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Electronic structures and nonlinear optical coefficients ofb-BaB2O4
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The electronic structures have been calculated using the INDO/S-CI method, and following combination
with the sum-over-sates method the dynamic second-order polarizabilities have been computed for the
Ba3~B3O6!2 microspecies ofb-BaB2O4 ~BBO! crystal. Then the second-order susceptibilities of BBO crystal
have been obtained in terms of microspecies number density and local-field correction factor. It is found that
the top levels of the valence band derive from O 2p orbitals and the bottom levels of conduction band derive
from Ba orbitals. For the calculation with the basis set containing Ba 5d, 6s, and 6p valence orbitals, the
obtained energy gap of 6.41 eV is in agreement with the experimental value of 6.43 eV. The second-order
nonlinear optical coefficientd22 is 3.51 pm/V as compared to the observed value of 2.22 pm/V at an incident
wavelength of 1064 nm. The dispersion of the frequency-dependent second-order polarizability is larger from
the calculations with the basis set containing Ba 6s, 6p orbitals than with the basis set containing Ba 5d, 6s,
and 6p orbitals. The excited-state charge transfer from anion O22 to cation Ba21 makes significant contribu-
tions to the nonresonant second-order susceptibility. It is also found that anionic group theory is an unreason-
able approximate treatment in calculating the optical gap and the conclusion that the electronic susceptibilities
derive from electronic transitions among anionic group~B3O6!

32 is suspect for BBO crystal.
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I. INTRODUCTION

A great number of theoretical and experimental investi
tions for nonlinear optical crystalsb-BaB2O4 ~BBO! have
been made towards understanding the electronic energy-
structures and the sensitive structural unit contributing to
tical susceptibility since an inorganic borate compound w
found to have a large second-harmonic generation~SHG!
signal.1 The band gap and valence-band structures were
termined by vacuum ultraviolet spectroscopy and valen
band x-ray photoemission spectroscopy,2 and nonlinear opti-
cal coefficients were observed.3 The calculated results o
electronic structures, using theab initio pseudofunction
~PSF! energy-band method4 in which the basis set consiste
of sp3 PSF orbitals on the O and Ba atoms and two sets
sp3 PSF orbitals on the B atom, and using the first-princi
orthogonalized linear combination of atomic orbita
~OLCAO! energy-band method based on the local-den
approximation5 in which the basis functions consisted of B
~@Xe# core plus 6s, 6p, and 5d, 5p valence orbitals!, B and
O ~1s, 2s, 2p, 3s, and 3p!, showed that an upper valenc
band~VB! region derives from O 2p orbitals and B-O bond-
ing orbitals, and that a lower VB region originates from B 2s
and O 2s orbitals, and that the bottom of the conductio
band~CB! is mainly from the Ba ion orbital. The optical ga
for BBO results from a transition from the borate-grou
derived orbitals to Ba-derived orbitals, contrary to the fin
ings of the anionic group-theoretical method.2 The nonlinear
optical coefficients have not yet been calculated by theab
initio PSF and OLCAO energy-band methods, but have b
calculated for BBO crystal by using the anionic gro
theory.6 This theory has two assumptions as basic p
mises: ~i! the overall SHG coefficient of the crystal is th
geometrical superposition of the microscopic second-or
polarizability tensors of the relevant ionic groups, and h
570163-1829/98/57~3!/1527~7!/$15.00
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nothing to do with the essentially spherical cations;~ii ! the
microscopic second-order polarizability of the basic anio
group can be calculated from the localized molecular orbi
of this group using quantum-chemistry calculation method7

Under these assumptions the state wave function of the
tem does not have any contributions from cation orbitals.
a result, the hypothesis may well break down when dea
with several problems not considered in the anionic gro
theory. For example, the anionic group theory does not w
for the calculations of electronic transition dipole momen
from the ground state~or excitation state! to excitation states
containing some components of the cation orbitals. As
well known, the second-order polarizability in the context
the sum-over-states~SOS! is governed not only by the tran
sition energy in the denominator, but also by the product
the transition dipole moments in the numerator. Con
quently, it is a question for the conclusion6 of which the
second-order nonlinear optical coefficients of BBO crysta
mainly the contributions from the electronic transitio
among the anionic group.

In order to understand the electronic origin of the optic
properties and determine the sensitive structural unit cont
uting to susceptibility, the electronic structures and t
second-order susceptibilities of BBO are calculated for
basis functions on the Ba containing the 6s, 6p, and the 5d,
6s, and 6p valence orbitals, respectively, in terms of th
INDO/CI and following combination with the SOS metho
This method is demonstrated to be successful in calcula
the susceptibilities of organometallic compounds and in
ganic solid compounds.8–11 The calculated band structure
show that the top levels of the valence band contribute fr
the O 2p orbitals and the bottom levels of the conductio
band contribute from the Ba orbitals, and band gap is 6
and 6.41 eV for the different basis functions on the Ba,
1527 © 1998 The American Physical Society
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spectively. The calculated averaged second-order polariz
ity bav, which is independent of the direction, mostly d
rives from the excited-state charge transfer from the Op
orbitals to Ba 6s orbital; the calculated second-order pola
izability, b333, mainly derives from the excited-state char
transfer from the O 2p orbitals to Ba 5d, 6p orbital for
Ba3~B3O6!2 microspecies of BBO crystals. The second-ord
susceptibility of BBO crystal is obtained by the second-or
polarizability superposition and local-field correction of t
microspecies.

II. COMPUTATIONAL PROCEDURES

The electronic structural calculations of isolated m
ecules~microspecies of the BBO crystal!, are based on an
all-valence-electron, semiempirical INDO self-consiste
field ~SCF! molecular-orbital~MO! procedure with configu-
ration interaction ~CI! modified by Zerner and
co-workers.12–15 The one-center core integralUmm , reso-
nance integralbm , two-electron integralgmn , overlap inte-
gralSmn , and density-matrix elementPmn are involved in the
matrix element of Fock operator under the INDO appro
mation. The INDO model as employed herein includes
one-center two-electron integrals, and two-center tw
electron integralsgmn . The one-center two-electron integra
gmm are chosen from the Pariser approximation,16 and the
two-center two-electron integrals are calculated using
Mataga-Nishimoto formula17 in the spectroscopic version o
the INDO method. In order to show the contribution of B
5d orbital the two types of basis functions are involved
present calculations. One is the O 2s, 2p and the B 2s, 2p
as well as the Ba 6s, 6p orbitals; the other is the O 2s, 2p
and B 2s, 2p as well as Ba 5d, 6s, 6p orbitals. The Slater
orbital exponentsz and the other calculating parameters c
be found in Ref. 18. The MO calculations were perform
using the restricted Hartree-Fock INDO method. The grou
state, which is obtained from the calculated results of
SCF, is taken as the reference state in the CI. Only sin
substituted determinants relative to the ground-state confi
ration are considered and only singlet spin-adapted confi
rations need to be included in the CI calculations. T
determinant wave functions can be expressed as

FCIS5a0f1SSai→bf i→b . ~1!

Here the subscriptsi ,b, take on values of 1–12 in this stud
This means that an electron is promoted from the 12 high
occupied orbitals to the 12 lowest unoccupied orbitals a
configuration space is constructed from these 24 active o
als. The coefficientsa are varied to minimize the expecte
value of the energy, leading to the equations

S~Hi j 2Ekd i j !ai j 50, j 50,1,2, . . . , ~2!

where theHi j are configurational matrix elements andEk are
energy elements. The excited states correspond to the
figuration interaction wave functionsFCIS with higher en-
ergy rootsEk (k.0). The energy difference between th
excited state and ground state is defined as the electron
sition energy. The dipole and transition moment matrix e
ments are expressed as a sum of one-electron integrals.19 The
oscillator strength is evaluated with the dipole length ope
il-
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tor, maintaining all one-center charge and polarization ter
in the CI calculations. Higher-order correlations are n
glected since their influence is taken into account through
choice of semiempirical two-electron integralsg and empiri-
cal resonanceb.

The tensor components of the frequency-dependent
ond polarizabilityb(22v;v,v) of microspecies are calcu
lated by the SOS method.20,21 The compact expressions ofb
can be written as follows:

b i jk~vs ;vq ,vp!51/\2PfSmnmgn
i mnm

j mmg
k @~vng2vs!

3~vmg2vp!#21, ~3!

wherevp5vq5v, vs522v. Pf is a full permutation op-
erator by which the Cartesian indices are to be permu
along with the over input and output frequencies. Theb is
governed not only by the state energy in the denomina
but also by the product of transition dipole moments in t
numerator. The detail expression forb(22v;v,v) can be
found in the literature.8 The excited energies, and transitio
dipole moments in Eq.~3! can be obtained from the calcu
lated results using the INDO/S-CI method. How many e
cited states are included in computingb depends on the con
vergence of the summations in the series of the SOS met
The convergences obtained are about 120 excited state
tensorb and the summations are over 170 states in the S
For each microspecies in the material, we can relate e
element of the tensor for the macroscopic second-order e
tric susceptibilityx IJK to the microscopic second-order po
larizability BIJK by

x IJK5N fI~v1! f J~v2! f K~v3!BIJK . ~4!

In this formula, the subscriptsI ,J,K refer to axes in the
laboratory-fixed coordinate system,N is the species numbe
density, andf I(v i) is the local field factor at radiation fre
quency v i . The microscopic second-order polarizabili
BIJK in laboratory-fixed coordinates is related to th
molecule-fixed coordinate system by

BIJK5S i jkCIi CJ jCKkb i jk , ~5!

in which CIi is the direction cosine between the laborato
fixed I axis and the molecule-fixedi axis, andb i jk is an
element of the microscopic second-order polarizability te
sor. The second-order polarizability averaged over all ori
tations of the individual species is accessible in an appro
mate treatment. However, in the case of single crystals,
possible to determine individual elements of the seco
order polarizability tensor.

The calculations of the second-order susceptibilities
BBO crystal is based on the cluster model. The microspe
Ba3~B3O6!2 with C3v symmetrical group is selected as a m
crostructural unit in the BBO crystal, as shown in Fig.
This crystal belongs to the space groupR3c with unit-cell
parametersa58.380 Å,a596.65°.22 The average distance
are r (B-Oterminal)51.332, r (B-Oring)51.397, r (Ba-O)
52.818 Å for BBO. The electronic structures and micr
scopic polarizabilities of the microstructural unit of BB
crystal are calculated using the crystallographic data.
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III. RESULTS AND DISCUSSIONS

Most properties of materials represent the response of
terial to some external electromagnetic field or mechani
force, and the physical properties from experimental obs
vation can be described by electronic state wave functio
Furthermore, the features of electronic structure represen
rectly the response of the electronic states to an electrom
netic field. So it will be helpful for investigation of the elec
tronic structures of BBO to discuss their optical propertie

A. Electronic structures

Case A for which the Ba valence orbitals only include
the 6s, 6p orbitals

The calculations of electronic structures are based on
INDO/S quantum chemical method. The calculated ene
bands are divided into four zones for the Ba3~B3O6!2. The
zone of energy below224.0 eV is a lower valence band an
this zone is attributable to the 2s orbitals of oxygen and
boron atoms. There are 63–79 % O 2s orbital character and
3–15 % B 2s orbital character in this zone. It is approx
mately assigned as ans valence band. The second zone fro
211.8 to 0.00 eV contributes from 56%–98% O 2p orbital
character, but mixing with,34% B 2p orbital character
makes it an upper valence band. These two band zones
fully occupied by electrons. The closer the top edge of t
VB, the more contributions are from the O 2p orbitals. The
atomic-state density of the upper VB zone, i.e., the calc
lated second zone, is displayed in Fig. 2~a!. It is found on the
left side of Fig. 2~a! that the three peaks localized in th
energies212.0 to 26.0 eV can be assigned as thes-
bonding interactions between the O 2p and B 2p orbitals,
and the two peaks localized in the energies25.5 to23.0 eV
can be assigned asp-bonding interactions between the O 2p
and B 2p orbitals, and that the two peaks localized in th
energies21.9 to 20.6 eV are assigned as the 2p nonbond-
ing orbitals of the terminal oxygen~2p-orbital contributions
.92%!. The third zone is a lower CB and its atomic sta

FIG. 1. The structure of selected microspecies Ba3~B3O6!2 of
BBO crystal.
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density is shown on the right side of Fig. 2~a!. The peaks
localized in the energy region between 6.40 and 9.50 eV
all the contributions from the barium ionic state (.83%).
The fourth zone from 10.20 to 22.34 eV is made up of t
antibonding interactions between the boron and oxyg
atomic valence orbitals. The last two zones are comple
empty ones. It is noted that these assignments for ato
states are only a general trend. From Fig. 2, it is found t
the calculated energy gap between the upper VB and lo
CB is 6.28 eV, and this value is to be compared with t
measured optical gap of 6.43 eV.2

Case B for which the Ba valence orbitals include
the 5d, 6s, 6p orbitals

The calculated electronic energy band is divided into V
and CB regions. The VB region is completely occupied a
the atomic states of the anionic group~B3O6!

32 make the
most contributions to the VB. This situation is the same
for case A. The lower CB, however, has different contrib
tions from case A. Its atomic state density is shown on
right side of Fig. 2~b!. The peak localized in the energy o
6.50 eV is the contribution from 84% Ba 6s orbital charac-
ter, and peaks localized in the energy region between 9
and 10.33 eV are the contributions from the 47–99 % Bad
orbital character. The upper CB zone from 10.50 to 22.37
is made up of the antibonding interactions between the bo
and oxygen atomic valence orbitals. The calculated ene
gap is 6.41 eV and this value is an excellent agreement w
the measured optical gap of 6.43 eV.2

The calculated electronic occupied numbers of the
atomic orbitals by Mulliken analysis are listed in Table

FIG. 2. Atomic state density,~a! containing Ba 6s, 6p orbitals
and ~b! containing Ba 5d, 6s, 6p orbitals.
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TABLE I. The occupied number (e) of Ba atomic orbitals andb (10230 cm5 esu21) cumulative values of nonlinear polarizability o
Ba3~B3O6!2 at input wavelength of 1064 nm.

State 6s 6p Ba b333 bav 6s 6p 5d Ba b333 bav

1 0.11 0.46 0.57 0.10 0.43 0.10 0.63
2 0.42 0.57 0.99 0.00 0.00 0.42 0.54 0.10 1.06 0.02 0.02
3 0.42 0.57 0.99 0.00 0.88 0.41 0.55 0.10 1.06 0.02 0.80
4 0.42 0.58 1.00 0.01 1.57 0.41 0.55 0.10 1.06 0.02 1.32
5 0.42 0.58 1.00 0.05 1.62 0.41 0.55 0.10 1.06 0.03 1.32
6 0.42 0.58 1.00 0.06 1.65 0.41 0.55 0.10 1.06 0.03 1.38
36 0.42 0.58 1.00 0.09 2.43 0.41 0.55 0.10 1.06 0.06 1.99
52 0.13 0.81 0.94 0.78 3.73 0.13 0.68 0.24 1.05 0.58 3.05
99 0.13 0.71 0.84 1.26 4.88 0.13 0.68 0.22 1.03 1.06 4.08
170 0.13 0.54 0.67 1.62 5.97 0.12 0.53 0.39 1.04 1.21 4.34
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Even though these data are not absolute, the relative va
are available. From these values we can calculate the ato
net charges. In this way, the calculated electronic structu
of the Ba3~B3O6!2 on the ground state show a basic chemi
picture of BBO crystal, like an ionic solid one. In this chem
cal picture, the formation of BBO from its components i
volves the transfer of electrons from Ba, which is left
crystal as the cation Ba1.41, to the group B2O3, which is left
in the crystal as anion group~B3O6!

2.12. However, those on
the low-lying excitation states show the same covalent s
features~ionic interaction reduction! for which the Ba in the
crystal is as the cation Ba0.91 and the B2O3 in the crystal is as
the anionic group~B3O6!

1.42. Comparing the Ba charges o
the excited states with the ground state, we can show tha
Ba ion gained more electrons from the anionic gro
(B3O6)2

32 and the electronic delocalization of Ba3~B3O6!2 is
larger on the excited states than on the ground state.

B. Nonlinear optical coefficients

Optical properties of crystalline state can be thought o
being built up from the corresponding properties of in
vidual molecules or microspecies, and susceptibility of b
has a relation with the polarizability of microspecies. The
fore, macroscopic nonlinear susceptibility of material can
calculated by giving the nonlinear polarizability of microsp
cies, local-field correct factor, and molecular number d
sity. Recently, the electric-dipole second polarizabilityb and
the more complicated hyperpolarizability governing t
higher-order contributions to SHG, and environmental
fects on the response, have been included in the treatme
nonlinear optical phenomena.23 In the present study, we onl
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consider the leading contribution to SHG coming from ele
tric dipole oscillation at 2v quadratic in the electric field a
v.

Nonlinear optical coefficients of microspecies Ba3„B3O6…2

For the Ba3~B3O6!2 under the present consideration, w
take it asC3v symmetric structure, as shown in Fig. 1. In th
symmetry theb tensor consisting of 27 Cartesian comp
nents is left for 11 nonzero tensor elements. In lo
frequency region Kleinman symmetry24 can be used to sim
plify further the relationship of the tensor components a
the independent tensor components will be only three
ments. The calculatedb tensor elements for caseA ~Ba with
6s, 6p valence orbitals! and caseB ~Ba with 6s, 6p, 5d
valence orbitals! are listed in Table II at\v51.165 and 0.00
eV, respectively. From these values of Table I, it is fou
that the above-mentioned relations are approximately es
lished. The calculated value ofb111>0.0 and the indepen
dent elements are onlyb333, b222, and b311 at \v
50.00 eV. The values of theb elements are generally large
for the calculations of caseA than caseB. In the following
discussions an averaged second-order polarizabilitybav is
defined as

bav5S (
i

b i
2D 1/2

and b i5b i i i 1
1
3 (

j Þ i
~b i j j 1b j i j 1b j j i !.

~6!

Before attempting to compute the variation of the seco
order polarizability versus frequency for Ba3~B3O6!2, it is
23

6
3
4
8

TABLE II. The nonlinear polarizabilityb (10230 cm5 esu21) elements of Ba3~B3O6!2.

Element 333 222 211 121 112 311 131 113 322 232 2

Ba,spa 1.32 0.64 20.63 20.63 20.63 1.42 1.42 1.42 1.46 1.46 1.4
Ba,spb 1.62 0.14 20.17 20.17 20.17 1.67 2.38 2.38 1.73 2.43 2.4
Ba,dspa 1.01 0.47 20.54 20.54 20.54 1.00 1.00 1.00 0.94 0.94 0.9
Ba,dspb 1.21 0.11 20.16 20.18 20.18 1.29 1.76 1.76 1.20 1.68 1.6

aInput zero frequency.
bIncident wavelength of 1064 nm.
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necessary to investigate the behavior of the convergenc
the summation of states and to determine whether the re
calculated from the INDO/S-CI method are reliable. Figur
shows the plots of the calculatedbav and b333 versus the
number of states for the microspecies of BBO crystal al
51064 nm (\v51.165 eV). Table I lists the calculated o
cupied number of Ba 6s, 6p, and 5d valence orbitals and
the cumulative values ofbav and b333 in some states. As
shown in Eq.~3!, the value ofb is proportional to the prod-
uct of transition dipole moments with a given transition e
ergy. From the transition moment elements, we can iden
specific virtual excitation processes among the eigenstate
the system that make the most significant contributions tob.
Furthermore, the eigenstate is constructed by Eq.~1! and the
configuration is constructed by the occupied orbitals~basic
functions are for atomic orbitals!. From compositions of the
configurations and orbitals, we can identify the spec
atomic states making the major contributions tob. Conse-
quently, an analysis for Ba3~B3O6!2 can be obtained by com
bination of Table I with Fig. 3. It is found that the conve
gence ofbav andb333 is reached after summation over 12
states. Thebav, b333 obtained from summation over 3
states is about 46%, 5% of thebav, b333 obtained from sum-
mation over 170 states for caseA, and is about 41%, 6% fo
caseB, respectively. Comparing the atomic-orbital occupi
number of excited states with that of ground state~state 1!, it
is shown that the Ba 6s orbital below state 36 obtains mor
charges and Ba 6p, 5d orbitals above state 37 obtain mo
charges from the anion group (B3O6)

32 in the BBO crystal.
The bav, b333 obtained from summation over about 10
states is about 94%, 88% of thebav, b333 obtained from
summation over 170 states for caseB, and that is about 82%
78% for caseA, respectively. It is found from Table I tha
the Ba 5d, 6s, 6p orbital populations and theb values have
large variations between states 36 and 52. This is due to
fact that some states have larger contributions. For instan
the 40th state has the greatest contribution from the confi
ration f48→54 ~47%!. This configuration is formed by an
electron from HOMO~the 48th molecular orbital,w48! com-
posed of 90% O 2p orbital, to the orbitalw54 composed of
60% Ba 6p and 30% Ba 5d orbital; the 52nd state has th
major contributions from the configurationsf45→57 ~23%!

FIG. 3. The second-order polarizability of microspecies atl
51064 nm.
in
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andf43→56 ~16%!. The configurationf45→57 is constructed
by one electron from the orbitalw45 composed of 72% O 2p
orbital, to the orbitalw57 composed of 57% Ba 6p and 36%
Ba 5d orbital. Moreover, in view of the atomic state densit
of the upper VB and lower CB as well as the Ba atomi
orbital occupied number, it can be stated that the excite
state charge transfers from the O 2p orbital to the Ba 6s
orbital make the dominate contributions to the averag
second-order polarizability,bav, which is the independent of
direction, and that the excited-state charge transfers from
O 2p orbital to the Ba 5d or 6p orbital make significant
contributions to the second-order polarizability,b333, which
is dependent on direction. The calculated frequency dep
dence ofbav andb333 for cases A and B are plotted in Fig. 4
The curves appear as a small dispersion in the low-freque
region~\v is below 1.20 eV!. Thebav cures show a prereso-
nance at magnitudes of 6.49310230 and 4.72
310230 cm5 esu21, and theb333 cures show preresonance a
1.60310230 and 1.88310230 cm5 esu21 for cases A and B,
respectively. Away from resonance, at 1.165 eV, thebav

values are 5.97310230, 4.34310230 cm5 esu21, and b333

values are 1.62310230, 1.21310230 cm5 esu21 for cases A
and B, respectively. By comparing case A with B, we fin
the variation of the second-order polarizabilityb versus

FIG. 4. Frequency dependence of~a! b333 and ~b! bav for mi-
crospecies.
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TABLE III. The parameters for calculating nonlinear susceptibility of BBO at 1064 nm and NLO coefficients. The values
parentheses are the observed ones.

Case Na FYYY FZZZ FZXX BYYY
b BZZZ BZXX xYYY

c xZZZ xZXX d22
c d31

Ba,sp 3.466 3.998 3.139 3.677 1.62 20.14 0.17 9.40 20.64 0.91 4.70 0.46
Ba,dsp 3.466 3.998 3.139 3.677 1.21 20.11 0.16 7.02 20.50 0.85 3.51 0.43

~2.22! ~0.16!

aFor 1021 cm23.
bFor 10230 cm5 esu21.
cFor pm/V.
th

o

of

al
u
i

ci
th

a
u

io

c

o

e
xe
80
rd

ep

;

rv
ta
se

mi-
me
O
d

c-

er
lcu-

er
nd
be-
s
he
n-
ed
ed
ion
ain-

ts
ri-

cep-
f

ey
e
rdi-

gin
ti-

ce
of
of

ld
n-

ing
frequency is sharper for the former than the latter in
high-frequency region.

Nonlinear optical coefficients of BBO crystal

The macroscopic second-order electric susceptibilityx of
the BBO crystal can be calculated by Eq.~4!. In this equa-
tion, N is obtained from the product of mass densityD and
Avogadro’s constantL, divided by the molar massM , i.e.,
N5L3D/M . For Ba3~B3O6!2, with a formula mass of
668.87 g/mol and a mass density of 3.85 g/cm3,22 we obtain
N53.46631021 cm23. In Eq.~4! the local field factorf I(v i)
can be estimated under an approximation of homogene
medium25 by

f I~v i !5@« I~v i !12#/35@nI~v i !
212#/3, ~7!

where«(v i),n(v i) are the dielectric constant and index
refraction for the medium at frequencyv i , respectively. The
Lorentz field~i.e., local field!25 has as its source all extern
charges and the dipole fields of all microspecies in the b
material other than the microspecies for which local field
to be calculated; that is, the interactions among microspe
and an influence of the surrounding environment upon
microspecies. In the local field developed by Munn23 the
microspecies in bulk material is not only subjected to
induced electric field, but also subjected to a magnetic ind
tion. This is a precise treatment of the local-field correct
of microspecies.FIJK listed in Table III are obtained from
the relation,FIJK5 f I(2v) f J(v) f K(v), and f I(v), as writ-
ten in Eq.~7!, is calculated in terms of the observed refra
tive index.26 The transformation coefficients of Eq.~5!, C,
are only 0, 1, and21. This is because the space structures
both the BBO crystal and the selected Ba3~B3O6!2 microspe-
cies are of a C3V symmetrical group and the direction cosin
between the laboratory-fixed axis and the microspecies-fi
axis are only the three values cos 0°, cos 90°, and cos 1
In laboratory-fixed coordinates, therefore, the second-o
polarizability of the Ba3~B3O6!2, BYYY, is b333, andBZXX is
2b211. By inserting the necessary values into Eq.~4!, we
can obtain values of the macroscopic second-order susc
bility x of the BBO crystal. For example,BYYY is 1.21
310230 cm5/esu at an incident light wavelength of 1064 nm
N is 3.46631021 cm23; FYYY is 3.998. We derivexYYY of
16.7631029 esu for BBO crystal and the correspondingd22
(d5x/2) value is 3.51 pm/V (8.3831029 esu). Both the
calculated and observed values2 of d are listed in Table III. It
is found that the theoretical values are close to the obse
ones for the second-order susceptibility of the BBO crys
in particular, thed value calculated based on the basis
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containing the Ba 5d, 6s, 6p orbitals in the calculations is
an agreement with the observed value (d2252.22 pm/V).

IV. CONCLUSION

The calculated electronic structures show the basic che
cal picture is an ionic solid for the ground state and so
covalent solid for the low-lying excited states for the BB
crystal. The calculated VB is divided into the lower VB an
upper VB regions. The lower VB derives from O 2s and B
2s orbitals. The upper VB derives from the bonding intera
tions between O and B 2p orbitals and nonbonding 2p or-
bitals of terminal O. The calculated spectrum of the upp
VB reproduces the observed one and is similar to the ca
lated result from the OLCAO orab initio band methods for
BBO. The CB is again divided into the lower CB and upp
CB regions. The lower CB derives from Ba ionic states a
the upper CB derives from the antibonding interactions
tween O and B 2p orbitals. There are larger contribution
from the more electronegative O atom in the VB and t
more electropositive B atom in the CB. The calculated e
ergy gap of 6.41 eV is well in agreement with the observ
optical gap of 6.43 eV. By comparison of the calculat
dynamic second-order polarizabilities the optical dispers
is smaller for the calculation based on the basis set cont
ing the Ba 5d, 6s, 6p orbitals than that containing the Ba 6s
and 6p orbitals. The calculated nonlinear optical coefficien
d22 andd31 are 3.51 and 0.43 pm/V as compared to expe
mental values of 2.22 and 0.16 pm/V,2,26 respectively. The
excited-state charge transfers from anion O22 to cation Ba21

make the dominant contributions to the second-order sus
tibility in view of the analysis from the orbital character o
the top VB and bottom CB regions. The borates ofM (B3O5)
~M5Li, Cs! ~Refs. 27 and 28! and LiCs~B3O5!2 ~Ref. 29!
have been found to have ultraviolet nonlinear optics. Th
have a different local bonding structure with BBO. In th
former, each borate has both a tetracoordinate and tricoo
nate boron atom in anion group, and the electronic ori
contributing to nonlinear optical response will be inves
gated soon.
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