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(Rcccivcd22MarchL999こaCCCP【edforpubllCation29JuneL999)

We reportthestrong SuPPreSSlOn OfYtla2Cu_10γ (YBCO)SupercuTTentby injection ol

spln-polanzed quaslpartLCles(QP)uslng acobaltrerromagTleLic injec10r.Tlle injeclzon or

spln-POlarizedQPgeヮeraLesasubstantlallylargernonequ.llbr)umpopulationascomparedwlthlhal
ofanunpolanzedinjectioncurrent.TheobservedcurrentgaindependsonthethlCknessofAu

lnterlayer(d̂u)aT)dlSdirectlyrelatedtodlenOneqUilibrlumrnagnelizalionduetospinrelaxation

efTects.FordAu-15nm,【hetunnelcharacterlStlCaYBCO/Au/Cojunc110neXhlblledazerobias

conducLanCepeak､whlchmaybelnlerprctedbysplnSCattCnngProcessesatarerrOmagnetic/a-wave

superconductor)unction.㊨ 7999Americanln∫tL'tuLe･OfPhysL'cs.lSOOO3-695I(99)02034-3]

ThelnvestlgatlOnOfnonequilibrium supercondllCIivlty

duetotunnellnJeCt10nOrSPln-POlarizedquasiparticles(QP)

providesusefullnrOrrrIatlOnOnthesuperconducllngnleCha-

nism re)atcdtospin-depcndclltelccrronicpropertleSlal-d

nlayalsoleadtoanewc一assofsupcrconductmgdcvICCS.¶1C

110nequllibrlumStatelllaSuPerCOllductorcanbeInducedby

LnJeCtlngPhoIOnSOrPhononswithenergygreaterthan山e

superconductlngenergygapOratunnelcurrentlntOlt,SO
thatthenumberorQPbecomesgreaterthanthatln山ermal

cquilibrlUm.Onecfrcctivewaytolnduceastrong一yI氾r-

turbcdnonequl)lbnumstatelStUm Cl日､JCCt101-OrQP.2some

rcsuItsontheQPlnJCCllOnerlcctIntoahlghT,supercon-

ductor(HTSC)havebeellreportedpTeVIOuSly.り However,
compared10a一owtenlPeratureSuperconductor,thecurrent

gam orHTSCwasconsLderablysmallerandaboutunity.

Howe＼.cr,qultereCenIJy.lthasbeenreportedbymanyau-

thorsthatthespL｢-POlanzcdQPlnjcctionfromeitheracol
IossalmagneloreslStanCCnlatCria15horafcrromagnetLCnla-

terial or T,CnT"11oy7 Into a HTSC caused strong

nonequLILbrlum efTecls.Theexpenmentssuggesttha=he

hlghdeluLtyOlspln-POLanzedQPwerelnJeCledIntoaSUPer-

collductorandcreatedanonequllIbrlUmStateWhlChwasable

lOarrccttheelectronlCtran叩Orlpropcrt[csorthesupcrcon-

duc(川gfilm

LnthlSIcncr,wcrcporltheCoopcr-patrbrcaklngeffect

LnaHTSC superconductorduetothelnJeCLIOnOfspLn-

polarlZedQPlntOaYBCOfnm斤omacoba一t(Co)filmand

conlPareLttOthatolunpolarlzedQPfromanonmagnetlc

metalllcgate.Thedependenceofthed)rferenhaLconduc-

tancc or YBCO/Au/Co (supcrcollduclor/normaJ-mcLal/

rcrromilgnCtlC･S/～/F)JunCllOnSOntheVOltagcbiasaJldthe
th)ckncssof̂ ulnlcrlaycr(d/､∪)havebccnstudlCd,lllCCur-

rentgam orS/N/FJunCt10nSSlrOrlglydepelldedon(ノ̂U,

J̀corT叩OndlngauthorE)eelromcm.lllklcc(4,hLscaptllCChac.)I

α)03-6951/99〝5(8)ノ1149/3/‡1500 1149

whichbehav】orisinterpretedbyamodelorthenonequIJlb-
riurrlmagnellZallOnduelothe£pm re】axationeffects,Tlle

propertiesofdlfferentlalconduclanCeOfS/N/FJUnCllOnSare

Interpreted by the spln Scatter)ng processes at a

rerromagnetic/a-wavesuperconductorJUnCtion.

TheYBCOmmsof50160nm thlCknesswereprepared

bypuLsed-LaserdeposldontcchnlqueOnMgO (100)sub-
strates･Notethat.thesurfacemorphologyoftheYBCOthln

6ImlSCrucialinS/N/FsplnlnjectlOneXPenment.Weinves-

tlgatedthesurfaceolthedepositedYBCO filmsusingall

atomicforcemLCrOSCOPe.Thetypicalsurfaceroughnessof

50･nm一山LCkYBCOmmhasanaveragerouglmessofabout7

nm.Thus.wccanruleouE山cexpectedmaterialeffectdueto

aroughsurfaceortheYBCO BIm.Twotypesofsamples

wlthdifferentcounterelectrodeswerepreparedlnOrderLO

comparetheinjectioneErectorspin-polarlzedQPwiththat

ofunpoIarはedQP:onestruc【urehasaS/N/Fstmchlreand

theotherhasaS/Nstructure.Theeffec(lVeJunCtlOnareaWas

IOOX20FLm2forbothjunct-ons,ForS/N junctLOnS.the

thlcknessofthedeposlledAulayerwasabout50nm.For

S/N/Fjunctions,wedepositedanAubafTierhllTIOnthe

YBCOfHmtoavoidthelormatl0nOlasptn-glassphaseat

theS/FInterfaceBThesupeTCOnduct)ngpropertleSOrYBCO

mmswcrca一waysdegradedwhenaColayerWasdlreCtly

sputteredontoaYt3CORImasshownlnFlg.1(a)Theiso-

1atLOrLeffectofAubarnerattheS/FlnteTlaceprovldeda

noticeablechangeinsupcrconducIJVlty WITトthJSSand-

wIChedstructure,thetunnelJunCtl0nTeSLStanCeChangedTTIe

deposltlOnOfaminimum10nmthlcknessortheAubameT

layerwasnecessaryloa＼･oldthedcgradat)onofsupcrconduc-

t)vltyOraYBCOfjlm･ThedevlcegeometTylSdepictedLn

Flg.I(b).TwocurrentswerefedIntoaYBCOLilm:oneis

theInjectioncurTent(I.nj)andtheotherISthetransportcur-

rent(/T)throughaYBCO氏Im･TheI.nJgoesbmthefeT-
romagneticCofilmtotheYBCORlmthrough aninsulatlng

◎1999人merlCanlnstltUteO†Physl∝
Downloaded04Apr200日01659311273RedistributJOnSubJ'ecttoAIPcopyright.seehttp//oJPS･alP･Org/aplolaplcrJsp
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aAulntCrLayer(d̂JNldltnwlrhdJb.-10nm.(b)PhotographortheYJ)alC

ulO../Au/CotunnelJUnCl】Onlunnelbarrier(I)formedattheS/I/N/Fbo
undary.Figure2showsthelcsuppress

ionycrsusln)CCtioncur-
rentforaS/N作junctionwithdAu-
30nmat4.
2K
.
Note
IIlal.lnt
heabsenceortu】lnelbarrierwdnonequilibriulTICf-
(ect.acurTetltgalnO
lunltyarisessolely什omcurrentpair
brcaklng.
Here.t
hesolldstralghtllneCOTTeSpOndstotheex-
pccLedcuryeh)mthecurrentpair-br eakingmode】when
onlythedistributedcurTCntSummationcfrectisconsidered
llisclcarlythatlhcrcisalargedcvialion什omthisstraight
lhle,川
dLCallng山atanoncquillbriume ffecHakesplacedue
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p
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15nm,
(b)d̂d=10nrrLIc
J
tJ､u-50nm.and(ll)YBa～Cu】0./AtJ(Ll̂.こ50nm)(unrKL)LnCl･onsThetn･selshowsthelcm
F
XralUredcrN:ndcncc
orLhecu,,cntgaJnOrYBa､CuIO)
/′＼U/CoonrhĉuthlCkncss･

tothespin-polarizedQPinjectionintotheYBCO61mTo
ruleoutheatingeffects,weuse
dthesimpleheatingn10del

assumlngthatonlytheinJeCtlOnCurrenthastheeffector

raislngtheGImtemperature,an
dcalculatedtheexpected

sim7,1CheatlngCurvefortllisJuncrionasshownbythe
dashedlineinド)g.
2
.
Thecurvewascalculatedintherol-
lowillgWay:UnderQPinjectioll,
thenoncquHibrjumstaleis
describedbyanerfec(i､′etemperatureT'.
thetltheinJector
powerl}becomesProportionaltoT̀4-T
l

.
whereTisthe
bathtemperalure･
q
Then,
ForaglVenJUlJ,
T.4
lSgivenbythe
expressionT̀4-T:/fn//.I.,
:
I
Notethat.w
he･.I,n.-/.
'
n..
T■=T.̀Fronltheexpre.qsionoftIICfilmcrjtlCalcurrent,the
valueof/c̀orrespondingto/.
'
n,waso
btatned/{-Io,
(L

-/･nJ
/I.
'
n,)
)/1(1+(∫
,n,
//
,
f
n,
)I/2
･､v
hereJCO
istheunpeHurbed/.
atT=0･
¶1equalitativedlSCrCPanCybctwccnthedataand

thecalculaledcurveisevident.In
dlCatlngthatanonequLllb-
dumstatediff erentfromsJmPleheatlngLSeStabllShed.
FLgure3Showsthetemperattlredependenceorthecur-
rentgalnro√S/N/FandS/NjunctionsThecurrentgalnlS
deRnedastherela110nAIc/A/lnJ･W
hereA/.･
isthereduction
ofI｡an
dthecrltenOnfor/I)sta
kenlobclhcva
一
ue±lIL∨
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ge(mV)FIG J･Tt:mperanLrLld叩CndcnceorthetllnTcrcntlalconduclarlC
eforaYullICu･.0.Au/CoJunCL-OnWllhaAulntcrl.lyCr(ĴU)or
(;りd,"=)5nm.(bldA..-311nrTl.allJLC日/lu-

_<OnmNotedlatthesplndlrfusionlengthwasabout～1
.5FLrnforanAufHmaccordlngIOthemeasurementofth
espLn-injecL10n-delectlOntechniquebyJohnsonandSilsbe

e.llwefoundthattheobscrvcdcurrentgatnwasdirectlyrel
atedtoA_仙 asshownlntheInsetOrFig･3.Asd̂uwasinc
reased,thesp川-POJarizedQPtnJCCtionelfeclmightbew

eakenedduetosplnre)axal10nCrftctslnlheAuintcrlayer.
Theob-servedcurrcnLgalnseenlSlObedirec【lyrelatedtot
henon-equilibrLumSPJnPOPulat10nintheYBCOmm.Notet

hat.lntlleSteadystateorthCN/F)unction,splnSenterAuint
crlaycrbyarandomrelaxationprocessThec]ecthccuTTent

drivenfromaCoLayeractsasasp)npumpwhlChdrivesan
oncqu(-)ibriumdensityorspin-poTarizedQPlnneAuinte
rlayer.ThenonequlllbriummagnetizatlOnduetothesplnreJ
axatlOneffectsintheAulnterlayerlSglVenbyN-II
ITJAdAいvvhere/〟lSthecurrentof'magneLIZat10n､TJisthes
plnre-1axat)onllme,AistheareaoreleclrodeorF,anddAu
isthethicknessortheAuinterlayer.HThus.theelectrical
imped-anceorthepolarizedcu汀entduetolhenonequlHbrl
ummag-netlZatlOneffectsIncreasedas(hethicknessofd̂u

wasde-creased･ThJSfactmeansthatthevolumeoccupIedb
yspln-polarlZedQPisdirecllyrelaledtothecurrentga
in.Thesteady-statenonequtllbrlurnrnagnetlZationcfrcctsnla

ybuildupmtheYBCO刷nlbecausethesplnrelaxationti
nlemaYBCORlmlSShorlcrthallthatof(heAuinterLayer
.Thus,thenonequ‖ibriumc)cClncalimpedanceor山CS/N/F

yatiedwith(Ĵu･Notelhaいhclcmpcraturcdependenceor
currentga)∩nlayOrlglna【efromnoncquilibr)umspJnmagnC(
lZationefrectsITtlSCXpeCtCdthatthesplnrelaxationtime

T,bc-comesLongerastelllPeraturCisreduced,slnCe山equ
asIPar-ttclerelaxationtlmeISknowntobelongeratlowert
empera-turesThus,asshownHIFlg3,weroundthatlower
lngthetemperature)ncreasesLhccurren

tgaLn.Lnorder10Invest)gatetheAubamerdependen
ceof山erTanSPOrlpropcrtLeS,WeStudledthetunnelconduct

anceofS/N/Fjunctions.Thetemperaturedependenceofthe

dlfRer-entialconducLanCeOraS/N/Fjunctionwi山dAu-1
5nrnlSshownlnFig.4(a).Theasymmetriczerobiascond
uctancerZBCP)startedtoappearat30KandItsamp一itudein
creasedwithdccrcaslngtcmpcrature.Ford̂u-30and50
nm.ltsllOWCdadLP けゝucturearoundzeroblaSaSShown)

∩FIGS.4(b)alld4(CLcorrc叩OndlngtOalyPicaJぐ-axistu
nnclingconductancccharactcnsticforaYBCOJunction.Not

ethat,fortunnc)lngalongthec-axISOrYBCO,aZBCPISnotCX- Leeeta

l

1151pectedThus,thec-axIStunneHnJeCtionintheS/N/
FJunc-tionwitha.U=30and50nmmaynotbemuchaffe
ctedbysplnPOlarizatjon.TheresultsindlCa(ethaHhediffe

rentialconductancecharacteristicsintheS/N/F)unctlOnW
ithd̂U=r5nm arestronglyaffectedbytheeffectivelnte

rraClalboundaryandthedegreeorsplnpOlarlZatl0nOftheln
)eCtOr.Anumberofmodelcalculat1011ShaverecenIJybe
endonewhiclldescribethetransportpropcrllCSbelwccnafe
rromag-nctandananisotrop-C{J-wavesuperconducEor･121
4ThesecalculatiollSarebasedontheIdeasof､Ref.14whcrca

fbrrcLmagnet･トwaヽ′csuperconduc10rJunClionlStreated.T

hemod-elsindlCatethatwhatwillbeobservedinexperlnlC
lltde-pendsstronglyontheorientationofthesurface,the
nomlaJscattcrlngpropcrliesolthesurface,whetlleritisreRcc

tiveortransparent,andtlledegreeorsplnPOlarjzationofthe
rerTCLmagnet･ForatransparentsurfaceandasfTOnglypo
larlZedferromagnet,therelSaZerobiasresIStBnCepeak･J3T
hisef-feclhasbeenobservedlrlaLaヱ/ユBalr)MnOl/DyB

a2Cu307JunCt10n.-5Formorerenectivesurfacesandlmnp](n.
n',andp､integer)1nterfaceswlthbothmand,川otequalto
zero.aZBCPisexpectedunlesstheferromagnetisqulteC
losetobeingcompletelypolarlZed･13ForS爪J/FJunctionsw

i-hd̂u=15nm,thedegreeorpolarizatjonlSnot)arseand.
duetoanoxide一ayer,thesurfaceisnotverytransparent.We
there-foreexpectfornon-C-axisohentedinterfaces

aZBCP.Tnsummary,Wehavereportedthestrongsur)pres
sionorlhcsupercurTentOfYBCObyinjectionorspin-polan
2:edQPfromarerromagneticlnJeCtOr.TheobservedcurTenlg
aindc-pCndcdonthethicknessolAulnlerlayerandwasd
irectlyrelatedtothenonequilibrlummagnCtizationduetot
hesplnrelaxationcfrects.TTLCdifferentialconducurlCeOl

aYBCO/Au/CoJunctionisaffectedbythespln-polarizedQPin

JeClioncurTent･TheabovephenomenaareofgreatTmPOTl
anCCindeveloplngnOnequilibrium three-temina】supercon
ductlngdev
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