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Stability of the current-carrying state in nonhomogeneous MgB2 films
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Superconducting thin films can get unstable against magnetic flux jumping. At low temperatures, the probability
of an unstable critical state increases since a high critical current density leads to large gradients in the flux density
distribution. This phenomenon is often referred to as magnetic flux avalanches. The formation and propagation of
these avalanches can be extensively described using a thermomagnetic model. The description of the avalanche
process gets more complex when the superconducting film is not homogeneous. Quantitative magneto-optical
imaging at tailored MgB2 films revealed that the stability of the current-carrying state is substantially reduced in
inhomogeneous superconductors. This is closely related to flux focusing and increased electric fields.
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I. INTRODUCTION

The current-carrying state in type II superconductors
corresponds to an inhomogeneous vortex distribution in the
material. At low temperatures where effective flux line pinning
leads to large gradients in the vortex-density distribution, this
state can get unstable. Kinematically driven vortex avalanches
occur forming a different type of critical state.1,2 This has
in particular two consequences. Firstly, the integral critical
current in the superconductor is drastically reduced because
the pathways of the avalanches exhibit a vanishing critical
current density and thus can not contribute to the current
transport. Secondly, fast moving vortices during avalanche
propagation3,4 create an enormous amount of dissipated en-
ergy. At the same time, a huge amount of noise is created that,
e.g., spoils the application as a magnetic sensor device. In case
of MgB2, this can affect the critical state below temperatures of
about 10 K and brings out a disadvantage of the material.5 On
the other hand, MgB2 exhibits several advantages compared to
high-Tc materials such as the isotropic energy gap and the fact
that grain boundaries are strong links.6,7 Furthermore, MgB2

is relatively easy to process and comparatively cheap.
The behavior of magnetic avalanches is described using a

thermomagnetic model.1,8 When heat conductivity falls below
a critical value, thermal diffusion processes become too slow
to remove the heat from the dissipative vortex motion.9 Local
heating then leads to an increased mobility of flux lines, the
result is a positive feedback loop that forms dendrite-like flux
patterns.10

Two mechanisms are known that intercept the loop. If
the thermal conductivity of the system can be enhanced, the
formation condition of avalanches is no longer given and
an avalanche-free state develops. This can be achieved by
covering the superconducting film with a metal layer such as Al
or Au.11 Also, during propagation of avalanches, eddy currents
can be created in an adjacent layer of reasonable conductivity,
which act as electromagnetic break.12 As a consequence, it
is necessary to distinguish between avalanche formation and
propagation.13

Up to now, the description of magnetic avalanches only
considers homogeneous superconductors. In this case, the

process can be described by a single set of material parameters.
We show that an extension to inhomogeneous superconductors
such as granular or polycrystalline systems or even to patterned
media requires an improved model. In particular, a nonlocal
consideration of material constants is required to find a proper
description.

II. EXPERIMENTAL DETAILS

MgB2 films were prepared on r-cut Al2O3 substrates by
sequential deposition of magnesium and boron layers using
conventional electron beam evaporation and a subsequent
annealing process.14–16 These films have dimensions of 5 ×
5 mm2 and a thickness of 300 nm. Critical temperatures
are typically 35 K and the current densities can exceed
1 × 1011A/m2 at 10 K. We achieved to prepare areas of
different microstructures in one sample by an incomplete first
evaporated Mg layer during deposition. As a consequence,
some parts of the precursor exhibit a boron layer—instead of a
magnesium layer—adjacent to the substrate after the complete
sequential deposition. The areas where the precursor started
with a layer of magnesium exhibit a smooth phase. The areas
where the precursor has a bottom layer of boron develop during
annealing into an inhomogeneous microstructure.16

Figure 1 shows a microscopy image of the sample and a
magnification of the inhomogeneous area. It can be seen that
there are regions of different optical contrast corresponding
to areas of different precursor composition. The inner part
(light gray) refers to a precursor composition having a
substrate/magnesium interface. The outer area (dark gray) was
generated from a precursor composition with a boron/substrate
interface.

The two areas show different microstructures. The inner
area is regular and smooth, while the surface of the outer
area broke open during sample preparation. This led to the
formation of cracks, which subdivide the sample into islands
with diameters of about 30 μm. The typical structure is shown
in the right panel of Fig. 1. It is important to note that the
cracks visible at the surface do not reach the substrate. Since
a transport supercurrent has to overcome these barriers, the
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FIG. 1. Optical micrographs of the sample. The right image is a
magnification of the inhomogeneous area of the sample that appears
dark in the left image. The magnified image shows dark channels
surrounding brighter “islands.’ The critical current in the channels is
about five times lower than in the islands.

overall measurable current on a length scale larger than the
individual islands is determined by the limitation of the cracks.
When an external field is applied to the sample, flux penetrates
further inside these channels because the thickness of the
superconductor is smaller. The islands, exhibiting a higher
critical current Ic, remain flux free because larger screening
currents shield the magnetic flux.

Owing to topological reasons, flux lines have to penetrate
at the edge of the sample. This is important for the avalanche
case as well.

The particular feature of our sample is that there are
both inhomogeneous and regular regions at the edges of the
sample. So it is possible to observe avalanche formation
from the sample edge both in the inhomogeneous and in
the regular areas. Additionally, avalanches, which are created
in the inhomogeneous area, meet in the regular area while
propagating. So, this kind of sample is suitable to gain a
deeper understanding of both the avalanche propagation and
formation processes in inhomogeneous MgB2 thin films.

We used magneto-optical Faraday microscopy to map the
flux-density distribution in the superconducting film. This
is equivalent to the spatial density of vortices that have
penetrated into the superconductor after having applied an
external magnetic field. For this purpose, a magneto-optically
active iron garnet film is placed on top of the sample. If an
external field is applied, magnetic flux penetrates in the sample
and consequently induces a magnetization in the garnet film.
The garnet film is then illuminated with linear-polarized light,
which leads to a rotation of the polarization axis depending
on the local magnetization in the film. Images taken by a high
sensitive CMOS camera show the distribution of magnetic flux
in the superconducting structure. Additionally, a numerical
inversion scheme of Biot-Savarts law provides a map of the
current-density distribution in the sample.17 This allows the
determination of the density of supercurrents in the film with
a spatial resolution of about 5 μm and high quantitative
accuracy.

Figure 2 shows the magneto-optically obtained flux density
distribution in the inhomogeneous film. The measurement was
performed at T = 12 K. After zero-field cooling, an external
field of Bext = 160 mT has been applied and subsequently

FIG. 2. Magneto-optical image showing the flux density distri-
bution of the remanent state of the sample. This state was prepared
by zero-field cooling the sample to T = 12 K. Then an external field
of Bext = 160 mT was applied and subsequently removed. Bright
areas correspond to high flux density. It is clearly seen that the flux is
smoothly distributed in the inner area, while the outer area exhibits a
inhomogeneous flux density distribution.

removed. The so prepared remanent state exhibits the whole
film being in the current-carrying critical state. The flux-
density pattern is subdivided into two parts: a smooth region in
the inner part and an inhomogeneous part around. The shape
of both regions corresponds to the micrograph depicted in
Fig. 1. The distortion of the white d lines directly indicates a
nonhomogeneously distributed current density.17,18

III. FORMATION OF AVALANCHES

If the temperature is reduced to below T = 10 K, the
critical state can get unstable and vortex movement can turn
into a dynamically driven avalanche formation.5 As a first
step, we want to study the conditions for the formation of
such avalanches in an inhomogeneous system. To describe the
stability of a superconductor against macroscopic flux jumps,
the dimensionless parameter τ = Dt/Dm = μ0σκ/C is
commonly used,9 where σ is the electrical conductivity, κ

is the thermal conductivity, and C is the specific heat. Flux
jumps can take place when the thermal diffusivity Dt is much
smaller than the magnetic diffusivity Dm, i.e., τ � 1.9 This
means that the thermal transport is not fast enough to distribute
the energy in the system. In general, all hard superconductors
exhibit τ � 1.9 In superconducting thin films, the critical state
is stable above an avalanche-formation temperature Taf. At
T < Taf, large dendritic flux jumping, i.e., flux avalanches,
can occur.

Taf strongly depends on the material. While Taf is clearly
smaller than 1 K for YBCO single crystals,19 in MgB2

thin films, Taf is typically 10 K.5,20,21 At this process,
millions of vortices can penetrate the superconducting thin
film in nanoseconds.22 The conditions for avalanche formation
in homogeneous superconducting thin films was described
quantitatively by Denisov et al. in Ref. 1. Namely, there is
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a threshold field Hth above which avalanches occur, which is
given as

Hth = Ic

π
acosh

(
w

w − �∗

)
(1)

with
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2

√
κT ∗d
IcE

(
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√
2h0T ∗

nIcE

)−1
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Here, Ic = jcd is the sheet current, d is the thickness, w is
the width of the sample, �∗ is the penetration depth above which
the film becomes unstable, κ is the thermal conductivity, T ∗ is
the characteristic of the temperature dependence of jc obtained
from T ∗ = − (∂ ln jc/∂T )−1, E is the electrical field, h0 is the
heat transfer coefficient to the substrate, and n is the exponent
of the relation E ∝ j n. Note that Eq. (1) applies for an infinite
slab, however, our qualitative discussion using the stability
criterion of Eq. (2) also holds for thin squares.

Due to the the strong temperature dependence of κ and
h0,23 Hth has a finite value only for T < Taf. It also follows
that a higher critical current density leads to a lower Hth

and thus to a more unstable critical state. This behavior was
found experimentally in Ref. 2 where the flux penetration
behavior was observed in a MgB2 sample with anisotropic
current density. The investigated sample was square-shaped
and exhibited a slightly higher jc in one direction parallel to
the rim. It was found, that at 10 K, avalanches only occur at the
two rims parallel to the direction of higher jc. This behavior
can be explained by the large slope of the relation Hth(jc) in
the vicinity of Taf.

Since the observed critical current is lower in the inhomoge-
neous area of our sample, one would expect, that avalanches
prefer the high-current areas. However, this behavior is not
seen, Hth is even much lower in the inhomogeneous areas.
Figure 3(a) shows the critical current density distribution of
the sample corresponding to the flux pattern in Fig. 2. This
measurement illustrates the current-limiting properties of the
microstructure of the inhomogeneous area. In the inner area,
jc values reach about 8 × 1010A/m2 at T = 12 K. In the outer
part, the observed currents are limited by the intersecting
channels. The presented measurement shows the current
density averaged over approximately 100 μm. Circulating
currents in individual islands are not resolved. Figure 3(b)
shows a magneto-optical measurement of the flux penetration
into the inhomogeneous MgB2 film at Bext = 2.4 mT and
T = 8 K, which is below the avalanche formation temperature
Taf. Bright parts refer to a high local flux density. Magnetic
flux penetrates into the film in form of dendrite-shaped flux
avalanches. However, the avalanches only occur when formed
at inhomogeneous parts at the edge of the sample. In Fig. 3(b),
where the regular part (indicated by the dotted line) reaches
the edge, no avalanches are formed.

This behavior can be explained when considering the
microstructure-governed distribution of the critical current
in the different regions of the film. In the inhomogeneous
area, channels of low Ic surround islands exhibiting higher
values of Ic. When an external magnetic field is applied,
the penetration depth depends on the local critical current.
Along the channels with reduced Ic, the vortices penetrate

FIG. 3. (Color online) Current density distribution above Taf in
the remanent state (a) and flux density distribution below Taf at Hext =
2.4 mT (b). The area where the rim of the sample is smooth is marked
with a red oval. In (b), the dotted yellow line indicates the contour
of the smooth area. It is clearly seen that avalanches form only in
inhomogeneous areas.

further into the film. At the same time, the penetrated flux
creates eddy currents in the adjacent islands leading to an
increase of the flux density inside the channels. This is called
flux focusing effect.17,24 This flux focusing can lead to local
fields large enough to overcome the threshold field Hth for
avalanche formation. Determining parameters are the local
film characteristics inside the channel and the stray fields
of adjacent islands. These depend on Ic in the islands and
on the islands’ size and shape. For a closed description of
avalanche formation in an inhomogeneous superconducting
film, the exact distribution of the superconducting properties
has to be known and poses a huge nonlocal problem.

A second effect has to be considered when describing
flux penetration into inhomogeneous superconductors. When
the flux penetration is inhomogeneous, local electrical fields
appear that can be large.8,18,25,26 In the avalanche-formation
process, local heating plays an important role. One source
of heat are normal-conducting currents, which depend on the
electrical field following jnc = σE. Only a small amount of
heat leads to a decrease of jc (since ∂jc

∂T
< 0). Consequently,

the external field then penetrates further into the film and the
moving flux creates even more heat and so on. The result can
easily be an avalanche.
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The combination of enhanced local flux density by flux
focusing and the increased electrical field due to the irregular
path of the current reduces the threshold field Hth and
thus supports avalanche formation in the inhomogeneous
area.

IV. PROPAGATION OF AVALANCHES

In this section, we investigate the influence of the inho-
mogeneous microstructure on the propagation of avalanches.
The theory of avalanche propagation is so far the same as for
formation. It is described in Ref. 1 by a thermomagnetic model
that is based on the above mentioned stability criterion.9 This
model describes avalanche propagation as a consequence of
local heating of the sample and the resulting mobility of flux
lines. If the sample is not homogeneous, additional factors
play a role. For example, arrays of antidots can influence
the propagation direction.27 Here, avalanches move from one
antidot to another while short distances between two antidots
are favored. This means that avalanches prefer an “easy”
way using as much weak- or non-superconducting spots as
possible. Another evidence for this behavior is found when an
avalanche is created in the inhomogeneous area of our sample
and then, while propagating, reaches a borderline to a smooth
sample area. For not too large external fields, the result is that
these avalanches stop immediately when the smooth area is
reached.13

In this work, we compare the size and the shape of the
avalanches and find a distinct difference for avalanches in
inhomogeneous and smooth areas.

For this purpose, we applied an external field of Hext =
3.2 mT to the sample, which was initially zero-field cooled
to Taf > T = 8 K. Figure 4 shows two parts of one magneto-
optical image of this state. Figure 4(a) shows a part of the
inhomogeneous area while Fig. 4(b) shows a part of the
smooth area. Both the size and the shape of the avalanches
are completely different. While the avalanches in the inhomo-
geneous area are large with a lot of branching, avalanches in
the smooth area are comparatively small and straight. Since
these images represent the flux-density distribution, one can
estimate the number of flux lines that form one avalanche. It

FIG. 4. Magneto-optical images of avalanches in two different
areas. The figures are subimages of one magneto-optical image
taken at T = 8 K and Hext = 3.2 mT. In the inhomogeneous area,
one avalanche contains about ten times more flux lines than one
avalanche in the smooth area. This finding supports the assumption
that also the propagation of avalanches strongly depends on the
microstructure.

FIG. 5. (Color online) The images (c)–(e) show three different
perspectives of a microscopy image (b) overlayed with a magneto-
optical image (a) in order to illustrate propagation of avalanches in
the inhomogeneous part of the sample. The red and blue rectangles
in (a) and (b) correspond to the very same detail of the sample. (d)
is an addition of the reference lines. It can be seen, that avalanches
propagate in the channels of low jc. The magneto-optical image is
taken at T = 8 K and Bext = 3.2 mT.

was found that one avalanche under these conditions contains
about 4 × 104 �0 in the smooth area, while one avalanche
in the inhomogeneous area contains about 4 × 105 �0 with
�0 being the magnetic flux quantum. This large difference
as well as the different shape can also be explained by the
microstructure.

Microscopy images suggest that the low-Ic channels are
thinner than the plates. This would mean the flux line energy
is lower in the channels. This assumption is supported by our
observations.

Figure 5 illustrates the propagation of magnetic flux
avalanches in inhomogeneous structures showing three dif-
ferent perspectives [(c), (d), and (e)]. Figures 5(a) and 5(b) are
a magneto-optical image and a micrograph of the very same
detail of the sample. An area containing an avalanche was
chosen from the magneto-optical image (c) and compared to
the very same area of the micrograph (b). The colors (only seen
online) were added to emphasize structures: red outlines the
magnetic avalanche (c), and blue shows the platelike structure
of the sample’s surface (e). Figure 5(d) is a an overlay of the
outlines. Due to the experimental setup with a magneto-optical
layer on top of the sample, structures in magneto-optical
images appear to be more blurred and broadened than they are
in the sample underneath. Therefore the avalanche structure
seems to be wider than the channel in the microscopy image,
but this is not the case. The conclusion from these pictures
is that the propagation of avalanches only takes place along
channels of the sample surface structure. In these channels
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of reduced thickness, the vortex self-energy has a minimum.
Hence less energy is needed to drive forward the magnetic flux
cores, and these structures are favored in the propagation of
avalanches.

This leads to another general difference with avalanches
in homogeneous media. In the case considered here, the
pathway for the propagation of avalanches is not arbitrary
like in homogeneous media.28 Repeating a flux propagation
experiment shows that avalanches choose not always the
same way but they use low-Ic channels every time. A
clear distinction, however, can be made when performing
a magnetization measurement. Here, characteristic jumps in
magnetization values occur when such avalanches are present.
In particular, when concerning weak links and Josephson
junctions where flux pinning is small and flux focusing large,
the consideration of spatially confined avalanches might be
important.

Since for many purposes, artificial structuring can turn plain
superconducting films into structures of complex geometries,
these findings may be important for the stability of the

current-carrying state in some technical applications at very
low temperatures.

V. CONCLUSION

We compared formation and propagation of magnetic flux
avalanches in homogeneous and inhomogeneous MgB2 thin
films. For this purpose, we prepared samples containing
smooth and granular areas at the same time. It was found that
if the critical current Ic is distributed inhomogeneously, the
critical state is much less stable. Spatially resolved magneto-
optical measurements suggested three reasons. Firstly, areas
of lower Ic can act as propagation channels for avalanches.
Secondly, the areas of higher Ic provide large stray fields,
which reduce the external threshold field Hth. Thirdly, an in-
homogeneous current path leads to increased electrical fields,
which support the dissipative avalanche process. The fact that
inhomogeneities can lead to a collapse of the critical state
might be an issue for artificially structured superconductors at
very low temperatures.
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