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E-mail: Bjoern.Biehler@uni-konstanz.de

(Received April 13, 2004; revised June 4, 2004)

Dendritic flux penetration is a well known phenomenon in high temperature
superconductors. We investigated the conditions under which this instability
can be observed in different materials. We found three qualitatively different
behaviors: dendrite development above a “critical field” and up to a certain
temperature, above a “critical field” with no measurable temperature depen-
dence, or no dendrite development at all.
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1. INTRODUCTION

The dendritic instability of magnetic flux penetration into supercon-
ductors was first observed in 19671 in niobium samples. It is a sudden
redistribution of magnetic flux in a superconducting sample, which under
certain conditions can lead to irreversible damage.2 The velocity of the
redistribution is in the range of 20–200 km/s.3 This avalanche-like behav-
ior can develop spontaneously or can be triggered by a perturbation in
an area where shielding currents are present.4,5 We conducted a system-
atic study under which conditions this form of instability can be observed
in three kinds of samples: YBCO and YNi2B2C thin films, and BSCCO
single crystals.

2. EXPERIMENTAL SETUP

Our setup consists of a home-made polarizing microscope built
around a continuous-flow cryostat. The cryostat has optical windows on
two sides allowing access to the top and bottom of the sample. The
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Fig. 1. A pseudo 3D representation of a dendritic flux distribution in YNi2B2C. The figure
shows an area of 2.3 by 2.3 mm2.

sample is mounted on a copper plate with a small hole at the sample
edge, which is implemented to perturb the superconducting system with
a short laser pulse (FWHM 150 fs). This perturbation is used to trigger
the instability we are investigating. On top of the specimen we mounted
an iron garnet film with a thickness of some micrometers. The iron garnet
shows a pronounced Faraday effect, i.e. the change in polarization is pro-
portional to the magnetic field penetrating the iron garnet. Doing polari-
zation microscopy on this sandwich of sample and iron garnet will lead to
an image of the magnetic flux distribution in the superconducting sample,
see Fig. 1.

3. EXPERIMENT AND RESULTS

A typical experiment was conducted as follows: we cooled the super-
conductor to the desired temperature in zero field. The external field
was then applied by copper coils. This results in a flux pattern gov-
erned by shielding currents flowing mainly at the sample edges. No insta-
bilities were observed at this stage. Consecutively, we heated the edge
of the superconductor with the focused laser pulse. Here two different
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Fig. 2. Phase diagram of an 330 nm thick YBCO film. Note that no dendrites were observed
for T/Tc >0.37.

kinds of flux redistribution have been observed. Either the flux penetrated
homogeneously into the superconductor or formed elongated, branch-
ing structures (dendrites) as seen in Fig. 1. Note that a sudden but
homogeneous flux penetration would be undistinguishable for us, i.e. jumps
in magnetization measurements as in might not be visible as in reference 1.
Before the next experiment the superconductor was heated above Tc in
zero field to clear the sample of all remanent flux.

3.1. YBCO

The YBCO sample was a 330 nm thick film on a strontium titanate
substrate. The instability island in YBCO is shown in Fig. 2. The circles
show settings where homogeneous penetration had been observed and the
squares indicate the observation of dendrites. One can note that above
37% of Tc no dendrites can be observed, and that a minimum field of
8 mT is required. A similar behavior was found in MgB2 (not shown here),
where both a critical field and a critical temperature have been observed,
which separate areas of stability from unstable regions.

3.2. YNi2B2C

The YNi2B2C sample we investigated was a film of ≈300 nm thick-
ness on a MgO substrate. Also in this material a certain field is needed
above which dendrites can be observed. However, contrary to YBCO there
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Fig. 3. Phase diagram of a YNi2B2C film. There is seemingly no upper temperature
threshold above which no dendrite development is possible.

is apparently no temperature limit above which dendrite development is
hindered. The reason why the measurements do not reach all the way
up to Tc is, that the critical currents decrease with increasing tempera-
ture. This leads to a deterioration of contrast in the magneto-optic images,
which made a discrimination between homogeneous and dendritic penetra-
tion impossible in this temperature range (Fig. 3).

3.3. BSCCO

BSCCO was in the form of a single crystal. The dimensions were
approximately 1 × 0.4 mm2 with a thickness in the 10µm range. The pin-
ning strength in this sample was lower than in the thin films. Therefore
a relaxation in the range of several seconds was observed, which can be
understood in terms of a reduced pinning potential or reduced density of
pinning centers. As can be seen in Fig. 4, we did not observe any dendrites
in this sample.

4. DISCUSSION AND OUTLOOK

Most magnetization measurements on superconductors are conducted
by slowly varying a quasi DC field. The sweep rate Ḃ is usually a critical
parameter in those measurements, since it is found that a high sweep rate
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Fig. 4. In BSCCO single crystals, even at high fields and low temperature no dendrites were
observed.

leads to a lower instability starting field Bfi.6 This is not the case in our
setup. Since all relevant time scales are much longer than the perturba-
tion by the laser pulse (T FWHM), it can be viewed as quasi instantaneous,
which corresponds to the limiting case of Ḃ →∞.

A stability criterion from Mints and Rakhmanov7 was stated in ref-
erence 8:

µoJc(T )w2

c

∣∣∣∣
dJc

dT

∣∣∣∣≡β (<1 for stability). (1)

w is a typical dimension of the sample and c is the specific heat. For β >

1 the flux distribution becomes unstable upon small perturbations. Fur-
ther it is predicted that the applied field where the first instability can be
observed is on the order of

Bfi ≈
√

µ0c(Tc −T ). (2)

If we assume that we are able to nucleate dendrites as soon as we reach
the stability limit given by Eq. 1, we can compare our results with the
theory. The above formula is correct for the adiabatic limit,9 which is cer-
tainly true for YBCO at low temperatures (T < 10 K). The heat capacity
is low (< 1 J/(mol K) for T < 13 K), but raises rapidly for higher tempera-
tures to values of 24 J/(mol K) for T = 35 K.10 For temperatures around
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30 K the adiabatic limit might break down, since the thermal conductiv-
ity peaks at approximately this value.11 These two facts might help to
clarify why we see the temperature limit in YBCO and no such limit
in the case of YNi2B2C. Here the heat capacity varies in the examined
temperature range only between ≈0.1 and 1.2 J/(mol K).12 This relative-
ly small heat capacity change might not be sufficient to suppress dendrite
development.

However, we do not observe the raise in the field where the first insta-
bility is expected (Eq. 2): Given the above numbers we would expect in
the case of YBCO at least a variation of the field Bfi on the order of the
square root of the heat capacity variation, i.e. at least a factor of 4. This
is not observed.

In the case of BSCCO the “heat capacity argument” cannot be used
to explain the absence of dendrites. It varies between 0.02 J/(mol K) at
T = 4 K to 0.2 J/(mol K) at 25 K13 which is much lower than the val-
ues for YBCO. If we compare our BSCCO data, with magnetization data
obtained in14 by Kopelevich et al. we find a discrepancy. We did not
observe flux jumps in our sample in the same regime as Kopelevich et al.
One has to admit, however, that the jumps reported there are too minute
for us to see. On the other hand a striking feature is reported, namely the
instability ceases to exist at high fields. This is in disagreement with our
data for YBCO, where the instability is only observed at high fields. For
YBCO and YNi2B2C our result agrees with data of magnetization mea-
surements obtained in Refs. 15 and 16, where no jumps were seen below
a certain field.

If the pinning site density/strength is relatively high, the system is
unable to relax to a state near the equilibrium, and raising the temper-
ature is not sufficient any more to overcome the instability (YNi2B2C).
In the case of BSCCO, on the other hand, due to the low pinning
potential the system is always able to relax homogeneously. To test this
hypothesis we are planning to irradiate a BSCCO sample with high-
energy ions to introduce additional pinning centers as was proposed very
recently in Ref. 8. This should lead to the development of a dendritic
instability.
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