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A pulsed-currentechnique was usel to measue the extende | —V characteristis of a wide variety
of prototype high-temperature-superconductbiTS) leads It was found that the avera@ resistivity
rises with J(>J.) more gradualy than in conventionh superconductors—ofteremainirg very
smal compare to silver, for values of J(>J.) that are high enoudh to be practically useful This
observation combinel with the low therma conductiviy (~50 times smallg than Ag), should
exterd the utility of HTS leads to the dissipative regime wher J/J;>1. © 19% American

Institute of Physics.

Perfet electricd conduction is a hallmak propery of
superconductivit For conventiona superconductarin the
form of thin wires the critical currert densiy J., which
signak onsé of resistancecan indeal be comparal# to the
depairirg current densiy Jg4, which demarcate the mean-
field pha® bounday whete the orde paramete A vanishes.
In general howeve, vanishirg resistane is nat a defining
propery of the superconductig state In high-temperature
superconductaer (HTSs ther is often a wide dissipative
regimé-? betwea J. ard J4. While J, is sufficiently high
(~10° A/lcm? a T=0), J. tends to be disappointingly
low becaus of flux motion ard various extrinsic effects and
has been viewed as asignificart obstacé for practicd appli-
catiors of HTS materials.

In this letter we conside a differert approab for judging
the practica utility of HTS materials The very propery that
weakers J. through flux motion (reduce pinning strength
becaus of small¢, i.e., largeH ;) can allow the resistivity to
reman very smal (p<p,XB/H.,) for J>J.. With the
exceptiao of a persistent-moe superconductie magnet few
applicatiors require absolutey perfe¢ conduction In pa-
ticular currert leads connectig to a cryogenc device (e.g.,
superconducti® magnel, or a powea transmissia line,
merely require aresistivity tha is as low as possibé com-
paral to alternative normal-metaconductos (sud as silver
or coppej at a given temperatureA HTS lead with asmall
avera@ relative resistivity (pe= prrs/pag) a the required
J would therefor be usefu for sud applicationsin addition
to apossibe low p., high-temperatwe superconductarin-
trinsically hawe low therma conductivit, which can reduce
hed conductim into a cryogenc system.

In this work we investigaé the behavia of severé pro-
totype HTS conductos up to current densities well above
J. to studyp, as afunction of J. In orde to redue heating
a contacts a pulsed-currenmethal was usel for the mea-
surements(Becaus the segmerg testel were shor{ good
contacs could not be mace easiy. In an actuad application,
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contacs can be mace over longe portiors of the conductae.)
The studies were conductd at T=77 K and zero applied
magnett field (i.e., self-field of the curreny, sinee the goal
was to explore the performane in current-lea applications.
In mog casew,¢(J) rises gradualy with J/J., and remains
smal at usefully high current densities even for specimens
with low J..

The calculation of p,(J) is an extremey complex
task—influencd by numeros intrinsic ard extrinsc mecha-
nisms so acomprehensig theoretich treatmenm of the dissi-
pation will not be attempte here Howeve, sone qualitative
statemerd can be made First of all a the temperature
(T=77 K) ard currens (J<1C® A/lcm?<J,) of interest,
the dissipatia arising from pha® slippag and therma fluc-
tuatiors is negligible®>=° The dominar causs of dissipation
will be (1) the motion of flux vortices associateé with the
self-field of the transpot currert ard (2) resistane across
grain boundarie (GBs) ard othe types of wed links. In
addition once the superconductoitself becoms dissipative,
currert will flow throuch coexistig normd paths which
may be presem becaue of sampé inhomogeneit or by de-
sign (e.g, asuperconductosheathd in silver). At ary given
point in the specima the dissipation arising from flux mo-
tion ps, is afunction of the locd values of B ard J, ard the
flux pinning strength As was shown in earlie work,*® at
typicd currert densities pinning causegs,, to be greatly sup-
pressd belov the free-flux-flov resistivity: pm<<ps
~poXBgei/Heo. The experimentalf measurd average
quantity p(J), will be governel not only by the local
p(B,J) characteristi of the materia) but also by the size and
shape of the specimenFor a given J, a cross sectio tha is
larger in its area or aspetratio will hawe a B field tha is less
spatially uniform, with highe values at the edges This will
lead to areduce J. ard more gradualp,(J). Sampé inho-
mogenel can affect p,(J) in severhways Fine-scad dis-
orde can aid pinning increasig J. ard making p,e(J)
steepe Large-scad inhomogeneit on the othe hard will
resut in regiors tha are normd or weakly superconducting
tha essentialf excluce current forcing it to flow along tor-
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FIG. 1. Relatiwe resistiviy vs J for five YBCO samples; ppg=0.28
u€) cm. Quantities in parentheseare J.' at E~1 uV/cm. Melt-textured
samples 1, 2, ard 3 (with weak strong and no grain boundariesrespec-
tively) showv convegene in p.(J) for J>J..

tuous percolative patts of strongly linked material The be-
havia of the strongly coupled patls in sample made by
differert processe might have similar characteristicsAn in-
terestig situation arises when a defect suth as a GB,
traverse the entire sampé cross section The observe J;
and p, just abowe J. will be governa entirely by the re-
spong of the GB. In particula if the GB is weakly coupled,
there will be a precipitows drop in J.. Howeve, when J
>J., and the superconductois intrinsically dissipative the
resistane acros the GB can becone asmal fractiond con-
tribution. As aresut at high J's the p,(J) function may be
insensitive to sud defects The dat presentd ard analyzed
in the remainde of this letter explore and suppot these
gualitative ideas.

Eight sample were included in this study. sample No.
1, 2, ard 3 are melt-texturel rods of Y;BaCu0O;_s
(YBCO) with cross sectiors 1.6x1.6, 0.6x0.6, ard 0.3xX0.4
mn?, respectively No. 4 is a zore melt-processe YBCO

filamert of 190 um diameter; No. 5 is a 100 nm thick,

100 um wide YBCO epitaxial film on LaAlQ; No. 6 and
No. 7 are oxide-powden-tube (OPIT) tapes of
Bi,SrL,CaCu;0g (BSCCQO in asilver matrix with multifila-
mentay and monocoe structures respective), and outside
cross sectiors of 0.173x5.3 ard 0.15x5.0 mn? (of which
the BSCQO compriss 20%—25% by area; No. 8 is an un-
patternel 3 um thick, 5.1 mm wide TIBaCaCu;O, (TB-

CCO film deposite on 250 um thick polycrystalline silver.

Distance betwea voltage leacs were a few mm; the
samples themselve are longe. Contacs were mack with ei-
ther silver pairt or sputtere gold followed by annealiiy at
550 °C. All contat resistance were unde 100 u().

The I -V datawere measurd using afour-probe pulsed-
currert technique to redue heatirg from internd dissipation
ard at contacts The functiond descriptia of the technique
ard associaté calibration procedure and tess are published
elsewheré. Prei=PHTs/Pag IS calculatél using pag=0.28
wQcmat 77 K.7

Figure 1 showsp, vs J for the five YBCO samples.

Sampé Nos 1, 2, and 3 illustrate the dramatc chang in
J. causd by the presene of grain boundaris tha traverse
the entire cross section Going from no GB (No. 3) to a
weakly coupled GB (No. 1), ore finds J., to chang by three
ordes of magnitude Nevertheles at highe dissipation
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FIG. 2. HTS/Ag composié conductorsR iy IS the resistane of the silver

encapsulationl ;'s (at E~1 uV/cm) are shown in parentheses. Inset shows

how the totd current partitiors betwee the superconducto(HTS) ard sil-
ver.

levels—whee the fractiond resistane acros the GBs be-
comes irrelevant—tle curves overlg as anticipatel earlia.
Thus aresistivey defina “J.” a say p,o=2% of silver is
not only much highe (~6x10* Alcm?) than the usual

J. (& E~1 uVicm), but less dependent on sample defects

ard therefoe more reproducible The p,(J)’ s for the other
two YBCO sampla (Nos 4 ard 5) are discussd later.

Figure 2 depics the three HTS/Ag composie conduc-
tors For thes there are two separat types of characteristics
tha are of interest (1) the observe resistane of the overall
conducto as afunction of the totd current ard (2) the in-
trinsic respone of the superconductie componentThe first
type of characterist is plotted in Fig. 2. The ordinat is not
the previousp,e, but is the observel R scal@l by R4 of the
silver matrix—the limitin g resistane when the superconduc-
tor is driven normd (since p,>pag). In the BSCCO/Ag
tapes (Nos 6 ard 7), the currert is driven into the silver
matrix ratheg quickly abow |,. For the TBCCO/Ag tape
(No. 8), remarkaby, the overal resistane remairs sup-
pressd well belov Rag for currens ten times |, even
thoudh the HTS componeh comprise only 1% of the cross
section The insd shows how the totd curren partitiors be-
tween the superconductoand matrix for one of the samples
(No. 7). The bottan curve in the inse (I hatix VS liota) 1S
proportiond to the overal |-V characterist since V
= RpatrinX | marix- The observatio of a linear |-V with an
intercep is of fundamenthard historicd significance Such
a precurso linear region of the | -V characterist may have
been mistaken for flux flow in earlie work 2 In Fig. 2 (insed
the slope reflecs the R of the silver and is unrelatel to flux
flow.?

The final graph (Fig. 3) comparesp,¢(J/J.) for the
strongly couplad sampls (Nos 1 ard 2 with transverse GBs
are excluded). For the composie conductos (Nos 6, 7, and
8), the intrinsic characteristis were extractel from the mea-
sured behavig using a parallel-conducto model As ex-
pectal the film sample (Nos. 5 ard 8)—with their strongly
demagnetizing geometries—have the most
prel(3/J;) functions The TBCCO has alower J. (weaker
flux pinning but a highe H., amd Jq becaus its
T/T,~0.7 instea of 0.9 for YBCO. Accordingly it has the
mog gradualp,(J/J.), itsresistivity remainirg three orders
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FIG. 3. Relatiw resistivity of the superconductigicomponenas afunction
J/J.. The J.'s (at E~1 uV/cm) are indicated in parentheses.

of magnitue below silver even at five times the critical cur-
rent Sampé Nos 3 and 4 hawe the same material and simi-
lar cross-sectiorla size ard shape Accordingly their
prel(J/3;) functiors are roughly the same Between the two
BSCCO/Ag conductors the one with the highe J. has a
steepelp,¢(J/J;) function as expectedsince therr J4's ought
to be comparableFor all samples the measureg is always
much lower than pg=~p,XBgsei/Hco calculatel from the
estimaté self-field showirg tha pinning drasticaly sup-
presss the dissipatio for thee J values™®

To summarizethe p,(J) characteristis of severaprac-
tical HTS conductos were measurd well abowe J;. In all
casesp remains below that of silver up td~2J. ard in
sone case two to three ordeis of magnituc below silver at
severatimes J.. Thes data demonstrad the potentid use of
HTS conductos at currens considerabt abowe the critical
valug while maintainirg avery low powe dissipatia rate.
As an example the “‘pencil-lead’ (0.6 mm square shaped
sampé No. 2, can maintain p<1%, while carrying
| =100 A (J=28 000 A/cnv); this correspondto an internal
dissipation of only 0.8 W/m ard a liquid-nitrogen-boil-df
rate of 18 ml/h. Becaus the presendat were measurd with
pulseal currents the additiond problan of therma stability
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for continuows currens mug be considerd separatsl to
evaluae feasibility of a steady-stat application The p,¢(J)
information provided here should howeve, be directly rel-
evan for applicatiors tha involve low-duty-cycke signals
with large transiemh peaks sud as the musc signd between
an audp amplifier and a speake
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