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Non-radiativemultiphononrelaxationrateswereobtainedfor excitedelectronic
statesin borate,phosphate,germanateandtelluriteglasses.Therateswerecalculated
from theintensitiesof fluorescencein thevisiblerangeof thespectrum,themeasured
radiativetransitionsand thedecaytimesof fluorescence.A functionaldependencewas
foundbetweentherelaxationratesandtheenergygapsof therareearthion. It was
shownthat by changingtheglasshost from theborateto tellurite matrix,anincreasein
visible fluorescencewasachieved.This wasespeciallynotablein Er

3+, wheretheincrease
of fluorescencefrom germanateto tellurite wasby a factorof 15.

1. Introduction

Whena rareearthion in a crystal is excitedto oneof its upperlevels,it may de-
cayradiativelyby ion—ion interactionor by theemissionof severalphonons.The
problemof themultiphononorbit—lattice relaxationof excitedstatesof therare
earthionsin crystalshasbeentreatedrecently(seerefs. [1] —[4]). Thesestudies
haveshownthatwhenthephononoccupationnumberis smallerthan 1 andcoup-
ling with thephononsis weak,the internalmultiphononrelaxationtransitionprob-
ability, WMRT, canbe givenby

WMRT(~5E)= WMRT(O) exp(—ai~E), (1)

whereWMRT(O) is thetransitionprobability at AE = 0, ~E is theenergygapbe-
tweentwo successivelevels,anda isexpressedby

(2)

Hereg is theelectron—phononcouplingconstant,hw is the energyof the phonon
which contributespredominantlyto the relaxationprocess,N is the numberof
phononsemittedin theprocess,namelyN = ~E/hw, andn is the phononoccupa-

* Preliminaryresultsof thiswork werereportedat the SeventhInternationalConferenceon
Photochemistry,August 1973, Jerusalem,Israel.

193



194 R.Reisfeldetal./Multiphononrelaxation of rareearthions

tion number.Fromthis it follows that theprobabilityof non-radiativerelaxation
betweentwo electroniclevelsdecreaseswith thenumberof phononsmatchingthe
energygap i~E,providedthat thereis no significant changein thevalueofg.

The majorityof theworksdealingwith the multiphononrelaxationarecon-
cernedmainlywith theeffect of temperatureon theserelaxationprobabilitiesas
a functionof the enetgygapbetweentheelectroniclevels.Thus far, crystalhosts
were investigated.In thiswork, westudiedtheeffect of theglassmatrix onmulti-
phononrelaxationrates.Sucha studyhaspractical importancein controllingquan-
tumefficienciesof fluorescencefrom a given level by choosingtheproperglass
host.The systemswhich were studiedin this work are Eu3~,Er3~andTm3~doped
phosphate,borate,germanateandtellurite glasses.

2. Experimental method

Thematerialsandprocedurefor preparingthe phosphateNa
20 . P~O5andbo-

rateNa20. 2B203glassesaredescribedin refs. [51and [6], respectively.Forpre-
parationof thegermanateglassof final compositionl7K2O l7BaO 66GeO2,see
ref. [7] and for that of tellurite glass,3Na2O 7TeO2,seeref. [8].

The absorptionspectraof glasseswererecordedon a Cary 14 spectrophotometer
usingundopedglassasablank.The emissionandexcitationspectrawere obtained
onthe spectrofluorimeterdescribedearlier [9]. The decaytimesof the fluores-
cenceweremeasuredusingthis spectrofluorimeter,wherethe light sourcewasre-
placedby a flashunit with anEGG-FX-6AU flash-lamp,having anaveragepulse
durationof 3 /ls.The photomultiplierwasconnecteddirectly to a Tektronix type
502 dual-beamoscilloscopecontaininga plug-inunit withanattachedPolaroid
camera.The emissionswere measuredin therangebetween300 and 700 nm. All
measurementswere madeat roomtemperature.

3. Results

The energylevelsof thedopantionsEu
3~,Er3~andTm3~are shownin fig. 1.

3.1. Eu3~

Figure 2 showspartof the emissionspectraof Eu3~in variousglasses.The tran-
sitionsappearingin thefigureare from 5D

3,
5D

2 and
5D

1 excitedlevelsto the
7F

manifoldof the groundstate.The emissionfrom the 5D
0 level to the

7F manifold
isby one orderof magnitudehigherandis not shownin this figure. The assignment
of the bandsappearingin fig. 2 aregiven in table 1. As seenin this figure, the tran-
sitionsfrom 5D

3 and
5D

2 to
7F manifold do not appearin boraxandphosphate

glasses.A notableincreasein theemissionintensityis observedin theorder of bo-
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Fig. 1. Energylevelsof Eu3+, Er3+andTm3+ ions.

rax<germanate<tellurite. Therelativeareasunderthefluorescencecurvesof
5D

1 and
5D

0 are given in table2.
The decaytimesof thefluorescencefrom the

5D
0 level of Eu

3~weresimpleex-
ponentialsin all glasses.Theirvaluesare 2.83 msin phosphate,1.7 ms in germanate
and 1.01 msin tellurite.
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Fig. 2. Partof theemissionspectraof Eu
3+in variousglasses.

ThetransitionprobabilityK
10 from state

5D
1 to

5D
0 of Eu

3~wascalculated
usingthe following rateequationsfor depopulationof the system.

dNiIdt=~(ki
0+kig)N1, (3)

dN0Idt= k10N1 — (k~g+k~g)No. (4)

The symbolsin theseequationshavethe following meanings:kig — total transition
probabilityfrom the

5D
1 level to the

7F groundmultiplet;kog — transitionproba-
bility fromthe 5D

0 level to the
7F multiplet;r andnr — radiativeandnon-radiative

transitionsrespectively;N
1 andN0 — thepopulationof the levels

5D
1 and

5D
0 at a

given time;k~-÷0 becauseof the highenergygapbetweenthe
5D

0 and
7F levels.

Assigningby J the integralfN
1(t) d t wehave

= f N~(t) dt, (Sa)
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Table1
Assignmentsof theobservedfluorescencebandsof Eu

3+.a)

Band(nm) Assignment

416
430,448 not defined
464
470
490 5D

2—’
7F

2
510

5D
2-÷

7F
3

527
536
555

5D
1 -÷

a) Thetransitionsfrom
5D

0 arenot shown.

Table2
Relativeareasof theemissionof Eu

34in variousglasses.

Transition Borate Phosphate Germanate Tellurite

100 100 100 100
—~7F

2 — 14.5 24.9 82.3
-+

7F
1 2.5 21.3 35.0 176.2

-+

7F~ 0.9 2.0 0.7 3.8

J
1=JN1(t)dt. (5b)

Thetime integratedluminescenceintensityof a stateI/),9 fI dt, of the sys-

tem is thengivenby

(6)

which holdsfor continuousirradiation.KJ is the radiativetransitionprobability
from thejth level (

5D
1 or

5D
0) to theground

7F multiplet.
Integrationof eqs.(3) and(4) andusingeq. (5)gives

_Ni(0)=_(kio+kig)Ji (7)

—N
0(0)= k10J1 — k~J0. (8)

If theabsorptionisinto level i~D1 ) thenN0(0)= 0.

kioJi=k~jgJo~ (9)
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From eq. (6),

~i
9iI1~ig and J

0= 90/kf~.

Then eq. (9) becomes

k10 (
9ilktig) = 9o, (10)

from which it follows that

k
10= (9~/9~) krig. (11)

The numerical value of k’jg can be calculated from the transition probability7F
0 -÷

5D
1 Which was obtained from absorption and the relative areas (5) of all the

transitions 50~-+

I ~ S(
5D

1 —~

7F.) \
k~j = ‘ ‘=~(5D

1->
7F

0)t 1 + I (12)
g ~Tnat “ S(

5D~~ 7F
0) ~

where S is the area under th~ relevant transition. It is assumed in eq. (12) that
k(

7F
0 —~

5D
1) = k(

5D
1 -÷ ~ Thevalue 1/Tnat = k(

7F
0-÷

5D
1) is taken from for-

mula (13), whichis valid for thenarrowlevel system[10]
11~nat 2.88 X 109n2(gl/gu)(v)2fe(v)dv, (13)

wheren is the refraction index, (v)2 the squared average wave number of the ab-
sorption,gi, gu thedegeneraciesof the lowerand upperstates,e(v) theextinction
coefficientasa function of thewave number.

The values of k~gwere calculated using eq. (12) in whichonly three transitions
5D

1 -÷

7F
012 were included. Other transitions were hidden under the emission

bands of the ~ -~

7F multiplet.
The values so obtained for k~gwere 53.7 s~in phosphate, 70.48 s~in germa-

nate and 57.05 s’ in tellurite. From these, the transition probabilities k
10 were

obtained: 1.57 i0
4 s_i, 7.05 l0~ ~-~iand 3.98 10~s~for phosphate, germanate

andtellurite respectively.
Weber [11] in this work on Eu3~dopedLaF

3, calculatedtheradiativeprobabi-
lities for all thetransitionsfrom the

5D
1 to

7F multiplet and obtainedthe ratio

k(5D
1 -÷

7F
0 1,2,3456)/k(

5D
1 —~

7F
0 1,2) = 130/80

It is expected that a similar ratio will be obtained in the case of glasses. Therefore,
the actualvalue of k~gshouldbegreater by such a factor, increasing correspond-
ingly thevalue of k10.
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3.2. Tm3”~

The electronictransitions1G
4 —~

3H
4 (—652 nm) and

3F
2—~

3H
6 (670 nm) of

Tm
3+in variousglassesare shownin fig. 3. Theexcitationwasto the 1G

4 level and
the emissionspectrawere correctedfor the absorptionof thislevel in the different
media.Thus,this figureshowsthe relativequantumefficiencies.It is evidentfrom
the figure that theemissionintensitiesincreasein ordersimilar to that observedin
Eu

3~.Usingthe experimentallyobtainedemissionintensitiesfrom the 1G
4 level

and theabsorptioncoefficients,theprobabilityof relaxationfrom thehigher
1D

2
level to thenext lower level

1G
4 was calculated.The rateequationsfor suchcases

are similar to thosedevelopedby NakazawaandShionoya[12] andthe present
authorsfor depopulationof 102 to

1G
4 emitting levels of Tm

3~[13]. The final eq-
uationusedfor calculationof therelaxationrateK

24 from
1D

2 to
1G

4 is

K24 = (124J4/144J2)(B4/B2)(l/r2) . (14)

HereI representsthe emissionintensities,andthesuffixes2 and4 meanthe levels1D
2 and

1G
4, the first suffix indicating the level excited and the second one the

emittinglevel.B andJ denotethe absorptioncross-sectionandthe excitingphoton
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Fig. 3. Emission spectraof Tm
3~in variousglassesnormalizedfor theabsorption.Excitedat

‘G
4 (469nm). ~— tellurite; germanate; — — — phosphate; borate.
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flux respectively.r2 is the measuredlifetime of the ‘D2 level.The valuesofK24
thusobtainedfor variousglassesare shownin fig. 4.

3.3. Er~

Figure 5 showstherelativespectralefficienciesof the
2H

912 —~~I15/2
(—408 nm),

2H
1112 —~~I15I2(—525 nm),

4S
312—~~I15,2(-‘535, 546 and556 nm)

and
4F

912—~~I15,2(—660nm)transitionsof Er
3~in germanateandtellurite glasses.

Thespectrashownin this figure arecorrectedfor the absorptionof the
(—380nm)excitedlevelin thetwo differentmediaandcorrectedfor the spectraldis-
tribution of the light source,responseof thephotomultiplierandmonochromators.

O’I 4 4

A! Er F
912 — 19/2

0
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— D_’

4 4
Er S312— F9,2

I ITm D—6
z 2 4

4 x

A
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Energy Gap AE (cml
Fig. 4. Multiphononrelaxationratesof rareearthions, in differentglasses,asa functionof the
energygaps.0 germanate;X phosphate;~ tellurite; a borate.
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Fig. 5. Theemissionspectrumof Er

3+ in germanateand tellurite glassesnormalizedfor the
absorption.Excitedat4G

11/2 (379nm). tellurite; germanate.

As seen,thefluorescentquantumefficiencyin tellurite is muchhigherthanin ger-
manateglass.No fluorescencewas observedfor Er

34dopedborateglassandonly
veryweak fluorescencewas obtainedfor Er3+in phosphateglass.The relaxation
ratesfrom 4S

312to
4F

912(KSF) andfrom
4F

912 to ~I9,2(KFI) were calculatedby
themethoddescribedearlier for Tm

3+. Theseratesare also shownin fig. 4.

4. Discussion

Fromformula(1), it follows that the probabilityof non-radiativerelaxationbe-
tweentwo successiveelectroniclevelsdecreaseswith thenumberof phononsmatch-
ing theenergygap ~E.

It wasproposedearlier [14] that in oxideglasses,a rareearthion is surrounded
by eight non-bridgingoxygensbelongingto thecornersof X0

4(X = B, P, Ge)glass
forming tetrahedra or octahedra of Te02, each polyhedron donatingtwo oxygens.
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Table 3
Phononenergiesof variousoxidic glasses

Glass Bond Phononenergy(cm~)

Borate B—O 1340—1480
Phosphate P—0 1200—1350
Germanate Ge—O 975—800
Tellurite Te—O 750—600

As a result,a distortedcubeis formedsurroundingthe rareearthion.
In rare earthdopedglassesthereare two main groupsof phonons:thehigh-

energyphononsarisingfrom the X—O stretchingfrequenciesand the low-energy
phononsarisingfrom the Me—Obond (Me RE3~,Na4,K4, etc.) In general,the
highestenergy phononsmakethedominantcontributionto thenon-radiativerelaxa-
tion, asthemultiphononrelaxationsoccurby emittingthe smallestnumberof pho-
nonswhichmatchthe energygapbetweentwo successiveelectroniclevels.There-
fore, theX—O stretchingfrequencieswith energies,asgiven in table3,are mainly
responsiblefor thephonon-assistedrelaxationin glasses.The low-energyphonons
will becomeeffectiveif thegap is notexactlymatchedby thehigher energypho-
nons.Fromour experimentalresultswe haveconcludedthat thevariationing in
variousglasseswould notexplain theobservedenhancementin theemissioninten-
sities.

The relatIonbetweenthe radiativeandnon-radiativeprobabilitiesand quantum
efficiencies0 of fluorescenceis givenby

= ~Kf/(~Kf + ~ (15)

wherek2= ~Kf representsthe radiativeandk’~= ~2K~’the non-radiativetransition
rates.As seenfrom formula (15), a decreasein the non-radiativeprobabilitiesin
caseswhere theradiativeconstantsaresimilar resultsin a higherquantumefficien-
cy,which isgovernedby the energiesof thephononsof thehostmatrix [2].

In Eu3+,theenergygapsbetweenthe metastablelevelsfrom which fluorescence
may be observedare

5D
0 -~

7F
0 17000cm~,

5D
1 -~

5D
0 1650cm~,

5D
2 -÷

5D
0 2600 cm~.

In phosphateand borateglasses,whereonephononof X—O bond is neededfor
the matchingof theenergygapbetween

5D
1 -~

5D
0, the non-radiativerateis high

andthe fluorescencefrom the
5D

1 level is very low. In germanateand tellurite
glasses,the energygapcanbematchedby two to threeX—O phononsandfluores-
cencefrom

5D
1 and even

5D
2 is observedwithhigh intensity.
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In erbium,the energygapsbetweentwo close-lyingelectroniclevelsare about
1000—3000cm1. As a consequenceof the smallenergygapscombinedwith the
highphononenergiesof borateandphosphate,rapidnon-radiativedepopulation
of the erbium levelssituatedbetween32000and10000cm~occurs,resultingin
very low intensityemission.In germanateandtellurite, whichhavesmallerphonon
energiesthanborateandphosphate,the non.radiativelossesare smallerandintense
fluorescencefrom 2H

912,
2H

1112,
4S

312and
4F

912is observed.
In thulium, as in erbium,the emissionintensitiesare highestin the tellurite glass-

es.The energygapsbetweenthevariouselectroniclevelsof thulium situatedbe-
tween35 000 and 15 000cm” areabout6000cm~,which correspondto the
energyof 4 phononsin borate,about5 in phosphate,7 in germanateand9—lOin
tellurite glasses.Hencethe observedfluorescenceis thehighestin tellurite.

Fromour experimentalresults,we seethat thedependenceof emissionintensi-
ties on the phononenergiesis strongerwhenthe energygap I~Ebetweenthe emitt-
ing levelsis smaller.Forexample,in the caseof emissionfrom Er
(z~E(

4S
312—

4F
912)‘— 2650cm~),the fluorescenceis higherby a factor of 15 in

the tellurite than in thegernianateglass,while in the caseof emissionfrom Tm1G
4 (z~E(

1G
4 —

3F
2)—6000 cm~),theratio of fluorescencein tellurite to ger-

manateis only 1.3. -

The numericalvaluesof non-radiativerate constantsdiffer muchless thanthe
valuesof quantumefficienciesin variousglasses.As seenin formula(15), the quan-
tumefficiencydependsonboth the non-radiativeand theradiativetransitionrates.
Therefore,the increasein the quantumefficiencyis not alwaysfollowed by a si-
milar increasein the multiphononrelaxationrate.

In summary,we canseethatby incorporatingtheactivatorion in theglasshost
of a properphononenergyit is possibleto increasethe quantumefficiencyof
emissionandcontrol the levelsfrom which emissionoccurs.
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