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Abstract

Using a magneto-optical technique we perform a quantitative analysis of magnetic flux penetration in superconduct-
ing niobium thin films on 4-plane (1120) sapphire substrates as a function of temperature (1.5 K < T < T.=9.2 K).
In these samples we observe huge compact avalanches (HCAs for brevity), very much like some snow-avalanches and
unlike the rough dendritic flux penetration observed on R-plane (1102) sapphire. The behavior observed is consistent
with the occurrence of thermo-magnetic avalanches as proposed by Aranson et al. [Phys. Rev. Lett. 87 (2001) 067003].
For increasing temperature, we find: (1) an increased branching of the HCA. (2) An increased applied field necessary for
the first HCA to occur. (3) A decrease in the number of HCAs, accompanied by more ‘regular’ flux penetration (above
6.2 K avalanches are completely absent). (4) An increase of the total amount of flux as well as the area of the HCA.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Catastrophic flux penetration was already re-
ported by Huebener et al. [1], one of the pioneers
in the field of magneto-optical investigations on
flux penetration behavior in superconductors.
The avalanches of magnetic flux can move extre-
mely fast and have been observed in a number of

* Corresponding author. Tel.: +31 20 4447923; fax: +31 20
4447992.
E-mail address: welling@nat.vu.nl (M.S. Welling).

superconductors like Nb [1], MgB, [3-5] and
YB32CU3O7,X films [2]

In this paper we focus on niobium, where ava-
lanches previously have been observed using scan-
ning Hall probe microscopy (SHM) [6], Hall probe
arrays [7-9], and magneto-optical imaging [1,9-
12].

Interestingly, different authors [1,6,9-11] have
reported quite different flux penetration behavior
for superconducting niobium. Some authors re-
port smooth [1] and regular Bean-like [13] flux
penetration but also seaweed-like patterns [1,12]
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are observed, whereas others find rather irregular,
‘rough’ Bean-like flux patterns [6]. In a previous
publication [15] we showed that such rough flux
penetration takes place in niobium thin films on
R-plane sapphire substrates and that it can be
changed into a more fractal, tree-like pattern by
exposing the niobium to hydrogen.

Here, we present a systematic magneto-optical
(MO) study of the burst-like magnetic flux pene-
tration in superconducting niobium thin films on
A-plane (1120) sapphire substrates. Such compact
and burst-like flux penetration behavior is possibly
of thermo-magnetic origin [3,14]. Since vortex mo-
tion causes local heating, pinning then is reduced
enabling further flux motion. This can cause a
macroscopic amount of flux to suddenly invade
the superconductor. Support for such thermo-
magnetic avalanches is obtained from numerical
simulations of coupled differential equations for
the magnetic induction B and temperature 7 [14].
Here we perform an experimental quantitative
analysis on individual huge compact avalanches
(HCAs for brevity) as a function of applied mag-
netic field and temperature (1.5 K< 7T< T, =
9.2 K).

This paper is organized as follows. In Section 2
we briefly discuss the sample and the experimental
procedure as well as the MO set-up. In Section 3.1,
we show the influence of the temperature on the
magnetic field distribution. In Section 3.2, we com-
pare the present results with those on samples on
R-plane (1102) sapphire substrates. We end with
a summary of the main results and a discussion
in Section 4.

2. Experimental

For our magneto-optical study we use niobium
thin films of 500 nm thickness, which are evapo-
rated at 973 K under ultra high vacuum (UHYV)
conditions (base pressure 2x10~’ Pa) on A-plane
(1120) sapphire substrates. During evaporation
a shadow mask is used to obtain a strip geometry
of 9.0x 1.8 mm?. Hereafter, we evaporated at room
temperature a thin Pd layer, 10 nm thick, on top of
the niobium layer to protect the sample from oxi-
dation and to be able to investigate the influence of

hydrogen on the flux penetration behavior as dis-
cussed elsewhere [15] (in this reference also more
results of sample characterization are given).

In our experiments we measure the local mag-
netic flux density (B.) immediately above the
superconducting sample using a magneto-optical
image lock-in amplifier [16]. To sense the magnetic
field a Bi-substituted ferrite—garnet film [17] is used
with in-plane magnetization vector and large Far-
aday effect (typically 0.06 deg/mT). This ‘indicator’
is mounted on top of the sample. The assembly
consisting of sample and indicator is mounted in
a specially built cryogenic polarization micro-
scope, which fits into the variable temperature
insert of an Oxford Instruments 1 T magnet sys-
tem. The externally applied magnetic field is per-
pendicular to the sample and indicator surface.
Experiments are performed after zero field cooling
(ZFC) to 1.5 K, and from 4.2 K to 7.=9.2 K in
steps of 0.5 K. Furthermore, we repeated the
experiments at 4.2 and 6.7 K three times to inves-
tigate the reproducibility. In each of these experi-
ments the sample is cooled down in zero field,
subsequently the externally applied magnetic field
is increased from 0 to 40 mT in steps of 100 uT,
using a constant sweep rate of 100 puT/s between
steps. After every field step, the flux distribution
in the sample is relaxed for 9 s after which a MO
image is acquired. Only the central part of the strip
is investigated to avoid geometrical effects due to
the corners. Pictures are taken using a charge-cou-
pled device camera (with 782x 582 pixels) with an
exposure time of 350 ms. Spatial resolution is such
that one side of the square pixel corresponds to
3.4 um.

3. Results
3.1. Effect of temperature

In Fig. 1 we show magnetic flux distributions
for various temperatures. For every image, we ap-
plied a magnetic field of 40.0 mT after zero field
cooling. The Meissner phase appears black and
the Shubnikov phase bright. Fig. la shows the
magnetic field pattern at 1.5 K, where we observe
finger-shaped instantaneous bursts (on our experi-



M.S. Welling et al. | Physica C 411 (2004) 11-17 13

Fig. 1. Magnetic flux distribution in a 500 nm Nb thin film on
an A-plane sapphire substrate after zero field cooling and
subsequently applying a field of 40.0 mT at the temperature
indicated. The scale-bar indicates the local magnetic field B.
and holds for all figures (a)—(f).

mental time scale, limited by our camera) of mag-
netic flux entering the superconductor. At 4.2 K
(Fig. 1b), the magnetic field pattern appears
slightly more irregular. At 4.7 K (Fig. 1c), we ob-
serve more branching and more irregular and lar-
ger HCAs. At 5.2 K, (Fig. 1d), in addition to the
HCAs a more regular flux penetration behavior
dominates at the edge of the sample. At 5.7 K,
(Fig. le), few, but very large and branched HCAs
are observed. At 6.2 K and above (Fig. If), no
HCAs are observed anymore: flux penetrates in a
regular manner.

To show that the flux penetration behavior
caused by HCAs is not reproducible on a de-
tailed level, we show in Fig. 2a as a color image
the superposition of images from three experi-
ments at the same temperature of 4.2 K indi-
cated by red, green, and blue, respectively.
Consequently, if the flux penetration behavior
would reproduce exactly we would observe a
black and white only image, since red, green,
and blue in all images would overlap. As follows
directly from the colors in Fig. 2a, the HCAs do
not reproduce. Consequently, this flux penetra-
tion is not trivially determined by e.g. a
macroscopic defect but by an intrinsic instability

(b)

Fig. 2. Overlapping images in red, green, and blue for three
identical experiments, where after zero field cooling a magnetic
field of 20 mT is applied. (a) At 4.2 K we observe colors
indicating that the HCAs do not reproduce at the same
positions. (b) At 6.7 K, no HCAs occur and flux penetration is
much more reproducible. However, different colors correspond
to small avalanches that also do not reproduce.

[14], that is sensitive to the exact initial
conditions (e.g. the exact flux distribution, distri-
bution of pinning sites and thermal noise). At
6.7 K, as shown in Fig. 2b, no HCAs are ob-
served, indicating the disappearance of the insta-
bility.

In Fig. 3a—c we show the dramatic influence
of a particular but representative HCA on the
magnetic flux distribution at 5.7 K as a three-
dimensional plot: (a) at 21.4 mT before the HCA
and (b) at 21.5 mT, after the avalanche. To show
the subsequent evolution of the flux penetration,
Fig. 3c presents the flux distribution at 33.0 mT.
In Fig. 3d we show the magnetic field profiles B.
along the white lines of Fig. 3a—c. The signifi-
cant zchange in the profile from before the HCA
(squares) and after (thick line) can be clearly ob-
served. While the profile before the avalanche is
Bean-like [13], after the occurrence of the HCA it
is almost constant. This remarkable feature, that
B. is more or less constant along the center of
the HCA, is observed for many of the early HCAs
(when at low applied field they are not yet overlap-
ping with each other). The profile in open circles
shows that with further increase of the external
field, the slope of the profile in the vicinity of the
edge is recovered: a new Bean-like profile develops
on top of the avalanche.
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Fig. 3. Three-dimensional plots of magneto-optical measurements at 5.7 K showing the dramatic change of the magnetic flux
distribution by a single HCA, (a) before the HCA at 21.4 mT, (b) after the HCA at 21.5 mT. Note that the magnetic flux landscape is
annealed by the HCA even at the edge. (¢) Field distribution at 33.0 mT showing that the further progress of the flux penetration fills
the ‘mountain pass’ at the edge. (d) Profiles of the magnetic field along the white lines indicated in figures (a)—(c). Before the HCA, we
observe a monotonic slope (squares) corresponding to a Bean profile. After the occurrence of the HCA, the profile becomes almost
constant (line). With further increase of the external field a new Bean profile develops ‘on top’ of the avalanche (circles).

We now turn to a quantitative analysis of the
HCAs in the temperature range (1.5 K < 7T <
5.7 K). The data analyzed is from a series of five
experimental runs, each consisting of ~400 field
steps. The size and shape of the individual ava-
lanches was determined from the difference
AB.(x,y) of two consecutive images. We binarize
this difference image using a threshold value of
10 mT resulting in an (binary) image of the active
areas participating in the avalanches. Thus we
identify the area A covered by an individual
HCA. Subsequently, the size S expressed as the
total magnetic flux participating in a particular
avalanche, is calculated from

5 = / IAB. (x.y) | dxdy. (1)

Thus for every HCA we obtain the area 4 and the
size S of the avalanche. In the following we shall
show that the area of the HCA increases with

increasing temperature. However, also S is found
to increase with temperature. We find that the
ratio S/A, which is the average field (B.)yca of
the HCA is roughly independent of temperature.
To show this we plot in Fig. 4a the average mag-
netic induction of all observed HCAs at various
temperatures. Since in one single magnetic field
step several HCAs can occur, which we identify
as separate events, we plot along the x-axis the
avalanche index. Clearly, independent of tempera-
ture (B.)uca appears to fluctuate around an aver-
age value of =21 mT (see also Fig. 4b) indicated by
the thin horizontal line. Note that with increasing
temperature, the number of HCAs decreases from
almost 100 events at 1.5 K to just 3 at 5.7 K. In
Fig. 4b for each temperature, the average magnetic
induction (B.)a11 over all HCAs is plotted. Note
that deviations from a constant value for (B)ay 1.
set in above 5.5 K, where also the qualitative be-
havior is changing very much and only few ava-
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Fig. 4. (a) Average magnetic induction (B.)yca for each individual observed HCA in the temperature range (1.5 K < 7 < 5.7 K). The
individual HCAs are registered as separate events indicated by an index along the x-axis. (b) Plot of the magnetic induction (B.)arL
averaged over all measured avalanches. Independent of temperature, we find (B.)ar 1. ~ 21 mT. (c) Average flux in a HCA (averaged

over all HCAs) as a function of temperature.

lanches occur. The increase with temperature of
the HCA size S expressed as the average flux in
a single HCA, is shown in Fig. 4c.

Another property which characterizes the
HCAs is the applied field where the first HCA oc-
curs. This threshold field is often called [4] first
jump field By. We determine By as a function of
the reduced temperature 7/7. resulting in the
‘phase diagram’ of Fig. 5. The filled circles corre-
spond to the first jump field By below which we
do not observe HCAs, while above Bg HCA are
present. To illustrate that the HCA structure be-
comes larger and more branched, we also show
some of the typical observed HCA structures,

which are all shown using the same magnification.
For T/T, Zz 0.67, no HCAs are present and flux
penetration takes place in a regular manner.

3.2. Substrate orientation

We now discuss the influence of substrate ori-
entation to try and explain the large qualitative
difference in behavior of samples that were grown
on either 4- or R-plane sapphire substrates. Con-
trary to the rather compact and huge flux jumps of
the A-plane samples discussed above, in R-plane
samples much smaller and more fractal avalanches
are observed [15]. It is interesting to compare the
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Fig. 5. ‘Phase diagram’ for the flux penetration patterns in Nb
thin films on A-plane sapphire substrates. The filled circles
indicate the first jump field By, the onset of the regime where
HCAs are present. Above 7/T. ~ 0.67 no HCA are observed. In
this plot some of the typical observed HCA shapes are shown
in black. With increasing temperature, the HCA structure
becomes larger and more branched.

flux penetration at 6.2 K (where HCAs are absent)
for two samples which apart from substrate orien-
tation are identical. In Fig. 6, we show the average
flux penetration profiles {B.(x, y)). in both samples
at 6.2 K and applied field poH =2 mT. Clearly,
flux penetration in the R-plane sample is much
faster and the critical current (roughly the slope
of the curve) is much lower. It might well be that
due to the lower critical current in the R-plane
case, the sample is subcritical for thermal run-
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Fig. 6. Average magnetic flux profile (B.(x,y)), in samples on
A- and R- plane sapphire substrates at an applied field of 2 mT.
Clearly, flux penetration in the R-plane sample goes much faster
and the critical current is much smaller.

away, and that therefore we do not observe HCAs
(in the investigated temperature regime) for such
samples.

4. Summary

Using an advanced magneto-optical technique
to study HCAs in niobium thin films on A4-plane
sapphire substrates in the range of 1.5 K <
T<T.=92 K, we find that HCAs do not
reproduce from experiment to experiment on a
detailed level. With increasing temperature we
find more branching of the HCAs resulting in
a more irregular flux pattern. We determine the
applied field at which the first HCA occurs. At
higher temperatures, the number of HCAs de-
creases and more ‘regular’ flux penetration starts
to dominate the behavior. Above 6.2 K no
HCAs are observed anymore. The average mag-
netic field in the HCAs remains constant at ~21
mT up to 5.5 K. Our observations are in agree-
ment with numerical simulation results of Aran-
son et al. [14] making a thermo-magnetic origin
of this phenomenon likely. From the observed
difference in flux penetration and critical current,
we conjecture that samples on R-plane sapphire
are subcritical to thermal runaway (for the inves-
tigated temperature regime) which explains why
in these samples no HCAs are observed. This
connection between HCAs and high critical cur-
rent implies that for technological applications,
where one pursuits high critical currents, it is
worthwhile to search for solutions such as
improvement of the heat conductivity [4] of the
sample or substrate.
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