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Experimental test of the self-organized criticality of vortices in superconductors
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Magneto-optical studies of the vortex dynamics in Nb films reveal stochastic jumps of flux bundles forming
a rough penetration front. The scaling analysis of the width, correlation function, and the length of flux profiles
behind the front retrieves the roughness exponents and Housdorff dimension characterizing the self-organized
critical state. The exponents correspond1g-1)-dimensional nonlinear diffusion in systems with quenched
disorder and long-range correlations. The power spectra of the profiles confirm the self-affine character of the
dynamically formed critical state.
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The self-organized criticality(SOQ accompanied by the Inspired by this work we performed a magneto-optical
pattern formation is considered to be a general feature aftudy of rough flux fronts in lowF. Nb films. However, we
many physical systems with disorder. Examples are supestarted from the idea that there is anportant difference
conducting vortices, granular media, charge-density wavedetween growth and burning phenomena and the supercon-
earthquakes, dislocations, polymers, magnetic domain wallglucting critical state dynamics. If in the former two the struc-
growing crystals, wetting, and burning phenomé@fde dy-  ture behind the front is fixed, the evolution of the critical
namics of these complex systems is characterized by a hiestate behind the penetration front in a superconductor does
archy of spatial and temporal scales described by power lawsot cease. Therefore, we analyzed not only the flux front but
within several decades of sizes and tim&ich apower-law  also flux profiles behind it. We directly, and in a real time,
behavior is presently accepted as the main indication obbserved intermittent vortex avalanches in the samples
SOC. The values of appropriate exponents turn out to behanging to a smooth flux entry at larger temperatures. In
universal and refer the system to one of the universalityaddition to the statistical analysis of the width and correla-
classes associated with relevant dynamical equations. tion function of the flux profiles we determined their Hous-

There were several experimental attempts to prove thdorff dimension and found power laws with exponents char-
SOC of vortices entering type-ll superconductors in theacteristic for nonlinear diffusive systems with long-range
shape of flux jumps, but the situation is still ambiguous.correlated noise. The analysis of power spectra of the profiles
Direct measurements of the flux jump distributiénd, confirmed their self-affine nature and global scaling behavior
dB/dt spectr&,® and features of the flux relaxatidt in suggesting the universal SOC in the vortex system in some
both low- and hight, materials so far did not result in a temperature range below, .
clear and consistent picture. In some cases the SOC-type We studied 100 nm thick Nb films witfi,=8.5 K grown
power law for the jump distribution function was reported by dc magnetron sputtering on Si substrates. A magneto-
over ~2 decades of jump sizes>®1In other cases such a optical technique utilizing garnet indicatétswas used to
trend was not observ&ar observed in limited ranges ¢f image magnetic-flux patterns from 3.5 K ¥q. The field
and narrow temperature windofsleading to a conclusion was applied perpendicular to the film and spatial variations
of non-SOC dynamics. Good fits of the relaxation data usingf the flux density were observed in the polarized light as
formulas that account for SOC-like vortex avalanches changes in the local image intensity. The technique allowed
caused reasonable doubts as it turned out that SOC featurtss real time observations of the flux dynamics and measure-
cannot be retrieved from the classical relaxationments of the field maps using a 16 bit 1024024 pixel
measurements.Also, it was suggested that under some con-CCD array. From these maps we obtained profiles of the
ditions the relaxation through avalanches of many sizes doesonstant flux density and analyzed their width, length, corre-
not mean the existence of SOE. lation functions, and power spectra. The field ramp was very

An interesting analysis of a possible SOC dynamics ofslow (1 Oe/min) in order to reveal saturated scaling relations
vortices was proposed recently in Ref. 13 based on welleharacterizing geometrical features of the flux diffusion in
established scaling concepts used for studies of rough interandom potential.
faces in stochastic systerhst was reported in Ref. 13 that At T above~6.5 K the flux entry andB,(r)=const pro-
the kinetic roughening of the flux penetration front in a thin files were smooth and did not show a developed fractal struc-
yttrium barium copper oxid¢YBCO) film exhibits the dy- ture. Below 4.2 K large catastrophic thermomagnetic ava-
namical scaling with well-defined self-affine exponents.lanches similar to those reported in Ref. 15 strongly
Moreover, a change in the growth exponent was noticed andisturbed the flux patterns. However, at intermediate tem-
associated with different scaling regimes dominating at difperatures a remarkable intermittent dynamics of varying size
ferent length scales. The observed behavior was compared tioix jumps was clearly seen reminiscent of the popular sce-
the kinetic roughening in burning paper that fits with thenario of sand avalanches. It showed up as fast flickering of
SOC scenario for the nonlinear diffusion. the local flux density during the slow field ramp. The result-
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FIG. 1. (Color onling Flux pattern and profileB,=20 G (near - (b) y ‘
the sample edgeand B,=2.6 G (near the flux front at H, S Fi
=6 Oe. T=4.5 K. The local intensity is proportional to the, 10 '
value.
ing flux pattern had an average gradient perpendicular to the -
film edge and revealed inhomogeneities and roBghpro- 1 10 4ym) 100 0 1Log(k) 2
files as shown in Fig. 1. Below we present a statistical analy-
sis of these profiles. FIG. 2. (Color onling (a) The widthw of B,=const profiles

For a self-affine surface in stochastic systems, describets —2.65.4, and 11.4 G from top to bottorand (b) the correla-
as a functiorh(r,t) of coordinates and timet, the follow-  tion function C of a profile B,=5.4 G atH,=8 Oe. (c) Profile

ing Family-Vicsek scaling relations are expecfethe glo-  lengthL, measured in pixels of different size pB{=1.4,2.6, and
bal width Wof the surface defining square deviations from11.4 G(from top to bottor and (d) Power spectrun®(k) for the
the average position is represented as profile B,=5.4 G atH,=6.1 Oe.T=4.5 K.
W(L,t)={([h(r,t)—(h(t))]®) ) Y2=t2g(L/t?), (1) u2etd if u<l=9(k)~t@erdz jf k<12
s(u)~ . :
() const if u>1=S(k)~k~Getd jf k=17
) u® if u<I=W~L* if t>L? @ (6)
u)~ . .
9 const if u>1=W~t*? if t<LZ whered is the dimension of the reference surfaéer our

) flux profilesd=1). The same scaling is obtained for the
Here(---)_and(---) are averaging over the system slze frequency spectr&(f) [k is changed fof in Eq.(6)]. For the

and over realizations, respectively,is theroughnesexpo-  anomalous scaling a new(u) form appears with a third
nent(in most cases, identical to thturstexponenk, zis the  gpactralexponente,: Y’

dynamicalexponent, and the ratia/z is the growth expo-

nent 8. These exponents characterize thversality class uzetd if u<1
of a nonlinear diffusion model capturing the physics of the s(u)~ u2le—as i u>1
surface evolution. In windows of a smaller sizethe local '
width w(¢,t), which is usually measured in the experiment, If as<1,as=a, and eithera,# « (local # globa) or «a;

()

has the same scaling, Eq4) and(2), with L changed fot. ~ =« [local=global, Eq.(6)]. In the casexs>1,a,=1 and
However, in many systems the roughness exponent in theither as= a (superrougheningor as# a (new class
scaling functiong(u) acquires a local valuey, different The scaling exponents have a direct link to the Housdorff

from a (anomalous scaling changing the universality class dimension of the rough surface determined as
so that

D=lim[InN/In(1/p)]p_0- (8)

etlamadlz it s 2= g (@) gt t~ L2 HereN is a number of elements of sizerequired to cover

w(e,t)~ iz if t<¢?[asinEq. (2)]. the surface(box counting method For the self-affine sur-

3) faces
The same scalin3) is expected for the two-poirtorrela- D=d+1-e. ©
tion function Figure 2a) shows the local widtlw(¢) of B, profiles for a
flux pattern formed atT=4.5 K in external fieldH,
C,t)={h(r+£,t)—h(r,t)]?),)*2 (4 =8 Oe. The profiles are acquired near the middle of the

edge in a~4x4 mn? film. IncreasingB, corresponds to
Due to the same form of the scaling function it is hard toprofiles taken closer to the sample edge, wHgye H, due
reveal the anomalous behaviar(# ) fromw andC. How-  to the shape effect. At smalldr the log-log plot reveals a
ever, it can be done using tip@wer spectrunof the surface  good power-law shape of/(¢) that transits to oscillations
which presents the square Fourier componenth(@ft):  around a saturation level at largér Similar small scale
S(k,t)=(h(k,t)h(—k,t)). In the self-affine case it scales as power law and the change in slope at larger scales were

reported for ofw(¢) in YBCO.X2 Unlike in Ref. 13 we refer

S(k,t)~k~Catdgktl/z), (5)  this change to the artifact of treatment in a finite-size win-
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25 this we analyzed the power spectra of the profiles as pre-
(a) scribed in Ref. 16.
) L Bia Figure 2d) presents the power spectf&(k)]*? of the
° o ¢ flux profiles at differenB, levels. They are symmetric with
i respect to the middle of thk=1-1024 window and are
L5 ey b shown only up tok=512. The spectra are noisy, which is
2 LA AR LS RS G typical for systems with quenched disord®t The points at
L 1 "1 Ink<<1 corresponding to distances 100 pixels (1 pixel
. . v/'afrom S(k) =1 um) are shifted from the main trend due to the finite-
0 MG il size effect and are not used in the analysis. At42.7 (k
0.5 [ue o From WD 4 ~512) S(k) in a log-log scale is also turning from the linear
a from (C(J) behavior. Therefore we used a linear fit in a shorter range,
1<Ink<2.5, to determine the exponent which in our long-

time case[bottom formula in Eq.(7)] should be given by
S(k)~k~ (22t The fitting values ofx, for profiles at dif-
ferentB, are shown in Fig. @). They are remarkably close
to the roughness exponents extracted fl@mndw confirm-
ing that as=a,=a. So the scaling is global and the
magnetic-flux structure is self-affine.

The electrodynamics of superconductors representing the
flux motion is described by the nonlinear diffusion scenario
following from the Maxwell equations’ However, in order
to study the fractal details of the flux patterns one has to
explicitly account for disorder terms. This results in a
|°  N Langevin-type growth equation and defines a model generat-
0 5 10 15 20 25 ing characteristic exponents of the critical staelow we

B, (Gs) discuss some models that yield roughness exponents close to
our experimental values.

FIG. 3. (Color onling (a) Exponents retrieved from the profile An “anomalously largevalue of a (>0.63) was ob-
width w(¢), correlation functionC(¢), and power spectr&(k),  tained in many fractal experiments, including wetting of po-
and the Housdorff dimension from the profile lengti(p) at dif-  yoys media, propagation of combustion fronts, growth of cell
ferentB, levels (H,=6.1 Oe,T=4.5K). Also the sumD+a i colonies, polycrystalline and epitaxial film growth, colloidal
shown_.(b) Expone_nts at differenB, levels for flux patterns mea- deposition, erosion, and other procesgsse in Ref. 2
sured in external fields of 4, 5.2, 6.1, 7.5, 8.2, and 9 Oe. These phenomena may be related to the modified Kardar-

Parisi-Zhang[KPZ) universality class. A regular KPZ equa-
dow £ determining thew(€) oscillations at{ >0.1L. The tion with uncorrelated disorder predicts=1/2 for (1+1)-
correlation functiorC(¢) follows the same behavior as illus- dimensional interfaces. Introduction of a spatially correlated
trated in Fig. 2b). We retrieved the roughness exponent  disorder with a spectrum (k) ~ 1/ k|* (i.e., the direct space
from the initial slope ofw(¢) andC(¢) and plotted it as a correlations~|r —r|?*~1) results ina=1/2+2(p—1/4)/3?
function of B, in Fig. 3@). It has an unexpected nonmonoto- At p—1/2, «—2/3 in accordance with values we observe
nous behavior reaching maximuar0.7 (close to 0.64 re- behind the front. Similar largex emerges in the case of
ported in Refs. 1Bat some distance behind the penetrationtemporal correlation$Note that the long-range interactions
front (B,~0) and decreasing towards the edgggestB,). (p~1/2) should be expected in thin films, where the electro-
This reduction of the roughness could be due to the aligndynamics is essentially nonlo¢aland vortices are coupled
ment of the current flow by the edge. The length of theby slowly decaying Pearls forc®srather than by the expo-
profiles measured in different pixel sizés(p), is presented nential repulsion relevant for bulk superconductors. There-
in Fig. 2(c). It shows a distinct power behavior allowing to fore correlations can be a reason for the laige@e obtained.
estimate the Housdorff dimensidd which is plotted as a At the same time, more naturally, our experiment could be
function of B, of the profiles in Fig. 8). This function re- related to the directed percolation depinning mod&PD)
veals changes complimentary to thoseaf D goes from simulating the (1+1)-dimensional interface propagating
maximum at the frontB,~0) to a minimum at some dis- through the quenched disordein this modela=2/3, close
tance behind it, then increases and reduces again at the our value behind the front. DPD is similar to the KPZ
sample edgémaxB,). Interestingly, the sumdd+ais~2  model with quenched disordéQKP2). The latter considers
as it is expected from Ed9) with d=1. Figure 3b) shows different scaling regimes depending on the driving force. It
all the exponents for a number of flux patterns formed afpredictse=0.63 for mainly pinned interfaces ane=0.75
different external fields. Profiles with the sarBe are ob-  for interfaces moving in the critical regime. There are other
tained here at different depth from the edge. Remarkablyguenched disorder processes generatind.7 in the(1+1)
they all overlap in a very consistent manner which may in-dimension. They show a strong relevance to power-law noise
dicate to a global scaling in the vortex system. To confirmdriven interfaceswhich could be expected accounting that
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such a noise is intrinsic for the rough motion. Presently, uni-our results from Ref. 13 where=0.64 was reported just at
versality classes for the quenched disorder models are not she front and a change ta=0.46 was inferred for large
well defined. However, we believe that the directed percolascales from the kink a€(¢) that we see as an artifact of
tion belonging to the same class as QKPZ could be relevanteatment.

to our experimental situation. _ ~Inconclusion, it is directly observed that in an intermedi-
We would like to draw a special attention to the peculiaraie range of temperatures, betwe®n 2/3T, (when the
variations ofD and « nearB,=0 (Fig. 3. They may be  gyong thermally activated flux creep smoothes vortex pat-

associated with vortices scattered ahead of the continuoqgms and T~4.2 K (when strong thermomagnetic ava-
flux front and defining a very tortuous, profile and produc- |3 cheg severely disturb the flux distributiothe flux entry

ing the largesD. Actually, atB,~0 L(¢) is more noisy than occurs through vortex avalanches with a wide range of

that shown in F|g_. @' Th|s_ can be r_elated to resylts Of. the scales. The resulting critical state shows the self-affine struc-
molecular-dynamic simulatiofsshowing that the dimension . ) .
tyre characterized by universal exponents which can be as-

D increases with decreasing pinning forces. Considering tha ociated with the directed percolation process belonging to

vortices at the flux front choose the easiest channels in tht i litv ¢l £ th KP7 del. Tvoical for th
random potentialminimum effective pinningthe profiles at € universaiity class of the Q model. Typical Tor the
films, long-range interactions between vortices may be an

B,~0 should have the largef. Further rows of vortices | , . ,
can be stabilized not only by pinning but also by the magneiMmportant factor influencing the flux dynamics. The expo-

tization currents,, localized at the front which should work Nents at the flux front and behind it are different revealing

as effective surface tension and redu@eln a bulk super- different scaling regimes. We stress here that all the expo-
conductord,,, produces~H,, step inB(x) at the penetration nents are obtained by the regular statistical treatment of the
front (dB/dH effecf?). A physically similar picture is ob- €Xperimental data and are not based on any model. These
tained if the advanced vortices are considered frozen afte@Xponents are similar to those observed in other fractal struc-

motion above the pinning threshold as implied by the aniures. The results show that not only the flux front but all

nealed noise regime of the KPZ process~0.5, Ref. 2.

induction profiles carry the fingerprints of the SOC in the

Behind the front they are more relaxed due to interactionyortex system indicating that our approach is a useful tool
with close neighbors showing the critical regime of motionfor studying the flux fractality in superconductors.

in the quenched disorden(>0.63). In any case, a counter-
intuitive reduction of the roughness exponentBat-0 can
be understood as a compensation for the incre&squte-
serving the scaling relatio® + «=2. Note a difference of
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