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Direct imaging of the accumulation of magnetic flux and antiflux resulted from
the excitation of vortex-antivortex pairs inside thin superconducting films is re-
ported. Thin-film superconductors, like YBa,Cu3;O7/PrBa,CuzO; superlattices or
NbN films grown by pulsed laser deposition were used in experiments. The super-
lattices provide enhanced pinning for vortices, facilitating imaging of accumulated
flux, and feature nanoscale fractures ideal for excitation of vortex-antivortex pairs.
The idea of experiment is to record images using specific magneto-optical mode
that allows distinguishing between positive and negative magnetic field in the
sample. Two types of flux-antiflux patterns are observed. In one type, flux and an-
tiflux are entering on permanent defects, like nano-fractures formed in the process
of film deposition. In another type, flux and antiflux patterns are formed by appli-
cation of strong localized magnetic field and not are linked to permanent defects.
In first type, the amount of flux and antiflux entering superconductor from defect
is strongly affected by external magnetic field. In the second type, the permanent
frozen pattern is hardly influenced by the field. An unusual and dramatic effect of
the excitation of flux-antiflux dendritic avalanches is also reported.

INTRODUCTION

Superconducting thin films have wide range of applications in electronics.
They are used, for example, in thin-film SQUD-on-tip microscope [1], and thin
films of topological superconductors can solve existing problems in quantum
computing [2]. Based on thin-film technology, pulse laser-deposited supercon-
ducting tapes of second generation are already in trial use in cable and magnets
applications [3]. Advanced preparation of thin films is based on nano-techniques
designed to improve their critical current density, especially in strong magnetic
fields [4]. Still, physics of magnetic behaviour of superconducting films is not ful-



ly understood and continue to surprise by unusual effects. One of these effects is
generation of vortex-antivortex pairs inside superconducting films.

One can expect that applying magnetic field of certain direction perpendicular
to superconducting film would introduce magnetic flux of the same direction en-
tering from a sample edge. Such entrance is well described theoretically for most
of important sample’s geometries, starting with simplest disc geometry [5], and
confirmed in multiple experiments. However, presence of defects or areas of sup-
pressed superconductivity would lead to somewhat unexpected effect of the exci-
tation of magnetic field loops with equal amount of quantized flux and antiflux in
the plane of the sample. The current flowing in the film would increase size of
these loops moving vortices and antivortices in opposite direction. If pinning is
strong, vortices will be trapped on pinning centers creating localized areas with
equal, and opposite in direction, amount of magnetic flux. If pinning is weak and
the dissipation of the energy during the flux motion is high, it could lead to ther-
momagnetic instability.

The mechanism of excitation of vortex-antivortex pairs was described as early
as in 1983 in [6] explaining formation of localized resistive domains on artificial
areas of suppressed superconductivity inside the film. A modern demonstration of
this effect with low-temperature scanning tunneling microscope can be found in
[7]. This technique, however, is not ideal for samples with large in-plane dimen-
sions. Another technique, namely magneto-optical imaging (MOI) [8-10] is more
suitable for this. MOI was already used to image accumulation of large amount of
flux and antiflux on artificially produced slits [11]. The application of this tech-
nique to samples with naturally formed nano-fractures and point-like defects is de-
scribed in the following sections.

EXPERIMENTAL

The main sample used in experiments was a YBa,Cu3O7/PrBa,CusO-
(YBCO/PrBCO) superlattice prepared by pulsed laser deposition on a SrTiO3 sub-
strate. In this superlattice, 48 layers of YBa,Cu3O; (YBCO) of the thickness of
about 60 nm were separated by incomplete, less than one-unit-cell thick, layers of
PrBa,Cu3zO7 (PrBCO) used to nucleate defects for increasing pinning in YBCO
[4,12]. The details of the film growth and its behavior in magnetic field are de-
scribed in [13]. The specific feature of the film is formation of nano-fractures
leading to channeled magnetic flux flow [13].

In MOI technique, a Bi-substituted iron garnet indicator film was placed on top
of the film, and together they were attached to cold finger of an optical cryostat.
Measurements of YBCO/PrBCO superlattice were performed using liquid nitro-



gen or liquid helium as coolant. Another sample was a NbN film with critical
temperature of about 16 K. MOI images were recorded using a field-cooled pro-
cedure or slightly uncrossed polarizer and analyzer to distinguish between positive
and negative magnetic fields.

RESULTS AND DISCUSSION

An example of magnetic flux entering YBCO/PrBCO superlattice on internal
defects as described above, is shown in Fig. 1. There are several nano-fractures in
the superlattice. When external field is increased, superconductor is filled with
positive (white) and negative (dark) magnetic field. It is important to note that
fractures themselves are so narrow (less than one micron) that they are not re-
solved in imaging. What is seen is magnetic flux in superconductor close to the
fractures. With generation of vortex-antivortex pairs, amount of positive magnetic
flux trapped in superconductor is equal to amount of negative flux. This is qualita-
tively demonstrated by Fig. 2, which contains three-dimensional images of the ar-
eas selected by red frames in Fig. 1. In these plots, the intensity of the light is plot-
ted along the z-axis.

Magneto-optical image in Fig. 1 was recorded at polarizer and analyzer un-
crossed by 5 degrees, which is suitable to distinguish between positive (white) and
negative (dark) magnetic fields. The temperature of the record was 3.7 K, and the
applied magnetic field was 4.3 mT.

The areas of positive and negative flux in the figure have specific dumb-bell
shapes directed along a line. However, in some cases, positive and negative parts
are at 90 degrees, as it is marked by red arrow in the figure, or just one part could
be present if another is erased by a closely-spaced singularity as in a feature to the
bottom-left from the upper red frame. To the right of the same frame, another con-
figuration is seen of the central dark area surrounded by the two bright islands.

Such wealth of configurations reflects length and positions of nano-fractures in
the sample and also the flow of supercurrent circulating in the film in presence of
magnetic field. If current flows perpendicular to a nano-fracture, it starts bending
around it and drags excited vortices and antivortices in different parts, first along
the fracture, and further perpendicular to it into superconductor, where they be-
come trapped on pinning centers.

If two perpendicular fractures are connected in a point, the distribution of flux
will be at the right angle, like it is pointed to by the red arrow in Fig. 1. For an iso-
lated linear nano-fracture with perpendicular current flow, the largest current den-
sity is close to the edges, and the lowest is in the middle. Therefore, no separated



flux in superconductor is seen in the middle, and its amount gradually increases
towards the edges. The distribution of flux around nano-fractures is strongly af-
fected by applied field. At higher than in Fig. 1 field, patterns of trapped flux start
merging with corresponding annihilation of flux and antiflux, and they are over-
lapped by magnetic flux advancing from the edges.

Completely different pattern could appear when superconducting film is ex-
posed to localized magnetic field, strong enough to suppress the superconductivi-
ty. One of the examples of such a pattern is shown in Fig. 3. It is a stripy line with
periodical repetition of the fragments of positive and negative magnetic flux, seen
on a background of weak horizontal and vertical lines. These lines also appear
along a network of nano-fractures. The sample in this figure is another
YBCO/PrBCO superlattice with four, much thicker than those in the superlattice
in Figs. 1,2, layers of YBCO of 750 nm.

The stripy line in Fig. 3 reminds a track left in superconductor by a particle. In
fact, it was first treated like the track of high-energy particle. If such particle en-
ters superlattice, it starts destroying superconductivity inside the film. In a very
short time, superconductivity recovers trapping positive and negative magnetic
flux formed during suppression of superconductivity. This process periodically re-
peats along the track while particle moves inside the film, resulting in a stripy pat-
tern that can be seen by magneto-optical imaging. Period of this pattern is defined
by the speed of the particle and by relaxation time of superconductor. Knowing
the volume of the film with suppressed superconductivity allows calculating
amount of energy deposited into the material. The calculation gives realistic
agreement with recovery time of superconductor (about 2 ns) and reveals a very
high amount of energy deposited into superconductor, of about 160 GeV, which,
judging by track appearance, is likely to correspond to a dark-matter particle. The
idea was abandoned when it was found that the position of the track exactly coin-
cides with the position of the edge of MOI indicator film that previously has been
positioned there before being shifted to a different place during the orientation of
sample.

Similar to the accumulations of positive and negative flux in Figs. 1,2, there is
a balance between flux and antiflux along the track in Fig. 3, but the flux here be-
haves differently from the patterns in the first two figures, in that it virtually in-
sensitive to external magnetic field. For example, Fig. 4 shows the same part of
the sample as in Fig. 3, but in a higher magnetic field of 6.8 mT. The background
is completely changed, while stripy pattern remains seemingly the same in the
places, where it is not erased by magnetic flux advancing from the nano-fractures.

Such insensitivity to magnetic field could be explained by the fact that after
removal of the edge of MOI film, superconductivity fully recovers below the
stripy pattern and keeps the frozen flux, whose density is too low to significantly



affect the local critical current density. In nano-fractures, however, local critical
current density is always zero.

At high field, or even at zero field after the application of high field, the excita-
tion of vortex — antivortex pairs seems to have little influence on global distribu-
tion of magnetic flux or energy stored in the superconductor. An example of one
of the distributions of trapped magnetic flux in main superlattice composed of 48
layers of YBCO at liquid nitrogen temperature of 77.3 K is shown in Fig. 5. The
places of generation of vortices and antivortices provide just a weak modulation of
the density of a large amount of flux trapped in the film.

Still, in some cases, centers of the generation of vortices and antivortices can
play important role in the dynamics of flux flow in superconductors. This possibil-
ity is linked to formation of thermomagnetic instabilities [8-10]. In fact, mecha-
nism of the excitation of vortices and antivortices was suggested following obser-
vation of thermomagnetic instabilities leading to formation of resistive domains in
superconducting films with large transport current [6]. In that case, flux and anti-
flux formed on artificial point-like defects inside the film were accelerating in op-
posite directions due to the Lorentz force from the transport current.

Thermomagnetic instabilities are also frequent in thin films in external magnet-
ic field [8-10], but in this case, one could expect instabilities leading to abrupt
penetration of magnetic flux of the same direction as applied magnetic field. Typi-
cally, it happens like this, but not always. Fig. 6 shows unusual cases when pairs
of dendritic flux avalanches with magnetic flux of opposite directions are coming
from the same points in the sample (marked by blue arrows), which are the points
of the excitation of vortex — antivortex pairs. The dendrites are of different color
(dark and white), and the imaging was, again, done with slightly uncrossed polar-
izer and analyzer to distinguish between positive and negative magnetic field.

The images in Fig. 6 are related to a study of ray-optics effects in magnetic flux
flow in superconductors [14]. The fragments of normal stripes affecting flux flow
are seen in the upper parts of the plots. The thermomagnetic avalanches coming
from the centers of the excitation of vortex — antivortex pairs may disturb flux
flow under the investigation, and could be harmful for any electronic devices that
may be patterned in vicinity of these centers.

SUMMARY

Direct imaging of positive and negative trapped magnetic flux, as well as den-
dritic avalanches associated with excitation of vortex-antivortex pairs on internal



defects in superconducting films is reported. The local suppression of supercon-
ductivity by strong magnetic field leading to stripy features of trapped magnetic
flux with balanced amount of flux and antiflux is imaged. The difference in sensi-
tivity of different flux patterns formed by excitation of vortex — antivortex pairs to
external magnetic field is revealed. The importance of magneto-optical study al-
lowing monitoring local distribution of magnetic flux is superconductors is em-
phasized.
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Figure 1: Magnetic flux pattern in superlattice composed of 48 YBCO layers. The temperature of
the sample at the record was 3.7 K. A magnetic field of 4.3 mT was applied after zero-field cool-
ing. The polarizer and analyzer are uncrossed by 5 degrees to distinguish between positive
(white) and negative (dark) magnetic fields.

0.5 mm

Figure 2: Color-coded 3D images of magnetic flux pattern in superlattice in the areas outlined by
red rectangular frames in Fig. 1. Along the z-axis of the images, the intensity of the light is plot-
ted.



Figure 3: A stripy pattern (marked with red arrow) with periodical repetition of the fragments of
positive and negative magnetic flux, on the background of weak horizontal and vertical lines,
which belong to a network of nano-fractures in a superlattice with four layers of YBCO of a
thickness of 750 nm. The image was recorded at 68 K after application and removal of a very
small magnetic field below 1 mT.

Figure 4: MOI image of the same sample as in Fig. 3. The image is recorded at 68 K with appli-
cation of magnetic field of 6.8 mT.



Figure 5: MOI image of the whole sample, top-left part of which is shown in Fig. 1. The image
was recorded at 77.3 K after the application and removal of magnetic field of 85 mT.

Figure 6: Dendritic flux avalanches with magnetic flux of opposite direction that are coming
from the same points marked by blue arrows. Red arrows point to avalanches with positive and
the black arrows point to avalanches with negative magnetic flux.



