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Abstract

The accurate description of the structural and electronic properties of tetragonal BaTiO3 remains
a challenge for density functional theory (DFT) due to self-interaction errors, particularly in the
partially filled Ti(3d) orbitals. In this work, we systematically investigate the performance of sev-
eral first-principles approaches, including Perdew—Burke—Ernzerhof revised for solids (PBEsol),
PBEsol+ U, PBEsol+ U+ V, HSE06, and G°W?+Bethe—Salpeter equation (BSE), for modeling the
structural and electronic properties of this prototypical ferroelectric oxide. The on-site Hubbard
U (Ti(3d)) and intersite V (Ti(3d)-O(2p)) parameters are computed self-consistently using dens-
ity functional perturbation theory. We show that PBEsol+ U incorrectly stabilizes the cubic phase
by suppressing Ti—O hybridization, whereas the inclusion of the intersite V term restores the tet-
ragonal structure, yielding accurate lattice parameters and atomic displacements. Among the
methods considered, PBEsol4-U+V provides the best agreement with experimental structural
data. All approaches predict an indirect band gap, with PBEsol significantly underestimating

its value. Hybrid HSE06 and G°W°+BSE calculations yield substantially improved band gaps,
with G"W?+BSE predicting 3.30 eV, in close agreement with experiment. While PBEsol+U+V
improves the electronic structure relative to semilocal DFT, it remains less accurate than hybrid
and many-body approaches. These results clarify the role of intersite interactions in stabilizing
the ferroelectric phase of BaTiO3 and highlight the strengths and limitations of commonly used
electronic-structure methods for modeling complex oxides.

1. Introduction

Barium titanate (BaTiOs, BTO) is a technologically important oxide widely exploited in electroceramics
and microelectronics owing to its outstanding ferroelectric and piezoelectric properties. Its high dielec-
tric constant combined with low dielectric losses makes it particularly suitable for a broad range of
applications [1], including capacitors, multilayer ceramic capacitors, and energy-storage devices [2-8].
Moreover, doped BTO has been extensively used in positive temperature coefficient resistors and piezo-
electric components, and it remains one of the most important ferroelectric ceramic materials [9, 10]. In
addition to these intrinsic properties, the dielectric and structural properties of BTO are also highly sens-
itive to extrinsic factors such as grain size, particle size, and structural symmetry at the nanoscale [11].
BTO exhibits a sequence of temperature-driven crystallographic phase transitions, undergoing four
structural transformations as a function of temperature. Above 403 K, it crystallizes in the paraelectric
cubic perovskite phase with no spontaneous polarization. Upon cooling, it successively transforms into
ferroelectric tetragonal (273-403 K, polarization along ({100))), orthorhombic (183-273 K, polarization
along ((110))), and rhombohedral phases (below 183 K, polarization along ((111))) [12-16]. Among
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these, the tetragonal phase is particularly significant because it is stable under ambient conditions and
plays a central role in most device applications.

The structural, electronic, vibrational, and optical properties of BTO have been extensively invest-
igated both experimentally and theoretically. Early first-principles studies established the microscopic
origin of ferroelectricity in BTO, emphasizing the crucial role of Ti—O hybridization and lattice instabil-
ities in driving the tetragonal distortion and spontaneous polarization [17-20]. Experimental structural
investigations have provided essential benchmarks for the tetragonal phase and its lattice distortions [21],
while subsequent theoretical works have examined the influence of exchange—correlation functionals and
computational methodologies on the predicted structural and electronic properties [22—-27]. Vibrational
and dielectric properties, including phonon behavior and optical responses, have also been studied in
detail both experimentally and theoretically [28, 29]. More recent investigations have explored finite-
temperature effects, domain-related phenomena, and advanced polarization mechanisms using modern
first-principles and multiscale approaches [30-33]. Despite these extensive efforts, accurately reproducing
the tetragonal distortion and related ferroelectric properties within first-principles frameworks remains
a long-standing challenge. This difficulty arises from the delicate balance between lattice distortions and
Ti—O hybridization that governs ferroelectricity.

Density functional theory (DFT) [34, 35] has become a cornerstone of computational materials sci-
ence, providing an efficient first-principles framework for predicting structural and electronic properties.
Despite its success, the widely used local density approximation (LDA) and generalized gradient approx-
imation (GGA) exchange—correlation functionals suffer from self-interaction errors, which are partic-
ularly pronounced in systems with localized or partially occupied d states [36—38]. As a prototypical
ferroelectric oxide with partially occupied Ti(3d) states, BTO is especially sensitive to these limitations.
Consequently, LDA and GGA functionals often overestimate or underestimate lattice parameters and sig-
nificantly underestimate electronic properties, particularly band gaps [27, 39—-41].

Recent developments in exchange—correlation functionals, such as the Strongly Constrained and
Appropriately Normed (SCAN) meta-GGA functional [42, 43], have demonstrated improved predict-
ive accuracy for both structural and electronic properties relative to LDA and GGA functionals [27].

In parallel, the Perdew—Burke—Ernzerhof revised for solids (PBEsol) functional [44], particularly when
combined with the vdW-DF-C09 nonlocal correction [45], has been reported to reproduce the structural
parameters of tetragonal BaTiO5; with errors below 3 Despite these improvements, ferroelectric oxides
remain extremely sensitive to small variations in lattice parameters and internal atomic displacements.
To further mitigate self-interaction errors, numerous studies have employed DFT+U approaches, intro-
ducing Hubbard corrections on Ti(3d) and, in some cases, O(2p) states [26, 46-53]. However, most of
these works rely on empirically chosen U parameters, which may limit transferability and predictive reli-
ability. More recent investigations, particularly for the rhombohedral phase, have shown that applying

a U correction solely to Ti(3d) states can induce excessive localization on Ti sites, artificially weakening
Ti—O hybridization and consequently destabilizing the expected ferroelectric distortion [54].

Building on these considerations, an alternative way is the inclusion of intersite Hubbard V interac-
tions within the DFT+4 U4V formalism, which explicitly captures the covalent nature of Ti-O bonding.
Although this approach has shown promising performance in describing structural distortions and elec-
tronic properties in rhombohedral BTO, systematic investigations of the tetragonal phase employing fully
first-principles, self-consistently computed U and V parameters are still lacking. This gap limits a rigor-
ous investigation of the role of intersite Hubbard correlations in stabilizing the ferroelectric distortion at
ambient conditions. In parallel, hybrid exchange—correlation functionals such as HSE06 [55] and many-
body perturbation theory methods based on the GW approximation, combined with the Bethe—Salpeter
equation (GW+BSE) [56-58], offer a more accurate description of quasiparticle and optical excitation
energies, though at a substantially higher computational cost.

Therefore, a comprehensive and consistent comparison between semilocal functionals, first-principles
DFT+U+V, hybrid functionals, and GW+BSE for tetragonal BTO is essential to (i) clarify the inter-
play between structural accuracy and electronic correlations, (ii) establish the reliability of first-principles
Hubbard corrections for ferroelectric oxides, and (iii) provide a predictive framework for modeling their
functional properties.

In this work, we present a first-principles investigation of the structural and electronic proper-
ties of tetragonal BTO using PBEsol, PBEsol+ U, PBEsol+U+V, the hybrid HSE06 functional, and
the GWY+BSE approach. The on-site and intersite Hubbard parameters U& V are computed self-
consistently within density-functional perturbation theory (DFPT) using a linear-response formal-
ism [59-62]. We demonstrate that applying the on-site Hubbard U correction alone drives the tetragonal



10P Publishing

Modelling Simul. Mater. Sci. Eng. 34 (2026) 045003 N Amoyaw et al

BTO toward a cubic configuration by suppressing Ti—-O hybridization, whereas the inclusion of intersite
Hubbard V correction restores covalency and stabilizes the tetragonal distortion. The optimized lattice
parameters and atomic distortions obtained with PBEsol4U+V shows significantly improved agreement
with experimental lattice parameters and atomic displacements compared to other semilocal functionals.
Analysis of the electronic structure reveals that the projected density of states (PDOS) remains qualitat-
ively similar across methods, while band gaps are strongly method dependent. In particular, G'W°+BSE
produces band gaps in excellent agreement with experiment, whereas semilocal functionals consistently
underestimate the gap. These findings provide a comprehensive picture of the interplay between struc-
tural distortions, Ti—O hybridization, and electronic properties in tetragonal BTO, highlighting the crit-
ical role of first-principles intersite Hubbard corrections and advanced electronic-structure methods in
accurately modeling ferroelectric oxides.

The remainder of this paper is organized as follows: section II presents the computational details,
section III presents the analysis of the structural and electronic results, and section IV summarizes the
main conclusions.

2. Computational details

The first-principles calculations were performed using the plane-wave pseudopotential method as imple-
mented in Quantum ESPRESSO [63, 64]. The generalized GGA with PBEsol parameterization [44] was
employed for the semi-local and Hubbard-corrected DFT calculations, along with ultrasoft pseudopo-
tentials (USPP) [65], which provide an optimal balance between computational efficiency and accur-
acy for structural and electronic properties. The pseudopotentials used were for Ba: Ba.pbesol-spn-
rrkjus_psl.1.0.0.UPF, Ti:Ti.pbesol-spn-rrkjus_psl.1.0.0.UPE, and O:O.pbesol-n-rrkjus_psl.1.0.0.UPE. The
use of the same USPP set for PBEsol, PBEsol+ U, and PBEsol+U+V ensures that differences in these
results arise primarily from the exchange-correlation treatment and Hubbard corrections rather than
from the underlying ionic potentials.

Convergence tests with respect to plane-wave cutoff energy and k-point sampling were performed for
all computational methods considered. The selected parameters ensure total-energy convergence within
approximately 1 meV atom™!. These parameters were further verified to yield converged structural and
electronic properties across all exchange-correlation treatments considered. To enable a consistent com-
parison within each methodological methods, the same cutoff energies and k-point grids were adopted
throughout. A kinetic-energy cutoff of 80 Ry was used for the wave functions, and 800 Ry for the charge
density. Brillouin-zone integrations were carried out using k-point meshes of 12 x 12 x 12 for ground-
state calculations and 18 x 18 x 18 for PDOS calculations.

The on-site U and intersite V Hubbard parameters were computed self-consistently using DFPT [60,
62] as implemented in the HP code [66] of Quantum ESPRESSO [63, 64]. Lowdin-orthogonalized
atomic orbitals were employed as Hubbard projector functions [61]. To ensure accuracy, the convergence
of U and V with respect to k and q meshes was systematically evaluated. As shown in figure 1, optimal
meshes were determined to be 6 x 6 x 6 for k points and 4 x 4 x 4 for q points.

Using these meshes, the Hubbard parameters were computed iteratively through a self-consistent
cycle of structural optimizations and recalculation of U and V for each updated geometry, until con-
vergence was achieved for both the structure and the Hubbard parameters, with accuracies of approx-
imately 0.01 eV for U and 0.001 eV for V. The final self-consistent parameters were U = 4.52 eV for
Ti(3d) within PBEsol+U and U= 5.21 eV for Ti(3d) with intersite V values ranging from 1.17 eV to
1.37 eV in PBEsol4-U+V, depending on the Ti-O distance. These values are consistent with previous
reports [54], though the structural and electronic properties of tetragonal BTO were not addressed in
that work. The optimized structural parameters obtained using PBEsol, PBEsol+U, and PBEsol4+-U+V
are listed in table 1 and were subsequently used for electronic structure calculations.

Hybrid functional calculations were performed using HSE06 [55] with optimized norm-conserving
Vanderbilt pseudopotentials [67] and a mixing parameter of 25%.

For G'W? calculations, the all-electron exciting code [68] was employed. k-point meshes of 4 x 4 x
4 and q-point meshes of 6 x 6 x 6 were used. Electronic properties were computed within the G°W°
approximation using the PBEsol-optimized structures, and the BSE was subsequently solved to obtain
the optical spectrum and accurate band gap energies.
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Figure 1. Convergence of the onsite U and intersite V Hubbard parameters with respect to k and q meshes within PBEsol+U+V.

3. Results and discussion

3.1. Structural parameters

In this subsection, we present and discuss the results of structural optimizations for tetragonal BTO

with space group P4mm (No. 99) [12, 69] using various functionals and methods. The tetragonal struc-
ture is characterized by lattice parameters a and ¢, atomic displacements, unit cell volume, and the c/a
ratio. Our results, together with previous DFT-based theoretical data [23, 27] and experimental measure-
ments [12, 69], are summarized in table 1.

Previous studies using the PBEsol functional [27] reported slight overestimations of a (0.23%) and
¢ (4.33%), as well as the ¢/a ratio (4.08%) and unit cell volume (4.90%). In contrast, LDA typically
underestimates cell parameters [23, 24], while PBE [70] and PBEO [23] tend to perform poorly in pre-
dicting tetragonal BTO structure. Our results show that among the tested functionals, PBEsol+U+V
provides the most accurate structural predictions, whereas PBEsol+U performs the worst. This is con-
sistent with previous studies on rhombohedral BTO [54], where PBEsol4-U+V demonstrated superior
accuracy in reproducing experimental lattice parameters and distortions. Notably, PBEsol+ U incorrectly
stabilizes a cubic ground-state configuration, deviating from the tetragonal phase, consistent with pre-
vious studies for the rhombohedral BTO [54]. This discrepancy arises from PBEsol+US oversimplifica-
tion of electron correlations, localizing only the Ti(3d) electron and neglecting the crucial hybridization
between Ti(3d) and O(2p) orbitals.

The poor performance of PBEsol+U arises from its incomplete treatment of electron interactions.
In contrast, PBEsol+ U4V incorporates intersite Hubbard interactions V, which explicitly account for
Ti(3d)-O(2p) hybridization. This more complete description of the electronic structure enables more
accurate predictions of lattice parameters, atomic displacements, and the correct tetragonal phase.
Quantitatively, PBEsol+U+V deviates from experimental values by 0.48% for a, 1.16% for ¢, 1.64% for
¢/a, and 0.23% for unit cell volume, whereas PBEsol alone yields slightly better agreement for ¢ (0.30%)
and c/a ratio (0.96%), consistent with previous reports [30]. Importantly, PBEsol+U+V also predicts
atomic displacements more accurately than PBEsol, SCAN, HSE06, and LDA functionals as shown in
table 1.

Hybrid HSE06 calculations yield comparatively poorer structural predictions, ranking second worst
after PBEsol+U. This behavior aligns with prior studies indicating that hybrid functionals, optimized
primarily for band-gap accuracy, do not necessarily improve equilibrium geometries [27]. In ferroelectric
oxides such as BTO, structural parameters including lattice constants, atomic displacements, and Ti-O
hybridization critically influence electronic structure and polarization properties. Therefore, an accur-
ate and self-consistent description of the tetragonal structure is essential for reliable prediction of both
electronic and ferroelectric behavior, highlighting the importance of employing functionals that balance
structural and electronic accuracy.
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Table 1. Optimized lattice parameters, atomic displacements, unit-cell volume, and tetragonality (c/a) of BTO obtained using PBEsol,
PBEsol+ U4V, HSE06, and PBEsol+ U, compared with previous DFT results [27] and experimental data [12, 69]. Atomic
displacements are defined relative to the cubic reference structure of BTO.

Functional a(A) c(A) c/a V (A% &(Ti) (A) 5(0)) (A) 5(0,) (A)
PBEsol 3.964 4.053 1.0224 63.69 0.015 -0.030 -0.019
PBEsol4+U+V 3.972 4,088 1.0293 64.50 0.016 —0.035 -0.022
HSE06 4.025 4.259 1.0581 69.00 0.0252 -0.0216 -0.0627
LDA [23] 3.952 3.987 1.0089 — 0.0115 —0.0168 —0.0107
PBE [70] 3.976 4.172 1.0493 67.50 0.0188 —0.0473 —0.0266
PBEsol [27] 4.000 4.216 1.0540 67.50 0.018 — —

SCAN [27] 3.985 4.101 1.0290 65.10 0.017 — —
HSE06 [27] 3.959 4,113 1.0390 64.50 0.019 — —

PBEO [23] 3.968 4.137 1.0426 — 0.0203 —0.0431 -0.0226

* PBEsol+U 3.990 3.990 1.0000 63.52 0.000 0.000 0.000
Experiment 3.991 [69] 4.041 [69] 1.0127 [69] 64.35 [69] 0.024 [69] ~0.043 [69] 20.033 [69]

*PBEsol+U predicts a cubic ground-state geometry.

3.2. Electronic properties

In this subsection, we first present and discuss the computed projected density of states (PDOS) of tetra-
gonal BTO obtained using PBEsol, PBEsol+ U, PBEsol+U+V, and HSE06. Subsequently, the band struc-
tures and band gaps calculated with PBEsol, PBEsol+U+V, HSE06, G"W?, and G°W°+BSE are analyzed
and compared with available theoretical and experimental data.

The total and PDOS calculated with the different functionals are shown in figure 2. The PDOS indic-
ates that the valence-band maximum is dominated by O(2p) states, with smaller contributions from
Ti(3d) orbitals, whereas the conduction-band minimum is primarily composed of Ti(3d) states with
minor O(2p) contributions. This distribution is consistent with previous theoretical studies of tetragonal
BTO [24, 30, 71]. The Ti—O hybridization, reflecting the covalent character of bonding, plays a crucial
role in stabilizing the ferroelectric phase and is highly sensitive to Hubbard corrections, as discussed in
section 3.1 and in [54] for rhombohedral BTO.

Introducing Hubbard interactions produces moderate modifications in the PDOS, mainly reflected
in shifts of the conduction-band states and slight changes in spectral weight, as shown in figure 2(a).
While the overall orbital character remains qualitatively similar across all functionals, PBEsol+U shows
noticeable changes compared with PBEsol and PBEsol+U+V, indicating the impact of on-site and
intersite corrections on Ti—O hybridization. A noticeable upward shift of the conduction-band energies is
observed for PBEsol+U+V and HSEO06 relative to PBEsol, in agreement with earlier findings for rhom-
bohedral BTO [54].

The consistent orbital contributions, together with functional-dependent conduction-band shifts,
provide insight into the electronic structure of tetragonal BTO and highlight the sensitivity of predicted
electronic properties to the treatment of exchange—correlation effects.

Opverall, comparison of PDOS results demonstrates that hybrid HSE06 provides an improved descrip-
tion of conduction-band energies, while PBEsol+U+V offers a balanced representation that captures
both hybridization effects and band-edge shifts, bridging the gap between semilocal and many-body
approaches.

The band structures computed using PBEsol, PBEsol+ U+ V, HSE06, and G"W? are shown in
figure 3. For the 5-atom unit cell of BaTiOs, semi-local DFT calculations scale as O(N?) and remain
computationally inexpensive. The inclusion of Hubbard U and intersite V terms introduces only a mod-
est overhead (typically less than a factor of 2). In contrast, HSE06 calculations are approximately one to
two orders of magnitude more expensive due to the evaluation of nonlocal exchange, while GoyW, and
GoW+BSE calculations further increase the computational cost by up to two orders of magnitude. This
highlights the efficiency of the PBEsol+U+V approach in capturing key physical effects at significantly
reduced computational cost.

All approaches predict an indirect band gap, with the valence-band maximum located at the A point
and the conduction-band minimum at the I' point, in agreement with previous theoretical studies [41,
54, 70, 72, 73).

As expected, the semi-local PBEsol functional significantly underestimates the band gap. The inclu-
sion of on-site and intersite Hubbard corrections in PBEsol4U+V leads to a substantial improvement,
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Figure 2. Total and projected density of states of tetragonal BTO computed using (a) PBEsol, (b) PBEsol4-U+V, (c) HSE06, and
(d) PBEsol+U (for which the optimized structure is cubic). The energy axis is referenced to the valence-band maximum of each
method.

reducing the discrepancy with experiment to approximately 16%, in agreement with previous findings
that emphasize the role of Ti(3d)-O(2p) hybridization in determining the electronic structure [24, 30,
54, 71].

The hybrid HSE06 functional provides a highly accurate estimate of the band gap, with a deviation
of less than 3% from experimental values [74]. In contrast, the G"W? quasiparticle correction yields a
band gap of 3.73 eV, corresponding to an overestimation of about 10%. This behavior reflects the qua-
siparticle nature of the GW? approximation, while electron-hole interactions, included only at the BSE
level, are essential for accurately describing optical excitations.

The inclusion of excitonic effects through the BSE leads to a reduction of the optical gap, bringing
the theoretical prediction into closer agreement with experimental value. From the difference between
the quasiparticle gap obtained within G"W and the onset of the BSE absorption spectrum, the exciton
binding energy is estimated to be approximately 0.4 eV, highlighting the importance of electron—hole
interactions in BaTiOs. Furthermore, the computed imaginary part of the dielectric function, e(w),
shown in figure 4, reveals that excitonic effects significantly enhance the absorption onset and modify
the spectral features near the band edge compared to the independent-particle picture.

The indirect band gap along the A-I" pathway plays an important role in determining the optical
response of tetragonal BTO, influencing both light absorption and the coupling between electronic and
ferroelectric properties.

Furthermore, the electronic structure is strongly coupled to lattice dynamics. The accurate descrip-
tion of Ti(3d)-O(2p) hybridization, improved within the PBEsol+U+V framework, plays a key role in
stabilizing the ferroelectric distortion and is directly linked to the soft phonon modes responsible for
the tetragonal phase. In this sense, the improved band gap and electronic structure are consistent with a
more realistic description of the underlying lattice instabilities.

Table 2 summarizes the computed band gaps for tetragonal BTO in comparison with previous the-
oretical and experimental results. The PBEsol value underestimates the gap by roughly 47%, consist-
ent with earlier reports [27, 30]. Among the considered approaches, the most accurate agreement with
experiment is achieved when many-body corrections are included, particularly through G’W° combined
with BSE analysis, which accounts for excitonic effects beyond standard DFT. The excitonic binding
energy is estimated to be approximately 0.4 eV.

Opverall, these results provide a comprehensive picture of the electronic structure of tetragonal BTO
and underscore the importance of advanced exchange correlation treatments for quantitatively reliable
predictions of band gaps and optical properties.
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Figure 3. Electronic band structures of tetragonal BTO computed using (a) PBEsol, (b) PBEsol+U+V, (c) G®W?, and (d) HSE06.
The energy axis is referenced to the valence-band maximum of each method.
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effects in the optical response.
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Table 2. Computed band gaps of tetragonal BTO obtained
using PBEsol, PBEsol+U+V, HSE06, G°W?, and G®W°+BSE,
with comparison to previous DFT results [27] and
experimental values [74]. The PBEsol+ U optimization yields
a cubic structure; therefore, the corresponding band gap is

reported for cubic BTO.

Functional Band gap (Eg) (eV)
PBEsol 1.80
PBEsol+U+V 2.83
HSE06 3.28
LDA [27] 1.72
PBE [70] 1.6
PBEsol [27] 1.73
SCAN [27] 2.13
HSE06 [27] 3.27
PBEO [23] 4.1
G'wo 3.73
G'WY+BSE 3.30

* PBEsol+U 2.27
Experiment 3.38 [74]

4, Conclusion

We performed a comparative first-principles study of tetragonal BTO to assess the performance of sev-
eral exchange-correlation approaches in describing its structural, electronic, and optical properties. The
results show that PBEsol+U+V provides the most accurate structural description, correctly stabiliz-

ing the tetragonal phase and reproducing lattice parameters and ferroelectric distortions. In contrast,
PBEsol+U alone incorrectly favors a cubic structure, demonstrating that intersite interactions are essen-
tial to capture Ti—O hybridization.

All methods predict an indirect band gap along A-I', but the gap magnitude is strongly functional-
dependent. PBEsol significantly underestimates the gap, while PBEsol+U+V partially corrects it. HSE06
yields a band gap in close agreement with experiment, while G"W overestimates the quasiparticle gap.
The inclusion of excitonic effects through the BSE reduces the optical gap and improves agreement with
the experimental value, with an estimated exciton binding energy of approximately 0.4 eV.

PDOS analysis indicates a valence band dominated by O(2p) states and a Ti(3d)-dominated conduc-
tion band, with the degree of Ti-O hybridization highly sensitive to correlation effects. This improved
electronic description is consistent with the stabilization of the ferroelectric distortion and the underlying
lattice instabilities.

Opverall, the study demonstrates that PBEsol+U+V offers the best balance between structural accur-
acy and computational cost, whereas hybrid and many-body methods remain necessary for quantitatively
reliable band gaps and optical spectra. These findings provide practical guidance for modeling ferroelec-
tric oxides and related functional materials.
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