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Kurzfassung

Das Hauptziel dieser Dissertation ist die Erforschung von Flussverankerung in BaFesAs,
basierten supraleitenden Einkristallen und einkristallinen diinnen Filmen mittels unter-
schiedlichen experimentellen Techniken sowie die theoretische Beschreibung von diesem
Phé&nomen. Supraleitung kann entweder durch externen Druck oder durch Dotierung in
diesem Material hervorgerufen werden. Fiir diese Studie stehen hochqualitative Einkris-
talle zur Verfiigung. Die unterschiedliche Dotierung hat wesentlichen Einfluss auf die
supraleitende Eigenschaften der Kristalle, vor allem bei wichtigen Parameter wie die
Ubergangstemperatur 7,, die kritische Stromdichte .J,, das obere kritische Feld B und
das Irreversibilitatsfeld B;,.

Das Ziel der Dissertation ist, ein vertieftes Verstdndnis in die Eigenschaften der un-
terschiedlich dotierten Einkristalle zu bekommen und anhand der gewonnenen Infor-
mationen die Kristalle untereinander zu vergleichen. Um dieses Ziel zu erreichen, wer-
den gut etablierte Messmethoden aus dem Bereich der Supraleitung wie zum Beispiel
Magnetisierungs- und Transportstrommessungen angewandt. Die Letzteren sind fiir das
Bestimmen der Irreversibilitdtslinien in Einkristallen sowie die kritischen Stromdichten in
diinnen Filmen geeignet. Magnetisierungsmessungen sind vor allem bei der Bestimmung
von der Ubergangstemperatur und der kritischen Stromdichte in supraleitenden Einkris-
tallen niitzlich. Der Grund warum J. aus Magnetisierungsmessungen bestimmt werden
muss ist die Tatsache, dass makroskopische Transportstrome von iiber 1000 A fiir Proben
mit grofserem Querschnitt und hohen kritischen Stromdichten noétig wéren.

Winkelaufgeloste Magnetisierungsmessungen von Einkristallen sind besonders inter-
essant. Diese stellen gleichzeitig grofe Herausforderungen was die Auswertung der ex-
perimentellen Messergebnisse anbetrifft. Die grofste Schwierigkeit ist das Verdndern des
kritischen Zustandes fiir unterschiedliche Orientierungen im externen Magnetfeld. Zu-

sitzlich muss noch beriicksichtigt werden, dass die kritischen Stréome, im Gegensatz zu



Transportstrommessungen an diinnen Filmen, nicht nur eine vorgegebene Richtung ha-
ben. Dieses Messungsartefakt verursacht eine weitere Komplikation, ndmlich Stréme, die
variablen Lorentzkréiften ausgesetzt werden, je nach Orientierung des Kristalls und der
Stromschleifen zu dem angelegten Feld. Die korrekte Auswertung dieses komplexen Ex-
perimentes wird in dieser Studie erfolgreich durchgefiihrt und es werden zahlreiche hoch-
interessante Ergebnisse beziiglich der Anisotropie der kritischen Stromdichte in Einkris-
tallen sowohl im schwachen als auch im starken Verankerungslimit gewonnen.

Ein weiteres interessantes Forschungsthema sind die winkelaufgelosten Transport-
strommessungen an diinnen Filmen, vor allem wenn Drehungen um zwei aufeinander
orthogonalen Achsen moglich sind. So ein Messaufbau ermdoglicht eine extensive Studie
des Einflusses der Orientierung und Grofe der Lorentzkraft auf die kritische Stromdichte.
In dieser Dissertation wird der Fall von planaren Defekten in einem einkristallinen Diinn-
film erforscht. Die erhaltenen Ergebnisse ermoglichten das Postulieren eines Models fiir
die kritische Stromdichte in diesem Grenzfall, wobei nur ein einziger Parameter bendtigt
wurde.

Ein weiterer Punkt der von Interesse ist, ist der Einfluss von artifiziellen Veranke-
rungszentren auf die supraleitenden Eigenschaften der unterschiedlich dotierten Einkris-
talle. Dies ist vor allem deswegen wichtig, da das Optimieren der Flussverankerung in
supraleitenden Materialien fiir deren Relevanz fiir technologische Anwendungen eine ent-
scheidende Rolle spielt. Bestrahlung mit schnellen Neutronen stellt eine Moglichkeit dar,
eine isotrope und stark verankernde Defektstruktur in den Supraleitern zu erzeugen. Ei-
ne umfassende Studie der Effekte dieser Bestrahlungstechnik auf T¢, J., By, By, wurde
durchgefiihrt, zahlreiche wichtige Ergebnisse wurden erzielt, unter anderem die bis dato
hochste gemessene kritische Stromdichte in einem BaFesAs, basierten Einkristall (nach

dem besten Wissen des Autors).



Abstract

The main goal of this PhD thesis is the study of flux pinning phenomena in BaFesAs,
based superconducting single crystals and single crystalline thin films through various ex-
perimental techniques and their theoretical description. Superconductivity in this system
is induced either by applying pressure or by doping. High quality crystals with different
dopants are available for this study. The difference in the dopant has a profound impact
on the various superconducting properties of the crystals, especially benchmark values
such as the transition temperature 7, the critical current density J., the upper critical
field By and irreversibility line B;,.

The aim of the thesis is to obtain insight into the properties of the differently doped
crystals and to compare them to each other. In order to achieve this objective, established
techniques within the field of superconductivity such as magnetization and transport mea-
surements will be utilized. The latter are useful for the determination of the irreversibility
line of bulk samples as well as the critical current densities in thin films. Magnetization
measurements, on the other hand, can be utilized in order to establish the transition
temperature as well as J. in single crystals. The reason why J. has to be evaluated from
magnetization measurements are the high macroscopic currents which can reach values
above 103 A for crystals with a large cross section and high critical currents.

Angle-resolved magnetization measurements on single crystals are of particular inter-
est. They represent a significant challenge with regard to the evaluation of the experimen-
tal results. The main difficulty is posed by the changes in the critical state for different
orientations in an external applied field. Furthermore, the supercurrents do not flow in
the same direction during magnetization measurements as is the case in thin films during
transport measurements. This leads to the additional complication of currents exposed
to variable Lorentz forces depending on the orientation of the sample and the current

loops with regard to the applied magnetic field. The proper evaluation of this complex



experiment is performed successfully within this study, revealing highly interesting results
regarding the anisotropy of the critical current density in single crystals in the weak and
strong pinning limits.

Another intriguing research topic are angle-resolved transport current measurements
on thin films involving rotation along two axes orthogonal to each other. Such a setup
allows a thorough study of the influence of the direction and magnitude of the Lorentz
force on the critical current density. In this thesis, the case of pinning by planar defects
in a single crystalline film was examined. The obtained results allowed the establishment
of a scaling model for the critical current density in this pinning scenario by using a single
parameter.

One further point of interest is the influence of artificial pinning centers on the su-
perconducting properties of the individual single crystals. This is an important facet
particularly when considering the suitability of a given material for technological appli-
cations. Fast neutron irradiation enables the creation of an isotropic and strongly pinning
defect structure in the crystals. A thorough study was subsequently carried out on T¢, J,
B.s and the irreversibility line B;,, which returned multiple valuable results, among them
the highest, to the author’s knowledge, critical current densities in a BaFesAs, based

superconductor measured until the present day.
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Chapter 1

Introduction

The discovery of superconductivity at a temperature of 26 K in the iron-based compound
LaO;_,F,FeAs (x = 0.05-0.12) (1111 system) by Kamihara et al 1] brought enthusiasm
and renewed vigor to the superconductivity community. Scores of new iron-based su-
perconductor families were discovered in a matter of months, among them the so-called
pnictides. The name ‘pnictides’ is used for chemical compositions which include one of the
elements from the 5™ group (N, P, As, Sb, Bi) as the anion. Among the most promising
of the iron-based superconductors is the BaFeyAs, family (Ba-122 system). The parent
compound is typically doped with different dopants |2, 3, 4, 5]. As of the present moment,
transition temperatures of almost 40 K have been attained in potassium-doped Ba-122
system [3], while upper critical fields B., above 100 T also have been reported for the
same superconductor [6]. The 122 system also shows a very moderate B., anisotropy
v = %;23 of less than 2 at low temperatures |7, 8]. This is in stark contrast to the higher
T, cuprate superconductors which typically show v of over five. The combination of these
physical properties makes this material a very interesting research topic not only in terms
of fundamental physics, but also in view of possible technological applications. The Ba-
122 family is of great interest due to its very high upper critical fields and also relatively
cheap production costs. There have already been reports of very high critical currents in
wires with Ba-122 based superconductors [9]. Additionally, there are high hopes that the
new discovery could also provide new insight into the long-standing question regarding
the theory of high-temperature superconductivity.

One of the main research areas covers the phenomenon of flux pinning in the Ba-122

family. It is of crucial importance to applications in particular due to its paramount im-
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portance for achieving high critical currents. Accordingly, a lot of effort has been invested
into examining the influence of doping and introducing artificial pinning centers by par-
ticle irradiation [10, 11, 12, 13, 14] on the flux pinning properties of the Ba-122 family.
The introduction of a pinning landscape into a superconductor can influence its funda-
mental parameters, including the transition temperature, critical current density, upper
critical field and irreversibility line. A careful study is necessary in order to quantify
these changes. While polycrystalline materials are required for the fabrication of super-
conducting wires, cables and tapes, it is important to understand flux pinning within a
single grain first before the problem of granularity can be tackled. This is made possible
by the production and subsequent study of high-quality Ba-122 single crystals and single
crystalline thin films. The effects of doping, the introduction of artificial pinning centers
and the sample geometry (bulks or thin films) within the Ba-122 family are analyzed in
this thesis.
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Chapter 2

Theory

2.1 Type-1 and type-II superconductors

The differences between type-I and type-II superconductors are examined in detail by
Abrikosov [15] within the framework of the Ginzburg-Landau theory [16]. Iron-based
superconductors, like all technologically relevant superconducting materials, are type-II
superconductors. The main difference between type-I and type-II superconductors, easily
observed in simple magnetization curves (M — H curves), is their respective interaction
with a magnetic field. The former exhibit an ideal diamagnetic behaviour (magnetic
susceptibility x = —1), also known as the Meissner-Ochsenfeld effect [17], shielding the
externally applied field almost entirely. The field can only penetrate the superconductor
within the so-called magnetic penetration depth A when demagnetization effects are ne-
glected. This behavior holds with increasing applied field H, until the critical field H., is
reached, when an abrupt drop in the magnetization M is observed, indicating that the
sample is no longer in the superconducting state (see Fig.2.1(a)). However, this ideal
curve cannot be achieved for real samples due to their finite geometry. For a real type-I
superconductor, the demagnetization factor D changes the effective field and forces a
flux penetration into the superconductor. The magnetization curve is altered as a re-
sult (see Fig. 2.1(b)). A new state called the ‘intermediate state’ is introduced. The
Ginzburg-Landau theory predicts that the only stable solution to this physical problem
is represented by an array of alternating superconducting and normally conducting re-
gions in the superconductor. The first experimental proof of the intermediate state was

provided by Meshkovsky [18]. Multiple experimental results subsequently showed the
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existence of a lamela-like structure [19, 20, 21| when a type-I superconductor is in the

intermediate state.
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Figure 2.1: Magnetization of an ideal (a) and real (b) type-I superconductor in an external
applied field

Type-II superconductors also have a Meissner phase where the whole volume of an
ideal type-II superconductor, with the exception of the London penetration depth, is
shielded if an external magnetic field is applied. However, this behavior no longer per-
sists over the whole phase diagram, even for an ideal sample. The magnetic flux enters
these materials at a material-dependent field called the lower critical field H.; without
destroying superconductivity in the whole volume of the sample. The flux penetrates the
superconductor in the form of flux lines, which are typically aligned in a hexagonal lattice
[22] in the case of a clean type-II superconductor. The individual flux lines can move
freely through the sample when a force is applied on them (for instance Lorentz force Fy,)
if there is no mechanism to pin them down. The magnetization curve of a clean type-II
superconductor can be observed in Fig. 2.2. Superconductivity persists in the sample up

to an upper critical field H., and the magnetization is reversible.

The reason for the different behavior of the two superconductor types is found in

the phase boundary energy per unit area o, (‘ns’ denotes normally conducting and
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Figure 2.2: Magnetization curve of a clean type-II superconductor

superconducting). With the help of the Ginzburg-Landau parameter x

K= (2.1)

A
£
where £ is the coherence length, it is possible to examine whether building an additional
phase boundary is energetically advantageous. 0,5 can be calculated for the the two
extreme cases of Kk << 1l and k >> 1, 1. e. £ >> X and £ << A, respectively. The

following solutions are obtained:

H 2
Ons = 1.89§u076,f0r k<<1 (2.2)

Ons = —1.1)\/L0HTC2,fOI" K>>1 (2.3)
Concurrently, the term becomes zero for k = \/Li = 0.707. This means that supercon-
ductors with a very low s have to use up energy when a new phase boundary between
normally conducting and superconducting regions is created. By contrast, when & is
rather high, it is energetically favorable to maximize the boundary area. Therefore, mag-
netic flux penetrates type-II superconductors as flux lines, thus balancing between the
energy gained (phase boundary energy) and lost (condensation energy in the volume
permeated by flux).

Typically, the mixed state of a type-1I superconductor spans a significantly larger
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region than its Meissner state. The upper field limit is given by He(7T) (or Be(T))

which can be calculated from the following equation:

o

Bell) = o)

(2.4)

where ¢y = 2.07 - 107'° Wb is the elemetary flux quantum. Subsequently, £(T') can be

§(T) = \/ #L(T) (2.5)

Since it is difficult to obtain By (T) at low temperatures due its rather high values, £(T')

expressed directly from Eq. 2.4:

can be estimated with the help of a fit function of the following form:
E(T) = €0 K)(1 —¢17)7"? (2.6)

where t = % is the so called reduced temperature.

2.2 Bean model of the critical state

The previous section describes ideal type-II superconductors and their fundamental dif-
ferences to type-I superconductors. An ‘ideal’ type-II superconductor is a clean one, i.
e. there are no crystallographic defects such as dislocations, planar defects, substitute or
missing atoms, among others. The consequence is that flux lines can move freely within
the sample, resulting in a reversible M (H) dependence (see Fig. 2.2). However, in reality
it is common that there are crystallographic defects present in the superconductor which
can pin the flux lines. In a real superconductor, i. e. in the presence of randomly dis-
tributed crystallographic defects which pin the flux lines, if a sufficiently small current is
transported through the sample in the presence of an applied field orthogonal to the cur-
rent (see Fig. 2.3), then the resultant Lorentz force is compensated by a volume pinning

force Fy (or Fy):

—

ﬁL = jX g = _FV (27)
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Figure 2.3: Graphic representation of a clean type-II superconductor (left) and one with
pinning centers (right) [27]

This equilibrium is described as the critical state of a type-II superconductor by Bean
[23] and London [24]. They suggested a single physical magnitude, namely the critical
current density J. which depends on the material and is used to calculate the mag-
netization in a superconductor. The Bean model, named after its creator, states that a
constant critical current density, independent on the magnetic induction B, flows through
a superconducting sample once the so-called Bean penetration field H* has been reached.
Fig. 2.4 illustrates a cross-section of a superconducting sample and the resulting magnetic
profile inside the sample for an increasing applied field (left panel) and the current den-
sity distribution (right panel). The magnetic induction inside the superconductor shows
a linear decrease from the outermost parts of the sample towards its innermost point.
The magnetic flux penetrates into the center of the sample when H* has been reached.
A further increase in H, merely shifts the magnetic profile upwards without changing J..
In case of a reversal of the applied field by a total of 2- H*, the magnetic profile inside the
superconductor is also completely reversed. The Bean model, coupled with the definition

of the magnetic moment m, can be applied to calculate J. for a known m:
— ]' — =
m = 5/7‘ x J(r)dV (2.8)
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Figure 2.4: Bean model of the critical state (figure taken from the original publication

[26])

where 7 is the distance vector and V is the volume where the current flows through.
For a cuboidal sample with the sides a,b and ¢, volume V = abc, where the applied

field H, is parallel to ¢, the following equation |25] shows how to calculate J.:

4 irr
L= |m—‘b,a > b (2.9)
Vb(1l—3-)

where |m;,,| represents the magnitude of the irreversible magnetic moment resulting from
the currents flowing within the sample. This well-known relation is valid when the cur-
rents flowing along a and b are isotropic (J* = J?). An extension of the model is necessary
when considering cuboidal samples which do not display isotropic currents (J # J°) [28].
Analytical solutions can be found for an |m;,| caused by a current distribution within

the cuboidal sample described previously, with J* # J? and H, || c:

4 irr J&
Jg = ‘m b‘ Jay g Z _Cb (210)
V(L= g55) b

Equation 2.10 can be easily adjusted in case the condition § > % is not fulfilled and one

obtains:
4| mi| a J®
Jb = <= (2.11)
¢ w JbN b
Va(l— 530 b
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The Bean model is a simple, yet very useful theoretical explanation of flux penetration
into a type-II superconductor. It provides the backbone for the evaluation of J. from
magnetization measurements. The setups used for these experiments are discussed in

detail in Sec. 4.1.2 and 4.1.3.

2.3 Transport critical current density

It is necessary to tackle the theoretical understanding of critical currents when a macro-
scopic transport current flows through the superconductor. In this case, the upper limit
of J. is the so called depairing current density Jy, provided from the Ginzburg-Landau

theory:
Po

 3v3A2%

This is the transport current density at which the Cooper pairs are broken and supercon-

Ja (2.12)

ductivity is destroyed in the sample. However, this theoretical limit cannot be obtained
in real materials. In reality, the pinning properties of the superconductor determine the
practically achievable current densities. It is necessary to consider the interaction between
vortex matter and a transport current flowing through the superconductor to explain this
phenomenon

When no external field is present, the flux lines in the superconductor are created by
the transport current-induced magnetic field. They cannot move as long as the available
pinning force is sufficient to compensate the Lorentz force. This equilibrium holds if the
current is not higher than a certain value at which Fy, exceeds the pinning force. This
limit is the definition of J. in terms of transport current measurements. Once J > J,
the flux lines start flowing through the superconductor and an electric field is caused.
In reality, though, even if the applied current is relatively low (J << J.) there is still
another available mechanism for displacing a flux line: thermal activation [29]. This
means that a flux line can be depinned due to the finite thermal energy and moves
through the superconductor, preferably in the direction of the Lorentz force, causing a
very small electric field E. This regime is known as ‘thermally assisted flux flow’. As
the current increases, the flux lines start creeping under the influence of the increasing
Lorentz force on them since the pinning force is no longer sufficient to hold them in place.

The jumps against the Lorentz force are negligibly few. As a result, the flux lines start
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to move in the direction of Fp, thus a finite voltage U o« E can be measured as the so
called ‘flux creep’ regime settles in. However, superconductivity is still not destroyed
at this point. In case the current becomes larger than J., the flux lines flow freely
through the superconductor (‘flux flow regime’) until Jy is reached. At this point the
sample is no longer superconducting. It is worth noting that it is not straight-forward to
experimentally access the whole phase diagram E(.J) of the three individual regimes. The
biggest problem stems from energy dissipation in the form of heat in the superconductor
during the flux creep regime. This can cause a rapid change in temperature and bring it
above T..

The evaluation of J. from transport current measurements, which links theory with

experiment, is presented in Sec. 4.2.1.

2.4 Anisotropy of the upper critical field

The previous two sections cover one of the main features of type-II superconductors,
namely the critical current density. Another important facet of these materials is the up-
per critical field B.,. The classical, low temperature (7, < 20 K) type-II superconductors
such as NbTi and NbSngs have B.s which are nearly independent on the orientation of
their crystallographic structure to an applied magnetic field. Therefore these materials
are known as ‘isotropic’ superconductors. However, there have been reports of materials
with clear anisotropic behavior of B, as early as 1976 [30]. The discovery of the cuprates
[31] gave new prominence to this phenomenon due to the strongly anisotropic By of these
materials. To understand the root for this strong anisotropy, it is necessary to examine
the crystal structure of these materials. The cuprates, as well as the pnictides, are lay-
ered materials where superconductivity takes place in the Cu-O or Fe-As planes, also
known as the ab-planes. The axis perpendicular to the latter is called the c-axis. These
crystallographic differences lead to pronounced variations of the Fermi surface properties
such as the Fermi velocities [32], depending of the orientation of the applied field. While
there are many previous studies on this phenomenon, the feature of particular interest is
the difference in the upper critical field in the main orientations: H, || ab and H, || c¢. Tt
is well known that the pnictides and cuprates have nearly isotropic properties in the ab

planes, therefore the case H, || ¢ is rather straightforward and the respective B., = BY,
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can be calculated using Eq. 2.4:

o %
Ball) = o e, ) 213)

where &, is the coherence length within the ab-planes. When H, || ab, the currents
confining the flux lines flow not only within the Fe-As planes, but also along the c-axis.

In this configuration B, = B% and the mathematical equation is:

ab _ qu
B (T) = 2o TEn(T) (2.14)

where &, is the coherence length along the c-axis. Having written down the equations
which define the upper critical fields in the main orientations, it is possible to define an
anisotropy parameter 7. It is given by the following equation:

_ B_gg fab

yi=2 =22 2.15
Bc2 50 ( )

This parameter has an important role when applying various scaling approaches to

data from angle-resolved experiments.
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Chapter 3

Samples

3.1 Single crystals

BaFeyAse-based superconducting single crystals with different dopants were researched in
this thesis. The basic properties of this system are examined in the following paragraphs.
The crystal structure of the parent compound at room temperature is shown in Fig. 3.2.
It has a tethragonal structure at room temperature which undergoes a transition to
orthorhombic at about 140 K [49]. BaFeyAs, has a c-axis of about 1.3 nm. Further
details on the crystallography of the parent compound can be found elsewhere [49].

There are two ways of inducing superconductivity in BaFeyAsy. The first method
involves applying pressure (bottom panel of Fig. 3.1) [33, 34, 35, 36, 37|, while the second
one is based on doping (top panel of Fig. 3.1) [2, 3, 4, 5|. Either way, a phase transi-
tion from antiferromagnetism to superconductivity is observed at low temperatures (see
Fig. 3.1).

Three different types of doping exist, depending on the doping site and valence of
the dopant. Electron-doped materials include Ba(Fe;_,Co,)2Ass and Ba(Fe;_,Ni,)aAs,
since Co and Ni have a higher valence than Fe. They have transition temperatures 7; of
about 25 and 21 K respectively. Electrically neutral doping can also induce superconduc-
tivity in this material, for instance when As is replaced by P. Finally, the highest T; is
obtained when hole doping is performed, for example when Ba is substituted by K. This
compound was first reported by Rotter et al., with a transition temperature close to 40
K. Additionally, an upper critical field B% (0 K) of over 100 T has been surmised [6] for

the K-doped system.
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The single crystals which were analyzed in the course of this thesis comprised all
three doping types. Multiple optimally doped Ba-122 single crystals with either Co,
P or K doping were provided by the National Institute for Advanced Industrial Sci-
ence and Technology (AIST), Tsukuba, Japan. The samples were synthesized via the
self-flux method [44, 45, 46]. The nominal chemical compositions of the crystals are
Ba(Feg.94Co0.06)2As2, BaFea(Asy7Po3)e and BaggKg4FesAsy. An examination with an
optical microscope showed that the crystals had very nice growth, nearly perfect cuboidal
shape which is in good agreement with the compounds’ tethragonal crystal structure at
room temperature, indicating an excellent crystal growth. A typical crystal with the
dimensions 2.31 x 1.78 x 0.184 mm? is shown in Fig. 3.3. The shiny black surface is
almost as smooth as glass. This is another indication for a good crystal growth. The
lateral dimensions of the crystals were determined with an optical microscope. Next, the
density of each material is calculated by using the known elementary cell dimensions and
nominal doping levels. The mass of each crystal is measured with a micro-gram scale,
therefore it is easy to calculate the total volume. Since the lateral dimensions are known
already, it is straightforward to calculate an average thickness for each single crystal.
This parameter did not show big variations (resolution of an optical microscope) due to
the excellent crystal growth. The absolute precision of the geometric dimensions is about

1-2 pm.

In total, there were 16 available high-quality crystals. Table 3.1 shows the ones which
took on a more prominent role in this work, introducing the nomenclature which will be
used throughout it as well. The name of the individual crystal contains the dopant. V'
denotes the volume of the crystal, a,b and ¢ are the sides. A detailed crystallographic
study on the Ba-122 family can be found elsewhere [49].

As an example for the good quality of the crystals, Fig. 3.4 shows the remanent Bean

profile in a K-doped single crystal at 10 K, obtained by micro Hall mapping.

3.2 Thin films

Besides single crystals, a single crystalline Co-doped Ba-122 thin film, provided by IFW
Dresden, was studied. A photograph of the film can be seen in Fig. 3.5(a). The lateral
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Figure 3.1: Phase diagram of the Ba-122 system (from [38]). The top panel shows the
emergence of superconductivity with doping, while the bottom panel reveals the effect of
applied external pressure on the parent BaFesAsy compound.

Sample | V (mm?) | @ (mm) | b (mm) | ¢ (mm)
Co#1 0.153 2.38 0.836 0.077
Co#3 0.34 2.018 0.914 0.182

Co#4 0.76 2.31 1.78 0.184
P#1 0.50 2.54 2.25 0.088
P#2 0.164 2.61 0.67 0.094
K#4 0.06 1.7 0.568 0.06
K#5 0.36 1.85 1.5 0.129

K#5; 0.016 0.88 0.46 0.04

Table 3.1: Nomenclature of the single crystals examined within the thesis
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Figure 3.2: Crystallography of the Ba-122 parent compound

Figure 3.3: An enlarged image of the Co-doped Ba-122 single crystal Co#4 (dimensions
available in Tab. 3.1
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Figure 3.4: Hall scan of the remanent magnetic profile in a pristine K-doped single crystal
at T— 10 K
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dimensions of the superconducting bridge (blackish hue) are 0.585 x 0.877 mm?. The
length of the substrate is 10 mm. The film’s nominal composition is Ba(Fep9Cog 1)2Ass.
Pulsed Laser Deposition (PLD) was used to deposit a buffer Fe-layer with a thickness of 15
nm onto a MgO substrate. The superconducting film is subsequently deposited via PLD
onto the Fe-layer and has a thickness of about 80 nm [50]. A thin (several nanometers)
Au-Pt layer protects the superconductor, in particular against excessive humidity.
Transition electron microscopy studies performed on a separate film which had been
prepared under the same conditions revealed the presence of planar defects along the

ab—planes (Fig. 3.5(b)). Their role with respect to flux pinning is elaborated in Sec. 5.1.

Figure 3.5: (a) An optical image of the Co-doped Ba-122 thin film; (b) A TEM picture
(performed by E Reich, IFW Dresden) taken parallel to the a-axis which reveals planar
defects aligned with the Fe-As planes of the film
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Chapter 4

Experiment

4.1 Magnetometry

4.1.1 Susceptibility measurements in a 1 T SQUID

AC susceptibility measurements in a 1 T SQUID are suitable for determining the tran-
sition temperature of the available single crystals. A magnetic field amplitude of 0.1
mT was used for the measurements. Unless otherwise stated, the sample is mounted
with its c-axis parallel to the applied field. The starting temperature is several Kelvin
lower than the expected T, for the respective compound. The temperature is ramped
upwards in predefined steps. A very good temperature stability is needed for precise T
measurements. To that end, the measurement sequence pauses for five minutes after the
temperature has been stabilized to the desired value. Subsequently, the AC susceptibility
is measured and the sequence continues with the next temperature step.

Different criteria can be used for the evaluation of 7.. These include the onset of
superconductivity 7°"* mid-point T/™¢ and inflection tangent T criteria. Also, the
transition width can be determined from 7'%% — 79% = AT., where T'°% and T9°% are
the respective temperatures at 10% and 90% of the maximum response signal. A broader
transition indicates stronger inhomogeneity in a superconductor. Fig. 4.1 illustrates a
real measurement evaluated in accordance to the individual criteria. In this particular
measurement, 75" is nearly identical to 72", that is why only 7" is labeled in the
figure. A combination of T2 and AT, is used in this thesis when evaluating the AC

susceptibility measurements. In the following sections T, = 72",
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Figure 4.1: An example for the evaluation of the AC susceptibility measurement on a
single crystal

The 1 T SQUID is also suitable for establishing the so called shielding fraction vy, of
a superconductor. This paramater describes the quotient ‘Z} of the volume Vj shielded
by the Meissner currents and the physical volume V' of the superconductor. For an ideal
single crystal, it is expected that vg, = 100% = 1. In reality, the shielding fraction
is rarely 100% due to surface degradation/inhomogeneities which lead to a reduction
in vg,. Nevertheless, this is a good test to establish whether a crystal is of sufficiently
high quality. In this work, all crystals show vg, > 90% and most of them eclipse 95%.
It is important to keep in mind that vg, shows only the shielded volume, which means
the actual superconducting volume is not accessible by this measurement. The usual
procedure to determine vy, involves a measurement of the Meissner slope. The amplitude
of the AC field is ramped step-wise (0.01 mT steps), typically from 0.01 to 0.2 mT. In
the Meissner phase, the applied field is shielded from the inner of the superconductor
(lambda notwithstanding) (see Sec. 2.1):

B = po(Hy+ M+ Hy) =0 (4.1)

where FIS is the stray field. It can be estimated if D which depends on the geometry of
the crystal and its orientation to the external applied field is known. The magnetization

can be expressed via the measured magnetic moment and returns M = {#. The equation
s
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can be rewritten to:
m(l — D)

Vo= —7p

(4.2)

Having calculated V4, it is easy to use the already known physical volume and calculate
vgn. The experiment is typically performed for the smallest possible D, therefore the
crystal is mounted in the configuration H, || ab. For the available crystals, the resulting

demagnetization factor is about 0.1 in this orientation.

4.1.2 Magnetization loops in a 7 T SQUID

Additionally, a 7 T SQUID is available for establishing J. in the main orientations (H, ||
ab, ¢) from magnetization loops. The latter are a standard technique for determining J,
in superconducting single crystals. Magnetometry is usually the only way to access this
quantity in bulk samples due to the large macroscopic currents necessary to reach J;
(exception: crystals structured via Focused Ion Beam (FIB) [52] where transport current
measurements are also possible). The main advantages of the 7 T SQUID are the high
applied field and its high measurement precision. The Reciprocating Sample Option
(RSO) of the 7 T SQUID returns m with an absolute precision of about 107! Am?. The
maximum external field of 7 T allows the evaluation of magnetization measurements on
crystals with large Bean penetration field B* of up to a few Tesla. However, the 7 T
SQUID has some limitations when it comes to measuring very high magnetic moments.
For instance, the RSO cannot record magnetic moments above 1.25 - 1072 Am?. This
nuisance is solved with help of standard DC (Direct Current) measurements which allow
precise measurement of moments up to about 1072 Am? |53].

The standard procedure when measuring magnetization loops starts with cooling down
the sample at zero field to the desired temperature. After that, a negative field larger
than 2 - H* is applied to the crystal. Subsequently, the field is set back to zero. As
a result, the crystal is fully magnetized (see Sec. 2.2). The applied field is now at 0.
Next, H, is incremented step-wise and the magnetic moment is measured at each field
until the maximum applied field, typically 7 T, is reached. This segment of the loop will
be referred to as the increasing field branch or my. After this, the field is reduced to
zero, measuring m at the the same field steps as in m,. A sample of loops at different

temperatures is presented in Fig. 4.2. The region immediately after the reversal of the
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field direction shows how the inversion of the magnetic profile in the superconductor
affects the magnetic moment (see Sec. 2.2). The profile is fully reversed after the external
field is changed by 2 - H*. The region between the maximum of the applied field H**
and H' — 2. H* cannot be used for the evaluation of J. since the current does not flow

uniformly in the crystal at this stage.
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Figure 4.2: Magnetization loops at different temperatures after zero-field cooling

In case of a very large penetration field (above 3 T), it is advantageous to perform field
cooling at -7 T from a temperature above T.. After the desired measurement temperature
has been reached, the field is then increased step-wise to 7 T and the magnetic moment is
recorded at each step. This method is useful since only 1- B* is needed to fully magnetize
the whole crystal instead of 2 - B*. As an example, a field-cooled measurement on a
Ba-122 single crystal with particularly high signal is shown in Fig. 4.3. When comparing
Fig. 4.2 and Fig. 4.3, it becomes apparent that m_ is located in the fourth quadrant in
both cases, while m_ is in the first or third quadrant respectively. Please note that the
magnetic moment is steadily negative in magnetization loops performed according to the
described field cooling procedure, therefore m_ has a negative value, but the direction of
the self-field is still parallel to the applied field.

The strong drops in magnetization at certain fields which are visible in Fig. 4.3 result
from so called flux jumps [41, 42|. This phenomenon is typically observed in larger samples
with very high currents. The change in B causes a change in the force exerted on the

flux lines, which can occasionally result in a spontaneous depinning of flux lines which
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Figure 4.3: Magnetization loops at different temperatures after field-cooling at 7 T

in turn causes an avalanche-like reaction and the entire superconductor is permeated
by magnetic flux. A careful look at the measured magnetic moment shows a non-zero
signal after each individual flux jump, albeit sometimes very small. This is in contrast to
the zero signal measured immediately after the field-cooling to the desired temperature.
Since the re-magnetization of the sample has already started in between the two field
steps, the flux jump can only have taken place in-between steps as well. One way to try
and prevent flux jumps is to use a smaller field ramp rate and a smaller step size when
performing the magnetization measurements, while reducing the volume of the crystal
can also be useful.

Both of the aforementioned measurement modes allow a simple, direct calculation of
mir(H,) using the two segments of the curve m, (H,) and m_(H,). This leads however
to the dependence of the irreversible magnetic moment on the external applied field H,,

while ideally one would like to calculate a dependence on the magnetic induction B:
B = pio(H, + M + H) (4.3)

where Hg is the self-field of the superconductor. Hg is caused by the critical currents
flowing through the crystal and its influence on B is particularly strong when both J. and
V' are large. The evaluation of Hg is based on the Biot-Savart law and can be performed

automatically using a computer program [43].
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4.1.3 Angle resolved magnetization loops in a vector Vibrating

Sample Magnetometer

Another device for magnetization measurements is the vector Vibrating Sample Magne-
tometer (VSM) [39]. The main advantage of this device is that both components of the
magnetic moment (parallel and orthogonal to the applied field H,) are recorded by two
sets of Malinson coils [40]. The sample periodically oscillates within the coil system with
an amplitude and frequency which are set prior to the measurement. The temperature of
the cryostat can be varied down to 2.2 K, while the superconducting magnet can reach
fields of up to 5 T and is oriented transversally to the sample rod’s symmetry axis.

The VSM can measure magnetic moments up to about 2- 1073 Am? at an amplitude
of 1.5 mm. Since the VSM measures an induced voltage via the Malinson coils which is
then converted into magnetic moment, it is possible to measure even higher moments if
the amplitude is reduced, because the induced voltage is proportional to the amplitude
of the oscillation. The noise level in the VSM is about 10~7 Am?, distinctively higher
than in the 7 T SQUID, but this is usually not significant since most crystals have a
large volume of about 0.5 mm?® and high critical currents, resulting in typical magnetic
moments exceeding 1-10~* Am?.

The VSM can be used for magnetization measurements (loops) similar to the 7 T
SQUID (see Sec. 4.1.2). One notable difference (besides the lower available applied field)
is the fact that the external field in the VSM is not set step-wise, but is rather swept
at a fixed rate (0.15 T/h) and the two magnetic moments are recorded during the field
sweep. 1" typically deviates by about +0.02 K during the measurement. Such fluctua-
tions are negligible for most of the temperature range. They become significant only at
temperatures close to 7.

The VSM is equipped with two stepper motors. The first one is used for the vertical
alignment of the sample. The aim is to position it precisely between the two Malinson
coil sets. The second one rotates the sample rod, making it possible to measure the
dependence of m on the angle ¥ between the applied field and the c-axis of the single
crystals. Prior to the start of a m(J,T, B) measurement, it is necessary to establish
the starting position of the VSM rotating motor. This objective can be fulfilled by
completing magnetization loops at different ¥ and searching for the position where the

parallel component of the magnetic moment reaches its minimum while the orthogonal

43



component disappears entirely. This occurs when the crystal is in the orientation H, || ab
according to the definition of the magnetic moment (see Eq. 2.8). As a result, the position
¥ = 90° has been determined. Care has to be taken during the procedure that the crystal
is always uniformly magnetized, therefore it is advantageous to position the crystal at
higher temperatures ¢ ~ 0.8 — 0.9.

With help of the vector VSM, it is possible to evaluate the anisotropy of the critical
current density in a single crystal via magnetization measurements |54|. The supercur-
rents were found to flow parallel to the ab-planes up to ¥ = 75° because of the high
aspect ratio of the crystal geometry (typically a > 2b > 10c¢). When 9 # 0°, currents
(J.) flowing under maximum Lorentz force (perpendicular to H,) and currents flowing
under variable Lorentz force (JY“") have to be distinguished. Both current densities were
evaluated by applying the anisotropic Bean model (see Sec. 2.2) to the data of two sub-
sequent measurements. During the first measurement, the sample was mounted with the
rotation axis 7 of the VSM parallel to a. This means that J,. flows parallel to a and JY:F

- to b, respectively. According to Eq. 2.10 and 2.11 the irreversible magnetic moment

My 1S given by:

JVb(1 — 3%%) a J,
M| (1 || @) = 3 2 i (4.4)
C
In the case § < JJJL—F, the expression changes to:
TV Va(l — &2 J
il ) o) = ST @ (w.5)
4 b J)

The sample was then remounted with r parallel to b. In this configuration, a and b have
to be exchanged in the above expressions. J. and JY™" can be extracted from the two
measurements and these equations.

Je. and JYM are typically not equal. The reduced Lorentz forces usually result in
higher currents. This difference can cause an interesting feature, namely two individual
H*. The penetration field is dependent on the current density, the geometry of the single
crystal and its orientation in the external field. Fig. 4.4 shows two separate measurements,
with r parallel to either a or b, at the same angle ¥ = 75°. The difference in the magnitude
of the magnetic moment components from one figure to the other is easily explained. The
stronger current JY™ flows along a > b in the configuration illustrated in Fig. 4.4(b)

which causes the larger signal.
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Figure 4.4: Sample curves from the VSM with r parallel to either a (left panel) or b (right
panel) for Z(H,,c) = 75°

A comparison of the respective regions immediately after the reversal of the field
(H, between 5 and 4.5 T) shows that two individual ‘H*s’ are cleary visible in the left
panel, while the feature is indistinguishable in the right panel. In Fig. 4.4(a), JY'" > J,
flows along b and in Fig. 4.4(b) - along a. Even though the problem of the anisotropic
Bean model and in particular the resulting current profiles have already been studied
extensively [55], this is an unexplained feature and presents an interesting topic for further
research. It does not represent a problem for the evaluation of the critical current density
from the magnetization loops.

The VSM measurements are evaluated in a similar manner to the ones performed in
the 7 T SQUID. The only major difference in the evaluation is the fact that Hg is no
longer necessarily parallel or anti-parallel to H,, depending on ¥. An extension of the
available evaluation software takes this into account and allows the extraction of J.(B,v).
It is worth noting at this point that the variable direction of the self-field means that the
angle 9 does not coincide with the angle BZc—axis at all applied fields. In particular
for crystals with strong self-fields, the difference is quite large (several tens of degrees)
at high 9. This has to be considered when plotting evaluated data from angle-resolved
measurements.

In case the irreversible magnetic moment is not large (small sample size, low currents),

the background signal becomes relevant and has to be accounted for during the evalua-
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tion. The first factor which has to be considered are unwanted vibrations of the system,
particularly the coils. They can completely distort the measured signal. Therefore great
care is taken to ensure that no incident collisions with the cryostat take place during the
measurement. Additionally, the upper part of the systam which includes the vibrator is
connected to the cryostat with a special brass piece which dampens the vibrations and
does not transfer them onto the coil system. Background signal can also be caused by
the crystal itself, the sample holder and rod, as well as by the teflon tape and silicon strip
holding the sample in place during the measurement. All materials involved in the sample
placement have very low susceptibilities (x =~ 0) and do not cause a large signal. The
crystals are of high quality and show almost no reversible background signal in measure-
ments above T, which indicates the absence of excess iron (a common occurrence in low
quality iron-based superconducting single crystals). Most of the measurements carried
out on the available Ba-122 samples showed irreversible moments above 10~*Am?, while
a typical background signal amounts to several 10"®Am?, therefore the latter is negligi-
ble. In the few cases when the background was in the order of magnitude of my,, it was
estimated via a hyperbolic tangent fit through the measurement data and accounted for

during the evaluation procedure.

4.2 Transport current measurements

4.2.1 6 T system

Transport current measurements in the 6 T setup are used to establish J. and T in the
thin film. When measuring the transition temperature, a small current should be selected
to protect the film on one hand and to prevent excessive heating which would falsify the
results, on the other hand. The measurement was therefore performed with a transport
current [ = 1 pA. The temperature as measured by a Cernox censor positioned close to
the film decreases from 35 to 15 K with a ramp of 12 K per hour. The voltage drop across
the bridge in the film is measured by a standard four-probe method. The electric contacts
were made via pogo pins, with small indium pads inserted between the surface of the film
and the pin to protect the sample from mechanical damage and to improve conductivity.
Two current and two voltage leads are thus placed on the surface of the film, which is

the basis for the four-probe measurement technique. The leads are intertwined pair-wise
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Figure 4.5: Evaluation of T, of a Co-doped BaFe;Ass from a resistive measurement

in order to prevent induction voltages caused by the ramping or change in polarity of
the current. The physical parameter which varies with temperature is the resistivity p.
The change in the measured voltage is proportional to the change in the resistivity. The
recorded U(T) curves can therefore be used for the evaluation of 7.

There are multiple available criteria for the evaluation of 7, similar to the ones
described in Sec. 4.1.1. They include the onset of superconductivity, mid-point, tangent
criterion, zero resistivity and so on. In this case a sample evaluation is shown in Fig. 4.5,
where T2 and 7™ are self-explanatory and the transition width AT, is also calculated
from the difference between U%% — [J10%,

The setup includes a 6 T split-coil magnet in a gas flow helium cryostat. Three
current sources are available, ranging from 5 nA to 150 A. The currents are limited to
below 1 A in case of the available thin film due to the combination of a small cross-section
(=~ 0.08 x 500 pm?) and the expected J. of about 1-10'" Am~2.

A two-axes goniometer is used for measuring the critical current density as well as the
transition temperature [56]. It has two rotation axes which are orthogonal to each other
(see Fig. 4.7, the two rotation angles are called ¢ and ), allowing multiple measurement
configurations. The maximum current which can be transported through this sample rod
is 5 A, therefore it suits the requirements of the particular film. Fig. 4.8(a) shows the

standard out-of-plane configuration where the transport current / is orthogonal to H, at
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all positions and only the orientation of H, to the c—axis changes. Fig. 4.8(b) displays
a so-called variable Lorentz force (VLF) measurement where H, changes its orientation
with respect to both the c—axis of the film and also to /. The latter results in a non-
constant magnitude of the resulting Lorentz force, thus the name variable Lorentz force
measurements. A special case of the VLF configuration occurs when 6 = 90°. In this
position, only the magnitude of F}, changes with ¢ since H, is parallel to the ab-planes
for all angles ¢. This configuration represents a so-called in-plane scan (Fig. 4.8(c)).

The measurements include recording I — V' curves at different temperatures, applied
fields and sample orientations. A Hall sensor mounted on the sample rod allows moni-
toring the rotation along the ¢ axis. Tracking the precise position of the film when it
is rotated along the f-axis represents a bigger challenge due to the lack of a hall probe
on the sample stage. It is therefore necessary to establish the starting position 6 prior
to inserting the sample rod in the cryostat. An optical alignment of the sample stage
with a precision of about 1° is possible. The stage is rotated by a stepper motor which
exhibits good reproducibility (in the range of a few hundreths of a degree) of the rotation,
allowing multiple measurement cycles without removing the rod from the cryostat.

The evaluation of J. from the I — V' curves is based on a power-law fit through the

acquired data. The fitted function has the following form:

I\"
U= Uc (T) + Uoffseta (46)

where U, = 0.08uV is the voltage criterion calculated by multiplying the electric field
criterion E. = 1% with the distance between the voltage leads (about 0.8 mm), I. is
the critical current = J.A (A is the cross-section of the superconductor) and n is the
so-called n-value of the power law fit. The parameter Uygee; describes a constant offset
voltage caused by the temperature gradient between the voltage leads and their different
chemical potential. Fig. 4.6 shows an evaluated I — V curve where I, =~ 29.7 mA,n =
18, Ustrset = 0.33 V. Due to the large amount of data recorded during the measurements,
an automatized procedure is necessary to evaluate all data sets in a reasonable time
frame. To this end, a Python script was created which used the fitting functionality of
the graphical plotting interface Gnuplot [57]. The user has to provide the correct U, as
well as an estimated value of I, and n to begin the evaluation procedure. A maximum of

1000 iteration steps are allowed per fit in order to avoid infinite loops which could occur,
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Figure 4.6: I, evaluation via power-law fit

for instance, if the superconductor quenches during the measurement. The quality of
the power-law fit is dependent on the whole curve and not only on the transition region.
Due to the low currents necessary (below 1 A), there is no significant rise in temperature
caused by contact resistance between the current leads and the superconductor or by
heating of the current leads themselves. Warming up the sample could result in a baseline
voltage signal prior to the transition, which in turn eschews the values obtained for I.
and particularly n. In such a case it is possible to use a log-log representation of the
data and place a fit only through the transition region. The has a linear form and its
crossing point with U, returns ., while its slope represents the n-value. Since the film
examined during the course of this thesis showed beautiful I —V curves without notable
baselines, it was possible to apply the power-law fit without causing a significant error
in I. or n. This choice was made since the parameter of interest, J., varies only slightly
depending on the evaluation method. Additionally, a previous version of the evaluation
software based on the power-law fit was already available, therefore it was considerably
less time-consuming to adapt it than to create a new routine which uses a fit in a log-log

representation.
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Figure 4.7: Rotation axes in the two-axes goniometer

(a) MLF configuration (b) VLF configuration (¢) In-plane scan configuration

Figure 4.8: Different configurations for the two-axes goniometer measurements
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4.2.2 17 T system

The main drawback of the 6T setup introduced in the previous subsection is its limited
maximum applied field. In particular the high B.; of Ba-122 based single crystals neces-
sitate the availability of huge applied fields in order to measure B, from T; all the way to
almost 0 K. Although there was no access to such extreme magnetic fields, a 17 T setup
is present and can be used for measuring B.,, even if the temperature range is limited.
The limitations are dependent on the maximum upper critical fields of the individual
crystals.

The measurement system has a hybrid NbTi-NbsSn magnet which can reach fields of
above 17 T, whereby the field range between 15 and 17 T is accessible only if the helium
bath in which the magnet is immersed is undercooled to about 2 K. As a result, the
maximum applied field for the B., measurements is 15 T. Resistivity measurements at
different fields are performed to obtain the respective transitions to the superconducting
state. The experiments are based on a standard four-probe configuration. Due to the
relatively small size of the crystals (typical lateral dimensions of 2 X 2 mm?), it was
necessary to create an adapter which could be used for placing the electrical contacts
on the sample without causing mechanical damage or structural decomposition to it.
Ideally, one would require good electrical contacts with minimal pressure exerted on the
crystal’s surface and no usage of chemical solvents. Therefore, indium press contacts are
a good option since they provide both protection for the sample and excellent electrical
conductivity due to indium’s high ductility at temperatures in the range of a few K. The
adapter is shown in Fig. 4.10. The single crystal mounted on it is P#2, its geometry is
given in Tab. 3.1.

The measurements were carried out at 15 T, 12T, 10 T, 8 T, 6 T, 4T, 2T, 1 T, 0.5
T, 0.25 T and 0 T. The field of the superconducting magnet is parallel to the sample rod
used for the experiment. It is necessary to perform two separate measurement cycles to
obtain the resistive transitions for both H, || ab and H, || ¢. The temperature is ramped
very slowly (10 K per hour) so that the crystal has basically the same temperature as
the Cernox censor placed right next to it. The transport currents which are used for the
resistive measurements are in the range of 1-5 mA, therefore small enough to prevent
heating up the crystal.

The evaluation of the respective upper critical fields is based on a resistivity criterion.

o1



0.0016

15T ——
0.0014 %g¥ 77777 o
0.0012 g¥ o
N 0.001 421¥ L
S o.0008 L
0.0006 028$ I
0.0004 ggz):%rﬁ\e/;g)rg ,,,,,,,,,,,
0.0002

T(K)

Figure 4.9: Sample resistive transitions and the evaluation criteria used to obtain B,
and B;,; in the particular orientation

Typical values are 90% and 10% of the resistivity a few Kelvin prior to the onset of
superconductivity. The 90% criterion was used in this study. A further parameter can
be evaluated from the same transitions, namely the irreversibility line Bj.,. Since these
experiments involve transport current through a superconducting single crystal which un-
dergoes a transition to the superconducting phase, it is possible to use the same criterion
E.. as in Sec. 4.2.1 and obtain the field and temperature at which the crystal can carry
only a negligibly small critical current density, i. e. J. ~ 0. This is an important parame-
ter since, in contrast to classical low-temperature superconductors, the irreversibility line
and the upper critical field can have distinctively different values. A sample evaluation

of the two magnitudes from a set of resistive transitions is shown in Fig. 4.9.

4.3 Fast neutron irradiation

The fast neutron (£,) irradiation is performed in a TRIGA Mark-II reactor situated in the
Atominstitut, Vienna University of Technology. This is a well-established technique for
the creation of an uncorrelated defect structure in a superconductor and multiple studies

have been carried out on different superconducting materials (cuprates |58, 59, 60, 61],

NbsSn [62, 63], MgB, (64, 65], BiaSryCay,—1CuyOgnyat [66], pnictides [10, 67, 68]). It is
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Figure 4.10: Connection adapter used for resistive measurements in the 17 T' setup

not possible to experimentally establish the exact size, number and position of the cre-
ated defects since the samples are radioactive after the irradiation which makes a TEM
(Transmission electron microscope) study extremely difficult and time-consuming. The
small number of successfully performed TEM studies on fast neutron irradiated supercon-
ductors suggest that the defects have radia of up to several nanometers in cuprates and
MgB, [58, 65]. Monte Carlo simulations show that defects ranging from point defects to
cascades are expected [69]. The defect density is also not easily calculated. It is depen-
dent not only on the neutron fluence but also on the sample’s chemical composition, with
no data being available for pnictides to the knowledge of the author. Previous studies on
cuprates[69] have shown that the resulting defect density (given in m~3) is roughly equal
five m~! times the fast neutron fluence (given in m=2).

The superconductors are placed in a quartz tube prior to the insertion in the reactor
core. Additionally, a nickel foil is inserted in the same tube. It provides information
about the actual fast neutron fluence ®; experienced by the samples. The nickel foil is
activated by the fast neutrons and Ni subsequently decays into Co-58 and Co-60 which
are well-known y-emitters. The resulting v emission from the two Co isotopes, together

with the time eclipsed after the start of the irradiation and the mass of the nickel foil can
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be used to calculate the fast neutron fluence to which the foil and the crystals inside the
quartz tube have been subjected.

The irradiated samples are safeguarded in a specially designed safe in an isotope
storage chamber. The material used for the construction of the safe is lead and its door is
several centimeters thick to reduce the radiation dosis. The irradiated samples are kept
in a closed glass which also contains silica gel as means of protection against potential

damage caused by humidity.
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Chapter 5

Results and discussion

5.1 Critical current anisotropy of the Co-doped BaFe;As,
thin film

The available superconducting thin film is well-suited for measurements in the 6 T setup.
Firstly, it is important to establish the transition temperature and compare it with lit-
erature as a criterion for the quality of the superconductor. The measurement returned
a T2 of about 26 K as well as a AT, of about 1.6 K. These figures compare well
to measurements on films with similar chemical composition and structural architecture
[50].

The next objective is to establish J.(T, B, ¢, ). The selected measurement tempera-
tures are 20, 18, 15, 12, 10, 8 and 5 K. The applied fields are 6 T, 3 T, 1 T, 0.5 T and
0.1 T for all temperatures except 20 K. Since 20 K is already close to 1, J. is rather low
even for small fields. Therefore, the maximum applied field at this temperature was 0.5
T. B is nearly identical with the puoH, since the superconducting bridge has a very small
cross section and the self-field resulting from the transport current is in the region of a
few tenths pT. The obvious exception is if the applied field is 0.

The available measurement configurations as regards ¢ and 6 have already been pre-
sented in Sec. 4.2.1 (see Fig. 4.8). The most basic and well-established configuration is
the maximum Lorentz force anisotropy measurement, graphically shown in Fig. 4.8(a).
The evaluated J.(T, B, p,0 = 0) can be seen in Fig. 5.1 for "= 15,10 and 5 K.

The curves show two maxima which coincide with the positions H, | ab (¢ =
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Figure 5.1: J, anisotropy in the Co-doped Ba-122 film at different temperatures and fields
in the maximum Lorentz force configuration
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Figure 5.2: Anisotropy of the critical current density in the main orientations for different
fields and temperatures

90° and 270°). The only exception is observed at 5 K and 6 T, where the whole curve is
shifted by about 5 degrees. A hall probe mounted parallel to the p-axis shows that the
rotation of the sample rod did not deviate from the expected course. This means that
the most probable cause for the shift in the .J. curve is a slight movement of the film
itself in-between measurements. It is well-known that J. is anisotropic in Ba-122 thin
films due to the anisotropy 7 of B [50, 71]. In optimally doped Co-doped Ba-122, v is
about 2 at low temperatures [8]. Bearing these facts in mind, it is interesting to plot the

anisotropy of the critical current density:

_ J(H, | ab) )

Jo(Ha || ©)

Fig. 5.2 shows n for different temperatures and fields. It is obvious that n changes
drastically with temperature and field. This behavior can be easily explained when the
anisotropy of B.; and the presence of the planar defects are considered. The upper
critical field for H, || ¢ is reached first and superconductivity is destroyed, therefore
J(Hy || ¢, T) = 0, while J.(H, || ab,T) # 0. Therefore the high n at high temperatures
and fields can be traced back to the anisotropy of the upper critical field. The low field

behavior is also easy to understand. The value of n at 0 T is 1 by definition and increases

with field. The larger  at 20 K and 1 T is due to the relative proximity to 7, and
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respectively low upper critical field. The remaining temperatures show similar values of
7 up to 1 T. The fact that all temperatures besides 20 K have basically the same 7 at
an intermediate field (1 T) is interesting since both v and the irreversibility fields vary
greatly within the observed temperature range. It is fairly reasonable to suggest that the
planar defects which are parallel to the ab-planes and were revealed by TEM studies (see
Sec. 3.2) are the dominant factor for the behavior of 7 up to this field. The behavior of
7 at higher fields such as 3 and 6 T and temperatures below 15 K is a combination of
the temperature dependence of the irreversibility fields and the presence of the planar
defects. They act as anisotropic pinning centers, i. e. the flux lines are pinned more
efficiently when they are parallel to the defects. In addition to the planar defects, the
effect of intrinsic pinning of the flux lines between the Fe-As planes has to be considered
as a possible cause for the observed effect. In Co-doped Ba-122, the lattice parameter
¢ is about 1.3 nm [3], while £(0 K) ~ 1.2 nm [8]. What’s more, the radius of the flux
lines grows with temperature in accordance to Eq. 2.6. It is therefore highly unlikely
that the flux lines will be pinned efficiently between the Fe-As planes, which would lead
to a suppression in the condensation energy (this effect is known as intrinsic pinning).
In addition, the influence of the planar defects is also revealed in the dependence of
J.(H. || ab) on B shown in Fig. 5.3. The curves are nearly constant for B up to 1
T, while a well-pronounced dependence on B(B < 1 T) has been reported previously
[50]. Another interesting feature is observed in Fig. 5.1. The maxima of the critical
current at ¢ = 90° & ¢ = 270° do not have the same magnitude. When comparing the
magnitudes of the two peaks in .J; in Figs. 5.1(a)- 5.1(c), the one at ¢ = 90° is steadily
higher. Similar effects have been reported for cuprates [70] and can be traced back to
the different surface barriers in the orientations ¢ = 90°&y = 270°. In one case, the
Lorentz force acting on the flux lines points to the Fe-buffer layer, while in the other
it is directed towards the Au-Pt protective layer. The former is true for ¢ = 90° and
higher critical current densities were measured in this orientation. It is conceivable that
the reason for this effect is rooted in the different contributions to the pinning of the flux
lines of the two surface layers. The Fe-buffer has to be extremely smooth (nm-scale) to
enable a homogeneous film growth. This simultaneously creates a very efficient surface
barrier for the flux lines within the film. Therefore, when the Lorentz force points in

the direction of the buffer layer it is able to use the barrier as a pinning site, resulting
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Figure 5.3: J.(¢ = 90°) at different fields and temperatures

in an increased J.. By contrast, the surface layer of Au-Pt is placed simply as means of
physical protection, therefore there is no necessity for a smoothness comparable to the
one of the Fe-layer. As a result, pinning is expected to be less efficient when the Lorentz
force points to the Au-Pt layer and indeed a lower J. is obtained in this orientation
(p = 270°). The observed effect increases with B(B < 3 T) and is more pronounced at
low temperatures. This finding is rather interesting since Harrington et al. report that
while the difference in the peaks does become more pronounced at lower temperatures,
it peaks at about B = 0.18 T, contrary to the observations for the Ba-122 thin film. One
possible explanation for this difference is the fact that the Ba-122 film examined in this
thesis is single crystalline, while the YBCO-based film studied by Harrington et al. is
polycrystalline. Additional research is needed to clarify the exact reason for the observed
behavior in the Ba-122 film.

After the completion of the scans in maximum Lorentz force (MLF) orientation, the
critical current density is established in variable Lorentz force (VLF) configurations.
These measurements are performed at several constant ¢ angles (¢ = 0°,12.5°,25°, 45°,60°, 75°)
and variable 6 at the same temperatures and fields as the MLF scans. For ¢ = 0°, § = (°
corresponds to H, || ¢ and § = 90° - to H, || ab as well as H, || I. The results for several
temperatures and s at 1 T are shown in Fig. 5.4. It is clear that J; increases with rising

@ for 8 # 90°. Interestingly, at & = 90° the curves collapse onto the same point. This
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Figure 5.5: In-plane scan at 15 K and different fields

is not expected, since the Lorentz force becomes 0 at ¢ = 90°,6 = 90° and is not zero
for the other ps. The in-plane scans provide further insight into this seemingly illogical
result. In this configuration, only the magnitude of Fj, is varied and not the orientation
of the applied field to the crystallography of the film. A typical result of an in-plane
scan is shown in Fig. 5.5 where the red lines mark the positions for which Fy, = 0. The
orientation of the Lorentz force is steadily perpendicular to the ab-planes, it is only the
magnitude that changes. The results are striking. No Lorenz force-free peaks emerge
which is in contrast to previous results on anisotropic superconducting thin films (based
on cuprate superconductors) which show clear force-free peaks [72]. Complicating mat-
ters further are two maxima which emerge at high fields (3 and 6 T) but at seemingly
arbitrary positions in terms of the Lorentz force. They are positioned about 45° away
from the force-free positions and are 180° apart. A very simple explanation would be a
slight geometric misalignment caused by a tilt of the superconducting film with respect
to the MgO substrate as well as inaccuracy in the 6 alignment. As already explained
previosly, the starting position of the angle 6 is determined optically with a precision of
about 1°. Moreover, private communication with the group which fabricated the film
revealed that the film is expected to have a tilt of up to 0.5 degrees in the [110]-direction.
A total tilt of about 1.5° is therefore plausible. To examine whether this misalignment

can cause peaks of the magnitude observed in Fig. 5.5, a highly magnified image around
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Figure 5.6: Highly zoomed-in image around ¢ = 90° at 15 K and 6 T

@ =90°at 15 K and 6 T is plotted in Fig. 5.6. The peak in both figures has approximately
the same value of 2.7x10% Am~2. The minimum in the in-plane scan has a value of about
2.3x10® Am~2. The next step is to locate the positions in the MLF scan where these
J.s are measured. Fig. 5.6 shows that the peak is extremely sharp and that the critical
current drops to from 2.7 to about 2.1 x10% Am~2 after rotating ¢ by just 2 degrees.
A linear interpolation between the individual data points reveals that J. decreases from
its maximum to 2.3 x10® Am~2 when ¢ is approximately 1.5° away from the position
where H, || ab. This finding shows that the peaks observed in the in-plane scan are most
certainly related to a geometric misalignment of the superconducting film. However, the
bigger question still remains: Why are there no force-free peaks in this sample. The
search for an answer to this riddle starts with the examination of the Lorentz force and
in particular of its vector character.

F1, was already defined in Sec. 2.2. Having already observed the strong J. anisotropy
in MLF scans, resulting from the anisotropic pinning centers in the film, it is sensible to
write down the Lorentz force in two components which are either parallel or orthogonal
to the ab-planes of the superconductor. To this end, it is necessary to elaborate on the
difference between the coordinate systems of the cryostat and the film itself. The rotations
take place along axes which are fixed to the cryostat as shown in Fig. 4.7. The labels of
the cryostat coordinate system are zyz. It is relatively straight-forward to calculate the

Lorentz force in this coordinate system. The following equation shows Fr, in dimension
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force per length (I. corresponds to the critical current):

0
k. =1.B cos 6 (5.2)

—sin psinf

Note that the Lorentz force is 0 per definition along the z-axis since B || z. However, it
is obvious that the crystallographic structure of the film does not remain fixed to these
coordinates during the anisotropy scans, therefore a transformation to a film coordinate
system is necessary to break down the Lorentz force as desired. The vectors ey, e; and e

(see Fig. 4.7) can be expressed via the two angles 6 and ¢:

—sinp cos ¢ sin 6 cos p cos 6
e = cosp |, e = | sinpsinf |, e =] sinpcosf |- (5.3)
0 cos 6 —sind

The introduction of a coordinate system fixed to the sample allows expressing the com-
ponent of the Lorentz force which is parallel to the ab planes (in-plane Lorentz force) in

dependence of 6 and ¢:
—sing
FL|| = —I.Bcosa cos ¢ (5.4)
0

where a/H,, c and cos a := cos ¢ cosf. The absolute value of the in-plane component of
the Lorentz force is:

F' = —I,Bcosa (5.5)

This result means that the angular dependence of the in-plane Lorentz force is reduced
to the angle . This finding becomes very intriguing in light of the in-plane scan results.
In this configuration 8 = 90, therefore Fﬂ = 0 due to cosa = cospcosf = 0. This
means that the critical current in the film remains unchanged (if geometric misalignment
is neglected) when FIH = 0. Expanding this idea further, it is tempting to consider
the notion that J. depends solely on the in-plane component of the Lorentz force in all
configurations. To prove the validity of this approach, it is useful to map the results of all

scans in MLF and VLF configurations to a and plot the results for different temperatures
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Figure 5.7: Dependence of the critical current density on « for different temperatures
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and fields. Two examples at different fields and temperatures are shown in Fig. 5.7.
The mapping of J. to a functions remarkably well. In essence, this is the final and
most telling confirmation that J. depends only on the orientation between the applied
field and the crystallographic structure of the film. This effect can be described as one
dimensional pinning behavior, with the sole dimension of importance being a [51]. A
further conclusion is that the out-of-plane Lorentz force F} is completely compensated
by the planar defects, which are by far the strongest pinning centers in the film.

An alternative approach to the a-scaling is presented by Tachiki and Takahashi in the
case of pancake vortices in layered superconductors [73]. However, pancake vortices are
not expected in the examined film since the ratio between the lattice parameter ¢ and
the radius of the flux lines is too low. In addition, the data from the MLF scans does
not follow the predictions of the model when scaled to the out-of-plane component of the
magnetic field B+ = Bcos(p). J.(B') is shown in Fig. 5.8. For fields below 1 T, the peak
values of the critical current density collapse onto a single point, which is in contradiction
to the predictions of the Tachiki/Takahashi model. This finding does however support
the argument that the current limiting mechanism is the in-plane Lorentz force. As the
field increases, the J, value at the peak decreases, thus the B+ scaling loses its validity.
The reason is the increasing effect of vortex-vortex interaction. These considerations

provide ample arguments in favor of the « scaling since it is independent on the density
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magnetic field at 10 K

of vortices and is derived purely from geometric considerations.

The results obtained from the measurements on the superconducting thin film pro-
vided the first milestone result within the thesis. The extreme case of highly anisotropic
planar defects in a thin film led to the observation of a one-dimensional pinning behav-

ior, whereby J. is limited merely by the in-plane component of the Lorentz force and is

independent on the magnitude of its out-of-plane component.

5.2 Critical current anisotropy in Ba-122 based super-

conducting single crystals

The previous section showed the anisotropy of the critical current density in a single
crystalline thin film based on a Co-doped Ba-122 superconductor and its one dimensional
pinning behavior. The presence of planar defects caused the unique effect. It is also
well-known that a wide variety of pinning defects result from the growth process of a
thin film [74]. It is therefore rather difficult to draw conclusions regarding the role of a
particular defect class unless it has a contribution as dominant as for instance observed
in Sec. 5.1. However, there is another sample class beside thin films which allows the

characterization and examination of flux pinning within a single superconducting grain:
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single crystals.

Numerous studies on the critical current density in differently doped Ba-122 based
superconducting single crystals have been performed already [10, 11, 13, 14, 100]. Yet
there is one important link which is missing, namely the critical current anisotropy. Due
to the very high currents necessary to achieve J. in single crystals, transport measure-
ments are almost impossible (with the exception of FIB structured crystals [52]). Even
though magnetization measurements are a long-standing and well-established technique
for determining J. in bulk superconductors, there has been no quantitative study on the
dependence of the critical currents on the orientation of the applied field to the orien-
tation of the crystal. This is made possible in this work by a combination of the vector
VSM and an evaluation procedure which takes into account the effects of variable Lorentz
forces and the changing orientation of the self-field. The following paragraphs provide
details on the results and conclusions drawn from the experiments.

The special properties of the VSM were already described in detail in Sec. 4.1.3. The
first task is to prepare suitable crystals for the angle resolved measurements. The quality
of the available Ba-122 samples was excellent, but there are additional requirements
which have to be met. These are connected to the application of the anisotropic Bean
model. It is imperative to properly evaluate the critical current density flowing under

JYUF) in the crystal. Please note that, as

maximum (.J;) and variable Lorenz forces (
already mentioned previously, the currents flow steadily within the ab-planes for a broad
angular range up to ¥ = ZH,,c ~ 75° for a = b = 10c. This is a purely geometric
effect and was first shown for isotropic superconductors in an earlier result [75]. It is also
confirmed for Ba-122 crystals. This finding is of paramount importance since it reduces
the evaluation procedure to the ‘pure’ anisotropic Bean model without any tilting of the
current loops. Such a tilt is problematic for two reasons. First, the calculation of J. from
My becomes more complicated since there is no longer a closed expression. This hurdle
can be tackled, but the second problem is much more difficult to solve. It concerns the
currents flowing along the c-axis (J¢) which would come into play if the current loops
were tilted. J¢ is usually lower than the currents flowing within the ab-planes in layered
superconductors. Its presence adds a third current (beside J. and JY™'), which makes

a proper evaluation of the separate current densities nearly impossible. Therefore, the

evaluation region is restricted in accordance to the individual crystal’s geometry.
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The pristine crystals have distinctively different flux pinning characteristics. The
transition temperatures were all close to the maxima reported for the respective doping
type (see Sec. 5.3.1). Basic measurements at v = 0° were first carried out which provide
information regarding the critical current within the ab-planes without any influence of
variable Lorenz forces. The results for the three different optimally doped crystal types
are shown in Fig. 5.9. Several interesting features are revealed by these figures. The
Co- and P-doped crystals show a second peak in the critical current density, while the
K-doped sample does not. This effect is called the ‘fishtail’ effect and is caused by an
order-disorder transition of the flux line lattice |76, 77, 78, 79]. This phenomenon has
been studied extensively, therefore only a brief description is provided in the next few
lines. At low fields, the flux lines in the Co- and P-doped crystals are ordered in a nearly
perfect hexagonal lattice, i. e. in the configuration which is energetically most favorable
as calculated by Abrikosov. This state remains unchanged until a certain number of flux
lines in the crystal is reached which corresponds to a specific magnetic induction known
as Bopset- From then on, the flux line lattice no longer has a nearly perfect hexagonal
shape over the whole cross-section of the crystal. Instead, individual flux lines are pinned
to defects within the superconductor and the lattice is disordered. In an interesting
twist, the K-doped crystal does not show a fishtail effect, while J. is also much lower
at higher temperatures and fields in comparison to the other two crystals. These two
points suggest that this particular crystal type has a weak pinning landscape, regulated
by small, point-size defects. The distinctive rise of J. with decreasing temperature can
be explained with two individual arguments. First, the thermal activation of flux lines is
much weaker at low temperatures as a result of the decreasing thermal energy. Both large
(nm-scale) and small (point-like) defects have to compensate the same thermal energy at
a given temperature. Point-like defects have lower pinning energy due to their smaller
size, therefore they are less effective when higher thermal energies are present. As the
temperature decreases, they become more efficient in compensating thermal depinning
to the reduced thermal energy. An addditional argument can be considered since & also
decreases with decreasing temperature. At the same time, the radius of the pinning
centers can be observed as nearly constant. This means that as 7' goes down, each
pinning center saves a larger portion of a flux line’s volume, i. e. the pinning energy of

each center increases, leading to a larger J,
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The weak pinning behavior in the K-doped crystal, in combination with the moderate
v of the compound, raises some very intriguing possibilities with respect to scaling of
the critical current density. A well-known scaling approach was suggested by Blatter,
Geshkenbein and Larkin (BGL) [80] for weak collective pinning in the special regime of
single vortex pinning. The following scaling factor €(1J) is typically used to scale the

magnetic field B:

(V) = \/7—2sin2(19) + cos?(V) (5.6)

The basic idea of various scaling approaches is to derive the angular dependence of further
superconducting properties by means of simple rules |80, 81|. For instance, the magnetic
field B has to be replaced by €(¢)B in any function of B, in particular in J.(B). Current
scaling is less obvious than field scaling since it is closely related to the problem of the
statistical summation of elementary pinning forces. Quantitative solutions of this problem
are only available in a few limiting cases, for instance for weak collective pinning. It was
found that no current scaling is needed in the single vortex pinning regime, hence pure
field scaling is sufficient to describe the angular dependence of .J. in this case [80]. This
approach has been frequently used [82, 83, 84, 85| although neither the magnitude of the
currents nor their field dependence fit the predictions of weak collective pinning theory.
However, as pointed out at the beginning of the section, these studies have been carried
out on thin films and not on single crystals. For the first time ever, it is possible to apply
the scaling approach to J. in single crystals with a much better defined defect structure.

The K-doped single crystal most likely fulfills the criteria set by the BGL approach.
Now, the experimental side has to be tackled. One important requirement which has to
be met is related to the geometry of the crystal. Since there is no data on the influence of
variable Lorentz forces in Ba-122 based single crystals, it is important to ensure that the
crystal has distinctively different lateral dimensions, i. e. a ratio of a = 30 is preferable.
This is necessary in order to apply the anisotropic Bean model as described in Sec. 2.2.
To complete this objective, a K-doped crystal was cut into 2 parts with a scalpel. One
of the resulting pieces is K#4, where a =~ 3b (see Tab. 3.1). It is now possible to perform
magnetization loops on the crystal according to the procedure described in Sec. 4.1.3.
Fig. 5.10(a) shows J.(9) at different fields with 7" = 25 K. The curves show a steady
increase with ¥ which is an expected result of the anisotropy of B.,. To check whether

a pure field scaling approach can be applied to this single crystal, it is necessary to
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Figure 5.10: J.(9) of K#4 at 25 K and different fields (left panel) and application of pure
field scaling to the results (right panel)

calculate € first. The parameter v can be either fitted, extracted from literature or, in the
best case scenario, established for the crystal in question. The latter option was possible
with help of resistive measurements and an extrapolated value for v ~ 2.2(T = 25 K)
was found. Detailed results from the resistive measurements are available in Sec. 4.2.2.
Having determined the scaling parameter €, the scaling of J.(eB,1) is straight-forward
and the results at 25 K are shown in Fig. 5.10(b). The scaling functions reasonably
well, considering the fact that the approach is based on the limiting case of single vortex
collective pinning.

The successful application in the case of weak collective pinning is, however, merely the
first step. Of much greater interest are materials that exhibit strong pinning, particularly
since they are of relevance for technological applications. Therefore, the next crystal
analyzed is Co#1 which exhibited a well-pronounced fishtail effect at all temperatures
(see Fig. 5.9(a)) indicative of a stronger pinning in comparison to the K-doped crystal.
Showing the angular evolution of the second peak effect in .J. is another highly intriguing
(and thus far unexplored) feature. Once again, the measurements were carried out in
the vector VSM and evaluated in accordance with the anisotropic Bean model. A three-
dimensional representation of the fishtail evolution at 7" = 17.5 K is shown in Fig. 5.11,
where the shift in the second maximum’s position is shown with a straight line in the xy-

plane of the figure. Please note that here the angle ¥ = Zl-fa, c is replaced by v = g, c
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Figure 5.11: Angular evolution of the fishtail effect in a Co-doped Ba-122 single crystal
at 17.5 K

in the plot. The effect is easily observed at very low fields where Y5 shows a strong drop
towards 0° as anticipated. The graph reveals two interesting features. Firstly, the fishtail
peak shifts to higher fields with increasing ¥'5, which is expected when thinking along the
lines of pure field scaling. It is plausible that reducing the field from B — €B as suggested
by such an approach would align the maxima. However, it is obvious that the maximum
changes not only its position, but also its magnitude. J, at the second maximum decreases
with increasing Y. This cannot be accounted for by pure field scaling, since reducing
the field simply shifts the J. curves but does not change their magnitude. Two figures
help illustrate this conundrum. Fig. 5.12(a) shows the critical current density at different
fields and T" = 17.5 K for varying 9 ( ¢ ~ g for ugH, = 0.5 T). The shift of the
second maximum causes an inverse anisotropy in J.: The critical current decreases with
¥ for fields up to about 3 T. At higher fields, an apparent crossover is reached where
J. first rises and then drops with ). This effect could in theory be explained by the
presence of the fishtail and its expected shift to higher fields with ¥. These results are
complemented by applying pure field scaling on the results for this crystal. The parameter

v =~ 2.3(T = 17.5 K) was determined from resistive measurements. The curves become
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Figure 5.12: J.(0) of Co#1 at 17.5 K and different fields (left panel) and application of
pure field scaling to the results (right panel)

approximately parallel to each other, but they do not collapse onto a single curve. It is
apparent that pure field scaling is not sufficient to explain the angular dependence of J.
in this single crystal. To complicate matters further, the nature and shape of the defects
which are responsible for pinning cannot be surmised, while the presence of an order-
disorder transition makes it even more difficult to provide a quantitative description of
the observed effect.

The deadlock from the previous paragraph may be solved if an isotropic pinning land-
scape overrides the original defect structure in the crystal. Fast neutron irradiation is
a viable option for creating the necessary landscape (see Sec. 4.3). The resulting defect
structure consists of spherical defects with radius up to several nanometers distributed
randomly within the crystal. An additional effect from the irradiation is the disappear-
ance of the second maximum in J. since the flux line lattice is now disordered at all
fields. Finally, the introduced pinning landscape enables the analysis of the strong pin-
ning limit. A further Co-doped crystal, Co#3, was irradiated to a fast neutron fluence of
5.5 x 10*! m~2. Following the irradiation, the critical current rises distinctively, while the
inverse anisotropy already observed in the case of the pristine Co-doped crystal perseveres
as shown in Fig. 5.13(a).

Since there is no longer a second maximum in J;, the inverse anisotropy of the critical

current at low fields must have another origin. To explain this result, the interplay
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Figure 5.13: J.(¥) of Co#3 at 17.5 K and different fields (left panel) and application of
both field and critical current scaling to the results (right panel)

between the pinning landscape in the single crystals and the flux line lattice in both
limits is considered. While weak pinning (by point-like defects) dominates in the pristine
K-doped crystal, a shift to strong pinning (by nano-sized spherical defects) induced by
the fast neutron irradiation is observed in the irradiated sample. The angular variation of
the coherence length £(9) = &,pe(0) (Fig. 5.14(a) and Fig. 5.14(d)) [81, 86], together with
the finite size (similar or larger than the coherence length) of the strong pinning centers,
imply an angular dependence of the pinning energy E, o< E.rqé&(¥) [68], where E, and
rq denote the (isotropic) condensation energy density and the defect radius, respectively.
Note that the elementary pinning force is independent of angle since f, ~ E,/¢(¥). In
a direct summation limit, this also holds true for the volume pinning force F, = J.B,
which in turn implies scaling of J. by €(¢). By contrast, defects with a radius smaller
than &, (Fig. 5.14(c) and Fig. 5.14(f), where &, is the coherence length along the c—axis)
always save the condensation energy in the same volume, regardless of ¥. As a result, F),
now grows with 6 (F, — F,e ') which means that no J. scaling is needed. This leads
us back to the result of the BGL scaling for weak pinning. These geometrical arguments
illustrate the crucial importance of the relation between the size of the defects and &(19)
for the pinning energy E,. Since & is between 2 and 3 nm in Ba-122 |7, 8|, the irradiation
induced defects fulfill the requirement rq > &, and E,, declines with 9.

These considerations lead to the idea of double scaling: The field is reduced by € as in

73



P>
:
S
2
I
=

%

i

0‘::‘

(d) (e) (f)

Figure 5.14: The figure shows the significance of the size of a defect which pins a vortex
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a small defect pins the vortex core.
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the pure field scaling, while the changes in the condensation energy with ¢ are accounted
for by scaling the current with €. The results for Co#3 are shown in Fig. 5.13(b). The
curves collapse beautifully onto a single curve, indicating the successful application of the
proposed approach. It should be noted that no fit parameters were used in scaling the
curves since 7 was determined experimentally. One important facet of this study is that
scaling depends solely on the interplay between an isotropic pinning landscape within
the superconductor’s crystallographic structure and the flux line lattice. Therefore this
model can be applied to any superconducting material which exhibits an isotropic defect
structure.

A similar study which was carried out on another iron-based superconducting single
crystal from the 1111 family (Nd-based) which showed a comparable effect [68|. It should
be noted that the work on the Nd-1111 sample was hindered by the very small size and
irregular shape of the crystal. The lateral dimensions were 0.5 x 0.36 mm?, which makes
structuring the crystal with a scalpel next to impossible, therefore the crucial separation
of the critical current into J. and JY™' is not possible. The result is that the double
scaling does not work so well since the evaluated current density is an average of the
two individual critical current densities. Nevertheless, the extracted results are strongly
indicative that the approach described in the previous paragraph is applicable to the 1111
system t0o0.

There are further examples in literature where pure field scaling does not function
|87| or where the anisotropy parameter differed from the real 7 is necessary to apply the
approach successfully [82, 84]. Here, it is shown that ascribing deviations from pure BGL
field scaling to an anisotropic defect structure is a priori not justified. The suggested
approach provides (at the very least) a qualitative explaination for a decreasing or non-
monotonic J.(¢) even for an isotropic defect structure and thus explains a lot of literature
data, where pure field scaling failed. In the high-T; superconductor YBayCusO; (Y123),
for instance, BaZrOg particles with a diameter of 7-10 nm were introduced, whose size is
larger than the coherence length of the superconductor. This meets the requirements for
double scaling and a broad maximum in J.(9) centered around H, || ¢ has indeed been
observed [87|. Additionally, broad peaks in the angular dependence of J. not centered at
0 or 90° [88, 89, 90] can be explained by an isotropic defect structure. These peaks can

be much more significant in YBay;Cu3O; than the maxima above 50° in the irradiated
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iron-based crystal (Fig. 5.13(a)) because of the higher anisotropy in the cuprate-based
superconductor in combination with a different J.(B). For instance, the local maxima in
the angular dependence of J. in coated conductors are a result of the introduction of an
isotropic defect structure by neutron irradiation [90].

The extension of the well-known pure field scaling with current scaling to take into
effect the interaction of vortices in an anisotropic superconductor with an isotropic defect

landscape is the second major result achieved within the course of this PhD thesis.

5.3 Effects of fast neutron irradiation

The anisotropy of the critical current density flowing under maximum Lorentz force in
superconducting single crystals was tackled in the previous section. The result was the
extension of the well-established pure field scaling to a double scaling which takes into
account the presence of an isotropic defect structure in the superconductor and its inter-
action with the flux line lattice. This effect was most certainly the highlight of the thesis
in terms of scientific impact. However, a number of other important results regarding
the effects of fast neutron irradiation experiments were obtained. The basic idea of irra-
diation, as already explained in detail in Sec. 4.3, is the introduction of artificial pinning
centers in the single crystals and the subsequent characterization of their influence on
the superconducting properties. The changes in four fundamental parameters (J;, T¢, Beo

and the irreversibility lines) are elaborated in this section.

5.3.1 Changes in the transition temperature

The transition temperature 7. is evaluated according to the procedure described in
Sec. 4.1.1. Here, the changes in the onset of superconductivity and in the transition
width are highlighted since they provide thorough insight into the suppression of super-
conductivity by the introduction of additional impurities and scattering centers. The
crystals Co#4, P#1 and K#5 underwent two irradiation steps, whereby the fast neutron
fluence read 1.8 x 10?! m~2 at each step. The result is that after the second round in

the reactor, the total fluence reaches a value of 3.6 x 10%! m~2.

First, the results from
AC susceptibility measurements performed on the differently doped crystals are shown in

Fig. 5.15. Please note that the potassium doped crystal K#5 was measured with H, || ab
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Figure 5.15: T, in differently doped Ba-122 single crystals in the pristine state and after
irradiation to different fast neutron fluences

in the pristine state. As a result, the maximum response signal is significantly lower
since D is about 7 times smaller in this configuration. Additionally, the transition width
cannot be determined from this measurement, therefore the result for K#4 is also shown
in the table to enable a comparison of AT, prior to and after irradiation for this doping
type. The evaluated values of T°"*¢* and AT, are provided in Tab. 5.1. The differences
in the transition widths in the pristine crystals can be explained by stronger scattering
in the Fe-As planes in the Co- and P-doped crystals since the dopants replace the Fe
and As atoms respectively. The table also shows that T, drops more or less linearly with
increasing fluence. The P-doped and K-doped crystals showed stronger decreases than

the Co-doped one. It is conceivable that this effect is due to a higher sensitivity to air
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Sample | 7o%0r (K) | ATP™ (K) | 700 (K) | AT (K) | 07, (K) | f (102 m~2)
Co#4 24.2 0.7 24.05 0.7 0.15 1.8
— = = — = 238 0.79 0.4 3.6
P+#1 29.4 0.4 29.1 0.5 0.3 1.8
— = —r= — — 28.7 0.89 0.7 3.6
K#4 38.25 0.1 _ _ _ _
K#5 38.4 - 38.2 0.2 0.2 1.8
— = = Em— 37.8 0.39 0.6 3.6

Table 5.1: Ts and transition widths of the single crystals before and after irradiation

and humidity. All three crystals were irradiated from 1.8 x 10*! m=2 to 3.6 x 10?! m~2
together in the same quartz tube and no protective gas (typically He or Ar) was used. By
contrast, the first irradiation of the K#5 included enclosing the crystal in a quartz tube
filled with He as means of protection against degradation. The other two doping types
show better linearity in 7.(®;). However, the fact that only three data points are avail-
able, as well as the measurement precision of 0.05 K makes it difficult pinpoint the exact
cause for the stronger decrease in the K-doped and P-doped crystals after the second
irradiation step.

The changes in the transition temperature can be compared to previous irradiation
studies. Results from fast neutron, proton, electron and heavy ion irradiation experiments
are available. The data from prior reports on the reduction of 7. in Co-doped Ba-
122 single crystals after fast neutron irradiation show comparable results with the data
acquired here |10] despite the slightly different nominal doping levels (Cog 12 in this thesis
compared to Cog s in the study by Eisterer et al.).

Proton irradiation has a distinctively different defect creation mechanism than neu-
trons. The latter are electrically neutral and, for fast neutrons, the most common inter-
actions are elastic collisions with nuclei in the irradiated sample. In contrast, protons
have a positive electric charge, thus electronic (Coulomb) interactions dominate. The
available reports on proton irradiation Co-doped Ba-122 show a much more significant
drop in T, (about 1 K) for a proton fluence of 1.2 x 10%** m~2 |11|. This is an intriguing
result, since the proton fluence is less than a tenth of the fast neutron fluence used in
this thesis. The more pronounced effects of proton irradiation can be explained when
considering the mean free path of fast neutrons and protons. The former have a rela-

tively large mean free path (about 20 c¢m), while the respective number for protons is
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Figure 5.16: Energy dependence of the neutron fluence in the TRIGA-MARK II reactor
in the Atominstitut [91]

about 50 pum. Also, the interaction between protons and matter follows the well-known
Bragg curve, thus almost the entire energy is transferred in a small region. The ener-
gies of the particles used in the two irradiation studies are similar. The TRIGA-MARK
IT reactor has a relatively broad fluence spectrum, whereby the peak for fast neutrons
(E>0.1 MeV) is situated around 2 MeV (see Fig. 5.16). In the work by Nakajima et al.,
the protons are accelerated to an energy of 3 MeV. One more possible explanation for the
large discrepancy, apart from the different interaction of fast neutrons and protons with
matter, is the dependence of the T;. suppression on the doping level - the crystals analyzed
in our work have the composition Ba(Feg94Cog.os)2As2, while Ba(Feg g25C0g.075)2As2 and
Ba(Feq.955C00.045)2As2 are the closest chemical compositions reported by Nakajima et al.
Another possible reason for the steeper drop in T; after proton irradiation is the fact
that the protons which remain in the crystal are electrically charged and act as stronger
scattering centers in contrast to the electrically neutral neutrons. Thinking along these
lines, the changes in the transition temperature after electron irradiation are of interest
as well. The report by van der Beek et al [13]| reports the suppression of 7, in Co-doped
Ba-122 single crystals after irradiation with 2.5 MeV electrons, whereby the fluence is of
the order of magnitude of 102>m~2. This number is about 100 times higher than the fast
neutron fluences used in this study. The results obtained for electron irradiation show
a T, suppression of about 0.8 K. The irradiation with high-energy electrons is expected

to produce point defects distributed uniformly within the sample, while defects ranging

79



from point-like to spherical defects with a diameter of several nanometers are expected
from the irradiation with protons and neutrons. This point is probably the reason why
the effects observed on the transition temperature are on a similar scale with the two
other particle irradiation types despite the much larger fluence at similar energy.

A report by Kihlstrom et al [14] shows how T; changes after irradiation with high-
energy protons in a K-doped Ba-122 single crystal. Their study shows a decrease of
about 0.8 K for a fluence of 7 x 10?** m~2. This number is larger than the drop 07, = 0.6
found for fast neuron irradiation to ®; = 3.6 x 10?* m~2. This result is similar to the one
obtained in the Co-doped system where Nakajima et al. also found distinctively higher
decreases after proton irradiation.

A study by Tamegai et al [12] shows the effect of heavy ion (Au, Xe, U, Ni) irradi-
ation on the transition temperature. It reveals that 7, is more strongly suppressed in
comparison to the other particle irradiation techniques. This is expected since heavy ions
create a correlated defect structure consisting of columnar defects. The diameter of the
created defects is a few nanometers and their length ranges from 30 to 240 nm [12]|. Their
elongated shape and diameter close to the coherence length suggest that these defects
are likely to act as strong scattering centers, explaining the stronger decrease in 7 in
comparison to other particle irradiation results.

An intermaterial comparison with other superconductor classes shows that 7. does
not go down as much as in cuprates (67, = 0.6 for a fluence of 1.8 x 102! m~2 [92], while
classical superconductors such as NbTi and NbsSn show a much lesser decrease |93, 94].
There are several reasons why 7. is suppressed more in cuprate-based superconductors.
First of all, the Fermi surface anisotropy is larger in cuprates. What’s more, the decrease
in T; is dependent on the irradiation-induced point defects which may have a higher
density in cuprates due to high-mobility oxygen atoms. As regards the classical, low-
temperature superconductors, the near-isotropic Fermi surface drastically reduces the
effects of particle irradiation at this fluence and 7, drops only by a few hundredths of
a Kelvin. At the present moment, the overwhelming opinion is that optimally doped
pnictide superconductors are governed by sign-reversing s-wave (s%) [95, 96, 97, 98].
The results obtained in this study agree, at least qualitatively, with this statement since
the transition temperature drops stronger in comparison to pure s-wave superconductors,

while it does not drop as steeply as in d-wave superconductors (cuprates).
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5.3.2 Changes in the in-plane critical current density after neu-

tron irradiation

The most significant and novel result involving artificial defects resulting from fast neu-
tron irradiation was already presented in Sec. 5.2. In addition to the angular dependence
(and scaling) of J, it is also important to quantify the changes of the critical current
in the main orientations of the single crystal, i. e. to evaluate J% = JIIe as well as
the two critical current components J°&J¢ which occur when H, || ab. This objective
includes analyzing the dependence on several parameters: temperature, magnetic induc-
tion and fast neutron fluence. The following paragraphs present the case where H, || c,
i. e. J. = J% for the differently doped single crystals, while the attempts to establish
Jb& J¢ are elaborated in the next section. The critical current density was evaluated from
magnetization measurements carried out in the vector VSM.

The temperature range spanned temperatures as low as 4.2 K and as high as 32.5
K depending on T of the individual crystals. They were measured in the pristine state
as well as after irradiation to two fluences: 1.8 x 10! m™2 and 3.6 x 10! m™2. As a
start, the values of J. in the pristine crystals are roughly compared to previous studies
[10, 14, 99, 100]. This comparison showed good agreement between the three differently
doped crystals and previous reports.

The results obtained for Co#4 are presented first. Fig. 5.17 shows a broad overview

pris
c

on J.(B,T,®;) as well as the enhancement factor Jﬁ@—t at different fields and fluences.

The first three figures show how fast neutron irradiation to different fluences influences
Je(B). One feature which becomes apparent immediately is the expected disappearance
of the second peak in J.. This is a confirmation that the flux line lattice is disordered at all
fields, therefore no order-disorder transition takes place. The dependence of the current
on B becomes less pronounced at low temperatures with increasing fluence. The rather
strong drop in J.(T" = 20 K) for high fields can be traced back to a lower irreversibility
field at this temperature after irradiation (for details refer to the next section).

Fig. 5.17(d) shows the temperature dependence of J. at two different fields and flu-
ences. This plot is very useful as means of direct comparison between the changes after
each irradiation step. Red denotes B = 1.5 T and black-B = 4 T. The different symbols
refer to the the crystal either in the pristine state, or after the first or second irradiation

step. Starting with the behavior of the pristine crystal (solid circles), J. decreases with
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Figure 5.17: J. in a Co-doped Ba-122 single crystal pristine and after irradiation to
different fast neutron fluences
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increasing temperature as expected. The presence of the second peak in J. is the reason
why J(T,1.5T) < J(T,4T) for 7.5 <T < 15 K.

Following the first irradiation step, J. (open symbols) increases as a result of the
additional artificial pinning centers for almost all temperatures. It is also distinctively
different at the two fields, with J.(7,1.5 T) > J.(T,4 T) at all temperatures. This
behavior is expected since the second peak is no longer present and a monotonic J.(B)
behavior is observed in Fig. 5.17(b). It is worth noting that the very last data point, at
20 K, is basically the same as in the pristine crystal. This is a result of a combination
of factors: On one hand, pinning is stronger in the irradiated sample, but on the other
hand 7T is decreased. At this temperature and for both fields, the two effects more or
less cancel each other out, leading to similar J. values prior and after the first irradiation
step.

2 (crosses). Once

Next, the total fast neutron fluence is increased to 3.6 x 10?' m~
again, the critical current rises as the density of pinning sites increases. However, the
increase is obviously not as strong as after the first irradiation, while at temperatures
> 17.5 K the 4 T data is lower than in both the pristine state and after the first irradiation.
The latter shows the effect of the further drop in 7. and likely B.. In particular, the
critical current decreases strongly at 20 K where B, drops from approximately 7 T in
the pristine state to about 6 T after the second irradiation step (see Sec. 5.3.4 for detailed
analysis of the change in B, with increasing fast neutron fluence).

A quantitative analysis of the respective J. enhancements is possible with help of
Fig. 5.17(e). The rise in the critical current density is more substantial at 1.5 T. The
results at this field will be discussed first. The special case of 7' = 20 K was already
explained in detail in connection with the dependence of J. on T" and will not be elaborated
upon further. The critical current is increased by about 2-2.5 times for T < 20 K after
the first irradiation step. As regards the second irradiation step, the enhancement in
comparison to the pristine crystal is between 2-3.3 times. As for the higher field (4 T),
the observed factors are above 1 only for 7" < 17.5 K for both irradiation steps. At
¢, = 1.8 x 10 m™2, the maximum enhancement factor is 1.6 (7' = 7.5 K), while at
®; = 3.6 x 10! m™2 the respective value is 2 (also at 7' = 7.5 K). A careful look at
the curves reveals an interesting trend: The increase of the critical current density does

not follow a linear dependence on the fluence. This effect has been observed previously
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in fast neutron irradiated YBayCusO7_s single crystals [92]. The explanation provided
by Sauerzopf et al. is that the defects grow larger with increasing fluence while also
becoming too dense to act as effective pinning centers for the flux line lattice.

The maximum critical current density in the Co-doped crystal, obtained at By =~
0.75 T, T = 42 K and ®; = 3.6 x 10! m~2, amounted to about 1.6 x 101 Am™2. Tt
is interesting to compare this number with the expected depairing current density for
this compound as means to calculate the effective pinning parameter 7,,. Both of these
parameters will be determined and presented in a table for all three crystal types later
in the section to allow an easier comparison between the individual doping types.

The next crystal is P#1. There were no significant differences from the measurement
procedure used for Co#4. Due to the higher transition temperature in P#1, magne-
tization loops were carried out at two additional temperatures (22.5 and 25 K). The
evaluated critical current density as a function of the magnetic induction in the pristine
state and for the two irradiation steps is presented in Figs. 5.18(a)- 5.18(c). The pristine
crystal shows similar characteristics as the Co-doped one as far as a second peak in J.
is concerned. The magnitude of the critical current is clearly lower in comparison to the
pristine Co#4 for medium and high temperatures (7" > 15 K). This is probably due to
a less pronounced pinning in this crystal since Bi}:f NT) > Bff 7 (details available in
Sec. 5.3.4). The fast neutron irradiation eradicates the second peak here as well, but
it becomes immediately apparent that the increase in J; is distinctively larger than in
Co#4. This is in part due to the lower values of the critical current density in the pristine
P#1 in comparison to the pristine Co#4. Additionally, J; in the irradiated P#1 reaches
higher values when compared to Co#4.

There are no significant differences from Co#4 when taking a look at the temperature
dependence of J. (see Fig. 5.18(d)). Particularly the results after irradiation are very
similar in form to the ones obtained for the Co-doped crystal. This is a result from the
nearly identical pinning landscape created by the fast neutrons in the two differently
doped single crystals. The J.(T) in the pristine state shows a non-monotonic behavior
which is due to the fishtail effect and the changes in the onset field B, with temperature.
Bpset 1s defined as the field where the order-disorder transition of the flux line lattice
begins. It is evaluated from the m_ branch of the magnetization curves. Two straight

lines are necessary to evaluate Bguset- One is fitted through the region about 0.1 T prior
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Figure 5.19: Byt of the pristine Co- and P-doped crystals

to the local minimum after which the critical current density starts rising again. The
second line is fitted through the steepest region of the subsequent increase of the critical
current as the order-disorder transition takes place. The crossing point of the two lines
is defined as Bgpget- Fig. 5.19 shows the onset field for both Co#4 and P#1. Due to the
higher Bonse; and more pronounced fishtail in the pristine P-doped crystal, J.(17.5K <
T < 225K,4T) is larger by a factor of about 2.5 than J.(17.5K < T < 22.5K,1.5T).
By contrast, even though the tendency is observed in the pristine Co-doped crystal as
well, the difference between the critical current density is not as large (about 20%).

The enhancement factor in P#1 is plotted in Fig. 5.18(e). The difference in magnitude
with the Co-doped crystal is now clearer: At 1.5 T, a maximum enhancement of above
40 times the original current is achieved at ®; = 3.6 x 10*! m~2 at 17.5 K. It is important
to note that the presence of the second peak in the pristine sample causes much lesser
enhancements for most temperatures at 4 T since the flux line lattice is already either
partially (10 K < T" < 25 K) or entirely (7" = 25 K) disordered in the pristine state.
Also, the factor is nearly identical for both fields at low temperatures as is expected
when Bgnget > 4 T. The lesser increase after the second irradiation is once again observed.
Another feature observed in both crystals is the crossover at high temperatures (7" > 22.5
K for P#1): The critical current enhancement is stronger for the lower fluence.

The maximum in-plane critical current density achieved at 4.2 K is about 3x 10" Am ™.
This number is about twice as high as the maximum critical current density in the Co-

doped crystal which was established at the same temperature.
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The final crystal (K#5) is also the most interesting one. The measurements for the
pristine crystal and after the first irradiation were carried out in the VSM, similarly to
the previous two crystals. However, due to the extremely high currents and the geometry
of the crystal, it was impossible to fully magnetize it after the second irradiation step at
low temperature with the 5 T magnet of the VSM, even when using field-cooling. The 7
T SQUID represented a viable exit strategy. However, another problem emerged, namely
flux jumps at 7" < 15 K (see Sec. 4.1.2 and Fig. 4.3). This effect makes the evaluation
of J. at low temperatures very difficult. The situation was compounded by an apparent
drop in the magnetic moment between consecutive measurements in the SQUID and the
VSM. The signal decreased by about 30% (see Fig. 5.20), which led to fears that the
crystal was compromised. There are two possible reasons for such a decrease: a drop in
Je, or a mechnanical splitting of the crystal which would deform the current loops, thus
changing the measured magnetic moment. A close observation of the crystal via optical
microscope revealed a deep chasm in the crystal which ran almost diagonally across it.
This was identified as the reason for the decrease in m since the current couldn’t pass
through the chasm, thus the loops were deformed. This case was the ‘lesser evil’, so to
speak, because it was possible to cut out a small, cuboidal piece out of the large single
crystal which would then be used for magnetization measurements. This small piece is
K+#5, and it allowed the evaluation of J.(®; = 3.6 x 10*! m~2) via RSO magnetization
loops in the 7 T SQUID. Its transition temperature was basically identical with the one of
the original K#5, as expected. In addition, the smaller size of the crystal helped prevent
flux jumps since less total flux has to be pinned in the crystal. The larger remaining part
of K#5 was used for resistive measurements. A part of the chasm was still clearly visible
on the larger part of the original K#5.

K+#5 showed remarkably high J. after fast neutron irradiation, while the currents
were rather low in the pristine state in comparison to the other two doping types. The
latter result was already discussed in detail in Sec. 5.2. The introduction of artificial
pinning centers and the transition to strong pinning result in drastic increases in J. (see
Fig. 5.21(a) - 5.21(c)). Note that the three figures do NOT cover the same range in J,
since the current changes so dramatically after irradiation. Interestingly, a small second
peak appears after the first irradiation step and is also visible after the second one. Taking

a look at the temperature dependence of the critical current in Fig. 5.21(d), one finds the
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Figure 5.20: Difference in the magnetic moment in two subsequent magnetization mea-
surements in the SQUID (solid line) and in the VSM (dotted line)

already familiar curve shapes after irradiation, despite the distinctively different behavior
in the pristine state. This is one further confirmation that the introduced pinning centers
control the pinning properties and in turn the critical current density of all single crystals,
regardless of their doping.

The enhancement factor in the K-doped crystal reaches values up to almost 1000 at 4
T and high temperatures. This is thoroughly in line with the finding that weak pinning by
point-like defects (ineffective at high temperatures and fields) dominates in the pristine
state. This also explains why the current is enhanced more in the K-doped crystal (weak
pinning, no fishtail in the pristine state) as compared to the other two crystals (higher
J., fishtail in the pristine state). Moreover, the previosly observed feature of a weaker-
than-linear increase in the enhancement factor with the fluence steps used in this work
is even more pronounced in this case.

The highest current reached in K#5; was about 7.4x 10 Am~? at 2 K and a self-field
of slightly over 0.8 T. To the knowledge of the author, this is the highest current obtained
in a Ba-122 based single crystal. A recent report by Kihlstrom et al [14] includes a study
on the influence of spherical artificial defects created by proton irradiation. The values
of J. obtained after neutron irradiation are higher than the ones acquired after proton
irradiation. For instance, at 1 T and 5 K, J. is about 5.2 x 10> Am~2 in the latter case,
while it eclipses 5.6 X 10'° Am~? in the former. At the same temperature but higher fields

(6 T), the respective numbers are ~ 3x 10" Am™2 and ~ 3.5 x 10! Am™2. A comparison
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Figure 5.21: J, in a K-doped Ba-122 single crystal pristine and after irradiation to dif-
ferent fast neutron fluences
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at higher 30 K and 0.2 T returns 0.92x 10'° Am™? for proton and 1.09x 10'® Am~2 for fast
neutron irradiation. At high fields, the values are 0.3 x 10 Am ™2 and 0.37 x 10'© Am 2
respectively. The favorable comparison shows that the higher potential in terms of critical
current density of the crystal analyzed in this work when similar defect structures are
considered.

A further point which should be discussed are the fluence dependencies of J. in the
cases of proton and neutron irradiation. In Kihlstrom’s paper, the crystal was irradiated
with high energy (E = 4 MeV) protons thrice:®;** = 1x 10 m~2,4x10?° m~2, and 7 x
10 m~2. It is important to elaborated upon the enhancement factor of the critical
current at each irradiation step. Please note that in this paragraph the enhancement is
not expressed as a normalization to the current density in the pristine state. Here it is
more advantageous to analyze the changes from each irradiation step to the next one.
Kihlstrom et al report that at 7" = 5 K, the current increases about 2.3 times at 0 T
(presumably self-field measurement) and about 5 times at 4 T for &, = 1 x 10%* m~2.
After the second irradiation step, with ®; = 4 x 10** m~2, the numbers read 1.7 and 2.3
respectively. At the third and final total fluence of ®, = 7 x 10** m~2, the enhancement is
distinctively lower: 1.07 and 1.23, respectively. The modest increase when comparing .J.
at the last two irradiation steps indicates that the potential for J. enhancement by using
only proton irradiation has been nearly saturated. Next, the data for the fast neutron
irradiated crystal for 7' = 5 K is analyzed. Following the initial irradiation to a fluence of
1.8 x 10*! m™2, the current increases 9.4 times at B = 2 T (lower field data unavailable
for &, = 1.8 x 10! m™2) and 12.1 times at B = 4 T. The enhancement of J, after @,
is incremented from 1.8 x 10! m~2 to 3.6 x 10?! m~2is about 1.4 times for B = 2 T
and about 1.35 for B = 4 T. While the increase in J,. is not as drastic as after the first
irradiation step, the numbers suggest that there is still a more pronounced potential for
improving the critical current density merely by increasing the total neutron fluence.

To see where the highest obtained .J. ranks among all of the iron-based materials,
a comparison is made to the record value reported by [101]. The study by Fang et al
reports J; in a Sm-1111 with columnar defects. The maximum critical currend density
reaches almost 2 x 10 Am™? at zero applied field and 5 K. Since the self-field of the
neutron irradiated K-doped crystal at 5 K is almost 1 T, a comparison at this field is

more sensible. The Sm-1111 sample has a critical current density of ~ 1.2 x 10" Am™?
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Sample ¢ (nm) A (nm) | Jg (10MAm™2) | npi (%)
Ba(FeO.94C00.06)2A52 2.7 [8, 102] 200 [103] 9.3 2.1
BaFey(Aso7Pos)2 | 2.14 [104] | 300 [105] 5.2 7.2
Bao.6K0.4F62ASQ 1.88 [6] 180 [106] 16.6 5.1

Table 5.2: Depairing current density and effective pinning parameter of the differently
doped single crystals

as compared to ~ 5.3 x 10" Am™? in the K#5,. The factor of above two distinguishes
the 1111 crystal as the clear winner, but is should not be forgotten that the columnar
defect structure is much more effective for achieving stronger pinning than the spherical
defects produced by fast neutron irradiation. As already shown by Kihlstrom et al, a
composite defect structure consisting of both columnar and spherical defects results in
excellent pinning properties and a very rigid J.(B) behavior.

The previous paragraphs presented the dependence of the in-plane critical density
on temperature, magnetic flux and doping. As already mentioned earlier, a good tool
for evaluating the efficiency of the pinning structure as well as for establishing the the-
oretically attainable J. is the depairing current density Jy (see Eq. 2.12). The equa-
tion already shows the parameters which are necessary for the calculation of the latter,
namely A\(0 K) and £(0 K). These figures can be obtained from literature. The follow-
ing table shows the coherence length, penetration depth, J4 and the effective pinning

%({’Bﬂ). J.(0 K, By) is extrapolated from the available data for

parameter 7, =
®; = 3.6 x 102! m~2. Note that since the table shows data obtained for H, || ¢, the
coherence length and penetration depth here correspond to &,,(0 K) and A\, (0 K).

The table reveals that the the K-doped system has the highest potential in terms of
Jq: 16.6 x 10" Am~2. The values obtained for Npin are in the order of magnitude of
several percent for all crystals, while the highest attainable 7., is 20% and requires a
pinning structure consisting of line defects which pin the whole length of the individual
flux lines. Since fast neutrons produce defects with various radia, ranging from point-like
to ones with a radius of several nanometers, it pins only parts of the flux line, thus 7,
cannot reach its theoretical maximum. Still, it is important to note that the K-doped
system has a very high Jy, which shows its potential for applications. Even if 7, is only
about 5% as is the case in this study, the critical current density eclipses 5 x 10" Am ™2

at 5 K and 1 T. If the theoretical maximum of J. is reached, the extrapolated critical
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current density at 0 K would be above 3.5 x 101! Am~2. Combined with its relatively
cheap production costs, this makes the material an intriguing option for applications, at
least from the perspective of its intrinsic properties. The best wires based on pnictide

superconductors use K-doped Ba-122 [9].

5.3.3 The J.-anisotropy conundrum for H, || ab

Ideally, one would like to measure the critical current density at H, || ab as well. By
contrast to the case where H, || ¢ (J* = J° = J%), the situation is not quite so simple here.
The problem comes from the emergence of the so-called c-currents (J¢) , i. e. currents
which are normal to the ab-planes and by definition parallel to the c-axis. Typically, these
currents are lower than the current flowing along the Fe-As planes. This means that a
proper evaluation of a measurement where H, || ab involves applying the anisotropic
Bean model (see Sec. 2.2). The procedure requires two individual measurements, with
H, || @ and H, || b, respectively (note that here a and b denote the geometric sides of the
crystal). From these measurements, it is possible to separate the two components of the
critical current density, J¢ and J?, by using Eq. 2.10 and 2.11.

The experiments were carried out on pristine crystals from all three systems, as well
as on an irradiated Co-doped crystal. However, the obtained results showed large dis-
crepancies with previously reported values for J¢. The magnitude of JS was distinctively
lower in comparison to prior studies. The most glaring example being the K-doped sys-
tem where J¢ ~ 0.03J° [107]. Even though a microscopic study would be necessary to
determine the exact reason for the small J¢, it is possible to formulate one factor which
strongly reduce this component of the critical current density. It is conceivable that there
are badly connected planes within the crystal which impede the current flow. The results
of the experiments will not be elaborated upon in detail, but are available in the master
thesis of David Fischer [107] which was co-supervised by the author of this PhD thesis.
One very important detail has to be mentioned, though. Despite the fact the obvious
discrepancies between the measured J¢ and previosly reported values, this does not con-
cern the in-plane current density and the angular anisotropy of J. which were discussed

in prior sections.
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5.3.4 Upper critical fields, irreversibility lines and coherence lengths

Having examined in detail the critical current density, its angular anisotropy and changes
with fast neutron irradiation, it is time to tackle the upper critical field in the differently
doped crystals. The measurement procedure was already presented in Sec. 4.2.2. Each
crystal is measured in the two main orientations: H, || ab and H, || ¢. This is necessary
due to the anisotropy of the upper critical field in the Ba-122 compounds. The trans-
port current used for the resistive measurements flows steadily along the ab-planes. The
adapter used for the experiment had multiple advantages as pointed out in Sec. 4.2.2,
but also one drawback. The high ductility of indium allows good electrical connectivity,
but also means that it is difficult to calculate the exact distance between the voltage
contacts after the crystal had been pressed onto the In pads. The result is that it is

nearly impossible to evaluate the absolute value of the resistivity p from

r) =0 )L o oy = T4

(5.7)

where U is the voltage drop, I is the constant transport current (typically a few mA),
A is the cross-section of the superconductor and [ is the distance between the voltage
contacts. [ is typically in between 200 and 500 um. It is unfortunate that the absolute
value of p cannot be calculated, but it is still possible to evaluate the residual resistivity
ratio (RRR) = % where py; is the resistivity a few Kelvin prior to the transition
into the superconducting state. The only assumption necessary to justify the calculation
of RRR is that [ remains constant as the crystal is being cooled down. The crystal is
pressed strongly onto the indium pads by a second resin plate which is tightened by brass
screws, therefore any further deforming of the indium contacts is highly unlikely in most
cases. The exception to this rule are the cases when the brass screws are not tightened
properly. During the course of the experiments, this occurred twice and prevented the
evaluation of the RRR in the respective case (Co#4 and P#1 at ®; = 3.6 x 10?! m~?).
Another difficulty posed by the non-determinable distance [ is the evaluation of the
irreversibility line B, also known as the IL. It involves an electric field criterion, thus
the gap between the voltage leads is needed for the calculation of the respective voltage
criterion from E.. = 1pV/cm. However, this is only a minor difficulty as a result of

the sharp fall of U in the voltage region of interest (between 20 nV and 50 nV). The
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transport current in these measurements is either 1 or 5 mA, depending on the crystal
geometry, allowing a calculation of the R = U/I =~ 107°Q. The fall of U (and of R,
consequently) is steep in this region, therefore it is possible to use an average distance
of 300 pm (as controlled for each crystal via optical microscope) in most cases when
evaluating Bj,;. In the rare case that the contacts are much closer to each other than
usual, a nominal distance of 100 pm is used for the calculation of the voltage criterion
(Co#4 for &, = 3.6 x 10*! m™2 and H, || ¢).

The resistive transitions in the pristine crystals (Co#1,P#2,K#4) are shown in Fig. 5.22.
All three crystal types show clear superconducting transitions to zero resistivity. Please
note that the irradiated crystals measured (Co#4,P#1,K#5) are not the same samples
as the pristine ones, but they originated from the same respective synthesis batches and
showed very similar basic properties (T, and J). The transitions after each irradiation
step (®; = 1.8 x 10*! m~2 and ®; = 3.6 x 10*! m~2) are shown in Figs. 5.23 and 5.24.

The curves allow the extraction of RRR (together with measurements at room tem-
perature), BS" and B2, Tab. 5.3 lists the RRRs for the pristine and the irradiated
crystals. The dopant dependence of RRR is evident, with a lower value indicating larger
impurity scattering. The ranking of the crystals with respect to their respective RRRs
matches well with the differences in the transition temperature widths and critical cur-
rent densities. As already mentioned, the lower the RRR the more scattering centers
are present in the superconductor, which automatically means higher density of potential
pinning centers and higher AT,.. We observe only minor differences in the range of a few
percent after the first irradiation. The small decreases for the Co- and P-doped systems
can be explained by additional scattering centers resulting from the irradiation. The
RRR rises very slightly in the K-doped system, which is an unexpected result. However,
the magnitude of the changes is so small that it is difficult to determine whether they
are caused by the irradiation or due to very slight differences in the doping level of the
pristine and irradiated single crystals.

After the second irradiation step, the fluence is increased to ®; = 3.6 x 10 m=2. It
was already mentioned that the RRR could not be established for Co#4 and P#1 due
to experimental deficiencies. The RRR established for K#5 after the second irradiation
showed a very large drop from the value in the pristine state and after the first irradiation.

This could be due to a combination of the mechanical damage sustained by the crystal
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Figure 5.22: Resistive transitions for the three crystal types in the pristine state
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Dopant | RRRpyis | RRRe,—1.8x1021 m—2 | RRRa@,=3.6x1021 m—2 | T'( K)
Co 1.86 1.76 - 26
P 4.16 3.92 - 33
K 10.2 10.5 5 42

Table 5.3: Resistivity ratios of the pristine and irradiated crystals

(chasm) during the magnetization measurements, while the surface of the crystal was not
in good condition after the second irradiation as well. In fact, the two large sides of all
crystals (Co#4, P#1, K#5) were so degraded that the contact resistance amounted to
hundreds of Ohm. This necessitated a thorough cleaning. Using the chemical solvent
xylol is advantageous since experiments in the 1 T SQUID showed it has no effect on the
shielded volume fraction or 7; of a pristine K-doped crystal, leading to the conclusion
that it is safe to use on the samples in question. Unfortunately, the surface of the
crystals was still clearly passivated even after the thorough cleaning with xylol. This
left only one option-mechanically removing the upper-most layers of each crystal. This
was a painstaking assignment since these are irradiated samples which means extra care
has to be taken to avoid any contamination of the working place. The selected tool
was a scalpel (edge thickness of about several micrometers). The edge was immersed into
vacuum grease so as to avoid any dust spreading during the cleaning of the crystals. Each
crystal was placed under an optical microscope and 5 to 10 micrometers were removed
from one of its large surfaces. Only one side was treated per sample in orded placing
electrical contacts on it. Although great care was taken not to exert too much force
while removing the passivated layers from the crystals, it is conceivable that the cleaning
procedure resulted in a deterioration of the crystals. For instance the small tail-like
effects visible in the resistive transitions of Co#4 (Figs. 5.24(a) and 5.24(b)) and P#1
(Figs. 5.24(c) and 5.24(d)) might be caused by the preparation of the crystals’ surfaces.

Due to the very high B, values in the Ba-122 system (B% up to over 100 T for
K-doped crystals [6]) and the limit of the applied field (15 T), the upper critical field
is obtained only in a limited temperature range. Fig. 5.25 shows B% and B¢, as well
as the respective irreversibility lines of all three crystal types in the pristine state and
after each of the two irradiation steps. When linking Figs. 5.17(d), 5.18(d), 5.21(d)
to Figs. 5.25(a), 5.25(d) and 5.25(g), it becomes apparent that the significantly higher

values of BS, and Bf, in the P- and K-doped pristine crystals do not translate to a
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higher J.(B = Bg). The P- and K-doped single crystals show much smaller margins
between their respective B.ys and B;,s than the Co-doped crystal, which is one further
manifestation of the highest degree of impurities and disorder in the latter system. All

ab
crystals show similar upper critical field anisotropies v = gcﬁ of about 2.5-3 at the
c2

maximum applied field B = B% = 15 T. These gammas are comparable with values
found in literature [8, 7, 102, 108].

The evaluated Bgs and Bi,s of the irradiated crystals (¢, = 1.8 x 102! m_z) are
shown in Figs. 5.25(c), 5.25(e) and 5.25(h). A comparison with the results for the
pristine samples reveals that the irradiation had no strong effect on B.,. In addition,
no significant influence on the irreversibility lines was found in the P-doped system. By
contrast, some changes were observed for the Co- and K-doped systems. In the former,
B2 shifted noticeably closer to B2, while BS. moved away from B¢, in the latter. In
both crystals, a closer examination of the resistive transitions gives an indication for the
reason behind these differences. In the case of the pristine Co-doped crystal, p tails off
slightly before vanishing. B;, is evaluated in the region of this small tail, leading to
reduced values in comparison to the irradiated crystal where no tail was observed just
before p becomes zero. The reversed effect is found in the K-doped system: p in the
irradiated crystal shows a slight tailing off before disappearing in noise, while while the
pristine crystal does not have such a feature. This leads to a conclusion that the tail
feature is not caused by the irradiation. It could arise due to minor differences in the
doping level, inhomogeneities in the crystals or mechanical damage caused by handling
and or cleaning.

The results obtained after the second irradiation step (®; = 3.6 x 10*' m~2) are shown
in Figs. 5.25(b), 5.25(f) and 5.25(i). The P-doped crystal showed only minor changes
in its Bcss and irreversibility lines after the second irradiation which could be traced
back to the reduced T.. By contrast, the Co- and K-doped crystals showed some more
pronounced alterations of these two magnitudes. Starting with the Co-doped system,
there was a clear decrease of BS,, while B% remained unchanged. When observing the
irreversibility lines, the trend is as follows: B drops distinctively, while B¢ slightly
decreases from the values obtained after the previous irradiation step. After taking a

closer look at the respective resistive transitions for H, || ¢ and H, || ab (Fig. 5.24(a) and

Fig. 5.24(b)), it is possible to explain these changes at least to a degree. Both figures
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reveal that the curves have a tail feature near the zero resistivity point. This is the
reason for the decline of the irreversibility lines, whereby the change is more pronounced

for the orientation H, || ab (compare Fig. 5.25(b) to Fig. 5.25(c)). As for the change in

C
rr?

the upper critical field Bf,, there is one quite trivial reason why it apparently declines
so much in between the two irradiation steps. Fig. 5.24(a) shows a much higher magneto
resistance effect in comparison to Fig. 5.23(a). Since the criterion used for the evaluation
of Bc is obtained from the curve at 0 T and held constant, the R increasing with B
can lead to apparently smaller values for the upper critical field in this orientation. By
contrast, the same sample showed almost no distinguishable magneto resistance effects
in the orientation H, || ab. The final crystal is the K-doped one (Fig. 5.25(i)) and several
changes can be found here. First of all, it is important to note the decrease in 7, (about
0.25 K). Another important thing is the relatively large difference between the values at
0 T for the two field orientations which should in reality collapse onto a single point,
barring the remnant field of the superconducting magnet and the self-field induced by
the small transport current. This effect is likely caused by different positioning of the
temperature sensor during the two measurements. Care was taken to ensure that its
position is almost same for all measurements, but it cannot be excluded that the author
of this work made an experimental error in this case, resulting in the observed effect.
After taking these two factors into consideration, it becomes evident that the change in
the upper critical fields when comparing Fig. 5.25(i) to Fig. 5.25(h) is basically due to the
reduced transition temperature. As regards the irreversibility lines, they move farther
away from the respective B,y as the degree of disorder in the crystal increases.

As a conclusion, the general trend found in all crystals is that the changes in the upper
critical fields and the irreversibility lines are mostly due to the decrease in the transition
temperature. The presence of a tail in the resistivity results in distinctively lower values
of By, in the relevant cases. When linking the obtained results to the already evaluated
in-plane J.s of the crystals, it becomes apparent that high values for B;, and B do
not necessarily translate to high critical currents. Continuing this line of thoughts, the
role of a proper pinning landscape is once again highlighted when considering the K-
doped system. There, the pristine crystal has the highest B, (7'), but it requires a strong
pinning landscape to reach the massive currents reported in Sec. 5.3.2. The fact that

Beo(T) does not change by much with each irradiation step means that the coherence
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Sample | £,(0 K) (nm) | &(0 K) (nm)
Co/1 2.7 1.1
P42 3 1
K#4 1.6 0.8

Table 5.4: Extrapolated coherence lengths in the pristine single crystals

lengths also remain close to constant while the anisotropy parameter also shows only
minor changes (a few percent). While it is not possible to say whether the irradiation
has a pronounced influence on A\ and in turn on H. and E,, it is very tempting to assume
that these magnitudes also remain close to their original values in the pristine state, thus
confirming the leading role of artificial pinning centers for the high critical currents in
the irradiated crystals.

The available data allows an estimation of the coherence length £(0 K) in the three

)

W where

crystal types. First, the evaluated BS,(7") is used to to calculate &.,(T") =
¢o = 2.07-1071° Wb is the elementary flux quantum. Then a fit function of the form

E(T) = &(0 K)(1 —t+°)7%% is used to estimate 0. Next, the coherence length &.(T') =
%o

2n B Eat

in Tab. 5.4. We find that the estimated coherence lengths at 0 K are between 0.8 and 3

(T) is calculated. A summary of the results for the pristine crystals is provided

nm. These figures are comparable to previous reports for these systems [6, 102, 104, 109].
Since it was already found that irradiation with fast neutrons had little impact on the

Beys of the crystals, the coherence lengths also remain largely unchanged.

5.3.5 Analysis of the volume pinning force

The volume pinning force F}, = J.B can be used as an indicator for the nature of the
dominant pinning regime. A study on non-layered, isotropic superconductors was per-
formed [110]. Despite the obvious differences in Ba-122 based superconductors (layered
structure, B, anisotropy), the work by Dew-Hughes is often used to deduce the domi-
nant pinning contribution in such crystals [8, 100, 102, 111]. F, is usually normed to its
maximum value F;"**(T) and plotted as a function of the reduced field b(T) = BC%}T).
The dominant pinning regime is usually deduced from the peak position and shape of
the curve. However, it is important to note once again that the study by Dew Hughes

handles non-layered, isotropic superconductors, whereas the Ba-122 superconducting sin-

gle crystals are all layered systems with upper critical field anisotropies of about 2-3.
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Figure 5.26: Normalized volume pinning force as a function of the reduced field in pristine
(left panel) and irradiated (right panel) differently doped Ba-122 single crystals

Therefore, it is questionable whether the values excerpted from his study can be used
without modifications in this case. Nevertheless, it is possible to extract valuable infor-
mation, for instance the behavior of the pinning force in the differently doped crystals
after irradiation.

In this work, B is normed by B, instead of B, since J. disappears at the irreversibility
field, prompting F}, to drop to zero. When discussing volume pinning force curves as a

funtion of reduced field, a function of the form

£(b) = cb™(1 — by™ (5.8)

is usually fitted to the experimental data. The coefficients n and m are particularly

significant. In the dilute pinning limit, n = 0.5 and m = 2 [25]. Fig. 5.3.5 illustrates

Fp(b)

Frmg) D all three crystal types in the pristine (left panel) and irradiated state (right
P

panel) at different temperatures. It is apparent from the drastically different pinning
force curves that different pinning mechanisms dominate in the the pristine crystals. As
regards the results after irradiation, two additional curves are plotted, namely f(b) where
c~9,n~0.88,m~ 3.56 are fitted and f(b) with n = 0.5 and m = 2 as expected in the

dilute pinning limit. The curves show the results obtained from VSM measurements. In
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the case of Co#4 and P#1, the data acquired for ®; = 3.6 x 10?! m~? is used, while the
data from the lesser fluence ®, = 1.8 x 10?! m~2 is used for K#5. The reason is that the
currents in the potassium doped crystal after irradiation to ®, = 3.6 x 10! m~2 were so

strong that the limit of the applied field in the VSM was insufficient to fully magnetize

£y (b)
F;}nax (b)

the crystal even when employing field cooling. The dependencies of collapse onto
a single curve for all crystals. This is an indication that the radiation induced defects
govern pinning in all samples, regardless of their doping. Another interesting result is
that the peak hpeax =~ 0.2 has the same position as in the dilute pinning regime, but

the coefficients n and m do not coincide with the respective expected values. These are

interesting findings which should be studied in more detail in a future work.
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Chapter 6

Conclusion

The work done on the Ba-122 system during this thesis provided a lot of information
about flux pinning. A large amount of data regarding the effects of irradiation to differ-
ent fast neutron fluences on fundamental parameters such as the in-plane critical current
density, transition temperature and upper critical field was presented. These numbers
are of primary interest when discussing the Ba-122 family as potential candidates for
technological applications. Additionally, the role played by planar defects in a single
crystalline film with respect to flux pinning was interpreted successfully. It was found
that in this scenario the out-of-plane Lorentz force has no influence on the critical cur-
rent density, thus J. can be mapped onto a single curve by using a single parameter,
resulting in a one-dimensional pinning model. A further milestone achievement was the
successful extension of the well-established pure field scaling for anisotropic superconduc-
tors. By taking into account the anisotropy of the flux lines, using geometric arguments
and working within a direct summation limit, the critical current density was success-
fully scaled to a single curve by scaling both the field and the critical current density.
The importance of this result is not least due to its independence on the researched su-
perconductor as it only requires a uniform and isotropic defect structure consisting of
spherical defects. Obtaining the last result was very challenging, not least because of the
sophisticated measurement procedure necessary to extract the critical currents flowing
under maximum Lorentz force. In the course of obtaining this parameter, the currents
flowing under variable Lorentz force were also extracted. The availability of both these
parameters offers new research possibilities. There are no quantitative studies regarding

the dependence of the critical current density on Lorentz force in single crystals, let alone
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in crystals with different pinning regimes. However, the novel magnetometry technique
presented in this work provides an opportunity to study this phenomenon, enhancing the
understanding of flux pinning not only in the Ba-122 family, but also in superconductors

as a whole.
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