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Wehavemeasuredthe temperaturedependencesof Uie relaxationtimeof
the superconductingorderparameterandof theequilibriumenergygap
closeto the transitiontemperaturein verycleanfilms of aluminum.The
resultsare onlyconsistentwith the temperatureandenergygapdepen-
dencepredictedby SchmidandSchän.We alsoshowthat themagnitude
andmeanfreepathdependenceof theelectroninelasticcollision timeis
in goodagreementwith calculations.

RECENTLY we haveshown[1] that the relaxationtime beforeopeninga shutterprovidedadditionalgetter
of thesuperconductingenergygap,~, divergescloseto pumpingof residualoxygenin thesystem.The electron
thetransitiontemperature,T~,inaccordancewith the meanfree pathi in films madethis waywas sizelimited
theoreticalpredictionof severalauthors[2—6].How- evenat 1 pmfilm thickness,andcanbe obtainedfrom
ever,in thosepreviousexperiments,it wasnot possibleto thenormal stateresistivityPN usingPN’ 1.2 x
choosebetweenthevarioustheoreticalmodelsbecause 10-11~2-cm,appropriatefor polycrystallinealuminum
thesuperconductingaluminumfilms hadananomalous films [81.Note thatthesesamplesare still in the dirty
temperaturedependenceof theequilibriumenergygap limit requiredby the Schmid—Schontheory,i.e.
in theregionof divergence.The equilibriumenergygap kT~l~ hv~,whereVF is the Fermivelocity.The tunnel
(i.e.orderparameter)was proportionalto T~,— Tin the junctionwascompletedby exposingthealuminumfilm
regionof divergenceinsteadof the(T~— T)112predic- to air andevaporatinga tin (2500A) counterelectrode.
tion of the BCStheory.As a result,therelaxationtimes Thetemperaturedependenceof theequilibrium
agreedwith thetheoryof LandauandKhalatnikov [21 energygapwasmeasuredby tunneling,andthe dcvi-
andWoo andAbrahams[31predictinga (T~— T)’ ation from thepredictionof the BCStheorywas
divergenceaswell asthe theoryof Schmidand SchOn restrictedto 1—2mK belowT~asopposedto 7 mK in
[61 predictinga ~‘ divergence, thepreviousexperiments[1]. The relaxationtime was

Welaterfound [7] that cleanersuperconducting measuredin thesamefashionas describedin reference
aluminumfilms obeyedthe BCStemperaturedepen- [1], exceptfor the useof a differentpulseamplifier
dencefor the energygapmuchclosertoT~,so thata which eliminatedthesmallovershootof thesignalpulse.
definitive testof thetheorieswaspossible.Thesevery Thesignalto noise ratio was 5 in the worstcase.The
cleanaluminumfilms (1000A) wereevaporatedby regionof divergenceis about0.5—20mK asobservedin
electronbeamfrom 99.999%purealuminumslugs.A our earlierexperiments.
liquid nitrogencooledtitaniumsublimationpumpand Figure1 showsa graphof log (r) vs log(T~— T)as
ion pumpprovidedsufficient pumpingto maintaina obtainedfrom thepresentexperiment.The dashedcurve
pressureof about3 x iO~torr while evaporatingat a is the theoreticalpredictionof SchmidandSchön. If we
rateof 150—200A sec~.Pre-evaporationat this rate, ignore the 3 pointsat lowesttemperatures,the exper.

imentaldatain theregionof divergence(0.5—20mK)
* Basedon work performedunderthe auspicesof the are in excellentagreementwith predictedtemperature

U.S.EnergyResearchandDevelopmentAdminis- dependenceof SclunidandSchönandare not consistent
tration. with the theoriesof Landau—Khalatnikovand
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Ic —T {m K] Table1. Relaxationtimeparametersfor aluminum
.~ 1 2 ~ 10 2,0 kp.l Tc ~

(A) (K) (nsec) (nsec)

~ 1000 S • Bulk 00 00 1190 35

‘~c~ Presentwork 1800 3150 1.211 10 16
500 ~ ~• Reference[1] 700 1225 1.321 5 7

-~ .
\ s...

~ 200 ‘N -.._ electron—phononandelectron—electroncoupling.The

resultsaresummarizedin Table1. (Theeffectof differ-
100 ~ ~ ~ ent T~increasesthe calculatedrateby 1/3 in our pre-

viousexperiment[1] andby 5% in the presentone.)
Energy Gap [p.v] We consider-theapproximatequantitativeagreementto

be verygood,butevenmoreencouragingis thedepen-
Fig. 1. Solid circles: relaxationtimevs — T. The denceon electronmeanfreepath.
~ owsthg~Pred~ctionofth~ Theonly othermeasurementof TE in aluminum

vsexperimentallymeasuredenergygap.The solid line of comesfrom surfaceLandau-levelresonanceexperiments
slope— 1 showsthe theoreticalpredictionof Schmid— [11]. Theseshowvaluesof 19, 145 and150 nsecfor
SchOn.Tc = 1.211K. threediscretepointsonthe Fermi surfacewhereasthe

abovecalculationgives 35nsec(Table 1). Sinceit isnot
Woo—Abrahams.We havealsoincludedin Fig. 1 our clear how to averagethesetimesandthe measurements

datafor log (r) vs log (A), alongwith the theoretical reflect surfaceproperties,perhapsnotcharacteristicof
predictionof SchmidandSchön.Like in our earlier bulk, a closercomparisonmay notbe relevant.
experiments,the A~dependenceof r is obeyedevenin The calculationsof Kaplan’eta!. [10], indicatethat
theregionof non-BCSbehaviorof the gap. the quasiparticlerecombinationtimecanalsobe related

Fromthedivergenceof r nearTi,, we determinethe to TE. However,in this calculation,Tr is the quasiparticle
parameterTE of the Schmid—Schöntheoryto be 16nsec scatteringtimeacrossthe Fermisurface,andcorresponds
in theseveryclean films (electronmeanfree path to quasiparticlerecombinationonly at low temperatures.
I 1800A), whereaswepreviouslyfound [1] TE to be Near T0, only thosequasiparticlesscatteredinto momen-
7 nsecin films having 1 700A. SchmidandSchön turn statesk,whosesingleparticleenergy(hk)

2/2m is
definer~’to bethe total inelasticscatteringratefor within aboutA of theFermi energy,cancontributeto
electronsat the Fermisurfaceat T~,,andwewill now the condensationenergy(however,eventhen,only if
showthatour resultsare in excellentagreementwith the theoppositemomentumstateis alreadyoccupied).
calculationoutlinedin the following. Hence,scatteringacrossthe Fermi surfaceisirrelevant

A calculationof the electron—phononinelastic and the recombinationtimeis approximately[6]
collision rateis givenby Kaplaneta!. [101,who use TEkT/A, sincetheaveragescatteringtimeis roughlyTE,

a2(w)F(w)to estimatethe electron—phononcoupling and a fractionof only aboutA/krof theseeventscan
strength.Theyfmd that the totalelectron—phonon form boundpairs contributingto the condensation
scatteringrate for anelectronat the Fermienergyat T

0 energy.However,the calculationsat low temperatures
is givenby 7F(3)~(3)/2ro 8 .4r~’,wherer0 is a charac- arevalid andrelatethemeasuredr to rE.
teristicof thematerial [10] andequals438nsecfor The laserpulse results(seealso reference[1]) at
cleanbulk aluminum(1= 00 andT0 = 1.19K). The temperaturesbelowthe regionof divergence(T/T~
gammaandzetafunctionsare I’(3) and~(3). 0.95)are a factorof 2.5greaterin the clean films, i.e.

Foraluminum,Schmid[9] hascalculatedthe they scalewith rougbly thesamefactorasTE derived
relativesizeof contributionsto r~

1from electron— from the divergence(see Table1). Furthermore,these
phononandelectron-electroninelasticcollisionsand resultsarein reasonableagreementwith themagnitude
their dependenceon electronmeanfree path.Knowing of earliersteadystaterecombinationtimemeasurements
theelectron—phononscatteringratefor infmite mean [12]. Unfortunately,TE predictedfrom thelow tern-
freepath,we canevaluatethe expectedrelaxationtime peraturesteadystateresults [12] (T/T

0 0.4)is about
r~

1~for eachof our experimentsusingFig. 4 of refer- 30 timeslargerthan thatdeterminedfrom the divergence
ence[9] and themeasuredmeanfree paths.We usethe nearT

0 in a film with comparablemeanfreepath [1]. In
freeelectronFermi momentumkF = 1.75 x 108 cm’ the pastit hasbeenpopularto blamephonontrapping
andincludethe T~andT~dependencesof the [10, 12] for enhancedquasiparticlelifetime, however,a
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trappingfactorof 30is muchlargerthanexpectedfor r (notTE) measuredin thepresentexperiments.
aluminum[12, 13]. Forexample,the phononescape MeasurementsnearT~havefailedto reflectthe diver-
probabilityaat the boundarywith theliquid heliumor gence[15—17]andat presentthis is notunderstood.
substrate(a = 2 x film thicknessx phononlifetime for It is interestingto notethat liquid helium [20, 211
pairbreaking÷trappingfactorx soundspeed)mustbe gaplesssuperconductors[22] andsuperconductors
lessthan 0.05 fora trappingfactorof 30. abovethetransitiontemperature[23] showa tempera-

Unfortunately,near Ti,, the simplephonon~trapping turedependentrelaxationtime consistentwith
model [141breaksdownsincephononandquasiparticle (T~— T)~.Thedifferencebetweensuperconductors
stateswith energiesmanytimes2A areoccupied.How- with anenergygapandgaplesssystemsis that thereis an
ever,near Ti,, thenumberof excessphononsin these additionalcouplingof theexcitationsto theenergygap
experiments(e.g.dueto thelaserpube)is a smallper- (orderparameter),throughchangesin the densityof
centageof thenumberin thermalequilibriumandwill stateswith A. This is accountedfor in theSchmid—
notgreatlyaffectthescatteringtime TE. Forthe same Schöntheorybutnot in the Landau—Khalatnikov
reason,phonontrappingshouldnot influencethe theory.
recombinationtime (1~ET/A)nearT~,so that thediver- In conclusion,we feelthatour resultsprovide
gentpartof thepulse laserexperimentmeasuresT~ strongevidencefor thetemperaturedependenceof the
withoutenhancement.Theabrupttransitionbetween relaxationtimein superconductorspredictedby
thedivergentregionwith no phonontrappingandthe Schmid—Schon[6]. We alsopresent,we believefor the
non-divergentregionapparentlywith largephonontrap- first time, ameasurementof themagnitudeand the
pingis notunderstood. meanfreepathdependenceof the inelasticelectron

A relaxationtimecanalsobederivedfrom measure- collision time TE, which agreeswith theoreticalpredic-
mentsof phaseslip centers[15—17].Althoughit isan tions.
unsettledquestionasto whethertheseexperiments
measurebranchimbalancerelaxation [15, 181 or quasi-
particlerecombination[19], reportedvaluesof about Acknowledgement— Theauthorswish to thankD.E.
100—200nsecfor aluminum [16, 17] are closeto the Fowlerfor assistancein takingdata.
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Noteaddedin proof: Leibowitz andWilt [24] claim to havemeasuredthis relaxationtimein indium andlikewise
find a (T~— T)112divergence.
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