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We haveperformeddetailedstructuralandsuperconductingstudiesof YBCO single layers,YBCO/PrBCO/YBCOtn-layers,
andYBCØ/PrBCOsuperlattices.Theresultsfor singlelayersindicatethatanominally oneunit cell thick YBCO film sandwiched
between~rBCO layersis not superconducting.However,a superlatticewith nominally oneunit cell thick YBCO layers hasa
measurabtesuperconductingtemperatureonset(T~).Theseapparentlycontradictoryresultsarereconciled by experimentson
YBCO/PtBCO/YBCOtn-layerswhich,dueto couplingacrossthePrBCOinsulatinglayer,exhibitsuperconductivityfor PrECO
thicknessesbelow200A. Structuralstudiesshowthat thelength scaleof thesuperconductivecoupling is muchlargerthanthe
length scaleof thestepdisorderandinterdiffusionpresentin thefilm.

Thethicknfssdependenceof the superconducting Ascertainingthe integrityofa very thin layeris by
criticaltempeEature(Ta) for verythin layershasbeen no meanstrivial, evenwith modernstateof the art
of theoretical and experimentalinterest for many characterizationtechniques.Two important issues
years [1—6].~na varietyof conventionalsupercon- haveto beaddressedquantitativelywhenstudiesof
ductors,gradual[4,5] orsudden[6] transitionsfrom very thin layersare performed: (1) the absolute
the superconductingstateto aninsulatingstatehave thickness must be determinedwith an accuracy
beenobservedwith decreasingthickness.Gradual higherthanoneunit cell and (2) quantitativemea-
changesin T~havealso beenobservedin a variety surementsof interdiffusionandstepdisordermust
ofconventionalsuperconductingsuperlattices[7—9]. be performed.Misleading conclusionsmay be ob-
In high temperaturesuperconductors,Terashimaet tamedwithout a quantitativeanalysisof theseis-
al. reportedthat a oneunit cell thick singlelayerof sues.Wepresenta detailed,comparativestudyofthe
YBa2Cu3O7_8(YBCO) isnot superconductingwhen structural,chemical,andsuperconductingproperties
directly preparedon a variety of insulating sub- of singlelayer,tn-layer,andsuperlatticeconfigura-
strates,althoughit is superconductingwith anonset tions of YBCO and PrBCO films. Quantitative

70 K when sandwichedbetweenPrBa2Cu3O7~ structuralstudies,basedon refinementofX-ray dif-
(PrBCO) layerson a SrTiO3 substrate[10]. How- fraction spectraof superlattices,allow us to deter-
ever,their analysisof X-ray diffraction to calibrate mine thicknesseswith high accuracyand setlimits
thethicknessof their films is flawedandis discussed on the amount of stepdisorderandinterdiffusion.
elsewhere[111. An alternateway in which related Our studyindicatesthat a nominally one unit cell
studieshavebeenperformedis by preparingsuper- thick singlelayerof YBCO sandwichedin between
latticesof the superconductorwith a non-supercon- PrBCOlayersis notsuperconducting.In contrast,we
ductingsepaiittor [12—14]. find thata superlatticewith nominally oneunit cell

thick YBCO layershasa measurablesuperconduct-Onleavefrom:CorporateResearchandDevelopment,Tonen . . . -

Corp., Saitama354,japan. ing transition temperatureonset (T~).Tn-layer
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betweenadditionalPrBCOlayersare superconduct- YBCO films with thicknessesnearoneunit cell, we
ing fora separatingPrBCOlayerthicknesslessthan haveusedthemagneticfield modulated(MFM) mi-
200 A. crowaveabsorptiontechnique[17] todeterminethe

High temperaturesuperconductingoxide films onsetof superconductivity.This techniqueis appli-
were preparedeither by the standard0°-off-axis cableto determineT~°evenin non-percolatingsam-
method [15] or using a new sputtering technique ples.ThesensitivityoftheMFM microwavemethod
(NACHOS). Briefly, in theNACHOStechniquethe is suchthat we candetecta 0.1%superconducting
sampleis positionedoutsidethe sputteringplasma volume fraction of a one unit cell thick film (this
in a 0°-off-axisconfigurationand moved periodi- correspondsto detectinga superconductingvolume
cally to symmetricpositionsacrossthe targetin or- of —‘ 5 x 10 —“ cm3).
den to improve thicknessuniformity [16]. Struc- Figure 1 shows a comparisonof the temperature
tural measurementsof 200 A singlelayerfilms grown dependenceof the MFM microwaveabsorptionsig-
using this techniqueshow that the film thickness nal andthe resistivityfora single500 A YBCO layer
fluctuatesby no morethanone unit cell. sandwichedbetweenPrBCO layers. The T~°deter-

The samplesweregrown on (100) singlecrystal minedfrom resistivitymeasurementscorrespondsto
MgO, (100) singlecrystalZr0

2,or randomcut sin- the T~°determinedfrom theonsetof a sharpchange
gle crystal yttria stabilized zirconia (YSZ) sub- in the MFM microwavesignal.
strateskept at approximately750°C.A c-oriented As noted earlier two importantstructuralissues
crystallinePrBCObuffer layer,withan approximate mustbe addressedfor an analysisof superconduc-
thicknessof 1000A was grown beforedepositionof tivity in very thin films: (1) determinationof the
the single andtn-layer configurations.After depo- absolutethicknessand (2) determinationof the
sition,thefilms werecappedby eitheranamorphous structuraland chemical integrity of the supercon-
or crystalline200 A PrBCOlayer.For the superlat- ducting film. High resolutionX-ray diffraction pro-
tices,thefirst depositedlayerwasalwaysPrBCO.The vides a convenientmethodto addressboth issues.
sputteringgaswasa02(10%)/Ar(90%) mixtureat Figure2b showsthe X-ray diffraction spectraof ac-
a total pressureof 300 mTorr. After depositionthe axis oriented [YBCO (1 unit cell)/PrBCO(8 unit
substrateswerecooledto roomtemperaturein ap- cells) ] x 19 superlattice.Thisspectracompareswell
proximatelytwo hoursineither 1 or 100 Tonof pure with datapresentedby othergroupsasfar as inten-
02. Theamorphouscappinglayerwasdepositedwith sity and line shapesare concerned[12,13]. Mea-
the substrateheldat roomtemperature.Wehaveex-
amined our films usingscanningelectronmicros-
copy and have found them to be featurelessto 0.6
300000x magnification.

As the film thicknessof a superconductoris re- / -

duced,superconductivitycan disappeareitherbe- o ______ / ______

causeof phasedecouplingbetweensuperconducting ~ 0.4 - / -

grainsor becauseof a changein themagnitudeof the .— / Cl,

orderparameter.Phasedecouplingmayoccurin ox- .~ / -

ide superconductorsfor a varietyof reasons,includ- °- o.~ - I
ing inhomogeneousoxygen or metal ion stoichiom- / -

etry distribution,weakeningof the Josephsontype /
coupling acrossgrain or twin boundaries,etc. All I
thesemechanismswill leadto loss of superconduct- 0.0
ing percolationacrossthe whole film. Additionally, 70 80 90 100
for very thin films the substratesurfaceroughness T(K)
may result in islandformationandlossof percola- Fig. 1. Resistivityand MFM microwaveabsorptionsignalasa

tion. Sinceweareinterestedin establishingwhether functionof temperaturefor a 500 A singlelayerof YBCO sand-

the magnitudeof the order parameteris finite for wichedbetweenPrBCOlayers.
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averagevalueof oneunit cell; (c) thereis only alim-
ited amount of stepdisorder; (d) the c lattice pa-

~ ~j~a rameterof the YBCO layer (11.63A) is contractedwithrespectto thebulkvalue(11.677A), indicating

—~ strains.Structuralrefinementsof superlatticeswithb an in-plane expansion possibly due to epitaxialC thicker YBCO layers indicate that there is a 15%

1 0 20 30 40 50 60 70 substitutionof Prin theY sitesat thefirst interfacial
20 (deg) unit cell.

Fig. 2. 0—20X-raydiffraction spectrafor ac-oriented[YBCO( 1 Figure 3 shows T~°as a function of YBCO thick-
unit cell)/PrBCO(8unit cells)]xl9 superlattice.(a) Simu- ness(d.~~)for singlelayerssandwichedbetween
lated spectrum for a perfectsuperlattice;(b) experimentald.ata; PrBCObufferandcappinglayersdepositedon van-
(c) refinedspectrumincludinginterfaceroughnessandinterdif-

ioussubstrates.Thesesampleswerepreparedoverafusion. Thecurveshavebeenoffset andthe(200) MgO peakat
42.8°hasbeenerasedforclarity. periodof oneyear using a varietyof growth meth-

ods, cappinglayers, and substratecombinations.
surementof the superlatticeperiodasa function of Severalof the sampleswere remeasuredaftera few
the YBCO to PrBCO depositiontime ratio allows weekswith no decreasein the observedT~.There-
calibrationof the depositionratewith 5% accuracy. producibility of the superconductingdatabetween
This calibrationhasbeencomparedwith two other different runs, long term stability, and the inde-
independentthicknessdeterminationmethods:(a) pendenceof thecappinglayerstructure(amorphous
stylusstepprdfilometryfor thick films, and(b) ob- or crystalline)implies thattheresultsarerepeatable
servationof fihite sizeXRD peaks[16] in thin sin- andreliable,andarenotdependentonuncontrolled,
gle layer films (100—300A). The depositionrates unknownfactors.The moststriking featureof this
obtainedby the threemethodsagreewithin 10%. datais thesharpincreasein T~°withthicknessat 15
Thus wecanbe confidentthat the averagethickness
of the layers is determinedin the presentexperi-
mentsto anaccuracybetterthan 10%. 100

The structuralstudy of the individual layersre-
quiresa more sophisticatedanalysis. In our case, 80
sincethe YBCO layeris structurallyverysimilar to
PrBCO,wemustbe particularlyconcernedwith step
disorderandinterdiffusion. In fig. 2a we showthe

(YBCO~~simulatedspei~trumfor anideal,perfectsuperlattice. ° o
Stepdisorderandinterdiffusionin thelayersareim- ~
portantandnotnegligible,asisclearlydemonstrated 20 PrBCO

by the differencein the relativeintensityof the dif-
fractionpeaksbetweenthe perfectsuperlatticesim- 0 ~
ulation(fig. 2a)andtheexperimentaldata(fig. 2b). 1 0 100 1000
Using a techniquedescribedpreviously [18] we
modelthestructureincludinginterdiffusionbetween d (A)~BO
the Y andPr~itesandstepdisorderin integernum- Fig. 3. T~of singlelayerYBCO asa functionofthickness(dy~

0)
berof unit cells. Figure 2c showsthe refined spec- sandwichedbetweena 1000A c-orientedPrBCObufferlayerand
trum including quantitativeparametrizationof the a 200 A PrBCOcappinglayer.(•) NACHOSdeposition,YSZ

interdiffusionandroughnessat the interfaces.The substrateandamorphouscappinglayer, (A) 0~-off-axisdepo-

resultsindicatethat: (a) in the YBCO layerthereis sition, YSZ substrateand amorphouscapping layer; (•)
NACHOSdeposition,YSZ substrateandcrystallinecappinglayer,a (30±-S)% substitutionof Pr in the Y sitesdue to (0) NACHOSdeposition,MgO substrateandcrystallinecap-

interdiffusionat the interfaces;(b) the YBCO layer pinglayer,(~)0°-off-axisdeposition,Zi02 substrateandamor-

hasthicknessfiluctuationsof oneunit cell aroundthe phouscappinglayer.Thesolidline is a guideto theeye.
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A (oneanda quarterunit cellsof YBCO). Thisef-
fect is probablycausedby changesin the order pa- 80 ~

rameterandnot by phasedecouplingsincethe ob-
servation is based on microwave measurements 0
which do not requirelong rangecouplingacrossthe 6 dPrBCO~_ PrBCO

wholesample.Clearlyanominallyoneunit cell thick PrBCO

layerof YBCO sandwichedbetweenPrBCOlayers ,‘‘ 40
exhibitsno measurablesuperconductivitydownto 5 i_~
K. Thisresultmight beexpectedif intendiffusionand 20
latticeexpansionsare presentasshownby the struc-
tural refinement.It shouldbe rememberedthat30%
Pr dopingdepressesthe superconductingtransition 0 I I
temperatureof bulk YBCO [19] by as much as 30 0 50 100 150 200 250
K, and thereforethis amountof interdiffusioncan- d~BCO (A)
notbe neglected.

In orderto investigatethe apparentdiscrepancy Fig. 4. T~°for a YBCO( 1 unit ceil)/PrBCO(d~.,~)/YBCO(1

betweenthesesinglelayerresultsandthoseobtained unit cell) tn-layer as a function of PrBCOlayer thickness(d,.,~)
sandwiched between a 1000 A c-onented PrBCObuffer layer and

from YBCO/PrBCO superlattices [12—14], we a 200 A cappinglayer. The solid line is a guide to the eye.

haveperformeda seriesof experimentson YBCO/
PrBCO superlattices and YBCO(1 unit cell)! tronic propertiesoftheseparatorandthereforealarge
PnBCO(dpr8~0)/YBCO(1 unit cell) tn-layerssand- variability maybe expectedfrom group to group.
wichedbetweenPnBCO buffer andcappinglayers. We have investigateda largenumberof films of
Thesestudieswereconductedto determinethe pos- singlelayer,tri-layer,andsupenlatticeconfigurations
siblecoupling acrossa separatingPrBCOlayer. For in orderto ascertainwhethertheenhancementofsu-
superlattices,our superconductingtransition tern- perconductivityfor superlattices,as comparedto
penatunedatais in agreementwith measurementsre- singlelayers,isa structuralor intrinsiceffect.As more
portedby othergroups [12—141.For tri-layers the andmorelayersarebuilt up theremay be cumula-
superconductingtransition temperaturedecreases tive disorderwhich canproduce: (a) increasesin
with increasingPrBCOseparatorthickness(d~~8~0), roughness,(b) thickerlayersthannominal, (c) ran-
asshownin fig. 4. The studyof tri-layers indicates dom changesin the crystal structure, i.e. strains,
thatthecouplinglengthacrossPrBCOis oftheorder which mayoccasionallycreatea superconductingne-
of 200 A, as might be expectedfor a materialwhich gion. Thestructuralmeasurementsperformedto date
hasa conductivitybetweena goodmetalandan in- indicatethat this is not the case,i.e. no significant
sulaton.Thecoherencelengthinconventionalmetals changesin the superlatticestructureare observed
andsemiconductorscanbe quite long dependingon with increasingnumberoflayers. Weare left, there-
electronicparametersof the material.To the bestof fore, to concludethat for superlatticesthe enhance-
our knowledge,no measurementsof the Fermi sun- ment of T~is an intrinsic effect.
faceof PrBCOhavebeenperformedto date. How- In summary,we haveperformeda detailedstudy
ever, basedon the factthat theresistivityof PrBCO of the structural, chemical, and superconducting
fallsbetweena goodmetalanda conventionalsemi- propertiesof YBCO films, in threeconfigurations:
conductor,it is not totally unexpectedthat the co- (a) YBCO singlelayerssandwichedbetweenPrBCO
herencelengthis alsoinbetweenthesetwo extremes, bufferandcappinglayers, (b) YBCO(1 unit cell) /

Sincethecouplinglengthis determinedby theco- PrBCO(dprBco/YBCO(1 unit cell) tri-layers sand-
herencelength in PrBCO [20], T of a YBCO/ wichedby PrBCObufferandcappinglayersand(c)
PrBCOsuperlatticemayonly berepresentativeof the YBCO/PrBCO superlattices. Detailed structural
singleYBCO layerif the thicknessofthePrBCOsep- studiesindicatethepresenceof interfacialroughness
anatonis larger than200 A. It shouldbe notedthat of the orderof one unit cell andnon-negligiblePr
thisdistancewill be stronglydependenton the elec- andY interdiffusion. The superconductingproper-
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