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Abgract :Fom the chemical bond vieapoint , dieectric properties o ome practicd maerids with various crysd gructures were
quartitatively sudied. The correaion between congituent chemical bonds and didectric properties of these cryga s was andyzed
us ng the proposed chemicd bond method. Furthermore, on the bass of the chemicd bond method a combination method was
presented for the quarntitative determination of didectric properties o materids with a smilar crygd dructure. Fom the current
work , we may derive gructurd irformation concerning the ronlinearity origin of optica crysds, which is helpful for the nonlinear
optical cryga eng neering.
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1 Introduction

Crydds are 0lids in which the dementary building blocks, the atoms or ions, are arranged regularly in agpace
lattice with ecific geometrical symmetry elements. New cryda materids are the lifeblood of slid date research and
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device techrology. Many physical phenomena show up remarkably only in single crystas and can only be gudied and urr
derdood in snde crydals. Therdore, the crysa grower-egpecialy if he develops a prdficiency in relating qructure,
bonding and other chemical-physca condderations to properties of interes isin a key postion in determining the direc
tion and successdof 0lid date research and ultimetely techrology. It iswell known that developing and performing crysal
gronth processes is quite expensive; anyhow it is aways expected from the materia s scientist to grow different snge crys
tals acoording to gecific needs. The dructure-property relationship of meterials is a clasicad and well-gudied research
area, which can gve an inportant help in guiding crysd growth research.

Anong the wide intereging areas of crystal materials, nonlinear optica (NLO) crygds are Secialy attractive owing
to the increasing variety of applicationsof NLO crystal materiasfor second harnonic generation (SHG , sumor different
frequency mixing , optica parametric ocillation or amplification. These potentia gpplications have resulted in the devet
opment of numerous inorganic NLO cryda s dominating the Snge cryga market. Over the pagt 30 years, the search for
new and better NLO meateria s has never ceased in the endeavor to develop new laser sources and extend applications. Al
though there have been many theoretica and experimental gudies on the NLO properties of nolecules and crysds, the
knowledge , in this regard , is gill not broad ernough for generd materid s scientigs to dedgn, tailor and nodify artificia
crygasfor different NLO gpplications. A better knowledge about the correlation between the crysa (or nolecular) gtruc-
ture and corregponding NLO properties can dfectively guide the expensve search for new meterids in thisfied.

To date , commercid software at the ab initio level (e. g. , Gausdan programs) provides functions to predict the
NLO- SHG dfectsdf hinary crysds. Vet itis dill not possble or difficult to use these programsfor calculating the nonlin
ear susceptibilitiesof lid gate materia swith conplicated cryga gructures like KTIORQ, and LiNbOs. Therefore , inor-
ganic cryga swith the complex crygalographic gructure have dill to be theoreticaly trested with semi-ermpirica and enr
pirica approaches at different gpproximetion levels'!. The chemica bond method!? indicates that properties of conr
gituent chemical bonds might regulate both linear and second order ronlinear optical properties and related efects of an
asigned crygd . It might not only form the bad's but a 9 provide an opportunity to inprove the qudity of the observed re
lationship between the gructure and property of lid date materias.

The oconditutiorrproperty rdationship among ome didectric materids with a smilar crygdlogrgphic sructure has
down , that if we combine the chemical bond method and the conditutiorproperty rdationship in lid date meterids, a
powerful tool may be expected to search for new didectric meterid 44, Therdfore, such a work forms a combination
method for the caculaion and prediction of linear and ronlinear didectric properties (e. g. , refractive indices and SHG
tensor codficients) of olid gate materidswith smilar crygalographic sructure.

2 Fundamentds of the chemicd bond method

Applying the chemical bond method in order to caculate the opticd properties of crysalized slids means to decont
pose a crydd into its condituent bonds, to caculae propertiesof these ilated bonds, and findly to add up dl these e
cific or individua ocontributions. As dectric fieds in the optica frequency regme dow up only dight Paid variationsin
the regarded volume , for the geometrical addition only the directions, ot the ab®lute postions of cheica bonds have to
be taken into acoount.

The chemicd bond method of lids is condructed on the bads of previous theories and nodd s of crygdlized olids,
such as the didectric theory of Solids proposed by Phillips and Van Vechten®®! | the bond charge nodel proposed by
Levinel”) , the bond valence nmodel proposed by Brown'® | and the chemical bond theory for conplex crystdl's proposed by
Xue et d.!°!. The method can be decribed as me formal seps, which are sketched in the folloning scheme (all conr
tained formulas and parameters in the description may be caculated by corresponding crystdlographic datd) .
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Crystal formula
Employing the bond
valence model

[ Constituent chemical bonds ]
Application of the dielectric

i

theory of solids, etc.

Linear and nonlinear optical properties
of all constituent chemical bonds

l Geometrical addition

Total linear and nonlinear optical
responses of the whole crystal

Scheme 1 Working procedure of the chemical bond method in solid state matters
3 Application o the didectric theory of lidsto crygds

The only difference between the snge-bond and muiti-bond crygds is the different coordi nation environment of corr
dituent ions in the crygdlographic frame. In a multi-bond crygd , anionic ions are usudly ooordinated to rore than
onekind of cations. Acoording to the chemicad bond method , the rdation between the crygd formula and its congituent
chemical bonds may be expressed as an equation (called as the bond-val ence equation'®!) , which shows that the crysal for-
muaisa sumd al condituent bond sub-formulae (correponding to a structural unit bonded to only one kind of chemica
bonds) . In the bond sub-formulae , there is d 9 an dement ratio , which is dosaly corrdlated to the aoordi nation conditions
o condituent atoms or ions. Snce any chemica bond is a binary unit , the bond subformula is binary too. However , the
didectric theory of lids®®! may be reasonably goplied to cdculaionsd these binary bond subformulae. In the extendon
o the didectric theory of lidsto multi-bond crystds, the inproved concept of ome parameters and corregpond ng nodifi-
cations have been regectivdy introduced'®. Therfore, in order to goply the didectric theory of glids to a multi-bond
crysgd such asLiNbOs , the following trander has to be made ,as shown in Figure 1 the crystd dructure () and congtituent
chemicd bonds (b) o lithium niobate may be well corrdaed. The crygd formula of LiNbO; can thus be written as
LiNbO; = [LiOs + NbOs] , acoording to the bonding behaviors of such aomsin Fig. 1(b) .

As shown previoudy!?! | the chemrica bond method regards certain mecroscopic physical properties of a crystd as the

AN
ﬁ= m, Nb\o /Li
&= 0

Yo,

(@) ®)

Fg. 1 Qvyddlogrphic gructure and bond grgph o lithium niobate cryddss.
(a) crygdlogrgphic frame;(b) bond graph
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combination of the contributions of dl congituent chemica bonds. According to the rdationship between the crysdd druc
ture and opticd reponse of crydd materids, the linear and seoond order ronlinear optica propertiesdof any crysda can be
cdculated udng the gopropriate geometric sum of the regective properties o its corregponding congituent chemica bonds.
On the bads dof the crygdlographic dructure o an asigned crydd , dl reaed bond parameters can be deduced from the
detailed chemicd bonding gructuresd dl condituent aoms, its linear and second order ronlinear optica susceptibilitie

and dj can thus be written as

X = Zli“x“ = Zr\ﬂx“b D

and

_ Z{ G NL[ ()~ + (Z) "1f (Xub)2 GiNus(2s - 1) () 21“c (X“b)pp} )
i =

20 (2) - ()] 'TICEE
repectively® . Eq. (2) comesfrom the extensons of Levine' s bond charge model ! for conplex crystals®! , which shows
contributionsof each type of condituent chemica bonds (i.e. U type) to the totd tensor djj of a multi-bond crysd.
Eg. (2) mekesit posible to quantitatively cacuae NLO codficientsof multi-bond crystds. Parameters used in the above
two equations include:

B Fraction of bondsof type conposng the crysta X"  Linear susceptibility contribution fromp type bonds;
N},  Number of bondsof typep per A2, Susceptibility of a singe bond of typep
&, Gometrica contribution of chemical bonds of typel ;

(2)) " .(Z) ~ Hfective number of valence dectronsdf A and B ions, reectively

n Ratio of numbersdf two eements B and A in the bond vaence equation™™ ;

% % Fractions of ionic and covaent characterigics of the indvidud bonds f4 = (¢)% [ (&)%+ (¢)?] and

f8 =1- f',, where ¢' | B}, are the average energy gaps due to ionic and covaent efects;

d"  Bond lengh of thep type bondsin A; d' Bond charge of thed -type bond ;

S Bxponent in the bond force congant (2.48) ;

t. =0.351, Qre radus, where t, = &'/2. andp” = (f, - f5)/ (fy + f5) Difference in the aomic szes, where t, and

!y are the covalent radii of aoms A and B.

All o the above parameters can be deduced from the detailed chemical bonding dructure of al condituent atoms,
which are obtained from the corregponding crygdlogrgphic sructure of the asigned crygad materia!®. For the lithium
niobate cryga a room tenmperature , its crydalographic sructure, dte location of congituent atoms and bond grgph are
described in FHg. 1.

4 Results for ome practical NLO crydd materials obtained from the chemica bond
method

By means of the described theoretica reationship between the crystd gructure and its seoond order NLO tensor oo
dficients, we have done quartitative caculations of the ronlinearities for various intereging NLO crydals with typica
oonplex dructures (as shown in Table 1) . These include severd different crystalographic characterigtics, which can be
regarded as typical for conplex NLO crystal materiad™°!. The quantitative analysis canfinally yield helpful irformation in
the search for new type NLO cryga meterids. Theoretica results obtained by our method are in good agreement with the
correponding experimenta datal™®! | for exanple for KTIORO, crystas we havel™

by = - 7.92 x 10 %esu (Calc.) and 6.06 x 10 %esu (Bxpt.) ;
dp = - 11.29 x 10 % esu (Calc.) and 10.38 x 10" esu (Expt.) :
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d = - 40.67 x 10" °esu (Calc.) and 40.35 x 10" % esu (Bxpt.) ,
and for KH,PO, crysta's we have [*2!
ds = 0.95 x 10 °esu (Calc.) and 0.93 x 10" esu (Bxpt.) ,
which enphaszes that our method iswidely applicable and can reaonably reflect the microsoopic phydca characterigics
of conplex crysds.

Table1 N.O-dominator analysis o some practical crydals The quartitative andyds o the different individud
NLO-comingtor _ Orydal NL O- comi netor Oysds _ contributions to the total nonlinear regonse of a crysa
Lidte LiNBO; Fste HI%  yields the mpst dominant contributing subgroup.  Further-
LiTaOs LilOs : i .
nore , conclusons can be drawn regarding the sengtive lat-
KNbOs P-dte KHPO4 ) ) ] ng ]
kst KTIOFO, N-site NH.H.p0, liCe Stes. An overview about the crygdsinvedigated o far

KTIOAD: B-ste BBO,  ISdveninour previous publication™ , inwhich the domi-
nant subgroups contributing to the NLO regponse and the

sengtive lattice dtesdf the crygds are d o liged. Fom the presented dominant NLO contributor of each crystd liged in
Table 1, it iseasy for usto find some sructura informetion concerning the nonlinearity origin of an asigned crysd. For
exanple, which are the npg inportant condituent groups, chemica bonds, and the sendtive lattice Ste in the cryga
dructure that can produce the nog inportant efect on the total nonlinearity of an assgned crydd. Thusthis result d o
gves us a powerful tool in nmodifying NLO properties of the exising NLO crystd s according to our needs, e. g. , by usng
the same or smilar dominant subgroups and for the nodification of the NLO properties of exiging NLO cryga's by subgi-
tuting the ions at the NLO sendtive lattice dtes. When we subditute ions in the sendtive lattice steswith correponding
slected ions, the NLO regponses of this cryga would be nodified by a big margin, thuswe can redlize the aim to nodify
NLO regponsesdf the assigned cryga acoording to the gecific need. Therdfore , our work in a sense, presents us a ussul
theoretical method to undersand NLO propertiesdof a crygd from a microsoopic viempoint. Our method is a9 helpful for
us to desggn and synthesze new type NLO meterid s, aswell as nodify the macrosoopic physca propertiesdf cryda s ac
oording to our ecific needs. It should be noted that our chemicd bond method is different from the anionic group theo
ry , due to that the chemica bond method treats any lid as a network of bonds that have regpective contri butions to vari-
ous macrosoopic properties of the bulk material , while the anionic group theory (i. e. , the locdized molecular orbita
model for NLO efect in crys¢ds) regards macroscopic propertiesof any crysa as the dominant contribution of its anionic
growp in the crydalographic frame. Thereore, the anionic group theory has to face the problem to suitably sdect the
dominant anionic group in the crygalogrgphic frame and the chemica bond method need ot o it.

5 Inorganic crysgdswith hydrogen bonds

Hydrogen bonds in general exig widely in olids, not only in dnog all organic crystas but a in many inorganic
crysds. Previous gudies have shown that the hydrogen bonds are a robugt notif which can serve as an inportant corr
dituent part of lids, but nevertheless offer consderable geometrical diversity®!. The combination of robustness and ge-
ometrical flexibility offers wide soope for the condruction of a range of different nolecular packing arrangements based on
the hydrogen bonds. The previous works concerning the calculation of SHG codficients of crysa swith hydrogen bonds,
such as the crysa's HIO; , NH;Hx PO, , K[BsOs (OH) 4] 2H,0 and KoLa(NGQs) s- 2H,0, etc. , have shown us that the
hydrogen bonding is a gpecia kind of functional chemical bonds, whose linear and nonlinear optical properties aswell as
chemical bonding geometries should be paid much attention in the NLO cryda dedgning. At the same time, we a9
quartitatively explained the inportant efect of the hydrogen bonds on the optical ronlinearities of me inorganic crys
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tas™ . Itis quite hdpful and necessary for us to invedigate the behavior of these hydrogen bonds in different hydrogerr
bonded sysems, egecidly for the inorganic crydaline solids. We a9 believe that the current work can provide us ome
helpful irformation on the succesful search for new excelent inorganic nolecular crysa s with hydrogen bonds.

In thiswork two representatives of nolecular cryga swith hydrogen bonds in the crygallographic frame are gudied ,
NapSe0,- HpSe03- H,0 and KH(A3CO00) 2. In Figure 2 and 3 the chemical bonding behaviors of al condituent aloms
in both crydds are schematically described. By using the chemical bond method two crystd's are quantitatively studied ,
the cdculaed resultsfor the assigned hydrogen bonds and total NLO tensorsof the wihole crygd are shown in Table 2 and
3. Fom hoth tables we can find that if hydrogen bonds in the crysalographic frame can show their gopod NLO contribur
tions (limited by corresponding geometries) the corregponding crystal would have better NLO fects (e. g. , the cae of
NapSe0,- H, S0+ HO crygd) |, on the other hand , if hydrogen bonds can not show their gpod NLO contributions the
corresponding crystal would have worse NLO dfects (e. g. , the case of KH(O3CO00), crygd) . Therefore, the key
point in enploying hydrogen bondsfor the sructural desgn of SHGNLO meterid sisto optimize their bonding geometry in
the repective crygadlogrgphic frame.

o) H
0(2)\ oz / \ o2

Se(1)
Na o3 Cz/ \ / \cz
o(3) H(4) v \01 K 01/ l
H(4) c13— /\ c1—cC13
' o(4) C1
Na ' | e e |
o) Se(2) cn ci
o)
H(6)
a(s) H(61)

Fig.3 The bond graph of the KH(A3CO00), snde crydd .
Each line represents a chemica bond. The sequence
number labeled on condituent aoms corregponds to the
|attice ste in the crydallographic literature™®!

Fg.2 The bond graph of NaSe0,+ H, 05+ H,O snge crysd .
Each line represents a chemica bond. The segquence number labeled
on condituent atoms corregponds to the lattice ste in the
crysdlographic literature !

Table 2 Bond properties o hydrogen bonds o NSO, H,Se05- H,O mdecular crydal.

Hydrogen bond parameters H—O NLO tengor of the crysd
Bond length d' (A) 1.776

Bond susoepti bility X" 2.448

Bond NLO tensor d, (prv V) 0.055 dy = - 1.726
Bond NLO tensor d, (prv V) 1.573 dp= - 0.612
Bond NLO tensor_di; (pmv/ V) 4.439 dss= 0.709

Table 3 Bond properties o hydrogen bonds o KH( CbCCOO), mdecular crydal

Hydrogen bond parameters H—O NLO tengor of the crygd
Bond lengh d' (A) 1.839

Bond susoeptihility X" 0.617

Bond NLO tensor di (prv V) - 0.0002 dgs= - 0.209

6 Doped LiNbO; ande crydas
LiNbOs (abbreviated asLN) is atypica non-goichiometric crystal usually grown from the congruent melt. The crys
tals exhibit typica gructural vacancies (i. e. , empty octahedra) and lattice vacancies a Li dtes (due to the intrindc de-
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fects such asNb_; antistes) in their sructure. Therdfore , various dopants such as rare earth and trandtion metal ions can
be eadly introduced into the cryga frame of LN , preferably at Li dtes. Many of these dopants|ead to usfful variationsin
the crystd properties which facilitate various inportant gpplications. Nominally pure LN devices suffer from the o called
optical damage when exposed to high intendty illumination due to the photoreractive dfect. The problem can be grestly
reduced by co-doping LN snde crydals with MgO at a concentration of about 5 ol %. Moreover , it has been shown
that the photoreractive damage in LN dngde crygals can be prevented by co-doping with ZnO nore dficiently than with
MgO. Obvioudy, clearly knowing about the inportant fect from various dopants in the LN crygalographic frame on its
optical properties, is esentia for usal to determine the regoonses of correponding crystal meterias and further to evalu
ate their optodectronic capabilities.

Table 4 Bond properties of congituent chemical bonds Asligedin Table 4, inLN snge crysdsthelLi stes
o the lithium niobate crystal are NLO-SHG sendtive latice stes. Therefore it is impor-
Bond parameters - _oChem'cd m”d; — tant to gudy the effect of dopants, introduced a these sites
[ . L. .
Bond legh & (A > 063 » 130 (corregponding to the case of the doichiometric LN) , on
Bond susceptibility X" 2.705 5.603 the ronlinear optical propertiesof LN. We d 9 perform the
Bond NLO tensor jﬂ(pm/v) 0.775 0.201 caculationsfor the + 2 and + 3 valence dopants M *
Bond NLO tensor d, (pmv V) 8.559 1.152 2+ 3+ . L+
Bond NLO tenor_d (pm/ V) 5 3 1 892 Zn" and In"" occupying the Li ™ dtes. The reaults are
summarized as following equations,
for Mg®* and Zn** dopants: dp= 2.71 (1- 0.026 cug- 0.023 cz) pmVV (3
dz1= - 4.12 (1- 0.028 cyg- 0.026 cz) pm/V (4)
dis = - 22.9 (1- 0.027 cug- 0.024 cz)) pm/V (5)
While for the In** dopant dp= 2.71 (1- 0.064 c;) pm/V (6)
d = - 4.12 (1- 0.097 cp,) pmvV (7
dw=-22.9 (1- 0.082 cp,) pm/V (8)

where ¢ represents the regective nolar percentages of oxides MgO , ZnO and InO3. The NLO tensors are calculated a
the wavelength 1079 nm.

The efectsof Mf ™ and Zn®* doping on the NLO reponse of LN crystdls are quite similar , which are different from
that of the In®* dopant. It can be seen that the NLO efect decreaseswith doping concentration increasing. The dight dif-
ferences between these two + 2 valence dopants can be ascribed to sl differences in the ionic characterigics between
Mg and Zn showing up in the caculation. Generaly geaking, the decreasng tendency of NLO dfectsdf LN crygdsis
srongy dependent on the vaence of the selected dopant.

For a conparion we a0 sudied the irfluence of dopants occupying NB°* sites and calculated the effect of the Nb/
Ta replacemernt in the LiNb; . ,Ta,Os type mixed dnge crygaswith y= 0.00, 0.81, 0.92, 0.97, and 1.00 The re-
sults are d conpared with those of Liz - 5xNb;y + xOs type snde cryga swith intringc defects, to get an egimete for the
different magnitudes in which the resultsfor Nb replacing Li are included*”. It is clear that dopingon theLi stes dfects
the NLO properties of LN very much gronger than doping on Nb dtes.

7 A ocombinaion method for ddectric condantsd meterid swith the smilar cryda dructure

By the chemical bond method, the conditution-property relationship of dielectric materials with various crygalo
graphic gructures can be deduced on the bass of the corrdation between congituent chemical bonds and corregponding
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optical properties of crystd meterids. Quartitatively , the linear didectric condant of a ©lid§ ,may be expressed in
terms of the regective polarizahility of its congituent atoms'®“*8! | where the contained parameters only change with dif-
ferent condituent atoms when we ded with a certain group of olidswith a smilar cryda gructure.

Gombining the chemical bond method with the relationship between dielectric reqponses and the average atomic nunt
ber of condituent atomsof crydds, we can get a combination method in cal culating and predicting dielectric properties of
meteriad swith the dmilar crysa gructure. Such a combination method is nore dficient in the search for nove optical
meterids, due to that it may clearly indicate a property-trend in a seriesof meterid swith a amilar crydalographic sruc
ture.

8 (onclugons

Sarting from the chemica bonding sructure of al congituent atomsin the crystalographic frame (deduced from the
experimenta gructurd data) , chemical bond parameters, linear and ronlinear optica properties of each type bond , dl
independent second order NLO tensor codficients dj; of an assigned cryga can be quartitetively calculated by the chemi-
cal bond method. The chemica bond method , in a sense, presents a ussful tool to understand the (condituent) bond
property and congitutiorrproperty corrdations in the crysa meterids. Further , a combination method on the bassof the
chemical bond method may produce us a more powerful tool or guide in the search for new type optica meterials.

Acknowedgements: The firg author thanks al previous coavthorsfor their numerous helpful discussons.
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