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PHYSICAL REVIEW B 70, 14050%R) (2004

E. Altshulerl?2 T. H. JohanseR? Y. Paltiel? Peng Jir?, K. E. Basslef, O. Ramos, Q. Y. Cher? G. F. Reiter?
E. Zeldov? and C. W. Ch&>67
ISuperconductivity Laboratory, IMRE-Physics Faculty, University of Havana, 10400 Havana, Cuba
2Texas Center for Superconductivity, University of Houston, Houston, Texas 77204-5002, USA
3Department of Physics, University of Oslo, P.O. Box 1048 Blindern, N-0316 Oslo, Norway
4Condensed Matter Physics Department, Weizmann Institute of Science, Rehovot 76100, Israel
SDepartment of Physics, University of Houston, Houston, Texas 77204-5005, USA
6Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
"Hong Kong University of Science and Technology, Clear Water Bay, Kowloon, Hong Kong
(Received 3 June 2004; published 11 October 2004

By combining micro-Hall probe and magneto-optical imaging techniques we have been able to examine
vortex avalanches at different locations of the ridgelike magnetic topography of superconducting niobium
samples as the external field is slowly increased. The avalanche size distributions are shown to be power laws
for two decades with very similar critical exponents at all locations, thus demonstrating a remarkable robust-
ness in the details of the flux penetration dynamics.
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Avalanche dynamics is observed in many physical sys- Direct observation of avalanche dynamics with single vor-
tems ranging from sandpiles to superconduct@nd/hile the  tex resolution is today possible using micro-Hall probes.
experimental evidence of their existence is beyond doubt, th@ith this technique Seidlegt all® found that avalanchelike
nature and robustness of the resulting avalanche size distidehavior occurs at high fields and very low temperatures in
butions has been a subject of intense debate, mainly due ¥BaCuO crystals. The avalanche statistics, later worked out
the fact that they are central to the theory of self-organizedn Ref. 11, was quite limited, being based on only a few
criticality (SO0),® and also to more recent theories, such ashundred events. Nowakt al'? studied niobium thin films
avalanches driven by coherent no{@®CN).* SOC occurs where the statistics was improved, although avalanche sizes
when a slowly driven system “organizes” itself into a mar- below 50 vortices were absent. As pointed out by the au-
ginally stable stationary state through scale-invariant avathors, such films exhibit a thermomagnetic instability, or
lanches which have a power-law size distributi(s) ~ s, catastrophic flux jumps, which may camouflage other basic
where the value of the critical exponents universal in the dynamical features. This is coherent with the results by Es-
sense that it should be robust to changes in the system. quinaziet al.in thin Nb films!® Recently, much thicker nio-

DeGennes suggested as early as 1966 that avalanche dyum samples were investigated by Behmit al,'* who
namics could be present in the superconducting criticafound only very small avalanches under the Hall probe area,
state> When an external magnetic field is raised above deaving an open question whether the distribution is a power-
certain critical value, a type Il superconductor becomes daw or stretched exponential.
host for quantized magnetic vortices, which nucleate at the Local avalanche measurements can be improved by first
edges and are driven inwards by their mutual repulsion. Inmapping out the global magnetic landscape in which the Hall
most materials this motion is impeded by microscopic defprobes are placed. Therefore, we made magneto-optical
fects acting as “pinning sites,” with the result that the vorti-(MO) imaging of the flux penetration in our superconducting
ces pile up with a characteristic density gradient, producingample, a Nb foil of dimensions 1:51.5x 0.25 mn¥, and
the marginally stable “critical staté.This, plus the fact that carefully superimposed such images onto a picture taken af-
the motion of superconducting vortices is overdamped lederwards of the Hall probe array attached to the large face of
Tang to propose that SOC may exist in type-ll supercon-the sample. The MO pictures are obtained using a Faraday-
ductors, and prompted others to turn to type-1l superconductactive ferrite garnet film mounted on top of the supercon-
ors to test SOC ideas. ductor, which is viewed through crossed polarizers in a mi-

Field and co-workers’ experimenrtsnd similar ones per- croscope. We choose to study Nb because it has been the
formed by Heiden and Rochlihdetected vortex avalanches type-Il superconductor most used in avalanche dynamics
by means of large pick-up coils in the center of Pb-In andmeasurements in recent yeafsi*and because the values of
Nb-Ti cylinders. The former authors found power-law distri- its relevant superconducting parameters show a remarkable
butions of avalanche sizes, which were interpreted as a cle@epeatability from sample to sample, and from author
indication of SOC, but there are two important drawbacks into author [T,=9 K, H¢(4.2 K)=300 Oe, H(4.2 K)
this setup. First, the actual number of flux lines involved in=4000 O&. Figure 1 shows the MO image recorded at
each avalanche is very difficult to estimate. Second, only thd.8 K with a magnetic field of 400 Oe applied perpendicular
avalanches leaving the superconductor are measured, whitd the foil. The flux penetration is seen to advance in ridge-
poses an extra difficulty to compare with SOC theory. like structures, where each ridge has the characteristics of the
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FIG. 1. Magnetic landscape of the Nb superconductor. The magneto-optical itopgshows how the flux penetrates into one-half of
a 1.5x1.5x0.25 mn? Nb foil at a field of 400 Oe applied perpendicular to the sampl&=4.8 K. The image brightness represents the
local density of the magnetic vortices. The 3D plobttom) of the penetration pattern shows that the magnetic landscape consists of several
ridges with smooth slopes, which rise up from the flat Meissner gfiate free) area. Included in the figure is the location of a Hall probe
array where each of the 11 probes detects the flux under an areadfQl@m?. As the applied magnetic field increases all the ridges grow
gradually on a macroscopic scale, quite similarly to the way sandpiles increase in size when grains are added.

critical state with an “inverted V” flux density profilgéhe  clearly show that the amount of flux in a given area varies in
MO investigation also showed that the ridge structure growslistinct steps. This is direct evidence that the vortex penetra-
smoothly as the field is increased, and should not be cortion evolves by an avalanche-type of dynamics. As in previ-
fused with the dendritic structures abruptly appearing duringpus micro-Hall probe studies, we measure an avalanche as
thermal runaways in thin filni&1%. In order to examine the the vertical size of the individual events. In our case, they
local vortex dynamics within the magnetic landscape, severalanged from fractions of a flux quantum to more than a hun-
arrays of 11 Hall probes each were mounted at different spotdred vortices. It should be noted that the definition of ava-
of the sample, as shown in Fig. 2. The arrays were labeled lanche size used here is different from the usual definition
I, 1, 1V, and V.

Figure 3 shows typical data obtained from one of the Hall
sensors in arral, while a magnetic field perpendicular to the
Nb foil was ramped from 0 to 3.5 kOe at the rate of
1 Oe/s+0.05 Oe/s using a superconducting magnet. Nea
400 Oe the main curve makes an upturn, which indicates
when the propagating flux front reached the probe position.
Above 1 kOe the Hall signal grows linearly, corresponding
to the Nb foil being fully penetrated. The whole curve fol-
lows the prediction of the critical state model for perpendicu-
lar geometried® The resolution of the micro-Hall probe,
which is made from a GaAl/AlGaAs heterostructure, is bet-
ter than 0.21 G, equivalent to one flux quantdth,=2.1
X107 T m?) under the probe area. We quantify the Hall
signal by the amount of flux associated with the vortices [, 2. Magneto-optical image of the sample with an overlay
located under the 1810 um? sensor area, and express it in showing five different locations of the Hall probe array used for
number of flux quanta. Note that vortex movements producsupplementary measurements. The image was taken at 450 Oe and
ing flux variations smaller tha, can occur in the sample 4.8 K, and the scale bar is 0.2 mm long. Locatibnis identical to
area under a given Hall probe, and their detection is onlythe one in Fig. 1, and provided the data plotted in Fig. 3. The first
limited by our instrumental resolution. Although the overall four probes, counting from the left in locatiqiv), provided the
curve appears smooth, the magnified views in the insetdata plotted in the inset of Fig. 4.
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FIG. 3. Vortex avalanches seen by a Hall probe during field N order to explore the statistical features of the avalanche
increase. The main curve was obtained from probe number 4 froffynamics at different regions of the sample, we combined
the sample edge in Fig. 1, and contains more than 40 000 dath'e data from probes located in well-defined regions of the
points. The insets show zooms in two different field windows re-magnetic landscap@uch as a “valley” between two ridges
vealing distinct steps as a manifestation of avalanche dynamics. ThENIS approach has two advantages. Firstly, instead of report-
experiment was performed @t=4.8 K. Similar measurements per- INg highly local avalanche events using the output of a single
formed slightly aboveT, show no measurable steps, demonstratingProbe, we can study the statistics of a wider region of the
that those reported in the figure are not mere instrumental noise. magnetic landscape without loosing the high flux resolution

of the individual probes, which is closer to the originial SOC
used in theoretical “sandpile” models. In the models, such aformulation. Secondly, the combined data from several Hall
the Bassler-PaczuskBP) model for vortex dynamic¥’ ava-  probes allows us to improve the statistics of the resulting
lanche size is defined as the number of lattice sites thavalanche size distributions to unprecedented levels.
“topple,” or equivalently, the number of vortex movements Following the philosophy described above, the signals re-
of unit length, during the course of an avalanche. Here theorded from all the 11 probes in array | were subjected to
avalanche size is instead defined as the change in the numiarther statistical analysis. A histogram of the avalanche
of vortices in a local areqthe area covered by the Hall sizes, taken as the number of magnetic flux quanta in a dis-
probe. However, the distribution of avalanche sizes definedinct step, is shown in Fig. 4. The data include approximately
using the alternative definition is also power law distributed200 000 avalanche events observed during several field
for SOC sandpile modef. Thus either definition can be sweeps up to 3.5 kOe repeated under identical external con-
used to distinguish SOC behavior. ditions. The number of avalanchd®(s), versus their size is

The overall flux dynamics can be viewed as a stepwisaseen to behave as a power law over two and a half orders of
penetration of entire sections of the vortex lattice constitut-magnitude in avalanche sizewith a critical exponent of-
ing the critical statelike ridges visualized in the MO pictures,=3.0+0.2. Note that our total number of avalanche events is
in parallel with local reorganizations of the vortex distribu- about 100 times larger than in previous studies using micro-
tion, which are detected with great accuracy by the HallHall probes'®'?1*and our distribution function spans more
probes. Note that while the overall features of the flux penthan six decades, which is essential for establishing a power-
etration landscape were reproduced as the experiment wésw distribution in this type of system. The plot in the inset
repeated under the same conditions, the detailed avalanckerresponds to an analogous output from the first four probes
dynamics associated with the local vortex reorganizationgounting from the left in array 1V, and gives a critical expo-
did not, demonstrating an underlying complex dynamics. Iment7=3.1+0.2.
principle, thermal fluctuations should also play a role, but the To address the question of robustness, we also use outputs

temporal output of a given Hall probe at a fixed external fieldfrom arrays II, 1ll, and V. From Fig. 2, where the different
showed to be stable, suggesting that thermal effects can ljrobe locations are indicated, one sees, e.g., that while all
neglected in our case. probes in array Il are parallel to the same central ridge as
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arrangement |, also avalanches coming from the neighboringritical exponent-we measure is the same at all points in the
“hillside” will contribute. All probes in array Ill are located sample, even though the local magnetic topography in the
parallel to two “competing” ridges, which, due to some de-region of the probe varies from point to point. The fact that
gree of anisotropy in the sample, are thicker than those dene exponents found in the present work are all essentially
veloping from the upper sample edge. A very different loca+he same is characteristic of the universality expected for

tion is the one corresponding to the first four Hall probes ONS5c However. the high values offound in our experi-

array IV, or to probes 5, 6, 7, and 8 on arrangemetaunt- .
ing %/rom the |2f11- There, we are measuringg“on fgp of the Ments can be better predicted by the ADCN theory, but that

hill" avalanches. A remarkable result is that the avalanchdn€0ry neglects the interaction between the components of
size statistics performed on each of the above-mentionet€ System. We believe that this assumption is quite unphysi-
groups of probes gave, in every case, quite good power lawg?l in our case, and therefore that a modified SOC theory is
over nearly one and a half decades on the horizontal axignore likely to best describe our results.
with critical exponentr consistent with the values reported i ) . . .
above. This was also true for avalanche statistics from indi- e appreciate the discussions with P. Bak, A. J. Batista-
vidual probes if enough events were collected after many-€Yva H. Jaeger, B. Lorenz, R. Mulet, M. Paczuski, D. V.
runs. Shantsev, A. Malthe-Sgrenssen, and Y. Xue. The authors
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However, while the avalanche distribution is universal insearch Council of Norway, the National Science Foundation,
SOC modelgsee, for example, Ref. 1&he slope of the flux the Israel Science Foundation—Center of Excellence Pro-
density is not. Instead, it varies with the system parametergram, the “Alma Mater” grants prograguniversity of Ha-
such as the local density, or strength, of pins. The topographyang, and the U.S. Department of Energy. The work in
we observe in Fig. 1 is reproducible from run to run, andHouston was supported in part by the State of Texas through
hence the deviations we observe from a uniform penetratiothe Texas Center for Superconductivity and Advanced Mate-
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