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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 state.@S0163-1829~97!01517-8#
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Quantized vortices of magnetic flux that penetrate type
superconductors exhibit rich dynamical behavior wh
driven by an external force. The motion of vortices depen
crucially on the presence of pinning centers, which lead
flux gradients inside the superconductors, e.g., as descr
by the Bean model.1 This nonuniform flux distribution does
not correspond to an equilibrium state and under certain c
ditions the system can become unstable and give rise to
linear, collective responses such as flux jumps. In the se
classical description, vortex motion lacks inertia and so
dynamics are overdamped. Depinning events resulting f
the local competition between vortex-vortex and vorte
defect interactions in this case can remain localized an
broad distribution of jump sizes may be expected. Con
quently, vortex avalanches have been thought of as a m
system for experimental investigations of self-organiz
criticality ~SOC!.2 SOC views the depinning threshold as
critical point, analogous to a second-order thermodyna
phase transition, and predicts power-law distributions of a
lanche sizes and durations without requiring any tuning
external parameters. Simulations3 and experiments on mag
netic flux penetration into superconducting tubes4,5 and
films6–8have, indeed, shown broad distributions of flux jum
sizes sometimes compatible with power laws over 1–2
ders of magnitude.5 Other experiments, however, have fou
comparatively narrow size distributions centered arou
large breakdown events.9,10

An alternative mechanism for the Bean state to beco
unstable is the interaction between two inherent propertie
superconductors:~a! any motion of the nonsuperconductin
vortex cores generates heat and~b! the critical current den-
sity falls with temperature. This produces a feedback, h
called ‘‘thermal inertia,’’ which can reinforce the origina
perturbation and give rise to ‘‘catastrophic’’ flux jumps in
volving macroscopic redistributions of flux that may heat t
sample temporarily into the normal state.9

The degree and manner in which each of these me
nisms contributes to the flux jump distributions that ha
been observed remains an unsettled issue. In this pape
demonstrate that the magnetothermal properties of a typ
550163-1829/97/55~17!/11702~4!/$10.00
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superconductor lead to a whole spectrum of dynamical
sponses, including smooth vortex flow, broad distributions
avalanches sizes, and relaxation oscillations. We have
tematically investigated the nature of the instability leadi
to these vortex avalanches by monitoring simultaneously
local and global motion of field-gradient driven vortice
along a self-organized flux density gradient in a conventio
type-II superconductor, niobium. A model for the magne
thermal stability of the vortex state can account for the o
served onset of avalanche activity in theH-T plane and
qualitatively explains the evolution of avalanche behavi
We do not find that the dynamical behavior at the depinn
threshold represents a global attractor for the dynamics
would be required for the applicability of SOC.

Nb rings were made from 5000-Å-thick films which we
grown on^101̄& sapphire substrates by magnetron sputteri
These films exhibited sharp superconducting transitions
temperatureTc58.9 K, resistivitiesr ~9 K!50.8 mV cm,
and residual resistivity ratios of 3. Transmission electron m
croscopy indicated a polycrystalline structure with preferr
orientation resulting from columnar grain growth. Individu
grains had average diameters of 450 Å and consisted of
crocrystallites with a typical size of 40 Å and tilt angles
;1°. The shortened electronic mean free path in such fi
ensures that the Ginzburg-Landau parameter is well wit
the type-II regime.6 The films were patterned using photol
thography and Ar-ion milling into rings with outer and inne
diameters of 98 and 15mm, respectively. After patterning, a
8000-Å-thick coating of spin on glass was deposited, a
served as a smooth, pinhole-free insulating substrate for
sequent fabrication of two Hall probes defined photolith
graphically from a 4000-Å-thick, thermally evaporated b
muth film. Each Hall probe measured the avera
perpendicular component of the field over its 3mm35mm
active area, and was calibrated for both the Hall and
magnetoresistive response. One probe was positioned a
center of the ring’s hole~‘‘hole probe’’! and was used to
monitor thetotal flux accumulating in the hole from motion
anywhere on the ring. The other was 22mm radially off
center and directly above the ring~‘‘ring probe’’ !. It mea-
11 702 © 1997 The American Physical Society
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55 11 703MAGNETIC FLUX INSTABILITIES IN . . .
sured the local internal field,B, and thus thelocal vortex
density. We were able to resolve changes of one super
ducting flux quantum,f0, or equivalently, a single vortex
under the ring probe. For the hole probe, this translates
resolution of about 10 vortices since flux spreads out u
formly within the hole.

The magnetic response of the rings were studied a
function of temperature, 1.4<T<10 K, and magnetic field
uHu,4 kG, applied perpendicular to the plane of the fil
The temperature of the copper cold finger on which
samples were mounted was controlled to within65 mK.
Below, we describe in detail our findings for a typical samp
as the applied field is slowly ramped up and down over
interval2500,H,500 G.11 The four panels in Fig. 1 eac
show a single hysteresis loop,B(H), characteristic of the
distinct behavior we observe as part of a continuous ev
tion as the temperature is lowered. Except for Fig. 1~d!, the
ring-probe’s trace is always nested within that of the h
probe, indicating a decreasing~on ramp up; or increasing o
ramp down! radial flux density across the ring, as expect
from the Bean model. When the flux density gradient e
ceeds the critical current,Jc , the driving force is large
enough to depin vortices. Sudden changes in the flux den
resulting from avalanches, are detected as discrete jump
B @see Figs. 1~b!–1~d!#. Not all avalanche events are sp
tially correlated for the two probes, indicating that both g
bal and local readjustments of the internal magnetic pro
may occur. Except for the regime corresponding to Fig. 1~c!,
avalanches occur randomly and successive hysteresis l
taken under identical conditions differ in the details of th
structure. This explicitly demonstrates that the avalanc
are not due to macroscopic inhomogeneities in the samp

We accumulated statistics of the avalanche occurren
by repeatedly cycling around hysteresis loops. In Fig. 2
plot the avalanche events observed over two cycles aro
the hysteresis loop at each temperature. Each symbol re
sents one avalanche of size,s, for the hole probe in Fig. 1.12

As the temperature~or field, see below! is lowered from
Tc , the distributions,D(s), of avalanche sizes initially be
come broader. We also find that the shape ofD(s) changes.
This is shown in the inset of Fig. 2. Here, variable wid
binning of the data is used to minimize statistical fluctuatio
without compromising resolution ins. Avalanche events
were recorded overmanyhysteresis loops and then sorted
size and binned into groups of 25 consecutive sized eve
The average event size was calculated for each group an
25 events were placed into this one bin. Dividing by t
range of avalanche sizes in each group gaveD(s).

For reduced temperaturest[T/Tc.0.35, flux jumps are
rarely complete, i.e., they do not extend to theB5H line,
and are not narrowly distributed in size. Instead,D(s) is
relatively broad and was found to approximate the form4

D(s)}exp(2s/s0), over this temperature range. Fits to th
form show that the mean avalanche size,s0, increases by
nearly a factor of 5 as the temperature decreases f
t50.5 to 0.35. The dashed curve in Fig. 2 highlights t
abrupt increase.

As t falls below 0.3, the system develops a clear de
ciency of small- to intermediate-sized avalanchess,103,
andD(s) shows a prominent peak arounds52000f0. This
n-
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maximum avalanche size is limited only by the maximu
shielded or trapped field, which depends on sample size
critical current,Jc(T,B). The magnetic response in this tem
perature range resembles a relaxation oscillator@Fig. 1~c!#.
Note that the ring probe is always the first to sense the pro
gation of the flux front, which confirms that a flux gradient
repeatedly being established and destroyed across the
These large avalanches are most likely system spann
eliminating any flux gradient between the two probes a
resulting in a situation where, immediately after the av
lanche, a significant fraction of the ring has magnetic ind
tion larger than the applied field. The origin of these cros
ings of theB5H line @see the dashed line in Fig. 1~c!# is
poorly understood; we tentatively associate them with n
equilibrium thermal properties and demagnetization effe
of our sample geometry.

At the lowest temperatures,t,0.2 @Fig. 1~d!# D(s) be-
comes broader again, but not of exponential form. Unlike
monotonic dependence of the radial flux density at hig
t, the difference between applied field and magnetic ind
tion can now be greater at the ring probe than at the h
probe. Also, avalanches now are triggered irrespective of
field profile near the center of the ring, occurring for bo
Bring,Bhole andBring.Bhole. Together, this is evidence tha
magnetic flux is entering inhomogeneously into the samp
perhaps as magnetic ‘‘fingers.’’6,13

We also explored the ramp rate dependence of the a
lanche activity, which we found to remain unaffected f
rates ranging over four decades from 2 mG/s to 20 G/s. T
shows that the system is in the slowly driven regime, i
avalanche events do not overlap. Moreover, the occurre
of an avalanche depends only on the change in field after
previous avalanche and shows no correlation to the t
passed after an avalanche. We were unable to determin
distribution of avalanche durations with our instrumentatio
but an upper limit is 2 ms for the largest events. This is
accord with a simple estimate for the magnetic diffusivi
Dm5r/m0, which yields avalanche durations,t;r 0

2/DM , of
microseconds or less for our samples. By comparison,
thermal diffusivity,DT5k/gC, is larger, and the Nb ring
remains spatially isothermal, except fort.0.9. Here,r 0 is
the outer radius of the ring,g is the density of Nb, and we
used the Wiedemann-Franz law to calculate the thermal c
ductivity, k, and the tabulated temperature dependence
the specific heat,C, of bulk single-crystal Nb in the super
conducting state.14 Thus, a flux jump corresponds to the ca
where rapid heating takes place on the background o
‘‘frozen-in’’ spatial distribution of magnetic flux.

We now turn to a model for the thermal stability of th
Bean state to magnetic flux jumps. We calculate the h
generated due to vortex motion,Qvm, which is balanced
against heat absorption by the ring,gCDT, and heat remova
through the substrate,ChDT, whereDT is the peak tempera
ture rise during a flux jump. Over the course of a flux jum
Ch'ht/d, where d is the film thickness andh5300
T3W m22 K21 is a temperature-dependent heat transfer
efficient typical of metal-sapphire interfaces.15 The ratio
Qvm/(gC1Ch)DT defines a stability parameterb.16 The ef-
fectiveness of heat transfer in relation to specific heat a
stabilizing factor is contained in the denominator of this
tio. Whenb.1 the Bean state is unstable, and the smal
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FIG. 1. Hysteresis loops,B(H), taken at a field ramp rate o
0.25 G/s at various reduced temperatures,t5T/Tc , for the ring
probe ~thin line! and the hole probe~thick line!. Predominantly
smooth vortex motion at hight ~a! is replaced by avalanche beha
ior at lower temperatures~b!–~d!. The inset of~a! shows the sam-
ple’s ring geometry and the positions of the gaussmeters. In~c!, the
magnetic response is reminiscent of a relaxation oscillator. Inse
~d!: sketch of magnetic field profile in a cross-sectional view of
ring ~see text!. Solid lines~dashed lines! represent the profile im-
mediately before~after! an avalanche.
perturbation, e.g., a temperature fluctuation, will initiate
flux jump. The size of the jump is related throughJc(T,B) to
the temperature at which heat from vortex motion is b
anced by the heat capacity and cooling. For our ring geo
etry b[@m0Jcdr0/5.1•(gC1130T3)#(2dJc /dT), where
C;T3 ~mJ/mol K!.14 In this expression, we have accounte
for the fact that the field shielded at the center of a di
shaped superconductor isJcd, and notJcr 0.

17 We estimate
b by calculating the temperature dependence of the crit
current from the measured external magnetization envelo
B-H5m0Jcd. We find thatb.1 for t,0.37, in good agree-
ment with the rapid increase in avalanche size shown in F
2. The close agreement with the model is perhaps fortuit
since important parameters, such asC(T,H), k(T), and
h(T) are difficult to measure and expected to depe
strongly on the film’s microstructure and impurities. Desp
these shortfalls, however, the avalanche behavior over
entireH-T plane can be qualitatively accounted for by t
model, as we outline below.

At high t, b!1 and a large heat capacity serves to sta
lize the Bean state. Thermal effects are negligible and
competition between vortex-vortex and vortex-defect int
actions governs the nature of the motion. This regime co
sponds to the hysteresis loops in Fig. 1~a! which are pre-
dominantly smooth and continuous. At first glance th
constitutes a possible discrepancy with simulations3 and Lor-
entz microscopy7 of field-gradient-driven vortices in Nb
films at comparably high temperatures which show in
vidual vortices perform discretehops. However, these hops
are extremely fast and a recent analysis18 of Lorentz micros-
copy image sequences has shown directly that the resu
time-average flux motion is rather fluidlike.

of

FIG. 2. Scatter plot of observed avalanches for the hole prob
Fig. 1 as a function of reduced temperaturet. Each symbol repre-
sents one avalanche of sizes. Data shown at each temperature a
for two hysteresis loops. The dashed curves are guides to the
bounding size ranges of predominant event activity. An apprecia
range of continuously distributed event sizes~1–2 decades! occurs
only between 0.3,t,0.4. The ‘‘island’’ with s.103 corresponds
to system-spanning avalanches. Inset: distribution of avalan
sizes,D(s), for three temperatures corresponding to Figs. 1~a!–
1~c!. Vertical scale is logarithmic. Variable width binning~see text!
is used to preserve resolution ins. The normalization is such tha
D(s)ds is proportional to the average number of avalanches
corded with sizes betweens ands1ds per hysteresis loop.
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At low t, the heat capacity of Nb is rapidly reduced a
b@1. Vortex motion can result in a significant local tem
perature rise which then propagates to surrounding ar
triggering further vortex motion. This positive feedback pr
cess, which essentially supplies ‘‘thermal inertia’’ to vor
ces, gives rise to global avalanches and inevitably results
predominance of complete flux jumps of a characteristic s
see Fig. 1~c!. One may invert the expression for the stabil
parameterb and arrive at a length scaler (b51) at which
the first flux jump is to occur. Whenr5r 0, the Bean state
becomes unstable. Shorter lengths at lower temperatures
to instabilities of a thin edge layer where the flux gradien
first established, see inset of Fig. 1~d! and ring-probe data in
Fig. 1~c!. This precludes the formation of a Bean state acr
the entire sample and has important consequences for ex
ments which investigate the statistical properties of vor
avalanches about an assumed Bean state using global
suring techniques.4,5 Instabilities in this edge layer may re
sult in the irregular magnetic profiles observed at the low
temperatures. However, the inhomogeneous character of
penetration is suggestive of a local mechanism. One po
bility is that heat generated from flux moving along routes
weak pinning is rapidly removed through the substrate ra
than initiating the propagation of a thermal quench fro
across the film, e.g., if the thermal conductivity of the sup
conductor is sufficiently reduced at lowt.

The crossover temperatures between these dynamica
gimes are field dependent, shifting to lower temperature
higher fields. We have observed an evolution similar to F
1 and 2, but as a function of field, by examining hystere
loops extending to 3 kG at fixed low temperatures.19 Such a
field dependence arises naturally within our model sin
C(H,T) of a superconductor increases withH.20

The simple thermal stability model leaves open a num
of intriguing questions. In particular, while it can account f
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a range of flux jump sizes, it cannot predict the shape of
size distribution. The broad distribution of avalanche siz
seen in previous experiments4,5 and that we observe over
narrow temperature interval 0.3,t,0.4 may be associate
with the regime whereb is marginally greater than 1. In thi
case, an increase in the heat capacity brought on by the
perature rise from an avalanche event may lead tob,1
~negative feedback!, preventing further growth of the insta
bility. Nevertheless, even in this regime, we find that t
majority of flux jumps are spatially correlated between t
Hall probes, which suggests that an avalanche is assoc
with a reduction of the flux gradient uniformly througho
the sample rather than affecting only local areas. This ob
vation contrasts with SOC-based avalanche mechanism
does the finding thatD(s) approximates a power law, if a
all, only over a very limited range~about one decade ins)
and only after careful tuning of an external parameter~tem-
perature in our case!. Rather, our results appear similar
dynamical responses found in spring block models21

‘‘switching’’ charge density waves,22 or real sandpiles.23

Moreover, our stability analysis indicates that, sinceb scales
with r 0 ~or r 0

2 in bulk samples!, the system becomes les
stable with increasing size. For sufficiently larger 0, there-
fore, the typical response will consist of system-spann
breakdown events.
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