PHYSICAL REVIEW B VOLUME 60, NUMBER 5 1 AUGUST 1999-I

Experimental evidence of a fractal dissipative regime in highf. superconductors
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We report on our experimental evidence of a substantial geometrical ingredient characterizing the problem
of incipient dissipation in highF, superconductoréHTS’s): high-resolution studies of differential resistance-
current characteristics in the absence of magnetic field enabled us to identify and quantify the fractal dissipa-
tive regime inside which the actual current-carrying medium is an object of fractal geometry. The discovery of
a fractal regime proves the reality and consistency of a critical-phenomena scenario as a model for dissipation
in inhomogeneous and disordered HTS's, gives the experimentally based value of the relevant finite-size
scaling exponent, and offers some interesting new guidelines to the problem of pairing mechanisms in HTS'’s.
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Local inhomogeneities characterize high-temperature sun particular, we claim that the-V characteristics are generi-
perconductorgHTS’s) both on nanoscopté (e.g., periodic  cally composed of the three distinct regimes: a regime re-
or aperiodic variation of local oxygen stoichiometrgnd  vealing no practical dissipation, a regime obeying conven-
mesoscopit(e.g., oxygen depleted grain boundayispatial  tional correlation length scalinhomogeneous regimeand
scales. While all the consequences on normal and supercogn intermediate regime obeying finite-size scalifigctal re-
ducting charge transport in the former case has not beegime). while the dissipation in the former regimes has al-

entirely clarified yet _the case of grain boundgries is bette;eady been a subject to experimental reports and appropriate
understood: at least in a broad range of experimental paramysogeling®

; . *8 the experimental results concerning the fractal
eters the supercurrent transport in polycrystalline samples ref'egime have not
lies on a “weak link network” (WLN), i.e., on mesoscopic '

oo . ) The basis of the model is the idea that the increasing
superconducting islands interconnected by Josephson inter- ) : .
. . current applied to disordered WLN decreases the fraction of
action. Although the transport features on nanoscopic scal

may significantly differ from those characterizing a rather?osephson-current-carrymg bonds in a random manner.

simple WLN problem(e.g., local inhomogeneities seem to Hence, the applied current plays the role of random generator

give rise, as reviewed by Refs. 1,2, to conducting stripesWhiCh in classical random electrical networks changes the

clusters, wires or filaments which are, at least to some extent€lative fractions of their components. In the DB mddehe ,
mobile, compared to predominantly static weak linkise _elemen'ts and the relevance of this analogy have been studied
experimental evidence in favor cd-b plane Josephson N detail. Here we focus on the problem of relevant length
junctions indicates that, besides qualitative similarities, thescales. In analogous classical networks there are two of
intrinsic and WLN transport are more closely related to onethem?'%the correlation lengtl (the representative size of
another than it had been foreseen earlier. growing ramified clustejsfor p away from p. and the
Irrespective of the extent the processes at nanoscopic arsdmple sizel for p close top, (“at criticality” ). In ap-
mesoscopic scales are related, the problem of charge trangroachingp., ¢ diverges involving exponent [~0.88 in
port in WLN represents an autonomous subject of much inthree-dimensional3D) system$ and the power-law form of
terest due to its relevance for general understanding of transtatic and dynamic quantities manifests the property of spa-
port in heterogeneous systems and in Josephson junctidial scaling. In particular, the resistanéeof the random-
arrays(JJA’s) in particular® Focusing to the problem of dis- superconductor networKRSN) disappear® as (p.—p)®
sipation there are convincing arguments, particularly in abs ¢~ %", wheres is the breakdown exponens£0.8 in 3D.
sence(or in smal) magnetic fields, that the onset of dissipa- Close top, the homogeneous-to-fractal transformation of the
tion is dominated rather by a phenomenon of percolatiorgeometry of incipient cluster takes place and, wiide-
than the dynamical features of flux lattitéIn a disordered- comes independent qf, the finite-size scaling relatioh®
bond (DB) modef-® the critical current , characterizing the R(L)«L %"~ replaces the ordinarR(L)oL 1.
dissipation onset reflects the connectivity threshpldof In applying a similar scenario to current-induced transi-
classical percolation network¥ [such thatp,=p(l.)] so  tion in WLN we assume that, in approachitg (i.e., p)
that the experimentally documented power-law-like currentfrom above, the representative size of the largest phase co-
voltage (-V) characteristics can be naturally interpreted as @erent cluster diverges a§ as well. The experimental
current-induced but in essence traditional critical phenomstudie$ of the related homogeneous regime were shown to
enon. Consequenthyl-V characteristics should also reveal be in a close agreement with the predictions of the model.
various manifestations of crossover between the relevartiowever, the precise interpretatidrof the characteristic ex-
length scales known to underly the critical behavior. Weponent(experimentallydV/d| exponent is close to)2s still
show in this report that the latter crossover may be detectednresolvedsee below. Considering the experimental acces-
and quantitatively investigated in experimentaV! curves. sibility of the crossover to the fractal regime we note that the
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unit of length involved in the WLN probleni.e., average 80
grain sizel) belongs to mesoscopiqufn) scale. Hence, the
observation of a size effect introduced by competing length
scales seems, for polycrystalline samples of reduced but still g |
macroscopic thickness, as an open possibility. Indeed, the
first high resolution dynamical resistance measurements
(achieving the equivalent voltage resolution of better than 1
nV) on polycrystalline samples which are thin by their very
design, HTS superconductor—normal-metal composite tapes
(superconducting core thickness in the range—10
—50 um), revealed the two characteristic currents. As illus-
trated by Fig. 1, the lower one triggers the onset of low-level,
nonexponential dissipatiorionset currentl,) while the
higher one parametrizes the scaling behawidr/d oI 0 foo
—1.)%, x=~2 of subsequently rapidly growing dissipation 0.0 0.2 0.4 0.6 0.8 1.0 1.2
(thermodynamical critical current,;). One could assume current (A)
that a rather broad dissipative range betwkgrandl . cor-
responds to validity oE=L when the incipient dissipative FIG. 1. High-resolution differential resistance in Ag/HTS com-
sites would fill the sample-sized network of fractal geometry Posite tape, core thickness 30 um. The pronounced anomaly
Indeed, the saturationlike behavior of dissipation in that2Pove the sharp dissipation onset gtis attributed to the sample
range is, while in obvious disagreement with any f|ux_creer§|ze.scallng£/>L). For higher currepts the usual correlatlo)r(l length
model (exponential in applied currentat least in qualitative  SCaling <£7*") takes over. ExperimentalydV/dle (I =1¢)" Ic
agreement with general independence of any observabFO'G'Xzzfas_ shown by the thin line. The vertical arrow illustrates
(dV/d! in our casg on ¢ in the range of a sample-sized the r'esolutlon. Its Ie_ngth correspo_nds_to a dg voltage of 15 nV.
9.10 . . Inset:V-1 curve obtained by numerical integration of the measured
fractal.™" A similar observation of the broad range of low- v\
level dissipation in composite tapes has also been reported '
by other authors but interpreted by less fundamental
causes? formed therefore the measurementsl afV/d| characteris-

By studying a thickness dependence in appropriatéics on a well-characterized, nontexturgde., isotropi¢
samples we prove now the presence of geometrical corpolycrystalline RBa,Cu0,_, (R=Y,Gd) bulk sample(a
straints of fractal nature in initial dissipation of HTS's in a WLN prototype in many successive steps, after its thickness
more quantitative waythe results on composite tapes, Fig. had been gradually reduced by fine plan-parallel grinding. In
1, represent just a qualitative indicatjorThe presence of that way, apart from various thickness, all the measurements
many spurious and/or overlapping efféétsn composite were performed on the same initial sample. The transport
tapes and HTS films precludes obtaining a firm quantitativeproperties of the samplé.g., room temperature resistivity
information on critical behavior from these samples. We per-T.. resistive transition widthdid not change in all stages of

voltage (uV)

-
T

40 |-

0.0 0.5 1.0
current (A)

dv/dl (nOhms)

20 -

T=96.48 K
BPSCCO/Ag tape

3500

3000

2500

2000

1500

dv/dl (uOhms)
3IIIIIIIIIIII‘IIIII|IIII

1000

500

0.00 ' : 0.0 0.10 0.12 0.14

current (A)

FIG. 2. Thickness dependence of differential resistances of polycrystalline ,Gdg2, _, sample(open symbolsand homogeneous-
to-fractal phase boundaryhick gray ling. The thicknesgin um) is designated by numbers near the experimental curves. The thin lines
represent the predicted power-laws characterizing the homogeneous r@giengext. A sizable deviation which scale the sample size
corresponds to sample-sized cluster of fractal geometry. Large triangles were used to exfRatt recaling in the inset to Fig. 3. Inset:
Temperature dependence of the very onset of anomalous dissipation in the thinnegtrfd%ample.
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70 mination of |, in thin samples is quite straightforwatthe
50 - @ 1000 £ onset of dynamical resistance is very sharp, inset to Big. 2
5 : n=3.36 the determination of. is not;| . represent just a parameter in
50 f 100 £ ® the DB model for dissipatiof, dV/dl=R;(gp/I)*(l
< i, 2 —1.)%, whereR; represents the total resistance of WLN in
< 407 : e the homogeneous regime.
e 40 60 80100 An interesting observation is that the thermodynamic
‘> 30 7 L (um) critical current densityl,. is strongly thickness dependent as
~ o0 4 well, Fig. 3. The presence of a size-effectinis, however,
a rather well knowf? although somewhat neglected phe-
10 nomenon. We found that the observed increasd ofor a
factor of 5 by thinning the cross section perfectly fits the

0l v 1l v b L o .
o 200 200 800 800 1000 general breakdown formLi‘I%Jcoc 1[1+ (alogyl)*] which
predicts that the critical current density vanishes in thermo-
L (pm) dynamic limit. Our results are compatible with.(L)

FIG. 3. Thickness dependence of thermodynamical critical cur-— 5Jc(Lmad/ {1+ [10g1o(L/L min) 1°} hereL o andL i, are
rent (J.) and onset current)(,) density-experimental pointsym- maximal and minimal Sample thickness, reSpeCtively. Insert-
bols and model predictiongthin lines. Inset: Thickness depen- ing the latter expression into the derived one Jgf (com-
dence ofdV/dlI atl. (at criticality) indicates the fractal geometry of prising only one adjusting parametgy one gets the peaked
the network. The slope for homogenedtsiclidean electrical net-  curve, Fig. 3, as a prediction of this model. The two depen-
works isn=1. dencedfor J. andJ,,) joins smoothly in increasing asAp

(i.e., Al) continuously vanishes, as well gsitself, in this

its thickness. The measurements we report on in this papgmit. The remarkable overlap of experimental points and the
covered the sample thickness range of 20—-10@0(factor  model predictions, Figs. 2 and 3, illustrate the reality of the
of 50). For thicknesses above approximately & only the  model, in spite of its simplicity. It is interesting to note that
unique “thermodynamic™ critical current, accompanied by rig 2 can be interpreted as a kind of phase diagram: the
the usual power-law-likge< (1 —1¢)”, x~2] growth of dissi- ey gray line separates the homogeneous from the fractal

pation (specific for scaling regime in a very large sam@e, phase of the cluster inside which the initial dissipation
<L), have been detected. In the sample stages involving FOWS

smaller thicknesses the two characteristic currégiand| The main quantitative results of this work are plotted as

have been observed, just as in composite tapes. Some of tgﬁ inset to Fig. 3. It plots the value of dynamical resistance

o et et e, 2l PSR 1) o G valabe sample 1ckness
9 y high Gy The particular current at whicR; has been taken wads,

resolution(inse). The anomalous dissipative range between h X . induced i Th
I, and |, is rather complex but systematically depends ont'® representative gb. in current-induced transitions. The

sample thickness: The size of the onset anomaly drasticallfic(L) refationship can be fit nicely by a power laR(L)
increases by decreasirlg The analysis and interpretation *L - The exponent valuen(=3.36) deviates strongly from
have been performed inside the DB mddekhich provides ~the valuen=1 characterizing homogeneous netwofkse
both the limiting behavior in the correlation length scaling scaling withn=1 is strictly obeyed in, e.gR¢(L) depen-
range£<L (thin lines in Figs. 2, Band the estimate of the dencd. Also, the quantityv(n—1) which in finite-size scal-
width of the range of sample size scaling={L). The cross- ing calculations gives the dynamical exponent of homoge-
over between these two ranges takes place when the divergeous regime is numerically very close=2.1) to the
ing £, &(p)=I|p—p. ", becomes equal or higher than the experimentally well-documentédvalue x=2 valid in that
sample size. The unit of lengthlisthe network unit cell size regime. Both arguments provide, therefore, the evidence for
(for | we usedl~5 um, the average grain size of the fractal geometry involved in initial dissipation.
sample. In other words, as long as the fraction of “good”  The important issue which remains to be clarified is the
bonds deviates fromp. (percolation threshold of an infinite interpretation of the value of the exponentas well as of the
system by Ap=(I/L)"=(1/L)**%or less, the macroscopic related exponenk characterizing the homogeneous regime
properties should have a weak dependencepdine., on  of |-V characteristics. The experimental values of exponents
current in our caseand the underlying ramified sample-sized (x~ 2, n~3.4) are, while mutually consistent, in clear dis-
cluster should be, geometrically, a fractal. agreement with those obtained by identifying RSN and
In the DB modet® a linearp(1) approximation has been WLN, i.e., x~s~0.8, n=s/v+1~1.9. There could be sev-
shown to work well close tg, (but still outsideAp): p.  eral reasons why the WLN exponeximay differ from the
—p=(ca/cy)(pc/1)(I—1¢), wherec,/c, (=g henceforth  classical ones. A well-known example is the *“Swiss-
is a geometrical factor of order 1. The current interval com-cheese” morphology in continuum percolatibnequivalent
patible with Ap, Al, reads thereforeAl=1.g(Ap/p;)  to the case of broad distribution in bond resistances, shown
=(1.9/pe)(1/L)+12¢ The onset current can be now definedto influence the exponent. The other is the experimentally
asl,,=1.—Al and the corresponding current density is ex-documented nonuniversal conduction in carbon-black-
pected to depend strongly on sample thicknéssJ,, polymer composit¥ attributed to peculiarities of tunneling
=JJ1—(g/ps)(1/L) 1139, Experimentally, while the deter- as a mechanism of local conduction. Both the broad distri-
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bution and tunneling seem as natural possible causes for thiameters Given the electrically heterogeneous local proper-
exponent deviation in WLN of HTS. We also note that thereties, combined with vicinity of metal-insulator transition, the
are some obvious differences between current-generategssociated elasticévibrationa) network (which is formally
(WLN) and random-generatd®SN) clusters. Better under- isomorphic to its electrical counterp&ht might be not only
standing of these differences could probably come from verpeterogeneous but may possess a fractal geometry as well. In
recent and exciting studies of self-organizedand 4 fractal elastical lattice the vibrations are, instead of ex-
“small-world” * networks. S _ tended phonons, the localized high-frequency fracfofis

~ The observation of a fractal dissipative regime offers anyhich may contribute to pairing. Relaying on peculiarities of
interesting new guideline towards understanding the intrinsi¢ya fracton density of stafé,such as high cutoff frequency
pairing interaction in HTS’s. There are numerous arguments  4/or high-frequency “missing mode<?'the pairing tem-

that the intrinsic intraplane and interplane charge tranSporrBeratures could be higher than those associated to classical

a(;tually takes_ place Ina heterogeneous qonductlve I’nejd'umphonons. On the basis of our results we suggest, therefore,
with percolation playing probably the important role as

well2 Moreover. these conditions are considered accordinthe consideration of a fractal dynamical lattice as a possible
) ’ o . ' Yource of nonstandard pairing interactions at high tempera-
to some author& as substantial ingredients of the mecha-

nism of superconductivity itself. The involved heterogeneitytures'

may rely either on charge separation, stripes, wires,'etc., The author acknowledges a fruitful exchange of ideas
cluster formatiorf, or on filamentary fragmentatigit.Under  with J.C. Phillips and is also indebted to K. Uzelac and I.
these circumstances it seems quite reasonable to assume tAatkovic for numerous discussions and to D. Pavuna for his
the intrinsic current transfer may include the fractal networkcontinuous interest and support. | am also grateful to P.
as well (at least in a certain range of relevant transport paKovac and F.C. Matacotta for providing me with samples.
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