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Mechanism for linear and nonlinear optical effects inb-BaB2O4 crystals
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Electronic structure calculations ofb-BaB2O4 from first principles are performed based on a plane-wave
pseudopotential method, and the linear optical properties are then obtained. The static second-harmonic gen-
eration~SHG! coefficients are calculated at the independent-particle level with a formalism originally given by
Aversa and Sipe@Phys. Rev. B52, 14 636~1995!# and later rearranged by Rashkeevet al. @Phys. Rev. B57,
3905 ~1998!# to explicitly show Kleinman’s symmetry. The formalism is improved to be more efficient in
reducing thek points necessary for convergence. A real-space atom-cutting method is suggested to analyze the
respective contributions of various transitions among ions and ion groups to optical response. The contribution
of the cation Ba to SHG effects is found to be not important but non-negligible, while its contribution to
birefringence is negligible.@S0163-1829~99!13839-6#
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I. INTRODUCTION

The development of highly efficient nonlinear optic
~NLO! crystals is of great importance to extend the f
quency range provided by normal laser sources into the
traviolet ~UV! and infrared ~IR! regions. Therefore, the
search for new NLO crystals is still very active, even thou
intensive efforts in this field have been in progress for m
than 30 years. Obviously, a full understanding of the mec
nism of NLO effects in crystals is helpful to search and d
sign new NLO crystals more efficiently. A model known
the ‘‘anionic group theory’’1 was proposed by Chen’s grou
to study the optical properties of NLO crystals and h
proven to be highly successful in searching for and design
NLO crystals.2 In addition to the discovery of the widel
usedb-BaB2O4 ~BBO! ~Ref. 3! and LiB3O5 ~LBO! ~Ref. 4!,
Chen’s group is now developing another series of bor
crystals, the SBBO family,5 aiming for the vacuum ultravio-
let ~vuv! application with the assisstance of this model. U
derstanding the applicability of this approximation mod
may give a deeper insight into the mechanism of NLO
fects and materials engineering. To this end~i! an ab initio
electronic/band structure calculation is crucial to describe
extended solid, although anionic group calculations achi
preliminary success;~ii ! theoretical calculations of SHG co
efficients based on such band structures are required to
rectly determine the NLO properties of crystals, so that
various factors that may affect such quantities can be a
lyzed later on; and~iii ! a method that can separate the
spective contribution of each local subsystem of the e
tronic structure is needed for a comprehensive understan
PRB 600163-1829/99/60~19!/13380~10!/$15.00
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of the mechanism of both linear and nonlinear optical
sponses.

b-barium borate~BBO!, the first borate series crysta
widely used in second-harmonic generation~SHG!, plays a
very important role in the understanding of the NLO effec
because of its high performance with regard to optical pr
erties, such as large SHG coefficients, a wide transparent
phase matchable region, good optical quality, and a h
damage threshold. However, there are still controvers
about the origin of its large SHG coefficient; i.e., whic
plays the more important role in second-harmonic gene
tion, the Ba21 cation or the (B3O6)

32 anionic group?
As early as in 1976, Chen suggested6 an anionic group

model to explain the relationship between the microsco
structure of a nonlinear optical crystal and its macrosco
nonlinear optical effects, before BBO was discovered.3 Ap-
plying such a theory to BBO with the complete neglect
differential overlap~CNDO/S! approximation, they obtained
SHG coefficients that agree well with experimental value7

and indicated thatd22, the largest SHG coefficient of BBO
is mostly determined by the contribution of the (B3O6)

32

anionic group, whereas the other two small coefficients,d33
andd31, are mostly determined by the Ba21 cations. Wu and
Chen9 used the discrete variationalXa (DV-Xa) method8 to
calculate the linear optical response based on the ani
group theory, and found that although the Ba21 cation con-
tributes to bothno andne of BBO, it has little influence on
the birefringenceDn5uno2neu. This calculation suggest
that the anionic groups are responsible for the dominant c
tribution to birefringence in BBO. However, the calculatio
mentioned above are based on localized molecular-orb
methods and have resulted in much discussion.
13 380 ©1999 The American Physical Society
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In 1990, French, Ling, Ohuohi, and Chen used
DV-Xa method to explain the opto-electronic spectrum
BBO and indicated that the valence band~VB! of BBO is
mainly determined by the localized orbital of the (B3O6)

32

group.10 Hsu and Kasowski first calculated the electron
energy band structures of BBO from first principles using
ab initio pseudofunction method.11 From the partial density
of states~PDOS! analysis they related the band gap to t
transition from the orbital of the (B3O6)

32 anionic group to
that of the Ba21 cation, so they questioned the validity of th
anionic group model. Xuet al. reported the electronic struc
ture and linear optical property calculations of BBO usi
the first-principles orthogonalized linear combination
atomic orbitals~OLCAO! method.12 They suggested that th
anisotropies in the layered (B3O6)

32 structure are the origin
of the large nonlinear optical coefficient. Chenget al.13 used
the CNDO/S-CI ~complete neglect of differential overla
with spectral parameter suitable for the planar molecular
ometry and configuration interaction! method to calculate the
Ba3(B3O6)2 group and supposed that the charge trans
from anion O22 to cation Ba21 dominated the origin of its
SHG coefficient. Li, Duan, and co-workers were the first
apply energy band theory to systematically study the opt
properties of some NLO crystals, including BBO.14,15 They
used the linearized augmented plane-wave~LAPW! method
to calculate the band structure of BBO and the PDOS
valence bands~VB’s! and conduction bands~CB’s! of
BBO.14 Their analysis indicated that the VB’s of BBO a
mainly composed of the atomic orbital of the (B3O6)

32

group, while the bottom of the CB is mostly due to the Ba21

orbital, especially the 6s orbital. Based on the band struc
tures calculated, the linear14 and nonlinear15 optical proper-
ties were obtained. By comparing the calculated linear o
cal absorption spectra of BBO, LiB3O5, and C5B3O5,14 and
by the spectral and spatial decomposition of the S
coefficients,15 they supposed that, although heavy catio
dominate the bottom of the CB, their influence on optic
response is less than that of the B-O anionic groups. H
ever, their deduction has the following deficiencies.~i! Con-
cerning the linear optical response, they presented their
clusion to be only one possible explanation of the differen
between the absorption spectra of BBO and that of LBO
CBO. ~ii ! Concerning the NLO response, the methodolo
they adopted does not show Kleinman symmetry in the st
limit; and in the SHG calculations three energy states m
be considered, but they only decomposed one of them.

Consequently, although these endeavors help us in
understanding of the origin of the optical properties of BB
we believe that a more direct picture of its optical respon
both linear and nonlinear, may be given with the combin
tion of the three essential elements proposed in the begin
of this section. In addition to overcoming the difficulty of th
ab initio electronic structure calculation of BBO, which has
very large unit cell (a5b5c58.38 Å!, and the complexity
of calculation for the second-order nonlinear optical respo
based on electronic structure calculation, we present a wa
clarify the vagueness in how to extract the contribution
each individual atom or cluster from the total response.

In this paper, we carry out the calculations of refracti
indexes, birefringence, and SHG coefficients of BBO ba
on ab initio pseudopotential electronic structure calculatio
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because this information is essential to the design of a us
SHG crystal. A real-space atom-cutting scheme is inven
to analyze quantitatively the respective contributions of
cation and anionic group to various optical properties. O
can then clearly find out the role the cation and the anio
group play in the optical response.

The methodology for electronic structure calculatio
evaluation of optical properties, and the real-space cut
are presented and tested in Sec. II. In Sec. III, there is
extended discussion and analysis of the mechanism of
optical response of BBO.

II. METHODS AND COMPUTATIONAL DETAILS

A. Electronic structures and linear optical properties

CASTEP,16,17 a plane-wave pseudopotential total ener
package, is used for solving the electronic and band st
tures as well as linear optical properties of BBO with t
local-density approximation~LDA ! ~Ref. 18! based on
density-functional theory~DFT!.19 Within such a framework,
the preconditioned conjugate gradient~CG! band-by-band
method17 used in CASTEP ensures a robust and efficien
search of the energy minimum of the electronic struct
ground state. The optimized pseudopotential20–22 in the
Kleinman-Bylander23 form of Ba, B, and O allows us to us
a small plane-wave basis set without compromising the
curacy required by our current study. Furthermore, the 5s,5p
together with the 6s electrons of Ba are treated as valen
electrons in the peusodopotential to ensure that Ba is
scribed accurately enough without applying a nonlinear c
correction,24 as will be seen in Sec. III. These shallow co
states of Ba lie in the range of valence bands dominated
the B3O6 group. Treating them explicitly guarantees th
proper representation of the interaction that may occur
tween the anionic group and the cation. The efficiency of
pseudopotential optimization scheme here allows us to
such a Ba101 ionic pseudopotential at a cutoff energy of le
than 500 eV. The rather soft and optimized O pseudopo
tial that has been tested in various systems25 enables us to
use a kinetic-energy cutoff of 500 eV, which is used throug
out the calculations. Its reliability will be further demon
strated in Sec. III by the results of the linear optical prop
ties calculation. The primitive unit cell of BBO (a5b5c
58.38 Å, a5b5g596.7) containing 42 atoms is adopte
in the calculation. The electronic structure calculation
BBO is performed on theG point. After the ground-state
charge-density calculation converges, a finerk points sam-
pling titled by denserk-point sets17 that reduced to sixk
points in the irreducible Brillouin zone~IBZ! with 240 extra
empty bands is used for the band wave-function calculat
Such a choice ofk sampling and the number of empty ban
is based on routine calculations where satisfying conv
gence is always achieved. The Read and Needs26 correction
is implemented to ensure accurate optical matrix eleme
calculations for our nonlocal pseudopotential based meth

It is well known that the band gap calculated by the LD
is in general smaller than the experimental data. This erro
due to the discontinuity of exchange-correlation ener
Therefore, a scissors operator27,28 is usually introduced to
shift all the conduction bands in order to agree with the m
sured value of the band gap. Assuming that thermn matrix
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elements are unchanged, the momentum matrix elem
should be renormalized regarding the change of the Ha
tonian in a way given by29

pnm→pnm

vnm1D/\~dnc2dmc!

vnm
, ~1!

where the subscriptc in the Kroneckers represents condu
tion band, and the (dnc2dmc) factor restricts the correction
to pairs of bands only involving one valence and o
conduction-band state.

When calculating the linear optical properties, the ima
nary part of the dielectric function is given by

Im@e i j ~v!#5
e2

pm2\ (
mn

E dk
f nmpnm

i pmn
j

vnm
2 d~vnm2v!,

~2!

where f nm5 f n2 f m , and f n , f m are Fermi factors. The rea
part of the dielectric function is obtained by the Krame
Kronig transform.

B. SHG coefficients

Early in 1963, Butcher and McLean30 presented the for-
malism to calculate SHG coefficients based on band st
ture. However, due to the difficulty in dealing with the e
plicit divergence in the static limit of their formula, th
calculation was not practical, until recently when som
groups31–39 greatly improved the evaluation methods. Aft
Aspnes31 gave a formalism free of divergence in cubic cry
tals, Ghahramani, Moss, and Sipe32 took another importan
step to present a general approach to avoid the divergenc
a new sum rule. Afterwards, Sipe and Ghahramani33 im-
proved the methodology by systematic separation of in
band and intraband motion. Aversa and Sipe34 used the
length-gauge instead of velocity gauge in their formulat
to give expressions lacking the unphysical divergence. Ra
keev et al.39 rearranged the formalism given by Aversa
make the symmetries ofx (2) more apparent. Very recently
Duanet al.15 presented an evaluation technique to reduce
number ofk points needed for convergence for the formu
given by Ghahramaniet al.32

On the other hand, in their calculations of the staticx (2),
Levine and Allan developed a method that includes s
ts
il-

-

-

c-

by

r-

h-

e

f-

consistently the local-field effects.35–37 However, their final
formulation is quite complex and therefore not easily rela
to the underlying electronic states. Dal Corso, Mauri, a
Rubio38 gave an alternate formalism based on the tim
dependent density functional theory, avoiding the proble
with the definition of the position operator for a period
system by going to a Wannier function representation, wh
succeeded for some cubic semiconductors.

It is well known that when the energy of the incide
photon is far less than the energy gap, the dispersion of S
coefficients is very small. Thus only the static limit of SH
coefficients need be calculated. Furthermore, the local-fi
effects are found to be generally only of the order of 10%
conventional semiconductors in the static limit,36 so we need
not take them into account. We choose the formula given
Rashkeevet al.39 since it is easier to relate the calculate
results to the contribution of various states. Another imp
tant advantage of this formula is that it shows Kleinm
symmetry automatically in the static limit. However, com
pared with the formula adopted by Duanet al.,15 it also has a
disadvantage for it needs many morek points to achieve
convergence in calculating the SHG coefficients. For
ample, in the case of zinc-blende GaAs, 300–500k points in
IBZ39 are needed to obtain convergence within 5%, wh
Duan15 has improved the formula in Ref. 32 to be able
reach convergence within 2% by 28k points in IBZ. He
found15 that the sum of two diverging terms in Eqs.~2.10!
and~2.11! of Ref. 32 will reach a nondiverging limit, and h
then replaces the summation with this limitation whenEji

22Eli or Eji 22Ejl is very small. Therefore, the formul
given by Rashkeev must be improved to be more efficien
make possible the calculation of the SHG coefficients
BBO.

Different from the formula in Ref. 32, the formula ofx (2)

in the static limit derived by Rashkeevet al.39 diverges when
the bands are nearly degenerate. Although, when this h
pens one could always choose the wave functioncn andcm

in such a way thatr nm or pnm vanishes,34 the error in the
energy level and momentum matrix elements may be ag
vated whenEm andEn are close but not equal. We solve th
problem by slightly rearranging the terms to eliminate tho
denominators that may cause divergence, so that we ob
xabg5xabg~VE!1xabg~VH!1xabg~ two bands!, ~3a!

where

xabg~VH!5
e3

2\2m3 (
vv8c

E d3k

4p3 P~abg!Im@pvv8
a pv8c

b pcv
g #S 1

vcv
3 vv8c

2 1
2

vvc
4 vcv8

D , ~3b!

xabg~VE!5
e3

2\2m3 (
vcc8

E d3k

4p3 P~abg!Im@pvc
a pcc8

b pc8v
g

#S 1

vcv
3 vvc8

2 1
2

vvc
4 vc8v

D , ~3c!

and

xabg~ two bands!5
e3

\2m3 (
vc

E d3k

4p3 P~abg!
Im@pvc

a pcv
b ~pvv

g 2pcc
g !#

vvc
5 . ~3d!
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TABLE I. Calculated values of the staticx (2) for the zine-blende semiconductor GaAs~in pm/V! for different cutoff energies of the
conduction bands. All results are obtained using 10k points in IBZ.

Cutoff energy
for conduction bands~eV!

6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00

x (2) 118.5 132.6 137.2 144.1 154.3 160.5 162.5 162.9 164.
.
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Here,a, b, andg are Cartesian components,v andv8 denote
valence bands, andc and c8 denote conduction bands
P(abg) denotes full permutation and explicitly shows th
Kleinman symmetry of the SHG coefficients. The band e
ergy difference and momentum matrix elements are den
as \v i j and pi j

a , respectively, and they are all implicitlyk
dependent. In the same manner, we find that the freque
dependent formalism derived from the length gau
approach34 can be reduced to the formalism derived from t
momentum gauge approach.32 This equivalence has bee
pointed out by Sipe and Ghahramani.33

C. Real-space atom-cutting methodology

In order to analyze the contribution of the electronic su
system, we present here an approach that is different f
that of Duanet al.,15 to show the contributions of cations an
anionic groups more directly. We divide the real space i
individual zones, each of which contains an ion. When
set the band wave function to zero in the zones that belon
a specific ion or a cluster~which we refer to as ‘‘cutting’’!,
the contribution of the ion or cluster is believed to be c
away. Therefore, the contribution of an ion or an ion group
extracted when we cut other ions from the total wave fu
tions. For example, if the contribution of ionA to the
nth-order polarizabilities is denoted asx (n)(A), we can ob-
tain it by cutting all ions exceptA from the original wave
functions, i.e.,x (n)(A)5x (n) ~all ions exceptA are cut!. Fur-
thermore, various manners of cutting can result in contri
tions of various transitions; e.g., we can find the contribut
of transitions from a Ga atomic orbital in the valence ban
to the As atomic orbital in conduction bands to the opti
properties of GaAs by cutting As wave functions from v
lence bands and cutting Ga wave functions from the cond
tion bands.

For simplicity, we define the zones to be spheres cente
on the specific ion. A natural way to define the boundary
two nearest ions is to search the points at which the cha
density in the real space reaches a local minimum. Acco
ing to this strategy, the cutting radius of two nearest ions
be determined. We will realize our strategy to find the c
ting radius of Ba, B, and O in Sec. III.

D. Test of our evaluation methods

Although BBO is our main objective, we test our met
odology by applying it to the well-studied zinc-blende sem

TABLE II. Calculated values of the staticx (2) for the zinc-
blende semiconductor GaAs~in pm/V! with differentk points sam-
pling. All results are obtained using 15 eV as the cutoff energy
the conduction bands.

k points in IBZ 10 20
x (2) 165.8 164.7
-
ed

y-
e

-
m

o
e
to

t
s
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-
n
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l
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ed
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-

conductor GaAs. The calculated SHG coefficientx123 of
GaAs is 164.7 pm/V, which agrees well with the experime
tal value 162 pm/V.

The factors that may influence the results for SHG co
ficients include the number~or maximum energy! of empty
bands and the number ofk points used in calculation. The
tests are presented in Tables I and II. From Table I we fi
that for GaAs the difference for SHG coefficients betwe
Ecuto f f(CB)510 eV andEcuto f f(CB)514 eV is only 7%. It
can be concluded that the energy states in low conduc
bands are much more important for SHG effects than th
in higher bands. Table II shows the convergence test fok
points in IBZ. One can find that the number ofk points
required for convergence in our calculations is less than
of Duan.16 In our opinion, the reason is that in his calculatio
of full-frequency-dependent SHG coefficients, extra err
may result from the replacement of the sum of two diverg
quantities by an unchanged value.

In order to investigate the error induced by the cut edge
our real-space atom-cutting wave-function method, we p
form a test by cutting a thin shell from the total wave fun
tions of GaAs. If the surface effect is prominent in the co
tribution of the shell to the total response, it will becom
more and more dominant when the thickness of the s
becomes smaller and smaller. However, in Table III, we fi
that when we decrease the thickness of the shell cut,
linear and nonlinear optical quantities extrapolate to
change of no more than 5%, which will not in any way affe
scientific conclusions in our studies.

To further demonstrate the validity of our cutting strateg
we cut the wave functions and calculate the correspond
linear optical properties under various cutting manners. T
results are presented in Table IV. For example, the contr
tion of transitions from the Ga atomic orbital in the VB t
the Ga atomic orbital in the CB is achieved by cutting A
from all wave functions. We find that the contribution of th
interatomic transition is far smaller than the intratomic tra
sition. This result is consistent with our belief that the m

r

TABLE III. The surface effect in the real-space atom-cuttin
method shown by cutting shells centered at As ions in the z
blende semiconductor GaAs. The optical properties are calcul
in different cut shell thicknesses. The distance from the cente
the shell to the center of the ion is randomly set to be 1.2 Å.

Shell thickness~Å! e~0! x123
(2) ~pm/V!

0.2 7.2758 98.3
0.15 8.0632 110.1
0.1 9.0792 125.1
0.05 10.0367 140.9
0.02 11.2663 159.5
0.002 11.2663 159.5
No cut 11.6305 165.8
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mentum matrix elements of on-site transitions are mu
larger than that of off-site transitions. It also testifies that
optical properties can be divided into the contributions of
individual subsystems.

III. RESULTS AND DISCUSSIONS

A. The band gap of BBO

The calculated band structure of BBO in the primiti
unit cell is plotted along symmetry lines in Fig. 1. We al
carry out a band-structure calculation by replacing optimiz
pseudopotentials with ultrasoft pseudopotentials~see Fig. 2!.
One can find that the two band structures are similar. In b
band structures, BBO is an indirect gap crystal and the di
gap atG is 0.08 eV larger than the indirect band gap. T
similarity is not surprising; in the DFT scheme, although t
calculated band gap does not correspond to the band ga
quasiparticle picture, the energy band profiles are corr

FIG. 1. Band structures of BBO calculated using optimiz
pseudopotentials.

TABLE IV. Test of real-space atom-cutting methodology b
applying it to GaAs to calculate the static dielectric constant ca
lated cut wave functions. The cutting radii for Ga and As are 1.1
and 1.4 Å, respectively.

Manners of cutting e~0!

Ga cut from all bands 7.6782
As cut from all bands 3.1310
Ga cut from VB and As cut from CB 1.2061
As cut from VB and Ga cut from CB 1.4895
Original 11.5181
h
e
e

d

th
ct

in
t,

especially the valence bands. This also indicates the vali
of our electronic-structure calculation of BBO.

Li and co-workers have pointed out that the bottom of t
conduction band for BBO is primarily composed of Ba 6s
atomic orbitals.14 Therefore, they related the band gap
BBO to the transition from the valence orbital of th
(B3O6)

32 group to the Ba 6s orbital. Our results for the
partial density of states~PDOS! analysis are very similar to
theirs in the valence bands, but different in the conduct
bands. The DOS of BBO and the PDOS of Ba, B, and
atoms that we obtained are shown in Fig. 3. It is clear in
results that the valence bands of BBO are mainly compo
of the 2p orbital of B and O atoms in the (B3O6)

32 group.
The 2s orbital of the O atom is strongly localized a
220.0 eV, while the 5p semicore states of the Ba21 cation
are also located in a strongly localized band centered
210.0 eV. These points are in agreement with the res
given by Li ~Ref. 14!. In contrast to the PDOS given by othe
authors,12,14our results show that there is a strongly localiz
state at225 eV, which is projected and shown to be the B
5s orbital. Its appearance results from the fact that the
pseudopotential generated by us takes the Ba 5s electrons as
valence electrons. Furthermore, Fig. 3 clearly shows that
2s and 2p orbitals of B and O atoms strongly contribute
the bottom of the conduction bands, but the density of sta
at the bottom of the CB is small compared to that of t
upper bands. These results have a significant bearing on
optical response. We will discuss this further in Secs. II
and III C.

B. The linear optical susceptibility of BBO

Before analyzing the optical response of BBO, we det
mine the cutting radius of Ba, B, and O. Figure 4 presents

FIG. 2. Band structures of BBO calculated using ultras
pseudopotentials.

-
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charge-density distribution in the plane of the B3O6 group.
We see that the distance between B and O in the B3O6 group
is much smaller than the distance between Ba and ions in
B3O6 group. We also find that the charge density in the B3O6
group is relatively unlocal compared to that of the Ba cati
It is not surprising since the bonding between B and O
more covalent. Therefore, it is difficult to separate the B a
O ions and the B3O6 group should be treated as a whole. T
fact that the charge density around B or O is not very sph
elike bewilders one in how to determine their cutting rad
clearly. However, considering B and O are cut together,
can allow the overlapping of the cutting spheres for B and
to solve this problem. The overlapping makes it possible
enlarge the cutting radius of B, so that the whole elect
subsystem of the B3O6 group can be involved in the cuttin
spheres of B and O.

Since the charge density around Ba is spherelike, we
determine its cutting radius. In accordance with our strate
presented in Sec. II, we find that the cutting radius of Ba
1.50 Å by investigating the charge-density distribution b
tween the nearest Ba and O ions. Following to the rule
keeping the cutting spheres of Ba and O in contact and
overlapped, the cutting radius of O is set to be 1.11 Å. N
ing that the charge density in the B3O6 group is unlocal, we
find that the cutting radius of B must be selected as large
possible to ‘‘clear’’ the effect of the B3O6 group cleanly.
Consequently, we choose 0.88 Å, the covalent radius of B
be its cutting radius. We also found in our calculations t
the small changes of cutting radius does not influence
conclusions we are going to make in present work.

FIG. 3. Total and partial density of states of BBO.
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In Fig. 5 the calculated dispersion curves of the refract
indexesnz(ne) and nx(5ny5no) of the BBO crystal are
plotted together with the available experimental data. Cal
lated and experimental values of refractive indexes and
birefringence at various wavelengths are listed in Table
All show an excellent agreement between calculation a
experiment.

In order to investigate the influence of the ions on t
linear optical response of BBO, our real-space atom-cutt
method was used. The imaginary part of the dielectric fu
tion using various methods of cutting is presented in Fig
where we can see the contributions of various transition
Im@e(v)#. For example, the contribution of transitions fro
the B3O6 group in the VB to Ba in the CB is achieved b
cutting Ba from VB wave functions and cutting the B3O6
group from CB wave functions. One can easily see that
summation of contributions from all four types of transitio
is in good agreement with the values calculated from un
wave functions. This fact verifies our assumption that
contribution from the interstitial region is negligible.

In Table VI the contribution of the Ba ion and B3O6 group
to the anisotropy of BBO is demonstrated. The column
titled ‘‘total’’ lists the refractive indexes calculated from th
original wave function, while the column entitled ‘‘ion/ion
group cut’’ means that those values are calculated from
cut-ion/ion group wave functions.

On the basis of the above calculations, we conclude
following:

~i! Calculated refractive indexes~see Table V! are in good
agreement~the relative error is less than 3%! with the ex-
perimental values. The agreement proves the validity of
treatment of BBO with the pseudopotential based meth
The excellent agreement between the experimental and
culated birefringence (error,3%) is very helpful to NLO
crystal designing.

~ii ! Figure 6 shows that the off-site transition is not
important as the on-site transition in the optical respon

FIG. 4. Charge density in the (B3O6)
32 group plane. The charge

density around the (B3O6)
32 group is much larger than that aroun

Ba.
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FIG. 5. Calculated and experimental dispe
sion curve of the refractive indexes of BBO.
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This is not surprising, since the charge density of the B
group is far away from that of Ba. Furthermore, unlike t
conclusion derived by Liet al.,14 we find that the slowly
varying region near the gap edge~see Fig. 14 in Ref. 14! is
not due to the difference between the magnitudes of in
atomic and intra-atomic transition, because in our calcula
the bottom of the conduction band is dominated by (B3O6)
groups. Furthermore, one can easily see in Fig. 6 that it is
intra-atomic transition within orbitals of the (B3O6)

32 group
that accounts for this slowly varying region near the g
edge. In our opinion, the density of states at the bottom
the CB is too small to contribute much to optical respon
One can further find that in on-site transitions the contrib
tion of transitions in the (B3O6)

32 group is in general large
than that in Ba, because the charge density around B
smaller.

~iii ! Table VI shows that the contribution of Ba21 to the
refractive indexes is about two times smaller than that of
B3O6 group, while its contribution to anisotropy is ver
small. It can be derived that, although Ba21 does contribute
to the refractive indexes of BBO, it does not contribute to
anisotropy. These results are consistent with those mad
the quantum-chemistry localized model. An intuitive exp
nation is that although the spherelike cation Ba21 contributes
to the values of refractive indexes, its high symmetry in
cates that it has almost nothing to do with the anisotropy
r-
n

e

p
f
.
-

is

e

s
by
-

-
f

the crystal. In other words, the planar (B3O6)
32 anionic

group plays a more important role than the spherelike cati
in birefringence.

C. SHG coefficients

Using the Eq.~3a!, the SHG coefficients of BBO have
been calculated from band wave functions. To test the c
vergence of the number ofk points in the irreducible Bril-
louin zone for the SHG coefficients, we present in Table V
three sets of the SHG values calculated from 1, 6, and 1k
points in IBZ, respectively. The results from previous calc
lations as well as experimental values are also shown
Table VII for comparison. To calculate the respective con
butions of various processes and transitions to the SHG
efficients of the BBO crystal, the real-space atom-cutt
method is adopted again. Table VIII shows clearly the co
tributions of the Ba21 and (B3O6)

32 group as well as their
joint contribution. For example, the contribution of tw
states of Ba in the valence band and one state of B3O6 group
in the conduction band can be obtained from the virtual h
contribution by cutting the B3O6 group from the valence-
band wave functions and cutting Ba from the conductio
band wave functions.

These calculations lead to the conclusions listed below
gence
TABLE V. Comparison of the calculated and experimental values of refractive indexes and birefrin
of BBO at a few specific wavelengths.

l ~mm!

Experimentala Theoretical

no ne Dn5uno2neu no ne Dn5uno2neu

0.404 66 1.692 67 1.567 96 0.124 71 1.719 1.595 0.124
0.467 82 1.681 98 1.560 24 0.121 74 1.710 1.588 0.122
0.508 58 1.677 22 1.556 91 0.120 31 1.706 1.585 0.121
0.579 07 1.671 31 1.552 98 0.118 33 1.701 1.581 0.120
0.643 85 1.667 36 1.550 12 0.117 24 1.698 1.578 0.120
0.852 12 1.659 69 1.545 42 0.114 27 1.692 1.575 0.117
1.014 00 1.656 08 1.543 33 0.112 75 1.690 1.573 0.117

aReference 40.
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~i! Our planewave pseudopotential approach is suita
for studying the SHG coefficients of BBO. We can see t
besides the good agreement of calculated and experim
values of the largest SHG coefficientd22, the other two
small coefficients calculated,d31 andd33, are in good agree
ment with the experimental ones, both in absolute value
sign. The deviation of our results from experimental on
and that of linearized augmented plane-wave~LAPW!
calculation15 is in a factor of 2, which is about the same
that in calculations of some semiconductors. On the ot
hand, the method we previously adopted on the basis o
calized molecular orbitals cannot include the contribution
Ba, and therefore cannot give the correct prediction for
two small SHG coefficients. Consequently, the present
sults show that our method based on theab initio band-
structure calculation can certainly give a more complete
derstanding of the NLO properties of BBO than the localiz
models.

FIG. 6. Imaginary part of the dielectric function. The contrib
tions from various transitions are obtained with our real-sp
atom-cutting method. The total summation of contributions of
four kinds of transitions are compared withe(v) calculated from
original wave functions.
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~ii ! Because the dimensions of BBO are large (a5b5c
58.38 Å!, the volume of BZ is very small. Furthermore, th
energy band of the crystal is in general narrow. Therefore
small number ofk points is enough for calculating the opt
cal properties of BBO. As a result, the SHG coefficient co
verges well fornk points56.

~iii ! Through an analysis of the contributions of the virtu
hole and virtual electron processes, we find that since th
bands must be considered in the calculation of SHG coe
cients, the case becomes much more complex than tha
linear optical effects. Contributions of various combinatio
are listed in Table VIII. We find that generally the virtua
electron process contributes more to the total response
the virtual hole process. When calculatingd22, we also find
that the ‘‘pure’’ contribution of the B3O6 group ~all three
states are atomic states of the B3O6 group! is three times as
much as that of Ba, and is the largest contribution~0.628
pm/V!. The second largest individual contribution is al
mainly due to the B3O6 group, which orginates from a virtua
hole process, in which two states in the VB are atomic sta
of the Ba and B3O6 group, respectively, and one state in t
CB is a state of the B3O6 group. The interatomic transition
from a B3O6 group state in the VB to a Ba state in the CB
not the dominant source of larged22, because the total con
tribution of all processes including such transitions is 0.2
pm/V, which is only 17% of the totald22.

In the case ofd22, we find that the summation of al
calculated contributions is approximately the same as
value calculated from wave functions without cutting. Th
fact verifies our assumption thatd22 results mostly from the

e
l

TABLE VI. Comparison of the refractive indexes and birefrin
gence of BBO at the static limit derived from the cut-Ba wa
functions and cut-~B3O6!

32 group wave functions with the origina
values.

Total Ba cut ~B3O6!
32 group cut

no 1.6851 1.5280 1.2396
ne 1.5695 1.4114 1.2392
Dn5uno2neu 0.1156 0.1166 0.0004
BBO
as
TABLE VII. Comparison of the calculated and experimental values of nonlinear susceptibilities of
~in pm/V!. The number of specialk points in the irreducible Brillouin zone for integration is represented
nk .

d22 d31 d33

Present calculation
nk51 21.26 0.041 0.020
nk56 21.38 0.056 0.0030
nk510 21.39 0.058 0.0032
Previous calculations
LAPW, Duanet al., Ref. 15 22.98 0.18 0.021
INDO/S-CI, Chenget al., Ref. 13 23.51 0.16
Gaussian’92, Chenet al., Ref. 41 22.03
CNDO, Chenet al., Ref. 1 22.2
Experimental
Chenet al., Ref. 3 61.60(160.05) 7(0.1160.05) '0
Eckardtet al., Ref. 42 62.20(160.05)
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TABLE VIII. Analysis of the SHG coefficients using our real-space atom-cutting method~in pm/V!.

Contributions of the virutal hole process
Valence bands Conduction bands d22 d31 d33

Ba and Ba Ba 20.122 0.0175 0.0027
Ba and B3O6 group Ba 0.028 0.0068 0.0019
B3O6 group and B3O6 group Ba 20.025 0.0003 0.0009
B3O6 group and B3O6 group B3O6 group 20.055 0.0061 0.0051
B3O6 group and Ba B3O6 group 20.177 0.0029 0.0117
Ba and Ba B3O6 group 20.013 0.0018 20.0017
Contributions of virtual electron process
Ba Ba and Ba 20.098 0.0041 0.0104
Ba Ba and B3O6 group 0.067 0.0004 0.0007
Ba B3O6 group and B3O6 group 20.026 20.0015 0.0000
B3O6 group B3O6 group and B3O6 group 20.573 0.0022 20.380
B3O6 group Ba and B3O6 group 20.130 0.0102 0.0368
B3O6 group Ba and Ba 20.107 20.0075 20.0098
Total 21.231 0.0434 0.0213
Original 21.38 0.056 0.0030
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atomic orbitals of electronic subsystems. In all contributio
that of B3O6 group is found to be the dominant origin, an
the contribution of Ba is small but cannot be neglected.
the other hand, in the case ofd33, the summation of all
calculated contributions differs from the value calculat
from the original wave functions. Thus, this coefficie
comes from unlocal NLO effects and cannot be conside
as the simple summation of contributions from local ele
tronic subsystems. In the case ofd31, unlocal effects are no
dominant but cannot be neglected. Among the local effe
in d31, the ‘‘pure’’ contribution of Ba is found to be the
largest.

~iv! Earlier, we used a localized molecular-orbital meth
called the anionic group model to calculate the SHG coe
cients of BBO.7 Later, a Gaussian’92ab initio method was
also applied to such calculations and more convincing res
were achieved.41 All these calculations based on the loca
ized model indicated that the (B3O6)

32 anionic group con-
tributes mainly tod22, while the other two smalldi j coeffi-
cients are primarily produced by the contribution of Ba21

cations. However, the localized feature of the anionic gro
model could restrict the accuracy of the calculations for S
coefficients, since it is difficult to take into account both t
interaction between Ba21 and the (B3O6)

32 group and the
influence of this interaction on the SHG coefficients. O
present first-principles calculations can overcome these
ficulties, and test whether the results obtained by the anio
group model are correct or not. Furthermore, it can giv
more detailed explanation of the interactions between
cation and anionic groups. Since the charge dens
strongly localize around the B3O6 group, it is not surprising
that the anionic group contributes more to the optical
sponse than Ba does. Furthermore, in NLO effects, the r
tively nonlocalp-conjugate orbital of the B3O6 group favors
the generation of the largest SHG coefficient of BBO,d22.
Hsu and Kasowski11 suggested that the Ba at the bottom
the CB may contribute much to SHG effects. However,
find in our calculation that the bottom of the CB is main
composed of O atomic orbitals. Even if Ba atomic orbita
dominate the bottom of CB, the contribution of off-site tra
,

n

d
-

ts

-

lts

p

r
if-
ic
a
e
s

-
a-

f
e

sitions from the B3O6 group in the VB to Ba in the CB doe
not contribute much to NLO effects, since the off-site tra
sition is generally found to contribute much less than
on-site transition does to optical response. As for the ot
two smalldi j coefficients, since the symmetry of the atom
orbitals of the local electronic subsystem of the B3O6 group
determines that it contributes very little to them, the con
bution of nonlocal effects and Ba atomic orbitals becom
important.

IV. CONCLUSION

An ab initio electronic/band-structures calculation h
been carried out, using theCASTEPpackage to investigate th
optical properties of BBO from first principles. A formalism
for a SHG coefficients calculation based on band struct
which explicitly shows the Kleinman symmetry is adopted
calculate the SHG coefficients. Good agreement between
perimental and theoretical results is obtained.

A method for analyzing the respective contributions
subsystems to the total optical response is suggested
used to evaluate the role that the Ba21 cation and the
(B3O6)

32 group play in the linear and nonlinear optic
properties of BBO. The respective contributions of vario
manners of transitions to certain optical properties, includ
dielectric function, refractive indexes, birefringence, a
static SHG coefficients, have been calculated. The calc
tions show that the contribution of the Ba21 cation to the
refractive indexes is comparable to that of the B3O6 group,
whereas its contribution to the birefringence can be
glected. This means that the birefringence of BBO is de
mined by the (B3O6)

32 group, which is in agreement with
the result obtained by the anionic group model. The con
butions of on-site and off-site transitions are explicitly com
pared, and it is found that on-site transitions generally c
tribute much more than off-site transtions. Calculations
the SHG coefficients of BBO indicate thatd22 is also mainly
due to the transition within the orbital of the (B3O6)

32
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group, while nonlocal effects and atomic orbitals of Ba a
more important factors that influence the other two indep
dent coefficients. We believe that further application of t
real-space atom-cutting method may elucidate the origin
the optical effects, both linear and nonlinear, in other bor
series NLO crystals, and help us to find and design new N
crystals more efficiently.
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