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Abstract We performed ab initio calculations using the
FPLAW method with the local density approximation
(LDA) implemented in the WIEN2 k code for the ortho-
rhombic (o) and triclinic () phases of BiNbO,. The
modified Becke-Johnson exchange potential (mBJ)-LDA
approach was also used to improve the electronic proper-
ties. The lattice constants calculated for both structures
using the LDA are in good agreement with the experi-
mental values. For the band structure calculations, the
mBJ-LDA approach provides reasonable agreement for the
band gap value compared with the LDA. The estimated
(mBJ)-LDA band gap values are 2.89 eV (3.73 eV) and
2.62 eV (3.15¢eV) for the o and B phases of BiNbOy,
respectively. Significant optical anisotropy is clearly
observed in the visible-light region. We also calculated and
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evaluated the electron energy loss spectrum for BiNbO,.
This work provides the first quantitative theoretical pre-
diction of optical properties and electron energy loss
spectra for both the orthorhombic and triclinic phases of
BiNDbOj,.

Introduction

Bismuth niobate fourfold oxide (BiNbO,) is an important
material with a wide range of applications. This compound
exists in two important crystalline phases (polymorphs): a
low-temperature orthorhombic (o) and a high-temperature
triclinic () [1-5]. Currently, photocatalysis has become an
interesting topic of research for addressing environmental
problems [1-7]. Previously developed photocatalysts have
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wide band gaps in which photocatalytic activities are
operational under UV light irradiation (band gap ~3.2 eV)
and, thus, they have limited practical applications, as the
solar spectrum is composed of only 4 % UV light. How-
ever, visible light constitutes 46 % of the total radiation
emitted by the sun representing a more useful region in the
solar spectrum. As a consequence, the synthesis of novel
photocatalysts with the band gaps near the energy required
to split water is of particular interest [8, 9].

Metal oxides continue to be promising candidates for the
above goal because of their relative stability, low-cost
processing technologies, and suitability for band gap
engineering. Among metal oxides, the oxide BiNbOy,
along with other oxides containing the cation Bi, such as
BiVO, [10-13], Bi,WOg [14], BiPO, [15-17], Bi,MoOgq
[18], BiNbO, [19-24], BiTaO, [25], BisTaOgl [26],
Bi,0,CO5 [27], and BiOX (X = Cl, Br or I) [28-32], has
been found to have a significantly higher photocatalytic
activity than the reference TiO,. It has been reported that
single-crystals BiTa;_,Nb,O, samples synthesized using a
solid state reaction method can efficiently produce hydrogen
and oxygen through water splitting under UV and visible
light irradiation [19, 22]. Additionally, Zhai and coworkers
recently investigated BiNbO, and BiTaO, powders and
reported that BiNbO, has higher photocatalytic efficiency
than BiTaOy, which is ascribed to its large surface area and
its more positive conduction band level [33]. Moreover,
BiNbO, can also be used as a promising dielectric material,
as it has a relatively low melting point. The literature
indicates that the temperature coefficient for the resonant
frequency, the dielectric constant, and the quality factor
Q are ~50 ppm/°C, ~45 and 14000, respectively [34—39].

BiNbO, exists in two polymorphs: a low-temperature
orthorhombic (o) phase [3-5] and a high-temperature tri-
clinic (B) phase [1, 2, 19]. It has been found that the
BiNbO, synthesized at 900 °C undergoes an irreversible
phase transition from low-temperature orthorhombic to
high-temperature triclinic (at 1293 K). Zhou et al. [40]
reported a reversible phase transition from f — o in bulk
ceramic samples; however, the transition was believed to
be irreversible in powder samples until the recent work of
Zhai et al. [33], in which the authors demonstrated that the
phase transition from B to a-BiNbO, can occur in a BiN-
bO,4 powder system. Furthermore, Xu and coworkers [41]
investigated the phase transitions of o«-BiNbO, and
f-BiNbO, under high pressure and high temperature
(HPHT) (0-5 GPa and 300-1800 °C, respectively) using
X-ray diffraction (XRD). The authors reported that below
3 GPa, B-BiNbOy is stable up to 1800 °C, while o-BiNbO,
transforms to B-BiNbO, when the temperature exceeds
1150 °C.

There is abundant literature on the theoretical aspects on
high-temperature phase studies for these materials;
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however, only a few studies have been performed for the
low-temperature phase due to the restriction of its higher
photocatalytic activity. Because the optical band gap of
BiNbO, is approximately 2.6-2.8 eV [20-24, 33], larger
than the required band gap (2.0 eV), research has shown
that the effects of intrinsic defects [42] and co-doping [43,
44] can reduce the optical band gap, thus making BiNbO, a
promising candidate as an efficient water-splitting photo-
catalyst. Thus, to understand the functional properties of
both BiNbO, structures and to further optimize them, we
must study their precise electronic and optical properties.
Currently, the electronic structure and optical properties of
this compound are not thoroughly understood. Structural
relaxation, band structure, and total energy calculations
have been performed for the pure orthorhombic phase of
BiNbO, using the projector-augmented wave (PAW)
method [42-44], but, to the best of our knowledge, there
have been no studies reporting on calculations of their
optical properties. In addition, calculations regarding the
electronic structure and optical properties of the triclinic
phase of BiNbO, are scarce. This lack of information has
motivated us to study the electronic and optical properties
of this compound in both forms.

Calculation details

All calculations presented in this work are based on the
density functional theory (DFT) [45] combined with the
full potential linearized augmented plane wave method, as
implemented in the WIEN2 k code [46]. To perform cal-
culations of the structural and electronic properties, we
used the local density approximation (LDA) [47]. The
recently developed modified Becke-Johnson exchange
potential (mBJ) [48] is also used to improve the results for
the electronic and optical properties. The valence electron
configurations used in the calculations are Bi(5d106526p3),
Nb(4d45 sl), and O(2sz2p4). In the present work, the wave
function, charge density, and potential are expanded by
spherical harmonic functions inside non-overlapping
spheres surrounding the atomic sites (muffin-tin spheres)
and by a plane wave basis set in the remaining space of the
unit cell (interstitial region). The maximum quantum
number / for the wave function expansion within the
atomic spheres is confined to [, = 10. The Fourier-
expanded charge density was truncated at G,z = 14
(Ry)l/ 2, where Gpax represents the largest Fourier expan-
sion vector. The plane-wave cutoff which controls the size
of the basis, defined by the product of the smallest atomic
sphere radius times the magnitude of the largest reciprocal-
lattice vector (RMT ;. Kinax), Was set to 8.0. The muffin-
tin radii were set to 2.02, 1.87, and 1.65 atomic units (a.u)
for Bi, Nb, and O, respectively. For a band structure
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representation, we chose up to 50 k-points for any high-
symmetry direction. Dense meshes of 1200 k-points (for
the orthorhombic structure) and 1000 k-points (for the
triclinic structure) were generated in the irreducible part of
the Brillouin zone (BZ) to compute the total and projected
DOS as well as the dipole matrix elements.

The optical properties of the material are determined from
the complex dielectric function e(®) = &;(®) + i &(w). The
imaginary part &;(®) was calculated from the momentum
matrix elements between the occupied and unoccupied wave
functions within the selection rules while the real part &;(®)
of the dielectric function can be evaluated from the imagi-
nary part of the dielectric function using the Kramers—Kro-
nig relationship. There are two contributions to (®), namely,
the intraband and interband transitions. The intraband tran-
sition corresponds to electronic conduction due to free car-
riers, and is hence more important in conducting materials
such as metals, semimetals, and degenerate semiconductors.
The interband transition, which is divided into a direct and an
indirect transition, corresponds to the absorption of electro-
magnetic radiation by an electron in an occupied state below
the Fermi level, thereby inducing a transition to an unoccu-
pied state in a higher band. Here we neglect indirect transi-
tions that involve the absorption or emission of a phonon.
Furthermore, all solid macroscopic optical constants such as
the refractive index n(), extinction coefficient k(w), optical
reflectivity R(w), and energy-loss spectrum L(w) can be
computed from &,(m).

Results and discussion
Structural properties

The low-temperature orthorhombic (o) and high-tempera-
ture triclinic (f) structures are shown in Fig. 1. Both struc-
tures have four formula units. The NbOg octahedra are joined
by four vertices to form sheets of [NbO,],, with some dis-
tortion. The o structure, which is orthorhombic with the
space group Pnna (No. 52), consists of layers of vertices and
sites that are shared with NbOg that are normal to the c-plane.
The Bi*" atoms are located at the sites between these layers.
The triclinic BiNbO, structure, which is the most suitable
phase for most high-temperature applications, belongs to the
P; space group. This form consists of pseudo layers of
interconnected [Bi,O,] units surrounded by sheets of
[NbO,],, along the bc- plane. The experimental unit-cell
parameters are determined and subsequently verified by
single-crystal X-ray techniques and the resulting structural
refinements for both the orthorhombic [3, 5, 21, 23, 24], and
triclinic [1, 2, 19] phases.

The relaxed lattice parameters for both the a- and B-single-
crystal phases are presented in Table 1 and 2, respectively, and

are compared with previous experimental and theoretical
findings [5, 44]. We note that the first attempt toward a struc-
tural determination of the high-temperature triclinic form of
BiNbO, was reported by Keve and Skapski, using single-
crystal X-ray techniques. The authors obtained crystallo-
graphic data for the P 1 space group with a = 7.61(DA,
b=5536)A, c¢=791(9A, «==89.88° J=77.43°
y = 87.15°, and Z = 4 [2]. Our calculated lattice parameters
and unit cell volume for B-BiNbO, are compared with the
experimental single-crystal X-ray diffraction data recently
reported by Muktha et al. [19]. For the orthorhombic phase, our
results are compared to the crystallographic data of Subrama-
nian et al. [5]. Our computed a and b lattice parameters for o-
BiNbO, are underestimated by 5 and 8 %, respectively, which
is consistent with the general trend of the LDA. The computed
lattice parameter c is in excellent agreement with the experi-
mental data. The LDA unit cell volume is smaller by 1.28 % in
comparison to the experimental data. Similarly, for the triclinic
structure, the LDA approach tends to underestimate the inter-
atomic distances and unit cell size, with the lattice parameters a,
b, and c being smaller than the experimental values by 1.32,
1.67, and 2.09 %.

Electronic properties

This subsection provides a study of the electronic structure
of both the orthorhombic and triclinic phase of BiNbO,
with the local density approximation (LDA) as well as the
modified BJ approximation (TB-mBJ) implemented in the
WIEN2k code. The electronic structure is an important
quantity dominating the material’s properties, and its study
is necessary to bridge the relationship between the material
structure and properties.

The band structures of both phases of BiNbO, along the
high-symmetry directions in the first Brillouin zone (BZ) are
calculated at the equilibrium volume with the LDA and mBJ-
LDA approximations and not presented here. It is well
known that mBJ-LDA produces band gap values in close
agreement with experimentally measured values. The zero
energy is chosen to coincide with the top of the valence band.
It is to be noted that the band structure of the orthorhombic
structure is determined according to the orthorhombic
Brillouin zone [42] and the electron dispersion curves of the
triclinic structure are determined along nine different sym-
metry directions in the BZ [49]. It is observed from the cal-
culations of the band structure of the compound that there is
an overall topological similarity between the orthorhombic
band structure and those calculated in previous studies [42].
For the triclinic structure, there are no previous band struc-
ture calculations to use for comparison.

In view of Table 3, it is noted that for the orthorhombic
structure, the conduction band minimum (CBM) is located
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Fig. 1 Schematic illustration of
crystalline structures for
o-BiNbO, (a) and

B-BiNbOy (b)

along the T-Y line of the BZ while the valence band
maximum (VBM) occurs along the Y-I'" line of the BZ,
resulting in an indirect band gap (E, = 3.73 eV). For the
triclinic phase both CBM and VBM are located at the
I'-point, resulting in a direct band gap (E, = 3.153 eV).
The fundamental energy band gap values for both the
orthorhombic and triclinic phases of BiNbO, are summa-
rized in Table 4. The calculated mBJ band gap values
agree well with the experimental data presented in Refs.
[50-52]. The disagreement with some experimental band
gap values is due to the use of different methods and the
nature of the compound, as either a powder or a bulk
samples. According to the results of Wiegel and co-work-
ers, the indirect band gap E, should be 3.5 and 3.75 eV for
B- BiNbO,4 and o- BiNbOQy, respectively. The mBJ-LDA
approach is employed here as a possible alternative to
accurately model the energy band gap of both polymorphs
of BiNbO,, giving results very close to the experimental
values shown in Table 4.

The main difference between the LDA and mBJ-LDA
results is a shift factor that systematically increases the
energy band gap value in the mBJ calculations. Our
LDA results give a band gap of 2.94 eV for a-BiNbOy,
and 2.62 eV for B-BiNbO,. The calculations of Lai et al.
[42] based on the GGA approximation for o -BiNbOy,
gave an energy band gap of 2.87 eV which is in good
agreement with our value. However, our calculated LDA
values are in much better agreement with the experi-
mental data estimated by Zou et al. [22-24], Dunkle
et al. [20] and Zhai et al. [33] for the orthorhombic
phase of BiNbO,.

@ Springer

Table 1 Calculated unit cell parameters and bulk modulus at zero-
pressure for the  and o phases of BiNbO,. Experimental and theo-
retical values are included for comparison

Phase Property  Present work ~ Other work®  Expt.

o -BiNbO,  a (A) 5.63713 5.715 5.673°
b (A) 11.6326 11.623 11.714°
c (A) 4973 5.001 4.978°
B (GPa)  201.15
B 452

B-BiNbO,  a (A) 5.4745 5.5376°
b (A) 7.5899 7.6184°
c(A) 7.8972 7.9324¢
o (°) 102.54 102.565¢
B(® 90.0164 90.143¢
7 ©) 92.852 92.788°
B (GPa)  206.14
B 4.553

& Reference [44]
® Reference [5]
¢ Reference [19]

Density of states (DOS) plots for o-BiNbO, and
B-BiNbO, are shown in Figs. 2 and 3, respectively. In an
effort to obtain more exact information on the atom-spe-
cific character of each band, the DOS was further decom-
posed into the atom orbital (AO)-projected DOS (PDOS) in
terms of the atomic and angular momentum contributions.
The general features for a-BiNbO,4 and B-BiNbO, are very
similar. In both structures, the valence bands (VBs) are
divided in three regions. The energetically lower part of the
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Table 2 Calculated LDA Atom Wyckoff site Ab initio LDA X-ray diffraction

atomic positions for the

orthorhombic phase (space x Y z x y z

group Pnna (No.52), Z = 2) and i

triclinic phase (space group P 1 o-BiNbOj

(No. 2), Z = 4) of BiNbO,. Bi(1) 4i 0.2500 0.5000 0.7793 0.2500 0.5000 0.7813

Experimental values are Nb(l)  4i 03574 02500 02500 03478 02500  0.2500

included for comparison .
o(1) 4i 0.1457 0.3052 0.5068 0.1396 0.3052 0.5039
0(2) 4i 0.41897 0.0982 0.4135 0.4139 0.0985 0.4136

B -BiNbO}

Bi(1) 2i 0.28512 0.83286 0.62391 0.28062 0.83463 0.62529
Bi(2) 2i 0.23442 0.87721 0.12766 0.23707 0.87647 0.12599
Nb(1) 2i 0.22290 0.34274 0.18022 0.22503 0.34402 0.17940
Nb(2) 2i 0.24625 0.32619 0.67997 0.24367 0.32513 0.67849
o(1) 2i 0.00434 0.10559 0.17820 0.0026 0.1027 0.1774
0(2) 2i 0.44386 1.10709 0.67569 0.4439 1.1055 0.6744
0Q@3) 2i 0.15754 0.31808 0.94543 0.1626 0.3185 0.9471
04) 2i 0.07985 0.55311 0.72802 0.0788 0.5518 0.7312
0() 2i 0.30054 0.32789 0.44945 0.2985 0.3286 0.4514
0(6) 2i 0.43793 0.54645 0.21906 0.4359 0.5466 0.2203

a o(7) 2i 0.46175 0.15409 0.14518 0.4642 0.1549 0.1472

¢ Reference [5]
O(8) 2i 0.04026 0.82978 0.36303 0.0389 0.8329 0.3616

® Reference [19]

valence bands (VBs) ranges from —18.2 to —15 eV pri-
marily results from O-2 s states with minor contributions
from the Nb-5p states. The middle region of the VB (—10.3
to —7.9 eV) primarily arises from Bi-6 s states. The lower
band in the upper valence band, lying in the region between
the top of the valence band down to about —5.5 eV, is due
to near equal contribution of Nb-4d and O-2p states, while
the higher energy band closest to the Fermi level is mainly
due to O-2p states with minor contribution of Bi-6 s states.
The lower part of the conduction band (CB) results from
Bi-6p and O-2p antibonding states. The above results seem
to be in good agreement with those obtained in DFT cal-
culations of electronic properties using projector-aug-
mented wave (PAW) method [42-44].

The electronic charge density distribution is a qualita-
tive approach for investigating the interactions between the
atoms. Therefore, we have investigated the electronic
charge density in (101) crystallographic plane to describe
the bonding properties of the o-BiNbO, and B-BiNbOj.
Fig. 4a, b illustrates the electronic charge density contour
in (1 0 1) crystallographic plane which represents only Bi
and O atoms for o-BiNbO, while it represents all atoms for
B-BiNbQy. In both compounds, O atoms form strong ionic
bonding and show very weak covalent bonding with Bi
atoms. In B-BiNbO, compound, the O atoms exhibit weak
covalent bonding with Nb atoms. The bonding forms
depending on Pauling electro-negativity difference of Bi
(2.02), Nb (1.6), and O (3.44) atoms. Since O atoms pos-
sess higher electronegativity, therefore, it attracts the

Table 3 Band gap energies (in eV) of orthorhombic o -BiNbO, and
triclinic B -BiNbO, along selected high symmetry directions

LDA mBJ-LDA

o -BiNbO,
r-T 2.94 r-T 3.73
r-z 3.29 rz 4.15
[-T 3.04 I-T 4.04
r-y 3.10 r-y 3.84
r-s 3.45 r-s 4.29
r-xX 3.12 r-xX 4.08
r-u 2.97 r-u 3.82
IR 3.08 IR 3.90

B -BiNbO,
Y-T 2.98 r-T 345
Y-Y 2.68 r-y 3.25
Y-T 2.62 r-T 3.15
Y-Z 2.85 rz 3.37
Y-V 271 r-v 3.24
Y-X 2.84 r-xX 3.30
Y-R 3.02 IR 3.56

Bold values indicate the minimum energy bandgap

electrons. From the contour plots, one can see that the
majority of Nb and Bi electronic charge is transferred to O
atom, as it is clear from Fig. 4a, b the O atoms surrounding
by a circle of blue color which corresponds to the maxi-
mum charge (+1.0000) according to the thermal charge
density scale. The charge around O atom is uniformly

@ Springer
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Table 4 Band gaps (in eV) calculated for different exchange—cor-
relation potentials, compared with experimental data

LDA mBJ-LDA Expt.

2.6% 2.8° 2.79°, 3.59, 3.5¢
3.39%, 3.75°

a-BiNbO,4 2.89 3.73
B -BiNbO, 2.62 3.153

* Reference [24]. Polycrystalline samples synthesized by a solid-state
reaction method

® Reference [20]. Band gap of a-BiNbO, powder estimated from the
absorption edge obtained by diffuse reflectance measurements

¢ Reference [33]. Optical gap calculated from UV-vis absorption
data of BiNbO, powders calcined at 700 °C

4 Reference [50]. Optical band gap determined by the Kubelka—
Munk function

¢ Reference [51]
f Reference [52]
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Fig. 2 Total and projected density of states of o -BiNbO,. The Fermi
energy is set to zero

distributed. Following Fig. 4 one can conclude that both of

a-BiNbO, and B-BiNbO, exhibit strong ionic bonding and
weak covalent bonding.

Optical properties
Calculations of the real and imaginary parts for the two

phases of BiNbO, for different incident light polarizations
([1 001, [0 10] and [0 O 1], with respect to the crystalline

@ Springer
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Fig. 3 Total and projected density of states of B~BiNbO,. The Fermi
energy is set to zero

axes), performed at the level of TB-mBJ, are displayed in
Fig. 5a, b as a function of incident photon energy up to
45 eV. We note that only direct transitions which conserve
the crystal momentum are included in our optical property
calculations. Indirect transitions such as those assisted by
lattice vibrations are excluded and found to have very small
effect on the absorption edge. Lorentzian broadening is
taken to be 0.3 eV.

The &>(®) spectra can be divided in two energy regions
corresponding to energies below and above 5.0/7.0 eV for
the o/f polymorphs of BiNbO,. For energies below 5.0/
7.0 eV in the o/f polymorphs, the &, (@) spectra show that
the first critical points (threshold energy) of the dielectric
function occur at about 3.8/3.1, 3.54/3.0, and 3.7/2.82 eV
along the [1 0 0], [0 1 O], and [0 O 1] directions, respec-
tively. These points are the direct optical transitions
between the highest valence band and the lowest conduc-
tion, which known as the fundamental absorption edge. Our
calculated results show that the direct optical gap is larger
than the smallest indirect band gap. For energies above
5.0 eV, the region of absorption peaks exhibits significant
polarization anisotropy for both polymorphs, where the
transitions primarily occur from the O-2p valence states to
the Nb-4d conduction states, and shows an abrupt increase
in the absorption intensity. The pattern of the dielectric
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Fig. 4 2D contour plot for the total charge density distribution for
o -BiNbO, (a) and B -BiNbO, (b) along the (101) crystallographic
plane

functions spectra is almost similar for both the ortho-
rhombic and triclinic phase of BiNbO, at low energy part
ranging from 0.0 to 5.0 eV. At high energies, the dielectric
functions for the o/B polymorphs of BiNbO, show a dif-
ferent pronounced peaks situated at 5.42/5.67 and 9.29/
7.87 eV in the [1 0 0] direction; 5.83/6.05, 7.0/7.36, and
8.75/8.56 eV in the [0 1 0] direction; and 5.13/5.97, 9.07/
8.20 eV in the [0 O 1] direction. In general, the optical
absorption, as a function of the electric field alignment with
respect to the crystalline axes, is more intense in the [0 1 0]
crystal direction compared to the other directions.

o [eV]

Fig. 5 Real part ¢ (w) (black line) and imaginary part & (w)(red line)
of the complex dielectric function &(w) for three different polariza-
tions of incident radiations (Color figure online)

Table 5 Optical dielectric constant, refractive index, and reflectivity
of a-BiNbO, and -BiNbO, at zero frequency

a- BiNbO, B-BiNbO,
LDA mBJ-LDA LDA mBJ-LDA

. 6.539 4.9787 7.076 5.339

£y 6.813 5.099 6.687 5.0899

. 6.6 5.078 6.728 5.109

g 6.651 5.052 6.830 5.179

i 2581 2.2476 2.613 2275

R 0.195 0.1476 0.1967 0.1517

The real parts of the dielectric function &,(®) presented
in Fig. 5 reflect several features of the imaginary parts due
to the Kramers—Kronig relation. The vanishing frequency
value in the dielectric function defines the static electronic
dielectric constant €,(0) for the o/ polymorphs of BiNbOj,.
According to the results presented in the Fig. 5, the static
dielectric constants are found to be approximately 5.05 for
the a-BiNbO, phase and 5.18 for B-BiNbO,, based on
calculations with the mBJ approach. These values approach
the experimental dielectric constant of 4.4 [53]. From
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Fig. 6 Refractive indexn(w) (black line) and extinction coefficient
k(w) (red line) of o -BiNbO4 (a) and B -BiNbO, (b) (Color figure
online)

Table 5, one can see that the LDA calculations predict a
much larger static dielectric constant of 6.65/6.83 for the
o/ polymorphs. This result arises from an underestimation
of the fundamental band gaps for calculations based on the
LDA theory.

Figure 6 shows the behavior of the refraction index and
the extinction coefficient, as a function of energy, along the
[100], [010] and [0 O 1]-directions for both phases of
BiNbO,. The mean values of the static refractive index
n(0), which represents an informative quantity, are repre-
sented in Table 5. Our computed static refractive index
n(0) values compare well with the measured data reported
by Popolitov et al. for a-BiNbO,4 [53] and by Tsujimi et al.
[54] for B-BiNbO,, corresponding to 2.5 and 2.2, respec-
tively. The refractive index reaches a maximum value of
3.04 at 4.64 eV for the orthorhombic phase. For the tri-
clinic phase maximum value of the refractive index is 2.87
at 4.86 eV. The extinction coefficient k(w) was calculated
for both phases, as shown in Fig. 6.

Fig. 7 displays the reflectivity spectra for both the
orthorhombic and triclinic phases. From the extinction
coefficient and reflectivity plots, one can define the
absorption, reflection, and transparent regions [55]. The
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Fig. 7 The reflectivity R(w) spectra of o -BiNbOy, (a) and B -BiNbO,
(b)

peak of the extinction coefficient represents absorption, and
the peak of reflection indicates reflection. The regions in
which both the extinction and reflectivity decrease corre-
spond to transparent region. Based on this figure, these
properties are approximately the same for the two phases.
The energy values are less than 3 eV for both structures in
the transparent region. The maximum values lie in the
energy range of 3.5-11.52eV for o-BiNbO, and
3.14-12 eV for B-BiNbO,4 which arises from the interband
transition. Meanwhile, the minimum reflectivity occurs in
the energy range above 13.75 eV for o-BiNbO, and
13.85 eV for B-BiNbO, due to the collective plasma res-
onance. The depth of the plasma resonance can be deter-
mined by the imaginary part of the dielectric function.
The electron energy loss spectra L(w) can aid in
describing the energy loss of a fast electron traversing in a
material. Fig. 8 presents the result of the electron energy
loss function for both BiNbO, polymorphs. Well-defined
average maxima can be observed in the calculated energy
loss spectrum at 8.36/7.08, 12.09/12.72, 20.04/20.99,
23.36/23.55, 27.22/28.5, 29.54, and 30.98/30.89 eV. The
peak at 11.85/12.05 eV represents a plasmon resonance, as
can be confirmed by Fig. 5. The real part of the dielectric
function, which is identified by the point at which the
function crosses the energy axis with a positive slope,
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Fig. 8 Electron energy loss spectra L(w) of o -BiNbO, (a) and
B -BiNbO, (b)

indicates the presence of a well-defined plasmon signal at
12.09 eV. The other maxima in the energy loss function
arise from interband transitions, such as the peaks observed
in Fig. 5, and those from the imaginary part of the
dielectric function &,(w), as listed above.

Conclusions

We performed a first-principles study on BiNbO, in the
orthorhombic and triclinic phases, calculating their struc-
tural, electronic, and optical properties. Using the mBJ-
LDA approach, our FP-LAPW calculations predict that
BiNbO, should be a direct-gap material in the triclinic
phase and an indirect-gap material in the orthorhombic
phase. Analysis of the PDOS reveals that the main con-
tributions in the valence band arise from the O-2p,
Bi-6 s/6p, and Nb-4d like states. In particular, the Bi 2p-
and Nb 4d-like states primarily contribute at the bottom
while the Bi 6 s- and O 2p-like states contribute at the top
of the valence band of BiNbQO,, with contributions of the
above states occurring throughout the entire valence-band
region. Furthermore, our calculations indicate that the
conduction band of BiNbO, is dominated by contributions

from the Nb 4d- and Bi 6p-like states, with a small con-
tribution from the O 2p-like states. The dielectric function,
refractive index, extinction coefficient, reflectivity spec-
trum, and electron energy loss are calculated for photon
energies up to 40 eV, and our calculations have provided
assignments for several peaks associated with the interband
transitions in both structures.
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