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First-principles calculations of the electronic structure and optical properties
of LiB 3O5, CsB3O5, and BaB2O4 crystals

Jun Li, Chun-gang Duan, Zong-quan Gu, and Ding-sheng Wang
Laboratory for Surface Physics, Institute of Physics, and Center for Condensed Matter Physics, Academia Sinica, Beijing 10008
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This paper reports the calculation of electronic structure and linear optical properties of LiB3O5 ~LBO!,
CsB3O5 ~CBO!, and BaB2O4 ~BBO! crystals using the linearized augmented plane-wave band method. It is
found that the top of their valence bands consists of O orbitals, while the boron has almost no contribution. The
linkage between~B3O7)52 anionic groups in the crystalline state is the main cause of making the gap of LBO
and CBO larger than BBO’s. The near-edge interband transition contains the contribution of the trigonal
coordinated B-O bands in the final state for LBO. For CBO and BBO, the final state consists mainly of cation
states at the bottom of the conduction bands. In this case, however, the transition from the O derived valence
states to these cation states is quite weak; strong transition only appears till about 1 eV above the absorption
edge when B-O orbitals are also involved in the final states.@S0163-1829~98!02911-7#
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I. INTRODUCTION

Borate crystals, such as lithium triborate LiB3O5 ~LBO!,
cesium triborate CsB3O5 ~CBO!, and b-barium borate
BaB2O4 ~BBO!, are developed as an important series of
traviolet inorganic nonlinear optical~NLO! materials for sec-
ond harmonic generation by Chen and his colleagues.1–3 Ac-
cording to Chen’s anionic group theory,4 the macroscopic
NLO susceptibility of the crystals is the geometric superp
sition of the microscopic NLO susceptibility of all anion
groups in the crystals, which can be calculated from the
calized wave functions of those anionic groups by a per
bation theory. From this theoretical analysis, characteris
of BBO have been elucidated, and further prediction has
to the discovery of LBO crystal.2,5

Because of the obvious relation between the optical pr
erties and their anionic groups, LBO and BBO have stir
up several theoretical interpretations. The controversy
cuses on what role the cation plays in the optical proper
of these borates or, in other words, to what extent the opt
transition is influenced by the cations as, in particular,
heavy elements such as barium or cesium are involv
Frenchet al.6 used the discrete variational multiple scatteri
cluster method to calculate the electronic structure of
anionic groups of LBO and BBO. They attributed the fund
mental band-gap transition in both borates to the transiti
between the states within the anionic groups, while the
ion states are almost neglected. This type of cluster calc
tion is usually questionable as used for LBO where the
ionic groups are closely connected. Xu and Ching,7 and Xu,
Ching, and French8 studied the electronic structures and li
ear optical properties of LBO and BBO using the firs
principles orthogonalized linear combination of atomic orb
als band method. They conjectured that the anisotropie
the layered structure of the anionic groups in BBO mig
account for its large nonlinear optical coefficient, while t
nonlinearity of LBO may originate from the difference of th
two types of its B-O groups. Hsu and Kasowski9 used the
pseudofunction energy band method to perform s
570163-1829/98/57~12!/6925~8!/$15.00
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consistentab initio electronic structure calculations fo
BBO and LBO. They found that the gap edge transition
LBO is between the states within the anionic group; in co
trast, for BBO, it results from the valence states of the
ionic group to the conduction cation states. Thus they qu
tioned the validity of the cluster approximation of the ani
group to BBO. Cheng and Lu10 used the INDO/S method
with configuration interactions to calculate the electron
states of Li2B6O10 and Ba3(B3O6)2 clusters. They found also
that the barium cation has significant contribution to the ba
edge optical transition and the second order susceptibilit
BBO, in contrast to the lithium of the LBO.

It is worth noting the difference and similarity betwee
LBO, CBO and BBO crystals in the analysis of their optic
properties. Both LBO and CBO are orthorhombic, with t
space groupPn21a ~Ref. 11! and P212121 ~Ref. 12!, re-
spectively; and contain four formula units, i.e., 36 atoms,
one unit cell, with the (B3O7)52 anionic group@shown in
Fig. 1~a!# as their structure unit. The average B-O bo
lengths around the trigonal and tetrahedral coordinated bo
atoms are 1.371 and 1.476 Å in LBO, respectively, and
1.367 and 1.473 Å in CBO. This tiny difference in the
anionic groups~less than 0.3%! implies that the change o
their physical properties as well as the symmetry from LB
to CBO crystals should be attributed to the difference of th
cations. On the other hand, BBO crystallizes in the trigo
crystal system with the space groupR3c,13 and contains six
formula units~42 atoms! per unit cell with the (B3O6)32

anionic group@shown in Fig. 1~b!# as its structure unit. The
cations Cs1 in CBO and Ba21 in BBO belong to the same
isoelectronic group of xenon, i.e., they have qualitative
similar electronic structure. It is expected that they exer
similar impact on the physical properties of materials co
taining them. Thus the comparison between CBO and B
may shine lights on the difference of the effect of anion
groups (B3O7)52 and (B3O6)32. Unfortunately, in previous
literatures there was no calculation on the CBO crystal
provide such information.

Besides these difference and similarity among the com
nents of LBO, CBO, and BBO crystals, the geometry sta
of these components makes BBO distinct from LBO a
6925 © 1998 The American Physical Society
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6926 57LI, DUAN, GU, AND WANG
CBO. Because of the bridging of the tetrahedral coordina
B, the (B3O7)52 anion groups have linked to each other
form an endless network in both LBO and CBO, with catio
located in the interstices to grant the whole structure neu
ization. In contrast, for the lack of such bridging in BBO, th
(B3O6)32 anionic groups arrange in a layered planar str
ture with the Ba21 making links between alternatin
(B3O6)32 layers. In other words, the interaction amo
(B3O7)52 groups is stronger than that among (B3O6)32

groups. The effect of this interaction among (B3O7)52

groups is also most likely neglected in a cluster calculati
All these factors should affect the electronic structure

LBO, CBO, and BBO crystals in their own way, and cons
quently on their optical transition. A first-principles band ca
culation could reveal all these effects in a natural way.
appropriate analysis, these effects of~i! anionic groups
(B3O7)52 or (B3O6)32, ~ii ! light cation Li1 or heavy cat-
ions Cs1 and Ba21, and ~iii ! linkage or isolation between
clusters are expected to be recognized and understood.
is the very goal of the present paper. Because of the c
plexity of the borate crystals, the present study is confine
the electronic structure and linear optical transition, wh

FIG. 1. Anionic groups~a! (B3O7)52 in the LBO and CBO
crystals, which have all atoms nearly in one plane except that
two oxygen atoms~O1 and O2! near B3 deviate up and down from
the plane, and all off-ring O1 and O2 atoms are linked to B ato
of neighboring anionic groups;~b! (B3O6)32 in the BBO crystal,
which has all atoms nearly in one plane, and is nearly isolated f
other anionic groups. The label for each atom represents the eq
lency in the crystal environment. Because there are two inequ
lent (B3O6)32 groups in one unit cell of BBO crystal, each ato
has two labels.
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also gives strong hints on the understanding of the mec
nism of the NLO transition.

The organization of this paper is straightforward. Sect
II discusses the electronic structure of LBO, CBO, and BB
crystals, based on our first-principles band calculation us
the linearized augmented plane-wave~LAPW! method. This
section consists of a comparison of LBO with CBO, a co
parison of CBO with BBO, and also a comparison of o
results with available experimental data and other band
culations. Section III treats the linear optical properties
these borate crystals: The methodology is sketched in
section while its validity to wide gap materials is discuss
elsewhere already.14 The linear absorption spectra in the ne
edge region are discussed in detail, which reveals the me
nism of the optical transition between orbitals of differe
ions. Section IV presents an extended discussion and con
sion.

II. ELECTRONIC STRUCTURES

In this paper, the self-consistent LAPW method15,16 with
the von Barth–Hedin exchange-correlation term is emplo
to carry out the band-structure calculation. The latt
parameters11–13 used in the calculation are listed in Table
The muffin-tin radii of Li, Cs, Ba, B, and O are set equal
about 1.00, 1.60, 1.70, 0.50, and 0.83 Å, respectively. Ab
40 LAPW bases per atom are used in solving the semir
tivistic Schrödinger equation, and 4, 8, and 4 specialkW points
in the irreducible Brillouin zone are used for LBO, CBO, an
BBO crystals, respectively, in generating the charge den
in the self-consistent calculation. The convergence meas
by the rms difference between input and output charge d
sity is better than 0.05me/~a.u.!3. Because of the requiremen
of large memory space in these calculations, a massiv
parallel processing computer with distributed memo
~DAWN1000 made by Chinese National Research Cente
Intelligent Computing! was used to carry out most part of th
calculation. To deal with the large matrix diagonalization
distributed memory computers, a highly efficient paral
solver of the generalized eigenvalue problem17,18 is adopted.

The calculated band gap is listed in Table I. From o
calculation, both LBO and CBO are direct gap crysta
while BBO are indirect gap crystal. However, for BBO th
direct gap atG is only 0.03 eV larger than the indirect ban
gap fromG to Z, which is in fact not larger than the possib
error of present calculation. The trend of the band gap
three borates is in good agreement with the measured t

e

s

m
va-
a-
BO,
TABLE I. Lattice constants, the angle (a) between any two crystal axes, and the energy gaps of L
CBO, and BBO crystals.

a b c a Eg ~eV!

~Å! ~Å! ~Å! Expt. Present Ref. 8 Ref. 9

LBO 8.46 5.13 7.38 90° 7.78a G: 6.95 G: 7.37 6.9
CBO 6.213 8.521 9.170 90° 7.28b G: 5.86
BBO 8.380 96.65° 6.43a G2Z: 4.85 G2X: 5.52 4.9

G: 4.88 G: 5.6

aReference 6.
bReference 3.
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57 6927FIRST-PRINCIPLES CALCULATIONS OF THE . . .
though their absolute values are all lower than the exp
mental data as expected in the framework of the local den
approximation~LDA !.

A. Comparison of LBO with CBO

The band structures of LBO and CBO crystals are plot
along symmetry lines in Figs. 2~a! and 2~b!, respectively, in
the energy scale for the convenience of the views. The
ergy reference is set to the top of the valence bands.
though LBO and CBO have different symmetry, their v
lence bands~VB’s! are very flat and qualitatively similar to
each other. The obvious difference occurs at the bottom
their conduction band~CB! that a band of large dispersio
spanning about 1 eV appears in CBO crystal. Figure 3 is
total density of states~DOS! for LBO and CBO, which are
calculated at 36 specialkW points. The similarity in their VB
region is clear: only a local band of Cs 5p semicore electrons
@Fig. 4~b!# at –5 eV adds to the otherwise nearly identical
derived orbitals@Figs. 5~a! vs 5~b!, and 5~c! vs 5~d!#. Figures
6~a! and 6~b! are the partial DOS projected on the trigon
B1 of LBO and CBO, respectively, and Figs. 6~c! and 6~d!
on tetrahedral B3. These figures show that, in the very to
the VB ~from 0 to –1 eV!, there is no obviously hybridiza
tion between B and O atoms. The VB top is the mixture
thep states of O2 and O3. The highest occupiedp-like states
of boron atoms is about –0.34 eV in Figs. 6~a! and 6~c!, and
much lower in Figs. 6~b! and 6~d!.

In the calculation of the isolated (B3O7)52 group,6 the
highest occupied molecular orbital~HOMO! is a kind of dan-

FIG. 2. Band structures of~a! LBO and ~b! CBO crystals.

FIG. 3. Total DOS of~a! LBO and ~b! CBO crystals.
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gling bonds arising from the off-ring O1 and O2, which
2.54 eV higher than the nearest lower B-O bond orbitals
the calculation of a larger Li2B6O10 ~Ref. 10! cluster, also
cut from the LBO, where some off-ring O1~or O2! have
been linked with B atoms, the energy differences fro
HOMO to the nearest lower B-O bond is 0.84 eV. So fro
the isolated anionic group, through the larger cluster, to
crystal, the linkage between the anionic groups by the te
hedral B atoms makes the dangling HOMO bonds evo
into the top of VB through interaction with the molecula
orbitals at O3~or O4!. According to the energy differenc
between the HOMO dangling bonds and the nearest lo
B-O bonds, it is estimated that the linkage of the anio
groups lowers the energy of the HOMO dangling bond, a
enlarges the energy gap of the anionic group by about 2.2
~the difference between the previous cluster result, 2.54
and the present band result, 0.34 eV!. This effect relates only
to the linkage of the anionic groups, but is independent of
type of cations. From this analysis, it is also doubtful
simply eliminate the HOMO dangling states for the estim
tion of the band gap as done in some anionic gro
calculations.6

It is interesting that for both LBO and CBO crystals th
tetrahedral B3 gives no contribution in the neighborhood

FIG. 4. Partial DOS projected on the cations~a! Li of LBO and
~b! Cs of CBO crystals.

FIG. 5. Partial DOS projected on the oxygen atoms of LBO a
CBO crystals. Those on O2, O3, and O4 atoms are similar to tha
O1.
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6928 57LI, DUAN, GU, AND WANG
the CB bottom, which implies that the states in the low-lyi
CB’s are only in the plane of the B-O rings. The trigonal B
however, enters CB right starting from its bottom. In contr
to LBO, it does not enter the bottom of CB in CBO@see the
inset of Fig. 6~b!#. The cause is in fact that the Cs 6s state
lies below the lowest unoccupied molecular orbital~LUMO!
of the anionic group in the crystalline state. This can be s
more clearly in, and has profound effect on, the linear
sorption spectra discussed below. While lithium has lit
contribution to the CB@Fig. 4~a!#, cesium exerts obvious
affection on the CB states@see Fig. 4~b!#. The three peaks in
the CB DOS curves@Fig. 4~b!# are mainly the Cs 6s, 5d, and
4f states, respectively. Thus as the atomic number of
cation increases, the structure of CB states has been fu
mentally changed.

The effect of the linkage between the anionic groups a
manifests itself in the change of the core levels. The diff

FIG. 6. Partial DOS projected on the boron atoms of LBO a
CBO crystals. That on B2 is similar to that on B1.
,
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ence among the binding energies of 1s core electrons be-
tween the trigonal and tetrahedral coordinated boron atom
less than 0.5 eV and between off-ring O1~O2! and in-ring
O3 ~O4! atoms less than 0.4 eV in both LBO and CBO~see
Table II!. It is much smaller than that of the BBO~2.88 eV!.
This indicates that although those boron~oxygen! atoms are
distinct from each other in the isolated (B3O7)52 groups,
they become nearly equivalent in the crystalline environm
for the bridging of the tetrahedral coordinated B. Only t
in-ring O5, which makes a neighbor with only trigonal
atoms, is different from the off-ring O1~O2!. This in-ring
O5 is different from the in-ring O3~O4! atoms as seen als
from their core levels~Table II!. However, the (B3O7)52

anionic groups in LBO and CBO form different framework
to embrace the different cations. The difference in the cat
radii ~Li 1 and Cs1 are 0.60 and 1.69 Å,19 respectively!
makes the unit cell of CBO 50% larger than LBO. Thou
the structure of their anionic groups remains unchanged,
expansion of the unit cell has the crystalline environme
changed, and results in different binding energy shifts
tween the trigonal B and tetrahedral B, and between the
ring and in-ring oxygen atoms.

B. Comparison of CBO with BBO

According to the isolated cluster calculation, the gap
(B3O6)32 from HOMO to LUMO is 6.2 eV,6 which is larger
than that of (B3O7)52, 5.03 eV. However, according to th
above analysis, the linkage of (B3O7)52 in crystalline states
will enlarge the gap by 2.2 eV. From this point of view, th
gap of CBO crystal consisting of linked (B3O7)52 groups
should be about 1.0 eV larger than that of BBO consisting
rather isolated (B3O6)32 groups. It is indeed comparable t
the measured gap difference of 0.85 eV~Table I!.

Table II also shows that for CBO the difference of 1s core
levels between the in-ring O3~O4! and off-ring O is small,
but in BBO the off-ring O2~or O4! levels deviate from the
in-ring O1 ~or O3! by as large as 2.88 eV. Such a larg
chemical shift implies two distinguished oxygen enviro

d

O,
TABLE II. Binding energies and level shift of 1s core electrons of boron and oxygen atoms in LB
CBO, and BBO crystals~unit: eV, reference to the top of valence band!.

LBO CBO BBO

Trigonal B Aver. –162.51 Aver. –155.46 Aver. –155.81
B1 –162.64 B1 –155.57 B1 –155.75
B2 –162.37 B2 –155.35 B2 –155.86

Tetrahedral B B3 –162.04 B3 –155.39
Tri. B–Tet. B –0.47 –0.07
Off-ring O Aver. –496.80 Aver. –494.27 Aver. –493.53

O1 –496.74 O1 –494.21 O2 –493.46
O2 –496.86 O2 –494.32 O4 –493.60

In-ring O Aver. –497.05 Aver. –494.69 Aver. –496.41
O3 –496.98 O3 –494.84 O1 –496.22
O4 –497.12 O4 –494.54 O3 –496.60

Off O–In O 0.25 0.42 2.88~2.4a!

In-ring O O5 –497.41 O5 –495.30
~O1, 2, 3, 4!–O5 0.48 0.81

aExperimental value evaluated from Fig. 6 in Ref. 6.
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57 6929FIRST-PRINCIPLES CALCULATIONS OF THE . . .
ments indicating that the (B3O6)32 groups keep the isolating
features in BBO. The VB of BBO has a clear feature of t
local molecular orbitals~Figs. 7, 8, and 9!. The VB top also
originates from the dangling bonds as of the isola
(B3O6)32 group. The antibondings bands, locating around
–2 eV, arising from the in-ring oxygens. Thep bonds of
in-ring and off-ring oxygens form a wide band in the pl
from –3 eV to –6 eV. Below –6 eV in Fig. 7 are the ban
of the s bonds of the in-ring oxygens. So clearly a loc
orbital feature is not seen in the band structure of CBO
the strong mixtures of the molecular orbitals.

FIG. 7. Band structure of BBO crystal.

FIG. 8. Total DOS of BBO crystal.
d

l
r

The 5p semicore states of Ba forms a local band center
at about –9 eV in the VB region~Figs. 8 and 10!. This is
well known in the experiments as discussed below.

The CB structures of CBO and BBO are qualitative
similar to each other, but distinct from LBO crystal, so th
an obvious 6s cation band appears at the bottom about 1
below other dense bands@Figs. 2~b! and 7#. The total DOS of
BBO, which are calculated at 35 specialkW points, has also
three peaks in the CB region~Fig. 8!, which mainly origi-
nates from Ba 6s, 5d, and 4f ~Fig. 10!, in the energy order,
respectively. The B-O bonds start from above 5.7 eV, ab
1 eV above the CB bottom~Figs. 9 and 11!.

C. Comparison with literatures

From Table II, the average 1s binding energy at O1~or
O3! in BBO crystal changes by about 2.88 eV compared
that at O2~or O4!. It is comparable to the measured diffe
ence 2.4 eV, estimated from Fig. 6 in Ref. 6. The calcula
position of the Ba 5p peak~–9 eV! deviates slightly from the
measured value@–12 eV ~Ref. 6!# for the default of LDA
that core-hole correlation has not been considered. Bes
the measured Ba 5p semicore peak is a doublet with splittin
about 2.5 eV, unlike the singlet of present result~Figs. 8 and
10!, which, as suggested in Ref. 8, could be attributed to
neglect of the spin-orbit splitting in the calculation.

FIG. 9. Partial DOS projected on oxygen atoms of BBO. Th
on O3 atom is similar to O1, and that on O4 atom is similar to O

FIG. 10. Partial DOS projected on the barium atom of BB
crystal.
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According to the calculation of Xu, Ching, and French8

for LBO the direct band gap is 7.37 eV atG; for BBO, the
indirect band gap is 5.52 eV fromG to X, with the direct
band gap 5.61 eV atG. It is slightly different from our re-
sults. The bottom of CB in our calculation is atZ, not atX.
Hsu and Kasowski9 reported that the band gaps of LBO an
BBO are 6.9 eV and 4.9 eV, respectively, closer to our
sults. However, they did not give the gap position in t
Brillouin zone. The general profiles of the total DOS of LB
and BBO have no obvious difference between Xu, Chi
and French and ours. In the three different band calculati
Xu, Ching, and French,8 Hsu and Kasowski,9 and the
present, the VB top of the LBO and BBO originates from t
states of anionic groups. They also agree that for the
bottom of LBO the cation gives little contribution, while fo
BBO the cation has a dominant contribution.

III. LINEAR OPTICAL PROPERTIES

Calculation of the linear optical properties using LAP
method has been discussed in detail in our recent wor14

Within the one-electron picture, the interband optical co
ductivity tensor reads~atomic units!

FIG. 12. Refractive index and linear absorption coefficientsa of
LBO crystal. The labelsa, b, andc represent the polarization di
rections of the photon along the crystal axesa, b, andc, respec-
tively.

FIG. 11. Partial DOS projected on the boron atom of BBO cr
tal. B1 and B2 atoms have similar profiles.
-

,
s,

B

-

s~v!5
2p

vV(
kW

WkW(
c,v

z^cueW•pW uv& z2d~Ec2Ev2v!, ~1!

where V is the cell volume,v the photon energy,eW the
polarization direction of the photon, andpW the electron mo-
mentum operator. The integral over thek space has been
replaced by a summation over specialkW points with corre-
sponding weighting factorsWkW . The momentum matrix ele
ments are evaluated at the same specialkW points as used in
the calculation of the DOS. The second summation inclu
the VB states (v) and CB states (c), and the subscriptE is
the corresponding band energy. In Eq.~1!, it has been as-
sumed that in these wide gap crystals the VB is fully occ
pied while the CB is empty.

The imaginary part of the complex dielectric functio
«2(v) is evaluated from the optical conductivitys(v) ac-
cording to «2(v)52ps(v)/v. Then the real part of the
dielectric function«1(v) is obtained by the Kramers-Kronig
relation. Thus the static dielectric constant in the lon
wavelength limitation is given by«05«1(0). From the com-
plex dielectric function, the linear refractive index reads

n~v!5SA«1
2~v!1«2

2~v!1«1~v!

2
D 1/2

,

and the linear absorption coefficient is related to«2 by a
5«2v/(nc), wherec is the velocity of light in the vacuum

In Figs. 12~a!, 13~a!, and 14~a!, the calculated refractive

FIG. 13. Refractive index and linear absorption coefficientsa of
CBO crystal. The labelsa, b, andc represent the polarization di
rections of the photon along the crystal axesa, b, andc, respec-
tively.

-

FIG. 14. Refractive index and linear absorption coefficientsa of
BBO crystal. The labelo represents polarization perpendicular
the threefold rotation axis; ande along it.
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57 6931FIRST-PRINCIPLES CALCULATIONS OF THE . . .
indexes of LBO, CBO, and BBO crystals with different p
larization directions are plotted together with available e
perimental data. It shows that the slight optical anisotrop
are reproduced in the calculation. The anisotropic order
LBO and BBO are in good agreement with the measurem
but that of CBO deviates from the measured one. The st
dielectric constants are listed in Table III. The measured d
are estimated from the refractive indexes at the meas
longest wave length in the transparent region.3,20,21The rela-
tive errors of the calculated values are less than 15% w
respect to the measured ones. The birefringent index is
listed in Table III. The calculations of LBO and BBO are
very good agreement with the measured data and that o
previous calculation8 as shown in Table III, but CBO devi
ates in that it is larger in its magnitude from the experim
and in the wrong trend with respect to LBO.

The calculated linear absorption spectra are plotted
Figs. 12~b!, 13~b!, and 14~b! for LBO, CBO, and BBO crys-
tals, respectively. Three dominant features arise from th
figures as follows.~i! LBO and CBO have similar genera
profiles in their frequency dependence. Both LBO and C
begin with a narrow shoulder at about 10 eV, then follow
set of strong peaks after about 12 eV. However, in BBO
shoulder extends over a wide range from about 8 to 15
This might be due to its peculiar valence-band structure.~ii !
The onset of the absorption of LBO@inset of Fig. 12~b!# is a
sharp increase and coincides almost exactly with regionB in
the CBO absorption spectrum at about 1 eV above the
edge@inset of Fig. 13~b!#. This indicates that LBO and CBO
have the same mechanism of the optical transition at th
energy positions.~iii ! The absorption spectra of CBO an
BBO crystals have another regionA in the neighborhood
near their gap edges, which is a slowly increasing reg
This causes the band gap of CBO to be lower than tha
LBO, although the overall absorption characteristics of
two crystals are the same. Considering the difference of
CB states and similarity of the VB top states between LB
and CBO and inspecting the transition processes in the l
energy regions, it is found that regionA is due to the inter-
atomic transition from the anionic group to the cation.
contrast, regionB is the intraatomic transition within the
anionic group. Furthermore, the large difference in the m
nitude between regionsA and B infers that the dominan
contribution to the optical transition in these borate cryst
is between the states within the anionic groups, i.e., in
atomic transitions.

TABLE III. Static dielectric constants («0) and birefringent in-
dexesDn of LBO, CBO, and BBO crystals.

«0 along axes Dn
a or o b or e c

LBO Present 2.66 2.71 2.82 0.048
Expt. 2.45 2.53 2.58 0.041
Ref. 8 2.57 2.72 2.81

BBO Present 2.98 2.68 0.089
Expt. 2.74 2.38 0.113
Ref. 8 2.82 2.70

CBO Present 2.60 2.68 2.55 0.040
Expt. 2.31 2.40 2.49 0.058
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Present result of linear absorption spectra of LBO@Fig.
12~b!# compares well with Xu and Ching~Fig. 3 in Ref. 7!,
though the shoulder at about 10 eV is more prominent th
However, the absorption spectra given by Xu, Ching, a
French8 for BBO differs from the present result@Fig. 14~b!#
and experiment~curve shown in Fig. 10 of Ref. 8! at the near
gap edge region. Their spectra failed to reveal the slo
increasing absorption region (A).

IV. DISCUSSION AND CONCLUSION

From previous discussions on the electronic structure,
concluded that LBO and CBO crystals have qualitative
similar VB structures resulting from the same anionic grou
while on account of the similarity of cations CBO and BB
crystals have qualitatively similar CB structures. Catio
have important impacts on the CB bottom as the atom
number of cations increases, as exhibited by the fact that
band gap of CBO is lowered by the cation compared to LB
The HOMO dangling bonds of both the (B3O7)52 and
(B3O6)32 groups have evolved into the top of VB in thes
borate crystals, but the linkage of the (B3O7)52 group low-
ers the energy of the dangling bonds and enlarges the b
gap by about 2.2 eV. This is the main cause of the gap
LBO and CBO crystals being larger than BBO’s.

In LBO, when the photon energy is larger than the ba
gap, the absorption coefficient increases abruptly. The
volved initial states are mainly O derived states and the fi
states contain mainly the B-O bonds arising from trigon
boron atoms. Because there exist intra-atomic transitions
absorption coefficient rises rapidly from the onset of t
spectra. Though the heavy cations dominate the bottom
CB in CBO and BBO, they dramatically exert less affectio
on the optical transition than the anionic groups do. Thus
CBO and BBO, the onset of spectra is a slowly increas
step, about 1 eV in width, where the valence electrons tra
from the O derived initial states to the cation-derived fin
states. Because it is an interatomic transition, the absorp
coefficients are not large. Only when photon energies
more than 1 eV above the band gap, and the final st
contain the contribution of the B-O bonds, the absorpt
becomes strong. Indeed, rather complicate structure has
observed in the absorption spectra of the BBO,22 however,
the experimentalists did not interpret it as induced by str
tures in conduction bands. The large difference between
intra- and inter-atomic transition in the magnitude shou
also be meaningful to the understanding to the second o
NLO susceptibility, however, where the integrated effects
the whole CB’s as the intermediate states are to be con
ered.
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