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Abstract
The transition from planar to three-dimensional (3D) magnetic nanostructures represents a
significant advancement in both fundamental research and practical applications, offering vast
potential for next-generation technologies like ultrahigh-density storage, memory, logic, and
neuromorphic computing. Despite being a relatively new field, the emergence of 3D
nanomagnetism presents numerous opportunities for innovation, prompting the creation of a
comprehensive roadmap by leading international researchers. This roadmap aims to facilitate
collaboration and interdisciplinary dialogue to address challenges in materials science, physics,
engineering, and computing. The roadmap comprises eighteen sections, roughly divided into
three blocks. The first block explores the fundamentals of 3D nanomagnetism, focusing on
recent trends in fabrication techniques and imaging methods crucial for understanding complex
spin textures, curved surfaces, and small-scale interactions. Techniques such as two-photon
lithography and focused electron beam-induced deposition enable the creation of intricate 3D
architectures, while advanced imaging methods like electron holography and synchrotron x-ray
tomography provide nanoscale spatial resolution for studying magnetization dynamics in three
dimensions. Various 3D magnetic systems, including coupled multilayer systems, artificial
spin-ice, magneto-plasmonic systems, topological spin textures, and molecular magnets are
discussed. The second block introduces analytical and numerical methods for investigating 3D
nanomagnetic structures and curvilinear systems, highlighting geometrically curved
architectures, interconnected nanowire systems, and other complex geometries. Finite element
methods are emphasized for capturing complex geometries, along with direct frequency domain
solutions for addressing magnonic problems. The final block focuses on 3D magnonic crystals
and networks, exploring their fundamental properties and potential applications in magnonic


mailto:gubbiotti@iom.cnr.it
mailto:abarman@bose.res.in
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-648X/ad9655&domain=pdf&date_stamp=2025-2-19

J. Phys.: Condens. Matter 37 (2025) 143502

G Gubbiotti et al

circuits, memory, and spintronics. Computational approaches using 3D nanomagnetic systems
and complex topological textures in 3D spintronics are highlighted for their potential to enable
faster and more energy-efficient computing.

Keywords: nanomagnetism, three-dimensional nanomagnetism, fabrication techniques,
imaging methods, analytical methods, computational approaches
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Introduction

Gianluca Gubbiotti' and Anjan Barman?

! CNR-Istituto Officina dei Materiali (IOM), Italy
2 S N Bose National Centre for Basic Sciences, Kolkata, India

In the burgeoning field of nanoscience and nanotechnology,
the manipulation of matter at the nanoscale has paved the way
for extraordinary advances in multiple fields. One particularly
fascinating area that has attracted huge attention is the three-
dimensional (3D) nanomagnetism. Nanomagnetism deals with
the study and manipulation of magnetic phenomena at lateral
dimensions of nearly 100 nanometers or less. When the size
of magnetic structures shrinks to the nanometer scale, their
magnetic properties change drastically. In the 3D range, the
complexity and richness of magnetic interactions increase sig-
nificantly due to the intricate spatial arrangement at the nano-
scale, offering a wealth of opportunities for both fundamental
research and practical applications. The interplay of shape,
size, and material composition in 3D configurations leads to
phenomena such as complex magnetization reversal modes,
topology and frustration, novel magnetic textures as well as
magnetization dynamics.

As traditional two-dimensional (2D) approaches face limit-
ations, the exploration of 3D magnetic architectures promises
increased data storage densities, non-volatility and scalability,
enhanced energy efficiency, and the potential for revolution-
ary computing paradigms. Spintronics, sensors, and quantum
information processing are just among the large range of areas
where the principles of 3D nanomagnetism are reshaping tech-
nological landscapes. Figure 1 shows a series of free standing
3D magnetic nanostructures, complex spin textures, intercon-
nected conduit networks and 3D nanomagnetic circuits based
on a nanobridge geometry.

Furthermore, the roadmap of 3D nanomagnetism recog-
nizes the pivotal role of novel characterization tools with high
temporal and spatial resolution, alongside sophisticated com-
putational modeling in driving progress. The synergy among
theoretical modeling, synthesis and fabrication, as well as
characterization and validation opens a path towards exploit-
ation of 3D nanomagnetism in future technological applica-
tions. Through collaborative efforts and strategic initiatives,
our goal is to unlock novel frontiers in science, engineering,
and technology heralding a paradigm shift in comprehending
and harnessing magnetic materials in three dimensions.

This Roadmap sets the stage for an in-depth exploration
of the fascinating world of 3D nanomagnetism and aims to
provide a clear and concise overview and reference points to
researchers from academia, research institutes and industry,
and funding agencies a comprehensive understanding of 3D
nanomagnetism. It provides guidance on foundational know-
ledge, state-of-the-art techniques, and emerging trends, help-
ing to cultivate a skilled workforce capable of driving future
advancements in the field. By understanding the intricacies
of magnetic behaviors in 3D, researchers and engineers are
poised to unearth new frontiers in technology, heralding a
future where nanoscale magnetic structures play a crucial role

in shaping the next generation of electronic and information
processing systems.

This 2025 Roadmap on 3D nanomagnetism is inspired by
the rapidly emerging research activities in the field of magnetic
nanostructures in recent years and follows other Roadmaps for
magnetism [12, 13], magnonics [14, 15], review articles [16—
18] and book [19].

It comprises eighteen contributions produced by thirty
nine leading international researchers involved in specific sci-
entific and technological domains and is divided into three
main blocks, namely (i) Fabrication and Characterization,
(i1) Analytical and Numerical Methods and (iii) Applications
of 3D Magnetic Nanostructures. Each block is divided into
sections and each section describes the background of the
topic, current and future challenges, and advances in science
and technology to address these challenges. Finally, future
research directions and possible strategies for each author’s
particular area of interest are presented.

The first block consists of 10 sections and deals with the
fabrication and characterization of 3D magnetic nanostruc-
tures, covering recent advances in fabrication methods and
imaging techniques emphasising the importance of under-
standing complex spin textures and curved surfaces as well as
small-scale interactions.

In section 1, Ladak, Bran, and Grundler review both top-
down and bottom-up fabrication methods to realize 3D mag-
netic nanostructures on length scales of 100 nm and below and
present future challenges that need to be addressed. They fur-
ther discuss how optimizing the fabrication of 3D magnetic
nanostructure is crucial for the discovery and understanding
of complex topological spin textures, their interactions, and
time-dependent responses.

In section 2, Huth and Plank review of the unique capabilit-
ies of 3D- focused electron beam induced deposition (FEBID)
as a reliable 3D nanoprinting technology. They also present
different strategies for the 3D nanomagnet fabrication, and
explain how 3D growth simulations are necessary for the sys-
tematic analysis of shape-controlling factors.

Section 3 by Schmidt and van Dijken provides an over-
view on the recent developments of 3D suspended yttrium
iron garnet (YIG) structures which have already achieved a
state beyond the mere proof of principle. Structures have been
fabricated that theoretically fulfil the requirements for optical
photon—magnon coupling and the first mechanical resonances
have been measured despite relatively low frequencies.

Section 4 by Streubel and Dobrovolskiy explores the pos-
sible pathways for correlating the impact of 3D structure, i.e.
shape, curvature, interfaces, and defects, on the electronic and
magnetic properties of 3D nanomagnets. Special emphasis is
placed on the requirements of advanced characterization tech-
niques that combine high sensitivity with spatial and temporal
resolution.

Scagnoli, Heyderman, and Donnelly present in section 5
an overview of 3D nanomagnetic imaging used to capture,
reconstruct, and analyze the magnetic behavior of and topo-
logical features within materials and microstructures in 3D
with nanoscale precision. Unlike traditional magnetic imaging
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Figure 1. (a) Focussed electron beam induced deposition (FEBID). Reproduced from [1]. CC BY 4.0. (b) Two-photon lithography method.
Reproduced from [2]. CC BY 4.0. By the controlled beam movement, bulky (c) and complex buckyball like (d) structures can be realized
using FEBID. Reproduced with permission from [3]. Reproduced from [4]. CC BY 4.0. Phase contrast imaging with off-axis and in-line
electron holography using aberration-corrected transmission electron microscopy. (e) Structure and (f) magnetic induction of 3D gyroid
network visualized with off-axis holography. Reprinted with permission from [5]. Copyright (2020) American Chemical Society. Schematic
spin textures of (g) a Bloch point type domain wall. Reproduced from [6]. CC BY 4.0. (h) vortex ring. Reproduced from [7], with
permission from Springer Nature. (i) a skyrmion tube, and (j) a Hopfion with Hopfindex = 1. Reproduced from [8]. CC BY 4.0. (k) Various
oscillation modes in a diamond-type artificial magnetic crystal developing at different frequencies. Reproduced with permission from [9].
Exemplary 3D spintronics devices showing (1) ferromagnetic interconnector directly printed by FEBID. Reproduced from [10]. CC BY 4.0.
(m) State-of-the-art racetrack memories formed by synthetic antiferromagnets, positioned on 3D pre-patterned substrates to achieve vertical

domain wall motion. Reproduced from [11]. CC BY 4.0.

techniques that operate at larger length scales (such as Kerr
microscopy), or give information only from surfaces or the
average signal from thin films (such as Lorentz transmis-
sion electron microscopy), advanced 3D nanomagnetic ima-
ging methods enable the vectorial visualization of magnetic
domains and intricate spin textures such as vortex loops,
skyrmions and Bloch points governing the behavior of mag-
netic nanomaterials.

Section 6 by Hellwig and Fallarino reviews how magnetic-
ally coupled multilayer systems allow to access and to explore
new energy scenarios and, consequently, how novel degrees
of freedom for a widespread variety of applications can be
achieved by varying and designing innovative material prop-
erties. From this prospect, the first targeted efforts towards the
stabilization of complex 3D individual magnetic textures as
well as interconnected periodic 3D architectures are just emer-
ging. In addition, a brief overview on the interest toward stack-
ing of layered 2D magnets is presented.

In section 7, Jungfleisch and Farhan introduce currently
popular activities in the field of artificial spin ice (ASI) sys-
tems and how the formation of 3D ASI is increasingly gaining
momentum. To this end, potential future endeavors are intro-
duced to allow for 3D ASI systems to undergo full-scale char-
acterization, both for researchers interested in statistical phys-
ics and magnetization dynamics.

Maccaferri and Vavassori discuss, in section 8, how the
combination of the uniqueness of the 3D photonic band struc-
ture with the peculiarities of 3D spin textures may open new
avenues for much improved control over magneto-optical and
opto-magnetic effects. The authors also present the challenges
associated with the transition from 2D to 3D magneto plas-
monics and the pathways envisioned to overcome them.

In section 9, Fischer, Tomasello, and Finocchio focus on the
emerging topic of 3D topological spin textures as a fascinating
frontier in the study of condensed matter physics. These intric-
ate patterns of spin configurations, governed by the principles

of topology, exhibit robustness against local perturbations and
hold promise for realizing fault-tolerant information storage
and processing. By harnessing the unique properties of topolo-
gical spin textures, researchers aim to develop innovative tech-
niques for manipulating and controlling spin degrees of free-
dom in three dimensions, thereby enabling advanced function-
alities such as topological spintronics and quantum informa-
tion processing.

In section 10 Sessoli and Clérac address the molecules as a
still underexplored resource for nanomagnetism. The chemical
design can control several key features, ranging from magnetic
anisotropy to exchange interaction, thus resulting in high coer-
civity. The intrinsic confinement at the nanoscale and the easy
processability make magnetic molecules an ideal playground
for the development of spin-based quantum technologies.

The second block comprises 3 sections about analytical and
numerical methods to describe the magnetism of 3D nano-
structures and curvilinear systems.

In section 11, Makarov and Sheka offer an overview of pro-
spective advancements in the field of curvilinear magnetism.
This progress is likely to be influenced by the active explor-
ation of geometrically curved magnetic architectures in both
fundamental research and technology.

Section 12 from Krawczyk, Gallardo, and Landeros preents
an overview of the analytical methods used to describe 3D
magnetic nanostructures, discussing their scope, limitations,
and future projections. The importance of the variation of mag-
netization in the volume, the central role of the magnetic dipole
interaction, and the importance of the boundary conditions are
emphasized.

Section 13 by d’Aquino and Hertel discusses the challenges
in recent numerical approaches to simulate the magnonic
properties of artificially structured 3D nanomagnets, focusing
on interconnected nanowire arrays and their high-frequency
magnetization oscillation modes. This highlighted the need
to use finite-element-based algorithms for such complex
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geometries with low volume occupancy and the advantages of
solving magnonic problems directly in the frequency domain
with appropriate large-scale methods instead of simulating
magnetization dynamics in the time-domain by integrating the
Landau-Lifshitz-Gilbert equation. Recent examples of simula-
tion studies utilizing these techniques are also presented and
discussed.

The final and third, block consists of 5 Sections.

Barman and Gubbiotti give an overview, in section 14, of
the recent progress and the future possibilities of 3D mag-
nonic crystals which permit novel degree of freedom to con-
trol, manipulate and guide the spin-wave that are topograph-
ically impossible in 2D systems. Vertical stacking offers ver-
satile coupling conditions, i.e. dipolar and interlayer exchange
coupling due to the smallest possible spacing as well as access
to non-reciprocity arising from the interfacial Dzyaloshinskii
Moriya interaction and the topography of the curved magnonic
conduits.

In section 15, Pirro and Ciubotaru examine the potential
benefits of magnonic circuits in terms of energy consumption
and showed how the energy requirements could be reduced by
one to two orders of magnitude by moving to a 3D config-
uration. The authors also presented the schematic of a poten-
tial 3D magnonic network consisting of 2D layers connected
by 3D directional couplers and discussed the fundamental and
technological advances that are still needed to turn 3D mag-
nonic circuits from concept to reality.

Section 16 concerns with the computation in 3D nanomag-
netic systems. Gartside and Becherer provide an overview of a
large variety of magnetic computation schemes and highlight
possible routes forward that harness uniquely available bene-
fits by moving magnetic systems into the third dimension and
avoiding the more generic advantages of 3D, such as increased
density.

Section 17 by Ono discusses how 3D magnetic memory a
significant advancement in data storage technology, promises
higher storage densities and improved efficiency compared
to traditional planar memory. By utilizing all three dimen-
sions of space for data storage, this technology allows for
packing more information into a smaller physical footprint.
As the digital world continues to generate vast amounts of
data, 3D magnetic memory stands out as a promising solu-
tion to meet the escalating storage needs of today and the
future.

Finally, section 18 by Ferndndez-Pacheco and Bortolotti
focuses on the topic of 3D spintronics. By extending spin-
based operations into three dimensions, this technology
opens avenues for compact, high-performance devices with
enhanced processing power and storage capacity. Through
intricate manipulation of spin states in nanostructures, includ-
ing complex 3D topological textures, 3D spintronics promises
faster and more energy-efficient computing, paving the way
for transformative innovations that could redefine the land-
scape of modern technology.
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1. Fabrication of 3D nanomagnets

Sam Ladak’, Cristina Bran®>® and Dirk Grundler*

I School of Physics and Astronomy, Cardiff University,
Cardiff CF24 3AA, United Kingdom

2 Instituto de Nanociencia y Materiales de Aragén (INMA-
CSIC), Zaragoza, Spain

3 National Institute of Materials Physics (NIMP), Bucharest,
Romani

4 Ecole Polytechnique Fédérale de Lausanne (EPFL), School
of Engineering, Institute of Materials and Institute of Electrical
and Micro Engineering, Laboratory of Nanoscale Magnetic
Materials and Magnonics, Lausanne, Switzerland

Status

In 2008, Parkin et al envisaged a new data storage device,
named magnetic racetrack memory, which harnessed the
injection and propagation of domain walls (DWs) in a fer-
romagnetic 3D nanowire network, in order to read and write
information [20]. At the time of conceptualisation, the field
of 3D nanomagnetism had already witnessed the creation
of ferromagnetic nanocrystal superlattices, vertically stand-
ing nanowires and individual nanotubes, but the proposed 3D
device architecture was visionary.

Recently, a number of distinct research strands have yiel-
ded a new paradigm in nanomagnetism whereby mastering of
the third-dimension was advanced [6]. The paradigm resulted
in new physics and applications, providing novel spin textures
stabilized by novel geometry, topology and frustration as well
as their time-dependent phenomena. This has partially been
driven by the development of new theories, which suggested
new terms in the free energy of a ferromagnet due to local
curvature and torsion [21]. In addition, both top-down and
bottom-up fabrication methods have matured allowing realiza-
tion of 3D structures on length scales of 100 nm and below. In
the following, we discuss state-of-the-art fabrication methods
which are split into those associated with direct-write techno-
logies and those associated with self-assembly.

In focussed electron beam induced deposition (FEBID),
a gaseous precursor containing metallic content is injected
into a scanning electron microscope [22]. Interaction between
the electrons and the precursor yields a decomposition of
the volatile components, and a local deposition of the metal-
lic content [22]. By scanning the electron-beam with respect
to the substrate, 3D metallic nanostructures can be directly
written (figures 2(a)—(d)). Another direct-write technology
that uses photons instead of electrons is two-photon litho-
graphy (TPL). In this technique, a femtosecond pulsed laser,
is focussed to a diffraction-limited spot within a photo-resist,
as illustrated in figure 2(e) [2]. Polymerisation of the resist
only occurs within the central portion of the focal volume. One
scans the beam in order to realize arbitrary structures within
the resist. The polymeric structures as well as porous tem-
plates have then been combined with line-of-sight deposition
torealise 3D artificial spin ice (figure 2(f)), atomic layer depos-
ition (ALD) [23] to realise 3D nanomagnetic networks for

magnonics (figure 2(g)) or electrodeposition to realise mag-
netic nanostructures. Another approach is to harness strain
engineering to self-assemble non-trivial ferromagnetic geo-
metries such as rolled up tubular structures [21, 24] as shown
in figures 2(h) and (i). Such structures exploit curvature to real-
ise novel spin textures. Finally, combining anodised alumina
or ion-track etched templates with electrochemical depos-
ition allows the realisation of cylindrical or tubular magnetic
nanowires [25, 26] with both uniform (figure 2(j)) and mod-
ulated geometry (figure 2(k)). Overall, recent developments
in nanofabrication technologies have enabled a wide range of
intricate 3D nanostructures with unique magnetic properties
and spin textures.

Current and future challenges

The advancement of 3D nanotechnology relies on the syn-
thesis and fabrication of high-quality nanostructures with
well-defined shapes, high-purity materials, and good interfa-
cial properties. Although significant progress has been made
in recent years in the 3D fabrication process, there are still
important challenges to overcome.

Direct-write techniques such as FEBID and TPL, offer ver-
satility with respect to geometry of structures, but both have
challenges in order to yield high purity multi-material struc-
tures with well-defined interfaces. With FEBID, the key chal-
lenges of this technique are the reduced purity of the mater-
ial as contaminants from the precursor molecules are embed-
ded in the final structure and the limited number of available
precursors for magnetic materials. TPL can be combined with
electrodeposition to realise a wide-range of high-purity mag-
netic materials. In addition, use of high-speed galvo-mirrors
allows the relevant polymeric templates to be fabricated at
speeds of order mm s~—!. However, reaching sizes of order
10 nm that can be obtained with FEBID is very challenging
due to diffraction.

ALD or chemical methods like electrodeposition combined
with for instance anodised alumina or ion-track etched tem-
plates are reliable and allow for large arrays of high aspect
ratio nanostructures like nanowires, nanotubes, core-shell and
multi-layered nanowires with diameters between 20-300 nm
formed by a large variety of materials with well-defined crys-
tallographic structures. The main problem with the chemical
methods is geometric limitations imposed by the templates,
meaning it is difficult to realise 3D nanostructures of complex
geometry.

All of the methods described above have considerable chal-
lenges to overcome in order to realise complex heterostruc-
tures with ultra-thin film thicknesses and smooth interfaces
to achieve DMI or RKKY interlayer exchange coupling, as
has been explored in planar systems. Today’s planar tech-
nologies for magnetic memory and sensing involve further-
more interfaces with antiferromagnets and insulators forming
ultrathin tunnel barriers, soft-magnetic components for guid-
ing stray fields and hard-magnetic nanograins with specifically
designed crystallographic orientation for non-volatile storage.
Future challenges concerning functional 3D nanomagnetism
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Figure 2. Overview of fabrication methodologies used to realise 3D
magnetic nanostructures. (a) Focussed electron beam induced
deposition, which has been used to realise (b)—(d) tilted 3D
magnetic nanowires for domain wall injection [22]. Reproduced
from [22]. CC BY 4.0. (e) Two-photon lithography which has been
used to realise a range of structures including (f) a 3D artificial
spin-ice [2]. Reproduced from [2]. CC BY 4.0. (g) a 3D
nanomagnetic network [23]. Reproduced from [23]. CC BY 4.0. (h)
Rolled-up ferromagnetic microtubes [24]. (i) Microtubes in a
patterned array [24]. Reproduced from [24]. © IOP Publishing Ltd
All rights reserved. (j), (k) FeCo nanowires with uniform and
modulated diameters fabricated by electrodeposition into alumina
templates (inset) [25]. Reproduced from [25]. CC BY 4.0.

revolve around finding a series of precursors and a combin-
ation of fabrication processes that are compatible with semi-
conductor processes and allow the intricate physics offered by
3D nanostructures to be exploited in devices for e.g. memory
or sensing applications. For technological relevance, on the
one hand, large-scale mass production strategies need to be
explored. On the other hand, the integration with conventional
electronics will be important. It requires the exploration of
contact strategies in order to provide complex 3D devices with
spin-polarised currents and/or time-varying magnetic fields to
allow embedded functionality.

Advances in science and technology to meet
challenges

In many cases, the fundamental science and technologies
required to address the aforementioned challenges are already
available but like many scientific challenges require extens-
ive interdisciplinary research to find the correct implementa-
tion. Optimisation of FEBID deposition parameters can yield
carbon contamination as little as 5%, whilst high temperature

annealing increases the purity to almost 100%. With respect to
diversifying FEBID precursors, the approach to date has been
to utilise well-known systems already realised for thermal pro-
cesses (e.g. chemical vapour deposition). A fresh approach is
to design new precursors with electron-based decomposition
in mind, and to characterise in detail electron-driven chemical
changes using techniques such as x-ray photoelectron spec-
troscopy. Such studies have already produced bi-metallic pre-
cursors with high metallic content. TPL can harness a wide-
range of techniques and approaches from non-linear optical
microscopy in order to further improve feature size and speed.
Utilization of shorter wavelength lasers, allows the realisa-
tion of sub-100 nm feature size, whilst exploiting spatial light
modulators can allow the production of hundreds of foci, each
writing structures in parallel. Replacing conventional anod-
ized alumina or ion-track etched templates with those pro-
duced using TPL and harnessing chemical techniques are then
a promising approach to realise 3D magnetic nanostructures
of different architectures. Electrodeposition is already widely
used in fabrication facilities to realise a range of pure magnetic
and non-magnetic materials. A careful combination of process
condition control during the TPL step and use of chemical
cocktails, may allow the removal of the polymeric template.
Alternatively, additional processes such as ALD allow for a
conformal coating of individual nanowires and complex 3D
nanoarchitectures to either protect these 3D nanomagnets from
aggressive oxygen plasmas needed in subsequent fabrication
processes or to add further free-form 3D magnetic elements
[27].

Concluding remarks

The optimization of 3D magnetic nanostructure fabrication is
crucial to discover and then understand complex topological
spin textures, their interactions and time-dependent response.
Mastering the fabrication from the macroscopic down to the
microscopic length scales will allow one to build networks
of exotic 3D nanomagnets. We expect them to pave the way
to the next generation of functional magnetic devices which
allow for ultrahigh density non-volatile memory technologies
or charge-less information processing by either pure spin cur-
rents or spin waves in 3D architectures.
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Basics of 3D nanoprinting

With regard to design flexibility, achievable spatial resolution,
hybride structure fabrication capabilities and—to a growing
degree—materials selection, focused electron beam-induced
deposition (FEBID) is one of the most capable methods for
3D nanomagnet fabrication. In FEBID, a gaseous precursor
gas supplied via a dedicated gas injection system (GIS) is
delivered to the focus area of a focused electron beam within
a scanning electron microscope (SEM). Although all elec-
trons have a certain probability to dissociate the adsorbed pre-
cursor molecules, low energy secondary electrons (SE) are
mainly responsible for the intended growth by immobilizing
the non-volatile fragments [28]. By careful control of the lat-
eral electron beam movements and proper selection of dwell
times, a wide range of even complex 3D shapes with sub-
20 nm feature sizes can be fabricated in an additive single step
procedure [29], as illustrated in figure 3, further denoted as 3D
Nanoprinting (3DNP). The material composition and micro-
structure are largely determined by the precursor-specific dis-
sociation channels, as well as the patterning strategy [30]. With
regard to 3D nanomagnet fabrication at least three pathways
can be followed: (a) direct-write of magnetic 3D structures
using a suitable precursor, see e.g. [31], (bl) fabrication of a
3D scaffold for subsequent physical vapor deposition (PVD)
of a magnetic layer, see e.g. [32], or (b2) site-selective chem-
ical vapor deposition (CVD), accomplished by passing a dis-
sipative current through the scaffold that leads to local heating,
allowing for thermally induced dissociation of appropriate pre-
cursor gas [33].

3D growth control

For a shape-true transfer of a 3D nanomagnet model to an
actual 3D deposit several FEBID-specific aspects have to be
considered. First, the electron-induced dissociation process is
non-local, meaning that deposition will occur at any place
where SEs reach the substrate or deposit surfaces, if precursor
is available. Mostly, this is close to the primary beam impact
region (desired, local deposit area), although SEs are also gen-
erated by backscatter electrons (BSE) and forward-scattered
electrons (FSE). Second, the available precursor, i.e. adsorbate

density, depends on nearby precursor consumption and diffus-
ive replenishment, summarized in the term working regime.
This leads to a complex interplay of growth-mode and deposit-
shape dependent proximity effects, which can dynamically
change with the growing 3D structure. Since the beam move-
ment is laterally controlled, conceptual similarities to the
approach used in other 3D printing methods do exist. In partic-
ular, slicing the 3D model perpendicular to the z-axes (growth
direction) in order to extract the lateral beam positions for any
given z-height is also used in 3D-FEBID (figure 4). For any
such slice, the discretization of the lateral beam positions (x;,
y;) and associated local dwell times have to be chosen appro-
priately and are the key for high-fidelity manufacturing. For
that, it may be necessary to compensate for the local precursor
depletion by implementing a proximity correction, based on
a 3D growth simulation in order to understand the dynamic
coverage situation with implications on shape-determining
factors, as explained below.

3D-FEBID growth simulation

For practical reasons, any 3D-FEBID growth simulation
approach should be sufficiently fast to allow a systematic ana-
lysis of shape-controlling factors, such as local and non-local
SE generation, temperature-gradient formation due to energy
dissipation and spatially-resolved precursor density distribu-
tions as a consequence, to name a few. This rules out first
principle simulation approaches, as well as those relying on
molecular dynamics, as time scales involved in FEBID span
from the femto-second (electron dynamics) to milli-second
range (typical beam dwell times for 3D growth) and beyond.
An approach that has been shown to fulfill the necessary cri-
teria is numerically solving the diffusion-reaction equation
for the precursor density n (normalized to the density of one
monolayer ngy) on the surface of the growing deposit:

on(x,y) n n
T (1) -~ —afn

no
D Pn  0*n  On
+ <0x2 + 0y? * 3z2) '

This has to be done in conjunction with a Monte Carlo sim-
ulation of the primary electron beam trajectories and energy
dissipation inside the growing deposit and the substrate. Here,
(x,3,2) are points in 3D space, that are on the deposit (sub-
strate) surface at any given time 7. Relevant model paramet-
ers are the precursor flux density ¢ and sticking coefficient k,
the average precursor residence time 7, the energy-averaged
dissociation cross-section o, the local electron flux density f
and the precursor diffusion coefficient D. The essentials of
this approach are schematically indicated in figure 4 [34]. It
is important to note that electron flux density refers to SEs,
as these low-energy electrons are most efficient in precursor
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Figure 3. (a) Basic principle of FEBID, where a focused electron beam dissociates and immobilizes surface adsorbed precursor molecules.
By the controlled beam movement, bulky (b) or mesh-like 3D structures (c) can be realized, allowing for more complex (d), sheet-like (e)
and even combined (f) designs for fabrication of single objects (b)—(f) or larger arrays (g). All images are recolored, tilted SEM images with

a 500 nm wide scale bar.

dissociation, although all other electrons are contributing as
well to a minor extend. Thus, the electron flux density f is
to be obtained from the Monte Carlo simulation. In order to
account for local heating effects, that will accelerate thermal
desorption of precursor and, at the same time, increase pre-
cursor diffusion speed, the Monte Carlo results are also used
in determining the temperature distribution over the growing
deposit. This is then combined with appropriate correction of
7 and D, both of which following a temperature dependent
behavior. Note that a careful determination of the precursor-
specific simulation parameters by means of calibration exper-
iments is mandatory for a reliable simulation of 3D-FEBID
growth.

3D magnetics

In principle, 3D FEBID architectures can be used as scaffolds
for subsequent coating via PVD or CVD, which, however, can
suffer from spatial inhomogeneity and area selectivity to the
3D structure of interest. That, however, requires further pro-
cessing, which undermines the idea of direct-write 3D nan-
ofabrication. Consequently, high performance magnetic pre-
cursors such as Fe, Co or CosFe can be used for 3DNP, provid-
ing metal contents of 80 at.% for the former and >95 at.% for
the latter two [30]. Together with simulations for preliminary
design and reliable transfer, this type of 3DNP paves the way

for the fabrication of magnetic nanoarchitectures ranging from
free-standing segments to nonlinear helices or nanobridges
to highly complex nanoarchitectures. An important area of
application concerns scanning probe microscopy based mag-
netic force microscopy (MFM), where even simple, straight
pillars of Fe or Co have been used to detect magnetic sur-
face properties with high sensitivity and improved lateral res-
olution due to sub-10 nm sharp, all-metal apexes [35]. The
disadvantage of such designs are the narrow pillar diamet-
ers down to 50 nm, which can be mechanically challenging
during MFM scanning. To compensate for this, a 3D design
using CosFe precursors was demonstrated, that shows very
high and stable MFM performance (see figure 5(a)), even after
8 h of continuous operation [36]. With a view to fundamental
research, more complex architectures have been demonstrated,
that enable DW transport by applying external vector magnetic
fields, or curved structures, where geometry-controlled spin
structure changes imply an automotion of DWs. Chirality and
anisotropy can not only improve the dynamics of the DW's but
also induce chiral spin states or spin textures with new spin
topologies. Demonstrated concepts focused on, e.g. different
torsion/curvature of individual helices [37], spatially separ-
ated double helix strands with different intra-structural prop-
erties for magnetic field tuning [38] or tightly packed double
helices with changing handedness to change chiral spin states,
as shown in figure 5(b) [1]. By applying even more complex
3D designs, artificial lattice structures can be created that are
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neither provided by nature nor are accessible through chem-
ical synthesis. Figure 5(c) shows a small array of free-standing
CosFe nano-cubes that were exposed to external magnetic
fields to study the switching behavior of individual branches
and the effects on the stray magnetic field for the funda-
mental understanding of such artificial systems in which frus-
trated magnetic interactions occur at the branch intersection
points [31]. In another example, 3D magnetic designs were
used to realize a magneto-mechanical nanoactuator concept
(see figure 5(d)) that replaces electrically driven actuation by
external magnetic fields [39]. The common element of the
mentioned applications is the higher dimensional character in

combination with nanoscale elements, enabled by this type of
3DNP.

1

Summary and outlook

During the past decade, 3D-FEBID has evolved into a reli-
able technology with unique capabilities due to its direct-
write nature and 3D capabilities with nanoscale resolution.
Although the technology itself is already well advanced, a
remaining challenge is the availability of optimized precursor
materials to enable greater flexibility and faster processing
[30]. However, it is worth noting that the available Co and
in particular the CosFe precursor, remains highly effective
for magnetic applications even after fabrication, although
efficiency still poses a minor bottleneck for large area pro-
cessing. The latter also becomes highly relevant when aim-
ing on industrial applications where timely throughput is
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Figure 5. (a) SEM comparison of a commercial (top) and a 3D-FEBID (bottom) MFM nanoprobe. The associated MFM signals are shown
on the right, illustrating the strongly improved performance due to the sharp all-metal character [36]. Reproduced from [36]. CC BY 4.0. (b)
Colored SEM image of a close-packed Co double helix (left) with opposite chirality, complemented by micromagnetic simulations (center)
revealing the opposite chirality with antiparallel magnetic alignment, as shown in more detail on the right by a RH to LH Bloch wall
transition. Reproduced from [1]. CC BY 4.0. (c) Shows a complex CosFe nano-cube (top) further placed on a micro-Hall sensor (bottom)
that enables magnetic measurements, complemented by simulations to study the switching behavior of individual branches in response to
the external field (right) [31]. Reproduced from [31]. CC BY 4.0. (d) Shows a composite nano-actuated magneto-mechanical system in a
SEM top view (left), which bends left and right in response to an external magnetic field (right), therefore representing the basic element of
a magneto-mechanical nanoactuator. [39] John Wiley & Sons. [Copyright © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim].

of great importance. In this context, the introduction of
multi-beam instrumentation is highly desired, which can be
seen as another remaining challenge in this field. Among
the various precursor materials, magnetic 3D nano-objects
are of great interest because this type of 3DNP not only
enables fundamental research such as spin textures, mag-
netic dynamics or topological properties, but also offers
possibilities in terms of real-world applications including
data storage, manipulation or information transport. The lat-
ter aspects are elaborated for 3D structures in a recent review
by Reisecker et al [40] together with a general view on the

current status of 3D FEBID related applications and remain-
ing challenges.
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Status

Hybrid magnonics and its application in quantum science
kicked-off as an interdisciplinary research field about one dec-
ade ago [41]. The fabrication of 3D self-sustained low-loss
yttrium iron garnet (YIG) structures, pioneered by research-
ers from the Martin Luther University Halle-Wittenberg [42],
provides a new scalable platform for hybrid magnonic cav-
ity systems. Here, we briefly discuss optical photon—magnon
coupling in suspended YIG microdisks and magnon-phonon
coupling in micromechanical bridges or cantilever resonators.
Compared to 3D YIG spheres with a diameter of 0.3—1 mm
studied thus far [43—46], on-chip suspended YIG microdisk
cavities fabricated at Aalto University (figure 6(a)) provide
much better spatial overlap between TE and TM polarized
optical whispering gallery modes (WGMs) and spherically
symmetric magnon modes (figure 6(b)) because of reduced
size and dimensionality, which could enhance the optomag-
nonic coupling strength (g,.,) by several orders of magnitude.
Favourable scaling of g, is supported by the rich WGM
spectrum of micron-sized YIG cavities, enabling frequency
matching and angular momentum conservation between vari-
ous TE/TM mode pairs and magnon excitations at the triple-
resonance condition (figures 6(c) and (d)). After establishing
efficient optomagnonic coupling, the YIG microdisk cavities
could be used for microwave-to-optics quantum transduction,
as strong coupling between magnons and microwave photons
has been demonstrated already [41]. This would open a route
to the integration of superconducting and optical quantum
technologies.

On the other hand, YIG is a very rigid material that
promises high quality factors for mechanical oscillators. With
bridge-type free-standing mechanical resonators in the micron
regime, the resonance frequencies even of the fundamental
vibrational modes can easily reach hundreds of MHz or even
the GHz [42] regime where strong coupling to magnon modes
by magnetoelastic coupling is possible.

Current and future challenges

One of the challenges in using 3D self-sustained YIG microd-
isks as optical cavities for WGMs is the roughness of the disk
edge, as it affects the WGM Q factor. In photonics, large O
factors (~10°) have been reported for suspended silica [47]
and AlGaAs [48] disk microcavities with Ar < A/50. This
translates to a maximum allowed edge roughness of ~8 nm
and ~30 nm in experiments with blue light and telecom c-
band radiation. Another consideration relates to the spatial

overlap between the optical and magnon modes. While the
spatial overlap between the uniform Kittel mode and WGMs is
already much improved in YIG microdisks compared to mm-
sized YIG spheres, the use of higher order magnon modes or
magnetostatic modes with nontrivial spin textures could max-
imize the overlap with WGMs at the circumference of the YIG
disk even further.

The realization of magnon-phonon coupling requires the
careful optimization of the oscillating part as well as of the
connection to the substrate. While large YIG spheres are typic-
ally mounted on a fiber [49] the suspended YIG structures are
directly grown on the substrate and the connecting parts are the
most likely leakage paths for vibrational energy. Fortunately,
the fabrication technology developed in Halle [42] allows for
a large degree of flexibility in device design (figure 7(a)). In
terms of surface roughness, the requirements for mechanical
oscillators are even more stringent than for optical devices.
Ideally, the ratio between the surface and volume should be
minimized and as the surface and edge roughness may be det-
rimental for the resonance linewidth.

Advances in science and technology to meet
challenges

Recent advances in the fabrication of 3D self-sustained YIG
structures have enabled new research on hybrid magnonic
cavity systems. The favourable properties of these 3D sys-
tems such as low magnetic damping, on-chip scalability, and
flexible tuning of the resonances through cavity design or an
external magnetic field are expected to provide higher coup-
ling strengths between magnon, optical, and mechanical excit-
ations. In the advanced fabrication process, the self-sustained
3D YIG structures are patterned by e-beam lithography, room-
temperature YIG film growth, lift-off, and crystallization of
the YIG structure by annealing in oxygen atmosphere [42].
The challenge of edge and surface roughness has also been
addressed recently, leading to promising results. Using a
wet etching process after the annealing step, edge seams
are removed and smooth edges and surfaces are achieved
(figure 7(b)), that, with a roughness of 10 nm or less at
least satisfy the requirements for optical microcavities. Also,
in all-YIG mechanical microresonators a proof-of-principle
could be demonstrated (figures 7(c) and (d)) by the group
of Hans Hiibl who measured mechanical oscillations using
interferometry [50] on micron sized YIG cantilevers fabric-
ated in Halle.

Concluding remarks

Although a young research field, the development of 3D sus-
pended YIG structures has already achieved a state beyond
the mere proof of principle. Structures have been fabricated
that theoretically fulfil the requirements for optical photon—
magnon coupling and the first mechanical resonances have
been measured though at relatively low frequency.
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Status

Plasmonics provides a unique approach to confine and
enhance electromagnetic radiation at the nanoscale, bringing
a huge potential for novel applications, for instance, in energy
harvesting, optoelectronics, and photochemistry. To achieve
novel functionalities, finding new synergies between plas-
monic and other material properties has become increasingly
attractive. Magnetoplasmonics, the combination of magnetism
and plasmonics, is a promising route to enhance magneto-
optical and opto-magnetic functionalities, including ultra-
fast magnetic phenomena [96]. Until now, the large major-
ity of works in magnetoplasmonics have been focused on
flat planar nano-objects and arrangements, namely 2D sys-
tems, such as 2D nanoantennas and crystals. Initial attempts
to exploit the third dimension showed that the out-of-plane
interaction between metallic nanoantennas stacked vertically
(see figure 16(a)) can lead to (i) the appearance of magneto-
optical activity in the purely plasmonic disk and (ii) to
both an enhanced and a vanishing (i.e. transparent) magneto-
optical response (figure 16(b)) at specific wavelengths [97].
The additional collective optical and magneto-optical excit-
ations that can be excited in magnetoplasmonic, so far only
2D, crystals, made of such vertically stacked nanoanten-
nas, were later shown to enable (i) superior refractive index
sensitivity [98], and (ii) a versatile modulation of the magneto-
chiral response of nanoscale systems with enhanced enantio-
sensitive functionalities [99]. It has been also shown that
2D magnetoplasmonic crystals made of in-plane geomet-
rically anisotropic nanostructures allow a non-trivial inter-
play between the directly excited and the magneto-optically
induced electric dipoles (see figure 16(c)), thus providing a
broadband control of light polarization and intensity [100].
This concept was later extended, only theoretically, to 3D
ferromagnetic nanoantennas (e.g. pillars and cones), where
the combination of resonant and off-resonant localized plas-
monic excitations along the three directions in space further
allows optical loss control and the boost of the magneto-
optical response (see figure 16(d)) [101].

Initial modelling efforts on 3D plasmonic crystals showed
the enormous benefits that would arise from their far richer
optical band structure and hybridization effects [101]. 3D
magnetoplasmonic crystals are expected to show the very
same effects, in this case on both the optical and magneto-
optical band structures, thereby enabling a far improved and
richer magneto-optical response as compared to the present
2D counterparts [102]. In addition, the emergence of unique
3D spin textures occurring in 3D nanomagnetic systems (see
sections 9 and 11) that can extend over distances comparable
with the radiation wavelength in the visible and near-infrared
spectral range, should enable a superior magnetic control of
light.

28

Current and future challenges

These initial incursions of magnetoplasmonics in the 3D realm
mentioned above had already provided a clear hint of the
great potential that the exploitation of the third dimension
could unleash, and efforts in this direction are multiplying. A
big challenge in magnetoplasmonics, is to mitigate the pres-
ence of the losses, which hinder the possibility to have large
magneto-optical effects. This is true also for 2D systems and
in the case of 3D systems, high losses are even more detri-
mental since they would reduce the penetration of light inside a
3D magnetoplasmonic crystal. Even ferrimagnetic dielectrics
are lossy compared to semiconductors and transparent oxides
for photonic applications, and this is a limitation in view of
practical devices where magnetic and plasmonic functional-
ities can be exploited. Interestingly, the band structure of 3D
crystals might help in this respect since waves with frequen-
cies within the forbidden gap should give rise to very sharp
and low loss propagating modes with a great potential for
sensing and quantum photonic applications [103]. However,
such waves are transported only over a limited distance, the
so-called Bragg length, thus limiting the full exploitation of
the magneto-optical interactions along the third dimension
in magnetoplasmonic crystals. Moreover, the excitation of
volume collective modes in 3D plasmonic and magnetoplas-
monic crystals is predicted to produce reflective modes resi-
lient to the plasmonic absorption, exhibiting reflection that
approaches unity with extremely low loss, as well as the emer-
gence of lattice matched scattered waves leading to full trans-
mission through a spectral transparency window [104]. These
attractive optical properties of the volume collective modes
may lead to a breakthrough in the design of low-loss and
efficient 3D magnetoplasmonic metamaterials for novel lin-
ear and nonlinear photonic applications. Thus, sending waves
much deeper into these crystals represents both an opportun-
ity and a big challenge. Furthermore, it is worth mentioning
that 3D magnetoplasmonics might be key for the advance-
ment of light-driven magnetism. It has been recently shown
that plasmonic vortices carrying orbital angular momentum
can be generated and manipulated using relatively low mag-
netic fields [105], and the inverse effect to induce topological
spin textures (see sections 9 and 11)might be achieved in the
near future.

Finally, the perhaps biggest challenge is the ability to fab-
ricate and characterize (see also sections 1, 2, 4, and 5) high
quality hybrid 3D magneto-plasmonic structures, as this rep-
resents the first necessary step to achieve suitable 3D mag-
netoplasmonic systems to investigate all the intriguing physics
described above.

Advances in science and technology to meet
challenges

Designing the complex plasmonic structures described above
is challenging due to their multiscale nature since computa-
tional modelling of nanoscale building blocks require very fine
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Figure 16. (a) Left panel: schematic drawing of the nanoresonators composed of a purely plasmonic Au disk and a magnetoplasmonic
Au/Co superlattice disk separated by a dielectric spacer. Top-right panel: spring model representing a two coupled masses system excited by
a harmonic force, F(t), along x axis. One of the masses (blue) is charged (¢) and a static magnetic field (B) is applied along the z direction,
inducing a Lorentz force, F(¢), along the y direction. The y-movement is transferred to the other mass through the coupling. Bottom-right
panel: two interacting electric dipoles, representing two metallic disks, excited by an incident beam polarized along the x axis. One of the
disks (blue) has magneto-optical activity and a static magnetic field (B) applied along the z direction induces a rotation of its electric dipole,
which is transferred to the other dipole through the interaction. The rotation modifies the polarization direction of the reflected (E,) and
transmitted (E;) light. (b) Difference of the E; components for magnetic saturation along opposite directions in the same planes and for the
same structure. This difference accounts for the effect of the applied magnetic field: the appearance of a dipole along the y direction for both
the magnetoplasmonic (intrinsic dipole) and the plasmonic (induced dipole) disks. In both cases, the components for three different
wavelengths labelled with different colours (red, green, and blue frames). At specific frequencies (e.g. see green frame) the magneto-optical
response is suppressed due to the destructive interference between the two dipoles. (c) Schematic overview of the interplay of the directly
excited (left, resonant oy, and off-resonant «;;) and spin—orbit coupled (right, resonant ) nanoantenna modes that all together deliver
exceptional light polarization rotation control. Light incidence (p-polarized) and applied magnetic field are marked. (d) Schematic set of 3D
nanoantennas (top, left) with highlighted dipolar on (yellow, orange)/off (grey) resonance modes. p-polarized light is always used.
Calculated Kerr signals for the nanoantennas in panel in L-MOKE (top, right), P-MOKE (bottom, right), and T-MOKE (bottom, left).
Panels (a) and (b) are reprinted with permission from [97] © Optica Publishing Group. Panels (c) and (d) are reprinted with permission from
[100]. Copyright (2014) American Chemical Society.

spatial discretization of the computation domain and, inin the ~ Additionally, it was recently shown that data-driven explor-
case of finite size 3D crystals, also large simulation domains. ation of the possible space of photonic band gap crystal struc-
To tackle this challenge, two approaches are generally taken: tures is also a promising approach, as it was suggested that
(i) the effective medium approximation, which is computa- many current data-driven heuristic approaches provide gen-
tionally light but neglect the nanoscale effects and (ii) the use eral guidance to designing crystals for photonic band gaps.
of a unit cell with periodic boundary conditions. The latter ~Regarding the Bragg length limitation hindering the penetra-
approach fails to describe the photonic properties arising from tion of waves with frequencies within a forbidden gap men-
their finite-size. In this context, it has been shown that the tioned above, two main strategies can be followed. By spa-
finite-difference time-domain method can be used to accur- tially shaping the wavefront, the internal energy density can be
ately calculate the photonic band structures of finite crystals enhanced at a tuneable distance away from the front surface,
at different size scales (figure 17(a)) [106]. The same meth- up to one order of magnitude more than the Bragg length [103].
odology, combined with discrete adjoint method, allows to At the same time, it is possible to penetrate deeply inside a
carry out inverse design of plasmonic structures using density-  plasmonic crystal by exploiting the coupling between the sur-
based topology optimization and achieve desired optical prop- face propagating plasmon modes and the underneath crystal
erties by predicting a complex structure geometry [107]. structure [108].
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Figure 17. (a) Approaches to calculate the properties of photonic crystals, i.e. infinite lattice for band structure calculations, effective
medium theory for optical properties like reflectance, and proposed FDTD simulation for finite supercrystals. (b) Fabrication, purification,
and 3D possibilities. Top-left side: a gas injection system (GIS) injects preheated precursor molecules in gaseous states (Mez(acac)Au(I1l)
in this study) in close proximity to the substrate, where they adsorb, diffuse and, if not dissociated, eventually desorb again. Upon
interaction with a focused electron beam, local dissociation leads to immobilization of the respective metal, which forms the intended
deposit. As a result of incomplete ligand cleavage not only Au atoms (orange spheres) but also carbonaceous fragments (grey spheres) are
co-deposited, which is why FEBID structures naturally contain high amounts of carbon. The whole fabrication procedure is typically
performed at 21 £ 1 C and 10-5 Pa. Right panel: 3D nano-printing design possibilities, ranging from meshed objects over sheet-like,
semi-closed toward closed and mixed architectures. Also, scalability is provided, to generate micrometre-sized assemblies for individual
applications (see tetrapod array). To remove the carbon, the scheme on the bottom-left panel illustrates a suitable purification process, which
takes place in a low-pressure H>O atmosphere ranging between 50-100 Pa at 21 £ 1 C. Using again the focused electron beam leads to the
local removal of carbon, leaving nominally pure, polycrystalline gold nanostructures with a volume loss of up to two thirds. Depending on
the height of the nanostructure, the beam conditions must be adapted such that the interaction volume can cover the whole structure volume.
Panel (a) is reproduced from [106] with permission from the Royal Society of Chemistry. Panel (b) is [109] John Wiley & Sons. [Copyright

© 2023 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim].

At the fabrication level, currently there are few techniques
that allow 3D-printing of nanoscale hybrid plasmonic and
magnetic structures. One example is direct laser writing using
multi-photon polymerization to create 3D polymer scaffolds
followed by the deposition of metallic layers. The resolu-
tion of this approach is limited, although sub-micrometric,
and multiple materials, e.g. plasmonic and magnetic, can
be deposited only in form of multilayers. The most prom-
ising approach is the use of focused electron-beam-induced
deposition (FEBID), a highly flexible additive 3D direct-write
technology with spatial nano-scale precision (figure 17(b)).
A computer aided design approach supplants trial and error
toward more precise/accurate FEBID required for the realiza-
tion of suitable 3D nanostructures, to achieve customized plas-
monic responses, therefore paving the way for yet unrealized
plasmonic applications in 3D space [109].

Concluding remarks

In summary, we have discussed how magnetoplasmonics in
3D can open new avenues towards a superior control of
magneto-optical and opto-magnetic effects stemming from
the richer 3D photonic band structure combined with unique
3D spin textures. The full exploitation of these 3D features
requires that light can penetrate deep inside the magnetoplas-
monic structure. This poses a serious challenge given the lossy
nature of materials, typically metals, utilized for implement-
ing such 3D systems. Recent encouraging results have shown
that this challenge might be circumvented by proper shaping
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of light waves and by exploit the coupling between photonic
modes along the out-of-plane direction. Further advancements
in the theoretical understanding and modelling are therefore
required to enable quantitative and reliable predictions for
such complex systems. To face such challenges, data-driven
approaches combined with inverse design and finite difference
time domain methods look promising to design and predict the
optical behaviour of complex 3D magnetoplasmonic crystals.
The other grand challenge is the precise nanofabrication of
such 3D systems. Thanks to the impressive progress in the fab-
rication of complex multi-material 3D structures with nano-
metric control, approaches based of focused ion beam milling
and focused ion/electron beam induced deposition seem to be
the best candidates to achieve the objective.
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Status

The energetic ground state of a magnetic material is the res-
ult of various competing local and non-local magnetic inter-
actions among the individual spins and is characterized by a
specific arrangement of all spins in so called spin textures or
magnetic domains. The distribution of magnetization vector
fields can be associated to mathematical entities and, thus, to
the concept of topology which allows to classify geometrical
properties of continuous structures. Two structures are con-
sidered topologically equivalent if there is a continuous map-
ping from one to another. In the case they are not equivalent,
a continuous transformation is forbidden thereby providing a
finite energy barrier in a physical system—known as fopolo-
gical protection—between these two vector field distributions
[110].

Magnetic skyrmions are among the most prominent
examples of topological spin textures that have been recently
intensely studied both for fundamental and applied reasons
[110]. They are considered as 2D spin textures, character-
ized by a unitary skyrmion number which is defined as Ny =
[ (G G
magnetization. Topologically, magnetic spin textures with the
same skyrmion number are equivalent.

Whereas this is true for systems, where the thickness of the
magnetic material exceeds material specific exchange lengths,
the 2D characters of spin-textures evolve in more complex
objects with a non negligible 3rd dimension [6] (see figure 18
for four examples). The 3rd dimension changes dramatically
the properties and behavior of spin textures. The velocities
of DWs in 3D should be much larger than their 2D coun-
terparts. For example, Bloch point type DWs show absence
of the Walker breakdown and their velocity exceeds even
the speed of sound in 3D nanowires [111]. Magnetic vor-
tices can be observed in the form of a 3D vortex—antivortex
pair called a vortex ring [7]. Trivial extensions into the 3rd
dimension for skyrmions are skyrmion tubes found both in
bulk and multilayer systems [8]. More interesting are non-
trivial 3D topological spin textures such as chiral bobbers [8],
skyrmionic cocoons [112, 113], or Hopfions [6]. The latter
can be classified by an additional topological quantity, i.e. the

), with m being the unit vector of the
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Hopf index [114] H= (4;)2

. Here, € is the Levi-Civita tensor and i,j,k =
{x,y,2}. A is a vector potential such that F = V x A. A mag-
netic Hopfion can be envisioned by twisting a skyrmion tube
along the tube axis, followed by connecting the two ends of
the twisted tube into a torus. Lines with constant magnetiza-
tion direction (isolines) circle around the surface of the torus.
Under certain conditions, the Hopfions motion does not exhibit
a topological Hall effect, which leads to an unwanted sideways
motion in magnetic racetracks. Recently, Hopfions have been
experimentally observed in bulk [115] and multilayer systems
[116].

[[f &*rF - A, where F; = c;um -
(Bimxakm)
2

Current and future challenges

3D topological spin textures are of great interest in current
and future research of fundamental phenomena in magnetic
materials, but are also key to understand properties and func-
tionalities in future spintronic applications. To advance those
areas of research and technology, challenges in the design and
theoretical understanding of 3D topological spin textures with
bespoke static and dynamics properties need to be overcome
(see figure 19).

The utilization of 3D textures in applications will benefit
from electrical manipulation. Reliable and efficient protocols
for the nucleation of 3D spin textures driven by electrical cur-
rents are necessary. While current-driven dynamics have been
predicted, there is still a large gap in experimental evidence,
except for a first demonstration for magnetic cocoons [113],
and skyrmion tubes [117]. Since the electrical signature could
depend on the Hopf index, this might open the way to use
the Hopf index as a design parameter for future innovative 3D
storage devices.

Frustration is commonly used to stabilize 3D textures and
frustrated magnets exhibit non-standard contributions to the
STT and topological Hall effect. Modeling, measuring, and
analyzing the response of frustrated 3D textures to these novel
terms will be important to expand their dynamical features.

Neuromorphic computing requires a precise control and
local manipulation of 3D spin textures, which is challenging
due to local variations of parameters. Proper field/current pro-
tocols that can be applied in a reduced region only need to
be developed for this purpose. A recent prediction in neur-
omorphic computing is the use of Hopfion interactions with
spin-waves [118], which would launch a new future research
direction, i.e. Hopfion Magnonics. Prerequisite will be an
accurate analysis to understand how 3D spin textures can inter-
act with spin-waves (scattering, soliton dynamics, deforma-
tions), and how 3D textures could generate spin-waves. The
latter could serve as a fingerprint for the identification of the
3D spin texture itself.

Future synthesis of 3D topological spin textures benefits
from recent developments in advanced nanostructuring tech-
niques, e.g. to overcome the limitation of 2D lithography by
3D laser lithography. Here, TPL is an emerging tool and has
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From an experimental point of view, further advances in
synthesis and fabrication capabilities of 3D topological spin
textures are needed. For example, the integration of Artificial
Intelligence/Machine Learning will drive new processes in
additive manufacturing, which could benefit 3D nanomag-
netic systems. Of equal importance for the synthesis of 3D
topological spin textures are recent advances in nanostructur-
ing techniques. An example is the electrochemical deposition
to synthesize cylindrical magnetic nanowires via engineered
highly ordered (hexagonal lattice) nanoporous anodic alu-
minum oxide templates with controllable diameter and inter-
pore distances, that led e.g. to free-standing low density inter-
connected metallic nanowire networks.

Advanced characterization of 3D topological spin textures
is essential to validate and to detect both spin-waves and topo-
logical textures and how they interact. Among the most prom-
ising directions, there are current developments in techniques
notably using electron and x-ray tomography based on state-
of-the-art electron microscopes as well as novel x-ray tech-
niques, such as x-ray laminography and ptychography. Finally,
co-design approaches spanning from basic material science
to devices, algorithms and systems are worth considering to
accelerate a deep integration of spintronic devices with 3D
topological spin textures towards their technological applic-
ations. Figure 19 summarizes the concept of this co-design
approach.

Concluding remarks

The research on topological aspects in 3-dimentional spin
textures is a rapidly emerging field of research and has
already created a wealth of new research directions with novel
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concepts that are highly relevant for future technological
applications. Non-trivial 3D topological spin textures, which
might be advantageous compared to 2D skyrmion systems are
so far much less investigated due to the challenges as dis-
cussed here. The achievement of new theoretical and exper-
imental tools will have the potential to develop new build-
ing blocks for future technologies (see figure 19), and meet
technological challenges related to high density, 3D intercon-
nection and ultralow power neuromorphic computing, as well
as low power microelectronics in general. A very promising
route for Hopfion Magnonics seems to have opened recently
[118]. To conclude, extending 2D skyrmion systems into the
3rd dimension will enable systems with higher complexity
and leverage chirality as an inherent 3D phenomenon that
has impacted nature from the smallest to the largest length
scales.
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Molecules have played a key role in nanomagnetism, par-
ticularly in evidencing quantum effects in macroscopic
magnetization [119]. The tuneability of the magnetic para-
meters, the quantum nature of the molecular spin, the strict
monodispersed character in ensemble measurement, and the
ease of processing, which has made single-molecule mag-
netic investigations accessible, are the cornerstones on which
molecular nanomagnetism has been flourishing in the last
decades.

Magnetic anisotropy has been the critical parameter to
optimize to induce a large potential barrier for the reversal
of the magnetization of individual molecules, called single-
molecule magnets [119]. These magnetic molecules became
thus a model of zero-dimensional magnetism. Spectacular pro-
gress has been made in the chemical design of highly aniso-
tropic systems, though at the expense of the chemical robust-
ness of the molecular scaffold [120]. Indeed, metal ions with
a low coordination number—thus more reactive—favour size-
able magnetic anisotropy. If, on the one hand, miniaturization
has processed down to evidencing magnetic bistability in a
single atom deposited on a non-magnetic oxide, on the other,
the operative temperatures remain far from room temperature.
This is not a significant drawback for quantum applications
that are still restricted at cryogenic temperatures [121]. Most
quantum applications necessitate long coherence of the super-
position of quantum states, which in electron spin systems is
optimized when the spin—orbit coupling is minimized, and the
environment is nuclear spin-free. Achieving the latter condi-
tion is particularly challenging in molecular materials, but this
disadvantage is effectively countered by the high tunability of
the spin Hamiltonian at the synthetic level, thereby expanding
the arsenal of quantum logic tools available [122].

Control of magnetic exchange interactions between the
molecular units is also mandatory to harness the vast poten-
tial of molecular chemistry in magnetism. Here, the chem-
ical design has benefited from the qualitative but very helpful
Goodenough—Kanamori rules established in the’50 based on
the symmetry of the orbitals carrying the unpaired electron or
involved in the super-exchange pathways. Quantum chemistry
has also contributed significantly, and DFT calculations can
predict exchange coupling constants ranging from thousands
to hundredths of kelvin with great accuracy. When assem-
bling magnetic units into one-, two- or three dimensions, the
architects of the matter can now control both magnetic aniso-
tropy and magnetic interactions concurrently with the spatial
arrangement of their building units. This control of matter at
the molecular level has given access, for example, to unpre-
cedented magnetic behaviours like single-chain magnet [123]
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and has enabled the design of unprecedented lightweight mag-
nets as the one shown in figure 20 [124, 125] that order far
above room temperature and possess a coercivity that com-
pares well with the inorganic magnets used in our modern
life.

Modern coordination chemistry and molecular chemistry
offer to the field of molecular magnetism a quasi-infinity of
opportunities to design at will the next generation of magnetic
materials with premediate and controlled physical properties.

Current and future challenges

One of the key issues in molecular magnetism, but more
generally in magnetism, is the simultaneous maximization of
magnetic exchange interactions and magnetic anisotropy. The
first requires significant electronic delocalization, while the
second involves retaining unquenched orbital contributions
to the magnetic moment. The latter are maximized in three
positive lanthanide ions where the unpaired electrons reside
in the well-shielded 4f orbitals, which do not promote sig-
nificant orbital overlap and strong magnetic exchange. Many
efforts have been devoted to the use of bridging ligands car-
rying unpaired electrons, with the Ngf' radical having the
highest efficiency in transmitting the exchange interaction.
Unfortunately, the obtained materials are only stable at low
temperatures and in an inert atmosphere.

Learning from traditional magnetism, mixed valence in
oxides promotes efficient ferromagnetic interactions through
the ‘double exchange’ magnetism. The unprecedented realiz-
ation of a mixed-valence Gd™/I organometallic dimer, whose
structure is shown in figure 21, has demonstrated that the
exchange interaction can be as large as 1000 K, overwhelm-
ing any previous report. Anisotropic lanthanides such as dys-
prosium in the isostructural molecule exhibit a coercive field
larger than 14 T for temperatures below 60 K [126]. These
disruptive results immediately pose the question of whether a
chemical approach based on mixed-valence in lanthanides can
be developed to achieve an extended and chemically robust
lattice for ultra-hard magnets like it was done recently for
3d metal ions such as chromium [124, 125]. Combining the
mixed valency of metal ions and/or organic bridging ligands
with a proper orbital synergy into two- or three-dimensional
networks appears to be a strategy of choice to promote long-
range ferro- or ferri-magnetic order at ambient temperature
in molecule-based materials. These future systems and their
large electron and spin delocalization on extended networks
also offer the opportunity to engineer materials with high con-
ductivity playing on the stoichiometry of the electrons deloc-
alized on the network [127].

Molecular magnets also have a great potential in nano-
magnetism for the possibility to exploit supramolecular, i.e.
non-covalent interactions such as van-der-Waals, 7t-stacking,
or hydrogen bond interactions, to obtain magnetic nanoarchi-
tectures from soft bottom-up and self-assembly approaches.
Magnetic exchange mediated by van-der-Waals interactions
is currently investigated in 2D or layered inorganic lattices
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The research field in magnetism dealing with the impact of
geometric curvature on magnetic responses of curved 1D wires
and 2D shells is known as curvilinear magnetism. The expres-
sion ‘curvilinear magnetism’ was introduced back in 2016 by
Streubel et al [21] and is currently used to describe consol-
idated activities of the fundamental and application oriented
interdisciplinary community of physicists, chemists, mater-
ial scientists and biologists [132]. In addition to device ideas
in memory and logics (see section 17), curvilinear magnetic
architectures are considered for brain-inspired computing and
3D interconnectivity and enable novel applications scenarios
including artificial fertilization, skin conformal and printed
magnetoelectronics. The latter explorations already resulted in
technology transfer activities aiming to commercialise mech-
anically re-shapeable spintronic devices (see section 18).

In this roadmap, we deliberately focus on prospective fun-
damental developments in the field of curvilinear magnetism.

Over about a decade of an intensive research, curvilinear
magnetism emerged from a neat mathematical abstraction to a
powerful micromagnetic framework, which is used to predict
new physical phenomena and guide experimental research.
This is a mathematically strict theory which resembles a new
leap in the contemporary micromagnetism. Technically speak-
ing, within the curvilinear magnetism approach, the geometric
properties of a magnetic object are embedded in the micro-
magnetic energy functional to explain experimental observa-
tions or results of micromagnetic simulations (see sections 13
and 16) in terms of effective anisotropic and chiral interac-
tions. These interactions emerge from any spatial derivative
in the energy functional (exchange, Dzyaloshinskii-Moriya
interaction (DMI), magnetostatics, spin transfer and spin—orbit
torques) when performing coordinate transformation from the
Cartesian to a curvilinear reference frame. The curvature has
influence on the ground state and on the magnetization dynam-
ics (spin waves, DWs and skyrmions) in a geometrically
curved object.

It is established that magnetochiral responses of any curvi-
linear ferromagnetic nanosystem are governed by the meso-
scale DMI, which is determined via both the material and
geometric parameters. Its strength and orientation can be
tailored by properly choosing the geometry, which should
enable stabilizing distinct magnetic chiral textures includ-
ing skyrmion and skyrmionium states as well as skyrmion
lattices. In 2020, the local theory of curvilinear magnetism
initially proposed by Gaididei et al [133], was extended to
account for nonlocal interactions like magnetostatics [134].
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This curvilinear micromagnetic framework allows to predict
existence of a novel nonlocal chiral symmetry breaking effect,
which is responsible for the coexistence and coupling of mul-
tiple magnetochiral properties within the same curvilinear
magnetic nanoshell [135].

The relevance of the curvilinear magnetism is dictated
by the active exploration of geometrically curved magnetic
architectures in fundamental research and technology (see
sections 1 and 2). The impact of geometric curvature on
magnetic textures in curved shells is categorised in a con-
venient textbook manner [134] to ease its utilisation in fun-
damental and application-oriented research, which currently
affects each and every topic in modern nanomagnetism includ-
ing spintronics (see section 18), spin—orbitronics and magnon-
ics (figure 22) (see sections 14 and 15).

Current and future challenges

Magnetomechanics: the current theory of the curvilinear mag-
netism does not address the effects of strain (or in general mag-
netomechanics). This makes the current theory incomplete and
does not allow to have a complete understanding of the pro-
cesses, which happen for instance in flexible magnetic sensor
devices upon mechanical deformation. Therefore, one of the
important milestones in the development of the theory of cur-
vilinear magnetism is its extension to tackle the effect of strain
in curved architectures, which is relevant for any practical
assessment of the performance of devices based on these low-
dimensional systems.

Magnetic ordering beyond ferromagnetism: Curvature
effects are considered primarily in ferromagnetic systems.
Considering their relevance for energy efficient and ultra-
fast spintronics, it is insightful to extend the theory to anti-
ferromagnets. Fundamentally, they offer a boarder range of
coupled magnetic order parameters and interactions includ-
ing weak ferromagnetism and homogeneous DMI. Curvilinear
antiferromagnets offer geometrically tunable orientation of the
Neel vector, the helimagnetic phase transition and hybridiza-
tion of spin wave modes [146]. The perspective of these pre-
dicted curvature effects for engineering of chiral and aniso-
tropic responses and soliton dynamics for applications is not
explored by now.

Magnetoelectric responses in curvilinear architectures:
Recently, Ortix and van den Brink made a theoretical pro-
posal towards realising magnetoelectric responses rely-
ing on zig-zag shaped ferromagnetic nanowires with DMI
featuring alternating magnetization [147]. The experi-
mental activities on this appealing topic, which makes
a link towards multiferroic community, are not started
yet.

From micromagnetic to B-field textures: Recently,
Donnelly et al went beyond the consideration of micromag-
netic textures and addressed magnetic field nanotextures pecu-
liar for 3D curved nanowires [38]. The conceptual novelty is
the demonstrated possibility to realise textures in the magnetic
induction like cross-tie B-field textures (see section 5). In con-
trast to the topological magnetization textures like DWs and
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Mechanical deformation of these wires can offer a possibility
to deterministically tailor strain distribution in a curved wire.
These samples could enable new fundamental insights in
the physics of curvilinear magnetism with magnetostriction-
related effects.

Considering their broad experimental availability, mag-
netic wireframes like N-pods and N-torus of soft magnetic
materials are expected to gain major interest due to the pos-
sibility to stabilize magnetic textures of higher order vorti-
city. These objects are of relevance for magnonics and uncon-
ventional computing. Relevant experiments on the realization
of physical magnetic reservoirs are pending as the integra-
tion of curved architectures in electronics circuits should be
established. Furthermore, magnetic wireframes can be used to
design topological magnetic field nanotextures offering vast
capabilities in shaping of the magnetic near fields as relev-
ant superconducting electronics, e.g. for pinning of supercon-
ducting vortices aiming to control the electrical resistance of
superconductors [148, 149]. The potential of curvilinear mag-
netic architectures for ‘magnetricity’, which is concerned with
the steering of emerging magnetic monopoles in 3D artificial
spin-ice systems starts to gain attention as well.

Concluding remarks

Conceptually, curvilinear magnetism offers a new approach
to material science. Indeed, we can predict how any conven-
tional magnetic film (say, Co or Permalloy) should be geo-
metrically curved to enable anisotropic or chiral responses,
which are needed for the specific application scenario. Such
a geometric tailoring of magnetic responses is complement-
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ary to the usual materials screening approach where material
responses are adjusted by the proper choice of the magnetic
material, doping or interface engineering with needed sym-
metry and needed strength of micromagnetic parameters.

The current curvilinear magnetism is a truly multifaceted
research field, which contributes to nanomagnetism, spintron-
ics and spin-orbitronics, curvilinear magnonics, 3D magnon-
ics, soft robotics, biology and medicine, and flexible and prin-
ted electronics. Attention has been brought to various applic-
ation proposals that arise from curvilinear geometries and are
at different levels of readiness for technological implement-
ation. Most of them require further deepening of theoretical
framework and wait for experimental realization in the form of
device prototypes. At the same time, there are already mature
technologies, especially those related to shapeable magne-
toelectronics, that reached the sufficiently high technolo-
gical readiness level to anticipate rapid industrial implement-
ation of flexible and printable sensor technologies. We expect
that this perspective will stimulate further developments
in curvilinear magnetism, their interconnections with other
research communities addressing curvature-induced effects in
live science, soft and condensed matter, as well as, indus-
trial explorations by high-tech spin-offs and R&D-oriented
companies.
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Status

Ultrathin magnetic films have been the subject of extens-
ive research, however, there remains a critical need for a
comprehensive understanding of the transition between their
2D and 3D properties. When the thickness d of a magnetic
film exceeds a few tens of nanometers, the magnetization M
can describe some texture along the thickness, and even at
saturation, spin waves (SWs) show dynamic modifications.
Several analytical approaches have been used to describe SW
dynamics in ferromagnets. The first is applicable for samples
with ellipsoidal shape, which assumes a saturated state and
a homogeneous internal magnetic field. It has been used to
derive the SW dispersion in thin films with the semi-analytical
approach of Damon-Eshbach or Wolfram-De Wames and the
analytical dispersion relation of Kalinikos and Slavin [150],
particularly useful for thin films, but also for shapes where
simple quantization of the wavenumber can be introduced.
A second approach assumes a static magnetization ansatz,
e.g. 1D domain wall (DMW), 2D skyrmion, or a 3D hop-
fion texture, where the SW spectrum can be obtained after
linearisation of the Landau-Lifshitz equation. These models
are restricted to a soliton object, and separate approaches are
used for soliton dynamics (Thiele equation) and SW dynam-
ics. When nonlinear effects are involved, the amplitude for-
mulation of the interacting waves is extensively used, partic-
ularly for describing multimagnon processes [151]. Overall,
SW dynamics assume plane-wave solutions with a further
extension made by considering the lattice of interacting mag-
netic elements or perforated magnetic films, where Bloch the-
orem was used to calculate the SW dynamics of 3D magnonic
crystals [152]. The dynamic matrix method (DMM) [153] has
also been used to study thick films and magnetization-graded
systems [154]. It is a micromagnetic approach that involves
dividing the magnetic medium into small elements with known
analytical solutions [155].

The complexity of 3D structures introduces a level of soph-
istication beyond that encountered in the previous models,
making the computation of the dynamics very demanding and
hardly amenable to analytical or semi-analytical approaches.
Nonuniform magnetization textures or patterns modify the
potential landscape at equilibrium for spin dynamics and
induce a local magnetic field inhomogeneity, additionally to
the outer edges of the sample. Developing analytical models
is necessary to deepen the knowledge of the physics, to under-
stand the process responsible for the observed experimental

40

or simulated phenomenon, and to support the development of
numerical models that will provide the tools for optimization
and thus technological exploitation of 3D nanomagnets.

Current and future challenges

Kalinikos and Slavin [150] developed a perturbation SW the-
ory for the case of mixed boundary conditions. In the limit
kd < 1 gives the dipole-exchange spectra for SWs, which
can propagate with a wavevector k :EII + (nm /d)z, being
EH the in-plane wavevector and n an integer mode num-
ber related to the perpendicular standing SWs (PSSWs). The
exchange coupling dominates when d is comparable to the
exchange length, and the homogeneous mode (n = 0) is the
low-frequency one. The higher-order PSSW modes (n > 1)
arise when the thickness increases since their frequency is
reduced. Nonetheless, the mode hybridization induced by
the dipolar coupling destroys the symmetry along the thick-
ness, provoking a shift of the quantized nodal points, as
predicted from the off-diagonal elements of the Kalinikos
approach [150, 156] and the DMM [154, 155] (see Fig. 23).
In addition, if the system has a magnetic parameter that var-
ies along the normal direction, it is a challenge to derive
the correct dispersion relation and quantization of the SW
modes.

Recent technological advances enable the fabrication of
magnetic graduated nanostructures coupled with different
non-magnetic materials and hosting different spin textures
depending on the thickness and material features. It opens a
realm of possibilities for tailoring the properties and poten-
tial functionalities of nanostructures. While graded structures
exhibit enriched dynamic properties, they simultaneously
elevate the intricacy of analytically describing the physics that
governs their behaviour. Therefore, the extension of analyt-
ical methods, such as the DMM, to new geometries that allow
non-uniform states is an exciting challenge. Here, the correct
treatment of boundary conditions and edge effects is of para-
mount importance. Indeed, it can lead to boundary-driven twist
states (see figure 24) in the presence of Dzyaloshinskii-Moriya
interaction (DMI) [157-159]. For instance, free boundary con-
ditions change the orientation of the pitch vector of typical hel-
ical states in a bulk DMI films [157], as shown in figures 24(b)
and (c). Hals and Everschor-Sitte used the generalized DMI to
develop the complete form of the boundary conditions at the
surface, which reads 2J;7;,0m = —m x (I'p x m), where J;; is
a symmetric matrix defining the spin stiffness, n is the surface
normal, m the unitary magnetization, and (I'p), = m;n;Dy is
the boundary-induced DMI field, which depends on the com-
plete tensorial structure of the DMI tensor D, and not only
the antisymmetric part [158]. For thick films with intrinsic
DMI, a non-zero symmetric component of Dy near the inter-
face with a heavy metal [159] locally changes the radius of a
skyrmion (figure 24(a)).
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Advances in science and technology to meet
challenges

Advances in computation technologies have made possible
the realistic numerical evaluation of the dipolar coupling in
nanostructures, which is the most neglected energy term and
expensive in calculation time due to its non-local charac-
ter. Nowadays, it is known that the local approximation of
the dipolar coupling, valid in the ultrathin limit, does not
capture its non-local nature (see section 12 on Curvilinear
Magnetism), which may cause chiral DW motion and non-
reciprocal SW propagation [132, 134]. To realistically model
3D nanomagnetism, analytical theories must consider the
dipolar coupling, allowing the magnetization to vary across the
volume [160, 161]. In the macrospin model, for instance, it is
assumed that each nanoelement is homogeneously magnetized
and expresses only homogeneous precession in the element.
The interaction between the nanoelements is limited to the
dipolar and is considered when calculating the ground mag-
netization state and harmonic oscillations around this equilib-
rium. This approach become very useful for analysing artificial
spin-ice (ASIs), i.e. the lattice of the ferromagnetic nanoele-
ments interacting only by the magnetostatic fields. Recently,
the computer code Ganice has been made public [162], which
uses this approach for the calculation of SW dynamics in ASIs
while allowing for additional magnetization tilt at the nanoele-
ment edges and additional periodic boundary conditions for
determination of the SW dispersion in planar structures. In
principle, it can be progressed by extending to multilayered
nanoelements in planar structures and to 3D lattices.

The DMM represents a powerful tool concerning the
dipolar interaction, which relies on the subdivision of the
nanostructure into several elements, fully considering the int-
ralayer and interlayer dipolar and exchange couplings and
allowing to obtain the matrix elements for the computation
of the magnonic spectra. It has been applied to study the SW
spectrum of thick nanotubes [160, 161], materials with graded
magnetization [154], and planar and curved magnetic bilayers
[163] (see figure 23). The DMM can also be combined with the
plane-wave method (PWM), which has already been applied to
3D magnonic crystals [152], enabling, for instance, the study
of graduated magnonic crystals. Although these methods solve
the problem numerically, its matrix elements are described
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analytically, allowing a better comprehension of the underly-
ing physics. Calculations of the SW dispersion and magnet-
ization profiles across the thickness of homogeneous, graded,
and curved films revealed that the distribution of the modes
across the thickness is not uniform as previously assumed for
the PSSW modes, and a breakdown of the quantization condi-
tion occurs (see the figure 23).

Concluding remarks

As research on 3D magnetic systems evolves, there is a con-
tinuous development of analytical and semi-analytical models
that allow for describing and explaining the physical phenom-
ena of SW dynamics observed experimentally or in numerical
simulations. The models originating from thin films and 2D
networks of uniformly magnetized nanoelements have already
been extended with magnetic inhomogeneity in the direction
perpendicular to the plane of the system, such as a DMM and
an extended macrospin approximation. We can expect soon
further development of these models and analytical methods
to fully 3D nanostructures with interfacial properties properly
considered. It is also expected that other analytical methods
known in 2D magnonic systems will be updated to 3D nano-
structures, and new concepts known in other areas of physics
will be transferred to magnonics. These include the scattering
matrix method and Galerkin methods based on expansions in
different functional bases or work on the theory of effective
parameters, which may allow to describe the SW dynamics
at long wavelengths compared to the microstructure dimen-
sion of the 3D nanomagnet. Developed models will allow to
understand the physics of SW dynamics in complex structures
and provide the tools for technological exploitation, includ-
ing neuromorphic computing systems based on 3D magnetic
nanostructures.
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Recent progress in magnetic nanofabrication has opened
the possibility of investigating 3D magnetic nanostructures,
thereby spawning a novel field of research that may pave
the way toward new physical properties and functionalit-
ies in nanomagnets. By accessing and leveraging unexplored
effects occurring only in 3D geometries, 3D nanomagnetism
marks a significant departure from the traditional investigation
of patterned magnetic thin-film elements as it was conduc-
ted intensively over the past decades. Various 3D nanomag-
nets have recently been investigated in this context, including
objects with curved surfaces like nanotubes [164], spherical
shells, gyroid structures, or interconnected nanowire arrays [9,
165, 166]. Studying the magnetic properties in such complex
geometries poses challenges for experiment and simulation,
necessitating dedicated methods beyond those used in tradi-
tional thin-film nanomagnetism. Efficient and reliable micro-
magnetic simulations are an essential prerequisite for under-
standing and predicting 3D nanomagnets’ physical properties.

To accurately model the complex shape of these nano-
objects, simulations based on finite-element micromagnetics
appear as the method of choice. Whereas finite-difference
methods have been very efficient in simulating magnetic thin
films, the finite-element method’s capability to handle arbit-
rary shapes has become paramount in this emerging field of
research. The situation is reminiscent of many other scientific
domains, such as engineering, architecture, medicine, and
aeronautics, where the need for accurate representations of the
modeled geometry renders simulations with the finite-element
method indispensable. In 3D nanomagnetism, the commonly
used micromagnetic simulation techniques based on the finite-
difference method suffer not only from a lack of accuracy
regarding the geometric representation but also from a loss of
efficiency in the frequent case of samples with a low volume
occupancy, such as interconnected nanowire arrays [9, 165,
166]. This is because the finite-difference method, contrary
to the finite-element method, requires extending the calcula-
tion also to the non-magnetic part of the volume within the
sample. A drawback of the finite-element method is that it
entails larger numerical costs per degree of freedom, regard-
ing both computation time and memory requirements, which
results in a practical limit of the sample size that can be
modeled. These aspects have been addressed, respectively, by
employing GPU acceleration and hierarchical matrix methods,
yielding a significant increase in speed and a drastic reduction

43

of the memory requirements, thus allowing for large-scale
micromagnetic finite-element simulations.

Current and future challenges

3D nanomagnetic materials bear interesting potential for pos-
sible applications in magnonics. So far, phenomena related to
spin waves in 3D media, where networks of nanowires can
act as wave guides and collective modes may develop, remain
largely unexplored. A suitably chosen 3D microstructure
could significantly affect the generation and propagation of
spin waves, resulting in magnonic metamaterials with tailored
properties. In addition, the possibility to change the static mag-
netic configuration and thereby modify the material’s mag-
netic high-frequency oscillations and spin-wave propagation
could lend these objects unique reprogrammable features (see
figure 25).

Simulation studies investigating such phenomena are tradi-
tionally carried out by modelling the oscillation of the magnet-
ization, which is typically triggered by a field pulse excitation
applied to the system. This ‘ringdown’ method [167] consists
in numerically integrating the Landau-Lifshitz-Gilbert (LLG)
equation in time, where the effective fields acting on the mag-
netic moments need to be recalculated for each time step.
Owing to the substantial number (hundred thousand or even
millions) of discretization cells required, such time-domain
micromagnetic simulations of the high-frequency dynamics of
microscale magnetic 3D systems can be very time-consuming,
even when accelerated by using fast numerical methods and
exploiting the massive parallelism of graphical processing
units (GPUs) [168]. In addition to the computation of the
oscillatory magnetization dynamics over an extended period
spanning several tens of nanoseconds—orders of magnitude
longer than the individual sub-picosecond time steps required
in the simulation, this traditional method also entails a com-
plex Fourier domain analysis of the computed oscillations
for extracting vital insights of the oscillations’ frequency-
dependence [167]. In the case of large-scale simulations, the
significant computational resources currently required repres-
ent a practical limit in the possibility to explore the universe
of possible dynamical response of 3D nanomagnets.

When simulating magnonic systems, an elegant alternat-
ive to the numerically costly time-integration of the LLG
equation consists in exploiting two key features of the expec-
ted magnetization dynamics: the low-amplitude character of
the oscillations around a stable equilibrium and their peri-
odicity in time. Implemented in a mathematical framework
known as the dynamical matrix method [169], these condi-
tions make it possible to linearize the LLG equation and to
solve it in the frequency domain, thereby obviating both the
need to perform the time-integration and to Fourier-analyze
the results. Special frequency-domain simulation algorithms
have been developed [169] which, by using a fully sparse,
operator-based implementation, overcome the requirement to
compute and retain a large, densely populated matrix within
the computer’s memory, which is the primary limitation of
the dynamical matrix method, and thereby pave the way for
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Magnonics has the potential to make vast inroads into the on-
chip data communication, processing and memory for spin-
wave (SW) based computing [94]. Magnonic crystals (MCs)
are the basic units of magnonic devices where the information
carriers are SWs and a plethora of studies on 2D and planar
structures have been conducted in the last two decades [14,
173]. 3D magnonic crystals have inspired the community due
to their inherent analogy with the CMOS electronics where the
third dimension aims to overcome the limitations of traditional
2D integrated circuits by stacking multiple layers of electronic
components [19]. This feature adds new functionalities bey-
ond increase in storage capacity and also alleviates device con-
nectivity which promotes neural networks, interconnectivity,
controlled coupling between waveguides, unidirectional SW
transport in non-reciprocal waveguides. In addition, it sup-
ports nonreciprocal edge mode and topological surface mode
in magnonics. Recently, 3D nanomagnets have also attracted
much interest because they exhibit unique magnetic properties
due to their geometry, complexity of the spin textures, frus-
tration and curvature induced effects. SWs can be scattered or
reflected from spin textures (e.g, skyrmions, hopfions, DWs
etc) while pinning centres can be used to trap and manipulate
SWs.

SW spectra of 3D MCs were studied theoretically by
PWDMs in 2008, with ferromagnetic spheroids being distrib-
uted in cubic lattice (sc, fcc, bcc) embedded in a matrix of
a different ferromagnetic material [152]. The magnonic gaps
were found to occur at spontaneous magnetic contrasts that
also depended on lattice type (figures 27(a)—(d)) Experimental
study of different types of 3D MCs have started recently.
Kostylev et al presented first FMR measurements on 3D mag-
netic inverse opal structures [174] while large fcc lattices of
magnetoferritin nanoparticles were investigated at low tem-
perature using all-electrical SW spectroscopy [175]. Time-
resolved magneto-optical Kerr effect (TR-MOKE) study of
SW dynamics in 3D tetrapod structures fabricated by TPL and
electrodeposition showed the presence of a high-frequency
standing SW mode and two lower frequency dipolar dom-
inated mixed modes with nodal planes spreading along two
mutually perpendicular directions [176]. Later in 2021, Sahoo
et al demonstrated coherent SW modes in crescent shaped
nanowires connected in 3D diamond bond lattice fabricated
by TPL and thermal evaporation [92]. Two SW modes were
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observed in the experiment and simulation whose frequencies
showed nearly monotonic variation with the applied field
strength (figures 27(e) and (f)). They were found to be col-
lective modes extending through the complex network while
revealing spatial quantization with varying mode quantiza-
tion numbers. More recently, a novel woodpile structure was
fabricated using TPL defined 3D polymer scaffold conform-
ally coated with a Ni shell using ALD. This structure repres-
ents a 3D network of both horizontal and vertical intercon-
nected and crossed nanowires (figure 27(g)). BLS measure-
ments of the SWs from the 1st and 2nd layer of the woodpile
structure revealed about 10 GHz frequency discrepancy which
was attributed to the surface and bulk SW modes of the sys-
tem (figures 27(I) and (h). Furthermore, angle and spatially
dependent modes promise multi-frequency signal processing
on 3D nanomagnetic networks [23].

A vast literature exists on the SW dynamics in 2D magnonic
crystals in multitude of systems like nanodot arrays, antidot
arrays, nanorings, bicomponent magnonic crystals and qua-
siperiodic magnonic crystals [173, 177]. Therefore, a direct
parallel will be difficult to draw at this point as the literature on
SW dynamics in 3D magnonic crystals are scarce. However,
one may readily understand that the SWs in planar structures
are much simpler to measure and interpret as opposed to its
3D counterparts where the third dimension makes the SWs
more complex and difficult to measure. On the upside, the 3D
systems allow the propagation and localization of SWs in a
variety of pathways, leading towards the development of more
advanced and complex devices with the capability of storage
and processing of larger data and performing more complex
operations. For future applications it is desirable to have access
to more control parameters for operation as well as ease of
access. Long distance coherent propagation of SWs is a chal-
lenge in 3D systems both from materials aspect as well com-
plexity of structure. A trade off between materials, structures
and external control parameters may lead to the desirable prop-
erties of SWs as mentioned above.

Current and future challenges

The current and future challenges can be categorized into four
groups: (a) fabrication of high-quality samples, (b) character-
ization of their SW properties, (c) introduction of novel func-
tionalities in the SW properties, and (d) developing new simu-
lation tools for SW properties as well as coupling mechanisms
in 3D ferromagnetic architectures and devices.

The fabrication of 3D magnetic lattices faces a number of
challenges. There are two main classes of fabrication tech-
niques: (i). a direct writing technique of metal-organic pre-
cursor using FEBID which is limited by the types of avail-
able materials (cobalt, iron and cobalt-iron alloys); and (ii).
physical or chemical coating of 3D nano-scaffolds fabricated
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It is therefore vital to explore 3D MCs in order to achieve
SW manipulations and functionalities that are topographically
impossible in 2D systems. For example, the dependence of
SW properties and dispersion on the shape, size, lattice geo-
metry of the MC and on the strength and orientation of the
external magnetic field will be an area of future interest as will
the coupling mechanism between partially or fully coupled
waveguides.

However, this will also face stern challenges due to
the difficulties in fabrication of myriad of sample struc-
tures and their measurements as well as visualization using
micromagnetic simulations. The introduction of novel func-
tionalities like tailoring of magnetic charges and micro-
states in 3D artificial spin ice structure based upon 3D
MCs can lead to exotic SW properties due to the interplay
between the SWs and the magnetic charges/microstates (see
also section 7). The utilization of other properties such as
spin—orbit effects, quantum coupling, electrical control, strain
etc. can also lead to advanced phenomena. Essentially, the
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discovery of novel effects specific to 3D structures will
lead to new physics as well as the invention of devices
such as high-density memory, logic and neuromorphic
computing.
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The development of magnonic devices has been very suc-
cessful in recent years, providing a large choice of build-
ing blocks for increasingly complex magnonic networks and
circuits [179]. These building blocks include, for example,
magnonic waveguides, couplers, resonators, and entire logic
gates like AND gates or magnonic half-adders. The first con-
cepts and realizations of extended 2D magnonic circuits are
currently being discussed and put into practice. In contrast,
3D magnonic circuits for data processing are still in a concep-
tional phase. One of the major goals pursued with their devel-
opment is to resolve the connectivity bottleneck which would
enable to develop highly interconnected spin wave circuits for
brain-inspired computing.

3D magnonic circuits can be divided in two different
classes depending on the flow of information. The simplest
class, to which we refer as 2.5 D, is composed of 3D build-
ing blocks (e.g. waveguides) that are themselves arranged in
a flat plane. These are, for example, systems of magnetic
bilayers whose non-reciprocal magnonic dispersion relation
can be used to form spin-wave insulators (see figure 23(b)
in section 12). Alternatively, 3D curved elements like mag-
netic tubes [161] (see figure 23(c) in section 12) or curved
topographical elements made of (or coated with) magnonic
materials such as CoFeB alloys [180, 181] (see figure 28(a))
or Yttrium Iron Garnet (Y3FesOq,, YIG) [42] can be utilized.
All these 3D elements can show useful properties such as non-
reciprocal magnon dispersion relations, which do not occur
in flat single layer 2D systems. However, due to their usually
small total thickness, the spin waves in these elements can still
be approximately described using a 2D parametrization. This
means that the wave vector k has only two non-vanishing com-
ponents restricting the associated flow of information to two
dimensions.

From a circuit perspective, the second class, the fully 3D
magnonic systems where all three components of the wave
vector are important for the information transport is very
important (see figure 28(b)). It can be subdivided into sys-
tems consisting of multiple 2D layers (similar to the inter-
connect network in CMOS circuits) as depicted in figure 29,
or volume systems where there is no fundamental distinc-
tion between individual dimensions. The latter approach could
offer the greatest potential in conjunction with wave comput-
ing. However, it is also the least conceptually developed, as
the flow of information in such a system is highly complex.
In contrast to the layer-by-layer approach, such a system also
requires an in-depth analysis of propagating spin waves in bulk
materials. Here, the dispersion relations, propagation proper-
ties and nonlinear effects can significantly differ from the 2D
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case of thin films. This is especially valid if the magnetostatic
dipole—dipole interaction is relevant or if the bulk structure
consists of a metamaterial, such as a 3D magnonic crystal.
Current experimental studies of fully 3D magnonic sys-
tems mainly investigate spin waves that are excited either
thermally [23] or by a homogeneous GHz driving field [92].
The last approach would allow for an encoding of data in the
time- or frequency domain, which could be relevant for simple
data processing tasks like filtering, or specialized approaches
like reservoir computing. However, to move towards extended
logic circuits, excitation methods which allow for a spatially
selective excitation of coherent, propagating spin waves are
necessary. Thus, an important milestone to be accomplished
is the experimental demonstration of coherent excitation and
detection of propagating spin waves in a 3D structure.

Current and future challenges

A first challenge is to demonstrate the superiority of a 3D mag-
nonic building block over its 2D counterparts. For example,
magnonic directional couplers can be used for this purpose
(compare figure 28(c)). Their 2D realizations already make it
possible to cross spin-wave waveguides [183] for in-plane cir-
cuits. In contrast, 3D structures are required in electronics. The
advantage of 3D magnonic couplers would be their increased
coupling strength, as two thin waveguides can be placed pre-
cisely on top of each other with a very small distance between
them. This achieves a short coupling length Lip < Lyp which
is needed to transfer the wave between the waveguides, as
recently confirmed in mesoscopic directional couplers with
200 pum waveguide width [183]. With more technically soph-
isticated coupling mechanisms such as exchange coupling, the
coupling length can be reduced even further. From the estima-
tion of the energy consumption of a device based on nonlinear
directional couplers presented in [184], it can be concluded
that for a given processing speed, the achievable energy con-
sumption is proportional to the coupling length. According
to this argument, the energy requirement of these systems
could potentially be decreased by one to two orders of mag-
nitude by transitioning to a 3D configuration, as the coupling
lengths predicted by simulations are lower by about this factor.
However, this only applies if the nonlinear coefficients in the
3D structures, for which no comprehensive calculations are
yet available, are of the same order of magnitude as for 2D
structures.

A further important milestone is to realize a magnonic sys-
tem in which coherent propagation of spin waves is realized
in all three dimensions. This requires embedding localized
spin-wave sources whose dimensions are smaller than all three
dimensions of the magnonic system. In a volume system, even
without dissipation, there is a significant drop in the spin wave
intensity / with the distance r (I ~ 1/r?) . Therefore, the real-
ization of guided magnon transport in 3D systems is particu-
larly important. This can be realized either by special interfer-
ence phenomena, such as spin wave caustics in 3D, or by 3D
waveguide arrangements as depicted in figure 29.
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spin-wave beams in 3D (bulk) architectures is extremely
challenging.

Advances in science and technology to meet
challenges

As previously mentioned, the (electrical) generation, manipu-
lation and the (electrical) detection of spin waves propagating
in 3D architectures is very demanding. The materials should
be designed to ensure enough propagation length and desired
magnetic properties, e.g. saturation magnetization, anisotropy,
exchange constants, etc, for which spatial complex distribu-
tions could be expected. Advancements in deposition tech-
niques now enable precise control over materials and stacks,
with thicknesses reaching or even falling below 1 nm, as
demonstrated for example in commercial Magnetic Random
Access Memory devices. The anisotropy control was demon-
strated by using different approaches, e.g. the deposition tech-
nique, the interface with different materials, ion implantation,
etc. Nevertheless, the local control of the magnetic properties
in 3D (bulk) systems requires further development. The pat-
terning of spin-wave channels or waveguides and 3D archi-
tecture could benefit from the advances in CMOS techno-
logy where structures with feature sizes approaching 20 nm
are close to being in production. Furthermore, waveguide pat-
terning could also be achieved, by 3D laser writing into a
semi-transparent magnetic material like YIG or by layer-by-
layer growth like 3D printing techniques. Here, retaining low
damping values of the single crystals materials and avoid-
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ing eddy current losses for the metallic materials is still a
challenge.

The development of artificial intelligence and powerful
computing systems will strongly enhance the design capab-
ilities for complex 3D spin-wave architectures.

Concluding remarks

Today, 3D magnonic networks and circuits represent primar-
ily visionary concepts with the potential to achieve unpre-
cedented connectivity in the GHz range. However, the chal-
lenges are substantial, covering both hardware, e.g. the realiz-
ation of devices where coherent magnon propagates in 3D with
low dissipation and low reflection, and circuitry concepts. The
demonstration of 3D magnonic systems with advanced prop-
erties that go beyond those already shown in 2D remains to be
established.

Acknowledgments

PP acknowledges funding by the European Research Council
within the Starting Grant No. 101042439 ‘CoSpiN,’ and by the
Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation) “TRR 173-268565370" (Project BO1). PP and FC
acknowledge the financial support received from the Horizon
Europe research and innovation program within the projects
SPIDER (Grant Agreement No. 101070417) and MandMEMS
(Grant Agreement No. 10070536).



J. Phys.: Condens. Matter 37 (2025) 143502

G Gubbiotti et al

16. Computation in 3D nanomagnetic systems
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Status

In 2012, about a decade ago, NAND Flash technology for
solid-state mass storage devices became 3D. It came with
relaxed constraints regarding bit area but simultaneously at
the cost of increased fabrication complexity in transistor ver-
tical stacking. Nevertheless, by ‘simply’ exploiting 3D stack-
ing (hard-disc drives, compact discs, and Blu-rays remain
stuck in 2D), a 100X improvement in ‘areal density’ has been
achieved. Now, reaching the end of Moore’s law of scaling,
it is up to computing devices to follow this trend. While true
3D integration into mainstream MOS technology for general-
purpose (digital) computing is not getting off the ground and,
even worse, electrical losses in the complex wiring of mod-
ern ICs are increasingly proving to be a bottleneck, magnetic
computing schemes with physically non-volatile state vari-
ables are promising. Computing in memory or memory as
a computer, whatever you want. To give one example, per-
pendicular Nanomagnetic Logic, a 3D computing scheme for
Boolean computation, offers intrinsically non-volatile com-
putational states via stacked nanomagnets, as exemplified in
figure 30. Local engineering with ion beams ‘tunes’ the prop-
erties of the individual magnet, lateral dipolar magnetic fields
provide next-neighbor computing capability, while vertical
coupling fields enable signal transitions, and a global magnetic
field clock provides switching power and synchronization
[185, 186]. A complete set of Boolean logic devices has been
demonstrated, and validated system-level simulations suggest
atto-joule dissipation per bit operation at CMOS-competitive
data throughput. However, it is not the order-of-magnitude
improvement we might be looking for, so as always, it is hard
to beat CMOS where it is best: in high-performance digital
computing. Still, for magnetic Boolean logic, there are some
clear pathways following the approach of migrating similar to
memory architectures from 2D to 3D, as mentioned above.

The other computing paradigm that is currently generat-
ing much attention amongst magnetism researchers is neur-
omorphic computing, a rapidly developing field that aims to
draw inspiration from biological or neural network architec-
tures to circumvent the increasing restrictions that thermody-
namics, finite transistor size, and the von Neumann memory-
processor bottleneck place on conventional CMOS digital
Boolean logic.

Recent years have seen an explosion in the number and
variety of magnetic neuromorphic computation schemes, from
spin-torque nano oscillators to skyrmion systems and artifi-
cial spin ice nanoarrays. However, all existing schemes are 2D,
with no real forays of magnetic neuromorphic technology into
3D. This gives us somewhat of a blank canvas with which to
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write this roadmap, which is both freeing and challenging. The
challenge being that we would like to identify routes forward
which harness benefits that are uniquely available by moving
magnetic systems into the third dimension and avoid the more
generic advantages of 3D systems such as increased density,
which are not specific to magnetic systems and appear in other
3D systems e.g. electrical & optical devices. Identifying such
unique benefits of 3D nanomagnetic architectures before they
have been demonstrated is a challenge, but an interesting one
and we hope a somewhat valuable exercise.

Current and future challenges

A primary driver of neuromorphic computing is reaching the
energy efficiency of biological brains. A human brain con-
sumes around 20 W, while multi-GPU machine learning rigs
regularly consume kW to MW. A huge part of this biological
efficiency comes from the massively parallel interconnections
of neuronal architectures. The human brain has hundreds to
thousands of synapses per neuron depending on the region,
allowing operations by a single neuron to efficiently inform
many parallel subsequent operations at no additional energy
cost. Existing computation is performed sequentially, with
either repeated computations or repeated memory-processor
shuttling operations generating huge additional energy costs.

Biologically-high degrees of interconnectivity are only
remotely possible with the geometric freedoms of a 3D system.
We said we would try to resist the temptation of highlighting
generic advantages of 3D, and increased parallel connectiv-
ity arguably touches on the generic appeal of increased areal
density in 3D systems. Indeed, we are already seeing efforts to
exploit this in 3D memristive crossbar arrays. However, nan-
ofabricating conductive multilayer 3D interconnects between
functional elements is still technologically challenging, and
comes with additional Ohmic losses and thermodynamic chal-
lenges from increasingly dense wiring.

Something uniquely magnetic is exploiting the benefits of
free-space dipolar coupling. Recently the effective strength
of both static and dynamic components of dipolar coupling
has shown capacity for substantial enhancement in 3D struc-
tures. While dipolar coupling has limited range, it is pass-
ive, natively 3D, and can couple both magnetostatic energy
landscapes and GHz spin-waves/magnons. Functional designs
such as the magnonic half-adder from the Chumak & Pirro
group show the strong potential of such dipolar intercon-
nects in 2D [184], migrating such designs to 3D offers unique
benefits to magnetic computing that are not available in
memristive or photonic architectures, the leading competing
approaches. While the dipolar interaction may be thought
of as somewhat weak relative to exchange coupling, recent
work has shown that 3D architectures may be used to greatly
enhance the effective intensity of dynamic dipolar coupling,
with dipolar non-local ultrastrong magnon—-magnon coup-
ling demonstrated in a multilayered artificial spin ice [187]
(figure 31(a)).

A key factor defining the versatility and computing power
of neuromorphic systems is the range of available states.
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