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Abstract.

With the development of the state-of-the-art band calculation scheme and massively parallel pro-

cessing in the high performance computing, we are now able to calculate all important physical properties,
including (i) the nonlinear susceptibility; (ii) the multiphoton absor ption rate; (iii) the birefringence; and (iv)
the energy gap, from the first principles for complex practical nonlinear optical crystals, such asthe borate
crystal series, with an accuracy acceptable for materials development/design, and answer the questions often

raised by the material scientists.
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1. Introduction

The devdopment of nonlinear opticd (NLO) materids
has ganed much impetus from their wide application
ever dnce the first observation of opticd second har-
monic generaion (SHG). Among the most widdy used
SHG crydds, borates have great potentid for the highest
qudity, and in fact, bbaium medborae or BBO
(BaB,O,4) and lithium triborate or LBO (LiB3Os) were
firde developed in 1980's in China cesum triborate or
CBO (CsB30s) deveoped by a Chinese-Jgpanee co-
llaboration in 1993, and cesumHithium borate or CLBO
(C4LiBgOy0) developed independently by Jgpan and
Gaman groups later. They have become an important
series in the last 20 years because of ther high damege
thresholds and large NLO coefficients. Very recently (see
Chen et al 1999), even more borate crystds have been
developed mogtly for the use in the ultra violet range, eg.
thee ae SBBO (3'28628207), BABO (BaA|28207),
KABO (K,Al,B,07) and BPO (BPO,) crystas. The four
most important application redlaed criteria of nonlinear
opticd crydsds, i.e the hamonic generation efficiency,
power damage threshold, acceptance angle and trangoa
rency window, are known to be determined, respectively,
by (i) the nonlinear susceptibility; (ii) the multiphoton
absorption rate; (i) the birefringence and  (iv) the
energy gap of the crystas.

In earlier papers, the dectronic sructure and the linear
optical properties of borate crystas were cadculaed by
various cduger and band theoreticd methods. Yet due to
the complexity, ab initio band cdculaion and due inter-
pretation of the NLO properties of borate crystals, or of
other dmilar complex cydads have not yet  been
achieved until recently. With the development of the
state-of-the-at band cdculdion stheme and massvely
padld processng in the high peformance computing,
we ae now able to cdculate al these physica properties
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for complex practicd nonlinear opticd cydas, which
contain usudly 30-100 atoms per unit cdl and bears low
symmetry, from the first principles with an accuracy accep-
table for maeids devdopment/design. With above
important series of borate crystds as examples, it was
shown how the computationa approach, which was ca-
ried out a present by LAPW and CASTEP scheme in the
framework of densty functionad theory, answers the
questions which were long in demend by, and proved a
chdlenge to, the experimentdists. This present commu-
nicetion gives a brief review of the investigaion carried
out in thisdirection in the last few years.

2. Energy bands

The cdculated band gep is liged in table 1. Both LAPW
and CASTEP methods give a trend of the band gegp of
these borates in good agreement with the meesured ones
though their absolute vaues are dl lower than the expe
rimenta daa as expected in the framework of the loca
density gpproximation (LDA), except tha caculated data
foo KABO given by CASTEP bear rather unexpected
devidgion larger than 3eV. Namdy, the band gap given
by LAPW is aout 1-1%6eV less and tha given by
CASTEP is usudly 24-30eV less than the measured
one. This prominent deviation in the CASTEP cdculaion
suggests that for such very open structures, the use of the
usualy quite successful pseudo-potentias needs  further
improvements.

Cdculations reved dso that dl these borate crydds
have quditativdy smilar vdence band (VB) dructure
resulting from the O orbitds of the B-O, AI-O, and P-O
anionic group. B and Al aoms form 3 or 4 coordinae
anion groups, viz. (BOs)™ and (AIOs)>, or (BO,)™ ad
(AlO,)™°, but P atom forms only 4 coordinate anion group
(PO,)~3. Srong bonding in these anion groups gives rise
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Table 1. Energy gap (eV) of borate crystals listed in increasing order. For LAPW results see
Li et al (1998), for CASTEP results see Lin et al (2000, 2001), and for experimental results
see references cited therein.
Crysta Formula Atoms/cell Experiment LAPW CASTEP
BABO BaAl,B,0O, 36 6X9 3%6
BBO BaB,0, 12 6243 G-Z: 485

G 4488
KABO K>Al,B,0O7 39 687 324
CLBO CsLiBgO1o 72 687 482
CBO CsB30s 36 726-728 G 586 446
LBO LiB3Os 36 78-7-98 G 6%5 483
BPO BPO, 12 884 588

to a wide separation between occupied O 2p orbitds and
the empty B, Al and P dominant orbitals Obvioudy, a
good (wide gap) meterid could be achieved if a crysd
contains only these anion groups by sharing O ions to
satisfy the neutrality, or the cations, which are used to
neutrdize these anion groups and form dable crystas, do
not contribute orbitas within this wide gap. In BPO
cydd, the former case happens, and it has the widest
gap in this borate series.

In other crydds there are metdlic cations (Li, K, S,
Cs, and Ba) which enter into the structure, but they have
less drong interaction with O atoms. Ingtead, they are
dispersed either between partidly connected coplanar
(BsOg)™ anion groups in BBO crystd, or between a fully
connected skeleton congging of aove B-O, Al-O, and
P-O anion groups in other crystas. Appearance of these
cdion orbitds in the conduction bands (CB) bears
prominent difference. Orbitd of the lightet cation (Li)
does not gppear a the CB bottom a dl, but the heavier
caions (K, S, Cs, Ba) do have ther orbitads shown
prominently & the CB bottom below the B, Al, and P
dominant empty orbitds, as shown in the densty of
dates plot in Lin et al (2001). So, LBO, containing only
the lightes Li cation, dso has a ggp wider than other
aysads in this series which contain heavier cations
Appearance of orbitals of heavier cations a the CB bot-
tom decresses the band ggp. As the aomic number of
cdions increases, ther effect becomes even sronger, and
cydds containing Ba aoms (BABO and BBO) have the
narrowest gap.

Appearance of these heavy cation orbitds a the CB
bottom (or LUMO range according to the cluger cdcula
tion) was wel recognized in previous band and duder
cdculations. However, it was a debaing subject tha to
what extent the optical properties are influenced by this
appearance (seelLi et al 1998b).

3. Linear optical properties

Cdculation of the linear opticad propertties was caried
out within the one-dectron picture. The interband optica
conductivity tensor reads (atomic units)

_ 2p o ., -~ . _ 12
st = Q |&.k|&xplo kil d(E g - Eg-w),
¢,k

@

whee W is the cdl volume w the photon energy, € the
polarization direction of the photon and p the dectron
momentum operator. The integra over the firgt Brillouin
zone has been replaced by a summation over k points.
The summation includes the VB daes (v), and CB dates
(), and the subscripted, E, the corresponding band
enagy. The imaginay pat of the complex didectric
function, e(w), is evduaed from the opticd conducti-
vity, s(w), according to (W =2ps(W/w Then the red
pat of the didectric function, g(w), is obtaned by the
KramesKronig relation. Thus the detic didectric con-
gdant in the long wavdength limitation is given by
e=¢g(0). From the complex didectric function, the Ii-
neer refractive index reeds as

L1/2
&l () +EW) +a w2
g 2 r
7]

Snce the LDA gives band ggp smdler than the experi-
ment, the CB energy has been corrected by consdering
the odf-interaction, and following two papers by Levine
and Allan (1991ab), a scissors operator is added to acco-
unt for this correction approximately and, a the same
time, the momentum matrix dements is corrected by a
renormalization procedure.

In LBO crystd which contains only light caion, when
the photon energy is larger than the band gap, the absor-
ption involves manly the O deived daes as the initid
dates, and the B-O bond derived dtates as the find dates.
Because there exigt intra—atomic trangtions, the absorp-
tion coefficient rises rapidly from the onsst of the spec-
tra For crystds containing heavier cations, though these
caion orbitds dominae the CB bottom, they exert less
afections on the opticad trandtion than the anionic
groups do (Li et al 1998b), and as in CBO and BBO, the
onset of spectra is only a dowly increasing step, about
leV in width, where the vaence dectrons trandt from

n(w) =

@
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the O derived initid dates to the cation derived find
dates. Because this trandtion is an inter—atomic one, the
absorption  coefficients are not large. Only when photon
enagies ae more than 1€V above the band gap, and the
fina dates contain the contribution of the B-O bonds,
the absorption becomes strong.

The datic didectric constants are liged in table 2. The
expeimentd data ae edimaed from the refractive inde-
xes a the longest measuring wavelength in the trangpa
rent region. The reative erors of the cdculated vaues
ae less than 15% with regpect to the measured ones. The
birefringence index, as defined by the difference of the
diffraction indexes dong its maximum and minimum
opticd axis is ds0 liged in table 2, showing a very good
agreement with the measured data.

4. Second order susceptibility

Microscopica expression of the NLO susceptibility was
given in the dasscd trestise by Bloembergen and
coworkers and was wdl documented, though the NLO
propetties of practicd crysads which exhibit usudly
rather complex dructures have not been a the reach of
the firg principles ducidation before, and band approa
ches did not gan essentid successes in the study of the
NLO properties until recently through the efforts of a few
groups. Long dfter the pioneering work by Aspnes
(1972), Ghahrameni et al (1990, 1991) first reported the
derivation of the sum rules which gave gened formdiam
of the SHG coefficients free from divergence a the zero
frequency limit for insulators, and devdoped later an
daborate theory in Sipe and Ghahramani (1993) and

Table 2. Static dielectric constants (@) and birefringence
indexes, Dn, of borate crystals. LAPW data are given in Li et al
(1998h), CASTEP data are given in Lin et al (1999, 2000,
2001), and experimental data are from references cited therein.

Aversa and Sipe (1995) to deive the andytic expressons
for the nonlinear response functions that ae automati-
cdly free of the unphysicdly divergent term a zero fre-
quency. Beddes, the recent work of Dad Corso et al
(1996) gave an dtanae formdism bessd on the time
dependent densty functiona theory. Previous firgt-prin-
ciples dudies of the SHG have been made only in materi-
as with dructures as complicated as SC polytypes (Chen
et al 1994; Rashkeev et al 1998), where the second order
response was found to be dependent on structurd changes
due to polytypism. However, none of these studies were
mede on practicd SHG crysds, where an interpretation
of the underlying physicad mechanism is long and urge
ntly in demand.

Recently, cdculation of the SHG coefficients of prac-
ticd NLO crystds was made from the firg principles and
details of the cdculdion was given by Duan et al
(1999ab) usng LAPW band method and Lin et al (2000)
using CASTEP oftware package. Agan, in these cacu-
lations, the scissor gpproximaion (Levine et al 1991ab)
was ads0 used to hring aout a correction to the conduc-
tion band energy and the momentum matrix eements.
Table 3 ligs the results for zero frequency SHG coeffi-
cents. All vaues liged, incuding the experimenta ones,
are brought to the same cryddlographic axis system with
proper exchange of subscripts and sgn of vaues when
citaion is made from the literature. Their sgns and the
order of their absolute vaues ether of different tensor
components of the same crystd, or of different crydals,
ae dl in good agreement within given eror bas. The
cdculated SHG coefficdents show nealy quantitative
coincidence with the experiments However, the vaues
as cdculaed by LAPW method for three crystds are lar-
ger than the measured ones for dl tensor components by

Table 3. SHG coefficients of borate crystals in unit 107 esu
(or 2 10 pm/V). LAPW results are given in Duan et al
(1999%), CASTEP results are given in Lin et al (1999, 2000,
2001), and experimental data are from references cited therein.

g aong axes
Method aoro bore c Dn
BABO CASTEP 248 283 0050
Experiment 246 230 0053
BBO LAPW 208 2568 0089
CASTEP 284 246 0416
Experiment 24 288 0413
KABO CASTEP 243 227 0052
Experiment 2443 223 0068
CLBO CASTEP 229 242 0058
Experiment 221 206 0049
CBO LAPW 260 2568 265 0040
CASTEP 242 228 2%68 0048
Experiment 281 240 249 0058
LBO LAPW 266 291 282 0048
CASTEP 2.9 2%63 263 0045
Experiment 245 263 268 0041
BPO CASTEP 2567 266 00046
Experiment 266 2564 0005

c®@ LAPW CASTEP  Experiment
BABO  dy 1%9 +1%9
BBO

das —721 —382 + 382

(also + 525)

day —042 -044 + 027

das —0%5 —001 ~0
KABO  dy —0%6 + 107
CLBO  dg —1:80 + 297
CBO dia —345-291 —1:388 + 199-2:08
LBO

dap 405 1,89 + 203-297

das 024 0033 + 045

day —3%26 -121 + 160-2%5
BPO + 140186

dis —085

da 233
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about 16 times a the most. On the contrary, the vaues
& cdculaed by CASTEP mehod ae smdler than the
measured ones for dl tensor components for dl four
cysds, by a factor about 0% a the extreme. One poss-
ble reason for this deviaion is posshbly the underestima
tion of the contribution of the near core region to the
momentum  matrix  dements  in  the  pseudo-potentia
method. Considering the complexity of the crystas under
condderation, above consstent agreement should be con-
sidered not far from the best possible expectation.

Beddes, a scheme of gpectrd and spatid decompos-
tion is proposed in Duan et al (1999b), and a Smilar
scheme of red-space atom-cutting is proposed in Lin et
al (1999 too. They ae desgned to eucidate the role of
eech kind of ions and different dectron sates in such
complex crysds. It is shown tha, for the man SHG
components of these borate crystas, the dominant source
of the opticd nonlinearity is the nonlinear response of the
high-lying occupied 2p eectrons of oxygen aoms, while
the medlic cations (Li, K, S, Cs, Ba play minor role
Not only for the lighter Li and K cation which contribute
negligibly to the SHG coefficdent, even in the KABO
cysd, when the heaviex Ba cation dates dominate the
conduction band minimum by aout a few eV in width,
its contribution to the SHG coefficient counts to just
12%, according to Lin et al (2001). This andysis dlari-
fied some long exiding debates which were rased in
previous cluster caculation, mostly due to the uncertainty
in the boundary treatments.

Ancther possble approach in the cdculaion and
andysis of the datic second order susceptibility was out-
lined by Scandolo and Bassani (1995). They proved tha in
the datic limit when the photon energy is far below the
trangtion, the Miller's congtant of the second order sus
ceptibility is an average of the third derivative of the
crysta potentid acting on the eectron over the crystd cdl,
and it depends only on the ground state property of the
system. This dso explains why the LDA band scheme,
which is not gppropriate in describing the excitation, gives
quite reasonable agreement in its cdculaion of the
susceptibility, a least, when the static limit is of concern.

5. Multiphoton absor ption

As most important NLO materids especidly in the high
power gpplications are inorganic ionic crystads, and in

such crystals the multiphoton absorption (MPA) pro-

ae identified as regponsble for their intrinsc
laser-induced damege (see Jones et al 1989), a dear

picture and cdculation of MPA coefficients are required.
For cadculaing the MPA coefficients we use the conven
tiond timedependent perturbation theory (Li et al
19983). The eectronic trandtion probability rate per unit
volume between the initid VB daes and find CB dates
by smultaneoudy absorbing m photons (m3 2) from a
linear polarized monochromatic light beam can be expre
sed as

é20 0"
= Pg il

where n is the refractive index, ¢ the veocity of light in
the vacuum, | the incident radiation intensity and T™ the
multiphoton trandtion amplitude. For given polarization
direction & , T™ can be written as

T = &,k IMG(m- YMG(m- 2)...MGM |v,kfi (4)

[o}
wm = a IT™PA(E - E;- ), (3

where M =éxp and G(I) =4 J%, with summea-
tion over j covering al the intemediate states. The m-
photon absorption coefficient a™ relaed to the m-pho-

ton transition probability rate, W™, is
a™ = 2mwv(™ /M, (5)

Higtoricaly, the andyticd cdculations of the MPA co-
efficients usudly involved the gpproximetion of the osci-
llator strengths as well as the energy band, and the choice
of the intermediate sates. The results of such simple
andyticd modds were bdieved as generdly inaccurae
and unrdigble On account of the large discrepancy bet-
ween the expaimentad data and these former reaults, it
was concuded that more reliable cdculaions should be
based on accurate firgt-principles band structures.

However, it is not trivid to cdculate the MPA coeffi-
cients from the firg principles band cdculatiion, because
the present trectable first principles band caculation
employing the loca dendty gpproximation which is vdid
only for the ground state of an inhomogeneous dectron
system, and is not in concept suitable to excitation pro-
blem. It is only from a practica point of view, the LDA
has been accepted as a computationaly expeditious way
to approach this multiphoton problem. We have thus
sarted by veifying the vdidity of cdculaion of the

Table 4. Calculated multiphoton absorption coefficients and experimental damage threshold of borate crystals

(Li 1997).
2-photons (cm/GW) 3-photons (10° cm®GW?)  4-photons (10~° cm®/GW?3) Threshold (GW/cm?)
LBO 065 ~1 04 ~1 04 ~0% 25
CBO 0% ~2 0% ~2 06 ~1 26
BBO 1~2 1~3 1~3 15
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MPA coefficients on dkdi hdides, and other [1-VI ad
I1I-V ionic cydds and covdent Ge crystds in Zhang et
al (1996), Duan et al (1998), and Li et al (19983). Com-
parison with experimentd resultsis quite encouraging.

Though there is no experimentd results avalable for
borate crysds yet, cdculation was made by Li (1997)
and compared with the damage threshold of these crydas
(teble 4). We do see tha LBO and CBO which have
damage threshold twice higher than the BBO cydd have
ther 2-, 3, and 4-photon absorption coefficients about
haf smdler than that of the BBO crystd, in very good
agreement  with the damage mechaniam, though, a& pre-
sent, the quantitative estimation of the threshold is dill
impossible.

6. Summary

In summary, dl four man propetties of practicd non-
liner opticd cydas can now be cdculaed ab initio
with accuracy accepteble for  experimentdists in  their
materids development/design.  This computational  appro-
ach dso heps a quantitative and ingructive understand-
ing and andyss for mechanism and the role played by
eech kind of ions or chemicd bonds in such complex
nonlinear optical crystds. It is expected that joining with
the molecular dynamic smulaion, which has the capa
bility of handling the latice rdaxation effect after atomic
subdtitution, an in-house interactive materids  design
software could be redized and offers tremendous help to
the experimentalists.

Acknowledgements

This work was supported by the Nationa Pan-deng Pro-
ject (G19990328-02) of China, and the author is grateful
to Professor Chuangtian Chen for his simulating discu-
ssons and permission of listing their results prior to publi-
cation.

References

Aspnes D E 1972 Phys. Rev. B6 4648

AversaC and Sipe JE 1995 Phys. Rev. B52 14636

Chen C T, YeN, Lin J, Jang J, Zeng W R and Wu B C 1999
Adv. Mater. 11 1071

Chen J, Levine Z H and Wilkins J W 1994 Phys. Rev. B50
11514

Da Corso A, Mauri F and Rubio A 1996 Phys. Rev. B53 15638

Duan C G, GuZ Q, Li Jand Wang D S 1998 Phys. Rev. B57 10

Duan C G, Li J, Gu Z Q and Wang D S 1999a Phys. Rev. B59
369

Duan C G, Li J, Gu Z Q and Wang D S 1999b Phys. Rev. B60
9435

Ghahramani E, Moss D J and Sipe J E 1990 Phys. Rev. Lett. 64
2815

Ghahramani E, Moss D J and Sipe J E 1991 Phys. Rev. B43
8990

Jones S C, Braunlich P, Casper R T, Shen X and Kelly P 1989
Opt. Eng. 28 1039

LevineZ H and Allan D C 1991a Phys. Rev. Lett. 66 41

LevineZ H and Allan D C 1991b Phys. Rev. B44 12781

Li J1997 Theoretical study of the electronic structure, linear
optical properties and multiphoton absor ption of alkali hali-
des and borates, PhD dissertation, Institute of Physics,
Academia Sinica, Beijing

Li J, Duan C G, Gu Z Q and Wang D S 1998a Phys. Rev. B57
2222

Li J, Duan C G, Gu Z Q and Wang D S 1998b Phys. Rev. B57
6925

Lin J, Lee M H, Liu Z P and Chen C T 1999 Phys. Rev. B60
13380

LinZ S, LinJ, Wang Z Z and Chen C T 2000 Phys. Rev. B62
1757

LinZ S,WangZ Z, Chen C T and Lee M H 2001 J. Appl. Phys.
90 5585

Rashkeev S N, Lambrecht W and Segall B 1998 Phys. Rev. B57
9705

Scandolo S and Bassani F 1995 Phys. Rev. B51 6928

Sipe J E and Ghahramani E 1993 Phys. Rev. B48 11705

Zhang W Q, Zhou Y M, Zhong L P, Nie X L and Wang D S
1996 Opt. Commun. 126 61



