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ABSTRACT: The first principles study based on density functional theory within local density approximation plus
Hubbard U approach as implemented in Cambridge Serial Total Energy Package code has been used to investigate the
structural, electronic and optical properties of cubic BaTiO3 and BaFeO3. We observed that the structural properties and
band structures of cubic BaTiO3 and BaFeO3 changes when the LDA+U method was employed. Further study on the
properties of the both structures were carried out with the calculation of density of states to show the hybridization
between Fe-O, Ba-O and Ti-O. The comparison between BaTiO3 and BaFeO3 on the optical properties was discussed
using the calculated optical absorption spectra. These results would provide a theoretical reference for fundamental
science as well as technological application of BaTiO3 and BaFeO3.
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1. Introduction
Barium titanate (BaTiO3) is a typical perovskite
compound and it has been used for infrared sensors,
electromechanical transducers and optical modulators as
its large dielectric constant, and noticeable pyroelectric,
piezoelectric and electro-optic effects [1-3]. The structure
of the perfect BaTiO3 has a cubic symmetry as paraelectric
with space group of Pm3m (no 221) [4]. Its lattice consists
of corner-sharing oxygen octahedral with interpenetrating
simple cubic lattices of Ba and Ti cations [5]. The Ti
cations sit at the center of each one of the oxygen
octahedrals, while the Ba ions lie in 12-fold coordinated
sites between the octahedral. The properties of BaTiO3 can
be easily modified [6], for example, the Ba, Ti and O
atoms can be replaced by other impurity atoms. The
properties of BaTiO3 and also BaFeO3 have been
extensively studied in both experimental and theoretical
works.
Fuentes et al. [7] prepared BaTiO3 powders using a solgel-hydrothermal process to study its effects at different
times and calcination temperatures. Ali et al. [8] prepared
La-doped BaTiO3 thin films and studied the composition
of the films. Polycrystalline BiFeO3 thin films on ITO
coated glass substrates were prepared and characterized by
Park et al. [9] using pulsed laser deposition. Recently,
Pugaczowa-Michalska and Kaczkowski [10] studied the
effect of rare-earth-doped in BaFeO3 which shows the
increasing of magnetization as the number of 4f electron
increases. The comparison between BaTiO3 and BaZrO3
are studied by Khenata et al. [11] using the full-potential
linear augmented plane wave (FP-LAPW) to investigate
their properties. However, the comparison between

BaTiO3 and BaFeO3 for their properties has not been
further studied especially by using first principles study
and the Hubbard U method.
In this paper, different with literatures, we studied the
structural, electronic and optical properties of intrinsic
BaTiO3 and BaFeO3 by using density functional theory
(DFT) with local density approximation (LDA) plus
Hubbard U approach. Theoretical computation studies
based on ab-initio calculations can yield important
information regarding the electrical and structural
properties of these solids solution of BaTiO3 and BaFeO3.
The work would be helpful for designing experiments and
explaining the phenomenon in experimental study
especially on the ground state structure and electronic and
optical properties of materials.
2. Computational method
The first principles calculations were performed using
density functional theory (DFT) as implemented in
Cambridge Serial Total Energy Package (CASTEP) [12]
computer code within local density approximation (LDA)
by Ceperley and Adler [13] as parameterized by PerdewZunger [14] (CA-PZ) functional [5, 15, 16]. The first
principles calculations of LDA+U method were applied
using U = 4 eV as reported from the previous study [10].
The atomic crystal structures of cubic BaTiO3 and BaFeO3
used in this work are illustrated in Figure 1 and Figure 2
respectively. A plane-wave cut off energy with 340 eV and
the Brillouin zone with the 4x4x4 k-point (converged)
were applied. A stress threshold of 0.05 GPa was used for
cell relaxation, and forces on ions were converged below
0.03 eV/Ǻ. Ultrasoft pseudopotentials, a plane-wave basis
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set, and a conjugate-gradients algorithm were used to
compute the total energies and forces for the BaTiO3
(BTO) and BaFeO3 (BFO) crystal configurations. The
method and the detail of pseudopotentials employed have
been described elsewhere.

Figure 1: Crystal structure of BaTiO3 unit cell

Figure 2: Crystal structure of BaFeO3 unit cell
3. Results and discussions
3.1 Structural Properties of BaTiO3 and BaFeO3
The values of unit cell lattice parameter, volume and
atomic bonding of BTO and BFO were optimized from the
geometry optimization calculation as listed in Table 1. In
this calculation, the structural optimizations of BTO and
BFO with exchange correlations LDA+U (U = 4 eV) were
utilized. It can be observed that the results obtained from
this CASTEP computer code are in good agreement with
the previous experimental study of BTO [17, 18]. The
accurateness of the lattice calculation and its atomic
position become a significant factor of the material
stability and for further use in other calculations in
perovskite oxide. Therefore, we should ensure that the
structural calculation used is acceptable, although there is
the lack study of BFO using first principles method. The
reported BFO lattice parameters from experimental data
[19] are in agreement with LDA+U obtained from this
present work.
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Table 1: Structural parameters of BaTiO3 (BTO) and
BaFeO3 (BFO) in comparison with experimental work
BTO

BTO

BFO

BFO

LDA+U

Expt.[17]

LDA+U

Expt.[19]

a (Å)

3.954

4.012

3.892

3.97

V (Å3)

61.80

63.57

58.97

62.57

Bi-O (Å)

2.796

3.355

2.752

-

Ti-O (Å)

1.977

3.791

-

-

Fe-O (Å)

-

-

1.946

-

3.2 Band Structures and Density of States of BaTiO3
and BaFeO3
The calculated electronic band structures along the
direction of high-symmetry Brillouin zone for cubic BTO
and BFO are shown in Figure 3(a) and 3(b), respectively.
The highest valence band (VB), which lies at the Fermi
level (EF) at 0 eV is dominated by the O 2p for both
compounds. While the conduction band (CB) for BTO and
BFO occurs at G point, which is primarily dominated by
Ti 3d and Fe 3d electrons. The calculation of electronic
band gap shows that BTO and BFO has an indirect band
gap with the high value of 1.778 eV and 2.846 eV at R-G
point, respectively. The experimental band gap is ~ 3.20
eV and 2.74 eV for BTO and BFO respectively [20, 21].
After corrected the band gap with U = 4 eV, the electronic
properties of BTO and BFO increased with a better
description on the localization of transition metal Ti 3d
and Fe 3d electrons. This phenomenon is expected to
happen due to the localization of d-states electron in the
crystal system. The valence band above the 0 eV energy
Fermi because the spin polarized were not considered
during analysis (alpha and beta magnetic spin) by directly
compared the total band structures between BaTiO3 (BTO)
and BaFeO3 (BFO). In addition, the inclusion of U = 4 eV
shift the Fe 3d states above Fermi level at higher energy
for BFO. Details of the electron density of materials will
be explained in DOS section.
The partial and total density of states (DOS) for BTO
and BFO are shown in Figure 4(a) and 4(b). The highest
VBs is mainly dominated by electron O 2p for all
compositions of compounds and the lowest CBs is mainly
originated from the Ti 3d and Fe 3d states. The separation
between VBs and CBs for BTO and BFO is 1.778 eV and
2.846 eV, respectively, as obtained from the value of band
gap. This is due to the different covalency strength of the
Ba-O, Ti-O and Fe-O. The hybridization state of Ba, Fe, Ti
and O also occurred as shown in DOS results.
3.3 Optical Properties of BaTiO3 and BaFeO3
The absorption spectra was calculated for BTO and
BFO as shown in Figure 5 and Figure 6 in the photon
energy and wavelength, respectively. The values of static
absorption increased with photon energy in the
transparency region (ultraviolet region) BTO and BFO.
Subsequently, the value of absorption edge shows the
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Figure 3: Band structures of (a) BaTiO3 and (b) BaFeO3 from LDA+U calculation

Figure 4: Density of states of a) BaTiO3 and (b) BaFeO3 from LDA+U calculation
trend as presented in electronic DOS in Figure 4. In this
work, the absorption spectra correspond to the zero value
for the real part ε1 (ω) of the dielectric function. Since
optical properties are closely related to the electronic band
structure and phonon dispersion, therefore both types of
inter-band optical transitions viz. direct band gap and
indirect band gap can be calculated from the above
information. The absorption edge spectra for BTO and
BFO are observed to correspond with the calculated
energy band gap as discussed in electronic part. The
optical absorption involves the electrons transition from
the highest VBs (dominated by O 2p at point R) to the
CBs, that have primary components from the Ti 3d and Fe
3d states. The absorption edge of BTO and BFO appeared
in visible range at about 400 to 600 nm.

Figure 6: Absorption of BaTiO3 and BaFeO3 within range
of wavelength
4. Conclusion
The calculated structural parameters, electronic and
optical properties of the cubic BTO and BFO using the
LDA+U functional are in a good agreement with the
results reported in the experimental work. Thus, this work
provided an accurate structural optimization for BTO and
BFO using LDA+U functional. We have also successfully
reported the relation between electronic and optical
properties which could provide theoretical basis to other
scholars as a reference in synthesizing those BTO and
BFO materials.

Figure 5: Absorption of BaTiO3 and BaFeO3 within range
of photon energy
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