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Abstract

The application of high temperature superconductors (HTS) for the
generation of high magnetic fields and production of long-length wires
for power transmission has now become a technological reality using
the second-generation design of HTS wires also known as coated con-
ductors (CCs). At the present, there are already quite a number of CC
architectures available and the main challenge is to reduce the cost of
production while keeping the superconducting properties optimized in
terms of current carrying capacity. The main goal of this thesis is to
assess current limiting mechanisms in different CC design.

The two main material aspects that influence the critical current
density of CCs are grain boundaries (GB) and microstructural defects.
The former can cause detrimental effects to J. while the latter can
increase J. especially at high fields by acting as pinning centers that
inhibit motion of flux lines that causes dissipation. In this thesis, it was
found that despite successfully confining the GB misorientation angle to
a few degrees (<10°), the current transport in CCs on rolling assisted
biaxially textured (RABITS) NiW substrate with pulsed laser deposited
(PLD) YBayCuz07_, (YBCO) is still strongly influenced by its granular
morphology. As confirmed by scanning Hall probe microscopy, the
granular texture persists from temperatures of 4 K up to 77 K and
applied magnetic fields of up to 5 T. Using local orientation mapping,
it was found that the GBs are not the sole component that affects the
current. The local degradation of J. and the percolative current flow are
also influenced by the local misorientation of the YBCO grains, varying
porosity of the YBCO layer deposited on top of each NiW grain and
grooved GBs due to trenches in the underlying template. Such granular
morphology was also found to have drastic effects on the transport
property. A peak in the field dependence of J. was found to occur
within a few Tesla. It depends on temperature and on the direction
of the applied magnetic field. Using an existing model for Abrikosov-
Josephson vortex lying in the GBs, the peak in Jc(B), characterizes a
well-defined transition from GB-limited regime, which persists up to
fields of 1.5 T at 40 K, to grain-limited regime at high fields. By using
chemical solution deposition of YBCO instead of PLD, the granularity
was significantly reduced. Adding secondary phases such as BaHfOj3
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(BHO) and BaYNbg 5Tag 506 (BYNTO) in the PLD process also results
in a reduction of magnetic granularity opening further improvements in
utilizing PLD with RABITS templates.

The critical current density of CCs with textured buffer layer de-
posited either by the alternating beam assisted deposition technique
(ABAD) or inclined substrate deposition technique (ISD) is found to be
limited by vortex pinning. Granularity effects are not observed within
the field and temperature range of the investigations. J. turns out
to have interesting anisotropic behavior at various fields and current
orientations in the ISD-MgO buffered CC owing to the tilted crystallo-
graphic growth of the GdBayCu3zO7_, layer. The phenomenon of vortex
channeling which was found in the past to be confined to temperatures
below 50 K in vicinal YBCO films was observed to persist up to 77 K
in the case of ISD-buffered tapes. The formation of BHO and BYNTO
nanocolumns in PLD-grown YBCO films on ABAD textured template
increases J. and lowers the Jc-anisotropy when the orientation of the
applied field is varied with respect to the sample. When the applied
magnetic field is parallel to the nanocolumns, the BHO phase causes
the highest increase in J¢ of up to three times down to a temperature of
5 K.

The angle-dependence of J. and N-value, which characterizes the
steepness of the IV-curve, showed direct correlation at 77 K, an inverse
correlation at 64 K and a narrow and sharp peak parallel to the ab-
planes appeared in N(¢) at 40 K. This behavior is consistent in all the
CCs investigated despite the tilted crystallographic axes in ISD-buffered
tapes and despite the presence of nanocolumns in the BHO and BYNTO
doped samples. These observations are interpreted as manifestation of
the kinked vortex state and a quasi lock-in state. Their onsets are the
same for all the tapes and are therefore intrinsic to the layered structure

of YBCO.



iv

Kurzfassung

Die Anwendung von Hochtemperatursupraleitern (HT'SL) zur Erzeu-
gung hoher Magnetfelder sowie grofler Drahtlangen im Bereich der En-
ergietibertragung ist mittlerweile durch die zweite Generation von HTSL-
Drahten, den coated conductors (CC) oder Bandleitern, zur technologis-
chen Realitat geworden. Derzeit sind bereits verschiedene Bauweisen
von CC verfiighar und die Herausforderung besteht nun darin, die
Herstellungskosten zu reduzieren, aber gleichzeitig die ausgezeichneten
supraleitenden Eigenschaften hinsichtlich des Stromtransportes beizube-
halten. Das Ziel der vorliegenden Arbeit ist daher die Beurteilung und
Abschatzung der stromlimitierenden Mechanismen in unterschiedlichen
Ausfithrungen von CC.

Zu den wichtigsten Materialeigenschaften von CC, welche die kritis-
che Stromdichte J. limitiern, zahlen Korngrenzen und mikrostrukturelle
Defekte. Wahrend sich erstere nachteilig auf J. auswirken, konnen let-
ztere J. erhohen, speziell in hoheren Feldern, da Defekte im Kristallgitter
als Verankerungszentren wirken und dadurch die Flusslinien an der Be-
wegung hindern, was zur Dissipation fithren wiirde. Ein Ergebnis dieser
Arbeit war, dass der Stromtransport in mittels gepulster Laserabschei-
dung (pulsed laser deposition, PLD) YBayCu3O7_, (YBCO) auf biaxial
texturierten (RABiTS) NiW-Substraten hergestellten Bandleitern trotz
kleiner Korngrenzen-Verkippungswinkel (< 10°) stark vom granularen
Aufbau beeinflusst wird. Mittels Rasterhallsondenmikroskopie wurde
nachgewiesen, dass die granulare Textur bei Temperaturen von 4 K bis
77K und in Magnetfeldern bis zu 5T besteht. Elektronenriickstreubeu-
gung (Electron back scatter diffraction, EBSD)-Messungen bestatigten,
dass die lokale Herabsetzung von J. sowie der perkolative Stromfluss
durch Fehlorientierung der Korner, variierende Porositdat der YBCO-
Schicht auf einzelnen NiW-Kérnern sowie gestorte Strukturen an den Ko-
rngrenzen aufgrund von Unebenheiten des darunter liegenden Templates
verursacht werden. Diese granulare Morphologie hat ebenso drastische
Auswirkungen auf die Transporteigenschaften. Ein Maximum in der
Feldabhéngigkeit von J. tritt bereits bei wenigen Tesla auf und hangt
sowohl der Feldrichtung als auch von der Temperatur ab. Aus einem
schon bestehenden Modell fir Abrikosov-Josephson-Flusslinien innerhalb
einer Korngrenze lasst sich ableiten, dass das Maximum in J.(B) einen



wohldefinierten Ubergang zwischen einem von Korngrenzen limitierten
Regime — bei Feldern bis 1,5 T und Temperaturen von 40 K representiert
— hin zu einem vom Korn selbst limitierten Bereich bei hohen Feldern. Bei
der Abscheidung von YBCO aus chemischen Losungen (chemical solution
deposition, CSD) anstelle von PLD, kann die Granularitit signifikant
verkleinert werden. Die Hinzugabe sekundarer Phasen, wie BaHfOj
(BHO) und BaYNbg5Tag 506 (BYNTO) wéhrend des PLD-Prozesses
resultiert ebenfalls in einer Reduktion der magnetischen Granularitéit
und bietet die Moglichkeit fiir zukiinftige Verbesserungen bei PLD auf
RABiTS-Templates.

Die kritische Stromdichte von Bandleitern mit texturierten Puffer-
schichten, die entweder mittels Abscheidung unter altenierendem Ionnen-
strahl (alternating beam assisted deposition, ABAD) oder Wachstum auf
verkippten Substrat (inclined substrate deposition, ISD) aufgetragen wur-
den, wird durch Flussverankerung begrenzt — Granularitatseffekte hinge-
gen wurden in den untersuchten Feld- und Temperaturbereichen nicht
beobachtet. Bandleiter mit ISD-MgO-Pufferschicht zeigen auf Grund
des verkippten kristallographischen Wachstums der GdBay,CusO7_,
Schichten fiir J¢ ein interessantes anisotropes Verhalten bei verschiede-
nen Feldern und Stromrichtungen. Das Phianomen von Flusswirbelka-
nalen (vortex channeling), das bei YBCO-Filmen bisher nur im Tem-
peraturbereich bis 50 K betrachtet worden ist bestand in ISD-Leitern
hingegen bis zu 77 K. Die Ausbildung von stabférmigen BHO- und
BYNTO-Nanostrukturen in PLD gewachsenen YBCO-Filmen auf ABAD
texturierten Templates fithrt zu einer Erhohung von J. und einer Ver-
ringerung der Jc-Anisotropie, wenn die Richtung des Magnetfeldes in
Bezug auf die Probe variiert. Im Falle eines zu den BHO-Nanostrukturen
parallelen Feldes zeigt J. eine bis zu dreifache Erhohung bei Tempera-
turen bis 5 K hinab.

Die Winkelabhangigkeit von J. und die Steilheit der Strom-Spannungs
kurve zeigen bei 77 K eine direkte Korrelation, bei 64 K hingegen eine
indirekte und bei 40 K tritt eine scharfe Spitze auf wenn das Feld parallel
zu den ab-Ebenen ist. Dieses Verhalten wurde bei allen CC beobachtet,
auch bei ISD-Bandern mit verkippten kristallographischen Achsen sowie
den BHO- und BYNTO-dotierten Proben. Diese Beobachtungen werden
als Manifestation eines geknickten Flusswirbelzustandes (kinked vortex
state) und beziehungstweise eines quasi-eingerastetenzustandes (quasi
lock-in state) interpretiert, deren Einsetzen ab einem bestimmten Winkel
bei allen Bandern gleich ist und deshalb eine intrinsische Eigenschaft
der Schichtstruktur von YBCO darstellt.
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Chapter 1
Introduction

The research and development of superconducting materials for industrial appli-
cations has paved a long way since the discovery of superconductivity by Heike
Kammerlingh Onnes 106 years ago. The main impetus for this continuing research
is the remarkable property of superconductors to carry resistanceless current and
expel magnetic field from its interior. These make them an inevitable material
for generation of very high magnetic fields. Over 55 years ago, the first magnets
made of alloys or intermetallic compounds such as NbTi and Nb3Sn were developed
and are making up over 90% of industrial superconducting wires being produced
nowadays. They are now used in scientific facilities such as accelerator magnets
and nuclear magnetic resonance (NMR) systems and for medical purposes such as
in magnetic resonance imaging (MRI) systems [32,59].

The discovery of high-temperature superconductors (HTS) in 1987 has pushed
the area for application further to electric power grid such as in fault current
limiters, magnetic energy storage and power transmission cables because of their
higher transition temperatures — above the temperature of liquid nitrogen. Magnets
made of HTS wires are also being eyed to operate at lower temperatures down to
4.2 K due to their large critical current, which can surpass the highest possible
magnetic field generated by magnets with NbTi and NbsSn wires. However, due
to the ceramic nature of the cuprates, one of the biggest challenges is to produce
them in a flexible form. The initial design for HTS wires is known as the first
generation superconducting wires (1G-HTS) where cuprates of the BSCCO family
(i.e. BigSroCay_,Cu,Ogpyaig, © = 1,2, 3) are packed into a silver tube [33]. However,
this approach is very expensive due to the large amount of silver needed and it is not
ideal for large scale production. Therefore, the second-generation superconducting
wires (2G-HTS) was conceptualized and what is now known as the coated conductors
(CCs). They are made up of (RE)BayCuzO7_s (RE=rare earth) material coated on
metallic tapes. With this approach, the amount of Silver is significantly reduced,
making 2G-wires a cheaper option than its predecessor. However, the production
of long-length CCs is still challenging due to two main problems. First, a granular
morphology of the deposited layer limits the current-carrying capacity significantly.
Therefore, the REBCO layer has to be deposited with a minimized granularity by
confining the misorientation between two single crystalline grains to small angles.
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The second problem is the anisotropy of the critical current to the orientation of
the magnetic field with respect to the crystallographic axes. The lowest current
over the whole angular orientation of field would be the limitation to the operating
current. Therefore, one of the solution to this is adding APCs that cause directional
enhancement to J.. Otherwise, pinning centers that can contribute an isotropic
enhancement in J. are also preferrable. Presently, there has already been a lot of
progress to minimize granularity and reduce anisotropy with a payoff of having a
complicated buffer layer architecture. The cost of producing CCs in long-lengths is
still more expensive than Copper and also higher than NbTi and Nb3Sn. Therefore,
aside from optimizing the material properties, a search for alternative conductor
architecture and deposition technique is also important in order to achieve a
competitive material not just in the aspect of current-carrying capacity but also in
the cost of production as well.

In this thesis, different coated conductor architectures produced in lab scale
and as industrial prototypes are studied. This includes transport and magnetic
characterization of 2G-HT'S wires ranging from low cost CCs with biaxially textured
metallic templates to medium cost CCs with textured buffer layer. One of the
main goals of this thesis is to show and explain how the seemingly fundamental
problem of grain boundary limitation, which is already a big issue since 30 years
still plays a significant limitation to the performance of the coated conductors
produced at present especially the ones with the low cost design. The second goal
is to assess the vortex pinning mechanisms in CCs with artificial pinning centers
and in tapes with an interesting, tilted crystallographic structure. Understanding
vortex pinning properties is the main key to further boost the performance of CCs
at lower temperatures and higher magnetic fields.
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Outline of this thesis

This thesis is composed of three parts, the first part starts in chapter 2 where a
brief background of the coated conductor technology is given as well as a short
discussion about the REBCO compound and fundamental understanding of the
vortex states. The second part includes experimental details in chapter 3 comprising
of a brief description of the samples investigated and characterization techniques
used. The third part presents the main results, which begins in chapter 4 with the
interesting transport and magnetic properties of an alternative coated conductor
design where the crystallographic axes of the REBCO layer are tilted with respect
to the sample geometry. The impact of the granular morphology of the YBCO
layer on the superconducting properties at low temperatures are explored especially
for biaxially textured NiW templates in chapter 5. The dynamics of vortices and
pinning properties of YBCO CCs with BaHfO3 and BayYNbg 5Tag 5O¢ precipitates
are investigated in chapter 6. The conclusions and a future outlook are given in
chapter 7. Some sentences were taken verbatim from two published articles under
this thesis [57,58].






Chapter 2

Background

2.1 The coated conductors

The 2G-HTS wires or coated conductors (CCs) consist of four main components: a
metallic substrate, buffer layers, a REBCO layer and protection layers/stabilizers.
Early studies of CCs and thin films of YBCO on bi-crystal substrates have shown
that the critical current density exponentially decreases with increasing grain
boundary misorientation angle [18,93], i.e. Jc(f0gp) = Jc(0) exp (eg—f), where 6, is
about 4°. High angle grain boundaries (HAGB), which are considered nowadays to
have Ogp values greater than 10° [22,46], are found to suppress the superconducting
order parameter, hence the current transport is governed by the Josephson effect
[12,93]. For low angle grain boundaries (LAGB), that is for Ogg < 10°, the GBs
mainly consist of dislocation cores with strained regions [50].

[ [T
= i B EREREEDRR ™5 - burer layer JIPEDEIENEEH

|

metallic substrate

Rolling-assisted biaxially textured substrate (RABIiTS)
o

(a) RABITS (b) buffer-textured

Figure 2.1: Diagram of two main coated conductor architectures [22].

Since it is important for the REBCO layer to have well-aligned grains and to
avoid formation of HAGBs, there are two main processing routes that are widely
used nowadays. They are shown by a diagram in figure 2.1. The first is by rolling
assisted biaxially textured substrates (RABiTS), which are usually Ni alloys. As
the name suggests, the biaxial texture is introduced by the metallic substrate
itself and it is transferred to the buffer and to the REBCO layers. In the second
route, the biaxial texture is induced by a buffer layer grown by ion beam assisted
deposition (IBAD). Another technique known as inclined substrate deposition (ISD)
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also introduces the texture through the buffer layer but the deposition is done on a
metallic substrate inclined by a few degrees with respect to the incoming beam [3].

With the much improved texture of the REBCO layer in coated conductors,
typical tapes produced nowadays have a self-field critical current density, Jcgf, at 77
K of 1-3 MA /em? or critical current, I, of 250-400 A for 4-mm width tapes. The
limiting effects of grain boundaries are confined only to very low fields. Usually,
the thickness of the superconducting layer is between 1-2 pm and this is only
about 1-2% of the total thickness of the tapes. So far, it was found that it is quite
challenging to push /. to a higher value by increasing the REBCO thickness because
J¢ is found to decrease as the thickness increases. This is because more defects
and a-axis grains form that partially blocks the current transport [70]. Although
recently there are successful results of obtaining relatively high I. for thicknesses
greater than 3 pm. One of them is a DyBCO-based ISD-buffered CC with 1000
A /em-width self-field Ic at 77 K [23].

Most of these coated conductors are optimized to operate at liquid nitrogen
temperatures. However, as the temperature decreases, the limiting effect of grain
boundaries spans a wider field range [31]. Therefore, if these CCs are to be operated
at liquid Helium temperature, further studies must be done to gain insight on the
significance of the grain boundary limitation at lower temperatures.

2.2 REBCO: A layered superconductor

Aside from granularity, which significantly affects J., the epitaxial growth of the
REBCO compounds on metallic substrates has led to the manifestation of the
anisotropy of J. to the direction of the applied magnetic field. It is believed that
the conduction of supercurrents occurs along the CuO, planes of RE-based cuprates
and there is a weak coupling between these planes [11]. Therefore, the anisotropy
can be characterized by effective masses m,, my; and m, according to the continuous
anisotropic Ginzburg-Landau (GL) theory [16]. In REBCO, m, and m,, are almost
equal (will be denoted hereafter as m,;) and m, is the largest. The anisotropy =y
is defined according to the ratio of these two effective masses: v = (me/mq)"/2.
The characteristic lengths of superconductivity & and A, which correspond to
the coherence length and penetration depth, respectively, take two values at the
two main directions and v = A\./Awp = Ewp/&. In type II superconductors, the
magnetic field penetrates the superconductor in the form of quantized vortices
for Bey < Bapp < Bc2, where B;; and By are the lower and upper critical fields,
respectively. These quantities varies with the angle of the applied field with respect
to the c-axis, 6:
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where €%(0) = (cos? 6 + ,%2 sin? 0), @, is the flux quantum and x; = \;/&; is the GL
parameter and the subscript ¢ correspond to ab or c-axis directions. The radius of a
vortex line oriented parallel to the c-axis is equal to the length scale ., and forms
into an elliptical shape as the field is oriented towards the ab-planes. Both \; and
& are temperature-dependent quantities given approximately as:

TN\ —1/2 T\ P12
sm=c0(1-2) " ey am=ro)i-(£)] T e
where T is the critical temperature and p has a value of 4/3 for a d-wave su-
perconductor [76]. For YBCO, £,(0) and A;(0) are about 1.5 nm and 150 nm,
respectively and the value for v is usually 5-7 [60]. The superconducting transition
temperature, T, is typically 90-93 K [11].

For an ideal superconductor without any defects, an applied current inducing a
Lorentz force would push the vortices into motion and cause dissipation. This is
where the presence of defects, which are unavoidable in real samples, comes as an
advantage. They lower the energy of vortex lines and tend to keep them trapped or
“pinned" in their potential wells. However, for defects to be effective pinning centers,
their size must be of the order of the coherence length of the vortex and the density
must be low enough so as not to deteriorate the general current-carrying property
of the superconductor. There are a lot of defects present in a REBCO film that can
function as pinning centers, such as twin boundaries, threading dislocations, voids,
oxygen vacancies, grain boundaries, anti-phase boundaries and precipitates [33].

kinked

quasi-lock-in state
state
T o .
N rectilinear
state
ab-planes /_» Figure 2.2: Schematic diagram of vortex states as the
B angle of the applied magnetic field is rotated

towards the ab-plane.

M. Tachiki and S. Takahashi [89] have identified the layered structure of cuprates
as intrinsic pinning centers when the vortices are oriented parallel to the ab-planes.
Since cuprates such as the REBCO compounds have alternating weak and strong
superconducting layers, the vortex energy is lowered at the weakly superconducting
layers and thus, vortices are effectively pinned. Due to the periodic potential of the
layered structure of REBCO, the vortices undergo transitions as their orientation is
varied with respect to the ab-planes. According to G. Blatter, et al. [5], the vortices
undergo a lock-in transition at a very narrow angular range around the ab-plane
since it is more favorable for them to align parallel to these planes. As the field
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is oriented away from the ab direction, the vortices form a kinked structure and
transform into a rectilinear state as the field is oriented towards the direction of
the c-axis. A schematic diagram of the vortex state in a layered superconductor is
shown in figure 2.2.

CRITICAL CURRENT DENSITY {A/cm?)

1 270 360°
Biic TILT ANGLE 8
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Figure 2.3: Angle-dependence of J: measured by B. Roas et al. at different temperatures
and applied field [81].

An example of an angle-dependence of J. of a YBCO film is shown in figure
2.3 [81]. In maximum Lorentz force configuration, the pinning force is equal to
the Lorentz force. Therefore, J. can be directly related to pinning. The features
of the angle-dependence of J. consists of a peak parallel to the ab-planes due to
intrinsic pinning and another peak parallel to the c-axis, which is attributed to
defects oriented in this direction such as twin boundaries in this case. Until this
day, the prospect of enhancing the pinning properties to increase J. and alter its
anisotropy with fields is widely utilized. One of the biggest breakthroughs in this
area is the introduction of correlated pinning centers to reduce the anisotropy and
increase J. at a specific direction of field. In the beginning this is done by particle
irradiation [13] until it was demonstrated that the addition of epitaxial secondary
phase of BaZrOj3 can also form fine-sized correlated defects suitable in pinning
vortices [64]. In the present, a lot of other oxide phases are being incorporated in the
REBCO matrix such as BaMO3 (M=H{,T1), niobates and tantalates. The formation
of isotropic defects that will cause enhancement in .J. over the whole angular range
is also more preferrable. However, the efficiency of these pinning centers at different
fields and lower temperatures remains to be understood especially if more than one
kind of pinning center interact with the vortices and form different vortex states.



Chapter 3

Experimental Details

3.1 Sample preparation

Various coated conductor architectures with different deposition conditions were
investigated in this thesis. Each deposition process and choice of template lead to
different microstructures and grain boundary properties. A brief description of the
fabrication process will be discussed in the following sections.

3.1.1 ISD-MgO buffered tape

GdBayCu307 (GABCO)-based CCs were produced by THEVA GmbH. The GABCO
layer was deposited by evaporating stoichiometric and granular GdABCO material by
electron beam [80]. A reel-to-reel process was developed to deposit HT'S material
on a MgO-buffered Hastelloy C276 substrate [78]. What makes this tape interesting
is the resulting crystallographic orientation of the deposited superconducting layer
due to the deposition conditions of the buffer layer. As shown by the schematic
diagram in figure 3.1, the substrate is tilted by an angle «, usually in the range
of 25° — 30°, with respect to the substrate normal such that the deposition of
the MgO is at this angle [3], hence it is called inclined substrate deposition (ISD)
technique. Through the tilted configuration, the deposited MgO buffer layer forms
facets on the surface being orthogonal to the direction of the incoming vapor [23].
The surface of the facets is parallel to the (200) plane of the MgO. Then, a thin
MgO layer was deposited with perpendicular incidence (a = 0) that serves as a
cap layer between the tilted MgO and the superconductor layer [79]. The GdABCO
is then deposited with untilted configuration (o = 0). Henceforth, this tape will
be referred to as GABCO-ISD. A schematic diagram of the tape architecture and
corresponding TEM images are shown in figure 3.2.

Because of the tilted crystallographic orientation and faceting of the MgO buffer
layer, the c-axis of the GABCO tends to grow perpendicular to the surface of the
facets (figure 3.2a) [1]. In the GABCO tapes used in this work, the facet of the
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substrate
Y
e
¥

evapora_lted

material Figure 3.1: Schematic diagram of the ISD
setup.
e-
MgO
e/iuo
GdBCO

(a) (b)

Figure 3.2: (a) TEM image of the longitudinal cross-section of GABCO-ISD showing the
buffer layers and the GABCO layer. (b) Schematic diagram of the GABCO layer
showing the vectors 71 and é. that corresponds to the direction normal to the tape
surface and c-axis, respectively and the angle 6, = 24° that denotes the tilt of
the c-axis with respect to 7.

MgO buffer layer was found to be tilted by about 24° with respect to the plane of
the tape. Thus, the ab-plane of the GABCO layer was tilted by about 24° as well.

3.1.2 PLD-YBCO tapes

YBCO films grown by pulsed laser deposition (PLD) are labscale CCs fabricated at
the Leibniz Intitut fir Festkorper und Werkstoffforschung Dresden (IFW Dresden).

The PLD technique is a type of physical vapor deposition in which a high power
laser, such as the KrF excimer laser (COHERENT LPXpro 305, A\ = 248 nm) used
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in the setup, hits a stoichiometric target, ablates its surface, forms a plasma plume
and allows deposition of the stoichiometric material on a substrate exposed to the
plume [11] (see schematic diagram in figure 3.3).

laser beam

YBCO«
target

plasma plume

Figure 3.3: Schematic diagram of the PL
setup [40].

substrate

A single crystalline SrTiO3 and two types of metallic substrates were used for
the PLD of YBCO. For the metallic substrates, one was a stainless steel (SS) with
oxide buffer layers composed of an Yttria stabilized Zirconia (YSZ) deposited by
alternating beam assisted deposition (ABAD) developed by Bruker GmbH and
PLD-CeO,. The ABAD deposition of YSZ provides the biaxial texture transferred
to the YBCO layer [92]. It is a variation of the IBAD-template mentioned in section
2.1. The second substrate is a rolling-assisted biaxially textured (RABiT) Ni-W
alloy. The RABIT template has chemically deposited oxide buffer layers composed
of LayZr,O7 and CeOs. Two kinds of Ni-W templates were used with different W
content, one with 5at% and another with 9at%. The higher the amount of W, the
lower the magnetization of the Ni-W alloy. The magnetic moment of a Ni-bat%W
is about two orders of magnitude higher than the Ni-9at%W at 77 K [35]. All the
PLD-YBCO films on metallic substrate have a silver protection layer. Schematic
diagrams of the tape architectures are shown in figure 3.4. The growth mechanism
of the YBCO layer is columnar, thus, the orientation of the c-axis and ab-planes
are approximately perpendicular and parallel to the tape surface, respectively. The
grain boundary formed are also planar throughout the layer thickness.

On the other hand, the YBCO layer on STO is directly deposited without
intermediate buffer layer. Some films, which will be referred to as YBCO-mSTO,
were prepared on a single crystalline (001) STO with an intentional cut off the 001
plane towards the 100 plane. The angle subtended by the cut is what is referred to
as the vicinal angle, 6,. The growth of the YBCO layer in this type of functional
substrate is in a step-flow growth mode [39]. The c-axis of YBCO is oriented
perpendicular to the surface of the steps and therefore leads to the tilted geometry
with respect to the surface of the films. Vicinal angles of 0, 5°, 10°, 15° and 25°
were used.

D
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Figure 3.4: Architecture of (a) YBCO on ABAD-YSZ/SS tape and (b) YBCO on RABITS-
Ni-5at%W tape.

PLD-YBCO films with doping of X mol% BaHfO3; (BHO, X=5,6) and 5 mol%
BaYNby 5Tag 506 (BYNTO) were also prepared in order to explore the effects of
the secondary phases formed by these compounds in the YBCO matrix on vortex
pinning and enhancement of J.

3.1.3 CSD-YBCO tapes

The tape with YBCO layer grown by chemical solution deposition (CSD) was
produced by Deutsche Nanoschicht GmbH. The metallic substrate used are RABiTS
Ni-W alloy with CSD-grown oxide buffer layers composed of LayZr,O; and CeO,
which are the same as the RABITS template used with PLD. The W content of the
NiW is either 5at% or 9at%. The CSD process mainly consists of preparation of the
precursor solution of metallo-organic salts of Y, Ba and Cu (triflouroacetates, TFA)
with the right stoichiometric content to form YBayCuzO7_s [8]. The deposition of
the precursor solution on the substrate used slot die coating. Subsequent pyrolysis
and annealing was done to dry the film and crystallize the YBCO with the right
composition. The growth of the YBCO layer is laminar in CSD-route in contrast
to the columnar growth in PLD.

A summary of the coated conductors investigated in this study is presented in
table 3.1.
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Nanocomposite Superconductor superconductor
Sample Name HOLOLIPOSE deposition Buffer layers Substrate layer thickness
addition
method (pm)
15 mol% 270 nm-CSD-LZO + .
<w0©+Hmw<ZHOw3<Zwo.mH§.mOm PLD 30 nm CSD-CeO, Ni-bat %W 1.6
NibW
YBCO-STO — PLD - SrTiO; (STO) 1
SrTiO3 (STO)
YBCO-mSTO - PLD - with different 6, 1-1.5
CSD-YBCO- 270 nm-CSD-LZO + .
NisW - 5D 30 nm CSD-CeO, Ni-Datw L5
CSD-YBCO- 270 nm-CSD-LZO + .
NigW - Csb 30 nm CSD-CeO, N-gat%oW L2
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3.2 Angle-resolved J. measurements

3.2.1 Transport J,
Cryostat and temperature regulation

The transport J. measurement of the coated conductors was done in a Helium
gas-flow cryostat equipped with a 6 T split-coil superconducting magnet. The
sample rod was placed in a variable temperature insert (VTI) and the temperature
can be stabilized from 4.2 to 300 K. The temperature variation was within 4+ 0.06
K. The V(I) curves were obtained using the four-probe method where the current
was applied step-wise while the voltage was acquired. The CCs can be mounted on
two different types of sample rod depending on the desired angular configuration of
the magnetic field with respect to the sample surface.

Sample rods

The two sample rods available for the angle-dependent J. measurement are both
equipped with a stepper motor that controls the rotation of the whole rod about its
axis, denoted by the angle ¢ (see figure 3.5). With the horizontal field generated by
the superconducting split-coil magnet, it is easy to realize maximum Lorentz force
(MLF) configuration, where the applied field is maintained to be perpendicular
to the direction of the current flow throughout the angular rotation. Both of the
rods are capable of this rotation. The second rod, which will be referred to as the
“two-axis rod" (figure 3.5) is equipped with an additional goniometer that allows
rotation of the sample stage about an axis perpendicular to the rod and parallel
to the sample surface (figure 3.5b). With the second rotation axis denoted by 6,
the angle between the applied magnetic field and current can be varied and thus,
variable Lorentz force (VLF) configuration can be obtained.

Pressed indium was used for the current contacts in the single axis sample rod
and silver paste for the voltage contacts. Tapes with typical width of 4-12 mm and
length of 20-27 mm can be mounted and current up to 150 A can be applied.

The size of the tape that can be loaded in the two-axis rod has a maximum of
10 mm x 10 mm. The sample space is limited due to the additional gears for the
horizontal rotation of the stage [82]. The current contacts and voltage contacts
were all done using silver paste and the applied current was limited to 5 A.

For both of the rods, the angle ¢ was checked using a Hall probe mounted in
the sample stage. The rotation about the angle ¢ has a precision of 0.2°. For the
second angular rotation, #, in the two-axis rod, no Hall probe was attached to
monitor the orientation of the field during the measurement. A calibration with a
Hall probe was done prior to the measurement to determine the orientation of the
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Figure 3.5: Sketch of the two sample rods used for the angle-resolved transport .J. measure-
ments. (a) Single axis rod and (b) two axis rod.

field with respect to the sample stage. Therefore, with the additional uncertainty
introduced by the backlash in the gears when the direction of rotation is reversed,
0 has a precision of about 1°.

The present state-of-the-art coated conductors have a typical self-field critical
current Icgf, of 250-400 A at 77 K. Therefore, measuring /. of full width conductors
becomes a challenge especially at lower temperature (< 77 K) due to the limitation
of the available current supplies as well as Ohmic heating. To reduce the needed
current, a bridge was patterned on the tapes and the method will be discussed in
the next section.



Experimental Details 17

Micro-bridge Patterning

All the CCs used in this study have a silver protection layer of a few micrometers
deposited on top of the superconducting layer. Two main methods were used to
pattern a microbridge. The PLD-YBCO tapes fabricated in IFW Dresden were
provided with laser-structured bridges done in Karlsruhe Institute of Technology.
The other samples were patterned by chemical wet etching. A lacquer was used
as mask to the etchants. The silver and YBCO layer were removed by Lugol’s
iodine solution and 1% nitric acid, respectively. Images of a laser-structured and
chemically etched bridge are shown in figure 3.6.

(a) (b)

Figure 3.6: (a) SEM image of a laser-structured bridge. (b) Optical image of a chemically
etched bridge.

Evaluation of the critical current and N-value

All the experimental VI-curves has a transition that is well-described by the EJ
power-law relation:

E(J) = E; (j)N (3.1)

The critical current, ., was evaluated with an electric field criterion, E., of
1pV/cm.

A typical V(I) data is shown in figure 3.7a. The usual background noise in the
voltage measurement was about 30 nV. As an example, the distance between the
voltage contacts is 2 mm. Thus, /. is the current at V. = 0.2pnV indicated by the
arrow in figure 3.7a.

The N-value, which is the exponent of J. in the EJ-relation may be determined
in two different ways. It can directly be obtained from the fit of the power-law
and it can also be evaluated from the slope in the linear part of the logarithmic
plot of V(I) as shown in figure 3.7b. The values of N from both methods are
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Figure 3.7: (a) Typical V(I) curve obtained from the transport measurement. The lines
denote different E. that determines Ic. (b) Logarithmic plot of the V(I). The
slope of the linear fit corresponds to the N-value.

not significantly different (about 0.3% difference from each other), therefore, the
N-value was taken directly from the fit of the power-law for convenience.

3.2.2 Magnetic measurement of J,

A few set of data of the angular dependence of J. was measured by a vector vibrating
sample magnetometer (VSM). The VSM is equipped with two sets of Mallinson
coils and the component of the magnetic moment parallel and perpendicular to
the applied field is measured. J¢(¢) is evaluated from the width of the hysteresis
loop and the net magnetic moment is evaluated as: mye = Amﬁ + Am? | where
m) and m, are the irreversible magnetic moments parallel and perpendicular
to the field, respectively. In a fully-penetrated state, J. can be estimated for a
rectangular-shaped sample using the Bean model as:

Mpet 4

Jc: V b(1_£>

(3.2)

where V' is the volume of the superconductor and a and b are the length and width,
respectively, where a > b. An algorithm that includes a self-field correction was
used to calculate J(B) [96].

The use of VSM becomes advantageous for measurements at low temperatures
since there is no need for current contacts, sample heating is eliminated and the
measurements are not limited by the applied current. However, the evaluation
of the actual J. can become tricky because of the currents closing the loop at
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the ends of the sample that are subjected to variable Lorentz force (VLF). The
VLF-contribution adds to the discrepancy between the evaluated J. and the actual
Je measured from transport measurements. Hengstberger, et al. [48], have shown
that this can be solved by the proper sample length that reduces the sensitivity of
the VSM signal to the VLF currents. However, this is not feasible for some labscale
samples with limited size. Aside from that, the calculation of J. is impossible for
the field orientation parallel to the ab-planes and to some angular range around it
because the evaluation is only valid for a fully-penetrated state. The penetration
field, H*, is inversely proportional to the cosine of the angle #. Therefore, the
VSM was used only to a few sets of data for a qualitative description of the
angle-dependence of J..

3.3 Scanning Hall probe microscopy

Scanning Hall probe microscopy (SHPM) was used to directly image the magnetic
properties of CCs. By moving a Hall probe in a reasonable proximity to the
sample surface the local magnetic signal can be mapped. This yields information
on the spatial characteristics of the superconducting layer such as defects and
inhomogeneities.

3.3.1 The cantilever

In the method of SHPM, a small distance of the Hall probe to the sample surface
is important to enhance the resolution of the local magnetic field and will therefore
improve the sensitivity of the measurement to local inhomogeneities. The Hall
scanning set-up in the laboratory has previously utilized a holder for the Hall sensor
with fixed Hall probe to sample distance, d, of about 200 pm [34]. To enable a
smaller distance to the sample surface, a holder with a cantilever was made. A
schematic diagram of this holder is illustrated in figure 3.8.

Strain gauges

\ Figure 3.8: Schematic diagram of the cantilever

~ 1

acive area — holder for the Hall probe.

Sample |

The cantilever was made of a carbon sheet and the Hall probe was placed on
the other end of the support. The Hall probe was inclined by a few degrees to
protect the active area when it comes in contact to the sample. Two strain gauges
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serving as two resistors in a wheatstone bridge circuit were attached to the opposite
sides of the carbon sheet. When the edge of the Hall probe comes in contact to
the surface, the cantilever is bent or in strain changing the resistance of the two
strain gauges and causing a non-zero voltage on the wheatstone bridge. This setup
makes it possible to determine the onset of contact between the Hall probe and the
sample surface (contact-mode). From this point, the distance to the surface can be
adjusted more precisely.

3.3.2 SHPM in LN, bath

In one of the two setups for SHPM, the sample and the Hall probe are immersed in
a LN, bath that provides a stable temperature of 77.2 K. Tapes with lengths of up
to 22 cm can fit the scanning area. The position of the Hall probe is controlled by a
stepper motor and the smallest step size possible in x, y and z directions is 10 pm.
The Hall probe used in this system is a HHP-VC model from Arepoc with 50 x 50
nm? active area and this limits the meaningful step size of the measurements to 50
nm. According to the Hall probe specifications [2], the active area is 250 pm from
the corner edge. With the inclination of the designed holder of about 3° +0.2°, the
distance, d, of the active area to the sample surface is approximately 134+ 1 pm
when the edge of the Hall probe is in contact to the sample surface. Scanning the
sample in contact mode was possible by monitoring the change in voltage from the
wheatstone bridge circuit and it gives additional advantage for long tapes since it
assures a roughly constant distance d. Non-contact scans were made by making
reference to the contact distance and adjusting d with an increment of 10 pm. The
control of the stepper motor, acquisition of Hall voltage and wheatstone bridge
voltage are all done through a graphical user interface (GUI) programmed using
C++.

For the process of magnetizing the tapes, a rectangular SmCo permanent magnet
was used. This magnet generates a field of about 300 mT at a distance of 1 mm
from the center of its surface to around 450 mT near its surface. This field was
enough to introduce a fully penetrated state into the coated conductors at 77 K.

3.3.3 High-resolution SHPM

Another Hall scanning setup was used that was mounted in a He gas flow cryostat
with variable temperature insert that allows control of temperature from 3 K to
300 K. The cryostat is equipped with a superconducting magnet that can generate
magnetic fields up to 8 T. The Hall probe installed is a Magcam CSHP-400 with a
400 x 400 nm? active area and thus enables scans with higher resolution compared
to the setup in LN2. The x, y and z positions are controlled by piezo positioner and
the scanning step width in z and y is limited by the distance of the Hall probe and
sample surface, which is about 1 pm. The maximum scanning area possible is 3 x
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3 mm?. Note that the positioners are not calibrated so there is about 10% and 40%
differences between the actual dimension in the x and y directions, respectively.

Acquisition of Hall and strain gauge voltages, control of the magnet power supply,
piezo positioners and temperature were all done through a GUI programmed using
Python [45].

3.3.4 Spatial J. evaluation

The critical current density J. was evaluated using an algorithm that inverts the
Biot-Savart law using the information on the local magnetic field B obtained from
the Hall scan measurements [49)].

The method divides the whole scanning area into cubic volume elements with a
constant M and with direction normal to the sample surface (see figure 3.9). This
corresponds to a discretized integral equation:

d
—» Ho g0 M<37Ia yl)(z - Z/)
B(F) = poM(7) + X2 / / dz'dy (3.3)
4m (=2 + (y— )2+ (2 =222,
Bij=Y > KijkiM, (3.4)
k=11=1

where ¢t and d are the thickness of the superconducting layer and distance of the
Hall probe to the sample surface, respectively.

The critical current density J. is simply evaluated as the curl of the magnetization
obtained after inversion of equation 3.4. This algorithm works well for very thin
samples where J. is assumed to flow only along the zy-plane and the second term
in 3.3 vanishes for infinitely thick samples (z — 2" — 00).



Experimental Details

In order to minimize the error in the magnetization profile obtained by inverting
3.4, it was found that the inversion procedure is well-conditioned if the d and the
scanning stepwidths s, and s, satisfies the following condition:

SuySy > d+1 (3.5)

Thus, for all the measurements, it was assured that this condition was satisfied.

3.3.5 Application to coated conductors

Since the thickness of the superconducting layer of CCs is much less than their
lateral dimension, their geometry is that of a thin film. In the fully-penetrated
state, the magnetic field profile, B(x,y), can be predicted by using the assumption
of the Bean model where J.=constant and B, (x,y) is calculated using Biot-Savart
law with a sheet current density, J = J,2 + Jy [7]. The calculated B,(z,y) and a
schematic diagram of current flow is shown in figure 3.10.

Field profile

1.0

Figure 3.10: (Upper panel) Field profile of a ho-
mogenous superconducting film with a

04 constant Jc. (Lower panel) Schematic
— diagram of the current flow. The angle
\ 4 o is also indicated on both pictures.
2 g
S - >

For a rectangular-shaped sample, the field profile has a roof-like structure. In
the corresponding J¢(z,y), closed loops of current flow around the entire supercon-
ducting area. Therefore, two types of discontinuity lines are formed. First is the
zero-J. horizontal line (d;) at the center that corresponds to currents that flow in
opposite directions and the second is where the currents change direction (dy). For
an isotropic planar current, the angle a of dy with respect to the sample edges is
45°, as shown in figure 3.10.

Tilt effects of the Hall probe

As mentioned in section 3.3.1, the cantilever was designed such that the Hall probe
has a maximum tilt of about 3° 4 0.2°. Therefore, the total magnetic field detected
by the active area of the Hall probe must be a sum of the components of the radial
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Figure 3.11: (a) Diagram of the net magnetic field detected by the tilted Hall probe. The
tilt is exaggerated for illustration. (b) Calculated field profile with constant J¢
including tilts of 3° and 20°. The inset on the left is the radial field profie and
the inset on the right is an enlarged picture of the peak at the center of the
sample.

field, B,, and the out-of-plane field, B., as illustrated by the diagram in figure 3.11a.
Therefore, the measured magnetic field is expressed as: Bye = B, cosf + B, sin 6
where 6 is the inclination of the active area of the Hall probe with respect to the
surface of the film. B, and B, are calculated by solving Biot-Savart law assuming
an infinite strip with a constant J.. Results of the net field profile assuming 6 of 3°
and 20° are presented in figure 3.11b. Notice that the radial component of field
causes an asymmetry to the profile. However, a tilt of 3° does not cause a significant
difference. Therefore, the effects of the tilt of the Hall probe is considered to be
negligible in all the analyzed data.

Magnetic background subtraction

Stainless steel and NiW are both magnetic materials. In the case of NiW, a higher
amount of W leads to a smaller magnetic moment. The alloy with 9at%W has
a magnetization of about 0.25 Am?/kg at T' = 77 K and is around two orders of
magnitude smaller than the one with 5at% W [35]. However, most of the CCs
studied in this thesis are with Ni-5at%W. Therefore its is important to address the
magnetic background introduced by the substrate.

In the remanent state, no visible alteration in the shape of the field profile is
observed in both the SHPM in LNjy-bath and in the He gas-flow cryostat as shown
in figure 3.12. Only a constant offset that is introduced both by the substrate and
mostly of the Hall probe. Such constant background is subtracted prior to the
evaluation of J.
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Figure 3.12: Experimental data at the remanent state in (a) in LN and at 7' = 4 K.
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Figure 3.13:

(a) Experimental data of the background and field profile at 64 K and 1 T. (b)
Field profile data at 4 K and 3 T with a linear background. (c) Field profile

after subtraction of the background.

On the other hand, once the field profiles are measured with an applied magnetic
field, an asymmetry between the offsets at the two edges of the sample is observed
and is shown in figure 3.13a. The asymmetry can be well described by a linear
function and its slope increases as the applied field increases. Therefore, a linear
background is subtracted from all the experimental data under an applied field as
illustrated in figure 3.13b-c.

Identifying defects

Through the measurement of the magnetic field profile and consequent evaluation
of the spatial distribution of J., SHPM has been a powerful tool in identifying
defects in CCs. Figure 3.14 shows a 15-cm piece of a coated conductor with
macroscopic defects (denoted by the black arrows) that are introduced either as
a physical damage during handling and/or transport or during the deposition of
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Figure 3.14: Remanent field profile (top) and local Jc map (bottom) of a 15-cm coated con-
ductor measured in LN2. The areas denoted by the black arrows are macroscopic
defects. The scanning parameters are: s, = s, = 200 pm and d = 15 pm.

the superconducting layer. For the industrial prototypes studied in this thesis, the
areas with high and homogenous .J. were selected for transport measurements.

Local dependence of J. in the low-field limit

In addition to identifying defects, the high spatial resolution of the SHPM has also
revealed additional information about the critical current density of the coated
conductors. The general shape of the field profile deviates from the prediction of
the Bean model. The calculated B(x) plotted as the dot-dashed curve in figure
3.15 refers to a thin strip with a constant current density, J = J. [7]. Compared to
the calculated curve, all experimental data in the remanent state at 7' = 77 K have
a broader peak. The peak at the center is not as sharp as the predicted one. This
behavior may be related to the non-linear flux diffusion during magnetic relaxation,
which is usually characterized by the power law relation: E(J) = E.(J/J.)", where
FE is the electric field, J is the current density and N depends on the homogeneity
of the superconducting layer and the present pinning centers [83]. At the center of
the sample, F and J goes to zero due to the zero magnetix flux as the area enclosed
by the circulating current becomes infinitesimally small. The reduction of J nearby
the center then depends on the exponent N > 1, in the flux creep regime.
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Away from the center, B(z) remains above the predicted curve and this behavior
translates to a monotonic decrease of J towards the center. This directly corresponds
to a dependence of the local J(x,y) on the local magnetic induction, B(x,y). For
instance, it is clearly observed in the YBCO-STO film that the maximum J(z)
(lower panel) coincides with the position where B = 0 in the upper panel of figure
3.15 and it continuously decreases towards the center as B approaches its maximum.
The same behavior in the spatial variation of J in the remanent state is observed as
well in a disk-shaped film with a higher resolution (s, = 5 pm) and closer distance
of the Hall probe to the sample surface (d = 3 ym) at ' = 5 K shown by the red
curve in figure 3.16. As the field increases, the dependence of J. on B is expected
to be weaker which is indeed the case for the curve with poH,,,=1 T (black curve
in figure 3.16). The field profile is steeper and the evaluated J(z) is flatter.
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Figure 3.17 shows the J.(B)-dependence of different samples at 7" = 77 K. The
solid lines were obtained from magnetization measurements using a VSM with the
applied field parallel to the c-axis of YBCO [96]. The symbols correspond to data
points extracted from the J maps along a line across the widths of the rectangular
samples. The data points of J were taken between the position where the local field
B(x,y) becomes zero and the center excluding the data very near the center where
J decreases faster due to the sharp decrease of E. Since the field profiles refer to the
fully-penetrated state, the values of J are equivalent to the critical current density,
Je, in the critical state model. Good agreement is obtained between the SHPM data
and the magnetic J,. obtained from magnetization loops. As pointed out earlier, the
maximum current density, Juyax, coincides with the position where B=0 (see figure
3.15) for YBCO-STO. At this local point, the value of J, is 1.2 MA/cm? while the
self-field J, is 1.06 MA/cm?. On the other hand, the Jy., of the CCs occurs at
B # 0. This translates to a peak in the J.(B)-dependence. The appearance of such
a peak was also observed in magnetization [72] and transport measurements [36]
and is attributed to the granularity of the YBCO layer on metallic substrates. The
peak is expected to be very small at 77 K and close to B = 0, especially if the
grain size is small (< 1pm), which is indeed the case for the investigated tapes.
Since the evaluation of J(z,y) from B(z,y) allows access to values of J. when B is
locally zero, we were able to observe this effect. J. is obtained for fields well below
the self-field, a field range which is not accessible by magnetization nor transport
measurements [58].

3.4 Microstructural analysis

Additional microstructural analysis was used in this thesis, such as scanning electron
microscopy (SEM), electron backscatter diffraction mapping (EBSD) and transmis-
sion electron microscopy (TEM). The SEM and EBSD analyses were done at IFW
Dresden and the TEM measurements were obtained in the electron microscopy for
materials science laboratory at University of Antwerp, Belgium and the electron
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microscopy laboratory at TU Wien. Since structural studies is beyond the focus of
this thesis, only a brief discussion will be devoted on them in this section.

The SEM was used for imaging surface features of the YBCO layer using a
JEOL-JSM-6510 SEM at an acceleration voltage of 20 kV. Spatial analysis of the
crystal orientation is done by utilizing EBSD patterns that were indexed using a
cubic cuprate phase. The details about the analysis are discussed in reference [71].
TEM was used to determine the microstructural defects in the films together with
high angle annular dark field scanning transmission electron microscopy (HAADF-
STEM) and energy dispersive X-ray spectroscopy (EDX).



Chapter 4

REBCO films with tilted c-axis

In this chapter, properties of REBCO films with tilted c-axis with respect to
the substrate surface were studied both by scanning Hall probe microscopy and
transport J. measurements. The geometry of the superconducting layer in these
samples is unique. Unlike the “conventional" films and tapes where the ab-planes
and c-axis are usually parallel and perpendicular to substrate surface, respectively,
the main directions of the crystal structure in ISD-buffered films are tilted with
respect to the tape surface as discussed in section 3.1.1.

In earlier studies, single-crystalline SrTiO3 (STO) with different miscut angles
were used to induce the tilted c-axis of the superconducting layer. Investigations
were performed in these films to elucidate the structure and pinning mechanism of
the flux-line lattice in layered superconductors such as YBCO [20]. The design of
the tilted c-axis growth is now transferred to coated conductor technology using
an inclined substrate deposition of the buffer layer on a metallic template. The
ISD-buffered CCs have promising performance since J. does not decrease with
increasing thickness because the growth of a-axis grains is avoided. Therefore, the
critical current, I, can be raised to a higher value with a present record of 1000
A /em-width as a self-field I. at 77 K [23].

In the succeeding sections, a discussion about the anisotropic planar current
flow in films with tilted c-axis will be presented first using SHPM followed by an
extensive investigation of the angle-resolved J. measurements on ISD-buffered CCs
(GdBCO-ISD). Some of the discussions were taken verbatim from the published
paper on the anisotropy of critical current density in these tapes [57].

4.1 Microstructure

4.1.1 YBCO on miscut SrTiO3 substrate

The growth of the YBCO crystal structure on miscut single crystalline STO has a
step-flow growth mode [39]. The orientation of the c-axis of the YBCO layer grown
on top of the mSTO substrate by PLD is oriented perpendicular to the surface of

29



30 REBCO films with tilted c-axis

the steps. As discussed in section 3.1.2, the inclination angle of the c-axis with
respect to the direction normal to the surface of the film is roughly the same as the
vicinal angle of the substrate.

Although actual TEM images are not available for the PLD-YBCO-mSTO films
in this study, results of PLD-YBCO on a conventional (without miscut) [001]-STO
substrate typically indicate the formation of Y503 nanoparticles of about 2-200 nm
in size.

4.1.2 GdBCO on ISD-buffered coated conductor

() (b)

Figure 4.1: Annular bright field image of the (a) transverse lamella and (b) longitudinal
lamella. Large CuO precipitates are present and the dashed yellow lines indicate
the grain boundaries. The inset in (a) is a diffractogram obtained from a HRTEM
image of a grain boundary showing a small misorientation of the two neighbouring
grains of about 6°.

Lamellae of the GABCO-ISD sample for TEM investigations were cut in longi-
tudinal and transverse direction. Results are presented in figure 4.1. The c-axis
of the GABCO layer is confirmed to be tilted by about 24° with respect to the
direction normal to the surface. The misorientation of the MgO columns is directly
transferred to the GABCO layer forming grain sizes from 200 nm to 900 nm. The
grain boundary misorientation angles are small (< 10°) as shown by a diffractogram
in the inset of figure 4.1a. These inclined GBs are a characteristic of ISD-CCs and
were also found in DyBayCusO7_s tapes grown by the same technique [23]. The
GBs in the longitudinal lamella are planar and normal in average as shown in figure

4.1b.

A high density of stacking faults, which were characterized by double CuO chain
intergrowths, was found in a HRTEM image of the sample. Large CuO precipitates
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were also observed in the GABCO layer of both lamellae. The composition of these
precipitates was confirmed by EDX. They are roughly cylindrical with their axis
perpendicular to the tape direction and tilted by about 10°-20° from the ab-planes
(figure 4.1a-b). The formation of a-axis grains that leads to HAGBs is also avoided
in this sample.

Figure 4.2: Schematic diagram of the
two bridge-configurations, L-
bridge and T-bridge, pat-
terned on the tape. The red
arrows show the current di-
rections.

Because of the reduced symmetry by the tilted crystal structure, two configu-
rations of bridges were patterned from the tape and are illustrated in figure 4.2.
The first one was parallel to the longitudinal direction in which the current flows
along the ab-planes. It will be referred to as L-bridge. The second was in transverse
direction, called T-bridge, in which the current crosses the ab-planes. Wet chemical
etching as described in section 3.2.1, was performed to narrow the width of the
bridges down to 350 nm for the L-bridge and 180 pm for the T-bridge. The angle-
resolved transport J. of both bridges were measured in maximum Lorentz force
(MLF) and variable Lorentz force (VLF) configurations. The VLF measurement
was conducted with the two-axis rod discussed in section 3.2.1.

4.2 Magnetic field profiles

The spatial distribution of J of the YBCO-mSTO samples with 6, = 5°,10°, 15°, 25°
are shown in figure 4.3a. The thickness of the YBCO layer in these films is about
1 pm. J.; and J.r denote the currents flowing parallel and transverse (having
a component along the c-axis) to the ab-plane, respectively as illustrated by a
schematic diagram in figure 4.3d. In the YBCO-mSTO film with 8, = 25°, the
planar anisotropy I' = Jer/Jc 1 is the largest. As expected, J.7 is smaller than
Je,r, due to the partial flow of the current through the more weakly superconducting
layers between the ab-planes. As a consequence of the J.-anisotropy, the orientation
of the dy-line in J.(z,y) deviates from 45° as discussed in section 3.3.5, and follows
the relation tana = J.r/J.r, where « is the angle between the sample edge
and the dy-line [84]. Similar to previous results reported for vicinal films of pure
YBCO [10,19,75], T" at T=77 K is small up to 6, = 10° and remains below 2 up to
25° as shown by the circles in figure 4.3c. However, it is also observed that both
Je,r, and J.p of YBCO-mSTO films decrease as the vicinal angle of the substrate
increases. The overall decrease of J. can be attributed to an increasing density of
microstructural defects such as pores found by scanning electron microscopy (SEM)
images of the surfaces of the films (figure 4.3b).
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Figure 4.3: (a) Jc distribution of the YBCO films on miscut STO at vicinal angles of 5°, 10°,
15° and 25°. Some defects are indicated by the black arrows and the direction of
the currents, J¢,L and J¢,1 are shown on the film with 6, = 25° — the film with
largest current anisotropy. (b) SEM images of the surface of the YBCO-mSTO
films. (c) Dependence of Jc and I' on the vicinal angle, 6,,. (d) Schematic diagram
of the current flow. (e) Component of J¢ parallel to the c-axis.
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The component of J.r flowing parallel to the c-axis, can be expressed as
J¢ = J.rsin(f,). In the J.(6,) dependence in figure 4.3e, a maximum in J¢ occurs
at 0, = 15° with a value of around 0.45 MA /cm?. This can be taken as the lower
limit of the c-axis current, J¢ in our case. It is not likely that J. r is limited by the
current flowing parallel to the c-axis below 15° due to geometrical reasons while the
decrease of J. at 25° may be due to the presence of additional defects obstructing
the transverse current flow. Note that the derived values of J¢, i.e. the lower limit
of J¢, is up to two orders of magnitude higher than the self-field J¢ value of about
4 kA /cm? reported by Y. Jia et al. [52] who have measured J¢ along the c-axis by
transport measurements [58].
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Figure 4.4: Remanent field profile (left) and the evaluated spatial-J. (right) of the unpatterned
GdBCO-ISD tape. Notice the slight difference in the value between the transverse
and longitudinal currents. The Hall mapping was done in LN2 bath with a
scanning stepwidth of 200 pm and a Hall probe-sample distance of 50 pm.

On the other hand, figure 4.4 shows the remanent field profile and the evaluated
Jemap of a piece of the GABCO-ISD tape with a 2 pm-thick GABCO layer.
Both the B(z,y) and J¢(z,y) show that the superconducting layer is deposited
homogenously along the length with minimal defects at the transverse edges. Along
the longitudinal direction of the tape, the average Je is 0.96 £0.01 MA /cm? and
is slightly larger than the average J¢ 1 along the transverse direction with a value
of 0.8940.01 MA /cm?. This translates to an anisotropy of only about 1.3 which is
smaller compared to I' = 1.8 of the 25° miscut YBCO-mSTO, although the average
tilt of the c-axis of the GABCO-ISD sample is about 24° which is comparable to the
film with 25° miscut substrate. The difference in the values of I' is also depicted
clearly in the Jemaps in figures 4.3a and 4.4. The GABCO layer was deposited
by co-evaporation and the defects formed in the superconducting matrix include
inclined grain boundaries and large CuO precipitates, which are roughly cylindrical
and tilted 10 — 20° from the ab-planes [57]. On the other hand, the YBCO-mSTO
films have Y503 nanoprecipitates. In previous studies conducted on pure YBCO
films on miscut STO, anti-phase boundaries (APBs) oriented normal to the surface
were found and they caused additional pinning especially in applied fields and caused
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an enhancement in J.; but not in J. r [53]. The different structure of secondary
phases, defects and the absence of correlated pinning centers perpendicular to the
substrate surface in the GABCO-ISD tape therefore lead to smaller planar current
anisotropy compared to the YBCO-mSTO films.

4.3 Angular dependence of J. in longitudinal current
direction

4.3.1 J.. at maximum Lorentz force

ng ¢ /Mo Figure 4.5: Schematic diagram of the MLF
_____ configuration of the L-bridge.
----------- J@ The angle ¢ denotes the angle

________________________ Oy T of the applied field from the
direction normal to the tape
surface, fi.

A 400 pm-width L-bridge was patterened for the angle-resolved .J. measurement
in MLF configuration. The self-field J. at T=77 K is 1.1 MA/cm?. The 12%
difference from the J. 1, calculated from the inversion of the Hall map in section 4.2
is expected if the electric field criterion and the temperature of the measurement is
considered. The electric field during SHPM is much lower than the criterion for
the transport measurement and temperature of the LNy bath is about 0.2 K higher
than the stabilized temperature in transport measurement.

Figure 4.5 shows the schematic diagram of the MLF configuration in the L-bridge.
The angle ¢ denotes the orientation of the applied field, Happ, with respect to 7.
Based on this convention, ¢ = 90° when Happ is parallel to the tape surface and
¢ = 90 — 6, when it is parallel to the ab-plane. Therefore, for 8, = 24°, a large peak
at ¢ = 66° is observed in figure 4.6a. This peak is related to the intrinsic pinning
by the tilted ab-planes and additional pinning contribution from the stacking faults
parallel to the these planes. Hereafter, this peak will be referred to as the ab-peak.
The presence of a peak in the direction of 7 is induced by growth-related defects
parallel to this direction. The angular dependence of J. has a direct correlation to
the behavior of N(¢) in figure 4.6b. Since the IV-curves are well described by a
power law dependence, the exponent N can be related to the potential barrier U,
that inhibits the motion of vortices in the flux creep regime [63]. J(¢) and N(¢)
are directly correlated with each other, the peaks are centered on the same angular
positions on both plots, although the asymmetric ab-peaks in J(¢) appear to be
symmetric in the N(¢), which is especially visible in the 5 T curve.
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Figure 4.6: (a) Jc(¢) and (b) N-value at 7' = 77 K and different applied fields for the L-bridge
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Figure 4.7: (a) J.(¢) at 77 K and low fields. (b) Schematic diagram of B and Fy, that influence

the asymmetry and shift of the ab-peak at low fields.

For 0.5 T and below, a slight shift of the ab-peak and difference in height
between ¢ = 66° and ¢ = 246° are observed as shown in figure 4.7a. Jc(¢) is highly
asymmetric around H || ab, which led to a periodicity of 360° instead of the usual
180° for conventional tapes. Upon reversing the direction of ﬁapp, which effectively
reverses the direction of the Lorentz force, FL, the whole behavior of J.(¢) flips
indicating the influence of the direction of F1,. As shown by the schematic diagram
in figure 4.7b, the shift of the peak at ¢ = 66° (top of figure 4.7b) is probably
due to a slight misalignment between ﬁapp and local field B. Since the tendency
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=0)

of a vortex is to align with the ab-plane, the direction of F; becomes in favor for
the vortex to remain aligned with the ab-plane even if of ﬁapp was already tilted.
The higher peak in the same position also indicate the entry of the vortices from
the superconductor-MgO interface which introduces additional surface pinning
compared to the exit of vortices depicted in the other direction (¢ = 246°). The
misalignment between Flapp and B was already predicted and reported before for
films with tilted geometry [65,95] as well as the effect of surface pinning on the
Je-anisotropy at low fields [44].
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Figure 4.8: (a) Jc(¢) and (b) N(¢) at different temperatures and poHapp =5 T.

The asymmetry of the ab-peak persists in the Jc-anisotropy as the applied field
is increased. Jc(¢) is presented for puoHapp = 5 T at different temperatures from
20 K to 77 K in figure 4.8a. As the applied field increases, the reproducibility of
the Je¢(¢) curve upon the reversal of the field and rotation improves. This means
that the effects of the surface barrier and the misalignment between ﬁapp and B
become negligible.

With the data normalized to Jc(¢ = 0) in figure 4.8a, the anisotropy at 77 K is
observed to be biggest and leads to a higher and broader peak. This is probably an
effect of the lower irreversibility field for Happ || ¢ at 77 K, which increases the ratio
of J. between the ab-plane and c-axis directions. As the temperature decreases,
i.e. 64 K and below, the ab-peak becomes sharper and the anisotropies are similar
down to 20 K.

In the corresponding plot of N(¢) (figure 4.8b), an inverse correlation of the
N-value and J. is observed at 64 K and 55 K. The appearance of a dip at ¢ = 66°,
which corresponds to the direction of the ab-planes, signifies the occurence of the
kinked vortex state. Since Noc U, the formation of the kinks lowers the vortex
energy and is manifested as a decrease in the N-value. As the temperature decreases
(T=40 and 20 K), a peak begins to appear that indicate a pseudo-lock-in state
at which a longer segment of a vortex aligns with the ab-planes. Since energy is
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gained when the vortices lock in the planes, the N-value is increased accordingly.
Another interesting feature of the Jc-anisotropy is the persisting asymmetry of
the ab-peak where J. in the range of 66° < ¢ < 90° is higher than in the range
42° < ¢ < 66°. This behavior is observed as well in ISD-buffered tapes with thicker
GdBCO layer. However, the specific mechanism that leads to this asymmetry
remains to be identified.

4.3.2 J.. at variable Lorentz force

s Z
Ve a_]) — planes

Figure 4.9: Geometry of the VLF configu-
Yy ration of the L-bridge.

In view of applications of CCs, it is also interesting to investigate the J,.-
anisotropy in VLF since a large J. may be achieved if the“force-free" (FF) geometry
could be realized. The FF-orientation is characterized by a formal zero Lorentz
force by having parallel ﬁapp and macroscopic J [66]. The most common VLF
measurement is the in-plane (IP) configuration where the applied field is maintained
parallel to the tape over the entire angular scan. By convention of the measurement
geometry shown in figure 4.9, IP configuration is attained at 6 = 90° while an
angular rotation in ¢ is done. The FF orientation in an IP scan is at ¢ = 0.
Force-free is also obtained in another configuration if ¢ is fixed at zero and rotation
is done in #. The FF direction in this case is at 6 = 90°.

Figure 4.10 shows the IP scan and the # scan at ¢ = 0 at 77 K and different
apphed magnetic fields. The peaks in plots both correspond to the FF peak where
Happ is parallel to the macroscopic flow of J. Some theoretical calculations predict
that the vortices undergo a helical deformation in the FF configuration and the
instability of the helical state is what limits the critical current [15,73]. Otherwise,
the GBs may do so in the absence of FT..

When a ¢-scan is done at different 6 such as in the plot shown in figure 4.11b,
the peak shifts from ¢ = 0 in the IP-configuration towards ¢ = 66° in the MLF
configuration. Except for the IP scan, the peaks observed are due to pinning parallel
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Figure 4.10: Angle dependence of J. 1, in VLF configurations at 77 K and different applied
fields. (a) In-plane measurement obtained at 6 = 90°. (b) Angular scan in 6 at
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Figure 4.11: ¢-dependence of J¢ L different § and T' = 64 K, poHapp = 5 T. (b) #-dependence
of JeL at different ¢, T'=77 K and poHapp =3 T.
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to the ab-plane which shifts in the angular position since the angle between the
ab-plane and the applied field varies as both ¢ and 6 were changed. To further
illustrate this, consider the geometry illustrated in figure 4.12 where the unit vectors
é1, éo and é3 are assigned for the sample coordinate.

R ab — planes
e |
- Figure 4.12: Geometry of the L-
J bridge in VLF configu-
................ ration showing the sam-
........ &
-------- ﬁ, _ y ple unit vectors é;, éo
N A6 €1 and é3 and the unit vec-
é3 aN€Ec | TR

) tor é. parallel to the c-
axis of the L-bridge.

The unit vectors é;, é; and é3 can be parametrized by rotations on ¢ and 6
about the fixed xyz-coordinates of the sample space and are expressed as:

—sin ¢ cos ¢ sin 0 cos ¢ cos 6
&1 =| cos¢p |éx=| singsinf |éz=| singcosb (4.1)
0 cos —sin 6

The unit vector é., parallel to the c-axis can be expressed as:

é. = é3cos B, — é;sinb, (4.2)

If the field is parallel to the ab-plane, the scalar product of é. and éapp must be
zero, i.e. €.- Bypp = 0, where B,p, = B,ppd.

Therefore, the angular position where the ab-peak is expected to appear upon
rotation by either ¢ or 6 is expressed as:

cos 0, cos 0
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The shift of the peak in the 6 scan at different ¢ shown in figure 4.11 also agrees
with equation 4.3.

In order to determine the factors that limit J. that leads to a quite complex
Je-anisotropy behavior of the L-bridge, measurements in VLE configuration are
presented as a function of the angle between the applied field and the c-axis which
will be denoted by ay. V. Mishev et al. [68] obtained a remarkable scaling of J. in
iron-pnictide films. They have shown that scaling with «y, is an effective method to
determine the pinning dimensionality since it eliminates other factors such as the
density of the vortices that is inherent to scaling with the applied magnetic field.
Extracting information related to the geometry of the dominant pinning centers in
GdBCO-ISD film can only be obtained with the VLF measurements.

An expression for oy, is derived from the parametrized expressions for é1, é; and
é3 as done by V. Mishev, et al. [68]. By expanding the scalar product of é, and B,

«y, is derived as:

Bapp €08 v, = Bapp(cos 6, cos ¢ cos 6 + sin 6, sin ¢) (4.4)
oy, = arccos(cos 8, cos ¢ cos 0 + sin 6, sin @) (4.5)
25 T T T T T 0.9 T T T T T
=0 ——
¢¢= 10 o
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Figure 4.13: Fi(ar) and Je(ap) at different ¢, T'= 77 K and po Happ = 0.5 T. The Lorentz
force roughly scales with o, while J. does not.

J¢ does not scale with a;, in the data of GABCO-ISD in figure 4.13. Instead, F'1,
does roughly scale except for ¢ = 0°, 10° and 30° as shown in figure 4.13. Fr.(¢,0)
is derived from the cross-product of J and Bapp

F, = Fy, = |Je X Bapp| = JcBappsin © (4.6)
F1(¢,0) = J.Bapp sin[arccos(cos ¢ sin 6)] (4.7)
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In VLF measurements the reduction of F'1, contributes to the gradual increase
of J. as the force-free orientation (F'r, = 0) is approached. This is already discussed
earlier in the IP scans where a peak centered at ¢ = 0 is attributed to a FF
configuration.
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Figure 4.14: F(ayz) at different ¢ and a Je-curve in MLF at T'= 77 K and applied magnetic
fields of 0.5 T, 1 T, 3 T and 5 T.

Additional plots at different applied fields in figure 4.14 depict that the Fr(ay)
curves at different ¢ converge to the MLF curve except for ¢ < 30° and its
supplementary angles (¢ > 150°). The Fr(ay) at different 6 also collapse in a
limited angular range at oy = [90° : 115°] as shown in figure 4.15. Hence, the
calculated F1, can be interpreted as equivalent to the pinning force density, Fp.
Scaling with aj presents data as a function of the crystallographic orientation
while the direction of pinning force varies at different # and ¢. The convergence
of the experimental curves to the MLF curve at different # and ¢ indicates that
an isotropic pinning landscape dominates the pinning mechanism. This is also
consistent to the prediction of the critical state model.

The deviations from the scaling of F', of the IP scan (¢ = 0°) and ¢ = 10° are
a consequence of the reduction of the angle between éapp and j, denoted by © in
equation 4.7. On the other hand, the deviation from the scaling of the ¢ = 30° in
the range of a;, > 90° in figure 4.14 and a7 < 90° in figure 4.15 manifest a different
pinning mechanism, which may probably be a depiction of vortex channeling at a
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Figure 4.15: F(ayz) at different 6 at T =64 K and poHapp =1 T and 5 T.

certain orientation of F', or may probably be caused by a different pinning landscape
related to the inherent asymmetry of the ab-peak caused by the tilted geometry.

4.4 Angular dependence of J. in transverse current
direction

In this section, the angular dependence of J. of the GABCO-ISD sample in the
transverse direction will be discussed. In these measurements, the tilted growth
of the c-axis and ab-planes with respect to the substrate surface causes additional
effects in the J. anisotropy connected to the dynamics of vortices in the GdABCO
as a layered superconductor.

4.4.1 J.r at maximum Lorentz force

Happ Figure 4.16: Schematic diagram of the
MLF configuration of the T-
bridge.  The angle ¢ de-
notes the angle of the applied
ﬁ_«;ld with n. By conve_{ltion,
Happ || 1 at ¢ =0 and Hypp, ||
ab-planes at ¢ = 90°.

To start with, a schematic diagram of the MLF configuration of the T-bridge is
shown in figure 4.16. Recall that the T-bridge was patterned such that the currents
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Je (MA/cmZ)

Figure 4.17: (a) Angle dependence of J¢ of the T-bridge at MLF, at different fields and

flow transverse to the ab-planes. With this convention, the angle when H,y,, || ab is
at ¢ = 90°.
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The ¢ dependence of J. at 77 K and different applied magnetic fields is shown
in figure 4.17. The fi-peak (¢ = 0,180°) is also found and is consistent to the
behaviour observed in the L-bridge (figure 4.6a), which is attributed to enhanced
pinning by correlated defects parallel to this direction. As the orientation of ﬁam,
becomes parallel to the ab-plane (¢ = 90°), a minimum (¢=90°) appears and the
formation of a peak resulting from intrinsic pinning is suppressed. This particular
appearance of a minimum parallel to the ab-planes is a manifestation of vortex
channeling. This phenomenon is also reported in YBCO films on vicinal substrate
by J. Durrell et al [20]. If the vortices form a kinked state at a certain angular range
towards the ab-planes, the component of the Lorentz force parallel to the planes,
Fjjab, serves as the driving force that induces motion of vortex strings and results in
a decrease in J. as shown by the diagram in figure 4.18b. However, in the previous
reports on YBCO films on vicinal STO substrate [20], there is no vortex channeling
minimum reported above 6, > 10°. In these results, the minimum appears only
at temperatures below 50 K for vicinal angles of 2 — 10°. Another study done on
IBAD-MgO tape with tilt angles of 4-10° found no channeling minimum [65].

In the GABCO-ISD tape, the channeling minimum was observed up to tem-
peratures as high as 77 K. Since the tilt of the crystallographic axes of GABCO
in this CC is more than twice larger than those reported in vicinal films, the
component of the Lorentz force parallel to the ab-planes, FJ, 4, is also larger and
enough to overcome the suppression due to defects and shear forces. In addition to
this, TEM analysis has shown that the GABCO layer of this tape has a different
microstructure and the correlated defects constitutes only of slightly tilted grain
boundaries and stacking faults parallel to the ab-plane. In contrast to previous
reports on YBCO-mSTO films, where anti-phase boundaries (APBs) normal to the
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tape surface are commonly formed which are additional defects that inhibit the
motion of vortex strings along the ab-plane. It was actually shown that a decrease
in the density of the APBs in vicinal YBCO films enhanced vortex channeling [21].
The absence of a correlated defect that may enhance J.r1, and impede the vortex
channeling is also consistent to the observed low anisotropy of the in-plane J.
observed in the current density map in section 4.2.

H_L tape H || ab
1.6 T T T T T T T T T T T T
64K —=—
L 70K i
15 74K ——
77K ——

14 r 80 K

3./3,(9=60°)

(b)

07 o L
—10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
0 (deg)

(a)

Figure 4.18: (a) Normalized J.(¢) at p1oHapp=2 T and different temperatures for the T-bridge
in MLF configuration. (b) Schematic diagram of the Lorentz force vector acting
on the vortex string when B || ab-planes (¢ = 90°).

A very small trace of vortex channeling was observed at 80 K and it disappeared
at higher temperatures (figure 4.18a). This result agrees with the idea that rectilinear
vortex state persists above a certain temperature T, with a reported value of 80
K for YBCO [4,27]. The channeling minimum also does not appear at low fields
such as below 1.0 T at 77 K in figure 4.17a. Thus, the Lorentz force required for
flux cutting is still larger than the force required to de-pin a vortex line. Note that
the grain boundaries and other isotropic pinning center may pin a segment of the
vortex line inhibiting flux cutting. Therefore, below 1 T at T' = 77 K, the limiting
mechanism for J. near H || ab is governed by pinning in the defects.

4.4.2 J .t at variable Lorentz force

Figure 4.19 illustrates the geometry of the VLF measurements of the T-bridge.
Similar to the in-plane (IP) configuration of the L-bridge, the applied field is rotated
around the plane of the substrate at § = 90°. The force-free configuration, i.e.
ﬁapp | J, is obtained when 6 = 90° and ¢ = 0.

Figure 4.20 shows the in-plane measurement at 77 K at different applied magnetic
fields. In comparison to the IP scans of the L-bridge, the T-bridge has lower
anisotropy. The vortex channeling minimum is again observed around ¢ = 90° for
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Figure 4.20: (a) In-plane Jc-anisotropy measurement at 7' = 77 K and different applied
magnetic fields. (b) Normalized Jc T for a better comparison of the vortex
channeling minima at ¢ = 90°.

the same reason as in the MLF configuration. This minima disappears at lower
fields and occurs only at 80 K and below. As shown in figure 4.21, only a broad
peak appears around ¢ = 60° at T=85 K and T = 77 K with poHapp =0.5 T in
figure 4.20 since under these temperature and field conditions, the vortices are in
their rectilinear state, thus channeling does not occur.

Another interesting behavior observed in the IP measurements of the T-bridge is
the absence of a FF-peak which was expected at ¢=0 in contrast to the prominent
FF-peak observed in a similar IP measurements of the L-bridge discussed in section

4.3.2.

The FF maximum is also not observed in another VLF-configuration with an
angular scan of # at fixed ¢. A data set at ¢ =0, T = 77 K and different fields is
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Figure 4.22: (a) 6-dependence of Je at ¢ =0, T' =77 K and at different applied fields. (b)
Normalized J¢,T for a better comparison of the curves at different fields.

presented in figure 4.22. A monotonous behavior around 6 = 90° occurs instead of
a FF-peak.

The manifestation of vortex channeling in this configuration is the rapid decrease
of J. before the kink at # = 114°. It is found to be best visible at 5 T and decreases
in prominence at lower fields. Again, vortex channeling suppressed the ab-peak
expected at § = 114°. Thus at 5 T, a peak at # = 105° was visible and shifts to
higher 6 as the kink disappears at lower fields. In contrast to results on vicinal
YBCO films reported by J. Durrell et al. [20], where a sharp minimum is visible
at the angle where the vortices lie in the ab-planes, vortex channeling manifests
only as a kink in our data. The vortex channeling minimum is smeared out in our
samples because of the grain-to-grain misalignment of the ab-planes. The same
indication of vortex channeling suppression was also reported in MOCVD/IBAD
tapes with meandering GBs [95].
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Figure 4.23: Geometry of the T-
bridge in VLF configu-
ration showing the sam-
ple unit vectors é1, é
and €3 and the unit vec-
tor é. parallel to the c-
axis in the T-bridge.

ab — planes

Going back to the mechanism that leads to the the absence of an actual peak due
to the FF configuration, one can consider scaling the angle-dependent measurements
according to the angle of I:_iapp and the crystallographic c-axis which is denoted
by ar (see figure 4.23). The expression for ag is derived similarly as ay. In the
geometry of the T-bridge, é. is now expressed as:

é. = é58in 0, + é3 cos b, (4.8)

Therefore, the angle ar can be written as:

ot = cos *[cos ¢ cos(6, — 0)] (4.9)

where 6, is the tilt angle of the crystallographic axes.

Figure 4.24 shows J.1(¢) at different 6, poHapp =5 T and T =77 K, 64 K at
which vortex channeling appears. As 6 increases, the anisotropy of J. decreases and
the minima also broadens. To analyze this data, scaling with a; was implemented
similar to Jcr in section 4.3.2. Both Jc(ar) and Fr(ar) are presented in figure
4.25

Scaling is obtained in the Jc(ar) around the vortex channeling minimum. The
reasonable scaling of the J. values in this angular range implies that the vortex
channeling minimum is, as expected, independent of the out-of-plane component
of the Lorentz force, F |4, which changes with 6 [68] and is only limited by the
parallel component, F ., which is independent of 6 at fixed ar.
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Figure 4.24: ¢-dependence of J¢ with poHapp = 5 T and different 6 at temperatures of (a)
77 K and (b) 64 K.

By plotting Jc(ar) and Fr(ar), the apparent absence of a FF peak in the
Je(¢,0 = 90°) can be more clearly understood as an effect when the rapidly
changing J. around the direction of the ab-planes dominates the behavior owing
to the anisotropy of Je. At 64 K, the monotonic decrease of F, in figure 4.25¢
corresponds to a monotonic increase in J. in figure 4.25a.

Two regimes in ar can then be distinguished that characterize what type of
vortex mechanism is limiting J.. This information can only be accessed by VLF
measurements of the transverse geometry. First, J. in the range of ar around
H || ab (o = 90°) is limited by vortex channeling. The onset angle of field with
respect to the ab-plane, a4, at which the kinked vortex state starts to form can
then be determined to be about 11.7°. This agrees to the predicted onset of the
kinked state of about 11° [20]. Beyond oy (ar < 78° and ag > 102°), rectilinear
vortices form where J. is limited by vortex pinning in the defects. This is also the
regime where the scaling of F71, is expected in accordance to the critical state model.
However, due to the dominance of the sin © term, a rapid decrease of F, in some
range of ar is observed as 6 approaches the IP configuration.

The sets of VLF measurements without a vortex channeling minimum such as
at 85K and 77K with poHapp = 0.5 T are shown in figure 4.26. Similar to the
behavior of the L-bridge, F'1, scales with ar instead of J¢ 1, but only within a certain
range around the H || ab direction (ar = 90°). A FF-peak in the IP scan is not
apparent again as a consequence of J. anisotropy when the field is rotated close to
the ab-planes. However, a peak forms at ¢ = 50°, which shifts towards ¢ = 90° as ¢
decreases. In the corresponding plot of F'L(ar) (figure 4.26e-4.26f), the peak is not
exactly parallel to the ab-planes indicating that maximum pinning is not achieved
exactly in the direction of the ab-planes. Such asymmetry around ar = 90° may
be related to the asymmetric ab-peak in the J¢(¢) at MLF configuration of the
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Figure 4.25: Jc(ap) at poHapp =5 T, (a) T = 64 K and (b) T' = 77 K and the corresponding
Fr(ar) at the same temperatures in (c¢) and (d).

L-bridge, however, further studies must still be done such as identifying additional
tilted defects that may have caused the asymmetry.
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4.5 Summary

In this chapter, the angle-resolved measurements of the critical current density
in GABCO coated conductor deposited on ISD-MgO-buffered templates revealed
an interesting anisotropic behaviour both on longitudinal and transverse current
directions. J.(¢) curves in the longitudinal direction showed broken symmetry
around the ab-peak. At lower fields, the asymmetry is influenced by different surface
texture at the GABCO surface and the faceted GdABCO-MgO interface. The inclined
GBs were not found to enhance pinning even if their orientation is parallel to the

applied field.

Vortex channeling, which is characterized by a suppression of the ab-peak and
appears as a minimum in angle-resolved J., was found in the transverse current
direction at temperatures as high as 77 K. It was observed to be field-dependent. Its
occurrence at 77 K and high fields, which was not reported so far, is a consequence
of the large tilt of the crystallographic axes of the deposited superconducting layer
by this ISD technique and absence of defects that would impede the vortex motion
at the specific field orientation as discussed. The appearance of the channeling
minimum makes J. less anisotropic in the T-bridge than in the L-bridge. The
competing effect of the Lorentz force and the crystallographic anisotropy of GABCO
on J,. at VLF is prominent in this CC due to its large crystallographic tilt and leads
to an absence of an actual peak in the force-free orientation. The suppression of a
vortex channeling minimum at lower fields and at VLF configuration may also be a
consequence of this competing effect in addition to the grain to grain misorientation
of the ab-planes.

Overall, J¢ of the GABCO-ISD CC is limited mainly by the dynamics of vortices
and there is no indication of grain boundary limitation at least in the field and
temperature range of the measurements. Despite the complicated J. anisotropy due
to the tilted growth of the crystallographic axes, this coated conductor architecture
has a good potential for large scale production since J. does not decrease with
increasing thickness, at least up to 7 pm according to reference [23]. The composition
of the layers is also not complicated since the buffer layer is only made up of MgO and
the co-evaporation technique is also a cheaper deposition process. One important
contribution of this thesis is that it has shown how vortex dynamics controls the
anisotropy of J. at every possible field orientation. However, further studies is still
needed such as investigation on CCs with thicker GABCO layer and/or addition of
artificial pinning centers.



52



Chapter 5

Effects of the granular morphology
of coated conductors

Coated conductors are basically granular REBCO materials deposited on a metallic
substrate which are engineered to have a preferential growth direction. Grain
boundaries and grain misorientations are inherent attributes of CCs and are kept
to a minimum in order to avoid their detrimental effects to their current carrying
capacity as discussed in section 2.1. In this chapter, the effects of the granularity of
the YBCO layer on metallic templates especially on RABIiTS NiW are investigated
and its impact on the global J. both through transport and magnetic measurements
will be discussed.

5.1 PLD-YBCO on metallic substrate

5.1.1 Microstructure
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Figure 5.1: EBSD maps of the (¢) YBCO-SS and (d) the YBCO Ni5W samples. The
colored lines denote the GB misorientation angles with the following notation:
Blue —<1.5°, green —>3° and yellow — 6-10°. The scale from white to black
correspond to the misorientation from the ideal cubic texture from 0 to 12°.
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The YBCO layer fabricated by PLD on stainless steel (YBCO-SS) adapts its
texture from the ABAD-YSZ buffer layer and the typical grain size of the deposited
YBCO is less than 1 pm. As shown in the EBSD map in figure 5.1a, the GB angles
of YBCO-SS are less than 1.5° and it has a sharp cubic texture. On the other hand,
the YBCO layer on a NiW template conforms to the texture of the NiW substrate
with grain sizes between 20-80 pm. The GB angles reaches up to 10°. It is also
observed that the degree of misorientation of the crystal structure of the YBCO to
the ideal cubic texture is non-uniform and varies from one grain to another. This
is revealed by the different grain contrasts in the EBSD map in figure 5.1b.

YBCO-Ni5W

(b)

Figure 5.2: (a) SEM image of a bare NiW template. The blue arrows denote the trenches
between grains. (b) SEM image of the surface of YBCO-Ni5W. The red arrows
point to smooth GBs and the yellow arrows denote the grooved GBs. Notice that
the deposited YBCO layer has different porosity and density on each NiW grain.

The variation of the crystallographic orientation of YBCO in each grain can
be attributed to the characteristics of the underlying RABiT substrate. An SEM
image of a bare NiW is shown in figure 5.2a. The picture shows that each grain in
the NiW template has step-like structure similar to the faceted surface observed in
miscut STO substrate and ISD-buffered metallic template as discussed in chapter 4.
The direction of the facetation differs in each grain. Therefore, the deposited YBCO
layer on top grows with varying tilted crystallographic axes, which is reflected
in the misorientation observed in the EBSD maps. The misorientations are only
limited to less that 10°. In the SEM image of the surface of YBCO-Ni5W in figure
5.2b, the GBs also appear either as smooth (denoted by the red arrows) or grooved
(indicated by the yellow arrows) as a consequence of the trenches between two
grains observed in the bare NiW. The local tilt of the c-axis in each grain also leads
to a varying density of the deposited YBCO where one grain can become more
porous than the other. The variation of porosity of YBCO layer with vicinal angle
was also observed in YBCO-mSTO films discussed in section 4.1.1.

Higher magnification images shown in figure 5.3 illustrate that both YBCO-SS
and YBCO-Ni5W have the same shape of YBCO grains and both YBCO layers are
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Figure 5.3: (a) Higher magnification SEM image of the surfaces of (b) YBCO-SS and YBCO-
NiW. In these pictures, the YBCO grain size and porosity are almost the same.

porous. The grain boundaries on top of a NiW grain have 0gg < 3° [71]. With the
columnar growth mode of YBCO by PLD, the grain boundaries formed are usually
planar and maintain almost the same width through its thickness [22,50].

5.1.2 Magnetic field profiles
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Figure 5.4: Remanent field profile of (a) YBCO-NiW and (b) YBCO-SS tape. The Hall
probe-sample distance was approximately 4 pm and the scanning stepwidth are 5
and 4 pm in xz and y-direction, respectively. The white dashed lines correspond
to the positions of the linescans below each map.

As already apparent in the EBSD images of the two YBCO tapes in figure 5.1,
the large granular structure of YBCO-NiW adapted from its RABiTS template
must have particular effects on its magnetic and transport properties. To start
with the magnetic properties, figure 5.4 shows the remanent field profiles at 4 K
of the ~400 pm spot patterned by photolithography and wet chemical etching on
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Figure 5.5: (a) Remanent field profile at 7' =4 K of a 1.5 mm etched spot on YBCO-Ni9W.
The Hall probe-sample distance, d, was 3 pm and the stepwidths, s, and s, were
5 pm. (b) Remanent field profile of a whole 10-mm-width YBCO-Ni5W in LNo.
The scanning parameters were d = 45 pm and sz, sy, = 200 pm. On both images,
the granular morphology of the field profile is depicted independent of the size of
the scanning area and temperature of the measurement.

each of the tape. Both tapes have YBCO layer thickness of about 1.5 pm. Due to
a small bending of the metallic templates, it is hard to keep a constant distance
between the Hall probe and the sample surface. Thus, slight asymmetry is observed
between the two opposite ends of the field profile. The trapped field in YBCO-NiW
is formed into clusters with widths of up to 120 pm, which correspond to groups of
grains that favors local current flow. The strength of the signal of each magnetic
grain varies and some parts of the spot outside the large clusters have very small to
almost zero field. This implies that the underlying microstructure of each YBCO
grain on the NiW template can be correlated to the variation in the local magnetic
signal and formation of magnetic grain. Note that the granularity in the field map
is observed in all PLD-grown tapes on NiW such as in the 1.5-mm etched YBCO
spot with a Ni9at%W (YBCO-Ni9W) and in a 10-mm-width tape measured in
LNs-bath in figure 5.5.

On the other hand, the field profile of YBCO-SS in figure 5.4b is more homoge-
nous compared to YBCO-NiW. In parallel with the structure of the deposited
YBCO layer, this tape has better and more uniform cubic texture than YBCO-NiW,
the grain size of YBCO is less than 1 pym and 6gg < 1.5°. Granularity is not
resolved in the Hall mapping, possibly because the resolution of the measurement
is above the grain size of YBCO. Nevertheless, the shape of the field profile is
more homogenous and comparable to a YBCO-STO sample as shown in figure
5.6. The peak of the trapped field reaches 0.67 T, which is more than three times
larger than the local By, of YBCO-NiW that is about 0.20 T. A slight asymmetry
and dent near the center signify local inhomogeneities such as microcracks, local
nonstoichiometry, precipitates, etc. However, the general shape of the field profiles
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Figure 5.6: (a) Remanent field map of YBCO-STO at T' =4 K. The Hall probe-sample
distance was approximately 5 pm and the scanning stepwidth are 5 and 7 pm in
x and y-direction, respectively. (b) Comparison of the remanent field profile of
YBCO-SS and YBCO-STO at T'=4 K and calculated curves with a constant Jc
and if a field-dependent J. is assumed.

still deviate from the one that can be calculated assuming a homogenous thin film
with constant J. as shown by the dashed blue curve in figure 5.6b. A field dependent

Je in the form of J¢(B) = Jy (1 + é)ﬁ was fitted to the experimental data of J(B)
of a similar sample at 5 K and a self-consistent curve was recalculated and plotted
as the dashed black line in the figure. Incorporating local field dependence of J.
indeed demonstrate broadening of the peak. However, the broadness of the shape
of the experimental curves of YBCO-SS and YBCO-STO are still not replicated
especially at the center where the absence of a steep peak may be due to another
mechanism related to the non-linear flux diffusion as discussed in section 3.3.5.

Linescans of YBCO-NiW in different applied magnetic fields at T" = 4 K are
presented in figure 5.7. The granularity in the profiles remains up to the largest field
of 4 T. At 0.3 T and above, the peak in each cluster decreases with increasing field
as expected for a superconductor under applied magnetic field since this corresponds
to a decrease in J. with field. However, an interesting behavior is observed below
0.3 T. The peaks of some clusters do not follow the monotonic decrease in the
profiles between the remanent state and 0.2 T. This will be further tackled in later
discussions.

As for the YBCO-SS in figure 5.8a, the profile with a peak at the center of the
width is retained and the asymmetry and dent (denoted by the black arrows) are
visible at all fields. The decrease of Bpeax is consistent with the expected decrease
of J. with increasing Happ. When all the experimental data are normalized, as
shown in figure 5.8b, the broadness of the peak at the remanent state and 0.2
T decreases as the field increases. This is a demonstration that indeed the field
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Figure 5.7: (a) Line scans at different applied fields at 7' = 4 K of YBCO-NiW. (a)-(b) Line
scans of two different etched spots measured in decreasing field after ramping
the magnetic field to 5 T. Each measurement from 4 T to the remanent state
(ttoHapp = 0) was taken consecutively. (c) Line scan at the position = 410 pm
in figure 5.4b in decreasing field after applying a field of -2 T. The black dashed
lines in all the images denote the edges of the sample.

dependence of J. alters the shape of the profile at low fields while the peak becomes
less broad as the field increases because the J.(B)-dependence is weaker at higher
fields. A theoretical field profile assuming a constant .J. (dashed blue curve in figrue
5.8b) is fitted to the experimental data at 5 T. The local position around a defect
(denoted by the red arrow) deviates from the theoretical curve as well as the peak
at the center. The deviation from the center is probably an effect of non-linear
flux diffusion which depends on the rate of decrease of E towards the center of the
sample as discussed in section 3.3.5.
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Figure 5.8: (a) Line scans at different applied fields at T' = 4 K of YBCO-SS. The data
presented were taken in decreasing field after ramping the magnetic field to
5T. Each measurement from 4 T to the remanent state (Happ = 0) was taken
consecutively. The dashed lines denote the edges of the sample. (b) Normalized
B(y) to show how the shape of the field profile evolves with field. The blue dashed
curve corresponds to the theoretical field profile assuming a constant Jc. It is
fitted to the data at poHapp = 5 T.

5.1.3 Spatial dependence of J.

The spatial distribution of J. of YBCO-SS that was calculated using the inversion
procedure [49] discussed in section 3.3.4 is shown in figure 5.9. As expected from
the shape of the field profile, the evaluated current flow circulates homogeneously
around the center. The minimum of J.(z,y) at the center is due to the decreasing
E as the area enclosed by the circulating currents becomes infinitesimally small.
The broad peak of the remanent field curve causes the monotonic decrease of the
current from the edges towards the center of the sample as an influence of the
dependence of the local J. to the local B and E. This behavior relaxes at higher
field such as at 1 T shown in figure 5.9b, where a more flat J,. distribution and a
narrower minimum at the center are observed (figure 5.9ba nd 5.9d).

For the YBCO-Ni5W, the granular field profile is caused by an inhomogenous
Je(x,y) and percolative current flow as shown in figure 5.10a. The maximum local
Je of YBCO-Ni5W is about 26 MA /cm? while that of the YBCO-SS is 44 MA /cm?.
With the aim of determining the correlation between the superconducting properties
of the YBCO layer with the microstructure which was adapted from the underlying
NiW template, a comparison between the EBSD mapping and SHPM images was
conducted.

To account for the distortions of the EBSD scans and Hall maps, an SEM image
of the etched spots was first overlapped and aligned with the field map. This
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Figure 5.9: J. map at T =4 K in the (a) remanent state and (b) pHapp = 1 T. The white
dashed line correspond to the linescans in (c¢) and (d).

procedure corrects the rotation and aspect ratio of B(z,y) with respect to the real
geometry provided by SEM. Then, the GBs evaluated from the EBSD maps were
traced on the SEM image of the same spot (see figure 5.10b) and is consequently
overlapped to the field and J. maps. The conducted analysis may still have a
small spatial misalignment between the EBSD and the field maps since only the
apparently best correlation between the field profile, SEM and EBSD images was
chosen. However, a possible rotation of up to 10° and positional variation of + 5pm
does not change the general correlation between the local B, GBs and the shape of
the clusters of grains in the EBSD images. These comparisons enable the analysis
of local properties with B(z,y), J(z,y) and EBSD.

Images of the B(x,y) and Je(z,y) at T = 4 K with overlapped J-vector field and
GBs of a 150-pum spot on YBCO-Ni5W are shown in the upper panel of figure 5.11.
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Figure 5.10: (a) Jc map at T'= 4 K of YBCO-Ni5W. (b) Backscatter electron image of the
surface of the 400-pm spot in YBCO-Ni5W. The colored lines correspond to the
GBs traced from the EBSD map in figure 5.1b. The solid line correspond to
smooth GB while the dashed lines are grooved.

Each line color in the figures pertains to a specific range of g and the smooth
and grooved grain boundaries are drawn as solid and dashed lines, respectively.

There are two main magnetic grain clusters that are visible in the B(z,y) and
they are marked by the blue arrows and numbered 1 and 2. The division between
the clusters have GBs composing of a HAGB (red), a > 6° smooth and a grooved
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Figure 5.11: (a) B(z,y) and (b) Jc(z,y) of a 150-pm spot on YBCO-Ni5W at T' = 4 K. The

colored lines denote the GBs and each color correspond to the following 6ap:
dark blue — Ogp < 1.5°, yellow — Oag = 1.5 — 3°, pink — 0ag = 3 — 6°, white
— g = 6 — 10°. The solid lines and the dashed lines represent smooth and
grooved GBs, respectively. (¢) EBSD maps of the same spot each corresponding
to the misorientation relative to the 001, 010 and 100 fiber texture. (d) BSE

image of the same spot.
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GBs (white lines) and 5° grooved GBs (dashed pink line). However, aside from
the clustering of the grains, an area indicated by the red arrow has a small local
magnetic signal and J.. One must be careful in interpreting the Jc(x,y) of YBCO-
NiW. As discussed in section 3.3.5, J. approaches zero towards the center of a
homogenous sample due to decreasing area enclosed by circulating currents. This
minimum corresponds to a peak in B(z,y). The other areas with reduced J. are
correlated with the reduction of the slope in the field profile and can be considered
as a reasonable representation of local J.

According to the local orientation mapping in the lower panel of figure 5.11, the
area with the largest misorientation from a cubic texture corresponds to the area
with lower B and .J. denoted by the red arrow. Each of the panels of the EBSD
images correspond to deviation from three directions: the rolling (100), transverse
(010) and orthogonal (001) directions of the substrate (see schematic diagram in
figure 5.12a). Using the separated misorientations from each direction, the relative
orientation of two adjacent grains can be deduced and the type of GB can also be
determined.
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Figure 5.12: (a) An EBSD linescan in YBCO-Ni5W. (b) Schematic diagram of the 100, 010
and 001 directions. (c) GB types formed in YBCO films.

To elaborate this, consider a linescan taken across an EBSD map of the YBCO-
Ni5W. The GBs are indicated by the black solid lines and the misorientation angle
from the 001, 010 and 100 directions are indicated by the green, red and blue lines,
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respectively. Based on the EBSD linescans, some grains have two directions with
correlated misalignment. If this occurs, the axis of rotation for the misalignment is
about the third uncorrelated axis. As an example, consider the uppermost panel of
figure 5.12c¢, if the 010 and 001 directions of two adjacent grains are correlated, the
axis of rotation of both the grains is about the 100 direction and the type of GB
is a 100-twist type. Similar analysis is done for the other possibe correlations as
illustrated in figure 5.12¢. In some cases, all the three directions, i.e. 100, 010 and
100, are all misoriented and a GB can be a combination of two types. The diagrams
presented in figure 5.12¢ are the simplest systems that can be deduced from the
results of EBSD linescans and are the ones relevant in CCs. The behavior of the
current density of each type of GB was investigated by Held et al. [47] on bicrystal
samples. They found that the most detrimetal to J. is the 001-tilt boundaries
compared to the 010-tilt and 100-twist boundaries.

Going back to the EBSD maps in figure 5.11, the area marked by the red
arrow has correlated misorientation along 001 and 010, this means that this area
has a local crystallographic tilt of about 8°, similar to vicinal films, which has
caused the low magnetic field signal and .J.. Despite the formation of two main
magnetic clusters being divided by GBs with misorientations of at least 5°, there
are additional interesting behaviors that deviate from expectation. An example
of this is the GB marked by arrow A, which has g > 6° but does not block the
current flow as shown by the J-vector field. Based on the EBSD map, the boundary
is a 100-twist type and it is not grooved as illustrated in the backscatter electron
(BSE) image in figure 5.11d. There are also local areas within the clusters that
have reduced J. such as the grain indicated by arrow B. The local orientation map
shows that such grain actually has good texture with misorientation of only about
2°. However, the BSE image (figure 5.11d) of the grain illustrates that it has a
more porous YBCO layer compared to the surrounding grains. Larger pores are
also formed in the grains of the upper magnetic cluster (#1) that has evidently
smaller J. compared to the lower magnetic cluster (#2).

Similar correlation between the magnetic field, J. and EBSD map is observed in
the larger 400-pm spot despite the more complicated analysis due to its larger area.
An enlarged part of this spot is presented in figure 5.13a-b. Most of the GBs that
affects the current percolation has at least g = 6°. The boundaries are mostly
either blocking the current flow, where the J-vector are directed almost parallel to
the GB, or reduce the current flowing to the adjacent grain. An example of this is
GB 3 marked in figure 5.13b, which has a 9° misorientation angle as shown by the
EBSD linescan in 5.13f. However, it is still not always the case that GBs of at least
6° obstruct the current flow. Some of them, especially those that are not grooved,
does not block the current. The physical characteristics of the deposited YBCO
layer and relative misorientation with respect to the adjacent grain seem to have
more significant effects. A grooved GB, marked with #2 in figure 5.13a and shown
in the SEM image in figure 5.13d is clearly dividing two magnetic grain clusters.
Another grain, marked with #1 in figure 5.13c has a more porous YBCO layer



Effects of the granular morphology of coated conductors 65

30
02 (b) 4s0
400 25
0.15 20T
— ‘= 350 k)
0.1 g, 5 15 §
0.05 > 300 105
0 250 5
200 0
250 300 350 400 450 500 550
X (Lm)
w12 : :
© @ 5w
@| "
S
- ’
5 £ N
8 2 e R
150 200 250 300 350 400 450 500
y (Hm)
O A
0 ® B
Y
e 1
g 4t ]
g ey
.g 2 l
Z, ‘ | | | |
150 200 250 300 350 400 450
y (Hm)

Figure 5.13: (a) B(z,y) and (b) Je(x,y) of a 400-pm spot on YBCO-Ni5W at T' = 4 K. (c)
BSE image of grain 1. (d) SEM picture of GB 2. EBSD linescan along the (c)
line A and (f) line B marked in the Jc map in (b).

relative to the surrounding grains, thus it has lower J. as shown in figure 5.13b. It
also has a tilted crystal structure determined by the EBSD linescan in figure 5.13e.

By conducting simultaneous analysis of the superconducting properties through
magnetic field profiles and local orientation mapping, a few important results
about YBCO-Ni5W coated conductors is attained. First is the big influence of
the underlying texture of the NiW template to the structural and superconducting
properties of the YBCO layer. This leads to a granular magnetic field profile and
percolative current flow. The formation of magnetic grains depends on the GB
misorientation angle and relative misorientation of adjacent grains. Some GBs
with at least 6 of 6° affects the current flow. This value is slightly larger than
the critical angle, 6. found by Verelbeyi, et al. [93] by transport measurements
of bicrystal films. Their value of 6. is 4° and was obtained experimentally as
the onset of exponential dependence of J. with fgg. Feldmann et al. [30], found
the same 6. in PLD-YBCO films on RABiTS Ni substrate through a combined
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magneto-optical imaging and local orientation mapping. They have shown that
with an applied field of 60 mT and temperature of 15 K, magnetic flux starts to
penetrate in the weak linked region with 0qg of at least 4°. However, the limitation
by the 6°-boundaries does not always happen in the case of the YBCO-Ni5W. The
formation of grooves and trenches on boundaries also inhibit the current flow. In
addition, local inhomogeneity in J. is also present due to local vicinality within
each NiW grain.

5.1.4 Transport J.
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Figure 5.14: Field dependence of J¢ at different temperatures for (a) YBCO-SS and (b)
YBCO-Ni5W. The filled symbols correspond to Happ || ¢ and the hollow symbols
correspond to Happ || ab.

Figure 5.14 shows the field dependence of J. of YBCO-SS and YBCO-Ni5W at
temperatures of 40 K, 64 K and 77 K measured by transport measurement. Both
tapes have laser-structured bridges with a width of about 300 pm. The YBCO-SS
has a monotonically decreasing J. with increasing field, when the applied field
is parallel to both the ab-planes and the c-axis. This behavior is expected and
widely observed on different YBCO samples with pure composition [17]. On the
other hand, the YBCO-Ni5W has a peculiar behavior that leads to two different
Je(Happ)-dependences for Happ || ab and Happ || ¢. For Happ || ¢, Je starts with a
stochastic behavior at low fields, which increases in field range as the temperature
decreases (see figure 5.14b). At 7" = 40 K, the stochastic range extends up to 0.2 T
followed by the usual monotonic decrease as the field is increased. For Happ || ab, the
stochastic behavior at low-fields is followed by an increase of J. up to some applied
field, pto Hpeax, and then followed by a monotonic decrease at high fields. The peak
becomes broader and shifts to larger fields as the temperature decreases. Note that
the YBCO-SS has about 9 times larger self-field J. than the YBCO-NibW.
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Figure 5.15: (a) Jc(Happ) in increasing and decreasing field at 7' = 64 K and in two field
directions, Happ || ab and Happ || ¢. The error bars are calculated by obtaining
three consecutive IV-curves at each field. No sample heating was observed during
the measurement. (b) Jc(Happ) at T' = 64 K at different angles the applied field
to the c-axis. By convention, ¢ = 90° and ¢ = 0 corresponds to Happ || ab and
Happ || ¢, respectively.

As shown in figure 5.15a, the peak in J¢(Happ) when the field is parallel to
the ab-planes appears both in the increasing (blue curve) and decreasing field (red
curve) after the sample is zero field cooled. A hysteresis is also observed around
Hpeax and the scatter in J. is larger at smaller fields, i.e. in the range where the
stochastic behavior is observed. When the applied field is tilted away from the
ab-planes (figure 5.15b), the peak becomes narrower and shifts to smaller fields

until it disappears near the direction of the c-axis.

Plots of the angle-dependence of J. at different applied fields and temperatures
of 77 K, 64 K and 40 K are shown in figure 5.16. At 77 K, J. is ¢-independent and
the ab-peak is truncated within an angular range A¢gg. As the field is increased,
the usual anisotropy in J. is observed. At the lowest measurement temperature of
40 K, the Jc(¢) curve at poHapp = 0.2 T is almost ¢-independent over the whole
angular range and fluctuates around the value of Jes. Note that 0.2 T is within
the range when J. has the stochastic behavior in its magnetic field dependence,
indicated by the corresponding red vertical line in figure 5.16d. 0.5 T is within
the field range when J. is increasing and that’s where a finite A¢gg is observed
in Je(¢). For applied fields of 1 T and above, the angle dependence of .J. has its
usual anisotropic behavior.

It is noteworthy to mention that all the experimental VJ-curves at each angle,
field and temperature are well-described by a power law. Data at T' = 40 K and
applied fields of 0, 0.6 T and 5 T are shown on figure 5.17 for Happ || ab. Various
publications have reported a non-Ohmic linear differential (NOLD) behavior in the
VJ-curves due to viscous flux flow of vortices along the GBs [31,55]. However, in
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Figure 5.16: Angle dependence of J. at different applied magnetic fields and temperatures
of (a) 40 K, (b) 64 K and (c) 77 K. The black lines (black data points in the
case of 64 K) indicate the self-field Jc (Jcst) at each temperature. (d) Field
dependence of J¢ at 40 K. The colored lines correspond to the fields of the Jc(¢)
curves in (c).

the present set of data, such NOLD behavior is not observed indicating a probable
dominance of the flux creep in parts of the grains. Alternatively, this may be an

average result from all the percolative flow of the current through the network of
GBs.



69

Effects of the granular morphology of coated conductors
3 :
25 P . .
50T . .
2 r : n
—~ ® -
2 15 b4 .
B P
£ 1t 3 L Figure 5.17: VJ curves at 7' = 40 K and fields of 0,
7 o5l & = 0.6 and 5 T when Happ || ab.
OIW

-0.5

0 051 15 2 25 3 35 4 45
J(MA/cm?)

5.1.5 Magnetic field profiles in the direction of H,,, || ab

The peculiar behaviors in the field dependence and anisotropy of J. in YBCO-Ni5W,
which are absent in the YBCO-SS, are effects of its strong granularity manifested
in the magnetic field mapping. To further examine the occurence of the peak in
Je(Happ) in the direction of the ab-planes, magnetic field profiles were measured
using the SHPM with the field applied nearly parallel to the surface of the substrate.

‘z

~ X

Happ

Y Figure 5.18: Schematic diagram of the
SHPM  configuration for

Figure 5.18 illustrates a schematic diagram of the configuration of the SHPM
measurement. The sample rod was placed inside a He gas flow cryostat with a
split-coil 6 T magnet. In principle, the magnetic field is applied approximately
parallel to the substrate surface while the field detected by the Hall probe is along
the z-axis. In a real system, it is almost impossible and not desirable to achieve the
configuration where the applied field is parallel to the ab-planes or to the substrate
surface because the NiW tape has an intrinsic bending. There is an estimated
tilt of about 3° between the applied field and the sample surface. This value was
obtained by taking the z-position where the Hall probe is in contact to the sample
surface on two opposite ends of the measured area. The small tilt becomes an
advantage for the measurement because it allowed a finite value of penetration
field for this configuration. The value of H* for thin films varies according to

the angle between the applied field and the direction normal to the sample, 6, as
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H* =~ J.d/cosf. Therefore, for a typical value of Jegr at 40 K of 2.5 MA /cm?
(this value was taken from the transport measurement), one can expect H*% to
be about 0.9 T. In the trapped field profile with Happ || ¢, typical values of the
local field along the boundaries is about 20-40 mT (refer to figure 5.20a), this
corresponds to a penetration field when Happ is 3° away from the surface of the tape
as: Hpear/ cos(87°) ~ 0.4 — 0.8 T which is well within the range of the expected
value from transport measurement.

025T
05T
0.75T
10T ——
1257 ——
15T
175T ——
20T
25T —=—
275T —=—
30T ——

BBy (MT)

0 100 200 300 400 500
y (Hm)

B-Bp (T

Figure 5.19: Linescans across the center of a 400-pm spot at 40 K after zero-field cooling.
The applied magnetic field was ramped up to 3.0 T, taking a linescan at each
magnetic fields. The stepwidth was 2 ym. The Hall probe was moved at a
constant distance across the diameter and the asymmetry at the two opposite
ends is due to the inclination of the surface of the sample, which is about 2 pm
away from the Hall probe at one end and 10 pm away on the other end. (b)
The remanent field profile of the same spot when the field is applied parallel to
the c-axis. (c) In-field linescans that correspond to the dashed white line in (b).
The black arrows correspond to a NiW GB with g = 9° found in the EBSD
image that divides two magnetic grains.

In figure 5.19a, a linescan across the center of the 400-pm spot at 40 K and
different o Happ is presented after zero-field cooling. It can be observed that as
the field increases from zero to 0.5 T, a plateau-like profile forms. At 0.75 T and
above, two peaks and a boundary at the center of the profile becomes visible. This
boundary corresponds to the NiW GB with g = 9° that divides two magnetic
grains. At 2.0 T and above, the field profile is fully formed and B starts to decrease.
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Figure 5.20: Comparison of the field profiles measured by SHPM when the field is applied
parallel to the two main crystallographic direction in (a) remanent state and (b)
with an applied field of 3 T.

Comparisons of the field profiles when Happ || ab and Happ || ¢ are shown in
figure 5.20. The linescans were taken at approximately similar positions denoted
by the white dashed line in figure 5.19b. The distance between the Hall probe and
the sample surface of the measurements was about 4 pm. The profile with Happ || ¢
is strikingly more granular than with Happ || ab. The dip at the center of the
remanent field for Happ || ab (figure 5.20a), which corresponds to the 9° boundary
does not appear. Although this may signify that the applied field of 3 T prior to
the measurement of the remanent field is not enough to fully penetrate and reverse
the field profile of a magnetic cluster. As observed in figure 5.20a, a magnetic grain
at Happ || ¢ has a peak value of 0.085 T which corresponds to an H* of 1.6 T and
2H* of 3.2 T. The previously estimated H* of 0.9 T corresponds to J. which is
limited by the GBs and this is consistent to the appearance of a dip at the center of
the field profile (figure 5.19a) starting at 0.75 T. Nevertheless, even by comparing
the profiles with an applied field of 3 T (figure 5.20b), the linescan with Happ || ¢
is evidently more granular.! The difference in the degree of granularity between
the two field directions is quite unexpected if one considers that the intragranular
current is larger than the intergranular current at least in the remanent state where
Jc is limited by the GB in both directions.

Linescans taken subsequently from -3 T to +5 T and back to -2 T (marked by
the arrows) after applying a magnetic field of -5 T are shown in figure 5.21. The
value of the peak in each profile is plotted as a function of the applied field and is
presented by the blue curve in the largest panel of figure 5.21. The profile with

'The compared data in figure 5.20b refer to different temperatures due to unavailability of the linescan
at 3 T and 40 K for Happ || ¢. However, the granular morphology is not expected to be different
between 4 K and 40 K as confirmed by other set of experimental data.
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Figure 5.21: The five plots of B — B,pp(x) numbered between 1-5 are linescans across the
center of the same circular spot on YBCO-Ni5W. After the sample was zero
field cooled, linescans were obtained from -3 T to +5 T and back to -2 T. The
peak of the in-field profiles is plotted as a function of the applied field. The
sequence of the applied fields are denoted by the direction of the arrows.

o Happ=-3 T(panel 1) is not in a fully-reversed state yet as well as the profiles of
3 T and 4 T in panel 4. Therefore, Bpeax of these curves is omitted in the plot of
Bpeak (Happ)-

One interesting feature of these sequence of B(x) curves is the increasing Bpeak
from zero to 0.9 T in panel 2 and from zero to -0.8 T in panel 5 while a monotonic
decrease of Bpeax With field is observed in decreasing field.

The increasing Bpeax in the increasing field segment has a direct correlation
with the peak observed in the J¢(H app)-dependence from transport measurements.
Both occur at a similar range in Happ i.e. zero to 1 T. Note that the samples used
in SHPM and in the transport measurements are not from the same piece but
were prepared with similar deposition conditions on the same substrate. Therefore,
the non-monotonic behavior of Je(Happ) is indeed related to the granularity in
YBCO-Ni5W. A possible mechanism in relation to vortices will be discussed in the
next section.
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These SHPM measurements with field applied roughly parallel to the ab-planes
are done for the first time. It is demonstrated that a difference can be observed
between the granularity of the field profile when Happ is oriented parallel to the
c-axis or to the ab-planes. The evolution of the profiles with field were also found
to have an interesting behavior. However, the mechanism governing such peculiar
behaviors is beyond the scope of this thesis and further studies must still be done
in order to gain more insight on this type of SHPM measurement configuration.

5.1.6 Non-monotonic J.(B) behavior

The occurrence of a peak in J(Happ) has already been observed and reported in
various publications. One of them is in a system with columnar pinning centers
(CPC). When the applied field is oriented parallel to the CPCs, the peak in J¢
occurs at the matching field, Bg, where the density of the pinning centers is equal to
the density of the vortices such that each columnar defect has one pinned vortex [13].
Therefore, matching field effects must be temperature independent. However, this
is not the case in the observed data and the pinning centers parallel to the ab-planes
are either the ab-planes or stacking faults, which have large density and would lead
to very high matching fields, larger than the Happ where the peak occurs in the
data.

A peak on the decreasing field branch of the irreversible magnetization was
observed by A. Palau, et. al. [72] and has been explained according to the elec-
tromagnetic granularity of HT'S films on metallic templates. The local magnetic
field, Hyo., at the GBs is expressed as a vector sum of the applied field, Happ, and
the return field induced by the magnetic induction in each individual grain, Heqge,
such that: Hige=Happ + Heqge. On the decreasing field branch of the magnetization
loops, Happ and Heqge have opposite directions. Therefore, the appearance of the
peak is due to an approximately zero net field at the GBs when the return field
from the trapped flux in the grains and the applied fields are approximately equal.
This leads to a maximum of J.%B at non-zero Happ. This was also observed in
transport measurements by A. Gapud, et al. [36]. However, in the case of the data
observed in the YBCO-Ni5W, the peak in J¢(Happ) in transport measurements
occurs both when the field is increased and decreased and does not depend on the
history of the applied field. Therefore, the model by A. Palau does not explain the
experimental data.

A plausible mechanism for the behavior of the PLD-grown YBCO on RABITS
NiW is according to a model proposed by A. Gurevitch and L. Cooley [37]. The
observed non-monotonic behavior in J¢(B) is explained as a consequence of magnetic
interaction between Abrikosov (A) vortices and vortices residing in planar defects.
Such planar defects must not necessarily block the current flow and cause decoupling
of grains. A network of low angle grain boundaries (0gg < 10° [22]) is a perfect
example for this system since LAGBs consist of an array of dislocation cores and
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Abrikosov Josephson
vortex

Figure 5.22: Representation of an Abrikosov Joseph-
son (AJ) vortex in a planar defect along
the zy-plane.

planar defect
i.e. grain boundary

strained superconducting channels that leads to suppression of the superconducting
order parameter [28]. However, the dislocation cores do not overlap in the boundary
yet unlike Josephson junctions. The weak link nature of LAGBs causes a distortion
of the circulating current of a vortex lying in the boundary. Using the non-local
Josephson equations which accounts for a local variation of the phase ¢ across a
weak link, A. Gurevich [37,38] has derived the field distribution when an Abrikosov
vortex interacts with a planar defect.

Consider a LAGB lying on the xy-plane as shown in figure 5.22. When a vortex
is localized in it, the characteristic length of the vortex core parallel to the y-axis
has some length [ while it takes the length £ in the z-direction such that { > £. This
vortex structure is referred to as Abrikosov-Josephson (AJ) vortex. AJ vortices are
pinned more weakly than the A vortices due to their larger dimension parallel to
the planar defect.

Implementing the Gurevich model on the planar GBs in PLD-grown samples,
the pinning force on an AJ vortex parallel to the plane of the defect (along the
xy-plane in figure 5.22) can be written as a sum of two contributions:

fes = fot+ fi (5.1)

where f, refers to pinning due to the inhomogeneities in the GB and f; refers to
effective pinning due to the interaction of the AJ vortices with the A vortices inside
the grains.

The contribution f;, is derived by A. Gurevitch by considering the energy gain
in the AJ vortex core as it is moved from an inhomogeneity of length L and is
expressed as:

o, \> ol
u= (Am) 1o(L? + 12) (52)
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where o characterizes the degree of inhomogeneity of current density in the GB
(Je), i.e. & = 67./(je). The contribution from f; is determined from the minimum
gradient of the A vortex energy along the defect.

fi — w (53)

dma

where a is the spacing between A vortices, a = (®,/B)"/?, and (§H?) is the mean
dispersion relation of the quasi-periodic fluctuation of the local field in the flux

line structure and was derived by P. Pincus, et al. [74] as (§H?) = ®2/(16p273\*).

Therefore, f; is finally expressed as:

®o B 1/2
fi= A2 N\2 (71'(1)0) (5-4)

By equations 5.1, 5.2 and 5.4, the total pinning force on an AJ vortex parallel
to the GB is:

o2 ol B
— ° 5.5
Jan 1672 11, A2 <L2 + (2 + \ 7T<I>O> (5.5)

By taking the derived pinning force on an AJ vortex in equation 5.5 to be equal
to the Lorentz force per unit length, fi,, the critical current density of the GB,
JGB s expressed as fi, = Gfap = JP®,, where G is a constant depending on
the relative orientation of the magnetic flux to the current flow. For simplicity we
can take G=1, therefore, J.OB is written as:

B
CGB = J, 1 e )
J J. < + Bs> (5.6)

where:

ad, L

Jo =
o (4mA)2 (L2 + 12)
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7®, 02>

Equation 5.6 convey that the second term, which represents the increase in J.
with B can occur due to the interaction of the A vortices in the grains and AJ

vortices along the GB.
grains ) AJ segment 7 é
1 A
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Figure 5.23: (a) Schematic of current flow on YBCO-Ni5W. (b) Diagram of an AJ-vortex
lying in the GB when Happ || ¢ and (¢) when Happ || ab.

The non-monotonic behavior of J¢(B) that is explained by the Gurevich model
was reported by Kim et al. [54] and Cai et al. [9] in bi-crystal samples and Cantoni
et al. [10] in YBCO films on vicinal STO substrate with a network of anti-phase
boundaries. Their samples are relatively simple systems where it is easy to visualize
how the field would be oriented with respect to the current flow, the planar defect
and the crystallographic orientation of YBCO. In all of these reports, the applied
field is oriented perpendicular to the macroscopic surface of the films. However, the
morphology of YBCO-Ni5W is much more complicated. Pulsed laser deposition
of YBCO leads to formation of planar GBs across the whole layer thickness and
irregularly shaped grains if viewed from the top of its surface. Recall that according
to the result of the spatial distribution of J. and local orientation mapping in
section 5.1.3, the magnetic grains enclose GBs with misorientation angles less than
6°, or even higher. In transport measurements, narrowing the width of the bridge
down to 300 pm (see figure 5.23a) causes a higher probability that the current
passes only through a single to a few GBs. The whole length of the penetrating
flux at B || ¢ or part of its length towards the B || ab direction may lie along a GB
that becomes a channel for weakly pinned segments of an AJ vortex. This would
therefore limit J. within a particular range of Happ.

The non-monotonic dependence of J.(B) measured by transport measurements
can be divided into two regions: The first region occurs below Hpea where Je is
limited by the GBs considering the dynamics of the AJ vortices confined in the
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GBs. The region above Hpea corresponds to Je limitation by vortex pinning in the

grains.
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Figure 5.24: Field dependence of Jc of YBCO-NibW in Happ || ab and Happ || ¢ at tempera-
tures of (a) 40 K, (b) 64 K and (c) 77 K. The symbols correspond to data while

the solid lines are the fits from equations 5.6 and 5.9.

Therefore, equation 5.6 is fitted to the range where an increase in J. is observed.
The Anderson-Kim model for the field dependence of J:

Jo(B) = J.(0) (1 + go)a (5.9)

is fitted above Hpeax. The data together with the fitting curves are shown in figure
5.24. The fitting parameters are given in table 5.1.

Table 5.1: Fitting parameters for fits of J.%(B) and J.5B(B) to data at 40 K, 64 K and 77
K.
T (K) Bi(T) Jo(A/m?) Je(0) (A/m?) B[l c | ab], (T) B[] ¢ | ab]
40 0.56  1.602 x 10*° 6.5 x 1010 0.030, 2.6151 -0.44, -0.85
64 0.21 0.62 x 10 3.6 x 10%° 0.01,0.68 -0.47, -0.74
7 0.15 0.27 x 1010 1.06 x 1010 0.024, 2.76 -0.623, -1.66

The parameters Bg and J, in equations 5.8 and 5.7 are both dependent on the
characteristics of the GB. A. Gurevitch has interpreted By as the minimum field at
which fgp is determined by shear flux pinning. On the other hand, the parameter
J, is defined in this work as the current density at B = 0 if the mechanism is purely
determined by AJ flux lines penetrating along the GB. However, the values of J,
do not exactly coincide with J¢(Happ = 0) in the experimental data as shown in
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F

figure 5.14b. At very low fields, a stochastic variation in J. is observed, which
is probably due to strong percolation of currents since more grains are basically
“decoupled" in this field range. The values of 3, which is the exponent of the field
term in equation 5.9 are similar to the values obtained by C. Senatore, et al. [85]
for different coated conductors.
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Using equations 5.8 and 5.7, experimental values of the penetration depth Aexp
can be calculated. The values at 40 K, 64 K and 77 K are 155 nm, 197 nm and 273
nm, respectively and are plotted in figure 5.25. A temperature dependent function
given by

.
Moo (T) = Ay (0) [1 _ (T) ] (5.10)
is fitted to the experimental data. With T'c = 90.5 K, the fitting parameters Aex,(0)
and b are 133 nm and 1.7, respectively. For a d-wave superconductor, b takes a
value of 4/3 [76]. Assuming A(0) = 150 nm [60], a predicted curve is shown as the
blue-dashed plot in figure 5.25. If the parameter b is fixed to 4/3, the fit to the
experimental data returns Aex,(0) = 121 nm and is plotted as the green dot-dashed
curve in the figure. The value of A(0) is generally a quantity that is difficult to
determine. It is usually extrapolated from experimental data obtained by muon
spin resonance (SR) and radio frequency oscillator methods. Its value ranges from
135 [97] - 155 nm [77,90]. Therefore, the experimental values determined from the
fitting parameters are within an acceptable range for YBCO.

Since the appearance of a peak in J¢(B) of YBCO-NibW at Happ || ab shows
a transition from a GB-limited regime to grain-limited regime, one can interpret
Hpeax to correspond to the point at which J.G is approximately equal to J.5B.
Therefore, an expression for Hpeax can be derived as:



Effects of the granular morphology of coated conductors 79
Hpeax
JE~ T, (1 pea 5.11
( +y e ) (5.11)
G 2 G 2
H i o< H <‘{] — 1> — H, <JC (@) _ 1) (5.12)

As follows from equation 5.12, Hpe is proportional to J.%. Since J© is
anisotropic with respect to the direction of ﬁapp, it is expected that Hpeax shifts
towards smaller field as the direction of the c-axis is approached. This is indeed
the case in the experimental data in figure 5.15b. The increasing segment of J¢(B)
merges into one curve while the onset of the intra-grain dominated field range
decreases rapidly as ¢ — 0°. This means that B; and J, are constant even if
the direction of Happ is varied around the GB. The parameters characterizing the
inhomogeneities such as a and L may be constant as well. Therefore, in the simplest
case, we can take the shift of Hpeax to be solely influenced by the anisotropy of Jc©.

The function Hpeax(¢) proposed in equation 5.12 can be compared to experi-
mental data from figure 5.15b if an anisotropic J.%(¢) is assumed. As an initial
approximation, Blatter’s anisotropic scaling approach [6] is used such that J.© is
written as:

J& = Je(e(p)H) x J& (B = 0)e(p)™ (5.13)

where €(¢) = \/ cos? ¢ +y~2sin? ¢, 7 is the anisotropy parameter and m is the
slope of J¢ as a function of the effective field, Hoy = €(¢)H. The plot of Je(He)
and the corresponding Jc(¢) with the Blatter scaling for the data set at T = 64 K
of YBCO-Ni5W is presented in figure 5.26.

However, Blatter’s scaling approach does not take into account correlated defects,
especially those that are parallel to the ab-plane that cause sharper ab-peaks and
larger J. anisotropy, i.e. Jc(¢p = 90°)/Jc(¢ = 0°). Thus, a practical fit function for
Je(¢) is implemented in order to account for the ab-peak that is typical for CCs
with intrinsic pinning and stacking faults parallel to the ab-planes. Based on the
method by N. Long [51,62], Jc(¢) can be described as:

Jc(gb) = ‘]C7HappHC sp(w, gb) (5.14)

The angle-dependent parameter €,(w, ¢) is written as:
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Figure 5.26: (a) Jc as a function of Heg = £(¢). (b) ¢-dependence of Jc. Symbols show the
data while the solid lines are calculation of J¢(¢) according to Blatter scaling.
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g,(w, @) = (cos® ¢ + w?sin® ¢)_% (5.15)

where w and p are fitting parameters.

Figure 5.27 shows the result of fitting the experimental data at 64 K and
1 T with equation 5.14. After obtaining w and p, J.%(¢) is then expressed as:
JE(B = 0)ey(w, )

The result of Hpeax(¢) and the experimental data at 64 K are shown in figure
5.28a. A prediction from the Gurevitch model is also shown as the blue curve.
According to A. Gurevitch, the increase in J¢(B) occurs as long as He; < Happ < Hg,
where Hy refers to the field at which the AJ vortices overlap:
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Figure 5.28: Dependence of Hpeax on the angle ¢. The data points are from experimental
data while the lines are those predicted by Gurevitch model, Blatter scaling and
practical fit for Jc(¢).

P (jc)
Hyq~ TR (jd) Hes. (5.16)
where j. and jq are the GB current density and depairing current density, respec-
tively. Cantoni et al. [10] has pointed out that Bpe.x in Jo(B) must agree with the
value of Hy as in the case of their data. Therefore, the angular-dependence of Hy
would be dominated by the anisotropy of Hc. However, as shown in figure 5.28,
such a dependence deviates from the steep decrease of Hpeax near the direction
of the ab-planes. On the other hand, the practical fit for Jc(¢) leads to a better
agreement to the experimental data than the Blatter scaling approach as shown in
the figure because the sharpness of the ab-peak is better accounted by equation
5.15. The temperature dependence of the peak, which shifts to lower fields as T’
increases, also agrees to the predicted curve using the practical fit function in figure
5.29b. This work does not aim to validate and discuss the physical meaning of
the fitting parameters in the practical fit function given by equation 5.15, but one
important implication of these results is that the good agreement between the data
and the behavior of Hpeax(¢) according to the practical fit function demonstrates
that the appearance of the peak in J¢(B) is a consequence of the transition between
the GB-limited regime, where the increasing .J. is governed by the dynamics of
flux lines in the GBs and the grain-limited regime where the limitation to J. is
due to the vortices in the grains. The peak in J¢(B) shifts to higher fields as Happ
approaches the direction of the ab-planes because J.& decreases more slowly with
increasing field than in the direction of Happ || ¢. This is also manifested in the
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behavior of the peak in the trapped magnetic field with increasing applied field
extracted from the field profiles obtained by SHPM as shown in figure 5.29.
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Figure 5.29: Maximum trapped magnetic field (Bpcak) obtained from in-field linescans across
the YBCO-Ni5W for two field directions: (a) Happ || ¢ at T = 4 K and (b)
Hoapp || ab at T = 40 K. The insets show the actual linescans.

Figure 5.29a shows that even at a lower temperature of 4 K, the onset of
the rapid decrease of Bpeax occurs at a lower field in the Happ || ¢ configuration
compared to the measurements with Happ || ab. In figure 5.29b an increase in Bpeax
is observed below 1 T before the decrease in Bpeax begins.

5.2 PLD-YBCO with secondary phases

The addition of secondary phases to form artificial pinning centers has been a
common practice to enhance J. especially in applied fields. In addition to the
enhancement in pinning, it is also found in the spatial J. distribution of YBCO-
Ni5W, YBCO+BHO-Ni5W and YBCO+BYNTO-Ni5W presented in figure 5.30a
that the electromagnetic granularity is also influenced by BHO and BYNTO doping.
The inhomogeneity in Jc(x, y) is reduced in the doped samples. In the corresponding
field dependence of the transport J. (figure 5.30b-5.30c), the peak when Happ || ab
is also found at smaller fields in the BYNTO-doped sample and is almost absent in
the BHO-doped tape. The transport data presented are from a 300 pm-wide bridge
patterned on the samples used for the J. maps shown in figure 5.30a. J¢gf of the
YBCO+BHO-Ni5W is two times larger than in the pure and BYNTO-doped tapes
and J. remains highest up to 5 T in both main orientations. Possible effects of
BHO and BYNTO additions on pinning will be discussed in the next chapter.
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Figure 5.31:

SEM images of the cross-
sections of YBCO-Ni5W and
YBCO9+6BHO-Ni5W. The
red and blue arrows indicate
the Y203 and pores, respec-
tively.

Exploring the possibility of doping the YBCO layer to enhance the GB properties
to increase the global critical current density has been explored in the past [50].
However, for the case of BYNTO and BHO doping, the mechanism of how these
secondary phases affect the microstructure and the GB properties is still an ongoing
study and is beyond the scope of this thesis. What is known so far by comparing
the SEM images of the cross-section of a pure and BHO doped samples is that
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a doped film has refined Y503 nanoparticles, smoother surface and less pores as
shown in figure 5.31 [86]. The improved microstructure in the BHO-doped films
is consistent to the higher J. and less granular magnetic field profile found by
transport and SHPM.
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Figure 5.32: Field dependence of J¢ for Happ || ab at temperatures of 40 K 64 K and 77 K.
The symbols correspond to data while the solid lines are the fits to equations
5.6 and 5.9.

J9B predicted by A. Gurevitch (equation 5.6) was fitted to the increasing J.
segment of the YBCO+BYNTO-Ni5W sample. The penetration depth A, which
is a material-dependent property determined by the density of superconducting
charged carriers, was taken from YBCO-Ni5W and the factor F = #&%% was
extracted from the fit instead of taking J, directly as a fitting parameter. Due
to an almost absent peak in the YBCO+BHO-Ni5W sample and at 77 K of the
BYNTO-doped tape, only equation 5.9 is fitted to the experimental data. The
fitting parameters of YBCO+BYNTO-Ni5W and YBCO+BHO-Ni5W are given in
table 5.2 and 5.3, respectively. The values of the field exponent, 3, are consistent
with typical values obtained from various CCs [85].

Table 5.2: Fitting parameters from J.%(B) and J.%B(B) to data of YBCO+5BYNTO-Ni5W
at 40 K, 64 K and 77 K.

T (K) Bi(T) Jo(A/m?) Je(0) (A/m?) Bo|| ab], (T) BI|| ab]
40 337 35x10°  50x100 3.0 -0.5
64 2242 1.6x10°  1.9x10" 2.6 1.1
77 - - 0.8 x 1010 1.6 -1.3
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Table 5.3: Fitting parameters from J.%(B) and J.%B(B) to data of YBCO-+5BHO-Ni5W at
40 K, 64 K and 77 K.

T (K) Je(0) (A/m?) B,[|| ab], (T) B[] ab]

40 8.0 x 10 2.8 -0.4
64 3.2 x 101 1.1 -0.9
77 1.4 x 1010 0.6 -1.0

For the BYNTO-doped sample, the values of By and F are higher compared
to those acquired from the pure YBCO (see table 5.1). The value of F for pure
YBCO is 3.85 x 107* A, 2.41 x 107* A and 2.01 x 107* A for 40 K, 64 K and 77 K,
respectively. From equation 5.8, By is proportional to the square of o — a quantity
that refers to the degree of inhomogeneity of the GB and can only have a maximum
value of 1, which would correspond to a homogeneous boundary. Therefore, the
higher value of By in YBCO+BYNTO-Ni5W is consistent to the improvement
of its granular properties observed from Hall mapping and the reduction of the
Bpeax as well. The stochastic behavior of J. at low fields is not visible in the
doped-samples, so J, from YBCO+5BYNTO-NibW sample is approximately equal
to the the self-field J. at each temperature and this is an additional indication of
an improved connection between grains.

YrosT ®r 05T

€ € % 40 K
R 40K R
< <
= =3
7 15t N
i | 2 r 1
! 64 K . 64 K
05 e 1 1r 1
o 77K 0 cat 77K
0 90 180 0 90 180
¢ (deg) ¢ (deg)
(a) YBCO+5BYNTO-Ni5W (b) YBCO-+5BHO-Ni5W

Figure 5.33: ¢-dependence of J¢ at 40 K, 64 K and 77 K. The solid lines denote the self-field
Jc at each temperature. Hollow and filled symboled correspond to -0.5 T and

4+0.5 T, respectively.

The angular-dependence of J. of the BYNTO- and BHO-doped films is shown
in figure 5.33 with an applied field of 0.5 T at 40 K, 64 K and 77 K. Similar to
YBCO-Ni5W, a field-independent J. forms near ¢ = 90° which indicates that J.
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is limited by the dynamics of AJ vortices in the GBs. At 40 K, a reversal in the
shape of the ab-peak is observed in YBCO+5BYNTO-Ni5W sample and a decrease
in the peak height in YBCO+5BHO-Ni5W when the direction of the applied field
is reversed. This may indicate that surface pinning effect also comes into play in
the net pinning force on the AJ vortices.

5.3 CSD-YBCO on RABITS NiwW

Coated conductors with YBCO layer grown by chemical solution deposition (CSD)
technique are interesting because the structure of the GBs is different from the
PLD-grown films. In addition to this, an all-CSD route can become more cost-
effective compared to deposition techniques that need vacuum system like PLD. A
TEM image from the cross-section of the CSD-YBCO-Ni5W sample is shown on
figure 5.34a. The GBs are found to meander through the thickness of the YBCO
layer. The texture of the underlying NiW is not necessarily transferred directly
to the YBCO layer on top as shown by the difference in contrast between one
grain of the YBCO layer and the NiW grain directly beneath it (upper panel of
figure 5.34a). Correspondingly, there is no noticeable trace of the NiW grain on
the surface of the CSD-YBCO film as shown in the SEM image in figure 5.34b.
Recall that the YBCO-Ni5W sample has visible grooves and boundaries on its
surface as a direct consequence of the underlying morphology of the NiW template
(figure 5.2b). These features are not observed in the CSD-grown tape. In addition,
high magnification SEM image of CSD-YBCO film shows a more loosely packed
YBCO layer with higher density but smaller pores compared with PLD-YBCO as
illustrated in figure 5.34c.

5.3.1 Magnetic field profile

The remanent field profiles and current distributions in LN2-bath of CSD-YBCO
on NibW and Ni9W templates are shown in figure 5.35. The YBCO layer is
inhomogenous but not as granular as the profiles of PLD-YBCO. Planar anisotropy
in J. of the CSD-YBCO-Ni9W tape is observed where J. in the rolling direction
(longitudinal, L) is larger than in the transverse (T) direction. This indicates that
the YBCO grain grows longer in the L direction rendering a shorter length in the
T direction, which is expected due to a laminar growth mode of chemical solution
deposition.

The inhomogeneity in the field profile is further seen in the higher resolution
Hall mappings at 4 K shown in figure 5.36. Traces of granularity appear as peaks
in the linescans in figure 5.36b-c with an envelope of a global Je-profile. The same
shape of B(y) is observed up to 4 T and temperatures of 4 K and 40 K.
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(b)

(a)
(c)
Figure 5.34: (a) TEM images from the cross-section of CSD-YBCO-Ni5W. The yellow
dashed curves denote the meandering grain boundaries. The red arrows in the
lower panel indicate Y2Os3 precipitates. (b) SEM image of the surface. (b)
Higher magnification SEM images of PLD-YBCO-Ni5W and CSD-YBCO-Ni5W
samples.

5.3.2 Transport J.

The field dependence of J. obtained by transport measurement at temperatures of
77 K, 64 K and 40 K are shown in figure 5.37. The width of the bridge patterned on
the tape is about 230 pm. The peak in Jo(B) for Happ || ab found in the PLD-grown
tape (section 5.1.4) also appears in the CSD-grown sample but it is shifted to
very low fields, i.e. 0.12 T at 40 K, and further to lower field as the temperature
increases as shown by the insets in figure 5.37a-5.37b. The field-independent range
is also absent and a monotonic decrease in J. is observed in the Happ || ¢ direction.

In agreement with the behavior of J(Happ), the angle-dependence of J. in MLF
presented in figure 5.38 therefore shows the usual Je-anisotropy having a large peak
parallel to the ab-planes which is caused by enhanced pinning either by the stacking
faults at 77 K or intrinsic pinning as the temperature decreases to 64 K and 40
K. The small peak in Jo(Happ) at 40 K therefore causes J. to be slightly larger in
a small range in ¢ around H || ab for Happ = 0.2 T than at self-field, but the flat,
¢-independent J. observed in PLD-grown tapes is suppressed.

The reduced granularity such as the non-monotonic J¢(B) and the ¢-independent
Je in the CSD-grown tape is consistent with its less granular morphology observed
in the magnetic field and J. distributions. Unlike PLD-grown tapes where the
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Figure 5.38: Angle dependence of J¢ at (a) T=77 K, (b) T=64 K and (c) T=40 K at different
fields.

GBs are planar and the texture of the NiW grain is directly transferred to the
YBCO layer, the meandering GBs in the CSD-grown tape effectively enhance the
connectivity between grains. As shown in the SEM images in figure 5.34, the
boundaries between misaligned grains that appears as grooved GBs are not visible
in the CSD-tapes. Both of the results in the magnetic field mapping and transport
Je measurements signify that current transport is enhanced through the meandering
of the grain boundaries in the CSD-grown tapes.
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5.4 Summary

In this chapter, the influence of the granular morphology of the YBCO layer on
metallic substrates was discussed. One of the most important results in this chapter
is obtained from pulsed laser deposited YBCO on RABiTS NiW, which has turned
out to have a more prominent granularity than PLD-YBCO on ABAD-YSZ-buffered
stainless steel, as inferred from SHPM images. The granular texture of the NiW
template, which is directly transferred to the YBCO layer by PLD, was found to
result in a very inhomogenous current. Some GBs with misorientation angle of
at least 6° obstruct the current flow. However, this is not always the case. The
morphology of the boundaries causes also significant effect on current percolation.
Grooved boundaries formed above the trenches between NiW grains inhibit current
flow as well. Varying porosity of the YBCO layer on top of each NiW grain also
causes a local variation in Je.

The granular behavior observed in the field maps has a direct influence on
the corresponding transport properties. A transition from grain-boundary limited
regime to grain-limited regime was observed in the field-dependence of J.. It was
shown for the first time, that the mechanism governed by the dynamics of the
Abrikosov-Josephson vortices in the GB is effective up to a few Tesla at 40 K and
likely to even larger fields at lower temperatures.

By the addition of BHO and BYNTO phases and by taking the CSD route for
the growth of the YBCO layer, the granularity is less and J. is improved. These are
promising solutions to suppress the detrimental effects of the granular morphology
to the performance of REBCO coated conductors on RABITS template. Although
further studies are still needed especially on the effects of the secondary phases in
the PLD-route of YBCO on NiW substrate.



Chapter 6

Jc-enhancement by artificial pinning
centers

One of the most important objectives for the viability of coated conductors for
applications is to further enhance its critical current especially at high magnetic
fields and at lower operating temperatures (< 77 K). This can be achieved by
addition of secondary phases in the superconducting matrix that form artificial
pinning centers (APCs). Aside from the enhancement of J., another advantage of
APCs is that they can also alter/decrease the J. anisotropy at high applied fields.

Through the years, various compounds have been incorporated and engineered as
APCs using different growth methods. In this chapter, a closer focus will be devoted
to the effects of BaHfO3 (BHO) and BayY(Nb/Ta)Og (BYNTO) nanoparticles
in the YBCO matrix deposited by PLD on metallic substrates. The mentioned
compounds form as correlated APCs in the PLD route. The YBCO tapes were
fabricated at the [IFW-Dresden. Details of the material preparation were given in
section 3.1.2.

As already discussed in chapter 5, the granular morphology of the YBCO-Ni5W
has drastic effects on its current carrying properties whether at self-field or in
applied fields. On the other hand, the YBCO-SS has a wider range in field and
temperature where the critical current is limited mostly by vortex pinning within
its superconducting grains. Therefore, it is easiest to begin the discussion of the
contributions of the BHO and BYNTO nanoparticles in YBCO-SS. At the later
part of the chapter, their significance in YBCO-Ni5W will also be discussed.

6.1 Pure YBCO on SS

The typical microstructure of the YBCO-SS is presented in the TEM image in
figure 6.1. The superconducting matrix includes Y,O3 nanoparticles (denoted by
black arrows) elongated parallel to the ab-plane with a diameter ranging from 11-60
nm and a thickness of 2.5-10 nm (parallel to the c-axis). Stacking faults in the
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form of extra CuO layer (YBasCuyO7_5, Y-124 intergrowths) are also present and
are indicated by the white arrows in the figure.

c-axis
Y203
- Figure 6.1: High-angle annular dark field (HAADF)
image of the cross-section of YBCO-
-
— SS. Y203 nanoparticles and Y-124 in-
«— tergrowths are denoted by the black and
— white arrows, respectively.
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Figure 6.2: Jc(¢) in different applied magnetic fields at (a) 7" =77 K and (b) 7' =40 K. The
direction of the c-axis and the ab-plane are at 0° and ¢ = 90°, respectively.

The angular dependence of J. in the MLF configuration is shown in figure 6.2 at
two temperatures: 77 K and 40 K. As expected for YBCO with a pure composition,
a large peak appears parallel to the direction of the ab-planes (¢ = 90°). This
peak becomes sharper as the field is increased. The small peak parallel to the
c-axis (¢ = 0°) may be attributed to pinning by the grain boundaries since no other
pinning centers parallel to this direction were found so far in TEM. The ab-peak
shifts away from the ab-planes as the field decreases. This will be discussed later.

A plot of the angle dependence of J. normalized with respect to Je(¢ = 0°),
at the highest applied field of 5 T and different temperatures is shown in figure
6.3a. Notice that the curve at 77 K has the largest anisotropy such that J. at
¢ = 90° is 20 times larger than at ¢ = 0°. The anisotropy suddenly decreases at
T = 64 K and gradually increases again as the temperature is further decreased.
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Figure 6.3: Angle-dependence of J¢ at poHapp = 5 T and 77 K, 64 K, 55 K and 40 K
normalized with respect to Jc(¢ = 0). The inset is an enlarged view around the
ab-peak for T' < 77 K. (a) Dependence of the N-value on ¢. The N(¢) for each
temperature are plotted with an offset for clarity.

The large anisotropy at 77 K is influenced by a low irreversibility field in the
direction of the c-axis at this temperature, which is typically about 7 T [42] that
leads to a large difference in the values of J¢ for Happ || ab and Happ || ¢ at 5 T.
The corresponding angle-dependence of the N-value in figure 6.3b has a direct
correlation with J¢(¢) wherein a broad peak around the ab-plane forms. Since all
the experimental IV-curves are well-described by a power law, the N-value can be
interpreted to be proportional to the energy barrier of the pinning structure, U,,
within the flux creep regime. Hence, a broad peak in the N(¢) centered at ¢ = 90°
signifies that a gain in the pinning energy is obtained towards this direction. As the
temperature is decreased to 64 K and 55 K, a minimum right at ¢ = 90° and 270°
forms. Similar to the analysis by L. Civale et al. [14], the inverse correlation of J.
and N-value at lower temperature is considered as an indication of the dominance
of intrinsic pinning. The pinning energy per unit length, u,, of a defect or an APC
is directly proportional to the condensation energy density, u,~ H?2/2u, and the
cross-section of the vortex core (for £ < R) in the defect [13] and can be expressed

as:

2

H,
Uo ~uV = 5 o (6.1)

o

which results in optimum pinning when £ = R, where R is the radius of the defect.
Therefore, at 77 K, the larger Y503 precipitates that are elongated parallel to
the ab-planes are more effective pinning centers as &, and &. are approximately
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4nm and 0.7 nm, respectively. At 64 K, &, and &. reduces to 2.8 nm and 0.5 nm,
respectively, assuming &,,(0) = 1.4 nm and the temperature dependence given by
equation 2.3. This makes the weakly superconducting layers of YBCO with spacing
of about 1.2 nm more efficient for pinning below 77 K. However, since YBCO is
a layered superconductor, the vortices transform to a kinked state as the angle
between the field and the ab-planes is small. Such a formation of vortex kinks
lowers the pinning energy and results in the observed minimum in the N(¢) for
Happ || ab. At 40 K, the pseudo-lock in state is manifested by the appearance of
a sharp peak right at the direction of the ab-planes. Note that Jc(¢) and N(¢) of
GdBCO-ISD has the same behavior at the same field and temperatures (refer to
figure 4.8b in chapter 4). This implies that the observed properties influenced by
the dynamics of vortices in a layered superconductor is consistent with different
coated conductors whether with tilted crystallographic axes or other architecture
since these are consequences of the layered crystal structure of YBCO. A peak
parallel to the c-axis in the N(¢) curve, which corresponds to a small peak in J¢(¢)
in the same direction, becomes more visible as the temperature decreases.

=())
N-value

JJ (¢

0 90 180 270
¢ (deg)
(a)

Figure 6.4: Angle-dependence of J¢ at poHapp = 0.2 T and 77 K, 64 K, 55 K and 40 K
normalized with respect to Je¢(¢ = 0). The hollow symbols correspond to a field
of 0.2 T and the solid ones are with -0.2 T. (a) Dependence of the N-value on ¢.
The N(¢) for each temperature are plotted with an offset for clarity.

At a lower applied field of 0.2 T (figure 6.4a), the ab-peak tends to be broader
relative to the curve at 5 T and shifts away from ¢ = 90° and ¢ = 270° as the
temperature decreases. A shift of the ab-peak has already been reported to occur
at low fields and low temperatures and was explained by the misalignment between
the magnetic induction, B, that dictates the direction of the vortices and the
applied field, Happ [5,88]. Usually, this can be confirmed if the direction of the
shift is flipped when the Lorentz force is reversed by either reversing the direction
of the applied field or the applied current, as discussed in section 4.3.1. However,
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in the case of the YBCO-SS, the ab-peak is found to remain at the same side of
the ab-plane even if the direction of the applied field is reversed, as shown by the
hollow and solid symbols in figure 6.4a. The two curves with 40.2 T and -0.2 T
exactly overlap. The shifting ab-peak in J(¢) has exactly the same positions as in
the N(¢) as shown in figure 6.4b. This means that the occurence of the peak at
low fields is because of vortices locking in a certain angular orientation such that
a corresponding gain in the pinning energy is reflected in the N(¢). Notice that
the height of the two ab-peaks is the same, which indicates that the two interfaces
have the same surface pinning effects. Therefore, the quality of the surface is the
same for the Ag-YBCO interface and YBCO-buffer layer interface which is also
confirmed in the TEM images.

6.2 YBCO with BaHfO3; addition

Recent works have shown that BHO nanoinclusions have a good potential to further
improve J. of REBCO films at high fields either as nanorods in the PLD route [67]
or as isotropic nanoparticles grown by the CSD method [24]. The compound BaM O3
with M=Hf does not decrease T. significantly [41] as other transition metal do.
Thus, it is a promising option as an APC.

c-axis

(a) (b) (c)

Figure 6.5: (a) Bright field TEM image of the cross-section of the YBCO+BHO-SS tape
showing the BHO nanorods with a splay around the c-axis of the YBCO. (b)
HAADF STEM Z-contrast showing the BHO nanorods and the Y-124 intergrowths.
(c) EDX map with a planar view on the YBCO+BHO-SS sample showing the
BHO nanorods with a typical diameter of 4 +2 nm.

Figure 6.5 shows the cross-section of YBCO+BHO-SS. The BHO grows as
columns roughly parallel to the c-axis of the YBCO with a splay of up to 20°
around the c-axis. Note that the orientation of the columnar growth of BHO
nanoinclusions greatly depends on the deposition temperature and growth rate
during PLD. However, a detailed investigation on this topic is beyond the scope
of this thesis. It is known so far that as the deposition rate increases, the lesser
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is the splay of the BHO nanocolumns around the c-axis while a higher deposition
temperature causes the formation of larger BHO nanoplates parallel to the ab-
plane [87]. As shown by a TEM image in figure 6.5, some BHO rods have length
extending throughout the thickness of the YBCO layer with a typical diameter of
4+ 2 nm. Y-124 intergrowths are also present in the YBCO matrix as shown in
figure 6.5b. The formation of Y503 nanoparticles is greatly suppressed compared
to YBCO-SS.
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The corresponding J¢(¢, B) of the same sample in figure 6.5 is shown in figure
6.6. The J. was evaluated from magnetization loops obtained by a vector VSM.
Due to the presence of splayed BHO nanocolumns roughly parallel to the c-axis, a
peak around J¢(¢ = 0°) is observed at 77 K, which exceeds that of the pure YBCO
at higher fields as depicted in figure 6.6a. At a lower temperature of 40 K (figure
6.6b), the enhancement in J. compared to the YBCO-SS spans a wide angular and
field range. The J. of YBCO+BHO-SS is up to three times that of the YBCO-SS
at Happ || c.

The angular dependence of the transport J. of another BHO-doped sample
prepared with a slightly higher deposition rate is presented in figure 6.7. Despite a
possible difference in the microstructure of this sample such as formation of BHO
plates parallel to the ab-plane, a consistent enhancement in J. similar to the results
in magnetization measurements, is observed. At 77 K (figure 6.7a) and 5 T, two
peaks appear, one is the ab-peak at ¢ = 90° and another broad peak centered at
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Figure 6.7: Jc(¢) and N(¢) of YBCO-BHO-SS in different applied magnetic fields at (a)-(b)
T =77 K and (c)-(d) T" =64 K. The direction parallel to the c-axis and ab-plane
are at ¢ = 0° and ¢ = 90°, respectively.

¢ = 0. The corresponding N(¢) has two peaks as well, which has a direct correlation
to the Je(¢). As the Happ decreases, the prominence of the c-axis peak, both in
Je(¢) and N(¢), decreases. The shift of the ab-peak away from ¢ = 90° also occurs
in this sample as observed in the YBCO-SS.

At a lower temperature of 64 K (figure 6.7c), the c-axis peak appears larger and
broader while the ab-peak is suppressed. With an average diameter of the nanorod
of about 4 nm, it is evident that a larger gain in pinning energy is obtained at 64
K since 2¢,, at this temperature is approximately 5.8 nm, whereas at 77 K, 2&,, ~
8.8 nm. Therefore, the BHO nanorods smaller than 4 nm that are also present, are
less effective at 77 K. Despite the appearance of a suppressed ab-peak in J(¢), a
sharp minimum is still present in N(¢) (figure 6.7d). Therefore, in contrast to the
previous claim that the existence of correlated pinning centers parallel to the c-axis
destroys intrinsic pinning in the ab-plane [13], such persisting minimum in N(¢)
indicates that intrinsic pinning is not disrupted by the CPCs. The pinning energy



98 J.-enhancement by artificial pinning centers

away from the ab-planes is elevated due to the existence of the BHO nanorods
serving as strong pinning center at higher fields. Note that a valley in the N(¢)
occurs at intermediate angles of 30° — 60° and 120° — 150°, which is consistent to
the decrease of the pinning efficiency of the nanorods as the applied field is tilted
away from them.

6.3 YBCO with BasYNbg5Tag 506 addition

Double perovskite tantalate (BasRETaOg) [43] and niobate (BaaRENbOg) [25,29]
are compounds that has also been shown to form pinning centers with good potential
to enhance J. of REBCO films. Ta and Nb are less likely to substitute Y in YBCO.
Therefore, they do not effectively “poison” the superconducting matrix by reducing
T'.. Various studies have shown that a combination of the columnar formation of
niobate and tantalate to form mixed double perovskite structures in the YBCO
layer can lead to a complex J. anisotropy. Nevertheless, they enhance the current
density especially at high fields [26,69].

!

c-axis

(b) () (d)
(a)

Figure 6.8: (a) HAADF image of the cross-section of the YBCO+BYNTO sample. (b)-(d)
Corresponding EDX maps confirming the elemental composition of the defects of
BasY(Nb/Ta)Og¢ (BYNTO).

The BYNTO forms as rods with lengths roughly parallel to the c-axis and
plates parallel to the ab-plane as shown in the TEM and EDX images in figure 6.8.
Elongated Y503 nanoparticles parallel to the ab-planes are also present. Compared
with BHO nanocolumns, the BYNTO nanorods are shorter in length and larger in
diameter. The columns have lengths of about 100-200 nm, diameter of 8 £ 3 nm
and an average distance of 24 nm.

The angle-dependence of J. of the YBCO+BYNTO-SS sample is presented in
figure 6.9. It shows a more complex anisotropy at different fields and temperatures
compared with YBCO-SS and YBCO+BHO-SS in the previous sections. The plots
are normalized by the value of J. at ¢ = 45° at each field for a better comparison.
At 77 K (figure 6.9a), the usual ab-peak is observed at 5 T and the anisotropy
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Figure 6.9: Normalized J¢(¢) of YBCO-BYNTO-SS in different applied magnetic fields at (a)
T =77K, (b) T =64 K, (c) T =55 K and (d) 7" =40 K. The plots are normalized
for an easier comparison of the behavior of anisotropy at each field. The direction
parallel to the c-axis and ab-plane is at ¢ = 0° and ¢ = 90°, respectively.

is also the largest compared to lower fields. The anisotropy decreases rapidly as
the field is decreased and a dip at H || ab develops together with a broad peak
around the c-axis. The same behavior is observed at 64 K (figure 6.9b), although
the anisotropy of J. is smaller compared to 77 K. The formation of the dip at
Happ || ab occurs at a higher field of 3 T and the c-axis peak appears to be the
largest between 1 T and 3 T. At 55 K (figure 6.9¢) the dip no longer appears and a
sharp ab-peak forms instead. A broad c-axis peak appears at 5 T, which increases
in prominence at 3 T and starts to decrease again as Happ decreases. At 40 K, a
similar behavior than in YBCO-SS is obtained but with a smaller anisotropy. With
the average distance of the BYNTO nanocolumns, found in the TEM image to be
about 24 nm, the matching field B, = ¢/a?, where a is the spacing between the
pinning centers, is roughly estimated as 3.5 T. Therefore, it is not surprising that
the prominence of the c-axis peak is largest at 3 T at all temperatures because
above Bg, the number of vortices is larger than the number of CPCs and there
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is a larger probability of vortex cutting and joining than in applied fields below
Bg. The size of the BYNTO nanoprecipitates is larger making them more efficient
pinning centers at higher temperatures.
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Figure 6.10: ¢-dependence of J. at applied fields of (a) 1 T, (b) 3 T and (c) 5 T and different
temperatures. ¢-dependence of the N-value at (d) 1 T, (¢) 3 T and (f) 5 T. The
solid vertical line indicates the field direction Happ || ab (¢ = 90°).

Analyzing the angle-dependence of the N-value, figure 6.10 shows that despite
the observed formation of the dip in Happ || ab and the asymmetry of J¢(¢) around
the direction of the ab-planes, the behavior of N(¢) still shows consistency to the
pure YBCO. The N(¢) curves have a broad peak around ¢ = 90° at 77 K, a
minimum at 64 K and 55 K that indicates formation of kinked vortex state and a
sharp peak at 40 K corresponding to the pseudo-lock in state.

However, a few more interesting details are observed that indicate how the
BYNTO nanostructures affect the dynamics of vortices and thus, Je. In YBCO-SS
and YBCO-BHO-SS, a peak in N(¢) is observed that corresponds to a peak in
Je(¢) for the field parallel to the c-axis while a valley forms at intermediate angles
indicating an increase in the pinning energy only when the vortices are directed
parallel to the correlated defects such as the BHO nanorods in YBCO+BHO-SS
and GBs in YBCO-SS. This is also the case for the intrinsic pinning at 40 K where
a pseudo-lock in state occurs. However, for YBCO+BYNTO-SS, N(¢) at 40 K (red
curves in figure 6.10d-6.10f) has a broad peak centered at ¢ = 180° indicating that
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the contribution of BYNTO nanocolumns to pinning spans a wider angular range
than the BHO nanorods and GBs in pure YBCO. The more disperse formation and
shorter lengths of BYNTO nanorods promote pinning of segments of vortices even
if the field is tilted away from the c-axis.

In an applied field of 5 T, the peak in the N(¢) centered at 180° becomes flat
at 55 K, then forms a valley at 64 K and 77 K. Since the N-value is inversely
proportional to the creep rate, S = —dInJ/0Int < kgT /U, [63], the formation of
a valley suggest an increase in the creep rate which is also induced by additional
thermal activation at higher temperatures.

6.4 Comparison of the APCs in PLD-YBCO on SS
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Figure 6.11: (Upper panels) Field dependence of J¢ in Happ || ab of the pure and doped
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samples. The J. was evaluated from magnetization measurements in the vector
VSM. (Lower panels) Normalization of J¢ with respect to the pure YBCO sample

to illustrate the enhancement in Jc.

To summarize the effects of incorporating BHO and BYNTO nanocolumns on
vortex pinning and the enhancement of the in-field J¢, the field dependence of
the current density for Happ || ¢ of the three tapes: YBCO-SS, YBCO+BHO-SS
and YBCO+BYNTO-SS is shown in the upper panels of figure 6.11. The lower
panels are normalized plots of the current density with respect to the pure YBCO
to illustrate the enhancement factor in J. of the BHO and BYNTO-doped tapes.
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At 77 K, the BHO-doped tape begins with a lower self-field J. compared to the
pure YBCO and BYNTO-doped sample. Above 2.2 T, its J. begins to become
higher than that of the pure YBCO and has the largest value at 40 K and 5 K
in the whole measurement field range. Its J. is up to 3.5 times higher than in
the pure YBCO at 5 K. On the other hand, the YBCO+BYNTO-SS tape shows
a minimal enhancement of only up to 30% relative to the pure YBCO. It is an
important result to show that the BHO nanocolumns of diameter 4 £+ 2 nm, still
effectively pin vortices and has consistently introduced enhancement in J. down
to 5 K. However, it is interesting to note that the enhancement in J. introduced
by the BHO nanoprecipitates is larger than the enhancement in J. caused by the
BYNTO phase despite a similar columnar nature. Therefore, further studies must
still be done to elucidate the differences such as in the aspect of strain induced by
the BHO nanorods and BYNTO nanorods. A. Llordes et al. [61] found that the
nano-scale strain around nanoprecipitates also contribute to pinning.

On the other hand, the BYNTO-doped sample can have the lowest J. anisotropy
of the three samples especially at intermediate fields such as at 2 T (figure 6.12a
and 6.12c). At angles close to the ab-plane (¢ = 90°), J. of YBCO+BHO-SS and
YBCO+BYNTO-SS ceases to be larger than in pure YBCO, which is obviously
due to the suppression of the ab-peak in the doped samples.

Comparing the angular dependence of the N-value of the pure and doped
tapes, figure 6.13 shows that the onset of the formation of kinked vortices near
the ab-planes, denoted by the angle ¢y, is the same for all the three tapes. It is
approximately 8.0° & 1.5° and 6.0° £ 1.0° for 2 T and 5 T, respectively. This value is
slightly lower than the ¢ obtained as the onset of vortex channeling in GABCO-ISD
in section 4.4.2, which is 11.7° but it is well within the range of other experimental
data [14,94]. It is interesting that despite the presence of the nanocolumns in
the doped samples that are oriented perpendicular to the ab-planes, the angular
range where the kinked vortices form does not change since there is no observable
broadening of the minimum.

Similar behavior is observed on the lock-in angle, ¢, which indicates the onset
of the pseudo-lock in state of the vortices parallel to the ab-planes in figure 6.14. The
value of ¢r is approximately the same for the pure and BYNTO-doped sample (40 K
transport measurements is not available for the BHO-doped) and is 12.2 £0.2° and
4.5+0.5° for 1 T and 5 T, respectively. These values are larger than the theoretical
prediction of 0.1°-1° [5], but is so far consistent to the experimental data in YBCO
films [94] and iron-based superconductors [91]. The value of ¢r is expected to vary
with field as: [(T — T)/H]"? [56]. Although compared to the results presented by
M. Weigand et al. [94] where an increase in ¢r is observed in BaZrO3;+Y203-doped
YBCO, ¢ does not change with the BYNTO addition, similar to ¢, and only the
height of the peak is changed, which is largest in the pure YBCO. Figure 6.15 shows
the field-dependence of ¢, and ¢ of the pure and doped samples. The decrease
of the onsets is consistent to the theoretical predictions. There is no quantitative
comparison of the behavior of these angles with field and temperature reported so
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Figure 6.12: Angular dependence of J. (upper panels) and normalized J¢ of the doped
samples with respect to the pure YBCO (lower panel) at (a)-(b) 77 K and (c)-(d)
64 K and applied fields of 2 T and 5 T.

far for YBCO films, while an H~3/* dependence of ¢y, is reported by C. Tarantini,
et al. in iron based superconductors [91].

The YBCO-SS sample has relatively larger N-values over the whole angular
range compared to the other two samples. This indicates that the creep rate,
S o< 1/N, is higher in the doped samples. Such an increase in S can be ascribed to
the presence of the columnar defects that can promote faster creep since vortices
have high probability of hopping as they interact with the nearest defects. At 64 K
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Figure 6.13: Angle dependence of the N-value of the three PLD-grown samples at T' = 64 K
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Figure 6.14: Angle dependence of the N-value of the three PLD-grown samples at 7' = 40 K
and applied fields of (a) 1 T and (b) 5 T. The angle ¢ marks the onset of the
pseudo-lock in state of the vortices parallel to the ab-planes (¢ = 90°).

and 5 T in figure 6.13b, compared with the BYNTO-doped sample, the BHO-doped
film shows an increase in the N-value (decrease in S) towards ¢ = 0° and 180°
indicating that the vortices align more effectively with the longer BHO nanocolumns
than in the BYNTO nanorods. Such increase of N has a corresponding increase
in the angle-dependence of J. parallel to the BHO nanocolumns compared to the
minimal increase with BYNTO nanorods. Such promotion of creep due to shorter
and splayed columns of BYNTO is the reason why the resulting increase in Jc
relative to the pure YBCO is less than the enhancement induced by the BHO
nanocolumns.
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Figure 6.15: Field dependence of the (a) onset of the kinked state at T" = 64, 55 K and (b)
onset of the lock-in state at T' = 40 K of the pure and doped samples.

6.5 APCs in PLD-YBCO with RABIiTS NiwW

As discussed in chapter 5, pulsed laser deposited YBCO films on RABIiTS NiW
have a defined range at low fields wherein the critical current is limited by the grain
boundaries and the transition to a grain limited regime at higher fields depends
upon the properties of the boundaries. By the addition of BHO and BYNTO
phases, the granularity of the films are found to become less than the pure YBCO
and thus the range of field governed by GB limitation is shifted to lower fields and
temperatures. Therefore, at higher fields where J. is limited by vortex pinning, the
influence of the BHO and BYNTO doping must be discernible.

Figure 6.16: TEM image of the YBCO+5BHO-
Ni5W tape showing the microstruc-
tural defects such as the BHO
Y203 -«— . .
—— - nanocolumns, Y903 precipitates and
Y-124 intergrowths.

Figures 6.16 and 6.17 shows the TEM images of the cross-section of the BHO-
doped and BYNTO-doped YBCO films on Ni5W. Similar to the films on ABAD-
YSZ/SS template, nanocolumns are also formed from the BHO precipitates that are
oriented roughly parallel to the c-axis with an average diameter of 3.8 1.2 nm and
lengths from 50 nm to 100 nm. On the other hand, the BYNTO nanoprecipitates
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Figure 6.17: TEM and EDX images of the YBCO+5BYNTO-Ni5W tape showing the
microstructural defects such as the BYNTO nanocolumns and YsOg precipitates.

form a hybrid structure of columns parallel to the c-axis and nanoplates parallel to
the ab-planes as shown by the EDX images in figure 6.17. The BYNTO columns
have a typical diameter of 10.0 &2 nm and lengths of up to 150 nm.
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Figure 6.18: Angular dependence of J. of the (a) BHO- and (b) BYNTO-doped YBCO films
on RABITS Ni5W template. The measurement temperature was 40 K. The
dashed horizontal line denote the self-field J. at each temperature.

The angular dependence of the current density of the doped YBCO tapes at
T =40K are presented in figure 6.18. The anisotropy of the two samples is quite
similar to the one of the pure YBCO especially at high fields. At lower fields such
as 0.5 T for the YBCO+5BHO-NibW, a ¢-independent range around ¢ = 90° is

observed which is an indication of grain boundary limitation as discussed in section
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5.1.6. In the BYNTO-doped sample, J. at 0.2 T remains close to the self-field J.
(similar to the pure YBCO) over the whole angular range. The direction of the
Lorentz force (open and solid symbols) reverses the angle dependence of J. at 0.5 T
and 0.2 T about ¢ = 90° signifying that surface pinning influences the total pinning
force on the AJ vortices as well.
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Figure 6.19: The upper panels correspond to the angular dependence of J. of the three
YBCO films with Ni5W template at (a) 77 K, (b) 64 K and (c) 40 K and applied
field of 5 T. The lower panels are plots of the enhancement factor in J. with
respect to the pure YBCO.
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Therefore, to gain insight on how much J. can be enhanced by additional pinning
caused by the BHO and BYNTO nanorods, a comparison of J. of the pure and
doped samples at the highest applied field of 5 T is presented in figure 6.19 at
77 K, 64 K and 40 K. At this field, J. of the three samples must be dominated
by the intragrain J. according to the field dependence discussed in section 5.2.
Similar to the behavior of BHO and BYNTO doped tapes on PLD-YBCO films
on ABAD-YSZ/SS, the BHO nanocolumns cause the largest enhancement in J.
(up to 2.6 times) while the BYNTO nanorods can only induce an enhancement
of up to 50%. The anisotropy of the critical current is found to be reduced in
the doped samples. Unlike in the films on SS template, the formation of a dip
parallel to the ab-planes (in BYNTO sample) does not occur and the c-axis peak
of the BHO-doped YBCO on NiW is not as significantly broad and large as in
YBCO+BHO-SS.

The corresponding ¢-dependence of the N-value at 5 T is shown in figure 6.20.
At 77 K, a direct correlation of J(¢) and N(¢) is observed where a peak parallel to
the ab-planes appear. At 64 K (figure 6.20b), a small dip in the direction of ¢ = 90°
is observable in the doped samples that indicates the formation of kinked vortices.
Consistent to the results on YBCO-SS tapes, ¢, is about 74 2° at the same field
and temperature. Such dip is not visible in the pure YBCO film. However, the
N-value of the YBCO-Ni5W is smaller in general than the N-value of YBCO-SS at
the same conditions. On the other hand, the appearance of a peak at 40 K is visible
in all the three tapes which refers to the pseudo-lock in state along the ab-plane
with an onset of 6.4 +1.7°.
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Figure 6.20: Angular dependence of the N-value of the three samples at (a) 77 K, (b) 64 K
and (c) 40 K and poHapp = 5 T. The vertical lines denote the onset of ¢ and
¢r in (b) and (c), respectively.

6.6 Summary

In this chapter, the effects on the anisotropy and value of J. in PLD-YBCO tapes
with BHO or BYNTO precipitates were presented. The YBCO-SS samples have
sharp texture that correlates to a homogenous field profile that represents a uniform
current flow. A manifestation of GB limitation is not found within the field and
temperature range of the measurements. Therefore, it is easy to discern the effects
of the BHO and BYNTO precipitates to vortex pinning. BHO was found to cause
larger enhancement in J. than BYNTO down to 5 K.

A direct correlation between J¢(¢) and N(¢) at 77 K, an inverse correlation at 64
K and an appearance of a narrow sharp peak in N(¢) at the direction of Happ || ab
at 40 K, were observed consistently in the pure and doped samples. This serves
as an experimental evidence of different vortex states in the presence of correlated
defects including the weakly superconducting layer of YBCO. The formation of a
kinked vortex at angles of about 7 ° towards the ab-plane direction is visible at
64 K and 55 K while the quasi-locked in state is manifested at 40 K as thermal
activation is diminished. It is remarkable that the onset of the kinked and the
quasi-lock-in states does not show a quantitative difference for doped tapes despite
the presence of the nanocolumns. Only the values of N were found to be lower in the
doped samples than in the pure YBCO films. This indicates that the nanocolumns
promote a higher creep rate. In YBCO+BHO-SS, the vortices are efficiently pinned
around the Happ || ¢ due to the presence of long BHO columns thus a corresponding
peak in the N(¢) is observed. A valley at intermediate angles signify that the
vortices have higher creep rate if they are not aligned to any correlated pinning
centers. On the other hand, the shorter and larger BYNTO nanocolumns contribute
to pinning in a wider angular range despite the payoff of a higher creep rate.
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Because of the granular morphology of the YBCO layer in CCs on RABiTS
NiW template, the onset of the kinked and pseudo-lock in states is visible in the
angle-dependence of the N-value only at the field range where J. is limited by vortex
pinning. The same enhancement in J. caused by the BHO and BYNTO phases as
in the ABAD-textured tape was observed in the PLD-YBCO films on NiW. This
gives further evidence that the appearance of the peak in the field-dependence of
J¢ is indeed the transition point from the GB-limited to grain-limited regime.
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Chapter 7

Conclusions and further work

7.1 Conclusions

The magnetic and transport properties of different coated conductors were studied
in this thesis at different temperatures and applied magnetic fields. The investigated
samples include CCs on a low-cost RABIT NiW template and medium cost templates
containing textured buffer layers by ABAD and ISD techniques. The study done on
a wide variety of tape architectures provides an analysis of the performance of coated
conductors produced nowadays with a particular emphasis on the current-limiting
mechanisms.

One of the most important results from this thesis is the demonstration of the
persisting grain boundary limitation to the current transport in CCs on RABiT
NiW especially for pulsed laser deposited YBCO. The granular morphology was
initially confirmed by the SHPM images of the field distribution. With the local
orientation mapping done alongside the field maps, it was found that despite a
successful production of the NiW template with GB angles confined to less than
10°, the misorientation and porosity of the YBCO grains above each NiW grain
also contribute to the spatial inhomogeneity of the critical current density. The
observed granularity manifests at all temperatures and applied fields — from 4 K
to 77 K and fields of up to 5 T. Such granular morphology was found to have
drastic effects also in transport measurements. The occurence of a peak in the
field-dependence of J. due to weak pinning of vortices in the grain boundaries
was first reported in bi-crystal samples where it usually appears at a few tens of
millitesla. It was found for the first time that the peak occurs at 1-1.5 T at 40
K, demonstrating a defined transition from the GB-limited to pinning-limited J.
Such cross-over is also dependent on the angle of the applied field with respect
to the tape surface such that the peak in J¢(B) occurs at a higher field parallel
to the ab-planes than along the c-axis. The field range of the GB-limited regime
increases as the temperature decreases, therefore, it can be expected to shift to
a few more Teslas down to 4.2 K. However, the granularity was observed to be
significantly reduced if YBCO is grown by CSD. The formation of meandering GBs
and a possibility of a better grain connectivity have contributed to the suppression
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of the GB limitation. Initial investigations have shown that the homogeneity of the
superconducting layer in PLD-grown YBCO on NiW is also improved by adding
secondary phases such as hafnates, tantalates and niobates.

In the case of CCs with textured buffer layer such as the PLD-YBCO on ABAD-
YSZ/SS and ISD-MgO buffered GABCO film on Hastelloy, the GB limitation does
not manifest at least within the field and temperature range of the measurements.
Therefore, the J. limitation is mostly attributed to the mechanism of vortex pinning
and has enabled the analysis of the dynamics of vortices.

The technology of ISD-buffered CC is still not widely utilized although it has been
demonstrated in labscale production in the past. So far, only the company THEVA
GmbH has been able to show its prospect for a large-scale production. Therefore,
almost no published data and extensive analysis of its anisotropy with applied field
exists. Due to the tilted crystallographic axes of GdABCO, J. turns out to have a
very interesting anisotropic behavior at various field and current orientations. In
principle, the tilted geometry of the crystal structure in the superconducting layer
basically leads to the appearance of the ab-peak at intermediate angle between the
main axes of the macroscopic surface of the tape. The asymmetric effect in the
anisotropy of J. is due to kinked vortex states and different synergies of defects
on different sides of the correlated defects. The phenomenon of vortex channeling,
which is characterized by a minimum in the anisotropy of J. and a manifestation
of a kinked vortex state in a layered superconductor, was found in this tape at
temperatures as high as 77 K. The vortex channeling minimum was only observed
at temperatures below 50 K and vicinal angles of 2°-10° in previous works on YBCO
films on a vicinal substrate.

On the other hand, the additional pinning by the correlated defects formed either
by the hafnate phase or the tantalate and niobate phases in PLD grown YBCO on
ABAD-YSZ buffered tapes was determined. When the applied field is aligned to the
nanorods roughly parallel to the c-axis, the samples with the BHO phase has the
largest enhancement of up to thrice the value of J. of the pure YBCO film down to
5 K. The analysis of the angle dependence of the N-value alongside J. has enabled
the identification of the dominant pinning mechanism at different temperatures.
In the direction parallel to the ab-planes, the direct correlation between N(¢) and
Je(¢) at 77 K, the inverse correlation at 64 K and the appearance of a narrower
peak at 40 K were observed consistently in the pure and doped samples as well as in
the ISD-buffered CC and even in PLD-YBCO on RABITS NiW in the grain-limited
regime. These depict the formation of a kinked vortex state and quasi lock-in state
when the field is oriented nearly parallel to the planes as a consequence of the
layered structure of YBCO. One remarkable information gained from the N-value is
the similarity of the onset of the kinked and lock-in state of all the samples despite
the presence of correlated defects perpendicular to the ab-planes in the BHO- and
BYNTO doped CCs. Only the values of N are lower in the doped samples indicating
a higher creep rate induced by the presence of the nanorods.
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7.2 Future outlook

The significance of grain boundary limitation in PLD-grown YBCO on RABiTS NiW
may come as a disadvantage for this material compared with other tape architecture
such as the ones with textured buffer layer. However, the improvement of the
homogeneity by doping of BHO and BYNTO phases indicate a promising solution to
this. Further work is still needed such as a systematic study on the microstuctural
and superconducting properties to confirm the initial results presented in this thesis
and to identify the mechanism that leads to the improvement of the electromagnetic
properties.

The ISD-buffered tapes has also shown a promising current-carrying performance
since J. is not degraded with increasing thickness unlike in conventional YBCO
films. It also has interesting J. anisotropy that enables further understanding
of the vortex dynamics in layered superconductor. The thickness of the GdABCO
layer investigated in this thesis was only 2 nm, therefore, if applications require
production of this tape with a thicker layer, it is important to analyze further such
films with a thicker layer.

All the transport measurements presented in this thesis were obtained at a
lowest temperature of 40 K due to limitations coming from the current supply and
sample heating since the needed current increases as the temperature decreases.
The 5 K values of J¢ in the pure YBCO and doped samples were obtained by
magnetization measurements which can only provide limited angular range due to
inaccessible information in the direction parallel to the ab-planes. Aside from that,
the analysis of the N-values at lower temperatures would also be most interesting to
get a whole picture of the effectiveness of the secondary phases as pinning centers
down to a possible operating temperature of 4.2 K. As also mentioned in section
6.4, strain induced by the nanorods may be the possible mechanism that enhances
vortex pinning at low temperatures. However, further microstructural analysis is
needed for a confirmation.
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