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ABSTRACT

High temperature YBayCu3Og., superconducting films are deposited on top of dif-
ferently fashioned buffered metals to enhance the critical current density and its
isotropy for coated conductor applications. The improvements are achieved by engi-
neering the defect structure within the superconducting matrix. BaCeOgs and BaZrO3
were used as dopants to introduce the artificial pinning landscape in YBaxCuzOgt 4
matrix. It was realized that growth temperature, dopant concentration, and underly-
ing buffer layers stack strongly affect the growth of YBasCu3Og¢,. However, these
factors are already widely studied, instead, it was observed that minor changes in
one of these parameters result in degrading the structural growth and superconduct-
ing properties. A new parameter is introduced in the pulsed laser deposition process,
that is, reducing the target grain size from micrometer to nanometer. The effect
of targets with varying grain size was tested on both single crystals and buffered
metals. Far from the expectations, the natural and artificial pinning landscape was
significantly enhanced as there appeared to be notable differences in the size, shape,
density and distribution of created defects. Such improvements for defects led to
enhanced vortex pinning phenomenon, resulting in high critical current densities and
their isotropies. This approach, together with optimizing the fore mentioned param-
eters, can be utilized for the fabrication of microwave devices and coated conductor
applications.

KEYWORDS: Superconductivity, YBCO films, coated conductor, buffered metallic
substrates, target grain size, doping, nanoinclusions, critical current density
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THVISTELMA

Viitoskirjatyossi tutkittiin tulevaisuuden sdhkotekniikkaan soveltuvaa korkean
lampotilan suprajohdemateriaalia, YBayCuzOg.,. Jotta materiaali olisi sovelluksiin
hyodynnettividssd muodossa, laserhdyrystettiin materiaalia eri tavoin pééllystetyille
metallialustoille. V4iitdskirjatyd koostuu useista osatutkimuksista, joissa sekd ko-
keellisesti ettd mallintamalla on pyritty ymmirtimédn materiaalissa ilmenevii fysi-
kaalisia ilmigitd parhaiden suprajohtavuusominaisuuksien saavuttamiseksi.

Kokeelliset paditulokset voidaan jakaa kahteen osaan. Ensimméisessd osassa
keskityttiin erilaisten magneettivuon lukkiutumiskeskusten kuten kidevirheiden tuot-
tamiseen YBasCu3Og-matriisiin. Tamin tyyppistd tutkimusta on tehty myos aiem-
minkin, mutta tdmin tyon perusteella saatiin kasvatettua ymmarrystd ohutkalvon
kasvumekanismeista seké erityisesti erilaisten lukkiutumiskeskusten vaikutuksesta
kalvojen rakenteellisiin sekd suprajohtaviin ominaisuuksiin. Toinen merkittdvampi
16yto oli se, missé osoitettiin laserhdyrystyksessi kiytettdvin kohtion rackoon vaikut-
tavan merkittdvisti kalvon ja siihen liittyvien kidevirheiden kasvuprosesseihin ja
sitd kautta muodostuneen kalvon ominaisuuksiin. Koska optimaalisiin suprajohde-
kalvoihin tarvittavien kidevirheiden kasvua pystyttiin kehitetyilld menetelmilld kon-
trolloimaan suhteellisen luotettavasti, voidaan useita véitoskirjatyon tuloksia hyo-
dyntdd tulevaisuuden mikroaaltosovelluksissa ja korkeanldmpdtilan suprajohteista
tehdyissd johtimissa.

ASTASANAT: Suprajohtavuus, YBCO ohutkalvo, suprajohtavat johtimet, metallinen
alustamateriaali, hilayhteensopivuus, kohtion rackoko, dooppaaminen, nanokokoiset
dopantit, kriittinen virtatiheys
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1 Introduction

Superconductors are renowned for their exciting property of exhibiting zero resis-
tance when cooled down to critical temperature (7). Heike Kamerlingh Onnes dis-
covered this phenomenon for the very first time by dipping mercury wire in liquid
He back in 1911. Since then, sufficient progress has been made to practically im-
plement superconducting materials for various applications. Superconductors can
be used as magnets in magnetic resonance imaging for producing large and homo-
geneous magnetic fields, and as large scale wires in the electrical power systems
to pass through extremely high currents [1]. Different superconducting materials
are used both in research and commercial based mega projects like large hadron
collider, NASA, Google and IBM quantum computer, magnetically levitated trains,
metropolitan grids, ultra-high-speed supercomputers, super efficient generators and
fusion energy [2; 3; 4; 5].

This thesis delves into the specific class of superconductivity, that is, high tem-
perature superconductor (HTS) YBayCusOg., (YBCO), which was discovered more
than three decades ago and is now used in large electrical power systems. It is a
cuprate and ceramic material which, in our case, was deposited on single crystals for
better understanding of the growth mechanism and on metallic templates for large
scale bendable wires.

Manufacturing lengthy, cheap and efficient superconducting wires good enough
to pass through huge currents at high magnetic fields is the main goal of HTS com-
munity. There are many factors which are crucial to fabrication of HTS wirings,
such as, the underlying buffered metal, growth temperature, created flux pinning
landscape and thickness of YBCO films. This thesis mainly focuses on improving
the flux pinning landscape within HTS films for further enhancement of critical cur-
rent density J.. In this regard, several buffered metals have been used to optimize
the better growth of YBCO superconductor deposited at different temperatures. The
growth temperature of undoped and doped YBCO films grown on specific buffered
metals has been optimized. The critical thicknesses of YBCO films were also op-
timized on one of the metallic substrate. Furthermore, different kinds of substrate
buffer stacks were compared. The effect of dopant concentration was also investi-
gated and it has been realized that low dopant concentration is optimal for enhancing
Je. The artificial pinning landscapes were created by using BaZrO3 and BaCeOg
dopants and a new approach of reducing the target grain size has been introduced in
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engineering better growth of natural and artificial pinning defects within the YBCO
matrix to tackle and restrict the movement of Abrikosov vortices when the magnetic
field is applied. The effect of reduced target grain size was investigated both on
single crystal and buffered metal substrates. The results showed improved pinning
landscape within YBCO and improved the J.. and its isotropy by several folds when
deposited on buffered metal which is important for coated conductor applications.



2 Basics

2.1 Properties of superconductors

One of the most fascinating and well-known property of the superconductors is the
complete diminishing of resistance when they are cooled down below 7. Another
property is the expulsion of the magnetic field below 7;, where no magnetic field
is present inside the superconductor thus referring to their diamagnetic state with
negative (-1) susceptibility. This phenomenon is called the Meissner effect [6].

The two main types of superconductors are: type I and type II. As shown in
Figure 1 that both types of superconductors are classified according to their critical
magnetic field (B.), where type I has only one B, and type Il with two B.s, named
as, B¢1 and Beo. In type I superconductor, the superconductivity breaks down if the
applied magnetic field is above the B., whereas in type II, the superconductor is in
the Meissner state below B.; and, in between B.; and B, the magnetic field starts
penetrating inside the superconductor in the form of Abrikosov vortices. But if the
magnetic field is applied above the B.s, then the superconductor turns into its normal
state. The type I superconductors are pure elements and their B, is very low, that is,
below 1 T [6], whereas type II superconductors are alloys or ceramics which can
have B, easily above 100 T [7; 8].

Type I and type II superconductors can also be differentiated based on character-
istic parameters, such as, magnetic penetration depth (\) and coherence length (£).
A describes the length that magnetic field can penetrate inside the superconductor,
where it decays exponentially from surface to deep inside the superconductor as

B(x) = Bye */, (1)

where B, is the magnetic field at the surface and x the distance.

¢ is the parameter corresponding to the distance within which the density of
Cooper pairs can change. The Cooper pairs are formed when the nearby positive
ions are attracted by travelling electrons and the slight movement of these ions forms
phonons. This concentration of positive charge then attracts the second electron
and as a result both the electrons interact with each other. This process is known
as the phonon-mediated pairing of electrons, where Cooper pairs travel without any
dissipation in low temperature superconductors (LTS) when the temperature is below
30 K. The occurrence of Cooper pairs in LTS via electron-phonon interaction is the

3
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Figure 1. Phase diagrams of (a) type | and (b) type Il superconductors.

fundamental of BCS theory [9]. The pairing up of electrons in high temperature
superconductors is not due to phonons but can be due to magnetic interactions [10;
11]. The Cooper pairs have weak interaction energy, 10~ eV, and break down when
thermal energy is high. The formation of Cooper pairs forms the energy gap at the
fermi surface and therefore the excitation of electrons requires extra energy.

In order to differentiate between type I and type II superconductor, Ginzburg—Landau
parameter x can also be used, where x = M¢. If k>1/+/2 then superconductor will
be type II, otherwise type I. Moreover, A is always greater than £ for type II super-
conductors which means that magnetic field can penetrate inside the superconductor
in form of vortices.

2.1.1 Vortex

A vortex is a magnetic flux tube created within the superconductor in the presence
of magnetic field. A and £ characterize the vortex, that is, the former measures the
radial distance up to which the supercurrent circulates and the latter corresponds
to the size of normal or non-superconducting core. A and & for cuprates are ~150
nm and ~1.5 nm, respectively. Figure 2 depicts the confinement of magnetic field
lines to the vortex region due to circulating supercurrents. Each vortex has only one
magnetic flux quantum with ® = 2.07 x 107! Tm?. The vortices coming closer
to each other face repulsion. As a result, a proper periodic arrangement is formed,
which is called as Abrikosov vortex lattice. This type of lattice only occurs in defect
free superconductor, where there are no dislocations or voids to interrupt the periodic
arrangement. The average distance d between the vortices can be calculated by the
applied magnetic field as d = \/®/ B. If the applied field is 1 T then d corresponds

4
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Figure 2. Schematic of magnetic field penetrating inside the YBCO superconductor in the form of
swirling tubes to what is called as vortices. The supercurrents formed by cooper pairs can also be
visualized around the non-superconducting vortex core [13].

to 45 nm. The distance between the vortices decreases with the increasing field and
when d is equal to the size of vortex core, the superconductor turns into a normal
conductor. [12].

2.1.2 \Vortex phases and disorder

The structure of the vortex lattice depends on the magnetic field and temperature
and can be divided into three distinct phases; 1) Vortex lattice, 2) Glassy Vortex
state, and 3) Vortex liquid phase. The vortex lattice forms when the vortex-vortex
distances are fairly large and there are plenty of pinning sites around. On the other
hand, the glassy vortex state occurs due to the interactions between the vortices and
the structural defects. The defects within the superconductor pin the vortices, which
as a result breaks the order of the vortex lattice. Finally, the vortex liquid phase is
governed by the thermal energies where the vortices are allowed to move freely, thus
causing resistance. This means that the pinning is reduced and vortices are mobile in
the vicinity of defects [12].

The vortex order is associated with the interplay of three main energy scales
related to vortices, that are, 1) the repulsive energy between the vortices, 2) the at-
tractive energy between the vortices and defects, also known as pinning energy, and
3) the thermal energy, characterized by the temperature, which causes the vortex to
vibrate around its lattice position. These three energies determine the phase of the
vortex at a specific temperature and magnetic field as shown in Figure 3.
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2.1.3 Vortex pinning

As mentioned above, flux pinning is a phenomenon which is totally related to the
type II superconductors, where the magnetic field start penetrating inside the super-
conductor. The movement of the vortices causes resistance in the superconductor.
The vortices experience a Lorentz force (F1,) upon the flow of the electrical current
[14; 15; 16]. F1, = ® x J, where ® is the magnetic flux quantum and J the cur-
rent density (see Figure 4(a)). The direction of Fj, is always perpendicular to that
of applied current and vortices. Superconductors with structural defects have the po-
tential to pin the vortices, resulting in the minimization of superconducting energy.
This phenomenon of pinning the vortices into structural defects is called “vortex
pinning” and is the foundation for electrical applications of superconductors. With
the defected structure of superconductor, the vortices experience pinning force (Fy,),
which pins them into the defects. If the applied current exceeds the limit, that is,
when Fy, > I}, the vortices will be depinned and can move freely. These vortices
will cause resistance since the non-superconducting core of the vortex drags through
the superconductor. When Fp =F),, then the J; is achieved.

Significant progress has been made to introduce the pinning centers or defects
within the superconducting film for vortex pinning. The pinning centers differ from
each other based on dimensionality (0D—3D), size and orientation. The sizes can
range from 2—3 nm to 40—50 nm [17; 18]. OD pinning defects are nanoparticles and
are also known as point defects (Figure 4(b)). The 1D pinning structures are linear in
shape, for example, columnar defects (see Figure 4(c)). The 2D pinning centers are
twin boundaries, stacking faults or grain boundaries located in planes. Finally, the
3D pinning defects are pores, voids or impurities and their impact is less in vortex
pinning but rather they reduce the mechanical properties of superconductor. The
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Figure 4. Schematic of (a) the vortices experiencing the Fy, (black arrows) under applied current
and magnetic field in a defect free sample, (b) 0D defects created within the superconductor, which
can be oxygen vacancies or precipitates-sections of pinned vortices can be seen, and (c) the 1D
defects induced within the superconductor for vortex pinning [12].

1D pinning structures are efficient for high temperatures and their direction is very
important as the cuprate superconductors are highly anisotropic [18; 19; 20]. The
1D pinning also has a geometric match with the vortices, thus pinning the vortices
most effectively. In ideal cases, the radius of the pinning centers must be the same
order than ¢ of the specific superconductor [18]. Pinning sites with small size can
not accommodate the entire vortex core, whereas large size pinning centers can pin
several vortices simultaneously but, on the other hand, they also waste the area of
superconducting body [12].

The thermal energies, especially at high temperatures, can supress the vortex pin-
ning phenomenon since the vortices can depin and jump between different pinning
sites. This phenomenon is well explained by a vortex path model [21]. The model
predicts that each vortex bends itself and wants to be in its ground state by pinning
itself in different pinning sites with short intervals. A vortex can be in several defects
at the same time since it bends itself and can be pinned both at ab-plane and c-axis
oriented defects [21]. Moreover, the model also says that a vortex jumping around
different pinning centers can be pinned in one site and, with increasing thermal ener-
gies, it gets depinned and see the next pinning site as the potential to be pinned and
minimize its energy.

Several methods can be used to introduce pinning centers inside the supercon-
ducting films. The conventional one has been through the irradiation of particles,
such as, protons [22], neutrons [23], electrons [24] or ions [25]. But these irradiation
methods are rarely used now due to their high cost, radioactivity issues and also the
pinning centers start disappearing with the passage of time due to thermal instability
[26]. Therefore, other methods like chemical reactions are utilized, which prove to
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be simple and cheap. In such methods, non-superconducting phases are introduced
in the superconducting matrix, which results in the randomly oriented precipitates
[27]. Numerous metal oxides, for example, BaZrO3 [28], BaTiO3 [29] or ZnO [30]
etc. can be used as non-superconducting phases to act as pinning centers in rare earth
based superconductors. The shape of the pinning centers can be 1D columns or 0D
spheres, depending on the used dopant and methodology.

2.1.4 YBCO

YBCO discovered in 1987 has a high 7t of 92 K and falls in the category of HTS
[31]. YBCO is the first HTS to work above 77 K which is the temperature of liquid
nitrogen. Before the discovery of HTS in 1986 [32] by J. Georg Bednorz and K.
Alex Miiller, all the superconductors had 7 below 30 K.

Figure 5 depicts the unit cell structure of YBCO with lattice parameters a = 3.82 A,
b=3.89 Aand ¢ =11.68 A. The layer structure is: CuO-BaO—CuOs—Y—CuO2-BaO.
In the CuO; plane, the O atoms are bridged between the square lattice of Cu atoms.
Y atom is located between CuO planes and Ba atoms are sandwitched between
the CuO- planes and CuO chains [33]. The supercurrent passes through the CuO-
planes.

YBCO is intrinsically anisotropic which is related to its crystal structure, where
the difference between the parameters of ab-axis and c-axis is quite large [34]. The
anisotropy between the a-b planes is quite small and can be neglected. The electronic
mass anisotropy corresponds to the intrinsic anisotropy and is defined by the ratio as:
v = \/Mc/Map, Where m. and my;, are the effective masses in ¢ and ab-axis, respec-
tively. The v can vary from 2—7 [35; 36; 37; 38], where lower values correspond to
more isotropic behaviour of J.. The same anisotropic behaviour is seen in the B.o
of YBCO, where B, is six times larger in the in-plane than in the out-of-plane axis
[38]. Pure YBCO would have an anisotropic J.(f) curve, similar to the BCO doped
Jc(0) curve (Figure 7(b)), which is due to the electron mass anisotropy, but with
sharper a/b-peaks.

The structure of YBCO is highly dependent on the oxygen content, that is, when
oxygen is less than 6.4 the material is tetragonal and non-superconducting because
of lack of O atoms in CuO chains [33; 39; 40]. By increasing the O content, the
CuO chains are filled with more O and transition from the tetragonal to orthorhombic
phase occurs. The transition from the tetragonal to orthorhombic phase occurs during
the thin film deposition process where additional O is added at atmospheric pressure
[40; 41].
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2.1.5 Defects in YBCO

The defects within YBCO films can be categorized as natural and artificial. The
natural defects are formed during the film growth process, where twin boundaries
are the common ones due to the transition from tetragonal to orthorhombic phase.
Twin boundaries are the result of swapping of a and b axis. The stacking faults
also arise within YBCO films which occur when the layered structure is perturbed.
A schematic of natural defects, which may arise in YBCO films, is presented in
Figure 6.

The artificial defects are introduced within the YBCO films via dopants or irra-
diation methods (explained earlier). Different dopants can induce artificial pinning
defects with varying size, shape or orientation thus strongly enhancing the super-
conducting properties [28]. Preference is given to those dopants which can induce
nanorods within YBCO matrix, for example, BaZrO3 (BZO), BaHfO3 (BHO) and
BaSnO3 (BSO) structurally growing as nanorods by the physical method [44; 45; 46;
47; 48]. However, these induced nanorods differ from each other in terms of their
sizes [48]. Contrary to these nanorods producing dopants, BaCeO3 (BCO) grows in
the form of nanosized spherical particles [49].

The most commonly used dopant has been cubic perovskite BZO due to its
relatively low lattice mismatch with YBCO, that is, 9% in-plane lattice mismatch
[50; 51]. The diameter of BZO nanorods range from 5—10 nm and their density de-
pends on the doping concentration [52], for example, 1300 1/um? for 2.9 wt.% BZO
in YBCO [53].

Strain is induced in YBCO upon doping and the dopant growth is highly depen-
dent on growth conditions. The YBCO c-axis lengthens when strain arises and the
T, slightly decreases [54; 55]. The length of nanorods can easily vary depending
on the growth temperature T, [56]. Moreover, the dopant growth also depends on
the methodology, for example, nanorods are formed by pulsed laser deposition and
nanodots by chemical solution deposition [57; 58; 59]. Furthermore, the density of
stacking faults can also be increased by growing YBCO at high temperature but there
is a limit to that too [60].

If the critical current of the sample is measured by applying magnetic field in
different orientations, it is found to vary with respect to the direction and strength
of the applied field. In short, such measurements are known as angular dependent
critical current density (J.(#)). Generally, the undoped YBCO films show more
anisotropic J.(#) curves than doped YBCO [61]. The dopant orientation, along the
c-axis gives rise to a c-peak in J.() curves when the field is applied parallel to c-
axis of YBCO film. On the other hand, the vortex pinning by in-plane defects usually
give rise to ab-peaks in the J.(#) curves when the magnetic field is applied parallel
to the plane of sample. The J.(6) of our BZO doped YBCO films is isotropic at low
fields but starts getting more anisotropic with increasing magnetic field [47; 62; 36].
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But even this depends on the method used to deposit the films, that is, more isotropic
behaviours are observed both at low and high applied magnetic fields by utilizing
PLD [44; 45; 47; 52; 63; 64; 65; 66], as highly anisotropic J.(#) is achieved by
any other chemical method [59; 67; 68]. However, pinning enhancements by other
methods have been already achieved and several groups are still working for further
improvements [69; 70; 71; 72; 73; 74; 75]. Both chemical and physical methods have
their own advantages, that are, the former is fast and films with large areas can be
deposited, whereas in the latter with better control on the thickness of films one can
achieve high and isotropic J, via growing and controlling the size, shape and density
of pinning centers during the deposition process [76; 77].

Figure 7 displays the schematics of vortices trapped in different pinning land-
scapes thus resulting in varying shapes of J.(#) curves. With an undoped YBCO
film, there occurs a network of natural pinning landscape, such as, threading dis-
locations, voids or pores. The pinning phenomenon by in-plane defects gives rise
to ab-peaks, whereas the c-axis oriented threading dislocations pin the vortices thus
producing c-peak in J;(6) curve. The intensity of this c-peak is very small and usu-
ally a large network of threading dislocations occurs on buffered metal where the
low angle angle grain boundaries channel the growth of YBCO [62]. The schematic
of vortices pinned in these threading dislcoations in undoped YBCO is illustrated in
Figure 7(a)). Spherical particles pin the vortices in several pinning sites since the
vortices can not fit themselves in a single defect, as depicted in Figure 7(b). Finally,
the induced nanorods within the YBCO film are most effective for achieving the
highest J, and reducing the anisotropy of J.(f) as a vortex can be pinned in a single
nanorod and, in some cases, can also be in two nanorods simultaneously thus giving
pronounced c-peak (Figure 7(c)).

The diameter, length and splay of nanorods are important parameters since they
affect the pinning phenomenon. Large diameter of nanorods can pin more vortices
at a time and the c-peaks are observed to be highly pronounced for YBCO films with
large defect diameters [46]. On the other hand, the shorter length of nanorods are less
effective for vortex pinning than the long sized nanorods, which reduces the pinning
along c-axis, thus diminishing the intensity of c-peak [47]. Moreover, large splay
of nanorods lead to wide c-peak but there is still less variation in J.(#). The J. is
decreased when magnetic field is inclined away from c-axis which reduces the length
of trapped vortex [78; 79]. At sufficient inclination, the vortex region gets untrapped
where J(0) reaches the minimum. All these factors affect the shape of .J.(6) and are
shown by results in the discussion section. Furthermore, the ab-peaks in all the J.(0)
curves of Figure 7 arise mainly due to pinning by in-plane defects, such as, stacking
faults etc. but the wide ab-peaks with shoulders can arise due to pinning together by
in-plane and out-of-plane defects [78].
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Figure 7. An illustration of vortex trapping in varying pinning landscapes corresponding to
different J.(6) curves. Dark grey colour represent several kind of defects, whereas vortices are
displayed in dark green colour. (a) Vortex pinned in natural defects like threading dislocations (long
threads) or voids where slight c-peak is seen, (b) Vortex pinning by spherical nanoparticles which
enhances the J.(0) values, and (c) vortices pinned by nanorods with pronounced c-peaks.
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2.1.6 ' YBCO growth mechanism

The YBCO growth in pulsed laser deposition (PLD) process occurs by the Volmer-
Weber growth model [80; 81]. The first atom deposited diffuses across the surface
of substrate and, with the arrival of second atom, makes bonds with other atoms
thus forming an island. This island formation leads to higher mass and less mobility
on the substrate. With the ever increasing number of atoms reaching the substrate,
more and more islands are formed which are 3D in shape and have greater size and
stability. Several islands merge together and form larger sized particles where the
size can be in the range of micrometer. The stability of islands depends on their size,
that is, smaller islands can break easily and the remains can bond with larger sized
islands. On the other hand, islands with larger size are more stable, hard to break and
less mobile. The schematic of this growth process is presented in Figure 8.

In the YBCO growth process, the substrate temperature is crucial since low T
leads to small diffusion lengths for atoms which forms islands with smaller size, thus
having the higher probability of their break down. The density and size of structural
defects also depend on the T, [47; 60]. The shape of artificial defects also changes
with different methods, that is, the BZO dopant grows as nanorods and particles with
PLD and CSD processes, respectively [59; 57; 58].

2.2 Coated conductors

Superconductors deposited on lengthy buffered tapes are referred to coated conduc-
tors. There are mainly two methods by which the buffered tapes are manufactured:
Rolling assisted biaxially textured substrates (RABiTS) and ion beam assisted depo-
sition (IBAD).
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2.2.1 RABITS and IBAD

The presence of weak links in grain boundaries of YBCO conductors on metal sub-
strates is the chief obstacle in manufacturing as it halts the flow of current in non-
superconducting regions. This can be overcome by aligning the grains of the underly-
ing substrate which excludes high angle grain boundaries and allows more current to
flow. By applying RABITS, nearly perfect biaxial texture is achieved of the substrate
which is followed by the buffer layers and superconducting material deposited on the
top of it. In RABITS, nickel or its alloy (often NiW) is used as the base metal. In the
first phase of this process, Ni alloy is biaxially textured through thermomechanical
process of rolling deformation and then heat treated. As a result, a face-centered
cubic texture of the metal is formed. Then the buffer layers are deposited, via sput-
tering or electron beam, to combat the diffusion of metal into the superconducting
layer grown on the top of cap-layer [82].

Unlike in RABITS, the metal base (hastelloy) is untextured in the IBAD method
but rather the subsequent buffer layers provide the textured base for the growth of
YBCO. There are two main types of IBAD texturing, that are, Yttria stabilized zirco-
nia (YSZ) [83] and magnesium oxide (MgO) [84]. IBAD, if applied with YSZ layer,
is a slow process but if extended with MgO the process is quick as compared with
conventional YSZ buffer layer [84; 85]. So IBAD-MgO has replaced YSZ layer due
to its less thickness of only few nm in a time span of only a second [86].

In the IBAD method, MgO is grown on the amorphous layer and it is simultane-
ously etched by Ar™ ions bombarding on MgO layer at an angle of 45°. The energy
of Ar™ ions can range from 600—1000 eV. In this way, MgO grows with (001) out-
of-plane orientation [87]. Through this method a uniform biaxially textured MgO
layer is produced which acts as a seed layer to grow epitaxially textured layers on
the top of it. The YBCO grows heteroepitaxially on the top of cap-layer, where strain
occurs on the interface and then the growth is relaxed with increasing thickness.

Conclusively, the buffer layers in both RABiTS and IBAD processes act as a
texture base and the reaction barrier between the YBCO and base metal. Both the
RABITS and IBAD-MgO produce qualitatively similar results but some other factors
like cost, thickness and processing time can cause differences [88]. All the work in
this thesis was carried out on the IBAD-MgO based buffered metal.

2.2.2 Substrates

The substrates are highly important for the deposition of HTS films. Small lattice
mismatch, similar thermal expansion and zero chemical interaction between HTS
and substrate are desired. Furthermore, the substrates for coated conductor appli-
cations must have good textured surface on the top, be mechanically strong and
abundant which makes them cost effective. Out of many, the following substrates

14



Basics

Table 1. Examples of buffer layers deposited on different buffered substrates with resulting
textures on top layer [101; 102; 103; 104].

Buffer layer configuration Texture
SrTiO3/YSZ Polycrystalline [101]
SrTiO3/LaAlO3 Biaxial [101]
LaAlO3/CeO2/YSZ Amorphous [101]
CeO2/YSZ/CeO2/Ni Biaxial [105]
CeO2/LaMnO3/IBAD-MgO/Y203/Al,03/C276  Biaxial [36]
LaMnO3/IBAD-MgO/Y203/Al203/C276 Biaxial [36; 106]

LaMnO3/MgO/IBAD-MgO/Y203/A1203/C276  Biaxial [36; 106]

have been used as base materials for the growth of HTS films in the past: LaAlOs,
SrTiOs, MgO, YSZ, LaGaO3, NdGaOgs and Si etc. [89; 90; 91; 92; 93; 94]. The
structure of these substrates vary and are applied for different HTS materials, where
the afore-mentioned parameters are taken into account to better match the HTS and
substrate [95]. Typically, HTS films have been grown on LaAlOs3, SrTiO3 and MgO
substrates. YBCO films grown on LaAlOs, SrTiO3 have lattice mismatch from 1%
to 2% and high .J.. is achieved [96], but the main drawback of these substrates are the
inflexibility and high cost. MgO and YSZ substrates with lattice mismatch to that
of YBCO is 9% and 6%, respectively, but the problem lies in the instability of MgO
in air and if YBCO is grown on YSZ, the formation of BaZrOs occurs [96; 97; 98].
The reaction between Si and YBCO film is even more serious than that of YSZ. So
to tackle these reaction, inflexibilty and cost problems, buffer layers are used on the
top of flexible metals.

2.2.3 Buffer layers

As discussed above, the buffer layers are to enable the better growth of YBCO by
stopping the diffusion from metal and also to get the texturized cap-layer. Many
different configurations of buffer layers have been used to improve the growth of
YBCO. Some of the buffer layers deposited on single crystals along with achieved
texture are presented in Table 1. As can be seen from Table 1, differently fash-
ioned buffer layer stacks lead to varying textures, that are, biaxial, polycrystalline
and amorphous. Usually for the growth of YBCO, a biaxial texture is required for
the cap layer. Depending on the buffered material used, there can be differences in
the average grain misorientations coming from the underlying cap-layer [99]. This
misorintation angle can range from 2° to 10° depending on the substrate. It is ob-
served that the YBCO grain misorientation is less when hastelloy C276 was used as
compared with NiW [78; 100].

Significant progress has been made for the better growth of YBCO supercon-
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Figure 9. Schematic of buffered metallic template and the growth of YBCO on the top of it. It can
be seen that the YBCO lattice grows tilted on such a metal with many naturally occuring defects.

ductor on buffered metallic templates. The Hastelloy C276 tapes used in this work
are easy to handle and flexible. Different buffer layer stacks have been used in this
work for achieving better superconducting properties. As in IBAD process, a biaxial
texture is produced on the cap-layer and a grain misorientation of 2° to 3° can be
achieved for YBCO which is comparable to that when grown on single crystal [99].

A schematic example of one of the buffered metal (used in this work) and how
the YBCO grows on a typical metal is shown in Figure 9. This stack was manufac-
tured by IBAD method. The first two layers on top of hastelloy C276 are amorphous,
where Al2Oj is a diffusion barrier to prohibit the diffusion of material from C276,
and Y203 act as a nucleation layer for the growth of textured layers. The biaxi-
ally textured MgO layer is fabricated through IBAD on nucleation layer and then
LaMnOs layer is epitaxially grown on the top of this IBAD-MgO layer. Once a great
texture is achieved, the cap layer of CeOs is fabricated with the purpose of having
low lattice mismatch between YBCO and the buffer layer stack underneath.

All the buffered metallic substrates utilized in this work were manufactured and
provided by our collaborator Dr. Yue Zhao affiliated with Shanghai Jiao Tong Uni-
versity and Schanghai Superconductor Technology Co. Ltd., China. With the pas-
sage of time, some advancements were made in provided substrates with respect to
varying thicknesses and moficiations of buffer layers. In general, the used substrates
were not completely novel but were named as advanced due to certain modifications.
Since the YBCO films were grown directly on provided substrates, so expertise on
technical substrates is out of the scope of this thesis.

16



3 Experimental

3.1 Target synthesis

In this thesis, the YBCO targets were synthesized by two different methodologies,
that are, 1) solid-state ceramic reaction, and 2) sol-gel process. The first method
leads to the target grain size in micrometer range, whereas the second one gives us
the target with nanometer grain size (ca. 60 nm) [V]. The dopants were also added
in both the processes to understand the differences in sizes of induced defects within
produced films. The recipies of both the processes can be found in [107; 108; 109;
110]. The undoped and BZO doped targets used in [V, VI] had densities of 76 %,
80 %, 86 % and 75 % for u-YBCO, u-YBCO+BZO, n-YBCO and n-YBCO+BZO,
respectively [V]. All targets used for depositing the films were synthesized by my
colleagues Dr. Jussi Tikkanen, Dr. Veer P. S. Awana and Dr. Rajveer Jha.

3.2 PLD

PLD is a technique used to grow the films of various thicknesses on different sub-
strates. It is a suitable method to homogeneously grow the films of complex oxide
materials as it has an advantage of stoichiometrically transferring the material in gas
flow. The schematic of PLD process is illustrated in Figure 10. The laser beam
of UV wavelength is directed towards the target material (pellet) through an optical
window. The laser beam firstly hits the target, then heats and ablates off the material
thus transferring it to the substrate in the form of a plume. The material then re-
condensates on the surface of the substrate via merging of atoms, ions or formation
of islands. The substrate is heated with an infrared laser and the film is deposited at
an optimized 7.

Substrates are chosen based on two facts: 1) small lattice mismatch between the
substrate and the target material and 2) the intended application of the film, for ex-
ample, YBCO is grown on SrTiOs (STO) to comprehensively understand the growth
mechanism, and on buffered metal for the large scale coated conductors. On the
other hand, MgO can be used due to its suitable dielectric constant for microwave
applications [111]. In this work, thin films were deposited on STO and differently
buffered metallic substrates.

Depending on the structure of the metallic substrate and the wanted growth of
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Figure 10. The schematic of PLD process used in this work.

artificial pinning sites, T,s were tuned while the rest of parameters were kept con-
stant except the number of pulses for achieving films of varying thicknesses. All
the substrates were attached to the sample holder with silver paste for better thermal
conductivity.

Firstly, the PLD chamber was pumped with scroll and turbo pumps to reach
high vacuums while oxygen was also introduced to avoid the reduction of oxy-
gen from the substrate and target. The substrates were heated up to desired Tgs
(700 °C—775 °C) with 25 °C/min heating rate and constant flow of oxygen under
the pressure (1.75x 10~* torr). Then the excimer XeCl laser pulses were shot (5
Hz frequency, 1.3 J/cm? energy and wavelength, A = 308 nm) on the target to de-
posit the films. After the deposition, oxygenation and post-annealing were done
at temperature which is 25 °C lower than the T}, usually 700 °C to 750 °C, since
the introduction of oxygen leads to the phase transition of YBCO from tetragonal
to orthorhombic phase at this temperature [112]. The post-annealing treatment was
done for 10 minutes and after that the film was cooled back to room temperature at
25 °C/min rate.
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Figure 11. The schematic of basic operation of AFM.

3.3 AFM

The surface microstructure of films can be accurately measured by atomic force
microscopy (AFM). In this method, the probe or triangular tip is attached to the
cantilever and upon pressing down the tip with constant force, it interacts with the
surface of film and scans over surface area where the probe senses the variation of
interaction force thus creating deflections in the cantilever. The deflections in the
cantilever are measured by a photodetector thus compiling the topographic image of
the surface [113].

The two main operational modes of AFM are: contact and non-contact. In the
contact or repulsive mode, the tip touches and scans the surface of the sample. The
force interacting between the tip and the sample is repulsive. In the non-contact or
attractive mode, the tip is brought closer to the sample and the long-range attractive
force is sensed by the tip. The cantilever is oscillated at high or resonant frequency
in non-contact mode. The sensitivity of AFM decreases with increasing vibrations
produced at high frequencies. Therefore, relatively stiff material, for example, sil-
icon or silicon nitride are used to manufacture the cantilever so that high resonant
frequencies can be ensured. The resonant frequencies can be in the range of 10—100
kHz [114].

In this work, AFM was used in contact mode to measure the surface topography,
roughness and thickness of films after etching. Depending on the films grown from
different grain sized or modified targets and at varying temperatures, the surface
roughness and the size of the particles vary. The image sizes were in the range of
2x2 pm? to 50x50 pm?.
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Figure 12. The schematic of a typical XRD measurement set-up.

3.4 XRD

The structural analysis of the samples can be done by using x-ray diffraction (XRD).
The main principal of XRD lies in the Bragg’s formula [115]

n\ = 2dsind, 2)

where ) is the wavelength of x-ray source, d the spacing between the atomic planes
and 0 is the angle between the incident and scattered x-ray. Upon exposing the
sample with x-rays, all electrons of the atoms participate in the scattering of the x-
rays. The re-emitted x-rays are then recorded by the detector functioning opposite
to x-ray source. In order to obtain the diffracted peaks, the scattered waves must
be in-phase. Deeper in the planes, the x-rays travel more so to get the constructive
interference, the path difference must be equal to integer number of wavelengths.
This integer is denoted by n in above equation [115].

Figure 12 depicts a basic XRD set-up which is used for measuring different sam-
ples. The diffractometer consists of two main axis, that are, 26 and w. The 26 angle
refers to the detector axis, whereas w for sample’s axis. The soller slits are used to
reduce the noise, angular dispersion and also for improving beam’s resolution on the
detector side. The sample can be rotated and tilted at different angles by utilizing ¢
and 1) scans, respectively [115]. ¢ is the angle when the sample is tilted, whereas ¢
is the angle when the film is only rotated.

An Empyrean XRD was used to structurally measure all the samples, where Cu
K, source producing x-rays with a wavelength of 1.54 A. The Cu K, radiation was
filtered by an x-ray mirror (the Bragg-Brentano HD) in front of the source. The
soller slits of 0.04 rad. were used to cut-off the non-parallel rays. Since, unlike
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powder samples, thin films do not necessarily have all the crystal orientations and
positioning the films is very important.

In this work, 6 — 26 scans were performed to know the phase purity in the
films and also for determining the c-parameter by using the (004), (005) and (006)
peaks. The oxygenation level in the films was also determined by intensity ratios:
1(005)/1(004). For more detailed analysis, the (102) ¢ (26 = 27.8°, ¢ = 56° and
31°) and (005) w (26 = 38.6°, 1 = 0°) scans were also done to reveal the in-plane
variations and out-of-plane crystallographic ordering. Moreover, the oxygen level
for YBCO films was also calculated by taking the intensity ratio of (005) and (004)
peaks.

3.5 TEM

In transmission electron microscopy (TEM), a beam of electrons is used to probe the
sample. The electrons are produced by the tungsten filament and are then accelerated
by an electron gun towards the focussed lenses. In this way, the TEM consists of an
electron source, lenses and a detector. Firstly, the sample is positioned in front of
the electron beam. Then the beam is accelerated and focused onto the sample by
lenses. The lenses are simply coils which can be moved to adjust the electron beam.
The beam, after passing through the focusing lens, then hits, transmits through the
sample and is magnified by the magnification lens thus finally imprinting the image
on fluorescent screen.

One type of TEM is the scanning transmission electron microscope (STEM),
which takes the image from a specific part of sample, not the whole sample. The
scanning of surface here again allows to visualize the magnified image of the sam-
ple. TEM can take both bright and dark field images. The bright field (BF) images
provide dark or light contrast between different parts of taken images. The BF im-
ages refer the crystalline or heavy mass density areas to be dark, whereas vice versa
for dark field images. In BF imaging, the transmitted electrons are passed through
the aperture but the scattered electrons are blocked, which is opposite to that of the
dark field. The entire setup of TEM is enclosed in a vacuum chamber to avoid the
dirt and energy losses of the electron beam.

In this thesis, bright field image of TEM were produced by utilizing BF-TEM op-
tion. The BF-TEM was carried out by utilizing a Cs-corrected JEOL JEM 2200FS in-
strument operating at 200 kV. The samples were prepared by cutting a cross-sectional
lamella via the Focused Ion Beam (FIB) technique in a FEI Nova 600 Nanolab Dual
Beam FIB-SEM. The lamella were extracted using the in-situ lift out procedure with
an Omniprobe extraction needle. All the TEM work was done by the facility staff of
Ghent University, Belgium.
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3.6 Magnetic measurements

A Quantum Design Physical property measurement system (PPMS) was utilized to
measure the magnetic moments of superconducting films via AC measurement sys-
tem (ACMS). The system can be used in DC or AC mode. While using DC mode,
the system acts as a vibrating sample magnetometer where the applied magnetic field
is firstly applied to the sample which induces magnetic moments in it. The sample is
then vibrated and in response the change in flux, proportional to magnetic moment,
is detected in the pick up coils thus giving the DC magnetization. On the other hand,
in AC mode, the sample is excited by applying AC magnetic field and as a result
AC magnetization is measured. This AC signal induces a change in the magnetic
moments of the sample which is recorded as another signal, which is proportional to
dM /dHwhere M is magnetization and H is the excitation field.

T. of all the samples were measured by utilizing AC mode of PPMS, whereas
DC measurements for calculating the J.. The AC magnetization for all the samples
was performed from 100 K down to 10 K by scanning 0.1 mT AC field with 113 Hz
frequency. The onset T is the temperature where the real part of the magnetization
curve deviates from that of the imaginary part. The deviation point is where the
transition starts from the normal to superconducting state. The DC magnetization
curves were measured at 10 K and 77 K under the magnetic field from -8 T—8 T. The
magnetic field dependent J. can be easily determined from the measured hysteresis
loops of samples by using Bean critical state model for rectangular films. The Bean
model for thin films measured by applying magnetic field perpendicular to the film
is

Jo =2Am/[a(l —a/3b)V], 3)

where ¢ is the width and b the length of the sample with b > a, V' is the volume
of the film and Am is the opening of the hysteresis loop [116]. Am is equal to
m_(B)—m4(B) and subscripts +,- describe the increasing and decreasing magnetic
field.

The Bean critical state model assumes that the flowing current within the sample
is either J. or zero. The J. is dependent on the vortex density which increases
and decreases with the increasing and decreasing magnetic field, respectively. Upon
increasing the field, the vortices start to enter from the sides of the sample and leave
when the magnetic field is decreased. Thus the slope of magnetic field within the
sample is realised. This is proportional to J.

3.7 Transport measurements

For measuring the angular dependent J..(#), the samples were etched for performing
the four-probe measurements. After spin coating the photoresist on the samples,
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Figure 13. Stripes developed by wet chemical etching to carry out the transport measurements.

they were dried at 80°C and then exposed by UV light. The as-exposed samples
were developed by rinsing in NaOH solution and finally etched in H3PO,4 solution.

The schematic of etched pattern is shown in Figure 13, where the stripe width is
50 pym and 200 pm for films on STO and metallic substrates, respectively. For per-
forming the transport measurements, contacts were made on the current and voltage
pads of samples and pucks by using Al wire in TPT wire bonder. Then the current
was ramped through the electrical circuit, in zero magnetic field, and once a thresh-
old voltage is reached the maximum critical current /. is measured. This I. is the
limit for measurements under applied magnetic fields. Of course, the I, varies from
sample to sample but the voltage limit was set to 215 ©V/cm to protect the samples.
The measurements were done from 0° to 360° under applied magnetic fields ranging
from O T to 8 T and at different temperatures (usually 40 K). The field was parallel
to sample at 0° and then the sample rotated with 3° of steps, once each data point
has been measured. Finally, the J.(#) was calculated by using formula: J. = I./A,
where A was measured with AFM. The typical maximum currents achieved with
our patterned films were from 200 mA to 300 mA at 10 K, varying among different
samples. The current ramp was 240 mA/s for each measured data point. Since the
critical currents were quite low, that is, in mA range so the heating is not expected
during the measurements.
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4 Results and Discussion

4.1 YBCO layer optimization
41.1 Growth temperature optimizations

On a typical buffered metal substrate as shown in Figure 14, we optimized the 7},
for undoped and doped YBCO [I, IT]. The structural and superconducting properties
showed that T}, is highly important for better applications of coated conductors. The
Tys were optimized in view of obtaining homogeneous films with better pinning
landscape resulting in high J. under wide magnetic field and temperature range.
YBCO films with varying T, were grown on the buffered metal (Figure 14) with
1600 pulses. The basic structural and magnetic properties showed that 7, =725 °C is
optimal for the thickness dependent series [I], which is discussed in the next section.
The T;; was also optimized for the doped films where two types of dopants were
introduced within the YBCO matrix, that are, BCO and BZO [II]. For comparison,
the structural parameters of all the deposited films are tabulated in Table 2. As can be
seen, the T}, affects the in-plane and out-of-plane growth of doped YBCO films which
in return has an impact on superconducting properties. The YBCO grown at 700 °C,
750 °C and 800 °C show slightly higher values of c-parameter than the nominal
value of YBCO c-axis, as measured elsewhere [117]. Contrary to BCO dopant, all
the BZO doped YBCO films have slightly elongated c-axis. However, for both cases,
the YBCO films grown at 650 °C show large deviation from the nominal value in ¢

YBCO 150 nm

MgO buffer 10 nm

V.

Hastelloy C276 substrate 50 um

Fig. 14. The schematic of buffered metal on which the undoped and BCO, BZO doped YBCO
films with various thicknesses were grown [l].
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Table 2. Comparison of structural parameters for undoped, BCO and BZO doped YBCO films
grown at different temperatures [ll]..

T.(°C) YBCO lattice A260 Ag Aw 1(005)/
c(A) (005) (°)  (102) (°)  (005) (°)  1(004)
YBCO + BCO
650 11.78 0.62 4.13 2.25 16.06
700 11.71 0.44 4.04 1.62 15.24
750 11.71 0.37 3.86 2.30 13.98
800 11.70 0.26 4.12 1.95 16.23
750 (STO) 11.68 0.23 1.35 0.47 14.97
YBCO + BZO
650 11.79 0.58 4.45 243 16.34
700 11.73 0.34 4.30 2.66 11.38
750 11.72 0.22 4.40 1.64 12.25
800 11.74 0.21 4.28 2.15 13.97
750 (STO) 11.72 0.22 1.06 0.29 12.94

lattice parameter. Moreover, the A26 values for doped samples, extracted from (005)
peaks, reveal that the variation of unit cells is smaller with increasing T},. The films
deposited at 800 °C showed half the A26 values to that of films deposited at 650 °C.
The BCO doped film at 750 °C revealed similar A26 value to that when grown on
STO [49]. Furthermore, the in-plane A¢ values stay about the same for both the
BCO and BZO doped films. Aw values, showing the crystallographic orientation
along c-axis, revealed less values as compared to that of YBCO films deposited on
NiW substrate [89]. As can be seen from Table 2, A¢ and Aw values for films on
STO are four times smaller than those on our buffered template, which shows that
these peak widths of ¢ and w are solely because of metallic template which does
not allow fully epitaxial growth of YBCO layer. The oxygen deficiency for both the
BCO and BZO doped films, seen from intensity ratio 1(005)/1(004) peaks, was well
in range of § < 0.1 [55].

Figures 15(a,b) depict the performed 7, measurements for BCO and BZO doped
YBCO films. In both the cases, the 7; is noticed to be the highest for the films
grown at high temperature and it decreases with decreasing 7,. It was observed
that BCO and BZO doped films deposited at intermediate temperatures have the
highest J. (Figure 16 (a,b)). This is related to the change of dopant morphology
with respect to 1. Similar results were also reported in previous work [56], where
the intermediate temperature range works best for dopant growth. In our case, it
was 750 °C. BZO growth as elongated nanorods within YBCO can easily turn into
shortened and highly splayed nanocolumns when films are grown at very low or too
high temperatures [56]. The insets of Figures 16(a,b) reveal the effect of T;; on the
accommodation field B*, which is defined as the end point of the low field plateau of
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Fig. 15. Ac magnetization curves as a function of temperature for (a) BCO doped and (b) BZO
doped YBCO films deposited on buffered metal at different T s. The films on STO are given for
comparison. The insets show the T, dependence of T in different set of samples [ll].

e
| w0l % 1
Ng =) NE 650 7o€g(00;5o 800 (b)
2 2 ‘ ‘ 200 YBCO+BZO/Hastelloy
= =
= 180  STO(750°C) —= = | e stomsoc) =
£ 800°C =~ 10 E i
120 @ 750°C 1 100 ® 750°C
Ay
TR, 700°C —o— ey, 700°C —o—
100 - 650°C - 0 "%L%p 650°C —+-
0.01 0.1 1 10 0.01 0.1 1 10
B(M)

Fig. 16. J. curves as a function of applied magnetic field at 10 K for (a) BCO doped and (b) BZO
doped YBCO films, grown at varying Ts on buffered metal and at 750 °C on STO. The insets

show the dependence of the B* on Ty [ll].
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Figure 17. (a)—(f) AFM images (2x2 m?) of the YBCO films with varying thicknesses of 60, 115,
205, 295, 480 and 670 nm, respectively. The values for height scale bars are mentioned in each
subfigure [l].

Je, which in this work is J. = 0.9 J.(0) [118]. The single vortex pinning dominates
below the B* but the interactions between vortices are significant above B* [119]. In
BCO doped films, with the initial increase of B*, it starts decreasing with increasing
T,. Contrary to this, the B* jumps at 700 °C and is approximately the same above
that with increasing 7.

4.1.2 Optimization of film thickness

Thicker films are desired in coated conductors to pass through high currents. Films
with 500, 1000, 2000, 3000, 5000 and 8000 laser pulses were deposited at T, =725 °C,
which resulted in thicknesses of 60, 115, 205, 295, 480 and 670 nm [I]. The 2x2 qu
surface images (Figure 17) scanned through AFM revealed the merging of particles
leading to the formation of larger islands with the increasing number of laser pulses.
The thinnest film had only on an average 25 nm particle diameter compared with
the thickest ones (480 nm and 670 nm), with 100—200 nm particle diameter. The
surface roughness, RMS values, for all the films are presented in Figure 18(a). The
surface roughness increases moderately up to films with 300 nm thickness, but above
that a rapid increase is observed. On the other hand, the 20x20 zm? surface image
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Figure 18. (a) RMS roughness values as function of films with different thicknesses and (b) the
surface image of the 60 nm YBCO film using 20 x 20 um? scan area [I].
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Figure 19. (a) Normalized ac magnetization as a function of temperature for undoped YBCO films
grown with different thicknesses. Inset shows the thickness dependence of T, and (b) J.
dependence of films with varying thicknesses [l].
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Figure 20. Cross-sectional TEM image of 60 nm YBCO film grown on buffered metal. Thick
arrows show the disordered regions and indicate the strained layer just next to the interface of
Ce0, and YBCO. Above strained region the ordered arrows depict the stacking faults and
dislocations [l].

is shown in Figure 18(b) for 60 nm thick film. Clearly the grain diameter of ~ 10
pm can be observed. In thicker films, such a grain structure was not observed which
indicates improved interface growth of YBCO on hastelloy as compared with NiW
buffered substrate [100].

The T.s measured for all the films are presented in Figure 19(a). It can be seen
that the T is lowest (below 84 K) for the thinnest film and it gradually increases
as the film thickness increases. The highest 7 is found to be 85.5 K for 300 nm
thick film and above that it again starts decreasing. Lowest 7¢s for the thinnest film
is related to the unrelaxed growth of YBCO unit cells [120]. Above 60 nm, the
structural growth starts to relax and improves up to 300 nm. In thicker films (more
than 300 nm), a thin surface layer arises that contains more crystalline defects or
other disorders which degrades the structure, thus lowering the 7.

Figure 19(b) depicts the J. for as measured films where one realizes that J. is
the highest for 200—300 nm thick films. Below and above this thickness range,
the J. is lower but has a moderate tendency. In thinnest films, the lower J. can
be attributed to the worst crystalline quality and also weak pinning cites which are
important for vortex pinning. On the other hand, the crystalline quality for thickest
films is also degraded and is related to the retarted growth rate above a certian limit
when particles start forming agglomerates. These results are in agreement with the
films on NiW buffered substrate, where the intermediate thicknesses produced the
best results [100].

The TEM was conducted on the 60 nm film in order to understand the interface
growth and structural relaxation (Figure 20). The TEM image showed that YBCO
grows epitaxially in (00!) direction. The high defect density is realized around the
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Fig. 21. XRD diffractogram of YBCO films doped with varying BCO concentration. Labelled

peaks, CeO, from cap-layer, ’-’ peaks are from the buffer layers and C276 peaks arose from the
metal itself. STO peak is also observed because the hastelloy tape was glued on it [l].

interface which is due to the strain caused by underlying cap-layer and is labelled
by thick and randomly oriented arrows in Figure 20. Above the small region (less
than 10 nm) next to the interface, the YBCO starts relaxing and the crystal quality
improves above this strained layer. Although there are still some defects in the top
region as labelled by thin and unidirectional arrows, it is believed that such stacking
faults and dislocations are highly beneficial for vortex pinning phenomenon which
in return increases the J.

4.1.3 BCO concentration optimization

Experiments were made by growing films with varying BCO concentration in YBCO
[III]. The BCO dopant concentration was varied from 0% to 10% with 2 vol% step
size. All the films were again deposited at 750 °C on the buffered metal (Figure 14)
with 1500 laser pulses thus giving the film thickness of approximately 150 nm. The
XRD was firstly measured to check the purity of samples (Figure 21). Despite the
buffered metal, all the films were phase pure, epitaxially textured and c-axis oriented
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Figure 22. (a)—(f) The J.(#) graphs for undoped and BCO doped YBCO films grown on buffered
metal measured at 40 K and 0.5 T—8 T. All the curves were shifted so that 0° refers to the direction
of c-axis, while -90° and 90° for ab-planes of YBCO [llI].
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Fig. 23. The schematic of vortex pinning in 0% to 10% BCO doped YBCO films grown on buffered
metal. Black dashed lines are threading dislocations where no vortex pinning occurs, whereas blue
zig-zag lines depict the pinned vortices within threads. The green and open circles are BCO
nanodots where the vortices (red lines) are unpinned and pinned, respectively [lll].

which showed no inter-diffusion between the underlying metal to superconducting
layer. It was revealed that the 7, tends to decrease with increasing BCO concen-
tration, which has also been observed previously [121]. The dopant concentration
causes the non-uniform strain which structurally deforms YBCO [49; 122]. Both the
magnetic and angular dependent resistivity data revealed that films with 2% and 4%
BCO concentration had the best J. [III].

The angular dependent J . results are presented in Figure 22. YBCO films doped
with 2% and 4% BCO concentrations showed the highest .J;(#) in entire magnetic
field and angular range. Such BCO content in YBCO matrix is effective for trap-
ping the vortices both at low and high magnetic fields. The occurence of c-peak
in undoped and 2% BCO doped films reveal the presence of threading dislocations
which also helps in pinning the vortices. But no c-peak is seen in J.(6) curves for
films doped with high BCO concentration. This can be explained by the vortex path
model, where high density of point particles affects the paths of vortices, resulting
in less vortex pinning by threading dislocations. A schematic of vortex pinning by
BCO nanoparticles and threading dislocations is presented in Figure 23. The vortices
are mostly mobile in the undoped case and are only pinned by threading dislocations,
whereas vortices are caught by BCO nanodots and their path deviates with respect
to neighbouring nanodots sitting next to each other. Therefore, BCO nanoparticles
improve the flux pinning phenomenon in YBCO films grown on buffered metallic
substrates. However, this schematic is just a general illustration and the vortex pin-
ning can be modified depending on the strength and orientation of applied magnetic
field with respect to the measurement temperature, for example, at low temperatures
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Figure 24. (a)—(c) Schematics of used IBAD-MgO based substrates for growing YBCO films. The
three templates, (a) CeO2, (b) LMO-MgO, and (c) LMO-Epi-MgO, differ from each other in
thicknesses and buffer layer stacks [IV].

and weak magnetic fields, the vortices might be pinned in a smooth fashion within
a single nanodot or dislocation. On the other hand, at high temperatures and strong
magnetic fields, where the thermal fluctuations are obvious to arise, can disrupt the
pinning phenomenon thus allowing the jumping of vortices across different pinning
sites.

4.2 Effect of modified buffer layer stack

Extending work towards the effect of buffer layers, three differently architectured
substrates were exploited in pursuit of high J. with small anisotropy [IV]. The sub-
strates are presented in Figure 24. Firstly, the T, was optimized by growing undoped
YBCO on all of the three substrates and, by premilinary measurements, the opti-
mized T}, turned out to be 775 °C [IV]. Both undoped and 4 wt.% BZO doped YBCO
films were grown on 5x5 mm? substrates and their measured structural parameters
are shown in Table 3. The c-axis lengths for undoped films on all the substrates are
closer to the nominal value of YBCO c-axis as compared with lengthy c -axis of
BZO doped films. This means that BZO is causing strain along c-axis. It can also
be observed that the CeO5 buffer layer has a good impact on the growth of both un-
doped and doped YBCO since it has the least variation along c-axis as revealed by
A26 values, which are quite small as compared with our previously used templates
[62; 100; 123; 124]. Moreover, the A¢ values between the differently buffered sub-
strates is half of that reported earlier for NiW buffered substrate [100]. The A¢ (102)
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Table 3. Structural parameters calculated for undoped and BZO doped YBCO films grown on
three different buffered substrates [IV].

Template YBCO lattice =~ A26 A¢p 1(005)/
c(A) (004) (°)  (102) (°)  1(004)
undoped YBCO
CeO2 11.69 0.12 3.40 14.0
LMO-MgO 11.70 0.15 4.36 13.7
LMO-Epi-MgO  11.70 0.14 3.77 13.5
YBCO + BZO
CeO2 11.74 0.19 3.37 13.9
LMO-MgO 11.75 0.21 4.42 12.5
LMO-Epi-MgO  11.73 0.20 4.75 12.9

values are critical since they are related to low-angle grain boundaries, arising from
the underlying substrate, which channel the YBCO growth along c-axis and forms
threading dislocation. Furthermore, the T, for BZO doped films was reported to be
lower than that of undoped films which is related to the strain occuring due to 8% of
lattice mismatch between YBCO and BZO, and also possibly the oxygen deficiency
occuring around BZO induced nanorods [89; 123; 125]. Among the templates, the
CeO3 based YBCO film showed the highest 7, which can be related to the less strain
on the interface due to the least lattice mismatch between YBCO and CeOs.

The J.(0) measured for all the films presented in Figure 25 depict the effect of
underlying buffer structure on as grown undoped and BZO doped YBCO films. It
can be seen that the aniosotropic levels shift for both undoped and doped films at low
(0.5 T—2T) and high (4 T— 8 T) magnetic fields. The CeOs cap-layer proved to be
the most effective for undoped films measured at low magnetic fields since it gives
highly isotropic results with the appearance of c-peak (Figure 25(a)). The broad and
intense ab-peaks for LMO-Epi-MgO substrate tells us that pinning sites are more
populated along ab-direction than c-axis in such a YBCO film, which is a general
case in undoped YBCO films [21]. At high magnetic fields, LMO-Epi-MgO turns
out to be anisotropic, than LMO-MgO and CeO», with the appearance of sharp and
narrow ab-peaks along with shoulders. The shouldering occurs because of interplay
of in-plane and out-of-plane pinning [126]. However, LMO-MgO and CeO2 based
templates do not show much of the differences in isotropic behaviours even at 8 T.
These J.(0) results reveal that the network of natural pinning sites can easily vary in
size depending on buffer layers [36].

Concerning the BZO doped films, the J.(#) curves for LMO-Epi-MgO revealed
to be more isotropic at low fields for doped films as shown in Figure 25(c). The strong
c-peaks rising above 1 T for LMO-MgO and CeOs indicates strong vortex pinning
by BZO induced nanorods along c-direction. Figure 25(d) depicting the J.(f) mea-
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Fig. 25. J.(0) curves for (a)—(b) undoped and (c)—(d) BZO doped YBCO films grown on CeOx,
LMO-MgO and LMO-Epi-MgO templates measured at 40 K and at different B [IV]. The data for
each constant magnetic field was firstly separated and then shifted in such a way that the lowest

point of every curve falls at the same level.
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sured at high fields reveal that CeO, based buffer stack is the best performer for the
nanorods growth as pronounced and strong c-peaks are observed even at very high
magnetic fields. This scales up to the highly isotropic behaviour of such BZO doped
film grown on CeO,, which again means that the least lattice mismatch between the
cap-layer and YBCO is the backbone for enhanced growth of superconducting films.
To be noted, the LMO-MgO and LMO-Epi-MgO did show the c-peaks but not as
pronounced as CeOo, especially at 8 T. Therefore, CeO5 based buffer template was
optimized in this work.

4.3 Control of defect size through target grain size
4.3.1 On single crystal

To improve the natural and artificial pinning landscape within YBCO matrix, the tar-
gets used in the PLD process were modified by downscaling their grain size from
micron to nanometer [109; 110]. Both the undoped (n-YBCO and p-YBCO) and 4%
BZO doped YBCO (n-YBCO+BZO and u-YBCO+BZO) films were firstly deposited
on single crystalline STO substrates for testing and understanding better the growth
mechanism [V]. By AFM images it was revealed that the average in-plane diame-
ter for n-YBCO is smaller compared with p-YBCO, thus indicating more number
of nucleation sites and small island size in n-films. Such growth enhances the flux
pinning phenomenon by defects localized on the surroundings of merged single par-
ticles. A detailed microstructural analysis of both undoped and BZO doped films
was performed by TEM and is presented in Figure 26. The TEM images depicted
the enhanced pinning landscape in undoped and BZO doped films grown by utilizing
nano grain sized targets. As realized by Figure 26(a,b), that the n-YBCO has long
stacking faults in the entire film, as opposed by short stacking faults in u-film. In
case of BZO doped films (Figure 26(c,d)), the self-assembled BZO nanorods are at
least four times longer in n-YBCO+BZO than in u-YBCO+BZO, that is, 85—203
nm for the former and 21—45 nm for latter. Moreover, their diameters were observed
to be 7.5 nm and 6.5 nm with an average estimated spacing of 9 nm and 12 nm for
n-YBCO+BZO and p-YBCO+BZO, respectively. On average, the films grown from
nanosized targets were ~ 15 nm thicker than those deposited by micro grain sized
targets. The compilation of the TEM results are shown in Table 4.

The transport measurements for all the films were carried out and the results are
presented in Figure 27. Comparing the undoped cases (Figure 27(a,b)), it can be seen
that the n-YBCO has clearly higher J () than x-YBCO under the entire magnetic
field range. In extension to this, the J.(6) are highly isotropic, especially below
4 T, in n-YBCO thus revealing improved vortex pinning by natural defects within
n-YBCO.

This is in agreement with our structural results where the smaller island size
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Figure 26. (a)—(d) TEM images of both undoped and BZO doped YBCO films deposited from
nano and micron grain sized targets. Stacking faults are labelled by bright arrows. Nanocolumns
are labeled by BZO in doped films [V].

Table 4. A compilation of parameters for undoped and BZO doped n- and u-YBCO films, taken
from TEM results [V].

Sample Stacking faults Splay of nanorods Twin boundaries
)
n-YBCO Bottom layer with long stacking faults - In bottom layer
©-YBCO Randomly distributed short stacking faults - Visible (see SI)
n-YBCO+BZO Few in number 5-15 (unbroken) Not visible

pn-YBCO+BZO  Randomly distributed short stacking faults ~ 20-25 (often broken)  Not visible

37



Mukarram Zaman Khan

12 (b) p-YBCO T=40K
/\ /\"‘\1 T
- - \Hw‘...« / \“\\
£ £ 1 A 2T
2 2 )/ > AN
e e il T I
o o / }c‘”\ /7 \k\xT
= =08 /| \
- - / / \\“-«‘,. . 6\T«
R
0.6 N ]
s 8T
135 -90 45 0 45 90 135
6 ()
1.6 ] 1.8
6 1(c) nYBCO+BZO T=40K (d) wYBCO+BZO  T=40K

e ——

J; (1010 A/m?)
N
<
H H
x/!
i
g
&‘\
\\\
{
(=] S
b
J, (10" Am?)
N
e

AR ~)
\ / e \/ N /‘\“ ‘\‘: § ‘l"
12 N \ / 12 ~W/;;" [ mx/j' R
. A B‘T A —— S AONET
135 90 -45 0 45 90 135 435 -90 45 0 45 90 135
0(°) 6 (°)

Figure 27. The J.(0) measured at 40 K and different magnetic fields for (a) n-YBCO, (b) u-YBCO,
(c) n-YBCO+BZO and (d) x-YBCO+BZO [V].

produces greater number of strain relaxed defects within n-YBCO. Furthermore, we
previously noticed that the twin domain size is also small in n-YBCO, which means
that there are more number of twin boundaries in the ¢ direction [120]. The vortex
path model tells us that due to the occurence of short stacking faults in u-YBCO the
vortices will be pinned more along ab-planes, which is in line with disappearance
of c-peak in u-YBCO [61; 127]. The sharp and intense ab-peaks in n-YBCO occur
due to long stacking faults responsible for effective vortex pinning along ab-planes.
It is noted that shoulders occur around these ab-peaks both at low and high fields,
which is an indication of mixed vortex pinning by the in-plane and out-of-plane
defects [126]. The small c-peak in n-YBCO is the direct evidence of presence of a
large number of c-axis oriented threading dislocations, which also contribute in flux
pinning. Contrary to this, in u-YBCO, broad ab-peaks occur at low fields which
get stronger at high fields. The short stacking faults are responsible for most of the
vortex pinning with the increasing magnetic field in such a case. The non-existence
of c-peak in p-YBCO does not refer to lack of pinning along c-axis since the c-peak
only occurs when the total F}, has a local maximum along the c-axis [128].

The J.(#) curves for BZO doped films presented in Figure 27(c,d) revealed huge
differences between n-YBCO+BZO and p-YBCO+BZO. Firstly, the J.(0) is ob-
served to be higher in low field (B < 2T) in u-YBCO+BZO but a cross over is soon
realized by strong c-peaks in n-YBCO+BZO above 2 T. These effects are only due
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to the strong vortex pinning by lengthy and less splayed grown nanorods with larger
diameters within n-YBCO+BZO, which is opposite in the case for y-YBCO+BZO.
The shortened BZO rods in pu-YBCO+BZO allow the stacking faults to effectively
pin the vortices along ab-direction, thus giving rise to pronounced ab-peaks and
weakened c-peaks. Such J;(0) features were also observed when BZO doped films
were grown at very high temperatures which lead to shortened growth of nanorods
and densily populated stacking faults along ab-direction [56]. The dips of ab-peaks in
n-YBCO+BZO are likely related to the dominance of pinning by elongated and well
ordered nanorods, which suppress the vortex pinning along ab-direction [129]. At 6
T, the small ab-peaks starts to rise, which get more pronounced at 8 T. This means
that when applied field is too high, then even the strong c-axis oriented nanorods
can not pin all the vortices thus giving freedom to defects sitting around ab-planes.
On the other hand, the random stacking faults in -YBCO+BZO can deteriorate the
growth of BZO nanorods along c-direction, which reduces the vortex pinning along
c-axis at low and high magnetic fields.

Based on the TEM images, a schematic of the as-grown defects within all the
films was produced as shown in Figure 28. The schematic shows us the long stacking
faults right next from the interface to the top of film in n-YBCO, whereas the short
stacking faults were visible in pu-YBCO. Moreover, the threading dislocations are
also greater in number in n-YBCO as compared to its u-YBCO counterpart, revealed
by the appearance of c-peaks in Figure 27(a). This is related to the smaller island size,
which leads to enhanced natural pinning landscape in n-YBCO. The random growth
of stacking faults not only contributes in the broad ab-peaks but also hinders the c-
peaks (Figure 27(b)). Considering the BZO doped samples, the enhanced growth of
BZO induced nanorods in n-YBCO+BZO can be related to the better local condi-
tions for YBCO—BZO interfaces to occur by high diffusion of oxygen through great
number of grain boundaries and other defects occuring around growth islands. It was
revealed by AFM images, that the n-films have smaller in-plane surface particle di-
ameter which indicates small sized growth islands and higher number of nucleation
sites [V], thus increasing the density of grain boundaries within n-films. On the other
hand, the fragmented and small nanorods (Figure 28(d)) occuring in ;-YBCO+BZO
may occur from similar origins as in n-YBCO+BZO but is possible from the low lo-
cal availability of BZO during the deposition process [V]. However, the occurrence
of short stacking faults may also halt the growth of BZO in u-YBCO+BZO. The
double c-peaks occur under different magnetic fields due to the growth of highly
elongated and dense network of splayed nanorods in n-YBCO+BZO 27(c). More-
over, the pass through of elongated BZO nanords from the interface to film surface
effectively pins the vortices producing broad c-peaks at 6 T and 8 T Figure 27(c). On
the other hand, the short stacking faults in 4-YBCO+BZO can perturb the growth of
BZO nanorods. This may result in shorter and splayed growth of nanorods. This in
return weakens the pinning along c-direction, where vortices can take several steps
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Figure 28. The schematic diagram of created defects in (a) n-YBCO, (b) u-YBCO, (c)
n-YBCO+BZO and (d) u-YBCO+BZO films. Long vertical lines are threading dislocations. The
short and long horizontal lines refer to stacking faults. The short and extended vertical columns
represent the BZO induced nanorods [V]. The stacking faults are long and greater in number in
n-YBCO and vice versa for u-YBCO, whereas the nanocolumns are elongated and pass through
the entire film thickness in n-YBCO+BZO but are highly fragmented in x-YBCO+BZO along with
short stacking faults.

to be pinned and can be untrapped while the field orientation is changed. Espe-
cially, when the field is quite high (above 4 T), the weak vortex pinning phenomenon
occurs which tells that the shortened nanorods are only effective at low fields (see
Figure 27(d)).

Molecular dynamics (MD)-simulations were performed to comprehensively un-
derstand the flux pinning mechanism and work was done by my colleague Elmeri
Rivasto [V, VI]. The pinning structure for these simulations was taken by TEM mea-
surements, where the length and splay of BZO induced nanorods is given. The effect
of columnar defects on J..(#) was studied using pinning site configurations presented
in Figure 29. The model used for simulations [130] was a layer structure which keeps
every particle in the same ab-plane. The angular limit of layer structure is +60°,
around the YBCO c-axis.

The simulated J.(6) graphs are presented in Figure 30(a). It can be seen from
Figure 30(a) that the width of J.(0) c-peaks is not dependent on the splay of BZO
nanorods but the peak intensities are observed to decrease with increasing splay of
nanorods. A double c-peak, where the local maxima of c-peak lies at an angle of
+20°. The c-peak maxima at an angle of 20° instead of 0° is due to the dominance
of F}, of nanorods over vortex magnetic force which aligns and pins the vortices
strongly. Also the vortices are splayed enough to come across different pinning
sites and are then pinned into several nanorods, simultaneously [V]. As the splay
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No splay 20°-splay, No splay,
or no fragmentation fragmentation into three layers
fragmentation
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000000000

Figure 29. The pinning site configuration used for MD-simulations. Red circles illustrate the
pinning defect and vortices are displayed in purple color. Each red circle represent one immobile
pinning site corresponding to a single layer, whereas each purple circle corresponding to a mobile
vortex. Left—the columnar pinning sites without any splay and fragmentation, Middle—splayed but
not fragmented pinning sites interacting with vortex, Right—Not splayed but fragmented pinning
sites intecation with vortex. The F,, experienced between vortex and columnar pinning defects with
vortex line tension F; is also presented [V].

of nanorods is increased, the magnetic force dominates the Fj,, thus partly depinning
the vortices which results in reducing the J.(6) along c-axis.

The effect of fragmentation of nanorods on J.(6) is displayed in Figure 30(b).
It is seen that the fragmented nanorods widen the c-peaks and a double c-axis peak
is only observed when the nanorods are unfragmented. The fragmented layer struc-
ture of pinning sites or nanorods diminishes the double c-peak since vortices then
bend themselves to be pinned in these fragmented layers. However, this fragmented
structure does not seem to signficantly reduce the J.(6) but instead decreases the
anisotropy.

In order to compare our experimental results to the simulated ones, the J.(6)
curve measured at 4 T was chosen [V]. This simulation was made with both the
splay and fragmentation of nanorods, where 20 nm long columnar defect with 10° of
splay was modelled for n-YBCO+BZO, whereas y-YBCO+BZO column was frag-
mented into four small pieces with 22.5° of splay. Figure 31 shows the simulated and
experimentally measured c-peak. As can be seen, at § < 30°, the experimental and
simulated data fits quite well. But, on the other hand, above # > 30° the simulated c-
peaks for both the ;-YBCO+BZO and n-YBCO+BZO start to deviate, which is due
to the limitation of simulation model. In conclusion, the differences in parameters of
BZO nanorods explain the differences in shapes of J.(6) curves.
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Figure 30. The J.(0) curves for (a) non-fragmented and splayed nanords with 0°, 10°, 20° and
30°, (b) fragmented nanorods into 1, 2, 3 and 4 pieces with 0° splay [V].
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Figure 31. The experimental and simulated J.(6) curves for both u-YBCO+BZO and
n-YBCO+BZO determined from measurement at 4 T and 40 K. [V].
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Figure 32. TEM images of, (a) n-YBCO+BZO and (b) u-YBCO+BZO, films where the effect of

texture is depicted [VI].
©-YBCO Grain boundary
transfer
: 277N

‘e

Ce0)-capped IBAD-MgO based substrate

Figure 33. Schematic illustration of PLD growth process on technical substrate when nano and
microcrystalline targets are used [VI].

4.3.2 On buffered metal

In motivation from the improved results of films grown on STO, the doped films were
also grown on buffered metal by utilizing the same targets only differing with respect
to crystalline grain size. The schematic of the used buffered metal is presented in
Figure 9. Two 4% BZO doped the films were deposited at 775 °C with 1500 pulses.

Figure 32 depicts TEM images for both BZO doped, n-YBCO and p-YBCO,
films. It is seen that the grain boundaries from the CeOy cap-layer are replicated
in the u-YBCO+BZO, whereas there is no such texture transfer in n-YBCO+BZO.
Despite this lack of texture transfer in n-YBCO+BZO, the density and size of in-
trinsic defects is higher than in p-YBCO+BZO. From our TEM measurements, we
schematically deduced the growth mechanism as depicted in Figure 33. Our previous
studies [131] showed that the n-YBCO+BZO target with small grains has excessive
oxygen on grain boundaries. The laser pulse will not be able to penetrate deep in-
side the target due to oxygen acting as thermal insulator, thus cleaving-off mainly
the clusters from n-YBCO+BZO target as opposed by the atomic level transfer in -
YBCO+BZO [131]. The larger sized clusters limit the movement of smaller atoms
on the substrate surface, which in return hinders the grain boundaries transfer in
n-YBCO+BZO. However, this schematic is just an illutsration based on our experi-
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Figure 34. TEM images along with their 3D simulations of both the YBCO films grown by utilizing
(a) n-YBCO+BZO and (b) u-YBCO+BZO targets [VI].

Table 5. A compilation of microscopic results measured by BF-STEM for BZO doped YBCO grown
by different grain sized targets [VI].

n-YBCO+BZO u-YBCO+BZO
Film thickness (nm) 200-210 160-170
Stacking fault length (nm) 22.8+8.5 21.945.0
Nanorod diameter (nm) 7.8+1.4 6.1+1.0
Nanorod length (nm) 75-150 25-45
Nanorod spacing (nm) 12.3£3.6 10.3£2.8
Nanorod splay (°) 15.2+3.3 7.5+1.7

mental results, where the growth process can possibly change if the PLD parameters
are tuned [132]. These parameters include target-substrate distance, laser frequency,
repetition rate, substrate temperature and growth temperature.

The TEM measurements revealed an improved growth of BZO induced nanorods
within n-YBCO matrix compared with p-YBCO+BZO (Figure 34). The detailed re-
sults of TEM measurements are compiled in Table 5. Firstly, the nanorods are again
three times longer in n-YBCO+BZO than in py-YBCO+BZO, which sums up the im-
proved growth of BZO nanorods when using a nano grain sized target. This is in
line with the results when films were grown on STO [V]. The u-YBCO+BZO has
two times greater splay of nanorods than n-YBCO+BZO. In addition, we again ob-
served an increased film growth rate when deposited by nano sized target, that is,
n-YBCO+BZO has 25% faster growth rate than u-YBCO+BZO, quite similarly to
the STO case [V]. However, unlike for similar doped films grown on STO, the stack-
ing faults are present in n-YBCO+BZO and are of approximately the same lengths
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Figure 35. The magnetically measured J. of both (a) n-YBCO+BZO and (b) u-YBCO+BZO films
at 77 K (main) and 10 K (inset) [VI].
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Figure 36. The angular dependent J. of n-YBCO+BZO and p-YBCO+BZO films measured at
77 K and under magnetic fields of (a) 1 T—-2 T and (b) 4 T-6 T [VI].

as in u-YBCO+BZO.

The films were magnetically measured at 10 K and 77 K under zero and applied
magnetic fields. The results are displayed is Figure 35. It can be seen that at 10 K
the n-YBCO+BZO has 1.7 times higher J. than y-YBCO+BZO in the entire field
range of 0 T—8 T. At 77 K, this difference is observed to be 100 times larger when
the field is increased above 2 T. This overwhelming improvement demonstrates the
effectiveness of the grain boundary network in resisting the flow of Cooper pairs at
high temperatures. We conclude that the different grains in u-YBCO+BZO can act
as individual superconducting regions, separated by grain boundaries acting as insu-
lators, thus giving very low J. calculated by Bean model. But at low temperatures,
the Cooper pairs easily surpass through the channels of grain boundaries and allows
reliable values in this case.

The angular dependent .J,.(f) measurements were done at 77 K and in wide mag-
netic field range to support the capability of this work in coated conductor applica-
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Figure 37. The simulated J.(9) curves for both u-YBCO+BZO and n-YBCO+BZO under 1 T
magnetic field with different orientations [VI].

tions. The obtained J.() curves at 1 T and 2 T are displayed in Figure 36(a). It
is realized that the n-YBCO+BZO has higher J. both at 1 T and 2 T and is also
less anisotropic than p-YBCO+BZO. This is attributed to the enhanced flux pin-
ning by lengthy nanorods within the YBCO matrix. However, the ab-peaks in u-
YBCO+BZO are observed to be sharp and intense, which is related to the strong
dominance of pinning by in-plane defects, like stacking faults, in this case. Taking
into account the measurements at 4 T and 6 T (see Figure 36(b)), an upward shift
in the relative height of c-peak is clearly observed in n-YBCO+BZO. This striking
result gives us an impressive 40% improvement in n-YBCO+BZO as compared to
its counterpart. Such enhancements in J.(6) values are due to the improved growth
of BZO induced nanorods in n-YBCO+BZO as we already visualized and discussed
in TEM analysis.

To understand that how much the formation of nanorods affects the shape of
Jc(0) of -YBCO+BZO and n-YBCO+BZO, simulations were performed for 1 T
magnetic field. The used pinning landscape for these simulations is illustrated in Fig-
ure 34 and the simulated results are displayed in Figure 37. The results are clearly in
line with the experimental ones, since the c-peak is absent for both the samples at 1 T
and the J.(0) is observed to decrease at higher angles. The simulations also revealed
that J.(#) around c-axis is higher for n-YBCO+BZO than for the ;-YBCO+BZO
which fits nicely with the experimental J.(6).

By just modifying the target itself via downscaling its grain size, high improve-
ments are obtained on the laboratory scale, which can be tested and then implemented
on the industrial scale. As a final note, the tuning of PLD parameters for growing the
films from micron and nano grain sized targets is another interesting issue to study
and it is possible that the results can be degraded or enhanced. So these results are
specific with respect to our PLD growth conditions and substrate sizes which can not
be fully generalized for all the PLD processes operated globally. However, with our
specific conditions implemented, the results can be tested for industrial scale.
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5 Conclusions

In this thesis, different methodologies have been performed to modify and enhance
J. of YBCO layers on buffered metal substrates. Experiments were made on films
grown on both the single crystals and IBAD-MgO based metallic templates to inves-
tigate the natural and artificial pinning structure formed within the YBCO layer. To
create an artificial pinning landscape within YBCO matrix, BZO and BCO were used
as dopants which produce nanorods and nanodots, respectively. On buffered metals,
Tgs were optimized for undoped and doped YBCO films, where T,s were found to
be in the range of 725 °C to 775 °C. T out of this range detoriates the structural
growth and in return worsens the superconducting properties. The thicknesses of
YBCO films were also optimized on the buffered metal. It was concluded that the
films with intermediate thicknesses (200—300 nm) on a specific buffered metal have
the highest J. on the laboratory scale.

The BCO doped YBCO films were also optimized on buffered metal with respect
to dopant concentration. It was revealed that the BCO with lower dopant concentra-
tion perform better superconducting properties and reduce the anisotropic behavior.
Dopant concentration, over 4%, degrades the structural growth of YBCO thus deto-
riating the superconducting properties.

Three differnently fashioned IBAD-MgO based templates were used and it was
found that the template having cap-layer with least lattice mismatch to that of YBCO
works the best, ensuring the better growth of artificial nanorods within YBCO matrix
thus giving less anisotropy in J.(6) curves. This works impressively considering the
BZO doped films where strong c-peaks of J.(6) were observed for films on CeO,
cap-layer, especially at high magnetic fields.

Effect of reducing the target grain size from micrometer to nanometer is the nov-
elty produced from this thesis into the field of coated conductors. The effect was
investigated both on single crystal and buffered metal substrates. The natural and ar-
tificial pinning landscape was greatly enhanced in this regard. The length of nanorods
within the YBCO matrix was enhanced 3 to 4 times when films deposited from nano
grain sized target to that of generally used micron grain sized target. Moreover, the
diameters of these nanords were also observed to be larger in films grown from target
with nanosized grains. Such improvements of the defects resulted in higher J. and
isotropic behaviors at wide temperature, magnetic field and angular ranges. Together
with other enhancements in defect structures, the growth rate was also improved by
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25% both on single crystal and buffered metal. Such improvements on single crys-
tals can be utilized for microwave applications, and on buffered metals for coated
conductors.

Conclusively, the YBCO growth on buffered metal is complex and various fac-
tors must be taken into account to counter the problems faced in coated conductor
applications. One has to take a broad picture for tackling the problems and together
with all the optimizations, the field remains active to be explored in mega-projects.
The work performed in this thesis helped the Shanghai Superconductor Technology
Ltd. to better understand the growth mechanisms which resulted in improvements
for their superconducting wire fabrication.
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The growth mechanism is studied from the flux pinning point of view in small-scale YBa,Cu30g,, (YBCO)
thin films deposited on a polycrystalline hastelloy with advanced IBAD-MgO based buffer layer architec-
ture. When compared the situation with YBCO films grown on single crystal substrates, the most critical
issues that affect the suitable defect formation and thus the optimal vortex pinning landscape, have been
studied as a function of the growth temperature and the film thickness evolution. We can conclude that
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Pulsed laser deposition bination of the improved interface growth, to the film thickness related crystalline relaxation and to the
Buffer layers formation of linear array of edge dislocations that forms the low-angle grain boundaries through the en-
Hastelloy substrate tire film thickness and thus improve the vortex pinning properties. Hence, the optimized buffer layer

structure proved to be particularly suitable for new coated conductor solutions.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The manufacturing of high-temperature superconducting (HTS)
coated conductors for electric power systems has still numerous
fundamental challenges that need to be solved [1-3]. Already the
understanding of the limiting factors for the applications, such as
weak intragrain pinning and intergrain coupling [4,5], have led to
suitable material choices and to increasing development work on
metallic substrate and buffer layer architectures [6-10]. However,
the growth mechanisms, especially the early interface growth, of
superconducting (SC) layer have got too little attention in this
development activity [11]. This is true especially, when thinking
about envisioned high-current carrying applications, that require
strong intrinsic flux pinning capability, operating at relatively high
temperatures in strong magnetic fields [12,13].

Significant attention has been drawn to the materials issues,
such as the HTS compound YBa,Cu3Og,, (YBCO) grown on the
textured or untextured metallic substrates with a suitable reac-
tion barrier and epitaxially compatible buffer layer [3]. In this
development work, the textured template is carried out by either
texturing the buffer layer structure on Hastelloy with ion-beam

* Corresponding author.
E-mail address: hannu.huhtinen@utu.fi (H. Huhtinen).

https://doi.org/10.1016/j.physc.2017.11.016
0921-4534/© 2017 Elsevier B.V. All rights reserved.

assisted deposition (IBAD) or by deformation-texturing the metal
substrate, typically NiW allow, by the rolling assisted biaxially
textured substrate approach (RABiTS™) [14-16]. However, one of
the most critical objectives has been to avoid grain boundaries
that propagate through the buffer layer structure and originate
from the underlying substrate [17,18]. This effect is extremely
crucial especially in relatively thin superconducting films, where
the misorientation of the grains produces a barrier to current
flow in films grown by pulsed laser deposition. Therefore, it is
important to concentrate on the development of the high-quality,
highly biaxially textured substrate with optimized buffer layer
combinations and thicknesses and, on the other hand, improve
the properties of the low-angle grain boundaries and thus the
current-carrying capability of the YBCO layers.

In terms of complex nucleation and growth of YBCO films,
the size of the single growth islands [11,19] and particularly the
nanoscale structural defects within the YBCO lattice [2] have a key
role when optimizing these materials for future applications. Espe-
cially, the performance of the film, either in self-field or at the high
magnetic field of several teslas, is fully dependent on the nature
of the defects, such as their size, shape, dimensionality and orien-
tation [11]. If the strong, artificially produced and self-assembled
pinning centers, isotropic or anisotropic, [2,20] are not introduced
in the YBCO matrix, in addition to intrinsic pinning along the
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Fig. 1. Schematic layer structure with average thickness values of the epitaxially
grown YBCO films deposited on a polycrystalline hastelloy with IBAD-MgO based
buffer layer architecture.

direction of the CuO, planes, the randomly distributed and lo-
calized structural defects are only capable of producing weak,
albeit directionally uniform pinning, at relatively low magnetic
field range. On the other hand, the anisotropic correlated pinning
centers, including an array of extended linear or planar defects
that function against thermal activation and vortex depinning, are
strongest at high applied magnetic fields aligned along them [2].
Therefore, the most important naturally present defects in YBCO
films are the threading dislocations, including basal and edge
dislocations along the c-axis [21]. Since these pinning mechanisms
and their coupling is strongly dependent on the applied tempera-
ture and magnetic field, the defect engineering for improving the
flux pinning should be based on the demands of the applications.

In the present work, we have first optimized the growth
temperature Tg in order to produce small-scale YBCO films on
IBAD-MgO based template with the best possible in-field super-
conducting properties. Secondly, using optimized Tg, the detailed
YBCO thickness dependent analysis was implemented in order
to obtain the optimal YBCO growth and layer thicknesses for a
variety of applications.

2. Experimental details and methods

Two sets of YBCO films were grown by pulsed laser deposition
(PLD) using an excimer XeCl (A = 308 nm) laser with a pulse
duration of 25 ns and a repetition rate of 5 Hz with a laser fluence
of 13 Jem=2. The details of the PLD system with the typical
deposition parameters have been given elsewhere [22]. The films
were deposited on buffered metallic hastelloy substrates with a
configuration of Hastelloy C276/Al,05/Y,03/Mg0/CeO, [23]. Based
on previous measurements, the rms roughness of the topmost
CeO, cap layer varies between 1.5 and 3.0 nm. Also the in-plane
texture quality is suitable for the growth of following layers,
having FWHM of CeO, (111) reflection in ¢-direction 4-6 degrees
[23]. The schematic architecture of the film structures with layer
thicknesses is given in Fig. 1. For the growth and measurements,
the whole structure was mounted on the top of a SrTiO3 (STO)
substrate by conductive silver paint. In the growth temperature
optimization, we used 1500 laser pulses for every film which again
produced a film thickness of ~160 nm. In thickness dependent
analysis, the number of applied laser pulses used were 500, 1000,
2000, 3000, 5000 and 8000 producing the average thicknesses of
60, 115, 205, 295, 480 and 670 nm, respectively, as calculated by
using linear interpolation for our films measured earlier [9].

The crystallographic properties of the films were determined
by X-ray diffraction (XRD) measurements with a Philips X'Pert

Pro-MPD system (Cu K, radiation). To determine the phase purity
of the films, 6 — 26 scans in the (00I) direction were made. The
out-of-plane crystallographic texture was determined by XRD
rocking curves (RC) of the YBCO (005) peaks (w scans). The
oxygen stoichiometries of the films were estimated from the
intensity ratios of the YBCO (005)/(004) peaks [24,25]. The surface
microstructure was studied with an atomic force microscopy
(AFM) provided by Bruker Innova®. A specimen for cross-sectional
TEM observations was prepared by conventional route including
cutting, gluing, grinding, polishing and finally ion polishing. TEM
studies were performed using a Technai G2 F20 S-Twin operating
at 200kV. Magnetic measurements were made with a Quantum
Design PPMS system, and the critical temperatures, T., were
determined with ac magnetization measurements in the range of
10-100 K (in an ac field of 0.1 mT). The critical current densities,
Je, at 10 K were determined from the hysteresis loops using the
Bean model for rectangular films: Jc = 2Am/[a(1 — a/3b)V], where
a and b (b > a) are the width and the length of the sample, V is the
sample volume and Am is the opening of the hysteresis loop [26].

3. Optimization of the growth temperature

As can be observed from Fig. 2(a), the critical temperature,
T, of the YBCO film increases with increasing Ty up to 775°C
where the onset Tc~88 K. At temperatures Tg <725°C, T starts
to decrease dramatically producing also clearly broader supercon-
ducting transitions. It is worth noticing that the transition of YBCO
film grown at T; = 750 °C on buffered hastelloy is exactly similar
to the YBCO films grown on single crystal StTiO3 (STO) substrate
at the same temperature. When comparing these magnetically
measured T values with those of we earlier deposited on NiW
substrates with a wide variety of buffer layer structures [9,27,28],
we can conclude that the SC transitions are clearly sharper in the
films with Tg of 725°C and 750 °C although the onset T¢ is slightly
decreased. However, from the application point of view, the critical
current density, and especially its magnetic field dependence, is
a more important factor when optimizing the Tg. From Fig. 2(b),
we can see that the zero field J.(0) is slightly decreased in all
our films with different Ty, when compared with film grown on
STO. The J¢ of the film grown at 725°C is clearly the best at high
external magnetic field range above 200 mT, being comparable
to the properties of YBCO on STO in the magnetic field range
between 1 T and 3 T. As shown in the inset of Fig. 2(b), the
accommodation field B* at 10 K, defined as J.(B*) = 0.9J.(0),
has clearly the highest value of ~450 mT in YBCO deposited at
700°C, while in the film grown at 725°C, B* is already decreased
to the level of 250 mT. Because the high B* is usually linked to
high number of correlated defects [29], we can conclude that the
growth temperature has a great importance in the formation of
the proper structural defects for vortex pinning.

Since the superconducting properties of the YBCO films start
to deteriorate rapidly below Tz = 700 °C, we decided to apply the
detailed structural analysis only for temperatures Tg>700°C. The
XRD 6 — 26 scans (Fig. 3) and detailed 2D (¢, 26) scans revealed
that all the films deposited at temperatures 700°C <Tg<775°C
are phase pure, epitaxially textured and c-axis oriented. The most
important structural parameters are presented in Table 1. Regard-
less of the growth temperature, the c lattice parameter values,
calculated using the Nelson-Riley method [30], are relatively close
to the nominal values of YBCO [31]. In addition, the YBCO 26
peaks are in its entirety extremely narrow (FWHM) although a de-
creasing tendency with increasing Ty can be observed. The FWHM
of 20 peaks (hereafter A26 and for FWHM of ¢ as A¢) is clearly
smaller than earlier observed in YBCO films grown on buffered
NiW substrates [7,9,28], indicating only marginal variation in unit
cell volume through the film in these samples. Although the A¢
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Fig. 3. XRD 6 — 26 scans of the YBCO thin films grown on IBAD-MgO based tem-
plate at different deposition temperatures. The YBCO (00!) peaks are indexed along
with the most intense peaks from the substrate and buffer layers. The peaks marked
with asterisk arise from the sample holder. The intensities are given in logarithmic
scale and the diffractograms are shifted for clarity. In the two upper diffractograms
the STO substrate beneath of the sample is visible for the x-ray beam at high 26.
Thus the STO (400) peak is observed.

Table 1
Structural parameters determined from XRD measurements for YBCO films de-
posited on buffered hastelloy using different growth temperatures Tg.

T,  YBCOlattice FWHM20 FWHM¢ FWHM o  I(005) ewy
Q) c(A) (005) () (102) (°) (005) (°) ~ I1(004) (%)

700 1171 038 43 22 173 049
725 1169 026 39 15 158 0.62
750 1169 026 42 17 98 067
775 1169 020 40 28 111 043

values are greater than observed earlier for YBCO films grown
on single crystalline STO substrate, the widths of the peaks in ¢
direction are only half on the values measured for films deposited
on buffered NiW and, therefore, A¢ values illustrate the im-
proved structural in-plane quality in the whole measured Tg range
[28,32,33]. The out-of-plane crystallographic texture is determined
from the FWHM of the rocking curve w (005) (hereafter Aw) peaks
and especially in films deposited at 725°C and 750°C, Aw values

are relatively small, almost in the level of values observed earlier
in YBCO films grown on STO substrates [7]. This means that the
YBCO long range coherence is clearly longer than earlier observed
for films deposited on buffered NiW substrates. In addition, the in-
tensity ratio I(005)/I(004) varies between ~ 10 — 17 in all the films
grown at different Tg, which indicates that the oxygen deficiency
is § <0.1 [24]. However, the intensity ratio is even smaller in
films with Tg > 750°C, indicating that higher in situ post-annealing
temperature leads to even better oxidation of the film.

In more detailed structural analysis of the films, the microstrain
in ¢ direction was determined with the Williamson-Hall method
[34]. The FWHM of the (00l) peaks was used to determine the
microstrain, &wy, which in this case describes the variation of
the ¢ parameter throughout the whole film thickness. As can
be seen in Table 1, ewy is relatively constant in films grown at
low Tg, but slightly lower in film grown at 775°C. This is in line
with the obtained SC properties, where increased Ty improves the
crystalline quality with increased T, although, the in-field J. is
decreased most in films grown with high Tg.

Based on the above explained structural and especially on the
magnetic results, we decided to choose the growth temperature
Tz =725 °C for detailed thickness dependent analysis, as will be
discussed in the following section. It is good to note that the
optimized substrate temperature of 725°C for films grown on
IBAD-MgO based template is slightly lower than that for YBCO
films grown on STO, ~750°C.

4. Film thickness optimization
4.1. Structural growth

As in the growth temperature dependence analysis, all the films
with different thicknesses are also phase pure, epitaxially textured
and c-axis oriented (Fig. 4). The most important structural param-
eters are collected in Table 2. The c-axis lattice parameters are in
practise unchanged as a function of the film thickness although
they are slightly longer than the nominal value of 1.167 nm for
powders and single crystals. However, we can assume that the
unit cell volume stays constant, at least within the used thickness
range. The widths of the 26 peaks are relatively small, almost at
the level of that in YBCO films grown on the top of the STO sub-
strate [7,28)]. However, the slight decrease in A26 with increasing
thickness could indicate the improved unit cell structure caused by
the increased relaxation time and therefore a subtle modification
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Table 2

Structural parameters determined from XRD measurements for YBCO films deposited on
buffered hastelloy with different thicknesses (number of laser pulses).

Thickness ~ YBCO lattice FWHM 20 FWHM ¢ FWHMw  1(005) ewy
(nm) c(A) (005) (°) (102) (°) ~ (005) (°) ~ 1(004) (%)
60 11.69 033 3.8 2.8 149 0.39
15 11.70 0.32 34 16 15.6 0.60
205 11.69 0.32 41 26 15.1 0.78
295 11.69 031 40 23 13.8 0.75
480 11.69 031 34 22 15.2 0.58
670 11.69 0.28 3.2 15 15.4 0.60
g 60 nm " 205nm —— 480 nm —— in diameter in the thinnest YBCO film deposited with 500 pulses.
2: g 115nm —— 295nm 670 nm —— When increasing the number of pulses, according to the island
s 8 _ ) .
g 8 g8 7 8 = growth model, the particles start to grow together forming larger
= _ & S islands with increased particle size. In the two thickest films with
S 3 g
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Fig. 4. XRD 60 — 26 scans of the YBCO thin films with different thicknesses de-
posited on IBAD-MgO based template. The YBCO (00!) peaks are indexed along with
the most intense peaks from the substrate and buffer layers. The peaks marked
with asterisk arise from the sample holder. The intensities are given in logarithmic
scale and the diffractograms are shifted for clarity. Here the STO (400) peak (see
Fig. 3 caption for the explanation of the STO (400) peak).

in the thicknesses of the uppermost buffer layers could be feasible.
When looking at the ey values, one can observe the highest eywy
in films with thicknesses ~ 200 — 300 nm. Since the microstrain is
induced by different types of structural defects such as vacancies,
dislocations, interstitials, fault layers etc. which, on the other
hand, broaden the XRD peaks [34], this suggests increased amount
of threading dislocations along the YBCO c-axis in films with
intermediate thicknesses.

Also, the widths of the XRD peaks in ¢- and w-directions are,
within the error limits, constant and thus independent of the film
thickness. The absolute values of A¢ and Aw are approximately
half of the values observed earlier for the YBCO films pulsed laser
deposited on buffered NiW substrates [7,28] and, on the other
hand, A¢ is four times greater than in films deposited on single
crystal STO substrate [7]. This means that the films in this work
with the whole thickness range have more pronounced low-angle
grain boundaries and thus a greater number of dislocations which
are capable of pinning vortices in the ¢ direction [2,35,36]. Also,
these films have better long range lattice ordering, where the
atomic positions are correlated along the YBCO c-axis [37,38]. In
addition, based on the peaks intensity ratios of 1(005)/I(004), all
the films with different thicknesses are relatively well-oxygenized,
being in line with high T¢ values close to 90 K.

According to the 2x2pm? AFM images seen in Fig. 5, the
in-plane surface particle size is relatively small, on average 25nm

5000 and 8000 pulses, producing thicknesses of 480 and 670 nm,
the average in-plane particle diameter varies between 100 nm and
200nm, but clearly smaller subparticles, as a part of the base
structure, can be observed. The height of the growth islands in-
creases similarly with increasing thickness and this is reflected in
the calculated surface RMS roughness values, as shown in Fig. 6(a).
However, the surface roughness increases moderately up to the
thickness of 300 nm, above which the surface roughness starts to
increase rapidly. This gives the kind of limit for the optimal film
thickness, especially if thinking about the applications, where the
surface smoothness has a crucial role.

In Fig. 6(b), the larger area scan of 20 x 20pm? is shown for
the thinnest YBCO film deposited with 500 pulses. In spite of the
multilayer buffer structure, the grain diameter of ~10pm that
probably originates from the morphology of the Hastelloy tape
is still visible on the surface of the CeO, layer (not shown here)
as well as relatively weakly on the thinnest YBCO film of 60 nm
(Fig. 6(b)). In thicker films, above 100 nm, the grain structure is
no more visible, indicating clearly improved interface growth of
YBCO, especially when compared with the YBCO films grown on
buffered NiW substrate [28]. However, on the surface of relatively
thick CeO, cap layer, we can observe the surface particles with
the diameter of 20 —30 nm. If this value indicates the size of
the CeO, growth islands, we can conclude that the island size
in the thinnest YBCO layer is roughly on the same level. On the
other hand, the island size in the thickest YBCO film of 670 nm is
already 5 — 10 times larger than that in the CeO, layer.

In the cross-sectional TEM image (Fig. 7), we observed that
the YBCO grows along the c-axis, the [001] direction, onto the
CeO, cap layer. The absence of commonly observed secondary
phase BaCeO3; at YBCO-CeO, interface indicate negligible reactions
during the YBCO film deposition, which could be related to low
growth temperature of YBCO and high stability of the CeO, layer.
The possibility using a relatively low growth temperature is a clear
step forward, since the complete interfacial reaction in YBCO films
on CeO, layer has been observed at as low temperature 740°C
in chemical solution deposited films [39] as well as in the pulsed
laser deposited films at around 800°C [40]. Although the YBCO
matrix generally shows pure phase, based on the contrasts in the
TEM image, we observed a high defect density which indicate a
strained region, especially close to the interface below thickness
of a few tens of nanometers, as indicated by the thick arrows
in Fig. 7. The YBCO structure relaxes and crystallinity improves
above this strained layer, but a minor amount of stacking faults
and dislocations are still discerned through the whole thickness,
as indicated by the horizontal arrows. It is believed that those
defects introduced by low-temperature growth conditions of YBCO
are beneficial for J. enhancement at high magnetic fields, as will
be discussed below.
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Fig. 5. (a)-(f) AFM images of the YBCO films deposited at T, = 725 °C on IBAD-MgO based template having different thicknesses of 60, 115, 205, 295, 480 and 670 nm,
respectively. The scan sizes of the images are 2 x 2pm? and the values of the height scale bars are given in each subfigure.
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Fig. 6. (a) RMS roughness values as functions of film thickness, which is modified by varying the number of laser pulses during deposition. The red line in the figure is
drawn to guide the eye. (b) The AFM image of the thinnest 60 nm YBCO film surface using relatively large 20 x 20pm? scan area. (For interpretation of the references to
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4.2. Thickness dependent superconducting properties

As can be seen from Fig. 8(a), Tc is slightly lower, below 84 K,
in the thinnest film deposited with 500 pulses. When more pulses
are applied and the film thickness increases, T. also increases and
it reaches the highest value of 85.5 K with thickness of ~300 nm.
The T. is exactly the same as in the samples of the growth
temperature optimization, but above 300 nm, T, starts to decrease
slowly again. As can be seen in Fig. 8(a), when compared to the T
defined by the midpoint of the SC transition, the onset T values
are slightly higher and the differences between the samples with
different thicknesses are even smaller. Together with the thickness
dependent structural data, we can conclude that lower T, with the

broadest transition in the thinnest film indicate that the growth
and thus the unit cell is not yet completely relaxed [41]. Above
60nm, the structure improves up to the thickness of 300nm,
having more time for crystalline relaxation. In films with thickness
over 300 nm, above the relaxed layer there appears a thin surface
layer that includes more crystalline defects or other disordering.
This is in line with the almost unchanged onset T, albeit the mid-
T is clearly decreased, at least up to the thickest film in this set
of samples. This is also qualitatively in agreement with the XRD
results, where A26 decreases with increasing thickness and A¢ as
well as Aw are approximately constant within this thickness range.

According to the J. curves in Fig. 8(b), the zero field J.(0)
has the highest value in the films with intermediate thicknesses



M.Z. Khan et al./Physica C: Superconductivity and its applications 545 (2018) 50-57 55

Interface

/ Strained region

Fig. 7. TEM image of a cross-section of YBCO/CeO,/IBAD-MgO/Y,03/Al,0; stack.
The image shows the interface between the topmost CeO, buffer cap and the
60nm thick YBCO film on the top. The disordered regions (thick arrows), indicat-
ing strained layer next to the interface and mostly relaxed layer with occasional
stacking faults and dislocations (horizontal arrows) are indicated in the image.

200 — 300 nm, above which there is a decreasing but still moder-
ate tendency in Jc(0) when the number of laser pulses is increased.
In two thinnest films, the decreased J.(0) and T, can be explained
by the decreased crystalline quality as well as by the less amount
of relatively weak random pinning centers that are important in
the self-field range [21]. In thicker films, besides the worsened
crystalline structure, the decreased Jc(0) could be at least partly
related to the even more retarded growth rate than used in the
thickness extrapolation for the thickest films. In the high external
magnetic field range between 1 T and 3 T, J.(B) values are ap-
proximately similar in all the other films except the films with
thicknesses between 200 and 300 nm, where slightly improved in-
field J. properties can be observed. This is in agreement with our
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Fig. 9. A schematic illustration of the YBCO growth on the top of IBAD-MgO based
template. (a) The CeO,/YBCO interface without the reaction layer and the relax-
ation of YBCO film below the critical thickness of a few tens of nanometers under
a subtle compressive strain (not in scale) and (b) the connection between the edge
dislocations and the observed low-angle grain boundaries that positively affect the
out-of-plane vortex pinning properties.

earlier results for YBCO films grown on buffered NiW substrates,
where the films with intermediate thicknesses produced the best
vortex pinning behavior [28]. Since we observed also clearly in-
creased microstrain ewy values for these films, we can collectively
describe the improvement in in-field J. with the increased number
of edge dislocations formed through the entire film.

To summarize, our structural and magnetic analysis showed
that the improved critical current density in a wide magnetic field
range is observed in YBCO films with intermediate thickness of
200-300 nm and which are deposited at lower temperature than
similar films grown on single crystal substrates. These findings
can be qualitatively explained by the following mechanisms as
schematically illustrated in Fig. 9. First, based on the TEM and
XRD results, the advanced IBAD-MgO based buffer layer structure
induced favorable interface growth. That is to say, there are no
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Fig. 8. (a) The normalized ac magnetizations as functions of temperature (main panel) and the thickness dependence of the critical temperature T, determined from the
middle of the transition (inset). (b) The magnetic field dependencies of J. determined from the hysteresis loops at 10 K. The inset of (b) shows the film thickness dependence
of the accommodation field B*. All the measurements were made for YBCO films deposited at T, = 725 °C on buffered hastelloy with varying number of pulses, producing

different film thicknesses.
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reaction layer at the YBCO/CeO, interface and the relaxation of the
YBCO crystalline structure occurs at early growth thickness level,
where the critical thickness for the primary strain relaxation is be-
low a few tens of nanometers. This, on the other hand, improves
the crystalline quality of the films. In addition, based on the
detailed XRD analysis in ¢ direction, the linear array of edge dis-
locations, that forms the low-angle grain boundaries in the YBCO
matrix, positively affects the magnetic flux pinning properties thus
increasing the high-field J. value, in this case especially along
the out-of-plane YBCO c-axis [42]. When looking at the thickness
dependent B* values (inset of Fig. 8(b)), we can obtain relatively
constant B* but, above the thickness of 300 nm, slightly increasing
B* which, on the other hand, indicates similar flux pinning within
the whole thickness range. However, in thicker films the relaxation
time also for the YBCO interface layer increases, which could
further promote the reorganization of the YBCO matrix during the
growth process [41]. Therefore, even better and more compatible
buffer layer structure would assist the early growth of YBCO and
minimize the effect of CeO, grain boundaries, which still affects
the granular structure of YBCO although only next to the cap layer
interface.

5. Conclusions

In this work, we have investigated the role of growth temper-
ature and film thickness in small-scale YBCO films grown on an
advanced IBAD-MgO based buffer layer structure. This is done by
concentrating on structural and superconducting properties that
are important when trying to understand the growth process,
structural defect formation and, on the other hand, the effective
magnetic flux pinning in relatively high external magnetic fields.
When thinking about the growth of YBCO on the metallic sub-
strates that are suitable for coated conductor applications, it turns
out that, the lower growth temperature than in films grown on
single crystal substrates and the intermediate film thickness of
200-300 nm seem to be optimal. Based on the thickness depen-
dent structural and superconducting properties minutely shown
in this study, it can be concluded that the existing IBAD-MgO
based buffer layer structure with hastelloy C276 substrate works
better than all the other small scale combinations we have tried to
optimize earlier by pulsed laser deposition. Therefore, we suggest
that this buffer layer structure is a valuable alternative when
optimizing and improving the novel buffer layer structures for
future coated conductor technologies.
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ABSTRACT

The self-organized artificial pinning structure in superconducting thin films of YBa,Cu30e+x (YBCO) is optimized
on a new type of IBAD-MgO based template by doping YBCO with non-superconducting BaCeO3; (BCO) and
BaZrO3; (BZO). In these films, the YBCO is well ordered, no large angle grain boundaries are seen and the
isotropic BCO particles are randomly distributed while the BZO grows as unidirectionally splayed and shortened
nanorods. Additionally, the low-angle grain boundaries formed during the growth process have an impact on the
flux pinning. The flux pinning behaviour can be explained by the vortex path model, where the pinning paths are
shorter in BZO doped than in BCO doped films. In BZO doped films, the vortices are pinned with greater pinning
force and thus the critical current density J. is higher than in BCO doped films, especially in high magnetic fields,
where the wide peaks in J.(0) were seen along the YBCO c-direction. This direction dependent pinning can be
explained by the nearly similar diameters of BZO nanorods with those of vortices, thus efficiently increasing the

vortex pinning in the vicinity of YBCO c-axis.

1. Introduction

The electrical efficiency with high power density is one of the fas-
cinating properties that makes the high temperature superconductor
(HTS) interesting for the applications in electrical power systems [1]. In
order to apply superconductors in wire applications, single crystalline
substrates have limitations as they can not be bent and thus flexible
metal substrates are a substitute in this regard. HTS material as
YBaCu306+x (YBCO) with a high critical magnetic field and tempera-
ture has shown its potential in electrical applications when coated on
metallic substrates [2]. As the motion of vortices causes resistance and
at a high applied magnetic field more vortices come into the structure,
the directional pinning architecture plays a vital role in improving the
properties of superconductors [3].

Besides naturally created defects during the growth process of HTS,
artificially implemented non-superconducting defects have also been
produced within the YBCO structure to enhance the in-field pinning
performance, leading to higher critical current density, J., especially at
high magnetic fields [3-5]. Among the other dopant materials, BaCeO3
(BCO) and BaZrO3 (BZO) have been successfully doped to YBCO in
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order to induce isotropic spherical nanoparticles and correlated nano-
columns formed through the entire film, respectively [6-8]. From the
application point of view, the spatial distribution of the pinning centres
and thus the impact on the anisotropy of the intrinsic YBCO behaviour
is an extremely critical factor when optimizing the vortex pinning
landscape in YBCO matrix [3,9].

The industrial based research, which concentrates mainly on the
product development of long-length tapes, has not sufficiently focused
on the comprehensive vortex pinning behaviour in HTS materials, since
the properties can vary in lengthy tapes (> 2 cm) due to the high
probability of presence of unwanted defects that lead to non-homo-
geneity at different sites of the material. Therefore, the complex la-
boratory work for small-scale samples where mechanisms in vortex
pinning can be investigated at wide external magnetic fields with var-
ious temperature ranges, could be as a stepping stone for the modern
understanding about critical problematics for future HTS coated con-
ductors. Especially, the interface growth of YBCO as well as the for-
mation of self-assembled dopants within the YBCO matrix are in an
extremely important role when optimizing these materials on poly-
crystalline hastelloy with an advanced ion beam assisted deposition-
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magnesium oxide (IBAD-MgO) based buffer layer structure. As shown
previously [10], large-angle grain boundaries were not present in films
grown on an IBAD-MgO based template but instead, the observed low-
angle grain boundaries based on threading dislocations along the c-axis
would considerably channel the growth and distribution of strong ar-
tificial pinning centres.

In this work, we investigated the small-scale BCO and BZO doped
YBCO thin films with the same thicknesses prepared at different tem-
peratures on an advanced IBAD-MgO based template. Furthermore, the
structural, magnetic and transport properties were compared for both
set of samples prepared with different dopants. In order to get the
complete picture of superconducting properties in different magnetic
field strengths and orientations, we concentrated more on the angular
dependent properties.

2. Experimental details

YBCO targets doped with 4 % non-superconducting BCO and BZO
were used to prepare two different sets of in situ YBCO films by pulsed
laser deposition (PLD) method. The targets were synthesized by the
solid state ceramic method and the details of this method can be found
in Ref. [11]. Both BCO and BZO were doped with a ratio of 4 % to the
total weight of YBCO which has proved to be the optimal doping con-
centration for flux pinning in high field range in case of single crystal
substrates, when grown with our PLD system [12-14]. In each set, four
films were grown at growth temperature (Tg) range from 650 °C to
800 °C with a step difference of 50 “C. The T, was measured with a
thermocouple placed behind the substrate inside the Inconel plate
substrate holder. Excimer XeCl laser with the deposition parameters of
wavelength A = 308 nm, pulse duration 25 ns and pulse repetition rate
5 Hz with 1.3 Jem~2 laser fluence was used to deposit all the films. The
details of the PLD system along with the optimized deposition para-
meters can be found elsewhere [15]. Buffered metallic tape with the
configuration of Hastelloy C276/A1,03/Y»03/MgO/CeO, as shown in
Fig. 1 was manufactured according to Ref. [16] and was used as a
substrate for depositing YBCO. The IBAD-MgO layer forms in-plane
grain alignment and has biaxial texture. Finally, the topmost CeO, cap
layer has the thermal expansion coefficient close to YBCO, good che-
mical compatibility and small lattice mismatch to that of deposited
YBCO [16]. The 5 x 5mm? sized IBAD-MgO based templates were
fixed on SrTiO3 (STO) with conductive silver paste for growth processes
and measurements. Each film was deposited by applying 1600 laser
pulses with a growth rate of 0.1 nm/pulse, producing the 160 nm thick
layer of YBCO. As a comparison, we prepared the reference films on
STO substrates using earlier optimized growth temperature of 750 °C.
However, based on our temperature calibrations by Cryclops portable
infrared thermometer, the surface temperature at the beginning of the

YBCO 160 nm

Ce02 cap 200 - 400 nm

MgO buffer 10 nm

Hastelloy C276 substrate 50 um

Fig. 1. Schematic structure of IBAD-MgO based polycrystalline metallic sub-
strate, different buffer layers and their thicknesses. 160 nm thick layer of YBCO
doped with BCO and BZO were deposited on top of it.
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growth was = 50 °C higher in films grown on IBAD-MgO based tem-
plates than in STO.

X-ray diffractometry (XRD) with Philips X’Pert Pro MPD was used
for determining the crystallographic properties of the films and the
(00D directional 8 — 26 scans were done to check the phase purity. The
in-plane and out-of-plane crystallographic textures were calculated by
using ¢ and rocking curves (RC) of YBCO (102) (¢ scans) and (005) (&
scans) peaks, respectively. Intensity ratios of YBCO (005) / (004) peaks
were used to determine the oxygen stoichiometry within all the films.
The surface microstructure was studied with atomic force microscope
(AFM) provided by Bruker Innova’. Magnetic measurements were done
by a Quantum Design physical property measurement system (PPMS).
Ac magnetization measurements ranging from 10~100 K were made in
0.1 mT ac field for determination of critical temperatures T, of all the
films. Critical current densities, J., were calculated by applying the
Bean model for the magnetic hysteresis loops [17].

The transport properties of all the films were measured by using the
horizontal rotator option available in PPMS. The measurements were
doneat0.5T,1T,2T,4T,6Tand 8 T fields and at temperatures from
10K—50 K in 10 K steps and at 77 K with 0° to 360° angular range using
3° steps. For this purpose, all the films were patterned by wet chemical
etching. The etched patterns were 200 um wide current stripes on each
film. The contacts on the films were made by aluminium wire using TPT
HBOS5 Wire Bonder. Only samples deposited at 700 °C and 750 °C were
chosen for angular dependent measurements. The films grown at 650 °C
were not measured because already from basic J. measurements, these
films showed the worst properties among all the films. On the other
hand, the films prepared at 800 °C were not measured either because it
was impossible to bond the Al wire contacts on their surfaces. This is
likely due to much rougher surfaces of these films as discussed in detail
in the surface microstructure section. After angular dependent mea-
surements with complete set of temperatures, only 40 K data is shown
here because at this temperature, T. variation between samples is not
significant and because 40 K is also the intermediate temperature from
the entire temperature range showing the similar type of results as in
the other measurement temperatures.

3. Basic characterizations
3.1. Crystallographical properties

The 0-26 diffractograms with (003), (004), (005), (006), (007),
(008), (009), (0010), (0011) and (0012) reflections are measured for
BCO and BZO doped YBCO films, as shown in Fig. 2. From these graphs,
we can conclude that no signs of misorientations were observed in these
measurements. The presence of only (000) peaks, within the XRD de-
tection limit, reveals that all the samples are fully c-axis textured.

Table 1shows the structural parameters for both BCO and BZO doped
YBCO films. The YBCO c-axis for BCO doped films grown at 700 °C,
750 °C and 800 °C is only slightly longer than the nominal value of 11.68
A, as experimentally measured elsewhere [18]. However, the BZO doped
films have slightly more elongated c-axis than in the BCO doped ones.
When the films were grown at 650 °C, in both BCO and BZO cases, the
length of the c-axis got highly extended i.e. a difference of =~ 0.10 A in
comparison to the nominal value. Furthermore, the relatively narrow 26
peaks for both BCO and BZO doped films suggest only subtle variation in
c-axis parameter. It can be seen from Table 1 that the peaks become
narrower and the variation in unit cells decreases as the Ty increases. For
example the value of A26 at 800 °C is less than half of that obtained in
the film grown at the lowest T, of 650 °C. The film prepared at 750 °C has
similar A26 to that of YBCO + 4 % BCO film grown at the same tem-
perature on STO substrate [12]. In addition, we can conclude that the
YBCO films prepared at 700 °C on IBAD-MgO based template revealed
smaller A26 than that in film grown earlier on NiW substrate [19].

The variation in the in-plane orientations, shown by the A¢ data, is
approximately the same regardless of the Tgs for all BCO and BZO
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Fig. 2. X-ray diffractograms of YBCO films doped with 4 % (a) BCO and (b) 4% BZO grown at 650 °C - 800 °C range. Labelled peaks, CeO, are from the cap layer, Kz is

the X-ray source peak, peaks marked with *#’ are due to interplay of hastelloy C276 and buffer layers, ’-’
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peaks arose from buffer layers, **’ peaks came from the

sample holder during XRD measurements, C276 peaks reflecting from the metal itself. STO peak is also seen due to tape glued on it.

Table 1

Structural parameters determined from XRD measurements for undoped, 4 %
BCO and 4 % BZO doped YBCO thin films grown on IBAD-MgO based template
at different temperatures. The values for undoped YBCO were taken from our
previous work [10].

Ty(°C) YBCO lattice A20 Ap Aw 1(005)/
c(A) (005) () (102) () (005) () 1(004)
Undoped YBCO

750 11.69 0.26 4.2 1.7 9.8
YBCO + BCO

650 11.78 0.62 4.13 2.25 16.06

700 11.71 0.44 4.04 1.62 15.24

750 11.71 0.37 3.86 2.30 13.98

800 11.70 0.26 4.12 1.95 16.23

750 (STO) 11.68 0.23 1.35 0.47 14.97
YBCO + BZO

650 11.79 0.58 4.45 2.43 16.34

700 11.73 0.34 4.30 2.66 11.38

750 11.72 0.22 4.40 1.64 12.25

800 11.74 0.21 4.28 215 13.97

750 (STO) 11.72 0.22 1.06 0.29 12.94

doped YBCO films. Moreover, the out-of-plane Aw values revealed less
variation in the orientation of c-axis for all the films grown on an IBAD-
MgO based template than on buffered NiW substrate [20]. The Aw
values show only slight variation in crystallographic ordering in c-di-
rection i.e. orthorhombic unit cells are similarly tilted from the vertical
direction in all the films grown on IBAD-MgO template. However, this
tilting is much larger when comparing with the films grown on single
crystalline STO substrates, because the buffer layers play an important
role in perturbing the structure [12]. Both BCO and BZO doped films
grown on STO showed four times smaller values of A¢ and Aw.
Therefore, we can conclude that the peak widths in ¢ and w directions
are mainly due to the metal substrate. The data of A26, A¢ and Aw is

quite similar, as earlier observed for the undoped YBCO films grown on
the same IBAD-MgO based template at different Tgs [10]. However,
slightly shorter c-axis in undoped YBCO is in agreement with smaller
oxygen deficiency as indicated by the intensity ratio. This means that
the doping does not affect the crystallographic structure, in terms of
structural tilting along a/b and c-axis. The intensity ratio I(005)/1(004)
varies between ~ 13 — 17 in BCO doped films and ~ 11 — 17 in BZO
doped films, and this reveals that the oxygen deficiency is in the range
of standard § < 0.1 [21].

3.2. Surface microstructure

As shown in Figs. 3(a) and (e), the BCO doped film prepared at
650 °C has a relatively smooth surface, especially when compared with
the BZO doped film which has large particles on its surface. When the
T, increases, unlike in the BCO doped case, more particles appear on the
surface in BZO doped films and the particles seem to coalesce together,
thus making the surface clearly rougher than in the BCO case. The si-
milar tendency can be observed between the films grown at 700 °C and
750°C, as depicted by Figs. 3(f) and (g). When T increases up to
800 °C, porous structure was seen in the BCO doped film due to the
growth of large islands which makes the surface of the film uneven as
shown in Fig. 3(d). The roughest surface in BZO doped films can be
observed in film grown at 800 °C with a great number of large coalesced
particles on the surface (Fig. 3(h)). The change in the height scale bar
values with increasing T, also indicate the modification in the surface
out-of-plane features.

Table 2shows the RMS roughness values of all the BCO and BZO
doped films. In both BCO and BZO dopant cases, the RMS roughness is
roughly 2-4 nm for films grown at 650 °C and 700 °C, while for films
grown at 750 °C and 800 °C, the surfaces are slightly rougher, giving the
RMS roughness in the range of 4-6 nm. It is obvious that when larger
particulates appear on the surface, the roughness value will be larger,
matching exactly with the visual impression from the entire AFM
images. By looking at the AFM images in Fig. 3, we can see that both
BCO and BZO doped films have similar type of surface structure on the
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Table 2

Calculated surface roughness values of 4 % BCO and 4 % BZO doped YBCO
films grown at different Tys on IBAD-MgO based templates and STO substrates.
All the values were determined from 5 X 5 pm? scan area images, but only
from the base level regions having no merged surface particulates.

Sample RMS roughness (nm)

(Ty (CCY) YBCO + BCO YBCO + BZO
650 2.3 3.4

700 3.6 4.0

750 4.3 6.1

800 6.9 4.7

750 (STO) 4.1 4.3

base level which, on the other hand, is in line with the roughness values
shown in Table 2. In addition, both BCO and BZO doped films grown on
STO show similar roughness values with each other and the values are
not different what we observed for films grown on the IBAD-MgO
template.

3.3. Magnetic properties

Temperature dependent magnetization curves in Figs. 4(a) and (b)
show that the T, increases with increasing T,. The films grown at 800 °C
have the highest T, i.e. onset T, is = 88 Kand = 86 K for BCO and
BZO doped films, respectively. The BCO doped film prepared on an
IBAD-MgO based template at 750 °C has almost the same T, as the film
grown on STO substrate. However, the BZO doped film deposited at
750 °C on IBAD-MgO based template shows = 1 K higher T, than the
film deposited on STO. The difference in T, for BCO doped films grown
at 750 °C and 800 °C is quite large. Especially, when compared with the
BZO doped film deposited at the same Tgs, where T, is almost the same,
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Fig. 3. (a)—-(h) The surface microstructure
measured by AFM using 5 x 5 um? scan area
images with proper height scale bar values for
films grown on IBAD-MgO based template. (a)
to (d) images are of BCO doped films grown at
650 °C, 700 °C, 750 °C and 800 °C respectively,
while (e) to (h) are images of BZO doped films
grown at same temperatures, respectively.

as depicted in Fig. 4(b). T. for both BCO and BZO doped films grown at
T of 700 °C is clearly lower, i.e. 83 K. In addition, when compared with
the films deposited at higher temperatures, the BCO and BZO doped
films prepared at 700 °C have clearly broader superconducting transi-
tion, even more pronounced in the BCO doped film. On the other hand,
the transition is relatively sharp for the films prepared at 750 °C and
800 °C, in both BCO and BZO doped cases.

In films grown at 650 °C, T, decreases dramatically and the super-
conducting transition is extremely broad, showing very low T, of
around 65 K, in both BCO and BZO doped YBCO. The low T. of = 65K
means that at least the threshold temperature in between 650 °C and
700 °C is needed for growing the YBCO films with reasonable super-
conducting properties. The onset T, in the insets of Figs. 4(a) and (b)
shows the high jumps from 60 K to 85 K when T; is increased from
650 °C to 700 °C. For the BCO doped films deposited between 700 °C
and 800 °C, T, increases linearly whereas for BZO doped films, T, in-
creases from 700 °C to 750 °C, above which it stays almost constant for
film deposited at 800 °C. The increase in T. with increasing Tg, for both
BCO and BZO doped films, can be compared with our structural data,
where 26 peaks become narrower when Ty is increased. The A26 value
of the film grown at 650 °C is more than twice of the value for film
grown at 800 °C, which confirms that the high crystallographic quality
leads to high T.. Since, we are optimizing J. and thus the pinning
properties in high magnetic field range, we have not focused on the
highest T, but on the T which produced the best J. properties.

The J. curves calculated from the hysteresis loops using the Bean
model for both BCO and BZO doped films are shown in Figs. 5(a) and
(b), respectively. As an ideal case, the YBCO grown on STO showed the
highest J. (0) for both BCO and BZO doped YBCO films. However, the
highest J. in films on an IBAD-MgO based template was with T of
750 °C for both BCO and BZO doped YBCO. The J. analysis of BCO
doped films shown in Fig. 5(a) shows that the zero field J. for film on
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Fig. 4. Ac magnetization curves as a function of temperature for (a) BCO doped and (b) BZO doped YBCO films grown on IBAD-MgO based template at different Tjs.
The films grown on STO at 750 °C are given as a comparison. The insets show the T; dependence of T. in both set of samples.
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STO is greater than that in film grown on buffered metal substrate
grown at 750 °C, but in fields from = 0.7 T to 9 T, the J. is equal in
both of them. In addition, J.(0) is greater for film grown at 800 °C than
at 700 °C but, in high external magnetic fields, the case becomes only
reverse as J. starts to decrease earlier for film prepared at 800 °C,
whereas a slight decrease in J. occurs for film with 700 °C, even at 9 T
field. Both in the zero and applied magnetic field, the BZO doped YBCO
deposited on STO substrate clearly showed higher J. than that in all the
films grown on buffered metal substrate, as depicted in Fig. 5(b). On the
other hand, for films on IBAD-MgO based templates, J. for film de-
posited at 750 °C is the highest whereas the film prepared at 800 °C has
slightly smaller J... The film with T, of 700 °C has already a decreased J.
and for 650 °C film, the decrease is phenomenal as also in the case of
BCO doped YBCO. This is due to the weakened crystalline properties, as
shown by our structural data.

The insets of Figs. 5(a) and (b) represent the T, dependent accom-
modation field B*, defined as an end point of the low field plateau of J.
[22]. Single vortex pinning dominates below B* but above it, the
vortex-vortex interaction becomes significant [23]. Experimentally, B*
is the magnetic field where J. value drops to 90 % of its value at the
zero magnetic field [14,24]. As seen in the inset of Fig. 5(a), the BCO
doped film with T, of 700 °C has the highest B* of approximately 350
mT. With increasing T, from 700 °C upwards, B* decreases to the value
of 120 mT for the film with T; = 800 °C while the films deposited at
650 °C and 750 °C have approximately the same B*. When comparing T,
with J. in our samples, we can conclude that the film deposited at the
highest temperature has the highest T, while it has lower J, than in the
film grown at 750 °C. The BZO doped films (inset of Fig. 5(b)) firstly
shows a high jump in B* as Tj is increased from 650 °C to 700 °C i.e.
almost from 0 mT to 350 mT, and then B* increases smoothly up to 390
mT for the film with T, of 750 °C and stays approximately the same for
film grown at 800 °C.

In order to investigate the shape of the J.(B) curve above B* and
thus the size of the pinning centres and their effect on vortex lattice, we
have calculated the scaled pinning force function for fitting pinning
force F,. The F, values were determined by using the formula
Fy(B) = BJ.(B). For fitting F,(B), the data was firstly scaled by max-
imum pinning force F, max and maximum field B,y in order to get the
maximum of F,(B) plot at (1,1). The function used for fitting in its
simplified form can be expressed as [25]

BB _ (B)(i] p+ta_ B ),
q Biax p Bpax (€8]

Fp,max

Fig. 6shows the fittings for BCO and BZO doped samples with iso-
tropic nanoparticles and correlated nanorods as pinning sites, respec-
tively. The Eq. (1) fits quite nicely above B* and the fitting explains the
field dependence of J. above B*. Also B* was the lower limit for fitting
[25]. In Table 3, the p parameter is smaller for BCO doped films and is
approximately the same for all the BZO doped films. This fitted p

(a) YBCO+BCO/Hastelloy

T=10K

—
£
o
2 400
=
=1 300 = STO(750°C) —& -
£ 800°C —=-
200 @ 750°C —o-
e, 700°C —e—
100 S 650°C -
0.01 0.1 1 10
B(M

Physica C: Superconductivity and its applications 555 (2018) 15-23

1 T=10K SECH S
0.8 £ 1
x
€ o6t 1
o
w Y
S 4
w
04 YBCO+BCO = 1
YBCO+BZO .
YBCO+BCOon STO -
02 r YBCO+BZO on STO * 9
0 n n n n n
0 0.2 0.4 0.6 0.8 1
B/Brrax

Fig. 6. Fitting of Eq. (1) to F, data of both BCO and BZO doped films grown at
750 °C on IBAD-MgO based templates and STO substrates. The curves are
plotted from the data of Fig. 5.

Table 3

The calculated fitting parameters at 10 K p, ¢, Bmax and F;, max for both BCO and
BZO doped films grown at certain temperatures on IBAD-MgO based templates
and STO substrates.

T(°C) p q Bimax (T) Fp, max (GN/m?)
YBCO + BCO

700 0.70 1.1 6.30 174.8

750 0.59 1.1 8.71 302.8

800 0.50 1.1 8.34 110.9

750 (STO) 0.58 1.1 8.55 304.2
YBCO + BZO

700 0.82 1.1 10.73 505.8

750 0.81 1.1 7.97 715.7

800 0.81 1.1 7.15 524.8

750 (STO) 0.82 1.1 8.94 1313.8

parameter gives an estimation for BCO and BZO diameters in ab-plane.
From the analysis, the BCO dopant produced smaller sized pinning sites
than BZO. With increasing diameter of the pinning sites, the vortex
lattice smoothly breaks [26] as in our case the p parameter changes in
between the values 0.5~1. The smooth breaking of the vortex lattice
means that with small pinning sites the vortex lattice stays intact
(hexagonal) but, with large pinning sites there is no organized lattice
and the change between these happens smoothly. On the other hand,
the q parameter is same for all the films or fits with the value 1.1 as
obtained in [25]. This is in between to that given by most of the the-
ories [27,28]. Bnax varies with T, in both BCO and BZO doped films. It
is notable that BCO doped film grown at 750 °C on IBAD-MgO based
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Fig. 5. J. curves as a function of zero and applied magnetic fields measured at 10 K for (a) BCO doped and (b) BZO doped YBCO films with different Tgs deposited on
IBAD-MgO based templates and also for films grown on STO at 750 °C. The insets show the dependence of the accommodation field on Tj.
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template has approximately the same Bp,. than in the film grown on
STO. This shows that F, reaches its maximum value at the same By, in
both the deposition cases of BCO doped YBCO on STO and our IBAD-
MgO based template at T, = 750 °C, having also the nearly similar F,
max- The BZO doped film grown at 750 °C on IBAD-MgO based template
has the highest F;, may and it is half of that to the BZO doped film grown
on STO.

Here, the films prepared at 750 °C on IBAD-MgO based templates
showed the highest Fj, max, and thus it is better to compare only these
for the analysis of pinning site diameters. The F,(B) of 309.13 GN/m®
for BCO doped film grown on STO at 750 °C has been reported [25], and
it is very close to the value of our films grown on IBAD-MgO based
template at the same T,. In addition, the diameter of BCO nanoparticles
calculated earlier in [25] is = 2.5 nm for 4 % BCO doped film grown
on STO at 750 °C and has p parameter of 0.60. This p value is very close
to the p value of our BCO doped YBCO grown on IBAD-MgO based
template. The diameter of correlated nanorods is = 5nm for the 4 %
BZO doped film grown at 750 °C on STO [25], which has the same p
value to our BZO doped film deposited on IBAD-MgO based template
with same T,. Both the BCO and BZO doped films grown on our IBAD-
MgO based template at 750 °C showed the highest F}, .« when com-
pared with the films deposited at 700 °C and 800 °C. Because the p
values in films grown at 750 °C on STO and IBAD-MgO substrates are
roughly the same with respect to the dopants, so we can conclude that
both BCO and BZO grow similarly in terms of diameter, regardless of
the substrate. In conclusion, the BZO nanorods are larger in diameter in
ab-directions than BCO particles as shown by clearly enhanced Fj, max
values, and therefore the BZO rods can more effectively pin the vortices
along c-axis.

4. Angular dependent transport properties

In transport measurements, BZO doped films grown on buffered
metallic substrates have higher absolute J. at both low and high mag-
netic fields than those in films doped with BCO, as shown in Figs. 7(a)~
(d). In Figs. 7(a) and (b), the BCO and BZO doped films prepared at
700 °C show smaller J.(0) than films prepared at 750 °C, as presented in
Figs. 7(c) and (d). In Fig. 7(b), BZO doped YBCO deposited at 700 °C did
not show c-axis peak in any field, but the film prepared at 750 °C ex-
hibits strong c-axis peak at high fields, as shown in Fig. 7(d). Earlier
reports have also shown no c-axis peak for BZO doped YBCO film de-
posited on STO substrate at low Ty i.e. below 725 °C, but at higher Ty,
the behaviour was similar to our case [29,30]. The appearance of the c-
axis peak is usually linked to the network of BZO nanorods formed in
YBCO films, and they have been reported being continuous and elon-
gated at high T, [31]. In films with lower Tj, the columns are typically
short, discontinuous and splayed, and thus less effective as pinning
centres [29,31-33]. As the rods become shorter at low Tg, there is a
critical limit where they are no longer correlated rods but the spherical
type pinning centres [33], leading to the disappearance of the c-axis
peak. Moreover, based on the vortex path model [34], if rods are
shrinked as isotropic particles and they are randomly situated, they will
not produce any c-peak as the vortex takes different short sized steps.
However, these shortened BZO rods are still stronger pinning centres
than the isotropic BCO particles as well as the naturally formed struc-
tural defects [32].

The field dependent J.(6) data reveals that there is no c-axis peak at
0.5 T for the BZO doped film grown at 750 °C but, at higher fields
= 1T, there is a clear peak along the YBCO c-axis, being in line with the
data reported for the 2 % BZO doped YBCO grown on STO substrate and
measured at 1 T and 77 K [31]. The shape of all the J.(6) curves for BZO
doped film grown at 700 °C (Fig. 7(b)) are approximately independent
of the applied field, but the situation is clearly different in the film
prepared at 750 °C, where the ab-plane peaks are higher and narrower
at high fields. In our case, at high Ty, pinning along ab-direction is
enhanced as the intense ab-peaks occur in films grown at 750 °C
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(Figs. 7(c) and (d)). The sharp ab-peaks in BZO doped films suggest the
presence of in-plane pinning centres such as stacking faults within the
YBCO lattice [29], while the presence of spherical nano-sized particles
broadens the ab-peaks in BCO doped films [12].

The comparison with our reference samples deposited on STO
substrate, the films prepared on IBAD-MgO based templates have lower
J. in the whole angular range. In Fig. 7(e), showing the BCO doped film
on STO, the broadened ab-peaks at low fields tend to sharpen at higher
fields. However, the shoulders along the sharp ab-peaks appear whereas
no significant c-axis peak can be seen. At low fields, a quite high c-axis
peak in BZO doped film on STO (750 °C) can be observed, as shown in
Fig. 7(f) and there are dips in the ab-peaks which is not the case for any
of the films deposited on IBAD-MgO based templates. These dips can be
due to highly effective pinning along c-axis resulting in quite broad c-
axis peak, thus hiding the ab-peak. When the field increases up to 6 T,
the ab-peak starts to occur again and this behaviour is seen even more
pronounced at 8 T. This effect can be due to weaker c-axis pinning at
high fields which narrows the c-peaks and allows the ab-peaks to appear
[30].

5. Flux pinning mechanism

From the graphs of Fig. 7, the most important data measured at the
fields of 2 T and 6 T was selected for the more detailed shape and
anisotropy analysis. To make the comparison easier, the curves in Fig. 8
were shifted in such a way that the lowest point is at the same level for
both the data measured at 2 T and 6 T. Fig. 8(a) shows that the data is
not completely symmetric in the vicinity of 0° in neither BCO nor BZO
doped films prepared at 700 °C. The asymmetry of the J.(6) curve is
typically visible in films grown on IBAD-MgO templates and this can be
due to the inclined or tilted growth of the buffer layer during the IBAD
process [35-37]. The absence of c-axis peak at 2 T does not mean that
there is no pinning along the c-axis but a c-axis peak occurs only if the
total F,(0) has a local maximum in the c-direction [38]. Based on our
results at the high fields, the ab-peaks sharpen and become narrower for
both BCO and BZO doped films when compared with the curves mea-
sured at low fields. Regardless of the external magnetic field, the ab-
peaks in BZO doped films are broader when compared with the BCO
ones. The narrow ab-peaks for BCO doped films can be due to the in-
teraction of point type defects or this could be related to the growth of
BCO nanoparticles within the ab-planes [38]. On the other hand, the
broader ab-peaks in BZO doped films can be due to the interplay be-
tween the ab-planes and high density of c-axis correlated defects such as
edge dislocations and c-axis oriented nanorods [38,39].

The angular dependent data of BZO doped film grown at 750 °C,
shown in Fig. 8(b), reveals that the c-axis peak at both low and high
fields tells about the effective pinning of vortices in c-direction. On the
other hand, the ab-peaks were quite small at 2 T field, approximately
half of the ab-plane peaks measured at 6 T. This can be explained that
more vortices are pinned in the CuO, planes and stacking faults in the
ab-direction at high fields [30]. Above 4 T, the c-axis peak starts to
decrease since the nanorods are not able to accommodate more vortices
[40]. The matching field for 4 % doped BZO film is around 5 T [14].
The appearance of the sharp ab-peaks at high fields can be explained by
the relatively strong in-plane pinning due to the stacking faults [10]
and, in the BCO doped cases that the particles are more concentrated in
the ab-planes [12].

The angular dependent curves for our reference films deposited on
STO, as presented in Fig. 8(c), show huge dips along the ab-axis at 2 T
field, but the small ab-peaks starts to appear at 6 T for the BZO doped
film. An earlier report [29] suggests that greater number of ordered
rods, due to high T, distort the ab-planes and worsen the pinning
properties in this direction. Instead, a strong c-axis peak here refers to
elongated columns in the YBCO structure along the c-direction. The
broad c-axis peaks also reveal that the BZO nanorods are slightly
splayed [34,39]. In addition to the BZO induced nanocolumns, this
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Fig. 7. (a)-(f) The angular dependent J,. plots for BCO doped and BZO doped YBCO films prepared at different temperatures on IBAD-MgO based templates and at
750 °C on STO, measured at 40 K in field range of 0.5 T- 8 T and 1 T - 8 T respectively. 0° always shows the direction of c-axis while -90° and 90° refer to ab-planes in

the YBCO structure.

significant c-axis oriented pinning in the films on STO is basically
provided by the array of well-known structural defects which result
from the island growth during the deposition [3]. In BCO doped case at
low fields, the point-like and correlated particles at low fields proved to
show widened ab-peaks, but very sharp peaks at 6 T. The shoulders in
between ab- and c-axis peaks observed at high fields in BCO doped film
grown on STO can be explained by the interplay of in-plane and out-of-
plane correlated pinning which is a natural result and not a symbol of
any unorthodox pinning at some angle [39].

As explained in the vortex path model [34,39], the anisotropy of all
the curves seen in Fig. 8 is dependent on the density of the available
pinning paths along both ab- and c-axis. In undoped films, the ab-planes
have more pinning paths than along the c-axis [34]. This is in agree-
ment with our previous results [10], where the undoped YBCO was
grown on this newly fashioned IBAD-MgO based template, producing
the naturally created edge-type of threading dislocations, that act as an
important source of vortex pinning. However, a strong anisotropy is
seen only when the population of pinning paths in one direction is
larger than in the other direction [34]. Therefore, the extra artificial
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defects have a great impact on the density of pinning paths, thus de-
creasing the anisotropy and increasing the overall vortex pinning.

Fig. 9shows the schematic illustration of the difference in the dis-
tribution of artificial defects within the YBCO lattice grown on IBAD-
MgO based templates and STO substrates. As shown earlier [10], the
threading dislocations through the entire film are significant due to
low-angle grain boundaries arising from the underlying IBAD-MgO
based template (Fig. 9(a)). In agreement with the J.(6) data, the BCO
nanodots seem to be randomly distributed and some of them also grow
along the dislocations whereas the BZO nanorods are broken and
slightly tilted in one direction which causes the asymmetry of the c-axis
peaks in the BZO doped films grown on IBAD-MgO based template. In
BZO doped film, the vortex strongly takes smaller steps in entire an-
gular range as vortices are pinned by rods, which again trap the large
part of the entire vortex. On the other hand, the vortex takes the greater
number of steps along the pinning path in BCO doped film. This could
be due to the isolated particles with small cross-sectional area, thus
pinning only small portion of a vortex. The BZO nanorods are more
effective in flux pinning than the BCO nanodots, due to their greater
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Fig. 8. The shape comparison of the angular dependent J. (40 K: 2 and 6 T field) in films prepared on (a) and (b) IBAD-MgO based templates at different temperatures

and on (c¢) STO substrate.
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BCO BZO BCO BZO
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Fig. 9. Schematic diagram showing the growth and distribution of induced
dopants within the YBCO lattice in films grown at 750 °C on IBAD-MgO based
template (a) and on single crystal STO substrate (b). The extended black lines in
(a) illustrates the significant appearance of edge-type threading dislocations
that are formed in films grown on IBAD-MgO based templates.

size and similarity in shape with the vortices. As the vortex density
increases and their interaction becomes notable at high fields, the
vortices can get looser from the nanosized particles or nanocolumns. On
the other hand, when the nanorods are passing through the entire
thickness of the film, vortices are trapped even at high applied fields
and in wide angular range which is the case when the films are grown
on our reference STO substrates, as depicted in Fig. 9(b). In the films on
STO substrates, the elongated BZO nanocolumns are tilted in different
directions, leading to the double c-axis peaks at high fields as shown in
Figs. 7(f) and 8(c). In BCO doped films on STO, the size and the dis-
tribution of BCO nanoparticles are the same as in films grown on IBAD-
MgO based templates.

According to the model presented by Paulius et al. [41], J. is re-
duced with increasing the inclination of the applied field with respect to
c-axis, decreasing the length of trapped vortex portion. At the sufficient
inclined field, none of the vortex region is trapped and subsequently
J.(6) becomes to its minimum. In our case, even though the vortices can
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become free from the artificial pinning sites of BCO and BZO in the
intermediate angular regime (between ab- and c-axis peaks), the
threading dislocations in YBCO due to the IBAD-MgO based template
underneath can pin the different portions of vortices irrespective of
applied field orientations. This effect could result in improved J.(6)
values. Thus, our newly fashioned substrate itself is also a source of
increasing J.(0) due to the formation of low-angle grain boundaries
within the YBCO matrix, which increases the flux pinning in the wide
temperature and angular dependent field ranges.

6. Conclusion

In order to understand the role of the novel IBAD-MgO based tem-
plate in growth mechanism of YBCO, the BCO and BZO doped YBCO
films were prepared by pulsed laser deposition. The crystalline, mag-
netic and transport properties are thoroughly investigated, especially in
terms of the clearly thinner buffer layer architecture that differs from
the traditionally used complex buffer layer stack that, within this
thickness level, usually has large-angle grain boundaries on the surface.
As a conclusion, the both BCO and BZO doped YBCO films grown at
750 °C showed the best superconducting properties as compared to
other films grown at 650 °C, 700 °C and 800 °C. The BZO doped films
have higher absolute J.. than that in BCO doped ones grown at different
T,. In addition, the angular dependent J. properties show significant
difference in vortex pinning anisotropy and also J.(6) of BZO doped
films is higher due to more effective vortex pinning structure as com-
pared to BCO doped films.

Based on the angular dependent J. data and on the obtained
structural properties, the schematic description for the vortex pinning
behaviour is proposed for films grown on IBAD-MgO based template
and this is compared with the reference films grown on single crystal
STO substrates. According to the model, the BCO particles grow in a
similar fashion within the YBCO matrix, i.e. as randomly distributed, on
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both IBAD-MgO based template and on STO. On the other hand, the
BZO nanorods are grown unidirectionally and they are of intermediate
sizes in YBCO matrix on IBAD-MgO based template, whereas on STO,
the BZO rods are splayed and longer in length. However, the proposed
model with reduced anisotropy in BCO and especially in BZO doped
films grown on buffered IBAD-MgO based template indicate that the
suitable vortex pinning landscape can be utilized with these combina-
tions for great variety of electrical power applications.
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Films Grown on IBAD-MgO Based Template

Mukarram Z. Khan ', Yue Zhao

Abstract—To improve the performance of high-temperature
superconductors in electrical power systems, a modified IBAD-
MgO based template is used as a substrate for the growth of
YBa; Cu3 O, (YBCO) doped with various concentrations of
BaCeO3 (BCO). The highest critical current density (J.) in a wide
applied field and angular range is realized in the films doped with
2% and 4% BCO content. This is explained to arise from the opti-
mized BCO dopant concentration, which helps to immobilize more
vortices both in low and high field ranges. Besides the vortex pin-
ning by randomly distributed BCO nanoparticles, the edge-type
dislocations, mainly occurring due to the underlying IBAD-MgO
based template, are also a main source of pinning the vortices as
seen by the appearance of c-axis peak of J.(6) in undoped and
2% doped films. The disappearance of c-peak in films doped with
higher concentration can be qualitatively explained by the vortex
path model, where the paths of the vortices arising because of high
density of BCO particles disguise the columnar type pinning effect
coming from the threading dislocations within the films. Therefore,
the BCO nanodots can be used for improving the flux pinning be-
sides the threading dislocations in YBCO films on metal substrates.

Index Terms—HTS, YBCO, BCO, flux pinning, angular depen-
dent properties.

1. INTRODUCTION

HE high temperature superconductor YBa;Cu3Og.,

(YBCO) has already shown its potential in electrical power
systems when deposited on flexible buffered metallic substrates
[1]. Thinner metallic templates are of immense importance as
they reduce the production cost but, on the other hand, a better
understanding about YBCO growth on such types of templates
is also necessary. As the vortex motion causes dissipation in
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high temperature superconductors, the pinning of vortices is
always desired, especially at high fields where vortex density
is quite high [2]. For J. enhancement in YBCO films grown
by pulsed laser deposition (PLD), several non-superconducting
phases such as BaCeO; [3], BaZrO3 [4] or BaSnO; [5] have
been successfully doped as they create pinning sites for the
mobile vortices. Based on the lattice mismatch calculations be-
tween YBCO matrix and dopant species as well as the elastic
constants of the pinning centers, as presented in detail in [6], it is
expected that BCO forms non-columnar and spherical particles
when grown by PLD. This is also confirmed by TEM analysis,
where the point-like BCO particles with a mean diameter of
2.5 nm are observed in 4% BCO doped YBCO films [3].

In this manuscript, our objective is to enhance the J. in
YBCO films when grown on an advanced IBAD-MgO based
template by PLD via doping BaCeO3 (BCO). By PLD method,
the BCO dopant grows within the YBCO matrix in the form
of isotropic and randomly distributed nano-sized particles [3].
For this purpose, the dopant content is optimized within YBCO
films deposited on our IBAD-MgO based template. We discuss
the structural, magnetic and transport properties of small-scale
YBCO films grown at a specific temperature. The main objec-
tive is to study the vortex pinning behavior in undoped and BCO
doped YBCO films and then to optimize the dopant content
for J. enhancement, when grown on our IBAD-MgO based
template.

II. EXPERIMENTAL DETAILS

The YBCO thin films doped with the varying content of
non-superconducting phase BCO were prepared by PLD on
5 x 5 mm? IBAD-MgO based templates where the dopant con-
centration was varied from 0 vol% to 10 vol% with 2 vol% steps.
The schematic of IBAD-MgO based template is shown in Fig. 1
and its manufacturing details are explained in [7]. The IBAD-
MgO layer not only forms the in-plane grain alignment but is
also biaxially textured. Furthermore, the low lattice mismatch,
good chemical compatibilty and similar thermal expansion co-
efficient values between the CeO, cap layer and YBCO are
important for the optimal growth of YBCO [7]. All the films
were deposited at growth temperature 7, = 750 °C by using
excimer XeCl laser (wavelength = 308 nm, pulse duration =
25 ns and pulse repetition rate = 5 Hz with 1.3 Jem™2 laser
fluence). The number of 1500 laser pulses with the growth rate

1051-8223 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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YBCO 150 nm
MgO buffer 10 nm
Hastelloy C276 substrate 50 um
Fig. 1.  The schematic structure of IBAD-MgO based polycrystalline metallic

substrate, different buffer layers and their thicknesses. The 150 nm thick layer
of undoped or BCO doped YBCO was deposited on top of it.

of 0.1 nm/pulse gave us 150 nm film thickness. The detailed
PLD deposition conditions are explained elsewhere [8].

The crystallographic properties of films were determined by
Philips X’ Pert Pro MPD based X-ray diffraction (XRD). The
phase purity of films was confirmed by (00[) directional 6-26
scans whereas the calculations of in-plane and out-of-plane crys-
tallographic textures were made by YBCO (102) (¢ scans) and
(005) (w scans) peaks, respectively. The Quantum Design phys-
ical property measurement system (PPMS) was used for mag-
netic measurements where critical temperatures 7. of the films
were determined by ac magnetization measurements between
10 K—100 K in 0.1 mT ac field. The critical current densities
(J.) were calculated by applying Bean model for films onto the
respective hysteresis loops [9]. The accommodation field B*,
which is defined as an upper limit of the low-field plateau of
J.(B), is determined by the criterion J.(B)/J.(0) = 0.9 [10].
On the other hand, the angular dependent transport properties
were also done by the use of the horizontal rotator in PPMS.
Firstly, all the films were patterned by wet chemical etching to
produce 200 pm wide current stripes on each film. Then TPT
HBOS Wire Bonder was used to make electrical contacts on
films by aluminium wire. The measurements were made at 40 K
and magnetic fields of 0.5 T, 1 T,2 T, 4 T, 6 T and 8 T with 0°
to 360° angular range using 3° of steps.

III. RESULTS AND DISCUSSION
A. Structural Properties

All the films are phase pure as shown in Fig. 2 by the relative
(007) peaks of YBCO and other peaks coming from buffer layers
of our IBAD-MgO based template. The calculated structural
parameters of undoped and BCO doped YBCO are presented in
Table I. The c-axis length is nearly the same for all the films and
is also very close to the nominal value of YBCO c-parameter i.e.
11.68 A [11]. However, we observed the increase in A26 values
with increasing BCO concentration, which could be linked not
only to the strain related variation in c-parameter but also to the
out-of-plane lattice coherence length [12].

On the other hand, the in-plane variation of all the films, as
depicted by A¢ data, stays approximately the same regardless of
the dopant content. The A¢ values are quite large as compared
with the STO case which suggests the formation of low-angle
grain boundaries along c-direction [13]. Moreover, the intensity
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Fig. 2. X-ray diffractograms of undoped and 0% to 10% BCO doped YBCO
films grown on a modified IBAD-MgO based template. Labelled peaks, CeO2
are from cap layer, ’-’ peaks arose from the buffer layers and C276 peaks
reflected from the metal itself. STO peak is also seen due to hastelloy tape glued
on it.

TABLE I
STRUCTURAL PARAMETERS DETERMINED FROM XRD MEASUREMENTS OF
UNDOPED AND SEVERAL CONCENTRATIONS OF BCO DOPED YBCO
FILMS GROWN ON IBAD-MGO BASED TEMPLATE

Sample YBCO lattice ~ A20 Ag 1(005)/
c (A (005) (°)  (102) (°)  I(004)
Undoped 11.69 0.21 4.12 13.12
2% BCO 11.68 0.25 4.16 10.87
4% BCO 11.70 0.30 4.09 11.77
6% BCO 11.69 0.32 4.09 12.86
8% BCO 11.69 0.39 4.09 15.46
10% BCO  11.69 0.39 3.97 15.41
0 Undoped —&-
2%BCO —=-
4% BCO —=-
6% BCO
< 8% BCO
o 10% BCO
IS
=
~
=
1
= 1

70 75

Fig. 3. AC magnetization curves as a function of 7" for undoped and BCO
doped YBCO films grown on an IBAD-MgO based template.

ratio of the (005) and (004) peaks I(005)/1(004) < 20 in all
the films indicates that the oxygen deficiency is in the range of
standard 6 < 0.1 [14].

B. Magnetic Analysis

Temperature dependent ac-magnetization curves in Fig. 3
show that the 7;. decreases as the BCO dopant concentration
increases. It can be observed that the undoped film has the
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Fig. 4. J. curves as a function of zero and applied magnetic fields measured
at 10 K for undoped and BCO doped YBCO films deposited on an IBAD-MgO
based template at T, = 750 °C. The inset shows the accommodation field (B*)
dependence on BCO dopant concentration.

highest 7, and with increasing dopant concentration it starts to
decrease which is a typical behavior observed in BCO doped
YBCO films [15]. In addition, above 4% dopant content, the
width of the transition increases as well as the 7. drops dra-
matically above 6% dopant concentration. The decrease in 7,
with increasing BCO doping can be explained by the forma-
tion of non-uniform strain which is directly proportional to the
structural deformation of YBCO [3], [16].

J. s in all the films, depicted in Fig. 4, were calculated using
the Bean model [9], [17], [18]. The 2% BCO doped film has
the highest J. whereas the 4% BCO doped has slightly lower
J. in self-field. In high field or above accommodation field B*,
both 2% and 4% doped films have approximately the same .J. s.
Above 4% dopant concentration i.e. with 6% BCO doped film,
the decrease of self-field .J. is notable while the high field .J.
decreases more slowly. This result can be explained by the high
density of strong pinning sites due to 6% BCO concentration
which pin more number of vortices. Above 6% dopant content
the decrease of .J., both in low and high fields, is remarkable as
the film structure gets deteriorated with such a high dopant con-
centration which affects negatively the superconducting proper-
ties. On the other hand, the undoped YBCO has higher self-field
J. than 8% and 10% BCO doped films but lower in high fields.
The lower self-field J. in highly BCO doped YBCO films can
be linked to the increased volume of BCO particles and distorted
YBCO surroundings with lower T, which together decrease the
amount of superconducting material [16]. In addition, the inset
of Fig. 4 revealing the dependence of B* on BCO dopant con-
centration shows that the undoped YBCO film has the lowest
B* and then it jumps three times higher when doped with 2%
and 4% BCO. Above 4% dopant content B* increases almost
linearly and this behavior is similar as observed in our works
(31, [15].

C. Angular Dependent Flux Pinning

Figure 5 shows the angular dependent J,. properties for all the
films with respect to different fields. When comparing absolute
J. () values, we observed that J.. (¢) increases from undoped to
2% BCO doped film in entire angular range and up to the higher
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field too. This means that the isotropic BCO nanoparticles pin
the vortices effectively especially in high fields with high vor-
tex density. At 4% dopant content, the absolute value of low
field J. () stays approximately the same as of 2% dopant con-
centration but high field J. () is slightly decreased. Moreover,
the c-peak in fields above 2 T decreases slightly, thus showing
that the pinning force lacks the local maximum in the c-direction
[19] but there is still c-axis oriented pinning. With 6% BCO con-
centration, the highest .J. () is observed in low fields among all
of our samples, but at the high fields, the J.(6) is even smaller
than in the undoped one. Above 6% BCO doped films, the prop-
erties start to worsen in the whole field and angular ranges as
10% BCO doped film has even smaller absolute .J. (#) than the
8% doped one. The decline of superconducting properties with
high dopant concentration is due to excess structural disorder
in the film. This matches our structural and magnetic analysis
described in previous sections. The c-axis peak arising in un-
doped or BCO doped films and the slight off position of c-peak
from 0° is a typical behavior when YBCO is grown on IBAD-
MgO based template [20]-[22]. As YBCO grows c-oriented, the
appearance of c-peak in this case is due to threading disloca-
tions which occur because of growth mechanism of underlying
IBAD-MgO based template [22]. These dislocations also act as
pinning sites and increase J.(6) [13].

The anisotropy in all of our data is related to the density
of pinning paths along in-plane and out-of-plane directions. A
strong anisotropy is seen when the pinning paths are more pop-
ulated in one direction than in the other i.e. usually the undoped
films have more pinning paths along the ab-plane than the c-
direction [23], [24]. Moreover, the effects of the matching field
are also responsible for the anisotropic shapes of the curves [25].

The proposed model about the interaction of vortices with
threading dislocations and isotropic and randomly distributed
BCO particles is presented in Fig. 6. The pronounced ap-
pearance of c-peak in undoped and 2% BCO doped films
could be due to the trapping of the entire length of vor-
tices by edge-type dislocations, which are formed in the
low-angle grain boundaries, caused by the underlying IBAD-
MgO based template [13]. When the dopant concentration
is 2%, only a few BCO particles in the vicinity of thread-
ing dislocations will pin the vortices. However, the isotropic
BCO particles are not very effective to pin the vortices in
all the angular directions and therefore only the threading
dislocations can accomodate the vortices for longer length.
Thus, the pinning by BCO nanoparticles together with thread-
ing disloacations increases J.(6) as shown by Fig. 5 (b).
When the concentration is increased up to 4%, the extra BCO
particles will start attracting the vortices, not allowing them
to be directly pinned in the threading dislocations. This phe-
nomenon already reduces the c-peak in 4% BCO doped film.
In addition, the curves of 4% BCO doped film are the least
anisotropic among all of our measured data. This behavior is
more pronounced when the BCO concentration is increased to
6%, where the c-peak is already reduced. On the other hand, the
8% and 10% BCO doped films have quite many short vortex
pinning paths in between the BCO nanoparticles which not only
completely hide the c-peak but, due to the effect of the high
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Fig. 5.  (a)—(f) The angular dependent .J.. plots for undoped and BCO doped YBCO films grown on IBAD-MgO based template measured at 40 K in field range

of 0.5 T—8 T. All the graphs were shifted so that 0° always shows the direction of c-axis while —90° and 90° refer to ab-planes in the YBCO structure.

Undoped 2% BCO 4% BCO

c-axis

Fig. 6. The schematic of vortex pinning in undoped and 2% to 10% BCO
doped YBCO films grown on an IBAD-MgO based template. Black dashed
lines correspond to the threading dislocations where no vortex is pinned, whereas
blue zig-zag color depicts the pinned vortices within threading dislocations. The
green and open circles are BCO produced nanodots where the vortices (red lines)
are unpinned and pinned, respectively. In the undoped case, vortices are mobile
in between the threading dislocations unlike the BCO doped films where they
are trapped by nanodots.

content of dopants, also reduce the absolute J. (). As the vor-
tices are lengthy, we conclude that the optimized low BCO
dopant concentration is the best for making them immobile in
between the threading dislocations. However, in the undoped
case, not all of the vortices can be pinned by threading disloca-
tions but only some of them, and thus especially at high fields,
the great number of vortices move freely within the film which
lowers the high field J..

IV. CONCLUSION

An advanced IBAD-MgO based template was used to grow
undoped and 2% to 10% BCO doped YBCO films by PLD.
The template consists of thinner and modified buffer layers

reducing also its production cost. In this work, we optimized
the BCO doping concentration in YBCO matrix in terms of
vortex pinning. The low-angle grain boundaries, formed due to
our IBAD-MgO based template, effectively pin the vortices and
increase J.. According to our results, the 2% and 4% doped
films had the best J.(#) in all magnetic fields. These results
are significant when optimizing the vortex pinning landscape
in wide magnetic field and entire angular ranges and therefore,
these structures can be used in future coated conductors for
electrical power applications.
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Abstract. The role of variations in the buffer layer structure of IBAD-MgO based templates
on the critical current anisotropy has been investigated in undoped and BaZrOs (BZO) doped
YBayCuzOg4. (YBCO) films. Not only do the natural defects grow distinct within the undoped
YBCO lattice but also due to the different lengths of BZO induced nanorods within the YBCO
matrix, the flux pinning properties are greatly affected by the underlying layers which in turn
has a great impact on the angular dependent critical current density Jc(€). This has been
verified by transport measurements where the shape of the J;(0) varies in accordance with the
substrates. Based on our results, the template having a cap layer with the minimum lattice
mismatch and a good chemical compatibility with deposited YBCO is proven to be the best for
growing both the undoped and BZO doped YBCO films. Furthermore, a model we can present
based on the shapes of J.(#) curves depicts how the formation of nanosized defects affects the
flux pinning anisotropy.

1. Introduction

Superconductivity is concerned with the very act of cooling down the certain materials to
their critical temperatures that brings about the exciting phenomenon of zero resistance. The
discovery of high temperature superconductors (HTS) more than three decades ago opened up
the gates to electrical power applications which are currently in frequent use [1, 2]. The potential
of HTS realized in electrical power systems is arguably thrilling but one has to admit that HTS
are complex, difficult to process and expensive to produce which all limit their usability to
certain scales.

One of the main obstacles faced in solving these issues is that the structural growth dynamics
of HTS restricts the range of suitable deposition substrates to certain flexible but complicated
tapes manufactured by several methods [3]. From a laboratory to an industrial scale, the
underlying substrate is not just the spectator but it generally plays a critical role on the growth
of HTS film. On the other hand, the vortex motion in HTS under the magnetic fields (B)
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Figure 1. Schematics of IBAD-MgO based templates used for growing YBCO films (a)—(c).
The three templates, CeOz (a), LMO-MgO (b), and LMO-Epi-MgO (c), differ from each other
by the thicknesses and compositions of the buffer layer stacks grown on IBAD-MgO.

needs to be halted for zero resistance which leads to enhanced critical current density J. and the
usual approach for doing so is the introduction of artificial pinning sites within the lattice [2].
Moreover, besides other naturally created defects that appear during the growth process, the
self-organized threading dislocations originating from the low-angle grain boundaries also act as
strong vortex pinning sites. The out-of-plane threading dislocations are more pronounced when
HTS films are grown on technical templates than with those deposited on single crystalline
substrates due to larger lattice mismatch in the former [4, 5]. But the films on technical
templates exhibit smaller J, and they are more isotropic in comparison to the films grown on
single crystalline substrates. However, thinking about their application, the HTS are required
to be flexible so that they can easily be bent and wrapped. Due to these reasons, there is
a motivation for developing technical templates that are less complicated, cost effective and
sufficiently reliable for the growth of HTS films. Therefore, the fundamental understanding
about this issue is a priority, should we want to improve the HTS growth from the substrate
surface to the film top in pursuit of high critical currents (I.) with small anisotropy.

Herein we present the superconducting properties of YBCO films grown on three different ion
beam assisted deposition—magnesium oxide (IBAD-MgO) based templates. We investigated the
properties of both undoped and artificially BZO doped YBCO films and observed the relative
differences in the I. anisotropies with respect to varying substrate buffer layers architectures.
Furthermore, a schematic model of the growth of the natural and artificial defects within the
YBCO lattice when grown on these distinct substrates is proposed.

2. Experimental details

Undoped YBCO films and YBCO films doped with 4 % BZO by weight were deposited on three
variably structured 5x5 mm? IBAD-MgO based templates by the pulsed laser deposition (PLD)
method. The schematics of templates are shown in Fig. 1 where the differences in top buffer
layers can be seen. From here onwards, the structures in the subfigures (a), (b) and (c) in Fig. 1
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Table 1. Structural parameters for undoped and 4 % BZO doped YBCO thin films grown on
three different IBAD-MgO based templates.

Template YBCO lattice A26 Ag 1(005)/
c(A) (004) (°) (102) (°) I(004)

undoped YBCO

CeOg 11.69 0.12 3.40 14.0

LMO-MgO 11.70 0.15 4.36 13.7

LMO-Epi-MgO  11.70 0.14 3.77 13.5
YBCO + BZO

CeOg 11.74 0.19 3.37 13.9

LMO-MgO 11.75 0.21 4.42 12.5

LMO-Epi-MgO  11.73 0.20 4.75 12.9

will be referred as CeOq for CeO2 cap layer, LMO-MgO for LaMnOj3 cap layer and LMO-Epi-
MgO for LaMnOj3-Epi-MgO, templates, respectively. Firstly, three sets of undoped YBCO films
were deposited on these templates at temperatures from 625 °C to 850 °C with 25 °C step size
to optimize the growth temperature (7). The optimized T emerged as 775 °C and all the films
were deposited at this T;. A XeCl laser (wavelength A = 308 nm, pulse duration 25 ns and
pulse repetition rate 5 Hz with 1.3 Jem™2 laser fluence) was used as a source for cleaving off the
target material and depositing it on the substrate. The applied 1600 laser pulses with a growth
rate of ~ 0.1 nm/pulse gave us the films’ thicknesses as &~ 160 nm.

The structural properties were characterized using a Panalytical Empyrean X-ray
diffractometer (XRD) and performing (00l) directional 6-20 and ¢ scans to observe the phase
purity and in-plane crystallographic texturing of all the films, respectively. A Quantum Design
physical property measurement system (PPMS) was utilized for magnetic measurements, where
ac magnetization curves were measured from 10 K to 100 K at 0.1 mT ac field for determining
the critical temperatures (Tg).

For transport measurements, all the films were patterned by wet chemical etching to obtain
200 pm wide current stripes. The electrical contacts from Quantum Design dc pucks to sample
pads were made by using TPT HBO5 Wire bonder with 33 pm thick Al wire. Then the angular
dependent J. anisotropies were measured using a horizontal rotator available in the PPMS. All
the measurements were done at the temperature of 40 K under 0.5 T, 1 T,2T,4T,6 T and 8 T
magnetic fields and 0° to 360° angular range. 40 K was chosen as the measurement temperature
as it is far below the Tt and is also a reasonable intermediate temperature when thinking about
the low (10 K) and high temperature (77 K) applications.

3. Results and discussion

3.1. Crystallographic and superconducting properties

The most important structural parameters of the grown films are presented in Table 1. The
c-axis lengths calculated by the Nelson-Riley method [6] reveal that undoped films have the
c-parameters very close to the nominal value (11.68 A) of YBCO [7] in comparison to all
the doped films where relatively long c-axis is observed. This depicts the BZO as a cause
of lattice perturbation during the growth process. The A26 shows the undoped films as a
winning competitor in terms of better structural growth of YBCO compared to the BZO doped
films. Here the notation A26 is the full width at half maximum of the peak. We observe
that the films grown on CeO2 template have the least variation along c-axis among the other
templates. For both the undoped and BZO doped films, the A26 values are way smaller than
our previously investigated templates [4, 8, 9, 10] showing signs of texture improvement in our
current substrates. In addition, the A¢ values for all the films are varying with respect to the
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Figure 2. Magnetization curves for the undoped and BZO doped films grown on various
templates.

templates, being only half to those reported earlier for YBCO films on NiW substrates [8]. This
in-plane A¢ (102) lattice variation is crucial in flux pinning as it correlates positively with the
severity of the low-angle grain boundaries which channel the YBCO growth along its c-axis and
finally leads to the pass through of threading dislocations from the interface to the film surface.
Conclusively, the oxygen content for all the films is well in the acceptable range, that is, § < 0.1
[11].

Fig. 2 displays the temperature dependences of magnetization (deriving the corresponding
T. values) for all the films. The undoped films have higher T, and sharper transitions than
the doped ones which is attributed to the local strain field arising due to the lattice mismatch
(~8 %) between YBCO and BZO and also the possible local oxygen deficiency that can occur
around BZO nanocolumns [9, 12, 13]. Comparing the templates, we see that the undoped YBCO
grown on CeOgz has the highest T, which can be due to less strain caused by the least lattice
mismatch between the CeO2 and YBCO layers. Among the doped films, YBCO deposited on
CeO2 and LMO-Epi-MgO follows the similar T. curves but LMO-MgO has the lowest T, and
the broadest transition. Our goal is to get as high a J; as possible at high B so we believe that
the importance of the T, values should be assessed on a per-application basis.

3.2. Angular dependent J. and anisotropy

In order to compare the J;(#), we shifted the data separately for each constant value of B in
such a way that the lowest point for every curve falls at the same level. Moreover, the c-peak
always occur at 0°, whereas the ab-peaks falls at £ 90°. In Fig. 3(a), we display the J.(6) curves
for undoped films measured at 0.5 T, 1 T and 2 T. It is observed that, at 0.5 T, both the films
grown on CeOg and LMO-MgO are almost completely isotropic with the exception of very slight
but broad ab-peaks. The J;(0) for film on LMO-Epi-MgO is more anisotropic where it shows the
wide and pronounced ab-peaks. The occurrence of ab-peaks in the latter can be due to the more
pronounced vortex pinning across the stacking faults. With increasing B from 0.5 T up to 2 T,
we see that the shape of J.(0) curves for CeOs and LMO-MgO starts to be anisotropic, that is,
the appearance of ab-peaks and occurrence of c-peak for film on CeQOs is clearly visible. The c-
peak for film on CeOs template should be attributed to the vortex pinning within the threading
dislocations formed by the low-angle grain boundaries [14]. It is notable that with increasing
B, ab-peaks become narrower and sharper for film on LMO-Epi-MgO template. This can be
related to the presence of the greater number of pinning paths along ab-direction which pin
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Fig. 3. J.(0) curves for undoped (a)—(b) and BZO doped (¢)—(d) YBCO films grown on CeQOa,
LMO-MgO and LMO-Epi-MgO templates measured at different B and 40 K.

the increasing number of vortices with respect to higher B [15]. This means that the template
governs the YBCO growth and is responsible for the overall J.(9).

Fig. 3(b) displaying the J.(0) graphs for all the undoped films measured at 4 T, 6 T and
8 T reveals the remarkable differences in the shape of the curves when comparing with those
measured at 0.5 T—2 T. Firstly, the c-peak for film on CeOy template is almost indiscernible
at 4 T. As can be seen, that the curves are still somehow isotropic at 4 T for films on CeO,
and LMO-MgO templates, we observe the subtle and strange behaviour of ab-peaks for film on
LMO-Epi-MgO. Earlier we have also reported such a behaviour for the YBCO films grown on
single crystalline SrTiO3 (STO) [4]. With increasing B, the ab-peaks are observed to be intense
along with the pronounced shoulderings. This means that the film grown on LMO-Epi-MgO
template has more pinning paths along ab-direction. Generally, the undoped films have more
pinning paths along ab-direction than the c-axis [15]. The shoulders seen beside the ab-peaks
can be due to the interplay of in-plane and out-of-plane pinning [16]. Back to the film on CeO2
template, it is clear that the J.(0) starts to follow anisotropic behaviour from 6 T where relative
broad ab-peaks with a wide drop in J. curve along 0° measured at 8 T can be observed. Finally,
in the case of film on LMO-MgO template, the relative isotropic J.(6) is observed even at high
B. These results reveal that not only do the natural pinning defects vary in number but they
also differ in sizes with respect to the underlying template as can be deduced from an analysis
of the differences in the shapes of J.(#) curves (Figs. 3(a) and (b)). Especially, the film on
LMO-Epi-MgO template behaves exceptionally in terms of anisotropic J(#) as compared with
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its other two counterparts where J.(6) is seen to be more isotropic.

Figs. 3(c) and (d) display the J;(0) of BZO doped YBCO films on the set of studied templates.
In Fig. 3(c), the measured curves at 0.5 T—2 T reveal that J.(f) changes shape with respect
to B. At 0.5 T, the shape of J.(0) for BZO doped films on CeOy and LMO-MgO templates
is quite similar to those of undoped films measured at 2 T. This is related to less c-axis flux
pinning at this B and the pinning mostly occurs in-plane which in turn gives us broad ab-peaks.
Unlike in the undoped case, more isotropic J.() is seen at this B for film on LMO-Epi-MgO
template which is due to the pinning of vortices by the dopant thus decreasing the anisotropy.
As the BZO grows in the form of nanocolumns along the c-axis in both the single crystalline and
buffered metallic templates, it is obvious that they are pinning the vortices effectively [12, 17].
The J.(f) measured at 1 T already reveals the vortex trapping by the induced nanocolumns
as we see the c-axis peaks in both the films on CeOy and LMO-MgO templates, whereas the
film on LMO-Epi-MgO template has not shown any c-peak. This behaviour is related to the
lengthened nanorods in films on CeOy and LMO-MgO, whereas the shorter nanocolumns in film
on LMO-Epi-MgO template are weaker in vortex pinning. The broad and intense c-peaks along
with very intense ab-peaks are visible at 2 T for films grown on CeOy and LMO-MgO templates.
However, the total vortex pinning is not only attributed to the BZO nanocolumns but also to the
other naturally created defects during the growth process. This is due to the fact that ab-peaks
were seen to become more pronounced with increasing B from 0.5 T—2 T in all the films.

Fig. 3(d) depicting the J.(6) at high B (4 T) indicates a strong flux pinning accross YBCO
c-axis for all the films. At 4 T, the film on CeOs template again beats its counterparts in terms
of isotropic J.(0). A very strong c-peak in this case predicts the nice and elongated growth of
BZO nanocolumns within YBCO which are both similar in shape and size to that of vortices
[4]. Due to the occurrence of a wide c-peak via enhanced c-axis flux pinning, the ab-peaks tend
to be narrow and less intense [16]. A similar tendency is seen for the film grown on LMO-
MgO template, whereas with intuitive argument, the c-peak starts to appear in LMO-Epi-MgO
substrate due to the growth of shortened and randomly distributed nanocolumns within the
film. This result reveals the effect of the substrate on both the YBCO and the dopant induced
within it. At 6 T, the c-axis flux pinning gets more pronounced for film on CeOs template
with the appearance of a very broad and intense c-peak thus telling us that most of the vortices
get pinned at this B with maximum pinning force F},, whereas the c-peaks starts to slightly
decrease for the rest of the films. To an end, the film on CeOy template still shows a very strong
c-peak even at 8 T with pronounced ab-peaks thus revealing the enhanced pinning along both
the c-axis and ab-planes. On the other hand, the c-peaks are barely visible for the films on both
LMO-MgO and LMO-Epi-MgO templates.

All the J.(6) curves presented in Figs. 3(c) and (d) are asymmetric in the vicinity of 0°
which is the typical behaviour for all the films grown on IBAD-MgO based templates being
caused by the inclined buffer layer growth during the IBAD process [12, 19, 20]. Furthermore,
the low lattice mismatch between the CeOg cap layer and the YBCO [21] makes the CeOq
template the best for growing both undoped and BZO doped YBCO as least anisotropy of J.(6)
is revealed when the films were grown on it. To bring forth a comprehensive understanding of
this explanation we present a schematic model, in the next section, which illustrates the growth
of the defects in both the undoped and doped YBCO films when grown on all of our three
templates.

For the detailed anisotropy analysis, the anisotropy of undoped YBCO is best described via
the Blatter anisotropy parameter v, which ultimately represents the electronic mass anisotropy
of YBCO [22]. This parameter can be experimentally estimated by plotting the J.(6, B) values
(shown in Fig. 3) in the regions where they collapse (between 90° and 180°) as a function of
effective magnetic field Beg = Be(6,7), where £(0,7) = (cos?(0) + v~ 2sin(0))"/2, and finding a
value of v that produces linear Beg-J.. plot [18, 23]. Fig. 4 presents the calculated Beg-I. curves
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Figure 4. The I, as a function of effective magntic field Beg along the c-axis of YBCO for all
the undoped films. The calculated v parameters are also given.

and corresponding 7-values which respectively produce the linearity observed in the curves. Our
films have the « values in the range of 2 to 3, which are much lower compared with other YBCO
films where «y is always found to be above 5 [18, 24, 25]. In our previous work [24], we calculated
the ~ values of YBCO films on STO where the films grown by micro- and nanocrystalline sized
targets have v = 5 and 1.8, respectively. This observed difference is explained by the increased
number of correlated pinning sites in n-YBCO (grown from nanocrystalline sized target) that
on the other hand, has a lowering effect on 7 value. Similarly, Xu et.al. [26] compared the
anisotropy of two YBCO films, one with Y203 precipitates and other with stacking faults,
where the calculated v value for the film with Y203 precipitates is much lower than for the
film with stacking faults due to the effective pinning properties of Y2Og3 precipitates in a wide
region around YBCO c-axis. This suggests that in our case, the decreased anisotropy especially
in CeOg and LMO-Epi-MgO films is due to the increased number of weak point like defects,
precipitates or voids. This scaling procedure has not been applied to BZO doped films since
the highly correlated BZO nanorods perturb the J.(6) curves in such a way that they do not
collapse to a line properly at low temperature and B [24], thus making the anisotropy analysis
difficult.

3.8. TEM analysis

Based on our transport properties shown in Fig. 3, we chose the best film (in terms of enhanced
isotropy of J.(0)) for the TEM analysis. Fig. 5 displays the TEM image of one of the doped films,
that is, BZO doped YBCO grown on CeOs template. It can be seen that the BZO nanocolumns
grow elongated along the c-direction with the presence of short stacking faults (mainly next to
the CeO2/YBCO interface) in between them. Our analysis shows that the BZO nanocolumns
are just slightly tilted and are randomly distributed. The lengthened nanorods increase the flux
pinning along c-axis, thus reducing the J. anisotropy, whereas the short stacking faults are the
source of pinning the vortices along ab-direction. Moreover, while connecting the microstructure
with the angular dependent results (Fig. 3), it can be concluded that the nanorods are very
effective in flux pinning as revealed by the most pronounced c-peak of doped film grown on CeO,
template, especially at high fields from 4 T to 8 T.
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Figure 5. TEM image of BZO doped film grown on CeOy template. The yellow boundaries
delimit the BZO nanocolumns, whereas the presence of a stacking fault next to the interface is
marked by sky blue area.

8.4. Growth model of the defects

According to our schematic shown in Fig. 6 (drawn based on the angular dependent
measurements, XRD results and TEM image), one realizes relative differences not only in the
number but also in the sizes of both the naturally and artificially induced defects within the
films. Comparing the undoped films, we concluded that the growth of long threading dislocations
throughout the thickness of the film on CeOs template is the source of effective vortex pinning
which in turn reveals the c¢-peak (Fig. 3(a)). This is in line with our structural results where
the low-angle grain boundaries (A¢) channel the YBCO growth which results in threading
dislocations. For LMO-MgO template, the intermediate sized dislocations are still perturbing
the vortex motion which increases the isotropic behaviour of the J.(6) especially at low B
(Fig. 3(a) and (b)). On the other hand, the same sized stacking faults gave us the similar shapes
of J.(0) ab-peaks in both the CeO2 and LMO-MgO templates, whereas more pronounced ab-
peaks under all the B for film on CeOy template is related to the greater number of stacking
faults compared with the LMO-MgO template. Thinking about the similarity of ab-peaks for
film on LMO-Epi-MgO template with that of YBCO grown on single crystalline substrate [4],
we see that the growth of long stacking faults makes it energetically preferable to pin a huge
number of vortices. Principally, the film on LMO-Epi-MgO template beats the other two in
terms of both the number and size of stacking faults and thus has the highest J. along the
ab-direction. Moreover, the small-sized threading dislocations in this case are also the source of
vortex pinning but do not affect the shape of the c-axis peak.

The induced defects in BZO doped films as revealed by Fig. 5 and schematically drawn in
Fig. 6, we find in our analysis that the BZO grown nanocolumns are slightly unidirectionally
splayed in all the films as this is the cause of anistropic c-peaks (Fig. 3(c) and (d)). The main
difference among all the films is the length of these nanorods. The nanorods are the longest
when film is grown on the CeOy template and this is the most effective for strongly enhanced
flux pinning thus producing very broad and intense c-peak in this case. The length of the
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Figure 6. Schematic of some of the induced defects within the (a)—(c) undoped and (d)—(f)
BZO doped films grown on different buffered substrates. The red horizontal lines present
the stacking faults, whereas the vertically oriented blue threads depict the low-angle grain
boundary based threading dislocations. The green filled pipes correspond to the BZO induced
nanocolumns.

nanorods is smaller in the film on LMO-MgO template which affects the flux pinning especially
at high B as revealed in Fig. 3(d)). The very small sized nanorods grown in the film on LMO-
Epi-MgO template cause weakened vortex pinning as a slight c-peak was observed in this case
(Fig. 3(c) and (d)). The difference in the shapes of the J.() curves of the undoped films
from the doped ones can be explained by the Paulius model [27] where J, is reduced when the
inclination angle of the applied field is increased with respect to the c-axis thus decreasing the
length of trapped vortex portion. Unlike our undoped films where vortices are only pinned by
the natural defects and they can become free and move around at sufficient magnetic field angles,
the doped films have the significant edge of firstly pinning the vortices by the nanocoloumns
and at certain angles when vortices get untrapped by them the proximate natural defects like
threading dislocations and stacking faults can be the cause of their trapping. This effect improves
the J.(0) and thus the creation of enhanced natural defects on our templates, especially for film
on CeOg, can be used to help advance fundamental understanding and applied for electrical
power applications in wide temperature, field and angular ranges.

4. Conclusion

Three variously buffered IBAD-MgO based templates were used to grow both undoped and BZO
doped YBCO films. The analysis of our results showed that the buffer architecture is crucial
for growing superconducting films with desired properties. We succeeded in optimizing one of
the substrates to achieve the goal of improving the isotropic behaviour of J.(f) on technical
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substrates. The optimized CeOs template is suitable for the creation of highly effective natural
and decorated defects within YBCO films which enhances the pinning of the vortices. Both
isotropic and high-valued J. () curves are achieved on this template in comparison to other two
counterparts. Furthermore, our growth model of the defects gives a basic understanding about
the induced defects within all the films deposited on our differently buffered templates. Thus,
our results can be utilized in a variety of electrical power applications.
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Striving to improve the critical current density Jc of superconducting YBa,Cu;04,, (YBCO) thin films

via enhanced vortex pinning, the interplay between film growth mechanisms and the formation of
nanosized defects, both natural and artificial, is systematically studied in undoped and BaZrO; (BZO)-
doped YBCO thin films. The films were grown via pulsed laser deposition (PLD), varying the crystal
grain size of the targets in addition to the dopant content. The microstructure of the PLD target has
been observed to have a great impact on that of the deposited thin films, including the formation of
vortex pinning centers, which has direct implications on the superconducting performance, especially
on the isotropy of flux pinning properties. Based on experimentally measured angular dependencies of
Jc, coupled with a molecular dynamics (MD) simulation of flux pinning in the YBCO films, we present a
quantitative model of how the splay and fragmentation of BZO nanorods artifically introduced into the
YBCO film matrix explain the majority of the observed critical current anisotropy.

To obtain the freedom to engineer future high-temperature superconductor (HTS) applications for desired oper-
ating magnetic field and temperature ranges, it is necessary to optimize the vortex pinning landscape for an
enhanced, isotropic flux pinning performance!-. In addition to naturally formed crystalline defects, which typ-
ically have spatial dimensions distinctly below the superconducting coherence length, defect-engineering with
artificially produced pinning centers (APCs) with dimensionalities of 1D-3D have been observed to be extremely
effective’%. However, the complex nucleation process of YBCO during PLD process, that leads to growth island
size variation, and the manner in which this could affect the size and distribution of the nanoscale structural
defects is chiefly neglected. Especially, a clear gap exists in the current literature regarding how ordered arrays
of nanoscale defects can also influence and regulate the distribution and growth of more effective APCs and
thus decrease the anisotropy by allowing vortices to be trapped in a wider angular range'". Partly, the clear lack
of information on the subject is arguably be due to the rather general assumption that during PLD process, the
film growth method of our choice, the target material is largely decomposed on the atomic level, and thus its
properties should not have an effect on the formation and nucleation of particles on the substrate surface. This
assumption, which our studies have led us to challenge, would precariously force one to downplay the potential
importance of target microstructure on the functional properties of derived films.

The angular dependence of the J, has an excellent physical importance providing an approach to the problem
of flux pinning and vortex dynamics anisotropy in HTSs, both from the experimental and theoretical point of
view. For instance, in the angular dependent critical current plots, one can easily observe how the various types
of pinning centers such as correlated linear, columnar or planar defects and, on the other hand, defects based on
growth mechanisms together with YBCO’s intrinsic pinning can dramatically alter the angular dependence of
J.(B)*. For understanding the origin of angular dependent flux pinning J.(f), experimental tools like transmission
electron microscopy (TEM) are often exploited to probe the structural properties and features, such as the defects
naturally formed during the film growth, as well as the size, shape, orientation and distribution of the artificially
produced and self-assembled pinning centers™!>!>. However, methods like positron annihilation spectroscopy,
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which gives information about vacancy-type defects, are only rarely utilized on HTS thin films'*!*. In addition to
experimental scrutiny, simulations offer a way of understanding the roles that different pinning landscapes may
have in explaining the angular and magnetic field dependencies of ], as well as a method for designing the most
effective pinning centers for future applications'®'8.

In this work, we experimentally demonstrate the often downplayed effects of PLD target synthesis method
and crystallinity on the growth kinetics and nucleation of particles and the distribution of chemical elements in
YBCO thin films. The original used targets for depositing films differ from each other by the average crystal grain
size, that is, nanocrystalline (n-YBCO) and microcrystalline (;.-YBCO). The phenomenon is widely investigated
structurally, magnetically and resistively, and discussed together with the results of theoretical simulations in
order to form a comprehensive picture of how the anisotropies of different kinds of pinning sites result in compli-
cated angular dependent flux pinning behaviour.

Results and Discussion

Microstructure and defect formation. The microstructure and defect formation of the films is investi-
gated by atomic force microscope (AFM) and TEM. Based on the detailed surface microstructure analysis shown
in Supplementary Information (SI), we can conclude that the average in-plane surface particle diameter for the
undoped n-YBCO is clearly smaller than that for the undoped ;-YBCO films. This indicates a greater number of
nucleation sites and smaller growth island size in n-YBCO films which, on the other hand, cause improved flux
pinning by defects localized on boudaries between single particles fused together and on the contact points of the
growth island network when the film is formed with the Volmer-Weber growth mode!**.

As shown in the cross-sectional TEM images in Fig. 1a, the n-YBCO exhibits the presence of long stacking
faults in the bottom, middle and top layers along with the twin boundaries, whereas in 1-YBCO (Fig. 1b), the
short stacking faults and twin boundaries (see SI) are observed throughout the film. The presence of a large num-
ber of short stacking faults throughout the ;i-YBCO film could be related to the relaxation of strain, as revealed
by decreased inhomogeneous strain ey} explained in crystallographic properties of SI.

Comparing the BZO doped n- and ;-YBCO, Fig. 1¢,d, the stacking faults are only visible in p-film and they
are relatively short and randomly distributed. The diameters of BZO nanorods in the films grown using n- and
ji-grain sized targets average at 7.5 nm and 6.5 nm, respectively, whereas the average distances between nanorods
are estimated to be 9nm and 12 nm, respectively. In the n-films, the BZO rods seem to be unbroken and relatively
long, with smaller splay (85-203 nm in length and 5-15° tilted) than in the yi-film, where they are short and more
tilted (21-45nm in length and 20-25° tilted) as presented in Fig. 1c,d, respectively. This spacing is calculated over
several cross-sectional areas. Since we are using these values in simulations, therefore only the average values are
reported here. Moreover, for both undoped and BZO doped films, the n-films are slightly thicker (=15nm) than
the pi-films. In Table 1, the collection of naturally and artificially created defects within the undoped and BZO
doped n- and p-YBCO films with the details of BZO nanorods are presented.

Regarding our TEM results (see SI for more details), one is naturally led to wonder what exactly has caused
the increased splay and fragmentation of the BZO nanorods in the y-film compared to the n-film. It is known
that the tendency of BZO to form long upright nanocolumns is increased as the YBCO unit cell is stretched
along its c-axis, since a larger YBCO film c lattice parameter will better match against unstrained BZO (where
a=>b=c=4.193nm, to be compared with 1/3 of the YBCO ¢ parameter)?'. As shown in SI, the c-axis of the doped
p-film is indeed very slightly smaller than that of the doped n-film. Furthermore, the n-film may have provided
better local conditions for coherent BZO-YBCO interfaces to develop via improved oxygen diffusion through
the larger number of grain boundaries and other defects associated with growth island edges?. The increased
fragmentation of the -film nanorods is likely to stem from similar origins, but may also have been compounded
by the lower local availability of BZO during the growth process. As will be later illustrated in growth mechanism
section, we propose that relatively large clusters of crystalline material are transferred as such to the film during
n-YBCO deposition, whereas ;i-YBCO essentially breaks down at the atomic scale, also spreading the BZO com-
ponents around more evenly and in smaller units.

Variable energy positron annihilation spectroscopy (VEPAS) is used for probing the defect type and concen-
tration in n-YBCO and x-YBCO films. The low electron momentum fraction, S (valence electrons) as a function
of positron implantation energy, E, shown in Fig. 2, is directly proportional to defect concentration and/or defect
size. S and W are unitless and are just a ratio of a certain fraction of the annihilation spectrum (a Gaussian; S-in
the middle, W-on the spectrum tails) normalized to the total number of annihilation events. It can be clearly
seen that the ;-YBCO sample exhibits a larger concentration of vacancy-like defects such as mono-vacancies
or bi-vacancies?. The S-W plot (right panel) shows a linear relation for the most of the data points, which sug-
gests the same defect type across the films’ thickness for both samples and therefore only variations in the defect
concentration are expected. Besides this, a sub-surface region, where a line with a slightly different slope can be
drawn for a n-YBCO sample, possibly indicates another defect type. In addition, the lower defect concentration
in nano-crystalline films is confirmed by the larger positron diffusion length, L., which is inversely proportional
to the defect concentration. For the analysis of L, the VEPFIT code® has been utilized, which permits to fit S(E)
curves for multilayered systems and to acquire the thickness L, and specific S parameters for each layer within a
stack. As derived from VEPFIT analysis of the S(E) curve the difference in L, is close to a factor of 2, which trans-
lates to the £1-YBCO films having approximately twice the amount of defects over their n-YBCO counterparts.

Since the crystallites size for both film types is much larger than L, positrons annihilate mostly in defects situ-
ated inside the crystals rather than at grain boundaries (or twin boundaries). The positrons cannot reach the grain
boundaries, but are trapped by nearby defects almost upon their implantation. Therefore, the overall localized
trapping takes place and most likely positrons preferentially annihilate with open volume defects like dislocation
loops and vacancy-like defects. In addition, the defect distribution seems to be constant across the films thickness,
which is reflected by a presence of a plateau in S(E) for 2keV < E < 6keV.
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Figure 1. Cross-sectional TEM images of both undoped and BZO doped YBCO films deposited from targets
with varying grain sizes (a—d). The bright vector arrows depict stacking faults. Extended BZO nanocolumns
(labeled) are observed in n-YBCO + BZO (c), whereas broken BZO nanorods and short stacking faults are seen
in u-YBCO + BZO (d).

Samples Stacking faults Splay of ds (°) | Twin boundaries
n-YBCO Bottom layer with long stacking faults — In bottom layer
n-YBCO Randomly distributed short stacking faults | — Visible (see SI)
1n-YBCO+BZO | Few in number 5-15 (unbroken) Not visible
#-YBCO +BZO | Randomly distributed short stacking faults | 20-25 (often broken) | Not visible

Table 1. A compilation of TEM results depicting the microscopic characterisitics of undoped and BZO doped
n- and p-YBCO films.

Direction dependent superconductivity. Before studying the J.(f) properties at low temperature, the
normal state resistivities were measured at 300K, giving p=192, 175, 166 and 151 Q) cm for u-YBCO + BZO,
4-YBCO, n-YBCO +BZO and n-YBCO, respectively. This is in agreement with the increased number of vacancy
type defects observed by VEPAS in films grown from microcrystalline targets, as well as with lowered T; values
also magnetically obtained for BZO-doped films.

In our J(6) results, £90° denotes the direction of ab-planes of YBCO, whereas 0° the c-axis of YBCO. A
comparison between the J.(¢) of undoped n-YBCO and undoped p-YBCO films (Fig. 3a,b) shows that the
n-YBCO curve is much flatter and has a sharp peak at the B ||ab-direction, whereas the ;1-YBCO film clearly has
broader ab-peaks. This isotropic angular dependence of J. in n-YBCO is even more pronounced at magnetic fields
below 4 T. When looking at the absolute ], values, we can see that, as observed in magnetic measurements in the
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Figure 2. Low electron momentum fraction, S, as a function of positron implantation energy, E (left panel) and
S versus the high electron momentum fraction, W (right panel). The error bars are about the same size as the
symbols. The S(E) curves have been fitted using VEPFIT code and the thus obtained positron diffusion length,
L, is given for the ;-YBCO and n-YBCO samples.
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Figure 3. The angular dependencies of J. measured at 40 K and different magnetic fields for films deposited
from undoped nanocrystalline (a) and microcrystalline (b) as well as from BZO doped nano- and
microcrystalline targets, (c) and (d), respectively.

c-direction, the undoped n-YBCO has higher J. through the whole angular range and in all magnetic fields up to
8T when compared to undoped £-YBCO films. This is in line with structural results, where a smaller island size
produced a larger amount of strain-relaxing structural defects in n-YBCO. In addition, we have observed earlier
that the twin domain size is smaller in n-YBCO films which again means the presence of greater number of twin
boundaries along the YBCO c-axis?. This increased number of lattice defects in n-YBCO film is in agreement
with the small c-peak around 0° (Fig. 3a), which is completely missing in the p-YBCO film. As explained with
the vortex path model?*?’, in ;-YBCO film where a great number of short stacking faults occur, vortices have the
possibility to be pinned over a shorter distance in the c-direction than the standard deviation of the ab separation
distance of the vortices, in line with the absence of a c-axis peak.

In BZO doped YBCO films of Fig. 3¢,d, the absolute ], value is higher and general anisotropy is smaller
in u-YBCO + BZO film measured in fields B <2 T, while the strong c-axis peak of n-YBCO + BZO starts to
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Figure 4. A schematic of the proposed effect of PLD target grain size on the growth process of the deposited
film. Upon receiving a laser pulse (stars and dashed lines), the microcrystalline 1i-YBCO (top) produces a
smooth plume of individual atoms and ions (gray cloud) with very few multi-atom clusters (black dots and gray
polygons) in comparison with the nanocrystalline n-YBCO (bottom) which has many more grain boundaries
over a given ablation surface. Due to their low mobility on the substrate, the larger fragments will more readily
act as individual growth centers, leading to the observed increase in film surface granularity when a n-YBCO
target is used instead of y-YBCO.

dominate at B>2 T, also producing higher J, within the whole angular range. In -YBCO + BZO film, a relatively
weak c-axis peak in 1T can be observed, but the c-peak is more pronounced in the range 2T <B < 6T, almost
disappearing again in an 8 T field. When compared to n-YBCO + BZO film, the peak of --YBCO + BZO along
the ab-plane is relatively broad and it increases with increasing magnetic field. This effective pinning along the
ab-plane leads to weakened c-axis pinning, since the great number of in-plane pinning centers such as stacking
faults pin the vortices, especially at high magnetic fields. Similar features in the J.(6) curve have earlier been
observed in BZO doped YBCO films grown at extremely high temperatures, leading to shortened BZO nanocol-
umns and an increased number of stacking faults parallel to the ab-plane?®. The weakening of the c-axis peak as
well as the broad ab-peak in the ;i-YBCO + BZO film can be explained by the vortex path model in terms of the
trapping angle of the Cu-O spacer layers or stacking faults®®. In the n-YBCO + BZO film, the ab-peak first forms
a dip that evolves into a sharp peak with increasing magnetic field above 6 T.

Because of the more important vortex—vortex interactions at high magnetic fields, an ever-increasing number
of vortices start to pin along the individual BZO nanorods since the long sideways steps along the ab-plane are
prohibited®. Therefore, we can conclude that the field dependence of J(6) in both BZO doped YBCO films can
be explained with the vortex path model where, as confirmed by TEM, besides the BZO nanocolumn network, a
clearly different natural vortex pinning landscape occurs in n-YBCO +BZO and ;-YBCO + BZO.

Target grain size based growth mechanism. We have a great variety of parameters, such as energy
density of the laser and substrate — target distance in the PLD process that need to be optimized. Previous stud-
ies!'>? showed that these paramters have an impact on the properties of YBCO films but the effect of target grain
size has been chiefly neglected. One of the traditional assumptions regarding the PLD process is that the laser
breaks down the surface of the target at the atomic level®. It is therefore not trivially clear that the grain size of
the target should have any effect on the final composition of the deposited film. Our results, in particular the
observed angular anisotropy of J,, do show such a difference, however. We propose to explain this in terms of how
the target granularity affects the particle size distribution of the PLD plume. A schematic of the proposed differ-
ence between micro- and nanocrystalline YBCO targets is presented in Fig. 4. Due to the larger density of grain
boundaries in n-YBCO it seems plausible that the ablation laser could cleave off a proportionally larger number
of multi-atom clusters in addition to the single atoms and ions that, on the other hand, dominate the composition
of the ;-YBCO plume™. The larger clusters coming off n-YBCO will have less mobility than individual adatoms
on the substrate, resulting in a larger number of individual film growth centers appearing with n-YBCO. As a
consequence, we indeed observe almost twice as many growth islands on the surface of a fully-grown n-YBCO
film. On the other hand, judging by the consistency of the final film thicknesses, the total amount of matter passed
from the target to the substrate does not significantly depend on the target granularity. It certainly takes less
energy to cleave off a large cluster of atoms from the target than the same amount of atoms individually, but this
can be balanced by the lower probability that a heavy cluster attains and retains enough kinetic energy to reach
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Figure 5. The schematic diagram of the defects grown in undoped n-YBCO (a), undoped ;:-YBCO (b),
n-YBCO +BZO (c) and ;1-YBCO + BZO (d) films during the deposition. Long vertical lines refer to threading
dislocations along the c-axis whereas both short and long horizontal lines to stacking faults along the ab-plane.
The thick and variously tilted, both short and extended, columns represent the BZO induced nanorods.

—

the substrate. Thus lighter fragments (or individual atoms) receive a proportionally larger kinetic energy per mass
than heavier, more voluminous fragments during the ablation process.

In Fig. 5, we have presented the schematic of distribution of natural and artificial defects based on our struc-
tural, microstructural and flux pinning results. Comparing the undoped cases in Fig. 5a,b, the n-YBCO not only
has extended stacking faults at the interface but it also has a high density of threading dislocations, related to the
smaller growth islands. The n-YBCO also has relatively long stacking faults in the top layer of the film, increasing
the ab-plane pinning. Due to the growth of larger growth islands in £-YBCO than in n-YBCO, it turns out that
there are not only the short and randomly distributed stacking faults but also it has lesser number of threading
dislocations than in n-YBCO as revealed by the c-peak in Fig. 3a. The random growth of short stacking faults is
critical, as not only does it hinder the c-axis pinning, but also contributes to the broad ab-peaks. In the doped
cases, as presented in Fig. 5¢,d, the stacking faults in n-YBCO + BZO are completely absent, when multidirec-
tionally tilted nanorods were induced. These tilted nanorods can be a source of the double c-axis peak shown in
Fig. 6b. Moreover, the elongated BZO nanorods passing through the entire film thickness produce a broad and
intense c-peak because of their both size and shape similarities with the vortices that can effectively pin them even
at high fields of 6 T and 8 T as depicted in Fig. 3c. The randomly distributed stacking faults in y-YBCO +BZO can
also cause the BZO rods to grow shorter and strongly splayed with unspecified directions. Both randomly distrib-
uted and shortened BZO nanorods and stacking faults reduce the c-axis vortex pinning as the vortices could take
several steps unlike in n-YBCO + BZO, where the vortices are strongly pinned along the elongated nanorods. The
short and randomly distributed nanorods contribute to the relatively weak c-axis pinning as shown in Fig. 3d only
up to 4T, and strikingly lose their effect at higher fields.

Nanostructure induced critical current anisotropy. In order to compare the shape and the anisotropy
in J.(f) curves, the most important data is plotted at fields of 2T and 6 T, as shown in Fig. 6. In Fig. 6, the lowest
point for both the data measured at 2 T and 6 T was shifted to the same level to make the shape comparison easier.
The formation and the shape evolution of the c-axis peak with the effect of multi-structured and broadened peak
along the YBCO ab-plane as well as their link with the in-plane and out-of-plane structural pinning centers will
be discussed in the light of MD simulations.

Firstly, comparing the results of undoped films presented in Fig. 6a, the presence of long stacking faults in
n-YBCO makes the in-plane vortex pinning more effective which leads to the sharp and narrow ab-peaks. The
ab-peaks are quite small at 2T but more intense at 6 T which can be explained by the effect of high density of
vortices pinned within stacking faults and CuO, at high fields?*. It is notable that at both low and high fields, the
ab-peaks occured as sharp peaks with shoulders around them. The shoulders in the vicinity of the ab-peaks in
undoped n-YBCO can be due to the interplay of in-plane and out-of-plane correlated pinning, instead of being
a sign of any unorthodox pinning at intermediate angles'”. As explained earlier, the n-YBCO contains more
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Figure 6. The shape comparison of the angular dependent J. (40K: 2T and 6 T fields) in undoped (a) and BZO
doped (b) YBsCO films deposited from nanocrystalline and microcrystalline targets.

nucleation centers than ;-YBCO leading to smaller growth island sizes, which again creates a large amount of
c-axis oriented dislocation-type pinning centers. These out-of-plane threading dislocations interact with the long
in-plane stacking faults thus acting as a source of occurance of the shoulders. The small c-peak, present both at
low and high fields in n-YBCO, is directly related to the high density of threading dislocations passing through
the film as discussed earlier in detail with Fig. 3. On the other hand, the strong and broad ab-peaks observed at
2T in p-YBCO arise due to the small and randomly distributed stacking faults within the film. However, the
ab-peaks are significantly intense at 6 T, thus indicating more effective vortex pinning by the randomly distributed
stacking faults at high fields. Considering the absence of a c-axis peak in y-YBCO, the growth of large islands in
this case produces a notably smaller number of threading dislocations which, despite pinning the vortices, are not
as effective as to show a c-axis oriented peak like in n-YBCO, since the occurence of the c-peak is only possible
when the angular dependent pinning force has a local maximum along the c-axis®. Although the 1-YBCO has
twice the number of vacancy-type defects compared to n-YBCO as shown by our VEPAS measurements, these
oxygen vacancy complexes are weak pinning centers and do not contribute to significant correlated pinning
unlike defects such as dislocations.

Discussing the angular dependent curves for BZO doped films shown in Fig. 6b, the n-YBCO + BZO has
huge dips along the ab-plane in a 2 T field but small ab-peak seems to arise at 6 T. The absence of ab-peaks at
2T could be related to the high density of elongated and well-ordered, largely c-axis oriented nanorods, which
worsen the ab-plane pinning but improve the c-axis pinning in such a way that a broad and immensely strong
c-peak occurs. This would also suppress the ab-peak from arising in its usual direction®. At 6T, the c-axis pinning
weakens which not only narrows the c-peak but also allows the small ab-peaks to appear. Here, the elongated and
well-ordered BZO rods grow due to the absence of stacking faults, unlike in ;i-YBCO + BZO. The slight splay of
BZO nanorods is also a source of the broad c-axis peak™!”, whereas the better out-of-plane correlation of the unit
cells within n-films and the array of structural defects resulting from the island growth mechanism also contrib-
ute to the significant c-axis pinning*. On the other hand, the smaller number of short and randomly distributed
stacking faults in ;.-YBCO + BZO produce a less intense but broad ab-peak at 2 T which becomes sharp and
intense at 6 T. The random distribution of stacking faults could also affect the growth of BZO nanorods, reducing
the c-axis pinning both at low and high magnetic fields.

In order to support this flux pinning mechanism, we have calculated the effect of the tilt angle and length of
the artificially produced BZO nanorods using MD-simulations'®, since the presence of both splay and fragmen-
tation in BZO columnar pinning sites is observed by TEM. In order to study these effects on the critical current
angular dependency separately, MD simulation was employed with the pinning site configurations illustrated
in Fig. 7. The simulation model is based on a layer structure that restricts the movement of each particle into a
specific layer parallel to YBCO’s ab-plane. This layer structure limits the angular range of simulations to +-60°, as
measured from the YBCO c-axis'®. Columnar pinning sites are modeled by chains of immovable particles span-
ning several layers, whereas single pinning sites only have one corresponding particle. Vortices are modeled in the
same manner, their corresponding particles being allowed to move within their layers. The forces experienced by
the vortices in different pinning site configurations, as well as the implementation of the splay and fragmentation
of columnar pinning centers are explained in detail in SI.

The J.(6) curves simulated using the different tilting angles of the nanorods are presented in Fig. 8a. The over-
all widths of the simulated peaks seem to be somewhat independent of the splay of the nanorods. Near = 0°, the
peak intensity decreases as splay of the nanorods increases. At higher angles § > 30°, the effect seems to be oppo-
site. Double peaks are observed in every case. Surprisingly, simulations run with 10°-splay produce considerably
higher J, value at # =0° compared with simulations using 0°-splay. At 0°-splay, high intensity double c-axis peak
is observed with maxima at angles § = £20°. The reason for observing peak maxima at 20° instead of 0° is that at
this angle the vortices are optimally oriented in such a way that, (i) the nanorods pinning force still overcomes the
magnetic force thus aligning the vortices along the nanorods and pinning them strongly and, (ii) the nanorods
are splayed just enough so that they are more likely to come across a pinning center and even get simultaneously
entangled into several different nanorods. So, in conclusiion, at lower angles than the angle where the peak max-
ima occurs, the nanorods are more strongly pinned, but the probability of a vortex coming across a pinning site
is much lower. At higher angles than this, the vortices have high probability to come across a pinning site, but the
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Figure 7. Examples of columnar pinning site models and vortices attracted to them, patterns typically used in
the MD simulation of ] (6) for tilted and fragmented columnar pinning sites. On the left, the simplest case is
illustrated where no splay or fragmentation takes place. In the middle, a solid columnar pinning site is tilted 20°
from YBCOs c-axis shown in the diagram. On the right, no splay takes place but the pinning site is fragmented
into three fragment layers with a layer free of pinning sites between them. Such fragment layers were positioned
randomly, independent of each other. Notice that in order to keep the thicknesses of the fragmented layers
constant, the number of pinning site particles may vary by 1 as the nanorods are fragmented, shown
schematically above. The pinning force f,, vortex line tension f, and vortex line tension experienced by every
vortex particle are also presented.
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Figure 8. Simulated J.(#) curves for solid nanorods with 0°, 10°, 20° and 30° of splay (a) and 0°-splayed
nanorods fragmented into 1, 2, 3 and 4 pieces (b), as explained in Fig. 7. The absolute values between (a,b) are
comparable with each other.

magnetic force overcomes the pinning force and the vortices get only partly pinned thus weakening the total pin-
ning force significantly. This same effect is also behind other observed double peak structures for other simulated
c-peaks. The J (6)-curves simulated using different nanorod fragmentation is presented in Fig. 8b. Fragmentation
of nanorods clearly widens the c-axis peak. A double peak is observed only for unfragmented simulation due to
volume maximizing effect presented before. A random positioning of nanorod fragments into their independent
layers destroys the double peak as the vortices can easily bend between these fragmentation layers. The intensity
of the c-axis peak also remains approximately constant until nanorods are fragmented into four pieces. In general,
the fragmentation of nanorods into several pieces seems to result in the increased isotropy of the J.(#)-curves.

In order to mimic the measured properties of ;-YBCO + BZO and n-YBCO + BZO films, the simulations
with both splay and fragmentation were also carried out. The n-YBCO + BZO sample was modelled with solid 20
particle long columnar pinning sites randomly splayed in 10° angle, as measured by TEM. The ;-YBCO + BZO,
on the other hand, was modelled with columnar pinning sites that were fragmented into four pieces and using an
average splay angle of 22.5°. Figure 9 shows how the c-axis peak measured in 4 T and at 40K fits to the simulated
data relatively good. At angles § <= 30°, both simulations reproduce the measured shapes of the peaks indicating
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Figure 9. Simulated J(6) data together with the experimentally determined J.(0) curves for ;i-YBCO + BZO
and n-YBCO + BZO films measured in 4T at 40 K.

such a difference in BZO growth within the n-YBCO and ;-YBCO matrices as stated before in the schematic
diagram of Fig. 5. However, the experimental data deviates from simulated J.(6) values at angles § >+ 30° due to
overly simplified simulation model, where the tilting angles of nanorods and lengths of the fragments are kept
constant. Especially, the constant height fragment layers, that are separated by constant distance, create additional
symmetry to the system which is definitely not present in reality. The presence of such symmetry might have
nebulous effects to the simulated J.(6)-curves which indeed can be the reason behind observed deviation between
measured and simulated data. The effect of the anisotropy of the surrounding YBCO lattice, which is assumed
ideal in the simulation model, should also be noted. As a conclusion, we have gained multiple lines of corroborat-
ing evidence that the splay and the fragmentation of the BZO nanorods are mainly responsible for the observed
critical current and its anisotropy, at least around the YBCO c-axis.

Conclusion

In this work, a great variety of modern techniques in the fields of experimental and computational condensed
matter physics were combined to systematically investigate the influence of growth mechanisms and defect for-
mation, both natural and artificial, on the superconducting properties of undoped and BZO doped YBCO thin
films. In particular, focus was given to differentiating and modeling how various types of nanosized structural
defects can act as vortex pinning centers, enhancing the in-field critical current density and modifying its aniso-
tropy. The results were qualitatively discussed in terms of existing theory, in addition to which the most critical
defect types were successfully modeled by a quantitative MD simulation configured based on experimental trans-
mission electron microscopy observations. Collecting the newly obtained critical current anisotropy data and
all accessible structural properties of the superconductor materials under our focus, we were able to propose a
schematic model that provides a basic framework for vortex pinning landscape engineering. This leads us further
closer to the superconducting industrial applications required for the devices needed to be operated within wide
temperature, angular and field ranges.

Methods

Target synthesis. Four ceramic YBCO samples were synthesized as precursors to the films studied in this
work. The samples differ from each other by the average crystal grain size (being nano- or microcystalline) or
BZO doping (0% or 4% by mass), so that all combinations of the two parameters are manifested in the sample
set. In the following text, we will prefix the grain size class and suffix the doping class to each sample iden-
tifier, so that ;i-YBCO and n-YBCO refer to the undoped micro- and nanocrystalline samples, respectively,
and ;-YBCO +BZO and n-YBCO + BZO to the corresponding doped samples. The microcrystalline samples
p#-YBCO and pi-YBCO + BZO were manufactured in the form of sintered pellets by the standard solid state
ceramic method®. We followed the recipe found in ref.*. for YBa,Cu;0O, with the exception that the sintering
temperature was lowered to 920 °C to avoid the observed melting of one of the reagents or intermediate prod-
ucts at the suggested temperature of 950 °C. The BZO doping was implemented simply by adding stoichiometric
amounts of BaCO; and Y,05-stabilized ZrO, to the YBCO precursor mix. Heating rates were kept at 100°C/h
and after each burn the furnace was simply switched off to allow passive air cooling back to room temperature.
X-ray diffractometry (XRD) and Rietveld refinement showed the samples to be >99% phase pure, with crystallite
sizes in the order of micrometers (too large for reliable analysis using the Scherrer formula®*). The relative densi-
ties of y-YBCO and p-YBCO + BZO were 76% and 80%, respectively, based on mechanical measurements. The
citric acid combustion variant of the sol-gel method*® was used to synthesize the nanocrystalline pellet samples
n-YBCO and n-YBCO + BZO. The details of the process have been described in our earlier publications®*”. The
relative densities of n-YBCO and n-YBCO + BZO in the final pelletized form were 86% and 75%, respectively,
and the grain sizes of both were ca. 60 nm based on the Scherrer formula®. XRD and Rietveld analysis showed no
impurity phases, again indicating purities of >99%.
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Thin films fabrication. The undoped and BZO doped YBCO films were prepared by pulsed laser deposition
(PLD) on (100) SrTiO; (STO) substrates using a 308 nm XeCl excimer laser with a pulse duration of 25ns and a
repetition rate of 5 Hz with a laser fluence of 1.3 Jem 2. The flowing oxygen pressure in the chamber was 0.2 torr
and the substrate temperature during the deposition was 750 °C. To get the optimized properties of the films, in
situ post-annealing treatments were carried out at the annealing temperature T, =725 °C in atmospheric pressure
oxygen with heating and cooling rates of 25°/min.

Structural characterization. The crystallographic properties of the films were determined by x-ray dif-
fraction (XRD) measurements with a Philips X’Pert Pro MPD system (Cu K, radiation). To determine the phase
purity of the films, (6, 26) scans in the (00]) direction were made. The lattice parameters were determined from
detailed 2D (¢, 20) texture scans of the YBCO (212)/(122) peaks using 2D Levenberg-Marquardst fitting’s of
Gaussian peaks. The out-of-plane crystallographic texture was determined by XRD rocking curves (RC) of the
YBCO (005) peaks (w scans). The oxygen stoichiometries of the films were estimated from the intensity ratios of
the (005)/(007) peaks®*. The correlation length of the lattice was determined from the rocking curve of a (005)
peak as r.= c/(mlAw), where c is the longest lattice parameter of YBCO and /is the order of the Bragg reflection®!.
The microstrain in ¢ direction was determined with the Williamson-Hall method*'. The FWHM of the (00])
peaks was used to determine the microstrain, eyy, which in this case describes the variation of the ¢ parameter
throughout the whole film thickness.

Surface microstructure and TEM measurements.  The surface microstructure and the thickness of the
films /2260 nm for undoped and 2240 nm for BZO doped films, respectively, were performed on a Bruker Innova
AFM. Bright-field transmission electron microscopy (BF-TEM) was performed using a Cs-corrected JEOL JEM
2200FS instrument, operated at 200kV. Samples for BE-TEM were prepared by cutting a cross-sectional lamella
via the Focused Ion Beam (FIB) technique in a FEI Nova 600 Nanolab Dual Beam FIB-SEM. The lamella were
extracted using the in situ lift out procedure with an Omniprobe extraction needle*2.

VEPAS measurements. VEPAS measurements have been conducted at the apparatus for in situ defect anal-
ysis (AIDA)' of the slow positron beamline (SPONSOR)!. Positrons have been implanted into a sample with
discrete kinetic energies E in the range between 0.05 and 35keV, which allows for depth profiling from the surface
down to a few micrometers. A mean positron implantation depth can be approximated by a simple material den-
sity dependent formula: z,,,,,, = 5.71 X E"$2. Implanted into a solid positrons lose their kinetic energy due to ther-
malization and after a short diffusion annihilate at delocalized lattice sites or localize in the vacancy like defects
and interfaces, usually emitting two anti-collinear 511 keV gamma photons once they meet electrons. Since at
the annihilation site thermalized positrons have very small momenta compared to the electrons, a broadening
of the 511 keV line is observed mostly due to momentum of the electrons, which is measured with one or two
high-purity Ge detectors (energy resolution of of 1.09 +0.01keV at 511keV). This broadening is characterized by
two distinct parameters S and W defined as a fraction of the annihilation line in the middle (511 £ 0.93keV) and
outer regions (508.56 +0.35keV and 513.44 & 0.35keV), respectively. The S parameter is a fraction of positrons
annihilating with low momentum valence electrons and represents vacancy type defects and their concentration.
The W parameter approximates overlap of positron wavefunction with high momentum core electrons. Plotting
calculated S as a function of positron implantation energy, S(E), provides depth dependent information, whereas
S-W plots are used to examine atomic surrounding of the defect site and its size (type)*.

Magnetic and transport measurements. Magnetic measurements were made with a Quantum Design
physical property measurement (PPMS) system, and the onset critical temperatures, T,, were determined with
ac magnetization measurements in the range of 10-100K (in ac field of 0.1 mT). The critical current densities,
J» at 10 K were determined from the hysteresis loops using the Bean model for rectangular films: Jc =2Am/
[a(1 —a/3b)V], where a and b (b > a) are the width and the length of the sample, V is the sample volume and Am
is the opening of the hysteresis loop*. The transport properties of all the films were measured using the horizon-
tal rotator option available for the PPMS. The measurements were done at magnetic fields of 0.5T, 1T, 2T, 4T, 6 T
and 8 T and temperatures at 10K, 40 K and 77 K with 0° to 360° angular range using 3° of steps. For this purpose,
all the films were patterned by wet chemical etching. The etched patterns were 50 ;sm wide current stripes on
each film. The contacts on the films were made by aluminium wire using a TPT HB05 Wire Bonder and with-
out any metal contact pad in-between the bond and surface of YBCO. Based on our earlier studies and on the
measurements in this work, the magnetic field dependencies of ], as well as the shape of the angular dependence
of J, are similar at different measurement temperatures below ~70 K'**>. Although the measurements were car-
ried out in a rather wide temperature range, we decided to concentrate the analysis on measurements at 40K,
which is far enough from T, and, on the other hand, meets the temperature requirements for power technology
applications’.

MD simulations. The angular dependent MD simulations were used to reproduce the shape of J(¢) around
the B||c of YBCO, by simulating the vortices in the superconducting thin films when different kinds of artificially
produced pinning centers are available in the YBCO matrix. The details of the MD simulations are presented
elsewhere!s.
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Detailed TEM analysis

For making the comprehensive comprasions of the as induced natural and artificial defects in all the films, the TEM images
with the resolutions of 20 nm are also presented in Fig. S1. These images are well in line to those in Fig. 1.

Scanning transmission electron microscopy (STEM) was utilized to compare the stacking faults within the undoped
n-YBCO and u-YBCO as presented in Fig. S2. In relation to Fig. 1 in the main manuscript, it can be seen here also (at the
resolution level of 100 nm) that the stacking faults are longer in n-YBCO as compared to (-YBCO where they are observed to
be shorter and randomly distributed within the entire film. Moreover, BF-TEM images presented in Fig. S3 clearly reveal the
presence of twin boundaries within the undoped n-YBCO and u-YBCO films.

Crystallographical properties

The 26 X-ray diffractograms seen in Fig. S4 reflect the good chemical purity and desired growth orientation of the YBCO films.
Only YBCO (007), STO (400) and, in the samples doped with BaZrO3; (BZO), BZO (200) reflections are observed, i.e. YBCO
has grown epitaxially, with its crystallographic c-axis normal to the STO substrate as expected, and no impurity phases need
to be considered to explain the data. The BZO dopant also shows cube-on-cube orientation alongside the YBCO matrix, an
expected feature due to the self-assembled columnar growth mode of BZO in this systemS!. Granted, the only visible Bragg
reflection (200) is among the most intense ones of BZO, but in the powdered sample approximation an even stronger (by a
factor of ~ 3) (110) reflection should be visible at 20 = 30.08° in superposition with YBCO (004), something our relative
intensity measurements on the YBCO (400) and (500) reflections (see Table S1) rule out. This favours the topotaxial growth
interpretation.

The detailed 26—¢ scans of the YBCO peak group (212)/(122) shown in Fig. S5 give a graphical comparison of the
crystal quality between the four film samples. Biaxial twinning, with a/b twin boundaries running along [110] and [110], is
evident in all films, though an increased ab-plane splay in the BZO-doped ones somewhat obscures the twin structure. The
n-films originating from nanocrystalline PLD targets both show slightly better peak definition than their ”u” counterparts (even
disregarding the fact that the u-YBCO film was accidentally attached to the sample holder at a slight tilt, leading to an artificial
correlation between 26 and ¢), indicating the crystal structure is coherent over longer distances in the n-films.

That the YBCO crystal structure is more homogeneous in the n-films is corroborated by the findings on the YBCO (005)
reflection presented in Table S1. In particular, the FWHM ® values show that n-YBCO has by far the best c-axis orientation
among the films, whereas n-YBCO+BZO beats (1-YBCO+BZO by a relatively smaller margin in this sense. The FWHM 26
values reflect a known difference in how the BZO-doped and undoped films handle the elastic stress from the substrate interface:
the doped films develop low angle grain boundaries in the ab-plane, nucleating these defects at the BZO impurities, whereas
the undoped films prefer clean biaxial twinning and also retain a higher inhomogeneous strain (éwy in Table S1), as determined
by Williamson-Hall (WH) plotsS?53. The addition of BZO also seems to reduce the orthorhombicity of YBCO, suggesting that
BZO works as a mild reductant in the system and lowers the oxygen content of YBCO when other synthesis parameters are
kept constant>*.



{(a) n-YBCO

Figure S1. TEM images (20 nm resolution) of the all the films deposited from targets with varying grain sizes (a)—(d).
Stacking faults are marked by the bright vectors, whereas the nanorods induced in the doped films are labelled as BZO.

TrT———
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Figure S2. STEM images depicting the comparison of stacking faults with respect to their density and sizes for undoped
n-YBCO and p-YBCO films (a)—(b).

(a) n-YBCO

Figure S3. BF-TEM images, displaying the presence of twin boundaries, and taken with a diffraction vector g = (100) of
undoped n-YBCO and p-YBCO films (a)—(b).
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Figure S4. The room temperature X-ray Figure S5. XRD (212)/(122) peaks as a function of 26
26 diffractograms of the undoped and BZO doped and relative ¢ with normalized intensities for undoped
YBCO films deposited from nanocrystalline and and BZO-doped YBCO films deposited using
microcrystalline targets. nanocrystalline and microcrystalline targets.

Table S1. Structural parameters determined from XRD measurements for undoped and BZO doped YBCO films deposited
from different kinds of targets.

Samples YBCO lattice Orthorhombicity EwH FWHM 26 FWHM ¢ FWHM o re
ad) A A (%) (005) (°) (102)()  (005)¢)  (nm)
n-YBCO 3.831 3.897 11.685 1.710 0.013 0.17 1.30 0.21 19.7
U-YBCO 3.826 3.893 11.678 1.723 0.008 0.14 1.37 0.29 14.3
n-YBCO+BZO 3.843 3.879 11.722 0.949 0.008 0.11 1.59 0.28 14.8
u-YBCO+BZO 3.851 3.887 11.716 0.934 0.011 0.13 1.11 0.32 13.1

Surface microstructure

As can be seen from the 2 x 2 um? AFM images in Fig. S6, the average in-plane surface particle diameter of ~ 180 nm for the
undoped n-YBCO film is clearly smaller than that of ~ 300 nm for the undoped p-YBCO film. The higher out-of-plane scale
bar in u-YBCO film also indicates larger growth islands and thus rougher surface, which is confirmed by the root-mean-square
roughness values of 3.3 nm for n-YBCO and 4.8 nm for u-YBCO film, respectively. To further investigate the film growth
and thus the epitaxial crystallization of the YBCO film on STO substrate, we applied only fifteen pulses with the normal
laser fluence in the PLD process and studied the grouping and nucleation of three dimensional clusters on a substrate in both
undoped n-YBCO and p-YBCO cases. Although the threshold energy for depositing single YBCO particles at the normal
deposition distance between the target and the substrate has been observed to be clearly smaller for n-YBCO than for u-YBCO
targetsS> 5%, we could not find a difference in fragment size at the beginning of the growth process when the nucleation of the
particles had already started on the surface of the heated substrate. The in-plane fragment size for both targets was on average
120 — 200 nm, which is roughly the same as the island size in the finished n-YBCO film but only half of that in u-YBCO film.

Magnetic properties

The normalized magnetizations of all four samples are shown as functions of temperature in the main panel of Fig. S7. It can
be seen that in undoped YBCO films 7 is on average 5 K higher than that of BZO doped films. However, the films prepared
from nanocrystalline target have approximately 1 K higher 7. although the transitions are slightly broader than in films grown
from microcrystalline targets. This is in line with VEPAS measurements, where a greater number of vacancy-type defects,
for example oxygen vacancy complexes, have been observed. The J. curves measured at 10 K and calculated using the Bean
model®’ for all undoped and BZO doped YBCO films are shown in the inset of Fig. S7. In terms of vortex pinning, two
completely different J;(B) curve shapes can be observed in undoped and BZO doped YBCO films. First of all, the low field J.
is clearly higher in undoped YBCO films. This can be understood by the volume of BZO rods as well as by the distorted YBCO
with lower T, around the rods that decreases the amount of superconducting material in doped films®. In undoped YBCO films,
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Figure S6. AFM images of the undoped n-YBCO (a) and undoped p-YBCO (b) films. The scan sizes of the images are
2 x 2 um? and the values of the height scale bars are given in subfigures.
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Figure S7. The normalized ac magnetizations as functions of temperature (main panel) and the magnetic field dependencies
of J. determined from the hysteresis loops at 10 K (inset) for undoped and BZO doped YBCO films deposited using
nanocrystalline and microcrystalline targets.

the J; clearly starts to drop below 100 mT while in BZO doped films, before reduction, a longer constant value in J. curve can
be observed. The upper limit of low-field plateau of J.(B) calculated by criterion J.(B)/J.(0) = 0.9 is called as accomodation
field B*S°. Since the single vortex pinning is important below the B* and above B* the collective pinning dominatesS!?, we can
conclude that the clearly higher J; above 500 mT is related to columnar network of BZO nanorods formed in the YBCO matrix.
In addition to the high density of pinning sites, the characteristic round shape of the J. curve in BZO doped YBCO is based
on the large size of pinning centers. This has been observed to increase the depth of the pinning potential, number of pinned
vortices per rod and to suppress the long-range ordering of the vortex latticeS!!. It is also noteworthy that in both undoped and
BZO doped cases, the n-YBCO films have slightly higher J. above 200 mT when compared with p-YBCO films, indicating
more anisotropic pinning centers and thus the better in-field performance in films grown from nanocrystalline targets.

MD simulations

The MD-simulations, mainly the forces experienced by the vortices in different pinning site configurations as well as the splay
and the fragmentation of columnar pinning centers, are implemented as follows. The force between a vortex and pinning
site particle depends on the radius of the pinning site, chosen to be 4 nm, which corresponds to measured values presented
above. The only force acting across layers is the spring-like line tension force between two vortex particles in adjacent layers,
which keeps the vortices structured. Other forces applied in the simulation are the repulsion force between vortices, a drag
force, the Lorentz force caused by a current through the sample and an angle dependent magnetic force that acts to align the
vortex particles parallel to the external magnetic field. The value of the critical current was solved iteratively by the bisection
method where the current was adjusted until certain vortex stability requirements were fulfilled. All the simulations were run
on five randomly generated pinning site configurations corresponding to certain splay or fragmentation of the pinning sites
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and the external magnetic field was varied between the angles of -50° and 50°, with 10° steps. In every simulation, we used a
computationally efficient 200 x 200 unit sized grid with 32 randomly generated columnar pinning sites that had the minimum
distance of 26 units from each another. The simulations were run with 14 vortices, corresponding to a magnetic field of 0.75T.
The final J.(6) was determined by the average value of the results of these individual simulations corresponding to the absolute
values of a certain angle as well as the standard deviation that is used as an error limit.

The effect of the splay of the columnar pinning sites on the angular dependency of J; was studied by creating 20-particles-
long solid rows of pinning site particles and tilting them to 0°, 10°, 20° and 30° angles. The locations and orientations of the
tilted pinning sites were randomly generated. The effect of fragmentation was studied by creating 0°-splay pinning sites that
were cut into two, three and four pieces respectively, separated by one completely pinning site particle free layer. The number
of particles representing a single pinning site was kept as close to 20 as possible, resulting in 20, 10+10=20, 7+7+7=21 and
5+5+5+5=20 particles per single pinning site, corresponding fragmentation into one, two, three and four pieces, respectively.
Pinning site fragments in a single fragment layer, that is fragments confined between layers free of pinning site particles, were
randomly positioned into their corresponding layers. Due to empty layers between the fragments, the number of used layers
and length of the vortices increased as a number of fragments resulting at worst for three extra layers and vortex particles per
vortex. The effect of these extra layers or one extra pinning site particle to J.(6) can be assumed to be negligible, which allows
us to compare obtained J.(6) curves between different fragmentations.
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Abstract

We demonstrate a straightforward and easily applicable technique
for growing the highly improved quality of artificially BaZrOs doped
YBayCu30g4, films on a commercially used buffered metallic tem-
plate by pulsed laser deposition. Our method relies on reducing the
grain size of the target material, which completely prevents the trans-
fer of the harmful grain boundaries or weak links from the substrate
through the buffer layers on the deposited high temperature super-
conducting film. An extra benefit, a great improvement in the self-
assembly of BaZrOj3 dopants is also observed as the critical current
density is increased in the high temperature range up to 40% and the



growth rate of the film can be increased by 25%. We discuss our re-
sults by providing a universal quantitative theory on the transfer of
grain boundaries from the substrate to film. Our results can be con-
sidered extremely attractive for the vastly growing coated conductor
industry.

1 Introduction

The high temperature superconductors (HTS) have been of interest for var-
ious applications ever since their discovery due to the possibility to have
dissipation free power transmission at practically accessible temperatures.
These applications range from simple power transmission lines to state-of-
the-art magnets used in fusion reactors. The exploitation of HT'S materials
has been limited due to their fragile ceramic structure which complicates
the production of wires from them. The usability of HT'S materials in var-
ious applications depends fully on the possibility to reliably grow them on
buffered metallic templates enabling the production of flexible HT'S cables
for practical usage [1]. A quality film growth on these templates requires
good texturization and chemical stability of the substrate surface [2]. In the
field of coated conductors, there are two distinct commonly used methods
to achieve these requirements. The first method is to deformation-texturize
the metal surface by rolling assisted biaxially textured substrate approach
(RABITS), where one utilizes the standard thermomechanical processing in
order to obtain smooth biaxially oriented substrates [3, 4]. The introduction
of various buffer layers is further required for achieving the well structured
surface with high enough chemical stability. Another possibility is to tex-
turize the buffer layer structure during deposition via the ion-beam assisted
deposition method (IBAD) [5].

A commonly used deposition method of superconducting thin film on top
of the aforementioned substrates among the coated conductor industry is
the pulsed laser deposition (PLD), which is actively developed to provide
better film growth and to be more cost-effective [6, 7]. The PLD is an at-
tractive growth method of HTS films, since it effectively allows the addition
of dopants within the YBCO matrix [8]. These dopants are extremely im-
portant, especially for applications that work under high magnetic fields,
since they act as pinning centers eliminating the dissipation caused by the
movement of the field induced vortices. A huge leap in improving the su-




perconducting critical current at high magnetic fields was the discovery of
dopants that self-assemble themselves during the PLD process as YBCO c¢-
axis oriented nanorods [9]. Among a wide range of discovered self-assembled
dopants, perhaps the most famous one is BaZrO3z (BZO), which we have also
utilized in this work.

Until now, mainly YBHQCU:),OGJFI (YBCO) and GdBaQCIJ.gOGer (GdBCO)
has been managed to grow on these buffered metallic templates utilizing PLD
for the large scale coated conductor manufacturing [10]. However, these non-
single crystalline templates are extremely harsh growth environments for the
films to be deposited due to presence of the great number of grain bound-
aries, which are usually transferred on the film deposited on the top of it
[11, 12, 13, 14, 15]. This grain boundary transfer significantly diminishes
the benefits of the HTS materials, such as liquid nitrogen cooling, as they
limit the superconducting critial current more substantially in the high tem-
perature range. The critical current, determined by the grain boundaries,
has been observed to decrease linearly in zero field as the temperature is in-
creased according to superconductor-insulator-superconductor (SIS) model
[16, 17, 18]. More unfortunately, under applied magnetic fields the critical
current is suppressed exponentially as a function of temperature [16] and in
some cases the grain boundaries can even become weak links blocking the
applied current completely [19, 20].

In this work, we present a new simple and easily accessible method of de-
positing BZO doped YBCO films on an advanced IBAD-MgO based buffered
metallic template that almost completely prevents the substrate-film grain
boundary transfer. Amazingly, our method also provides major improve-
ment to the formation of BZO nanorods within the YBCO lattice resulting
to 40% increased critical current in the high temperature range and allows
25% faster deposition rate of the film. The presented method is based on
increasing the size of the particles emitted from the PLD target by reducing
the target material grain-size down to nano-scale via sol-gel synthesis [21, 22].
The details of the target preparation and the PLD process are presented in
supporting information (SI). The IBAD-MgO based buffer layer structure of
the metallic template used in this work is presented in Fig. 1 and the details
of the fabrication process are given in [23].
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Figure 1: The buffer layer structure of the metallic template that was used
as a substrate in this work.

2 Results and discussion

2.1 Grain boundary transfer

The commonly used YBCO targets for the PLD process are produced by
the solid-state ceramic method resulting into a pellet formed by micrometer-
sized grains (u-YBCO) [24]. However, the production of a YBCO target
with greatly reduced grain size (n-YBCO) is also possible by utilizing the
citric acid combustion variant of the sol-gel method, the details of which can
be found in our previous works [21, 22]. The morphological properties of
both intrinsic n-YBCO and p-YBCO are presented and extensively studied
in [25], where the average grain size for n-YBCO was estimated to be from a
few tens to a few hundred nanometers, while for u-YBCO, it was estimated
to be several microns. That is, the grain sizes between the n- and pu-YBCO
targets differ by two orders of magnitude.

In this work, films were grown using the aforementioned n-YBCO and
u-YBCO targets doped with 4% BZO on the non-single-crystalline buffered
CeOs-capped IBAD-MgO-based metallic template presented in Fig. 1. The
microstructures of the films were studied in detail with bright field scanning
transmission electron microscopy (BF-STEM) and variable energy positron
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Figure 2: The BF-STEM images of (a) n-film and (b) p-film. The white
dotted lines indicate grain boundaries.

annihilation lifetime spectroscopy (VE-PALS) which provide detailed local
and average global information about the microstructures of the samples,
respectively. Further details about the measurement techniques are presented
in supporting information (SI).

The cross-sectional BF-STEM images of the films deposited from the n-
YBCO target (n-film) and the pu-YBCO target (u-film) are presented in Fig.
2a-b, respectively. The grain boundary transfer from the substrate to the
films is clearly observed for the p-film as expected. Surprisingly, in the case of
n-film the grain boundary transfer seems to be completely absent. However,
the BF-STEM images of the n-film reveal larger intrinsic lattice defects, in
particular stacking faults and threading dislocations, when compared with
the p-film.

In order to further confirm that the grain boundary transfer in the n-
films is immensely reduced, we have measured the volumetric positron (e™)
lifetimes (7;) and annihilation intensities (/;) as a function of implantation
energy as presented in Fig. 3. The positron implantation energy is propor-
tional to the average distance that the positron can penetrate the sample. If
an implanted positron happens to end up inside a void with reduced electron
density, such as a lattice defect, the annihilation of the positron is delayed
on a time scale of ~ 0.1—0.5 ns. This time scale can be further divided into
characteristic times representing specific defect types scaling with the avail-
able open volume. By measuring the positron annihilation lifetimes one is
then able to probe the presence and size of different types of lattice defects
ranging from single vacancies to larger voids in the whole sample [26, 27].

The measured e' lifetimes revealed two different characteristic times.
The measured short positron lifetime 7 is in the range typical for single
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Figure 3: The DB-VEPAS analysis of positron life times as a function of
positron implantation energy and mean positron implantation depth for both
BZO doped n- and u-YBCO films. The sub-surface and film bulk are different
regions of both the samples as marked by green and blue colors, respectively.

cation vacancy or neutral oxygen vacancy and their complexes [28, 29, 30,
31], while longer lifetime 75 represents vacancy complexes situated at grain
boundaries or surfaces. As seen in Fig. 3, the n-film has longer positron
lifetimes for both intrinsic defects as well as grain boundaries. This is in line
with the BF-STEM measurements which indicated the presence of defects
with increased size in the n-film. Dislocations without attached vacancies are
usually shallow positron traps (weakly bounding positrons), becoming much
stronger as a complex with a vacancy [32]. The increased number of threading
dislocations in the n-film observed by BF-STEM could be related with a raise
of vacancy concentration, considering larger measured 7; for the n-film. Fig.
3 also presents the relative intensities of both lifetime components which, very
intuitively, are related to the numbers of the associated defects. The relative
intensity for grain boundaries is clearly higher for u-YBCO throughout the
film thickness, which is direct evidence that the grain boundary transfer is




globally reduced in the n-film.

In order to comprehensively understand why the grain boundary transfer
is absent when the film is deposited from the n-YBCO target we propose
a simple 1-dimensional model where the grain boundary of the substrate is
assumed to act as a Gaussian potential hill U(z) = exp(—z?/20?) experi-
enced by the particle emitted from the target as schematically illustrated in
Fig. 4a. The full width at half maximum (FWHM) of the potential hill to
which, for simplicity, we refer as the Gaussian root mean square width o, is
assumed to be proportional to the width of the grain boundary w by relation
o = w/2. The maximum force experienced by a particle is obtained when
the center of mass of the particle is located at a point where 92U (x) = 0,
that is at * = =0. We consider the 1-dimensional particle as a homogeneous
rigid body of length 2R in order to express the mass of the particle (m) with
a simple relation m ~ R. With the aforementioned relations the maximum
acceleration of the rigid body particle can be calculated by using the simple
Newtonian dynamics formula a(x) = 0,U(x)/m obtaining

1 o+R

Ro? n £, (1)

where ¢ = w/2. The reasoning of Eq. (1) is illustrated in Fig. 4 while
a detailed derivation of Eq. (1) is presented in SI. The calculated amax(R)
curves for various widths of grain boundaries are presented in the main panel
of Fig. 4b. In all of the cases, the an. is readily reduced as the particle
size is increased, suggesting that the effect of the grain boundary on the
growth of the film is highly reduced by increased particle size. In order to
further estimate the effect of a grain boundary of size w to an arbitrary size
particle, we have defined the particle critical radius (R.) as the radius above
which apax < 1075, The numerically calculated R, as a function of w are
presented in the inset of Fig. 4b. One can observe a clear linear dependency
of R.(w) = 4.59%w + 2.7 nm. Typical length scale of the grain boundaries
is around 2 nm, suggesting that the particle radii emitted from the target
would have to be increased only up to 12 nm in order to prevent the grain
boundary transfer.

As explained in our previous work [25], a larger grain size of the u-YBCO
target enhances heat diffusion from the laser pulse to the interior of the tar-
get as the grain size is inversely proportional to the number of oxygen filled
grain boundaries that act as thermal insulators. This limits the energy den-
sity on the surface of the target enabling the emission of mainly single atoms

—x2/202d

Umax (R, 0) ~ xe
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Figure 4: (a) The Gaussian potential U(z) centered at = 0 and the force
F(z) = 0,U(x). The black dashed lines present the ¢ of the Gaussian poten-
tial at which the center of the mass of the particle of radius R (indicated in
the figure) is located. The blue dashed lines delimit the region of integration.
(b) Main: The maximum acceleration experienced by a nucleation particle
size of radius R in the vicinity of a grain boundary of width w. Inset: Cal-
culated critical particle radii, above which the am. < 107°, as a function of
grain boundary width.

of unit cells that interact strongly with the grain boundaries of the substrate,
according to arguments presented above. In the case of the n-YBCO target,
that is filled with the insulating grain boundaries, one can achieve greatly
enhanced energy density on the surface of the target allowing the emission
of large clusters for which the grain boundary interaction is highly reduced.
The 12 nm critical particle radius proposed by the introduced theory is cer-
tainly in the plausible range to be emitted from the n-YBCO target. The fact
that the n-film was observed to have larger and greater number of intrinsic
lattice defects is also in line with the proposed theory as the increased size of
emitted particles is associated with highly increased formation of individual
growth islands on the substrate, as suggested by molecular dynamic simula-
tions presented in [25]. The differences of the proposed PLD processes using
different grain sized targets are illustrated in Fig. 5.
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Figure 5: A schematic illustration of the PLD process for n- and p-grain sized
YBCO targets on a non-single-crystalline buffered CeOs-capped IBAD-MgO-
based metallic template.

3 The effect of grain boundaries

The deteriorating effect of the grain boundaries on superconductivity in the
high temperature range is dramatically manifested as the critical current
density (J;) was determined by measuring the magnetic hysteresis loop of the
n- and p-films and then calculating the J. from the openings of the measured
loops as suggested by the Bean model [33]. The magnetically measured J.s
as functions of applied magnetic fields at 10 K and 77 K are presented in
Fig. 6a. At 10 K, the n-film is observed to have on average 1.7 times higher
Je when compared with the p-film. However, at 77 K the J, of the n-film is
observed to become over 100 times greater when compared with the p-film
as the field is increased over 2 T. This overwhelming improvement of J. in
the n-film demonstrates the effectiveness of the grain boundaries in resisting
passage of Cooper pairs through them in the high temperature range as
the magnetic field induced weak eddy currents are unable to pass the grain
boundaries in the u-film. Thus the different grains in the p-film act more or
less as individual superconducting films as illustrated in Fig. 6b. Thus the
Je calculated by the Bean model gives very low values for the p-film.

The fact that the grain boundaries become more resistive for the supercur-
rent as the temperature is increased is a well known phenomenon explained
by the quantum mechanical SIS-model that is usually applied to Joseph-
son junctions [16, 17, 18]. Here, we present an alternative Ginzburg-Landau
(GL) theory based approach that provides much more simple and intuitive
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Figure 6: (a) The magnetically measured J. at 10 K and 77 K as a function
of the magnetic field for n- and p-films. (b) A schematic illustration of the
magnetic field induced shielding current circulation in the n- and p-films. (c)
Main: The full width half maximum (FWHM) of the function | (z, T)|? (Eq.
(2)) as a function of temperature. Inset: The shape of the of the function
|¢)(x, T)|* as a function of distance and temperature.

understanding for this rather fundamental effect. We assume that the super-

conducting order parameter v in the vicinity of a grain boundary located at
x = 0 can be described by a function

€T .

Y(z) = ————=e, 2

W= e )

where £ is the superconducting coherence length and 6 is the phase of the

superconducting wave function. Eq. (2) is also used to describe the order

parameter of an Abrikosov vortex [34, 35] and was chosen because we are

interested in the high field range where the vortices get pinned in the grain
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boundaries giving the order parameter the form expressed by Eq. 2. Accord-
ing to the GL theory £ can be expressed in terms of the GL phenomenological
parameter a as & = \/h?/2ma, where £ is the Planck’s constant divided by 27
and m is the mass of the electron pair. The parameter a, on the other hand,
has a temperature dependency of a(T) = (T/T. — 1)~'/2, where T, ~ 90 K is
the critical temperature of YBCO [36]. Inserting these expressions into Eq.
(2) one can deduce the temperature dependency of the shape of 1(x) in the
vicinity of the grain boundary as illustrated in the inset of Fig. 6¢, where the
non-superconducting area (|1)| = 0) clearly broadens as a function of temper-
ature. The main panel of Fig. 6c¢ illustrates the exponential increase of the
full width half maximum (FWHM) of the |¢(z)|? as a function of temper-
ature. The FWHM of the |¢)(z)]* can be intuitively related to the effective
resistivity of the grain boundary analogically to the thickness of insulating
layer in Josephson junctions that is inversely proportional to the critical cur-
rent of the junction [37]. We thus conclude that the exponential suppression
of the critical current accross a grain boundary as a function of temperature
is simply due to broadening of the area of reduced superconductivity in the
vicinity of the grain boundary.

3.1 Nanorod formation and transport properties

Another significant difference between the deposited n- and p-films is the for-
mation of the BZO nanorods as seen in Figs. 7a-b. The effect of the nanorods,
when it comes to flux pinning, is highly determined by their fragmentation
as more solid nanorods enable greater critical current densities [38, 39]. In
the case of n-YBCQO, the length of the nanorods varies between 75-150 nm,
while for p-film the length is only 25-45 nm. That is, the nanorods in the
n-film are on average over 3 times longer suggesting superior transport prop-
erties of the n-film under high magnetic fields when compared to the u-film.
Interestingly, the nanorods are are also splayed twice as much in the n-film
when compared with the p-film. Such a huge difference in the length of the
nanorods was also observed in our previous work [39], where n- and p-films
were grown on single crystalline substrate. We conclude that the improved
formation of the nanorods is directly related to the reduced grain size of the
target and is not due to the substrate. The n-film can also be observed to
grow on average 40 nm thicker when compared with the p-film with the same
number of pulses in the PLD process. This is obviously due to the larger
particle sizes emitted from the n-YBCO target. The almost 25% faster film
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Figure 7: The BF-STEM images and 3D schematic illustrations of the ob-
served distributions of the BZO nanorods for (a) n-film and (b) p-film.

8l (a) n-YBCO+BZO -e-

[ b n-YBCO+BZO -e-
1-YBCO+BZO 4 (b)

u-YBCO+BZO 4

Js (MA/m?)
J (MA/m?)
S

Figure 8: The angular dependency of the J. in (a) low magnetic field and
(b) high magnetic field, ranges. The 0° angle is along the YBCO c-axis.

growth with highly improved film quality should attract the coated conduc-
tor industry into using the nano-sized YBCO targets. A summary of all the
measured nanorod parameters are presented in Table 1.

In order to study whether the absence of grain boundaries and the im-
proved nanorod growth actually make the transport properties on the n-film
superior when compared with the p-film, the magnetic field angle () depen-
dency of the J. was resistively measured in a wide field range. The J.(0)

12




curves measured at high temperature are presented in Fig. 8. The shapes of
the J.(#) are very similar between the n- and p-films and above 1 T, a clear
improvement of J. can be seen around # = 0 indicating the direction along
the YBCO c-axis. This so called c-peak arises due to improved vortex pinning
along the c-axis and is the fingerprint of c-axis oriented lattice defects, which
in this case are mainly the BZO nanorods. The absolute values of J. show an
impressive 40% improvement of J, in the n-film along the YBCO c-axis when
compared with the u-film. Interestingly, the J. along the YBCO ab-axis is
approximately the same for both films, suggesting that the improved J. at
6 < 90° is in particular due to increased vortex pinning performance of the
n-film.

Finally, in order to study how much the nanorods contol on the anisotropy
of the critical current (J.(6)), the J.(d) curves were simulated using the
molecular dynamics method at 1 T for pinning landscapes resembling the
observations of the structures of the BZO nanorods in the BF-STEM images
presented in Table 1 for n- and p-films, respectively. Detailed information
about the utilized simulation model is provided in the SI. The used pinning
landscapes for n- and p-films are illustrated in Fig. 7 and the simulated
critical current anisotropies are presented in Fig. 9. The simulations are in
line with the experimental measurements as the c-peak is absent for both
of the films at 1 T and the difference of the absolute values of J; for the
n- and p-films is clearly reduced at higher angles. This suggests that the
pinscape for formed by the BZO nanorods mainly determines the critical
current anisotropy of the associated film, despite the substantial differences
in the grain boundaries and other defects between the films.

Table 1: A compilation of microscopic results measured by BF-STEM for
BZO doped YBCO grown by different grain sized targets.

Parameter ‘ n-film p-film

Film thickness (nm) 200-210  160-170
Stacking fault length (nm) | 22.848.5 21.94+5.0
Nanorod diameter (nm) | 7.8£14  6.1£1.0
Nanorod length (nm) 75-150 25-45
Nanorod spacing (nm) 12.3+£3.6  10.3+2.8

Nanorod splay (°) 15.243.3  7.5£1.7
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Figure 9: The normalized shapes of the simulated critical current density
anisotropies under 1 T applied field concidering only the effect of nanorods.
The zero angle corresponds to a field parallel to the YBCO c-axis.

4 Conclusions

We have introduced a new method of using the target with nanosized grains
to highly improve the quality of PLD deposited BZO doped YBCO films
on buffered metallic templates via elimination of grain boundaries and im-
proved self-assembly of nanorods. The improved film quality is manifested
in particular by the 40% improved J. along the YBCO c-axis. Furthermore,
we have provided a widely applicable theory for the grain boundary transfer
from substrate to film, which could be of great interest also in research out-
side the HTS coated conductors. Also, the usage of the target material with
nanosized grains in the PLD process may be of great interest in other fields
of materials science.
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6 Experimental details

The n- and p-grain size targets were synthesized via a citric acid combustion
variant of the sol-gel method and solid-state ceramic method, respectively.
The films were deposited via PLD at 775 °C with 308 nm laser pulse of 65
mJ at 5 Hz frequency under 0.175 Torr oxygen circulation. The films were
given in-situ post-annealing treatment of 1 atm oxygen for 10 min at 750 °C.

Both magnetic and transport measurements were carried out by the
Quantum Design physical property measurement system (PPMS). For trans-
port measurements, 200 um wide stripes were patterned on the surface of the
film via photolithography and wet chemical etching. The stripes were con-
nected to the PPMS sample holder with a wire bonder using 50 pm wide
aluminium wire.

The samples were prepared for the BF-STEM measurements by cutting
and milling a cross-sectional lamella via focused ion beam technique. The
lamella were extracted using an in-situ lift-out procedure after which the
STEM was carried out with BF detector on operating voltage of 200 kV.

The VEPALS measurements were performed at the mono-energetic positron
spectroscopy beamline, which is the end station of the radiation source ELBE
at HZDR, Germany.

Further details about sample preparation and measurements are provided
in SL
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1 Experimental details

1.1 Target preparation

In order to synthesize the target with nanometer grain size (n-YBCO+4%BZO),
we utilized the citric acid combustion variant of the sol-gel method. The
detailed description of the synthesis procedure can be found in our previous
works [1, 2]. For synthesizing a pellet with micro gain size (u-YBCO+4%BZO)
we used the solid-state ceramic method as explained in [3]. The synthesis
procedure was slightly tuned in terms of sintering temperature which was
lowered to 920 °C from the original value of 950 °C in ref. [3]. This was
done to avoid the melting of intermediate products. Both of the targets were
>99% pure as verified by X-ray diffraction and Rietveld analysis.

The morphological properties of both intrinsic n-YBCO and pu-YBCO
are presented and extensively studied in [4]. These results also apply to the
doped targets. As a summary, the width of YBCO (005) peak was measured
by XRD and Scherrer formula was used to calculate the average crystallite
sizes of the targets, which sets boundaries for the actual grain sizes. As a
result, the average grain size for n-YBCO was estimated to be from a few



tens to a few hundred nanometers, while for u-YBCO, it was estimated to
be several microns. That is, the grain sizes between p- and n-targets differ
by two orders of magnitude.

1.2 Pulsed laser deposition

The in-situ films were epitaxially grown by the PLD method. Both of the
films were deposited while using the same optimized parameters but by just
utilizing different targets with varying target grain size. The buffered metal-
lic template, provided by Shanghai Superconductor Technology Ltd. in the
form of tape, was firstly mechanically cut into 5x5 mm? substrates and then
glued on same sized SrTiO3 (STO) crystals via silver paste for reliable depo-
sition and measurement purposes. Both films were deposited at 775 °C and
the heating rate of 25 °C/min was in action to reach the deposition tempera-
ture. 308 nm XeCl excimer laser was used with the energy of 65 mJ, 25 ns of
pulse duration and 5 Hz of repetition rate with a laser fluence of 1.3 J/cm?.
0.175 Torr oxygen circulation was applied during the depositions. After the
depositions, the films were given an in-situ post-annealing treatment under
atmospheric oxygen pressure at 750 °C for 10 minutes. Finally, the temper-
ature of the substrate was lowered back to room temperature with a cooling
rate of 25 °C/min.

1.3 BF-STEM measurements

In order to perform the Bright-Field Transmission Electron Microscopy (BF-
TEM) measurements, the samples were prepared by cutting a cross-sectional
lamella via the Focused Ion Beam (FIB) technique in a FEI Nova 600 Nanolab
Dual Beam FIB-SEM. The lamella were extracted using the in-situ lift out
procedure with an Omniprobe extraction needle. BF-STEM was performed
using a Cs-corrected JEOL JEM 2200FS instrument operated at 200 kV.

1.4 VEPALS measurements

The positron annihilation lifetime experiments were performed at the mono-
energetic positron spectroscopy (MePS) beamline, which is the end station
of the radiation source ELBE (Electron Linac for beams with high Bril-
liance and low Emittance) at HZDR (Germany) [5, 6], by using a digital life-
time CrBrjs scintillator detector coupled to a Hamamatsu R13089-100 PMT.




SPDevices ADQ14DC-2X digitizer with 14 bit vertical resolution and 2 GS/s
horizontal resolution and with a time resolution function down to about 0.205
ns was utilized. The resolution function required for spectrum analysis uses
two Gaussian functions with distinct intensities depending on the positron
implantation energy, E,, and appropriate relative shifts. All the spectra
contained at least 107 counts.

In general, positron lifetime is directly proportional to defects size, hence
the larger is the trapping open volume longer it takes for positrons to find and
annihilate with electrons [7, 8]. Typical lifetime spectrum N (¢) is described
by N(t) = > (I;/t;) exp(—t/t;), where t; and I; are the positron lifetimes
and relative intensity of the i-th component, respectively (> 1; = 1). The
specific lifetime components represent characteristic defect sizes and their
relative intensity can be in certain cases related to concentration of the i-th
defect size. A mean positron implantation depth was approximated using a
simple material density (p) dependent formula: zpean = 36/(pE} ).

1.5 Magnetic and transport measurements

Both the magnetic and transport measurements were done with the Quantum
Design physical property measurement system (PPMS). The J. at 10 K and
77 K was calculated from the hysteresis loops using the Bean model for
rectangular films, that is, J. = 2Am/[a(1 — a/3b)V], where a is the width
and b the length of the sample with b > a, V as the volume of the film
and Am is the opening of the hysteresis loop [9]. To perform the angular
dependent measurements, 200 um wide bridges were made on each of the
film by standard photolithography, wet chemical etching and the electrical
contacts from the surfaces of the films to puck pads were made by using Al
wire installed in TPT HB05 Wire Bonder. The J.(f) curves were measured by
installing the sample on an horizontal rotator and measuring J. at different
angles between the film surface and the applied field.

2 Vortex dynamics simulations

A detailed technical description and validation of the simulation model have
been given in [10]. The simulation model has also been used very success-
fully in our previous works [11, 12], thus further enhancing the validity and
applicability of our model. Here, we only summarize the most important



b Vortex Dislocation

Figure 1: A schematic illustration of the simulation model.

features of our simulation model, as they are presented in the supplementary
material of [13].

The simulation model is based on a layer structure schematically illus-
trated in Fig. 1, in which the vortices are modeled as the chains of particles
connected to each other via spring-like line tension force f* acting between
two vortex particles of the individual vortex located in adjacent layers. The
vortex is also affected by the magnetic force f™ that strives to align the in-
dividual vortex particles along its angle 0. Furthermore, the vortex particles
are also affected by Lorentz force f* that strives to keep the vortices moving
and a drag force f¢ that slows the movement of the vortices. The attractive
pinning force f'P acts between a vortex particle and a nanorod particle that
are located in the same layers while the vortex-vortex interaction repels the
vortex particles of the same layer away from each another. The total force
acting on the particle ¢ (in the layer ) of vortex n can thus be calculated
from

tot
F; Zﬂm)anﬁ D B+ D fimyam) +me<zk
j=i£l Jj=i£l m#n
The value of the critical current at certain angle was obtained iteratively

by using the bisection method, where the absolute value of the current was
adjusted until a certain stability of the vortex system was achieved. In order

4




to get good statistics for a certain simulation, five different pinning site con-
figurations were randomly generated for which J.(f) curves were calculated
separately. The simulations were run in a 100x100x20 nm?® grid (20 layers)
with periodic boundary conditions. The final J.(f) was then calculated as
the average value, with standard errors, of the previously mentioned simula-
tions. The parameters used for nanorods, which mimic pinning landscapes
observed in the BF-STEM images of the real systems, are presented in Table
1 for n- and p-film, respectively.

As all molecular dynamics simulations, the efficiency of our computational
model is highly affected by the number of particles n present in the simulation
as the runtime scales by O(n?). Accurate simulation of J.(f) based on TEM
images requires a lot of pinning site particles, which limits the highest field
(proportional to the number of vortices) in our simulation to around 1 T,
above which the simulation runtime becomes too long for the purpose of this
work. Reducing the grid size was not considered as an option since it would
limit the effect of vortex-vortex-interactions.

Due to the layer structure of the simulation model, J.(#) curves can only
be simulated reliably up to £60°, since above this angle, the layer structure
itself induces fictitious forces striving to align the vortex along the YBCO
c-axis. Also, at high angles, the repulsion forces between the vortex particles
located in different layers should be taken into account which is not the case
in this simulation model.

Table 1: The parameters for the nanorods used in the J.(f) simulations for
n- and p-films.
| Number Diameter (nm) Splay (o) Fragments
n-film 66 7.8 15.2 2
p-film 94 6.1 7.5 5

3 Theory for grain boundary transfer
We model the grain boundary as a Gaussian shaped potential well

Uz) = e /%", (2)
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Figure 2: The Gaussian potential U(x) centered at + = 0 and the force
F(z) = 0,U(x). The black dashed lines present the o of the Gaussian poten-
tial at which the center of the mass of the particle of radius R (indicated in
the figure) is located. The blue dashed lines delimit the region of integration.

as experienced by the nucleating particle, where we assume that o is propor-
tional to the width of the grain boundary. The force experienced by a point
like particle located at x is then

oU (x)

Zz —x lo}
F(z)=— 5~ 52° 220 (3)

We are interested in the maximum force that can be experienced by the
particle. The location x, at which the pointlike particle experiences this
maximum force Fp,. is found at the zero points of 9, F (). That is,

O, F 2 2\, —x2/202
(x):0<:>(x J)f =0<=zr=o0. (4)

ox o

Since we are interested in how particles of different sizes behave under the
influence of force field described by Eq. (3), we are concidering a rigid and
homogeneous 1-dimensional particle of length 2R as illustrated in Fig. 2.
Since we are interested in the maximum possible force, we choose that the
center of the mass of the particle to be located at = ¢. Since the particle is

6




concidered as a rigid body, the total force on the particle is simply the sum
of the forces experienced by different parts of the body, that is

f@m—f'ﬂmx (5)

The quantity to be concidered here is, however, the acceleration of the par-
ticle. Since the particle is concidered homogeneous, the mass of the particle
is directly proportional the radius, that is m ~ R. Thus, the maximum
acceleration experienced by the particle is

Foax(®)  Frax(@)

- 7 (6)

Amax(T) =

Inserting Eqs. (5) and (3) into Eq. (6), one obtains the final result
1 o+R

~er ), T, )

Amax (T)

which can be analytically evaluated for different ¢ and R.
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