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Abstract

Superconducting electronics enables quantum-accurate metrology, ultra-
sensitive magnetometry, and terahertz (THz) devices. The established
Nb technologies are constrained by a low operating temperature and a
limited high-field/high-frequency performance. In the framework of this
dissertation, a fabrication platform for high-transition-temperature super-
conducting nano-devices based on epitaxially grown YBa2Cu3O7 (YBCO)
films patterned by focused helium-ion-beam (He-FIB) irradiation is de-
scribed. He-FIB irradiation locally displaces oxygen atoms in YBCO and
allows to continuously tune the superconducting properties without mate-
rial removal, enabling direct-write creation of weak links, resistive regions,
and insulating barriers with nanometer-scale precision.

This thesis accumulates four publications that together provide a deeper
insight into the well-established barrier-type Josephson junction and a
spectrum of applications. Single JJs and JJ arrays embedded in antenna
structures are presented to realize a THz detector, which could lay the
foundation of a high-transition-temperature voltage standard. Furthermore,
a superconducting diode with record figures of merit is presented. To
broaden the range of possible applications, He-FIB induced YBCO resistors
are presented, which allow for the fabrication of nano constriction-type
Josephson junctions on the resolution limit of the He-FIB. These ultra-small
junctions are investigated in SQUIDs and THz antennas to demonstrate
their feasibility.
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Kurzfassung

Supraleitende Bauelemente ermöglichen quantengenaue Metrologie, hoch-
empfindliche Magnetometrie und Terahertz-Anwendungen. Etablierte Niob-
Technologien sind jedoch durch niedrige Betriebstemperaturen sowie eine
begrenzte Verwendbarkeit bei hohen Magnetfeldern oder hohen Frequenzen
eingeschränkt. Diese Dissertation entwickelt eine Fertigungsplattform
für Hochtemperatursupraleiter zu Realisierung von Nanobauelementen
auf Basis von epitaktischem YBa2Cu3O7 (YBCO), strukturiert mittels
Bestrahlung eines fokussierten Helium-Ionenstrahls (He-FIB). He-FIB-
Bestrahlung deplatziert in YBCO lokal Sauerstoffatome und beeinflusst
dadurch die supraleitenden Eigenschaften im bestrahlten Bereich. Dies
ermöglicht die Fabrikation von Josephson Barrieren, resistiven Bereichen
und isolierenden Barrieren mit nanometergenauer Präzision.

Die Arbeit umfasst vier Publikationen, die gemeinsam ein vertiefendes
Verständnis der bereits etablierten Fabrikation von Barrieren-Josephson-
Kontakten in YBCO und einigen Anwendungen liefern. Einzelne Josephson-
Kontakte und Josephson-Kontakt-Arrays werden in Antennenstrukturen
integriert, um einen Terahertz (THz)-Detektor zu realisieren, welcher die
Grundlage für einen zukünftigen Hochtemperatursupraleiter-Spannungs-
standard legen könnte. Darüber hinaus wird eine durch He-FIB-Bestrahlung
induzierte supraleitende Diode mit herausragenden Spezifikationen vor-
gestellt. Zur Erweiterung der Bandbreite möglicher Anwendungen dienen
He-FIB-induzierte YBCO-Widerstände, die den Weg zu Nano-Josephson-
Kontakten an der Auflösungsgrenze des He-FIB geebnet haben. Diese
ultrakleinen Kontakte werden in SQUIDs und THz-Antennen getestet, um
ihre Realisierbarkeit zu demonstrieren.
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1 Introduction

Superconducting electronics has evolved from a niche subfield of low-
temperature physics into a central technology platform for precision metrol-
ogy, quantum information processing, and high-sensitivity detection. A
decisive step was the discovery of the Josephson effect in 19621. It showed
that a macroscopic quantum phase difference between two superconductors
separated by a weak link gives rise to a dissipationless supercurrent and
characteristic dynamical phenomena. The resulting device, the Josephson
junction (JJ), rapidly became a standard building block of superconduct-
ing circuits2. Today, Josephson junctions underpin technologies ranging
from Josephson voltage standards3,4 and ultra-sensitive superconducting
interference device (SQUID) magnetometers5,6 to superconducting qubits7,
parametric amplifiers8, and terahertz (THz) detectors9.

The broader significance of JJ-based devices is reflected in major sci-
entific milestones, including the demonstration of macroscopic quantum
tunneling and quantized energy levels in superconducting circuits by De-
voret, Martinis, and Clarke10–12, which was honored with the last year’s
Nobel prize in physics. These experiments showed that superconducting
circuits may behave as macroscopic quantum systems, laying the foun-
dation for quantum information technologies and reinforcing the central
role of the Josephson junction in modern quantum science13,14. As re-
search pushes toward higher frequencies, stronger magnetic fields, and
more complex architectures, the requirements for Josephson-junction ma-
terials and fabrication techniques rise in step. Among the most significant
application domains driving these developments are nanoscale SQUID
(nanoSQUID) magnetometry, nonreciprocal superconducting circuits, and
THz devices15–17.

Direct current (dc) SQUIDs, consisting of a superconducting ring inter-
sected by two Josephson junctions, sketched in Fig. 1.1(a), form the basis
of an ultra-sensitive flux sensing device. To operate the device, a dc bias
is applied. Any flux, penetrating the SQUID hole induces currents in
the superconducting ring, which modulate the junctions critical currents,
whereas the SQUID switches from superconducting to the voltage state.
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1 Introduction

(a) (b)

Nb + W

Si

JJ

SQUID hole 300 nm

Figure 1.1: (a) Scanning electron micrograph of a W-covered Nb dc SQUID with
two nanojunctions patterned in the SQUID loop. (b) The upper left part shows
current-voltage characteristics of a dc SQUID for applied flux of Φ0/2 and Φ0
threading the SQUID loop. For a fixed current bias (flowing from left to right in
(a)) the resulting voltage modulation with applied magnetic flux is depicted in
the lower right part of the figure. The figures are reprinted from Ref.18, with
permission from Elsevier.

This happens due to fluxoid quantization in the superconducting ring and
the non-linearity of the Josephson junctions. For a fixed bias current, the
SQUID shows a modulating voltage 𝑉 dependent on the applied flux Φ, see
Fig.1.1(b). The point of maximum slope in the 𝑉 (Φ)-curve corresponds to
the device’s highest sensitivity and thus defines the preferred operating
point. Readout electronics, such as flux-locked loop, allow to operate
at this very point over huge changes in the penetrating flux by feeding
back flux to the SQUID. This offers unparalleled magnetic-flux sensitivity,
where optimized SQUIDs rms flux noise can reach down to 1 𝜇Φ0/

√
Hz or

lower18–20, enabling applications ranging from scanning probe microscopy
to biomagnetic detection and geophysical surveying21. Continued advances
in nanoscale SQUIDs have pushed sensitivities toward the single-spin
regime while enabling sub-100-nm spatial resolution using SQUID-on-
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Figure 1.2: (a) Modeled IVC featuring a linear voltage branch with a slope of
1/𝑅n. The critical currents used for plotting are 𝐼c

+ = 0.2, 𝐼c
− = 0.8, 𝐼+

r = 0.1
and 𝐼−

r = 0.3. (b) Rectification curve acquired by applying a sinusoidal driving
current with the form of 𝐼 = 𝐼ac sin(𝜔 𝑡) to the IVC in (a). Averaging over one
period of the driving current at an amplitude 𝐼ac in (a) yields one data point in
(b). The dashed lines indicate the switching currents from the IVC in (a). The
range between the dashed lines defines the rectification window, in which the
device operates as a superconducting diode the most efficiently. Both graphs are
adapted from Ref. [26] and modified. © 2016 American Physical Society.

tip devices22,23. Major progress has also come from integrating these
nano-SQUIDs into scanning cantilevers, allowing simultaneous atomic-
force microscopy operation and magnetic imaging, and even mapping local
temperature variations of the sample. This SQUID-on-lever technology was
successfully integrated on the Nb platform within an European collaborative
project known as FIBsuperprobes24,25. The reported Nb device realized
remain challenged by temperatures above ten kelvin, magnetic fields of
several tesla, and scaling constraints, which gives rise to another material
platform for further optimization.

At the same time, interest in engineered nonreciprocity has revived
research on Josephson devices whose critical currents depend on the current
direction. Such devices, nowadays reffered to as superconducting diodes
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1 Introduction

(ScDs), characterized by 𝐼𝑐,+ ≠ 𝐼𝑐,− (see Fig.1.2(a)), represent a promising
building block for nonreciprocal superconducting circuits. To achieve
a ScD, one has to enforce both time reversal and inversion symmetry
breaking within the Josephson junction, which generally follows from an
asymmetric current-phase relation27. This can be accomplished through
several distinct mechanisms. Experimental realizations include spin–orbit
coupling combined with Zeeman fields28, field-free symmetry breaking
in van der Waals heterostructures29, fluxon-induced Josephson potential
asymmetry30, asymmetric SQUID potentials31–33, and many more16,34.
To exemplify the working principle of the ScD, one can simply drive
such a device with an alternating or even a noise current source and
measure the rectified dc voltage, see Fig. 1.2(b). For testing the conversion
efficiency of the diode, an additional counter current can be applied,
which weakens the diode effect and reveals its performance under load26.
These demonstrations highlight the technological potential of ScDs leading
to superconducting electronics in the form of computer chips, direction-
selective quantum sensors, rectifiers and other quantum devices27. It
also raises the question whether a purely noise-driven rectifier can be
used to generate energy. Typically the reported ScDs rely on low-critical-
temperatures (low-𝑇c) materials or complex multilayer heterostructures
and face challenges in scalability, with the exception of asymmetric SQUIDs
realized in YBCO31,35. Mostly they present ratios of the critical currents
of a factor three or smaller. This motivates the search for Josephson diodes
based on high-𝑇c superconductors and more scalable architectures.

A further major application area lies in Josephson-based THz detection
and mixing. THz frequencies, normally defined in the range of 0.1 THz to
10 THz, which has been pursued since the early days of superconducting
electronics36,37. Furthermore, the ac Josephson effect builds the funda-
mental metrology unit volt in the International System of Units4. The
gauge experiment emphasizes thousands of junctions connected in series to
generate a huge voltage output signal with low noise properties, excited at
frequencies of several tens of GHz38. The linear relation between the exci-
tation frequency 𝑓 and the voltage drop 𝑉 across the devices is determined
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solely by the fundamental constant of the flux quantum Φ0:

𝑓 = 𝑉
Φ0

. (1.1)

The number of JJs required to reach a certain voltage can be reduced by
employing higher excitation frequencies, for instance in the terahertz range.
Therefore, excitation frequencies reaching the THz regime are desirable.
High-𝑇c superconductors offer intrinsic advantages in this frequency range.
Due to their huge energy gap, corresponding to the maximum voltage
applicable without Cooper pair breaking, higher excitation frequencies
compared to low-𝑇c superconductors are achievable, see Eq. (1.1). More-
over, operating such detectors in the 40 K to 77 K range, rather than at
4 K, substantially simplifies cryogenic system design and expands their
potential for portable or space-based applications39.

Historically, these diverse application domains have mainly relied on
Nb as the material platform of choice. For more than four decades, Nb
thin-film technology has provided excellent uniformity, compatibility with
multilayer processing, and stable oxide barriers40. Standard Nb/AlO𝑥/Nb
tunnel junctions provide well-controlled current-voltage characteristics
(IVCs), predictable critical current densities 𝑗c , and compatibility with
large-scale superconducting integrated circuits41,42. A lot of applications
like SQUIDs5, logic families (RSFQ, RQL)43, and metrological Josephson
arrays4 continue to rely on this robust technology.

Nevertheless, Nb suffers from intrinsic limitations. Its critical tem-
perature of 𝑇c ≈ 9.2 K restricts operation to liquid-helium temperatures.
Although modern cryocoolers can reach 4 K, the associated power con-
sumption, size, and vibration mitigation remain significant obstacles for
portable devices. Operation at temperatures above 20 K, achievable with
more compact and efficient cryocoolers, is therefore technologically attrac-
tive39. Another key constraint of Nb thin-film Josephson technology is
its restricted robustness in applied magnetic fields. For operation in high
magnetic fields, the film thickness has to be reduced which comes with
major drawbacks in e.g. the noise performance of a SQUID44. High-𝑇c
YBCO, with much higher field tolerance, is therefore particularly attractive
for applications requiring operation in the tesla regime.
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1 Introduction

These limitations motivate the exploration of superconductors with
higher critical temperatures, higher critical magnetic fields, and large
depairing current densities. YBa2Cu3O7 (YBCO), with 𝑇c ≈ 90 K, is a
promising candidate. It enables operation in the technologically attractive
temperature range up to several tens of kelvin, supports large critical
current densities up to 90 MA/cm2 , maintains robust superconductivity
in high magnetic fields of several tens of tesla45–47. These properties
promise advantages for e.g. nanoscale devices, THz detectors, and diode-
like Josephson applications. The first successful attempts of realizing a JJ
by integrating a barrier in YBCO incorporated grain-boundary, ramp-edge
and planar-sandwich type JJs48. Grain-boundary Josephson junctions49–51

enabled high-𝑇c SQUIDs at 77 K. These techniques suffer from parameter
scatter and possess limited scalability due to the decreased 𝑗c caused by the
barrier. Early attempts of YBCO nanowires and Dayem bridges, fabricated
by electron-beam lithography (EBL) and ion milling52–54, enabled struc-
tures with widths below 200 nm. A major breakthrough by the Chalmers
group demonstrating reproducible nanowires as narrow as 40 nm55–60 and
later grooved Dayem bridges61 set the limits of nanostructuring so far.
Interestingly, a protective encapsulation has improved environmental ro-
bustness62, but etch-induced damage and oxygen loss continue to limit
reproducibility of device structures below ∼ 50 nm.

Parallel developments in low-𝑇c nanoSQUIDs have achieved single-spin
sensitivity using constriction-type Josephson junctions or three-dimensional
nanobridges22,23,63. Achieving similar nanoscale control in YBCO, while
leveraging its higher operating temperature and superior magnetic field
tolerance, remains an open challenge.

Recent work has demonstrated that focused helium ion beam (He-FIB)
irradiation provides a powerful approach to overcome the fabrication bot-
tlenecks of nanopatterning YBCO [64–66]. By 30 keV focused He+ beam
irradiation, the chain oxygen atoms in YBCO get locally displaced, en-
abling direct-write tuning of superconductivity without material removal67.
On the large scale, this was already shown in the pre-era of the He-FIB,
realized with a He+ implanter68,69. By controlling the irradiation dose,
the properties of YBCO can be continuously transformed from supercon-
ducting to insulating state, see Fig. 2.9. The few-nanometer beam spot
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Figure 1.3: (a) Schematic of the He-FIB, irradiating a YBCO microbridge. The
yellow area indicates the area which is irradiated be the He ions. (b) Temperature
dependence of the resistivity of a 75 keV He+-implanter irradiated YBCO thin
film for various doses. The irradiation area is 50 x 50 mm2 at a film thickness of
100 nm. By varying the dose, the resistivity can be systematically tuned from
superconducting to insulating state. (b) is adapted from Ref. [70]. © 2023 IEEE.

size of the He-FIB and minimal lateral damage enable the patterning of
Josephson barriers and insulating trenches with unequalled resolution65.
This approach allows the realization of Josephson devices such as JJs and
SQUIDs65 and expands possibly in further electrical components like resis-
tors, inductors and capacitors70. Several studies have successfully realized
planar Josephson junctions and e.g. nanoSQUIDs entirely fabricated by
He-FIB patterning, highlighting its promise for scalable, high-precision
YBCO nanostructures65,71–75.

Despite this progress, the fabrication of He-FIB induced barrier Joseph-
son junctions (bJJ) exhibiting reproducible junction parameters remain
challenging. In the beginning, the technology faced a problem of persistent
change in Josephson parameter after device fabrication. This issue was
successfully addressed by an additional annealing step in a subsequent
process76. The progress in pushing device scale down to 10 nm is still
ongoing, while state-of-the-art He-FIB nano bJJs66 are stuck at the same
limit as EBL structured JJs60.

This thesis focuses on the favorable high-𝑇c superconductor YBCO and
the novel fabrication technique of He-FIB irradiation to tackle the limits
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1 Introduction

of state-of-the-art superconducting devices. Publication 1, emphasizes
the huge advantage of He-FIB patterned bJJs in YBCO by presenting the
critical current 𝐼c and the normal state resistance 𝑅n dependence on the
irradiation dose. Consequently, the size and the junction parameters 𝐼c and
𝑅n are easily adaptable to the device design, highlighting the flexibility of
this fabrication technique. The designated goal is to realize a THz detector
in a high-𝑇c superconductor using a bJJ. The realization of a high-𝑇c THz
detector has already been successfully implemented using grain-boundary
JJs77, which motivates to establish high-𝑇c superconductors for the volt-
age standard. He-FIB irradiation offers substantial benefits for device
miniaturization and design flexibility, as it enables arbitrary nanoscale
positioning and size of the irradiated regions. This motivates the goal of
realizing comparable results using bJJs, which is achieved by integrating
such bJJs into the feedpoint of a lithographically microstructured antenna
design.

To optimize coupling efficiency, the aim is to match junction and antenna
impedances, while maintaining a high critical current required for large
Shapiro steps. Further, the publication investigates the characteristic
frequency 𝑓c dependence on the irradiation dose. Conclusively, the junction
response to microwave and THz radiation is demonstrated by clear Shapiro
steps at frequencies up to 1.4 THz. Building on this results, Publication 2,
extends the scope from individual devices to large-scale arrays aimed at
improving quantum-based voltage standards. Here, a meander structure
comprising 79 YBCO Josephson junctions, all fabricated with the same He-
FIB dose, is realized. The work addresses a subtle fact about reproducibility
of the He-FIB irradiation technique, which has been never discussed in
detail in prior studies. The fabrication process exhibits a considerable
spread in the junction parameters, which underlying origin is not yet fully
understood. The statistical spread of 𝐼c and 𝑅n across the array at5 K is
presented and quantified. Measuring subsets of junctions whose parameters
match within the few-percent level required for coherent operation show
promising results. The arrays are driven with GHz and THz radiation
at 20 K, revealing synchronized Shapiro steps originating from multiple
junctions. This is highly promising for metrological applications enabling a
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voltage standard operable at THz frequencies and temperatures of several
tens of kelvin.

Publication 3 exploits He-FIB nanostructuring to realize a high-𝑇c
Josephson diode with strongly nonreciprocal critical currents. The device
is based on an in-line YBCO Josephson junction where the bias current
flows in line to the JJ barrier length. By He-FIB irradiation the Josephson
barrier and insulating barriers in a single-layer superconductor are created.
The insulating barriers shape the current path in a way that the bias
current induces a magnetic self-field to the JJ that gives rise to the diode
effect. Utilizing this unique geometry in combination with an external
magnetic field, a Josephson diode is realized that outperforms previously
reported devices in terms of asymmetry and output power. Integrating this
concept in a high-𝑇c superconductor opens new prospects for a noise-driven
superconducting diode, as demonstrated by simulations. Within these
noteworty results, the miniaturization limits were pushed further, achieving
device areas below 1 µm2.

Publication 4 shifts the focus to barrierless constriction Josephson
junctions (cJJs) to push the boundaries of miniaturization. Starting
from epitaxial YBCO films, normal-conducting regions are defined using
tailored He-FIB doses, resulting in YBCO resistors. This approach allows
the fabrication of nanometer-wide superconducting constrictions between
irradiated regions. The work demonstrates cJJs with lateral dimensions
down to the order of ten nanometer or even below, operable up to the
boiling point of liquid nitrogen (77 K). The successful incorporation of
such cJJs in nanoSQUIDs and THz antennas highlights the potential of a
new state-of-the-art fabrication process to realize nano-devices.

Taken together, these four publications advance the state-of-the-art
fabrication methods in several directions. The results demonstrate that
He-FIB nanopatterning enables deterministic control of YBCO Josephson
junction parameters from the single-junction to the array level. They show
that both barrier-type and constriction-type Josephson junction can be
integrated into nanoSQUIDs and THz antenna structures, providing a
high-𝑇c Josephson diode with competitive figures of merit.
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2 Summary of publications and contributions

2.1 Publication 1: THz Properties of He-FIB
YBa2Cu3O7−𝑥 Josephson Junctions

This publication focuses on the ability of a He-FIB induced JJ in YBCO,
working as a detector for electromagnetic waves in the THz regime. Fur-
thermore, the dependency of the dose on the electrical properties are
investigated, which supports the findings of earlier reports65.

Due to both the high energy gap of YBCO78 and the large 𝐼c𝑅n product
of YBCO JJs65, the material exhibits notable capability to operate at
frequencies in the THz range79,80. The high critical temperature of YBCO
also offers the benefit of lower cooling requirements compared to low-𝑇c
superconductors.

Barrier-type JJs were embedded in 3 µm-wide prepatterned microbridges,
fabricated with different irradiation doses. With a four-terminal sensing
scheme, IVCs were measured at 5 K. Extracting 𝐼c and 𝑅n in the linear
regime of the IVC, their dependence ofn the He-FIB dose can be investi-
gated, see Fig. 2.1. On a linear scale for 𝐼c and 𝑅n , the dose dependence
emerges exponentially and inverse exponentially, respectively. This sup-
ports earlier findings about He-FIB structured bJJs65. Furthermore, a
scaling of the 𝐼c 𝑅n product with the critical current density 𝑗c of 𝑗,0.5±0.1

c
is observed, supporting the commonly reported behavior of YBCO JJs48.
Figure 2.1 already indicates parameter scatter associated with the He-FIB
fabrication technique of JJs. Investigation of the temperature dependence
shows, that the resistance remains nearly constant, while the critical cur-
rent decreases with increasing temperature. This feature can be practically
used to tune 𝐼c or 𝐼c𝑅n of the bJJs to adapt them to measurement require-
ments. Operating temperatures of ≈ 50 K seem to be realizable with the
He-FIB fabricated JJs.

This preliminary test was used subsequently to determine the optimum
fabrication parameters for realizing a bJJ suitable for THz detection.
The high 𝐼c 𝑅n product, as derived from the data, already indicates the
suitability of these junctions for THz applications. The characteristic
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Figure 2.1: 𝐼c (circles) and 𝑅n (squares) values of the 3 µm-wide YBCO junctions
for different doses. To investigate in the junction parameter spread, subsets of
devices were irradiated with the same dose (open symbols). The measurements
were performed at 5 K. © 2024 IEEE.

frequency of the JJ can be easily obtained with

𝑓c = 2 𝑒 𝐼c 𝑅n
ℎ

, (2.1)

including the elementary charge 𝑒 and Planck’s constant ℎ. Using a range of
JJs integrated in microbridges, transport measurements under microwave
excitation were performed, revealing flat and wide Shapiro steps. Under
THz excitation, either no detection or only barely significant signals are
measured. However, embedding the bJJs in u-shaped antennas optimized
for coupling THz signals showed a huge improvement of the coupling
efficiency. At 1, 1.3 and 1.4 THz, a strong excitation signal in the form of
Shapiro steps in the IVCs is observed, cf. Fig.2.2. This results support to
the feasibility of He-FIB fabricated JJs building a high-𝑇c voltage standard.
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2.1 Publication 1: THz Properties of He-FIB YBa2Cu3O7−𝑥 Josephson
Junctions

Figure 2.2: (a) Comparison of the irradiation of a single Josephson junction
with and without a u-shaped antenna at 20 K. (b) and (c) show enlarged views
of the differential resistance versus voltage curves without and with antenna
over the investigated frequency range 1 THz, 1.3 THz and 1.4 THz. The arrow in
(b) marks the little dip which is caused by the 1.4 THz excitation of the laser.
© 2024 IEEE.
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Contributions

This work was carried out in cooperation with M. Pröpper, D. Hanisch,
P. J. Ritter, M. Neumann, E. Goldobin, D. Koelle, R. Kleiner, M. Schilling,
B. Hampel. The chip fabrication, microstructuring, characterization of the
devices, evaluation of the data and manuscript preparation was done by the
group of TU Braunschweig. I contributed by supporting the layout design,
inducing JJs by He-FIB to finalize the devices and participated in several
constructive meetings to discuss the projects issues, further improvement
and research goals.
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2.2 Publication 2: High-𝑇c Josephson Junction Arrays
Fabricated by He-FIB

This publication presents progress towards a voltage standard based on
the high-𝑇c superconductor YBCO under THz excitation. Due to their
large superconducting energy gap and its high critical temperature, YBCO-
based devices are operable under higher excitation frequencies and therefore
require fewer JJs while reducing the need for extensive cooling. In addition,
the parameter spread of He-FIB–induced bJJs are investigated.

State-of-the-art voltage standards at NIST and PTB rely on Nb-based
JJ technology3,4. These systems employ thousands of junctions operated
at excitation frequencies of several tens of GHz to generate output voltages
of several volts at 4.2 K38. This correlation is expressed in the following
equation

𝑉 = 𝑛 ℎ
2 𝑒

𝑓, (2.2)

where 𝑓 the applied frequency and 𝑛 either the harmonic number of the
Shapiro step or the number of JJs connected in series. Clearly, achieving
high output voltages requires either a large number of Josephson junctions
or a high excitation frequency. The presentation of a voltage standard using
the beneficial high-𝑇c properties of YBCO were already highlighted by
Klushin et al.77. Using a YBCO JJ array comprising 620 grain-boundary
junctions, they demonstrated voltage steps up to 100 µV at approximately
79 K under excitation frequencies of several tens of GHz.

In this work, a 50 nm-thick YBCO thin film was patterned into a me-
andering microstrip connecting seventy-nine 2 µm-wide microbridges in
series. Additional leads attached to the turns of the meander enable voltage
sensing and current biasing either individually or across arbitrary subsets
of neighboring JJs, see Fig. 2.3. Each microbridge was irradiated with a
single He-FIB line at a dose of 695 ions/nm to induce a Josephson barrier.
This value was determined based on the previously reported exponential
dependence of bJJ parameters on the irradiation dose65 and extrapolated
from earlier studies on similar samples in Publication 1.

In the single-line irradiation approach, individual pixels are scanned
with a defined dwell time and pitch. To minimize the effects of thermal

15



2 Summary of publications and contributions

Figure 2.3: Scanning electron micrograph of the meander structure composed of
of 2 µm-wide and 10 µm-long YBCO microbridges. The green lines indicate the
He-FIB–irradiated regions. For illustration, the voltage and current connections
for the four-terminal measurement of the JJ marked with an asterisk are shown.
© 2025 IEEE.

stage drift (1 nm/s), each pixel was irradiated only once. This strategy
prevents lateral smearing of the irradiated region, although minor line
bending can still occur in extreme cases.

The large number of fabricated He-FIB JJs provides valuable insight
into the parameter variation inherent to this fabrication technique, see
Fig. 2.4. The mean values of the critical current and normal resistance were
determined as 𝐼c = 120 µA and 𝑅n = 5.4 Ω, respectively. The corresponding
standard deviations were 𝜎𝐼c

= 78 µA (60%) and 𝜎𝑅n
= 1.25 Ω (25%).

This parameter spread is roughly twice as large as those reported in
previous studies81,82. However, the spread in these reports was estimated
by simulations based on a single IVC of the entire array measured at 77 K,
rather than from individual junction IVCs obtained at 5 K. Due to noise
rounding of the IVCs, the 𝐼c values are less distinguishable.83.

During patterning, the He-FIB focus was readjusted after every five
junctions, which could introduce slight variations due to human-induced
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He-FIB

Figure 2.4: Critical current (𝐼c) and normal resistance (𝑅n) of individual JJs in
the meander array as a function of junction number at 5 K. The inset shows the
corresponding histograms of both parameter distributions. © 2025 IEEE.

systematic errors. However, a statistical comparison of these five-JJ groups
with the overall dataset revealed no significant correlations.

To achieve a substantial output voltage, many JJs must contribute
coherently to the measured signal. Substantial overlap of Shapiro steps
requires identical voltage drops over a specific current range, highlighting
uniform junction properties as a key challenge for high-𝑇c technology. To
address this, sub-arrays with less than 10% parameter spread were selected.
Despite their similar dc characteristics, their response to microwave ex-
citation varied noticeably. The best-performing two-JJ array exhibited
superimposed Shapiro steps up to 165 µV at 20 K.

A three-JJ sub-array was further investigated under THz excitation at
1.04 THz and 20 K. Differential resistance data obtained from the IVCs
show a distinct dip at the expected voltage of 6.45 mV shown in Fig. 2.5,
confirming the array’s response to THz irradiation.
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Figure 2.5: Back and forth sweep of differential resistance is plotted versus the
frequency. The frequency is obtained by the measured voltage, whereas the
differential resistance is extracted from an IVC measurement. The plot compares
the data of a three-JJ array with and without THz irradiation, measured at20 K.
The dip in the blue curve indicates the synchronization of the three JJs. © 2025
IEEE.
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Contributions

This work carried out in cooperation with M. Pröpper, D. Hanisch, M. Neu-
mann, P. J. Ritter, M.-A. Tucholke, E. Goldobin, D. Koelle, R. Kleiner,
M. Schilling and B. Hampel. The chip design, fabrication, microstructuring,
measurements and manuscript preparation were performed by the group
of TU Braunschweig. My contribution comprised the He-FIB patterning
of all junctions as well as providing conceptual input and guidance on the
realization and optimization of the devices.
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2.3 Publication 3: YBa2Cu3O7−𝑥 Josephson diode
fabricated by focused-helium-ion-beam irradiation

This publication presents the realization of a sub-𝜇m Josephson diode in
the high-𝑇c superconductor YBCO, exhibiting a remarkable asymmetry
value 𝒜 , defined as the ratio between negative and positive critical cur-
rents. The diode was fabricated in a single irradiation step, leveraging
the versatility of the He-FIB for both nanopatterning and creating barrier
junctions.

Barone and Paternò previously suggested that feeding a bias current
along a meandering path with a Josephson junction of length 𝑙, placed
at the turning point, will induce a self-field effect on the junction2. This
leads, even at zero-field to a non-uniform phase distribution along the
junction, resulting in a skewed 𝐼c versus field modulation. Let’s consider
the invariant phase difference at a position 𝑥 along a short JJ (𝑙 < 4𝜆J),
where 𝜆J is the Josephson penetration depth,

𝜙(𝑥) = 2𝜋
Φ0

𝑑eff 𝐵 𝑥 = 2𝜋𝑓 𝑥
𝑙
. (2.3)

Here, Φ = 𝐵𝑑eff 𝑙 is the total magnetic flux threading the JJ, where 𝑑eff is
the effective thickness of the barrier. 𝑓 = 𝑓Φ = Φ

Φ0
is the normalized flux

in the case of a simple JJ without any special geometry. This expression
leads to the typical Fraunhofer pattern in the 𝐼c versus flux modulation.

𝜙(𝑥) = 2𝜋
Φ0

𝑑eff 𝐵 𝑥 = 2𝜋𝑓 𝑥
𝑙
. (2.4)

Here, 𝑓 = 𝑓Φ = Φ
Φ0

is the normalized flux in the case of a simple JJ without
any special geometry. Φ = 𝐵 𝑑eff 𝑙 is the total magnetic flux threading the
JJ, where 𝑑eff is the effective thickness of the barrier. This expression leads
to the typical Fraunhofer pattern in the 𝐼c versus flux modulation.

By placing this JJ in an inline geometry, an additional contribution by
the ”self-field effect” is acquired. This implies that the inhomogeneous
current distribution near the junction generates an additional magnetic
field that influences the phase. The devices operate in the thin-film limit,
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Figure 2.6: Secondary-electron HIM image of a reference microbridge with
the same geometry as the reported device. For better visibility, the reference
microbridge was irradiated with a higher dose to make the irradiation tracks
visible. The tracks are colored to indicate the amorphous walls (golden) and
the Josephson barrier (red). The thick arrows show the direction of bias current
flow. The width of the YBCO bridge (grey) is 𝑊, JJ length is 𝑙, and the distance
between the JJ barrier and the upper and lower amorphous walls is 𝑤. The
dashed white rectangle shows the essential scale of the diode. © 2025 American
Physical Society.

where the film thickness 𝑑 is much smaller than the London penetration
depth 𝜆L (𝑑 ≪ 𝜆L). Therefore, the self-field is rather referred to a self-
induced phase gradient caused by the bias current, leading to 𝑓 = 𝑓Φ + 𝑓I 𝑖,
where 𝑖 = 𝐼

𝐼c
is the normalized critical current. 𝑓I defines the in-line

geometry parameter

𝑓𝐼 =
Φ𝐼c

Φ0
= 𝐿 𝐼c

Φ0

𝐿=𝐿K= 1
4𝜋

( 𝑙
𝜆J

)
2

, (2.5)

where 𝐿 is the inductance carrying the current 𝐼c. The inductance is
assumed to be purely kinetic, arising from the confinement of the super-
conducting electrodes along the barrier (𝑤 < 𝜆L). The kinetic inductance
follows the definition 𝐿k = 𝜇0𝜆2

L
𝑙

𝑤 𝑑 , with 𝑙 the length of the barrier and 𝑤
the width of the superconducting electrodes. Considering the bias current
entering through the bottom confinement, the current induces a large phase
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difference on the left side of the barrier, see Fig. 2.6. Farther to the right,
where the current has already decreased significantly, the contribution
from current flowing through the inductance becomes negligible.

The superposition of the self-induced phase gradient from the bias
current and the field-induced phase gradient by the applied magnetic field
results in a skewed dependence in the 𝐼c(𝐵) behavior, see Fig. 2.7(b).
Equation (2.5) identifies the tuning parameters for the device, namely 𝑙
and 𝜆J. To sustain a single-valued CPR the condition 𝑓𝐼 < 1 must be
satisfied. This criterion yields an optimum value 𝑓𝐼 = 𝜋

4 to maximize the
asymmetry value 𝒜 , which defines the target specifications for the device
𝑙 ≈ 𝜋 𝜆J.

For the realization of the superconducting diode, a 30 nm-thick YBCO
film grown on a LSAT substrate and capped with 20 nm of Au was used.
In a 4 µm-wide microbridge an inline JJ design was embedded, depicted in
Fig. 2.6. Both a high dose to nanopattern amorphous insulating barriers
(AIBs) of the device and a moderate dose to form the Josephson junction
was applied by means of He-FIB irradiation. To maximize 𝐿k, the trench
width 𝑤 was minimized to 200 nm, which approaches the practical limit
for the distance between insulating walls. Due to amorphization of the
YBCO crystal caused by the huge irradiation dose84, further reducing 𝑤
would shrink the yield of working devices. The barrier Josephson junction,
induced by an irradiation dose of 530 ions/nm with a length 𝑙 = 1750 nm
exhibited a symmetric critical current, 𝐼c+ ≈ |𝐼c−| ≈ 10 µA at zero magnetic
field, cf. Fig. 2.7(a). Applying an external out-of-plane magnetic field
to the junction unveils the asymmetric nature of the device, shown in
Fig. 2.7(b). The highest obtained asymmetry is 𝒜 ≈ 7 was achieved at the
optimal magnetic field. This defines the operating point of the ScD.

To demonstrate the rectification in a quasistatic deterministic regime, the
ScD is driven with a sinusoidal current 𝐼(𝑡) = 𝐼ac sin(2𝜋𝑓D𝑡) with the 𝑓D =
200 Hz. The voltage signal is averaged over one period of the driving current
and presented in Fig. 2.8(a). As long as 𝐼ac < 𝐼c,+, 𝐼c,−, no rectification
takes place, since the device remains entirely in the superconducting state.
When 𝐼ac exceeds the lower absolute critical current (𝐼c,+ < 𝐼ac < 𝐼c,−),
rectification increases with the applied ac bias. In the idle case, the rectified
voltage reaches a maximum value of 212 µV. For 𝐼ac exceeding the critical
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Figure 2.7: (a) IVCs at 𝐵 = 0 (black) and at optimal applied magnetic field 𝐵opt
(red). 𝐼c+(0) ≈ |𝐼c−(0)| ≈ 10 µA, while 𝐼c+(𝐵opt) ≈ 2.0 µA and |𝐼c−(𝐵opt)| ≈
14.2 µA (taken from IVCs with a voltage criterion of 1 µV), which results in
𝒜 (𝐵opt) ≈ 7. (b) 𝐼c±(𝐵) measured in both magnetic-field sweep directions
(black) and 𝒜 (𝐵) (grey), numerically calculated from the 𝐼c±(𝐵) data. The
optimum magnetic field 𝐵opt ≈ −5.38 mT. © 2025 American Physical Society.
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Figure 2.8: Performance of the ScD versus ac drive amplitude 𝐼ac (𝑓D = 200Hz)
at 𝐵 = 𝐵opt, for different values of counter current 𝐼dc ≤ 0. Panels show: (a)
rectification curves ̄𝑉 (𝐼ac), (b) efficiency 𝜂(𝐼ac). Symbols represent experimental
data; lines are calculated from the high-resolution experimental IVC. © 2025
American Physical Society.
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currents of the device, the rectification decreases as the opposite voltage
compensates in the average voltage signal. To test the load capacity
of the ScD, this measurement was repeated with an additional counter
current 𝐼dc. This enabled the investigation of parameters like the output
power, the input power and the efficiency of the device. At the maximum
counter current, the efficiency approached to the ultimately achievable
efficiency 𝜂ult = 𝒜 +1

𝒜 −1 ≈ 75%26,85, see Fig.2.8(b). All measurement data
were compared with simulated curves, extracted solely from IVC data at
the optimal magnetic field. The simulated and measured curves show an
excellent agreement, which enables the prediction of the optimal working
point for the device by simulation rather than time-consuming electrical
characterization.

Finally, rectification for a random driving force (noise) is numerically
calculated based on the experimental IVC. The driving force follows a
Gaussian distribution 𝐺(𝐼, 𝜎) = 1√

2𝜋𝜎 exp(− 𝐼2

2𝜎2 ), where 𝜎 represents the
amplitude. The integrated region was limited to the range of ±3𝜎, revealing
the beginning of the rectification at about 𝜎 ≈ 3 µA. The maximum
rectified voltage achieved by noise-driving the diode without any load was
115 µV. Interestingly, the approached efficiency for the device was also the
ultimate efficiency limit. These results predict that the diode can function
as a noise rectifier at temperatures of several tens of kelvin.
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Contributions

This work was carried out in cooperation with A. Jozani, R. Kleiner,
D. Koelle and E. Goldobin. A. Jozani performed the measurements and
contributed to data analysis and simulations. My contribution include
device fabrication, data analysis, simulations, supervision, and manuscript
preparation.
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2.4 Publication 4: YBa2Cu3O7−𝑥 nano-constriction
Josephson junctions and SQUIDs fabricated by
focused helium-ion-beam irradiation

This publication tackles the downscaling limits of Josephson junctions
realized in YBCO thin films. Successful implementation of constriction-
type Josephson junctions in conventional superconductors like Al and Nb
has been accomplished since decades. The aim was to establish a fabrication
technique which enables such cJJs also in a high-𝑇c superconductor. To
realize a constriction-type JJ, the constriction has to be on the order of
the coherence length, which is only a few nanometers for YBCO. The
only established method for manipulating materials at this scale is the
He-FIB64, whereas EBL nanostructuring limit stuck at ≈ 50 nm over a
decade60. Irradiation of the YBCO crystal with the He-FIB leads to
a local suppression of superconductivity. Applying a line scan across a
prestructured microbridge in the YBCO thin film enables both structuring
of Josephson barriers64,65 and AIBs, depending on the irradiation dose.
The latter suppresses any current flow providing a convenient approach for
nanopatterning YBCO thin films. However, AIBs come with a drawback.
For high irradiation doses, the crystal starts to amorphize, which induces
mechanical stress even in the vicinity of the irradiated region65,84. The
affected region reduces the resolution of the He-FIB from a few nanometers
to roughly 50 nm to 100 nm. Thus, this commonly used He-FIB strategy
for nanopatterning is not suitable for the creation of a constriction-type
junction.

To cope with this problem, the novel approach of applying He+ irra-
diation to an area rather than a single line was explored. The goal was
to remain below the amorphization threshold to sustain the YBCO crys-
tallinity, while suppressing any current transport in the irradiated region
by increasing the barrier thickness. Using this approach, a dose series
on 𝑙 = 30 nm long rectangles within 𝑊 = 2 µm wide microbridges was
conducted, as presented in Fig. 2.9(a).

With increasing dose 𝐷a, the 𝑇c decreases. By approaching 𝐷a ≈
34 ions/nm2, resistance 𝑅 shows roughly constant behavior over the tem-
perature range 8 K < 𝑇 < 89 K. This provides an promising fabrication
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Figure 2.9: (a) Sketch of YBCO microbridge showing the He-FIB-irradiated
area of length 𝑙 and width 𝑊. The film thickness is 𝑡 = 30 nm. (b) Resis-
tance 𝑅 versus temperature curves of microbridges containing irradiated regions
(𝑙 = 30 nm, 𝑊 = 2 µm) exposed with different areal doses 𝐷a (color indicates dose
in ions/nm2). 𝑅 was measured at a constant bias current 𝐼 = 1 µA. The right
vertical axis shows 𝑅 𝑊/𝑙, which corresponds to the sheet resistance of the irra-
diated region below 𝑇c,0, where □ denotes a geometrical square area of thin film.
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recipe for modeling a ultra-small constriction junction in the YBCO thin
films. Apart from that, these new-found YBCO resistors can serve as circuit
components, allowing straightforward integration into He-FIB–fabricated
devices.

The knowledge gained from the YBCO resistors was subsequently applied
to realize the patterning concept for a cJJ, see Fig. 2.10(c) inset. To
illustrate the precision of the He-FIB in transferring a pattern onto the
YBCO surface, the effectively applied dose was simulated. Therefore,
the He-FIB spot size was assumed to have a Gaussian distribution with
𝜎 = 3 nm. All irradiated pixels of the patterning map were convoluted
accordingly, cf. Fig. 2.10(a). A cross-sectional cut through the center of
the cJJ, see Fig. 2.10(b), exemplifies the smearing of the patterning map
edges as a consequence of the finite resolution of the He-FIB. A tunneling
behavior at the edges of the cJJs is concluded, while for very small cJJs
(𝑤 < 20 nm) the central region also exhibits a slight suppression of 𝑇c.
This suppression is caused by the edge damaging or degradation during
nanopatterning, which is a familiar problem with cJJs fabrication25,63.

Using this patterning concept, a series of cJJs was successfully fabri-
cated exhibiting the smallest nominal junction width of 𝑤 = 6 nm. At
𝑇 = 4.2 K, the Josephson parameters turned out to be 𝐼c = 10.8 µA and
𝑅n = 240 Ω, exhibiting an ideal RSJ-like current-voltage characteristic.
These parameters correspond to a characteristic voltage of 𝑉c = 2.6 mV,
which is remarkably high for a YBCO JJ with such a low 𝐼c

66. Thus,
these junctions are highly suitable for THz applications, which was also
successfully realized in the form of a THz detector. Several antennas with
cJJs at their feedpoint were fabricated and excited by a far-infrared laser.
This revealed Shapiro steps at several millivolts.

Furthermore, a nanoSQUID, entirely fabricated by He-FIB irradiation
on a 2 µm-wide microbridge is presented. With a central hole of only
100 x 100 nm2, cJJs with 𝑤 = 12 nm are embedded on both sides of the
hole symmetrically, see the inset of Fig. 2.11(a). The SQUID showed
a modulation depth of 58% at a maximum critical current 𝐼c = 6.5 µA
at zero magnetic field. At optimal bias current, the SQUID exhibited a
large voltage to flux transfer function 𝑉Φ of 6 mV/Φ0, see Fig. 2.11(b).
This highlights the huge sensitivity of the produced nanoSQUID and

29



2 Summary of publications and contributions

LSAT

Current

x
y

YBCO

w

(a)

(c)

(b)

y

x

0

40

Me
asu
rem
en
t

RS
J-M
od
el

Figure 2.10: YBCO cJJ: (a) Color plot of effective dose 𝐷a,eff(𝑥, 𝑦) calculated
for a constriction with 𝑤 = 6 nm and using a He-FIB spot size of 𝜎 = 3 nm in
a 40 x 40 mm2 region around the constriction. The dashed lines indicate the
nominal edges of the irradiated areas (triangles) with a design distance of 𝑤 =
6 nm between the tips. The 𝐷a,eff(0, 𝑦) profile, indicated by the orange dashed line,
is shown in (b). The yellow area indicates the cJJ width 𝑤. (c) The orange IVC
corresponds to a cJJ irradiated with 𝐷a = 40 ions/nm2 and 𝑤 = 6 nm, measured
at 𝑇 = 4.2 K. The blue IVC shows a RSJ-fit with a critical current 𝐼c = 10.8 µA
and a junction resistance 𝑅n = 240 Ω. The inset presents a sketch of the bridge
geometry, where the yellow regions indicate the He-FIB-irradiated resistive areas
(100 nm wide) defining the banks of a cJJ with the nominal constriction width 𝑤.
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Figure 2.11: YBCO dc SQUID with cJJs: (a) Experimental (dots) and simulated
(lines) IVCs of the nanoSQUID at zero magnetic field (black) and at 𝐵 = 10.6 mT
(orange). The inset shows a schematic of a YBCO microbridge with the He-
FIB irradiation pattern (yellow) realizing a SQUID. (b) Voltage versus applied
magnetic field dependence at different bias currents through the nanoSQUID
from 𝐼 = −6.8 µA (dark blue) to 𝐼 = 6.6 µA (dark red). The measurements were
performed at 𝑇 ≈ 4.2 K.

prospects low flux noise 𝑆Φ due to 𝑆Φ = 𝑆V
|𝑉Φ| . The measured IVCs

and 𝐼c(𝐵) dependence were compared with a theoretical model based on
the Langevin equation for phase dynamics. This resulted in an effective
screening parameter of 𝛽eff

L ≈ 0.9. Comparison with 3D-MLSI86 simulations
indicates, that the main contribution to the inductance arises from the
additional non-Josephson inductance in the constrictions. Therefore, the
SQUID loop inductance can be neglected. The current-phase-relations of
the cJJs appear slightly multi-valued, but almost identical for both cJJs.

Subsequently, the temperature dependence of the cJJ parameters were
investigated. A set of junctions was characterized at different temperatures
to determine about the operable temperature range and the dependence
of the critical current 𝐼c. All junctions are operable up to several tens of
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2 Summary of publications and contributions

kelvin, which highlight the feasibility for applications with compact cooling
requirements. The junctions with the highest 𝐼c(4 K) ∼ 100 µA reach up
to temperatures of ∼ 70 K. However, at temperatures close to the junction
𝑇c the thermal energy gets comparable to the Josephson energy, which
limits applicability. The temperature dependence of the critical current
follows closely the Bardeen equation reported in earlier studies87.
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2.4 Publication 4: YBa2Cu3O7−𝑥 nano-constriction Josephson junctions
and SQUIDs fabricated by focused helium-ion-beam irradiation

Contributions

This work was carried out in cooperation with the group of M. Schilling at
TU Braunschweig. Film growth and the measurements for temperature
dependence and THz excitation were conducted there, primarily performed
by M. Pröpper in assistance from D. Hanisch. R. Hutt and C. Magén
provided a TEM analysis of He-FIB irradiated YBCO lamellas. C. Buck-
reus, D. Haas and M. Karrer supported parts of the data acquisition and
evaluation and performed preliminary and subsequent measurements to
support a deeper understanding of the topic. R. Kleiner performed the nu-
merical simulations. I contributed to the paper by the device design, device
fabrication, experimentation, data analysis and manuscript preparation.
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3 Conclusion

This thesis establishes He-FIB nanopatterning of YBCO as a versatile
platform for the fabrication of high-𝑇c Josephson devices. Building on
the limitations of conventional Nb technology at high frequencies, high
magnetic fields, and elevated temperatures, as well as challenges in nanofab-
rication, the thesis demonstrates that the combination of YBCO and He-
FIB patterning can address several of these bottlenecks simultaneously.
Irradiation by He-FIB of different dose enables continuous tuning of super-
conductivity without material removal. The He-FIB fabrication process is
employed to tailor different device architectures and functionalities. The
four publications composing this work cover single junctions, large-scale
arrays, nonreciprocal Josephson devices, and nanometer-scale constriction
junctions integrated into SQUIDs and THz antennas, addressing a broad
range of applications relevant to metrology, sensing and superconducting
circuit engineering.

Publication 1 emphasizes the high flexibility of He-FIB nanopatterning.
Josephson parameters such as 𝐼c and 𝑅n can be easily tuned via the He-FIB
irradiation dose. This provides the freedom to design these parameters
according to experimental requirements. In addition, Josephson junctions
can be positioned arbitrarily, opening a new perspective for device de-
sign. This has provided the foundation for a broad range of Josephson
devices65,71–75. Publication 1 and 2 successfully employ this technique
to advance towards a high-𝑇c voltage standard. Building on these results
and ongoing work88,89, a solution for voltage standard is presented which
comes with significant advantages. While state-of-the-art voltage standard
need around 70,000 JJs to achieve 10V38, a YBCO-based voltage standard
require only 7000 JJs, assuming the same excitation frequency of 500 GHz,
which lies at the lower end of the feasible frequency range. Additionally,
thanks to nanofabrication technique, each JJ occupies less space, which
pushes the miniaturization of the device even further. Complementary, the
YBCO voltage standard operates at convenient cryogenic temperatures
of several ten kelvins, which is realizable in portable cooling setups. As
reported in Publication 1, a single JJ was successfully integrated in a
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lithographically structured THz antenna, measuring Shapiro steps at THz
excitation. Publication 2 then extends this approach from single JJs to
multi-JJ arrays. A series array of 79 JJs enclosed by antenna structures
were fabricated. A subset of JJs successfully established a operable THz de-
tector. With that, a solid foundation for the high-𝑇c voltage standard was
realized. Subsequently, Publication 2 also pinpoints a crucial limitation
of the fabrication technique, which is the junction-to-junction variation of
the Josephson parameters. The publication firstly reports the significant
spread in these parameters experimentally, illustrating the major challenge
associated with YBCO JJs. Such variability in the fabrication of YBCO JJs
is already well known for other junction types, such as grain-boundary48,49

or ramp-type junctions90,91 and unfortunately persists with He-FIB fabri-
cation. The low yield in terms of fulfilling parameter specifications limits
the technology to build the foundation of future Josephson circuit design.
Only with extra post-processing of the devices, one can reduce this problem.
Namely for single JJs is the variation of the JJ width and consequently the
JJ parameters. In the case of multiple JJs with small spacing, such as in
JJ arrays, one approach is the shunting of the devices, which mitigates the
spread in the resistance. This remains an active research topic, representing
one step forward towards the high-𝑇c voltage standard88,89.

Publication 3 shifts the focus from reciprocal Josephson elements to
engineered nonreciprocity by breaking time-reversal and inversion symme-
try. This symmetry breaking is not achieved by adding complex multilayer
heterostructures or materials with strong intrinsic spin–orbit coupling, but
instead by an intentionally engineered device geometry within a single-layer
YBCO thin film. By means of He-FIB irradiation, insulating barriers to
confine the current path and a Josephson barrier compose a ScD with
record values. This in-line geometry revealed an asymmetry value of
approximately 7, outperforming almost all reported ScDs. Furthermore,
the rectified voltages and efficiency values highlight the feasibility of this
device to rectify noise. The possibility of operation in higher temperatures
supports this outlook. Due to the small form factor, the device is easily
upscalable, leading to proportionally higher rectified voltages. This opens
a realistic perspective for integrating diode-like Josephson elements into
future high-frequency and sensor circuits where nonreciprocity is valuable92.
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The results of Publication 3 also highlight clear next steps. A primary
challenge is to translate the diode effect from externally biased operation
towards concepts with built-in phase biasing or reduced dependence on
global magnetic fields, which would facilitate integration into compact
circuit environments and scanning-probe platforms. This could be realized
by placing a vortex close to the in-line JJ, as in Ref.93 or by using an
adjacent modulation line. Furthermore, systematic studies of microwave
response and high-frequency rectification behavior will be essential to
position high-𝑇c diodes within the broader landscape of nonreciprocal
superconducting circuit elements.

Publication 4 addresses the miniaturization frontier by developing bar-
rierless constriction Josephson junctions in YBCO reaching the ten-nanome-
ter regime and remaining operational up to liquid-nitrogen temperatures.
This is a decisive step, since the reproducibility in conventional cuprate
nanofabrication typically degrades rapidly below ∼ 50 nm due to etch-
induced damage, oxygen loss, and process-related edge degradation. The
He-FIB cJJ approach presents a promising fabrication technique by creating
normal-conducting regions through controlled irradiation doses. Thereby
the continuity of the superconducting film is preserved, avoiding amor-
phization or extensive heating due to huge irradiation doses. By sculpting
resistive areas around a narrow superconducting constriction, Publica-
tion 4 enables a new class of high-𝑇c weak links whose relevant dimensions
are determined by the He-FIB resolution rather than by lithographic
and etching limits. The publication presents the smallest cJJ ever real-
ized in a high-𝑇c superconductor, accompanied by outstanding Josephson
parameters. Revealing a characteristic voltage of only 2.6 mV for the
smallest junction, these cJJs are highly suitable for applications, such as
SQUIDs and THz detectors. These examples were successfully realized
with promising figures of merit. This novel fabrication technique pushes
the miniaturization almost an order of magnitude beyond the common
fabrication frontier with EBL and Ar-ion milling56,60. The results could ad-
vance the field of scanning SQUID microscopy, specifically SQUID-on-lever
designs, as already realized in the EU-funded project FIBsuperprobes25.
Higher operational temperatures and magnetic fields, alongside stronger
miniaturization, should give this scanning microscopy approach a new
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dimension. The realization of a constriction junction in a d-wave supercon-
ductor also opens the opportunity to realize a 𝜋-JJ94, which is currently
under investigation. The necessity of a constriction in the order of the
coherence length had represented a major bottleneck for a long time in
this research field, which could now be addressed by the presented fab-
rication technique. This advancement would feed right into the field of
superconducting digital logic and memory95.

In summary, the presented publications demonstrate that He-FIB nano-
patterning is much more versatile than merely fabricating Josephson bar-
riers in YBCO. Using the toolbox of bJJs, cJJs, YBCO resistors, and
insulating barriers, the work delivers antenna-integrated THz-responsive
junctions, the first detailed reproducibility analysis of a He-FIB-written
high-𝑇c array based on individual-junction measurements, a high-𝑇c Joseph-
son diode with strong nonreciprocity engineered in a planar architecture,
and ten-nanometer-scale constriction junctions that enable genuine high-𝑇c
nano Josephson circuits. Initial experiments show, that an additional Au
layer on top of the YBCO thin film or as shunt resistors could optimize
the parameter spread, as also observed in other FIB techniques44,96,97.
Promisingly, the disorder caused by He-FIB irradiation can be utilized
not only in YBCO. Materials like NbN, NbTiN, MgB2 and BSCCO have
also demonstrated feasibility with this fabrication technique98–102. The
results thus mark an important step towards a mature high-𝑇c Josephson
technology that can complement and potentially surpass the established
Nb-based platform.
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Abstract—Josephson junctions with customizable parameters,
including critical current Ic and normal state resistance Rn,
hold great promise across a wide range of applications. Notably,
high-temperature superconductors like YBa2Cu3O7-x have been
interesting since their discovery due to their simplified cooling re-
quirements. YBa2Cu3O7-x Josephson junctions can operate within
the terahertz (THz) frequency range, rendering them highly suit-
able for various applications. To maximize their suitability at these
high frequencies, it is imperative to precisely determine their THz
parameters. Helium focused ion beam (He-FIB) technology is a
very promising fabrication method for customizable Josephson
junctions. It allows precise control of the He-FIB dose during
the fabrication of Josephson junctions and facilitates the fine-
tuning of Ic and Rn. This study presents the fabrication process of
YBa2Cu3O7-x Josephson junctions using He-FIB irradiation and
explores the variations of parameters with dose, evaluating their
suitability within the THz range. Also, the scattering of parameters
of He-FIB Josephson junctions fabricated with the same He-FIB
dose is investigated. Additionally, we examine the high-frequency
properties of such junctions and scrutinize the associated Shapiro
steps within the THz frequency spectrum. We observe an expo-
nential relationship between Ic and the He-FIB dose. Moreover,
Shapiro steps emerge under the influence of radiation spanning
from 40 GHz to as high as 1.4 THz.

Index Terms—Josephson junction, HTS, YBa2Cu3O7-x, He-
FIB, Shapiro step, THz.
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I. INTRODUCTION

H IGH-TEMPERATURE superconductors (HTS) have
emerged as a fascinating class of materials with im-

mense potential. Among the HTS, yttrium barium copper oxide
(YBa2Cu3O7-x) stands out due to its high critical temperature
T c, which significantly reduces the cooling requirements, and
its capability to operate at frequencies up to 5 THz [1]. These
remarkable properties make YBa2Cu3O7-x an attractive candi-
date for many applications. The fabrication process is crucial
for achieving high reproducibility, in terms of critical current
Ic and normal state resistance Rn of the Josephson junctions.
YBa2Cu3O7-x Josephson junctions can be fabricated by many
different methods. One commonly used method is the epitaxial
growth of YBa2Cu3O7-x films on bicrystal substrates, where
the Josephson junction emerges at the grain boundary [2]. The
junction parameters are highly dependent on the grain boundary
because defects can lead to a high spread in the Ic values of
the Josephson junctions [3]. This variation can be overcome by
subsequent modification of the junction width, e.g. by using
gallium focused ion beam [4]. However, bicrystal substrates
limit the design possibilities because the Josephson junctions
can only emerge at the grain boundary.

A promising approach for manufacturing Josephson junctions
involves the use of a helium focused ion beam (He-FIB) [5]. The
beam is employed to directly write the Josephson junctions into
the superconducting film. This forms a non superconducting bar-
rier due to suppression of the order parameter. Previous studies
have shown that the parameters of Josephson junctions scale
with He-FIB dose and thus, are customizable [6]. Josephson
junctions fabricated by He-FIB have already been implemented
in various applications ranging from SQUIDs [7] to SFQ [8]
systems. Initial investigations of Josephson junctions fabricated
by He-FIB have demonstrated their applicability in the high
frequency range up to 40 GHz [9] and even extending into
the THz domain [10]. However, the resulting Shapiro steps
are still relatively small and not very flat. Therefore, further
investigations of He-FIB Josephson junctions are needed for
high-frequency applications.

This study focuses on the examination of Josephson junctions
created using He-FIB on prepatterned YBa2Cu3O7-x thin film
microbridges. We concentrate on analyzing the Josephson junc-
tion characteristics for various doses and assess their applicabil-
ity for high frequencies. The scattering of parameters Ic and Rn

of Josephson junctions fabricated with the same He-FIB dose
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was also investigated. In addition, we examined the Josephson
junctions at THz frequencies in our THz microscope [11].

II. DEVICE FABRICATION

The YBa2Cu3O7-x thin films were deposited by a pulsed laser
deposition (PLD) process from polycrystalline targets on sin-
gle crystal (LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT) substrates. The
10 × 10 mm2 substrates were mounted in the vacuum chamber
of the PLD system. The substrates were heated to a temperature
of 840 °C in an oxygen partial pressure of 12 Pa. The laser fluence
on the target is 2 J/cm2 [12]. In this study, our PLD process
results in c-axis oriented 50 nm thin YBa2Cu3O7-x films. T c

of the film is measured in a liquid nitrogen cooled dipstick by
means of a susceptibility measurement. The films exhibit a T c

of 89 K with a transition width of 1 K. Uniform and smooth
YBa2Cu3O7-x thin films are required for the fabrication of
He-FIB Josephson junctions as the beam needs to pass evenly
through the YBa2Cu3O7-x film. Thus, the mean roughness of the
YBa2Cu3O7-x layer is examined by an atomic force microscope.
These measurements show flat surfaces with only small precip-
itates of Y2O3. Afterwards a 150 nm gold cap layer is sputtered
on the sample. The patterning of the sample is conducted by a
standard photolithography process. In the first etching step the
gold and the underlying YBa2Cu3O7-x layer are etched. This
step is performed in an argon ion etching system optimized
for a gentle etching process. The next step is to remove the
gold layer in the area where the Josephson junctions are to be
written. TechniEtch, a chemical etchant, is used for this purpose.
TechniEtch consists of potassium iodide and iodide. Previous
studies of a potassium iodide and iodide solution have shown,
that the YBa2Cu3O7-x film quality and the T c are not affected
by the etchant [13]. This result could also be seen in our studies
using TechniEtch.

An issue associated with He-FIB Josephson junctions is that
the correlation between dose and the resulting Josephson junc-
tion properties cannot be extrapolated from one substrate to
another, even if they share the same material and patterning
process [6], [14]. Accordingly, it is necessary to have additional
structures on a substrate so that preliminary calibrations can be
carried out. This can be easily done with multiple designs on one
chip. The patterning process results in two identical designs on
one sample. The design consists of one ground electrode, which
connects six branches of five 3µm wide YBa2Cu3O7-x bridges.
Each of the bridges can be measured individually in a four
terminal sensing scheme. In Fig. 1 one branch with five bridges
is shown. The shared ground electrode is visible on the left,
while the individual supply lines are situated on the right side.
Furthermore, the design includes orientation markers above and
below the bridges for the He-FIB process. It can be seen that the
gold was only etched off the YBa2Cu3O7-x bridges while there
is still gold on the supply lines.

After patterning the YBa2Cu3O7-x microbridges, He-FIB
irradiation is done in a Zeiss Orion NanoFab helium ion mi-
croscope with an acceleration voltage of 30 keV. For irradiation
a beam current of 1 pA is used. The diameter of the focused
ion beam is about 5 nm. By scanning the beam over the sample,

Fig. 1. Scanning electron microscopy image of a branch with five 3µm wide
YBa2Cu3O7-x bridges and He-FIB markers above and below the bridges.

barriers can be written into the thin YBa2Cu3O7-x film to form
Josephson junctions. The dwell time per pixel was varied to
set different dose values ( ions/nm). Due to the Gaussian FIB
intensity profile, different doses lead to different Josephson
junction barrier thicknesses [6]. Recent studies have shown
that postannealing at a certain oxygen pressure can be used to
stabilize the Josephson junction properties [14]. This has not
been done in this study but will be considered in the future.

In this study, a dose range of 400 to 1000 ions/nm was exam-
ined. Additionally, some of these doses were written multiple
times to examine the spread of the resulting Josephson junction
properties.

III. EXPERIMENTAL SETUP

For the characterization of the samples we use four terminal
sensing in a mobile pulse tube cryocooler setup, which can
cool the sample down to 3 K. A sinusoidal bias current with
an amplitude in the range of 10 nA to 30 mA can be applied and
the voltage drop across the Josephson junctions is measured. In
this study, the value of the critical current Ic is determined when
surpassing the 10µV threshold. The normal state resistance Rn

is determined by examining the differential resistance of the
curve at large currents (10·Ic). Based on these parameters the
characteristic frequency f c of the Josephson junctions can be
calculated using (1).

fc =
2 · e · Ic ·Rn

h
(1)

The equation consists of the Josephson junction parameters Rn

and Ic, the elementary charge e and Planck’s constant h. The
investigation of the characteristic frequency is interesting as
it impacts the characteristic of the Josephson junction when
irradiated with an external high frequency field. In the described
measurement setup it is possible to excite the samples with a
high frequency field of up to 40 GHz with a Rohde & Schwarz
SMB100 A signal generator. The irradiation of the sample leads
to a suppression of Ic and additionally to steps of constant
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Fig. 2. Ic (circles) and Rn (squares) values of the 3µm wide
YBa2Cu3O7-x junctions vs. He-FIB dose. Open symbols show results for
devices irradiated with the same dose. The measurements were taken at 5 K.

voltage, so called Shapiro steps [15]. The voltage of these steps
(2) is based only on natural constants and the applied frequency
fhf.

U = fhf · h

2 · e . (2)

In order to obtain wide and flat steps, the ratio of the applied
external frequency fhf and the characteristic frequency f c (3)
must be taken into account.

Ωhf =
fhf
fc

(3)

The size of the Shapiro steps primarily depends on the normal-
ized drive frequency Ωhf and the irradiation power. Wide and
flat Shapiro steps at minimal power are achieved, when Ωhf is
close to unity. The required power correlates with Ic. This means
that besides the requirement of Ωhf = 1, Ic should match the
high frequency current in the Josephson junction induced by the
external radiation. [16]

Based on (2) irradiation with higher frequency leads to a
higher step’s voltage. For the investigation of the influence of
irradiation with THz frequencies, the samples can be measured
in the THz microscope [11]. The sample is cooled with a pulse
tube cryocooler to about 20 K and irradiated by an optically
pumped far-infrared laser (FIRL-100 by Edinburgh Instruments)
system.

IV. RESULTS AND DISCUSSION

First of all, we measured the bridges irradiated with different
He-FIB doses on the same chip to investigate the relation be-
tween dose, Ic and Rn. The sample under test is measured by
four terminal sensing. During cooling, T c was also determined,
which was still around 89 K for all bridges, regardless of the
He-FIB dose. The characterization measurements are performed
at 5 K. In Fig. 2 the measurements for different doses on the same
chip are shown. Ic values are depicted as circles and Rn values
as squares. Data for devices produced with different doses are

Fig. 3. Ic Rn values of the 3µm wide YBa2Cu3O7-x junctions vs. critical
current density Jc at 5 K. For comparison with the measurements in [17] the
scaling of IcRn with Jc

0.5 is shown as dashed and Jc
0.6 as dotted line.

TABLE I
KEY PARAMETERS OF HE-FIB YBA2CU3O7-x JOSEPHSON JUNCTIONS WITH

DIFFERENT DOSES AT 5 K

shown as full symbols, and data for devices with same doses are
shown as open symbols.

These measurements show an exponential relationship be-
tween the dose and the critical current. This is similar to the
studies of different misorientation angles in grain boundary
Josephson junctions [18]. Fig. 2 shows that there is a significant
scatter of Ic values for all doses under test. The relative spread
increases with higher doses. Rn increases with higher doses and
also scales exponentially with the dose.

For most applications not only Ic and Rn are important but
also their product. In Fig. 3 the IcRn values of the 3µm wide
YBa2Cu3O7-x junctions versus the critical current density Jc

at 5 K are depicted. Jc is derived from Ic using the width of
the bridge and the YBa2Cu3O7-x film thickness, assuming a
uniform current distribution. From this, it can be derived that
the scatter of the IcRn values is not as significant as in Fig. 2.
The measurement data from these He-FIB Josephson junctions
also match the extensive data from Ref. [17]. There it was shown
that the IcRn product is proportional to Jc

0.5±0.1. This is also
the case for most of the Josephson junctions depicted in Fig. 2
since they lay between the dashed Jc

0.5 and the dotted Jc
0.6

line.
From these preliminary tests, the characteristic frequency f c

of the Josephson junctions can be calculated using (1). In Table I
the dependence of some key parameters of Josephson junctions
at 5 K on the He-FIB dose is shown. From this, it can be deduced
that a very wide range of frequencies can be covered with the
used dose span.
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Fig. 4. Ic over temperature for different He-FIB doses.

Fig. 5. IV-characteristic of a He-FIB Josephson junction in a microbridge
irradiated with 40 GHz at different power levels at 30 K.

Measurements of Ic at variable temperatures are performed
in the range of 5 K to 50 K. These measurements are shown in
Fig. 4, where Ic is plotted logarithmically versus temperature.
It can be seen that Ic decreases significantly with increasing
temperature. Meanwhile Rn stays nearly constant in this tem-
perature range. Thus, this behavior is very similar to the behavior
of grain boundary Josephson junctions [19].

Further examinations address the impact of external high-
frequency stimuli on the sample. For this purpose, the samples
were excited with microwaves at different frequencies and pow-
ers. In Fig. 5 the IV-characteristic of a junction irradiated with
40 GHz at different power levels is shown. These measurements
were performed at 30 K using a Josephson junction written with
a dose of 450 ions/nm. The measurements are conducted at 30 K
because the Ic is lower at this temperature with about 360µA,
while Rn stays nearly constant at about 1.7Ω, which leads to a
smaller f c of 295 GHz. Ωhf is thus closer to 1 with the applied
frequency of 40 GHz.

The suppression of Ic becomes obvious at this measurement.
The curve without external irradiation has the largest Ic. The

Fig. 6. Comparison of the irradiation of a single Josephson junction with
and without an u-shape antenna at 20 K (a). Enlarged representations of the
differential resistance vs. voltage curves without (b) and with antenna (c) over
the range of frequencies investigated (1 THz, 1.3 THz, and 1.4 THz).

power level correlates clearly with increasing suppression of
Ic. Flat and wide Shapiro steps can be seen at different power
levels. At the highest power, hysteretic behavior can be seen,
which may be explained by internal heating.

Based on the preliminary investigations, junctions with differ-
ent suitable properties (high f c with small Ic) at 20 K are used
for the investigation in the THz microscope. The laser used
in the THz microscope can emit several different frequencies
that can be adjusted [11]. In this experiment, the laser emits
the frequencies 1 THz, 1.3 THz and 1.4 THz. The suppression
of Ic caused by the THz radiation can be seen for each of
the examined Josephson junctions. Josephson junctions with a
rather small Ic of about 100µA (without irradiation) and high
Rn of about 10Ω at 20 K also show a very small dip in the
differential resistance versus voltage curve caused by the applied
frequency of 1.4 THz (see Fig. 6(b)). This phenomenon has also
been demonstrated in previous studies [10] where the junctions
have been irradiated with 2.5 THz. It can be guessed that the
coupling efficiency of the junctions to the THz radiation is low
and therefore Shapiro steps do not form with the used design
(see Fig. 1). This can be improved by using antenna structures
with the Josephson junction in its feed point. To enhance input
coupling of the THz radiation, we have investigated another
sample whose design includes antennas. U-shape antennas op-
timized for a high coupling efficiency in the THz range are
used [20]. The junctions are directly written with He-FIB with
a dose of 535 ions/nm, which results in a Ic of approximately
100µA (without irradiation) at 20 K. This also leads to a highRn
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of about 7Ω, which matches the impedance of the antenna (10Ω)
quite well thus increasing the coupling efficiency. A comparison
between the IV-characteristic and the differential resistance ∂R
of a single junction and a junction in the feed point of an u-shape
antenna is shown in Fig. 6.

The measurement with an u-shape antenna shows Shapiro
steps at 1 THz, 1.3 THz and 1.4 THz. From this it can be derived
that the u-shape antennas lead to a better coupling efficiency to
the Josephson junction.

V. CONCLUSION

In this work, we have demonstrated the fabrication process
of YBa2Cu3O7-x He-FIB Josephson junctions and analyzed the
critical current, normal state resistance and the characteristic
frequency of these junctions. Further measurements with THz
radiation have been conducted resulting in a small dip in the
differential resistance over current for a single bridge due to a low
coupling efficiency. Measurements of a YBa2Cu3O7-x Joseph-
son junction embedded in a u-shape antenna shows clear Shapiro
steps at 1 THz, 1.3 THz and 1.4 THz. It can be concluded
that the He-FIB process is well suited in conjunction with
YBa2Cu3O7-xto fabricate Josephson junctions with customiz-
able properties and thus is promising for the development of
THz sensitive Josephson junctions.
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Abstract—The development of a fabrication process for Joseph-
son junctions (JJs) using a direct-write helium-focused ion beam
(He-FIB) technique provides the opportunity to control parameters
such as the critical current Ic and normal-state resistance Rn of
individual JJs in YBa2Cu3O7−x JJ arrays. Such arrays could be
used as a voltage calibration standard that is operated at higher
temperatures and higher driving frequencies than the currently
used niobium JJ arrays. This study presents the fabrication process
of 79 YBa2Cu3O7−x JJs in a meander array design using a direct
writing He-FIB process with the same irradiation dose for all JJs.
In this design, each of the JJs can be measured individually, and
adjacent JJs that exhibit similar and suitable parameters for a
voltage standard array can be measured in series. The scattering
of the JJ parameters was investigated at 5 K and resulted in a
spread in Ic of about 60% and in Rn of 25%. However, a couple
of subarrays with a spread lower than 10% could be found. In
addition, these JJ subarrays were irradiated with high-frequency
radiation in the GHz and THz range at a temperature of 20 K and
synchronization of up to three JJs was observed in both frequency
ranges.

Index Terms—He-FIB, HTS, JJ array, josephson junction (JJ),
Shapiro step, THz, YBa2Cu3O7−x.

I. INTRODUCTION

ACCURATE calibration of our fundamental physical units
is essential and a never-ending challenge of optimization.

The voltage forms one of these building blocks of the Interna-
tional System of Units. The ac Josephson effect is used to define
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the unit of voltage, based on the response of Josephson junctions
(JJs) to external high-frequency excitation. This response results
in the formation of constant voltage steps in the current-voltage
characteristic, known as Shapiro steps [1]. The voltage output
for the corresponding bias current, only depends on natural
constants and frequency

V = n · h

2 · e · f. (1)

Eq. (1) consists of Planck’s constant h, the elementary charge
e, the applied frequency f , and an integer n, which corre-
sponds either to the harmonic number of the Shapiro step or
the number of JJs measured in series. State-of-the-art voltage
standards at NIST [2] and PTB [3] are based on niobium JJ
technologies. These standards use arrays with thousands of
JJs with almost identical properties connected in series, and
excited at frequencies of around 20 GHz at NIST [4] and up
to 70 GHz at PTB [5]. This enables output voltages of up to
10 V. These voltage standards are usually operated at or below
liquid helium temperatures (4.2 K) by using e.g. a pulse tube
cryocooler or a wet cryostat with liquid helium. However, by re-
ducing the cooling requirements, the operation of a voltage stan-
dard could be simplified and made more cost-effective. Using
high-temperature superconductors like yttrium barium copper
oxide (YBa2Cu3O7−x) would significantly lower the cooling de-
mands, as the critical temperature Tc of YBa2Cu3O7−x is above
the boiling point of liquid nitrogen (77 K). Another advantage
when using YBa2Cu3O7−x is its capability to be operated at
frequencies up to 5 THz [6] due to a larger energy gap compared
to niobium. Higher frequencies reduce the required amount of
JJs for the same output voltage compared to the niobium JJ
arrays. Previous work by Klushin et al. [7] demonstrated a
YBa2Cu3O7−x-based voltage standard that showed a 170 µA
wide and 100 mV high Shapiro step at 79.2 K. Their sample was
irradiated with a frequency of 77.465 GHz. YBa2Cu3O7−x JJs
can be fabricated in many different ways, such as grain-boundary
JJs [8], which is the technology used by Klushin et al. [7].
A recently emerging method to fabricate YBa2Cu3O7−x JJs
is the direct writing process using a focused helium ion beam
(He-FIB) [9], [10]. The scanning of the beam across the sample
leads to small localized modifications in the YBa2Cu3O7−x,
resulting in a suppression of superconductivity that can be used
to fabricate Josephson barriers [11]. Earlier works have shown
that the ion fluence is decisive whether a metallic or insulating
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barrier emerges in the YBa2Cu3O7−x film [12]. Initial inves-
tigations of He-FIB JJs have demonstrated their applicability
to GHz and THz frequencies with small and non-flat Shapiro
steps [13], [14]. In previous studies [15], we were able to show
flat Shapiro steps in the GHz and THz range with He-FIB JJs.
As already pointed out by Klushin et al., YBa2Cu3O7−x He-FIB
JJ arrays are promising for high-temperature superconducting
JJ voltage standards [16]. He-FIB YBa2Cu3O7−x JJ arrays,
which increase the sensitivity of magnetic detectors were already
demonstrated [17], [18]. Further studies of He-FIB JJ arrays
consisting of 20 JJs have been reported. Irradiation of this array
with 17 GHz resulted in a wide Shapiro step at approximately
700 µV [9]. Even though they were not analyzed for the ap-
plication in a voltage calibration standard. For voltage standard
applications, it is essential to investigate the requirements for
synchronization of He-FIB JJs so that the flat Shapiro steps of
JJs in an array add up to larger voltages.

These JJ arrays are biased with a current I and the voltage V
is measured across all JJs. Thus, the measurement of a JJ array
reflects the sum of the individual characteristics of the JJs within
the array. This necessitates that the JJs have similar properties,
such as critical current Ic and normal state resistance Rn, to
ensure coherent behavior. Otherwise, one JJ could fail to display
a Shapiro step while the other does under the same excitation.
Another requirement is, that the Ic of individual JJs should be
relatively large to minimize the influence of noise [16]. Further-
more it has to be taken into account that the Josephson energy
must exceed the thermal energy by a large margin (≈ 200) in or-
der to have stable Shapiro steps [19]. Since the Josephson energy
is directly correlated to Ic it becomes obvious that large Ic values
are preferred especially at higher temperatures. Several previous
studies have given different information for the allowed spread
of parameters which allows multiple JJs to be synchronized or
phase locked. A spread of 7% in the Ic values was presented [20].
Another study showed that the Ic values can scatter by 30% as
long as the Rn values are very similar, which can be achieved
by shunting [7]. Another important factor is that all JJs inside
an array need to be irradiated with the same high-frequency
amplitude to behave similarly and form the Shapiro step at the
same bias current value [5]. The frequency of that signal is also
very important, which can be understood by introducing two
equations that describe the characteristic frequency fc of the
JJs and the normalized drive frequency Ωhf. The characteristic
frequency fc of the JJs is based on their parameters Ic andRn and
can be calculated using (2)

fc = Ic ·Rn · 2 · e
h

. (2)

The relation of the external high frequency fhf and the charac-
teristic frequency fc is shown in (3)

Ωhf =
fhf

fc
. (3)

The width and flatness of the Shapiro steps are optimal when
the JJs are operated close to fc, i.e. Ωhf ≈ 1. A value for
Ωhf > 1 implies that higher high-frequency signal amplitudes
are necessary to achieve similar results [21]. Previous studies on

Fig. 1. Scanning electron micrograph of the meander structure with the 2 µm
wide and 10 µm long YBa2Cu3O7−x microbridges. In green the He-FIB lines
are shown. As example, the voltage and current connections for the four-terminal
sensing scheme of the JJ marked with an asterisk are shown.

YBa2Cu3O7−x JJ arrays have shown that the maximum width of
the Shapiro steps could be observed at Ωhf values of 1 . . . 2 [22].
For JJs inside an array to synchronize at Ωhf < 1, the spread in
the Ic values needs to be very small [21].

This study focuses on the examination of JJs and JJ arrays
fabricated using He-FIB on prepatterned YBa2Cu3O7−x thin
film microbridges. The analysis focuses on the specific JJ param-
eters required to achieve synchronization of Shapiro steps in JJ
arrays. Therefore, the scattering of parameters like Ic andRn was
investigated. The potential arrays were examined at 20 K with
high-frequency excitation up to 40 GHz in a mobile cryocooler
test setup and at 1 THz in a THz microscope setup [23].

II. DEVICE FABRICATION

The investigations in this study are based on a uniform and
smooth 50 nm thin YBa2Cu3O7−x film on an (LaAlO3)0.3(Sr2
TaAlO6)0.7 substrate. The film’s root mean square surface
roughness of approximately 0.8 nm was measured with an
atomic force microscope. The YBa2Cu3O7−x film has a 25 nm
silver and 55 nm gold cap layer on top. The fabrication pro-
cess is identical to previous studies and is described in detail
in [15] and [24]. The sample is patterned by a photolithography
process and a subsequent 6 min etch in an argon ion beam
etching system to remove the gold, silver, and the underlying
YBa2Cu3O7−x layer. At the designated JJ positions, the gold
and silver layers need to be removed to enable the direct writing
He-FIB process. For this, a 10 s wet etch based on the potassium
iodide and iodide solution TechniEtch is used. Previous studies
have demonstrated that the YBa2Cu3O7−x film quality and its
Tc are not significantly impaired by this type of etchant [25].
Our investigations confirm this study and show that Tc does not
degrade after the use of TechniEtch.

The design used in this study, see the scanning electron micro-
graph in Fig. 1, consists of a meander structure with a total of 79
YBa2Cu3O7−x microbridges, each 2 µm wide and 10 µm long.
The individual JJs are numbered from 1 to 79 and each JJ can be
measured individually or with any number of neighboring JJs in
a four-terminal sensing scheme. To perform the measurements,
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the sample is contacted via gold wire bonding. The gold layer on
top of the YBa2Cu3O7−x film at the single bondpads is separated
by small trenches. This configuration enables a four-terminal
sensing scheme using only two superconducting supply lines,
with the voltage connection on one part of the bondpad and
current on the other. As an example, the voltage and current
connections used for the JJ marked with an asterisk are shown
in Fig. 1. Furthermore, the design includes u-shaped antennas
at every supply line to optimize the coupling efficiency of
the external high-frequency field to the JJ [26]. The positions
of the JJs are indicated by green lines in Fig. 1. All JJs are
written with the same He-FIB dose to create JJs with similar
parameters. The field of view for the He-FIB patterning process
is 30 µm × 30 µm, which allows direct writing of five JJs
within one focusing step. The stage drift is below 1 nm s−1,
which, considering the irradiation time per JJ, is negligible.
Additionally, the repeats are set to one, meaning the irradiation
time is calculated for the beam to pass across each microbridge
only once. The dose is calculated using measurement data from
previous samples and an additional calibration sample with an
identical meander array design, which employs several different
He-FIB doses. The critical current density Jc and the resistivity
ρn depend exponentially on the He-FIB dose D [10], [15]. This
relation for the resistivity was also shown at 300 K by an early
study on ion beam irradiation of bulk YBa2Cu3O7−x samples
by Lang et al. [27]. Our calibration procedure yields the approx-
imate empirical relations at 5 K

Jc ≈ 2.34× 107
A

cm2
· exp

(
D

−138 ions/nm

)
(4)

ρn ≈ 1.05× 10−10Ω cm2 · exp
(

D

165 ions/nm

)
. (5)

The parameters Ic and Rn can be calculated with the help of the
He-FIB dose D and the geometric properties of the JJs.

The critical current Ic should be several µA to avoid im-
pairment by the noise level of the measurement setup. The
choice of the He-FIB dose, and therefore the JJ parameters, is
a trade-off between the optimal parameters for the design to
be resonant at the desired frequency of 1 THz and an adequate
fc of the JJs. The design’s resonant frequency depends foremost
on the antenna size, but also on the surface impedance of the
YBa2Cu3O7−x film and the feed point impedance, which in this
case is indicated by the Rn of the individual JJs. Simulations
of the resonant frequency of the used YBa2Cu3O7−x structures
were performed using CST Studio 2024. Further information
on the simulations and the procedure can be found in previous
studies [26]. The simulations of the meander structure resulted
in resonant peaks in theS11 parameters at 1 THz forRn values of
about 15Ω. Calculating the dose and the resulting Ic value using
(4) leads to an Ic of 60µA. Since the measurements of the arrays
will be conducted at 20 K, which is the lowest controllable stable
temperature in the THz microscope setup [23], this Ic value
is too low. This can be seen by calculating the thermal and
Josephson energy, and the factor between them at 20 K [19].
Therefore, a different approach to selecting D must be chosen.
Since high Ic values lead to low Rn values, a trade-off must

Fig. 2. Ic andRn values of the single JJs inside the meander array versus their
JJ number at 5 K. Inset shows a histogram of the distribution of the values.

also be considered here. The desired Ic is therefore selected as
150µA at 5 K, which results in a dose of 695 ions/nm. According
to (5) this results in Rn values of approximately 5 Ω for each
JJ. This affects the amplitude of the S11 parameters. However,
a peak at frequencies around 1 THz can still be observed. Using
(2), fc can be calculated. These parameters would result in an
fc value of 323 GHz at 5 K. We note, that the values of Ic and
Rn can change with time after He-FIB irradiation; for details,
see Ref. [28].

III. RESULTS AND DISCUSSION

The samples are characterized using a pulse tube cryocooler
setup with a base temperature of 3 K in a magnetically shielded
environment made of mu-metal. Four-terminal sensing is em-
ployed for the measurements. A sinusoidal bias current with
an amplitude ranging from 10 nA to 30 mA is applied, and the
voltage drop across the JJs is measured. In this study, the value of
Ic is determined when a threshold value of 10 µV is surpassed.
Rn is determined by examining the differential resistance of
the current-voltage curve at approximately 10 · Ic. In Fig. 2,
the measurement results of the single JJs inside the meander
array are plotted versus their assigned JJ number. All of these
measurements were performed at 5 K to ensure comparability
with previous data in less than ten days after the He-FIB writing
process. Thus the measurements should not be affected by aging
of the JJs [28].

The parameter spread of the 79 single JJs is pronounced
with most Ic values ranging from 50 µA to about 300 µA
and Rn values ranging from 3 Ω to 7 Ω. The inset of Fig. 2
shows a histogram of the distribution of the values. Nevertheless,
the mean values over all JJs are near the desired values for
Ic with 120 µA and Rn with 5.4 Ω. This leads to a mean value
for fc of 313 GHz. The standard deviations were calculated
to be σIc = 78 µA and σRn

= 1.25 Ω, which correspond to a
spread of approximately 60% for the Ic values and 25% for the
Rn values. Compared to the results in Ref. [17], [18], where a
spread in Ic parameters at 77 K was estimated to be about 30%
by a fitting model, our results reveal a larger spread. In Ref. [17],
[18], no values for the scattering inRn are provided. In Ref. [17],
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He-FIB-induced JJs in 10 µm to 20 µm wide bridges of a 32 nm
thin YBa2Cu3O7−x film on (LaAlO3)0.3(Sr2 TaAlO6)0.7 were
investigated. The differences in our results could be attributed
to the larger thickness of the YBa2Cu3O7−x film, as helium
ions tend to spread more as they penetrate deeper into the
film [29]. Another important factor is the temperature at which
the measurement was carried out. The spread in Ic decreases at
higher temperatures, as shown in [24] for bicrystal JJs, which
is particularly evident in our results at 5 K compared to 77 K.
To ensure that the spread within the parameters does not result
from variations in focusing steps during the He-FIB process,
the JJs written during a single focusing step were analyzed
individually and compared to those from other steps. However,
this analysis did not reveal any correlations. However, small
subarrays of JJs in the meander array can be found with similar
parameters. Therefore Ic andRn are investigated. Moreover, the
relationship between the bias current and the resulting voltage
must be considered, as the JJs are biased with the same current
and need to exhibit Shapiro steps at the same current level. If all
three parameters exhibit a spread of less than 10%, the result is
considered similar. Using this method, up to four neighboring
JJs with similar parameters can be found. These subarrays were
measured and their properties at irradiation evaluated.

Using the described measurement setup, the JJ subarrays
were irradiated with frequencies up to 40 GHz and in-
put powers between −15 dBm and 15 dBm, using a Ro-
hde & Schwarz SMB100 A signal generator. For this, an open
semi-rigid cable is placed directly above the sample. The best
results we obtained for the 40 GHz irradiation measurements
were from the calibration sample with the meander structure.
This sample, which includes an array of four JJs (named JJ12
to JJ15), each fabricated with a He-FIB dose of 600 ions/nm,
was found to be a good candidate, with Ic ≈ 470 µA and Rn ≈
2.8 Ω (determined without irradiation). The bias current for the
respective voltage is approximately 500 µA. It is possible to
measure all of the JJs individually, in pairs (next to each other),
in triplets, or all four JJs together during a single cooldown. The
measurements were conducted at 20 K, as a trade-off between
having a large Ic and a sufficient difference in thermal and
Josephson energy. Irradiating the single JJs with 40 GHz leads
to flat and wide Shapiro steps at the corresponding voltage of
82.7 µV. By comparing the responses of those single JJs, it can
be seen that even though the dc parameters are very similar and
the JJs are positioned directly next to each other, their behavior
when irradiated is very different. This is probably due to the
coupling of the high-frequency signals to the individual JJs in
our measurement setup. The sample is wire bonded to a PCB
and these wire bonds influence the coupling properties of the
sample. This hypothesis was tested by measuring the identical
JJs with the same settings, differing only in the way the wire
bonds are placed. In this case, the JJs show different behavior.
When a measurement is performed with all four JJs inside the
array, the resulting current-voltage curve will contain the sum of
the individual voltages of each JJ. Shapiro steps need to overlap
at a certain bias current to synchronize. In this measurement,
synchronization is only achieved with two JJs in series. The

Fig. 3. Measurement of the single JJs JJ3 and JJ4 with 40 GHz and 10 dBm
power from the signal generator excitation at 20 K are shown in orange and gray.
Measurement of the pair of JJs combined is shown in black.

measurements of the single JJs and the pair of JJs are shown in
Fig. 3.

Since the Shapiro steps of the single JJs do have an overlap,
the measurement of this pair of JJs shows a Shapiro step at the
voltage 2 · V (40 GHz) = 165 µV. Even the higher harmonic
steps, up to the fourth, can be seen very clearly. The first Shapiro
step has a width of 78 µA. The JJs used in this array have
fc values of about 500 GHz to 600 GHz, so Ωhf < 0.1, which
may also explain why the other two JJs do not synchronize in this
measurement [21]. By increasing the temperature, the Ic values
should decrease while the Rn values stay nearly the same. So
the fc value would decrease as well, which could lead to an Ωhf

closer to 1 and therefore to a better synchronization. By reducing
the Ic with T one has to take into account, that the measurement
is more prone to noise due to appreciable kBT [16]. However,
measurements of subarrays with more than two JJs have not
yet shown Shapiro steps at the corresponding positioning when
irradiated with 40 GHz.

Similar measurements have been conducted with irradiation
of the sample with 1.04 THz using a THz microscope [23].
The measurements are conducted at 20 K. The most promising
subarray consists of three JJs (JJ55 to JJ57) and has a spread
of less than 7% in Ic ≈ 60 µA, Rn ≈ 5.8 Ω, and the required
bias current ≈ 227 µA for the voltage V (1.04 THz) = 2.15 mV.
These values result in an fc≈ 170 GHz, and consequently, anΩhf

≈ 6, indicating that a significant amount of RF power is required
for flat Shapiro steps [21]. Similar to the measurement at 40 GHz
irradiation, it is possible to measure the JJs individually, in pairs,
and all three JJs. Since Shapiro steps manifest as changes in
the slope of the differential resistance, we will focus on this
observable. Measurements of single JJs show a dip in the differ-
ential resistance versus voltage at the voltage corresponding to
the irradiation frequency. The measurement of the two possible
pairs (JJs 55–56 and 56–57) show synchronization of the JJs and
thus a dip at 2.08 THz. In Fig. 4, the results of the measurement
of the three JJs are shown. The differential resistance is plotted
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Fig. 4. Comparison of a measurement of an JJ array with three JJs with and
without irradiation at 20 K. Differential resistance is plotted versus the frequency,
which is calculated using the measured voltage. A synchronization of three JJs
irradiated with 1.04 THz is obvious.

versus voltage, and for clarity, also versus frequency, which is
calculated using (1). In this plot the differential resistance of
the array with (blue) and without (green) irradiation is shown.
From this, it can be derived that a synchronized Shapiro step
in an array consisting of three JJs can be seen at 1.04 THz
irradiation. Thus the Shapiro step is at a voltage of 6.45 mV. We
expect that more pronounced Shapiro steps can be achieved with
optimized antenna structures, as previously shown for single
He-FIB JJs [15].

IV. CONCLUSION

In this work, we have demonstrated an approach to fabricate
YBa2Cu3O7−x He-FIB JJ arrays, resulting in a superposition
of two Shapiro steps at 40 GHz and three at 1.04 THz ir-
radiation. Further, the spread in the individual JJ parameters
and the requirements for synchronization of Shapiro steps of
a meander array were investigated. It can be concluded that
He-FIB YBa2Cu3O7−x JJs remain a promising candidate for
high-Tc Josephson voltage standards. Future work will focus
on reducing the parameter spread (e.g., using thinner films)
and enabling the fabrication of arrays with more JJs, thereby
achieving higher output voltages. Additionally, new designs will
be investigated to improve coupling efficiency.
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Using a focused He+ beam for nanopatterning and writing of Josephson barriers, we fabricated specially
shaped Josephson junctions of in-line geometry in YBa2Cu3O7 thin film microbridges with an asymmetry
ratio of critical currents of opposite polarities of approximately 7 at the optimum magnetic field. Those
Josephson diodes were subsequently used as ratchets to rectify an applied alternating current into a dc
voltage. We also demonstrate the operation of such a ratchet in the loaded regime, where it produces a
nonzero dc output power and yields a thermodynamic efficiency of up to 75%. The ratchet shows record
figures of merit: an output dc voltage of up to 212 µV and an output power of up to 0.2 nW. The device
has an essential area of approximately 1 µm2. For rectification of quasistatic Gaussian noise, the figures
of merit are more modest; however, the efficiency can be as high as for the deterministic ac drives within
some regimes. Since the device is based on YBa2Cu3O7, it can operate at temperatures up to approximately
40 K, where more noise is available for rectification.

DOI: 10.1103/vqhx-16ss

I. INTRODUCTION

Superconducting diodes [1–4] and, in particular, Joseph-
son diodes [5–11] have attracted a lot of attention in recent
years. As any diodes, these devices exhibit non-point-
symmetric current-voltage characteristics and, therefore,
transport current in one direction better than in the other.
Since these devices are superconducting, the main focus
of attention is the asymmetry of the supercurrent trans-
port—the devices have different critical currents Ic+ �=
|Ic−| in positive and negative directions. Thus, if one sends
a current I with an absolute value between Ic+ and |Ic−|, it
will flow without dissipation in only one direction.

Systems with asymmetry (of the potential or driving
force) are denoted as “ratchets.” They have been investi-
gated intensively theoretically and experimentally in the
past [12–14]. A simple ratchet consists of a particle mov-
ing in a one-dimensional reflection-asymmetric potential
under the action of a deterministic or stochastic force
with zero time average. The ultimate goal is to rectify the
applied force and produce a directed motion of the particle.

In Josephson systems, the asymmetric potential is the
Josephson potential U(φ), along which a particle (Joseph-
son phase) with coordinate φ moves with a velocity given
by the time derivative of the Josephson phase φ̇. Because
of the second Josephson relation, a finite velocity corre-
sponds to a voltage across the junction. The maximum

*These authors contributed equally to this work.
†Contact author: gold@uni-tuebingen.de

slopes of the Josephson potential in positive and nega-
tive directions are proportional to the critical currents Ic+
and |Ic−|. Thus, for a Josephson diode with Ic+ �= |Ic−|,
the corresponding Josephson potential is obviously not
reflection-symmetric and we deal with the ratchet. In this
respect, Josephson diodes and Josephson ratchets are very
similar, and we will not make any distinction between them
in this paper.

Different realizations of Josephson ratchets have been
explored, including asymmetric superconducting quantum
interference devices (SQUIDs) [15–20], Josephson vortex
ratchets based on long junctions [21–24] or arrays [25–
28], specially modulated Josephson junctions (JJs) [29],
and tunable ϕ-JJ ratchets [30].

The key parameter that determines the figures of merit of
Josephson diodes is the asymmetry of critical currents A,
which we define as a positive quantity between 1 and ∞:

A =
{

|Ic−|/Ic+ if Ic+ < |Ic−|,
Ic+/|Ic−| if Ic+ > |Ic−|. (1)

Intuitively it is clear that the larger the asymmetry A is,
the better the ratchet performs. A quantitative analysis [24,
31] shows that a large asymmetry allows one to achieve a
wide operation range of driving current amplitudes, a large
countercurrent (heavy load), against which rectification is
still possible, and a high thermodynamic efficiency (ratio
of output dc power to input ac power). So far the highest
reported value for the asymmetry is around 10 [32], but in
most cases the value is much lower.
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TABLE I. Comparison of key parameters of Josephson diodes from the literature. A is the asymmetry (1), V is the maximum rectified
voltage (for optimum drive amplitude Iac), Pout is the maximum output power measured, η is the maximum thermodynamic efficiency
reached, and Ae is defined as the area of the part of the device essential for its operation, excluding electrodes, parts that can be safely
“cut off” without affecting the operation. If devices should be combined into an array, Ae is the area of one period of such an array. For
many cited works we estimated Ae from the size of the minimum rectangle containing the part of the device essential for its operation.
2DEG, two-dimensional electron gas; BSCCO, ; YIG, yttrium iron garnet.

References Type A V (µV) Pout (nW) η (%) Ae (µm2) Top (K)

Carapella and Costabile [21] ALJJ 1.2 5 · · · · · · 44 500 6.5
Beck et al. [22] ALJJ 2.2 20 · · · · · · 5700 6
Sterck et al. [19,20] Three-JJ SQUID 2.5 25 · · · · · · 1125 4.2
Wang et al. [23] ALJJ 2.8 100 · · · · · · 800 4.2
Knufinke et al. [24]a ALJJ E3 1.6 40 16 25b 4900 4.2
Menditto et al. [30] ϕ junction 2.5 150 · · · · · · 2000 1.7
Golod and Krasnov [32]c In-line JJ 4 8 · · · 70b 7.2 7
Wu et al. [5] NbSe2|Nb3Br8|NbSe2 1.07 800d · · · 3.4b 3.7 0.02
Jeon et al. [6] Nb|Pt + YIG|Nb 2.07 · · · · · · 35b 4 2
Pal et al. [7] Nb|Ti|NiTe2|Ti|Nb 2.3 8d · · · 40b ∼ 3 3.8
Baumgartner et al. [8] Al|2DEG|Al 2 · · · · · · 30b 7 0.1
Paolucci et al. [9] Two-JJ SQUID 3 8 · · · 6b 72 0.4
Gosh et al. [10], Volkov et al. [11] Twisted Bi2Sr2Ca1Cu2O8 flakes 4 25d · · · 60b 100 80

This work In-line JJ 7 212 0.2 74 1.0 4.2–42

aIn the work reported in Ref. [24], only V was measured. From Figs. 2 and 3, we determine that Ic− = −0.5 and Ic+ = 0.3 in the unit
of I0 = 2.8 mA. We then find I opt

dc ≈ −0.06 corresponds to the maximum Pout from Eq. (18), and substitute this value into Eq. (17)
to obtain the maximum Pout. Note that the quantities in Eq. (17) are normalized. Therefore, to obtain the power in physical units, we
multiply by V1I0 = 280 nW, where V1 ≈ 100 µV.
bThe efficiency was not measured experimentally but instead was calculated by us from the experimentally reported asymmetry using
Eq. (10).
cQuoted asymmetry and other figures of merit are given for zero magnetic field. At the optimum magnetic field, the asymmetry is
approximately 10.
dThe authors used rectangular drive. For sine drive, the average voltage will be (substantially) lower.

Since the diodes are used for rectification, an important
figure of merit is the maximum rectified voltage.

Previously demonstrated ratchets were rather large (see
Table I), which hampers their integration into microelec-
tronic or nanoelectronic superconducting circuits. Down-
sizing a single ratchet to submicrometer dimensions is
desirable for building nanorectifiers of noise as well as for
connecting many of them in series to obtain larger rectified
voltages.

Operation over a wide temperatures range T is bene-
ficial. Obviously, the upper limit of the operation tem-
perature is given by the transition temperature Tc of the
superconducting material used, so the use of high-Tc super-
conductors is very desirable.

An advantage of some of the diodes proposed recently
is that they are based on specially engineered supercon-
ducting materials [1,2,5] and, therefore, can be structured
down to the nanoscale, say, 50–100 nm. In addition, some
of them [2,5,6] exhibit an asymmetry even at zero mag-
netic field. However, the reported asymmetry values are
mostly low. In Table I we compare the figures of merit for
Josephson diodes. The critical temperature Tc of the mate-
rials used is often below 4 K, which prohibits operation

even in liquid He at T = 4.2 K. One notable exception is
reported in Ref. [10].

In this work we report a Josephson diode with asym-
metry A ≈ 7 and a small active device area of approxi-
mately 1 µm2, implemented with YBa2Cu3O7 (YBCO),
enabling operation at temperatures up to approximately
40 K. To achieve a high Ic asymmetry, we use JJs of in-
line geometry, which exhibit a skewed Ic(B) dependence
and show significantly different values of Ic+ and |Ic−| in
an optimally chosen magnetic field.

II. FABRICATION

The fabrication of the devices starts on a 10 × 10 mm2

chip, purchased from Ceraco GmbH. The chip consists of
a 1-mm-thick (001)-oriented (LaAlO3)3(Sr2AlTaO6)7 sub-
strate, with a 20 nm CeO2 buffer layer, followed by a d =
30 nm YBCO film, both grown epitaxially. Subsequently, a
20-nm-thick Au layer was deposited for electrical contact-
ing. Micropatterning was done in two steps. First, using Ar
ion milling down to the substrate, we define a number of
200-µm-long and W ≈ 4 µm wide microbridges (YBCO
plus Au) that are connected to larger contact pads for wire
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bonding. Second, we use wet etching to remove the Au
layer from the microbridges in the regions designated for
focused-He-ion-beam nanostructuring and also between
the pads to separate the voltage and current contacts.

To define the JJs and the circuit geometry, we used
a focused He ion beam [33]. By writing a line across
a YBCO bridge with a moderate irradiation dose D ∼
500–700 ions/nm, the focused-He-ion-beam irradiation
creates a Josephson barrier [34–38]. The corresponding
JJ exhibits [36] a resistively shunted junction (RSJ)-like
I -V characteristic (IVC) with Stewart-McCumber param-
eter βC ∼ 1. Typically Ic(T) of such JJs vanishes with
increasing T at T ≈ 40 K [34,35]. Instead, by writing a
line with a high dose D ∼ 2000 ions/nm, one creates a bar-
rier without supercurrent. Its resistance diverges as T → 0,
reaching at least few megaohms at our main working tem-
perature of 4.2 K [36]. Transmission electron microscopy
analysis shows that on the atomic scale the resistive bar-
rier corresponds to amorphized YBCO along the irradiated
line [36] and mechanically stressed crystalline YBCO in
the 50–100 nm vicinity of the amorphized region [39]. Fur-
ther, we use the term “amorphous resistive wall” (ARW) to
remind the reader about both structural and electrical prop-
erties. Thus, one can use a focused He ion beam to draw
both ARWs and JJs.

The JJ ratchets were then created in one focused-He-
ion-beam nanofabrication step to produce JJ barriers and
ARWs in the in-line JJ design, which is described in the
next section. The dose for writing the JJ barriers was cho-
sen to obtain the target jc values; see below. The ARWs
were always written with D = 2000 ions/nm.

III. DESIGN

One possibility to realize a highly asymmetric ratchet is
to use a JJ with an in-line geometry, where the bias cur-
rent is injected into and collected from one side of the JJ,
which creates a self-field [40]. However, in our case of
a very thin film, kinetic inductance rather than geometric
inductance is dominant, which means that the bias current
induces a phase gradient rather than a self-field. Such JJs
in an externally applied magnetic field B exhibit a skewed
point-symmetric Ic(B) dependence. Thus, there are field
values where the critical currents in the positive and neg-
ative directions are very different; see Appendix B for the
theoretical background.

A helium-ion-microscope image of the device is shown
in Fig. 1. The ARWs compel the bias current to flow as
indicated by the thick arrows, i.e., the bias current I is
injected into and extracted from the (left) side and flows
parallel to the JJ barrier of length L and across it. The spac-
ing between the barrier and the ARWs is denoted as the
electrode width w. Usually, for such an in-line geometry
one observes a significant self-field effect, i.e., a nonuni-
form magnetic field caused by and proportional to the bias

FIG. 1. Secondary electron helium-ion-microscope image of a
reference microbridge (A15) of the same geometry as device A22
discussed in Sec. IV. For better visibility, A15 has been irradi-
ated with a high-dose focused He ion beam producing an ARW
also at the place of the Josephson barrier. The focused-He-ion-
beam lines are colored to indicate where device A22 has ARWs
(golden) written by a high-dose focused He ion beam and the
Josephson barrier (red) written by a moderate-dose focused He
ion beam. The thick arrows show the direction of bias current
flow. The width of the whole YBCO bridge is W, the JJ length is
L, and the electrode width, i.e., the distance between the JJ bar-
rier and the upper and lower ARWs, is w. The dashed (white)
rectangle shows the essential area Ae of the diode.

current. This results in a skewed dependence of the critical
current Ic on the magnetic field B applied perpendicular
to the thin film plane [40]. For our very thin YBCO film
with thickness d � λL (typically λL ≈ 250 nm for YBCO
films), kinetic inductance dominates. Therefore, it is more
correct to speak about a phase gradient (of the macroscopic
wave functions in the superconducting electrodes) along
the barrier instead of a magnetic field caused by the in-line
bias configuration. Similar designs were proposed [41] as
diodes very recently and used for Nb|Cu-Ni|Nb JJs [42]
and YBCO grain-boundary JJs [43,44], but for different
purposes.

The planar thin-film JJs used in this work, even in the
simplest geometry when the JJ crosses the whole bridge,
are nonlocal [45]. Our geometry (see Fig. 1) is even more
complicated than the one in Ref. [45].

A theoretical treatment of the Ic(B) dependence for our
JJ geometry has not been developed so far. Therefore, the
estimations of target parameters for our JJ ratchets are pos-
sible only approximately, in the framework of the usual
local model; see Appendix B. There we find that the key
parameter that defines the asymmetry of the Ic±(B) curves
is the so-called in-line geometry parameter

fI = 1
4π

(
L
λJ

)2

; (2)

see Appendix A for an estimation of the Josephson length
λJ . There it is shown that

λ2
J ∝ w

jcλ2
L

. (3)

Further, having fI , we can calculate the dependences of
the normalized critical current ic± = Ic±/Ic0 (Ic0 ≡ jcLd)
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on the applied normalized magnetic flux f = �/�0 (�0 ≈
2.068 × 10−15 Wb is the magnetic flux quantum) for dif-
ferent values of fI . We find that with increasing fI , the
maximum asymmetry Amax, i.e., A at the optimum value
fopt of f , increases rapidly and diverges for fI ≥ f ∗

I =
π/4. This happens because the smaller critical current
min(|Ic±(B)|) vanishes. Experimentally, this divergence
is suppressed since there is always a finite background
Ic value. Accordingly, we estimate practically achievable
values for Amax ∼ 10. For details, see Appendix B.

Guided by predictions of the local model, we chose the
target parameters, such as D (i.e., jc), L, and w, to achieve
the desired asymmetry and reasonable critical current.

The JJ physical length L was chosen to have the in-line
geometry parameter fI ≈ π/4, i.e., L ≈ πλJ , to achieve
maximum possible asymmetry A ∼ 10 at the optimum
flux bias point fopt; see Appendix B. In this way, the JJ
also remains in the short JJ limit. Since one of our goals is
to make the device as small as possible, we would like to
have L as small as possible, i.e., as small as possible λJ .

The width w between the ARWs and the JJ barrier
should be chosen as small as possible to reduce λJ and,
accordingly, to reduce the size (L × w) of the diode. How-
ever, w is limited by the mechanical damage around the
ARWs.

Finally, the dose D was chosen to obtain jc values that
provide JJs with RSJ-like IVCs [36] at B = 0 and to have
a reasonable maximum critical current Ic0 = jcdL in the
range 5–30 µA at T = 4.2 K. Such values of Ic0 are eas-
ily measurable, and later allow us to investigate not only
the limit of small thermal fluctuations kBT/EJ (T) � 1 but
also the limit of large thermal fluctuations in a reason-
ably broad temperature range within out target temper-
ature range of 4.2–42 K. Here EJ (T) = �0Ic0(T)/2π is
the temperature-dependent Josephson energy. We note that
jc(T) affects λJ .

In the end, we have fabricated and tested a set of several
diodes with the parameters distributed around the target
parameters of the local model.

IV. EXPERIMENTAL RESULTS

In total we fabricated 47 devices with L = 500–2000 nm,
w = 100–1000 nm, and D = 50–700 ions/nm. Twelve of
them worked well, i.e., showed nice IVCs and Ic(B) depen-
dences. Five of them showed asymmetry A > 2. Here
we present experimental data only for the device A22
with L = 1750 nm and w = 200 nm. The barrier was
written with D = 530 ions/nm, which resulted in a max-
imum Ic0 ≈ 14 µA at T = 4.2 K (see below). Thus, jc ≈
27 kA/cm2 and λJ ≈ 1.25 µm at 4.2 K; see Appendix A
for details.

A. Characterization

The electric transport measurements are done in a
four-point configuration and were performed in liquid He

(a)

(b)

FIG. 2. Electric transport data for sample A22 taken at T =
4.2 K: (a) IVCs measured in both bias-current sweep direc-
tions at B = 0 (black) and at the optimum applied field Bopt
(red). Ic+(0) ≈ |Ic−(0)| ≈ 10 µA, while Ic+(Bopt) ≈ 2.0 µA and
|Ic−(Bopt)| ≈ 14.2 µA, which results in A(Bopt) ≈ 7. All Ic(B)

values are obtained with a voltage criterion of 1 µV. Both IVCs
are somewhat rounded around the critical currents due to ther-
mal fluctuations and nonuniformities of the JJ, so Ic± could
be determined experimentally only approximately. (b) Ic±(B)

measured in both B sweep directions (black) and A(B) (gray)
numerically calculated from the Ic±(B) data. The optimum field
Bopt ≈ −5.38 mT.

at T = 4.2 K. The IVC of device A22 at B = 0 is shown
in Fig. 2(a). The IVC is RSJ-like with symmetric criti-
cal currents and without hysteresis. To find the optimum
working point of the ratchet, we measured the dependence
Ic(B). The field was applied perpendicular to the sample
plane by means of a coil. The Ic(B) dependence is shown in
Fig. 2(b). The optimum working point corresponds to the
maximum of A; see the definition (1). Using the data from
Fig. 2(b), we display A(B) in the same plot to determine
the value of Bopt, where A(B) has its maximum of approx-
imately 7. Figure 2(a) also shows the IVC of the ratchet at
B = Bopt. The critical currents are rather asymmetric.

B. Quasistatic deterministic drive

For demonstration of the ratchet operation in a qua-
sistatic deterministic regime, we apply B = Bopt to induce
the maximum A and drive the ratchet with a sinusoidal
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current [46]

I(t) = Iac sin(2π ft), (4)

where we typically use f = 200 Hz, i.e., we operate in the
adiabatic regime f � fc [18,19,47], with the characteris-
tic frequency fc = IcR/�0 ∼ 300 GHz, where R ≈ 50 	 is
the JJ normal resistance. For a continuously applied signal
(4), we measure the voltage V averaged over one period
of the drive [48]. By repeating the measurement of V for
different values of Iac, we obtain the rectification curve
V(Iac) shown in Fig. 3(a) as the red curve, labeled with
“idle,” which means that the drive is a pure ac drive with-
out any dc countercurrent, i.e., Idc = 0. One can see that
for very low amplitudes Iac � Ic+ the rectification is absent
as the ac bias point never reaches the voltage branches of
the IVC during ac driving. For Ic+ � Iac � |Ic−| the bias
point reaches only the positive voltage branch of the IVCs
during the positive semiperiod, which results in a finite V
that grows with Iac until V(Iac) reaches its maximum value
Vmax at Iac,max ≈ |Ic−|. Finally, at Iac ≈ Ic− the bias point
also reaches the negative voltage branch of the IVC dur-
ing the negative semiperiod, and the average voltage drops
with further increase of Iac and asymptotically approaches
zero for Iac � |Ic−| [49].

The rectification is efficient roughly for Iac between Ic+
and Ic− [50]. If one wants to construct a ratchet that recti-
fies a large range of input amplitudes, one should ideally
have Ic+ � |Ic−| (or |Ic−| � Ic+), i.e., large A. We observe
a maximum rectified voltage V ≈ 212 µV, which is one of
the best among similar devices (see Table I).

Up to now our ratchet is idle, i.e., it does not produce
any output power. In terms of a particle in an asymmetric
periodic potential, this means that the particle is driven by
a pure ac drive to the right, but stays roughly at the same
energy. To produce work, one has to load the ratchet. One
possibility [24] is to tilt the potential in such a way that the
ratchet effect will transport the particle uphill. In this case
one can also address the question of how strong the ratchet
is, i.e., against which countertilt the ratchet can still trans-
port the particle. Experimentally, it is rather easy to tilt the
potential by applying an additional dc bias countercurrent
to the JJ. If our rectified voltage V > 0, then one needs
a countercurrent Idc < 0. Then the total applied current is
given by

I(t) = Iac sin(2π ft) + Idc. (5)

The rectification curves

V(Iac) = 1
T

∫ T

0
V(I(t)) dt (6)

for several Idc values are shown in Fig. 3(a). One can see
that transport against the countercurrent still occurs, i.e.,

(a)

(b)

(c)

(d)

FIG. 3. Performance of the Josephson ratchet (sample A22)
vs ac drive amplitude Iac (f = 200 Hz) at B = Bopt for differ-
ent values of the countercurrent Idc ≤ 0. (a) Rectification curves
V(Iac), (b) output power Pout(Iac), (c) input power Pin(Iac), and (d)
efficiency η(Iac). Symbols show experimental data. Lines are cal-
culated from the high-resolution experimental IVC as described
in the main text.

V > 0, although the average voltage (particle speed) and,
accordingly, the maximum average voltage Vmax decrease
with increasing Idc. The rectification range shrinks with
increasing |Idc|, and for large Iac the transport reverses
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(V < 0). The stopping current, i.e., the (minimum) coun-
tercurrent, for which the ratchet does not transport any-
more in the easy direction for any Iac, is theoretically given
by [24] Istop = (Ic+ − |Ic−|)/2 ≈ −6.1 µA, which agrees
quite well with the data presented in Fig. 3(a). Note that
the ratchet loaded with Idc < 0 produces negative V at large
Iac. This motion in the difficult direction is simply caused
by the applied Idc, which overweights the ratchet effect.

Since the ratchet with Idc < 0 transports the particle
uphill, it produces an average output power

Pout = 1
T

∫ T

0
V(I(t))Idc dt = VIdc. (7)

Thus, to obtain Pout(Iac) plots, one should multiply each
V(Iac) curve from Fig. 3(a) by the corresponding value of
Idc. The result is shown in Fig. 3(b). Note that since Idc ≤ 0,
we formally get Pout ≤ 0, which means that we generate
power rather than consume it. Obviously, the idle ratchet
with Idc = 0 produces Pout(Iac) ≡ 0. Then by increase of
the countercurrent |Idc|, the amplitude of Pout(Iac) curves
first increases and then decreases in accordance with the
product in Eq. (7), where the amplitude of V(Iac) decreases
with |Idc| down to zero at Istop, where V(Iac) and Pout(Iac)

change sign. Note that in the parts of the curves where
Pout > 0, corresponding to parts with V < 0 in Fig. 3(a),
the ratchet consumes the power from the dc countercurrent
source. Thus, the maximum output power in the Pout < 0
regime is expected for an intermediate load between 0 and
Istop.

Similarly, the input power is given by

Pin = 1
T

∫ T

0
V(I(t))Iac sin(2π ft) dt. (8)

Equation (8) cannot be simplified in a similar way as
Eq. (7). Therefore, to determine Pin, one needs simultane-
ously measured Iac sin(2π ft) and V(t) profiles. They were
measured for six different values of Iac for each Idc value.
The results are presented in Fig. 3(c) as symbols. Roughly,
one notes three regions in the plots. For low Iac, the power
vanishes as the ratchet never enters the voltage state. For
intermediate values of Iac [see the branches with a slight
slope in Fig. 3(c)], the ratchet dissipates power only in
the positive voltage branch during some part of the posi-
tive semiperiod of the drive. Finally, for large Iac [see the
branches with a strong slope in Fig. 3(c),] the ratchet dissi-
pates even more power during both positive and negative
semiperiods.

In the quasistatic regime of operation, all information on
the ratchet performance and its figures of merit are con-
tained in the IVCs. Therefore, having a high-resolution
experimental V(I), one can calculate all characteristics,
such as V(Iac), Pin, and Pout, for different values of the
load Idc numerically, by “applying” the current I(t) given

(a)

(b)

(c)

(d)

FIG. 4. Performance of the Josephson ratchet calculated from
the IVC at B = Bopt of sample A22 vs the noise amplitude σ of
a quasistatic stochastic drive current for different values of the
countercurrent Idc ≤ 0. (a) Rectification curves V(σ ), (b) Pin(σ ),
(c) Pout(σ ), and (d) η(σ ). For the calculations we used a 3σ cutoff
during integration; see Eq. (C3) and the following text.

by Eq. (5) to the IVC and calculating the integrals (6)–(8)
numerically. In this way one can produce many points
per curve. The results are presented in Fig. 3 as solid
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lines and show only a minor difference with experimental
measurements.

Finally, having Pout and Pin, one can calculate the
thermodynamic efficiency

η(Iac) ≡ −Pout(Iac)

Pin(Iac)
. (9)

Note that the thermodynamic efficiency η should not be
confused with the “efficiency” given by

ηult =
∣∣∣∣ |Ic−| − |Ic+|
|Ic−| + |Ic+|

∣∣∣∣ ≡ A − 1
A + 1

(10)

used in many publications. On the one hand, ηult character-
izes the degree of asymmetry of critical currents and can
be expressed via A used in this work. On the other hand,
ηult represents the maximum possible, so-called ultimate
[24,31], thermodynamic efficiency that can be reached for
a given asymmetry theoretically.

A set of η(Iac) curves for different load values is shown
in Fig. 3(d). Each η(Iac) curve has a sharp maximum at the
beginning of the rectification window, as predicted by the
model [24,31]. As a function of Idc, the η(Iac) curves reach
their maximum amplitude for a large countercurrent |Idc|
close to Istop, where the rectification window is tiny. In this
regime the value of η approaches its theoretical value ηult
(approximately 75% for device A22).

We note that the efficiency is not calculated for
Iac < Ic+. In this range, both Pout → 0 and Pin → 0, so η

has a very large uncertainty. Any experimental or numeri-
cal error in Pin will result in a huge fluctuation of η. In other
words, η will have error bars much larger than the value of
η itself. Therefore, the calculation of η was not performed
if Pin was smaller than a certain limit, typically 5 pW. This
is a common problem for the evaluation of the performance
of any ratchet operated with small drive amplitudes.

The rectification of the quasistatic Gaussian noise is
presented in Appendix C.

V. CONCLUSIONS

We demonstrated the design, fabrication, and quasistatic
operation of a Josephson diode “drawn” into a YBCO thin
film microbridge using a focused He ion beam. The ratchet
shows record figures of merit (see Table I), and its direction
of rectification depends on the sign of the applied field. In
particular, the ratchet occupies an essential area of approx-
imately 1 µm2, which is the smallest in Table I. At the
optimum magnetic field, the ratchet shows an impressive
asymmetry A ≈ 7, close to that of a similar design based
on Nb [32,42]. As a consequence, it demonstrates a max-
imum rectified voltage V ≈ 212 µV for a sine drive and
V ≈ 115 µV for a random Gaussian drive. In both cases
the ratchet shows a large stopping force in accordance with

the value of A (see Refs. [24,31]), and thermodynamic effi-
ciency approaching the theoretical limit in certain regimes.
However, there is a general trade-off between the maxi-
mum output power and maximum efficiency that occurs
at different values of parameters such as the drive ampli-
tude and the counterforce. The only ratchet in Table I that
shows larger (estimated) output power is the one reported
in Ref. [24]. There, the ratchet design was a large annular
long Josephson junction (ALJJ) with very high Ic.

Preliminary measurements show that the ratchets dis-
cussed in this paper operate at temperatures up to approx-
imately 40 K, where the critical currents of the JJ tend to
zero, while the thermal energy increases by 1 order of mag-
nitude. Detailed results for the noise-driven ratchet will be
published elsewhere.
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APPENDIX A: ESTIMATING λJ

To estimate λJ we use the usual expression [40]

λJ =
√

�0

2π�J jc
, (A1)

rewritten explicitly isolating �J —the inductance per JJ
length times the thickness d of the superconducting elec-
trodes forming the JJ when the current flows along
the Josephson barrier [unit of henries (volt seconds per
ampere), like for inductance] [52]. Thus, in our planar case,
the total inductance of the two pieces of superconducting
films on both sides of the barrier is given by L� = �J L/d.

In our particular case �J = 2�, where � corresponds
to one superconducting electrode. The JJ barrier thick-
ness is considered to be negligible in comparison with the
electrode width w. The total inductance Lel of a piece of
superconducting electrode of length L and (film) thickness
d is given by Lel = �L/d, i.e., L� = 2Lel.

In our ultrathin-film limit (d = 30 nm, while the London
penetration depth λL ≈ 250 nm) we can safely assume that
the inductance is purely kinetic. So when the current flows
in the superconducting film along the barrier of the JJ, the
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associated kinetic energy is given by

Ek = ns
mv2

s

2
V′, (A2)

where V′ = Lwd is the volume of the film, while m, ns,
and vs are the mass, concentration, and average velocity of
“superconducting” electrons, respectively. Using the rela-
tion for the supercurrent density js = nsvse, we can rewrite
Eq. (A2) as

Ek = mj 2
s

2nse2 Lwd = mI 2
s

2nse2w2d2 Lwd = mL
nse2wd

I 2
s

2
, (A3)

where we have introduced the supercurrent Is = jswd,
which assumes a homogeneous js in our electrodes with
w � λeff = λ2

L/d. We recall that in the framework of the
London theory

λ2
L = m

μ0nse2 . (A4)

Thus,

Ek = μ0λ
2
L

L
wd

I 2
s

2
. (A5)

The kinetic inductance is therefore given by

Lk = μ0λ
2
L

L
wd

, (A6)

i.e.,

� = μ0λ
2
L

1
w

. (A7)

For our w = 200 nm, we get �J = 2� = 0.79 pH. This,
according to Eq. (A1) with jc = 27 kA/cm2, gives λJ ≈
1.2 µm.

Quantitatively, the inductance of the JJ barrier of
length L (Josephson inductance at infinitesimal current, see
Ref. [40]) is given by

LJ = �0

2π Ic
= �0

2π jcLd
. (A8)

Assuming that L → ∞ (L � λJ ), λJ is the characteris-
tic length across which the bias current injected from the
edge is distributed and tunnels through the JJ barrier. At
this length the Josephson inductance of the λJ piece of the
barrier is equal to the inductance of the λJ piece of both

electrodes, i.e.,

LJ |L=λJ = 2 Lk|L=λJ .

Inserting Lk and LJ from Eqs. (A6) and (A8), we obtain

�0

2π jcλJ d
= 2μ0λ

2
L
λJ

wd
.

From this we obtain

λ2
J = �0wd

2π jcd2μ0λ
2
L

= �0w
2π jc2μ0λ

2
L

= �0

2π jc�J
,

i.e., exactly as given by Eq. (A1) with �J = 2� from
Eq. (A7).

APPENDIX B: IN-LINE GEOMETRY

1. Derivation of Ic(B)

Following Ref. [40], we consider a JJ of in-line geome-
try spanning x from −L/2 to +L/2. The bias current I is
injected into and collected from the left side of the super-
conducting electrodes. We assume that the JJ is short, i.e.,
L � 4λJ , and, for now, we assume zero applied magnetic
field. The bias current is distributed along the whole JJ
length L to tunnel through the barrier. Since the JJ is short,
we assume that the Josephson phase φ(x) is almost con-
stant across the barrier. In this case, the Josephson current
density across the barrier js(x) is constant too. Then we
write a current continuity (first Kirchoff) equation at an
arbitrary point x inside the JJ:

IL(x + dx) − IL(x) = js(x) dx d,

which for dx → 0 gives

∂IL(x)
∂x

≡ I ′
L(x) = js(x)d, (B1)

where IL(x) is the current flowing along the top supercon-
ducting electrode. Considering our in-line biasing scheme,
the boundary conditions for IL(x) are

IL(−L/2) = I , IL(+L/2) = 0. (B2)

By solving Eq. (B1) with the boundary conditions (B2), we
get an explicit expression for IL(x):

IL(x) = −jsd[x − L/2] = −I
[

x
L

− 1
2

]
, (B3)

where we have used the obvious fact that the whole bias
current finally tunnels through the JJ, i.e., I = jsdL.

The current IL(x) flowing through the kinetic inductance
dLk of the dx piece of the top (bottom) electrode creates a
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dx

FIG. 5. JJ of in-line geometry consisting of two supercon-
ducting films and a very thin barrier (dotted lines). The arrows
indicate the current I injected and collected at the left edge and
flowing through the barrier.

phase difference of the macroscopic wave function of the
electrode

θ(x + dx) − θ(x) = 2π

�0
dLkIL(x) = 2π

�0
μ0λ

2
L

dx
wd

IL(x),

which for dx → 0 gives

θ ′(x) = 2π

�0
μ0λ

2
L

IL(x)
wd

, (B4)

where μ0λ
2
L is the specific kinetic inductance; see

Appendix A.
By substituting Eq. (B3) into Eq. (B4) and solving it, we

obtain

θ(x) = 2π

�0

μ0λ
2
L

wd
I
(

x
2

− x2

2L

)
. (B5)

For the moment we have omitted the integration constant
as it will be added later when we consider and maximize
the supercurrent.

The Josephson phase φ(x) is the difference of the phases
θ1(x) and θ2(x) in electrodes 1 and 2. Since the elec-
trode currents IL1(x) and IL2(x) flow in opposite direc-
tions, with accuracy of a constant one can write θ2(x) =
−θ1(x). Therefore, φ(x) = 2θ1(x); see Eq. (B5). Following
Ref. [40], we ignore the parabolic bending of the Joseph-
son phase and keep only the linear term responsible for the
global behavior, i.e.,

φ(x) ≈ 2π

�0

μ0λ
2
L

wd
xI . (B6)

This dependence is very similar to the linear Josephson
phase created by an applied magnetic field B perpendicular
to the film plane

φ′(x) = 2π

�0
deffB or φ(x) = 2π

�0
deffBx = 2π f

x
L

,

(B7)

where we have introduced the normalized flux f ≡ �/�0,
where � ≡ BdeffL is the total magnetic flux threading the

JJ. In our geometry, deff = 2λL tanh w/λL ≈ 2w. The lin-
ear Josephson phase in Eq. (B6) is proportional to the bias
current I . In Ref. [40] this is called a “self-field effect.”
In our case the effect is exactly the same, but due to the
kinetic nature of the electrode’s inductance, the magnetic
field induced by the bias current I as such is not present.

To obtain the total supercurrent, but now also including
an applied magnetic field, we have to add the phase gra-
dients resulting from both the bias current and the applied
field. The ansatz reads

φ(x) = 2π(f + fI i)
x
L

+ φ0, (B8)

where i = I/Ic0 is the normalized bias current and

fI ≡ μ0λ
2
L

L
wd Ic0

�0
= LK Ic0

�0
= �Ic0

�0
(B9)

characterizes the strength of the “self-field” effect, i.e.,
the Josephson-phase gradient due to the bias current. It is
defined as the pseudoflux �Ic0 through the kinetic induc-
tance Lk = μ0λ

2
L(L/wd) of the whole top electrode when

one sends a current Ic0 through it.
Following the standard procedure to find the total super-

current

Is(f , i, φ0) = d
∫ +L/2

−L/2
jc sin φ(x) dx,

with φ(x) given by Eq. (B8), and then maximization of
Is(f , i, φ0) with respect to φ0, we get for the normalized
critical current ic = Ic/Ic0

ic(f , ic) = ±sin [π(f + fI ic)]
π(f + fI ic)

, (B10)

where Ic0 ≡ jcLd is the maximum possible critical current
through the barrier at f = fI = 0. By using the definition
(A1) of λJ , one can rewrite the expression for fI in a very
simple and understandable form, namely,

fI = 1
4π

L2

λ2
J

. (B11)

2. Optimum parameters

The final ic(f ) dependence is given by the implicit
expression (B10). For fixed values of fI and f we solved
this equation numerically to obtain ic±(f ) plots for several
different values of fI (see Fig. 6). With increasing fI , the
ic±(f ) plots depart from a symmetric Fraunhofer pattern
(fI = 0 curve) and become skewed; however, they are still
point-symmetric with respect to the origin. As fI increases,
the two critical currents ic+(f ) and ic−(f ) become rather
different for |f | somewhat below 1, thus giving high asym-
metry. At fI > f ∗

I = π/4 ≈ 0.785, one of the ic±(f ) curves
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FIG. 6. Family of asymmetric ic±(f ) curves for different val-
ues of fI obtained by our solving Eq. (B10) numerically.

develops a discontinuous jump at f = ±1 from high ic
values to low ones.

To be more specific, in Fig. 7 we have plotted the
dependence of the asymmetry A(f ) for different values
of fI . There is an optimum applied field fopt, for which
A has a maximum Amax ≡ A(fopt). Moreover, Amax and
fopt increase with increasing fI monotonically, and for
fI ≥ f ∗

I A(f ) develops a jump at f = 1 related to the
discontinuity of the ic+(f ) branch.

Finally, to see which values of asymmetry can be
reached in principle, we show Amax(fI ) in Fig. 8(a).
Amax(fI ) rapidly increases with increasing fI and formally
diverges at f ∗

I . The saturation value of Amax ∼ 600 for
fI ≥ f ∗

I is defined solely by numerical accuracy.
Thus, in the framework of the in-line JJ model intro-

duced here, for optimum applied flux f ≈ 1 and large
enough in-line geometry parameter fI ≥ f ∗

I , one can obtain
almost unlimited asymmetry values.

FIG. 7. Asymmetry parameter A(f ) for different values of
fI obtained from the curves in Fig. 6 with the use of the
definition (1).

3. Possible limitations

The model used above is an idealization. First, our ini-
tial assumption of a short JJ means that fI defined by
Eq. (B11) cannot be very large. However, we obtain very
high A values already for fI = f ∗

I . This corresponds to
L = πλJ , which is still within the short limit. However, the
numerical solution of the sine-Gordon equation to obtain
ic(f , fI ) (not presented) shows that at L ≈ (3–5)λJ the
minimum critical current does not approach zero closely,
so Amax reaches values of about 5–6. Second, our approx-
imation (linearization) of the Josephson phase in Eq. (B6)
may be a reason for the extremely high A obtained. The
huge values of A occur at fopt ≈ 1 when one of the crit-
ical currents (almost) vanishes while the other one stays
finite. However, when the bias current is small, the “self-
field” term (both the linear one and the nonlinear one)
plays no role for the branch with vanishing ic. Instead, it
may result in a certain small correction to the branch with

(a)

(b)

FIG. 8. (a) Maximum asymmetry parameter Amax(fI ) taken at
fopt for each value of fI . The violet curve is calculated according
to the theoretical model. The bordeaux curve is calculated by our
taking into account that ic,min cannot become smaller than 0.02.
(b) Minimum (by absolute value) critical current ic,min at the opti-
mum point fopt as a function of fI . The dashed line shows, as an
example, the experimental limitation on ic,min, which was then
used to calculate the bordeaux curve in (a).
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high ic. Altogether, high values of A weakly depend on the
nonlinear term in Eq. (B5).

There are several experimental limitations that do not
allow one to achieve very high values of A because it is
very difficult experimentally to obtain vanishing ic(f ) (one
of the two) at fopt. In Fig. 8(b) we plot the smallest criti-
cal current |ic,min(fI )| taken at fopt. For fI ≥ f ∗

I , ic,min(fI ) ∼
0.002, which again is defined by numerical accuracy. In
experiments, for a number of reasons ic,min cannot be so
small. For example, nonuniformity in jc(x), typical for
YBCO-based JJs, results in an ic(f ) pattern where the min-
ima are lifted relative to the i = 0 level. Another reason
is that in experiments Ic(B) is measured with some finite
voltage criterion Vcr (typically 1–2 µV due to noise and
limited resolution of the equipment), which results in a
background Ic level I BG

c ≈ VcrRn, where Rn is the normal
resistance of the JJ. If we assume that ic,min(fI ) below 0.02
cannot be measured, then the maximum value of asymme-
try Amax ≈ 1/0.02 = 50 at best. In Fig. 8(b), as an exam-
ple, we show this level by a dashed horizontal line. If the
theoretical value ic±(fI ) becomes lower, we then use 0.02
for calculation of Amax. The result is shown in Fig. 8(a)
(bordeaux curve). Amax for fI ≥ f ∗

I is substantially reduced
from infinity down to approximately 40.

APPENDIX C: QUASISTATIC STOCHASTIC
DRIVE

In this appendix we demonstrate that one can rectify a
noisy signal with zero average value and this does not vio-
late any laws of thermodynamics if the spectrum of the
noise is not white. We also study how the figures of merit
change if one drives the diode stochastically rather than
periodically. We start from the experimentally measured
asymmetric IVC, and numerically calculate rectification
of a random driving force I(t) = �(t) with a Gaussian
distribution of the probability density

G(I , σ) = 1√
2πσ

exp
(

− I 2

2σ 2

)
. (C1)

Here the distribution width σ plays the role of the ampli-
tude of the noise. If one has a realization of a random
process �(t) with amplitude 1, the process σ�(t) has
distribution width σ . We consider quasistatic noise, i.e.,
each random current value σ�(ti) is applied and kept long
enough to measure the voltage V(σ�(ti)) (IVC), then the
next random current value σ�(ti+1) is applied, and so on.
In other words, the bandwidth of this noise is much smaller
than the typical Josephson frequencies and our measure-
ment setup bandwidth. Then the average voltage Vdc is
calculated. Note the difference between Vdc averaged over
a long time and V averaged over one period. Because of
quasistaticity, the result can be again obtained from the

experimentally measured IVC numerically as

Vdc(σ ) = lim
T→∞

1
T

∫ T

0
V(σ�(t) + Idc) dt

= lim
N→∞

1
N

N∑
i=1

V(σ�(ti) + Idc). (C2)

Numerically, Eq. (C2) needs a long integration time to
converge. However, for ergodic random processes this can
be drastically simplified to a convolution of the Gaussian
random distribution with the IVC:

Vdc(σ ) =
∫ +∞

−∞
G(I , σ)V(I + Idc) dI . (C3)

Note that the experimental V(I) is available (measured)
only in a certain limited current range. Therefore, to per-
form the integration in Eq. (C3), in practice we perform
integration from −3σ to +3σ , thus cutting off the tails of
the Gaussian distribution.

A set of rectification curves Vdc(σ ) for different counter-
currents Idc is shown in Fig. 4(a). Qualitatively the curves
look very similar to the V(Iac) curves for a deterministic
sinusoidal ac drive. However, the maximum rectified volt-
age in the idle regime became almost twice as small. The
curves are also much smoother, which is understandable
considering the Gaussian distribution of the noise. How-
ever, the stopping force does not change, which is easy to
understand from the IVC. Namely, the applied countercur-
rent Idc basically shifts the origin of the IVC so that the
IVC becomes more symmetric. Roughly, the rectification
vanishes when the positive and negative critical currents
become equal, i.e., Ic+ − Idc ≈ | − Ic− + Idc|, regardless
what kind of drive is applied.

Furthermore, a set of Pin(σ ), Pout(σ ), and η(σ ) curves
for different values of Idc is shown in Figs. 4(b)–4(d). One
can see that the curves are similar to the ones with a sinu-
soidal drive. In particular, the efficiency η(σ ) for a heavy
load still tends to the ultimate efficiency ηult.

Note that rectification of the quasistatic Gaussian noise
does not contradict the second law of thermodynamics.
Equilibrium thermal fluctuations produce a noise current
with a Gaussian probability density and amplitude

σ =
√

2kBT�f
R

, (C4)

where �f is the bandwidth of the white noise. Quasistatic
noise essentially means that �f � fsetup � fJ. For exam-
ple, for �f = 10 kHz, according to Eq. (C4) the amplitude
of the thermal noise σ ∼ 0.15 nA, while we apply ampli-
tudes at least 104 times larger (see Fig. 4). This essentially
means that our noise is not thermal.
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By focused 30 keV He ion beam irradiation, epitaxially grown YBa2Cu3O7 (YBCO) thin films
can be driven from the superconducting to the insulating state with increasing irradiation dose. A
properly chosen dose suppresses superconductivity down to 4K, while crystallinity is still preserved.
With this approach we create areas of normal-conducting YBCO that can be used to define resistively
shunted constriction-type Josephson junctions (cJJs) on the nanometer scale. We also demonstrate
that the fabricated cJJs can be incorporated in direct current superconducting quantum interference
devices and can be used as detector junctions in THz antennas.

Keywords: He-FIB, Josephson junction, constriction Josephson junction, nanowire, YBCO, YBCO resistors

I. INTRODUCTION

Constriction Josephson junctions (cJJs) – sometimes
also denoted as superconducting nanowires or Dayem
bridges – embody the paramount necessity when it comes
to the down-scaling of Josephson devices below the
100 nm limit. JJs with a barrier usually have a mod-
erate critical current density jc such that upon down-
scaling the junction width, the critical current Ic be-
comes suppressed by thermal fluctuations at tempera-
tures T ≈ 4K, i.e. the Josephson energy EJ = IcΦ0/2π
becomes comparable to or even less than kBT ; Φ0 ≈
2.068 fWb is the magnetic flux quantum and kB is the
Boltzmann constant. For applications at higher tem-
peratures, e.g., using cuprate superconductors such as
YBa2Cu3O7 (YBCO), the problem is even more severe.
Therefore, the best solution to increase Ic ∝ jc is to
use barrierless junctions, i.e., cJJs. Another bonus of
cJJs is that they are insensitive to moderate magnetic
fields. Due to these advantages they were already suc-
cessfully employed in conventional metallic superconduc-
tors like Al1 and Nb2–4. This enabled the fabrication
of superconducting quantum intereference nano-devices
(nanoSQUIDs)5,6 on chip7, on lever4,8 or on tip9,10, or
in photon-pressure devices11,12 and qubits13. One of the
most important parameters that define the operation of
cJJs and the fabrication requirements is the supercon-
ducting coherence length ξ. cJJs with a constriction
width w ≈ ξ show Josephson-like behavior with sinu-
soidal current-phase relation (CPR), but for larger w the
behavior is inductance-like, with a linear CPR14,15. With
that, the fabrication of cJJs in thin films made of Al
(ξ ≈ 100 nm)16,17 or Nb (ξ ≈ 10 − 15 nm)18 is relatively
easy or at least technologically feasible. However, for
cuprate high-Tc superconductors with ξ ≈ 1 nm the fab-
rication of cJJs is rather challenging.

Many efforts on the fabrication of YBCO cJJs and
nanowires were undertaken during the last decades. The

first significant advancements in fabricating YBCO thin
films with nanowires of approximately 200 nm in width
and length were achieved using electron-beam lithogra-
phy, metal stencils, and ion beam milling19. This fab-
rication technique dominated for decades and enabled
the realization of some of the smallest superconducting
structures20–22, including nanowires as narrow as 50 nm.
A major breakthrough came from the Chalmers group23,
which demonstrated reproducible YBCO nanowires with
a width as small as 40 nm and a length of 50 nm. This
achievement marked a new benchmark and led to a
series of further investigations24–28. The same group
successfully reduced the nanowire thickness as well, re-
alizing grooved Dayem bridges29. More recently, en-
capsulating the YBCO thin film with protective lay-
ers turned out to be efficient against environmental and
processing-induced degradation30. This provided 68 nm-
wide nanowires with film thickness of only 5 nm. An-
other technically impressive method is the superlattice
nanowire pattern transfer (SNAP) technique. It enabled
the fabrication of microscaled nanowire arrays compris-
ing 150 nanowires, each milled down to 15 nm wide and
∼ 30µm long having Tc ≈ 20K)31.

Focused ion beam (FIB) techniques have also proven
to be highly effective for YBCO nanostructuring. Ga-
FIB has been used to fabricate nanowires with widths
of 55–120 nm32–34, as well as to create variable-thickness
bridges35. In the context of YBCO grain-boundary JJs36,
miniaturization down to widths of 80 nm has also been
successfully demonstrated37.

He-FIB irradiation represents a promising fabrica-
tion technique for modifying YBCO properties on the
nanoscale without removing material by milling, but
rather by local modification of the electric transport
properties of the YBCO films38. One assumes, that
the He ions induce mainly displacements of the loosely
bounded chain-oxygens, reducting Tc of YBCO39,40. By
irradiating along a line crossing a YBCO thin-film micro-
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bridge, typically 2–4µm wide and 30–50 nm thick, using
He-FIB one can fabricate a number of elements depend-
ing on the irradiation line-dose Dℓ measured in the num-
ber of ions per nm of line length (ions/nm)41–44. For
moderate line doses Dℓ typically in the range roughly
from 400 up to 1000 ions/nm, He-FIB irradiation induces
a Josephson barrier. The critical current decreases with
Dℓ exponentially and becomes unmeasurable at 4.2K
for some Dℓ > 1000 ions/nm. In this range one ob-
tains JJs with resistively-shunted junction (RSJ)-like I–
V characteristics (IVCs)41,42. For high dose values Dℓ ≳
1500 ions/nm one obtains highly resistive barriers with
fully suppressed Josephson supercurrent at T = 4.2K
and above. Their resistance R(T ) increases strongly with
decreasing T 42 reaching the MΩ range at 4.2K. Scan-
ning transmission electron microscopy (STEM) studies
of such high dose barriers show that the crystal struc-
ture is destroyed (amorphized) within irradiated tracks.
We denote such barriers as amorphous insulating barriers
(AIBs)42 and irradiation doses that are high enough to
induce amorphization as overcritical doses. These AIBs
have been used for lateral nanopatterning of YBCO thin
film devices down to 50 nm linewidth45. Accordingly,
AIBs can be used for defining the boundaries of elec-
tronic circuits and (SQUID) holes on the nanoscale. Var-
ious devices, with AIBs and JJs that were all written
during one He-FIB run, have been demonstrated, e.g.,
SQUIDs42,45–47 or Josephson diodes48.
An obvious approach to create ultra-narrow YBCO

cJJs with widths down to only a few nm could rely on the
use of AIBs. However, the lateral damage produced out-
side the He-FIB-induced amporphous tracks is significant
on a length scale ∼ 50 nm on both sides, see Appendix
A for details. In this paper we present an alternative
strategy to define ultra-narrow YBCO cJJs, approaching
widths down to the FIB spot size of a few nm. Instead of
narrow high-dose lines, we use He-FIB-induced resistive
areas. The idea is to use doses that are equivalent to the
moderate doses used for creating Josephson barriers, in
the sense that amorphization is avoided. However, now
the irradiated regions with suppressed superconductiv-
ity have an extension along current direction that is too
large to allow for Cooper pair tunneling. This approach
shall minimize lateral damage and hence bring the mini-
mal width of a constriction roughly down to the He-FIB
spot size.

II. THIN FILM FABRICATION AND
PREPATTERNING

c-axis oriented YBCO thin films with thickness
t = 30nm are epitaxially grown on a 10 × 10mm2

(LaAlO3)3(Sr2AlTaO6)7 (LSAT) substrate by pulsed
laser deposition49. An ex-situ Ag (30 nm) plus Au
(20 nm) capping layer is deposited and used for con-
tact pads later on. Using optical lithography and Ar
ion milling , the YBCO-Ag-Au trilayer is prepatterned

LSAT

YBCO
Current

t
l

W

Electrostatic 
lenses

(a)

(b)

Focused He+ beam

He

Atomically sharp tip

FIG. 1. (a) Sketch of an YBCO microbridge with He-FIB-
irradiated area of length ℓ and width W . The YBCO film is
t = 30nm thick. (b) R(T ) curves of microbridges that contain
areas (ℓ = 30nm, W = 2µm) irradiated with different areal
doses Da (color indicates Da in ions/nm2). R is measured at
constant bias current I = 1µA. The right vertical axis shows
RW/l, which below Tc,0 corresponds to the sheet resistance
R□ of the irradiated region.

into 144 microbridges, all 100µm long and 2µm wide
connected on one side to a common ground and on the
other to individual voltage and current pads. Then, us-
ing wet-etching process by means of TechniEtch ACI2
from MicroChemicals, the capping layer is removed in
the areas to be irradiated by He-FIB and also between
the contact pads to allow for 4-point transport measure-
ments. In total, four of these chips were investigated.
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III. RESISTIVE AREAS WRITTEN BY HE-FIB

For the investigation of the resistive areas, we irra-
diated a set of microbridges, each with a rectangular
area across it, as shown in Fig. 1(a). For irradiation
we used a He-FIB pixel spacing (pitch) p = 1nm. We
assume that the He-FIB has a Gaussian profile with a
standard deviation σ ≈ 3 nm, extracted from the STEM
data in Ref.42. With that, the value for the pitch is
a few times smaller than the estimated He-FIB spot-
size 2σ. Each microbridge was irradiated with a differ-
ent areal dose Da ranging from 0 to 100 ions/nm2. The
measured R(T ) curves of the microbridges are shown in
Fig. 1(b). These curves demonstrate that He ion irradia-
tion results in a superconductor-to-insulator transition as
the dose increases, which confirms previous works39,40,50.
For low dose values up to 30 ions/nm2, Tc decreases
with increasing dose, shifting towards 8K – our lowest
measurement temperature for R(T ) measurements. At
Da ≈ 34 ions/nm2 we do not observe a superconducting
transition anymore and below Tc,0 ≈ 89K — the criti-
cal temperature of the unirradiated part of the YBCO
microbridge — the resistance stays almost constant at
R ≈ 22Ω. Assuming that below Tc,0 the resistance is
entirely due to the irradiated region, we can estimate
its sheet resistance as R□ = RW/ℓ ≈ 1.5 kΩ/□, where
the symbol □ denotes a geometrical square area of thin
film. With further increase of the dose, the resistance
below Tc,0 increases and R(T ) becomes semiconductor-
like reaching very high values at low T . Note that R(Da)
curves at fixed T < Tc,0 show an exponential increase
with Da. This is probably compatible with Anderson lo-
calization and variable range hopping51. From our point
of view, the most attractive dose for fabricaton of the
resistors is around 35–40 ions/nm2. Here the values of
the resistance are lowest and almost do not depend on
T up to Tc,0. These YBCO resistors can also serve as
circuit components, allowing straightforward integration
into He-FIB–fabricated devices.

IV. CONSTRICTION JOSEPHSON JUNCTIONS

To define cJJs with a constriction width well be-
low 100 nm we use He-FIB-induced YBCO resistors de-
scribed in Sec. III. We create two triangular resistive ar-
eas with their tips almost touching each other, see the
inset of Fig. 2(c). The distance between the tips de-
fines the nominal constriction width w. For constrictions
with w ≲ 30 nm, the finite He-FIB spot size should be
taken into account — the edges of the resistive areas are
smeared on a scale ∼ σ of the He-FIB with a Gaussian
cross-section profile. An effective areal dose Da,eff(x, y)
in each point can then be calculated as the convolution
of the Gaussian beam profile with the pixel map defining
the irradiation pattern. Figure 2(a) shows an example of
a Da,eff(x, y) profile, with Fig. 2(b) presenting the cor-
responding cross-sectional cut through the constriction.
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FIG. 2. YBCO cJJ: (a) Color plot Da,eff(x, y) calculated for
a constriction with w = 6nm and for a He-FIB with σ =
3nm in the 40× 40 nm2 region around the constriction. The
dashed lines indicate the nominal edges of the irradiated areas
(triangles) with the design distance w = 6nm between the
tips. The Da,eff(0, y) profile indicated by the orange dashed
line is shown in (b). The yellow area indicates the cJJ width
w. (c) The orange IVC describes a cJJ irradiated with Da =
40 ions/nm2 and w = 6nm, measured at T = 4.2K. The blue
IVC illustrates a RSJ-fit with a critical current Ic = 10.8µA
and a junction resistance Rn = 240Ω. The inset is a sketch
of the bridge geometry, where the yellow regions indicate the
He-FIB-irradiated resistive regions (100 nm wide) that define
the banks of a cJJ with the nominal constriction width w.

Obviously, at the tips of the resistive areas the effective
dose is somewhat lower than inside the resistive trian-
gles. However, the dose inside the constriction is also
non-vanishing as nominally assumed. Thus, the critical
current density distribution jc(0, y) across the constric-
tion may significantly deviate from a step-like profile, and
we expect smearing of this profile on a length scale of sev-
eral σ. Thus, the effective constriction width (defined as
the region along the (0, y)) line where Tc(y) > T can
vary as a function of w and Da and T and can even be
made smaller than 2σ. Relying on the results presented
in section III, we fabricated a set of cJJs using a dose of
Da = 40 ions/nm2 to create the resistive banks of cJJs.
This dose is undercritical in terms of amorphization and
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FIG. 3. IVCs (at T = 4.2K) of YBCO cJJs with different
constriction width w all irradiated with Da = 40 ions/nm2.

provides an approximately constant resistivity over the
whole temperature range from 5K to Tc,0.
Using the geometry depicted in the inset of Fig. 2(c),

we fabricated a series of cJJs with nominal constriction
width w from 0 to 66 nm and characterized their elec-
tric transport properties at T = 4.2K. Our best re-
sult in terms of downscaling is a cJJ with w = 6nm
showing an RSJ-like IVC, see Fig. 2(c). IVCs of sev-
eral other cJJs with different w are presented in Fig. 3.
For increasing w the IVCs show a significant excess cur-
rent Iex and a linear, rather than RSJ-like hyperbolic
branch above Ic, typical for superconductor-constriction-
superconductor systems. To determine the junction re-
sistance Rn, the slope of the IVC in the linear regime well
above Ic is determined by fitting with I = V/Rn + Iex
(not shown in the graph) and using Rn and Iex as fitting
parameters. At w ≳ 48 nm, the shape of the IVCs be-
comes flux-flow-like with a substantial rounding near Ic.
The value of Ic was determined with a voltage criterion
of 8µV.
In Fig. 4 we plot Ic(w) and Rn(w) to summarize our

findings. We observe a substantial spread in the cJJ pa-
rameters, similar to (or even larger than in) He-FIB bar-
rier Josephson junctions42,52. While Ic shows an overall
increase with increasing w, the resistance Rn stays more
or less constant on the scale of the observed scattering.
The reason for that is unknwon and under further inves-
tigation.
To test the high-frequency properties of the cJJs, in

view of possible applications for YBCO voltage stan-
dards, we fabricated several cJJs in lithographically
structured antennas. Under excitation with a far-infrared
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FIG. 4. Critical current Ic(w) and junction resistance Rn(w)
for YBCO cJJs irradiated with Da = 40 ions/nm2, extracted
from IVCs measured at T = 4.2K.

laser, we successfully observed Shapiro steps in the IVC.
See Appendix B for details. We investigated IVCs at
different T . The investigated cJJs demonstrate reliable
operation over a wide temperature range and closely fol-
low the theoretical model proposed by Bardeen53. For
additional details, see Appendix C.

V. DC SQUID WITH TWO CONSTRICTION
JUNCTIONS

Using the technique described above, we produced di-
rect current (dc) nanoSQUIDs. Within a 2µm wide mi-
crobridge, we centered a 100 × 100 nm2 SQUID hole ir-
radiated by He-FIB with a dose of Da = 56 ions/nm2, to
make sure that superconductivity is well suppressed. We
used a pitch value of p = 6nm, which results in Deff(x, y)
shown in Fig. 5(a). On two sides of the hole we cre-
ated two cJJs as described in the previous section with
Da = 40 ions/nm2 (with finer p = 1nm) and w = 12nm.
The cJJs are placed at a distance of ≈ 50 nm from the
edge of the SQUID-hole to reduce the impact of mechani-
cal stress (if any) on the constrictions. Figure 5(b) shows
the circuit diagram of the SQUID, as outlined in more
detail below. The IVC of the nanoSQUID, see Fig. 5(c),
exhibits a maximum critical current of about 6.5µA and
Rn ≈ 210Ω, at zero applied magnetic field perpendicu-
lar to the sample plane. The first minimum of Ic(B) is
obtained at B = 10.6mT, where Ic = 2.8µA. The IVC
at this field is also shown in Fig. 5(c). The values of Ic
are determined by using a 50 µV voltage criterion. The
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FIG. 5. YBCO dc SQUID with cJJs: (a) Calculated effective dose Da,eff(x, y), assuming a Gaussian distribution of the He-FIB
intensity with σ = 3nm. (b) Circuit diagram of the dc SQUID used for simulations. (c) Experimental (dots) and simulated
(lines) IVCs of the nanoSQUID at zero field (black) and at B = 10.6mT (orange). (d) Experimental (black) and simulated
(orange) field modulation of positive and negative critical current. (e) Normalized current phase relations of the weak links, as
extracted from simulations. (f) Voltage vs. applied magnetic field dependence at different bias currents through the nanoSQUID
from I = −6.33µA (dark blue) to I = 6.35µA (dark red)). All measurements were performed at T ≈ 4.2K.

Ic(B) modulation pattern, see Fig. 5(d), reveals an al-
most symmetric modulation with a modulation depth of
∆Ic/Ic ≈ 58%.

From the period ∆B ≈ 22.4mT of the Ic(B)-
modulation the effective area of the SQUID is estimated
as Aeff ≈ 9 · 104 nm2, which is 6 times larger than the
physical hole area Ahole = 1.5 · 104 nm2, including the
triangles forming the cJJ banks. This kind of flux focus-

ing is typical for planar thin film structures. Numerical
simulation of effective area54 using 3D-MLSI55 gives a
14 times larger area than Ahole. The origin of the dis-
crepancy between measured and calculated flux focusing
factor is currently not known. We have also measured
V (B) curves taken at different bias currents, see Fig. 5(f).
The best transfer function of 6.0mV/Φ0 was obtained at
I = 6.35µA.
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To compare our data with theoretical expectations and
to exctract some unknown parameters we start from the
circuit diagram in Fig. 5(b) and in essence solve the cor-
responding standard Langevin equations for the phase
dynamics56. In the model each of the two SQUID arms
contains a JJ with the noise free critical current I0,1 (or
I0,2), which is shunted by a resistor R1 (or R2), which
also generates a white noise according to the ambient
temperature T and a capacitor C1 (or C2). The in-
ductances of the SQUID arms are L1 and L2, respec-
tively. In the standard model, the current-phase-relation
of both JJs is assumed to be sinusoidal. In our case we
expect that the CPR is skewed. Unfortunately, there is
no unique expression describing the CPR’s of all weak
links microscopically. However, Likharev14 proposed to
model the constriction by a serial connection of an induc-
tor Lcon and an ideal JJ with sinusoidal CPR. We use this
ansatz for our simulations. i.e. the SQUID dynamics can
be described by the sinusoidal CPRs, but with an effec-
tive inductance of each SQUID arm Leff,1 = L1 + Lcon,1

and Leff,2 = L2 + Lcon,2. We then solve the dynamic
Langevin equations for the Josephson phase differences
ϕ1 and ϕ2 and calculate the dc voltages using the Joseph-
son relation. We finally obtain the SQUID critical cur-
rent by applying a proper voltage criterion. The sim-
ulations are performed in normalized units. We intro-
duce the average JJ critical current I0 = (I0,1 + I0,2)/2
and normalize other quantities using I0. The parame-
ters entering the model are the critical currents I0,1 and
I0,2 i.e., i0,1 and i0,2 in normalized units, the normal-
ized SQUID inductance βL = 2I0(L1+L2)/Φ0, the noise
parameter Γ = 2πkBT/I0Φ0. Further, the normalized
constriction inductances are βcon

L,1 = 2I0Lcon,1/Φ0 and

βcon
L,2 = 2I0Lcon,2/Φ0 and the Stewart-McCumber param-

eter βC = 2πI0R
2C/Φ0, R is the average junction re-

sistance and C is the average junction capacitance. As
a result of fitting Ic(B) we find I0 ≈ 4.2µA, resulting
in Γ = 0.043. The SQUID inductance L1 + L2 is esti-
mated using 3D-MLSI55, resulting in a value of 23.6 pH
and leading to βL ≈ 0.1.

This value of βL is much smaller than the effective di-
mensionless SQUID inductance βeff

L = βL+βcon
L,1 +βcon

L,2 ≈
0.9 required for the best fit to the data. Thus, we con-
clude that the SQUID inductance is dominated by the
constriction inductances. 3D-MLSI, solving the London
equations, assumes a spatially constant Cooper pair den-
sity ns and thus a spatially constant London penetration
depth λL. In the constriction regions ns is likely to be
reduced, and in addition microscopic processes like An-
dreev reflections may contribute to the distortion of the
CPRs, leading to large values of Lcon,1 and Lcon,2. Fur-
ther, for the best fit we used i0,1 = I0,1/I0 = 1.1 and
i0,2 = I0,2/I0 = 0.9. The normalized constriction induc-
tances were βcon

L,1 = 0.364 and βcon
L,2 = 0.454. For simplic-

ity we assumed that the junction resistances are inversely
proportional to i0,1 and i0,2, i.e., we kept the product
of the junction resistances and critical currents constant.
We further assumed equal junction capacitances and used

a Stewart-McCumber parameter βC = 0.2.

Figure 5(c) shows (solid lines) the resulting simulated
IVCs for both maximum and minimum critical current.
The experimental curve for minimum critical current is
reproduced well, while there are deviations for the IVC
at maximum critical current. An increase of βC to val-
ues around 1 would have caused a better agreement with
this curve, however, would lead to a strong LC reso-
nance visible as a bump in the IVC for B = 10.6mT
crossing the zero-field IVC in some voltage range, which
is not observed. Thus, we rule out large values of βC by
means of pure fitting and also note that such a scenario
would not match our weak-link geometry, where we ex-
pect at best very small stray capacitances. We assume
that the significant deviations of the zero-field IVC arise
from Joule heating or other nonequilibrium effects caus-
ing a suppression of the superfluid density in the weak
link region. Finally, a comparison of the high-voltage
regime of the experimental and simulated IVCs yields a
characteristic voltage I0R of about 1.5mV, resulting in a
dimensionless voltage criterion of 0.033, which was used
for simulation of Ic(B). Fig. 5(d) shows the simulated
Ic(B) patterns by the orange lines, both for positive and
negative polarities. For the comparison the experimental
data needed to be shifted slightly by 0.02 Φ0 on the flux
axis to account for residual magnetic fields in the setup.
The agreement between the experimental curves and the
simulated ones is good. Note that the data for negative
currents are reproduced less well. This is, because the ex-
perimental curves are not exactly point symmetric while
the simulated ones are. The fits have been made for pos-
titive currents. Overall, the essential parameters for the
Ic(B) patterns (junction asymmetries and constriction
inductances) leave very little degrees of freedom, only a
few percent. In Fig. 5(e), we show the resulting skewed
CPR, resulting from Likharev’s ansatz, leading to the
implicit expression.

Ik = I0,k sin

(
ηk − 2π

Φ0
Lcon,kIk

)
, where k = 1, 2, (1)

where Ik are the currents through the cJJs. The phases
ηk are the sum of the phase drops across the constriction
inductances and the ideal junctions, and the argument of
the sine function yields the phase across the ideal JJ. In
dimensionless units

ik = sin
(
ηk − πβcon

L,k i0,kik
)
= sin (ηk − πlconk ik) , (2)

where ik = Ik/I0,k is the bias current normalized to the
critical current of each JJ and lconk = 2Lcon,kI0,k/Φ0 are
normilized inductances.

If, in Eq. (2), the parameter πlconk ≡ πβcon
L,k i0,k > 1,

then the CPR becomes multivalued. In our case we have
πlcon1 = π · 0.364 · 1.1 ≈ 1.26 and πlcon2 ≈ π · 0.454 · 0.9 ≈
1.28 for both JJs. The corresponding normalized CPRs
are plotted in Fig. 5(e), which are nearly identical.
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VI. CONCLUSIONS

Using resistive areas created in a YBCO thin film by
He-FIB irradiation, we fabricated cJJs with the nomi-
nal constriction size as small as w = 6nm and demon-
strated its operation. For smallest w we observed an
RSJ-like IVC with critical current ∼ 10µA and char-
acteristic voltage Vc ≈ 2.4mV and no excess current at
4.2K. For larger w excess current appears and dominates
for w > 20 nm. Flux-flow like IVCs are observed for
w ≈ 50 nm and above. Ic(T ) dependences demonstrate
that cJJs can be used at temperatures up to 50–70K.
However, for this the constriction cannot be too small
and the IVCs are not RSJ-like.

Further, we demonstrated the realization of a dc
nanoSQUID, where both the two cJJs and the SQUID
hole are written by He-FIB irradiation within a 2µmwide
YBCO microbridge. The SQUID shows a Ic(B) modu-
lation with the depth 58%, which can be explained by
an additional constriction inductance. The V (B) curves
demonstrate a transfer function up to 6mV/Φ0. The size
of the SQUID is defined by the microbridge width and
can be further reduced.
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Appendix A: cJJs created by AIBs

Our first effort to make cJJs is illustrated in the inset
of Fig. 6. An AIB with D = 3000 ions/nm was drawn
by He-FIB almost across the whole microbridge, except
for a constriction of width w = 1000, 500 . . . , 50 nm.
Then, the critical current of each cJJ was measured and
plotted as a function of w, see Fig. 6. Ic(w), as ex-
pected, decreases linearly with w. However, the cJJs with
w < 100 nm (no data points shown) not only showed no
critical current but had very high resistance, which is an
indication of transport interruption through the constric-
tion. To make sure that this is not caused by accidentally
broken cJJs, we also made a linear fit of Ic(w) data using

Current

FIG. 6. Experimentally measured Ic(w) of cJJs fabricated
with He-FIB-induced AIBs with D = 3000 ions/nm (dots).
The dashed line shows a fit by the linear function Ic(w) = Jc ·
(w−w0), which gives Jc = 20µA/nm and w0 = 108 nm. The
inset depicts the cJJs geometry formed by AIBs (horizontal
yellow lines).

FIG. 7. Cross-sectional HAADF-STEM image of a YBCO
lamella cut across (perpendicular to) the single line irradiated
by He-FIB with a dose D = 2000 ions/nm. The bottom layer
is LSAT, the middle layer is YBCO and the top layer is a Pt-
C deposit grown by focused electron beam induced deposition
to protect the YBCO film during TEM lamella preparation.
In the YBCO layer one sees atomic planes, while the dark
vertical column in the center corresponds to the amorphized
YBCO.

the function

Ic(w) = Jc(w − w0), (A1)

see Fig. 6, where Jc is the critical current per junction
width. The fit shows that the linear dependence does
not arrive at the origin, but is shifted by w0 ≈ 100 nm.
Thus, for all measured cJJs the effective width w−w0 is
systematically smaller then the design width w.
High-angle annular dark field (HAADF) STEM anal-
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FIG. 8. (a) False-colored scanning electron microscopy image of the bow-tie antenna. The antenna has a 2µm wide microbridge
at the center, which is depicted in the inset. The yellow triangles indicate the He-FIB irradiation pattern which is used to
create the 8 nm wide cJJ. The thin Au covered trace entering from the bottom left edge of the picture is used as a sacrificial
structure for the He-FIB. (b) IVC and Rd(V ) of the cJJ embedded into the antenna structure at T = 20K. Black curves are
measured without and orange curves with 1.4THz excitation.

ysis of AIBs, illustrated in Fig. 7, was performed in a
Thermo Fisher Scientific probe-corrected Titan 60-300,
equipped with a CETCOR aberration corrector for the
condenser systems, with a STEM probe size smaller than
1 Å. The cross sectional lamella specimen was prepared
in a Thermo Fisher Scientific Helios 650 Dual Beam. The
atomic resolution image evidences the bending STEM
analysis of AIBs, see Fig. 7, showing a bending of YBCO
atomic planes near amorphized region towards the sur-
face of the sample. Obviously, in the amorphized region
the YBCO atoms are not optimally packed. This, proba-
bly, leads to a mechanical pressure onto the neighboring
still crystalline regions of YBCO, which results in the up-
bending. Visually, the bending takes place in an approx-
imately 50 nm wide lateral vicinity on both sides of the
AIB, which suggests that superconductivity is suppressed
in this region. Sometimes one also observes cracks (not
shown). Thus, AIBs are not suitable for the fabrication of
nano-cJJs or any other nanostructures with lateral sizes
≲ 100 nm.

Appendix B: cJJ under THz-Irradiation

The cJJs presented in section IV have rather high char-
acteristic voltages Vc > 2.5mV, making them attrac-

tive for THz applications such as voltage standards or
detectors44,57,58. Here we demonstrate the appearance
of Shapiro steps under irradiation in the THz range.

To perform this experiment, we have used a YBCO film
with a microstructured bow-tie antenna, see Fig. 8(a).
Then, using the procedure described above, we have pat-
terned a cJJ with w = 8nm at the feed point of the
antenna. We used Dc = 40 ions/nm2 and p = 1nm to
draw the constriction banks. At T = 20K we obtained
Ic = 28µA and normal resistance of Rn ≈ 100Ω, see
Fig. 8(b).

The cJJ is investigated then as a THz detector, which
operates in the frequency range of the far-infrared laser
FIRL-100 from Edinburgh Instruments. In our particu-
lar case59,60 the available laser emits simulataneosly at
the frequencies of 1, 1.3 and 1.4THz. By adjusting the
position of the cJJ relative to the laser beam, one can
choose the dominating frequency, which couples into the
THz antenna. Under laser irradiation the IVC of the
cJJ exhibits a smaller critical current and reveals a small
Shapiro step at 2.9mV, see Fig. 8(b). This exactly corre-
sponds to the 1.4THz mode of the laser. Calculating the
differential resistance Rd(V ) from the IVC and compar-
ing the peaks of the Rd(V ) obtained with and without
irradiation allows us to observe even the second Shapiro
step, which is hardly visible in the IVC. The appearance
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Ic,0 Tc jc,0 A w Da cJJ
(µA) (K) (MA/cm2) ( nm2) (nm) ( ions/nm2)
5 37 3 180 6 47 A2
7 33 2 480 16 40 A12
14 42 8 180 6 47 A1
17 51 9 180 6 40 A4
31 48 17 180 6 40 A3
33 58 14 240 8 40 A5
34 52 10 360 12 47 A8
84 59 35 240 8 40 A6
150 72 31 480 16 40 A11
224 74 62 360 12 40 A10
275 68 76 360 12 47 A7
291 74 81 360 12 40 A9

TABLE I. Parameters of different YBCO cJJs listed in the
order of the increasing fitting parameter Ic,0. Here, Ic,0 de-
notes the depairing current at T = 0K and Tc the critical
temperature – both obtained from the best fit of the data
using equation (C1). The current density jc,0 is calculated
with Ic,0 and the cross-section A of the cJJ. Da and w are the
fabrication parameters.

of Shapiro steps indicates that high-frequency radiation
can be effectively coupled to cJJs and that these junc-
tions display real Josephson (nonlinear) behavior, rather
than merely acting as linear inductors.

Appendix C: Critical current vs. temperature

We have measured the Ic(T ) dependences for a set of
cJJs embedded in the feed point of various microwave
antennas, see Fig. 8 as an example. An overview of the
fabrication parameters such as areal dose Da and con-
striction width w, is presented in Tab. I. The Ic(T ) data,
extracted from single IVCs at different temperatures with
a voltage criterion of 50µV are presented in Fig. 9. Note
that values of Ic < 0.3µA are not reliable due to the
thermal noise at T = 4.2K. Therefore we adopted the
cut-off criterion Icutoff(T ) = 0.3µA · T / 4.2K and disre-
garded all points having Ic(T ) < Icutoff(T ), see Fig 9(a).
After such preprocessing, we tried to fit the data with
the Bardeen equation53. This approach, which describes
the temperature dependence of the depairing current of a
superconductor in the dirty limit was already used in sev-
eral reports on cJJs3,61. In short, the critical depairing
current

Ic(T ) =
Bc(T )

µ0 λL(T )
≈ Ic,0

[
1−

(
T

Tc

)2
] 3

2

, (C1)

where Ic,0 is the depairing current at T = 0K, Tc is
the critical temperature. The expression (C1) uses well
known empirical dependencies for the bulk critical field
Bc(T ) = B0 (1 − (T/Tc)

2) and the London penetration

depth λL = λ0 /
√
(1− (T/Tc)4). Finer details like d-

wave order parameter symmetry in YBCO are ignored
for now.

(a)

(b)

FIG. 9. (a) Experimentally measured Ic(T ) dependencies
of the devices from Tab. I. The cut-off criterion Icutoff(T )
(dashed line) defines the fitting range for Eq. (C1). The cor-
responding best-fit parameters for the considered data points
(dots) are summarized in Tab. I, while the omitted data are
marked by circles. The legend shows the depairing currents
Ic,0. (b) A subset of the data from (a), showing the normal-
ized critical current Ic/Ic,0 versus the normalized temperature
T/Tc. The normalization factors Ic,0 and Tc corresponds to
the best-fit values and are listed in Tab. I. Eq. (C1) is repre-
sented by the continuous orange line.
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We used Eq. (C1) to fit our data with Ic,0 and Tc

as fitting parameters. The fit boundaries for Tc were
set as Tc = 30–87K. A representive subset of devices
compared with the fitting model is shown in Fig. 9(b).
For lower critical currents, the noise contribution impacts
huge parts of the acquired data. Truncating the data by
applying the cut-off criteria for the critical current, the
fitting procedure is limited to a narrow range of critical
currents, limiting its validity. For higher critical currents
the cut-off criteria barely shrinks the data. Nevertheless,
the Bardeen model accurately captures the temperature
dependence of the critical current over a broad tempera-
ture range.
We point out, that the nominal width of the patterned

cJJs may not necessarily represent the effective width
of the device. Due to possible fluctuations of the beam

intensity and quality in addition to inhomogeinity in the
film quality, we get Ic values which do not scale with the
change in width and dose, cf Tab. I.
The depairing current density jc,0 can exceed24,62

100MA/cm2. As shown in Tab. I, the jc,0 values ex-
hibit a considerable spread with the highest one being
81MA/cm2. The much lower values of jc,0 may be due
to an effective junction cross-section, which is lower than
the nominal one. Alternatively, the smaller bridges may
show some degradation which may lead to a suppression
of the order parameter, and thus an increased value of
λL and a reduced value of Bc.
In conclusion, the Ic(T ) behaviour is well described by

the Bardeen expression (C1) for the depairing current
vs T . For higher Ic,0 values, the devices can be used in
applications at 50–70K.
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G. Dražić, P. Orgiani, D. Montemurro, T. Bauch,
and F. Lombardi, Transport properties of ultrathin
YBa2Cu3O7−δ nanowires: A route to single-photon de-
tection, Phys. Rev. B 96, 064525 (2017).

[27] S. Nawaz, R. Arpaia, F. Lombardi, and T. Bauch,
Microwave response of superconducting YBa2Cu3O7−δ

nanowire bridges sustaining the critical depairing cur-
rent: Evidence of Josephson-like Behavior, Phys. Rev.
Lett. 110, 167004 (2013).

[28] E. Trabaldo, R. Arpaia, M. Arzeo, E. Andersson, D. Gol-
ubev, F. Lombardi, and T. Bauch, Transport and noise
properties of YBCO nanowire based nanoSQUIDs, Su-
percond. Sci. Technol. 32, 073001 (2019).

[29] E. Trabaldo, S. Ruffieux, E. Andersson, R. Arpaia,
D. Montemurro, J. F. Schneiderman, A. Kalaboukhov,
D. Winkler, F. Lombardi, and T. Bauch, Properties of
grooved Dayem bridge based YBa2Cu3O7−δ supercon-
ducting quantum interference devices and magnetome-
ters, Appl. Phys. Lett. 116, 132601 (2020).

[30] H. Ma, H. Wang, Y. Wang, Z. Luo, Z. Li, Y. Wang,
X. Du, C. Yang, J. Huang, C. Wu, N. Li, X. Wang,
Y. Liu, and P. Li, Minimal Damage and Tunable Fabrica-
tion of Atomic-Scale Ultrathin YBa2Cu3O7−δ Nanowires
with High Uniformity, Small Struct. 6, 2400661 (2025).

[31] K. Xu and J. R. Heath, Long, Highly-Ordered High-
Temperature Superconductor Nanowire Arrays, Nano
Lett. 8, 3845 (2008).

[32] S. K. H. Lam, A. Bendavid, and J. Du, Hot spot
formation in focused-ion-beam-fabricated YBa2Cu3O7−x

nanobridges with high critical current densities, Nan-
otechnology 30, 325301 (2019).

[33] M. Lyatti, M. A. Wolff, A. Savenko, M. Kruth, S. Fer-
rari, U. Poppe, W. Pernice, R. E. Dunin-Borkowski,
and C. Schuck, Experimental evidence for hotspot and
phase-slip mechanisms of voltage switching in ultra-
thin YBa2Cu3O7−x nanowires, Phys. Rev. B 98, 054505
(2018).

[34] V. Rouco, D. Massarotti, D. Stornaiuolo, G. P. Papari,
X. Obradors, T. Puig, F. Tafuri, and A. Palau, Vortex
Lattice Instabilities in YBa2Cu3O7−x Nanowires, Mate-
rials 11, 211 (2018).

[35] C. H. Wu, W. S. Kuo, F. J. Jhan, J. H. Chen, and
J. T. Jeng, A Nanoscale-Localized Ion Damage Joseph-
son Junction Using Focused Ion Beam and Ion Implanter,
J. Nanosci. Nanotechnol. 15, 3728 (2015).

[36] H. Hilgenkamp and J. Mannhart, Grain boundaries
in high-Tc superconductors, Rev. Mod. Phys. 74, 485
(2002).

[37] J. Nagel, K. B. Konovalenko, M. Kemmler, M. Tu-
rad, R. Werner, E. Kleisz, S. Menzel, R. Klingeler,
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