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Radiativeand nonradiativerelaxationmeasurementsin Ce3~
dopedcrystals*
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Radiativeand nonradiativetransition rates from thelowest excitedCe3 Sd level in a seriesof cerium dopedoxideand
fluoride crystals(Ce3~:LaF

3,Ce
3~:CaF

2,Ce
3~:YLiF

4,Ce
3~:Y

3Al5O12,andCe
3~:YAlO~)havebeen determinedby measuring

theCe3~5d—~4f fluorescencelifetime as a function of sampletemperature.The onsetof thethermally inducednonradiative
transitionsoccurs for temperaturesT* between300 and 900 K dependingon the host crystal. At temperatureslower than
T*, thereis an additionalbut muchweakertemperaturedependanceof theradiativelifetime. Analysis oftheradiativelifetime
showsthat theradial integral~4f~rI5d)variesby about20% from themeanvalueof 0.30 A amongthesetof five hostcrystals,
and is a factorof about 1.5 smaller thanthe free-ion value.

Theinvestigationof radiativeandnonradiative of Ce3~lie in the nearultraviolet with transitions
relaxation processesfrom the excited statesof energies——30 000 cm’.
impurity dopedsolidshasbeenand continuesto The 5d —* 4f fluorescencetransitionsof cerium
bean activeareaof research.Thisactivity is driven doped crystals are generally thought to have a
by both the fundamental interest in ion-lattice quantumefficiencynearunityat roomtemperature.
interactionsas well as the importanceof these However, at temperaturessomewhathigher than
processesin device applications. Radiative and ambient,nonradiativeprocesseswhichdepopulate
nonradiativetransition rates have been investi- the 5d level can become competitive with the
gatedintensivelyfor transitionmetal ions, color radiativeprocessandthusreducethe fluorescence
centers,andfor the 4f—* 4f transitionsof rareearth lifetime. In orderto studythe decayprocessesof
ions in solids. We extendthe scopeof this work excitedceriumions,wehavemeasuredthe lifetime
to includethe 5d —* 4f transitionof Ce3~in crystal- ofthe 5d -s4f fluorescencein a seriesof Ce3~doped
line solids, crystalsasa function of sampletemperaturein the

The 4f+-s 5d transitionsof cerium dopedcrys- interval 12—1200K. The crystals investigated
tals are parity-allowed electric dipole transitions were Ce3~:LaF

3, Ce
3~:CaF

2, Ce
3~:YLiF

4,
and thus have larger oscillator strengths and Ce

3~:Y
3Al5O,7,and Ce

3~:YAlO
3.The samples

shorterradiative lifetimes than the more familiar were mounted either in a cold-finger dewar, or
4fs-s4f transitionsof the rare-earthions.Thelarge inside a high temperaturevacuum furnace.The
Stokesshift (—1800—5500cm’) of these4f~-s5d fluorescence lifetimes were determined by
transitionsis indicativeof the large changein the monitoring the lowest 5d —s 4f cerium emission
ion-latticecouplingdueto the largerradial extent intensity following excitation by a frequency-
of the 5d wave function comparedto the 4f wave doubledpulsed dye laseras illustrated in fig. 1.
function as well as the lask of shieldingof the 5d The excitation wavelengthswere on the long
wave function. Typically, the 4f ~-s5d transitions wavelengthside of the lowest 5d absorptionband

in orderto preventany complicationsarisingfrom
* This research was performed under the auspicesof the photoionizationof the cerium ion. Lifetimes as

Division of Material Sciences,UnitedStates Departmentof short as 10 ns could reliablybe measuredwithout
Energy, undergrant DE-FGO2-84ER45056. deconvolution of the systemresponsefunction.
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curvesareseento haveanexponentialtimedepen-
~ denceover two decadesat 300 K, whereradiative

processesdominate,andat 620 K, wheretheshort-
eningofthelifetimeduetothenonradiativerelaxa-

PMT tion is evident.Exponentialdecayswereobserved
for all samplesandtemperatures.

/Traflslent IJV Band SHG The temperaturedependenceof the measured
Digitizer Pass Filters fluorescencelifetimes r for the set of Ce3~doped

Tn crystalsstudiedis plottedin fig. 3. The measured
g Sample lifetime valuesfor Ce3~:Y

3Al5O12agreewith those
Spectro- ._—(~ previouslydeterminedby Weber[1]. Themeasure-Sig _—._\j .PMT meter mentsin Ce :YLiF4, werelimited to temperatures

less than1000 K dueto samplemeltingat —1100K.

RS232 Cryostat TheCe
3~:CaF

2sampleundergoesa partialconver-
or Oven sion of cerium C4~,sitesto C3~.sitesafter thermal

Macintosh SE cycling in the vacuumoven. The datapresented
in fig. 3 for Ce

3~:CaF
2is that of the C3,. sites.

Fig. 1. Experimentalapparatusfor determiningthefluorescence The total decayrateis given by
lifetime of Ce

3~dopedcrystalsat various temperatures. - I

= Tr’ + T~r , (1)

where r is the measuredfluorescencelifetime of
Radiativetrapping,whichcouldbecomea problem the 5d —s 4f transitionand Tr andTnr arethe contri-
at highertemperaturesdueto overlappingemission butionsfrom radiativeandnonradiativeprocesses,
andabsorptionprofiles, wasminimizedby careful respectively.Two distincttrendsare evidentin the
attentionto samplesizeandceriumconcentration. datafor eachhost.Radiativetransitionsdominate

A graph showing the decay dynamicsof the at the lower temperatureswhere a slow increase
5d-~4f fluorescenceof Ce3~:CaF

2at two different of T~with increasingtemperatureis apparent.The
temperaturesis displayed in fig. 2. The decay rapid decreaseof T at higher temperaturesis well

correlatedwith diminishingfluorescenceintensity
andis attributedtotheonsetof nonradiativetransi-

Ce
3+CaF tions.The nonradiativedecayrates Wnr are calcu-

- 2 Wr~r=T’~Tr1, (2)

where T~= T

0 exp(crT). The expressionfor Tr ~S

~- io
4- ‘v~, strictly empiricalandprovidesa convenientform

~ t=45nsec to extrapolatethe nonradiativeratesat highertem-

‘<b ~-. T=300K peratures.Figure 3 illustratesthe temperaturevan-
ation of the nonradiativeratefor Ce3~:Y

1Al5O12,
- 23 ~ which has beenfit assumingthat the functional

‘t=nseC form of Wnr is the Arrheniusequation,

W’~r= s exp(—~E/kT). (3)
102 ~ ~ Thevalueof~E=6500cm’isclosetobutsmaller

0 50 100 150 200 250 300 than the 10000cm
1 energy gap between the

Time (nsec) lowest Sd level of Ce3~and the conductionband

Fig. 2. Decaycurvesfor thefluorescenceof the C,,, Ce3~ions edgeof YIAISOI
7 [2]. We havethusattributedthe

at400nminCe
3~:CaF,.Theexcitationwavelengthwas336nm. nonradiativerelaxation to a thermally induced
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Fig. 3. Measuredfluorescencelifetimes for the set of Ce
3~dopedcrystalsas a function of sampletemperature.

ionization of theSdelectroninto conductionband. The radiativelifetime canbe written as
Sucha processhasbeenpreviouslyusedto explain 1 64~4e2
thenonradiativerelaxationinSm2 dopedfluoride — = ~ S,,, (4)
crystals[3] and for F centersin alkali halidecrys- Tr 3hig

1~)t
tals [4]. High temperature photoconductivity wherethe sumextendsover all the statesin the 4f
measurementsare requiredto confirm this model. manifold, S1 is the electricdipole line strength,A
The fit parametersfor the nonradiativedecaypro- is the peak emission wavelength, and x
cessin the set of ceriumdopedcrystalsis summar- n(n

2+2)2/9 is a correctionterm dueto the index
ized in table 1. of refraction n of the host.The temperaturevari-

ation in the index of refraction due to thermal
ios - ____________________________ expansionis too smallto accountfor the observed

0 variationin Tr. A moreprobableexplanationis the
Ce3~:YAG mixing of oppositeparity statesinto eitherthe 4f

a)

a)

>-. Table 1
o 7 Summaryof the nonradiativedecayparametersfor thesetof
~ 10 -

O Ce3~dopedcrystals,whereE is the approximateno-phonon

10~ A~cm1 or 5d levels. Sucha processwould steal oscillatora) energyof the lowest5d-.4f(2F

512)transition,sand~E arethefitting constantsfor the Arrhenius function, and T* is theroll-off temperatureat which the nonradiativerate becomes- comparableto the radiativerate.o =z Sample E (cm’) s (s~) ~E (cm’) T* (K)
I I Ce:LaF,, 37700 lx lO~ 2400 3101.4 1.5 1.6 1.7 1.8 1.9

Ce:YAG 20400 4x10’
3 6500 500

1000/T(K) Ce:CaF
2 29 100 1 x i0’~ 6700 540

Ce:YA1O,, 30800 ixlO’
7 9700 590

Fig.4. Nonradiativedecayratefor Ce3~:Y,,Al,,0
12asa function Ce:YLiF4 33 000 4 x i0~ 14000 920

of inversetemperature.The activationenergyz~Eis 6500cm~. ________________________________________________________
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strengthfrom thetransitionandincreasethe radia- Table2

tive lifetime. This could include the mixing of the Summaryof theradiativedecayparametersfor theset of Ce
3~

4f and Sd levels amongthemselves.Static crystal dopedcrystals,where ~r is the extrapolatedradiativelifetime

field mixing of thesestatesis knownto be involved at T= OK, A is the approximatepeakemission wavelength,and n is the index of refraction.
in the 4f—s 4f one-photonand 4f-sSd two-photon
electric dipole transitions [5] and could be tern- Sample Tr (ns) A (A) n (4flrISd) (A)
peraturedependent.There is also the thermally
induced mixing of the 5d statewith the 5p level Ce:LaF,, 19.0 2920 1.60 0.29

of the ceriumion or with oppositeparity conduc- Ce:YAG 59.1 5500 1.90 0.31
Ce:CaF

2 39.0 3700 1.43 0.34
tion band states.The temperaturedependanceof Ce:yAlO, 17.1 3620 198 0.28

theradiativelifetime would dependon the details Ce:YLiF4 35.7 3200 149 0.27

of the phononparticipationin the mixing process.
There is a wide variation in the fluorescence

wavelengths,indices of refraction, and radiative of the Ce
3~coordination,we do not feel that this

lifetimes amongthe differenthostcrystalsusedin assumptionwould significantly mask any van-
this study. The expressionfor the transition rate ations in the radial integral. Moreover,it should
in eq. (4) can be used to evaluatethe relations be noted that our determination of the radial
betweentheseparameters.Hoshina[6] hascalcu- integral involves thelowest Sd levelanda summa-
lated the line strengths for the 5d(t

25)—s 4f and tion over the 4f levels whereasthe other results
5d(e5)—s4ftransitions for Ce

3~in the cubic or noted above involve the lowest 4f level and a
octahedral crystal field in terms of the radial summationon the Sd states.The natureof the
integral (4f)nISd). Using his results in eq. (4), we reductionin (4f1nI5d~for the different rare-earth
haveestimatedthe valueof (4f1r~5d)for the set of ions is surelya matterfor continuedinvestigation.
Ce3~dopedcrystalsas shownin table2. Themean
valueof~4f1rI5d)is 0.30A which is about1.5 times
smaller than the Ce3~free-ion value of 0.45 A References
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