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This paper reports the calculation of electronic structure and linear optical properties 594 (BBO),
CsB;05 (CBO), and BaBO, (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 betweeriB;0)%~ 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 stdt86163-182@08)02911-7

I. INTRODUCTION consistentab initio electronic structure calculations for
BBO and LBO. They found that the gap edge transition in
Borate crystals, such as lithium triborate i85 (LBO), LBO is between the states within the anionic group; in con-
cesium triborate CsgOs (CBO), and SB-barium borate trast, for BBO, it results from the valence states of the an-

BaB,0, (BBO), are developed as an important series of ul-ONiC group to the conduction cation states. Thus they ques-
traviolet inorganic nonlinear opticNLO) materials for sec- tioned the validity of the cluster approximation of the anion

1
ond harmonic generation by Chen and his colleadu®ac- 9o P to BBO. Cheng and Lt used the INDO/S method

. , - 4 . with configuration interactions to calculate the electronic
cording to Chen’s anionic group theohthe macroscopic  giates of LjBsO,9and Ba(B30g), clusters. They found also

NLO susceptibility of the crystals is the geometric superpo+that the barium cation has significant contribution to the band
sition of the microscopic NLO susceptibility of all anionic edge optical transition and the second order susceptibility in
groups in the crystals, which can be calculated from the l0BBO, in contrast to the lithium of the LBO.
calized wave functions of those anionic groups by a pertur- It is worth noting the difference and similarity between
bation theory. From this theoretical analysis, characteristicéBO, CBO and BBO crystals in the analysis of their optical
of BBO have been elucidated, and further prediction has le@roperties. Both LBO and CBO are orthorhombic, with the
Because of the obvious relation between the optical propSPECtVely; and contain four formula units, i.e., 36 atoms, in
erties and their anionic groups, LBO and BBO have stirre ne unit cell, with the (BO,)> anionic group[shown in

up several theoretical interpretations. The controversy for o: l(a)] as their structure unit. The average B-O bond
P P e . yl lengths around the trigonal and tetrahedral coordinated boron
cuses on what role the cation plays in the optical propertie

- U€3toms are 1.371 and 1.476 A in LBO, respectively, and are
of these borates or, in other words, to what extent the opticaj 367 and 1.473 A in CBO. This tiny difference in their

transition is influenced by the cations as, in particular, theanjonic groups(less than 0.3%implies that the change of
heavy elements such as barium or cesium are involvedheir physical properties as well as the symmetry from LBO
Frenchet al® used the discrete variational multiple scatteringto CBO crystals should be attributed to the difference of their
cluster method to calculate the electronic structure of theations. On the other hand, BBO crystallizes in the trigonal
anionic groups of LBO and BBO. They attributed the funda-crystal system with the space groRgc,'® and contains six
mental band-gap transition in both borates to the transitionformula units(42 atoms$ per unit cell with the (BOg)3~
between the states within the anionic groups, while the catanionic group[shown in Fig. 1b)] as its structure unit. The
ion states are almost neglected. This type of cluster calculazations CS in CBO and B&* in BBO belong to the same
tion is usually questionable as used for LBO where the anisoelectronic group of xenon, i.e., they have qualitatively
ionic groups are closely connected. Xu and Chiragd Xu,  similar electronic structure. It is expected that they exert a
Ching, and Frenchstudied the electronic structures and lin- similar impact on the physical properties of materials con-
ear optical properties of LBO and BBO using the first-taining them. Thus the comparison between CBO and BBO
principles orthogonalized linear combination of atomic orbit-may shine lights on the difference of the effect of anionic
als band method. They conjectured that the anisotropies igroups (BO,)°~ and (B;Og)3~. Unfortunately, in previous
the layered structure of the anionic groups in BBO mightliteratures there was no calculation on the CBO crystal to
account for its large nonlinear optical coefficient, while the provide such information.

nonlinearity of LBO may originate from the difference of the = Besides these difference and similarity among the compo-
two types of its B-O groups. Hsu and Kasowskised the nents of LBO, CBO, and BBO crystals, the geometry stacks
pseudofunction energy band method to perform selfof these components makes BBO distinct from LBO and
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also gives strong hints on the understanding of the mecha-
nism of the NLO transition.
The organization of this paper is straightforward. Section
Il discusses the electronic structure of LBO, CBO, and BBO
crystals, based on our first-principles band calculation using
the linearized augmented plane-wat&PW) method. This
section consists of a comparison of LBO with CBO, a com-
parison of CBO with BBO, and also a comparison of our
results with available experimental data and other band cal-
culations. Section Il treats the linear optical properties of
these borate crystals: The methodology is sketched in this
section while its validity to wide gap materials is discussed
elsewhere already. The linear absorption spectra in the near
(b) '02(4) edge region are discussed in detail, which reveals the mecha-
nism of the optical transition between orbitals of different
FIG. 1. Anionic groups(@ (B;0,)®" in the LBO and CBO iqns. Section IV presents an extended discussion and conclu-
gion.

crystals, which have all atoms nearly in one plane except that th
two oxygen atom$O1 and O2 near B3 deviate up and down from
the plane, and all off-ring O1 and O2 atoms are linked to B atoms

of neighboring anionic groupsgh) (B;0g)~ in the BBO crystal, Il. ELECTRONIC STRUCTURES
which has all atoms nearly in one plane, and is nearly isolated from . . .
other anionic groups. The label for each atom represents the equiva}-] In this paper, th? self-consistent LAF,)W metﬁ.%{f with
lency in the crystal environment. Because there are two inequivat- e von Barth—Hedin exchange-correlation _term IS emp'OYEd
lent (Bs0g)3~ groups in one unit cell of BBO crystal, each atom to carry out the band-structure calculation. The lattice

has two labels. parameters 2 used in the calculation are listed in Table I.
The muffin-tin radii of Li, Cs, Ba, B, and O are set equal to
CBO. Because of the bridging of the tetrahedral coordinate@bout 1.00, 1.60, 1.70, 0.50, and 0.83 A, respectively. About
B, the (B;O,)°> anion groups have linked to each other to 40 LAPW bases per atom are used in solving the semirela-
form an endless network in both LBO and CBO, with cationstivistic Schralinger equation, and 4, 8, and 4 speéigoints
located in the interstices to grant the whole structure neutralin the irreducible Brillouin zone are used for LBO, CBO, and
ization. In contrast, for the lack of such bridging in BBO, the BBO crystals, respectively, in generating the charge density
(B3Og)® ™ anionic groups arrange in a layered planar strucin the self-consistent calculation. The convergence measured
ture with the B&" making links between alternating by the rms difference between input and output charge den-
(B3Og)®~ layers. In other words, the interaction among sity is better than 0.08¢€/(a.u)®. Because of the requirement
(B30;)® groups is stronger than that among;(®)>~ of large memory space in these calculations, a massively
groups. The effect of this interaction among ;(B)°~ parallel processing computer with distributed memory
groups is also most likely neglected in a cluster calculation(DAWN1000 made by Chinese National Research Center of
All these factors should affect the electronic structure ofintelligent Computingwas used to carry out most part of the
LBO, CBO, and BBO crystals in their own way, and conse-calculation. To deal with the large matrix diagonalization on
guently on their optical transition. A first-principles band cal- distributed memory computers, a highly efficient parallel
culation could reveal all these effects in a natural way. Bysolver of the generalized eigenvalue probtéffis adopted.
appropriate analysis, these effects @f anionic groups The calculated band gap is listed in Table I. From our
(B30,)° or (B30g)37, (ii) light cation Li* or heavy cat- calculation, both LBO and CBO are direct gap crystals,
ions Cs" and B&", and (iii) linkage or isolation between while BBO are indirect gap crystal. However, for BBO the
clusters are expected to be recognized and understood. Thdirect gap afl” is only 0.03 eV larger than the indirect band
is the very goal of the present paper. Because of the congap fromI" to Z, which is in fact not larger than the possible
plexity of the borate crystals, the present study is confined terror of present calculation. The trend of the band gap of
the electronic structure and linear optical transition, whichthree borates is in good agreement with the measured trend

TABLE |. Lattice constants, the angler] between any two crystal axes, and the energy gaps of LBO,
CBO, and BBO crystals.

a b c o Ey (eV)
A) A) A) Expt. Present Ref. 8 Ref. 9
LBO 8.46 5.13 7.38 90° 7.78 I': 6.95 I':7.37 6.9
CBO 6.213 8.521 9.170 90° 7528 I': 5.86
BBO 8.380 96.65° 6.43 I'-2z: 4.85 I'-X:5.52 4.9
I': 4.88 I':5.6

%Reference 6.
bReference 3.
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< 2 gling bonds arising from the off-ring O1 and O2, which is
r x s r z rx s r z 2.54 eV higher than the nearest lower B-O bond orbitals. In

the calculation of a larger LBgO;( (Ref. 10 cluster, also
cut from the LBO, where some off-ring Ofor O2 have

though their absolute values are all lower than the experipeen linked with B atoms, the energy differences from

) . HOMO to the nearest lower B-O bond is 0.84 eV. So from
mental data as expected in the framework of the local density ~. g
T e isolated anionic group, through the larger cluster, to the
approximation(LDA).

crystal, the linkage between the anionic groups by the tetra-
_ _ hedral B atoms makes the dangling HOMO bonds evolve
A. Comparison of LBO with CBO into the top of VB through interaction with the molecular

The band structures of LBO and CBO crystals are plotted'bitals at O3(or O4). According to the energy difference
along symmetry lines in Figs.(® and 2b), respectively, in between the_H_OMO_dangllng bonds _and the nearest _IOV\_/er
the energy scale for the convenience of the views. The erB-O bonds, it is estimated that the linkage of the anionic
ergy reference is set to the top of the valence bands. Algroups lowers the energy of the HOMO dangling bond, and
though LBO and CBO have different symmetry, their va-€nlarges the energy gap of the anionic group by about 2.2 eV
lence band€VB's) are very flat and qualitatively similar to (the difference between the previous cluster result, 2.54 eV,
each other. The obvious difference occurs at the bottom ofnd the present band result, 0.34)eVhis effect relates only
their conduction bandCB) that a band of large dispersion 0 the linkage of the anionic groups, but is independent of the
spanning about 1 eV appears in CBO crystal. Figure 3 is th&/P€ of cations. From this analysis, it is also doubtful to
total density of stateéDOS) for LBO and CBO, which are Simply eliminate the HOMO dangling states for the estima-
calculated at 36 speciﬁl points. The similarity in their VB gglr(]:u?a]:tigr]liﬁ band gap as done in some anionic group
Ele:%f)g(lbs)]c;a:sog\ly :dlggilobtﬁgdo?rf\ ecr\?viiwggrrg ?éee%?;gf o [tisinteresting that for both LBO and CBO crystals the
derived orbital§Figs. 5a) vs 5b), and 5c) vs §d)]. Figures tetrahedral B3 gives no contribution in the neighborhood of
6(a) and Gb) are the partial DOS projected on the trigonal

FIG. 2. Band structures &) LBO and(b) CBO crystals.

B1 of LBO and CBO, respectively, and Figscband &d) 9 @ 2 ! ©
on tetrahedral B3. These figures show that, in the very top of= ;| € sl
the VB (from O to —1 eV, there is no obviously hybridiza- 3 3
tion between B and O atoms. The VB top is the mixture of§ Wl ? 1
the p states of O2 and O3. The highest occupielike states g 7
of boron atoms is about —0.34 eV in Figgapand Gc), and 8 os| éos L
much lower in Figs. @) and Gd). ? é

In the calculation of the isolated ¢B;)®~ group?® the 0 ﬂ;;/‘js 0 e e
highest occupied molecular orbigdOMO) is a kind of dan- E(V) E (V)

2 2
- = g © g (d
(a) b) § 15 F g 15|
g =l g=r i 2
g 15 g 15 | g g
im_ Ew- 2 g5 go.s—
8 2 g )m M I g
§ sr § ST 0-25 -2‘0 -1‘5 -1‘0 -‘5 a flw 10 15 0-25 -20 -1‘5 -1‘0 -‘5 4] ;‘/\':;\”‘15
W W E (6V) E (eV)
1] L . . - L ’ [} . .
s 'mE:V) o s s '105;:\,) o s 0w FIG. 5. Partial DOS projected on the oxygen atoms of LBO and

CBO crystals. Those on 02, O3, and O4 atoms are similar to that on
FIG. 3. Total DOS of(a) LBO and(b) CBO crystals. O1.
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ence among the binding energies of dore electrons be-
() tween the trigonal and tetrahedral coordinated boron atoms is
A less than 0.5 eV and between off-ring ©@Q2) and in-ring
%7 e 03 (04 atoms less than 0.4 eV in both LBO and CRBs&e
Table lI). It is much smaller than that of the BBQ.88 e\j.
This indicates that although those bor@xyger atoms are
A M‘M I P“ distinct from each other in the isolated 4B;)°~ groups,
ot M } W o M. MA L st they become nearly equivalent in the crystalline environment
TR " R 5" for the bridging of the tetrahedral coordinated B. Only the
o1 in-ring O5, which makes a neighbor with only trigonal B
L atoms, is different from the off-ring O102). This in-ring
us 05 is different from the in-ring O304) atoms as seen also
aos | from their core levelgTable I). However, the (BO;)®~
anionic groups in LBO and CBO form different frameworks
I to embrace the different cations. The difference in the cation
! M ace | \'« Jy radii (Li © and Cs" are 0.60 and 1.69 A’ respectively
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makes the unit cell of CBO 50% larger than LBO. Though
5 = 5 0 5 0 5 10 1 = =505 0 s o s the structure of their anionic groups remains unchanged, the
R0 ah expansion of the unit cell has the crystalline environments
FIG. 6. Partial DOS projected on the boron atoms of LBO andchanged, and results in different binding energy shifts be-
CBO crystals. That on B2 is similar to that on B1. tween the trigonal B and tetrahedral B, and between the off-
ring and in-ring oxygen atoms.

the CB bottom, which implies that the states in the low-lying
CB'’s are only in the plane of the B-O rings. The trigonal B1, . _
however, enters CB right starting from its bottom. In contrast B. Comparison of CBO with BBO
to LBO, it does not enter the bottom of CB in CHEee the According to the isolated cluster calculation, the gap of
inset of Fig. 6b)]. The cause is in fact that the Cs 6tate  (B30g)®~ from HOMO to LUMO is 6.2 e\f which is larger
lies below the lowest unoccupied molecular orbitalMO)  than that of (BO;)®~, 5.03 eV. However, according to the
of the anionic group in the crystalline state. This can be seeabove analysis, the linkage of {8,)°~ in crystalline states
more clearly in, and has profound effect on, the linear abwill enlarge the gap by 2.2 eV. From this point of view, the
sorption spectra discussed below. While lithium has littlegap of CBO crystal consisting of linked §B;)°>~ groups
contribution to the CB[Fig. 4(a)], cesium exerts obvious should be about 1.0 eV larger than that of BBO consisting of
affection on the CB statdsee Fig. 40)]. The three peaks in rather isolated (BOg)>~ groups. It is indeed comparable to
the CB DOS curvefFig. 4(b)] are mainly the Cs$§ 5d, and  the measured gap difference of 0.85 ERable ).
4f states, respectively. Thus as the atomic number of the Table Il also shows that for CBO the difference sfcore
cation increases, the structure of CB states has been fundievels between the in-ring O4) and off-ring O is small,
mentally changed. but in BBO the off-ring O2(or O4) levels deviate from the
The effect of the linkage between the anionic groups alsan-ring O1 (or O3) by as large as 2.88 eV. Such a large
manifests itself in the change of the core levels. The differchemical shift implies two distinguished oxygen environ-

TABLE IlI. Binding energies and level shift ofslcore electrons of boron and oxygen atoms in LBO,
CBO, and BBO crystaléunit: 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 02 —493.46
02 —496.86 02 —494.32 04 —493.60

In-ring O Aver. —497.05 Aver. —494.69 Aver. -496.41
03 —496.98 03 —494.84 o1 —496.22
04 -497.12 04 —494.54 03 —496.60

Off O—In O 0.25 0.42 2.882.4%

In-ring O 05 -497.41 05 —495.30

(01, 2, 3, 4-05 0.48 0.81

dExperimental value evaluated from Fig. 6 in Ref. 6.
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sl ggxuxf‘ The 5 semicore states of Ba forms a local band centering
3 }_WVg«%% at about —9 eV in the VB regiofFigs. 8 and 1D This is
w” 4 RN AN well known in the experiments as discussed below.
= = O The CB structures of CBO and BBO are qualitatively
5L N?{A similar to each other, but distinct from LBO crystal, so that
] an obvious 6 cation band appears at the bottom about 1 eV
s ;Qéé\/\: below other dense banigs. 2b) and 7. The total DOS of
=== BBO, which are calculated at 35 speclalpoints, has also
Tr three peaks in the CB regioffrig. 8), which mainly origi-
nates from Ba §, 5d, and 4 (Fig. 10, in the energy order,
8 respectively. The B-O bonds start from above 5.7 eV, about
XT Z AT D A 1 eV above the CB bottorfFigs. 9 and 11

FIG. 7. Band structure of BBO crystal.
C. Comparison with literatures

ments indicating that the ()3~ groups keep the isolating __From Table II, the averageslbinding energy at Olor
features in BBO. The VB of BBO has a clear feature of theﬁgt Izr;t %Bz?orcgi)tallt(:izag(?neq;;gt?lzot%t tf\.:?ni\;szor?dpggfefgrto
local molecular orbital§Figs. 7, 8, and @ The VB top also o ; ) -
originates from the dangling bonds as of the isolatea":‘nc;?[i 2r'14 ?:ﬁ e;nmated Izog' F\I/?dGVIP tRef. I?.hzlhircﬂcyr:ated
(B3Og)3~ group. The antibondingr bands, locating around position of the Ba § peak(—9 eV) deviates slightly fro €
5 eV arising from the in-rina oxvaens. The bonds of measured valu¢-12 eV (Ref. 6] for the default of LDA
;\ ring,an(; Iof? ring oxygelnslfgrmxggwidé band in the plot that core-hole correlation has not been considered. Besides,
X ) i the measured Bagssemicore peak is a doublet with splittin
from —3 eV to —6 eV. Below —6 eV in Fig. 7 are the bands abs b Ping

aa about 2.5 eV, unlike the singlet of present regEigs. 8 and
of the o bonds of the in-ring oxygens. So clearly a local 10 which, as suggested in Ref. 8, could be attributed to the
orbital feature is not seen in the band structure of CBO forneglect of the spin-orbit splitting in the calculation.

the strong mixtures of the molecular orbitals.
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FIG. 11. Partial DOS projected on the boron atom of BBO crys-

tal. B1 and B2 atoms have similar profiles. . -
where Q) is the cell volume,» the photon energye the

According to the calculation of Xu, Ching, and Frerich polarization direction of the photon, arﬁjthe electron mo-

for LBO the direct band gap is 7.37 eV Bt for BBO, the mentum operator. The integral overatkespace has been
indirect band gap is 5.52 eV fromi to X, with the direct replacgd by a sgmmation over spedapoints with corre-
band gap 5.61 eV df. It is slightly different from our re- sponding weighting factor#/i. The momentum matrix ele-

sults. The bottom of CB in our calculation is At not atXx. ~ Ments are evaluated at the same spdcipbints as used in
Hsu and KasowsRireported that the band gaps of LBO and the calculation of the DOS. The second summation m_cludes
BBO are 6.9 eV and 4.9 eV, respectively, closer to our rethe VB states¢) and CB statesd), and the subscrig is
sults. However, they did not give the gap position in thethe corresponding band energy. In Ed), it has been as-
Brillouin zone. The general profiles of the total DOS of LBO Sumed that in these wide gap crystals the VB is fully occu-
and BBO have no obvious difference between Xu, ChingPied while the CB is empty. _ _ _
and French and ours. In the three different band calculations, The imaginary part of the complex dielectric function
Xu, Ching, and French, Hsu and KasowsKl, and the €2() is evaluated from the optical conductivity(w) ac-
present, the VB top of the LBO and BBO originates from thecording to e;(w) =2mo(w)/w. Then the real part of the
states of anionic groups. They also agree that for the cglielectric functione;(w) is obtained by the Kramers-Kronig
bottom of LBO the cation gives little contribution, while for relation. Thus the static dielectric constant in the long-
BBO the cation has a dominant contribution. wavelength limitation is given by,=¢,(0). From the com-
plex dielectric function, the linear refractive index reads

\/szl(a))-i-szz(w)-i-sl(w))1/2
5 ,

Ill. LINEAR OPTICAL PROPERTIES

n(w)Z(

Calculation of the linear optical properties using LAPW
method has been discussed in detail in our recent Work.
Within the one-electron picture, the interband optical con-and the linear absorption coefficient is relatedstoby o
ductivity tensor readgatomic unit$ =¢g,w/(nc), wherec is the velocity of light in the vacuum.

In Figs. 12a), 13(@), and 14a), the calculated refractive

2%
’ —a —a 8 »
g [ | PO y I -
v AV
Q y L c [V '/ 2+ FAYY —_e 2
S s ﬁ“/ N g e /% / g ae Q
% 0 h a(exp.) 5 15 i o s ] a
k] v ~ | \ % 6 7 5 el -ofexp.) | @
2 v b % ; | x 16 / = 15[
£ ) (exp.) 3 f A 3 Oa S\, velexp) | 2
2 12 q S 0} F . 2 w\/u \ £
8 .- c(exp.) 2 i VS @ [FAnERRSN S
£ \,\ s ‘ ks \\ £ 12 Voo S 10}
] v " y falt
“f @ I | :
N /(b) 5 g .l AN sl
ol o N (a) \
5 10 15 20 25 30 0 5 10 15 20 25 30 35 40 45 ol Vi
04 . . . . . .

Photon frequency » (eV) Photan frequency w (eV) o 5 10 15 20 2 30 O s 1015 20 25 3 o 40 48

i . i . . Photon frequency « (eV) Photon frequency @ (eV)
FIG. 12. Refractive index and linear absorption coefficientsf

LBO crystal. The labels, b, andc represent the polarization di- FIG. 14. Refractive index and linear absorption coefficientsf
rections of the photon along the crystal axgsh, andc, respec- BBO crystal. The labeb represents polarization perpendicular to
tively. the threefold rotation axis; anelalong it.
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TABLE lIl. Static dielectric constantse(;) and birefringent in- Present result of linear absorption spectra of LE@y.
dexesAn of LBO, CBO, and BBO crystals. 12(b)] compares well with Xu and Chin@Fig. 3 in Ref. 7,
though the shoulder at about 10 eV is more prominent there.
gp along axes An However, the absorption spectra given by Xu, Ching, and
aoro bore c Frenc for BBO differs from the present resiFig. 14b)]

and experimenfcurve shown in Fig. 10 of Ref.)&t the near

LBO Present 2.66 2.71 2.82 0.048 ap edge region. Their spectra failed to reveal the slowl
EXpt. 2.45 2.53 2.58 0.041 ?nc?eas%g al?sorbtion regigml g
Ref. 8 2.57 2.72 2.81 '
BBO Present 2.98 2.68 0.089
Expt. 2.74 2.38 0.113 IV. DISCUSSION AND CONCLUSION
Ref. 8 2.82 2.70 From previous discussions on the electronic structure, it is
CBO Present 2.60 2.68 2:55 0.040 conclude% that LBO and CBO crystals have qualitati\’/ely
Expt. 2.31 2.40 2.49 0.058

similar VB structures resulting from the same anionic group,
while on account of the similarity of cations CBO and BBO

indexes of LBO, CBO, and BBO crystals with different po- crystals have qualitatively similar CB structures. Cations
larization directions are plotted together with available ex-Nave important impacts on the CB bottom as the atomic
perimental data. It shows that the slight optical anisotropie§umber of cations increases, as exhibited by the fact that the
are reproduced in the calculation. The anisotropic orders opand gap of CBO is lowered by the cation compared to LBO.
LBO and BBO are in good agreement with the measuremen@he HOMO dangling bonds of both the {8,)°~ and

but that of CBO deviates from the measured one. The statitBsOs) >~ groups have evolved into the top of VB in these
dielectric constants are listed in Table Ill. The measured datRorate crystals, but the linkage of the®)°>~ group low-

are estimated from the refractive indexes at the measure@fs the energy of the dangling bonds and enlarges the band
longest wave length in the transparent regidh?' The rela-  gap by about 2.2 eV. This is the main cause of the gap of
tive errors of the calculated values are less than 15% withBO and CBO crystals being larger than BBO’s.

respect to the measured ones. The birefringent index is also In LBO, when the photon energy is larger than the band
listed in Table Ill. The calculations of LBO and BBO are in 9ap, the absorption coefficient increases abruptly. The in-
very good agreement with the measured data and that of th@'Ved initial states are mainly O derived states and the final

previous calculatidhas shown in Table IlI, but CBO devi- States contain mainly the B-O bonds arising from trigonal
ates in that it is larger in its magnitude from the experimentbOI’Oﬂ atoms. Because there exist intra-atomic transitions, the

and in the wrong trend with respect to LBO. absorption coefficient rises rapidly from the onset of the
The calculated linear absorption spectra are plotted igPectra. Though the heavy cations dominate the bottom of
Figs. 12b), 13(b), and 14b) for LBO, CBO, and BBO crys- CB in CBO and BBO, they dramatically exert less affections
tals, respectively. Three dominant features arise from thesen the optical transition than the anionic groups do. Thus, in
figures as follows(i) LBO and CBO have similar general CBO and BBO, the onset of spectra is a slowly increasing
profiles in their frequency dependence. Both LBO and CBGCStep, about 1 eV in width, where the valence electrons transit
begin with a narrow shoulder at about 10 eV, then follows affom the O derived initial states to the cation-derived final
set of strong peaks after about 12 eV. However, in BBO thestates. Because it is an interatomic transition, the absorption
shoulder extends over a wide range from about 8 to 15 e\coefficients are not large. Only when photon energies are
This might be due to its peculiar valence-band struct(ire. more than 1 eV above the band gap, and the final states
The onset of the absorption of LBfinset of Fig. 12b)]isa  contain the contribution of the B-O bonds, the absorption
sharp increase and coincides almost exactly with regigm ~ becomes strong. Indeed, rather complicate structure has been
the CBO absorption spectrum at about 1 eV above the gagbserved in the absorption spectra of the BB®owever,
edge[inset of Fig. 18b)]. This indicates that LBO and CBO the experimentalists did not interpret it as induced by struc-
have the same mechanism of the optical transition at thedéires in conduction bands. The large difference between the
energy positions(iii) The absorption spectra of CBO and intra- and inter-atomic transition in the magnitude should
BBO crystals have another regioh in the neighborhood @lso be meaningful to the understanding to the second order
near their gap edges, which is a slowly increasing regionNLO susceptibility, however, where the integrated effects of
This causes the band gap of CBO to be lower than that othe whole CB’s as the intermediate states are to be consid-
LBO, although the overall absorption characteristics of theered.
two crystals are the same. Considering the difference of the
CB states and similarity of the VB top states between LBO
and CBO and inspecting the transition processes in the low-
energy regions, it is found that regignis due to the inter- The authors thank Dr. Xuebin Chi for the parallelizing
atomic transition from the anionic group to the cation. Ineigen-solver and Professor Chuangtian Chen for fruitful dis-
contrast, regiorB is the intraatomic transition within the cussion. This work was supported by the National Science
anionic group. Furthermore, the large difference in the magFoundation of Chin&aGrant No. 19474063 Support in com-
nitude between regiond and B infers that the dominant puting facilities from the National Research Center of Intel-
contribution to the optical transition in these borate crystaldigent Computing, Chinese Academy of Sciences, and from
is between the states within the anionic groups, i.e., intrathe Computer Network Information Center is gratefully ac-
atomic transitions. knowledged.
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