JOURNAL OF APPLIED PHYSICS 107, 043513 (2010)

First-principles study on the electronic and optical properties of
Nay 5Big 5TiO5; lead-free piezoelectric crystal

Min Zeng,' Siu Wing Or,? and Helen Lai Wa Chan'?
1Deparlment of Applied Physics, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong
2Department of Electrical Engineering, The Hong Kong Polytechnic University, Hung Hom, Kowloon,

Hong Kong

(Received 8 November 2009; accepted 9 January 2010; published online 22 February 2010)

First-principles calculation is used to study the structural, electronic, and optical properties of
Nay sBij sTiO; (NBT) lead-free piezoelectric crystal. The band structure calculation reveals that
NBT has a direct band gap of 2.1 eV. The calculated imaginary part of dielectric function indicates
interband transition mainly from O 2p valence bands to Ti 3d and Bi 6p conduction bands in the
low-energy region. The calculated absorption spectrum is in agreement with the available
experimental data. Based on the fit of the result of optical abruption spectrum, the optical
band gap is estimated to be 3.03 eV. Other optical constants, such as refractive index, extinction
coefficient, energy-loss spectrum, and reflectivity are discussed in details. Those found show that
NBT has the potential applications in optoelectrics. © 2010 American Institute of Physics.

[doi:10.1063/1.3309407]

I. INTRODUCTION

Sodium bismuth titanate NajsBiysTiO; (NBT) is a
ferroelectric complex perovskite-structure compounds with
two different ions at the A site of the ABOj; structure. Since
NBT have been discovered by Smolensky et al.,! it has at-
tracted extensively attention as a promising environmental
friendly lead-free ferroelectric material due to its possible
applicability to electromechanical actuators, sensor, and
transducers.” Also the NBT has a very peculiar sequence of

phase transitions™ from the cubic (Pm3m) at the tempera-
ture above 813 K, to the tetragonal (P4bm) in the range of
783-813 K, and then to the thombohedral (R3c) structure at
the temperature below 517 K, which shows unusual dielec-
tric and ferroelectric properties.&5 In the ferroelectric phase,
the NBT ceramic has a large remanent polarization of P,
=38 uC/cm® as well as a large coercive field of E,
=73 kV/cm at room temperature.5 Regarding these product
properties, however, the large coercive field and relatively
large conductivity make the NBT ceramic is hard to be poled
and its piezoelectric properties are not desirable. Therefore,
the most studies has been focused on improving its piezo-
electric proprieties by fabricating NBT-based solid solutions,
such as (1—x)(NagsBiys)TiO;—xBaTiO3,%” and NBT single
crystal.&

Compared with NBT ceramic, NBT single crystal pre-
sents good piezoelectric properties and rich optical
properties.s’gf11 Ge et al.,"® reported an optical property of a
large-size NBT single crystal fabricated by using top-seeded-
solution growth method. Although a NBT single crystal has
been fabricated by using different growth methods,”® ™" the
theoretical study on its electronic structure is seriously lim-
ited. There is also disparity between different theoretical cal-
culations. Xu and Ching12 used first-principles local density
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calculations to obtain a semiconductor property with a band
gap of about 1 eV. On the other hand, Bujakiewicz-Koroska
and Natanzon" used a generalized gradient approximation
(GGA) method to obtain a band gap of about 2 eV. The
prediction of the band gap indicates that NBT is a good
optical material. However, no theoretical study is done on the
investigation of the optical properties. Especially, the physi-
cal mechanism concerning optical properties from atom-core
level is not clear. Thus, it is necessary to perform a more
accurate first-principles calculation to investigate the elec-
tronic and optical properties of a NBT crystal. In the present
study, the structural, electronic, and optical properties of
NBT crystal were studied based on the accurate density func-
tion theory calculations.

Il. COMPUTATIONAL METHODS

The calculations were performed using an accurate full
potential linearized augmented plane-wave method (FP-
LAPW), as implemented in WIEN2K code."*" Exchange and
correlation effects are used the GGA potential within the
Perdew—Burke-Ernzerhof. The muffin-tin radii are 2.37,
2.32, 1.91, and 1.69 a.u. for Na, Bi, Ti, and O atoms, respec-
tively. The plane wave cut-off for the scalar relativistic basic
function are R K.x=7 and /,,,,=12. Integrations in the re-
ciprocal space were performed with tetrahedron method in a
12X 12X 12 mesh which represents 292 k-points in the irre-
ducible Brillouin zone (BZ). The ferroelectric phase of NBT
belongs to rhombohedral structure with a spacegroup R3c
(Cgv) (disordered Na, Bi in Wyckoff position 2a, Ti in 2a
and O in 6a). The fully-relaxed crystal structure (see Table I)
is in good agreement with the experimental results.'’

It is well known that the dielectric function is mainly
contributed to electronic interband transitions. The imaginary
part &,(w) of the dielectric function is calculated from the
momentum matrix elements between the occupied and unoc-
cupied wave functions and given by Fermi golden rule, ie.,'
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FIG. 1. (Color online) Crystal structure of NBT.
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where () is the unit-cell volume and w is the photon energy,
CB and VB denote the conduction band and valence band,
respectively, the dipolar transition matrix elements p;’j
=<kj|Pa|k,~> are obtained from the self-consistent band struc-
tures within the projector-augmented wave (PAW) formal-
ism. Here, |k,) is the nth Bloch state wave function with
crystal momentum k, and a denotes the Cartesian compo-
nent. The real part ¢;(w) of dielectric function is evaluated

TABLE I. Calculated structure parameter for R3¢ NBT with ¢=0.557 nm
a=59.6832°. The experimental data (Ref. 17) are shown in parentheses with
a=0.551 nm and a=59.8028°.

Site Wyckoff X y z

Na/Bi 2a 0.2699(0.2627)  0.2699(0.2627)  0.2699(0.2627)
Ti 2a 0.0123(0.0063)  0.0123(0.0063)  0.0123(0.0063)
(6] 6a 0.1814(0.2093)  0.3138(0.2093)  0.7447(0.7473)
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FIG. 2. The calculated band structure of NBT along high-symmetrical di-
rections in the BZ.

from imaginary part &,(w) by the Kramers—Kronig transfor-
mation.

g(w)=1+ EPJOO dww’sz—(w’) (2)
0
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where P is the principle value of the integral. Thus, the com-
plex dielectric function can be expressed as follows:

e(w) = &,(w) +igy(w). 3)

From the given e(w), all other linear optical properties can
be calculated, e.g., absorption coefficient a,(w) can be ob-
tained by the expression.

() = \20[\eX(0) + jed() - & (w)]"2. (4)

lll. RESULTS AND DISCUSSIONS
A. Crystal structure and ferroelectric distortion

As shown in Fig. 1, the ferroelectric phase of NBT has a
R3c polarized symmetry, which could be distorted from the
cubic phase. One is the equal antiphase tilting of neighboring
O octahedral about the crystallographic axis [111]. Another
is that Bi, Na, Ti, and O atoms are displaced relative to each
other along this threefold axis, which gives rise to spontane-
ous electric polarization along the cubic body diagonal [111]
direction. All cations undergo in-phase polar shift, see Table
I, implying a strong coupling with O atoms, which is sup-
ported by neutron-scattering results.'"®

B. Band structure and density of states (DOS)

Figure 2 shows the calculated band structure of NBT
along high-symmetric directions in the BZ. It is observed
that the top of valence band (VB) and the bottom of conduc-
tion band (CB) are both exactly located at highly symmetric
I' point. Thus, a direct band gap is formed and the value is
about 2.1 eV, which agrees well with the calculated results in
Ref. 13.
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FIG. 3. (Color online) Total and partial DOS of NBT.

Total and partial DOS are given in Fig. 3. A strong peak
of O 2s states at about —18 eV is omitted from the DOS
graph. In the VB, the energy bands at —9.5 eV are mainly
from Bi 65 states. Above these bands is the band of the O 2p,
Ti 3d, and Bi 6p states, which presents a strong hybridiza-
tion among them. In the CB, the energy bands in the range of
2.1-7.7 eV are mainly dominated by Ti 3d, Bi 6p, and Na 2s
states as well as the hybridized O 2p states. At high energy
bands from 10.5 to 13.5 eV, the strong mixture of Na 2p and
Bi 6p states attributes the energy bands. The corresponding
contour map of the charge density distributions of NBT in

the (110) direction is presented in Fig. 4. The strong hybrid-
ization effects of Ti—O and Bi-O states are obvious, indicat-
ing the driving force of ferroelectricity in such A and/or
B-site driven ferroelectric materials. It should be noted that
the top in the VB (at I') is O 2p states and the bottom in the
CB (at I') is Ti 3d and Bi 6p states. Thus, the electric prop-
erties of NBT as well as optical properties are considered to
be determined by the charge-transfer transitions from O 2p
to Ti 3d or Bi 6p states.

C. Dielectric and optical properties

The calculated dielectric functions of NBT are displayed
in Fig. 5. The imaginary part &,(w) of the dielectric function
is directly connected with the energy band structure. The first
peak A at 4.12 eV corresponds mainly to the transitions from
the O 2p VB to Ti 3d or Bi 6p lower-energy CB. This peak
is very strong and very much far higher than other peaks.
Other peaks as fellows, peaks B (5.12 eV) and C (7.02 eV)
are due to the transition from O 2p VB to Ti3d or Bi 6p
high-energy CB. Peak D (11.9 eV) and E (15.3 eV) is as-
cribed to the transition from O 2p VB to Na 2s and 2p CB.

J. Appl. Phys. 107, 043513 (2010)

FIG. 4. (Color online) Contour map of the charge density distributions of
NBT in the (110) direction.

Peak F (20.15 eV) corresponds mainly to the excitation of
inner electrons from near O 2s semicore VB to CB.

For the a,(w) calculation, we consider only the eigen-
absorption and ignore the polarized absorption, which has a
minor influence on the a,(w)."” Figure 6 gives the compari-
son of the calculated (solid line) and the experimental (sym-
bol line, taken from Ref. 10) optical absorption spectrum
a,(w) as a function of photon energy. a,(w) is almost zero in
the low-energy region and increases rapidly in the high-
energy region. By contrast, the calculated a,(w) is in agree-
ment with the experiment data. The slightly difference is due
to using large Gaussian smearing factor, as such broadening
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FIG. 5. The calculated (a) imaginary part &,(w) and (b) real part &,(w) of
the dielectric function of the ferroelectric NBT crystal as a function of the
photon energy.
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FIG. 6. Comparison of the calculated (solid line) and the experimental
(symbol line, taken from Ref. 10) optical absorption spectrum a,(w) as a
function of photon energy.

can influence the intensity of the peak.20 It is well known that
the relation between the optical band gap and the absorption
coefficient is given by.” ahv=c(hv—E,)"?, where h is the
planck constant, ¢ is a constant for a direct transition, vis the
frequency of radiation, and « is the optical absorption coef-
ficient. The optical band gap E, can be obtained from the
intercept of (ahv)? versus photon energy (hv). By using the
extrapolation, the E, is estimated to be 3.03 eV in the NBT
crystal.

Other optical constant can be also calculated from the
complex dielectric function. Figures 7(a)-7(e) display the
calculated optical constants of BNT on photon energy depen-
dence of refractive index, extinction coefficient, energy-loss
spectrum, and reflectivity, respectively. These parameters are
very important to the optical material and related
applications.22 In the range from O to 2.0 eV and above 10
eV, the reflectivity [Fig. 7(d)] is lower than 25%, which in-
dicates that NBT is transparent for photons at these ranges.
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FIG. 7. The calculated optical constants of the ferroelectric NBT crystal (a)
refractive index, (b) extinction coefficient, (c) energy-loss spectrum, and (d)
reflectivity.
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The large extinction coefficient [Fig. 7(b)] is consistent with
reflectivity in the range of 2-10 eV. The energy-loss spec-
trum describes the energy loss of a fast electron traversing
the material. The peaks of the loss spectrum [Fig. 7(c)] cal-
culated by our FP-LAPW are at about 23.8 and 28.2 eV,
which is associated with the plasma oscillation.”® This pro-
cess is associated with transitions from the occupied O 2s
and Bi 6s bands, lying below the VB, to an empty CB. The
knowledge of the refractive index of the BNT crystal is nec-
essary for accurate modeling and design of devices. The re-
fractive index [Fig. 7(c)] is large in the low energy range,
indicating a high band gap,22 which is consistent with band
structure calculation.

IV. CONCLUSION

In summary, the structural, electronic, and optical prop-
erties of free-lead piezoelectric NBT single crystal have been
explored by using the FP-LAPW method within the GGA.
The fully-relaxed lattice parameters are in good agreement
with the experimental data. The electronic structures of NBT
revealed that it has a direct band gap of 2.1 eV. The complex
dielectric functions, optical constants such as absorption
spectrum, refractive index, extinction coefficient, reflectivity,
and energy-loss spectrum were calculated and discussed in
details. The features of the optical spectra of NBT are mainly
determined by the contributions from O 2p VBs to Ti 3d and
Bi 6p CBs in the low-energy region. Our studies may pave
the way for the application of optelectrics in the NBT.
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