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Abstract: A systematic first-principles investigation was performed to
evaluate the performance of LDA and various GGA functionals (PBE, RPBE,
PBESol, PW91, WC) on the structural, electronic, and optical properties of
rhombohedral BiosNaosTiO3(BNT). The results reveal that while PBESol
and WC vyield superior lattice parameters, GGA-PBE and GGA-PW91l
provide the most consistent overall description of structural properties,
direct bandgap energies, and optical absorption spectra. LDA severely
underestimates lattice constants and bandgaps, whereas RPBE
overestimates lattice parameters. Analysis of partial density of states
indicates that the valence band is dominated by 0O-2p and Ti-3d
hybridization, while the conduction band mainly consists of Ti-3d and Bi-
6p states. Overall, GGA-PBE emerges as the most reliable functional for
studying pristine and modified BNT-based materials.
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1. Introduction

BiosNaosTiOs (BNT) is one of the most promising lead-free ferroelectric materials for replacing conventional
Pb-based piezoelectric ceramics because of its excellent ferroelectric, dielectric, and piezoelectric properties

together with its environmentally friendly composition

Agranovskaya in the early 1960s [1], BNT has attracted considerable attention for applications in sensors,
actuators, energy harvesting devices, and non-volatile ferroelectric memories due to its relatively large
remanent polarization, high Curie temperature, and good thermal stability [2].
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Depending on temperature, BNT exhibits three crystallographic phases: a rhombohedral phase (space
group R3c) below approximately 500 K, a tetragonal phase at intermediate temperatures, and a cubic
paraelectric phase above about 800 K [3-5]. Among these phases, the rhombohedral structure is the most
technologically important because it possesses spontaneous ferroelectric polarization and piezoelectric activity.
Experimental studies have reported a remanent polarization of approximately 38 uC.cm™ and a coercive field
around 73 kV. cm™ for rhombohedral BNT, making it one of the representative lead-free ferroelectric
perovskites [6]. Although its piezoelectric coefficient is lower than those of commercial Pb(Zr,Ti)Os; (PZT)-based
ceramics, BNT has become an attractive alternative owing to increasingly stringent environmental regulations
restricting the use of lead-containing electronic materials. Consequently, extensive efforts have been devoted to
improving its physical properties through chemical substitution, defect engineering, and solid-solution
formation [7-9].

In parallel with experimental developments, first-principles calculations based on density functional theory
(DFT) have become indispensable tools for understanding the microscopic origin of the structural, electronic,
optical, and magnetic properties of BNT. Compared with experimental approaches, DFT calculations provide
detailed information about the electronic structure, chemical bonding, density of states, and charge distribution
at the atomic scale while requiring significantly lower cost and time [10]. Moreover, computational studies allow
researchers to predict the effects of dopants, defects, and structural distortions before experimental synthesis,
thereby accelerating the development of new BNT-based functional materials [11].

Numerous DFT investigations have been performed on BNT using different computational packages,
including CASTEP [12, 13], VASP [14, 15] and WIENZ2k [16, 17]. Previous studies consistently demonstrated that
rhombohedral BNT is a semiconductor with a direct band gap and that the valence band is mainly composed of
0-2p states hybridized with Ti-3d orbitals, whereas the conduction band is dominated by Ti-3d and Bi-6p states
[18]. Other theoretical works have investigated the lattice dynamics, elastic behavior, optical response, and
magnetic properties of doped BNT systems [19-21]. These studies have significantly improved the
understanding of BNT and provided valuable guidance for experimental research.

However, despite the extensive application of DFT to BNT, there is still no consensus regarding the most
suitable exchange-correlation functional for accurately describing its physical properties. Different studies have
employed various local density approximation (LDA) and generalized gradient approximation (GGA) functionals,
often leading to inconsistent predictions of lattice parameters, total energies, electronic band gaps, and optical
properties. For example, some investigations suggested that LDA provides satisfactory structural optimization,
whereas others reported that GGA-based functionals, such as PBE or PBESol, yield better agreement with
experimental measurements [22]. Since the exchange-correlation functional represents the largest
approximation in conventional DFT calculations, its selection directly influences the reliability of theoretical
predictions, particularly for complex oxide perovskites such as BNT [23]. Therefore, a systematic comparison of
commonly used functionals under identical computational conditions is highly desirable but remains relatively
limited in the literature.

Such a comparative study is particularly important because BNT serves as the parent compound for a wide
variety of modified materials obtained through substitution of transition-metal ions or alkaline-earth elements
[20, 24]. Reliable prediction of the structural stability, electronic structure, magnetic behavior, and optical
response of these modified systems strongly depends on the choice of exchange-correlation functional [23, 25].
An inappropriate functional may introduce significant errors that propagate into subsequent investigations of
doped BNT materials, making the interpretation of experimental observations more difficult.
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The electronic properties of rhombohedral BNT are strongly influenced by several structural factors. First,
the rhombohedral distortion (space group R3c) induces TiOs octahedral tilting and off-center displacements of
Bi3+, Na*, and Ti4+, which modify the overlap between Ti-3d, O-2p, and Bi-6p orbitals [18, 20]. Second, the
stereochemically active Bi 6s2 lone-pair electrons produce strong Bi-O hybridization, enhancing ferroelectric
polarization and affecting the valence-band dispersion [17, 26]. Third, intrinsic defects such as oxygen vacancies
and cation disorder may introduce localized electronic states within the band gap [21, 27]. Finally, the predicted
electronic structure also depends on the choice of exchange-correlation functional because different functionals
describe electron localization and exchange interactions with different accuracy.

In the present work, we perform a comprehensive first-principles investigation of rhombohedral
Bio.sNay.5 TiOs using six widely adopted exchange-correlation functionals, including the LDA-PZ functional and
five GGA functionals (PBE, RPBE, PBESol, PW91, and WC), implemented within the CASTEP package. Their
performances are systematically evaluated by comparing the optimized lattice constants, total energies,
electronic band structures, density of states, spin characteristics, and optical absorption spectra with available
experimental data. Based on these comparisons, we identify the most reliable functional for accurately
describing the structural and electronic properties of BNT, thereby providing a practical guideline for future
first-principles studies of pristine and chemically modified BNT-based materials.

In this research, we investigate the influence of functionals on the structural, electronic and optical
properties of BNT in order to find out the capable one for ab-initio calculations on further behaviors of BNT and
BNT-based materials.

2. Computational Methods

The initial unit cell of BNT rhombohedral is obtained from experimental result [4], the
corresponding lattice constants are a = b = 5.4887 A and ¢ = 13.5048 A, as shown in Figure 1. Each unit
cell contains a total of number of 30 atom: 3 Bi atoms, 3 Na atoms, 6 Ti atoms and 18 O atoms.

Cambridge Serial Total Energy Package (CASTEP) [28] package, embedded within Material Studio
software, was used to investigate the influence of pseudopotentials on the properties of BNT. Both Local
Density Approximation (LDA) and Generalized Gradient Approximation (GGA) was used for exchange and
correlation effects in materials due to their availability in various calculation softwares.

Perdew-Zunger's (PZ) parametrization [29] of Ceperley-Alder correlation potential [30] was applied for
the Local Density Approximation (LDA) calculations. For the Generalized Gradient Approximation (GGA),
five different exchange-correlation functionals were systematically investigated: Perdew-Burke-
Ernzerhof (PBE) [31], Revised PBE (RPBE) [32], PBE for solids (PBESol) [33], Perdew-Wang 1991
(PW91) [34], and Wu-Cohen (WC) [35].

Electronic wave functions were expanded in a plane-wave basis set with a kinetic energy cutoff of 550 eV,
which was determined after rigorous total-energy convergence tests (energy change < 1.0.10-6eVV//atom).
The interactions between valence electrons and ionic cores were described by Ultra Soft
Pseudopotentials (USPP) [36]. The valence electron configurations considered in the calculations were
Bi: 652 5d10 6p3, Na: 2s2 2p6é 3st, Ti: 352 3p6 3d2 4s2, and O: 2s2 2p4,

Brillouin zone integration was performed using Monkhorst-Pack k-point grids. A k-point sampling mesh
of 4x4x2 (corresponding to a grid spacing of less than 0.03 A1) was employed for structural optimization
and electronic properties, while a denser k-point mesh of 6x6x3 was utilized for density of states (DOS)
and optical calculations. Geometry optimizations were carried out using the Broyden-Fletcher-Goldfarb-
Shanno (BFGS) algorithm [37-40]. The convergence thresholds for geometry relaxation were set to: total
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energy change < 5.0.10-6 eV/atom, maximum ionic force < 0.01 eV/A, maximum stress < 0.02 GPa, and

maximum ionic displacement < 5.0.10-4 A,
The Monkhorst-Pack grid size [41] generated in the self-consistent calculation is 6x6x6, the total

number of k-points in the Brillouin zone is 38, applying to all calculations.

3. Results and Discussions

3.1 Structural Properties
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Figure 2. Minimized final energy converges through the optimized iterations of BNT performed by different

functionals.

The charts in Figure 2 illustrates the convergence of final energy of BNT unit cells with the
optimization steps. Starting with the initial structure, the positions of atoms are adjusted and the total
energy of the unit cell is calculated; the process stops when the minimum energy is reached and the
stable structure is obtained. It can be seen that after 30 (GGA-PBE and GGA-PBESol) to about 50 steps
(GGA-WC), the convergence is achieved and the system has reached an equilibrium state which has
minimum total energy. The required steps are different for each functional but the plateau of total energy
is reached after about 15 steps. Figure 2 shows that all exchange-correlation functionals converge
smoothly toward self-consistent total energies, although the absolute values differ because each
functional employs a different exchange-correlation approximation. The lattice constants, relative
uncertainties and optimal total energy of BNT obtained via first principle calculation with various
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functionals are shown in Table 1. The obtained lattice constants and their relative uncertainties,
compared to the experimental values, are shown in Figure 3; the calculated total energies for BNT unit
cells are displayed in Figure 4.

Table 1. Calculated structural properties of BNT material.

Functionals
Parameters

LDA PBE PBESol RPBE PW91 WC Exp [4]
a=b (A) 5.3622 5.4942 54425 55419 5.4897 54461 5.4887

£,p (%0) 2.30 0.10 0.84 0.97 0.02 0.78 0
c (A) 13.3703 13.8319 135422 14.1148 13.8081 13.5435 135048

€. (%) 0.99 242 0.28 452 2.25 0.29 0

Total Energy (eV) -7293.53 -7294.16 -7279.01 -7298.64 -7300.00 -7286.21

Table 1 reveals that the final structures are in a good agreement with Rietveld neutron powder
profile analysis of Jones et al [4]. The rhombohedral structures is unchanged throughout all optimization
process with different functionals. LDA functional give total underestimated results with a
underestimation of about 2.30% for a and b, 0.99% for c. The highest uncertainty in determination of a
and b belongs to LDA with percentage uncertainty of about 2.30% while RPBE pseudopotential give the
highest overestimation of ¢ with the relative error of about 4.52%. The PBESol and WC give the best
estimations of all three parameters with both relative uncertainties under 1%. Considering that the most
important parameters to determine properties of materials are lattice constants, PBESol and WC
functionals should be used for prediction of BNT behavior.
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Figure 3. Optimized lattice constants of BNT and relative uncertainties calculated using different functionals.

Physically, the superior accuracy of PBESol and WC functionals in predicting the lattice parameters
of rhombohedral BNT stems from their restored gradient expansion for exchange energy. Conventional
GGA-PBE overestimates lattice constants due to its soft exchange potential in regions of slowly varying

electron densities, which is a known limitation in dense bulk solids. Conversely, LDA over-binds atoms
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and underestimates lattice parameters owing to the neglect of density gradients. PBESol and WC modify
the second-order gradient expansion coefficient |1 to match the jellium surface energy and sub-rhombus

limits, thereby properly balancing the short-range exchange and long-range correlation interactions in
complex ABO; perovskite oxides.

The present results are consistent with previous first-principles studies on BNT, which
predominantly employed either LDA or GGA-PBE functionals for structural optimization. However, these
studies generally adopted a single exchange-correlation functional rather than performing a systematic
comparison. Therefore, the present work extends the existing literature by providing a comprehensive
assessment of the performance of several commonly used functionals for rhombohedral BNT. The total
energies reported in Table 1 are the converged self-consistent energies obtained using different
exchange-correlation functionals. Since each functional employs a different exchange-correlation
approximation and pseudopotential, their absolute total energies are referenced to different energy
baselines and therefore cannot be directly compared to evaluate structural stability. A rigorous
comparison of stability should instead be based on formation energies or energy differences calculated
consistently within the same functional. Consequently, the present work uses the total energies only to
verify the convergence of geometry optimization rather than to rank the relative stability of different

functionals.
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Figure 4. Minimum total energy of BNT calculated using different functionals.
3.2 Electronic Structures

Figure 5 displays the calculated band structures of BNT in the k-path of GFZ, the c electronic
bandgaps are listed in Table 2. The results show that BNT is a direct bandgap semiconductor, the lowest
energy state in conduction bands (CB) and highest energy state in valence band (VB) located at the center
of Brillouin zone or the gamma point (G). It can be seen that the valence bands is in the range of -5eV to 0
eV while the conduction band take the range of about 2.5 eV to 10 eV. The horizontal lines represents for
Fermi level, corresponding energy of 0 eV, stay on the top of valence bands, indicating that BNT behaves
as an p-type semiconductor.

Table 2 shows the bandgap values of BNT estimated using different functionals, the experimental
results and corresponding relative errors. LDA functional give the lowest bandgap of 2.52 eV, about
18.15% different to the experimental value of 3.08 eV. In contrast, RPBE produced the best estimation of
2.95 eV, which relative error is only 4.35%. The remained functionals can be devided into 2 groups; the
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first groups contain PBE and PW91, producing corresponding bandgaps of 2.86 eV and 2.84 eV and
relative errors of 7.17 and 7.66%, respectively. The PBESol and WC functionals belongs to the second
group with the estimated bandgaps of 2.78 and 2.76 eV and percentage differences to the experimental
value are 9.67 and 10.39%.
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Figure 5. Band structures of BNT calculated using (a) LDA, (b) GGA-PBE, (c) GGA-PBESol, (d) GGA-RPBE, (€) GGA-
PW91 and (f) GGA-WC.
Table 2. Electronic bandgaps of BNT calculated using different functionals.

Functionals LDA PBE PBESol RPBE PW9o1l WC Exp [4].
Bandgap (eV) 252 2.86 2.78 295 2.84 2.76 3.08
Error (%) 18.15 7.17 9.67 4.35 7.66 10.39 0

Figure 6 presents the partial density of states (PDOSs) of BNT calcualted using different functionals;
the vertical dotted lines represents for Fermi level with energy of 0 eV. All calculations shows that the
Fermi level lies just at the top of conduction bands, suggesting that BNT is a p-type semiconductors. The
conduction bands are mainly composed of Bi-6p, Ti-3d and O-2p states while the valence band are
hybridised from Ti-3d and O-2p states, in a good agreement with previous studies [42, 43]. The clearly
peak at -10 eV is dominated by the hybridisation of Bi-6s and O-2p states. No clearly differences can be
found between the PDOSs of BNT calculated from different functionals, except for the bandgap values.

The electronic structure obtained from all exchange-correlation functionals is consistent with the
rhombohedral R3c crystal symmetry. In this phase, antiphase rotations of TiOs octahedra together with
the off-center displacement of Ti and Bi ions modify the Ti-O-Ti bond angles and strengthen the
hybridization between O-2p, Ti-3d and Bi-6p orbitals. Consequently, the valence-band maximum is
dominated by O-2p states hybridized with Ti-3d orbitals, whereas the conduction-band minimum mainly
originates from Ti-3d and Bi-6p states. Small variations in lattice constants predicted by different
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functionals slightly alter these orbital interactions, leading to the observed differences in the calculated
band gaps.
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Figure 6. Projected Density of States (PDOSs) of BNT calculated using (a) LDA, (b) GGA-PBE, (c) GGA-PBESol, (d)
GGA-RPBE, (e) GGA-PW91 and (f) GGA-WC.

It is worth noting that Bismuth is a heavy element (Z = 83) where relativistic effects, particularly
Spin-Orbit Coupling (SOC), play a non-negligible role in the electronic band structure. The inclusion of
SOC primarily affects the conduction band minimum (CBM), which is predominantly composed of Bi-6p
orbitals. SOC splits the Bi-6p triplet states into j = 1/2 and j = 3/2 total angular momentum sub-states,
effectively shifting the lower conduction band downward by approximately 0.2 - 0.3eV. Consequently,
standard semi-local GGA functionals without SOC yield slightly larger Kohn-Sham electronic gaps that
artificially appear closer to the experimental optical gap (3.08eV). When SOC is taken into account, the
intrinsic functional bandgap underestimation becomes more pronounced, underscoring the necessity of
higher-level approximations such as HSEO6 hybrid functionals or GW quasiparticle corrections for
guantitative optical alignment.

Figure 7 demonstrates the spin-resolved density of states and spin density of states of BNT obtained
with different functionals. The black lines represents for states with spin-up electrons while the red lines
shows the contribution of spin-down states; and the blue lines illustrates for the spin density of states of
BNT. It can be seen that all the spin-resolved densities of states are symmetric, suggesting that BNT is a
non-magnetic materials. However, the non-zero spin densities of states calculated using PBE, RPBE and
PW91 indicates that BNT exhibit very small residual spin polarization. The calculated spin polarization is
extremely small and may originate from numerical effects, including finite k-point sampling, convergence

-45-



Journal of Nanomaterials and Applications, Vol. 2, No. 3 (2026), pp. 38-53 Author. Le Minh Thu

thresholds, or small asymmetries introduced during self-consistent iterations. Since the spin-up and spin-
down densities of states remain nearly symmetric and no finite magnetic moment is obtained, the present
calculations do not provide sufficient evidence to conclude intrinsic magnetism in pristine BNT.
Therefore, rhombohedral BNT should be regarded as essentially non-magnetic, in agreement with
experimental observations. Figure 8 depicts the detailed spin densities of states of BNT, illutrating the
contribution of valence electrons on the magnetic properties of material.
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Figure 7. Spin-resolved and spin density of states of BNT calculated using (a) LDA, (b) GGA-PBE, (c) GGA-PBESol, (d)
GGA-RPBE, (e) GGA-PW91 and (f) GGA-WC.
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Figure 8. Spin densities of states of BNT calculated using (a) GGA-PBE, (b) GGA-RPBE and (¢) GGA-PW91.
The optical bandgap of BNT can be determined from calculated absorption spectra using Wood-
Tauc method [44, 45], which is applicable for both direct and indirect transitions. It is known that
absorption coeficient a and bandgap value E are related via the equation (achv)™ = A(hv — Eg), whereas
A and n are constants, v is the frequency of light and h is the Planck constant. The corresponding value of
nare 2 and 1/2 for direct and indirect allowed transitions, respectively.
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Figure 9 shows the Wood-Tauc plots for direct transitions in absorption spectra of BNT calculated
using various functionals in the range of photon energies of 0 to 5 eV. The absorbance in the range of 0 to
2 eV is small, suggesting that BNT is tranparent for the light in that range. The absorbance increase when
the photon energy is higher than about 2 eV, showing a clearly absorption edge in that range. The optical
bandgaps of BNT determined from obsorption spectra are listed in Table 3. The LDA give the smallest
optical bandgap of 2.51 eV while the remained functionals produced similar bandgap around 2.74 to 2.76
eV. Due to the experimental value of 3.08 eV, LDA is not reliable for bandgap estimation compared with
the other functionals.
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Figure 9. Wood-Tauc plots for direct transitions of absorption spectra of BNT calculated using (a) LDA, (b) GGA-PBE,
(c) GGA-PBESol, (d) GGA-RPBE, (e) GGA-PW91 and (f) GGA-WC.
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Figure 10. Wood-Tauc plots for indirect transitions of absorption spectra of BNT calculated using (a) LDA, (b) GGA-
PBE, (c) GGA-PBESol, (d) GGA-RPBE, () GGA-PW91 and (f) GGA-WC.

Figure 10 compares the optical band gaps of BNT obtained using six different exchange-correlation

functionals from the Wood-Tauc analysis. Similar to the absorption spectra presented in Figure 9, all

functionals predict a direct optical transition with a well-defined linear region near the absorption edge,

allowing reliable determination of the optical band gap. The calculated band gaps range from 2.12 to 2.42

eV, depending on the exchange-correlation functional. Among them, LDA vyields the smallest optical band

gap (2.12 eV), whereas GGA-PBE predicts the largest value (2.42 eV). The remaining functionals (PBEsol,
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RPBE, PW91, and WC) produce intermediate values between 2.29 and 2.37 eV, indicating that the optical
properties are only weakly affected by the choice of functional.

Compared with Figure 9, where the different functionals produce similar absorption spectra and nearly
identical absorption edges, Figure 10 provides a quantitative comparison of the corresponding optical
band gaps. Although the absorption edges appear close to each other in Figure 9, the Wood-Tauc analysis
reveals measurable differences of up to 0.30 eV in the extracted band-gap values. The consistently
smaller band gap predicted by LDA agrees with its well-known tendency to underestimate band gaps due
to the over-delocalization of electronic states, while the GGA-based functionals provide slightly larger and

mutually consistent values.
Table 3. Optical bandgaps of BNT calculated from absorption spectra.

Functionals LDA PBE PBESol RPBE PW91 WC Exp [4]
Direct 3.26 331 3.31 3.39 331 3.26
Bandgap (eV) _ 3.08
Indirect 212 2.42 231 237 2.32 229

The electronic band gap obtained from the band structure corresponding to the energy difference
between the valence-band maximum and conduction-band minimum. In contrast, the optical band gap
extracted from the Wood-Tauc analysis represents the onset of optical absorption, which is influenced by
transition matrix elements, absorption coefficients, and possible excitonic effects [46]. Consequently, the
optical band gap is generally smaller than the electronic band gap. Similar differences have been widely
reported for oxide semiconductors [47].

The electronic band gap obtained from the band structure corresponding to the energy difference
between the valence-band maximum (VBM) and conduction-band minimum (CBM). In contrast, the
optical band gap extracted from the Wood-Tauc analysis represents the onset of optical absorption and is
influenced by the optical transition matrix elements, absorption coefficient, and possible excitonic effects
[48] Therefore, the optical band gap is generally smaller than the electronic band gap, as observed for all
exchange-correlation functionals considered in this work. Such differences between electronic and
optical band gaps have been widely reported for oxide semiconductors and reflect the different physical
guantities measured by band-structure and optical absorption analyses [45, 49].

Furthermore, although conventional GGA functionals are well known to underestimate Kohn—Sham
electronic band gaps, the direct optical band gaps extracted from the calculated absorption spectra (3.26—
3.39 eV) are slightly larger than the experimental value (3.08 eV) [48, 49]. This apparent discrepancy
arises because the Wood-Tauc analysis is based on the calculated optical response rather than directly on
the Kohn-Sham eigenvalues. In addition, experimental optical band gaps are often reduced by defects,
oxygen vacancies, structural disorder, grain boundaries, and thermal broadening, all of which shift the
absorption edge to lower photon energies. Consequently, a slightly larger calculated optical band gap
does not contradict the well-known tendency of GGA to underestimate electronic band gaps [50].
Regarding the optical response, all functional calculations consistently exhibit strong absorption
coefficients (a > 104 cm-1) in the near-ultraviolet regime (hw > 3.2eV), driven by direct interband
transitions from O-2p valence states to Ti-3d conduction states. The subtle discrepancies between the
electronic band gap (Eglec) and optical absorption edge (Egert) can also be attributed to momentum-
dependent dipole matrix elements, where the transition probability near the zone center (I'-point)
dominates the experimental optical response.

Considering the lattice constants together with the electronic and optical band gaps obtained using
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different exchange-correlation functionals summarized in Table 4, the GGA-PBE functional provides the
most balanced overall performance for rhombohedral BNT and is therefore recommended for
subsequent first-principles investigations of pristine and modified BNT materials.
Table 4. Summary of the calculated structural, electronic, and optical properties of rhombohedral BigsNagsTiO3
using different exchange-correlation functionals.

Properties LDA PBE PBESol RPBE PW9O1l WC
Lattice constants Poor Good Excellent Fair Excellent Excellent
Electronic gap Poor Good Moderate Excellent Good Moderate
Optical gap Poor Good Good Good Good Good
Recommended X NNNG v IV YV v

4. Conclusion

This study comprehensively evaluated the impact of six exchange-correlation functionals on the
structural, electronic, and optical properties of rhombohedral BNT using density functional theory. The
LDA-PZ approach consistently underestimates both lattice constants and electronic bandgaps, making it
unreliable for BNT systems. PBESol and WC accurately reproduce experimental lattice parameters but
provide less accurate electronic band-gap predictions than PBE and RPBE. Conversely, RPBE predicts
favorable total energies and bandgaps but overestimates structural parameters. GGA-PBE and GGA-PW91
achieve a robust balance, offering reliable predictions across lattice constants, total energies, direct
bandgaps, and optical absorption spectra. Consequently, GGA-PBE is identified as the optimal exchange-
correlation functional for investigating the physical properties of pristine and chemically engineered
BNT-based ferroelectric materials.
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