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SPECTROSCOPIC RELAXATION PROCESSES

OF RARE EARTH IONS IN CRYSTALS

H. WARREN MOOS

Department of Ph vsies,The Jo/ins HopI~ins Unim’ersitr, Baltimore, Md., USA

RelaxationprocessesbetweenStark groupsin the (4f)’ energy levels of rare-earthsalts
are discussed.The low temperaturespontaneousrelaxationratesare exponentialin the
energy gap to the next lowest Stark group. The ratesare determinedprimarily by the
order of the processand the strengthof the orbit-lattice interaction. With increasing
temperature,stimulatedemissionof phononsby thermalphononsincreasesthe rate.The
presenceof moleculargroups and 4fn 5d bandscan cause quite different rates and
temperaturedependences.Excitationmigration to specialsites is suggestedasa primary
mechanismin ion-pair relaxation.

1. Introduction

The 4f orbits of rare-earthions are so deeplyburiedwithin the electronic

shell that the energylevels of the (4f~configurationare only slightly per-
turbed when the ion is placed within a crystal. Generally the spin-orbit
splitting of the levelsis iO~cni while thecrystallineStark splitting of a
level of given J is 100 cm ‘. As a result of the relatively weakinteraction
with the environment,the picture of an isolated ion slightly perturbedby
the surroundingcrystal has beenextremelyfruitful. Further, it has been
possibleto usethe rare-earthions as probeto observesolid statephenomena
such as phononsand magnetic interactions. Spectroscopicrelaxation is
closely relatedto theselatter studies.

It is well known that the rare-earthsfluoresce more or less efficiently

dependingon the natureof the host.At low concentrations,energycanbe
transferredto thevibration of moleculargroupssuchas watersof hydration.
In simple ionic crystalswith relatively low maximum phonon energiesof a

few hundredwave numbers,characteristicenergy gaps to the next Stark
group are foundt). Stark groupswith energy gapsgreaterthan this value
fluorescestrongly; groupswith lessergaps,weakly. This is due to energy
transferto the lattice vibrations, the critical gap representingthe point at
which the transferrateis exceededby the radiativefluorescencerate.

At higher concentrations,energy is transferredto other rare-earthions.
Thus, if the differencesin energy levels are sufficiently close, a rare-earth
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ion canrelaxfrom some excitedstate,C to a lower stateA, raisinganother
ion from its groundstateZ to anexcitedstateX 2)~

The purposeof this paper is to review recentprogressand someof the
problemsin this field of spectroscopicrelaxation.Although we are able to
give qualitative “hand waving” explanationsfor most of the observed
relaxationphenomena,a scientific theory is only satisfactory (and useful)
to the extent it can makepredictive (hopefully quantitative)statements

aboutnew situations;i.e., if we dopen ~ of ion X into latticeY will level A
fluoresce?Our ability to do this is severely limited at the presenttime.
Only by a careful understandingof the fundamentalmechanismswill we
cometo the point wherethesevery importantpredictivestatementscanbe
made. Therefore,elementaryprocesseswill be emphasizedhere. We will
not attempt to survey the literature except as it helps to demonstratea
point. A note of apologyis due to other workers.Becauseof familiarity
ratherthanrelativeimportance,theJohnsHopkinsworkhasbeenemphasized.

Except for Sm2~,the discussionis limited to trivalent rare-earthions.
It is expectedthat many of the ideasdiscussedwill be applicableto other
typesof ions.

2. Multiphonon relaxation

At low concentrations,the fluorescencedecayrate of a level is the sum
of the radiativedecayandmultiphononrelaxationrates.Themultiphonon
relaxationrate canbe obtainedfrom the fluorescencedecayratesby deter-
mining eitherthe quantumefficiency for relaxationto the next lowest level
or the quantumefficiency for all fluorescencefrom the upper level. The
former was usedfor mostof the datareportedhere3’ 4). Measurementsof
the secondkind arequite difficult but Weber5)hashadremarkablesuccess
in computing the total radiative decay rates using measuredoscillator
strengthsfrom the ground state.

It is found for the lower (distant from the 5d levels) (4f)’~levels of the
trivalent rare-earthsin simple ionic hoststhat the multiphononrelaxation
ratesdepend,exceptfor a few exceptionalcases,only weakly on the detailed

natureof the electroniclevels andvary exponentiallyin a given host with
theenergygap to the next lowestlevel. It is alsofound that theserelaxation
ratesincreasesharply at elevatedtemperatures.The basic problemis first
an experimentalone, to measuretheseratesand determinetheir variation
with gap and temperature,and secondly to explain the reasonsfor the
variation. We discussfirst the theoreticalbackground4),then the present
experimentalresultsandfinally a numberof exceptionsdue to theproximity
of the 5d bandsandthe presenceof moleculargroups.



108 H. WARREN MOOS B.l

To a good approximationthe ion can be treatedas isolatedin a seaof

phonons.Designatingtheelectronic wavefunctionsby m~L’ and the ith phonon
normal modewith occupationnumberii~by ii~>. the system goes from an

initial state

= ~‘. Hi ~ (Ia)

to a final stale

= ni + I > n~+ I > ... H’ iii>.

The number of phonon stateswith nearly the samefreqLiency is high and
it is very improbablethat an occupation number would changeby more

than one.

Following the procedurewhich hasbeenso successfulin electron para-
magneticresonance,the interaction of the rare-earthion with the phonons

is assumedto be dLIe to modLllation of the crystalline field by the motion

of theions6) caLlsinga breakdownof theBorn-Oppenheimerapproximation.
This orbit-lattice interaction is a function of theelectronicand ionic coor-
dinates,the latter beingafunction of thenormal modecoordinates.Q~.The

interaction potentialcan be expandedin a Taylor seriesin Q
1:

~OL = ~ + l~Q1 + ~ Q Q1 + ... (2)

where V~is the staticcrystalline field and the higherexpansioncoefficients

arederivativesof thecrystalline field evaluatedat theequilibrium position:
fri = ~fr~/~Q1.~0 = ~2I/~/~Q1~Q1,etc. Thus any given term in the sum

is a product of’ a function of the electron coordinatestimes the phonon
coordinates.

Thereareseveralwaysin whicha Hamiltonian of this type can connectsta-
tes~‘. and ~, whichdiffer in severalphonon occupation numbers.A givenQ1
in the interaction term can only connectstateswhich differ by one in the

sameoccupationnumber iii. However, V11Q1Q1 can connectstatesdiffering
by one in ii~and onein °1• etc. Thus multiple phononemission with simul-

taneous relaxation to a lower electronic state can occur by a coupling
betweeni and ~, causedby a high orderterm in theexpansionof theorbit-

lattice energy. Secondlyy~and /6 call he coupled by the first order term
~ i/1Q1 via virtual intermediate states in high order perturbation theory.

Finally it is possiblethat the n, > are not true harmonic states and tile

first order term could leadto direct coupling. In any caseit is clear that it is

anextremelycomplex phenomenon.Consideratransition betweenelectronic
statesvi., and~ with theemissionof j phonons.The transition rate dueto

the first two processesis
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= (2~/h) ~ K n~+ i~ I n~>12 ... 1< n~+ ij I n~>12

<~b I~I~mp~i> [~J <~LL~5H~~.I ~‘a >12
(Emp~i+ hw~+ ... + hw1_1 — Ea)

2 ... (Emi + hw~— Ea)2

x g(w
1) ... g(w~)

5(Eb + (hw
1 + ... + /lw~)— Ea)

+ ~ (1/n!)~~<~bI~...jl~a>ll< fl~+ ‘1Q1H1>1
2

h L..j ...I<n~+1IQ
1In~>I

2

x g(w
1) ... g(w~)~(Eb+ hw1 + ... hw~— Ea) (3)

where i,lJmk > is an intermediatevirtual stateand g(w~)is the frequency

density of phonon states.The electronic statesare assumedto be very
narrow and the ~

5functions maintain energy conservation. Cross terms

betweenthe two processeshavenot beenincluded. Most of themultiplying

termsin this expressionare poorly known if at all. KieI7) hadsomesuccess
in obtaining rough order of magnitudeestimatesby using the first order
term with high order perturbation theory but becauseof the extreme

complexity, any attempt at systematiccomputationof the rates appears
extremelydifficult. However, it turnsout that it is just this complexity which
permits a very simple phenomenologicaltheory to be used. As a first
approximation, one expectsthat the lowest order processdominates so
that only a given W°’~contributes.Therearestill anextremelylargenumber

of ways in which p phononscanbe emitted; the sumsoverphonon modes
and intermediatestatesare essentiallya statisticalaverageof productsof

matrix elements. As a result, one would expect that except for rigorous
selectionrules, the numericalvalue of Wt1~)should not dependmarkedly
on the characterof the electronicstateslila and Il/b. Spin is usually not a

good quantum numberdue to the large spin orbit coupling in the rare
earths, most of the phononsare of low symmetry, and these rigorous
selectionrulesareprobablyfew. At the presenttime theonly experimentally
observedrule is the slownessof relaxationfrom J = 1 to J = 0 states.

This is due to the vanishing of matrix elementsconnectingpure (4f)’~,
J = 1 and0 states.

In the phenomenologicalapproachwe postulate that the ratio of the

pth andp — lth processeswill be given by somecoupling constant

(4)
1)

characteristic of the host crystal but not the rare-earthelectronic state.
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a variesonly slowly with p. For a given lattice at low temperaturethe spon-
taneousrelaxationrate variesapproximatelyas

W°°= A a”. (5)

~E. theenergygap, is related to p by

zlE
(6)

11(i)

where w is the frequencyof the dominantphonons.Generally the lowest

order processdominatesand w w,,,~,.Hence, we expect

W= BeaJ!~ (7)

where B and a are characteristicof a given host. The closenessof a given
rate to the averagebehaviorgiven by eq. (7) is a measureof theextent to

which the sumsof eq. (3) are a statisticalaverage.Evidently the averages

are surprisinglygood. The ratesare usually within a factor of two or three
of eq. (7). Fig. I showsthe resultsfor a numberof levels in LaCI3, LaBr3
and LaF3 8)

The resultsareeven more striking when plotted againsttheorder of the

process.Thevibronic sidebandswhich appearneartheelectronictransition

LoBr3 LoCI, LoF3

ErK+\r~

jb02~_Nd\\ _

500 1000 500 2000 2500

Energy Gap (cm-’)

Fig. I. Spontaneousmultiphonontransition ratesof trivaleni rare earth ion energylevels
in LaCla, LaBr:, and LaF:, vs. the gap to the next lowest group. The empirical slate

designationsaregiven by Dieke’).
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can be used for many crystalsto obtain the effective phonon frequency

distributionfunction9). In particular,the maximumphononfrequencycan
be usuallyobtainedfrom the extentof the peaks.The relaxationratescan
thenbe plottedagainstthe normalizedenergygapzIE/hwmax the orderp.
The surprising result is that the relaxationratesfor a numberof hostsall

crowd togetheron this plot. Fig. 2 shows this effect for LaCl
3, LaBr3 and
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Fig. 2. The dataof the previousfigure asa function of the normalizedenergygap.

LaF3. LaCl3 andLaBr3 are very similar crystalswith identicalsymmetries
and almost identical crystal field splittings of the energylevels. However,
the respectivemaximum phonon energiesare 260 cm

1 and 175 cm
Whencorrectedfor this differencein the phononenergies,the datafall on
top of eachother. LaF

3 hasa different symmetrywith crystalfield splittings
typically twice as large as thoseof LaCl3 andphononsout to 350 cm

T.
Whencorrectedto normalizedenergygaps,the LaF

3 dataareclosebut not
identical.If the strengthof the orbit lattice interactionincreasesasthe static
crystal field, one would expectfor a given order the LaF3 transitionrate
would be higher and secondlythe downward slope would be less. This is
what is observed.Fig. 3 shows normalizedcurvesfor five crystals. Theonly
surprisingresult is Y2O3. It has a much largercrystal field splitting, 1.5—2
timesthat of LaF3 yet it seemsto havea relatively weakorbit lattice inter-
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Normaltzed Energy Gap (AE/T~r,,,

Fig. 3. SponTaneous muliiphonon transition rate asa function of normalized energy gap
for five crystals. The gapshave beendivided by 360 cm I for SrF~and 550 cm for Y

20:1.

action. It may be that this is due to the relativecovalencyof the crystal and
further work is requiredon crystals of this type. In spite of this, it is now

clear that it is possible in many casesto make rough estimatesof multi-
phonon relaxation rates.The phonon spectrumcan be obtainedfrom the

vibronics and a few measuredrateswill determinethecurve.

It appears, then, that there is a way of systematizing the experimental

relaxationratesfor simple ionic crystalsin termsof theorderof theprocess

anda coupling constanta. Theimportanttheoreticalproblem is thecompu-

tation of a rather than individual rates.Of coursethe abovestatementsare
only tentativeuntil a much largeramountof datahasbeengatheredandone
of the important experimentalproblems is to determinethe limitations of

this phenomenologicalapproach.
We havereally beenworking backwardsfrom theory to experimentwhen.

of course,things really went theother way. So it is appropriatethat we take
up the temperaturedependencelast. It wasa study of this which gave the
first strong experimentalproof that the relaxationprocesswas a multiple

emission of phonons with the lowest order processdominating
3 10) From

the presenceof the term Kit, + I Q. n~> 2 in eq. (3) it is obvious that a
processwhich leadsto emissionof a phonon of type i will be proportional

to fi~+ 1 wherethe averageoccupationnumber

= [exp h w/kT— l]_l (8)
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is determinedby the ambienttemperature.The/i~contributesto the stimu-
lated or inducedpart of the relaxation rate. When severalphononsare
emitted, the energiesandhenceoccupation numbers areapproximately the
sameand

w~”~(T)= ~ ( + (9)

where ~ is the rate at low temperaturesandthe averagephonon energy
hW = zlE/p. Thereis somejustification for the statementthat the phonons
havesimilarenergiesin the observationthat the effectivephononfrequency
distribution function for LaCl3 containsmost of its intensity between150

and 260 cm’. Also, the exponentialdependenceof equation 8 implies
that a productof thetype (h, + l)(n~+ l)(n, + I)... will havea maximum
at w, = to1 = Wk... . Fig. 4 showseq.(9) computedfor severalvaluesofp for

loG
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Fig. 4. Eq.(9) asa functionof temperaturefor a 1100cm-’ gapandfor 4, 5, and6 phonon
processes.

a 1100 cm’ gap. It is obviousthat the order of the processcaneasily be
determinedfrom the temperaturedependence.Data of this type cannot
befit with an activationenergy,e 4~1~Tdependence.

Fig. 5 showsrelaxationfromtheE(
6F

3/2) to D(
6F

512)levelsofLaBr3: D~
3

fitted for temperaturedependentmultiphononrelaxation. Sometimesthe
higherlevels of a Stark groupcanrelaxonly by a higherorderprocessand
ions in theselevels essentiallydo not contributeto the relaxationprocess.



114 H. WARREN MOOS B.l

50

La Br
3 Dye’ 4

E(’F~D(~) /1.
40 t~EU775cm-’ /

In
0

0

I 30

C

0

I-.
20

0

0

0

io

0 50 ibo 50

T(~K)

Fig. 5. Temperaturedependenceof multiphonon transition rate from the E lesel of
LaBri: Dy~with a gapof 775 em

1.TheiheoreticalOtis for five 155cm I phononsusing
eq. (9). Theerrorbars indicateabsoluteprobableerror whereasthe relativeerror between

points is much smaller.

This canactually leadto adecreasein the relaxationrate at slightly elevated

temperaturesas these levels are populated.Fig. 6 shows the temperature

dependenceof the multiphonon transition rate from F(5F
1) to E(

5F
4,CS2)

of LaF3 : Ho
3~.Thereis a definite dropin the rategoingfrom 4 to 80 ~K.

A large number of levels havebeenstudied and fitted with dependences

of the typeof eq. (9). This is remarkableevidencethat the relaxationprocess

is causedby theemissionofp phonons.p is usually thelowest orderpossible.

At this point, onemight think that theproblem of multiphononrelaxation
is a closedone. However,therearecomplicationswhich must he considered.

We considerherethepresenceof moleculargroupsandtheproximity of the

5d bands.
Thevibration frequenciesof moleculargroupsarenarrowwith little disper-

sion with k so that only limited frequenciesareavailable for relaxation. Se-
condly, althoughthegroupasa unit may be theprimarysourceof thecrystal-
line field splittingof therareearth,thevibration of the moleculargroupmay

havea lesserinteraction than the lattice vibrations which involve the rare

earth. CaWO
4, which is a relatively efficient fluorescer, is an exampleof
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Fig. 6. Temperaturedependenceof the multiphonon transitionrate from the F level of
LaF

3: Ho~.The theoreticalcurveis for emissionof six 300 cm’ phononswith thermal
depopulationto a single non-decayinglevel 150 ~ above the lowest and five non-
decayinglevels 500 cm’ above the lowest.The relativeerror betweenpoints is much

smallerthantheabsoluteprobableerrorbarsshown.

this. Thelattice modesinvolving the motion of the groupas a whole go out
to 200 cm~,but thereare also vibrationsof the tungstatecomplexout
to 900 cm ~. A comparisonof threelevels is given in table 1. Thereare

one to two ordersof magnitudedifferencebetweentheseratesand what
one would predict from fig. 3. It is clear then that the moleculargroup
vibration in CaWO4must interactvery weakly with the rare-earth.

Waters of hydration provide high frequency vibrations and hydrated

crystalsare generally noted as poor fluorescers.Heber et al.’’
t3) have

TABLE 1

Multiphononrelaxationratesin CaWO4

Level Energygap Rate Estimatedno.
(cm’) of phonons

Er K(’Hs/z) 1800 >106 2 molecular
Ho E(’F,, ‘S,) 2600 ~l0’ 3 molecular
Er E(’S,

12) 2900 ~ilO~ 3 molecular
H- I lattice
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studied fluorescence in compounds such as Eu ethylsulfate. 9 H70. Eu

(BrO,), . 9 H,O, ELI Cl3 6 H,O, ELI (NO,), ‘ 6 H,O. Eu2 (SO4), 8 H,O
and a number of similar compounds. Multiphonon relaxation rates for

Eu’ + : ‘D0 ( 2 x 10’) and Tb’ ± : ‘D4 (~ 7 x I Q3) vary by less than a

factor of 2 over these compounds,indicating the constancyof the inter-
actionwith the H20 molecule.The ‘D1 to ‘D0 relaxationof Eu’ + was also

measuredand was relatively slow ( l0~)for a gap of only 1760 cm

indicating theJ = I —÷I = 0 selectionrule.
Only a little hit of work has beendone on the rare earth(4ff’ levels in

close proximity to the 4f” Sd bands. Partlow et al.
14) Ilave studied the

—s 5D,) relaxationrate in two sitesin LaCI, : Sm2~ The basic result is

that I ) the ‘D
1 —~ ‘D0 relaxationis qLute rapid. especiallywhen one con-

sidersthe low probability of J = I —~ I = 0 and 2) the temperaturede-
pendenceof the rate cannothe fit by a multiphonon process(Partlowet al.

found that a 20—40 phonon processwould be reqLuredto fit thedata) but

by an activation energy; i.e.. W = A e ~ For the two sites studied,
= 650cm~and 1300 cm_i.

In LaCI, : Sm
2+ most of the 5D, population relaxes to the ‘D,, and it

appearsthata model of the typeshownin fig. 7 may be thebasicmechanism.

~5dl!

~D~

~.

Fig. 7. Schematicrepresentationof proposedrelaxation
mechanismfor ‘Di . 5~J,in LaCli :Sm’

TheSm’4 ion is thermally excitedupwardsto a4f~ 5d level, relaxesrapidly

downwardand finally goesfrom thebottom of the level to the ‘D
0 level.

The transitions from the4f~ground stateto the 4f” Sd bandscommence

about 1500 cm above ‘D, so that transitions to the relevant 4f”
t Sd

levelsin fig. 7 are inhibited by Franck-Condonor other selectionrules. If
this mechanismis correct, it would mean that the orbit-lattice interaction

betweenthe (4f)” and (4f)fl_ 5d statesis quite strong,since theexcitation
rate is very large, > 10~but requiresthe absorption of severalphonons to

reach the 4f” 5d level. Tunneling mustalso be considered.

Further evidenceis found in thedecreasein the lifetime of the ‘D
0 level

at roomtemperature.Alam et al.
15)reportsimilarbehaviorfor the ‘D

0 level
of SrF2:Sm’t They fit the temperatLtredependenceof the lifetime with an
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activationenergyof 515cm’. It is quitepossiblethat in additionto divalent
ions, the upper(4f)6 levels of trivalent rareearthsmay exhibit similareffects
dueto proximityto the4f~ Sd levels.Of course,theaboveis quite tentative
and much morework is requiredon this type of relaxationmechanism,but
it appearsthat the proximity of the 4ffl~ Sd bandsaltersthe natureof the
relaxationprocessin a very striking way.

3. Ion-pair relaxation

The relaxationof an ion from an excitedlevel to a lower oneexciting a
nearby ion as shown in fig. 8 is awell-establishedrelaxationmechanismin

rare-earth salts. The phenomenaare somewhat more complicatedthan

44:

~ rn’

II
(a) (bl

Fig. 8. Schematicrepresentationof pairprocesses.(a)Unlike ions in which 3 relaxesto 2,
exciting I’ to 2~in a nearly ion. (b) Like ions in which the processesrepresentedby the

solid anddashedlines cannotbe distinguished.

indicatedsince the transitions are betweengroups of Stark levels and in

additiontheabsorptionor emissionof phononsmay be required to conserve

energy. The processis important in potential quantLlm electronic materials

andthis hasspurredinterest.
At thepresenttimeit is generallypossibleto explain theresultspostfacto

in termsof fig. 8. However, we havevery little understandingin termsof
computing (or even measuring)the relaxationratesfor a given set of levels.
Thereis not evena phenomenologicalapproachsuchas eq. (5) which has

beenso useful in collecting andcorrelatingmultiphonon relaxation data.

Onemight saythatour predictivecapacitywasextremelypoor.As a measure
of theexperimentalproblemsconsider thepair processfor like ions shown
in fig. 8b. In this simplesystem,thereis no wayof distinguishingbetweenthe
processesshown by the solid anddashedlines.

The theory of the transfermechanismhas beengiven by Dexter’6). An

initially excitedion A* undergoesa transition A* -+ A which is described
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by a normalized line shape function g~(E). The energy yielded in this

transition is taken up by a transition B -± B* in a nearby ion. If V is the
interactionHamiltonianwhichproducesthetransferof energy,theprobability

for transferperunit time is:

P = I < AB* I VI A*B > 2j g~(E)g6(E)dE (10)

V is expandedin termsof multipoles in thenearzonelimit (R ~ 1) andthe

rateestimatedfrom the highestordernon-vanishingterms.Orderof magni-
tude estimatesof the electric dipole interaction indicate that it is small.

It is not clear which of the higherorder interactionsdominatebecauseof

widely different wavelength and distance dependences.Exchange is also

important. As anindication of theproblem,table2, takenfrom Birgeneau
t7),

TABLE 2

Matrix elementsof magnetic dipole-dipole,exchange,and electricquadrupole-quadrupole

interaction betweenthe ground states of Ccl and Nd’ in LaCI:i; in Linits of cm
(from ref. 7)

Ce in LaCI, Nd’ in LaC1i

1st nn 6th nn 1st nn 6th nn

Magneticdipole 0.042 0.005 0.042 0.005
Exchange 0.10 —0.25 —~0.002
Electric quadrupole 2.40 0.072 0.002 0.00006
Separation(A) 4.375 8.750 4.375 8.750

lists experimental(electronparamagneticresonance)and calculatedmatrix
elementsfor the various interactionsbetween 1st and 6th near neighbor

pairs of Ce’~andNd’~ in LaCI,. The matrix elementsareof comparable
size andwhich onedominatesdependson the ion and energylevels under

consideration.Exchangeis especially important since the J selectionrule

is (41) 7 permitting almost any transition of interest and very few
selectionrulesexceptconservationof energyareto be expected.

Theexperimentalsituationis alsosomewhatcloLldy. Concentrationstudies

have been Llsed. A meaneffective distance,R between ions is assumedto

vary as the inverse cuberoot of the concentration. Since a given order
multipole varies as R”, n can be deducedfrom the dependenceof the

fluorescenceefficiency on theconcentration18).

Quantum efficiency and relative fluorescenceintensity measurementsare
extremely powerful. Fig. 9 shows the energy levels of LaCI, : Ho’~. By
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Fig. 9. Partial energy level diagram of LaCl,:Ho’t Pendantsidentify levels which
fluoresce in LaC13 : Ho’~.

exciting C and monitoring the radiation from E, C and Y, it has been
possible to demonstratethat the dominantrelaxationmechanismof E is
ion-pair relaxationto C exciting a nearby ion to Y or the equivalent(see

fig. 8b); i.e.,thenumberof photonscomingfrom C andYis twicethenumber
of photonsabsorbedbut notradiatedfrom E t9) The pair relaxationrate
in 2.0% LaCI, :Ho

3~is 1 x l0~varying linearly with concentration.

At first the above would seem to be a nice tidy problem. However,
considerthe following results20).WhenJ is excitedpart of thepopulation
relaxes.Thisprocessrequiresthe emissionof a 150cm’ phononin order
to conserveenergy.The vibronic side bandsare down by about l0~and

from eq. (10) onewould expectan appropriatedecreasein the J -+ E rate.
However, measurementsindicate that it is of the sameorder as E —~ C.
In addition,partof the Jpopulationrelaxesdirectlyto C withoutgoingto E.
Thereis no possiblepair processfor this andthe only mechanismleft is a
threeion processin which J —* C while simultaneouslyexcitingtwo adjacent
ionsfrom Z —÷Y. The appearanceof thesetwo processeswhich areexpected
to be weak,presentsan importantproblem.

Not too much is knownaboutthe randomnessof thesite distribution. A

moreimportantfactor may be therole of excitonmigrationwhich increases
the importanceof specialsites.Excitonmigrationis relativelywell established
as a sourceof quenchingin concentratedcrystals21)andevensuch exotic
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processesasexciton-excitonannihilation leading to thecreationof a higher

energy exciton have been demonstrated2L22)~ However, we really know

very little aboLtt this process. For instance,the role of homogenousvs.
inhomogenoLis broadeningof energy levels in exciton migration has not

been examined. It may well be that a better Linderstandingof processes

sLich asexciton migration may be required before we can Linderstandion-

pair interactions. In any case,the problem of pail relaxation is certainly a

wide open one and there is much to be learned before we can makeeven

orderof magnitLldeestimates.
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GandrLld, W. D. Partlow. J. F. Porter,Jr.. and L. A. Risebergto mLich of
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Discussion on paper Bi

Corntnent 1: R. Englman
in ourstudy with J. Jortner(PaperB3) we havemanagedto showat least

part of the termsin W°°.An exponentialdependenceof W on AE is only
approximatelycorrect. Also, the temperature-dependenceof W is quanti-

tatively dissimilar from [1 + n(T)]e~’°~’.

Question2: W. H. Fonger
Concerningtransitionsbetweena higher level A and a lower level B,

would not the theory of stimulatedmulti-phonontransitionspredict that
the rateof the stimulatedportion of downward processesA —.* B exceeds
the rateof stimulatedupwardprocessesB —~ A only if the populationof A
exceedsthat of B?

Ansis’er: H. W. Moos
Yes. The upperlevel A is excitedin the experimentsdescribedhere.


