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Abstract

ABSTRACT

One of the hot topics in the field of superconductivity is the YBa,Cu3Os.5 (YBCO)
Coated Conductors (CCs) fabrication due to the excellent superconducting properties and
promising application prospects. However, in order to spread worldwide the use of YBCO
coated conductors, a low cost fabrication is required. Chemical Solution Deposition has
emerged as a promising alternative that can accomplish this requirement.

Despite that YBCO CCs can satisfy the requirements in many different
applications, the fact is that there are other uses that are out of it reach with its current
status, especially those power applications in which high magnetic fields are applied. The
vortex movement which takes place at such high magnetic fields makes YBCO CCs
useless for these particular applications.

The aim of this work is to improve the properties of YBCO satisfying the demands
of these power applications. For this, we studied, mainly, two different strategies:
nanostructuration of the original YBCO matrix by adding NPs (superconducting
nanocomposites) and optimization of the YBCO oxygenation process to enhance as much
as possible the critical temperature and critical current density.

The preparation of YBCO nanocomposites was done following two different
“Sequential deposition and growth” approaches: the in-situ approach in which the NPs are
spontaneously segregated during the growth process; and the ex-situ approach, a new
methodology developed in this thesis in which the NPs are firstly synthesized in a colloidal
solution and then embedded in the YBCO matrix.

Using the in-situ approach we have made an extensive study of how different NPs
(BaZrOs, Y,03, Ba,YTaOg and mixtures of these) affect the microstructure of the YBCO
creating defects that increase the pinning properties. We have also studied the influence of
these defects, in particular, the stacking faults (double chains of Cu-O), on the final
properties of the YBCO and GdBCO nanocomposites.

With the ex-situ approach we have started by synthesizing different colloidal
solutions of both magnetic (CoFe,O,) and non-magnetic (CeO, and ZrO,;) NPs. The
stability of YBCO+NPs solutions was checked using TEM and DLS analyses to ensure
that the NPs are maintaining the initial size without forming agglomerates. The pyrolysis
process was optimized for each type of NPs. We realized that the stabilization agents can
critically influence the homogeneity of the pyrolyzed films. Finally, the growth process
was also optimized for each type of NPs trying to solve different difficulties that appeared:
coarsening, pushing or reactivity.

The study of the oxygen diffusion process in YBCO thin films was done using in-
situ resistivity measurements that allow to monitor the evolution of the resistance in the
thin films in different annealing conditions. We have studied how the temperature, the gas
flow and the oxygen partial pressure affect the diffusion process. According to our results,
we can conclude that the surface reactions that take place before the oxygen bulk diffusion
is the limiting factor for the oxygen diffusion. The effect of the silver addition to the
YBCO as oxygen catalyst was also tested. Finally, the first study about the oxygen
diffusion process in nanocomposite films gave an idea of how the oxygen diffusion works
in this kind of materials.
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Resumen

RESUMEN

Uno de los temas de mayor interés en el &mbito de la superconductividad es la
fabricacion de cintas superconductoras (CCs) de YBa,Cu3Og:+s (YBCO) debido a las
excelentes propiedades superconductoras que poseen y a las prometedoras perspectivas en
cuanto a aplicaciones se refiere. Sin embargo, para poder generalizar el uso de dichas CCs,
se requiere de un proceso de fabricacion de bajo coste. En este contexto, la técnica de
deposicion por solucion quimica se presenta como una alternativa muy prometedora.

Las CCs pueden cumplir los requisitos actuales exigidos en diferentes aplicaciones,
pero hay otras que estan fuera de sus capacidades, especialmente aquellas relacionadas con
aplicaciones de potencia en las que estan presentes campos magnéticos de gran intensidad.
El movimiento de los vortices que tienes lugar en presencia de tales campos magnéticos
hace que el YBCO sea poco efectivo en estos casos.

El objetivo de este trabajo es mejorar las propiedades del YBCO de manera que se
puedan satisfacer los requerimientos de estas aplicaciones de potencia. Para ello, hemos
estudiado, principalmente, dos estrategias: la nanoestructuracion de la matriz del YBCO
afiadiendo nanoparticulas (NPs) obteniendo nanocomposites superconductores y la
optimizacion del proceso de oxigenacion del YBCO para conseguir aumentar todo lo
posible la temperatura critica y la densidad de corriente critica.

La preparacion de los nanocomposites de YBCO se llevo a cabo siguiendo dos
métodos diferentes de “deposicion y crecimiento secuencial”: el método “in-situ” en el que
las NPs se forman de manera espontanea durante el proceso de crecimiento, y el método
“ex-situ”, que es un novedoso procedimiento desarrollado durante esta tesis en el cual las
NPs se sintetizan primeramente formando una solucion coloidal para luego quedar
atrapadas en la matriz del YBCO durante los procesos térmicos.

El uso del método “in-situ” se ha enfocado al estudio de como diferentes NPs
(BaZrOs, Y,03, Ba,YTaOs and mezclas de éstas) afectan la microestructura del YBCO
creando defectos cristalinos que incrementan la fuerza de anclaje. Hemos estudiado
también la influencia de estos defectos, en particular, de las dobles cadenas Cu-O, en las
propiedades finales de los nanocomposites de YBCO y GdBCO.

En el caso del método “ex-situ”, el primer paso fue sintetizar diferentes soluciones
coloidales de NPs magnéticas (MnFe,O4 and CoFe,0,4) y no magnéticas (CeO, and ZrO,).
Se comprobd la estabilidad de las soluciones YBCO+NPs mediante medidas de DLS y de
TEM para asegurar que las NPs conservaban su tamafio inicial sin formar aglomerados. El
proceso de pirdlisis fue optimizado para cada tipo de NPs teniendo en cuenta que los
ligandos usados para estabilizar las NPs pueden influenciar de manera dréastica la
homogeneidad de las capas pirolizadas. Por dltimo, el proceso de crecimiento fue también
investigado para cada tipo de NPs.

El estudio del proceso de oxigenacién en la capas de YBCO se llevo a cabo usando
medidas de resistencia “in-situ”, que permiten monitorizar la evolucion de la resistencia en
las capas durante los distintos procesos termicos. Hemos estudiado como la temperatura, el
flujo de gas y la presion parcial de oxigeno afectaba al proceso de difusién. De acuerdo
con nuestros resultados, las reacciones que tienen lugar en la superficie de la capa antes de
gue en oxigeno se difunda en el interior de la misma, son el factor que limita la cinética del
proceso de oxigenacion. Por Gltimo El efecto de la adicion de plata como catalizador y la
difusion en nanocomposites también se ha estudiado.
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Motivation

MOTIVATION

Functional oxides are nowadays a hot topic in materials science and other
disciplines such as physics, chemistry or engineering. The wide range of applications such
as ionic and electronic conductivity, thermoelectricity, magnetoresistance, ferroelectricity
or superconductivity makes them very attractive for research and also for industrial
purposes.

Superconductivity is a particular functionality of some of these functional oxides.
The main property of superconductors, which is the absence of electrical resistance below
a certain temperature, makes them aspirants to the efficiency and capacity of electrical grid
and other devices such as transformers, fault current limiters or generators.

REBCO (Rare-Earth Barium Copper Oxides) materials highlight among the
superconductors, especially YBa,CuzO7.5 (YBCO) thanks to its excellent properties. Since
its discovery in 1987 the research about its optimization in terms of crystallographic and
physical properties and the search for new applications has not stopped growing. However,
nowadays the use of YBCO as a candidate to substitute the conventional copper devices is
far away due to two main issues: the performances and the cost.

Despite the advances during last years, there is still much work to do in order to
achieve the optimal performances of YBCO. The use of YBCO in superconducting tapes
requires excellent texture over the crystalline substrate (or buffer layers) which is tough
labor. Also the performance of YBCO necessitates an improvement if it will be use in
some applications such as generators, transformers or others in which high magnetic fields
are applied.

Nowadays, most of commercial YBCO tapes are manufactured using vacuum
techniques (in-situ techniques) especially PLD (Pulsed Laser Deposition). However, these
methods imply a large investment in machinery and high cost of operation, since ultra-high
vacuum is necessary, which makes the YBCO uncompetitive in cost with traditional
copper wires.

More recently, CSD (Chemical Solution Deposition) it has been developed as a
new method to prepare thin films of functional oxides and, in particular, of YBCO. This
seems to be an attractive alternative to in-situ techniques since the cost of the manufactured
tapes is drastically reduced maintaining excellent performances. CSD is a versatile and
cost-effective method based on the use of an organometalic chemical solution which is
deposited over a substrate and then subjected to different thermal treatments to finally
obtain the YBCO. The use of chemical solutions, which can be synthesized in large
quantities employing inexpensive raw materials, and the fact that it is not necessary the use
of vacuum, makes this technique an adequate alternative to manufacture YBCO tapes that
can compete in cost/performance ratio with copper wires.

The improvement of the YBCO tapes performances produced by CSD is a
challenge for the coming years. This is a complicated issue and several alternatives are
being studied. One option is to focusing on the YBCO processing parameters and tuning
them to obtain the optimal YBCO properties. Another via, which is probably the most
important nowadays, is the nanostructuration of the YBCO by introducing artificial defects
in its matrix. The last choice is to change the rare-earth ion, in the case of YBCO the Y**
ion, for a different one, for example Sm*® or Gd**, since some of these alternative REBCO
materials in some cases show improved properties as compared to YBCO.
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The present work, performed in the framework of the “European Development of
Superconducting Tapes (EUROTAPES)” project, one of the biggest ever funded in Europe
about superconductivity, explores each of these alternatives in search for improved
properties as compared to standard YBCO prepared by CSD. The nanostructuration of
YBCO and GdBCO via has been also investigated in this work using two different
approaches: in-situ and ex-situ. Each approach shows different characteristics and both of
have been explored to reach a comprehension of all the involved phenomena. Finally, it
has been performed a thorough investigation of a critical step in YBCO films processing:
the oxygenation step.
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Introduction

Functional oxides have attracted the attention of researchers from many different
disciplines such as physics, chemistry, material science or even engineering due to their
wide range of applications. Some of the functionalities most exploited are
thermoelectricity, magnetoresistance, ferroelectricity and superconductivity.

Two main structural properties characterize functional oxides: cations with mixed
valence state and anions with vacancies’. These properties make functional oxides the base
for smart and functional devices. By varying one or both of these characteristics, the
magnetic?, optical®, electrical® > or chemical properties can be tuned.

Most of the applications of the functional oxides involve the preparation of
epitaxial thin films to achieve the optimal performances®. Therefore, the comprehension of
how epitaxial growth is carried out over the substrate is mandatory prior to focusing on the
optimization of the device.

Nowadays, most of the effort is devoted in the nanostructuration of these oxides in
order to generate new or improved functionalities’®. A nanostructure is a system in which
at least one dimension is smaller or equal to 100 nm'°. At this scale, quantum effects of
different physical processes starts to occur as the size of the objects are comparable with
the critical lengths of these processes (typically 1-10 nm).

Cuprates and, in particular REBCO compounds, are a particular case of functional
oxides. Their properties offer the possibility to satisfy the increase of energy demand. The
efficiency and capacity of electrical grid can be drastically improved by using
superconductor wires and other superconductor devices such as transformers, fault current
limiters or generators*.
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In particular, YBa,Cu3Og+s (YBCO) has attracted the attention of researchers since
its discovery in 1987%2. Its features make it a good candidate to fabricate wires and devices.
It is also the base material for many studies of superconducting nanocomposites which
show a large improvement of performances at high magnetic fields™™.

1.1 Superconductivity

Collins dictionary defines superconductivity as “the property of certain substances that
have no electrical resistance”, and certainly this definition summarizes properly the nature
the phenomenon. Superconductors have other interesting properties but, the absence of
electrical resistance below a certain temperature is, without doubt, their grand peculiarity.

1.1.1 Historical remarks

The discovery of superconductivity was one of the many events in science that
seem to appear by chance. But nothing could be further from the truth. This phenomenon
was first observed at exactly the right time since some preconditions were accomplished.
Actually, the discovery of superconductivity is a consequence of the earlier achievement of
helium liquefaction in 1908°,

It was in 1911 when Heike Kamerlingh Onnes, who was studying the electrical
conductivity of metals at temperatures approaching the absolute zero (taken advantage of
liquid helium), realized that a sudden drop in the resistance of pure mercury took place at a
temperature near 4 K. He had discovered the superconductivity*”.

During the first years of superconductivity, many researchers manifested interest in
the new phenomenon but, apart from increasing the list of elements that exhibit
superconductivity, no relevant advances were recorded. However, in 1933, Meissner and
Ochsenfeld showed that in magnetic fields lower than a certain value the flux inside a
superconductor was expelled'®. This effect, called Meissner effect, is another important
property of superconductivity. It demonstrates that a superconductor is not only a perfect
conductor, but it defines a new thermodynamic state. Two years later, in 1935, Fritz and
Heinz London proposed the London equations which relate current to electromagnetic
fields in and around a superconductor. The major ability of these equations is to explain the
Meissner effect'. In the same year, Rjabinin and Shubnikov experimentally discovered the
Type-11 superconductors®.

The year 1957 has a great relevance in the history of superconductivity. The studies
of Abrikosov about the magnetic properties of superconductors came to light*" %. But the
most remarkable event is the publication of BCS theory by Bardeen, Cooper and
Schrieffer®®. It was the first microscopic theory in superconductivity. It explains the
superconductivity as an effect caused by the condensation of Cooper pairs (a pair of
electrons bound together at low temperatures) into a boson-like state. This theory describes
the behavior of type-l superconductors but can not explain the behavior of type-II
superconductors.

Two years later, in 1959, Gor kov could bind the Ginzburg-Landau theory?*, which
is a phenomenological model published in 1950 that describes type-1 superconductors
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without taking into account the microscopic properties, with the BCS theory showing that
the experiments and theory had a real link?.

The 60s and 70s are marked by the discovery of Josephson effect in 1962%°, which
opened the window for multiple applications of superconductor devices. However, it was
in the 80s when the way in which scientist valued the superconductivity would change due
to the discovery of High-Temperature Superconductors (HTS). In 1986, Bednorz and
Miller published their work about a new class of ceramics for superconductivity, the
cuprates, in which the transition from superconductor to normal state took place at 35 K?’.
This discovery started the race towards new applications for superconductors with
excellent economic prospects. Many works were published in the following years in this
topic. One of these works was the discovery of one of the most known and used
superconductors nowadays, the YBa,CusOg.s (YBCO) reported by Wu in 1987*2.

In recent years, specifically in 2006, a new class of superconductors called Iron-
Based Superconductors (FeSC) was discovered®.

1.1.2 The phenomenon of superconductivity

The absence of resistance below a certain temperature in superconductors took
several years to be explained microscopically. During more than 40 years only
phenomenological explanations were reported. It was the BCS theory in 1957 which gave
the first explanation to this phenomenon in the microscale®.

This theory evidences that, below the critical temperature, the charge carriers in the
superconductor bound together forming Cooper pairs. Cooper pairs are possible due to the
weak interaction between electrons which is mediated by the phonons of the lattice
(electron-phonon-electron interaction). Cooper pairs are coupled together, i.e., they are all
in the same state, due to the formation of bosons (two fermions constitute a boson) which
aggregates forming a Bose-Einstein condensate. The formation of Cooper pairs gives the
system superfluid properties and, therefore, their movement is coherent and does not
dissipate energy.

The wavefunction that describes the movement of the Cooper pairs is called y. This
wavefunction changes in the proximity of a normal region (not superconducting region) in
a distance given by the coherent length, &.

This theory gives a satisfactory explanation for many superconductors, called
conventional superconductors. However, it can not explain the properties and the behavior
of High Temperature Superconductors (HTS). There are several theories that try to explain
this behavior. One example is the theory that affirms that the superconductivity in HTS
comes from antiferromagnetic-spin fluctuations®. Another example is the interlayer
coupling model, that explain the superconductivity in HTS considering that a layered
structure consisted of BCS-type superconductors can enhance the superconductivity by
itself*°. However, these theories can not satisfactory explain the experimental phenomena
in this kind of superconductors. This is still an open issue in the superconducting field.

1.1.3 Properties of superconductors
As it was mentioned previously, the cardinal feature of superconductors is the

absence of resistance below the critical temperature (T¢). This behavior is not observed in
normal metals (figure 1.1).
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1 superconductor

normal metal

1e T
Figure 1.1. Resistivity vs. Temperature curves in a superconductor and a normal metal. It is observed that while for
normal metals the resistivity decrease smoothly until zero, in the superconductor the resistivity becomes zero below T..

Apart from this, there are other properties that also define the superconductors.
Among of them, probably, the most important one is the Meissner effect, discovered in
1933 by Meissner and Ochsenfeld™.

This effect is based on the fact that when a magnetic field is applied to a
superconductor in normal state and this is cooled below its T., the magnetic field is
expelled from its interior, obtaining zero magnetic field inside the superconductor. This
means that the superconductors behave as perfect diamagnetic (y=-1) material below its T.
On the other hand, if the magnetic field is applied when the superconductor is below its T,
magnetic field can not penetrate inside the superconductor. The superconductor maintains
the zero magnetic field inside it. This effect was the first evidence that showed that
superconductors are not just perfect conductors. In a perfect conductor when a magnetic
field is applied and then the temperature is decreased, the magnetic field is not expelled but
it remains inside even when the magnetic field is removed to enforce the laws of classical
electromagnetic theory (Faraday and Lenz’s laws).

In the case of superconductors in Meissner state, it is said that the magnetic field
can not penetrate inside. But this is not completely correct. There is a tiny superficial
region in which the magnetic field penetrates. The length of this penetration is given by the
London equation (Eq 1-1)*°:

1
V?B = = Eq. 1-1
AL

1/2
) (for m= mass of charge carriers , = vacuum permeability, n=

number density and e= charge )

Additionally, there are other two fundamental properties of superconductors: the
isotope effect®™ *2, which establish a dependence of the T, with the isotopic mass, and the
energy bandgap®, which described the abrupt discontinuity of the specific heat of a
superconductor exhibited at T that suggests the existence of a gap in the energy.

where 1% = ( =
Ho

nez

1.1.4 Types of superconductors

The classification of superconductors is done according to two different criteria: the
value of the T or the physical behavior that they have.

6



1. Introduction

-Critical temperature

The values of the T, allow the distintion between:

o Low Temperature Superconductors (LTS). The value of T, is below 20 K. Pure
metals and metal alloys are in this group.

e High Temperature Superconductors (HTS). The value of T, is above 20 K. Usually
the HTS are also known as cuprates or copper-based superconductors because,
except for a few compounds (for example MgB, and Fe-based superconductors), all
of them are formed by layers and planes of Cu-O which play a key role in the
superconducting phenomenon.

-Physical behavior

The behavior of superconductors under magnetic fields allows their separation in two big
groups:

o Type I superconductors. The magnetic field is expelled from the inside of the
superconductor below T, or below the critical field, H. (maximum magnetic field
that the superconductor admits before breaking the superconductivity). In this
situation, the superconductor is in Meissner state. Above T, (or H¢) the magnetic
field can penetrate inside the superconductor changing from superconducting state
to normal state (figure 1.2). Most of the pure metals that are superconductors at low
temperatures are in this group.

HA

normal state

Add

J
A

—
S
superconducting state

Figure 1.2. Magnetic field as a function of temperature in Type | superconductors. Two different states are
identified: the Meissner state (superconducting state) and the normal state

o Type Il superconductors. The behavior of this type of superconductors are the same
as in the case of Type | at low temperatures (Meissner state, magnetic field is
expelled from inside of superconductor) and in the normal state (magnetic field can
penetrate inside the superconductor). The main difference, in this case, is that the
magnetic field can penetrate inside the superconductor even below T. without
losing its superconducting state. These are the conditions that define the mixed
state, a new region in the H-T diagram for Type Il superconductors (figure 1.3). So,

7
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in Type Il superconductors, the lower critical field, H. , define the transition to
Meissner state to mixed state and the upper critical field, H.,, is defined as the
magnetic field in which the transition from mixed state to normal state takes place
(figure 1.3). In the mixed state (between H. and H,) the magnetic flux penetrates
the material in a regular triangular or square array of flux tubes, called vortices,
each one carrying a quantum of flux defined by: ®y=hc/2e=2,07.107 G.cm*.

H A

normal state

(‘IH)‘

W
Hc1 (T)

AR
(=

superconducting state

7 =
(2]
N
—~

-
S

Y
>

mixed state

Figure 1.3. Magnetic field as a function of temperature in Type Il superconductors. In this case, a new state
appears with respect to the Type | superconductors: the mixed state which is situated in the middle of the
Meissner state (superconducting state) and the normal state.

The value of k is defined by the ratio of the London penetration depth A (Ec. 1-4)
to the superconducting coherence length &. It determines whether a superconductor is type-

| or type-I1. Type | are defined by k<1/+/2 and Type Il by k>1/7/2.

1.1.5 Mixed state in Type Il superconductors

The main feature that differentiates the Type | and Type Il superconductors is that
in Type 1l superconductors the magnetic field can penetrate inside the superconductor
without losing the superconducting state. This new state is called the mixed state. Apart
from the Meissner state, Type Il superconductors can stay in the mixed state maintaining
the superconducting properties.

The penetration of the magnetic field in the mixed state is through a network of
vortices each one including a single quantum of flux?2. Therefore, each vortex is called
fluxon (figure 1.4)**. Mathematically, a vortex, in a neutral or charged superfluid, is a line-
like topological defect in the order parameter phase. In the case of superconductors, a
vortex is a normal region (non-superconducting region) surrounded by a supercurrent that
circulates around the core of the vortex. They arrange defining an array due to the
repulsive force between each other, behaving as if they were solenoids. In this array of
vortices, the distance between each other is given by the lattice parameter of the Abrikosov
vortex lattice (Eq. 1-2):
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Eq. 1-2
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Figure 1.4. First experimental observatlon of the hexagonal Abrlkosov lattice of vortices in a Pb-4%in rod at
1,1 K*,

As it was referred before, the interior of the vortices is a non-superconducting
region, so in that region the superconductivity is suppressed (which means that yw—>0) and
the magnetic field has the maximum value (figure 1.5). The evolution of the magnetic field
inside the vortices, assuming that «>>1 and r>¢, is given by (Eq. 1-3):

_ %o r
B(r) =7 5zKo (x) =013

where Ko(%) is zero’th order Bessel function.

L2
’

I\
ﬂx:\ I
|

4 N/ N\ B0

Figure 1.5. Structure of a single vortex centered in r = 0: \ (r) and B(r) profiles, with length scales & and A,
respectively.
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1.1.5.1 Critical current density

Understanding the physical phenomena that take place in the mixed state is crucial
to comprehend the final properties of different Type Il superconductors. One of the
properties that is determined by these phenomena in the mixed state is the critical current,
I, defined as the maximum current that can flows through the superconductor without
losses of energy, i.e., maintaining the resistance equal to zero. In a Type Il superconductor,
if a current is flowing through it with an applied magnetic field, an increase of the
resistance is due to the movement of vortices.

When a current is flowing through a superconductor in the mixed state while a
magnetic field is applied, a driving force per unit length on each single vortex appears and
tends to move them (Eq. 1-4):

f=]x P, Eq. 1-4

where @ is the quantum of flux and J is the current density (J=I/A where A is the area of
superconductor’s cross section).
F becomes a volume force, F, dividing both sides by unit area (Eq. 1-5):

FL=]JXB Eq. 1-5

FL in Eqg. 1-5 is stated to be the Lorentz force on the vortex due to the interaction
between the current density, J, and the vortex magnetic field. This force tends to move the
vortices in the perpendicular direction of the current. If this force is high enough to move
the vortices and they start to flow, work is done and there is energy dissipation. The
consequence is that the vortex motion creates a finite resistance. The explanation for that
was given by Bardeen and Stephen in 1965%. They considered a vortex core of radius & as
if were in normal state. The motion of the flux lines generates an electric field in its
surroundings and also in the vortex core that induce resistive currents and, therefore, a
flux-flow resistivity which causes energy looses. Also, the movement of the vortex entails
a transformation of Cooper pairs in electrons when the normal core touches the
superconducting part, and also a transformation of electrons in Cooper pairs when the
vortices left behind a region becoming again a superconducting region. In this case, the
superconductor behaves essentially like a normal conducting material.

To stop or to prevent this motion, it is necessary to apply a pinning force, Fp, at
least with the same value of F_. The value of this F, is determined by the potential wells
that the vortices have to overcome to start their movement. These potential depends on the
type of pinning center in which the vortices are pinned.

Considering the presence of F, and assuming that F,>F_, the vortices are pinned
and they can not move. However if F,<F_, the driving force is higher than the pinning
force and the vortices start to move. The limit for non-movement of vortices is reached
when Fy=F_. In this case (considering only the modulus of the F_ vector) the F, can be
defined as (Eq. 1-6):

F, =F, - F, =B Eq. 1-6

When the driving force density is equal to F, the corresponding current density is
defined as the critical current density, i.e., the maximum current density that can flows in
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the superconductor without energy looses. According to Eg. 1-6, it is possible to define the
critical current density, Je, as (Eq. 1-7):

Jo = Fp/B Eq. 1-7

1.1.5.2 Irreversibility line

The phenomenon of flux motion in Type Il superconductors does not start when the
applied magnetic field is equal to H, (figure 1.3), as one may think. The flux motion starts
and, therefore, J. becomes zero, for an applied magnetic field lower than H.,. Therefore, it
is not possible to work with the maximum possible current density, J., in a range of applied
magnetic field that would go from zero to the H.,, in which the transition to normal state
would take place. This is due to the behavior of vortices in the mixed state which is not
constant. The phase diagram shows two different regions: the solid phase and the liquid
phase (figure 1.6)%¢ %

Hc2

normalconducting

mixed phase

Magnetic Field

cl

Meissner phase
0 0 Temperature L

Figure 1.6. Magnetic phase diagram for Type Il superconductors in which the different vortex phases can be
observed.

The vortex solid phase is found at low temperatures and low magnetic fields. In this
region F, is higher than F_ and no motion of vortices is observed, so there are no looses of
energy (R=0) and J.>0. Vortices freeze into one of several possible solid phases, including
a variety of “glasses™®. Vortices in this region are pinned in natural pinning centers (in the
case of the pristine samples): oxygen vacancies, cation disorder, screw, edge dislocations,
etc. These pinning centers are crystalline defects generated spontaneously during the film
growth®. These defects locally change the electronic structure, reducing or cancelling the
T.. Therefore, in these small regions the Cooper pair formation is suppressed becoming
normal regions embedded in the superconducting matrix. When a vortex finds one of these
defects it will prefer to stay in this defect to minimize its energy (the vortex is also a
normal core). If lots of vortices do the same, the total energy of the system decreases, so
this phenomenon is energetically favorable. The effectiveness of this process depends on
the competition between the condensation energy, which is gained by putting the core of
the vortex in these normal regions, and the increase of elastic energy, which is necessary to
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modify the shape of vortices in order to place them in these pinning centers. This is the
basis for the collective pinning mechanism™.

On the other hand, in the vortex liquid phase, found at higher temperatures and
magnetic fields, the pinning potential wells that the vortices have when they are pinned are
overcome by the thermal activation energy. This causes the melting of the solid phase to
form a liquid phase describing a melting line in the H-T diagram. Therefore, in this region,
the vortices can move (F >F;) so, substantial electrical resistance is observed causing the
disappearance of J..

Both regions in the phase diagram, the solid phase region and the liquid phase
region, are separated by the irreversibility line (IL), which defines the transition from an
irreversible system (solid phase) to a reversible system (liquid phase) (figure 1.6).

The IL is not the same for all the Type Il superconductors®® **. It depends on their
different physical parameters and crystal structures. One parameter that has a great
influence on the IL is the anisotropy. The higher the anisotropy is, the lower the IL than
H, (figure 1-7).

50 4 Nitrogen

GdBCO
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Figure 1.7. Magnetic field-temperature phase diagram for several type Il superconductors®® **. The upper

critical field, Hc,, is indicated as a dashed line, while the irreversibility line, IL, is indicated as a solid line.
The IL marks the transition from vortex solid phase to vortex liquid phase.

1.1.5.3 Bean’s critical state model

The Bean’s critical-state model, introduced by C. P. Bean in 1962** % provides a
phenomenological description for the hysteretic magnetization of type-I1 superconductors
in a temporally varying external magnetic field.

The critical current density (Jc) in a superconductor depends, in general, on the
position (r) and the applied magnetic field (B). However, as an approximation, Bean
assumed that the J. was constant and independent of B to construct his model that fits quite
well with the experimental results obtained so far. Since the J. is constant, the field
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gradient within the sample is constant and thus, the magnetic field decreases linearly with
the distance (Eg. 1-8):

-1 dB dB
= — = ¢St > — = cts Eq. 1-8
]C I'IO dx dx a

Considering an infinite cylinder of diameter d, the behavior of magnetic field and J.
is shown in figure 1.8. As the magnetic field is increased (figure 1.8, a)), vortices starts to
penetrate inside the superconductor from the external part with a constant field slope, Jc. In
the area in which the magnetic field penetrates supercurrents appears so J=J.. In the flux
free regions (B=0), where no flux gradients are present, the current density is zero. When
the internal field reaches the centre of the sample, the applied magnetic field is named full
penetration field, B*. In these conditions the system arrives to the Bean’s critical state
(situation (2) in figure 1.8, b)). For this particular value of the magnetic field, supercurrents
are induced in the whole sample and J; will be constant through the sample. Although the
magnetic field continues to increase up to a maximum value By, the current density
remains constant at the value of J..

B(x) B(x) B, B(x)

(3) A4 BF
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3 ¥ :
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+J. : : :
[ ) . :

(c)
Figure 1.8. Magnetic field and J. behavior in an infinite cylinder based on the Bean’s critical state model as
the magnetic field is increased (a) and (b) and decreased (c)*.

After reaching the maximum induced magnetic field By, if now the magnetic field
is decreased (figure 1.8, c)), supercurrents appears circulating in the opposite direction.
The currents will penetrate the sample from the external part (situations (1) and (2) in
figure 1.8, c)). At this point, there is a flux trapped inside the superconductor since the
internal magnetic field is higher than the applied magnetic field and there is a region in
which the J becomes —J; since the supercurrents flow in the opposite direction. As the
magnetic field is further decreased, the supercurrents flowing in opposite direction
penetrate further inside the sample. This causes an increase of the J transformation into —J..
In one moment, the supercurrents in the opposite direction will penetrate in the entire
sample changing completely J into —J..
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1.2 REBa,;Cu304.5 (REBCO) Compounds

Nowadays, the major interest in superconductivity is deposited in the HTS. Their
properties, specially the high values of T, open the possibility to use them in technological
applications at temperatures above liquid nitrogen and thus, reducing the cost of the
cryogenics involved at working temperatures 65-77 K. Among them, REBa,Cu3Og.s
(REBCO) compounds (RE=Rare Earths) have attracted the attention of scientific
community due to their excellent current capabilities at high magnetic fields. REBCO
compounds have a structure that can be described as a triple perovskite compound based
on BaCuO3; and RECuO; units. This is a highly anisotropic structure with Cu-O planes
lying normal to the crystallographic c-direction (figure 1.9).
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Figure 1.9. Unit cell of the orthorhombic phase of ReBCO compounds.

As it was mentioned before, this Cu-O planes and layers have a key role in the
superconducting phenomenon. CuO; planes, formed by Cu atoms and O atoms, are parallel
to a-b direction. They are called conducting planes because the transport of carriers is done
in this planes. The holes in these planes somehow attract each other and form the Cooper
pairs (there is still not a satisfactory explanation for this). CuOy layers are formed by Cu
atoms and O atoms. They are arranged in chains which act as charge reservoirs providing
carriers to the CuO planes. This model works for the entire REBCO materials, but it can
not explain the behavior of PrBa,Cu3Os.s Which shows superconductivity even when it is
assumed to be non-superconducting according to this model*.

In the Cu-O chains the oxygen content is not fixed and, actually, the type of
structure of the REBCO compounds is determined by the concentration of oxygen in these
chains. They change from a tetragonal P4/mmm structure when there is no oxygen in the
chains into an orthorhombic Pmmm structure when the chains are full of oxygen (figure
1.9). The transition between these two structures depends on the compound and processing
conditions. This change in the oxygen content in the Cu-O chains defines the stoichiometry
of the oxygen in the final REBCO compound, i.e., it defines the & that appears in the unit
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formula of these compounds. So, for =0 REBCO compounds have tetragonal P4/mmm
structure and for 6=1 they have orthorhombic Pmmm structure.

These structural changes are crucial in REBCO compounds since they are
superconducting materials only when they have the orthorhombic structure. When they
have tetragonal structure, they are isolating materials. Therefore, it is essential to control
the amount of oxygen present in the structure in order to ensure superconductivity
properties. The process by which the oxygen goes in the YBCO structure is called
oxygenation and, due to the above reasons, it is a critical process. For this reason, a whole
chapter (chapter 5) of this thesis will be devoted to the study of this process.

The anisotropy of the REBCO compounds structure, due to their layered structure,
is also remarkable. Since, as it was mentioned, the current flows only along the CuO,
planes, the conductivity is confined in the a-b planes and a large anisotropy in transport
properties is observed. Along the c-axis normal conductivity is much smaller than in the a-
b plane (typically three orders of magnitude smaller). This anisotropy, obviously, is also
observed in the vortices’ structure. The coherence length (§) and the penetration depth (1)
depend on the magnetic field orientation relative to the crystallographic axis of the
material.z;l'he anisotropy (y) is defined in the framework of Ginzburg-Landau theory as
(Eq. 1-9)°™:

_)\c_zab_Hgl_Hgg Eq. 1-9
Y Aab & ng ng ’
where the subscripts or superscripts ab and c indicate the direction in which this parameter
IS measured.

Taking this into account, in order to allow the current to flow freely, it is important
that all the grains show perfect c-axis orientation. Any deviation from perfect c-axis
orientation, no matter how small, will hinder the current flow and the physical properties
will not be the best. Thus, perfect biaxial texture is needed (out-of-plane and in-plane grain
orientations).

This thesis is mostly focused on YBCO and also a particular study of GABCO is
also presented.

1.2.1 YBCO features

Within the REBCO compounds YBCO is probable the most well-known and the
most studied material due to its high T, =92 K and its high field current carrying capacity.
It was the first discovered superconductor with the T, above 77 K*2.

From the point of view of the crystallographic structure, it has, as all the REBCO
compounds, a tetragonal structure for low values of oxygen content which changes to an
orthorhombic structure for high values of oxygen doping. The values of different cell
parameters are listed in the following table (Table 1.1):

Structure a(m) | b(nm) | c(nm)
Tetragonal® | 0,3870 | 0,3870 | 1,1801
Orthorhombic® | 0,3886 | 0,3821 | 1,1687

Table 1.1. Unit cell parameters of YBCO tetragonal (YBa,Cus;0g) and orthorhombic (YBa,CusO;) structures
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The anisotropic nature of YBCO and, in general, of all REBCO compounds, is
essential to understand its behavior. The values of & and A for YBCO are collected in the
following table (Table 1.2):

Direction | A (hm) | & (nm)
c-axis 890 0,24
a-b plane 135 1,60

Table 1.2. Values of coherence length (&) and penetration length (A) for YBCO in the c-axis direction and a-b
plane direction®’.

Considering the previous values of & and A, a y=6,6 is obtained. In general for
YBCO it is reported that the y varies from 5 to 7*. This value is the lowest within the HTS
and this is the main reason why the IL of YBCO is much higher that others HTS as, for
example, BiSr,Can1CunOansasx, (BSCCO) which vy is approximately 30 (figure 1.7)*. This
makes the YBCO a good candidate for power applications in which high magnetic fields
are applied since the pinning performances will be maintained until higher magnetic field
values.

1.2.2 GdBCO potential

Nowadays, there is much interest in other REBCO compounds created as a result of
the change of the Y** ions in the YBCO structure by other RE ions (e.g. Nd*3, Sm*3, Eu*®
or Gd*)**2, The interest of these other REBCO compounds is due to the fact that, for
some of them, better properties than in YBCO were observed (table 1.3).

lon | Effective ionic radius (A) | T, (K) | J. (MA/cm?®) (77 K) | References
Lu®™ 0,97 88 0,5 53
Yb*3 0,98 90 0,1 >
Y+ 1,01 92 2-3 >
Gd*™ 1,05 94 3-4 %
Eu® 1,07 93 1-2 >
Nd*3 1,11 96 2-4 >
La® 1,16 93 1 59

Table 1.3. Values of the ionic radius of some rare earths, critical temperature (T.) and critical current density
(J) of the REBCO superconductors made with these ions.

The differences in the physical properties are determined by variations in electronic
structure, valence state and, largely, in the ionic radius of the rare earth atom®. The RE
ions have to fit in the structure. Their size influences the distances between different planes
in the structure and, therefore, the interaction between the orbitals of different atoms which
leads to a change in properties of the different compounds.

In the case of small rare-earth ions such as Yb** and Lu**, the formation of single-
phase REBCO is impeded because the ions do not fit in the lattice site and it is likely to
exist RE ion vacancies. On the other hand, it was demonstrated that bigger cations show a
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greater tendency to partially substitute the Ba®* hindering the formation of stable and
single phase REBCO®®2. Among them, one can observe that GABCO shows remarkable
properties, even better than YBCO. So, it appears to be a good candidate to compete with
YBCO.

As it was mentioned, the first challenge that one finds trying to prepare a REBCO
with a RE ion size bigger than Y*, is the Ba** ion substitution. This difficulty is also
present in the GABCO preparation, but the Gd** shows the lowest tendency (apart from
Y**) to substitute the Ba** ions among the REBCO compounds (figure 1.10).

Figure 1.10. RE—Ba substitution for the different ReBCO systems in air*°

From the applications point of view, the great interest in other REBCO compounds
is due to the fact that the IL (see section 1.1.5.2) of some of them is higher than in the case
of YBCO. And this enhancement of the IL is generated by the increase of T.. Observing
the table 1.3, it is noticeable that there are several compounds with T, higher than in the
case of YBCO: GdBCO, EuBCO, NdBCO and LaBCO. However, due to all the difficulties
in the preparation that were mentioned before, the focus will be on GdBCO. GdBCO has a
Tc of 94K which is 2K higher than the YBCO's T.. This means that the H,, limited by the
Tc in the H-T phase diagram, is higher in the case of GdABCO. Therefore, as the H, is
displaced to higher T, the IL is also displaced to higher T, resulting in the possibility to
obtain high values of J. until higher magnetic field values (figure 1.7).

1.2.3 REBCO superconducting wires
One of the main goals in the field of superconductivity is the manufacture of long,
robust and flexible conductor to be used in several power applications, for example as

magnet coils. However, this is rather difficult when dealing with ceramic superconductors
as the cuprates.
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Nowadays, the technology to fabricate superconducting wires using LTS is well
established. Most of this LTS are metallic compounds, which facilitate the mechanical
treatment to obtain the final wires. NbTi or NbsSn wires are mass produced using different
techniques as co-extrusion or bronze route**. However, the need to refrigerate these wires
with liquid helium due to their low T, and their low performances at high magnetic fields,
have made that the interest nowadays were more focused in the HTS wires. These wires
allow the refrigeration with liquid nitrogen, which is cheaper, and offer better
performances when magnetic fields are applied.

The fabrication of HTS wires is very challenging for two main reasons: the ceramic
nature of almost all the HTS (cuprates included) that makes the handling of these
compounds extremely difficult due to their brittleness and the need to obtain biaxial texture
(as it was mention before) in these compounds to achieve good properties. Nowadays,
there are several techniques which can overcome these issues.

The first approach to assess the manufacturing of superconducting HTS tapes
resulted in the so-called first generation tapes. These tapes are prepared with BSCCO using
the so called “Powder-In-Tube (PIT) method”. This process is performed introducing the
sintered BSCCO in a sealed silver tube. From this tube, a very thin wire is obtained which
is rolled and subjected to a thermal process. The rolling and the thermal processing are
performed several times until the final tape has the desired texture and properties. The first
generation tapes show great properties at liquid nitrogen temperature (77 K). They can
carry up to 100 A/mm? with no applied magnetic field. However, due to the high
anisotropy of BSCCO the IL is really low .Therefore, in the moment that a small magnetic
field is applied, the properties decrease drastically®*®°.

To solve the problem of low performances in high magnetic fields observed in the
first generation tapes, the use of REBCO compounds was proposed as superconductor
materials to fabricate the tapes. This led to the appearance of the so called “second
generation tapes” or “Coated Conductors (CCs)”, first demonstrated in 1991°. The
fabrication of CCs presents the same difficulties that in the case of first generation tapes:
the fragility of REBCO compounds and the perfect biaxial texture that is needed in order to
obtain the best possible properties. But, in this case, is even more complicated because the
REBCO compounds are more difficult to machine than BSCCO, so it is not possible to use
the PIT process.

The general architecture of CCs consist of a multilayered structure formed by a
metallic substrate, intermediate buffer layers, the REBCO superconducting film and
protective metallic cap layers (figure 1.12). Metallic substrates are used due to their
excellent mechanical properties. The buffer layers provide a continuous, smooth, and
chemically inert surface (avoiding metallic ions diffusion from the substrate) for the
growth of the REBCO films while transferring the biaxial texture from the substrate to the
superconducting layer. They are indispensable since, if the REBCO films are deposited
directly on the metallic substrate, the texture will be not the right one (not epitaxial
orientation of grains, but polycrystalline). This is due to the high mismatch between the
unit cell of REBCO compounds and the unit cell of metals used to fabricate the substrates
(stainless steel (SS), cooper, etc). The most commonly used materials as buffer layers are
CeO,, MgO, Y:ZrO,, SrTiO3z and LayZr,0O. Finally, the protective caps layers fulfill the
function of protecting the superconducting layer from the environment.
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Figure 1.12. General architecture of the Coated Conductors.

As it was mention before, the most important issue when the CCs are fabricated is
procuring the biaxial texture of the superconducting film. There are two different strategies
to obtain this texture: the lon Beam Assisted Deposition (IBAD) and Rolling-Assisted
Biaxial Texture Substrate (RABITS)".

In the IBAD process a buffer layer (commonly YSZ) with the appropriate texture is
situated over the metallic substrate (usually SS). The deposition of this buffer layer is
performed by evaporating the buffer's material using a high power electron beam. The
components are placed in the vapor state, and individual coating atoms or molecules
condense and stick on the surface of the component to form the coating. Simultaneously,
highly energetic ions (100-2000 eV) are produced and directed to the surface. It
significantly improves adhesion and allows the control of the film properties such as
morphology, density, stress level, crystallinity, chemical composition and, the most
important, the texture of the buffer layer. However, the texture of the first buffer layer,
usually, do not allow the REBCO epitaxial growth so, it is necessary to deposit more
buffer layers on the top of this first layer to transfer the correct texture to REBCO film.
Finally, the complete IBAD CC will be formed by the metallic substrate, a first textured
buffer layer, a group of buffer layer to transfer the texture to the REBCO film, the REBCO
layer and then the cap layer®’.

The other strategy is the RABITS approach. The process is very similar to the
IBAD approach but, in this case, is the metallic substrate what is directly textured. This is
achieved by performing multiple rolling and annealing steps on an untextured metallic
substrate to produce a particular texture. After that, epitaxial buffer layers (usually a seed
layer, a barrier layer, and a cap layer) are deposited on the textured substrate. The REBCO
film is deposited onto these buffer layers and finally the cap layer to protect the
superconductor®” %,

1.2.4 Preparation of REBCO thin films

The preparation of REBCO thin films is not easy. First attempts showed
polycrystalline orientations of REBCO grains which resulted in a very low critical current
densities due to the fact that the grain boundaries act as connectivity barrier for the current
flow®®. In addition, the high anisotropy in the transport properties (J.//a-b planes >>>
Jo/lc - axis) requires that the YBCO a-b planes (i.e. the superconducting CuO, planes)

19



Pablo Cayado

were aligned parallel to the substrate surface to allow the current flow without
impediments. This means that perfect epitaxially oriented (c-axis oriented) grains are
required to obtain the highest performances. Methodologies to prepare REBCO thin films
can be classified as in-situ and ex-situ growth techniques.

1.2.4.1 In-situ vs. Ex-situ growth techniques

The preparation of REBCO thin films with biaxial texture is really challenging
because of the special conditions needed. However, there are several techniques that are
usable for achieving this goal. These techniques can be separated in two groups.

The first one is the group of in-situ techniques. These techniques are characterized
by the formation of the REBCO phase (or, in general, the desired phase) during the
deposition of the material. Therefore, in this case, the deposition and the growth are
simultaneous processes. The growth mode in the films prepared by in-situ growth
techniques is more or less a layer-by-layer process which implies a non-equilibrium
process where the surface diffusion is particularly important. By using different in-situ
growth techniques such as Pulsed Laser Deposition (PLD)" "2, Pulsed Electron Deposition
(PED)™, Chemical Vapor Deposition (CVD)™, Physical Vapor Deposition (PVD)™ ™,
Liquid Phase Epitaxy (LPE)’" or Sputtering®, extremely high quality REBCO thin films
can be grown.

The mayor drawback of the in-situ growth techniques is the high cost. In recent
years, there have been huge developments in engineering that have led to the deposition of
large areas using a continuous in-situ techniques process’®®. However, these techniques
require ultra-high vacuum in the deposition chamber which greatly increases the cost of
growing long lengths REBCO films.

On the other hand, the ex-situ growth techniques are characterized by the fact that
after the deposition there is no REBCO formation and a subsequent annealing process at
high temperatures is required. Therefore, the deposition and the growth of the REBCO
phase are sequential processes. Most of the ex-situ growth techniques are solution-based
and, therefore, they enable the continuous deposition over large areas at atmospheric
pressure (no vacuum in any step of the process) that dramatically reduce costs. However,
there other ex-situ growth techniques that also uses vacuum during the deposition as the
BaF, method® % (amorphous film is deposited through PVD) Solution based ex-situ
growth technique is called Chemical Solution Deposition (CSD).

In this thesis, the REBCO thin films were prepared by CSD method where
SUNAM group is a world-recognize leader.

1.3 Nanostructured superconductors: Nanocomposites

In our days, the use of REBCO CCs is possible in some applications in which low
external fields are applied, as in the case of transmission power cables or Fault Current
Limiters (FCL). However, those applications in which high magnetic fields are applied, as
generators, motors or magnets, require an improvement of the CCs properties in order to
enhance the performances of these devices (figure 1.13).
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Figure 1.13. Requirements of temperature and magnetic field for different devices operation®. The yellow
line is the H, line of a typical REBCO compound (transition to normal state).

Generators or motors are electrical machines that need to work with high values of J.
at high applied magnetic fields. This is not possible using conventional REBCO
compounds because, as it was discussed in section 1.1.5, a drop in J. as the magnetic field
increases (figure 1.13) is inevitable due to change from vortex solid to vortex liquid state.

As it was mentioned in section 1.1.5 vortex solid region size is determined by the
amount of natural crystalline defects that appears during the processing of REBCO. This
will determine the value of the pinning force. These natural defects are created in higher
densities in thin films than in single crystals due to the different growth processes. This is
why the J. in thin films is much higher (1 or 2 order of magnitude) than in single crystals=.

The goal is to develop a strategy to enlarge the vortex solid region in which the
vortices are pinned and no losses of energy occur. This means that the objective is to
increase the pinning force and displace the irreversibility line to higher fields enlarging the
vortex solid region and reducing the vortex liquid region (from red dashed line to blue
dashed line in figure 1.14). This can be done by nanostructuration of REBCO matrix
introducing artificial defects in its matrix forming superconducting nanocomposites.

Ho

normaleonductg

Magnetic Field

vortex solhid

Merssner phase
0 Temperature T

Figure 1.14. H-T phase diagram with two different irreversibility lines (red and blue dashed lines). The wider
the vortex solid region, the higher the magnetic field at which J; is still obtained. Therefore, blue
irreversibility line is preferable than red one.
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1.3.1 Superconducting nanocomposites

A composite material is formed by two or more different phases. The properties of
this new integrated material are different than the properties of each individual one making
the total greater than the sum of each one.

The nanocomposites are nothing more but composites in which, at least, one of the
compounds has a dimension of less than 100 nm. In the particular case of superconducting
nanocomposites, they are formed by a matrix of a superconductor and nanoinclusions of
non-superconducting secondary phases.

First investigations about the nanostructuration of superconductors were done by
bombarding superconductor’s single crystals with heavy ions, neutrons, electrons or
protons. With this procedure it is possible to generate OD and 1D defects (columnar
defects)®*®’. However, adding irradiation defects to superconductor’s thin films resulted in
a marginal J. improvement, since the natural defects in thin films is already high, and also
in T, reduction if the irradiation is not perfectly controlled.

Another approach to nanostructure the superconductor’s matrix was the surface
decoration. In this procedure, NPs of non-superconducting phases are deposited in the
substrate prior to the superconductor. These NPs act as initial points for dislocations in the
c-axis direction which act as pinning centers. Different NPs (mostly metals as Au or Ag
and oxides) was used to test this procedure. Physical and chemical methods were used to
deposit these NPs in crystalline substrates or buffer layers but, as in the case of irradiation,
the improvement in the performances is not enough for some in-field applications®®°*.

The last evolution in the nanocomposites preparation was to embed the NPs in the
superconductor’s matrix. The best performances of the resulting nanocomposites samples
are obtained in this way because if the NPs are homogeneously distributed in the
superconductor’s matrix the benefits of these NPs will not be restricted only to interface
superconductor-substrate but it will also have a volumetric effect in the whole film.

The choice of the NPs phase must consider several requirements: i) high stability at
the YBCO growth temperatures, ii) no chemical reactivity neither with YBCO nor with
intermediate phases of YBCO which would led to off - stoichiometries, and iii) no cationic
substitution into the YBCO lattice which would diminish T.. Some examples of suitable
phases are: barium perovskites (BaBO3) where B=Zr, Sn and Hf** %' binary rare earth
oxides (RE,Oy) and their solid solutions with RE= Y, Gd, Ho, Er, Dy® *, intermediate
phases of YBCO like YBa,CuOs'® and rare earth tantalates and niobiates (double
perovskite Ba,RE(Ta,Nb)Og and pyrochlore RE;TaO; with RE= Y, Yb, Gd, Er,)!%" 12,

1.3.2 Vortex pinning in REBCO compounds

The vortex pinning properties in REBCO compounds are determined by the amount
and type of crystalline defects that are present in the superconductor matrix. These
crystalline defects act as pinning centers increasing the pinning force that maintain the
vortices motionless. The defects change the electronic structure in their surroundings
preventing the formation of Cooper pairs and transforming these small areas into normal
regions (non-superconducting regions) in which the vortices are placed to diminish their
energy (vortices have a normal core).

These defects can be induced naturally during the pristine REBCO thin film
growth. Typically, these natural defects are: oxygen vacancies, cation disorder, threading,
screw or edge dislocations, in-plane dislocations, twin boundaries, antiphase boundaries,
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stacking faults, intergrowths, etc (figure 1.15). All these defects create strain fields in their
surroundings that can also act as pinning centers.

n-plane misorlented grains Threading Surface roughness or
Precipitates Twin boundaries and grain boundaries dislocations a-axis grains
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stacking faults

Fiéure 1.15. Natural defects in REBCO epitaxial films™®.

These defects can be classified according to their dimensions in 0D, 1D, 2D or 3D
defects (figure 1.16). Cation disorder or oxygen vacancies are included in the group of 0D
defects (figure 1.16 a)). These are natural defects whose dimensions are so small (in the
range of A) that are considered as punctual defects. In the group of 1D defects are included
the dislocations and other columnar defects (figure 1.16 b)). Planar defects as twin
boundaries, grain boundaries, stacking faults or misfit dislocations belong to the 2D defects
group (figure 1.16 c)). And finally, in the group of 3D defects are included the precipitates,
the secondary phases or the voids (figure 1.16 d)).
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Figure 1.16. Picture of the dimensionality of different pinning centers: (a) 0D, (b) 1D, (c) 2D and (d) 3D,

However, these natural defects are not effective enough to pin the vortices at high
magnetic fields. So, in order to increase the REBCO thin films performances at high
magnetic fields, it is necessary to introduce Artificial Pinning Centers (APC) which can be
either additional defects in the matrix or secondary non-superconducting phases creating
what is called superconducting nanocomposites. In the case of this work, YBCO and
GdBCO nanocomposites are created by embedded NPs (3D defects) in the
superconducting matrix which create additional defects in the superconductingmatrix.
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1.3.3 Growth approaches to superconducting nanocomposites

In REBCO and, in particular, in YBCO and GdBCO thin films, the amount of
natural defects created during the growth process is quite high. However, as it was
mentioned before, the effectiveness of the natural defects as pinning centers is still too low.
So, by developing nanocomposites, the aim is to increase the amount of these normal
regions by adding non-superconducting phases to the superconducting matrix. The
introduction of NPs in the superconducting matrix can be done using in-situ or ex-situ
growth techniques. The pinning mechanism depends on the features of the embedded NPs
and growth technique will determine the NPs features.

1.3.3.1 Simultaneous deposition and growth case

First experiments in the preparation of superconducting nanocomposite films were
performed using in-situ growth techniques which are characterized, as it was mentioned
before, by a simultaneous deposition and growth of the, in this case, REBCO phase and the
NPs, processes. One of the most used in-situ growth techniques is the Pulsed Laser
Deposition (PLD). Nanocomposites with PLD are achieved by adding a fine dispersion of
the dopant phase (mixed single target) or by switching two targets (YBCO target + dopant
target). The resulting thin films demonstrated enhanced in-field performances and J. values
compared to pristine YBCO films. However, a decrease in T is observed for the most of
the dopants used, probably due to stress induced in the YBCO lattice by the highly lattice
mismatched interfaces'®.

Most common feature of all nanocomposite thin films grown with in-situ growth
techniques is the epitaxial relationship of the embedded nanoparticles with the
superconductor matrix leading to coherent interfaces. This is inherent to the in-situ
techniques in which the heterogeneous nucleation is promoted (see details about nucleation
issues in chapter 2). It is also extensively observed that the NPs suffer a self-assembling
process leading to homogeneously dispersed vertical nanostructures or nanorods with small
width of less than 5 nm that can pin the vortices by itself as the width is similar to the
vortex sizes (figure 1.17 a) and b))™ % 97 There are, however, other cases in which
homogeneously distributed NPs were observed (figure 1.17 ¢)** 1%,

Figure 1.17. TEM images th
Columnar arrangement of BZO NPs are shown in a) and b)
BZO NPs in c)*.
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The NPs can act as pinning center themselves only in the case that their sizes are
similar to the coherence length of YBCO: 2-5 nm (size of vortex core). If their size
exceeds the coherent length size, the pinning properties will not improve because the
vortices only need normal regions of this size. The extra normal region does not give any
advantage. Actually, the opposite effect is observed. Bigger secondary phases will
contribute to enhance the total energy of the system as they are normal regions embedded
in the matrix that is not energetically favorable and causes a decrease in the condensation
energy. This scenario could be achieved'®™2, but a very fine control of YBCO processing
parameters is required.

1.3.3.2 Sequential deposition and growth case

The ex-situ growth techniques are characterized, as it was explained before, by a
sequential deposition and growth processes. In the case of the nanocomposites, the growth
process is also sequential since the growth of the REBCO phase and the growth of the NPs
are not simultaneous but occurs at different times. Within the ex-situ techniques or
sequential deposition and growth techniques, it is possible to distinguish two different
approaches to prepare nanocomposite films. The first one, which will be extensively
explained in chapter 3, is called “in-situ nanocomposites” and its typical feature is the
formation of the NPs during the growth thermal treatment (one of the steps of the CSD
method as it will be explained in chapter 2). The other one is called “ex-Situ
nanocomposites” and it is characterized by the fact that the NPs are firstly synthesized and,
then, a colloidal solution with the NPs and the YBCO precursor solution is formed. This
last approach is a novel technique mostly developed in this thesis and will be widely
treated in chapter 4.

To achieve NPs with sizes in the range of 2-5 nm is very difficult when ex-situ
growth techniques are used. In the majority of cases, the sizes of the NPs that are
embedded exceed 10 nm. These sizes of the NPs are higher than the optimum size for
single vortex pinning. However, these oversize NPs can create additional pinning centers
as it was demonstrated for the first time by Llordes et al”’. The key point here is that these
nanostructures can induce nanostrained regions in which Cooper pair formation is
suppressed™=.

Figure 1.18 outlines why these oversize nanostructures originate nanostrained
regions that act as pinning centers. When one of these NPs is embedded in the
superconducting matrix, it distort the matrix due to the mismatch in the lattice parameters
between the NPs and the REBCO (barium perovskites, binary rare earth oxides or rare
earth tantalates and niobiates have a much different lattice parameter than REBCO)
generating interfacial energy in the interface of the two compounds (figure 1.18 a)). This
interfacial energy is release by the system creating extra Cu-O chains (indicated in the
figure 1.18 b) with red arrows) which are called stacking faults or 248 intergrowths and
which are planar defects (figure 1.18 b)). In the perimeter of the SF very strained regions
appear due to the presence of local partial dislocations. These cause a nanodeformation of
the surrounding unit cells which lead to an increment of the strain in this nanoarea. These
strained nanoregions, that create nanostrain, behave as normal regions avoiding the
formation of Cooper pairs and, therefore, they act as pinning centers for the vortices with
sizes in the range of the vortices core*®¥".
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Figure 1.18. TEM images that show the pinning mechanism in CSD YBCO nanocomposites with big
nanoparticles. a) The embedded NPs create a distortion in the YBCO matrix which causes an interfacial
energy. b) This energy is released by adding extra Cu-O chains (stacking faults or 248 intergrowths). c) At
the perimeter of these intergrowths very strained regions appear (LAADF TEM image) that acts as normal
regions which pin the vortices.

This explanation is supported by experimental measurements. Llordés et al found
that nanostrain values are directly proportional to the total incoherent interface (figure 1.19
a))%". This means that, by increasing the number of NPs, the interfacial energy raise (more
incoherent interfaces). Therefore, to release this interfacial energy, more SFs are created
and, consequently, more strained nanoregions appears resulting in an enhacement of the

nanostrain. This enhancement of nanostrain results in an increase of pinning force (figure
1.19 b)).
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Figure 1.19. Different features in YBCO nanocomposites with oversize NPs: a) evolution of nanostrain with
incoherent interface and b) pinning force dependence with nanostrain®’.

The presence of SFs leads to a great enhancement of the pinning force in this kind
of systems resulting in excellent YBCO performances®. It is remarkable that, in recent
years, SFs were also detected in nanocomposite films synthesized by in-situ techniques
such as PLD when the NPs have larger sizes than the 2-5 nm'®,

This proposal of pinning mechanism based on the apparition on SF associated to
the presence of NPs is supported with several reports in which the SF where found*3 1 9"
114, 108, 115 However, there are different works in which the REBCO thin films, with
excellent performances at high magnetic fields, do not show the presence of SFs despite
that ex-situ growth techniques were also used'****. In these cases, the pinning mechanism
based on the SFs is not valid and it has to be explained in a different way. This opens the

possibility to other possible pinning mechanism that had higher influence in certain
conditions.
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1.4 Thesis content

The content of this thesis is divided in two main blocks: the first one, which
comprise chapter 3 and 4 is devoted to CSD YBCO and GdBCO nanocomposites and the
second one, which include chapter 5, deals with the oxygenation and oxygen diffusion
processes in CSD YBCO films. It is also included the explanation of the experimental
procedures and characterization techniques in chapter 2 and the general conclusions in
chapter 6. Finally, the appendices, the references and the nomenclature will be presented in
the last pages.

In chapter 2 the experimental procedures and the film characterization techniques
will be explained. The experimental part includes a detail description of the CSD
methodology and also the procedure to prepare the different precursor solutions used in
this thesis. Regarding the characterization techniques, both the solution and the films
characterization (structural, morphological and physical) techniques will be exposed.

In chapter 3 all the work related with the CSD YBCO and GdBCO nanocomposites
prepared by the in-situ approach will be described. Structural properties of the films
obtained with different compositions are analyzed. Then, the microstructure of these films
and how the microstructure affects the final properties of the films is studied. CSD GdBCO
and GdBCO nanocomposites thin films using low-fluorine content solution are also studied
in this chapter.

Chapter 4 is also related with nanocomposites but, in this case, it is the turn of the
ex-situ approach. This is a new approach, mostly developed during this thesis, for the
preparation of CSD YBCO nanocomposites by using NPs colloidal solutions. First part of
this chapter is about the characterization of the NPs used to prepare the colloidal solutions.
Then, NPs stability in the YBCO precursor solution and how this stability affects the
quality of the films after the pyrolysis is studied. Finally, all the problems that have
appeared during growth process (coarsening, pushing or reactivity) are analyzed and a
solution is proposed for each one.

In chapter 5 the study of the oxygenation and the oxygen diffusion processes in the
YBCO is explained. A deep study of the diffusion process using in-situ resistivity
measurements varying different parameters is performed, in order to clarify which is the
real role of the surface reactions in the diffusion process.

Final chapter, chapter 6, is devoted to the general conclusions achieved in this
thesis.
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Experimental Methodologies

In this second chapter, the experimental procedures and characterization techniques
used in this work will be explained in detail. First part of the chapter is devoted to explain
in depth the Chemical solution deposition (CSD) methodology. The used thermal processes
applied in each step of the process and the basis of the thin film crystallization is included
in this part. The synthesis of the different precursor solutions that were used is also
exposed.

The second part deals with the different characterization techniques employed to
study the properties of the precursor solutions and the structural, morphological,
compositional and physical properties of the obtained thin films.

2.1 Experimental procedures

2.1.1 Chemical Solution Deposition method

CSD method has appeared in last years as an attractive alternative to in-situ growth
techniques since it is a scalable, versatile and low-cost process. This process has been
applied to the preparation of thin films of functional oxides in many different fields. In
particular, in the field of superconductivity, it has been used to prepare long lengths CCs
with reduced cost and similar performances than those prepared using in-situ techniques.
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2.1.1.1 Processing steps

CSD process consists of four steps that can be observed in figure 2.1 that are
explained in the works of Lange and Schwartz et at''® *?°. These steps are: the preparation
of the chemical precursor solution, the solution deposition on an adequate substrate, the
pyrolysis process and the growth process. All these steps will be explained in detail for the
particular case of this thesis.
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Figure 2.1. CSD process divided in its four steps: a) Chemical solution preparation, b) Solution deposition
(spin-coating in this particular case), c) pyrolysis process and d) growth process.

Deposit the solution
on the the substrate

2.1.1.1.1 Chemical solution preparation

The first step is the preparation of the chemical solution using the metalorganic
precursors that contains the metals of the final material. These precursors are dissolved in
adequate solvents and then mixed in a stoichiometric ratio that yields the desired
composition of the final oxides film (figure 2.1 a)).

In this thesis different precursor solution were used both for the preparation of
pristine films or superconducting nanocomposites. These solutions are: YBCO-TFA
solution, GABCO-LF solution, YBCO and GdBCO in-situ nanocomposites solutions and
YBCO ex-situ nanocomposites solutions. The synthesis of all of them is detailed below.

Synthesis of YBCO-TFA solution

From the discovery of the TFA route, the synthesis of the TFA precursor solution
was extensively studied. In the case of the TFA solutions used for this work, the synthesis
process proposed by Roma et al at ICMAB was followed?!. The procces is summarized in
figure 2.2

YBCO powder (YBa,Cu3Oy, Solvay) is used as raw material. The synthesis process
starts by mixing the YBCO powder in an excess of trifluoroacetic anhydride
(trifluoroacetic anhydride (TFAA), Sigma-Aldrich > 99%), a small amount of
trifluoroacetic acid (trifluoroacetic acid (TFAH), Sigma-Aldrich 99%) as a catalyst and
acetone (HPLC acetone, Scharlab 99,98%) as solvent. This mixture is stirred during 60 h
maintaining a constant temperature of 55°C. Using this procedure it is possible to obtain a
solution with Y-TFA (Y(CF3COO);), Ba-TFA (Y(CF3COOQO);) and Cu-TFA
(Cu(CF3C0O0),) precursors as a result of the reaction between the YBCO powder with the
TFAA and TFAH. Afterwards, the as-obtained solution is filtered to eliminate the possible
remaining precipitates.

The filtered solution is placed in a rotary evaporator with vacuum at 60°C during 6
h to remove the solvent and, to finally obtain a gel. To further remove any trace of the
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solvent, the gel is submitted to a drying process under vacuum. After that, the solid is
dissolved in methanol (Sharlab 99,9%) under Ar atmosphere and the volume is adjusted
using methanol (MeOH) to the desired concentration.

The final step is the titration of the solution to check if the stoichiometry is correct.
If the stoichiometry is not respected by one of the elements (Y, Ba or Cu), it is necessary to
add the corresponding TFA salt (Y-TFA, Ba-TFA or Cu-TFA). Finally, the volume is
again adjusted and the solution, which is already ready to use, is kept in sealed vials under
Ar atmosphere.

| YBa,Cu;0, commercial powder |

| Mix with TFAA, TFAH and acetone |—>

| stir for 60 h at 55 °C with Ar  |——>

A 4

| TFA precursors formed

Rotary evaporator |—>

\ 4

| Gel re-dissolved in methanol |

Titrate and compensate I >

N
| Solution placed in sealed vial under Ar atmosphere |

Figure 2.2 Chart flow to prepare the YBCO-TFA precursor solution

Synthesis of GABCO-LF solution

The GdBCO Low-Fluorine solution (GdBCO-LFS) is similar both in the
formulation and in the synthesis procedure to solution 4 reported in the work of Palmer et
al'®. The solution is prepared using three different salts: gadolinium trifluoroacetate (Gd-
TFA), barium acetate (Ba-OAc) and cooper acetate (Cu-OAc). The preparation of this kind
of solutions is much easier and faster than the TFA solutions as it was also shown in some
other reported works™* *%°_ All this process is summarized in figure 2.3.

The first step in the synthesis is to dissolve the Ba-OAc (Ba(CH3;COOQ),, Sigma-
Aldrich >99,5%). For this, the calculated amount of BA-OAc is added to a vial containing
methanol. The mixture is maintained under continuous stirring during 15 min to get the
dispersion of BA-OAc in methanol. Afterwards, propionic acid (CH3CH,COOH, Sigma-
Aldrich >99,5%) is added. The amount of propionic acid added to the mixture is 26% of
the final volume of the solution that is being prepared. This mixture is maintained under
stirring approximately 2 hours to completely dissolve the Ba-OAc. Once the BA-OACc is
dissolved , TriEthanolAmine (TEA, Sigma-Aldrich 98%) in an amount of 5% of the total
volume of the final solution is added and homogenized during 10 minutes.
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After the homogenization is done, the Cu-OAc (Cu(CH3COO),, Alfa-Aesar >98%)
is added. After 15-20 minutes, the Cu-OAc is completely dissolved and, finally, the Gd-
TFA is added to complete the solution. The solution is adjusted to the desired
concentration with methanol and then placed in sealed vials under Ar atmosphere. In this
case there is no need to titrate and compensate because the stoichiometry is fixed in the
beginning by weighting the calculated amount of salts.

Ba(CH,COO),

Mix with methanol and N
stir for 15 min

Add propionic acid
and stir for 2 h

Add propionic acid
and stir for 2 h

\ 4

Ba(CH,COO0), dissolved

Add Cu-OAc and
stir for 15 min

Add propionic acid
and stir for 2 h

Titrate and compensate |—>

A 4

| Final GABCO-LF solution |

y

| Solution placed in sealed vial under Ar atmosphere |

Figure 2.3 Chart flow to prepare the GABCO-LF precursor solution

The Eq. 2-1 shows how the weights for the different salts are calculated. In this
particular example, it is calculated the amount of Gd-TFA which is needed to obtain a 5 ml
solution of 0,25M Gd-LF solution:

1mol GA-TFA _ 496,275 Gd-TFA
1 mol Gd 1 mol Gd—TFA

11 0,25 mol Gd
1000 ml 11

5ml of GABCO x =0,6203g Gd—TFA Eq.2-1

The amount of different salts that are used for different volumes and different
molarities of the solution are shown in table 2.1:

Molarity of the solution 0,125M 0,25M

Solution volume (ml) 5 10 20 5 10 20
Amount of Gd-TFA (g) 0,3102 | 0,6204 | 1,2408 | 0,6203 | 1,2406 | 2,4812
Amount of Ba-OAc (g) 0,3193 | 0,6386 | 1,2772 | 0,6386 | 1,2772 | 2,5544
Amount of Cu-OAc (9) 0,3406 | 0,6812 | 1,3624 | 0,6811 | 1,3622 | 2,7244

Table 2.1. Amount of different salts needed to prepare GABCO-LF solutions
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Synthesis of YBCO and GdBCO in-situ nanocomposites solutions

The precursor solutions of the in-situ nanocomposites are based in the YBCO-TFA
or GABCO-LF precursor solutions. The preparation is simple. The procedure is to calculate
the amount of each precursor salt needed to form the desired NPs with the adequate molar
concentration. These salts are added to the YBCO-TFA or GdBCO-LF solution and the
mixture is stirred during 20 min until the complete dissolution of the NPs precursor salts.
The solution is filtered over a 0,2 um membrane filter (Teflon) to remove dust and
insoluble impurities and, the in-situ nanocomposite solution is ready for deposition.

The addition of NPs salts is made in excess. In this way the NPs formation will not
change the stoichiometry of the YBCO or GdBCO. During this thesis different kind of NPs
were used: BaZrO; (BZO), Y,03; (YO), Ba,YTaOgs (BYTO), Gd,03 (GdO) and also
different combinations of them.

In the case of the BZO NPs it is necessary to add Ba-TFA and zirconium
acetylacetonate (Zr-acac, Zirconium(lV) 2,4-pentanedionate, Alfa Aesar). But also it is
required to add some Y-TFA because there is a certain tendency to replace the Zr by Y in
the BZO structure forming compounds with a certain amount of Y. It was estimated that
20% of Zr is replaced by Y, forming BaZrggYo.03 compound®’.

For BYTO NPs synthesis, Y-TFA, Ba-TFA and Tantalum ethoxide (Ta-etox,
Tantalum(V) ethoxide, Sigma-Aldrich 99,98%) are added to the YBCO-TFA solution.
Here is has to be taken into account for the calculation of the needed amount of Ta that the
Ta-etox is a liquid.

Finally, in the case of Y03 or Gd,O3; only Y-TFA or Gd-TFA is added to the
YBCO-TFA or GdBCO-LF solution.

The Eq. 2-2 shows how the calculations for the different NPs precursor salts are
done. In this particular case, the calculations are done for the amount of Zr-Acac necessary
to prepare 1 ml of YBCO+10%M BZO solution starting from 0,25M (with respect to the
Y) YBCO-TFA solution. During this thesis, the concentrations of the NPs in the solutions
will be measured in molar concentration with respect to the YBCO molar concentration
(YBCO+10%M BZO means a 10% of BZO with respect to the molarity of the YBCO).

g
m

mol YBCO _ 0,1mol BZO _ 1mol Zr-Acac _ 487,66 —Zr—Acac X 11
1 1 mol YBCO 1 mol BZO 1 mol Zr—Acac 1000 ml

0,25

=0,0122gZr — Acac Eq.2-2

The table 2.2 shows the amount of the different salts needed to prepare 1 ml of the
different in-situ nanocomposites precursor solutions used in this thesis. The YBCO-TFA
solution is 0,25M. If a combination of different NPs is used, it is necessary to add the
amount of salts required for each one.

Solution YBCO+BZO YBCO+YO | YBCO+BYTO
NPs molar concentration| 5%M | 10%M 5% M 6%M
Amount of Y-TFA (g) | 0,0011 | 0,0021 0,0053 0,0064
Amount of Ba-TFA (g) | 0,0045 | 0,0091 - 0,0109
Amount of Zr-Acac (g) | 0,0061 | 0,0122 - -
Amount of Ta-etox (ml) - - - 0,0039

Table 2.2. Amount of different salts needed to prepare the in-situ YBCO nanocomposites
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Svynthesis of YBCO ex-situ nanocomposites solutions

As in the case of the in-situ nanocomposites precursor solutions, ex-situ hanocomposites
precursor solutions are also based on YBCO-TFA solution. The preparation of this kind of
solutions is again quite simple. Once the NPs colloidal solution is prepared, it is mixed
with the YBCO-TFA solution. If this YBCO+NPs solution is stable (no NPs precipitation)
and the features of NPs in the solution (NPs size, presence of aggregates etc) are within the
established limits, the solution is ready for deposition (the preparation of the NPs colloidal
solution and the requirements of the final solution will be extensively explained and
discussed in chapter 5).

The most difficult step in this case is to calculate the volume of the NPs solution needed in
YBCO-TFA solution in order to obtain the desired concentration of NPs in the final film.
To do this, it is necessary to take into account the molarity of the initial colloidal solution
and the molarity of the YBCO-TFA solution. It has to be considered that when the
colloidal solution is added to the YBCO-TFA solution, the molarity of the YBCO is
changed due to the presence of methanol in the colloidal solution. So, depending on the
volume of the colloidal solution used, the molarity of the YBCO in the final solution will
be different. The Eq 2-3 is an example of the calculations required to obtain 2 ml of a final
YBCO+10%M NPs solution with a 0.125M YBCO starting with 25mM NPs colloidal
solution. As in the case of the in-situ nanocomposites solutions, the concentration of the
NPs in the ex-situ nanocomposites solutions will be measured in molar concentration with
respect to the YBCO molar concentration.

1 ml NPs solution x 25 mM solution x 100
1ml YBCO solution x 0,25 M YBCO solution

= YBCO + 10%M NPs solution Eq. 2-3

2.1.1.1.2 Deposition of the metalorganic precursor solutions

Once the different precursor solutions are prepared, the deposition of this solution
over an adequate substrate is carried out. The solution deposition can be executed using
different techniques. Spin-coating, bar coating or the spray-coating are very common
deposition techniques at lab scale. In order to deposit the solutions in a scalable way, it is
necessary to introduce alternative techniques such as ink-jet printing or dip-coating.
However, most of the thin films that were prepared in this thesis were deposited by spin-
coating.

The spin-coating deposition technique is a widespread deposition technique used to
deposit uniform thin films in flat substrates. The solution is deposited on the substrate and
then submitted to a rotary movement under a certain controlled angular velocity and
acceleration. It is commonly used at the lab scale, but it is also used in some fields, as in
microelectronics, as an industrial procedure.

The different steps of the spin coating process are presented in figure 2.4. The first
step is the deposition of the solution covering the entire substrate surface. Then, the second
step is the spin-up, in which the substrate is accelerated up to its final rotation speed and it
Is characterized by an aggressive fluid expulsion from the substrate surface by the
rotational motion. The third step is the spin-off, when the substrate is spinning at a constant
rate and fluid viscous forces dominate the fluid behavior causing a gradual fluid thinning.
Finally, the last step is the evaporation, that starts at the end of the spin-off and it is
distinguished by a shrinkage due to the solvent loss'*.
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Figure 2.4. Evolution of the precursor solution during the spin-coating process.

All the synthesized solutions were deposited over lanthanum aluminate (LaAlOs,
LAO) single crystals (LaAlO3;, CrysTec). The choice of this type of substrates was done
considering the low mismatch between the superconducting cuprates and LAO. For the
YBa,CuzO; the mismatch is -2,41% (<O0->compressive) in the a-axis and -0,76%
(<0—>compressive) in the b-axis. In the case of GdBa,CuzO; the mismatch is -1,26%
(<0->compressive) in the a-axis and -2,67% (<0->compressive) in the b-axis.

Before using the substrates for the deposition, it is necessary to clean them in
successive ultrasonic baths of acetone and methanol (5 min each) in order to remove
impurities from the surface and, then, dry them using compressed N,. After that, the
substrates are exposed to a thermal process in order to remove all possible remaining
organic content and induce a surface reorganization that creates terraces, favoring the
nucleation of new phases'®® 2. The thermal process used for the LAO treatment is
presented in figure 2.5.

1000
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O 18
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Time(min)
Figure 2.5. Thermal profile used in this thesis for the LAO single crystals treatment.
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It consists of three steps. First a heating ramp of 15 °C/min until 900 °C is
performed. Then, this temperature is maintained constant during 300 min. Finally, the
temperature is decreased until room temperature using a 10 °C/min ramp. All this process
is performed in a quartz tube under continuous oxygen flow of 0,5 I/min.

2.1.1.1.3 Pyrolysis process

Once the deposition is done, the films are exposed to a pyrolysis process in order to
remove all the organic content from the precursor salts that are present in the as-deposited
films.

The so called “standard pyrolysis process” for the TFA solution is showed in figure
2.6. This thermal process is very similar to the one reported in the work of Roma et al that
was optimized by members of the SUMAN group™?!. It consists on a first heating ramp of
5 °C/min up to 230 °C where the ramp is changed to 3 °C/min up to 310 °C. At this point
the temperature is maintained constant during 30 min. After that, the temperature is
decreased at a rate of 5 °C/min to the room temperature. The process is performed in a
quartz tube with an oxygen flow of 0,07 I/min. From 110 °C, the oxygen passes through a
group of bubblers to get humid oxygen. This is necessary to avoid the Cu-TFA
sublimation'® 12°,

300 +
250+

200+

150 -

T(°C)

Flow (humid O,)=0,07 I/min

100 - 150250 °C

] Flow (0,)=0,07 I/min ]
50 | =i -

0

0 20 40 60 80 100 120 140 160
Time (min)

Figure 2.6. Standard pyrolysis process for the TFA-solution.

In the case of the GABCO-LFS, the pyrolysis process used is very similar to the one
shown in figure 2.6 but with the difference that the dwell is performed at 500 °C instead of
310 °C. This change is based in the proposed process in the work of Palmer et al**’.
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2.1.1.1.4 Growth process

After the pyrolysis, in order to convert the achieved nanocrystalline film into
epitaxial superconducting YBCO or GABCO films, a growth process is necessary.

Figure 2.7 shows the “standard growth process” for the TFA solution™®. This is a
very common process, also optimized by members of the SUMAN group, used to
crystallize thin films starting from TFA precursor solutions and also in-situ
nanocomposites also from TFA solutions®” 12131,

180 min

800 | s10°c .._I_. ‘

600 -

—~

O

£ 210 min
0 £
< 400 ¢
|_
200 -
110 °C | humid atmosphere ‘
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50°C ™ riw (0): 1,2.10* Uimin (200 ppm) = »a 50°C
O ] Crystallization Oxygenation
T T T T T T T T
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Time(min)

Figure 2.7. Standard growth process for the TFA-solution.

This growth process contains actually two different steps: the crystallization step
(red background), in which the epitaxial YBCO is achieved and the oxygenation step
(green background) which is required to insert oxygen in the YBCO structure and
transform the structure from the tetragonal to the orthorhombic phase (the superconducting
one).

The crystallization process takes place in the first part of the thermal profile shown
in figure 2.7. First, the temperature is increased up to 810 °C at a rate of 25 °C/min. In this
stage the epitaxial or c-axis YBCO nucleates and starts to grow. Then, the temperature is
maintained constant during 180 min. This dwell is necessary to finish the YBCO growth
and sinter the thin film (connect the YBCO grain in order to avoid the porosity in the thin
film). The whole process is carried out under humid nitrogen and oxygen flow (see the
values in figure 2.7). The water is needed to achieve the YBCO transformation (chapter 1).

The oxygenation process occurs in the second part of this thermal treatment. After
the dwell at 810 °C, the YBCO has finished the growth and sintering processes, but it has a
tetragonal structure. So, it is necessary to insert some oxygen in the structure in order to
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change it to orthorhombic structure. Therefore, after the dwell, the temperature is
decreased until 600 °C using a ramp of 2,5 °C/min and here the flow is changed to a 0,12
I/min of dry oxygen. Then the temperature is decreased again to 450 °C where it is
maintained during 210 min in the same O, atmosphere. Finally, the film is brought to room
temperature with a ramp of 2,5 °C/min maintaining the same O, atmosphere. In chapter 5
the oxygenation process will be studied in detail.

In the case of the GABCO thin films, this process has to be accommodated to their
optimal conditions. In chapter 3, the required changes and the final growth process for the
GdBCO thin films will be presented.

2.1.2 Metal-Organic Decomposition (MOD) route

In order to apply the CSD method with success, the chemical precursors must be
selected by taking into consideration the following factors: an adequate solubility in the
solvent to obtain stable coating solutions, admissible wetting of the substrate, removal of
undesired residues after decomposition and elimination of cracks or other inhomogeneities
during thermal processing. These requirements can be accomplish by metal-organic
compounds since their solubility in either polar or non-polar solvents can be tuned through
modification of the organic part of the molecule, and due to the fact that the decomposition
of the organic fraction in oxidizing atmosphere does not leave residue®. In particular,
short-chain carboxylates (e.g. acetates) or strongly chelating p-diketonates
(acetylacetonate-type) precursors are usually selected in the so called Metal-Organic
Decomposition (MOD) route.

CSD-MOD route is a widespread and straightforward process for the preparation of
functional oxide films despite of some limitations that have to be overcome: i) possible
film cracking during films drying and pyrolysis processes due to films weight loss and
shrinkage during precursor decomposition, ii) film porosity and iii) the limited control of
structural evolution and film microstructure. These limitations have been overcome in
some cases, as in the case of using acetates and trifluoroacetates (TFA) as chemical
precursors.

2.1.2.1 MOD route using trifluoroacetates

MOD route was used shortly after the discovery of YBCO since the potentiality of
this approach was promptly notice. However, first results showed low performances of the
thin films. These low performances were related to the use of Y,Ba and Cu carboxylate
salts (e.g. acetates) which cause carbon contamination in the thin films due to the
formation of BaCOs during growth process, a very stable compound®* 13,

A solution to this difficulty was first proposed by Gupta et al**®. They prepared an
amorphous precursor film after pyrolysis, very similar to that used for the BaF, process®,
by a low-cost non-vacuum chemical route using metal trifluoroacetates as chemical
precursors for the preparation of the initial solution. For this reason, TFA-MOD process
had been regarded as a kind of the “BaF; process”. However, the precursor film produced
by TFA-MOD is slightly different. In the case of TFA-MOD, it consists of CuO
nanocrystallites and an amorphous matrix of Ba;«YxF2+x (BYF) instead of the pure BaF,
that is found in the case of “BaF, process”. Thus, this TFA-MOD process is called
“fluoride process” instead of “BaF; process”.
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These changes in the composition of the amorphous film allow the decomposition
of these metal fluorides in humid atmosphere via HF removal, ending with a total
conversion to metal oxides and ultimately to YBCO. The intermediate reactions that take
place until final YBCO conversion were deeply studied by Zalamova et al**® and they are
summarize in figure 2.8.
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Figure 2.8. YBCO formation pathway from the precursors of chemical solution to the final YBCO thin film
for TFA route. Gaseous compounds are written in red.

T~800°C

According to figure 2.8, the initial trifluoroacetates are transformed into CuO and
Ba;«xYxF2+x (BYF) under oxygen atmosphere during the pyrolysis process performed at
temperatures around 300 °C. This is the amorphous precursor film for the growth process.
During the growth process two competing reactions can take place. First one, the main one,
starts when BYF decomposes between 500-550 °C forming Ba(O, F), (taking some
oxygen) and leaving free Y atoms that reacts forming Y,03. At higher temperatures than
700 °C, Y,0;3 reacts with CuO, Ba(O, F), in presence of water to form the final
YBa,Cu30¢+5 (Eq 2-4). The other competing reaction starts again when BYF decompose
leaving free Y atoms that forms Y,0s. But, in this case, the Y,03 react with some of the
CuO present in system forming Y,Cu,Os. (Eq. 2-5). Finally, at temperatures higher than
700 °C, Y,Cu,Os reacts with Ba(O, F), and with CuO in presence of water to form

YBa,Cu306:5 (Eq. 2-6)1¢ 3,

Ba(Ox Fy)2 + 1/4Y,0s + 3/2CUO + yH,0 — 1/2YBa;CusOg.s + 2yHF Eq. 2-4
2Cu0 + Y503 — Y,Cu,05 Eg. 2-5
Y,Cu,05 + 4Ba(OX Fy)2 + 4CuO + 4yH20 — 2YBa,CuzO¢+5 + 8yHF Eq. 2-6

Using the TFA-MOD route it is possible to prepare thin films with similar
performances as those prepared using in-situ techniques. This shows the potential of this

route to fabricate long length CCs with reduced cost™*.
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2.1.2.2 MOD route using Low-Fluorine Solutions

Nowadays the science community is increasingly aware of the atmosphere
pollution. Mitigate fluorinated compounds emissions, which are highly reactive and toxic,
is one of the targets in many industrial processes. In the case of the preparation of long
length coated conductors, HF formation and its release to the atmosphere is one of the
major drawbacks of the MOD process via TFA from the point of view of environmental
contamination.

For this reason, in the last years, alternative routes to the TFA were explored,
maintaining the same YBCO performances. One of the most promising alternatives is the
use of the so called “Low Fluorine Solutions (LFS)”, in which it is possible to reduce the
amount of fluorine in the initial precursor solution by an 80%, resulting in an important
reduction of HF during the YBCO conversion.

This LFS is a modified TFA solution in which two of the precursor salts are
changed from TFA to acetates (no fluorine content). In this way, only one of the three
initial salts has fluorine content. The most common solution is prepared using acetates salts
of Ba and Cu and maintaining the TFA salt of Y, but it is possible to maintain the TFA salt
for any other metal.

One could think that, if the aim is to reduce the HF production during YBCO
conversion, the best option is to used fluorine-free precursor salts and completely avoid HF
formation. And this is true. However, in this case, the problem is that the reactions that
take place to convert the amorphous film after the pyrolysis into final epitaxial YBCO are
completely different and much more complicated™®” *3’. For this reason, by maintaining
this tiny amount of fluorine in the solution the growth mechanism is the same as in the case
of TFA route since the decomposition of these metal fluorides remains through HF
removal in humid atmosphere. So, this is still a fluoride process?” **®. Figure 2.9
summarizes the YBCO formation pathway starting from LFS. The intermediate reactions
that take place are the same than in TFA route, so equations 2-4, 2-5 and 2-6 are also valid
in this case.

Y(CF,C00),
Ba(CH,CO0),
Cu(CH,CO00),

O, atmosphere T~300°C

l

Cuo
Bal—xYszrx
Volatile products

N,/O,+H,0
atmosphere

l

Y203
Y,Cu,04
CuO
BaF,
HF, O,

T~800 °C

A 4

YBa,Cu;0¢,5

Figure 2.9. YBCO formation pathway from the precursors of chemical solution to the final YBCO thin film
starting from LFS solution. Gaseous compounds are written in red.

40



2. Experimental Methodologies

By using this fluoride process it is possible to obtain excellent YBCO performances
reaching the same level of TFA route and in-situ techniques™?” 3 3¢,

2.1.3 Basis of thin films crystallization

The transformation of the amorphous films into fully epitaxial YBCO in the CSD
method is a complex process which is determine by the nucleation of the desired phase and
the heteroepitaxial growth of this phase. The nucleation of the new phase can be analyzed
using the Classical Nucleation Theory (CNT). Basically, the CNT states that small clusters
of a new phase stabilize if they are able to surpass a thermodynamic barrier G*, which
occurs after they grow beyond a critical size r*.

The general approach to calculate this energy barrier considers the formation of a
solid nucleus in a supercooled liquid or glass, which has associated a change in the Gibbs
free energy AG. In CSD-derived heterostructures, the driving force to convert the
amorphous films into a crystalline phase is the decrease of Gibbs free energy difference
(AG,) between both states*® **°, This change can be generally written as (Eq. 2-7):

AG = —VAG, + @ Eq. 2-7

where the first term takes into account the volume contribution with V= volume of the
nucleus and AG,= Ap/v is the Gibbs free energy difference per unit volume which depends
on the change in chemical potential (Ap) and the volume of the smallest unit v, e. g., unit
cell volume; and the second term accounts for the change in surface energy due to the
formation of a nucleus, as well as its surface area.

The difference in the chemical potential between both phases, Au, determines the
energy barrier to the phase transition. It is, therefore, the driving force to the nucleation.
The higher the driving force is, the higher the tendency to carry out the nucleation. It works
in this way because the higher the energy barrier is, the higher the accumulated energy in
the system and the higher the instability. So, the system tends to remove this stored energy
by creating the first nuclei of the crystal and reach a lower energy state. In these
conditions, Ap is called supersaturation.

Figure 2.10 shows the Gibbs free energy (y axis) as a function of the temperature
for the different states in a CSD process starting with the amorphous film (blue curve) after
pyrolysis and ending with a perovskite crystalline phase (black curve)*®. It can be
observed that these phases are separate by an energy barrier, AG,, which is decreasing as it
approaches the melting poing (Tmp). In the middle of both phases the equilibrium liquid
state is found. The nucleation process is determined by the value of the driving force Ap
which will be defined as: Apu=pcrystai-Mamorphous- This value is always negative because the
value of the chemical potential of the crystal should be lower than the chemical potential of
the amorphous film in order to favor the nucleation. Otherwise, the nucleation would not
happen as it would not be energetically favorable.
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CSD derived
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Figure 2.10. Gibbs’s free energy for an amorphous film (blue curve) and the crystalline final phase (black
curve). This difference has to be interpreted as the driving force to the nucleation process. The higher the AG,

is the more favorable nucleation process. In the middle of both phases it is found the equilibrium liquid (red

curve)'?.

The nucleation is the first stage of the phase change, when the first nuclei of the
new phase are formed. This phenomenon can occur in a homogeneous or in a
heterogeneous way. In the heterogeneous nucleation the nuclei are more likely to form in
specific parts of the system such as inhomogeneities, interfaces or on substrate surfaces.
On the other hand, if the nucleation is homogeneous, there will be no preferential region
for forming the first nuclei and it will happens through the whole volume of the amorphous
film. Depending on the type of nucleation, the energy barrier is different. Considering that
for homogeneous nucleation the equilibrium shape is often assumed to be a spherical
droplet with radius r, the Gibbs free energy barriers is given by (Eq. 2-8):

161'[](?

AGrom = 306,72

Eq. 2-8

In the case of the heterogeneous nucleation, considering the equilibrium shape as a
spherical cap of the same radium r, the energy barrier is given by (Eq. 2-9):

* 161'[](?
AGhet — m f(e) Eqg. 2-9

where v; is the interface energy, AG, is the driving force for crystallization and f(0) is a
function related to the contact angle 6 with the substrate that takes a value of f(0)=(2—
3cos0+c0s°0)/4 for the case of an hemispherical nucleus.

The critical size that a nucleus has to overcome in order to be stable is, for both
cases (Eq. 2-10):

*_ZYi

r =
AGy

Eq. 2-10

Since 0<f(0)<1, the probability to form a nucleus with a size r* is higher in the
heterogeneous nucleation case because the barrier is lower.
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In the case of YBCO thin films, the goal is the epitaxial growth of the crystalline
phase. So, in this case or, in general, in all the systems that require a particular orientation
of the crystal, it is necessary to find the conditions which enhance the heterogeneous
nucleation against homogeneous nucleation. If the nucleation is heterogeneous, the first
nuclei are more likely to appear in the interface substrate-amorphous film and they will
grow along the interface and through the film consuming the randomly oriented grains and
thus, minimizing the grain boundary energy.

If the driving force is high enough (high values of Ap), the probability of the
homogenous and heterogeneous nucleation will be similar as the value of AG™ becomes
almost equal because, in these conditions, the f(6) term becomes less important because
there is more than sufficient energy to surmount the energy barriers for all (including less
energetically favorable) nucleation events. Hence, there is a mixture of homogeneous and
heterogeneous nucleation, emerging nuclei at numerous sites in the entire volume of the
amorphous film with identical surroundings and activation energies. This will lead to a
large number of very small crystallites thorough the film.

As it can be notice in figure 2.10, the driving force depends on the temperature.
This allows the variation of the driving force, determining the nucleation events, by tuning
the growth thermal process. The thermal process will determine the total thermal energy
present in the system useful to form the nuclei. Film crystallization starts when the
temperature is high enough to form the first nuclei. As the temperature increases, more
energy is present in the system to overcome the barriers for nucleation events and more
nuclei are added. When the temperature is very high, accordingly with figure 2.10, the
driving force is smaller. This results in a lower energy barrier for the heterogeneous
nucleation due to f(0) term and therefore epitaxial growth is achieved.

2.1.3.1 YBCO epitaxial growth from CSD fluoride process: role of the
processing parameters

Shortly after the discovery of YBCO, it became clear that there are specific regions
in the oxygen pressure (Po,)-temperature (T) phase diagram where c-axis (epitaxial)
nucleation is optimal, whatever the in-situ or ex-situ technique is used. The presence of
these specific epitaxial growth regions is related with energy barriers for different nuclei
inside the heterogeneous nucleation region.

Heterogeneous nucleation in CSD YBCO follows a VVolmer-Weber mode. First of
all, single islands are formed in random positions on the interface amorphous film-
substrate. Then, they grow along all directions to finally coalesce forming a continuous
film™*%_If the final YBCO film is c-axis epitaxial or not will depend on the direction in
which the nuclei appear. In this way, YBCO can nucleate with the c-axis perpendicular to
the substrate or with the c-axis parallel to it (a-axis nuclei). The nucleation in either
direction depends on the processing parameters used in growth process. The presence of a-
axis nuclei in the films is very detrimental for their final properties. Therefore, in the
YBCO and, in general, in all the REBCO, it is not enough to find the conditions for the
heterogeneous nucleation but it is also required to find the conditions that promoted the c-
axis heterogeneous nucleation.

It is possible to define the heterogeneous energy barrier for cylindrical shape of the
interfacial epitaxial grains as (Eq. 2-11)'% 144 145;
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2

AG* — - mt(hyjat) Eq. 2-11

_(;)All_ (Yupt+Yint—Ysub)

where h is the height of the grains, v is the unit cell volume, y is the surface free energy per

unit area (lat= lateral surface, up= upper surface, int= interface and sub= substrate) and Ap

is the chemical potential change per molecule between epitaxial YBCO phase and the
precursor random nanocrystalline state (supersaturation).

For different orientations of the grains, the energy barrier is different because the
chemical potential is different for each orientation of the grains. When the energy barrier is
too low, i.e., the driving force to the nucleation (Ap) is large, there is a mixture between
the nucleation of c-axis and a-axis oriented grains because the probability of both events
becomes very similar. Therefore, the c-axis oriented grains nucleation will be favorable at
higher energy barriers which mean low values of the driving force (low values of Ap).

Looking at Eq. 2-11, it is observed that the only way to increase the value of the
AG™ is to decrease the absolute value of Ap. (as the Ap is always negative, the minus is put
outside). In this way, it is possible to create a phase diagram AG*-1Apul, according to Eq.
2.11, in which there are different regions depending on the grain orientation (figure 2.11).

1000
AG* (100)
= 1004 ‘
Q_J 00 ] AG* (001) a,c-axis mixed
T orientation
o
;—- c-axis orientation
O 10 4
< ]
0,1 1 10

Ap [107° 9]

Figure 2.11. AG™ — |Apl phase diagram in which the regions for the nucleation of YBCO grains with
different are showed™.

In accordance with figure 2.11, it is predicted that c-axis grains nucleate under low
supersaturation conditions while a mixture of a-axis and c-axis nucleation is found under
high supersaturation conditions (considering the absolute value). This happens because
under high supersaturation conditions the energy barrier for both orientations is very
similar'4®%,

Now considering the fluoride CSD process, it was mention that the main reaction to
form the YBCO is Eq. 2-4. So, it is possible to define the chemical potential change of this
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process, i.e., supersaturation for the change from the amorphous film to the YBCO
crystalline film, using processing parameters as follows (Eq. 2-12)*%1*°:

Ap = Apg + yKgTIn(

2
P

e Eq. 2-12
H

PZO

where Pyr and Py, o are the partial pressures of HF and H,O respectively in the vicinity of
YBCO nucleus sites, y comes from Eq. 2-4, Kg is the Boltzmann’s constant, T is the
temperature and Apy=Aho—TAsy with Ahp=enthalpy (heat of sublimation) and Asp=entropy
change between the amorphous film and the crystalline YBCO (note that this equation is
only valid for ex-situ growth because in the in-situ growth parameters as Pyr and Py, o are
not present so, only the first term would be taken into account).

Both terms of the right side of Eq. 2-12 are negative so, in order to find the
optimum processing conditions for c-axis nucleation, i.e., the conditions which minimize
the supersaturation, it is necessary to analyze each term separately.

The first term in Eq. 2-12 is Apy. This value depends on Ahg, which typically has
negative values; Asy which is also negative (the change from an amorphous film to a
crystalline film cause an increase in the system “order” resulting in a decrease in entropy)
and T. The evolution of Apy with the temperature is presented in figure 2.12. As the
temperature is increased, Apy also increases (Ahg is the intercept of the resulting straight
line), i.e., |AH0| decreases.

T

Figure 2.12. Evolution of Ap, with the temperature.

2 2
The second term is ylen(PPi) which depends on ln(:i) and T. The value of
H0 H,0
2
the ln(:i) is negative for the typical experimental values of Pur andPy, found in the
H,0

2
YBCO reactions (Pue <Py,0)™" **. Therefore, the term ylen(:i) is negative. The
H,0

evolution of this term with T is shown in figure 2.13. It is observed that, as the temperature
Is increased, the value of this term decreases linearly. But, the slope of the straight lines
depend on the values of the Pyr and Py, o, in such a way that if Pyr decreases or Py, o,
increases or both conditions at the same time, the slope of this lines will be higher (more
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2
negative) because the value of ln(:ﬂ) will be lower (more negative). This is represented
H,0

with the green and orange curves in figure 2.13.
However, it was found experimentally that both pressures, Pyr and Py,q, are
correlated, in such a way that the increase of Py, causes an increase of Py, Both variables

are connected by the following equilibrium relationship (Eq. 2-13)**:

Pyr _ 2PypbPyr
1/2 — Ke - 8PHZO - Kg

(PHZO)

where K. is the equilibrium constant. It takes a value of 3.10° (atm)** when Py, o= 3,2.10
atm, Pp,=1,3.10"° atm and T=740 °C.

Eq. 2-13 indicates that small changes on Pyr cause larger variations on Py, and
viceversa. In this way, although both variables change at the same time increasing their
values, the raise of Py,o will be always larger than the increase of Pyr. This means that the
raise of Py, o will always cause an increase of the slope of the straight lines represented in
figure 2.13, no matter the change of Pyr.

Eq. 2-13

IP.o)

2
HF

ykTIn(P

T—>

2
Figure 2.13. Evolution of ylen(PPi) with the temperature. Orange and green lines, which have higher
H0

slope, represent different conditions of Py, , and Py (lower values of Py or higher values of Py, or both at
the same time).

Considering this behavior for both terms of the expression of Ay, it is possible to
extract the behavior of supersaturation as a function of T by adding both terms. To extract
the sum curve of both terms, it is necessary to analyze the complete expression of Ap
which is shown in Eq. 2-14.

2
PhF

PHzO

Ap = Ahy — TAsy + yKgTIn(—) Eq. 2-14

Reorganizing the terms, the following expression is obtained (Eq. 2-15):
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p2
Ap = Ahg + T[—Asq + yKBln( i )] Eq. 2-15
PH,0
Looking at Eq.2-15, one realizes that it corresponds to the equation of a straight line

2
with Ahg as intercept and —Asy + ykin (:i) as slope. Knowing that Ah is negative,
H,0

2
Asg is also negative and ln(:ﬂ) IS negative too, one concludes that the intercept will be
H0

negative and the slope can be positive, zero or negative depending on the values of Asy and
2

ln(:i). There is a competition between two different terms: one which is positive (-Aso)
H,0

2

against one which is negative (ln(:i)). Therefore, the slope of Au vs. T line (blue lines
H,0

in figure 2.14) can be positive (case 1 in figure 2.14) if the value of -Asy is higher than the

2
value of ln(PP”F ), zero (case 2 in figure 2.14) if the value of -Asy is the same as the value
H,0

2 2
of ln(:”—Fo) or negative (case 3 in figure 2.14) if the value of ln(:”—"o) is higher than the
H» Hy
value of -Asy. This three cases are represented in figure 2.14 a) using a unique value of As
2
(red curve) and three different values of ln(:”—Fo) (black curves, different slope of the
Hp

lines). Figure 2.14 b) shows this evolution of the absolute value of the supersaturation to
see the three cases more clearly.

— a) ah, 3 b)
2 2
— ykTIn(PHFIPHD)
——Ap 1 Ay,
=. = ——ykTIn(P% /P, )
< < A
1 1 1
2
2 2
~, S
Ah
AhO 3 3 0 3

T —— T ——
Figure 2.14. Evolution of the a) chemical potential value, Ay, and b) absolute value of supersaturation, |Ap/|,

as a function of temperature (blue curves) showing the three different cases in which the supersaturation can
evolve with the temperature.

Analyzing the blue curves in figure 2.14, one realizes that as the temperature
increases, the supersaturation decreases only in case 1, i.e., only when -Asy is higher

2 2
than | in <PPﬂ) | . The optimum conditions would be those which make the ln(:i) Zero
H,0 H,0

or near zero and this would imply to work with values as similar as possible of Py o and
Pur (to make the division similar to 1). In case 2 and 3 as the temperature increases the
supersaturation either remains stable or increases. For ex-situ techniques, at atmospheric
pressure (Pt=1 atm), it was experimentally found that as the temperature is increased,
supersaturation is reduced and, therefore, more c-axis nucleation is promoted™. This
means that, in these conditions, the system is in case 1.

On the other hand, it was also found experimentally that when YBCO conversion
reaction takes place at total lower pressures (Pt=0,05 atm) the reduction of the T leads to
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greater tendency of c-axis oriented grains nucleation™°. This implies that, at low pressures,
the system evolves as in case 3 of figure 2.14, i.e., the lower the T is, the lower the
supersaturation and, therefore, the higher the probability of c-axis oriented grain
nucleation. The change from case 1 to case 3 at low pressures is due to the drastic
reduction of Pyr that the total pressure reduction causes. At low total pressures the mean
free path of the HF molecules is enhanced which causes a reduction of the local pressure in

the surroundings of the nuclei. The decrease of Pyr (and also, to a lesser extent, of Py, o)
2

cause an increase of | In (Ppi) | that can surpass the value of -Asy. It is noted, however,
H,0

that in all the cases the supersaturation at reduced P+ will be higher than at Pt=1 atm.

The supersaturation not only changes due to the variation of the processing
parameters, but also it can be due to the geometry or the thickness of the YBCO films. In
particular, the increase of the thickness modify the Pyg because as the thickness increases,
the H,0O, O, and HF find more difficulties to diffuse (the impedance of the diffusion
increase) creating a pressure gradient. As a result of this, the Pyr and probably the Py,o
and the Py, decrease at the interface, moving away from the optimal values for a perfect c-
axis YBCO growth™® ' In general, it was observed that the raise of the thickness cause
an increase of the a-axis and randomly oriented grains nucleation™" '*2, This means that
the supersaturation increases with the thickness.

It should be noted that, in all the previous analysis, the effect of Py, has not been
considered. However, there are some works which suggest that Py, is also an important
variable playing an important role when the optimal nucleation conditions are pursued™**.

Most of these variations of the supersaturation values are not observed in the case
of the in-situ growth techniques, in which only the first term exists (red curve) making the
analysis much easier. The supersaturation decrease with the temperature until of Apy
becomes zero (when the temperature is high enough, the product of TAs, can compensate
Ahop). If T continues to increase, then the supersaturation will start to increase too.

2.1.3.1.1 Nucleation rate

The previous thermodynamic analysis is very useful to distinguish which are the best
conditions to achieve c-axis orientation of the grains. However, it is also interesting to

determine the rate of nucleation, N = ‘;—IZ, which is a way to quantify the amount of nuclei

that are able to form after overcoming a nucleation barrier AG*. In general, the nucleation
rate is a thermally activated process that can be written (obviating the atomic mobility
dependence) as (Eq. 2-16):

. AG*
N « exp (— - T) Eq. 2-16
B

where AG* is the nucleation barrier, Kg is the Boltzmann’s constant and T is the
temperature.

Eqg. 2-16 quantifies the nuclei growth when the nucleation barrier is overcome. The
nucleation rate depends strongly with temperature, but it also, depends on other parameters
such as Pur, Py,o Or Po, which determine, as it was shown in Eq. 2-11, the value of AG™.
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Figure 2.15 depicts two different typical regimes that can be observed by varying the
temperature:
1

1) The energy barrier to form a nucleus has a dominant role and AG* = @y AG*

rises with temperature faster than KgT, and thus, the nucleation rate decreases
with temperature.

2) The energy barrier AG* is too high (AG*>>KgT) and nucleation is practically
suppressed at a critical temperature (T¢) below the melting point (Tmp). The
driving force AG, is too small as depicted in figure 2.10.

1 2

Nucleation rate

T
Temperature

Figure 2.15. Nucleation rate dependence with temperature without considering the effect of atomic diffusion.
The energy barrier dominates in the blue region (1) while in the red region (2) the nucleation is practically
suppressed as the energy barrier is too high.

mp

Eq. 2-16 is very useful in situations where the formation energies of distinct
crystalline orientations are substantially close, allowing the determination of the degree of
coexistence between them. In figure 2.16, it is plotted the nucleation rate dependence with
temperature of homogeneous (Nj,,,,) and heterogeneous nucleation for the (100) direction
(1\7,5220)) and (001) direction (N,Eggl)) using logarithmic scales and calculating AG* with
Eq. 2-8 and Eq. 2-9. The factor f(6) was taken as 0,7 for (100) direction and 0,5 for (001)
direction.

Since the energy barrier for heterogeneous nucleation is lower than the
homogeneous one™® **’ its rate will be always larger and the difference will increase with
temperature as shown in figure 2.16. Moreover, figure 2.16 shows that the regions
described in figure 2.15 are shifted towards higher temperatures for heterogeneous
nucleation (note in figure 2.16 that the red dashed line that indicates the critical
temperature for the homogeneous nucleation is in the left side of the green and blue that
mark the critical temperature for the heterogeneous nucleation in the (100) direction and
(001) direction respectively). Thus, Ny, is depressed at lower temperatures as compared

to N9 or N and, therefore, there is a temperature window (between red and blue or

het het
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green dashed lines in figure 2.16) in which the heterogeneous nucleation rate is orders of
magnitude higher than the homogenous nucleation rate, thus favoring the heteroepitaxial
growth. Moreover, it exists a remarkable difference between the critical temperatures of
the nucleation rate of the heterogeneous nucleation in (100) and (001) directions as can be
observed by the difference between green and blue dashed lines in figure 2.16. This means
that, as above with the homogenous and heterogeneous nucleation, there is a temperature
window (between green and blue dashed lines in figure 2.16) in which the c-axis (or (001))
nucleation is much favored with respect to the a-axis (or (100)) nucleation.

10’ 2
10"
10°
10°
107
107

10-11

Nucleation rate

het(001) T

/ cr:

T:::I 100) -I-
Temperature

Figure 2.16. Nucleation rate dependence with temperature without considering the effect of atomic diffusion.
It is contemplated the homogeneous and heterogeneous nucleation rates in the logarithmic scale. The
heterogeneous barrier has been calculated from Eq.2-9 with f(6)=0,7 for (100) direction and f(6)=0,5 for
(001) direction.

10-13

mp

2.1.3.2 Homogeneous and heterogeneous nucleation of NPs in the YBCO
matrix

As it was previously alluded, ex-situ techniques and, in particular, CSD-MOD
route, allows the modification of the nucleation conditions by changing the processing
parameters. In the case of the preparation of YBCO nanocomposites the aim will be to
have homogeneous nucleation of the NPs within the YBCO matrix to enhance the vortex
pinning properties.

When a new phase is formed within another, its nuclei have to overcome what is

called the critical radius, r*, to form the first stable nuclei (Eq. 2.17)™®:

* ZO'TMV
= Eq. 2-17
AHAT

where o is the surface energy, Ty is the melting point, V is the molar volume, AH is the
molar change in enthalpy and AT is the undercooling defined as: AT=Ty-T.
To form these first stable nuclei, clusters of atoms have to overcome an energy

barrier that, for a spherical clusters, take a value of (Eq. 2-18)'%%:
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3+ 3y3
AG* = M Eq. 2-18
3AH~AT
According to Eqg. 2-18, the energy barrier to form the first stable nuclei is
proportional to the inverse square of the undercooling and, therefore, of the temperature.
This means that the homogeneous nucleation is favorable at low temperatures. Also, the
heterogeneous nucleation is propitious at the same conditions since, in accordance with Eq.
2-9, AGpeotoro = AGhomof (0). However, at low temperatures, the contact angle which
determines the value of f(0) is higher, and the difference between the two energy barrier is
reduced. So, it is at low temperatures where there are more chances to enhance the
homogeneous nucleation against the heterogeneous. This strategy has been carried out in
some works as in Coll et al'® in which by performing a nucleation step prior to the YBCO
nucleation, they have achieved a homogeneous distribution of small size NPs within the
YBCO matrix.

2.2 Characterization technigues

The second part of this chapter explains in detail how the different precursor
solutions are characterized and which kind of measurement should be performed in order
to obtain the information about the structural, morphological, compositional and physical
properties of the synthesized thin films.

2.2.1 Precursor solution characterization

In order to obtain stable and reproducible solutions, both the chemical and physical
properties of the different solutions have to be tested. A chemical analysis of the solution is
needed to obtain information about the stoichiometry (metal ions concentration), the water
content and the pH of the solution. The physicochemical parameters as viscosity or the
contact angle are also measured. DLS measurements are needed to check the features of
the colloidal solutions used in the ex-situ process.

2.2.1.1 Metal ions concentration

The analysis of the metal ions concentration in the different solutions is crucial in
order to verify that the stoichiometry is the desired one. Eventual non—stoichiometries have
to be readjusted by addition of the required metallic precursor salts.

The Y** concentration is analyzed by complexometric titration. When a certain
volume of YBCO solution is mixed with deionized water, dimethylurea (C3HgN,O) and
xylenol orange (Cs3;H32N2013S), maintaining the pH fixed at 5 (using a buffer solution
pH=5), the mixture becomes violet. Then, EDTA (ethylendiaminetetraacetic acid) is added
drop by drop until the dissolution changes its color from violet to a yellow-orange. The
volume of EDTA used until the color change indicates the concentration of Y>*.
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The procedure to determine the Cu*? concentration is very similar to the Y** one. In
this case, iodimetry titration is used. When the YBCO precursor solution is mixed with
deionized water, glacial acetic acid (C,H;O;), potassium iodide (KI), starch and sodium
thiocyanate (NaSCN) the mixture takes a violet-brown color. Then, if a certain volume of
sodium thiosulfate (Na,S,03) is added, the mixture changes its color from violet-brown
color to a white-yellow. Again, the amount of the sodium thiosulfate used to cause the
color change is related with the Cu*? concentration in the YBCO solution.

Finally, the Ba*? concentration is established using a different procedure. In this
case is not a titrate methodology but a gravimetric one. In this process potassium chromate
(K2oCrO4 (aq)) acts as precipitation agent. It reacts with the Ba present in the YBCO
solution forming BaCrO, which precipitate. This solid is dried and weighted with an
analytical balance. From its mass it is possible to extract the Ba*? concentration.

2.2.1.2 Water content

The water content in the YBCO or GdBCO solution is an important parameter that
can decide (as will be seen later) the homogeneity of the films after the pyrolysis. So, it is
crucial to control it and maintain it within the acceptable values.

The water content is measured by a Karl Fisher titration. It uses a coulometric or
volumetric titration (the water is detected by an electric circuit between an anode and a
cathode that works only while water is present in the solution) to determine traces of water
in a sample™®. The measurements were done with a Crison Tritomatic 1S (Karl-Fisher).

2.2.1.3 pH value

The pH value of a solution is an important parameter that determines the
compatibility with certain materials. It is measured using a pH-meter Crison GLP 22. The
pH determination consists in measuring the potential which develops through a fine glass
membrane separating two solutions with different concentrations of protons.

2.2.1.4 Viscosity

The viscosity of a solution is a parameter that has a great influence on the
wettability over a certain substrate and the final thickness of the films. It is also a
determining factor for choosing the suitable solutions in some deposition techniques as
Ink-Jet printing.

The viscosity is measured with a rheometer HAAKE RheoStress RS600 (Thermo
Electro, GmbH). The rheometer is a device used to measure the way in which a liquid
flows in response to applied forces. In this case, the solution is placed between two
cylinders: one is fixed and the other one is rotating at a set speed. The angular velocity
causes a shear rate in the sensor system filled with the sample. The torque (shear stress)
that the equipment has to apply to maintain this shear rate is related with the viscosity.
With the values of the shear rate, shear stress and other geometrical parameters of the
system, the value of the viscosity can be obtained.
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2.2.1.5 Contact angle

The contact angle is an important parameter that determines the wettability
properties of a solution in a certain substrate. The contact angle of the different solutions
were extracted from the analysis of images of 2 ul digitized sessile drops photographs
taken by a DSA100 equipment (KRUSS, GmbH) by using the Axysimmetric Drop Shape
Analysis (ADSA) technique®.

The ADSA technique finds the best fitting of the theoretical drop profile to the real
one. Theory says that the equilibrium shape of a liquid drop can be numerically determined
by solving the Laplace equation of capillarity together with proper boundary conditions.
The ADSA software creates an objective function, which represents the discrepancy
between the theoretical calculated Laplacian curve and the physical observed drop
profile!®! 162,

2.2.1.5 Dynamic Light Scattering (DLS)

The DLS equipment is a technique that is used to determine the behavior of the NPs
in colloidal solutions. DLS measurements give valuable information about the size
distribution of the NPs in colloidal solutions which can be used to extract conclusions
about the degree of agglomeration of the NPs. DLS measurements were done with a
Zetasizer Nano ZS (Malvern Instruments) equipment.

DLS measures Brownian motion and relates this to the size of the particles.
Brownian motion is the random movement of particles due to the bombardment by the
solvent molecules that surround them. Therefore, the larger the particle, the slower the
Brownian motion will be. The speed of the Brownian motion is defined by a property
known as the translational diffusion coefficient (D) and it is the parameter that is used to
measure the size of the particles.

The size of a particle is obtained by calculating the hydrodynamic diameter (d(H))
which is defined as the diameter of a sphere that has the same translational diffusion
coefficient as the particle. The d(H) is calculated by using the Stokes- Einstein
equation(Eq. 2-19):

d(H) = kgT/3nnD Eq. 2-19

where Kg is the Boltzman’s constant, T is the temperature, n is the viscosity and D is the
translational diffusion coefficient.

According to Eq. 2-19 the diameter is dependent on translational diffusion
coefficient (D). And this parameter depends not only on the size of the particles core, but
also on any surface structure (any structure in the surface will modify the velocity of the
particles movement), as well as the concentration and type of ions of the media. For this
reason DLS do not measure the core diameter of the particles but the sum of the core and
the surface structures.

The measurements are carried out by illuminate with a certain wavelength light the
recipient containing the particles in particular liquid medium and measuring the speed at
which the particles are diffusing due to the Brownian motion. This is done by measuring
the rate at which the intensity of the scattered light fluctuates when it is detected using a
suitable optical arrangement.
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2.2.2 Thin films characterization

2.2.2.1 Structural characterization

The structural characterization, as it name suggests, is utilized to determine the
internal structure of the synthesized thin films. Within this group of characterization
techniques, in this thesis, two different techniques were used: the X-Ray Diffraction
(XRD) measurements and Transmission Electron Microscopy (TEM)

2.2.2.1.1 X-Ray Diffraction (XRD)

The XRD is a powerful tool for the structural characterization of materials. The fact
that the wavelength of the X-rays radiation is of the same order of magnitude as of the
atoms size and interatomic distances (A) allows the study of the internal structure of the
matter up to an atomic scale.

The theoretical basis of the XRD measurements is the Bragg law°. According to
Bragg’s formulation, a given crystal can be decomposed into any number of different plane
configurations separated by a constant parameter d (interplanar distance), due to the
periodicity of the crystal lattice (figure 2.17). It was found that in these crystals, as a
response of X-ray radiation for certain incident angles, intense peaks of reflected radiation
will be produced if these reflections interfered constructively. The consequence of that is
the Bragg's law, which describes the condition on 6 for the constructive interference
appearance (Eq. 2-20):
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2dsin® = nA Eq. 2-20

where d is the interplanar distance, 0 is the angle of the incident and reflected wave, n is a
positive integer and A is the wavelength of the X-ray radiation.

The Eq 2-20 entails that the constructive interference (which only occurs when the
phase shift is a multiple of 2xt) only occurs when the path difference between two waves
undergoing interference (2dsin®) is an integer multiple of the wavelength (figure 2.17).
This condition is fulfilled, an increment in the diffracted wave is found (constructive
interferences) that can be easily detected with an adequate equipment.
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Figure 2.17. Schematic view of how the diffracted wave is formed according to the Bragg’s formulation.
Blue points indicate the atoms in the lattice and the red lines are the incident and diffracted waves.
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The usual configuration for X-rays diffraction is shown in figure 2.18. The sample
is placed in a holder and then X-ray source sends the X-ray radiation to the sample. At the
lab scale, the X-rays are generated in the anode of an X-rays tube by bombarding it with
electrons. This causes an excite state in the anode material that emits X-ray radiation when
restoring the equilibrium state. Depending on the anode material, the emitted wavelength is
different. The diffracted wave is collected by a detector. In order to vary the incidence
angles, both the source and the detector rotate at the same time obtaining the intensities at
each angle.

The pattern obtained when the Bragg law is fulfilled can be identified by comparing
it with an internationally recognized data base powder diffraction file (PDF) reference
patterns.

Incident X-Ray Assembly Diffracted X-Ray Assembly

o T
Incident | Diffracted
beam beam optic

X-Ray optic
source Sample

Figure 2.18. X-ray measurements common configuration (Bragg-Brentano configuration).

The intensities of the diffracted peaks depend on the orientation and distribution of
the coherent diffracting domains within the sample. This orientation and distribution is
different depending on the kind of sample that is being analyzed. A difractogram of a
powder sample is different from one of a single crystal or textured sample.

For a powder sample, in which the domains are randomly oriented, the same
volume fraction of the sample will accomplish the Bragg’s law (Eq 2-20) whatever the
incident beam angle. Therefore, for powder samples, diffraction from different set of
planes will always occur. Therefore, the diffracted peaks are clearly observed.

Texture effects are recognized in the difractogram by the enhancement of certain
peaks and reduction or even absence of others when compared with a powder pattern of the
same material. In particular, in highly oriented samples like single crystals or epitaxial
films the Bragg’s law will only be fulfilled for a certain family of planes, those which lie
parallel to the surface. In the case of perfect epitaxial thin films with the c-axis
perpendicular to the substrate (the ideal case of the YBCO or GdBCO), there are only
planes lying perpendicular to the substrate, so only the (00I) reflections will be obtained
(the Miller indices h, k and | are used to univocally identified a family of crystallographic
planes being h the index for the x direction, k for the y direction and | for the z direction).

For this thesis, three different diffractometers located at ICMAB and a fourth one at the
UAB have been used. A Siemens model D-5000, a Rigaku model “Rotaflex” RU-200B
and also a diffractometer with a bidimensional detector Hi-Star (GADDS-General Detector
Diffraction System) Bruker-AXS model D8 Advance are located at ICMAB while the
Phillips XPert equipped with two goniometers and Cu tube is located at the UAB. Each
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one can operate at different operation mode and, therefore, give different information about
the thin films.

Siemens diffractometer. This difractometer works in the usual configuration
showed in figure 2.18. It has a punctual detector that recovers the diffracted
radiation intensity to construct the patterns. This equipment is useful for four
different kind of measurements:

1) 6-26 scans. This scans are carried out in order to identify the main peaks of thin
films materials. The 26 angle of each diffraction peak of the XRD pattern is a
characteristic of the interplanar distance, d, in the material. Therefore, the
diffraction pattern generated allows the determination of the chemical compound or
phase composition of the film. This kind of measurement are performed using the
configuration showed in figure 2.18 by moving the source and the detector (varying
20) and also the sample (varying 6) maintaining always the relationship 6=26/2.

2) Rocking curves. This type of measurements is made to determine the out-of-
plane orientation of the thin films (figure 2.19). To do so, one particular reflection
is selected (usually for the epitaxial YBCO and GdBCO thin films the (005) is the
most adequate reflection) and the source and the detector are placed at this
particular position. Then, the 6 of the sample is varied in the selected range. This
allows the procurement of information about the width of the selected peak. In
particular, the Full Width at Half Maximum (FWHM) is measured and this value
gives information about the out-of-plane orientation of the films. The smaller is the
FWHM, the better is the out-of-plane orientation.

3) Nanostrain (¢) measurements. The ¢ is a measure of the degree of deformation
(compression or tension) to which a material is subjected relative to the same object
in an undeformed state. These values are given in percentage. To obtain the
nanostrain values, usual 6-26 scans are carried out but using longer acquisition time
per point and higher density of measured points to increase the accuracy of the
difractograms. It is necessary to avoid the region in 26 in which the substrate peaks
appear in order to not saturate the detector. Once the difractograms are obtained,
one can use the Williamson-Hall method to extract the ¢ along the c-axis
(procedure in Appendix A.1)"%.

4) c-parameter determination. To determine c-parameter of the thin films, it is
necessary to perform usual 6-26 scans but decreasing the step between two
consecutive measured points. In the standard 0-26 scans the step is 0,02°. In this
case, the step is decreased to 0,01°. In that way it is possible to obtain very accurate
and define difractograms. These difractograms are used to apply the Nelson-Riley

gléethod and finally extract the c-parameter value (procedure in Appendix A.2)™*>

a) Out-of- and in-plane disorientation: b) Out-of- and in-plane perfect orientation:
Polycrystalline film Biaxially textured film

B piane

e e
——_—— ==l —

Figure 2.19. Sketch of out-of- plane and in-plane orientation concept.
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Rigaku diffractometer. This difractometer works in the same configuration as the
Siemens one, but it also has a rotating anode that allows increasing the power by
approximately 10 times. As both of them are really similar, the same types of
measurements are carried out in both: 6-20 scans, rocking curves, nanostrain
measurements and c-parameter measurements.

Bruker diffractometer (GADDS). This difractometer works in a completely
different configuration that the ones presented before (figure 2.20). In this case the
film is glued in a vertical position while the detector and source are moving in the
horizontal plane (26 movement).

XF(.['\' Op'.l«:s

X=ray Ganeralor

Areq Detaclor

Sample Allgnmant
and Monltor

Gonlometer and Sample Stage

20

Figure 2.20. Bruker difractometer work configuration.

Another important feature of this difractometer is the freedom of movement of the
films. It is possible to move the film in any direction while the measurements are
running. This allows the obtaining of much more structural features of the studied
films.

In figure 2.21 the different degrees of freedom of the film are shown. It is possible
to change the ® position of the films (this is equivalent to varying the 6 due to the
particular disposition of this difractometer (figure 2.20)), the ¢ which means
rotating the film around the z-axis and the y or y (is the same direction so x=90-v).

Figure 2.21. Different degrees of freedom of the films on the Bruker difractometer configuration.
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Finally the most important feature of this difractometer is its bidimensional
detector. This detector is capable of detecting the diffracted photons and also can
determine the position in which these photons arrive. Therefore, it is possible to
create a 2D diffraction pattern of the thin films (figure 2.22). The x-axis in figure
2.22 is the 20 position (increasing from the right to the left) and the y-axis is the
x (or ) position. These patterns are later integrated using the GADDS software
and transformed to a conventional “powder pattern”.

Figure 2.22. 2D XRD typical pattern obtained with GADDS difractometer.

For all this reasons, this difractomenter is much more versatile that the other ones.
For this work it was used to perform the following measurements:

1) 6-20 scans. In the GADDS this scans are made following the same philosophy
than in the others difractometers. But here it is not necessary to vary the position of
the detector (the 26 position) since the detector can detect the photons coming from
a window of 30° in 26. For the usual scans performed in this difractometer (from
20° to 50°) the detector is motionless. So, the movement in ® will be the only
movement in this type of scans. The final result is shown in figure 2.22. With this
kind of measurement it is possible to know whether a film is epitaxial or
polycrystalline and, therefore, its texture. The polycrystallinity is represented by
rings because in this case the films are diffracting in all different %. This means that
there are many different planes parallel to the substrate surface and not only those
parallel to c-axis. If the films are epitaxial, the rings are replaced by spots in the
central line of the image. In this only the planes parallel to c-axis are parallel to the
substrate surface.

2) 0-20 scans for amorphous films. In the case of amorphous films (before the
crystallization of the superconducting phase) it is necessary to perform longer
measurement times as the amorphous or semi-amorphous diffracted X-rays have
very low intensity. The problem is that this operation must be done taking into
consideration that the substrate reflections have to be eliminated in order to not
saturate and broke the detector. For this reason, it possible to increase the
measurement time by reducing the movement range in ® to explore the region
without substrate reflections.

3) Random fraction determination. The value of the random fraction of a certain
phase is defined as the amount of this phase which is polycrystalline. For example,
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if the random fraction is 90% means that the 90% of this phase is polycrystalline or
randomly oriented and the other 10% is epitaxial. This value is very important in
the particular case of the nanocomposites. As it was mention in the introduction, if
the NPs within the matrix are randomly oriented, they will create more incoherent
interface between them and the superconductor and therefore more defects that will
result in better pinning properties. So it is very important to know the amount of
random NPs. To do so, a 6-26 scan is carried out. Then, the image is analyzed and
if NPs are polycrystalline (presence of rings in some reflections) one of the
reflections is chosen. The source and the detector are placed in the 20 of this
particular reflection. Then, the film is rotated in y to look for the particular y of the
chosen reflection (for example for the (110)BZO, v is 45°). At these conditions, the
diffraction pattern is measured. By obtaining the intensity of the ring and the
epitaxial part of the studied reflection one can extract the value of the random
fraction (see Appendix A.3 to see the procedure more in detail).

e Phillips XPert difractometer. This difractometer has been used for powder
measurements. It works in the usual configuration Bragg-Brentano configuration,
but it counts with a special holder for powders. The 6-26 scans for the NPs powders
have been acquired with this equipment.

2.2.2.1.2 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy is a structural characterization technique which
allows the obtaining of information at the atomic scale. It can use different diffraction and
compositional techniques to finally obtain a complete scenario of the materials structural
properties at the atomic scale.

TEM uses the same principle as the common optical microscopes in which a beam
of photons (in the visible wavelength) is reflected (reflection mode) or transmitted through
the sample (transmission mode). However, in the case of TEM, the beam is not of photons
but of electrons. The resolution of any microscopy technique is limited by the wavelength.
The smaller the wavelength, the smaller the accessible sizes. Since the electrons, behaving
as a wave (by the de Broglie principle), have a smaller wavelength than the photons in the
visible range (in the order of picometers at the usual working conditions in TEM), it is
possible to obtain images of the samples at the atomic scale.

When an electron beam interacts with matter not only the reflected and the
transmitted beams are present. An electron beam can cause many other phenomena which
are summarized in figure 2.23. Some electrons are reflected as a result of the collision with
the atoms in the specimen, the BackScattered Electrons (BSE). Other part of the beam is
absorbed by the specimen causing an excitation of the atoms that cause the apparition of
Secondary Electrons (SE), Auger electrons (Auger €7) and X-rays when the atoms come
back to the equilibrium state. The SE, BSE and X-rays are used in the Scanning Electron
Microscopy (SEM) and in Energy Dispersive X-ray (EDX) analysis. The remaining
electrons cross the specimen and become transmitted electrons. These transmitted electrons
can be elastic scattered electrons, if they suffer elastic collision with the atoms in the
specimen, or inelastic scattered electron, if the collisions are inelastic. To extract the
structural composition of the specimen, the elastic electrons are used in TEM and High-
Resolution TEM (HRTEM). However, if the required information is compositional, the
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inelastic electrons are used in techniques such as Electron Energy Loss Spectroscopy
(EELS) or Energy Filtered Transmission Electron Microscopy (EFTEM).

PE

Bremsstrahlung
X-rays«._ \

Thin sample

t <100nm _ _ _
elastic inelastic
scattered scattered
electrons electrons

TEM, HREM, ED EELS,EFTEM
Figure 2.23. Different products resulting from the electron-matter interaction.

The operation scheme of a Transmission Electron Microscope is shown in figure
2.24. A narrow and collimated electron beam is created in an electron gun with a define
Kinetic energy. This electron beam passes through several condenser lenses that focus or
defocus the electron beam depending on the special measurement conditions and several
apertures to collimate the beam. The electron beam crosses the specimen and the
transmitted beam, after the interaction with the specimen, traverses different kind of lenses
(objective, intermediate and projector lenses) that create the final image. All this system is
inside a column in which a high vacuum is created.
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Figure 2.24. Transmission Electron Microscope operation scheme.
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An aspect that it is necessary to take into consideration is the width of the
specimen. As this technique uses the transmitted electrons beam, the width of the specimen
can not exceed the mean free path of electrons in certain conditions, usually in the order of
tens of nanometers. So, in order to make the specimens as transparent as possible to the
electrons their width have to be in the range of 15-30 nm for the HRTEM measurements.

In this thesis, the TEM analyses were carried out by members of the SUMAN
group at ICMAB. They used different TEM equipment depending on the resolution needed
for each analysis. Low magnification TEM images and EELS analysis were performed
with a FEI Tecnai F20 S/TEM located at Catalan Institute of Nanoscience and
Nanotechnology (ICNZ2). High resolution TEM images and also EELS analysis were
performed using Titan low-base (FEI Company) placed at Zaragoza in the “Advanced
Microscopy Laboratory (LMA)”. It was also used the FEI X-Ant-EM located in the
“Electron Microscopy for Materials Science (EMAT)” at Antwerp (Belgium) for high and
low resolution TEM images and, specially, for EDAX analysis of the films.

2.2.2.2 Morphological characterization

Morphological characterization in the framework of this thesis is referred to all of
those techniques that give information about the surface morphology of the thin films.
Therefore, they can be named also surface characterization techniques. Different
techniques belonging to this group were used: Optical Microscopy, Scanning Electron
Microscopy (SEM), Atomic Force Microscopy (AFM) and the atomic force profilometry.

2.2.2.2.1 Optical Microscopy

In the section about TEM, it was said that both the Optical and the Electron
microscopy use the same principle. They use the diffraction, reflection or refraction of
electromagnetic radiation/electron beams interacting with the specimen to create an image.
In the case of the optical microscopy visible light is used.

The wavelength of the visible light is in the range of 390-700 nm. This implies that
the resolution can not be smaller than hundreds of nanometers in the conventional optical
system (it is possible to have more resolution in some new systems'®’). Also the
penetration depth of the visible light is smaller than the electrons one, only few nanometers
in the surface being accessible. For these reasons, for this work, the optical microscope
was used only to check the film’s surface, especially after the pyrolysis process.

The homogeneity of the films after the pyrolysis process is very important. It
determines if the sample is suitable for the growth process or not. An inhomogeneous film
after pyrolysis is not used for the growth process because the final properties are seriously
affected. In this thesis, films morphology was characterized using the Leica DM 1750 M
optical microscope located at the ICMAB.

2.2.2.2.2 Scanning Electron Microscopy (SEM)
The SEM technique uses the same principle as the TEM but in the case of the SEM,

only the reflected (backscattered) and the secondary electrons are taking into consideration
to make the analysis.
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This is a technique that gives information about the surface morphology of the
films. The penetration depth of the electrons in a solid compound is very low, about 100
nm in the usual working conditions. So, the information that it is possible to obtain
corresponds only to this first nanometers of film. That is why this technique is in the group
of morphological characterization.

The structure of a scanning electron microscope is presented in figure 2.25. The
structure is very similar to the one of the transmission electron microscope. It has also the
electron gun that generates the electron beam, some condenser lenses to focus and defocus
the electron beam and apertures to collimate the beam. Then, the beam passes through a set
of plates (the scan coils) that can deflect the electron by varying the potential between
them. If these plates are attached to a scan generator, the beam can be made to scan lines
across the sample (this system is similar to the one attached to Scanning Transmission
Electron Microscope (STEM)). By reducing the size of the area scanned by the scan coils,
the SEM changes the magnification of the image. Finally, the objective lenses focus the
beam in the desired area.

[
—,— Electron gun

= Condenser lenses

Objective lens

Detector y

Figure 2.25. Scanning Electron Microscope schematic structure.

Specimen

The scanning electron microscope has two different detection systems. One is
devoted to the detection of Secondary Electrons (SE). The SE (figure 2.23) are low energy
electrons resulting from the emission of atoms from the film due to collision of the incident
beam. They are ejected from the k-shell of the specimen atoms by inelastic scattering
interactions with beam electrons. As they are low energy electrons, they can only come
from the first few nanometers of the film. They give an image of three-dimensional
appearance of the sample while the beam is scanning a defined area. The contrast that
appears in the secondary electron images are produced by the different heights between the
different regions in the film. The incident beam scans across the sample's surface
topography. If the beam travels into a depression or hole in the film, the amount of
secondary electrons that can escape from sample’s surface is reduced and then darker
image will be obtained. On the other hand, if the incident beam scans across a projection or
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hill on the film, more secondary electrons can escape from the film’s surface and,
therefore, the image gets a bright contrast.

The other detection system is devoted to the BackScattered Electrons (BSE). The
BSE (figure 2.23) are reflected high energy electrons due to the collision of the incident
electrons with the atoms nucleus. These BSE are used to create compositional images of
the films. This is possible due to the fact that a material with a higher density will reflect
more electrons than a material with less density. A low atomic weight area of the films will
not emit as many backscattered electrons as a high atomic weight area of the films. So, in
reality, the image is mapping out the density of the sample surface but it is not possible to
precise which one of the materials are present in the films.

In this work a SEM Quanta 200 ESEM FEG located at ICMAB was used. SEM
images of the fully grown films were taken to study the presence of precipitates, porosity
and grain disorientation degree.

2.2.2.2.3 Atomic Force Microscopy (AFM)

AFM is a surface characterization technique that provides precise information about
the samples topography. It is based on the detection of nanometric scale forces between the
atoms present in certain surface and a sharp tip that is used as probe. Depending on the
situation, the forces that are measured in AFM include mechanical contact force, Van der
Waals forces, capillary forces, chemical bonding, electrostatic forces, magnetic forces, etc.

The AFM configuration is shown in figure 2.26. It consists of a sharp tip attached
to a spring, the cantilever. When the tip approaches a surface, the force between it and the
surface leads to a deflection of the cantilever according to Hooke’s law. The degree of
deflection of the tip is proportional to the intensity of the force tip-surface. The cantilever
deflection is measured using a four quadrant photodiode which is able to detect a laser
beam reflected on its back side. When the cantilever is not deflected, the laser beam strikes
in the center of the photodiode, but any movement of it will cause a displacement of the
reflected laser beam arriving to any of the four quadrants. The four quadrant photodiode
allows the quantification of the bending and the torsion of the cantilever and, therefore,
measure both the normal and the friction forces between the tip and surface. By moving the
tip in a certain region using a scanner with piezoelectric components, it is possible to create
a 2D map of the forces present in this area. With an adequate feedback system one can
transform the information about the forces into a topographic map of the surface.

(‘

Pasitian-sensitive
Phatodetectar

Laser Diode

Gantilever Spring

7

g

Figure 2.26. Scanning Electron Microscope schematic structure.
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An atomic force microscope can operate in three different measure modes
depending on the purposes and the environmental conditions:

e Contact mode. In this mode the tip is brought close to the surface (<5A) and
the force tip-surface is maintained constant. At these distances the last
atoms of the tip feel a weak repulsive force due to the overlap of the
electron orbital with the atoms of the surface of the sample causing a
deflection of the cantilever. If the tip finds a depression or a hill in the
surface, the force will change decreasing or increasing respectively, and the
feedback system will move the cantilever up or down in order to maintain
the force constant. Recording these movements a topographic map of the
surface can be plotted.

e Non-contact mode. In this mode, called also modulated frequency mode, the
tip hangs 50-150 A above the sample’s surface, thus mainly sensing Van der
Waals forces. In this mode, the cantilever is vibrating at its resonance
frequency and this frequency is maintained constant during all the
measurement. When the tip reaches a hole or a bump in the surface, the
frequency changes. So, to maintain the frequency constant, the feedback
system displaces the cantilever up or down registering the topography of the
sample.

e Tapping mode. This mode is a mixture of the other two modes. Here the tip
is vibrating with defined amplitude and the tip is in contact with the
sample’s surface instantaneously in each vibration. Here the amplitude is
maintained constant and, as in previous modes, the feedback system moves
the tip to maintain is constant. In this mode problems related to friction,
adhesion, electrostatic forces or other difficulties are drastically reduced.

In this work, AFM was used to measure the topography of pyrolyzed samples to
extract some quantitave values about the homogeneity of the films. Also it was used to
measure the thickness of the pyrolyzed and growth samples.

Thickness measurements require a special preparation of the films. It is necessary
to etch part of the film obtaining a “step” between the film and the etched part (the
substrate). A standard photoresist is deposit onto the film to protect a define region from
the acid. The, the etching is done with orthophosphoric acid diluted 1:10 in deionized
water. Finally, the remaining photoresist is removed with acetone.

The AFM analysis presented in this work was done with an Agilent 5100 AFM
system from Agilent Technologies installed at ICMAB. The AFM images were processed
with Mountains Map software from Digital Surf.

2.2.2.2.4 Atomic force profilometry

The atomic force profilometry uses the same operation principle than the AFM. In
this case the measurements are done in contact mode.

The main advantage of profilometry respect to the AFM is the higher analysis area
that can reach up to hundreds of um while the AFM is limited to 80 um. So, it is possible
to analyze a higher area of the films. However, the resolution with the profilometry is
much smaller. For this reason the profilometer use is restricted to thickness measurements.
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The profilometry measurements were done in a P16 profilometer from KLA Tencor
located at ICMAB. The images were processed with Mountains Map software from Digital
Surf.

2.2.2.3 Compositional characterization

The compositional characterization is used to identify the different elements present
in certain samples. It is also very common that, although the different elements of the
sample are known, one wants to find the distribution of these elements in the sample
(surface, interface, etc). And this is precisely the role of the XPS and EDAX analysis in
this thesis.

2.2.2.3.1 X-ray Photo-electron Spectroscopy (XPS)

The XPS is a surface-sensitive quantitative compositional technique that measures
the elemental composition with a great resolution (parts per thousand). This technique uses
an X-ray source to excite the atoms and measures the Kinetic energy and number of
electrons that escape from the analyzed material (figure 2.27).

ELECTRON ANALY SER
X-RAY
SOURCE

SAMPLE

Figure 2.27. XPS operation basis: X-rays excite the surface atoms emitting electron when they come back to
the equilibrium state.

When the X-rays arrive to the surface, the photons transfer their energy to the
atoms causing an excited state in the atoms. In order to come to the equilibrium state, the
atoms emit from their electronic shells. As the used X-rays have a fixed wavelength and,
therefore, a fixed energy, each element will behave in a different way emitting electrons of
certain energies. The detector can measure the kinetic energy of the emitted electrons so it
is possible to extract the binding energy one particular electron as follows (Eg-2-21):

Ebinding = Ephoton — (Ekinetic — P) Eq. 2-21

where @ is the work function depending on both the spectrometer and the material.
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Each element emits electrons at characteristic binding energy values. So, by
scanning a wide range of binding energies, it is possible to identify all the elements present
in the surface. This is done by representing the number of electrons emitted versus the
binding energies and looking at the position that different peaks appears. The intensities of
the peaks (the number of detected electrons in each of the characteristic peaks) are directly
related to the amount of element within the XPS sampling volume. So, by quantifying the
peaks it is possible to obtain percentage of each element in the studied area.

In this thesis the XPS was used combined with the sputtering. The sputtering uses a
similar concept to the FIB: bombards a material with energetic ions in order to remove
material from a target. The sputtering is commonly used to deposit thin films if the
removed atoms are deposited over a substrate creating a film.

But in this case the sputtering is only used to remove the atoms that immediately
are measured by an XPS. In this way, it is possible to know the composition in the entire
volume of the film and not only in the surface. While the sputtering is removing atoms and,
therefore, going deeper in the film, the XPS is analyzing the removed material obtaining a
compositional map of the cross section.

In this thesis two different XPS equipments were used. The XPS-AES model
Kratos AXIS UltraDLD placed at Zaragoza in the “Laboratorio de Microscopias
Avanzadas (LMA)” and PHI VersaProbe Il Scanning XPS Microprobe placed at the
University of Ghent (UG).

2.2.2.3.2 Energy-Dispersive X-ray spectroscopy (EDX)

As it was mentioned previously and shown in figure 2.23, when the electrons
interact with the materials” atoms, X-rays appear coming from ionization of these atoms.
The electron beam causes the emission of electrons (secondary electrons). They leave
holes in some of the electronic shells. These holes are filled with electrons of the outer
shells that emit X-ray radiation to release the energy difference between the higher-energy
shell and the lower energy shell.

The number and energy of the X-rays emitted from a specimen can be measured by
an energy-dispersive spectrometer. As the energies of the X-rays are characteristic of the
difference in energy between the two shells and of the atomic structure of the emitting
element, EDX allows the elemental composition of the specimen to be measured.

Usually the EDX spectrometer is coupled with a SEM or TEM system in such a
way that they create the electron beam and then the emitted X-rays are measured with the
EDX spectrometer. In this way it is possible to obtain compositional information of the
surface of a specimen if a SEM system is used or of the cross section if a TEM system is
used.

In this work EDX analysis were performed using SEM Quanta 200 ESEM FEG
located at ICMAB that has coupled a EDX spectrometer and with FEI X-Ant-EM TEM
located in the “Electron Microscopy for Materials Science (EMAT)” at Antwerp
(Belgium).

2.2.2.4 Physical characterization

In the field of superconductivity, the physical characterization is carried out in order
to obtain the superconductivity properties of the thin films or, in general, of the
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superconductor materials. For this purpose, there are two main tools: the Superconducting
QUantum Interference Device (SQUID) and the electrical transport measurements. Both of
them were used to characterize the thin film synthesized in this thesis.

However, this work also deals with NPs and, in particular, with magnetic NPs. And
they require other kind of physical characterization. A deep study of the magnetic
properties of these NPs is essential to understand their subsequent behavior when they are
mixed with the superconductor material. This magnetic characterization is also done with
the SQUID but also synchrotron radiation was used to make an X-ray Magnetic Circular
Dichroism (XMCD) study on these NPs and the thin films with these magnetic NPs
incorporated to their matrices.

2.2.2.4.1 Superconducting QUantum Interference Device (SQUID)

The SQUID is a magnetometer used to measure the magnetic moment of a sample
in a non-destructive and accurate way. The evolution of the magnetic moment can give
interesting information about some superconducting properties of the sample as the T, the
Jc or the behavior of these materials when an external magnetic field is applied.

The SQUID operation is based on the Josephson effect which postulates the
appearance of a electric current between two separated superconductors?®®. The Cooper
pairs in the first superconductor can cross the insulating gap between the two
superconductors by tunneling effect (a quantum effect at the nanoscale by which a particle
can penetrate through a potential barrier higher than the kinetic energy of the particle itself)
creating a current in the second superconductor. Although, the Cooper pairs can not exist
in an insulator or non-superconducting metal, when the layer that separates the two
superconductors is sufficiently narrow, they can cross and save the consistency of phase. It
is the persistence of this phase coherence that leads to the Josephson effect.

A DC SQUID consists of two Josephson junctions connected in parallel on a closed
superconducting loop. Applying current to the SQUID sends Cooper pairs of electrons
tunneling through the junctions causing a magnetic field enclosed in the superconducting
rings that can take values only in multiples of a universal constant called the flux quantum
(h/2e=2.07x10""> Wh). The sample is placed in a detection system composed by a set of
pick-up coils where it is submitted to repetitive movements. With each movement, the
electromotive induced force in the coils changes. These coils are inductively coupled with
SQUID sensor causing changes in the current that is flowing in the superconducting loop.
This will cause a change in the enclosed magnetic field which results in a change in the
measure output voltage. So, actually the SQUID works as magnetic flux-to-voltage
transducers where the sensitivity is set by the magnetic flux quantum. The output voltage,
after a correct calibration of the system, is proportional to the magnetic moment of the
sample.

Superconducting properties of thin films such as T, and J. are obtained from
magnetic moment measurements performed with the SQUID. Also the magnetic features
of the magnetic NPs are obtained using the SQUID (details about how the measurements
are performed in Appendix B).

In this thesis the SQUID was used to measure field and temperature dependent
magnetization curves of thin films and also NPs using Quantum design MPMS XL-7T
SQUID.
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2.2.2.4.2 Electric transport measurements

Electric transport measurements have been performed in order to obtain the critical
current densities of the thin films and, specially, to deeply study the vortex pinning
behavior on in-situ and ex-situ nanocomposites.

Superconductor materials can support high electrical currents without dissipation.
The main consequence of this is the need to confine the electrical current in bridges with
relative low cross-section to be able to perform transport measurements. By doing so,
critical current density (J. = I./A, where | is the critical current, and A the cross-section of
the bridge) can be reached at these bridges with relatively low applied currents.

The preparation of the bridges is done with a pholithography process'®®. A 4-point
bridges configuration is chosen in order to avoid the measurement of the contact resistance
(figure 2.28), but this configuration can be changed if it is required. The typical dimensions
of the bridges can vary as a function of the desired study but generally, they are between
100—200 pm length, and 550 wm width. Prior to the preparation of the bridges, silver
contact pads were deposited by thermal evaporation at 10° mbar on the thin films and, then
annealed under oxygen atmosphere at 450°C for 1 h to ensure good electrical contacts with
resistances below 10 pQ.

Figure 2.28. 4-point bridge configuration used in the transport measurements™®.

Electrical transport measurements were carried out in collaboration with expert
members of the SUMAN group out with a Physical Properties Measurement System
(PPMS) from Quantum Design at ICMAB. The system essentially consists of a 9 T
superconducting magnet and a helium cryostat. Precise control of temperature within the
range 1,8-400K can be achieved. The samples were mounted in a single-axis rotor with a
total angular range of 370° with a precision of 0.1°. The system also has a nanovoltimeter
and a dc/ac current source which can provide currents from 1 pA to 2 A with a resolution
of 0.1 pA.

Two different kinds of measurements have been performed in order to analyze the
superconducting performances of our samples: resistivity measurements to determine the
critical temperature and irreversibility line, and V(I) curves for J. analysis (see Appendix C
for more details).

2.2.2.4.3 Synchrotron measurements: X-ray Magnetic Circular Dichroism
(XMCD)

The synchrotron radiation can be used for structural, morphological, compositional
or physical characterization. But it was included in this latter group because in this thesis it
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was used to measure the magnetic properties of NPs and YBCO ex-situ hanocomposites
made with magnetic NPs. In particular, X-ray Magnetic Circular Dichroism (XMCD)
measurements were carried out.

The synchrotron radiation is generated in large scale scientific facilities. It is
produced when charged particles moving at relativistic speed are accelerated radially. In
order to do this, groups or charged particles (that usually are electrons) are deflected by
bending magnets, undulators or wigglers.

In the synchrotron facility the electrons are generated in an electron gun and then
they are accelerated in discrete packets up to certain energy in a linear accelerator (linac)
that uses a series of RF (radiofrequency) cavities operating at certain frequency. After that,
they are travel to the booster synchrotron in which the electrons are further accelerated up
to energies in the range of GeV. Finally, the electron packets are introduced in the storage
ring. The storage ring has the bending magnets, undulators and wigglers where the
electrons generate the synchrotron radiation perpendicular to their direction. The beamlines
are located in the places where the radiation is generated. Here the generated radiation is
exploited for different purposes (figure 2.29).

Booster b
synchrotron

Electron
gqun Storage
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Beamline

Figure 2.29. Basic scheme of a synchrotron facility

In this work the synchrotron radiation was used to carry out XMCD measurements
in NPs and in YBCO thin films with the same NPs embedded in its matrix. XMCD, which
is based on X-ray Absorption Spectroscopy (XAS), is a characterization technique that
studies the composition and magnetic behavior of, principally, magnetic samples.

A dichroic material is one that presents different light absorption depending on the
light polarization. The dichroic absorption in magnetic atoms depends also on the
magnetization intensity and orientation caused by an external magnetic field. Therefore,
by measuring the XAS spectra for both circular polarization senses (right-handed (RCP) &
left-handed (LCP)), and subtracting one respect to the other, the XMCD spectrum is
obtained. XMCD occurs only in magnetic samples because it is only caused by the
magnetic atoms of the sample.

XMCD is a technique which uses circular polarized light to produce transitions
between different electronic levels (especially from 2p to 3d) to study the magnetic
behavior of a specific magnetic atom. RCP and LCP XAS spectrum are measured
separately as a function of the photon energy (in the range of KeV) and under the same
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magnetic field. XMCD spectrum results from the subtraction of RCP and LCP spectra
(figure 2.30).
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Figure 2.30. Figure showing the L, and L5 absorption edge of Fe, the XMCD signal and their integration *’°.

Both the XAS and XMCD spectra depend on the photon energy, which is related to
the energy gap between the electronic levels. The maximum absorption and the shape of
the peak depend on the atom (chemical specificity) and, more precisely, on the oxidation
state. With the adequate tools and analyses, structural and chemical information can be
extracted from the XAS spectrum. XMCD shows, by its part, the magnetic behavior of the
studied atom. A null signal indicates a non magnetic atom, while peaks demonstrate a
deviation between the RCP and LCP absorption, providing the existence of a magnetic
moment in the atom. XMCD signal is sensitive to detect even a 0.001 pg.

The XAS/XMCD measurements have been carried out in the BOREAS beamline at
the ALBA synchrotron (Cerdanyola del Valles, Barcelona) in collaboration with Dr. Elena
Bartolomé and Dr. Eduardo Solano. Nanoparticle samples (0,1 g or less) were fixed on a
gold coated sample holder with double-side carbon adhesive tape as support. This sample
holder was introduced into the HECTOR UHV (Ultra High Vacuum) chamber, where the
sample was magnetized in a magnetic field up to 5 T parallel to the beam direction at room
temperature. The almost incident circular polarised light was produced by an APPLE II
undulator that allows the control of the polarisation handedness between the right circular
polarisation (RCP) and left circular polarisation (LCP). The measurements were performed
by monochromating the soft X-ray beam with a low-energy grating monochromator
(<1200 eV) and passing through entrance and exit slits, typically using 15 micron vertical
openings for high resolution and flux, and much wider in horizontal opening (1000
microns).

2.2.2.4.4 In-situ resistance measurements

The in-situ resistance measurements are used to monitor “in-situ” the growth rates
and the oxygen diffusion kinetics of the YBCO thin films. In this work the in-situ
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resistance measurements were employed to investigate the oxygen diffusion process in
YBCO and YBCO nanocomposites thin films.

Figure 2.31 shows the experimental setup used to perform the measurements. The
system was designed and built by members of the SUMAN group. It consists on a silver
holder in which the samples are connected by joints between silver threads (figure 2.31 d)),
which are introduced in alumina tubes, to a current source and a nanovoltimeter (figure
2.31 b) and e)). The current is the input and the voltage is the output. With both values one
can find the resistance. Both the current source and the nonovoltimeter are connected to a
computer to register the data (figure 2.31 e).

Figure 2.31. In-situ resistance measurements experimental setup.

The preparation of the samples involves more steps than in the usual YBCO films
due to the presence of the silver threads. The preparation of the samples can be summarize
in the following steps:

e Placing Ag contacts on the corners of a clean LAO substrate using 10 mm and 0,1

mm of diameter silver wire.

e Curing Ag contacts through high temperature annealing (900 °C during 6 min using

a heating rate of 3 °C/min to heat up and cool) to attach them firmly to the LAO

surface.

e Depositing the metalorganic YBCO solution by spin-coating and pyrolyze the
organic material (standard pyrolysis process).
e In-situ resistance measurements.
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3

CSD In-Situ Nanocomposite Thin Films

This is the first of two chapters that are focused on nanocomposite thin films and it
is devoted to the CSD in-situ nanocomposites (in this chapter the expression “in-situ
nanocomposites” is referred to the approach that is choose to prepare the nanocomposites
using the CSD methodology, it has nothing to do with the “in-situ growth techniques”
mentioned in the introduction). As it was mentioned in the introduction chapter, the
development of the nanostructuration of REBCO matrix started very early after its
discovery with the aim to improve the superconducting performances of the pristine
REBCO samples. The evolution of this process has resulted in the introduction of NPs
embedded in the REBCO matrix. This has opened the possibility to increase the REBCO
performances by enhancing the vortex pinning properties of these nanostructured materials
when the size of the NPs or the defects introduced by them approaches the
superconducting coherence length (~2-4 nm). In particular, with the use of ex-situ growth
techniques, with CSD as clear reference, one can tune the NPs features which allow to
nanoengineer the material and, consequently, alter its microstructure looking for the best
possible performances. This chapter will be devoted to study the microstructure and the
properties—derived for YBCO and GdBCO in-situ nanocomposites films.

Apart from the nanostructuration of the pristine REBCO films, another important
objective, from the industrial point of view, is to increase the thickness of the films. The
increase of the films thickness using ex-situ growth techniques poses particular difficulties
which differ from those appearing when in-situ growth techniques are being used. In this
chapter, a preliminary study of the difficulties that appear when the thickness of the CSD-
derived YBCO in-situ nanocomposites films increases will be exposed.
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3.1 Introduction

The “in-situ nanocomposites™ is one of the approaches to prepare nanocomposite
thin films using sequential deposition and growth techniques. This is characterized by the
fact that the NPs are spontaneously segregated during the thermal growth process. Using
the CSD method, it is possible to modify the features of the NPs by varying its nucleation
process. The nucleation of the NPs, which usually precedes the REBCO nucleation, can be
tuned by changing the processing parameters in the growth process (heating ramps, Po,,
Py,0, €tc). This is something that it is not possible to carry out with the use of in-situ
growth techniques due to the simultaneous nucleation of NPs and the REBCO which leads
to epitaxial NPs embedded in its matrix*® 14197,

The features of the NPs clearly determine the microstructure of the final thin films
and, therefore, its final properties. The pinning efficiency of the solution derived YBCO
nanocomposites is very dependent on the type of NPs nucleation and, therefore, the
heterogeneous or homogeneous nucleation of the NPs will define the performances of the
synthesized films*> 9.

When the NPs are trapped within the matrix of REBCO, incoherent interfaces are
very often formed depending on the mismatch between the NPs and the REBCO. This
leads to the generation of an interfacial energy in the interface region. This effect is further
increased when the NPs are randomly oriented (greater amount of incoherent interfaces)
and, therefore, the amount of accumulated interfacial energy is larger. When the
accumulated energy is too large, the system releases it by creating Stacking Faults (SFs),
which are the responsible for the pinning effect'® %" 1% The partial dislocations that are
generated in the perimeter of the SFs create strained regions that prevent the Cooper-pair
formation. Therefore, these regions behave as normal areas in which the vortices will be
pinned®” 2,

The pinning efficiency has been recently correlated with the nanostrain (g)
generated within the REBCO matrix due to the partial dislocations associated with the SFs,
in the particular case of the YBCO®" ' The presence of the SFs is related with the
incoherent interfaces between the NPs and the YBCO which mainly arises from the
percentage of randomly oriented NPs in the matrix and their size (see figure 1.21 in chapter
1)%". This is simply explained knowing that if the random fraction is higher, more NPs are
randomly oriented, leading to a higher incoherent interface value and, consequently, more
accumulated interfacial energy. To release this energy, more SFs are generated resulting in
an increase of the nanostrain which is proportional to the pinning force.

Considering all the previous statements, it is possible to say that the features of the
SFs, i.e., the SFs scenario, will affect the films properties. However, its relationship with
the properties of the films is poorly understood and, therefore, a thorough study in this
sense is needed in order to further increase the nanocomposite thin films performances. For
this purpose, several “mixt compositions” of NPs were added to the YBCO creating
different kind of nanocomposites. The study of the superconducting properties of these
mixt composition nanocomposite films with different SFs scenarios and, consequently,
different microstructure, will provide additional information about the role of the SFs on
the vortex pinning properties.
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3.1.1 CSD YBCO nanocomposites with NPs mixt secondary phases

The mixt nanocomposites are prepared by using two different kinds of NPs in such
a way that the whole system is formed by the YBCO as superconducting matrix and two
different nanosized secondary phases. The aim of the mixt nanocomposites is to better
understand the effect of the NPs compositions and the generated structural defects on the
nanostrain and, therefore, on the pinning properties.

In the mixt nanocomposites the purpose is to combine NPs that nucleate in a
different way in the YBCO matrix. It is well known that, using CSD, the BaZrO3; (BZO)
and Ba,YTaOg (BYTO) NPs tend to nucleate homogeneously giving high percentages of
random fraction (> 90% in both cases) and, consequently, high values of nanostrain (>
0,2%)%7 101 14 1TL 172 "However, in the case of Y,03 (YO), the NPs have a greater tendency
to be epitaxial in the YBCO matrix due its low mismatch with the YBCO (-2,7%) resulting
in low values of random fraction (< 50%) and also low values of nanostrain (< 0,15%)°".
The effect of each NPs separately is known but there are no studies up to now about the
effect of the combination of epitaxial NPs with polycrystalline NPs (BZO+YO or
BYTO+YO) in CSD-derived YBCO in-situ hanocomposites. It is also unknown the result
of combining two different kinds of NPs that tend to nucleate homogeneously
(BZO+BYTO).

In this chapter, four different mixed compositions are studied: (i)YBCO+10%M
BZO+5%M YO (YBCO+BYTO+YOQ), (i) YBCO+6%M BYTO+5%M YO
(YBCO+BYTO+YO0), (iii) YBCO+6%M BYTO+10%M CuO (YBCO+BYTO+CuO) and
(iv) YBCO+5%M BZO+6%M BYTO (YBCO+BZO+BYTO).

3.1.2 YBCO nanocomposite thick films

The transition to thick YBCO films is viewed as one of the key ingredients of the
commercial success for the YBCO wire technology. The higher the thickness is, the larger
the amount of current that the CC can carry and the lower the length of the CC that is
needed for a certain application. In the lab scale, thin films that do not exceed the 500 nm
are usually investigated. However, for their use in real applications, the superconducting
films have to overcome, at least, the barrier of the 1 um.

To achieve > 1 um thick superconducting films with good performances is not an
easy task, especially when ex-situ growth techniques are used. Several works, in which the
BaF, process is used, show the difficulties of increasing the thickness. When YBCO thick
films are being synthesized, the growth conditions used for thinner films have to be
changed in order to achieve c-axis oriented grains®’® 174 142.153.155 Thjs results in a drop of
the J. values as the thickness increases™> "7 The use of the CSD method adds another
difficulty: the defects (cracks and buckling) that appear in the films during the pyrolysis
process. These defects are due to the stress generated during the process caused by the
shrinkage of the films and they limit the superconducting performances of the films'’.

Until now, most of the work related with the thickness increase was done in pristine
YBCO films. Only few reports about this issue in REBCO nanocomposite films were
published using PLD and CSD'"* ¥, However, these works demonstrate the potential of
this kind of films for applications since a critical current of 717 A/lcmW at 77 K self-field
were achieved in a 3,6 um PLD EuBCO+BHO film”. In this thesis, YBCO+10%M BZO
nanocomposites films, with thicknesses varying from 200 to 700 nm, are studied. The
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structural and physical properties have been analyzed in order to find the parameters that
determine the conditions for obtaining epitaxial nanocomposites films.

3.1.3 CSD GdBCO nanocomposites

The main interest for the use of GABCO is the possibility to increase the YBCO
performances at high temperature due to an upward shift of its irreversibility line. This is a
consequence of the higher T that GABCO films show with respect to YBCO films.

The strategies that have been employed to synthesize the GABCO samples are
similar than in the case of the YBCO. Different research groups started to prepare bulk
samples but, nowadays, most of people are interested in preparing thin films due to the
requirements of most of the applications. CSD methodology, due to its low cost and
scalability, is one of the most extended techniques in the preparation of GABCO films.

The application of the CSD methodology to the preparation of GABCO films is
more difficult than in the case of the YBCO. The conditions in which the solutions can
work properly and also the optimum conditions to achieve epitaxial GdBCO films are
narrower than in the YBCO case. So, the degree of accuracy and refinement that the
synthesis of GABCO films requires is higher.

In this chapter, the focus will be in the preparation of CSD-derived GdBCO
nanocomposites thin films using Low-Fluorine Solutions (LFS). The tradition within the
SUMAN group is to use TFA solution. However, in this case, it was necessary to change to
LFS solution due to some reasons that will be later detailed. The development of this new
solution forced to optimize the pyrolysis process and the growth process, first, for pristine
GdBCO films. The optimization of the growth process in order to obtained epitaxial films,
resulted in the new “Flash-Heating” treatment. By using this new process, epitaxial
GdBCO nanocomposite films could be obtained. The properties of the obtained CSD-
derived GdBCO nanocomposite films have been analyzed in detail.

3.2 Pyrolysis process in mixt nanocomposites

The YBCO mixt nanocomposite thin films are deposited by spin-coating 15 ul of
precursor solution of 0,17M respect to Y, on LAO substrate, leading to a final thickness of
200 nm (after the growth process). After the deposition, the films are exposed first to a
low-temperature thermal treatment, the pyrolysis, to remove the organic content of the as-
deposited films.

The pyrolysis process chosen for all the compositions is the so called “standard
pyrolysis process” (see chapter 2, figure 2.6). The choice of this particular process is based
in the reproducible results obtained for the pristine YBCO-TFA solution. Since the
nanocomposite precursor solutions are TFA based, the results should be similar as in the
case of pristine YBCO thin films. This process leads to homogeneous and continuous
pyrolyzed thin films, as it is shown in the optical microscope image in figure 3.1.
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Figure 3.1. Optical microscope image of a YBCO+10%M BZO+5%M YO film after the pyrolysis showing a
homogeneous and continuous film.

The phase composition of the mixt nanocomposites after the pyrolysis has been
investigated by 2D XRD 6-26 scans. Representative XRD patterns are shown in figure 3.2.
The bright and well defined spots correspond to the LAO single crystal substrate whereas
the low intensity rings are identified for CuO and BYF intermediate phases. The presence
of the rings is due to polycrystalline nature of the intermediate phases at 310 °C. In order to
better identify the presence of these intermediate phases, integration of the 2D spectrum is
performed, resulting in the 6-26 scan shown in figure 3.2 b).
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Figure 3.2. 2D XRD 0-26 a) frame and b) integrated patterns of YBCO+6%M BYTO+5%M YO thin film. In
the frame a) the rings of the polycrystalline phases are observed while in the integrated spectrum from the
image b) the peaks of these phases are clearly identified.

In view of the composition of the film after the pyrolysis, it is concluded that, for
all the studied compositions, the secondary phases NPs are still not formed due to the low
temperatures of the process. The XRD patterns shows the same composition as in a pristine
YBCO film after pyrolysis.
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3.3 Growth process in mixt nanocomposites

After the pyrolysis, the films grown by using, for all the different compositions, the
so called “standard TFA growth process” (described in chapter 2, figure 2.7). This process
has been previously well established in the group for pristine and CSD in-situ
nanocomposite films giving excellent results®” '°*. Having this in mind, it was decided not
to modify this process

After the growth process, the phase composition, microstructure, surface
morphology and superconducting properties were evaluated using the experimental
techniques described in chapter 2.

3.3.1 Film thickness

By using the profilometer and the AFM, it was possible to establish that the final
thickness of the films was 200 nm. The films obtained with the 0,25M YBCO-TFA
solution, have a thickness of 250 nm*?'. The use of 0,17M solution causes a reduction of
50 nm with respect to the 0,25M solution. Therefore, the in-situ nanocomposite thin films
studied in this work have a thickness of 200+20 nm considering the error of the
measurements equipments (figure 3.3). This thickness is independent of the particular
composition of each solution.
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Figure 3.3. AFM measurement of an YBCO+6%M BYTO+5%M YO thin film showing that the thickness is
approximately 200 nm after the complete film processing.

3.3.2 Structural properties

3.3.2.1 XRD analysis

XRD measurements have been used to study the phase composition, the epitaxial and
random fractions and the nanostrain of the mixt nanocomposites.

3.3.2.1.1 Nanocomposites texture and random fractions
Figure 3.4 shows the 2D XRD 6-20 frames for the studied mixt nanocomposite

films after the growth process. Highly epitaxial (00l) YBCO films are obtained for all
compositions. The presence of a ring at ~30° can be attributed to the (110)BZO and/or
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(220)BYTO reflections identifying randomly oriented secondary phases. Both phases have
almost coincident peaks (30,116° for (110)BZO and 29,923° for (220)BYTO and also
43,103° for (200)BZO and 42,823° for (400)BYTO according to ICDD 06-0399 and 04-
005-7521, respectively), therefore, it is not possible to differentiate both with the resolution
of the used equipment. For this reason, in the YBCO+5%M BZ0O+6%M BYTO case, both
phases are indexed in the same angular position.

Finally, a low intensity single spot can also be identified at 26~43° corresponding to
(200)BZO and/or (400)BYTO Bragg peaks which usually are associated to a epitaxial
contribution (a ¢—scan would be needed to secure it).
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Figure 3.4. 2D XRD 0-26 frames of the different mixed composition nanocomposites. It is remarkable that
all of them presents epitaxial YBCO and polycrystalline BZO and BYTO NPs.

Figure 3.5 presents the integration of the previous 2D frames that allow a more
clear identification of the phases present in these nanocomposites.
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Figure 3.5. Integrated spectra of the figure 3.4 2D XRD 6-26 frames for the YBCO mixt nanocomposites and
pristine YBCO film.
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The intensity of the polycrystalline contribution (ring at 26~30°) is different
depending on the composition. This intensity is related to the amount of NPs that nucleate
randomly. Only those NPs which are randomly oriented will contribute to the intensity of
this ring. The intensity of the peak at 26~30° for YBCO+5%M BZO+6%M BYTO
composition is the most intense one suggesting that it presents the highest percentage of
randomly oriented NPs, i.e., the highest percentage of random fraction. The percentage of
random fraction can be estimated from XRD measurements (see Appendix A.3 for details
about the calculation of the random fraction).

Figure 3.6 shows the random fraction calculated for mixt nanocomposites
compared with pristine YBCO and single phase nanocomposites (thickness of the single
phase nanocomposites ~250-300nm)" %%, It is observed that the lowest random fraction of
the mixt nanocomposites corresponds to the YBCO+10%M BZO+5%M YO
nanocomposites which are also the nanocomposites with the less intense ring (figure 3.4).
The other mixt nanocomposites present high values of random fraction, all above 90%.
The highest value (96%) is achieved for the YBCO+5%M BZO+6%M BYTO.
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Figure 3.6. Random fraction values for the different mixt nanocomposites (squares) compared with the
pristine YBCO film (circle) and the single phase nanocomposites (triangles)®” %,

The nanocomposites that contain BYTO show the highest percentage of random
fraction, similar to analogous YBCO+BYTO simple nanocomposites® 1%, suggesting that
the random fraction is mainly dictated by the BYTO contribution.

However, the situation with the YBCO+10%M BZO+5%M YO is different. For the
YBCO+10%M BZO nanocomposite films, the reported values are also in the range of
90%°" but, in this case, the values do not go above 50%. The explanation for this is that the
nucleation is not as homogeneous as in the reported cases and quite a lot of the NPs are
epitaxial with no contribution to the random fraction (reasons for that will be discussed in
section 3.4.).
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In the case of the YBCO+5%M BZO+6%M BYTO nanocomposites, since the
Bragg peaks of BZO and BYTO are almost coincident, it is not possible to separate the
random contribution of each NP. However, it is very probable that the high value of the
random fraction was due to, mostly, the BYTO NPs because a great part of the BZO NPs
do not give random contribution (as can be seen from de low random fraction values of
YBCO+10%M BZO+5%M YO).

Note that the included random fraction values of the single phase nanocomposites
correspond to 250-300 nm films while in the case of the mixt composition nanocomposites
the thickness of the films is 200 nm

3.3.2.1.2 Nanostrain and NPs size measurements

Nanostrain and NP size values are obtained using the Siemens diffractometer
(Chapter 2) and then applying the Williamson-Hall method and the Scherrer formula,
respectively (Appendix A.1).

In figure 3.7, it is shown the nanostrain value for the mixt nanocomposites, again
compared with the pristine YBCO and single phase nanocomposite films (thickness of the
single phase nanocomposites ~250-300nm)®" 1%, The values are in the range 0,21-0,24%
which is approximately the double of the value obtained for the 200 nm pristine YBCO
film.
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Figure 3.7. Nanostrain values for the different mixt nanocomposite films (squares) compared with the values
of the 200 nm YBCO pristine film (circle) and the 300 nm single phase nanocomposite films (triangles)*°" *.

The NP size has been calculated from the (200) and (400) BZO and BYTO
reflections, respectively. The obtained sizes are 11-12 nm for all the mixt nanocomposites
(figure 3.8). For the YBCO+5%M BZ0O+6%M BYTO films, the NP size is an average of
both NPs since both contribute to the same peak.
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Figure 3.8 NPs size values for the different mixt nanocomposites calculated from Scherrer formula using
(200) and/or (400) Bragg peaks for BZO and BYTO respectively.

It is important to take into account that the Scherrer formula only gives the size of
the NPs in the perpendicular direction to the plane that originates the peak. As the
calculations are made with the (200) and/or (400) Bragg peaks for BZO and BYTO
respectively, the obtained sizes are the dimensions of the NPs in the (00I) direction (figure
3.9). So the obtained NP size obtained with Scherrer formula is not representative of the
randomly oriented NPs size (usually their size is higher), but it can be used to observe the
tendencies. The sizes of the random NPs have to be extracted from TEM images.

Figure 3.9 TEM image showing an epitaxial BZO NP at the interface. The size that can be extracted applying
Scherrer formula is indicated with white arrows.

3.3.2.1.3 Incoherent interface calculation

Knowing the particle size and the random fraction values, it is possible to calculate
the incoherent interface present in the nanocomposites. As it was mentioned before, the
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incoherent interface plays a key role in the stacking fault formation; therefore its
quantification is of a great importance.

The incoherent interface (measured in um™) is calculated using the following
expression (Eq 3-1)%" 0%

__ 3.RF.[NPs]
o Tr

1.1

Eq3-1

where RF is the random fraction expressed as decimal, [NPs] is the total concentration of
the NPs in the nanocomposite film, also expressed as a decimal, and r is the radius of the
NPs (in um).

Figure 3.10 shows the evolution of the nanostrain as a function of the incoherent
interface. As it was commented previously, the effect of having a high value of incoherent
interface is to generate a high amount of SFs that contribute to the increase of the
nanostrain. Previous work in the group demonstrated the existence of a linear dependence
between the nanostrain and the incoherent interface®’. This linear trend is valid for BZO,
BYTO and YO nanocomposites. The mixt compositions studied in this thesis (pink points
in figure 3.10) were compared with the simple BZO, BYTO and YO nanocomposites and it
was observed that all of them follow the same trend: by increasing the incoherent interface,
the nanostrain increases too.

For the calculations of the incoherent interface in the mixt nanocomposites, the r
values was taken as an average between the reported r from TEM images: BZO (~15 nm),
BYTO (7-20 nm) and YO (~15 nm) NPs”".

0.3— . . . .
y T T T T T

>
= 0,2 - .
®©
=
8 m  Pristine YBCO
c 0,11 e YBCO+10%BzZO A
‘ZV‘ A YBCO+10%YO
v YBCO+6%BYTO
< Mixt nanocomposites
0,0 ' T T T T T T

0 5 10 15 20 25 30

Incoherent Interface (pm'1)

Figure 3.10 Dependence of the YBCO vertical nanostrain on the incoherent interface of NPs in the different
nanocomposites (BZO, YO, BYTO and mixt).
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3.3.2.2 Atomic scale structural analysis

Further insight into the microstructure of the mixt nanocomposite films is possibly
by performing TEM measurements. In the case of the mixt nanocomposites, the focus has
been on the NP distribution and the SF scenario, especially in the length, density and
distribution of the SFs.

A cross-section Low-Angle Annular Dark Field (LAADF) TEM image of the
YBCO+10%M BZO+5%M YO nanocomposite is presented in figure 3.11. It can be
observed that the NPs are homogenously distributed within the YBCO matrix and their
sizes vary in the range of 10-30 nm. This particular example is extensible to the rest of
compositions in which similar results were found (without the BZO layer which is only
observed in the case of the BZO doping nanocomposites). This demonstrates that, by using
mixt compositions, it is possible to increase the concentration of NPs in the YBCO matrix
up to 15%M, minimizing the coarsening effects which were a major issue in simple
nanocomposites'®. In the case of simple BZO and BYTO, it was found that the maximum
concentration with no NP coarsening was 10%M and 6%M, respectively™ %" % The
BYTO concentration can be pushed to 10%M with no coarsening by careful control of the
nucleation and growth process'™. A similar strategy may be employed in mixt
nanocomposite films to further increase the NP concentration.

Figure 3.11 LAADF TEM image of YBCO+10%M BZ0O+5%M YO film showing the homogenous
distribution of NPs within the YBCO matrix (red arrows mark NPs). Similar results were found for the rest of
compositions (without the BZO layer).

Figure 3.12 presents the cross-section High-Angle Annular Dark Field (HAADF)
TEM images of some of the studied mixt nanocomposite films in comparison with a cross-
section of a pristine YBCO thin film and YBCO+10%M BZO film. Looking at these
images, the most remarkable feature is the large number of SFs present in the mixt
nanocomposites. Also, it is noticeable that the length of these SFs, especially in the case of
the YBCO+10%M BZO+5%M YO film, is much smaller than those observed in the
pristine YBCO and the YBCO+10%M BZO films processed in the same conditions as the
mixed nanocomposites.
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Pristine YBCO YBCO+10%BZ0O

YBCO+10%BZ0O+5%YO YBCO+5%BZ0+6%BYTO

EM images of the different mixt nanocomposite films showing the presence of SFs
(indicated with white arrows) in all of them.

Figure 3.12 HAAD

In order to quantify the qualitative change observed in the stacking fault scenario,
TEM images have been processed using the software Digital Micrograph software. The
results are presented in figure 3.13. This analysis confirms that the density of the SFs,
whatever the length, is much higher, in general, for the mixt nanocomposites than in the
case of pristine YBCO and even YBCO+10%M BZO films. Therefore, the mixt
compositions clearly favor the formation of SFs. This is in agreement with the relationship
found previously between the incoherent interface and the nanostrain. The amount of NPs
was increased maintaining the size of the NPs. The higher the amount of NPs is, the higher
the incoherent interface and the higher the stacking fault formation.

The highest density of SFs is reached in the YBCO+5%M BZO+6%M BYTO
nanocomposites. In this case, both phases tend to nucleate randomly in the YBCO matrix
adding efforts to generate more incoherent interface and hence, causing the formation of
more SFs. This nanocomposite is the one that displays the largest value of incoherent
interface in the linear trend shown in figure 3.10.

The lowest density of SFs is obtained in the YBCO+10%M BZO+5%M YO films.
This composition has the lowest random fraction value. This means that there are many
BZO NPs heterogeneously nucleated in the interface (it is well known that the YO NPs
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tend to be epitaxial in the YBCO matrix due to their low mismatch with the YBCO) or that
suffered a re-crystallization process (phenomenon observed in Melt-Textured YBCO by
which the NPs rotate or re-crystallize to accommodate the YBCO structure during the
YBCO growth!) which results in a coherent interface between both (the explanation for
that will be discussed later in more detail in section 3.3.4). Under these conditions, the
formation of SFs is not favored.
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Figure 3.13 Stacking fault density and length of different mixt nanocomposite film compare with the pristine
YBCO and YBCO+10%M BZO films.

Another interesting result is that the length of the SFs in the mixt compositions is
much smaller than in the case of the pristine YBCO or YBCO+10%M BZO films. Even in
the case of YBCO+10%M BZO+5%M YO in which the density of the SFs is low, their
length is small. The reason why the length of the SFs is reduced is still unclear, but one
possibility is related with an effect of the NPs concentration increase. An increase in the
amount of nanoparticles involves a reduction of the separation between them. When the
stacking fault is generated, it can extend only between NPs because the NPs act as barriers
to the diffusion of the defects. Therefore, if the space between them is smaller, the length
of the SFs is also smaller (figure 3.14 a)).

However, this argument is not valid to explain why there are other short SFs that
are not cut by the presence of any NPs (figure 3.14 b)). In this case the fact that the SFs
were short can be attributed to the strain accumulated in the matrix of the YBCO due to the
presence of the NPs. The SFs propagation is limited by the strained regions present in the
matrix. It is assumed that a greater number of NPs will cause more strained regions in the
matrix that limit the SFs propagation. But, as it was mention, the mechanism is still
uncertain and a more in detailed analysis of this issue is needed.
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Figure 3.14 HAAD mag %M BZO+5M YO in which short SFs (indicated with white
arrows) are present. The increase in the concentration of NPs causes a reduction in the length of the SFs.

The SFs length reduction is something general in the mixt nanocomposite films, but
it is particularly noteworthy in the case of YBCO+10%M BZO+5%M YO films. In this
case, the concentration of short SFs is really high, much higher than in rest of
compositions. This will have important consequences in the physical properties of the
films, as it will be discussed in the next section.

3.3.3 Physical properties

Once the microstructure is completely characterized, it is time to study the physical
properties of the nanocomposite thin films and try to correlate them to the microstructure.

The critical temperature and the critical current density of the mixt nanocomposites
have been measured both by SQUID and transport measurements. The obtained results are
similar in both cases, for all the different compositions: T.~90 K and Jf (J. self-field) at 77
K~2,5-3,5 MA/cm? at 77 K These values are similar to those obtained for the pristine
YBCO films processed in the same conditions and with the same solution concentration
(Te~91 K, J~3-4 MA/cm?).

After that, it is important to check the behavior of the critical current density with
respect to the magnetic field. Figure 3.15 shows the normalized J. dependence with the
magnetic field, obtained from transport measurements, for the different mixt
nanocomposites and, for comparison, with pristine YBCO, YBCO+10%M BZO and
YBCO+6%M BYTO films processed in the same conditions. It is possible to conclude that
the mixt nanocomposites have a very similar behavior to single phase nanocomposites,
showing the typical “rounded” form at intermediate fields.

To understand the nanocomposite films behavior, J.(H) curves for H//c have been
analyzed. It is well established that the J.(H) dependence of YBCO thin films in a log-log
plot shows three different regions'®® '%. The first one is observed at low fields and, here,
there is a plateau of J. associated with a single vortex pinning regime. In this first region
vortex-defect interactions are dominant. As the field is increased, the concentration of
vortices is higher and the vortex-vortex interactions become relevant as the distances
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between them are smaller. In this region, which is found at intermediate field values, the
collective vortex motion is governed by a power law regime. At high field values, once the
irreversibility field is approached, J. drops very fast. In this third region, the pinning
properties are usually mainly dominated by anisotropic defects such as twin boundaries
which play an important role. At lower fields, the effect of the twin boundaries is not so
relevant because the isotropic defects dominate®® 184,

In the case of the nanocomposites, the three different regions are also found. But
there are differences with respect to the pristine YBCO samples. The first region is
extended to much larger magnetic fields. This is possible due to the additional defects that
are artificially introduced and which allows the maintenance of the single vortex pinning
regime up to higher fields. At intermediate fields, the decay of the J. in nanocomposites is
not so pronounced as in the pristine YBCO, as it is observed in figure 3.15. It causes
smoothed field dependence in this region in the case of nanocomposite films. This happens
because the collective vortex motion, that takes place in this region, is more difficult than
in pristine YBCO due to the presence of defects. Finally, at high fields, it is observed that
for the nanocomposite films studied in this thesis, in general, the J. drop occurs faster than
in the pristine YBCO (figure 3.15). At high fields, the twin boundaries are the most
relevant defects at H//c because of their anisotropic nature. The SFs break the coherence of
the twin boundaries and decrease the anisotropic pinning of these defects causing a faster
drop of the J.(H) curve than in pristine films when H//c'® %,

The fact that, in the case of the nanocomposite films studied in this thesis, the J.
drop occurs faster than in the pristine YBCO is not a general phenomenon. Other authors
have found that CSD (Y,Gd)BCO films processed under slightly different conditions than
in this thesis keep the coherence of straight twin boundaries and, then, J. drop do not
occurs faster that in pristine films but even takes place at higher magnetic fields™®.
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Figure 3.15 Normalized J.(H) dependence with the magnetic field at 77 K for mixt nanocomposites obtained
with transport measurements. Pristine YBCO, YBCO+10%M BZO and YBCO+6%M BYTO curves are also
included for comparison.
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In view of the previous results, it seems that the use of mixt nanocomposites, that
cause the presence of shorter SFs in the films, do not introduce any advantage in terms of
physical properties as compared to nanocomposites based on a single type of NPs. To find
something different, it is necessary to analyze figure 3.15 in more detail.

3.3.3.1 Changes in H*

As it was mentioned in the previous section, the most remarkable change in the
Je(H) curves of nanocomposite thin films with respect to pristine YBCO thin films is the
expansion of J; plateau, i.e., the extension of the single vortex pinning regime up to higher
fields. This is related to the increase of the defect concentration in which the vortices can
be pinned. To quantify this enlargement, a new variable, called H*, is employed. H* is the
crossover magnetic field from single vortex pinning to the collective pinning.
Mathematically is defined as (Eq.3-2):

]c(H*) =0, 6]c(sf) Eq 3-2

Applying this definition to the J.(H) curves that appear in figure 3.15, one can
extract the values of H* and use them to create the following graph by representing the
dependence of H* (at 77 K) with the SFs length (figure 3.16):
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Figure 3.16 H* at 77 K dependence with the Stacking Fault length for different nanocomposites.

Figure 3.16 shows a linear dependence between the H* values and the SFs length.
The shorter the SFs are, the larger the H*. This is clearly visible in the case of
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YBCO+10%M BZO+5%M YO. In this case, it was found that the SFs they were very
short and keeping a high concentration. As a result of this, the value of H* is the highest
reaching 0,4 T.

As it was said before, a larger H* implies a wider region in which single vortex
pinning regime is dominant. And, in view of the results, this is favored by the presence of
shorter SFs. This is easy to understand knowing that the SFs are surrounded by partial
dislocations which generate strained regions which are suggested to behave as pinning
centers®” 2, So, shorter SFs mean more pinning centers (more perimeter of SFs). The
results show that it is more relevant to have short SFs in low density than a high density of
long SFs. This can be observed in the YBCO+10%M BZ0O+5%M YO films that exhibit
high values of H* despite its low density of SFs.

3.4 Thickness effect in the structural and physical
properties of YBCO+10%M BZO nanocomposites

As it was mentioned in the introduction of this chapter, the problem of the thickness
increase in pristine YBCO films synthesized by ex-situ growth techniques has been widely
investigated 4% 13 19° 173177 185187 "Hyq\vever, in the case of the CSD nanocomposites, most
of the research has been done in 100-300 nm thin films (previous mixt nanocomposite
films had 200 nm). Although some authors have already demonstrated that nanocomposite
films up to 3 pum can be grown using multideposition of thin films™® 8 87 it js still
unclear the effect of the increase of the thickness of these nanocomposite thin films. In this
section YBCO+10%M BZO nanocomposites of different thicknesses were prepared in
order to study their structural and physical properties.

Here, it has been studied films with three different thicknesses: 200, 450 and 700
nm. The 200 nm films are deposited by spin-coating, the 450 nm films by spin-coating
multideposition (three cycles deposition/pyrolysis), and the 700 nm films by ink-jet
printing, a well-known technique within the Superconducting Materials and Large Scale
Nanostructures (SUMAN) department®%%*,

The films after pyrolysis are homogeneous and the used growth process was, for all
the different thicknesses, the “standard growth process”, already explained in section 3.3.

3.4.1 Effect of the thickness increase on the structural properties
The structural properties are studied by performing XRD measurements and TEM
images.
3.4.1.1 XRD analysis

XRD 2D 6-26 frames of the nanocomposite films reveal epitaxial YBCO and the
presence of randomly oriented BZO for all the thicknesses here studied (figure 3.17).
However, there are several differences between them.
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Figure 3.17. 2D XRD 6-260 frames (above) and the corresponding integrated spectra (below) of the
YBCO+10%M BZO films with different thickness in each case.

It can be observed that, as the thickness increases, the YBCO Bragg peak spots
become wider. This means that the YBCO texture is progressively degraded as the
thickness increases. This is something common when thin films are prepared and the
thickness is increased, as it was demonstrated in pristine thick YBCO films#% 23 195 173,
7% In summary, what is happening is that the supersaturation changes with film thickness.
And this occurs because, as the thickness increases, the Pyr decrease in the interface due to
the pressure gradient that the thickness increase causes. The H,O, the O, and the HF find
more difficulties to diffuse through a big volume and, therefore, at the growing interface,
the values of Py, 0, Po, or Py could be very reduced as compared to the optimal values for
a perfect c-axis YBCO growth™®* **°_ In the case of the nanocomposites this effect can be
even worse due to the presence of NPs that can disturb the gas path or the epitaxial growth
front. Therefore, the degradation of the texture is higher in the 700 nm films than in the

450 or 200 nm films (details on the supersaturation issues were explained in chapter 2,
section 2.1.3.1).
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It is also remarkable that thicker films present secondary phases visible in the XRD
of the figure 3.17. The presence of Y,0s3 is visible in the 700 nm film 2D XRD image and
the integrated spectrum. These secondary phases correspond to unreacted phases (trapped
intermediate phases) during the YBCO formation reaction indicating that the reaction to
form YBCO is incomplete. This means that the growth process used in this study is not the
optimum one for thick films and further optimization of the processing parameters is
needed. In the 700 nm film it is also observed the Bragg peak corresponding to
(103)YBCO. This shows that in this case random nucleation of the YBCO is also
happening.

Another relevant information obtained from 2D XRD images and the corresponding
integrated spectra is that the intensity of the (110)BZO ring is higher with the increase of
the thickness. This fact has an important consequence: the random fraction of the 450 and
700 nm films is 90% while in the case of the 200 nm films is 50% (figure 3.18).
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Figure 3.18. NPs Random fraction evolution of BZO with the thickness of the YBCO+10%M BZO films.
Square symbols correspond to the values obtained in this thesis while the triangle correspond to the value of
300 nm YBCO+10%M BZO film from Llordes et al”’.

The random fraction of the 200 nm YBCO+10%M BZO film shown in figure 3.18
is similar to the value found for the YBCO+10%M BZO+5%M YO (figure 3.7). In both
cases the BZO NPs tend to nucleate in a heterogeneous way on the substrate/YBCO
interface resulting in an epitaxial orientation. Also, on the other hand, homogeneously
nucleated BZO NPs can re-crystallize or rotate during the YBCO growth process
accommodating to the YBCO matrix and leading to an additional epitaxial contribution.
Therefore, the random fraction values can be reduced. However, this situation can change
drastically when the thickness is increased.
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The rise of the NPs random fraction when thickness increases could be attributed,
in principle, to the important decrease in the ratio substrate surface/matrix volume that
takes place going from 200 nm to 450 and 700 nm films. In this situation, the number of
BZO NPs that suffer a re-crystallization or rotation during the YBCO growth decrease due
to the changes in the nucleation conditions (the supersaturation changes affects the YBCO
but also the NPs nucleation) that occur in thick films. On the other hand, the amount of
BZO NPs that continue nucleating in a heterogeneous way in the substrate is maintained.
To demonstrate if this hypothesis is correct, some simple estimations can be made.

It is possible to calculate the mass of the BZO present in the films (5x5 mm? LAO
substrates): 1,3 ug for the 200 nm film, 2,9 ug for the 450 nm film and 4,6 ug for the 700
nm film. In the last two cases, the random fraction is ~90%. Assuming, as an extreme case,
that the remaining 10% of epitaxial BZO place at the interface (epitaxial BZO because
heterogeneous nucleation), there would be, in the case of the 700 nm film, 0,29 ug of BZO
at the LAO interface. Considering that the amount of BZO that nucleate at the LAO is
always the same, i.e., there are no changes in the heterogeneous nucleation of the BZO
whatever the thickness (this is confirmed by TEM images in which the amount of BZO
NPs at the LAO interface is maintained or, at least, do not increase, figure 3.19), in the
case of the 200 nm the 0,29 ug at the LAO interface corresponds to ~22% of the total
BZO. However, it was found experimentally (figure 3.18) that the epitaxial percentage is
50% (random fraction 50%), so the rest of the epitaxial BZO should come from the re-
crystallization or rotation of BZO NPs in the matrix. These simple estimations suggest that
the BZO NPs have an enhanced tendency to become epitaxial at small film thickness due
to the re-crystallization or rotation during the YBCO growth.

200 nm 450 nm

Figure 3.19 HAADF TEM images of YBCO+10%M BZO films of a) 200 nm and b) 450 nm. Picture c)
corresponds to the EDX map image b). BZO NPs at the LAO interface are marked with red arrows. These
images demonstrate that the amount of BZO at the LAO interface do not increase with the thickness.

The fact that in the case of the 200 nm films the random fraction was only 50% is
due to the big tendency to BZO re-crystallization or rotation during the YBCO growth is
well understood looking at figure 3.20. This figure shows several quench processes at
different temperature. It is observed that the peaks corresponding to BZO appear at the
same temperature (~770-780 °C) as the peaks of the YBCO. This means that the
heterogeneous nucleation of YBCO and the homogeneous and heterogeneous nucleation of
BZO happen in the same range of temperatures and, therefore, they are competing. As a
consequence of this, it is more probable that the BZO NPs re-crystallize or rotate within
the YBCO matrix to accommodate to the YBCO structure since the YBCO front reaches
the NPs just after the nucleation, especially considering that just after the nucleation the
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size of the NPs is smaller (5-10 nm) than the sizes that TEM measurements is detecting
(10-30 nm).

The nucleation of the BZO NPs at larger thickness changes in a similar way that in
the case of the YBCO nucleation. The increase of the homogeneous nucleation of BZO at
large thicknesses can be attributed to an enhanced supersaturation of thicker films as it was
already explained.

——810°C
—— 790 °C
——780°C

770 °C
—— 760 °C

30- —— 750 °C
—— Pyrolysis

26(°)
Figure 3.20. Quenches at different temperatures of 200 nm YBCO+10%M BZO films. First peaks of BZO
are marked with a red square and the first peak of YBCO with a blue one.

Another important information that can be extracted from XRD measurements is
the evolution of the nanostrain of the nanocomposites with the thickness. Figure 3.21
shows a comparison of the nanocomposites and the pristine YBCO films nanostrain values
as a function of the film thickness.

It is observed in figure 3.21 that the nanostrain increases with the thickness for both
pristine YBCO and YBCO+10%M BZO films. The values of nanostrain for the
YBCO+10%M BZO films are always larger than in the case of the pristine YBCO films
but, at higher thickness, the difference between these values decreases. Very likely, this is
caused by the fact that at large thicknesses the nanostrain is not only affected by the defects
created by the NPs, but also by other macroscopic defects associated to the texture
degradation observed by XRD (figure 3.17). The texture degradation indicates that the link
between different grains is not perfect. There is some misalignment between grains (small
angle grain boundaries) that creates strain and defects at the grain boundaries. This strain is
not locally homogeneous but act in the microscale, since the grain size is in the order of
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um. Therefore, when some texture degradation is observed in nanocomposite films, there
are two different contributions to the strain that is being measured: the local scale, or the
nanostrain, which is cause by the effect of NPs (the local distortions of the YBCO in the
surroundings of the NPs and the nanostrain associated to the partial dislocations in the
perimeter of the SFs are measured) and the mesostrain which is associated with the defects
generated in the grain boundaries. It is not possible to distinguish between both
contributions with the used XRD measurements, so the analysis of the measured strain has
to take into account both contributions.
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Figure 3.21. Nanostrain evolution with the thickness for pristine YBCO films and the YBCO+10%M BZO
films.

By calculating the incoherent interface it is possible to add these values to figure
3.10 and see if thicker films follow the general linear trend that was found for the 250-300
nm nanocomposite films (figure 3.22). As the thickness increases, it is observed that the
increase of the strain with the incoherent interface is, in any case, with a much lower slope
than in the case of 200 nm films (the line of 700 nm takes into account a pristine film of
950 nm and a nanocomposite film of 700 nm because no pristine film of 700 nm were
synthesized). This slope decreases as the thickness increases (slope for the 700 nm films is
lower than the 450 nm). This effect can be explained taking into account the mesostrain
contribution to the total measured strain. The increase of the strain measured in the pristine
films (those with incoherent interface=0) can only be attributed to the increase of the
mesostrain since no NPs are present. Therefore, in the case of the 450 and 700 nm
nanocomposite films, the increase of the strain has one part associated to the mesostrain
and another part associated to the presence of NPs (the difference between the strain of the
pristine film and its strain value). The fact that the slope in the case of 450 and 700 nm
decreases with respect to the 200 nm case, in which it is assumed that all the change in the
strain is due to the presence of NPs (local strain or nanostrain), is indicating that the
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presence of mesostrain is detrimental for the increase of the nanostrain when the NPs are
added to the nanocomposite films.
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Figure 3.22. Dependence of the strain on the incoherent interface of NPs for different film thickness.

3.4.1.2 Atomic scale structural analysis

The structural characterization has been complemented with TEM images and EDX
spectra. A general view and EDX map of the 450 nm YBCO+10%M BZO film is shown in
figure 3.23.

Figure 3.23. Cross-sctidh HAADF TEM image of 450 nm YBCO+10%M BZO film a) showing the
presence of BZO NPs and big unreacted phases. The EDX map b) demonstrates a fairly good homogeneous
distribution of BZO NPs through the thickness of the film.
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The most remarkable feature observed in these images is the presence of a great
amount of secondary phases with large sizes (> 100 nm). This is also extensible to the 700
nm film and certainly differs from the 200 nm film, as it can be observed in figure 3.12
(YBCO+10%M BZO 200 nm film). This confirms what it has been observed by XRD
measurements. It is also notorious, as it can be seen in the EDX spectrum of Zr, that the
distribution of BZO NPs is quite homogeneous throughout the thickness of the film. So, it
is possible to conclude that the homogeneous distribution of NPs is maintained despite the
increase of thickness and, therefore, the increase of the NPs random fraction mentioned
before probably asses from an enhanced supersaturation which increases the homogeneous
BZO NPs nucleation

However, looking closely at TEM images, one important detail becomes obvious.
There is a large amount of long SFs (> 100 nm) produced by the presence of the secondary
phases (cuprates, in this particular case, that were not detected by XRD) and not by the
presence of BZO NPs, as it can be observed in figure 3.24.

Figure 3.24. TEM image of 450 nm YBCO+10%M BZO film showing the presence long SFs (identified with
white arrows) produced by the unreacted phases (BaCuO, NPs) and not by the BZO NPs (red arrows).

In summary, the interface stress that is created in the thicker films (450 and 700
nm) by the presence NPs and other secondary phases is released mostly forming long SFs
in the surroundings of the unreacted phases. The long SFs do not create so much strained
regions in the YBCO matrix as the short ones. This also makes that the strain values for
450 and 700 nm nanocomposite films were not as high as it should be from the incoherent
interface values. If the secondary phases were not present, all the interface stress would be
released by forming short SFs in the surrounding of the BZO NPs resulting then in an
enhancement of the nanostrain values. Probably, even in this case, the difference between
the nanocomposite and the pristine films would not be as large as in the case of the 200 nm
film because of the presence of mesostrain, but it is sure that higher values would be
reached.

Considering this scenario, it would be possible, in principle, to transform figure
3.23 into figure 3.25 in which the dashed line (lines parallel to the black one, the one for
the 200 nm films) would be the hypothetic linear trend if the behavior of the thick films
were the same as the thin films. In this case, if the mesostrain and the unreacted phases
were not present, the behavior of the thick nanocomposites would be similar to the 200 nm
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nanocomposite films in which all the interface stress is released by the short SFs created by
the NPs and, therefore, they will follow the red and the green dashed lines. It could happen
as well that the intercept of these lines decreases if the mesostrain is also reduced, but it is
sure that the slope would be maintained in the optimum conditions. For these reasons, there
is still room for improvement (which is symbolized by the two arrows in figure 3.25) by
optimizing the growth conditions for the thick films.
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Figure 3.25. Dependence of the strain on the incoherent interface of NPs for different film thickness. The
dashed lines mark the hypothetic linear trend in the case that the secondary phases were removed and all the
contribution was caused by the BZO NPs.

3.4.1.3 Thickness effect on the physical properties

To study the effect of the thickness increase on the physical properties, SQUID
measurements were performed. The T, remains stable as the thickness increase. All the
films present a T, of 90-91 K. However, the values of the J; values at 77 K are dramatically
affected by the thickness increase as it can be observed in figure 3.26.

The decay in the J. values is present in the pristine YBCO and YBCO+10%M BZO
films, suggesting that the decay is not related to the presence of the NPs. Again this has to
do with the presence of the unreacted phases and mesostrain. The presence of secondary
phases or unreacted phases that act as “current blockers” reducing the effective area in
which the current can flow freely can cause the drop of the J5f at 77 K. The fact that the J3f
at 77 K values for the YBCO+10%M BZO are even lower is because here the NPs are
added to the secondary phases so, if the process is not well controlled; the NPs will
contribute to the drop of the critical current density
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Figure 3.26. SQUID measurements showing JSf at 77 K evolution with the thickness for pristine YBCO and
YBCO+10%M BZO films.

On the other hand, it is well known that the mesostrain reduces J3f values'® 3,
even when the grain misorientation is very low, due to weak-link behavior in the grain
boundaries and the strain accumulated here similarly to the tensile strain generated by
dislocations in low angle GBs®. It was shown that the increase of the thickness implies a
degradation of the texture due to the change of the supersaturation conditions. But also, it
was reported that the thickness increase involves the decrease of the grain density, the
increase of the grain size and, therefore, the increase of the internucleus spacing™* *°. The
consequence is that the intergranular connectivity among these large grains can become
poor and granularity effects could start to appear thus decreasing the J5f at 77 K values'**
%4 The granularity can be detected by performing hysteresis loops at low temperatures and
observing the displacement of the maximum of the magnetization at magnetic fields # 0%
194 Figure 3.27 shows how the maximum (indicated with arrows) of the J. at 5 K
(proportional to the magnetization) is displaced to higher fields as the thickness of pristine
YBCO films increases. This is an evidence of the increase of the granularity with the
thickness for pristine YBCO films.
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Figure 3.27. J. at 5 K evolution with the magnetic field for pristine YBCO films of different thickness
showing the displacement of the maximum (indicated with arrows) value of the J. to magnetic fields # 0.

Despite these limitations, the normalized J; at 77 K dependence with the magnetic
field for all the nanocomposites, whatever the thickness, shows the typical behavior of a
nanocomposite film: an enlargement of the vortex pinning regime to higher fields
obtaining smoothed J.(H) curves (figure 3.28).
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Figure 3.28. J. at 77 K dependence with the magnetic field at 77 K for the 450 nm pristine YBCO and
YBCO+10%M BZO films.
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Looking carefully at figure 3.28, it is possible to understand the consequence of
having a lower slope in the strain vs. incoherent interface plot (figures 3.22 and 3.25). In
the case of the 200 nm nanocomposite films, it is assumed that the increase in the
measured strain comes from the local strain (nanostrain), i.e., from the effect of the NPs
and the SFs. This nanostrain is responsible of the enhancement of the pinning properties, as
it was explained before, resulting in the black triangles curve. As the thickness is
increased, more defects start to appear in the pristine films (unreacted phases that create
long SFs) resulting in slightly smoothed curves as compared to the case of the 200 nm
pristine films (read and blue circle curves for 450 and 950 pristine YBCO films
respectively) Moreover, as it was explained before, the increase of the thickness implies
the generation of mesostrain. The mesostrain in the thick nanocomposite films is
detrimental for the nanostrain so the slope of the lines in figures 3.22 and 3.25 decreases
for the thick films. The lower the nanostrain is, the lower the pinning performances. This is
visible in figure 3.28 because the curves for the 450 and 700 nm nanocomposites films (red
and blue triangles curves) less smooth than in the case of 200 nm nanocomposite film.

In view of these results, it is possible to conclude that the lower the slope of strain
vs. incoherent interface plot is, the higher the influence of the mesostrain in detriment of
the nanostrain and the lower the difference between the pristine and the nanocomposite
films which means poorer pinning performances of the nanocomposite films.

However, and even with all these limitations, the nanocomposite films have higher
Je at high fields than pristine films, despite the low values of J£. In figure 3.29 the J. values
of the pristine YBCO and the YBCO+10%M BZO films of different thicknesses at 1T are
shown. The decay in the J; with the thickness is observed in both cases but the values of
the nanocomposites are always higher than those of pristine YBCO films.
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Figure 3.29. Jc at 77 K and at 1 T evolution with the thickness for the YBCO+10%M BZO and the pristine
YBCO and the films.
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In view of these results, it is clear that further optimization of the growth conditions
of both pristine YBCO and the YBCO nanocomposite thick films is required in order to
enhance the superconducting performances in both cases. To avoid the presence of
unreacted phases and improve the intergranular connectivity, thus limiting the granularity
effects, are mandatory issues to achieve this objective.

3.5 Synthesis of GABCO-Gd, 03 nhanocomposite films

In recent years it has been studied the replacement of Y** in YBa,CusO; by other
rare earth elements such as Neodymium (Nd), Samarium (Sm), Europium (Eu) or
Gadolinium (Gd) to form alternative REBa,Cu3O; (REBCO) and obtain improved
superconducting properties. However, the change of the Y** ion results in different
difficulties when the new REBCO compounds are synthesized. These difficulties are
related with the partial substitution of the Ba®* sites by large RE ions and the low stability
of the 123 phase in some of the REBCO compounds.

Despite these difficulties, several REBCO compounds have been synthesized.
Among them, the GdBCO highlights due to its excellent properties. In particular, the
increase of the T that is observed in both the GABCO bulk samples*®® and thin films*®
causes an upward shift of the irreversibility line which makes GdBCO a very promising
material for some applications.

First, GABCO samples were studied in form of single crystals™ and melt-
processed bulk samples'®” 1% %0 These first samples already revealed the great properties
of the GABCO compared with other REBCO compounds. The GdBCO thin films have
been prepared during many years by in-situ techniques. The properties of the thin films
synthesized by sputtering®®2%?, PLD?®® or MOCVD?®* have confirmed the results obtained
in the case of the single crystals and bulk samples.

In recent years, a large group of researchers have opted for the ex-situ growth
techniques to grow superconducting thin films at low cost and easy scalability. The case of
the GABCO is not an exception. In most of the works published in the preparation of
GdBCO thin films by CSD, the well-known TFA route was chosen. The superconducting
properties of GABCO thin films obtained by TFA route are really interesting. They show
values of J; of 2-4 MA/cm? and values of T, of 93-94 K which are similar than in the case
of GdBCO thin films synthesized with in-situ methods and sometimes even better than in
YBCO-TFA thin films™®® 20>2%

Despite that the TFA route is an extended and well-controlled process, the fact that
during the processing of the TFA-derived films HF is released to the ambient has made the
researchers to look for alternative solutions to the TFA. In this sense, the logical path is the
use of fluorine-free precursors leading to fluorine-free solutions. However, the fact that
using this solutions the synthesis of the YBCO is more complicated and tricky (the
reactions for YBCO formation are different)®®” 2 have determined scientists to look for
an intermediate solution.

These middle-point solutions are the so called “Low-Fluorine Solutions” (LFS).
The LFS solutions offer the possibility to reduce the F content and, therefore, the HF
release, maintaining the same reaction mechanism for the YBCO formation than in the
case of the TFA route which facilitates the procedure?’. The LFS are quite extended for

195
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the Eggparation of YBCO thin films, but minimal work is done in the case of GdBCO-
LFS™.

In this work, thin films of GABCO will be prepared using LFS solutions. The
advantages of the using LFS instead of TFA solutions will be explained in detail. The first
results (structure and superconducting properties) of the GABCO thin films using a new
LFS never used before will also be presented. It will be explained also the new developed
growth process called “Flash-Heating process” which is an alternative to the standard one
used in the case of the TFA-derived films. Finally, the first results of the preparation of
GdBCO-LFS nanocomposites will be reported. GdBCO+20%M Gd,0O3 films were
synthesized showing promising properties for the future use in power applications.

3.5.1 Features of Low-Fluorine Solutions

The formulation and the preparation of the GdBCO-LFS was explained in detail in
chapter 2. As a brief summary, just remember that the formulation is equivalent to solution
4 reported in Palmer et al with a 26% of the total volume of propionic acid, a 5% of the
total volume of trietanolamine (TEA) and methanol®?’, but changing the Y-TFA salt for
Gd-TFA salt. The typical molarity of the GABCO-LFS is 0,25 M leading to a 250-300 nm
films after all the processing steps.

The rheological features of the 0,25 M GdBCO-LFS are also very similar to those
reported in Palmer et al (Solution 4), as it can be seen in table 3.1'%".

YBCO-LFS | GdBCO-LFS
Viscosity (mPa.s) 9 10
Contact Angle 27 25
Water content (%owt) <2 <2
pH (in water) 4,2 4,3
Table 3.1. Rheological features of the GdBCO-LFStc;?P;;;?red to the YBCO-LFS (solution 4 from Palmer, X

3.5.2 Pyrolysis process: TFA vs. LFS

The pyrolysis process is used to remove the organic content present in the as-
deposited metalorganic solution. The pyrolysis process is a critical step in the CSD method
because the quality of the pyrolyzed films has a great influence on the final properties of
the films. Any kind of inhomogeneity will cause a decrease of the final performances of
the films, as it was demonstrated in the case of the YBCO films*".

In general, to achieve smooth and defect-free films after the pyrolysis process is not
an easy task. During this stage there is a strong film shrinkage due to the volatilization of
organic solvents and the decomposition of the precursors. In the YBCO films derived from
TFA solutions this shrinkage could be up to 50% of the initial thickness*’®.

Apart from this issue, in the TFA solutions there is an additional limitation related
with its chemical formulation. Due to its high Lewis acidity, the TFA salts are very
hygroscopic®®. The H,O-trifluoroacetate bonds are stronger than methanol-trifluoroacetate
bonds causing water absorption. This characteristic, joined to the fact that there is a big
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difference between the values of vapor pressure (P, y,0=23,8 mmHg and P, methanoi=122
mmHg at 25 °C) and surface tension (yy,0=72,86 MN/m and ymethano1=22,50 mN/m at 20
°C) of methanol and H,0, cause a distortion of the precursor species aggregation creating a
stress in the film. This stress is likely to cause instabilities in the layer forming buckling®™.

This effect is quite important in the case of the YBCO films'™®, and it is even more
important in the case of the GABCO-TFA films, as it was demonstrated in a previous work
dealing with GABCO-TFA films?'. In this work, it was shown how the water content and
the relative humidity affect the quality of the films. It was demonstrated that if the solution
has a water content higher than 2% or the relative humidity is higher than 6-7% during the
spin-coating process and higher than 40% during the pyrolysis, it is not possible to obtain
homogenous GABCO-TFA films. So, homogeneous GABCO-TFA films after pyrolysis can
be only achieved in a narrow window of conditions that lead to non-reproducible pyrolysis
processes. The rate of success using the 0,25M GdBCO-TFA solutions is lower than 10%
under the conventional conditions of the laboratory obtaining, mostly, films with buckling,
as can be observed in a typical case presented in figure 3.30.

Figure 3.30. Optical microscope image of the typical GABCO-TFA film after the pyrolysis process showing a
buckled surface.

3.5.2.1 Use of Low-Fluorine Solutions

Apart from the environmental benefits related with the use of non-fluorinated
compounds, most of the mentioned limitations associated to the TFA solutions can be
overcome with the use of Low-Fluorine Solutions (LFS). The benefits of this kind of
solutions comes from three different aspects related with its chemical formulation
(experimental part, chapter 2): the reduction of the TFA-salts content in the solution, the
use of Triethanolamine (TEA) as a ligand for the stabilization of the metal salts in the
solution and the use of propionic acid as solvent.

First, the reduction of the TFA salts allows achieving solutions with a lower water
absorption tendency. This will lead to a higher success ratio of homogenous films after
pyrolysis. On the other hand, the use of TEA as ligand, apart from its role as coordination
compound of the metal salts, helps to achieve a smooth release of the stress in the films
during the pyrolysis due to its elastomeric properties.

Finally, the use of propionic acid also helps to reduce the water absorption of the
solution. This fact has been demonstrated by a set of experiments carried out by Prof. Pere
Roura and Dr. Hichem Eloussifi from Girona University. The experiments were performed
by spreading the solution over a glass disk and then measuring the mass change due to the
water absorption using a microbalance and leaving the sample in air. As it observed in
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figure 3.31, the addition of propionic acid to both the GABCO-TFA and GdBCO-LFS
solutions leads to a decrease of the mass change due to the water absorption.

The reduction of the fluorine content and the presence of propionic acid in the
solution cause much lower water absorption of the LFS solution than the TFA solution.
Actually, the water content does not overcome the 2%. This fact can be observed in figure
3.31 in the case of GABCO solutions and it was also observed in the case of the YBCO
solutions*®’. These results can be explained by the presence of coordination compounds
(TEA or propionic acid) to the metal atoms in the salts thus preventing their coordination
with water molecules.
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Figure 3.31. Mass change at room temperature in air due to the water absorption of GdABCO-TFA and
GdBCO-LFS solutions and the same solutions with the addition of propionic acid.

The typical appearance of the GABCO-LFS films over LAO after the pyrolysis is
shown in figure 3.32. The fact that the GABCO-LFS solutions absorb less water than
GdBCO-TFA solution, together with the presence of the TEA that confer enhanced
elastomeric properties to the system, makes that the rate of homogeneous films obtained
after the pyrolysis increases from 10% to almost 95% in the case of 0,25M GdBCO-LFS.

Figure 3.32. Optical microscope irﬁége of a typical GABCO-LFS film after the pyrolysis process showing a
homogeneous surface.
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This fact reveals the convenience of changing from TFA solutions to LFS. The used
thermal process is the same as in the case of YBCO-LFS which is nothing more than a
modified “standard pyrolysis process” in which the dwell temperature is increased to 500
°C with a higher gas flow (0,12 I/min)'?’. The rest of the parameters remain untouched..

3.5.3 Growth process: Flash-Heating process

Once the pyrolysis process leads to homogeneous films, the films are grown. In the
case of the pyrolysis of GABCO-LFS films, it was possible to use the same thermal profile
than in the case of the YBCO-LFS. However, in the case of the growth process this is not
possible because the crystallization conditions for achieving epitaxial GdBCO are
different.

Looking at the phase diagram reported by Iguchi et al, one realizes that the stability
line is shifted towards higher temperatures compared to YBCO*® %2 This suggests that
the “standard growth process” described for the case of the YBCO has to be modified for
GdBCO growth. In the “standard growth process”, the crystallization temperature was set
at 810 °C, the Py, is 200 ppm (1,2.10"* I/min).

Most of the works related with the GdBCO synthesis by CSD use higher
crystallization temperatures and also a lower values of Py '** 2 2% This was also
confirmed in the previous author’s work for the case of the GABCO-TFA films?. In this
work, it was demonstrated that the use of modified process in which the crystallization
temperature was increased to 820 °C and the P,, was decreased to 100 ppm (6.10° I/min)
leads to a perfect epitaxial GdBCO films from TFA solutions with excellent
superconducting performances (T.=91,1 K and a J;=2,7 MA/cm?). The oxygenation was
maintained at 450 °C.

However, the use of this modified standard process in the case of the GdBCO-LFS
did not lead to satisfactory results. It is observed the presence of randomly oriented grains
reflected by the intensity of the (103)GdBCO Bragg peak as well as the intensity of
(200)GdBCO Bragg associated to the formation of a-b nucleated grains (figure 3.33).
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Figure 3.33. 2D XRD 6-26 frame a) and integrated pattern b) of a GABCO-LFS film grown using the
modified standard process.
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In order to encounter the reason why the films do not crystallize only with the c-
axis epitaxial orientation, a quenching study was performed. The growth process is
suddenly stopped at different temperatures during the heating process and the XRD
patterns of the resulting films are analyzed. The results reported in figure 3.34 clearly show
the origin of the problem. What happens is that the crystallization conditions of the
modified standard process favors the nucleation of the randomly oriented grains
(103)GdBCO prior to the c-axis oriented epitaxial grains. It is observed that between 710
and 725 °C the (103)GdBCO Bragg peak starts to appear while the epitaxial Bragg peaks
appears between 750 and 790 °C. This means that GdBCO has, at these temperatures, an
excessive supersaturation and homogeneous nucleation may be competitive enough with c-
axis nucleation (see figure 2.11, chapter 2).
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Figure 3.34. XRD patterns of quenched GdBCO-LFS films at different temperatures showing the nucleation
of randomly grains before than the epitaxial grains.

3.5.3.1 Flash heating process

In view of the results from figure 3.34, it is clear that the conditions that are used in
the modified standard process are not the optimum conditions for the epitaxial growth of
the GABCO-LFS films.

The GdBCO phase is being nucleated at temperatures in the order of 710-725 °C.
But, at these temperatures the nucleation of both a-b and randomly oriented grains is
favored because, probably, the supersaturation in this range of temperatures is too high.
The nucleation of c-axis oriented grains is more favorable at high temperatures. Therefore,
it is interesting to accelerate, as much as possible, the transition through these intermediate
temperatures, not allowing enough time to the nucleation of undesired GdBCO
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orientations. The dwell temperature is reached faster in this way, favoring the nucleation of
c-axis grains.

With this aim, the “flash heating process” was designed. This process is similar to
the one reported by Erbe et al **%. The furnace is first pre-heated at the dwell temperature
(820 °C in this case) and then the film is introduced directly at this temperature. With this
procedure it is possible to reach heating ramps of ~400 °C/min versus the 25 °C/min of the
original process. The XRD patterns of the films grown using this type of process are
presented in figure 3.35. A perfectly epitaxial GABCO films with no presence of other

orientations or other phases are achieved. The calculated strain value for these films is
0,15+0,01%.
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Figure 3.35. 2D XRD 6-26 frame a) and integrated pattern b) of GdABCO-LFS films grown with the flash
heating process.

Despite that the XRD patterns do not show the presence of other orientations, in the
SEM images (figure 3.36) it is possible to still observe a small amount of a-b grains.

Figure 3.36. SEM image of a GABCO film prepared bflsheatig pres showing a small amount of a-b
grains (indicated with white arrows).

This means that there is still room for improve the process. One possibility to
improve the results and avoid a-b grain formation is to synthesize first an YBCO layer that
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acts as buffer for the GABCO top layer transferring the completely epitaxial orientation
that is possible to achieve with the YBCO films. Another way to improve the quality of the
GdBCO films would be to work at even higher temperatures and lower oxygen pressures
because, according to the phase diagram of GdBCO, in this way it is possible to get closer
to th(zelzstability line of the GABCO which would improve the epitaxial growth of the
films=.

Despite that, as it was just mentioned, the growth process could be optimized; the
superconducting properties of the obtained GdBCO films are fairly good. The critical
temperature of these films reaches 92,8 K which is in accordance with the results of the
reported GABCO-TFA and GdBCO-LFS films™® #3 13 However, the values of the J5f at
77 K remain at ~1,5 MA/cm?. It is likely that the presence of a small amount of a-b grains
is still limiting the values of the ] acting as current blockers.

3.5.3.1.1 Granularity in GABCO films grown with Flash-heating process

Apart from the presence of a-b grains, another problem has been identified in the
GdBCO-LFS films that also restricts the J; values: the granularity.

It was demonstrated that the granularity causes a decrease of the J5f1% 1% The
existence of granularity can be identified by performing hysteresis loops at different
maximum applied fields. Figure 3.37 displays a set of such hysteresis loop measurements
with a maximum magnetic field of 8 kOe. It is observed that the maximum value of the
magnetization at the reverse branch appears approximately at an applied field of 500 Oe.
For a single crystalline superconducting film this would be expected at 0 Oe. This
displacement of the maximum value of the magnetization at higher fields is attributed to

granularity effects?*.
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Figure 3.37. Hysteresis loops at different fields in a GABCO-LFS film grown with the flash heating process
showing a displacement of the maximum of the magnetization.
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The granularity is characterized by the existence of two different critical current
densities: one inside the grains (J$) and another one associated with the grain boundary
network (JSB). It is possible to obtain J¢ by applying the method reported by Palau et al*®.
The obtained J$ for the GABCO film reported in figure 3.38 applying the method are: J&(5
K)~40 MA/cm? and J$(77 K)~5 MA/cm?.

These results show that if the granularity is avoided by improved processing
conditions, the performances of the GABCO-LFS films might be largely enhanced.

3.5.4 GdBCO-Gd,05; nanocomposites

The last part of the work with the GdBCO-LFS films was devoted to the
preparation of GdABCO nanocomposites by using Low-Fluorine solutions. In this case, the
chosen secondary phase was Gd,O3; NPs that it is expected to be the simplest alternative
for the growth. The preparation of the solution was the same as in the case of the standard
GdBCO-LFS but with an excess of Gd-TFA salt. During the growth process, the Gd,O3
NPs are spontaneously formed (in-situ nanocomposites). The excess of the Gd-TFA added
leads to the formation of a GABCO-LFS+20%M Gd,O3 films. The amount of NPs that is
introduced is quite high, but it was chosen like this in order to detect clearly the real effect
of the NPs.

The films were pyrolyzed using the same process as in the case of the pristine
GdBCO-LFS and they were grown using the “flash heating process” which, as it was
demonstrated before in the case of the pristine GABCO films, leads to reasonably good
results. The XRD patterns after the growth process are shown in figure 3.39.
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Figure 3.39. 2D XRD 6-260 frame a) and integrated pattern b) of a GABCO-LFS+20%M Gd,Os film grown
using the flash heating process.

The obtained films displayed a high degree of epitaxial structure. There is only a
small amount of randomly oriented grains, as evidenced by the presence of a low intensity
(103)GdBCO Bragg peak. The peaks corresponding to Gd,O3 can also be observed. This
confirms the formation of the Gd,O3 phase during the growth process. The presence of the
Gd,O3 NPs makes that the nanostrain of these films reach 0,24+0,01%, which is
comparable with the mixt nanocomposites already explained in this chapter. It has to be
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taken into account that this value of the strain has the contribution of the nanostrain and the
mesostrain (if in the pristine GdBCO films there is granularity, in the GdBCO
nanocomposites film even more).

The observed features in the XRD patterns are confirmed by TEM images. Figure
3.39 a) shows a perfect c-axis oriented GABCO phase with the presence of SFs (white
arrows). Figure 3.39 b) shows the presence of Gd,O; NPs within the GABCO matrix
causing distortion in the surroundings and the formation of SFs justifying the high value of
measured nanostrain.

B R

Figure 3.39. TEM images of a GABCO-LFS+20%M Gd,0; film. Picture b) shows two superimposed Gd,Os
NPs.

The superconducting properties of the GdABCO-LFS+20%M Gd,O3 nanocomposite
films turned out to be enhanced as compared to those of the pristine GABCO-LFS films
and similar to the reported values on GdBCO+BHO nanocomposite films®™. The T,
remains at the same value of the previous case, i.e., 92,7 K (this does not occur in the case
of the YBCO nanocomposites in which the T, usually decreases at least 1 K, as it was
previously mentioned) but in this case the JSf at 77 K reaches 3,2 MA/cm? which is the
double of the pristine films.

The normalized J. dependences with the magnetic field for the pristine GdBCO-
LFS and for the GABCO-LFS+20%M Gd,O3 are presented in figure 3.40 together with the
pristine YBCO and some YBCO nanocomposites dependences for comparison. The
GdBCO+20%M Gd,03 curve shows the typical smoothed field dependence that is
commonly observed in the best nanocomposites.

It is observed in figure 3.41 that the normalized J. dependence with the magnetic
field for the GdBCO+20%M Gd,O3 film is very similar to the YBCO+10%M BZO
nanocomposite films and much smoother than in the case of the YBCO+10%M Y,03 or
the pristine GABCO film. This demonstrates that the GdBCO+20%M Gd,O3 films enhance
the pinning performances at least at the same level as the YBCO+10%M BZO
nanocomposites. It is also noticed that the difference between the pristine GdBCO film and
GdBCO+20%M Gd,03; films dependences are smaller than in the case of the
YBCO+10%M BZO film compared with the pristine YBCO films. This phenomenon can
be attributed to the persistence of some granularity that can increase the mesostrain values
causing a similar effect than in the case of the thick films previously commented. Further
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characterization of the transport properties of these GABCO nanocomposite films is
expected to be carried out in the near future at ICMAB.
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Figure 3.40. J. dependence with the magnetic field curves for the pristine GdBCO-LFS and GdBCO-
LFS+20%M Gd,Os films. It have been also included

T T T T T T T

3.6 Conclusions

In this chapter the CSD in-situ approach was used to prepare nanocomposite films
of different NPs compositions. It has been studied the effect of mixt compositions
(BZO+YO, BZO+BYTO, BYTO+YO, BYTO+CuO) on the microstructural and physical
properties. In particular, the focus was in the study of how the SFs scenario affects them. It
was also analyzed the effect of the thickness increase, again, in the structural and physical
properties. And, finally, the structure and the properties of GdBCO-Gd,O3 nanocomposite
films from LF solutions were also investigated. Through this study the following
conclusions were reached:

e It is possible to increase the NP concentration up to 15%M without coarsening and
obtaining epitaxial YBCO nanocomposites by using mixt compositions of NPs
(BZO+YO, BZO+BYTO, BYTO+YO, BYTO+CuO). This is not possible (with the
same processing parameters) using only one kind of NPs because the coarsening
effects start to be too strong when a certain limit of concentration is exceeded
(10%M for BZO and 6%M for BYTO). The resulting films show high values of
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random fraction (> 90%) and nanostrain (0,22-0,24%), which are comparable with
the values obtained for the optimum concentration of the simple nanocomposites.
By using mixed composition nanocomposites it is possible to reduce the length of
the SFs with respect to the pristine YBCO, YBCO-BZO and YBCO-BYTO
nanocomposites. Although the reasons for that are still unclear, one possibility that
could explain this effect is that the increase of the NPs concentration maintaining
small sizes prevents the SFs expansion to large areas. The NPs breaks the SFs in
small pieces. The shortest SFs are found in the YBCO+10%M BZO+5%M YO
nanocomposite.

The physical properties of the films are influenced by the length of the SFs: the
shorter the SFs are, the larger the vortex pinning effects, as reflected in larger H*
values.

Epitaxial YBCO+10%M BZO nanocomposites with thicknesses up to 700 nm were
achieved by using the CSD methodology.

It was found that the increase of the film thickness influences the superconducting
properties. Despite that T is maintained, the J; values showed a clear decrease at
large thicknesses. This is attributed to the great amount of unreacted phases found
in the films that act as current blockers itself and to the granularity effect that
appears at high thickness probably due to the change in the supersaturation
conditions during the growth of films with large thicknesses. Therefore, it is not
related with the NPs introduction but with the growth process that needs to be
further optimized to complete the formation reaction and to keep a highly textured
structure with improved grain connection.

In thick films, the pinning performances are limited by the presence of mesostrain
associated to granularity and the presence of long SFs generated by the unreacted
phases. In this way the nanostrain, linked to NPs effects and the associated defects
(short SFs), have a minor contribution and the pinning properties are reduced.

The preparation of GABCO thin films has been revealed as a complicated task. The
sensitivity of the GABCO-TFA solutions to the ambient humidity has lead to the
development of a new Low-Fluorine Solution with a formulation never used before
in the preparation GdBCO thin films by CSD method.

The developed Low-Fluorine GdBCO solution solves the problem of the
homogeneity of the film after the pyrolysis process. It avoids using most of TFA
precursor salts (highly hygroscopic compounds) and the presence of propionic acid
and TEA (coordination agents) helps to prevent the water absorption that can derive
in buckling formation and degradation of the texture quality. Also, the presence of
TEA gives the system elastomeric properties that help to release the stress
generated during the shrinkage without causing inhomogeneities.

The rate of homogeneous films after the pyrolysis reaches 95% with the new
GdBCO-LF solution while in the case of the GABCO-TFA solutions the rate was
below 10%.

The growth of epitaxial GABCO-LFS films requires redesigning the growth thermal
profile because the use of the standard growth process leads to polycrystalline
films. The new designed thermal profile called “flash heating process”, in which
the heating ramp reaches ~400 °C/min, allows the achievement of epitaxial films
and it drastically decreases the amount of a-b grains.

The superconducting properties of the GABCO-LFS films are close to the best
reported values. The T reaches 92,8 K while the J$f at 77 K reaches values of 1,5
MA/cm?. However, this J; value is still limited by granularity effects and, therefore,
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the flash-heating growth process should be further optimized. The value of the JSf at
77 K inside the grains is ~5 MA/cm?® which suggests that there is still a lot of room
for improvement.

e The flash heating process was also used to grow successfully GdBCO-Gd,03
nanocomposites. GABCO-LF solutions were prepared with an excess of Gd-TFA
precursor salt to generate a GdBCO-LF+20%M Gd,O3; solution. These
nanocomposite films show the typical features already observed for the YBCO
nanocomposite films and also improved properties than in the case of the pristine
GABCO-LFS films. The T, is 92,7 K while the J. goes up until 3,2 MA/cm?, value
that is still limited by granularity effects.
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CSD Ex-Situ Nanocomposite Thin Films

This is the second chapter devoted to the CSD-YBCO nanocomposite thin films.
Here, the novel “ex situ” CSD approach for YBCO epitaxial nanocomposite films growth
is presented. The name “ex-situ nanocomposites” is related to the approach used to prepare
the YBCO nanocomposite films following the CSD methodology. The used methodology
relies on preparing colloidal solutions of preformed crystalline oxide nanoparticles through
easily scalable and facile solvothermal or microwave-assisted solution methods. The
combination of these colloidal solutions with the YBCO solutions will lead, after the
deposition and the corresponding thermal processes, to embedded NPs in the YBCO
matrix. This novel approach is as an attractive alternative to the conventional CSD in-situ
approach to overcome some limitations found in the latter such as the poor control of NPs
size or NPs reactivity. This approach has been developed for the first time in the
Superconducting Materials and Large Scale Nanostructures (SUMAN) group at ICMAB
within the framework of the European project “European Development of Superconducting
Tapes (EUROTAPES)”

In the ex-situ approach there are many parameters than can influence the final
performances of the YBCO nanocomposite films, from the NPs synthesis to the YBCO
crystallization process, making this route very attractive to tune the nanocomposite
properties but also very challenging. In this chapter, it is presented the basis and the
general methodology of this route and three case examples. A sketch of general validity of
the steps involved in this new approach and the relevant growth phenomena are provided.
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4.1 Introduction

The preparation of REBCO and, in particular, YBCO nanocomposites films by
CSD has been traditionally performed by the in-situ approach (described in chapter 3). The
use of the in-situ nanocomposites approach has allowed the increase of the pinning
performances. However, the use of this approach requires, in order to achieve the desired
properties, a fine control of the processing parameters which makes it very challenging. It
would be worthwhile, therefore, to define new synthetic routes where an extended
compositional spread could be explored and modified nanostructure control paths could be
defined. And the ex-situ approach is now appearing as an alternative potential path to
prepare REBCO nanocomposite films.

4.1.1 In-situ vs. ex-situ approaches

As described in chapter 3, the name “in-situ nanocomposites” refers to the fact that
the NPs are spontaneously segregated within the YBCO matrix from a complex
metalorganic solution growth thermal process (figure 4.1). The processing parameters of
the growth process determine the NPs nucleation and distribution within the YBCO matrix.

The superconducting properties and the pinning performances of these CSD in-situ
YBCO nanocomposites thin films are excellent as it was shown in chapter 3 and different
reported works®" 1% 25 However, the comprehension of the complex growth mechanisms,
involving kinetic and thermodynamic effects, forced to use multi-step processing paths to
achieve control of the separate nucleation and growth processes of the two crystalline
phases forming the nanocomposite’®*.

The use of the CSD ex-situ approach consists of synthesizing oxide NPs that are
stabilized in alcoholic solution forming colloidal solutions. The NPs suspension is
subsequently mixed and stabilized in the metal-organic TFA precursor solution, used for
YBCO film growth, to form a stable colloidal solution with the desired nanoparticles
concentration (figure 4.1). After the deposition and growth of the films, the NPs are
embedded in the matrix. A key advantage of this novel approach is that a tight control of
the composition, particle size, and concentration of the nanoparticles becomes possible.
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Figure 4.1. Scheme of the CSD in-situ and ex-situ approaches to prepare superconducting YBCO
nanocomposites.

Previous work on YBCO nanocomposites using Au NPs colloidal solution was
firstly reported within the SUMAN group®*®. However, the choice of Au NPs was not
satisfactory due to their ability to locate on the top surface of the YBCO films and
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sublimate at high temperatures. From this work and up to now, only limited progress has
been made about YBCO nanocomposites grown via CSD-MOD ex-situ approach'™. In this
work, an extensive study using a wide variety of colloidal oxide nanoparticles (CeOo,
ZrO,, CoFe;04) which allowed the comprehension of the growth mechanisms to achieve
epitaxial YBCO nanocomposites is presented.

4.1.2 Ex-situ approach challenges

Although the basis of the ex-situ approach seems very easy, there are many
challenges to be faced. Most of them are related with the stability of the NPs when the
colloidal solution is mixed with the YBCO precursor solution including aggregation and
precipitation of NPs. In order to prepare competitive YBCO nanocomposites it is necessary
to achieve colloidal solutions with: i) small NP size, ii) NPs stability in polar and acidic
environments (like the TFA-YBCO solutions) and iii) avoid NPs aggregation.

After that, the pyrolyzed films have to be homogeneous. This is not an easy task
due to the strong influence of the ligand (discussed in the following pages). Furthermore,
during the growth process it is necessary to avoid some phenomena as NPs coarsening,
NPs pushing to the surface or the possible reactivity that can take place at this stage.

In the next pages, the first study of the complete process associated with this novel
growth route is exposed. Crystalline oxide magnetic (MnFe,O, and CoFe,O4) and non-
magnetic (CeO; and ZrO,) NPs were used. For each kind of NP, the synthesis process will
be detailed and also the properties of the obtained thin films. An explanation of the
problems encountered in each step and the proposed solutions will be also shown.

4.2 NPs synthesis process

The first step in the ex-situ route is the synthesis of the NPs. This is a critical step
because the final quality of the films will depend largely on the characteristics of the initial
NPs. NPs synthesis is beyond the scope of this thesis and, therefore, they were provided by
two different groups that have a wide experience in this topic: “Inorganic nanoparticles and
functional ligands” within the Inorganic Chemistry Department of Autonomous University
of Barcelona (UAB)?*"?** and “Sol-Gel Centre for Research on Inorganic Powders and
Thin Films Synthesis (SCRiPTS) at the University of Ghent (UG)?%%2%.

Both groups used the so called “solvothermal synthesis process” for the synthesis of
NPs??*??" The advantages of the solvothermal method with respect to other methods
(hydrolysis or the oxidation processes) are the versatility, the small sizes that can be
obtained (< 2 nm) and the wide range of concentrations of the final colloidal solutions that
can be achieved (13-256 mM) which matches de requirements for our YBCO
nanocomopsites described above. The basic principles of the solvothermal process are
shown in figure 4.2.

The NPs precursors are mixed with a solvent and a ligand (to act as stabilizing
agent) and then the as-prepared solution is heated in a hot plate, a furnace or a microwave.
If the solvents that are used are alcohols, the process is called polyol process®'®. During
heating, the first NPs nuclei are formed by thermal activation. The formation of nuclei
occurs until a certain supersaturation degree of the system. In this moment, the nuclei start
to grow. The growth is limited by the temperature, the time and the ligand. By controlling
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the concentration of the ligand one can achieve small steric stabilized NPs with no
aggregates (figure 4.2). The NPs are stabilized due to the polymeric behavior of the ligand
that prevents the contact between the NPs. This kind of stabilization is called steric.

Stabilizing compound

(TREG, BnOH, etc)
. e
Solvent
NPs precursor (Ligand)
R—7 R
R
Ol N AT Steric stabilization of the NPs
7 AT 4 e i
o= - ‘
Triethylene glycol (TREG),
~r Benzyl alcohol (BnOH), ete

M= Ce, Mn, Fe, Ru, ...
R= CH;, Ph, CF;, ...

TEM image of synthesized NPs
Figure 4.2. Scheme of the solvothermal synthesis process.

At this point the synthesis itself is over, but to be used in YBCO films, it is
necessary to carry out more steps. First, the NPs are purified to separate them from the
excess of ligand and then, optionally, a ligand exchange is performed. The ligand exchange
is made sometimes because the compatibility of a certain ligand with a certain solution is
not good or because the NPs stability with a certain ligand is really low. The complete
process that used both groups is presented in figures 4.3 (CeO,-UAB case) and 4.4 (ZrO,-
UG case).

Ce (acac); + TREG
Ce (Ac): + TREG

Ultrasounds during ~10 min
A 4

Thermal treatment

A\ 4
Purification process

A 4

Ligand exchange (to obtain aggregate-free NPs in polar solvents)

Figure 4.3. Sketch of synthesis process and ligand exchange of UAB group to obtain a colloidal solution of
CeO, NPs in methanol using decanoic acid as ligand.
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ZrCl, + BnOH

Stir at 60°C until dissolution (~ 10 min)
\ 4

Thermal treatment

A 4
Purification process

\ 4
Surface functionalization (to obtain aggregate-free NPs in a-polar solvents)

A 4
Ligand exchange (to obtain aggregate-free NPs in polar solvents)

Figure 4.4. Sketch of synthesis process and ligand exchange of UG group to obtain a colloidal solution of
charge stabilized ZrO, NPs in methanol.

In the UAB case, the complete process is shorter and easier than in the UG case. In
figure 4.3 it is shown the particular example of the synthesis of CeO, NPs in triethylene
glycol (TREG) ending with a colloidal solution of these NPs in decanoic acid (HDEC)
after the ligand exchange, but it is extensible to any other kind of NPs. The main difference
between TREG and HDEC is the viscosity as the value of the TREG is 47,8 cP at 20 °C
while the value of HDEC is 4,3 cP at 50 °C. This difference has important implications as
it will be explained later. Similar synthesis processes are used to prepare the rest of the
UAB NPs. Following this procedure, the UAB synthesized the MnFe,O, (MFO), the
CoFe,04 (CFO), the CeO, and some of the ZrO, (ZrO,-UAB) NPs used in this thesis.

On the other hand, the UG process is a little bit more complicated as can be seen in
figure 4.4. This figure shows the case of charge stabilize ZrO, NPs in methanol, but it is
also applicable for any other kind of NP. In the particular case of figure 4.4, they produce
charge stabilized NPs because of the use of ZrCl, as precursor which cause the presence of
HCI during the reaction. This happens due to the fact that the steric stabilization occurs or
not will depend on the NPs precursors that are used. If the precursors are chlorides and the
solvent BnOH, the reaction causes the apparition of hydrochloric acid (HCI) which is
adsorbed on the surface of the NPs causing charge stabilization. The charge stabilization is
based on the repulsion between NPs due to the zeta potential that exists because of
particle's surface charge in solution. The particular distribution of the ions in the NPs
surface causes the apparition of an ultimate layer of positive or negative ions that cause the
repulsion between NPs. However, these charge stabilized NPs, after the purification, are
aggregated. To avoid this agglomeration, they perform a surface functionalization by
adding dodecanoic acid, oleylamine (to make sure that the HCI is removed from the
particles surface) and chloroform to the NPs. By re-dispersing the NPs, they achieve
aggregate free sterically stabilized NPs in nonpolar solvents (chloroform). However, this
solvent is not compatible with the YBCO-TFA solution in which the solvent is methanol,
so they have to change the solvent from chloroform to methanol. To do that, they perform
a ligand exchange by adding acetone (to remove the Hgogec), @an amino acid and TFA
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(trifluoroacetic acid) ending with a charge (electrostatic) stabilized NPs colloidal solution.
With this procedure, the UG supplied another part of the used ZrO, (ZrO,-UG) NPs.

4.2.1 NPs characterization

Once the synthesis, the ligand exchange (if necessary) and the change to polar
solvents is completed, the characterization of the NPs is required both in powder and in
colloidal solution to find out if they fulfill the requirements for preparing the YBCO
nanocomposites.

4.2.1.1 XRD measurements

To perform the XRD measurements it has been used the solid precipitate obtained
after the purification process. From figure 4.5 it is possible to conclude that all the
synthesized NPs are crystalline. However, different crystal structures were found. The
MFO, CFO and CeO, NPs have a cubic structure while in the case ZrO, NPs the structure
iIs monoclinic (the spectrum shown in figure 4.5 is valid both for the UAB and UG NPs).
The different intensities present in the different spectra are related with the different
amount of NPs powder used to carry out the measurements.

MnFe,O, NPs CoFe,O4 NPs
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- = - L o P <
o £ % = S ¢ s o g
= . ¢ 5 30 28 2 g s
’ s o Q
© 1000} & 2 e 2 S =
— 8 5 150F I 2
O L 1 0 T T T
30 40 50 60 30 40 50 60
26(°) 20(°)
CeO, NPs ZrO, NPs
120— 1201—
o] e
S N ¢
= T s g
801 £ 801 1 £ 3

{220)CeO,

30 40 50 60 30 40 50 60
20(°) 26(°)
Figure 4.5. XRD spectra of NPs powders just after the synthesis.
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These NPs are synthesized to be used in YBCO thin films. So, it is very important
to check if they maintain the crystalline phase under the YBCO processing conditions or,
conversely, they decompose and/or transform into other phases. To investigate that, the
NPs powder are exposed to the “standard growth process” (which will be the growth
process used to later prepare the ex-situ nanocomposite films) and then new XRD
measurements are done on the resulting powder.

From the spectra shown in figure 4.6, it is concluded that CFO and ZrO, NPs
maintain their structure after the thermal treatment at high temperature. The only change
observed in the spectra is a narrowing of the peaks that is associated to a coarsening effect
(the NPs aggregate forming bigger particles) and a better definition of the peaks as a
consequence of the re-crystallization of the NPs. Same results are reported for the CeO,
NPs?®. However, it is observed that the MFO NPs decompose at high temperature forming
mostly Fe,O3 phase. This means that they lose their structure at high temperature and also
their magnetic properties. Therefore, the MFO are discarded for their use to prepare YBCO
nanocomposites.
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Figure 4.6. XRD spectra of NPs powders showing the comparison between the NPs just after the synthesis
(black lines) and after being exposed to the “standard growth process” (red lines).
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4.2.1.2 NPs stability

The NPs stability in the YBCO colloidal solution is critical. The stability is defined
as the time that NPs takes to precipitate and it is checked by naked eye. The stability of the
used NPs in the YBCO solution is shown in table 4.1. It is important to remark that,
although one solution remains stable during a long time, this does not mean that the NPs
do not suffer changes. Other effects, as aggregation, could occur before precipitation.

NPs Stability
CeO, TREG | >1year
CeO, HDEC | 3-4 hours
CFO-TREG | > 1 month

ZrO,-UAB | 3-4 hours

ZrO,-UG | > 6 months
Table 4.1 Stability of the different YBCO+NPs colloidal solutions used in this work.

4.2.1.3 DLS measurements

In order to determine the NP size of these colloidal solutions, Dynamic Light
Scattering (DLS) technique (described in chapter 2) is used. These measurements are very
important as they give information about the degree of aggregation of the NPs which has
direct consequences on the preparation of the YBCO nanocomposites films and on the
final properties of the films. Figure 4.7 shows the DLS measurements performed on all
YBCO-NPs solutions used to prepare YBCO nanocomposites films.

Important information can be extracted from figure 4.7. First of all, the NPs that
used HDEC as ligand, i.e., the CeO, and ZrO, NPs from UAB, tend to agglomerate
forming big cumulus of 100 nm in the case of CeO, NPs and 70 nm in the case of ZrO,
NPs. This big agglomerates probably comes from an incomplete ligand exchange that
prevents a fully NPs stabilization. This does not mean that all the NPs are forming the
cumulus, they can be also individual, but most of them are part of the agglomerates.

On the other hand, the CeO, NPs in TREG, the CFO NPs in TREG and the ZrO,
NPs from the UG do not form aggregates. Most of the NPs remain separate one from
another. The hydrodynamic diameters of these NPs are 3 nm, 8 nm and 11 nm respectively.
In the case of CeO, and CFO in TREG, no ligand exchange was performed and they
maintain the same ligand that was used in the synthesis (TREG). In the case of the ZrO,-
UG, they are charge stabilized NPs and the difference between the ZrO,-UAB NPs is that
these NPs have suffered a surface functionalization that probably helps to complete the
ligand exchange.
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Figure 4.7. DLS measurements of the NPs present at all the YBCO+NPs colloidal solutions used.
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In the case of ZrO,-UG, a study of the NPs size evolution with time was carried
out. Figure 4.8 demonstrate that the ZrO,-UG NPs are stable in size during at least 2,5
months. After 4 months the NPs start to aggregate forming bigger clusters
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Figure 4.8. DLS measurements of the ZrO,-UG NPs showing the evolution of the NPs size with the time.

4

4.2.1.4 TEM measurements of colloidal solutions

The last part of the NPs characterization is TEM observation of the NPs colloidal
solution. TEM images give information about the core size of the NPs (not the
hydrodynamic diameter as the DLS) and also the degree of agglomeration of the NPs.
These measurements have to be related with the DLS results. TEM measurements of
colloidal solution are performed by depositing a few drops of solution in a TEM’s grid. In
this way the NPs remains in the grid while the liquid evaporates. The different TEM
images of the NPs are presented in figure 4.9.

The TEM images confirm the information obtained previously with the DLS
measurements. On one side, it is clear that both the CeO, and the ZrO, NPs that used
HDEC as ligand have big agglomerates of sizes that are around the values obtained with
the DLS (~100 and ~70 nm respectively). However, not all the NPs are in the cumulus,
there are still some NPs that are individually dispersed. The size of these NPs is 2-3 nm in
the case of CeO, in HDEC and 7-8 nm in the case of ZrO,-UAB in HDEC. The shape of
ZrO,-UAB NPs is not spherical but is more rod-like being the 7-8 nm the size of the long
axis. On the other hand the CeO; and the CFO in TREG and the ZrO,-UG NPs do not form
agglomerates and the sizes are in the range of the DLS results: 2 nm for the CeO, TREG
NPs, 4-5 nm in the case of CFO TREG NPs and 8-10 nm for the ZrO,-UG NPs.
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Figure 4.9. TEM images of the NPs present at the YBCO+NPs solutions used in this work.

125



Pablo Cayado

4.2.1.5 Summary of NPs characterization

The table 4.2 serves as a summary of the synthesized NPs features in colloidal
solution (YBCO+NPs solutions).

NPs Stability | DLS size (nm) | TEM size (nm) | Agglomerates?
CeO, TREG | >1year ~3 2-3 No
CeO,-HDEC | 3-4 hours ~100 2-3 Yes (100 nm)
CFO-TREG | > 1 month ~8 4-5 No

ZrO,-UAB | 3-4 hours ~70 7-8 (long axis) | Yes (70 nm)
ZrO,-UG | > 6 months ~11 8-10 No

Table 4.2 Features of the used NPs in colloidal solution (YBCO+NPs solutions).

It is noteworthy that it has been possible to synthesize NPs that are stable for a long
time in the YBCO solution, for instance CeO,-TREG NPs and ZrO,-UG NPs. It is also
remarkable (for the consequences in the final properties) that, despite all the NPs are below
10 nm, some of them tend to form big agglomerates, as in the case of CeO,-HDEC NPs
and ZrO,-UAB NPs.

4.3 Magnetic NPs: CoFe,O, NPs

The study of magnetic NPs is very interesting in order to prepare YBCO
nanocomposites with enhanced pinning properties as compared to conventional NPs
(structural pinning) because it is possible to add the “magnetic pinning” effect. Magnetic
pinning is based on the coexistence of the superconductivity and ferromagnetism that may
cause the enhancement of the critical currents in nanocomposites films?? %,

The structural and superconducting properties of YBCO+16%M CFO
nanocomposite films will be studied. After that, the magnetic behavior, by SQUID and
XMCD measurements, of the nanocomposites will be also investigated in order to compare
with the behavior of NPs in powder and distinguish the possible difference between both
cases.

4.3.1 YBCO+CFO NPs nanocomposites
4.3.1.1 Pyrolysis process

The nanocomposite films are prepared using a 0,125M YBCO+16%M CFO NPs
solution resulting in a final thickness of 150+20 nm after complete YBCO processing. The
solution is prepared using the procedure already explained in chapter 2. This solution is
deposited on a LAO substrate and then spin-coated. Afterwards, the standard pyrolysis
process is performed in order to remove the organic content of the film. This process leads
to homogenous films (figure 4.10).
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Figure 4.10. Optical microscope image of an YBCO+16%M CFO NPs thin film after the pyrolysis process
showing an homogeneous surface.

4.3.1.2 Growth process

After the pyrolysis process the films are grown using the standard growth process
already explained in chapter 2. The structural and superconducting properties of the films
have been studied.

4.3.1.2.1 Structural characterization of the YBCO+CFO nanocomposites

XRD patterns of YBCO+16%M CFO nanocomposite film are shown in figure 4.11.
The 2D frame and its integrated spectrum show the presence of the Bragg peaks
corresponding to epitaxial YBCO, but also of other Bragg peaks that correspond to a-b
grains and a ring that is assigned to randomly oriented YBCO grains. It is also noticeable
the presence of a Bragg peak at 26~35,5° that corresponds to a double perovskite structure
(DP) that, according to the 26 angular position, corresponds to a similar or equivalent
composition reported by Woodward et al. (YBaFe,0s)*. However, no trace of the original
spinel ferrite structure of the CFO NPs was found.
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Figure 4.11. 2D XRD 6-26 a) frame and b) integrated patterns of the YBCO+16%M CFO NPs
nanocomposite fully grown. Presence of a double perovskite structure (similar or equivalent to YBaFe,Os) is
detected.
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The presence of the DP and not the spinel structure of the original CFO NPs,
indicate that the NPs are reacting with the YBCO precursors forming the DP. It is
suggested that the CFO NPs react with the BaF,, obtained after the decomposition of BYF,
forming the DP structure (note that the DP has Ba in its structure).

In order to minimize the reactivity of the CFO NPs with YBCO precursors, the
heating profile has been modified by shortening the dwell time at high temperature. It was
reported that at 810 °C, after 10 min, the YBCO is already nucleated®®, so it was decided
to quench the films at this stage of the process. Afterwards, in order to obtain the
orthorhombic superconducting phase of the YBCO, the sample is oxygenated at 450 °C
during 2 hours in a fully O, atmosphere. However, as it observed in the XRD 0-26 patterns
showed in figure 4.12, the presence of YBCO and DP is already detected.
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Figure 4.12. 2D XRD 6-260 a) frame and b) integrated patterns of the YBCO+16%M CFO NPs
nanocomposite fully grown. Presence of a double perovskite structure (DP) is detected.

HAADF TEM images of a fully grown YBCO+16%M CFO nanocomposite film
were obtained in order to shed light on the nanocomposite microstructure. Figure 4.13
shows the presence of epitaxial YBCO and also the DP structure. Importantly, no CFO
NPs are detected within the YBCO matrix. In order to elucidate the composition of the DP
structure, EELS analysis was carried out. The analysis reveals the presence of Y, Ba, Fe,
Co and O atoms. Therefore, the DP that appears in these films is a variant of that found by
Woodward et al. (YBaFe,0s)**! with the addition of Co to the structure (YBa(Fe/C0),Os.
TEM images of the quench oxygenated films show similar results: presence of DP but no
sign of spinel CFO NPs. Therefore, the microstructural characterization suggests that CFO
has fully reacted with YBCO forming a DP even when shortening the dwell time.
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DP

Figure 4.13. HAADF TEM images of the YBCO+16%M CFO NPs nanocomposite fully grown. Presence of
a double perovskite structure (DP) is detected, but no sign of CFO NPs.

4.3.1.2.2 Superconducting properties of the YBCO+CFO nanocomposites

SQUID measurements of the YBCO+16%M CFO fully grown and quenched
nanocomposites were carried out in order to study their superconducting properties. The T,
values are of most importance since it is well known that those films which contain Fe or
Co atoms suffer a drastic reduction of T. due to Fe or Co poisoning®*%®. The T, onset of a
quenched YBCO+16%M CFO nanocomposite film observed in figure 4.14, of 40 K,
clearly indicates that some Fe and/or Co atoms were introduced in the YBCO structure
substituting some Cu atoms.

m/m0

10 20 30 40 50 60 70 80
T(K)
Figure 4.14. YBCO+16%M CFO quenched nanocomposite T, measurement.

It is difficult to unambiguously identify if Co or Fe are responsible for the Cu
substitution. By comparing this T, value with the reported T values for YBa,(Cu;.xFey)O.
5 Or YBay(Cu;Coy)O7.5, the amount of Fe or Co incorporated can be determined®':
amounts of Fe or Co of x~0,1 are enough to reduce the T, to 40 K. These Fe and/or Co
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atoms are located preferably in Cu-O chains but, since the amount of the incorporated Fe
and/or Co is qzuite high, there are also other Fe and/or atoms that are incorporated in the
CuO; planes®’.

4.3.2 Magnetic behavior: Bulk CFO vs. CFO nanocomposites

It was demonstrated by XRD and TEM measurements that the CFO NPs react
during the growth process resulting in the formation of the DP structure. The quenched
films, in which the time at high temperature was drastically reduced, show also the
presence of the DP indicating the difficulty of avoiding the CFO reactivity with the use of
the present processing parameters. It was also noticed that Fe and/or Co atoms tend to
incorporate into the YBCO structure since a drastic reduction of the T, onset was observed
(Tc~40 K). The study of the magnetic properties can give more information about the
moment in which the DP is formed.

4.3.2.1 SQUID measurements

The CFO NPs powder was exposed to the same thermal processes that are used to
synthesize the YBCO+CFO nanocomposites films. The magnetic properties of this powder
were measured using SQUID after the different steps and compared with the magnetic
properties of the YBCO+16%M CFO films after the same steps.

Figure 4.15 shows the hysteresis loops measured with SQUID of the CFO NPs in
powder at 10 and 300 K after the different thermal processes in comparison with the
hysteresis loops of the films at 100 K processed under the same conditions.
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Figure 4.15. Hysteresis loops of the CFO NPs a) at 10 K and b) at 300 K and ¢) YBCO+16%M CFO
nanocomposite films at 100 K exposed to different thermal treatments measured with the SQUID.

It is observed in figure 4.15 that at 10 K the CFO NPs have a ferromagnetic
behavior (values of coercive field -Hcoe- different from zero) as in the case of bulk CFO*%,
Note that the hysteresis loop corresponding to the pyrolyzed NPs is different from the
others, in particular the saturation magnetization (Msz) and Hcoer. On the other hand, the
loops corresponding to the quenched (the oxygenation step is not included) and grown (the
oxygenation step is included) NPs are almost equivalent to the one from the synthesized
NPs. The values of the remanent magnetization (Myem) for the first two are higher than in
the case of only synthesized NPs. The Mg, values of the synthesized, quenched and grown
NPs (~90+5 emu/g) are in accordance with the reported values of bulk CFO?%.
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To understand why the NPs have this behavior under the different thermal
treatments, it has been proposed a model represented in figure 4.16. The as synthesized
NPs (a) have the ligand (TREG) on their surface to prevent the aggregation. During the
pyrolysis process at 310 °C in a pure humid oxygen atmosphere the combustion of the
ligand (organic compound) occurs (b). This causes the deterioration of the NP surface
resulting on the reduction of the effective size of the NPs core and the appearance of a
degraded shell. This induces a reduction of the M, value to ~68 emu/g. During the growth
process, these NPs are exposed to humid N2/O, atmosphere (200 ppm of O,), but the
ligand is not present now. Under these conditions the surface starts to reconstructs its
original structure. The crystallinity of the samples is improved by the effect of the
temperature (more definition of the peaks). The quench process (c) interrupts this
reconstruction (not enough time at high temperature) and the values of Mg are lower than
in the case of complete grown NPs (d) in which the Mg values are the same as in the case
of synthesized NPs. The fact that both, the quenched and the grown NPs, have higher
values of Myem than in only synthesized NPs is because at high temperature the crystallinity
of the NPs improves showing a similar behavior as the bulk CFO.

a) NPs as b) Pyrolysis c) Quench d) Growth
synthesized (pure oxygen) (200 ppm) (reoxygenation)

M=90 emu/g M=60 emu/g M=85 emu/g M=90 emu/g
Figure 4.16. Sketch representing the evolution of the NPs under the different thermal treatments at 10 K.

At 300 K, the as synthesized and the pyrolyzed NPs show superparamagnetic
behavior (Hger almost zero) and the quenched and grown NPs show a ferromagnetic
behavior with values of Hcoer (less than 1 kOe) that are much lower than in the case of the
NPs at 10 K. This indicates that the blocking temperature (temperature at which the
transition from ferromagnetic state to superparamagnetic state occurs) was crossed in an
intermediate point between 10 and 300 K making the transition from ferromagnetic to
superparamagnetic behavior (at least in the case of synthesized and pyrolyzed NPs).
Details of Mg, Mem and Heoer are listed in table 4.3.

Table 4.3 Saturation magnetization (M), remanent magnetization (M) and coercive field (Hcer) values for
the CFO NPs after to different thermal treatment. All the values in the table have a 5% of tolerance.
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In the case of CFO nanocomposite films, figure 4.15 c) shows that the evolution of
the magnetization is different. After the pyrolysis, the NPs maintain the values of the Mgy
(Msa:=50,4 emu/g) near to the NPs in powder (note that the measurements in powder were
done at 10 and 300 K and in the case of the films at 100 K to avoid the YBCO influence).
However, the values of the Mm and Hg,er have decreased (Mrm=10,9 emu/g and
Hcoer=0,17 kOe). This indicates that the NPs in the film are about to change from the
ferromagnetic to superparamagnetic state (incomplete transition as they still retain some of
Mrem and Hceoer) and, therefore, at 100 K, they are near to the blocking temperature
(temperature at which the transition ferromagnetism-superparamagnetism occurs).

After the growth process, the films exhibit a very small magnetic signal (Ms;=0,9
emu/g). This indicates that, during the growth process, the CFO NPs suffer a
transformation into other phases due to the reaction of the NPs with the YBCO precursors.
By doing the quenching process, i.e., shortening the dwell time (quench no Oxy.), it is
possible to preserve a higher magnetic signal (Ms;=26,6 emu/g). This is attributed to the
use of shorter process leading to a minor amount of NPs that reacts losing their magnetic
properties. At this stage, the NPs are in the superparamagnetic state (Mem=0 and Hcoer=0).
However, when the quenched film is exposed to the oxygenation process (quench Oxy.),
the magnetic signal decreases drastically (Ms;=4,5 emu/g) but still maintaining a higher
value than in the case of complete growth process and the superparamagnetic behavior.
The oxygen could affect the CFO NPs that do not react causing a similar effect than in the
powder NPs after the pyrolysis process.

In view of the magnetization evolution, it is clear that the NPs have a different
behavior when they are embedded in the YBCO matrix. In the films it is clear that the
reaction of the CFO, which was detected by XRD and TEM and confirmed by the low
values of My, the quenched and grown films, happens during the heating stage from room
temperature to 810 °C. It is very likely that it is produced by the reaction of the CFO NPs
with the BaF; that is formed after the decomposition of BYF since Ba was detected in the
DP structure that is formed.

4.3.2.1.1 Ferromagnetic-superparamagnetic transition

Superparamagnetism is a magnetic state which appears in small ferromagnetic or
ferrimagnetic nanoparticles. In these conditions, as the temperature increase, the
magnetization of each individual particle can randomly flip under the temperature
influence. If the temperature is low enough, the system is in the so called “block state” and
the magnetization of the NPs is fixed. In these conditions, the system behaves as a
ferromagnet or ferrimagnet. However, when the temperature exceeds a certain value
(blocking temperature), it induces random changes in the magnetization giving an average
value for the global system of zero.

When a superparamagnetic sample is being measured, it is important the
measurement time as it is a critical parameter. At a certain temperature, the average length
of time that the NPs magnetization needs to randomly flip, as a result of thermal
fluctuations, is known as Néel relaxation time and it is defined as follows (Eq 4-1):
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N = T0e<%) Eq. 4-1

where 1o is a length of time, characteristic of the material, called the attempt time or
attempt period and its typical value is 10 °~107'° seconds; K is the nanoparticle’s magnetic
anisotropy energy density; V is the volume of the NPs; Kz is the Boltzman constant and T
is the temperature.

From the Neéel relaxation time expression it is possible to define the Blocking
Temperature, Tg (EQ. 4-2):

KV

% ()

Eq. 4-2

where 1, is the measurement time.

Using a fixed measurement time (~20 s per point in this case), the Tg is defined as
the temperature in which the t, is the same as the ty, i.e., is the temperature in which the
measurement time is equal with the time in which the magnetization is blocked (no flips
are detected). When the temperature is higher than Tg, during the measurement, the
magnetization changes several times so, the average measured magnetization is zero and
the system enters in the superparamagnetic state.

In order to study the transition between the ferromagnetism and the
superparamagnetism of the NPs at different conditions and find out the blocking
temperature, Field Cooled — Zero Field Cooled (FC-ZFC) curves were performed
(figure.4.17).
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Figure 4.17. FC-ZFC curves of the CFO NPs exposed to different thermal treatments.

The Tg corresponds to the maximum of the ZFC curve. In the case of the
synthesized NPs the Tg is 95 K while in the case of the pyrolyzed NPs the Tg is 155 K.
Note that in the previous discussion it was said that the pyrolyzed NPs made the transition
from ferromagnetic state to superparamagnetic state at a certain temperature between 10
and 300 K and that the pyrolyzed films are about to change to superparamagnetic state at
100 K because the My and Hcoer have drastically decreased. Therefore, the obtained value
of the Tg from the FC-ZFC curves, which is 155 K for the pyrolyzed NPs, describes
faithfully what it was observed previously. Also, these values of Tg are in agreement with
the previous M(H) curves at 300 K in which it was observed that the synthesized and
pyrolyzed NPs showed a superparamagnetic behavior (both Tg are below 300 K). In the
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case of the quenched and the grown NPs, it has to be taken into account that the grain size
is much larger due to the sintering process that takes place at high temperature. This causes
that the ferromagnetic behavior is even observed at 300 K (V of the NPs in these two cases
Is high), so it is not necessary to perform the FC-ZFC curves, as it is known that the Tg
will be higher than 300 K which is the maximum measured temperature.

The FC and ZFC curves have a different behavior below and above Tg. Both curves
are 2rargozglgled using different expressions depending on the temperature (below or above
Tg)™ ™.

Above Tg the thermal fluctuations dominate and the particles can spontaneously
switch its magnetization from one easy axis to another. Such a system of
superparamagnetic particles does not show hysteresis in the M(H) curves. In this case there
are no differences between FC and ZFC curves. However, below Tg the NPs are in a
blocked state and, therefore, the measurement time is not enough to see flips in the
magnetization state. In this case there are differences between FC and ZFC curves due to
previous magnetic history. Having this in mind, it is clear that Tg is defined as the moment
in which FC and ZFC curves are separated.

This would correspond to the ideal case in which a very well defined and constant
grain size is present. However, this is not the case in the NPs of this work. In this case
there is a distribution of sizes. This causes a distribution of Tg (the Tg is defined for a
specific value of grain size) which causes a separation between FC and ZFC curves that is
not coincident with ZFC maximum. Therefore, the temperature of the maximum of the
ZFC curve would correspond to the average Tg in the system.

4.3.2.2 Magnetic dichroism measurements

To understand better the magnetic properties of the CFO NPs under the different
thermal processes, X-ray Absorption Spectroscopy (XAS) and X-ray Magnetic Circular
Dichroism (XMCD) measurements were performed at ALBA synchrotron (Bellaterra,
Spain) in collaboration with Dr. Elena Bartolomé. The oxidation state and site occupancy
of the Fe and Co atoms in the NPs after the four different thermal processes were studied.
These measurements were carried out using synchrotron radiation at 300 K and at a
magnetic field of 6 T at which NPs are well saturated.

In figure 4.18 it is shown a) Fe L, 3 XAS and b) XMCD spectra obtained from CFO
NPs, as-synthesized and after the pyroI%/sis, after the quench at high temperature and after
growth. Also the simulation for the Fe“*Oh (octahedral), Fe**Td (tetrahedral) and Fe**Oh
(octahedral) sites using the Ligand Field Multiplet (LFM) model and the CTM4XAS 5.0
program are presented (figure 4.18 c))**.

Qualitatively, all the spectra shown in figure 4.18 a) and b) are very similar. The
XAS spectra (figure 4.18 a)) show a negligible difference between the as synthesized NPs
and the NPs after the quench and growth. Only the spectrum of the NPs after the pyrolysis
changes a little bit as regards the intensity of the peaks. The XMCD at the L, 3 edge (figure
4.18 b)) shows three characteristic peaks, typically found in CFO (spinel structure), each of
them corresponding to an oxidation state/site in the structure: the lowest energy, negative
peak corresponds to octahedral Fe?*Oh, the positive peak to tetrahedral Fe**Td and the
highest, negative peak to Fe**Oh. This result confirms the presence of the spinel structure
of the CFO NPs after each step thermal process confirming observations made previously
with SQUID measurements (SQUID measurements of CFO NPs in powder at 300 K
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showed that the magnetization was the same as the initial one of the as-synthesized NPs
after the quench and the growth and a small change was observed after the pyrolysis).
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Figure 4.18. (a) XAS and (b) XMCD spectra at Fe L, 3 edge of CFO NPs in 4 stages: as synthesized, after the
pyrolysis, after the quench and after growth conditions; (c) LFM calculated XMCD spectra for Fe?*Oh,

Fe**Td and Fe**Oh of the as synthesized CFO NPs.

The same procedure is carried out in the case of the Co L, 3 edge. The XAS and
XMCD results are shown in figure 4.19. The XAS and XMCD measured at the Co L;3
edge shows a clear evolution from the synthesized to the grown NPs. In the XAS spectra,
after the pyrolysis, the initial spectra are significantly modified, whereas, for the grown
NPs, the spectra look similar to that of as synthesized NPs.
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Figure 4.19. XAS and XMCD spectra at Co L, 3 edge of CoFe,O4 NPs in 4 stages: as synthesized, after the
pyrolysis, after the quench and after growth conditions.
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In the case of Co, the site occupancy and oxidation state of Co was deduced by
fitting the XMCD experimental spectra with a linear combination of the LFM calculated
spectra for Co®*Oh, Co*Td, Co®* Oh and Co* Td. The aspect of the as synthesized NPs
corresponds majorly (97%) to Co?*Oh, with a minor contribution (3%) of Co?* in Td sites.
Remarkably, the spectra change significantly for the pyrolyzed and quench NPs, and to a
less extend for the grown NPs, and cannot be fitted just considering Co”* cations. LFM
simulations show that an additional contribution of Co®" in the three late heating stages is
necessary to account for the experimental data. This observation was already mentioned
when the hysteresis loops of the NPs were analyzed. After the pyrolysis, the Co*™ ions
suffer an oxidation process to become Co** than modify the original spinel structure of the
synthesized NPs. During the quench and the growth process, the Co®" reduces again to its
original oxidation state Co”* obtaining similar magnetic properties than with the
synthesized NPs.

The simulations permit the quantification of the site occupancy for Fe and Co. The
estimated percentage is used to calculate the orbital (m,), spin (ms), and the total magnetic
moment (m_+ ms) per average Fe ion (mge) and Co ion (Mco) from the XAS and XMCD
spectra. With the magnetic moments mg. and mc,, it is possible to determine the magnetic
moment per formula unit as mcro=2Mee+Me,. This last value can be compared to the value
found with the SQUID measurements at 300 K (figure 4.20).

3 | | 1
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T 24 1
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=
S
S 11 —e— XMCD |
S —e— SQUID
0 .

Synthesized Pyrolyzed Quenched Grown

Thermal treatment

Figure 4.20 Comparison of the magnetic moment per formula unit at 300 K as determined from XMCD
applying sum rules, and from SQUID measurements.

In order to interpret these results, it has to be taken into account that XMCD is just
sensitive to the first ~6 nm of sample, whereas SQUID magnetometry is a macroscopic
measurement. After the synthesis and the pyrolysis processes, the NPs are <5 nm in size.
The XMCD and SQUID gives the same mcro values within the error, as both represent the
average magnetic moment per formula unit of the whole NP. The decrease in mcgo after
the pyrolysis is observed by both techniques. After the quench and growth processes, the
NP’s size is >40 nm, according to XRD. Therefore, the mcro determined by XMCD
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corresponds mainly to the surface, whereas the SQUID mcro is mainly due to core
contribution. As shown in figure 4.20, after the quench and the growth, the mcro values
found by XMCD are smaller than those obtained by SQUID, indicating that the thermal
process mainly affects the NPs surface.

If similar XMCD measurements are carried out on the YBCO+CFO NPs
nanocomposite films, the results are quite different. The XMCD spectrum shown in figure
4.21 only indicates the presence of the peak that corresponds to the atomic Fe**Oh. If this
spectrum is compared with the spectra shown in figure 4.18 b), corresponding to the NPs
in powder, the differences are clear. In the case of the spectra of the NPs in powder, they
presented three different peaks corresponding to the three possible oxidation states/sites in
the spinel structure. Therefore, it is evident that, at least in top layers (first 6 nm), no spinel
CFO NPs have been detected in the YBCO+16%CFO NPs films confirming the previous
results of TEM and XRD. The obtained XMCD spectrum could correspond to the Fe in the
DP and/or to the Fe diffused in the matrix.
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Figure 4.21. XMCD spectrum at Fe L, ; edge of quenched YBCO+16%CFO NPs nanocomposite film.

4.3.3 Summary

CFO NPs and YBCO+16%M CFO NPs nanocomposite films have been
synthesized and deeply studied. The analysis of the XRD and TEM measurements reveal
epitaxial YBCO with the presence of some a-b grains and also of a DP structure with unit
formula YBa(Fe/Co),0s, which indicates that the original CFO NPs react with the YBCO
forming an alternative structure. The presence of CFO NPs after the growth process and,
even, after the quench process could not be detected. The magnetic measurements helped
to clarify that the reaction to form the DP structure starts during the heating process and it
is very likely to occur by the interaction of BaF, coming from the decomposition of BYF
and the CFO NPs. However, a small magnetic signal (Ms;=4,5 emu/q) is still identified in
the films after the quench followed by oxygenation processes. Taking into account that no
CFO NPs were detected, this signal should be attributed to the DP compound. However,
the original structure reported by Woodward et al., YBaFe,Os, was demonstrated to be
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antiferromagnetic, so it should not contribute to the magnetic moment. In the case of the
structure identified in this work, it contains also Co, it might happen that the
YBa(Fe/Co),0s structure displays some weak ferromagnetic behavior. In order to clarify if
this magnetic signal could be caused by the DP compound, more local techniques should
be used such as Lorentz microscopy?*?, which uses the TEM to measure the local magnetic
signal in the nanoscale.

The achievement of CFO nanocomposite films by CSD appears as a difficult task
but it should not be considered to be impossible as the NPs, when they are outside the
YBCO, maintain their structural and magnetic properties. The essential point is to avoid
the reactivity. It was shown that, with the use of the standard growth process, it is not
possible to avoid this reactivity, even by reducing the annealing time at high temperature.
Increase the YBCO growth rate by, for example, working at low-pressures in such a way
that the YBCO reaction was so fast that the NPs have no time to react with the BaF, would
be a potential alternative. Another possibility could be to work at lower temperatures at
which the reactivity should not be so favored.

4.4 Non-Magnetic NPs: CeO, and ZrO;, NPs

This second part of the chapter is devoted to the study of the YBCO
nanocomposites with the addition of non-magnetic NPs. Here, two different crystalline
oxide NPs (ZrO, and CeO,) were used. The two selected oxide phases are chemically
compatible with YBCO, even if they react to form BaZrO; (BZO) and BaCeO3 (BCO),
respectively, as confirmed by the high superconducting transition temperatures achieved.
However, other phenomena may occur that require a deep study of the structure and
properties of these nanocomposites in order to achieve high quality epitaxial YBCO
nanocomposite films.

4.4.1 YBCO+CeO, NPs nanocomposites

The solutions used to prepare the YBCO+CeO, NPs films were made following the
steps already exposed in chapter 2. In this case, YBCO+6%M CeO, NPs in TREG and
YBCO+8%M CeO, NPs in HDEC solutions from UAB were used.

4.4.1.1 Effect of the NPs” ligand

The ligand is the basis of the steric stabilization and could also define the quality of
the thin films. Figure 4.22 shows optical microscope images of a pristine YBCO film
(figure 4.22 a) and an YBCO+6%M CeO,-TREG films after the pyrolysis process
(standard pyrolysis process). It is observed that the YBCO+6%M CeO,-TREG film is not
homogeneous.
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Figure 4.22. Optical microscope images of a) a pristine YBCO fllm and b) YBCO+6%M Ce0,-TREG
film after the pyrolysis process.

From the profilometer measurement of YBCO+6%CeO,-TREG pyrolyzed film
(figure 4.23), it is observed a difference of 50 nm between the lower and the higher
regions. Taking into account that the film thickness after the growth process is ~150 nm,
this difference represents 30% of the thickness. Furthermore, it is well known that the
inhomogeneities in the films deteriorate their final properties*’®
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Figure 4.23. Helght proflle of the surface of an YBCO+6%M CeO,-TREG film after the pyrolysis
process obtained by a profilometer.

These films were grown following the standard growth process, in order to find out
their properties and how the NPs affect the YBCO matrix. The 2D XRD 6-20 patterns
shown in figure 4.24 show the Bragg peaks corresponding to (00l)YBCO reflections
indicating epitaxial orientation without the presence of other orientations of the grains.
Also, it is observed the presence of the Bragg peaks corresponding to BaCeOs phase
(BCO). The reflection (110) BCO shows a ring indicating the presence of randomly
oriented NPs. The observation of BCO means that there is reactivity between the CeO,
NPs and the BaF, during the YBCO reaction. It is the same phenomenon already
mentioned in the case of the CFO. In this case, the CeO, NPs react during the growth
process forming BCO. This reaction takes placed during the heating ramp in the growth
process and it is quite difficult to avoid it. It is possible to reduce it by changing some of
the processing parameters such as the heating ramp or the water pressure (making the
YBCO reaction faster). Another alternative would be working with NPs that already
contain Ba such as BCO. However, this is out of the scope of this thesis.

The nanostrain (€) value of this film is 0,13+0,01 %. This value is much lower than
those previously calculated for the in-situ nanocomposites in chapter 3. The calculated
particle size (using Scherrer formula) of these films also differs from the values of the in-
situ nanocomposite films. In this case the obtained value is 25+2 nm.
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Figure 4.24. 2D XRD 6-26 a) frame and b) integrated patterns of an YBCO+6%M CeO,-TREG film
after the growth process.

The physical properties (measured by SQUID) show similar values than in the case
of the in-situ nanocomposites thin films (see chapter 3): T,~90-91 K and J. self-field (JSf)
at 77 K~3-4 MA/cm?. On the other hand, by representing the J. normalized by the J. self-

field (J/JS) dependence with the magnetic field for the pristine YBCO and the
YBCO+6%M CeO,-TREG (figure 4.25), it is possible to see that there is a small difference
between both curves. The YBCO+6%M CeO,-TREG curve is smoother but the
improvement is small compare with the in-situ nanocomposites as it was shown in chapter
3. This indicates that, the effect of these CeO,-TREG NPs is less than in the case of in-situ
nanocomposites.
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Figure 4.25. J./J5f dependence with the magnetic field for the YBCO+6%M CeO,-TREG NPs and
pristine YBCO films
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The microstructure of these films is studied by TEM. In figure 4.26 a) it is found
that all the CeO, NPs are present on the top surface of the film and no NPs are found
within the YBCO matrix. It is also observed in both figures 4.26 a) and b) that there are a
large amount of Stacking Faults (SFs) near the top surface and the interface YBCO/LAO.
This microstructural scenario can explain the low values of the & and the similarity
between curves in figure 4.25. Basically, what is observed in figure 4.26 is a pristine
YBCO film with CeO, NPs in the top surface. The small difference between both curves in
figure 4.25 is attributed to the presence of slightly higher amount of the SFs in the surface
and interface surroundings (figure 4.26 b)) than in the pristine YBCO

YBCO matrix

Figure 4.26. Cross-section HAADF TEM images of the one of the YBCO+6%M CeO,-TREG thin
films, showing a) the presence of the CeO, NPs in the surface of the films and b) the presence of the stacking
faults (SFs) in the surroundings of the interface YBCO/LAO and the surface.

It is suggested that the inhomogeneous distribution of the NPs in the films is due to
the presence of TREG. The high viscosity of TREG can favor these inhomogeneities in the
spin-coating already because the TREG has a great tendency to place itself at the surface of
the film, which would agree with the surface inhomogeneities observed in figure 4.22 b)

In order to confirm that surface inhomogeneities are due to TREG, it was prepared
an YBCO with TREG solution (no NPs) using the same amount of TREG present in the
NPs solution after the purification process. The as-prepared solution was deposited by
spin-coating and pyrolyzed in the same conditions as the YBCO+CeO, NPs in TREG
films. The optical microscope images after the pyrolysis shows the same morphology than
in the case of the films with NPs proving that the TREG is the responsible for the
inhomogeneities (figure 4.27 b)). Also the optical microscope images show that the
inhomogeneities are already present just after the spin-coating before the pyrolysis process
(figure 4.27 a)).
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Figure 4.27. Opticl microscope images of the a) YBCO+TREG film just after the spin-coating
process and b) YBCO with TREG film after the pyrolysis process. These images prove that the responsible
for the inhomogeneities in the films is the TREG.

When TREG is present in the solution, during spin-coating, it drags the NPs to the
surface of the film. In order to avoid this effect, it is necessary to avoid the presence of
TREG in the solution. For this reason a ligand exchange is carried out.

The procedure to perform the ligand exchange in the case of the UAB NPs was
explained in section 4.2. In this case, the chosen ligand was the decanoic acid (HDEC) as it
has a lower viscosity. A solution of YBCO+8%M CeO,-HDEC was prepared and
deposited by spin-coating. Then, it has been performed the standard pyrolysis process.
After the pyrolysis the films show a homogenous surface as it can be observed in figure
4.28 (the effect of the LAO twins is also observed).
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Figure 4.28. Optical microscope image of an YBCO+8%M CeO,-HDEC film after pyrolysis showing
inhomogeneities free surface.

Afterwards, it has been performed the standard growth process. The
characterization of the grown films is performed in the same way as in the previous case.
The 2D XRD 6-26 patterns show the formation of epitaxial YBCO (figure 4.29). Again,
the presence of BCO is detected suggesting the reaction between CeO, NPs and BaF,. The
results are very similar to the films obtained with TREG NPs. The most remarkable
difference is that in this case no BCO ring is detected indicating that no randomly oriented
NPs are present. The ¢ value is higher than in the previous case (0,18+0,01 %) while the
NPs size is approximately the same (27+2 nm).
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Figure 4.29. 2D XRD 6-260 a) frame and b) integrated patterns of an YBCO+8%M CeO,-HDEC film
after the growth process.

The superconducting properties, the T, and J3f at 77 K values are lower than in the
case of the NPs in TREG reaching 89-90 K and 1,5-2,5 MA/cm?, respectively. Figure 4.30
presents the compared SQUID measurements of J./JSfcurves of the YBCO+8%M CeO,-
HDEC with the YBCO+6%M CeO,-TREG and with the pristine YBCO film. It is
observed that for both nanocomposites the behavior is almost the same. So, the higher
value of & does not entail a different behavior when the J./J3f values are represented as a
function of the magnetic field.
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Figure 4.30. J./J$f dependence with the magnetic field measured with SQUID for the pristine YBCO,
YBCO+6%M CeO,-TREG and YBCO+8%M CeO,-HDEC.
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This result is quite unexpected taking into account that the NPs in this case should
be embedded YBCO matrix. To explore the reasons why the same results as in the case of
TREG NPs are found, TEM images of one YBCO+8%M CeO,-HDEC film are obtained.
They are presented in figure 4.31.

Big particles (~100 nm) of BCO are observed mostly in the surface but also
embedded in the YBCO matrix. These big blocks are created by the agglomeration of the
NPs from the solution stage as it was already mention when the DLS measurements were
presented (table 4.2). DLS measurements showed aggregates of more than 100 nm. These
values are in accordance with the BCO particles observed in TEM images. These big
particles are responsible for the low values of J; in these films. They act as the unreacted
phases already commented in the thick nanocomposites films, as “current blockers”
lowering the effective thickness and hindering the current percolation.

It is also observed the presence of high amount of long SF in the film (figure 4.31
a)). This is the reason for the increase of the ¢ values. Most of them are created by these
big BCO particles that, again, works as in the case of the unreacted phases in the thick
films. These SFs are too long to have the desired effect in the films. For that reason the
behavior of the ] /J$f vs. magnetic field curves are quite similar to the pristine YBCO films
and the TREG NPs films.

On the other hand, figure 4.31 b) shows the presence of CeO, NPs at the surface of
the film. But, in this case, this fact can not be attributed to ligand effect because the ligand
is not TREG. The reason for this effect was related to the growth process and the most
probable cause is the pushing effect.
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Figure 4.31. Cross-section HAADF TEM images of the one of the YBCO+8%M CeO,-HDEC showing a) the
presence of big particles of BCO and long SFs (black arrows) in the YBCO matrix and b) the presence of
CeO, NPs in the surface of the film.

4.4.1.2 Pushing effect

The pushing effect was originally observed studying the behavior of an advancing
solid-liquid interface during solidification. In this case, foreign particles are pushed out of
the material matrix or trapped inside depending on the conditions of the system?**?*". This
theory was used also to explain the macrosegregation phenomenon of Y211 particles in
YBCO crystals prepared by solidification processing®*. It is possible to use the same
principles to understand the behavior of the NPs when the YBCO growth front interacts
with them.

According to the pushing/trapping theory, the critical size (r*) of a particle, larger
than the trapped by the solid, is roughly determined by the critical growth rate (R*) and the
interfacial energy (Acy) by the following expression (Eqg. 4-3):
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r* oc 290
nR*

Eq. 4-3

where n is the melt viscosity.

In the case of a system in which the YBCO front interacts with NPs, the R* would
be the YBCO growth rate, Aoy the interfacial energy YBCO/NPs and m the “friction
coefficient” of the amorphous phase formed by the YBCO precursors that the NPs have to
cross to arrive to the surface.

The Acp and 1 have fixed values for the system YBCO/CeO, NPs so, among all the
parameters, only the R* and the r* can be tuned. To change R* entails modifying the
YBCO processing parameters which is not best option since the standard growth process
that is being used contains all the optimized processing parameters for the YBCO growth.
So, if pushing effect is observed with this R*, means that the radius of the NPs is smaller
than the critical size for the trapping. Therefore, the strategy will be to synthesize new
CeO, NPs with a larger radius in such a way that the new radius will be larger than the
critical one.

New 4 nm diameter CeO, NPs were synthesized following the UAB synthesis
process. They used the process presented in figure 4.3 but changing the Ce precursor from
cerium acetylacetonate that gives 2 nm particles to cerium acetate that gives 4 nm particles.
The change of the precursor modifies the conditions of the nucleation and growth of the
NPs during the thermal process arriving to different size NPs.

The new 4 nm CeO, NPs have almost the same characteristics as the 2 nm NPs: the
stability of the NPs in the YBCO is in the range of 3-4 hours, the DLS showed a peak in
100 nm meaning that they also tend to aggregate, TEM images reveal 4 nm diameter NPs
with spherical shape and in the XRD the cubic structure was found as in the case of the 2
nm NPs (table 4.2). A new solution with these new NPs was prepared: YBCO+8%M
Ce0,-HDEC 4 nm NPs. This solution is deposited on LAO substrate by spin-coating and
then, the standard pyrolysis process is carried out. The film surface after the pyrolysis is
homogeneous confirming that the use of HDEC as a ligand provides homogeneous films
after the pyrolysis (figure 4.32).

Figure 4.32. Optical microscope image of YBCO+8%M Ceoz—HDEC4 nm NPs film after the pyrolysis
process showing a homogeneous surface.

The XRD patterns of the grown films in figure 4.33 show the formation of epitaxial
YBCO and the presence of BCO reflections. As in the case of 2 nm NPs, there is no ring of
BCO NPs indicating that BCO tends to nucleate epitaxial. The € and particle size values
are maintained in the range of the previous films using the 2 nm NPs (0,19+0,01 and 30+2,
respectively).
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Figure 4.33. 2D XRD 6-260 a) frame and b) integrated patterns of an YBCO+8%M CeO,-HDEC 4 nm NPs
film after the growth process.

The T, and J$f measured at 77 K of these films present a dramatic drop with respect
to the previous films: 87-88 K and 0,5-1 MA/cm?, respectively. In the J./JSf dependence
with the magnetic field (figure 4.34), it is observed that the curve for the 4 nm NPs drops at
much lower fields than in other two cases (figure 4.34 red symbols).
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Figure 4.34.]./J5f dependence with the magnetic field measured with SQUID for the pristine YBCO,
YBCO+6%M CeO,-TREG, YBCO+8%M CeO, NPs (2 nm) in HDEC and YBCO+8%M CeO, NPs (4 nm)
in HDEC.

In order to clarify why this different behavior is observed in this case, TEM images

of YBCO+8%M CeO; films with 4 nm NPs are investigated (figure 4.35). It is observed in
figure 4.35 a) that there are big particles of BCO in the top surface of the film and also
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occupy big parts of the YBCO matrix. Again, they act as “current blockers” disturbing the
current flow. As in the case of 2 nm NPs films, these big particles come from the
aggregated NPs already present in the solution (DLS peak at 100 nm, see table 4.2). Also
in figure 4.35 a), it is possible to observe a huge amount of SF that, again, are the
responsible for the increment of the € but, as in the case of 2 nm NPs, they are too long to
be effective pinning centers. This explains why, in this case, the J./JSf vs. magnetic field
curve had an identical behavior as in the case of 2 nm NPs films at intermediate fields. It is
also observed that there are no NPs in the top surface so; the NPs were trapped in the
YBCO matrix sustaining the hypothesis of the pushing/trapping effect. Actually, figure
4.35 b) shows two CeO, NPs embedded in the YBCO matrix confirming the trapping
effect.

These results show that it is possible to achieve epitaxial YBCO films with trapped
CeO, NPs in the YBCO matrix. However, the fact that the NPs are trapped could not be
positive if the NPs tend to aggregate forming big cumulus as it observed in this case. These
aggregates, which come from the initial solution, form big blocks of BCO after the growth
process acting as “current blockers” and creating a non-uniform film microstructure that
cause the observed drops in T, and J; and also in the J/JSf vs. magnetic field curves. This
was not the case working with the 2 nm NPs films because, in that situation, most of the
NPs were in the surface so the big blocks were created mostly near to surface. They disturb
a little bit the current flow causing a J. decrease but the T, remained constant at 90-91 K.
This is the difference of having the big particles in the surface or in the middle of the
matrix as in the 4 nm NPs films. Therefore, to have trapped NPs is beneficial as long as the
NPs are small and homogenously distributed because, otherwise, the big block could
deteriorate the properties. It is suggested, thus, that the use of non-aggregated NPs solution
could further improve the YBCO nanocomposite properties.

Figure 4.35. Cross-section HAADF TEM images of the one of the YBCO+8%M CeO,-HDEC 4 nm NPs
films showing a) the presence of big particles of BCO and plenty of long SFs in the YBCO matrix and b) the
presence of CeO, NPs in the interface YBCO/LAO.

4413 Summary
We have generated knowledge and the first advances on YBCO+CeO,

nanocomposites using the ex-situ route with fairly good superconducting properties. It has
been demonstrated that CeO, NPs with different ligands can be used to prepare epitaxial
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YBCO nanocomposite films. It was shown the importance of the ligand choice to obtain
homogeneous films after pyrolysis. Enhance pinning properties with respect to the pristine
YBCO films has been achieved due to the generation of SFs observed in the YBCO+CeO,
nanocomposite films. It was also shown that the pushing effect may appear if the size of
the NPs is too small (i.e., 2 nm). The increase of the NPs diameter allowed the
achievement of NPs trapping. However, there is still room for improvement. To synthesize
colloidal solutions without NPs aggregates is absolutely necessary to avoid the big
aggregates that place in the YBCO matrix deteriorating the superconducting properties.

4.4.2 YBCO+ZrO, NPs nanocomposites

In this section, it will be investigated YBCO nanocomposites using two different
types of ZrO,: ZrO,-UAB NPs which are sterically stabilized by using HDEC as ligand
and ZrO,-UG NPs which are charge stabilized. Both types of stabilization results in NPs
with different features (table 4.2). For ZrO,-UAB NPs, we have performed a thorough
study of YBCO+16%M ZrO,. For the ZrO,-UG NP, we have investigated different
concentrations (6, 10 and 15%M) of NPs.

4.4.2.1 Pyrolysis process
Both type of solutions are deposited by spin-coating and pyrolyzed using the

standard pyrolysis process. After the pyrolysis, the films present an homogeneous surface
(figure 4.36).

YBCO+10%M ZrO,-UG NPs. The pyrolyzed films show a homogeneous surface.

Based on the results obtained in YBCO+CeO, nanocomposites where it was
observed that the distribution of the NP can vary, it has been studied, in the case of the
ZrO, NPs films, the distribution of the nanoparticles by performing XPS depth profile
studies (measure the chemical composition while the sputtering etches the film) after the
pyrolysis, paying special attention to Zr(3p) region. The results are shown in figure 4.37.
Figure 4.37 a) presents the spectra in the Zr(3p) region at different etch times for the case
of the YBCO+16%M ZrO,-UAB NPs. Figure 4.37 b) shows the evolution of the Zr
content in the case of the YBCO+10%M ZrO,-UG NPs. In this case it was possible to
quantificate the Zr content by integrating the Zr peaks from the original XPS spectra with
the etch time (the etch time is equivalent to the thickness because as the etch time increases
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also the depth increases). These results reveal that, in both cases, most of the NPs tend to
be allocated in the interface YBCO/LAO during the deposition/pyrolysis processes.
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Figure 4.37. XPS depth profile studies of a) YBCO+16%M ZrO,-UAB NPs and b) YBCO+10%M ZrO,-UG
NPs films.
4.4.2.2 Growth process
These films were grown using the standard growth process. From the XRD
analysis it is observed that epitaxial YBCO is obtained in the UAB NPs films (figure 4.38

a)). However, this is not the case for the UG NPs films in which polycristalline YBCO is
obtained (figure 4.38 b)). When the concentration of UG nanoparticles are reduced to 3
%M , then YBCO grows epitaxially (figure 4.38 c)). It is important to note that in all the

cases, the

presence of (200)BZO reflection is observed as a bright spot, indicating the

reaction between the ZrO, and BaF, (same effect as in the case of of CFO and CeO, NPs)
forming epitaxial BZO on the substrate surface. Indeed, the random fraction is in the range
of the case of 200 nm in-situ BZO nanocomposites films (chapter 3, figure 3.6), reaching
values of ~50%. The ¢ values in the case of the YBCO+16%M ZrO,-UAB NPs film reach
0,23+0,01%, value which is very near to the values for the in-situ hanocomposites (chapter

3, figure 3.7)
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. 2D XRD 6-26 frames of a) YBCO+16%M ZrO,-UAB NPs film, b) YBCO+10%M ZrO,-UG
NPs film and ¢) YBCO+3%M ZrO,-UG NPs film.

rder to identify the location of the NPs after the growth process, XPS and TEM

analysis were performed in the grown films. XPS depth profile studies were carried out in
YBCO+15%M ZrO,-UG NPs film showing that, after the growth process, the Zr

149



Pablo Cayado

distribution throughout the thickness almost reproduce the distribution after the pyrolysis
(figure 4.39). This means that the NPs remains at the interface YBCO/LAO after the
growth process.
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Figure 4.39. XPS depth profile study of YBCO+15%M ZrO,-UG NPs of pyrolyzed and grown films.

This observation is confirmed by TEM images and EDX maps acquired from both
UAB and UG ZrO;, NPs grown films (figure 4.40).

Figure 4.40. TEM images a) and b) of YBCO+16%M ZrO, UAB NPs film, ¢c) YBCO+1%M ZrO, UG NPs
film and d) EDX map of Zr of the YBCO+1%M ZrO, UG NPs film.
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Figure 4.40 a) and b) show the images of an YBCO+16%M ZrO,-UAB NPs film in
which it is clearly observed the big amount of BZO particles in the YBCO/LAO interface.
There are also big BZO particles in the matrix near the interface. Note that the size of these
big BZO particles agrees with the size obtained by DLS from the colloidal solution of ZrO,
NPs (70-80 nm). This film is full of SFs identified by white arrows in figure 4.40 a).

Figure 4.40 c) and d) correspond to YBCO+1%M ZrO, UG NPs. In this case, it is
observed the presence of a ~10 nm BZO thin layer in the YBCO/LAO interface (figure
4.40 c)). In the EDX map of Zr is clearly observed a Zr accumulation in the YBCO/LAO
interface (figure 4.40 d)).

From the comprehensive characterization presented above, it is suggested the
following explanation for the ZrO, NPs distribution in the YBCO matrix, see figure 4.41.
It was demonstrated that both type of NPs tend to aggregate in the interface during the
deposition/pyrolysis processes. However, in the case of ZrO,-UG NPs (they are well
dispersed in the initial NPs solution) the NPs are placed individually at the interface
forming a layer that covers part of the LAO (depends on the concentration they cover more
or less space) while in the case of the UAB NPs (they are aggregated in the initial NPs
solution), they form big aggregates that leave free space in the LAO. This fundamental
difference affects the subsequent YBCO growth.

a) UG ZrO, NPs pyrolyzed films b) UAB ZrO, NPs pyrolyzed films
LAO LAO
| |

Growth process Growth process

YBCO YBCO
BZO BZO
LAO LAO

Figure 4.41. Sketch of the NPs evolution during the growth process for films using the two different types of
NPs: a) ZrO,-UG NPs and b) ZrO,-UAB NPs

In the growth process, it was demonstrated that in both cases the NPs react forming
BZO. However, in the case of the UG NPs films a ~10 nm thin layer of BZO is formed in
the interface. Therefore, the YBCO have no space to epitaxially nucleate in the LAO
surface and it nucleates on the top of the BZO layer (figure 4.41 a)). It was demonstrated
by a quench study that the NPs reaction to form BZO, in this case, is formed at
temperatures lower than 750 °C, before the YBCO nucleation. So the YBCO nucleate on
the top of the BZO layer and, since the mismatch between the the BZO and YBCO is large
(+8,7%), the YBCO can not grow epitaxial. Epitaxial YBCO can be obtained only when
low concentrations of ZrO, NPs (< 3%M) are used. At this concentration the amount of
NPs is not enough to completely cover the LAO allowing the nucleation of epitaxial
YBCO on the LAO.

In the case of UAB NPs, the BZO nucleates forming big aggregates that do not
cover the entire LAO surface allowing the YBCO nucleation on LAO and, therefore,
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obtaining epitaxial YBCO (figure 4.41 b)). In this case, it is also observed the presence of
high amount of SFs. Their origin is the same as in the case of the CeO, NPs films: the big
aggregates act as in the case of unreacted phases in the thick films creating high density of
long SFs. This situation reveals the importance of the NPs colloidal solution quality and to
perform DLS measurements to verify it as it strongly influences the growth process.

The consequences of this different behavior are clearly seen analyzing the physical
properties of these films. Figure 4.42 shows the evolution of the J$f at 77 K and T, for the
UG NPs films (figure 4.42 a)) and the UAB NPs films (figure 4.42 b)). The UG NPs films
have poor values of J$f at 77 K and also low values of T, (compared with 90-91 K for the
pristine YBCO) when the concentration is higher that 3%M as a consequence of the
polycrystalline growth of YBCO. On the other hand, the UAB NPs films show good values
of Jc at 77 K and T up to concentrations of 16%M.
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Figure 4.42. Evolution of the J; and T, for a) the UG NPs films and b) the UAB NPs films.

4.4.2.2.1 Transport measurements

Considering the different situations for the YBCO growth depending the NPs that
being used, ZrO, UAB or UG NPs, the epitaxial film that showed the best physical
properties, i.e., the YBCO+16%M ZrO,-UAB, was chosen to carry out a detailed transport
measurements. The results of this analysis are shown in figure 4.43.

Figure 4.43 a) shows the J; at 77 K dependence with the magnetic field of the
YBCO+16%M ZrO, UAB NPs film. First of all, it is observed that the JSf at 77 K is
comparable with the pristine YBCO values (reaching a value of 4,5 MA/cm?). Apart from
this, the shape of the curve is nanocomposite-like with the characteristic rounded shape at
intermediate fields which leads to a higher values of H* than in the pristine YBCO films
(larger vortex-defect region, see chapter 3). Finally, it can be seen that the drop of the J;
occurs at lower fields than in the pristine YBCO film, indicating that the twin boundaries
effect in the nanocomposites is lower than in the pristine YBCO. This is due to presence of
SF that breaks the coherence of the twin boundaries. So, the irreversibility line is also
lower than in the pristine YBCO film, which is a characteristic of the nanocomposites.

In figure 4.43 b), the angular dependence of J. at 65 K shows a more isotropic
behavior of YBCO+16%M ZrO, UAB NPs film than in the pristine YBCO film. This
figure also demonstrates the presence of SF as can be deduced from the width of the
YBCO+16%M ZrO, UAB NPs film peaks at 90°. These peaks are much wider than the
pristine YBCO peak in which the presence of SF is much lower. The SFs increase the
width of this peak because their effect is relevant when the magnetic field is parallel to the
ab-plane in which they act as pinning centers. At 180°, i.e., when the magnetic field is
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parallel to c-axis, the pristine YBCO shows a peak related with the presence of the twin
boundaries. This peak does not exist in the case of the YBCO+16%M ZrO, UAB NPs film
since, as was mentioned before, the SFs break the coherence of the twin boundaries
preventing their effect'® ¥, The presence of the SFs, that cause a deformation in the
YBCO in nanoscale regions, also explains the high value of the ¢ found in these films
(€=0,23+0,01%).

Finally figure 4.43 c) shows the isotropic collapse of the irreversibility line for the
nanocomposite, measured at different magnetic field orientations. The collapse is reached
with an effective gamma (yerr) value of 3, which is also a typical value of the in-situ
nanocomposites.
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Figure 4.43. Results of the transport measurements in an YBCO+16%M ZrO, UAB NPs film. Graph a)
shows the J. at 77 K dependence with the magnetic field, graph b) the angular dependence of the J. at 65 K
for the YBCO+16%M ZrO,-UAB film in comparison with a pristine YBCO film and graph c) the isotropic
collapse of the irreversibility line for the nanocomposite, measured at different magnetic field orientations,

with Yeft ~ 3.

All the previous results demonstrate, again, the importance of controlling the initial
colloidal solutions properties. The presence of aggregates could completely modify the
final results. Despite that both type of NPs tend to go to the interface YBCO/LAO, they
present different features. It was shown that, despite the UAB NPs tends to form big BZO
cumulus in the films; they have excellent superconducting and pinning properties. On the
other hand, the UG NPs, which are maintained aggregates-free in the solution, the
nanocomposites show worse properties at high concentration of NPs due to the formation
of a BZO layer which prevents the formation of epitaxial YBCO.
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4.4.2.3 YBCO-ZrO; nanocomposite films with ultrathin YBCO interlayer

With the aim to further improve the quality of YBCO-ZrO,-UG nanocomposite
films and enhance their physical properties, an ultrathin pyrolyzed YBCO film is deposited
on the LAO substrate prior to the nanocomposite films deposition in order to avoid the
ZrO, NPs placement directly at the LAO surface.

To implement this strategy a 0,05M YBCO solution is used to deposit the initial
pristine YBCO thin film on the LAO substrate. The pyrolysis of this diluted solution could
be shorter than that used for 1,5M solutions due to its lower thickness (lower mass also).
For this reason, the standard pyrolysis process is modified. When the temperature reaches
310 °C, it automatically drops to room temperature (as fast as the furnace permits). Using
this solution, 50 nm of pristine YBCO films are obtained after the growth process (100 nm
after the pyrolysis process).

On top of the pyrolyzed pristine YBCO ultrathin film, YBCO+ZrO,-UG solution
with different concentrations of NPs (6, 10 and 15%M) are deposited. They are pyrolyzed
using the standard pyrolysis process. At the end of the pyrolysis process, the films show
excellent homogenity for all the different concentrations here studied, as it can be seen in
figure 4.44.

Figure 4.44. Representative optical microscope image of the YBCO+10% M ZrO, UG NPs pyrolyzed films
on the top of the pristine YBCO interlayer.

In order to check the effectiveness of this strategy a XPS depth profile study, TEM
images and EDX maps of Zr are carried out in YBCO+15%M ZrO,-UG pyrolyzed film
(figure 4.45). The evolution of the Zr content through the thickness measured with XPS
using Zr(3p) core level is presented in figure 4.45 a). This plot demonstrates that the NPs
are not located in the LAO surface, so the interlayer fulfills its function, at least, at this
stage. Nonetheless, the NPs tend to go to the interface nancomposite/YBCO interlayer.
This is confirmed by the TEM image and EDX map of Zr shown in figure 4.45 b) and c),
respectively. The HAADF TEM image of the pyrolyzed film shows a brighter zone just in
the interface nanocomposite/YBCO interlayer. Looking at the Zr EDX map, it is observed
that the Zr is present throughout the film thickness but there is a big accumulation in the
interface nanocomposite/YBCO interlayer. The thickness of this region in the interface is
~10 nm. This means that, as in the previous case, most of the NPs go to the interface
forming a continuous layer of ZrO, (after the pyrolysis there is no BZO yet). There are also
other ZrO, NPs embedded within the amorphous matrix. Therefore, it has been
demonstrated that the YBCO interlayer prevents the disposition of the NPs on the top of
the LAO.
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Figure 4.45. a) Depth profile XPS study, b) cross-section HAADF TEM image and c) Zr EDX map of
YBCO+15%M ZrO,-UG pyrolyzed film.

Having demonstrated that the interlayer is effective to avoid the acumulation of the
NPs on the LAO surface, it is neccesary to prove that the growth of the YBCO takes place
properly. From the XRD study (see figure 4.46), it is observed that epitaxial YBCO is
obtained. It is also observed that, in contrast to the previous cases, both the (110)BZO and
(200)BZO Bragg peaks are detected. Note that the presence of the (110)BZO ring indicates
the presence of randomly oriented BZO NPs. Random fraction values are around 96%, as
high as in the case of in-situ nanocomposites (chapter 3, figure 3.6). The nanostrain value,

g, 1S 0,22+0,01%, value which is also comparable with the in-situ BZO nanocomposites
values (chapter 3, figure 3.7).
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Figure 4.46. 2D XRD 6-26 frames and integrated patterns of the YBCO+10%M ZrO,-UG film. Image a)
shows a general image of the film while image b) is focused in the region of the (110)BZO peak to get a
better resolution. Finally graph c) correspond to the integrated spectrum from image a).
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It is concluded that the introduction of the YBCO interlayer promotes the epitaxial
growth of YBCO. In order to study the ZrO, distribution in the grown films, a XPS depth
profile and TEM studies have been performed (figure 4.47).

The XPS study (figure 4.47 a)) show a homogeneous distribution of the Zr through
the thickness of the nanocomposite film with no accumulation of Zr in the interface.
Comparing it with the spectrum after pyrolysis (see figure 4.45 a)), it is clear that the
distribution of Zr is completely different. This means that during the growth process it is
possible to move the NPs from their initial position. Therefore, figure 4.47 a) reveals a
completely different situation than before using the pristine YBCO interlayer.

From the TEM analysis it is also observed a homogenous distribution of Zr
throughout the nanocomposite film. In figure 4.47 b) one can see BZO NPs distributed in
the nanocomposite film with sizes ranging from 10 to 30 nm, very similar values to the
BZO NPs found in the in-situ nanocomposites. This indicates that, although the NPs
remain as isolated NPs in solution, during the growth process some coarsening occurs. It is
also observed that no BZO NPs are detected in the interlayer demonstrating the efficiency
of this strategy to avoid the NPs movement to the LAO surface. The Zr EDX map (figure
4.47 c)) also confirms the homogeneous distribution.
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Figure 4.47. a) XPS+sputtering measurements, b) TEM image and c) Zr EDX map of YBCO+10%ZrO,-UG
grown film. Red arrows indicate the presence of BZO NPs and the yellow Y ,Cu,Os particles.

In order to understand why the situation is different, it is necessary to take into
account that in this case the BZO is formed on the top of a pristine YBCO layer. During
the growth process, the BZO is formed before the nucleation of the YBCO (at 750-760 °C).
At 790 °C, the YBCO nucleates and starts to grow. The heterogeneous nucleation of the
YBCO occurs in the LAO surface and the growth front begins to move upwards. The
growth front finds the NPs (in this moment the BZO NPs are still individual because there
was no time to sinter and form a continuous layer), it starts to move the NPs from its initial
position resulting BZO NPs homogeneously distributed in the final grown film. Although
the way in which the BZO NPs are moved is not fully understood, it is suggested that it
might be related to the size of the NP. After this process, the NPs are homogenously
distributed favoring the epitaxial growth of the YBCO.

Further detail of the microstructure of YBCO-ZrO, nanocomposite films is
obtained from TEM analysis. Figure 4.48 shows six different images in which BZO NPs
are present. These images confirm that the sizes of the BZO NPs vary from 10 nm (NPs in
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b), ¢) and d) images) to 30 nm (NPs in image a)) in the case of the YBCO+10M% ZrO,-
UG film. Images e) and f) show bigger NPs (up to 50 nm) for the case of YBCO+15%M
ZrO,-UG film because, in this case, the coarsening effect starts to be important™™. It is
observed the presence of SFs in images €) and f) although their density is quite low. It is
also remarkable that the contrast observed in those two images indicates that both the NPs
and the SFs are distorting the YBCO structure (the contrast on LAADF images comes from
the strain) causing the observed ¢ increment.

Figure 4.48. TEM images of YBCO+10%M ZrO,-UG and YBCO+15%M ZrO,-UG films. Red arrows
indicate the presence of BZO NPs and withe arrows the presence of SFs. Images a), b), ¢) and d) were taken
in HAADF mode and corresponds to a YBCO+10%M ZrO,-UG NPs film and the images e) and f), obtained

in the LAADF mode, to a YBCO+15%M ZrO,-UG NPs film.
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Up to know it has been observed that the introduction of the pristine YBCO
interlayer improves the quality of the films and allows a homogeneous distribution of small
BZO NPs.

Figure 4.49 shows the T. and JSf at 77 K values for the YBCO+ZrO,-UG
nanocomposites showing that the improvement of the crystalline quality of the films is
reflected in a great improvement of the superconducting properties. The T. remains
constant around 90 K for all the studied concentrations. In the case of the J$f at 77 K, the
highest value (4,7 MA/cm?) is reached for a 10%M of ZrO, NPs. It is observed that for a
15%M of ZrO, NPs, the ] at 77 K value decreases until 3,2 MA/cm?. This is attributed to
an excessive coarsening of NPs that, as in the case of the in-situ BZO or BYTO
nanocomposites®” ', act as “current blockers” preventing a free current percolation.
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Figure 4.49. SQUID measurements of T and J$f at 77 K values of ZrO,-UG nanocomposites with different
concentrations of NPs.

Transport measurements were carried out in the YBCO+ZrO,-UG films in order to
obtain detailed analysis of the pinning properties of these films. These measurements were
done in films with the three different concentrations studied: 6%, 10% and 15%M. Figure
4.50 shows the results.

First of all, looking at figure 4.50 a) it is confirmed that the 10%M ZrO, films give
the best J5f at 77 K value, in agreement with the above measurements, reaching values of 5
MA/cm?. This value is better than those obtained for the 6%M and 15%M of ZrO,-UG
NPs. It is also better than in the case of 16%M ZrO,-UAB NPs (4,5 MA/cm?) and the
8%M CeO, 2 nm NPs in HDEC (2 MA/cm?. The same figure shows that the
YBCO+10%M ZrO,-UG NPs film present almost the same behavior as the in-situ
nanocomposite films (better J5f at 77 K and similar behavior at intermediate fields and high
fields). These results show that the YBCO+10%M ZrO,-UG NPs can compete with the
performances of the in-situ nanocomposites at 77 K.
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Figure 4.50. Results of the transport measurements analysis on the YBCO+ZrO, UG NPs films with different
concentration of NPs in comparison with the previous YBCO+16%M ZrO,-UAB NPs showing a) the J. at 77
K dependence with magnetic field, b) J./J$f dependence with the magnetic field, c) Pinning force with the
magnetic field, d) the angular dependence of the J; at 65 K for the YBCO+10%M ZrO, UG NPs film in
comparison with a pristine YBCO film and e) the isotropic collapse of the irreversibility line for the
YBCO+10%M ZrO, UG NPs, measured at different magnetic field orientations, with yes; ~ 2,9.

The evolution of the J./J3f at 77 K with the magnetic field (figure 4.50 b)) stands
out the differences that still are between the ex-situ and the in-situ nanocomposite films.
The ex-situ films clearly shows H* values much lower than the in-situ nanocomposite
films. From all the ex-situ nanocomposite films studied in this thesis, the highest
performances at 77 K are observed for the YBCO+10%M ZrO,-UG NPs film. The
YBCO+16%M ZrO,-UAB NPs shows similar behavior at low fields but, from ~0,3 T, the
YBCO+10%M ZrO,-UG NPs film clearly shows better performances. The pinning force
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evolution with the magnetic field that is showed in figure 4.50 c) indicates that, once again,
the YBCO+10%M ZrO,-UG NPs film has the best performances.

Until now, it was shown that the YBCO+10%M ZrO,-UG NPs films present the
best performances at 77 K. However, this situation changes at lower temperatures. Figure
4.50 d) shows the angular dependence of the J; at 65 K for the YBCO+10%M ZrO,-UG
NPs film in comparison with a pristine YBCO film. In this case, it is possible to see that
the values for the nanocomposite films are similar to the pristine YBCO films. These
values are much lower than in the case of the shown in figure 4.43 b). In this case, the peak
at 90° associated with the SFs effect is much narrower. This is due to the lower density of
SFs that these UG NPs films present that also could explain why the drop of the J. at high
fields observed in figure 4.50 a) occurs at higher fields than in the YBCO+16%M ZrO,
UAB NPs films (if the density of SFs is low, the coherence of the twin boundaries is
maintained acting as pinning centers at high fields at it was explained in chapter 3).

Finally, figure 4.50 e) presents the isotropic collapse of the irreversibility line for
the YBCO+10%M ZrO,-UG NPs, measured at different magnetic field orientations, with
Yetif ~ 2,9 Which is a typical value for the in-situ nanocomposites. This value is very similar
to that obtained for YBCO+16%M ZrO,-UAB NPs.

4.4.3 Pinning performances in CeO, and ZrO, nanocomposite films

As it was mentioned in the introduction and in chapter 3, the pinning mechanism in
CSD in-situ nanocomposites, first time proposed by the SUMAN group, is based on the
effect of the SFs. The SFs are created in the surrounding of the NPs. In the ends of the SFs
strained regions appear preventing the Cooper pair formation due to tensile strain. These
nano-sized regions act as pinning centers®’. This mechanism was used in chapter 3 to
explain the consequences to change the SF scenario obtaining satisfactory results.

However, this is the first time that the pinning behavior of ex-situ nanocomposite
films is studied. The advances that are exposed in this chapter regarding the processing of
ex-situ nanocomposites, have allowed the achievement of films with sufficient quality to
understand how the different microstructure found in each type ex-situ nanocomposite
films affects the pinning performances. The results show that two different situations were
found depending on the NPs used.

For YBCO nanocomposites with UAB NPs, there are agglomerates of NPs already
in solution according to DLS measurements. These big agglomerations are present, after
the growth process, in the YBCO matrix in form of big BCO or BZO particles. These big
particles act as “current blockers” disturbing the current flow, providing inhomogeneity to
the films and preventing higher values of J.. They cause the appearance of long SFs that, as
it was mentioned in chapter 4, are not as effective as the short SFs to improve the pinning
properties. So, in this case, it is possible to say that what is being measured is a pristine
YBCO film with big BCO or BZO particles acting as unreacted phases and full of long
SFs. This is confirmed by the results of transport measurements: the J5f at 77 K values are
the same as in a pristine YBCO film. The difference in the J. dependence with the
magnetic field with respect to the pristine YBCO films can be attributed to the presence of
high density of long SFs. The presence of the SFs also causes the increase of the nanostrain
value reaching values of 0,18+0,01% in the case of YBCO+8%M CeO, NPs films and
0,23+0,01% in the case of YBCO+16%M ZrO, NPs So, in this case, the pinning
mechanism will be similar than in the in-situ nanocomposites and attributed to the SFs
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effect. The fact that these films do not reach the same performances as in the in-situ
nanocomposites is because of the presence of big agglomerates.

For YBCO nanocomposites with UG NPs films, it was demonstrated that the NPs
remains isolated until the growth process. The fact that these NPs tend to agglomerate in
the interface YBCO/LAO preventing the epitaxial growth of the YBCO (the YBCO
nucleate on the top of the BZO layer that is formed) made necessary to add a pristine
YBCO interlayer. The films with the interlayer present epitaxial YBCO and homogeneous
distribution of NPs, but still coarsening is detected. The distribution and size of these NPs
is very similar to the in-situ nanocomposites scenario. These films showed excellent
performances at 77 K, showing features that can even compete with the in-situ
nanocomposites. However, at low temperatures, their properties decay below the YBCO
nanocomposites using UAB NPs because lower density of SFs is detected. As it could be
observed in the TEM images of UG NPs films, there are SFs but the amount of them is
quite low compared with the UAB NPs films. This is responsible that the width of the peak
at 90 °, in the J¢(6) dependence, was narrower in the first case. The reason why the amount
of SFs is lower in this case is under study.

It is known that most of the NPs are randomly oriented because it was shown that
the random fraction is about 96% in these films. Therefore, they will cause distortion of the
YBCO matrix in their surroundings, as it was observed in the TEM/LAADF images, and
create interfacial energy. However, this interfacial energy, in this case, is not completely
released by forming SFs. It is suggested that in this case the interfacial energy is not as
high as in the case of the in-situ nanocomposites. The fact that the NPs already formed
with defined crystalline structure are embedded in the YBCO matrix may facilitate the
YBCO accommodation to them.

The differences between the ZrO,-UG NPs ex-situ films and in-situ nanocomposite
films properties are still significant, specially looking at the J./J$f dependence with the
magnetic field curves. These differences can be attributed to the lower amount of SFs
which cause a lower number of pinning centers and, therefore, a decay in the performances
with the magnetic field is observed.

4.5 Summary

From the study of this wide variety of compositions of ex-situ YBCO
nanocomposites it is possible to identify a methodology of general validity to prepare
epitaxial nanocomposite films using colloidal solutions, see figure 4.54. The green boxes
indicate the correct path while the red arrows mean that, if this phenomenon is observed,
one have to go back and change something of the process. Therefore, based on this
scheme, the important parameters to succeed in the preparation of ex-situ YBCO
nanocomposite are: to obtain stable NP solution with no aggregates that could lead to
homogenous films after pyrolysis. Then, in the growth process, it is important to avoid
reactivity and coarsening and achieve a homogeneous distribution of the NP embedded in
the YBCO matrix (trapping).
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Figure 4.54. Ex-situ route pathway to achieve high quality nanocomposites thin films.

The properties of the obtained films can reach the T, values of 90 K and J3f at 77 K
of 5 MA/cm? as in the case of YBCO+10%M ZrO,-UG NPs films. The pinning
performances are improved with respect to the pristine YBCO films and show potential to
compete with the performances of the in-situ nanocomposites. The presence of randomly
oriented NPs in these ex-situ nanocomposites, specially in the YBCO+ ZrO,-UG NPs
films (10%M), cause the increase of the incoherent interface and the generation of SFs that
allow the increase of the nanostrain values that are in the range of the in-situ
nanocomposites values ( 0,22-0,24%). Figure 4.55 shows that the nanostrain-incoherent
interface dependence found in the in-situ hanocomposites is also followed by the ex-situ
nanocomposites
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Figure 3.10 Dependence of the YBCO vertical nanostrain on the incoherent interface of NPs in the different
in-situ (BZO, YO, BYTO and mixt) and ex-situ (CeO,, ZrO,-UAB and ZrO,-UG NPs) hanocomposites
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4.6 Conclusions

Throughout this chapter the first advances in the preparation of ex-situ
nanocomposite thin films were exposed. It was shown that this is not an easy route as
many parameters have to be kept under tight control. From the NPs synthesis to the growth
process, there are many details that can make the difference between good and poor
performances. Despite all the difficulties that were faced, first ex-situ nanocomposites
epitaxial thin films showing competitive performances were achieved.

This chapter had two different parts: magnetic NPs (CFO) and non-magnetic NPs
(CeO; and ZrOy). The first part was mainly devoted to study the structural and magnetic
properties of CFO NPs in powder under different thermal treatments and compared with
the properties of the YBCO+CFO NPs nanocomposite films. This study was
complemented with magnetic dichroism measurements carried out at ALBA synchrotron.
The second part was devoted to the non-magnetic NPs (CeO, and ZrO,). The influence of
the ligand agent, the importance of the NPs size and the consequences of having aggregate
or individual NPs on the YBCO nanocomposite properties have been investigated.

All this work has allowed the achievement of important conclusions:

e This work has evidenced for the first time that the use of colloidal solutions of oxide
nanoparticles can lead to high quality epitaxial YBCO nanocomposite films. The
properties of the NPs in the colloidal solution are critical for the final properties of the
films. DLS measurements are very important to identify the NPs size and aggregation.
If the NPs are aggregated in the solution, big particles will be found in the grown films.
However, a small NPs size in DLS measurements is necessary but not sufficient to
achieve the desired distribution and NPs size in the final YBCO film because other
phenomena as NPs coarsening can occur during the thermal process resulting in a big
NPs size.

e CFO NPs in powder maintain their magnetic properties under the YBCO processing
conditions. It was observed that the pyrolysis process degrade the NPs surface causing
a decrease of the saturation magnetization but, during the growth process, the surface is
reconstructed by a reoxygenation process. Magnetic dichroism measurements of the
CFO in powder suggested the presence of the spinel structure after the all the different
thermal processes of the YBCO processing.

e YBCO-CFO nanocomposites are epitaxial with the presence of some of a-b grains. It
was also identified a great reactivity between the CFO and the BaF, forming a double
perovskite structure ((YBa(Fe/Co),0s). The presence of the initial CFO NPs could not
be detected even reducing the annealing time and, therefore, a drastic degradation of
the magnetic properties was detected. It was also observed that in this kind of
nanocomposite films the superconducting properties, specially the T were
dramatically reduced as compared with pristine YBCO films due to the incorporation
of Fe and/or Co atoms to the YBCO structure.

o Epitaxial films were obtained when incorporated CeO, and ZrO, NPs. In these cases,
the CeO, NPs tend to react with the BaF, to form BCO and also the ZrO, to form BZO.
The simplest way to avoid this effect could be to synthesized directly BCO or BZO
NPs.

e The ligand use to synthesize the NPs can determine the homogeneity of the pyrolyzed
film. The use of TREG favors the formation of inhomogeneous films. The TREG
present a great tendency to place in the top surface of the film and it drags the NPs to
the upper part of the film after the deposition and pyrolysis process. This problem was
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overcome by performing a ligand exchange process with the use of HDEC as the
exchanged ligand.

e It was also demonstrated that the NPs size plays a key role during the growth process
as it determines the pushing/trapping effect. It was proved that the use of 2 nm CeO,
NPs leads to pushing effect (NPs in the surface of the films) while the use of the 4 nm
NPs allows the trapping effect. The use of 4 nm CeO, NPs resulted in epitaxial YBCO
films with higher nanostrain values (0,19+0,01%) as compared to pristine YBCO films.
The improvement of the superconducting properties should be achieved by reducing
the agglomerates in the initial solution.

e For ZrO, NPs, it was shown how the presence of aggregates can vary the YBCO
growth tendency and the films features. Big aggregates in solution cause big particles
in the films that will damage the films performances. Individual NPs makes necessary
(at least in the case of ZrO, NPs) the use of a pristine YBCO interlayer to allow the
epitaxial growth of YBCO. These films offer excellent superconducting properties. In
particular, showed a T.~90 K and a J.~5 MA/cm? with a reduction of the Yefr tO Similar
values (~3) than in the in-situ nanocomposites. These properties make the
YBCO+10%M ZrO,-UG NPs films very competitive with the in-situ nanocomposites.
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Oxygen Diffusion In YBCO Films:
Surface Role

In all the previous chapters, it was commented the importance of achieving
epitaxial YBCO to obtain films with good performances. The optimization of the
processing parameters is crucial to achieve this objective and many research works during
the last 20 years were devoted to these studies. However, the optimization of the YBCO
and, in general, of all the functional oxides, does not end here. It is required a further
research about the oxygen incorporation into the structure. And this study is indispensable
because, as it was mentioned in chapter 1, the superconducting properties will depend on
the oxygen content of the films.

The study of the oxygen role in the YBCO films can be divided in two parts: the
kinetics of the oxygen incorporation to the YBCO structure, i.e., the oxygen diffusion
process in YBCO films, and the analysis of how the oxygen content affects the physical
and structural al properties of the YBCO films. The chapter covers these two parts.

The detailed analysis of the oxygen diffusion in YBCO that has been performed
will be presented. The study of the oxygen diffusion is essential in order to find the optimal
conditions for the oxygenation. The diffusion dependence with different YBCO processing
parameters will be exposed. There are many reports in the literature about oxygen diffusion
in YBCO but most of them focus on the bulk/volume oxygen diffusion. However, in this
case, a different approach will be used. The role of the surface reactions in the oxygen
diffusion will be discussed.

A different part of this chapter will be devoted to how the thickness of YBCO films
and, therefore, the changes in the microstructure affect the oxygen diffusion. This study
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includes a detailed analysis of the observed changes in the kinetics of the oxygen diffusion
in YBCO films with different thicknesses. The thickness determines the strain
(nanostrain/mesostrain) of the films, so the results are correlated with this parameter. The
effect of the thickness on the oxygen content of the films will be also discussed. It will be
shown how the thickness and, therefore, the strain and the microstructure could affect the
final properties of the films. To do that, films of different thicknesses were exposed to the
same oxygenation process in order to compare how the c-parameter and the physical
properties evolve with the thickness

Another part of the chapter will be devoted to the role of the silver additions to the
YBCO. It was demonstrated that the silver addition (mainly in the surface) in other
materials have a catalytic effect favoring the oxygen diffusion. But this was not proved in
YBCO thin films up to now. First results about how the silver presence modifies the
oxygen diffusion in YBCO will be exposed. It was investigated which is the effect of silver
when it is introduced in solution in form of precursor salt.

Finally, it was mentioned in previous chapters the importance of the
nanocomposites in the field of superconductivity because of their properties, specially, at
high magnetic fields. However, there are no studies about the oxygenation process in this
kind of films. In this chapter, it will be introduced some results about how the oxygen
diffusion process in YBCO+10%M BZO films is performed.

5.1 Introduction

The problem of the oxygen transfer from the gas phase to the crystalline structure
of oxides is a complex phenomenon that has been widely investigated recently in the
context of many applications such as fuel cells, resistive switching phenomenon, catalysis,
etc. These studies have deeply advanced in the analysis of the problem and they become
very useful in the analysis of YBCO films behavior.

The oxygenation process in HTS is crucial since it defines their final
superconducting properties. In the particular case of YBCO, its structure is not fixed and it
depends on the amount of oxygen in the Cu-O chains. The oxygen content in these chains
will determine the amount of carrier doping because the content of oxygen establishes the
value of & in the unit formula YBa,Cu3Og.s. The oxygen content in these chains will define
if the structure is tetragonal where the material behaves as an insulator or orthorhombic
where a metallic state is obtained leading to the superconducting behavior.

One important issue is that, before entering into the YBCO structure the oxygen has
first to become trapped into the solid from the gas phase (O) and then diffuse within the
crystalline structure in form of O ions to fill the vacancies existing in the structure. These
phenomena are not trivial events and, therefore, understanding which are the limiting
factors for a correct oxygenation process is very challenging. This process can be studied
experimentally as a macroscopic effect using different techniques. To understand the
oxygen diffusion process is, therefore, the first step to comprehend how the oxygenation
process can be carried out.
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5.1.1 Structural changes in YBCO during oxygenation process: oxygen
disposition in Cu-O chains

As it was mentioned in the introduction, once the oxygen enters into the YBCO
structure, it is placed in the Cu-O chains where many vacancies exist. As oxygen is
introduced in the Cu-O chains, the disposition of O atoms gradually changes. When no
oxygen is present in the chains, the YBCO has a tetragonal structure and it behaves as an
insulator. This structure is maintained until a value of & about 0,3-0,35 in which the
transition from the tetragonal structure to the orthorhombic structure occurs®®. In the range
of 0<5<0,35 the oxygen is placed randomly in their sites in the Cu-O chains.

As the oxygen content is increased and 6>0,35 the structure becomes orthorhombic
and the oxygen atoms are placed periodically in the Cu-O chains forming superstructures
(different arrangements of oxygen atoms in the Cu-O chains which extend into multiple
unit cells) which have different periodicities along the a-axis®*°. Kinetic effects may
preclude the formation of such type of oxygen ordered structures. De Fontaine et al
proposed an equilibrium phase diagram in which it is possible to know the superstructure
which is present in the system depending on the oxygen content®*°.

5.1.2 Superconducting properties dependence with the oxygen content

As it was just discussed, the oxygen content in the YBCO will determine the
structure and, therefore, its insulating or superconducting behavior. The dependence of T,
with oxygen content can be observed in figure 5.1 a)**. For § (in figure 5.1 8=x) values
below 0,35 the structure is tetragonal, so the YBCO behaves as an insulator and then the T,
is zero. For & values above 0,35, orthorhombic structure is present and the T, starts to
increase with the enhancement of the oxygen content. This tendency is maintained until
6=0,92 in which the T, reaches a maximum of 94,3 K. In these conditions, it was proposed
that there is an OIV superstructure extended to 3-6 YBCO unit cells?®®?. For $>0,92 the T
decreases again.

In the view of this behavior, it is possible to define three different regimes for the
superconducting phase. The first one is called underdoped regime and it happens when
0<0,92. In this regime, the oxygen content is not enough to reach the highest value of T..
The optimum regime or the optimum oxygen doping is the second regime. It is reached
when 6=0,92. Here the T reaches its maximum value. The last one is called overdoped
regime and it occurs when 6>0,92. In this regime the T, decreases again until 89 K
approximately, for YBa,Cuz0,%".

The changes in the T. as a function of the oxygen content are a consequence of the
alterations that the oxygen atoms cause in the structure. In figure 5.1 b) it is presented the
evolution of the T, with the YBCO c-parameter. It can be observed that T increases as the
c-parameter decreases. This happens until ¢c=1,1695 nm approximately where T, reaches
the maximum of 94,3 K. Then, the T, starts to decrease as the c-parameter continues to

decrease®?,
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Figure 5.1. T, evolution in YBCO as a function of a) oxygen content and b) c-parameter®’,

The alteration of the c-parameter that the oxygen content induces in YBCO is due
to the change in the distance between Cu(1) and O(4) (apical oxygen) atoms caused by the
oxygen atoms in Cu-O chains (figure 5.2).

O(1)

. Yttrium

. Barium
Cu( 1 )\ B o
. Chain Copper
O( 3 ) . Plane Oxygen

0(2)
CU(2)/ . Apical Oxygen

\
0(4)\ % |

Figure 5.2. YBa,Cu30; orthorhombic structure. The different oxygen and copper atoms are marked.
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This produces changes in T, since the carrier concentration in YBCO is controlled
by changing the oxygen content that causes the movement of apical oxygen, O(4). Apical
oxygen between the CuO, plane and the Cu—O chain is known to play an important role in
the hole distribution between the two layers®®®. T. decreases systematically if oxygen
deficiency occurs. This happens because oxygen deficiency induces a shortening of the
Cu(1)-O(4) bond length and, consequently, displacing the O(4) away from the CuO, plane
impeding the hole transfer from the plane to the chain®>*

5.1.3 Oxygen diffusion in YBCO

The diffusion of oxygen, the mechanism by which oxygen atoms are incorporated
into the YBCO structure, has been extensively studied. Oxygen diffusion in YBCO was
analyzed using_different techniques such as secondary ion mass spectrometry®> %,
oxygen tracer®’, thermogravimetry®®®, spectroscopic ellipsometry®® or in- S|tu
resistivity?° %%, The results from all the techniques showed that knowledge and control of
the diffusion process is crucial in order to obtain good performances in YBCO samples.

Oxygen diffusion through YBCO is governed, as all the bulk diffusion processes,

by Fick’s Laws (Egs. 5-1 and 5-2):

. aC aC aC

j = —(Dy P D, oy + D, 5 Eq. 5-1
aC 92C 92C

'=——D + D +D,— Eq. 5-2

V=% Xoxz T Yay2 Zaz2 95

where j is the rate of mass transfer per cross-sectional area, C is the concentration of
diffusing species, D is the diffusion coefficient and X, y and z are the distances travelled by
the species in each direction (considering a unit cell, x=a, b=y and c=z).

Equation 5-1 is the first Fick’s law and it affirms that the rate of mass transfer per
cross-sectional area is proportional to the concentration gradient. It describes the effect of a
concentration potential gradient of one type of particle present in a particular media.
Equation 5-2 is the seconds Fick’s law and it predicts how diffusion causes the
concentration to change with time.

In the particular case of oxygen diffusion in YBCO, the diffusion coefficient is very
anisotropic. In the c-axis direction the diffusion coefficient, D, is 10*-10° smaller than
along the a-axis or b-axis direction. Also, there is a difference between D, and Dy since
Dp~100D,. This suggests that the diffusion may take place parallel to the Cu-O chains
which are along the b-axis direction®*’

According to these assumptions, it is possible to transform, with great accuracy, the
second Fick’s law into (Eq. 5-3):

aC _ 92C
— = Eq.5-3
at ab(ax2 +ay a
where Dy is the mean value of the diffusion coefficient in the ab-plane which is taken, as
an approximation, to be very similar in each direction of the plane.
It is possible to derive an expression for the concentration along one direction
considering a one dimensional case (Eq. 5-4):
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(312
Cx(t %) =% 1°1°=02n1+1e (FF)m sin(Zr +1)“x)

Eq. 5-4
where Cy is the initial concentration and L is the linear dimension of the average single-
crystalline grain in the sample (the centre of the grains is located at L/2).

Integrating equation 5-4 from x=0 to x=L, it is obtained (Eg. 5-5):

8C o 1 _ 2n+1 2
Cx(0) =n_202“=° (2n+1)2e [( L )n] Eq.5-5

It is possible to simplify equation 5-5 considering long times (t>t*=0,044(L%/Day))
because, in this case, only the first term of the infinite sum can be considered with an error
lower than 1%. In this case equation 5-5 becomes (Eg. 5-6):

(TIZDab>t
8Cy 2
C,(t) = “—20 e L Eq. 5-6

This is the solution in one dimension. But Eq. 5-3 is a two dimensional equation.
To solve it, it is necessary to extract the expression for the concentration in the other
direction. However, the initial assumption is that both directions have the same behavior.
Therefore, the solution in y direction is (Eq. 5-7):

8C —<n 2ab>t
Cy(t) = —0 L Eq.5-7

So, in conclusion, the solution for the two-dimensional diffusion equation 5-3 is
(Eq. 5-8):

t
Cry = Cx(D)Cy (1) = 6“" e (&) Eq.58

2
is the diffusion relaxation time.

where T, = 2D

According to equation 5-8, the expected behavior of the oxygen concentration over
time in YBCO is exponential both for the in-diffusion (introducing oxygen in the YBCO)
and the out-diffusion (extracting the oxygen from inside the YBCO) because it will depend
only on the concentration gradient no matter the direction. During many years, the oxygen
diffusion in YBCO films was only interpreted as bulk diffusion process using Fick’s laws.
Many different studies were devoted to comprehend how the oxygen goes in and out from
the YBCO structure forgetting the surface phenomena.

5.1.3.1 In-situ resistance measurements

In this thesis, the oxygen diffusion phenomenon in YBCO was study by using in-
situ resistance measurements (chapter 2 to see details about the equipment). The oxygen

170



5. Oxygen Diffusion In YBCO Films: Surface Role

concentration variations that are modeled with the second Fick’s law according to Eq. 5-8,
can be related with resistivity values by Eq. 5-9 (assuming proportionality between small

changes of concentration and resistivity)?":

t

D-pe o o ()
p()—poo oc e Tab Eq 5_9
Po—Poo

where po is initial resistivity, p,, is the saturation resistivity (when t—o0) and tg, the
diffusion relaxation time.

In the literature is quite common that people use another expression which is
nothing more than Eq.5-9 solved for p(t) and normalized (Eq. 5-10):

p(t) oc 1 — e_(ﬁ> Eq. 5-10

Focusing in Eq. 5-9, it implies that, in terms of resistivity, the evolution of the
diffusion processes is also governed by an exponential law which depends on the diffusion
relaxation time. The diffusion relaxation time (ta) is an important parameter related with
the rate at which the oxygen is inserted or taken out from the structure. Large values of g,
imply a long time to insert or take out the oxygen from the YBCO structure and vice-versa.
The values of t,, can be obtained by transforming Eq. 5-9 using natural logarithms (Eq. 5-

11):
In (pp((t))_%) < — (%) Eq. 5-11

By representing the left term of Eq. 5-11 as a function of time, a straight line is
obtained. The slope of this line is —(1/ tap). In this way, it is possible to obtain the diffusion
relaxation time for a certain set of parameters.

Considering the oxygen diffusion as a thermally activated process, the temperature
dependence of the diffusion relaxation time is expected to be given by an Arrhenius
equation (Eq. 5-12):

h)
Tap = To e("BT Eq. 5-12

where Ej is the energy activation of the process, Kg is the Boltzmann’s constant and
To IS the frequency factor.

Knowing Eq. 5-12, it is possible to obtain the activation energy, E,, of the process
by calculating the Tz, (t from now) at different temperatures. Then, by plotting Ln(tap) Vs.
1/T a straight line is obtained. The slope of this line is E./Kg.

It is important to note that with the used setup, resistances are being measured
instead of resistivity. The impossibility to change the connections configuration impedes
measurements in Van der Pauw conditions so, only resistance values can be obtained
instead of the resistivity values. However, equation 5-9 is equally valid. The relationship
between resistivity and resistance consists in certain constants that depend on the measured
films.
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5.1.4 Surface reactions role

In the previous section, the oxygen diffusion process was presented as a bulk
process governed by Fick’s laws. In this framework, the reactions that take place in the
surface involving O, molecules are not considered. However, in recent years, the study of
the diffusion process in functional oxides is no longer seen as only a volume phenomenon.
Some works, in different functional oxides, have demonstrated that the reactions that the
oxygen suffers in the surface of the materials play a key role in the diffusion process
kinetics. Actually, as some authors claim, the surface reactions constitute the limiting
factor of the kinetics of the diffusion process in different functional oxides®* 264 268272,

Considering the surface reactions does not mean that the previous equations are not
valid. Simply, the time spent in the surface reactions is included in the overall time of the
diffusion. However, the explanation of diffusion mechanism has to be completed with the
surface processes before entering in the bulk diffusion.

The studies in different functional oxides have demonstrated that there are several
reactions that take place in the oxides surface. In the work of Kuklja et al**® it has been
proposed, in the case of the (Ba,Sr)(Co,Fe)Os.5, four different reactions that the O,
molecules have to complete before diffusing in the bulk. First of all, the chemisorption of
O, molecules in the surface take place (figure 5.3 (I)). The O, molecules in the surface
suffer ionization by taking two electrons and leaving two holes, becoming 03~ molecules.
After that, the 03~ molecules diffuse in the surface until they find a vacancy (figure 5.3
(11)). Then, the molecules are dissociated and one of the O ions remains in the vacancy
(figure 5.3 (I11) while the other one have to find a new vacancy (figure 5.3 (IV)). The
dissociation implies again charge transfer because the O ions are not stable and they need
another electron to become O% ions. When this process finish both ions can diffuse in the
bulk.

0, o
&
) 2+ =
/O- /O-
®) o)
(I1) -~ 5
5
r _
o) i o)
(111 — O N — BOW+
o) o)
(V) I = — HoM+n

Figure 5.3. O, surface reactions that take place before oxygen ions diffuse in the bulk: (1) chemisorption of
0O, molecule and molecules ionization, (11) 03~ molecules surface diffusion to find a vacancy, (111) 03~
molecules dissociation, (V) second O ion migration to other vacancy®.
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Considering the surface reactions, the problem of the diffusion is much more
complicated. The complete scenario is presented in figure 5.4 including both the surface
reactions and the bulk diffusion.

02 02 02

\ 1) a)

0,

3) 54-
0, 0O; ‘—‘;%'i» e BTy

Figure 5.4. Complete picture of the diffusion process including the surface reaction and the bulk/volume
diffusion. The complete process follows these steps: 1) Chemisorption of the O, molecule and ionization of
the molecule, 2) surface diffusion to find a vacancy, 3) dissociation of O, molecules, 4) the second ion look

for another vacancy and 5) volume diffusion.

Assuming that this is the complete diffusion process in the YBCO, there are two
important issues to comment. The first one is that the different ionization processes of the
O, molecules implies charge transfer which involve electron/holes (holes are symbolize as
h) interchange. Once the O, molecule is chemisorpted, it takes two electrons to become a
03~ molecule. This process creates two holes in the film. The dissociation of the 03~
molecule forms two O ions (unstable) that take another electron to become O? ions that
can go in the bulk. So, in the whole process, four holes are created. It is not clear which are
the species that acts as donors of electrons but is supposed to be the Cu ions that can exist
as Cu*, Cu®* or Cu®" in the YBCO structure?*?*™®,

The other point to take into account is that the bulk diffusion is mostly considered
to be happening in the ab-plane. The diffusion coefficient in the c-axis direction, Dy, is 10*-
10° lower than in the ab-plane, Da,. The O ions initially penetrate in the YBCO through
the pores or grain boundaries and then, they diffuse in the ab-planes ((step 5) in figure 5.4).
It is contemplated in this way because if the diffusion in c-axis was considered, the oxygen
diffusion would be much slower. With this in mind, it is possible to say that the diffusion
process is divided in two processes: the surface reactions and the diffusion in the ab-plane.
Therefore, the possible limiting factors of the process should be either the Dy, or the
surface reaction rate constant, K.

If the surface reactions are taken into account and they are considered as the
limiting factor for the whole diffusion process, it has no sense to use the t as a reference
for the process time. A new parameter, called “surface exchange coefficient (Kcpem [c/s])”,
appears and it has a similar role than the t for the bulk diffusion. kchem gives the rate of the

surface reactions. It is related with t by the following expression (Eq. 5-13)%%*:
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t
kchem = Eq.5-13

where t is the thickness of the film and t is the diffusion relaxation time found applying
Eq. 5-11.

The Kehem has similar temperature dependence than t, following an Arrhenius
equation (Eq. 5-14):

_Fa )
Kchem = koe( KpT Eq.5-14

where E, is the energy activation of the process, Kg is the Boltzmann’s constant and Ky is
the frequency factor which, in this framework, takes into account the probability of
successful adsorption per collision (the higher the pre-exponential factor is, the larger the
probability of molecule adsorption and the greater the reaction rate).

One of the major challenges, considering the diffusion mechanism represented in
figure 5.4, is finding the slowest step in this process or, in other words, tracing the rate
determining step (rds). If the surface reactions are considered as the limiting factor in the
diffusion process, the rds is one of them. In the work of Kuklja et al*®® it was mentioned
that the rds in (Ba,Sr)(Co,Fe)Os.s perovskites is the second step, i.e., the O, molecules
surface diffusion but no studies about this issue in YBCO heve been reported up to now.

The aim of this study is to clarify which is the role of the surface in the YBCO
oxygen diffusion kinetics. If the results suggest that the surface is an important factor, then,
the rds will be pursued.

5.1.5 Oxygen in- and out-diffusion

Within the oxygen diffusion process, it is possible to carry out two different
experiments: the in- and out-diffusion. The in-diffusion refers to the process by which the
oxygen goes into the YBCO structure while the out-diffusion refers to the process by
which the oxygen goes out from the YBCO structure.

There is much controversy in the scientific community about the equivalence, in
terms of diffusion rate, of both processes. Considering pure bulk diffusion, it should not be
expected any difference between in- and out-diffusion because bulk diffusion is just a
matter of a concentration gradient in the YBCO structure and the direction of movement is
not relevant. However, there is no unanimity on whether both processes are equivalent
(same rate for each process) or if there is something more (surface reactions) than the bulk
diffusion that causes a change in the rates in each case. Using in-situ resistance
measurements, the situation is similar: some results show that both processes are
symmetric while other results say the contrary.

However, using this last technique, one has to take into account the presence of the
percolation phenomenon that can vary the results. This phenomenon consists on the
presence of percolation currents flowing in the grain boundaries that can decrease the
mea§7117red resistance creating a close circuit between the contacts in the sample (figure
5.5)"".

When the oxygen goes into the film, the current flows in the “low resistance
circuit” created through the grain boundaries, while the interior of the grains remains in a
high resistance state. This causes an “electrical circuit” in which the grain boundaries and
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the grains act as “parallel resistors”. If both “resistors” are added, the major contribution
comes from the low resistance state. So, in the in-diffusion, due to the percolation effect
the diffusion rate increases.

The reverse phenomenon occurs in the out-diffusion. The oxygen goes out through
the pores or the grain boundaries. Therefore, the resistance in the grain boundaries will
increase due to the lack of oxygen while the grains are isolated in a low resistance state by
these high resistance grain boundaries. In this case, both contributions are added as “series
resistors” and the overall contribution will be affected mostly by the high resistance state.
So, in the case of the out-diffusion, the resistance measurements take into account the
slower of the two cases. A detailed discussion about the problem of the equivalence in the
in- and out-diffusion will be exposed in section 5.2.3.
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Figure 5.5. Sketch of the current percolation effect in YBCO thin films. The oxygen can diffuse easily in the

grain boundaries creating a “low resistance circuit” that decrease the measured resistance. However, the grain

remain in a high resistance state since the oxygen do not penetrate them?"".

5.2 YBCO processing parameters dependence on the
oxygen diffusion

As it was discussed extensively during this thesis, the YBCO needs special
conditions to nucleate and grow properly. However, there are no reported studies of how
the processing parameters affect the oxygenation and the oxygen diffusion process of the
YBCO. This is an important information in order to find out the optimal conditions for the
oxygenation of these films.

The effect of the temperature, gas flow and oxygen partial pressure on the oxygen
diffusion in 250 nm thick YBCO films will be described.

5.2.1 YBCO oxygen diffusion dependence with temperature

In this work, the study of the influence of the temperature was carried out in order
to try to reproduce the results already obtained in previous work in the SUMAN group?”’
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and to check that the measurement equipment was working properly. Also, the obtained
results will be used as an explication of the work mode for the future analysis.

The evolution of the measured resistance with time for different temperatures is
shown in figure 5.6. It is observed that consecutive increase and decrease of the resistance
occur. These measurements correspond to alternative atmospheres A and B whose main
difference is the oxygen partial pressure (Py,). Atmosphere A corresponds with a 1 atm of
pure oxygen (Oy) flowing at 0,6 I/min while B implies an atmosphere formed by 1 atm of
nitrogen (N,) with 2.10 atm (200 ppm) of O, flowing at 0,6 I/min. The A atmosphere is
called in-diffusion atmosphere because, when it is set, the resistance decreases (the oxygen
tends to enter in the YBCO structure) while the B atmosphere is called the out-diffusion
atmosphere because it causes a resistance increase (the oxygen tends to go out from the
YBCO structure).

The way in which the results shown in figure 5.6 are obtained is as follows. First,
the YBCO films are set at a certain temperature, for example 800 °C. At this temperature
atmosphere A is placed in order to decrease the resistance as much as possible. After 10
min with A, the atmosphere is changed into B during 60 min causing an increase of the
resistance. After 60 min with B, the temperature is decreased to the next one with A
atmosphere. When the next temperature is reached and after 10 more min with A
atmosphere, B atmosphere is set again to observed the out-diffusion. This process is
repeated each 50 °C until 350 °C.
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Figure 5.6. Evolution of the resistance with time for different temperatures following alternative changes of
oxygen partial pressures (A: 1 atm and B: 2.10™ atm).

The results shown in figure 5.6 are only valid to study the out-diffusion process
since the in-diffusion curves are not measured in isotherms. The out-diffusion curves are
presented in figure 5.7.
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Figure 5.7. Out-diffusion curves at different temperatures. Graph a) shows a summary of all the curves while
the graphs b) and c) are focused in the non-saturated curves at low temperatures.

Figure 5.7 a) shows the out-diffusion curves between 400 and 800 °C. It is observed
that as the temperature decreases, the saturation resistances decreases while the diffusion
relaxation time (1) increases (the curves arrive to the saturation resistances in a “smoother”
way). This happens because in the equilibrium state, at a constant Py, the number of
carriers is different depending on the temperature. In the work of Shimoyama et al, the
oxygen content (the more the oxygen content, the more the carriers) in the equilibrium
state for a certain temperature and Py, conditions can be checked?®. In this work, it is
shown that, for a constant Py, the oxygen content in the equilibrium state increases as the
temperature decreases. If the oxygen content is higher, there are more carriers and,
therefore, the resistance is lower. This is precisely what is observed in figure 5.7 a).

On the other hand, at low temperatures (below 550 °C) the equilibrium is not
reached (the curve do not arrive to a constant resistance value) as it can be seen in figure
5.7 b). One can think that the saturation is not reached because the measurement time is too
short (only 60 min). However, this is not the case as is shown in figure 5.7 ¢) in which the
equilibrium is not reached even after 15 hours at 400 °C. The equilibrium is not observed at
low temperatures because at these temperatures the kinetics of the process is really slow.
The same effect is also observed in the in-diffusion process (doing the process in an
isotherm) as it is shown in figure 5.8 for an in-diffusion process at 350 °C.
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Figure 5.8. In-diffusion curve measured at 350 °C. It is clearly seen that after 120 min the system do not
arrive to the equilibrium state.

A consequence derived from the fact that the equilibrium is not reached is that Eq.
5-9 cannot be applied due to the impossibility to assign a value to p.. Therefore, the
t values can not be calculated at these temperatures. This entails that the analysis of
temperature dependence of the t (or the derived values such as Kcnem), Will contain only the
values corresponding to saturated R(t) curves, both for the in- and out-diffusion.

The not-saturated curves can be modeled, however, by making a Taylor series
expansion of Eq. 5-10 centered at t=0 (Eq. 5-15):

_(L) ¢ 2
pt)xl—e \a/ = ———+ - Eq. 5-15

Tab 21y,

The first term of the Taylor expansion can be used to model the non-saturated
curves and estimate the t value if they are straight lines. The slope of this line would
correspond to 1/t For example the curve shown in figure 5.7 ¢) corresponding to the out-
diffusion process at 400 °C fits fairly well to a straight line obtaining a t value of ~60 h. If
the curve is not a line, more terms have to be used until the curve fit perfectly (500 °C in
figure 5.7 b)).

Once the conditions for the t determination have been established, it is time to
present the obtained values at each temperature for the out- and in-diffusions. Figure 5.9
contains the evolution of t values, calculated using Eq. 5.10 and 5.11, with temperature. It
is also plotted the —Ln(Kcnem) VS. 1000/T curves used to calculate the E, values (remember
that Kenem IS Used considering the surface reactions) both for the out- and in-diffusions.
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Figure 5.9. Evolution of t values with the temperature and —Ln(Kgnem) VS. 1000/T curves for the out-diffusion
(a) and b)) and the in-diffusion (c) and d)) processes for a pristine YBCO film. Here a surface controlled
diffusion was assumed.

The results shown in figure 5.9 a) and ¢) demonstrate, as it was mentioned before,
that the t value increases as the temperature decreases for both the out- and in-diffusions.
This implies that as the temperature decreases the time needed to reach the equilibrium is
longer. The curves presented in figure 5.9 b) and d) demonstrate that the out- and in-
diffusions are thermally activated processes and that the t values follow an Arrhenius
equation (Eqg.5-11). Finding the slope of these two lines, it is possible to calculate the E,
values for the out- and in-diffusions in this particular range of temperatures. The out-
diffusion in the range of 550 to 800 °C presents a E, of 0,25+0,05 eV while in the case of
the in-diffusion in the rage 400 to 500 °C the E, has a value of 0,8+0,2 eV. These values
are in accordance with the reported ones®" 2%®2° The k, values can be calculated from the
intercepts of the lines in figure 5.9 b) and d). The ko values are 1,5.10°+8.107 eV and
0,29+0,09 cm/s for the out- and in-diffusion respectively. Note that there is a difference of
five orders of magnitude between the ko values of the out- and in-diffusion.

It is very important to remark that, in the case of the in-diffusion, the E, is only
valid for this particular range of temperatures. Only three values of t were used because
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above 500 °C the in-diffusion is so fast that it is very difficult, with the used experimental
setup, to determine the t values with accuracy.

With the information obtained until now, it is not possible to conclude which is the
limiting factor of the diffusion, the surface or the volume. The graphs in figure 5.9 were
made assuming a surface controlled process because Kenem Was calculated. However, the
observed evolution of the diffusion with temperature can be also interpreted as a bulk
phenomenon. The graphs in figure 5.10 were made supposing that the diffusion is a bulk
controlled phenomenon and the linearization of the Arrhenius equation for t (not for Kepem)
was plotted.
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Figure 5.10. Ln(t) vs. 1000/T curves for the out-diffusion a) and in-diffusion b) processes for a pristine
YBCO film. Here volume controlled diffusion was assumed.

The E, values obtained from figure 5.10 for the out- and in-diffusions are exactly
the same (as it should be) as the previous ones obtained from Kchem Values. The 1o values
are 17,1+0,8 s for the out-diffusion and 8,5.10°+7.10° s. The value of 1o the in-diffusion
(there are no reported values for 1o of the out-diffusion) is two orders of magnitude higher
than the reported values*®, but it must to be considered that the changes Py, in this work
are much larger than in the reported works. In view of these results, it is possible to
conclude that the analysis of the diffusion dependence with the temperature do not give a
definitive clue about the mechanism that controls the diffusion, the surface or the bulk. To
elucidate that, more experiments are needed, in which other parameters have to be varied.

5.2.1.1 Physical properties after non-equilibrium oxygenation processes

It was previously mentioned that, under certain oxygenation conditions, the
equilibrium state is not reached. First consequence is the impossibility of applying the
equation 5.9 to obtain the t value. However, there is another physical consequence: the
performances of the YBCO films are not the optimal ones. If the equilibrium is not reached
implies that, of all the amount of oxygen that is able to enter at this temperature and
oxygen pressure, there is a part that is not inside yet. And, obviously, in this situation, the
properties are not optimum for these particular conditions. In order to illustrate that, the
physical properties of two different 250 nm pristine YBCO films subjected to different
oxygenation processes will be analyzed.

180



5. Oxygen Diffusion In YBCO Films: Surface Role

Before detailing the results, it is important to clarify a concept that may cause
confusion which is related with t. When one says that a certain process have a t of x min,
it does not mean that the equilibrium is reached after these x min. The t is only the time
that the resistance takes to change a value of (1-1/e)= 0,6321-> 63,2%. So, after 1, the
process is not completed. Usually, the criterion that it is used is that the process is nearly
completed after 5t because at this moment, (considering a perfect exponential behavior)
the system reaches a 99,3% rate of the saturation value.

The first oxygenation process consisted on leaving the YBCO film at 450 °C during
210 min with 1 atm of oxygen and 0,15 I/min of gas flow. Under these conditions, as it can
be observed in figure 5.9 c), the t value for the in-diffusion is approximately 6 min so, the
210 min are more than enough to reach the equilibrium (much more that the criterion 5t).
By calculating the c-parameter using the Nelson-Riley method (appendix A.2) after this
oxygenation process, a value of 1,16926+6.10° nm is found. This value, according to
figure 5.1, is equivalent to 6=0,94 and a T, of 91K approximately. The experimental value
of the T, is 90,5 K, quite near of the theoretical value.

However, if the oxygenation process is carried out using the same gas conditions
but at a different temperature, things change drastically. It was shown that the equilibrium
state is not reached after 120 min at 350 °C (figure 5.7). This means that the t values for
the in-diffusion below 400 °C are huge (it was estimated a t of 60 min for 350 °C with gas
flow of 0,6 I/min) so, the equilibrium will not be reached after 210 min. Under these
assumptions, if the oxygenation process is performed at 300 °C (here after 210 min the
system is much below the equilibrium state). The c-parameter that is found is
1,17499+8.10° nm which corresponds to a & of 0,62 and a T, of approximately 59 K. In
this case the experimental value is 60 K, again very near of the theoretical one.

In view of these results, it is clear that reaching the equilibrium state to achieve
high oxygen contents in the films is of most importance. The incomplete process will cause
the deterioration of the physical properties.

5.2.2 YBCO oxygen diffusion dependence with the gas flow

The gas flow during the oxygenation process is a parameter that plays an important
role in the YBCO processing. In the case of the oxygenation process, the gas flow is set at
a certain value, but there are no reported works of how the gas flow could affect the
kinetics of the oxygen diffusion in the YBCO films. To elucidate this issue, measurements
of the out- and in-diffusion processes were carried out at different temperatures and using
different gas flows.

Atmosphere B (P02:2.10'4 atm) was used to carry out measurements of the out-
diffusion process with the only change of the total gas flow in each case. The calculated
values of t for each temperature and gas flow and the resulting E, and ko values for each
gas flow are presented in figure 5.11.
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Figure 5.11. Measurements of the out-diffusion process showing a) the evolution of t values with
temperature for different gas flows, b) —Ln(kgem) vs. 2000/T curves for different gas flows, c) the
dependence of the E, values with the gas flow and d) the dependence of the kg values with the gas flow.

First conclusion that can be extracted from figure 5.11 is that the t values at each
temperature depend on the gas flow that is being used in such a way that the lower the gas
flow is, the higher the t values. It is also observed that the increase of the gas flow cause a
decrease of the E, but a raise of the ko values. The fact that the ko decrease with the gas
flow while the E; increase indicate that, in this case, the parameter that governs the overall
behavior is the E, because, at the end, the t vales increase with the gas flow in the same
way as the E; values do.

The fact that the E, and the ko change with the gas flow is a relevant result because
it is an unequivocal proof of the surface reactions influence in the kinetics of the oxygen
diffusion in YBCO CSD films, as this dependence can not be explained in another way.
Considering only volume diffusion, the only important parameter should be the
concentration gradient between the borders and the center of the YBCO film. The gas flow
should not have any influence in the diffusion kinetics in this framework because, avoiding
surface reactions entails to consider that when the oxygen arrives to the surface it goes in
the volume or to the atmosphere instantaneously without being affected by the surface in
any way.

The same studies were performed in the case of the in-diffusion process. The results
are presented in figure 5.12.
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Figure 5.12. Measurements of the in-diffusion process showing a) the evolution of t values with the
temperature for different gas flows, b) —Ln(knem) vS. 2000/T curves for different gas flows, c) the
dependence of the E, values with the gas flow and d) the dependence of the kq values with the gas flow.

The situation in the case of the in-diffusion is similar than in the case of the out-
diffusion. Figure 5.12 a) shows a change in t values as the gas flow is changed in such a
way that the diffusion process is faster as the gas flow is increased. It is also observed that
the E, values increase as the gas flow decrease while, in the case of the in-diffusion and
unlike in the case of the out-diffusion, the ko decreases (the difference between both values
of ko is the range of one order of magnitude). This means that the raise of the gas flow
increase the probability of the molecules adsorption and reduce the energy barrier of the
diffusion process. Therefore, in the case of the in-diffusion, both parameters go in the
direction of reducing the t values thus having an important influence on the final t values.

This behavior is explained considering a simple model in which the oxygen
molecules interact, in this particular case, with the YBCO films surface. As the O,
molecules approach the surface, they experience an attractive potential. A fraction of the
incident molecules are trapped, i.e., are adsorbed in the attractive potential well, and once
adsorbed they can move in the surface by surface diffusion. The dynamics of the O,
molecules/surface interactions are determined by the energy that is exchanged between the
molecules and the surface atoms through the various energy transfer channels.

The adsorption rate constant (Rags) is defined as the number of molecules that are
adsorbed in the surface per unit area and time and it is measured in molecules/m?.s. The
adsorption rate constant can be obtained by the following expression (Eg. 5-16):
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Ryis =S.F Eq. 5-16

where S is the sticking probability (the probability that the molecule will be adsorbed upon
the collision with the surface) and F is the molecular flux (the number of molecules
crossing a unit surface in one direction during a unit of time).

The molecular flux is proportional to the macroscopic flux. So, according to Eqg.
5.16, the adsorption rate increases with the flux. This implies that the overall time of the
surface reaction will be lower as the flux increases. This is exactly what is shown in figures
5.11 and 5.12, the higher the oxygen flux, the lower the t values, the higher the Kchem
values and also the lower the E, values implying a faster out- and in-diffusion processes.

5.2.3 YBCO oxygen diffusion dependence with the oxygen partial
pressure

Another important parameter on the YBCO oxygenation process is the Py, . In this
section, the effect of this parameter on the out- and in-diffusion processes will be
investigated.

The procedure to perform these measurements was similar to the previous cases.
The YBCO film is in atmosphere A (the Py,= 1 atm) to decrease the resistance as much as
possible and then, the atmosphere is changed to B but varying the Po,. In the previous
cases the Py, was always maintained at 2.10™ atm. In this case the value is varied from
5.10® to 0,05 atm. The gas flow is always kept at 0,6 I/min. Similar procedure, with
changes of Py, of orders of magnitude, was employed in melt textured YBCO samples®®,

Figure 5.13 a) shows the calculated t values for the out-diffusion as a function of
the temperature for different P,,. What is observed is that, as the final Py, is increased, the
T decreases at all temperatures. This means that, if the difference in P, between A (1 atm)
and B atmospheres decreases, the saturation resistance is reached much faster than in other
cases. It is observed that, within the investigated time window, the saturation resistance is
reached even at 420 °C when Py,=0,05 atm, much lower temperature than in the other two
cases (to calculate the E, in the case of the 0,05 atm only the values until 500 °C were used
because below this temperature the values deviate from the linear trend).

As can be observed in figure 5.13 c), the E, values decrease as the Py, increase
meaning that the energy barrier for the diffusion decrease whit increasing the Py, and
hence the low values of = at higher Py,. On the other hand, the evolution of ko (figure 5.13
d)) shows that the higher value is obtained at 5.10° atm indicating that at low Po,, the T are
much more influenced by change in E; (at low pressures the t values are higher in the same
way that the E, values). However, when the P,,=0,05 atm, the ko increase with respect to
the value at P02:2.10'4 atm indicating that at this higher pressures, the t values could be
affected by both the E; and the ko reducing the energy barrier and increasing the adsorption
probability respectively thus resulting the observed lower values of t.
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Figure 5.13. Measurements of the out-diffusion process showing a) the evolution of t values with the
temperature for different oxygen partial pressures, b) —Ln(Kenem) VS. 1000/T curves for different oxygen
partial pressures, ¢) the dependence of the E, values with the oxygen partial pressures and d) the dependence
of the kg values with the oxygen partial pressures.

In the case of the in-diffusion, the dependence with the Py, was studied by

choosing a temperature (600 °C in this case) and obtaining the t values changing from an
atmosphere with a Py, of 5.10° atm of O, to another atmosphere with different values

(always higher than 5.10™ atm to induce the in-diffusion) of Po, (figure 5.14).
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Figure 5.14. Evolution of the t values for the in-diffusion process when the final Py, values are modified
from an initial value of POZ:5.10‘5 atm for a pristine YBCO film at 600 °C.
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With this study it is not possible to calculate the E, values, but it is enough to
demonstrate that the Py, affects the in-diffusion process in the same way as in the case of
the out-diffusion (the higher the Py,=0,05 atm is, the lower the t value).

The results showed in figures 5.13 and 5.14 constitute another irrefutable proof of
the surface reactions influence in the oxygen diffusion process in CSD YBCO films. The
bulk diffusion could also depends on the Py, because, as it can be observed in the work of
Shimoyama et al>’®, the oxygen content in the equilibrium depends on the Po,. The higher
the Py, is, the higher the oxygen content in the structure at the same temperature. And the
oxygen content affects the diffusion coefficient in the bulk in such a way that, the higher
the oxygen content is, the lower the diffusion coefficient and, therefore, the higher the
diffusion relaxation time (the higher the oxygen content is, the lower the concentration
difference). However, the experimental results obtained in this work go in the opposite
direction i.e., both for the out- and in-diffusion processes, the higher the Py, is, the lower
the t values are. The only way to understand this behavior is assuming the relevance of the
surface reaction effect.

Actually, the Py, effect in the surface reactions can be explained using the
Langmuir model, a simple model that explains the adsorption of the gases in a certain
surface. This model, that considers the adsorbate as an ideal gas at isothermal conditions,
establishes that the fractional occupancy of the adsorption sites, 0,, is related with o, the
fraction of molecules that will condense and will be held by the surface forces and with p,
the number of gram molecules of gas striking each cm? per second, by the following
equation (Eq. 5-17)%":

ap

0, = Eq. 517
1 v1t+op a

where v, is the rate at which the gas would evaporate if the surface were completely
covered.

The number of gram molecules of gas striking each cm? per second, y, is given by
(EqQ. 5-18):

u=43,75. 10‘6\/% Eq. 5-18

where p is the pressure, M is the molecular weight of the adsorbed molecules and T is the
temperature.

Looking at Eq. 5-17 and Eq. 5-18, it is clear that the adsorption of a certain gas on a
surface depends on the pressure of this gas. So, it is clear that the variations in t, E; and ko
shown in figures 5.13 and 5.14 are related with the change in the oxygen adsorption on the
YBCO films surface. This dependence was also found previously for the oxygen
incorporation in other functional oxides where the surface reaction is the dominating
process®.

Typically, the reaction rate that is found in the surface reactions is proportional to
the (Po,)* where o depends on each particular reaction (Rex(Po,)*)*™ 2"® ?®, In order to
verify that the YBCO films follow the same law, a new experiment is designed. It consist
on performing consecutives out-diffusion processes varying the Py, but maintaining
constant the in-diffusion Py, at 1 atm (figure 5.15).
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Figure 5.15. Evolution of the electrical resistance with time when different out-diffusion processes are carried
out at different Py, and maintaining constant the Py, for the in-diffusion at 1 atm

By extracting the t values for the out- and in-diffusion processes, it is possible to
draw a graph with the ratio of t values (t is considered as rate so the ratio of t values is
also a rate) of the in- and out-diffusion vs. the square root of the ratio of Py, of the out- and
in-diffusion (fixed at 1 atm). The exponent is chosen at % following the proposal for
YBCO films of Ling Chen et al**.
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Figure 5.16. Graph of ratio of t values of the in- and out-diffusion vs. the ratio of P,, of the out- and in-
diffusion (P, of the in-diffusion is fixed at 1 atm). The resulting lines confirm that the oxygen diffusion

process in YBCO is surface controlled.
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Figure 5.16 shows that the resulting curves are straight lines, which confirms the
surface controlled process. The dashed lines are the extrapolation of the curves to the bulk
behavior. Considering only the volume diffusion, the ratio of t should not depend on the
Po, in any way. Actually, the ratio should be equal to 1 at any Py, because the diffusion in
two different directions should be equivalent since it is only the concentration gradient
which matters.

In the case of the surface controlled process, at low pressures, the t values for the
in- and out-diffusion are really different but, as the Py, of the out-diffusion is increased,
both values are increasingly similar. This happens because the difference in Py, between
both processes become very small and the equilibrium state is reached very fast. Actually,
this is in agreement with the reported t values of in- and out-diffusion in single crystals
when the changes in the conditions from the equilibrium are very small?®” 2% At certain
point, the equilibrium is reached so fast that, with the used experimental setup, it becomes
impossible to detect any difference between the t values of both processes.

The unmeasurable t values are found at lower Py, as the temperature increases.
Figure 5.17 shows that, for instance, at 700 °C and at 0,05 atm for the out-diffusion, both
the in- and out-diffusion are too fast to determine the t values with an adequate accuracy.
However, as the temperature is decreased, some differences between both processes start to
appear (curvature of the line before reaching the equilibrium).
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Figure 5.17. Resistance vs. time measurements for the out-diffusion process with a P,, of 0,05 atm showing

that at 700 °C the t;, and T, are too small to measure them with an adequate accuracy while at lower
temperatures it is possible to clearly distinguish between both of them.
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Figures 5.16 and 5.17 serve as a demonstration of the low impact of the current
percolation effect (described in section 5.1.5). If this effect was very important, the
equivalence between in- and out-diffusion would never be reached in such a way that the
lines in figure 5.16 do not extrapolate to 1. Current percolation effect, instead, would cause
that the in-diffusion t values were much lower than the out-diffusion ones, independently
of the Py, .

Finally, the dependence of the in- and out-diffusion with the Py, allows, in some
cases, the determination of the rds of the surface reactions. A complete explanation for that
is described by Merkle and Maier in their study of the oxygen diffusion in SrTiOj3 films®".
In this work, it was proposed that the equilibrium reaction rate (R°) is related with the t
values of the in- and out-diffusion by the following expression (Eg. 5-19):

1

0 0
R" « \/kcheminkchemout - R" <

Eq. 5-19

TinTout

In the case of SrTiOs films, the relation of the R® with the Po, for each step of the
surface reactions was described. Using the same relationships, by representing the obtained
R? values in the CSD YBCO films at 500 °C vs Po.(O,)*, it is obtained a straight line
(figure 5.18). This suggests that the rds could be either the formation of 03~ molecule or
the dissociation of the 03~ molecule to form two O ions.

3_ 4
— 2 ]
=
£ 1 |
o

O_ 4

0,0 0,2 0,4 0,6
P O 0,53
out( 2)
Figure 5.18. Plot of the equilibrium reaction rate R® for YBCO CSD films vs. Po(02)**.

It is important to note that the previous result obtained for the CSD YBCO film is
based on the calculations on SrTiO; films®”*. These calculations are made assuming the
adsorption equilibrium to be in the limit of low coverage and based on the bulk defect
chemical data. With all these data in mind, it is clear that the determination of the rds in
CSD YBCO films is only a first approximation to the problem and a deeper study of this
issue is needed in order to obtain solid conclusions.
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5.2.4 Discussion: Bulk controlled diffusion vs. surface controlled
diffusion

The results shown in the last two sections, those devoted to the dependence of the
Po, and gas flow in the diffusion processes, have provided unequivocal proofs of the
surface reactions influence in the diffusion processes in the CSD YBCO films.

The main reason why the diffusion phenomenon is considered as a surface
controlled process is because the surface reactions are slower than the later bulk diffusion
in the ab-planes. A way to test if this is true in the CSD YBCO films is to compare the
value of the diffusion coefficient in the ab-plane, Dy, with the product kehem™t (remind that
t is the film thickness). If Dy, is larger than the product Kenem™t, then it is clear that the
surface reactions are slower and, therefore, are the limiting factor of the diffusion
processes. The determined values of Kenem for the CSD YBCO films in-diffusions are in the
range of the 107 cm/s (T range of 400-500 °C) and the thickness of the films is typically
250 nm (=250.10" cm). With these values, the product kehem*t is equal to 2,5.10™2 cm?s.
This value is 1-2 orders of magnitude smaller than the reported Dy, values (10™-10™°
cm?/s)®" 280283 thus confirming that the surface reactions are the limiting step in the
oxygenation process in YBCO CSD films.

Previous analysis of oxygenation in melt textured ceramics and thin films have
considered that bulk oxygen diffusion was the limiting step. Taking into account that bulk
diffusion is faster in the YBCO CSD films than the surface processes, the obtained
diffusion times in the YBCO CSD films can be used to establish an upper limit of the grain
sizes and compare them with those previously determined in other YBCO samples. In the
case of the samples in which the bulk diffusion is the limiting process, the grain size can be
estimated using the following expression (Eq.5-20):

L = /221Dy, Eq. 5-20

In the case of the CSD YBCO films (t value for in-diffusion at 700 °C), the values
of L vary from 0,3-0,7 um depending on the Dy, value that is chosen. As it was
commented, these values correspond to an upper limit of the grain size. The grain sizes
estimated for other YBCO samples were: 10°-10* um for melt textured YBCO?®, 10*-10
um for LPE films®™® or 0,2 um for sputtering films?°. The upper limit for the YBCO CSD
films grain size is similar to the values reported in sputtering films.

Figure 5.19 shows the Ln(1/t) vs. 1000/T curves for YBCO samples prepared in
different ways. It is observed that the CSD film curve is situated in the top left part
indicating that the t values are the smallest in this range of temperature. The E, values for
the in-diffusion obtained for the CSD films presented in this work are not very different
from those found in LPE, Sputtering or bulk ceramics. In the case of the YBCO CSD
films, the values vary in the range 0,8-1 eV which are similar to the reported values (1,1-
1,25 eV) in these systems. However, the 1o values obtained for each technique are quite
different. The values of T, for CSD and sputtering are in the range of 10°-10" s (depending
on the changes of Py, that are used) while in the case of the LPE and MTG sample the o
values are in the range of 10%-10 s. Despite the mechanism that limits the diffusion in
sputtering films and in MTG and LPE samples is unknown, these differences in the 1
reveals that the mechanism that limits the diffusion process should be different and,
probably, the surface reactions are the limiting factor (slower than the bulk diffusion) in
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the CSD and sputtering films while the bulk diffusion is the limiting factor in the MTG and
LPE samples (slower that the surface reactions). Therefore, it is suggested that in films
with a thickness in the range of hundred of nm and with small grain size the surface
reactions are the limiting factor while if the thickness increase above several um and with
large grain size, as in the case of the LPE samples (10 um of thickness with large grains of
10'-10% pum), the limiting factor is the bulk diffusion

The microscopic mechanism leading to these E, values may arise from different
sources depending on the phenomenon that controls the diffusion. In the case of a bulk
controlled mechanism the E, corresponds to the energy barrier that the oxygen atoms have
to overcome to diffuse inside the YBCO structure. On the other hand, the E; values in a
surface controlled mechanism arise from the potential barrier that the oxygen molecules
have to overcome to adsorb in the surface and start the surface reactions.
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Figure 5.19. In-diffusion Ln(1/t) VS 1000/T curves for the LPE YBCO film?”®, Sputtering film*’, MTG
bulk?®® and CSD film.

5.3 Dependence of YBCO film thickness in the oxygen
diffusion

Recent studies have revealed interesting thickness effects on the oxygen diffusion
and, in particular, on the oxygen surface activity, in functional oxides. There is still not a
satisfactory explanation for this effect, but the preliminary results indicate that the surface
exchange coefficient, kehem, Vary widely. For example, in the case of LaggSro,Co0O3 films
on yttria-stabilized zirconia (YSZ), it was found that Kcnem increases with a decrease of the
thickness of the films®®. On the other hand, for La,NiO4:s>®° and gadolinium-doped
ceria®® films an increase in Kenem Was observed with the thickness increase. In the case of
the YBCO films, no systematic study about the effect of the thickness in the diffusion
processes has been reported up to now.
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In this work, three YBCO films with different thicknesses were prepared: 50, 130
and 250 nm. The three films were synthesized in the same way, using the standard TFA
pyrolysis and growth processes used previously. The experiments consist of out- and in-
diffusion measurements. The t values and Kchem Were calculated from these measurements
to finally obtain the E; and ky values for the out- and in-diffusion at each thickness. The

results are shown in figure 5.20.
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Figure 5.20. Results about the out- and in-diffusion experiments in different thickness YBCO films. Graphs
a) and e) show the evolution of the t values with the temperature for the out- and in-diffusion respectively.
Graphs b) and f) present the —Ln(Kgnem) VS. 1000/T curves for the out- and in-diffusion respectively. Graphs c)
and g) show the E, values dependence with the thickness of the films for the out- and in-diffusion process
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and, finally, graphs d) and h) the dependence of the k, values with the thickness.
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The most important conclusion that can be extracted from the results shown in
figure 5.20, is that the microstructural changes associated to the modification of film
thickness vary the kinetics of the diffusion process. Figures 5.20 a) and €) show how the t
values (and therefore the Kcnem) change with the thickness for the out- and in-diffusion
process, respectively. These changes imply variations in the E, and ky values. Figures 5.20
c) and g) present the evolution of the E; values with the thickness of the films for the out-
and in-diffusion respectively. It is observed that, in the case of the out-diffusion process,
the higher the thickness is, the larger the E; values. The opposite occurs in the case of the
in-diffusion. In this case, the higher the thickness is, the lower the E, values. In the case of
the ko values, the same trends are maintained. In the case of the out-diffusion process, the
higher the thickness is, the larger the ko values and in the case of the in-diffusion, the
higher the thickness is, the lower the ko values. This means that, once again and similarly
to some previous cases, the E, has more influence to determine the t values because in
both cases the higher values of the adsorption probability correspond to the thickness with
larger values of 7.

In order to find an explanation for this behavior, the main structural differences
between the three films need to be investigated. The three films are epitaxial YBCO with
no presence of other crystalline orientations or secondary phases. However, the strain
values of the films are different. These differences in the strain values come from the fact
that the granularity effect (already explained in chapter 3) increases as the thickness
decreases (figure 5.21). This indicates that the growth process is not the optimum one for
YBCO films which are below the 200-250 nm (actually, as it was mentioned before, the
“standard growth process” was optimized for 250-300 nm YBCO films) and, therefore, the
intergranular connectivity is not optimized, as it will be demonstrated also by
superconducting properties measurements. The observation of granularity effects indicates
that the calculated strain values probably arise from mesostrain contributions (grain
boundaries localized strain).
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Figure 5.21. J. at 5 K evolution with the magnetic field for pristine YBCO films of different thickness
showing the displacement of the maximum (indicated with arrows) value of the J. to magnetic fields # 0 as
the thickness decreases.
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If the E, and ko values are represented as a function of the strain values (it would be
nanostrain in the case of the 250 nm film and nanostrain+mesostrain in the other cases), a
similar trend as in the case of the figures 5.20 c¢) and f) is obtained (figure 5.22).

Figure 5.22 clearly demonstrates that the strain of the films is a parameter that
influences the kinetics of the diffusion processes. It is observed that while in the out-
diffusion process high values of strain reduce the E, (and reduce the ko but remind that it
was said that the t values are more influenced by the E, values in this case) and, therefore,
favor the out-diffusion process, in the in-diffusion process high values of strain increase
the E, values (and also the ko values) and, therefore, hinder the in-diffusion process. Thus,
opposite tendency is found that may indicate that the rds is different for the out- and in-
diffusion processes.
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Figure 5.22. Evolution of a) and c) E, values for the out- and in-diffusion respectively and b) and d) kg values
for the out- and in-diffusion respectively with the strain values. The plotted strain values above 0,2 %
(corresponding to 130 and 50 nm films) come from the nanostrain+mesostrain influence.

An explanation for a similar phenomenon was reported by Lu Yan and Paul A.
Salvador in the case of Lag7SrosMnOsz (LSMO) thin films®®’. Their results about the
oxygen in-diffusion in LSMO films confirms that as the thickness is increased, the E,
values decrease (from 1,5 eV for a 50 nm film to 0,75 eV for a 600 nm film). They
attributed this effect to the relaxation of the films by a dislocation—mediated process, a
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process that deeply modifies the physico-chemical properties of the films®®. The thinnest
films showed higher values of strain because they are coherently strained to accommodate
with the substrate. As the thickness is increased, the strain is relaxed by the creation of
dislocations that propagate from the surface to the interface. Therefore, the higher the
thickness is, the larger the density of dislocations. They explained the reduction of the E,
values and the surface exchange rate at higher thickness due to the action of the
dislocations. The surface is modified in such a way that the exchange of oxygen is favored
in this situation. This mechanism if supported by various works that report the effect of the
dislocations on the heterogeneous catalysis on solid surfaces? ?® or the increase of the
oxygen mobility*".

The case of the CSD YBCO films studied in this work is different. It is observed
also a decrease of the strain values as the thickness increase but this is not caused by the
increase of the dislocations but by the reduction of the mesostrain. This means that, as the
thickness increases, the intergranular connectivity improves. The mechanism by which
these changes in the strain modify the kinetics of the oxygen diffusion in YBCO thin films
thin films is still unclear. However, what it is clear is that the difference in the diffusion
Kinetics is attributed to the different degree of distortion that is present in the films.
Actually, it is proved that the distortions in the structure could modify both the structure?*
and the physic-chemical properties®® of the thin film's surface. And this change,
considering a surface reaction diffusion mechanism, is enough to justify the changes in
both the out- and in-diffusion for the different thicknesses of the YBCO films. Further
investigations of the physico-chemical properties of films with different thickness need to
be performed to discern how the rds is modified by the observed defect structure.

5.3.1 Thickness dependence on the oxygen content

It has been shown in the previous section that the film thickness and its associated
microstructure changed both the oxygen out- and in-diffusion kinetics. To study the
consequences of the thickness in the oxygenation process and, in particular, in the
superconducting properties, pristine YBCO films of different thicknesses grown using an
unique processing conditions (standard growth process) and exposed to the same
oxygenation process have been studied. The c-parameter and the T, were measured. The
oxygenation process was set at 450 °C during 210 min with 1 atm of oxygen and 0,15 I/min
of gas flow. Under these conditions it is expected that the oxygenation is completed and
homogeneous. However, as it will be shown, some differences in the superconducting
properties are still detected. The results are shown in figure 5.23.
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Figure 5.23. Evolution of the a) c-parameter, b) T, and c) J$f at 77 K with the thickness of the pristine YBCO
films oxygenated with the same process (450 °C during 210 min with 1 atm of oxygen and 0,15 I/min of gas
flow).
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The results show that both the c-parameter and the T vary with the thickness of the
film when they are grown under the same conditions. Actually, as it has been suggested
before, both parameters are linked. According to the measured c-parameter values and
assuming the general validity of the curve shown in figure 5.1%°}, the results suggest that
all the films are in the overdoped regime. The & vary from almost 1 for the 50 nm film to
0,94 for the 250 nm film (optimum doping 6=0,92).

It was shown in the previous chapter that, for all the thicknesses, the equilibrium
state was reached in these oxygenation conditions (these results are not exactly for the
equilibrium state because after the 210 min at the oxygenation temperature, the
temperature is decreased until room temperature at 2,5 °C /min so the equilibrium
conditions can be modified during the descent) . However, it is suggested in view of these
results that the oxygen content in the equilibrium state varies with the thickness of the
films, probably due to their modified microstructure. In the case of the 50 nm films, in the
equilibrium state, almost all the oxygen vacancies have been eliminated, while in the case
of the thicker films, there are still a few of them. The experimental T. is also consistent
with the overdoped regime in which the T, decays below the optimum value.

If now the oxygenation process is performed at a different temperature, one would
expect that the oxygen content at the equilibrium changes according to Shimoyama et al*’®,
Actually, the oxygen content in the equilibrium decreases as the temperature is increased.
This is exactly what is observed in figure 5.24 when the oxygenation process is changed
from 450 °C to 550 °C.
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Figure 5.24. Evolution of the a) c-parameter, b) T, and c) ] at 77 K with the thickness of the pristine YBCO
films oxygenated with the different processes: 450 °C during 210 min with 1 atm of oxygen and 0,15 I/min of
gas flow (black line) and 550 °C during 210 min with 1 atm of oxygen and 0,15 I/min of gas flow (red line)
and.

When the oxygen process is changed to a higher temperature (550 °C), the c-
parameters for all the thicknesses increase. This means that the oxygen content inside the
films is now lower than before. Actually, the 50 and 130 nm films change to the
underdoped regime (6<0,92), as it can be observed in figure 5.25. The T values are higher
for all the thicknesses (figure 5.24 b)) because o is nearer to the optimum doping (6=0,92)
in all the cases. Actually, for the oxygenation at 550 °C, the film of 250 nm is very close to
the optimum doping (5=0,92), as it observed in figure 5.25 and the T, and the Jf at 77 K
are the highest (91,5 K and 5,1 MA/cm? respectively).

It is important to remark that, as it was explained in chapter 3, the increase of the
mesostrain could also decrease the J. values whatever the thickness. So, probably the J5F at
77 K are influenced to a greater or lesser extent by this effect.

It is observed that the response to the change in oxygenation conditions is higher as
the thickness decreases as it can be seen also in (figure 5.24 a)). This entails that, as the
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thickness decrease, the sensitivity to the oxygenation conditions is higher and small
changes in the conditions may cause large variation in the c-parameter and therefore in the
superconducting properties. This is an expected behavior since the number of oxygen
vacancies in the thinner films is lower. This is not so severe in the case of the thicker films
due to the higher number of oxygen vacancies and small changes will not affect so much
the overall behavior of the film.
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Figure 5.25. T, as a function of the theoretical & values (8y,) of the films with different thickness and
oxygenated at 450 °C (black squares) and at 550 °C (red squares).

In order to ensure the validity of the results, the experimental c-parameters values
were compared with the theoretical values that should be obtained according the T,
experimental values taking figure 5.1 as a reference. Figure 5.26 shows that both values fit
reasonably well to a straight line demonstrating the validity of the presented results.
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Figure 5.26. Theoretical c-parameter determined from the observed T, values (taken curve in figure 5.1 as
reference) vs. experimental c-parameter. Black squares correspond to 450 °C and red squares to 550 °C
oxygenation processes.
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5.4 Oxygen diffusion in YBCO films with silver
addition

It was demonstrated in previous sections that in CSD YBCO films the surface
reactions are the limiting factor in the diffusion processes. It was also found that at low
temperatures (below 550 °C in the case of the out-diffusion and below 400 °C in the case of
the in-diffusion) the diffusion processes are too slow to reach the equilibrium state within
the used measuring window time, with the consequence of the properties degradation.

Looking at the equilibrium phase diagram reported by Shimoyama et al*’®, one
realizes that, as the temperature decreases, the oxygen content in the equilibrium state
increases. This fact increases also the number of carriers and, therefore, the
superconducting properties are improved?®* #*. For this reason, to achieve the equilibrium
in the oxygenation process at the lowest possible temperature is beneficial for the final
performances of the YBCO films. However, in the case of the pristine YBCO, it was
shown that there is a limit at 400 °C.

Researchers have been looking for a path to overcome this limit. One solution to
the problem, proved in other functional oxides, is using silver as a catalyst to enhance the
whole process. The use of silver as a catalyst for selective oxidation processes in different
fields, especially in the hydrocarbon industry, is well-known?*® 2’ The role of the silver is
to facilitate the O, molecules dissociation and reduction. When an O, molecule is adsorbed
in the silver surface, there is an electron transfer from the silver to the ©* orbitals of the O,
molecules. This causes a decrease in the binding energy of the O=0 bond facilitating its
rupture®®®,

This strategy was tested successfully in SrTiO3 (STO)". A layer of silver (100 nm,
annealed at 1023 K during 7 days) was deposited on top of the STO by sputtering. After
this long annealing process, the silver layer transforms into NPs in the surface. The STO
films with these silver NPs on the top showed lower E, and also much higher ko values
than the pristine samples®®°.

This approach has been applied to YBCO CSD films. In this case, however, the
silver was introduced directly in the YBCO solution. A YBCO+5%M Ag solution is
prepared by adding Ag-TFA salt to the YBCO solution and some films were synthesized.
The final result is similar to the previous reported results in SUMAN group™'. The Ag
shows a tendency to be placed in the films™ surface before its sublimation and at 810 °C is
it supposed that some traces of silver remains in the surface (at 720 °C some silver NPs are
still seen in the surface after the growth) although the element can not be easily detected™".
Under these conditions, the evolution of the resistance both for the out-diffusion and the
in-diffusion processes has been measured in these 250 nm YBCO+5%M Ag films. The
results, concerning the relaxation times and the surface exchange coefficient, are shown in
figure 5.27.

Figure 5.27 a) shows the evolution of the t values as a function of the temperature
for the out-diffusion of the YBCO+5%M Ag compared with the pristine YBCO film. One
can see that the t values slightly differ in both cases. In the case of the pristine YBCO
films the E, value is 0,25+0,05 and in the case of the YBCO+5%M Ag film the value is
0,42+0,08 eV. The kg values also differ: 1,5.10°+8.107 cm/s for the pristine films and
3,2.10°+7.10°° cms.

More interesting results are shown in figure 5.27 c). Here, the t values for the in-
diffusion are presented. It is observed that the YBCO+5%M Ag reaches the equilibrium

269
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state down to lower values than in the case of the pristine YBCO film (below 400 °C the
black line is plotted to see clearly the time difference with the Ag addition films). The
equilibrium is even reached at 300 °C.
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Figure 5.27. Evolution of t values with the temperature and —Ln(Kpem) VS. 1000/T curves for the out-
diffusion (a) and b)) and the in-diffusion (c) and d)) for a YBCO+5%M Ag film in comparison with a pristine
YBCO film.

The observed behavior of the YBCO+5%M Ag films can be modeled as two
channel oxygen diffusion process having different temperature dependences (different E,
and also ko values). Above 400 °C the t values of the pristine and the YBCO+5%M Ag
films are similar indicating almost equivalent temperature dependences (same E, and kg, for
both films with the same values obtained for the in-diffusion in pristine films). However,
below 400 °C, the t values differ widely suggesting a change in the kinetics of process of
both films. In this case the reaction rate of the pristine films, it becomes extremely low
resulting in large values of t. On the other hand, the reaction rate in the YBCO+5%M Ag
films remains in respectable values below 400 °C due to the effect of the silver as catalytic
agent which lead to measurable values of 1. In these conditions, a reduction of the E, is
observed in YBCO+5%M Ag films (E;=0,51+0,09 eV) while the k;=5,2.10*+8.10° cm/s.
In the same conditions (below 400 °C), it is expected a larger value of E, and a lower value
of ko for the pristine films

These last results demonstrate that the oxygen in-diffusion process is favored at low
temperatures by the silver presence in the surface. When silver is on the surface of the
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YBCO, the number of O, molecules that are adsorbed and dissociated is larger due to the
reduction of the bond energy and, probably, due to an enhancement of the sticking
probability. It has been suggested that the oxygen atoms diffuse into the silver bulk and
arrive to the films (see complete path in figure 5.28). This oxygen path was proposed for a
silver membrane kept at temperatures above 310°C. Below this temperature, the atomic
oxygen is found to be locked at the silver surface of the silver without diffusion into the
silver layer®® . The overall result of this phenomenon is the acceleration of the surface
reactions. Probably the silver is able to fasten the rds, which was suggested to be the
dissociation of the 0%~ molecule (or the formation of 0%~). However, at higher
temperatures this effect is negligible because the number of O, molecules potentially
influenced by the Ag is smaller than those which are unaffected (value of kq below 400 °C
iIs much smaller that the calculated ko above 400 °C). For this reason, the silver effect is
only noticed at low temperature where the energy to split and reduce the O, molecules in
standard conditions (with no silver) is very large and the silver acts reducing these energies
and maintaining the reaction rate at reasonable values.

OO _1’ % silver
O_
°

D> O >

Figure 5.28. Path that the oxygen follows through a silver membrane. The O, molecule is 1) absorbed in the
silver surface and 2) dissociated. After that the oxygen atoms 3) migrate in the first layers of the silver and
then 4) they diffuse in the bulk to arrive to the YBCO layer.

The changes in the low temperature oxygen diffusion rate al in YBCO+5%M Ag
films have important consequences when the superconducting performances are analyzed.
It has been demonstrated in a previous work in the SUMAN group that the best
superconducting performances in the YBCO+5%M Ag films (T.=90,7 K and J.=5,0
MA/cm?) were obtained by performing an oxygenation process at 350 °C during 210 min.
This implies a drastic decrease of the optimum oxygenation temperature with respect to the
pristine YBCO films (550 °C)*"". This confirms that the oxygen in-diffusion process in
YBCO+5%M Ag films is more effective than in pristine films at low temperatures.

On the other hand, the out-diffusion does not suffer any change by the silver
presence or it becomes even less favorable than in the case of the pristine YBCO films.
This happens because the catalytic effect of the silver is effective only in one direction, i.e.,
reduce the binding energy of the O, bond. The catalytic reaction starts with O, molecules
which have to be reduced while the out-diffusion starts with O ions that have to be
oxidized to go out from the YBCO structure and thus, the catalytic cycle is not effective.
The out-diffusion process can be actually disturbed because the silver can block some of
the pores and grain boundaries from which the O% ions reach the surface.
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5.5 Oxygen diffusion in YBCO nanocomposites

The studies of the diffusion process that were carried out in pristine YBCO thin
films have confirmed that the surface reactions play a key role in the diffusion process.
However, as it was commented in previous chapters, the field of superconductivity is,
nowadays, very interested in nanocomposite films due to their superior performances in
some applications. For that reason, the oxygen diffusion process in 250 nm YBCO+10%M
BZO films was also studied.

The study, in this case, was not as deep as in the case of the pristine YBCO films.
Only a simple analysis of the out- and in-diffusion processes as a function of the
temperature was performed. However, this study is the first one about diffusion issues in
nanocomposites and the result gives the first idea of how the diffusion process works in
nanocomposites.

The out-diffusion experiments were performed by setting A atmosphere (Py,=1
atm) and then measuring the resistance with B atmosphere (POZ:2.10'4 atm) at different
temperatures. The in-diffusion experiments were carried out applying B atmosphere and
then measuring the resistance with A atmosphere. The results for the out- and in-diffusion
are shown in figure 5.29.
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Figure 5.29. Evolution of t values with the temperature and —Ln(Kepem) VS 1000/T curves for the out-
diffusion (a) and b)) and the in-diffusion (c) and d)) for a YBCO+10%M BZO film.
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Looking at the t values plotted in figure 5.29 a) and c) (out-diffusion and in-
diffusion respectively) it is possible to see that the equilibrium state (saturation resistance)
Is reached until lower temperatures for the YBCO+10%M BZO than in the case of the
pristine YBCO films. Actually, in the case of the in-diffusion, at 300 °C degrees a
saturation resistance is still seen (the black line below 400 °C in the case of the pristine
YBCO films is added just to see the time difference). This indicates that, at low
temperatures (below 550 °C for the out-diffusion and below 400 °C for the in-diffusion),
both oxygen diffusion processes are faster in the case of the nanocomposites than in the
case of the pristine YBCO films.

However, figure 5.29 b) and d) shows that the slopes of the lines are quite similar in
both cases in the represented temperature ranges. For the YBCO+10%M BZO film the E,
values are 0,23+0,04 eV for the out-diffusion and 0,8+0,1 for the in-diffusion. These
values are calculated between 550 and 800 °C in the case of the out-diffusion and between
350-400 °C (350 °C for the nanocomposite and 400 °C in the case of the pristine YBCO)
and 500 °C in the case of the in-diffusion. Focusing in the case of in-diffusion process, it is
noted that the ko values for both kind of films are also quite similar: 0,29+0,09 cm/s for the
pristine film and 0,06+0,01 cm/s for the nanocomposite films.

The above results show that both the E, and ko values are similar in both cases and
this should entail that the diffusion dynamics were similar in both cases. However, in the
case of in-diffusion, it can be observed that the equilibrium is reached at lower
temperatures in the nanocomposite films. It is particularly important because this implies
that the oxygenation temperature can be decreased with respect to the case of pristine
YBCO obtaining a complete diffusion process (remember that if the equilibrium is not
reached, this means that the oxygen continues to move and the diffusion process is not
completed). This difference is probably related to do the microstructure influence on the
surface reactions (all the results indicate that, in both cases, the surface reactions dynamics
are similar).

These changes in the diffusion rates could be also associated to the fact that in the
nanocomposite films the nanostrain values are higher than in the pristine YBCO films. The
strain values in the case of BZO nanocomposites (contribution of nanostrain+mesostrain)
are in the range of 0,2-0,25% which implies a higher degree of distortion of the YBCO
structure than in the case of the pristine YBCO (¢ = 0,11+0,01%). As it was mention in
section 5.2, the change in the microstructure results in differences in the diffusion kinetics.
A more thorough investigation of the relationship between the nanostructure and
oxygenation Kinetics in nanocomposite YBCO films is therefore required

5.6 Conclusions

This chapter was devoted to the study of oxygen diffusion processes in YBCO and
nanocomposite films. In the field of HTS, there is a lack of knowledge about the
mechanisms of the oxygen diffusion processes in thin films that this work has faced. Some
questions remain still unclear about the liming factors of the diffusion, but we have clearly
shown that the surface exchange rates are the dominant ones. The role of the different
processing parameters in the oxygen incorporation into YBCO and also the role of the
microstructure of the films have been studied.

The use of the some catalytic agents (silver in this case), which were previously
used successfully in other functional oxides to accelerate oxygen transfer, was also
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investigated here for the first time in YBCO and the way in which the catalyst works was

also explained.

Finally, the diffusion in YBCO nanocomposites was also studied for the first time.

The first clues about how the diffusion processes work in this kind of thin films was

discussed.

Through this chapter the main conclusions that were extracted are the following:

e It has been demonstrated that the oxygen diffusion processes are limited by the surface
reactions. Irrefutable proofs were given to show this. The diffusion dependence found
here with gas flow and Py, can not be explained without consideration of the diffusion
as a surface controlled process. It was demonstrated that both parameters affect the
oxygen adsorption in the YBCO surface.

e It was also proved that the percolation effect has not a strong influence in the
experimental analysis of the diffusion processes by means of in-situ electrical
resistance measurements.

e The rate determining step (rds) for the YBCO in-diffusion process was suggested to be
either the formation of 03~ molecule or the dissociation of the 05~ molecule to form
two O" ions.

e The microstructure and the degree of distortion in the YBCO have some influence on
the oxygen diffusion kinetics.

e The used of silver as a catalytic agent was demonstrated to be very effective. The
reduction of E, was quite significant at low temperatures allowing to oxygenate films
containing Ag at much lower temperatures than pristine films. It is suggested that silver
helps to reduce the strength of O=0O bond reducing drastically the overall surface
reaction time.

e Oxygen diffusion in nanocomposite films is strongly influenced by the presence of
defects in its structure as it was demonstrated by the observed changes in the E; in
films with different strain (nanostrain+mesostrain) values.
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General conclusions

This work has been focused on the preparation and detailed characterization of
YBa,Cu3O75 (YBCO), GdBa,Cu3z0O7.; (GABCO) and different YBCO and GdBCO
nanocomposites thin films by Chemical Solution Deposition (CSD), a scalable, versatile
and low cost technique.

We have demonstrated through these pages that it is possible to enhance the
performances of the pristine YBCO films by a fine control of its microstructure. The work
that we have done with in-situ nanocomposites has shown that the use of novel
combinations of NPs lead to a nanostructured YBCO microstructure which presents
different features with respect to the pristine films but also with respect to the single phase
nanocomposites. These mixt YBCO nanocomposite films allows the increase of the NPs
concentration up to 15% minimizing the coarsening effect observed in the single phase
nanocomposites films at so high NPs concentration. It has been also evidenced that in the
case of the mixt nanocomposites a shortening of the SFs is produced which causes a strong
enhancement of the pinning properties. In particular, it is observed a large increase of the
H*, i.e., the crossover magnetic field from single vortex pinning to the collective pinning,
with respect to the pristine YBCO and single phase nanocomposite films. This could be
explained by the effect of the stacking faults that cause strained regions, in which the
Cooper-pair formation is suppressed, in their perimeter by partial dislocations that act as
pinning centers enlarging the single vortex pinning regime.

Our work with YBCO in-situ nanocomposite films has also paid attention to thick
films. The development of thick films is really important from the industrial point of view
to enlarge the current capabilities of the Coated Conductors. However, the increase of the
film thickness by using the CSD process has to face with several problems in the pyrolysis
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process. Inhomogeneities may appear related with the stress released during the huge
shrinkage of the films. The crystallization process also requires a tuning of the processing
parameters due to the changes in the supersaturation conditions associated to the thickness
increase. We have deeply studied the evolution of the structural and superconducting
properties of the nanocomposite thick films and we have identified that some hindrances
may occur. For instance, the mesostrain associated to the granularity effects limits the
nanostrain contribution to the pinning enhancement. Also, the presence of unreacted
phases acting as current blockers may have an adverse effect in the current flow.

Within our objective of developing in-situ nanocomposite films, we have also
devoted an extended effort to the preparation of GABCO thin films. GABCO thin films may
offer some advantages with respect to the YBCO films due to the T. enhancement.
However, the synthesis of the GABCO thin film by CSD is not easy and has required the
development of a new Low-Fluorine Solution which allows the growth of homogeneous
thin films with a high reproducibility. It was also necessary to define a new growth process
that we called “Flash-Heating™ process in order to achieve epitaxial GABCO films. Once
the novel processes for the GABCO pristine films were established, we have been able to
synthesize GdBCO+20%M Gd,O3; nanocomposite thin films that showed promising
superconducting properties and enhanced pinning performances as compared to the pristine
GdBCO thin films and a similar behavior to YBCO nanocomposites.

We have also established the basis for a novel ex-situ approach to prepare CSD
YBCO nanocomposite based on the use of colloidal solutions. This approach was born
with the idea of overcoming certain limits, related with the NPs size and reaction control,
that are intrinsic to the in-situ approach. As it is common in the first stages of challenging
projects, we have dealt with many different difficulties (stability of NPs, ligand
incompatibilities, NP pushing, NP coarsening, reactivity, etc). However, we have
succeeded in fully overcoming all these difficulties by proposing adequate solutions for
each of them. We have achieved the first ex-situ nanocomposite thin films that can
compete with the in-situ nanocomposite films performances. This part of the work has
required a big effort to integrate knowledge on NPs preparation with thin film growth
ideas.

Our final objective was to investigate the oxygenation process in the case of the
CSD YBCO films in order to comprehend the role of the surface reactions in this process.
We developed in our group a homemade device to measure in-situ the electrical resistance
during the thermal processes. This equipment allows monitoring the nucleation, growth
rate and oxygen diffusion processes of the CSD superconducting films. In particular, we
have studied the effect of different processing parameters on the oxygen diffusion of
YBCO films. We have realized that the oxygen diffusion in YBCO follows, actually, a
surface controlled mechanism and, therefore, the surface reactions are the limiting factor of
the diffusion kinetics. We have also initiated the analysis of the film thickness and the
nanocomposite structures on the oxygen diffusion kinetics. Finally, the analysis of the
oxygen diffusion process in YBCO thin films with some silver addition has lead to the
important conclusion that silver addition benefits the YBCO oxygenation kinetics through
catalytic effects, thus allowing to carry out the oxygenation processes at lower
temperatures than in pristine YBCO films with the possible enhancement of the charge
carriers and, therefore, of the superconducting properties that this entails.
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FUTURE WORK

As we have mentioned in the conclusion section included in each chapter as well as
in the general conclusions, our work has reached significant advancement in the different
parts that we have dealt with. However, several issues require further investigation.

We have demonstrated that we can produce short stacking faults using mixt
composition nanocomposites. However, the reason why these stacking faults remain short
is still unclear and requires a deeper study on these mixt nanocomposites. During this work
the growth process has not been modified so, it would be worth to investigate if some
tuning of the YBCO processing parameters may allow the enhancement of the short
stacking faults formation and hence improve the pinning performances.

The Flash-Heating process used to crystallize the pristine GABCO and GdBCO
nanocomposite thin films is still in its early stages and requires further optimization of the
processing parameters. By doing this, the reproducibility and performances of pristine
GdBCO and GdBCO nanocomposite films should increase.

Similar effort is required with the YBCO nanocomposite thick films. In this work
we have identified the problems that appear when the thickness increases. This problem
requires a drastic change in the standard growth process that allows the variation of the
supersaturation conditions. Nowadays, this is a hot topic in our group and there are several
people trying to optimize the growth process in thick films. It is very likely that reducing
the total should allow to achieve further control of the supersaturation conditions.

With respect to the ex-situ approach, we have explained that we have made the first
steps. We have identified the main troubles that can be found and we have achieved the
first films with excellent performances. However, as it was remarked, the potential of this
route is enormous and it exists still a long way to maximize the performances. We should
expect a large improve of the superconducting properties and pinning performances by
optimizing of each step of the process. NPs synthesis control (smaller NPs without
agglomeration), prevention of reactivity (BZO or BCO for example) and optimization of
growth process to prevent coarsening are issues which should allow to achieve much
higher performances.

Finally, we have made a complete and detailed analysis of how the oxygen
diffusion in YBCO films takes place. However, there are still some open questions to
clarify. For instance, the equivalence of the in- and out-diffusion processes which should
help to elucidate the percolating effect role. It must be also investigated in more detail
which is the rate determining step (rds) within the surface reactions. Here, we have
provided some hints but we could not achieve a definitive answer. On the other hand, the
study of oxygenation on nanocomposites, in films with different thicknesses and in YBCO
with silver additions should be completed (change the processing parameters) in order to
assure that they follow the same trend that in the pristine thin films. Finally, it is necessary
to use the generated knowledge to optimize the oxygenation process and to test if YBCO
films with different degrees of doping can be achieved.

207






Appendices

APPENDICES

Appendix A: Nanostrain, c-parameter and random
fraction determination from XRD spectra

A.1) Strain determination: Williamson-Hall method

As it was mention in chapter 2, the nanostrain determination is made using Siemens
or Rigaku spectra taken with longer acquisition times per point and a higher density of
measured points to increase the accuracy of the diffraction patterns. Afterwards, the
Williamson-Hall method is used.

The broadening of the peaks of an X-ray spectrum is caused principally by two
sources: the crystallite size and the strain (nanostrain for nanoscale or mesostrain for the
mesoscale).

The crystallite size broadening is given by the Scherrer formula (Eq. A.1)%0% 3%

_ Ka
BL LcosO Eq. AL

where L is the crystallite size, 6 is the Bragg angle, A is the radiation wavelength and K is
a constant which depends on the assumptions made in the theory (e.g. the peak shape and
crystallite habit, spherical crystallites being the easiest case to interpret) but, anyway, it is
close to 1 and its value is often taken as 0,9.

B is defined as the width of a rectangle that has the same height an area as the peak.
The relation between B and the width of the peak at half of the height (FWHM) is a simple
multiplication factor (p = A* FWHM) which depends also on the shape of the peak. For a
Gaussian fitting A = - (approximately 1,57).

According to Eq. A-1, it is clear that  and L are reciprocally related: the greater the
broadening the smaller the crystallite size and vice-versa.

The second main source of XRD peak broadening is the strain, or more specifically,
the inhomogeneous strain. In figure A.1 it can clearly be observed why only the
inhomogeneous strain can cause the broadening. If the strain is completely homogeneous
(for example in the case of homogeneous compression of the sample) the only effect that
can be observed is a peaks displacement due to the changes in the interplanar distance, d,
but not a peaks broadening (figure A.1 b)). However, in the case of the inhomogeneous
strain caused by structural defects (interstitials, vacancies, etc) or the addition of secondary
phases in the nanocomposites case, the degree of strain within a crystallite is obviously
greater at distances close to the defect. This causes a continuous change in the interplanar
distance and, therefore, a broadening in the peak (figure A.1 c)).
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Figure A.1. Sketch of homogeneous strain and inhomogeneous strain.

The peak broadening cause by the strain is given by (Eg. A-2):
B = Cetanb Eq. A-2

where C is a constant that depends on the assumptions made concerning the nature of the
inhomogeneous strain, but is typically ~ 4 or 5 and ¢ is the inhomogeneous strain.

The Williamson-Hall method is based on the principle that the approximate
formulae for size broadening, B, and strain broadening, Pe, vary quite differently with
respect to Bragg angle, 6. One contribution varies as 1/cos6 and the other as tan6. If both
contributions are present, then their combined effects should be determined by
convolution. The simplification proposed by Williamson and Hall was to assume that the
convolution is either a simple sum or a sum of squares.

For Gaussian functions, the convolution is done using the sum of squares. This
results in (Eqg. A-3):

2 2 2 K2 2
Browa” = Bi” + B = (£=) + (Cetand)? Eq. A3

Multiplying by cos6 and reorganizing the terms, the following expression is
obtained (Eq. A-4):

2
ﬁTotalzcose = (KTA) + (Cesind)? Eq. A-4

Eq. A-3 looks like the equation of a straight line y=a+mx. In this case
2

Y=Brotal>€0S0, a=(KTA) ,m=(Ce)? and x=(sinB)?. Therefore, the ¢ values can be
extracted by plotting the Broeq>cosé vs. (sin@)2 obtaining a straight line with a slope
equal to (Ce)?.

In practice, once the spectra have been obtained, B and the position, 26, of each
peak are extracted for each (00l) Bragg peak of YBCO using the gaussian fit with the
FullProf_Suite software. Afterwards, the instrumental value is subtracted from the

experimental value. The instrumental value is found by obtaining the spectrum of a
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reference sample of LaBs. After that, the values of Br,q°cos and (sinf)?2are calculated
and plotted (figure A.2). From the slope of the line the ¢ value is obtained considering
C=4.

1 ,OX1 0-5 T T T T

9,0x107° -
8,0x107° -
7,0x10° 4 g

6,0x107° 1 g

p’cos’0

5,0x10° - .

4,0x10° 1 -

005 010 015 020 025 0,30
. 2
SN

Figure A.2. Typical plot of Br,.4;°cos8 and (sind)? to calculate the strain.

In this work, the calculated values of nanostrain are only for the c-parameter. So,
these values give the deformation caused parallel to the c-axis.

A.2) c-parameter determination: Nelson-Riley method

It was mention in chapter 2 that the spectra needed for the c-parameter
determination are obtained with Siemens or Rigaku using higher density of measured
points to increase the accuracy of the spectrum.

When one tries to determine the unit-cell dimensions (in this case c-parameter)
from 6-20 scans, it is necessary to take into account systematic errors that appear as a
consequence of:

e Absorption of the X-ray beam in the specimen,

e Displacement of the rotation axis of the specimen relative to the geometric centre
of the cylindrical film (usually called the eccentricity error),

e Inaccurate determination of the diffractometer constants.

These three effects vanish at 6=90°, corresponding to the extreme back-reflection
along the path of the incident beam. Taking this into account, the procedure usually
adopted is the calculation of the c-parameter from a number of peaks on the spectrum, plot
these values as a function of some expresion of the Bragg angle 6, and then extrapolate to a
value corresponding to 6=90°.

The function that Nelson and Riley proposed as the best to make the extrapolation
is (Nelson-Riley function, Eq. A-8)"°° 1

1 (cosze cosze)
- Eqg. A-8

2 \ sin0 0
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In practice, from the obtained spectrum, the 26 position of each peak is extracted.
Then, for each peak, the c-parameter is calculated.
It is well known that the interplanar distance, d, for an orthorhombic structure is

given by (Eq. A-6):
1 M2 (K% [1\?
2= +G) +0) Ba. A0

where h, k and | represent the Miller indices of the peaks and the a, b and c are the unit-cell
dimensions.

For an epitaxial film (h=k=0) the c-parameter for each peak can be calculated as
(Eq. A-7):

c=1d Eq. A-7

Once the c-parameter for each peak is calculated, it is necessary to calculate the
value of the Nelson-Riley function for each peak using the position previously calculated
using the FullProf_Suite software. Finally, a plot with the c-parameter values in the y-axis
and the Nelson-Riley function values in the x-axis is done (figure A.3). The data is
adjusted to a straight line which intercepts to the desired c-parameter.

11,695 T T T T T T T T T T

11,690 | 8

11,685 | .

c-parameter (1)

11,680 | .

11,675 ———————————
0,0 0,5 1,0 1,5 2,0 2,5
1/2[(cosze/sin6)+(cosze/e)]

Figure A.3. Typical plot of c-parameter vs. Nelson-Riley function to find unit-cell ¢ dimension as the
intercept of the line.

A.3) Random fraction determination

The methodology that was used in this work to determine the random fraction was
developed by A. Llordes is her thesis*®. In her work, this method was used to quantify the
random/epitaxial fraction of a nanoparticulated phase (the NPs that are introduced in the
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nanocomposites). The random fraction has important consequences when analyzing the
microstructure of the nanocomposites thin films.

This method is based on the simultaneous out-of-plane measurement of both the
diffracted pole (from the epitaxial fraction) and the diffracted ring (from the randomly
oriented fraction) using the GADDS diffractometer. Figure A.4 shows the pattern obtained
for BZO nancomposite. To perform these measurements, the incident angle o is fixed to
the value of the corresponding maximum intense reflection of the NPs phase and the
detector is centered at the y value of the same reflection. The ¢ angle was fixed and
optimized in order to assure the maximum intensity. For example, in the case of BZO NPs
these conditions are: ®=15°, x=45° and ¢=0° for the (110) reflection. Longer measurement
times with respect to standard scans are required (from 15 min to 1 h) due to the fact that
the volume fraction of the nanoparticles is really low compared to the whole volume of the
sample.

YBCO (103)
TS

x=45°

YBCO (102)
X~56°
Figure A.4. 2D 6-26 XRD patterns of the nanocomposites measured at fixed m and centered at the maximum
intense line of BZO®*,

Once the XRD pattern is obtained, it is necessary to integrate the epitaxial part of
the NPs reflection (the spot located at y=45°), the random or polycrystalline part (ring) and
the background. The integration is done using GADDS software. To integrate the epitaxial
part, a small range of 20 is selected leaving the spot in the center (1,5-2°) and also a small
range of y (10-20°) again leaving the spot in the center (y=45°). The intensity enclosed in
these ranges is quantified and the intensity of the peak is extracted (the fitting of the NPs
peak has to be done carefully because, although » was optimized to fulfill the Bragg
condition for the (110)BZO, the tails of nearby YBCO poles are also detected due to the
bidimensionality of the detector). To select the polycrystalline part, the 26 and y ranges are
maintained but the center of the integration area is displacing up or down to other value of
x (figure A.5). Finally, for the background, the integration area is displaced to other 26
maintaining the y of the polycrystalline part.
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Figure A.5. XRD diffraction pattern showing the integration of the polycrystalline part®*®*.

Once the intensities of the epitaxial part, the polycrystalline part and the
background are obtained, it is necessary to subtract the background intensity from the
epitaxial part and the polycrystalline part. Afterwards, the polycrystalline intensity is
subtracted from the epitaxial one to assure that only the epitaxial part is taken into account
in the calculation. With the intensities of the epitaxial and the polycrystalline contributions
it is possible to obtain the random fraction taking into account that the sum of the epitaxial
part and the random part percentages is equal to 100 % and applying the following
expression (Eq. A-9):

Iexp (360)411_

Irandom __ "ring\ Ay

= ex Eqg. A-9
Iepitaxi <) o
epitaxial pole

Appendix B: SQUID measurements

This appendix is devoted to explain in detail how the different SQUID
measurements are carried out and which kind of information can be extracted from them.

B.1) Magnetization measurements as a function of the temperature

One of the properties that can be extracted from the m(T) curves is the critical
temperature of the thin films. For this measurements, the films are placed with the c-axis
parallel to the magnetic field (H//c) and then cooled down under Zero Field Cooled (ZFC)
conditions (no magnetic field is applied during the cooling process) to 10 K. Then, a weak
magnetic field of 20e is applied to maintain the sample in Meissner state. Afterwards, the
temperature is slowly increased and the magnetization values (m) are measured over T

214



Appendices

until the transition to normal state is observed. This transition happens due to the fact that
when the film is in the superconducting state there are supercurrents that induce high
magnetization values. However, in the moment in which the film makes the transition to
normal state, these supercurrents vanish and the magnetization values become zero. Figure
7.6 shows a typical m(T) curve obtained with SQUID. The T, is reached in the moment
that m=0 (T, onset, marked with a red square in figure A.6).
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Figure A.6. Typical m(T) curve obtained with the SQUID of pristine YBCO thin films. In this case the m
values were normalized by the maximum value (my).

To obtain the values of the critical currents (J;) of the thin films at each
temperature, m(T) curves are also carried out in (H//c) configuration . In this case, the
films are cooled to 5 K again under ZFC conditions. Afterwards, the magnetic field is
increased up to 3 T and again decreased to 0 T. In these conditions the films change to the
remanence state (full of trapped vortices). Further, the temperature is increased measuring
m values over T. With the m values is possible to calculate the J. vales at each temperature
using the Bean’s model. Figure A.7 shows the typical J¢(T) curve.
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Figure A.7. Typical J.(T) curve obtained with the SQUID of a pristine YBCO thin film.
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Another option of this type of measurements is the FC-ZFC curves that are used to
extract information about the NPs magnetic behavior. These kind of measurements are
composed by two different combined curves. First, the ZFC curve is obtained after cooling
the sample in zero field from high temperature and then by measuring the magnetization at
stepwise increasing temperatures in a small applied field (100 Oe) (curve 1 in figure A.8).
On the other hand, the FC curve is obtained by measuring m in the cooling process in the
same small applied field (curve 2 in figure A.8). With these curves, the blocking
temperature of the magnetic NPs can be obtained. The blocking temperature is the
temperature at which the NPs change from a ferromagnetic behavior to a
superparamagnetic behavior (marked with a red square in figure 7.8).

1,5x107°- 2 -

00 e
0 50 100 150 200 250 300
T(K)

Figure A.8. Typical m(T) curve FC-ZFC obtained with the SQUID to study the magnetic features of
magnetic NPs.

B.2) Magnetization measurements as a function of the magnetic field

The m(H) curves are carried out in thin films in (H//c) configuration to observe the
evolution of the critical current with the increment of the magnetic field. In this case, the
films are cooling down in ZFC conditions. Afterwards, the magnetic field is increased up
to a maximum of 7 T while the m values are being measured and further decreased to close
the hysteresis loop. The Beans model is used to transform the m values in J. values in
order to obtain the final J.(H) curve (figure A.9 a)). To present these results and further
appreciate the features of the curves, it is usually taken the branch in the first quadrant plot
in a log-log scale (figure A.9 b)).
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Figure A.9. Typical m(H) curve obtained with the SQUID for a pristine YBCO thin film a) in normal scale
and b) in log —log scale after calculating the J. values.

To measure the magnetic properties of magnetic NPs m(H) curves are also
performed. In this case, the NPs are cooled down in ZFC conditions and then the magnetic
field is increased until the saturation of the sample or up to 7 T. The same procedure is
performed to observe the magnetic features of these NPs when they are embedded in the
YBCO matrix. But in this case, as the volume fraction of NPs is really low compare to the
total volume of the film, it is necessary to subtract the diamagnetic contribution of the
substrate in order to obtain the real signal of the NPs.

Appendix C: Electrical transport measurements

As it was also mention in chapter 2, generally two types of transport measurements
are performed in order to analyze the superconducting properties of the thin films:
resistivity measurements to determine the critical temperature and irreversibility line, and
V(1) curves for J; analysis.

C.1) Resistivity measurements

In order to find the transition from normal to superconducting states at different
applied magnetic fields, the resistance as a function of temperature is measured. According
to Eq.A-10, the resistivity is expressed as:

Vt-V~ tw
p = ; T Eq. A-10

where V* — V™ is the voltage drop provided by the nanovoltimeter, | is the applied current,

ts is the sample thickness, and ® and | are the bridge width and length respectively.
Measurements were carried out using an AC-current of 10 pA and 33Hz. When no

magnetic field is applied, p(T) curves provide the value of the T.. On the other hand, in the
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presence of an external magnetic field, the p(T) curves allow the determination of the
irreversibility temperature, Ti.

In figure 7.10 a typical p(T) curve at zero applied magnetic field is presented.
Figure 7.10 a) shows the whole p(T) curve measured from 300K to 80K where the ohmic
behavior is observed for T > 100 K. T, and T, are defined as p(T¢, Tin)/p(100 K) = 102,
The T2™s¢t represents the temperature at which the resistivity diverges from the linear
ohmic behavior. The TP represents the temperature at which the resistivity achieves the
experimental offset (figure 7.10 b)).
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Figure 7.10. Typical p(T) curve a) from 300 K to 80 K and b) centered in the transition from
superconducting to normal state.

C.2) V(I) curves

V(1) curves are measured in order to determine the critical current density of the
thin films. Electrical current is increased in small steps from 0 to Inax. In order to avoid
damaging the sample by injecting too much electrical current, the voltage drop is limited at
5-7 uV during the measurements.

The V(1) curves of a superconducting material are non linear, and typically are
described by a power law behavior (figure A.11). The critical current (lc) is defined as the
maximum current that can go through the superconductor without dissipation.
Experimentally, voltage drops at the nanometric scale are always measured due to offset-
measurement devices and so, a criterion should be used to determine I..

The most common criterion used to define I; is the current needed to obtain an
electrical field of 1uV/cm where the electric field is E = V/I, being | the distance between
voltage connections. However, if the bridges are short enough to be able to perform
homogenous patterns along them, a different criterion can be used. The criterion chosen for
this thesis was 10uV/cm (figure 7.11).
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Figure A.11. E(J) curve of a YBCO thin film at 77K and self field showing a critical current density
of 5 MA/cn?,

In this thesis, E(J) curves are measured at different values of applied magnetic field,
temperature, and sample orientation with respect to the c-axis of the YBCO or
nanocomposites films in order to obtain different dependences of J. at different conditions.
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NOMENCLATURE

Effective Anisotropic Parameter
Penetration Depth

Flux Quantum

Nanostrain

Coherence length

Atomic Force Microscopy
Magnetic Field Induction
BaCeO3

Ba,YTaOg

BaZrO3

Coated Conductor

CoFe,04

Chemical Solution Deposition
Dynamic Light Scattering
Activation Energy

Field Cooled

Lorentz Force

Pinning Force

GdB&zCU306+5

Magnetic Field

Lower Critical Field

Upper Critical Field

Coercive Magnetic Field of
Critical Field

High Annular Angle Dark Field
High Temperature Superconductors
Critical Current

Irreversibility Line

Critical Current Density
Critical Current Density at self-field
Boltzmann constant

Frequency factor

Low Annular Angle Dark Field
LaAlO;

Low critical-Temperature Superconductor
Magnetization

Saturated Magnetization
Remanent Magnetization
Nanoparticles

REBa,Cuz06+5

Scanning Electron Microscopy
Stacking Faults
Superconducting Quantum Interference Device
Temperature

Critical Temperature

Twin Boundary
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TEM
TFA
Y248
YBCO
YO
ZFC

Transmission Electron Microscopy
Trifluoroacetate Route
Y2Ba,sCugOs6

YBa2CU3OG+5

Y203

Zero Field Cooled
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