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ON THE LUMINESCENCEAND ABSENCE OF LUMINESCENCEOF F CENTERS*

R.H.BartramandA.M. Stonehaint

PhysicsDepartmentandInstituteof MaterialsScience,Universityof Connecticut,Storrs,CT 06268U.S.A.

(Received3July 1975 by C. W. McCombie)

A model,proposedoriginally by Dexter,Klick andRussell,isusedto ex-
plain theoccurenceor non-occurenceof F-centerluminescencein ionic
crystals,in termsof asimple two-stateconfigurationcoordinatediagram.
In this model,whichworksfor all knowncases,luminescenceis quenched
by acompetingnon-radiativeprocesswheneverthe intersectionof the
groundandexcitedstatecurveslies below theenergyreachedin absorp-
tion in a vertical(Franck—Condon)transition.The criterion for the occur-
renceof luminescenceisexpressedas A < ~, whereA ( excited-statelat-
tice-relaxationenergy/optical-absorptionenergy)is aparameter,relatedto
the relativedisplacementof thetwo curves,which canbeinferredfrom
dataon the temperaturedependenceof the F-bandline width. Thusthe
possibilityof observingluminescencecanbe predictedfrom opticalab-
sorptiondataalone.it is found empirically thatA for alkali halideswith
rocksaltstructureis independentof latticeparameter,andtheobserved
dependenceof A on theratio of ionic radii in termsof ion-sizeeffects.
Valuesof A rangefrom 0.009for CaF to0.831 for Li!; NaCIwith
A = 0.260isamarginalcasefor luminescence.

1. INTRODUCTION ________________

IN MOST ionic crystalsthegeneralfeaturesof absorp- I

tion andemissionof light by F-centersarewell estab-
lished.The cycleis shownschematicallyin Fig. 1 for
a mo4clinvolving justtwo electronicstatesanda B
singleconfiguritioncoordinate.M 1w temperatures
theFcenterstartsin its groundstate,A. Themean
lattice configuration,I, munimizesthe totalenergyin
theelectronicgroundstate.Opticalabsorptionis
dominatedby the Franck—Condontransitions,with- w
out changeof configuration.TheexcitedF-center D
thenrelaxesrapidly by phononemissionfrom B to
C, the lowestvibrationalstateassociatedwith the A

I I
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G35. FIG. I. Simpleconfiguration-coordinatediagramto
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excitedelectronicstate.Emissionoccursprimarily by with luminescenceare associatedwith theintersection
Franck—Condontransitionsat the newconfiguration, of theconfiguration-coordinatecurvesof theground
II, andis followed by further phononemissionback andexcitedelectronicstates.No otherelectronic
to theinitial state. states(e.g. thoseassociatedwith ionization of theF-

center)are involved.
The foregoingmodelis oversimplifiedin two res- (b) Thenon-radiativetransitionswill only quench

pects: theF-centerelectronis actuallyweakly coupled all luminescenceif the systemhasan appreciable
to verymanymodesof vibration,includingmodesof chanceof passingthroughthevibronic statescorres-
severalsymmetries;1a singleconfigurationcoordinate pondingto the cross-over.Thisrequiresthat the ex-
is justifiedonly to theextentthat the frequenciesof citedstatereachedin absorptionlies abovethe cross-
the dominantmodesare nearlyequal.2Also, more over. In termsof Fig. I B shouldlie aboveX. This
thantwo electronicstatesare involved becauseof a figure isactuallydrawnto showthe critical casewhere
near-accidentaldegeneracyof the 2sand2p states.3 bothradiativeandnon-radiativetransitionsare poss-
Consequently,absorptionandemissioncannotboth ible.
bedescribedby a singleconfiguration-coordinatedia-
gram.4 Thefirst point follows from thestandardapproaches

to non-radiativetransitionswithstrongelectron—
Nevertheless,thesimple two-stateconfiguration- lattice coupling.9Theimportanceof the intersection

coordinatediagramaccountsadequatelyfor the gross arisesnaturally throughthe strongassociationat that
featuresof absorptionandemissionforF-centersin point betweenvibronic statesderivedfrom thetwo
NaFandNaCI; for thepotassium,rubidium and electronicstates.In simplemodels,this associationis
caesium5halides;and for the one-electronF-centers determinedby thevibrationaloverlapintegralswhich
in MgO andCaO.Theschemefails for the lithium occurin the transitionprobability.Thesecondpoint
halides,the alkaline-earthfluorides,NaBr andNaI, resultsfrom the rapidlattice relaxationin theelec-
sinceno luminescenceis observedin thesecases.6In tronic excitedstate.WhenB lies aboveX, the system
1955,Dexter,Klick andRussell7presenteda criterion passesnaturallythroughthe vibronic statesnearX in
for the occurrenceof luminescencein termsof the thelattice relaxationfollowing opticalabsorption.
possibilityof quenchingby an identifiablenon- Thethermalexcitationof vibronic stateshigher in
radiativetransition.Theircriterionwas essentially energythanB is very improbableat the low tempera-
speculativebecauseof the paucityof data at that tureswe havein mind. It shouldbenotedthat, for
time; indeed,accuratedatafor F-centeropticalab- purposesof this model,it is a matterof indifference
sorptionhaveonly recentlybecomeavailablefor all whethertheconfiguration-coordinatecurvesactually
alkali halides.8 crossor only nearlycross.10It is a postulateof

Dexter’s model thatpassagethroughpoint X results
We shaldemonstratethat the occurrenceof lum- in completequenchingof the luminescence;acorn-

inescencecanbe correctlypredictedfrom available pletetheoreticaljustificationwould bebeyondthe
opticalabsorptiondata,usingthecriterionof Dexter scopeof this paper.
era!.7 Weshall alsoshow that the detailedtheoryof
theF-centerelectronicstructurecorrectlypredicts In dealingwitha similarsituation,excitondecay,
the trendsfrom host to host,andwe shall suggest Seitz11viewedthesystemas sliding from B to C
experimentsby which it might bepossibleto observe alongthe uppercurve in Fig. 1, andconcludedthat
emissionin caseswhereit hasprovedelusivesofar, theexcitonwould decayradiativelyunlessthe inter-

sectionof the two curveslay betweenB andC. How-
ever,it shouldbe recognizedthat theconfiguration

2. MODEL FORRADIATIVE AND NON. coordinatecurve is actuallythe locusof classicalturn-
RADIATIVE PROCESSES

ing pointsas a functionof energy,andthat in any
Theessentialfeaturesof Dexter’smodel7are givenvibrational statethe wave functionextendsbe-

these: tweenthecorrespondingturningpoints.Thusone
cannotavoid theintersectionsimply by sliding down

(a) Thenon-radiativetransitionswhich compete the oppositeside of the curve.
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3. PHENOMENOLOGICALMODEL Table1. ValuesofAand A’. The varioushostsare
placedin threegroups,correspondingto Fig. 2. Errors

The relativeenergiesof the optically-excited of±5%are probablytypical. Valuesof R, the ratio of
stateB andthe cross-overX canbeestimatedfrom anion to cation radius,arealsoshownfor thealkali
availabledatain severalways. Forsimplicity, we fur- halideswith rocksaltstructure
therrestrictthe two-statemodelby the assumption

Luminescencethatboththe ground-andexcited-stateenergiesde-
Host R A A’ Predicted Observedpendparabolicallyon theconfigurationcoordinate, __________________________________________

with the sameeffectivefrequency.The assumptionof Li! 3.22 0.831 No No
equalfrequenciesis by no meansessential,butavail-
abaledatado notseemsufficiently reliabletojustify Na! 2.24 0.384 No No

NaBr 2.00 0375 No Noallowancefor unequalfrequencies.Forexample,
DawsonandPooley8find ~ /‘4 —0.2for KC1, LiCl 2.66. 0.371 No No
while Klick, PattersonandKnox4 find ~ = LiBr 2.88 0.358 No No

LIF 1.96 0.323 No No
+ 1.4 for the samecompound;bothgroupsusedopti-
cal absorptiondata. BaF

2 No
SrF2 Detailedparameters No

With theseassumptions,the conditionfor lumi- CaF2 notknown;seetext No
nescenceto beobservedbecomes: MgF2 0.348 No No?’

A = SEPh ~ ~ ~. (3.1) NaCl 1.85 0.260 0.322 Yes Yesa
KI 1.65 0.231 0.279 Yes Yes’HereE~0~0~is thephononenergy,S is the Huang— KBr 1.47 0.223 0.278 Yes Yes’

RhysfactorandE,~,,the meanenergyfor opticalab-
Rb! 1.48 0.211 0.262 Yes Yes’

sorption. KF 1.00. 0.189 0.211 Yes Yes’

KU 1.36 0.188 0.235 Yes Yes’Valuesof A calculatedfrom datafrom thetem-
peraturedependenceof the linewidthin absorption

8 RbCI 1.22 0.182 0.232 Yes Yes’
NaF 1.36 0.175 0.275 Yes YeSaaregiven in Table1. Figure2 showsappropriatecon-
RbF 0.90 0.173 0.224 Yes Yes’figurationcurves.It canbe seenthatthe rule (3.1)
RbBr 1.32 0.162 0.265 Yes Yes’

correctlypredictsthe existenceor absenceof optical
emissionin all cases.The resultsare marginalfor Cs! 0.077 0.285 Yes Yes’
NaC1,butweshallshowlaterthat thevalueof 0.26 CsBr 0.019 0.268 Yes Yes’
for A is consistentwithsignificant emission;in any CsCl 0.018 0.211 Yes Yes’
case,the valueof A will haveerrorsof a few percent. CsF 0.80 0 009 0.122 Yes Yes’
Unfortunately,no accuratelinewidthresultsfor the
alkalineearthfluoridesotherthanMgF

2 areavailable: MgO 0.260 0.184 Yes Yesb
SrO 0.070 0.080 Yes Yesc

theMF bandinterfereswithobservationof theF- CaO 0.046 0.054 Yes Yesb
bandin additionally-coloredcrystals,andfluorine __________________________________________
interstitialscauselargeperturbationsin irradiated * Seetext.
crystals.Verycrudeestimatesof A are possible,based
on the smallestobservedlinewidthsinferredfrom ‘FOWLER W.B.,Physicsof Color Centers,Appendix
Faradayrotationresultsandthe knownphononftc- B. AcademicPress(1968).
quencies.Thesegive valuesof A greaterthan0.25, b HUGHES A.E. & HENDERSONB., in PointDefects
consistentwith theobservedabsenceof luminescence, in Solids(Editedby CRAWFORDJ.H.Jr.&
An emissionbandin MgF2 wasoriginally attributed SLIFKJN L.M.) pp. 381—484.
to F-centerluminescence,partly on thebasisof an HUGHES A.E. (privatecommunication).
ãncorrectcalculationof the expectedStokes’shift.’

2
However,it hasnot beenpossibleto verify this as- for F-centersin alkali halidesof bothstructures,
signment,whichwhich now appearsimprobable.’2Thus alkaline--earthoxides,andprobablyfor alkaline—

I ‘I seemsto beavalid criterionfor luminescence earthfluorides.
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FIG. 3. Dependenceof A on R, theratio of the anion
I I I andcation ionic radii.

0
FIG. 2. Configuration-coordinatediagramsfor F- in equation(3.1),ratherthan A’, in that Dexter’s
centersin NaC1-structurealkali halides.The two modelrefersto the configuration-coordinatediagram
shadedareasare 0.162 ~ A ~ 0.026and0.323~ for absorption.Thevibronic structureof the relaxed
A < 0.384;the casesA = 0.009andA = 0.831,appro- excitedstateandthecorrespondingconfiguration-
priatefor CsFandLi!, respectively,are plottedsep- coordinatediagramfor emissionplay no role in the
arately. criterion for luminescence,becausetherelaxedex-

citedstateis neverachievedwhenluminescenceis
Thereare severalchecksof ourworking assump- quenched.

tion of a singlecoordinateand frequency.The orig-
inal linewidth data8are consistentwith onecoordi- Wealsonote that thereisa substantialgap in A
nateandone frequency,althoughslightly different betweenthosefor whichwe expectto seelumi-
frequenciesseemappropriatein absorptionand nescenceandthe others.Thislargegapmeansthat
emission.But in no casedoesthis differencecause the finite width of theF-bandhaslittle effect onthe
anysignificantchangein A. Nor doesuseof phonon condition(3.1),exceptfor NaC1,aswill becomeap.
energiesderived,less accurately,from the shiftin F parentfrom the discussionin paragraph5. Thisgap
bandenergywith temperaturechangethe predictions is indicatedin Fig. 2, which alsoshowsthe anomal-
otherthanfor NaBr andNa!. In thesecasestheshifts ousnatureof the Li! F-center.
leadto anomalouslysmallphononenergies,being
about1/2(NaBr) and1/20(Na!) of thosederivedin

4. ION-SIZE EFFECT
otherways. Anothercheckis to useemissionenergies
andabsorptionenergieswhenthey are known. In our Oneimportanttrendis apparentfrom TableI:
modelthe parameter A increaseswith anionsizeanddecreaseswith cation

A’ = (1 Eem/Ea~J/2 (3.2) size.The dependenceof A on the ratio of ionic radii,
R(= r_/r+), is shown in Fig. 3 for the alkali halides

shouldequalA. As Table 1 shows,the trendsin A and withrocksaltstructure.
A’ are almostidentical,althoughA’ is slightly larger,
reflectingthe inadequacyof a singleconfiguration- Notethat thereis no significantdependenceon
coordinatediagram.While the reasonsfor thediffer- lattice parameter,a; for example,A is verynearlythe
enceare notunderstoodin detail,it is likely that they samefor NaF, KCI andRbBr, whichhavealmostthe
arerelatedto Ham’sobservation8that the observed sameR but verydifferentvaluesof a.Theseobser-
Stokesshift (Eab

6 — E,~)is muchlargerthanthat vationssuggestthat thevariationof A is governedby
deducedfrom the stressresponseof the absorption ion-sizeeffectsof thetype discussedearlierby
band.Whateverthe sourceof the discrepancy,it BuchenauerandFitchen,

14andby Bartram,
seemsclearthatA is the appropriateparameterto use StonehamandGash(BSG)15 in connectionwith

F-bandenergies.
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It canbe seenfrom Fig. 3 thatA increasesessen- tionsare usefulin othercases.Thusdirect excitation
tially monotonicallywithR, startingfrom avery small is not expectedto be efficient.
valuefor CsF,and thattwo plateausareevident,only
oneof which is consistentwith luminescence.The LII is anomalousin manyways.Notablehereis
valueof A forLii is anomalous,aswasits F-band the very largedifferencein the configurationswhich
energyin the treatmentof BSG.’5 minimizethe totalenergyin the groundandexcited

electronicstates.This differenceshouldleadto avery

5 DISCUSSION longlifetime in the relaxedexcitedstate,giving asystemespeciallysuitablefor spinresonanceand
Thenon-radiativemechanismconsideredhere ENDOR.

suggeststhatF-centerluminescencecan beobserved
in all casesprovidedonecan populatethe excited Finally,wenotethattheradiativeefficiencyfor
stateswith energylessthanthatof the crossover. F-centersin anumberof hostswhich do luminesce
PossibletechniquesIncludeenergytransferfrom other doesnot tendto unity atlow temperatures.’8One
centers,theexploitationof excitondecay,or,more caseisNaCl, andthe anomalymaybea resultof the
simply,opticalabsorptionfrom thered sideof the processeswe discusshere.But is almostcertainthat
F-bandonly. The fractionof theF-bandareawhich thecompetingnon-radiativeprocessesin the other
canbeusedmaybeestimatedfrom theknown line- cases(NaF,KF, RbF) aredifferentin origin, andhave
widths.UsingaGaussianfit to the lineshape,one muchsmallertransitionprobabifities.
finds that 26%of theF-bandis suitablein NaCI (hence
ourearliercommentthatluminescenceis expected
hereeventhoughA exceeds1/4), thatlessthan1o~ Acknowledgement— Theauthorsare indebtedto
of thebandis suitablein LIF, andthat negligiblefrac- Dr. A.E. Hughesfor anumberof helpful comments.
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