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Abstract

The linear and nonlinear optical susceptibilities for different tensor components of BaBiBO4 single crystals have been calculated using

the full-potential linear augmented plane wave method. The results of these calculations are verified by our measurements of linear and

nonlinear optical properties using Nd-YAG laser at fundamental wavelength 1064 nm. The calculated energy gap is in a good agreement

with experimental energy gap data obtained by optical absorption. We present results for the imaginary and real parts of the frequency-

dependent dielectric constant. The calculated birefringence of BaBiBO4 is positive in agreement with the experimental data. Calculations

are reported for the frequency-dependent complex part of second-order nonlinear optical susceptibilities wð2Þijk ðoÞ. The linear and nonlinear

optical susceptibilities are scissors corrected to match the value of the energy gap from the local density approximation calculations with

the experimental value. The second harmonic generation efficiency of this compound is about five times larger than KDP (KH2PO4). It is

crucial that we have obtained a large anisotropy of the second-order susceptibilities for three main second-order tensor components

wð2ÞzzzðoÞ; w
ð2Þ
xxzðoÞ; and wð2ÞyyzðoÞ both experimentally and theoretically. The possible origin of the obtained anisotropy is discussed within a

framework of the energy band calculations.

r 2008 Elsevier Inc. All rights reserved.
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1. Introduction

As a result of their complicated crystal structures borates
are among the most interesting and therefore the most
extensively studied materials. Since 1962, when the binary
phase diagram Bi2O3–B2O3 were investigated, many
methods of obtaining the borate crystals were found and
described in detail [1–6]. It was also established that borate
crystals, in particular BiB3O6, exhibit high nonlinear
optical (NLO) susceptibilities [7–10], particularly for
second harmonic generation (SHG) and third harmonic
generation (THG) applications. Theoretical examinations
have shown that anionic groups and chemical bonding
e front matter r 2008 Elsevier Inc. All rights reserved.
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structures of boron atoms have a major influence on the
nonlinear properties of these crystals [11,12].
With a view of finding new optical materials, BaBiBO4

was synthesized recently [13]. This is principally different
compared to other borate crystals due to the presence of
two different structural clusters—BO3 and BiO5 having
substantially different ionicities. Another principal differ-
ence of these crystals with respect to other borates consists
is the large anisotropy of the chemical bonds due to layered
structures. This factor may have both technological interest
pertaining to the creation of the optical devices and
fundamental interest for theory of linear and NLO
susceptibilities for the new synthesized oxide crystals.
There is a dearth of a detailed investigation connecting
the electronic structure and the measured susceptibilities
for the highly anisotropic material. We hope that our work
will be useful in this direction.

www.elsevier.com/locate/jssc
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The knowledge of the band structure plays a principle
role in understanding their physical properties. The
considered compound is particularly interesting for its
NLO properties, which could be related to the anionic and
cationic polyhedral and to find such directions in which
these materials may give large optical susceptibilities.
Utilizing their anisotropy and there appears a possibility
to increase the corresponding optical susceptibilities.
Moreover, by inducing changes in the cationic sub-systems
one can also vary the transparency and mechanical
properties. Thus one requires reliable information about
band structure.

In this paper, we report both the measurements and the
calculations of linear and NLO susceptibilities. For the
theoretical calculation we used the full-potential linear
augmented plane wave (FP-LAPW) method and compare
the performed calculation with the our experimental data
using the Nd-YAG laser at fundamental wavelength
1064 nm, and compare the band structure with X-ray
photoelectron parameters [14]. As there are no theoretical
calculations of the linear and NLO properties for BaBiBO4

crystal, we report such calculations in this paper and try to
find physical origin of the observed anisotropy.

Section 2 describes calculation procedure and experi-
mental technique used for the BaBiBO4 optical parameter
evaluations. Section 3 presents principal results of the
performed theoretical band energy, optical susceptibility
calculations, and their comparison with the experimental
data is given with appropriate discussion.

2. Calculation and experimental methodology

2.1. Calculation details

Using X-ray diffraction we found that the BaBiBO4

single crystal belongs to the Pna21 space group and the
parameters of the primitive orthorhombic unit cell with
four formula per unit cell, are a ¼ 8.5822 Å, b ¼ 9.6808 Å,
c ¼ 5.1508 Å and Z ¼ 4. The crystal structure contains
parallel chains formed by BO3 and BiO5 groups. Chains are
directed along [001] direction and separated with rows of
Fig. 1. Projection of the BiBaBO4 crystal structure in (a) along to [001] chai

direction illustrating the absence of a mirror plane perpendicular to the c axis
Bi3+ cations. As seen from Fig. 1, the atomic positions for
the BaBiBO4 structure show small but significant deviation
from the centro-symmetric group in which the Ba, Bi, B,
O1 and O4 atoms would lie on a mirror plane at z ¼ 0.75,
and the O2 and O3 atoms would become equivalent [13].
Generally the crystalline structure possesses substantial
anisotropy with respect to the optical axes z, which is
substantially larger compared to other borates.
Our calculations employ the FP-LAPW method as

implemented in WIEN2K code [15] based on DFT [16].
A fully relativistic description for the core states, but a
scalar-relativistic description, neglecting spin–orbit coupling,
for the valence states is used. For structural properties the
exchange correlation potential was calculated using the local
density approximation (LDA) [17]. In order to achieve
energy convergence, the wave functions in the interstitial
region were expanded in plane waves with a cutoff
Kmax ¼ 9/RMT, where RMT denotes the smallest atomic
sphere radius and Kmax gives the magnitude of the largest K

vector in the plane wave expansion. The valence wave
functions inside the spheres are expanded up to lmax ¼ 10
while the charge density was Fourier expanded up to
Gmax ¼ 14. Self-consistency is obtained using 200 k-points in
the irreducible wedge of the irreducible Brillouin zone (IBZ).
The BZ integrations are carried out using the tetrahedron
method [18,19]. The frequency-dependent linear optical
properties are calculated using 500 k-points and the NLO
properties using 1000 k

*
-points in the IBZ. Both the plane

wave cutoff and the number of k-points were varied to
ensure total energy convergence. The self-consistent calcula-
tions are considered to be converged when the total energy
of the system is stable to within 10�5Ry.

2.2. Experimental details

Optical absorption spectra were measured by UV–VIS
spectrophotometer Ocean Optics with the spectral resolu-
tion about 1 nm. The second-order optical susceptibilities
were measured by standard method [28] using 10 ns
Nd-YAG laser (Carat, Lviv, Ukraine, 2005) with
pulse repetition 7Hz. The Glan prisms were used for
ns of edge-sharing BO3 triangles and BiO5 polyhedra and (b) along [010]

resulting in the acentric Pna21 symmetry [13].
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definition of the input and output directions to measure the
different tensor components of the second-order optical
susceptibilities. The green interferometric filter was used to
cut the output doubled-frequency signal at 533 nm with
respect to the fundamental ones. Detection was performed
by fast response photodiodes connected with the GHz
oscilloscope (Newport). The crystals were cut in directions
that allowed to carry out the measurements for three
principal tensor components: wð2ÞzzzðoÞ; w

ð2Þ
xxzðoÞ; and wð2ÞyyzðoÞ.

The samples possessed the varied thickness, which allowed
obtaining the optimal phase-matching conditions. The
setup allows achieving the precision of the second-order
susceptibility determination equal to about 0.08 pm/V.

3. Results and discussions

3.1. Electronic energy band structure

The calculated electronic band structure for BaBiBO4

crystal is shown in Fig. 2. The valence band maximum
(VBM) is located at G while the conduction band minimum
(CBM) is located at X resulting in an indirect energy gap of
3.53 eV. The calculated energy gap is smaller than the
experimental gap (4.21 eV) as expected from LDA calcula-
tion [19]. The band structure can be divided into five
groups. The lowest energy group has mainly Bi-s and Ba-p
states origin. The group between �5.5 and �3.5 eV has
significant contributions from Bi-p/d, B-s/p, Ba-s and O-s
states. The group between �2.5 eV and Fermi energy (EF)
is mainly Bi-p/d/f, B-p, O-p and Ba-s. The conduction band
(3.5 up to 8.0 eV) is found to be Bi-p/d, B-p, Ba-s and O-s
states. The electronic structure of the upper valence band
arises primarily from the Ba-p/d, Bi-p/d and Bs/p interac-
tions. We note that most of the Ba-d states are
concentrated in the upper conduction band, with negligible
Fig. 2. Calculated electronic energy band structure.
contribution to the valence band. Most of the Ba-p states
are pushed from the conduction bands into valence bands.

3.2. Linear optical response and birefringence

The orthorhombic symmetry (due to low symmetry)
compounds have many non-zero components of the di-
electric tensor. We will concentrate on the major compo-
nents, corresponding to electric field ~E perpendicular and
parallel to the c-axis. These are �xx

2 ðoÞ and �zz
2 ðoÞ the

imaginary parts of the frequency-dependent dielectric
function. We have performed calculations of the fre-
quency-dependent dielectric function for these compounds
using the expressions given earlier [20,21]. Fig. 3a shows the
calculated imaginary parts of the anisotropic frequency-
dependent dielectric function �xx

2 ðoÞ and �
zz
2 ðoÞ. A consider-

able anisotropy is found between �xx
2 ðoÞ and �zz

2 ðoÞ. This
may reflect the anisotropy in the directions of the principal
chemical bonds (see Fig. 1) and is very sensitive to the
ionicity of the cationic sub-system. Half-width broadening is
taken to be 0.04 eV following the typical values for the
borate crystals. Our optical spectra are scissors corrected
[22,23] by 0.68 eV. This value is the difference between the
calculated (3.53 eV) and measured (4.21 eV) energy gap.
It is known that spectral peaks in the optical response are

caused by the electric-dipole transitions between the
valence and conduction bands. Our analysis of �xx

2 ðoÞ
Fig. 3. (a) Calculated �xx
2 ðoÞ (dark curve) and �zz

2 ðoÞ (light curve). (b)

Calculated �xx
1 ðoÞ (dark curve) and �zz

1 ðoÞ (light curve).
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Fig. 4. Calculated DnðoÞ. Fig. 5. Absorption spectrum of BaBiBO4 for three polarizations. The

direct energy gap is about 290 nm and the energy gap due to the indirect

transitions (related to several vacancies and non-stoichiometric defects)—

about 296 nm.
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and �zz
2 ðoÞ curves shows that the edge of optical absorption

for �xx
2 ðoÞ is situated at 4.0 eV, while that for �zz

2 ðoÞ is at
3.8 eV. These points correspond to Gv�Xc band energy
splitting (Fig. 2), which gives the threshold for optical
transitions between the top of valence band and bottom of
CBM. This is followed by three spectral bands indicated by
A, B and C. We note that the first two spectral structures of
�zz
2 ðoÞ are shifted towards the lower energy showing
considerable anisotropy with respect to �xx

2 ðoÞ.
From the imaginary parts of the dielectric functions

�xx
2 ðoÞ and �zz

2 ðoÞ, the real parts �xx
1 ðoÞ and �zz

1 ðoÞ are
calculated by using Kramers–Kronig relations [24].
The results of our calculated �xx

1 ð0Þ and �zz
1 ð0Þ spectra are

shown in Fig. 3b. The calculated static value of the dielectric
functions �xx

1 ðoÞ and �
zz
1 ðoÞ are 3.4 and 3.8, respectively.

Generally, this compound shows a considerable aniso-
tropy in the linear optical susceptibilities that favors an
important quantity in second-order susceptibility (determin-
ing SHG) and optical parametric oscillator (OPO) due to
better fulfilling of phase-matching conditions, determined by
birefringence. The birefringence is the difference between the
extraordinary and ordinary refraction indices, Dn ¼ ne � no,
where in our case ne is the index of refraction for an electric
field oriented along the c-axis and no is the index of
refraction for an electric field perpendicular to the c-axis.

Fig. 4 shows the spectral behavior of the birefringence
DnðoÞ for the BaBiBO4 single crystal. The birefringence is
important only in the non-absorbing region (below energy
gap). The DnðoÞ spectral dependence shows strong oscilla-
tions around zero in the spectral energy range up to
12.5 eV. We have found that the birefringence Dnð0Þ of
BaBiBO4 crystal is equal to 0.35 in qualitative agreement
with the experimental data 0.24.

Fig. 5 shows the experimentally obtained absorption
spectra measured by the Specord 80 M spectrophotometer
with a spectral resolution about 1 nm. The data indicate
that the absorption edge possess several bends indicating
several contributions of the phonon-assisted indirect inter-
band transitions and a presence of the non-stoichiometry
vacancies. The data show substantial anisotropy in
accordance with the performed calculations of the absorp-
tion and e2, which also confirms the anisotropy in the
crystal structure. This anisotropy is attributed to the
anisotropy in the energy band structure and the refractive
indices. The formation of the spectral plateau at the
spectral range about 290 nm is typical for the indirect
transitions in the oxide crystals. The anisotropy of the
absorption optical spectra is probably caused by specific
coordination strength of the bismuth ions. In Fig. 5, we
compared both the experimental data and theoretical
calculations and found good agreement as far as the trends
are concerned. Absolute values are very different because
the experimental data are influenced by sample preparation
and surface.

3.3. Second harmonic generation

The complex second-order NLO susceptibility tensor
wð2Þijk ð�2o;o;oÞ has been presented in previous works
[25,26]. Subscripts or superscripts i, j and k are Cartesian
indices. It has been demonstrated by Aspnes [27] that only
virtual-electron transitions (transitions between one va-
lence band state and two conduction band states) gives a
significant contribution to the second-order tensor. Hence,
we ignore the virtual-hole contribution (transitions be-
tween two valence band states and one conduction band
state) because it is more than an order of magnitude
smaller than the virtual-electron contribution for these
compounds. For simplicity we denote wð2Þijk ð�2o;o;oÞ by
wð2Þijk ðoÞ. For non-centro-symmetric compounds with orthor-
hombic mmm point group of symmetry, seven independent
non-zero tensor components wð2Þijk ðoÞ exists. Namely, the
131 ¼ 113, 232 ¼ 223, 311, 322 and 333 components (1, 2
and 3 refer to the x, y and z axes, respectively) [28]. These
are wð2Þ113ðoÞ, y, and wð2Þ333ðoÞ. It is well known that NLO
properties are more sensitive to small changes in the band
structure than the linear optical properties. This is
attributed to the fact that the second harmonic response
wð2Þijk ðoÞ involves 2o resonance in addition to the usual o
resonance. Both the o and 2o resonances can be
additionally separated into inter-band and intra-band
contributions.
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Fig. 6. Calculated Im wð2Þ223ðoÞ (dark curve) with scissors correction and

(light curve) without scissors correction.

Fig. 7. Upper panel: calculated Im wð2Þ113ðoÞ (dark curve) and Im wð2Þ223ðoÞ
(light curve). Second panel: calculated Im wð2Þ311ðoÞ(dark curve) and

Im wð2Þ322ðoÞ(light curve). Third panel: calculated Im wð2Þ333ðoÞ. All Im wð2ÞðoÞ
are multiplied by 10�7, in esu units.

Fig. 8. Calculated Im wð2Þ223ðoÞ along with the intra (2o) and inter (2o)-
band contributions. All Im wð2ÞðoÞ are multiplied by 10�7, in esu units.
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Fig. 6 shows the calculated imaginary part of wð2Þijk ðoÞ with
and without scissors corrections. We see that the scissors
correction has a profound effect on magnitude and sign of
wð2Þijk ðoÞ. This could be traced to the fact that LDA
calculations usually underestimate the energy gaps. A very
efficient way to overcome this drawback is to use the
scissor correction, which merely makes the calculated
energy gap very close to the experimental gap. The
calculated imaginary part of the SHG susceptibility
wð2Þijk ðoÞ for all components are shown in Fig. 7. A definite
enhancement in the anisotropy on going from linear optical
properties to the NLO properties is evident. In Fig. 8, we
show the 2o inter-band and intra-band contributions for
the 223 component. We note the opposite signs of the two
contributions throughout the measured frequency range.
Any anisotropy in the linear optical properties is enhanced
in the nonlinear spectra.

One can see that the total SHG response is zero below
half the band gap. The 2o terms start contributing at
energies �1/2Eg and the o terms for energy values above
Eg. In the low-energy range (p4 eV) the SHG optical
spectra is dominated by the 2o contributions. Beyond 4 eV
the major contribution is originated from the o terms. The
effective second-order nonlinear coefficient deff is one of the
most important parameters that characterizes the NLO
properties of a crystal. The deff also can be calculated
using the second-order nonlinear susceptibility dij of the
crystal. The effective nonlinear coefficient deff of BaBiBO4

crystal estimated to be five times larger than KDP
crystal (KH2PO4). We note that wð2Þ223ðoÞ is the dominant
component (Fig. 7), which shows the largest value of
total Rewð2Þijk ð0Þ compared to the other components (Tables 1
and 2).

Unlike the linear optical spectra, the features in the SHG
susceptibility are very difficult to identify from the band
structure because of the simultaneous presence of reso-
nance 2o and o terms. But we can make use of the linear
optical spectra to identify the different resonance leading to
various features in the SHG spectra. The structures in
Im wð2Þijk ðoÞ between 2.1 and 4.5 eV is mainly due to 2o
resonance. The structure from 4.5 to 5.5 eV is associated
with superposition between the o fundamental resonance
and doubled-frequency 2o resonance. We present the
values of wð2Þijk ð0Þ for all the components in Table 1.
From an experimental viewpoint, one of the quantities of

interest is the magnitude of SHG, we present the absolute
values of wð2Þ113ðoÞ; w

ð2Þ
223ðoÞ; w

ð2Þ
311ðoÞ; w

ð2Þ
322ðoÞ and wð2Þ333ðoÞ in

Fig. 9. The first peak for these components are located at
2o ¼ 3.4, 2.7, 3.3, 2.6, 3.2 eV with the peak values of (0.14,
0.18, 0.22, 0.15, 0.13)� 10�7 esu, respectively.
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Table 1

Calculated total and intra inter-band of the zero frequency of the real part

of the Rewð2Þijk ðoÞ

Components xxz yyz zxx zyy zzz

Rewijkð0Þ total �0.01 0.02 �0.02 0.025 0.01

Rewijkð0Þ inter �0.13 �0.22 �0.22 �0.4 �0.36

Rewijkð0Þ intra 0.12 0.2 0.11 0.3 0.25

Total Rewijkð0Þpm=V 0.4 0.55 �0.45 0.54 0.15

The Rewð2Þijk ð0Þ total, inter, and intra are expressed in units of 1� 10�7 esu.

The total Rewð2Þijk ð0Þpm=V is expressed in pm/V, in SI units.

Table 2

Principal experimental and theoretically calculated components: position

of theoretically calculated first spectral maxima (Emax); calculated absolute

values of the first spectral maxima (in 10�7 esu)—Imax; experimentally

measured values of the second-order susceptibilities at 1064 nm in pm/

V�wexp

Components Emax (eV) Imax (in 10�7 esu) wexp (pm/V) wcalc (pm/V)

xxz 3.4 0.14 0.51 0.4

yyz 2.7 0.18 1.13 0.55

zzz 3.2 0.13 0.13 0.15

Fig. 9. Calculated absolute values of wð2Þijk ðoÞ for xxz, yyz, zxx, zyy, and zzz

second-order optical susceptibility components, all wð2Þijk ðoÞ multiplied by

10�7, in esu units.
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To compare the calculated values with the experimental
data, in Table 2 we have presented the measured second-
order susceptibilities at 1064 nm with the spectral positions
of the first oscillator of theoretically calculated values of
the corresponding susceptibilities and the values of the
corresponding maxima for second-order susceptibility
maxima. One can clearly see a good correlation between
the theoretically evaluated and experimental data of
the susceptibilities. However comparing these data with
Table 1, and in Figs. 7 and 8 one can see the importance of
inter-band transitions in the energy range 3–5 eV. These
transitions are very sensitive to the chemical bond
anisotropy and the further search of the crystals with
the desired properties the researchers should take into
account the bands originated from these transitions.
Following Figs. 7 and 8 we can understand why the
NLO susceptibilities give substantially larger anisotropy
compared to the linear ones. Based on the theoretical
calculations the main design strategy should be directed on
a search of the cationic sub-systems with the less ionicity
with respect to the borate anionic complexes. The principal
contribution comes from the intra-layer 2pO–2pB anti-
bonding anions while the inter-layer gives substantially less
contribution.

4. Conclusions

The linear and NLO susceptibilities of nonlinear
BaBiBO4 were calculated using FP-LAPW method. The
results of these calculations are verified by our measure-
ments of linear and NLO properties using Nd-YAG laser
at fundamental wavelength 1064 nm. Comparison with our
experimental data shows a sufficiently good agreement and
confirms large anisotropy with respect to optical axes c.
The highest value of the second-order susceptibilities was
obtained for the yyz second-order susceptibility at 1064 nm
fundamental wavelength and the corresponding value for
the zzz component is almost one order less. These results
correlated with the anisotropy in the structure of the
investigated crystal. The principal role gives intra-layer
2pO–2pB antibonding anions and the perpendicular con-
tributions of the ionic components give substantially less
contribution. The linear optical susceptibilities show a
strong anisotropy that favors an important quantity in
SHG and OPO’s due to better fulfilling of phase-matching
conditions, determined by birefringence. The performed
calculations show a possible enhancement of the observed
optical susceptibilities by appropriate changes of aniso-
tropy between the intra-layer covalent and inter-layer ionic
chemical bonds.
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