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EffectsofCoulombinteractionsinelectronicexcitedstatesof

polysilanearBdiscussedtheoretically.Itisdemonstratedthatthe

additionofCoulombinteractionstotheSandorfyCone-elecUon

modeldrasticallyalters theenergydispersionsofnonlinear

opticalsusceptibilityX(3).ThecomparisonofcalculatedspecUa
withexperimentsonthird-harmonicgeneration, two-photon
absorptionandelecboabsolptionallowsustoconcludethatthe

Coulombinteractionsareofprimaryimportanceintheone-

dimensionalSipolymerinconirasttobulkSicrystal.

KEYWORDS: polysilane,one-dimensionalsemiconductor,SandoriyCn℃del,
Pariser-Parr-Poplemodel,exciton,nonlinearoptical response

delocalizationofelectronsenhancesoptical

nonlinearity.4) Basedon this idea,many・ 4） Basedon this idea，manv
experimentalandtheoreticalstudieshavebeen

conductedonthenonlinearopticalpropertiesof

conjugatedpolymers.Fairlylargevaluesof

thild-ordernonlinearsusceptibilityX(3)～10_10to
10-9esuhavebeenobservedfbrthird-harmonic

generation (THG) inpolydiacetylene5) and
polyacetylene6).Thefirstexperimentalstudyof
X(3) inpolysilanewasperfbrmedbyKajzarer
".,7)whoreportedX(3)ofabout lO-12esu.
AlthOughthis is Smallerthanthevalues in

conjugatedpolymers,aninterestingfeaturewas

lUportedbyThorneandcoworkers,8)whofbund
atwo-photonabsorption (TPA)peakatan

energymuchhigherthanthepeakenergyofthe
linear (or one-photon) absorption (LA)

spectrum. Thiswas confirmedbyelectro-

absorptionandTPAmeasurements,9,10)where
eleciroabsorpdon(EA)impliesmodulationofan

absorptionspecrumbyastaticelectricfield.

Thelargeenergydifferencebetweenthepeaks

ofLAandTPAcannotbeexplainedbyone-
elecEonmodels,asweseeinthenextsection,

suggesting the importance of electron
corTElationll)orexcitoneffectsl2).Froma

generaltheoreticalpointofview,13,14)one-

§1． IntrOduction

Formorethanadecade,variousfOrmsof

polysilane have been synthesized and
investigatedextensivelybychemistsl),while
interests inthismaterialamongthephysics

communitywereoriginallyratherlimited.One

ofafewpapersthatattractedmuchattention

amongphysicistsisatheoreticalworkbyRice
andPhillpot2),whodiscussedthepossible
existenceofpolaronsandbipolarons.Although
thesenonlinearexcitadonsarewellknownin

organicconjugatedpolymers suchaspoly-
acetylene,3) therehavebeen todateno
indicationoftheirexistence inpolysilane.

Presumably, theelecron-latticecouplingfOrO

electronsinpolysilaneismuchweakerthanthat

fbr兀electronsinpolyacetylene.Yet thetwo

systemsaresimilartoeachotherinthesense

thatelecronsaredelocalizedalongtheone-

dimensionalpolymerbackbOne・ThiS iSwhy

polysilaneissometimescalledaO-conjugated

polymer.

It has longbeen recognized that the
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dimensionalexcitonspossessvariousunusual

propertiesandplayimportantrolesfOrOPtical
Properties.Infact,anexcitonmodell2) fOr
polysilane has beenquite suCcessful in
describingnotonlytheLAandTPApeaksbut
alsotheenergydispersionofTHG15).The
theoreticalaspectofthesedevelopmentsare
surveyedinthepl℃sentpaper.

Q
／

Fig.1SandorfyCmodelofpOlysnane.

§2. ASimPleModelofO-Conjugation: the

SandOrfyCMOdel

PolysilaneinanarTowsenseisasaturatedSi
polymer(SiH2)",whilemostofexperiments
havebeendone in itsderivatives suchas

poly(alkylsilane),wherehydrogenatomsare
substitutedby alkyl groups､1)Different
substituents often lead to different

conformations.1)Thefirstquestionthatone
mightaskfOrsuchpolysilanederivativeswould
bewhethertheO-cOnjugationonthepolymer

backboneisdecoupledfromthesubstitution
groups. In the caseof兀-conjugation, the
decouplingfromsidechainscanbeclearly
definedbytheabsenceof兀-bondingbetween
thebackbOneandsidechains.However, inthe

caseofO-conjugation, there are always
connectionstosidechainswithObonding,and

thereisnoapriorireasonwhythebackboneO
elecUonscanbedecoupledfromsidechainO

eleCtrons. Inspiteofthis, Suchdecouplinghas
oftenbeenassumed, leadingtoasimplemodel

of saturatedhomopolymers introducedby

Sandolfyas"modelC!'.16)
TheSandorfyCmodel fOrpolysilane is

describedasfbllows(seeFig.1).EachSiatom

hasfbursp3orbitalS,amongwhichtwoorbitals
connectedtoadjacentSiatomsaretakeninto
account・Theremainingtwosp3orbitalsofeach
Siconnectedtohydrogensorsubstituentsare

neglected.ThentheHamiltonianofthistight

bindingmodelreads

theviCinalUanSferenergyrv(>0).
In thismodel, the transfer energy is

alternatingwith rv andrgalong theone-
dimensionalchain.Thishappenstobesimilarto

bondaltemationinpolyacetylene・ Inthissense,
theelectronicstructureofpolysilanehassome

similaritywiththatofpolyacetylene・Notethat
thebondaltemationinpolyacetyleneoriginates
fromthePeierls instability, whereas the

altematingtransferinpolysilaneisanintrinsic
pmpertyofthetight-bindingmodel.
TheSandorfyCmodel isconsideredtobe

appropriatefbrdescribingexcitationsnearthe
optical gap, if theO electrons arewell
delocalized.Bandcalculationsl7,18)indicatethat

thebanddispersionisinfact largefbrtheall-
Uansfbnnofpolysilane.TheSandorfyCmodel
seemstobeappropriateinthiscase.Forother
fOnnssuchasahelix, thebandgapbecomes

largerandthedispersionbecomessmaller, so
thattheapplicabilityoftheSandorfyCmodelis
limited. Inspiteofthislimitation, theSandorfy
CmodeltumedouttobeveryusefUltoexamine

thebasicpropertiesofpolysilanebecauseofits
simplicity.

§3． NonlinearOptiCal Spectra in the

Sandorfy.C-HiickelModel
In this section,weconsider linear and

nonlinearoptical spectraoftheSandorfyC
model,whichisessentiallyaHUckelmodel

neglectingCoulombinteractions.Throughout
thepresentpaper,weassumethat thesystem
sizeismuchsmallerthanthewavelengthof

light. This allows us touse the standard
fOnnulal9,20)ofnonlinearopticalsusceptibilities
withintheunifOnn-elecmc-fieldapproximation.

WeconsidersystemswithinversionsymmeUy,
sothatthelowestordernonlinearityisthethird-

ordersusceptibilityX(3).Theformulaforthe
linearsusceptibilityX(1)andX(3)are:
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whereCj,a,oandCj,b,oannihilateeleCirOns
withspinOattheorbitalsofj-thatompointing
to(j~1)-thand(j+1)-thatoms,respectively.The
geminaltransferenergyrg(>0) issmallerthan
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twocategories: resonant andnonresonant

nonlinear optical processes. Resonant

nonlinearity,examplesofwhicharedegenerate

fburwavemixingandpump-probeabsolption,

stemsfromrealpopulationofexcitedstates,

whereasnom℃sonantnonlinearity,suchasthird-

hannonicgeneration(THG), involvesvirtual
excitatiOnS. InthepresentpaperwedisCuSSthe

latternonlinearityonly. InadditiontotheTHG

spectrumX(3)(-3(O;(D,O),(I)),wealsostudy the
two-photonabsorption(TPA)spectrum,which

canbecalculatedas the imaginarypartof

X(3)(-"(0,-O),O)),restrictingthefrequencyrange
toaroundの~Eg/2,whereEgistheopticalgap.
Wealsodiscusstheelectroabsorption(EA),by

calculatingtheimaginarypartofX(3)(-(D;(D,0,0),
whichistheproportionalitycoefficient inthe

quadratictenn(thelowestordernon-zerotenn)

withrespecttothestaticelecmcfieldE.23)
AsfOrtheparametersoftheSandorfyC

model,wefix rv/Zg=2asusedinRef.11,
whileweusetheaverageUansferenergyrasan

adjustableparameter.Thenonlinearspectra
includingthelinearabsOrption(LA)specrum,
hnX(1),calculatedfbrachainof"=250atoms
areShowninFig､2．ThesespeCtraactually
consistofmanycontributionscorrespondingto
band-to-bandEansitions.Weimmediatelynotice

thatthepeakenergyoftheTPAislocatedvery
close to that of theLA. This feature is

whereODo=(O1+C)2+(D3andQ"=Ei,-jr"

溌男淵鮒聟辮照擶駕紬
stateShouldbeexcludedinthesummation.

S1,2,3denotes summationoverallpossible
permutationsof(01,(D2,andO)3.d,""=<"ldl"I)
is thematrixelementofthedipoleoperator

d=-Xwithr℃specttostates"and"z,whel℃eis
theelecironchargeandxisthex-coordinateof
elecron. Itshouldbenotedthatthestateshe1℃

referStomany-bOdystatesofthesystem. Inthe
caseofone-electronmodels such as the

SandorfyCmodel, we can useamore
convenientexpressionofX(3)intermsofone-
electronstates21),althoughwedonotwriteit
downherebecauseitisrathertedious.

WhenwecalculateX(1)andX(3)usingeqs.
(2)and(3)fbrachainof"atoms,weobtainthe
molecularsusceptibilitiesof thechain. To
Uanslatethemintothebu止susceptibilities,they

shouldbedividedbythevolumeofthepolymer
chain. IftheSi-Sidistancealongthechainaxis

isfz,andthechaindensityperareaisO,thenthe

volumeisgivenby〃α/0.WeintroduCethe

無譽蝿辮慨磯x《謡2蝿：
transferenergy r=(rg+'v)/2,andin (he
fbllowingsectionswedisplaycalculatedbulk
susceptibilitiesinunitsofthesequantities.

Opticalnonlinearitymaybeclassifiedinto
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ofX(3))inFig.2(d)isdominatedbyacontinuum
ofthree-photonresonancesat⑩≧Eg inthe
samemanneras fOracontinuummodelof

polyacetylene､24)
Asmentionedin@1,theseresultsdisagree

withthelargeenergyseparationofone-photon

andtwo-photonstatesobservedintheTPAand
EAmeasurements.8-10)AISoanobservedTHG

specmlm25)exhibitsthreepeaksincontrastto
Fig.2(d).Thesefactsdemonstrate that the

SandorfyCmodel at theHUckel level is

inappropriatetodescribeopticallyexcitedstates

ofpolysilaneevenqualitatively.Wewillseein

the following sections that the effect of

CoulombinteractionS,especiallyexcitoneffects,

tumsouttobeessentiallyimportant.

Befbreproceedingtothetopicofexcitons,a

pI℃parationisnecessaryconcerningthenatureof
intermediate states that contribute to the

nonlinearspecna.Thefirstsummationineq.(3)

runsoverintennediatestatesm,pand",among

which"zand"areone-photonallowedstates

andpisatwo-photonallowedstate. Inthecase

ofnon-interactingelectrons, theone-photon

statesaresingleelectron-hole(e-h)pairstates,

whilethetwo-photonstatesareeithersinglee-h
states ordouble e-h states. The second

summation in eq.(3) originates fromthe

processesinwhichthetwo-photonintermediate

state is thegroundstate. Fornonresonant
nonlinearity, themaincontributionscomefrom

thetermSinvoIvingonlySinglee-hstates.The

remainingcontributionsofthetennsinvolving
doublee-hexcitationsandthegroundstateare

small,asindicatedbybrokencurvesinFig.2(b-

d).Theonlyexceptionistheresonantregion

(⑩~Eg) intheTPAspectrum,wherestrong
absolptionsaturationoccursduetothiskindof
conmbutionS.
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Fig.2 (a)Linearabsorption(LA), (b) two-

photonabsorption(TPA), (c)electroabsorption

(EA),and(d)third-hannonicgeneration(THG)
specraoftheSandorfyCmodelfOraringOf

"=259､atomswithrg=号iandiv=:i. X8)
andXf)arethechar5ctefisticlineardndtlimi-
oIdersusceptibilitiesdefinedinthetext・Alife-

timebroadeningr=0.02risassumedfbrallthe

excitedstatesin(a), (b),and(d),whilealarger
valuer=0.06r iSusedin(c) toweakenthe

oscillatiOnsinthehighenergyregionduetoa
finitesizeeffeCt.BrOkencurves indicatethe

conmbutionoftheprocessesinvolvingadouble

excitationorthegroundstateasanintennediate
State≦

essentiallythesameasobtainedfOrconjugated

polymers､22)'ITleEAspectrumisapproximately
proportional tothethirdderivativeoftheLA

spectrum,beingconsistentwiththeanalytic

resultobtainedbyAspnesandRowe､23)The
oscillationsofEAinthehighenergyregion

｡>1.5r)areafmitesizeeffect.(Theeffectis

especiallysevereintheEAspecrum,whichis
relatedwiththethirdderivativeoftheLA.This

isthereasonwhyweusedalargerrfbrtheEA

inFig､2.)ThespectrumofTHG(absolutevalue

§4． One-DimenSiOnal ExCitOnS in the

Sandorfy-C-Pariser-Parr-POpleModel

Ingeneral,photo-createdelecronandhole

canatracteachotherbyaCoulombfOrceand

fbrmanexcitonstate・Althoughtheexciton

bindingenergyinbulkSicrystal isquitesmall
(~15meV), theconfinementofanexcitonina

one-dimensionalgeomeix･yofapolymerchain

canlead, inprinciple, toaverylargebinding
energy.13)Thisisassociatedwiththefactthat
thebindingenergyofthelowestboundstateof
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anelectron inaone-dimensionalCoulomb

potential isinfinitelylarge.26)Inrealsystems
there isacutoff lengthfor the interaction

potential, sothat thebindingenergybecomes
finitebutstillcanbeverylargecomparedwith
theordinaryeffectiveRydbergenergy.This

specialcharacterofexcitonsinonedimension
hasdrasticeffectsontheopticalpropeltiesof
one-dimensionalsemiconductors.13)

Todiscussexcitonstates inpolysilane, an

elecUon-electroninteractionHamiltonian"e_e

shouldbeaddedtotheSandorfyCmodel.ll)We
employthePariser-ParT-Pople(PPP)model27,28)
fOrtheinteractions:
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Fig.3Energylevelsofthelowestthreesinglet
excitonstates(v=1,2and3)andtheirwave

functions (thickcurves) calculated in the

Sandorfy-C-PPPmodelwith ig=;', 'v=;i,
U=2.4r,V=1.2r r=1.85eVandassumingthe

cyclicboundarycondition､15) Thewave
fUnctionsareplottedagainsttheelectron-hole
distancerwithbothcaITiersonthesamekindof

orbitalS,''a''or"b"(seeFig.1).Thebrokencurve

indicatetheassumedOhnopotentialV(r)witha

IUverSedSign.

wherePj,,,,｡=α仏,｡CI,IL｡｡-t.Forthelong-
1

rangepartof interactions, weuqF.Pople@s

Potential28)Vj,,,;j,IL.=V(Rj,IL;/,仏･)=22/tRI,J;ﾉ,仏‘
whelBEdenotesthedielecmcconstant,Rj,,,;/,IL'
thedistancebetweenthecentersoftheorbitals

(j,ll)andO,ll').Althoughthispotentialdepends
ontheconfOrmationofeachpolymer,weusea

期:珊脚と撫耐{塒識蠅
spacedlinearaITayoforbitalcenters.
Exciton states are calculatedwith the

intennediateexcitonapproach29)orequivalently
thesingle-excitationconfigurationinteraction
(single-CI) method, inwhich the total
Hamiltonian"="0+"e_e isdiagonalized

withinthesubspaceofsinglee-hexcitations.

Theexcitonstatesdependontheinteraction

sIrengthV,whichisassociatedwiql thestatic
dieleEtricbonstant e as V=222/eQ. For
exampleE～5with(z=2Acorresponds to
V～2.9eV.Anexampleofcalculatedexciton

energiesandtheirwavefunctionsofrelative
motionfbrtypicalparameterSisshowninFi9.3.
Forclarityonlythreeloweststatesaredisplayed.
Theexcitonbindingenergyisdefinedasthe

energydifferencebetweentherenonnalized

one-electronoptical gap(or thegapat the

Hariree-Focklevel)andtheexcitationenergy

obtainedafter perfOnningCI・ Themost

importantfeatureisthatthelowestexcitOnhas

anunusually largebindingenergywitha
exiremelysmallexcitonsize,whiletheenergieS
andsizesoftheotherexcitonstatesarenonnal,

i､e､,similartothoseofordinaryMott-Wannier
excitonsinthree-dimensionalSicrystals.

§5．ExcitonEffectsonNonlinearOptical

Spectra
Wenowconsidertheeffectoftheseexcitons

ontheLA,TPA,EA,andTHGspectra.We

considerthee-hexcitationsincludingexcitons

obtainedinthesingle-CIandtakeintoaccount

only these states as intermediate states in
calculatingX(3)witheq.(2).Asmentionedin93,
theremainingcontributionsassociatedwith
doubleexcitationsandthegroundstateare

considered tobe negligible as long as
nom℃sonantnonlinearityisconcemed.

Thefourkindsofspectracalculatedinthis

wayl2,15,30) tumedout togiveaconsistent
descriptionofexpelimentalresults.InFigs.4and
5, thecalculatedspectrafOrachainof"=500
withmoderateinteractionsirengtharecompared
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Fig.5Thetheoreticalthird-hannonicgeneration
spectrum(solidcurve)oftheSando㎡y-c-PPP
model for a ringof"=500atomswith

parameters !g=;i, !v=;I,U=2.42,V=12!
and r=1.85 eV is comparedwith the
experimentaldatainpoly(dihexylsilane)atroom
temperature.15)Theordinate is fOr the
experimentalX(3)zWhilethetheoreticalcurveis
scaledusingXf)=9.3×10-13esu.Forthe
fitting,weuseddampingconstantsr=0.12eV
and0.06eVforthe lowestandthesecond

lowestexcitons,respectively,andr=0.18eV
fbralltheotherexcitedstates.
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Fig.4 (a)Linearabsorption(LA), (b) two-

photon absorption (TPA), and (c)

electroabsolption(EA)spechaoftheSandorfy-
C-PPPmodelfOraringof"=5"atomswith

p……jg!裁憾胸:臨灘and r=2eV.

r=0.025r isassumedfbrthelowestexciton,

andr=0.075risusedfOrtheotherhigh-lying
StateS・Theabscissasare(Oin(a)and(c),and2(IJ

in(b).TheexperimentaldataofThomeem1.8),
Tachibanaaaﾉ.9),andMoritomoaα1.10)fbr

poly(dihexylsilane)at77Karealsoshownwith

ordinatesscaledarbibarily.

theoretical cUrve inFig.5wasobtainedby

assumingXf)=9.3×10-13 esu,which is

reasonab職竪洲剛荏剛：xf)=oe4(
Cm-2,(Z=2A,I=1.85eV・Theunderestimation

isascribedpartlytouncertaintyinOandpartly
totheneglectoflocal-fieldenhancement.

Inaddition, thephasedispersionofX(3)
measuredbyHasegawaaaJ.15)isalsoingood
agrEementwiththepI℃senttheory.Theexciton

model canalsobeappliedtootherpoly-
(alkylsilane)swithdifferentconfbnnations,30)
althoughthereisalimitationduetotheuseof

theSandorfyCmodelasmentionedbefOre.

Whathasnotbeenproperlydescribedinour
calculationsis theTPAinthecaseofphoton
energy(Dclosetotheone-photonresonanceto

the lowest exciton・ Apump-and-probe
absorptionstudy31)andaTPAstudy32)have
revealedtheexistenceofatwo-photonstate
belowtwicetheexcitonenergy.Thisstatecan
be interpretedasabiexcitonstate・Weare

culTentlystudyingthenatureofbiexcitonstates

by takingconfiguration interactionamong
doubleexcitationsintoaccount.33)

with respective experiments in poly-
(dihexylsilane).Manycharacteristicfeatul℃sare
consistent between thecalculatedandthe

observed spectra: (i) the separatedpeak
positionsoftheLAandTPA; (ii)thesharpline
shapesoftheLAandTPA; (iii)theredshiftof

theexcitonabsorptionpeakintheEA(theStark

effect); (iv)theoscillatingstructureoftheEA

specmlmaroundthee-hcontinuumthreshold

(~4.4eV); (v)thethlもe-peakedStruCtul℃ofthe

THGspectrum(Fig.5).Animportantpoint iS
that thesemanyfeatures areconsistently
explainedbythemodelwhiChcontainsonlyfew

parameterS・AsfOrthemagnitudeofX(3), the
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§6.DependenceonConjugationLength

Intheprevioussection,wedemonsUatedthat

theopticalspectracalculatedfOrafairlylong
chain(">100)areconsistentwithexperiments.

However, theconjugationlengthofpolysilane
has not yet been well characterized
experimentally・ Itisnaturaltoaskwhethersuch
alongconjugationlengthisinfactnecessaryor

not toexplainexperiments.Toanswerthis

question,weexaminethesizedependenceofthe
optical specirainthis section. Sinceweare
interestedonlyinanoveralltendency,wekeep

thecyclicboundaryconditionevenfOrsmall
chainsfbrtheoreticalunifbnnity・That is, the

1℃sultspresentedbelowarefOrpolysilanerings.
However,wehavecarriedoutcalculationsalso

fOrthecaseofalinearchainwithoutthecyclic

boundaryconditionandchecked that the
qualitativebehaviorissimilariftheboundary
conditionisproperlychosensuchthatthereisno

danglingbondsatthechainends.
WefirstexaminetheLAspectrum.Figure

6(a)displays thecalculatedLAspectrafor
varioussizes〃､TheeffeCtofdecreasing"(hom

bottomtotopinthefigu1℃)appears,firstofall,
asablueshiftofthemainexcitonpeak.Thisis

consistentwith the experimental databy
Kanemitsuαα1.34)AIsoweakabsorptionpeaks
duetoquantizedlevelsappearathighenergies.
Thelevelseparationincreaseswithdecreasing"
as expected・ Theexperimental absorption

specUa31)ofsmalloligomersexhibitstronger
absorptionpeaksatenergieshigherthanthe
lowestexcitonenergy.Thisisnotreproducedin

Fig.6(a),presumablybecausewehaveneglected
theeffectsofthechainends.

ThecalculatedTHGspecirafOrvarious"are

shown inFig.6(b)．Thediscretenessofthe
continuumstates,whichappearaboveの~0.7ras

three-photonresonances,becomesmoreevident
fbrsmaller".Thetwo-photonresonancefeature

atの~rcanbeseenfbr"=64andlarger,butis

notdistinguishablefbr"=32andsmaller. 'I11e

experimentaldatashowninFi9.5,whichare

characterizedbythethreepeaks,maybefitted

bythecasesof"=128or64ifweusealarger

broadeningr,butCannotbefittedbytheresults
of"=32orsmaller.Weconcludethat the

conjugationlengthofthepolymersusedinthose

THGexperimentsmustbelongerthanabout50
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Fig.6 (a)Linearabsorptionand(b) third-
hannonicgeneration spectracalculatedfor
varioussystemsize" (numberofSiatoms)

usingtheSandorfy-C-PPPmodelwiththecyclic

bounqaryconditionandparameters ig=:',
'v=;',U=2',v=iandr=0.02r.

atOmS.

Ingeneral, astrongsizedependence is
expectedfOr themagnitudeofX(3) inone-
dimensionalconiugatedsystems.4,21,22,35)Inthe
p1℃sentcase,however,suchadependenceseems
tobelimitedtoverysmall",whileX(3) (per
atom)tendstosaturateinincrEasing"alreadyat

about "=16as seen inFig.6(b)． This is
associatedwiththefact that thecharacteristic

delocalizationlength22)ofpolysilaneisfairly
smallcomparedwiththatofa兀-CO可ugated

polymer.

§7．Conclusions
Wehavedemons面atedthat theinclusionof

CoulombinteractionsintheSandorfyCmmel

atthelevelofthePPPmodelwiththesingleCI
allowsustodescribethelinearandnonlinear

opticalpropertiesofpolysilanequitewell.

Excitoneffects turnedout tobeofprimary

importance.Thebindingenergyofthelowest

exciton isextremely large, about l eV, in
remarkablecontrast tothecaseofbulkSi

crystal.Thedifferenceoriginates fromthe
confinementofexcitonsontheone-dimensional

polymerbackbone.Apolymerconjugation
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lengthofatleastabout50atomsisnecessaryto
explaintheobservednonlinearopticalproperties
ofpoly(dihexylsilane).
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