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Recentdataon the luminescenceof the self-trappedexcitonin KC1 are
analysed,anda theoreticaldescriptionisgiven of the temperature-
dependenceof the intensity,polarisationandlifetime of theemission.We
concludethat emissionis seenfrom boththe lowesttriplet ~T andthe
correspondingsinglet~Ps,andthat recombinationfrom boththesestates
canoccurradiativelyor non-radiatively.In the processesin which an elec-
tron is capturedby a VK centreanddecaysto theselowestsingletand
triplet stateswe conclude(i) thatwhencaptureisinitially into a triplet
statethe loweststate~ is reachedin almostall cases,(ii) that i~1i~is only
populatedvia ~~T’ i.e. thatwheninitial captureis into a singletstatere-
combinationis almostcertain to occurbefore~/i~ is reached,and (iii)
during the decayprocessesfollowing capture,somereorientationof the
self-trappedhole can occur.

1. INTRODUCTION excitonaxis) if the lowesttriplet statewere thesole

MUCH SPECTROSCOPICWORK hasbeendonerecently origin of luminescence,is about20%ir-like at 7°K,and
5% at 20°K.Theluminescentintensityhasan anomalous

on theself-trappedexciton in alkali halides.Luminesc-
ence,1opticalabsorption2andspin resonance3methods plateauaround20°K,varyingrapidly at bothhigherand

lower temperatures.Thelifetime behavesconventionally,
haveall beenusedto studythe loweststate,a spin trip- exceptthat its temperaturedependencedoesnot matchlet withrelatively longlifetime. It waslongbelievedthat that of the luminescentintensity.A similar discrepancy

theshort-lived,higher energy u-luminescence(i.e. polar- betweenlifetime andintensitychangeswith temperature
ised parallelto theexcitonaxis)seenin manycrystals hasbeennotedby PooleyandRunciman7for KBr, and
camefrom the correspondingspinsinglet.Whilst this the lifetimes in othercases8havenovel features,but the
modelexplainedmanyfeatures,the ener~’differenceit dataare lesscompleteandwe shall not analysethem
indicatedbetweenthe two transitionswastwo ordersof

here.
magnitudetoosmall. Recenttheoreticalwork4’5 has
resolvedthis problem,identifyingthehighersingletstate

2. MODEL AND RATE EQUATIONS
from which the observedu-emissionoccurs.In the
presentnotewe are concernedwith the lowest spin sing- In our model, the lowesttwo levelsof the self-
let, correspondingto thewell-studiedtriplet state, trappedexcitonarethe triplet i/iT andthe corresponding
Luminescencefrom this lowestsingletstateis not singlet~I’s’which lieshigherby an energy~ typically ~
usuallyobserved,apparentlybecausesingletexcitons is a fewhundredthsof an eV. Non-radiativetransitions
recombineso rapidly in excitedstatesthat the lowest betweenthesestatesoccur,with a temperature-depend-
singletdoesnot get populated.However,thestatecan ent transitionprobability. Recombinationof the elec-
be populatedby thermalexcitationfrom thelong-lived tron andhole canoccureitherradiativelyor non-
lowest triplet. We shallshowthat the dataof Purdyand radiativelyfrom either i/i~or ~~l’T;we shall assumethis
Murray6 demonstratethis,andwe shallderivea simple is thermally-activatedwith thesame9energyENR in
model withreasonablevaluesof the parametersto eachcase,butwith different frequencyfactorsvsand
explainthe observedtemperaturedependenceof the VT.

lifetime,luminescentintensityand polarisation. We canwrite downexpressionsfor the luminescent
The experimentaldatafor KC16 showseveralstrik- intensity,lifetime andpolarisationby usingsolutionsof

ing features.The polarisation,which shouldbecorn- the coupledequationsfor thepopulationsX
5 andXT of

pletely 7r-polarised(dipole momentnormal to the the singletandtriplet states.Specialcasescanbe
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obtainedevenmorereadily by assumingthermalequilib- r LOG(X/X0)
-~/~RI~ENTrium between~1i~and ‘,

1T• However,sincethereis no
directevidencefor equilibrium, andsincenon-

THEORY
equilibriumhasbeendiscernedamongthe magnetic
levels of ~IT,3 we shall emphasisethe slightly morecorn- ~ ~/~G(X/X~)~
plex rate-equationapproach.

The coupledequationstakethe form: _2L
= S~+ W~T— BX~ (I) /

dt

= ST + WdXS — AXT. (2) /// / /2
dt / /

HereS~andSTare the ratesof direct populationof the - ~ //
)100/T)

singletand triplet states.All evidencesuggestsS~is !~
negligible,in that a singletexciton recombineslongbe- 2 4 6 / 10
fore it reaches~ Similarly,S~is nearlytemperature- /
independent:any triplet excitonseemsto reach~,L1T 0 2 4 6 8 10

(100/1)beforerecombination.We shall assumeS~= 0 and a
constant

5T- A secondaspectof the captureprocessand Fig. 1. Experimentaldataof PurdyandMurray (upper
the non-radiativetransitionswhich follow concernsre- left) andpredictionsof presentpaper(lower right) are
orientation:if electronsare capturedby aligned VK compared.The parametersare thoseof equation(12).

-~ Luminescence;-_ . — Lifetime; — — Polarisation.
centres,do anyreorientin the decayto ~liT?We shall
assumesomereorientationis possiblebefore~,(1Tis
reached.If 0 is theanglebetweena VK axis andthe axis The lifetime T canalso be predicted(againchosento
or original alignment,we shall definethe averagedegree agreewith reference6):
of misorientationby (S sin2O. Thereorientationdoes
not enterin (1) or (2). The transitionprobabilitiesw~ = ~{(A + B) ±~/[(A —B)2 + 4W~WdiJ. (11)
(from tIlT to tI’

5) andthereversetransitionWd take the Theseexpressionsinvolve eight parameters.Some
forms: canbe estimatedfairly directly, for examplefrom r(fl

= Wñ (3) andP(T) at the lowest temperatures.The temperatureof

Wd = W(1 + n) (4) the observedplateauin 1(T) is also useful.We find a
reasonablefit with the parametersin equation(12). No

correspondingto one-phonontunnellingprocesses;ñ is seriousattemptat optimisationhasbeencarriedout
theequilibriumoccupancyfor phononmodeswith but the agreement(shownin Fig. 1) is quitegood.The
energy~. Finally,A andB involve the recombination resultsare shownfor (S = 0, the main effect of increasing
termsandW,~,W~: 6 being to improvethe absolutemagnitudeof the polar-

A = r~’+ ~T exp(~Enr/kT)+ W~ (5) isationresults: (S is probablyaround0.3.

B = r~
1+ VS exp (~Enr/kT)+ Wd. (6) TS = 4 x lO8sec. TT = 4 x iO3sec.1

Here rS andTT are theradiativelifetimes. = l80°K Enr = 190°K /
From theseexpressionsonecanderivethe quan- ~T = ~s = x 108 sec’ W = iO~sec’. )

tities observed.The steady-stateluminescenceI is the
(12)sumof triplet andsingletcontributions:

= ‘T + j~ (7) 3. DISCUSSION

andthe associatedpolarisationF, chosento conform Thegeneralcharacterof theintensity1(T) canbe
with reference6 is understoodqualitively,includingthe plateauin the

range 15—25°K.Even at the lowest temperatures,the
P = [(IS—Ir)I(Is+IT)](l —26) (8)

reorientationterm (S ensuresthatP is not wholly 7r-like.
sincethesingletpartis u-polarisedand the triplet part As the temperaturerises,the populationof t,1i

5 rises,
ir-polarised.ExpressionsforI~and‘T are: increasing1(T) anddecreasingP(T). The lifetime r(T)

also decreasesasnon-radiativeprocessesoverwhelmthe
= (IOWU/rs)/(AB—WUWd) (9)

triplet emission.At the plateau,thenon-rad’~
= (IOB/rT)/(AB— WUWd). (10) sitionsfrom both tils and tI’-~
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build-upof luminescencetemporarily,althoughthe vsand thetemperaturedependence(if any)of (S are
populationof tI’s givesan increasingcontributionat muchlessdefinite.
highertemperatures.To give more precisedetails,the
radiativeandnon-radiativerecombinationratesof the 4. CONCLUSION
triplet statebecomeequalaround1 3°K;in theabsence Our analysisof PurdyandMurray’s dataindicates
of otherprocesses,the singletluminescencewould that luminescencefrom the lowest singletstateof the
exceedthat from the triplet at around17°K;andthe self-trappedexciton(as opposedto the usualu-lumin-
singlet radiativerecombinationexceedsthe non- escencefrom a highersinglet) canbe detectedwhen the
radiativepart at all the temperaturesof interest, stateis populatedthermally.The analysisis in good

The splittingz~of 180°Kfor the self-trappedexci- agreementwith currently-acceptedvaluesof parameters
ton is in line with thevaluesaround6l5°Kcited for the andwith other theoreticalpredictions.We further con-
unrelaxedexciton2andpredictions4of a few hundred dudethatvirtually all excitonsreachingthis singletstate
°Kfor NaC1. It is harderto estimateEnr, butit seems do so via the correspondingtriplet state,that non-
widely agreedthat this is small,2’10andour fit of 190°K radiativerecombinationfrom bothsingletand triplet is
is plausible.Thereis no simple wayto estimatethe significant,and that thereis probablysomereorien-
factors L’

5, ~T for thenon-radiativetransitions,andwe tationof aligned VK centresduringelectroncaptureand
havetakenthem equalfor simplicity alone.But the subsequenttransitionsto the loweststates.
valuesof 5 x 108sec

1are in a resonablerange.
Wehavetried a small numberof othersetsof para- Acknowledgements— We areindebtedto Professor

meters.Roughlyspeaking,only modestvariationsin & R.B. MurrayandDr. A.E. Hughesfor valuablediscus-
Enr, ~T and the two lifetimes appearpossible,whereas sions.
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