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Imaging flux avalanches in V;Si superconducting thin films
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Abstract— When  developing superconducting devices
patterned on thin films one should bear in mind that flux
avalanches might occur for some materials at a certain
window of applied fields and temperatures. Although the A15
superconductors are well known and used in a variety of
purposes, there are no studies about flux avalanches in V3Si
thin films. In the present work we report the observation
of flux avalanches in films of V3Si, grown by Pulsed Laser
Deposition on a LaAlOs substrate. The range of temperatures
and applied magnetic fields at which the avalanches take place
was determined using dc-magnetometry. Magneto-Optical
Imaging was employed to visualize the occurrence and
spatial distribution of such flux avalanches. Images of the
flux penetrated into the samples indicate a clear anisotropic
distribution, which is ascribed to a thickness gradient. The
observation of flux avalanches reported here imply that
attention to this feature must be given when films of V3Si are
envisaged for possible applications.

Index-terms: flux avalanches, V3Si film, superconductivity,
thickness gradient.

I. INTRODUCTION

Promising improvements on superconducting devices such
as nanowire single-photon detectors [1] and high-quality
factor transmission line resonators [2] rely on a deeper un-
derstanding of vortex matter behavior, especially the vortex
dynamics in thin films with which these devices are built.
Although high compositional homogeneity and surface reg-
ularity are mandatory for these devices, thickness uniformity
in thin films of superconducting materials is often limited to
restricted regions of the substrate area, due to the geometric
constraints of the film deposition process.

Local variations on the critical values of current and
temperature (J. and T.) can lead to deformations on the
penetrated flux distribution, and even to undesirable and
abrupt events, in the form of flux avalanches. The origin
of these avalanches is associated with the occurrence of
thermomagnetic instabilities [3], which lead to the sudden
invasion of magnetic flux rushing into the sample while
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leaving behind tracks of overheated material. Also known as
flux jumps, avalanches in superconducting films constitute
a rich and complex phenomenon which, however, might be
detrimental to potential applications.

Although flux avalanches have been reported in single
crystals of V3Si [4], [5], [6], to the best of our knowledge,
there was no direct observation of avalanches in thin films
of this superconductor, whose class A15 includes materials
of wide use in applications, such as Nb3Ge and Nb3Sn [7].
As a matter of fact, dendritic avalanches have already been
observed in thin films of Nb3Sn, as reported by Rudnev and
coworkers [8]. In 1954 [9] a bulk sample of the compound
V3Si was for the first time reported to be a superconductor,
with 7T, = 16.7 K at ambient pressure [10], [11]. As a single
crystal, it exhibits highly anisotropic critical current [12]
and shows a low-temperature martensitic phase transition,
from cubic at room temperature to tetragonal, below 30
K [13], [14]. This material also has interesting properties
in the normal state, where it has been used in resistive
switching memory devices [15], [16]. V3Si has received
attention recently due to the global interest in possible two-
band superconductors - where ultra high-quality samples
shaped as thin films are mandatory [17], [18], [19].

In this study we see - employing Magneto-Optical Imaging
(MOI) - the distribution map of magnetic flux on the surface
of thin films of V3Si, a result that has not been reported so
far in the literature.

II. MATERIAL AND METHODS

The V3Si thin films were deposited on a (111)-oriented
LaAlOg substrate by the PLD method, using stoichiometric
targets in high vacuum. These films are polycrystalline and
have the [210] crystallographic direction perpendicular to
the substrate surface. At the center part of the substrate, the
films are 180 nm thick. More details about the deposition
parameters and characterization can be found in Ref. [17].
We used dc-magnetometry (DCM) in a Quantum Design
MPMS-5S, to determine the magnetic phase diagram of
the system. Magneto-Optical imaging was employed to
visualize the spatial distribution of penetrated flux, as well
as the occurrence and the morphology of flux avalanches
(the experimental setup and further details about the MOI
indicator are described elsewhere [20], [21], [22]). All MOI
measurements were performed applying the magnetic field
perpendicularly to the plane of the film, after a Zero Field
Cooling (ZFC) procedure. Deviations from uniformity in the
film thickness along its area were estimated by measuring
the Si intensity peak all over the sample using a calibrated
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Energy Dispersive X-ray Spectrometry during Scanning
Electron Microscopy measurements (EDS/SEM).

III. RESULTS AND DISCUSSION

Using AC magnetic susceptibility measurements (not
shown) we found the critical temperature 7, of 14.5 + 0.1
K and a broad normal-superconducting transition (67" == 2
K), at zero applied magnetic field. In order to investigate
the instability regime, which is essential for applications,
magnetization measurements were performed.

Fig.1 shows the DC magnetization as a function of the
applied magnetic field, up to 100 Oe, in three different
temperatures. Each of these curves is related to one of the
MO images of Fig. 2. After a ZFC procedure, both the
magnetization curves and the images were taken at constant
temperature while the applied magnetic field was increased.
The curve at 12 K shows a smooth behavior, indicating a
critical-like penetration above H¢.

The noisy response seen in the other two curves, at 2 K and
7 K respectively, are typical signatures of the occurrence of
flux avalanches. The smaller fluctuations in the curve taken
at 2 K can be directly related to what is seen in Fig. 2:
smaller and less branched avalanches at lower temperatures.
It is clear from Fig. 2 (b) that the avalanches from the upper
border are longer and more numerous than those from the
bottom, although both with few branches.

The larger jumps in the curve taken at 7 K in Fig. 1
reflect larger avalanches such as those shown in Fig. 2 (c).
One can identify small avalanches in the low field regime
close to all borders, ascribed to small jumps in the magnetic
moment, at fields up to ~ 30 Oe in Fig. 1. No avalanches
were observed above the threshold temperature T* = 9.5 K.
These measurements were repeated several times in order to
verify the randomness of the branches - an import signature
of this stochastic process related to thermomagnetic events
- and such randomness was clearly observed. By repeating
the experiment at higher temperatures, one can see fewer
dendritic structures along with an increase in the degree of
branching.

Fig. 3 shows a field versus temperature (HT) diagram com-
piled from magnetic measurements. The MO images taken
in similar conditions of temperature and applied magnetic
field, show the same behavior for the lower threshold. The
upper threshold, however, could only be achieved by DCM.
We placed in the diagram two different images of avalanches,
triggered at the same field (23 Oe) and at the same position
in the sample, but at different temperatures. One can easily
observe that multiple ramifications of the avalanches are
larger at higher temperatures. Such a diagram delineating
the instability regime is likely to be helpful and should be
consulted when designing devices for applications.

The panels (a) through (d) in Fig. 4 show Magneto-Optical
images taken at 12 K, after a ZFC procedure, for fields -
applied perpendicular to the plane of the film - up to 17.5
Oe. Dark and bright areas correspond here to low and high
flux densities, respectively. The anisotropic shielding effect
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Fig. 1. Isothermal DC magnetization versus applied magnetic field taken

at 2, 7 and 12 K, for a V3Si film. For lower temperatures and H > 10 Oe,
the noisy behavior is the indicative of flux avalanches.

Fig. 2. Magneto-optical (MO) images taken after a ZFC procedure,
applying H = 46 Oe: (a) full penetration of the flux at 12 K, where the
granular character of the film can be clearly observed. (b) Flux jumps
imprinted in V3.5% thin film at 2.47 K and (c) at 7.0 K.
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Fig. 3. HT diagram limiting the instability region, as determined by DCM
measurements, in a V3Si thin film while ramping up the field. Stability is
recovered above a threshold temperature T* = 9,5 K. The avalanches, shown
to illustrate the dendrict behavior, were both triggered for H = 23 Oe at 2.5
and 7.8 K respectively, and both have the same scale.

is visible in Fig. 4, where the brightness level close to the
sample edges shows an asymmetric decrease towards the
center. The flux penetrates deeper into the sample from the
upper and left edges, what is taken as an evidence of non-
uniform thickness. In order to check this possible gradient
in the thickness of the film, we made EDS measurements
evaluating the intensity of the Si peaks. Mapping these
peaks all across the sample we estimate an average thickness
variation of 7 nm/mm along both directions parallel to the
sample edges, which is consistent with the observed uneven
flux penetration. However, another possible cause for the
anisotropic shape of the penetrated flux front could be a
temperature gradient across the film. Having in mind that
the unidirectional heat removal from the cryostat cold finger
could cause a temperature gradient across the film, we have
reversed the sample, in order to check this possibility, which
was ruled out by the experimental results.

The crystallographic orientation of the grains could also
be thought as being the source of the anisotropy, since in
a single crystal of V3Si the ratio of the critical currents
along different crystallographic directions can exceed 3 [12].
Nevertheless, this could only be the case for epitaxial thin
films, not for the polycrystalline specimens studied here [17].
Figure 4 (e) shows a SEM image of a sister film, indicating
granularity, as opposed to an epitaxially grown film. This
granular character of the film is also manifested in MO
images, as can be seen in panels (c) and (d) of Figure 4,
which show that the penetrated flux exhibits a fanlike shape.
This feature is known to reflect the existence of defects,
either at the borders or within the film [23], [24], [25].
Evidences of a direct correlation between such flocking in
the MO image and misorientations among grains has also
been treated in Ref. [26].
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Fig. 4. Magneto-optical images of the smooth penetration into the V3Si
thin film at 12 K, taken in a slowly increasing field perpendicular to the
plane of the sample: (a) H = 1.0 Oe; (b) H = 6.5 Oe; (c) H = 13.0 Oe
and (d) H = 17.5 Oe. (e¢) SEM image of a sister sample, where the surface
roughness shows granularity in the submicron scale.

IV. CONCLUSIONS

Flux avalanches of dendritic profile were observed, for the
first time, in V3Si thin films in the presence of a magnetic
field applied perpendicularly to the plane of the film. Pos-
sible reasons for the anisotropic pattern of the penetrated
flux front were investigated, leading to the conclusion that
the cause is a non-negligible thickness gradient which, on
average, amounts to 7 nm/mm. In view of this report of flux
avalanches occurring in V3Si, the list of superconducting
films exhibiting this behavior is increased (see, e.g., [20]
for a longer inventory) and, therefore, such a characteristic
must be taken into consideration when films of this Al5
superconductor are envisaged for possible applications.
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