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Experimental evidence of a fractal dissipative regime in high-Tc superconductors
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We report on our experimental evidence of a substantial geometrical ingredient characterizing the problem
of incipient dissipation in high-Tc superconductors~HTS’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
perconductors~HTS’s! both on nanoscopic1,2 ~e.g., periodic
or aperiodic variation of local oxygen stoichiometry! and
mesoscopic3 ~e.g., oxygen depleted grain boundaries! spatial
scales. While all the consequences on normal and super
ducting charge transport in the former case has not b
entirely clarified yet the case of grain boundaries is be
understood: at least in a broad range of experimental par
eters the supercurrent transport in polycrystalline samples
lies on a ‘‘weak link network’’~WLN!, i.e., on mesoscopic
superconducting islands interconnected by Josephson i
action. Although the transport features on nanoscopic s
may significantly differ from those characterizing a rath
simple WLN problem~e.g., local inhomogeneities seem
give rise, as reviewed by Refs. 1,2, to conducting strip
clusters, wires or filaments which are, at least to some ext
mobile, compared to predominantly static weak links! the
experimental evidence in favor ofa-b plane Josephson
junctions5 indicates that, besides qualitative similarities, t
intrinsic and WLN transport are more closely related to o
another than it had been foreseen earlier.

Irrespective of the extent the processes at nanoscopic
mesoscopic scales are related, the problem of charge tr
port in WLN represents an autonomous subject of much
terest due to its relevance for general understanding of tr
port in heterogeneous systems and in Josephson jun
arrays~JJA’s! in particular.6 Focusing to the problem of dis
sipation there are convincing arguments, particularly in
sence~or in small! magnetic fields, that the onset of dissip
tion is dominated rather by a phenomenon of percolat
than the dynamical features of flux lattice.4,7 In a disordered-
bond ~DB! model4,3 the critical currentI c characterizing the
dissipation onset reflects the connectivity thresholdpc of
classical percolation networks9,10 @such thatpc5p(I c)# so
that the experimentally documented power-law-like curre
voltage (I -V) characteristics can be naturally interpreted a
current-induced but in essence traditional critical pheno
enon. Consequently,I -V characteristics should also reve
various manifestations of crossover between the relev
length scales known to underly the critical behavior. W
show in this report that the latter crossover may be dete
and quantitatively investigated in experimentalI -V curves.
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In particular, we claim that theI -V characteristics are gener
cally composed of the three distinct regimes: a regime
vealing no practical dissipation, a regime obeying conv
tional correlation length scaling~homogeneous regime!, and
an intermediate regime obeying finite-size scaling~fractal re-
gime!. While the dissipation in the former regimes has
ready been a subject to experimental reports and approp
modeling,4,8 the experimental results concerning the frac
regime have not.

The basis of the model is the idea that the increas
current applied to disordered WLN decreases the fraction
Josephson-current-carrying bonds in a random man
Hence, the applied current plays the role of random gener
which in classical random electrical networks changes
relative fractions of their components. In the DB model4,3 the
elements and the relevance of this analogy have been stu
in detail. Here we focus on the problem of relevant leng
scales. In analogous classical networks there are two
them:9,10 the correlation lengthj ~the representative size o
growing ramified clusters! for p away from pc and the
sample sizeL for p close to pc ~‘‘at criticality’’ !. In ap-
proachingpc , j diverges involving exponentn @'0.88 in
three-dimensional~3D! systems# and the power-law form of
static and dynamic quantities manifests the property of s
tial scaling. In particular, the resistanceR of the random-
superconductor network~RSN! disappears10 as (pc2p)s

}j2s/n, wheres is the breakdown exponent (s'0.8 in 3D!.
Close topc the homogeneous-to-fractal transformation of t
geometry of incipient cluster takes place and, whileR be-
comes independent ofp, the finite-size scaling relation10,9

R(L)}L2s/n21 replaces the ordinaryR(L)}L21.
In applying a similar scenario to current-induced tran

tion in WLN we assume that, in approachingI c ~i.e., pc)
from above, the representative size of the largest phase
herent cluster diverges asj as well. The experimenta
studies4 of the related homogeneous regime were shown
be in a close agreement with the predictions of the mod
However, the precise interpretation11 of the characteristic ex-
ponent~experimentally,dV/dI exponent is close to 2! is still
unresolved~see below!. Considering the experimental acce
sibility of the crossover to the fractal regime we note that
3100 ©1999 The American Physical Society
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unit of length involved in the WLN problem~i.e., average
grain sizel ) belongs to mesoscopic (mm) scale. Hence, the
observation of a size effect introduced by competing len
scales seems, for polycrystalline samples of reduced but
macroscopic thickness, as an open possibility. Indeed,
first high resolution dynamical resistance measuremen12

~achieving the equivalent voltage resolution of better tha
nV! on polycrystalline samples which are thin by their ve
design, HTS superconductor–normal-metal composite ta
~superconducting core thickness in the range 12
250 mm), revealed the two characteristic currents. As illu
trated by Fig. 1, the lower one triggers the onset of low-lev
nonexponential dissipation~onset currentI on) while the
higher one parametrizes the scaling behaviordV/dI}(I
2I c)

x, x'2 of subsequently rapidly growing dissipatio
~thermodynamical critical current,I c). One could assume
that a rather broad dissipative range betweenI on and I c cor-
responds to validity ofj>L when the incipient dissipative
sites would fill the sample-sized network of fractal geomet
Indeed, the saturationlike behavior of dissipation in th
range is, while in obvious disagreement with any flux-cre
model~exponential in applied current!, at least in qualitative
agreement with general independence of any observ
(dV/dI in our case! on j in the range of a sample-size
fractal.9,10 A similar observation of the broad range of low
level dissipation in composite tapes has also been repo
by other authors but interpreted by less fundamen
causes.13

By studying a thickness dependence in appropr
samples we prove now the presence of geometrical c
straints of fractal nature in initial dissipation of HTS’s in
more quantitative way~the results on composite tapes, F
1, represent just a qualitative indication!. The presence o
many spurious and/or overlapping effects14 in composite
tapes and HTS films precludes obtaining a firm quantita
information on critical behavior from these samples. We p
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formed therefore the measurements ofI -dV/dI characteris-
tics on a well-characterized, nontextured~i.e., isotropic!
polycrystalline RBa2Cu3O72x (R5Y,Gd) bulk sample~a
WLN prototype! in many successive steps, after its thickne
had been gradually reduced by fine plan-parallel grinding
that way, apart from various thickness, all the measurem
were performed on the same initial sample. The transp
properties of the sample~e.g., room temperature resistivit
Tc resistive transition width! did not change in all stages o

FIG. 1. High-resolution differential resistance in Ag/HTS com
posite tape, core thickness'30 mm. The pronounced anomal
above the sharp dissipation onset atI on is attributed to the sample
size scaling (j>L). For higher currents the usual correlation leng
scaling (}j2x/n) takes over. Experimentally,dV/dI}(I 2I c)

x, I c

50.6, x52, as shown by the thin line. The vertical arrow illustrat
the resolution: Its length corresponds to a dc voltage of 15
Inset:V-I curve obtained by numerical integration of the measu
dV/dI-I .
-
lines
ze
:

FIG. 2. Thickness dependence of differential resistances of polycrystalline GdBa2Cu3O72x sample~open symbols! and homogeneous
to-fractal phase boundary~thick gray line!. The thickness~in mm) is designated by numbers near the experimental curves. The thin
represent the predicted power-laws characterizing the homogeneous regime~see text!. A sizable deviation which scale the sample si
corresponds to sample-sized cluster of fractal geometry. Large triangles were used to extract theRc(L) scaling in the inset to Fig. 3. Inset
Temperature dependence of the very onset of anomalous dissipation in the thinnest (19.7mm) sample.
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3102 PRB 60BRIEF REPORTS
its thickness. The measurements we report on in this pa
covered the sample thickness range of 20–1000mm ~factor
of 50!. For thicknesses above approximately 60mm only the
unique ‘‘thermodynamic’’ critical current, accompanied b
the usual power-law-like@}(I 2I c)

x, x'2# growth of dissi-
pation ~specific for scaling regime in a very large samplej
!L), have been detected. In the sample stages involving
smaller thicknesses the two characteristic currentsI on and I c
have been observed, just as in composite tapes. Some o
experimentaldV/dI(L) curves were shown in Fig. 2 usin
moderate~main figure! and a very high dynamical resistanc
resolution~inset!. The anomalous dissipative range betwe
I on and I c is rather complex but systematically depends
sample thickness: The size of the onset anomaly drastic
increases by decreasingL. The analysis and interpretatio
have been performed inside the DB model3,4 which provides
both the limiting behavior in the correlation length scali
rangej!L ~thin lines in Figs. 2, 3! and the estimate of the
width of the range of sample size scaling (j>L). The cross-
over between these two ranges takes place when the div
ing j, j(p)5 l up2pcu2n, becomes equal or higher than th
sample size. The unit of length isl, the network unit cell size
~for l we used l'5 mm, the average grain size of th
sample!. In other words, as long as the fraction of ‘‘good
bonds deviates frompc ~percolation threshold of an infinite
system! by Dp5( l /L)1/n5( l /L)1.136or less, the macroscopi
properties should have a weak dependence onp ~i.e., on
current in our case! and the underlying ramified sample-size
cluster should be, geometrically, a fractal.

In the DB model4,3 a linearp(I ) approximation has bee
shown to work well close topc ~but still outsideDp): pc
2p5(c2 /c1)(pc /I c)(I 2I c), wherec2 /c1 ([g henceforth!
is a geometrical factor of order 1. The current interval co
patible with Dp, DI , reads thereforeDI 5I cg(Dp/pc)
5(I cg/pc)( l /L)1.136. The onset current can be now defin
as I on5I c2DI and the corresponding current density is e
pected to depend strongly on sample thicknessL: Jon
5Jc@12(g/pc)( l /L)1.136#. Experimentally, while the deter

FIG. 3. Thickness dependence of thermodynamical critical c
rent (Jc) and onset current (Jon) density-experimental points~sym-
bols! and model predictions~thin lines!. Inset: Thickness depen
dence ofdV/dI at I c ~at criticality! indicates the fractal geometry o
the network. The slope for homogeneous~Euclidean! electrical net-
works isn51.
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mination of I on in thin samples is quite straightforward~the
onset of dynamical resistance is very sharp, inset to Fig!
the determination ofI c is not; I c represent just a parameter
the DB model for dissipation,4 dV/dI5Rf(gpc /I c)

x(I
2I c)

x, whereRf represents the total resistance of WLN
the homogeneous regime.

An interesting observation is that the thermodynam
critical current densityJc is strongly thickness dependent a
well, Fig. 3. The presence of a size-effect inJc is, however,
a rather well known15 although somewhat neglected ph
nomenon. We found that the observed increase ofJc for a
factor of 5 by thinning the cross section perfectly fits t
general breakdown formula16 Jc}1/@11(a log10L)a# which
predicts that the critical current density vanishes in therm
dynamic limit. Our results are compatible withJc(L)
55Jc(Lmax)/$11@ log10(L/Lmin)#3% whereLmax andLmin are
maximal and minimal sample thickness, respectively. Ins
ing the latter expression into the derived one forJon ~com-
prising only one adjusting parameterg) one gets the peake
curve, Fig. 3, as a prediction of this model. The two dep
dences~for Jc andJon) joins smoothly in increasingL asDp
~i.e., DI ) continuously vanishes, as well asj itself, in this
limit. The remarkable overlap of experimental points and
model predictions, Figs. 2 and 3, illustrate the reality of t
model, in spite of its simplicity. It is interesting to note th
Fig. 2 can be interpreted as a kind of phase diagram:
thick gray line separates the homogeneous from the fra
phase of the cluster inside which the initial dissipati
grows.

The main quantitative results of this work are plotted
an inset to Fig. 3. It plots the value of dynamical resistan
in fractal phaseRc(I c) for each available sample thicknessL.
The particular current at whichRc has been taken wasI c ,
the representative ofpc in current-induced transitions. Th
Rc(L) relationship can be fit nicely by a power lawRc(L)
}L2n. The exponent value (n53.36) deviates strongly from
the valuen51 characterizing homogeneous networks@the
scaling withn51 is strictly obeyed in, e.g.,Rf(L) depen-
dence#. Also, the quantityn(n21) which in finite-size scal-
ing calculations gives the dynamical exponent of homo
neous regime is numerically very close (52.1) to the
experimentally well-documented4 value x52 valid in that
regime. Both arguments provide, therefore, the evidence
fractal geometry involved in initial dissipation.

The important issue which remains to be clarified is t
interpretation of the value of the exponentn, as well as of the
related exponentx characterizing the homogeneous regim
of I -V characteristics. The experimental values of expone
(x'2, n'3.4) are, while mutually consistent, in clear di
agreement with those obtained by identifying RSN a
WLN, i.e., x's'0.8, n5s/n11'1.9. There could be sev
eral reasons why the WLN exponentx may differ from the
classical ones. A well-known example is the ‘‘Swiss-
cheese’’ morphology in continuum percolation,17 equivalent
to the case of broad distribution in bond resistances, sho
to influence the exponent. The other is the experiment
documented nonuniversal conduction in carbon-bla
polymer composite18 attributed to peculiarities of tunneling
as a mechanism of local conduction. Both the broad dis

r-
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bution and tunneling seem as natural possible causes fo
exponent deviation in WLN of HTS. We also note that the
are some obvious differences between current-gener
~WLN! and random-generated~RSN! clusters. Better under
standing of these differences could probably come from v
recent and exciting studies of self-organized19 and
‘‘small-world’’ 20 networks.

The observation of a fractal dissipative regime offers
interesting new guideline towards understanding the intrin
pairing interaction in HTS’s. There are numerous argume
that the intrinsic intraplane and interplane charge trans
actually takes place in a heterogeneous conductive medi1

with percolation playing probably the important role
well.2 Moreover, these conditions are considered, accord
to some authors,21 as substantial ingredients of the mech
nism of superconductivity itself. The involved heterogene
may rely either on charge separation, stripes, wires, e1

cluster formation,2 or on filamentary fragmentation.21 Under
these circumstances it seems quite reasonable to assum
the intrinsic current transfer may include the fractal netwo
as well ~at least in a certain range of relevant transport
i

r

he

ed

y

n
ic
ts
rt
,

g
-

.,

that
k
-

rameters!. Given the electrically heterogeneous local prop
ties, combined with vicinity of metal-insulator transition, th
associated elastical~vibrational! network ~which is formally
isomorphic to its electrical counterpart10! might be not only
heterogeneous but may possess a fractal geometry as we
a fractal elastical lattice the vibrations are, instead of
tended phonons, the localized high-frequency fractons22,23

which may contribute to pairing. Relaying on peculiarities
the fracton density of state,22 such as high cutoff frequenc
and/or high-frequency ‘‘missing modes,’’22 the pairing tem-
peratures could be higher than those associated to clas
phonons. On the basis of our results we suggest, there
the consideration of a fractal dynamical lattice as a poss
source of nonstandard pairing interactions at high temp
tures.
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