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Abstract

Helium ion microscopy is a leading edge imaging
technology that uses a beam of helium ions to acquire
high-resolution images of a wide range of materials and
specimens down to the nanonscale level. Beside the ex-
cellent imaging quality, not least because of the contrast
mechanisms, the helium ion microscope can be simul-
taneously operated as a tool for nanostructuring. One
approach, which was pursued in the context of this thesis,
is the local modification of superconducting properties
of YBaxCusOr_s thin films by irradiation with a focused
helium ion beam created by a helium ion microscope.
This technique allows for versatile and more complex
circuit designs compared to state-of-the-art Josephson
Junctions based on grain boundaries in YBazCuzO7_5.

The first part deals with the characterization of
Josephson Junctions and superconducting quantum inter-
ference devices, created by helium ion beam irradiation
and their evolution with time when stored at room tem-
perature. Through the choice of the irradiation dose,
the electrical properties of these devices can be adjusted.
When irradiated with a sufficiently high dose, the mate-
rial can be driven into an insulating state with completely
suppressed superconductivity, enabling to define geome-
tries without removal of material.

Furthermore, by the same principle, this technique is
capable of creating artificial pinning centers for Abrikosov
vortices. In previous work, pinning arrays exhibited
matching effects, i.e., effects of commensurability be-
tween the vortex lattice and the pinning array, only in
the vicinity of the critical temperature of the thin film,
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due to limitations in the nearest neighbor distance of
artificial pinning sites obtained with the used fabrication
techniques. By utilizing a focused helium ion beam beam,
it becomes possible to fabricate pinning arrays with spac-
ings down to 20nm and first matching fields (where the
densities of pinning centers and vortices coincide) up to
6T over a wide temperature range significantly below
the critical temperature, confirming strong pinning of the
vortices at the artificially engineered pinning centers.
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Kurzfassung

Die Helium-Ionen-Mikroskopie ist eine hochmoderne
Bildgebungstechnologie, bei der ein Helium-Ionenstrahl
eingesetzt wird, um hochauflésende Bilder einer breiten
Palette von Materialien und Proben bis in den Nano-
bereich zu erstellen. Neben der hervorragenden Abbil-
dungsqualitéit, nicht zuletzt aufgrund der Kontrastme-
chanismen, kann das Gerét gleichzeitig als Werkzeug
fur die Nanostrukturierung eingesetzt werden. Ein An-
satz, der im Rahmen dieser Arbeit verfolgt wurde, ist
die lokale Modifikation der supraleitenden Eigenschaf-
ten von YBa2CusO7_s-Diinnschichten durch Bestrahlung
mit einem fokussierten Helium-Ionenstrahl, der durch ein
Helium-Ionenmikroskop erzeugt wird. Diese Technik er-
moglicht vielseitigere und komplexere Schaltungsentwiirfe
im Vergleich zum Stand der Technik, der auf Korngrenzen
in YBacxCu3zOr7_s basiert.

Der erste Teil befasst sich mit der Charakterisierung
von Josephson-Kontakten und supraleitenden Quanten-
interferometern, die durch die Bestrahlung mit Helium-
Tonenstrahlen erzeugt wurden, und ihrer zeitlichen Ent-
wicklung bei Lagerung bei Raumtemperatur. Durch die
‘Wahl der Bestrahlungsdosis kénnen die elektrischen Ei-
genschaften dieser Bauteile eingestellt werden. Wenn das
Material mit einer ausreichend hohen Dosis bestrahlt
wird, kann es in einen isolierenden Zustand mit vollstan-
dig unterdriickter Supraleitung versetzt werden, wodurch
sich Geometrien ohne Materialabtrag definieren lassen.
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AuBlerdem koénnen mit dieser Technik nach demselben
Prinzip kiinstliche Pinning-Zentren fiir Abrikosov-Wirbel
erzeugt werden. In fritheren Arbeiten zeigten Pinning-
Arrays nur in der Nahe der kritischen Temperatur des
Diinnfilms “Matching“-Effekte, d.h., Kommensurabili-
tétseffekte zwischen dem Vortex-Gitter und dem Pinning-
Array, was auf den begrenzten Abstand der nichsten
Nachbarn von kiinstlichen Haftzentren bei den verwende-
ten Herstellungstechniken zurtickzufiihren ist. Durch die
Verwendung eines fokussierten Helium-Ionenstrahls ist
es moglich, Pinning-Arrays mit Abstdnden von bis zu 20
nm und ersten Matching-Feldern (bei denen die Dichten
der Haftzentren und Flusswirbel iibereinstimmen) von
bis zu 6 T {iber einen weiten Temperaturbereich deutlich
unterhalb der kritischen Temperatur herzustellen, was ein
starkes Pinning der Wirbel an den kiinstlich hergestellten
Pinning-Zentren bestétigt.
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Chapter 1

Introduction

Charged-particle microscopes are essential for applications where
high-resolution imaging or patterning of the specimen is re-
quired. Well-known representatives are the scanning electron
microscope (SEM) and the focused ion beam (FIB)!which are
often combined into a single instrument to benefit from the com-
plementary advantages. However, in terms of mass, they are
basically on both ends of the spectrum, with electrons being on
the light side and gallium ions on the heavy side of the charged
particles typically used in this kind of microscopes. The heavier
gallium ions allow for significant milling rates for various ele-
ments and compounds, while there is typically no milling effect

IEspecially the commonly used gallium focused ion beam (Ga-FIB).



when using electrons in an SEM. Nonetheless, specimen damage
and degradation, e.g. due to heating, electrostatic charging,
ionization damage and hydrocarbon contamination, can occur
for certain acceleration voltages [1].

In 2007, the gas field ion source (GFIS) became commercially
available as the source of the helium ion microscope (HIM),
allowing one the use of helium ions, which are much more massive
compared to electrons, but still less heavy than most of the other
elements in the periodic table [2]. The key element for the
creation of helium ions within the GFIS is an atomically sharp
tip made out of tungsten surrounded by a defined atmosphere of
helium gas with typical pressures on the order of 1 x 1076 Torr
[3]. By utilizing special procedure, the apex of the tip can
be shaped in a way that allows it to be formed by only three
tungsten atoms and therefore referred to as a trimer. With
this geometry, the increase of the electric field in the vicinity of
one trimer atom can be used to ionize the surrounding helium
atoms by applying a sufficiently high enough positive extractor
voltage to the trimer with respect to the extractor aperture.
After ionization, the helium ions are accelerated to energies up
to 30keV and controlled by electrostatic lenses, quadrupoles and
octupoles to obtain a small probe size of down to 0.25nm on
the specimen surface [4]. Alternatively, just by exchanging the
helium with neon gas, a focused neon beam can be provided,

further closing the gap between electrons and gallium ions?.

2Tt should be noted that the term HIM is used even if it technically could
also be a neon ion microscope (NIM).



The HIM does not only outperform other microscopes with
respect to spatial resolution, but also enables other techniques for
research due to different contrast mechanisms [5, 6], and allows
for secondary ion mass spectroscopy (SIMS) [7] as well as the
imaging of insulating, e.g. biological, samples by utilizing a built-
in electron flood gun for charge compensation of the positively
charged helium ions [8]. In some sense, the Ga-FIB is the axe and
the HIM is the scalpel of nanostructuring while simultaneously
offering new possibilities and methods for material analysis.

With the development of the HIM a new era in nanofabrica-
tion started, allowing for more sophisticated and precise struc-
turing methods of various materials on the nanoscale. Among
the most promising materials in the field of superconductivity is
the type-II cuprate superconductor YBCO. The advantages of
YBCO are a high critical temperature of around 93 K and a larger
upper critical magnetic field compared to other well-researched
materials like niobium, which is interesting for technical appli-
cations. However, YBCO sets high demands on the fabrication
side and is challenging to handle due to its small coherence
length, making the superconducting properties susceptible to
local lattice defects in the YBCO. The orthorhombic® crystal
structure of YBCO is shown in Fig. 1.1 and mainly consists
of two roughly 0.3nm spaced CuO; planes, between which an
yttrium ion is located. This structure follows a plane of barium
oxide and a CuO plane, also referred to as CuO chains, since
in b-direction, copper ions alternate with oxygen ions, while in
a-direction, the oxygen is missing. Superconductivity takes place

3Lattice parameters a ~ 3.820 A, b~ 3.885 A, c ~ 11.683 A[9]
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Figure 1.1: Unit cell of the crystal structure of YBasCuzO7_s with
0 = 0. Atomic coordinates were taken from [9] and atoms were drawn
to scale with their corresponding atomic radii from [10].



in the CuO4 planes, while the other planes act as a charge carrier
supply to form Cooper pairs. The phase diagram of YBCO is
shown in Fig. 1.2 and indicates the essential role of the oxygen
deficiency ¢ for the properties of YBCO [11]. For § = 1, the
oxygen in the CuO chains is not apparent anymore and the
material can be described as an antiferromagnetic insulator. At
0 =~ 0.6, the antiferromagnetic phase vanishes and a transition
into the superconducting phase can be observed. In the range
0.25 £ ¢ 0.5, a plateau with a critical temperature of 60K is
established, and for lower values, the maximum value of 93 K is
reached right before § = 0 [12].

Superconductivity is generally known for a vanishing resis-
tance below a material-dependent critical temperature, where
the electrical current is, other than with normal conducting
materials, not carried by single electrons, but instead by paired
electrons forming Cooper pairs as stated in the BCS-Theory [13].
However, there is more to superconductivity, as experiments
conducted by W. Meissner and R. Ochsenfeld in 1933 revealed
that it has to be considered a novel thermodynamic phase [14].
The Meissner-Ochsenfeld effect shows that a superconductor will
expel any magnetic field from entering the inside once it is cooled
down below its corresponding critical temperature T.. Thus, a
superconductor is not only a perfect conductor, but also an ideal
diamagnet with a magnetic susceptibility y = —1. But that is
only half the story, because to expel the outer magnetic field,
screening currents near the surface of the superconductor will
flow and the magnetic field will exponentially decay towards the
volume inside. In 1937, L. Shubnikov et al. found that above a
certain magnetic field some superconductors are penetrated by
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Figure 1.2: Phase diagram oxygen deficiency ¢ vs. temperature
of YBayCuzO7_5 with superconducting (SC) and antiferromagnetic
(AF) phases. Tx denotes the Néel-temperature and 7. the critical
temperature. Data was extracted from [12].



type-1

Figure 1.3: Schematic phase diagram of (a) type-I and (b) type-1I
superconductors with respect to temperature and magnetic field. The
dark gray area indicates the Meissner phase and the Shubnikov phase
is shown in light gray.

magnetic flux while maintaining ideal conductivity [15]. To dis-
tinguish them from superconductors only showing the Meissner
effect, they are referred to as second kind or type-II superconduc-
tors. The phase diagram of type-I and type-II superconductors
is shown in Fig. 1.3.

A type-I superconductor remains in the Meissner phase un-
til the critical magnetic field B, is reached and the material
transitions into the normal conducting state. A type-II super-
conductor, on the other hand, has two critical fields. For fields



smaller than the lower critical field By, it stays in the Meissner
phase, whereas above this threshold, magnetic flux can penetrate
the superconductor until the magnetic field reaches the upper
critical field B.s where the superconductive state collapses.
The physics of superconductors can phenomenologically be
described by means of the Ginzburg-Landau (GL) theory [16].
Based on Landau’s theory for second order phase transitions,
Landau and Ginzburg argue that the free energy F' of a super-
conductor near the transition to the superconducting state can
be expressed by the order parameter W that is identified as the
complex quantum mechanical wavefunction describing the super-
conducting charge carriers (Cooper pairs) on a macroscopic scale.
From the GL equations, two important characteristic length
scales can be extracted. The first one is the coherence length
&, which describes the scale on which thermodynamic fluctua-
tions of the superconductor can be compensated, and determines
the surface tension between the normal and superconducting
phases. The second is the penetration depth A\ describing the
typical length scale on which a magnetic field can penetrate
the superconductor. In 1957, A. A. Abrikosov realized that
with the Ginzburg-Landau parameter x = /&, one can differ-
entiate between type-I and type-II superconductors because for
k > 1/4/2, the free energy of an interface between a normal
and superconducting phase is negative [17]. If the lower critical
magnetic field is reached, it is energetically preferable, from an
energetic point of view, to locally give up superconductivity and
let magnetic flux through the now normal conducting volume.
This arrangement is then referred to as an Abrikosov vortex.
A single vortex exhibits cylindrical symmetry and the amount



of magnetic flux carried by a vortex is determined by one flux
quantum &y = h/2e, wherein h is Planck’s constant and e the
elementary charge. The dependence of the magnetic field, critical
current and Cooper pair density of an isolated vortex with x > 1
on the radial distance r from the vortex center are shown in
Fig. 1.4. The magnetic field can be described through

B,(r) = 20 g <”2+253> , (1.1)

T om0 hy

with Ko(z) being a zeroth-order, modified Bessel function?, r the
radial component in cylindrical coordinates and &, a variational
core parameter with the same magnitude as the coherence length
¢ [19]. Two vortices placed in a distance next to each other will
experience repelling forces if oriented in the same direction. In a
perfect type-II superconductor without any defects, this results
in vortices arranging in a hexagonal lattice, thus minimizing
the interaction energy. Besides the vortex-vortex interaction
potential, the landscape of intrinsic or artificially created defects,
so called pinning sites, in the material is of utmost importance.
Here, the reduced condensation energy of the superconductor,
either due to weakened or suppressed superconductivity makes
it energetically preferable for the vortex to enter such pinning
sites. By applying a current flow through the superconductor,
a Lorentz force will be exerted on the vortices, limiting the
maximum supercurrent when the vortices start depinning from
the pinning sites, which leads to a dissipative vortex motion.

4With the limits — In(z) for # < 1 and (7/2z)"? exp(—z) for = > 1.
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Figure 1.4: Schematic of the cross section with dependence of (a)
magnetic field B,, (b) current density j,, (¢) cooper pair density ns
for an Abrikosov vortex. The arrows in (b) indicate the direction of
the current density. Mathematical expressions can be found in Ref.
[18].
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In general there is a complex interplay between the different
contributors to the overall pinning potential, which are usually
temperature dependent. In regular pinning arrays, matching
effects will occur if the applied magnetic field B fulfills the

matching condition

)
B, =n-=2 | 1.2
n- 2 (12)

where n denotes the number of pinned vortices within one unit
cell of the regular array and A the area of such a unit cell.

Another important phenomenon in the field of superconduc-
tors is the so called Josephson effect [20]. This feature can be
observed if two superconductors are close to each other with
respect to the overlapping macroscopic wavefunctions outside the
superconductors. If such a weak link between two superconduc-
tors exists, a JJ is formed - the basic device in superconducting
electronic circuits. Using two JJs connected in parallel within a
superconducting ring will result in a so-called SQUID, a highly
sensitive device which can be used to measure magnetic fields
down to the femtotesla range [21, 22]. SQUIDs where also used
in the Gravity Probe B experiment funded by the National Aero-
nautics and Space Administration (NASA) in cooperation with
the Stanford University to verify predictions of Einstein’s theory
of gravity, widely known as general relativity, conducted between
2004 and 2006 [23].

There are a variety of other application fields for SQUIDs.
From medical applications as magnetoencephalography (MEG),
where SQUIDs are used to measure neural activities by detecting
magnetic fields, typically 10 fT for cortical activity and 103 fT for
the human alpha rythm, produced by electrical currents inside

11



the brain or magnetic resonance imaging (MRI), a technique for
imaging the interior of a body for clinical analysis without the use
of X-rays or ionizing radiation which is therefore less harmful to
biological tissue. While in conventional high-field MRI magnetic
fields, up to several teslas are used, MRI with SQUID readout
can be operated at much lower magnetic fields in the microtesla
to millitesla range [24-26]. Not only do such systems benefit
from lower costs, but they are also more compact in comparison
to conventional MRI as there is no need for generating large
magnetic fields, where devices are bulky and expensive.

Considering the rapid development regarding computer sci-
ence in the past few years, JJs and SQUIDs are also of interest
to develop the analog to a bit in quantum computing - a quan-
tum bit (qubit). Various designs of qubits have been developed,
including the Cooper pair box [27] based on charge, the flux
qubit [28], and the phase qubit [29] to implement a two-state
system with quantum superposition. Advantages of supercon-
ducting qubits over other types are faster gate times and the fact
that they can leverage advanced chip-making technologies, which
makes manufacturing efficient and scalability easier compared
to other technologies.

An example for an application in research for the analysis of
a specimen is the scanning SQUID microscope (SSM). The SSM
enables the imaging of a variety of physical quantities near the
surface by placing a SQUID onto a tip which is then rastered
over the sample surface enabling a mapping of magnetic fields
[30], magnetic susceptibility [31], and electric currents [32] to the
topography of the specimen. One of the main parts of this thesis
was contributing fundamental scientific research on helium ion

12



induced barriers in YBCO and paving the way for more complex
and sophisticated devices within a project called FIBsuperProbes
[33], funded by the European Union, targeting a new era for
SSM with unprecedented size, functionality and sensitivity of
individually designed cantilevers to improve the understanding
of phenomena in physics, chemistry and material science, which
are intractable in current state-of-the-art technology.

The overall challenge when dealing with superconductors lies
in the fact, that commonly used conventional superconductors
like niobium and aluminium exhibit a low critical temperature
below 10K and a low critical magnetic field which limits the
range of operation with devices based on such materials. As
already stated, YBCO extends the operation range with a critical
temperature of 93 K and an upper critical magnetic field>up to
140T [34]. However, the complex crystal structure shifts the
challenges onto the side for fabrication and handling of the
thin films. The state-of-the-art approach for the fabrication of
superconducting devices in YBCO such as JJs is based on grain
boundaries (GBs) utilizing a bicrystal substrate consisting of
two crystals with different orientations of the crystal axis joined
together so that an artificial grain boundary is created [35].
Epitaxially grown YBCO on top of the bicrystal has the same
orientation as the underlying bicrystal layer and will therefore
form a grain boundary itself at the same location as the bicrystal
substrate underneath, hence limiting the degree of freedom and
complexity of the circuit design since junctions can only be

5Applied parallel to the c-axis.

13



placed along the substrates grain boundaries. Moreover, it is
noteworthy that bicrystal substrates are typically more expensive
than their conventional counterparts due to the intricacies of
their manufacturing process.

Previous work to create Josephson barriers in cuprate super-
conductors by irradiation with high-energy electrons [36, 37] or
oxygen ions [38-40] resulted in inferior junction quality compared
to GB based JJs, either because of limitations in the size of the
slit in the irradiation mask or the straggling of the particles
inside the sample, which leads to a broadening of the barrier.
With the upcoming of the GFIS, irradiation with helium ions at
sub-nm resolution became available, a technique which was first
used and published by Cybart et al. in 2015. In their paper, an
HIM is exploited to irradiate the YBCO, thus locally modifying
the superconducting properties by inducing atom displacements
to create thin barrier JJs, allowing them to be arbitrarily placed
on the whole sample chip [41], making this fabrication technique
a feasible and competitive option compared to GBJJs. This
overcomes the limitations of the GBJJs technology and opens
up the opportunity for a complete new way of circuit designing,
which can be referred to as direct write lithography since no
irradiation mask is used. In addition, a new parameter dose
enters the field for adjusting the critical current density, as well
as the properties of the barrier, while for GBJJs the only way to
modify the created JJ after the thin film micro-structuring is by
reducing the width, e.g. by ion beam milling. The creation of
JJs with an HIM was recently demonstrated in other materials
beside YBCO such as BizSraCaCusOs, (BSCCO) flakes [42]
and MgBs thin films [43].

14



This thesis is solely based on the described kind of fab-
rication technique and the interplay between YBCO and the
HIM. In the first part, the research focus lies on the charac-
teristics of JJs fabricated with a focused helium ion beam in
YBCO. In publication 1, the first iteration of helium focused
ion beam (He-FIB)JJs at the University of Tiibingen are used
to identify the impact of different dose values on the electric
transport properties of the created barriers and for different
sample substrates. This allowed for basic but crucial insights
on how the standard process parameters influence the charac-
teristics of these devices. During the handling and repeated
measurements of our samples, we came across a change in the
characteristics of these junctions when exposed to room tem-
perature in between measurements. Subsequently, in order to
better understand and control the properties of such devices, a
quantitative study enclosed within publication 2 was conducted
to describe the effects of aging for helium ion induced barriers in
YBCO and how they behave when treated with a post-annealing
step under different partial oxygen pressures with the aim to
pinpoint important timescales and mechanisms to increase the
relaxation velocity for a faster transition into the state of equilib-
rium. Another promising approach, where the local modification
of YBCO with an HIM can be applied, is to introduce artificial
pinning centers into a thin film. As already described, YBCO
is a type-II superconductor which, in its Shubnikov phase, has
the ability to let magnetic flux penetrate the superconductor in
quantized units of a flux quantum. By irradiation of the YBCO,
a superconducting-to-insulating transition occurs that can be
used to create artificial defects in the YBCO, allowing vortices

15



to prefer entering into these already existing defects, instead of
trying to locally break up the superconductivity which is energet-
ically unfavorable. With high resolution and a small spotsize, the
HIM is the ultimate candidate to achieve unprecedented lattice
spacing of the artificial array down to 20nm. Publications 3
and 4 describe the fabrication and characterization of these
pinning arrays by helium ion irradiation with strong pinning and
temperatures well below T, while for publication 5, the vortex
Bose Glass phase of such pinning arrays is further analyzed. In
publication 6, we optimized the fabrication process of such
artificial pinning arrays in order to minimize the lattice constant
of the artificial pinning arrays reaching the physical limit.
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Chapter 2

Summary of
publications and
contributions

This chapter provides a summary for each of the 6 publications
listed above which are covered in this thesis. Each summary is
followed by a brief description of author contributions.
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2.1 Josephson Junctions and SQUIDs

In publications 1 and 2, a focused helium ion beam is used to
create JJs and SQUIDs in YBCO. While publication 1 focuses
on junction properties directly after the irradiation, publication 2
takes this a step further and investigates the change in proper-
ties over time after the fabrication of these JJs when stored at
room temperature and after annealing treatments under various
environmental conditions.

2.1.1 Publication 1:
Josephson Junctions and SQUIDs Cre-
ated by Focused Helium-Ion-Beam Irra-
diation of YBayCuzO~

Based on the preparatory work of Cybart et al. [41] in 2015, an in-
depth study, including electrical as well as scanning transmission
electron microscope (STEM) analysis, of JJs on various substrate
materials with the described promising approach was performed.
Publication 1 presents the results on He-FIB JJs and SQUIDs
obtained in Tiibingen.

YBCO thin films were prepared on three differ-
ent single-crystal substrates (SrTiO; (STO), MgO,
(LaAlO3)0.3(SroTaAlOg)o.7 (LSAT)) by pulsed laser depo-
sition (PLD) and junctions were patterned with an HIM with
varying dose. Fig. 2.1(a) shows a schematic representation of
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Figure 2.1: (a) Schematic illustration of the geometry and the fab-
rication process. (b) SEM image of a JJ, visible as a dark line due
to carbon deposition. Figure from appended publication 1. Copy-
right © 2019 American Physical Society.

the irradiation process on the YBCO microbridge, while in
Fig. 2.1(b), an SEM image of the irradiated microbridge reveals
a dark line where the helium ion beam was scanned across the
bridge and deposited carbon on the sample surface.

Resistance vs. temperature measurements as exemplified
in Fig. 2.2 showed the existence of a threshold dose Dy, =
1000 ions/nm in a way that for higher doses, the irradiated
linescan becomes resistive with no apparent supercurrent, while
for lower doses, a supercurrent is still observable. A further
increase in dose leads to resistances beyond 20 G2, making the
barrier highly resistive.
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Figure 2.2: Resistance versus temperature measurement of a YBCO
bridge before (black) and after irradiation with D = 700 ions/nm (red)
and D = 2000 ions/nm (orange). Figure from appended publication 1.
Copyright © 2019 American Physical Society.
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STEM analysis of the irradiated linescans revealed an amor-
phous track for D > Dy, with increasing width for higher dose
values. For D < Dy, however, there is no noticeable damage
in the lattice structure of YBCO in the transmitted primary
electron image captured by the STEM.

Further examination of the latter junctions with respect to
the electronic transport properties revealed an exponential scal-
ing of the critical current density j. o« exp(—D/Dy), the specific
resistance p, and the characteristic voltage V. = j.pn as shown
in Fig. 2.3. For devices with j. > 2MA/cm?, the Current Volt-
age Characteristics (IVCs) exhibit a flux-flow behavior, while
the others can be approximately described within the resistively
and capacitively shunted junction (RCSJ) model. From numer-
ical simulations of the IVCs within this model, the Stewart-
McCumber-Parameter 8. and the excess current density j. was
extracted. Below a critical current density of j. ~ 2 x 10° A /em?,
the devices did not exhibit any excess current. Furthermore,
we were able to find a universal scaling for all He-FIB JJs of
Ve jcl/ ?, which has already been observed for other JJs in
cuprate superconductors fabricated with a variety of different
techniques.

As already stated, for high irradiation doses (D > Dyy,), the
critical current density j. can be fully suppressed. Using this
approach, we fabricated a direct current (dc) SQUID with a
nominally 300 x 300 nm? normal conducting squared hole by
irradiating this area with a dose of 4000ions/nm?, and two
JJs by irradiating with a linescan across the bridge over the
already written hole with 230ions/nm on an LSAT substrate.
Characteristic voltage was determined to be V., = 41411V, and
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Figure 2.3: Dependence of device parameters (a) jc, (b) pn, and (c)
Jepn on line dose D for various samples on different substrates. The
dashed lines indicate the exponential scaling behavior. Figure from
appended publication 1. Copyright © 2019 American Physical Society.



a SQUID loop inductance of L = 19pH could be extracted
from simulations based on the RCSJ model. The SQUID could
be operated in a bias point where a transfer function of Vg =
2.1mV/®, could be achieved and measurements of the spectral
density of flux noise S¢ at this bias point revealed a frequency-
dependent excess noise with roughly a 1/f-scaling, which is
typical for YBCO SQUIDs due to I. fluctuations in the JJs.
The excess noise was still present at the upper bandwidth limit
of the measurement setup. From this, we must conclude that the
upper limit of the flux noise in the thermal white noise regime

is given by S;,/Q = 500n®y/Hz />,

Contributions

This work was done in collaboration with the group of Ap-
plied Material Science and Electron Microscopy under supervisor
C. J. Burkhardt at the NMI located in Reutlingen. Preparation
of the STEM lamella was done by B. Schréppel and the STEM
was operated by M. Becker for capturing the images. B. Miiller
adapted the fabrication process from Ref. [41], fabricated most
of the samples and performed the characterization measurements
at 4.2 K. I contributed by performing the irradiation and elec-
trical characterization via R(T') measurements of the high-dose
samples and by assisting in the evaluation of the acquired STEM
data, the sample fabrication and the 4.2 K measurements.
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2.1.2 Publication 2:
Temporal evolution of electric transport
properties of YBa;CuzOr_ ;5 Josephson
junctions produced by focused helium-
ion-beam irradiation

This publication is a direct sequel to publication 1. While
publication 1 focuses on the properties of the fabricated devices
directly after the irradiation process, this publication covers
the temporal evolution with respect to the electrical transport
properties within a year after the fabrication of JJs with an
HIM when the samples are stored at room temperature. The
acquired results are of high significance especially for applications
where a SQUID is used as a magnetic field sensor, since these
measurements must be reliable and the devices must be stable
before a re-calibration is needed. The objective of this study
was to qualitatively identify the aging of these junctions by
characterizing the change in electric properties, e.g. the critical
current density j. versus time.

The starting point is comparable to publication 1; however,
we focused on LSAT as the main substrate due to superior
properties over other common substrate material, which results
in YBCO thin films with a higher crystallinity, confirmed by
X-ray diffraction (XRD) measurements. Figure 2.4 shows the
modified layout with 7 close-spaced 3 pm wide bridges used in
this study.
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Figure 2.4: Optical microscope image of the central part of structure
#2A with seven microbridges after prepatterning. Figure modified
from appended publication 2. Copyright © 2024 American Physical
Society.
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We fabricated JJs through the He-FIB irradiation process
described in publication 1 with doses ranging from 100 ions/nm
to 1000ions/nm, measured them directly after the irradiation
at 4.2K and stored them at room temperature under nitrogen
(Ng2) atmosphere. Subsequently and repeatedly, the junction
properties at 4.2 K have been measured to see the temporal

evolution. Over the whole dose range, the data can be best
described by

Je(t) = Je,o0 - [1 —b-exp (—\/Zﬂ , (2.1)

with jc oo describing the equilibrium critical current density, b
the reversible damage and 7 a typical time scale of the relaxation
process. This formula originates from a model where oxygen
atoms diffuse back towards the barrier and partially restore
the state before the irradiation. By fitting Eq. (2.1) to the
corresponding data points of j. vs. t for each junction, one can
find the dose dependence of the fitting parameters as shown in
Fig. 2.5. As established in publication 1, the critical current
density j. exponentially decreases with the dose D

Jo,00(D) = jo,00(0) exp(—D/Dy) (2.2)

with je 0o (0) = 3.2 x 107 A/em? and Do = 191.4ions/nm. Com-
pared to the previous study, the value found for Dy is higher and
can be attributed to aging. Parameter b describes the degree of
non-equilibrium created by the helium ion irradiation. For b = 0,
there is nothing to recover because the equilibrium is already
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Figure 2.5: Dose dependence of the parameters jc.oo (a), b (b)
and 7 (c) extracted from the fits with Eq. (2.1) to j.(t) data (not
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are shown as error bars. Figure from appended publication 2. Copy-
right © 2024 American Physical Society.
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reached, and for b = 1, the critical current density j. is com-
pletely suppressed at ¢t = 0 and approaches the final value jc oo
for t — oco. From Fig. 2.5(b), we can see that b increases roughly
linearly up to D = 600ions/nm before it begins to saturate to
b = 1. Taking a look at the time parameter 7, which describes
on which timescale the evolution of the critical current density
takes place, one can observe an exponential increase with the
dose

T(D) = tgexp(D/Do-) (2.3)

with 79 = 1day and Dy, = 88.8ions/nm. An important con-
clusion is, that for junctions with RCSJ-like behavior without
an excess current, i.e. D Z 500ions/nm, the value of 7 exceeds
100days. That is to say that over several hundreds of days,
these JJs will change their electric properties if stored at room
temperature.

Using the normal resistivity p, of a JJ, the characteristic
voltage V. = j.-pn can be calculated and is plotted against j., as
shown in Fig. 2.6. Here we find an overall scaling of V, o j.'/?,
not only for different junctions with different doses as already
stated in publication 1, but also for junctions measured several
times after the irradiation and stored at room temperature. One
difference holds true for the junction with D = 1000 ions/nm,
showing a significant offset.

Furthermore, annealing was performed on another set of
JJs after the irradiation to investigate the effects of increased
temperature on the He induced barriers in YBCO. In general, the
diffusion coefficient is temperature dependent, and therefore one
should expect a significant effect on the JJs after a temperature
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Figure 2.6: jcpn vs jc for He-FIB JJs (from #1A) stored at room
temperature and measured at different times ¢ after irradiation (in-
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(jei = 10°A/cm?). Figure from appended publication 2. Copy-
right © 2024 American Physical Society.

29



treatment. Here, a temperature of 90 °C where the samples were
kept for 30 minutes and a partial oxygen pressure of 950 mbar
was used. For this parameter set, we found that directly after
the annealing step, the critical current density peaked, and that
it dropped afterwards within one week to a stable value, which
consecutive measurements confirmed as it is shown in Fig. 2.7.
Repeating the annealing step for a second time, revealed the
same overall behavior but with slightly increased decay time and
(quasi-)equilibrium critical current densities.

Annealing was also performed at the same temperature as
above, but this time while the sample stayed in an evacuated
chamber. Interestingly, no qualitative difference between the sam-
ples annealed in pure oxygen and the ones annealed in vacuum
could be observed. This indicates that the main contribution
to the recovering of the damaged region must come from the
oxygen atoms inside the YBCO displaced to other positions in
the crystal lattice during irradiation.

Contributions

This work was realized within the physics department and Cen-
ter for Quantum Science (CQ) and LISA™T at the University of
Tibingen. I primarily planned the setup and execution of the ex-
periments, grew, characterized and prepatterned the YBCO thin
films, while K. Wurster supported in maintaining the PLD ma-
chine operational and the process parameters stable. K. Wurster
and M. Meichsner assisted in the assembly of the annealing cham-
ber and together with K. Wurster, I performed the intermediate
annealing steps. The irradiation with the HIM and the electric
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Figure 2.7: Temporal evolution of the critical current density jc
(normalized to jo at t = tinitial) of He-FIB JJs from #2D, which
were annealed at 90 °C for 30 min in po, = 950 mbar. Annealing
was performed within one day after ¢ = tinitial for the first time and
the second time at ¢t = 40 days. Figure from appended publication 2.
Copyright © 2024 American Physical Society.
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transport measurements of the created samples were carried out
by myself. In addition, I conducted the analysis and interpre-
tation of the raw measurement data, with J. Linek assisting in
the discussion of the results, and I wrote substantial parts of the
manuscript.
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2.2 Vortex pinning arrays

In publications 3 to 6, we investigated YBCO pinning arrays
by irradiating different lattices with a focused helium ion beam.
The high spatial resolution of the HIM allows for much denser
arrays compared to conventional methods like masked ion-beam
structuring (MIBS) and opens up new territories in the oper-
ation of magnetic flux-quantum-based devices. All of these
publications were done in close collaboration with the group for
Electronic Properties of Materials at the University of Vienna
under supervision of Prof. Dr. Wolfgang Lang.

2.2.1 Publication 3:
Ultradense Tailored Vortex Pinning Ar-
rays in Superconducting YBa;Cu3zOr_;
Thin Films Created by He Ion Beam Ir-
radiation for Fluxonics Applications

The first part of this publication describes the irradiation process
with the HIM to create pinning arrays in YBCO. The acceler-
ated He ions of the beam collide with the atoms, interact with
the sample and introduce defects into the lattice structure of
YBCO. These defects, mainly the displaced oxygen atoms, lead
to a local reduction or suppression of T, which can be controlled
by the applied dose. The beam profile can be approximated
by a gaussian distribution. Due to a lower acceleration voltage
of 30keV compared to dedicated ion implanters, the He ions
still experience significant lateral straggling inside the 50 nm
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to 80 nm thick sample, resulting in pinning centers of a conical
shape instead of the desired cylindrical shape. An approach to
minimize this effect is to intentionally widen the beam by ad-
justing the focal point with respect to the sample surface. Based
on numerical simulations of ion-matter interactions and collision
cascades, a beam diameter of 20 nm results in approximately
25nm wide cylindrical defect channels (CDs) in a YBCO film,
where T is reduced or suppressed up to a depth of 80 nm.

Two samples with quasi-kagomé (QK) pinning lattices have
been irradiated with a dose of 15000 ions/spot using an HIM as
shown in Fig. 2.8. The QK lattice can be obtained by removing
three neighboring sites from a hexagonal lattice. Sample QK90
has a nearest-neighbor distance of 90nm and a YBCO film
thickness of 75 nm, while for sample QK70, the lattice spacing
was reduced to 70 nm at a film thickness of 50 nm.

The second part of this publication deals with the electric
transport properties of the fabricated samples. Both samples
exhibit pronounced vortex commensurability effects, i.e. max-
ima (matching peaks) in the critical current density j.(B) and
minima in the magnetoresistivity p(B) over a wide temperature
range. For sample QK90, the first matching field is B = 0.23 T
and B = 0.38T for QK70 as shown in Fig. 2.9. Dominant in-
teraction between vortices and the pinning potential of the CDs
favors a very stable vortex arrangement (i.e., high j.) at B = Bg,
where each CD is filled with one vortex. Conversely, a strong
vortex-vortex interaction will prefer a hexagonal configuration of
the vortex ensemble with all CDs occupied and three interstitial
vortices in the voids of the QK lattice, equivalent to matching
field Bg. However, a prominent matching peak appears at By
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Figure 2.8: Schematic of the irradiation process with the HIM. The
inset on the right shows a test pattern with the same QK lattice as sam-
ple QK90, but with a higher dose of 5 x 10° ions/spot for visualization.
Figure from appended publication 3. Copyright © 2019 American
Chemical Society.
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Figure 2.9: (a) Magnetic field dependence of the normalized critical
current density at 83 K (blue squares) and resistivity at 83.5 K (red
triangles) for sample QK90. The green dots represent the results from
molecular dynamics simulations. (b) Magnetic field dependence of
the normalized critical current density at 52K (blue squares) and
resistivity at 55K (red triangles) for sample QK70. (c¢) Simulation
of vortex distributions in QK90 for several applied magnetic fields
corresponding to the matching fields Bs to Bg. Figure from appended
publication 3. Copyright © 2019 American Chemical Society.
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which can be seen in Fig. 2.9, corresponding to a fully occu-
pied QK pinning array and one interstitial vortex in each unit
cell. This observation can be confirmed by molecular dynamics
simulations during which not only the vortex-vortex interaction
and pinning force on the vortices at the CDs, but also an exter-
nal driving force and a thermal stochastic force are taken into
account. The vortex arrangements obtained by the simulation
with the experimental conditions for sample QK90 and magnetic
fields Bg to By are shown in Fig. 2.9(c). For Bg, most of the
pinning centers are occupied, but some interstitial vortices exist
due to the strong repulsion between the vortices. These vortices
are only weakly pinned and limit the critical current density.
For Bz, almost all pinning sites are occupied and typically one
excess vortex sits in the centers of the voids of the QK lattice.
This is an arrangement (vortex caging) that is favored by the
repulsive vortex-vortex interaction, resulting in an increased j
and thus matching features. By further increasing the magnetic
field, all CDs are occupied and two (Bs) or three (By) interstitial
vortices stay in the voids. Due to their repelling force on each
other, they are very mobile, and thus j. is reduced again. The
simulation results are in good agreement with the experimental
jc(B) measurement, as shown in Fig. 2.9(a).

By reducing the temperature, the balance between the pin-
ning forces at the CDs and the vortex caging potential can be
tuned. While both increase at lower temperatures, the pinning
force at the artificial defects increases more rapidly. Therefore,
one would expect that the vortex configuration prefers Bg in
order to minimize the energy.
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Figure 2.10(a) displays the normalized critical current density
Je(B)/jc(0) measured at different temperatures of sample QK90
with visible matching features down to 67K. At T < 80K, a
second peak at Bg next to the By peak can be observed. For
temperatures below T < 75K, the normalized critical current
density at Bg becomes larger than at By, which is demonstrated
in Fig. 2.10(b). This crossover reveals that the matching field
with six vortices per unit cell becomes more efficient in pinning
the vortices at lower temperatures, which is exactly the case
when the vortex arrangement matches the artificial QK pinning
array.

Contributions

This work was done in collaboration with the groups of W. Lang
at the University of Vienna where the electric transport mea-
surements and the simulations of the CDs were performed,
V. R. Misko from the University of Antwerp and RIKEN and
F. Nori from RIKEN who took care of the molecular dynamics
simulations, and the group of J. Pedarnig at the Johannes Kepler
University Linz, where the YBCO films were grown. B. Aichner
and B. Miiller developed the irradiation process for the HIM
located at the University of Tiibingen. B. Miiller and I irradiated
the YBCO thin-film samples and F. Limberger assisted in the
irradiation. Additionally, I contributed by developing a process
to visualize the pinning arrays within the HIM, acquired the
corresponding images and supported in writing the manuscript.
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2.2.2 Publication 4:
Angular magnetic-field dependence of
vortex matching in pinning lattices fab-
ricated by focused or masked helium
ion beam irradiation of superconducting

YBa;Cu3zOr_s thin films

This publication is a follow-up on publication 3, investigating in
detail the dependence of matching effects if the applied magnetic
field is tilted against the sample surface normal by an angle «
and comparing the fabrication methods of the focused helium
ion beam approach with a conventional approach using MIBS.

We fabricated two YBCO samples with square pinning arrays
by two different methods of Helium ion irradiation. Sample
SQ200 with a film thickness of 80 nm was irradiated with the
process described in publication 3. A beam diameter of ~
50nm was used and a square lattice with 200 nm spacing and a
dose of ~51000ions/spot was written into the YBCO film, as
shown in Fig. 2.11(a). The second square lattice sample SQ500
with a 500 nm spacing was patterned by MIBS as sketched in
Fig. 2.11(b). In contrast to the irradiation process with the HIM,
a collinear beam of 75keV He ions and a Si stencil mask with
holes 180 nm in diameter was used. Due to a larger acceleration
voltage with the ion implanter a YBCO film thickness of 210 nm
could be used. Both samples had T, ~ 90K after film growth
with transition widths AT, ~ 1 K.
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Figure 2.11: Schematic illustration of the irradiation process for
(a) sample SQ200 using a HIM and (b) sample SQ500 using MIBS.
Figure from appended publication 4. Copyright © 2020 Authors.
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Figure 2.12: Cross-sectional view of the simulated 7. distributions
for sample SQ200 (top panel) and sample SQ500 (bottom panel).
Figure from appended publication 4. Copyright © 2020 Authors.
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By utilizing the Stopping and Range of Tons in Matter (SRIM)
application suite, the defect distributions of the two different
irradiation methods of the pinning arrays can be simulated and
are shown in Fig. 2.12. As stated by the simulations, both irradi-
ation methods produce efficient pinning landscapes by creating
clearly separated CDs with suppressed T;. This can be also ex-
perimentally verified by their marginal impact on the zero-field
electrical transport properties. Only a minor reduction of the
critical temperature AT, = 2.6 K (AT, = 4K) in sample SQ200
(SQ500) has been observed after the irradiation.

In electric transport measurements, both samples exhibit
matching effects at the expected values of the applied magnetic
field B, and thereby demonstrate the validity of the different
methods for the fabrication of pinning arrays.

For pronounced pinning at the artificial introduced pinning
array, the magnetic flux should prefer the CDs irrespectively of
the angle a between the applied magnetic field B, and the sym-
metry axis of the CDs as sketched in the inset of Fig. 2.13. The
matching peaks should then appear if the parallel component!of
B, fulfills the matching condition. = As shown in Fig. 2.13,
the measured R(By) curves of sample SQ200 manifest matching
effects at the same values of B for angles up to 70°. Since the
parallel component of the matching field is independent of the
tilt angle «, the pinning at the CDs of the artificial pinning
landscape is dominating the intrinsic pinning of vortices in the
YBCO thin film. The same holds true for sample SQ500, which

1B = Bacos(a)
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modified from appended publication 4. Copyright © 2020 Authors.
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can be concluded from Fig. 2.14, where the angular dependence
of the parallel component B, for the first matching field By is
shown for both samples and within the margin of error constant
with respect to the tilt angle a.

Contributions

This work was done in collaboration with the groups of W. Lang
at the University of Vienna where the electric transport mea-
surements and the simulations of the CDs were performed, and
the group of J. Pedarnig at the Johannes Kepler University
Linz, where the YBCO thin film was deposited and the MIBS
irradiation was conducted. B. Aichner and B. Miiller developed
the irradiation process for the HIM located at the University
of Tiibingen. B. Miiller irradiated the samples and I supported
the fabrication process. Further, I assisted in writing of the
manuscript.

2.2.3 Publication 5:
Ordered Bose Glass of Vortices in Su-
perconducting YBa;Cu3zO7;_s5 Thin Films
with a Periodic Pin Lattice Created by
Focused Helium Ion Irradiation

Different theories have been proposed for randomly distributed
pinning defects, depending on their dimensionality. The vortex
glass (VG) model for point-like defects and the Bose glass (BG)
model for CDs penetrating the entire thickness of the sample.
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With the developed HIM irradiation technique, established and
improved in publications 3 and 6, it is possible to engineer and
investigate periodic pinning sites in YBCO with spacings smaller
than the London penetration depth and pronounced vortex pin-
ning effects down to temperatures below the magnetic field
dependent glass temperature Ty (B), allowing for a novel kind of
glass-vortex correlations which we call ordered Bose glass (OBG)
and which are the subject of research within this publication
by measuring the V-I isotherms at various temperatures and
magnetic fields.

The nominal 30 nm thick YBCO sample film was prepared by
PLD on LSAT substrate and irradiated by 30keV He ions with a
30nm triangular spot lattice, using a dose of 10*ions/spot. Fig-
ure 2.15(a) shows the temperature dependence of the resistance
R of a patterned microbridge, as well as an unirradiated bridge
for reference. The inset displays an optical microscopy image
of the YBCO bridge taken after the irradiation. The critical
temperature of the patterned microbridge dropped from 88.4 K
to 76.0 K. A possible explanation is the scattering of a small
portion of ions scattering and creating point defects between the
CDs.

Figure 2.15(b) presents the pronounced commensurability
effect for the critical current density j.(B) at 5K and the resis-
tance R(B) at 72K for an applied magnetic field perpendicular
to the sample surface. Matching peaks occur at the expected
magnetic field values for a 30 nm hexagonal lattice, confirming a
successful fabrication process.
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Figure 2.15: (a) Resistances of a YBCO thin film with a hexagonal
array of 30-nm spaced columnar defects and an unirradiated reference
bridge fabricated on the same substrate. Inset: Optical microscopy
picture of the bridge taken after irradiation. The red dotted rectangle
marks the irradiated area of 36 x 16 1m?. (b) Critical current density
at 5 K and resistance at 72K of the irradiated bridge. The broken
lines indicate the number of vortices per unit cell of the hexagonal
CD lattice, corresponding to the matching fields B,, = m x 2.653 T.
Figure from appended publication 5. Copyright © 2022 Authors.
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Figure 2.16: (a) V-I isotherms at 66 K (red), 65.5K to 52K in
0.25 K steps, and 50K to 30K (blue) in 2K steps of the nanopatterned
sample at the matching field B; = 2.653 T. The green line indicates
the isotherm at 59.5 K, which is closest to the glass temperature
Ty = 59.4K. (b) V/I vs. I isotherms plotted according to the VG
scaling. The isotherms collapse onto the two universal functions §+
above and §_ below T}, respectively. The colors of the data points
represent the temperature and are the same as in panel (a). Figure
from appended publication 5. Copyright © 2022 Authors.

The V-I characteristics were measured in static magnetic
fields between 1.0 T to 8.0 T for temperatures in the vicinity of
the glass temperature Ty. Measurement results for an applied
magnetic field equal to the first matching field B, are shown in
Fig. 2.16. Theory predicts a critical scaling of parameters for the
continuous second-order phase transition between vortex or Bose
glass and the vortex liquid, which can experimentally accessed by
the V-I isotherms. Applying the scaling theories, one can deduce
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the graph shown in Fig. 2.16(b) resulting in qualitatively similar
findings compared to previous work. However the dynamic
parameter zyvg = 9.0 lies outside the reasonable range predicted
by the VG theory.

An evaluation of the V-I isotherms for the complete range
of applied magnetic fields reveals the systematic change of pa-
rameters as depicted in Fig. 2.17. While pristine YBCO shows
a nearly linear decrease of T, with increasing magnetic field, we
can observe the same behavior as long as the applied magnetic
field is not near a matching field. At the matching fields B; and
B,, peaks in the phase boundary Ty(B) are visible.

The scaling parameters vyg and zyg behave very differently
with respect to each other. The value of vyvg = 1.3 is indepen-
dent of the applied magnetic field within the range that has
been reported for pristine YBCO. The dynamic parameter zyg
changes drastically with variable B, first increasing slowly up
to zyg ~ 5.8 until B ~ 2.5 T, followed by a narrow peak at the
first matching field at By with a maximum value of zyg = 9.0,
clearly outside the 3-dimensional VG scaling range. For fields
above the peak at By, it quickly relaxes to a value of zyg = 6.5
for magnetic fields between 3T to 8 T. At the second matching
field, no distinct peak for zyg(B) is recognizable. Only a broader
bump is showing up at By, roughly being inside the margin of
erTors.

Converting the critical exponents to the ones of the BG
theory, we found vgg = 0.81 and zpg = 14 at Bj.
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Figure 2.17: Scaling parameters of the nanopatterned YBCO film.
The representative error bars indicate the uncertainty caused by
interdependence between the fit parameters Ty, zva, and vva. The
size of the symbols represents the uncertainty of the parameter when
the other two parameters are kept fixed. Solid lines are guides to
the eye. (a) The phase boundary between the vortex liquid and the
glass phase is represented by the glass temperature 73 as a function of
the external magnetic field. The grey dotted line symbolizes a linear
trend of Ty. (b) Parameters from the scaling analyses. Figure from
appended publication 5. Copyright © 2022 Authors.
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Contributions

This work was done in collaboration with the group of W. Lang
at the University of Vienna. The electric transport measurements
were performed by L. Backmeister, B. Aichner and W. Lang.
K. Wurster grew the YBCO thin film, I prepatterned the film
and performed the focused helium ion beam irradiation, L. Back-
meister and W. Lang analyzed the transport data. As all of the
authors, I contributed in discussion of the results and assisted
in writing the manuscript.

2.2.4 Publication 6:
Vortex matching at 6 T in YBa;CuzOy;_;
thin films by imprinting an ultradense
hexagonal pinning array with a focused
helium ion beam

In publication 3, artificial pinning arrays with commensurability
effects up to 0.4 T were fabricated by using a focused helium ion
beam setting a milestone in the manufacturing of sub-100 nm
pinning landscapes. However, there was still an opportunity to
further improve the process and dive deeper into the reduction
of the lattice parameter a approaching new limits. This publi-
cation deals with the advanced fabrication and investigation of
hexagonal pinning arrays in YBCO with matching effects up to
6 T with nearest-neighbor distances between artificial pinning
sites down to 20 nm.
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The first part describes the considerations taken into account
for the optimization of the irradiation process used in publica-
tion 3. Main steps of the manufacturing process are depicted in
Fig. 2.18. One important step is to use a reduced YBCO film
thickness below 50 nm since the acceleration voltage of the com-
mercially available HIM is limited to 30 keV, which will result in
larger lateral spread inside the sample compared to higher accel-
eration voltages, realizable with available helium ion implanters
as it was shown in publication 4. With a film thickness below
this threshold, it is no longer necessary to intentionally widen
the helium ion beam with the focusing lens in order to create
CDs in the YBCO as previously done in publications 3 and 4.
In this case, the HIM can be operated at optimal resolution
for the fixed aperture settings. An essential tool for finding a
suitable parameter range is the SRIM software simulation pack-
age, providing the collision trajectories and the ion damage to
generate cross-sectional damage profiles of the CDs within the
YBCO. For accurate and meaningful simulation results, the
beam diameter needs to be known, which can be estimated with
various methods. The simulation results for different pattern pa-
rameters are summarized in Fig. 2.19. From the simulations, one
can find well-separated CDs with superconducting percolation
paths in between for lattice spacings down to 20 nm. In contrast,
for an array with ¢ = 15nm, the overlap of the CDs becomes
more significant, thus reducing the contrast between regions with
modified and pristine YBCO. Experimentally, we used STEM
on a lamella, cut from a hexagonal lattice which was irradiated
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Figure 2.18: (a) XRD graph of the sample after PLD. (b) Optical
microscope image of bridge H20. (c¢) Schematic of the patterning
process inside the HIM. (d) Secondary electron image of a reference
pattern with a hexagonal a = 20 nm lattice, irradiated with D = 6 x
10*i/dot to visualize the pattern. The white spots is material blistered
by the high irradiation dose. Figure from appended publication 6.
Copyright © 2024
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Figure 2.19: SRIM simulations of the damage profiles mapped to
the corresponding T, suppression for both important cross-sections.
The z-y-plots show cuts at z = 15nm and the z-z-plots cuts at y = 0.
(a) Hexagonal lattices with different spacings of a 9nm full width at
half maximum (FWHM) He ion beam and a dose of 10*i/dot. (b)
Hexagonal lattice with fixed a = 20nm spacing and different doses.
Figure from appended publication 6. Copyright © 2024
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with a linear-scaled dose from 0.689ki/dot to 80ki/dot, to find,
that for low doses, the YBCO crystal structure is preserved,
while the amorphization becomes visible at the critical dose of
D. ~ 13ki/dot.

The optimal irradiation parameters used, were as follows:
Beam current was adjusted to 500 fA at Spot Control (SC)2equal
to 5 and the dimensions of the irradiated area were fixed to fit
inside a Field of View (FoV) of 30 pm, which not only kept the
irradiation time within reasonable ranges, but also decreased
beam precision errors which usually are proportional to different
powers of the FoV, depending on their root cause within the
electrostatic lens system in the ion beam column. As important
as the choice of the SC setting is the choice of ions per pinning
dot, for simplicity referred to as dose. Fig. 2.20 illustrates the
differences between pinning arrays fabricated on the same sub-
strate under equal conditions while varying SC and dose. While
Fig. 2.20(a) shows the resistivity p dependency with applied
magnetic field B for doses ranging from 1ki/dot to 10ki/dot,
one can see, that although matching effects are starting to be-
come visible at around 2ki/dot, strong pinning with prominent
matching dips at the first and second matching field occur only
at 10ki/dot, in accordance with our simulation results from
Fig. 2.19. In Fig. 2.20(b) the resistivity p(B) dependence is plot-
ted for different values of SC, showing that for a lower setting,

28C is a dimensionless setting (ranging from 1 to 10) which describes the
distance of the virtual source to the beam aperture. Higher values reduce
beam current but result in a narrower beam profile.
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Figure 2.20: Vortex matching effects in the resistivity vs field curves
of irradiated YBCO bridges. (a) Comparison of various doses ranging
from 1ki/dot to 10ki/dot. Magnetoresistivity of four samples at
T/T. ~ 0.96 after irradiation with an ¢ = 30 nm hexagonal pattern
using SC =4. (b) Comparison of different SC settings of the HIM with
a fixed dose of D = 3.5ki/dot. Two hexagonal pinning arrays with a =
30nm were prepared on the same substrate. The magnetoresistivity at
86.5 K, corresponding to T'/T. ~ 0.96 is plotted for both SC settings
used. Figure from appended publication 6. Copyright © 2024
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thus larger beam diameter, the qualitative matching behavior
is similar to the bridge irradiated with SC = 5, however, due to
the larger spot size, and therefore a enlarged volume of defects,
the resistivity is significantly increased.

The second part puts more focus on the electronic transport
properties of the fabricated sample with nearest-neighbor dis-
tance of 20 nm. For our study, several hexagonal CD arrays with
spacings from 30 nm to 15 nm and dose values from 10? ions/spot
to 10%ions/spot were fabricated. In agreement with the simu-
lations shown in Fig. 2.19, lattice spacings down to 20 nm lead
to well separated CDs, maintaining zero-resistance transport
characteristics, while sample H15 with ¢ = 15nm exhibits a
semiconducting temperature dependence without any supercon-
ducting transitions above 2 K. This marks the resolution limit
of the fabrication method due to the overlapping CDs, resulting
in a complete suppression of the superconducting properties.
Sample H20, with a 20 nm hexagonal pinning lattice, not only
has a remaining transition into the superconducting state, but
also clearly shows vortex matching effects in high magnetic fields
at 6T and over wide temperature ranging from 2K to 60 K
as shown in Fig. 2.21. For lower temperatures, the matching
peak at By = 6T can be identified more easily in the inset
of Fig. 2.21(a). In this graph, one can also make out that the
peaks at higher temperature are more pronounced due to a faster
decrease of the pinning force for intrinsic defects compared to
that of the CDs. Previous work on this topic did not identify
such a behavior, which indicates that this must be a natural
consequence of ultradense and strong pinning sites produced by
the irradiation with a helium ion beam.
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Figure 2.21: Vortex commensurability effects of sample H20 with a
hexagonal a = 20 nm CD lattice. (a) Critical current versus applied
magnetic field for temperatures ranging from 2K to 25 K. The inset
shows the same graph with critical currents normalized to the value
at the first matching field By. (b) Resistance versus applied magnetic
field for temperatures from 17.5 K to 60 K in steps of 2.5 K. The inset
shows a zoom-in on the first matching peak at higher temperatures.
Figure from appended publication 6. Copyright © 2024
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Contributions

This work was done in collaboration with the groups of W. Lang
at the University of Vienna, where the electric transport mea-
surements and the simulations of the CDs were performed by
B. Aichner and B. Budinskd. STEM lamella preparation and
examination was conducted by C. Magén in the Instituto de
Nanociencia y Materiales de Aragén at CSIC-Universidad de
Zaragoza on samples that were provided by C. Schmid and
R. Hutt. K. Wurster grew the YBCO thin film, I characterized
and prepatterned the thin film used for the transport experi-
ments conducted at Vienna Furthermore, I worked on improving
the irradiation and visualization process with the HIM and irra-
diated the samples for the electric transport measurements and
assisted in writing of the manuscript.
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Chapter 3

Conclusion and
outlook

As the first part of this thesis, JJs and SQUIDs based on the high-
transition temperature cuprate superconductor YBasCuzO7_g
have been successfully fabricated by using a helium ion mi-
croscope. Electric transport measurements were conducted to
investigate the physical properties of the created devices directly
after the irradiation process and to assess how they evolve with
time when stored under nitrogen atmosphere at room temper-
ature. The presented fabrication technique is highly versatile
and straightforward with respect to the needed process steps
compared to state-of-the-art GBJJs. It enables, for instance, the
placement of a magnetic nanoparticle on the prepatterned mi-
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crostrip in advance of writing the SQUID, thus lowering demands
on the positioning of the nanoparticle with micro manipulators by
leveraging the precision of the helium ion microscope. Whereas,
this thesis has only laid the foundation for such He-FIB devices,
this technique opens a path towards more sophisticated devices
like geometric m Josephson Junctions [44] or Bi-SQUIDs [45],
which can, in contrast to using other methods, be more easily
realized with this approach. However, due to the novelty of
both material and tool combination, observed effects are not
always completely understood, but require and invite for further
research.

In the second part of this thesis, the appealing physics of
vortex pinning arrays was investigated. With the same approach
as above, local cylindrical defect channels with regular patterns,
e.g quadratic and quasi-kagomé, were engineered and fabricated
in YBayCu3O7_5 with spacings down to 70nm by irradiation
with an intentionally defocused beam of a helium ion microscope.
The samples exhibited strong matching effects with temperatures
far below the critical temperature of the thin films, overcoming
the uncorrelated pinning sites from impurities and other crys-
tal defects. For the quasi-kagomé lattice, an unconventional
commensurability effect of magnetically caged interstitial vor-
tices, as well as the competition between the artificial pinning
landscape and the repelling vortex-vortex interaction could be
observed by measurements conducted at variable temperature.
Through measurements with an oblique applied magnetic field,
it was confirmed that the matching features solely depend on
the component parallel to the defect columns of the magnetic
field, which confirms that the magnetic flux is penetrated along
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the artificial cylindrical defect channels. Further optimization
resulted in a reduction in nearest neighbor distance to 30 nm
in a hexagonal pinning array, allowing for the observation of
an ordered Bose glass, marked by a characteristic scaling of
the voltage-current isotherms. Ultimately, a hexagonal pinning
lattice with a spacing of 20 nm was realized, with outstanding
commensurability effects of 6 T.

So far, in the publications presented above, it is only in two
fields, namely JJs and pinning arrays, that we have laid the
groundwork for this promising technology to develop its full
potential in the future. Thus, where we have only scratched the
surface of focused helium ion beam irradiated YBasCuzO7_5 so
far, it is now time to take a look underneath and reveal more of
its intriguing physics.

63






List of acronyms

dc direct current

YBCO YBayCusOr7_5

N2 nitrogen

HIM helium ion microscope
NIM neon ion microscope
GFIS gas field ion source

SQUID superconducting quantum interference device
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SEM scanning electron microscope

STEM scanning transmission electron microscope

Ga-FIB gallium focused ion beam

He-FIB helium focused ion beam

FIB focused ion beam

SIMS secondary ion mass spectroscopy

GL Ginzburg-Landau

GB grain boundary

JJ Josephson Junction

RCSJ resistively and capacitively shunted junction

CD cylindrical defect channel
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QK quasi-kagomé

MIBS masked ion-beam structuring

SRIM Stopping and Range of Ions in Matter

IVC Current Voltage Characteristic

MRI magnetic resonance imaging

MEG magnetoencephalography

SSM scanning SQUID microscope

SC Spot Control

FoV Field of View

PLD pulsed laser deposition

XRD X-ray diffraction
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FWHM full width at half maximum

VG vortex glass

BG Bose glass

OBG ordered Bose glass

LSAT (LaAl()g)O.g (SI"QT&AlO@)oj

NASA National Aeronautics and Space Administration

BSCCO B12 SI‘Q CaCUQ OS_A,_:,;

STO SrTiOj
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By scanning with a 30-keV focused He ion beam (He-FIB) across YBa,Cu3;0O; (YBCO) thin-film
microbridges, we create Josephson barriers with critical current density j. adjustable by irradiation dose
D. The dependence j.(D) yields an exponential decay. At 4.2 K, a transition from flux-flow to Joseph-
son behavior occurs when j, decreases below approximately 2 MA /cm?. The Josephson junctions exhibit
current-voltage characteristics (IVCs) that are well described by the resistively and capacitively shunted
junction model, without excess current for characteristic voltages ¥, < 1 mV. Devices on MgO and LSAT
substrates show nonhysteretic IVCs, while devices on SrTiO; show a small hysteresis. For all junctions,
an approximate scaling V, o« jcl/ % is found. He-FIB irradiation with a high dose produces barriers with
Jje =0 and high resistances of 10 kQ to 1 G. This provides the possibility to write highly resistive
walls or areas into YBCO using a He-FIB. Transmission electron microscopy reveals an amorphous phase
within the walls, whereas for lower doses the YBCO stays crystalline. We have also “drawn” supercon-
ducting quantum-interference devices (SQUIDs) by using a He-FIB for the definition of the SQUID hole

and the junctions. The SQUIDs show high performance, with flux noise < 500 n®,/Hz

white-noise limit for a device with 19 pH inductance.

DOI: 10.1103/PhysRevApplied.11.044082

L. INTRODUCTION

Josephson junctions (JJs), i.e., weak links between two
superconducting electrodes [1], are key elements in super-
conducting electronic circuits and are used both for basic
studies of superconductivity and for many applications
[2,3]. For conventional metallic superconductors, a mature
trilayer thin-film technology based on Nb electrodes, sepa-
rated by insulating or normal conducting barriers, has been
well established for decades. This technology offers fab-
rication of JJs on a wafer scale with a small spread of
characteristic parameters, such as critical current density
Jo and normal resistance times area p,, even with lateral JJ
size well below 1 um [4,5].

For the high-transition temperature (high-7,) cuprate
superconductors, JJ technology is much less mature.
Because of the complex nature of these materials, and
in particular their small coherence length associated with
strong sensitivity to defects on the atomic scale, a reliable
trilayer JJ technology does not exist so far. On the other
hand, the peculiar properties of cuprate superconductors,

*benedikt. mueller@uni-tuebingen.de
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such as high 7, large upper critical field, large energy
gap, and d-wave symmetry of the superconducting order
parameter, can provide major advantages, if JJ devices
and circuits can be realized with sufficient control over
JJ parameters. Promising examples are, e.g., in the field
of terahertz generation [6], self-biased rapid single flux
quantum circuits [7], or magnetometry based on supercon-
ducting quantum-interference devices (SQUIDs) [8,9].

Apart from intrinsic JJs in stacks of Bi,Sr,CaCu,Og 5
single crystals, used for terahertz generation [6], most
developed cuprate JJs are based on epitaxially grown
YBa,Cu307_5 (YBCO) thin films with 7. &~ 90 K that
also offer operation with cryocoolers or liquid nitrogen;
a large variety of JJ types have been developed and their
properties have been investigated [10—13].

Until recently, the most reliable, simple, and most fre-
quently used high-T7, JJs have been YBCO grain-boundary
(GB) JJs [11]. They are usually fabricated by the epitax-
ial growth of YBCO films on (rather expensive) bicrystal
substrates from only a few materials. The GBJJs can be
placed only along the single GB line, which not only
imposes topological limitations, but also limits the com-
plexity of feasible circuits. The more advanced biepitaxial

© 2019 American Physical Society
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technique allows one to fabricate so-called tilt-twist GBs
[12]. Such GBJJs can be distributed all over the chip and
one can even fabricate 0-7 JJs [14]. Still, GBJJs suffer
from hardly controllable inhomogeneity along the GB line,
which makes the properties of the JJs not very reproducible
and causes a substantial spread in JJ parameters. Alterna-
tive approaches to create Josephson barriers in cuprates are
based on local irradiation of thin films with a high-energy
focused electron beam [15—18] or on irradiation with high-
energy ions (protons [18], neon [19,20], oxygen [21,22])
through a lithographically defined mask with a nanogap.
The local irradiation drives the material from the super-
conducting to the normal conducting or even insulating
state. So far, this approach has been hampered by the fact
that it was not possible to create ultrathin Josephson barri-
ers that would provide JJs with high characteristic voltage
V. = jopn and current-voltage characteristics (IVCs) with-
out excess current that are well described by the resistively
and capacitively shunted junction (RCSJ) model [23,24].
This is an important prerequisite for many applications.
For reviews on various approaches to modify the proper-
ties of cuprate superconductors by local irradiation, see,
e.g., Refs. [25,26] and references therein.

With the recent development of helium ion microscopy
(HIM) [27], a sharply focused He ion beam with an
approximately 0.5-nm diameter can be used to irradiate
and modify cuprate superconductors on the nanoscale.
This approach has been successfully used by Cybart and
co-workers to fabricate JJs using focused helium-ion-beam
(He-FIB) irradiation of YBCO thin films, and they demon-
strated that the barriers in such He-FIB JJs can be changed
continuously from conducting to insulating by varying the
irradiation dose [28]. Moreover, the same group demon-
strated already the integration of He-FIB JJs into SQUID
devices [29], and the feasibility to use high-dose irradia-
tion for nanoscale patterning (without removing material)
in YBCO devices [30,31]. For a short review on this
approach, also including irradiation with a focused Ne ion
beam, see Ref. [32]. First attempts to extend this technique
to the fabrication of JJs in other cuprate materials have
been reported [33], and the creation of JJs in MgB, thin
films by He-FIB irradiation has been demonstrated very
recently [34].

Here, we report on the realization of He-FIB JJs in
YBCO thin films on different substrates. We focus on the
analysis of the electric-transport properties at 4.2 K of
such JJs, complemented by numerical simulations based
on the RCSJ model and on the dependence of the JJ
properties on irradiation dose. We also present results on
scanning transmission electron microscopy analysis of the
local structural modification of the YBCO films, which
can be made highly resistive by He-FIB irradiation with
a high dose. The latter feature has been used to fabricate
SQUIDs, by combination of medium-dose irradiation to
produce two JJs with high-dose irradiation to produce the

SQUID loop, and we demonstrate dc SQUID operation,
including low-noise performance.

II. DEVICE FABRICATION

We fabricate epitaxially grown c-axis-oriented YBCO
thin films of thickness d by pulsed laser deposition (PLD)
on various single-crystal (001)-oriented SrTiO; (STO),
MgO, and (LaAlO3)(3(Sr,AlTaOg)o7 (LSAT) substrates
(10 x 10 mm?). The crystalline quality of the YBCO films
is characterized by x-ray diffraction to determine the full
width at half maximum (FWHM) of the rocking curve of
the YBCO (005) peak and to extract d via Laue oscillations
at the YBCO (001) Bragg peak. YBCO films on STO sub-
strates are covered in situ by an epitaxially grown STO cap
layer with a thickness of 10 unit cells (3.9 nm). For details
on the PLD growth of our YBCO films on STO substrates,
as well as their structural and electric-transport properties,
see Refs. [35,36].

For electrical contacts on STO and MgO chips, we pho-
tolithographically define a resist mask, covering the central
area of the chips, remove an approximately 10-nm-thick
surface layer (including the STO cap layer) by Ar ion
milling, and in situ deposit a Au film by magnetron sput-
tering, followed by a lift-off process. For electrical contacts
on LSAT chips, we deposit in-situ, after the PLD pro-
cess, a Au film onto the YBCO by in-situ electron beam
evaporation after the PLD process. Subsequently, we pho-
tolithographically define a resist mask, covering the outer
area of the chips, and remove the Au film on the central
area of the chip by Ar ion milling.

Afterward, we use photolithography and Ar ion milling
to prepattern 156 YBCO microbridges of width w ~ 4 um
(and length ~ 200 um) on each chip for He ion irradiation
and electric-transport measurements in a four-point config-
uration. Table I gives an overview of the five chips, with
some basic properties of their YBCO microbridges, which
have been used for fabricating devices via He-FIB irra-
diation. A specific bridge on one of the chips is labeled
by the chip name, followed by -n for bridge number n,
e.g., STO-1-4 corresponds to bridge number 4 on the chip
STO-1.

TABLE L. Properties of studied chips with YBCO thin film
microbridges used for fabricating He-FIB-irradiated devices. To
calculate the effective penetration depth Acr = A7 /d, we assume
a London penetration depth A; = 250 nm.

Chip T, FWHM d w et
(substrate) (K) (deg) (nm) (um) (pum)
STO-1 89 0.11 50 32 1.25
STO-2 89 0.15 29 4.0 2.16
STO-3 91 0.08 46 38 1.36
MgO-1 89 0.17 53 4.1 1.18
LSAT-1 86 0.07 50 4.4 1.25
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(a) (b)

FIG. 1. (a) Schematic illustration of the He-FIB JJ geometry.
(b) SEM image of a JJ (visible as thin dark line) fabricated with
D = 600 ions/nm.

After prepatterning the YBCO microbridges, focused
He-ion-beam irradiation is done in a Zeiss Orion NanoFab
He/Ne ion microscope (HIM) with 30-keV He* ions. A
beam current of 200 fA is used, and the beam is focused
to a nominal diameter of 0.5 nm. A dwell time of 1 us
is used to irradiate line patterns with a dwell point spac-
ing of 0.25 nm, which corresponds to a single linescan
dose Dgp = Sions/nm. To obtain a certain line dose D =
Nds, a single linescan is repeated N times. To irradiate
an area, adjacent linescans are offset by A = 0.25 nm.
In that case, a line dose of, e.g., D = 100ions/nm corre-
sponds to an area dose of Dy = D/A = 400 ions/nm? or
4 x 10'®ions/cm?.

Figure 1(a) schematically illustrates the sample geom-
etry and irradiation process for a single JJ. A scanning
electron microscopy (SEM) image of STO-1-1 fabricated
with D = 600 ions/nm is shown in Fig. 1(b). The irradi-
ated linescan appears as a dark line in the SEM image
due to He-FIB-induced carbon deposition from residual
gas inside the He ion microscope chamber.

III. YBCO BRIDGES WITH HE-FIB-INDUCED
BARRIERS AND JOSEPHSON JUNCTIONS

In this section, we present results obtained from devices
fabricated on the chips listed in Table I.

A. Resistance vs temperature

Figure 2 shows measurements of the resistance R (at
constant bias current I, = 1 uA) vs temperature 7 of
two YBCO microbridges. The R(T) curve of STO-1-2,
measured before He ion irradiation, shows a decrease of
the resistance by about a factor of 3 from 300 to 100
K, with resistivity p(100K) ~ 190 u Qcm, followed by
a sharp transition to R < 1 Q at 7, = 89 K. After irradia-
tion with D = 700 ions/nm (and thus producing a JJ), the
R(T) curve of STO-1-2 shows an additional footlike struc-
ture with a plateau at R = 6.6 Q between approximately
40K and 7. (see inset). This foot structure is due to ther-
mally activated phase slippage [37] causing a finite voltage

7 T T T T T
6r STO-1-3 T
D = 2000 ions/nm

5 1

—~ 4} 1
30

g STO-1-2
=~ 3t —D=0 4
x _.20r—— p =700 ions/nm

2L 1

1k 1

0 20 40 60 80 100
0 \ . L T(K)
0 50 100 150 200 250 300

T(K)

FIG.2. R(T) dependence of YBCO bridge STO-1-2 before and
after irradiation and of STO-1-3 after irradiation. The inset shows
an enlargement of the resistive transitions of STO-1-2.

drop across the JJ when (upon increasing 7) the ther-
mal energy kzT approaches the Josephson coupling energy
E; = Iy®o/(27). Here, I is the noise-free critical current
of the JJ (which decreases with increasing 7) and @ is the
magnetic flux quantum. Accordingly, the plateau reflects
the situation when the measurable critical current /. drops
below the bias current I, causing the JJ to reach its nor-
mal state resistance R,. He-FIB irradiation with a high dose
fully suppresses /.. This is shown in Fig. 2 for sample STO-
1-3, which has been irradiated with D = 2000 ions/nm. At
T = 4.2 K, the resistance is > 20 k.

B. Transmission electron microscopy analysis

By the combination of atomic force microscopy and
scanning near-field optical microscopy, it has been shown
by Gozar et al. [33] that He-FIB irradiation with
doses above 10'®ions/cm? induces amorphous tracks in
Laj 4Sr).16CuOy4 thin films with a substantial lateral width
of approximately 500 nm. In contrast to this, He-FIB pro-
duced JJs in YBCO films have been reported to show
IVCs well described by the RCSJ model, indicating much
less lateral damage [28]. However, no results have been
reported on microstructural changes induced by a He-FIB
in YBCO films so far.

To image possible structural modifications induced by
He-FIB irradiation in our YBCO films, we use scanning
transmission electron microscopy (STEM). For the STEM
studies, we irradiate the YBCO bridge STO-1-4 with a
series of 14 parallel lines using increasing doses from
D =50 to 10°ions/nm, with well-defined spacing (200
nm in most cases) between adjacent lines. Subsequently,
we prepare a cross-sectional TEM lamella containing all
irradiated lines, by in situ lift-out using a Ga-FIB micro-
scope together with a micromanipulator. Figures 3(a)-3(d)

044082-3
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conssacs
1500 ions/nm
5

(100)

FIG. 3.

3000 ions/nm

F——5nm

Cross-section STEM images of the YBCO/STO interface (top/bottom, respectively) at the location of He-FIB irradiation

with increasing dose D from (a) to (d). Arrows indicate the widths of amorphous regions.

show cross-section STEM images, viewed along the [010]
zone axis, of four regions of the bottom part of the YBCO
film at the YBCO/STO interface that are irradiated with
D =700, 1000, 1500, and 3000 ions/nm, respectively. The
areas that are irradiated with D > 3000 ions/nm can be eas-
ily located in the STEM images due to significant changes
in the microstructure of the YBCO films. As we know
the exact spacing between the different areas irradiated
along the lamella, we can also easily localize in the STEM
images the areas that have been irradiated with lower D.
For D =700 and 1000ions/nm [cf. Figs. 3(a) and 3(b)],
we cannot identify any change in the structure of the irradi-
ated sections. For D = 1500 ions/nm, an amorphous track
of width w, ~ 4 nm appears [cf. Fig. 3(c)], increasing to
w, ~ 7 nm for D = 3000 ions/nm [cf. Fig. 3(d)]. We note
that with further increasing D, the amorphous track width
w, increases roughly linearly up to approximately 170 nm
for the highest dose D = 10° ions/nm that we investigate.

Our STEM analysis indicates that medium doses do not
induce significant structural damage of the YBCO crys-
tal lattice, which is consistent with the assumption that
the He-FIB easily moves oxygen ions from the Cu-O
chains to interstitial sites [30], thereby altering the local
electric-transport properties of YBCO on the nanometer
scale without destroying the crystal lattice as a whole.
Hence, He-FIB irradiation with a medium dose seems to

be a very promising approach for creating JJs in YBCO.
Moreover, we find that irradiation with larger doses of
some 1000 ions/nm induces amorphous, and hence pre-
sumably highly resistive, regions, but still with a relatively
small lateral extension of only a few nanometers.

C. Transport characteristics of He-FIB-induced
Josephson junctions

In the following, we present electric-transport char-
acteristics of approximately 50 YBCO brides that are
irradiated with doses up to D = 800 ions/nm to produce
JJs. We measure IVCs, i.e., current / vs voltage V, and
the modulation of the critical current /. in an externally
applied magnetic field B (perpendicular to the substrate
plane) in an electrically and magnetically shielded envi-
ronment, with the samples at 7 = 4.2 K immersed in liquid
He.

For all devices exhibiting IVCs that can be described
by the RCSJ model, we perform numerical simulations,
including thermal noise, to determine their noise-free crit-
ical current Jy, normal resistance R,, and capacitance
C. From these simulations, we determine the Stewart-
McCumber parameter B¢ = 2mlyR2C/®Py and also the
amount of excess current /, if present.
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FIG. 4. Electric-transport characteristics of He-FIB JJs fabri-
cated on different substrates: (a) IVCs showing experimental data
(solid lines) and numerical simulation results for / > 0 (dashed
lines) and (b) /.(B) patterns.

Figure 4 shows a representative set of IVCs [Fig. 4(a)]
and 7.(B) patterns [Fig. 4(b)] for JJs on different substrate
materials. Irradiation doses and characteristic JJ param-
eters are given in Table II. As shown by the simulated
curves [dashed lines in Fig. 4(a)], the IVCs can be well
described by the RCSJ model and do not show any excess
current. Only the JJ on STO shows a hysteresis in the
IVC, with a JJ capacitance C = 0.17pF and B¢ = 2.77
obtained from simulations. Data regarding B¢ for all JJs
are presented and discussed at the end of this section.

The I.(B) patterns shown in Fig. 4(b) exhibit clear mod-
ulation of the critical current with applied magnetic field;
however, they significantly deviate from the Fraunhofer-
like shape expected for homogeneous JJs in the short
junction limit w < 44, where

Dy

A= s
27 podett jo

1)

is the Josephson penetration depth with the effective JJ
inductance pode. Our YBCO films grown on STO have
a London penetration depth A, ~ 250 nm [38-41]. There-
fore, the devices discussed here are clearly in the thin-film
limit d <« A, and, hence, the effective penetration depth
Aeff = )L% /d (see Table I) should be used to determine
desr = 2Ae in Eq. (1). Thus, we obtain the values of A,
listed in Table IT and see that all JJs are in the long JJ limit
(w > 4xr)).

Moreover, since A; < Aefr, these JJs are in the nonlocal
regime [42-46]. In this regime, the /.(B) patterns can be
calculated analytically [42,46] only in the narrow JJ limit,
i.e., forw < Aerand w < AN, where AN = A2 /d is anon-
local Josephson length [42]; see Table II. In our case, the
above conditions are not really satisfied. Thus, our JJs are
in the intermediate regime, where the exact shape of 1.(B)
is not known. However, we can roughly estimate the value
of the penetration field B, [defined as a continuation of the
first lobe of the I.(B) dependence down to /. = 0] using
(i) the local long JJ model and (ii) the narrow nonlocal JJ
model [42] and compare them with experimentally mea-
sured values of B7}, given in Table II. The local long JJ
model yields BY = d)(]/(ﬂdeﬁ‘)\.j), whereas for a nonlo-
cal narrow JJ [42] BL1 = ®/(0.715w?) (independent of
Jo). By comparing these values with the experimental ones
(see Table II), we see that BY} for STO-1-5 and MgO-1-1
are better described by the nonlocal theory, while BS} for
LSAT-1-1 is closer to a local long JJ.

A detailed study of the /.(B) patterns of our He-FIB-
induced JJs is out of the scope of the work presented here.
Typically, our JJs on MgO have more irregular 7.(B) pat-
terns than those on STO and LSAT [cf. Fig. 4(b)]. This
result indicates more inhomogeneous barrier properties of
He-FIB-induced JJs on MgO and may either be attributed
to the much larger lattice mismatch between MgO and
YBCO and correspondingly poorer crystalline quality of

TABLE II. Irradiation doses and device parameters of JJs shown in Fig. 4.
D I R, v, c Be hy AN B BLO Bt
(ions/nm) (nA) () (V) (pF) (pum) (pum) (mT) (mT) (mT)
STO-1-5 700 99 7.44 737 0.17 2.77 0.42 1.8 0.31 0.63 0.28
MgO-1-1 500 178 3.07 546 0.15 0.77 0.37 2.6 0.25 0.75 0.17
LSAT-1-1 200 260 2.69 699 0.15 0.83 0.30 3.5 0.76 0.88 0.15
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YBCO films or stronger charging of the MgO substrates
that is observed during the He-FIB process.

In the following, we analyze the scaling of characteristic
JJ properties j., pn, and j.p, with irradiation dose D. Note
that devices irradiated with the lowest doses do not show
JI behavior. Therefore, we denote here all critical current
densities as j.. For all devices showing RCSJ behavior,
however, the values given here refer to the noise-free
values of jy obtained from numerical simulations.

Figure 5(a) summarizes j.(D) for all investigated
devices. We attribute the significant scatter (cf. e.g., the
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FIG.5. Dependence of device parameters on He ion line dose D
for various samples on different substrates: (a) j.(D), (b) p,(D),
and (c) j.pn(D). The dashed lines indicate the approximate
scaling behavior as discussed in the text.

data points for 700 ions/nm on STO-1) to instabilities in
the fabrication process that we have not yet optimized.
For instance, slight variations in the He-FIB focus spot
size and beam current both affect the barrier properties. In
spite of this scatter, we clearly find an exponential decay
Je(D) & jeoexp(—=D/Dy), with j.o =3 x 10’ A/cm? and
with Dy = 38ions/nm for LSAT-1 and Dy = 130ions/nm
for the other chips. The reason for the much stronger decay
of j.(D) on LSAT compared to the devices on STO or MgO
has not been clarified yet. Clearly, we do not find a correla-
tion of Dy with YBCO film thickness or crystalline quality
(cf. FWHM values in Table I).

Forj. < 2MA/cm?, the IVCs show RCSJ-like behav-
ior, whereas devices with higher critical current densities
yield flux-flow-type IVCs, as indicated by the gray area
in Fig. 5(a). Altogether, the range of variation of j. cov-
ers 5 orders of magnitude. We note that an exponentially
decaying behavior of j, is well known from cuprate grain
boundaries, where j. decays exponentially with the grain-
boundary misorientation angle ® [11,47,48]. In a theoret-
ical analysis of cuprate grain-boundary JJs, Graser et al.
[48] related the exponential decay of j.(®) to charging
of the interface near defects induced by the structural dis-
tortions at the grain boundary. For the He-FIB-induced JJ
barriers, the locally induced defect structure is not known
yet, and it remains to be clarified whether a similar charg-
ing mechanism is responsible for the exponential decay of
Je(D). A simple explanation of the exponential decay of
Je with increasing D would be a linear increase of the JJ
barrier thickness. As stated in Sec. B, the STEM analy-
sis yields a roughly linear increase of the amorphous track
width with increasing D for doses above 1000 ions/nm.
However, for lower doses, the STEM data do not allow
us to make a statement on the width of the induced defect
regions and their scaling with D.

Our analysis of the IVCs of He-FIB JJs produced with
variable doses also yields a systematic scaling of the resis-
tance times area product p, = R,wd ~ p,exp(D/2Dy)
with p,0 = 0.37nQ cm?; i.e., p, increases exponentially
with D as shown in Fig. 5(b). Interestingly, the stronger
decay of j.(D) for JJs on LSAT comes along with a
correspondingly stronger increase in p,(D); i.e., we can
use the same values of Dy for the scaling of p,(D) as
used for the scaling of j.(D). Accordingly, the character-
istic voltage V. = j.p, also shows an exponential scaling
Ve~ Vepexp(—=D/2Dy) with VC,O =Jeb Pno = 11mV, as
shown in Fig. 5(c). We note here that Figs. 5(b) and 5(c)
contain only data points that correspond to RCSJ-type
IVCs.

The fact that our analysis of the scaling of characteris-
tic JJ properties (j, pn, and V) with D can be described
by the same values of D indicates a universal scaling
of 7, with either j. or p, independent of substrate mate-
rial. This result is shown in Fig. 6, where we display
V.(jo) and V.(p,) for all investigated JJs. Despite the
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Je in (a) and I.R, o< 1/p, in (b) as discussed in the text.

significant scatter in the data, a clear trend is visible, which
can be described by I.R, ~ V.1 (j./je1)"/* [dashed line in
Fig. 6(a)], with ; = 2mV and j; = 10° A/cm? and by
IR, ~ V,1(pn1/pn) [dashed line in Fig. 6(b)] with p, ;1 =
2n§2 cm?. We note that an approximate scaling I.R, « +/jz
and I.R, o 1/p, has also been observed for many cuprate
grain-boundary JJs and other JJ types in cuprate supercon-
ductors, albeit with a slightly larger V,.; for the same j.
and p; [10]. However, we should also note that the exis-
tence or absence of a universal scaling of I.R, vs j. or p,
for all cuprate JJs and the origin of such a scaling has been
discussed controversially in the literature; see, e.g., Refs.
[10,11,16]. At least, for oxygen-depleted grain boundaries
[11], there seems to be consensus on the same scaling as
we see in our He-FIB JJs. This result is probably not sur-
prising, because the He-FIB irradiation induces such an
oxygen depletion [28].

So, obviously, for achieving large values of V., one
should use doses that are as small as possible to obtain

large values of j., but still provide JJs with RCSJ-type
IVCs. Moreover, for fabricating SQUIDs (cf. Sec. 1V),
one wants to have nonhysteretic IVCs, i.e., Bc < 1. To
address these issues, we determine from RCSJ simulations
the dependencies of B¢ and of the excess current densities
Je of our He-FIB JIs on j.

Figure 7(a) shows Bc(j.). We clearly find a significant
difference for devices on STO as compared to those on
LSAT or MgO. While for devices on LSAT and MgO the
values of B¢ are essentially independent of j. and yield
values between approximately 0.5 and 1, for devices on
STO, B¢ is always above 1 (up to approximately 4) and
decays with increasing j.. This result reflects the fact that
we observe hysteretic IVCs at 4.2K for all JJs on STO
substrates and nonhysteretic IVCs for all JJs on MgO and
LSAT. We attribute this behavior to a significant stray
capacitance contribution caused by the large permittivity
of STO at low T [49]. However, a more detailed analy-
sis of this behavior would require a systematic variation
of the JJ width, which we do not perform for the present
study. For YBCO grain-boundary JJs, the capacitance C
per area 4 has been found to vary roughly [11] within 10~°
to 10™* F/cm?, with a significant increase with increas-
ing j. from roughly 10% to 10® A/cm?. In contrast, for
our He-FIB JJs, we find for most devices C/A4 to scatter
within the range from 5 x 1075 to 2 x 10~* F/cm? with
no clear dependence on j, in the range from 2 x 10* to
2 x 10° A/em? (not shown).

Figure 7(b) shows the normalized excess current den-
sity Jje/je vsje. For the largest values of j., we do
find excess currents that decay with decreasing j. and
finally disappear at j. ~ 2 x 10° A/cm?. This behav-
ior seems to be independent of the substrate mate-
rial. The appearance of excess currents has also been
reported for cuprate grain-boundary JJs and electron-
beam damaged JJs with large current densities [11,16].
Such JJs are often modeled as superconductor—normal-
metal-superconductor (S—N—S) JJs. For He-FIB JJs
in YBCO films, Cybart et al. [28] reported on the
transition from S—N—S-type to superconductor-insulator-
superconductor-(S—/—S) type JJs upon increasing the irra-
diation dose. Our results are consistent with this observa-
tion; a more detailed analysis, however, requires transport
measurements at variable temperature, which we have not
performed so far in detail.

To conclude this section, we can state that for obtain-
ing devices that do not exhibit excess currents, one should
not exceed j. ~ 10° A/cm?. For devices on STO, however,
such low j, values come with values of ¢ clearly above
1, i.e., with hysteretic IVCs. The /.(B) patterns of devices
on MgO, on the other hand, show the strongest deviations
from a Fraunhofer-like behavior. Hence, at the current state
it seems that, among the substrate materials investigated
here, He-FIB JJ devices on LSAT are most promising for
applications.
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malized excess current j./j.(j.) for He-FIB JJs on different
substrates.

IV. HE-FIB-INDUCED DC SQUIDS

By irradiation with high He ion doses (typically for D 2
1000 ions/nm), j. can be fully suppressed, as shown in Fig.
2, and the He-FIB-induced barriers can be made highly
resistive (reaching even gigaohm resistances at 4.2 K for
D 2 5000 ions/nm). This technique offers the possibility
to define the sample geometry—ultimately on the nanome-
ter scale—via direct-write lithography, without removing
material by milling [30,31].

The combination of He-FIB irradiation with medium
and high doses provides a simple way of fabricating dc
SQUIDs from photolithographically prepatterned YBCO
thin-film bridges on single-crystal substrates, with tai-
lored JJ properties and SQUID inductance. We use this
approach to fabricate simple micro- and nano-SQUIDs on
STO, MgO, and LSAT substrates by first scanning over a
square-shaped area at the center of the prepatterned YBCO
bridge to define the SQUID “hole” (i.e., a highly resistive,
magnetically transparent area) and a subsequent linescan
across the whole width of the bridge using a medium dose
to produce the JJs. A SEM image of such a SQUID is
shown in the inset of Fig. 8(a) for a device fabricated

on STO-1 with a 1 x 1-um? hole (irradiated with D, =
4000 ions/nm?). Again, the locations of the JJs (irradiated
with D = 700ions/nm) and the SQUID hole are visible
via the He-FIB-induced carbon deposition.

Since the hysteresis in the IVCs severely limits the
performance of SQUIDs on STO substrates, the electric-
transport and noise data shown in the following are mea-
sured on a device fabricated on LSAT-1. On the LSAT
substrate, however, SEM imaging is only possible in poor
quality due to charging of the substrate. For the device
on LSAT, the SQUID hole is defined as a 300 x 300-nm?
square, irradiated with D4 = 4000 ions/nm?. The JJs are
fabricated by a linescan with D = 230 ions/nm and have a
width of approximately 2 pum each.

Figure 8(a) shows the IVCs for different applied mag-
netic flux to yield maximum (black) and minimum (red)
positive critical current, exhibiting neither hysteresis nor
excess current. From RCSJ simulations, we determine a
mean per-junction critical current Jy = 43.6 wA and nor-
mal state resistance R, = 9.50 Q2 (V. = 414 uV) and B¢ =
0.74. The dependence of the critical current ., of the
SQUID on the magnetic field is shown in Fig. 8(b) as
solid lines, together with the numerically simulated depen-
dence, based on the RCSJ model [50] (symbols). From
the simulations, we extract the screening parameter g, =
2I.L/®y = 0.79, inductance L = 19pH, and asymmetry
parameters [50] for the critical current oy = 0.145 and
inductance oy = —0.15. Figure 8(c) shows the voltage-
flux dependence of the SQUID for a range of bias currents
I, ~ £110 pA in steps of 4 wA. The dark dot near the
center on the curve for /, = —85 wA indicates the work-
ing point with a transfer function V¢, = 2.1 mV/®,, which
is used for the noise measurement shown in Fig. 9.

To determine the spectral density of flux noise S¢
vs frequency f of the SQUID, we use Magnicon SEL-
1 SQUID electronics [51] in direct readout mode [52].
Figure 9 shows the measured rms spectral density of
flux noise S(lb/ 2(f ) of the SQUID (red), together with
the background noise of the readout electronics (black).
The noise spectrum is dominated by frequency-dependent
excess noise, scaling roughly as Se o 1/f (1/f noise),
with a small bump (at approximately 10 kHz). This excess
noise extends all the way up to the cutoff frequency
fu1 = 166kHz of our readout electronics (limited by the
sampling rate of the analog-to-digital converter), where
it almost reaches the noise floor of the readout electron-
ics. For YBCO SQUIDs, one typically finds a strong 1/f
noise contribution due to /. fluctuations in the JJs [8].
This result is also probably the case for the SQUID pre-
sented here. To further clarify this, one should operate the
SQUIDs in current-bias reversal mode [53], which elimi-
nates the excess noise contribution from /. fluctuations. We
have already successfully demonstrated this approach for
YBCO nano-SQUIDs based on grain-boundary JJs [54];
however, for the simple SQUID layout without a suitable
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SQUID fabricated on STO-1. (b) Critical current vs mag-
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rents I, within approximately £110 A in steps of 4 uA. The
dark dot near the center indicates the working point for noise
measurement.
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on-chip flux coupling structure, as used in this work, it
is not possible to use this approach. At least, from the
noise data shown in Fig. 9, we can give an upper limit for
the thermal white noise Sy2, < 500 ndo/Hz!/2, which is

~

impressively low for a L ~ 20 pH SQUID.

V. CONCLUSIONS

We demonstrate the fabrication of YBCO Josephson
junctions and dc SQUIDs by using a focused He ion beam,
which locally modifies epitaxially grown YBCO thin films
and allows us to “write” Josephson barriers and insulat-
ing areas with high spatial resolution. The analysis of
the electric-transport properties at 4.2K of our He-FIB-
induced structures confirms and extends earlier results
obtained by Cybart and co-workers [28—30].

We study in detail the dependence of characteristic JJ
properties on the irradiation dose for devices on STO,
MgO, and LSAT substrates. Upon increasing the irradia-
tion dose, we find a transition from flux-flow to RCSJ-like
behavior with some excess current contribution that van-
ishes upon further increasing the dose. Moreover, we find
an exponential decay of the critical current density j, with
increasing dose. For currently unclear reasons, this decay
is much faster for devices on LSAT as compared to devices
on STO and MgO. Another major difference regarding JJ
behavior on different substrates is the observation of hys-
teretic IVCs for devices on STO, while devices on LSAT
and MgO show no hysteresis. We attribute the hysteresis in
the IVCs to a stray capacitance contribution from the STO
substrates. The analysis of the characteristic voltage V. of
the fabricated JJs yields an approximate scaling V.. o v/jo.
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Altogether, He-FIB 1Js offer new perspectives for creat-
ing Josephson devices, because of the possibility to control
the JJ properties by irradiation dose, even on the same sub-
strate, and to place the JJs at virtually arbitrary positions.
This flexibility obviously offers an enormous advantage
for creating advanced devices, in particular employing
multi-JJ configurations. Our detailed analysis of the JJ
properties can be helpful for designing optimized devices
for applications.

Moreover, irradiation with a high dose drives the mate-
rial to be highly resistive. In this regime, our STEM anal-
ysis shows the creation of amorphous tracks in the YBCO
films, which for not-too-high doses still have a lateral
extension down to only a few nanometers. This observa-
tion indicates that He-FIB irradiation is a promising tool
for nanopatterning (without removal of material) of YBCO
films with ultrahigh resolution. We use this feature to pro-
duce dc SQUIDs by patterning both the JJs and the SQUID
loop by He-FIB irradiation. For a device on LSAT, we
demonstrate very low flux noise in the thermal white-noise
regime. The observed low-frequency excess noise still has
to be investigated in detail in further studies. Although we
have not yet pushed to the ultimate limit of miniaturiza-
tion, we envisage that He-FIB irradiation should be ideally
suited for the realization of ultralow-noise nano-SQUIDs
[55,56] due to the high spatial resolution of helium ion
microscopy.
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We examined the temporal evolution of Josephson and resistive barriers created by a 30-keV focused
helium ion beam in microbridges of epitaxially grown single-crystal YBa,Cu3O7_; thin films. Repeated
electric transport measurements at 4.2 K within 300 days after irradiation revealed an increase in the
critical current density j. for devices stored at room temperature under nitrogen atmosphere. This behavior
can be described by a diffusion-based model of displaced chain oxygen moving back to original lattice

sites, thus healing the barrier and partially restoring critical current. We find that j. o

exp(—+/t/T) with

time ¢. The relaxation time 7 increases exponentially with helium irradiation dose and can exceed several
hundred days for high-quality Josephson junctions. To achieve higher diffusion rates and thus shorter
relaxation times, we annealed some devices in different oxygen partial pressures, right after irradiation.
Within a week, those junctions relaxed to a quasistable state, making this a feasible option to achieve

temporal stability of device parameters.

DOI: 10.1103/PhysRevApplied.21.014065

I. INTRODUCTION

The manufacturing of superconducting electronics
devices and circuits based on the high-transition tempera-
ture (high-7;) cuprate superconductors is still challenging.
Using a multilayer technology including trilayer Josephson
junctions (JJs), difficulties arise due to complex material
composition, the short superconductor coherence length
and the need for fully epitaxial layer growth [1,2]. So far,
high-T. JJ technologies are vastly based on single-layer
YBa;Cu3;07_5 (YBCO) thin films with grain boundaries as
Josephson barriers [3,4]. However, to rely on grain bound-
aries is heavily restricting with respect to possible circuit
designs. In the 1990s, another approach was pursued with
various attempts to create Josephson barriers in epitaxially
grown YBCO films by local irradiation with high-energetic
electron or ion beams [5-9]. However, the resulting barri-
ers were lacking quality, e.g., in terms of lower values of
the characteristic voltage V. (critical current times junction
resistance) and larger excess currents compared to grain-
boundary-based JJs. After the invention of the gas-field ion
source (GFIS) [10], which enabled unprecedentedly high
spatial resolution in focused-ion-beam (FIB) imaging and
patterning with 30-keV helium ions, a breakthrough in fab-
rication of JJs occured [11]. Since then, the fabrication of
JJs and more sophisticated devices by irradiating high-7.
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cuprate superconductors with a 30-keV focused He ion
beam (He FIB) was reported by several groups [12—16].

The mechanism behind the fabrication of He-FIB-
induced Josephson barriers in YBCO is, presumably as
follows. The accelerated He ions with an energy of 30
keV have significant momentum compared to electrons
and are capable of displacing the atoms in the YBCO lat-
tice. SRIM [17] simulations show that mainly the chain
oxygen, with approximately 1-eV binding energy [18]
is displaced, which creates oxygen vacancies in YBCO
[19]. Since superconductivity in YBCO heavily depends
on the oxygen doping, one can expect a local reduction
of the superconducting properties [20-22]. Therefore, He-
FIB irradiation introduces a local imbalance of doping,
which reduces with time due to thermal diffusion of oxy-
gen, which drives the system back towards a state of
(quasi)equilibrium.

Obviously, the temporal evolution of the He-FIB-
induced defect structure at the barrier directly affects the
electronic characteristics of the devices, i.e., device proper-
ties changes with time. This effect is certainly detrimental
to applications where stable device properties are required.
It has been shown already that devices can be stabi-
lized by annealing after irradiation. So far, annealing of
devices in YBCO was performed for devices produced by
irradiation with (80—120)-keV electrons with a scanning-
transmission-electron microscope [6] and 175-keV Ne™
ions using a trilayer implantation mask [23]. However, the
temporal evolution of parameters describing the electrical

© 2024 American Physical Society
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transport properties of YBCO JJs produced by He-FIB
irradiation has not yet been investigated, while research
of the temporal stability of ion-irradiated junctions using
nanolithography has already been reported [24,25]. Tem-
poral stability is useful not only for applications where
stable device parameters are needed over time but also for
research, e.g., in concurrent measurements that need some
time to setup. An easy known way for achieving temporal
stability of He-FIB JJs is to store them at cryogenic temper-
atures. However, this method is under most circumstances
not very suitable.

In this paper, we present the results obtained with
a different approach: we first investigated the temporal
evolution of electric transport parameters of He-FIB JJs,
which were stored at room temperature in a nitrogen
(N;) atmosphere. Subsequently, we investigated how an
annealing process with different oxygen (O,) partial pres-
sures changes the junction properties and their temporal
evolution.

II. SAMPLE FABRICATION

We fabricated epitaxially grown c-axis-oriented YBCO
thin films on 10 x 10 mm? single-crystal (100) (LaAlO3) 3
(Sr,AlTaOg)o7 (LSAT) substrates by pulsed-laser depo-
sition (PLD) with a 20-nm-thick in situ Au layer on top
deposited by electron-beam evaporation. For this study
we used two chips (1 and 2), which where fabricated
with nominally the same process parameters. To estimate
the quality of the unpatterned YBCO films, x-ray diffrac-
tion (XRD) was performed after film growth, and the
critical temperature 7, was measured using an inductive
method [26].

Figure 1 shows a representative set of XRD measure-
ments from chip 2. From the positions of the (00¢) Bragg
peaks along the 26 axis, the c-axis lattice constant of the
YBCO film was determined to be 11.67 A. A YBCO film
thickness d = 30 nm could be extracted from the Laue
fringes [27] at the YBCO (001) Bragg peak (see left inset
in Fig. 1). The right inset in Fig. 1 shows the rocking
curve of the YBCO (005) Bragg peak. The full with at
half maximum (FWHM) of the rocking curve is 0.069°,
thus indicating a high crystal quality. Our films yield 7, &~
89 K, with a transition width below 1 K. Both YBCO
films showed variations of their properties (7, thickness,
FWHM of the rocking curve and c-axis lattice constant)
below 5% of the given values.

For a two-step photolithography process we used a
MLA100 MASKLESS ALIGNER (Heidelberg Instruments) and
positive resist MA-P 1205 (Micro Resist Technology). Dur-
ing the first step we patterned the Au/YBCO bilayer by
Ar ion milling to create microbridges with width w =3
pm and contact pads covered by Au. During the second
step we removed the Au layer with commercially avail-
able Lugol’s iodine TECHNIETCH™ACI2 only on top of the

" (001)
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26 (deg)

185 190 195 200
w (deg)

Intensity (counts/s)

(009)

Intensity (counts/s)

(0010)

1

20 40 60 80
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FIG. 1. XRD data of the unpatterned chip 2. Main graph: 26-@
overview scan with (00¢) Bragg peaks. Left inset: enlargement
of the YBCO (001) peak with Laue fringes. Right inset: w scan
(rocking curve) at the YBCO (005) peak.

microbridges to expose the YBCO underneath, and along
narrow stripes across the contact pads to split the Au con-
tacts into two parts, enabling four-point measurements of
the junctions later on. On each chip, we fabricated eight
structures (A to H), each of which contain seven micro-
bridges (each 50 pwm long) in a meandering configuration.
Figure 2 shows an optical microscope image after lithog-
raphy of the central part of chip 2, structure A, denoted as
2A.

For He-FIB irradiation, the samples were mounted
(and electrically grounded) on an aluminum sample stub
and loaded into a ORION NANOFAB (Zeiss Microscopy).
Junctions with different line dose D were written by irra-
diating with a 30-keV He FIB along a line perpendicular

L

M e—
50 pm

LSAT

FIG. 2. Optical microscope image of the central part of struc-
ture 2A with seven microbridges after prepatterning.
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to the YBCO microbridges. The beam current for fixed
parameters of the ion focusing unit, e.g., spot size and
aperture, resulted in 325 fA for 1A, 300 fA for 2D, and
200 fA for 2E. The dwell time per pixel was set to 1 s
and the number of line repeats was varied to set different
dose values in units of ions per nm, which are directly pro-
portional to the beam current and automatically set for the
deflection unit by the used NanoPatterning and Visualiza-
tion Engine (NPVE). For typical beam currents of around
300 fA, the used doses from 100 to 1000 ions/nm require
about 10 to 100 repeats, respectively. Within each struc-
ture, we denote the seven junctions by the different line
doses used for He-FIB irradiation; for example, the junc-
tion on chip 1 located in structure A and irradiated with
D = 300 ions/nm is denoted as 1A-300.

II1. EXPERIMENTAL SETUP AND PROCEDURE

We measured current-voltage (/-V) characteristics and
the modulation of the critical current /; in an externally
applied magnetic field B (along the normal to the YBCO
film plane) in a current bias mode. For the /.(B) measure-
ments a voltage criterion of 3 WV was used to determine
I;. This criterion was 1 pV above the typical noise level
in our setup for the used gain settings of the preamplifiers.
Measurements were performed by immersing the samples
in liquid helium at temperature 7 = 4.2 K inside an elec-
trically and magnetically shielded environment within a
high-frequency shielding chamber.

In order to investigate the evolution of the properties of
the junctions over time, we define day zero (1 = 0) as the
day when the bridges have been He-FIB-irradiated to form
the JJs. Due to inevitable delays in the handling of the sam-
ple, the first measurement after the irradiation is conducted
at 0 < finitiat < 1 day. Furthermore, for the compensation
of errors on the time axis we tracked (and subtracted) the
time when the sample was in the measurement setup and
exposed to lower temperatures.

A. Temporal evolution of the properties of junctions
stored at room temperature

Chip 1 was stored in a flow box under N, atmo-
sphere between measurements to avoid degradation of the
YBCO surface due to air humidity [28]. Subsequently,
and repeatedly, the JJ properties have been measured. In
the beginning, measurements where performed more fre-
quently for a better resolution of the larger rate of change
of JJ properties right after irradiation.

B. Annealing at elevated temperatures

To stabilize the JJ properties, we annealed samples for a
certain time 7, in an oxygen partial pressure po,. Anneal-
ing was performed in a vacuum (annealing) chamber with
inlets for O, and N, with the sample placed on a resistive

heating element with an integrated temperature sensor.
A digital temperature controller OMRON ESAC was used to
set and keep the sensor temperature 7, constant during
annealing. After sample loading, the annealing chamber
was evacuated to an absolute pressure <0.1 mbar, then
flooded with oxygen and evacuated to <0.1 mbar again
to flush the chamber and the pipes from the gas bottle to
the annealing system. After this procedure, po, was set
to the desired value and the temperature was ramped up
to 7, = 90°C with a rate of 20 °C/min. Pristine YBCO
remains unharmed at 90 °C with no degradation even in
vacuum [29].

After writing barriers into structure 2D, the chip 2 was
annealed at po, = 950 mbar for #, = 30 min before the
annealing chamber was flooded with O, to ambient pres-
sure. Subsequently, the sample was placed onto a stainless
steel plate for cooldown, outside the chamber in air. After
completing measurements on structure 2D we wrote bar-
riers into structure 2E and annealed chip 2 in vacuum.
For this we just left the vacuum pump of the annealing
chamber connected after the flushing procedure, i.e., dur-
ing the subsequent annealing process for #, = 30 min we
had po, < 0.1 mbar. Subsequently, we switched off the
heater, vented the chamber with N, and then placed the
sample onto a stainless steel plate for cooldown, outside
the chamber in air.

Samples were measured directly after irradiation (at t =
0), have been annealed with the corresponding oxygen par-
tial pressure at = 1 day and measured subsequently all
within 2 days. After this, the chip was stored under N,
environment at room temperature and the junctions were
repeatedly measured.

C. Evaluation of /-V characteristics

For junctions irradiated with D 2 800 ions/nm, i.e.,
close to the transition from medium to high dose (where
amorphization sets in) [13], the /-V characteristics exhibit
al ~ 13 contribution, in addition to a linear scaling I ~ V'
(see Fig. 3), while for junctions with D < 500 ions/nm /-
V characteristics exhibit an excess current I,. In order
to consistently determine the normal state resistance R,
for all junctions, we applied an external magnetic field
to suppress the critical current /; and used the functional
dependence

1(V):aV3+R£+SgH(V)ch 1)

to fit all our measured /-V characteristics. Since I, was
never fully suppressed to zero, we discarded parts of the
I-V characteristics where | V] < 1 mV for the evaluation of
R,. Here, the 1-mV criterion was used, as this was the typ-
ical voltage level, above which the 7-V characteristics did
coincide for any value of applied external magnetic field.
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FIG. 3. [-V characteristics of junction 1A-1000 taken at the

first minimum (B = 0.94 mT) of /.(B) after t = 160 days clearly
bending away from an Ohmic resistance (dashed line) for larger
voltages. The upper left inset shows an enlargement of the /-7
characteristics at smaller voltages and currents. The lower right
inset shows a measurement of /. (B). The bottom axis refers to the
applied coil current and the top axis is the calculated magnetic
field from the experimentally determined coil constant by using
a Hall probe.

The maximum critical current /. m.x for each junction
was determined from the maximum of the recorded I.(B)
curves. Note that due to thermal noise rounding, the exper-
imentally determined / max can be significantly suppressed
below the noise-free maximum critical current /. From
numerical simulations of overdamped JJs within the resis-
tively and capacitively shunted junction (RCSJ) model,
one knows that for a noise parameter I' = /y;,/1p = 0.05,
with Iy, = 2wkg T/ Po, Iemax Of a nonhysteretic junction
is suppressed by approximately 10% (P is the magnetic
flux quantum and kg is the Boltzmann constant) [30]. With
In =~ 176 nA at T =4.2 K, a noise parameter I' = 0.05
corresponds to Iy ~ 3.5 pA, i.e., significant noise round-
ing is only expected for JJs with critical currents below a
few WA, which is only relevant for the junction 1A-1000,
for which the measured /; max is a lower bound.

IV. RESULTS AND DISCUSSION

Now we discuss and analyze the evolution of the elec-
tric transport properties of He-FIB JJs with time. Note that
unless stated otherwise, for simplicity, we denote now the
maximum (with respect to variable magnetic field B) crit-
ical current as /. and the corresponding maximum critical
current density as jo = I./(wd).

A. Temporal evolution of electric transport properties
of He-FIB JJs stored at room temperature

Here, we present results on He-FIB JJs, which were
stored at room temperature. Figure 4 shows the time

1A

-200

M 4
107 J_ .,......ﬂ.—-o——o-»—--—---o- - 10

106 b 4 10°

10°

Je (A/cm?)
I. (nA)

100k 10

10°

410"

10? 1 1 1 1 1 1
0 50 100 150 200 250 300

t (days)

FIG. 4. Time dependence of the critical current density j.(7)
(right axis: critical current ;) for junctions from 1A-100 to
1A-1000 and stored at room temperature. The dash-dotted and
dashed lines show fits to the experimental data (symbols),
obtained from Eqs. (2) and (3), respectively.

dependence of the critical current density j.(f) of the seven
JJs 1A-100 to 1A-1000 located in structure 1A over 160
days after irradiation. Obviously, j. is largest for the JJ
irradiated with the lowest dose D = 100 ions/nm (top
curve in Fig. 4) and smallest for the JJ irradiated with the
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highest dose D = 1000 ions/nm (bottom curve in Fig. 4).
We find a monotonous increase in j(f), which tends to sat-
urate for long enough times. However, we also see a clear
dose dependence in the evolution of j.(¢). For the lowest
dose (junction 1A-100), already after a few days j, satu-
rates. With increasing dose (junctions 1A-200 to 1A-400),
the time until saturation of j; is reached steadily increases,
and for the highest doses (junctions 1A-600 to 1A-1000)
Je(9) has not saturated at r = 288 days.

To fit the experimental data we used two different
equations

Je(®) = jero [1 — bexp (*%)} ; and )

Je(®) = Jeco |:1 - bexp (7\/2):| . 3)

Here j is the saturation (equilibrium) value of the criti-
cal current, which is achieved for # — co. This parameter
can be associated with unrecoverable damage in the barrier
region induced by He-FIB irradiation. The dimension-
less parameter b = (j¢,o —Je0) [Je,oo [Withjc,() =jc(t=0)]
describes the degree of nonequilibrium damage that was
created by He-FIB irradiation and which can still be recov-
ered with time (by annealing). » = 0 means that we are at
equilibrium already at # = 0 and there is nothing to recover.
b =1 means that the He-FIB irradiation initially com-
pletely suppresses the critical current density, i.e., joo =
0, but with time finite j, will appear. The parameter 7
describes the characteristic time scale (relaxation time)
that governs relaxation of the system to the equilibrium
state. The two formulas are similar, but Eq. (2) describes
the changes in j, due to a constant flux of oxygen atoms
diffusing towards the barrier, while Eq. (3) describes the
diffusion of a limited amount of oxygen atoms towards the
barrier. Equation (2) assumes that the sample is placed in
a oxygen atmosphere and the oxygen atoms diffuse into
the barrier from the outside; instead Eq. (3) assumes that
oxygen atoms that have been displaced during He-FIB irra-
diation diffuse back similar to Einstein diffusion. By using
Egs. (2) and (3) to fit the data shown in Fig. 4, we conclude
that Eq. (3) allows to fit the experimental data more con-
sistently at smaller times for devices irradiated with higher
doses.

As a result of fitting with Eq. (3) we obtain the dose
dependence of the fitting parameters j. o, b, and T as
shown in Fig. 5. For j o we find an exponential decay with
increasing dose [see Fig. 5(a)], i.e.,

jc,:x: (D) %]c,oo(o) eXP(—D/Do), (4)
with je0o(0) = 3.2 x 107 A/ecm? and Dy = 191 ions/nm.

The value for j.~(0) corresponds to the critical cur-
rent density of unirradiated YBCO films at 4.2 K; this

s
10 T T T T T
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v
’
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N
N
N

— e
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10°
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FIG. 5. Dose dependence of the parameters j. ~, (a), b (b), and
7 (c) extracted from the fits with Eq. (3) to j.(¢#) data shown in
Fig. 4. For the two highest dose values, the j. o values [open
symbols in (a)] have been fixed for the fitting procedure to obtain
b and t [31]. The confidence intervals provided by the fitting
algorithm are shown as error bars.

coincides quite well with the corresponding value given
in Ref. [13]. The value for the characteristic dose D,
obtained in the present study is slightly higher than the
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FIG. 6. Experimentally determined critical current density j.
versus irradiation dose D for junctions from 1A, measured at dif-
ferent times ¢ after irradiation (indicated by the color scale). For
comparison the fit parameter j (D) is shown as black squares.

value Dy = 130 ions/nm found for the exponential scaling
of j.(D) (measured at some finite #) for YBCO He-FIB
JJs on SrTiO; (STO) or MgO substrates and significantly
higher than Dy = 38 ions/nm found for YBCO He-FIB JJs
on a LSAT substrate [13]. The reason for the low value
of Dy = 38 ions/nm on LSAT in Ref. [13] has not yet been
clarified. We note that we observe the tendency that for our
YBCO He-FIB JJs produced on the same chip (typically on
LSAT substrates), we always find an exponential decay of
Je(D) with a well-defined Dy. However, the value of Dy
can vary significantly from chip to chip. Currently, it is not
clear whether D is related to and affected by the YBCO
film quality or by the conditions in the helium ion micro-
scope. What is obvious from the study presented here is the
fact that Dy is also affected by the time 7 (samples stored at
room temparature) after He-FIB irradiation. This is illus-
trated in Fig. 6, which shows the same experimental data
(dots) as in Fig. 4, but now plotted as j.(D) for different
values of 7, together with j; - (D) (squares) from Fig. 5(a).
Clearly, with increasing ¢ the slope |3 logj./dD| decreases,
i.e., Dy increases, approaching asymptotically the scaling
of je0o (D). Thus, experimentally measured j.(D) tends to
decrease the slope with time and becomes more straight.

The scaling of b(D), shown in Fig. 5(b), is approxi-
mately linear for D < 600 ions/nm and saturates to b ~
1 for larger D. In the latter case, the permanent and
nonequilibrium damage make j o = 0. However, if one
removes nonequilibrium damage by storing at room tem-
perature, j. recovers to some finite value, which is caused
by permanent damage only.

Obviously, the characteristic time for recovery increases
with D. This is illustrated in Fig. 5(c), which shows that

the time constant 7 increases exponentially with dose and
can be described by

7(D) ~ toexp(D/ Do), ®)

with 7o = 1 day and Dy, = 89 ions/nm. Interestingly, the
value of Dy, is not far from half of the value of Dy. How-
ever, it is not clear whether or not this is just a coincidence.
Still, it is worthwhile to note that for typical doses required
to create RCSJ-like Josephson junctions without an excess
current, i.e., D 2 500 ions/nm, the value of T > 100 days.
This means that the properties of junctions produced with
such doses change over significant time scales of up to a
year, if they are stored at room temperature.

In addition to j (r) shown in Fig. 4, we also measured the
time evolution R, (7) and calculated py, () (not shown). This
allows us to calculate V.(f) = j.(f)pn(?) and its evolution
during annealing, see Fig. 7. In Ref. [13] we showed that
the exponential scaling of characteristic He-FIB JJ prop-
erties (je, pn = Rywd and the characteristic voltage V, =
IR, = j.pn) With D can be described by the same values of
Dy, indicating a universal scaling of V; with either j; or py,
and we found an approximate scaling V, & V1 (jc/je.1) />
Now, for the He-FIB JJs described here, we find the same
scaling V. o<jcl/2, as shown in Fig. 7. Note that this is not
only true for the junctions measured directly after irradia-
tion, but also for junctions stored at room temperature and
remeasured over the whole time of the experiment (up to
t = 288 days), i.e., for the same junction, the data points
move with ¢ along the 7, ocjcl/2 line. The data points for
the He-FIB JJs 1A-400, 1A-600, and 1A-800 follow the
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FIG. 7. jepn versus j. for He-FIB JJs (from 1A) stored at room
temperature and measured at different times ¢ after irradiation
(indicated by the color scale). The dashed and dotted lines rep-
resent jepn = Ve1v/jc/je1, With Vo1 = 2 and 8 mV, respectively
(e = 10° A/cm?).
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same scaling with 7,; =2 mV and j.; = 10° A/cm? as
reported in Ref. [13]. However the data points for junction
1A-1000 with D = 1000 ions/nm show a significant offset,
i.e., they also show the scaling ¥ ocji’?, but now with
a factor of 4 larger V.; = 8 mV and j.; = 10° A/em?.
In conclusion, we observed an increase in the critical cur-
rent density, respectively, a decrease in the resistivity, over
time when devices were stored at room temperature. With
our diffusion-based model, a reasonable explanation is, that
oxygen atoms displaced during irradiation to interstitial
lattice sites are diffusing back to their original position,
healing the barrier and thus the critical current density
increases.

B. Temporal evolution of electric transport properties
of He-FIB JJs that were annealed after irradiation

The temporal evolution of the critical current density
of He-FIB JJs from structure 2D is presented in Fig. 8.
Those junctions have been annealed twice (at 90 °C) in
oxygen (po, = 950 mbar) for 30 min at day 1 and day 41
(jo measurements on day 1 and 41 have been performed
after annealing). Annealing the junctions at day 1 caused
an increase in j. and a decrease in p,, respectively, just
after the annealing step. After 1 week the critical cur-
rents were reduced, but still maintained higher values than
obtained directly after irradiation. In the following weeks
Je did not change significantly, indicating that the junctions
have reached a quasistable state. On day 41 we repeated the
same annealing procedure with the already annealed junc-
tions. The temporal evolution of j. showed qualitatively
the same behavior as after the first annealing step, however
Je values are higher and there seems to appear now a short
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FIG. 8. Temporal evolution of the critical current density j.
(normalized to j. at ¢ = tiyiti1) of He-FIB JJs from 2D, which
were annealed at 90°C for 30 min in po, = 950 mbar.

but finite relaxation time until another quasistable state has
been reached.

In Fig. 9, the data from Fig. 8 are plotted against the
dose D for substantial points in time, namely after irra-
diation (f = finiiyy) and for both quasistable states after
relaxation following the first and second annealing step
(t=21 and 61 days, respectively). We find, that with
comparable initial critical current densities (right after
He-FIB irradiation), the first annealing step increased j,
equivalently to roughly 100 days of storing at room tem-
perature, while the second annealing step produced another
increase in j,, albeit at a moderate level. Moreover, the
junctions after annealing do not exhibit a significant fur-
ther change in j, with time (cf. Fig. 8), which one would
expect if following the time evolution shown in Fig. 4,
but remained unchanged in their electric transport proper-
ties. This clearly indicates that moderate thermal annealing
after He-FIB irradiation clearly stabilizes the irradiation-
induced defect structure.

Similar to the graph in Fig. 7 the overall scaling V. (j.)
for the annealed junctions is shown in Fig. 10. As the junc-
tions stored at room temperature, the annealed junctions
follow the same ¥V, jcl/ 2 scaling indicated by the dotted
and dashed lines. In addition one can see that the higher-
dose junctions are shifted towards higher characteristic
voltages for the same critical current density.

For comparison, and to rule out the possibility that the
increase in j. shortly after annealing is caused by the
high oxygen pressure in the annealing chamber during the
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FIG. 9. Critical current density j. versus irradiation dose D for
He-FIB JJs from 2D (annealed at 90°C for 30 min in po, =
950 mbar), measured at substantial times (f = finitial, 21 days
and 61 days). For comparison, we show results from JJs from
1A—stored at room temperature—for the initial critical cur-
rent density (black crosses) and jc (D) (dashed line and black
sqares).
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treatment, we performed annealing of He-FIB JJs from
structure 2E at po, < 0.1 mbar. Here, we could not observe
a substantial difference of the temporal evolution of j. as
compared to junctions annealed at po, = 950 mbar. This
observation indicates, that the restoring of critical current
density with annealing (or also simply by storing at room
temperature) is due to the diffusion of oxygen atoms that
have been displaced (probably to interstitial sites) by He-
FIB irradiation and that are diffusing back to lattice sites.
Obviously, the annealing process significantly speeds up
the relaxation (back diffusion) to a quasistable state with
stable electric transport properties.

V. CONCLUSIONS

‘We fabricated Josephson barriers in prepatterned 3-pm-
wide microbridges of epitaxially grown YBCO thin films
by scanning a focused He ion beam across the bridges,
which locally modifies the superconducting properties of
the thin film. In detail, we studied the temporal evolu-
tion of characteristic junction properties for devices stored
at room temperature and found that this process can be
best described by a diffusion-based model, corresponding
to a limited amount of oxygen diffusing back towards the
barrier. Moreover, fitting of the experimentally observed
temporal evolution of critical current density with time,
allowed us to extract the dose dependence of the fitting
parameters jc o, b and 7. For high-quality junctions, cor-
responding to doses in the range of 600800 ions/nm, the
relaxation time is typically ¢ ~ 100-1000 days, exceeding
any feasible timescale to wait for the equilibrium state. The
analysis of the characteristic voltages V. of the fabricated

devices yield a scaling V, o /], also reported in previous
work [13], but now this scaling holds true even for junc-
tions stored at room temperature over the whole time of
the experiment.

Furthermore, we examined the behavior of devices
when treated with an annealing step at high oxygen pres-
sures. Directly after the treatment the critical current den-
sity j. increased before relaxing into a quasistable state
within the first week. A repeated annealing step increased
Je only marginally, but indicated a slightly larger relaxation
time of roughly 2 weeks. In comparison to junctions stored
at room temperature, the annealing process accelerated the
increase in j. to roughly an equivalent of 100 days stor-
ing at room temperature. Additionally, for annealing at low
oxygen pressures we did not observe any substantial dif-
ferences in the behavior of the annealed devices annealed
at high oxygen pressure. This indicates that predominantly
the oxygen atoms displaced during He-FIB irradiation are
diffusing back towards the original lattice sites.

Although some enigma remains to be examined in fur-
ther studies, we revealed how characteristic properties of
He-FIB JJs in YBCO evolve with time when stored at room
temperature and confirmed a strategy to stabilize their
properties. The stabilization of device parameters after
annealing is expected to result in smaller spread (in par-
ticular, over time) and improved device uniformity. This in
turn will significantly support the development of complex
multijunction circuits (e.g., for digital applications) with
different j. (produced by different dose values) yielding
e.g., better operation margins. So far, we have not system-
atically varied the annealing procedure, and there might
still be room for improvements. In particular, one might
implement an in situ annealing procedure with the He-FIB
circuit fabrication process by utilizing the heating stage
of the Orion NanoFab. We anticipate that such an in situ
process might provide stable parameters immediately fol-
lowing the He-FIB irradiation, thus further increasing the
feasibility of this technology.
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ABSTRACT: Magnetic fields penetrate a type II superconductor as magnetic flux quanta, called vortices. In a clean
superconductor they arrange in a hexagonal lattice, while by addition of periodic artificial pinning centers many other
arrangements can be realized. Using the focused beam of a helium ion microscope, we have fabricated periodic patterns of dense
pinning centers with spacings as small as 70 nm in thin films of the cuprate superconductor YBa,Cu;0,_s. In these ultradense
kagomé-like patterns, the voids lead to magnetic caging of vortices, resulting in unconventional commensurability effects that
manifest themselves as peaks in the critical current and minima in the resistance versus applied magnetic field up to ~0.4 T. The
various vortex patterns at different magnetic fields are analyzed by molecular dynamics simulations of vortex motion, and the
magnetic field dependence of the critical current is confirmed. These findings open the way for a controlled manipulation of
vortices in cuprate superconductors by artificial sub-100 nm pinning landscapes.

KEYWORDS: helium ion microscope, cuprate superconductor, vortex pinning lattice, commensurability effects, critical current

1. INTRODUCTION

Superconductivity is one of the most intriguing phenomena in
condensed matter physics, and in particular the cuprate
superconductors pose a challenge to the understanding of
their electron-pairing mechanism. Still, their high transition
temperature T, and their possible high operating temperature
in the accessible range of reliable and easy-to-handle
cryocooler technology make the cuprate superconductors
primary candidates for emerging technologies. However, all
superconductors are only marginally suitable for technical

< ACS Publications — © 2019 American Chemical Society

5108

applications in their pure and clean form. It is by the
introduction of controlled defects that superconductors can be
tailored for many important properties, e.g., by enhancing their
ability to carry a lossless current, which requires to impede the
dissipative motion of magnetic flux quanta, also called
Abrikosov vortices or fluxons."
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Figure 1. (a) Schematic drawing of direct modification of the local superconducting properties in a HIM. (b) HIM image of a quasi-kagomé test
pattern of HIM-induced defects in a YBCO film, irradiated with a fully focused beam and with S X 10 ions/spot, i.e., with a 333 times larger
number than in (c). The lattice spacing is @ = 90 nm. Inset: sketch of the YBCO thin film samples (dark gray), the 200 #gm X 100 ym rectangular
irradiated area (red broken lines), direction of the applied current I, and the voltage probes V. (c) Simulation of defect-induced spatial distribution
of T of a YBCO film (within sheets at various depths z from the surface z = 0), upon irradiating one spot with a defocused 30 keV He" ion beam
with a Gaussian normal distributed fluence of 20 nm fwhm diameter. The number of impacting ions (15000) is the same as in the experiments (per
spot) and corresponds to an average fluence of 4.8 X 10" cm™. (d) Sketch of the pinning lattice with lattice spacing a: red disks represent
irradiated spots, the blue dashed lines indicate the unit cell of the quasi-kagomé tiling, and gray crosses mark those sites that were removed from the

hexagonal lattice to form the quasi-kagomé tiling.

Whereas such enhanced vortex pinning in conventional
metallic superconductors, typically used for medical applica-
tions and high-field magnets, has been achieved by metal-
lurgical techniques, the brittle nature of cuprate high-T,
superconductors (HTSCs) requires different concepts. A
successful approach is to create columnar amorphous regions
with diameters of a few times the superconducting coherence
length by irradiation with swift heavy ions.”

In contrast to these extended defects, point defects can be
created by inclusion of tiny nonsuperconducting particles® or
by electron, proton, and light ion irradiation of HTSCs. For
energies up to few megaelectronvolts the incident particles
collide with a nucleus and displace it, eventually creating a
collision cascade for high enough recoil energies. Several
studies’™® have revealed that irradiation with He* ions of
moderate energy is well suitable to tailor the superconducting
properties in thin films of the prototypical HTSC
YBa,Cu;0,_5 (YBCO) by displacing mainly oxygen atoms,
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leading to a controllable reduction or even complete
suppression of T. Arrays of cylindrical defect channels
(CDs) that are populated with point defects provide a
landscape in which superconductivity is locally suppressed.
Recently, it has been demonstrated’™"* that such pinning
potential landscapes allow one to accommodate vortices in a
commensurate arrangement, leading to peaks in the critical
current and minima of the resistance at well-defined matching
magnetic fields.

In the field of vortex commensurability effects, a large body
of research has been established for metallic superconductors,
typically using an array of holes (antidots) or blind holes with
about 1 pm spacings.”® Considerably narrower spacings have
been achieved for thin Nb films grown on porous
substrates.'®'” However, in these superconductors, the
Ginzburg—Landau coherence length at zero temperature is
on the order of £(0) ~ 10 nm and the London penetration
depth on the order of 4,(0) ~ 100 nm, the latter setting the
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range of magnetic interaction between vortices. Commensur-
ability effects could be explored only at temperatures T very
close to T,, taking advantage of the fact that A, (T) = 2,(0)[T./
(T. — T)]"? increases substantially when approaching T.. But
choosing a rather high operation temperature is not feasible for
practical applications since it is on the expense of a reduced
superconducting gap, weaker pinning potential, and enhanced
thermodynamic fluctuations.

On the other hand, thin films of YBCO have an in-plane
Ap,a(0) ~ 250 nm,"*™*" and edge and screw dislocations, as
one important type of intrinsic defects in YBCO films, have
typical distances of about 300 nm.”* Still, commensurability
effects could be demonstrated close to T, in YBCO perforated
with a square array of holes with 1 um lattice spacing.r‘ But
since intrinsic defects compete with the artificially created
pinning landscape, it is important to fabricate and investigate
pinning arrays with lattice spacings significantly below these
two characteristic lengths. Here, we report on the electrical
transport properties of ultradense unconventional pinning
arrays in YBCO thin films with spacings down to 70 nm,
fabricated with a helium ion microscope, and we demonstrate
pronounced commensurability effects at strong magnetic fields
well above 100 mT which persist down to at least ~S0K, i.e.,
far below T..

2. RESULTS AND DISCUSSION

2.1. Irradiation in the Helium lon Microscope. The
ZEISS ORION NanoFab** is a novel multifunctional platform
combining focused ion beam sources for neon and helium ions
and a scanning helium ion microscope (HIM) with a spatial
resolution better than 0.5 nm and unprecedented depth of
focus.”> ™7 The HIM consists of a gas-field He" ion source that
emits ions from an ultrasharp tip, electrostatic ion optics to
focus and trim the beam, and a deflection system to raster the
beam over the sample stage as it is outlined in Figure 1a. The
advantage of using a He beam over the conventional Ga
focused ion beam technique is its higher spatial resolution
(fabrication of nanopores down to 1.3 nm has been
demonstrated*®) and the prevention of contamination of the
HTSC by Ga ions. As a first application in YBCO, the
fabrication of Josephson junctions and superconducting
quantum interference devices has been demonstrated via
forming thin barriers of insulating material with the focused
ion beam across prepatterned microbridges.”””>*

However, for the fabrication of vortex pinning defects, the
HIM in its original operation mode is less suitable. On the one
hand, it is known that the diameter of defects suitable for
vortex pinning must not be smaller than the superconducting
coherence length, which is £,,(0) =~ 1.2 nm in YBCO.* On the
other hand, the inherent deflection of the ion trajectories by
scattering at the target atoms when traversing the material will
cause a blurring of the focus with increasing depth. In this
situation the fluence of the He" ions decreases strongly from
the surface to the back of the YBCO film. To achieve a high
enough ion fluence for suppression of T, throughout the entire
film thickness, the intensity of the focused ion beam must then
be set to such a high value that amorphization of the YBCO
crystal lattice”*” and mechanical destruction near the sample’s
surface result. This is illustrated in Figure 1b which was
recorded in the HIM after irradiation of a test pattern with an
optimally focused He" ion beam with a much larger number of
ions/spot than normally used in our experiments. Around the
impact point of the focused ion beam the YBCO structure is
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completely destroyed and blisters with about 50 nm diameter
bulge out of the surface, while under the regular conditions for
fabrication of pinning lattices, the irradiated areas are invisible
in both the HIM and with scanning electron microscopy.

To avoid these shortcomings and irradiate a well-defined
area, our approach uses an intentionally defocused ion beam.
This is achieved by first adjusting the HIM settings to highest
resolution and afterward changing the working distance (beam
focus plane) by 8 um. The aperture angle of the ion beam is
+0.07°%; hence, the ion beam hits the sample surface almost
orthogonally with a nearly Gaussian fluence profile*® with a full
width at half maximum (fwhm) of about 20 nm.

The resulting three-dimensional shape of CDs with
suppressed T, is inferred from simulations of ion—matter
interaction and collision cascades with the program SRIM**
and calibrated to experimental data of T, suppression as a
function of defect density. Details of such calculations are
reported elsewhere.”> A defocused 30 keV He* beam of 20 nm
fwhm diameter creates well-defined cylindrical channels with
diameters ~25nm in a YBCO film within which T, is
suppressed or reduced up to a depth of 80 nm, as evidenced in
Figure lc. In thicker YBCO films, however, the collision
cascades are prone to substantial straggling which leads to
blurring of the profile and insufficient reduction of T, due to a
lower defect density as it has been observed in heavy-ion-
irradiated YBCO single crystals.*®

2.2. Vortex Commensurability Effects in Quasi-
Kagomé Vortex Pinning Arrays. As a proof-of-concept
experiment we have fabricated a square array of columnar
defect cylinders with a defocused ion beam of fwhm = 50 nm
and with a lattice spacing (nearest-neighbor distance) a = 200
nm in a 80 nm thick YBCO film and measured the critical
current I.(B,) in the superconducting state and the magneto-
resistance R(B,) in the voltage state as a function of the applied
magnetic field B,. The parameters were chosen similarly to
previous experiments performed with masked ion beam
irradiation.'™"* Consistently, a clear peak of I.(B,) corre-
sponding to a minimum of R(B,) is found when each CD is
filled by one vortex, and a tiny feature can be noticed for filling
of each CD by two vortices (see the Supporting Information).

Pinning lattices can be designed not only with common
hexagonal’’” or square tilings'> but also as more complex
periodic or even quasi-periodic tilings that exhibit a number of
unusual phenomena. Some examples of such arrays have been
studied theoretically”® *' and experimentally in metallic
superconductors with holes*~** and magnetic dots, ™ like
Penrose, >+ honeycomb,m' and kagoméiu lattices and
artificial vortex ice arrangements in geometrically frustrated
pinninsg lattices.”’ ™ In HTSCs, such studies have been
scarce’” due to the much more demanding nanopatterning.

The particular advantage of irradiation in the HIM over
other nanopatterning techniques is the higher spatial resolution
and the ability to easily produce any desired pattern. We
demonstrate this by the fabrication of quasi-kagomé pinning
lattices with ultrasmall lattice spacing a = 90 nm (sample
QK90) and 70 nm (sample QK70). The quasi-kagomé lattice
is formed from a hexagonal lattice, where three neighboring
sites are not occupied,” as sketched in Figure 1d. The quasi-
kagomé lattice consists of vertex triangles with six sites per unit
cell and large voids. It provides a unique platform to investigate
the competition between pinning potentials and elastic energy
of the vortex lattice. The quasi-kagomé lattice is a more
extreme variant of the genuine kagomé tiling, which is formed
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Figure 2. (a) Magnetic field dependence of the normalized critical current at 83 K (blue squares) and resistivity at 83.5 K (red triangles) of a 7S nm
thick YBCO film, irradiated with a quasi-kagomé pattern of beam spots (20 nm fwhm) in a HIM (sample QK90). The upper horizontal scale
indicates the matching fields By, calculated from eq 1, for a filling of the unit cell with k vortices. The peak in the critical current and the minimum
in the resistivity correspond to k = 7. The green bullets represent the results from molecular dynamics simulations. Only the positive branch of the
mirror symmetric results is shown for clarity. (b) Normalized critical current at 52 K (blue squares) and resistivity at 55 K (red triangles) for
sample QK70. (c) Simulation of vortex arrangements in the quasi-kagomé lattice of sample QK90 for several applied magnetic fields that
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vortices.

from the hexagonal lattice by eliminating every other site from
every other row.

In periodic pinning lattices commensurability effects are
expected to occur at applied magnetic fields that fulfill the
matching condition

kD,

B
KT A

(1)

where k is the number of pinning sites (or vortices) in the unit
cell of area A and @, = h/(2e) is the magnetic flux quantum.

The electrical transport properties of the YBCO films
patterned with the quasi-kagomé pinning lattice show
intriguing features. Those can be attributed to the fact that
HIM nanopatterning enables the realization of ultradense
pinning arrays. Accordingly, pronounced vortex commensur-
ability effects in the critical current density j(B,) and the
magnetoresistivity p(B,) appear at very high matching fields, at
B, = 0.23 T for sample QK90 and at B, = 0.38 T for sample
QK70, as shown in Figures 2a and 2b, respectively. The
observed effects are well reproducible after storing the samples
at room temperature for several weeks.

In the case of strong interactions between vortices and the
pinning potential of the CDs, significant vortex commensur-
ability effects are expected at B, when each CD is filled with
one vortex. Conversely, with strong vortex—vortex interactions
and marginal influence of the pinning landscape, the elastic
energy of the vortex ensemble should favor a hexagonal lattice,
and the voids are expected to be filled with three interstitial
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vortices, leading to commensurability signatures at By. The
former, for instance, was observed in a quasi-kagomé lattice of
magnetic Ni dots embedded in a Nb superconducting film.**

Surprisingly, none of these features are found here; instead, a
prominent matching peak in j(B,) and a corresponding
minimum in p(B,) appear at B, as can be seen in Figure 2a,b.
Presumably, all CDs are occupied by vortices, and one
interstitial vortex per unit cell is “caged” inside the voids of the
lattice due to repulsion forces from the trapped vortices. On
the other hand, the absence of a matching feature at B,
indicates that the six closely packed sites of the kagomé
triangle do not merge into a single pinning site. This confirms
that despite the rather narrow distance of CDs they act as
separate pinning potentials.

Molecular dynamics simulations shed more light on the
vortex distribution in the quasi-kagomé lattice. A rectangular
cell with periodic boundary conditions is used for the
calculations. The vortex—vortex interaction, the pinning force
on the vortices at the CDs, an external driving force, and a
thermal stochastic force are taken into account, as detailed
elsewhere for previous simulations.””***>*® The ground state
of the static vortex arrangement (zero driving force) is
obtained by starting the simulation at some elevated
“temperature” and gradually decreasing it to zero, thus
performing a simulated thermal annealing. Note that this
corresponds to magnetic-field-cooled experiments. However,
since in our measurements no hysteresis was observed between
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up- and down-ramping of the magnetic field, these results are
equally valid for magnetic-field-ramped experiments.

In the simulations, the critical current density j. is
determined to be the minimum current density that depins
the vortices; in the experiments the common electric field
criterion of 10 uV/cm is used. The simulated values for the
critical current density are then scaled to the experimental
results (for sample QK90) at B, = S0 mT.

The results of the simulations of static vortex configurations
at different magnetic fields By and for temperatures adapted to
the experimental situation are displayed in Figure 2c. For By,
where the average density of vortices matches the density of
CDs, most of the pinning centers are filled with vortices, but
several empty pins and, in turn, interstitial vortices can be
noticed. This is explained by the strong repulsion between the
vortices located on the closely packed pinning sites such that
some of these vortices can depin and move in the voids, thus
minimizing the energy. For B, almost all pins are filled, and
typically one excess vortex sits in the centers of the voids of the
quasi-kagomeé lattice. If the magnetic field is further increased,
all pins are occupied, and the voids host two (B) or three (By)
vortices with minor fluctuations +1 in this number. In the
latter case, the hexagonal vortex lattice is mostly recovered.
Note that an experimental visualization of the vortex
arrangements in ultradense pinning lattices is challenging.
Because Ay ,;(T) > a in our samples, the magnetic fields of the
vortices overlap strongly and magnetic force microscopy might
not provide enough contrast.

A simulation of the critical current density j.(B,) is displayed
in Figure 2a. Indeed, there is no peak in j(B,) visible at B, and
peaks of j.(B,) at By and B, are hardly noticeable, whereas a
pronounced peak at B, is found, in excellent agreement with
the experimental results. This unconventional commensur-
ability effect can be explained by the competition of the elastic
vortex lattice energy, which favors a hexagonal lattice and the
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semiregular quasi-kagomé pinning potential. At By filling of all
CDs with vortices would lead to a maximized pinning force
density, but the repulsion between the trapped vortices leads to
a significant number of vacancies at the pinning sites and, in
turn, mobile interstitial vortices in the kagomé voids that
reduce j.. On the other hand, for By, the elastic energy of the
vortex lattice is minimized, but pinning is not so efficient due
to the larger number of interstitial vortices. Thus, a
commensurate arrangement in which all pinning sites are
occupied and one interstitial vortex is caged in the center of
the voids appears to be the most stable structure at
temperatures near T.

The balance between the pinning forces at the CDs and the
vortex caging potential can be tuned with temperature. While
both increase at lower temperature, the pinning forces at the
artificial defect lattice increase more rapidly.”” To study this
behavior on our samples, we performed electric transport
measurements at variable T. Figure 3a shows normalized j. vs
B, curves for sample QK90 at 67 K < T < 85 K. We find that
at temperatures T < 80K a second peak of j. around Bg
emerges, coalescing with the peak at B; into a broader feature
with jo(Bs) > j«(B;) at even lower temperatures. This is a
formidable demonstration of how the vortices “crystallize” into
the quasi-kagomé lattice at lower temperatures when the
artificial pinning landscape becomes dominant. Figure 3b
displays the critical current density j_ at B = 0, calculated from
the sample’s cross section. However, it has to be cautioned that
the irradiated sample contains many CDs, and hence a
significant volume in the sample does not contribute to the
supercurrent, making a comparison to pristine YBCO films
inappropriate. The normalized j.(Bs)/j.(0) and j.(B;)/j.(0)
curves reveal the crossover at T = 75K, where pinning at a
matching field of six vortices/unit cell becomes more efficient.

Our findings may be compared to somewhat related
simulation results. For a honeycomb pinning lattice it has
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been demonstrated*' that j. of a commensurable vortex
arrangement with an additional caged vortex can be larger
than that with the pinning sites occupied only. However, this
only applies to shallow pinning potentials, whereas the
situation is reversed for strong pinning, in excellent accordance
with our observation of the crossover to j.(Bs) > j.(B;) at
lower temperatures. Note, however, that one caged vortex in a
honeycomb lattice restores the ideal hexagonal vortex lattice,
while in our quasi-kagomé lattice one interstitial vortex is still
associated with elastic energy of the vortex lattice. Thus,
additional simulations with varying pinning potentials in the
quasi-kagomé lattice are envisaged.

3. CONCLUSIONS

In summary, we have demonstrated the fabrication of periodic
arrays of pinning centers in thin YBCO films with ultranarrow
lattice spacings down to 70 nm by irradiation with the
defocused beam of a HIM. This technique opens the route to
create large arrays of pinning sites with user-defined positions
and with a resolution superior to the lithographic techniques.
As an example of a complex pinning landscape, the quasi-
kagomé pinning lattice exhibits an unconventional commen-
surability effect, when all pins are occupied by vortices and one
interstitial vortex is magnetically caged in each void of the
lattice. It has been suggested that such caged vortices can be
more easily manipulated along predetermined paths,”® and
hence, our findings can pave the way toward “Fluxonic”
applications™~®" of cuprate superconductors.

4. MATERIALS AND METHODS

Superconducting Film Growth. Thin films of YBa,Cu;0,_s are
grown epitaxially on (100) MgO single-crystal substrates by pulsed-
laser deposition using 248 nm KrF excimer laser radiation at a fluence
of 3.2 J/cm®. The thicknesses of the films are t, = 75 + S nm (sample
QK90) and t, = 50 + S nm (sample QK70) as determined by atomic
force microscopy. Bridges with dimensions 240 X 60um® are
lithographically patterned for the electrical transport measurements.
Two longitudinal voltage probes with a distance of 100 um are
applied on side arms of the bridges. The as-prepared samples had
critical temperatures T, ~ 90 K and transition widths AT, ~ 1 K.

lon Beam lIrradiation. The prepatterned YBCO microbridges are
introduced into the Zeiss Orion NanoFab He ion microscope and
with low ion fluence the proper alignment of the sample surface to the
focus plane of the ion optics is checked. Controlled defocus is
achieved by changing the working distance by 8 yum from the focus
plane, resulting in irradiation spots of about 20 nm diameter. Every
point of the lattice, defined by a deflection list loaded into the Nano
Patterning and Visualization Engine (NPVE), is irradiated with 30
keV He" ions with a dwell time of 1.2 ms (0.83 ms) and a beam
current of 2.0 pA (2.9 pA) for sample QK90 (QK?70), corresponding
to 15000 He* ions/point. The average fluence hitting the sample’s
surface in the focus spot of about 20 nm fwhm is 4.8 X 10" cm™ The
irradiated area is approximately 200 gm X 100 gm.

Electrical Transport Measurements. The electrical measure-
ments are performed in a closed-cycle cryocooler mounted between
the pole pieces of an electromagnet. A Cernox resistor”” together with
a LakeShore 336 temperature controller is used for in-field
temperature control to a stability of about 1 mK. The magnetic
field, oriented perpendicular to the sample surface, is tuned by a
programmable constant current source and measured with a
LakeShore 475 gaussmeter with a resolution of 0.1 4T, a zero offset
<10 uT, and a reading accuracy <0.1%. The resistivity measurements
are performed with a current of 0.8 mA, generated by a Keithley 6221
constant-current source in both polarities to exclude thermoelectric
signals, and the voltage is measured with a Keithley 2182A
nanovoltmeter. The critical current is determined from isothermal
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current—voltage (I—V) measurements with a voltage criterion of 100
nV, corresponding to 10 uV/cm. The I-V curves do not exhibit
features that could be used to discriminate between the depinning of
the vortices trapped in the CDs and the interstitial vortices,
respectively.

Numerical Simulations. The simulations are performed in a 2D
(in the xy-plane) simulation cell with periodic boundary conditions
that models an infinite superconducting film characterized by the
penetration depth A, which is set to A ,4(T) at finite T. The cell is
chosen large enough to avoid finite-size effects. Simulated annealing
calculations are performed by numerically integrating the overdamped
equations of motion:*”*"> pv,= ;=€ + £7 + f + £, Here f, is the
total force per unit length acting on vortex i, f” and f? are the forces
due to vortex—vortex and vortex—pin interactions, respectively, f] is
the thermal stochastic force, and f is the driving force; 5 is the
viscosity, which is set to unity. The force due to the vortex—vortex
interaction is f;" = 2;\"fOKI(|r, = 1]/2)%; where N, is the number of
vortices, K, is a modified Bessel function, f; = (r,— l',)/|l'| - rj, and
fo ®,>/87%2%. The pinning force is
fP = Z:“’fp-(lr‘ - rip)l/vp)G[(vp — I, — ri")l)/ﬂ]f'ff) where N, is
the number of pinning sites, f, (expressed in f,) is the maximum
pinning force of each short-range parabolic potential well located at
), r, is the range of the pinning potential, ® is the Heaviside step
function, and f—,(f) =(r,— r(,f))/\r, - r(k”)l. All the lengths (fields) are
expressed in units of 2 (®,/4?). The ground state of a system of
moving vortices is obtained by simulating field-cooled experiments. In
this approximation of deep short-range (&-like) potential wells, the
critical current can be defined as follows™***>***> (giving essentially
the same results as those obtained using the threshold criterion in
dynamical simulations®”**): jo(®) = joN}! )(®)/N,(P), where jo is a
constant, and study the dimensionless value J. = j./jo.
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Supporting Information

Critical current and resistance data of a square array of vortex pin-

ning centers fabricated by irradiation in the helium ion microscope
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Figure S1: Critical current . and resistance R of a 80-nm thick YBCO film, irradiated in a
HIM with a square pattern of beam spots (50 nm FWHM) with a lattice constant of 200 nm.
The matching field determined from the geometric parameters is B, = 52 mT and leads to a
peak in the critical current and a minimum of the resistance. Inset: HIM image of a square
array of defects induced by the focused ion beam of the HIM. Irradiation was performed
with 5 x 10° ions/spot to visualize the pattern, a much larger fluence than it was used for
preparation of the actual sample.

A square array of columnar defect cylinders (CDs) has been fabricated in the helium
ion microscope with an intentionally defocused ion beam of FWHM =50nm and point-to-
point distance @ = 200nm in a 80-nm thick YBCO film. The parameters were chosen
similar to previous experiments performed with masked ion beam irradiation.! * The critical
current I.(B,) shows a distinct peak and the magnetoresistance R(B,) a minimum when
each defect is filled with one vortex at an applied magnetic field B, that fulfils the matching

condition for single-vortex occupation of every CD, B; = ®y/a?, where @, is the magnetic
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flux quantum and @ = 200nm the lattice constant of the square pinning array. The vortex
commensurability effects displayed in Fig. S1 appear exactly at the calculated matching field

B; =52mT.
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ABSTRACT

The angular dependence of magnetic-field commensurability effects in thin films of the cuprate high-critical-temperature superconductor
YBa,Cu30;_s (YBCO) with an artificial pinning landscape is investigated. Columns of point defects are fabricated by two different methods
of ion irradiation — scanning the focused 30 keV ion beam in a helium ion microscope or employing the wide-field 75 keV He" beam of an
ion implanter through a stencil mask. Simulations of the ion-target interactions and the resulting collision cascades reveal that with both
methods square arrays of defect columns with sub-um spacings can be created. They consist of dense point-defect clusters, which act as
pinning centers for Abrikosov vortices. This is verified by the measurement of commensurable peaks of the critical current and related
minima of the flux-flow resistance vs magnetic field at the matching fields. In oblique magnetic fields, the matching features are exclusively
governed by the component of the magnetic field parallel to the axes of the columnar defects, which confirms that the magnetic flux is pen-
etrated along the defect columns. We demonstrate that the latter dominate the pinning landscape despite of the strong intrinsic pinning in
thin YBCO films.

Published under license by AIP Publishing. https://doi.org/10.1063/10.0000863

1. INTRODUCTION In the cuprate high-temperature superconductors (HTSCs) the
situation is more complex and vortices can exist in a large range of
magnetic fields between a tiny lower critical field B.(85K) ~2mT

and a high upper critical field B»(85K) ~ 20T at temperatures rele-

Most of the superconducting materials belong to the type II
class, into which a magnetic field can penetrate as flux quanta
@, =h/(2e), where h is Planck’s constant and e the elementary

charge. These flux quanta are known as Abrikosov vortices, whirls
of the supercurrent that confine the magnetic flux into the cylindri-
cal vortex core, a region with vanishing density of superconducting
charge carrier pairs. In clean and isotropic bulk superconductors
these vortices arrange themselves in a two-dimensional hexagonal
lattice with the axes of the vortex cores oriented parallel to the
external magnetic field.

vant for the present study and for magnetic fields orthogonal to the
CuO, atomic layers." The high anisotropy of the HTSCs favors a
decomposition of the cylindrical vortices into a stack of coupled
“pancake” vortices,” which can be visualized, e.g.,in Bi,Sr,CaCu,0y.”

The arrangement of vortices in type-II superconductors can
be tailored by the introduction of artificial defects as pinning sites
for vortices. Those defects can be classified by their dimensionality

Low Temp. Phys. 46, 000000 (2020); doi: 10.1063/10.0000863
Published under license by AIP Publishing.
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and can severely disturb the native hexagonal vortex arrangement.
Zero-dimensional (0D) point defects can be introduced as tiny
non-superconducting impurities in situ during fabrication® or by
postprocessing with electron’ or light-ion irradiation of HTSCs.”
One-dimensional (1D) defects are commonly created by irradiation
with swift heavy ions that produce amorphous channels with diam-
eters of several nm, i.e., a few times the in-plane coherence length.
They have been extensively investigated as a tool to enhance the
critical current density.” Finally, grain boundaries and, in the pro-
totypical HTSC YBa,Cu30;_s (YBCO) also twin planes, can form
two-dimensional (2D) defects that can pin vortices.

The dimensionality of the artificial defects is revealed by dif-
ferent angle-dependent behavior in tilted magnetic fields of super-
conducting properties like the critical current I, the vortex-flow
resistance R, and B,. While point defects lead to a marginal
angular dependence, randomly distributed yet parallel oriented 1D
columnar defects cause narrow features in I, R, and magnetization
vs field direction, centered around the magnetic field direction par-
allel to their symmetry axes.” ' Similar observations hold for 2D
defect planes in YBCO when the magnetic field is rotated through
a direction that is oriented parallel to these planes."’

In this work, we investigate artificial pinning lattices that are
different in two aspects. First, they are neither strictly 0D or 1D,
since they consist of dense point defects that form columnar defect
clusters (CDs) with diameters at least one order of magnitude larger
than the in-plane coherence length &,(0)=1.2nm in YBCO."”
Second, these CDs are arranged in a periodic pattern that gives rise
to commensurability effects at matching vortex and defect densities.
Such commensurability effects have been primarily studied in metal-
lic superconductors using arrays of holes (antidots)' ™' or magnetic
dots™ in the material, nanogrooves,” " and superlattices” but are
also found in YBCO perforated with holes.”

The fabrication techniques of pinning arrays in our samples are
based on the observation that irradiation of YBCO thin films with
He" ions of moderate energy introduces point defects by displacing
mainly oxygen atoms. This leads to a reduction of the transition tem-
perature T,,"" which can be well controlled by the ion fluence.””’~*’
By ion irradiation through a shadow mask™’~"" or using the focused
ion beam of a He ion microscope (HIM)™ an array of CDs can be
created that acts as a pinning landscape for vortices.

Only few investigations have addressed the angular depen-
dence of vortex commensurability effects in metallic superconduc-
tors with antidots'>"’ and in YBCO thin films patterned with
periodic CDs by ion irradiation.”"”

The purpose of this study is to explore whether the pinning
landscapes created in YBCO by focused He" ion irradiation in a
HIM act as 1D line-like pinning centers despite of consisting of 0D
point defect clusters with inhomogeneous density.

2. EXPERIMENTAL METHODS

Epitaxial thin films of YBa,Cu30;_s are grown on (100) MgO
single-crystal substrates by pulsed-laser deposition using 248 nm
KrF-excimer-laser radiation at a fluence of 3.2J/cm” The thick-
nesses of the films used in this work are f,= (80 +5) nm (sample
SQ200) and f,=(210+10) nm (sample SQ500). The critical tem-
peratures of the as-prepared films are T.~90K with transition
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widths AT, ~ 1 K. The films are patterned by photolithography and
wet chemical etching to form bridges with a length of 240 um and
a width of w=60um. Electrical contacts in a four-probe geometry
are established on side arms of the bridges using sputtered Au pads
with a voltage probe distance of 100 pm.

In both samples, a tailored vortex pinning landscape was
created by different methods of He" ion irradiation. Sample $SQ200
was irradiated with an intentionally defocused ion beam in a HIM.
The setup starts with adjusting the HIM settings to the highest res-
olution and then changing the working distance (beam focus
plane) so that the beam hits the sample surface with a nearly
Gaussian fluence profile’’ with a full width at half maximum
(FWHM) of about 50 nm. Since the aperture angle of the ion beam
is very small the ion beam hits the sample surface almost orthogo-
nally. The method is described in detail elsewhere.”’

By sequentially scanning the ion beam over the sample
surface, a square lattice of columnar defects with d =200 nm spac-
ings is created in the thin YBCO film in an overall area of approxi-
mately 200 um x 100 um. Every point is irradiated with 30 keV He®
ions with a dwell time of 2.7 ms and a beam current of 3 pA, corre-
sponding to ~51000 He* ions/point. The method is sketched in
Fig. 1(a).

Sample SQ500 is patterned by masked ion beam structuring
(MIBS)™ as sketched in Fig. 1(b). A 2 um-thick Si stencil mask is
placed on top of the YBCO film and adjusted in an optical micro-
scope with the help of marker holes. The mask is separated from
the surface of the YBCO film by a circumferential spacer layer
made of 1.5um-thick photoresist. The stencil mask is perforated
with holes with diameters D = (180 +5) nm, arranged in a square
array of d = (500 + 2) nm pitch, which covers the entire bridge. The
stencil pattern is shadow projected onto the YBCO surface by irra-
diating the arrangement with a collinear 75keV He" ion beam, ori-
ented orthogonal to the sample surface, in a commercial ion
implanter (High Voltage Engineering Europa B. V.).

Electrical transport measurements are performed in a closed-
cycle cryocooler with temperature control by a Cernox resistor,
which has a negligible temperature reading error in moderate mag-
netic fields."” The applied magnetic field B, is supplied by a revolv-
able electromagnet with +1° angular resolution and B, =|B,| is
measured by a calibrated Hall probe mounted between the
magnet’s pole pieces. The Hall probe is connected to a LakeShore
475 gaussmeter, allowing for measurements of B, with a zero offset
<10 T, and a reading accuracy <0.1%. The tilt angle o is defined
as the angle between the surface normal of the YBCO film and the
direction of B,. The angle-dependent magneto-resistance measure-
ments are performed in constant Lorentz force geometry, i. e., the
magnetic field is always perpendicular to the current direction. For
all measurements, the current I through the sample is generated by
a constant-current source in both polarities to eliminate thermo-
electric signals and the voltage V is measured by a Keithley 2182A
nano-voltmeter. The critical current I.(B,) is determined from iso-
thermal current-voltage (I-V) measurements with a voltage crite-
rion of 100nV, corresponding to 10uV/cm. Since the I-V
characteristics of a superconductor are nonlinear the resistance
curves presented below are defined as R(B,) = V(B,)/I at a fixed I.
Note that the absolute value of R(B,) is not important for our
analyses.
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3. RESULTS AND DISCUSSION

To compare the shapes of the artificial CD lattices, prepared
by the two different irradiation methods, simulations of the defect
distributions with the program package SRIM/TRIM""** are per-
formed. It computes the impact of ions on solids using a binary
collision approximation of ion-atom and atom-atom collisions, and
delivers the full collision cascades. However, ion channeling,
thermal effects, diffusion, and recrystallization are not considered.

Details of the crystallographic structure are not considered in
SRIM/TRIM as it uses a Monte Carlo method and assumes amor-
phous targets. For the spatial modulation of superconductivity, the
Ginzburg-Landau coherence length is the relevant length parame-
ter and therefore we have determined the average defect density
within calculation cells of 2 x 2 x 2 nm®—a length scale of the order
of the in-plane coherence length of YBCO. Note that the investi-
gated point defect densities are below the amorphization limit and
a comparison to an experimental visualization is hardly possible.
Only by using a larger ion fluence, amorphous channels can be
created and detected in cross-section scanning transmission elec-
tron microscopy images."”’

The pinning potential for vortices is provided by a local sup-
pression of T, which can be calculated from the defect density on
the grounds of the pair-breaking theory of Abrikosov and
Gor'kov."* Since annealing effects are not considered in SRIM/
TRIM and various other effects may lead to substantial uncertainty,
a “calibration” curve relating the experimentally observed T, to the
defect density from the simulations is established, using previous
experlmental T, values from full-area irradiation of thin YBCO
films.” Details of this procedure are described elsewhere."’

The resulting simulated cross-sectional T profiles for the two
samples SQ200 and SQ500 are presented in Fig. 2 at the same scale
for comparison. Note that sample SQ200 (top panel) was irradiated
with a slightly defocused He" ion beam with approximately
Gaussian normal distributed fluence of FWHM = 50 nm, whereas

the fluence was homogeneous in the irradiated parts of sample
SQ500. Another important difference is the ion energy of 30keV
for sample SQ200 and 75 keV for sample SQ500.

In thin films with t, < 80nm, 30keV He" ion irradiation
creates columns, within which T, is suppressed, that are clearly sep-
arated from each other at 200 nm lattice spacing (Fig. 2, top panel).
The suppression of T, at the fringes of the CDs decays more gradu-
ally than for sample SQ500, which was irradiated by MIBS (Fig. 2,
bottom panel). Still, the cylindrical envelope of clusters with sup-
pressed T, provides an efficient pinning landscape as will be dis-
cussed below.

Due to the larger penetration depth of the 75keV He" ions,
CDs can be patterned into thicker YBCO films with MIBS, as dem-
onstrated in Fig. 2, bottom panel. However, the achievable lateral
resolution for CD diameters degrades with increasing thickness of
the film, as it can be noticed by the increasing diameter of the CD
for film thicknesses larger than 120 nm. We note that increasing
the ion energy would improve the resolution on the cost of a lower
ion scattering cross-section, which would demand a higher ion
fluence.

Although a few dispersed defects are created also outside the
CDs by lateral straggling of the incident ions and the secondary
collision cascades, their impact on the zero-field electrical transport
properties is marginal as demonstrated by the experimentally deter-
mined small reduction of the critical temperature AT,=2.6K
(AT, =4XK) in sample SQ200 (SQ500) after irradiation.

In electric transport measurements, the commensurability
effects evoked by regular pinning lattices are demonstrated in Fig. 3
as peaks in the critical current I. and corresponding minima of the
resistance vs applied field B, (at o.=0°) that appear exactly at the
matching fields

k)

B, = n?,

1)
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FIG. 2. Cross-sectional view of calculated local T profiles within and around the defect columns produced by 50900 ions per dot with 30 keV energy and a Gaussian
normal distribution with 50 nm FWHM (sample SQ200, top panel) and 75 keV He" ion irradiation of YBCO with a fluence of 3-10"° cm=2 (sample SQ500, bottom panel).
Both panels are displayed at the same scale for a comparison between the two samples.

where 7 is a rational number. We use n=0 to denote the absence
of vortices and #n <0 for the reversed vortex orientation. When the
diameters of the CDs are larger than the Ginzburg-Landau coher-
ence length, an integer number n > 1 of fluxons can be accommo-
dated per CD.*’ Note the tiny humps of I, around +26 mT that
indicate a fractional matching pattern with n = +(1/2).
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FIG. 3. Resistance R(/=50 pA) and critical current I, vs applied magnetic field
at o= 0° of an 80-nm thick YBCO film (sample SQ200), irradiated with a slightly
defocused He" ion beam of 50 nm FWHM to form a square pattern of defect
cylinders with a lattice constant of 200 nm. Data were taken after zero-field
cooling and then sweeping the field through a full cycle, revealing no hysteresis.
The matching field determined from the geometric parameters is B;=52mT
and leads to a minimum of the resistance and a peak in the critical current.

The commensurability effects result from two different vortex
pinning mechanisms in our samples. On the one hand, n flux
quanta can be trapped in the normal-conducting core of a CD,
which we will call fluxons to discriminate them from the regular
Abrikosov vortices in a plain superconductor. These fluxons
remain pinned at the CDs even if a moderate current is applied
to the sample. However, by changing the applied magnetic field,
the Lorentz force due to increased shielding current exceeds
the pinning potential and the fluxons can hop between
neighboring CDs."”

On the other hand, vortices at interstitial positions between
the CDs are pinned mainly by twin boundaries and growth defects
in the YBCO films, most of them oriented parallel to the ¢ axis. 0
Their pinning potentials are usually weaker than those of the
fluxons trapped in the CDs. At a certain applied magnetic field Ba
the critical current shows a peak when the magnetic flux through
the sample is penetrating the sample via single fluxons trapped in
each CD, which happens exactly at the matching field B; of Eq. (1).
In this situation, the number of weakly-pinned interstitial vorti-
ces is minimized. An equivalent consideration leads to the expla-
nation of the resistance minima observed at the same B,.
Typically, our samples patterned by masked or focused He ion
irradiation show clear matching effects in a temperature range
from ~0.7T, up to ~0.9T..">" For our further considerations, it
is important that the matching fields can be equally well deter-
mined from either I. peaks or resistance minima, the latter
allowing for much faster measurements.

An investigation of the angular dependence of the magnetore-
sistance can shed light on the nature and relative strength of the
pinning of fluxons at the CDs and the pinning of interstitial vorti-
ces, respectively.

For dominant pinning at CDs, the magnetic flux should be
preferentially trapped within the CDs irrespectively of the angle o
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by which the applied magnetic field B, is tilted off the axes of the
CDs. Then, the commensurability peaks in I. (B,) and dips in
R(B,) should appear if the component of B, that is parallel to the
axes of the CDs,

B = B, cosa, 2)

fulfills the matching condition of Eq. (1).

Figure 4 shows the magnetoresistance of sample SQ200 for
various tilt angles o at a temperature near the onset of dissipation.
‘When the magnetic field B, is oriented orthogonal to the sample
surface and parallel to the axes of the CDs (a=0°) a distinct
minimum at B; =52 mT and a marginal one at B, =104 mT con-
firms the commensurability effects. With increasing tilt angle o the
magnetoresistance curves exhibit very similar matching resistance
minima and change their shapes only slightly if data are plotted
with the abscissa scaled to Bj. Even at o.=70° the commensurabil-
ity effect can be detected.

In sample SQ500 the situation is more complicated due to a
hysteresis observed in the magnetic field sweeps. It originates from
an unconventional terraced critical state” with domains in the
sample” inside which the pinning centers are occupied by the
same number n of fluxons and neighboring domains by n =+ 1.
Such a hysteretic behavior has been investigated previously * and is
beyond the scope of this work. Still, the considerations leading to
Eq. (2) should hold. Indeed, Fig. 5 demonstrates that all the features
observed in the o.=0° orientation of B, appear at the same posi-
tions when the magnetic field is tilted and scaling to By is used
This not only applies to the first matching fields in upsweep B D
and downsweep (Bl) conditions, but also to the hysteretic displace-
ment of the minima with zero fluxon occupation of the relevant

0.6
g
~ 0.44
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7 Tilt angle o
Z 094 70°
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o 45°
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100

FIG. 4. Resistance (/=400 uA) vs applied field component along the normal of
the film surface By of sample SQ200 for different values of c. Since no hystere-
sis is observed, only the down sweep branches of the cycle after zero-field
cooling are displayed. For o.>0° the curves are shifted by multiples of 0.1 mQ
to enhance visibility. The inset shows a sketch of the experimental situation.

ARTICLE scitation.org/journal/ltp

B, B] B} B!
W2 : 3 .
I I I I
I I I 1
0.20] | Lo i
o L\ A
o 1 l ==
g 0.157 i R i
= 1 1 1 1 Tilt angle o
8 - —o— 85°
- O'lo_w 7—_’7‘" g
O | | l—— 75°
~ . v 7’_,_ 60°
2 45°
0.054 | R 5 B > 1 —a— 300
sTK] e | o
0 — b o T
-15 -10 -5 0 5 10 15

B”,mT

FIG. 5. Resistance (/=200 nA) vs applied field component along the normal of
the film surface B of sample SQ500 for different values of c. Data were taken
after zero-field cooling and comprise the virgin curves starting from B=0 and
the up and down sweeps as representatively indicated by arrows in the bottom
curve. Data for o> 0° are shifted by multiples of 0.02 Q.

CDs (Bg and B}). Despite of the more complex fluxon arrange-
ments in this sample, all commensurability effects are governed by
By, which confirms that only the component of the magnetic field
is relevant that is parallel to the axes of the CDs.

In Fig. 6 the magnetic field components B at which the resis-
tance dips for single fluxon matching are observed in sample

100
O Sample SQ200
O Sample SQ500
o O O Q o]
~
E.s
o=
1070 o o o o oo
' 20 40 60 80
Tilt angle o, deg

FIG. 6. Angular dependencies of the magnetic field components BH at which
the resistance dips for single fluxon matching (sample SQ200) and B (sample
SQ500) are observed. The horizontal lines indicate that B detemunes the
matching effect, irrespective of the tilt angle c..
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S$Q200 (B;) and SQ500 (B{) are shown as a function of the tilt
angle o. In remarkable agreement with Eq. (2) the experimental
values are independent of o as indicated by the horizontal lines.
This confirms that at all angles shown in the graph the magnetic
flux is penetrated along the CDs. In addition, the adherence to
Eq. (2) up to large tilt angles indicates that pinning at the CDs is
much stronger than the intrinsic pinning of interstitial vortices in
the intermediate regions between the CDs.

Some deviations from the behavior presented in Fig. 6 have
been reported in denser pinning lattices. Due to lateral straggling of
the collision cascades, a significant number of irradiation defects
are created in the spaces between the CDs. This is indicated by
AT, =43 K after MIBS irradiation. In this case the scaling according
to Eq. (2) gradually breaks down for o > 45°.” In thin YBCO films
patterned via 110keV O" ion irradiation (AT,~40K) a strong
modification of the vortex-glass transition and a weakening of the
vortex correlations along the c axis has been observed.”

Finally, in unirradiated YBCO, due to its anisotropy, the cylin-
drical vortices change to an elliptical cross-section in oblique mag-
netic fields o#0° and decompose into a tilted stack of pancake
vortices at tilt angles o< 54°."" This is reflected by a broad
maximum in the critical current extending over a range o < 60°.""
The feature evolves at temperatures closer to T, and in moderate
magnetic fields. In contrast to the observations in those unirradi-
ated YBCO films, the matching fields B, in our samples strictly
scale with Eq. (2) up to a=72° (=80°) for sample SQ200
(SQ500). Naturally, no pinning of fluxons by the CDs is expected
when the CDs and B, are oriented orthogonally, i.e., near o= 90°.

4, CONCLUSIONS

Vortex pinning landscapes in YBCO thin films can be conve-
niently fabricated by employing He" ion irradiation, either by a
focused beam in a HIM or by shadow-masking of a wide-field ion
beam. As demonstrated by simulations of the defect distributions
created in YBCO by the ion impact, the methods are complemen-
tary. HIM irradiation is a sequential method and allows for mask-
less operation and higher resolution of at least 10 nm," but the
penetration depth is limited to about 80 nm due to the maximum
ion energy of 30keV. With MIBS the entire pattern can be pre-
pared at the same time and also in thicker films when using higher
ion energies, but the lateral resolution is currently limited by a hole
diameter of ~180 nm of the available stencil masks.

Both methods, despite of their different length scales, produce
well-defined CDs that provide strong pinning of fluxons, which is
supported by the observation that at arbitrary angles of an applied
magnetic field only the component parallel to the CDs governs the
commensurability effects. Both irradiation methods appear suitable
for the creation of well-defined tailored pinning landscapes in
cuprate superconductors, which are an important prerequisite for
proposed concepts of fluxon manipulation leading to fast and low-
dissipation devices.”" ™
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Abstract: The defect-rich morphology of YBayCuzO7_s (YBCO) thin films leads to a glass-like
arrangement of Abrikosov vortices which causes the resistance to disappear in vanishing current
densities. This vortex glass consists of entangled vortex lines and is identified by a characteristic
scaling of the voltage—current isotherms. Randomly distributed columnar defects stratify the vortex
lines and lead to a Bose glass. Here, we report on the observation of an ordered Bose glass in a YBCO
thin film with a hexagonal array of columnar defects with 30 nm spacings. The periodic pinning
landscape was engineered by a focused beam of 30 keV He " ions in a helium-ion microscope.

Keywords: copper-oxide superconductors; vortex glass; ordered Bose glass; vortex matching;
voltage-current isotherms; helium-ion microscope

1. Introduction

The copper oxide high-temperature superconductors (HTS) are in the extreme type-II
limit, with a minor lower critical field B.; and a high upper critical field B.,. The large
difference in the critical fields spans a vast area in the phase diagram, the mixed state.
The magnetic flux enters as Abrikosov vortices, quantized portions of flux ®y = /2e,
where  is the Planck constant and e is the elementary charge. The mixed state in HTS
exhibits qualitatively new phenomenology [1] and is the predominant operating condition
for most applications of these materials. Therefore, it is of utmost importance under which
experimental conditions zero resistance, the hallmark of superconductivity, can be achieved.
Moreover, the parameter space for utilizing superconductivity is limited by the critical
temperature T, the upper critical field B.,, and the critical current density j.. The latter
can be enhanced by various pinning mechanisms that block the dissipative motion of the
vortices [2,3]. In HTS, the boundaries of this simple picture are substantially blurred by
strong thermodynamic fluctuations of the superconducting order parameter.

In particular, the question of whether one can observe a genuine zero-resistance state
at a finite temperature or only at zero temperature has raised much interest. Following the
flux-creep theory of Anderson and Kim [4,5], or the thermally-assisted flux-flow model
(TAFF) [6], one has to conclude that the resistance remains finite, even when the current
density j — 0. Indeed, voltage—current (V-I) isotherms in the mixed state of many HTS
reveal an ohmic behavior down to the lowest experimentally accessible voltages at temper-
atures not too far below T¢. This observation is attributed to TAFF. Numerical simulations
reveal a rich variety of different dynamic phases when a vortex ensemble is driven over a
background of correlated or random pinning defects [7].

The minuscule coherence lengths in HTS and the importance of intrinsic randomly
distributed defects have triggered theoretical proposals of a thermodynamic equilibrium
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phase with a glass-like arrangement of vortices. Different theories have been proposed for
randomly distributed pinning defects, depending on their dimensionality: the vortex-glass
(VG) model for point-like defects [8,9] and the Bose-glass (BG) model for columnar defects
penetrating the entire sample thickness [10,11].

The VG model has been confirmed by scaling of DC-current V-I isotherms in a variety
of HTS, among them YBap,CuzO7_s (YBCO) in the shape of optimally doped thin films [12],
oxygen-deficient films [13], ultrathin films [14], and single crystals [15]. In addition, in
the highly anisotropic compound BiySr,CaCu,Og (BSCCO-2212), an agreement with the
VG theory was found in single crystals [16] and thin films [17]. A transition from D = 3
to D = 2 VG scaling was reported in oxygen-depleted YBCO films [18]. In addition,
phase-resolved AC impedance measurements have provided another route to estimate the
dynamic VG parameter zyg [19].

The above considerations relate to defects in HTS that are not correlated along the
crystallographic c axis. In contrast, columnar defects (CDs) change the underlying physics,
leading to a Bose glass [10,11]. For instance, irradiation with swift heavy ions produces
cylindrical channels of amorphous material that act as c-axis correlated pinning sites and
evoke a BG behavior [20]. The fact that planar defects oriented parallel to the c axis
are ubiquitous in thin YBCO films can lead to inconsistent observations of VG [21] or
BG [22] behavior, depending on the details of the material’s morphology. Moreover, earlier
investigations of engineered nanoinclusions of different dimensionality have reported
a crossover between VG and BG behavior [23]. For example, the latter was found for
disordered BaZrO3 nanorods in YBCO.

The transitions between these various vortex phases, governed by temperature, mag-
netic field, and disorder, are long-standing issues. One aspect of the problem is that in
earlier experiments, no periodic engineered pinning sites were available with spacings
smaller than the London penetration depth and pronounced vortex pinning effects down
to low temperatures.

Recent advances in nanopatterning of HTS by masked or focused light-ion irradia-
tion [24-27] allow for the engineering of CDs with a periodic arrangement [27-33]. Using
YBCO thin films with an unprecedented dense hexagonal lattice of CDs, created by focused
He™-ion-beam irradiation, allows us to observe a novel kind of glassy vortex correlations,
which we will call an ordered Bose glass (OBG). This paper explores the OBG phase by
measuring the V-I isotherms at various temperatures and magnetic fields.

2. Theoretical Background

Both vortex and Bose glasses form below a magnetic-field-dependent glass temper-
ature Ty(B) < T, that marks a bifurcation between two essentially different domains of
voltage—current (V-I) isotherms. While at T > T¢(B) ohmic characteristics prevail down
to vanishing j, the zero-resistance state emerges at T < Tg(B) already at finite j. More
importantly, the theories predict a critical scaling of several physical parameters at the
continuous second-order phase transition between vortex or Bose glass and vortex liquid.
In a VG, the central parameter is the glass correlation length ¢y o« |T — Tg| ", which is
determined by the size of glassy islands and of fluctuating vortex liquid droplets above
and below Tg(B). The lifetime of these fluctuations is T o« &}, o [T — Tg| ™%

The theoretical predictions can be experimentally verified by measuring V-I isotherms
near the VG transition and by comparing the data to the relation

v o 180~
T x8ve B (g—T : M

where §+ are two universal, yet unknown, characteristic functions of a specific VG system
above (§+) and below (§-) T¢(B), respectively, D is the dimensionality of the vortex
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ensemble, and kp is the Boltzmann constant. By appropriately scaling a set of V-I isotherms
according to

(V/D)[1 =T/ Tg[veP=272ve) = F [(I/T)[1 — T/ Ty|"ve(=D)], @

collected at various temperatures and at fixed B, all curves collapse onto the two universal
$+ branches. The scaling is achieved by a proper choice of the parameters Ty, vy, and
zyG. The bifurcation line right at Ty not only separates the branches §+ but also obeys a
power law.

(V/1) |r=yoc IEveT2=D)/(D=1), ®G

Note that the BG theory predicts a similar scaling of the V-I isotherms that can be
cast into the same Equation (2). Since a BG requires 3D correlations, the respective critical
exponents of a 3D-VG can be transformed to those of a BG by [21]

ZVVG

_ 3zyg+1
3 =—""

2

VBG = and ZBG (4)

The VG and BG theories were developed for randomly arranged point and columnar
defects, respectively. A new and unique situation arises when the CDs are periodically
arranged. In an external magnetic field, applied parallel to the CDs, one or more magnetic
flux quanta penetrate the CDs. The resulting magnetic commensurability (matching)

fields are
2P,

V3a2’
where m is a rational number, and a denotes the lattice constant of a hexagonal CD lattice.
At the matching fields B;;, when each CD can be filled on average by m flux quanta, a
significant change in the vortex dynamics can be expected. The most prominent effects are
observed when m is a natural number. At these matching fields, we observe the ordered
Bose glass phase discussed below.

Tuning the magnetic field allows one to switch the vortex ensemble between VG and
OBG. However, in the case of YBCO thin films with their strong intrinsic pinning by twin
boundaries and screw dislocations, the VG, the BG, and the OBG are competing phases of
increasingly frustrated disorder. At lower temperatures, the VG might evolve into a Bragg
glass [34], where vortex dislocations are absent, and quasi-long-range translational order
is preserved. Similarly, with vanishing disorder and at low temperatures, the OBG can
transform into a vortex Mott insulator [11], where the vortices condense in a commensurate
arrangement with the CDs. Both Bragg glass and vortex Mott insulator differ from VG, BG,
and OBG as they melt through a first-order transition.

By =m

®)

3. Materials and Methods
3.1. Sample Preparation

Thin YBCO films were epitaxially grown on (LaAlO3)3(Sr2AlTaOg).7 (LSAT) sub-
strates by pulsed laser deposition (PLD). The thickness of the film ¢ = (26.0 + 2.4) nm used
in this study was determined via Laue oscillations at the YBCO (001) Bragg peak. X-ray
diffraction confirmed the excellent c-axis orientation of the film via the rocking curve of the
YBCO (005) peak with a full width at half maximum (FWHM) of 0.08°.

Electrical contacts were established by first depositing a 20 nm-thick Au film employ-
ing in situ electron beam evaporation after the PLD process. Then, both the Au and the
YBCO films were partially removed using Ar ion milling to form a bridge structure and the
electrical contact pads. Afterward, parts of the Au layer were removed with Lugol’s iodine
to open a window for irradiating the bridge. The dimensions of the YBCO microstrip are
8 um width and 40 pm length with voltage probes separated by 20 um. The contact pads
were connected by 50 um-thick Au wire and Ag paste to the cryostat’s sample holder.
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3.2. Focused Ion-Beam Irradiation

The prepatterned YBCO microbridges were introduced into the Zeiss Orion NanoFab
He-ion microscope (HIM) and aligned under low ion fluence. The focused He™ ion beam
is adjusted to an estimated average diameter of He™ ion trajectories within the film of 9nm
FWHM to avoid amorphization at the YBCO film’s surface. An area of 36 x 16 um? was
irradiated with a triangular spot lattice with distances a = (30 £ 0.6) nm, using 30keV He™
ions. The number of ions per spot is 10, according to the dwell time of 3.2 ms and a beam
current of 0.5 pA. With this number of ions, T. can be locally suppressed, while only at
higher ion fluence can an amorphization of the crystal structure be seen in high-resolution
transmission electron microscopy [35]. More details about the formation of CDs by focused
ion beam irradiation can be found elsewhere [27,33].

3.3. Electrical Measurements

The electrical measurements were performed in a Physical Properties Measurement
System (PPMS), equipped with a 9 T superconducting solenoid and a variable temperature
insert (Quantum Design). The magnetic field was oriented perpendicular to the sample
surface, and a Cernox resistor [36] is used for in-field temperature control. The resistivity
measurements were performed with a constant excitation current of 1 HA in both polarities
to exclude thermoelectric signals. The critical current is determined from isothermal V-I
measurements using a voltage criterion of 200 nV. In addition, multiple V-I curves were
collected at fixed temperatures and stable magnetic fields, which were limited to 100 1V to
avoid heating effects. All data were collected by computer-controlled data acquisition.

4. Results and Discussion

The temperature dependence of the resistance R of a YBCO microbridge after pattern-
ing with a hexagonal array of 30 nm spaced CDs is shown in Figure 1a, together with the
R(T) curve for an unirradiated microbridge, as a reference sample. The inset displays an
optical microscopy picture of the YBCO bridge taken after irradiation in the HIM. The red
dotted rectangle marks the irradiated area, extending over the entire bridge between the
voltage probes and containing about 7.4 x 10° CDs according to the irradiation protocol.
Even at much higher magnification in the HIM, we cannot identify the signatures of the CDs.
Actually, ion fluence was deliberately chosen such that mainly oxygen atoms are displaced,
but amorphization of the material is avoided. It is only at more than an order of magnitude
higher fluence that we can visualize local destruction of the crystal structure [27,35].

The non-irradiated YBCO bridge, prepared as a reference on the same substrate, has a
T. = 88.4K (defined as the inflection point). The T; in very thin films is generally slightly
lower than in single crystals due to the strain imposed by the substrate. Focused ion beam
irradiation in the HIM causes a reduction to T, = 76.0K. The T, suppression is much less
than previously reported for masked He" ion irradiation of CDs with larger diameters
and spacings [28,30]. We suspect that the scattering of individual ions away from the CDs
creates a small number of point defects between the CDs, which are known to reduce T.
The similar slopes of the pristine and nanopatterned bridges indicate that irradiation does
not affect the charge carrier density in the inter-CD regions. On the other hand, the offset
of a linear extrapolation of the normal state resistance at zero temperature is much higher
in the irradiated sample, which is attributed to enhanced defect scattering [37,38].
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Figure 1. (a) Resistances of a YBCO thin film with a hexagonal array of 30 nm spaced columnar defects
and an unirradiated reference bridge fabricated on the same substrate. Inset: Optical microscopy
picture of the bridge taken after irradiation. The red dotted rectangle marks the irradiated area of
36 x 16 um?. (b) Critical current density at 5K and resistance at 72K of the irradiated bridge. The
broken lines indicate the number of vortices per unit cell of the hexagonal CD lattice, corresponding
to the matching fields B, = m x 2.653 T, which were calculated from Equation (5) using the nominal
geometry of the irradiation pattern.

Figure 1b presents the pronounced vortex commensurability effects in j. at 5K and
R at 72K of the nanopatterned YBCO bridge as a function of the magnetic field applied
orthogonal to the sample surface. The critical current density serves as a static probe, and a
well-developed peak is centered around the matching field B; = 2.653 T. It perfectly agrees
with By calculated from Equation (5) inserting the a = 30 nm of the irradiation protocol in
the HIM. The noticeable dip in the flux-flow resistance indicates that commensurability
is not lost in approaching the vortex liquid regime and might indicate a plastic-flow
phase [39]. It was established previously by the angular dependence of B, in tilted magnetic
fields [29,33] that the CDs indeed act as one-dimensional pinning lines in such systems. In
addition, a less prominent peak of the critical current density and a corresponding dip in
the resistance is present at B, = 5.31T, i.e., with an arrangement of two vortices per unit
cell of the CD lattice. These observations justify studying V-I curves further to explore the
critical scaling mentioned earlier.

The V-I characteristics were recorded in static magnetic fields ranging from 1.0 to 8.0 T
and with temperatures in the vicinity of the glass temperature as the variable parameter.
For example, the isotherms for the matching field By = 2.653 T are presented in Figure 2a.
At 66K (red lines) and above (not shown), an ohmic behavior is observed in the low-current
limit and attributed to TAFE. At lower temperatures, non-linearity emerges, and a power-
law behavior can be observed over the entire current range. The V-I characteristics at
T < Tg (to the right of the green line) have negative curvatures that hint at a vanishing
resistance for a particular critical current. All these observations match the predictions of
both the VG and BG theories and Equation (1).

Following the scaling theories, Figure 2b shows the collapse of the V /I vs. I data
deduced from panel (a) according to Equation (2). Two branches, corresponding to the
universal functions §4 and §_ are built up from the various isotherms. The results appear
qualitatively similar to previous works, except for the dynamic parameter zyc = 9.0 that
falls outside the reasonable range predicted by the VG theory and also differs from previous
experimental findings.
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Figure 2. (a) V-I isotherms at 66 K (red), 65.5 to 52K in 0.25 K steps, and 50 to 30K (blue) in 2K steps
of the nanopatterned sample at the matching field B; = 2.653 T. The green line indicates the isotherm
at 59.5K, which is closest to the glass temperature Ty = 59.4K. (b) V/I vs. I isotherms plotted
according to the VG scaling of Equation (2). The isotherms collapse onto the two universal functions
T+ above and §- below Ty, respectively. The colors of the data points represent the temperature and
are the same as in panel (a).

Figure 3a illustrates the systematic change of the glass temperature Ty with the applied
magnetic field. Pristine YBCO shows an almost linear decrease of Ty with the magnetic
field [12]. This trend, indicated by the dotted line, can also be observed in the nanopatterned
sample, as long as the applied magnetic field is not commensurable. However, at By and,
to a lesser extent, By, peaks of T are visible.
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Figure 3. Scaling parameters of the nanopatterned YBCO film. The representative error bars indicate
the uncertainty caused by interdependence between the fit parameters Ty, zyg, and vyg. The size
of the symbols represents the uncertainty of the parameter when the other two parameters are kept
fixed. Solid lines are guides to the eye. (a) The phase boundary between the vortex liquid and the
glass phase is represented by the glass temperature Ty as a function of the external magnetic field. The
gray dotted line symbolizes a linear trend of Tg. (b) Parameters from the scaling analyses according
to Equation (2).

The scaling parameters vy and zy in different magnetic fields behave very diverse,
as demonstrated in Figure 3b. On the one hand, the parameter vy is independent of the
magnetic field and has the typical value vyg = 1.3 £ 0.2, which is also reported for pristine
YBCO [19]. On the other hand, zyg = 6.5+ 0.5at 3T < B < 8T but exhibits a narrow peak
at By with a maximum zy ¢ = 9.0. This value of zy lies clearly outside the 3-dimensional
(3D) VG scaling range. Interestingly, zy ¢ does not peak at By, and the minor broad hump
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is within error limits. We can imagine two possible reasons: either the pinning force of the
second vortex in a CD is rather small so that it can easily escape, or the second vortex is
already magnetically caged at an interstitial position. In both scenarios, the dynamics of
moving vortices will be dominated by the disordered defects that are present between the
CDs and result in a similar zy as in off-matching fields.

In Figure 3, we have introduced two different error estimates. The size of the symbols
indicates the respective uncertainty of Tg, vy, and zyg when the other two parameters are
kept fixed. There is, however, interdependence between the choice of parameters, mainly
between T, and zy. An increase of Ty relates to a decrease of zyc, and vice versa. The
range in which reasonable scaling collapses can be achieved is marked by error bars. It
is crucial that the significant matching effect at By is represented by an increase of both Ty
and zy . Hence, despite any uncertainties with the collapsing V/I vs. I curves, a marked
change in the vortex dynamics is evident.

When converting the critical exponents to those of the BG theory by Equation (4), we
find vgc = 0.81 and zp¢ = 14 at B;. Note that both theories predict comparable values for v,
and, as discussed above, we do not observe any features of vy at the matching fields in the
nanopatterned sample. Conversely, the value for zp; = 14 is significantly above previous
results (zgg~9) in YBCO with incommensurate BaZrO3; (BZO) nanorods [23]. We attribute
this enhancement of zp¢ to the periodic arrangement of the CDs in our samples and thus
to the OBG phase. A theoretical analysis reported [34] that in the quasi-long-range ordered
Bragg glass, the V-I isotherms are steeper than in the VG. According to Equation (3),
steeper isotherms are connected with a larger z, which also points to an increase of z by the
frustration of disorder and is in accordance with our observations.

In Figure 4, the collapsed curves at the commensurability field B; and an off-matching
field of 4 T are compared. The dotted lines indicate the bifurcation between the universal
functions §+. Remarkably, these bifurcation lines have significantly different slopes, which
are, according to Equation (3), determined solely by the dynamic scaling parameter zy ¢ (or
zpG)- Thus, steeper V /I vs. I isotherms at By and, at the same time, zp above the typical
values for a disordered Bose glass strongly support our proposal of an ordered Bose glass phase.
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Figure 4. Comparison of the collapsed V' /I vs. I curves at the first matching field By = 2.653 T and at
an off-matching field B = 4 T. The dotted lines indicate the bifurcation and have different exponents.
Color coding is the same as in Figure 2.

One might raise concerns about a ‘true’” 3D nature of vortices in very thin films
rendering 2D scaling theories more appropriate [14]. Taking the distance of vortices
I ~ \/®y/B, a 3D vortex glass is expected when [ < t. For our film with t = 26 nm, the
condition for 3D is fulfilled for B > Bj.
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As a cross-check, we can evaluate the critical parameters for 2D scaling. It follows
from Equation (2) that VVG = 21/3% and ZVG = (z?,% —1)/2. Thus, the same collapse of the
V I isotherms can be achieved with the adapted parameters of the 2D model. However,

VG = 2.6 £ 0.4 would be outside the expected range between 1 and 2 and, moreover,
ZVG =275+025at3T < B < 8T is too low for a VG. Only at By, ZVG = 4.0 would be
an acceptable value. A typical 2D vortex ensemble is weakly coupled pancake vortices.
Assuming that such a 2D situation arises by introducing columnar pinning defects would
be counterintuitive. We thus conclude that a 2D glass scaling theory is incompatible with
our observations.

Our results can be compared with previous findings. In pristine YBCO thin films at
a magnetic field B = 2T, 3D scalings with vyg = 1.7, zy¢ = 49 [12] and vy = 1.3 £0.1,
zyG = 4.8 £0.3 [19], respectively, have been reported. These values correspond well to
our present results for B < By. Theoretically, the two critical parameters are expected to be
independent of the applied magnetic field. However, at B > B, we observe an increase to
2y = 6.5, which is slightly above the typical bandwidth for VG scaling.

A possible reason is that a fraction By /B of vortices are bound in the CDs, whereas
additional flux penetrates as interstitial vortices. Such a landscape of correlated quenched
disorder by the CDs and various disordered pinning sites (twin boundaries and screw
dislocations) between them could lead to more complex vortex dynamics and thus to zy g
values between those at low fields and the high one observed at B;.

Similar considerations lead to the difference between a vortex Mott insulator and the
present situation of an OBG. A vortex Mott insulator should show no glassy behavior since
vortex lines can equidistantly hop from one CD to the next [40]. In an OBG, however, the
disordered intrinsic defects between the CDs can also trap vortices and induce glassiness.

In YBCO thin films that were large-area irradiated (i.e., without lateral modulation
of the fluence) with 80 keV He™ ions, vyg = 1.4,zyg = 4.75 have been reported, and no
difference was found between irradiated and pristine films [37]. Hence, we conclude that it
must be the defect pattern created by focused He™ ion beam irradiation in our sample that
leads to the present observations.

Remarkably, a study of thin YBCO films after irradiation with 100 keV O™ ions through
a masking layer penetrated by a square lattice of holes with 120 nm spacings found 2D
scaling of the V-I isotherms, indicating reduced vortex-glass correlations along the vortex
line [29]. In addition, no significant change of the critical exponents vy and zy¢ has
been found at the matching field, yet there is a slight enhancement of the vortex glass
temperature. Although there are several differences in our study, such as hexagonal versus
square CD patterns and the different nature and diameters of the CDs, we believe that the
main reason is the CD’s density. The condition I < t discussed above is not met, which
might indeed lead to a 2D-VG behavior.

5. Conclusions

Thin films of the copper-oxide superconductor YBCO contain many intrinsic defects,
such as point defects, twinning phase boundaries, and screw dislocations, that act as
randomly distributed pinning sites. An ultradense hexagonal arrangement of columnar
defects created by focused He' ion irradiation can overcome the uncorrelated pinning in
YBCO thin films. We have found that in such a sample, the vortex dynamics and the relative
strength of periodic and uncorrelated pinning sites can be tuned by the applied magnetic
field. Furthermore, critical scaling relations of the voltage—current isotherms in constant
magnetic fields yield parameters that distinguish between vortex glass and an ordered Bose
glass behavior. The latter can emerge from a vortex Mott insulator when thermal energy
and disorder weaken the vortex correlations, as is the case in our experiments. Accordingly,
we observe the ordered Bose glass phase exactly at the matching field, where every columnar
defect can be filled by one flux quantum.

Still, many intriguing issues exist in the vortex physics of copper-oxide superconduc-
tors. The fabrication of engineered pinning landscapes in copper-oxide superconductors
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with controlled geometry and tens of nm spacings may raise the investigations of vortex
systems and their various phases originating from the competition of pinning and elastic
vortex forces, disorder, and fluctuations to a higher level.
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Controlled engineering of vortex pinning sites in copper-oxide superconductors is a critical issue in
manufacturing devices based on magnetic flux quanta. To address this, we employed a focused He-ion
beam (He-FIB) to irradiate thin YBa,;Cu307_s films and create ultradense hexagonal arrays of defects
with lattice spacings as small as 20 nm. Critical current and magnetoresistance measurements demonstrate
efficient pinning by a matching field of 6 T visible in a huge temperature range from the critical temperature
T, down to 2 K. These results show that He-FIB irradiation provides excellent opportunities for the devel-
opment and application of superconducting fluxonic devices based on Abrikosov vortices. In particular,
our findings suggest that such devices can operate at temperatures far below 7, where superconductivity

is robust.

DOI: 10.1103/PhysRevApplied.22.014043

I. INTRODUCTION

Superconductivity is a macroscopic quantum phe-
nomenon characterized by the long-range coherence of
charge carriers that make up the superconducting conden-
sate. Most technically viable superconductors, including
copper-oxide superconductors (HTS) with high critical
temperature 7, belong to the class of type-II superconduc-
tors. These materials allow the magnetic field to penetrate
in the form of Abrikosov vortices of supercurrent, which
carry the quantized magnetic flux ®y = //(2e), where & is
Planck’s constant and e is the elementary charge.
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The properties and the interaction of Abrikosov vortices
are controlled by two characteristic lengths: the Ginzburg-
Landau coherence length £ and the London penetration
depth A [1]. In the vortex center, the superconducting order
parameter is suppressed to zero on the length scale &, thus
creating a normal-conducting vortex core of approximately
2& diameter. As the formation of this normal-conducting
core (i.e., the suppression of superconductivity) requires
energy, the vortex will be preferentially pinned to a non-
superconducting defect.

The magnetic field and the supercurrents circulating
around the vortex core decay exponentially on a char-
acteristic scale given by the London penetration depth
A > &, which determines the magnetic vortex-vortex inter-
action range. For thin superconducting films with thick-
ness #, < A, the so-called Pearl length [2] A = 2%/t
replaces A.

Importantly, Ginzburg—Landau theory predicts the tem-
perature dependence £(7) = £(0)(1 — T/T,)~'/?, which
implies that &£(7) — oo at temperature 7 — 7. The
same temperature dependence is predicted for A(T) [1].
Consequently, at temperatures near 7., the size of the

Published by the American Physical Society
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vortex cores and their interaction range rises significantly.
For the anisotropic compound YBa,Cu3;O7_s5 (YBCO)
used here as a prototypical HTS, the in-plane parameters
are £,,(0) ~ 1.2 nm and 1,,(0) ~ 250 nm (for epitaxial
thin films) [3-5].

A single Abrikosov vortex can store a classical data
bit [6] and can be manipulated by several methods [7].
Vortices and interacting vortex ensembles have been sug-
gested to build superconducting devices like vortex ratch-
ets [8], cellular automata [9,10], superconducting diodes,
vortex-based memory cells [11], and artificial vortex ice
[12]. Although some of these concepts have been real-
ized in experiments [13—15], it has not yet been possible
to exploit the fundamentally possible degree of com-
plexity and miniaturization. Hence, previous experiments
with artificial vortex pinning sites were restricted by the
employed etching techniques and had to be operated at
temperatures 7 — T, where the interaction length A(7) is
longer than the spacing a between the pins [16—18]. Inno-
vative concepts, such as growing Nb films on nanopore
templates [19], have been employed to mitigate these
issues.

However, one aims to create devices that work at tem-
peratures below about 7./2 where superconductivity is
robust and thermodynamic fluctuations do not reduce the
collective vortex effects. Accordingly, the goal is to design
and fabricate arrangements of many pinning sites in YBCO
with diameters d 2 2&,,(7./2) and spacings a such that
d<a< ANT./2).

Thin films of YBCO are usually patterned by etching
away material, which leads to a landscape with varying
thickness. This process is extremely delicate and becomes
even more challenging for nanoscale patterning due to the
potential loss of oxygen through the open side faces of
the remaining material. However, the loss of oxygen ulti-
mately results in the degradation of the superconducting
properties.

To overcome this issue, a masked light-ion beam from
an implanter has been employed to fabricate regions with
suppressed superconductivity [20—28]. The impacting ions
create mainly Frenkel defects of the oxygen atoms in the
YBCO crystal [29], while maintaining the crystallographic
framework and the surface of the film intact. The bind-
ing energies are typically in the range of 1-3 eV [30,31]
for O atoms in the CuO chains and about 8 eV [31] for
the O atoms in the CuO; planes of YBCO. Point defects
caused by ion impact break the superconducting carrier
pairs and suppress 7. These defects also scatter charge
carriers and increase the normal-state resistivity. He™ ions
with moderate energy are ideal [32] for creating enough
point defects to completely suppress superconductivity at
a practically available fluence of ¢ < 10'° ions/cm? while
still penetrating a YBCO film with a thickness less than
about 100 nm [33]. However, columns of nonsupercon-
ducting material of diameters [15] d and spacings [34] a

achieved by masked ion irradiation of YBCO are presently
limited to d ~ 70 nm and a ~ 100 nm.

In this work, we utilize the focused He-ion beam (He-
FIB) of a helium ion microscope (HIM) to achieve a spatial
resolution well below 70 nm. We exemplify the advantages
of the HIM’s unique properties [35] by showcasing vortex-
matching effects in a set of hexagonal pinning arrays. The
matching effects show up in measurements of the critical
current /. and resistance R versus magnetic field B, and
they are remarkably robust, extending to B as high as 6 T,
and persisting at 7 from 7, down to 2 K. Our results repre-
sent a significant advancement in the fabrication of vortex
pinning landscapes in thin YBCO films.

II. EXPERIMENTAL METHODS
A. Sample fabrication

For the studies presented here, thin YBCO films
were grown epitaxially on (100)-oriented single crystal
(LaAlO3)3(Sr2AlTaOg)o7 (LSAT) substrates by pulsed
laser deposition . A 20-nm-thick Au film was deposited
in situ by electron beam evaporation right after YBCO
film growth, which serves for electrical contacting. The
film thicknesses (see Table I) are small enough to per-
mit complete penetration of the He-FIB. This guarantees
a low level of angular and energy dispersion in the colum-
nar defect (CD) array, a necessary condition for observing
matching effects [36]. An excellent c-axis orientation of the
films is confirmed by X-ray diffraction . Figure 1(a) shows
a 626 scan of the 37-nm-thick YBCO film, and the inset
shows the rocking curve (w scan) of the YBCO (005) peak
with a full width at half maximum (FWHM) of 0.08°.

To fabricate microbridges on each chip, we used a
combination of photolithography and Ar ion milling to
pattern the Au/YBCO bilayer. Subsequently, the Au layer
was removed with Lugol’s iodine from the YBCO bridge
structures to be exposed to He-FIB irradiation. The super-
conducting properties of the YBCO films did not change
after patterning into microbridges. An optical image of a
microbridge with an illustration of the electrical connec-
tions is shown in Fig. 1(b). The dimensions of different
bridges are chosen to maintain the same number of irradi-
ated dots for various pinning site spacings and to minimize
the irradiation time for the denser lattices (see Table I).

B. He-FIB irradiation

The He-FIB irradiation was performed in a HIM ( Zeiss
Orion NanoFab) at the University of Tiibingen. The sam-
ple chips were attached to aluminum sample stubs and
grounded with silver paste. After mounting in the HIM,
they were thermally acclimated for roughly 60 min before
the irradiation procedure began. For simplicity, we will
refer to the number of ions hitting a certain spot on the
surface of the sample as the “dose” D, which will be

014043-2
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FIG. 1.
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Fabrication of nanopatterns by He-FIB, (a) X-ray diffraction 6—26 scan of the YBCO film before patterning (to create bridge

H20); inset shows an w scan of the (005) peak. (b) Optical micrograph of the bridge H20 with electrical connections after He-FIB
irradiation within the area depicted by the yellow rectangle. (c) Sketch of the He-FIB patterning process. (d) Secondary electron
helium ion microscope (HIM) image of a reference sample with a hexagonal ¢ = 20 nm array after irradiation with an excessive dose
D = 60 ki/dot. The white spots are blister-forming amorphous regions.

given in units of 1000 ions per dot (ki/dot). In Fig. 1(c),
the fabrication of a hexagonal array of CDs by He-FIB is
illustrated.

Notably, the dose D = 10 ki/dot was carefully selected
to induce point defects and locally suppress 7. in the
YBCO film, while avoiding amorphization within the CDs.
To achieve this, the dose must not exceed a critical amor-
phization dose D, = 13 ki/dot (see Sec. IV A 1). However,
if D < D, the areas subjected to irradiation do not exhibit
any visible surface degradation and cannot be seen by HIM
imaging. To monitor the CD array fabrication process and
visualize it, an auxiliary sample [shown in Fig. 1(d)] was

TABLE 1.

irradiated with a dose D > D.. The scanning transmis-
sion electron microscopy (STEM) study presented in Sec.
IV A 1 reveals that, for He-FIB doses above the amorphiza-
tion threshold, the amorphous region causes local swelling,
resulting in a bulge of the surface, as shown in Fig. 1(d).
Apart from the number of impinging ions, the lateral
intensity profile of the He ion beam is also crucial. For our
typical HIM parameters [a spot control (SC) value of 5 and
an aperture of 10 wm], we assume a Gaussian intensity pro-
file with an estimated FWHM beam diameter & ~ 9 nm.
The SC value for a given aperture diameter determines the
width of the beam diameter. A higher SC value produces

Parameters of YBCO microbridges with pinning arrays reported in this paper. The length indicates the distance between

the voltage probes. The critical temperature 7, is determined as the resistive transition’s inflection point. The first magnetic matching
field B, is calculated from Eq. (1) and confirmed by /.(B) and R(B) measurements.

Name Width Length Thickness a D T, B,
(um) (m) (nm) (nm) (ki/dot) (K) M
H30 8.0 20.0 26+1 30£0.6 10 75 2.7
H25 6.5 17.0 26+1 25405 10 63 3.8
H20 5.0 13.5 37+2 20405 10 52 6.0
H15 4.0 10.0 26+1 15+04 10 n/a (10.6)
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a narrower beam profile at the expense of lower ion flu-
ence and therefore longer irradiation time. For example,
a narrow beam is required to draw lines across a YBCO
microbridge to create Josephson junctions [37,38]. On the
other hand, a lower SC value widens the beam and can lead
to unwanted defects in the inter-CD areas, as discussed in
Sec. IVA2.

Throughout this work, we used a He-FIB with an energy
of 30 keV. The irradiated area is limited by the field of
view (FoV) of the HIM, and for optimum resolution of
the HIM’s beam deflection circuitry, the FoV should be
30 x 30 pum? or smaller. This provides a beam positioning
accuracy of approximately 0.5 nm.

Several hexagonal arrays have been produced with spac-
ings a = 30, 25, 20, 15 nm and doses ranging from D = 1
to 10 ki/dot. The different values of a were chosen to
test the ultimate resolution that can be achieved. Here, we
present the results for D = 10 ki/dot, which demonstrates
the strongest pinning.

C. Transport measurements

The electrical measurements were carried out in a
physical properties measurement system equipped with
a 9-T superconducting solenoid and a variable tempera-
ture insert with a Cernox resistor for in-field temperature
control (Quantum Design). For all experiments, the mag-
netic field was oriented perpendicular to the sample surface

—40-20 0 20 40 —40-20 0 20 40

—40-20 0 20 40 —40-20 0 20 40 —40-20 0 20 40

FIG. 2. Monte Carlo simula-
tions of 7, suppression induced
by He-FIB irradiation (with & =
9 nm) of YBCO; only the cen-
tral parts of larger hexagonal pat-
terns are shown. The x-y plots
show cuts at z =15 nm depth
below the film surface, while the
x-z plots show cuts at y = 0 nm.
(a) Columnar defect (CD) lattices
with various lattice spacings; D =
10 ki/dot. (b) CD lattices witha =
20 nm and various D.

15 nm

x (nm)

T.(K)

(x-y plane), that is, the field is along the z axis. To rule
out thermoelectric signals, resistance measurements were
taken with constant excitation currents of 1.2-2.4 LA in
both polarities. The magnetic field was swept in both polar-
ities at fixed temperatures, and perfect mirror symmetry
was observed. Furthermore, the results are independent of
the magnetic field sweep direction and no hysteresis [26]
was observed.

The critical current /. is determined from isothermal
voltage ¥ versus current / measurements using a voltage
criterion of 135 nV, which is above the noise floor of 40 nV
and corresponds to an electric field £ = 100 wV/cm. Sup-
plementary resistance measurements in magnetic fields up
to 12.5 T were performed in an Oxford Instruments helium
bath cryostat.

II1. SIMULATIONS

Our experiments were preceded by simulations of the
expected 7.(x,y,z) suppression patterns, which are sum-
marized in Fig. 2. Briefly, atom displacement cascades
due to He-FIB irradiation were calculated using the
SRIM/TRIM program [39]. Individual He* atom impact
points were shifted to simulate the Gaussian beam inten-
sity distribution and the hexagonal irradiation pattern. The
resulting three-dimensional landscapes of defects can be
converted to local 7. values by using experimental data
from uniformly large-area-irradiated thin YBCO films as
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ki/dot

Cross-sectional High-angle annular dark field STEM image of the lamella extracted from a hexagonal array of CDs with

the lattice constant @ = 20 nm, length 2000 nm in the x-direction. The array has a dose gradient along the x axis given by D(x) =
689 i/dot- (N + 1) = 689 i/dot- (1 +x/a’), where N =0,...,115 is the CD column number in the gradient direction and &' =
V/3/2a ~ 17.32 nm is the distance between the CDs in the x (D gradient) direction. (a),(b) Zoomed images in the region with preserved
crystal structure and in the region with onset of amorphization (x. ~ 320 nm, D. ~ 13 ki/dot). (c) Overall view of the entire array.
The scales below the image show the coordinate x within the array and the corresponding dose D(x). Each small tick on the D axis
corresponds to a position of a defect column (i.e., the distance between the ticks is a’). (d) The intensity profile (white) overlaid onto
a selected part of the lamella’s STEM image shows a slight contrast modulation with the periodicity a’. The red arrows indicate the

locations of the irradiated spots.

calibration [40]. The size of the simulation cells is 1 x
1 x 1 nm?, similar to the in-plane and larger than the
out-of-plane coherence lengths of YBCO.

In Fig. 2(a), the red dots indicate hexagonal arrays of
well-formed nanocolumns with suppressed 7.. They are
well separated down to @ = 20 nm, leaving a supercon-
ducting matrix in between. Because of the straggling of
the ion trajectories, these inter-CD regions have a finite
but smaller defect density and hence also slightly reduced
T, values. In contrast, the simulation of an array with a =
15 nm reveals little 7, contrast between defect columns
and inter-CD regions, making the observation of matching
effects unlikely.

Furthermore, proper dose selection is crucial, as demon-
strated in Fig. 2(b) for a lattice with spacings a = 20
nm. Doses of D « 10 ki/dot do not entirely suppress
superconductivity. They only decrease 7, locally, result-
ing in a weaker pinning potential, as shown in Fig. 4(a).
Conversely, doses D > 10 ki/dot provide no additional
benefit since the suppression of 7. is already maximal.

On the contrary, an excessive number of defects causes
crystal lattice instabilities, which spread into neighboring
regions and widen the defect columns.

IV. RESULTS AND DISCUSSION
A. Optimization of irradiation parameters
1. Irradiation dose

To maintain the crystalline framework of YBCO and
still suppress its superconductivity, it is essential to deter-
mine the optimal number of 30 keV He" ions (referred
to as dose D) to irradiate one dot of the pinning lattice.
If the dose exceeds the threshold value D, it causes the
breakdown of the crystalline structure, making the YBCO
film amorphous. To identify D., a hexagonal array of
dots was used with a distance of ¢ =20 nm. The dots
were irradiated with increasing doses in steps of 689 i/dot
from row to row, linearly from 0.689 ki/dot to 80 ki/dot,
leaving the other irradiation parameters the same as for
sample H20.
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FIG. 4. Vortex-matching effects in the resistivity versus field curves of irradiated YBCO bridges. (a) Magnetoresistivity of four
samples at /T, ~ 0.96 after irradiation with an ¢ = 30 nm hexagonal pattern using SC = 4, and doses from 1 to 10 ki/dot. (b) Com-
parison of different spot control (SC) settings of the HIM. Two hexagonal pinning arrays with ¢ = 40 nm were prepared with a dose
D = 2.0 ki/dot on the same substrate. The magnetoresistivity at 86.5 K (7/T, ~ 0.96) is plotted for SC = 4 and 5.

This array was characterized by aberration-corrected
STEM in a probe-corrected FEI Titan 60-300 operated
at 300 kV, equipped with a CEOS corrector for the con-
denser system, which provides a probe size below 1 A.
A high-angle annular dark field in STEM was used to pro-
vide Z-contrast images. The cross-sectional specimen was
prepared by Ga'-FIB in an FEI Helios 650 Dual Beam
FIB system. The bright bubble-like contrast on top of the
YBCO film in Figs. 3(a) and 3(b) is the Pt-C deposit grown
by focused electron beam induced deposition to protect
the YBCO film during transmission electron microscopy
(TEM) lamella preparation in SEM-FIB equipment. This
is a standard procedure with negligible impact on the film
quality due to the low dose and low energy of the elec-
tron beam used. The same type of coverage is used in the
highly crystalline pristine areas, which does not evidence
any apparent amorphization or beam damage.

The cross-sectional STEM image of the entire irradiated
region is shown in Fig. 3(c). At low doses, the crystalline
structure of YBCO is preserved, as can be seen in the
magnified detail depicted in Fig. 3(a). At a critical dose,
D, ~ 13 ki/dot, the crystalline structure of YBCO disap-
pears in the STEM image, indicating the amorphization of
the film, as displayed in Fig. 3(b). Note that at D < D,
the YBCO layer already begins to swell, but the surface of
the substrate remains flat. Only at substantially higher D
is the substrate also damaged, and individual beam tracks
become clearly visible on the right in Fig. 3(c). This obser-
vation proves that the reported vortex-matching effects are
not caused by local strain from the substrate, but rather
originate from subtle modifications of the YBCO structure.

The intensity profile for D < D, shown as an over-
lay to the STEM image in Fig. 3(d) reveals a reduction
with increasing x (i.e., increasing D) that begins when the
YBCO lattice expands and reaches its lowest value in the

amorphized region. Intriguingly, it can clearly be seen that
for D < D, the layered structure of YBCO is conserved,
yet the intensity profile shows little dips with a periodicity
of @’ = +/3/2a. Such an intensity depression is probably
caused by the enhanced disorder in the CD channels. The
width of the dips is up to 10 nm, supporting our previous
estimate for the diameter of the CDs.

For lower dose values that do not cause visible dam-
age, no signatures of the irradiation are visible in STEM
images. However, the CDs created with lower doses
strongly influence the behavior of magnetic flux quanta, as
seen in electric transport measurements. The observation
of magnetic-field commensurability effects with the flux-
line lattice is a direct probe of efficient vortex pinning in
periodic pinning landscapes. Minima of the resistivity and
maxima of the critical current appear at so-called matching
fields

By = k®/A4, )
where £ is an integer or rational number of vortices con-
tained within the unit cell of the hexagonal pinning array
with area 4 = %az. The field B; corresponds to the flux
density of one vortex per pinning site. When the magnetic
field B > By, one of two scenarios may occur: either some
or all CDs are filled with multiquanta vortices when the
CD radius is larger than the (in-plane) coherence length or
interstitial vortices enter between the CDs [41].

The question of how lower doses D <« D, influence
the efficiency of the pinning lattices was investigated
in several microbridges prepared on the same substrate.
The bridges were patterned with a hexagonal ¢ = 30 nm
CD lattice using different doses but otherwise identical
conditions. Figure 4(a) shows the resistivity p versus the
applied magnetic field B of these bridges. Because 7.
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(a) Resistivity versus temperature (at B = 0) of YBCO microbridges patterned with a hexagonal array of CDs of various

spacings a by He-FIB irradiation with dose D = 10 ki/dot. Extrapolations of the normal-state resistivities are shown by dashed lines.
The black line shows the data of a nonirradiated reference film. (b) Color-coded contour plot of the resistance of sample H20 as a
function of temperature and magnetic field. The dotted line represents the onset of superconductivity, 7 onset, taken as 90% of the
normal-state resistance value at 100 K, R(100 K). The dashed-dotted line estimates the irreversibility line 7., using a criterion of

0.1% of R(100 K).

decreases with increasing D, the data were taken at the
same normalized 7/T, ~ 0.96. Although commensurabil-
ity effects are barely visible at D = 1 ki/dot, they appear
at higher doses. Still, the p(B) curves of the bridges with
D < 3.5 ki/dot are similar and do not show matching dips
at B,. Only for D = 10 ki/dot is there a clear matching
effect at B, and, moreover, the minimum at B; is remark-
ably pronounced. These experimental results confirm the
simulation results presented in Fig. 2(b) and point to an
optimal dose D = 10 ki/dot for our experiments.

2. Spot control

The SC value specifies the strength of the HIM’s con-
denser lens, thus setting the position of the crossover point
in the ion optical column. For a given aperture diameter,
a higher SC value thus produces a narrower beam profile
at the expense of lower ion fluence and longer irradiation
time. For SC = 5 used in this study we estimate a beam
diameter of FWHM @ =~ 9 nm on the sample surface. At
a dose of 10 ki/dot the dwell time of the beam for a sin-
gle spot is about 3 ms, and the total irradiation time of
the bridge is approximately 40 min for the lattice spacing
a =30nm.

The processing time can be reduced by a factor of about
2 using SC = 4. To test the consequences, the resistivi-
ties at 86.5 K are compared as a function of the applied
magnetic field in Fig. 4(b). The two bridges with a hexag-
onal CD pattern of @ = 40 nm were manufactured from
the same YBCO film and treated identically, except for the
choice of SC. Despite the similarity of the vortex-matching
characteristics, the resistivity of the SC =4 bridge is

higher due to a wider tail of the ion beam profile, resulting
in a higher defect density between the irradiated spots.

B. Resistivity and critical current

The microbridges described in Table I were further
studied by electrical transport measurements. Figure 5(a)
depicts the resistivity p(7) of all four microbridges with
arrays written using D = 10 ki/dot together with a non-
irradiated reference film. The samples with 4 = 30, 25,
and 20 nm exhibit a metallic temperature dependence in
the normal state and a critical temperature that decreases
with smaller spacing. An invariance of the slope indicates
that no oxygen is lost during irradiation [33], while the
rising offset of a straight line extrapolated from the nor-
mal state indicates an increase in the number of defects in
the percolation paths between the CDs. This observation is
consistent with the decline of 7, and the simulation results
presented in Fig. 2(a).

In contrast, the array with ¢ = 15 nm displays a semi-
conducting p(7) dependence and does not become super-
conducting even at our lowest measurement temperature
of 2 K. When the CDs are placed at such a close spacing,
they begin to overlap and impede the supercurrent between
the CDs. This observation from the resistivity measure-
ments for variable a supports our estimate of the He-FIB’s
fluence profile @ = 9 nm in the simulations.

In order to further investigate the superconduct-
ing transition of sample H20, we measured R(7) for
different magnetic fields, as shown in Fig. 5(b). The
dotted line represents the onset of superconducting per-
colation paths between the CDs, T onset(B), which is
defined as R(T¢ onset, B) = 0.9R(100 K, B). The steep slope
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FIG. 6. Effects of vortex commensurability in sample H20. (a) Critical current versus applied magnetic field at various temperatures.
The inset shows the critical current normalized to its value at the matching field B;. (b) Resistance versus applied magnetic field at
temperatures from 17.5 K (dark blue symbols) to 60 K (dark red symbols) in 2.5 K steps. The inset shows details at higher temperatures.

—dB/dT, onset implies that the upper critical field B, (0 K)
is very high. Remarkably, no features in T nset(B) are
observed at the first matching field B; = 6.0 T [horizontal
dashed line in Fig. 5(b)]. This suggests that in the strong
fluctuation and vortex liquid regime near T, nset(B), the
current paths between the CDs are basically unaffected by
the pinning array and the slope of T; gt (B) is comparable
to that of nonirradiated films. In contrast, we observe a dis-
tinct peak of the irreversibility temperature T, (B), defined
as R(Tiy, B) = 103R(100 K, B), right at B;. This indicates
that the onset of dissipation caused by moving vortices is
significantly shifted to higher temperatures when the vor-
tices can arrange themselves commensurably with the CD
array.

The vortex-matching effects can be investigated more
directly by critical current /.(B) (static probe) or resistance
R(B) (dynamic property of moving vortices) measure-
ments. The 7.(B) curves in Fig. 6(a), taken at six different
temperatures from 2 to 25 K, show peaks at B; = 6.0 T,
which remain visible even down to 7= 2 K. The inset
of the figure highlights these peaks by normalizing 7, to
1.(By). As the temperature increases, the pinning force of
intrinsic defects decreases faster than that of CDs [42],
which makes the peaks even more pronounced. It is worth
noting that previous works [16-18,23,25-27,34,43-49] did
not identify commensurability effects at such high mag-
netic fields. Furthermore, the vortex matching observed
in our samples continues to occur even at very low tem-
peratures. These observations are a natural consequence
of ultradense and strong pinning sites created by He-FIB
irradiation.

From Fig. 6(a) it is evident that the pinning effect
remains strong not only at B; but also throughout the field
range 0 < B < B;, where commensurability effects are
less significant. The minimum value of /., which roughly

corresponds to the weakest pinning sites, is reached at
about 4 T at low temperatures. At the lowest temperature
T=2K, I.(B=4T) is only half the value of 7.(B = 0).
However, for B > B, the pinning becomes less effective
and 7, decays more rapidly. While at B < B, every vortex
can, in principle, be pinned solely in a CD, this is not the
case for B > B;. Then an arrangement of multiquantum
vortices in the CDs or interstitial vortices occurs, which is
energetically less favorable. Thus, the value of B, sets an
upper limit to the typical range of strong pinning that is rel-
evant for practical applications. This implies that shifting
B, to high magnetic fields is essential, which is possible
with the method presented here.

On the high-temperature side, up to about 60 K, the
vortex-matching effects are probed via reduced vortex
mobility, resulting in minima of the resistance as shown
in Fig. 6(b). This suggests that even at 80% of the normal-
state resistance value R(100 K), correlations between vor-
tices do exist. Hence, the vortex ensemble is not entirely
melted but instead moves through a plastic vortex flow
[50]. Voltage-current isotherms in sample H30 indicate
that the interaction of artificial and intrinsic defects results
in an ordered Bose glass state [51,52].

The magnetoresistance of sample H20 was investigated
up to 12.5 T in a separate series of measurements. Figure 7
shows the R(B) curves at temperatures from 17 to 55 K.
Some measurements were taken at both magnetic field
polarities to confirm the perfect mirror symmetry of the
data. We do not find matching features [dips in R(B)]
at B, = 12.0 T, though minima in R(B) at B, are visi-
ble for the H30 bridge with a wider hexagonal a = 30
nm CD array [see Fig. 4(a)]. In addition, I.(B), measured
on the H20 bridge at lower temperatures, did not reveal
any commensurability signatures at B;. One possible
explanation is that the dynamics of interstitial vortices
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magnetic field and confirm the symmetry R(B) = R(—B).

changes when the channels between the CDs become nar-
row. Such details of vortex-matching properties in ultra-
dense pinning landscapes deserve further investigation.

V. CONCLUSIONS

To summarize, irradiating thin YBCO films with a 30-
keV focused helium ion beam of undercritical dose D <
D, is an excellent approach for introducing user-defined
patterns of suppressed critical temperature. After evaluat-
ing the appropriate irradiation conditions, we demonstrated
the ability to create ultradense hexagonal pinning arrays
with a spacing as low as ¢ = 20 nm. These arrays exhibit
strong pinning across a wide range of magnetic fields up
to the first matching field of 6 T. The overlap of neighbor-
ing CDs sets the present experimental minimum separation
of the pins at 15 nm < a < 20 nm. However, it is possi-
ble that further adjustment of irradiation parameters could
slightly reduce this constraint.

Our experiments have shown that vortex-matching
effects can be observed even at low temperatures of 2 K,
where superconductivity is stable and not affected by fluc-
tuations. This paves the way for designing more effective
pinning landscapes that can operate at several tesla and
at temperatures much lower than the critical tempera-
ture, avoiding the undesirable vortex liquid and fluctuation
regimes.

Our findings have expanded the range of temperatures
and magnetic fields that can be studied with regular artifi-
cial pinning landscapes. In order to bring the theoretical
concepts in the field of fluxonics [6,8,10,11] into prac-
tical use and to facilitate high operating frequencies, it
is essential to confine vortices to designed features with
the smallest possible size [9]. With our findings, it is
now possible to create complex pinning patterns with nar-
row spacing that can be utilized in applications such as

vortex-based cellular automata for fast logic with low
power consumption [9,10]. Future developments in He-
FIB instrumentation, such as a multibeam technique [53],
would further augment the versatility of the presented
method.
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