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Finger patterns of magnetic flux in bulk Bi2Sr2CaCu2O8+␦ samples
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Fingerlike flux patterns, normally observed in superconducting films, are demonstrated in a bulk material.
We observed such patterns in Bi2Sr2CaCu2O8+␦ crystals with an artificial barrier separating regions of different
magnetic diffusivity, created by irradiating one-half of the crystal with heavy ions. Flux penetration from the
nonirradiated part of the crystal, through the barrier, into the irradiated part forms fingerlike patterns in a wide
range of temperatures and field ramping rates. The mechanism responsible for the observed patterns is
discussed.
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I. INTRODUCTION

II. EXPERIMENT

Nonuniform magnetic flux penetration in type II superconductors, creating finger and dendritic patterns, has recently attracted considerable interest.1–23 Such patterns have
been directly observed in a large number of superconducting
films employing magneto-optical imaging techniques.1–14
The existing experimental data, and the recently developed
theoretical models,14–21 suggest that the origin of these patterns is thermomagnetic instability of the vortex matter in the
superconducting films.21–23 The instability arises from local
temperature increase due to flux motion, which, in turn, decreases flux pinning and hence facilitates further flux motion.
Linear stability analysis,24 based on the coupled nonlinear
Maxwell and thermal diffusion equations, showed that instability in the form of narrow fingers perpendicular to the
background electric field occurs when this field exceeds a
threshold value Ec.19 Further analysis, taking into account
nonlocal electrodynamics in thin films and the heat transfer
to the substrate, showed that Ec is proportional to the film
thickness, and that thin films are much more unstable than
bulk superconductors, having a stronger tendency for formation of fingering patterns.25
In this paper, we show that fingerlike flux patterns can
readily be produced also in a bulk material. We have observed nucleation of such patterns in Bi2Sr2CaCu2O8+␦
samples at an artificial barrier formed by irradiating part of
the sample with heavy ions. The irradiation process created a
sharp border separating two superconducting regions of low
and high persistent currents J, giving rise to high and low
magnetic diffusivities in the nonirradiated and irradiated
parts, respectively. The different diffusivities create a barrier
for flux motion through the border between the two parts. A
time resolved magneto-optical imaging system was exploited
to visually follow the process of finger formation as the flux
front hits the barrier created at the interface between the two
superconducting regions. This artificial barrier can be controlled by changing temperature, magnetic field, and field
ramp rate, thus allowing study of the influence of the barrier
height on the finger-shaped flux penetration through the barrier. We notice similarities and differences between the observed patterns in the bulk and those previously obtained in
films and discuss the possibility that the two phenomena
have a common origin.

A series of 2 ⫻ 1 ⫻ 0.03 mm3 Bi2Sr2CaCu2O8+␦ single
crystals 共Tc = 92 K兲 grown by the floating-zone method26 was
partially irradiated by 5 GeV Pb ions at the Grand Accelerateur National d’Ions Lourds, Caen, with different doses corresponding to matching fields between 5 and 40 G. Using a
mask to cover half of the sample, only the uncovered part
共1 ⫻ 1 mm2兲 was exposed to the irradiation. In this paper, we
present typical data for a sample irradiated to a matching
field of 40 G, producing columnar defects with an average
distance of approximately 0.7 m. The uniformity of the
sample was confirmed by energy dispersive spectroscopy
共EDS兲, using a JEOL 7500 scanning electron microscope.
Magneto-optical images of the induction distribution were
taken using an iron-garnet indicator with in-plane anisotropy
and a 12 bit Hamamatsu charge coupled device camera with
a frame rate ranging between 0.1 and 25 Hz.27,28 In a typical
magneto-optical measurement, the sample was zero-field
cooled to a target temperature between 20 and 70 K and was
then subjected to external field parallel to the crystallographic c axis of the sample. The applied magnetic field was
ramped from 0 up to 200 Oe at different rates between 0.1
and 1000 Oe/ s. For a few selected temperatures, the field
was ramped up to 1050 Oe at 0.75 Oe/ s. Camera integration
time used for image acquisition was 20– 110 ms. This integration time was always short enough in comparison with the
frame sampling rate.
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III. RESULTS

We first demonstrate the border created by the irradiation
process. Figure 1共a兲 exhibits a magneto-optical image of the
sample taken at T = 24 K after exposing the sample to an
external magnetic field of 400 Oe. The field fully penetrates
the sample creating entirely different flux distributions in its
two parts, with a sharp border between them. Examination of
the image shows a Bean-like flux distribution in the irradiated part 关left hand side in Fig. 1共a兲兴 and a distorted29 dome
shape distribution in the nonirradiated part. When the field is
raised to 1050 Oe, the two parts of the sample can no longer
be distinguished and a Bean-like distribution is observed
throughout the whole sample, as shown in Fig. 1共b兲. The
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FIG. 1. Magneto-optical images of the partially irradiated sample at 24 K subjected to external field ramped to 共a兲 400 Oe and 共b兲
1000 Oe at a rate of 7.5 Oe/ s. The left hand side is the irradiated part of the sample. Image contrast was independently rescaled for visual
convenience. 共c兲 The whole process can be dynamically viewed by plotting a series of profiles taken across the long side of the sample at
the center. 共d兲 After the field is removed, a sharp border between the remnant states of the two parts of the sample is observed.

transition from two distinct induction distributions at low
field, to a unified Bean distribution at high field, is also demonstrated in Fig. 1共c兲. This figure shows the induction profiles measured along a line parallel to the sample long edge
and passing through the sample center, while the external
field is ramped at a rate of 7.5 Oe/ s. For low external fields,
the barrier is manifested by a jump in the induction, indicating the presence of screening currents. As the field increases,
the screening current at the border decreases until it totally
disappears for induction around 400 G, corresponding to the
measured order-disorder phase transition induction.30,31 As
the screening current at the border disappears, the induction

profiles become Bean-like across the whole sample.32 We
further demonstrate the border between the irradiated and
nonirradiated parts by showing the distribution of the remnant induction after reducing the external field back to zero
关see Fig. 1共d兲兴. As expected, flux is mainly trapped in the
irradiated part forming the typical Bean roof-top shape.
The field ramping rate has a strong effect on the flux
diffusion through the barrier created by the partial irradiation. This is demonstrated in Fig. 2共a兲 which shows the time
dependence of the location x of the flux front moving
through the nonirradiated part toward the border and crossing it. The measurements presented in this figure were done

FIG. 2. 共Color online兲 Flux front location as a function of time for 共a兲 various ramping rates 共dHext / dt兲 ranging from 1 to 500 Oe/ s at
44 K and 共b兲 various temperatures between 25 and 55 K at constant ramping rate of 0.75 Oe/ s. The irradiation border is marked by a
horizontal dashed line at x = 1000 m.
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FIG. 3. Magneto-optical images taken when flux front reached a
distance of 150 m after crossing the border at 共a兲 25 K, 共b兲 35 K,
共c兲 45 K, and 共d兲 60 K. Field ramping rate for all temperatures was
0.75 Oe/ s. All images were independently contrast enhanced for
comfortable visualization.

at 44 K for various ramping rates. The figure clearly shows
that each part of the sample is characterized by an approximately constant velocity dx / dt, exhibiting a transition from
high to lower velocity at the border. The lower velocity in the
irradiated part is due to the larger persistent current J which
gives rise to lower magnetic diffusivity. When the ramping
rate is increased from 0.1 to 1000 Oe/ s, the ratio between
the two velocities changes from 40 to 4, indicating that for
higher ramping rates, the barrier between the two regions
becomes less significant. This ratio measured for other
temperatures showed similar behavior, although for lower
temperatures the velocity ratio showed a milder decrease in
increasing ramping rate 共for example, at T = 24 K, the ratio
decreases from 5.4 to 2 as the ramping rate increases from
0.1 Oe/ s to 100 Oe/ s兲.
Measuring these velocities at a constant ramping rate with
increasing temperature reveals that temperature cannot wipe
out the flux diffusivity barrier even at high temperatures. As
shown in Fig. 2共b兲, the velocity, dx / dt, measured deep in the
irradiated region shows a negligible dependence on temperature, and even at 55 K, a significant difference between the
velocities in the nonirradiated and the irradiated parts of the
sample still exists. The figure shows that between 25 and
55 K the velocity is constant, around 4 m / s, for a field
ramp rate of 0.75 Oe/ s, reflecting the weak temperature dependence of the persistent current J in the irradiated part.
Figure 3 demonstrates the creation of the finger flux patterns as the flux front crosses the border between the nonirradiated and irradiated parts of the sample. The magnetooptical images shown in the figure for the indicated
temperatures depict the flux front in the irradiated part when
it reaches a distance of 150 m from the border for field
ramping rate of 0.75 Oe/ s. It is seen that while at 25 K 关Fig.
3共a兲兴, the front remains uniform after crossing the border 共the
curvature is a result of the sample geometry兲, at 35 K 关Fig.
3共b兲兴, the front exhibits a fingered pattern. This pattern is

further enhanced at 45 K 关Fig. 3共c兲兴. Above 50 K, the pattern
gradually weakens and the front becomes smoother around
60 K 关Fig. 3共d兲兴. These results indicate that the finger patterns appear only in an intermediate temperature range. This
range also depends on the field ramp rate. At slower rates,
e.g., 0.1 Oe/ s, the temperature range at which fingers are
observed is pushed downward, and they appear 共though
faintly兲 even below 25 K. At higher rates, i.e., 100 Oe/ s and
above, fingers appear at a narrower temperature range around
44 K. We note that the field range in which fingers have been
observed is of the order of tens of Gauss corresponding to
the irradiation matching field 共40 G兲. Obviously, at higher
fields, the columnar defects become less effective and the
barrier between the two parts of the sample becomes less
significant, as demonstrated in Figs. 1共b兲 and 1共c兲. We also
note that although the fine details of the finger patterns are
random, the place of nucleation of the fingers is reproducible.
The magneto-optical technique allows tracing the behavior of the flux front as it hits the border between the nonirradiated and irradiated parts of the sample. In Fig. 4, we
show the dynamics of the flux front at 30 K for dHext / dt
= 0.75 Oe/ s. Figures 4共a兲–4共e兲 are differential images of the
time evolution of the front extracted by subtracting two consecutive images taken at a rate of 1 frame/ s. The geometry
of the sample that allows easy flux penetration into the nonirradiated part from only three edges creates a spearheadlike
front, as shown in Fig. 4共a兲. Upon hitting the border, the
front spreads sideways 关Fig. 4共b兲兴 along the irradiation border, and at the same time penetrates the irradiated 共left hand兲
side with a smaller velocity, forming the fingered front
shown in Fig. 4共c兲. Figures 4共d兲 and 4共e兲 illustrate the evolution of the fingered front as it penetrates deeper into the
irradiated part, laterally spreading because of the flux motion
along the border. Figure 4共f兲 illustrates the flux location
along the border and inside the pinning enhanced region. As
expected, the initial velocity along the border is higher than
the velocity of the penetration through the border.
IV. DISCUSSION

Our data show that the flux diffusivity barrier, created at
the border between the nonirradiated and irradiated parts of
the sample, plays a central role in forming the flux finger
patterns. These patterns are formed as flux crosses this border, and the fingers are always perpendicular to the border.
Under experimental conditions where the barrier disappears,
the finger patterns also disappear, and the flux front remains
smooth upon crossing the border. Note, however, that the
pattern may be smooth even in the presence of the barrier, as
demonstrated at 25 K 关Fig. 3共a兲兴. Thus, the presence of a
barrier is a necessary but not sufficient condition for forming
flux finger patterns. As opposed to natural edges in a bulk
material, this artificial border is relatively smooth, creating
favorable conditions for instabilities.19
The ratio of the persistent currents in the irradiated and
nonirradiated parts of the sample can serve as a measure for
the effective height of the barrier. This ratio can be controlled
by the external field, its ramping rate, and temperature. By
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FIG. 4. 共Color online兲 Differential magneto-optical images at 30 K, extracted by subtracting consecutive images acquired at a rate of
1 frame/ s at t= 共a兲 42 s, 共b兲 44 s, 共c兲 46 s, 共d兲 48 s, and 共e兲 52 s. The dotted lines in 共a兲–共e兲 indicate the location of the border. Field ramping
rate was 0.75 Oe/ s. The front location vs time is shown in 共f兲. 共䊏兲 and 共䊊兲 describe location of front through and along the border,
respectively. Vertical dotted line marks time when flux collides with border.

increasing the external field, the vortex phase in the nonirradiated part of the sample can transform to a disordered
phase, characterized by high persistent current density J, thus
leading to reduction, or even removal of the barrier, as demonstrated in Fig. 1共b兲. Also, high ramping rates induce large
currents in both parts of the sample, reducing the effective
pinning in the irradiated part; at high enough ramping rates,
the pinning in both parts of the sample becomes indistinguishable. This is demonstrated in Fig. 2共a兲 which shows that
the front velocity v = 共dHext / dt兲 / J, in the irradiated part approaches that in the nonirradiated part as the ramping rate
increases. At these high rates, no fingers are observed.

The finger patterns observed in our experiments exhibit
the salient features observed in films1–7,14 and are theoretically predicted.19–21 Namely, the fingers are perpendicular to
the electric field created at the border and form a quasiperiodic structure. This suggests that the patterns observed here
and in films have the same origin. However, there are several
differences between our results and those reported for films.
In particular, the range of existence of finger patterns is
qualitatively different from that predicted and observed in
films:8,9,21,23 In our experiments, instead of the threshold
magnetic and electrical fields reported for films,8,9 we observe upper limits to these fields above which the finger pat-
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terns disappear. While the apparent absence of threshold
fields remains to be explored, the upper limits of those fields
can be directly related to the nature of the artificial barrier
produced at the border between the irradiated and nonirradiated parts of the sample. As demonstrated above, this barrier
disappears at large magnetic fields and at large electrical
fields 共corresponding to large ramping rates of the magnetic
field兲, thus allowing flux penetration with a smooth front.
In summary, we created an artificial barrier inside a bulk
superconductor that separates regions of different magnetic
diffusivity. This barrier can be controlled by changing temperature, external magnetic field, and its ramping rate. The
magneto-optical technique allows direct imaging of the vortex dynamics as the flux front hits the barrier. In particular,
we observed the formation of finger patterns in a wide range
of temperatures and fields. The salient features of the observed patterns are consistent with the theoretical predictions
suggesting that the effect is associated with thermomagnetic
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