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Magnetic flux instabilities in superconducting niobium rings: Tuning the avalanche behavior
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We study the dynamics of superconducting vortices in Nb rings as the system is continuously driven to the
depinning threshold by the slow ramping of an external magnetic field. Miniature Hall probes simultaneously
detect local and global flux changes arising from vortex motion. With decreasing temperature, the dynamics
evolve continuously from smooth flow to several types of avalanche behavior. In particular, we observe a
crossover from broad to narrow size distributions of avalanche events which correspond to global decreases in
the flux density gradient rather than local redistributions of flux. We show how this evolution can arise from
the magnetothermal instability of the Bean sta&0163-182¢07)01517-9

Quantized vortices of magnetic flux that penetrate type-lisuperconductor lead to a whole spectrum of dynamical re-
superconductors exhibit rich dynamical behavior whensponses, including smooth vortex flow, broad distributions of
driven by an external force. The motion of vortices dependsivalanches sizes, and relaxation oscillations. We have sys-
crucially on the presence of pinning centers, which lead tdematically investigated the nature of the instability leading
flux gradients inside the superconductors, e.g., as describd@ these vortex avalanches by monitoring simultaneously the
by the Bean modéi.This nonuniform flux distribution does local and global motion of field-gradient driven vortices
not correspond to an equilibrium state and under certain corlong a self-organized flux density gradient in a conventional
ditions the system can become unstable and give rise to nofPe-Il superconductor, niobium. A model for the magneto-
linear, collective responses such as flux jumps. In the semiermal stability of the vortex state can account for the ob-
classical description, vortex motion lacks inertia and so thé€rved onset of avalanche activity in theT plane and
dynamics are overdamped. Depinning events resulting fronqualltatlvely_ explains the evolytlon of a\_/alanche beh_aw_or.
the local competition between vortex-vortex and vortex-e do not find that the dynamical behavior at the depinning
defect interactions in this case can remain localized and Hréshold represents a global attractor for the dynamics, as
broad distribution of jump sizes may be expected. Consewould be required for the applicability of SOC.
quently, vortex avalanches have been thought of as a model NP rings were made from 5000-A-thick films which were
system for experimental investigations of self-organizedgrown on(101) sapphire substrates by magnetron sputtering.
criticality (SOQ.2 SOC views the depinning threshold as a These films exhibited sharp superconducting transitions at a
critical point, analogous to a second-order thermodynami¢emperatureT.=8.9 K, resistivitiesp (9 K)=0.8 u{) cm,
phase transition, and predicts power-law distributions of avaand residual resistivity ratios of 3. Transmission electron mi-
lanche sizes and durations without requiring any tuning ofcroscopy indicated a polycrystalline structure with preferred
external parameters. SimulatiSrend experiments on mag- orientation resulting from columnar grain growth. Individual
netic flux penetration into superconducting tbesand  grains had average diameters of 450 A and consisted of mi-
films®~®have, indeed, shown broad distributions of flux jump crocrystallites with a typical size of 40 A and tilt angles of
sizes sometimes compatible with power laws over 1-2 or=1°. The shortened electronic mean free path in such films
ders of magnitude Other experiments, however, have found ensures that the Ginzburg-Landau parameter is well within
comparatively narrow size distributions centered aroundhe type-Il regimé. The films were patterned using photoli-
large breakdown events? thography and Ar-ion milling into rings with outer and inner

An alternative mechanism for the Bean state to becomeéiameters of 98 and 1am, respectively. After patterning, a
unstable is the interaction between two inherent properties d000-A-thick coating of spin on glass was deposited, and
superconductors(a) any motion of the nonsuperconducting served as a smooth, pinhole-free insulating substrate for sub-
vortex cores generates heat awl the critical current den- sequent fabrication of two Hall probes defined photolitho-
sity falls with temperature. This produces a feedback, hergraphically from a 4000-A-thick, thermally evaporated bis-
called “thermal inertia,” which can reinforce the original muth film. Each Hall probe measured the average
perturbation and give rise to “catastrophic” flux jumps in- perpendicular component of the field over itsuBnX5um
volving macroscopic redistributions of flux that may heat theactive area, and was calibrated for both the Hall and the
sample temporarily into the normal stéte. magnetoresistive response. One probe was positioned at the

The degree and manner in which each of these mechaenter of the ring’s hol€"hole probe”) and was used to
nisms contributes to the flux jump distributions that havemonitor thetotal flux accumulating in the hole from motion
been observed remains an unsettled issue. In this paper, va@ywhere on the ring. The other was gn radially off
demonstrate that the magnetothermal properties of a type-tienter and directly above the ririgring probe”). It mea-
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sured the local internal field3, and thus thdocal vortex ~ maximum avalanche size is limited only by the maximum
density. We were able to resolve changes of one supercohielded or trapped field, which depends on sample size and
ducting flux quantumgg, or equivalently, a single vortex critical current,J.(T,B). The magnetic response in this tem-
under the ring probe. For the hole probe, this translates to BErature range resembles a relaxation oscillpfay. 1(c)].
resolution of about 10 vortices since flux spreads out uni-NOt_e that the ring probe |s_always _the first to sense ”“? propa-
formly within the hole. gation of the flpx front, WhICh confirms that a flux gradient IS
The magnetic response of the rings were studied as ‘[?epeatedly being established and de_stroyed across the ring.
function of temperature, 14T<10 K, and magnetic field, Ihege tl.arge av?llanchez'ar(;: bm;) st “kelﬁl system sl;pannmo?,
|H|<4 kG, applied perpendicular to the plane of the ﬁlm.e minating any flux gradient between the two probes an

h h d fi ) resulting in a situation where, immediately after the ava-
The temperature of the copper cold finger on which thenche " significant fraction of the ring has magnetic induc-
samples were mounted was controlled to withirtb mK.

O A TS : tion larger than the applied field. The origin of these cross-
Below, we Qescrlbe in detail our findings for a typical sampleingls of theB=H line [see the dashed line in Fig(cl] is
as the applied field is slowly ramped up and down over theyoorly understood; we tentatively associate them with non-
interval —500<H <500 G:* The four panels in Fig. 1 each equilibrium thermal properties and demagnetization effects
show a single hysteresis looB(H), characteristic of the of our sample geometry.
distinct behavior we observe as part of a continuous evolu- At the lowest temperature$<0.2 [Fig. 1(d)] D(s) be-
tion as the temperature is lowered. Except for Figl)lthe = comes broader again, but not of exponential form. Unlike the
ring-probe’s trace is always nested within that of the holemonotonic dependence of the radial flux density at higher
probe, indicating a decreasirign ramp up; or increasing on t, the difference between applied field and magnetic induc-
ramp down radial flux density across the ring, as expectedtion can now be greater at the ring probe than at the hole
from the Bean model. When the flux density gradient ex-probe. Also, avalanches now are triggered irrespective of the
ceeds the critical current)., the driving force is large field profile near the center of the ring, occurring for both
enough to depin vortices. Sudden changes in the flux densitfing< Bhole 2Nd Bying>Bpoe. TOgether, this is evidence that
resulting from avalanches, are detected as discrete jumps inagnetic flux is entering inhomogeneously into the sample,
B [see Figs. (b)—1(d)]. Not all avalanche events are spa- perhaps as magnetic “fingers$:*3
tially correlated for the two probes, indicating that both glo- We also explored the ramp rate dependence of the ava-
bal and local readjustments of the internal magnetic profildanche activity, which we found to remain unaffected for
may occur. Except for the regime corresponding to Fig),1 rates ranging over four decades from 2 mG/s to 20 G/s. This
avalanches occur randomly and successive hysteresis loopBows that the system is in the slowly driven regime, i.e.,
taken under identical conditions differ in the details of theiravalanche events do not overlap. Moreover, the occurrence
structure. This explicitly demonstrates that the avalanchesf an avalanche depends only on the change in field after the
are not due to macroscopic inhomogeneities in the sampleprevious avalanche and shows no correlation to the time

We accumulated statistics of the avalanche occurrencgssed after an avalanche. We were unable to determine the
by repeatedly cycling around hysteresis loops. In Fig. 2 welistribution of avalanche durations with our instrumentation,
plot the avalanche events observed over two cycles arourieut an upper limit is 2 ms for the largest events. This is in
the hysteresis loop at each temperature. Each symbol repraecord with a simple estimate for the magnetic diffusivity,
sents one avalanche of size for the hole probe in Fig. ¥ D= p/uo, which yields avalanche durations,~r(2,/D,\,I , of
As the temperaturdor field, see beloyis lowered from microseconds or less for our samples. By comparison, the
T., the distributionsD(s), of avalanche sizes initially be- thermal diffusivity, D+=k/yC, is larger, and the Nb ring
come broader. We also find that the shap®¢$) changes. remains spatially isothermal, except for0.9. Here,rg is
This is shown in the inset of Fig. 2. Here, variable width the outer radius of the ringy is the density of Nb, and we
binning of the data is used to minimize statistical fluctuationsused the Wiedemann-Franz law to calculate the thermal con-
without compromising resolution irs. Avalanche events ductivity, k, and the tabulated temperature dependence for
were recorded ovananyhysteresis loops and then sorted by the specific heatC, of bulk single-crystal Nb in the super-
size and binned into groups of 25 consecutive sized eventsonducting staté? Thus, a flux jump corresponds to the case
The average event size was calculated for each group and alhere rapid heating takes place on the background of a
25 events were placed into this one bin. Dividing by the“frozen-in” spatial distribution of magnetic flux.
range of avalanche sizes in each group gays). We now turn to a model for the thermal stability of the

For reduced temperaturésT/T.>0.35, flux jumps are Bean state to magnetic flux jumps. We calculate the heat
rarely complete, i.e., they do not extend to BBe-H line, generated due to vortex motioQ,,, which is balanced
and are not narrowly distributed in size. Inste&@(s) is  against heat absorption by the ringzAT, and heat removal
relatively broad and was found to approximate the f6rm, through the substrat€, AT, whereAT is the peak tempera-
D(s)xexp(—9sy), over this temperature range. Fits to this ture rise during a flux jump. Over the course of a flux jump,
form show that the mean avalanche sigg, increases by Cyp~h7/d, where d is the film thickness andh=300
nearly a factor of 5 as the temperature decreases frofi°W m 2K ! is a temperature-dependent heat transfer co-
t=0.5 to 0.35. The dashed curve in Fig. 2 highlights thisefficient typical of metal-sapphire interfacEsThe ratio
abrupt increase. Qum/(yC+C,)AT defines a stability parametgr® The ef-

As t falls below 0.3, the system develops a clear defi-fectiveness of heat transfer in relation to specific heat as a
ciency of small- to intermediate-sized avalanclses10®, stabilizing factor is contained in the denominator of this ra-
andD(s) shows a prominent peak arouse 2000p,. This  tio. When8>1 the Bean state is unstable, and the smallest
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FIG. 1. Hysteresis loopsB(H), taken at a field ramp rate of
0.25 G/s at various reduced temperatuttes;T/T., for the ring
probe (thin line) and the hole probédthick line). Predominantly
smooth vortex motion at high(a) is replaced by avalanche behav-
ior at lower temperatureg)—(d). The inset of(a) shows the sam-
ple’s ring geometry and the positions of the gaussmeter))ithe
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FIG. 2. Scatter plot of observed avalanches for the hole probe in
Fig. 1 as a function of reduced temperattird&Each symbol repre-
sents one avalanche of sigeData shown at each temperature are
for two hysteresis loops. The dashed curves are guides to the eye,
bounding size ranges of predominant event activity. An appreciable
range of continuously distributed event siZés-2 decadesoccurs
only between 0.8t<0.4. The “island” with s>10° corresponds
to system-spanning avalanches. Inset: distribution of avalanche
sizes,D(s), for three temperatures corresponding to Fig@)41
1(c). Vertical scale is logarithmic. Variable width binnirigee text
is used to preserve resolution 1 The normalization is such that
D(s)ds is proportional to the average number of avalanches re-
corded with sizes betweenands+ds per hysteresis loop.

perturbation, e.g., a temperature fluctuation, will initiate a
flux jump. The size of the jump is related throudfT,B) to
the temperature at which heat from vortex motion is bal-
anced by the heat capacity and cooling. For our ring geom-
etry B=[jolcdro/5.1: (yC+1307%)](—dJ./dT), where
C~T°® (mJ/mol K).1* In this expression, we have accounted
for the fact that the field shielded at the center of a disc-
shaped superconductor Jsd, and notJ.r,.}” We estimate
B by calculating the temperature dependence of the critical
current from the measured external magnetization envelope,
B-H=uyJ.d. We find that3>1 for t<0.37, in good agree-
ment with the rapid increase in avalanche size shown in Fig.
2. The close agreement with the model is perhaps fortuitous
since important parameters, such @¢§T,H), k(T), and
h(T) are difficult to measure and expected to depend
strongly on the film’s microstructure and impurities. Despite
these shortfalls, however, the avalanche behavior over the
(d entire H-T plane can be qualitatively accounted for by the
— model, as we outline below.
At high t, 8<1 and a large heat capacity serves to stabi-
lize the Bean state. Thermal effects are negligible and the
competition between vortex-vortex and vortex-defect inter-
actions governs the nature of the motion. This regime corre-
sponds to the hysteresis loops in Figa)lwhich are pre-
dominantly smooth and continuous. At first glance this
constitutes a possible discrepancy with simulatiers Lor-
entz microscopy of field-gradient-driven vortices in Nb
films at comparably high temperatures which show indi-

magnetic response is reminiscent of a relaxation oscillator. Inset ofidual vortices perform discreteops quever, thes_e hops
(d): sketch of magnetic field profile in a cross-sectional view of theare extremely fast and a recent analfsif Lorentz micros-

ring (see text Solid lines(dashed linesrepresent the profile im-
mediately befordafter an avalanche.

copy image sequences has shown directly that the resulting
time-average flux motion is rather fluidlike.
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At low t, the heat capacity of Nb is rapidly reduced anda range of flux jump sizes, it cannot predict the shape of the
B>1. Vortex motion can result in a significant local tem- size distribution. The broad distribution of avalanche sizes
perature rise which then propagates to surrounding areaseen in previous experimefifsand that we observe over a
triggering further vortex motion. This positive feedback pro- narrow temperature interval 6<3<0.4 may be associated
cess, which essentially supplies “thermal inertia” to vorti- with the regime wherg is marginally greater than 1. In this
ces, gives rise to global avalanches and inevitably results in ggse, an increase in the heat capacity brought on by the tem-
predo_minance of comp_lete flux jumps ofgcharacteristic _'S_izeperature rise from an avalanche event may leag3tol
see Fig. Lc). One may invert the expression for the stability (negative feedbadk preventing further growth of the insta-
parameter3 and arrive at a length scalg=1) at which i1 - Nevertheless, even in this regime, we find that the
the first flux jump is to occur. When=r,, the Bean state 5iority of flux jumps are spatially correlated between the
becomes unstable. Shorter lengths at lower temperatures legg), probes, which suggests that an avalanche is associated
to instabilities of a thin edge layer where the flux gradient isyith 5 reduction of the flux gradient uniformly throughout
first established, see inset of FigdLand ring-probe data in  he sample rather than affecting only local areas. This obser-

Fig. 1(c). This precludes the formation of a Bean state acrosgtion contrasts with SOC-based avalanche mechanisms, as
the entire sample and has important consequences for expefjges the finding thab(s) approximates a power law, if at

ments which investigate the statistical properties of vortex, only over a very limited rangéabout one decade is)
avalanches about an assumed Bean state using global mecg.l'

. ; 5 o id only after careful tuning of an external paramétem-
suring technique$” Instabilities in this edge layer may re- ooranire in our cageRather, our results appear similar to
sult in the irregular magnetic profiles observed at the Iowesg

g namical responses found in spring block modtls,
temperatures. However, the inhomogeneous character of flu witching” charge density wave? or real sandpile&®

penetration is suggestive of a local mechanism. One possfy,eqyer, our stability analysis indicates that, sifcecales

bility is that heat generated from flux moving along routes Ofwith fo (OF rg in bulk sample} the system becomes less

weak pinning is rapidly removed through the substrate rathegtable with increasing size. For sufficiently largg there-

than initiating the propagation of a thermal quench front . . . i .
across the film, e.qg., if the thermal conductivity of the super-fore' the typical response will consist of system-spanning

. S breakdown events.

conductor is sufficiently reduced at lotw

The crossover temperatures between these dynamical re- We thank B. Vuchic and K. Gray for assistance with
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higher fields. We have observed an evolution similar to Figsand J. Fendrich, W. K. Kwok, and B. Glagola for the heavy-
1 and 2, but as a function of field, by examining hysteresigon irradiation at the ATLAS source. This work was sup-
loops extending to 3 kG at fixed low temperatutéSuch a  ported in part by the NSF through the Science and Technol-
field dependence arises naturally within our model sincengy Center for SuperconductivipMR 91-20000 and the
C(H,T) of a superconductor increases with?® MRSEC (DMR-9400379 programs, and by the DOE, Basic

The simple thermal stability model leaves open a numbeEnergy Sciences-Materials Scien¢do. W-31-109-ENG-
of intriguing questions. In particular, while it can account for 38).
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