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Vortex avalanches at one thousandth the superconducting transition temperature
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We study the nonequilibrium dynamics of vortex motion at millikelvin temperatures in untwinned single
crystals of YBaCuzsO,_ 5 Above threshold fields of many tesla, flux jumps appear in the magnetic hysteresis
B(H). These jumps correspond to a change of 750 vortices, on average, under our micrometer-sized Bi Hall
probes. Not only are the threshold fields large, but they, and the characteristics of the flux jumps themselves,
are essentially independent of magnet ramp rate or sample thickness, militating against a thermally triggered
instability. Moreover, the threshold differs significantly on the ascending and descending branches of the
hysteresis loop. We argue for a dynamical origin for these vortex avalanches and invoke a sandpile analogy to
guide our detailed explorations of th& T plane.[S0163-182¢06)02818-4

[. INTRODUCTION dominant length scale and, hence, a narrow avalanche size
distribution.

The thermodynamically stable state for a type-ll super- A different approach to vortex avalanches is based on the
conductor in a magnetic field is an arrangement of vorticembservation that similar instabilities characterize many other
with uniform density, so that the macroscopic magnetic fielddissipative dynamical systems. In such systems, the external
is constant throughout the sample. In general, this state is nalriving force naturally results in a steady state that not only
reached. As an external field is applied, vortices enter thé far from equilibrium, but right at the border to unstable
sample at its edges and move towards its center. Eventuallbehavior. Examples include electric breakdown in semicon-
a vortex density gradient corresponding to the critical currentluctors, avalanching down the slope of sandpiles, and earth-
J. is established throughout the sampléthe external field quakes. A recent, and very general, model for this behavior
is stabilized, then the internal field profile relaxes graduallyhas been the concept of self-organized critical§00."
towards the thermodynamic equilibrium. Without the influx Within SOC, the transition into the avalanching state would
of vortices maintaining a steep density gradient, howeverbe second order and characterized by a power-law distribu-
the vortex motion slows dramatically due to pinning, andtion of event sizes. Very wide distributions, compatible with
equilibrium is not reached on any practical time scale. power laws over some range and possibly indicative of col-

In this paper, we discuss the nonequilibrium dynamics ofiective vortex motion on many length scales, have been
vortex motion along this flux density gradient, deep in thefound in the recent experiments by Fiatlal® On the other
superconducting state. As the external field is changed dtand, experiments on different systems in this class, such as
some fixed ramp rate, a steady state is built up in which theeal sandpile§, have shown that there are self-organized
local magnetic flux gradient is maintained by vortex pinningsteady states that need not be critical states and, instead,
forces. Whenever this balance is disturbed, the vortex ardisplay hysteresis as well as narrow size distributions.
rangement becomes unstable and motion occurs. Vortices We present here a study of a new type of macroscopic
can flow continuously and in a smooth fashion or, at lowflux jump, one not triggered by thermal instabiltyVe have
driving rates, intermittently as a series of abrupt avalanchesneasured the local magnetization of very clean, untwinned
During macroscopic, “catastrophic” flux jumps, thousands YBa,Cu;O;_5 single crystals at temperatures below 1 K,
of vortices throughout the sample participate and possiblyvhere the quantum tunneling of vortices becomes
even drive the sample temporarily into the normal state. significant!® The magnetic field was applied perpendicular
Small, “noncatastrophic” avalanches also have been obto the CuQ planes. Our results differ from previously ob-
served in the penetration of flux through tubular sampfes. served avalanche behavior in several significant ways: The

A main issue that has emerged in the literature concernavalanches exist only above well-defined threshold fields of
the nature of the instability leading to vortex avalanches. Irseveral tesla in magnitude, as opposed to the low-field limit;
particular, there is the question to what extent the avalanchake avalanche onset is essentially independent of the rate at
are triggered by magnetothermal instabilities, global omwhich the external field changes, a distinct contrast to flux
local® and sustained by thermal runaway of at least part ofumps originating in a thermal instability; there exist differ-
the sample. Catastrophic avalanche behavior due to thermaht threshold fields on the ascending and descending
runaway, within this picture, is expected to exhibit one pre-branches of the hysteresis loop, indicating an unprecedented
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FIG. 2. Variation of the threshold field,, with magnet ramp
FIG. 1. Hysteresis curve of external fiehtl vs internal fieldB rate at our lowest temperature, where heating effects should be most
measured locally with a Bi Hall probe on an untwinned single crys-profound. The line is a guide to the eye.
tal of YBaCuO;_5 The threshold fields for vortex avalanches
differ on the ascendingil,,, and descendingl 4oun, branches of
the loop.

similar to that in Fig. 1. Upon ramping up the external field
H, the internal fieldB changes from a continuous depen-
dence on the applied field to a series of abrupt steps. These
. - . ] steps indicate a sudden change in the internal magnetic flux
Igvel (.Jf S.ens.'t'v'.ty to magnetic field .h|story, and the .evgntdue to vortex avalanching. An average-sized step in this fig-
size distribution is strongly peaked with a characteristic sizey o corresponds to a change in flux of 750 vortices beneath
cIeatrIy distinct from the broad power laws in the SOC CONthe probe. The first occurrence of avalanching happens at
cept . . . many tens of kilooersteds and defines an onset ti€lg.

We describe the experimental technique and present th&fter our maximum fieldH~75 kOe is reached and the
data in S_ec. . Specific_ally, we dglineate the_ocgurrence oFamp direction is reversed, the steps continue down to a
avalanching as a function of applied magnetic fieldand |, o1 threshold fieldHy,,,,, beyond which the avalanches
temperaturd. By taking a variety of paths through tihé&- T cease
plane, we demonstrate the_dynamlcal origin of the ava- We show, in Fig. 2H,, as a function of magnet ramp rate
lanches. In Sec. Illl, we review some of the key features,; o oyest temperatur€=0.1 K, where heating effects
associated W't.h thermally tr_|ggered vortex jumps and argugyq 14 pe most pronounced. The threshold field for vortex
that the behavior observed in our samp_les IS d'fferef.“- Mgn valanching changes by at most 4% for more than a factor of
of the central aspects of vortex dynamics can be visualize 0 change in ramp rate. This small changeHg, barely
elasny bfy comp:jar'llson with thet.mou?n of gr%msd do(\SNePﬁ theexceeds a large step size and militates against heating from
Slope of a sandpiie, a connection stressed by de N€Syortex motion as a major causal factor for the avalanche
We use this analogy to speculate about the nature of th8nset
observed instability and to discuss our results in light of Wé turn now to a consideration of the symmetry between
theories based on SOC. Section IV contains a brief summary, . wvo branches of the hysteresis loop, the most unusual
and conclusions. k

80
II. EXPERIMENTAL RESULTS

The samples of single-crystal YBau;O;_s were grown 60
by a conventional flux method in a gold crucible and were

either untwinned as grown or detwinned by applying >

uniaxial stress at elevated temperattfrdhe crystals had Q 40

superconducting transition temperatuiesof 92 K, with a =

narrow inductive widthAT.<0.2 K. Overall, four separate T e H
crystals were investigated, one of which was later broken 20+ o B _

into three pieces to permit a study of volume effects. The up
measurements of the local, internal magnetic fiBldvere

made with photolithographically prepared Bi Hall probes
with typical active areas gmx5 um. The highT . crystals
were mounted on the Hall probes using a thin layer of

0
0.0

0.2

04 06
T (K)

vacuum grease and were oriented with thaxis along the

applied magnetic fieldH. FIG. 3. Temperature dependence of the threshold fields for ava-
We plot in Fig 1 a typical hysteresis loop. These datajanche behaviotFig. 1). H,, can be shifted by up to 10 kOe by

were taken al =0.375 K on a crystal with dimensiori$.05  altering the internal field profilésee text, but it never coincides

X0.5x0.05 mn?, where the Hall probe was positioned close with H . Solid lines are least-squares fits following an empirical

to the center. At any point on the sample, we see a loog®? power law.
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Time (s) Hgown (Path AD’A) retains smooth behavior, but reversals when

_ Hgown<H<H,, (ADA) lead to avalanches on the descending
~ FIG. 4. Effect of changing temperatufieottom on step forma-  pranch.H,,, (AB) can be shifted down tbl,,, (ABCB), where the
tion in B(H) (top). The path through thel-T phase diagram of Fig.  maximum effect of 10 kOe is shown, bHty,,,, appears insensitive

3 is sketched in the inset. There is no evidence for the type ofp ramping sequence. Overlaid steps tend to be close, but not in
hysteretic behavior found at a first-order transition: Vortex ava-jock-step.

lanches begin and end where expected.
and low temperature, and slowly decrease the magnetic field.

feature of our steps. We present in Figa “phase diagram”  While still in the step regime, we warm the sample. In this
for the magnetization jumps. The solid symbols are the locacase, the steps cease as soon adiifg,, line is crossed at
tions of the first and last magnetization steps in hysteresithe higher temperature. The robustness$igf,, to tempera-
loops of the form shown in Fig. 1. The solid lines are fits ture changes points to the intrinsic nature of the jump region
through these data to the empirical foH, qoni=Ho+AT",  on the downward branch.
with n=2.5£0.2. TheHgy,, line is repeatable over long (3) In a separate set of experiments, performed at con-
times and on different cooldowns. However, the points orstant temperature, we have changed the applied field se-
theH,, curve can move by a few kOe between cooldowns omquence. Consider the full and partial hysteresis loops of Fig.
on a time scale of several weeks while cbidNonetheless, a 5. On originally ramping the magnetic field up from poit
clear difference between the,, andH g, curves remains, (H=0) to pointB (H=75 kOs, steps appeared &t,,~60
making Fig. 3 resemble a phase diagram at a first-order trarkOe. The field subsequently was decreased to p@int
sition. =40 kOe¢ and then increased fro@ back toB. Now, the

In order to test for hysteresis between the regimes whersteps appeared at a new, |owe(;p~ 50 kOe, clearly demon-
vortices move continuously and where they cascade in stepstrating that a change in the ramping sequence can affect the
we have explored various paths through Hhel plane. appearance of steps on the increasing branch of the hyster-

(1) We have examined first the effect of changing tem-esis loop.
perature. We show in Fig. 4 one such experiment. The inset By contrast, the descending branch is unaffected by the
sketches our path through the phase diagram of Fig. 3. Wheld reversal. On the patADA, sketched in Fig. 5, the field
begin atH=75 kOe, T=1 K, and ramp the applied field is decreased from poind, before any steps occur on the
down steadily at a constant rate of 7 O@fpper axis of main ramp up. Nonetheless, steps appear on the ramp down, end-
figure). Steps appear iB(H). At point A=H y,,(T=1 K), ing at the usuaH 4,,,,- Moreover, as expected, a path such as
B(H) becomes smooth. We then begin to coolfte 0.3 K.  AD’A, which crosses only between smooth regions on both
At point B, shortly after the cooling begins, the steps reap-branches, does not result in any avalanches. The stability of
pear. Finally, magnetization jumps disappear again at point,,,to changes in the field profile presumably is related to
C=Hyow(T=0.3 K). This procedure involves crossing the its repeatability on successive cooldowns.
Hgown line at three separate places. The most interesting of For exploring the limits to movingH,,,, the ramp se-
these is the crossing at poiBt By cooling from 1 K, we quences executed in Fig. 5 are inconvenient. The first prob-
prepare the sample on the descending branch of the hystdem is one of interpretation: Are the early magnetization
esis loop, but with the internal field changing continuously.jumps caused by an unusual disturbance of the field profile in
If Hyown<Hp is a sign of a first-order transition, thé&(H)  the sample or by having started from the descending branch
might remain smooth even at low temperatures after our unwhere steps already occur? The other difficulty is technical:
usual preparation. We see no such evidence for “supercoolAt the lowest temperatures, the difference betwelgp and
ing”; steps in B(H) begin immediately on crossing the H,,,,does not exceed the width of the hysteresis loop suf-
H gown line of Fig. 3. ficiently to permit an adequate range of movement in the

(2) We have examined the corresponding thermal paththreshold field.
way in which temperature increases. We begin at a high field Another method of triggering steps belay,, is more
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FIG. 6. Backtracks less than the width of the hysteresis loop are I I

sufficient to decrease the threshaft|,, for vortex avalanches.
NonethelessHl’Jp andH g4, @lways remain separated by more than
the width of the loop; the up and down thresholds occur at different
internal fieldsB.

Ramp Down

Number

definitive and can be used more widely. We show in Fig. 6
data on increasingd from O to 65 kOe, with a series of
4-kOe backtracks from 20, 30, 40, and 50 kOe. Hence, the
field H was ramped from zero to 20 kOe, back to 16 kOe, up
to 30 kOe, back to 26 kOe, and so on. Only the backtracking
from 50 kOe was followed by magnetization jumps on the 0 05 1 15 2
ramp up, although a jump during the ramp down could be AB (kOe)

discerned on the 40-kOe segment. TAt 0.3 K, we could not

|nduce_ steps on the |ncrea5|r}g branch .berjngO I_(Oe. FIG. 7. Step size histograms for 13 separate hysteresis loops at
Thus, it does not appear possible to achieve a situation wheke= g 1 k. Both the ascendingop) and the descendinghottom

H,p equalsH g,,,; there is a fundamental difference betweenpanches of the hysteresis loop result in clearly peaked distribu-

the ramp directionsThe open circles in thel-T diagram of  tions. AB=1 kOe corresponds to a change in density under the

Fig. 3 represent the minimum fields for steps to occur oryaussmeter of approximately 1000 vortices.

increasing field. AfT=0.5 K, Hy,,=40 kOe, but since no

avalanches could be induced on the increasing bradgh, teresis loops at the slowest and at the fastest magnet ramp
must be greater than 75 kOe. The dashed line through theites showed no significant differences. The steps occurring
open circles of Fig. 3 follows the empirical forid,,=H,  on both the increasing and decreasing field branches result in
+AT?S, with the constraint thak L’Jp (0.5 K)>75 kOe. The sharply peaked distributions, clearly not power-law distribu-
hatched region accommodates variations arising from bottions, centered around average avalanche sizes of 750 flux
magnetic and thermal cycling. guanta. The added breadth of the distribution on the decreas-
The backtracking experiments contain significant infor-ing branch of the hysteresis loop simply appears to reflect the
mation of interest(i) Steps can occur & ,<H,,, even better statistics obtained over the greater field range between
when no jumps occur during the downward section of theH =75 kOe andH 4,,,, as compared to the difference between
backtracking.(ii) Excursions as small as 1 kOe can trigger H,, and the maximum field.
early steps. Since this is much less than the width of the
hysteresis loop, it is not necessary to start from the glescend- I1l. DISCUSSION
ing branch. The dependence Idf,, on the magnetic field’'s
recent ramping history suggests that the origin of the steps is Step structures in superconducting hysteresis loops are
related to the details of the field profile within the sample.well known and often ensue from thermal instabilities. Near
(ii ) A similar reversal of the field on the descending branchthe critical currentd., the amount of flux motion changes
has no effect oH,,,,- In our exploration of the avalanche rapidly as depinning occurs. Abovk, the potential energy
region, we never were able to influence the valuéigf,,,.  surface for vortices is so tilted that local minima no longer
Although it is possible to moved,, by up to 10 kOe, a appear at the pinning centers, and vortices flow rapidly
substantial difference betweer,, and Hg,,, always re-  through the sample. The critical current is temperature de-
mains. pendent, generally decreasing Bgises. Thus, if the tem-
Finally, we turn to the characteristics of the steps. Weperature rises slightly, vortices move quickly to accommo-
display in Fig 7 a pair of histograms of step sizes observeddate the new, lowed. . Vortex motion causes phase slippage
during magnetic field ramps up and down. The histogramsnd generates heat, which can further raise the temperature.
were derived from 13 hysteresis loops betwekn0 and 75 A stability parameter depending on the sample’s specific
kOe atT=0.1 K. Histograms composed of a subset of hys-heat, thermal conductivity, size, and critical current describes
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when this positive feedback loop leads to thermal runaway. The striking differences with flux jumps of thermal origin
Very poor thermal links and/or magnet ramp rates of T/sedead us to the conclusion that the onset of avalanches in
are usually required to initiate the thermally activated fluxYBa,Cu;O,_5 crystals at millikelvin temperatures must be
jumps, and they are observed in the low-field limit. driven by a dynamic instability. A simple, physical picture
We believe that the steps we observed in the high-fiel&corresponding to the magnetic flux profile inside the sample
quantum regime in YBZu,O,_; are not triggered by ther- is a sandpile inside a bdx;**a classic dynamical system. In
mal instabilities, despite the fact that they occur at low tem-this analog, the magnetic fielB corresponds to the local
perature. Given that the obvious source of heating is theand-filling level and individual flux bundles, the vortices, to
motion of vortices through the sample as the field changessingle grains of sand. The vortex density gradi@mtJ,) is
one would expect the magnet ramp rate to exert a profoundiven by the slope of the sandpile’s free surface. Changes in
influence. Yet, as demonstrated in Fig. 2, the ramp rate hathe external fieldH correspond to adding, or removing,
virtually no effect on the threshold field or on the size of thegrains at the walls of the box. In the steady state, the sandpile
flux jumps (cf. Hsuet al3). slope is maintained by friction between neighboring grains,
Our tests with samples of various sizes also argue againfiist asJ.. is a result of local vortex pinning.
a thermal instability causing the jumps. All of the crystals are  Avalanching in sandpiles has attracted much recent inter-
plates with theirc axes along the thin direction. They were est as a model for phase transitiofiiom the stable to the
mounted flat on the bismuth Hall probe, which made the thirmoving statein highly dissipative, nonequilibrium systerfis.
dimension the important one for thermal conductivity. None-In sufficiently large, real sandpiles, avalanches typically
theless, crystals with thicknesses from 12 toufl behaved build up to form system-spanning events that transfer large
concordantly. The steps did depend, however, on the samamounts of grains downhill and reset the slope everywhere to
ple’s area, becoming more likely as the area increased. As @ new, slightly lower value than before the event. This large
test, we fractured a particularly large sample which exhibitecavalanche size occurs even in the presence of strong dissipa-
flux jumps into three pieces of equal thicknesses. The smalkion because of the momentum of individual sand grains
est piece, which was approximately a rectangle with sidesnce the avalanche has started. As a consequence, the grain
0.63 mmx0.20 mm, had a smooth hysteresis curve. Themotion is underdamped and the transition between the stable
larger pieces—a right triangle with legs 0.88 and 0.59 mmand moving states appears hysteretic and first-order-like. The
and a rectangle 0.36 mx0.68 mm—both displayed ava- result is a strongly peaked event size distribution, dominated
lanche behavior, although with not as many flux jumps as théy large avalanches. The hysteresis can be reduced and the
original crystal. size distribution can be widened in smaller pilsamples,
Introducing disorder in the form of randomly distributed where the influence of momentum buildup is decreased. In-
columnar defects, like varying vortex lengtbrystal thick-  troducing vibrations(finite temperature or increasing the
ness, appears to have a limited influence on the avalancheamp rate also reduces the observed hysteresis, but in this
behavior. Magnetization steps continued unabated in thease by diminishing the effective frictiaipinning forces.
larger crystals after irradiation with 605-MeV Xe ions. Itis  The existence of threshold fields such lg, or Hyown
important to note, however, that the vortex densitydgf or  indicates that not only the field gradient, but also the field
Hqown IS always greater than the equivalent columnar defectmagnitude is important. In fact, both the vortex velocity and
density(=<20 kOsg, so that “interstitial” vortices may domi- the relative strength of the local pinning forces are reduced
nate the response. with increasingB; this favors the occurrence of instabilities
There are several additional, important differences beat high fields. Since the local vortex density increases with
tween our data and hysteresis loops in samples with theincreasingB, the avalanche events we observe ab
mally triggered instabilities. Thermally triggered instabilities proceed in a regime of densely packed, interacting flux
occur at low fields, with the hysteresis loops becomingbundles, where any motion will likely produce large-scale,
smooth at high fields, opposite to what we observe. Furtherplastic rearrangements. In the low-field regime, by contrast,
more, the jumps occur at a given sample magnetization, anldcal variations in the density gradiefite., in the slopgcan
they typically proceed until the magnetization is zero. In ourbe accommodated by elastic rearrangements of the vortex
case, the magnetization is largest at low fields, where neonfiguration. The elastic energies are smooth and have no
jumps occur. The steps do not reach the BeH, at which  peaks and valleys which would prevent continuous compres-
the magnetization vanishes. In fact, near the onset figlfy ~ sion to accommodate a larger applied field.
the typical avalanche size of 750 flux quanta means that the During buildup of the sandpile, grains added at the walls
net rearrangement of vortices under the Hall probe is of ordeare added at the highest locations with respect to the overall,
5%. Finally, the steps in YB&u;0,_ s occur at significantly V-shaped surface profilBean statg Friction at these loca-
different fields on the increasing and decreasing branches d¢ibns supports grains locally, but does not support much of
the hysteresis loop. In Fig. 1, for exampld,,=67 kOe, the overall pile weight. During a steady-state ramp down, on
while the field of the final jump on the decreasing branchthe other hand, grains removed at the walls are removed at
H 4own=35 kOe. This difference exists not simply because thahe lowest positions of the overall, inverted-V profile. These
hysteresis loop has a finite width; the steps occur for differgrains support much of the whole surface layer, and it is
ent values of the internal field (as well as the applied field conceivable that, for the same total pile mass, their removal
H). By contrast, the usual thermodynamic instability more easily triggers avalanches than the addition of grains
criterior? depends only on properties, such as the specifinear the top. Translating between gravity-induced and mag-
heat and the thermal conductivity, which are single-valuecdhetic stresses, this analogy may explain the hysteresis we
functions ofB. observe in the fieldsl ,, andH 4, (and in the corresponding
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internal fieldsB). The same argument also makes plausibldeading to mass renormalizatidn Depending on the degree
the observation of steps along only the descending branch iof dissipation, the resulting effective mass then can be due
loop ADA in Fig. 5. Furthermore, it provides insight into primarily to renormalization effects, and a transition of first-
why H,, varies with ramping history, whiléi,,, remains  order character may be recovered.
unchangedFigs. 3, 5, and B Bringing about avalanching by
adding grains to the top of the pile is much more sensitive to
the exact process of addition than inducing avalanching by
pulling out “keystones” at the bottom. We find that vortex avalanches in untwinned single crys-

The sandpile analogy also has been invoked in models dhls of YBgCu;O,_ s in the high-field quantum limit differ in
self-organized criticality. In this picture, there is no charac-key respects both with traditional, thermally generated flux
teristic length scale and the observed pattern of avalanchemps in type-ll superconductors and with recent high-
sizes is expected to follow a power-law distribution. Suchresolution experiments on vortex motion through Nb tubes.
power laws were found in experimenisn vortex motion in  The most striking aspect of our results is the pronounced
niobium tubes neafl.. In the case of our YB&L£u,0,_s difference between the threshold magnetic fields for ava-
crystals at 0.00L,, the step size distribution has a clear lanches on the ascending and descending branches of the
maximum (Fig. 7). As distinct from the details of when the hysteresis loop. This observation has motivated comparisons
steps occur and how they are triggered, these peaked histtm dynamical instabilities in sandpiles. The exact roles played
grams are qualitatively similar to previously observed ther-by the disorder in the vortex glass, the strong pinning, and
mally controlled magnetization jumps. When thermal run-the tunneling of vortices at millikelvin temperatures remain
away occurs, the flux jumps have a characteristic size relate be clarified.
to a cutoff temperature where heating from vortex motion
can be dissipated successfully.

While the onset field for vortex avalanches appears dy-
namical in nature, it certainly is possible that once vortices We are grateful to K. M. Beauchamp and S. N. Copper-
flow, thermal runaway is then the appropriate descriptionsmith for enlightening discussions. The work at the Univer-
Alternatively, it is possible to stretch the sandpile analogysity of Chicago and at Argonne National Laboratory was
and speculate about a complete dynamical description, talsupported by the National Science Foundati@MR91-
ing into account the extremely low temperatures of our ex20000 through the Science and Technology Center for Su-
periments. In the case of very-low-mass vortices, the situgperconductivity. R.J.Z. acknowledges support from the MR-
tion at first sight is different from that of finite-mass sand SEC Program of the National Science Foundation under
grains and completely overdamped motion could be exGrant No. DMR-9400379. G.W.C. acknowledges support
pected. By analogy with sandpiles, this should lead to widdrom the U.S. Department of Energy, Basic Energy
size distributions and the demise of hysteresis. At low tem-Sciences—Materials Science, under Contract No. W-31-109-
peratures, however, vortex tunneling becomes importanfENG-38.

IV. CONCLUSIONS
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