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Electronic structure calculations @-BaB,O, 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 Sip¢Phys. Rev. B52, 14 636(1995] and later rearranged by Rashkestval. [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 negligibld.S0163-1829)13839-9

I. INTRODUCTION of the mechanism of both linear and nonlinear optical re-
sponses.

The development of highly efficient nonlinear optical  B-barium borate(BBO), the first borate series crystal
(NLO) crystals is of great importance to extend the fre-widely used in second-harmonic generati@8HG), plays a
guency range provided by normal laser sources into the ulvery important role in the understanding of the NLO effects
traviolet (UV) and infrared (IR) regions. Therefore, the because of its high performance with regard to optical prop-
search for new NLO crystals is still very active, even thougherties, such as large SHG coefficients, a wide transparent and
intensive efforts in this field have been in progress for morephase matchable region, good optical quality, and a high
than 30 years. Obviously, a full understanding of the mechadamage threshold. However, there are still controversies
nism of NLO effects in crystals is helpful to search and de-@bout the origin of its large SHG coefficient; i.e., which
sign new NLO crystals more efficiently. A model known as Plays the more important role in second-harmonic genera-
the “anionic group theory* was proposed by Chen’s group tion, the B&" cation or the (BOg)*~ anionic group?
to study the optical properties of NLO crystals and has AS early as in 1976, Chen s_ugge§’t€am anionic group
proven to be highly successful in searching for and designin odel to explain the relat|qnsh|p between 'ghe microscopic
NLO crystals? In addition to the discovery of the widely tructure of a nonlinear optical crystal and its macroscopic

used-BaB,0, (BBO) (Ref. 3 and LiB,Os (LBO) (Ref. 4, nonlinear optical effects, before BBO was discovetdip-

Chen’s group is now developing another series of borat%Iying such a theory to BBO with the complete neglect of
crystals, the SBBO family,aiming for the vacuum ultravio- ifferential overla(CNDO/S approximation, they obtained

SHG coefficients that agree well with experimental vallies,

let (vuv) gpplication W_ith t,h.e assiss-tance of this model. Un'and indicated thatl,,, the largest SHG coefficient of BBO,
derstanding the applicability of this approximation model is mostly determined by the contribution of the i(&)3

may give a deeper insight into the mechanism of NLO ef-gnionic group, whereas the other two small coefficiedss,
fects and materials engineering. To this ghdanab initio 5044, “are mostly determined by the Bacations. Wu and
electronic/band structure calculation is crucial to describe theshe{ ysed the discrete variationdk (DV-Xa) method to
extended solid, although anionic group calculations achievegcylate the linear optical response based on the anionic
preliminary succesgji) theoretical calculations of SHG co- group theory, and found that although the?Baation con-
efficients based on such band structures are required to diriputes to bothn, andn, of BBO, it has little influence on
rectly determine the NLO properties of crystals, so that thenhe birefringenceAn=|n,—n,|. This calculation suggests
various factors that may affect such quantities can be anahat the anionic groups are responsible for the dominant con-
lyzed later on; andiii) a method that can separate the re-tribution to birefringence in BBO. However, the calculations
spective contribution of each local subsystem of the elecmentioned above are based on localized molecular-orbital
tronic structure is needed for a comprehensive understandingethods and have resulted in much discussion.
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In 1990, French, Ling, Ohuohi, and Chen used thebecause this information is essential to the design of a useful
DV-Xa method to explain the opto-electronic spectrum of SHG crystal. A real-space atom-cutting scheme is invented
BBO and indicated that the valence bafWB) of BBO is  to analyze quantitatively the respective contributions of the
mainly determined by the localized orbital of the,(®)3~  cation and anionic group to various optical properties. One
group® Hsu and Kasowski first calculated the electronic-can then clearly find out the role the cation and the anionic
energy band structures of BBO from first principles using thedroup play in the optical response. _
ab initio pseudofunction methold. From the partial density ~ The methodology for electronic structure calculation,
of states(PDOS analysis they related the band gap to the€valuation of optical properties, and the real-space cutting
transition from the orbital of the (853~ anionic group to ~ &re presentgd anq tested in Sec_. II. In Sec. lll, there is an
that of the B3 cation, so they questioned the validity of the extt_anded discussion and analysis of the mechanism of the
anionic group model. Xet al. reported the electronic struc- ©Ptical response of BBO.
ture and linear optical property calculations of BBO using
the first-principles orthogonalized linear combination of Il. METHODS AND COMPUTATIONAL DETAILS
atomic orbitals OLCAO) method*? They suggested that the
anisotropies in the layered §B85)°~ structure are the origin
of the large nonlinear optical coefficient. Cheeigal 1* used CASTER, a plane-wave pseudopotential total energy
the CNDO/S-Cl(complete neglect of differential overlap package, is used for solving the electronic and band struc-
with spectral parameter suitable for the planar molecular getures as well as linear optical properties of BBO with the
ometry and configuration interactipmethod to calculate the local-density approximation(LDA) (Ref. 18 based on
Bay(B30g), group and supposed that the charge transfeflensity-functional theoryDFT).* Within such a framework,
from anion G~ to cation B&" dominated the origin of its the preconditioned conjugate gradief@G) band-by-band
SHG coefficient. Li, Duan, and co-workers were the first tomethod’ used in CASTEP ensures a robust and efficient
apply energy band theory to systematically study the opticasearch of the energy minimum of the electronic structure
properties of some NLO crystals, including BE®!S They  ground state. The optimized pseudopotefftigf in the
used the linearized augmented plane-wév&PW) method  Kleinman-Bylande? form of Ba, B, and O allows us to use
to calculate the band structure of BBO and the PDOS fol small plane-wave basis set without compromising the ac-
valence bands(VB’s) and conduction band$CB’s) of  curacy required by our current study. Furthermore, t8&[b
BBO.} Their analysis indicated that the VB's of BBO are together with the 8 electrons of Ba are treated as valence
mainly composed of the atomic orbital of the B)°~ electrons in the peusodopotential to ensure that Ba is de-
group, while the bottom of the CB is mostly due to the¢Ba scribed accurately enough without applying a nonlinear core
orbital, especially the § orbital. Based on the band struc- correction?* as will be seen in Sec. lIl. These shallow core
tures calculated, the liné4rand nonlinedr optical proper-  States of Ba lie in the range of valence bands dominated by
ties were obtained. By comparing the calculated linear optithe B;Os group. Treating them explicitly guarantees the
cal absorption spectra of BBO, LiBs, and GB;Os,'* and  proper representation of the interaction that may occur be-
by the spectral and spatial decomposition of the SH@ween the anionic group and the cation. The efficiency of the
coefficients’® they supposed that, although heavy cationspseudopotential optimization scheme here allows us to use
dominate the bottom of the CB, their influence on opticalsuch a B&" ionic pseudopotential at a cutoff energy of less
response is less than that of the B-O anionic groups. Howthan 500 eV. The rather soft and optimized O pseudopoten-
ever, their deduction has the following deficienciésCon-  tial that has been tested in various systéhenables us to
cerning the linear optical response, they presented their comise a kinetic-energy cutoff of 500 eV, which is used through-
clusion to be only one possible explanation of the differencedut the calculations. lIts reliability will be further demon-
between the absorption spectra of BBO and that of LBO ostrated in Sec. Il by the results of the linear optical proper-
CBO. (i) Concerning the NLO response, the methodologyties calculation. The primitive unit cell of BBOaEb=c
they adopted does not show Kleinman symmetry in the statie=8.38 A, a=pB=y=96.7) containing 42 atoms is adopted
limit; and in the SHG calculations three energy states musin the calculation. The electronic structure calculation of
be considered, but they only decomposed one of them.  BBO is performed on thd" point. After the ground-state

Consequently, although these endeavors help us in owharge-density calculation converges, a fikgpoints sam-
understanding of the origin of the optical properties of BBO,pling titled by denserk-point set$’ that reduced to sik
we believe that a more direct picture of its optical responsepoints in the irreducible Brillouin zon@8BZ) with 240 extra
both linear and nonlinear, may be given with the combina-empty bands is used for the band wave-function calculation.
tion of the three essential elements proposed in the beginninguch a choice ok sampling and the number of empty bands
of this section. In addition to overcoming the difficulty of the is based on routine calculations where satisfying conver-
ab initio electronic structure calculation of BBO, which has agence is always achieved. The Read and Néeaztsrection
very large unit cell &=b=c=8.38 A), and the complexity is implemented to ensure accurate optical matrix elements
of calculation for the second-order nonlinear optical responsealculations for our nonlocal pseudopotential based method.
based on electronic structure calculation, we present a way to It is well known that the band gap calculated by the LDA
clarify the vagueness in how to extract the contribution ofis in general smaller than the experimental data. This error is
each individual atom or cluster from the total response.  due to the discontinuity of exchange-correlation energy.

In this paper, we carry out the calculations of refractiveTherefore, a scissors operatof® is usually introduced to
indexes, birefringence, and SHG coefficients of BBO basedhift all the conduction bands in order to agree with the mea-
on ab initio pseudopotential electronic structure calculation,sured value of the band gap. Assuming that ithg matrix

A. Electronic structures and linear optical properties
16,17
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elements are unchanged, the momentum matrix element®nsistently the local-field effects~3" However, their final
should be renormalized regarding the change of the Hamilformulation is quite complex and therefore not easily related
tonian in a way given b to the underlying electronic states. Dal Corso, Mauri, and
Rubic® gave an alternate formalism based on the time-
@nm+ A7 (Sne— Omo) 1 dependent density functional theory, avoiding the problems
@nm ' with the definition of the position operator for a periodic

where the subscrit in the Kroneckers represents conduc- SyStém by going to a Wannier function representation, which

tion band, and the§,.— 5mo) factor restricts the correction Succeeded for some cubic semiconductors. o
to pairs of bands only involving one valence and one It is well known that when the energy of the incident

Pam—Pnm

conduction-band state. photon is far less than the energy gap, the dispersion of SHG
When calculating the linear optical properties, the imagi-coefficients is very small. Thus only the static limit of SHG
nary part of the dielectric function is given by coefficients need be calculated. Furthermore, the local-field

effects are found to be generally only of the order of 10% for
conventional semiconductors in the static liffiso we need
not take them into account. We choose the formula given by
(2)  Rashkeewet al®® since it is easier to relate the calculated
results to the contribution of various states. Another impor-
tant advantage of this formula is that it shows Kleinman
symmetry automatically in the static limit. However, com-
pared with the formula adopted by Duanal,'®it also has a
disadvantage for it needs many mdepoints to achieve
convergence in calculating the SHG coefficients. For ex-
Early in 1963, Butcher and McLe&hpresented the for- ample, in the case of zinc-blende GaAs, 300—EG@ints in
malism to calculate SHG coefficients based on band struggz39 gre needed to obtain convergence within 5%, while
ture. However, due to the difficulty in dealing with the ex- 345 has improved the formula in Ref. 32 to be able to
plicit divergence in the static limit of their formula, the reach convergence within 2% by 28 points in IBZ. He

calculation was not practical, until recently when SOME ) s ; ; :
1-39 : : ound™ that the sum of two diverging terms in Eq2.10
groups greatly improved the evaluation methods. After and(2.1]) of Ref. 32 will reach a nondiverging limit, and he

g?g né‘i a%?;;::f rmgzz,maf;ges%g\éirgigiﬁ elp i?]gpt))(l)(r:t;xs then replaces the symmation with this limitation whep
step to present a general approach to avoid the divergence py2En or E;i—2E; is very s_mall. Therefore, the fo_”'_‘“'a
a new sum rule. Afterwards, Sipe and Ghahrar¥anm- ven by Rashkeev must be_|mproved to be more effluent to
proved the methodology by systematic separation of intermake possible the calculation of the SHG coefficients of
band and intraband motion. Aversa and $fpased the
length-gauge instead of velocity gauge in their formulation Different from the formula in Ref. 32, the formula gf?)
to give expressions lacking the unphysical divergence. Rashn the static limit derived by Rashkeet al** diverges when
keev et al* rearranged the formalism given by Aversa to the bands are nearly degenerate. Although, when this hap-
make the symmetries of(?> more apparent. Very recently, pens one could always choose the wave functiqrand ¢,
Duanet al® presented an evaluation technique to reduce thén such a way that,, or p,, vanishes? the error in the
number ofk points needed for convergence for the formulaenergy level and momentum matrix elements may be aggra-
given by Ghahramargt al vated wherk,, andE, are close but not equal. We solve this
On the other hand, in their calculations of the stati®, problem by slightly rearranging the terms to eliminate those
Levine and Allan developed a method that includes self-denominators that may cause divergence, so that we obtain

e? fomPh ]
mley()]= e S [ Ak ),

nm

wheref,,=f,—f,, andf,, f,, are Fermi factors. The real
part of the dielectric function is obtained by the Kramers-
Kronig transform.

B. SHG coefficients

XP7=xBY(VE) + x“P?(VH) + x*P¥(two bands, (39
where
“BY(VH) = eSEfdakP Im[pZ,,p?, p2 L i 3b
X )—Zﬁzmswyc 173 (aBy)Imp,, P}/ P ] wngsrc Wt ooy |’ (30)
el d%k 1 2
aBy - — @ p? p
X“(VE) 2ﬁ2m3\,§, J47-r3 P(aﬁwlm[p"cp“'pc"’](wgv $C,+w3cwc/v>’ %9
and

e3 d3k Im[ p{epa, (Pl —PL)]
a,By _ i vcicv A% CcC
x“#7(two band$ 723 % f g P(aBy) P : (3d)

vC
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TABLE I. Calculated values of the statjg®® for the zine-blende semiconductor Gafis pm/V) for different cutoff energies of the
conduction bands. All results are obtained using Iints in IBZ.

Cutoff energy 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00
for conduction bandgeV)
X(Z) 118.5 132.6 137.2 144.1 154.3 160.5 162.5 162.9 164.1

Here,«, B, and+y are Cartesian componentsandv’ denote  conductor GaAs. The calculated SHG coefficignbs of
valence bands, and and ¢’ denote conduction bands. GaAs is 164.7 pm/V, which agrees well with the experimen-
P(aBy) denotes full permutation and explicitly shows the tal value 162 pm/V.

Kleinman symmetry of the SHG coefficients. The band en- The factors that may influence the results for SHG coef-
ergy difference and momentum matrix elements are denoteficients include the numbgor maximum energyof empty
ashwj; andpjj, respectively, and they are all implicity ~ bands and the number &f points used in calculation. The
dependent. In the same manner, we find that the frequencyests are presented in Tables | and Il. From Table | we find
dependent formalism derived from the length gaugethat for GaAs the difference for SHG coefficients between
approach* can be reduced to the formalism derived from theEcuto1(CB)=10€V andE,,{(CB)=14eV is only 7%. It
momentum gauge approathThis equivalence has been can be concluded that the energy states in low conduction

pointed out by Sipe and Ghahramahi. bands are much more important for SHG effects than those
in higher bands. Table Il shows the convergence teskfor
C. Real-space atom-cutting methodology points in IBZ. One can find that the number kfpoints

In order to analyze the contribution of the electronic Sub_required for convergence in our calculations is less than that

system, we present here an approach that is different frorﬂf Duan.” In our opinion, the reason is th_a? in his calculation
that of Duaret al,® to show the contributions of cations and of full-frequency-dependent SHG coefficients, extra errors

anionic groups more directly. We divide the real space intd &Y ﬁ_sultgrom the rﬁplacedmer}t of the sum of two diverging
individual zones, each of which contains an ion. When Wequ?n : |§s y an unc ang(ra] value. duced by th doe i

set the band wave function to zero in the zones that belong to h order to investigate the error induced by the cut edge in
a specific ion or a clustemwhich we refer to as “cutting, our real-space atom-cutting wave-function method, we per-

the contribution of the ion or cluster is believed to be cutform a test by cutting a thin shell from the total wave func-

away. Therefore, the contribution of an ion or an ion group igions of GaAs. If the surface effect is prominent in the con-

extracted when we cut other ions from the total wave functribution of the shell to the total response, it will become

tions. For example, if the contribution of ioA to the more and more dominant when the thickness of the shell
nth-drder polarizabil,ities is denoted 38" (A), we can ob- becomes smaller and smaller. However, in Table I, we find
tain it by cutting all ions excep#f from the original wave t_hat when we d_ecrease the thlckne§§ of the shell cut, the
functions, i.e.x(™M(A) = ™ (all ions excep# are cu}. Fur- linear and nonlinear optical quantities extrapolate to a

thermore, various manners of cutting can result in contrlbu-Ch.ang.e. of no more tha_n 5%, Wh'c.h will notin any way affect
scientific conclusions in our studies.

tions of various transitions; e.g., we can find the contribution To further d trate th lidit of i trat
of transitions from a Ga atomic orbital in the valence bands ' © 'Ulther demonstrate the vaiidity of our cutting strategy,

to the As atomic orbital in conduction bands to the optical:'i\;]e C:Jt tr;ie vlva\r/e furr:ictlonﬁ darr]?/ Cﬁlculatetér;e ﬁ:)raisp)ronc_fjﬁg
properties of GaAs by cutling As wave functions from va- esatsogrecargsgﬁteed?i EIJ'abIee I\j1 Iggr'S e(;(L:am 9I]e tar:e fof{tribuEi
lence bands and cutting Ga wave functions from the conducs pre e npie,

tion bands. tion of transitions from the Ga atomic orbital in the VB to

For simplicity, we define the zones to be spheres centereFe Ge:l atomlcf orbtl_tal mvtvhef.CS t'ﬁ ?;:kf:levedt bg/ futtln?tﬁ\s
on the specific ion. A natural way to define the boundary o irom all wave functions. Vve ind that the contribution of the

two nearest ions is to search the points at which the charg'gt.eramm!C transm_on IS fgr smalle_r than the_lntratomlc tran-
sition. This result is consistent with our belief that the mo-

density in the real space reaches a local minimum. Accord-
ing to this strategy, the cutting radius of two nearest ions can TABLE Ill. The surface effect in the real-space atom-cutting

be determined. We will realize our strategy to find the cut-method shown by cutting shells centered at As ions in the zinc-

ting radius of Ba, B, and O in Sec. Ill. blende semiconductor GaAs. The optical properties are calculated
in different cut shell thicknesses. The distance from the center of
D. Test of our evaluation methods the shell to the center of the ion is randomly set to be 1.2 A.
Although BBO is our main objective, we test our meth- . 2
odology by applying it to the well-studied zinc-blende semi-She” thicknes<A) <0 Xi35 (pmiV)
TABLE II. Calculated values of the statig'® for the zinc- 0.2 7.2758 98.3
blende semiconductor GaAm pm/V) with differentk points sam- 0.15 8.0632 110.1
pling. All results are obtained using 15 eV as the cutoff energy for0-1 9.0792 125.1
the conduction bands. 0.05 10.0367 140.9
0.02 11.2663 159.5
k points in IBZ 10 20 0.002 11.2663 159.5

x® 165.8 164.7 No cut 11.6305 165.8
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TABLE IV. Test of real-space atom-cutting methodology by 5 1
applying it to GaAs to calculate the static dielectric constant calcu-

lated cut wave functions. The cutting radii for Ga and As are 1.1 A
and 1.4 A, respectively.

Manners of cutting €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 -3 '%
As cut from VB and Ga cut from CB 1.4895 |

Original 11.5181
~10

mentum matrix elements of on-site transitions are much
larger than that of off-site transitions. It also testifies that the
optical properties can be divided into the contributions of the 15 -
individual subsystems.

IIl. RESULTS AND DISCUSSIONS

_.29 .
A. The band gap of BBO
The calculated band structure of BBO in the primitive
unit cell is plotted along symmetry lines in Fig. 1. We also F T 7
carry out a band-structure calculation by replacing optimized
pseudopotentials with ultrasoft pseudopotentiate Fig. 2 FIG. 2. Band structures of BBO calculated using ultrasoft

One can find that the two band structures are similar. In botfyseudopotentials.
band ?}[qct%rc(—:-)z, B\? (I) IS an t'r?d'r?ﬁt g.az.cry?tgl agd the ql'_rhecéspecially the valence bands. This also indicates the validity
gap atl 1s U.Us eV larger than the indirect band gap. 11€q¢ o\ ojactronic-structure calculation of BBO.

similarity is not surprising; in the DFT scheme, although the

. Li and co-workers have pointed out that the bottom of the
calculated band gap does not correspond to the band gap Bnduction band for BBO is primarily composed of Ba 6
quasiparticle picture, the energy band profiles are correc

tomic orbitals?* Therefore, they related the band gap of
BBO to the transition from the valence orbital of the
(B3Og)®™ group to the Ba 6 orbital. Our results for the
partial density of state€DOS analysis are very similar to
theirs in the valence bands, but different in the conduction
bands. The DOS of BBO and the PDOS of Ba, B, and O
atoms that we obtained are shown in Fig. 3. It is clear in our
results that the valence bands of BBO are mainly composed
of the 2p orbital of B and O atoms in the @)~ group.
The 2s orbital of the O atom is strongly localized at
—20.0eV, while the § semicore states of the Bacation

are also located in a strongly localized band centered at
—10.0eV. These points are in agreement with the results
given by Li(Ref. 14. In contrast to the PDOS given by other

~10 authorst?>**our results show that there is a strongly localized
state at—25 eV, which is projected and shown to be the Ba
5s orbital. Its appearance results from the fact that the Ba

154 pseudopotential generated by us takes the 8al&ctrons as

valence electrons. Furthermore, Fig. 3 clearly shows that the
2s and 2 orbitals of B and O atoms strongly contribute to
the bottom of the conduction bands, but the density of states
30 at the bottom of the CB is small compared to that of the
upper bands. These results have a significant bearing on the
optical response. We will discuss this further in Secs. 1lIB
and Il C.

F r Z B. The linear optical susceptibility of BBO

FIG. 1. Band structures of BBO calculated using optimized Before analyzing the optical response of BBO, we deter-
pseudopotentials. mine the cutting radius of Ba, B, and O. Figure 4 presents the
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Ba

Y T Angstrom
4 4 Total

FIG. 4. Charge density in the §Bg)°~ group plane. The charge
density around the ()%~ group is much larger than that around

Ba.
0 .A} ‘ HW‘ In Fig. 5 the calculated dispersion curves of the refractive
) 1
0] 0 10 20

20 1 indexesn,(ne) and n,(=ny=n,) of the BBO crystal are
plotted together with the available experimental data. Calcu-
E(eV) lated and experimental values of refractive indexes and the
birefringence at various wavelengths are listed in Table V.
All show an excellent agreement between calculation and
experiment.
charge-density distribution in the plane of thedg group. In order to investigate the influence of the ions on the
We see that the distance between B and O in #§@Broup linear optical response of BBO, our real-space atom-cutting
is much smaller than the distance between Ba and ions in th@ethod was used. The imaginary part of the dielectric func-
B3Og group. We also find that the charge density in th©®8  tion using various methods of cutting is presented in Fig. 6,
group is relatively unlocal compared to that of the Ba cationwhere we can see the contributions of various transitions to
It is not surprising since the bonding between B and O idm[e(w)]. For example, the contribution of transitions from
more covalent. Therefore, it is difficult to separate the B andhe B;O4 group in the VB to Ba in the CB is achieved by
O ions and the BOg group should be treated as a whole. Thecutting Ba from VB wave functions and cutting the,®
fact that the charge density around B or O is not very sphergroup from CB wave functions. One can easily see that the
elike bewilders one in how to determine their cutting radiussummation of contributions from all four types of transitions
clearly. However, considering B and O are cut together, weés in good agreement with the values calculated from uncut
can allow the overlapping of the cutting spheres for B and Ovave functions. This fact verifies our assumption that the
to solve this problem. The overlapping makes it possible taontribution from the interstitial region is negligible.
enlarge the cutting radius of B, so that the whole electron In Table VI the contribution of the Ba ion and;8; group
subsystem of the §®; group can be involved in the cutting to the anisotropy of BBO is demonstrated. The column en-
spheres of B and O. titled “total” lists the refractive indexes calculated from the
Since the charge density around Ba is spherelike, we firstriginal wave function, while the column entitled “ion/ion
determine its cutting radius. In accordance with our strategygroup cut” means that those values are calculated from the
presented in Sec. I, we find that the cutting radius of Ba iscut-ion/ion group wave functions.
1.50 A by investigating the charge-density distribution be- On the basis of the above calculations, we conclude the
tween the nearest Ba and O ions. Following to the rule ofollowing:
keeping the cutting spheres of Ba and O in contact and not (i) Calculated refractive indexésee Table Yare in good
overlapped, the cutting radius of O is set to be 1.11 A. Notagreementthe relative error is less than 3%ith the ex-
ing that the charge density in the® group is unlocal, we perimental values. The agreement proves the validity of our
find that the cutting radius of B must be selected as large ageatment of BBO with the pseudopotential based method.
possible to “clear” the effect of the Bg group cleanly. The excellent agreement between the experimental and cal-
Consequently, we choose 0.88 A, the covalent radius of B, taulated birefringence (errer3%) is very helpful to NLO
be its cutting radius. We also found in our calculations thaftcrystal designing.
the small changes of cutting radius does not influence the (ii) Figure 6 shows that the off-site transition is not as
conclusions we are going to make in present work. important as the on-site transition in the optical response.

FIG. 3. Total and partial density of states of BBO.
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Calculated n_

FIG. 5. Calculated and experimental disper-
sion curve of the refractive indexes of BBO.

Refractive Index

1.5

1 M | M 1 M 1 M | M 1 M 1
300 400 500 600 700 800 900
A (nm)

This is not surprising, since the charge density of the B-Ghe crystal. In other words, the planar B)~ anionic

group is far away from that of Ba. Furthermore, unlike thegroup plays a more important role than the spherelike cations
conclusion derived by Liet al,'* we find that the slowly in pirefringence.

varying region near the gap ed@eee Fig. 14 in Ref. Dis
not due to the difference between the magnitudes of inter-
atomic and intra-atomic transition, because in our calculation C. SHG coefficients

the bottom of the conduction band is dominated by@§ ) -
groups. Furthermore, one can easily see in Fig. 6 that it is the USINg the Eq.(38), the SHG coefficients of BBO have

intra-atomic transition within orbitals of the (Bg)3~ group been calculated from band wave fL_mctlon_s. To t_est the_ con-
that accounts for this slowly varying region near the gap’ergence of the number d&f |c_)o_|nt5 in the |rreduc_|ble Bril-
edge. In our opinion, the density of states at the bottom ofouin zone for the SHG coefficients, we present in Table VII
the CB is too small to contribute much to optical responsethree sets of the SHG values calculated from 1, 6, an# 10
One can further find that in on-site transitions the contribufoints in IBZ, respectively. The results from previous calcu-
tion of transitions in the (B0g)°~ group is in general larger lations as well as experimental values are also shown in
than that in Ba, because the charge density around Ba ikable VII for comparison. To calculate the respective contri-
smaller. butions of various processes and transitions to the SHG co-
(iii ) Table VI shows that the contribution of Bato the  efficients of the BBO crystal, the real-space atom-cutting
refractive indexes is about two times smaller than that of thenethod is adopted again. Table VIII shows clearly the con-
B3O group, while its contribution to anisotropy is very tributions of the B&" and (B,Og)®~ group as well as their
small. It can be derived that, although®adoes contribute joint contribution. For example, the contribution of two
to the refractive indexes of BBO, it does not contribute to itsstates of Ba in the valence band and one state;6§@roup
anisotropy. These results are consistent with those made liy the conduction band can be obtained from the virtual hole
the quantum-chemistry localized model. An intuitive expla-contribution by cutting the BDg group from the valence-
nation is that although the spherelike catiorf Baontributes  band wave functions and cutting Ba from the conduction-
to the values of refractive indexes, its high symmetry indi-band wave functions.
cates that it has almost nothing to do with the anisotropy of These calculations lead to the conclusions listed below:

TABLE V. Comparison of the calculated and experimental values of refractive indexes and birefringence
of BBO at a few specific wavelengths.

Experimentdl Theoretical

N (um) Ny Ne An=|n,—ng| Ny Ne An=|n,—ng|

0.404 66 1.692 67 1.567 96 0.12471 1.719 1.595 0.124
0.467 82 1.681 98 1.56024 0.12174 1.710 1.588 0.122
0.508 58 1.67722 1.556 91 0.12031 1.706 1.585 0.121
0.57907 1.67131 1.552 98 0.11833 1.701 1.581 0.120
0.64385 1.667 36 1.55012 0.11724 1.698 1.578 0.120
0.85212 1.659 69 1.54542 0.114 27 1.692 1.575 0.117
1.01400 1.656 08 1.54333 0.11275 1.690 1.573 0.117

8Reference 40.



PRB 60 MECHANISM FOR LINEAR AND NONLINEAR OPTICAL . .. 13 387

TABLE VI. Comparison of the refractive indexes and birefrin-
a4 N e Summation of all contributions gence of BBO at the static limit derived from the cut-Ba wave
Original functions and cutB;0g)° group wave functions with the original
2 values.
0 : N : Total Bacut  (BgOg)® group cut
4 - N, 1.6851 1.5280 1.2396
---------- Bain VB - (B,0,)" in CB Ne 1.5695 1.4114 1.2392
24 ——(B,0,)"in VB -BainCB An=|n,—ny 0.1156 0.1166 0.0004
0 L,
1 1 -
L Bain VB - Ba in OB (i) Because the dimensions of BBO are large=p=c
ainie-samte o =8.38 A), the volume of BZ is very small. Furthermore, the
2- (B:0)"inVB - (B,0,)"inCB energy band of the crystal is in general narrow. Therefore, a
_______ A small number ok points is enough for calculating the opti-
0 . — = T cal properties of BBO. As a result, the SHG coefficient con-
0 20 40 60 verges well fomy ,4ints= 6.

(iii) Through an analysis of the contributions of the virtual
hole and virtual electron processes, we find that since three
atom-cutting method. The total summation of contributions of a”eb'ands must be considered in the calculation of SHG coeff|.-
four kinds of transitions are compared witlw) calculated from C_lents, th_e case becomes _m“Ph more C(_)mplex tha_m t_hat in
original wave functions. linear optical effects. Contributions of various combinations

are listed in Table VIII. We find that generally the virtual

(i) Our planewave pseudopotential approach is suitabl€lectron process contributes more to the total response than
for studying the SHG coefficients of BBO. We can see thathe virtual hole process. When calculatidg,, we also find
besides the good agreement of calculated and experimentdlat the “pure” contribution of the BOs group (all three
values of the largest SHG coefficiedt,, the other two States are atomic states of the(g group is three times as
small coefficients calculatedg; anddsg, are in good agree- much as that of Ba, and is the largest contributior628
ment with the experimental ones, both in absolute value an@M/V). The second largest individual contribution is also
sign. The deviation of our results from experimental onegnainly due to the BOg group, which orginates from a virtual
and that of linearized augmented plane-wa(leAPW) hole process, in which two states in the VB are atomic states
calculatior® is in a factor of 2, which is about the same as of the Ba and BOg group, respectively, and one state in the
that in calculations of some semiconductors. On the otheE€B is a state of the g group. The interatomic transition
hand, the method we previously adopted on the basis of Iofrom a B;Og group state in the VB to a Ba state in the CB is
calized molecular orbitals cannot include the contribution ofnot the dominant source of largg,, because the total con-
Ba, and therefore cannot give the correct prediction for thdribution of all processes including such transitions is 0.234
two small SHG coefficients. Consequently, the present repm/V, which is only 17% of the totadl,,.
sults show that our method based on #ie initio band- In the case ofd,,, we find that the summation of all
structure calculation can certainly give a more complete unealculated contributions is approximately the same as the
derstanding of the NLO properties of BBO than the localizedvalue calculated from wave functions without cutting. This
models. fact verifies our assumption theg, results mostly from the

FIG. 6. Imaginary part of the dielectric function. The contribu-
tions from various transitions are obtained with our real-spac

TABLE VII. Comparison of the calculated and experimental values of nonlinear susceptibilities of BBO
(in pm/V). The number of specid points in the irreducible Brillouin zone for integration is represented as

ng.

d22 d31 d33
Present calculation
n=1 -1.26 0.041 0.020
n,=6 -1.38 0.056 0.0030
n,=10 -1.39 0.058 0.0032
Previous calculations
LAPW, Duanet al, Ref. 15 —2.98 0.18 0.021
INDO/S-CI, Chenget al, Ref. 13 —3.51 0.16
Gaussian’92, Chent al, Ref. 41 —2.03
CNDO, Chernet al, Ref. 1 —2.2
Experimental
Chenet al,, Ref. 3 +1.60(1+0.05) +(0.11+0.05) ~0

Eckardtet al, Ref. 42 +2.20(1+£0.05)
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TABLE VIII. Analysis of the SHG coefficients using our real-space atom-cutting metimogm/V).

Contributions of the virutal hole process

Valence bands Conduction bands d,, ds; (o P

Ba and Ba Ba -0.122 0.0175 0.0027
Ba and BOg group Ba 0.028 0.0068 0.0019
B3O group and BOg group Ba —0.025 0.0003 0.0009
B;0s group and BOg group B,Og group —0.055 0.0061 0.0051
B;Os group and Ba BOg group -0.177 0.0029 0.0117
Ba and Ba BOg group -0.013 0.0018 —0.0017
Contributions of virtual electron process

Ba Ba and Ba —0.098 0.0041 0.0104
Ba Ba and BOg group 0.067 0.0004 0.0007
Ba B;Og group and BOg group —0.026 —0.0015 0.0000
B;0g group B,0g group and BOg group —0.573 0.0022 —0.380
B;Og group Ba and BOg group —0.130 0.0102 0.0368
B;0g group Ba and Ba -0.107 —0.0075 —0.0098
Total —-1.231 0.0434 0.0213
Original -1.38 0.056 0.0030

atomic orbitals of electronic subsystems. In all contributionssitions from the BOg group in the VB to Ba in the CB does
that of B;Og group is found to be the dominant origin, and not contribute much to NLO effects, since the off-site tran-
the contribution of Ba is small but cannot be neglected. Orkjtion is generally found to contribute much less than the
the other hand, in the case df;, the summation of all  on_ste transition does to optical response. As for the other
calculated contributions differs from the value calculatedy, smalld,; coefficients, since the symmetry of the atomic
from the original wave functions. Thus, this coefficient  piia1s of the local electronic subsystem of thgOB group
comes fr.om unlocal NLO effects apd cannot be Cons'deregetermines that it contributes very little to them, the contri-
as the simple summation of contributions from local eIec'bution of nonlocal effects and Ba atomic orbitals becomes
tronic subsystems. In the casedyf;, unlocal effects are not important
dominant but cannot be neglected. Among the local effects '
in d31, the “pure” contribution of Ba is found to be the
largest.

(iv) Earlier, we used a localized molecular-orbital method
called the anionic group model to calculate the SHG coeffi-

; 5 e " An ab initio electronic/band-structures calculation has
clents Of.BBO' Later, a Gau_ssmn 9ab initio met_ho_d Was  peen carried out, using teasTEPpackage to investigate the
also applied to such calculations and more convincing result

8ptical properties of BBO from first principles. A formalism

. 1 . _ .

were achlev.ed._ All these Ca'cu'a“g’i‘s bgsgd on the local for a SHG coefficients calculation based on band structure
ized model indicated that the §Bg)°~ anionic group con-

s maiy o, e e ciner wo smal, costt (1T SUY 10w e Keen e S adteiedte
cients are primarily produced by the contribution of?Ba ' 9

cations. However, the localized feature of the anionic grou;Pe”m‘c‘\rr["’lI and theoret|c_al results is obt_alned. I

model could restrict the accuracy of the calculations for SHG # Method for analyzing the respective contributions of
coefficients, since it is difficult to take into account both the SUPSYstems to the total optical response 1s suggested and
interaction between Ba and the (BOg)3~ group and the used to evaluate the_ role th_at the Bacatlo_n and th_e
influence of this interaction on the SHG coefficients. Our(BsOs)®~ group play in the linear and nonlinear optical
present first-principles calculations can overcome these difProperties of BBO. The respective contributions of various
ficulties, and test whether the results obtained by the anioniganners of transitions to certain optical properties, including
group model are correct or not. Furthermore, it can give alielectric function, refractive indexes, birefringence, and
more detailed explanation of the interactions between thétatic SHG coefficients, have been calculated. The calcula
cation and anionic groups. Since the charge densitieions show that the contribution of the Bacation to the
strongly localize around the B group, it is not surprising refractive indexes is comparable to that of thgOB group,
that the anionic group contributes more to the optical rewhereas its contribution to the birefringence can be ne-
sponse than Ba does. Furthermore, in NLO effects, the relgglected. This means that the birefringence of BBO is deter-
tively nonlocalw-conjugate orbital of the g group favors ~ mined by the (BOg)®~ group, which is in agreement with
the generation of the largest SHG coefficient of BB1D,. the result obtained by the anionic group model. The contri-
Hsu and Kasowskt suggested that the Ba at the bottom of butions of on-site and off-site transitions are explicitly com-
the CB may contribute much to SHG effects. However, wepared, and it is found that on-site transitions generally con-
find in our calculation that the bottom of the CB is mainly tribute much more than off-site transtions. Calculations of
composed of O atomic orbitals. Even if Ba atomic orbitalsthe SHG coefficients of BBO indicate thej, is also mainly
dominate the bottom of CB, the contribution of off-site tran-due to the transition within the orbital of the {Bg)3~

IV. CONCLUSION
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