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Time-ResolvedStudyofPhotolmninescence

fromExcitedO三CentersinKCIKBrMixedCrystals

ToshioKuRoBoRI＊

Abstract

WereporttheopticalpropｅｒｔｉｅｓｏｆｔｈｅＯ２－ｃｅｎｔｅｒｉｎＫＣｌ－ＫＢｒｍixedcrystals・TheO2-

ionhasdifferentmolecularaxesinitsexcitedstatealongthe〈110〉directioninKClandalong
<111＞ｉｎＫＢｒ・Asaresultofthis,theformersystemshowsdoublestructuresidebandsandthe

lattershowｓｓｉｎｇｌｅｓtructuresidebandintheiremissioｎｓｐｅｃｔｒａｌｔｉｓｔｈｅｍｏｔｉｖａｔｉｏｎｏｆｔｈｅ

presentworktoinvestigatehowtheemissionoftheO2-centerbehavesinamixedKCl1-xBrx

system・Ｆｒｏｍlifetimemeasurementsjwehavedeterminedanactivationenergy△Eforthe

nonradiativeprocess,afrequencyfactor〃ａｎｄｔｈｅｏscillatorstrengthofthefluorescence方1uo
fortheO2-centerintheKC11-xBrxsystem．

lntroduction

Sincemostofthealkalihalidesaremutuallysolubleoveralargeconcentrationrange,we
caneasilyandsystematicallyinvestigatetheeffectsonimpuritiesbyvariationofthehost

crystalfieldRecentlytheopticalpropertieｓｏｆＦＡ(11)centerscontainingtheLi＋ioninKCl

-KBrmixedcrystalswereinvestigated［１１ＡｓａｒｅｓｕｌｔｉｔｗａｓｏｂｓｅｒｖｅｄｔｈａｔｔｈｅｔypeII
emissionbandinKClq78Br０．２２：Licrystalshiftstoshorterwavelengthsby0.25〃mcomparedto
theemissionofthecenｔｅｒｓｉｎｕｎｍｉｘｅｄＫＣＬＳｕｃｈａｍｉｘｅｄｃｒｙｓtalenablesusinprincipleto
obtainlaseractioninanewwavelengthranｇｅｗｈｉｃｈｃａｎｎｏｔberealizedbyusingapurehost
crystaLMoreoversuchamixedsystemmakesitconvenienttogetadditionalanddeeper
informationaboutthebehaviorofimpurities,liketheirbasicopticalparametersorstructural
changesoftheirrelaxedexcitedstates・

Theopticalspectra[2,3]andstructure[4-8］oftheO2-centershavebeeninvestigatedin
detailinvariouspurealkalihalides、ＩｔｈａｓｂｅｅｎｓｈｏｗｎｔｈａｔｔｈｅＯ２－ｉｏｎｓｕｂstitutesahalideion

andthatitsmolecularaxisisorientedatlowtemperaturesinthegroundstatealongtｈｅ〈110＞
axisFurthermore，ｔｈｅＯ２－ｉｏｎｉｎＫＣｌ，ＲｂＣｌ，ＲｂｌａｎｄＲｂＢｒｈａｓｉｎｉｔｓｅｘcitedstateits

molecularaxisalongthe〈110＞directionandshowsdoublestructurephononsidebands,while

inNaCl,ＫＩ,ＫＢｒａｎｄＮａＢｒｉｔｓａｘｉｓｌｉｅｓａｌｏｎｇｔｈｅ〈111＞directionanditsemissionshowssingle
structuresidebandsSeveralaｔｔｅｍｐｔｓｔｏｆｉｎｄｏｕｔｔｈｅｒｅａｓｏｎｆｏｒｔｈisdifferencehavebeen

madebyusingthelevelschemesandthetransition[9,10］andpolarizedRamanspectroscopy
[８１

Inarecentletterwehavereported[11]forthefirsttimepreliminaryresultsontheoptical

propertiesoftheO2-centerinKC1-NaClmixedcrystalsinordertoclarifyhowtheemissioｎ
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oftheO2-centerbehavesinsuchasystemHowever,thevaliddifferencecannotbeobserved

inaKC1-NaC1systemduetoitsinabilitytoformasolidsolutionthroughalargecomposition

range・ＩｎｔｈｉｓｗｏｒｋｔｈｅＫＣｌ－ＫＢｒｓｙｓｔｅｍｗａｓSelectedbecausesuchasystemcanform

completesolidsolutionsthroughalargecompositionrangeandtheexciteｄＯ２－ｃｅｎｔｅｒｉｎｐｕｒｅ

ＫＣ１ａｎｄＫＢｒｆｏｒｍｓ,asdescribedabove,differentorientationsandemissionsidebandbehavior・

Inthispaper,wepresentaseriesofextensiveexperimentsontheopticalpropertiesｏｆｔｈｅ

Ｏ２－ｃｅｎｔｅｒｓｉｎａＫＣ１－ＫＢｒsystem・WehaveinvestigatedfirstlyhowtheemissionoftheO2-

centerinamixedKCl1-xBrxsystembehaｖｅｓｉｎｃｏｍｐａｒｉｓｏｎｔｏｔｈａｔｉｎｔｈｅｔｗｏｐurehost

systemsSecondly,wehavedeterminedfromtheemissionlifetimemeasurementanactivation

energy△Eforthenon-radiativeprocess,afrequencyfactorl,,andtheoscillatorstrengtMlu。

ofthemaximumwavelengthoftheemissionforthemixedcrystals、Thesevaluesobtainedin

thisworkarecomparedtosimilarvaluesobtaiｎｅｄｂｙｏｔｈｅｒａｕｔｈｏｒｓｏｎＫＣｌ：Ｏ２－ａｎｄＫＢｒ：０２－．

Experimental

SinglecrystalsofKCl，KBrandaKC11-xBrxsolidsolutionweregrowninaplatinum

cruciblewｉｔｈｌｍｏ1％potassiumsuper-oxide(ＫＯ2)inthemeltbytheKyropoulosmethodinair・

ThecrystalswerecleavedtosampleｓｏｆａｂｏｕｔｌＯ×１０×２ｍｍ3．OurindicatedKCl1-xBrx

compositionsrepresentthedopingintheme1t・Whenusingthisprocedurethecrystalswere

alwayscontaminatedwithsignificantamountsofOH-・AspreviouslyreportedbyFloriaｎｃｔ

α/､［12],thepresenceoftheOH-doesnotinfluencetheO2-emission

TheabsorptionspectraweremeasuredwithaHitachiU-2000spectrophotometer,whilethe

excitationandemissionspectrawererecordedwithaHitachiF-3010spectrofluorometer・The

absorption,emissionandexcitationspectraweremeasuredat77KandRT(roomtemperature)．

EachabsorptionspectumconsistsoｆｔｗｏａｂｓｏｒｐｔｉｏｎｂａｎｄｓＯｎｅｉｓｄｕｅｔｏｔheOH-iOnsand

eachabsorptionpeaksshiftstowardslongerwavelengthｆｒｏｍ２０４ｎｍｔｏ２１２ｎｍｇｏｉｎｇｆｒｏｍＫＣ１

:Ｏ２－ｔｏＫＢｒ：Ｏ２－ａｔ７７Ｋ・ＴｈｅｏｔｈｅｒｉｓｄｕｅｔｏｔｈｅＯ２－ｉｏｎｓａｎｄｅachabsorptionpeaksalso

shiftsfrｏｍ２５２ｎｍｔｏ２６０ｎｍｇｏｉｎｇｆｒｏｍＫＣｌ：０２－ｔｏＫＢｒ：Ｏ２－ａｔ７７Ｋ・TheO2-concentration

wasdeterminedbymeasuringtheopticalabsorptioncoefficient[13]andestimatedtobeabout

３×１０１７ｃｍ-3．

Thelifetimemeasurementswereperformedwithatime-resolvedspectrofluorometer

(HoribaLtd,NAES-1100)whichwasbasedonthetime-correlatedphoton-countingtechnique

Anoutlineofthisapparatuswasgiveninapreviouspaper［l4lThesamplewasmountedin

avariabletemperaturecryostat(Oxford,DN-1754)inconjunctionwithatemperaturecontrol‐

ler（Oxford，ＩＴＣ-4）whichkeepsastabletemeraturebetween77and475KTheX-ray

diffractionpatternsofthemixedcrystalscorrespondtothoseofasolidsolutio､．

Resultsanddiscussion

TheemissionandexcitationspectrａｏｆＯ２－ｃｅｎｔｅｒｓｆｏｒｔｈｅｖａｒｉｏｕｓｃｏｍｐositionsat77K

(solidline）ａｎｄＲＴ（dottedline）ａｒｅｓｈｏｗｎｉｎｆｉｇｓ・la-1dThesefigures（a，ｂ，ｃａｎｄｄ）

correspondtothesamplesofKCl：０２~，ＫＣ10.8Ｂｒ0.2：０２－，ＫＣｌ0.4Ｂｒ0.6：０２￣ａｎｄＫＢｒ：０２~，



TosioKUROBORI：Time-ResolvedPhotoluminescenceｆｒｏｍＯ２￣ＣｅｎｔｅｒｓｉｎＫＣ１－ＫＢｒ ４１
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respectivelyAstheconcentrationofBr-ionsincreases,theemission-andexcitationpeaks

shifttowardslongerwavelengthbyabout9nmgoingfromKCl：Ｏ２－ｔｏＫＢｒ：02-．Incontrast

tothishostmaterialdependence，emissionandexcitationpeaksareverylittleaffectedby

temperaturevariationCompletewavelengthmeasurementsoftｈｅｅｍｉｓｓｉｏｎｓｐｅｃｔｒａａｔＲＴ

ａｎｄ７７ＫａｒｅpresentedintableLAtRTtheemissionspectraconsistof7or9peaks,while

at77Ktheyconsistofllpeaks,whicharealmostequallyspacedinenergybyaboutlOOOcm-1・

Itshouldbenotedthattheemissionｓｐｅｃｔｒａｏｆｆｉｇｌａａｎｄｌｂａｔ７７Ｋarequitedifferentfrom

thoseoffiｇｌｄ・Ｔｈａｔｉｓ,ｉｎｔｈｅｃａｓｅｏｆＫＣ１：０２￣ａｎｄＫＣ10.8Ｂｒ0.2：０２~，someprominentlarge

peakswiththeirsmallassociatedpeakscanbeseenlncontrasttothis,ｉｎｔｈｅｃａｓｅｏｆＫＢｒ：

０２－，onlytheprominentpeakscanbeseen・Ｔｈｅdifferenceisobservedmoreclear，ifthe

experimentsareperformedattemperatureslowｅｒｔｈａｎ７７Ｋ・Theseresultscanbeexplained

inthesamemannerasreportedearlierbyRolfecML［7］ａｎｄＨｏｎｇｏｅＭ/､［10]・InKClthe

mo1ecularaxisofO2-pointsalong〈110＞directionsintheexcitedstateIfweassumethatO2-

iscenteredonthelatticesite，ｔｈｅｐｏｉｎｔｇｒｏｕｐｏｆｔｈｅｄｅｆｅｃｔｉｓＤ２ｈ・Therefore，ｔｈｅexcited

(ground)state2nu(9)oftheO2-centersinthe〈110＞directionssplitsintoB2u(9)ａｎｄＢ３ｕ(9)states．

Similarly,ｔｈｅＯ２￣ａｘｉｓｉｎＫＢｒｐｏｉｎｔｓａｌｏｎｇｔｈｅ〈111〉directionsandthepointgroupisD3｡、

Boththegroundandtheexcitedstatesdonotsplitinthiscrystalfield

Thetypicalfluorescencedecaycurvesmeasuredatasetofdifferenttemperatuersare

showninfig2、Thesecurves(a,ｂ,ｃａｎｄｄ)wereobtainedbyexcitationintothe250nmband

andbydetectionatthemaximumwavelｅｎｇｔｈｏｆａｂｏｕｔ５４０ｎｍｅｍｉｓｓｉｏｎｂａｎｄｆｏｒＫＣｌ：０２－．
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DecaycurvesofO2-centersinKCl,measureｄ(a)７７Ｋ,(b)２９６Ｋ(ＲＴ),(c)350Ｋａｎｄ(｡)400Ｋ.Curve
(e)istheexcitationpulsewavefolm・Ｅｘｃｉｔｅｄａｔ２５０ｎｍ；Ｄｅｔｅｃｔｅｄａｔ５４０ｎｍ．

Fig.２



TosioKuRoBORI：Time-ResolvedPhotoluminescencefromO2-CentersinKC1-KBr ４３

Curve(e)showstheexcitationwaveform・Ascanbeseeninthisfigure,thedecaytimeTisT＝
85ｎｓａｔ７７Ｋ，Whenraisingthetemperature,了decreasesslowlyabout50nsat296K(ＲＴ)ａｎｄ
ｄｒｏｐｓｍｏｒｅｓｔｅｅｐｌｙｔｏ８ｎｓａｔ４００Ｋ・Itwasfoudthatbelow250Kthedecaycurvesarealways
purelysingleexponentialovernearｌｙ４ｏｒｄｅｒｓｏｆｍａｇｎｉｔｕｄｅｉｎｔｉｍｅａｎｄｄonotdependofthe
wavelengthofobservasion,thoughnotshownhere,paralleltothisdecreaseofT,theintensity
ofthefluorescencedecaystoo

Figure3showstypicalexamplesofthemeasuredtemperaturedependenceofthelifetime
versusreciprocaltemperaturel/ＴｆｏｒＫＣｌ：02-(○),ＫＣ10.8Ｂｒ0.2：02-(△),ＫＣ10.4Ｂｒ0.6：０２－(□）
ａｎｄＫＢｒ：02-(●)．Thebehaviorathightemperatureabove300Kisshownenlargedinthe
insetinfig3・Itshouldbenotedthatthecurvesshowthereciprocallifetimel/Tdependence
versusreciprocaltemperaturel/Tforthevariouscompositions、Attemperaturesbelow250
Ktheradiativeprocesspredominates,ｗｈｉｌｅａｔｈightemperaturesanon-radiativede-excitation
processcontrolstheexcitedstatelifetime．
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Fig.３

F1uorescencelifetimeγinlogplotsvsl/TforKCl：０２－(○),ＫＣ10.8Ｂｒ0.2：０２－(△),ＫＣ10.4Ｂｒ0.6：02-
(□)ａｎｄＫＢｒ：０２－(●)Thebehaviorathightemperatureabove300Kisshownenlargedintheinset．
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Fromtheradiativedecaytime,耐,wecandeterminetheoscillatorstrengthofthefluores‐

cence,/huo,fromthewell-knownformula

☆(論)("M二Ｍ]， ） (1)/flu｡＝

wherecisthespeedoflight川theclassicalelectronradius（妬＝2.82ｆｍ),ltheoscillating

wavelengthand〃theindexofrefractionofthehost・ＦｏｒＴＲ＝84.4ｎｓａｔ７７Ｋ,几＝540nmat

thecenteroftheemissionand〃＝1.494ａｔ５４０ｎｍ,Ｅｑ(1)yields万!u･＝0.O302forKCl：02-．

Thetemperaturedependenceofthetransitionprobabilityl/Ｔｉｓｇｉｖｅｎｂｙ

器）
Ｄ
△

ｘｅ〃＋

玩

１
１
一
丁 （ (2)

whereTisthetotallifetime，TRradiativelifetime,ｚノfrequencyfactor，AoBtheBoltzmann

constantand△Eactivationenergyforthenon-radiativeprocess・Allactivationenergies△E

andfrequencyfactors〃canbeobtainedfromthecurvefittinganalysis・Ｔｈｅｓｌｏｐｅｓｏｆｔｈｅ

ｃｕｒｖｅｓａｔｈｉｇｈｔｅｍｐeraturｅｓａｓｓｈｏｗｎｉｎｔｈｅｉｎｓｅｔｉｎｆｉｇ３ｃｏｒｒｅspondtotheactivationenergy・

AllactivationenergieS△Ｅ,thetemperaturenabovewhichthermalrelaxationdominates

(hforhalfoflowtemperature,で(、ノーzh/2)jthefrequencyfactorI',theoscillatorstrengthof

thefluorescence伽ｕｏ,aresummarizedintable2．ThevaluesTRand,′increasegoingfromKCl

:Ｏ２－ｔｏＫＢｒ：O2-astheconcentrationofBr-ionsincreases・Whilethevalueﾉﾄﾞ,uoat77K

decreasecontinuouslyastheconcentrationofBr-ionsincreasesThereforewecansaythat

thelattice-centerinteractionishigheｒｉｎＫＢｒ：Ｏ２－ｔｈａｎｉｎＫＣｌ：O2-crystals・Ａllactivation

energies△Ｅａｒｅｔｈｅｓａｍｅｆｏｒａｌｌｃｒｙｓｔａｌｓ・Ｉｎｔｈｅｂｏｔｔｏｍｈａｌｆｏｆｔａｂｌｅ２,thevaluesobtained

herearecomparedtothoseobtainedbyHongoc/αＬ［10］andHessmannandFischer［15]・

Figure4showsthetime-resolvedspectrameasuredat5nsintervalsafterirradiationofthe

excitingpulsesforKC1：O2-crystalsat290K(ＲＴ)．Itcanbeseenfromthisfigurethatthe

maximumintensityofthefluorescencewasabout25nsafterirradiationoftheexcitingpulses．

Resu1tsofdataanalysisobtainedbythepresentauthors.（zR

radiativelifetime,TMemperatureforで(、)＝Th/２，pfrequency
factor,△Eactivationenergyfortheradiationlessprocessand

ﾊﾟ,uotheoscillatorstrengthofthefluorescence)．
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TosioKUROBORI：Time-ResolvedPhotoluminescencefromO2-CentersinKC1-KBr ４５
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Fig.５Three-dimensionalfluorescencespectraforKCl：Ｏ２－ａｔＲＴ，

Thethree-dimensionalgraphsoftime-andwavelength-dependentfluorescentintensitieswere

obtainedbyreconstructingtheanalysisdataoftime-resolveddecaysoffluorescenceintensity
atvariablewavelengths,ａｓｓｈｏｗｎｉｎｆｉｇ５、

ＩｎｓｕｍｍａｒｙｗｅｈａｖｅｒｅｐｏｒｔｅｄｔｈｅｏｐｔｉcalpropertiesoftheO2-centersinKC1-KBrmixed

crystal・SuchaKCl1-xBrxsystemisacompletesolidsolutionthroughoutalargecomposition
range,ｓｏｔｈａｔｗｅｃａｎｃｌｅａｒｌｙｏｂｓｅｒｖｅｔｈｅｂｅhavioroftheO2-ionthroughoutthedifferenthost

crystals・Moreoverthebasicopticalparameterssuchastheactivationenergy△Ｅ，ｔｈｅ
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frequencyfactorpandtheoscillatorstrengthoffluorescence炎Iuocanbeestimatedsystemat‐

ically・Suchmixedcrystalsseemtobeconvenientsystemstoinvestigateotherimpurity

behavioroftheground-andexcitedstatessuchasCu＋ａｎｄＡｇ＋ionswhichoccupyeitheran

on-centeroranoff-centerpositioninvariousalkalihalides［16]．
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