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Structure of the dissertation

This dissertation contains two parts. Part 1 consists of four chapters. Chapter 1 starts
with the motivation for the PhD project and describes important basics and applications in
superconductivity. Chapter 2 deals with qualitative magneto-optical imaging (MOI) and
scanning electron microscopy as a complementary technique. Magnetic flux avalanches,
which are common features in superconductors, are described in Chapter 3. Chapter 4 is
dedicated to magnetic energy and momentum that are calculated from quantitative MO
images.

Part 2 starts with a description of all 11 papers I have co-authored during my PhD,
with the main focus on my contributions to each, followed by suggestions for future work.
After that, a list of the seven papers that I chose to include in the thesis is given. At the
end, these papers themselves are presented.
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Chapter 1

Superconductivity

1.1 History and motivation

The fascinating phenomenon of superconductivity was discovered in 1911 [1]. Several
chemical elements were later found to be superconductive at liquid helium temperatures,
i.e. around 4 K. The common belief at the time was that superconductivity was limited
to metallic, non-magnetic elements and could have a critical temperature (Tc) not more
than a few Kelvin. In 1986, however, superconductivity was discovered in the cuprate
La-Ba-Cu-O at temperatures around 30 K. A year later, superconductivity was found in
YBa2Cu3O7−δ (YBCO), with Tc = 90 K. This was a great advance in superconductivity,
since relatively cheap liquid nitrogen (77 K) could be used as coolant instead of liquid
helium (4 K), which is scarce and expensive, or liquid hydrogen (20 K), which is not easy
to handle, but can simultaneously be used as fuel. Extensive research was carried out
in the following years in order to find other so-called high-temperature superconductors
(HTSCs). Today, there are many known superconductors, including elements, alloys,
ceramics, pnictides and even organic materials. The superconductor with the highest Tc
is hydrogen sulphide under a high pressure, with Tc = 203 K [2].

Tc is not the only critical parameter for superconductors. The externally applied field
and current density must also be below certain critical values to keep the sample in the
superconducting state. Cost, ease of manufacture and safety to the environment are also
important. For instance, MgB2, which was found to be superconducting below 39 K in
2001 [3], has a high critical current density jc and is both cost-efficient and relatively easy
to synthesize.

Today, the most common use of superconductors is for electromagnets in magnetic
resonance imaging (MRI) scanners in hospitals. A typical MRI magnet consists of a
coil of superconducting Nb-Ti wire. Another application of such coils is energy storage.
An electric current in this application is set in large superconducting coils kept at low
temperatures. The supercurrent will run with unmeasurable losses for long periods of
time, and can be taken out and used when necessary. Magnets made from superconducting
coils are also used in particle accelerators, such as the Large Hadron Collider.

The property of magnetic flux trapping in type-II superconductors can be used for
levitating a superconductor over a magnet or vice versa. There is a train built on this
principle transporting people from the centre of Shanghai to one of its airports. The rails
are magnetic and there is a superconducting material on the train. The levitation utilises
the property of magnetic flux trapping in type-II superconductors.
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Chapter 1. Superconductivity

Josephson junctions, which are central elements in superconducting electronics, can
be made by synthesizing superconducting films with a thin layer of non-superconducting
material sandwiched in-between, e.g. trilayers of NbN-AlN-NbN [4, 5], and they can be
used for applications such as tunnel junction particle detectors [6] and in single flux-
quantum circuits [7]. Flux pinning forces and critical current density can be increased by
having many alternating layers of NbN and AlN in one sample [8].

Being able to deliver electrical current without resistance losses would be a great ad-
vantage, but, unfortunately, it is expensive to keep the superconductor cooled at very low
temperatures. In addition, such materials cannot tolerate very high currents or magnetic
fields. However, several companies have already developed superconducting power cables.
At the time of writing, the world’s longest superconducting power cable is over one kilo-
metre in length. It successfully provides electricity to many homes in Essen, Germany. It
was produced by Karlsruhe Institute of Technology and the companies Nexans and RWE
in the AmpaCity project.

There is a very interesting concept, although not yet commercially available. If liquid
hydrogen is sent through pipes covered by superconducting material, it would serve two
purposes: being fuel for renewable energy applications, and cooling the superconductor.
MgB2 is a suitable material for such applications [9], due to its high jc, low cost and
simplicity of synthesis, and, of course, because of the fact that Tc = 39 K is well above
the boiling temperature of liquid hydrogen (20 K).

1.2 Basic theory

Superconductors conduct electrical current with zero resistance, expel weak external mag-
netic fields, and have a jump in heat capacity when lowering the temperature below Tc. As
previously mentioned, a requirement for superconductivity is that temperature, applied
electrical current and applied magnetic fields are all below critical values. These three pa-
rameters are mutually dependent. There are two main types of superconductors. Type-I
superconductors have one threshold magnetic field, Hc. They expel magnetic fields and
carry electric current with zero resistance below Hc, but both effects disappear above Hc.
Type-II superconductors, however, have two threshold fields. Below the lower threshold
field, Hc1, the material has zero resistance and expels magnetic fields. Above the upper
threshold field, Hc2, superconductivity is destroyed. Between Hc1 and Hc2, the supercon-
ductor is in the mixed state. Magnetic flux enters into the superconductor in the form of
Abrikosov vortices, but the material can still carry electrical current with zero resistance.

There are several books covering the theory of superconductivity (see for instance [10]),
but a few key concepts are briefly mentioned here. The basic concept of superconductivity
was developed by Bardeem, Schrieffer and Cooper, named the “BCS theory”. It describes
electrons of oppositely oriented spins and momenta coupled together in Cooper pairs and
developing phase coherence between them. Together, the electron spins in pairs cancel
each other, so that the pairs behave as bosons and follow boson statistics. Because of
this, they are able to propagate through the superconductor without resistance. The BCS
theory describes type-I superconductors more accurately than it does type-II supercon-
ductors. Superconductivity can also be described by the London theory, which formu-
lates electrodynamic equations that apply to superconductors, and the phenomenological
Ginzburg-Landau theory. Important parameters in the latter are the order parameter Ψ,
which is a wavefunction that describes the superconducting state, the penetration depth
λ indicating how far an external magnetic field penetrates into the superconductor, and
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1.2 Basic theory

the coherence length ξ, which describes spatial variation of Ψ. A superconductor is of
type-I if the ratio λ/ξ < 1/

√
2, and it is of type-II if λ/ξ > 1/

√
2.

Below Hc in type-I superconductors and Hc1 in type-II superconductors, perfect
screening occurs when an external magnetic field is applied to the sample. The effect
is similar to that of perfect diamagnetism, but the magnetic field does in fact enter the
superconductor in a layer with thickness on the order of λ. The screening is a result of
the appearance of a surface current, which prevents the applied field from entering the
sample and creates a (reversible) negative magnetic moment. When the applied field (Ha)
increases, so does the negative moment, until either Hc or Hc1 is reached. In a type-I
superconductor, the moment drops abruptly to zero at Hc. In a type-II superconductor,
moment becomes irreversible and decreases exponentially with Ha because of the entrance
of Abrikosov vortices until Hc2 is reached and the moment becomes zero.

Each Abrikosov vortex contains a magnetic flux quantum of h/2e, where h is the Planck
constant and e is the electrical charge of an electron. The material is in the normal state
in the core of the vortex, and the surrounding areas are superconducting. There are intact
Cooper pairs around the vortices, with their number strongly changing in an area of a
radius on the order of ξ. Goa et al. [11] were able to obtain magneto-optical (MO) images
of individual vortices.

The reason for the decrease in magnitude of magnetic moment with increasing Ha

in the mixed state of a superconductor, is that more and more Abrikosov vortices enter
the sample from the edges. Bean’s critical state model is often used to describe flux
penetration into superconductors [12]. When Ha is kept constant, the vortices are pinned
to defects, and the system is in a metastable critical state. There are several forces acting
on the vortices, including pinning and Lorentz forces. In a bulk sample under the influence
of Ha perpendicular to the surface, the magnetic field is in the same direction inside the
sample, Bz, decreasing linearly with a constant slope towards the centre of the sample.
The current density J in the sample is a sum of Meissner currents and currents from
each vortex. In a rectangular-shaped bulk superconductor, J flows perpendicular to Ha

and parallel to the edges of the sample, changing its path abruptly at discontinuity lines
(d-lines), where there is no magnetic flux. In a plane perpendicular to Ha, d-lines have
one of their ends in a corner the sample, and if there is no in-plane anisotropy, the angles
between a d-line and its adjacent edges are 45◦. |J | is constant and equal to the critical
current density Jc in areas where there is flux, but J = 0 in the flux-free regions. If
Ha is turned down back to zero, flux is removed from the edges first, forming a constant
slope of Bz of the opposite to the previous direction, and in these areas J is reversing its
direction as well, see, for instance, Refs. [12, 13]. According to other models, such as the
Kim model [14], Jc depends on B and is therefore not constant. In a thin film with Ha

applied perpendicular to its plane, Bz has a more complicated spatial structure (see for
instance [13]), and J is non-zero in the flux-free regions [15].
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Chapter 2

Qualitative magneto-optical
imaging

2.1 Experimental set-up for magneto-optical imaging

Magneto-optical imaging (MOI) was carried out using a polarised optical microscope,
liquid helium cryostat and magneto-optical indicator films with magneto-optical layers,
MOL. The superconducting sample is mounted on a cold finger in a liquid helium flow
cryostat, allowing the sample to be cooled by a liquid helium flow to approximately 3.5 K.
The indicator film lying on top of the superconductor is a bismuth-substituted ferrite
garnet layer with in-plane magnetisation, which is prepared by liquid phase epitaxy on a
gadolinium gallium garnet substrate [16, 17]. An aluminium mirror is sputtered on the
side of the MOL in contact with the sample. The MOL is Faraday active, meaning that
the polarisation angle of linear-polarised light that goes through the material changes in
the presence of a magnetic field parallel or antiparallel to the light propagation vector.

In our MOI setup, a magnetic field is applied by coils connected to a power supply.
Polarised light is sent onto the MOL on top of the sample. The light propagates through
the MOL and experiences a Faraday rotation if there is a local magnetic field. Then the
light is reflected by the mirror layer and experiences an equivalent rotation before leaving
the MOL. After that, the light is sent through an analyser. When the polariser and
analyser are crossed, the intensity of light that has passed the analyser and resulted in an
image registered by a CCD camera corresponds to the strength of the magnetic field.

The exact procedures that are carried out in experiments vary depending on the spec-
imen being characterised and what one is particularly interested in. However, there are
often three experimental procedures that are usually followed: zero-field cooling (ZFC),
temperature scanning and field-cooling (FC). In ZFC experiments, the sample is zero-
field cooled to a certain temperature, often close to the boiling point of liquid helium
(T = 4.2 K), hydrogen (20 K) or nitrogen (77 K). Then a magnetic field is applied and
increased up to µ0Ha = 85 mT, which is the limit of the experimental setup, or until
full penetration of magnetic flux, while taking images. After that, the field is decreased
back to zero, and so the sample is in the remnant state. Usually a temperature scan is
performed after ZFC, in which images are taken when slowly increasing the temperature.
This is usually a good method for measuring Tc of the superconductor in small samples,
since one observes at what temperature the trapped magnetic flux disappears from the
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sample. However, for certain samples, such as cross-sections of long superconducting
wires, thermalisation effects may influence the apparent Tc. In the procedure of FC, cool-
ing is performed in a constant magnetic field. When the desired temperature is reached,
the field is gradually turned down to zero, while taking images. After that, a magnetic
field is typically applied in the opposite direction and increased to −85 mT or until full
penetration of magnetic flux and finally turned down back to zero, while continuing to
take images.

2.2 Critical-state flux penetration

2.2.1 Thin films

In this work, several high-quality YBCO films synthesized by cost-effective eco-friendly
methods were characterised by MOI. Synthesis and other characterisation techniques were
carried out by our colleagues in Shanghai Jiao Tong University, Technical University of
Denmark and Beijing University of Technology. Results for some of them are presented
in Papers 1, 2, 5 and 7. Such samples can easily be doped with nanoparticles to improve
flux pinning. Figure 2.1 shows images from a typical MOI experiment for one of the
specimens. The film was synthesized by spin coating on an LaAlO3 (LAO) substrate,
followed by heat treatment. The precursor was a low-fluorine trifluoroacetate (TFA)
solution, doped with LAO nanoparticles. The film was zero-field cooled (ZFC) to T =
20 K. Then µ0Ha was applied perpendicular to the plane of the film and increased to
85 mT (figure 2.1(a)). Bright parts of the images correspond to areas of present magnetic
flux. Flux has penetrated into the film from the edges, and dark areas in the film are free
from flux. The flux fronts are pillow-shaped, and there are discontinuity lines along the
diagonals of the film. This is typical critical-state behaviour of superconducting films. In
figure 2.1(b), the field has been turned down to zero. The darker thin flux front that has
entered from the edges corresponds to magnetic flux oriented in the opposite direction
with respect to the flux that entered while increasing µ0Ha. The black parts covering big
parts of the bright flux front is where oppositely oriented flux have cancelled each other
out. There is trapped flux in the sample, even though µ0Ha = 0, and the sample is said to
be in the remnant state. If the film in the remnant state is heated, homogeneous magnetic
flux will enter into the superconductor as T increases, because the critical sheet current
density jc decreases with T . Figure 2.1(c) is a differential image obtained at 88 K, which
is close to Tc = 90 K for this sample. Flux has entered all the way into the centre.

Figures 2.1(d)-(f) show an example of a field-cooling experiment. The film was cooled
in µ0Ha = 17 mT to T = 20 K. Figure 2.1(d) was obtained after turning µ0Ha down to
zero. As the applied field was removed, magnetic flux of opposite polarity entered the
sample from the edges. Magnetic flux patterns of opposite orientations have cancelled
each other out in the black areas close to the edges. After that, µ0Ha was applied in the
opposite direction and increased in absolute value to 85 mT (see figure 2.1(e)). Magnetic
flux appearing bright in the images had penetrated deep into the sample, and the black
areas had penetrated farther into the film. Note that the dark grey region in the centre
of the film contains magnetic flux directed oppositely to that in the bright parts of the
flux fronts close to the edges, and that the black areas, where the bright flux fronts end,
correspond to regions of zero magnetic field formed by annihilation of oppositely oriented
flux patterns. Finally, µ0Ha was again turned down to zero (see figure 2.1(f)). Negative
flux fronts had entered in a thin layer from the edges, and areas between the positive and
negative flux are again black.
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2.2 Critical-state flux penetration

Figure 2.1: MO images of an LAO-doped YBCO film. (a) The sample was zero-field
cooled to 20 K, and a magnetic field was subsequently applied and increased to 85 mT.
(b) µ0Ha was turned down to zero. (c) A differential MO image corresponding to T
increased to 88 K. (d) After increasing T above Tc, the film was field-cooled in 17 mT to
20 K, and µ0Ha was then turned down to zero. (e) The direction of µ0Ha was changed
and set to −85 mT. (f) µ0Ha was decreased back to zero.

Whereas figure 2.1 shows homogeneous flux penetration in a superconducting film,
figure 2.2 shows flux penetrating into a film that has several large defects. This particular
sample is a columnar MgB2 film. It was made by hybrid physical chemical vapour depo-
sition [18]. Large defects result in parabola-shaped flux penetration, caused by bending
current streamlines. In an ideal rectangular superconducting film under the influence of a
magnetic field applied perpendicular to its plane, sheet current j traverses in a direction
parallel to the closest edge of the sample. At the d-lines, which emerge from the corners
and are oriented at 45◦ to the edges in a film without in-plane anisotropy, j abruptly
changes by 90◦. In areas where abrupt turning of j takes place, there is no magnetic flux,
which explains the colour of the d-lines. Similarly, at a large point defect, j abruptly
changes its direction and follows a curved path around it (see for instance [13]), which is
what causes the fan-like parabola-shaped penetration seen at several defects in figure 2.2.

Superconducting films can be grown on vicinal substrates in order to improve flux
pinning in one in-plane direction [19]. A vicinal substrate is miscut at a small angle from
a low-index diffraction plane, so that it has a step-like surface, where each step is usually
a few nanometers wide. When superconductors are grown epitaxially on top of such
substrates, the step-like surface of the substrate introduces a set of parallel planar defects
in the superconductor. These defects start at each step in the substrate and extend
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Chapter 2. Qualitative magneto-optical imaging

Figure 2.2: An MO image of a columnar MgB2 film, obtained after ZFC to 4 K and the
application of a field of 85 mT.

Figure 2.3: MO images of an YBCO film grown on a vicinal substrate, obtained after ZFC
to T = 20 K. (a) µ0Ha was applied and increased to 29.75 mT. (b) µ0Ha was increased
further to 85 mT and subsequently decreased to zero.

through the whole film. When vicinal films are subjected to a magnetic field applied
perpendicular to their plane, in-plane anisotropy is observed. The Abrikosov vortices
entering the film perpendicular to the planar defects are pinned by them, which reduces
flux penetration in that direction. Vortices moving parallel to the planar defects appear
as thin needle-like formations. These formations penetrate far into the superconductor.
Figure 2.3(a) shows an MO image of an YBCO film grown by low-fluorine TFA metal
organic deposition (MOD) on a 10◦ miscut LAO substrate. The film was cooled in zero
field to 20 K and µ0Ha was increased to 29.75 mT. Needle-like patterned magnetic flux
has entered from the left and right edges. Since flux pinning is stronger in the direction
perpendicular to the planar defects, jc in the direction parallel to them (jc||) is higher
than jc in the direction perpendicular to them (jc⊥). Figure 2.3(b) shows the film in the
remnant state, where µ0Ha was removed after increasing it to 85 mT.

Paper 2 compares MOI results for the YBCO specimen presented in figure 2.3 with
another film grown by fluorine-free TFA MOD on a non-vicinal substrate. In the former
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2.2 Critical-state flux penetration

sample, anisotropy is present and its ratio decreases with increasing T , which is expected.
In the latter sample, flux penetrates in the form of needles into channels from three of
the four edges in two perpendicular in-plane directions, and in this sample, there is no in-
plane anisotropy. It was found by X-ray diffraction (XRD) and reciprocal space mapping
(RSM) that the film contains twin boundaries. This is an important result, because the
sample is made by a new eco-friendly method, and it reveals local sample quality that
cannot be found by integral experimental methods such as magnetometry.

On a crystal lattice scale, there are only a few nanometers distance between the parallel
planar defects in both films. More specifically, in Paper 5 it was found by transmission
electron microscopy (TEM) that the distances between the twins in one sample are from
20 to 30 nm. On a larger scale, however, MOI shows that the needle-like formations of
magnetic flux are a few microns wide.

2.2.2 Rutherford cables

MOI can also be used for characterising superconducting samples for power cable ap-
plications, such as Rutherford cables. Kopera et al. [20] have investigated such a cable
consisting of 12 wires twisted together. Each of the 12 wires is an MgB2 cable covered
by a layer of Nb, which in its turn is covered by an outer layer of Cu10Ni. The cable was
made by P. Kovác̆’s group at the Institute of Electrical and Electronics Engineers (IEEE)
in Bratislava, using wires from Hyper Tech Research.

The cable was investigated in a collaboration between IEEE in Bratislava, our group
and Instituto de Ciencia de Materiales de Aragón, University of Zaragoza. We are the
first who have characterised Rutherford cables with MOI. Figures 2.4(a) and (b) show an
optical and an MO image of a section of such a cable, respectively. The sample had to be
polished in order to expose the MgB2 in the wires at the surface. The MO image shows
the sample in the remnant state after applying and removing a field of µ0Ha = 85 mT at
T = 3.8 K. From the flux penetration depth in the MO images one can estimate local jc
in the longitudinal direction in the wires, whereas conventional transport measurements
would provide jc at a macroscopic level.

It is also interesting to analyse cross sections of wires and cables with MOI. In this
way the quality and properties of the individual wires can be compared with each other.
By applying a magnetic field in the longitudinal direction of the wires, i.e. perpendicular
to the cross section plane, the magnitude of supercurrents circulating in the plane can
be estimated from the flux penetration depth. Figure 2.4(c) shows an optical image of
a cross section of a Rutherford cable, and MO images of the same sample are presented
in figures 2.4(d) and (e). Figure 2.4(d) shows the sample in the remnant state, obtained
after ZFC to 3.8 K, increasing µ0Ha to 85 mT and decreasing it back to zero. Critical
state-like behaviour is observed. The brightest areas represent flux that has penetrated
while increasing the field, and the black areas in the middle show that all wires have
expelled magnetic flux. The MO image in figure 2.4(e) was obtained after field-cooling
the sample in µ0Ha = 8.5 mT to 3.7 K and subsequently decreasing µ0Ha down to zero.
The cores of the wires are bright, which indicates that they have kept magnetic flux inside
after the applied field was removed.

In order to get more accurate results, magnetic flux penetration in individual wires
was characterised at a higher magnification. MO images of a single wire are presented
in figures 2.5(a)-(e). The saw-tooth structure (zig-zag lines) shows magnetic domains in
the MOL on top of the sample, and is not a property of the superconductor. A scanning
electron microscope (SEM) image of the wire is shown in figure 2.5(f), and it is used for
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Chapter 2. Qualitative magneto-optical imaging

Figure 2.4: (a) An optical image of a Rutherford cable consisting of 12 wires. The wires
on the surface were polished to expose their superconducting MgB2 cores. (b) An MO
image of the same sample. The sample was cooled in zero magnetic field to 3.8 K, µ0Ha

was increased to 85 mT and decreased back to zero. (c) An optical and (d, e) MO images
of a cross-section sample, obtained at the same magnification. (d) The sample is in the
remnant state after ZFC to 3.8 K, increasing µ0Ha to 85 mT and decreasing it back to
zero. (e) The cable has been field-cooled in µ0Ha = 8.5 mT to T = 3.7 K, and µ0Ha was
subsequently decreased to zero.

determining the penetration depth in the MO images. The contrast in the SEM image
clearly shows the three different materials in the wire, which are MgB2 on the inside,
Cu10Ni on the outside and Nb in-between. The wire was zero-field cooled to 3.7 K, and
µ0Ha was increased to 12.75 mT (figure 2.5(a)). The superconducting MgB2 core is in
this case free from flux, because it has only entered the surrounding Nb layer, which is
itself a superconductor. When µ0Ha was further increased to 83.3 mT (figure 2.5(b)), flux
had penetrated into all of the Nb and parts of the MgB2. However, most of the MgB2

core has expelled magnetic flux, because the wire has good superconducting properties.
µ0Ha was then decreased to 0 (figure 2.5(c)), leaving the sample in the remnant state.
After heating above Tc, the wire was field-cooled in 8.5 mT to 3.7 K and µ0Ha was
decreased to zero (figure 2.5(d)). The MgB2 core has kept the flux inside, but the flux
has been removed from the Nb layer. After that, µ0Ha was applied in the opposite
direction and increased to −8.5 mT (figure 2.5(e)). Estimating jc in the MgB2 phase at
this temperature is complicated, because of the Nb phase in-between the core and sheath.
Additional experiments would need to be carried out at a temperature between Tc of Nb
(9.3 K) and that of MgB2 (39 K).

Rutherford cables have a promising future in superconducting applications. MgB2

has advantages, such as a high jc and available cost-effective synthesis techniques, and in
Ref. [20] it is mentioned that for low-field applications cables make it easier to scale up
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2.3 Combination of magneto-optical imaging with scanning electron microscopy

Figure 2.5: (a)-(e) MO images of a single MgB2 wire covered by Nb (inside) and a Cu10Ni
sheath. The sample was cooled in zero field to 3.7 K. µ0Ha was increased to (a) 12.75 mT,
further to (b) 83.3 mT, and then (c) decreased back to zero. (d) After heating above Tc,
the sample was field-cooled in 8.5 mT to 3.7 K, and µ0Ha was decreased to zero. (e)
µ0Ha was applied in the opposite direction and increased to −8.5 mT. (f) An SEM image
of the wire (courtesy of E. Mart́ınez). The scale is the same for all images.

currents, improve bending tolerance and reduce AC-losses. MOI is a useful technique that
provides valuable information about the local magnetic and superconducting properties
in such samples.

2.3 Combination of magneto-optical imaging with scan-
ning electron microscopy

Although MOI is an extremely useful technique for characterising superconductors, like
all other techniques, for better characterisation it should be complemented by other meth-
ods. Scanning electron microscopy (SEM) is a versatile non-destructive technique that
allows relatively quick specimen preparation. In most cases, flat surfaces are desired. An
SEM can provide high-resolution images of small parts of large samples, with very high
depth of focus. A focused electron beam is scanned across the surface of the specimen in a
raster pattern. Several signals from the sample can be detected, among them signals from
secondary electrons. Secondary electrons are electrons that have been knocked out by inci-
dent electrons, usually from loosely-bound high-energy orbitals. These are mostly created
at the surface of the sample, and therefore provide information about the surface topog-
raphy. A backscattered electron (BSE) is an incident electron that has been elastically
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Chapter 2. Qualitative magneto-optical imaging

scattered by one or several atomic nuclei in the sample and had its trajectory deflected by
almost 180◦. The higher the average atomic number in an area of the sample, the more
BSEs there are, and so brightness increases with average atomic number (Z-contrast). En-
ergy dispersive X-ray spectroscopy (EDS) is used for determining chemical composition of
the sample. After an incident electron knocks out an electron from a low energy orbital in
an atom in the sample, the atom relaxes by letting an electron from a higher energy orbital
replace the missing electron. This decrease in energy can be emitted as a characteristic
X-ray or as an Auger electron. The possible energies of characteristic X-rays are unique
to each element. By collecting the energies of the emitted X-rays into a spectrum, the
relative amounts of elements in an area of a sample can be determined. Other techniques
include X-ray Bremsstrahlung spectroscopy, wave-dispersive spectroscopy, cathodolumi-
nescence detection, electron beam induced current and backscattered electron diffraction.
The latter produces a spatially resolved map showing the crystallographic orientation of
different crystals in the specimen. For a thorough description of SEM, see for instance
Ref. [21].

MOI investigations can greatly benefit from SEM analysis. For instance, in Paper
1, SEM and MO images are compared for YBCO films with varying porosity. It was
determined by SEM that one of the specimens is dense, another is porous, and one contains
dense regions surrounded by porous areas. Interestingly, the latter sample has unusual
flux penetration, whereas MO images of the dense and porous films are similar. Another
example is presented in Ref. [22], where we characterised an YBCO-PrBCO superlattice
with both MOI and SEM. MOI experiments revealed that flux penetrates easily into the
sample along lines parallel and perpendicular to the sample edges. It was found by SEM
that the easy penetration is caused by sub-micron fractures in the film. An MO image
of a part of the sample is presented in figure 2.6(a). It was obtained after ZFC to 77 K
and applying a magnetic field of 25.5 mT. Figure 2.6(b) shows an enlarged MO image of
the area enclosed in a yellow rectangle in figure 2.6(a), overlapped onto an SEM image of
the same area. If one looks carefully, the SEM image reveals sub-micron fractures exactly
where magnetic flux has penetrated easily in the MOI experiments. A figure similar to
figure 2.6(b) is presented in Ref. [22].

Figure 2.6: (a) An MO image of a part of an YBCO-PrBCO superlattice film. The film
was zero-field cooled to 77 K and a field of 25.5 mT was applied. (b) An MO image
overlapped onto an SEM image of the area in the yellow rectangle in (a).
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2.3 Combination of magneto-optical imaging with scanning electron microscopy

2.3.1 Defects in superconducting films

SEM can be used as a complementary technique to MOI to investigate defects in more
detail. Whereas MOI can reveal flux penetration in or around large defects, SEM can
reveal the microstructure of defects at much higher resolution. Figure 2.7(a) shows an
MO image of an YBCO film doped with nanoparticles of Ba2YNbO6 (BYNO) and LAO. In
order to get a good overview of flux penetration on large defects, the film was field-cooled
in 25.5 mT to 20 K and the field was subsequently decreased to zero. There are several
areas with coupled lobes of flux and anti-flux (obtained with a small shift of polarization
angle), where flux density was changed easily while removing the applied field. The inset
of figure 2.7(a) shows a magnified MO image of one such area. It was found by SEM that
the flux-antiflux lobes were caused by large defects, and an SEM (BSE) image of the area
in the inset of figure 2.7(a) is presented in figure 2.7(b).

Figure 2.7: (a) An MO image of a 4·4 mm2 YBCO film doped with BYNO and LAO. The
film was cooled in 25.5 mT to 20 K and the field was subsequently decreased to zero. The
inset shows a magnified area of flux penetration on a large defect. (b) An SEM image of
the defect in the inset of (a), with blue arrows pointing at some smaller defects.

Figure 2.8 shows the BSE image and EDS maps of the area imaged in figure 2.7(b).
The EDS maps show the presence of Y, La, O, Cu, Ba, Al and Nb in different areas. The
strongest signals in the large defect are from La and Al, and in the small defect inside it
the strongest signal is from Cu. Quantitative EDS analysis (not shown) provides a more
accurate relative amount of the chemical elements in the area. It was found that the large
defects consist mostly of La, Al and Y, and in each defect there is at least one much
smaller inner defect consisting mostly of Cu.

Since the sample was doped with nanoparticles during the synthesis, there are many
small defects all over the sample (some of them marked by arrows), but, as seen in
figure 2.7(b) and in the image in figure 2.8, these are almost absent in areas surrounding
the large defects. When comparing SEM images with the MO image in the inset of
figure 2.7(a), it was found that the area of the flux lobes covered not only the large
defect itself, but also the area with YBCO free from small defects. This shows that the
densely distributed nanoparticles outside the clean area improve flux pinning, whereas flux
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Chapter 2. Qualitative magneto-optical imaging

Figure 2.8: The uppermost image on the left is a BSE SEM image of a defect where flux
penetrates easily into the sample (also shown in figure 2.7(b)). The rest of the images
are EDS maps showing the presence and absence of Y, La, O, Cu, Ba, Al and Nb in and
around the defect.
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penetrates easily into the large defects and surrounding clean area. The nanoparticles are
distributed throughout the film, and therefore greatly enhance the macroscopic properties
of the superconductor.
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Chapter 3

Magnetic flux avalanches in
type-II superconductors

3.1 Thermomagnetic avalanches

Thermomagnetic flux avalanches are harmful to superconducting devices. They introduce
noise, lower the magnetic moment and current density, and locally heat the superconduc-
tor. They are caused by a thermomagnetic instability [23, 24]. Under the application of
an external magnetic field, Abrikosov vortices dissipate heat as they move into the super-
conductor. This heat provides energy to vortices, resulting in their depinning from defects
in the material, which, in its turn, results in an even larger number of vortices moving
and increasing heat dissipation. If the heat is not removed quickly, a positive feedback
cycle occurs, resulting in a flux avalanche.

Flux avalanches can be observed by MOI, and the loss in moment caused by them can
be measured by magnetometry. In thin film superconductors, they usually take the form
of dendrites, but can also appear as blobs or fingers. Their spatial structures in thick
samples are usually unknown, because flux jumps occur at fields that are too high for
MOI.

3.2 Dendritic avalanches in thin films

Dendritic thermomagnetic avalanches have been observed in several superconducting thin
films, such as Nb [25, 26], NbN [27, 28], MgB2 [29, 30, 31], Nb3Sn [32], YNi2B2C [33]
and amorphous MoSi [34]. They have also been observed in YBCO by triggering them
with a laser [35, 36]. The dendrites have non-reproducible spatial structures. Their
threshold fields are also irreproducible, and there are lower and upper threshold fields
for their occurrence, which depend on sample quality, thickness, and edge roughness. In
the initial phase, avalanches propagate at speeds on the order of 100 km/s, and after
that, the propagation speed reduces to around 5 km/s [35, 36, 37]. Avalanches can be
prevented either by controlling the nanomorphology of the sample [28], or by covering
the whole sample or only the outer edges of it with a metallic layer [38, 39]. Usually,
dendritic avalanches disappear if the sample is heated to a temperature above the threshold
temperature Tthr, which typically is significantly lower than Tc. However, if the external
magnetic field is ramped very quickly, on the order of thousands of Tesla per second,
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Chapter 3. Magnetic flux avalanches in type-II superconductors

dendritic avalanches appear in samples even when they are not expected [40], and in
materials where they are known to occur, they show higher upper threshold fields and
temperatures [41, 42]. In extreme cases, thermomagnetic avalanches can permanently
damage the superconductor by heating and melting it where they have appeared [40]. As
one can see in Chapter 4, even dendritic avalanches that do not cause permanent damage
also dissipate large amounts of energy, which emphasizes the importance of completely
avoiding them in energy applications.

Figure 3.1 shows typical examples of dendritic avalanches. Both images were obtained
by cooling the sample in zero field, and then applying a field of a few milli-Tesla. Fig-
ure 3.1(a) shows an MO image of a part of a 10-nm thick NbN film. A small dendrite
commonly occurring at very low fields (on the order of 1 mT) and very low temperatures
has appeared. Figure 3.1(b) is a quantitative MO image of an NbN-AlN-NbN Joseph-
son trilayer, where both NbN layers are 210 nm thick, with a 1.3-nm thick AlN layer in
between. A large dendrite with a lot more branches than in figure 3.1(a) has appeared,
covering a large part of the film. Such dendritic avalanches are more common when the
applied magnetic field is high or if the experiment is carried out at a high temperature.
Of course, these size-dependences are general trends, and the size and shape of dendrites
depend on the material as well.

Figure 3.1: (a) A qualitative MO image of a 10-nm thick NbN thin film showing a typ-
ical small dendritic avalanche. (b) A quantitative MO image of a 420-nm thick square
with sides 4·4 mm2 NbN-AlN-NbN Josephson trilayer, showing a typical large dendritic
avalanche.

Cascade dynamics is also an interesting property of thermomagnetic dendritic flux
avalanches. In a superconducting film with large holes, dendritic avalanches appearing
from an edge of the sample are often attracted towards the holes. If a dendrite reaches a
hole, large amounts of magnetic flux will enter it, and as a result, new dendritic avalanches
will propagate out from the hole. This has been shown experimentally [43, 44] and by
simulations [43]. An example is provided in the MO images shown in figure 3.2. The
sample is a 10-nm thick film of NbN synthesized by high-temperature chemical vapour
deposition. It has a high Tc and low resistivity in the normal state [45]. There are five
rectangular holes with rounded corners in the middle of the film. The MO image in
figure 3.2(a) was obtained after the film was cooled in zero field to 3.7 K and a field of
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0.68 mT was applied to it. A differential image is presented in figure 3.2(b), where an
MO image obtained at 0.51 mT was subtracted from the one obtained at 0.68 mT. Two
of the dendrites from the bottom edge have reached the closest of the five holes. As a
result, the hole was filled with magnetic flux and new dendrites abruptly emerged from
it, some of which reached another hole, which itself became full of flux and emitted new
denritic avalanches, and so on, all happening on a sub-second time scale. A more detailed
description of MOI results for this particular film is presented in Ref. [44].

Figure 3.2: MO images of a 10-nm thick NbN sample with five large holes etched in the
middle. (a) The sample was zero-field cooled to 3.7 K and µ0Ha increased to 0.68 mT.
(b) A differential MO image, where an MO image obtained at 0.51 mT is subtracted from
the MO image in (a).

3.3 Flux jumps in MgB2 tapes

Dendritic avalanches are almost exclusively observed in thin films of superconductors. In
bulk samples, spatial structures of flux jumps are often unknown, because lower thresh-
old fields Hthr are usually too high for MOI. One notable exception of thermomagnetic
avalanches with dendritic structures appearing in relatively thick samples is reported by
Wertheimer and Gilchrist, who investigated thick foils of Nb with MOI [46].

Figure 3.3 shows magnetic moment m as a function of applied magnetic field µ0Ha

in a 240-µm thick MgB2 tape, obtained by magnetometry at several temperatures. (The
measurement was carried out by E. Mart́ınez due to a collaboration with Instituto de
Ciencia de Materiales de Aragón, University of Zaragoza.) The abrupt losses in magnitude
of m were caused by thermomagnetic avalanches, but their shapes cannot be determined
from these plots. An expected temperature dependence is observed. There are many
small flux jumps at the lowest temperatures. Flux jumps become fewer but also result in
larger losses in m with increasing T . However, at the highest temperatures, in this case
at 8.0 and 9.0 K, no flux jumps have occurred.

Dendritic avalanches were observed in a 50 µm thick tape of MgB2, and the results are
presented and discussed in Paper 4. The reproducibility was tested by carrying out iden-
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Figure 3.3: Magnetic moment m as a function of applied magnetic field µ0Ha for several
different temperatures in an MgB2 tape. (Data obtained by E. Mart́ınez.)

tical experiments three times at each temperature: the tape was cooled in zero magnetic
field to a certain temperature, and µ0Ha was then increased to 85 mT, while obtaining
100 images. It should be noted that six similar tapes in total were investigated, and that
dendritic avalanches were observed in only one of them. All six tapes were synthesized by
mechanical ball milling of precursor powders and subsequent heating inside iron sheaths.
Oleic acid was used for carbon doping. Details of synthesis and characterisation using
MOI, SEM and magnetometry for four of the tapes not containing dendritic avalanches
are presented in Paper 3.

To check reproducibility of magnetic flux penetration, MO images from three different
experiments under identical conditions (same T and µ0Ha) are coloured in red, green and
blue, and added together. The sum of these colours is grey, so in grey areas, the flux
penetration is completely reproducible. Figures 3.4(a) and (b) show such superpositions
of MO images obtained at T = 4.0 K and µ0Ha = 29.75 and 80.75 mT, respectively. There
is flux penetration coloured in grey from the edges of the tape, and the centre is black,
which is typical for critical state-like behaviour. However, there are also many coloured
areas, proving that there are irreproducible features in the tape. These coloured features
appeared abruptly. Figures 3.4(c) and (d) show differential images of (a) and (b), where
the preceding MO images have been subtracted from (a) and (b), respectively. Only new
features (within the interval µ0∆H = 0.85 mT) are shown in the differential images. At
lower fields (figures 3.4(a) and (c)), the flux jumps are in the form of small protrusions.
When the field is increased, they take the shape of dendritic avalanches (figures 3.4(b)
and (d)), similar in appearance to thermomagnetic avalanches in thin films. The fact
that the dendrites are irreproducible in spatial structure and Hthr is a result of their
thermomagnetic nature, similar to the case in thin films. However, parts of some of the
dendrites are yellow, cyan or magenta. Therefore, these parts were filled with flux two
out of three times, and so dendritic avalanches in tapes are less irreproducible than those
occurring in thin films. They also contain fewer branches than those occurring in thin
films. In general, their sizes increase with increasing T (see Paper 4).
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Figure 3.4: Superpositions of MO images of an MgB2 tape obtained in three identical
experiments, plotted in red, green and blue. The tape was cooled in zero field down to
4.0 K. (a) and (b) are superpositions of single MO images, taken at µ0Ha = 29.75 and
80.75 mT, respectively. (c) and (d) are differential images, where preceding MO images
were subtracted from (a) and (b), respectively.

Figure 3.5(a) shows the temperature dependence of the lower Hthr for dendritic avalan-
ches in the tape (adapted from Paper 4). At the lowest temperatures, Hthr increases slowly
with T . At T = 8 K, both the average value and variance of Hthr increase suddenly. Such
a sudden increase at a certain temperature has been reported earlier in thin films of
Nb [47] and MgB2 [48], in which it occurred at approximately 5 K and 9 K, respectively.
However, it is surprising that the magnitude of Hthr in the thick tape is close to that in
the MgB2 thin film in Ref. [48]. According to theoretical models, there is a proportional
relation between jc and Hthr [48, 49]. Figure 3.5(b) shows an MO image of the tape
obtained at µ0H = 82.5 mT after cooling the sample in zero field to T = 10.0 K. The
sample half-width w and penetration depth l are shown in the figure, and are used to
estimate the critical sheet current jc from the following equation [50]:

jc = πHa

/
arccosh

(
w

w − l

)
, (3.1)

giving jc = 2.2·105A/m. According to Denisov et al. [48], Eq. (3.1) can be used to
determine the critical current density Jc from Hthr. The rewritten equation is divided by
the film thickness d to obtain Jc instead of jc on the left side, and l in it is replaced by
the threshold penetration depth lthr:

Jc = πHthr

/
d arccosh
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w

w − lthr

)
, (3.2)

lthr =
π
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√
κ

|J ′c|E

(
1−

√
2h0

nd|J ′c|E

)−1
, (3.3)

where κ is the thermal conductivity, |J ′c| is the derivative of Jc with respect to temperature,
E is electric field, h0 is the coefficient of heat transfer from the film to the substrate, and
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Figure 3.5: (a) µ0Hthr as a function of T for dendritic avalanches in the MgB2 tape. The
points indicate the average values and the ends of the error bars mark the maximum and
minimum values. (b) An MO image of the MgB2 tape, obtained at µ0Ha = 82.45 mT
after cooling in zero field to T = 10.0 K, showing the sample halfwidth w and penetration
depth l in a specific area.

n is the power exponent of the non-linear current-field relationship. According to these
formulas, jc in the tape and in the film should be almost equal, but according to MOI,
jc in the thick MgB2 tape in Paper 4 is five times higher than in the thin MgB2 film
in Ref. [48]. The lower than expected Hthr value in the tape is most likely caused by
edge defects due to roughness of the tape’s edges. It is known that edge roughness and
corresponding defects promote nucleation of dendritic avalanches [51, 52]. According to
Mints and Brandt [51], assuming a constant ramp rate of the magnetic field Ḃa, for a
dendritic avalanche starting at a straight edge of a superconductor, Bthr ∝ Ḃ−1a , but for

an edge with an indentation, Bthr ∝ Ḃ−1/2a .

3.4 Dynamically driven flux jumps

Not all magnetic flux avalanches are of thermomagnetic origin. Dynamically-driven, non-
thermal vortex avalanches may occur as well. There is a certain amount of heating,
but this is a non-dominant factor. In thin-film superconductors, they commonly appear
as thin needle-like formations abruptly entering the sample from the edges [53]. Unlike
thermomagnetic avalanches, they do not propagate beyond the critical state-like flux front,
and their appearance does not seem to have threshold values for temperature or applied
magnetic field. In Ref. [53], such penetration was observed in an YBCO film grown
on a 14◦ miscut NdGaO3 substrate, and a power law was found for avalanche length
distribution. Finite-size scaling and self-ordered criticality (SOC) were observed as well.
Paper 7 follows this activity, with more thorough analysis and detailed statistics for two
completely different samples. One sample is the same as in Ref. [53], whereas the other
is a 20◦ vicinal YBCO film on an LaAlO3 substrate.

Both films were cooled in zero field to T = 4 K before applying a magnetic field
and increasing it in steps of ∆µ0Ha = 42.5 µT. At each field, the system was allowed
to relax for five seconds before taking five MO images, which were later averaged in
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order to remove noise. For the 14◦-specimen, µ0Ha was increased to 17 mT, resulting
in 400 steps in total, and the procedure was carried out ten times. In the case of the
20◦-specimen, µ0Ha was increased to 8.5 mT, resulting in 200 steps, and this was done
20 times. Figure 3.6(a) shows a calibrated MO image of a part of the 14◦-sample at
µ0Ha = 12.41 mT. The flux has penetrated as needle-like formations reminiscent of that
in figure 2.3. However, in the 14◦-film, these needles enter abruptly. The differential MO
image in figure 3.6(b) was created by subtracting the preceding MO image from that in
figure 3.6(a) and increasing the brightness for clarity. In this differential image, three such
flux jumps are seen. Figure 3.6(c) is a calibrated MO image of the 20◦-sample, obtained
at µ0Ha = 7.735 mT. Also, in this film the flux has penetrated abruptly, but the needles
are broader and there are fewer of them than in the 14◦-sample. The differential image
in figure 3.6(d) shows two flux avalanches in the 20◦-sample.

Figure 3.6: MO images of YBCO films with dynamically driven flux penetration, after
ZFC to 4 K and applying a magnetic field. (a) An MO image and (b) a differential
MO image of the 14◦-sample, obtained at µ0Ha = 12.41 mT. (c) An MO image and
(d) a differential MO image of the 20◦-sample, obtained at µ0Ha = 7.735 mT. For both
differential images, ∆µ0Ha = 42.5 µT.

In both films, distributions of avalanche length, area and size are described well by
a power law. The size is defined by the number of entered vortices. Finite-size scaling
and SOC dynamics were analysed. The power law exponents were determined and fractal
dimensions were found for both films. A 10◦ vicinal YBCO film with dynamically driven
needle-shaped abrupt flux jumps was also characterised by MOI before and after deposi-
tion of a thin layer of gold on top of it. The avalanches were unaffected by the metallic
layer, further supporting the suggestion that such flux jumps are of non-thermal origin.
The analysis is described and discussed in detail in Paper 7.
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Chapter 4

Quantitative magneto-optical
imaging

As pointed out in Chapter 3, thermomagnetic avalanches are harmful to the operation
of superconducting devices. It is well known that they lower the magnetic moment m of
superconductors. In the future, with an increased usage of superconductors, it is of utmost
importance to understand not only how to avoid such avalanches but also how much
damage they actually could cause. One word that is of interest in most if not all branches
of physics is “energy,” which made us wonder: how much energy is dissipated when the
destructive dendritic avalanches occur? Magnetic energy is built up in superconducting
materials when a magnetic field is applied. Important questions are: how much energy is
built up during a field ramp, and how much energy is dissipated in flux avalanche events.
In 1970, Iwasa et al. [54] calculated the energy released when flux avalanches occurred in
Nb-Ti wires by measuring the amount of liquid helium that boiled off during such events.
In Paper 6, a method is developed for extracting both magnetic moment and energy from
MO images. First, however, one must perform calibration to obtain quantitative MO
images.

Throughout this chapter, calculations are made using MO images of an NbN-AlN-
NbN Josephson trilayer. As mentioned in Chapter 1, Josephson junctions, which can be
patterned from the trilayer, are important components in superconducting electronics.
The film we have analysed has dimensions of 4.13·4.02 mm2, and the thickness of the
layers including the substrate are as follows: 210 nm NbN / 1.3 nm AlN / 210 nm NbN
/ 300 µm MgO[100]. However, the sample will from now on be referred to as an NbN
film. This is because the AlN layer is very thin, and the supercurrents in the film travel in
the (x, y)-plane, so that the physical quantities that are discussed, such as sheet current,
are not significantly affected by this layer. All calculations of physical quantities are
performed with MATLAB scripts using qualitative MO images as an input.

4.1 Calibration of magneto-optical images

MOI allows obtaining qualitative maps of magnetic field Bz in the plane of a film, which is
the component perpendicular to the plane of the specimen and parallel to the applied field
Ha. Since the sample is a thin film, we use the approximations B ≈ µ0H and Bz ≈ µ0Hz.
There are two main problems to circumvent when calibration is performed. Those are
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non-homogeneous illumination of the indicator film and non-linear response caused by
the in-plane magnetisation in the indicator film. There are also additional minor factors
influencing the experiments, such as finite sizes of the polarisers and the Faraday effect
in the microscope lenses. The relation between the intensity of light I that passes the
analyser and the Faraday rotation angle α in the indicator is given by Malus’s law [13]:

I ∝ I0 sin2 (α+ ∆α), (4.1)

where I0 is the intensity of the incident light and ∆α is the polariser-analyser angle relative
to the crossed orientation. The Faraday rotation angle is related to Bz, and by combining
this relation with Malus’s law, it is shown in Ref. [55] that

Bz =
BA
αs

arcsin

(√
I − I ′
I0

−∆α

)
, (4.2)

where BA is the spontaneous in-plane field of the magneto-optical indicator layer (MOL),
I ′ is the light intensity lost by reflection and absorption in the MOL, and αs is the
saturation angle. In order to calibrate MO images, I must be measured as a function of
applied magnetic field Ha for each image pixel at a temperature of a few Kelvin above Tc,
where the distortion of the field caused by the superconductor is absent. This typically
results in a sigmoidal (s-shaped) function of I as a function of Ha. After that, I is
measured as a function of Ha below Tc, and, using the relation obtained above Tc, it is
recalculated into quantitative maps of Bz = µ0Hz in the superconductor [13, 55].

Figure 4.1 shows quantitative MO images and line profiles of µ0Hz in the NbN thin
film described above. The experimental procedure and MO images are similar to those
in Paper 6. The film was cooled in zero magnetic field to T = 3.5 K and a field was
subsequently applied and increased to µ0Ha = 42.5 mT, while pausing and taking images
at intervals of µ0∆Ha = 0.425 mT. Figure 4.1(a) shows a µ0Hz(x, y) map calculated from
an MO image obtained at µ0Ha = 13.6 mT. The flux has penetrated uniformly from the
edges in a critical state-like manner. Figure 4.1(b) shows line profiles of µ0Hz in the
horizontal and vertical directions at arbitrarily chosen positions, marked in figure 4.1(a)
by lines of corresponding colour. These profiles are typical for a thin film superconductor.
Figure 4.1(c) shows a µ0Hz map for the next MO image, obtained at µ0Ha = 14.025 mT.
A large, abrupt dendritic avalanche has appeared in the sample. Figure 4.1(d) shows two
line profiles from this map. µ0Hz in regions with pillow-shaped flux fronts is lower than it
was before the dendrite had appeared. Interestingly, there is a thin, dark region at each
edge of the film. This is most noticeable at the left edge, and is consistent with simulations
of quantitative MO images with dendritic avalanches [56]. It is caused by current inversion
by the edges. The current flows in the opposite direction there, resulting in opposite flux
gradient and therefore lowers the absolute value of the magnetic field. Figure 4.1(e)
shows a difference image between the magnetic field maps after and before the dendritic
avalanche (figures 4.1(c) and (a), respectively), and figure 4.1(f) shows line profiles from
the difference image.

The calibration procedure can in the future be improved by taking into account in-
plane magnetic fields [57], because there is a significant amount of in-plane field at the
sample edges, resulting in an underestimation of Bz. However, this is more important
at higher fields, and as we shall see in Section 4.5, the calibration is very successful even
without this correction.
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Figure 4.1: Quantitative MO images showing maps of µ0Hz and horizontal and vertical
line profiles for each map, extracted from a zero-field cooled NbN thin film at 3.5 K.
(a) A map and (b) line profiles obtained at µ0Ha = 13.6 mT. (c) A map and (d) line
profiles obtained at µ0Ha = 14.025 mT. (e) A difference image, where the map in (a) was
subtracted from the map in (c). (f) Line profiles of the difference image. The positions
at which the blue and green line profiles were taken are drawn by lines of the same colour
in the µ0Hz maps.

29



Chapter 4. Quantitative magneto-optical imaging

4.2 Sheet current obtained from inversion

The magnetic field B inside a superconductor can be found from the current density J
from the Biot-Savart law [58]:

B(r) =
µ0

4π

∫
J(r′)× (r− r′)
|r− r′|3 d3r. (4.3)

In order to find J from B, one can use the inverse Biot-Savart law in reciprocal space.
(It is also possible to use theoretical models to predict J and vary the parameters so
that a correct B distribution is obtained. However, this will not be described in this
dissertation.) We use the approximation B ≈ µ0H, because the sample is a thin film.
Inversion of Bz to obtain J is explained in several articles (see for instance [13, 57, 58]).
In this section, we find sheet current j = Jd (where d is the sample thickness) following
a description made by J. I. Vestg̊arden, as presented in the supplementary material of
Paper 6. Starting with Ampere’s law,

∇×H = jδ(z), (4.4)

we define local magnetisation g(x, y) as

j = ∇× gẑ. (4.5)

It is emphasized that g(x, y) is the local magnetisation M integrated over the thickness
of the sample. Fourier transformation gives

ikyH̃z,[3] − ikzH̃y,[3] = iky g̃[2], (4.6)

ikzH̃x,[3] − ikxH̃z,[3] = −ikxg̃[2], (4.7)

ikxH̃y,[3] − ikyH̃x,[3] = 0, (4.8)

where H̃x,[3], H̃y,[3], H̃z,[3] are the components of H̃(kx, ky, kz), which is the 3D Fourier
transform of H, and g̃[2] = g̃[2](kx, ky) is the 2D Fourier transform of g. For a thin film
superconductor, there is conservation of both H and j:

∇ ·H = 0, (4.9)

∇ · j = 0, (4.10)

where Fourier transformation of the former results in the following:

ikxH̃x,[3] + ikyH̃y,[3] + ikzH̃z,[3] = 0. (4.11)

By using Eqs. (4.6)-(4.8) and (4.11), both H̃x,[3] and H̃y,[3] can be expressed via H̃z,[3]

(see, for instance, the supplementary material of Paper 6). Thus, H̃x,[3] and H̃y,[3] have
finite values. In the z-direction,

H̃z,[3] =
k2

k2 + k2z
g̃[2], (4.12)

where k =
√
k2x + k2y. We then perform an inverse Fourier transform in the z-direction to

obtain the 2D Fourier transform H̃z,[2] = H̃[2](kx, ky, z):

H̃z,[2] =
k

2
e−k|z|g̃[2], (4.13)
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4.2 Sheet current obtained from inversion

where |z| is the distance between the film’s surface and the indicator film. Ideally, |z|
should be zero, and in reality it is small enough to be approximated by zero, yielding

g̃[2] =
2

k
H̃z,[2], (4.14)

which will be used in Section 4.4 for mapping g.
From Fourier transformation of Eq. (4.5), one obtains

j̃[2] = ik× ẑg̃[2], (4.15)

where j̃[2] is the 2D Fourier transform of j. Along the x- and y-directions and using the

relation in Eq. (4.14), components of sheet current j̃x,y can be calculated from

j̃x = iH̃z2ky/k (4.16)

j̃y = −iH̃z2kx/k. (4.17)

Inverse Fourier transformation of j̃x and j̃y gives sheet current components jx and jy in
real space.

Figure 4.2 shows spatial distributions and line profiles of sheet current j =
√
j2x + j2y

extracted from calibrated MO images. The map in figure 4.2(a) shows j in the film
obtained by using Eqs. (4.16) and (4.17) from the µ0Hz map shown in figure 4.1(a).
Current streamlines are plotted as contours of g, showing that j is parallel to the nearest
edge in the region penetrated with flux, and that j is rounded in the flux-free area. Two
line profiles from the map of j, one in the horizontal and another in the vertical direction,
are plotted in figure 4.2(b). j is highest in the areas penetrated by magnetic flux, and in
the flux-free region j is finite and decreases towards zero at the centre of the sample. This
is a common feature and therefore expected in thin film superconductors [15]. However,
j is not constant in the flux-penetrated region as predicted by the Bean model, because
of a magnetic field dependence of the critical sheet current, jc(Bz).

A map of j obtained from the Bz map in figure 4.1(c), after a dendritic avalanche
had appeared, is presented in figure 4.2(c). Line profiles of this map are presented in
figure 4.2(d). A difference image of j, where the map in figure 4.2(a) has been sub-
tracted from the map in figure 4.2(c), is shown in figure 4.2(e), along with line profiles
in figure 4.2(f). A close look reveals that j traverses around the stem and individual
branches in the dendrite, which is consistent with what has previously been found by
simulations [56]. After the avalanche event, j had decreased in the critical state region of
the film, making the current subcritical.

j(Bz)-dependence is often described by two models. According to the Kim model [14],

jc = jc0/(1 +Hz/Hz0), (4.18)

whereas the exponential model [59] predicts

jc = jc0/ exp(−Hz/Hz0), (4.19)

where jc0 and Hz0 are positive constants. Both models were tested for the NbN film, and
the former gave better results: line profiles with constant j in the flux-penetrated regions
were obtained after correction by using the Kim model. The exponential model does,
however, give a reasonable fit at higher fields. Therefore, combinations of the two models
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Chapter 4. Quantitative magneto-optical imaging

Figure 4.2: Spatial distribution of the magnitude of sheet current, j =
√
j2x + j2y , and

horizontal and vertical line profiles for each map, extracted from quantitative MO images
of a ZFC NbN thin film. (a) A j map and (b) line profiles obtained at µ0Ha = 13.6 mT.
(c) A j map and (d) line profiles obtained at µ0Ha = 14.025 mT. Current streamlines are
drawn as contours of g in (a) and (c). (e) A difference image, where the map in (a) was
subtracted from the map in (c). (f) Line profiles of the difference image. The positions
at which the line profiles were taken are drawn by corresponding blue and green lines in
the maps of j. The maps in (a) and (c) are calculated from the Bz maps in figure 4.1(a)
and (c), respectively.
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4.3 Magnetic vector potential

Figure 4.3: Horizontal and vertical line profiles of j/d according to the Kim model. The
uncorrected j profiles are presented in figure 4.2(b).

were used, where the Kim model was weighed more for small fields and the exponential
model weighed more at higher fields. Despite this, a satisfactory result could still be
obtained by using only the Kim model, as it is presented in figure 4.3. The line profiles are
extracted from figure 4.2(a) and are taken along the same lines as those in figure 4.2(b),
but after using the Kim model. (Note the different units in figure 4.2(b), where sheet
current j is plotted, and figure 4.3, where sheet current is divided by film thickness.)
The constants for this fit in the areas filled with flux are jc0 ≈ 7.5 · 1010 Am−2 and
µ0Hz = 32 mT.

4.3 Magnetic vector potential

Magnetic vector potential A is a vector field defined as follows:

∇×A = B. (4.20)

The supplementary material of Paper 6 describes how A can be extracted from quantita-
tive MO images. Fourier transformation of Eq. (4.20) results in the following equations:

ikyÃz,[3] − ikzÃy,[3] = B̃x,[3] (4.21)

ikzÃx,[3] − ikxÃz,[3] = B̃y,[3] (4.22)

ikxÃy,[3] − ikyÃx,[3] = B̃z,[3], (4.23)

where Ãx,[3], Ãy,[3], Ãz,[3] are the components of Ã(kx, ky, kz) and B̃x,[3], B̃y,[3], B̃z,[3]
are the components of B̃(kx, ky, kz). Another important equation is the Coulomb gauge
condition,

∇ ·A = 0. (4.24)

In reciprocal space along the Cartesian axes, this is expressed as

ikxÃx,[3] + ikyÃy,[3] + ikzÃz,[3] = 0. (4.25)
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Chapter 4. Quantitative magneto-optical imaging

From Eq. (4.21)-(4.23) and (4.25), and using the approximation Bz ≈ µ0Hz (see Supple-
mentary material of Paper 6 for more detail), we obtain

Ãx,[3] = iµ0H̃z,[3]ky/k
2, (4.26)

Ãy,[3] = −iµ0H̃z,[3]kx/k
2, (4.27)

where k =
√
k2x + k2y. There is no dependence in the z-direction, so one obtains the 2D

Fourier transform of Ax and Ay. Then, Ax and Ay are calculated by inverse Fourier

transformation of Ãx,[2] and Ãy,[2], respectively.

Spatial distributions showing maps of A =
√
A2
x +A2

y and line profiles from the maps

are presented in figure 4.4. Figure 4.4(a) shows a map of A in the NbN film, calculated
from the quantitative MO image in figure 4.1(a). Line profiles showing A along the red
and green lines drawn on the map are presented in figure 4.4(b). A varies smoothly in the
(x, y)-plane, and decreases towards zero at the centre of the sample. Figure 4.4(c) shows
a map of A calculated from the Bz-map in figure 4.1(c), and line profiles are presented
in figure 4.4(d). Figure 4.4(e) is a difference image, where the map in figure 4.4(a) has
been subtracted from the map in figure 4.4(c), and figure 4.4(f) shows a line profile of the
difference image. The dendrite has clearly changed A, just as it did with Bz and j. In
most areas, A has decreased, but it has increased in the centre of the dendrite.

4.4 Local magnetisation

From Section 4.2, one gets the relation between the local magnetisation in Fourier space,
g̃, and the z-component of the magnetic field in Fourier space, H̃z:

g̃ = 2H̃z/k, (4.28)

where k =
√
k2x + k2y. Then, an inverse Fourier transform of g̃ is necessary to obtain

local magnetisation g in real space. After this procedure, g outside the sample must be
subtracted, to make sure that g represents only magnetisation inside the superconductor.
(One should note that g(x, y) is the local magnetisation M(x, y, z) integrated over the
thickness of the specimen.)

Figure 4.5 shows spatially-resolved images and line profiles of −g, since g is always
negative in the virgin curve. Figure 4.5(a) shows a spatial distribution of −g, calculated
from the quantitative MO image in figure 4.1(a), which was obtained at µ0Ha = 13.6 mT,
before the avalanche had occurred. g is higher in the flux-free region, because of the effect
of Meissner currents. Two line profiles of −g from this map are plotted in figure 4.5(b).
The lines to which these profiles correspond to are drawn in green (horizontal) and red
(vertical) in the map. |g| smoothly increases from zero at the sample’s borders to its
maximum value close to 25 A (corresponding to M ≈ 0.6 MAm−1) in the centre of the
film. Figure 4.5(c) shows a spatial distribution of −g after a dendrite appeared. This
map is calculated from the Bz map in figure 4.1(c). As a result of the avalanche, |g| has
decreased in the sample. This is also seen in figure 4.5(d), which shows line profiles of
−g for this map, with maximum values lowered to around 14 A (M ≈ 0.35 MAm−1).
Figure 4.5(e) is a differential map of −g, and figure 4.5(f) shows line profiles of −g from
this differential image, both demonstrating that |g| mostly decreased in the area where
the dendrite had propagated.
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4.4 Local magnetisation

Figure 4.4: Spatial distribution of the magnitude of magnetic vector potential, A =√
A2
x +A2

y, and horizontal and vertical line profiles from each map, extracted from MO

images of a ZFC NbN thin film. (a) A map and (b) line profiles obtained at µ0Ha =
13.6 mT. (c) A map and (d) line profiles obtained at µ0Ha = 14.025 mT. (e) A difference
image, where the map in (a) was subtracted from the map in (c). (f) Line profiles of the
difference image. The positions at which the line profiles were taken are drawn by red
and green lines in the maps of A. The maps in (a) and (c) are calculated from the Bz
maps in figures 4.1(a) and (c), respectively.
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Chapter 4. Quantitative magneto-optical imaging

Figure 4.5: Maps of negative local magnetisation −g and horizontal and vertical line
profiles for each map, extracted from MO images of a ZFC NbN thin film. (a) A −g
map and (b) line profiles obtained at µ0Ha = 13.6 mT. (c) A −g map and (d) line
profiles obtained at µ0Ha = 14.025 mT. (e) A difference image, where the map in (a) was
subtracted from the map in (c). (f) Line profiles of the difference image. The positions
at which the line profiles were taken are drawn by red and green lines in the maps of
−g. The maps in (a) and (c) are calculated from the Bz maps in figures 4.1(a) and (c),
respectively.
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4.5 Magnetic moment

4.5 Magnetic moment

Magnetometers are usually used for measuring magnetic moment m in magnetic and
superconducting samples. In magnetometry measurements, m is plotted as a function
of Ha. Magnetic flux jumps in superconductors are registered as abrupt decreases in m,
whether the flux jumps are thermally or dynamically driven.

MOI and dc magnetometry (DCM) are useful complementary techniques for charac-
terizing flux avalanches in superconductors. One may attempt to correlate flux jumps
corresponding to avalanches measured in magnetometry with those observed in MOI. Al-
though applying both techniques to the same sample is useful for determining properties
such as upper and lower threshold fields [31], the avalanches are irreproducible in spatial
structure, field at which they occur, and magnitude of decrease in moment, so flux jumps
occurring in two separate experiments are not identical and therefore cannot exactly be
correlated with each other. In Paper 6, we have calculated full hysteresis loops of m as
a function of applied field Ha from quantitative MO images for a sample with dendritic
avalanches, allowing to calculate the true change in m when a specific spatially resolved
avalanche occurs. m in the film was obtained by integrating the local magnetisation g
over the surface area of the sample:

m =

∫
gdxdy. (4.29)

As an example, the dendritic avalanche in figure 4.1(c) resulted in m lowering in absolute
value from −212 to −133 µAm2, corresponding to a 37.3 % reduction from its initial
value.

Of course, since calculating hysteresis loops of m from MO images is a completely
new concept, the calculations had to be compared with actual measurements of m using
magnetometry. Since magnetometry is the standard and reliable practical method for
measuring m in superconducting materials, the film was characterised by DCM. A Quan-
tum Design Physical Properties Measurement System (PPMS) was used for this purpose.
Figure 4.6 shows a plot of a hysteresis loop extracted from calibrated MO images (black)
and a plot of a hysteresis loop measured by DCM (blue). In both experiments, the film
was cooled in zero magnetic field to T = 5.0 K, and Ha was subsequently applied perpen-
dicular to the plane of the film. The five parts of the loop are numbered: 1) here µ0Ha was
first increased to 21.25 mT, 2) µ0Ha was decreased to zero, 3) increased in the opposite
direction to −21.25 mT, 4) decreased back to zero, and 5) finally µ0Ha was increased to
21.25 mT. In both techniques, the field was applied in steps of µ0∆Ha = 0.425 mT, and
Ha was kept constant at each field while obtaining an MO image or measuring m. In total,
255 images in MOI and 251 measurement points in DCM were obtained. (This includes
one measurement point and image before µ0Ha was applied, and in MOI two images were
used at the end points ±21.25 mT and two times when Ha passed zero.) The first and
second parts of the loop in both plots almost overlap with each other, which proves that
the calculation of m from the MO images is successful. There is less overlap in the other
parts of the loops, because in the DCM experiments, the magnitude of m was in three
cases almost lowered to zero when flux jumps occurred. However, it is only in the fourth
part of the loop that m from DCM fails to catch up with m from MOI.

A question that arises is why flux jumps were more frequent in the DCM measurements
compared to that in the MOI experiments. At first glance, it may also seem that the
jumps were larger in DCM as well, but the higher loss at each jump in m may also be
a result of several jumps occurring simultaneously. The DCM experiments were carried
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Figure 4.6: Magnetic moment hysteresis loops at T = 5 K, calculated from calibrated MO
images (black) and measured with dc magnetometry (blue). (Adapted from Paper 6.)

out in such a way as to replicate the MOI experiments in order to create almost identical
conditions to those used in imaging. As was mentioned, T , Ha and ∆Ha were similar
in both measurements. However, there were two main differences in the experiments.
Firstly, the time available for relaxation of the magnetic flux was significantly longer in
the DCM measurements (10 s) compared to that in the MOI experiments (200 ms), and
the ramp rates in MOI are different from those in DCM. The ramp rate affects j and m in
superconducting films [13] and threshold field for flux avalanches [51]. A short relaxation
time was used in MOI to not overheat the magnetic coil providing the field, whereas
longer relaxation times were chosen in DCM to allow the superconductor to relax and
hence obtain better averaged results. In fact, ten measurement points were taken for m in
DCM at each Ha and averaged, making the results more accurate and reducing noise. It is
well known that relaxation affects the measured magnetic flux, critical current density and
magnetic moment [60]. However, from our own experience with this sample, the chosen
relaxation time does not significantly affect the results under the chosen conditions. This is
supported by the overlap between the loops in figure 4.6. If anything, the longer relaxation
times should support equilibrium and prevent thermomagnetic avalanches. This brings us
to the second main difference between the experimental conditions in the two techniques.
In MOI, the substrate of the specimen was connected to a cold finger, as described in
Section 2.1, whereas in DCM, the sample was covered in PTFE tape and suspended at
the end of a plastic straw. Therefore, there is excessive heat removal during MOI, which
prevents thermomagnetic flux jumps [31], as the ratio between thermal and magnetic
diffusion lengths should be kept as low as possible to avoid thermomagnetic avalanches.

Superconducting properties improve with decreasing T . A particular parameter that
improves significantly is screening current. The lower the temperature, the higher the
screening current and the smaller the flux penetration depth at a given Ha, resulting
in higher magnitude of m. Figure 4.7 illustrates this point. The calculations used for
extracting m in figure 4.6 from MO images were also used to plot hysteresis loops of m
at higher temperatures, where avalanches do not occur. Four such loops are presented in
figure 4.7, extracted from MO images obtained at T = 7, 9, 11 and 13 K.
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Figure 4.7: Magnetic hysteresis loops obtained from quantitative MO images at T = 7.0,
9.0, 11.0 and 13.0 K.

4.6 Magnetic energy

When an external magnetic field is applied to a superconductor, energy starts accumulat-
ing in the form of screening currents or magnetic field, and it builds up with increasing
Ha. Unlike Bz, j and g, energy stored in a superconductor is not a local physical quantity.
It can be calculated as magnetic energy U defined as

U =
1

2

∫
B · Hd3r, (4.30)

or equivalently by the expression U = 1
2

∫
B2

µ0
d3r. As before, we assume B ≈ µ0H for

small fields. Integrating over all three-dimensional space outside the sample is impractical.
Therefore, we use an equation that can be applied to thin films in two dimensions with
known Hz(x, y):

U =
1

2

∫
j ·Ad2r. (4.31)

jx,y and Ax,y can be found by inverse Fourier transformations of their values in Fourier
space (given in Eqs. (4.16), (4.17), (4.26) and (4.27)), and U can simply be calculated as:

U =
1

2

∫
(jxAx + jyAy)dxdy. (4.32)

It is worth mentioning that U is not the same as the dipole energy, Udipole = −mBa,
which is larger than U in the virgin curve.

When a dendritic avalanche propagates in the sample, Joule heating occurs in the core
of the dendrite. As a result, energy is dissipated. The total amount of stored energy in
the superconductor must therefore decrease during such an event. Figures 4.8(a) and (b)
show m and U as a function of µ0Ha calculated from 255 quantitative MO images. The
sample was in this case cooled in zero field to 3.5 K, and the five parts of the loop are
plotted in series. The ramping procedure was exactly the same as in figures 4.6 and 4.7.
As can be seen in the plots, both U and |m| abruptly decrease in the third and fifth parts
of the loop. These abrupt changes are caused by the large dendritic avalanches shown
above the plot of m.
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Figure 4.8: (a) m-µ0Ha hysteresis loop calculated from MO images obtained at T = 3.5 K
with ramping the field as in figure 4.6, but having the five parts plotted in series. (b) U
calculated from the same MO images. The two quantitative MO images above the plots
show the avalanches that caused the losses in m and U . The colour bars are the same for
both images, with minimum and maximum values of −16 and +19 mT, respectively.

It is clear from the plots in figure 4.8 that relative losses in U are much higher than
relative losses in m. Similar loops were calculated for several experiments, in which the
film was cooled in zero field to temperatures ranging from 3.5 to 15.0 K, in order to
find a relation between the losses in U and m (∆U and ∆m). In the experiments, large
dendritic avalanches only occurred in the third and/or fifth parts of the loops, and only
at temperatures below 7.0 K. Figure 4.9 shows a scatter plot of ∆U as a function of ∆m
for all observed avalanches. The straight line is a proportional fit, i.e. a linear fit forced
through the origin, using upper and lower confidence levels of 95 %. The fit has a slope
of 6.71 · 10−3 ± 5.90 · 10−5 J/(Am2), with a standard deviation of ∆U of 1.90 · 10−2 µJ.

Knowing the relation between ∆U and ∆m is very useful, because it allows estimating
energy losses during magnetometry when applied fields are too high for using MOI or
when MOI is not available. As previously mentioned, losses in m caused by flux jumps
are routinely measured by magnetometry. However, this technique often uses high applied
magnetic fields, which are outside of the operating range of MOI. The latter is limited by
fields of about 100 mT because of the degrading sensitivity of indicator films. Therefore,
flux avalanches in superconductors with high threshold field cannot be imaged. By using
the found relation between ∆U and ∆m and having magnetometry curves containing flux
jumps, one can approximately calculate how much energy is lost. Being able to calculate
energy losses is extremely useful in many applications of superconductors.

To further extend this study, the calculations described in this chapter are beneficial to
apply to a sample in which there is a large variation in size of the dendritic avalanches. It
is desirable to have the same sample morphology when small dendrites with few branches
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Figure 4.9: Losses in energy, ∆U , as a function of losses in moment, ∆m, for several
dendritic avalanches occurring at four different temperatures shown in the legend. The
straight line is a proportional fit with a slope of 6.71 · 10−3 J/(Am2). (Adapted from
Paper 6.)

and large dendrites with a lot of branches appear, which is the case when they occur in
the same sample at slightly different temperatures and/or magnetic fields. The dendrites
in the MO images used for figure 4.9 are all large, roughly of the same size, and contain
a lot of branches. The same film could be used again in other experiments, because more
avalanches can easily be triggered by making tiny holes at the edges of the film prior to
the experiments. As a result, one could generate very small dendrites that would appear
at small fields. A greater variation in dendrite size would result in better statistics and
therefore a more accurate relation between ∆U and ∆m. Also, it would be interesting to
see how absolute or relative losses in m and U depend on the area of the dendrites. The
area can easily be calculated from differential MO images.

After learning more about dendritic avalanches, the same calculations could be used
for thin superconducting films containing non-dendritic flux avalanches, such as abrupt
penetration in the form of thick ‘fingers’ or ‘blobs’, finding out if there is a similar relation
between ∆U and ∆m. Not all flux jumps have a dendritic structure, and the exact
structure for flux jumps at high fields seen in magnetometry is still unknown. There is
also the challenge of spatial resolution in MOI, which makes it difficult to estimate losses
in physical quantities when flux jumps are very small or the appearing structures are very
thin, such as for the dynamically driven avalanches described in Paper 7.

There is also promising future work on samples that do not show flux jumps at all. For
instance, the ability to calculate energy from MO images can be used when investigating
flux creep in type-II superconducting films.

To conclude, being able to calculate m and U from MO images can initiate a lot more
research in superconductivity of thin films, such as thorough analyses of different types
of flux avalanches and their effect on future energy applications.
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Summary

During my PhD, I have co-authored 11 papers in total. Nine are published, one is accepted,
and one will be submitted soon. This section includes a summary of these papers outlining
my contribution in them. Seven of these papers are included in the thesis for the defence,
and they are named “Paper 1,” “Paper 2” and so on in this section. A list of these papers
starts on page 55.

PAPER 1: Y. Zhao, T. Qureishy, P. Mikheenko and J.-C. Grivel, Character-
ization of YBa2Cu3O7−δ films with various porous structures grown by met-
alorganic decomposition route, IEEE Trans. Appl. Supercond. 26, 7200204,
(2016)
A new metal-organic decomposition (MOD) route was developed, allowing cheap pro-
duction of YBa2Cu3O7−δ (YBCO) superconducting films that can be used in renewable
energy applications. The quality of these films is comparable to those produced by pulsed
laser deposition. The route involves covering a substrate with a liquid metalorganic solu-
tion and subsequent heat treatment. Unusual distribution of magnetic flux was found in
one of the films obtained by this route resembling a cell-like structure, in which pinning
is strong in dense areas and weak in porous areas. The study allows tuning synthesis
parameters, further improving the quality of the films. I carried out the MOI part of the
study.

PAPER 2: T. Qureishy, Y. Zhao, Y. Xu, J. I. Vestg̊arden, T. H. Johansen, J-C.
Grivel, H. Suo and P. Mikheenko, Magnetic flux channelling in YBa2Cu3O7−δ
films grown by a chemical solution deposition technique on vicinal and non-
vicinal substrates, Adv. Mater. Lett. 8, 1204 − 1210, (2017).
MOI was used to characterise samples made from new cost-efficient and eco-friendly syn-
thesis methods. Films with good superconducting properties were grown, in particular
using metal-organic deposition without fluorine-containing compounds. The samples had
critical current densities almost ten times as high as samples made by similar methods
found in the literature. Weak magnetic flux channelling was found in some of the films. I
carried out MOI and analysed the results, and wrote most of the paper.

PAPER 3: C. Laliena, T. Qureishy, E. Mart́ınez, R. Navarro, P. Mikheenko,
T. H. Johansen and P. Kováč, Effect of ball milling on the local magnetic
flux distribution and microstructure of in situ Fe/MgB2 conductors, J. Alloy.
Compd. 717, 164 − 170, (2017)
Magnetic flux penetration in advanced superconducting MgB2 tapes was investigated by
MOI. The results show that the critical temperature of the tapes decreases and critical
current density increases, at low temperatures and high fields, with increasing milling
energy of the starting powder. My contribution was performing and supervising MOI
experiments.

PAPER 4: T. Qureishy, C. Laliena, E. Mart́ınez, A. J. Qviller, J. I. Vestg̊arden,
T. H. Johansen, R. Navarro and P. Mikheenko, Dendritic flux avalanches in
a superconducting MgB2 tape, Supercond. Sci. Technol. 30, 125005, (2017)
For the first time, dendritic flux avalanches were observed in an MgB2 tape. The result
has technological value, raising the awareness of manufacturers and promoting MOI as
a technique to check the behaviour of such tapes. The result increases the number of
types of samples in which dendritic avalanches are observed. Many features of avalanches
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are found to be similar to those observed in thin films, but in the tape their threshold
magnetic field is much lower than predicted by theoretical models. I carried out the MOI
experiments and data analysis and I also wrote the paper.

PAPER 5: Y. Zhao, J. Chu, T. Qureishy, W. Wu, Z. Zhang, P. Mikheenko, T.
H. Johansen and J.-C. Grivel, Structural and superconducting characteristics
of YBa2Cu3O7 films grown by fluorine-free metal-organic deposition route,
Acta Mater. 144, 844 − 852, (2018)
MOI experiments were carried out as a complementary technique to micro- and nanostruc-
tural characterisations, in order to investigate the correlation between the nanostructure
and superconducting properties of YBCO films with planar defects. One sample had dom-
inant twin- and domain boundaries caused by defects in the substrate and some stacking
faults, whereas another had a high density of stacking faults, but no twins. Pinning was
much stronger in the latter sample, resulting in better superconducting properties of the
film. This result contributes to the understanding of how different kinds of planar defects
increase flux pinning in the films. I did MOI experiments in this work.

PAPER 6: T. Qureishy, J. I. Vestg̊arden, A. J. Qviller, A. S. Fjellv̊ag, J. M.
Meckbach, A. Torgovkin, T. H. Johansen, K. Ilin, M. Siegel, I. Maasilta and
P. Mikheenko, Energy of dendritic avalanches in thin-film superconductors,
AIP Adv. 8, 085128, (2018)
Energy of dendritic avalanches has, for the first time, been calculated using MO images.
It is a valuable procedure, because thermomagnetic flux avalanches are both common and
harmful to superconductors, and it is important to know how much energy is released
during an avalanche. A method for calculating the change in magnetic moment of a film
after an avalanche has occurred was also developed. Changes in energy and moment were
related to each other. My contributions are: MOI experiments, MATLAB calculations,
data analysis and writing most of the paper (excluding the supplementary material).

PAPER 7: A. J. Qviller, T. Qureishy, P. Mikheenko, Y. Xu, H. Suo, P. B.
Mozhaev, J. B. Hansen, T. H. Johansen, J. I. Vestg̊arden, Scaling behavior
of quasi-one-dimensional flux avalanches in superconducting films, ready for
submission to Phys. Rev. B
Dynamically driven, non-thermal flux avalanches in YBCO films have been investigated by
MOI. Power laws have been found in the distributions of length, area filled with magnetic
flux and the number of vortices involved in the avalanches. Finite size scaling, self-ordered
criticality and fractal behaviour were observed in the ensembles of avalanches. I carried
out the MOI experiments, assisted with depositing gold onto several samples and measured
the thickness of the deposited gold layers with scanning electron microscopy (SEM).

P. Mikheenko, H. J. S. Mollatt, T. H. Qureishy and A. Røyne, A graphene-
based technique for imaging thermomagnetic avalanches in superconducting
thin films, 2016 IEEE 6th Inter. Conf. Nanomat.: Appl. Prop. (NAP), IEEE
Xplore Digital Library 7757272 (2016)
A new method was developed for observing dendritic avalanches in superconductors. Dur-
ing low-temperature transport measurements of a YBa2Cu3O7−δ−SrTiO3−La0.67Ca0.33MnO3

(YBCO−STO−LCMO) sample covered in a layer of graphene, two thermomagnetic avalanches
had appeared while applying an electric current. The avalanches left traces of their den-
dritic structures in the graphene layer. It was found that graphene nano-flakes had been
removed in the traces of the branches in the dendrite. I performed the SEM analysis.

52



A. S. Fjellv̊ag, T. B. Hjelmeland, H. J. Mollatt, T. Qureishy and P. Mikheenko,
Interplay between spin polarization and superconductivity in an ex-situ bilayer
La0.67Ca0.33MnO3 - YBa2Cu3O7−δ, 2017 IEEE 7th Inter. Conf. Nanomat.:
Appl. Prop. (NAP), IEEE Xplore Digital Library 8190363 (2017)
Resistive and magnetic properties were investigated in a bilayer consisting of the super-
conductor YBCO and the colossal magnetoresistive material LCMO. Due to the different
nature of the two materials, there is a competition between magnetic and superconducting
ordering, resulting in an in-plane anisotropy of the resistivity and an unusual peak in the
resistance as a function of temperature appearing below Tc for YBCO. I contributed to
discussions and the manuscript writing. At an early stage in the project, I characterised
the sample with both MOI and SEM to get an overview, but the detailed images in the
paper were obtained later by other co-authors.

P. Mikheenko, T. Qureishy, F. Mercier, M. Jacquemin and M. Pons, Dendritic
flux avalanches in high-quality NbN superconducting films, 2017 IEEE 7th In-
ter. Conf. Nanomat.: Appl. Prop. (NAP), IEEE Xplore Digital Library
8190366 (2017)
Dendritic flux avalanches and their cascades were observed in high-quality NbN super-
conducting films by MOI. Such thermomagnetic instabilities appear in thin films with
multiple holes. Once an avalanche from an edge of the sample reaches the nearest hole,
the hole gets filled with flux and ejects new dendritic avalanches propagating towards
other holes, and so on. This is consistent with simulations and was also seen in previous
experiments. I contributed with MOI experiments.

H. J. S. Mollatt, T. Qureishy, A. Crisan, V. S. Dang and P. Mikheenko, Flux
channeling in YBa2Cu3O7 superlattices, accepted by 2018 IEEE Inter. Conf.
Nanomat. Appl. Prop. (NAP), (2018)
Unusual penetration of magnetic flux was investigated in YBCO−PrBCO superlattices.
Flux penetrates easily along a set of parallel and perpendicular lines. This was found
to be caused by sub-micron wide cracks in the film. Branches in the current-voltage
characteristics were related to flux motion in certain lines. I carried out the SEM imaging
in this work.
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Future analysis

The following is suggested for future analysis:

• Metal organic deposition using fluorine-free and low-fluorine solutions has proven to
be an excellent method for producing high-quality YBCO films. The fact that the
procedure is safe, environmental-friendly and inexpensive increases its importance as
a synthesis method. If one could apply this to curved surfaces, it would increase the
range of applications of the technique. For instance, it could be done by depositing
a thin YBCO layer on the surface of a pipe. It would suffice to cool down the YBCO
with liquid nitrogen, which is cheap and readily available, flowing through such a
pipe.

• In Paper 5, high-resolution transmission electron microscopy (TEM) was used for
characterising planar defects in films of YBCO described above. These results,
which characterise the samples on the nano-scale, were compared with MO images
and critical current density in the samples. Flux pinning at planar defects was
discussed. There are techniques that enable visualising individual Abrikosov vortices
using cryo-TEM. This could provide insight into pinning strengths and concentration
of vortices at individual planar defects in these films, which is important information
in addition to averaged values for many defects.

• Now that dendritic avalanches have been observed in an MgB2 tape (Paper 4),
it would be interesting to determine their propagation speed from voltage pulse
measurements. Another possibility would be to measure threshold fields for the
avalanches at different ramp rates.

• Flux creep is an important property of superconductors. Our newly developed
method for calculating stored magnetic energy U , which is explained in Chapter 4
and Paper 6, could be used for samples with strong flux creep. For instance, one
could perform MOI with sinusoidal ramping of the applied magnetic field Ha and
plot U as a function of Ha.

• A linear relation was found between losses in magnetic energy ∆U and magnetic
moment ∆m for large dendritic flux avalanches, using MO images as input, which is
presented in Paper 6 and Chapter 4. This relation could be used for estimating losses
in energy from jumps in moment observed with magnetometry at applied fields that
are too high for MOI. The relation could be greatly improved if the calculations
are used for abrupt flux jumps with a higher variation of shapes and sizes. With
dendrites of vastly different sizes, it would also be interesting to calculate the area
in which the temperature increases when they occur.
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