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Abstract
Andreas Berger
CICnanoGUNE BRTA

Following the success and relevance of the 2014 and 2017 Magnetism Roadmap articles, this
2020 Magnetism Roadmap edition takes yet another timely look at newly relevant and highly
active areas in magnetism research. The overall layout of this article is unchanged, given that it
has proved the most appropriate way to convey the most relevant aspects of today’s magnetism
research in a wide variety of sub-fields to a broad readership. A different group of experts has
again been selected for this article, representing both the breadth of new research areas, and the
desire to incorporate different voices and viewpoints. The latter is especially relevant for this
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type of article, in which one’s field of expertise has to be accommodated on two printed pages
only, so that personal selection preferences are naturally rather more visible than in other types
of articles. Most importantly, the very relevant advances in the field of magnetism research in
recent years make the publication of yet another Magnetism Roadmap a very sensible and
timely endeavour, allowing its authors and readers to take another broad-based, but concise look
at the most significant developments in magnetism, their precise status, their challenges, and
their anticipated future developments.

While many of the contributions in this 2020 Magnetism Roadmap edition have significant
associations with different aspects of magnetism, the general layout can nonetheless be
classified in terms of three main themes: (i) phenomena, (ii) materials and characterization, and
(iii) applications and devices. While these categories are unsurprisingly rather similar to the
2017 Roadmap, the order is different, in that the 2020 Roadmap considers phenomena first,
even if their occurrences are naturally very difficult to separate from the materials exhibiting
such phenomena. Nonetheless, the specifically selected topics seemed to be best displayed in
the order presented here, in particular, because many of the phenomena or geometries discussed
in (i) can be found or designed into a large variety of materials, so that the progression of the
article embarks from more general concepts to more specific classes of materials in the selected
order. Given that applications and devices are based on both phenomena and materials, it
seemed most appropriate to close the article with the application and devices section (iii) once
again. The 2020 Magnetism Roadmap article contains 14 sections, all of which were written by
individual authors and experts, specifically addressing a subject in terms of its status, advances,
challenges and perspectives in just two pages. Evidently, this two-page format limits the depth
to which each subject can be described. Nonetheless, the most relevant and key aspects of each
field are touched upon, which enables the Roadmap as whole to give its readership an initial
overview of and outlook into a wide variety of topics and fields in a fairly condensed format.
Correspondingly, the Roadmap pursues the goal of giving each reader a brief reference frame of
relevant and current topics in modern applied magnetism research, even if not all sub-fields can
be represented here.

The first block of this 2020 Magnetism Roadmap, which is focussed on (i) phenomena,
contains five contributions, which address the areas of interfacial Dzyaloshinskii—-Moriya
interactions, and two-dimensional and curvilinear magnetism, as well as spin-orbit torque
phenomena and all optical magnetization reversal. All of these contributions describe cutting
edge aspects of rather fundamental physical processes and properties, associated with new and
improved magnetic materials’ properties, together with potential developments in terms of
future devices and technology. As such, they form part of a widening magnetism ‘phenomena
reservoir’ for utilization in applied magnetism and related device technology. The final block
(ii1) of this article focuses on such applications and device-related fields in four contributions
relating to currently active areas of research, which are of course utilizing magnetic phenomena
to enable specific functions. These contributions highlight the role of magnetism or spintronics
in the field of neuromorphic and reservoir computing, terahertz technology, and domain
wall-based logic. One aspect common to all of these application-related contributions is that
they are not yet being utilized in commercially available technology; it is currently still an open
question, whether or not such technological applications will be magnetism-based at all in the
future, or if other types of materials and phenomena will yet outperform magnetism. This last
point is actually a very good indication of the vibrancy of applied magnetism research today,
given that it demonstrates that magnetism research is able to venture into novel application
fields, based upon its portfolio of phenomena, effects and materials. This materials portfolio in
particular defines the central block (ii) of this article, with its five contributions interconnecting
phenomena with devices, for which materials and the characterization of their properties is the
decisive discriminator between purely academically interesting aspects and the true viability of
real-life devices, because only available materials and their associated fabrication and
characterization methods permit reliable technological implementation. These five contributions
specifically address magnetic films and multiferroic heterostructures for the purpose of spin
electronic utilization, multi-scale materials modelling, and magnetic materials design based
upon machine-learning, as well as materials characterization via polarized
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neutron measurements. As such, these contributions illustrate the balanced relevance of research
into experimental and modelling magnetic materials, as well the importance of sophisticated
characterization methods that allow for an ever-more refined understanding of materials. As a
combined and integrated article, this 2020 Magnetism Roadmap is intended to be a reference
point for current, novel and emerging research directions in modern magnetism, just as its 2014
and 2017 predecessors have been in previous years.

Keywords: applied magnetism, magnetic materials, magnetic phenomena, novel applications of
magnetism

(Some figures may appear in colour only in the online journal)
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1. Interfacial Dzyaloshinskii—-Moriya interactions

Elena Vedmedenko

University of Hamburg

Status

Whereas investigations relating to magnetic substances and
phenomena in the 20th century were mainly devoted to collin-
ear magnetization configurations, the 21st century has become
increasingly dominated by noncollinear magnetism, as reflec-
ted in contributions by Sander, Makarov and Marrows to the
2017 Magnetism Roadmap [1]. As a result of investigations
into noncollinear states, another important phenomenon—
magnetic chirality—moved into the spotlight of investigations
on nanomagnetism [2]. It is surprising that this topic has
emerged only recently in the magnetic research community,
because the phenomenon of chirality, also known as ‘handed-
ness’ is ubiquitous across science and human life. In particu-
lar, the issue of why the parity between left- and right-handed
amino-acids on Earth is violated is still under discussion. A
similar breaking of parity between left and right magnetiza-
tion rotation was revealed in bulk magnetic materials at the
end of the 20th century (see [1] for the review); however,
this was only discovered at the magnetic interfaces only some
ten years ago [2]. Once this discovery was made, it opened
up several fundamentally new research areas, such as chiral
solitons [3], chiral magnonics [4], and spin-orbitronics [5] (see
contributions by Gambardella and Grollier). An indispensable
requirement for all these novel research fields is the break-
ing of magnetic symmetry; one of the most direct ways to
achieve this requirement is the creation of an interface. One of
the most remarkable consequences of such symmetry break-
ing is the formation of spin spirals (SS). Generally, SS appear
in many magnetic systems due to the dipolar coupling or com-
peting ferro- and antiferromagnetic exchange interactions [1,
6]. In dipolar or exchange systems, however, left- and right-
handed SS have identical energy; hence, the parity between
them in the same material is not violated. Many interfaces,
such as Mn/W(110) [2], Fe/Ir(111) [7], or It/Co/Pt multilay-
ers [8], in contrast, show SS with unique rotational sense.
The reason for the parity violation appears to be an interfacial
Dzyaloshinskii—Moriya interaction (DMI) [2, 9]. Mathemat-
ically, this interaction term can be represented by the energy

contribution Epy = Zf),- J (S‘} X S’;), where D; j 18 the DMI
ij

vector describing the strength of the chiral interaction between
the atomic sites i and j, and S‘},S;- are the corresponding spin
vectors or operators. The notion ‘interfacial’ is used to distin-
guish DMI arising in bulk systems and at interfaces. While the
bulk DMI leads to the formation of stable SS or other chiral
magnetic configurations within the bulk of material, the inter-
facial DMI stabilizes noncollinear configurations within a sur-
face or an interface [2] (see figure 1). That is, interfacial non-
collinear structures such as SS and skyrmions are intralayer
configurations, and the standard interfacial DMI defines only
the intralayer coupling. In order to enhance this kind of DMI
and stabilize the intralayer skyrmions [1] for use as bits of
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Figure 1. Schematic representation of a typical SS due to bulk DMI
(a) and the intralayer interfacial DMI (b) for the common DM
vector pointing out of the drawing plane. Arrows show
magnetization orientation. The straight lines in panel (b) denote the
interfaces between different magnetic layers. Here, intralayer SS are
formed. In sketch (a) a single bulk crystal is presented, showing the
bulk SS propagating in the vertical direction.

information at room temperature, multilayers of magnetic and
nonmagnetic metals with multiple interfaces have been pro-
posed [8]. In several realizations of this proposal [4, 5, 8] these
multilayers show collective behaviour; that is, the spin con-
figurations in all layers are identical, and can be effectively
regarded as one single layer with intralayer DMI (figure 1(b)).

Recent years have been marked by several theoretical [10,
11] investigations which went beyond this effective repres-
entation. The first theoretical hints of a more complicated
chiral behaviour appeared in 1997, when a possibility of non-
vanishing DMI-type coupling between atoms in different fer-
romagnetic (FM) layers separated by nonmagnetic (NM) lay-
ers was proposed [10]. This inferlayer interfacial DMI might
induce unique chirality not only within, but also across the
multilayers. However. striking experimental evidence of a
unique interlayer chirality was lacking for more than 20 years.
The theoretical study [11] investigated the interlayer DMI
microscopically. This microscopic treatment shed new light on
the reason for the lack of experimental evidence. The strength
of the interlayer coupling D; j was indeed found to be non-
vanishing for certain crystallographic geometries. However,
the existence of L_ji j alone was shown to be insufficient to
achieve coupling between layers [11]. In order to achieve inter-
layer chiral coupling in heterostructures, a certain degree of
magnetic noncollinearity or disorder within the layers was
found to be necessary [11], because the ground state config-
uration of a system coupled by pure interlayer DMI is a com-
plicated SS across the magnetic layers, as shown in figure 2(a).
This peculiarity distinguishes the interlayer DMI from its bulk
counterpart. Consequently, the interlayer DMI might become
particularly important in multilayers coupled by antiferromag-
netic exchange-like interactions, or in systems with a signific-
ant degree of disorder.

These theoretical predictions have been unambiguously
confirmed by two recent experimental investigations, both
revealing the interlayer DMI in synthetical antiferromagnets
[12, 13]. In these studies, a chiral bias corresponding to
the shift of a hysteresis loop in one specific direction by
approximately 1073 Tesla was observed (see figure 2). In
[12], the corresponding ground state configurations and the
degree of magnetic noncollinearity were determined. While
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Figure 2. (a) Ground state of two layers coupled by interlayer DMI only, where each atomic pair shows counter clockwise rotation from
bottom to top; (b), (c) Ground states of two ferromagnetic layers with local noncollinearities (red spins) of magnetization, coupled by
interlayer DMI at saturation field FBx [12]; (d) Mx(Bx) and (e) M,(Bx) magnetization curves showing chiral exchange bias Byi,s due to the

interlayer DMI [12]. Reproduced from [12]. CC BY 4.0.

investigations [12, 13] show strong evidence of the sym-
metry breaking interlayer DMI in multi-layered systems with
ultrathin interlayers, there are a couple of complementary stud-
ies that can also be interpreted within the scope of micro-
scopic treatment [11] and which show another side of the same
phenomenon. Examples include [14], where MnO, chains on
Ir(100) were coupled indirectly over the Ir substrate, and [15,
16], which examine a DMI-induced lateral coupling between
nanomagnets.

Current and future challenges

The discovery of interlayer DMI interactions paves the way for
completely new perspectives in spintronics for several reas-
ons. Firstly, they can be flexibly tuned via the use of spacer
materials of different thicknesses. Secondly, in combination
with intralayer DMI, it raises the possibility of control and
manipulation of chirality in any spatial direction. By means of
a combination of intra- and interlayer chiral interactions one
might create effective, easily addressable three-dimensional
arrays of chiral magnetic structures such as skyrmions or
spin spirals. This possibility, in turn, might permit the cre-
ation of unprecedented dynamical effects in synthetic mag-
nets, such as layer resolved control of asymmetric bias or spin-
valve effects and, hence, it is of great relevance towards the
development of future, more capable three-dimensional spin-
tronic architectures (see contributions by Sheka, Gambardella,
Grollier and You).

However, in order to achieve these advanced goals, sev-
eral challenges must be overcome. The first challenge is the

enhancement of DMI strength. According to the few invest-
igations currently available, the strength of the interlayer
DMI is smaller than that of its intralayer counterpart. How-
ever, the interlayer DMI scales with the sample size. Hence,
it can define the energy barrier between two global con-
figurations with different relative magnetization orientations
of individual layers, and future experimental efforts should
be concentrated on the studies of geometries and material
classes which permit this enhancement. The second chal-
lenge concerns the microscopic magnetic ordering of three-
dimensional chiral systems. To date, most experimental and
theoretical investigations have been concerned with the macro-
scopic properties of systems with interlayer chiral interaction
across a spacer. The ground state configuration of the inter-
layers DMI is known only in terms of theoretical investiga-
tion [11]. Equilibrium magnetic configurations of multilay-
ers with both the interlayer and the intralayer DMI remain
terra incognita. The knowledge of these states is, however, of
significant importance for the creation of three-dimensional
chiral networks. Finally, the influence of the interlayer DMI
on the magnetization dynamics has also yet to be studied in
detail.

Advances in science and technology to meet challenges

The realization of stacks of magnetic layers with optimal
ratios between competing exchange interactions and inter- and
intralayer DMI coupling requires advanced nanofabrication
processes, combined with a search for reliable interfaces. This
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requires a combination of magnetically hard and soft materials
with the possibility of controlling the quality of the interfaces.
A particular challenge appears to be the experimental ima-
ging and theoretical description of magnetization states and
dynamics in the deeper-lying magnetic layers of heterostruc-
tures. To meet these challenges, novel theoretical procedures
for the description of disorder at the interfaces are needed,
together with updates in the field of micromagnetics so as to
describe the interlayer DMI, since contemporary micromag-
netic schemas use only one effective DMI vector, while sev-
eral vectors are required for the proper description of interlayer
DMI.

Concluding remarks

A clever combination of the interlayer and intralayer DMI in
magnetic multilayers can realize three-dimensional arrays of
chiral magnetic objects, which can be used for advanced chiral
logic circuits [15, 16] that cannot be created using systems
consisting only of bulk DMI. Since the multilayers required
for these three-dimensional arrays are similar to those used in
giant magnetoresistance sensors and tunneling magnetoresist-
ance layers, it should be possible to create complex and poten-
tially technologically relevant spin textures in structures made
from rather conventional constituent materials.
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2. Spin and magnetism in 2D materials

Roland K. Kawakami
The Ohio State University

Status

Two-dimensional (2D) materials provide a unique platform for
spintronics and magnetism, where the atomic thinness of the
layers leads to strong tunability via electrostatic gates, as dis-
cussed by Valenzuela in the 2017 Magnetism Roadmap. Vari-
ous types of 2D materials contribute distinct spin-dependent
properties (figure 3): graphene provides excellent spin trans-
port [17], transition metal dichalcogenides (TMDCs: MXs,
with M = Mo, W and X = S, Se) provide strong spin—orbit
coupling and valley-selective optical transitions [18], and 2D
magnets provide non-volatile storage and capabilities for spin
filtering, injection, and detection [19]. By combining these
materials in stacked van der Waals (vdW) heterostructures,
their various properties are integrated within a single structure.
Beyond the simple addition of functionalities, quantum mech-
anical interactions across interfaces produce spin proximity
effects where properties of 2D layers are altered by imprinting
characteristics of neighboring layers. These properties enable
potential applications in efficient non-volatile memory, spin-
based logic, and spin-dependent optoelectronics.

Graphene exhibits the longest room temperature spin dif-
fusion length (~30 pm) of any material, but weak spin—
orbit coupling has limited its capabilities for spin-charge con-
version and electrical manipulation of spin [17]. Stacking a
TMDC layer onto graphene imparts a proximity spin—orbit
coupling, which has been most convincingly demonstrated
through spin precession experiments on MoSe,/graphene and
WS,/graphene spin valves [17]. Figure 4(a) [4] shows oblique
spin precession measurements on a WS,/graphene spin valve,
where the dependence of the spin signal on the B-field angle
displays a highly non-linear dependence (green data). This
indicates a much longer spin lifetime for out-of-plane spins vs.
in-plane spins, which is a smoking-gun indicator of proxim-
ity spin—orbit coupling in graphene induced by the WS,. Sub-
sequently, proximity spin—orbit coupling in TMDC/graphene
heterostructures was used to demonstrate spin-charge conver-
sion by spin Hall and Rashba—Edelstein effects, using spin
precession to avoid spurious signals [17]. Meanwhile, elec-
trical control of spin transport and spin relaxation was also
demonstrated. Control of spin transport by electric gates was
achieved using a graphene spin valve with MoS, on top [17].
Figure 4(b) [20] shows the increase in conductivity (black
curve) of n-type MoS, with gate voltage (V). This increases
the spin absorption from graphene to MoS,, which shunts
away spin current from the graphene, eventually leading to
zero spin current (ARny = 0) for Vg > 15 V. In addition,
electrical control of spin relaxation was achieved in gated
bilayer graphene, surprisingly without the need for proximity
spin—orbit coupling [17]. Applying a perpendicular electric
field opens up a bandgap and the intrinsic spin-orbit splitting,

though small (~24 peV), produces an out-of-plane spin-
orbit field to strongly increase the out-of-plane spin lifetime,
while decreasing the in-plane spin lifetime. This was identi-
fied through oblique spin precession measurements on bilayer
graphene (figure 4(c) [21]), using a measurement geometry
similar to figure 4(a).

Monolayer TMDCs are direct gap semiconductors with
spin-valley coupled states in the K and K’ valleys, where
circularly polarized light excites a particular valley (figure
3) [18]. Optical pump-probe measurements established spin-
valley lifetimes of a few microseconds in p-type monolayer
WSe, [22, 23]. In addition, the optical generation of spin-
valley polarization in monolayer TMDCs has been used for
injecting spin into neighboring graphene layers, which serves
as a building block for 2D optospintronics [17]. As shown
in figure 4(d) [24], circularly-polarized light generates spin-
valley polarization in monolayer MoS,, which transfers into
graphene, subsequently precesses in a transverse B-field, and
is detected by a ferromagnetic electrode. The observation of
an anti-symmetric Hanle curve (blue) that flips for opposite
detector magnetization (grey) provides convincing evidence
for this.

The most recent class of 2D materials for spintronics con-
sists of monolayer and few-layer vdW magnets. Intrinsic fer-
romagnetism was observed in exfoliated Crlz, CrGeTes, and
Fe;GeTe, by the magneto-optic Kerr effect (MOKE), below
room temperature [19]. Room temperature intrinsic ferromag-
netism was reported in epitaxial VSe, and MnSe;, as well as
Fe;GeTe, modified by patterning or ionic liquid gating [19].
The use of 2D magnets for spintronics (see section 6) has been
demonstrated in recent experiments. Electrical control of mag-
netic interlayer coupling was realized in bilayer Crl3, which
has a split hysteresis loop, indicating antiferromagnetic coup-
ling [19]. Further, the antiferromagnetic coupling strength was
controlled by using top and bottom gates to apply a perpen-
dicular electric field across bilayer Crls [25]. Vertical trans-
port through insulating bilayer Crl; produces a large tunneling
magnetoresistance (> 10 000%) due to spin filtering effects [3].
Figure 4(e) [11] shows the tunneling current as a function of
an applied magnetic field, showing a larger (smaller) current in
the parallel (antiparallel) magnetization state. More traditional
metal/barrier/metal magnetic tunnel junctions (MTJs) were
realized in Fe;GeTe,/hBN/Fe;GeTe, with TMR of 160% [19].
Of additional relevance in terms of spintronic memory, spin—
orbit torque (see section 4) was also observed in Fe;GeTe,/Pt
[26, 27].

Current and future challenges

While 2D magnets exhibit a range of interesting magne-
toelectronic phenomena, these have only been observed at
low temperatures. So far, none of the room temperature 2D
ferromagnets has exhibited high remanence or ability to integ-
rate into heterostructures. Thus, continued materials develop-
ment is needed to simultaneously increase Curie temperat-
ure, magnetic remanence, material integration capability, and
air-stability. A recent advance along these lines is a Fe-rich
version of Fe;GeTe,, namely FesGeTe, [28], which exhibits
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Figure 3. 2D materials for spintronic heterostructures.
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Figure 4. (a) Oblique spin precession measurements of TMDC/graphene spin valves, demonstrating proximity spin—orbit coupling through
observation of spin lifetime anisotropy. Adapted by permission from Springer Nature Customer Service Centre GmbH: Nature Physics [30]
(2018). (b) Two-dimensional field-effect spin switch composed of MoS» on graphene spin valve. Adapted by permission from Springer
Nature Customer Service Centre GmbH: Nature Communications [20] (2016). (c) Oblique spin precession measurements of dual-gated
bilayer graphene spin valves, demonstrating electric control of spin lifetime anisotropy. Radapted with permission from [21], Copyright
(2018) by the American Physical Society. (d) Opto-valleytronic spin injection from MoS; into graphene. Adapted with permission from
[24]. Copyright (2017) American Chemical Society. (e) Giant spin-filtering tunneling magnetoresistance in vertical transport across bilayer

Crls. From [31]. Adapted with permission from AAAS.

ferromagnetic order at close to room temperature. Further
work on developing new room-temperature 2D magnets with
improved characteristics is an important challenge.
Regarding magnetoelectronic memory applications, one of
the challenges in this field is to reduce the critical current dens-
ity needed for magnetic switching. Three viable approaches
are spin—orbit torque in FM/heavy metal bilayers (see sec-
tion 4), spin—transfer torque in FM/barrier/FM MTIJs (see sec-
tion 6), and voltage-controlled magnetism. 2D magnets are
attractive in this regard, as the strong covalent bonding of the
atomic sheets enables low magnetic volume by scaling down
to atomic layers. Reported values of critical current densities
for spin—torque switching in initial studies are ~ 10" A m~?2
[26, 27], which is promising. Further development with altern-
ative heavy metal layers such as WTe;, Bi,Se; and other vdW
materials with high spin—orbit coupling should improve device
performance. Strong electrostatic gating effects are a hallmark
of 2D materials, which will likely maximize effects such as
voltage-controlled magnetic anisotropy (VCMA), which is a
candidate for low power dynamic magnetization switching

[29]. Combinations of VCMA and spin-torque could enable
ultra-efficient magnetization switching. For higher switching
speeds, antiferromagnetic materials such as MnPS3 and other
layered trichalcogenides could provide fast switching due to
their high magnetic resonance frequencies, which is a general
motivation for antiferromagnetic spintronics.

In terms of multifunctional spintronics, a crucial issue is
understanding and optimizing spin proximity effects in het-
erostructures of graphene, TMDCs, and 2D magnets. Proxim-
ity spin—orbit coupling has been observed in TMDC/graphene,
and proximity exchange fields have been observed in insu-
lator systems using TMDC/FM and graphene/FM [17]. Future
challenges include the control of such proximity effects via
electric gates and by means of twist angle between the layers.
The ramifications of such proximity effects lie in four areas:
electrically-controlled spin switches, efficient magnetization
switching by spin—orbit torque (see section 4), optospintron-
ics and optomagnetic switching (see section 5), and the real-
ization of topological states such as the quantum anomalous
Hall effect (QAHE).
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Advances in science and technology to meet challenges

While exfoliated films are good for fundamental science,
epitaxial films are needed for a manufacturable technology.
Various forms of chemical vapor deposition have been use-
ful for the growth of graphene and TMDCs, while molecu-
lar beam epitaxy has been useful for the growth of 2D mag-
nets and TMDCs. Optimizing such materials and controlling
interface quality is crucial in many contexts. To maximize
spin proximity effects, it is important to employ methods for
achieving clean interfaces, such as the stacking of 2D materials
inside gloveboxes or under vacuum. For many air-sensitive 2D
conductors and magnets, stacking inside a glovebox is essen-
tial. Electrical spin injection into graphene requires injection
across tunnel barriers, an area which continues to advance.
The use of advanced microscopies and spectroscopies cap-
able of imaging magnetic order and electronic structure will
be important for the development of new 2D magnets and
spintronic heterostructures. Spin-polarized scanning tunnel-
ing microscopy can image magnetism with atomic resolu-
tion to correlate the atomic-scale structure with the mag-
netic ordering, as discussed by Sander in the 2017 Mag-
netism Roadmap. NV diamond microscopy can probe the
local magnetic field of buried layers with high spatial res-
olution. Second-harmonic generation is a nonlinear optical
probe sensitive to symmetry-breaking, which therefore probes

the layer stacking and antiferromagnetic order. Micron and
nanometer-scale angle-resolved photoemission spectroscopy
(micro/nanoARPES) enables the spatial mapping of elec-
tronic band structure, which will be important for the devel-
opment of 2D magnets, topological edge states, and spintronic
devices.

Concluding remarks

The study of spin and magnetism in vdW heterostructures is
in its early stages and progressing rapidly, as exemplified by
the recent emergence of spin proximity effects and 2D mag-
nets. The development of electrically-tunable, multifunctional
spintronic devices will rely on coupled advances in synthesis,
assembly, and measurement, and will take advantage of the
unique properties of 2D materials.
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3. Curvilinear magnetism
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Status

Traditionally, the field of nanomagnetism has been focused
primarily on planar structures: single- or multilayered. In an
extension to this primary focus, the 2017 Magnetism Roadmap
[1] presented novel materials with properties determined by
curved geometry (see section 3) and new characterization
methods for complex 3D nano-objects (see section 6). This
emerging area of curvilinear magnetism has relevantly expan-
ded since 2017, demonstrating that it can encompass a range
of fascinating geometry-induced effects in the magnetic prop-
erties of materials [32]. The dominant reasons for this can
be ascribed to the following effective magnetic interactions
caused by locally curved geometries: (i) curvilinear geometry-
induced effective anisotropy, and (ii) curvilinear geometry-
induced effective Dzyaloshinskii—-Moriya interaction (DMI)
[33]. The emergence of these two interactions is characteristic
for bent and twisted curved wires and films. The curved geo-
metry introduces a break in the spatial inversion symmetry,
which is a prerequisite for curvature-induced magnetochiral
effects and topology-induced magnetization patterning in con-
ventional magnetic materials, as shown in the left panel of fig-
ure 5. Pattern-induced chirality breaking can occur in systems
with high symmetry and results, typically, in dynamical chiral
effects against the background of chiral degenerated mag-
netic textures [32], e.g. non-reciprocal effects in nanotubes
[32, 34]. The source of geometry-induced chirality breaking
is the interplay between the curved geometry and magnetic
texture, where the latter can be achiral. Well-known examples
include the binding of spin waves, the pinning of domain
walls at local bends, and curvature driving of the domain wall
[32]. In the case of chiral magnetic texture, an interplay of
emergent chiral interactions and magnetic texture results in
intriguing effects, e.g. the coupling of geometrical and mag-
netic chiralities in magnetic helices and Md&bius rings [32,
34]. The concept of mesoscale DMI, which combines intrinsic
and extrinsic chiral interactions, provides ample opportunities
for geometrical manipulations of material responses [35]. The
possibility of tailoring, or even introducing emergent inter-
actions in conventional magnets makes this a highly attract-
ive topic, providing a viable alternative to the intrinsic inter-
actions without the requirement for special material proper-
ties. Recent advances in experimental techniques change the
status of curvilinear magnetism, allowing not only the veri-
fication of theoretical predictions, but also the exploitation of
3D curved nanomagnets in emerging devices, with applica-
tions including magnonics and spintronics [32, 34], shape-
able (flexible, stretchable and printable) magnetoelectronics
[36], microrobotics [37], and furthermore involves novel 3D
self-assembly strategies [38]. The numerous potential applic-
ations for these include bio-applications such as hybrid bio-
micromotors, which are exploited to assist fertilization [37],

1

Figure 5. Examples of curvilinear phenomena (left panel) and
applications (right panel) in magnetism. (a) Concept of artificial
magnetoelectric materials: reproduced from [35]. (b) Topological
patterning on a nanosphere with skyrmion states: reproduced from
[40]. (c) Reconfigurable skyrmion lattice: reproduced from [41].
(d) Sperm-carrying micromotors: adapted from [42].

(e) Geomagnetic interaction with a virtual reality environment.
Reprinted by permission from Springer Nature Customer Service
Centre GmbH: Nature Electronics [40] (2018).

or artificial magnetoreception based on the interaction with
geomagnetic fields [39], as shown in the right panel of
figure 5.

Current and future challenges

Here, we focus on future directions for research which may
prove to be of major importance to the field:

1. Non-local phenomena in curved magnets: 