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To understand the features of a dendritic avalanche, we prepared the eight sets of MgB2 thin ﬁlms with
rectangular shapes of 3 mm [length L]  w [width], where w ¼ 0:2 to 1.6 mm; the samples were in the
long-length limit of w < L. Magneto-optical images (MOIs) of the ﬁrst few dendrite patterns, which
were distributed sparsely, were taken at applied ﬁelds below 35 mT at a temperature of 4 K. The key
features of the present measurements are as follows: (1) the number of branches and the area of the
dendrites increase with increasing w; (2) the change in the ﬂux density (CFD) from before to after the
jump at the edge of the samples increased with increasing w; (3) the applied magnetic ﬂux density of the
ﬁrst few appearances of dendrites decreased with increasing of the w; (4) the real initial penetration ﬂux
density at the sample’s edge was about 20 mT, regardless of w; (5) the critical current densities obtained
from the MOI were almost the same for all samples, which implies that Bean’s critical model works quite
well.
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1.

Introduction

The origin of a vortex avalanche propagating with a
dendritic shape is known to be a thermo-magnetic instability
triggered by the positive feedback of continuously penetrating vortices.1–5) This interesting phenomenon takes place
in some superconducting ﬁlms, like Nb, Nb alloys, and
YBa2 Cu3 Ox ,6–9) especially at low temperatures and low
magnetic ﬁelds. In addition to the above materials, a stronger
dendrite appears in MgB2 thin ﬁlms because of the higher
Joule heating generated by the coupling between the high
critical current density (Jc ) and the induced electric ﬁeld. In
addition, magnetic and thermal diﬀusion play key roles in a
dendritic avalanche. Theoretically, when magnetic diﬀusion
is much higher than thermal diﬀusion, a superconducting
thin ﬁlm becomes thermally unstable.10,11) In fact, a dendritic
avalanche can be studied by investigating magnetic hysteresis loops and by using a magneto-optical (MO) imaging
method.11–16) Magnetic hysteresis loops show macroscopic
magnetic signal over a wide range of magnetic ﬁeld, but
MOI shows the microscopic behavior of a vortex avalanche
over a limited range of magnetic ﬁelds.
A number of works have been done in an eﬀort to
understand this phenomenon.1–11) One way to control a
dendritic avalanche is by increasing heat diﬀusion. Once a
large amount of the heat in a MgB2 thin ﬁlm is transferred to
a heat reservoir, like a metal layer on top of the superconducting ﬁlm, the dendritic avalanche is suppressed.12–14)
Another way to control a vortex avalanche is by changing
the demagnetization factor.11,14,15) Dendrite formation critically depends on the width (w) of the MgB2 thin ﬁlms, and
this phenomenon has been well conﬁrmed to disappear
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below a threshold w because of the demagnetization
eﬀect. Even though research on this subject has been
previously reported, still a detailed study of the impact of
the demagnetization eﬀect on the appearance of a vortex
avalanche is needed if this phenomenon is to be understood.
To study the demagnetization eﬀect in microscopic level,
we used the MOI method. For the ﬁrst step, we examined
the critical current density obtained by using Bean’s critical
state model while using MOIs to analyze the ﬂux proﬁles.
We found that the obtained critical current densities
were about 6  106 A/cm2 , regardless of the sample’s
width, which means that this model works quite well and
that the patterning does not degrade the MgB2 thin ﬁlms. We
also obtained several other results, which will be discussed
below, that allowed us to conclude that the various
avalanche behaviors observed for diﬀerent value of w were,
indeed, related to the demagnetization eﬀect.
2.

Experiments and Discussion

We synthesized MgB2 thin ﬁlms by using a two-step
method composed of pulsed laser deposition (PLD) and
post annealing. A boron precursor ﬁlm was deposited on a
sapphire substrate by using a PLD system; then, the sample
was put into Nb tube with pure Mg metal. In this procedure,
possible contamination of the samples was blocked because
the sample was not exposed to the air. The superconducting
transition temperature, which was conﬁrmed by using the
magnetization curve, was 39 K. The details of the synthesis
are presented in ref. 17. To make thin ﬁlms with diﬀerent
values of w, we patterned eight ﬁlms, by using photolithography, with diﬀerent rectangular shapes on the same
substrate. The ﬁlms had values of w ranging from 0.2 to
1.6 mm for a given length of 3 mm, which indicates that
most of the thin ﬁlms fell within the long-length limit, so
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Fig. 2. Magneto-optical images of dendritic branches appearing in the
(a) 0.3-, (b) 0.7-, and (c) 1.6-mm samples.
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Fig. 1. (a) Flux proﬁle obtained at the edge of a 1.6-mm-wide sample. The
black arrow indicates the ﬂux penetration depth from the edge, and zero
on the horizontal axis means the edge of the sample. (b) Values of Jc for
the eight samples.

dendritic propagation mainly appeared from the long edge
to the center of sample. We chose a MOI method18) to
investigate the microscopic features of dendritic propagation
in MgB2 thin ﬁlms with various value of w for magnetic
ﬁelds up to 35 mT at 4 K. In this magnetic ﬁeld and
temperature range, we could use MOIs of sparsely distributed dendrites without overlap.
To determine the quality of each patterned thin ﬁlm and
the validity of using Bean’s critical state model to ﬁnd the
critical current densities, we calculated the critical current
density, Jc , from the MOI data. Bean’s model tell us that Jc
can be expressed in terms of the ﬂux penetration depth (),
which can be directly obtained from the MOI proﬁle near the
edge of sample.19–21) The intensity proﬁle of w ¼ 1:6 mm
and the ﬂux penetration depth for that width which an
intensity value goes to zero are shown in Fig. 1(a). At
small ﬁelds, the Jc based on Bean’s critical state model is
given by
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
0:5w Ba
¼
ð1Þ
 0 d
where w is a half width of the sample (half of 0.2 to 1.6 mm)
and thickness, d ¼ 300 nm. The applied magnetic ﬁeld, Ba ,
was 4.9 mT. As shown in Fig. 1(b), the Jc for diﬀerent w
does not change much, which implies that micro-patterning
does not degrade the sample’s quality and that Bean’s
critical state model works quite well in these MgB2 thin
ﬁlms.

Figure 2 shows MOI results for the microscopic structures
of the dendritic propagation. The features of a dendritic
branch can be seen for w ¼ 0:3, 0.7, and 1.6 mm. In this
study, we chose the ﬁrst seven dendrites of each sample for
microscopic analysis. In this limit, dendrites distribute very
sparsely, and the interactions between dendrites are negligible. In our long-length limit, dendrites appeared mostly
from the long edge. As w became smaller, the shape of the
dendritic structure became simpler, and ﬁnally, the branches
merged to one for the 0.3-mm sample. The area of each
dendrite also decreased with decreasing w. In Fig. 3, we
draw the number of branches and their areas for the ﬁrst
seventh dendrites appearing for each w. The number of
branches and their areas tend to decrease with decreasing of
w. However, even though the applied magnetic ﬁeld is
increased, the shape of the dendritic structures (the number
of branches and areas) for the ﬁrst seven dendrites in the
same sample (same w) are almost identical.
Then why shapes of the dendrites are diﬀerent for the
diﬀerent width of the samples even though the real magnetic
ﬁelds of the ﬁrst few penetration are same? Actually, the
vortex avalanche is originated from the thermo-magnetic
instability triggered by the positive feedback of continuously
penetrating vortices. In this case, a small change of the
initial conditions could generate huge diﬀerences of vortex
propagation. For the sample of the wider width with the
large demagnetization factor, the vortex invasion into the
thin ﬁlm is easier due to the existence of large empty vortex
free area. This can make vortices diﬀused into the thin ﬁlm
faster for the wider sample and generates a much ampliﬁed
Joule heating which is proportional to J  E (E  dH=dT).
This may be the reason why much more complex shape of
the avalanche appears for the sample with large width as
shown in MOI.
We also investigated the w dependence of the change in
the ﬂux density (CFD). When a dendrite appears, the real
ﬂux density at the edge is reduced by a certain amount.
While many vortices ﬂow into the thin ﬁlm within a very
short time interval, the size of the dendritic jump and the
CFD could be obtained from the MO images. Figure 4(a)
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Fig. 3. (a) Number of branches and (b) their areas for w ¼ 0:3, 0.7,
and 1.6 mm. The numbers on the horizontal axis represent the seven
investigated dendrites.

shows proﬁles of the ﬂux density obtained from MOI
just before and after the appearance of an avalanche for
w ¼ 0:3 mm. Figure 4(b) shows the distributions of the CFD
for w ¼ 1:6, 0.7, and 0.3 mm for 10 < H < 18 mT. In this
ﬁeld range, dendrites do not interact with each other because
only a few dendrites appear. For w ¼ 1:6 mm (0.7 mm),
the CFD varies from 5.2 to 8.2 mT (2.7 – 5.9 mT), and for
w ¼ 0:3 mm, the distribution of the CFD is 1.9 – 2.7 mT.
Curiously enough, the CFD does not change much as long
as w remains the same. The result in Fig. 2 can be explained
in the same way. Because a larger CFD means that many
vortices penetrate into the sample, the area and the number
of branch are the largest for w ¼ 1:6 mm sample as shown
in Fig. 3.
Now, we would like to analyze the w dependence of the
dendritic jump in more detail. We noticed that their shapes,
number of branch or areas and the CFD do not much depend
very much on the applied magnetic ﬁeld as long as w is
same. However, when w is changed, these quantities also
change. The change in the CFD for diﬀerent value of w
causes the areas, number of branches, and, thus, the shapes
of the dendrites to be diﬀerent.
In Fig. 5, we present the real magnetic ﬂux density for the
ﬁrst three dendritic jumps at the edges of the samples just
before the jump for diﬀerent values of w as obtained from
the MO images. The demagnetization is known to have a
signiﬁcant eﬀect on these jumps, and for diﬀerent w, the
magnetic ﬁeld of the ﬁrst ﬂux jump at the edge of the
thin ﬁlm is diﬀerent. However, we expect to have almost

Fig. 4. (a) Flux density just before and after the appearance of an
avalanche for w ¼ 0:3 mm. (b) Distributions of the CFD for w ¼ 1:6, 0.7,
and 0.2 mm.

the same real magnetic ﬂux density of the ﬁrst dendritic
penetration (BP ) for the ﬂux jump. As expected, the value of
BP , which has never been measured before as a function of
w, turns out to be about the same, about 20 mT. We also
found that the local real ﬂux densities just before the second
and the third jumps were also almost the same for diﬀerent
value of w. Thus, one can infer that the local ﬂux density at
the edge must exceed a certain value, as mentioned above,
for dendritic propagation to occur. This experimental
observation can be explained in the following way. When
w is small, a dendritic jump cannot appear easily because
the local magnetic ﬂux density at the edge is not very much
larger than the applied magnetic ﬁeld due to the small
demagnetization eﬀect. Thus, dendritic propagation hardly
appears in a narrow sample. For large w, on the other hand,
the ﬂux density at the edge of the thin ﬁlm is much enhanced
due to the demagnetization eﬀect, so a high applied
magnetic ﬁeld is not needed for a dendritic jump to occur.
3.

Summary and Conclusions

It is important to know how the physical quantities in a
vortex avalanche depend on the demagnetization. For this
purpose, we used the MO imaging method to conduct a
detailed microscopic detailed study on the impact of the
demagnetization eﬀect on dendritic avalanches in various
sizes of MgB2 thin ﬁlms of various sizes. The Jc obtained by
using Bean’s critical state model had almost the same value,
regardless of the w, which conﬁrmed the validity of the
above model and demonstrated that the thin ﬁlms has not
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Fig. 5. Flux density obtained at the edge of the sample before the
occurrence for the ﬁrst three dendritic jumps.

been degraded during the micro-patterning. The CFD before
and after the avalanche at the edge of the thin ﬁlm, the
number of branches, and the area of each dendrite critically
depend on w. However, for a given value of w, the local
magnetic ﬂux density at the edge of a thin ﬁlm just before
the ﬁrst to the third appearance of a dendrite was found to be
about the same even though the applied magnetic ﬁeld has
changed. Also the highly diversiﬁed shape of the avalanche
appears for the sample with larger width due to the highly
ampliﬁed Joule heating even though real ﬁelds at the edge of
the samples for the vortex avalanche are same. Thus, we can
conclude that a vortex avalanche is, indeed, related to the
demagnetization eﬀect and that it critically depends on the
sample width, but the local magnetic ﬂux density for the
appearance of the ﬁrst few dendrites does not depend on the
sample’s width.
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