Nay.5Big.5sTiO3 with a
particular emphasis on establishing a quantitative and explicit correlation between chemical bonding,
electronic band-edge formation, and optical transition mechanisms within a single and consistent
computational framework. Particular emphasis is placed on establishing a quantitative correlation
between partial density of states, Mulliken population analysis, and optical transition mechanisms. By
explicitly linking Ti-O covalent interactions to conduction-band formation and dominant ultraviolet

optical excitations, this study provides a coherent microscopic interpretation that goes beyond previous
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isolated electronic or optical analyses. The results offer a reliable theoretical reference for understanding

pristine NBT and for future studies on modified NBT-based materials.
2. Computational Details

First-principles calculations were performed within the framework of density functional theory (DFT)
using the Cambridge Serial Total Energy Package (CASTEP) as implemented in the Materials Studio
software package [25]. The rhombohedral R3c structure of Nay.5Bio.sTiOz was adopted as the initial
model, with experimental lattice parameters reported by Jones et al. [26]. The unit cell contains 30 atoms,
including 3 Bi, 3 Na, 6 Ti, and 18 O atoms. The exchange-correlation effects were treated using the
generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional [27,28].
Electron-ion interactions were described by Vanderbilt ultrasoft pseudopotentials [29], with the
following valence configurations: Bi (6s?6p?), Na (3s), Ti (3d®4s%), and O (2s?2p*). A plane-wave cutoff
energy of 410 eV was employed for all calculations. Structural optimization was carried out using the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm [30-33] until the convergence criteria were
satisfied. The thresholds for total energy, maximum force, maximum stress, and maximum atomic
displacement were set to 5x107° eV/atom, 1x1072 eV/A, 2x1072 GPa, and 5x10~* A, respectively. For
electronic structure calculations, a stricter total energy convergence criterion of 5 x 1077 eV was applied.
Brillouin-zone integrations were performed using a 6x6x6 Monkhorst-Pack k-point mesh [34],
corresponding to 38 k-points in the irreducible Brillouin zone. Spin-polarized calculations were
conducted to examine the possible magnetic behavior of pristine Nay.5Bi(.5TiO3, although no external
magnetic field, defects, or dopants were introduced. Optical properties, including the dielectric function,
absorption coefficient, reflectivity, refractive index, optical conductivity, and energy-loss function, were
calculated based on the linear response formalism using the optimized ground-state electronic structure.
Although hybrid functionals or modified Becke-Johnson (mB]) approaches may yield improved absolute
band-gap values, the PBE functional was adopted in this work to ensure consistency with a wide range of
previous first-principles studies on NBT and to reliably capture relative trends in electronic structure and
optical transitions. Since the primary objective of this study is to establish quantitative correlations
between structure, chemical bonding, and optical response rather than absolute band-gap correction, the
PBE framework is considered appropriate. Although Mulliken population analysis is known to be basis-
set dependent, it remains a useful and widely adopted tool for comparative bonding analysis when

applied consistently within the same computational framework, as adopted in the present work.
3. Results and Discussion

3.1 Structural Properties

Accurate determination of the equilibrium crystal structure is a prerequisite for reliable prediction of the
electronic and optical properties of crystalline materials. Therefore, full geometry optimization of
rhombohedral Nay.5Bio.sTiO3 was first performed to obtain the energetically stable configuration. The
total energy of the unit cell converged smoothly with respect to the optimization steps, reaching a
minimum after approximately 30 iterations, which indicates good convergence and structural stability of
the optimized configuration. Figure 1 shows the convergence behavior of the total energy during

structural optimization.
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Figure 1. Minimized final energy converges through the calculated iterations of NBT.
The optimized crystal structure preserves the rhombohedral R3c symmetry and exhibits a characteristic
distortion relative to the ideal cubic perovskite structure. This distortion is manifested by a slight
elongation along the crystallographic c-axis and off-center displacements of both A-site and B-site
cations. Such structural features are commonly associated with the stereochemical activity of Bi 6s? lone-
pair electrons, which induce local asymmetry and stabilize the ferroelectric rhombohedral phase at room
temperature. This intrinsic distortion plays a crucial role in determining the bonding characteristics,

electronic band dispersion, and anisotropic optical response of NBT.

© Ti

Figure 2. Optimized crystal structure of rhombohedral Nay.5Biy.sTiO3: (a) conventional unit cell
and (b) primitive cell.
Figure 2 Illustrates the optimized crystal structure of NBT, including both the conventional unit cell and
the corresponding primitive cell. The unit cell contains 30 atoms (3 Bi, 3 Na, 6 Ti, and 18 O atoms),
whereas the primitive cell consists of 10 atoms (1 Bi, 1 Na, 2 Ti, and 6 O atoms). The calculated lattice
parameters of the optimized unit cell are a = b = 54939 A and ¢ = 13.8345 A, which are in good
agreement with available experimental data [26] and previous first-principles calculations [35]. The
small deviations from experimental values are typical for GGA-PBE calculations and do not affect the
qualitative description of the structural and electronic properties. For a more detailed structural
comparison, the lattice parameters and atomic positions of the primitive cell were also analyzed. The
obtained rhombohedral lattice constants and rhombohedral angle are consistent with experimental
reports and earlier theoretical studies [20,21,24]. Table 1 summarizes the fractional atomic coordinates

of Bi/Na, Ti, and O atoms in the primitive cell, showing good agreement with both experimental data [26]
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and prior first-principles results [20]. Minor differences in atomic positions can be attributed to the
choice of exchange-correlation functional and computational parameters. Table 1 summarizes the
fractional atomic coordinates.

Table 1. Structure of NBT material.

Sites X y Y/ Reference
0.2644 0.2644 0.2644 This work
Bi/Na 0.2699 0.2699 0.2699 Calculated [20]
0.2627 0.2627 0.2627 Experiment [26]
0.0080 0.0080 0.0080 This work
Ti 0.0123 0.0123 0.0123 Calculated [20]
0.0063 0.0063 0.0063 Experiment [26]
0.2110 0.2950 0.7491 This work
0 0.1814 0.3138 0.7447 Calculated [20]
0.2093 0.2093 0.7473 Experiment [26]

Overall, the optimized structural parameters confirm that the adopted computational setup reliably
reproduces the intrinsic rhombohedral distortion of Nay.5Big.5sTiO3. This optimized structure serves as a
robust basis for subsequent analyses of electronic structure, chemical bonding, and optical properties. In
particular, the local distortion of TiOg octahedra and the off-center displacement of cations are expected
to strongly influence Ti-O hybridization, which will be discussed in detail in the following sections.

3.2 Electronic Structures

To elucidate the intrinsic electronic properties of rhombohedral Nag.sBio.5TiOs3, electronic structure
calculations were performed based on the optimized primitive cell shown in Figure 2(b), which
significantly reduces computational cost while preserving the essential structural characteristics. Figure
3a presents the Brillouin zone of the rhombohedral phase together with the selected high-symmetry k-
path used for band-structure calculations. The band dispersion was evaluated along the I'-F-Z path,
which adequately captures the critical features near the band edges. The calculated electronic band

structure of pristine NBT is shown in Figure 3b.
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Figure 3. Brillouin zone (a), band structures (b) and partial density of states (PDOS) (c) of NBT.
It is evident that NBT exhibits a direct band-gap semiconducting character, with both the valence-band
maximum (VBM) and the conduction-band minimum (CBM) located at the same k-point. The calculated
band-gap value is approximately 2.86 eV, which is consistent with previous first-principles studies
[20,21,24,36] and reasonably close to experimental estimates when considering the well-known band-

gap underestimation of the GGA-PBE functional.
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It should be noted that the calculated electronic band gap is smaller than the optical band gap extracted
from absorption spectra, which is a common feature in wide-band-gap oxides. This difference arises from
excitonic effects, optical transition matrix elements, and the intrinsic underestimation of band gaps
within the GGA-PBE framework, as well as the fact that optical measurements probe vertical transitions
rather than fundamental electronic gaps.

The Fermi level is located at the top of the valence band, further confirming the intrinsic semiconducting
nature of rhombohedral NBT. To gain deeper insight into the orbital origin of the electronic bands, the
total and partial densities of states (DOS and PDOS) are presented in Figure 3c. The electronic states can
be broadly divided into three energy regions. The valence band, extending from approximately —5.0 eV to
0 eV, is dominated by O-2p states with significant hybridization with Ti-3d orbitals. The conduction band,
starting from about 2.5 eV above the Fermi level, mainly consists of Ti-3d states with additional
contributions from Bi-6p orbitals at higher energies. A deeper bonding region around -9 to -10 eV is
primarily associated with Bi-6s-0-2p hybridization, reflecting the stereochemically active lone-pair
character of Bi. The strong hybridization between Ti-3d and O-2p states near both the VBM and CBM
indicates pronounced Ti-O covalency, which plays a decisive role in determining the electronic band
dispersion and the direct nature of the band gap. This covalent interaction enhances orbital overlap
within the TiOg octahedra, leading to increased band dispersion near the band edges and facilitating
direct optical transitions. In contrast, Bi-6p states mainly contribute to higher-energy conduction bands,

suggesting a secondary role in low-energy electronic excitations.
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Figure 4. Density of states (DOS) and the contributions of elements in NBT.
Figure 4 further resolves the elemental contributions to the DOS, confirming that the electronic structure
near the band gap is primarily governed by the TiOg octahedral framework. While Bi and Na atoms are
essential for structural stabilization and charge balance, their direct contribution to the electronic states
near the Fermi level is relatively limited compared to that of Ti and O. This observation highlights the
dominant role of Ti-0 interactions in controlling the intrinsic electronic properties of rhombohedral NBT.
A quantitative comparison with previous first-principles studies further supports the reliability and
novelty of the present results. Zeng et al. [20] reported that the conduction-band minimum of
rhombohedral NBT is predominantly composed of Ti-3d states with minor Bi-6p contributions, while Lii
et al. [21] observed similar orbital characteristics across different crystallographic phases. In the present
work, the partial density of states reveals that Ti-3d orbitals contribute overwhelmingly to the

conduction-band edge, whereas Bi-6p states mainly appear at higher energies, indicating a secondary
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role in low-energy electronic excitations. Compared with earlier studies, the present analysis explicitly
correlates the enhanced Ti-O hybridization strength, as reflected by Mulliken bond populations, with
increased band dispersion near the band edges. This quantitative linkage provides a more detailed
microscopic interpretation of band-gap formation in rhombohedral NBT. Overall, the electronic structure
analysis reveals that pristine Nag.5Bi.5TiO3 is a wide-band-gap, direct semiconductor in which strong Ti-
0 covalent interactions govern both the formation of the conduction-band edge and the dispersion of
valence-band states. These features provide a crucial electronic foundation for understanding the optical
absorption behavior discussed in Section 3.4 and establish a direct link between chemical bonding and
optoelectronic response in rhombohedral NBT.

Table 2. Mulliken atomic charges population of NBT material.

Population
Elements Charge (e)
S p d f Total
Bi 1.55 1.57 0.00 0.00 3.12 1.88
Na 211 6.04 0.00 0.00 8.16 0.84
Ti 2.36/2.38 s/6.63 2.18/2.21 0.00 11.17/11.20 0.80/0.83
(0] 1.85/1.86 4.87/4.88 0.00 0.00 6.72/6.73 -0.72/-0.73
Table 3. Mulliken bond population of NBT material.
Structure Bond Population Bond Length A) Bond type
Bi-O 0.05 2.3016 Covalence
NBT Na-O 0.03 2.4427 Covalence
Ti(1)-0(1,3,5) 0.66 1.8526 Covalence
Ti(2)-0(2,4,6) 0.59 1.8827 Covalence

3.3 Magnetic Properties

The magnetic properties of pristine rhombohedral Nay.sBi,.5TiO; were examined using spin-polarized
density functional theory calculations to verify the possible presence of intrinsic magnetism. Figure 5
presents the spin-resolved density of states (DOS) of NBT, in which the spin-up and spin-down
components are nearly identical over the entire energy range. The almost perfect symmetry between the
two spin channels indicates that rhombohedral NBT possesses a non-magnetic ground state. The
calculated integrated spin density is extremely small and close to zero, confirming the absence of long-
range magnetic ordering. Such negligible residual spin polarization originates from numerical asymmetry

inherent in spin-polarized calculations and does not indicate intrinsic magnetism.
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Figure 5. Decomposed density of states (a), spin density of states (b) and element spins of NBT (c).
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Table 4. Integrated Spin Densities of NBT.

Material Integrated Spin Density Integrated |Spin Density| Magnetic Behavior
NBT 0.3510x10-13 0.6886x10-03 Non-magnetic
Element-resolved analysis further reveals that none of the constituent atoms (Bi, Na, Ti, or O) exhibits a
significant magnetic moment. In particular, the Ti-3d and 0-2p states that dominate the valence and

conduction bands remain completely spin-unpolarized. These results are consistent with previous
experimental and theoretical studies, which consistently report that pristine BiosNag.5sTiO3 is intrinsically
non-magnetic [16,35,37,42]. It is worth noting that magnetic behavior reported in some NBT-based
systems is generally associated with extrinsic effects, such as defects, dopants, or surface states, rather
than the intrinsic bulk properties of stoichiometric NBT. Therefore, the present results confirm that
magnetic contributions do not play a role in the intrinsic electronic and optical properties of pristine
rhombohedral NBT, justifying the focus on non-magnetic electronic structure in the subsequent analyses.
3.4 Optical Properties
The optical properties of rhombohedral Nay.5Bi.sTiO3; were investigated to elucidate the relationship
between electronic structure, chemical bonding, and optical excitation mechanisms. Based on the
optimized ground-state electronic structure, the frequency-dependent complex dielectric function was
calculated within the linear response formalism, from which various optical constants were derived.
(cthv)r=A(hv - Eg) (D
where E; is the bandgap energy of material,s A and n are constants, hv is the photon energy with h is the
Planck constant. The two possible value of n are: n = 2 for direct allowed transitions and n = 1/2 for
indirect allowed transitions. Figure 6(a) shows the calculated optical absorption spectrum of NBT in the
wavelength range from 200 to 800 nm. A clear absorption edge is observed at approximately 410 nm,
which is in reasonable agreement with available experimental reports [9,44], considering the intrinsic
limitations of standard GGA-based calculations. Strong absorption features are present in the ultraviolet
region between 200 and 300 nm, whereas the absorption in the visible range is relatively weak,
indicating that pristine NBT primarily responds to ultraviolet radiation.
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Figure 6. Absorption spectra of NBT (a) and Wood-Tauc plots for direct (b) and indirect allowed transitions (c).
To estimate the optical band gap, the Tauc method was applied assuming both direct and indirect allowed
transitions. As shown in Figure 6b and Figure 6c, the extracted direct optical band gap is approximately
3.55 eV, while the indirect band gap is about 2.42 eV. The direct optical band gap is larger than the
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electronic band gap obtained from DFT calculations, which is a commonly observed feature in wide-
band-gap oxides.

Table 5. Comparison table of the results.

Method Direct Eg (eV) Indirect E; (eV) Reference
GGA-PBE (this work) 3.55 242 This work
DFT-GGA 3.03 - [20]
Experiment ~3.0 - [38]

This discrepancy can be attributed to excitonic effects, optical transition selection rules, and the well-
known underestimation of band gaps within the GGA-PBE framework. Importantly, the direct optical

transition is consistent with the direct nature of the calculated electronic band structure.

n(o) = [{e12(w) + &22(0)}1/2 + &1(0)]'/2 (2)
k(o) = (1/2172).[{e1?(w) + &2?(w)}1/2 - &1(w)]/2 (3)
a(o) = (21720/c).[{e?(0) + &22(w) }1/2 - &1(®)]1/2 (4)
R(w) = [({e1(o) + ie2(w)}1/2 - 1)/ ({e1(w) + ie2(w)}1/2 - 1) /]2 (5)
L(®) = e2(w)/[e12(®) + ig22(®)] (6)
o(w) = (o/4mni)[e1(0) + ig2(w) - 1] (7)

where g1(®) and &2(®) are the real and imaginary parts of the dielectric function, ® = 2nv is the angular
frequency of the incident light, c is the speed of light in the vacuum. The refractive index n(®) represents
for the polarization of light travelling through while the extinction coefficient k(w) represents for the
dissipation of energy in the material. The absorption coefficient o(w) show the dependence of the
absorbance on the incident wavelength while the reflectivity R(w) give the information on the reflected
light. The loss function L(w) give information on the amount of energy had loss and the optical
conductivity o(w) illustrates the relationship between the external inducing electric field and internal

induced current in the materials.
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Figure 7. Dielectric functions (a) and peaks positions in the imaginary part of dielectric function of NBT (b).
Table 6. Peak positions in imaginary part of dielectric function of NBT
Peaks 1 2 3 4 5 6 7 8 9 10
Energy (eV) 4.10 6.19 6.33 | 1236 | 15.08 | 17.71 | 19.63 | 21.32 | 36.03 | 38.20

The microscopic origin of the optical transitions can be understood by correlating the absorption features

with the electronic density of states.
Importantly, the present analysis goes beyond previous optical studies by explicitly mapping the

dominant peaks in the imaginary part of the dielectric function to specific orbital-resolved interband
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transitions and corresponding bond population characteristics, thereby providing a quantitative
microscopic interpretation rather than a purely descriptive assignment.

Table 7. Assignment of major optical transitions in rhombohedral Nay.5Bi.5sTiO3

Peak | Energy Dominant ] .. .. .
. Orbital origin Physical interpretation
No. (eV) transition

. Fundamental optical absorption edge

1 ~4.10 VB - CB 0-2p — Ti-3d ) ) . .

dominated by Ti-O covalent interaction

. Higher-energy interband transition

2 ~6.19 VB - CB 0-2p - Ti-3d

within TiO¢ octahedra
3 ~6.33 VB - CB 0-2p — Ti-3d / Bi-6p Mixed Ti-0 and Bi-0 contributions

Transitions involving deeper Bi-related

4 ~12.36 Deep VB = CB Bi-6s / 0-2p — Ti-3d
states
Bi-6s / 0-2s —» Ti-3d / . . o
5-7 15-22 | Deep states — CB Bi-6 High-energy electronic excitations
1-6p

Core-like

8-10 >30 . 0-2s / deeper states Energy-loss dominated processes
transitions

To further clarify the microscopic origin of the optical response, the major peaks in the imaginary part of
the dielectric function can be directly assigned to specific orbital-resolved interband transitions. The first
low-energy peak around 4.1 eV mainly originates from transitions between 0-2p states at the valence-
band maximum and Ti-3d states at the conduction-band minimum, which dominate the optical
absorption edge. Subsequent peaks in the range of 6-7 eV are associated with higher-energy 0-2p to Ti-
3d and Bi-6p transitions, reflecting the increasing contribution of Bi-related states at elevated energies.
High-energy peaks above 12 eV arise from deeper electronic states, such as Bi-6s and 0-2s orbitals, and
therefore contribute primarily to energy-loss processes rather than practical optical absorption. This
explicit assignment establishes a direct quantitative connection between chemical bonding, electronic
structure, and optical excitation mechanisms in rhombohedral NBT. The absorption edge and the low-
energy optical transitions mainly originate from electronic excitations from O-2p states in the valence
band to Ti-3d states in the conduction band. This observation highlights the decisive role of Ti-O covalent
interactions in governing the optical response of NBT, in agreement with the electronic structure and
Mulliken population analyses discussed in Sections 3.2 and 3.3. Further insight into the optical behavior
is provided by the calculated real and imaginary parts of the dielectric function, as shown in Figure 7(a).
The static dielectric constant obtained from the real part of the dielectric function is approximately 6.61,
which is consistent with previous theoretical studies [20]. The imaginary part of the dielectric function
exhibits several pronounced peaks over a wide energy range, reflecting different interband transition
processes, as shown in Table 6 and 7. The first three peaks at low energies are associated with transitions
from O-2p states in the valence band to Ti-3d and Bi-6p states in the conduction band, corresponding to
the dominant ultraviolet absorption features. Higher-energy peaks originate from deeper electronic
states, such as Bi-6s and 0-2s orbitals, and therefore mainly contribute to high-energy optical loss rather
than practical photoresponse. Figure 8 presents other derived optical constants, including reflectivity,
optical conductivity, refractive index, and energy-loss function. The reflectivity of NBT remains relatively
low over a broad energy range, indicating good transparency outside the main absorption regions.

The static refractive index is approximately 2.57, consistent with the wide band gap of the material. The
energy-loss function exhibits distinct peaks corresponding to collective plasma oscillations, suggesting

potential applicability of NBT in ultraviolet and high-energy optical devices. Overall, the optical
-60 -



Journal of Nanomaterials and Applications, Vol. 2, No. 1 (2026), pp. 50-64 Author. Duong Quoc Van et al.

properties of rhombohedral Big.;Nay.5TiO3 are governed by interband transitions dominated by Ti-O
covalent interactions. By explicitly correlating electronic structure, chemical bonding, and optical spectra,
the present results provide a coherent microscopic interpretation of the optical response of pristine NBT
and offer valuable insight for the design of modified NBT-based materials with tailored optoelectronic

properties.
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Figure 8. Reflectivity (a), conductivity (b), refractive index (c) and electron energy-loss spectrum (d) of NBT.
4. Conclusion

In this work, a comprehensive first-principles investigation of the structural, electronic, magnetic, and
optical properties of rhombohedral Nag.5Bi(.5sTiO3 has been carried out using density functional theory
within the GGA-PBE framework. The optimized structural parameters are in good agreement with
available experimental data, confirming the stability of the rhombohedral R3¢ phase and the reliability of
the adopted computational approach. Electronic structure calculations reveal that pristine NBT is a wide-
band-gap direct semiconductor, with valence-band states dominated by O-2p orbitals and conduction-
band states primarily derived from Ti-3d orbitals with minor Bi-6p contributions. Mulliken population
analysis demonstrates a mixed ionic-covalent bonding nature, in which Ti-O0 bonds exhibit a pronounced
covalent character. This strong Ti-O covalency plays a decisive role in shaping the band dispersion near
the band edges and governing the formation of the conduction band. Spin-polarized calculations confirm
that rhombohedral Nay.5Bi,.sTiOs is intrinsically non-magnetic, indicating that magnetic effects do not
influence its fundamental electronic or optical behavior. Optical property analysis shows that NBT
exhibits strong absorption in the ultraviolet region, with optical transitions mainly originating from 0-2p
to Ti-3d excitations. By explicitly correlating chemical bonding characteristics with electronic structure
and optical response, this study establishes a unified microscopic interpretation of the intrinsic

properties of pristine NBT.
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More importantly, this work establishes a quantitative and unified microscopic link between chemical
bonding, electronic band-edge formation, and optical excitation mechanisms in pristine rhombohedral
Nay.5Big.sTi03. By explicitly correlating Mulliken bond populations, orbital-resolved density of states, and
the energy positions of dominant dielectric-function peaks, the present study goes beyond previous
isolated electronic or optical analyses. The insights provided herein offer a predictive framework for
understanding how structural distortion or chemical modification can influence the optoelectronic
properties of NBT-based materials, thereby serving as a reliable theoretical reference for future studies
on doped or engineered NBT systems.
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