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Abstract

The structural parameters, elastic, electronic, and optical properties of hexagonal BiAlO; were investigated by the density functional
theory. The calculated structural parameters are in good agreement with previous calculation and experimental data. The structural
stability of BiAlO; has been confirmed by calculation of the elastic constants. The energy band structure, density of states, and Mulliken
charge populations were obtained. BiAlO; presents an indirect band gap of 3.28 ¢V. Furthermore, the optical properties were calculated
and analyzed. It is shown that BiAlOj; is a promising dielectric material.
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1. Introduction

BiMO; (M = Mn, Fe, Al, Ga, Sc, In) has received
tremendous attention as multiferroics and in the research
of BiIMO;-PbTiOj5 solid solutions to halve the amount of
lead and obtain new morphotropic phase boundary piezo-
electrics [1-8]. Recently, Baetting et al. [9] theoretically
predicted the large ferroelectric polarization and piezo-
electricity in the hypothetical perovskite-structure oxides
BiAlOs. They proposed the BiAlO; system as a replacement
for the widely used piezoelectric material, Pb(Zr,Ti)O3
(PZT), that will avoid the environmental toxicity problems
of lead-based compounds. Therefore, the studies on the
crystal structure and related physical properties of BiAlO;
are of great interest. Belik et al. [10] prepared BiAlOs under
high-pressure high-temperature technique. It is reported that
BiAlO; has the hexagonal structure closely related to that of
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multiferroic perovskite-like BiFeOs. Moreover, BiAlOs has a
noncentrosymmetric structure. Noncentrosymmetric com-
pounds have important properties, such as piezoelectricity,
ferroelectricity, pyroelectricity, as well as second-order
nonlinear optical behavior. Furthermore, to understand the
origin of ferroelectricity in BIMO; materials, Wang et al. [11]
studied the structures, energy bands, and density of states of
cubic BiAlOj; using the full potential linearized augmented
plane wave (FP-LAPW) method. However, the properties of
hexagonal BiAlO; were not studied theoretically.

In this work, we focus on the structure, elastic constants,
electronic, and optical properties of hexagonal BiAlOj
using the first-principles density functional theory (DFT).
We think that it is worthwhile to perform these calculations
for completing the exciting experimental and theoretical
works for BiAlIOs.

2. Computational details

Geometry optimization and properties of hexagonal BiAlO5
were performed using the plane-wave pseudopotential method
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based on the DFT with the generalized gradient approx-
imation (GGA) in the scheme of Perdew et al. [12]. Only
valence electrons were taken into account, corresponding
to Bi 65°6p°, Al 3s?3p', and O 2s?2p* electronic configura-
tions. Ultrasoft Vanderbilt-type pseudopotentials were
used [13]. Mulliken charges were calculated according to
the formalism described by Segall et al. [14]. A plane-wave
cutoff energy of 400eV was employed throughout the
calculation. To check the accuracy of our results, we have
increased the energy cutoff from 400 to 600eV. The total
energy of the unit cell changed from —9186.94 to
—9187.98 ¢V, and the first three decimal digits of the lattice
parameters do not change at all. Geometry optimization
was achieved using convergence thresholds of 1 x 107eV/
atom for total energy, 0.03eV/A for maximum force,
0.05GPa for pressure, and 0.001 A for displacement.
The tolerance in the self-consistent field (SCF) calculation
is 1.0 x 10 °eV/atom. For the sampling of the Brillouin
zone, the electronic structures and optical properties used
a8x8x6and 10 x 10 x 8 k-point grid generated accord-
ing to the Monkhorst—Pack scheme [15], respectively. The
elastic constants were calculated by the ‘stress—strain’
method.

The optical properties of BiAlO; are determined by
the frequency-dependent dielectric function &(w) = &1(w) +
iez(w) that is mainly connected with the electronic
structures. The imaginary part &(w) of the dielectric fun-
ction g(w) is calculated from the momentum matrix
elements between the occupied and unoccupied electronic
states and given by
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where o is the light frequency, e is the electronic charge,
and ¥, and y} are the conduction band (CB) and valence
band (VB) wavefunctions at k, respectively. The real part
¢1(w) of the dielectric function &(w) can be derived from the
imaginary part &(w) using the Kramers—Kronig dispersion
equation. All other optical constants on the energy
dependence of the absorption spectrum, the refractive
index, the extinction coefficient, the energy-loss spectrum,
and the reflectivity can be derived from ¢;(w) and & (w) [16].

3. Results and discussions
3.1. Structural and elastic properties

BiAIO; belongs to the space group R3c. We used X-ray
powder diffraction data [10] as a starting point for
geometry optimization. We calculated the structural
parameters for the hexagonal and cubic BiAlOj;, respec-
tively. The results are summarized in Table 1. For the
hexagonal BiAlOj, the lattice parameters a and c¢ are
smaller than the experimental values by 1.7% and 1.1%,
respectively. These deviations are within the admitted
range of the errors of the first-principles method. For the

Table 1
The lattice parameters of BiAlO;
a=b@A) @A) V(@AY
BiAlO; Hexagonal Calculated® 5.29 13.24 320.24
Experimental® 5.38 13.39  335.16
Cubic Calculated® 3.68
FP-LAPW-GGA® 3.75
4This work.
PRef. [10].
“Ref. [11].
Table 2

The calculated bulk modulus B, (GPa), elastic constants (GPa) for
hexagonal BiAlO;

BiAIO;

By 140.55 Cis 34.85
Ciy 301.66 Ca 300.86
Ci» 118.85 Cus 68.54

cubic BiAlOj, our results are in good agreement with the
results that Wang et al. [11] calculated by using an accurate
FP-LAPW method. It can be seen that the optimized
hexagonal structure is reasonable. It is also found that
ultrasoft Vanderbilt-type pseudopotentials are appropriate
for studying BiAlO; material.

For hexagonal crystals, the mechanical stability requires
the elastic constants satisfying the well-known Born
stability criteria [17]:

Ci1>0, Ci1—C;p>0, Cu>0,
(C11 4 C12)C33 — 2C3,>0.

From our calculated C; shown in Table 2, it is known
that the hexagonal BiAlO; is mechanically stable. To the
best of our knowledge, no experimental or theoretical data
for the elastic constants of BiAlO; are available. Therefore,
we consider the present results as a prediction study.

3.2. Electronic properties

The energy band structure, total density of states, and
partial densities of states for hexagonal BiAlO; are shown
in Figs. 1-3, respectively. The top of the VB and the
bottom of the CB are composed of O 2p states and Bi 6p
states, respectively. In contrast, the band gap of PbTiO;
(PbZrOs) is determined by O 2p states and Ti 3d (Zr 4d)
states rather than those associated with Pb—O. The VB
maximum locates between G and M points. On the other
hand, the CB minimum locates at M point. Therefore,
BiAlO; presents an indirect band gap of 3.28 eV. The band
gaps predicted by DFT are smaller than experimental data,
which means that our result underestimates the real band
gap of BiAlOs. In our calculation, the scissors operator
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Fig. 1. (a) Band structure of hexagonal BiAlO; and (b) a magnified view
of the band structure around the Fermi level.
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Fig. 2. Total density of states of hexagonal BiAlO;.

(SO) on both the electronic structure and the optical
properties is not considered. The lower VB formed by O 2s
states is about —17 eV with a bandwidth of 4eV. The Bi 6s
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Fig. 3. Partial density of states of hexagonal BiAlOs.

states are located at about —10eV having a bandwidth of
2eV. By analyzing partial density of states, it is found that
the O 2p states have some admixture with the Bi p and Al
sp states. It can be seen that BiAlOj; has some covalent
features. Moreover, in the region of the VB, the width of
the PDOS of Bi is clearly narrower than that of Al and O.
The number of peaks is also less than those for Al. This
result indicates that the hybridization of Al-O is stronger
than that for Bi-O. Above 6¢V and up to 10eV, the energy
bands derived from the Al 3p and 3s states that force Bi 6p
states to move toward the Fermi level. Based on the
foregoing results, it is found that the electronic properties
of BiAlOj are affected by the Al ion through their influence
on the Bi—O bonding.

By comparing the electronic properties of BiAlOj in
hexagonal and cubic phases [11], it can be seen that the
band gaps of these two phases are quiet different. The
energy gap for hexagonal phase (3.28 V) is larger than that
for cubic phase (1.57¢V). The electronic properties of these
two phases have also some similar features: (i) both
hexagonal and cubic BiAlO; have a strong covalent
bonding; (ii) their electronic properties are affected by the
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Table 3
Mulliken charge population of hexagonal BiAlO;

Species  Charge (electron) Bond lengths (A)  Bond populations
Bi 1.53 O-Al 1.84 0.42
Al 1.50 O-Bi 2.19 0.14
(0] —1.01 0O 2.58 —0.14
Al-Bi 2.91 —0.19

Al ion through their influence on the Bi-O bonding;
(iii) the top of VB and the bottom of CB are mainly formed
by O 2p states and Bi 6p states, respectively.

We also performed the Mulliken charge populations for
BiAlOj3 because it is a good method to understand bonding
behavior. The Mulliken charge populations are given in
Table 3. The charge transfer from Bi and Al to O is about
1.53 and 1.50 electrons, respectively. The bond populations
indicate the overlap degree of the electron cloud of two
bonding atoms [18]. Its highest and lowest values imply
that the chemical bond exhibits strong covalency and
ionicity, respectively. Therefore, we concluded that the
bonding behavior of BiAlOj; is a combination of covalent
and ionic nature. Moreover, the Al-O bond possesses the
stronger covalent bonding strength than the Bi—O bond.
The results are consistent with our DOS calculation. The
negative values of bond population for O-O and Al-Bi
imply that these bonds have the tendency to be broken or
have Van der Waals interaction only.

3.3. Optical properties

Fig. 4 shows the calculated dielectric function of BiAlOs.
The imaginary part &(w) of the dielectric function has five
prominent peaks. Peak A (4.65eV) corresponds to the
transition from O 2p VB to states in CB with a small
contribution from Bi 6s states, and peaks B (6.03eV) and C
(7.87¢eV) correspond to the transition from O 2p VB to Al
3s CB. Peaks D (14.46¢eV) and E (18.12¢V) are ascribed to
the transition of inner electron excitation from O 2s and Bi
6s levels to CB. The calculated static dielectric constant
€1(0) is 5.81, which is larger than those of BaTiO3 (5.12),
SrTiOj3 (4.98), and PbZrO; (5.34). It is reasonable to expect
that BiAlOj; is a promising dielectric material.

Fig. 5(a)-(e) shows the calculated results on the
absorption spectrum, refractive index, extinction coeffi-
cient, reflectivity, and energy-loss spectrum, respectively. In
our calculation, we used a 0.3eV Gaussian smearing. The
absorption spectrum starts at 3.57 ¢V and decreases rapidly
in the low-energy region. In the range from 0 to 3.57¢V,
the reflectivity is lower than 20%, which indicates that
BiAlO; material is transmitting for frequencies less than
3.57eV. The energy-loss spectrum describes the energy loss
of a fast electron traversing in the material [19]. Its main
peak is generally defined as the bulk plasma frequency w,,
which occurs where &, <1 and &; reaches the zero point
[20,21]. Moreover, the main peak at about 25.38eV

Dielectric Function

Energy (eV)

Fig. 4. The calculated imaginary part &(w) and real part ¢;(w) of the
dielectric function ¢(w) for hexagonal BiAlO;.
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Fig. 5. The -calculated optical constants for hexagonal BiAlO;.

(a) Absorption spectrum, (b) refractive index, (c) extinction coefficient,
(d) reflectivity, and (e) energy-loss spectrum.
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corresponds to a rapid reduction of the reflectance. This
process is associated with the transitions from the filled O
2s bands to empty CB. The calculated static refractive
index is equal to 2.39.

4. Conclusions

In summary, the structural parameters, elastic constants,
electronic structures, and optical properties of hexagonal
BiAlO; were studied by the DFT within the GGA. Our
structural parameters are in good agreement with previous
calculation and experimental data. The calculated elastic
constants indicated that BiAlO; is mechanically stable. The
electronic structures of BiAlO; reveal that the top of the VB
and the bottom of the CB are decided by O 2p and Bi 6p
states, respectively. BiAlO; presents an indirect band gap of
3.28 eV. Furthermore, the AI-O bond possesses the stronger
covalent bonding strength than the Bi—O bond. Finally, the
dielectric function, absorption spectrum, refractive index,
extinction coefficient, reflectivity, and energy-loss spectrum
are obtained. It is found that BiAlO; may be promising
dielectric materials. The relations of the optical properties
to the interband transitions are also discussed.
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