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MAROHNIĆb, HUA KUN LIUc andSHI XUE DOUc

aDepartmentof Physics,Facultyof Science, University of Zagreb,P.O.Box162,HR-10001Zagreb,
Croatia

bInstituteof Physicsof theUniversity, P.O.Box304,HR-10001Zagreb,Croatia
cCentreof SuperconductingandElectronicMaterials,University of Wollongong, Wollongong,

NSW2522,Australia

Received24December1996

Revisedmanuscriptreceived13March1997

UDC 538.945

PACS74.60.Ge,74.60.Jg,74.72.H

This paper is dedicatedto ProfessorA. Bonefǎcić on the occasion
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We havestudiedJc
� B � T surfacesfor high-Jc Ag-cladBi2Sr2CaCu2O8

�
x (Bi2212)and

(Bi,Pb)2Sr2Ca2Cu3O10
�

y (Bi2223) tapesin the temperaturerange4.5 - 100 K andmag-
netic field B

�
1 T. In both typesof tapes,for temperatureT � 0 � 5 Tc, Jc � T � B� andthe

pinning force densityFp � JcB exhibit scalingbehaviour analogousto that observed in
high-Tc singlecrystalsandepitaxialfilms. Theparallelstudyof thepinningpotentialsU0
andof the irreversibility fieldsBir r (deducedfrom the resistive transitionsin the applied
field) for thesametapes,revealedthattheactivationbarrierU � U0 � 1 � T 	 Tc � 	 Bm deter-
minesboththemagnitudesandtemperaturedependency of thescalingfieldsB
 (definedby
Fp � Fpmax) andBir r . ConsiderablylargerU0 for Bi2223tape,comparedto thatof Bi2212
tape,is probablydueto bothlowerelectronicanisotropy of thiscompoundandhighercon-
tentof defects.However, in bothtypesof tapes,thepinningof vorticesis insufficient for
thehigh-B high-T applications.
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1. Introduction

The knowledgeof the variationof critical currentdensityJc (definedby the electric
field Ec) with temperatureT andmagneticfield B is importantfor mostapplicationsof
superconductivity. The resultingJc � B � T surfacebearssufficient information for the
applicative purposes(any point below this surfacecorrespondsto E  Ec), andmayalso
indicatethenatureof interactionsgiving rise to theobservedbehaviour. Sincein type II
superconductorsJc dependsonthepinningof vortices,themainproblemis to establishthe
correlationbetweenthepinningcentres(PC),suchasthestructuralimperfectionsand/or
impurities,andthecurrentdensityJ, i.e., to establishaconsistentmodelfor thepinningof
vortices.Unfortunately, sucha uniquemodelis not known. Whereasin theconventional
typeII superconductors,oneof thekey problemsis whetherthe interactionbetweenPCs
andvorticesleadsto theplasticor elasticdeformationsof theflux (vortex) lattice, in the
layeredhigh temperaturesuperconductors(HTS) even the properdescriptionof vortices
(2D pancakesor 3D rods)presentstheproblem.Theadditionalproblemfor HTSarether-
maleffectsonthepinningof vortices,associatedwith theirhighsuperconductingtransition
temperaturesTc.

Accordingto theabove,well below Tc, Jc correspondsto J at which thedriving force
(F � JB) overcomesthepinningenergyU . Sincethework of F dependsonthesizeof the
moving flux bundle(V) andits hopdistance(x), Jc is not thatsuitablefor theestimation
of U . A moreconvenientway to estimateU is to investigatetheonsetof thedissipation
(resistanceR) at low J (hencelow F) which shouldyield directly the size(depth)of the
pinningpotential[1]. However, for HTS, this methodhasalsobeencriticized,becauseit
givesthevaluesof U whichareconsiderablylargerthanthosededucedfrom themagneti-
zationrelaxation(reflectingthedecayof Jc with timedueto theflux creep).At present,it
is notclearwhichof thesemethodsprovidesmorereliableestimatefor U . Additionally, in
granular(inhomogeneous)HTS, theexistenceof weaklinks (visualizedastheJosephson
junctions)atsomegrainboundariesmakestheorigin of theresistanceonsetratherunclear.
However, ourpreviousresultshaveshown [2] thattheonsetof R in well preparedAg-clad
Bi-Sr-Ca-Cu-Otapeshasthesameform asthat in thecorrespondinghomogeneoussam-
ples(epitaxialfilms andsinglecrystals)and,therefore,hasprobablythesameorigin [1].
Furthermore,the onsetof the resistancealsoyields the irreversibility field Bir r (thefield
at whichJc disappears)which is, likeU , closelyrelatedto thepinningof vorticesandis a
very importantparameterin HTS.

SincetheAg-sheathedBi-basedtapesarethemosthighly developedhigh-Tc supercon-
ductorsfor highcurrentapplication,theknowledgeof theirJc � B � T surfaceis desirable.
Recently, thestudyof Jc � B curves(4 � 2 � T � 77� 3 K) for anAg-cladBi2Sr2CaCu2Ox
(hereafterBi2212) tape[3] enabledthe constructionof Jc � B � T surfacefor this sys-
tem.We performedsimilarmeasurementson anAg-clad(Bi,Pb)2Sr2Ca2Cu3Oy (hereafter
Bi2223) tapeandcompareherethe Jc � B � T surfacesfor thesesystems.For both sys-
tems,we find thescalingof Jc andthe macroscopicpinning force Fp � JcB with B over
a broadtemperaturerangeT � 0 � 5 Tc. This behaviour is analogousto that observed in
epitaxialfilms [4–6] andsinglecrystals[7,8], andshows thatat finite fields (biggerthan
theself-fieldof Jc) our tapesbehaveashomogeneousHTS.Furthermore,wecompareour
Jc � B � T resultswith thosefor U andBir r of thesamesamples.This comparisonseems
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to indicatethatwithin theinvestigatedfield range(B � 1 T), U determinestheJc � B � T
variation(via the scalingfield B� ) andBir r . In particular, the magnitudesof B� andBir r
seemto bedeterminedwith thatof U , whereastheir temperaturedependenciesaredeter-
minedwith thethermaleffectson thepinningof vortices(thetemperaturedependenceof
U).

2. Experimentalprocedure

Thesamplepreparationandthemeasurementmethodswerereportedearlier[3,9]. The
Bi2223tape[9] (containing7.5%of Bi2212phase)wasthesameonefor whichthepinning
potential[10] U0 � B� andJc � B � T � werepreviouslystudiedfor T � 77K. Weextendedthese
measurementsto 4.5K andperformedsomenew measurementsof Jc � B � T � onBi2212tape
from Ref. 3. In presentedmeasurements,themagneticfield B wasappliedperpendicular
to thetapeplane.Theadvantagesof thisgeometryaresimplervortex structure(parallelto
B) andlargerchangeof Jc over theavailablerangeof B. As discussedelsewhere[3,9], the
reductionof Jc with B for B in theplaneof tapedependson thealignmentof grains(angle
φ).

TABLE 1.Datafor thetapes:Jc is thecritical currentdensityat4.5K,U0 is thepinning
potentialat B � 0 � 9 T, α is theexponentof the initial Jc � Bα variationandφ is the tilt
angleof grains.

Tape Tc(K) Jc(kA/cm2) φ � � � U0(K) α
Bi2212 90.6 218 8 1250 � � 0 � 2
Bi2223 107.4 107 12 4800 � � 0 � 5

Critical currentIc wasmeasuredwith a pulsemethodby usingthesinglesawtoothpulse
of typical durationof 10 ms.TheJc criterionwasEc � 1µV/cm. Theresistive transitions
weremeasured[3,10] with a low frequency AC methodwith thevoltageresolutionof 0.5
nV. Somedatarelevantto our tapesaregivenin Table1.

3. Resultsanddiscussion

Thethree-dimensionalplot of Jc � B � T � variationfor Bi2212tapeis shown in Fig. 1a.It
canbeseenthatJc � B � T � const � curvesshow somewhatdifferentbehaviour at lower and
highertemperatures(T � 39 K). At low temperatures,Jc decreaseswith B at low fields
(B  0 � 1 T), but changesa little at higherfields.For T � 39 K (t ! T " Tc � 0 � 43, where
Tc denotesthe zeromagneticfield transitiontemperature,Table1), Jc exhibits a second
rapid decreasewith B above somecharacteristicfield which decreaseswith increasing
temperature[3]. The variation of Jc with B in the correspondingepitaxial films [6] is
analogousto thatfor our tape.Figure1aalsoshowsthatthe T-dependenceof Jc ata fixed
B dependson themagnitudeof B.
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Fig. 1. Variationof critical currentdensitywith field andtemperaturefor a) theBi2212/Ag
tapeandb) theBi2223/Agtape.

Fig. 2. Thevariationof pinningforcedensityFp (normalizedto its maximumvalueFpmax)
for Bi2212tapewith magneticfield B (normalizedto thefield B$ atwhichFp % Fpmax), for
differenttemperaturesmarkedon thegraph.

Whereasthe Jc & T ' B % 0( shows a & 1 ) t ( n variationwith n * 1 + 4 at higherB, Jc & T ' B %
const ( curvesdecreasemorerapidly with T, andcannotbe fitted with the samelaw [3].
The Jc ) B ) T surfacefor Bi2223 tape,shown in Fig. 1b, is quite similar to that for
Bi2212tape(Fig. 1a).However, the”crossover” to hightemperaturevariationof Jc occurs
in Bi2223tapearoundt % 0 + 55 & T % 59 K). As illustratedin Figs.2 and3 for bothtapes,
thecorrespondingpinningforcedensitiesFp & % JcB( show clearscalingwith B whenB is
normalizedto thevalueB$ & T ( atwhichFp reachesitsmaximumFpmaxandFp isnormalized
to Fpmax. Clearly, thesameB$ & T ( leadsto a scalingof thecorrespondingJc vs. B curves
(Fig. 4).
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Fig. 3. Fp - Fpmaxvs.B- B. for Bi2223tapefor differenttemperaturesdenotedonthegraph.

Fig. 4. Critical currentdensitynormalizedto its valueJ .c at B. (the field at which Fp /
Fpmax) vs. B- B. for theBi2212/Ag(emptysymbols)andBi2223/Ag(full symbols)tape.
Differentsymbolsdenotedifferenttemperatures.Lines illustrateBα variationswith α 01 0 2 5 andα 0 1 3 at low andhighB, respectively.

Our maximumfield B / 1 T limited the temperaturerangeover which the scalingbe-
haviour could be verified to t 3 0 2 55 and0.43 for the Bi2223 andBi2212 tape,respec-
tively. We notethatany field proportionalto B. 4 T 5 canalsobeusedasthescalingfield,
for instance,a field B0 at which Fp extrapolates(linearly) to zero[4] (B0 064 4 1 55 B. for
our tapes).Thefield B0 canthanbetakento approximateBir r . Thedatain Fig. 4 indicate
that,bothwell below andaboveB. , Jc 4 B5 exhibits theasymptoticpower law of 7 Bα vari-
ationswith differentexponentsα for B 8 B. andB 9 B. . In particular, for Bi2223 tape,
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α ;=< 0 > 5 for B ? B@ , andα ;=< 3 for B A B@ wasfound. For Bi2212 tapeandB A B@ ,
we found roughly the sameα, but at low-field, power-law variationwaslessconvincing
(averageα ;6< 0 > 2). Theexponentsα for our Bi2223tapearethesameasthoseobtained
for high-Jc YBa2Cu3O7B δ (hereafterYBCO) thin films [4,11] for T C 40 K. The epi-
taxial Bi2223 films [5] alsoexhibit the initial Jc D BB 0E 5 variation,whereasthe high-B
high-T Jc D BB 3 variationseemscommonto HTS singlecrystals[7,12]. TheBB 3 varia-
tion is reminiscentof the largeflux bundleregimein theweakcollective pinning(WCP)
theory[13]. For somewhat lower fields (small bundles),this theorypredictsan approxi-
mateexpF < B3G 2 H variationof Jc, andfinally, at low fields(pinningof singlevortices),the
field-independentJc. Although at the intermediatefields (0 > 5 I BJ B@K? 3) our datacan
be fitted to expF < B3G 2), at lower fields they show strongerinsteadof the expected[13]
weaker field dependence.This discrepancy mayarisedueto thepresenceof somestrong
pinning centres(not includedin the WCP model)and/orthe granularity(weaklinks) of
oursamples.

Usually, the power-law increaseof Jc for B ? B@ in tapesis attributedto weaklinks
at thegrainboundaries[14]. However, thepresenceof a similar upturnof Jc for B ? B@
in epitaxialfilms of HTS (which exhibit strongflux pinning [4]) seemsto questionthis
conjecture.Accordingly, thereis no evidencethat the power-law upturnof Jc below B@
is the consequenceof the weak links only. Also, thereis no evidencethat the absence
of suchan upturn below B@ (the saturationof Jc) indicatesthe absenceof weak links
in the given material.In particular, sinceJc is definedwith somespecifiedelectricfield
value(Ec), its variationwith B may only indicatewhetherthe dissipationaroundEc is
dominatedwith depinningof vortices(flux creep)or with weaklinks (phaseslipswithin
thejunctionsand/ortheir transitionsto thenormalstate).Clearly, ratherlow Jc F B L 0H in
tapes(ascomparedwith thosein thecorrespondingepitaxialfilms which aresometento
hundredtimeshigher)indicatesa ratherpoorcouplingbetweenthegrainsand,hence,the
presenceof weaklinks. However, at sufficiently low Ec, thecurrentprobablyflows along
thestronglycoupled(percolative)pathwithin thetapes,andthefield dependenceof Jc is
likely to reflecttheflux creep.Leaving asidethisasyet unsolvedproblemof thelow field
variationof Jc in HTS tapesandepitaxialfilms, we will concentratein the following on
theobservedscalingof Jc andFp with B which is thecentralresultof our study.

It seemsunclear[15] whetherthe collective creepandvortex glassmodels[13] can
explain thescalingof Jc with B@ or not. Also, themodelsexplainingthescalingof Fp in
theconventionaltypeII superconductors[15] cannotbeappliedto HTS,sincethey ignore
thermaleffects.Accordingly, the scalingof Fp in HTSsis usuallydescribedin termsof
phenomenologicalmodels,taking into accountthe thermaleffects [4,5,11,15].Without
goinginto detailsof theseapproaches,we notethat they predictthescalingfield (usually
takento beBir r ) thatincreaseswith thepinningpotentialU0. Thecomparisonof U0 values
for our tapes(Table1) with the correspondingfields B@ (Fig. 5) seemsto supportthese
predictions.In particular,
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Fig. 5. Thefield BN (atwhichFp O Fpmax) vs.T P Tc for theBi2212/Ag( Q ) andBi2223/Ag
( Q ) tape.

at thesamevalueof t, themagnitudeof BN for theBi2223tapeis aboutfour timeslarger
thanthatof theBi2212sample.Themagnitudesof BN for B in theplaneof thetapewere
four (Bi2223)andseven(Bi2212)timeslargerthanthosefor B perpendicularto theplane
at the samet, what is consistentwith betteralignmentof grains(smallerangleφ) in the
Bi2212samplethanthat in theBi2223tape(Table1). Theirreversibility fieldsBir r of our
tapes(determinedfrom theresistivetransitionsby usingthecriterionRP Rn O 0 R 005,where
Rn is the respective resistancein the normalstate),behavedsimilarly to the correspond-
ing BN s (Fig. 5). Closeto Tc, BN for both tapesseemsto follow a S 1 T t U n variationwith
n V 2 R 3. This is nearlythe samedependenceasthat of the vortex-glassmelting field Bg
deducedfrom theE T J curvesfor a Bi2223tape[16]. Moreover, thereportedvaluesfor
Bg areroughly thesameasBN for our tape.In spiteof this, it is not quite clearwhether
BN is Bg or not. In particular, in thesegranularsamples,a broaddistribution of critical
currents[17] makestheanalysisof E T J curvesrathercomplex. Moreover, eventheactual
meaningof J (obtainedby dividing measuredI with theaveragecross-sectionareaof the
core) is ratheruncertainif oneconsidersthe percolative currentpath,meanderingalong
the well connectedgrains.Furthermore,BN is not a crossover field, sinceJc follows the
sameexpS T B3W 2 U variationbothbelow andaboveBN (Fig. 4). Therefore,it seemsunlikely
that thevortex glassmeltsat BN in our tapes.Thehigh-accuracy measurementsof V T I
curves,andtheextensionof Jc S B X T U measurementsto higherfields,mayhelpto elucidate
this question.TheobservationthatBir r seemsto follow thesametemperaturedependence
asBN allows to checkwhetherthe thermalactivation of vorticesover the energy barrier
U canexplain their variationsor not. We notethatour Bir r is determinedfrom the resis-
tanceregionwhereR Y expS T U P kT U . Therefore,fixedR meansU P kT O const. Inserting
U O U0 S 1 T t U P Bm, which is appropriateboth for our tapes[3,10] andthecorresponding
epitaxialfilms [5,6], we obtainBir r Y=S S 1P t UZT 1U 1W m. Fig. 6 shows thatbothBN andBir r
of Bi2212tapefollow quitewell a S S 1P t UZT 1U p variationwith p V 1P m, wherem V 0 R 5 is
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deducedfrom the variationof U0 with B shown in the insetin Fig. 6. SinceB\ andBir r
of our Bi2223tapeandthesamet areconsiderablyhigherthanthoseof Bi2212tape(the
correspondingU0 is larger, Table1), thesedatacover a smallertemperaturerangethan
thoseshown in Fig. 6. However, within this limited temperaturerange,they alsoseemto
show a ] ] 1̂ t _Z` 1_ 1a m variation.

Fig. 6. Variationof scalingfield Bir r (emptysymbols)andB\ (at which Fp b Fpmax, full
symbols)with Tc ^ T ` 1 for Bi2212tape.Theinset:variationof pinningpotentialU0 with
field for thesametape.

Thesametypeof variationof Bir r with t hasalsobeenobservedin Bi2223epitaxialfilms
[18] andtapes[19]. Therefore,it seemslikely that the thermalactivationof the vortices
over thebarrierU determinesthe temperaturevariationsof bothB\ andBir r in our tapes
for B c 1 T andt d 0 e 4. SinceJc andFp areuniquefunctionsof B̂ B\ , this implies that
the samemechanismdeterminesalso the variationsof thesequantitiesat temperatures
T f 0 e 5 Tc. Although Jc is the uniquefunction of B̂ B\ , this function is not quite the
samefor B g B\ in the two tapes(Fig. 4). This resultsin differentdependenceof Jc and
Fpmax with B\ in the two tapes.In particular, Fpmax h ] B\ _ k, with k i 1 e 5 and1.2 for the
Bi2223andBi2212tapes,respectively. As discussedearlier, it is not clearwhetherweak
links or differentpinningof vorticescausethis differencein the low field variationof Jc
in two tapes.The electronmicroscopy hasindicatedconsiderablylarger defectdensity
in Bi2223 tapes[20] thanthat in Bi2212 tape[21]. This finding togetherwith the lower
superconductivity anisotropy mayexplainhigherU0 in Bi2223tape,but is unclearwhether
it canexplain thedifferencein Jc vs.B variationfor B g B\ betweenthetwo tapes.

4. Conclusion

The systematicmeasurementsof the variationsof Jc with B andT for Bi-basedAg-
sheathedtapesyield the Jc ` B ` T surfaceswhich bearall the informationrequiredfor
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KUŠEVI Ć ET AL .: THERMAL INFLUENCE OF Jc j B j T . . .

theirpracticalapplications.OverabroadtemperaturerangeT k Tc l 0 m 5, Jc andFp in these
materialsshow clearscalingwith B. Sincethe temperaturevariationof thescalingfields
Bn andBir r seemsdeterminedwith the thermalactivationof vortices,thesameprobably
appliesto Jc andFp of thesematerials.Ratherstrongthermalreductionof thesequantities
is consistentwith a high anisotropy of thesecompounds,andrulesout the high-B high-
T applicationsof thesetapes(unlesstheextrinsic strongpinningcentresareintroduced).
SincethehomogeneousHTS show a similar scalingof Jc with B, thewell preparedtapes
can be usedfor the high-accuracy transportstudiesof the vortex statesand pinning in
HTS. Sinceat lower temperaturesthe thermalactivation of vorticesshouldbecomeless
important,the extensionof thesemeasurementsto higherfields (lower temperatures)is
very importantfor theunderstandingof thepinningmechanisms(s)in Bi2212andBi2223
tapes.Furthermore,theaccuratestudiesof thecritical currentdistributionswithin thetapes
arerequiredin order to understandthe effectsof microstructure(grain connectivity) on
Jc o B o T surfacesof thesematerials.
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TERMIČKI UTJECAJNA JC q B q T PLOHESREBROM OBLOŽENIH
SUPRAVODLJIVIH VRPCINA OSNOVI BIZMUTA

Proǔcavanesu Jc q B q T plohe srebromobloženih Bi2Sr2CaCu2O8r x (Bi2212) i (Bi,
Pb)2Sr2Ca2Cu3O10r x (Bi2223) vrpci u podrǔcju temperatura4.5 – 100 K i magnetskog
polja B s 1 T. Jc t T u Bv i gustóca sile zapinjanjaFp w JcB, u obje vrstevrpci, pokazuju
normiranjesličnoonomu monokristalimai epitaksijalnimslojevimavisokotemperaturnih
supravodiča,za temperatureT s 0 x 5 Tc. ParalelnoistrǎzivanjepotencijalazapinjanjaU0
i ireverzibilnih polja Bir r (odredenihiz otpornihprijelazau magnetskom polju) pokazuju
daaktivacijske barijereU w U0 t 1 q T y Tc v y Bm odredujuveličinei temperaturneovisnosti
normirajúcih polja Bz (definiranihs Fp w Fpmax) i Bir r . Znatnoveći U0 za Bi2223 traku
u usporedbis onim Bi2212trake,pripisujesenižoj anizotropiji tog spojai višemstupnju
strukturnihnesavršenosti.Medutim,u objevrstevrpci zapinjanjemagnetskihvrtloganije
dovoljno zanjihoveprimjeneu jakim poljima i pri visokim temperaturama.
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