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Abstract: Artificial manipulation and control of vortex dynamics in YBa,Cus0;
(YBCO) films have always been a complex issue, especially since high thermal ex-
citations but also strong vortex pinning capabilities coexist in this material. Thus,
artificial nanofabrication strategies able to generate competing effects with intrinsic
microstructural defects need to be achieved. Lithography tools are widely used to cre-
ate model systems with controlled pinning potentials in superconductors. However,
these techniques easily disturb the optimal oxygen film doping in YBCO films and
consequently the overall performances degrades.

We have optimized the use of two different high-resolution nanolithography ap-
proaches, Focused Ion Beam Milling and Electron Beam Lithography, to artificially
and locally modify the pinning landscape of YBCO films grown by chemical solution
deposition (CSD). Three different nanofabricated systems will be discussed, which
resulted in ideal structures to manipulate vortex dynamics in CSD-YBCO thin films
with strong intrinsic pinning centers. In particular, we observed artificial granular-
ity effects, nanowall pinning, and positive and negative rectification effects. We will
report on our understanding of all these effects and potential expectations.

6.1 Introduction

YBa,Cu307_q (YBCO) is* the technologically most relevant high-temperature super-
conductor, highly explored for practical applications [1-6]. The achievement of artifi-
cial pinning centers (APC) in YBCO films is of major concern when pinning forces need
to be optimized, in coated conductors (long-length epitaxial YBCO films on buffered
flexible metallic substrates), or when they need to be exploited for electronic appli-
cations, requiring flux quanta manipulation. However, flux pinning in cuprate super-
conductors requires control of the defect structure on a nanometric scale and this is
a cumbersome problem. The primary concern is to develop efficient techniques for
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tailoring the intrinsic microstructure of the material, which will strongly depend on
the growth technique. Different routes have been used towards the preparation of
high-quality YBCO films and coated conductors, based on both physical and chemi-
cal methodologies [7-14]. The Chemical Solution Deposition (CSD) techniques appear
as an alternative to expensive vacuum-based physical technologies and targets next-
generation YBCO film applications. This chapter will focus on the progress achieved
in the nanofabrication of artificial pinning centers in YBCO films grown by CSD.

6.2 Chemical solution deposition (CSD)

Chemical Solution Deposition (CSD) technology has become one of the most appealing
alternatives towards affordable production of long-length high-temperature supercon-
ducting tapes because it is a flexible, scalable and low-cost process. The CSD approach
hasbeen applied to the preparation of thin films of functional oxides in many different
fields [15, 16], however its use to obtain epitaxial films has been less explored [17]. The
field of HTS superconductors has been the driving force in this case [18]. The most cum-
bersome issue to achieve high-performance coated conductors (CC) has been to find
a suitable methodology to grow epitaxial YBCO thin films and nanocomposites based
on CSD on flexible metal substrates, and here, the greatest progress has been made
based on the use of metal-trifluoroacetates (M-TFA) as metal-organic precursors [19—
22]. The main advantage of these precursors is that they decompose in intermediate
nanometric Cu and Y oxides and BaF, phases, thus avoiding the formation of BaCO;
whose decomposition is cumbersome [23]. Chemical Solution Deposition is based on
four processing steps schematically shown in Figure 6.1 and described in the follow-
ing. For an extended version see [18, 20, 21].

6.2.1 Precursor solution

The first step is the preparation of the precursor solution using metal-organic pre-
cursors (mostly metal-carboxilate salts) containing the required cations to form the
desired compound (Y, Ba, and Cu for the case of YBCO). In the pure TFA route, triflu-
oroacetate salt precursors of Y-TFA (Y(CF5C0O)3), Ba-TFA (Y(CF5C0O0),), and Cu-TFA
(Cu(CF5C00),) are mixed in a stoichiometric ratio and dissolved in adequate solvents
(methanol in most cases). The solubility, stability, and homogeneity of the solution
will mainly depend on the specific salt, the metal ion concentration, the solvents, and
possible additives used [18, 24].

The rheological parameters of the final precursor solution (concentration, viscos-
ity, drying rate, surface tension, wettability, etc.) must be adapted to the selected de-
position technique, allowing one to achieve a close control of the film thickness and
final properties of the deposited film.
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Fig. 6.1: Schematic representation of the four processing steps for Chemical Solution Deposition
(CSD) growth of YBCO. (I) Precursor solution preparation. (Il) Solution deposition by (a) spin coating,
(b) dip coating, (c) slot-die coating, and (d) ink-jet printing. (1) Pyrolysis to obtain amorphous and
nanocrystalline intermediate phases. (IV) Growth and oxygenation to achieve highly epitaxial films.

6.2.2 Solution deposition

The second step is the deposition of the coating solution onto the substrate. This is
mainly performed by spin coating at laboratory scale, or dip coating, slot-die coating,
and ink-jet printing, at industrial scale.

Spin-coating is a widespread deposition technique that consists of dropping a
small amount of solution onto the center of a rotating substrate. The film thickness
and homogeneity, mainly depends on the spinning parameters: rotation speed, accel-
eration, time, and also on more complex parameters such as environmental humidity
and substrate temperature.

Dip coating is based on the immersion of the substrate in a liquid bath and the
formation of a liquid film on withdrawal of the substrate from the coating fluid. The
main parameters in the dip-coating process are the immersion, the dwell time that
the substrate remains fully immersed and motionless, and the withdrawal speed. The
faster the film is removed from the bath, the thicker is the final coating.
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In the slot-die coating process a precise measure of liquid is supplied onto the
substrate and dispersed at a controlled rate while a coating die is precisely moved
relative to the substrate. The wet film quality and thickness is controlled by the flow
rate, coating width, and speed.

In the case of ink-jet printing, the concept for film deposition involves the pre-
cise positioning of very small volumes of fluid (1-100 picoliters) on a substrate. In this
case understanding of the main physical processes that operate during ink-jet print-
ing: generation of droplets, positioning, interaction of droplets with the substrate, and
drying is key to achieving the desired deposited films [25, 26].

6.2.3 Pyrolysis

After a film drying process, the organic matter of the deposited films is decomposed.
This is called the pyrolysis process. Typically, this involves thermal treatments up to ~
300-400 °C, typically in humid oxidizing atmospheres, in standard tubular furnaces.
Water vapor in the gas flow prevents Cu-TFA sublimation via hydrostabilization [18].

The pyrolysis time, temperature, heating rates, and oxygen partial pressure must
be optimized according to the kinetics of the precursor decomposition.

The main difficulty in achieving homogeneous pyrolyzed films arises from the
strong film shrinkage occurring during the pyrolysis process. In this process, the stress
relief must be slow enough to avoid film inhomogeneities such as buckling or macro-
cracks. In the particular case of the TFA route the pyrolysis reaction is:

Y(CF5COO0)3 + 2Ba(CF3C00), + 3Cu(CF3C00);, + H,0 + 0,
— CuO + Bay_xY«F»,x + Y203 + volatile phases .  (6.1)

The pyrolysis process leaves the film as a mixture of amorphous and nanocrys-
talline intermediate phases, which should maintain homogeneity and integrity at the
nanoscale.

6.2.4 Growth and oxygenation

The final step in the CSD TFA-route process is the crystallization of the film into the
desired oxide phase following the reaction:

1
+BayxYxFoiy + —— +yH,0 — + 2yHF . (6.2)

1
2Cu0 4Y203 2YB32CU3 07_5

In this step the pyrolyzed film is heated at high temperature (T ~ 700-800 °C),
and the nucleation, growth, and densification of the YBCO layer is produced in a hu-
mid atmosphere-controlled tubular furnace to decompose the fluorinated compounds
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and enable YBCO formation. CSD-YBCO films grow following a Volmer—Weber 3D is-
land mode where initial nuclei are stabilized, then they coarsen, coalescence, and
finally grain boundaries need to be healed to obtain a dense film. For the control of
these nucleation and growth processes of the YBCO film, a proper selection of the oxy-
gen partial pressure (PO, )-temperature region of the phase diagram is mandatory, but
also water partial pressure, gas flow, and heating rate are very relevant parameters in-
fluencing both processes in different manners [18]. After the adjustment of all these
parameters, epitaxial YBCO films with a c-axis perpendicular to the substrate plane
are obtained. The growth conditions are highly dependent on the substrate surface
quality and the lattice mismatch and therefore they must be adjusted for each coated
conductor architecture [6]. After growth, the film must be oxygenated to reach the fi-
nal superconducting orthorhombic structure. Once optimal growth and oxygenation
conditions are attained, epitaxial thin films of very high quality can be produced with
Jo = 3-5MA/cm? at self-field and 77K in thicknesses of 200-500 nm. Larger film
thicknesses needed to achieve higher critical currents are mostly achieved through
the use of multideposited layers [27].

The ultimate superconducting performance of the YBCO films will strongly de-
pend on the natural nanoscale defect structure formed during CSD processing [28]. It
is well known that natural defects, such as dislocations, vacancies, intergrowths, or
twin boundaries (TBs) can act as effective pinning centers and are the source of high
critical currents in YBCO films [18, 29].

6.3 Atrtificial pinning centers in CSD-YBCO films

Tailoring the vortex pinning landscape in YBCO films is presently one of the major
challenges because of its relevance to applications requiring manipulation of flux
quanta or enhanced critical currents. However, artificial control of the pinning sce-
nario in YBCO films is a complex issue, especially because of their high thermal
excitations and their already strong intrinsic pinning capabilities due to the presence
of many natural defects. Thus, artificial nanofabrication strategies able to generate
competing pinning sites with an intrinsic nanoscale defect structure need to be used.

Different routes have been developed to introduce effective artificial pinning cen-
ters (APC) in CSD-YBCO films, going from scalable processes where randomly oriented
second-phase nanoparticles have been spontaneously segregated into the YBCO ma-
trix, to designed model systems with ordered nanostructures.

In the first approach, we modify the precursor solution by introducing spe-
cific amounts of particular metal-organic salts (Zr-, Hf-, Ta-carboxilates) which form
nanocomposite films with secondary nanophases (BaZrOs, BaHfOs3, Ba, YTaOg) spon-
taneously segregated within the YBCO matrix during growth. It has been demon-
strated that the presence of these randomly oriented nanoparticles induces the for-
mation of a large density of stacking faults that produce strong lattice distortions in
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Fig. 6.2: SEM pictures of several CSD-YBCO bridges patterned with different structures. (a) Circular
antidots, (b) blind trenches, (c) triangular antidots. (d) AFM image of the pattern with triangular
antidots shown in (c).

the YBCO matrix, which act as very efficient strong isotropic pinning centers [10, 30].
YBCO films with BaZrOs (BZO) nanoparticles, for example, have shown enhanced
pinning forces (75 GN/m? and 600 GN/m? at 3T, 65 Kand 9 T, 10 K, respectively) [4],
more than five times larger than standard films grown by the same process [10]. Re-
cently, a more advanced strategy where preformed nanoparticles are stabilized in the
YBCO precursor solutions, from which the nanocomposite films are grown, has also
been developed [31]. The idea behind this is to have greater control of nanoparticles
size.

These types of artificial defects are distributed arbitrarily in the superconducting
nanocomposite film and understanding vortex physics in these systems is always more
complicated. A different strategy can be followed, based on designed model systems
with ordered nanostructures that enable one to properly engineer the pinning land-
scape, where vortex dynamic behavior can be better controlled and manipulated [32].

In this chapter we will report on this latter approach, aiming to study differ-
ent model superconducting systems with APC. We will use different nanofabrication
strategies, based on high-resolution lithography techniques, able to locally modify the
superconducting material at nanometric scale, inducing pinning sites with controlled
parameters (distribution, density, shape, and size). Antidots completely perforating
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the YBCO layer, blind antidots and trenches are the different nanostructures that
we have fabricated, by using Focused Ion Beam (FIB) milling and Electron Beam
Lithography (EBL). This has resulted in several new physical phenomena that will be
discussed in the following section. Figure 6.2 show several examples of CSD-YBCO
films patterned with these APCs.

6.3.1 Electron beam lithography

Electron Beam Lithography (EBL) consists of the electron irradiation of a surface that
is covered with a resist sensitive to electrons. This high-resolution lithographic process
is able to create submicronic structures in the polymeric layer irradiated with a focused
electron beam. Figure 6.3 shows the three different steps required to pattern a film
by EBL: Exposure of the electron sensitive material, development of the resist, and
pattern transfer to the film. Each individual step, with a great number of parameters
that must be optimized, contribute to the final resolution of the pattern.

The first step starts with the preparation of a resist layer on top of the film by spin
coating. For positive polymer resists, usually polymethyl methacrylate (PMMA), the
polymer irradiated area can be eliminated with a development process. The used poly-
mer and spin parameters will determine the final resist thickness. After the deposition,
the resist layer is soft-baked on a hot plate and the film is then ready for irradiation.
It is important to remark that the exposed area cannot be observed once the resist is
deposited so a good sample alignment is necessary before exposure.

The exposure procedure strongly determines the final resolution of the patterned
structures. This process comprises several points: pattern design and sample align-
ment, optimization of the electron beam parameters (working distance, spot size, volt-
age, focus), calibration of the write field (working area that will be exposed), dose
(amount of electrons per unit area that the resist receives), and beam speed.

The right dose value to obtain good patterned features in the resist layer depends
on the resist sensitivity, thickness, and development conditions. The development
process consists of sample immersion in a developer solution to remove the irrigated

e~ exposure Resist development Film etching

Fig. 6.3: Schematic representation of the different steps in the Electron Beam Lithography process.
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resist and obtain the desired pattern. This process must also be optimized to avoid
under- or over-developed features.

Finally, the pattern is transferred to the film by means of wet or dry etching, using
the resist as a mask. In this process the etching parameters are critical to obtaining a
fine reproduction of the desired structures on the film. The etching depth can be tuned
to transfer the pattern to the whole film thickness or to just mill a part of the film.

The different studies presented in this work were performed with a field emission
SEM QUANTA FEI 200 FEG-ESEM. In all cases we deposited a ~ 100 nm thick positive
PMMA resist, prebaked at 180 °C over 60 s. For the irradiation we changed the voltage
from 10kV to 30kV and adjusted all beam parameters for the best patterning con-
ditions. The YBCO films were wet etched with a diluted solution of orthophosphoric
acid.

6.3.2 Focused ion beam lithography

In the case of Focused Ion Beam (FIB) lithography, the irradiating ions are heavy
enough to directly etch the YBCO film, without the need of any mask. With this tech-
nique, Gallium ions are focused and accelerated to the sample surface, by using
electrostatic lenses and coils. The high energy of these ions produces direct milling of
the material at the nanoscale (Figure 6.4).

Gallium is currently the most commonly used ion source for FIB instruments since
it is metallic, has a low melting temperature, low volatility, and low vapor pressure,
offering excellent mechanical, electrical and vacuum properties. Moreover, the atom
is large enough to mill heavy elements.

One of the main advantages of FIB lithography is that it enables direct process-
ing at the nanometer scale with the possibility to image the sample while doing the
irradiation. Dual-beam (FIB/SEM) systems offer the option to monitor the ion beam
milling with SEM imaging, without damaging the sample. However, in direct milling,
secondary effects occur around the irradiated areas, which could modify film proper-
ties. Effects can include implantation of Ga* ions in the YBCO matrix, redeposition of
small amounts of sputtered material, or sample amorphization (see Figure 6.4). The
secondary effects can be minimized by reducing the milling rate.

An accurate optimization of the FIB milling parameters has to be performed in
order to obtain high-resolution patterns, whilst minimizing sample damage during the
milling process. The most relevant factors are beam voltage, current, dose (number of
ions per unit area), and milling rate.

In this work we used a Carl Zeiss Crossbeam 1560 XB system, with an SEM and a
FIB column, combining the applications of the focused ion beam with imaging per-
formance. We used a constant beam voltage of 30 kV with variable beam currents (be-
tween 5-200 pA), depending on the milling rate.
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Fig. 6.4: Schematic representation of Focused lon Beam etching.

6.4 Manipulating vortex dynamics in YBCO films with APC
6.4.1 Physical characterization techniques

The aim of this section is to elucidate the effect of different artificial pinning cen-
ters, generated by EBL and FIB, on the vortex lattice in CSD-YBCO thin films. This is
achieved through measurements of the transport critical current density with temper-
ature and magnetic field. Moreover, the interaction vortex-defect will be explored by
means of magnetic decoration at low magnetic fields.

Transport measurements

Transport measurements, where current is applied through a superconducting sample
while the voltage across it is measured, are a direct and reliable way to study vortex
pinning and dynamics. With this technique we are able to define current tracks in
the desired positions of the YBCO film, which combined with the nanofabricated APC
techniques, allow us to analyze and compare the effect of different pinning centers in
the same sample. All measurements presented here were performed in a Quantum De-
sign Physical Properties Measurement System (PPMS) using a four-point bridge con-
figuration with silver contacts with a contact resistance lower than 10-°Qcm?. Mea-
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Fig. 6.5: Magnetic field dependence of /. at temperatures shown for a standard YBCO film. Different
colors indicate regions determined by (I) single vortex pinning, (II) collective vortex pinning, (1l1)
irreversibility line approach. Arrows indicate the characteristic field H*.

surements were performed over a range of temperatures from 5 to 77 K and magnetic
fields of up to 9 T applied perpendicular to the c-axis.

Figure 6.5 shows the magnetic field dependence of the critical current density,
Jc(H), obtained for a standard CSD-YBCO thin film at different temperatures. Notice
that it is possible to distinguish three different regimes in the J.(H) log-log diagram [33,
34]. The first regime is at low magnetic field and corresponds to the single vortex pin-
ning regime, where each vortex is individually pinned to a defect, thus J. is field-
independent. In the intermediate regime, above the characteristic field H*, the den-
sity of vortices becomes greater than the density of defects and interactions between
them become important. This region is described by collective vortex pinning inter-
actions that are described by a power law J. ~ H™%, where a depends on the type of
interaction. In the third regime at high fields, J. decays strongly since it approaches
the irreversibility line. Thus, depending on the applied magnetic field and tempera-
ture, different vortex motion regimes can be studied and the corresponding effects of
different APC can be analyzed.

Bitter decoration
Bitter decoration is a visualization technique that allows one to provide a direct illus-
tration of the vortex lattice in a superconductor. With this procedure we are able to
study the interaction of vortices with the nanostructures defined in the YBCO films.
A Bitter decoration experiment of a superconducting specimen consists of the
evaporation of tiny ferromagnetic clusters on the sample surface when this is in the
superconducting state, so that the ferromagnetic clusters get attracted to the vortex
positions. The sample is placed in an evaporation chamber with controlled pressure,
temperature, and magnetic field. The critical conditions for optimal deposition are
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defined by the amount of ferromagnetic material evaporated, the source-to-specimen
distance, the helium vapor pressure (which strongly defines the size of the ferromag-
netic clusters), and the magnetic field modulation within the sample. In order to en-
sure large field modulations in the sample, the applied magnetic field must be rather
small 35, 36].

After decoration, the sample is warmed up and the vortex positions, marked by
the attracted ferromagnetic clusters, are imaged by SEM. One of the main advantages
of this technique is that it allows the observation of vortices in large areas in the same
experiment and thus, interaction between vortices and defects located at different re-
gions of the sample can be studied.

A standard approach used to characterize ordering of the vortex lattice distribu-
tion from a decorated image is the so-called Delaunay triangulation. For a set of points
(vortex positions) in 2D, a Delaunay triangulation of these points ensures the circum-
circle associated with each triangle contains no other point in its interior. By using
this triangulation, each vortex site is connected to its nearest neighbors by segments,
thus providing information of vortex coordination. Moreover, additional information
to quantify the lattice ordering is provided by the vortex density (p) autocorrelation
function, which gives the crosscorrelation of the 2D vortex distribution with itself, as
a function of small displacements from the original position [37].

G(r) = (p(R)p (R +1)p - 6.3)

This function presents an absolute maximum in the center of the image (perfect
autocorrelation) and indicates other maxima when by image displacement other vor-
tices overlap the original vortex positions. For vortex lattices with specific symmetry,
this study clearly identifies the mentioned symmetry.

In this work, we used a homemade decoration system [37, 38] with an Fe filament,
in a chamber with variable He pressure (down to 30 mtorr), a fixed temperature of
~ 4.2 K, and a controllable external field (from O to 10 mT) to study different systems.

Figure 6.6a and b show an SEM image of a YBCO single crystal, grown with very
few defects, decorated at 1.6 mT and 6.6 mT, respectively, and the associated Delau-
nay triangulations and autocorrelation functions. Green and red points in the triangu-
lation correspond to vortex coordination equal or different to six, respectively.

Atlow magnetic field values (1.6 mT), the sample remains at the single vortex pin-
ning regime (Region I in Figure 6.5), in which vortex-defect interaction prevails over
vortex-vortex interaction and thus a disordered vortex lattice, without any detected
symmetry, is obtained. At higher applied fields (6.6 mT), vortex dynamics are domi-
nated by collective pinning effects and a great majority of regions with six-fold orien-
tation order are observed. The autocorrelation function in this case indicates a clear
hexagonal symmetry, characteristic of the ordered Abrikosov lattice.

A completely different situation arises, if the decoration is performed in a CSD-
YBCO thin film with a large amount of intrinsic defects. In this case, no ordering or
symmetry at all is observed even at the highest magnetic field values measured (Fig-
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Fig. 6.6: SEM images showing the Bitter decoration of a YBCO single crystal at () 1.6 mT and
(b) 6.6 mT at 4.2 K with the associated Delaunay triangulation and autocorrelation function. White
spots in the SEM image mark the attracted ferromagnetic clusters.

ure 6.7), since for this range of fields the system stays in the single vortex pinning
regime due to the strong vortex-defect interaction.

Thus, very efficient artificial pinning sites must be introduced in these films to over-
come the already existing natural defects if one wants to study the modifications of
vortex dynamics by artificially modeled pinning potentials.

Fig. 6.7: SEM images showing the Bitter decoration of a CSD-YBCO thin film at 5 mT and 4.2 K with
the associated Delaunay triangulation and autocorrelation function. White spots in the SEM image
mark the attracted ferromagnetic clusters.
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6.4.2 Artificially ordered pinning center arrays

In the following section, we will discuss several nanofabricated systems, prepared by
both electron beam lithography and focused ion beam lithography, and some physical
phenomena that we have gathered from them.

YBCO films with nanodots
The first studied system is a CSD-YBCO film patterned with circular antidots com-
pletely perforating the whole film thickness. Different squared lattices of antidots with
a period of 2 pm were obtained by FIB lithography. Figure 6.8 shows SEM pictures of
two YBCO films patterned with lattices of different antidot diameter (0.2 and 0.5 pm).
Transport critical current versus magnetic field (J. versus H) measurements were
performed in order to determine the effect of the two antidot arrays in the different
vortex pinning regimes described in Figure 6.5. The J.(H) curves measured at 77 K
for a reference sample and the two bridges patterned with antidots are shown in Fig-
ure 6.9a. The first observation is that in all cases the self-field critical current density,
](S:f , calculated with the full bridge cross section, is reduced with the antidot pattern-
ing. This decrease in J&f is much higher than that expected according to the reduction
in the effective cross-sectional area, due to the presence of the antidots. The value of
J¢f has been reduced 70% and 90% for the antidot array with a diameter of 0.2 pm
and 0.5 pm, respectively, while the reduction in cross section is 10% and 25%, respec-
tively. The value of T, is much less affected with reductions of less than 5 K observed
in all cases. Thus, during the antidot milling we are not damaging the complete YBCO
layer but just producing an amorphization of the material in the area surrounding the
antidots (see Figure 6.4), probably associated to an overmilling of the sample or to the

2Rgrain

(@ (b)

Fig. 6.8: SEM images of CSC-YBCO bridges with square patterns of circular antidots, completely
perforating the film thickness, with a diameter of (a) 0.2 pm and (b) 0.5 pm. Dashed lines show an
effective grain determined by the antidot pattern.
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Fig. 6.9: (a) Magnetic field dependence of the critical current density measured at 77 K for a ref-
erence film and two bridges patterned with antidots. (b) /c(H) curves shown in (a) normalized to
self-field J..

use of a too-high current beam (30 pA in both cases). This exemplifies the care that
needs to be taken with these types of nanofabrication technique.

Despite the observed reduction in self-field critical current density, the presence
of the antidot lattice clearly modifies the magnetic field dependence of the sample.
By comparing the J.(H) curves, normalized to self-field, (Figure 6.9[b]) we observe
that the presence of antidots changes the pinning landscape, producing a smoother
Jc magnetic field dependence in the patterned bridges. However, because of the large
decrease in J* no effective pinning enhancement is detected at any field. We will see in
the following section that by strongly limiting the damage of the regions next to the an-
tidots, ]gf reduction is avoided and effective pinning enhancements are induced with
this nanofabrication technique.

The most relevant characteristic observed in these systems is that the J.(H) curves
show a marked hysteresis depending on the direction of the field sweep. This is illus-
trated in Figure 6.10 where we have plotted the J. field dependence measured by de-
creasing the magnetic field from 0.1 T to —0.1 T and increasing it back to 0.1 T (see
dashed arrows in the figure), for a track with antidots (Figure 6.10a) and a reference
track (Figure 6.10[b]), at different temperatures.

While no hysteresis at all is observed for the reference track at any temperature, a
substantial hysteretic behavior appears in the patterned track as the temperature is re-
duced. This behavior appears similar to that inductively measured in granular YBCO-
coated conductors [39, 40] and artificial multigranular YBCO films [41], which are ex-
plained on the basis of reverse field components induced by the trapped current loops
generated in inhomogeneous films. The patterned antidots, completely perforating
the film thickness, emulate the current flow restricting behavior of grain boundaries
thus producing a square network of artificial grains with an effective radius, Rgrain,
determined by the antidot distance (see Figure 6.8a). When performing the J.(H) mea-
surements shown in Figure 6.10a, return magnetic fields (Hyeturn) appear at the edges
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Fig. 6.10: Critical current density, normalized to self-field, versus applied magnetic field for (a) a
CSD-YBCO bridge patterned with circular antidots and (b) a reference bridge, measured with a de-
creasing and increasing field at different temperatures. Dashed arrows show the field sweep direc-
tion and solid arrows show the calculated returned field at each temperature (see text for details).

of the artificial grains, coming from trapped current loops at each grain, which will re-
duce thelocal magnetic field within the film (Hyoca1 = H—Hyeturn)- Hence, the maximum
critical current density peak measured at Hioca1 = O appears shifted at H ~ Hyerym. We
have evaluated the value of Hretyrn generated by the artificial grains patterned in the
film shown in Figure 6.10(a), using the model described in [39, 40], and considering
that two grains are contributing at each point of the current percolative path.

Hieturm = 2Jcxt, (6.4)

where t is the sample thickness and x is a dimensionless factor numerically calculated
depending on the ratio Rgrain/t. Solid arrows in Figure 6.10a show the values of Hyeturn
obtained at 77 K, 65 K, and 50 K, which are in agreement with the peak shift observed
for J.(H) at each temperature.

Besides the use of these structures as a systematic approach to investigating gran-
ularity effects in YBCO thin films, they are nice systems to model engineered high-
temperature hybrid materials, in which superconducting ferromagnetic interactions
could be analyzed. Such studies are performed by filling the nanodots with magnetic
cobalt rods [42].

Nanowalls

In light of the feasibility of antidot lattices to modify the pinning landscape of YBCO
films, in this section we will investigate the capability of this strategy to effectively in-
crease the critical current density, just perforating part of the total sample thickness,
trying to avoid the strong J&f reduction observed in the case of antidots fully perforat-
ing the layer (see Figure 6.11).
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To do so, we patterned YBCO films, by means of FIB, with blind trenches and anti-
dots using a slow-enough milling rate to properly define the desired structures without
damaging the surrounding area.

The aim is to tune the depth, shape, and dimension of the artificially milled nanos-
tructures to tailor the pinning capabilities of the YBCO films, defining the limits of
maximum reduced cross section leading to a total pinning enhancement. The current
beam and the milling time used during the FIB irradiation are crucial parameters to
ensure minimum, or nonexistent, damage to the film, thus allowing fine control of the
milled cross section and the associated self-field J. reduction. These two parameters
have been properly optimized and in all cases we used beam currents of the order of
5-20 pA, thus lower than 30 pA, which was recognized as being too high in the previ-
ous section.

Figure 6.12a shows the ratio of J., calculated considering the full sample cross
section, before and after patterning, for samples with different nanostructures. The
value of Syeq corresponds to the percentage of cross-sectional area etched with the
patterning.

Sted (%) = 100 >2nddot 6.5)
Stotal

where Santidot is the maximum area of blind antidots perpendicular to the current flow
(red area schematically shown in Figure 6.11) and stotal the cross-sectional area of the
unpatterned bridge.

(b)

Fig. 6.11: SEM images of CSC-YBCO bridges patterned with blind (a) triangular antidots and

(b) trenches. Schematic drawings show the cross section of patterned bridges. Red area corre-
sponds to the area occupied by blind antidots (santidot) and stotal is the total cross section of the
unpatterned bridge.
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Fig. 6.12: (a) Ratio of self-field critical current density at 77 K after and before patterning as a func-
tion of Sred (defined in the text), for CSC-YBCO bridges with triangular blind antidots (triangles),
trenches (square), and circular antidots fully perforating the film (circles). Dashed lines are a guide
for the eyes. (b) /. versus magnetic field H measured at 77 K for a pristine CSD-YBCO bridge (open
symbols) and the same bridge nanostructured with longitudinal trenches (closed symbols). Lines
are fits to the power law collective pinning region.

We have included in the graph the bridges patterned with triangular blind antidots
(triangles), blind trenches (square), and the ones patterned with circular nanodots
completely perforating the film thickness, described in the previous section (circles).

This data clearly evidences that the sample damage induced during milling is
clearly diminished in the case of blind antidots which show a much smaller J. reduc-
tion for similar Syeq values. A linear dependence between the J. ratio and Syeq can be
established in both cases although for samples patterned down to the substrate the
self-field reduction is much higher. Figure 6.12b shows the J. field dependence mea-
sured for a YBCO bridge with parallel blind trenches (shown in Figure 6.11b), before
and after the patterning. As observed in the case of the system with small circular nan-
odots (open circles in Figure 6.9) the power law decay of J is softened (a is reduced)
when we introduce the nanostructures. However, whereas in the case of the antidots
Jtis strongly reduced after the milling J$ . o /] ﬁfref. = 0.30, amuch smaller decrease
is generated with the blind trenches J$ . /J* . = 0.83 which produces an effec-
tive enhancement of the pinning force at intermediate fields. Thus, the key point to
maximize the pinning performance is determined by the balance of two opposing ef-
fects: (1) the softening of the J. power law decay determined by the ratio apanostr. / Qref. »
and (2) the decrease of the self-field J. given by J$£ - /7St .. While (2) depends on
the reduction of cross section perpendicular to the current flow, S,eq (Figure 6.12a),
the a value can be correlated with the length of milled nanowalls projected along
the current direction (perpendicular to the pinning force), Xpanowan. Figure 6.13a il-
lustrates the linear dependence of apanostr./ &ref. With Xnanowail, clearly evidencing that
nanowalls are the main parameter controlling the observed a reduction. The improve-
ment in the pinning performance due to the presence of nanowalls can be better ob-
served in Figure 6.13b, where the variation of the maximum pinning force, due to the
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Fig. 6.13: (a) Ratio of a parameter and (b) variation of the maximum pinning force at 77 K versus
Xnanowall (defined in the text) for different nanostructured bridges. Triangular and square symbols
correspond to samples with blind triangular antidots and linear trenches, respectively. Dashed lines
are a guide for the eyes.

patterning, is plotted versus Xnanowall. A positive pinning force enhancement, as large
as 70%-80%, is obtained if (1) and (2) are compensated.

Further evidence that nanowalls are acting as very effective pinning sites comes
from Bitter decoration experiments. Figures 6.14 and 6.15 show Bitter decoration im-
ages of two different systems with blind nanostructures.

In the first case, a reference bridge and a bridge half-covered with blind trenches,
fabricated by FIB, decorated at 1.6 mT, are shown. While no ordering at all is obtained
in the reference bridge, a clear periodicity on the vortex position is induced by the
nanofabricated trenches as observed in the longitudinal fringes appearing at the au-
tocorrelation function. This periodicity is associated to the vortex lattice interaction
with the trenches that tends to pin the vortices along them.

In the example shown in Figure 6.15, we analyze the vortex distribution in a sys-
tem with a triangular blind antidot, fabricated by EBL and decorated at 3.3 mT. In
order to be able to evaluate enough density of vortices along the antidot walls we
have written a larger antidot than the ones patterned on studied bridges. The auto-
correlation function has been evaluated in two areas near the walls and inside the
antidot. The ordering of vortices along the nanowalls, observed in the autocorrelation
images evidences that, as observed from the transport measurements, the main pa-
rameter controlling vortex pinning in blind milled nanostructures are the nanowalls.
This nanowall pining has been associated to a reduction of the order parameter near
the nanowalls by localized deoxygenation or amorphization of the YBCO structure,
induced by the nanofabrication technique, acting as a barrier for vortex motion [43].
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(b)
Fig. 6.14: SEM images showing the Bitter decoration at 1.6 mT and 4.2 K of a CSD-YBCO (a) reference

bridge and (b) bridge half-covered with blind trenches, with the associated vortex positions and
autocorrelation functions.

Fig. 6.15: SEM image showing the Bitter decoration at 3.3 mT and 4.2 K of a CSD-YBCO film pat-
terned with a triangular blind antidot with the vortex positions determined at different regions of
the film and the associated autocorrelation functions.
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Ratchets

In the previous section we demonstrated that by means of blind antidot patterning
we are able to generate artificial defects (nanowalls) acting as strong pinning sites,
being stronger than intrinsic pinning. Here we will exploit this process in order to cre-
ate and study ratchet pinning potentials in high-temperature superconductors. Recti-
fied motion of particles under an asymmetric potential (ratchet effect) is important to
providing deeper understanding of several microscopic ratchet systems and they are
potentially useful for many novel electronic and molecular devices such as rectifiers,
pumps, switches, or transistors [44, 45].

In general, ratchet systems based on superconducting materials (controlled trans-
port of magnetic flux quanta) are focused on the study of vortex dynamics determined
by the motion of a few interacting particles, since the ratchet effect disappears at high
magnetic fields [46]. The use of high-temperature thin films, with a very rich H-T vor-
tex phase diagram, enables us to study systems containing many particles and their
collective interaction.

Asymmetric pinning centers are generated on the bridges by patterning arrays
with different size, depth, and distribution of triangular blind antidots via Focus Ion
Beam (FIB) and Electron Beam Lithography (EBL). We will first explore two different
artificial lattices with ordered arrays of symmetric and asymmetric blind antidots. Fig-
ure 6.16 shows SEM pictures of a 250 nm CSD-YBCO film patterned with lattices of tri-
angular (asymmetric) and diamond (symmetric) antidots, with a lateral size of 0.8 um,
depth of 80 nm, and spaced out 2.4 um. The effect of the antidot symmetry in the vor-
tex dynamics has been evaluated by measuring the critical current density under pos-
itive, J; and negative, J7, applied dc current, at a given magnetic field, for the two
systems. By inverting the sign of the current we are inverting the sign of the driving
Lorentz force (J x B) and thus the vortex motion direction (see Figure 6.17a).

Positive and negative branches of the J-E curves measured for a track with trian-
gles and diamonds, at 65 K and 20 mT, are plotted in Figure 6.17(b). While the curves
obtained for the bridge with symmetric pinning potentials are independent of the driv-
ing force sign, a clear hard vortex moving direction, detected as a J. enhancement,
is found in the track with asymmetric antidots. The correlation between the antidot
geometry with the experimental J-E curves obtained allows us to work out that dissi-
pation is determined by motion of external vortices (located outside the antidots). At
positive applied current, external vortices encounter very similar pinning potentials;
tilted nanowalls in both triangular and diamond antidots, and hence very similar J-
E curves are measured. By inverting the direction of the current, external vortices in
the system with triangles must flow against perpendicular nanowalls, which require
a larger driving force than the one necessary to overcome the tilted edges (see Fig-
ure 6.17a).

Figure 6.17c shows the field dependence of the critical current density rectification
AJ. = [J¢ - J;] obtained at 65 K for the track with diamond and triangular antidots.
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Santidot Stotal

(b)

Fig. 6.16: (a) SEM images of two CSC-YBCO bridges patterned with blind diamond (top) and triangu-
lar (bottom) antidots. (b) Schematic drawing showing the cross section of bridges patterned with
triangular antidots. Red area corresponds to the area occupied by blind antidots (santidot) and sto-
tal is the total cross section of the unpatterned bridge.

@ © )

Fig. 6.17: (a) Schematic drawing of external vortex motion under positive and negative current for a
sample patterned with diamond and triangular antidots. (b) Positive (closed symbols) and negative
(open symbols) branches of /-E curves measured for a track with triangles (triangles) and diamonds
(diamonds), at 65 K and 20 mT. For a direct comparison J* and J~ are shown in the same quadrant.
The line shows the electric field criteria chosen to determine /. (c) Magnetic field dependence of
the critical current density rectification AJ. = [J¢ — Jc] obtained at 65 K for a bridge with triangular
(triangles) and diamond (diamonds) blind antidots.
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As observed in Figure 6.17(b) for 20 mT, no difference between J} and J; at any value
of the magnetic field is found for the bridge with diamonds while a clear asymmetric
response of J. with the current direction is detected for the bridge with asymmetric
pinning potential (triangles).

Figure 6.18a shows AJ obtained as a function of the magnetic field for three sam-
ples with different triangular arrays of blind antidots. In all cases the antidots were
patterned 70 nm deep and we changed their lateral size and spacing. We plot the AJ.
normalized to self-field J. such that we are able to compare net rectification effects
in systems with different J. values. The vortex ratchet effect is clearly observed in all
patterned films confirming the existence of an asymmetric pinning potential induced
by the presence of blind triangles. It is important to remark however, that both the
polarity and the amplitude of the rectified effect strongly depend on the geometry of
the patterns. While for sample #1 the direction of the current that drives vortices along
the hard moving direction is J;, as in the ratchet system shown in Figure 6.17, the op-
posite occurs in samples #2 and #3. Thus, depending on the pattern geometry ratchet
systems show negative rectification with J; > Jf (AJ. < 0) or positive rectification
with J < JZ (AJ¢ < 0). Moreover, not only the polarity but also the maximum rectified
critical current density, AJ™*/J. Ef, depend on the antidot pattern.

Positive rectification ]_A._ A
A A
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A Jcmax / Cf
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Fig. 6.18: (a) Normalized rectification of /. at 77 K as a function of the magnetic field for samples
with different patterned triangular antidot lattices showing positive (#2 and #3) and negative (#1)
rectification. (b) Maximum value normalized rectification as a function of the S;,, parameter for
different systems at 77 K (circles), 65K (squares), and 50 K (diamonds). Inset shows schematic
drawings of vortex motion in a system with positive (top) and negative (bottom) rectification when
positive current and magnetic field are applied.

Negative rectification
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Figure 6.18b displays the strength and sign of the rectified vortex motion, deter-
mined by AJ™2*/J*f at positive magnetic fields, for several systems containing different
arrays of triangles at various temperatures. The AJ®*/ ]gf values obtained can been
correlated with a dimensionless parameter, S:e 4 that considers the maximum area re-
duction of the current cross section in each system and the asymmetry introduced by

the triangular shape as:

S, (%) = 100% cos (6) , (6.6)
where Santidot is the maximum area of blind antidots perpendicular to the current flow
(red area in Figure 6.16Db), stotal the cross-sectional area of the unpatterned bridge, and
0 the angle between the tilted edges of the triangle and the driving force direction.
Depending on the cross section of the ratchet system, quantified by S;;, systems
with negative or positive rectification can be found which is in agreement with initial
dissipation from external (located outside the antidots) or internal (located within the
antidots) vortices, respectively (see schematic drawings in Figure 6.18b). This picture
was corroborated by numerical simulations performed in bridges with different anti-
dot sizes which confirmed that maximum dissipative areas are located either below or
outside the antidots depending on the final cross section of patterned bridges [47].
In conclusion, we have demonstrated geometrically controlled rectified vortex
motion effects in YBCO films patterned with asymmetric triangular blind antidots.
In these systems, both the steepness and sign of the ratchet potential can be tailored
with the geometry (size, depth, and distribution) of the patterned triangles. All ratchet
devices present rectified motion up to high fields allowing one to study rectification
effects in different vortex dynamic regimes within the H-T phase diagram. In partic-
ular, different dissipation mechanisms have been identified for ratchets with positive
and negative rectification, depending on the nature of vortices initiating the dissi-
pation [47]. Thus, using a system based on a high-temperature superconductor we
provide a useful toolbox for studying transport of multiple particles at the nanoscale.

6.5 General conclusions

We demonstrated the potentiality of Focused Ion Beam and Electron Beam Lithog-
raphy techniques to manipulate the vortex pinning landscape of high-quality CSD-
YBCO thin films. CSD appears to be a low-cost, versatile, and scalable growth process
for the preparation of high critical current YBCO films with a high density of intrin-
sic pinning sites. We used efficient high-resolution lithography tools to tailor the par-
ticular intrinsic microstructure of CSD-YBCO films, generating several model systems
for vortex pinning studies. Full and blind antidots with different geometry have been
patterned in several YBCO bridges, allowing one to study different physical phenom-
ena in high-temperature superconducting films, which show a very rich H-T vortex
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218 —— 6 Vortex Dynamics in Nanofabricated CSD High-Temperature Superconducting Films

phase diagram. The interaction of the patterned structures with vortices have been
explored within the single vortex pinning and collective regimes by using transport
measurements and Bitter decoration images. Unique and interesting effects, such us
artificial granularity, nanowall pinning, and rectification effects have been generated
and deeply revised in this chapter.
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