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xygen vacancy on the electronic
structure of the asymmetric mixed borate–
carbonate Pb7O(OH)3(CO3)3(BO3)†

A. H. Reshak*ab and Sushil Auluckcd

The influence of an oxygen vacancy on the electronic properties of a mixed borate–carbonate compound

Pb7O(OH)3(CO3)3(BO3) is studied. We report calculations of the electronic band structure, the angular

momentum resolved projected density of states and the valence electronic charge density distribution.

The full-potential method within the generalized gradient approximation (PBE–GGA) and a recently

modified Becke–Johnson potential (mBJ) shows an indirect band gap of 3.34 eV (PBE–GGA) and 3.56 eV

(mBJ) for Pb7O(OH)3(CO3)3(BO3), while it is a direct gap of 1.10 eV (PBE–GGA) and 1.61 eV (mBJ) for the

compound Pb7(OH)3(CO3)3(BO3) which has one O vacancy. Thus, the O vacancy causes a significant

reduction in the band gap and also changes it from indirect to direct. The band gap reduction in

Pb7(OH)3(CO3)3(BO3) is attributed to the appearance of new energy bands inside the energy gap of

Pb7O(OH)3(CO3)3(BO3). The angular momentum resolved projected density of states for

Pb7O(OH)3(CO3)3(BO3) and Pb7(OH)3(CO3)3(BO3) show that there exists a strong hybridization between B

and O of the BO3 group and between C and O of the CO3 group. The valence electronic charge density

for both compounds is presented. It reveals the origin of chemical bonding characteristics and the

influence of the O vacancy. After a careful comparison, it is found that the crystal structure of

Pb7O(OH)3(CO3)3(BO3) without an O vacancy can be considered as a parent phase of defect

Pb7(OH)3(CO3)3(BO3).
1. Introduction

Recently several carbonate non-centro-symmetric single crystals1–4

have been synthesized because of their unusual structure and
promising applications in optical and photonic devices, optical
parametric oscillation (OPO), second harmonic generation (SHG)
and laser frequency conversion.5–18 Recently Maierhaba et al.19

synthesized mixed borate–carbonate nonlinear optical materials
which exhibit a large SHG response. They reported the rst
borate–carbonate ultra-violet (UV) nonlinear optical material with
a chemical formula of Pb7O(OH)3(CO3)3(BO3). They attributed the
large SHG to the strong interactions between the stereo-effect of
Pb cations and co-parallel BO3 and CO3 triangles groups.1–4,19,20

Maierhaba et al. have reported X-ray diffraction data and have
measured the energy band gap. It has been found that
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Pb7O(OH)3(CO3)3(BO3) crystallizes in a non-centro-symmetric
structure with hexagonal space group P63mc. The unit cell
contains two formulas, the lattice parameters are reported to be
a ¼ b ¼ 10.519(16) Å and c ¼ 8.900(13) Å.19 In addition, they have
calculated the band structure and the density of states using
CASTEP code within the generalized gradient approximation
(PBE–GGA).21 The CASTEP code is a non-full potential method
which ignores the potential in the interstitial region. Moreover
PBE–GGA underestimates the band gap. We would like to
emphasize that in full-potential methods the potential and charge
density are expanded into lattice harmonics inside each atomic
sphere and as a Fourier series in the interstitial region. Hence, the
effect of the full potential on the electronic properties can be
ascertained. In addition, we have explored the effect of intro-
ducing one oxygen vacancy on the electronic properties. Thus the
new compound is Pb7(OH)3(CO3)3(BO3). We call the original
compound as I and the compound with oxygen vacancy as II. The
mixed borate–carbonate Pb7O(OH)3(CO3)3(BO3) is newly synthe-
sized compound and hence no details information regarding the
electronic band structure and the total and the angular
momentum resolved projected density of states. This motivated
us to perform comprehensive theoretical calculations to ascertain
the inuence of an oxygen vacancy on the electronic properties.
We thought it would be interesting to perform full potential
calculation within the recently modied Becke–Johnson potential
RSC Adv., 2016, 6, 18965–18972 | 18965
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(mBJ),22 to calculate the electronic band structure, density of
states, the valence electronic charge density distribution and the
chemical bonding characters of I and II compounds. The modi-
ed Becke–Johnson potential allows the calculation with accuracy
similar to the very expensive GW calculations [221 000]. Hedin
developed the GW method by linking 5 many-body equations
together into a self-consistent scheme. The vertex correction ari-
ses from the two-particle Green's function (G) associated with the
coulomb energy (W). It provides many-body corrections to the
exchange and correlation energy. It is a local approximation to an
atomic “exact-exchange” potential and a screening term.22,23
2. Calculation methodology

The calculations are performed based on the X-ray crystallo-
graphic data reported by Maierhaba's group19 for the compound
I. Then we have used the experimental crystallographic data of
compound I and removed two oxygen atoms to investigate the
inuence of oxygen vacancy (as the unit cell has Z ¼ 2) on the
resulting properties. Therefore, a theoretical model originating
from the designed oxygen vacancies has been proposed in order
to seek the inuence of O-vacancy on the band structure and the
Fig. 1 (a) The crystal structure of the mixed borate–carbonate Pb7O(OH
two formulas. The red ball represent O atoms, pink ball represent B atom
polyhedra of Pb7O(OH)3(CO3)3(BO3); (c) the crystal structure of the mix
The rectangular represents the unit cell which contains two formulas. The
ball represent B atoms, light gray represent C atoms and dark gray repres
the oxygen vacancy.

18966 | RSC Adv., 2016, 6, 18965–18972
associated properties. The geometrical relaxation of I was ach-
ieved within the generalized gradient approximation (PBE–
GGA)21 using the full potential linear augmented plane wave
(FPLAPW + lo) method as embodied in the WIEN2k code.24 The
resulting relaxed geometry of I is used to calculate the electronic
structure and hence the associated properties using the recently
modied Becke–Johnson potential (mBJ).22 For II we removed
the two O atoms. Aer the self consistent cycle the forces in
I and II were similar. The crystal structures of I and II along with
the unit cell are presented in Fig. 1 where the oxygen vacancies
are clearly shown. The optimized atomic positions of I are listed
in Table 1 in comparison with the experimental data of I.19

The muffin-tin radii (RMT) of the atoms are chosen in such
a way that the spheres did not overlap. The value of RMT is taken
to be 2.32 au. for Pb, 1.19 au. for O, 1.23 au. for B, 1.18 au. for
C and 0.64 au. for H for both I and II. To achieve the total energy
convergence, the basis functions in the interstitial region (IR)
were expanded up to RMT � Kmax ¼ 7.0 and inside the atomic
spheres for the wave function. The maximum value of l was
taken as lmax ¼ 10, while the charge density is Fourier expanded
up to Gmax ¼ 12 (au.)�1. Self-consistency is obtained using 192
for I and 72 for II k

.
points in the irreducible Brillouin zone
)3(CO3)3(BO3). The rectangular represents the unit cell which contains
s, light gray represent C atoms and dark gray represent Pb atoms; (b)

ed borate–carbonate Pb7(OH)3(CO3)3(BO3) with one oxygen vacancy.
arrows show the oxygen vacancy. The red ball represent O atoms, pink
ent Pb atoms; (d) polyhedra of Pb7(OH)3(CO3)3(BO3). The arrows show
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Table 1 Optimized atomic positions of Pb7O(OH)3(CO3)3(BO3) in
comparison with the experimental data19

Atom x-exp. x-opt. y-exp. y-opt. z-exp. z-opt.

Pb(1) 0.3333 0.3333 0.6667 0.6667 0.2753(2) 0.2751
Pb(2) 0.6606(2) 0.6600 0.8303(1) 0.8301 0.8995(2) 0.8992
Pb(3) 0.4567(1) 0.4561 0.5433(1) 0.5431 0.6025(2) 0.6023
O(1) 0.3333 0.3333 0.6667 0.6667 0.5220(50) 0.5221
O(2) 0.6310(20) 0.6312 0.8154(12) 0.8152 0.6520(30) 0.6522
O(3) 0.4094(12) 0.4092 0.5906(12) 0.5904 0.8520(20) 0.8520
O(4) 0.8090(30) 0.8091 0.9045(13) 0.9043 0.3440(30) 0.3439
O(5) 0.5918(17) 0.5916 0.9014(19) 0.9012 0.3176(18) 0.3174
B(1) 0.3333 0.3333 0.6667 0.6667 0.8640(90) 0.8641
C(1) 0.6610(40) 0.6611 0.8310(20) 0.8311 0.3290(60) 0.3292
H 0.8615 0.8619 0.1379 0.1380 0.0941 0.0944

Fig. 2 The calculated electronic band structure of the mixed borate and
the angular momentum resolved projected density of states (PDOS) of ox
is for unit cell (Z ¼ 2) that is 2 formula units. Partial density of states is fo

This journal is © The Royal Society of Chemistry 2016
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(IBZ). The self-consistent calculations are converged since the
total energy of the system is stable within 0.00001 Ry. The
electronic properties are calculated using a larger number of k
points in the IBZ. It is well known that rst-principles calcula-
tions are a powerful and useful tool to predict the crystal
structure and its properties related to the electron conguration
of a material before its synthesis.25–28
3. Results and discussion
3.1. Electronic band structures and density of states

The calculated electronic band structure along the high
symmetry points of the rst BZ and the angular momentum
resolved projected density of states (PDOS) of oxygen atoms of I
and II compounds are shown in Fig. 2(a) and (b). The valence
carbonate Pb7O(OH)3(CO3)3(BO3) and Pb7(OH)3(CO3)3(BO3) along with
ygen atoms of (I) and (II) crystals using LDA–mBJ. Total density of states
r one atom.

RSC Adv., 2016, 6, 18965–18972 | 18967



Fig. 3 (a, c, e, g and i) Calculated partial density of states (states/eV/
unit cell) of the mixed borate and carbonate Pb7O(OH)3(CO3)3(BO3)
using LDA–mBJ; (b, d, f, h and j) calculated partial density of states
(states/eV/unit cell) of the mixed borate and carbonate Pb7(OH)3-
(CO3)3(BO3) using LDA–mBJ.
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band maximum (VBM) of I and II is located at the center (G) of
the BZ while the conduction band minimum (CBM) of I is situ-
ated between G and A points of BZ, resulting in an indirect
energy band gap of 3.34 eV (PBE–GGA) and 3.56 eV (mBJ). The
CBM of II is located at G of the BZ, resulting in a direct band gap
of 1.10 eV (PBE–GGA) and 1.61 eV (mBJ). The band gap reduction
in II is attributed to the appearance of a new energy bands within
the energy gap region of I. Thus, the O-vacancy causes to reduce
and tune the band gap and it changes the energy gap from
indirect to direct. It has been found that mBJ succeeds by large
amount in bringing the calculated energy gap of I close to the
experimental one (3.65 eV)19 as is expected from this
approach.29–31 Therefore, in the following, we show only the
results obtained by mBJ. The angular momentum resolved pro-
jected density of states of I and II are presented in Fig. 3. The
crystal structure of I and II consist of three Pb atoms and one
atom of B, C and H. There are ve O atoms in I and four O atoms
in II. We illustrate the contribution of each atom in Fig. 3(a, c, e,
g and i) for I and Fig. 3(b, d, f, h and j) for II. It is clear that the
three Pb atoms and ve O atoms in I and four O atoms in II
exhibit different contributions while Pb3 in I Pb1 in II and O5 in
I and O2 in II exhibit the highest contributions. Total density of
states is for unit cell (Z ¼ 2) that is 2 formula units. Partial
density of states is for one atom. To explore the contribution of
the orbitals we have decided to show the orbitals of one atom of
each type, the one which shows highest contribution, for
instance Pb3-6s/6p/5d/4f (Pb1-6s/6p/5d/4f), O5-2s/2p (O2-2s/2p),
B-2s/2p, C-2s/2p and H-1s as shown in Fig. 3(g)–(j). The PDOS
shows the inuence of the oxygen vacancies on the bands
dispersion. It is clear that in the VB of I, there is high density
state region situated between�2.5 eV and Fermi level (EF) which
belongs to a O atom (Fig. 2(a)), and this feature vanishes from
the electronic band structure of II (Fig. 2(b)) due to the oxygen
vacancy. From the PDOS (Fig. 3(a)–(f)), it has been noticed that
for I the VBM is mainly formed by O3, O4, O5 and Pb2, Pb3 atoms
while for II it is clear that the O bands are vanished conrming
that the two oxygen vacancies keeping the VBMwith Pb1 and Pb3
only. It is clear that the O vacancies push Pb1 states which are
situated below VBM towards Pb3 to form the VBMwhile it pushes
Pb2 and the rest of Pb1, Pb3 states towards lower energies by
around 2.0 eV. It is interesting to mention that there is a energy
bands appeared directly above EF in the forbidden gap, which
composed of O2-2p states. This could be called intermediate
band (IB). The appearance of new bands may cause the
appearance of new excitations. Recently, Ding et al.32 reported
that the position of such local energy level is changed due to the
variation of oxygen vacancy concentration. There exists a strong
hybridization between Pb1, Pb2 and Pb3 atoms, also between O1,
O2, O3, O4 and O5 atoms. Furthermore, C atom hybridized with
Pb2, B with Pb3, O4 with Pb3, O5 with Pb2 and Pb3. The degree of
the hybridization favors to enhance the strength of the covalent
bonding. Fig. S1a and b (ESI†) shows the total density of states
(TDOS) along with the electronic band structure and the rst BZ
are shown for I and II. It is clear that the oxygen vacancy
signicantly inuences the TDOS.

The origin of chemical bonding can be elucidated from the
angular momentum decomposition of the atoms projected
18968 | RSC Adv., 2016, 6, 18965–18972
electronic density of states (Fig. 3(a)–(f)). Integrating the latter
from �6.0 eV up to Fermi level (EF) we obtain the total number
of electrons per eV (e eV�1) for the orbitals in each atom of I(II),
Pb1 atom 3.8(1.8) e eV�1, Pb2 atom 7.8(3.9) e eV�1, Pb3 9.2(2.3) e
eV�1, O1 atom 6.0 e eV�1, O2 atom 9.0(8.0) e eV�1, O3 atom
12.0(13.5) e eV�1, O4 atom 14.5(11.0) e eV�1, O5 atom
16.0(12.5) e eV�1, C atom 6.0(2.4) e eV�1, B atom 1.8(1.2) e eV�1

and H atom 0.6(0.3) e eV�1. The contributions of these atoms to
the valence bands show that there is a clear inuence on the
electronic structure due to O vacancy. Also it is indicated that
This journal is © The Royal Society of Chemistry 2016



Fig. 4 The electron charge density distribution of the mixed borate and
carbonate Pb7O(OH)3(CO3)3(BO3) and Pb7(OH)3(CO3)3(BO3) were calcu-
lated for; (a) (1 0 0) crystallographic plane of Pb7O(OH)3(CO3)3(BO3); (b) (1
0 0) crystallographic plane of Pb7(OH)3(CO3)3(BO3), it is clear that the (1
0 0) plane for Pb7(OH)3(CO3)3(BO3) does not show the O vacancy; (c) (1
0 1) crystallographic plane of Pb7O(OH)3(CO3)3(BO3); (d) (1 0 1) crystallo-
graphic plane of Pb7(OH)3(CO3)3(BO3), it is clear that the (1 0 1) plane for
Pb7(OH)3(CO3)3(BO3) does not show the O vacancy; (e) (1 1 0) crystallo-
graphic plane of Pb7O(OH)3(CO3)3(BO3); (f) (1 1 0) crystallographic plane of
Pb7(OH)3(CO3)3(BO3), the arrows show the oxygen vacancy.

Table 2 Calculated bond lengths (Å) of Pb7O(OH)3(CO3)3(BO3) in
comparison with the experimental data19a

Bond Exp. This work Bond Exp. This work

Pb(1)–O(1) 2.19(4) 2.20 Pb(2)–O(4)h 2.729(6) 2.730
Pb(1)–O(5)a 2.630(17) 2.631 Pb(2)–O(4)i 2.729(6) 2.730
Pb(1)–O(5)b 2.630(18) 2.631 Pb(3)–O(1) 2.359(13) 2.358
Pb(1)–O(5)c 2.630(17) 2.631 Pb(3)–O(3) 2.38(2) 2.39
Pb(1)–O(5) 2.630(17) 2.631 Pb(3)–O(2) 2.548(13) 2.547
Pb(1)–O(5)d 2.630(18) 2.631 Pb(3)–O(2)e 2.548(14) 2.547
Pb(1)–O(5)e 2.630(17) 2.631 B(1)–O(3) 1.39(2) 1.38
Pb(2)–O(2) 2.22(2) 2.23 B(1)–O(3)e 1.39(2) 1.38
Pb(2)–O(3) 2.619(5) 2.620 B(1)–O(3)b 1.39(2) 1.38
Pb(2)–O(3)b 2.619(6) 2.620 C(1)–O(4) 1.35(4) 1.36
Pb(2)–O(4)f 2.729(6) 2.729 C(1)–O(5) 1.28(3) 1.29
Pb(2)–O(4)g 2.729(7) 2.729 C(1)–O(5)d 1.28(3) 1.29

a Symmetry transformations used to generate equivalent atoms: (a)�x +
y, y, z, (b)�y + 1, x� y + 1, z, (c)�y + 1,�x + 1, z, (d) x, x� y + 1, z, (e)�x +
y,�x + 1, z, (f) y,�x + y + 1, z + 1/2, (g) x� y + 1, x, z + 1/2, (h) x� y + 1, x, z
� 1/2, (i) y, �x + y + 1, z � 1/2.

This journal is © The Royal Society of Chemistry 2016
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some electrons from Pb, C, B, H and O atoms are transferred
into valence bands and contribute in covalence interactions
between the atoms. The covalent bond arises due to the degree
of the hybridization and the electronegativity differences
between the atoms. It is clear that there is an interaction of
charges between the atoms due to the existence of the hybrid-
ization, showing that there is a strong/weak covalent bonding
between these atoms. Thus the angular momentum decompo-
sition of the atoms projected electronic density of states help us
to analyze the nature of the bonds according to the classical
chemical concept. This concept is very useful to classify
compounds into different categories with respect to different
chemical and physical properties.
3.2. Valence electronic charge density

To investigate the nature of the bonds and the interactions
between the atoms we have taken a careful look at valence
electronic charge density distribution of I and II in three crys-
tallographic planes namely (1 0 0), (1 0 1) and (1 1 0) as shown in
Fig. 4(a)–(f). It has been observed that the (1 0 0) plane of I and II
show only Pb, B and O atoms (Fig. 4(a) and (b)). The Pb atoms
are surrounded by a spherical charge indicating the ionic nature
of these atoms. The existence of B atom between the three O
atoms which forms the BO3 group perturbs the contour of the
three O atoms. According to Pauling scale the electro-negativity
of Pb, B, O, C and H are 2.33, 2.04, 3.44, 2.55 and 2.20. There-
fore, due to the electro-negativity difference between O and B
atoms one can see the charge transfer towards O atoms as
indicated by the blue color around O atoms (according to the
thermoscale the blue color exhibits the maximum charge
accumulation). It has been noticed that the B atom forms strong
covalent bonds with the nearest three O atoms (BO3 group). It is
clear that the (1 0 0) plane for II does not show the O-vacancy.

Fig. 4(c) and (d) illustrates (1 0 1) crystallographic plane of I
and II which shows all the atoms. It is clear that C atom form
a strong covalent bond with the three O atoms (CO3) group.
RSC Adv., 2016, 6, 18965–18972 | 18969



Table 3 Calculated bond angles (�) of Pb7O(OH)3(CO3)3(BO3) in comparison with the experimental data19a

Angles Exp. This work Angles Exp. This work

O(1)–Pb(1)–O(5)a 81.8(4) 81.79 O(5)b–Pb(1)–O(5)c 68.7(7) 68.71
O(1)–Pb(1)–O(5)b 81.8(4) 81.79 O(5)–Pb(1)–O(5)d 49.9(7) 49.91
O(1)–Pb(1)–O(5)c 81.8(4) 81.79 O(5)a–Pb(1)–O(5)b 49.9(7) 49.91
O(1)–Pb(1)–O(5) 81.8(4) 81.79 O(5)c–Pb(1)–O(5)e 49.9(7) 49.91
O(1)–Pb(1)–O(5)d 81.8(4) 81.79 O(2)–Pb(2)–O(3) 74.5(7) 74.49
O(1)–Pb(1)–O(5)e 81.8(4) 81.79 O(2)–Pb(2)–O(3)b 74.5(7) 74.49
O(5)b–Pb(1)–O(5) 117.99(19) 117.98 O(3)–Pb(2)–O(3)b 54.6(9) 54.7
O(5)a–Pb(1)–O(5)c 117.99(19) 117.98 O(2)–Pb(2)–O(4)f 85.5(8) 85.6
O(5)a–Pb(1)–O(5)d 117.99(17) 117.98 O(4)f–Pb(2)–O(4)g 67.0(10) 67.1
O(5)c–Pb(1)–O(5)d 117.99(18) 117.98 O(3)b–Pb(2)–O(4)f 115.4(7) 115.4
O(5)b–Pb(1)–O(5)e 117.99(17) 117.98 O(3)–Pb(2)–O(4)f 159.3(8) 159.4
O(5)–Pb(1)–O(5)e 117.99(18) 117.98 O(3)b–Pb(2)–O(4)g 159.3(8) 159.4
O(5)c–Pb(1)–O(5) 161.0(7) 161.0(7) O(3)–Pb(2)–O(4)g 115.4(7) 115.5
O(5)b–Pb(1)–O(5)d 161.0(7) 161.0(7) O(2)–Pb(2)–O(4)g 85.5(7) 85.4
O(5)a–Pb(1)–O(5)e 161.0(7) 161.0 O(1)–Pb(3)–O(3) 86.5(11) 86.4
O(5)a–Pb(1)–O(5) 68.7(7) 68.6 O(1)–Pb(3)–O(2) 73.7(4) 73.8
O(5)b–Pb(1)–O(5)c 68.7(7) 68.6 O(1)–Pb(3)–O(2)e 73.7(4) 73.8
O(3)b–Pb(2)–O(4)g 159.3(8) 159.4 O(3)–Pb(3)–O(2) 73.3(6) 73.2
O(3)–Pb(2)–O(4)f 159.3(8) 159.4 O(3)–Pb(3)–O(2)e 73.3(6) 73.2
O(3)–Pb(2)–O(4)g 115.4(7) 115.3 O(2)–Pb(3)–O(2)e 134.1(9) 134.2
O(3)b–Pb(2)–O(4)f 115.4(7) 115.3 O(5)d–C(1)–O(5) 120.0(3) 120.1
O(3)b–Pb(2)–O(3) 54.6(9) 54.7 O(5)d–C(1)–O(4) 120.0(17) 120.1
O(3)e–B(1)–O(3)b 119.4(9) 119.5 O(5)–C(1)–O(4) 120.0(17) 120.1
O(3)e–B(1)–O(3) 119.4(9) 119.5 O(3)b–B(1)–O(3) 119.4(9) 119.3

a Symmetry transformations used to generate equivalent atoms: (a) �x + y, y, z (b) �y + 1, x � y + 1, z (c) �y + 1, �x + 1, z, (d) x, x� y + 1, z (e) �x + y,
�x + 1, z (f) y, �x + y + 1, z + 1/2, (g) x � y + 1, x, z + 1/2.
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Therefore, there exists a strong covalent bond between C atom
and the three O atoms (CO3 group). The Pb atoms tend to form
a very weak covalent bond with O atoms. The (1 0 1) crystallo-
graphic plane conrms that B atom perturbs the contour of the
three O atoms. It is clear that the (1 0 1) plane for II does not
show the O-vacancy. Therefore, we have calculated the valence
electronic charge density distribution of I and II in the (1 1 0)
plane as shown in Fig. 4(e) and (f).

We have labeled the O-vacancy by arrows 1 and 2 (see Fig. 4(e)
and (f)). It is clear that Pb (Fig. 4(e)) form strong covalent bond
with O at the location labeled by 1 (see Fig. 4(e)). This covalent
bond is missing in Fig. 4(f) due to the O vacancy. Thus, O vacancy
leads to connect Pb by six O atoms in II instead of seven O atoms
in I. The calculated valence electronic charge density distribution
supports our nding from the PDOSwhich states that there exists
a strong hybridization between B and O atoms also between C
and O atoms. The strong/weak hybridization may lead to form
strong/weak covalent bonding. It is interesting to compare our
calculated bond lengths and angles with the measured one.19

This is given in Tables 2 and 3 which reveal that there is a good
agreement between the theory and experiment.

Aer a careful comparison, it is found that the crystal
structure of I without O vacancy (Fig. 1a and b) can be consid-
ered as a parent phase of defect II structure (Fig. 1c and d).
4. Conclusions

The electronic band structure, the angular momentum resolved
projected density of states and the valence electronic charge
18970 | RSC Adv., 2016, 6, 18965–18972
density distribution of the mixed borate–carbonate I and II are
reported. The full-potential method within the generalized
gradient approximation (PBE–GGA) and the recently modied
Becke–Johnson potential (mBJ) reveals the I structure possesses an
indirect band gap of 3.34 eV (PBE–GGA) and 3.56 eV (mBJ), while it
is direct gap of 1.10 eV (PBE–GGA) and 1.61 eV (mBJ) for the O
vacancy II structure. Thus, the O-vacancy causes to reduce and
tune the band gap from indirect to direct band gap. The band gap
reduction in II is attributed to the appearance of a new energy
bands in the band gap of I. The angular momentum resolved
projected density of states for I and II show that there exists
a strong hybridization between B and O of BO3 group and also
between C and O of CO3 group. The calculated valence electronic
charge density reveals the origin of chemical bonding character. It
shows the inuence of O vacancy on the resulting properties of II.
Aer a careful comparison, it is found that the crystal structure of I
can be considered as a parent phase of defect II.
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