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Abstract

A non-centrosymmetric borate, CaBiGaB,07, has been grown by a solid-state reaction method
at a temperature below 700 °C. The single-crystal x-ray structural analysis has shown that it
crystallizes in the tetragonal space group P42;m with a = 0.7457(1) nm, ¢ = 0.4834(1) nm,
Z = 2. It has a three-dimensional (3D) structure in which [B,07]%~ groups are bridged by
[Ga0,]°~ tetrahedra through shared O atoms to form 2D c2>o[GaB207]5 ~ layers that are further
linked by Bi**/Ca* cations giving rise to the final 3D framework. The IR spectrum confirms
the presence of [BO4]°~ groups and the UV-vis diffuse reflectance spectrum shows that the
optical band gap is about 2.9 eV. This value is compared with our band structure calculations
using the full potential linearized augmented plane wave approach within the framework of the

Engel-Vosko GGA formalism.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Borates have attracted considerable attention because they
have important practical applications as materials for nonlinear
optical (NLO) effects, in particular optical second harmonic
generation (SHG) and linear electro-optics effects (EOE). For
example, f-BaB,04, LiB30s, CsB305 and YCas(BO3);0 are
all well-known NLO materials [1]. The binary Bi;O3-B,0;
phase diagram was investigated by Levin and McDaniel [2]
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and at least five compounds were structurally characterized
including Bi24B2039 [3], Bi4B209 [4], Bi3B5012 [5],
BiB3Og [6] and Bi;BgO;s [7]. Among them, BisB,Oq
was reported to have a high birefringence [8], BizBsOi;
displays stimulated Raman scattering and luminescence
properties [9, 10], and BiB3Og is the most extensively
studied because it has been established as a NLO material
with outstanding physical properties. Measurements of the
piezoelectric, pyroelectric, dielectric, elastic and thermoelastic
properties have been reported [11].  Theoretical studies
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have shown that the presence of irregular Bi—O coordination
polyhedra and their structural arrangement lead to the
extraordinarily large SHG effect in BiB3Og. It is reasonable
to believe that other interesting materials may also be
found in more complex borates incorporating bismuth
together with other metal elements. Based on this idea,
several ternary (quaternary) bismuth-containing borates that
crystallize in the non-centrosymmetric space groups have
been recently synthesized, including BaBiBOy4, Bi,ZnB,07,
CaBiGaB,0, Bi,CaB,0; and Bi;SrB,0; [12-14]. Among
these, CaBiGaB,0O; was prepared in powder form and its
crystal structure was determined from powder diffraction data
using the Rietveld method [13].

The present study is aimed at synthesizing and
characterizing the non-centrosymmetric borate, CaBiGaB,07
and presenting calculations of the band structure and density of
states using the full potential linear augmented plane wave (FP-
LAPW) method. In the course of our systematic investigation
of novel borate NLO materials, we have successfully isolated
single crystals of CaBiGaB,07 and redetermined its crystal
structure using the single-crystal XRD technique.  This
structural information is used for the theoretical calculations.
The FP-LAPW method has been proven to be one of the
most accurate methods [15, 16] for the computation of the
electronic structure of solids within the density functional
theory (DFT) approach. This method has been applied to
the calculations of many borates [17]. In addition, we have
also measured the IR and UV-vis diffuse reflectance spectrum
of this compound. To the best of our knowledge there are
no experimental measurements of XRD, IR and UV-vis and
no first principles calculations on the non-centrosymmetric
borate, CaBiGaB,0;. Therefore a combined experimental
and theoretical study of the non-centrosymmetric borate,
CaBiGaB,05 is timely and would help in understanding the
origin of its electronic properties. In section 2 we present
details of the crystal growth, structural features and theoretical
calculations.  Section 3 presents the energy bands and a
comparison with the experimental data with the appropriate
discussion.

2. Experiment and theory

2.1. Crystal growth and general characterization

For the preparation of the compound in the title, a powder
mixture of 1.3274 g CaCOs, 3.0898 g Bi,03, 1.2429 g Ga,0;3
and 4.9200 g H3BO3 (the CaO/Bi,03/Ga;03/B,03 molar
ratio = 2:1:1:4) was transferred to a small gold crucible.
The sample was gradually heated to 665°C, where it was
kept for two weeks, then cooled down to 550°C at a rate of
5°Ch~', followed by cooling to room temperature at a rate
of 20°Ch~!. The colorless, tetragonal, plate-like crystals
of CaBiGaB,0; were found to grow on the surface of the
sample. Several small crystals could be isolated mechanically
from the reaction product for further characterization by single-
crystal XRD measurements. Subsequently, direct reaction of a
stoichiometric mixture of Bi,O3, Ga,O3, CaCO3; and H3;BO;3
at 600 °C for two weeks with several intermediate remixings

CaBiGaB,0,
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Figure 1. XRD pattern of CaBiGaB,0; observed from a powder
polycrystalline sample (a) and calculated from the single-crystal
data (b).

yielded a single-phase polycrystalline sample of CaBiGaB,07,
as confirmed by powder x-ray analysis using monochromatic
Cu Ko radiation from a Bruker D8 ADVANCE diffractometer
(figure 1).

Infrared spectra were recorded from 4000 to 400 cm™
on a Perkin Elmer 1730 FT-IR spectrometer from KBr
pellets. Optical diffuse reflectance spectra were measured
at room temperature with a Shimadzu UV-3101PC double-
beam, double-monochromator spectrophotometer. Data were
collected in the wavelength range 200-800 nm. BaSO4
powder was used as a standard (100% reflectance). A similar
procedure, as previously described [18], was used to collect
and convert the data using the Kubelka—Munk function [19].

1

2.2. Structural parameters

Single-crystal x-ray intensity data were collected at room
temperature (298 K) on an automated Rigaku AFC7R four-
circle diffractometer using monochromatic Mo Ko radiation.
The cell dimensions were obtained from a least-squares
refinement with 25 automatically centered reflections in the
range 41.06° < 20 < 44.80°. Three standard reflections
were remeasured after every 150 reflections and no decay was
observed. The raw intensity data were corrected for Lorentz
and polarization effects and for absorption by an empirical
method based on ¥r-scan data.

The crystal structure was solved by a direct method and
refined in the SHELX-97 system [20] by full-matrix least-
squares methods on F2. The refinement of 34 parameters with
495 observed reflections (I > 20 (1)) resulted in the residuals
of RI/wR2 = 0.0398/0.1086. The final difference electron
density maps were featureless, with the highest electron
density of 1.52 e A7 ata position that is very close to the
heavy atomic site (Bi/Ca). Details of crystal parameters, data
collection and structure refinements are given in table 1 and the
atomic coordinates and the equivalent isotropic displacement
parameters are summarized in table 2.
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Table 1. Crystallographic data for CaBiGaB,0;.

Chemical formula CaBiGaB,0;
Space group P42,m (No. 113)
a (nm) 0.7457(1)

¢ (nm) 0.4834(1)

V (nm?), Z 0.268 80(8), 2
deate (g cm™) 5.589

AMo Ko (nm) 0.071073
p(mm™t) 38.638

26max 64.88°
Unique reflections 535
Observed (I > 20 (1)) 495

No. of variables 34

GOF on F? 1.100

R1/wR2(I > 20 (1))
R1/wR2 (all data)

0.0398/0.1086
0.0428/0.1096

Table 2. Atomic coordinates (x 10*) and equivalent isotropic
displacement parameters (nm? x 10°) for CaBiGaB,0;. (Note: Uqq
is defined as one third of the trace of the orthogonalized U tensor.)

Atoms X Y Z Uey
Bi/Ca  6716(1) 1716(1)  9998(2)  24(1)
Ga 5000 5000 5000 9(1)
B 3692(12)  1308(12)  5539(19) 15(2)
Ol 5000 0 6490(20) 13(2)
02 3559(7) 1441(7)  2561(12) 12(1)
03 4233(8)  3080(8)  7006(12)  18(1)

2.3. Theoretical calculations

The single-crystal x-ray structural analysis showed that
CaBiGaB,0; crystallizes in the tetragonal space group
P42,m with lattice constants a = 0.7457(1) nm, ¢ =
0.4834(1) nm, Z = 2. We have performed calculations of
the electronic properties applying the full potential linearized
augmented plane wave (FP-LAPW) method as incorporated
in the WIEN2K code [21]. This is an implementation of
density functional theory (DFT) [22] with different possible
approximations for the exchange correlation (XC) potentials.
The exchange correlation potential was calculated using the
Engel-Vosko GGA formalism [23], which optimizes the
corresponding potential for band structure calculations. It
is well known that in the self-consistent band structure
calculation within the DFT approach, both LDA and GGA
usually underestimate the energy gap [24]. This is mainly due
to the fact that they have simple forms that are not sufficiently
flexible to accurately reproduce both the exchange correlation
energy and its charge derivative. Engel and Vosko considered
this shortcoming and constructed a new functional form of
GGA [23] which is better able to reproduce the exchange
potential at the expense of less agreement in the exchange
energy. This approach, called EV-GGA, yields more accurate
band splittings.

In order to achieve energy eigenvalue convergence, the
wavefunctions in the interstitial regions were expanded as
plane waves with a cut-off Ky.x = 9/Rmr, Where Ryr
denotes the smallest atomic sphere radius and K.« gives the
magnitude of the largest K vector in the plane wave expansion.
The muffin-tin radii were assumed to be 2.14, 1.69 and 1.55

Table 3. Selected bond lengths (nm) and angles (°) for
CaBiGaB,0;.

Bi/Ca-02 0.2304(7) Ga-O3 x 4 0.1822(5)
Bi/Ca-03 x 2 0.2375(6)
Bi/Ca-Ol 0.2480(7)  B-O2 0.1447(10)
Bi/Ca-03 x 2 0.2560(6) B-Ol 0.1453(12)
Bi/Ca-02 x 2 0.2668(5) B-03x 2 0.1553(9)
03-Ga-03 x2 115.7(4)  02-B-Ol 114.09)
03-Ga-03 x4 106.47(18) 02-B-03 x2  114.4(6)
O1-B-03 x 2  104.6(6)
03-B-03 103.5(7)

atomic units (au) for Bi, Ga and Ca, respectively and 1.34 au
for B and O. The valence wavefunctions inside the spheres are
expanded up to /.« = 10 while the charge density was Fourier
expanded up t0 Gpax = 14(au) L.

Self-consistency is obtained using 350 k-points in the
irreducible Brillouin zone (IBZ). The electronic properties are
calculated using 500 k-points in the IBZ. The self-consistent
calculations were assumed to have converged when the total
energy of the system stabilized within 1075 Ryd.

3. Results and discussion

3.1. X-ray diffraction, IR and UV-vis diffuse reflectance
spectrum

The crystal structure of CaBiGaB,O; consists of two-
dimensional (2D) gallium borate layers connected through O—
Bi**/Ca’** -0 linkages to form a continuous three-dimensional
(3D) framework, as depicted in figure 2. In this structure,
two [BO4]°~ tetrahedra are connected via the common O
atom to form a [B,07]3~ dimer. These [B,0;]3~ dimers
are bridged by tetrahedral Ga’* centers to generate a 2D
infinite iO[GaBQOﬂS_ layer parallel to the (001) plane. The
2 [GaB,07]°~ layers are stacked along the crystallographic c-
axis and the Bi3*/Ca’* cations are located between the layers
to balance the charge and also to hold the layers together
through Bi**/Ca?>*—O bonds.

Selected bond lengths and angles in CaBiGaB,0; are
listed in table 3 and the local Bi/Ca coordination geometry
shown in figure 3. It is clear that bismuth and calcium atoms
are statistically distributed over the crystallographic 4e sites
and each is coordinated with eight oxygen atoms forming
a distorted square anti-prismatic geometry. The Bi/Ca—O
distances vary between 0.2304(7) and 0.2668(5) nm with
a mean value of 0.2499 nm, which agrees well with the
values 0.2500 and 0.2550 nm computed from crystal radii
for a 8-coordinated Ca’* and Bi** ion, respectively [25].
The Bi**/Ca’t disorder is unusual due to their very
different coordination geometries, but it has been previously
observed, c.g., in Ca3Bi(PO4)3 [26], CagBi3V1]O41 [27], and
CayBiV30;3 [28]. All our attempts to refine the structure
into lower-symmetry space groups with an ordered distribution
of Bi and Ca atoms have failed. An examination of the
CaBiGaB,0; crystal with a slower scan rate and lower
intensity limitation did not indicate any symmetry lower than
tetragonal or a larger unit cell that would allow Bi/Ca ordering.
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(b)

Figure 2. The crystal structure of CaBiGaB,0; projected along the [001] (a) and [100] (b) direction, respectively, where tetrahedra with
crosses are GaO,4 groups, tetrahedra with parallel lines are BO4 groups and the open circles are Bi/Ca atoms.

Figure 3. Coordination geometry about the Bi/Ca atom, where
Bi/Ca-O distances are shown in units of nm and the displacement
ellipsoids drawn at the 50% probability level.

Therefore, the Bi*T/Ca?t disorder model was finally assumed.
This model has also been confirmed by the powder diffraction
results (figure 1 and [13]).

There is one crystallographically independent Ga and
one distinct B atom in the asymmetric unit, both having a
typical tetrahedral oxygen ligand environment (see figure 2
and table 3). The Ga atom is located on a crystallographic 4
axis, giving a single Ga-O bond distance (4 x 0.1822(5) nm)
and two sets of O-Ga—O angles (2 x 115.7(4)° and 4 x
106.47(18)°), while the B atom lies on a mirror plane, resulting
in three sets of B—O bond lengths (1 x 0.1447(10) nm, 1 x
0.1453(12) nm and 2 x 0.1553(9) nm) and four sets of O-B—
O angles (1 x 114.009)°, 2 x 114.4(6)°, 2 x 104.6(6)° and
1 x 103.5(7)°). These geometric parameters are comparable
to those observed in the structures of K,Ga,O(BO3), [29]
and Na3;ZnBs;0;o [30], where GaO4 and BO4 groups were
observed, respectively. Of the three unique O atoms, Ol
and O2 lie on the crystallographically special positions with
site symmetries 2m and m, respectively, while O3 occupies a
general position. All of O atoms are four-coordinated, being
bonded to 2B and 2Bi/Ca (for O1), 1B and 3Bi/Ca (for O2), or
1B, 1Ga and 2Bi/Ca (for O3) centers to constitute distorted
O-centered tetrahedra (tetrahedral angles are in the range

110

90{ CaBiGaB,0O,

480.8

80

Transmittance (T%)

70

™
of
©
©

60 1—
2500

—T— —T—T T T T
2000 1500 1000 500

Wavenumber (cm™)

Figure 4. Infrared spectrum of CaBiGaB,0O;.

Energy (eV)

Figure 5. Calculated band structure of CaBiGaB,0;.

85.4(2)°-143.2(9)°). Bond-valence sum calculations [31]
produced values of 3.12 for Ga and 2.84 for B, consistent with
their expected formal valences.
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Figure 6. Total and partial density of states (states/eV unit cell) of CaBiGaB,0; (a) Calculated total density of states along with Ga d partial
density of states (states/eV unit cell). (b) Calculated Bi d and Bi f partial densities of states (states/eV unit cell). (¢) Calculated B s and B p
partial densities of states (states/eV unit cell). (d) Calculated Bi s and Bi p partial densities of states (states/eV unit cell). (e) Calculated Ga s

and Ga p partial densities of states (states/eV unit cell). (f) Calculated O1 s and O1 p partial densities of states (states/eV unit cell) (as an

exemplar we show only Ol1, the same is true for the others).

The crystal structure of CaBiGaB,0O; is closely related
to, but different from that of Bi,ZnB,0; [13]. The latter
consists of [B,Os]*~ and [B,04]3~ groups that are formed by
two corner-sharing BOs triangles and two corner-sharing BO4
tetrahedra, respectively. The [B,O5]*~ and [B,O;]3~ groups
are bridged by [Zn04]%~ tetrahedra through shared O atoms
to form 2D 2 [ZnB,07]% layers that are further bridged by
octahedrally coordinated Bi** cations, giving rise to the final

3D framework. In contrast, only [B,O,13~ groups as well
as eight-fold coordinated Bi**/Ca®* cations are observed in
CaBiGaB,0;. In fact, the crystal structure of Bi,ZnB,07 is
derived from that of CaBiGaB,0O7 in the following manner:
CaBiGaB,07 structure (Pé_lZlm, a, ¢, Z = 2) — hypothetical
derivative (Cmm2, which is type I subgroup of P42,m, a — b,
a+b, c, Z =4) — Bi,ZnB, 07 structure (Pba2, which is type
IIa subgroup of Cmm2,a — b,a + b, c, Z = 4).
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Concerning the IR spectra it is known [32] that four
normal vibrations with frequencies vs (symmetric stretching)
at 740-890 cm™!, ¥ (symmetric bending) at 400-600 cm™',
Vs (asymmetrical stretching) at 1000-1150 cm™! and §
(asymmetric bending) at about 600 cm~' correspond to the
[BO4]°~ tetrahedron. The infrared spectrum of CaBiGaB,0;
is presented in figure 4. It is clear that the bands with
the frequencies of about 480.8 cm™' may be assigned as
the BO,4 symmetric bending vibrations (y); the bands in the
range 992.0-1150.8 cm™! may be associated with the BO,
asymmetric stretch (v,s); and those around 662.2 cm™! as due
to the BO4 asymmetric bending modes (§). The BO4 group
in CaBiGaB,0y is distorted from the ideal Ty symmetry. This
removes the degeneracy of the infrared active vibrations (v,
and §) resulting in band splitting and also allows the non-active
vibration y to absorb energy in the infrared region. The IR
spectrum confirms the existence of tetrahedrally coordinated
boron atoms, consistent with the results obtained from the
crystallographic study.

The optical diffuse reflectance spectrum measurements
on the CaBiGaB,0; polycrystalline sample revealed that
the compound has a steep absorption edge, confirming the
semiconducting nature, as expected from the electron count
in the chemical formula. The optical band gap obtained by
extrapolation of the linear part of the spectral absorption edge
is equal to about 2.9 eV, consistent with the very pale yellow
color of the sample.

3.2. Band structure and density of states

The band structure, total density of states (TDOS) along with
the Bi s/p/d/f, B s/p, Ga s/p/d and O s/p partial (PDOS) for
CaBiGaB,07 are shown in figures 5 and 6. The valence band
maximum (VBM) is located at I and the conduction band
minimum (CBM) is located at halfway between S and the I'
point, resulting in an indirect energy gap of 2.9 eV. It should be
emphasized that the energy gap is substantially lower than that
for the other borates (3.4-5.1 eV) [33]. This fact may indicate
the crucial role of the cationic sub-systems on the band edges
of the borates.

The band structure and hence the density of states (DOS)
can be divided into five principal groups/structures. From the
PDOS we have identified the angular momentum character for
the various structures. The lowest group (around —14.0 eV)
originates from Ga d with small admixtures of B s and Bi s
states. The second group around —10.0 eV has significant
contributions from Bi s and very small admixtures of O s/p,
Ga s/p and B s/p states. The third group (around —8.0 eV) is
mainly of O p with a small contribution from B s/p, Bi s and
Ga s/p states. The group from —7.0 eV up to the Fermi energy
(EF) is mainly of O p and Bi s with small contributions of O s,
Ga s/p, Bi p/d/f and B s/p states. The groups from the CBM up
to 15.0 eV are due to Bi p and O s/p with small contributions
from Ga s/p, B s/p and Bi d/f states. The electronic structure
of the upper valence band is dominated by the O p and B s
states. We note that most of the O p character is concentrated
in the upper valence band, with only negligible amounts in the
conduction band. The CBM is controlled by Bi p states.

From the PDOS, we note that the Ga s states strongly
hybridized with the B s states at around —5.0 eV, and Ga p
with B p at around 10.0 eV. The Fermi energy is determined
by the strong hybridization between Bi s and O p states. The
main reason of the lower band energy edge, compared with
other borates, is the existence of the Bi p and Ga s conduction
sub-bands which are substantially narrow. Also the higher
band energy shows more dispersion compared to other borates
with the different cationic sub-systems. The observed changes
are a consequence of the different cationic polarities and the
different borate configurations; these changes could be used to
control the band structure parameters in the desired directions.

4. Conclusions

A non-centrosymmetric borate with the composition
CaBiGaB,07 has been synthesized and the crystal structure,
IR and UV-vis diffuse reflectance spectrum have been stud-
ied. This compound crystallizes in the tetragonal space group
P42;m and has a 3D network consisting of 2 [GaB,07]>~
layers bridged by eight-coordinated Bi3*/Ca’** cations. For
band structure calculations we have applied the EV-GGA ex-
change correlation potential within the DFT based FP-LAPW
approach. Our calculations show that this compound has an
indirect energy gap of 2.9 eV in agreement with our measured
energy gap of 2.9 eV. This energy gap is smaller than the en-
ergy gap of other borates. This could be due to the existence
of narrow Bi p and Ga s conduction sub-bands and a larger
dispersion (lower effective masses) in the higher energy bands
compared to other borates. We also note that the overlapping of
the bands around the Fermi energy is determined by the strong
hybridization between Bi s and O p states. In the energy range
around —5.0 eV the Ga s states hybridize strongly with B s
states and around 10.0 eV the Ga p states hybridize with B p
states.
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