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Figure 15. (a) Snapshot of the 3D tomographic reconstruction and the superconducting transition of a WC hollow nanocylinder
grown using HeT FIBID, with an outer diameter of 142 nm and an inner diameter of 28 nm. Reproduced from [78]. CC BY 4.

0. (b) Prototype nanoarchitectures for 3D nanoprinting (left) and the order-parameter distribution predicted theoretically for

a superconducting membrane shaped as a cup (right) in the magnetic field under the transport current that flows from left to
right. Black color: states of suppressed superconductivity. (c) Concept of a fluxonic multiterminal device based on a diverging
jet of vortices which enter a two-dimensional strip at an edge defect and give rise to transverse voltages (the state ‘1’ corresponds
to a vortex crossing the line connecting a pair of transverse voltage leads) which is extended to 3D open tubes. In the latter, the
vortex jets are not diverging so that flux quanta can be steered as carriers of information to the given point of the structure and
the regimes of reciprocal, nonreciprocal, and unidirectional flux transport can be realized via tilting the direction of the applied
magnetic field with respect to the nanotube slit. Adapted with permission from [79], Copyright (2022) by the American Physical
Society CC BY 4.0. Adapted with permission from [80]. Copyright (2024) by the American Physical Society CC BY 4.0.

and scanning tunneling microscopy and spectroscopy (STM/S). However, the application of these tech-
niques for 3D nanoarchitectures faces significant challenges. TEM encounters difficulties due to shad-
owing effect, while MOKE and x-ray microscopy are more complicated by the need to use a magnetic
indicator film. STM/S, on the other hand, is barely feasible due to the stringent requirements imposed
by tunneling conditions.

The challenges for the modeling of 3D superconductor nanoarchitectures include an account for (i)
structural imperfections giving rise to vortex pinning and nonreciprocity in vortex motion, (ii) proximity
effects caused by non-superconducting leads and scaffolds, and (iii) heating effects which become critical
at strong transport currents given the very few points of thermal contact of free-standing 3D structures
to the substrate. (iv) Extension of studies towards mK temperatures and exploration of superconducting
fluctuations in 3D nanoarchitectures are essential for applications in quantum information processing,
and (v) nonequilibrium phenomena appearing as a consequence of a strong dc current (e.g. flux-flow
instability), microwave stimuli (e.g. stimulation of superconductivity) and resulting from the absorption
of infrared-to-optical-range photons (see also section 18) appeal for theoretical studies.

Advances in science and technology to meet challenges

In the studies so far, global effects of curvature in 3D nanoarchitectures were mediated by the topology
of the superconducting screening current. Local effects of curvature can be anticipated when down-
scaling the systems to reach the curvature radii on the scale of the coherence length (~5 nm for WC),
which is a severe experimental challenge. 3D nanoprinting using He™ FIB induced deposition (FIBID)
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allows one to realize hollow nanowire wall thicknesses down to ~20 nm and helix curvature radii down
to ~50 nm, see figure 15(a) [73, 77, 78].

One of the challenges in 3D nanoprinting techniques, figure 15(a) left, is expanding the currently
narrow range of superconducting materials (currently limited to two) that can be used. Addressing this
challenge opens up the opportunity to develop novel precursor materials, preferably those based on car-
bonyl groups, as they decompose more readily, and on metallic elements that exhibit superconducting
properties at low temperatures. It is prospective to fabricate novel hybrid superconductor-magnetic 3D
nanoarchitectures, like cup-shaped structures in figure 15(b) right, for engineering of both the super-
conducting and magnetic properties through the proximity effects. For the local characterization of
micrometer-scale 3D structures, we anticipate that micro-Hall magnetometry can be applied. Though
the diffraction-limited size of the laser probe in low-temperature scanning microscopy restricts its use
to microarchitectures, the ‘far-field’ nature of the laser probe should, in principle, allow for mapping of
surfaces of 3D nanostructures via xy-scanning in conjunction with focus adjustment.

A few directions can be formulated for enhancing the theoretical analysis of superconductor 3D
nanoarchitectures. These include (i) the establishment of a link with the quantum-fields and gravity the-
ories, (ii) expanding diversity of nontrivial geometries, and (iii) the use of differential-geometry-based
algorithms in conjunction with GPU-based numerical calculations. Since TDGL equation-based sim-
ulations are rather time-consuming, alternative approaches are needed such as Al/deep learning with
their capability to empirically recognize patterns of the order parameter for complex-shaped systems via
supervised training and deep neural networks. One can anticipate that the use of Al/deep learning would
allow for optimization and improvement of reproducibility in 3D nanoprinting in near-real time.

Concluding remarks

Extension of two-dimensional manifolds into the third dimension has become a trendline across various
disciplines ranging from solid-state physics over chemistry and biology to mathematics [70]. In super-
conductivity, the geometry-induced nonuniformity of the external magnetic field and nontrivial topo-
logy of the screening currents give rise to emerging states of vortex matter unseen in two-dimensional
counterparts. The 3D geometry offers additional mechanisms for steering of vortex dynamics and the
associated voltage responses. For example, distinct vortex and phase-slip regimes, attributed to topologic-
ally non-trivial screening currents and confinement potentials, have been evidenced in nanohelices [73].
While operations with individual vortices and their ensembles forming a ‘jet’ have recently been pro-
posed for two-dimensional superconductors strips, see figure 15(c) [79], vortex jets become confined to
the 3D tube areas where the normal component of the magnetic field is maximal [80]. Furthermore, by
tilting the magnetic field relative to the slit location, one can achieve reciprocal, nonreciprocal and even
unidirectional magnetic flux transport. The nonreciprocity in superconducting systems represents a topic
of increasing interest nowadays [79]. Its enhancement and tailoring for superconductor 3D chiral struc-
tures is expected to lead to novel applications in the years to come. Realization of the above-described
ambitious goals for experiment, supported by theory and numerical modeling in the fascinating realm of
superconductor 3D nanoarchitectures, will introduce structural freedom in complex geometries generat-
ing nontrivial topologies superior over existing superconducting electronics, provide devices with tailored
on-demand characteristics and easier fabrication procedures down to nanoscale, and thus advance the
strategic application potential for nanoscience and nanotechnology [70].
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9. Emergent states of matter in twisted and mesoscopic superconductors
Nicola Poccia®?, Pavol Szabé® and Fabrizio Porrati*

!Universita Degli Studi Di Napoli Federico II, Napoli, Italy

Institute for Emerging Electronic Technologies, Leibniz IFW Dresden, Dresden, Germany
3Institute of Experimental Physics, Slovak Academy of Sciences, Kosice, Slovakia

4Goethe University Frankfurt am Main, Frankfurt am Main, Germany

Status

Semiconductivity and superconductivity are two cornerstones of modern electronics. However, the focus
today is not on the study of these states of matter because of their intrinsic interest, but primarily on
the artificial design of either superconducting or semiconducting materials for controlling new emergent
states, in line with the desired function of the device. Popular media often highlights the discovery of
materials with higher superconducting critical temperatures, but the significant advances in controlling
superconductivity at the nanoscale receive less attention. These developments have revolutionized mater-
ial science, enabling the creation of functional heterostructures with new emergent states. One major
breakthrough was the introduction of MBE, allowing precise control of copper-oxide superconductors,
which hold the record for critical temperature under ambient pressure.

Another significant technological advance in the fabrication of heterostructures was the use of exfo-
liated flakes of layered systems to fabricate stacked two-dimensional (2D) nanostructures. Even though
most of the processes start from a simple scotch tape, the level of technology that now is required to
realize a stack of twisted graphene is quite remarkable. Direct writing methods are increasingly employed
since regular shape for the most advanced quantum devices based on exfoliated 2D layers are demanded.
In twisted graphene for example, it is shown that a fiber-laser adapted to a transfer stage can be used to
shape and cut graphene layers [81]. These experimental innovations have led to a plethora of theoretical
predictions on the quantum geometry of the vdW heterostructures [82]. However, the ideal picture often
presented in theory needs, as discussed in the section 1 to progress together with the knowledge and the
development of advanced technologies by experimentalists because of the reproducibility problem that
is affecting in general 2D materials and twisted architectures [83]. This problem is particularly evident
if the constituting elements of the 2D layers are chemically complex and the number of twisted layers is
increasing. Using some of these experimental approaches, on the basis of superconducting dichalcogen-
ides there have been created artificial systems where tunneling [84] and proximity effects are combined
to yield entirely new physical qualities, such as p-wave superconductivity in ferromagnetic/s-wave super-
conductor systems [4].

More recently, a novel cryogenic stacking technology has emerged [85], enabling the preparation of
atomically sharp interfaces between copper-oxide crystals with specific twist angles [86], see figure 16.
This has led to the observation of high-temperature, spontaneous time-reversal symmetry-broken states
without external fields, marking a new era in controlling emergent states of matter. The introduction of
this twist angle adds a new dimension to the phase diagram of cuprates, opening up exciting possibilities
in the field of superconductivity.

Closely related to the advancements in fabrication techniques, mesoscopic superconductivity is
nowadays the heart of quantum technologies, with devices such as single-photon detectors, JJs and
SQUIDs which are largely employed in astronomy, metrology and quantum communications. Since
more than four decades, mesoscopic superconductors are prepared by techniques such as photon-
/electron-beam lithography, FIB milling, or by self-assembly. Currently, these fabrication techniques have
reached a high degree of precision in engineering planar structures for the investigation of, e.g. Majorana
bound states in TSCs (section 1), fast vortex dynamics in hybrid superconducting/ferromagnetic struc-
tures (section 11) and the superconducting diode effect. Emerging states in mesoscopic superconductivity
relate to the control of matter at the nanoscale, where size-effects start to play a role. Furthermore, the
extension of the geometry in the third dimension, see figure 17, promises novel phenomena and func-
tionalities absent in the corresponding planar case.

Current and future challenges

A current challenge in cuprate twistronics is identifying the distinctive topological features of emergent
quantum states arising from the d + id superconducting order parameter at the interface. Following

the breakthrough in creating ultra-clean interfaces via cryogenic transfer, focus is also shifting towards
MBE. Researchers are beginning to synthesize oxide nanomembranes [90] to explore twist dependencies,
but a major challenge remains: achieving interface qualities comparable to cryogenic transfer without
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Figure 16. Cross-sectional annular dark field scanning TEM image of & = 46° cuprate superconducting Josephson junction,
realized by the cryogenic stacking technology and showing bulk-like crystalline order at the interface. Bright spots are columns of
atoms. From [85]. Reprinted with permission from AAAS.

lattice reconstructions. Another key challenge in cuprate twistronics is integrating complex circuits to
study these emergent states, moving beyond just a few electrical contacts [91] as needed for devices
discussed in section 23. Looking ahead, a significant goal is synthesizing multilayered structures and
heterointerfaces between chemically and artificially different vdW layers. Finally, in merging photonic,
for example at the THz frequency as discussed in the section 21 and quantum technologies with artificial
vdW heterostructures made from cuprate layers, it is foreseen as one of the future challenges.

Artificially fabricated layered systems of different vdW materials have enormous variability and allow
the study of various phenomena that can be manifested only in quantum systems, such as IS, time-
reversal symmetry-breaking effects on superconductor/ferromagnet interfaces, topological superconduct-
ivity, Majorana states, etc. The challenge, besides the preparation of heterostructures, is also to master
the methodology of low temperature tunneling measurements on these systems, both using scanning
tunneling microscope and planar tunneling layers [84].

One main research topic in mesoscopic superconductivity is the study of superconductor-to-
metal/insulator quantum phase transitions [92], which is often achieved via proximity-coupled JJA, i.e. a
2D array of superconducting islands/dots on a metallic film, see figure 18(a). During the years studies
focused on the Kosterlitz—Thouless transition, the nature of an ubiquitous anomalous/quantum metallic
state and of competing vortex states. A current challenge is the investigation of JJA with dot size below
10 nm, where size-effects enter in competition with the proximity effect of neighboring dots. A further
trend in mesoscopic superconductivity is the investigation of 3D curved geometries, such as nanowires,
nanohelices and core—shell nanobridges [87], with predicted novel phenomena in the dynamics of vor-
tices and phase slips. Current challenges mainly relate to the development of new materials and to the
improvement of characterization techniques.

Advances in science and technology to meet challenges

To fully harness the fragile quantum states created by the reduced dimensionality and the twist, it is cru-
cial to improve how we design electrical circuits, ensuring they are as competitive as those in the more
established semiconductor industry. Already in 2D dichalcogenides, there are efforts in integrating them
in complex electrical circuits that can rival with the competitive silicon based semiconducting circuits.
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Figure 17. Sketch of a Josephson junction array printed by Ga+ focus ion-beam induced deposition (FIBID). The array is made
by NbC dots coupled through the proximity effect via a 2D granular metal layer. [87] John Wiley & Sons.© 2022 The Authors.
Advanced Functional Materials published by Wiley-VCH GmbH. (b) SEM micrograph of a freestanding 3D NbC nanowire prin-
ted by FIBID. Reprinted with permission from [88] Copyright © 2019, American Chemical Society. (c) 3D PtC/NbC heterostruc-
ture obtained by covering a PtC (orange) scaffold by selective CVD with NbC (green). Reprinted with permission from [89].
Copyright (2023) American Chemical Society. (d) SEM image of a 3D PtC nanobridge with constriction fabricated by focused
electron beam induced deposition (FEBID) [89]. The PtC scaffold might be covered by selective CVD with NbC to form a tubular
3D Josephson junction.

However, cuprates are the most fragile material when the size and shapes are reduced and heterostruc-
tures with a twist are created. Here the goal of creating complex circuits is particularly challenging.
Indeed, detrimental disorder in the twisted cuprate interfaces can be easily created as they are highly
sensitive to heat, solvents, and polymers. Furthermore, reducing heterostructures to atomically thin layers
requires environments even cleaner than the best gloveboxes can provide. Advances in ultra-high vacuum
technology, combined with progress in nanomembrane circuit design, and ultra-high vacuum spectro-
scopic tools, are expected to provide a powerful solution to the challenges faced by the emerging field of
2D dichalcogenides and cuprate twistronics.

In mesoscopic superconductivity size effects and superconductivity suppression are relevant for
island sizes in the sub-10 nm range (Anderson criterion). Electron-beam lithography and helium ion-
beam lithography, with beam sizes <1 nm, can target the sub-10 nm regime. However, the develop-
ment of suitable resists is required for the fabrication of large scale high resolution periodic nano-
structures. Alternatives are direct-writing techniques like focused electron/ion beam-induced depos-
ition (FEBID/FIBID) with record resolution of 3 nm for dots fabricated in a SEM. These techniques
own as well high flexibility in growing 3D complex geometries, see figure 17. In this field current
research focus on the optimization of the growth strategy to perform layer-by-layer 3D nanoprinting
(see also section 8) and on the synthesis of single-source precursors suitable to fabricate superconduct-
ors at nanoscale. Finally, the characterization for 3D structures is up to now mainly limited to electrical
measurements [88, 89]. Micro-Hall magnetometry and point-contact spectroscopy appear to be feasible
methods for additional characterizations.

Concluding remarks
As we learn how to tame the complexity of atomically sharp and ultra-clean twisted interfaces between
quantum materials with non-stoichiometric light-element composition, a new perspective opens up for
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exploiting subtle emergent states in specific applications, mimicking the complex shapes and chirality
observed in biology.

Furthermore, new states and functionalities emerge as we learn to control the matter and the geo-
metry of superconductors at mesoscopic scale. This directly relates to the recent impressive advance-
ments in nanofabrication as exemplified, e.g. by the study of the breakdown of superconductivity for
periodic nanoscaled systems and the investigation of 3D superconductors and tubular nanostructures.
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Status

With the advancement of nanofabrication methods in the last decade of 20th century, periodic arrays

of magnetic nanoelements have attracted attention due to their unique magnetic properties at the nano-
scale, which enable high-density storage, sensitive detection capabilities, and novel biomedical applica-
tions, such as targeted drug delivery and magnetic resonance imaging enhancement. Novel lithography
techniques have been developed or improved to allow fabrication of ordered magnetic nanostructures
with desirable features, including arrays of elements with reproducible sizes in the range down to 10 nm,
which can be extended over large areas. Many parameters (material, crystallinity, number of layers, array
geometry, etc) were varied to tune the properties of these systems. Also, magnetic nanostructures were
prepared with very controllable shape: from the simplest dots, bars and lines, to rectangles, triangles or
zigzag paths, and used as reconfigurable vortex pinning sites (see also section 5) and magnetic counter-
parts in superconducting spintronics (see sections 11 and 12). The extensive studies on the behavior of
individual dots have revealed that the main magnetic properties of these nanostructures present import-
ant differences with respect to continuous films [93].

As magnetic elements are reduced from micrometer to nanometer dimensions, the interplay between
exchange, anisotropy, and magnetostatic energies changes profoundly. Microsized elements usually form
multiple domains, while below a few hundred nanometers single-domain or flux-closure states become
favored. Below ~100 nm, magnetization tends to remain uniform. Meanwhile, reducing the element
thickness to a few nanometers enhances surface and interfacial contributions, such as perpendicular
anisotropy, exchange bias, and Dzyaloshinskii-Moriya interactions. These size-dependent effects govern
switching behavior, thermal stability, and dynamic responses in nanoscale magnets.

Remarkably, one of the possible realizations of such flux-closure configurations is the vortex state,
which often occurs in circular or square soft-magnetic elements a few hundred nanometers wide and a
few tens of nanometers thick, where the aspect ratio supports flux closure, with the vortex core located
at the element’s center (figure 18). Vortices are considered iconic structures in nanomagnetism and serve
as ideal candidates for exploring new physical concepts and experimental techniques due to their high
frequency oscillations when displaced from the center [95]. Recent advancements in nanostencil litho-
graphy have enabled the extension of these typically two-dimensional (2D) vortex configurations into
3rd dimension [94], significantly increasing their oscillation frequencies to approximately 5 GHz—well
above the typical sub-GHz range of planar vortex oscillators. This advancement opened new avenues
for optimizing nanoscale magnetic devices, allowing for enhanced performance in frequency-dependent
applications.

The arrays of magnetic nanoelements are not only interesting for their intrinsic magnetic properties,
but also due to their interaction with other systems, particularly with superconductors. Such arrays are
known to constitute effective ordered pinning centers for the vortex lattice when they interact with type
I superconducting films. Particularly, it was revealed in [96] that the pinning of superconducting vor-
tices is strongly enhanced for the magnetic vortex state. This enhanced pinning was attributed to vertical
stray magnetic fields produced by the magnetic vortex cores. Very recently, the upper frequency limits
for guided and rectified net motion of superconducting vortices in epitaxial Nb films decorated with fer-
romagnetic nanostripes were explored, revealing the vortex guiding and ratchet effect arise on the back-
ground of the competition between the intrinsic weak pinning in the Nb films and the strong periodic
pinning induced by the Co nanostripe array [97].

In magnetic data storage, continuous media employ uniform magnetic films where bits are encoded
as magnetic domains, achieving areal densities up to around 2 Tb/in?. However, further scaling faces
superparamagnetic instabilities and write field limitations. In contrast, patterned media consist of a
highly ordered array of magnetic nanoelements, where each nanodot stores a single bit, theoretically
allowing densities up to 10 Tb/in?.

Finally, magnetic nanoelements are very important for magnonics—an emerging field of research
focused on the study and manipulation of magnetic excitations known as magnons, which are quant-
ized spin waves propagating through magnetic materials [98]. Magnons carry information in the form
of spin, making them potential candidates for developing new information processing technologies. In
[99], a new type of magnonic crystal—NiFe films deposited on top of periodic 2D array of circular NiFe
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Figure 18. Cylindrical magnetic dot in the vortex state, arrows represent spin momenta directions of individual spins. The color
of the spins corresponds to the direction of the planar component of the spin, spins on the axis of the particle point out of plane
and form the core of the magnetic vortex. Reproduced from [94] with permission from the Royal Society of Chemistry.

dots—was proposed. In this structure, the continuous film can be considered as a magnonic waveguide,
when the role of dot array is to create periodic perturbations of internal fields in the neighbor regions of
the film which can be controlled by magnetic field and film thickness.

Current and future challenges

Nanomagnetism, while a rapidly evolving field with significant advancements, faces several challenges
that impact both research and application development. One of the primary current challenges is achiev-
ing consistency in manufacturing. Ensuring uniformity and reproducibility in the fabrication of nano-
structures remains a problem, as variability in size, shape, and material properties can lead to inconsist-
ent magnetic behaviors, complicating the development of reliable applications. Additionally, advanced
characterization techniques are needed to probe the magnetic properties of nanostructures at the nano-
scale, with many current methods lacking the necessary spatial resolution or sensitivity to fully under-
stand the complex behaviors of small magnetic systems.

Traditionally, periodic arrays of magnetic nanoelements have been confined to 2D single- or multi-
layered planar structures, where the elements are typically arranged in a flat geometry over a substrate.
This planar configuration offers simplicity in design and manufacturing but inherently limits certain
magnetic behaviors and functionalities to the two-dimensional plane. Therefore, one of the main chal-
lenges is to enable the expansion of magnetic nanoelements into third dimension, opening new possib-
ilities for manipulating spin configurations and achieving functionalities beyond the limits of the 2D
plane. In 3D structures (see also section 8) the magnetization orientation can extend vertically, allowing
for richer and more complex spin configurations this development paves the way for diverse applica-
tions, including spin-wave computing, which utilizes the propagation of spin waves in magnetic materials
for information processing with minimal energy consumption [100].

Regarding the future, scalability remains a critical challenge. While current lithography methods can
produce nanostructures on relatively large areas, scaling these processes for mass production while main-
taining quality and precision will be essential for commercial applications. Energy efficiency will also be
a significant concern as devices become smaller; developing nanomagnetic systems that operate efficiently
while providing high performance will be an ongoing challenge. Additionally, as quantum effects become
increasingly significant at the nanoscale, further research will be required to understand how these beha-
viors impact the magnetic properties of nanostructures and to leverage them for new applications.

Thermal stability is another significant challenge; as the size of magnetic elements decreases, their
stability can diminish, making them more susceptible to thermal fluctuations that can adversely affect
performance in real-world applications such as data storage devices. Furthermore, as arrays of mag-
netic nanoelements become densely packed, the dipolar and exchange interactions between elements can
introduce complexities that alter their collective magnetic behavior. Understanding and controlling these
interactions are essential for practical applications.
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Figure 19. Atomic force microscopy image of the nanovolcano with the outer diameter of 300 nm and the crater diameter of
200 nm. Inset: cross-sectional line scan, as indicated. Reprinted figure with permission from [102], Copyright (2021) by the
American Physical Society.

Advances in science and technology to meet challenges

To address challenges in magnetic nanoelements, significant advancements in science and technology
are being developed. Precision fabrication techniques, such as nanoimprint lithography and extreme
ultraviolet lithography, are improving manufacturing consistency by producing high-resolution nano-
structures with uniform magnetic properties. Enhanced characterization techniques, including STM,
atomic force microscopy, and electron holography, provide better spatial resolution and sensitivity for
studying magnetic behaviors at the nanoscale.

One particularly impactful technique in 3D nanofabrication is focused electron beam-induced depos-
ition (FEBID), a maskless approach that allows for the construction of complex 3D nanoelements
with lateral resolutions below 10 nm (see also section 8). FEBID enables precise control over the geo-
metry of nanoelements by using a focused electron beam to deposit materials from a gaseous precursor.
Importantly for magnetic applications, material composition can be tuned in situ via the e-beam waiting
time and post-growth irradiation with Ga ions [101]. Recently, this technique has been used to fabric-
ate magnetic ‘nanovolcanoes’—innovative 3D architectures where nanodisks are overlaid by nanorings
(see figure 19) [102]. Spin-wave resonance measurements revealed that the rings surrounding the vol-
cano craters harbor high-frequency eigenmodes, while lower-frequency modes are concentrated within
the crater. By varying the crater diameter, the ability to fine-tune the higher-frequency eigenmodes
without affecting the lowest-frequency mode was demonstrated. These nanovolcanoes can serve as build-
ing blocks for next-generation nanomagnonic devices.

Advances in magnetic simulation and modeling techniques help manage inter-element interactions
by predicting collective magnetic behaviors within densely packed nanostructures. Integration with exist-
ing technologies is facilitated by hybrid systems that combine magnetic nanostructures with compatible
semiconductor materials, enhancing their application in electronic and photonic devices. For energy effi-
ciency, spintronic devices are being explored to reduce power consumption, alongside the development
of novel ferromagnetic materials for low power switching.

Concluding remarks

Magnetic nanoelements and their arrays play a crucial role in moving forward modern technology by
offering pioneering solutions across various domains, including data storage, sensing, spintronics, fluxon-
ics, and magnonics. There is a growing demand for magnetic nanomaterials that serve multiple purposes,
such as acting both as storage media and sensors. The ability to create and control magnetic nanostruc-
tures with smaller dimensions opens up new opportunities, enabling faster data processing and improved
energy efficiency. Additionally, nanomagnets hold promise for the development of next-generation
quantum computing technologies that rely on spin-based phenomena. Tailoring nanomagnetic systems
for these applications will require extensive research to improve our understanding of underlying phys-
ical mechanisms and to enhance materials accordingly. Addressing these challenges will be crucial for
further advancements in magnetic nanoelements, enabling to realize their potential in next generation
technologies and applications.
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Status

The claim to fame of superconductor/magnet hybrids is that the magnetic layer can either couple two
superconductors in an unconventional way, with the resulting JJ possessing special features; or the mag-
net can carry a spin-polarized (spin-triplet) supercurrent, with the promise of dissipationless spintronic
applications. A number of ways of fabricating Josephson 7-junctions are established, as well as generic
methods of generating spin-triplet Cooper pairs, based on the spin-mixing/spin rotation principle, util-
izing two or more ferromagnetic layers. At present, research focuses on a number of follow-up issues.
An important one, and actively researched, is the role of SOC [103], which results in the breaking of
inversion symmetry. Combining this with time-reversal symmetry breaking, such as from the magnetic
exchange field of a ferromagnet or an external magnetic field, this can produce a junction with a built-in
phase difference @, that, for instance, can act as phase battery. Similarly, SOC is researched as an altern-
ative for magnetic inhomogeneity in generating spin-triplet Cooper pairs (see figure 20(a)). Incidentally,
it is also a key ingredient in supercurrent rectification through the superconducting diode effect [104].

A different way of generating triplet supercurrents is by creating and controlling certain spin textures

in the ferromagnet (see figure 20(b)), enabling memory effects [105]. Another area of interest con-
cerns the dynamic, rather than the static, coupling between the magnetization and the superconducting
state. Ferromagnetic resonance has been used to study spin transport through spin pumping by gener-
ation of spin-triplet pairs and their transmission through a superconducting layer via a SOC interface
[106]. There is also a growing interest in combining superconductivity with magnonics, for instance

by using magnons excited in ferrimagnetic insulators to create a quasiparticle spin-split state in a thin
superconductor [107], or to couple magnons and vortices [108]. Finally, there is steady progress in the
use of less conventional materials than simple transition or rare earth metals. For example, using half-
metallic ferromagnetic oxides (see figure 21(b)), very long-range proximity effects have been demon-
strated with relatively high critical current values [109, 110]. Furthermore, spin-triplet supercurrents
have been demonstrated in the Kagome (chiral) antiferromagnet Mns;Ge [111] and long-range Josephson
coupling has been induced by a vdW superconductor into a vdW ferromagnet [112], see figure 21(a).

Current and future challenges
One of the central challenges in the field is realizing the potential for novel superconducting electron-
ics and spintronics (see also section 12). Beyond analogues of classical devices such as diodes [104]
and memories [105], a challenge is to demonstrate and use spin transfer torque (STT) effects in the
same way as is done in conventional spintronics. By placing a thin ferromagnetic layer in the path of a
spin-polarized supercurrent or quasiparticle current, its magnetization can be flipped, or brought into
motion, resulting in a nano-oscillator. Similarly, a non-equilibrium triplet supercurrent might be able
to apply torque to a magnetic domain or a skyrmion. The fundamental question is whether the accom-
panying dissipation is detrimental to the superconductivity, although, analogous to vortex motion, this
does not appear to be unavoidably the case. On the practical side, the demonstrated supercurrents are
not as high as used in spintronics, and writing or moving bits appears hard to achieve via the conven-
tional angular momentum transfer. Skyrmion motion requires far less current density, but few exper-
iments have yet been performed involving skyrmions and superconductors. For memory applications,
a challenge is that the ‘writing’ of a bit, when not by the STT mechanism, is mostly done with a not-
too-small, and therefore impractical, magnetic field. A potentially interesting approach is to create novel
functionalities, in particular for magnetic switching, by electrostatic control. Superconducting devices
involving SOC-based phenomena including diode effects and/or spin-triplet supercurrents are a prom-
ising direction since anisotropic (Rashba) SOC is tunable with an electric field. Such electric control of
SOC may enable electric control of SOC and conversion though the tuning of triplet channels within the
superconducting density of states of superconductor [107].

Another unexplored direction is to develop optical responses of a S/F hybrid system, allowing manip-
ulation in the ultrafast time domain. For example, one could envision ultrafast optical manipulation of
supercurrents in S/F devices by exploiting the already well-mastered excitation of ultrafast magnetization
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Figure 20. (a) Spin—orbit coupling effects are a key ingredient in the generation of triplet superconductivity. Reprinted figure
with permission from [103], Copyright (2024) by the American Physical Society. (b) Mesoscopic superconducting memory based
on as Nb/Co/Nb Josephson junction in which the switching between bistable magnetic textures is controlled by the magnetic his-
tory, leading to a switching of supercurrents. Reprinted figure with permission from [105], Copyright (2022) by the American
Physical Society. (c) Layout of the device used to detect the giant inverse quasiparticle spin Hall effect by nonlocal magnon trans-
port. The exchange splitting of the superconductor density of states plays a crucial role. Reprinted with permission from [107].
Copyright (2020) American Chemical Society.

dynamics. Finally, there are the vdW materials, that offer a completely new palette of possibilities. For
instance, Moiré engineering can create magnetic (bi) layers where ferromagnetic and antiferromagnetic
regions are mixed. Also, it is the one class of materials where magnetism can be influenced by electro-
static gating. At the same time, this will require new theoretical efforts. The interfaces between supercon-
ducting and ferromagnetic layers are different than for metallic layers, and proximity effects or Andreev
reflections will have to be reconsidered. Topological effects may come into play as well.
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Figure 21. (a) Layout (left) and actual microscopy image (right) of a triplet Josephson junction based on the vdW materials
NbSe; and Fe;GeTe,. Reproduced from [112], with permission from Springer Nature. (b) (left) Scanning transmission electron
microscopy (dark field and electron energy loss spectroscopy) of the interface between a high T¢ superconductor (YBa,Cu3O7)
and a half-metallic ferromagnet (Lag7Sro3MnO3) together with a micrograph of a planar Josephson S/F/S device based on those
materials, in which long range triplet supercurrents have been observed. Reproduced from [109], with permission from Springer
Nature.

Advances in science and technology to meet challenges

Material science challenges are ubiquitous in S/F heterostructures [104—106, 108—110]. That is so because
many relevant mechanisms are extremely sensitive to the structural, magnetic and superconducting prop-
erties of the interfaces within devices. For example, the transparency for electron transport across an S/F
interface or any interface, is dependent not only on the Fermi surface mismatch but also on variables
such as disorder and impurity scattering at the interface, determining probabilities for Andreev reflection
and thus the strength of the superconductor proximity effect. Likewise, properties such as the interfacial
magnetic texture [105, 111], anisotropy, and spin polarization [109, 110], affect triplet correlations, spin
transport, and magnetic exchange effects [107]. The challenge in the control over all of those proper-
ties lies in combining materials whose growth conditions and handling constraints can vary significantly.
At present, S/F hybrids are mostly considered within a single class of materials, such as simple trans-
ition metals, oxides (see figure 21(b)), or vdW materials (see figure 21(a)), where, in all cases, different
functionalities can be found and combined (with one notable exception: the absence of multiferroics in
simple metals).

There is an urgent need to find proper interfacing that would allow combinations of different fam-
ilies of materials, such as an oxide with a transition metal—the ubiquitous problem being that the
oxide oxidizes the metal, thereby complicating the interface. For vdW materials [112], the additional
challenge is to either develop large-scale stamping techniques, or to develop growth techniques, with
atomic layer epitaxy (ALE) prominent among them. The progress in ALE when it comes to, for instance,
transition metal dichalcogenides (TMDs) such as WSe,, that are of great interest as semiconductors in
(opto)electronics and photovoltaics, have not yet reached the S/F front.

Theoretical efforts will be required to understand some of the emergent research directions outlined
above. This is true in particular when it comes to combining knowledge and advances in different sub-
communities. A prototypical example would be the ultrafast manipulation of S/F interactions using cir-
cularly polarized light. Because optical excitations are usually very energetic, especially as compared to
the superconducting gap, non-equilibrium effects are expected to interplay with magnetization dynamics
and proximity mechanisms. These complex interactions will likely demand further attention from theory,
to guide or interpret experiments. Other examples are magnonic or optical mechanisms to couple spin
without a net charge current. Last but not least, in vdW materials, theoretical (density functional theory)
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Figure 39. (a) Left: SEM image of a YBCO nanoSQUID sensor on STO with the grain boundary junctions highlighted by dashed
white lines. Top right: SEM image of a cobalt nanoparticle deposited on top of the nanoSQUID. Bottom right: Hysteresis curve
measured with the nanoSQUID at 4 K. The inset shows a schematic of a vortex magnetic configuration responsible for the steps
observed in the hysteresis loop. (b) Bottom: Schematic of the YBCO nanoSQUID coupled to a transmission line. Top left: SEM
image of the final device fabricated on MgO. Top right: Enlarged view of the nanoSQUID with the grain boundary Josephson
junctions highlighted by dashed white lines (not published).

films. However, this approach is impractical for building microwave YBCO circuits due to the significant
microwave losses of STO.

Advances in science and technology to meet challenges
Integration of nanoSQUIDs into mw circuits is very promising for quantum sensing applications. In the
past, SQUIDs have been operated as floating elements, inductively connected to a LC resonator with a
characteristic frequency determined by the effective inductance of the SQUID, which depends on the
flux threading the loop. In a newer version, the SQUID is integrated into the LC-resonator to detect
small variations in its inductance using a reflectometry configuration, making it a sensitive flux-to-phase
detector that operates in the non-dissipative regime, thus dissipating no power [223]. Such design allows
one to directly realize Josephson parametric amplification, further improving the device’s sensitivity.

Significant effort is being devoted to improving YBCO nanoSQUIDs (see also sections 5 and 19).
One approach involves exploring substrates other than STO, such as MgO, which has a dielectric per-
mittivity several orders of magnitude smaller than STO. This is promising as it enables the fabrication
of non-hysteretic junctions from scratch, eliminating the need for resistive shunting and thereby redu-
cing the intrinsic thermal flux noise of the device. Indeed, nanoSQUIDs based on MgO with unpreced-
entedly low noise characteristics have already been demonstrated [224]. Another promising route is the
use of focused helium ion beam microscopes for directly patterning Josephson barriers. This techno-
logy enables precise control of the junction’s critical current density by adjusting the irradiation dose. At
high doses, the material becomes insulating, making it possible to directly write Josephson nanocircuits
without milling the YBCO film [47]. Moreover, this technique paves the way for using alternative sub-
strates such as LSAT or even sapphire. Together with MgO, the latter is enormously interesting for mw
applications resilient to high magnetic fields including tunable superconducting cavities, parametric amp-
lifiers or mw nanoSQUIDs. First devices have been fabricated showing the ability to tune the resonance
frequency of mw cavities based on YBCO by several hundred of MHz or to directly couple nanoSQUIDs
to transmission lines for mw readout (see figure 39(b)).

Additionally, the advent of ion microscopes has revolutionized the fabrication of constriction-like
JJs. Previously extremely difficult to optimize, recently fabricated bridges using a combination of neon
and helium milling have proven to be reproducible and allow for precise control of the resulting critical
current [225]. These junctions start now to get combined with mature mw circuits for quantum sensing
and signal processing, enabling their operation under larger applied magnetic fields.

Concluding remarks

JJs are irreplaceable in the development of quantum sensors, quantum computers, and related techno-
logies. The design of Josephson-based quantum circuits continues to evolve to mitigate decoherence
mechanisms such as charge and flux noise, with new architectures like the fluxonium qubit demonstrat-
ing enhanced coherence times. JPAs enable near—quantum-limited amplification of microwave signals
[221] and are now widely employed not only in superconducting quantum processors, but also across a
variety of cryogenic microwave experiments, including axion dark-matter searches and other quantum
sensing platforms. Traveling wave parametric amplifiers (TWPAs), which integrate Josephson elements
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into nonlinear microwave transmission lines, extend the operational bandwidth of conventional paramet-
ric amplifiers, albeit at the cost of increased design complexity and fabrication challenges. Furthermore,
rapid single-flux-quantum and related superconducting digital logic technologies, which utilize JJs to
generate quantized voltage pulses, show considerable promise for high-speed qubit control and readout
applications.

The fabrication of improved JJs is an active area of research, with many areas still to be explored and
improved. Recent developments include the use of new FIB techniques based on gas field ion sources,
addressing critical challenges in the fabrication and reproducibility of Josephson devices. This is very
promising for optimizing device performance under the application of high magnetic fields, opening the
way for new applications in quantum sensing, cavity magnonics or spin-based quantum computing.
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Status

The term ‘superconducting qubit’ extends beyond individual qubits to include the broader field of
multi-level artificial atoms fabricated on chip using superconducting material and following the prin-
ciples of circuit quantum electrodynamics. The ability to fabricate artificial atoms with desired frequen-
cies and coupling strengths, ranging from weak to ultra-strong, makes this approach an ideal platform
for studying matter-light and qubit—qubit interactions. These artificial atoms are designed to operate in
the low microwave spectrum, from several hundreds MHz to tens of GHz, and are cooled to 20 mK to
minimize thermal noise and ensure the system remains in its ground state. Superconducting artificial
atoms are carefully engineered with a delicate balance of capacitance, inductance, and a nonlinear ele-
ment provided by the JJ, see also section 22. The Josephson effect enables the operation of both super-
conducting qubits and multi-level artificial atoms. Because of this flexibility and versatility, supercon-
ducting qubits represent one of the most promising approaches in quantum computing.

When a superconducting artificial atom is operated on its first two energy levels, it is referred to
as a qubit. The first coherent oscillation in a superconducting qubit, the Cooper-pair box, was meas-
ured in 1999 [226]. Although the system initially exhibited a short lifetime and significant noise, this
breakthrough played a pivotal role in the development of superconducting qubits, quantum processors,
and superconducting quantum devices. Over the past 25 years, the field has made remarkable progress.
The lifetime of superconducting qubits has increased by several orders of magnitude, crossing the record
value of 1 ms [227], thanks to improved materials, optimized fabrication processes, and improved qubit
layouts. Single- and two-qubit gate fidelities now exceed 99.9% [228], while readout can be performed in
as little as 40 ns with fidelity above 99% [229]. Multi-qubit quantum processors with hundreds of qubits
are now fabricated and accessible to the public through quantum web services. Accordingly, there have
been several successful demonstrations of how small-scale physical qubits can be efficiently manipulated
and used to execute complex quantum algorithms. These include the watershed experiment demon-
strating quantum computational supremacy [230] and the progress made recently towards fault-tolerant
quantum computing with logical qubits surpassing the performance of physical qubits [231].

Quantum processors and technologies based on superconducting qubits are at an inflection point,
where the quality of operations and the scale of devices have advanced to the stage where applications
implemented on physical qubits can already deliver value. However, the path to building a universal
quantum machine still presents significant challenges, requiring further advancement in both physics
and engineering. It is impossible to give an exhaustive roadmap of current and future challenges on t