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Non-L血eaIAnalysesoFEnergyTr(TulSrCrinTtP十一D叩CJGlと-SSCS

by KazuhrkoTonooka

AbsLⅠ.act

TraJISrerOrelectronicexcLLatJO!lbetweenrare-ea｢山ionswereLheoreLi(泊りyand

experlmentaHystudjed･Thebasic山eorl'lorLhlSProcessWasdeve一opedinitia‖yby

Fbrsterro｢mult1-PdarinteractlOnModelsforUlefluorescenceLJnde｢山elnrlLJCnCC

o｢energyllaJISreT'｢rOm energydonorstoe-1ergyaCCePtO｢SWC｢ePresentedto

renlOVeuledjmCLllLjeswiLh山eFors〔ermく)delConsiLIeraいonOHhellO【Hinearc｢(ect

ass()ciaLedwi山UleeXCitationoFaCcep【orsreSultedinLhenoll-1】Ilear-110dcl.Tlle

non-exponentialnuorcscencedecaysrollowlngPUIsedexcl〔allOnan(｣山esLcildyl

sLatenuOreSCenCeOfTb3+-dopedgJasseswereexaJllinedbymeal-5Ofthenon-Llneal

mode一,gLVLngagoodagreementl)e〔weencxpeTJnlenLalresultsall(iexpecLatiol-～h-onl

then-odelIllSPLLeof山egoodagreement,theaveragln呂0仙 eL氾PUlaLionofacLivc

ionsand山eapi)r()XimaLionolin〔eracuontoaslmPLLnedone-toイ¶'Vly州e-aCuOn

usedlnthe710n-linearmOdeL,weresuggestedLobeinadequateL｡evaILLale山estatus

or山esys(em-Consequently,山enon-linearmodelwasdeve】()ped)TllOaStOChasいc

TTIOdeLbyd｣sc｢irnLnatlngallactlVeJOnSarldby lnuOduclngthequa川17-at10n0(

e【1ergymVOIvedinalltTallSiLIOnS.ThecollJleCtlOnOFtjleelemenLaJYProcessOlpair-

transrertot∫lemaC｢OSCOPLCbehavLO｢0(Lhedono卜aCCePLOrSyStenlWasC叩IICl=y

ro｢TnalLZedwLul0LItanyaPPrOXLmaLIOnrOr山erl【-Sl=me ltwasshownulaL山e

s(ochasticmodelgaveabetterrllbetweentJle()rCLicalexpectatjonsandexE)erhlental

resultso｢LhcTb-Ndglasssystem.Va一uesor山eparametersobLahedlT.Om 山e

analysiswc｢eexa血nedtocheck山evaJidiryOlulemode(S･ThestochasLicmodel

wasroun(1mostacceptableloexplainthesysLerncOnSjstlngOFdorlOrSaJldacceptors

wi山 conlPlexin【eraction.
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1.11山αユuctioll

Ene｢gytranste｢ofeLectronICeXCilalIOnfrom Oneion10anotherhasbeen au｢actlng attentIOrl

bothTortheoreticallntereStandforpracllCalusesuchasphosphorsancllase｢S･TheeIilClenCyOf

Luminescence肌/rllbe improved (1)bychoosing the hostnlatrixwhlChglVeSStrOrlge｢emISS10∩.

(2) by lnCreaSln g theaclivato｢ concentration.and (3)by utllizlng theene rgy t｢ansler H lgher

acllVatO｢COnCent｢ation lS POSSible forglasses forthey a｢e good so一vents of metaLllC tons.

although.ilb｢ings aboulself-concent｢atIOn quenching Self-concent｢ation quenchtn(j lS the

phenomenonwhereby lurTlinescence rntenslty decrease wlth increaslllg aCtNatOrCOnCentratIOn

Theself-concentrationquenchingoftheLumlnescencefrom the5 D3StaleOfTb3 + IonsISmalnly

dUelOtheenergytrans-erbetween Tb3+ions A overvleVVOfseveraleTlergytransferprocesses

areshowninFig.1.Energytransfermeansthatanexcltedron.USuallycaHed a donor,lransle｢s

ItseXCItatl0nene｢gyloanotherl0n.Ca=edtheacceptor. Theabso｢ptlOnan(メemiss10nOIpholon

｢adlaいon bythe rare-earth Ions hasbeen conslde｢ed a one-ton P｢OCeSS.however.the ene｢gy

t｢ansfe｢ isamany-10nP｢OCeSS,｢nalnLyatwo-ionprocess.asexplalnedbrlellylnlhel唱U｢e

(a) JnthlS｢eSOnanlene｢gyl｢ansferprocess,ionA(thedor10｢)goesfrom ItseXCllecfsLaLe

A IOrlsgroundstateAand theleby exclteS anOthe｢ion,the acceptor,from Itsground

slaleB10ltSexcitedstateB InthlSProcessenergylSfu"yconserved,meanJngthaH he

A ーAtransltionandB→ B transitionhavethesameenergy

(b) Ene｢gy migration IS a P｢OCeSS in whlCh the excltat10n Ofa donormoves around

belweendonorsinarandom-walkmanner.

(C) Jn phonon-assisted energy lranster,there is a conslderable TTllSr7lalch ln energy

belweentheacceplorandthedonorUnderlheconditionsshowninthe leHfLgUre,ion B IS

excitedtoB andaphonon占hjisemlned loconsenノeenergy lftheenergyoftheB一･B

transl110n is la｢gerthan the lransilion energy orA ーA.the rTllSSIng energyhaslobe

sUppJiedbyaphonon,asshovvnintherightflgUre

(d)SlePWISeUp-COnVerSionISaProcessinwhlChTwosuccessivelrarlSJt10rlS Lnthedonor

system exciteoneacceptorion10anhigherenergyslate,app｢oXImalelytwlCe the energy

AIirstphotonisused loexclletheionfrornlheBstatetoE{ sLate(resonantlyorphonon

assisLed)and asecondphotonisused toreachtheC' slate ltislmPOnanlthatwecan

producev)slble｢adialionfrom intraredradLatl0n utHizlng thlS meChanlSm.
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ThebasICtheoryofenergytransferwasgiven by ForsLe｢【11[2】and Dexler l3】 Various

mode一sfortheenergy transfer tak!ng accounlto† muLti-polar inle｢act10nS L3日4】. exchange

Interaction I31r4】, djffusion of energy l5日61 and mig｢alion ofene｢gy 【6H7】 have been

devetop8d.llle Huorescence decaycurves underthe lnrLuence ofene｢gyt｢ans†e｢ have been

a｢lalyzed byFors!er-Like models.inwhichtheaveLraged popuLatl0nOfdonorswast｢eatedbya

Llnear｢ale equatl'on. FOrs【erobtalned a soJutl0nbyinlegrallng the erlergytranSfe｢rate ofa

donor-acceptorparrforalargevolume,dISrega｢dingtheexcilationofacceptors. However, the

populationofexc∫tedacceplorsisexpectedtoplay an LmPO｢tant｢Ole lo the energy l｢ansfe｢

processwlthIncreaseOf acceptors.There are severalposslble m∝】els such as lnokuU-

Hlrayamamodell41,cascaden10dels 【8,9】, dlSCrete Shellmodell101and sum ofexponential

m∝】elt111forthenon-exponenttaJdecaycurves ofdono｢Huorescence in parlicuJa｢condJtm S一 L
ThelnokutilHirayaman10del,whichisgJVenaSaneXlensionoftheFo｢ste｢modelIo｢multi-polar

interacll0n,ismostwidelyusedfo｢theanalysISOfdono｢Huorescenceafle｢apulsedexcitation･

Fuhougト1.nOrleOHhemglVegeneralsolutionfora"cases A goodbibliographyonthisReldwas

p｢eparedbyLosAlamosNalionalLaboratoryl12】

Thoseo一dtheorieshavehvodistinct problems二 〇ne is thelnflnLteenergytranSTe｢｢ale

vJhlChappearsatthestanLngpointoFthedecaycurve.andtheotheristhaHheycannotbeappIIed

loPhenomenavJhichtakesplaceafterthelimescalelongerthantherelaxationtimeofthesystem

Compara什vely liule attention has been given to the fLuorescence in a steady-state. These

p｢oblems a｢e malnlybroughtbythe llnearapproximation ofthe rate equationfo｢the donor

populal■On and by the d■StrLbultDn function which assunleS a COmPLelely random spat■alJ

disl｢lbull0nOFJnte｢aclngions evenwithintheionicradiusoHheconcernlngactivel0rl tlis

p｢efe｢abJeto assumethatthereexistno acceplorswithin the range ofthe nearestneighbor

dlStarTCeOfthedono｢andlhatlhetransferrateofthedonorisfiniteasamacroscopICVatUe The

modTffCationofaccepto｢distributionwasalreadysuggestedasanapproach to form a rea=stic

distnbutionofacttve10nSbyH,Dornaufetal.[131andS.R.Rotrnanetal.ll4]

The｢e were many repons on the energy transfer between rare-eanh l'ons such as

Tb3十一Dy3+ L15,161. Tb3+-Eu3' L15.16,17), Tb3十一sm3十 【15.161. Tb3十一Tm3+

[15,16.18】, Tb3+-pr3+ 【15,16】, Tb3L-Erョ+ 【15,16,191 and Tb3+一日03+ 上15,16】

TypICaloptlcaltransitions ofrare-earth JpOnS are due to transitions in the Innershielded 4f

→4-
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shell Forthis reason the TlUorescence orTare-eanh Eonsis lll‖uellCed lTIUCh smal一erbythe

surrounding CrySta川ne HeJd thanlSthefluorescenceofotheracいvato｢s haV【ng tratlSilio115 IH

outerelectronShe‖S.The｢pfo｢e.川efluorescenceofra｢e･earthi()nsing一assisexpected tobe

quitesimilarlO thatirlCrystals ThusonecanestlmateTheenergyleve一sofrare-earthJO‖Sln

g一assesてrom theDIekediagramshowninFIg2.ThemalndlHerence betweenIhe=uorescenceot

rare-earthionsinglassesandthatincrystalsisthelrlhomogeneousbroademng inspectra.

ln t川s study. more comp｢eheInsive mode一s vve｢e presented ln Order lo remove the

diHICU帖eswith old mく)delsfo｢the donorHuo｢escence underthe lnfluence cferlerqylransEer

Thesemode一sarebasedonacouplednon･llnea｢rateequatlDntaklngtheexcl(atl0nSbothofdonors

andofacceptorsintoconsiderationl20JSteadystateand transientresponseorlhe‖uorescence

Intensityfrom the5D3SlateofTb3+ionsinglasseswere analyzed usingthenon-‖nearmode-

Numencalcalculalions showed lhalthe non-llnearnlOdelgave rlDn･eXP()nerl=aldecay cu｢ves

simHartothefamouslnokut卜HlrayamaeqLは110n.Agod agreementwasobtalnedbetweentheory

andexperimerTtalresuHs hLSaSignificantadVanlage ofthe non･llnearmodelthatltgivesa

consistentinte｢pretatl0nOftheresponseDIdonorFluo｢escence bothlrlSLeadyandtntranslenl

states lTOm the elemenla｢yprocessofpair-1ransre｢ lnspjteoltheagreeme｢11sObta川ed,Jhc

nonllinearmodellookedsljl=nadeqUateloexPIalnthedonor-acceplorsystenlr｢Om a theorelical

pointofview′ThlSinadequacyoflhemodelseemedtoberesuIted什onltheapprox】nlatlOnOf the

conlPlexinteracllIOntOa Simpllfled one-t0-many inleraclion. Then the non一日rlearmodelwas

de>elopedintoastochaslicm(泊eltnwhlChthetransfersofenergy†｢om donorstoacceptorswE?re

slochasHcallycalculaledwHhoutapproximations Acompulersimulationbasedontheslochastic

modelwascarriedouHoanalyzethedonorfluorescenceoftheTb-NdgLasssystem

ThesecondchapterdealsvJththebasictheoryofenergytransferfora donoトaCCCPtOrPalr

and extensionstoamacroscopicsystem consistlng Ofmanydonors and acceplorswHh multl･

po一arnleraction･ ThephysICalpICtUreandthemalhematlCallrealmelllSoftheFbrslermode一lS

interpreted as an approximation orthe complex interaction tO the silllPJlfied one-10-many

interaclion･ Imponance ofthe non-Iinearlllyassociated vJIth the excltaいOnSOfacINeionsand

theintroductionofthenon-linearterm Inn therateequation aredescribed incomparisonwith

theFe)rsIermodel. Thenon-linearmodeJforthedonorHuorescencelSPreSerlted toremovethe

dT什ICUIlieswithThe ｢orslermodel.
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1nthelhJrJchapICr, eXPerirnenlalresultsonthedor10r仙Orescenceareanalyzedusingthe

nor十hnearmoclel ltlSShownthatthe donorHuorescencelnSteadystaleandlranSienlresponse

lronlTb3+iorlSinglassesareconsistently understood by the non･Einearmode一, whereas the

ForsLe｢-1lkemodelscanbeapplledonlytothetranslenLresponse DecaycharacleristECSbythe

nol1-日nearrnodetareexanunedcomparingvJi(hthosebytheF亡)(stermodel.gMngaCOnSEderable

dけIerenceln theshorttimebehavlDrSOftheirHuorescencedecaysbetweenthesemodels･

The †ourlh crlaPler descrlbes cc)nlr)Ute｢ SlmUlat10nS aPPIEed lo the analysIS Ot energy

tra‖sler･ As(ochasticmodellD｢thedonorHuorescencelSProposed asaney-LenSIOnOHhenon-

=(lear mDdetto conslde｢the complex interacIIOnS between dono｢s and acceplors vJHhou(

approximations The discrlmination o【lndivtduaLactive ions and the quantlZahon Of energy

associatedWHh alllrarlSilionsareidentlCallDthestochasLicmodel MonteCarlcISimulationsona

computerareused!0日heevaEuatIOnOffluorescencedecaysbasedontheslochastLCmodel.Better

(1g｢eemenlsarereporled betweenthes[mulaled results by a comL)Uterand ne experimental

resultson Tb311･dDPedglasses.

Thefnhchapterfocusesontheo(ig(nsfo(thenon-exponentlalresponsesandTheeffectof

energyback-t｢ansfe｢ Theo｢etLCatlnVeSllgatlDnSOfthenon-hnearmode一. thestochasいcrnodel

(heFdrslermode′concludesthatthenon-exponenlialresponsesofthedonorfJuc)rescence.which

lSthemaincha(acterofthesystem occu｢rlngenergyl｢ansfer.lSbetterunderstood asa｢esullof

the Ron-Linearltyhlthedynamlcs ofenergytransfer Considerable presence oIenergy back

transferlS SUggeS-ed from the spectralin>estigaLionof l-b3+ Ions rn glassesand 什om the

evaluationoHheenergyreはxationofacceplorswlthandvvlthoulconsJderlngthebacktransfer

ConcLudlngremarksaredescribedl'nthesixthchapte(,ThestochasいcHl0dellSfound mosl

acceplab[etoaccountfornemacroscopICbehaviorotdonorfluorescencebasedonthefundarnental

processoIenergy l｢ansIerbetvJeen a donorand an accepto｢.JtlS also concluded thatthe

dlSCriminal10nOf≦ndivldualactiveionsandthequanllZatl0nOftransferredenergya｢eessenriaHo

formalizethesystem consISllngOfdonorsandacceptorswithcomplexinLe｢aCtl0n UseMnessand

limHationsoIacomputersimulationarementionedtocarry outthe analysISOfenergylransfer

basedontheslochasticrnodel.
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(d)Stepw.lseenergyup-conversI｡n

Flgl･Diagl̀amsofseve｢alenergyt｢aIISfe｢p｢ocesses･

(a)Resorlanten?rgyt｢anSfer･ (b)Energymjgrall0∩,
byvJhichtheexcltationmovesb帥〟eendonors.
(C)PhononassIStedener~gylrans†erwllhtheemmission
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2.Theories

2.llBasicLheol-yOrenCt-gy transfer

DexlerderlVedtheloHotvingexpressIDnfortheprobabiillyOlrest)na･ltenergytTarlSEer(or

ad()nor-accep10rPalr Vla anelecl(icdipole-dipotelnteraClionas.

p霊 瞥 k ,4J讐 '-EldL- (1,

∨ノherelllS the relracLl>e Index.r lSthedistancebetvJeenthedonorandlheaccL叩lo(.CISthe

velocllyollkJhl.Kisthed-electrlCCOnStanl.Ec is the perm'tt-v'ty uH he nle(l･um.kR ■Sthe

radialive transition probab日日y Forthe donor.Oa(=_rod(E)dE)is the ene｢(Jy JntegraloEthe

op=calcross･secL-o∩(】'l(E)'IntheabsorpIIOnband.Ed(E)lSthenoT'mallZedemlSSIOnSPeClrurnOr

thedonorandFLl(E)isthenormalIZed absorptionspectrum oH he accep10r Weca｢lSeH he

quanHy (E/Kl/2Ec) equa一tounityinthenumerica一evalLJation,S･rlCeadonortransrers energy

10llsnearbyacceplorsandanacceptorobtainsenergytrom itsnearbydol10rS,the express10n For

theenergyI｢ansIershouldreflecHhe′ocaldjs(ribuLionofthedislan(:eSr)elweerlsuchlnLeraCいnq

ions ExlenChg eq.(1) ro｢lhemult卜polarinteract10n. OneCanreWrHell as

p(r)-kH(学)s
vvhere

障 慧 (克 )4巨 )dEl

fd(E)Fn(E)
EA

dE

(2)

andSis6,8,10 †O｢ dlPOle-dlPDle (d-d). dipole-quadrupole (d.q)and quadrupole･quadrupole

(q･q)inte(actl0nS.｢eSPeCllVefy The parameleTRo lsusuaHycaHecH Ile C伸CaJdJSlallCe Or

energy t｢ansler

Considerasystem inwhichdonorsandacceptorsarerandomlychstrlbl｣teClassho､∨∩lnF=lg･3

(a)･ThedJStrlbutIOnOf｢are-earlhlOnSdoped･nglas.syrTled･um lSatypicalcase Sincedonors

and acceptorsare usuaILycations.thereexlSIsuchanionsas02Iamong acいve lOT-S ln (he

llgUre,however.theseanionswere omiLled TorclaHy The probabtLHy OfeElergy lranSterlrorn

donorstoaccept(〕rsdepends()nthedistancebetweenthem Sinceadonorlranslersenergy10its

nea化)yaccepLOrSandanacceptorot)La-InS energy from its Jlearby dol10｢S,theexpress10nOfthe

一一･ト



ene rgy trarlSler sho uld ｢efLe cH he local d-stnbutior1 0日 he dlSta nCeS betw e en s uch lnle ｢acllng

JOrlS ｢LgLJre3(b) Shows theschematicpaHlSOH heenergylransTerfrom onespeclrlCdonorlo

rlearby accepto rsforthe sam e dIStrlbLltLO n OfFLg 3(a) S uppose l h aH llere are Naacceptors

vvhlChcanrecelVeene｢gyfrom the donor. The p｢obablLllyOrene｢gyt｢anS†e｢forthedonorlS

glVenby

hZE

flJ-kHR昌∑RiEL:E=l

wlle｢eR∂kISthed)stance L)elween Hledonorand thek-thacceplor SLrl1日∂｢ly.thep｢obablIIty

fo｢onespeclrlCaCCePLo｢OblalnJngenergyFrom nearbydonors.asshovvnJ-nFIg3(C),lSgIVenby

～LL

J-'3=kRJ鴇∑Raekztl

whereNdlS【henumberoEdonorsvJtllChcang｢>eenergytotheacceptorandRdklSthedJStanCe

beLweenlheaccepto｢andthek-Lhdonor, Themlg｢at10n.the dlHus10nand the back-1ransre｢of

the excltallOn r21.22]we｢e neglected here One can see I｢om eqs (4)and (5)thatthe

probablliLleS Oferlergylransferforeach donorand acceptor are usuaHy dIHerenT.therefore

theseenergyt｢anSfer｢atesshould bedlSllngUJShed lnIorrTllngrateequal10nS

.I

2,2.FClrsLermodel

∧= L｢St,the Forste｢ modelshould be ｢evleWed･since i= -elps us to understand the )

lundarTlenEals and the phenomenology ofthe donor Fluorescence ln a maCrOSCOPIC System

App｢oximaLlng thecomplexinleractJOnS between manydonors and acceptorslo Hle SrmP日日ed

lnte｢aCtionbetweenadonorandacceptors. Forster analyzed thedonorfluo｢escencewithwlth

thefollowingrateequationforthepopulatIOnOfdonors,

生壁--kRP(L,-kRk"宴.(監 )6佃)dL (6)

whereP(㈹ is thepopuratIOnOfthedonor,kR jstheradiati>elransH10nrateOFdonors,Na lS

therlUmberofacceptors,RklSthedistarlCebetvJeenthedonorandthek-thacceplo｢.Rois the

→tD-



C｢'rlicaldistance of energy transfer.ThlS rate equatIOn is restrJCled to the dlPOle-(座o一e

7nle｢action Theexcitationofaccepto｢sweredLSr｡gardedintheFdrstermodel

VVebeglnWIlhtheloHovvingrate equation ex~tendedtothemLJPll-POla｢lnEeractl0∩ ,

響 --kRPdt,-kRk"宴l(監 )sPJL)
where Sis 6.8 and 10for thedipole-dlPOle.thedJPOle･quad｢upole and 【hequadrupolel

quad｢upoleinte｢acHons Theexci(alionofaccepto｢svJeredisregardedintheFd｢sle｢model The

レ

exactsolutl0nOIeq (7)canbewrittenlntheform

ド.

pよt)-PJ(0)exp(-kRト kRRos ∑Rist)
k=l

0r
N.

p(JD-PJ(0)exp(-kkt)7T exp仁kRRosRist)
k=1

(8)

(9)

lntroduclng the dislrlbutJOntunclionw(｢).FbrsterobtainedthemacroscopICaHyave｢acJedvalue

ofr〕((I)as

p(t)=poexp(-kRt)Jim L

RE-∞

where

～-をTR3gcn

W(A)exp(-kR(T ).sL)dr]"
(10)

Ca Is theaccepto｢concentra tl0n andthedlStrlbution funct10n Of accep to rs around thedonor IS

norm alized suchthat

loRRw(r,dr-1

ltrsconvenlen110rewriteeq (10)as

p(i)- P(0) exp(-k R t) Jim l J(t)]"
Rg-ゝoQ

where

J(i)- W (｢)e x p(-kRtR汗 S) dr

__//__



ThenheassumedthatthedislribullOnOfacceptorsaroundtheconcerni,lgdono｢was co｢npletely

proportlOnaJtor2forallr.asshownlnFigl4 PunlngthedlStrlbutlOnfunct-onas

､1,,(,)=旦ELtV
where

v -i7,R F13 ,

Onecanwrllefunct10nJ(L)as

JrI)=
% loRR

r2 expト k RtRa r-S) d r

1■ト

し

(15)

･(17)

Expandlngtheeq(17)'napowerseriesoft andneglectingthehigherorderterm thant3/S,he

oblalned

∫(t ) - 上告ncn Rgr (i - 3/S)吉(kr l) 3 / S

Thep｢ocedurereducJngloequatl0∩(18日sexpLainedlntheappendlX.WeshouLdbeawa｢e that

lhISaPPrOXlmaH0nJeadlngtOequation(18)wlHHmlH hevaIIdlLyoIthe Fo｢ste｢rnodeL Maklng

use ol eq(l l)I e q (13)andtllet0rmUla

exp(x)- 1m- (L+告L)h'
N-･rA

Ollegettheapproxlmatedrelallon

両 - p(o)exp(-kRt)expト等car(月 ′S)Rb(kRl)3/S) (20)

ThJSISthedecayfunctionlnitlallyobtainedbyForsterforthedonorfluorescence･ Pulllng

co-孟R63
wecangetthe lnokuti-Hi｢ayarnaequation.

帖 )- (b(0 ) expト k Rt-r(1-i)gt(k R t )3'S]

SophrsllCaledt｢eatmentsandapproxima110nSOU川nedabovearemevllabLetoobtalntheresullsin

theFGrste｢model.sincethesummedLransferratelneq (7).

-/}_-



becomesinfinlteWhen ilis calculaled vJl=1the drstrlbul)OrlfuncllC)n W(I)proportIOllarlo the

donor-acceptorclistanceTforaLlr Malhemahcalapp｢oxir11aLior1SusedintheFdrstorrnodel may

reduce the lheorelical cDnSistellCyOFlt Thus､we shoulrinoncethaH he lnokuti･Hlrayarl1a

equatl0nisnotatlleOre【icalequatlOnbutanapp｢Oxlmatedor1e

2.3.Nonllincarmodel

UnlLketheFo(ste｢m〔)del,thellmedependentpopulatlOnOfaccepIO｢SlneXCJtedStaleandthe

excHal伯nterm foranalyzrngthesteadyslatefluorescellCeWeretakenIntoCOrlSldera=onin日日s

modelThe｢ateequahonTorthepopulaLl0nSOfdonorsandacceptors. r)ぐか)alld r)a(り ar(ラgJVen

by l201

-A(1-pd(i))-(kR+LI‖)p｡Kl)-kTJ(トPa(I))pd(L)

=kTaPd(I)(I-pa(t))-k̂ p8(L)

wherekN ItstheenergyrelaxaLionrateofthedonorsbynon-rad'atl>etranSIL1-ons, k.へ is the

energy relaxation rate oFthe accep【ors.kTd is the energy transferrate From a donor lo

accepIOrS.kTa istheenergytransferratefrom donorsloanacceptorandg is the excHal,On

rateOfthe do｢10rS. Addllion ofthe excitalioTlle｢rn tordonors is necessary 10 ana)yze 州C

仙Orescence in a steady slate The quant■t■es LTD and kTa are the macroscopic values

corresporldinglo eqs(4)and(5)respecl｣velyandassumedlo be llnLte ｢DrmalizaいOn ofthe

rateequationasordinarydifierenlialequal.ons､spermuedbytheinlroducllOnOH nite kTdand

kTa-Themacroscopicmodeldescrlbedbyequat■on(24)isshownschernaL･CaIIy in Fig.5 lt■s

possible lo obtain a lineaT eqUat10n eqUIValenLIo the rate equal10n OTthe Forster by

approximalingtheequallOn(24)loalinearform Thenon-Iin自a｢ProductPcRl)I()a(I) wHtplay

an importantrole unde｢the condltJOn Of strong excltatl0nsuch as in Fase｢nledlUm Orhlgh

concentration ofactive ions The lnlenshy orthe donorfJuore-scence IS PrOPOnlOnalto the

prod〕clor P(か)and the donorconcentration Cd lnLroduclnga COefliclenta.lhe rerat卜ve

intensityoffluorescenceisexpressedas

_ 13-



I(り= (1(∴‖)a(り (25)

ina山anceofanaTyzlng an actualfluorescence ofadonoトaCCePIorsySlern･the mac｢oscopIC

lransfer ra'LeS COrreSPO(ldnLJ lo equat10nS (4) and (5) must be catculated as a ｢unctl0n Of

concenlrat10nOFdonorsarld accepto｢s Ft)｢sterassumed thatthe ｢adJald'LStrlbut10∩ tuncLion oF

acceptorsaroundadonorwas independentofthe accepto｢concenl｢at10n and lTla【the dJSErlbuHon

TuncUon was p｢oporlJOnaLlo the square or｢lo｢all｢. These assumpLl0nS P｢edrcts a llnear

atthe lnltialpolntofdecaycur-ves A仙oughaquadraHCdependenceoHheenergyL｢ansfer｢a【e

vvas ｢eported L23.24】.rn addi=o∩.the transferrales are expected to be flnLte fora= the lime.

L In =1e CaLcu･a1-0n oFmacroscopic traロs-er rates kTdandkTa, tVJO bas･c assumpl･ons on =1e

d-StrLbuLionfunctionsforthedonorsandacceplorsweremade.

(a)ThereexIStSaminimum dlstanceRnbetween dono｢sandaccepto｢S

(b)Dono｢sandaccep10｢SSegregateathighconcenl｢atIOnS.

lllis一eadsto thedJSt｢lbuLlOnrUnCl10nro√aCCePtO｢SarOLJnd adonor.

wll(i)- ～40micn L仰 cdC ," ,_R J (',T,'RR二㌧'
(26)

■ヽ

ノヽ

whereCais the acceptorconcerltrat■On and β is a coeHrcientorsegregat･On These mod･r･ed

dlStributlOn 0-donors and accep【orsisshownschematically in Flg6 1lle -irslterm 4¶←2ca

represents a random distrlbulion outside the sphere of radIUS Rn The second term

4雄 r2cbCd)(r-Rn)representsthesegregahonofdonorsand acceptorsatthespher'calsu'iace

wlth ｢adIUSRn Sl｢lCethe actlVe ionsare usuallycations,the nearestnelghbors ETIUSlbe amons

suchasO2- Hence.the dfstanceRnlSexpectedtobethesecondnearestnelghbonngdistancefor

llleactive Ions Wllhtheintroduced dislrlbulion function, the trarlSferrate from a donor to

acceplOrSind-dinteractionwasobta'Inedas

L'Td-iwD惇 14汀DkRP等 ･3

Sameasthefunction Wよr). thedistrlbutLOnful1CtrOnOIdonorsaround an acceplorwasput,

W tJ(r)I
0 (r くRn)

･1Trr2cd+dnr～r2cacda(r･RD) (｢,Rn)

_14__
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Thesedistribulion functions ares=owIlln Fl9･6 ThusthetraJ'lSre｢raLr?for 'lllaCC･ePLo｢rsgwen

by

kT3-生7rDk卓 +4汀nkRβ等 (29'3

Theselranslerra(eskTdandk:Ta arelln【(afora日日rehmeandsahsfythequadrallCdependence

alhighconcentrationsofacHveJO‖S. aStheywereeXPeClede叩erimentally.

The fluorescence lnlensJ【y can be analyzed by the sI･･TlL川aneous caiculahon oE eqs.

(24).(25),(29)and(13) ∧ soJutionJnSteadyslatewasexac=yoblalnedasasafuncII0-日)(the

concentratl0nSOfdonorsarldaccepto｢S, ln caseoflranslentanalysISOF‖uo｢escence.therlOn-

Iinea｢｢a(eequallOJIWasSOIved nunlerlCaHyFortheexactsoJUt10nVJaShardlyoblalned

』･
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Energy D0-10｢

巨｢1ergy Accel,oHL ｡ ○
(a)

D Erle｢gy Donor

A ‥巨｡ergy∧｡｡eP.α ◎

(C)

Flg-3 MICrOSr,OPfC mOClelofenergy Lransler between ranclomly

distTlbuted donors and accepLors. Usuarly there exist an10nS
I

such as O~ among active ions,although they were omitted in

the Hgure Io｢cla｢lly A donor9･VeSene｢gy lo nearby acceplo｢S

and an acceplorobtalnS energy from nearby donors (a)Spatlal

transfer paths from a donor to acceptors (C) Energy transfer

paths†｢om donors to an acceptor.
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Flg4.DISlributlOn funct10n Ofacceplo｢s ln the Forste｢ model

The dlStHbution lS aSSUnled to be propot(onaJ【o r2evenaH だ0

RadlaLIVe RelaxatJOn

Excllatl0∩

Ene｢gyTransle｢

kTd kTa

Non-radiative Relaxation

Accci)仁or

JkA
RadlativeandNor1-radFatLVe

Relaxalion

I/

Flg･5･ Mac｢oscopIC model of excHalion , ｢eJaxatJOn and

transferofenergy,The spatJaldistrlbut10nS'oTdonors and

acceptors are genera‖y dllferent, lhereIore these transfer

rates k,dandkT.Should be disL.rnguished in the analysIS

W(【.)

Rn

Fig6 The modlfled distribull0∩ function ofaccepto｢s ln

the non一日nearmodel The minimum distance R between∩

donors and acceptors and the elfect oF seg｢egatIOn ln

hlghly doped condil10nS are Introduced

-ノ7-



3.^ 【1alysIS()rExpcrjrllenLalres-ulLs

3土 ExperilneTlta)

The g一asssamplesunderinvestJgatLOn COntalned Tb2q3andNa20 1日 addrtion to the

nelwork lormers (NWF)suchasSr02.GeO2.B2(力 andP2(ち.The)rcompositions a｢e

expressedlntermsofmola｢pe｢centagesx,yandzasINWF+yNa20 +ITb2Qj,Whe｢e

_r+y十Z=100andy/,r=05.Theglasssampleswlthz-O3to7.0foreachNWF were prepared

asltstedintable1 A一termixingTheraw materlalsofSl02.GeO2.H3FO4.H3Ⅸ二)3,Na2CD3

andTb2(力 lnaCleanpolyethylenebouJe.glassbatchesvve｢emeltedforafew hourslnaPI

cruclblelnafurnaceatter叩era【=reS between900oC and1300oC Theywe｢e thencastand

annealed urlde｢su[lableconditions Befo｢emeasuringthe‖uorescence lntenSlty.allo†the

glasseswerecutandpolishedinorder10enSU｢etlleSameSuriacecondll10n

The lntenSlly ofthe steady-slate fluorescence was nleaSUred unde｢ 36Dnm

wavelengthexcltat10nFrom amercurylampatroom temperature The apparatus For the

nleaSU｢enlentCOnSJ-sled ofthe mercury 一amp. band-pass and UV-cuHing 仙ers, a

monocll｢OrTlalo｢ancl a photorTIUIIIPller The wavelength-clependentsellSilivLlyoFthe

detectlOnSystem wascaEIbra-edbyastandard lurlgStenlamp Thefluorescenceo-Tb3+

un｡erulLra-vlOletexcltation IS lnitlaled mainly by eleclrons a15D3and5D4levels The

rluorescenceitltenSilyfronlthe5D4-7F5tranS.110日 (入-450 nnl) in s'l■cate,phosphate.

L borateandgernlarlale glasseswasmeasuredasaIuncl.onOH b2(わ concenlrahon.assl10W n

in Flg7･Arr measuremenls were carried out at room temperature. AL the lower

COnCentralFOnSlhan4m01% ofTb2(ち ,the fluorescence intensrty ofaHgrassesbecomes

Slrongerwt=lincreasingTb2Cb contenL AsHghHendencyo=heconcenlralrOnqUenChlngOF

fluorescence is observeclal the higher concentratIOnS. FlgUre 8 shows lho relatlVe

fluorescence ･nter.silyinsteady-stalefrom thethe5D3-7F5 tranS■tion (入-410 nm)asa

furlCt10｢10ITb2Q3 COntentwith a 360nrTI Wavelength excltalIOn . The querlChlng Of

fluorescencewith increasing Tb2Cb concentrationwasobsen/edineach ofglasses.The

fEuorescence -rom the5D3SLate hasmuch strongertendencyofconcenlrat10nquenChlng

･.十 一一
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recognizedasaresUllofenergy-ransferfrom exclledTb3+ionsal-he5D3SI∃-elogroL=ld

state Tb3' .Ions 【31,32]

whentheconcerl-ratlOnOfTb3+lSlow SlnCetheenergydlFrerencebe-weon5D3and5D4

levelsl･sequaltothatbetween7Fo and7F6. energytrarlSrerCantakeplacebetv/een5D3-

5D4transition and 7F6-7Fo transitionaslJIustrated schemarlCa=y in｢ICJ9 TIle energy

transferfrom 5D3-5D4-ransition lo 7F6-7Fo transltlOn SlmUHaneoLJSIy generates trle

energyrelaxatIOn-rorTlthe5D3StatetOlhe5D4State Forth-sreasonltlSCalled 5D3-5Dd

cross-relaxa-ion This 5D3-5D4 CrOSS-relaxation becomes ･lmPOrlant v州1 lnCreaSlng

Tb3+concentrallO∩.reSUItlnglntheconcentrationquencIM gofthe ofThe5D3rluorescerlCe

andthe Increase o川 uorescencerrorn 什1e 5D4 Slale Simultaneous measu'･emenls oF

Tluorescencefrom 5D3and5D4 Jevelsare morelntOrmativeto undersTarldthe5D315D4

cross-relaxation ofTb3+ions･Figure10showsthetlmedependenceofTb3+ fluorescence

intensFly from the 5D3 eXCileddonorstaleandfrom the 5D4 melaSlablestaleLn SllLCate

glassesmeasured Under=leN2-laserexcilation . Ground sTate Tb3+ tons are i仙 ally

excitedlOthe5D3Slatebythepulsedexcitalionat入=337nm wlththehalfwldLhoH nsarld

trlenrelaxbyene｢gylransfe｢o｢byradiationofapholon Non-exponerltlaldecays,whlCh

are the characteristic behaviorofthe donor=uorescerlCe Urlde｢the lFlfLLJerlCe Otenergy

traロs-er. are observed forthe 5D3 1luorescence The lntrlnSIC IJfe-tlme Orlhe 5L)3

fluorescence was evaluated to be l･OmsecI The nOn-eXPOnenTlardecay of the 5D3

fluorescence andtheslovvriseof5D4fluorescence reflectthepopulat10nCharlgeTrorT15D3

to5D4 duetothe5D3-5D4 :7F6-7Fo cross･relaxat10n The ir-trinslC life time ofthe

5D4 -luorescencewasmeasuredtobe25msec ThusillSpossibleloJrlVeStIgalethe5D3-

5DI CrOSSイelaxationofTb3+ionsbytheanalysISOftlle fluorescencelntenSl-y orlglnalirlg

from the5D3 lever

-.十･



3.2.Stcadv-st(l上eZulalysIS

∧nexacISOIut10n in asteady-stalecanbeoblalnedfrom therateequaH0∩(24) ll lS

possibLetoputkTd-kTa=kT -orthe 5D3-･5D4 CrOSS-relaxat■onbetweenTb3'.ons The

equattonfo｢PdlnaSteady-slateunderacontlnUOUSeXCllatl0nAlS

kT(g +k R + 畑 )｢) 3 11(k̂(g･kR･k.～)+kT(k^一g ))pJ-gk =̂ 0

- ■

＼J

wlle｢e

kT-krd-kh-畑 Rh ･卓 +4JTRekR増.i

cd'SlheconcenlraTl0nOr theTb3+ionsandβ lS a Parameter Character･Z.ng the

segrega1-on or theTb3+ Eons. EquaT'on (31) expressing 仙e Transfer ra【e is
restrlCledtothecaseof d-dlnte｢aCtIOn Soレvingabovequad｢aticequal10nOIPd.One

getslhedonorpopulatron ofTb3+ ionsas

(31)

Pd(CID)=
-(kR+k:i-g)A,､-α八一g)kT+ ((kR十kN一旦)k̂ 十α∧ト8)L･T12-4gk̂(k̂.kT)i,r

2k･L(k火+kN-←g)
(32)

ThesteadystatellUorescencp fronlthe5D3 leve一ofTb3+10nSlnglassesvvereanalyzed

us'ng equa【iorl(32) llwasdeternlinedkR-1000 sec11 from the 5D3 decaycurvesIor

O3lT1010/oofTb2(力 Figl｣re llshovvs the experlmentat and theorellCaL ｢esuHs fo｢the

fluorescenceln-ensltyaS a runCtlOn OF theTb3+ 10nconcentration A qUenchHlg Of the

fluorescencewllhlnCreaS･Ing Tb3+ IonCOnCentral10nISObserved 一〇reachoH heglasses

Thesolld curves are the lheoreticalresults analyzed by the non-Ilnear rnOdelwllh

parametersl'sted in table 2. Thenon-radlativetrans'tionrate kN WasnegreCtedagainst

kR Theseparameters､～eredeterminedby curve fluing,takLng accountOftheconsIStenCy

wLlhtheIollowingresults oftlme-dependentanalyslS Since the non-radlatLVe tranSiいOn

rateincreaseswith.ncreas-ng dopantconcentration. theconcent'altondependenceofkA

wasintr(丸ucedaskA=CAO･CAlCb ThedisLanceRnwasexpectedtobe0.4nrTl,SlnCe lhlS IS

themlnimum dlStanCebetween two Tb3+ 10nSln CrySIaHne Tb2(力 The excitationof

accepto｢sisdissIPa【edasphononsorinfraredradiatl0n The murll-Phonon process 【33,341

～2IC)-



vJ川 be dominarltfortherpJaxallOnI(om the7FJ(l=0-6) EM lsoFTb31 lnaddhiorl10

thecrossイelaxallon from lhe5D3-5D4tO7F6-･r7Fo lrarlSjtioHs. phono-assISled closs･

relaxat-onリノaSreported l'om lhe5D3-5D4 tO7F6-7Fland7F6-7F2 F'anSlhOnS 口51

TakITlg theselransitlonslo lhe7Fo , 7Fl and7F2revels into coEISIderaLic".Hle Obtalned

>alueork̂ -5xlO3 aHhe■rnled■um cDnCenlraIEOnOrTb3'一口nS COrreSP(川 〔Jslothereport

ontheenergyreJaxalionbymulH-r]llOnOnProcessesL36】From theexper[m Eml,lI｢esulls -n

referenceI361.therelaxaLl0nrateoracceptorsvvereexpectedlobe k̂=1×104 1,.S.I.care

g一asses

paranleLers RD andPwere calcL佃 ed from theconcerltrat10n dependence orkT ~The

parametersobtainedfortheTb3十cross-relaxa(ton and seqregat10nare llSte〔flr-1Llbre 3

lhe criL･CalLrarlSierdlSlances Ro were estlmaled to be 1Ohm-1lnm TheseLJrega=On

term 4nDRn2cacb,express■ngthenumber otTb3+.on≦ atlhe second {leareSt ne■ghbor

position.lSintherange O4-5I fo｢S川cale,phosI)hale.boratearl⊂jge｢=anate gl.lSSeS

The pos'tive va一ues of4刀βRn2CaGjindlCate lhe presence ofsegregat'on■rleXCeSSOFne

averaged】S-rlbuTIOn Judglng 什orH thesevalues,lhesegregallOn0-Tb3+ lOnSlr- SJhcale

and germanale glasses ISS【rongc｢1hanthatlnbo｢ateandpllOSPhaleglasses

3･3･rn-ansientanalysts

The decaycurves forthe donorHuorescenceundel一山elrl=uence orthe 5L)3-･5D4

cross-relaxaHon were analyzed numerica"y uslng the rate equaljon (24) Flgure 12

S一一ows-heexperimerltalponlsofthe 503-7｢S emissionandthellHedcurveshythenon-

Ilnea｢analyslS in silicate grasses NorトeXPOnenllaldecays or‖Uorescence inlenSlly wc-e

observed ataltconlenls ofTb203･ Therad.al've reJaxalion rate or donors･kR VJere

delerrnined fo be lOxlUl from lhe 5D3 decay curve TorO3mol% oF Tb2Cb The

populationofacceplo｢saH-0andtheenergyrelaxationrateoraccepto(SWe｢eassumedlobe

一一∴l一一



zerolnlheanarysIS.namely t)a(0)-0 andkN-0･ Therapiddecayo川 1e fluorescence

fror1-Hle5L)3 SrateW･thincreasir･g Tb2q3COnLenl･sdue to the cross-relaxaL･0∩,Whlch

transferseLeclronsfrom theexclledstate (5D3)toU-eme【astablestate (5D4)oHhedonor

TonsandexcitesaccePtOrS We canneg-ec川1eP叩ulalLOnOftrle5D4 metaStabE白Stalerntrle

analysIS- StnCethe5D4 StaLe has no resonantlrarlStl10nS arfectlng the cross-relaxallOn

exceptthroughthemlgrall0nOrtheback-transferoFtheexcltalJOn Hwasestimatebythe

cunノetlll■rlg tO the expenmenlalresultsthatPClO)-07, R｡6-3x10-54m6andr3-1xlO ~

36m4 aretakenasco′-1mOnParametersforlhevarl0uSTb2q) COnlenls. assum■ng eleclr･c

dFPOle-dlpole lnteraCtLOn These parameters obtained by the llme-dependent analysls

correspond Lo those by llle Steady-stale analysIS ∧lthough ttle｢e found a slgnlHCant
dlSagreementthatthe)t｢anSlentanalyslSgavearTluChlesses【trTlatlOnOHhe｢eJaxatLOn ｢ate Of

accep10rSthanthatbythesteady-stateanaLysIS Theenergy｢elaxatlOnrateofaccep10rS＼VaS

estimaledtobe kA<100Irornthetrar-sLentanalysIS. II'sexpectedthatkA-1x104 from

experlnler1taLresulls on multI-Phonon relaxalions mentIOned above Consequelltly.the

energy｢elaxalionrateofacceplorsobtalnedbythesteady-stateanatysISSeemslobe nl0｢e

rellabJethanthatbythel｢ansien【analysIS ThedlSagreemen【lrltheevaJuaLLOnOfacceptor

｢elaメationbetweenthesteady-stateanaJysISand thetransientanalystsW川 bemallllyduelo

ane†feclo【e°e)｢gy backltranster TheeHec10fenergy back-t｢ansleronthe Huorescence

decaysofdonorsvJrILbedl'scussedlaler Themigraliono(energymaybe anotherp｢ocess

causlngdlSCrePanCybehNeentheLheoretlCalexpectationsandthe experlmen【alresults The

mlg｢al10日leadtngloamacroscopICequIHbrlUm Ofenergy wi" be lrTIPOnanlatllle lnhlal

partofflorescencedecays.

Next. experlmentalresults fortheTb3+-M 3+ erlergyl√ans-erwere examirled by

meanso- anumerLCalcalculation･The energytraロs-erfrom the5D4-･7F4transition of

Tb3' to the419/2- a,d4(ち/2 tranSit■ono- Nd3十 wasreported l167 Thisprocessof

energytransferrronl Tb3十toNd3+isllluslraledschemalica=yinFig113 1nthe analyslS.

thISenO｢gylransTe｢wasapproximaled loasimplesystem expressedbythe rate equal'On

-2L-



(24). The Huorescencedecaycurveswere expressed ln termsofthe Htokul卜Hlrayanla

equationlnreferencel16ト FigurelJt Shows theconlParlSOnbc(weenther)resentnon･

linearanalyslS and -1le lnokul川 lrayama eqUal【o∩(0日 he decaycurvesorthe Tb3十

fluorescence ln Ca(PO3)2 glassesunde'1helnfluenceoreno'gy Traロs-er From lL)3- 1o

M3十 ･｢he curve TITParameters by the n()n-‖nearrllDdelis lisled Jn table 也 lhe

parametersRoandrうwereesll'maledascomrT10nPa.ranlOterSfortrleVar10US mOlar ratIOS

Ndrl･b The concentraljon c'ITb31-lSeStirnaled10be2xIO26m-3- Thebestrltparameters

wereROB-15xl0-54m6 and β -1x10-37.Tl4 for lhevariouscorlCenlrahOnS O【Nd3' The

cTilicaldistance was calculatedatRo･=11nm LnthlSCase,theerFecIOTseqreg(lLTOnl〟aS

negllg'ble since 4相 Rn2cacd VJaSeStimatedtobe OOl . ll■SP'eferablelhalonecan

estimatethepararnelerSkR,R.,β.r)dO)and r)a(0)tobelndepen'｣entoH helatfOnS

NdJTb.VVecanalsolind lhaLboththenon-1inea｢modelandthe tnokulH･1zrayamaequatIOn

glVegoodI日日ngSLotheexperimentalresu[tsofdonorfluorescence llwasa sLJ叩｢一Se that

thesetwoanalysesgive sim=ardecaycurves I-1thetlmereg10nlongerlhLln【herelaXat10n

tImeofthesysleln However.ilshouldbenotedlhaIthedecaycurvespredictedlrorn ne

lnokulI･Hirayama equation are non-exponenh'alill HS nature. even at lcvJ aCCePtOr

concenlraliDn,and thatthe ll'rstderivalive ol the lnokull.lHrrayarna equalIOn becomes

EnflnlteatI-0 lnordertoexamlnethedlHerencesbetweenthesemodels. decaycurves

predJCledfrom lhernv/erecompaLredinaveryshootimerange. asshownFIG15.Thedecay

curves predLIClecH rorTlthe non-lirlearanalysls become exponenLJalnearthe inhlatpoint.

yleldl｢唱 a re,lSOnable energy lransrerTale atId0 ExperimerltalrosL川S orlthe don(lr

fluorescencesupporlsslngle-exponentialdecaysasashorltlmeresponse)UStaFle←aPULsed

excllal10rl,

一一-2.3-
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Table l Sam p le dataorTb3+-doped glasses
NVVF SiO2 GeO2 EI20, P205

日ase glasscomposiLjon(moryo) 67SiO2+33Na?○67GeO2'33Na2067日203十33Na20 67P205'33Na20

Samplecomposition X NWF+yNa20+zTb,03

(moFyo) (I +)1 +Z二100,y/x=0.5)

DopedTb203(mOryo) Z=0.3.0.7.i_0,l.5.2.5,4.0.6_Oand70
Mehi∩gtemperalure 1300oC 1000oC 1200oC 900oC

An∩eali∩g 400-100oC 450-100oC 450-】00oC 200-100oC

-20oC/hour

tJ

つJ(>
a
)

^
5
∝

j
N
山

Tb3' Tb3'

FIGg SlmPILFledenergylevelsoFTb3+10nS ThICk arrows llLustraLe

the5D3-5D4 CrOSS-relaxalionbetweenneLghbor)ng Tb3+ions
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Fig10･ FJuorescence decaycurvesfrom the5D3(donor)(evelandthe 5D4

levelofTb3+ inasilicateqlass･ Theno∩-exponentiald ecayoH he 5D 3

Huorescence and the slow rise oH he 5D 4 仙 Orescence reHecH he energy

transferfrom the 5D3 levelto the 5D 4 Jevel･
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coNCENTRATION OF Tb3+(m )

Fig･11･ Steady-state fluorescence intenslty for the 5D 3 levelof
Tb3+ With the orlglnS displaced forclarity･ The quenching

of the fluorescence with Lncreasing Tb203 concentration

was obse｢ved Tn allglasses.

Table2･ CUrveH parame[ersof Tb3+-Tb3+ energy traロs-erJn Steady-state

Host Glass Si=cate Phosphate Ge｢ma∩ate Bo｢ate

kR (SeC-1) 1メ103 1x103 1x103 1×103

k̂ o (see-1) 70 56 117 53

kJu (See-1m3) 3,5x10-26 1.2x10-25 1.5x10.25 1.8x10-26

Rob (m6) 6.7x10-54 6,3x10-54 3.4x10-54 3.7x10-54

α 3.1x10-24 1.4x10-2^ 1.3x10-24 1.3x1024

β (n'4) 1.4x10-36 2.4x10-37 1,5x10-36 6.3x10-37

kR:radLativetranS.LionraEeordonors.

k̂ = kAo+cTbk̂ l :energyrCJaxa【-onrateoraccellLors

RB-盟 (k yIoa(E"EI
ld(E)ra(E)
EA
llE

α :ac()ernclenl

β ‥acoeFr'ClenLcbamC(er】7_jog【besegTegation

g : excitAIIOnraLeordonors.
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e 3 ParamelerS Ofcross-relaxation a∩d se g ｢e g a

HostGlass Ro(∩｢申 4TrβRn2cacd

S川cate 1.37 3.4

Phosphate 1.36 0.1

Ge｢ma∩ale 1.23 2.0

RoIcriticald)stanceolene,gylransFeT･

4'rPRn2caCd‥thellu皿berorLlleCOOdenseJTl)3㌦ons
aHhesecondJjeareStDeightx)urineposlhor])

nU
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山
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TIME (,usec )

Flg.12 Decayc]｢vesoTdonorHuorescenceunderthe

influence oFthe SD3-SDィ cross-relaxatlOn TheoretlCaI

curves (solld curves) were tlttedto the experlmentaI
｢es州 S (dots).

∴一̀一



(>
a
)

^

9正u
N
U

u
)
u
o
5

'
=
Y

U
O
こ
P
)
7
3
r
u

二

･
･

･:
'･

.

.
A

:
I
/

IT

Tb3' Nd3･
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arrowslIlustrateenergytransfe√From Tb3十1oNd3-トIOHS一

■/

Table4 Curve fltPararneterS Forthe Tb3トーNd3十 energy transfer
Pararnelers kR.Ro.β.p血o)andpa(O)Were delermlned to be

lndeperlden10fthe ral10nS Nd/Tb

Molar Ratio NdノTb=0.0 Ndr｢b= 0.2 Nd∩~b=0.5 Nd/1tb- 1.0
kR (See-I) 400 400 400 400

kN (See-I) 32 109 227 293

k̂ (see-i) 0 5 5 5

krd(See.l) l O 2.4×103 6.0×103 l,2xlO4

14上土_三月 )Pl(t=0) 1.0 1.0 1.0 1.00.0 0.0 0.1 0.25

C.(173-3) 0.0 4x1025 lx1026 2xー026

Rod (山6) 2x10-54 2x10.54 2×10.54

kR･rtlJi仙>elrw6illonrateC'rLk)rt()T.i.
kN二nOn-rAtj,allVaL'-抑S'lLOlH ateOfJorK''く.
k̂ :C'le'gyrelaxat･onTaleoracccTIors.
kTd:enelgyr,叩･TrCT,a(efromadono,loaCじeTNors.
C.:conccntrnli0--olar･C申 ors.

β_ ACOerrTCle.ILchamcle山,il1gLheJ6eg代A.lLion.
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Flg･14･ FIuorescencedecaycurvesforTb3㌦ OnSUndertrle

州 Uenceo-energy l√ans-erlo Nd3+lnCa(POつ)2 glasses･
The theoretTCalcurves by the non-Linearmodel(solld curves)

and by the Jnokuti-Hlrayama eqat10n (dashed cu｢ves)were

llHed 10 the expe｢i｢nentaldala･
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F:ig･15･Compa｢lSIOn Ofdecaycurves precIICted bythe non-linearmodel

and ne lnokulllHirayama equatJrOn･The decaycU｢vesby The LnokUti-

Hlrayama eq-becomeverysleep neartheinitlalpolnteven atlow

aCCePtOrCOnCentration･On the contrary,the decaycurvesbythe non-

Jinea｢analyslS become exponentFalnearlhe 帖 lalpolnt.yielcIIng a

reasO｢labLe energy l｢ansferrate atI-0.Experimentalresults alI-0

SUPP｢0｢tS the exponentialbehavioroFdonor=uorescence.
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4.StocllaSLticmoJcL

4･llStochasticrateeqLlations

Lnpreviousrnodels.erlergylranSlerwereanalyzedL)yrate･equal(｡nSlnrthe averaged

Tllightbe inadeqLIate tO reP re SenH he status ofthe system SirlCe the t｢a(lSrerOf e nergy

l'nduced mainly by mulLi-polarinteraclron ef†ecl)ve ()niy in a shorldistElnCe.the loca一

dl'slr~jbution olacceptors around the exclted donclrWIIlbe domlnanttorlhedynamlCS Of

energytranste｢▲ Thustheconside｢∂LionoHocaldistributIOnOfexcilalIOnS is prele｢ablo

formoreaccuratearlalysisofenergytransfer Th(SconslderatIonofrncllVldualexcltalior-s

ondonorsand'lCCeP10rS Willbe per†orrned by disc｢lminating a日 acい′e ions and by

quantizingenergyassociatedwHharHranstlions TheideaofenergyqUantlZaHonisapp=ed

totheanalysISOfenergylransfe｢lo｢the rl｢sl1lme MostmodeLslnCIudlng the non-llllear

modelandIhoFdrstermodel,haveneversatlSfiedthediscreteprope｢tyorE)nergy,Sincethe

analyseswe(ebased onthelnfinilesimalHovJOfenergylnnosemodels AsarosuLlor

quantLZatIOn Ofenergy. allt｢ansitl0nS Shoutd be stochastlCally calculated ll is

appropnatetobuHdanevJmodelforenergyi｢ansferbased on the elemenlaIY ProcessOf

pair-1ransfer､ considerlng the discrimination oFaH active 10nS and the quantrzaLion oT

trans†er｢ed energy 【411

Thetimedevelopmentfortheexcltall0nSOfthel-thdonorandtheJ･thacceptoraH+△t

isgivenbythefoJlowingequation,

Na

rpdi(HAl)-ALg(1-pdi(L))-∑ kr(rij)△LPdLM (I-P"(I))-(L'R+kN)△tpd･(I)IL-ト "d

i p"(.･｡l,=.!.kT(rij,A.'i=dl.(" ,-p"")-k̂ AL,"((,.,-.-N∴ ･･(33,

whereAtisasnlaHstepoHime,gistheexcllal･OnrateOfdonors.Naisthenunlberof

acceptors･Ndisthenumberofdonors.kT(rij)istheenergytransferratef,om adonorto

lheacceptoralthedistanceo目 端 kRisthe radia【ivetransition rate ofdo′10rS.kNisthe

一十､-
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nun-radialive iratlS'(ioflrateofdonors.andkAJStrlee'lergyrOlaxal(onrateofaccpplors

SilT(:ethisJSanSlochasLicapproach, Thelimedependenceor帥eexcllalionsot donorsand

acceptorsshcPutdbeformalize(IirladLrferenceequa目口∩. ∧HpossibLetransferp<1け1Sfront

eycHeddonors to ground stale acCeP【ors a｢e exPLtciLly explalned ln equaいon (33)using

仙O-bodyexpansl0∩. Unllke mostrnodeEs. the excitat10n an(,the transrerred energy is

quantIZed lnthismodel Hence.thepopulaHOnDfdone)rsandacceplOrSmustbeequalto0or

1 N am e】y暮P tb(t)-0･land Pn｣(1)-0･1forallユ and j These condlt･OnS Or the transillOnS

arequHereasorlablefrom thequanlunlrTleChanicalpolrltofview. TheSChenlatlCllow of

energyforadonor-acceplorpalrlSShovJnIllFIg16 Dono｢Sareexclled aHhefTrststep

Then theyrelax Lhelr eXCllzltl0nS radlatNely o｢ non･radlallVely, or simuHaneously

l｢ansfersonleenergyloacc叩t()rS Thattheene｢gylransre｢lSmOSllyatvvo-bodyr)rocess,

a‖ovvsto usethf)hvo･body ElXPanSionTorthe rnく)dellng Orthe complex donor-accep10TS

system.

llIStnf0lma=velocomparetheRon-llnearmodel.theFGrslermodela｢1dthestochasHC

n10deIIna†orm ofraleequalLOn Therateequatl0nfo(thestochastlCmodelcanbegwenaS

Na

量 kT(｢り)∴ (L))_k̂ p"(I,.Jt.--Na , ･･(34)
JI

ThisexpressIOrHnarateequationmightlosetheexaclness oftheslochastlCmodelHowever.

wecalleaSllyunderstand･Thiscoupled equationasan exlenSio｢10fthe 110n･=∩8a｢mode一.

compaHng 州 h the rate equatlOrl(24). Equatjon (34)can be rec〔一gnIzed a一so as an

extension orthe Fdrster】s rate equation, llis sllllimporlant(hat equation (34) lS

slochastic rate equation.Mlgral10nS . dirlusion s and back lransIer orenergyare neg le c ted
here forsimpILCl1y

-‡二一一



412･AnalysisOfexperimentaldatabyM onteCarlosimulations

Experinlenlalresu一ts forthe Tb3十一M3+ ene,gy transter l161 were numer-cally

analyzedbymeansoFacompute｢simulationbasedon eq (33). 1nthecalculalion.3200

exciteddonorsand12800grourldstateacceptorswererandomly generated as the lnltlal

condition.Theradiativetransitionofdono｢S.theenergytransferf｢om donorslo acceptors

wHhin the paiトdIStanCe Of 3nm, and the ene｢gy ｢elaxatlOn Of acceptors were

slochastica‖ycalculatedstepbystep.Theenergymovesf｢om theeXClteddonormostlyto

anaclualsystem.Consequently,lheculofTa13nm lnthecatculalionoferlergylransfe｢is

conside｢edenoughduetotheshortcrilicalt｢ansferdlStanCeabout1.4nlTl. However.the

energytransfe｢foraTIprobablecombinationsofdonorsand acceptorsJSexpected tobe

evaluated･ TheThedependenceofthetransferprobabllltyOnthedistanceisr-6.｢8,r110

ford-d,d-qand q-qinteractions.respectIVely.Thegene｢ationrate,gwassupposedlobe

zeroforthecLecaycurvesjustafterapulsedexcitanon.

Slmulaledcurvesforthe d-d.thed-q and theq-q interactions-were fitted to the

expe｢imentalpointsofthedono｢fluorescence.asshownlnFig17. Theenergytransferrs

from the5D4-7F41ranSillOn OfTb3+)onslo the419/2- 4G5/2 tranS仙onsOf Nd3+

-'orlS Theradial-vetransitionrateOfdonors kRWaSdeterminedat430sec~1byasingle

exponentia川 ttotheexperimentalpointso【Nd/Tb=0. The critlcaltransferdlSlance.Ro

wasevaluatedinsteadofthe functionkT(rij)IThefunction klir) wasassumed inthe

form.

kJr)-kR(掌)S

parameterskAandRolisledinTab一e5WeredeterminedtoglVethebestnsinaLong time

range AdefinitevalueofkAisoblajnedonlyonlheassumptionofd-q interact.on Flgure

18Showsthebehaviorinashontimerange glVenbyanothertrialofcalculatlOnWiththe

samesetofparameters. ltis cla｢ified thatthe results ofthe calcutalion supposing q-q

inte｢actIOnSChanged toomuchwith一imeandthatold-dinteract10nS,loollltle Thedecay

主=-･



し･

curves ofd-q 'nteractio,n (r8)seemsthebestfi=Oexp一ainthe experimentaldata in the

wholetimerangebetween一ollsandlms.FlgUre 1g shows the histogram tO CLanry the

deviationsofThecalculatl0nSfrom theexperlmentaldatafor100t｢Lalsofd･d,d-qandqlq

inLeraCt10nmodels.respectively.IllSeVidenHhatd-qlnteractionsTltbestamongthose.

Thevalldhyofthestochasticmodelwasexamlned bycomparingthe parameter kA

withotherexperimenta一results.Weexamhedtheobtainedparameter kA by comparing

withotherexperim entalresults.ltisknownthattheNd3+ionsexcitedatthe4(ち/2 Stale

relaxto-heirgroundslatemainly via lhe4F3/2State From someexperimentalresults

【42.43】,the parameterkA waSeStJmatedtobeabout2×103sec-1,whichinclude the 附e

I.meatthe 4F3/2State･ltwasfound-haHheobtainedvaluekA-370sec11byourMonte

CarLosimulatIOnWasmuchsmallerthaH halbyexperiments.Thisundereslimalionofthe

relaxalionrateofacceplorsWHLbebroughtbytheneglectsofenergybackllransfer. The

analysJS WILthoul considering the back-transfer of excjtat10n Willcommonly gIVe an

underestlmaled ｢ateofenergy relaxation fo｢acceptors. SlnCe the pai｢ofthe exclted

acceptorandthegroundslatedonorisalwaysgeneratedasaresultoHheenergyt｢ans【er in

theforwarddlreCtion.SomeexcilatIOnSOIacceptorswHgobacktothedonorsnearby Thus

theneHransferofenergyfrom donorstoacceptorsisreducedbythepresenceof energy

back-transler･ A betteragreementw川 beobtainedbyananalysISconsidering the back

transferprocesses Anextended calculation considering the back-transferprocesses,WLll

becarriedoutinthenextchapter.TheMonleCarlotechniqueusedhereisproved eFfective

tocalculatethe complex interaction pr∝esses ofthe energy l｢ansIe｢kinetics and lo

evaluatetheaddllionaleffectsof mLgrationsand/orback-transfers.
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Table5 0btainedarametersofbes川tcurIVeSfortheene｢gytransfer

-romTb3㌦oNd3㌦OnsdeterminedbythesLochasllCmode一

interaction d-d d-q q-q

dependenceonr -6 -8 -10

k｡(sec'l) 430 430 430

kA(sec~1) <20 370±40 >5000

R｡(nm) 139 1･36 1･30
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5.Discussions

5.1.OriginsOfDon-exponentialresponses

Phenomenologicalagreementsbetweenexperimenlaf｢esufts on the decaycu｢ves ofdonor

fluorescenceandpredlCtions by the lnokuti-Hlrayama eqUat10n We｢e O†len repo｢ted.hovJeVe｢,

somediHICUhJeSWJththeForster-llkemodelswerea一sopointed out.These difflCL川ies such as

thelnflnlleenergytransferrate atthein仙alpolnlofdecaycurves andtheinabilitytoanalyze

steady-Statesseem tobeserioustothetheo｢eticaJconsistencyofaHFbrster-Ilkemodels Jnthe

non-llnearmodel.thenon-exponentialresponseswe｢efoundtobecausedbythe Ron-=nearity of

therateequation F-om amathematicalpotntofview,ilisquitereasonable tounderstandthe

non-exponenliaJdecaysasaresultofthenon-Iinearityintherateequation Ontheotherhand,

themathematicaloriginofthenon-exponentiaJdecayin the Ferstermodelarenotclearforits
complex mathematicaltreatments. Ourmain questl0n tO the FOrster-一ike models JS the

theoreticalconsistencylngettlng thenon-exponent)aldecayfunctionfrom alinearrateequation.

Theexactsoluljonsofallnearrate equationoffirstordermustbeslngle-exponentialfunctions

from a mathematicalrequlremenL We recognlZe thatthe Fb｢StermodelglVeS good rTIs to

expe｢inlentalresults. ActuaHy,thelnokuti-Hirayamaequationhavebeenmostwldelyused for

theanalysisofdonorfluorescence.ThlISusefulnessDfthe Fb｢stermodelwHmeanthatilgivesa

goodapproximationlothedecayfunctionsofdonorfluorescenceinsomeconditions･ Andyet.

rlmitatjonslothe F6rslermodelarealsounclearforIllscomplicated procedures obtaining the

macroscopicresponseofthedonorfluorescence. Thereforeitisst川 worthwhHeto invesligale

the steps Jeading to the non-exponentialfunction aftertreatments by FO｢ste｢and lnoku【i-
Hirayama･ Sinceallofthesemode一scangivegoodfitsloexperimentaJresults. onecan ha一一dJy

flnd outthebestmodelfrom phenomenologlCalinvestigations, Thus.these modeJsshould be

examinedespecLaHyconcerrllngOnthelheoreticaJconsistency･

ThelreatmenlsintheFbrstermodelw訂eStudied from atheoreticalpolntOfvievv. Equal10∩

(1)is anacceptab一eequationfcM'lhedonorpopulationwhen thepopulalion ofaccepto｢s is

neglected-Equations(2)arld(3)areexactsolulionsofeq,(1). ltshouldbenoticedthateq,(3)

is not.aexactsolutionbutanapp(oxjmatedone,Theexactformulashouldbe

･I;l-､



p(i)-p(0)exp(-kRt)expt-kR Hm
Rg-N

N w(｢)(争冗d- i
(36)

s lnCethefunctio nw (r) descrlbesthethe dislnbull0 n Of dJSlancer.W e can findthatthe func tLon

PL細 tS St川 slngLe-exponentialfrom eq.(34) even with the lntrOducILOn OfdlStrlbul10n

functionw(｢)_ ltisquitenaturallobesingle-exporlenLlalfrom amathenlaticaJpolntOlvIeVV On

theotherhand. thefuncl10n Pc(L)givenby eq,(4)is alreadynon-exponentlal_ The non-

exponentiaLilyof eq (4)mightnotbe clear.Ltis helpfulto examine the case ofdtscrele

distrlbutionofaccep10rS.Foraspecia一caseofw(｢). eq (4)becomes

す訂-poexp(-kRt)lNtexp(-kR(2)sL)･N2eXP(-kR(a)St)]"･■N2 (37)

wherethe numberofdistributedacceplorsareassumedtobe Nlalr=rLand N2alr=r2 日lS

apparentthatthefunction pメt)definedby eq (35)consistso【 alinearconlblnal】on andnorl-

Linearprod ucts of singJe -exponentlaLfuncIIOnS. T h us the d ecayfunct10 rl (4) is non -expon erlllal

Recons】de｢ing the lransIormation from eq.(3)to eq.(4). we find thatthe eq (4)lS an

approximation and thatthe non-exponenlialdecaysarlSe from eq (4) Therefo｢e itcanbe

concluded thatthe origin ofnon-exponentlaldecays ln the F()｢ste｢ modelis due lo the

app｢oximalionoftheexactsolutionloeq(4). Suchapp｢oxlmat10nreqUi｢edtoobtainthedecay

function seemstobefataltothetheoreticalconsistencyof theFc)rsle｢model.The｢e mlghtbe

anotherpossl-biHtytoremedytheFdrslermodel. Themain ob)ecいve againstourinle｢P｢etat7ons

w川 be thatthe originalequation (1)is JnCOrreCtand thattheco｢reclfuncll0n LS glVen by

eq(4). However.the exactrate equationforeq.(4) has notbeenfourTd yet The prope｢

approachforthelheo｢eticalstudy ofdono｢I)uorescenceshoLIld beglnWlththefo｢maIIZationo†a

rateequat10nforthesyslem･ SJ'ncenorateequationfrom which eq(4)JSgiven asanexact

solutTOn has beenfoundinspiteofmathemalicalinvestlgal10nS, lam negatlVelo eq･(4)asa

theoreticaHunctionforthedonorfluorescenceundertheInfluenceofenergytransfer.

NexlquestiontobediscussedinthischapteriswhatlStheapproprlaterateequal10nforthe

non-exporlentialpropenies ofthe donorfluorescence The basic physlCalplCtUre Of energy

lranSfe｢W川 bethefollowingprocesses:

(1)Energytransfero∝ursfrom exciteddonorstogroundstateacceplors.

J十
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(2)TheacceptorobtalnCdenergyw川 slayexCJteddurトngItsIEfelime

(3)ThedeexciteddonorsandexcHedaccepto(sqlVenOlntluenceonthedynarnlCSOfenergy

!ransler

(Jl)TheelerTlenlary ProcessOlenergylIansleHsaexchangeofexcilal10nbelvveenadonor

aFldatla(:CePtOl

(5)On一yoneexc･L{ltionisexchangedbetvJeenadonorandanacceptoralatlme

lnad(帥on.ilw川 bewldelyacceptedthatthepafr-translerfunctionderivedbytheperturbation

tTlelhodisappllCablealsolothecomplexTnteractionsbelweenmanydonorsaTldaccepto｢s AlloT

thesecondHioIlSWe(eWe‖IormallZed onlylnthestochasticmodel･ ThereEor.therateequalion

(17)bythesl∝hastlCmodellSmostacceptable HJSC一earIronleq･(16)and (17)thatthe

non-llnearltyrelated to the excitation ofdonorsand accepIDrSISthe pointto generate non･

expone川ialdecays WecanalsoderivetheFbrstermodelbyinlroduc=191heaveragedpopula(Ion

ofexcltedTonsandbyreducJng thenon-ltnearrate equalIOn tO a hnearform The non･Jlnearily

hadbeenregarded lowenoughinaverage. Ahhough,ilseemslobethemostlmPOnanteHectfor

thedynamicsoIenergytransfer, Sincetheerlergylransfe(Occursfronla donormalnlyto its

nearestacCePtOr.thenon-1inearily wiHbelocaHyenhance(Jinthenetghborhoodoltheexcited

lou Thusther10∩-lineareffectisexpecledtoappear strongerthan ilhad been belleVed.

Consequently.thenon-lineareHectassoclatedwlththeexcILall0ndonorsandacceptorshas†ourld

tobethemostacceptableorlglntOthenon-exponentlaldecaysofdonorfluo｢escence

5･2･EFfectofenergyback-transfer

TheLastProcessCO〔S-deredisthe back･transferofenergy.]nthlSChapter.thefluorescence

o- Tb3+ ionsin glasseswasanalyzedbythenon-linearmode-considering aback-transfer

PrOCeSS･WhHetherewerea一ew reports ontheback-transferofeLeclrOnlC eXCllation 154,55].

nocorrespondencevvith【heexpe｢jmentaLresultshasbeenexamlned OllCethe energy transfer

fromadonortoanacceptorhasoccurred. thereexistneexcited acceplOrandtheground-slate

donorinadlSlarlCeenoughto州eract Thustheenergyoftheexciteda∝eplo｢cangobackIOthe

ground-statedonornearby From thebasIC†C*rnula byForsler and【)exler.energy transfer
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ratestronglydependsontheover一apofemissl0nandabsorptl0nspectra.SlnCetheStokesshlHoi

rare-earthionsissmall,theIncreasedover一apinteg｢aLwill一eadloanenhancementoftheback-

transfer. Furthermore, phonons at room temperatu｢e l511 and the specl｢albroadenlng

cha｢acteristicofgLasseswl=increasethetransfer｢atelnbothdlreClions AsacorlSeqUenCe,not

onlytheforward-transferbutalsotheback-t｢arlSfe｢ W川 playan hTIPOrlanl｢oleln the erle｢gy

trans-erprocess･ Roughlyspeaking,theStokessh･rflofTb3十lSSameaStheha-fwldth oH he

emissionFineshape from someexperimentalresultsl52.53]Theyarelypicallyabout10nm lrl

asHicaleglass,hencewecanestimatetheefficiencyoftheback･t｢ansfe｢asTIB=02.assuming

thaHhe normalized emission spectrum ofdonors and the no｢maHZed abs｡rplton specl｢um o†

acceptoTSareequalandthatthattheselineshapes ofemissionandabsorptl0nare Gausstan ,as

shown 'Ln fig.20. The back-transfer rate of energy w川 be p｢opo｢tionalto the accepto｢

population inexcitedstateandthedonorpopu一ationingroundstate･

lnlroducing the populationofacceptors, theexcitall0nterm andtheback-1｢anste｢Of

energy.we beglnWiththefollowingrateequationforthepopulationofdono｢sandacceptors

inexcitedslateunde｢lheinfluenceofenergytransfer

dpd(t)

i壱 :(pld二三('t);: i,A_二Rk:'T冒三三t:t,-(ktT_d三二t,p,a'l':̂dp':(i,+nBkTdPa't｡l-p拙 .(38)

where kN isthenon-radialivetransitionrate ofdonors, kA istheenergy relaxation rate of

acceptors,kTd istheenergytransferratefrom adonorto acceptors,kTa istheenergy transfer

ratefrom donorsloanacceptor.TIB istheemciencyoFtheback-t｢ansferandgistheexcitalion

rateofdonors.ltwasd汁rlCUrtfortheF6rslerand Jnokuti-Hirayama mocleFstoincludetheback

transfe｢ofenergyforitsdisregardingofacceptorexcilalion

ltispossibletoanalyzethedonorfluorescence withthee什ectolbacktransferinasimp一e

caseusingtherateequation(36).ForthefluorescenceofTb3'ions. therifelimeofthe 5D3

staleislongerthanthatofthe 5D4 Sate･Hence.theconslderationofthe5D4 metaStable slate

ispreferablefortheanalysisof 5D3-5D4 CrOSS-relaxation ltisDoss.bletoputkTd-kTa-kT

forthecaseofcross-relaxationbetweenTb3+ions･Therateequationincludingthe populatlOnOf

5D4 StateisgIVenby
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∴ t

dpd(り
dr

dr)a(t)
d【

dp 4(t)
く日

= (I-pd(i))A - (k R十 kN)pd(tト k T (i- pa(I) )p d(i)+ rlB kT P a(i)p4(i)

-kT (1-r)a(し)) pメt)- TlokTPa(i)p 4(i)-k ^ pa(I)

= kT(1-r)a(i)) pメt)-TlnkTP4(()p a(i) - k4 P4(i)

(39)

where r)4(I) 一Sthepopulat10nOf5D4 Stateand k4 istheenergyreLaxa【lOnrateOftheSD4

sla【e l-heequationforPdlnSteady-stateunderacontinuousexcltationgis

kT(g+k R. kN)tk .-｢｡(A+k R+kN))pS･((g+kR十kN)(k ^k.･2 nngkT)+kTk4(k 一̂g ))p｡一g(k̂k｡-TIDgkT)- 0

so)v ing abov e q uadratjce q uation ofP d . Onegelsthe donorpopulatl0 n OFTb3+ ionsas

pd(∞)=

lレ

-αR+kN+A)(k̂kィ+2rl融 T)-kTk.1(k̂-g)

2kl(kR+kN十g)くk4-TlnαR-'kN十g))

((kR･kN･g)(k̂k｡+2nngkT)+k.k｡(kA-g)))2･4kT(kR･kN･g)(k.-nDαR-+kN十g))g(k̂kd-TIDgkT)

2klikR･kN十g)(k.-TID(kR-+kN+g))

, (41)

where k T is give n by e q uation(31) thefluorescence inlenslty given by e q uatJ-0 ∩(25)iss lig htly

varled due to the presence of llB･ Pa｢ameters we｢e evaluated by curve f仙ng tO the

experlmenlaI｢esults glVen in Fig.11 The efiectofthe back-transfer was investigated.

comparingtheexpectationslronltwo ana一yses with and v山houtthe back-1ransfer･Very IIHle

dlHerencewerefo und betvJe en thenl l'n th e s teady-sta te analysIS. Thereasonforitw川 belhaH he

populalion ofacceplo｢s underexcilal10nfrom a mercury lamp IS enough low fo｢the back-

transferprocesstobenegljgible.Thepopulalionofdonorsandacceplo｢Swereestimated lessthan

001withthesepa｢amete｢s

TheefieK:Iofenergyback-transferwasexpectedtoappearintheresponsedonorlluorescence

underastrongexcitation.Thedecaycurves fortheTb3+fluorescenceafterapulsed excltatl0n

by the N2-一aserexcitation were analyzed numerrcalLy based orl the non一日near model

cons.deringthee【feclOfenergyback-transfer. ItwasdeterminedkR-1000 sec･1 andk4-250

see-1 from the 5D3 and 5D4 decaycLJrVeSfor0.3mol% ofTb2Q3 Parameters forthe

5D3-SD4 CrOSS-relaxationwerees-imatedbycurventtlngtotheexperimenta-resul-sglVenin

･工



FJg12 0btainedparametersarellSteCllnlabte6 Thel)O【)LJlatlOn C)(accep'LOrSaH =O an(～the

non･radlative ｢elaxation rate ordonors were assumed to be zero ln the analys-S.narneiy

l)a(o)=o andkN-0.A〔11SIaHCeR.1010.4nm ､vasused,V/h{chisthem-∩}nlUm dLSlancei)帥〟ecn

twol~b3+ions】nTb2Cb Theparametersobta■nedherecorrespondto【hoset､＼ノーhe steaLly･stale

analysIS.

TheexcilalionenergyOtaCCeP【OrSisdlSSipaLedbynlUHi-phononprocesst541 ln ad(hllOTlt0

-he cross-TelaxaUon between the5D3-･504 andthe 7F6-/Fo transltLOnS. Phonon-asslSled

cross-relaxatron lo the 7F6-･7Flandlhe7F6-･7F2 tranSILJOnS VJerC 【ePOrled l551 Lnerqy

dlagranlandmalnrelaxalIOnProcesses relatedLolhe 5D:r 5D4 CrOSS-relaxaLIOn C)(一一h3+ lS

shownschematlCally-rlFlg22 Taklng thesetranslllOnSlo the7Fo , 7r二1 and7F2levels mto

conslderalion.theoblairledvalueoftherelaxaLl0nrate OlaccepIDrS.kAnlO4 allJle-∫ ned-um

concentratiot1 1SSupported by the repo｢Lonthe mul(l-Phorl0nrelaxatrorlLllglLISSeS1561 The

cstinlated(1ependenceolkA onTb2(力 ConlentCan be a一so understoo(H ronltlt.e mull卜r)ho･lOn

relaxatIOn. W州1 the 〉ncrease oI Tb2(ち . mulll-Phonon relaxalIDn W川 be c‖h〕nce(1.

consequently,kAW'Hbegreat一y■ncreasedduetothelovJenergygapbelv/°en the7r:o andthe

7F6 Ieve-S･ Thislnterpretation corresponds to the concenlratIOn deperldence of Lnt抑Sily and

LITelime ot5D4 fluorescence【57) Thepopulal■ondensFtyOfdonorsali-0 , ∫)d(0)depends

sllghHyonTb2Q3content lntab′e6_ ThlSreducl10nOf Pd(0)lSUnderstood asaresuhofthe

absorptlDn edge oFglasses ln eXCilatl0n ｢ange 157】 lS COnSISLeM Wilh the concerllralion

dependenceo-f)dO) The number orTb3+.ons aH he second nearest nelghbo'posLho" s

evaluated tobe about4汀βRn2cd2-3 al■Lshトghestconcentration

JnordertoexaminetheeffectOfback･tTanSle(. OblaJned parametersbypreselllmodeLwere

compared vJ=h thosebynon･llnearmodelwilhoulconsidering back･transte｢and llSted 川 Iable

7. llCanbeconcludedthattheenergyrelaxa【ionrateofacceplorSVJl‖be lovノereSILmaled byan

analysiswhhouH aklng accountOrback-transfer Slmilareりectofback･transfervノaS reported

-or pr3'.onsinacubicla-1icebyDLl1uberel{ll.[54]basedontheForste'theory l~henon-

日nearmodelwhhback･1ranSIerglVeSafalrlygood†ltS､ although therIlsdonotarwayscoinclde

withtheexperimenta一dataathlgherconlenlot Tb2(カ TheseerrorsmayberTla州ycaused by
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themlgratiOn o†energy.vvhlChWereneglecledinouranalysIS-TheimtlalspallaldlSt｢ibution ol

exclLation w･JHchangetoaspatia一equHibrium throughmig｢alIOn WLthlnthedonor system Al

hFghconcentrationofTb2Q3,theaveragedonorseparationlSSmallandtheprobab冊yforenergy

mlgrall0n between donors IS large.The mlgratl0n leadlng tO a SPalialequllLbrium may be

lmPOrlantattheinitialportionOHhe‖uo｢escencedecayc)fhlghlydopeddonors.

TheefTeclofback-transferonthedynamFCSOfenergytransferfrom Tb3十 lo Nd3+ ions was

also examined using the stochastjc model.CurvefittlngStO the expe｢imenlalresullsgiven in

Fig.13weremadebymeansofacompLJlersimuLatJOn.Parametersdetermined areIISled tntable

8 Thed-qlnteraCtionmodelwasstiHmostacceptableforthe bellerfitting lo the experlmental

data.TheobtainedrelaxatlOnrateOfacceptors,kA-1080士100forthe d-q lnteractionlSfound

aboutth｢eetimesg｢eaterthanthatbytheslochasILCanalysIS Wllhoutconslde｢ing back-1｢ansfe｢

Energydlagram and mainrelaxationprocesses relaled totheenergytransfer from Tb3+ to

Nd3+ -ons.sshownschernaticallyinFig.23, Acceptorsareexcitedlotheslate4(ち/2 bythe

energy transferfrom Tb3+ionsandthenrelaxto the metaStable state 4F3/2 by emilling

phonons･Themulti-phononrelaxation tothe4F3/2 Stateandthefluorescencefrom the4F3/2

Stateareconsideredtobedominantforthere一axationo†acceptors. Some experlmentalresults

l42,43】 gavetheenergyre一axationrateofacceptorsas kA-2×104 sec~1. Theagreement

between the theorelicalexpectation and the exF)erimentaldata is notperlecL Howeve｢,the

stochastic m(delconsiderlng the energy back-transfergave an acceptable estimation of the

｢elaxat10nrate Anagreementinnumericalvaluesofobtained parameters meansa slgnificant

suppon forthenl0del Thereforeitcanbeconcludedthateffectofenergyback-transfershould

be conside｢ed to evaluate the relaxation oF acceptors through the nleaSUrement O† dono｢

I山o｢escence.

Thetemperaturedependenceoftheback-transferwasnotexaminedlnthissludy･ltwlH be

hIereslingtoinvesllgate theparameterTIB aSafunctionoftempcrature､sincellis suggested

thatthemicroscopicratesforbackwardandforwardtransferareintheratioof exp(-△E/kT),

whereAEistheenergymismatch.
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Table6. Param eterscletermlned bythe non一日nearanalysIS

consldering the effectofenergy back-transfer for

the5D3-5D 4 CrOSS-relaxation of Tb3㌦OnS

Tb203 k｡ k. R｡ P pd(0) Pa(0)

(nlOl%) (103scc~J) (103sec-I) (lul) (1036md)

03 10 4 1.12 20

1.0 1_0 5 112 2.0

1.5 1.0 8 1.12 2_0

2.5 10 15 1.11 2.0

40 10 25 1.10 2.0

0.6 0.0

06 0.0

0.6 0.0

0.5 0.0

0.4 00

車･′､

1__▼



TabLe 7･ ComparlSOnOfparametersTorTb3+-Tb3+ energy

t｢ansferdetermined by anaLyses wLth and without

corlSide｢ing back-uansfe｢ of energy.

Analysis k｡ (sec ~I) k̂ (secー') R ｡ (nm ) β (rn 4)

whh

back_transfer l.Ox103 =5x103 1_12 2xlO 36

without

back-transfer 1.Ox103 ilOO 1.37 2×10-36

kR ･radialivelrans.I.0n rateoIdonors

k̂ :energyrelaxat.onrateolacceptors･

Ro ･criticaldlStanCeOrenergytransferfo｢adonor-accep【oTpal｢

β parametercharacteHzingsegregaIIOnOldonorsandacceptors
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Fig,23EnergytransferandnlainrelaxationprocessesofNd ヲ+

Table8･ParametersfortheenergytransferbetweenTb3+andNd3+Ions

dete｢minedbythestochasticmodelconsideringback-transferofene｢gy.

interaction d-d d-q q-q

dependenceonr -6 -8 -10

kn(sec'1) 430 430 430

kA (SeCll) <500 1080±90 >1700

R｡(nm) 143 1.39 141
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6.CoIIClusions

ThecorTIPlexnatureofthep｢ocessofene｢gytransferbetweeninleractlngIonsirlSOIldsmakes

ltdlfTICUltto have one generaltheorywhich can applyto allphysICalcases ThlS has 一ed to

developmentofseveralmodelstodescribespeclnCSltual10nSOfene｢gyt｢ansIer The maJOrPOJnt

oHhJSPaperislop｢esentamorecomp｢ehensivemodelthanthefamousF白rste｢model.A rTl0del

basedonacoupledrateequat10nVVaSdevelopedtoremovethe dlfllCul日eS With aH ForsteトIlke

models The non一日nearlty in the rate equation lS reSUlted from the consLderatron ofacceplor

excltatrOn,WhlChwasdlSrega｢dedintheFbrsle｢modeLItwas shown lhalboth the non-1irlear

r一一odelandtheForstermodelgLVegoodfltStO-heexperimentalresuhsin Tb3+-doped gLasses･

Hovvever.lheorellCaladvantagesofthenon-linearmodello al一Fo｢ster一日ke models are round

ObtainlngagoodfitbetweenexperJmentaldataandthetheorellCalexpectalLOn lS notenoughlo

JuStlfytllemodel. TheorelicaJconsistencyISanOthe｢polnlloevaluatethemodel･ A l｢Ialwas

madetoexplalnHlemaCrOSCOPICbehavio｢ofdonorHuo｢escence什om tlle elemenla｢yProcessOF

energytransfer.Consequent一y,the non-=nea｢modelwasdeveloped Into a StOChastlC mode一ln

which aHprobabLe transitions includlng energytransferwere stochastically calculated for aH

donors and acceplOrS Withoutapproximations The elementary p｢ocess ofene｢gy lrans【e｢

between a donor-acceptorpalrWere WeH connected lo the macroscopLC response Ofdonor

fluo｢escencelnthestochasticmodel

TheFOrstermodel.theRon-llnearmodelandthe slochastlCmodelweresludledtoevaluatethe

o｢IglnSOf the non-exponenllaJdecays ofdonorfluorescence Examlning above models, the

slochasllCmodel,whichisanexlensionofThenon-linearmodelandtheFb｢slermodeltoinch｣de

themany-bodyefIecl】wasfound10bethemostacceptablemode一forthedonorfluorescenceunder

theinfluenceoferlergylrans†er･ SomeextraparametersarelntrOdUced lnthestochasticmodel.

however,theyare expllCitlytreatedwithphysICaJpICturebasedonthequantum mechanrcs The

non･llnearlty i｢-the rate equation,discrimination oI aH active ions and the quantizatlOn Of

lransfe｢red energywereessentia一tothestochasticmodel Thusilwasconcludedthatthe non-

exponentlaL｢esponseswerecausedbythenon-1inearjtylnthedynamicsofenergyl｢ansfe｢ The
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mac｢oscopicresponseofadonoトaCCePlorsysterTIWasWe"constructedfrom thetheoryolpalr-

1｢anSfe｢usingtwo-bodyexpansion･Therearemany elernents 10beconsLderedasstatecIEnthe

p｢eviouschapte｢･however.thequantIZationoftransferred energy wHlbe the rTIOStlmPO｢tant

ideaforthe-detalLed modeling ofenergytransfer. From a theoreticalpolrltOfvie､V,only the

quantizalionof energyassocratewithalltrans.t'ronsmaybe-heprlnCIPlefortheenergy transfer

relaledpllenOmena.

Stochastic app｢Oaches are required tocarry outcalculatjons satisIyTng the quantizalLOn Of

energyforthemodeling.ComputersimulalionsaremoreusefulthaJlanalyllCalmethod†orthese

stochastICCalculal10rlS▲TheMonteCarrosimuLalion isthebestlookforthepresent, however,lt

mayhassomedl'fficurties inpracticalcalculalions. CompL‖erSimulations conslde｢lng addltIOnal

e｢fectssuchasenergymlgrationandback-transferofenergymightbethecasewithdimcu=ICS･

Sineonlyonetransitioncanbesimulatedatatimeonacomputer.theobtalnedresultdependson

thealgo州1m bywhichalltransitionsare-simulatedi[a llrTleSequence ThrslogICal=mltat10n

inthecomputersimulationseemstobeserioustothecalculationwith addLt10nalellects glVlng

一essh‖uencesonthedynamicsofenergytransfer. ThusboththecomputersimulatlOnand the

analylicalapproach w川 continuetobeimportantalsointhefutu｢e

AcknowledglTlenLs

TheauthorWishlo thankProLKojLYamadaandAssociatedProf.NorJhokoKanlatafo｢

continuousencou｢agementandusefulsuggestionsthroughoulthecou｢seofthiswork-

-1･jltl



Relcrenccs

tlJTh Forsler. n̂n･Physik.2,55日 948)I

t2]Th-Fbrste｢.Z･Natu｢lorsch･.4a.321(1949ト

[3]L)-L Dexler,J Chem･Phys21,836(1953)

回 M Jr10kuliandF.HirayaTr-a.J･Chem･Phys･43,1978(1965)･

【51M YokolaandO･Tanlmoto.J-Phys.SocJap22,779(1967)I

【6】M,JWebe｢,PhyFiev_B4, 2932(1971)･

【7]W.RHeHe｢ and AMarcus.PhyRev..84.809(1951)

L8JDKSa｢darandRCPoweH,J Lunlin 22.349(1981).

19)D,L Huber.JournalofLuminescence28.475(1983).

【10】 什S111eboldandL=1ebe｢.J Lunlln.22.297(1981)

[111UK()bler. ZeltSCh｢iftfurPhysik,250,217(1972).

[12]LJDowell,Los Alamos NationalLaboraliry report LA-l1873-MS(1990)

[13)HDornaulandJ_Heber.J,Lumin 22.1(1980).

L14】S.Fl_Rotma｢landF.X,Harlrnann.ChemlCalPhysicsLetters152.311(1988)･

r15]L.G_VanUlle｢landL ド,Johnson,J Chem.Phys.,44,3514(1966)

L16JE,NakalaWaandS.ShlOnOya.J.Chem Phys_.47,3211(1967).

【17]T.Kin Ahn.TNgoc,P.ThuNga.V.T.BIChP.Longand VVStrek,J Lunlln･.39,215(1988)･

[18】Marco.BbeHH1erJiandGinarlluigHngletto. J Lumln 43,115 (1989)

L191BC,JoshiandU,CPandey,J.Phys.Chem.Solids.,50,599(1989)

[201 K_Tonooka.N.Kanlala,K.Yanlada,K.Matsumoto.F,Maruyama.J.Lumin.50,139(1991)

[21]DLHuber,D.S.Harntltonan(｣ B,Barnett, Phys.Rev.B16.4642(1977).

【221A.Blunlell,J Chem.Phys.74,2632(1980)

【311L G VanUilen.｣.Lumln..4,-1(1971).

L32】DJ.Robbins,B,Cockaylle.ら.LentalldJ.L.GLasper,SoJId State ConlmUn20.673(1976)

L33】L-ARelSbergandH.W Moos.PhysRev174,p429(1968)

L34lTIMiyakawaandD.L.Dexter,Phys.Rev.B1.p2961(1970).

735INーBodenschatz,R.WannerTlaCher,JWeberandD.Mateika.J_LuTllin.47,159(1991).

1361C月.Layne,W.H.LowdermllkandMJ.Weber,Phys▲Rev.B16.10(1977)

I41日 く･Tonooka.NKamala,K_Yamada.andF.Maruyama.tobepublishedLnJLumJn

(42】R月,JacobarldM.JWeber.J_Quantum Electron.,QE12 (1976) 102,

r43)C･Barlhouand RB,Banhern.J_Lumln.,46 (1990) 9.

tSl]HDornaufandJ.Heber,J.Lumin.22.1(1980).

154】D･LHuber,D,S.Hamiltonand B.BarnelL Phys.FlevB16,4642(1977).

L551A･BIumen,J.ChemPhys.74,2632(1980).

【52]B･∨･Shulgin.K.N.Fl.Taytor.AHoakseyandR.P.Hunt.JPhys_Cー5,1716(1972)
[53IA･Hoaksey.JWoodandK.NR.Taylor.J,Lumin17,385(1978).

-gc)-



[54]T･MiyakawaandDLDexle｢,Phys▲RevB1,2961(1970).

[55】NBodenschatz.RWarlnemaCher,J_HeberandDMa〔elka.JLLJmlrl.47.159(1997)I

【561C･BLayne,W HLowdermllkarld MJWeber,Phys.RevB16,10(1977)･

(571K･Tonooka,NKamala.KYamada,KMatsumotoandFMaruyanla,

P｢Oc lnt COnf,onscienceandtechnologyofnew glasses,400(Tokyo,OclObe｢1991)

iAppelldix

InthlSappendix.thede｢ivationprocedurefrom equa=o∩(17)loequatl0rl(16)ISeXPla=led

alongvvlththeF6｢ster-st←eaLmenls ThefuncいonJ(t)lSgwenby

1~2 exp(-kRtR 8rs)dr
(17)

He｢ethedJStribul10nOfacceplo｢swasassumedtobeproporl10naltonesquareorthedISLanCe

frorTladonorloacceplors ChanglrlgthelJILegratJOnVariablel｢omrIo

l こ-kRL甲 ･

tonecanwrotethefunct10nJ(i)as

J(I)-舎 kRIRa)3/･s

l

EIJ-3/sexp(-E)〔I〔

(Al)

(∧2)

arldsis6,8and10for thedipole-dipole,thedlPOle-quadrupoLeandthequaclrupole-quadrupole

interact10nS rtisconvenientlorewrlteintheform

J(t,-判 子
where

r l13/sexp(-こ)dこ

･･'.:



Eg-kRL(a)'q

日ymeansorpanlallnleg｢ation.onecangeHhefollovvlngrelation.

.ノー
〔'113/'sexpト こ)d E-丁半 1~3/sexp(-E)]?{

十 一

ら-3/sexp( - 〔 ) dこ

｣ノ

(A5)

(A6)

Wecansubst･tuteEgくくlintheTntegrat,onforalargevolume,reslricl･･lgtheanalysistoa

l｢anSJenlreSPOnSe･ThenthedefinlteJntegraldefirledbyequatlOn(A6)canbeapproxlmatedto

十 一~､
巨 3/'<exp(-E) d雪 と; /S -告 r(ll)+子 吉 こ去 ~3/S･

wrlerer(x)ISthe GammafunctiondefLnedas

r(I)-lo∞EIXexp(-ら)d〔
Neglectingthehigherorderterm than こgl/2 forこg-oands'3,equalLOn(A6)canbe

approxirTlatCdto

.J●'PI3/sexp日)dE-そ こ;3/S-㌻r(i-i)
UtiLIZlrlgequations(A3)and(A9), weobtain

∫(t)-1j r(1-%症 3′S

ThustheIunction∫(i)containingparametersCa,R.,N andkRWasderivedas

J(t)-1-㌢caR3r(1-3/S)吉 (krt)3'S

一一(A7)

Andthemo｢e,theappIICationofequation(19)toequation(18)wouldbeunsuitable,sincethe

equation(18)lISanaPPrOXimatedoneneglectlngthehigherorderterm than1/N

工･･
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