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Introduction

Progressive research and constant development in technology lead to an increasing
variety of possible applications of High-Temperature Superconductors (HTS), which
have been already successfully produced by different manufacturers for the needs of
electrical utility and magnet manufacturing sectors. Although a remarkable progress
in the understanding of the theoretical and practical features and mechanisms of HTS
has been made, many aspects have not yet been studied well enough to be able to
control the whole preparation and fabrication processes for a proper optimization of
the performances. The control of the superconducting and mechanical properties of
tapes and wires is necessary to establish a solid position of HTS as alternative
materials with respect to Low Temperature Superconductors, especially when high-
power applications are concerned. Power applications, such as nuclear fusion
magnets, demand very strong vortex pinning capable to yield high values of the

critical current density (J.) in high magnetic fields (H) and low temperatures (7).

Specific issues arise for the much sought-after fusion applications. The possible
scenarios related to the increase in the operation temperature (> 4.2 K) and/or in the
magnetic field strength (13 - 16 T) of superconducting magnets have been long
debated in the fusion community. While higher magnetic field strengths would be
mainly beneficial for the physics of plasma (plasma confinement and fusion power
density), higher temperatures could have a relevant technological impact due to the
higher efficiency in cooling and reduction in the reactor complexity. Moreover,
helium free cryocooler-driven superconducting magnet technology operating at 20 —
50 K temperature range would be of great interest as demonstrated by the present
Helium shortage and recent price rises. However, in spite of this interest, up to now
there is a lack of knowledge and experimental studies of the fundamental properties
of HTS superconducting materials in either intermediate temperature ranges (20 —
50 K) or extreme high field conditions at 4.2 K. An increase of the magnetic field

performances at the same (low) operating temperatures could lead many benefits to

Xii



nuclear fusion reactors. This can be achieved by the continuous development of

REBCO-based HTS (RE = rare Earth), including YBa,Cu;O7« (YBCO).

Another technological challenge of fusion energy is the exposure of a fusion
device to nuclear radiation, particularly neutrons and gamma rays. In operational
conditions further defects in a material structure are expected due to fusion neutron
bombardments. That also concerns HTS superconducting films. In order to identify
precisely the effect of different defects, an accurate study of the pinning properties of
nonirradiated sampes is in order. Of course, before a material can be definitely
assessed for a use in fusion environment, the investigation of the radiation effects

will be mandatory.

This thesis summarizes a three-year experimental research consisting in the
measurements and study of vortex dynamics in different regimes in YBCO with
different types of second phases at low temperatures (10 — 50 K) and high magnetic
fields (up to 12 T). Although the magnetic field reached in fusion environment can
be higher, a preliminary assessment at fields above 10 T is a founding ground for any
subsequent study and a base for the magnetic field range chosen for the present
research. This work has been carried out in part at the Superconductivity Section of
ENEA Research Center (Frascati) and in part at the Department of Engineering of
the Roma Tre University, within the framework of the EUROfusion Consortium

research project.

Two different methods were used to grow YBCO thin films with different
Artificial Pinning Centres (APCs) - Pulsed Laser Deposition (PLD) and Metal
Organic Decomposition (MOD) techniques. Structural studies were performed by
means of Transmission Electron Microscopy (TEM). Measurements by the standard
DC electric transport technique (long-range vortex motion) have been performed in a
cryostat provided with a 12 T superconducting magnet. High-frequency microwave
measurements (small-displacement vortex motion) were made by using the dielectric
resonator technique at 47.7 GHz, which allows measuring contactless and with high
sensitivity. The role of different defects in PLD films and in MOD films has been
reported. Through an accurate comparison of pristine MOD film with the behaviour

of a PLD grown sample with BZO addition in form of self-assembled nano-

Xiii



coloumns, the effect of twin boundaries as a field and temperature dependent
crossover from vortex pinning to vortex channeling has been revealed. An overall
increase of the J. in-field performances for PLD doped samples with respect to
pristine YBCO is clearly observed and it indicates the efficiency of the APCs with a
stronger efficiency of the BYNTO nano-columns, especially at high fields
(uoH =5 T). Consistently with DC transport properties, the high efficiency of
BYNTO columns was observed in microwave data analysis. Analysis of doping in
MOD derived films has shown that BZO nanoparticles mainly act as isotropic
pinning centres. The increase of pinning constant k, (H) for doped MOD sample

indicated stronger pinning due to a higher pinning sites density.

This thesis has been divided into 5 chapters, the contents of which are described as

follows:

Chapter 1 presents a discussion of the theoretical background of superconductivity
with its basic theories, and focuses on the High Temperature superconductors and
flux flow dynamics, which lay at the basis of the present thesis, and its application

for nuclear fusion energy.

Chapter 2 introduces the techniques used for the growth of the YBCO thin films
and presents the structural investigation in these samples, including the identification

of the various defects originating from the introduction of the second phases.

Chapter 3 describes the DC current transport measurement technique and presents
the obtained characteristic data, such as critical temperature and the temperature
dependence of resistivity, angular and in-field dependences of critical current density
and pinning force density as a function of the applied magnetic field. Preliminary

analysis is given for all the samples under study.

Chapter 4 describes the microwave measurement technique and analyses the
microwave complex resistivity in presence of the external magnetic field taken in
several pristine and second phase-doped YBCO films. Based on the field dependence

of the pinning parameters derived from microwave measurements, such as the

Xiv



pinning parameter » and the pinning constant k,, the vortex pinning regimes will be

discussed in this Chapter.

Chapter 5 presents the main results concerning the vortex physics. It discusses in
details some selected aspects of vortex flux pinning in YBCO thin films with and
without second phases: (i) the effect of pinning and channeling in MOD pristine
sample and its absence on MOD YBCO with introduced APCs; (ii) the effect of
different secondary phases (BZO and BYNTO) in PLD films and (iii) of different
concentration of APCs (0%, 5% and 8%) in MOD films. Finally, the experimental
correlation between the microwave and DC parameters has been presented among

the studied samples.
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Chapter 1 - Superconductivity

Chapter 1

Superconductivity

Superconductivity is the phenomenon, exhibited by various metals, alloys, and
compounds, of conducting electrical current without resistance when cooled to low
temperatures. The discovery of superconductivity occurred in 1911. A Dutch
Physicist, Heike Kamerlingh Onnes, measured the mercury resistivity at low
temperatures [1] and observed that the resistivity dropped to zero at 4.19 K (Fig.
1.1), the so-called critical, or transition, temperature 7.. At any temperature below 7,
superconducting materials gain their unique properties. Thus, the first fundamental
and characteristic property of superconductors (SC) is the zero electrical resistance

below a well-defined, material-specific 7 for all practical purposes.
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Fig. 1.1. Resistive transition of mercury, taken from [1].
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Fig. 1.2. The critical temperature T, of superconductors plotted against the year of their

discovery, taken from [2].

Since then, many metals, alloys, and compounds have been discovered to be
superconducting materials with different 7, (Figure 1.2) [2]. In particular, a major
discovery was made in 1986. While studying a compound produced from
Lanthanum, Barium, Copper and Oxygen, Bednorz and Muller discovered that this
ceramic compound could also become superconducting, and at much higher T, than
previously achieved [3]. This lead to the discovery of many more High Temperature
Superconductors (HTS) over the following decades and the research into ceramic

materials has thrust superconductor composites into the real world applications.

The other characteristic property of superconductors is the Meissner effect, or
perfect diamagnetism (although, it was verified that it is perfect only in case of bulk
materials) [4]. The Meissner effect (Figure 1.3) consists in the expulsion of the
externally applied magnetic field by means of spontaneous supercurrents (currents
flowing without dissipation) circulating in the surface layer. This effect indicates that
the transition from the normal to superconducting state is a thermodynamic phase
transition, since the flux expulsion arises irrespectively from the thermal and

magnetic history. Superconductivity is destroyed by a critical magnetic field H.,
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T>T, T<T;
Fig. 1.3. The Meissner effect in a superconductor: (a) normal state; (b) superconducting
state.
which is related thermodynamically to the free energy difference between the normal
and superconducting states in zero field, the so-called condensation energy of the
superconducting state. The critical field H. above which the superconducting state
disappears is dependent on the temperature: at zero temperature its maximum reaches
zero at T, in conventional superconductors, following H. (T) = H,. (0) (I - (T/T.)°)
[4]. In addition to 7, and H,, the third important parameter is the critical value of the
current flowing through the superconductor — critical current density J. - above

which the kinetic energy is higher than the condensation energy. All three critical

T Critical temperature

Critical current density

Fig. 1.4. Phase diagram with a critical surface of a superconductor.
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parameters — critical temperature, critical magnetic field and critical current density —
create the so-called critical surface of a superconductor. The classical schematic

phase diagram is shown in Figure 1.4.

To describe the observed effects in new superconducting materials a theoretical
description was needed. The first phenomenological theory was described by
brothers H. and F. London in 1935; later, V. L. Ginzburg and L. D. Landau proposed
a theoretical description in 1950, and in 1957 Bardeen, Cooper and Schrieffer

developed their microscopic theory of superconductivity.

The following sections of this chapter briefly discuss the theoretical background of
superconductivity with its basic theories, then will focus on the High Temperature
superconductors and flux flow dynamics, which lay at the basis of the present thesis,

and its application for nuclear fusion energy.

1.1 Theoretical background
1.1.1 The London Theory

The first attempt to develop the electrodynamics of superconductors belongs to the
brothers F. London and H. London. The purpose of this phenomenological theory,
well described in 1935, was to express in mathematical form the absence of

resistance and the Meissner effect.

In a superconducting material, the superelectrons encounter no resistance to their
motion. So, if a constant electric field £ is maintained in the material, the electrons

accelerate steadily under the action of this field:
mvg = ek, (1.1)

where v; is the velocity of the superelectrons and m and e are their mass and charge,
respectively. If there are ng superelectrons per unit volume moving with velocity v,
there is a supercurrent density J; = nsev,. Substituting this into Eq. (1.1), an electric

field produces a continuously increasing current with a rate of increase given by
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Js=="-E, (1.2)

Thus, the first London equation has a form of

d
E= 2.4, (13)
where A = n:’; = oA, (1.4)

is the London parameter, and the last equality defines A.

The second London's equation shows the relation between the magnetic field and
the superconducting current. Inside a superconductor, the Maxwell’s equations have

the form of

x E, (1.5)

ol
<

- =

X B = pals (1.6)
Substituting Eq. (1.2) into Eq. (1.5) gives
5= _(ns_ez>_1§>x J: (1.7)
m
Js can be eliminated by means of Eq. (1.6):

m —

MezvXVxE (1.8)
0'ts

B=-
Now

curl curl B = grad div B — V?B,

But from Maxwell’s equations div B =0 and then V- § =0, so Eq. (1.8)

becomes
B=—"_

or
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| -

= nee? =
VZB:H'OS B:

m

(1.9)

29

~

This implies that a magnetic field is exponentially screened from the interior of a
superconductor, i.e., the Meissner effect. In other words, changes in flux density do
not penetrate far below the surface, so at a sufficient distance inside the metal the
flux density has a constant value, which does not change with time, irrespective of

what is happening to the applied field.

Equation (1.7) is the second London’s equation and 4 in Eq. (1.4) and Eq. (1.9) is
the London penetration depth - the characteristic length on which the magnetic field

penetrates in superconductor and which is given by:

A
AZJM_:: . (1.10)

1.1.2 The BCS Theory
The theory developed by Bardeen, Cooper and Schrieffer (BCS) in 1957 [5] was

the first capable of giving a microscopic explanation of how superconductivity
emerged in traditional superconductors. The basic idea of BCS theory is that
electrons bound in pairs, so-called Cooper pairs [6], and that an energy gap (A)
appeared in the energy spectrum of the superconductor. In traditional
superconductors the attractive interaction was found within the electron - phonon
coupling through the local polarization of the crystal lattice in the vicinity of an

electron. This makes the local positive charge capable to attract the second electron.

The Cooper problem [6] sets the pairing energy as 2A, where A is the lowest
single-particle excitation energy. BCS theory introduces the size of the pair as
§~hvur / A (the coherence length). In case of T=0 K, all electrons in the
superconductor are coupled in pairs and the energy 2A is needed to destroy a Cooper
pair. At T = 0, the thermal de-pairing arises and the quasiparticles state occupation is

described by the Fermi function:

F(E) = (ePEe +1)7, (1.11)
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where B = 1/kpT, E;, = /&2 + |Ak|? is the energy of the excitations, and &7 is the

kinetic energy of the electron with wave vector k .

In the BCS theory, the coherent effects in superconductor are connected to the
density of the states of quasiparticles in the superconducting state. The density of
states of the quasiparticles, N (E), has the form of [4]:

E
N(E) = N; {J—EZ—AZ (E>4) (1.12)

0 (E< D)
where Nr is the density of states near the Fermi level in the normal conductor.

The temperature dependence of the energy gap can be determined from the gap

relation for Ag:

h—K/
ZkBT

1 ta
Ak: _EZ"’ ka’ Ak’ 5 (113)

Ekl

where V} . is the matrix element of the interaction potential of the Cooper pairs with
momenta %k and /k’, which is considered as isotropic and constant near the Fermi

surface and absent outside it.

For the isotropic case of s-wave superconductors, the temperature dependence of

the energy gap can be obtained in implicit form as [4]:

(1.14)

where V' is the interaction potential, which is considered as isotropic and constant

near the Fermi surface and absent outside it.

This relation determines the energy gap at zero temperature as:
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A0) = 2hwpexp(-1/N(0)V) and the well known universal relation as:

A(0) = 1.764kgT.. The temperature dependence of the energy gap can be determined
from Eq. 1.14 [4].

1.1.3 The Ginzburg-Landau Theory
The theory proposed by Ginzburg and Landau in 1950 is the extension of the

London phenomenological theory for the case of spatially varying superfluid density.
It is based on the Landau theory for second order phase transitions. They pointed out
that the London phenomenological theory is unsatisfactory from the two points of
view. Firstly, it does not allow one to determine the surface tension at the boundary
between the normal and the superconducting states. The surface energy connected
with the field and supercurrent, as predicted from the solution of the London
equation, is negative, contrary to the observed positive surface energy. Secondly, the
theory does not enable the destruction of superconductivity by a current to be

considered.

The Ginzburg-Landau (GL) theory describes the normal-superconducting
transition by expressing the Gibbs free energy density g as a function of an effective
wave-function of the superconducting electrons w, so-called a complex order
parameter. The density of superconducting electrons (as defined in the London

equations) was given by:

ng = [Px)|? (1.15)

Then they assumed an expansion of the free energy in powers of ¥ and 3.
Minimization of the free energy with respect to the order parameter leads then to a
differential equation for 1, which is analogous to a Schrodinger equation for a free

particle but with a nonlinear term:

1 (E'V_ e?*A)Z‘/’ + BIYIPY = —a(T)y, (1.16)

2m* \i
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where a = - uoH.” / o |? and f = uoH,’ / [P |* are coefficients with a smooth and

regular temperature dependence and ), is asymptotic order parameter, at X — oo.

The corresponding equation for the supercurrent turns out to be:

e*h e*?

izm*

Js = W vy — Yvyp*) — —[P|* A (1.17)

m*c

The major early results of the theory were in handling two features beyond the
scope of the London theory, namely the spatial variation of n, and the nonlinear
effects in fields or currents strong enough to change 7, [4,7]. The theory defined the
so-called intermediate state of superconductors, in which superconducting and

normal domains coexist in the presence of H =~ H..

The equation for the GL penetration depth, with the same order of the London

penetration depth, is:

m
o1 = Jietipar (1L18)

The GL theory also introduced another characteristic length — the GL coherence
length:

h
|2m*a(T)|*/2

$(T) = (1.19)
The GL coherence length denotes the length over which the order parameter can

vary significantly.

The ratio of the two characteristic lengths defines the GL parameter, which is

independent from temperature:

A
k = E (1.20)
For typical, pure, so-called type I, classic superconductors, i.e. Hg, Pb, Ti etc.,
A=500 A and £~3.000 A, thus k << 1. In this case, one can show that there is a

positive surface energy associated with a domain wall between normal and
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Fig. 1.5. Interface between normal and superconducting domains for (a) type I and (b)
type Il superconductors.

superconducting material [4]. A negative surface energy is associated with k >> 1.

According to the value of the GL parameter the superconductors are divided in two
classes: type I with k < 1/4/2, in which a superconductor is characterized only by
the Meissner state, and type II with k > 1/+/2 (Fig. 1.5).

1.2 Vortex state

In 1957, A. Abrikosov published a remarkably significant paper, in which he
studied the case when k& would be large instead of small, i.e. £ <A (Fig. 1.5).

Because this behaviour is so drastically different from the classic behaviour
described earlier, Abrikosov distinguished it as another class, so-called type II
superconductors [8]. He found that instead of discontinuous breakdown of
superconductivity in a first-order transition at H,, there was an increasing penetration
of the flux starting at lower critical field H.; and continuous to H.,, when the
superconductivity is interrupted. Thus, the phase diagram for type II superconductor

consists of few regions (Fig. 1.6): below H.; the Meissner state is present; an

10



Chapter 1 - Superconductivity
increase of the field leads to the transition in the so-called mixed state. In this state,
the magnetic field partially penetrates the volume of the superconductor. The region
of the H-T diagram between H.; (1) and H. (T) is known as “vortex state” or
“Abrikosov state” (see section 1.2). Above the upper critical field H., the
superconductor reverts to its normal state. From now on in this thesis, a term

“superconductor” will refer only to type II superconductors.

In the ideal isotropic material, fluxons are round cylinders with a central normal
region, or core, with the axis parallel to the externally applied magnetic field and are
surrounded by circular supercurrents, which have brought fluxons to be also named
“vortices”. Within the core the magnetic field penetrates in form of a quantum of

magnetic flux quantum [4]:

d, = % =2-10"7 G -cm?, (1.21)

The density of vortices within the superconductor in the mixed state is related to

the magnetic field strength, by the relation poH = n®,, where # is the areal density

of vortices.
H (a) H (b)
Typel Type Il
H('o' Hr?o i
H(T)
(Meissner State) (Vortex or Mixed State) H.(T)
"l('lo
\ T \\ > T
T T
c (Meissner State) "

Fig. 1.6. Phase diagrams of (a) type I and (b) type Il superconductors.
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Fig. 1.7. A sketch of a fluxon structure

Within the GL framework, the structure of the fluxon can be represented as follows:
it is made up of a normal core of the radius & where the magnetic field is focused by
circular currents, which cancel the effect of the surface screening currents. Both,
currents and field, decay exponentially away from the core over a distance of A
(Fig. 1.7).

The energy per unit area, €, of the boundary between the normal and the

superconducting regions is usually expressed in terms of a characteristic length §;:

1

2
= 2 HEsy, (1.22)

€p

If the boundary is stable, the superconducting and normal regions must be in

equilibrium, thus the free energy per unit volume must be the same. Due to the

12
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presence of ordered electrons, the free energy density of the superconductive state is

lowered by an amount f, — f, = LHf, and, in addition, because the
y 2010

superconducting region has acquired a magnetization which cancels the flux density

inside, there is a positive magnetic contribution JH? At equilibrium, the free
0

energy density of a neighboring normal region is the same because these two
contributions cancel each other. At the boundary, however, the superconductivity
increases only gradually over a distance determined by ¢, and the magnetic
contribution decreases over a distance A. Roughly speaking, one can consider the
change in flux density and superelectron density within the superconductor as
occurring sharply at distances A and &, respectively, from the edge of the normal

region. In this way the value of the surface energy is:

~ 1 e
€p = 5 - HZ(&-2), (1.23)
and the characteristic length &, can be identified as (§ — 1). If & < A, like in type-II
superconductors, the surface energy is negative and nucleation of normal regions

becomes favorable when the magnetic field overcomes the lower critical field H.;.

The surface energy allows the determination of the lower critical field value:

D
H., = 4m012 Ink, (1.24)

It can be also shown that the upper critical field H.; is related to the microscopic

parameters by:

H, = —L (1.25)

For anisotropic superconductors, such as High Temperature Superconductors
(HTS, see section 1.3), the situation is more complex. Both, the coherence length &,

and the penetration depth A, exhibit an anisotropic character with {c < &ab and

A A .
ab = Z£ remain unaffected, where the suffix
c

f_ fab

refers to the crystallographic ab-axes and the c-axis. As consequence, while in an

Ac > Aab, so that both H. and k =

13
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Circulating current

ab

(a) *

Fig. 1.8. Schematic representation of a vortex cross section: (a) in isotropic superconductor (b)

in an anisotropic superconductor.

isotropic superconductor the vortices have a circular symmetry as was described
earlier, in an anisotropic superconductor the shape of fluxons depends on the
orientation of the magnetic field with respect to the crystallographic axes. When the
magnetic field penetrates normal to the c-axis, the core radius along the plane
direction will be &,;,, while the core radius along the c-axis will be {c << £ab. On the
other hand, the flux penetration radius will be A, along the plane whereas it will be

the smaller value 1, in the c-axis direction (Fig. 1.8) [4].

The application of field H > Heci determines the creation of many vortices that
arrange on regular patterns. Abrikosov identified the possible regular patterns as a
triangular lattice having a hexagonal basic unit cell, so-called Abrikosov lattice (Fig.

1.9), where the distance between two vortices is given by a = 1.072,/®,/ B. The

vortex distance decreases with increasing the magnetic field.

14
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—-TPT LN,
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© &

Fig. 1.9. (a) Triangular (Abrikosov) lattice of flux lines in clean Nb sample
evidenced by magnetic decoration technique; (b) a sketch of hexagonal unit cell in fluxon
lattice, viewed along a section normal to vortices lattices. Vortex supercurrents are indicated
by circular arrows.

In the mixed state of HTS interplay of vortex-vortex interactions, thermal
fluctuations, different kind of disorder and the anisotropic behaviour create different
phases, referred as vortex matter [9]. However, the main characteristic of a HTS
phase diagram is the existence of two states: a magnetically irreversible zero-
resistance state, called vortex solid phase, and a reversible state with dissipative
transport properties, called vortex liquid state [10] (Fig. 1.10). In the absence of
disorder, as in the systems free of defects, the solid phase presents topological order
(forming the Abrikosov lattice) and it is separated from the liquid phase by a first
order transition (melting line) [9]. In the presence of disorder (defects), the second
order transition, irreversibility line, is found between the solid and the liquid phases

[11,12]. YBCO material (see section 1.4.1) has a variety of disordered vortex solid

15
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complex vortex matter
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Fig. 1.10. A schematic illustration of the different phases of vortex matter on a phase
diagram.

states, depending on the type and dimensionality of the defects. In the presence of
isotropic weak random point disorder, like oxygen vacancies or electron irradiation
(see Section 1.5), a vortex glass phase has been predicted [11]. In the presence of
correlated disorder, such as dimensional elongated columnar defects or planar defects

(twin boundaries), Bose glass phase is expected [13,14] (Fig. 1.10).

It can also be shown, that most of the macroscopic superconductive properties
have an anisotropic character. For example, both the upper and the lower critical
fields depend on the direction of the magnetic field as o« 1/é? and o« 1/42,
respectively. When the field is perpendicular to the c-axis, i.e. when the angle 6
between the field direction and the c-axis is 8= 90°, He2 is increased and Hei is

decreased with respect to the 8= 0° configuration (Fig. 1.11).
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Fig. 1.11. Reference coordinate system used in the description of the parameters
in anisotropic superconductors.

Thus, the anisotropy increases the width of the Meissner state at 6= 90° allowing
the nucleation of flux lines along the ab-planes at almost vanishing values of the
field. The anisotropy degree of the superconductor can be quantified using the

anisotropy parameter y:

e Eap (HCZIIab) (Hclllc)
= —= = = =i N 1.26
V= T $e Heope H 1yap (1.26)

The anisotropy of Hg, can be interpreted in a more general scaling approach,
derived from the GL equations and proposed by Blatter et. al. [15]. According to this
model, any physical quantity Q for which the isotropic result Q is known, can be

determined through the scaling rule:
Q(HJH)TIEFAIY) = SQQ(E(H)H))/ITlfll)) (1'27)

where O is the angle between the applied magnetic field and the c-axis, y is the
anisotropy parameter, ¢ and A refer to the value on the ab-plane, sp is a scaling

factor, and €(6) is given by:

17
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Fig. 1.12. An example of upper critical magnetic field as a fuction of the angle 0, in

anisotropic MgB, superconductor.

€(0) = \/00529 + y—lz sin?6, (1.28)

In this way, the angular dependence, interpolating H., between the limiting values
0° (H// c) and 90° (H // ab), can be worked out from Eq. (1.27) giving the simple
ellipsoidal form (Fig. 1.12):

7 llc
HCZ — HCZ

He, (9) =

€0 ’
\]00529+ iz sin%0

(1.29)

14
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Fig. 1.13. Lorentz force Fy exerted on a vortices and created by applied magnetic field and
transport current J.

1.3 Vortex dynamics

1.3.1 Vortex motion

When a transport current is passed along the superconductor in the presence of an
applied magnetic field, which drives the superconductor into the vortex state, the
current flows through its whole volume. Considering a length of the superconductor,
at every point there will be a certain transport current density, J. Thus, there will be
an electromagnetic force, Lorentz force Fj, between the flux and the current,
(Fig. 1.13), which drives the vortex movement in a direction perpendicular to the

direction of the applied current [4]:
f, = JxfAd, = JXB, (1.30)

where @, is the flux quantum; 7 is the unit vector yielding the magnetic field

direction; f is the current density and B is the magnetic field induction (within the

London limit B = uyH).
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Vortex motion has a strong impact on conducting properties of the

superconductors in the mixed state, since the vortex movement generates the electric

field E = v, X B , where B is a magnetic induction and v, is the flux lattice velocity.

In presence of the DC current, a vortex starts to move only at J > Jc, where Jcis the
so-called depinning critical current density, yielding FL > F,"*. The balance of the

fields acting on the vortex can be obtained in the following form:
F+FH+F:FL+Ft5 (1.30)

where F; represents the force of the thermally activated vortex movement;

F_H) = ayfl X v is the perpendicular force on a moving vortex (Hall force), which
subtends the Hall angle @ = arctan (an/n). Usually on << 71 and the Hall angle is

small, thus it can be neglected [9].

The drag force compensates the Lorentz force. The electric field generated by
vortex motion can be divided in the two components: longitudinal to the current,
which produces the dissipation, and transversal, which determines the Hall effect.
Two mechanisms of the dissipation due to vortex motion can be considered. The first
is related to the condensation energy during movement: the Cooper pairs on the
vortex front side are transformed to quasi-particles with energy loss; the inverse
transformation occurs on the rear side, but due to the finite relaxation time only part
of the energy is recovered [8]. In the free flux-flow regime, the flux flow resistivity
can be rewritten in the form, given by Bardeen and Stephen [16]:

UoHop®
Prr= " (1.31)

The second mechanism is due to the Joule dissipation by the normal currents
moving through the vortex core [16]. The power dissipated per unit length is related

to n through W = Fv, = nv?. In [9,17] the vortex viscosity is determined in the

general case:
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woT

m (1.32)

n = mwhn
where wy = eupH >/ m is the cyclotron frequency given by the level separation of the
quasi-particle states within the vortex core [18]. Two regimes can be identified:
superclean wyt > 1 and moderately clean, when wy7 « 1. In the latter limit, in
absence of the Hall effect the Bardeen and Stephen (BS) relation [16] can be

obtained as:

n = mhnw = L0220 (1.33)

n

where p,, = m*/nert is the normal state conductivity.

At wyt > 1 the Hall contribution dominates and the viscosity can be determined

as [17]:

mhn

n =~ (1.34)

WeT
This corresponds to the superclean limit [19]. In this limit, there are well-separated

bound states in the vortex core.

1.3.2 Vortex pinning

In a real superconductor, defects in the crystal structure are always present. They
represent the preferable sites for vortices, so-called pinning centres, since they allow
minimizing the total condensation energy cost. Core pinning arises whenever a local
depression of 1 (caused by impurities, lattice defects — point-like or extended - or
thickness non uniformities along a fluxon) entails a loss of condensation energy,
which can be partially restored if a fluxon pins to it. Considering the whole fluxon
system, it is important to recognize that if it were perfectly periodic and rigid the
average effects of random pinning centers would be vanishingly small. Pinning
forces therefore arise from both, the fluxon elasticity and from the interaction
between fluxons and pinning sites [6, 64]. The pinning effectiveness is influenced by
the vortex phases, direction and intensity of H, kind and distribution of pinning sites
and also flux line tension: rigid flux line can be pinned by a single pinning center, but

weakly correlated (“pancake”) vortices (Fig. 1.14) require to be individually pinned
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Fig. 1.14. Schematic representation of a pancake vortices stack forming straight and
distorted flux lines.

on each distinct layer in the layered superconductors, e.g. YBCO (see Section 1.4).
Clusters of entangled flux lines, on the other hand, would present lower mobility

with respect to independent flux lines or pancakes.

The overall pinning effect can be described in terms of a local pinning potential
U (r,H). Fluxons prefer to occupy the pinning potential minima (potential well) (Fig.
1.15 (a)): any small displacement from these equilibrium positions gives rise to a
restoring force on the fluxon. The H-dependence of the pinning potential U can be
appreciated by resorting to the distinction between individual and collective pinning,
following [17]. The individual pinning is present at very low fields, giving low
fluxon concentrations: in this case there are more pinning sites than fluxons so the
latter do not interact with each other and the pinning potential do not depend on the
fluxon concentration, i.e. on the field. The collective pinning, related to higher fields,
arises when many close-packed fluxons collectively interact with the same pinning
site: in this case the intensity of the interaction depends on their number, which is
field dependent. The rate of the vortex jump (The Anderson and Kim model for flux

—Uo/ kBT, where w; is the characteristic

creep [20]) is determined as W = w;e
frequency in the range 10° - 10'' s'. DC external current produces the tilt of the
pinning potential as shown in Fig. 1.15. Along the Lorentz force direction the energy

well height is lowered by the Lorentz force energy with respect to the unperturbed

22



Chapter 1 - Superconductivity

(a)

X

Fig. 1.15. (2) fluxon in a minimum of the pinning potential U in absence of external current; (b):
pinning potential U tilting due to external DC current density J; (c) pinning potential U
unidirectional leveled by J ~ Je: free flux flow.

pinning potential and equals to Uo — U, and thus, flux movement or jumping is

favoured.

The energy barrier can be written as Uy = 0.5upH: ', where H, is the
thermodynamic critical field and / is the linear dimension of the point-like defects

[20].

The presence of pinning is the cause of the additional force (the pinning force F})
that reduces the mobility of the vortex. The pinning of a fluxon core of radius ¢ is
more effective when the linear dimension / of the point-like defects [ = ¢ (strong

pinning). In this case the pinning force can be determined as F,~ puoHZE®. The
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Fig. 1.16. Schematic representation of an ohmic / - V' curve.

condition [ < ¢ gives lower pinning force due to smaller energy gain of smaller
defects; the condition [ > ¢ gives the residual movement freedom to a fluxon and

the pinning force is determined as: Fp ~ 1/1.

The critical current density J. is that current per unit volume of a superconductor at
which a detectable voltage is produced across the superconductor, and is therefore
that current, which causes the vortices to move. If the current density is such that the
Lorentz force is less than the pinning force, no movement of vortices will occur, and
no voltage will be detected in the superconductor. If the current is increased to a
value at which the Lorentz force exceeds the pinning force, vortices will move and a
voltage will be detected. The critical current density is that value of the current
density at which the vortices will begin to move, thus giving J. = F,/B: when
current density J approaches its critical value, J., the potential is tilted enough for
fluxons to freely flow in the current direction, reaching the flux flow regime (Fig.

1.15 (c)). The dissipation takes the form of an ohmic 7 - V' curve (Fig. 1.16).

Typically, the critical current density as a function of applied magnetic field for a
high-temperature superconductor shows three regimes: an initial region in which the

critical current decreases rapidly as soon as the field is turned on; a region, which can
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Fig. 1.17. A typical critical current dependence on the magnetic field shown for different
samples of YBCO superconductors.

be linear, falling slowly with increasing field, and a third region in which the critical

current falls to zero [21] (Fig. 1.17).

As mentioned earlier, the macroscopic superconductive properties have an
anisotropic character. The pinning strength is a function of the direction of an
external magnetic field relative to the ab-planes of the superconductor. The critical
current density is much higher with the field parallel to the ab-planes than when it is
perpendicular to them (i.e., H // c-axis of the planes). In typical angular dependence
plots like presented on Figure 1.18, YBCO superconductor almost always has a
strong peak at 90° (the applied field is parallel to the YBCO ab-planes). In addition
to this intrinsic peak, superconductor might have a second peak at 0° (parallel to the

YBCO c-axis), which is correlated with linear defects related to columnar growth.

This type of measurement of J. is essential for elucidating the types of important
flux-pinning defects present in films and must ultimately become a routine part of

enhancement research.
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Fig. 1.18. A typical angular critical current density dependence of YBCO superconductor

with only intrinsic pinning corresponding to the peak at 90° (full black squares) and with
additional correlated pinning at 0° (full red circles).

Critical current density, J (A/cmz)

1.3.3 AC electrodynamics in the mixed state

The pinning force contribution is related to the spatial variation of the pinning
potential as Fp) = —VU. When a small displacement of the vortices occurs, the vortex
does not interact with nearby ones (single vortex approximation). Considering the
harmonic regime J « e‘®t and sufficiently high angular frequency w, the vortex
oscillates around the equilibrium position with small amplitude. In the limit of small

displacement u = v; /(iw), the pinning force is elastic and can be written as:

F, = -V = —kyu, (1.35)

where k, = V2U is the pinning constant (also known as Labusch parameter, o).

Considering an electromagnetic field incident on a flat interface between a generic
medium and a superconductor, the response to the field is given by the surface

impedance, Z; [22] (see Chapter 4). In case of a bulk sample (thick with respect to
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the field penetration depth) in the local limit, this quantity can be written in the two

equivalent forms:
Zs = iwpgd = \Jiopep (1.36)

where A is an appropriate complex screening length and § = iwpgA? is the complex
resistivity. The complex resistivity 5 (or equivalently Zs or 1) of a superconductor in
the mixed state includes contributions from the moving vortex lattice and from the

two types of charge carriers, normal and superconducting.

Many models have been developed in order to capture the overall AC vortex
dynamics, having various degrees of complexity [23—25]. Basically, they take into

account the relation in Eq. (1.30).

One of the models, the Gittleman and Rosemblum (GR) model [26], is valid for the
superconductor at the temperatures T << T, where the effect of the thermally
activated movement is negligible. Neglecting the Hall and thermal forces leads to the

relation:

= ] X Ad, (1.37)
For current]_) 1 B in the scalar form one obtains:
kp
[n + 5] v, = JB®D, (1.38)

The vortex motion resistivity can be obtained from Eq. (1.38) using the relations

E = pymJand E = B x Uy (with the London limit B = uyH):

Bd, 1

k
n 1-i2
nw

(1.39)

pvm
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Fig. 1.19. (2) Fluxon small oscillations inside pinning potential well with high frequency; (b)
Fluxon wide oscillations inside pinning potential well with low frequency.

Two important parameters are included in Eq. (1.39): the flux-flow resistivity

k
Prr = B%D(’ and the so-called depinning angular frequency w, = TP’ which define

the crossover between elastic and dissipative motion. At lower frequencies w < w,,

the flux-flow resistivity is imaginary. At high frequencies w > w,, it is fully
dissipative end equal to the flux-flow resistivity Py, = psr = B%DO, where the

movement of the vortices is not affected by pinning. In this regime, it is possible to
determine directly the flux-flow resistivity without the application of large current

densities.

On a contrary, with respect to the DC applied current described in previous
section, the AC vortex dynamics and displacement of vortices is assumed to be a
linear function of the current density J. This assumption, justified by the small vortex
displacement at microwave frequencies (Fig. 1.19), implies also a pinning potential

independent from the driving current intensity, thus excluding flux creep which

arises for J < Jc (as was shown in Fig. 1.15 (b)).

In this work, the high-frequency regime (Fig. 1.19 (a)) for microwave

measurements has been used to study the pinning parameters (see Chapter 4).
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1.4 High-Temperature Superconductors (HTS)

As was mentioned in the beginning of this Chapter, a discovery of High-
Temperature Superconductors (HTS) by Bednorz and Muller lead to the whole new
world of superconductors with 7. well above liquid nitrogen temperature, usually
around 100 K, which meant the the new area of superconductor applications, since
cooling would be provided by liquid nitrogen and not liquid helium. HTS are type II
superconductors, which means the presence of vortex (mixed) state in the phase

diagram and most of HTS are ceramic copper oxide (cuprate) compounds.

1.4.1 YBazCu307_X
One of the most technologically relevant and well studied since its discovery HTS

is YBayCu3;O7-« (YBCO), which is a subject of a study in the present thesis.
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Fig. 1.20. Crystallographic structure of YBa,Cu;07. unit cell.
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Fig. 1.21. Layered structure of YBCO with lattice parameters.

YBCO exhibits a complicated crystallographic structure, which is often referred to
as perovskite-type. This is because the YBCO unit cell (Fig. 1.20) can be viewed as
the series of perovskite cells aligned along the c-axis of the compound. The complex
unit cell of YBCO can be also viewed as a series of CuO, planes lying normal to the
c-axis and creating the so-called layered structure (Fig. 1.21), which determine the
superconducting properties of this material. These CuO, planes are the
superconducting planes containing mobile charge carriers and providing the
supercurrents flow. CuO; planes are separated by charge-reservoir interleaved layers,
which contain CuO chains. These charge reservoir layers are responsible for a proper
carrier density the superconducting CuO; planes. In YBCO, the superconductivity is
controlled by oxygen content in the structure, which modifies the final 7. of YBCO
[27] (Fig. 1.22).

Due to the planar (layered) structure, YBCO exhibits anisotropic properties along
ab-axes and c-axis. The critical current density parallel to the CuO; planes (ab-plane)
is much higher than that flowing through c-axis. Therefore, it is crucial to grow
YBCO layers highly epitaxial with c-axis normal to the substrate and study angular

transport properties of the films.
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Fig. 1.22. Critical temperature dependence on the oxygen content [20].

1.4.2 Vortex pinning centres

Pinning centres (sites) in a superconductor arise from the presence of localized
material defects or crystalline imperfections that reduce the vortex energy such that
vortices tend to remain pinned at the bottom of these potential energy wells.
Important properties are the size, shape and density of pinning sites. These defects
can appear spontaneously during the growth process of a superconductor (natural
defects) or could be artificially introduced (Artificial Pinning Centres, APCs) with
the aim of enhancing the pinning properties and, hence, superconducting transport
properties. To maximize J., one needs to engineer the optimum vortex-pinning
landscape. It has been known since that J. in YBCO film could be 10-100 times
higher than YBCO crystals because of the large density of defects inherent in thin-
film growth [28].

There are a number of defect types that can act as pinning centres, which are
represented in Figure 1.23 [29]. Different criterions can be used to classify the

pinning centres. One of the most common criterions is dimensionality: zero-
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Fig. 1.23. A sketch of defects with different dimensionality, acting as pinning centres, taken
from [22]: (a) 0 — D defects; (b) 1 - D defects; (c) 2 — D defects; (d) 3 — D defects. Curved lines
represent the fluxons.

dimensional (0 - D) defects (oxygen vacancies, point defects);one-dimensional (1 -
D) defects (dislocations, columnar defects) [30—34]; two-dimensional (2 - D) defects
(low-angle grain boundaries, twin boundaries, stacking faults, intergrowths) [28,35—
39]; and three-dimensional (3 - D) defects (nanoparticles, local strained regions) [40—
42]. Usually, different type and size of defects are simultaneously present in the

material.

The pinning itself can be divided into two categories: Correlated pinning and
random pinning. Correlated pinning arises from approximately parallel arrays of
extended linear or planar defects. Their effect is strongest when the applied magnetic
field (which determines the orientation of the vortices) is aligned with them, and it
decreases as the misalignment between defects and vortices increases. The signature
of correlated pinning is a peak in the angular dependence of J.. Random uncorrelated

pinning is due to randomly distributed localized defects, and in this case the
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influence is relatively uniform for all magnetic field orientations. Thus, the pinning
sites can be also classified as isotropic or anisotropic pinning centres, depending on

the orientation of the applied magnetic field and anisotropy of the defects.

1.5 Superconductors for nuclear fusion energy

Progressive research and constant development in technology lead to an increasing
variety of possible applications of High-Temperature Superconductors, which have
been already successfully produced by different manufacturers for the needs of
electrical utility sector [43]. As such a remarkable progress in the understanding of
the theoretical and practical features and mechanisms of HTS has been made,
although many more of them have not yet been studied well enough to be able to

control the whole preparation and fabrication processes.

The European fusion programme is based on the roadmap to the realisation of
fusion energy. ITER will be the first fusion device to produce net energy and to
maintain fusion for long periods of time, as well as testing the integrated
technologies, materials, and physics regimes necessary for the commercial

production of fusion-based electricity. It is designed to generate 500 MW fusion

Inner poloidal field coils
(Primary transformer circuit)

Poloidal magnetic field Outer poloidal field coils

(for plasma positioning and shaping)

JG05.537-\¢

Resulting helical magnetic field

Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)

Fig. 1.24. Illustration of the nuclear fusion magnet principle: arrangement of magnetic field coils

and the resulting magnetic field that confines the plasma.
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Fig. 1.25. Typical structure of coated conductor with YBCO layer on a metallic substrate.

power which is equivalent to the capacity of a medium size power plant. ITER laying
the foundation for a Demonstration Fusion Power Reactor (DEMO) to follow ITER
by 2050.

The control of the superconducting and mechanical properties of tapes and wires is
necessary to establish a solid position of HTS as alternative materials with respect to
Low Temperature Superconductors (LTS), especially when high-power applications
are concerned. Many projects are being run for developing hybrid systems where
HTS are used along with low-temperature superconductors to generate magnetic
fields well above 23.5 T, which is the technological limit of LTS Nb;Sn-based
magnets [44,45]. Power applications, such as nuclear fusion magnets (Fig. 1.24),
demand very strong vortex pinning capable to yield high values of the critical current

density in high magnetic fields and low temperatures.

The second generation (2G) HTS coated conductors (CCs) consist of a metallic
tape upon which the growth of oriented superconducting YBCO film is achieved
through the epitaxial growth on an oriented buffer layer (Fig. 1.25). The thickness of
YBCO layer is about ~ 1 yum in a ~ 100 um thick tape. The metallic substrate ensures
good flexibility to the tape, which, otherwise, would be damaged by bending, since
YBCO is a ceramic material. Moreover, the metallic tape guarantees an alternative

path for the current in case of quench. Since the YBCO film is grown replicating the

metallic substrate
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texture of the under-lying buffer layer, the latter must be highly biaxial textured
(within < 3°) in order to avoid high misorientation angle grain boundaries in the

superconducting film.

One of the methods to grow an oriented buffer layer is called IBAD (Ion Beam
Assisted Deposition). In this process, a ceramic layer is deposited on a non-textured
metallic tape in presence of an argon ion beam directed along a particular axis of the
substrate. The resulting layer is highly textured and can be used as a template for the
YBCO growth. A less expensive and faster method is called RABITS (Rolling
Assisted Bi-axially Textured Substrate). In this process the oriented buffer layer is
obtained by epitaxial growth on textured tapes. The high degree of texture is

obtained by rolling and recrystallization thermal treatment process [46].

Kilometer lengths of CCs have been successfully demonstrated and lengths of
150+ m with a minimum critical current of 350Acm™ ' width at 77K and in self-field

are currently available.

The improvement of YBCO-based Coated Conductors transport properties
necessary for the increase of magnetic field performances at the same (low)
operating temperatures [43,47], which will lead to many benefits of nuclear fusion
reactors [48]. This can be achieved by the continuous development of epitaxial

YBCO thin films.

The technological challenges of fusion energy are linked with the availability of
suitable materials capable of reliably withstanding the extremely severe operational
conditions of fusion reactors. Structural and functional materials of plasma-facing
components of ITER and DEMO are exposed to intense neutron irradiation. In
operational conditions further defects in a material structure are expected due to
fusion neutron bombardments. Irradiation with 14.1MeV deuterium—tritium fusion
neutrons releases significant amounts of hydrogen and helium as transmutation
products that might lead to a degradation of structural materials after a few years of

operation [49].
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A lack of a fusion-relevant neutron source for materials testing is a major critical
1ssue of the international fusion materials research. Conventional fission reactors,
which produce neutrons with an average energy around 1-2 MeV, are used in order
to the study the influence of irradiation, but they cannot adequately match the testing
requirements for fusion materials [50], [51]. Neutrons with suitable fluxes and
spectra for fusion materials testing, generated through Li nuclear reactions, are
expected to be available by the middle of the next decade through International
Fusion Materials Irradiation Facility (IFMIF) [50].

As a general rule, substantial damage production will only be made by “fast
neutrons,” which are generally defined as those neutrons of the entire spectrum
having energies larger than 0.1 MeV. Lower energy neutrons (“epithermal” and
“thermal” neutrons) do not generally lead to extended defects, but may create point

defects or point defect clusters, which produce some disorder [52].

The experimental results over the last decades revealed that irradiation by fast
neutrons can introduce pinning sites into high temperature superconductors, which
enhance the critical current densities [51]-[55]. The introduced defects are randomly
distributed within the volume of the superconductor, but only neutrons above certain
energy will lead to defects, which are effective pinning centers. The study [51] shows
that the neutron induced pinning centers might interact with the original pinning sites
and the efficiency of the random pinning centers is varying not only with magnetic
field, but also with its orientation. The number of pinning centers created by these
neutrons or secondary radiation could be negligible compared to the density of
defects created by fast neutrons. Yet the neutrons with lower energy can contribute to
the formation of defects, mostly in the form of point defects or clusters of point
defects (which may also be able to contribute to flux pinning). Since oxygen is the
lightest atom in all HTS, oxygen displacements lead to two undesired side effects of
neutron irradiation: firstly to a depression of 7, due to oxygen displacement from its
chain or plane position, and secondly to the introduction of disorder in the CuO,

planes resulting in a weakening of the intrinsic pinning effect [52], [56].

The study [51] shows that the influence of the fast neutron on J. might vary with

2

the neutron fluence. Whereas fluences of up to 4 - 10*' m™ improved J., higher
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fluences start reducing J.. However, coated conductors in that study show better J.
after irradiation to the ITER lifetime fluence than without irradiation. The
experimental results in [57] revealed that the superconducting characteristics did not

deteriorate upon irradiation.

One can conclude that unless neutrons do not severely damage the HTS material,
this issue is not severe for what concerns pinning. The radiation effects will not
present a serious challenge for the ITER magnets under the present design and
construction specifications [52]. The neutron flux at the superconducting magnet is
not so high (around 0.01 dpa), but the lifetime of the fusion reactor is limited by the
irradiation damage of the superconducting materials and the insulator of the
superconducting magnet [50]. Thus, knowledge of the radiation effects on
superconducting fusion magnet components and potential materials damage is
mandatory for a successful development of fusion energy applications and should be
included in the further study of superconducting materials under operation

conditions.
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Chapter 2

YBCO growth and structural characterization

As it was mentioned in Chapter 1, only about a one hundredth of coated conductor
volume is an YBCO superconducting layer and yet it provides all the
superconducting properties for the whole tape. Thus, only advanced control of
growth process, structure, transport properties, architecture and fabrication will
guarantee a secure and unaltered performance of YBCO over a long period of time
and compliance to the requirements for HTS applications. This Chapter discusses
substrate and techniques used for growing the YBCO thin films and the main
structural features of these samples. All the samples were grown in ENEA Research

Centre (Frascati) within a long—term collaboration.

2.1 Growth of YBCO

2.1.1 Substrate

YBCO superconducting films show the highest critical current performance when
the films are epitaxially grown on a substrate. The epitaxial growth process ensures a
defined structural orientation of the film. For the present study, only samples grown
by the epitaxial deposition of a thin film on a single crystal substrate were

considered.

The choice of the substrate is crucial since the quality of the epitaxial growth

directly depends on it and the substrate must satisfy several requirements [58]:
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High chemical compatibility

The substrate and the film should not chemically react with each other,
especially at high temperatures typical of YBCO growing process (up
to 850 'C) [58,59]. The substrate must also be unreactive in the oxygen-rich
ambient, which is used for the growth [58].

High surface quality and substrate homogeneity

The quality of the surface is one of the most important properties of a
substrate since it is where the film—substrate interaction occurs. A uniform
substrate surface is necessary to obtain homogeneous and uniform films.
Hence, the surface roughness, cleanliness and smoothness are important
parameters: they may have a significant impact on film nucleation.
Consequently, morphology and structure of the resulting film may be

affected.

High structural quality and compatibility

One needs a high structural quality of the substrate in order to achieve high
structural quality of the film grown on top of it. Impurity phase inclusions in
the substrate will very likely affect the surface quality and ultimately the
epitaxial quality as well. Thereby only single crystal substrates were used

for this work.

High thermodynamic stability

Any suitable substrate must be thermodynamically stable within a wide
temperature range in order to prevent losses of adhesion or the formation of
thermally induced cracks since the YBCO films are deposited at high
temperatures (~ 850 ‘C), and then they work at very low temperatures (77 K

and below).
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* Compatibility with microwave frequencies

Since in this study a complementary microwave measurement technique
has been used to investigate in depth the flux pinning properties of YBCO
(see Chapter 4), the compatibility of a substrate with microwaves should be
considered. The substrate contribution becomes more and more important
as YBCO layer thickness decreases since reduction of the thickness makes
it partially transparent to a microwave electromagnetic field, which can
reach the underlying material of a substrate. The substrate can therefore
heavily influence the overall microwave response. Operation at microwave

frequencies imposes the need for low substrate loss.

The most studied and most matching substrates for YBCO materials are typically
oxides with the perovskite crystal structure, since the crystal structure of the YBCO
compounds is closely related to the perovskite structure and it gives a large number

of coincidence sites, thus making epitaxial growth likely (Fig. 2.1).

()O

‘), ;/J/. (D'.‘ '/

Fig. 2.1. (a) The perovskite crystal structure of SrTiOs; (b) The crystal structure of
YBa,Cu305. SrTiO; has a small lattice mismatch with YBCO.
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Strontium titanate (SrTiOs, STO) is, perhaps, the most widely used substrate for
YBCO films. It meets all the requirements mentioned above apart from full
microwave compatibility (see Chapter 4), and it has a ready availability. It has a
small mismatch with YBCO lattice parameters, defined as (a; — ay) / a5, where a, and
ar are substrate and film lattice parameters, respectively (Table 2.1). Its unit cell,
shown in Figure 2.1, is cubic and persistent over the whole temperature range of

interest.

Table 2.1 Lattice parameters and lattice mismatches SrTiO; with YBCO

a(A) | b(A) | Aa/a (%) | Ab/b (%) | Crystalline structure
YBCO | 3.8227 | 3.8872 \ \ cubic
SrTiOs | 3.905 | 3.905 +2.1 +0.46 cubic (perovskite-like)

In the present work all the samples were grown on SrTiO; substrates using two

different techniques, which will be discussed next.
2.1.2 Pulsed Laser Deposition (PLD)

The deposition of HTS thin films can be achieved by means of several physical or
chemical techniques. The first physical technique is: Pulsed Laser Deposition (PLD),
which has proven to be a method of choice in the fabrication of high-7, thin films, as
the stoichiometric transfer of material from target to film gives precise control of the
cation ratio [59,60]. Deposition and formation occur simultaneously during this in
situ process. This technique utilizes the local heating produced by a laser beam
focused on a quasi-stoichiometric target of the material to be deposited, and the
resulting evaporation of the material. The vapor (plume) is collected on a substrate,
placed at short distance (few centimeters) from the target, where it condenses

(Fig.2.2).
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Figure 2.2 (a), (b) Sketch of the inside of the vacuum chamber for PLD
process. (c) PLD setup used in the ENEA research Center (Frascati).

Pulsed laser deposition has been successfully applied to an extremely wide range
of materials [61-64]. It is, however, a complex method with many experimental
parameters. The optimal laser energy and spot size, target—substrate distance and
ambient gas pressure are interdependent quantities, which must be chosen to give an
ablation plume of an appropriate size, shape and composition. It is also important to
ensure that the substrate is positioned correctly in this plume. More details about the

PLD method can be found elsewhere [59], [60], [65-67].

As it was observed in recent works [62], [28], a repetition rate of the laser has an
effect on some of the properties, such as critical temperature. 7, decreases for higher

repetition rates (Fig. 2.3). The reduction in 7. might be avoidable by adjusting other
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Fig. 2.3. Relative resistance over app;lied temperature for BYNTO: YBCO films grown
at laser repetition rates between 0.5 Hz and 50 Hz, as taken from [28].

PLD parameters, such as deposition temperature, energy density, oxygen partial

pressure and target-substrate distance.

Samples for present work were obtained by the PLD technique using mixed YBCO

targets with addition of 5 mol. % BaZrOs;, 7mol.% BaZrO; (BZO), and

5 mol.% Ba,Y(Nb/Ta)Os (i.e 2.5 mol.% Ba,YTaOgs + 2.5 mol.% Ba,YNbOeg,
BYNTO). All thin films were epitaxially grown on (001) SrTiO; (STO) single-

crystal substrates. Targets were ablated using a 308 nm XeCl excimer Laser (Lambda
Physik 110i cc) adjusting the laser energy in the range 100 + 130 mJoule with

fluence of ~ 2 J/em® and the repetition rate f; of 10 Hz in a 300 mTorr oxygen

— Vacuum (~10°® mTorr)

T(°C) A mmm 0,300 mTorr
mmm 0,570 Torr

Td-840-870
Ta =450

Dwell 15 min.

Deposition Annealing t (min.)

Fig. 2.4. A schematic diagram of deposition and heat treatment processes of YBCO with
BZO and BYNTO inclusions.
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Fig. 2.5. General scheme of the CSD different technique with the processing steps required
to prepare YBCO thin films and the main parameters controlled in each step.
atmosphere at temperature 840 °C and 870 °C for BYNTO and BZO inclusions,
respectively, with following annealing at 450 °C (Fig. 2.4). The thickness of the
films was in the range of 200-300 nm.

2.1.3 Metal Organic Decomposition (MOD)

The way to commercialization of HTS, in particular YBCO, relies on the
production process by Chemical solution deposition (CSD) methods. One of them is
Metal Organic Decomposition (MOD) technique [69—70]. This ex situ (the YBCO
crystal structure is grown after the film deposition) method has become one of the
most promising alternatives towards successful development of long length YBCO

coated conductors.

The greatest progress has been achieved based on the use of trifluoroacetate (TFA)
solutions as metal-organic precursors in the growth of YBCO [71]. A fluorine
coating solution contains a stoichiometric mixture of Y, Ba and Cu trifluoroacetates,
obtained by the reaction of the corresponding acetates with trifluoroacetic acid.

These precursors permit the formation of BaF,, instead of BaCOs. The BaF, phase is
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stable at high temperatures (T ~ 1200 °C) but can react at lower temperatures (about
700-800 °C) even in a humidified oxygen atmosphere. The phase reactivity is better
than in the BaCOs phase when it is mixed with CuO and Y,0O3 to form the YBCO
phase [73].

A general scheme of the YBCO film growing process from TFA precursors is
presented in Figure 2.5. The first step is to prepare TFA precursors of adequate
purity, with the rheological parameters adapted to the selected deposition technique,
which remain stable, i.e. no precipitates are formed. Several solution deposition
methods can be used nowadays in CSD, allowing one to achieve a close control of
the film thickness where the rheological properties of the solutions are properly
tuned through the use of suitable additives. The next important step is to pyrolyze
properly the deposited solutions. Pyrolysis temperatures are usually relatively low (7
~ 300400 °C). This step leads to a metastable solid, which should maintain
homogeneity to allow the growth of high-quality epitaxial film. To allow that, the
films are further treated at about 800 °C in a humid oxygen—nitrogen mixture.
Another fundamental processing step is the nucleation and growth of the YBCO
layer, including the control of the growth rate and a high epitaxial quality. A final
parameter which has been shown to be effective in achieving some control of the
thermo-oxidative decomposition kinetics of the YBCO-TFA precursors is the
oxygen partial pressure. Obtaining large-area uniform YBCO films with this process
is difficult because the temperature and partial oxygen pressure must be

simultaneously controlled precisely in order to decompose BaCO; [29], [76].

The thermal treatment time of the pyrolysis process, as long as 20 hours, is
considered as one of the main drawbacks for the scaling-up of the process for coated
conductors with the TFA-MOD method. A remarkable decrease of the pyrolysis time
can be obtained through a reduction of the amount of water in the precursor solution
using anhydrides of TFA and operation at reduced oxygen pressure. Since the rate of
hydrofluoridric acid elimination is one of the parameters influencing the pyrolysis
time, modified TFA YBCO precursors with low fluorine content have been
successfully proposed for short pyrolysis processes [77—79]. They also allow one to

minimize the environmental concerns and reduce the processing time [29], [80].
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Fig. 2.6. (a) A schematic diagram of pyrolysis process and (b) heat treatment process of
YBCO by MOD.

For this study, pristine YBCO samples were grown by MOD chemical method
using low fluorine coating solution, which included yttrium acetate
Y (CH3COOQ);-4H,0, barium trifluoroacetate Ba(CF;COO),-H,0, and copper acetate
Cu(CH3C0OO0),'H,0 and corresponded to the 1:2:3 stoichiometry. The final solution
concentration of YBCO was 0.2 M (M = mol-1"") and the total metal concentration
was C = 1.2 M. Propanoic acid was used as solvent. YBCO solution with addition of
BaZrOs; was prepared by adding barium trifluoroacetate and zirconium
acetylacetonate precursors, in stoichiometric proportion to reach 5 mol.% of doping.
YBCO precursor solutions were spin-coated at a spinning rate of 3000 RPM for 60 s
on the SrTiO; single crystal substrates. To obtain epitaxial YBCO film growth,
samples were pyrolyzed at 480 °C under flowing humid oxygen, then heated to
840 °C for 50 min using a rate of 10 °C - min ' in a humid mixture of nitrogen and
oxygen (N2 : 0O, = 2400 : 1) and for the last 10 min - in the same dry mixture
(Fig. 2.6). Further details on precursors solution preparation, pyrolysis, firing
processing conditions, and BZO solution preparation are described elsewhere [34],

[68], [80], [81]. The films thickness was ~ 100 nm.

2.2 Structural analysis
Extensive theoretical and technological efforts have led to the development of
composite YBa,Cu3zO7 films with improved vortex pinning strength and increased

J. by means of different heteroepitaxial second-phase additions. Very effective and
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controllable APCs were obtained by nanoinclusions in YBCO films grown by both

Pulsed Laser Deposition and Metal Organic Deposition techniques.

As mentioned in Chapter 1, Artificial Pinning Centres (APCs) are very effective to
increase pinning properties. For that reason, different compositions could be used to
produce YBCO films with secondary phases, such as BaZrO; and Ba,Y(Nb/Ta)Os to

generate columnar defects or isotropic nanoparticles.

Scanning Transmission Electron Microscopy (STEM) images, used for structural
analysis, have been done by Dr. Sergey Rubanov (The University of Melbourne,
Australia) for PLD YBCO 5% BZO, MOD pristine YBCO and MOD YBCO 5%
BZO. STEM characterization of PLD YBCO 7% BZO and PLD YBCO 5% BYNTO
samples has been done by A. Meledin, M. Pfannmoller and G.Van Tendeloo (EMAT
Research Group, University of Antwerp, Belgium).

In the following, the structural features of the grown two sets (PLD and MOD) of

samples will be discussed.
2.2.1 PLD samples

Figure 2.7 presents the cross-sectional dark-field Scanning Transmission Electron
Microscopy (STEM) images of YBCO thin films with addition of 5 mol. % BaZrOs,
7 mol.% BaZrOs3, and 5 mol.% Ba, Y (Nb/Ta)Os.

The self-organized columns of BZO nanoparticles can be clearly observed in the
YBCO film with 5 mol. % BZO content (Fig. 2.7 (a)). From the planar view
(Fig. 2.7 (b)), the average size of BZO particles can be evaluated as 5-10 nm, while
the density of columnar defects was ~ 600 um °. One part of the columns grows
from bottom to top of the YBCO film, the other part is either relatively short and
does not go through the whole film or tilted and crossed by the sample plane and thus
just partially visible on the image. The YBCO layer is approximately 130 nm thick.

High-Angle Annular Dark Field Scanning Transmission Electron Microscopy
(HAADF STEM) for YBCO — 7% BZO was performed on an FEI Titan electron
microscope operated at 300 kV.
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Before the TEM experiments the specimen was cleaned by plasma cleaner. The
sample was prepared via Focused Ion Beam (FIB). During the preparation process
the Au protective layer was deposited on top of the film. The morphology of this thin
film (Fig. 2.7 (c) and Fig. 2.7 (d)) shows the YBCO matrix containing self-assembled
c-axis elongated BZO nano-columns, which can be seen as lighter features elongated
parallel to the YBCO film growth direction and marked with red arrows
(Fig. 2.7 (¢)). This is a typical feature when YBCO is grown by PLD technique with
the addition of perovskite compounds, such as BaZrOs[36], [82], [83].

The STO/YBCO interface (~20 nm) has a highly distorted YBCO layer and mainly
consists of Y124 and Y247 phases. These phases form short intergrowths. The BZO
columns start after this layer and grow through the whole YBCO layer. However, in
some areas the nanocolumns are interrupted by the YBCO matrix. In a few cases
BZO columns start with Y,Os3 particles (indicated by white arrows on Fig. 2.7 (d)).
BZO columns are ~7 nm thick and are distributed with ~ 1 column per 20-22 nm

density in the cross section as evaluated from TEM images. The thickness of the

YBCO film is around 200 nm.

For YBCO/BYNTO sample, HAADF STEM was performed on an FEI Titan
electron microscope operated at 120 kV and Bright Field Transmission Electron
Microscopy (BFTEM) was performed on an Osiris FEI microscope operated at 200
kV. The sample was prepared via Focused lon Beam (FIB). During the preparation
process Pt protective layer weas deposited on top of the film. The specimen was

cleaned by plasma cleaner before TEM.
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Fig. 2.7 Scanning transmission electron microscope (STEM) dark field cross-sectional view (a) and
planar view (b) for PLD YBCO - 5 mol % BZO film. Inset in (b) shows a magnified planar view of BZO
nanocolumns terminations. (¢) ADF STEM image and (d) high-resolution HAADF STEM image of the PLD
YBCO-7 mol.% BZO thin film.
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~220-230 nm

Fig. 2.8 (a) BFTEM cross-section image of the PLD YBCO/BYNTO film on STO substrate. The
BYNTO columns are marked by green arrows. (b) HAADF STEM image of the YBCO layer of the
film. The BYNTO column size is about 5 nm.

49



Chapter 2 - YBCO growth and structural characterization

Fig. 2.9 (a) A cross-sectional bright-field TEM image of the pristine MOD YBCO. Black
arrows indicate twin domains, which are visually similar to the structure of BZO nano-
columns, but represent sections of planar (2D) defects. (b) High-resolution TEM image of the
pristine MOD YBCO. Twin boundaries (black arrows) are created by the interaction of twin

domains along (110) plane.

Figure 2.8 presents the cross-section images of typical YBCO/BYNTO structure
[28], [62]. The YBCO matrix contains the c-axis oriented BYNTO nano-columns
with a thickness of ~ 5 nm, which are distributed with ~ 1 column per 20 nm density
(Fig. 2.8 (a)). However, a thin layer of highly distorted YBCO is present on some
interface regions. In these areas, BYNTO columns are starting above the distorted
YBCO layer. The HAADF-STEM contrast image (Fig. 2.8 (b)) visualizes the
presence of Y,0; particles and indicates that the columns are continuous and one
dimensional in the YBCO matrix without any sign of segmentation. They start at the
YBCO/STO interface and run through the whole YBCO layer. The thickness of the
YBCO film is around 220-230 nm.

2.2.2 MOD samples

Cross-sectional TEM images, presented in Figure 2.9, reveal a compact, almost

defect-free morphology of the pristine MOD YBCO thin film. The observed contrast
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Fig. 2.10 A cross-sectional high-resolution TEM image of the MOD YBCO 5% BZO.

White arrows indicate BZO nanoparticles.

in Fig. 2.9 (a) and (b) is the result of a mutual interaction of twin domains of ~ 30 nm
size along (110) plane and corresponds to twin boundaries (TBs). They can be
noticed throughout the film thickness as they are formed during the tetragonal-
orthorhombic phase transition that takes place in the film at 480 "C upon oxygenation
process. Similar pristine YBCO structures containing TBs have been found in many
previous studies [35], [84-89], for samples grown on different substrates. As it has
been discussed in earlier studies [84], [85], [89-91], TBs can act as extended defects
trapping vortices along the TBs length. The twin planes structure, e.g. its vertical
coherence, density and spacing, needs to be considered in the analysis of flux
pinning. The TBs width in the studied film was ~ 9-10 nm (Fig. 2.9 (b)), which is an
average size and consistent with other studies [35], [84], [85], [87]. The thickness of
the YBCO film is around 100 nm.

The YBCO 5% BZO film shows the typical morphology of samples produced by
MOD technique [29], [87], [91]. In this sample, a high density of nanoparticles is

found with the size of ~ 10-15 nm.
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The High-resolution TEM image shows that some of the BZO nanoparticles grow

at the interface with the single-crystal substrate (Fig.2.10). The thickness of the
YBCO film is around 100 nm.

2.3 Summary

In this Chapter, the YBCO growth processes and the structural features of grown
samples have been analyzed. It was shown that the choice of a substrate is crucial
since the quality of the epitaxial growth directly depends on it and that the substrate
must satisfy several requirements. Strontium titanate SrTiOs with the perovskite
crystal structure is a substrate of choice for the present study and all the samples have

been grown on it.

Two methods have been used to grow the samples - Pulsed Laser Deposition
(PLD) and Metal Organic Decomposition (MOD) techniques. The first technique has
proven to be a method of choice in the fabrication of high-7; thin films, as the
stoichiometric transfer of material from target to film gives precise control. The
second method, MOD, is one of the most promising alternatives towards successful

development of long length YBCO coated conductors.

Structural analysis of PLD samples reveals YBCO films with successfully
introduced secondary phases, such as BaZrO; and Ba,Y(Nb/Ta)Og, which produce

columnar defects or isotropic nanoparticles.

Cross-sectional TEM images of a pristine MOD YBCO thin film reveal a compact,
almost defect-free structure with noticeable twin boundaries throughout the film
thickness. YBCO 5% BZO film shows the typical morphology of the samples
produced by MOD technique with introduced nanoparticles with the size of ~ 10-

15 nm.

In the next chapters I will present and discuss an extensive electrical

characterization of all the samples shown here.
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Chapter 3

DC electric transport properties

In this Chapter, I present the most important and extensive part of my results. In
order to explore the different pinning properties of different nanoinclusions, the
detailed experimental study of YBa,CuszO7 transport properties by the DC current
transport measurement technique has been done. The obtained characteristic data,
such as the critical temperature and the temperature dependence of resistivity,
angular and in-field dependences of critical current density, and the pinning force
density as a function of the applied magnetic field are discussed in this Chapter.

Preliminary analysis is given for all the samples under study.

The DC electric transport properties of the PLD and MOD derived films with
different introduced second phases have been investigated by means of a standard
four-point measurement method. The critical current was obtained by recording the
I — V characteristics, i.e. ramping a bias current up and recording the induced voltage
drop until a limiting value is reached. This method requires photolithography
patterning to obtain a four-point bridge geometry. Low contact resistance is required
to avoid sample heating during the measurements. This Chapter describes the pattern
preparation of the YBCO thin films and the DC current transport measurement
technique, following by the description of the obtained DC electric transport
characteristics. All the pattern preparation and DC electric transport measurements

were performed at the ENEA Research Centre (Frascati).

3.1 Pattern preparation

Since electrical transport measurements consist of the application of an external
DC current along the film and the measurement of its voltage drop, one needs to

minimize the electrical resistance between the sample and the external wires, e.g. by
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Fig. 3.1 A sketch of the photolithographic patterning process of an YBCO film with positive
photoresist

preparing suitable electrical contacts with a deposition of a noble metal on top. Prior
to that procedure, samples have to be patterned. The patterned bridges of YBCO
films on a substrate need to have a small cross-section, which help to confine the
electrical current. Thus, the transport properties could be easily measured at
relatively low applied currents, and the sample under study can reach its critical
current density (J. = I. /S, where . is the critical current and S is the cross-section of

the bridge).

The patterning process includes two stages: the definition of the pattern geometry
on the surface of the film by means of the optical projection of a designed mask, and
the etching process in order to remove the film out of the pattern. The process is
carried out with the standard UV photolithography, which consists of transferring

geometric shapes obtained on a mask to the film surface.

The UV photolithography includes few steps, as schematically shown in
Figure. 3.1:
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. The film surface is chemically cleaned to remove any impurities and
particulates. Then, a special material, the photoresist, is deposited to the
film surface by spin coating in a thin uniform layer.

. A following heating (soft-baking process) of the sample at ~ 100 °C for 150
seconds allows removing almost all of the organic solvent of the
photoresist, which enables the photoresist coating to be photosensitive.

. In the present case, so-called positive photoresist has been used, and the
area, corresponding to the film material to be removed, is exposed to UV
light. The UV light changes the chemical structure of the photoresist so that
it will be more soluble on the next step. In this work, samples have been
patterned using only the positive photoresist AZ 5214 E, which was spun
for 30 s at 3000 rpm in order to obtain a ~2 um thin layer.

. The exposed photoresist is then washed off by the developing solution
(sodium hydroxide based Microposit 351 developer in deionized water with
1:4 ratio). The remaining part is an exact copy of the pattern for the YBCO
film.

. The following step is a hard-baking process at 110 °C for 300 s, which
hardens the photoresist and improves adhesion of the photoresist to the
YBCO film surface.

. At the etching stage, the uncovered material is removed. There are two
major kinds of etching: dry etching and wet etching. Wet etching utilizes
liquid chemicals or etchants to remove materials from the substrate. The
samples in this study were wet etched with the solution of 0.3% nitric acid
in deionized water.

Finally, the rest of the photoresist is removed with acetone. The obtained

film pattern is shown in Figure 3.2.
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Fig. 3.2 (Left) A photograph of a real patterned YBCO film. (Right) A detailed schematic
representation of the patterned YBCO film.

Each final patterned film, presented on Fig.3.2, has two YBCO bridges with the
length of 1 mm and the width of 30 gum and 50 gm. The bridge is provided with four
voltage contact pads and two current contact pads. The ~ 0.5 um thick gold pads

were deposited by e-beam in order to improve the contact electrical resistance.

3.2 DC electric transport measurement technique

A standard DC four-point contact method for current-voltage (/-V) measurements
was used to study the electric transport properties. The patterned samples were
mounted on a one-axis-angle variable sample holder (Fig. 3.3) and loaded in a
helium gas flow cryostat provided with a 12 T superconducting magnet (Fig. 3.4).
The magnet consists of a number of concentric solenoids sections. Each section is
wound with a combination of multifilamentary superconducting wires of niobium

titanium (NbTi) in the low field region followed with inner coil sections wound of

Fig. 3.3. A photograph of the sample holder used in the DC transport measurements.
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Fig. 3.4. (a) A photograph of the cryostat at ENEA Research Centre (Frascati). (b) A
schematic representation of the cryostat section.

niobium tin (Nb3Sn) in the high field region (up to 12 T). A variable temperature
insert (VTI) in the cryostat provides centre location for the sample holder inside the
magnet. The temperature inside can be varied over the range of typically from 4.2 K
to 300 K, using helium gas flow. The magnetic field was applied at different angles &

to the surface of the films. Here 6 is defined as the angle between a magnetic field

,uoH Cc- axis

Fig. 3.5. A scheme representing the angle 8 between a magnetic field H and
the c-axis of a sample
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orientation and the c-axis of a sample (Fig. 3.5). A sample is always mounted in such
a way that at any 6 the angle between the applied field and the transport current is
fixed at 90° (maximum-Lorentz-force configuration). Critical current values have

been obtained from the I-V curves using the 1 uV-cm ™' criterion.

3.3 Transport properties of PLD films

In this section, the description of obtained DC transport measurement results is
given for PLD samples prepared according to the procedure described earlier in this
Chapter. All the measurements of critical current density dependence on the applied
magnetic field were performed at a fixed field orientation, H // c-axis of the film
(6 =0°). All the angular dependencies of J. were obtained at fixed fields and angles
varied from - 100° to + 100° degrees (Fig. 3.5).

A summary of the characteristic parameters obtained for all the samples in this

thesis is given in Table 3.1.

Table 3.1 The characteristic parameters of the studied samples

Jo@ |F,"@
Sample T., K 77 K 77K Hir, T |0 @77 K
(MA/cm?) |(GN/m®)
PLD YBCO — 5% BZO 89.7 1.59 6.2 8.5 0.23
PLD YBCO — 7% BZO 89.5 1.16 3.7 9.5 0.30
PLD - 5%BYNTO 88.5 3.18 11.5 11.1 0.28
MOD pristine YBCO 90.1 2.07 1.78 7.0 0.6
MOD YBCO - 5% BZO 89.7 0.92 1.63 6.6 -
MOD YBCO - 8% BZO 87.5 0.70 1.33 5.3 -
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3.3.1 PLD YBCO films with BaZrO; nano-columns

The temperature dependence of the PLD YBCO — 5% BZO sample resistivity p is
plotted in Fig. 3.6. The curve exhibits a linear dependence as a function of the
temperature and the resistive transition is quite steep. The sample with introduced
BZO APCs exhibits a critical temperature value 7, = 89.7 K, which has been
evaluated from the zero resistance temperature. These results indicate homogeneous

and high-quality film.

Figure 3.7 presents the field dependences of the critical current density, J. (H), at
different temperatures. At 77 K the doped PLD sample exhibits the typical features
of PLD YBCO described in different previous studies [33], [92], [93], [97]: a plateau
region up to about uoH = 0.01 T, that corresponds to a region where J, is independent
on H, and that is usually linked with a single-vortex pinning regime. This plateau is

usually observed in PLD films. In the following region J. (H) follows a power-law
with J.~ H “. Then, after a kink at approximately 1.5 T, a sharper decrease in J,

appears.

A power-law J, ~ H “ is often observed, depending on the pinning regime. The

theoretical value of the coefficient a in case of pinning from planar defects is

310° PLD YBCO - 5% BZO

TC =89.7K

210° F

—

S

G

N

6}
= 110°L

[ . . 85 Igo 9'5I 100 ]
0 50 100 150 200 250 300
T (K)
Fig. 3.6. Temperature T dependence of the resistivity p measured for PLD YBCO —
5% BZO film. T, has been evaluated as the zero resistance temperature. The black straight

line represents the normal state resistivity. In the inset the resistive transition region has
been magnified.
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reported as a = 0.5 for pristine YBCO [88], [89], [94], [95], [97]. In case of YBCO
containing artificial pinning centres (APCs), the coefficient « is usually smaller. In
the present PLD YBCO — 5% BZO sample, the coefficient a = 0.23 at 77 K, which is
consistent with previous findings in PLD grown samples with BaZrO3; nano-columns
[88], [92], [97]. A J. enhancement is observed as the temperature decreases,

especially at high fields uoH >3 T.

The normalized pinning force density (F, =uoHJ.) dependence on the applied
magnetic field at 77K and 65K is presented on Figure 3.8. One can see the
difference in F, peaks: the peak corresponding to the maximum F, value
(F," = 6.2 GN/m’ at 77 K) is much broader at 65 K, than at 77 K. This indicates the
increasing effectiveness of pinning due to BZO nano-columns, as the temperature

decreases.

The irreversibility field H;, was evaluated as the field value above which the
pinning force density decreases to 1/100 of its maximum. For this sample, at 77 K we

get H;,, =8.5T.

PLD YBCO - 5% BZO
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Fig. 3.7. Critical current density as a function of the applied magnetic field at several
temperatures for YBCO — 5% BZO film.
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Fig. 3.8. Pinning force density dependence on the applied magnetic field at 77 K and 65 K
for YBCO — 5% BZO film.
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Fig. 3.9. Angular dependence of the critical current density at 77 K for YBCO — 5%
BZO sample.
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The critical current dependence on the angle of the applied magnetic field is shown
in Figure 3.9. An evident correlated contribution (strong c-axis peaks at 6 = 0°) of
the pinning centres is present with its maximum at yoH =1 T. As the magnetic field
increases, one can see a decrease in critical current density values at intermediate
angles. At 6 = 0° there is a strong peak in J,. due to the correlated pinning arising
from the presence of elongated BZO columns, which act as strong pinning sites even
at the highest magnetic fields. The in-field angular pinning efficiency depends on
the pinning landscape - intergrowth presence, columns density, its continuity and
splay. The further comparison of PLD samples will reveal the most efficient pinning

given by the presence of introduced second phases.

A second PLD sample, with 7 mol.% BZO addition, has been studied by DC

measurements.

The resistivity p dependence on the temperature, reported in Figure 3.10, exhibits a
linear behaviour with a steep resistive transition. The critical temperature for this

sample is 7.=89.5 K. Again, it indicates homogeneous and high-quality film,

4100 YBCO-BZO 7% N4

Tc =89.5K

85 95 100

00 150 200 250 300
T (K)
Fig. 3.10. Temperature 7 dependence of resistivity p measured for PLD YBCO —
7% BZO film. T, has been evaluated as zero resistance temperature. Black straight line

represents normal state resistivity. In the inset the resistive transition region has been
magnified.

50

62



Chapter 3 - DC electric transport properties
similar to the PLD YBCO - 5% BZO.

The field dependence of the critical current density for this sample has a similar
behaviour to the one with 5% BZO doping. It has three characteristic features of
BZO doped YBCO films: a plateau, a kink (more evident at 77K and 65K) and, most
importantly, a power-law dependence, usually related to the presence of correlated
defects (Fig.3.11, (a)). In this sample, the coefficient o is also consistent with
previous findings in PLD grown samples with BaZrO; [32], [88], [92], [97].
However, in this sample a = 0.30 at 77 K, different from a =0.23 in YBCO — 5%
BZO (see Fig. 3.6). It is known [28], that the reduction of « values, corresponding to
a more effective in-field performance, depends on the specific defect engineering. In

this case, stronger pinning is observed in PLD — 5% BZO film.

In fact, it was shown in some earlier studies that this coefficient changes with
different doping percentage of BZO [96]. The coefficient usually first decreases with
increasing % of BZO, then it reaches a minimum (which refers to the best pinning
properties), and then it increases with further increase of % BZO. This means that
there are limits to the introduction of efficient artificial defects; a higher percentage
of BZO does not necessarily correspond to higher transport properties, primarily due

to the detrimental problems caused by excess BZO doping [97].
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Fig. 3.11. (a) Critical current density J, as a function of the applied magnetic field H at
several temperatures. (b) Normalized pinning force density dependence on applied
magnetic field at 77 K and 65 K for YBCO — 7% BZO film.
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Fig. 3.12. Critical current density dependence on the applied magnetic field at 77 K for
YBCO - 5% BZO (full squares) and YBCO — 7% BZO (full circles) films.

Even though the transport properties of the two doped samples are dominated by
the artificial nanocolumns of BZO, and the behaviour of F), (H) curves is similar (see
Fig. 3.7 and 3.11 (b)), the defects have a different impact on the pinning properties at
different temperatures. Although the absolute values of critical current are higher for
YBCO - 5% BZO up to 2 T (as seen on Fig. 3.12), the pinning force density of 7%
doped sample has a broader peak and a maximum at higher magnetic field with
respect to the 5% - BZO film, 2 T and 1.4 T, respectively (Fig. 3.8 and 3.11 (b)). The
irreversibility field value for this sample was H;,» = 9.5 T at 77 K.

The angular behaviour of J. for this sample (Fig. 3.13) is very similar to J,. (6) for

PLD YBCO - 7% BZO

N
o
[«2]

77K

Cc

A/
vvvmmv
L JYWYHY Y ...,

4100 -50 0 50 100
Angle (deg.)

Critical current density, J (A/cm?)

Fig. 3.13. Angular dependence of critical current density in a range of the magnetic
fields at 77 K for YBCO - 7% BZO sample.
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Fig. 3.14. Anisotropic behaviour of critical current density at (a) 1 T and (b) 5 T for
YBCO - 7% BZO sample.

YBCO - 5% BZO sample. As the only difference, the peak at H // c-axis (related to

the correlated pinning contribution).

In this sample, J. (6) has been also measured at different temperatures in he range
of 30-77 K. (Fig. 3.14). The contribution of correlated pinning (6 = 0°) decreases
with decreasing the temperature and disappears at 30 K, suggesting that the
effectiveness of extended defects (BZO nanocolumns) is progressively reduced on
lowering the temperature and that at low temperatures the dominant pinning

contribution arises from isotropic pinning centers.

3.3.2 PLD YBCO film with Ba,Y(Nb/Ta)Og nano-columns

Since BaZrO; nano-inclusions have proved to be effective APCs, several nano-
scale pinning additions as the double perovskite-like Ba,YNbOgs (BYNO) or
Ba;YTaO¢ (BYTO) have been studied. One of the most intriguing features of such
phases is the easy development of a complex landscape of defects by mixed doping.
A proper combination of columnar, planar and nanoparticle defects in BYTO +
BYNO doped-YBCO films have been reported as a very effective pinning source
with a high potential for pinning improvement. A deeper investigation of the material

system YBCO / BYNTO is needed to provide a better understanding of its complex
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pinning landscape and the resulting effects on J. (H,7,6). For this reason, I extended
my investigations to critical current properties in YBCO film with Ba,YTaOs +

Ba;YNbOg (Ba,Y(Nb/Ta)Og, BYNTO) nano-inclusions.

The electrical resistivity p as a function of temperature is plotted on Figure 3.15.
The resistivity transition is not as steep as in BZO doped samples, with a slightly
lower critical temperature value 7. = 88.5 K. As mentioned in Chapter 2, T, might
decrease as repetition rate increasing in the PLD deposition process. Relatively high
repetition rate used in PLD growth process of this BYNTO sample could have
caused a slight reduction in 7 for this particular sample. Nevertheless, the sample is
indicated as homogeneous and high-quality film. For the PLD growth repetition rate
of 10 Hz used for this sample, 7, value is actually higher than that reported recently
in another study (7.~ 85 K) [67], where YBCO with BYNTO were grown with the

same (10 Hz) repetition rate.

Figure 3.16 (a) presents the field dependences of the critical current density in the
temperature range 10 K — 77K for the YBCO/BYNTO film. Whereas the J.
behaviour is similar for both types of doped samples, the YBCO/BYNTO film has a
better J, retention as magnetic field increases not only in comparison with BZO films
from this study, but also with results reported previously for other BYNTO doped
films [67]. In fact, the YBCO/BYNTO sample shows an extended power-law-like
region up to around 5 T (inset in Fig. 3.16 (a)) with coefficient a = 0.28, whereas a

kink with a pronounced J. drop is observed in YBCO/BZO films at about 1 T.

PLD YBCO - 5% BYNTO

410° -
- TC =88.5K 1
310° i
A I i
a 210°f J-
[oN /
110° | ]
= [ =
; 85 90 95 100
0 50 100 150 200 250 300
T (K)

Fig. 3.15. Temperature T dependence of the resistivity o measured for the PLD YBCO —
5% BYNTO film. 7. has been evaluated as the zero resistance temperature. The black
straight line represents the normal state resistivity. In the inset the resistive transition region
has been magnified.
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Fig. 3.16. (a) Critical current density as a function of the applied magnetic field at several
temperatures; (b) Normalized pinning force density as a function of applied magnetic field at
77 K and 65 K for the YBCO — 5% BYNTO film. The inset in (a) is a log-log plot of J. (H).
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Field normalized pinning force density is presented in Figure 3.16 (b). The F), (H)

behaviour is significantly improved in comparison with the BZO doped samples: the

peak corresponding to the maximum value is much broader. The maximum value for

the YBCO/BYNTO sample is significantly increased - F, " =11.5 GN/m’. The
irreversibility field value for this sample was upH; = 11.1 T at 77 K.

The anisotropy of the critical current density J. (6) at different magnetic fields and
77 K (Fig. 3.17) and at fixed magnetic field (1 T and 5 T) with variation of the
temperature (Fig. 3.18) shows a typical maximum at 90° due to the electronic mass
anisotropy of YBCO structure [62] and another strong peak at 0° due to the strong c-
axis correlated pinning by introduced BYNTO nano-columns [98]. On a contrary
with the YBCO/BZO sample (Fig. 3.14), correlated pinning in YBCO/BYNTO
sample is very strong even at lower temperatures (Fig. 3.18). The combination of c-
axis aligned BYNTO continuous columns and Y,Os nanoparticles provides a strong
pinning source for vortices at high magnetic fields, which results in a J, improvement

in a wider angular range in comparison with YBCO/BZO.
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Fig. 3.17. Angular dependence of critical current density in a range of the magnetic
fields at 77 K for YBCO - 5% BYNTO sample.
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Fig. 3.18. Anisotropic behaviour of critical current density at (a) 1 T and (b) 5 T for
YBCO - 5% BYNTO sample.

3.4 Transport properties of MOD films

This section presents the transport properties of YBCO nanocomposite films with
and without BaZrOs inclusions as artificial pinning centres grown on SrTiOj; single
crystal substrate by Metal Organic Decomposition (MOD) technique. All

measurements of J. dependence on the applied magnetic field were performed at

MOD pristine YBCO
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Fig. 3.19. Temperature 7 dependence of the resistivity p measured for the pristine MOD
YBCO film. T, has been evaluated as the zero resistance temperature. In the inset the
resistive transition region has been magnified.
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fixed field orientation H // c-axis of the film (6 = 0°). All the angular dependences of

J. were obtained at fixed fields and angles varied from - 100° to + 100° degrees.

3.4.1 Pristine MOD YBCO film
A pristine YBCO film was grown by MOD technique. It exhibits a good

superconducting transition and the high critical temperature 7. = 90.1 K, typical for
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Fig. 3.20. Critical current density as a function of the applied magnetic field at
veral temperatures for the pristine MOD YBCO film. (b) A log-log plot of J. (H).
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non-doped YBCO films [47], [83] (Fig. 3.19).

This sample shows the typical behaviour of MOD-grown pristine YBCO films,
consistently with previous studies [47], [83], [99], with a quite good J. retention in
field even in comparison with some previously reported similar YBCO samples [47]

(Fig. 3.20). J. (H) in this MOD sample shows three regions — a plateau, a kink (more
evident at 77K), and a power-law dependence J.~H “ usually related to the

presence of correlated defects, which has a coefficient « close to the theoretical value
a=0.5. This finding hints to the planar nature of correlated defects in this sample.

At 77 K a= 0.6, but approaches = 0.5 as temperature goes down.

As it can be seen on Figure 3.21, the pinning force improves with decreasing the
temperature: the maximum value (F,”* = 1.78 GN/m’ at 77 K) peak is much broader
at 65 K. Nevertheless, the H,, (marked as dashed red line) in this sample is
temperature dependent: upHuax= 1.75T at 77 K and poHpue = 4.5 T at 65 K. The

irreversibility field value for this sample was uoH;» =7 T at 77 K.
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Fig. 3.21. Pinning force density dependence on the applied magnetic field at 77 K and
65 K for the pristine YBCO film.
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Fig. 3.22. Anisotropic behaviour of the critical current density at (a) 1 T and (b) 5 T for the

MOD pristine YBCO sample.
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Fig. 3.23. Temperature dependence 7T of resistivity p measured for MOD 5% and 8% of
YBCO films. T, has been evaluated as zero resistance temperature. In the inset the resistive

transition region has been magnified.
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Fig. 3.24. Critical current density as a function of the applied magnetic field at several
temperatures for MOD YBCO — 5% BZO (open circles) and YBCO — 8% BZO (full
squares) films.

The anisotropy of the critical current density J. (6) at 1 T and 5 T (Fig. 3.22) shows
the usual maximum at 8 =90° due to the intrinsic pinning, arising from the layered
structure of YBCO material. However, a second maximum exists at 6 = 0°, clearly
originating from some strong c-axis correlated pinning. This is consistent with the
behaviour reported at relatively high temperatures (7 > 50K) [69] in MOD films,
with strong vortex pinning at magnetic field H //c-axis [82], [89], [90], [93]. This
feature will be further discussed in Chapter 5.

3.4.2 MOD YBCO films with BaZrO; nano-inclusions

Two BZO-doped films were grown by MOD. Figure 3.23 reports the temperature
dependence of resistivity p in the MOD YBCO - 5% BZO and YBCO — 8% BZO
samples. The curves exhibit a linear dependence as a function of the temperature.
Despite the fact of higher resistivity values prior to the transition, the transition of the
sample with 5% BZO is steeper than that in YBCO — 8% BZO with a higher critical
temperature 7, = 89.7 K in YBCO - 5% BZO as opposed to 7. = 87.5 K in YBCO —
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Fig. 3.25. Log-log plot of the normalized critical current density as a function of the
magnetic field at several temperatures for the pristine MOD (open circles) and the YBCO —
8% BZO (full squares) samples.

8% BZO. In fact, the sample at 5% BZO exhibits a critical temperature value close to

the pristine sample. These results indicate homogeneous and high-quality film.

Both samples show similar results for the critical current density as a function of
the magnetic field (Fig. 3.24). After about 1 T (marked as a dashed line on Fig. 3.24)
and at temperatures below 77 K, the YBCO - 8% BZO sample performs slightly, but
consistently better than the sample at 5 % BZO. This is likely to be due to a better
pinning efficiency of nanoparticles with higher density in the sample at 8% of

doping.

The log-log plot of normalized critical current density as a function of magnetic
field at several temperatures for the pristine MOD and the 8% BZO doped sample is
presented in Figure 3.25. The comparison at 77 K shows that unlike the pristine
MOD film, the BZO doped sample has non-power-law behaviour (this is also true in
the YBCO — 5% BZO film). This feature has been observed in other chemically
derived films [35], [83], [100], where defects are distributed homogeneously within

the YBCO matrix and have a form of nanoparticles, as opposed to nano-columns in
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PLD derived films, thus indicating the different pinning mechanism in MOD and
PLD derived YBCO films.

The pinning force density (Fig. 3. 26) has a similar field dependence in both BZO
doped samples; however at lower temperatures, the sample with 8% BZO performs

slightly better at higher magnetic fields (uoH >3 T).

Interestingly, neither of two doped samples show a sign of correlated pinning at
field parallel to the c-axis orientation (Fig.3.27): no peak in J. (0) at 6 = 0° is
detected. It is a clear sign the prevalence of random pinning due to 3D-type defects
that are randomly incorporated inside the YBCO matrix. This was previously

observed in other studies of YBCO doped films with nanoparticles [40], [83], [91].

A comparison between the BZO doped samples (Fig. 3.28) shows that the angular
dependence J. (6) is quite similar in both samples, apart from the curves at 77 K:
YBCO - 8% BZO has a lower J, value in the area around 6 = 0°, which was earlier
reflected in J. (H) dependence in Figure 3.24. Besides that, the 8% BZO doped

sample has slightly better performance in a wide angular range.
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Fig. 3.26. Pinning force density dependence on applied magnetic field at 77 K and 65 K
for YBCO film with 5% BZO (full squares) and 8% BZO (open circles).
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3.5 Summary

In this Chapter, I reported on the J. (T, H, 0) for all the samples investigated, PLD
and MOD.

The resistive transitions indicate homogeneous and high-quality films in all cases.

J. in all the PLD grown samples exhibits three characteristic features of correlated

APCs: a plateau, a kink (more evident at 77K and 65K) and, most importantly, a
power-law dependence J, o« H “, which in this case is due to the presence of nano-

columns, as observed by TEM in Chapter 2. All three samples demonstrate the c-axis
correlated pinning due to the introduced second phases, with the strongest
performance in YBCO with BYNTO nano-columns. Different from the YBCO/BZO
samples, the correlated pinning behaviour in YBCO/BYNTO sample is weakly

dependent on temperature.

Interestingly, the critical current density in the MOD pristine sample also

demonstrates three regions — a plateau, a kink (more evident at 77K), and a power-
law dependence J. o H * thus showing evidence for the presence of correlated

defects. In this case, the coefficient o = 0.6 attains a value close to the theoretical
value for 2D defects, and then it hints at the planar nature of correlated defects in this

sample.

The comparison at 77 K shows that, unlike in pristine MOD film, BZO doped
samples have non-power-law behaviour. Together with the absence of signatures for
correlated pinning at field parallel to c-axis orientation in J, (6), it is an evidence for
random pinning only. The pinning is then due to 3D-type defects (nanoparticles) that

are randomly incorporated inside the YBCO matrix.

Further discussion on DC current transport properties will be given in Chapter 5.
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Chapter 4

Microwave properties

It was shown that microwave measurements allow accessing the flux-flow
resistivity at subcritical currents as well as other flux motion parameters. By
exploiting the physical processes responsible for the dissipation in superconductors, a
microwave measurement can act as a reliable, non-destructive test for HTS materials.

This test is a valuable tool in the path toward optimization of the superconductors.

I will first describe the microwave measurement technique. I will then analyze the
data of the microwave complex resistivity in presence of the external magnetic field
taken in several YBCO films. Based on the field dependence of the pinning
parameters derived from the microwave measurements, such as the pinning

parameter » and the pinning constant &, I will discuss the vortex pinning regimes.

4.1 Motivation

This work shows that by exploiting the physical processes responsible for the
dissipation in superconductors, the microwave measurements can act as a reliable,
non-destructive material test for High Temperature Superconductors (HTS). This
technique is a valuable tool in the path toward optimization of the superconductors,
for both samples on single crystal substrates (laboratory scale), and for coated

conductors.

Microwave measurements are a useful technique for in-depth study of pinning
induced by nano-inclusions, and of the balance between material degradation and
pinning increase, especially when compared with the standard DC transport

measurements.
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With the DC technique (resistivity, critical current density, magnetization), one
probes the long-range vortex motion (in the nonlinear regime) when the leading
mechanism is the complete depinning of the flux lines and their drag along relatively
large distances, so that the depth of the pinning wells dictates the dynamics. By
contrast, short-range oscillations at microwave frequencies probe the steepness of the
potential wells as a first approximation. Thus, a microwave investigation can shed
light on the steepness, as well as the depth, of the pinning wells and the microwave
response allows to extract a wealth of information on the vortex dynamics [101]-
[103]. Thus, microwave measurement method is a perspective complementary
technique to the DC electric transport measurements for the vortex pinning
investigation and efficient characterisation of the in-field performance and the role of

the structural defects in the superconducting films.

4.2 Microwave measurement technique

The dielectric resonator technique at 47.7 GHz allows to measure contactless and
with high sensitivity the microwave electrodynamic response of the films [104]. A
single-mode, high-frequency dielectric resonator has been used for the measurement
of the surface impedance on the films of typical dimensions 10 mmx10 mm. A
cylindrical geometry and TEg;; resonant mode are chosen to obtain the high quality
factor Q. Moreover, being the TE;; one of the lowest frequency modes, it is usually
well separated from other modes. The sketch of the resonator is reported in Fig. 4.1.
The top and bottom plates are in contact with the sapphire rod. Sapphire, being one
of the few commercially available dielectrics, is widely used not only because it is
characterized by high permittivity, but also due to its extremely low dielectric losses

at microwaves.

Sapphi :
cyéﬁgderre Cavity H

Mask Sample

Fig. 4.1. The sketch of the dielectric resonator
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Resonant systems are characterized by two parameters: the resonant frequency v,
at which the stable electromagnetic field configuration exists and the quality factor O
[105]. The Q-factor takes into account the losses in the resonant system with respect
to the stored energy. Larger Q-factor implies that less power dissipated in the
elements of the resonator like dielectrics and conductors. The resonant frequency vy
strongly depends on the geometry of the resonator and on the material properties. A
typical frequency sweep is presented in Figure 4.2. In general, it can be accurately
determined only as a variation with respect to external parameters. The variation of
the parameters is made with respect to some base value (value at fixed temperature,
field etc.). As a consequence, it will be described shortly that with a resonant
technique one can access the measurement of the absolute value of the surface

resistance and of the variations of the surface reactance.
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Fig. 4.2. A frequency sweep for a YBCO film.
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In the microwave frequency range, the relevant experimental quantity is the
surface impedance, which is defined through the ratio of the components of the
impinging electric and magnetic fields on the material surface, by means of:
Zs; = E| /H|, where the electric and magnetic field components are orthogonal to

each other and parallel to the vacuum/superconductor boundary.

In a superconductor, Z; can be written in terms of the complex conductivity o [106]:

Z,=R + iX = /% (4.1)

where o is the material complex conductivity, R and X are the surface resistance (the
real part) and the surface reactance (the imaginary part), respectively. At zero
external magnetic field, R represents the losses of the microwave power, and is due
to the presence of quasi-particles ("non-superconducting charge carriers"). X
represents the screening effects and it can be used for the determination of the
London penetration depth, related to the superconducting order parameter. In
presence of a static magnetic field, type II superconductors are driven in the mixed
state, where the magnetic field partially penetrates in the superconductor volume in
shape of fluxons. In applied magnetic field it is easier to measure variation of the
surface impedance AZ = AR + iAX: since thermal gradients affect repeatability,
slow temperature variations are required. Moreover, the temperature variations of the
microwave line response impose to detune the cavity quite often. Since one cannot
exactly reposition the piston, little jumps in the cavity resonant frequency are
produced every time the cavity is detuned and retuned. By measuring magnetic field-
induced variations AZ (H) these problems disappear or reduce. More precisely,
background is exactly cancelled while line calibration can be performed only once,

since the system is kept at fixed temperature.

In this case, 4R is mainly determined by the so-called flux flow resistivity, related to

the quasi-particles excitations in the vortex cores, whereas AX is related to the effect
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of the vortex pinning, which is important for the reduction of the vortex-motion-
induced dissipation. These quantities can be obtained using the main resonator

characteristics by means of the relations [81], [103], [107 -110]:

— ol __1
AR(H) =G [Q e (4.2)
_ vo(H)—-Vvo(0)

where Q is the quality factor, v is the resonant frequency of the resonator mode and

G is the calculated geometrical factor.

In thin films the probing electromagnetic field does not vanish in the volume, and a
leakage arises. Thus, the substrate where the film is grown gives a substantial
contribution to the measured surface impedance and the problem of the interpretation
of the data in surface impedance measurements arises. The use of approximate
expressions finds, in general, a set of ranges of frequency and film thickness where
the error is below 1% with respect to the use of the full expression. This holds true
also in the potentially critical case of superconducting films, where the conductivity
is mainly imaginary. However, the identification of such ranges can be nontrivial, in

particular in high-permittivity substrates. In case of YBCO films on STO substrate,

the so-called thin film approximation could be applied: Zs(i) =Zr = Re +iXy =

b
StS

t, 1s the film thickness.

where p = 1/d; is the frequency dependent complex resistivity of the film and

From the directly measured Q and v, parameters and using the thin film
approximation [111], [112], one obtains the vortex complex resistivity Ap(H) =
Ap;(H) +1Ap2(H) at a fixed temperature as following relation:

AZ(H) — Apl'i'iAPZ — p‘Ul(H)-;iPUZ(H) ,

(4.4)

where p,; + ip,, is the vortex motion resistivity and ¢ is the thickness of the film.
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The strength of the vortex pinning can be quantified through the relevant pinning
parameter » [81], [109], [113], [114], indicating the balance between reactive and

resistive response:

 pua(H) _ AX(H)
r(H,T) = = aren)

(4.5)

According to the Gittleman and Rosenblum (GR) model (see Chapter 1), the
dynamic equation for the balance of forces acting on a vortex is nv + kpfc’ = f xao),
where ¥ and X are the vortex velocity and displacement, respectively, 7 is the vortex
viscosity and k, is the pinning constant (Labusch parameter). In the London limit,

B = pgH, and the resulting complex resistivity is [17], [115]:

®oB 1

k
n 1-i—2
27NV

Pv1 + 10y = (4.6)

Within this model, r = k, /2mmv, see Eq.s (4.5) and (4.6), and k» can be easily
obtained. It is stressed that this is a single-vortex model, where the physical meaning
of k, is the single vortex spring constant coming from the interaction with one or few
pinning sites. The measurement on a large number of fluxons obviously yields an

average value.
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Access to nitrogen
chamber and

Vacuum isolation nitrogen pumping

Liquid/solid
nitrogen chamber
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chamber and
helium input
Measuring cell
Coaxial cable line
and plexiglass support

Electromagnet

Cryogenic coaxial cables

(2)

Fig. 4.3. (a) A schematic representation of the cryostat section. (b) A photograph of the
cryostat at Roma Tre University.
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Fig. 4.4. A photograph of the microwave line.

Figure 4.3 shows the liquid nitrogen cryostat used for the measurements. In the
outer chamber, thermal insulation is provided by a 5-10° mbar vacuum. The
intermediate chamber is filled with liquid nitrogen. The cryostat reaches the
temperatures around 65 K by pumping the liquid nitrogen evaporation with a rotary
pump. The inner (sample) chamber contains the cryogenic insert, which includes the
resonator and the microwave line (Fig. 4.4), and the measuring cell. After filling of
the cryostat, inside the sample chamber low-pressure helium atmosphere is created
(around 0.2 mbar) to make thermal exchange with the nitrogen bath. The cryostat is
inserted inside the air gap (~ 80 mm) of a conventional electromagnet (Bruker
BE25V). This electromagnet allows to generate a static magnetic field up to
toHuax = 0.7 T. It is powered by the current source Bruker BSMPS-BIP1 with 7, =

17 A. Besides the two main magnet coils, there are additional compensated coils to
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reduce the residual magnetic field, which appears during the magnetic field cycles.
The intensity of the magnetic field is detected by a Hall sensor (placed in the middle,
between the magnet coils, on the level of the sample) and measured by a gaussmeter
Walker MG-3D. The magnet is installed on the rotatable base, which allows varying
the orientation of the magnetic field up to 360°.

Microwave measurements were performed on similarly processed samples as
described in Chapter 2, but non-patterned. I used a sapphire cylindrical dielectric
resonator operating at the frequency v ~ 47.7 GHz in the TE(;; mode, which ensures
planar circular currents on the film plane. Field sweeps were performed in DC
magnetic field ugH < 0.8 T perpendicular to the surface of the samples (field aligned
with the c-axis) at fixed temperatures to avoid the well-known deleterious effect of

SrTiO; substrate resonances [107], [111].

4.3 Microwave properties of PLD films
4.3.1 PLD YBCO films with BaZrO; nano-columns

The field dependence of the change in the complex effective surface impedance is
presented on Fig.4.5 for PLD YBCO - 5% BZO (Fig. 4.5 (a)) and PLD YBCO —
7% BZO (Fig. 4.5 (b)) at 77 K and 67 K. The lower directly measured resistive
response AR value of the films at lower temperature (67 K) indicates the reduced

dissipation in the vortex state with respect to the higher temperature (77 K) [81]. This
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Fig. 4.5. Field-induced change of the complex surface impedance in (a) PLD YBCO —
5% BZO and in (b) PLD YBCO — 7% BZO. Only 50% of the data are shown to avoid

crowding.
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correlates with DC electric measurements as critical current density J. values are
increasing with decreasing the temperature (see Chapter 3.3.1). The vortex state
microwave dissipation is lower for YBCO — 7% BZO with respect to the film with

5% of doping in all the field range, which indicates stronger pinning.

The pinning parameter » quantitatively confirms the strong pinning in the 5% BZO
doped sample with larger values of 7 in magnetic fields xpH < 0.5 T at 77 K (Fig. 4.6
(a)). However, the parameter r in this sample decreases with 7" more sharply than in
YBCO - 7% BZO, which has a gradual decrease. Resorting to the GR model (see
Chapter 1 and Eq. 4.6), a further analysis can be carried on by comparing the pinning
constant &, (H) (Fig. 4.6 (b)). The pinning constant in the YBCO — 5% BZO sample
differs from the other sample, in that it shows a pronounced decrease with the field,
while YBCO - 7% BZO has a weaker field dependence with higher k, values. It
emerges that the pinning wells in YBCO — 7% BZO keep their steepness better than
in YBCO — 5% BZO in the measured magnetic field range. This proves that vortex
pinning is getting more efficient with increasing the magnetic field and lowering the

temperature in the sample with higher percentage of BZO inclusions [108].

4.3.2 PLD YBCO film with Ba2Y(Nb/Ta)Os nano-columns
Field sweeps for PLD YBCO —5% BYNTO film were performed at different

temperatures in the range of 65-83 K. The trend in a change of the surface impedance
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Magnetic field strength, p 0H (T) Magnetic field strength, p 0H (T)

Fig. 4.6. (a) Pinning parameter » and (b) pinning constant &, for PLD YBCO — 5% BZO

(full squares) and in PLD YBCO — 7% BZO (open circles). Only 50% of the data are

shown to avoid crowding. Data below uyH =~ 0.2 T are omitted due to large numerical
scattering.
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is shown in Figure 4.7. As it can be seen, the field dependent 4R and AX parts
progressively decrease with decreasing the temperature. Again, this indicates the
reduction of the dissipation in the vortex state. The imaginary part AX is consistently
larger than AR up to 80 K. Thus, the vortex elastic recall energy, related to pinning,
is larger than the dissipation. Comparing the data of the Figure 4.7 to Figure 4.2, this

is an indication for very steep pinning wells originating from BYNTO nano-columns.

A plot of the pinning parameter r (Fig. 4.8 (a)) and the pinning constant k,
(Fig. 4.8 (b)) demonstrates a weak field dependence for all the measured
temperatures, with a smooth decrease in r at very low magnetic fields. k, is
approximately constant with the field. It emerges that the pinning wells in
YBCO/BYNTO keep their steepness in the entire field range under study. Moreover,
r and k, are noticeably enhanced with respect to the previously reported studies for

YBCO/BZO samples [81], [103], [113].
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Fig. 4.7. Field-induced change of the complex surface impedance in PLD YBCO -
5% BYNTO. Only 50% of the data are shown to avoid crowding.
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Fig. 4.8. (a) Pinning parameter r and (b) pinning constant &, for PLD YBCO —
5% BYNTO measured at 83 K, 78 K and 65 K. Only 50% of the data are shown to avoid
crowding. Data below uyH = 0.2 T are omitted due to large numerical scattering.

4.4 Microwave properties of MOD films

Microwave measurements for MOD derived films were performed only in pristine

YBCO and YBCO - 5% BZO samples.

4.4.1 Pristine MOD YBCO film

Figure 4.9 presents the surface impedance dependence on the magnetic field at
various temperatures. Different to the PLD samples, the field dependences of both
the real (4R) and imaginary (4X) parts in MOD pristine film look very similar at
higher temperatures, with a decrease only at 65 K. The imaginary part AX is always

smaller than AR in this temperature range indicating rather broad pinning wells.
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Fig. 4.9. Field-induced change of the complex surface impedance in MOD pristine
YBCO film. Only 50% of the data are shown to avoid crowding.
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Fig. 4.10. (a) Pinning parameter  and (b) pinning constant &, for the MOD pristine YBCO
film measured at 82 K, 80 K, 78 K and 65 K. Only 50% of the data are shown to avoid
crowding. Data below upH = 0.1 T are omitted due to large numerical scattering.
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The field dependence of r and £, is reported on Fig. 4.10. It can be seen that at
every temperature reported, &, (H) is a decreasing function in the lower field. This is
in contrast with the observations in PLD-grown YBCO/BZO samples in this study
and in previous works [102], where k,(H) is almost constant, or weakly field
dependent. The latter feature has been connected to the columnar organization of

BZO in PLD samples.

4.4.2 MOD YBCO films with BaZrO3 nano-inclusions

The field-induced behaviour of the complex surface impedance obtained in MOD
YBCO — 5% BZO film (Fig. 4.11) is similar to the behaviour in pristine sample, with
a difference in the absolute values of the reactance (4X) and the resistance (4R).
These values are as much as twice lower in 5%BZO film than in previous pristine

YBCO.
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Fig. 4.11. Field-induced change of the complex surface impedance in MOD
YBCO - 5% BZO film. Only 50% of the data are shown to avoid crowding.
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Fig. 4.12. (a) Pinning parameter  and (b) pinning constant &, for MOD YBCO - 5% BZO
film measured at 82 K, 80 K, 78 K and 65 K. Only 50% of the data are shown to avoid
crowding. Data below uoH = 0.1 T are omitted due to large numerical scattering.

That is especially noticable at higher magnetic fields: 4R ~0.15 Q and 4R ~0.30 Q
at 82 K, 0.75 T, respectively.

On a contrary with previously discussed doped PLD films, field dependence of r
and k, in MOD YBCO - 5% BZO film (Fig. 4.12) has a different behaviour: r and &,
constantly decrease with decreasing the field. This indicates the different pinning
mechanisms coming from BZO nanoinclusions in MOD and PLD films.
Nanoparticles in MOD YBCO do not have strong correlated contribution and do not
act as strong pinning sites at low fields, which is opposite to the PLD BYNTO
samples with almost constant field dependence of k, due to strong pinning by the

columnar defects.

4.5 Summary

This Chapter discussed the use of microwave measurement with a brief description
of the technique, including some details about the evaluation of the main microwave
observables — the complex surface impedance, the pinning parameter » and the

pinning constant k,. All these parameters were analyzed for most of the YBCO films.
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A vortex state microwave dissipation is lower for YBCO — 7% BZO with respect
to the film with 5% of doping in all the field range, which indicates stronger pinning.
The vortex pinning is getting more efficient with increasing the magnetic field and

lowering the temperature in the sample with higher percentage of BZO inclusions.

The imaginary part AX is consistently larger than AR in YBCO/BYNTO film up to
80 K. Thus, the vortex elastic recall energy, related to pinning, is larger than the
dissipation. The pinning parameter r and the pinning constant k, demonstrates a weak
field dependence in this sample, with a smooth decrease in  at very low magnetic
fields. k, is approximately constant with the field. It emerges that the pinning wells in

YBCO/BYNTO keep their steepness in the entire field range under study.

The imaginary part AX in MOD pristine YBCO is always smaller than AR in this
temperature range indicating rather broad pinning wells. The field-induced behaviour
of the complex surface impedance obtained in MOD YBCO - 5% BZO film is
similar to the behaviour in pristine sample, with a difference in the absolute values of
AX and 4R. These values are as much as twice lower in 5%BZO film than in the

pristine YBCO film.

Further comparison of microwave properties will be given in Chapter 5.
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Chapter 5

Vortex flux pinning in YBCO thin films

Magnetic flux pinning and its mechanisms are under continuous study since the
discovery of superconductivity. Even though a massive progress has been achieved
in that study, in High-Temperature Superconductors (HTS) there is still room for a
better understanding, leading to better performances. In fact, only advanced control
of growth process, transport properties, architecture and fabrication will guarantee a
secure and unaltered performance over long periods of time and according to the
requirements for HTS application. Power applications, such as nuclear fusion
magnets, demand very strong vortex pinning capable to yield high values of the

critical current density (J.) in high magnetic fields (H) and low temperatures (7).

Previous studies have shown a significant role of the defects, either intrinsic
(intergrowths, twin boundaries and dislocations) [36], [85], [88], [91] or artificial
(self-assembled nano-columnar inclusions or nano-particles e.g. BaZrOs, BZO) [29],
[34], [68], [116]-[121], in their interaction with flux motion in the YBCO transport

properties and performance.

This Chapter discusses different aspects of vortex flux pinning in PLD and MOD
YBCO films. The first aspect is the effect of twin boundaries on correlated pinning in
pristine MOD YBCO (Chapter 5.1). The DC data to investigate this effect were
partially presented in Chapter 3 but analysed from a different perspective. A
boundary between vortex pinning and vortex channeling is determined. The second
issue under study is the effect of different second phases in PLD films (Chapter 5.2).
Some of the DC and microwave data were presented in Chapter 3 and Chapter 4
apart from the pristine PLD YBCO film, which were used as a reference sample to

emphasize the effect of secondary phases. The most efficient second phase for vortex
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pinning among PLD samples is reported and conclusions are made based on the
obtained new graphs. The different concentration of APCs in MOD films is another
aspect, which has been studied (Chapter 5.3). The DC and microwave data were
partially presented in Chapter 3 and Chapter 4, but were analysed from secondary
phases concentration point of view with deriving new dependences. Finally, the
experimental correlation between the two measurement techniques, used in this

study, is determined (Chapter 5.4).

5.1 Effect of Twin Boundaries in MOD pristine YBCO

The relevant role of twin boundaries (TBs) in flux pinning for a variety of
different samples has been extensively studied over the last decades [28], [36], [37],
[82], [122]-[124]. It was shown that the influence of TBs on vortex pinning has a
complex character and that TBs can act as strong pinning centres, thus increasing the
critical current, or as vortex channels, increasing the dissipation instead. TBs have a
high impact on the critical current and depends on temperature, applied magnetic
field, vortex motion direction, microstructure and TBs orientation [35], [36], [87],
[122], [125]. Other defects present in a film, such as low angle grain boundaries, a-b
planes, oxygen vacancies, add to the complexity of the superconductor structure [36],
[126], [127]. As it was shown in [36], even the choice of the buffer layer can be an

important factor in achieving the best configuration to obtain vortex pinning instead
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Fig. 5.1. Angular critical current density in pristine MOD (diamonds) and
PLD/BZO (full circles) YBCO samples. TBs in MOD are acting as pinning centers,
similar to nanocolumns in PLD films.

96



Chapter 5 — Vortex flux pinning in YBCO thin films
of channeling. It should be recalled that the effect of twin boundaries is directional:
the effect, whether pinning or channeling, is most evident when the field is along the
TB plane. Moreover, according to the model for vortex trapping by TBs by Blatter et
al. [9], the vortex lattice adjusts to the twin planes when the angle between the
magnetic field and the TBs is small (i.e. H //c-axis). Thus, an investigation of the

angle-dependent properties is expected to help in understanding of the role of TBs.

In order to gain control and better understanding over the microstructure and the
pinning properties of commercially interesting BZO-doped MOD samples, it is
useful to study and compare better-controlled materials, such as samples grown by
pulsed laser deposition, or undoped MOD samples. For this purpose, the angle ()
and field (H) dependencies of J. in the MOD pristine YBCO film have been
compared to the behaviour of the PLD YBCO — 7% BZO as a reference for a

correlated-pinning system.

Figure 5.1 presents J.(0) recorded at relatively high temperature (7= 65 K) and
low field (upH =1 T). Both samples demonstrate a pronounced correlated pinning
effect with a broad peak in J.(0) centred at 6 = 0°. The PLD sample shows the
angular J. behaviour typical of samples with strong correlated pinning due to BZO
nano-coloumns, as was shown in Chapter 3 and other works [92], [101], [128], [129].
For what concerns the pristine MOD sample, a similar broad peak can be observed at
0 = 0° indicating the presence of c-axis correlated defects, effective in a wide angular
range. This is consistent with the behaviour of MOD films reported at relatively high
temperatures (7 > 50K) [33] in the presence of strong vortex pinning at magnetic
field H //c-axis [35], [82], [89], [90]. The sharper peak at 6 = 90° (near a-b planes) in
both samples is associated with the intrinsic pinning arising from the layered
structure of YBCO material [93], [121] (see Chapter 1.4). One should conclude that
twin planes (in the pristine MOD film) and nanocolumns (in the PLD 7% BZO film)
act similarly. To investigate further this similarity, J. (H) at 6= 0° and different T

were performed.
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Fig. 5.2. Log-log plot of critical current density as a function of the applied
magnetic field obtained for pristine MOD YBCO (a) and PLD YBCO - 7% BZO (b)
samples at different temperatures in the range of 10 - 77 K, at 6 = 0°.

Figure 5.2 shows the magnetic field dependence of the critical current density in
pristine MOD YBCO (Fig. 5.2 (a)) and PLD YBCO — 7% BZO (Fig. 5.2 (b)) films.
The doped PLD sample exhibits the typical features of PLD YBCO described
previously in Chapter 3: the plateau region up to about uoH = 0.01 T, followed by the

power-law behaviour J, ~ H *, and then by the kink after 1 T with a sharper decrease
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in J.. In the present PLD YBCO/BZO sample, the coefficient o = [0.28-0.31] (see

Chapter 3) and this indicates that nano-columns act as strong vortex pinning centres.

A similar J, field dependence J. (H) exists in the MOD sample, with the same three
behaviours — the plateau, the kink (more evident at 77K and 65K) and, most
importantly, the power-law dependence (an indication of the presence of correlated
defects). Crucial differences, nevertheless, exist: J. in the MOD film decreases faster
than J. in PLD/BZO (larger o) with increasing magnetic field at all measured
temperatures: in the MOD pristine sample a is close to the theoretical value o = 0.5
(aa=0.6 at 77 K, but approaches a = 0.5 with decreasing the temperature) and hints
to the planar nature of correlated defects. This difference in J, retention (power-law
decrease) is then related to the different pinning nature — planar in pristine MOD and

columnar in PLD/BZO.

With increasing H and lowering 7, a striking change in J. () is reported for
pristine MOD YBCO sample only. As shown in Figure 5.3, the angular critical
current density at high field (7 T) and low temperature (30 K) in the MOD YBCO
sample exhibits a clear dip around € = 0°: the peak at high 7 transformed into a dip —
an imprint of channeling. By contrast, the PLD/BZO sample still shows a peak at

30K, 7T

®-PLD/BZO
- pristine MOD

-90 -45 0 45
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Fig. 5.3. J.(8) in pristine MOD YBCO (diamonds) and in PLD YBCO/BZO (full

circles). Existence of vortex channeling at these field and temperature in MOD

YBCO is clear (compare to Fig. 5.1), as well as the persistence of directional pinning
in PLD — 7% BZO sample.
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6 = 0°: albeit of much reduced height with respect to high 7, the correlated pinning is

still strong.

Extended defects transform then differently in the different materials at low
temperature (T <50K) and high fields. The measurements show that at low T and
high H TBs favour vortex channeling, consistently with previous findings [33], [36],
[82]. The J. dip observed in the MOD film can be described by the flux cutting
model [82], [130]: according to that model, once pinning centres become strong
enough (i.e. when field increases and temperature decreases) to pin one or several
vortices while the latter are moving in the flux, vortex segments could be cut out of
these vortices and cross-join each other thus creating free loops within a weak
pinning plane (Fig. 5.4). This release of vortex segments without depinning the
whole vortices creates current losses and one has a dip in J, curves, which is indeed

observed in the present pristine MOD film.
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Fig. 5.4. A schematic diagram of the vortex distortions necessary for continuous
dissipation, as taken from [131].
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Fig. 5.5. Angular dependence of J, for pristine MOD film measured at (a) 77K, (b) 50K,
and (c) 30K with different applied magnetic fields. The crossover from directional pinning
and vortex channeling with increasing field is evident at 50 K and 30 K: the peak at 6 = 0°

transforms into a dip. Note the different J. scales for each plot.

A complete characterization of this feature at 6= 0° with a change in field and
temperature and special attention to the crossover from directional pinning to vortex
channeling, is reported in Figure 5.5. At 77K (Fig. 5.5 (a)) clear directional pinning
is observed, with TBs acting as strong pinning sites enhancing J. at 6= 0°up to 5 T.
Remarkably, the enhancement of J.(0°) increases with increasing the applied
magnetic field. At lower temperatures (T = 50K, Fig. 5.5 (b)) the trend is completely
different: with increasing the magnetic field the peak in J. at 8= 0° decreases, then
vanishes and ultimately transforms into a dip between 3 T and 5 T. At even lower
temperature (7=30 K, Fig. 5.5 (c¢)) the trend is the same, but the dip deepens. In
general, the channeling minimum gets more prominent with increasing the magnetic

field and decreasing the temperature.

101



Chapter 5 — Vortex flux pinning in YBCO thin films

14 B ® correlated pinning )
® channeling H

12 l§ ¥ noeffect of TBs |
10 _

F 3 |

I \

== 6 -
4 “‘|‘ -

2 “‘\\ -

| ] u “‘

L1 w1 .! L e
20 30 40 50 60 70 80 90

T (K)

Fig. 5.6. The H-T diagram indicating correlated pinning and channeling areas
based on twin boundaries contribution to the critical current density in pristine MOD
YBCO thin film.

Based on the obtained results, the role of TBs can be determined in H — T diagram
for the pristine MOD YBCO sample: the boundary between vortex pinning and

vortex channeling regimes can be identified (Fig. 5.6).

The boundary region was determined as an area where competing effect on J.
values between pinning and channeling was found at certain magnetic fields and
temperatures. The identification of the crossover line in the H — T diagram is a useful
tool to better understand the complex behaviour of vortex motion in REBCO, and to
determine the performances of REBCO in application (channeling is deleterious to

the performances).

A final important observation must be done with respect to Figure 5.6: in the high
magnetic field range, the effectiveness of extended defects is progressively reduced
by lowering the temperature, suggesting that at low temperatures the dominant

pinning contribution arises from isotropic pinning centres [34].
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After the correlated pinning contribution has been observed in pristine MOD
sample, the logical way was to compare this pristime sample with another MOD film

containing BZO nano-inclusions. The difference in J. (6) between MOD pristine and

10°}
& H @ MOD pristine YBCO
= —{— MOD YBCO - 8% BZO
Lo
< 10
[&]
-
10°
L 1 L] 1 L]
oo 50K (b)
310 —@— MOD pristine YBCO

—{3—MOD YBCO - 8% BZO

AAAAAA

Fig. 5.7. Angular dependence of J, for pristine MOD and MOD YBCO — 8% ZBO film
measured at 77K (a), S0K (b), and 30K (c) with different applied magnetic fields. Note the
different J, scales for each plot.
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the 8% doped sample is shown in Figure 5.7. One can notice not only the absence of
any correlated pinning and of any evidence for channeling in YBCO — 8% BZO film,
but also the enhancement of J. in a wide angular range comparing to the pristine
MOD as temperature goes down. Pristine sample dominates only around 6= 0° at

77 K.

From these features it emerges the essential role of the introduction of 3D APCs,
such as BaZrO; nano-inclusions, in MOD YBCO films. Such form of isotropic
pinning sites destroys almost completely the contribution of TBs, be it pinning or
channeling. Althrough the J. is decreased at high 7, high H (Fig. 5.7 (a)), this is more

than compensated by the much larger J. at lower T.

5.2 Effect of different APCs in PLD YBCO thin films

Since perovskite-like BaZrOs nano-inclusions have proved to be effective APCs,
other several nano-scale pinning additions as the double perovskite-like Ba; YNbOg
(BYNO), Ba,YTaOs (BYTO) or their combination have been studied in the last
decade [68], [80], [120]. One of the most intriguing features of such phases is the
easy development of a complex landscape of defects by mixed doping. A proper
combination of columnar, planar and nanoparticle defects in 2.5 mol.% BYTO + 2.5
mol.% BYNO doped-YBCO films has been reported as a very effective pinning

source.

In this part of the Chapter, the transport and vortex pinning properties of the
YBCO film grown by PLD with addition of Ba,Y(Nb/Ta)Os (BYNTO) were
compared to the BZO added YBCO using the DC (long-range vortex motion) and the

microwave (small-displacement vortex motion) measurement techniques.
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5.2.1 Comparison of DC electric transport properties
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Fig. 5.8. (a) Critical current density as a function of the applied magnetic field and (b)
the pinning force density as a function of the normalized field at 77 K for
YBCO/BYNTO (red full circles), YBCO/BZO (black full squares). Pristine YBCO film
(blue full triangles) in J.. (H) is used as a reference.
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Figure 5.8 (a) presents the field dependences of the critical current density, J. (H),
at 77K for PLD YBCO/BZO and YBCO/BYNTO films, and for a PLD pristine
YBCO film used as a reference. An overall increase of the in-field performances in
doped samples with respect to the pristine YBCO is clearly observed and indicates
the efficiency of the APCs. Whereas in the low-field region («oH < 2 T) the J. values
and their behaviours are similar for both doped samples, the YBCO/BYNTO film has
a much better J, retention as the magnetic field increases. In fact the YBCO/BYNTO
sample shows an extended plateau-like region up to around 5.2 T, whereas a kink
with a pronounced J. drop at about 1T is observed in the YBCO/BZO film.
Figure 5.8 (b) shows the pinning force density F, =J. x B as a function of the
normalized magnetic field strength at 77 K for YBCO/BZO and YBCO/BYNTO
samples. The BYNTO added YBCO film exhibits higher F,, with respect to the BZO
doped sample with maximum values F, " =11.5 GN/m’ and F, "™ = 6.2 GN/m’,
respectively. The irreversibility field H;, (evaluated by using the criterion
F, (H;) = F,"*/100) in the BYNTO sample, H;,» = 11.12 T, is enhanced with respect
to H;»=8.61 T obtained in the YBCO/BZO film. The different in-field behaviour
between the two doped samples indicates that the introduction of BYNTO is
particularly effective at higher magnetic fields. This is consistent with the larger

density of BYNTO nano-columns as compared to BZO nanorods, as reported in

Chapter 2.
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Fig. 5.9. Critical current density as a function of the applied field direction (0°
corresponds to H // film c-axis) for the YBCO/BYNTO (red symbols) and

YBCO/BZO (black symbols) at 77 K and magnetic field values of 1 T and 5 T. 106
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Angular measurements of the critical current density are reported in Figure 5.9 at
two different magnetic fields, 1 T and 5 T. A clear correlated pinning contribution
from APCs is observed in both samples when the field is parallel to the columns
(#=0). The peak height and width are similar for both samples at zoH=1T and
0= 0, while at 5 T a significant enhancement of J. is present in YBCO/BYNTO. Not
only the J. magnitude is higher in BYNTO doped film at high fields (uoH =5 T) but
also the peak is much wider than in the YBCO/BZO film. The combination of c-axis
aligned BYNTO continuous columns and Y,Os; nanoparticles (see Chapter 2)
provides a pinning landscape, which results in the J, improvement in a wider angular

range in comparison with YBCO/BZO.

5.2.2 Comparison of microwave properties

A similar effect of the strong pinning in BYNTO doped sample has been observed
in microwave measurements, which revealed a significant reduction in the directly
measured resistive response 4R indicating a reduced vortex state dissipation at very
high frequency regimes in doped samples, as compared to the pristine YBCO
(Fig. 5.10). One can notice that while in the pristine sample the resistance (4R) is
always above the reactance (4X), doped samples have regions where 4R and A4X are
of the same order. When 4X is of the same order (or larger) to 4R, it is an indication

of a noticeable vortex pinning. Thus, the beneficial effect of APC is clearly observed
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Fig. 5.10. Field variation of AZ (H) in (a) pristine YBCO; (b) YBCO/BZO and (c)
YBCO/BYNTO films at 7= 77 K: AR - full symbols; AX - empty symbols. Only 50% of the
data are shown to avoid crowding.
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in the films with introduced nano-columns. However, differences between the BZO
and BYNTO doped samples exist. In YBCO/BYNTO, the imaginary part AX in
Figure 5.10 (c) is not only of the same order, but even larger than AR. Thus, the
vortex elastic recall energy, related to pinning, is larger than the dissipation. This is
an indication for stronger pinning wells by BYNTO nano-columns with respect to
BZO. The pinning parameter » quantitatively confirms the strong pinning in the
doped samples with respect to the pristine film: in the YBCO BYNTO, » > 1 in all
measured magnetic field range with a gradual decrease (Fig.5.11 (a)). In the
YBCO/BZO r has lower values and decreases more sharply, especially at higher
fields.

Further analysis is based on the pinning constant k,(H) (Fig. 5.11 (b)), which
elucidates the different nature of the pinning mechanism. The pinning constant in the
pristine sample differs from the doped samples, showing a pronounced decrease with
the field, whereas YBCO/BZO and YBCO/BYNTO have a much weaker field-
dependence. Although the sample with BZO addition has higher £, it decreases with
the field above 0.9 T, which means that the pinning wells broaden. By contrast, in
YBCO/BYNTO one can notice a slight increase of k,. It emerges that the pinning
wells in YBCO/BYNTO keep their steepness at fields larger than in YBCO/BZO,
with the crossover taking place at fields ~0.8 T. In both cases, » and k, are
noticeably improved with respect to the previously reported studies for YBCO/BZO
samples [113], [131], [132].

The presented analysis revealed the effect of different second phases in PLD films.
The comparison of PLD derived samples has shown that the combination of c-axis
aligned BYNTO continuous columns and Y,O; nanoparticles provides the strongest
pinning source for vortices among all the samples. Additional information obtained
from microwave measurements also proved the most effective pinning by BYNTO

columns.
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Fig. 5.11. (a) Pinning parameter » and (b) pinning constant kp for pristine YBCO (blue full
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5.3 Effect of different APCs in MOD YBCO thin films

Chemically derived YBCO films for coated conductors have a high potential for
achieving the required goals in terms of cost and performance in power applications,

where development of cheaper conductors is required.

With the aim of understanding at microscopic level the vortex pinning mechanisms
of such YBCO films, the transport properties of nanocomposite MOD pristine
YBCO and YBCO with 5%BZO and 8% BZO samples have been analysed.

5.3.1 Comparison of DC electric transport properties

The field dependences of the critical current density for pristine YBCO and YBCO
with 5% BZO and 8% BZO films are compared in Figure 5.12. One can identifies the
H - T region (boundary given by the dashed black line on Fig. 5.12) where both BZO

doped samples perform better and have higher J. values than pristine film. Going
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Fig. 5.12. Log-log plot of critical current density as a function of the applied
magnetic field obtained for MOD derived pristine YBCO (open circles), YBCO -
5% BZO (full circles) and YBCO — 8% BZO (full diamonds) samples at different

temperatures in the range of 77-10 K.
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down with temperature this region becomes wider and at 10 K the doped samples
have larger J, than the pristine film almost in the whole measured magnetic field
range. That means that at high temperatures APCs are effective only at low magnetic
fields, while at low temperatures APCs act as strong pinning sites also at high
magnetic fields up to 12 T. This is remarkable, since the opposite has been found in
PLD grown samples with correlated columnar defects: in the high magnetic field
range, the effectiveness of extended defects (TBs or APCs) is progressively reduced
with lowering the temperature. That suggests that at low temperatures the dominant
pinning contribution arises from isotropic pinning centres, which are the BZO nano-
inclusions in the present MOD YBCO films. This is a positive result in terms of high
power applications, which are expected to work at low temperature and in high

magnetic fields.

The pinning force density at such conditions (low 7 — high H) is presented in
Figure 5.13. F,(H) also shows better performance in BZO doped samples,
particularly in YBCO with 8% BZO up to 12 T at 10 K (Fig. 5.13 (a)). Temperature
dependence of F), at high field (12 T, Fig. 5.13 (b)) demonstrates an improving trend
in F, values towards 10 K, especially for YBCO — 8% BZO film.
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Fig. 5.13. The pinning force density as a function of (a) the magnetic field at 10 K and (b)
the temperature at 12 Tfor pristine YBCO (open circles), YBCO — 5% BZO (full circles) and
YBCO -8% BZO (full diamonds).
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The angular anisotropy of J. is presented on Figure 5.14 at 7=30 K and 7= 50 K.
The YBCO - 8% BZO film has larger and more isotropic J. with respect to the two
other samples (since there is no data available for pristine YBCO at 4 T, the data
presented here is at 3 T, certainly larger than at high T). In general case, these data

would be higher than the data at 4 T because the values decreases with increasing the
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magnetic field, but since BZO doped samples show stronger pinning properties, one

can see the J. (6) curves of doped samples lay above pristine YBCO.

Thus, for power applications, demanding very strong vortex pinning capable to
yield high values of J. in high magnetic fields and low temperatures, MOD derived

films with introduced APCs are the promising candidates.

5.3.2 Comparison of microwave properties

Since properties of YBCO — 5% BZO and YBCO — 8% BZO are very similar, the
microwave analysis has been made for pristine YBCO and YBCO with 5% of
doping.

The field dependence of the complex effective surface impedance for pure YBCO
(a) and YBCO with BZO inclusions (b) is presented in Fig. 5.15. Lower AR values of
YBCO/BZO film indicate the reduced dissipation in the vortex state with respect to
the pure sample. This is reflected on the » parameter (Fig. 5.16, (a)). It indicates that
the introduction of BZO increases the absolute value of the pinning parameter and
drastically reduces the steepness of r (H). Athrough there is appreciable similar
vortex parameter » ~ 1.25 at low fields, upH =1[0.01-0.1] T (Fig. 5.15), in the field
range [0.1 - 0.8] T the effect of BZO nanoparticles clearly shows up [81], [103]. The
results are consistent with higher J. values (stronger pinning) for BZO doped
samples measured by the DC electric method in the similar field range (0.1 - 1) T.
Besides, the significant increase of r is achieved in comparison with published data
[132] obtained in different MOD YBCO and YBCO/BZO samples, where » ~ 0.6 at
0.2 T for a YBCO-10%BZO sample, whereas for the YBCO/BZO in the present
study » ~ 1 at 0.2 T. This is a direct demonstration of the improved sample

preparation, with more efficient nanodefects.
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Fig. 5.15. Microwave data acquired on MOD derived samples at 7=78 K. Field-
induced change of the complex surface impedance in pristine YBCO (a) and in
YBCO/BZO (b).

The field dependence of k, for both samples is reported in Figure 5.16 (b). It can be
seen that for both samples k, (H) is a decreasing function of the field, in striking
contrast with what has been observed in PLD-grown YBCO/BZO samples [108],
where k, (H) was almost constant in the same field range [0.1 - 0.8] T. The latter
behaviour has been connected to the columnar organization of BZO in PLD samples.
Therefore, the observation of a k, decrease with the field in all MOD YBCO/BZO
samples, as well as in pure YBCO, presumably indicates that BZO nano-inclusions
do not produce columnar defects, or additional strong correlated pinning features, as
occurs instead with BaZrOs nano-columns in PLD samples. The higher £, values for
MOD/BZO sample, studied in this thesis, can be explained by steeper pinning wells
or by a higher density of pinning sites due to the introduction of BZO. But taking
into account the J, curves in the same field range [0 — 0.8] T, one can see that at low
fields the pinning is weaker in the doped sample, and it gets stronger with the respect
to the pure sample as the magnetic field increases. This is in favour of a larger

amount of pinning sites, instead of stronger pins (stronger, steeper pins are expected
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to cause high J. values at low fields by effectively pinning each vortex). Based on
these two observations, one can conclude that the increase of transport properties at
the certain field range [0.1 — 1] T is likely to be due to the increased pinning sites
density by the introduction of BZO nano-inclusions. Consistently, the similar field
dependence of k, in pristine YBCO and YBCO/BZO indicates that the pinning

mechanisms did not change with the introduction of BZO.
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Fig. 5.16. Pinning parameter r (a) and pinning constant k, (b) for pure (blue triangles) and

YBCO/BZO (red circles) samples.
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5.4 Experimental correlation between DC electric
transport and microwave measurements

As was shown in this study, by exploiting the intrinsic processes responsible for
the dissipation in superconducting thin films, the microwave measurement technique
can act as a reliable, non-destructive and complimentary method to the DC electric
measurements for quick HTS material characterization on laboratory-sized samples,

but could also be applied to commercial coated conductors.

The combination of the microwave measurements with the standard DC transport
measurements elucidates further the physics of vortex matter in YBCO as two
techniques perform measurements in two different regimes (see Chapter 1): non
linear regime with collective vortex-vortex interaction in DC measurements when the
flux lines are depinned and dragged along relatively large distances, and linear
regime of microwave measurements when a single vortex interacts with one or few
pinning sites and the vortex displacement is small (less than 0.1 nm) at high
microwave frequencies. Thus, the microwave measurements compared with the DC
measurement results prove to gain insight into the nature of pinning induced by nano
inclusions, as well as on the balance between material degradation and increased

pinning, which would not be clear by using just one of these techniques.

To conclude the study and show the connection between the microwave
measurements and the standard DC electric transport measurements, following [133]
J. and r were compared, since these parameters are directly measured and both
represent intrinsic properties of the films. Measurements were taken at two
temperatures 7 =77 K and 7= 65 K, as well as at two different magnetic fields, uoH
= 0.5 T and uoH = 0.75 T, for all the samples in this study, i.e. YBCO thin films
grown by two different techniques with different type and amount of doping.
Figure 5.17 reports a plot of the pinning parameter vs. critical current density. It is
evident that an experimental correlation exists between the microwave and the DC
parameters. This fact is even more striking taking into account that the microwave
measurements are performed firmly in the linear regime, while J. is inherently a

nonlinear property.
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The reason for the correlation resides in the common origin of both properties —
vortex flux pinning. Nevertheless, fluxon dynamics is a complex field: a qualitative
assessment of the properties of a superconducting material can be performed in the
high-frequency microwave measurements, but the final evaluation on the finite

assembly will require the DC electric transport measurements.

5.5 Summary

This Chapter discussed different aspects of vortex pinning in YBCO thin films.
One of the aspects is the role of twin boundaries in the YBCO pristine sample grown
by MOD technique and it was shown that twin boundaries can act as strong pinning
centres, increasing the critical current, or vortex channels, increasing the dissipation
instead. Based on the obtained results, a boundary between vortex pinning and vortex
channeling for the pristine MOD YBCO sample was presented in a form of H—T
diagram. Another important observation was made: in the high magnetic field range,
the effectiveness of extended defects is progressively reduced on lowering the
temperature, suggesting that at low temperatures the dominant pinning contribution

arises from isotropic pinning centres.

A second issue under study was the effect of different APCs in PLD films. The
comparison of the PLD samples has shown that the combination of c-axis aligned
BYNTO continuous columns and Y,O3 nanoparticles provides the strongest pinning
source for vortices among all the samples. Additional information obtained from
microwave measurements also proved that the most effective pinning is given by

BYNTO columns.

Thirdly, an experimental analysis of the effects of different amount of doping in
MOD derived films has shown that at high temperatures APCs are effective only at
low magnetic fields, while at low temperatures APCs are acting as strong pinning
sites also at high magnetic fields up to 12 T. Microwave analysis of these MOD
samples revealed the similar field dependence of 4k, in pristine YBCO and

YBCO/BZO indicating that the pinning mechanisms did not change with the
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introduction of BZO. However, the higher values of the pinning parameter and the
pinning constant in the doped sample mean a more efficient pinning, presumably due

to a large number of pinning sites arising from BZO nano-inclusions.

Finally, the experimental correlation between the microwave and the DC
parameters has been presented among samples grown by different methods, with or

without APCs at different temperatures and magnetic fields.
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Conclusions

The aim of this thesis was a detailed experimental study of YBa,Cu3O7.x transport
properties by combination of the two measurement techniques and vortex pinning
investigation at the magnetic vortex regimes relevant for fusion applications of
superconductors. The focus was on the understanding at a microscopic level of the
vortex dynamics in different regimes in YBa,Cu3O74 - the HTS material most
promising for fusion application regimes. The measurements were performed at low
temperatures (4 — 50 K) and high magnetic fields (up to 12 T). As the magnetic field
specifications for future DEMOnstration Power Station (DEMO) lay at the range of
12-16 T [134], [135], one can possibly extrapolate to the higher magnetic fields the
observed tendencies in structural and transport properties presented in this research.
Further investigations are already ongoing at magnetic fields higher than 12 T, not
only at the facility where the present study has been performed (now up to 18 T), but

also on the international level worldwide.

The investigation of the vortex motion and pinning for the present study has been

done by means of:

— DCrresistivity p (7), as a preliminary probe of sample quality (7);

— Critical current density J, (7, H, $) (strong nonlinear regime), to directly probe
the performances of the studied samples;

— Microwave surface impedance Z (H, T): at high-frequency (47 GHz), to probe
the very-small-displacement vortex regime. The pinning parameters, the

pinning parameter » and the pinning constant &, have been obtained.

Two methods have been used to grow the samples - Pulsed Laser Deposition

(PLD) and Metal Organic Decomposition (MOD) techniques. The first technique has
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proven to be a method of choice in the fabrication of very high quality high-7; thin
films, as the stoichiometric transfer of material from target to the film gives a precise
control. The second method, MOD, has become one of the most promising
alternatives towards successful development of long length YBCO coated

conductors.

The structural analysis of the samples revealed that secondary phases, such as
BaZrO; (BZO) and Ba,Y(Nb/Ta)Os (BYNTO), were successfully introduced in
YBCO films. Such nanoscale inclusions produced columnar defects or isotropic

nanoparticles, in PLD and MOD films, respectively.

An extensive electrical characterisation of all the samples was performed by the
DC current transport measurement technique to obtain the critical current density J..
The effect of different APCs in the PLD films and the effects of different
concentration of APCs in the MOD films have been reported. The comparison of the
PLD samples with different second phases has shown that the combination of c-axis
aligned BYNTO continuous columns provides the strongest pinning source for
vortices among all the samples. The analysis of different amount of BZO doping in
the MOD derived films has shown that at low temperatures the introduced
nanoparticles act as strong pinning sites also at high magnetic fields up to 12 T, and

that the pinning improves with increasing BZO content.

The analysis of anisotropy in the pristine MOD sample revealed a directional effect
of twin boundaries on pinning. The boundary between vortex pinning and vortex
channeling regimes in the H -7 diagram was identified. Interestingly, the
introduction of BZO nanoparticles in MOD films removed any fingerprints of
channeling or anisotropic pinning. This effect was accompanied by the enhancement
of J. in a wide angular range in comparison with the pristine sample. These features
indicate a change in the pinning mechanism, beneficial towards the material

optimization for power performances.

A clear correlated pinning contribution from APCs is observed in both PLD
derived samples when the field is parallel to the BZO and BYNTO nanocolumns

(0=0"). Nevertheless, the combination of c-axis aligned BYNTO continuous
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columns provide stronger pinning source for vortices, which barely depends on the
field: a strong peak in J. (with H // c-axis) was observed even at high fields. That
results in the J, improvement in a wider angular range in comparison with

YBCO/BZO.

High-frequency microwave measurements were consistent with DC results: the
pinning parameter » quantitatively confirms the strong pinning in the PLD doped
samples with respect to the pristine film. YBCO/BYNTO demonstrated an increase
of the pinning constant k,. It emerges that the pinning wells in YBCO/BYNTO keep
their steepness more efficiently, particularly at fields larger than in YBCO/BZO.

Analysis of the DC obtained data for MOD films revealed that at high
temperatures BZO nanoparticles are effective only at low magnetic fields, while at
low temperatures BZO act as strong pinning sites also at high magnetic fields up to
12 T. That suggests that at low temperatures the dominant pinning contribution arises
from isotropic pinning centres, which are the BZO nano-inclusions in the present
MOD YBCO films. This is a positive result in terms of high power applications,
which are expected to work at low temperature and at high magnetic fields. The
lower values of complex surface impedance in MOD YBCO/BZO film indicate the
reduced dissipation in the vortex state with respect to the pristine sample. This is
quantified by the » parameter: the introduction of BZO nanoparticles increases the
absolute value of the pinning parameter and drastically reduces the steepness of
r (H). The observation of the k, decrease with the field in MOD YBCO/BZO sample
presumably indicates that BZO nano-inclusions do not produce additional strong
correlated pinning features, as occurs with BZO and BYNTO nano-columns in PLD
samples. Instead, higher k, values for MOD/BZO sample are due to the increased
density of pinning sites. This is a striking difference between PLD and MOD
samples, elucidated by the combination of the different transport measurement

techniques.

Finally, the experimental correlation between the microwave and the DC
parameters has been presented among all the studied samples grown by different

methods, with or without APCs at different temperatures and magnetic fields.
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The microwave measurement technique is a complementary non-destructive
method for the vortex pinning investigation and for a complete characterisation of
the in-field performance and of the role of the structural defects in the
superconducting films. When a fusion-relevant neutron source for material testing,
such as International Fusion Materials Irradiation Facility (IFMIF) will be available,
the microwave technique could be a potential characterisation method of the HTS
films before and after neutron irradiation to test material performance modifications

under operative conditions.

The knowledge acquired during this 3 year long PhD course will constitute a
background for the assessment of the potential in performance improvements of
YBCO coated conductors, as a reference for the design of the HTS based magnet

system for a fusion reactor.

The information contained within this thesis has contributed to several publications
and the advancement of the research project within the framework of the

EUROfusion Consortium.
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