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Superconducting vortex avalanches, voltage bursts, and vortex plastic flow:
Effect of the microscopic pinning landscape on the macroscopic properties
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Using large-scale simulations on parallel processors, we analyze in detail the dynamical behavior of super-
conducting vortices undergoing avalanches. In particular, we quantify the effect of the pinning landscape on
the macroscopic properties of vortex avalanches and vortex plastic flow. These dynamical instabilities are
triggered when the external magnetic field is increased slightly, and are thus driven by a flux gradient rather
than by thermal effects. The flux profiles, composed of rigid flux lines that interact with 100 or more vortices,
are maintained in the Bean critical state and do not decay away from it. By directly determining vortex
positions during avalanches in the plastically moving lattice, we find that experimentally observable voltage
bursts correspond to the pulsing movement of vortices along branched channels or winding chains in a manner
reminiscent of lightning strikes. This kind of motion cannot be described by elastic theories. We relate the
velocity field and cumulative patterns of vortex flow channels with statistical quantities, such as distributions
of avalanche sizes. Samples with a high density of strong pinning sites produce very broad avalanche distri-
butions. Easy-flow vortex channels appear in samples with a low pinning density, and typical avalanche sizes
emerge in an otherwise broad distribution of sizes. We observe a crossover from interstitial motion in narrow
channels to pin-to-pin motion in broad channels as pin density is increfs&@b63-18207)00333-0

[. INTRODUCTION pin density is low, favoring easy-flow vortex channels, char-
acteristic avalanche sizes appear. For higher densities, no
Dissipative extended systems that are slowly driven tainique channels form, and distributions remain very broad.
marginally stable states produce complex and novel dynam- Flux penetrates a type-Il superconductor in the form of
ics. Systems characterized hyalanchedynamics, in which ~ discrete quantized vortices that repel each other and are at-
energy dissipation occurs in sudden bursts of collective actracted by defects in the superconducting material. A gradi-
tivity, are of particular interest. Avalanche behavior has beer@nt in the vortex density develops and drives vortices into the
studied in many systems, including granular assembiies, material. A balancing pinning force holds the vortices in a

magnetic domaind charge-density wavéstluid flow down metastable state, known as the critical state or Bean State.
9,10 ’ As an external field is slowly increased, additional flux lines

inclines®% and flux lines in type-Il superconductors:*® . :
enter the sample and occasionally cause large disturbances.

Microscopic information can reveal why some regimes OfAlthou h experiments can use local changes in flux to detect

material parameters produce broad distributions of avalancr}?1 gh exp . 13.16-18 9

. . . T e motion of these vorticéd;}316-18at present the vortex
sizes, while others do not. Such information is generally un-

able. h d onlv limited e ch .motion cannot be directly imaged over long enough time
available, however, and only fimited macroscopic changes iy, o 14 permit a statistical characterization of the motion.

system g:onfigprations can be observed. Further_, experir_ne us, computationally generated information on vortex
tally tuning microscopic parameters and recording detaileq,,ovements is of great interest.

microscopicinformation about the dynamics is difficult. Nu- 14 jnvestigate dynamical instabilities producing cascades
merical simulations allow exact control of microscopic pa-of flux lines in superconductors, we have performed exten-
rameters, such as pin strength and density, and provide bofiye MD simulations on parallel multiprocessors using a
very precise microscopic information, such as individualwide variety of relevant parameters that are difficulcan-
vortex motion, and macroscopic information, such as voltagginuously tune experimentally, such as vortex density,
signals. Comparison of simulation and experiment has beepinning density Ny, and maximum pinning force(or
hampered because the extreme numerical demands of acatrength f,. We do not observe a parameter-independent
rate models has caused virtually all theoretical explorationsiniversal response to perturbations in our samples, but in-
of these systemésee, e.g., Ref. 340 employ discrete dy- stead find a rich variety of behaviors in which all of these
namics governed by simple rules. With recent advances iparameters play an important role. This ranges from the col-
parallel processing, however, it is now possible to studylective motion of vortex chains dominated by pin-to-pin
much more realistic and complicated models usingtransport to the appearance of very narrow interstitial chan-
molecular-dynamicgMD) simulations. In this paper, we nels, where vortices flow between pinning sites, in agree-
present a continuous, MD simulation of superconductingment with recent Lorentz microscopy resuftsComputer
samples containing a critical state of very slowly driven vor-simulationd®2! are a valuable tool for the analysis of the
tex lines that undergo avalanching behavior. We find that thenicroscopic spatio-temporal dynamiad individual flux
density of pinning sites plays an important role in producinglines in superconductors and its relation with commonly
or suppressing broad distributions of avalanches. When thmeasured macroscopic averages. With simulations, interac-
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tions between a plastic vortex lattice and rigid pinning sitesalso interact with a large number of nonoverlaping short-

can be easily examined. range attractive parabolic potential wells of radius
We use al' =0 MD algorithm to perform large-scale, de- §,=0.15\. The maximum pinning force,,, of each well in

tailed simulations of many superconducting samples. Each given sample is uniformly distributed bet\Neﬁg’FX/S and

sample has one of three pinning strengthand one of three {7, The pinning strength in our samples varies from very

pinning densities, . Five different combinations of, and  weak pins €,=0.3f,) to very strong pinsf(;=2.0f ), with

Ny, spanning a wide variety of possible pinning configura-maximum pinning values given by;axzo_gfol 1.0fy, or

tions, were considered in this work. We studynamica) 3 of . Here,

rather thanthermal instabilities; thus, thermally activated

flux creep® does not occur in our system, and all avalanches P2

are driven solely by the competition between the vortex gra- ffw-

dient and pinning forces. Each avalanche is triggered by the

addition of asingleflux line to the system. After the ava- The samples studied here contain one of three different den-

lanche ends and the system reaches mechanical equilibriusities of pinning sitesp,, corresponding to three different

another flux line is added to the system. That is, during eachumbers of pinning sitesNp,: np=5.930\2 (Np=3700),

avalancheno vortices are added to the sample. The worknp:2,40A2 (N,=1500), ornp:0,96A2 (N,=600). Al-

presented here is distinct from previous MD simulations inthough the pinning potential is fixed in time, the energy land-

several ways. Our detailed study involves more thahal@-  scape produced by the moving vortices evolves continu-

lanches for each combination 6f andn,, recorded using ously.

an extremely large number of MD time ste(i0* h on an The overdamped equation of vortex motion is
IBM SP parallel computer This allows us to construct reli-
able, statistically significant distributions from the ava- fi=f"+fP=nv, 1

lanches. Our more realistic two-dimensional model also em- h h It (d h Cow
ploys a much longer vortex-vortex interaction range than’/here the total forcé on vortexi (due to other vortice§™,

previously used® and pinning siteg!?) is given by

This paper is organized as follows. In Sec. Il, a detailed N N
description of the numerical simulation is given. Section Il oS <|ri_rj|)i;“ ZP E“_r(p”
contains our definition of a vortex avalanche. In Sec. IV, we = TR N 1 o K
present a variety of images of the vortex avalanche events,
highlighting common features such as vortex motion in fp—|fi—rf<p) A
winding chains and the pulselike nature of the avalanches. In X N ik - @

Sec. V, statistical distributions are analyzed. Features in
these distributions are related quantitatively to the micro-Here,© is the Heaviside step functiom; is the location of
scopic parameters and dynamics of the system. Sections Ve ith vortex,v; is the velocity of theth vortex,r‘kp) is the
and VII contain brief comparisons of our work to recentlocation of thekth pinning site,£, is the radius of the pin-
experiments. Finally, we summarize our results in Sec. VIIl.ning site,N, is the number of pinning sitedl, is the number
of vortices, F;; = (ri—r;)/|ri—r;|, Tu=(ri—r)/|ri—r],
and we taken=1. We measure all forces in units of
fo=®3/8w2\%, magnetic fields in units ofPy/\?, and
We model a transverse two-dimensional slizethe x-y lengths in units of the penetration depth The number of
plane of an infinite zero-field-cooled superconducting slabvortices forming the Bean state varies from sample to
containing rigid vortices that are parallel to the sample edgsample, ranging from a minimum value bf,~240 for the
(H=HZ). The sample is periodic in thedirection only, and sample with a low density of strong pian=0.96l)\2 and
there are no demagnetizing effects. An external field is modfg‘axzs.OfO, to a maximum value ofN,~1700 for the
eled by the presence of flux lines in an unpinned regiorsample with a high density of strong pin°1;p=5.93A2 and
along one edge of the sample. This field is very slowly in-f*=3.0f,. Throughout this paper we examine the regime
creased by adding a single vortex to the unpinned region o< n,/n,=0.82, wheren, is the vortex density.
each time the sample reaches a state of mechanical equilib-
rium. Vortices enter the superconducting slab under the force
of their mutual repulsion and pass through a pinned region
24\ X 26\ in size, where\ is the penetration depth. They  The flux profile in the samplésee Fig. 1is maintained in
form a flux gradient naturally due to their own interactibhs a quasimagnetostatic stateith only a single vortex added
and give rise to the critical curredB/dx=2mJ./c. Experi-  to the left side of the sample every time the sample reaches
ments employ a flux profile which, on average, does nomechanical equilibriund® Although this resembles granular
change with time inside the sampfeTo model this, we sandpile experiments that add a single grain at a time to the
remove vortices from the simulation when they exit the op-apex of the pilé;? there are very important differences be-
posite end(i.e., the right edge in our figuresf the pinned tween granular systems and our vortex system: the vortex
region. interaction has a much longer range, incorporating the effects
The vortex-vortex repulsive interaction is correctly repre-of up to 100 nearest neighbors; inertial effects are negligible
sented by a modified Bessel functidf;(r/\), cut off be- in this highly overdamped system; and the disorder is
yond r=6\ where the force is quite smaft. The vortices quenchedi.e., pinning sites are fix¢dand tunablgthat is,

II. SIMULATION

Ill. VORTEX AVALANCHES
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3 vortices moving rapidly or a large number of vortices mov-
-~ £,=3.0f, n =0'96/7“2 N,= 600 ing slowly. Magy ar\)/algnche evgnts produgs signals that

o 1,=3.0f, n =2'40/7‘2 N,=1500 consist of several peaks clustered together, indicating that the
=3.0f, n =5'93/7"2 N,=3700 avalanche disturbance domst propagate through the sample

n =5-93/7‘2 N,=3700 at constanb ,,, but moves irrepeatedpulsing wave£® This

— £,=0.3f, n=5.93/A" N,=3700 burstlike behavior is a result of the combined effects of the
vortex density gradient and the two-dimensional nature of
the vortex motion.

Most avalanche disturbances start at the outer sample
edge (left edge in the figuréswhere the vortex density is
highest. When a vortex inside the sample is displaced from
its pinning well due to a small increase in the external field,
pinned vortices ahead of it prevent it from moving down the
gradient. This is in contrast to granular sandpiles, where sand
grains can move in the third dimension to avoid such block-
ages. A string of vortices is depinned in a dominolike effect,
with each moving only far enough to depin the next vortex

Position (1) and then stoppiqg. T_his pulsing motion continugs until the
forces on all vortices in the sample are once again below the

FIG. 1. Magnetic-flux density profile8(x) for each sample threshold depinning force.
studied. The profiles were obtained using By adding only one vortex at a time, we probe the system
B(x)=(24\) 1[3™dyB(x,y). The area :x<4\, 0<y<24\,to in the limit of a zero current of incoming vortices. Large
the left of the dotted line, is the unpinned region through whichvalues of the current do not produce well-defined individual
vortices enter the sample. This mimics the external field; the dashedvalanches, so it is important that a given avalanche die
line indicates the field strength in this region. The presence of bullaway completely before adding the next vortex. Adding
pinning in the sample(located in the region X¥<x<30N\,  many vortices simultaneously, or at a very fast rate, can sig-
0<y<24\) provides a barrier for flux entry and exit at the inter- pificantly modify the state of the system. The information we
fa_10ex=4>\. Th_e_ five pro_file_s corr_espond to five samples with threelearn about a rapidly driven system tells us not about the
different densities of pinning sites),, and three different uni-  qiginal state but about théossibly drastically modified
formly distributed pinning strengths, . Starting from the tofivery  grate. Use of an effectively infinitesimal perturbation allows
strong pinning to the bottom, we have filled trnanglelé}‘&]ax=3.0f0, us to avoid altering the nature of the original system while
Np=5.93A°, Np=3700, N,~1700; open squarest, "=3.0f, g4y gaining information about it, something that is important
np:2‘40A2’ Np=1500, N,~1000; open diamonds, “=1.0f0, i iher systems as well. For instance, in classical mechan-
Np=593A°,  Np=3700, N,=700; -asterisks: f,"=3.0f, i [l perturbation is applied to a particle to test
n,=0.96A2, N,=600, N,~500; and plus signsf™=0.3f,, o> & Very small pert pplied 1o a p
np:5 93A2 N '323700 N ”%240 Note that the slopep@‘(x) e the stability of its orbit. In electromagnetic systems, a small

Py PP CY j . Jest charge is added to systems in order to probe their elec-

J.(x), is somewhat larger towards the right edge of the sample I . diel . . bodv ph
where the flux density is lower and the effective pinning is larger."iCal Screening or dielectric properties. In many-body phys-

The average slope is not altered by avalanches since the majority §S» @ Very small electric or magnetic field is applied to sys-
the vortices in the sample do not move during an avalanche.  (ems to determine their diamagnetic response.

———————

(=1
= = S = I = M =
T T T T T
T

the effective pinning strength can be varied with fjeld

To gauge the amount of vortex motion occurring in a
sample at each MD time step, we use the average vortex The time evolution of the velocity signal plotted in Fig. 2
velocity v,,, given by the sum of the magnitude of the ve- resembles that observed for a variety of different physical
locity of each vortex; divided by the number of vortices in  systems in the so-called intermittent regifié’ In particu-

Voltage bursts and intermittency

the sampleN, , lar, the general features of the velocity signal in Fig. 2 are
N similar to the fluid velocity at a point in the interior of the
_i E” 3 container in Rayleigh-Beard convection experimertsin
Vav™ N, <1 Vi ©) the intermittent regime. In the vortex and fluid cases, the

o ) somewhat regular velocity signals are intermittently inter-

We add a new vortex only when significant motion hasypted by velocity “bursts” of finite duration which occur at
stopped, as indicated when seemingly random times. This section explores the concep-
V<D 4) tual analogies and differgncgs between the velocity bursts

av="Tthe produced by vortices moving in superconductors and the ve-
wherevy, is a low threshold value. The signa), is plotted  locity bursts observed in intermittency. A quantitative and
in Fig. 2 for a sample with a high density of strong pinning detailed comparison is beyond the scope of this section, and
sites and a threshold level,=0.0006,/%. Each time a will be presented elsewhere.
new vortex is added to the sample, a very small peak appears Let us first summarize the intermittent transition to
in v,,. Larger peaks are produced during the avalanches thahaos?® More information can be found in Refs. 26, 27.
are occasionally triggered by the addition of a vortex, withIntermittency refers to a signal that alternates in an appar-
the largest peaks generated by a combination of either a feantly random manner between long regular phases, known as
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FIG. 2. Plot of the average vortex velocity,, shown in normal(@ and expandedb) views. The box in(a) indicates the region
expanded ir(b). This quantity resembles voltage signals induced by moving vortices in actual experimental s&aplég). An additional
vortex is added to the left edge of the sample only whgyfalls below the thresholéackgroung value ofv,=0.0006 4/ 7. Every period
of avalanche activity can be clearly resolved. Certain velocity bursts composed of several closely spacedugaksraspond to single
avalanches in whickeveralvortex chains move consecutively in a manner resembling lightning strikes. In these avalanches with multiple
peaks inv,,, the disturbance does not propagate through the sample at cangtambne pulse, but moves in repeated pulsing waves. This
signal is from a sample containing 1700 vortices interacting with a high density of strong pinning1§i:tﬁ'593b\2, fg“ax=3.0fo.

laminar phases or intermissions, and relatively short irregulaof nonlinear dynamics, the laminar phase now has an infinite
bursts, called chaotic bursts. The frequency of these burstduration and the motion is regular; that is, it is a fixed point
increases with an external parameter that we eaftlere.  of zero velocity.
Thus, intermittency provides a continuous route from regu- When vortices are added to the system at a very small rate
lar, burst-free motion, foe=0, to chaotic motion, for large ¢, such as one vortex added every MD steps, some vor-
enoughe. For very small values of, there are long stretches tices in the system rearrange their positions. In this case, the
of time, called laminar phases, during which the dynamics isaverage vortex velocity remains very close to thg=0
regular, remaining very close to the burst-free 0 fixed laminar phase value, up to small oscillations produced by
point. vortex rearrangements, In other words, >0 and very

Let us now consider a marginally stable Bean state. Takemall, the velocity of the system remains quite near its
€ to be the rate at which vortices are added to the system,,=0 fixed point[see, for instance, Fig. 80 of Ref. 2§.
(i.e., the driving rate If e=0, the dynamical system of vor- This dynamics near the fixed point, or “inside the laminar
tices is at a fixed point in both position and velocity spacesregion,” does not continue forever. Eventually, the system
In particular, its average velocity,, is zero. In the language exhibits a burst; that is;,(t) suddenly increases to a larger
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value, producing a crest of apparently random shape, or a,<n,, all vortices remain trapped at pinning sites when an
“chaotic burst.” After a period of time that is typically avalanche is not occurring, except in the case of very low pin
short, this burst suddenly comes to an end, and the system dkensity when some vortices remain at interstitial sites created
“reinjected into” the laminar region, exhibiting its usual dy- by the repulsion from surrounding vortices.
namics near the fixed point. When vortices are added to the A single avalanche event is depicted in each panel of Fig.
system at an increasingly large ragéethe average vortex 3. The entire sample is shown in each case, with the initial
velocity displays more frequent bursts away from the=0 positions of vortices that were depinned during the avalanche
fixed-point laminar phase value. marked with filled circles. The vortices that remained pinned
For chaotic systems in the intermittent regime, the lengthare indicated with crosses. Rare large events, such as that
of time the system spends around its fixed point, and thdlustrated in Fig. 8a) for a densely pinned sample, involve a
length of time the system spends in the chaotic region, arbroad region of the sample. These events occur only after a
both unpredictable. If the same computer run is repeatedonsiderable amount of strain has accumulated in the vortex
with initial conditions that vary slightly, the details of the lattice. In the most frequently occurring events, winding
dynamics will not be reproduceéd:?’ These and many other chains of vortices move from pinning site to pinning site,
results have been obtained for chaotic systems in the intewith each vortex moving into the site vacated by a vortex to
mittent regime. Analogous calculations have not been madis right, as in Fig. 8). The chains extend down the flux
for vortices in the Bean state. It would be interesting to cal-gradient in thex direction, and are not perfectly straight but
culate, among other things, the average time the systemvind in they direction. The amount of winding increases as
spends around its fixed poifite., in the laminar regionas a  the pinning strengtti,, decreases. The chains do not appear
function of the driving ratee. It is unclear at this point how at the same location during every avalanche, and chain size
these quantities compare for the vortex and standard nonlirmay vary: in some events a chain spans the sample, while in
ear systems. To compute these quantities for vortices is fasthers the chain contains only three or four vortices.
more complicated than for the usual systems. Fluid flow, When the pinning density is high, moving vortex chains
modeled by the three Lorentz equations, and other intermitare equally likely to form anywhere in the sample. As the
tent systemge.g., nonlinear RLC circuijscan be described pinning density is lowered, however, the probability that the
effectively by few degrees of freedom. The problem of vor-movement will occur in a certain well-defined channel at one
tex avalanches requires solving very many degrees of fredecation in the sample becomes very high. The position of
dom, which greatly complicates the calculations. These wilthis channel varies from sample to sample, but all samples

be considered elsewhere. with low pinning density contain such a channel. An ex-
ample of a “preferred channel” is illustrated in Figd.c3).
IV. ANALYSIS OF THE SPATIOTEMPORAL EVOLUTION Here the vortices follow theamewinding path during sev-
OF VORTEX AVALANCHES eral consecutive avalanches. These meandering vortex chan-

nels displaybranchingbehavior or form small loops around

The spatiotemporal propagation of avalanches through stronger pinning sites. As a result of the low pinning density
sample are of great interest. The analysis presented beloyy the sample shown in Figs.(&d), interstitial pinning is
provides insight into which microscopic properties of ahighly important. Interstitial pinning occurs when a vortex is
sample are most important in determining the nature of théeld in place only by the repulsion from surrounding core-
resulting avalanches. Few experimental studies in any avainned vortices. Since the strength of the interstitial pinning
lanche system are able to view individual avalanches. Exis significantly weaker than that of the surrounding core pin-
periments involving vortex avalanches so far have been ablging sites in a sample, as in Figsic3)), the resulting ava-
to resolve only a macroscopic result of the avalanche, suctanches follow easy-flow paths composed almost entirely of
as flux leaving the sample, and have not been able to deteinterstitially pinned vortices. The occasional large events in
mine the path the vortices followed as they moved throughsuch a sample rearrange the interstitial pinning landscape,
the sample. Our simulations can easily image vortex avaleading to the formation of a new set of flow channels that
lanches, revealing how changing the microscopic pinning pawill persist for a period of time until the next large event

rameters affects the nature of the avalanches. occurs. For example, the persistent flow channel of Fig. 3
was altered into the channel of Figd3 by a large event.
A. Spatial configurations of vortex avalanches A small packet of flux never actually moves from one end

We first d ine th h lanche foll h hof the sample to the other in a single avalanche, regardless of

th € |rs|t t;ate.r('jmlnt(.a the gﬁt antava anc Ie g_owst rOUgRy hether vortices move in fixed channels or in constantly
€ sampie Dy iden ifying the vor Ices involved in reF’resen'changing paths. Instead, movement is transmitted from vor-

tative avalanche events. A vortex is considered an avalaangX to vortex, with an individual vortex rarely moving more

participant if it .is depinned, indicated wh_en s displagementthan one to two pinning sites away from its former location
di during th? time interval betwgen_ add|_ng new vortices toduring an avalanche. Thus, the disturbance crosses the
the sample is greater than the pinning diamety,2 sample, but a vortex does not, and the time span of a typical
avalancher (measured belowis much shorter than the time
required for a single vortex to traverse the sample.

This distinction is necessary since most vortices in the
sample are displaced very slightly during an avalanche, but
only a small number depin and are transported down the The images analyzed above show that avalanche distur-
gradient. Because our simulation operates in the regimbances involve several possible types of moving bundles or

di>2¢,. 5)

B. Snapshots of the velocity field
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FIG. 3. Snapshots of vortices participating in an avalanche event. Here, the initial positions of vortices that were depinned during the
avalanche are represented by filled circles. Vortices that remained pinned are represented by crosses. Vortex motion is towards the right of
the figure, and the entire 26< 24\ sample is shown. Pané) is from a sample With1p:5.93A2 andf™=3.0f,; panels(b), (c), and(d)
are from a sample with lower pinning densityp':z.4O/)\2 andfgaxzs.Ofo. (a) shows a large event. The stationary vortices in and around
the flow path are more strongly pinned than the moving vortices and provide barriers to théflsma typical chainlike event. Most events
are this size or smallefc,d) show how a characteristic channel for motion can change slightly over{&mge from(c) to (d)]. Infrequent
large events rearrange the vorticegdhand alter the interstitial pinning caused by vortex-vortex interactions, resulting in the new channels
shown in(d). In other words, the channels {d) are produced by a vortex lattice rearrangement after the channés dominated the
transport over several avalanches. Note the gradient in the vortex density, with a higher density on the left side of the figure.

chains of vortices, but give no information about the time Figure 4 shows an avalanche moving through a portion of
scales for vortex motion. Thus, to examine the avalancha sample with a high density of strong pinning sites. An
dynamics, we consider the velocities of individual vortices atarrow of a length proportional to the instantaneous vortex
several instants during an avalanche and present a series\alocity marks the initial position of each moving vortex.
snapshots of the vortex movements duringsingle ava-  The velocity of the vortices near the right edge of the sample
lanche. We find that avalanche disturbances propagate nas greater than that near the left edge due to the vortex den-
ther instantly nor at constant speed through the sample. sity gradient. The uniform time interval separating each
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FIG. 4. Consecutive snapshots of the vortex velocity field in B8>5\ region of a 26 X 24\ sample with a high density of strong
pinning sitesnp:5.93A2, f?ax:3.0fo. Each moving vortex is indicated by an arrow whose length is scaled by the velocity of the vortex;
the remaining vortices are indicated by small crosses. All vortices sit in pinningiséeshown when not in motion. A vortex is considered
“moving” if it is depinned. The remaining vortices are not completely motionless, but shift very slightly inside the pinning sites. The
disturbance propagates from the dense left edge of the sample to the relatively less dense right edge. The vortices in the rest of the sample
(not shown were not depinned. The time interval between snapshots is the typical,tirequired for a vortex to hop from one pinning site
to another. The illustrated motion is typical of a medium-sized avalanche in this sample.

panel was chosen &g, the time required for a vortex to hop detected by probing only vortices exiting the sample. Those
from one pinning site to the next, so that most vorticesvortices that do exit have initial positions within one to two
complete their motion within one panel of the figure. Thelattice units from the sample edge, and we do not observe
disturbance in this avalanche propagates through the samphrtices moving many pinning sites to the right during a
with most of the vortices involved stopping exactigepin-  single avalanche in order to leave the sample. We therefore
ning site to the right of their initial positions. Thus, the ma- find that during the largest avalanches, when the greatest
jority of the motion occurs inside the sample and cannot beaumber of vortices exit the sample, all movement and flux
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exit occurs in avideregion of the sample. Figurd® shows

an example of a wide avalanche. midpoint— fOKl(ﬁ)- (6)
The event pictured in Fig. 4 has a medium-length lifetime.

Events with longer lifetimes often consist ofore than one For interstitial motion to occur, we require

pulse of motion; that is, the average velocity,, exhibits

several spikes or oscillations during a single avalanche. fgnpiLZ midpoint-
Thus,
C. Cumulative pattern of vortex flow channels
The spatial configurations of the avalanches we observe fﬁ%:foKl(ﬁ),

are not strongly affected by the sample pinning parameters,

with all samples producing vortex motion in winding chains 1

that pr_opr?lgate through the sample during one or more pulses. fgnpi:]: foky ) ) (7)
The pinning parameters are important, however, when we 2)\\/n—p

consider whether chains moving in consecutive avalanche,gor each of the pinning densities used in our simulation, we

are concentrated in one area of the sample, or whether they \ oo ine the minimum pinning strengff}, that would

are evenly distributed throughout the sample over time. By ermit interstitial motion. In samples with a high density of

plotting the vortex trajectories with lines, and drawing these”.” . . _ 2 . : _
lines for an extended period of time covering many ava-p('gnlng S|tes_, Np="5.93A%, as in Figs. EC.'d)’ we find
lanches, we can identify the cumulative pattern of vortexfmin_4'7f0' Since the actual pinning fo.r(.:es in t.hese samples
flow channels for different pinning parameters. Heavily trav-""refphS3-QfO’IW_e do notfexpeﬁt lntelrstlt[al motion to occur,
eled regions of the sample are easily distinguished by a cornd the simulations confirm that only pin-to-pin motion oc-
centration of trajectory lines. An examination of small re- €Urs in these samples. Samples with a lower pinning density

gions of samples shows that the typical flow channel patter@f Np=2.40A% as in Fig. $b), haveff_ﬁ!)n=2.8fp. In this
varies with pinning density. case, withf ,=<3.0fg, occ.aS|onaI interstitial motion may oc-
As shown in Figs. fa,b), interstitial channelsof easy Cur near the strongest pins, and a small amount of interstitial
flow for vortices develop in samples with a low density of motion is observed in the corresponding simulations. In
strong pinning sites. The flow of flux lines in Fig(é in-  Samples with the lowest pinning density mf=0.96A%, as
volvesonly the much more mobile interstitial vortices mov- in Fig. 5@), f®) =1.6f,. This condition is easily met by a
ing plastically around their strongly pinned neighbors, indi- large portion of the pins, which havig=<3.0fy, and exclu-
cated by the fact that the vortex trajectories form narrowsively interstitial vortex motion is expected and observed in
paths that never intersect the pinning sites. Similar behavioihe simulations.
has been directly observed recently by Matswetal,®

where interstitial, chainlike avalanche flow was seen around V. STATISTICAL DISTRIBUTIONS

a few strongly pinned vortice®. As the pin density is in- CHARACTERIZING VORTEX AVALANCHES

creased, pin-to-pin vortex motion becomes more important o ) )

and the interstitial channels become less well defifféd. The strikingly different behaviors of the vortex ava-

5(b)] until at the highest pin densities,=5.93A2, intersti- lanches are quantified here by identifying the dependence of
tial flow is no longer observed, and the vortices always movéhe distributions of several quantities on pinning parameters.
from pinning site to pinning site. This is illustrated in Figs. |"€Se quantities includer, the avalanche lifetimel,, the
5(c,d) for a high density of pins of two different strengths. Number of vortices participating in the avalanch;, the

Note the absence of distinct isolated flow channels. number of vortices exiting the sample during an evely,
the total vortex displacement occurring in the avalanche; as

well asd; andv;, the individual vortex displacements and
D. Derivation of the criteria for the presence velocities during an avalanche.
of interstitial vortex motion

In the limit of strong pinning, we expect interstitial vortex A. Avalanche lifetime

motion to occur whenever a vortex moving between two A frequently used characterization of an avalanche is its
pinned vortices exerts a maximum forégiiy,,ie ON €ach  totg] lifetime r or the interval of time during which the ava-
pinned vortex that is less than the pinning forige This  |anche occurs. In our simulatior,is equal to the interval
occurs at the midpoint between the two pinned vortices. lfhetween perturbations of the system by the addition of a new
this condition is not met, one of the pinned vortices will be yortex. Recall that here, the Bean state is always driven in a
depinned, and the interstitial vortex might be trapped by theyuasimagnetostatic mode: a flux line is added, vortex posi-
vacated pinning site. Given the pinning density of a  tjons in the sample shift and may produce an avalanche, and
sample, we can calculate the minimum pinning strerfglh  the next flux line is added only after the vortex lattice
required to allow interstitial motion. Assume that two vorti- reaches mechanical equilibrium. We expect the avalanche
ces are pinned in adjacent wells separated by the averagjéetime to depend on both the pinning strength and the pin-
distancedp=n_1/2 between pinning sites. If an interstitial ning density.

vortex passes directly between these two pinned vortices, it The pinning strengtfi, influences avalanche lifetimes by

is a distancel /2 from each pinned vortex, and exerts a forcedetermining the speed of vortex motion in the sample. We
on each equal to find a relationship between the pinning strenfthand the
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FIG. 5. Continuous lines indicate the paths vortices follow through a portion of the sample over an extended period of time covering
many avalanches. Vortices enter through the left edge and move towards the right edge. Dots represent vortices, and open circles represen
pinning sites. An & X8\ region of the 26 X 24\ sample is shown(a) n,=0.96A%, f'™=3.0fo. (b) n,=2.40A% f7*=3.0f,. (c)
n,=5.93A?, f'*=3.0fy. (d) n,=5.93A%, f7®=0.3f,. Vortex motion in the sample with,=5.93A?, f*=1.0f, resemblegc) and(d).

In (a) and(b), strong pinning occasionally causes segments of the vortex path to run towards the top and bottom of the figure, transverse to
the flux gradient. The presence or absence of easy-flow channels is strongly dependent on pin density. The channeld@rardiib)n

lead to avalanches with characteristic sikgsand lifetimesr. Samples with higher pinning density do not have isolated easy-flow channels

and produce very broad distributions of avalanche sizes. Because of the higher pinning strength, avalér)dissimigher typical vortex
velocitiesv; and shorter typical event lifetimesthan those ind), resulting in tighter, less wandering vortex paths.

speedv; of an individual vortex by considering the behavior fi=f"+ fpfikmo, (8
of a vortex at positiorr; immediately after it is depinned

from a well at positionr{” . If we assume that the vortex Where

barely has enough energy to escape the well, the total force

on the vortex just before it depins is close to zero: fo=1fP(Irikl = &) C)



6184 C. J. OLSON, C. REICHHARDT, AND FRANCO NORI 56

is the maximum pinning force at the edge of the parabolic
well, Fye=ric/|rid = (ri—rP)/|ri—r{P|, andrj is the dis-

. ) 10711
tance between vortek and the center of th&th parabolic _
well. Thus, £ 102l

o

fivum_fpfik. (10) 103

The pinning force has an abrupt cutoff at the pinning radius 10
ép, so0 when the vortex moves off the pinning site, the
vortex-pin forcef’? suddenly falls to zero while the long-

range vortex-vortex forc&’” changes only negligibly. The 10]

resulting force on the vortex is "3
= 102
~ e
fi=f}”’%—fprik. (11) a 10°.
Thus, the vortex velocity is 104
il f
Vi=v=—~ L, (12 N
n " ol
whereuv is a characteristic velocity associated with the pin- =
ning strength. Vortices in samples with stronger pinning + 10%;
move faster when depinned than vortices in samples with &
weaker pinning. 107 '

In order to directly relate vortex velocities to avalanche 104 ‘ 3 . 1003 -
lifetimes, we consider the distance an individual vortex 10 I/th100 0 T/,
moves during an avalanche event. A vortex normally hops ,
from one pinning site to an adjacent site during the event. ng/A
The distance it travels is simplgt,, the average distance 096 240 593
between pinning sites, 3.f, N . N

q 1 13 5 1.0 o
" n,’ 03f, | ®
If we define a “string” avalanche as an event during which 600 1500 3700
each vortex in a chain extending the length of the sample N,

hops from one site to the next, we can estimate a “string”
lifetime. First, we designate the time that a vortex with just

; ; . FIG. 6. Distributions of avalanche lifetimes; The leftmost
ﬁgggﬁ% etirrl‘r?(;%y _to depin spends moving between pins as tr})%nels (a,c,e correspond to our highest density of pins,
th -

np=5.93A2, and differing pinning strengths: filled triangles,
fp=3.0f; open diamondsf*=1.0fy; plus signsf*=0.3f,.
%7 _ (14) The right panelgb,d, correspond to samples with our strongest
Vg fp\/n—p pins, fT®=3.0f,, and differing pinning densities: filled triangles,
) e o 3 ) n,=5.93A% open squaresn,=2.40A?; asterisks,n,=0.96A%.
For example, in Pbin,7~3.3x10"° G"s,** so using (¢ g Distributions scaled by the estimated lifetime,,. Note the

fp=3.0fp, ”p:5-93/)\2' and A~65 nm .givesth~15 fs.  appearance of characteristic avalanche times indicated by arrows in
Next, we estimatdNy,, the number of vortices that must hop (d) at 7/7.s~0.8 and/ 7s~1.3. (e,f) Distributions scaled by the

in order for the avalanche to span the sample: hopping timet,. In (e) the hopping time between pinning sites is
t,=6, 18, and 57 MD steps, respectively. Also (i), notice the
Np=Ly/n,, (15  power-law behavioP(7/t,)~ (7/t) 4 for small 7/t, over two

decades for the sample with a high density of strong [tfiied
%riangles). In (f) the hopping time between pinning sitestjs= 6,
, and 53 MD steps, respectively. The arrow(in at 7/t;,~30
indicates a local maxima iR(7/ty,) for the two samples with lower
density of pins. Pandl) schematically indicates the notation used
7'/I—x\/n_v

16) in the figures of this work.
fovn, (

pYP lifetimes decrease as pinning strength or density is increased.
For instance, using the value gf for Pbin given above and This is confirmed in the plot of the distributid?( 7) in Figs.
taking the vortex density to b, =2.5A2 gives a lifetime of  6(a,b), where we see that samples with strong dense pinning
Test~ 0.6 ps. The relationship betweegg andf, andn, is  have significantly shorter avalanche lifetimes than samples
not simple because the vortex density=n,(H,f,,ny). For  with weaker pinningFig. 6@] or samples with lower pin-

a given field strength, however, it is clear that avalanchening density in which interstitial pinning is importaffig.

whereL, is the sample length. If we assume that the vortice
hop one at a time in sequence, we obtain an estimate of t
“string” avalanche lifetime,

Test= thNp~
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6(b)]. All histograms have been smoothed as described in

Ref. 33. o IO ®)
In order to determine what fraction of the avalanches have 10" ’ .::; - mﬁ“b

lifetimes on the order of the estimated “string” lifetimes, 23 102t ey R ‘3@%

we scale the avalanche lifetimes by, and plotP(7/7es) a ;\

in Figs. Gc,d). For the dense strong pinning case of Fig)6 1081 LN

most avalanche lifetimes are shorter than the estimated life ’ LR

time 7o (7/7es<1) as a result of two factors. First, several 10% 10 00 10 100 100

vortices hop simultaneously, as in Fig. 4, rather than hopping N, N;’*

one after the other, as assumed in our estimate. Seconc N - © . | (d)

although Fig. 3 illustrated several system-spanning ava- 10"l b T i &

lanches, many events do not involve enough vortices to spal = "w,; Fauly

the entire sample but contain only a short chain of vortices = 10% Q‘?\\ %

moving a short distance. The majority of avalanches in § 1091 ,@; i N\

samples with strong pinnind,'®*=3.0f,, contain less than vt B

ten vortices traveling in short chains that originate in regions 10" R R §*1b R %,10 160

of high vortex density but do not extend into areas with N,/ N, N./N,

lower vortex density. R o ‘ @ . ‘ ‘ ®
As the pinning force is lowered, the chains of moving 1071 e . [ o l }

vortices become longer on average, leading to an increase i ML “:fu;fii‘z.

the average value of/ 7.y Only samples with a reduced < 102 N , “‘x'_

pinning density, shown in Fig. (6), produce frequent Z \\\ ﬁxﬂ‘

“string” avalanches. In these samples, nearly all avalanches & 10° A\ ] "\,

occur in a single easy-flow channel that spans the sample, a 10+ ‘ A ‘ )

in Fig. 5a), or in two main channels as in Fig(th. As a 0.01 0.1 0.01 0.1 1

. - - N, /N N./ N,
result, we observe an increased likelihood for the ‘“string” /Ny 2

avalanche in the form of an increase in the distribution func-  F|G. 7. Distributions of the number of vorticebl,, moving
tion near7/ 7.~ 1. This increase is most pronounced for theduring an avalanche event. The left panésc,e correspond to
lowest pin densitynp=0.96/}\2 [Fig. 6(d)], where the chan-  samples with a high pin density,=5.93A2, and differing pinning
nel is most strongly established. Since the channels in suditrengths: filled triangles, f;*=3.0fo; open diamonds,
samples wind significantly in crossing the sample, the num#J®=1.0f,; plus signsf™=0.3f,. The right panelgb,d,f corre-
ber of vortices moving during the avalanche is greater thaspond to samples with strong pinfg}*=3.0f, and differing pin-
the estimated valueN,, and the observed increase in ning densities: filled triangles,n,=5.93A% open squares,
P(7/ 7 for np:0.96/}\2 falls at 7/ 7.~1.3, rather than at n,=2.40A?; asterisksn,=0.96A. (c,d Distributions scaled by
7l Tesr= 1. the average number of vorticel,, that must hop for the ava-
Figures @e,f) show the scaling of the avalanche lifetimes lanche to cross the sample. (), note the appearance of a charac-
by the hopping timet,. In this case, the distributions t_erlstlc value in the latter two samplesN;/Nhf 1. (_e,f) Distribu-
P(/ty,) for high pinning densitymp:5.93A2), in Fig. &), tions scaled by the average numbiy,, of vortices in the sample.

collapse and can be approximated for smaly the form _For sgmples with a large density of s_trong pins, the _Ieftmost_ curve
in (e) indicates that most avalanches involve only a tiny fraction of

the vortices, resulting in plastic transport that occursbiref,

( 7—) ( 7) - choppy bursts
P T -~ T 1
th) \tq B. Number of vortices in each avalanche
Avalanches can be characterized according to the number
where of vortices displaced during the event. This quantity can be
directly observed through computer simulations, but at
y~1.4. present must be inferred from experimehtaVe define the

number of vorticesN,, that were actively moving partici-
o ] o pants in each avalanche as the number of vortices that were
Distributions generated by samples with lower pinning den-epinned. Figures(@,h present the corresponding distribu-

sities, in Fig. &f), do not scale and cannot be represented byion p(N.). For high pinning density, as in Fig(d, we can
the same form. This indicates the importance of the nature Oépproximate the distribution for sma\l, as

avalanche propagation. For samples with a high density of
pins, pin-to-pin vortex motion occurs throughout the sample, P(Na)~N;3.
with all regions of the sample participating in an avalanche _ L
at some time. Once the pinning density decreases, however, e f!”d that 8 decreases as the pinning strength de-
interstitially pinned vortices appear and dominate avalanch&"€ases.
transport. .The vgrtice; always follqw tlsemepaths,.visiting 14, fgwax: 3.0f,
as many interstitial sites as possible when moving through max_
1.0, fy¥=1.0f,

the sample, and introducing a characteristic avalanche life- B~
time. 09, fg]axz 03fo
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Smaller values of indicate a relative increase in the fre-
guency of large avalanches compared to small ones. Thi
trend in 8 might appear counterintuitive since the smaller

flux gradient present in systems with lower pinning strength & 42|

f, produces less energetic avalanches that might be expecte;a_
to have small values dfl,. It is, however, the width of the F
avalanche disturbance rather than the magnitude of the flu:
gradient that is important in determining,. In samples

with strong pinning energetic avalanches occur, bata-
lanche width is suppressesince strongly pinned vortices on

either side of the moving chain are not depinned during the ;.|

short interval when vortices are moving very rapidly down &
[a\]

the steep vortex density gradient. As the pinning weakens = 102|

avalanches become wider when weakly pinned vortices ad2
jacent to a slowly moving chain depin and join the motion
down the shallow gradient, resulting in more events with

. 10+
relatively large values oN, .
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Vortices flow only in certain channels when, is low,
leadmg,to the appearance of_a CharaCter's_t'C VaILIé(Na)_ FIG. 8. (a,b Distributions of the total distancel,,;, moved by
[arrow in Fig. 1b)] and making it Imposs!ble to describe all vortices in the sample scaled by the width of the sambple,
P(N,) by a power-law form over the entire range of ob- (¢ g pistributions of the average distanas,, traveled by a vortex
servedN, values. The formation of avalanches with large guring an avalanche event scaled by the pin diametgy, Zhe left
values OfNa is Impeded in such cases because all availabl%ands(a,(j refer to samples with high pin densi[yp:5_930\2‘
interstitially pinned vortices are already participating in theand differing pinning strengths: filled triangley~=3.0f,; open
channel, and the neighboring strongly pinned vortices cannafiamonds,fy®=1.0f,; plus signs,fy®=0.3f,. The right panels
be depinned. (b,d refer to samples with strong pinning;*=3.0f,, and differ-

The arrow in Fig. Tb) indicates a value dfl, correspond-  ing pinning densities: filled triangles),=5.93A%; open squares,
ing to the number of vortices in the channdlg,,nner Since  n,=2.40A?; asterisksn,=0.96A2
the channels span the sample, we expéghqneto be close
to the number of vorticeN,, that must hop to cross the
sample in a straight chain, whelkg = LX\/ﬁU . To verify this,
we plot the scaled quantiti?(N,/Ny) in Figs. 4c,d). We

less plastic, with small adjacent portions of the vortex lattice
gradually sliding forward at different times. The samples
with low pin density, shown in Fig.(7), have their transport
find in Fig. 7d) that samples with low pin density,, in  dominated by the single easy-flow channel that develops. We
which interstitial pinning is important, hawé.anner- N, @s  find that the fraction of vortices contained in this channel
is expected if all moving vortices form a single chain acrosdncreases as pinning density decreases since the interstitial
the sample. Specifically, increases R(N,/N;) fall at  channel winds to a greater degree in the sample with fewer
N,/Ny=~1 for np:2.4OA2 and N,/N,~1.1 for pins and involves a correspondingly larger number of vorti-
np=0.96/)\2. The winding of the channels in samples with ces.
np=0.96\2 causes the value &, corresponding to channel
motion to be slightly larger thaN}, . For samples with high
pinning density, Fig. ) indicates that the most linear part

of P(N,/Ny;) is produced foiN,<N,,, or for events that did Another measure of avalanche size, uniquely available
not cross the entire sample. Broad avalanches are more th#trough simulation, is the total displacemety; of all vor-

one vortex chain wide and hawd,/N,>3. These ava- tices in the sample during the event,

lanches are more common in samples with smdl|gr as
indicated by the rightmost curve in Fig(cJ, where samples
with weak pinning provide the largest avalanches for a fixed
probability densityP(N,/Ny).

To determine how effectively avalanches transport vorti-
ces across the sample, we schlg by the total number of whered; is the displacement of each vortex. In order to find
vorticesN, present in the sample, and plot the result in Figsthe probability of an avalanche that spans the sample length
7(e,f). Only a tiny fraction of the vortices participate in a with dy,=L,, we plotP(d/L,) in Figs. §a,b. Occasionally
typical event when pinning is strong and dense, as indicatedve observe avalanches with the surprisingly large
by the leftmost curve in Fig. (8). The avalanches in this di/Ly~10. These large values reflect the cumulative effect
sample are also very short lived, as already shown in Figof vortices that experience very small displacements inside
6(a), so this sample is best characterizedptgstic transport  the parabolic pinning sites rather than moving to a new pin-
that occurs inbrief, choppy burstsOn the other hand, for a ning site. For instance, if 800 vortices each move a distance
high density of weak pinning sites, we find that it is possibled;~§,/10=0.015\, the total displacement recorded would
for a significant portion of the vortices in the sample to col-be 12A. Such very small vortex displacements play a very
lectively move in an avalanche, as in the rightmost curve oimportant role intransmitting stresshroughout the vortex
Fig. 7(e). Vortex motion in these long-lived avalanches is lattice. Figure 8) indicates thatP(dyy/L,) is very robust

C. Total vortex displacement

NU
dtot:zl d, (17)
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against variations in pinning strength. Excluding large values
of dit/Ly, the distributions can be approximated by the form 101

Gt
Lx

ot
Lx

d 102]
) 10°}

P(d)

We find thats decreases as the pinning strength decreases: 107}

1.7, f7%=3.0f,
1.1, f*=0.3f,. 107}

Figure 8b) indicates thaP(d;y/L,) is weakly dependent on 1:3‘1 10%
n,. The effect of the channels appears as an enhancement « Ej 1030
the distribution nead,/L,=1, marked by an arrow in Fig. 104t
8(b).

We can compare the relative amount of vortex transport
in different samples by considering the average distahge

. -1 E
moved by a vortex during an avalanche, 10
N s 107
1 1 dtot g 10°]
dav=3 di=4—- (18 o
NU i=1 NU 10_47

Since most vortices do not become depinned, we plot
P(da/2¢p), where Z, is the diameter of the pinning trap.
The plot of P(d,/2¢,) in Fig. 8(c) shows that as the pinning
strengthf , is reducedd,/2¢, increases, indicating that in- - 107

dividual vortices are likely to travel further during an ava- <

lanche. This occurs both because a large fraction of vortices & gl

in samples with weak pinning participate in the avalanche, as
demonstrated in Fig.(&), and because the average spacing
between vortices increases since vortex density decrease
with decreasing pinning strength. In Figd® we find that

reducing the pinning densitgi, can either increase or de- k|G, 9. (a,b Distributions of the distancel; , traveled by indi-
creased,,. As n, decreases, the strength of the interstitialyidual vortices during all the avalanche events. Characteristic dis-
pinning sites decreases, allowing individual vortices to traveplacementsl,, are marked with arrowsc,d) Distributions scaled by
further. Not as many vortices are moving, however, since thehe interpin distance,, . Only vortices that moved more than d,0
motion is restricted to well defined channels. These twawere directly participating in the avalanche. The rest were shifting
competing effects enhan&{d,,) at small values ofl,,, but  very slightly in pinning wells and transmitting stress through the
reduce it at large values. lattice. (e,f) Distributions P(d;/dp) for only those vortices that
traveled a distance;<d,, i.e., vortices that were not depinned.
(g,h) DistributionsP(d; /d,,) for only those vortices that traveled a

_ o _ ] ) ) _distanced;>d,, i.e., vortices that were depinned. The left panels
The microscopic information available in our simulation (a,c,e,y correspond to samples with a high density of pins,

permits us to calculate individual vortex displacements. Im,=5.93A2, and differing pinning strengths: solid line,
Fig. 9 we plotP(d;), whered; is the distance a single vortex fI®=3.0f;; dashed line, fi®=1.0f;; heavy solid line,
is displaced in an avalanche. In every distribution, we findf**=0.3f,. The right panelgb,d,f,h correspond to samples with
that vortex motion can be described in terms of a characterstrong pinning,f)'®=3.0f,, and differing pinning densities: solid
istic sizedy,, indicated by arrows in the figure. This size line, n,=5.93A% dot-dashed line,n,=2.40A% dotted line,
roughly corresponds to the average distance between pinning=0.96A°.

0 0.01 0.7, 0 0.0 0.1

10%

D. Individual vortex displacements

sitesd,,
pinning site to anothed;~d;,, and those that hopped more
L 1 than one pinning sited;>dy, .
thdp_\/—_n* (19 We first consider those vortices that hopped one pinning
p

site. If we scale the distributions by the interpin distadge
and appears because vortices participating in an avalanclaes in Figs. @c,d), we find that the characteristic distances in
typically hop from one pinning site to an adjacent pinningP(d;/d,) fall at d;/d,~1 (marked with an arroyy with a
site. Thus, in Fig. @), d;, falls at the same value for three second smaller increase df/d,~2 occurring in samples
samples with equal pinning density, while in Fig. 9b), d,  where vortices occasionally hopped two pinning sites.
increases as, decreases. The vortices in the sample can Next we examine the motion of vortices shifting very
thus be divided into three categories: those that did not leavslightly inside pinning wells. In Figs. (8,f), we focus on

a pinning site,d;<2¢,<d,, those that hopped from one vortices that did not leave a pinning sitk<d,, and present
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P(d;/d,). We find that, for small values odi/d,, these d Inéu 1
distributions can be described by the form a T (28
(ﬂ) N(ﬂ) o Therefore, we find
d d '
P P d InoN

where p~1.4 for n;=5.93A2 and f1"*=3.0fy; p~1.4 for —p=——
2 hax . y 2 d Inéu

n,=5.93A“ and f*"=1.0fy; p~1.4 for n,=2.40A" and

fo®=3.0fg; p~1.2 for n,=0.96A* and f;**=3.0fo; and 1\ 1\t

p~0.9 for n,=5.93A% and f;®=0.3f,. The two samples “\TI T

with smaller values op also have the lowest critical currents

J., as determined from the slope of the flux profiles in Fig. =-1 (29

L For small displacementsi(<&,<\), this predictsp~1, in

pected to be similagand close to onefor all samples, since general agreement with our observed valyes 0.9 1.4).

only vortices that experience extremely small displacements The argument. presentec_j above is independent of the
AT ; - Shape of the pinning potential, and assumes that the vortex
in pinning sites affect the value @f If we add an additional

vortex to an already existing arrangement of vortices, théj ensityn, 1s c_o'nstant throughout _the samplg. The presence
: : . of the Bean critical state makes this assumption inaccurate. It
repulsive force,fqa from this vortex will cause each : ; o
: Lo can, however, be shown that including the critical state does
nearby vortex to move a very small distangen its pinning

well in order to reach a new equilibrium position. Neglectin not significantly affect the expected value for the slope. We
: ) q P - Neg ggescribe the field in the sample according to the Bean model,
higher-order effects, we find that the very small displacemen

u; of theith vortex is determined by the distance from the 2l
added vortex and by the form of the fortg,. We take the B=Hgy— ——, (30)
distance from the perturbing vortex to beand assume that ¢

the additional force is applied during a tinde. The vortex-  \hereH,,, is the externally applied field. The field can also

A simple two-dimensional argument shows thpais ex-

vortex interaction force gives be written as
Dg r B=n,d 31
feta=g 2,3 Kl(x)- (20) vro (31
Thus,
If we consider the limit of small, r<\, we can use the
asymptotic form of the Bessel function to write Hew—2mJcr/c
n(r)=—"—g——. (32
®2 ) 0
Fextra™ 8w\ 2D The number of vortices located at a distandeecomes
We have(for su<&,<\) (Hex—2mJcr/c)
5N(r):2er6r (33
_ fextra 5t CI)% )\ 0
ou(r)= 7 ot~ 7 873 (22 We then have

To obtain a distribution, we find the number of vortide§') 2 8r
located a radius from the perturbing vortex. Due to the In 5N(r)=|n( D
cylindrical symmetry, this can be written simply as 0

+Inr+In(Hey—27Jcr/c), (34)

SN(r)=2mrn, o, (23 dindN(r) 1 —2mlc/c (35
. s . d Hey—2mdcr/c’
where ér is an infinitesimal displacement. We want an ex- ' ' et STl IC
pression for the slope of our distributions, The external fieltH,, can be written in terms of the critical
currentJ; and the distance the field has penetrated into the
__ d sampler*:
p= W'nﬁN (24)
) 27 r*
Thus, we write Hex= c (36)
In SN(r)=In(27n,ér)+Inr, (25 We obtain
d |n5N(r) _ 1 (26) d InsSN —r
dr r dinsu = r*-r

2ot 1
In 5u(r)~|n m —Inr, (27) =—1—m. (37)
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We haver*>r, since the field has penetrated the entire \ s ' @F - " ®
sample length_,>\. We therefore write _, s *
X 107} o8 . L.
9°° Aa .
d InéN ( r ) 1 S 102| o 1 W
~ ] = = < 4 w
d Inéu r* ) 1—(r/r*) o " oma, - .
10°%; . ‘2%%“‘ "'& m%m “
r L5, Sy
~ 1= — 4 . % " P a8,
~-1-=. (38) 10%; 10 * 10 10
Nf Nf
Thus, including the Bean gradient introduces only a negli- N A ©)F- - ‘ IG)
gible correcting termr/r* to the expected slope, since 10 oL, e 1™, )
rir*<1. = NN s
It is interesting to consider what slope value would be i 102, R T
obtained if the vortex-vortex interaction were that found in a § 102 Sal o PN
thin film, rather than the form for a thick slab of material ] E ST
used above. In this case, the additional force from a vortex is {4+ AR R
0.01 0.01 0:1
l Nf/ Nv Nf/ Nv
fextra™ 2 (39

FIG. 10. (a,b Distributions of the numbeN; of vortices falling
off the edge of the sampléc,d) Distributions scaled by the average
giving total numberN, of vortices in the sample. The left pandls,0

correspond to samples with a high density of pims= 5.93A2, and
1 differing pinning strengths: filled triangle$;=3.0f,; open dia-
ou(r)~ n_rz&’ (40) monds, f*=1.0f,; plus signs,fy®=0.3f,. WhenN; is not very
large, the slope of the curve in each case is rough®y4. The right
panels (b,d correspond to samples with strong pinning,
In du(r)~In ﬂ_z Inr, (41) fg‘a"=3.0f02, and differing Einning _ densities: t2riangles,
n,=5.93A" squares,n,=2.40A“; asterisks,n,=0.96A°. For
small values olN;, the slope of the curves ifb) is roughly — 2.4,

r

d Insu 2 —3.4, and—4.4, respectively.
dr 1’ (“42)
smaller data set for this quantity than for all other quantities
considered in this paper. If we approximate the distributions
d InsN ~(}) ( 3 E) o for smallN; by the form
d Inéu r r
1 P(Np)~N¢ “,
~ T2 43 e find that all samples with high pinning density have
Thus, the distribution of individual displacements in a thin a~2.4.
film should differ from that produced by a slab of material o ) .
(p~0.5 versusp~1). As the pinning densityn, is decreased for constaff, «

In Figs. 9g.h), we focus on the displacements of vortices INcréases, witha~3.4. for np=2.40A> and a~4.4 for
that were actively participating in avalanches, and plotlp="0.96A°. A larger « indicates a relatively smaller likeli-
P(d; /d,) for vortices withd;>d,. We find that decreasing N00d for the occurrence of events with lalye. .
the pinning strength leads to a very slight overall increase in When we examine the region from which vortices exit the
the distance traveled by a moving vortex, as indicated by théample, we find that flux can exit from any location in
slightly higher likelihoods for moving larger distances in Fig. Samples with high pin density, as seen from the relatively
9(g). This is a result of the fact that, in general, avalanche!niform coverage of trails along the riglioutey edge of
disturbances are larger and longer lived in these sample§igs. ¢) and §d). Even after one location has been de-
allowing individual vortices the opportunity to travel two or Pleted by a large avalanche, other areas along the sample
more pinning sites in an avalanche. Decreasing the pinnin@dge still contain enough vortices to remain active in large

density, as in Fig. @), also affects the likelihood that a and small events while the depleted regions refill. As the
vortex will move a certain distance. pinning density is decreased and interstitial channels de-

velop, avalanche paths become highly constrained and flux
exits in only a few locations that have difficulty building up
enough stress to permit events with lafge to occur. For
The number of vorticedl; that exit the sample during an example, with the reduced number of flux paths in Figp) 5
event can be directly compared with values obtained in exevents with largeN; are rare, and thug is large: a~3.4.
periments, both in vortex systeM3s!*and in sandpiled=3In Figure Fa) illustrates a small region of the extreme case of a
Figs. 1Ga,b we plot P(N;). Events withN;=0 are not sample with only one exit channel, for whim=0.96})\2
shown. The relatively small size of our sample resulted in &and « has the larger value~4.4. Large values di; occur

E. Vortices leaving the sample
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@F - ®) sents the re§ulting distribqtiorﬁ!:(vi /gc) . For a high density
101 . . of pinning[Fig. 11(a)], we find that pinning strength changes
. SN v, but does not affect the form &?(v;/v.). Note that vor-
Z 102] e tices moving at speeds less thap do not have sufficient
g “ Lo " energy to escape from a pinning site and are merely experi-
103, ‘.‘;ﬁ& % q}uu 2 encing very small displacements inside their respective pin-
100 | i L ning wells. The similar form oP(v;/v.) is then explained
0.1 vy 1 0.1 vy 1 by the fact that all of the wells are parabolic. For the lowest
e be velocities, we can approximat(v; /v;) with
FIG. 11. Distributions of the individual velocities;, of vorti- v v\~
ces in a thin strip of the sample, scaled by the characteristic velocity P(—') ~ —') ,
v.. The left paneka) corresponds to samples with a high pinning Ve Ve
density, np=5.93A2, and differing pinning strengths: filled tri- \yhere
angles, f*=3.0fy; open diamonds,fi®=1.0f,; plus signs,
fgm:O.SfO. The right pane(b) corresponds to samples with strong o~2.

pinning, fi*=3.0f;, and differing pinning densities: triangles,

n,=5.93A2 squaresn,=2.40A? asterisksn,=0.96A2, Different densities of pinning wells alter the form of

P(v;/v.), as can be seen from Fig. (bl. As the pinning

only when this single channel is filled by vortices under highdensity decreases, some vortices experience small displace-
stress. Since all smaller events happen through shime ~Ments in interstitial wells while others remain in parabolic
channel, however, stress in the channel is relieved by smalfaps. The combined effect changes the overall distribution.
events before it can build to a high level. Thus, the likelinood If; instead of considering the distribution of individual
that the channel will produce a very lardy is extremely ~ Vvelocities, we construct the power spectrum of the velocity
small. As expected, the cutoff &(N;) for this sample falls ~ Signalv,,, we find that all of the samples with a high pin-
at a much loweN; than that of the other samples, as seen ining density produce broad power specid ) of the form
the leftmost curve in Fig. 10). S(f )~f~7, where 1.5xv<<2.0. Samples with lower pin-
Strong pinning effectively confines the avalanche distur-Ning density do not produce spectra of this form. The noise
bance to a narrow channel and prevents movement frorROWer spectra will be discussed further elsewrére.
spreading throughout the sample. Weak pinning permits col-
lective motion in larger regions of the sample. These effects VI. RECENT EXPERIMENTS ON VORTEX PLASTIC
are more pronounced for samples with a lower density of FLOW AND AVALANCHES
pinning sites. This is highlighted by a comparison of how
effectively individual avalanches remove vortices from dif-  In several experiments, the nature of the vortex movement
ferent samples. In Figs. 1€)d), we scaleN¢ by the number has been inferred indirectly by using, for instance, voltage
of vortices in the samplBl, . Most vortices in a sample with signals, resulting in several plausible scenarios of vortex mo-
strong pinning cannot exit; those that do exit move in iso-tion including cylindrical bundled! clumplike bundles?3°
lated chains. As the pinning strength is weakened, howevenr elongated bundle¥.Due to the presence of a field gradi-
a greater percentage of the vortices are able to exit in eventmt in the sample, we find thatl collectively moving groups
that consist of the collective motion of several adjaceniof vortices are arranged in one or more long, narrow moving
chains. This is illustrated by the rightmost curves in Fig.chainsrather than clumped or cylindrical bundles. The exis-
10(c). tence of quasi-one-dimensional vortex channels is suggested
in Refs. 32, 37, where vortex motion is assumed to occur in
straight paths that cross the sample. The chainlike channels

Due to the presence of a nonuniform magnetic flux gradi-that we observe resemble these suggestions, except that in

; : : our simulation the vortex paths oftewind through the
ent that is not of the ideal Bean form, the velocity of an .
) i o : sample rather than following the shortest path down the gra-
average vortex is a function of positigeee Fig. 1. There-

fore, to construct a distribution of individual vortex veloci- dient. In addition, our simulation indicates that the velocity

tiesv; that is not affected by the gradient, we select a narrowOf the moving vortices during a single avalanche is not con-

Ui y 9 o . stant but is pulselike, that is, with oscillations in the average
region of the sample where the gradient is essentially CON= oty o ... during the vortex avalanche
stant and findP(v;) for vortices in this region. The indi- Y Vav 9 .

vidual velocitiesv; are then scaled by the characteristic ve- In the experiment by Fielet al,” flux lines exiting a
. X Vi y superconducting tube were detected with a coil. Our average
locity v, given by

velocity signals, plotted in Fig. 2, strongly resemble the re-
d sulting voltage signals in Fig. 1 of Ref. 11. Both simulation
and experiment find distributions of avalanche sikgghat
can be approximated by power laws with a range of expo-
nents. The experiment in Ref. 11 finds-1.4-2.2, while we
find «~2.4—4.4 using a variety of different samples. The
behavior of the experimental sample therefore resembles our
whered, is the average distance between pinning sites, andimulations with a very high density of pinning sites,
t, is the average hopping timg,= nd,/f,. Figure 11 pre- np=5.93A2, and no characteristic channels. This is reason-

F. Individual vortex velocities

~ _p, (44)
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TABLE I. Best-fit slopes of the most linear region of distributions of several quantities. The form of the
distributions in each case wereP(7/ty)~(7/t,) "7, P(Na)~N;B, P(diot/L)~ (0hot /L) ™%,
P(di/dp)~(d;i/dp) =7, P(vifve)~(vilve) 7, P(Ng)~Ng¢ “. Notice that a multiplicative factor in the inde-
pendent variable does not alter the slope. Thuand 7/t;, produce distributions with the same slope. The
samples listed here had a high density=5.93A° of pinning sites. Samples with'*=3.0f, and lower
densitiesn, of pins did not produce power-law distributions.

Quantity fp=0.3f, fp=1.0fo fo=3.0fo Ref. 11 Ref. 13

7lty, y~1.4 y~1.4 v~1.4

Na B~0.9 B~1.0 B~1.4

diot/Ly 6~1.1 5~1.2 5~1.7

di/d, p~0.9 p~1.2 p~1.4

vilve c~2.0 o~2.0 0~2.0

N a~2.4 a~2.4 a~2.4 a~141t022 a~171t0 2.2
able since the density of pinning in the experimental sample 1
is very high. The pinning centers are grain boundaries with fp>f§ﬁiﬁ1=foKl(—). (45)
spacings randomly distributed between about 30 and 50 nm, 2\ (T)Vn,

while N\ is on the order of 400 nm, leading to a pinning
density ofnp~100/)\2. Thus, this sample has a higher pin writing t=T/T,,
density than our most densely pinned case, and it is therefore
reasonable to expect the experimental exponents to be less
than 2.4 based on the general trend of our results. AT 1
Zieve etal'® observed avalanches at higher field NON = (46)
strengths, where the pinning forces are expected to be re- 1=t
duced, and interpret their results to mean that the high-field
regime produces large-scale, plastic rearrangements of thend the strength of the pinning forég required for intersti-
vortices, whereas the low-field regime generates elastic reatial motion to occur increases with temperature:
rangements. It is possible that there were undetectable steps
in the hysteresis loops they obtained in the low-field regime
since the smallest flux jumps resolved by their apparatus N
were on the order of 0.1 kOe. If their sample contained either fo>foKy W .
characteristic channels for flux flow or high strength pinning, P
only a small fraction of the flux inside the sample would be
transported through narrow exit regions at these low fieldsAt the lowest temperature$,, is small, and interstitial mo-
As the field density increased, their sample would cross intdion is possible in the sample. Channels of flux flow form,
the regime of weak dense pinning. In this case, as shown bgnd a characteristic avalanche size appears in the distribution
our simulations, the sample can effectively transport muctof avalanche sizes. As the temperature increabgg,in-
more flux, producing larger flux steps that can be resolved bgreases until some of the pinning sites in the sample are no
the experiment. longer strong enough to permit interstitial flow. In this case,
Finally, we consider very recent work by Nowakal,'*  pin-to-pin vortex motion will occur evenly throughout the
who obtain different types of avalanche distributions as esample, and the distribution of avalanche sizes will broaden.
function of temperature. At higher temperatures, they find aVe therefore expect a transition from pin-to-pin motion at
broad distribution for the amount of flux exiting the sample higher temperatures to interstitial channel flow at low tem-
in each event, peratures, with a corresponding transition from broad distri-
butions ofN; (for high T) to a characteristic value ®; (for
P(N{)~N¢ *, low T). The transition with temperature in the nature of the
distributions is experimentally observed in Ref. 13.
with « ranging from 1.7 to 2.2, in agreement with both Ref.  Table | presents a summary of our results for the expo-
11 and our results. At the lowest temperatures, characteristigents of the power laws found in our avalanche distributions.
avalanche sizes appear in the form of events involving @nly the distribution of flux lines falling off the edge of the
large number of vortices that may be system spanning. Thessample was measured experimenté1l§/? The other quanti-
changes have been discussed in terms of thermal instabilitieies are more difficult to measure experimentally. However,
in the material?® but they can also be considered from the novel flux imaging techniqueuch as magneto-optical im-
standpoint of the presence or absence of channels for vorteaging, arrays of Hall probes;* scanning Hall probes, and
motion. As we have seen in our simulations, channels arespecially, Lorentz microscopycould make it possible to
most likely to form when the vortices are able to move in-obtain some of these distributions experimentally. Indeed,
terstitially. This is expected to happen whenever the pinninglux-gradient driven vortex rivers similar to the ones de-
force exceeds the minimum pinning strendff}, that would  scribed in this work have already been imaged using Lorentz
permit interstitial motion; from Eq(7), this occurs when microscopy®

(47)
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VII. COMPARISON WITH OTHER TABLE Il. Exponents of power laws observed in various ex-
AVALANCHE STUDIES periments. Reference 9 considered avalanches in a continuous me-
dium. Reference 7 observed magnetic domains. Reference 1 worked
Superconductors represent only one of the many systemgth Al,0; particles and beach sand. Reference 42 used 3 mm iron
exhibiting avalanche behavior that have recently been studbr glass beads as well as 1-2 mm plastic beads. Reference 2 placed
ied. In this section, we briefly compare our work with a small0.4-0.8 mm Si@sand in piles of varying sizes. Reference 6 moni-
sample of studies on avalanches in other systems, focusirigred a quasi-one-dimensional pile of rice. Reference 5 imaged the
on dynamical instabilities in dissipative extended systemsurface behavior of sand avalanches. References 11 and 13 studied
which are very slowly driveriowards(and not away from  @valanches in “hard'{i.e., with srong pinning sit¢ssuperconduct-
marginally stable states. The literature on this subject is vast's:
and it is not the goal of this section to review it.
The work presented in this paper differs from previous

Reference Method Power-law exponent

studies in several ways. First, most theoretical studies on Water droplets 1.9
avalanchege.g., Refs. 14, 39, and references ther@m- 7 Magnetic garnet films 2.5
ploy simple dynamical rules. Our system evolves according Granular pile 2.5

to realistic equations of motion and uses a realistic range of2 Granular pile 2.5
physical parameters. Second, instead of usidghocdy- 2 Granular pile 2.2
namical rules acting on discrete space and time variables, ogr Rice grains 2.0
simulations employ a dynamics whichdsntinuousin both 5 Ramped granular slides 2.1
space and time. Third, most discrete dynamical rules proi1 Superconducting vortices 1.4-2.2
posed so far involve interactions amomngarest-neighbor 13 Superconducting vortices 1.7-2.2

cells, or at most next-nearest-neighbor cells. Every one of
our vortices can interact with over 100 neighboring vortices,
making possible truly cooperative “cascades” in the margin-avalanches can produce exponents that are significantly be-
ally stable Bean critical state. This type of highly correlatedlow 2. Indeed, the large variety of pinning landscapes present
motion is difficult to realistically model with discrete maps. in superconducting samples allows the possibility of observ-
Although most theoretical studies of avalanches have reing a range of exponents from 1.5 to 2.2.
vealed no internal structure in the dynamics of the ava- Several words of caution are needed when comparing the
lanches, Ref. 39 describes a new series of extrefimal,  exponents presented in Table Il. First, the ranges over which
uniformly driven models that produce avalanches with anpower laws have been observed in these systems are small,
interesting hierarchical structure of subavalanches withidypically covering between one and three orders of magni-
avalanches, not found in the earlier simpler models. Thestude in the independent varialje axis). It would be ideal to
subavalanches appear to be similar to the ones observed fimobe the response of each system over many more decades,
our vortex avalanches in the form of velocity oscillations, asbut this is difficult to achieve experimentally. Even with re-
shown in Fig. 2. alistic numerical simulations it is difficult to study a very
Avalanches exhibiting similar broad distributions of sizeslarge number of particles over a long period of time in order
and lifetimes have been observed experimentally in a varietyo probe large avalanche sizes and lifetimes. Second, the
of systems that are otherwise very different. In these sysquantities displayed in Table Il are not identical. In some
tems, the movable objects can be vortices, grains, electronsases, the measured “avalanche size” is the number of par-
or water droplets. These interact through different types oficles (e.g., grains, vortices, dropletialling off the edge of
forces, from very short-rangéhard-cor¢ interactions for the sample, while in other cases it refers to the actual number
granular assemblies to longer range forces for electrons armaf particles that moved in the sample without leaving it.
vortices. The movable objects are driven by a variety of dif-Third, the manner and rate at which particles are added to the
ferent forces(e.g., flux-gradient, Lorentz force, electrical system can affect the values of the power-law exponents or
current, gravity and dissipate energy while they are driven even alter the functional form of the avalanche distributions.
(e.g., due to particle-particle collisionsThese systems can In some cases, incoming particles are added in the bulk,
exhibit both static and dynamic friction. For instance, thewhile in others, particles are added only at one edge. For
pinned state of vortices is the analog of static friction forinstance, experiments in which incoming particles are ran-
grains, while the dissipative flux-flow regime is the analog ofdomly sprinkled on the sample are driven in the bulk, while
the dynamic friction seen in vortices. The inertial effects arein experiments such as Refs. 6 and 11, the particles are added
very important in some cases, such as granular motion, anagh one edge only, resulting in different exponents. Simula-
negligible in other cases, such as vortex motion. The disorddions also produce different exponents for bulk drivihgnd
in the sample can be frozen in, as in the quenched disordder driving on one edgé®*!Fourth, comparisons among sys-
produced by pinning sites in a superconductor, or dynamitems displaying avalanche dynamics are difficult to make
cally evolving, as in avalanching granular assemblies. Irbecause of the significant differences among these complex
spite of all these differences, each of these systems exhibigystems, as noted above.
avalanches with broad distributions of sizes and lifetimes. Many questions still remain open, including why so many
Some of the distributions follow a power law over a limited different systems exhibit broad distributions of avalanche
range of values, resulting in similar exponei&s seen in  sizes and lifetimes, what the origin of the power-law behav-
Table Il). Most non-superconducting systems produce expoior is, and why the values of the power-law exponents range
nents in the range from 2 to 2.5. Superconducting vortexbetween 1.5 and 2.5. In spite of considerable efforts, a com-
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plete and convincing answer to these and other related quegith weak pinning leads to larger total vortex displacement
tions is still lacking. dgy. 2
The presence or absence of distinct channels for flow
VIII. SUMMARY leads to a crossover from broad distributions to characteristic
avalanche sizes. At low pin densities, avalanches pulse
We have quantitatively shown how the microscopic pin-through the sample in narrow heavily trafficked winding
ning parameters determine the nature of the avalanches thettannels composed of interstitially pinned vortices. As pin
occur in superconducting samples driven very slowly by ardensity increases, pin-to-pin vortex motion dominates, the
increasing external magnetic field. By using large-scale MDOsolated channels disappear, and avalanches display a broad
simulations to monitor the vortices participating in ava- distribution over more than a decade. An important, and non-
lanches, we observe motion along winding paths through théntuitive, result of our simulations is that the size of the criti-
sample, and find that each vortex moves only one to tweéal current is not a good_ indicator_ _of broad distributions.
pinning sites during an avalanche rather than crossing thideed, samples witiery different critical currents, (e.9.,
entire sample. Most avalanches are small and are containéd sample  with  fJ®<=3.0fp, n,=0.96A%  and
inside the sample. Thus, they cannot be detected with experkc~0.03Pc/27 and a second sample witf'*=0.3f,,
ments that probe only vortices exiting the sample. np=5.93A%, andJ.~0.010c/2m) may have very different
Avalanches produce two kinds of vortex motion: pin to Preadths to their distributions; the presence of unique chan-
pin, and extremely small displacements inside the smalfnels, not the critical current, is the important factor.
parabolic wells. Only vortices that move from pin to pin We note that avalanches in the Bean state cannot be char-

directly participate in the avalanches, suddenly releasing a@cterized by universal avalanche distributions valid for all
cumulated stress in the vortex lattice through a succession lues of .ﬂ.‘e pinning parameters. A.IthOUQh the Bean state Is
choppy bursts. The vortices that do not directly participate i lways critical, it QOgs not always_d|splay avalanches with a
a given avalanche experience extremely small displacemen ck of characteristic scale, and in those cases where ava-

; <d.). These small shifts help to slowlv build anche Qistribytions tgke the form of a power Iavy, the expo-
(typically d;<dy) ! P WY BUIAUR Hent varies with pinning>® Our results are consistent with

and transmit stress throughout the vortex lattice. . ; g
Pinning strength affects the average lifetime of a giveneXperImentS and explain the sample- and regime dependence

avalanche by determining under how much stress the Iattic@'c recent experiments.**
is held. A high density of strong pinning holds the vortex
lattice under a great deal of accumulated stress, localizes
avalanche disturbances, and is effective at retaining vortices The authors acknowledge very helpful discussions with S.
inside the sample. The resulting avalanches are suppressedHrield and J. Groth. Computer services were provided by the
width, involve rapidly moving vortices, and have very short Maui High Performance Computing Center, sponsored in
lifetimes. Thus, avalanches in samples with strong dense pirpart by the Phillips Laboratory, Air Force Materiel Com-
ning are best characterized by plastic transport that occurs imand, USAF, under cooperative agreement No. F29601-93-
brief, choppy bursts along narrow vortex patfdVeak or  2-0001. Computing services were also provided by the Uni-
sparse pinning produces little build up of stress in the vortexersity of Michigan Center for Parallel Computing, partially
lattice. The avalanche events in such samples involve vortifunded by NSF Grant No. CDA-92-14296. C.O. acknowl-
ces moving slowly in long-lasting events along muchedges support from the NASA Graduate Student Researchers
broader vortex channels. Higher vortex mobility in samplesProgram.
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