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Pulsed current measurement of the resistive transition and critical current
in high T~, superconductors

W. C. McGinnis, E. W. Jacobs, C. D. Rees, and T. E. Jones

Naval Ocean SYNIenrx Center, Code 633. Sun Diego. ('a hfrrnia 92152-5000)

(Received 16 October 1989: accepted for publication 15 November 1989)

A pulsed current technique for measuring the critical transport properties of superconductors as a
continuous function Of Current or temperature is described. Greatly reduced sample heating
permits investigation of both the 'weak link'and intrinsic properties of granular
Superconductors. Results obtained for various high T. oxide superconductors provide anl
example of the technique's application. Both intergranular and intragranular critical current
densities are extracted from the data. Cur,-ent-voltage measurements using the pulse method are
corroborated by traditional dc measurements.

INTRODUCTION her Of pul ses. The tcchnfi qtic. briefly desc ribed Pre\ iou'dy.

Thie Standard techntique for nieasuring the Critical cur-- hats beeni used to mecasure thle eleet ri-al t ralispori propert ies
I-C~t O',iSIICICOMLI~~r COISIISOfaPI\il~u t clitilit of a s arietv of, high temlperatur LfcCeramic SuIpercoMtiCiors.

or' direct currenClt (Ie) until thle xoftaiwe V "xIicli appears
aICrs th Ile SAMpl xCed aXCS cI\ enl alite. The currentC1 Lit t his

poin1t IOCII1,1 opr kra i defIed aS theC critical current1. The 1. PULSED CURRENT TECHNIQUE
\Alueoftl deter riniled hr0i11 Such an1 C.xperiI nrnt cain xlepeiit

onl the oftac ( of electric field or resistance) criteriot. Clio- Tire Pulsed eurrerlt 1110110d is Csseirtiallk ai Stairdmid 4-

Sell I Is dIC Method,.lhog w111OIZdl f used.\ INL has' tile follo10\- prb deTestmitof eitne itt xx nI crrent ap
iiie draxx acks: (I ) / 'R heatitng of the saitple aid eriptacts plied in shor-t pulse,, al t a htx fi-CLquctue.Tcsape ftg

\\fill total reSistance R ) call cisc a mrisleadinig rwN x alie for I''is measure1-d durIIitun these Short pulses Of Curreirt. I_1 il ta

/. (2j rio ifrittrratioii is obtained otn thre rest of'tie c!per-- sample resistance R V/I. Tie hecat geitirated itt the Saril-
Sotrd ncri in c-r -norm al transi ii o lx otl Ire ofse of I p ie is reduced. compared to that produced in a dc oteasurc-

mnt. by thle duty cycle ofth I plidPuee,lance. arfid ft3) Special Sample Ilrorits hteaxl vyires. etc. ) are iPidpus:
tiedIed to Carr-\ tire farge direct currenlts itioixed int urea- duycce(Pulse width)I
suItemeirlt s ot ulk III samtples. duty cypulse reettin erod

These difficulties can be overcome by ( I) placing the(Plerptioprod
Sample in good thermal contact with at large heat reservoir This reduct iont it sample hecat iig is particularly important
(SULh as a bluck of copper), (2) applying current to the fi very Small sam pies, it \\iie the Current Contacts alre itl
sample fin short pulses at low frequency ( reducing the I' close t herrmal proximity to thre voltage contacts, or- for lurea-
part of! R by thle pulse duty cycle factor). (3) using very SUrenreir(s (Suchltas the temperature dependence of' , ) fi
low resistance current contacts (minimizing the R part of wich thle sample is itot immersed in af liquid tcrvogenl.
I ,R ) aind (4) using a small sample cross section (so that a The experimntal setup is shown1 schematically in Fig.
small I gives a large current density J, again reducing the! I2 . pulses produced by thle Pulse generator (Tektronix
portion of!I 2R). The Pulsed current not only greatly reduces PG505) are aruplifted by at high-cuirrent power supply
the power going into the sample, but also gives the sample (Kepco B0P36-5 M or Kcpeo ATF25-40M. dependiing oit
time to equilibrate with the reservoir during the time be- thleCurreirt range). The boxcar averager (Princetoin Applied
tween pulses (w hen no current flows through the sample). Research. otr PAR. 162) hats two gated integrators (PAR

!idsed curreint techniques have been) used it the past. 166) desigited as.-I and B. The voltage V,, measured by
bilt for tire most part these effiorts htave used specially dc- thle boxcar averager at input B during the current Pulses
siwcd circuits for producinrg tigli-anrplit tde. niulti-step yields the Current [ r- Vj_, .R, Tine sanmple v.oltage is
C urreirt pulses.' or have beeir limited fir siingle pulses mea- sent ft Inc different ial amiplifier ( PAR 116 preanplifier for a
su rcd f ront an ioscillotscope sereni. Mrore recently. Gold- PAR 126 lrck-iit aiplitier ) wltose sitiele-ertded ou ipt i
Schmrridt hats described a quasi-dc "Pulse" technique' inl coniceted fir the boxcar averager input .1. Tile sample ent-
xxlieli current iNs, itched on for about 0.5 s.and their tuned reirt aird voltage sigirals goiing fir tre boxcar are alsor moiri-
oiff for abonut 5 s to alloiw for heat dissipat ion. 'The methrod tored oit anl Oseilloscope. Typical wvoefornis for at
described] belrtw uses comnti readily available elect ronic Y ha,0 .C ).Sample Lire shown1 in Fig. 2. This Sample has af
eqiipmen t tot prorducre an 11( ft asu re shritrt Pulses at a hiigh Intran sitilt tttid poinit of 1)2 K. and anornia i-state resista ireat
enough frequenrey to allorw Continuous mneasurements either 93 K rf 15.8 i .
as a fiiinc titn rf' ciirreirt oir of tentpe rat Lire. A boxcar axe rage r Ift fitle Ihigh c urreint powxe r Siupply~ is ope rat inig inii aCoin-
imprr ixe the signal -toi-intoise ratio~ by a veragiin g over ain mr- st atnt volt age ntode rather thian it a on st ait cu~irreint m-ode
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er have a floatling ottput. Al iolation1 tranlsfolrmfe r bet wci
thle Pulse generatZior aiid thle poter- supplyl eCmuld bie used to

I L I A IT Z1 110 %kalOt f oit si deCO IICI it I Ie puse UCetIerato ()ilt pu to U be0 L gr-itIie([

Atiotli nletaie sticfreiilvmasUre V, he-fi Ire

(D 7 1sedin ig thle sigal to oxcar input B.
MPL I E I -EADIt has been founid that current pulses, %%it i cry sharp

PULSE rise and fall times ( 1 I IS lead to volage spike,, "Islch
('ENRATO SAMLE ershloot anld undershoot, respect isely. tile progranmcd

voltages. These spikes, originating fromnile pulse enieratitr.
quickly relaN baek inl art inder-dampecd ioseillatjio theII
eXPctedI wiotage levels. The spike amplitude IereaC~ses& [s1tC
sample go es from the niormalI to the tero resista ice state.

DIFRETA which tenids to miverload thle differential am plitier. I[lie effect

AMP'LtFIERis iere!% ian artifact of the circuit parameters. hla\ iI- niothl-

,ng ito do) %ksll Ik~ecod i it of thle sample. and )Ic-

AVERAGERCurs' Ceen if the sample is replaced h% a short. -1 lie deletious11
effects, of these \oltage spikes are mitltimi/ed as toiostss

II' ncC,. UFirst, the boxcar eate is positiotted so that thle bo-war
olfl the interiotr of the pulses, assN 3y front the spikes. Sectiidj.
thle ri-se and fall 1tieso the111 puLlsesC are inicreased tio about 10I

eouISLI11t duringQ thfie 1.1 thCIn I curre'ittI- I IMtt rec- /is. w\hich greatly iredues the spike amiplitude. Flill\. tim

sisttr R, mis iuided III the circt l t' it.1hecurrent1- spike amlplitudeI is also gi-eitl\ reduIced by iiiue ssis e-pi

cid tI cistot R, is chosen ha~cd outf the ciirht Ic\.CI used urreult leads ot thiesaiple probe. includin, [lie satmplecild
oncli that tie' oltage across isesisilciuiei Tpi o _tecrcui. Stanidard 50 Q i mpedaitce coaxial cables, arC

cIiA kC'.lIes frtil reCsistor atle I 1!. for 1 5 A Jui [II1 11!! fior used] in tile rooiiteriipeitlirc part oft~ tecir-cuit.

lirer .iI ill I. Ilte '.:tluc of R,, is icCtirtl\ d]Ceer-
III~" h\e~ t adic, 4-prilbe itieasNuri-.ieuit. I1 lie t~osser ratitues ofi1ttLIAINT HG ,SPECNUTR
R itlld RK , titlibe suliiceitt to Iti~idle the pulsed APIAINT IHi UECNUTR
ciirrlt 5II [1iseol I hi l sed ILIS Lii CLIicitI tCrhIiili I bi ll iti )C I iltpliL'd 10 !)ilk

[ lie loeatton 01' circuit -'-rli has I neeICCL selcte "Ms sailflcs Othili I tprollcor uha Cllt i

pie 1 cItl1taec itnoise. placeimenit of gronid bcetseni R, ,m li(] Te sattiples \\sCue madeLI ill the I'oruti Oftt iat idisks u~sine stall-
0te (Ifth sam 11ple's cIT-retlItllitsll lows sdiuIele-euide ll- & I (Ir solid s, tt Nueite ituct1 ItIods. anid tIiceltauticall ciii
tIt Ill f. to thle boxcar aserager. I'roxiiiit\ otgroliiii todIn i t malcosscili

flie sanu~lC sitlage coitacts also helps prll cit ow\ ellitiurtiiii iinatpeg. tisuti ilsscilt

oflie ifleriitiai atmplitier. Note. liokse'. Li that this choice biase betil uiseid. Ill t11e tirst LOIItigiiatio:It. four 10\%5 tesis-

Oit" ild requLireCs that1 t~otflile pulse getiator aitd amlpliti- Ziti al ss a-ectrn
11! OII C 7)II 1\ a- tautec~ pals a111d t\%o sitilill

\OfIt ge Pads ) are aP P id tio title samlple! ast LI ese ribcol be
lots ). %tlii~l is t lIC1i g01lue to 1it aiiiudi/el aftiuu ill-

8 srate. U.sng a -uI.-l LiaitIilii-elateil \\ heel, a slot is ciii

lo% i)te i ddIle itt lie Ldisk, LittIttt2 Cli]ii)III l[OII

thiekuiess tt tf life saitple. -1lic slot is, cut alitit CoiiipICtCl\

6acrolss thle face of (lie disk. Ica\ Ing ittly\ al er small cross
6 ~sectio lti" i)e bttsCeut thle twit halCs of['tile disk. The slot

separates iliep iMttfCI~ clrril ad \so1ltage pls' rni01 the otherT
v 11air. The NItLag pils are Ol the briidge cud( (it the samtple.

4 ~This bridgee cfi liIurtioti this tile adt at;Ig Of pIO\ ding1

> ~large& a1-Ca CLreif--~ t pAls. gi iiig a s cry smlall eIUtiCt restsN-
o t aICe. I lots et e. tilie br-idge is, ers- trae IIC a111d its Ctllss see:-

tiotial arica is ditlicultl t esr Lei~tl The acciirae us

2 abou01t ,51- usinge the t tat clig stage of a micrioscope tolF -L GATE Imeasure- tile height id length~ of the bridL'e Aitltlier disadl-
vantfage is that tile lenigthi ifthe bridge (detinied by\ tile thick-
fitss of the Cutting \Isheel I, isotily a)otit 1 tint1. tt Iich nicatus

o io 20 300 400 500t hat t lie koltage measured is smatler bhant it w\ould be for a

TIME lps) loniger samtple. iThis effcct iselt decreases tile selnsitix it\ obl-

I t1twiii/c, ph"[,'~ L 1 I ,1 il .111 ~ ~ 01111111i2iioi 1 tained atl Ithe onfset of, resist anlce. thus requirinig tile use itfa

If '.11111,1c,11ipi i I tI11CITI~l~li II s4 'I K Inifthe secontd trpeitt o samlple Col itiuratIiolti l~e sample
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disk is sanded down to a thickness of about I mmn. Narrow%

bars about I nm' in cross section are cut from thc disk using 1 .0
the diamiond-coated \% heel. The cross sectional area is Iica-
sured with a micrometer to anl accuracy of about -~ I .
Fo0uir low% resistantee contacts are applijed a long thle lenrgt t it' 0 .0

he sam pie onl one of its faces. The saiiplc is then ciigI td to al ti 1
anitod ized al uinu tm Subst rate. Th is ha r configuration oxer- W

conies the disadvantages of the brid&IC ColltIl'Uraliio1. bit at C

thle expense of smialler Current Contact areas.
Lo\ resistance cottacts, to thle sample arc n tade hI -) P-0.4

fing, a thin lax ie of silter paitnt' IDuPont 4022) inl thle

desi red electrode pattern . 'Thle paited saniple is t hen placed 98
KZick inl thle tkiia-Lc and hieatcd for proiatel \\o 1hours 0.2 590

-1t ') teilpeiraitre snexhat helo\\ thle origiiial siicritiC ten- 3393Acm 04

perature. 'Typical Contact processing temperatuires are4.

C f I CL. - lll S 0 C fO1-20 40 60 80 ino 120

coliiiotis froi high i lrnperl. e an an\i su squ n all-c R, *LI~i 10 1i.ri ' Il Pi th st (. U Ii .. tI Idlp~c i i

necal' are Iliesatlit' as ihclit i 'iil processinig cycle to iliixl itim li i .tii.liiiii. iiiicIcCI I iI i

that (lhe sliple chatat tiistics tn tnot chliairzc. These eondi- II

inns include princessill tile 'i P Cu 0.- szlninplex iii .\ em

.dthle Bi Si~Ca ; Ci (1 in0 Slipls in alir.
One the low, resistaunce contacts, are in place and the cUIi xcx at dlitleiCz-it ternperatutres is shonx~i in Fi-. 4 fkw tlie

Sainiplc has beeti configured as described abox c. short pieces '13a. CUI0- xatiiple Of 1-ig. 2. Ihesnpecosseita
of solid copper wire are indium soldered to the silver pads. Irea is (0.75 nini . and t lies\ oliage probe separa iott ix 2.o inim-
These wires are large enough to earn the maximum current A us iiI f (1ti n ut co l. ere used for
us~ed (keeping- in nmind the pulse duty cycle) bitt yet small these n~CIcasurenlieIt x. Inicluded] in Fig. 4 is a pailr of curs cx
enough to avoid large heat leaks to the sample. The alunii- maue ttesuesml lc eiea r.oi iii

otto sustrte, o wichthesampe i boded is ttahedtii pulsed Current anid the other uising direct curi cut. Essential],
Ie copper sample block of a closed-cycle Hc-4 refrigerator tilie Sain1C C ri tiCa1 ITCr ei is Obt a ined from11 1ot(h1 teeclhniqutes,.

or of a cryogenic probe usinig a thin laver of Apiezoti-N As expected. oscxr.thle dIC xaIloe is slilit lx less thanl thle
grease. The temperat iireC ofthle copper block is measured by a plelvledet nrae oa etn ~tlexipc
c-alibrated silicon diode embedded in the block. There is. That is. the saitipletemlperatulre is slightlly h&iher dulritig the
however, alw;ays a small thermal gradlietnt which develops I ileCasuLreineult thani durinig thle pul'sed nicasureniett and
bceteen the sample and sample block during wxarming or so thle IniCaSI d ciltical Current ix lexs (see temperCIaure de-
Coolinig. This temperature difference is monitored continti- penldeuce ini Fig. 5
oii'lv by a differential coppe r-Consta ntan -copper thermo-

Couple mounted with one junctioni on the block and one

Junetioti on the sample. The sample temperature is then the
temperature indicated by the calibrated diode corrected by 4 49K6.
thr temperature gradient measured with the thermocouple. 4 49K6.
This correction, made in real-time for each data point taken, 77.3
is usually less thall 2 K. 30

lbcp I sefilNd eurren t ni casi enmt s cal it e Perforimeid

Ill txsO different moitdes. [lie first miode ix "5iii a conistat
etirett uls ~tiihi -d.le samtple ,oltage is measured as ... 2

lite samtple slowix warmls. Tbis is effectix clv a mecasure of' >

samtple resistanice R xcr stis temiperature I. atid is used to

stuid\ thle main stiperconu eting tranisition allx \%li as tile dle- t

cloptitett of the rcsistixe -'tail- that iocctirs at high currett

densxities. The restilts for a Bi, , lb,, Sn.,Ca. Cui),, sample 0
mtiastired atl x ari otts cuinrren di ien sit ies in this wa' 'ire showni

it Fig. 3. the pul ~c width for these nmeasurcmnits was I (lis
anid thle ditty cycle ranged friomi 0.01 to0.1 I Aniother mode t
of mleasuremnent, usually Used to Study lie onset of resis- 0 50 Doo 150
lance. is t he miore familiar I- tineasu rement. perforni:(] at J IA/cm 2)
contstanut temperature, in %Oubch thle sample voltage is inca- [i1.. 1 (ur via s: .l1 ck i mid V_ .I ..i iiiipi I~v aini~iiii.
sutred as t he ecurren t piulse a mpl ituode is Slowly increased. A N i;C lis ('1 0 p Ic llI ur I i 'Liii 'AI kcdd lkis iiimu riil i liieo m -.

series ofI-V I acttlix'l, cuirrenmt den sity J vs electric field E) ~ i ii i sdtmkdciv i
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600 t toni of t lie transit ion miiidpoinit tempera t u re for thle sample of

Fig. 5. Extrapolation to lower temperatures. gives values of
intrinsic critical current density which are in very good

0 agreement with results obtained from other techniques, such
* as magnetic hysteresis experiments."

400 At a high enough pulse iluty cycle. or for a resistive
cv 0*enough sample or large enough current-coi ltact resistance,

U sample heating can be a problem. just as in the dc measure-
6 *ment case. The most direct indication of heating is anl inl-

Q~ U. crease in the temperature difference A 7between the sample
200 *and the copper block ( over and above the usual thermal lag

* between the two) as measured by the diffl-rential thermo-

ID couple. Although at constant AT is the most desirable, anl
increase of at few degrees is acceptable as long as it is taken

* into account in determining the sample temperature. Onl\ a
0 20 40 0 80 100 few of the pulsed current measurements made at this labora-

1 2 40T (K) 60 10 10 tory on, high T1 superconduetors have shown heating to this
extent. Another %%a\ to gauge the effects of samp~l heating is

ti t!L R~' C&lp~~hC~lC~ ' . k I'Iiti U () dTL LICIIC~4ICd to do a measurement at a givenl Cuirren t and dii vev I~cc. anid

~iIXU C~h~i~~iCto then compare these results to those obtained ss hen thle

duty cycle is increased (sa\ by doubling the pulse freqUen1-
Cv but wkit Ih the samec current. Thle measured rcult should

-1 \o different characteristiC Critical current densities, remain the samec if sample heating is itisignificait. ()ne or

corresponding to thle t N sx nmasUremenTt miodes described both of these tests cait be used to select art appropriate pu11sC
thome, Canl be associated] with the grainular, bulk fornm of' 41;1% cycle vhen setting up thle experimnt.
thesC hich I superei-otduci ing ceramics."" The critical cur- A natural extension of' this pulse cechniqu-" fihc mc.-
rent densits norrnafl deried fron' I-ineuret. I is surentent ofthe superconduct ing& properties (it hgh 1, thin
it a rt ic of te weak li nks w\hich coninect tile indtiV idi- i ins. Ver\ large current densities can easily be p rotidu ci

tirl, sinll:C-cr\ stal grains of su pe rcotdueto o. i' The temipera- beca use of tihe sm all cross sections of hie fIints, Ili add ition.

tore- dlepenldeitee ofJ' Tlmeasured V,1it1 this Pulsed current critical Current and resistance mleasUremetits as, a function of

technique. is plotted iii Fig. 5 for- another Y13a CU , 0.- saml- magnetic field should be qJuite Practical for both hulk anld

P.e. Thte Much hieher inttrinsic critical cufrrentfi of the grains tilm samuples.V
canl also be measured with the same pulse tech nique. This

rntdensity, denoted J:' is obtained by observiitg the
tu!rni-iitdtaeed supi,.rcssioti of the midpoint ofihe main si-

pCI-ond Lct i ng t ransitiion. Ji is plotted iii Fig. 6 as, a fune- ACKNOWLEDGMENTS
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