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Kurzfassung
Diese Arbeit befasst sich mit der Implementierung von künstlichen Pinningzentren
durch den Einsatz der Quasi-Mehrschichttechnik für die gepulste Laserabscheidung
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(PLD) in Kobalt (Co)-dotierten BaFe As

(Ba122)-Verbindungen. Das Ziel hierbei ist

die Erhöhung der kritischen Stromdichten und der Pinningkräfte, welche entscheidende Parameter für elektrische Anwendungen sind, denn sie geben den Strom an, den
diese Verbindungen in einem Magnetfeld führen können, ohne ihre supraleitenden Eigenschaften zu verlieren. Quasi-multilagige Schichten mit Perowskit-Pinningzentren aus

3 (BHO) und BaZrO3 (BZO), die mittels PLD hergestellt wurden, sind bereits für
YBa2 Cu3 O7 -Verbindungen (YBCO) untersucht worden [1, 2]. Durch die Optimierung

BaHfO

des epitaktischen Wachstums von Ba122-Verbindungen, wurde ein reproduzierbarer
Prozess zum Experimentieren mit verschiedenen Mengen an künstlichen Pinningzentren etabliert, um eine - für den experimentellen Aufbau - optimale Ba122-Schicht ohne
intrinsische Pinningzentren, wie Gitterdefekte oder Fremdphasen, zu erhalten.
Aufgrund der weniger intrinsischen Pinningzentren, hoher kritischer Stromdichten
und kritischer Temperaturen von 20 K und einfach zu handhabenden Abscheidungstemperaturen von 700 °C, erwies sich Co-dotiertes Ba122 als bestgeeignetes Material für
diesen Zweck. Phosphor (P)-dotiertes Ba122 zeigte Fremdphasen und Ausscheidungen
an der Oberäche, die als intrinsische Pinningzentren wirken. Obwohl die kritische
Temperatur höher ist als bei Co-dotiertem Ba122, konnte die optimale Abscheidungstemperatur von 1050 °C zur Erzielung der Reproduzierbarkeit nicht durch die Substratheizung erreicht werden.
Ein weiterer beeinussender Faktor auf das Wachstum ist das Substrat und seine Eigenschaften. Mehrere einkristalline Substrate mit einer Gröÿe von 1 x 1 cm wurden auf
ihre Eignung hin untersucht. Co-dotierte Schichten, die auf CaF

2 aufgewachsen wurden,

zeigten die besten Ergebnisse unter Berücksichtigung der kritischen Temperatur, der
kritischen Stromdichte und der geringen Menge an intrinsischen Pinningzentren. MgO
war aufgrund niedriger Reproduzierbarkeitsraten kein geeigneter Kandidat als Substrat
für optimales Wachstum, ebenso wenig wie LaAlO

3

(LAO) aufgrund hoher Mengen

an intrinsischen Pinningzentren, verursacht durch Kristallzwillinge auf der Substratoberäche. Die Laserparameter für das beste erreichbare Wachstum wurden auf 30 mJ

2

(bzw. 3,0 J/cm ) und eine Repetitionsrate von 10 Hz eingestellt. Auf der Grundlage
mehrerer Versuchsreihen mit unterschiedlichen Pulsanzahlen und Targetwechseln, wurde der Fokus dieser Arbeit auf die Implementierung von BHO als künstliches PinningMaterial gerichtet, da BZO bereits in mehreren Studien untersucht worden ist, obwohl

i

die untersuchten Schichten nicht mit Quasi-Multilagen-Technik gewachsen wurden. Die
beste Konguration der Quasi-Multilagen-Technik wurde bei 12 BHO-Pulsen pro QuasiSchicht und einer Gesamtanzahl von 18.000 Pulsen auf dem Co-dotierten Ba122-Target
erreicht. Die Anzahl der Targetwechsel unterschieden sich bei den untersuchten Proben,
um die Menge des künstlichen Pinning-Materials mit einer möglichst gleichmäÿigen
Verteilung in der Schicht einzustellen.
Die untersuchten Proben wiesen 0 Mol-%, 1,03 Mol-%, 1,59 Mol-% und 3,85 Mol-%
BHO auf. Diese Gehalte wurden mit induktiv gekoppelter Plasma-Massenspektrometrie
(ICP-MS) gemessen.

6

Sowohl die kritische Stromdichte als auch die Pinningkraftdichte konnten auf 10
A/cm

2

bzw. 50,6 GN/m

3

für den höchsten getesteten Dotierungsgrad erhöht werden.

Weitere Untersuchungen zeigten, dass für niedrigere Dotierungsniveaus Nanopartikel
und Nanosäulen für das Pinning verantwortlich waren. Mit zunehmendem Dotierungsgrad traten mehr Nanosäulen auf. Die Nanosäulen konnten durch energiedispersive
röntgenspektroskopische Messungen (EDX) als BHO identiziert werden.
Vergleichbare Experimente mit vergleichbaren, auf LAO gewachsenen Schichten zeigten ein erwartetes Verhalten. Die kritischen Stromdichten und Pinningkraftdichten streuten aufgrund des starken intrinsischen Pinning im Co-dotierten Ba122. Die zusätzlichen künstlichen Pinningzentren führten zu mehr Störungen im Gitter, ohne die supraleitenden Eigenschaften zu verbessern.
Diese Untersuchungen wurden mit der Implementierung von InAs als künstliches
Pinning-Material wiederholt. Der Sphalerit-Halbleiter InAs wurde bisher noch nie als
künstliches Pinning-Material untersucht. Um die optimale Zusammensetzung zu erhalten, wurden verschiedene Untersuchungsreihen durchgeführt.
Für die beste Zusammensetzung wurden 39 Targetwechsel durchgeführt, wobei nur
die Anzahl der Laserpulse auf InAs verändert wurde, die zwischen 10 und 30 Pulse pro
Wechsel lag.
Der Gehalt des Pinning-Materials der vorherigen Experimenten konnte nicht reproduziert werden, da der Gehalt an InAs, gemessen durch ICP-MS, nicht mit der
Anzahl der Laserpulse korrelierte. Eine mögliche Erklärung ist die Bildung von Droplets
auf der Oberäche der Schicht. Ein weiterer Grund können die groÿen Agglomerationen
von InAs sein, die nicht Teil des Pinning-Mechanismus sind, aber in den ICP-Messungen
angezeigt werden. Transmissive Elektronenmikroskopie (TEM) konnte kein InAs in der
Schicht nachweisen, was möglicherweise auf die Flüchtigkeit von InAs unter Elektronenbeschuss zurückzuführen ist. Die kritischen Stromdichten zeigten ein Maximum bei 468
InAs-Pulsen.
Es wurde festgestellt, dass der Pinning-Mechanismus durch Punktdefekte verursacht
wird, die jeweils nur mit einer Flusslinie interagieren können. Daher führte ein Anstieg
des InAs-Gehalts in der Schicht zu einer zunehmenden Anzahl von Punktdefekten, die
mit einer Flusslinie interagieren, bis ein Optimum der kritischen Stromdichte erreicht
wird. Jenseits dieses Optimums verursachte der zunehmende InAs-Gehalt lediglich Un-

ii

ordnung im Gitter und die kritische Stromdichte nahm wieder ab.
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Abstract
This work focuses on the implementation of articial pinning centers by deploying
the quasi-multilayer technique for pulsed laser deposition (PLD) in cobalt (Co)-doped
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BaFe As

(Ba122) compounds. The objective of this is to enhance the critical current

densities and the pinning forces, which are crucial parameters for electrical applications,
as they indicate the current these compounds can carry in a magnetic eld, without
losing their superconducting properties. Quasi-multilayered lms with perovskite pin-

3 (BHO) and BaZrO3 (BZO) made via PLD have been
YBa2 Cu3 O7 -compounds (YBCO) [1, 2]. By optimizing the

ning centers consisting of BaHfO
already investigated for

epitaxial growth of Ba122 compounds, a reproducible process for experimenting with
various amounts of articial pinning centers was established, in order to obtain the optimal possible Ba122 lm for the experimental setup, without intrinsic pinning centers,
such as lattice defects or foreign phases.
Co-doped Ba122 proved to be the most suitable candidate, exhibiting less intrinsic
pinning centers, high critical currents and critical temperatures of 20 K and easy-tohandle deposition temperatures of 700 °C. Phosphorus (P)-doped Ba122 showed foreign
phases and precipitates at the surface acting as intrinsic pinning centers. Although its
critical temperature is higher than for Co-doped Ba122, the substrate heater could not
provide the optimal deposition temperature of 1050 °C, in order to obtain reproducibility.
As the growth also depends on the substrate and its properties, several single-crystalline
substrates with a size of 1 by 1 cm were investigated towards their suitability. Co-doped
lms grown on CaF

2

showed the best results considering critical temperature, critical

current density and low amount of intrinsic pinning centers. MgO was not a suitable
candidate as a substrate for optimal growth due to low reproducibility rates as well as

3 (LAO) due to high amounts of intrinsic pinning centers, caused by crystal twins

LaAlO

on the substrate surface. The laser parameters for best achievable growth were set to

2

30 mJ (respectively 3.0 J/cm ) and a repetition rate of 10 Hz. Subsequent to various
experiments with dierent numbers of pulses and target exchanges, the decision was
made to focus on the implementation of BHO as the articial pinning material, since
BZO had already been investigated, although the investigated samples were not grown
with quasi-multilayer technique. The best conguration was found at 12 pulses of BHO
for each quasi-layer and a total amount of 18,000 pulses on the Co-doped Ba122 target.
The number of exchanges diered from sample to sample in order to adjust the amount
of articial pinning material with a preferably equal distribution in the lm.

v

The investigated samples exhibited 0 mol%, 1.03 mol%, 1.59 mol% and 3.85 mol%
of BHO. These contents were measured with inductively coupled plasma mass spectrometry (ICP-MS).
The critical current density as well as the pinning force density could be enhanced to

6

10

2

A/cm

3

respectively 50.6 GN/m

for the highest tested doping level.

Further investigations proved that nano-particles asided by nanocolumns were responsible for the pinning in lower doping levels. With increasing doping levels, more
nanocolumns appeared.

The nanocolumns could be identied to consist of BHO by

energy dispersive X-ray spectroscopy measurements (EDX).
Identical experiments with identical lms grown on LAO showed an expected behavior. The critical current densities and pinning force densities scattered due to strong
intrinsic pinning in the Co-doped Ba122. The additional articial pinning centers led
to more disturbance in the lattice, without enhancing the superconducting properties.
These investigations were repeated with the implementation of InAs as the articial
pinning material. The sphalerite semiconductor InAs has never been investigated before
as an articial pinning material.

Several experiments were performed to obtain the

optimal composition. For the best composition, 39 target exchanges were performed,
only changing the number of pulses on InAs, ranging between 10 and 30 pulses per
exchange.
The contents of pinning material of the previous experiments could not be reproduced
due to contents of InAs measured by ICP-MS, which were not corresponding to the
number of pulses. A possible explanation was the formation of droplets on the surface
or large agglomerations of InAs, which were not part of the pinning mechanism but
were displayed in the ICP measurements.

Transmissive electron microscopy (TEM)

could not show any InAs in the lm, which may be due to the volatility of InAs under
electron bombardment. The critical current densities showed a maximum at 468 pulses
of InAs.
It was found that the pinning mechanism was caused by point defects, which can
only interact with solely one ux line at a time.

Hence, an increase of InAs content

in the lm resulted in an increasing number of point defects interacting with one ux
line, until an optimum of critical current density was reached. Beyond this optimum,
the increasing InAs content solely caused disorder in the lattice and the critical current
density decreased again.
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CHAPTER 1.

INTRODUCTION

1 Introduction
1.1 Motivation
An exciting development in solid state physics was the discovery of the iron-based
superconductors (FBS) by Kamihara et al. [3] with transition temperatures up to 55 K
in 2008 for uorine (F)-doped LaOFeAs. It was believed that iron based superconductors
would not be possible since the magnetic properties of the included iron would cause
Cooper pairs to spin ip and therefore destroy possible superconductivity.
After the discovery of FBS, more and more reports of other FBS compounds were issued. The iron-based class of superconductors is basically divided into so-called families

2 2

such as 11 (e.g. FeSe, FeTe), 111 (e.g. LiFeAs), 122 (e.g. BaFe As , SrFe2As2),
1111 (e.g. LaOFeAs, NdOFeAs) [4] (for an overview see g. 1.1).

Figure 1.1: Schematic view of the crystal structures for several types of iron-based superconductors, in which A, Ae, Ln, and M stand for alkali, alkali-earth,
lanthanide, and transition metal atoms [5].

In these compounds tetrahedrally ordered layers of iron (Fe) and phosphorus (P), arsenic (As), selenium (Se) or tellurium (Te) are characteristic. In the class of iron-based
superconductors these layers, e.g. FeAs or FeSe layers (in g. 1.1 indicated by the light
blue area) [6, 7], carry the superconductivity comparable to CuO planes in cuprates.
With their properties, they can be seen as in between cuprates (layer-type crystal structure, high upper critical elds, 2D-behaviour [7]), the low temperature superconductors

3

(LTS), such as NbTi and Nb Sn [8] (few thermal uctuations, low anisotropies [9]) and

2

magnesium diboride (MgB ) (multi-band superconductivity [10]).

2 2

BaFe As

(Ba122)

1
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compounds are quite stable in air or water vapor [11].

Ba122 shows high crystalline

quality such as at surface and a sharp transition of the critical temperature

∆Tc = 1.1 -

2
1.3 K. Critical current density (jc ) values up to 4 MA/cm for cobalt (Co)-doped Ba122
3

on (La,Sr)(Al,Ta)O

(LSAT) and magnesium oxide (MgO) were reported [12, 13].

It is this combination of dierent properties, especially low anisotropies and high
critical elds, which makes iron-based superconductors interesting candidates for high
eld applications such as wires and tapes for superconductings magnets and coils.
To realize these applications, the production of long tape samples must be reliable
and aordable, ux pinning mechanisms must be understood correctly and the transport
properties must be adjustable to all needs of applications. The research is still in its
infancy, requiring several model experiments on thin lms which are not possible in bulk
samples and can be upscaled and transferred to electronic applications. Applications
that have already been produced and examined are superconducting wires and tapes
using the powder-in-tube (PIT) technology. For potassium (K)-doped Ba122 (Ba122:K)
[14, 15], Co-doped Ba122 (Ba122:Co or Co:Ba122) [16] wires the critical current density
values in a magnetic eld are already above the critical application level for NbTi cables

2 at operating temperatures of 4.2 K and

and coils used by CERN of 0.15 - 0.23 MA/cm

magnetic elds of 4 respectively 6 T [17, 18]. Nevertheless, these values are still fairly
low indicating the need for ux pinning improvement. An additional challenge is the
stoichiometric distribution of volatile atoms such as uorine and potassium.

These

elements tend to distribute unequally in the lm causing a decrease of superconducting
properties due to lattice defects.
A solution model-system for pinning improvement is the realization and characterization of nano-structured thin lms, because of its multi-phased, self-organizing heteroepitaxial layer growth, as seen in Ba122 lms. The growth mode of Ba122 lms is
-under right conditions- a layer growth mechanism with c/2-ledges [19]. Additionally, it
does not contain volatile atoms such as potassium or uorine and is therefore optimal
for quasi-multilayer deposition with equally distributed nanoparticles between closed
layers of superconducting compound.

The synthesis and characterization of eective

pinning centers by targeted insertion of nanoscale defect structures in epitaxial thin
lms is an essential, central goal of this work.

2 at 4.2 K with-

Co-doped Ba122 lms exhibit relatively high jc values above 1 MA/cm

out applied external magnetic eld due to low misorientation angles at grain boundaries
[20]. However,

jc

decreases rapidly in applied magnetic elds. To avoid this eect, it

is therefore necessary to pin ux lines within the superconductor. In order to achieve
that the quasi-multilayer pulsed laser deposition is deployed. This technology enables
growing single material lms, as well as multilayered and quasi-multilayered lms, in
combination with a buer layer. The quasi-multilayer technique is used e.g. for implementing nanoparticles as pinning centers. When a high energetic, pulsed and focused
laser beam hits a target of the deposition material, the irradiation of the laser beam
leads to a strong local heating and ablation of the target material. The target material

2
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is accelerated towards a substrate and condenses on its surface, creating a thin lm.
Several targets can be switched during the process. A shutter allows precise adjustment
of the number of pulses even down to a single pulse and shuts the laser beam during
target switch. Thus, this technique enables the deposition of closed layers of the superconducting material and non-closed layers of the pinning material in between the
superconducting layers, in order to achieve equally distributed nanoparticles as pinning
centers.
Quasi-mulilayered lms made via pulsed laser deposition (PLD) with two targets by
implementing nanoparticles of BaHfO

2

3 7

3

3

(BHO) [21, 22] or BaZrO

(BZO) [1, 2] have

been already reported for YBa Cu O -compounds (YBCO) to increase critical current
density

jc

and pinning force density

FP .

2 2

Films made with pre-mixed Co-doped BaFe As

(Ba122)/BZO targets were also al-

ready studied [23] and published in 2017 as well as lms with pre-mixed P-doped Ba122
and BZO targets [20, 24]. These investigation show promising results for the increase of

3 for

pinning force density and therefore critical current density with values of 170 GN/m

3 for 4 mol% at 11 T and 4.2 K for BaZrO3 -added Ba(Fe,Co)2 As2

2 mol% and 30 GN/m

3
3
recently 189 GN/m
[23] and 58 GN/m

3

2

at 9 T and 5 K for BaZrO -added BaFe (As,P)

2

lms [20] and

at 9 T and 4 K [24].

In this study, the multi-target technique for the fabrication of Ba122 thin lms is
combined with the usage of dierent perovskites such as BZO, BHO and the sphalerite
semiconductor InAs as nanoparticle material since this has the advantage of easy adjustment and control of the doping level during deposition. BHO and BZO are structurally
very similar and have already been investigated as artical pinning centers in YBCO
compounds using the quasi-multilayer technique. This technique, however, has never
been investigated in Ba122.
InAs has never been used before as a pinning material providing benecial As for possible As loss during deposition acting as intrinsic pinning centers [25]. In the well inves-

2 2 and BaFe2 (As,P)2 are suitable model systems

tigated Ba122 compounds Ba(Fe,Co) As

for those investigations due to their heteroepitaxial layer growth with low misorientation angles at grain boundaries and few intrinsic defects, high critical temperatures,
high critical current densities and low anisotropies.
This work is structured as follows.
Chapter 1 introduces the fundamentals and the physical background of superconductivity, pinning, thin lm growth and material properties.
In the middle part of chapter 1, the preparation of the PLD targets is explained,
followed by a brief introduction of the experimental setup and method of the pulsed
laser deposition. The last part of this chapter provides an insight into the process of
structuring the samples, which is crucial for the measurement of electrical transport
properties.
Chapter 2 introduces the experimental stages, characterizations and investigations
of this work - from optimization of Ba122 growth to implementation of perovskites

3
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and InAs as artical pinning centers, with the objective to achieve improved electrical
transport properties. In the beginning, the experimental realization and the rst steps
towards reproducible growth of Ba122 samples is explained. Thereafter, the rst experiments with implementation of BHO and BZO as pinning material, the optimization and
also in comparison for dierent substrates are presented. Finally, the experiments of
the implementation of InAs as pinning center material and the associated investigations
are described.
Chapter 3 retrospects this thesis and connects the dierent topics, thereby summarizing the ndings of this work with regards to improvements for future electrical
applications and investigations of these.
Finally, chapter 4 presents an outlook of possible improvements and further investigations as well as practical applications of the ndings of this work.

4
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1.2 Background of superconductivity, pinning and growth
The research performed in this work focused on the introduction of the quasi-multilayer
technique in combination with Ba122 superconductor thin lms implementing articial
pinning centers for improvement of electrical transport properties of these lms towards
possible applications.
This chapter gives a general introduction to the fundamentals and the physical background of superconductivity, thin lm growth and material properties, which are crucial
for the understanding of the scope of this work.

1.2.1 Fundamentals of superconductivity
The eect of superconductivity was discovered in 1911 by Heike Kamerlingh Onnes.
He found that the resistance of mercury decreased to immeasurable values below a
temperature of ca. 4 K. This temperature is called critical temperature

Tc .

In the superconducting state an external magnetic eld will be ejected from the
material (Meissner-Ochsenfeld-eect, discovered in 1933) due to shielding currents.
There are two types of superconductors depending on their behaviour in an external
magnetic eld.

1.2.1.1 Type I superconductor
In type I superconductors an external magnetic eld will be displaced to a thin layer
located at the surface of the material. So it is considered as a perfect diamagnet. This
phase is called the Meissner-phase (see g. 1.3). The thickness of this layer is named
the London penetration depth

λ.

For a type I superconductor temperatures above
the critical magnetic eld

Hc

Tc ,

an external magnetic eld above

or a current density above

jc

cause break up of the cooper

pairs which leads to a loss of the superconducting state. This is shown in the following
gure 1.2

5
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Figure 1.2: Phase diagram of a superconductor.
when one parameter of temperature

j

E.g.

The superconducting state vanishes

T , magnetic eld H

and current density

exceeds the blue colored volume. This image is based on [26].

a critical current density drives the electrons to move faster than the critical

velocity causing the Cooper pairs to break up [27, p. 269].

The charge carriers in type I superconductors are so called Cooper pairs.

Cooper

pairs consist of two electrons with opposite spin and momentum, so a Cooper pair can
be considered a boson and can be described by one macroscopic wave function.

Bosons are described by the Bose-Einstein-statistics, so all Cooper pairs travel with
the same velocity and direction through the material.

The distance over which the

attractive interaction between the two electrons of a Cooper pair acts is called coherence
length

ξ.

To classify the two types of superconductors the relation of the London penetration
depth

λ

and the coherence length

ξ

is used and called the Ginzburg-Landau parameter

[28]:

κ=

Superconductors type I exhibit a
hand show a

6

κ

√

> 1/

2.

κ

< 1/

λ
.
ξ
√
2.

(1.1)

Superconductors type II on the other
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Figure 1.3: Dierence in the magnetic behaviour for type I and type II superconductors. a) Type I superconductors is a perfect diamagnet until a certain eld
strength is reached. At the critical magnetic eld

Hc

superconductivity is

destroyed and the ux penetrates the superconductor. b) Type II superconductors are perfect diamagnets until a certain magnetic eld

Hc1

is reached.

With increasing magnetic elds ux partially penetrates the superconductor (Shubnikov phase).
magnetic eld

Hc2 .

The superconductivity collapses beyond a critical

This image has been drawn after [29, p. 7].
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1.2.1.2 Type II superconductor and pinning
Type II supercondutors do not become normalconducting above an external critical
magnetic eld

Hc1 .

Magnetic vortices start to penetrate the superconducting material

(as shown in g. 1.3) and the Cooper pair density at the location of a magnetic vortex
decreases to zero. Shielding currents decelerate and focus the entering magnetic eld
lines to a ux line system in the shape of a triangular lattice (in an ideal homogenous
superconductor type II).

Figure 1.4: a) In the Shubnikov phase the vortices arrange in a hexagonal grid. Each
ux line is surrounded by a circulating current, which shields the superconducting area from the normal conducting area. b) Local variation of Cooper
pair density

nC , ux density B

and super current density

js

around a vortex

[30, p. 8].

Each magnetic vortex carries a magnetic ux quantum

Φ0

and is located at the

corners of the already mentioned triangular lattice. The ux lines are surrounded by
circulating currents, which together with an external magnetic eld, generate a magnetic
ux inside the ux line, thereby decreasing the magnetic eld in between the ux line
system. This is called the Shubnikov phase. If the external magnetic eld increases, the
distances between the ux lines decrease. A crucial parameter in the Shubnikov phase
is the irreversibility eld

jc

Hirr .

Flux vortices start to move, the critical current density

reduces to zero but the superconductivity is still preserved.

until a certain critical magnetic eld

Hc2

This phase is stable

is reached where superconductivity vanishes

completely [27, p. 23].
When a current, with the density

j,

is applied to a superconductor in the Shubnikov

phase, it creates a movement of the ux lines due to the Lorentz force

FL = j · Φ0 · l

(1.2)

with the ux quantum

Φ0 = n
, where

8

n

is an integer,

h

h
2e

is Planck's constant (6.6207015

(1.3)

· 10−34 J s)

and

e

is the

CHAPTER 1.
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of the vortex, causing an

electrical resistance. The movement of the ux lines causes Cooper pairs to break up
and reassemble, which costs energy.

To prevent the ux lines from moving the ux

lines have to be pinned. This can be achieved by defects in the crystal lattice, grain
boundaries with small angles, impurities or variations of the homogeneity. The diameter
of ux vortices is in the range of the coherence length

ξ

of a material.

Larger defects will hinder the superconducting current ow.
A distinction must be made between intrinsic, growth-induced and extrinsic pinning
[31]. Intrinsic pinning results from lattice properties itself, whereas growth-induced pinning results from lattice defects, small angle grain boundaries, precipitates, twin boundaries. Extrinsic pinning centers are intentionally included defects such as nanoparticles,

Tc superconductors show shorter coherence lengths

secondary phases or impurities. High

than conventional superconductors [32], thus small spheric defects such as nanoparticles
can already act as pinning centers.

1.2.1.3 Pinning
Implementing defects or material in the superconducting compound which locally destroys the superconductivity might seem detrimental, but it is in fact energetically more
advantageous. Pinning the vortices saves energy, because it prevents break up and reassembling of Cooper pairs (see chapter 1.2.1.2). This allows higher current ow in the
material [27, p. 282], even though in most materials pinning slightly decreases

Tc

be-

cause of the worse lattice properties like density, elasticity and electron-phonon coupling
due to the defects in the lattice [33, p. 199].
The force created by the pinning centers holding the vortices in place is called pinning
force density

Fp = jc · B
with

jc =
B

is the magnetic ux density,

Ic

(1.4)

Ic
.
A

(1.5)

is the critical current and

A

is the cross section

passed by the current. It is highly dependent on the microstructural system e.g. size
and shape of the pinning centers.

Therefore, the pinning force density may exhibit

anisotropic behavior.
In order to determine the pinning force density and the critical current density the
critical current can be calculated from measurement data of a

U -I -measurement

and

the following equation [34]:



E(I) = Ec ·
where

E = U/d

I
Ic

N

.

(1.6)

is the electrical eld dened by the equation for a plate capacitor [35,
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Ec

= 1 µV/cm is the critical electric eld criterion. The length

cross section area

A

d

and the

of the superconductor have to be determined for the calculation to

U -I -measurements:

be able to calculate the critical current density from



U (I) = Ec · d ·
In order to calculate

jc

from equation 1.5

linear t for a logarithmic plot of

U

Ic

I
jc · A

N

.

(1.7)

is determined from the intersection of a

as a function of

I

and the critical electric eld

Ec

as shown in the following gure 1.5.
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Figure 1.5: Graphical representation of determination of the critical current from

U -I -

measurement.

1.2.1.4 Anisotropy measurements
Anisotropy measurements are important tools to investigate pinning and transport properties of superconducting samples.

U -I -measurements

are performed at various levels of applied magnetic elds while

changing the angle of the sample surface to the magnetic eld direction after each

U -I -measurement.
As a result, the critical current densities are plotted over the angle to the applied
magnetic eld direction.
These results can be interpreted in which crystal lattice direction the critical current
density is enhanced or decreased. These values exhibit also pinning in dierent crystal
lattice directions, even intrinsic pinning by the lattice itself.
High-temperature superconductors (HTS) show large deviations of critical current
density owing in c-direction in comparison to critical current density owing in a/bdirection of the crystal lattice [36, p. 330]. The critical current density in c-direction

10
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is sigincantly lower than in a/b-direction. This anisotropy is larger for a more twodimensional superconductor [36, p. 330].

1.2.1.5 Determination of ux pinning mechanisms in type II superconductors
after Dew-Hughes
As already shown in chap.
mentally as a function of

Fp

1.2.1.3, the critical current density is determined experiand

H

these measurements must be zero at
return to zero at

Hc2 

[37, p.

(see eq. 1.4). The function of

H

293].

Fp

deduced from

= 0, pass through at least one maximum and

Dew-Hughes presented an alternative approach

to elaborate theoretical models for predicting dierent pinning mechanisms in type II
superconductors. In contrast to other works, this alternative approach considered:

 The superconducting nature of the pinning centres, as it is the dierence between

their superconducting properties and those of the matrix which determines the
strength of the local interaction.

 The size and spacing (or ' wavelength ') of the pinning microstructure compared

to the superconducting penetration depth

λ,

as only if this is greater than

λ

can

the local equilibrium value of B be established.

 The size of the pinning centres compared with the ux-lattice spacing, as this

determines the total length of interacting ux-line, and the geometrical nature of
the interaction.

 The rigidity of the ux lattice, as this determines whether displacements of ux-

lines under local pinning forces are purely elastic, resisted by neighbouring ux
lines, or the pinning forces are suciently strong to completely disrupt the lattice
and allow each ux-line to act individually [37, p. 295].

The equations for dierent pinning mechanisms were plotted and can be compared to
the measured pinning force data in order to determine the acting pinning mechanism.
As an example the three pinning mechanisms are shown in g. 1.6.
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(a) Theoretical pinning force (b) Theoretical pinning force (c) Theoretical pinning force
density plot of normal core
density plot of normal core
density plot of ∆κ core volpoint pinning.
surface pinning.
ume pinning.
Figure 1.6: Three types of theoretical models by Dew-Hughes for (a)) normal core point
pinning, (b)) normal core surface pinning and (c))
[37, p.

300].

h

∆κ

core volume pinning

is the parameter of the magnetic eld normalized to the

value of null represented on the x-axis.

The plots g. 1.6 show
a)

normal core point pinning.
Reasons for that pinning mechanism are point defects [37, p. 295].

b)

normal core surface pinning.
This mechanism can be explained by grain boundaries, step defects and
similar [37, p. 298, 300].

∆κ

c)

core volume pinning.

This is especially suitable for materials with a high

κ and mixed microstruc-

ture [37, p. 298, 300, 301] for larger pinning centers such as nanocolumns.

1.2.2 Technical applications for superconductors
Since the discovery of superconductivity, people attempt to use that phenomenon for
technical applications.
life and science.

Today there are already lots of applications in use in normal

There are e.g.

superconducting cables and tapes, superconducting

magnetic coils, superconducting magnets, superconducting permanent magnets, particle accelerators, nuclear fusion nuclear, magnetic resonance, magnetic resonance imaging, energy storage devices, motors and generators, levitated trains, transformers and
current-limiting devices.
In the eld of electrical power distribution, installation of superconducting cables
over the distance between the power station and private consumers can be imagined.
Losses in the cable network would be reduced in comparison to the current solution with
copper cables. Yet, superconducting cables are still expensive and the peripheral cooling
equipment must be considered energetically, nancially and from the construction point
of view.

12
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cables have to be prevented from quenching. That means they locally become normal
conducting and this quench spreads throughout the cable. Since the current densities are
too high, the overow current has to be detected at the quench spot and be dumped in
due time. Consequently, the quench detection and protection is a very important point
regarding safety, especially in inhabited areas or in applications such as transportation
devices. The installation of superconducting cables may become worth if larger currents
must be carried by a xed cable cross-section, especially with predicted increasing power
consumption of big cities in the future. The superconducting cable can be installed in
the already exisiting cables pits consuming less space for the same current transport.
This will be interesting, especially with the extensive introduction of electrical cars and
their charging infrastructure. The change to sustainable energy sources and sustainable
transportation will also increase the power consumption and the current load of the
power grid making smart solutions, such as supercondcuting applications, necessary.
In 2014 the world's longest superconductor cable was integrated in the power grid of
Essen, Germany (see g. 1.7).

Figure 1.7: Schematic view of the concentric structure of the HTS AmpaCity cable by
Nexans.

The project named AmpaCity was realized by RWE, Nexans and the Karlsruhe Insitute of Technology. It costed ¿ 13.5 million. It is a 10 kV superconductor, carrying
40 MW of power and replacing ve copper cables. It is a concentric cable with three
conducting phases, a neutral conductor and an integrated liquid nitrogen cooling cycle.
It is a eld trial to investigate the long-term performance of operating a power grid with
changing current loads with the usage of a superconducting cable [38, 39].
It it necessary to take a look at the whole system in order to identify where and
when superconducting applications oer advantages. Some possible application may be
impossible with conventional technology. Superconducting technology nds a niche in
these applications. This is e.g. already realized in high magnetic elds in large volumes
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or levitating transportation.

Large experiments, like the Large Hadron Collider (LHC) at CERN in Geneva, would
be impossbile without superconducting technology and superconducting magnets. LHC
gives mankind the opportunity to explore research elds in sub-atomic physics in order
to understand the origin of the universe and quantum mechanics, which were impossible
to investigate before. The 1232 dipole magnets (see g. 1.8) at LHC supply 8.33 T each.
160 superconducting cables form a coil, each housing 36 strands of superconducting wire.
Each strand consists of 6500 superconducting laments of NbTi (with 47 Wt% of Ti)
[40].

The dipole magnets keep the particle beam on track, forcing the beam to the

center of the collider.

Figure 1.8: Schematic view of the LHC dipole magnets with emphasis on the superconducting NbTi-racetrack coils. LHC features up & down dipoles side by side
[40].

Another example is the friction-free levitating and self-positioning property of superconductors enable the application of magnetic levitation trains, such as the japanese
JR-Maglev (g. 1.9).
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Figure 1.9: Photograph of the JR-Maglev MLX01 on track [41].

It reaches a top speed of 500 km/h, travelling 30 km between the station Tokio and
Osaka [41, 27, p.

379 f].

In December 2018 the Central Japan Railway Company

announced an improved vehicle, which will be put into operation in 2027 [42].

(a) Schematic view of the levitational system of the (b) Schematic view of the driving principle of the
JR-Maglev.
JR-Maglev.
Figure 1.10: Schematic view of the (a)) levitational system and (b)) driving principle of
the JR-Maglev.

The magnets are inside the side rails keeping the train aoat and stabilized in its
position (see g.

1.10a).

It will be pulled towards the upper magnetic pole and is

pushed away by the lower magnetic pole. The train is propelled by the magnetic forces
of the rails to the magnetic poles inside the train (see g. 1.10b). Same magnetic poles
push the train, whereas counter poles attract each other pulling the train in the moving
direction.
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1.2.3 Ba122
In the past 10 years, many dierent FBS compounds have been discovered. They are
divided into groups called families. There are 11 (e.g. FeSe, FeTe), 111 (e.g. LiFeAs),

2 2

2 2

122 (e.g. BaFe As , SrFe As ) and 1111 (e.g. LaOFeAs, NdOFeAs) [4].

2 2

This work focuses on Co- respectively P-doped BaFe As . It is called Ba122 because
of the rst element it contains and its aliation to the 122-family.

c
b
a

Ba
Fe
As

Figure 1.11: Illustration of a unit cell of the Ba122 compound to emphasize the positions
of the elements in the compound.

This group of the FBS are also called pnictide superconductors because they consist
of iron (Fe) and an element of the pnictogen group (group 15 of the periodic table, also
known as nitrogen family or in semiconductor physics group V) [43]. In this work, the
pnictogen of choice is arsenic (As).
At room temperature, Ba122 forms a tetragonal lattice structure (see g. 1.11) with
lattice parameters of a = b = 3.963 Å and c = 13.017 Å [44, p. 1]. At temperatures
of 140 K, a structural phase transition takes place. The square net of iron atoms (see
g. 1.11) becomes rectangular with distances of 2.97 respectively 2.81 Å, resulting in
an orthorhombic structure [44, p. 2].
Ba122 compounds are quite stable in air or water vapor [11]. They show high crystalline quality such as at surface and a sharp transition of the critical temperature

∆Tc

2
= 1.1 - 1.3 K. Critical current density (jc ) values up to 4 MA/cm for Co-doped Ba122
3 (LSAT) and magnesium oxide (MgO) were reported [12, 13].

on (La,Sr)(Al,Ta)O

Many

investigations showed good growth for Ba122 compounds by pulsed laser deposition to
achieve smooth surface lms with fairly high

jc

and

Tc

values [12, 13, 45].

Properties such as layer-type crystal structure, high upper critical elds, 2D-behaviour
[7], few thermal uctuations, low anisotropies [9] and multi-band superconductivity [10]

16

CHAPTER 1.

INTRODUCTION

make these compounds interesting candidates for power applications such as cables
and coils as well as for electronic applications such as single-photon detectors [46]. It
already has been reported that cables and wires have been produced with the industrially
interesting PIT technology [16, 15]. Ground FBS powders are lled into a silver (Ag)
tube, pressed and annealed at high temperatures, enabling the Ba122 compound to
grow in the attened tube, which resulted in a superconducting cable.
Conclusively,

2 2

Ba(Fe,Co) As

superconducting

2

and BaFe (As,P)

2

Ba122

compounds

such

as

well-investigated

are suitable model systems for investigations of syn-

thesis and characterization of eective pinning centers by targeted PLD insertion of
nanoscale defect structures in epitaxial thin lms due to their heteroepitaxial layer
growth on various substrates with low misorientation angles at grain boundaries and
few instrinsic defects, high critical temperatures, high critical current densities and
low anisotropies. Additionally, they do not contain volatile atoms such as potassium
or uorine in comparison to compounds of the 11-family and are therefore optimal for
quasi-multilayer deposition with equally distributed nanoparticles between closed layers
of superconducting compound.

2 2

BaFe As

itself is not superconducting. There are several methods to create super-

conducting Ba122 compounds:

Strain/pressure
Strain or pressure in the lattice can help to suppress magnetism and subsequently induce superconductivity in the compound. Strain due to interfacial bonding between
Fe and the FeAs sublattice increases the FeFe distance due to the lattice mist, which
leads to a suppression of the antiferromagnetic spin density wave and induces superconductivity [47]. For example, external pressure reduces the spin density wave order
and preserves the tetragonal structure instead of changing to orthorhombic symmetry
causing superconductivity with values comparable to values achieved with doping [48].

Hole-doping
For hole doping, the number of electrons in the FeAs-planes has to be decreased to
create an excess of charge carriers (in this case holes). This is reported to be achievable
by doping e.g.
a maximum

Tc

+

with potassium (K). K

is exchanged for Ba

2+ .

The samples show

of 38 K at a doping level of x = 0.4 while superconductivity already

appears at a doping level of x = 0.16 [49]. Due to the high volatility and reactivity,
potassium-doped thin lms are dicult to prepare [50].

Isovalent doping
Isovalent doping for example, is realized by using phosphorus (P) to substitute arsenic
(As). There is no change in number of charge carries such as holes or electrons. The

3-

only change happens in the ionic radius. As

has a slightly larger ionic radius of 0.12
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(0.106 nm), causing a lattice distortion that induces superconductivity -

comparable to superconductivity induced by strain [51].
The successful preparation of P-doped Ba122 thin lms has been reported, showing

Tc

values up to 25 K. Due to growth temperatures above 1000 °C, the preparation of

P-doped Ba122 lms nevertheless is challenging [52].
Adachi et al. [53] showed that PLD grown P-doped Ba122 lms exhibit

2
and high jc values of 3.5 MA/cm

Tc,0

of 24 K

at 4.2 K.

Electron doping
Electron doping is the opposite of hole doping.

The number of electrons must be

increased to achieve an excess of charge carriers. This can be achieved by using cobalt
as a doping material. Fe

2+

3+ .

is partially substituted by Co

The maximum

Tc

of 22 K

is obtained at doping levels between x = 0.06 and 0.08 [25], whereas superconductivity
already appears at doping levels of x = 0.04 [54]. In this work, Ba122 with x = 0.08 of
Co (see chapter 1.3.1.1) is used for quasi-multilayer technique, since it provides high

Tc

values and lower, easier-to-handle deposition temperatures than P-doped Ba122, besides
the positive properties of the mother compound (mentioned in 1.2.3) . The
reduced by disorder, caused by implemented nanoparticles.
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1.2.4 Epitaxy and growth
Epitaxy describes the controlled growth of materials on surfaces (substrates). In this
growth process, the deposited layer is oriented to the crystal structure of the substrate
and itself forms a certain structure. There are basically two dierent types of epitaxy:
homoepitaxy, where the same material as the substrate is deposited on the substrate,
and heteroepitaxy, where substrate and applied material dier.

In the case of ho-

moepitaxy, the given structure of the substrate usually forms in the applied layer. In
heteroepitaxy, the probability that this will not happen is signicantly higher. Due to
dierences in the lattice constants of the dierent materials, defects, distortions and/or
dislocations can occur during lm growth [55]. With some materials, the ratio of the
two lattice constants is integer, so that the layers can assume a similar periodic structure.

However, ordered layer growth is also dependent on other parameters, such as

substrate temperature. If the temperature is too low, the layer may not close. At high
temperatures the atoms and molecules are very mobile and move across the substrate
surface. It is then possible that the lm closes due to the mobility. Unordered growth
can also occur [56]. If temperatures are too high, the desorption of the materials to be
applied can also prevent growth. The mobility of atoms on surfaces varies from material
to material. The type of bonds and the bond energies between the substrate and the
layer and between the individual layer atoms also play an important role for the growth
mode. In general, a distinction is made between three dierent growth modes (see g.
1.12).
 Frank-v.d. Merwe growth (layer growth)

 Volmer-Weber growth (island formation)

 Stranski-Krastanov growth (mixed form of layer growth and island formation)
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growth modes

Frank-van der Merwe

Volmer-Weber

Stranski-Krastanow

adsorption

Figure 1.12: Illustrated diagram of the dierent modes of growth.

In Frank-v.d. Merwe growth, the layer material successively forms monolayers on top
of each other, enabling a closed lm growth. This is due to the binding energies, which
in this case are greater between substrate and lm than the binding energy between the
layer atoms. This growth also occurs when the bond energy is small compared to the
surface energy [57, 58, 59].
In Volmer-Weber growth, the layer material forms islands on the surface of the substrate, since the binding energy of the layer tatoms is greater among each other, than
the binding energy to the atoms of the substrate.

Therefore it is energetically more

favorable for the layer atoms to accumulate together [60].
Stranski-Krastanov growth is a hybrid of both above mentioned growth modes. First,
the layer material forms one or more monolayers (the so-called wetting layer), whereupon
islands are formed.

This is due to the change in the ratio of binding energies with

increasing layer thickness.

At rst, the binding energies between substrate and layer

atoms are larger than the binding energies between the layer atoms.

At a certain

layer thickness (the so-called strained layer), the binding energies of the layer atoms
outweigh each other due to the tension in the applied material and it is energetically
more favorable to form islands. This growth mode should take place when the stress
energy is large compared to the surface energy [61].
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1.2.4.1 Ba122 lm growth
The most common deposition method for Ba122 compounds is pulsed laser deposition
(PLD). It features fast and good growth of thin lms with great reproducibility of the
process parameters. It shows high crystalline quality such as at surface, low misorientation angles at grain boundaries [20] and a heteroepitaxial layer growth mechanism
with c/2-ledges [19]. The use of krypton monouoride (KrF) excimer lasers as well as
neodymium-doped yttrium aluminum garnet (Nd:YAG) lasers have been reported to
successfully grow high quality superconducting Ba122 lms [12, 13, 45].

3

According to Lee et al. [62] BaFeO

nanopillars appeared in the Ba122 matrix after

3 template layers and therefore angle dependence of jc showed

employing STO or BaTiO

a strong c-axis peak. The lms exhibit high crystalline quality and high

2
MA/cm

jc

values of 4.5

at 4.2 K.

Thersle et al. [63] found that an Fe buer layer between substrate and lm provides
high crystalline quality growth because the bcc-strutured Fe interacts directly with the
FeAs tetrahedron in the Ba122 compound and fairly high

jc

values of 0.45 MA/cm

2

at

12 K can be reached.
Adachi et al.

[53] reported PLD grown P-doped Ba122 lms to exhibit

2
K and high jc values of 3.5 MA/cm

Tc,0

of 24

at 4.2 K. Whereas Sato et al. [64] experimented

with higher deposition temperatures and optimized lm growth in c direction and observed pinning centers in this direction. Hiramatsu et al. [52] found optimal deposition
temperature to be at 1050 °C for P-doped Ba122 lms with

Tc

values of 25 K.

1.2.4.2 Substrates
In this work, three dierent substrates are used. All of them are commercially available.
The surface of all substrates has (100)-orientation.

MgO
Magnesium oxide (MgO) has been reported to be a suitable substrate for Ba122 growth
[65, 66, 67]. It is mechanically and chemically stable and exhibits a cubic crystal structure with a lattice parameter of 0.421 nm [68]. The substrates have a thickness of 1
mm and a size of 10 by 10 mm.

LaAlO3
Lanthanum aluminate (LAO) has a cubic perovskite structure with a lattice parameter
of 0.382 nm [69]. The substrates have a size of 10 by 10 mm and a thickness of 1 mm. As
already mentioned in chapter 1.2.4.1 Co-doped Ba122 has been successfully grown on
LAO [70]. Additionally, LAO is mechanically and chemically stable and shows crystal
twinning morphology at the surface visible even to the eye [71].
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CaF2

2

Calcium uoride (CaF ) also has a cubic structure [72] with a lattice parameter of 0.546
nm. Substrates have a size of 5 by 10 mm and a thickness of 1 mm [73]. Growth of
Co-doped Ba122 with fairly high

2

induced by formation of BaF

Tc

in the matrix [19]. CaF

mechanically stable as MgO or LAO.

22

values has been reported [74, 19] due to strain

2

is brittle and therefore not as
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1.3 Preparation and experimental setups
The complex preparation of samples and the method for investigation can dier widely.
Therefore it is necessary to explain the experimental setups as well as the measurement
setups and the chosen measurement methods.

In the rst part of this chapter the

preparation of the PLD targets is explained, followed by a brief introduction of the
experimental setup and the pulsed laser deposition.

In order to measure electrical

transport properties, the samples need to be structured. This process is presented in
the last part of this chapter.

1.3.1 Target preparation and properties
1.3.1.1 Ba122

0.92 Co0.08 )2 As2

The Ba(Fe

targets were prepared according to [25].

2

2

Prior, the precursor materials FeAs, Fe As, Co As, BaAs rst have to be prepared
under argon (Ar) atmosphere. The materials are milled, mixed and pressed in the right
stoichiometric ratio. They are sealed under Ar pressure in a glass tube. During high
temperature exposure, the materials react to the precursor materials. These are milled,
mixed, pressed and heat treated to obtain the superconducting material of Co-doped
Ba122 [25, p. 5].
The doping level of x = 0.08 has been reported to provide optimal superconducting
properties [25] and was therefore chosen.

2

The BaFe (As

0.6 P0.4 )2

targets were prepared at LMU Munich [49]. The doping level

of x = 0.4 has been reported by Rotter et al.

[75] to be optimal for achieving best

superconducting properties.

1.3.1.2 BaZrO3 (BZO)
The BZO target with a purity of 99.9 % is commercially bought [76]. BZO is a perovskite
with a cubic lattice (a = 4.192 Å) [77]. BZO has already been used in YBCO compounds
as a pinning material forming nanoparticles [78] as well as nanorods [79]. Lee et al. [23]
and Miura et al. [20] used it as a pinning material in Co-doped respectively P-doped
Ba122. In Co-doped Ba122 BZO forms nanorods parallel to c-axis with a diameter of
4 nm. This is a suitable size for pinning centers because it is almost double the size of
the coherence length

ξ

= 2.5 nm of Ba122 [23].

1.3.1.3 BaHfO3 (BHO)
BHO is used to implement nanoparticles acting as pinning centers in the superconducting lm. The material has a perovskite structure [80, p. 779] with a crystal constant
of 4.1717 Å and was already used as a pinning center material for the well-studied high

2

3 7-x -compounds [81].

temperature superconductor YBa Cu O
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3 and HfO2 powder at Institute for Tech-

The BHO targets were prepared from BaCO

nical Physics (ITEP) of the Karlsruhe Institute of Technology (KIT). The powders are
mixed, pressed and sintered up to 1150 °C. The result is ground and pressed again in
an isostatic press and sintered again up to 950 °C. Since BHO and BZO are structurally
similar BHO could be a suitable pinning material for Ba122 as well.

1.3.1.4 InAs
InAs is a semi-conductor with cubic symmetry and a lattice constant of 6.06 Å. It should
be stable within the lm when implemented as nanoparticles during quasi-multilayered
deposition since it is an arsenide. It has been reported that deciency or vacancies of As
in Co-doped Ba122 lms increases the critical current density [47] and acts as pinning
centers [25]. Furthermore, it does not contain oxygen which might replace As atoms
causing a decrease or even destruction of superconductivity.
The only disadvantage is the low re-evaporation temperature of around 570 °C [82].
The 99.99 % purity InAs target with a diameter of 25.4 mm and a thickness of 5 mm
was commercially bought [83].

1.3.2 Pulsed laser deposition (PLD)
Pulsed laser deposition (PLD) is physical method for lm preparation from the gas
phase and usually takes place in vacuum. The advantages of PLD are the large exibility regarding the materials, possible deposition conditions and stoichiometric material
transfer.
A high energetic, pulsed (10 - 25 ns) and focused laser beam hits a target of the
deposition material (see g. 1.13), which is mostly a stoichiometric sintered or meltprocessed bulk. The irradiation of the laser beam leads to a strong local heating and
ablation of the target material. This generates a plasma plume which extends nearly
perpendicular from the target surface towards a heated substrate and causes the lm
deposition [84, 85].

Deposition parameters, such as laser energy, energy density at

target, repetition rate of laser, substrate temperature, target-substrate distance and
surface constitution of the target inuence the lm growth.

Higher laser energies as

well as higher laser frequencies result in higher growth rates and lower re-evaporation
rates of the deposition material. For Co-doped Ba122 grown by this Nd:YAG laser it was
found that growth rates near the maximum of 0.9 Å/s (energies of around 30 mJ and at
frequencies of 10 Hz) show best results [19]. The substrate temperature inuences the
molecules or atoms condensing on the substrate surface. In order to achieve optimal lm
growth, the thermal energy needs to be high enough to provide enough kinetic energy
for the molecules or atoms to move on the surface, agglomerate and form a closed layer.
If the temperature is too high, the deposition material can also re-evaporate from the
substrate, thereby having a disturbing eect on the growth mode and on the thickness
of the lm.
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substrate and deposition material and their relation to each other such as binding and
surface energy (e.g. see chap. 1.2.4). Further, the distance and position between target
and substrate has an eect on the quality of the lm.

Depending on the material,

dierent stoichiometries and particle sizes could be obtained. The target material can
also degrade or the stoichiometry at the surface can change with time. Therefore, the
ablation of the target surface has to be as even as possible. This can be achieved by
wobbling the target during deposition. Additionally, the laser energy has to exceed a
material specic threshold. Otherwise, the so called preferential ablation occurs, only
ablating certain molecules or atoms. In this case, the stoichiometry of the target is not
transferred to the deposited lm.

mirror system
sample
holder/heater
load lock

focal lens
Nd:YAG-Laser
355 nm

shutter

target holder

Figure 1.13: Schematic image of the principle working mechanism of the PLD chamber.

The experimental setup is schematically shown in g. 1.13.
An ultra-high vacuum (UHV) chamber with a base pressure of
frequency-tripled Nd:YAG laser (λ = 355 nm,

fmax

= 10 Hz,

p

= 10

Emax

-9

mbar and a

= 150 mJ, pulse

duration < 10 ns) is the main part of the setup.
Target and substrate/heater positions are motorized and controlled by a LabView
program. It is used to conduct the laser, the heater, the shutter and target carousel to
deposit lms on substrates in the ultra-high-vacuum chamber. The program provides
the possibility to write, edit and save so called batch les which determine the sequence
of lm growth, such as heater-target distance, target wobbling, substrate rotation, substrate and target positioning, laser energy, laser frequency and usage of dierent targets
during deposition (multi-layer deposition).

To start a deposition the batch les can

be edited beforehand and execute the whole deposition process for better reproducibility.

The software is furthermore used to measure the remaining pressure at dierent

positions in the vacuum chamber, to obtain reproducible conditions for lm growth.
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The chamber has a carousel type target holder, storing up to ve targets. The usage of
more than one target for a deposition is possible. This technology enables growing single
material lms, as well as mulitlayered and quasi-multilayered lms, also in combination
with a buer layer (e.g. see g. 1.14).

1.3.2.1 Quasi-multilayer technique

Figure 1.14: Variations in the arrangement of nanoparticles or precipitates for defect

2

3 7-

generation in the YBa Cu O δ -matrix. This image has been drawn after
[30, p. 23].

The distribution of nanoparticles in a PLD-grown lm can be ordered or random. A random distribution e.g. can be achieved by usage of stoichiometric premixed targets [30,
p. 22]. An ordered distribution happens e.g. if particles self-assemble in nanocolumns
or the particles can be forced into order via a substrate decoration [30, p.

22].

The

quasi-multilayer technique can be used e.g. for implementing nanoparticles as pinning
centers in a superconducting lm in an ordered distribution. The particles are formed
from islands (see chap. 1.2.4) of unclosed interlayers of a non-superconducting material
[30, p. 23]. The align in the same deposition layer, however without creating a closed
layer. This is the reason why this technique is called

quasi

-multilayer technqiue.

Quasi-multilayered lms made via PLD with two targets by implementing nanoparticles of BHO [21, 22] or BZO [1, 2] have been already reported for YBCO-compounds
to increase critical current density

jc

and pinning force density

FP .

The goal of this

work is to transfer the quasi-multilayer technique from YBCO-compounds to Ba122
compounds also in order to increase the critical current density and the pinning force
density for future technical applications. Therefore, a lot of measures had to be taken.
The experimental setup had to be versatile in order to provide a maximum of exibility and reproducibility of the deposition parameters to enable the optimization of the
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parameters for the implementation of nanoparticles in Ba122 compounds.
The targets can be switched by the software during the process. The shutter allows
to precisely adjust the number of pulses even down to a single pulse and shuts the
laser beam during target switch. Thus it is e.g. possible to deposit closed layers of the
superconducting material and non-closed layers of the pinning material in between the
superconducting layers, in order to achieve equally distributed nanoparticles as pinning
centers. The number of pulses for the superconducting material are very high, to ensure
a closed layer, and are followed by a small number of pulses for the pinning material, to
ensure the layer is not yet closed. If the pinning material layer was closed and since the
pinning material is not superconducting the result would be a stack of superconducting
layers separated by non-superconducting layers (see g. 1.14; multilayers).
Consequently, it is also possible to achieve multilayered lms. Therefore, as already
mentioned, the parameters have to be chosen to enable a closed layer of each target
material.
The shutter is especially important for the deposition of material with high deposition
rates. The number of pulses have to be exactly controlled in order to achieve the right
composition or lm thickness. The shutter has to close and shut a laser pulse repeatedly
with a very high energy of 15 J/cm

2

under 1/10 of a second.

1.3.3 Chemical etching
Wet chemical etching, respectively photolithography processes, are used to obtain bridges
(normally of around 50 µm width and 1 mm length) in the lm. These bridges are necessary to have a dened length and area for the current to ow through, so the critical
current density

jc

can be calculated from

Ic

data.

This is also necessary to enable

applying smaller currents which can be supplied by common power sources.
First, a photoresist is spin-coated on the surface of a sample. After two minutes of
dry-out process in a furnace at 200 °C the photoresist is illuminated by UV-light. For
that, a mask covers the parts of the sample, which should not be cured by a developer

2 2

solution afterwards. Immersion in a 1:1 mixture of H O

3

and HNO

acid, diluted 1:60

with deionized water, removes all areas covered by uncured photoresist.
The Ba122 layer can be dissolved by acid very quickly, therefore the sample is immersed for only two seconds and subsequently neutralized in deionized water.

The

remnant of the photoresist is removed by immersion in acetone.
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1.4 Characterization
In this chapter the measurement setups as well as the principles behind the measurements are presented in order to create a deeper understanding of the dierent characterization methods.

1.4.1 Physical property measurement system (PPMS)
cooling
super
sample space annulus insulation vacuum
center of
magnetic field
bottom of
sample
chamber with
sample puck
contacts
thermometer
and heaters

head

rods
baffles

sample
chamber
inner vacuum
tube
heat shield
outer vacuum
tube
magnet

impedance heater
and thermometer
magnet

impedance tube

protective cap
(open to helium)

bellows

cross section

helium level meter

Figure 1.15: Schematic view of the principle of the physical property measurement system [86, p. 2-4]

The investigation of electric properties of superconducting samples requires an experimental setup, in which parameters such as sample temperature, magnetic eld and sample orientation with respect to the magnetic eld can be controlled while performing
four-point resistivity measurements.

The four-point resistivity measurement includes

four aligned electrodes. Two outside electrodes lead a current through the sample or
the bridge. The inner electrodes measure the voltage. This measurement type eliminates the contact resistances and allows for exact electric measurements [87]. With this
measurement setup, it is possible to determine parameters such as

Fp

(see chapter 1.2.1.3),

R = U/I ), Hirr

and

Hc2

R(T ), Tc , R(T, B)
(by calculating

Ic

respectively

jc (θ),

(by using the denition of the resistance

Tc;onset

and

Tc;90

for

R(T )

graphs for dier-

ent applied magnetic elds). These measurements are performed in a Quantum Design
Physical Property Measurement System (PPMS). The PPMS oers a sample environment with a temperature range from 1.5 to 350 K and magnetic elds up to 14 T. With

28

CHAPTER 1.

INTRODUCTION

an optional rotator sample mount, the sample can be rotated around its horizontal axis
- to measure the sample's properties in dierent angles to the magnetic eld. Since the
built-in voltage and current measurement options do not t the necessary sensitivity
requirements, four-point measurements are carried out by employing an external Keithley Model 2182A Nanovoltmeter and a Keithley Model 2460 Source Meter Unit. The
current and voltage leads are coupled with a switch box into the sample chamber.

1.4.2 X-ray diraction (XRD)
X-ray diraction is a technique used to investigate the crystalline structure of a sample.
It uses the wave characteristic of electromagnetic radiation diracted on crystal lattice
planes.

detector
anode
monochromator
aperture

X-ray
tube

sample

cathode
Figure 1.16: Schematic Illustration of an XRD setup and working principle.

The wavelength of X-radiation lies in the range between 1 pm and 10 nm - the
same range for lattice plane distances in crystals. This is why crystal lattices work as
diraction grating. Therefore, constructive interference appears only for certain angles,
fulllling the Bragg law

2d · sin α = nλ
where
beam,

n

d

is the lattice distance,

is a positive integer and

α
λ

(1.8)

the angle between the lattice plane and the X-ray
the wavelength of the X-radiation (as shown in g.

1.17)
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Figure 1.17: Graphic illustration of Bragg diraction.

For orthorhombic lattices the lattice distance

d

is calculated to

h2 k 2
l2
1
=
+
+
d2
a2
b2
c2
, using Miller indices
measurement setup. So

h, k, l

[88].

h=k=0

(1.9)

Only the lattice distance

d

is observed due to

simplies 1.9 to

1
l
= .
d
c

(1.10)

Combining this equation 1.10 with the Bragg law 1.8 equals to

c (l, α) =
The lattice parameter

c

l·λ
.
2 · sin α

(1.11)

can be determined by entering the positions in ° of the (00l)-

reections into the Nelson-Riley-equation [89]

1
N R(α) = ·
2

cos2 α cos2 α
+
sin α
α

!

.

(1.12)

The resulting values are plotted and linear interpolated with
y-intercept displays lattice parameter

N R (α) → 0.

The

c.

The X-ray diraction graphs show an out-of-plane growth orientation of the deposited
lm, since only the lattice distance

d is observed.

By determining the width of the peaks,

the mosaicity - a tilt angle towards the a/b-plane - can be distinguished as well as the
particle size of e.g. foreign phases by calculation with the Nelson-Riley-equation 1.12.
To investigate the crystalline structure, orientation of grains and lattice parameters
(even strain can be observed by elongation of the lattice parameter

c)

of a sample,

a Bruker D8 Discover X-ray diractometer with a copper anode (monochromatic CuKα

1,2

radiation,

λ

= 0.15406 nm) was employed for standard

θ − 2θ

diractograms.

The incident beam is parallelized using a Goebel mirror in combination with an axial
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0.4 Soller slit and a xed-sized aperture of 0.6 mm. The angles between 10 and 120 °
were measured with a step width of 0.5 ° per second. The parameters were chosen to
achieve the highest intensities without saturating the detector and the lowest possible
background noise for the used Ba122 samples in order to be able to see small peaks rising
for low concentration of pinning material in the lms. The outgoing beam is detected
by a 1-D line detector. The peak data is evaluated by using the ICSD database [90] to
distinguish the dierent orientations of the dierent compounds and foreign phases.

1.4.3 Scanning electron microscopy (SEM)/energy dispersive X-ray
spectroscopy (EDX)/transmission electron microscopy (TEM)
A SEM is used to investigate surfaces of conducting samples. The electron beam scans
the surface. The interaction of the electrons and the surface is used to create an image
of the sample.
The electrons are generated by a heated emitting cathode and are accelerated by an
electric eld of 0.5 to 50 kV to obtain an electron beam [91]. The electrons are guided
and focused by magnetic eld lenses to scan the surface of the sample. The inside of
the electron microscope is evacuated to high vacuum for the electrons not to hit any gas
molecules. The electron beam interacts with the atoms and secondary electrons (SE)
are generated and detected. Thus a topography image of the sample surface is displayed
[55, p. 24]. Another mode is to detect the backscattered electrons (BSE) to achieve a
material specic contrast [92, p. 121]. For this work, all SEM images were taken with
a LEO 1530 Scanning Electron Microscope by Zeiss with an acceleration voltage of 20
kV.

Figure 1.18: Simplied operating principle of a scanning electron microscope; BSE:
back-scattered electron; SE: secondary electron; EDX: energy dispersive
X-ray spectroscopy.

With an SEM it is also possible to perform EDX. It is a non-destructive way of
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investigating the chemical composition of a sample surface. The electron shells of the
atoms are excited by a high energy electron beam. Electrons falling back in their states
emit an X-ray photon. This is characteristic for each element and is displayed as an
image, by detecting the X-ray intensity in comparison to wavelength or energy [93].
TEM uses the same technique as an SEM, but in transmission.

First, the sample

has to be very thin for the electrons to pass the material. A lamella is cut from the

+

sample via a focused Ga -ion beam (beam energies from 2 keV to 30keV) in-situ lift-out
technique in an FEI Strata 400S dual-beam respectively FEI Nova 600 Nanolab Dual
Beam system. The incoming electron beam during imaging process points consequently
parallel to the Ba122 (100) zone-axis (a-axis).

For this work, TEM is used to show

cross sections of the samples in order to investigate the distribution of pinning centers
in the lm. If the sample is scanned in transmission, it is called Scanning Transmission
Electron Microscopy (STEM) [94]. The images taken were performed in the so-called
High-Angle Annular Dark-Field STEM (HAADF-STEM) mode with a FEI Tecnai Osiris
S with 200 kV and a FEI Titan

3

with 300 kV.

EDX measurements in STEM were performed in a FEI Tecnai Osiris S TEM with 200
kV. To calculate the amount of the included elements of the sample the standardless
Cli-Lorimer qualication is used. The concentrations of elements are calculated from
the relation of the intensities of the X-ray radiation by the software Bruker ESPRIT 2.1.
To enhance the accuracy of the determination of concentrations multivariate statistical
analysis was applied by the use of the software HyperSpy to increase signal-to-noise ratio
in qualitative EDX mappings by means of dimensionality reduction of EDX datasets
via principal component analysis (PCA). Especially the overlap of the F Kα (677 eV)
and Fe Lα (705 eV) X-ray lines was resolved by multiple linear least squares tting of
Gaussians at their respective energies.
The SEM images were taken by Dr.

Alexandra Jung from the Institute for Tech-

nical Physics (ITEP) at Karlsruhe Institute of Technology and TEM measurements
were performed by Lukas Grünewald from the institute Laboratory for Electron Microscopy (LEM) at Karlsruhe Institute of Technology and Dr. Hannes Rijkaert from
the SCRiPTS group of Ghent university in Belgium.
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1.4.4 Atomic force microscopy (AFM)
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height as
measurement
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comparison
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height adjustment
(piezo)
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laser beam

excitation
cantilever

sample

Figure 1.19: Schematic image of the operating principle of an atomic force microscope

The AFM (Atomic Force Microscope) is a method for the direct imaging of the sample
surface in real space including height information (important for denition of bridge
cross section area for

jc

measurements). In this work, a Bruker Dimension Edge was

used.
In atomic force microscopy, the sample surface to be examined is scanned with a
measuring tip in a predened scanning pattern. The measuring tip, the end of which
should preferably have only one atom, is located at the end of an elastic lever arm,
the so-called cantilever.

The cantilever is mirrored on its backside.

A laser beam is

focused on it, projecting the reection of the beam onto a four-quadrant detector. If
the cantilever is deected from its rest position, the position of the laser beam on
the detector changes.

The deection can be measured without contact.

It depends

on the atomic interaction between the sample surface and the tip. Each pixel of the
resulting image receives information about a certain interaction. A control loop is used
to keep the height to the sample surface or the contact to the sample constant during
the measurement, thereby avoiding contact loss or damage to the sample and the tip.
When operating an AFM, the following measurement modes are available.
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Contact mode
In this measurement mode, the tip is in direct mechanical contact with the sample surface during measurement. This creates an electrostatic repulsion between the electron
shells of the sample atoms and the tip. In the controlled mode (constant force mode),
the cantilever is kept at a constant bend by the control loop, allowing the tip keep contact with the sample. With the help of a piezo actuator, the cantilever can be adjusted
in height at high speed, following the topography of the sample. The measuring signal
here is the control of the piezo drive.

Non-contact mode (tapping mode)
In this mode, the cantilever is not in direct contact with the sample, in contrast to the
previously mentioned mode. The cantilever is excited to vibrate close to its resonant
frequency. Due to the interaction between sample surface and tip, the amplitude of the
oscillation of the cantilever changes and the control electronics corrects this amplitude
change to the previously set value. The control signal is the imaging measured variable.
All AFM images contained in this thesis were taken in this mode and took place ex-situ.

1.4.5 Inductively coupled plasma mass spectrometry (ICP-MS)
ICP-MS is used to investigate the stoichiometry of a sample. The samples are ground
and dissolved in material specic acids such as mixtures of nitric acid, hydrogen peroxide
and hydrochloric acid under microwave, pressure vessel or graphite oven conditions at
temperatures between 353 and 523 K to generate an aerosol which is heated in an
argon-plasma, atomizing and ionizing it. An applied electric eld accelerates the ions
into a mass spectrometer.

There, the ions are detected depending on their ratio of

mass to charge [95]. ICP has a very low detection limit up to nanogram-per-liter [96].
The elements were determined by optical emission spectrometry (ICP-OES, iCAP 7600
DUO, Thermo Fisher Scientic) and mass spectrometry (ICP-MS, 7500ce, Agilent) by
Dr. Thomas Bergfeldt at the Institute for Applied Materials - Applied Materials Physics
(IAM-AWP) at the Karlsruhe Institute of Technology. The analysis of the components
was accomplished with four dierent calibration solutions and internal standards (Sc
for ICP-OES, Sc, In for ICP-MS). The range of the calibration solutions did not exceed
a decade. Two or three wavelengths and one or two isotopes of the elements have been
used for calculation.
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2 Experimental results
The goal of this work is to achieve Co- or P-doped Ba122 nanocomposite lms with
enhanced superconducting porperties for future applications.

Hence, the growth pa-

rameters and conditions of the doped Ba122 have to be understood as well as the
implementation of the pinning materials in order to combine the achieved knowledge
and produce optimized nanocomposite samples.

P

and x

Co

The used doping levels (x

= 0.08

= 0.4) have been reported to be optimal [25, 75] and were therefore chosen.

This chapter presents the experimental stages, characterizations and investigations of
this work - from starting with the optimization of Ba122 growth to implementation of
perovskites and InAs as artical pinning centers to achieve improved electrical transport
properties.

2.1 Experimental realization
To obtain optimal growth conditions for Co- and P-doped Ba122, the used substrates
have to undergo the following procedures. First, the substrates are put into a beaker
lled with isopropyl. This beaker is placed in an ultrasonic bath for 7 minutes. During
this time, the sample holder is wiped with a lint-free wipe soaked with isopropyl. Both
procedures are performed to remove dust or other contaminations located on the surface. After the ultrasonic bath, the substrate is placed in the sample holder and is dried
by an argon ow.

Immediately after, the sample holder with the substrate is placed

onto the transfer stick in the load lock and which is then pumped. When the pressure

-7 mbar the load lock is opened towards the main chamber and

reaches the range of 5·10

the sample holder with the substrate is transferred into its position at the heater. The
heater is already put into deposition position and is set to the characteristic deposition
temperature. The substrate has to degas and reach the deposition temperature. During

-6

degassing, the pressure in the chamber increases up to pressures within the range of 10

mbar due to outgassing of the substrate and its holder. After 10 to 20 minutes it drops
to values of around 10

-8

mbar. This entire thermalization process takes approximately

45 minutes to an hour. During this time, the laser is already powered and thermally sta-

-8 mbar has

bilized. Subsequent to the thermalization process, when the pressure of 3·10

been reached, the deposition can be started via software. For all samples investigated
in this work, the number of pulses per sample ranged approximately 18000 resulting in
lm thicknesses of about 60 to 100 nm. After deposition, the heater is turned o and
the sample cools down to room temperature for 45 minutes to an hour.
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2.2 PLD of Ba122 lms with frequency tripled Nd:YAG
laser
Hiramatsu et al. [70] deposited Co-doped Ba122 on LSAT using four dierent types of
lasers:
 a ArF excimer laser with a wavelength of

λ

= 193 nm,

 a KrF excimer laser with a wavelength of

λ

= 248 nm,

 a second harmonic Nd:YAG laser with a wavelength of

λ

= 532 nm

and
 a fundamental harmonic Nd:YAG laser with a wavelength of

λ

= 1064 nm.

The frequency-tripled Nd:YAG laser (λ = 355 nm) used for this work had not been
tested or reported on ablation of Ba122 before 2018. The rst experiments of this work
were performed in 2015. The closest version to the deployed laser in this work, was the
frequency-doubled Nd:YAG laser with a wavelength of
pulse energy of 2.2 - 3.2

2
J/cm ,

λ

= 532 nm and an optimum

tested by Hiramatsu et al. [70]. They however could

not nd any dierence to lms deposited with a KrF laser [70].
The reason for the use of a frequency-tripled Nd:YAG laser is its wavelength of 355
nm. The third harmonic of the Nd:YAG laser is located in the near ultraviolet spectrum,
but is not as harmful to tissue or eyes as the rst or the second harmonic.
The rst harmonic of the Nd:YAG laser with 1064 nm lies within the near infrared
spectrum and is very harmful.
The second harmonic with 532 nm wavelength lies in the visible spectrum and is not
only very harmful for the eyes but also dicult to handle regarding safety measures. The
solid state medium, as opposed to the toxic gas medium used in KrF lasers, presented
itself as a furhter advantage of the Nd:YAG laser.
Eventually the question arises, if a frequency-tripled Nd:YAG laser can be used to
grow Ba122 compounds in good crystalline quality and with good superconducting
properties. Therefore, several substrates had to be tested and the deposition parameters
had to be optimized for each kind.

2.2.1 Formation of Fe interlayer
Initially, the rst experiments were performed using MgO (100) as a substrate, due to
its properties and low dielectric constant, which make it interesting for applications

2

[65, 66, 67]. BaFe (As

0.6 P0.4 )2

0.92 Co0.08 )2 As2

and Ba(Fe

lms with thicknesses of 45,

respectively 50 nm were deposited on MgO (100) single crystalline substrates.

The

growth of P-doped Ba122 was also investigated due to its interesting properties such as
high

Tc,90 -values

of approximately 28.3 K to 31 K and high

jc -values

2

over 10 MA/cm

at 4.2 K, as reported by Iida et al. [97]. Deposition temperatures were in the range of
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850 - 950 °C for P-doped and of 700 - 800 °C for Co-doped Ba122 lms. Laser energies
of 40 mJ (4.

2

J/cm ) at target and repetition rates of 5 and 10 Hz for cobalt-doped

2

samples and 35 mJ (3.5 J/cm ) at target and 10 Hz for phosphorus-doped samples were
tested. Films grown with other values did not show superconducting properties. The
growth rates were 0.75 Å/s for phosphorus-doped samples and 0.29 Å/s for cobalt-doped
samples. The substrate target distance was 40 mm. The target diameter was 10 mm of
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perature T for P-doped Ba122 on MgO subprepared at three dierent deposition temperatures
strates prepared at ve dierent deposition
and two dierent laser frequencies.
temperatures and a laser frequency of 10 Hz.
Figure 2.1: Films of Co- and P-doped Ba122 were grown on MgO with 40 mJ respectively 35 mJ of laser energy with frequencies of 5 and 10 Hz at dierent
growth temperatures which are listed in g. 2.1.

As indicated in g. 2.1c and g. 2.1d, the

Tc,0 -values

of the lms are up to 20 K.

Those values correspond to the values reported in former investigations [98, 99, 100].
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For the used experimental setup and using MgO as a substrate, the

Tc,0 -values

are the

highest achievable. In case of Co-doped Ba122, a higher growth rate [64] is required,
which can only be achieved with higher laser frequencies, since the maximum growth
rate with this setup is 1 Å/s. For P-doped Ba122, higher deposition temperatures above
1000 °C are necessary [52]. XRD patterns in g. 2.1a show for Ba(Fe

0.92 Co0.08 )2 As2

only (00l)-peaks, which indicate c-axis texture. Especially peaks of higher order (e.g.
Ba122 (00 10) and (00 14)) are narrower and more visible at growth temperatures of
700 °C and 5 Hz. These lms show a slightly higher critical temperature of above 19 K.
For phosphorus-doped samples, the narrowest peaks can be achieved when depositing
at 920 °C (see g. 2.1b). Noticeable is the presence of the Fe (200) peak for Co-doped
samples. This peak cannot be observed for samples doped with phosphorus.

(a) HR-STEM (top) and SEM (bottom) image of a P-doped Ba122 sample. Dierent
phases are labelled in white. The precipitates on the surface are marked with the
white arrow. The magnication level for
the SEM image is a factor of 80,000 and
the acceleration voltage is set to 20 kV.

(b) HR-STEM (top) and SEM (bottom) image of a Co-doped Ba122 sample. Dierent
phases are labelled in white. The pyramidal precipitates on the surface are visible.
The magnication level for the SEM image
is a factor of 50,000 and the acceleration
voltage is set to 20 kV.

Figure 2.2: Scanning electron microscopy and transmissive electron microscopy images
of a P-doped Ba122 and a Co-doped Ba122 on MgO sample.

TEM investigations show dierent impurities, such as Fe-rich phases and a thin light
grey Fe interlayer between substrate and lm. For Ba(Fe
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2

2.2 a) and 2.2 b)) show a thinner Fe interlayer than for BaFe (As

0.6 P0.4 )2 .

Furthermore, more and bigger Fe-rich phases can be seen from the surface as pyramidal
structures (SEM) as well as in the cross section (TEM) (see g.

2.2 b and c).

The

formation of those phases happens most likely due to the high lattice parameter mist
of 6 % of MgO compared to Ba122 [101]. The observed (200) Fe peak in XRD patterns,
however, cannot be caused by the Fe interlayer. A simple peak-width estimation with
the Scherrer-formula [102, 103] results in an expected width of the Fe peak of around
6 ° for 2 nm thickness as measured for the Fe interlayer. The (200) Fe peaks show a
full width at half maximum (FWHM) of around 0.8 °.

Therefore, the Fe-rich grains

in the lm must be the reason for the observed peak. On top of those Fe-rich phases,
often a/b-oriented grains develop and are visible as pyramidal precipitates in the SEM
image at the surface due to their orientation (g. 2.2 b). In case of phosphorus doped
lms Fe-rich phases are visible as precipitates on the surface as indicated by the white
arrow in g. 2.2 a). A possible reason for not observing such an Fe-peak in phosphorusdoped samples on MgO may be the unoriented or amorphous growth of Fe-rich grains.
C-oriented growth would result in a peak in the XRD pattern. Perhaps, dierent iron
phosphate compounds form, due to phosphorus' high reactivity [104] and are included
in the Ba122 matrix.

A
B
C
Used target surface
Used target side
Unused target

Fe content Ba content
ratio
(mol%) (mol%) (Fe+Co)/Ba
65.93

28.56

2.44

41.68

14.26

3.04

41.50

19.90

2.25

36.94

19.57

2.05

36.58

19.73

2.02

36.39

19.97

1.98

Table 2.1: Iron and barium content displayed next to the ratio of iron and cobalt to
barium for dierent Co-doped samples A, B, C and dierent spots on the
Ba(Fe

0.92 Co0.08 )2 As2

target.

The ICP-MS analysis of various samples found that the amount of iron and cobalt
in the lms is slightly increased, compared to the values of the target material (table
2.1). The average iron and cobalt to barium ratio is 2.57. This is 28 % higher than
the nominal ratio of 2. This happens most likely because Barium re-evaporates from
the sample surface due to its high vapor pressure [105] which leaves a Barium-poor
lm. Additionally, the correctness and stability of the ratio in the target material was
veried, even after extensive usage.
Dai et al.

0

[106] , who also use the 355 nm laser, found in 2018 Fe

in their lms

by X-ray photoelectron spectroscopy (XPS) and correlated this with the appearance
of the Fe peak in the XRD pattern. With a similar experimental setup through TEM
and ICP-MS measurements, it was possible to show that their ndings on strontium

3

titanate (SrTiO , abb.: STO) are reproducible with MgO and that the Fe peak in the
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XRD patterns are caused by the Fe-rich phases within the superconducting lm and
not by the Fe interlayer between substrate and lm.
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2.2.2 Irreproducibility on MgO
After two series of Ba122 on MgO, it was not possible to reproduce the results mentioned
before (see g. 2.3). The

Tc -values did not reach the expected values around 20 K again.

The parameter window for good results is very narrow as shown in chapter 2.2.1. The

Tc -values for small changes of temperature as well as for frequency show broad deviation.

T

14

c0

Tc0 (K)
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6

f = 5 Hz
4
15

20

25

30

35

40

45

E (mJ)
Figure 2.3: Critical temperature

Tc0

of several Ba122 samples grown on MgO as a func-

tion of the used laser energy

E.

ICP measurements on MgO (see tab. 2.2) showed that the single crystalline substrate
includes especially Fe, supposedly responsible for growth inhibitance.

Element detection limit measured value
Fe
Co
As
Zr
Ba
0.00068

0.00837

0.00005

< 0.00005

0.00012

< 0.00012

0.0004

< 0.0004

0.00012

< 0.00012

Table 2.2: ICP measurement results of a blank MgO substrate; all values are specied
in mass fraction.

This might explain the increased growth of Fe-rich precipitates inside the lms (see g.
2.2 a) and b)). A further consideration could be that the growth rates, which depend on
laser frequency and energy are low in comparison to previous reports [98]. The growth
rates correspond directly to the amount of material arriving at the substrate, thereby
establishing a direct correlation between laser frequency - higher laser frequency means
more often per time material is ablated- and laser energy -more energy results in more
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material being ablated and arriving with higher speed and therefore with higher probability at the substrate surface. Consequently, due to low laser energy some molecules
are more likely to arrive at the substrate surface than others or dierent molecules arrive at dierent times, creating a heterogeneous distribution of molecules and atoms or
wrong stoichiometry in the lm. In addition to this, it is possible that the applied MgO
substrates had varying qualities and purities throughout dierent production batches.

2.2.3 LAO and CaF2 as substrates
Since the deposition on MgO could not be reproduced, other substrates were tested.

2

The decision was made to experiment with LAO and CaF .
chapter 1.2.4.2, LAO and CaF

2

As described before in

show comparable mechanical and chemical properties

2

as MgO, despite the brittleness of CaF .

Furthermore, ICP measurements on blank

substrates showed no signicant amount of impurities which could disturb the growth
(see tab.

2.3).

For CaF

2

the measured amounts were all below the detection limit.

However, for LAO only the measured values of Fe and Ba were above the detection
limit while the values for Co, As and In were below detection limit. The values for Fe
and Ba in the LAO substrates were signicantly low in comparison to the Fe and Ba
values measured for MgO substrates (see tab. 2.2) and should not have any inuence
on the growth.

Element detection measured
limit
value
Fe
Co
As
In
Ba
0.0004

< 0.0004

0.00012

< 0.00012

0.0004

< 0.0004

0.000005

< 0.000005

0.00012

< 0.00012

(a) ICP measurement results of a blank CaF2
substrate; all values are specied in mass
fraction.

Element detection measured
limit
value
Fe
Co
As
In
Ba
0.0002

0.0005

0.00004

< 0.00004

0.0002

< 0.0002

0.0004

< 0.0004

0.000004

0.00009

(b) ICP measurement results of a blank LAO
substrate; all values are specied in mass
fraction.

2

Table 2.3: ICP measurement results of a) CaF

and b) LAO substrates.

2

Moreover, reports indicate that Ba122 was successfully grown on LAO [70] and CaF

[74, 19]. Based on these ndings, the decision was made to focus on Co-doped Ba122
due to more manageable deposition temperatures around 700 to 800°C. The use of Pdoped Ba122 with optimal deposition temperatures [52] could not be realized, as the
heat shielding of the substrate heater cannot withstand temperatures over 900 °C.
For the used experimental setup several temperatures and energy levels were examined for both substrates. For LAO, the best growth could be observed at deposition
temperatures of 750 °C and laser energies of 20 mJ at the target.

Since the growth

rate was too low, the highest possible laser frequency of 10 Hz was chosen. The heater
target distance was 40 mm.
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(a) θ −2θ scans of Co-doped Ba122 on LAO substrates, (b) Normalized resistance R plotted as a function
prepared with two dierent numbers of pulses and
of the temperature T for Co-doped Ba122 on
two dierent laser energies at deposition temperaLAO substrates, prepared with two dierent
tures of 750 °C. The intensity is plotted as a loganumbers of pulses and two dierent laser enrithmic function of the angle 2θ.
ergies at deposition temperatures of 750 °C.
Figure 2.4: a)

θ − 2θ

scans of Co-doped Ba122 on LAO substrates; b) Resistance

plotted as a function of the temperature

T

R

for Co-doped Ba122 on LAO

substrates.

Thicker lms (18,000 pulses) (see g. 2.4a) grown with slightly higher laser energy
were observed to unveil sharper Ba122 peaks in the

θ − 2θ

scan, especially for higher

orders like (00 12). Remarkably, those lms exhibited a (110)-orientation. There is currently no evidence whether the growth mode transition from a layer growth mechanism
with c/2 ledge heights to a three-dimensional growth with (110)-oriented precipitates
is mist-driven, supersaturation-driven or a mixture of both [19, p.

7].

The (110)-

orientation was observed in the plots for the lms grown with 18 mJ, though not as
prominent.

The lms with a higher amount of pulses and higher laser energy also

showed higher

Tc -values (see g.

2 the best lm properties were achieved

2.4b). For CaF

with deposition temperatures of 700 °C and laser energies of 30 mJ. The laser frequency
and the heater target distance was kept identical to 10 Hz and 40 mm.
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(a) Normalized resistance R plotted as a function
of the temperature T for Co-doped Ba122 on
CaF2 substrates prepared with dierent laser
energies at deposition temperatures of 700 °C
and thicknesses of around 100 nm.

R

Figure 2.5: a) Resistance

(b) AFM images of two Co-doped Ba122 on
CaF2 substrates prepared with dierent
laser energies at deposition temperatures
of 700 °C and thicknesses of around 100
nm. The roughness rms and the laser energy E are displayed in white.

plotted as a function of the temperature

T

for Co-doped

2 substrates; b) AFM images of two Co-doped Ba122 on CaF2

Ba122 on CaF
substrates.

2 Tc -values were observed to be higher and therefore more promis-

For lms on CaF ,

ing than lms grown on LAO, since the planned implementation of BHO and BZO
particles as pinning centers reduced the

Tc -value

according to the doping level. Thus,

extensive work was performed on optimization and characterization of Co-doped Ba122

2

lms on CaF [19]. Lower laser energies, respectively lower growth rates, showed higher

Tc

values. However, lms grown with lower energies unveiled more BaF

on the surface (see g.
pinning centers.

2

precipitates

2.5b), creating strain and therefore possible growth-induced

2

Examinations showed that the formation of BaF

increases the

Tc -

values due to strain (see g. 2.5a), but also increases surface roughness (see g. 2.5b).
Therefore, a compromise was taken to apply the parameters mentioned above to obtain
minimal strain in the lm and maximum possible

Tc -values.

The growth mode of lms

grown at 31 mJ laser energy and 10 Hz repetition rate is a layer growth mechanism
with c/2-ledges [19] and therefore optimal for quasi-multilayer deposition with equally
distributed nanoparticles between closed layers of superconducting compound.

How-

ever, the superconducting current carrying capacity and pinning force enhancement by
implementing nanoparticles should be examined further on, while the strain and other
possible reasons for pinning center have to be eliminated. Finally, CaF
easily acquired commercially than LAO, making it more favorable.
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2.2.4 Conclusion
The rst experiments aimed at ensuring the reproducibility of a superconducting Ba122
lm on a suitable substrate for the existing experimental setup. It was possible to grow
superconducting Co- and P-doped Ba122 lms on MgO, however the reproducibility
was limited by a very narrow parameter window and changing quality of the substrates.

Figure 2.6: HR-STEM image of a Co-doped Ba122 sample grown on MgO. The lm
thickness varies throughout the whole lm.

Dierent phases, orientations

and precipitates are visible.

The TEM measurements (see e.g. g. 2.6) of the lms on MgO often revealed impurity
phases and orientations, due to the impurity atoms or elements present at the surface
of the substrate. Lee et al. already found BaFeO

3

in BaTiO

3

template lms [62]. The

lm thicknesses with 50 to 100 nm as well as their superconducting properties, such as

Tc

of around 20 K, were in the same range as reported in the literature [25, 107, 97].

The forming of a thin Fe layer could be observed, yet this layer was not linked to the
visible Fe peak in the corresponding X-ray diractograms. Large Fe phases formed in
the lms were the reason for the formation of such an Fe peak which could be proved by
TEM measurements and Nelson-Riley calculations. Due to the experimental setup and
the available temperatures and energies the decision was made to use Co-doped Ba122
since the deposition temperature is lower and can be easily handled with the heater.
To nd a suitable substrate with satisfying properties to grow reproducibly good

2

quality iron-based superconducting lms, LAO and CaF

were tested. It was achieved

to prepare and investigate reproducibly good quality lms.

The X-ray investigations
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showed the expected c-axis oriented layer growth mode and

R(T )-measurements

re-

vealed the critical temperatures in the range of the samples reported in the literature.
The chemical stoichiometry measurements showed less impurity atoms or elements in
the substrates compared to MgO, thus maintaining the reproducibility of the substrate
quality.
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2.3 Pulsed Laser Deposition of quasi-multilayer
superconducting Ba(Fe Co ) As - BaHfO and
Ba(Fe Co ) As - BaZrO nanocomposite lms
0.92

0.92

0.08

2

2

0.08

2

2

3

3

With the quasi-multilayer PLD technique Co-doped Ba122 lms with the before mentioned optimal parameters were prepared, incorporating BHO and BZO as pinning
material.

Since the targets have to be exchanged quickly during deposition to avoid

re-evaporation from the substrate, the right thickness parameters for each quasi-layer
had to be identied as well. The number of pulses had to be adjusted, so the Ba122
layer is not too thick or too thin, enabling the nanoparticles to be equally distributed in
the lm. The same applies for the BHO and BZO deposition, because the quasi-layer of
BHO or BZO should not be a fully closed layer, but consists only of particles with the
optimal distance to each other. The installation of a laser shutter was very important
to achieve an exact number of pulses for each target to obtain reproducibility.

The

installation in a very small space and the connection to the used deposition software
and infrastructure was challenging since the laser, the target movement and the shutter
had to be synchronized. The shutter has to close and shut a laser pulse repeatedly with
a very high energy of 15 J/cm

2

under 1/10 of a second.

The rst series of lms were prepared with the following procedure:
125 pulses on the Ba122 target followed by 12 to 20 (one amount was chosen for each
sample) pulses of BHO respectively BZO. This exchange pattern was repeated 99 times
and was followed by a cap layer of Ba122, consisting of 125 pulses. The parameters such
as energy, frequency, temperature and distance were taken from the optimal samples
mentioned in the previous chapter. Since the laser is not capable of changing the energy
during the deposition, the same energy, frequency, temperature, target heater distance
was employed during the whole process.
The lm thicknesses were determined ex-situ by AFM measurements to 13.4 - 20.6
nm. As exemplary displayed in g. 2.8, the

Tc -values

dierence of pulses on the BHO or the BZO target.

Tc -values

decrease extremely for a small
As Lee et al.

[23] showed, the

should only decrease by a couple of Kelvin for signicant changes in doping

level. Thus, a possible explanation for the extreme decrease can be found in the lm
thickness of only maximum 20 nm.

A small amount of nanoparticles can strongly

disturb the lattice and therefore the superconductivity.

Conclusively, the procedure

was changed to 125 pulses on the Ba122 target followed by 12 to 80 pulses of BHO,
respectively BZO. This was repeated 143 times, followed by a cap layer of Ba122 of 125
pulses. This amounts to an equivalent of 18,000 pulses of Ba122 and should ensure a
constant lm thickness of around 70 nm and a deposition rate of 0.6 Å/s with a pulse

2

energy of 20 mJ at target or 2.0 J/cm .
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(c) Co-doped Ba122 on CaF2 with incorporated
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Figure 2.7:

40

(d) Co-doped Ba122 on CaF2 with incorporated
BZO.

2

scans of Co-doped Ba122 on LAO (a) and b)) and CaF

(c) and d))

substrates with incorporated BHO (a) and c)) and BZO (b) and d)). The
intensity is plotted as a logarithmic function of the angle

2θ.

It was shown

that the process of Ba122 growth is reproducible with the chosen substrates
and shows high enough

Tc -values, allowing perovskite implementation to not

decrease the superconducting properties too strongly.

As shown by the

θ − 2θ

scans the procedure was not successful. The BHO peaks (see

g. 2.7a) can only be observed at a pulse amount of 50 pulses of BHO. The structure of
Ba122 is meanwhile no longer recognizable. For lower doping levels, the Ba122 structure
is still maintained, but no BHO peak is visible.
A similar picture is observed for BZO (see g. 2.7b). The BZO peak slightly appears
at the highest tested doping level while the Ba122 structure vanishes with increasing
doping level. The

Tc

decrease is again very high, even though it is slightly less steep for

BZO than for BHO.

2

result in similar ndings (see g. 2.7c and 2.7d). For BZO

Tc

is not as steep as for BHO. The Ba122 structure nevertheless

Measurements on CaF
doping, the decrease of

vanishes at high doping levels for both pinning materials. However, there is a dierence
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θ−2θ scans in comparison to LAO. The BZO, respectively the BHO peaks appear

more evident and sharp.
For both substrates, a vanishing iron peak as well as Ba122 peaks can be observed
with increasing doping level. This happens most likely due to an increasing disorder
in the lms with increasing BHO and BZO content. The Ba122 no longer grows c-axis
oriented at high perovskite contents, therefore c-axis oriented Fe-rich phases do not
form either. Only BHO and BZO grow in c-direction.
The thicknesses of the lms are determined by AFM to approximately 70 nm.
18
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with BZO (2nd series)
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Figure 2.8: Critical temperature

Tc0

of several Ba122 samples grown on LAO with in-

corporated BHO and BZO as a function of the number of laser pulses on
the BHO or BZO target of each iteration.
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2.3.1 Experiments for optimization of homogenous distribution of BHO
nanoparticles on CaF2
0.92 Co0.08 )2 As2

Based on the knowledge of the previous results, nanocomposite lms of Ba(Fe

with BHO nanoparticles with lm thicknesses between 35 and 110 nm were prepared

2

by quasimultilayer pulsed laser deposition technique on CaF
of 3.0
plied.
Ba(Fe

2
J/cm ,

substrates. Laser energy

respectively 30 mJ at target, with a repitition rate of 10 Hz, was ap-

The substrate-target distance was again 40 mm.

0.92 Co0.08 )2 As2

The target diameter of the

was 10 mm and 1 inch (25.4 mm) for BHO. The deposition rate

was 0.9 Å/s.
Initially, the quasi-multilayer technique was used by implementing 2 mol% of BZO
into the matrix. The results show that nanoparticles (see g. 2.9a ) form similar to the
lms of Lee et al. [23] in a nicely epitaxially grown Ba122 matrix. The BZO content
was calculated from ICP measurements.

(a) HR-STEM image of a sample with 2 mol% of
BZO in the Co-doped Ba122 matrix deposited
on CaF2 .

(b) HR-STEM image of a sample with 2 mol%
of BHO in the Co-doped Ba122 matrix deposited on CaF2 .

Figure 2.9: High Resolution-Scanning Transmissive Electron Microsopy (HR-STEM)
image of two sample with 2 mol% of BZO (a)) and BHO (b)) in the Co-doped
Ba122 matrix.

It could also be shown, that samples grown with 2 mol% of BHO, identically to the
samples with implemented BZO, also exhibited nano-particles as cloudy artefacts in the
TEM measurements (see g. 2.9b).
After this nding, several quasi-multilayered lms with dierent doping levels of BHO
(0 mol%, 1.03 mol%, 1.59 mol%, 3.85 mol%) were prepared and investigated. The total

0.92 Co0.08 )2 As2

number of Ba(Fe

pulses of 18,000 was not changed in order to keep the

(superconducting) lm thickness constant.

The total amount of BHO was controlled

by the number of BHO interlayers of constant 12 pulses BHO per layer. For 1.03 mol%
the targets were exchanged nine times and a cap layer of 1,800 pulses of Ba122 was
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The number of exchanges for 1.59 mol% amouted to 39 and the Ba122 cap

layer consisted of 450 pulses. For 3.85 mol% of BHO, 143 exchanges and a cap layer of
125 pulses was deposited. As shown in g. 2.9b, the formation of nanoparticles in the
Ba122 matrix could be observed at a doping level of 2 mol% of BHO, similar to BZO.
The BHO contents were determined by EDX measurements in TEM.
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Figure 2.10:

θ-2θ

scans of Ba(Fe

0.92 Co0.08 )2 As2 lms grown on CaF2 with dierent dop-

ing levels of BHO.

The

θ − 2θ

scans in g.

2.10 indicate c-axis texture of each lm.

lm shows some secondary phases at 33 ° and 67 °.
Ba(Fe

0.92 Co0.08 )2 As2

The pristine

The original structure of the

is preserved throughout the dierent doping levels. A slight hint

of a BHO peak can be observed for 3.85 mol% BHO at an angle of around 30 °. The
peaks tend to shift ca.

0.5 ° to higher angles at a doping level of 3.85 mol%, which

indicates a reduction of the c-axis parameter (1.31972 nm to 1.31097 nm). The pristine
lm already grows a/b-strained due to lattice mist of the Ba122 to the substrate
surface, since the c-axis parameter of the pristine sample (1.31972 nm) is signicantly
higher than for unstrained Ba122 (see chap.

1.2.3).

A possible reason can be found

in the growth of c-directional nanocolumns throughout the whole lm in the sample
with 3.85 mol% BHO. The nanocolumns create a certain space for the lm to grow in
between, which apparently happens to have a better mist than the substrate lattice
to the lm lattice and therefore creating a relaxation of the a/b-strain, which results in
the observed decrease of the c-axis parameter.
The

Tc,0 -values

(see g. 2.11) decrease with increasing doping level as expected and

reported before [108]. Only at a very low doping level, the

0.92 Co0.08 )2 As2

above the value of the pristine Ba(Fe

Tc,0

value slightly increases

lm. The dierence is just 0.9 K

and therefore within the usual experimental scatter.
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Figure 2.11: Temperature dependence of the resistance normalized to the value above
30 K for three dierent levels of incorporated BHO in Co-doped Ba122

2

lms grown on CaF .
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(a) Critical current density jc plotted as a function (b) The pinning force density Fp plotted as a function of the external magnetic eld.
of the external magnetic eld.
Figure 2.12: a) Critical current density

jc

and the b) pinning force density

Fp

plotted

as a function of the external magnetic eld for three dierent levels of

2

incorporated BHO in Co-doped Ba122 lms grown on CaF . The samples
were measured at 5 K with an applied external magnetic eld parallel to
the c-axis in the lm.
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reveals the expected behavior of the superconducting
2.12a).

The critical current density

nicantly with increasing doping level and almost reaches

6
10

2
A/cm

jc

increases sig-

for the highest

doping level of 3.85 mol% and an external magnetic eld of 0 T. Due to low growth
rates, as explained in chap. 2.2.1 and reported by [64],

jc

and

Tc,0

of the pristine lm are

relatively low, but are the optimum which can be achieved with the deposition setup,
since the laser frequency is already maximum of 10 Hz.

The low growth rate has a

negative inuence on the crystal growth of the lm and therefore reduces the superconducting properties. The pinning force

3
level and reaches 50.6 GN/m
3

Fp

(see g. 2.12b) also increases with the doping

at 11 T and a doping level of 3.85 mol%. The literature

2 2

data on BaZrO -added Ba(Fe,Co) As

reports values of 170 GN/m

3

for 2 mol% and

3
30 GN/m for 4 mol% at 11 T and 4.2 K [23]. For BaFe2 (As,P)2 lms values of 58
3
3
GN/m at 9 T and 5 K [20] and recently 189 GN/m at 9 T and 4 K [24]) have been
reported. The reported lms were prepared with premixed targets. Maximum peaks in
the pinning force densities were observed to shift to higher applied magnetic elds with
increasing BHO content. The results, which have been mentioned so far in this chapter,
have already been published (see [109]).
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Figure 2.13: Anisotropy plots measured at 5 K for applied magnetic elds of 5, 7, 9
and 14 T for three dierent levels of incorporated BHO in Co-doped Ba122

2

lms grown on CaF . The critical current density

jc is plotted as a function

of the rotation angle in an applied external magnetic eld.
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were also measured for dierent applied magnetic elds and for angles

in the range of 150 to 290 ° in the magnetic eld for all samples. For the pristine sample,
a strong peak at 270 ° can be observed, which corresponds to the a/b-plane in the lm,
indicating intrinsic pinning. These peaks show in all samples. These ndings t to the
results of the XRD measurements of these lms (see g. 2.10), indicating a pristine a/bdirectional strain due to lattice mist of the Ba122 to the substrate surface. However,
with increasing BHO content a peak at 180 ° is appearing more and more signicantly.
This angle corresponds to the c-direction in the lm.

For a content of 3.85 mol% of

BHO, the peak is evidently higher than the peak for the a/b-plane and signicantly
sharp in comparison to the other samples with lower BHO content. It has already been
shown by XRD investigation (see g. 2.10) that implementation of BHO results in caxis parameter decrease. A possible reason is growth of c-directional BHO nanocolumns
with lengths in the range of the lm thickness. This means, the increasing BHO content
results in a higher pinning force density in the c-direction and therefore a higher critical
current density caused by the pinning eect of the perovskite, which can be observed
in this anisotropy graph (g. 2.13).
For 1.03 mol% of BHO the c-peak vanishes at high magnetic elds of 14 T. This
happens most likely due to more non-directional pinning centers such as globe shaped
nanoparticles.

Thus, it can be hypothesized that with increasing BHO content the

c-axis pinning increases, because of the increasing growth of columnar pinning defects.
With measurements of
eld

Hirr

R(T )

at dierent applied magnetic elds, the irreversibility

and the critical magnetic eld

Hc2

were determined as indicated in the fol-

lowing g. 2.14.
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(b) Determination of the critical magnetic eld
Hc2 as a function of the temperature.

Figure 2.14: Graphic example of the determination of the irreversibility eld

Hc2

Hirr

and

as a function of the temperature for a Co-

2

doped Ba122 lm grown on CaF

Hirr

35

T (K)

(a) Determination of the irreversibility eld
Hirr as a function of the temperature.
the critical magnetic eld

30

with 3.85 mol% BHO at 11 T.

is determined by plotting the resistance logarithmic as a function of the temper-

ature for dierent applied magnetic elds. The rst value that does not belong to the
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noise of the superconducting state is the temperature corresponding to the value of the
applied magnetic eld (see g. 2.14a). This is done for all used magnetic elds, with
the magnetic eld being plotted as a function of the determined temperature and the
temperature normalized to

Hc2

Tc,90

(see g. 2.15).

is determined with the same measurement data, but using a dierent analysis

method. The resistance is plotted as a function of the temperature and a linear function
is tted to the slope. Thereafter, a linear function is tted to the course of the normal
conducting state and lowered to 90 %.

The intersection of both linear functions is

used to assign the temperature to the corresponding magnetic eld (see g.

2.14b).

The magnetic eld values are plotted as a function of the determined temperatures
normalized to

Tc,90

(see g. 2.15).
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(a) Irreversibility eld Hirr and critical magnetic eld Hc2 as a function of the temperature.
Figure 2.15: Irreversibility eld

Hirr

(b) Irreversibility eld Hirr and critical magnetic eld Hc2 as a function of the temperature normalized to Tc,90 .

and critical magnetic eld

Hc2

as a function of

a) the temperature and b) the temperature normalized to

Tc,90

for three

dierent levels of incorporated BHO in Co-doped Ba122 lms grown on

2

CaF .

For

Hc2 ,

the values tend to decrease with a higher amount of BHO. The distances

between the

Hc2 (T )

dependencies seem to correspond to the factors of BHO content

increase. The normalized
For

Hirr

Hc2

values rise with increasing doping level (see g. 2.15b).

curves a dierent picture emerges. The irreversibility line for 1.03 mol% is

signicantly higher than for the other samples(see g. 2.15a). The normalized graph
(g. 2.15b) only shows the second highest irreversibility eld. The highest

Tc

reduction

takes place for the sample with the largest vortex glass phase (3.58 mol%). A possible
reason for the higher irreversibility eld of the 1.03 mol% sample, compared to the
1.59 mol% sample, might lie the scatter of the quality of the lms.

1.03 mol% may

be an extraordinary good sample and 1.59 mol% may be an extraordinary bad sample
for their BHO contents. More samples deposited with those parameters could show a
better tendency. The other samples show an expected behavior and tend to produce
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higher values with increasing BHO content. Furthermore, a bend or so called inection
point in the curve of the sample with the highest amount of 3.85 mol% is clearly visible
(see g. 2.15a). This behavior will be explained in the following sections.

(a) HR-STEM image of a pristine Co-doped Ba122 (b) HR-STEM image of a Co-doped Ba122 sample
sample deposited on CaF2 . The cloudy contrast
with 1.03 mol% of BHO deposited on CaF2 .
variations are due to the electron bombardment
White dashed lines indicate BHO nanocolunms.
during the TEM investigation. White arrows
The white arrow points at stacking faults in the
indicate stacking faults and black arrows indimatrix and the white dashed circle indicates a
cate grain boundaries.
BHO nano-particle.

(c) HR-STEM image of a Co-doped Ba122 sample (d) HR-STEM image of a Co-doped Ba122 sample
with 1.59 mol% of BHO deposited on CaF2 .
with 3.85 mol% of BHO deposited on CaF2 .
Black dashed lines indicate BHO nanocolumns.
Black dashed lines indicate BHO nanocolumns.
The black dashed circle indicates a BHO
nanoparticle. The area indicated by a red
dashed line is a part of the sample which has
been destroyed by electron bombardment during TEM investigation.
Figure 2.16: HR-STEM images of Co-doped Ba122 samples with four dierent amounts

2

of BHO deposited on CaF .
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The TEM images of all the investigated samples with dierent BHO levels are presented above in g. 2.16. The pristine sample (g. 2.16a) depicts some brighter areas
and some cloudy contrast deviations, but the Ba122 structure is preserved throughout
the whole lm. The electron beam, creating the image, causes the contrast deviations,
e.g.

thickness variations in the lamella become visible.

Some step defects and small

angle grain boundaries can be observed, as indicated by the white and black arrows.

The sample with 1.03 mol% BHO content is exhibited in g. 2.16b. Stacking faults,
indicated by a white arrow, are visible in the whole lm.

Hints of non-directional

nanocolumns (indicated by white dashed lines) are located in several spots next to
nanoparticles with undened shape (indicated here by a white dashed circle) with sizes
of around 10 nm.

Those nanocolumns cannot be grain boundaries, grain boundaries

are displayed as sharper, thinner lines in the TEM images (e.g. see g. 2.16a).

The image of the 1.59 mol% BHO sample (g. 2.16c) displays a higher amount of
c-directional nanocolumns aside nanoparticles of around 10 nm in diameter. The red
dashed line indicates an area destroyed by the electron beam while taking the picture.

In g.

2.16d, the sample with the highest amount of BHO, namely 3.85 mol%, is

presented. Here, the nanocolumns are clearly visible in c-direction and with a dened
diameter and distance to each other.

This explains the very strong and sharp peak

in the anisotropy graph in g. 2.13, accounting for the strong c-axis pinning (see g.
2.12b).

These observations also t to the hypothesis made on the basis of the XRD

investigations, stating that a/b-directional strain relaxation is caused by long columnar
defects. In addition to this, it could be shown that with increasing BHO content, the
globe shaped defects reduce and more columnar defects appear as already presumed by
the anisotropy results.

To prove that the nanocolumns consist of BHO EDX measurements were taken. As
shown in g. 2.17, the nanocolumns can be determined to consist of hafnium, oxygen
and barium.

The samples with 1.03 mol% and 1.59 mol% slightly dier. The sample with more
BHO in the lm exhibits more nanocolumns, which are also accompanied by nanoparticles. This explains the small dierence in their critical current density and pinning
force density behavior.
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Figure 2.17: Elemental maps by EDX investigations on a Co-doped Ba122 sample with

2

3.85 mol% of BHO deposited on CaF . The map features the dierent lm
elements displayed in various colours. The images are tilted clockwise. The
substrate is located at the left edge of each image.

With the TEM images of these samples and the corresponding

Hirr

respectively

graphs, it is possible to compare measured and calculated coherence lengths
distances

d

ξ

Hc2
and

between the pinning centers.

The calculation is explained in the following.
The upper critical magnetic eld

Hc2

is dened as

Hc2 =

Φ0
.
2πξ 2

(2.1)

Considering the Werthamer, Helfand and Hohenberg model (WHH model) [110] the
upper critical magnetic eld at zero temperature can be estimated as

Hc2 (0) = 0.69 · m · Tc,90 ,
where

m is the slope of a linear t of Hc2 (T ) near Tc

and

(2.2)

Tc,90

is the critical temperature

determined as described below g. 2.15 in chap. 2.3.1.
Combining equation 2.1 and 2.2 yields in an equation for the coherence length

s

ξ=

Φ0
2π · 0.69 · m · Tc,90

(2.3)
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and nally with eq.

1.3, dening the ux quantum, the coherence lenght can be

described as:

s

ξ=

h
4π · e · 0.69 · m · Tc,90

(2.4)

To determine the distance of pinning centers, a parameter has to be dened rst.
This parameter is called the matching eld

HΦ

[111]. The matching eld describes a

point, at which the density of the correlated pinning defects matches the density of
the ux lines [2, p.

3].

Accordingly, the higher the matching eld is, the higher the

number of correlated columnar pinning defects becomes and vice versa. The matching

Hirr

eld is the inection point of the

plot, which is due to the forming of vortex glass

[111, 2, 112, 113, 114, 22]. Before reaching this point, ux lines are considered as liquid
and can be depinned by thermodynamic uctuations [115].
The matching eld is dened as

HΦ =

Φ0
.
d2

(2.5)

With the the equation for the ux quantum 1.3, the distance between pinning centers
results in

s

d=

h
.
2e · HΦ

(2.6)

With the necessary data taken from the measurement data in the graphs g. 2.15a
and 2.15b, the following coherence lengths and distances between pinning centers result
as shown in tab. 2.4a.

BHO 1.03 1.59 3.85
content: mol% mol% mol%
ξ (nm)
d (nm)
2.08

1.97

1.82

15.16

17.19

13.17

(a) Calculated coherence lengths ξ and distances
d between the
pinning centers for three dierent doping levels of BHO for
Co-doped Ba122 samples deposited on CaF2 .

BHO
content:
(nm)
d (nm)

3.85
mol%

Ø

3.50

12.19

(b) Measured diameter Ø of pinning centers and distance d
between the pinning centers
for a Co-doped Ba122 sample
deposited on CaF2 with 3.85
mol% of BHO.

Table 2.4: Calculated and measured coherence lengths

ξ

and distances

d

between the

pinning centers for dierent doping levels of BHO for Co-doped Ba122 sam-

2

ples deposited on CaF .

For comparison, the distances between the nanocolumns and their diameters in the
TEM image of the sample with 3.85 mol% were measured within the TEM image and
are displayed in tab. 2.4b.
The coherence length values decrease with increasing BHO content due to higher
slopes (see tab. 2.4a and g. 2.15b). An enhancement of
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level has already been reported by Dou et al. [116] for MgB
minor eect on

Tc .

2 lms doped with SiC with

The distances decrease except for the sample with 1.59 mol%. The

distance between pinning centers for the sample with 1.03 mol% is lower than for 1.59
mol% because the appearing columnar defects do not grow straight in c-direction. On
average, this results in smaller distances than for the sample with 1.59 mol%, which
exhibits more, but straight in c-direction growing columnar defects. 3.58 mol% shows
the smallest distance due to formation of many big nanocolumns close to each other.
This is conrmed by the small deviation of measured distance to calculated value.
The values for the distances are similar, especially if taken into account that distance and diameter are dicult to measure due to vanishing contrast at the edges of
the nanocolumns.

For the values in tab.

2.4b seven measurements were performed,

of which the arithmetic average was taken. This average was converted into nanometers.

Therefore, the error in calculating the average is multiplied by a factor during

conversion. That is the reason why the measured distances exhibit a smaller error in
the values in comparison to the measured diameters of the pinning centers. The error
in the measurement of the distances reaches -converted to nm- a maximum of 1.44 nm.
The error of diameters -converted into nm- reaches a maximum of 2.1 nm. Regarding
the fact that the width of a ux line [117] is 2ξ = 3.64 nm, the measurement of 3.5
nm is very close the calculation. Also regarding the error in the measurement of the
distance of 1.44 nm, the maximum deviation of 0.98 nm from measured to calculated
distance is within the error and therefore very similar.
The calculated distance values for the samples with 1.03 mol% and 1.59 mol% are
uncertain because the inection point can only be guessed and not be determined exactly. This is expected behavior since a proper inection point can only be observed for
the forming of vortex glass and therefore correlated nanocolumns as pinning centers [2].
For the sample with 3.85 mol% more data points would be useful, in order to determine
a possibly more exact matching eld.
However, the calculated diameter values match the reported coherence length values
in Co-doped Ba122 of 2.5 nm [23].

The measured values are slightly higher, which

explains the position of the peak of maximum pinning force at high magnetic elds.
More than one ux vortex is able to enter a pinning center causing high pinning forces
at high applied magnetic elds [118]. The calculated coherence lengths decrease with
increasing BHO content due to enlargement of the pinning centers and compressing the
Cooper pairs. The decrease of the nanocolumn distance with increasing BHO content
happens for the same reason. More and larger pinning centers are located in the lm.
Consequently, the distance between them must decrease. For 1.59 mol% a small increase
in distance can be observed in comparison to the value of the sample with 1.03 mol%.
This is most probably because of the inhomogenous distribution of pinning centers in
the sample with 1.03 mol%.
The sample with the highest content of 3.85 mol% BHO is the only sample which
shows a proper inection point in the irreversibility plot (g.

2.15a).

According to
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[2], this means that this sample is the only one with a formation

of vortex glass and a proper correlation between the columnar pinning defects.

This

nding is substantiated by the TEM investigations of those samples. The sample with
the highest content of BHO shows equidistant BHO nanorods as pinning centers. The
samples with other doping levels show a variation of nanoparticles and nanorods.
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2.3.2 Experiments for optimization of homogenous distribution of BHO
nanoparticles on LAO
The same BHO contents with optimized parameters were used to prepare samples on

2

LAO substrates, to enable comparison to the samples shown before on CaF .

The

laser energy was 20 mJ and the deposition temperature was set to 750 °C as optimized
before (see chap. 2.2.3). All other parameters, such as positions, frequency and number

2

of pulses were kept at same level to lms on CaF . The total amount of BHO was again
controlled by the number of BHO interlayers of constant 12 pulses BHO per layer. For
1.03 mol% the targets were exchanged nine times and a cap layer of 1,800 pulses of
Ba122 was added. The number of exchanges for 1.59 mol% amounted to 39 and the
Ba122 cap layer consisted of 450 pulses. For 3.85 mol% of BHO, 143 exchanges and a
cap layer of 125 pulses was deposited.

BHO

0 mol% BHO
1.03 mol% BHO
1.59 mol% BHO

40

60

(00 12)

Fe

20

(00 10)

(008)

(006)

(004)
(110)

(002)

Intensity (a.u.)

3.85 mol% BHO

80

100

120

2q (°)
Figure 2.18:

θ-2θ

0.92 Co0.08 )2 As2 lms grown on LAO with dierent dop-

scans of Ba(Fe

ing levels of BHO.

The

θ − 2θ

scans in g.

2

2.18 indicate c-axis texture of each lm as well as for

0.92 Co0.08 )2 As2

lms grown on CaF . The c-oriented growth of the Ba(Fe

is preserved

throughout the dierent doping levels. A slight hint of a BHO peak can be observed for
3.85 mol% BHO at an angle of around 30 °. The peaks do not tend to shift to higher
angles at a doping level of 3.85 mol%. The c-axis parameter (1.30234 nm to 1.30274
nm) does not change signicantly. The c-axis parameter of the pristine lm is close to
the c-axis parameter mentioned in the literature (see chap. 1.2.3), consequently Ba122
grows unstrained on LAO, even with implemented BHO. The implementation of BHO
into the matrix does not cause any signicant strain to the lm.
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Figure 2.19: Temperature dependence of the resistance normalized to the value above

Tc

for three dierent levels of incorporated BHO in Co-doped Ba122 lms

grown on LAO.

The

Tc,0 -values

(see g.

2.19) decrease with increasing doping level as expected,

Tc -value

although the sample with 1.03 mol% has a slightly higher

than the pristine

sample. The dierence is only 0.2 K and within the usual experimental scatter.
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(a) Critical current density jc plotted as a function
of the external magnetic eld.

Figure 2.20: a) Critical current density
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(b) The pinning force density Fp plotted as a
function of the external magnetic eld. The
small inset shows the course of the sample
with 1.03 mol% in particular.
and the b) pinning force density

Fp

plotted

as a function of the external magnetic eld for three dierent levels of
incorporated BHO in Co-doped Ba122 lms grown on LAO measured at 5
K and with an applied external magnetic eld parallel to the c-axis in the
lm.
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on LAO do not show the expected

2

behavior as seen before with samples grown on CaF . Samples with implemented BHO
present decreased values, compared to the pristine sample. Even the sample with an
amount of 1.59 mol% has a lower

jc -value

and lower

Fp -values

as the pristine sample.

The values for the sample with the highest content of 3.85 mol% could not be evaluated,
as the

Fp

U -I -measurement

showed a high degree of scattering. Therefore,

jc ,

respectively

could not be calculated. The pinning force densities show a slight shift from pristine

sample to the sample with the highest content of BHO of 1.59 mol% in the maximum

Fp

to higher applied magnetic elds.

Figure 2.21: HR-STEM image of a Co-doped Ba122 sample with 3.85 mol% of BHO
deposited on LAO. Several dierent orientations can be observed.

These results are reinforced by the TEM image taken of a sample prepared on LAO
with 3.85 mol% of BHO (see g. 2.21). Several dierent orientations and phases can
be observed. This is most likely due to the occurence of crystal twins on the substrate
surface, forcing the deposited material to grow in dierent orientations.
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2.3.3 Conclusion
The incorporation of the perovskites BHO and BZO proved the necessity of a certain
lm thickness, in order to provide enough volume for the equal distribution of the articial pinning centers. The ndings additionally revealed that the most suitable substrate

2

for the application of the quasi-multilayer technique is CaF . Samples grown on LAO
showed that the pinning force density as well as the critical current density are not enhanced by increasing the content of the perovskite pinning material. The measurements
showed large deviations. It is very likely that the crystal twins on the surface of the
substrate create crystal displacements in the lms growing on top, therefore creating
pinning centers. By increasing the content of articial pinning material, only the lattice
presents increasing disturbance, which yields in the decrease of the superconducting
properties. The
perovskites.

Tc,0 -values

are reduced linear to increasing lattice disturbance by the

The critical current density and the pinning force density values are al-

ready linked to the occurence of twins and their eect on the lm growth before the
deposition.

(a) HR-STEM image of a Co-doped Ba122 sample (b) HR-STEM image of a Co-doped Ba122 samwith 3.85 mol% of BHO deposited on CaF2 .
ple with 3.85 mol% of BHO deposited on LAO.
Black dashed lines indicate BHO nanocolumns.
Several dierent orientations can be observed.
Figure 2.22: HR-STEM images of a Co-doped Ba122 sample with 3.85 mol% of BHO
deposited on a) CaF

2

and b) LAO.

This is shown by TEM images of samples grown with the same pattern. Both samples
have 3.85 mol% of BHO in the Co-doped Ba122 matrix.

2

grown on CaF , g.

Fig.

2.22a shows a sample

2

2.22b shows a sample deposited on LAO. The sample on CaF

exhibits BHO nanocolumns in the matrix (indicated by dashed lines in g. 2.22a). The
rest of the lm consists of epitaxially grown Co-doped Ba122, displaying a layer-type
structure. Conversely, several dierent orientations and phases can be observed in the
image of the sample prepared on LAO. This happens most likely due to the occurence
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of crystal twins on the substrate surface, which force the deposited material to grow
in dierent orientations [71]. Thus, LAO is not a suitable candidate for investigating
implementation of artical pinning centers since an amount of pinning centers already
appears in the Ba122 compound during growth.
As the results on CaF

2

provided better results, further experiments were performed

on this substrate with the implementation of BHO, to explore an entirely new eld of
research.

Although, it was not possible to grow samples with the highest achievable

Tc -values

[19], due to strain caused by BaF

2

formation at higher laser energies. This

formation could have disturbed the pinning eect by the BHO. Though, the achieved
critical temperatures were high enough for experiments with implementation of articial
pinning centers.
The pristine lms must exhibit highest possible crystalline quality and critical temperature, because the implementation of artical pinning centers decreases the critical
temperature with increasing doping level.

If the critical temperature in the pristine

sample is too low, the implementation of artical pinning centers will destroy the superconductivity in the compound.
The X-ray analysis showed that the Ba122 lattice is preserved for all pinning material
contents. The BHO peak could barely be observed at the highest amount of incorporated
BHO of 3.85 mol%. The peak could not be observed at lower BHO levels most likely
due to unoriented growth of the particles. The
to the BHO level.

Tc

The critical current density

Fp

pinning force density

decrease showed a linear dependence

jc

increases by a factor of 3.62, the

by a factor of 11.03. These results correspond to the ndings

of Lee et al. [23], who show similar enhancements of the values. With pinning force

3

density values of 50.6 GN/m

at 11 T, the highest doped sample is in the range of

3

reported samples, such as multilayer Co-Ba122/BaO-doped Co-Ba122 with 84 GN/m

3

at 22.5 T and 4.2 K [74] and BZO-P-Ba122 thin lms with 59 GN/m
5 K [20].

The technical relevant

jc

at 3 - 9 T and

values for NbTi cables and coils used by CERN

are reported to exhibit values between 0.15 - 0.23 MA/cm

2

at operating temperatures

of 4.2 K and magnetic elds of 4 respectively 6 T [17, 18]. The Chinese Academy of
Science in Beijing produced 100 m long Ba122 tapes and reported values above the

2 at 4.2 K and 10 T [15].

practical application level of 0.15 MA/cm

The implementation

of articial perovskite pinning centers could further improve these reported values since
the measured values in this work already exceed the reported values. This applies even
for the pristine Co-doped Ba122, which has not reached its highest reported

2
of around 4 MA/cm

jc

values

[12, 13] in this work's measurements, due to experimental setup

limitations such as laser frequency and energy.
To determine the acting pinning mechanisms, the pinning force densitiy plots can be
evaluated based on the work of Dew-Hughes [37].

He calculated dierent courses of

pinning force density plots for various types of pinning centers.

2

doped Ba122 on CaF

For the pristine Co-

sample the dominant pinning mechanism should be the normal

core surface pinning [37, p. 298, 300] (see g. 2.23 and 2.12b).
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Figure 2.23: Theoretical pinning force density plot of normal core surface pinning by
Dew-Hughes [37, p. 300].

The slope of the curve is steep until it a at peak for low magnetic elds and decreases
rather slowly at higher magnetic elds. This eect can be explained by grain boundaries,
stacking faults and similar, as shown in g. 2.16a.
With increasing BHO level, the pinning force density peak shifts to higher magnetic
elds and slowly decreases beyond the peak.

This ts to the core volume pinning

mechanism mentioned by Dew-Hughes. He explains that for lower magnetic elds, the

∆κ

core volume pinning (see g. 2.24 and g. 2.12b) is dominant, while beyond the

maximum, the decrease can be described by normal core volume pinning [37, p. 298, 300,
301]. This is especially suitable for materials with a high

Figure 2.24: Theoretical pinning force density plot of
Hughes [37, p. 300].
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In comparison, samples grown on LAO present dierent mechanisms. The pristine
sample shows normal core surface pinning [37, p. 298, 300] (g. 2.23 and g. 2.20b)
due to twin boundaries at the surface of the LAO [71], causing stacking faults, various
growth orientations and other defects. The forming of defects due to surface twins is
substantiated by the TEM image in g. 2.22b, which displays a sample with the highest
BHO amount of 3.95 mol%. However, the high quantity of defects can not be explained
solely by the implementation of BHO, as samples grown on CaF

2

with the same BHO

amount do not exhibit such defect density.
With increasing BHO content, an overlap of the three before mentioned pinning
mechanisms can be observed - as demonstrated by the sample with a BHO content
of 1.03 mol%. For low magnetic elds, a peak appears after a steep slope. This area
exhibits the normal core surface pinning mechanism (g.
to twin or grain boundaries and similar defects.

2.23 and g.

2.20b) due

Beyond the peak, the pinning force

density however increases until it reaches another maximum at around 4 T. In this area
the core volume pinning mechanism caused by the implementation of BHO takes over
and decreases the pinning force density rapidly [37, p.

298, 300].

The overlap and

therefore the existence of the normal core surface pinning mechanism for all samples
shows that the surface twins of the LAO are the reason for defects shown in g. 2.22b
in both pristine and doped samples.
To ensure the right choice of pinning mechanisms, regardless of its reasonability or
provability e.g.

by TEM images, the necessity remains to measure the pinning force

density of those samples at higher magnetic elds, to unveil the whole course of the
plot.
The comparison to the samples investigated by Lee poses a problem since the targets
used by Lee were premixed and not prepared by using the quasi-multilayer technique.
Moreover, they were not investigated for their actual amount of BZO. Furthermore,
Lee et al.
[119].

calculated the

jc -

and therefore the

Fp -values

based on the Bean model

However, this would lead to lower values because of the lower eld criterion.

In this work, the values were measured by rst etching a bridge into the sample and
performing subsequent

U -I -measurements.

The samples in the work of Lee [23] have

lm thicknesses of 400 nm, whereas the samples in this work show a maximum thickness
of 110 nm. Consequently, Lee bases certain values, such as bridge size, on assumptions,
whereas in this work, certain errors such as deviations in the thickness and width of
the bridge, lattice quality deviations in the bridge and possible suboptimal distribution
of nanoparticles are taken into consideration.

To enable further comparison of other

results to the ndings presented in this work, much more research needs to be done
especially by using the quasi-multilayer technique.
[23] and Miura et al.

The research done by Lee et al.

[24] is the only research yet performed on implementation of

perovskites as pinning materials in FBS. Hence, Lee's ndings reveal that the good
results of the rst quasi-multilayered Ba122 lms are not the limit, but there is plenty
of room for improvement.
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2.4 Ba122 with incorporated InAs
To investigate and compare a possibly dierent pinning mechanism or an alternative
nanoparrticle incorporation with other phases in Co-doped Ba122, the decision was
made to experiment with another pinning material, which has never been used before.
This experiment is based on the concept and the idea, that arsenides can be incorporated easily in the Ba122 matrix, as they do not contain any oxygen, which could be
incorporated in the Ba122 matrix, replacing As atoms and destroying superconducting
properties.

It has also been reported that deciency or vacancies of As in Co-doped

Ba122 lms increase the critical current density [120] and may act as pinning centers
[25].

However, the high vapor pressure of InAs, and therefore a possible loss of pin-

ning material during deposition, is an issue of high temperature deposition (see chap.
1.3.1.4).

2

The rst approach was to reproduce the samples grown on CaF

with InAs instead of

BHO. Several deposition patterns were tested and the best results were obtained for
a deposition pattern similar to the samples with 1.59 mol% BHO (see chap.

2.3.1).

39 exchanges were performed and the Ba122 cap layer consisted of 450 pulses. Thus,
only the number of pulses for the InAs were changed to identify the best composition.
The ndings conclude, that only a number of pulses on InAs, ranging between 10 and
30 pulses per exchange, or 390 to 1170 in total, showed reasonable and reproducible

CaF2

CaF2
(008)

on InAs:

Intensity (a.u.)

1170

(00 14)

(00 12)

pulses

Fe

(006)

CaF2

(002)

(004)

results.

975

780

585

390

20

40

60

80

100

120
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Figure 2.25:

θ-2θ

scans of Ba(Fe

0.92 Co0.08 )2 As2 lms grown on CaF2 with dierent dop-

ing levels of InAs.

The

θ − 2θ

scans in g.

2.25 indicate c-axis texture of each sample.

There was

no signicant change of the c-axis parameter (1.31972 nm to 1.31729 nm) between
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the pristine sample and the sample prepared with 1170 pulses InAs.

These samples

showed the expected behavior as already seen before with incorporation of BHO (see
g. 2.10).The samples were investigated by ICP measurements to determine the InAs
content in the lms. The sample with 390 pulses of InAs exhibited an amount of 0.8
mol%, 585 pulses exhibited 0.42 mol%, 780 pulses had 2.21 mol%, 975 pulses 0.97 mol%
and 1170 pulses 1.05 mol%. Although indium could be detected by ICP measurements
and a trend in content of indium with increasing number of pulses became apparent,
the scatter was quite large and could not be described by a linear t. Due to the small
amounts, EDX and EELS measurements could not detect any indium.
As Engelmann et al.

[120] reported, an As deciency could be responsible for an

increase of the critical temperature. In addition, Kurth et al. [25] note that vacancies
of arsenic can act as pinning centers. Based on this knowledge and the fact that InAs
could also add arsenic to the Ba122 layer, the inuence of the additional arsenic from
the InAs doping should not be neglected.
These ndings supported the decision to not use the indium level as scale, but rather
continue with pulses on InAs.
number (see g.

The scatter of the data of the plot

Tc

over the pulse

2.26) correlated strongly with the scatter of the c-axis parameter.

Therefore, the c-axis parameter and hence strain in such samples was considered an
important secondary eect determining

Tc .

This means, the scatter in the content of InAs matched the scatter in

Tc

values, which

was due to the fact that arsenic is released from the InAs and incorporated into the
Ba122 matrix. This increased the crystalline quality, which is substantiated by TEM
measurements not showing any kind of defects.

The stability of the InAs seemed to

be fragile, causing it to split up. Another possible explanation for the deviation of the
InAs content to the used number of pulses is the formation of droplets on the surface
or large agglomerations of InAs which are not part of the pinning mechanism but are
displayed in the ICP measurements.
The samples with 390, 585, 780, 975 and 1170 pulses of InAs are selected for further
investigation since no dierence between the samples could be observed in the XRDdiractograms, not making any sample a more likely candidate.
The

R(T )

measurements show an expected trend with decreasing

Tc -values

ing amount of pulses on the InAs target (therefore see g. 2.26, where the

for increas-

Tc,0

values of

several samples are plotted against the number of pulses on the InAs target). A small
scatter is evident, but still in the range of experimental deviation.
There is no dierence between the series in the growth parameters etc of samples. The
samples were grown at dierent points of time to investigate if interruptions by dierent
experiments and depositions have an inuence on the quality of the lms. Consequently,
no inuence of other experiments or degradation of the target could be observed.
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Figure 2.26: Critical temperature

2

CaF

Tc,0

of several Co-doped Ba122 samples grown on

with incorporated InAs as a function of the number of laser pulses

on the InAs target of each iteration.
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(a) Critical current density jc plotted as a function (b) Critical current density jc at 0 T plotted as a
of the external magnetic eld.
function of the number of laser pulses on the
InAs target of each iteration.
Figure 2.27: Critical current density

jc

plotted as a function of the external magnetic

eld (a)) and plotted as a function of the number of laser pulses on the
InAs target of each iteration at 0 T (b)) of several Co-doped Ba122 samples

2

grown on CaF

with incorporated InAs (2nd series) measured at 5 K and

with an applied external magnetic eld parallel to the c-axis of the lm.

The graph in g. 2.27a of the critical current density values at 5 K, for an applied
magnetic eld parallel to the c-axis of the lm, presents a strong increase by a factor of
6.48 for an amount of 468 pulses in comparison to the pristine lm. This comparison
was emphasized, because the sample with 468 pulses indicated the highest

jc -values.

These values were measured for samples with dierent contents of InAs. The

jc -values

without applied magnetic eld at 5 K are displayed in g. 2.27b. It can be observed
that a so called dome forms around a maximum peak at 468 pulses on InAs. Samples
containing lower or higher amounts of InAs than the sample with 468 pulses, show lower
critical current densities. This leads to the assumption that for lower InAs contents, the
pinning is not yet optimal, while for higher contents the disorder caused by implementing
more InAs increases disorder in the lattice, weakening the pinning potential and thereby
decreasing the superconducting properties.
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Figure 2.28: The pinning force density

Fp

plotted as a function of the external magnetic

eld for dierent levels of incorporated InAs (given in number of pulses)

2

in Co-doped Ba122 lms, grown on CaF , measured at 5 K and with an
applied external magnetic eld parallel to the c-axis in the lm.

The pinning force densities correspond with the trend given by the
2.27b.

jc

dome in g.

However, the samples with 390 and 585 pulses, which show slightly lower

jc -

values than the sample with 468 pulses, exhibit slightly higher pinning force densities.
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Figure 2.29: Critical current density

jc

plotted as a function of the external magnetic

2

eld of three Co-doped Ba122 samples, grown on CaF

with incorporated

InAs, measured at 5 K and with an applied external magnetic eld parallel
to the c-axis in the lm.

This is due to fact that the 468 pulses sample shows higher

74

jc -values for low magnetic

CHAPTER 2.

EXPERIMENTAL RESULTS

elds up to 2 T. With increasing applied magnetic eld, the samples with 390, respec-

jc

tively 585 pulses show slightly higher
of

jc · H

(see eq. 1.4, with

B = µ · H ),

curves (see g. 2.29). Since
the deviation of the

Fp

jc -values

is the product

is multiplied by

the factor of the applied magnetic eld and therefore more visible in the graph of the
pinnig force densities. No peak shift can be observed in the pinning force density plot
(see g. 2.28) The maximum for all samples is at 6 T except for the sample with 975
pulses. For this sample the maximum is slightly lower at around 5 T.
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(a) The critical current density jc is plotted as a (b) The critical current density jc is plotted as a
function of the rotation angle in an applied exfunction of the rotation angle in an applied
ternal magnetic eld for a pristine sample.
external magnetic eld for a sample with 468
pulses of InAs.
Figure 2.30: Anisotropy plots of two dierent levels of incorporated InAs in Co-doped

2

Ba122 lms grown on CaF . The critical current density

jc

is plotted as a

function of the rotation angle in an applied external magnetic eld.

The

jc -values

were also measured for dierent applied magnetic elds and for angles

in the range of 150 to 290 ° in the magnetic eld for all samples. For the pristine sample
a strong peak at 270 ° can be observed. This corresponds to the a/b-plane in the lm.
The sample with the highest

jc -value

at 0 T (with 468 pulses InAs) shows a small peak

at 180 °. This corresponds to the c-axis of the lm. The peak corresponding to the a/bplane also displays more evident than the peak of the pristine sample. The c-axis peak is
almost completely suppressed for high magnetic elds. This peak appears strongest for
applied magnetic elds of 5 T - the maximum pinning force. Theoretical considerations
[121], simulations [122] and experiments [123] lead to the assumption that such strong
and broad c-axis peaks can be associated with isotropic defects slightly larger than the
coherence length.

Whether those regions are InAs- or In-rich regions, with dierent

critical temperatures and superconducting properties, could not be determined. There
is no visible trend with increasing amounts of InAs in the samples, therefore only a
comparison from pristine to the sample with the maximum

jc

at 0 T is provided in g.

2.30.
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Figure 2.31: a) Irreversibility eld

Hirr

and b) critical magnetic eld

Hc2 as a function of

the temperature for several levels of incorporated InAs in Co-doped Ba122

2

lms grown on CaF .

Furthermore, the irreversibility eld
determined (see g.

2.31).

For

Hirr

Hirr

and the critical magnetic eld

Hc2

were

the irreversibility line for the sample with 390

pulses is higher than for the other samples, followed by the sample with 585 pulses and
the sample with 780 pulses. For low magnetic elds, the sample with the highest

jc

with

468 pulses of InAs has a higher irreversibility eld than the sample with 780 pulses. It
seems that the higher amount of InAs strongly reduces

Tc

due to implementation of

more In. The As content is obviously also higher, thus the crystalline quality may be
better for the sample with 780 pulses, allowing the superconductivity to be maintained
further in the remaining superconducting regimes. The pristine sample shows almost
the lowest irreversibility eld except for the sample with 975 pulses, which presents
the lowest irreversibility eld.

Furthermore, it can be observed that the

tend to decrease with higher amount of InAs.

Hc2 -values

Only the sample with 468 pulses of

InAs, presenting values ranging between sample values for 585 pulses and 790 pulses,
deviates from this trend. The

Hc2 -values of the sample with 390 pulses exhibits a similar

course to the values of the pristine sample, although for lower magnetic elds higher
temperature values can be observed.
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Figure 2.32: HR-STEM image of a Co-doped Ba122 sample with 1170 pulses of InAs

2

deposited on CaF . The cloudy contrast variations are due to the electron
bombardment during the TEM investigation.

TEM images of InAs doped samples do not show any hint of articial pinning centers
(e.g. g. 2.32).
It is obvious, that c-axis pinning is enhanced for the optimal InAs level. However, no
dependence on the number of pulses or content of InAs becomes visible in the anisotropy
plots. Because the maximum pinning force density happens at magnetic elds of 6 T,
smaller pinning centers, which are volatile under electron bombardment in the TEM,
might hypothetically be the reason for pinning in these samples. This is supported by
the curve of the anisotropy graph for the optimal doped sample. At high magnetic elds
the c-axis peak almost vanishes. For low magnetic elds (e.g. 6 T) there are enough
pinning centers for the number of ux vortices, but for higher elds the pinning centers
interact with more than one vortex at a time [118]. Consequently, these vortices are not
pinned and able to move through the superconducting lm, causing a decrease of the
critical current density. The pinning mechanism was determined, based on the work of
Dew-Hughes, to normal core point pinning [37, p. 298, 300] (see g. 2.33 and g. 2.28).
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Figure 2.33: Theoretical pinning force density plot of normal core point pinning by
Dew-Hughes [37, p. 300].

Reasons for that pinning mechanism are point defects, which can only interact with
solely one ux line at a time [37, p. 295], conrming the hypothesis mentioned before.
Hence, an increase of InAs content in the lm results in an increasing number of point
defects interacting with one ux line, until an optimum of critical current density is
reached.

Beyond this optimum, the increasing content only causes disorder in the

lattice and the critical current density decreases again.
As for the samples with implemented BHO, the coherence lengths were calculated
(see tab. 2.5).

pulses on InAs 390 468 585 780 975
ξ (nm)
2.22

Table 2.5: Calculated coherence length

2

CaF

ξ

2.30

2.41

2.26

2.52

for a Co-doped Ba122 sample deposited on

with various amount of pulses of InAs.

The coherence lengths, compared to the nominal value of 2.5 nm [23], are in the
range of scattering.

The increase of the coherence length with increasing number of

pulses is accompanied by a reduction of the critical temperature

Tc,90 ,

because of a

higher amount of impurity phases. The only exception is the sample with 780 pulses. It
could be that the arsenic is incorporated into the Ba122 matrix placed in As vacancies,
thereby locally increasing the superconductivity. In this case this eect is highest for
the sample with 780 pulses.
The distances between pinning centers could not be investigated, since no inection
point could be determined from the

Hirr

data.

The inection point only shows, if

correlated pinning defects such as nanocolumns are present, resulting in the formation
of a vortex glass. This leads to the conclusion that point defects are present in the lms
and therefore the vortex liquid phase is predominant.
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2.4.1 Conclusion
The nal experiment of this work included InAs as a pinning material, which has never
been used before, neither in FBS nor in YBCO compounds. InAs is not an oxide and
supplies the superconducting thin lm with As, to avoid deciencies and thereby theoretically ensure a predominantly instrinsic pinning center-free lm. It was shown that
the implementation of InAs decreases the critical temperature with increasing doping
level, similar to the implementation of other materials such as BHO and BZO. The
biggest limitation for InAs is its high vapor pressure.

It has been reported that it

grows at temperatures up to a maximum of 570 °C [82] which is signicantly lower than
the growth temperature of Ba122. The optimal deposition temperatures for Co-doped
Ba122 on CaF

2

is 700 °C. It was not possible to grow Ba122 at lower temperatures, to

approach the optimal growth temperature for InAs. However, with the deployed deposition pattern, it was possible to reproducibly prepare samples with expected crystalline
quality and superconducting properties. The measured InAs contents do not correspond
to the number of pulses most probably due to random re-evaporation of InAs during
the deposition or formation of InAs-rich surface precipitates, not taking part in pinning
mechanism, but detected by ICP measurements. This is the reason for using the number
of pulses on InAs of each sample to create a better view on the nominal doping level.
The critical current density values were enhanced up to a factor of 6.48. With increasing number of pulses on the InAs target, a so called
of

jc

jc

dome formed in the graph

as a function of pulses. The optimal number of pulses for highest critical current

density resulted in 468 pulses.

Higher amounts of pulses brought more disorder into

the Ba122 matrix, causing a decrease of superconducting properties such as
probably by decrease of

Tc .

jc

most

For lower amounts of pulses, the pinning is most likely not

yet optimal. Perhaps, not enough or not large enough pinning centers are present to
contain the appearing ux lines. The pinning force densities correspond to this assumption, however for 390 pulses and for 585 pulses, the maximum pinning force densities are
higher than for the sample prepared with 468 pulses. This is due to fact that the 468
pulses sample shows higher

jc -values

for low magnetic elds up to 2 T. With increasing

applied magnetic eld, the samples with 390 respectively 585 pulses show slightly higher

jc

curves (see g. 2.29). Since

of the

jc -values

Fp

is the product of

jc · B

(see eq. 1.4), the deviation

is multiplied by the factor of the applied magnetic eld and therefore

more visible in the graph of the pinning force densities. It is noticeable that no peak
shift can be observed in the pinning force density plot (see g. 2.28). The maximum for
all samples is at 6 T. Compared to the samples with incorporated BHO, the maximum
pinning force densities are located at signicantly lower magnetic elds.
TEM images of the InAs doped samples do not exhibit any hint of articial pinning
centers (e.g.

g.

2.32).

Smaller pinning centers, which are volatile under electron

bombardment in the TEM, might hypothetically be the reason for pinning in these
samples. This hypothesis is supported by the anisotropy plots for which the c-axis peak
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vanishes at higher magnetic elds.

Based on the work of Dew-Hughes, the pinning

mechanism was determined to normal core point pinning [37, p. 298, 300]. To ensure
the choice of pinning mechanism, it is necessary to measure the pinning force density
of those samples at higher magnetic elds, to unveil the whole course of the plot.
The increase of the coherence length with increasing number of pulses is accompanied
by a reduction of the critical temperature

Tc,90 ,

because of a higher amount of impurity

phases.
The inection point could not be determined from the

Hirr

data. The inection point

only shows, if correlated pinning defects such as nanocolumns are present, resulting in
the formation of a vortex glass. Therefore, this fact supports the hypothesis that point
defects are present in the lms and the vortex liquid phase is predominant.
Since the pristine samples already showed critical current density values above the
critical application level, the approach of incorporation of InAs pinning centers could
further enhance the relevant properties, such as critical current densities, of future cables
and wires. To enable this progress, the pinning mechanism and implementation of InAs
in a Ba122 matrix has to be further investigated.
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3 Summary
In this work, Ba122 compounds were investigated regarding the potential of introducing the quasi-multilayer technique for pulsed laser deposition to enable the growth of
these compounds and implementation of other materials such as perovskites as pinning
centers.
The rst experiments aimed at maintaining reproducibility throughout the subsequent experiments. This ensured constant crystalline quality of Ba122 superconducting
lms on a suitable substrate for the existing experimental setup. Epitaxial Growth of
superconducting Co and P-doped Ba122 lms on MgO was achieved. However, a very
narrow parameter window and alternating quality of the substrates limited the reproducibility of these samples.
The TEM and SEM measurements of the lms on MgO (see g. 2.2) often revealed
foreign phases and orientations, which is due to the foreign atoms or elements present
at the surface of the substrate. Similar occurences had been reported by Lee et al. [62],

3

who mention BaFeO

3

phases in BaTiO -templated Co-doped Ba122 lms. The lm

thicknesses and their superconducting properties (e.g.

Tc )

were in the same range as

reported in the literature [25, 107, 97]. The formation of a thin Fe layer could be observed, yet this formation was not linked to the visible Fe peak in the corresponding X-ray
diractograms. Large Fe phases in the lms were identied as the cause for the formation of an Fe peak, as proven by TEM measurements and Nelson-Riley calculations.
Primarily due to limited deposition temperatures caused by the experimental setup, it
was decided to continue further experiments with Co-doped Ba122, since its deposition
temperature is lower and can be handled easier with the heater.
To nd suitable substrates with satisfying properties, which enable growth of reproducibly good quality iron-based superconducting lms, LAO and CaF

2

were tested.

Investigations showed the expected growth mode as well as the critical temperatures in
the range of the samples reported in the literature. In chemical stoichiometry measurements of the LAO and CaF

2 substrates appear less foreign atoms or elements compared

to MgO. Consequently, the reproducibility of good quality lm growth could be maintained.

The inplementation of the perovskites BHO and BZO revealed a certain critical lm
thickness of the samples necessary to provide enough volume for equal articial pinning center distribution. The best suitable substrate for the application of the quasi-

2

multilayer technique turned out to be CaF . Films grown on LAO showed that the
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pinning force density as well as the critical current density were not enhanced by increased content of perovskite pinning material. The measurements of samples grown on
LAO showed large deviations from the expected behavior. It can be assumed that crystal
twins on the surface of the substrate created crystal displacements in the lms growing
on top, thereby creating pinning centers. An increase of the content of articial pinning
material only led to more disturbances of the lattice, yielding in decrease of the superconducting properties. As expected,

Tc,0 -values

were linearly reduced with increasing

lattice disturbance by the perovskites. However, critical current densities and pinning
force densities were linked to the occurence of twins and their pinning center-causing
eect.

2

TEM images supported this hypothesis. Films grown on CaF

exhibited BHO na-

nocolumns in the matrix, while the rest of the lm was epitaxially grown Co-doped
Ba122. Films on LAO showed several dierent orientations and phases, leading to the
assumption that crystal twins on the substrate surface forced the deposited material to
grow in dierent orientations.

2

Further experiments were performed on CaF

- due to better reproducibility and

better crystal growth - with the implementation of BHO, to explore an entirely new eld
of research. However, it was not possible to grow samples with the highest achievable

Tc,0 -values

[19] in this setup, due to strain caused by BaF

2

forming at higher laser

energies, which could have disturbed the pinning eect by the BHO. Resulting critical
temperatures were high enough though, to maintain suitable values even when decreased
by incorporation of articial pinning centers.
X-ray analysis showed that the Ba122 lattice was preserved throughout all samples
with dierent pinning material contents. The BHO peak barely appeared at the highest
amount of incorporated BHO of 3.85 mol%. The peak could not be observed at lower
BHO levels, most likely due to unoriented growth of the particles.

Tc

decrease followed

linear dependence to the implemented perovskite level. The critical current density
increased by a factor of 3.62 and the pinning force density

Fp

jc

by a factor of 11.03.

This corresponds to the ndings of Lee et al. [23] with similar enhancements. Pinning
force density values of 50.6 GN/m

3

at 11 T for the highest doped sample with visible

nanocolumns were in the range of reported samples such as multilayer Co-Ba122/BaOdoped Co-Ba122 with 84 GN/m
with 59 GN/m

3

3 at 22.5 T and 4.2 K [74] and BZO-P-Ba122 thin lms

at 3 - 9 T and 5 K [20]. This behaviour is due to increasing size and

density of the pinnig centers. At higher magnetic elds larger pinnig centers allow more
ux vortices to enter into each one [118]. The pinning mechanism was determined based

2

on the work of Dew-Hughes [37]. For pristine Co-doped Ba122 samples grown on CaF
the normal core surface pinning center [37, p.

298, 300] was the dominant pinning

mechanism which can be explained by grain boundaries, step defects and similar, as
shown in g. 2.16a. With increasing amount of BHO, a shift in the maximum peaks of
the pinning force densities to higher applied magnetic elds and a slow decrease beyond
the peak appeared. This shift could be explained by core volume pinning mechanism,
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which is especially suitable for materials with a high
lower magnetic elds, the

κ

and mixed microstructure. For

∆κ core volume pinning was dominant.

Beyond the maximum,

the decrease could be described by normal core volume pinning [37, p. 298, 300, 301].
Compared to this, Co-doped Ba122 lms grown on LAO showed dierent pinning
mechanisms.

The pristine sample indicated normal core surface pinning [37, p.

298,

300], due to twin boundaries at the surface of the LAO [71] and therefore formation of
various defects acting as pinning centers. With increasing BHO content, an overlap of
the normal core surface, the core volume and the normal core volume pinning mechanism
could be observed.
A comparison of samples grown with quasi-multilayer technique and samples by Lee
proved to be problematic, since Lee's targets were premixed and only the nominal
amount of BZO was given. Furthermore, Lee et al. calculated the

Fp -values

jc -

and therefore the

with the Bean model [119]. For this work however, the values were measured

over a bridge. The samples in the work of Lee exhibited lm thicknesses of 400 nm,
whereas the quasi-multilayered samples in this work show a maximum thickness of
110 nm. Consequently, Lee uses idealized values, whereas this work is inuenced by
various errors such as deviations in the thickness and width of the bridge, lattice quality
deviations in the bridge as well as possibly suboptimal distribution of nanoparticles. The
sample size for Ba122 samples with articial perovskite pinning centers is too small,
since the research done by Lee et al. [23] and Miura et al. [24] is the only research yet
performed on implementation of perovskites as pinning materials in FBS. It requires
more research to enable a veritable comparison of Lee's results and the results of this
work.
The distances between the nanocolumns and their diameters in the TEM image of
the sample with 3.85 mol% were measured within the TEM image.
The calculated distance values for the samples with 1.03 mol% and 1.59 mol% remained imprecise, because the inection point could not be determined denitely and
therefore had to be guessed. For some samples, more data points would have been of
support, to enable determining a more exact matching eld. However, the calculated
diameter values matched the reported coherence length values in Co-doped Ba122 of
circa 2.5 nm by Lee et al. [23]. The forming of vortex glass could be observed for the
highest BHO content of 3.85 mol%. With increasing BHO content, the coherence lengths decrease (compressing the Cooper pairs) as well as the distance between pinning
centers. For the sample with 1.59 mol% of BHO a small increase in distance could be
observed, compared to the sample with 1.03 mol%. This could have most probably been
evoked by inhomogeneous distribution of pinning centers in the sample with less BHO,
as shown by TEM investigation.

The nal investigation of this work focused on the implementation of InAs as a
pinning material. The idea was to experiment with a material, which had never been
used before, neither in FBS nor in YBCO compounds. Further criteria were that is
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not an oxide and supplies the superconducting thin lm with As in case of deciency,
to ensure a mostly pinning center free lm despite implementation of articial pinning
centers. The implementation of InAs decreased the critical temperature with increasing
doping level in the same manner other materials such as BHO and BZO do. The high
vapor pressure of InAs was dicult to handle, to provide conditions for epitaxial growth
of the superconductor and the pinning material. Optimal growth temperatures up to
maximum 570 °C [82] were reported to lie signicantly below the growth temperature

2

of Ba122 on CaF

of 700 °C. The deployed deposition pattern made it possible to

prepare samples with expected quality and properties. The measured InAs content did
not correspond to the number of pulses most probably due to random re-evaporation
of InAs during the deposition or formation of InAs-rich surface precipitates, which are
not part of the pinning mechanism.
The critical current density values were ehanced by a factor of 6.48. A
in the graph of

jc

jc

dome formed

as a function of pulses. The optimal number of pulses was 468 pulses.

Higher amounts of pulses led to higher disorder, causing a decrease of superconducting
properties such as

jc

most probably by decrease of

Tc .

For lower amounts of pulses, the

pinning is most likely not yet optimal. Perhaps, not enough or not large enough pinning
centers are present to contain the appearing ux lines.

The pinning force densities

corresponded to this assumption, however for 390 pulses and for 585 pulses, pinning
force densities showed higher values than for the highest

jc

sample. The maximum

pinning force density for all samples was identied at 6 T, which is fairly low compared
to the samples with incorporated BHO. The pinning mechanism could be determined
based on the work of Dew-Hughes to normal core point pinning [37, p. 298, 300]. The
reason for this pinning mechanism were point defects, which can only interact with
only one ux line at a time [37, p. 295] and an increase of InAs content, resulting in
higher numbers of point defects interacting with one ux line until an optimum of

jc

is reached. Beyond that optimum, the increasing content only caused disorder in the
lattice and the critical current density decreased again. Obviously, c-axis pinning was
enhanced for InAs level with highest

jc ,

despite no dependence on number of pulses. .

Consequently, vortices were not properly pinned (liquid vortex) causing a decrease of
the critical current density.
The calculated coherence lengths compared to the nominal value of 2.5 nm [23] were
in the range of scattering.
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4 Outlook
The results of this work are a rst impression of possible future experiments and a
glance into an undiscovered topic. The iron-based superconductors show great potential
for further applications such as tapes, cables and coils by applying e.g. the powderin-tube-technique [15]. Besides this work and its underlying literature, no research has
been performed on the dicult quasi-multilayer technique to implement articial pinning centers. Additional results for samples prepared with this technique would pave the
way for further explorations and make the results of this work more comparable. The
next step could be to retry the experiments mentioned in this work with premixed targets, to investigate the reproducibility of the results with regards to electrical transport
properties. The pinning material content has to be determined by several experiments
such as ICP-MS or EDX quantity measurements in TEM. In further investigations, it
might be possible to calibrate the number of pulses to a certain amount of pinning
material incorporated in the lm, enabling a needs based preparation of samples with
a dened content of pinning material for each experiment.
TEM investigations on pristine Co-doped Ba122 lms on LAO substrate could show
more clearly the eect on the lm growth and superconducting properties of the twin
boundaries on the substrate surface.
The transport measurements could be performed at higher external magnetic elds,
allowing the defect structure to be identied more easily based on the work of DewHughes [37], since the plots could only be identied for the rst part of the curves.
Including the last part of the curves could bring more detail and prove to the ndings
of the pinning mechanisms.
With those results powder-in-tube tapes can be produced to increase their current
carrying capacity. The research on Ba122 PIT tubes already achieved critical current
densities above the application relevant level [15] in the range of already in-use NbTi
wires for high eld applications, such as the Large Hadron Collider at CERN in Geneva
[17, 18]. The continuation of this work's research can lead to a deeper understanding
of the optimal doping or implementation process as well as level of articial pinning
centers, increasing the technically relevant properties of those Ba122 wires even further. This creates a wide range of opportunities for research - especially with new and
larger particle accelerators to investigate the fundamental mechanisms of the universe.
Besides the investigation approach, e.g. resolution capacities of computer tomography
scanning can be enhanced, creating opportunities to detect and cure deseases such as
cancer earlier and more ecient. In the future, it may be even possible to design the
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optimal shape and distribution of pinning centers in such superconductors tting to
their application.
To achieve a complete understanding of the pinning mechanisms and implementation
of articial pinning centers in Ba122, the technical equipment for further experiments
has to be adapted. The lasers for such experiments need higher energy densities as well
as higher repetition frequencies to provide higher growth rates to improve the quality of the PLD-grown superconducting thin lms [19, 70]. An approach could even be
to experiment with a multi-laser system. One laser could be used for each target to
obtain an optimal distribution of nanoparticles in the lms. This could be very advantageous for a machine where long tapes or substrates will be coated. Another possibility
could be a particle source supplying nanoparticles of articial pinning material with a
constant amount of material per time during the deposition process to obtain optimal
nanoparticle distribution regardless of growth temperature, laser energy, frequency and
deposition pattern.
Further experiments need to be performed regarding the implementation of InAs in
FBS thin lms. Dierent measures need to be taken to nd the pinning centers and to
ensure a reliable measurement of InAs content in the lm. The usage of a particle source
could be a perfect application for implementation of InAs to obtain optimal growth of
InAs particles. Especially the way InAs is embedded in the matrix poses an interesting
question. Is it split up in In and As and does the arsenic occupy possible As vacancies
in the lm?
Besides InAs, the attempt of using e.g. GaAs or other arsenides as pinning material,
which are more stable and perhaps easier to handle with PLD, could yield further
interesting ndings.
Finally, measurements of resistance as a function of the applied magnetic eld could
also provide new information about the behavior of articial pinning centers in FBS,
especially the transitions such as glass-liquid transition etc.
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